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The transfer of genetic material into the genome of insects has been a goal of geneticists and 
entornoiogists for more than 30 years, and with the successful transposon-mediated transfornlation 
of Drosophila inelaiiognstrr reported by Rubin and Spradling in 1982. efforts have been focused 
on driplicating this methodology in insects of agriculturai and medical importance. The transfer of 
Drosoplzila transformation systems to other insects. however, has not been straightforward. and 
only in the past several years have notabie successes been reported. These recent successes have 
resulted from a maturation over the past decade of all aspects of gene transfer technology. As with 
Drosophila. transformation in tephritid fruit flies, mosquitoes, and moths has been achieve(! with 
transposon-based vectors, although most have take11 advantage of newly discovered elements. Viral 
erai?sformation \,ectors are beginning to meet with success, and symbiont-mediated trar~sforination 
is already finding practical application. The development of reliable marker gene systems has been 
important to the progress achieved in transgenesis. Genes encoding the green fluorescent protein 
or its variants appear to have broad utility as illarker genes for screening transformants. and these 
genes may be used as reporter genes in transformation-based analyses of promoter f~mction. 
Furthermore, genes encoding enzymes impo~tant in estabiishing eye color in insects contiiiue to 
be useful when appropriate mutant recipient strains are available. Work continues on selectable 
marker genes such as those that encode enzymes involved in insecticide or antibiotic resistance, 
and these may be available soon for analyziag large numbers of potential transformants. 

The high level of interest in insect transgenesis has resulted in two major forums for the 
discilssion of this research: the Keystone Symposir,m, To:on.ard the Genetic fihnipulation of Insects. 
heid in 1995 and 1998, and the International Workshop Series on Transgenesis oi' im~ertebrate 
Organisms. held every 2 years .;ince 1995. The idea for this book arose, in part. !.on discussio:~s 
at these meetings thar indicated that the field a a:, a: a turning poinir vthere rapid progress was being 
made and a wider dissemination of ideas was necesw-y for these resuits and techniques to reach 
the scientific mainstream. This mm especially important since many of the rttsearchers worldwide 
who might cake greatest advantage of the meri~odolog>: have remained una7,Z;nre of the current state 
of [he art. it also has become clear that despite recent breakfhmrrghs, none of the successf~i systems 
or specific techniques will be useful for all icsects. Thus. it seemed inipor"Lam to present the existing 
methodologies so that o h r s  might understand the potentials and pitfalls rele\mt io their species 
cfjnterest (which also includes riminsect invertebrate systems). While some of the SI, ailabie systems 
migl-r; be directly i:tiliteci. it I s  also a hope thlrt the information provided here will s e r x  as a 
fo~ndation and guide h inde~endent immtigation leading to nm7 nethods and strategies, Only 
in this v . 9  nziil the field ux-rtin~ie to  a d ~ x c e .  

As insect transgenesis becomes more routine and v,.idespread, more applications will depend 
on ;he release. if not mass release. of trai-rsgenic strains. This raises important ecologica! concerns 
t h a  i~ndoiibteciiy will be chaiiei~ging, and rhe need for biological risk assessment to address these 
concerns in a rational and comprehensive rnarxer cannot be understated. any of the chapiers in 
this loiume address these questions relevant to particular sqsteiiis. with a more in-depth consider- 
ation gi\,er! in the linai two chaplers that discuss risk assessmein from a xientific and regalatory 
standpokt. it  is clear that these issues \ r i l l  differ for elich release in terms of the specific tramgene; 
the tranrgenic host. and the parricdar ecological niche5 into which the- insects are released or which 
they must invacie. Each investigator interested in creating rransgel~ic strains for release must be 
highly aware of these issues, and take them into consideratkm in the planning stages of vector. 



cleveloprnent a:id srrategies for use of the :ra.nsgenic strain. 'We also hope that the informarion 
provided here ;;.ill be a starting point for what wili be a; oapoing discussion. 

The contributors to (his book include many of the invited speakers to the Keystone Symposia 
anii Transgenesis Woritshops, ail of whom zire 'leld in high regard in their fields of expertise. Whlie 
-cxe have tries to ii~clude all of  the i~2ajor areas of importance to insect transgensis. somz existing 
oi- poter-iiial vector a x i  marker systems may have been given only limited aitei~rion. In a rapidly 
cletdoping field such as [hi.;, new systems appearing close to the time of publication may have 
'I?eer; omilied, although 13,s ~lave tried as much 9s possible to an"Lcipate these possibilities. 43 terms 
of strategies for tiiz use 3f irmsgenic insects. here  are numerous possibiiilies for both basic and 
zpplied purposes. and here we provide on!y a szmpliilg of strategies for insects that are piant 
predators and vectors of disease. Again, the pu~yosc of this book is to serve cs a foiind:ition and 

. . .  
guide to this ernerging held. and as with most scientific disciplines, it is mportimi if not critical 
to be continually kept up to date by frequent Litziature reviews. Compiehen~ive reference lists, 
appendices, aiid Web-site listings have been iilcluded in this volume to help with this process. 

in  many ways. a d  possibly d:ie to rhe many roadblocks ericountered early on; the held of 
insect transgenesis has become a large, col!ahorative effort. We therefore very sincerely thank the 
contributors to this book who have been on the vanguard of this effort, as we:! as numerous other 
colleagues who have helped lay fhe foundation for this technoiogy in past years acd those who 
have more recently pro-vided data slrld ideas that have contribured to successes. We especialiy 
acknowledge the contribution of one of our mentors. Boward A. Schneiderman, ro whom this hook 
is dedicated. Schneiderinan was the founder and first director of the Developmental Biology Ceuter 
(DBC) at the University of California, Irvine, where we did research as a student (AM) and post- 
doc (AMH). Schnaeiderrnan was a leading insect physiologist. who early on appreciated the power 
of genetics to understand all phases of insect iology. and this ied him to become one of the first 
insect biologists to rum a large portion of his esearch effort.; toward the use of Di-o.coplziln as a 
model system. This was not only to understand genetics. but also to understand insects. It is not 
surprising that sane of the first atienqjts at Di-osophilrx transformation were under~aken at 
Later on in his career, Schneidern~an become Vice President for Research and Develo 
Monsanto where he led this company's pioneering endemors into p trarlsgenics. Beyond our- 
selves. n-thers who were trained as Di-osoplzila geneticists at :he D have gone on to become 
leaders in genetic analysis and transgenesis of non-duosophilid insects and other organisms and, 
by doing so, are hopefully carrying forward and helping complete the circle of S ~ h n e i d e r ~ a n ' s  
original thoughts and inspiration. 

-We are grateful to those who provided enormous assistance throughout the development and 
production of this book including Lynn Oison at the Uni~~ersity of California, Hrvine, and members 
of CRC Press editorial and production staff inciuding Christine Andreasen, Pat Roberson, and 
John Sulzycki. 

Gainesville, Florida 



.D., is a Research Geneticist at the USDA, A 
Agricu itural and Veterinary to~nology in Gainesvilie. Florida. 

Dr. Handler received his S. in biology f o m  the State University of New York at Stony Brook 
in 1972. and his Ph.D. in biology (deveIopmenta1 genetics) horn :he University of Oregon in 1977. 

octoral fellowship in genetics at the Division of Biology. Cali 
adena. from 1977 to 1979. and then joined the Developmental 

the University of California, I r ~ i n e  as a research biologist from 1979 to 1985. During this time he 
was a visiting research associate at the ZooIogical Institute, University of Ziirich, Switzerlarld and 
the Technische Hochschule, Darmsiadt. Germany. In 1985 he joined the Agricultural Research 
Service in Gainesvik, Florida, and in B995 he was a visiting scientist at ihe Laboratory of 
Comparaiive Pathology. University of Moncpellier 94. France. 

Dr. Handler is the U.S. scientific coordinator for a cooperative scientific program between the 
USDA-ARS and the French Centre National Recherche Scientifiques (CNRS) on .'Transgenesis 
of invertebrate Organisms of Economic and Medical Importance." As part of this role he has served 
as conference organizer for t e "International VvTorkshops on Transgenesis of H>.?-ertebrate Organ- 

. . 
isms." Dr. Handler has served as a consultant and experi panel member for several internai;onc?i 
organizations in the field of insect genetics and tramgenesis. 

Dr. Handler's research at tile USDA-ARS has centered on the use of ~ransgenic i=_seces for 
biological conhoi programs. Most of his efforts have focused 611 the developme~it of efficlen; gerle 
transfer vector md  marker sq stems. 

An.&hony A. James, Ph.D., is P.se.i:essos of Riolccular Bio1e.w t i  and Slo~.!:em2-,trj~ at :he Ur.i::e?-sity 
of California, Wrvine (UGI). . . 

D;. James received his B.S. in biology from UC! In 1973. and ills Pi1.3. ;E developrne~?tr-.l 
biology from $:Cl in 1979. He held posidocioral positions the Departrner;t of Biological Clzem- 
istry. Harvard Medical School. and the Department of Riologal, Brii~ldeis Universitq: before Joining 
the facu!ty of !he Depxtment of Tropical Public 3ealth a1 the Marvard School o l  Pilbli~ Health in  
1985. Dr. James returned to his alma mater in 1989, where he has remained. 

Dr. Janxs v l x  a principal investigator with the N e t w r k  on the Bioiogy of Parasite Vectors 
y the Jonn D. a d  C: Arthm Foundation and was a recipient of the Molecular 
ogy Award from the llcome Fund. He is a fellow of the Arnericali Association 

for the Advancement of Science and the Royal Entomological Society of London. He is a founding 
editor of hwect Moieculai- Biology. and is on the ediiorjai board of Experinzentcrl Pamsitology. 

Dr. James. areas of interest include vector-parasite inkercctions. mosquito molecu!ar biology. 
and other problems in insect developmental biology. His cui-rent work focuses on using genetic 
and molecular genetic took to intenupi parasite transmission by mosquitoes. 



This page intentionally left blank 



oris Afanasiev 
rrhropod-borne Infeclio~is Disease Lab 

ariment of Microbiology 
Colorado State LJni~ersity 
Fort Collias, CO 80523 

iverside, CA 92521 

Division of Parasitic Diseases 
Centers for Disease Control and Prevention 
4770 Bnford Highwey 
Charnblee, GA 38341 

Institut de GCnCtique Mumaine 
131 rue de !a Cardonilk 
34395 Montpeilier 
France 

Department of Pediatrics 
School of Medicine 
University of California, San Diego 
9500 Gilrnan Drive 
La Jolia. CA 92093 

fectious Disease Lab 

Colorado State University 
Fort Collins, CO 80523 

sank H. ColHins 
Department ef Biological Sciences 
Uni~rersity of Notre Dame 
Notre Dame. IN 46556 

Department of Internal 
Yale University School 
60 College Street 
New Haven, CT 06520 

Keele University 

Staffordshire ST5 5 
United Kingdom 

University of Bath 
Bath BA2 7AY 
United Kingdom 

Riverdale. MD 30737 

IAEA Laboratories 
Agriculture and Biotechnoiogy Laboratory 
Entomology Unit 
A-2444 Seibersdorf 
Austria 

'University of Ialolre Dame 
Notre Dame, IN 44556 



Department of Biology 
University of Utah 
Sale Lake City, UT 841 12 

and Veterinary Entomology 

rd Drive 
Gainesville, FL 32608 

Department of Pathology 

Galveston. TX 77550 

arjorie A, Hogr 
Deprtment of Entomoiogy and Nematology 
I? 0 Box 1 i 0620 
University of Florida 
Gainesville. Fk 3261 i 

Anirnni and Plant Health iraspection Service 
U. S. Department of Agriculture 
4700 River Road 
Riverdsk, MD 2073'7 

Anthony A, James 
Department 0:' Xolecuiar Bioiogy- 

Biochemistry 
3205 Mio Sci 11 
University of California, Hrvine 
Irvii~e, CA 92597 

David 3. L a m p  
Department of Bioiogical Sciences 
Duquesne University 

Piitsbsrgh. PA 15219 

Davfd L. kewis 

Univers~ty of Wisconsin 
i525 Linden Drive 
Madison, W9 53706 

fectious Disease Lab 
Department of Microbiology 
Foothills Campus 
Co!orado State University 
Fort Collins, CO 80523 

Department of Epidemiology and 
Yale University School of hiiedicine 
60 College Street 
New Haven, CT 06520 

Institut de GinCtique Humaine 

France 

technology Laboratory 
Entolll~k?gy Unit 
A-2444 Seibersdorf 
Austria 

University of Utah 
Salt Lake City: UT 841 32 



Department of Bmlogicai Sclencec 
Unners~ty of Notre Dame 
Noire Dame. IN 46556 

Departmect of Entomology 
University of Illinois 
505 S. Goodwin Avenue 
Ul'bana, IL 61801 

eslg K. 0. W~lden 
Department af Entoanologgi 
University of iilinois 
505 S. Goodwin Avenue 
Urbana. IE 61 8OI 

Ossey P* Young 
AnimaE and Pimt Health Inspection Service 

a!-:meni oC ~gr icui ture  
4700 River Road 
Riverdale. MD 20737 



This page intentionally left blank 





This page intentionally left blank 



.... erhodology of Insect Gene Transfer ............................ ... ..3 

.............................................................................. Targeted Transformation of the Insect Genome 29 
Pals1 Eggleston arzd Yuguarzg Zhao 

c Recombination for the Genetic Manipulation of Transgenic Insects ..................... ..53 
ong and Kent C. Golic 

Chapter 4 
....................................... ................... Eye Color Genes for Selection of Traizsgenic insects .. 79 

Abhiimnyu 5arka;- and Fmizk Collim 

Chapter 5 
Green F!u.oresce-?t Protein (GFP) as a Marker for Transgenic Insects .............. .......... ............ ~ . , 93  
Stephen Hlggs and David L. Lervts. 

Resistance Genes as Candidates for Insect Transgeneris ...................................................... 3 69 
Richuvd R flreid-Co~zsianl" ~7zd Phu-k Q. Benedict 

Chapter '7 
...................... .................................... Pantropic Retrovira! Vectors for Insect Gene Transfer ... 125 

osis Viruses as Tr'i.ansducinag Vectors for Insects .................................................... 139 
Jonnthniz Cai.l.~on, oris Afcuzasiev, and Erica S~iclzma~t 

..... Sindbis Virus Expression Systems in Mosquitoes: Background, Methods, and Applications 161 
K m  E. Olsoiz 



............................................................... Retrotransposons and Retroviruses in Insect Genomes 1 9 1  
Clzrisiopize Ter,-im, Alak Pe'lissoiz, m d  Alain Bzicheton 

apter E l  
olydnaviruses and Insect Transgenic Research ........................ .... .............................................. 203 

Brucc A. WeDD 

....................... .................... Hernzes and Other 11AT Biements as Gene Vectors in Insects .... ~ . 2  19 
Peter W Atkinson nizd Du~>id A. O'Brochta 

Genetic Engineering of Insects with nzariner Transposons .................................. ... ............... 237 
Dmsicl .I L a m p ,  Ki~nberly K. 0. Jltildeii, John M. Slzenvood rind Nugh M Robertson 

The TTAA-Specific Family of Transposable Elements: Identification, Functional 
Characterization. and Utility for Transformation of Insects ....................................................... 249 
Malcohn J. Frasel: JI: 

Wblbnchia as a Vehicle to Modify Insect Populations .................................................................. 2'9 I 
Steven P Sinkins and Scott L. O'Neill 

Bacterial Symbion'i Transformadon in Chagas Dise s ..................... ..... ..................... 289 
Charles B. Beard, Rnvi V D~arvasula, ancl Frank E 

n of Transgenic Insect Technology in the Sterile Insect Technique ..................... 307 
0 1 2  and Gerald Franz 

Control of Disease Transmission through Genetic Modification of osquitoes ......................... 3 19 
Atztho~zy A. Jarnes 

ransgenic Arthropods in Pest rograms: Risks and Realities ............ 335 
~Mclvjorie A. Hoy 



Regulation of Transgeoic Arthropods and Other Ihmwtehrates in the United States ................... 359 
31.1-ey l? Yourg, Shir-ley P Pngebritseiz, and Anzdd 5. Foudi~z 

Index ....................................... ~ ........... ~ ........ ~ .... ~.~ ........ ~ . ~ ~ . ~  .... ~ .... ~ ~ . . ~  .................. ~ . . ~  ....... ~ ....... ~ . . . ~ . . ~ .  3 8I 



This page intentionally left blank 





This page intentionally left blank 



i . l  Historical Perspective on Insect Gene Transfer ..................................................................... 3 
........................................................................................... 1.1.1 P-Element Transformation 4 

................................................................................... 1.1.1.1 P Vectors and arkers 4 
1.1.1.2 Use of P as a Genetic 'Fool .......................................................................... 7 

1.1.2 Use of P for Non-Drosophilid Gene Transfer .............................................................. 8 
.................................................................................................... 1.2 New Transformation Vectors 9 

.............................................................................................. 1.2.1 New Transposon Vectors 9 
........................................................................................ 1.2.2 Viral and Symbiont Vectors 1 l 

................................................................................................. 1.3 Tsansformation methodology 1 2  
........................................................................................................ reparation 1 2  

......................................................................... nation ........................ ... 1 3  
ion for Embryo lnjectio~l ............................................................................. 13 

...................................................................................................... 1.3.3.1 Needles 14 
............................................................... i . 3.4 Microinjection Apparatus and Procedures 1 4  

.................................................................................. 1.3.5 Methods for DNA Delivery 16 
................................................................................................... ipofection 16 

....................................................................................................... iolistics 17 
............................................................................................ 1.3.5.3 Electroporation 17 

.............................................................. 1.4 Identification of Transgenic Insects and Transgenes 18 
............................................................... 1.5 Perspectives on the Use of Insect Gene Transfer 19 

1.4 Appendix ................................................................................................................................ 2 0  
............................................................................................................................... Equipment 20 
.............................................................................................................................. Addresses 21 

........................................................................................................................... Acknowledgments 22 
...................................................................................................................................... eferences 22 

The use of genetic material as recombinant DNA and the ability to integrate it into a host genome 
has proved to be a powerful method for genetic analysis and manipulation . providing a major new 
era in the field of genetics . Procaryotic gene transformation was actually realized early on. and in 
fact the pivotal bacterial transformation studies by Avery et a1 . (1944) gave definitive proof to DNA 
being the inherited genetic material . Continued procaryotic genetic transformation studies. indeed. 
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helped lay the foundation for modern molecular genetics. l e  is thus notsurprising that geneticists 
attempted to duplicate this methodology in eucaryotes as well, long before eucaryotic DNA csuid 

e isolated as recombinant molecules and analyred in a meaningf~d way. 
T ille genetic transformation of insects was firstattenpted in Ephesficz nearly 35 years ago, when 

mutant larvae were injected with wild-type DNA, with some developing into adults with wild-type 
wing scales (Caspari and Nakva, 1965). In subsequent studies with E='hestia (Nawa and Yatmada, 
1968) and Bombj.,~ mori (Nawa et al., l), complementation of eye color mutations was observed 
after treatment with wild-type DNA. le these experiments yielded wild-type adults and at least 

endelian inheritance of the normal phenoty e, it is likely that these initial insect 
transformations were sornatic with inherita xtraci~romosomaily. Shortly after the 
initial studies in moths. transformation of nelanogaster was similarly attempted. 
aWough delivery of wild-type DNA was achieved by soaking embryos in genomic DNA within 
ringers or sucrose solutions. As with the moth studies, somatic mosaics resulted, but inheritance 
of the reverted phenotyes was not clearly Mendelian and it was concluded that genetic transfor- 
mation had occurred extrachron~osomally, with episomal transn~ission and not chromosomal inte- 
gration (Fox and Yoon- 1966; 1970; Fox et al., 1940). 

ore recent approaches to insect transformation began with studies in Drosophila Chat relied 
on the direct injection of wild-type DNA into embryos. These attempts to revert the veimilioi? (v) 
mutant line met with some success (Germeraad, 1976), although integrations were not verified 
beyond the genetic mapping of the complenenting gene outside of the v locus (suggesting that a 
direct v reversion had not occurred), but the transformed lines .were subsequently lost witherit 
further genetic or biochen~ical verification. 

Concurrent with the ~:ennilion studies, the role of P factors in Dru~uphila hybrid dysgenesib was 
being eludicated (Ki well et al., 1977), culminating in the identification ancl isolation of the P 
transposable element as fhe responsible agent. In now ciassicai exps?rimeais by Rubin et al. (1982) 
and Rubin and Spradling (1982): P was first isolated hom e P-induced mutation of ir!zitc in D. 
melnnogastei; and  the^ developed into the first transposon-based system to transform the germhrre 
of D. r?zeiarzogasioi efficiently and stably (see Engels. 1989. for a comprehensive re:kw of the 
discovery and early analysis of P). 

P was fortnd to be 2.9 kb in length with 3 1 bp inverted terminal repeats (O'Hare a.nd Rubin, 
?983), similar in genera! structure to Acrivator., the first trarasposabk element to be discovered 
in maize by Barbara McClixtock (see Federoff, 1989). Both of these elements, as weli as all ihe 
subsequently discovered iransposons used for insect germline ~ransformatioi:, belong io a general 
group of transposable elements known as Ciass 71 short inverted terminal repeat transposons (see 
Finnegan, i 989). These elements se via a DNA-inierme iate and generally utilize a cui- 
and-paste mechanism that creates cation of the insertion site. ithin the terminal repeats 
of these elements is a transcripti it that encodes a transposa molecule that acts at or 
near the termini to catalyze excision and transposition of the complete element. As first described 
by Rubin and Spradling (19821, the ability of the transpcsase to act in trans has allowed the 
development of binary vector-helper systems (Figure 1.1). Typically the vector plasmid includes 
'&he mobile terminal repeats of the element and requisite proximal internal sequences that surround 
a marker gene. The vector is made nonautonomous by having the transposase gene either deleted 
or disrupted by insertion of the marker gene, an thus it is unable to move by itself. The 
transposase is provided on a separate helper plasmid. and, after introduction into g 
the helper mediates transposition of the vector into the genome. The original 
autonomous P element (psr25.1) that had the ability to integrate as well, an its presence could 
cause instability of the vector in subsequent generations (if not earlier). This problem was 
ameliorated somewhat by having milch higher vector-to-helper ratios, but was solved more 
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inject while G0 embryo 
with vectorihelper mix 

backcross G0 adult 
to white host strain 

select G1 red"eye color 
transformants 

.l Schematic diagram of typical Dlvsophila transformation using a white+ marker selection in a 
white eye host strain. Vector and helper plasrnids are mixed at appropriate concentrations in injection buffer 
and microinjected into preblastoderm G0 embryos. G0 adults are backcrossed to white eye host strain flies 
with resulting C1 progeny screened for eye pigmentation. 

definitively by the creation of a helper ( p j e 2 5 . 7 ~ ~ )  rendered immobile by deletion of most of 
the 3' terminal sequence (Karess and Rubin, 1984). ithout the ability to integrate, the helper 
plasmid is lost after subsequent cell divisions, allowing the vector to remain stabiy integra-te 

Although the efficiency of this system relied on the high mobility properties of the P element, 
several factors were involved that allowed s~mxssfeil Dr~sophih transforn~ation with this system 
at that time. For the P system in particular, the fortuitous existence of M strains evoid of P elements 
was importan:. These included wild and mutant strains maintained in laboratories previous to 1950, 
a t ine  before P invaded D. ntelarzogusier in <he wild (Anxolab6hkre etaal., 1988). Most wild P 
strains collected after this time contain mostly defective P elements that provide a repressive cellular 
environment for P movement, initial transformations in these strains would have proved 
frustrating, if not impossible. C sly, some other vector systems are not. or are less represset? 
by host strains containing the transposon, as was found ggyBac in Baclrocem dorsalis 
(A. Handler and R. Barrell, unpublished), aithough a function of the num 
structure of elements present. Given the variability n regulation ia any g i ~  
environment. the safest stralegy for the use of a vector in an insect species for the first time is to 
assess its function by transient assays rain before attempting transformation experi- 
ments (see Chapter 12 by Atkinson an 

Another important factor in the success of the P experiments was the ability to use a cloned 
wild-type gene in high molar concentrations as a transgenic marker. This is in contrast to the use 
of wild-type genes diluted by the rest of the genome in the original experiments. As described 
further on in this chapter and book. several critical factors are involved in every gene transfer 
system in any particular organism. These include a functional vector system; unambiguous and 
easily detectable markers. and simple methods for DNA delivery. All of these factors must be 
functional at a minimal level for successhi gene transfer of any particular insect species, yet 
increased efficiency for any one may offset inefficiencies for the others. For example. an inefficient 
vector may remain useful if DNA can be delivered easily to many thousands 
optimization of all these parameters will be required for the most efficient an 
the technology. 
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While specific differences exist between P and other vector systems c u ~ ~ e n t l y  used for non-droso- 
philid insects. optimization of these and prospective transposon and viral vectors will cleariy benefit 
from the knowledge gaine afier two decades of experimentation will  the P transposon and its tlse 
in transformxtion s t~dies .  f particular importance to all researchers contempP2ting insect transfor- 
mation is a practical knowledge of Drosoplzilu transformation. and arguably it is quite worthwhile 
to attempt transformation of this species before any other. Presented here is a general overview of 
P transformation of Dlasophila. and how it relates to non-drossphilid gene transfer. Several excellent 
in-depth reviews are available for more specific derails on the structure. behavior. and use of ;3. 

which may be related to oiher vector systems. as well transformation methodology (see Karess, 
1985; Spradiing. 1986; Engels, 1989; Handler and 0' rochta 1991). Of particular interest is the 

s manual by Ashburner (1989a.b) that review the various vectors. markers. and 
methodologies used rosophilu transformation, as well as early techniques used to manipulate 
Dr.c:sophila embryos ave fo~uncl this information highiy relevant to other insect systems. 

After its description in 1982, P transformation was rapidly utilized by hundreds of Drosqphilu 
laboratories, and ~xodifications and refiriernent of the P system occurred quickly in terms of vectors 
and markers (Piaotta, 1988). This was also aided by basic investigations of transposable element 
structure, function. and evolution (see Howe, 1989). As noted above; the original helpers 
under P promoter regulation were auto lemeiats that worked effectively. but could integrate 
along with the vector resulting in vector instability. A nonautonomous "wings-dipped" helper was 
created having its 3' terminus deleted (Karess and Rubin. 1984). but many laboratories found it to 
be somewhat less effective. Subsequently, a new wings-clipped helper was created having trans- 
posase under highly active hsp70 regulation that resulted in routine transformation (Steller and 

rrotta, 1986). It was soon realized that these frequencies; if not the ability to transform at all, 
as influenced by vector structure. Critical factors were vector size, placement of markers. and 

amounts of subterminal DNA left in the vector, Sequences wit in 138 bp of its 5' end and 214 bp 
of its 3' end were found necessary for P movement, and while the terminal repeats were identical. 
the adjacent sequences were not interchangeable (Mullins et al.. 1989). An interesting finding was 
that P transposase has strongest binding affinity for sequences internal (-50 bp) to the inverted 
terminal repeats (Maufnaan et al.l 1989). For other vectors such as nmiiner (Mosl), functionality 
can be drastically influenced by discrete base-pair changes (Hartl et al.. 1997). Vectors having 
requisite sequences are otherwise limited by the amount of ntarker DNA inserted. with the frequency 
of transformation inversely influenced by e size of the vector. Early tests with P marked with 
r o s ~  showed that 8 Itb vectors could yiel transformation frecluencies of 50% per fertile G, or 
greater, while the frequency with 15 l b  vectors decreased to about 20% (see Spradling, 1986). 
Vectors as large as 20 kb could integrate, but at I'requencies of 1% or less. Of course, actual 
frequencies depend greatly on technical ability, and various parameters including DNA purity and 
concentration, method of microinjection. ambient conditions, among others. 
systems to be similarly affected by vector size and requisite sequences, in addition to how particular 
vectors and markers function in specific insect host strains. 

The success of the P system in Drosophila was due in large part to the availability of easily 
detectable visible marker systems that rely on the complementation of a mutant allele in the host 
strain by a cloned wild-type gene in the vector (see Chapter 4 by Sarkar and Collins and Color 
Figure l*). The original marker for "mutant-rescue" was the msj. gene, although this had the 
drawback of being cloned within a relatively large DNA fragment of -7 to 8 kb. The ivhire gene 
was subsequently used, but this was part of an even larger genornic fragment. and transformation 
frequencies were relatively low. New mini-w;lzite constructs (approximately 4 kb) having the large 
first intron deleted, with and without lzsp70 promoters, were much more effective. Wnik these 

.': Color Figure ! foliows p. 108. 
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~ v h i t e  marliers are routinely used. they do suffer from genoinic position effect variegation that acts 
to suppress gene expression (Hazelrigg et al.. 1984; Pinotta et al., 1985: Klernenz et al.. 1987). 
and thus some transformants may be difficult if not impossible to detect by the visible phenotype. 
The same effect has been observed in tephritid fruit fly (Loulteris et al.; 1995a: Handler et al., 
1998) and mosquito (Coates et al.. 1998; Jasinskiene et al.. 1998) transformms. In one experiment 
comparing u>hite to a green fluorescent protein (GFP) marker in DI-osophiln. we found that less 
than 40% of transformant C, flies c d d  be detected by u.hite+ (pigmenled eyes) expression done 
(Handler and Harrell. i999). 

Additional ;i.,arl<ers based upon chemical selections or enzymatic activity were also developed 
for Dmsophiln. a i d  these illcl~~ded ajcohol dehydrogenase ( M h )  (Goldberg et al.. 1983) and dops 
decarboxylase (Ddc) iScholnick et al., 1983) Chat complemented existing mutations. and neomycin 
phosphotransferase (NPT or neo) (Stelier and Pin-otta. 1985), P-galactosidase (Lis et al.. 1983). 
organophosphorus dehydrogenase (opd) (Benedict et al., I995), and dieldrin-resistance (Rdl) 
(ffiench-Constant et al.. 1991) which are dominant selections not requiring preexisting mutations. 
These are reviewed in more detail in Ashburner 11989a) and in Chapter 6 by ffiench-Constant and 
Benedict. While these markers have the advantage of utilizing various mutant or wild-type host 
strains. and in some cases selection can be done early in G, development, none of them compares 
in the ease of me and reliability to the eye color markers. GFP markers. however, not only share 
the benefit of not depending on preexisting mutations, but they can actually be more effective than 
u,lzite (Handler and Harrell. 1999; see Chapter 5 by FYiggs and Lewis). The primary advantage of 
chemical selections is ihat they allow selection en nzasse. which should be useful for all transgenic 
selections, and possibly critical for insects that cannot e transformed at a high efficiency. Now it 
is possible to refine chemical selections by linking the requisite genes to a CEP marker so that 
borza jWe transforrnants can be selected and tested to increase the reliability and efficiency of the 
selection. Another significant benefit of GFP is that when regulated by a promoter active throughout 
development (e.g., poiyubiquitin). transgenics can be selected early in their life cycle. saving time 
and resources. A caveat. however. is that expression in G, insects may not be detectable until late 
or postembryonic stzges, though transgenic embryos can be detected in subsequent generations 
owing to a maternal contribution of GFP (see Davis et al.. 1995). One drawback of using GFP 
marIters is that a somewhat costly dedicated uitravioiee optical sysrem is required for their detection, 
which may prohibit preliminary studies for many laboratories. 

The P-element transposon has found its greatest use as a vector to inqmrt genes iiieo the D;-oscyhih 
gemme. but has also been ixed (1 )  as a ~nutagenic agent KI iransposon-tag g e n e  simplifying their 
cloning (Searles et al.. 1982; Sentry and Kaiser, 1992); (2) in enhancer-trap and GAL4IUAS studies 
to identify and analyze temporally and spatially distinct regulatory elements iBellen et al., 1989; 
Wilson et al., 1989: Si~lith et al.. 1993; Brand et al.. 1994: Gustafson and Boniianne, 1996); and 
(3) for targeted transposition (or site-directed gene conversion) which allows gene replacement for 
the creation of specific mutant phenotypes (Gioor et al.. 1991; see Chapter 2 by Eggleston and 
Zllao). Targeting also controis for chromosolnal position effects that vary when transposition is 
random. These methods have revolutionized genetic analysis in Drosophila and have the potential 
to expand enori~lously the generic analysis and manipulation of non-drosophilid insects as well, 
for both basic and applied purposes. Indeed, a primary benefit of developing transposon-based 
vectors has been this versatility for genetic manipulation beyond simple gene transfer. 

As in other systems. both transposon tagging and enhancer trapping in Insects shocld allow 
the efficient idextification and isolation of genes and genetic systems in\-olved in their development, 
behavior, and reproduction. While a primary goal will be to use these genes or generic elements 
in transgenic strains for biological control. the analysis of these genes and their use in transgenic 
straim for laboratory experimentation should also provide new targets for insect control using 
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highly specific conventional methods in addition to molecular methods. For exam 
dissection of neuronal pathways may reveal targets that do not exist in vertebrates, 
for particular insects, allowing the development of pesticides innocuous to nontargeted organisms. 
Genes expressed in reproductive tissues may be manipulated to produce sterility in the laboratory 
(e.g., for sterile insect technique (SET); see Chapter 17 by Robinson and Franz) or their gene 
products may be targeted to induce sterility in the field. anipulation of endocrine gland genes 
may disrupt development and reproduction, and genes expressed in antenna1 lobes may disrupt 
chemosensory reception necessary for foraging or mating. These are only a few of the potential 
conventional appiications of information generated by basic studies of transgenic insects. 

hile this information will certainly improve conveneional insect control strategies. the greatest 
potential for insect control using transgenics lies in their direct use. Many transgenic strains will 
be simply maintained as inbred lines: yet, some of these strains may include gene constructs h a t  
result in sterility or lethality making them difficult, if not impossible, 10 rear. A clever method to 
create strains that would normally be inviable is to utilize the yeast transcriptional activator 
GAE41UAS system, which is used wide in D~osophila and other organisms for developmental 
analyses and control of gene expression rand et al., 1994). Essentially, GAL4 is a transcriptional 
activator that works by binding to upstream activating sequences (UAS) to promote transcription 
of downstream reading frames. It is thus possible to create a transgenic strain having a selectable 
or "lethal" gene linked to UAS with no negative effect in the absence of the GK4 protein. Another 
strain may be created having GAL4 production regulate by a conditional, tissue-specific, or sex- 

ecific promoter. Parental strains hornozygous for the transgenes would remain unaffected. but, 
upon mating. their progeny will produce the UAS-linked gene product in response to the develop- 
mentally or conditionally regulated GAL4 product. For example, female-ietli-ality may be achieved 
by having a strain with UAS linked to a toxin or cell-death gene mated to a strain having a female- 
specific promoter linked to CAL4. The UASIGALL: system is highly versatiie as well, since libraries 
of GAL4 and M S  strains can he maintained with spe G types OF gene expression possible by 
mating the appropriate strains. Thils, the same UAS-cell ath gene strah used for female--lethali!> 
could be mated ro a testis-promoter-GAL4 stra-in res g in male sterile progeny. The use of 
enhancer traps and CAL-lIUAS studies will help i ntify and test a wide army of traascripiicnal 
enhancers that can be immediately used for the s isticatecl manipulation of iebect popuL lt-oras. 1 
The power and potential of these manipulations may be vast. 

The success with P transformation in Dwsophilir did not go unnoticed by those working on non- 
drosophilid species. and especialiy t in their genetic manipulation. The po 
of P in these insects was encouraged by the use of the vector to transform iwo drosophi! 
that did not contain the P transposon. D. sinw1an.s (Scavarda and MartY, 1984) and D. 17u11uiiensi,r 

rennan et al., 1984). The latter experiment was of particular interest due to the distant relationship 
tween the Hawaiian drosophiiids and D. ~neianogostei-, increasing the possibility that it might 

function as well in non-drosophilids. Another critical factor that allowed the testing of P was the 
development of a chemical resistance marker based on the bacteria1 N F gene, that allowed selection 
of Dt-osoylzilrr transformants by resistance to a neomycin analogue G418 (or Geneticin? Stelier 

irrotta. 1985). In the a-bsence of visible marking systems, it would be otherwise impossible 
to select transgenics in non-drosophilid insects. Unfortunately, several years of h i d  
ensued by several laboratories working with P vectors marked with NPT in mosquitoes 

cGrane et al.. 1988; orsi-is et al.. 19891, tephritid fruit flies ( cInnis et al.. 1990; 
A. Handler and S. Gomez, unpublished), locusts Iker, 1990). and possibly several other species, 
although many of these results are anecdotal to the failure to select transposon-mediated 
transformants. Interesting result were obtained by several of the ~nosquito laboratories. however. 
which selected 6 4  18-resistant ies that were transformed, but apparently all occurred by low- 
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frequency random integrations or recombination events and not P transposition. These results take 
on added significance in light of recent results indicating transposase-depended recombinations 
for other vector systems in mosquitoes (Jasinstciene et al., 1999). These observations highlight the 
need to consider vector function in the context of the iildividual cellular and genon~ic environment 
of each species. 

Despite the interesting results in mosq~itoes, use of the P vector did not result in transposon- 
medialed everits in any of the non-drosophilid insects tested, and it appeared that neomycin- 
resistance selections resulted in a significant number of Mse  positives. These and other variables 
involvecl in transformation methodology did not allow a straightforward assessment of the possible 
limiting fa.ctor(s). Considering vector lunction to be most critical. 0' ta developed a series of 
in vixv transient excision assays that could simply and ector function in <he insect 

rochta and Haider ,  1988; 0' ays initially took advan- 
tage of in vitlw assays for P function (Rio et al., 1986). observation of transient 
expression of plasmid-encoded genes injected into Dlvs artin et al., 1986). These. 
and much more sophisticated transposition assays developed more recently (0 rochta et al., 1994: 
Sarkar et al., 1997) are now used as a standard procedure to determine vec 
insects of interest. and are discussed more fully in Chapter 12 by Atkinson and 
excision assays quicliiy indicated to us that mobility of the element decreases as a function of 
relatedness to D. nzelamgastec with a lack of mobility outside of the Drosophilidae (Handler et 
al., 1993). This provided a turning point in efforts to transform non-drosophilids, as it was realized 
that new vector systems were critical. 

With the utility of P unlikely for gene transfer in non-drosophilids, two choices remained for vector- 
mediated gene transfer. as to continue testing existing vectors or transposable elements from 
Drosophila or other org or attempting to isolate new transposons or viral systems for vector 
development. As discussed in detail in this book, both approaches were taken with various levels 
of success. While P and other transposon-based vectors have proved their usefulness in specific 
species, their analysis in a variety of insects by transient assays and transformation experiments 
indicate that their fmction differs in different ceih!ar environments. and perhaps in response to 
differing genomic organization. Thus, vectors successful for some species may act differently or 
not at ail in others, and new types of vectors may be more effective for particular organisms or for 
particular applications. This su gests that long-term strategies for gene transfer of non-dros 
insects will require broad-base approaches, including viral- and symbiont-based systems, 
as recombination systems and methods to improve gene targeting. 

Early consideration was given to the only other transformation vector tested in B. nzelarzogaster, 
the hobo element. hobo was discovered by its association with mutant alleles in D. melanognster 
about the time P transformation was first nis et al., 1983; see 
Gelbart, 1989), and as another short invert t transposon; within 
also was developed into an efficient gene t lackman et al., 1989). Nevertheless, 
there was no reason, a priori. to believe that the hobo range of function would be any greater than 
that of P. This possibility was reconsidered when amino acid sequence alignments showed that 
hobo shared related motifs with plant transposons Ac from maize and Tom3 from the snapdragon 
(Galvi et al., 1991). Unlike P. whose related elements were all apparently limited to the drosophilids 
and closely related species (Lansman et al., 1985; Daniels and Strausbaugh, 1986: Anxoiabkh6re 
et al., 1988), hobo was part of a wide-ranging nsposable element family. This suggested that it 
might have a broad range of function like Ac ( ker et al., 1986), and related elements might be 
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discovered in other species that could be used as vectors in these and related insects. Although 
transient assays suggested that hobo may have lowfrequency vector function in non-drosophilids 

rochta et al.. 1991). transformation has yet to be demonstrated for such insects. However, 
hobo has transformed D. 1Gi-ilk. which is distantiy related to D. rnelnrzogn.rter. at about a 1% 
frequency (Lozo~skay a et al.. 1995; Gornez and Handier. 1997). 

Importantly. homologies between hobo and Ac have allowed the identification of new elements 
such as Neri~zes from Muscn domesti (Warren et al., 1994). ivhich has been shown to be a highly 
active vector in D. nzelcrrzognster (0 rochta et ai.. 1995). and it is one of the few useful vectors 
for non-drosophiiids (Jasinsltiene et al., 1998: Pinlterton et ai.. 2000). Notably, N 
new insect transposoil systems within the hobo, Ac, Tcm3 (1zAT) family (see 
Atkinson, 1996: Handler and Gornez, 1996) have been specifically isolated for th 
as \-ectors. and are discussed further in Chapter 12 by Atkinson and O'Brochta. All of the other 
 ion-drosophilid transposon I-ector systei1-i~ were fo~lnd fortuitously and were not specifically iso- 
lated for potenrial vecEor Function. 

Mirzos was the first transposon vector to successfuily transform a non-drosophilici. ihe medfly 
Cemtitis ccqitata (Eoukeris et al.. 199%). and it was originally discovered in D. hydei as part of 

NA transcriptionai unit (Franz and Savakis, 1991). Several 1Vi7zos elements were 
subsequentiy isolated and the functional element was found ti? have 254-bp inverted terminal repeats 
and a transposase encoded by two exons separate?; by a 60-bp iilrron sequence (Franz et al.. '1991). 
Minos appears to be a member of the Tc family. sharing more than 40% coding sequence identity 
with R.1. and. like other Tc eelemnts. it causes a TA duplication of its insertion site. The ability 
of Miizo~ to function as a gene vector was first demonstrated in D. rnelanogaste~ using a i~-lzire 
marked vector and a hsp70 regulated helper (Lockeris et al., 19953). Transforixation frequencies 
were relatixely low. in the range of about 5 8  per fertile G,. although transforinants were consistently 
produced in selerai experiments and Miizos integrations were verified by Southern hybridization 
and sequencing of seixrai insertion sites. Notably. chromosoma! inserticns were verified by PC 
eque;?cing across the insertion sites in the parental host strain. In one of the transgenic Iines, rile 
Mi'im.s integration tvas remobilized by crossing to a transposase carrier line. that reaffirmed a Minor- 
mediated integration and provided support f x  the pos5ible m e  of Mimr for enhancer trapping. 

The a~ailabilitg of the cloned t~hi ie  gene cDKA from the ~nedfly (Zvciebel et al.. 1995) made 
it possible to test 1VIino.s vector f~mction in a rnediiy white eye host siraiim using Dirrsophiin protocols 
(Eoukeris et al.. 1995b). Similar to the Di-osqihiiii experiments. several transformant lines were 
generated at an over& ii-equeecq of less than 5%. aithough this was more dit'ticuir to assess due to 
grmp inaiings of the G, flies, Nevertheless, this was the first Dom J/ide transposon-!i~ediated t l -an -  
formation of a non-drosophiiid. aiid at a frequency useful for -o~lcine experiments. Aiihoiigh there 
have not been subwqueni published reports of Miiios t!-ansformation, i t  has been used repeatedly iil 
the rnedfiy (C. Sa\&is. personal communication). in D. i i i - i l l s  (L. Megna and T. Ciine. personal 
communication). an3 Miilos is Liltei:; t:? have 21. 'orcm2 range of lector function il: insects. - e he pigg>.Bai. element u a  used as the second transformation agent in medflies (Handler et al., 
1998) and. at the time of rhis writirig. is the most successful x.ector for non-cil-osophilids that i ldude 
diptel-ai~s. lepidopterans, and a coleopteran (althoilgh moiecular \.eriiication for some is in p r o g ~ s s ) .  
piggybar was originally discoverecI in fiickrpiusia ni cell Iines as a result of its insertion into inf'eciing 
baculo~iruses resulting in fen- polyhedra (FP! mutations IFraser et al.. 1983). Since the meclfly ii hire 
gene aiready had been isolated ancl tested as a tr-ansgmic marker in the Miizns mnshrmations. It was 
possible to test pig,g.Bac transformation directly in a non-drosophilid species (Handier ct al., 3 998). 
MedAy "iraasforma.tion with a self-regulated transpxase helper (p3E1.2 having its S' terminus deleted; 
occm~ed at re!aii\dy low frequencies (-2 to 5% per [ertile G,,). bur did indicate automimous f:!nction 
for the transposon in 11 dip:eran. Vector f~mction m x <  subsequently proved for D, i7zr~ni~1,qa.s~ei- iHandler 
and Han-eli. 1999)- u,ith frey:rencies ele;zilec? to 26% 1-ising a hp70 regulated helper. aind cbsecjueiitly 
two other tephritid fruit fly $pecks have been transformed. A~mr! .e~&~i  szr.cpen.m (A. Har:dlei- and R. 
Hanell, unpiiblished) and Bcicti-ocem ~ionralis (A. Handier and S. McGombs, unpublished). A broad 
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range of vector function for piggyB~~c is fudher suppoy-ied by recent transformarion experirnenrs in the 
oinbjx nzot-i (Tamura et al., 2000), as well as the red flour beetle, Tribolium castutzez~m 
er et al., 1999). and this work is discussed in more detail in Chapter 14 by Fraser. 

The marirzer element is another Class 11 transposon, originally discovered in D. ~lm~~r. i f iann 
in association with a mutant ~vhite ailele (Hajimer and Marsh. 1986: Medhora et al.. 1988). While 
it probably has been the most intensively studied element beyond P, it has taken more than a 
decade since its discovery for it to be used as a vector in a non-drosophilid. The nzuritzer story 
is discussed in detail in Chapter 13 by lLampe et a!.. but, suffice it to say. it is part of one of the 
largest known transposon families traversing many orders of animals by horizontal transmission 
(Wobertson and Eampe. 1995). and it functions accurately in tbitiz, in the absence of any cofactors. 
We~ertheless, it has thus far demonstrated only relatively weak vector function in several droso- 
philids, with related active elements thus far failing to transform D. melnnognstei- after extensive 
testing. Only recently has iimriizei- been shown to have vector function in a mosquito species 
(Coates et al.. 1998). yet is has exhibited vector function in vertebrate species including chickens 
(Sherman et al., 1998) and zebrafish (Fadool et al., 1998). At present, nisi-iner appears to have 
great potential as a broadly active vector. although it remains to be seen how useful and widely 
functional it will be in insects. 

It is notable that the discovery of v jr function for all of these transposons depe~ded upon 
first developing reliable marking system oth of the medflg transformations depended on isolation 
of the medfly i.thite gene cDNA (Zwiebel et al.. 1995). and the testii-ig of Nrn7zes and mariiicl- in 
Aedes aegypti relied on the finding that the D. ineinnogas~er cirzriubar gene could complement a 
mosquito white-eye mutation (CorneI et al.. 1997). Thus. while much effort and interest have been 
focused on :wtcr systems (see O'Brochta and Atkinson, 1996).  he iaclc of suitable transgenic 
marker systems has been an equal. if not greater? bottleneck for successful insect transformation. 

While transposon-based vectors are preferable for the creation of stable transgenic strains at this 
time. and especiall: for basic stttdie, of gem expression and ge~e t i c  manipulation, it is realized 
[bat different types of system.; will be necessary for particular fieid or experimental applications; 
and for particular insect species not amenable to transposon function or the typical methodology 
used for  germline transformation. For example. i?:anj insect species have long generation times or 

. . 
complex !~fe cycles that make untenable the testing of germline ~ransformariori. or the creation of 
mnss-reared rransgeaic strains. For sone  purposes, the need to create stable trmsgenic siii:ins is 
not essential. and the development of es:rachromoso~-riai ?rai?sient expression sys tem :hat might 
be much simpler to create, coulci be n higher priorit) if not preferable. Such tramkilt systemi inipbt 
h a ~ e  the added benefit of acting a i  carriers for inefficient transposon vectors or gene-targeting 
syiterns allowing them to perdure within cells, increasing their chance for integration. Thus, while 
rhe dei elop-neni of germline transfol-mation systems for non-cirosophilid insects has been a priority, 
the nee:'! for o h r  ty~e i ;  of systems foi- particular purposes and particular species i s  ckarly of equal 
irnpo~tance. For these situations infectious agents s~lch as viruses or gene expression from cndo- 
synbionts i-iial, be more efficacious. 2nd se~era! ef these sysiems are discussed i~ this bcok. 

Severai viral systeiils 2re under consideration suci? as the Sindbis RNA virus that is highly 
ei'fecti\;e as an expression sj-stem both in v i tm and in \ , iw (see Chapter 9 by OIson). and DNA 
vjruws such a!; cicr1so.i-iruses that i-ia:.e beer! used a i  rransduction agents in rnosqnito Ear-iae (see 
Chapter 8 by G~irlsoii et al.;. Rerrmir~ises have icng been iised ;is vehicles tor geiie tzansfer into 
maiixmaiian cells (Eyiiiib a d  Anderson. 1988)" and recentlj the has: range cf a rmrnii~alixi 
rcir:)iiral \,eitor v*,as increased considerabl> 5y psciidotyping m incltide ~errebrzte and imertebrate 
systems incicding se~era! insect species (see Chapter 7 by B u n s ) .  With ;he recent elucidaiion of 
retmi:irr:ses in insects such as gypsy. these systems aim have potential for insect vector f~mction 
with minima! rnoc!.ification (see Chapter 10 by Terrian et al.). 
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A bit different from the typical concept of germline or somatic (transieat) transformation is 
the use of symbiotic organisms to express genes of choice in a host organism, a type of geee 
transfer referred to as paracransgenesis. Several systems are under development that have great 
potential ,For particular applications. For example. several respective field applications will require 
driving transgenes into an insect population and bacteria ndosymbionts. such as TVolhnclzia, that 
can spread through poplations very rapidiy have considera le poteniial for achieving this (see 
Chapter 15 by Sinkics and O"Neil1). Of course, the genes eo be spread must be transferred into the 
endosymbiont 5"?rsl, and this may take advantage of viral or transposon vectors. Bacterial rymbio~~ts 
of Xhodnius proli.uus have already been transformed with genes letha! to parasitic trypai~osomes 
that cohabit in the insecr host, and ihe use of such paratransgenic insects for disease prevention 
may be implemented shorcly (see Chapter l6 by Beard et al.). 

As the de7;elopment of more sophisticated transgenic strains becomes necessary for applied 
uses. we will find the need for gene transfer of multiple transgenes that are highly stable and 
noninteracting. The greatest assurance for having a widely applicable genetic tooPSox for many 
different species will only come horn the development of vector systems that are mechanistically 
distinct and varied. 

Since Dr-osophilcr is the only routinely transformed insect, it is the best model system for transfor- 
mation metl-iodology, although. undoubtedly modifications will be necessary if not critical for other 
types of vectors and insect systems, Our studies with tephricid fruit flies have generally f o k w e d  
:he standard Dmsophiln procedures (see Spradling, 19861, and most otiier studies with other insects 
have done so as well. Although several of these studies have been successful3 it is quite possible 
that modifications in injeclion buffer. DNA concentrations, and DNA delivery might greatly improve 
gene transfer efficiency. Some specific ~nodifications developed for mosquito transformi?tion are 
discussed by Iflorris (1994). While primary concerns for non-drosophilid transformation usually 
centered on fmctional vectors and selectable marker systems, the ability eo deliver DNA into the 
germline or soma of the host organism has been eqrially daunting. aid,  at present, it is probably 
one of <he greatest general roa 

The preparation and amount of DNA injecte is critical to successful transformation. Early Droso- 
phila experiments utiiized only cesium chloride purified plasmid DNA, usually requiring double 
ultracentrif~~gation with rigorous removal of ethidium bromide and any organic solvents (see 
Sambrook et al., 1989). The recent availability of plasmid preparation kits provides much simpler 

hile we and others have successfuily transformed wieh plasmid prepared wieh such kits, 
for some plasmids grown in some particular bacterial hosts, contaminating t ic proteins may not 
be easily removed and the cesium method is generally the most fool-proof. agen now provides 
an endotoxin-free kit that may alleviate some of these concerns (see Appendix to this chapter for 
location and contact information for this and other companies mentioned). 

Plasmid DNA for injection is usually a mixture of the desired amounts of vector and helper 
(or vector alone) that is ethanol precipitated and resuspended in injection buffer. Most insect 
transformations have used the Dvosoplziln injection buffer (5 mA4 MCl, 0.1 M sodium phosphate 
pH 6.8), although it is likely that this is not ideal for all insects. Resuspended DNA should be 
used within a few days, and kept frozen until use, with an aliquot run on an agarose gel to ensure 
DNA integrity and the general concentration desired. Previous to injection, the DNA should be 
centrifuged at 12,000 X 1212 for 5 min to eliminate any particles that might clog needles or 
contaminate the eggs. 
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Generally, total DNA concentrations have not exceeded 1 mglrnl with vector1 helper ratios 
ranging from 2: 1 to 9: 1, with actual molar ratios being a consideration. Excessive amounts of DNA 
are considered to be harmful if not lethal to embryos, probably because of the nucleic acids 
themselves and unavoidable contaminants in the solution. It is likely, however. that many embryos 
larger than Dmsopldn can withstand higher concentrations or amounts injected. Other consider- 
ations are the size of the plasmid (usually the vector), since as plasinid size increases the number 
of molecules injected will decrease for a standard DNA concentration, but increasing the concen- 
tration may result in shearing the nlolecules dlrring injection. Shearing may be alleviated by larger- 
bore needles, al~hough embryo survival may be compromised. These and other trade-offs are 
pervasive in gene transfer methodology, and the best system for any particular insect must be 
determined empirically by extensive control experiments. 

D;mopIiiln benefits from lraving an easily rernovab!e chorion. either manually or chemically. and 
can be quickiy desiccated for microinjection of DNA. anual dechorionation is perforned by gently 
rolling freshly laid eggs on double-stick tape wit11 for s, wifh the egg generally popping out from 
the chorion. Chemical dechorionation uses a diluted hypochlorite solution (liquid bleach) at a final 
concentration of 1.5 to 2.0% (note that hypochlorite concentratio:ls in bleach vary around the 
world). The bleach should also be fresh - open for no more than 2 to 3 weeks. with diluted 

s being no more than 2 days old. The time and concentration of hypochlorite treatment 
determined empirically. If a 1.5% solution does not dechorionate within 2 to 3 min. siightly 

higher concentrations should be tried. After dechorionation. eggs must be repeatedly washed in 
distilled water, which is usually aided by the addition of Trit NP-40 (0.02% final 
concentration). After three washes the eggs can be prepared for 

Depending on the number of eggs coilected, l1 ochiorite dechorionation can be done in a 
watch glass or small culture dish using a drawn o ~ l t  stew piaette or syringe to remove Ruid arid 
a brush CO swirl and move the eggs. Larger nu rs of eggs are more easily (and quickly) 
manipu;ated by using a small Buchner funnel (-45 mm inner ciiarnetcr) ar-d a filteping Aask. Eggs 
coilected (or was?ied) onto white filter paper are placed in the fume1 and rinsed in wafer which is 
gently drawn off with a \?.ater vacuum (use very low vacluuin and c o n t r l  by keeping flask stopper 
loose). Diluted bleach is added to "Le :nr?el. swirled around, and gently drawn off after the 
apppropriaie rime. W-ash solution is quic l y  added with a squirt wash bottle, swirled. acd drawn 

with eggsis taken out of the funnel. and t e eggs washed onto black filter 
easily observed on black filter pa er, which is bleached y the hypochlcrite). 

Washing is repeated two to three times with very gentle aspiration (filter should always be wet and 
not sucked dry or eggs will be crushed). 

Dechorionated Dr-osuplzila eggs are kept moist on damp filter paper (from the last wash) and their 
development may be slowed by keeping them in a cool incubator or ice bucket (although not directly 

y using a fine brush (000) or forceps, eggs are placed on a thin strip (1 to 2 mm) of 
double-stick tape placed on a slide, often at the edge. We have found it more comenient to have 
the tape on a rectangular coverslip (30 X 22 mm) which is then placed on top of a slide on the 
mechanical stage. Drmqphila eggs are typically injected under halocarbon oil, although recently 
some laboratories have found it possible to inject in open air. ming food coloring in the DNA 
mixture to visualize better tne injected DNA. We continue to inject under oil, and therefore place 
the tape inside a flick rectangle drawn with a wax pencil which holds the oil around the eggs (we 
can fit two rectangles with tape on each coverslip: wax lines should be -5 mm from the edge of 
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the tape). Eggs are placed on t tape with with the posterior end facing the edge o f  the coverslip 
so that injection may be made ar the pole plasm. 

Most dipteran eggs we have injected must be desiccated to reduce the internal volume and 
pressure so thar injected D N A  can be accepted wiihout extrusion. Proper desiccation may be the 
most critical factor for good injection and embryo survival, and optimal desiccation times must be 
determined empirically for each experiment, and often change within a several- 
desiccation often results in death, and underdesiccation often results in extrusion o f  the D N A  and 
yolk, resulting in death. sterility. or a lower gene transfer frequency for those thar sun-six klt i~ough 
embryos can sometimes survive considerable loss of material, these embryos are likely to be sterile 
due to loss o f  pole plasm, or nontransformed due to loss of injected DNA. W e  typically desiccate 
in open air at 22°C and 50% relative llurnidity or lower for 8 to 12 min. Desiccation times are 
certainly affected by ambient temperature and humidity. and may be better controlled 
the eggs in a closed chalnber with a drying agent. with or without a gentle vacuum. 
manual dechorionation requires less desiccation time clan bleach dechorionation. 

Close in importance to proper desiccation for microinjection are properly prepared needles. To a 
certain extefii there is a trade-off between desiccation and needles in that very fine sharp neediea 
can inject well into underdesiccated eggs. with the benefit of better viability. On the other hand, 
large-bore needles do not clog as easily and may be necessary to prevent shearing o f  large plasmids, 
but eggs must be desiccated as much as possible to accept the injection. For insects such as moth 
and inosquito species where dechorionation is not possible, large-bore needles are required to "cut 
through" the chorion and not get clogged. Typically. needles are drawn out on needle pullers usuaiiy 

glass electrodes for neurophysiology and can be found at 
) and Narishige. among other suppliers. The same glass capiliar 

may be used (some including microfilaments allowing easy fluid Row) or more simple micropipettes 
(such as 25 yl D:-umnmnd microcaps). Previous to drawii~g out the needle, the capillaries skould 
be siliconired or silanized by m e  o f  a variety o f  methods (e.g., Sigmacote from Sigma), and 
thoroughiy washed and dried. For embryos that have a soft chorion or can be dechorionated, a 
finely dravmout needle with the tip scraped o f f  along the edge of the glass slide (that 5uppor.t~ the 
coverslip) before injection kvorks quite well. For the many embryos that cannot be dechorionated, 
such as mosquitoes (see Sa-sinskiene et al.. 1998). beveling the tips o f  the needles will probably be 
required. and this is helpf~li for all ilijections and especially those requiring large-bore needles 
(Morris, 1997). W e  use a beveler available from Sutter Instruments ( V- 10). and WPI and Narishige 
also provide similar types o f  needle beveiers. 

DNA may be bacltfilied into the needle or sucked ap prior to injectio:~. Backfilling may result 
in less shearing. and needles for backfiiiing can be created from siliconized 100 p1 microcaps that 
are drawn out over a flame and broken in the middle. A few microliters o f  D N A  sucked into these 
needles by capiliarity can then be backfilled into several injection needles. 

The typical apparatus for Dlvsophila microinjection requires an inverted or stereozoom n~icroscope 
having a i 0 to $Ox magnification range and transmitted light, a inechanical stage, micromanipulator, 
and a mechanism for D N A  injection (Figure ! .2). Direct iliun~ination (instead o f  or in addition to 
transrnitted) is required for embryos that are pigmented or cannot be dechorionated. The general 
procedure involves aligning the needle at the injection site with the micromanip~~lator, whik  the 
actual ir~jection is done by using the mechanical stage to move the egg into the needle. Once inside 
the egg. DNA is injected manually or with an electronic air-pulse system. Diasoplziki is typically 
injected under oil, although early injection experiments were done in open air, and several methods 
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E 1.2 Microscope setup for insect cmhsyo injections. 'Tlic setup includcv an Oly~npus SZH stereo- 
zoom micro5cope with a transmitted light base and RI-IZSH inechanical stage (with SZk1-STAUI adaptor). 
A Narishige MN-IS1 micromanip~ilalor with a R-8B ball joint pipette holder is mounted 011 the inicroscope 
base. with an attached WBi M E - 1  micropipette holder. Thc air-injection system is not shown, but it cor~nccis 
perpendicularly into a fern& luer fitting within the plastic cylinder portion of the needle holder. Embryos 
peparecl for injection on a co\.erslip are placcd on a slide kped to a U-shaped plastic carrier for elevaiion. 

were used to seal the puncture wound including a dissolved gum damar and a 1.2% sulfosalysilic 
acid solution (see Ashburner, 19RC)a). While Dro.cophilu is again injected in open air by some 
laboratories, typicaliy the in.jection site is not sealed, although for other insect embryos ikat cannot 
he submerged in oil and require large-bore needles, sealing the puncture should limit ieakagc and 
increase survival. Ar; rl!ternative sealant is any one of a number 01 "super" or- "cl-my" glues. although 
the effect on viability of any of these sealanes should be tested on uninjcctecl anit injected cggs. 
We contimx to iiGcci several dipteran species under oil witlwul sealing. 

Dmsol,!illo i~?jections were originaliy performed with ar: inverted microscope because they had 
or could he fitted with a ~nechanicai stage, there was working ,pace for a micromanipulalor, and, 
in all likelil~oocii, [hey were generally available. We found inore recently chat the Olympus SZHI 
siercwoom microscopa: (now SZX) with a tranxrnitted light base could be fitted with a flat Olympus 

iclr is almost ideal lor easy handling. 'The mechanicai stag:: and adaptw 
(SZH-STADI) can actually be titicd o n  most stereozoom dissecting microscopes from other man- 
~ifacturcrs after- tapping screw holes f'or the adaptor into the base; however. a longer carrier p i e  
for the microscope body may be nccdcd for the add i t iod  height (400 mm polc used on Olympus). 
This se:up has the advantage ol' zoom opiics and easy handling of cggs and needle while under 
view, and for non-tissue-culture laboratories, the scope has utility when the ii?jcctiou apparatus is 
removed (c.g.. scoring transformauts). 

The micromanipulator should be acdj~~stablc in three dimensions (X. and Z axes), and finely 
adjustable in the axis used for proper needle height (axis can vary depending on how the ~nanipulator 

use two manipulators, which work w a Leitr manipulator that i 
anipulators may diiTer) and a Narishig N- 15 1 maniplilator (with 

pipe& holder) chat can be mounied with adaptors orlio microscope base. The Le 
was originally suggested for Dmsoplzilrr injections, but we pr the Narishigc for its simplicity 
and it is considerably less expensive (and the loner cost models - 152 and 153 also may be used). 

Apparatus lix DNA delivery varies greatly - from simple conncciions using a 50-cent syringe 
and tubing, to air-pulse controlier systems c o h n g  up to $20,000. As might be expected, the cheaper 
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works best for those who routinely inject an ed technique. We use 
en which is relatively inexpensive and effic est upgrades are also 

possible that mimic the very elegant and expensive systems. Our system is also based on components 
ophysiology h a t  include a pressurized air-tank or house air-supply connected to high- 
ing with an in-line pressure gauge and regulator, and an electric valve operated by a 

simple switch and battery supply. These components are available from Clippard who sells through 
regional suppliers, at a total cost of less t . A male luer fitting or cutoff l-ml h e r  syringe 
is fitted at the end, and this connects into a H- I microneedle holder. The switch and battery 
holder are available from any local electronics store. We find this system to be quite inexpensive. 

sy to use, and efficient. An graded air-pulse system is the pneumatic picopuinp from W11 
V830), which has pressure a acuum controls and a foot switch for approximately 52000. The 

vacuum capability allows the uptake of DNA through the needle and is useM in anclogging needles. 
Several laboratories use a somewhat more elegant version of the picopump horn Eppendorf, 
currently marketed as the Transjector 5245 (that can be used with their micromanipulator called 

an): which is quite expensive. 0th WPI and Eppendorf sell prernade microneedles, but 
these seem prohibitively expensive ($3 to $5 per needle) for routine injection experiments where 
many needles may be required. 

Altlilough microinjecticn is currently the method of choice to diver large quantities of DNA into 
embryos, as noted above; di&rent methods of DNA delivery have been i~ied  ever since insect gene 
transfer experiments were first attempted. Some of the first were variations on soaking embryos in 
DNA, that attempted to increase efficiency of DNA entry y trying first to penneabiiize the eggs with 
organic solvents (Limbo~arg and Zalokar, 1943). The more recent development of methodologies aad 
equip~nent for introducing DNA h t o  plants, cei! Pines, and bacteria have offered a wide range of 
possibilities. The most well known of these include Ipofectin reegent, bio!istics (o 
e!ectroporation, and moia-ficalions af microinjecf on. Tflos'i of these have been att 
plzila or c t lm insecrs for at leasi transient DN~A delivery and ispressicn, aizd whiln n m e  1nu.i.e proved 
ei'idcien: ye[ for rmtine gemline gene transfer, further experi~~entaiior? is ceriainiy nm-ranted for 
hose species nor amertable to efficient micminjection. Certainly for those sysmxs that ailow CNA 
delivery g/]? mi . s .w .  reullne gem transfer :nag/ be possible even with high msi~alit;, and inefficiel~i 
vector systems. Modificadom of microinjection also !mre been attempted, such as injection into 
ovarian egg folicles previous to g\.iposidon (Presmii a d  Moy, 1992). or injection into tine female 
hernocoel for DNA uptake into egg follicles along with viteiiin. Fo:- some of these melihods, infor- 

. ~ 

mation has not been published, is found in absmc1:s. or is anecdotal. The following brief overvievii 
should provide some usefi~l infornxtioa ihar incy be used as a basis for further experinileiltation. 

The development of cationic lipids that form liposornes encapsulating DNA has provided a routine 
method for DNA delivery into cultured cells, that occurs after liposome fusion bviih cell membranes. 
Modified forms of the cationic Iipid have been developed and are commercially available for the 
procedure known as lipofection. Although used routinely for transfection of cell lines, lipofection 
also has allowed DNA delivery into cells in vivo in a variety of animal systems (Nicolaa et al., 
1983; Felgiier et al., 29871, and transient expression has been reported for cultured mosquito salivary 
glands (Morris et al.. 1995) and heart tissue from the Pacific oyster ( oulo et al., 1996). Possible 
advantages of using iipofectin bvould be rhe uptake of into egg follicles from maternal 
hernolymph, or the uptaiie of DNA into the g e r m h e  afte cell formaf on, allowing a consid- 

iy longer time for injection during biastoderm formation. A systematic analysis of lipfec- 
tin-DNA mixtures with functional vectors in DI-osophiln or other species should be a high priority. 
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Two DIVA de3vep.y systems using mechanical means are biolistics and electroporation. Biolis-iics 
invol\cs the coating of microscopic pellets (usually gold or tungsten microparticles) with DNA by 
etl-ianol precipitation. which are bombarded into cells or tissues. T['i was derived from a ballistic 
mefhod. so-called since it actualiy used a modified form of a shoegun to shoot the oarticies into 
plant tissue (Kiein et a i ~ ~  1933). A highly interesting study used the ballistic method "L delivei 
DNA into D~osop'zila embryos successfully, resulting in high kequ-encies of transient expression, 
and in a P transferanation experiment a single transformant from several thouand eggs was 
recovered and verified (Baldarelli and k e q y e i ,  1990). Although this report met with great optimism, 
repetition of the experiment has not been report . Ballistics was subsequentiy modified io a 
biolistics method using pressurized helium wilhin chamber and is commercially available from 
BioRad. Biolistics is routinely used hi- plant trans rmation. and a more iscent modified apparatris 
is the Helios Gene Gun System9 that can be use for subcutaneous inje on. Further details on 
these c~rrrent systems are available from the co any (see catalog and eb site). An apparent 
problem using the biolistics PDS- 1 G00/He che r for Insects has been disintegration or ciipsersai 
of eggs after the high-pressure bombardment iller (1994) addressed this problem 
and successfully achieved transient expression in mosquito eggs by having the DNA-coated particles 
in an aqueous suspension. They increased levels of reporter gene expression iluciferase) signifi- 
cantly using this suspension under high or low pressure; although transihrmarien has not been 
reported. These resuits indicate that a ballistic or biolistic method cal? effectively deliver DNA into 
insect embryos and. at some lex!, achieve transformition. 

DIVA delivery by electroporation has also received considerabk a~ieniion in recent years. Essen- 
tially, ce% in sohtion are giver an electric shock which serves to increase pore size in cell 
membranes allowing the passive introduction of nolecules horn the solution. It is used routinely 
for bacterial transformations, and modifications in the shock parameters, iacluding wavefoi-m, 
resistance. and voltage. have optimized DNA deli\w-y for a variety of procaryotic and eucaryo:ia 
systems. Multiceliuiar organisms have bee9 more challenging, aithough great interest was generated 
by the relatively high frequency of xanthine dehydrogenase transient expression in Drosophila 
larvae that had been electroporated as enlbryos under fairly standard conditions (Kamdar et al., 
1992). Additional challenges exist for insect eggs that exceed :he size of. or cannot be submerged 
in, standard cuveftes (usually 1 to 4 mm wide). Leopold and colleagues (1996) have successfully 
electroporated eggs under uniform conditions froin Iepidopteran and dipteran s 
cuvette design with electrodes laced on a microscope slide. hiie the reports for successful DNA 
delivery, as concluded from transient reporter gene expression, are highly encouraging 
transformation in Drosophila has not been reported. Nevertheless, the benefits of such a 
and success with transient expression from these initial reports indicate that continued high-priority 
efforts in this area of DNA deiivery are also wananted. 

Outlined above are the primary systems of DNA delivery currently being used or considered, 
although the range of size, structure. and habitat of insect eggs suggests that any system successful 
for a particular species (or related species) will require modifications for others. Microinjection of 
oviposited eggs has already been modified so that DNA may be delivered in situ in mites and wasps 
(Presnail and Hoy, 1992; see Chapter 19 by Moy). Preliminary experiments in our laboratory indicate 
that DNA injected into female abdomens is taken up by maturing egg follicles and can be recovered 
in oviposited eggs, although recovered plasmid amounts have been low (<l00 molecules per egg) 
(S. Gomez and A. Handler, unpublished). Another variation on injection involves the puncturing 
of eggs with a tungsten needle coated with DNA, and a combination of methods such as the use 
of lipofectin-reagent with any of the various mechanical methods may help increase their efficiency. 
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Continued testing for all these methods is clearly warranted now given the new vectors aad marlters 
that have become available since most of the methods were originally considered. 

A significant portion of this book is dedicated to markers for transgenic selection. These rnarlters 
are gene products that restore a ilormal phenotype in a mutant host, confer a new visible phenotype, 
or confer resistance to a chemical or drug. Some. and possibly most of these markers, provide 
reasonably convincing evidence that a marked G,  insect is indeed a transformant. Yet. there are a 
varietjl of reasons to remain cautioils. and it is now realized that transgenics must be identified 
unambiguously by definitive moiecular less.  This is especially so for a proof of gene transfer in 
an insect species with a new vector system for the first time. For "mutact-resc~re.~ selections resulting 
in  a wild-type phenotype, nontransformar,ts may be erroneously selected due to strain contamination 
and. more rarely, reversions of the mutation. As noted above for 641 8 selections. non-\ector-related 
chemical resistant organisms may be selected, and this may occur in the host strain itself. or in 
host strain symbionts. eyond the simple determination of gene transfer. an assessment of vector 
acti7:ity and the potential release of a transgenic strain depend on knowing the number and possibly 
the chro~nosomal location of the vector integrations. In addition. an assessment of vector stability 
and the potential use of a vector as a genetic tool depends on knowing whether an iritegriltion Lvas 
vector mediated. as opposed to a fortuitous or illegitimate recombination. Noai.-vector-meclii~ted 
integrations cannot. typically, be remobiliied, which may add to their stability. although ti~is might 
hinder the use ofrhe vecior for enhamcer-trap ktudies. Finally. ihere may be safety issues or practical 
concerns related to exactly what part of the ~ e c t o r  entered the host genorne. ost vecior plnsmids 
have at least one or more antibiotic resistance genes. bacterial reporter genes. and an origin of 
replication. If vector integralior, occurs by recombination and not transposon or I iral transpositicn, 
tker, e~traneowi DNA may ixidi~erienily emer the ge;?orne as well. It should be noted that P vector 
inserf ons, which normally integrate i~dh-idtrally. have beer: detected as muitimeric concatairers. 
This and other i:.pes of r ea r ra~geme~ts  may occar previous to ifiicgretioni. or afterward if the vecior 
eraizsmsase or c m - r o l i i g  system exists in the genome. 

The cleteminarion of a chromo;omsl integration. and the number of integralions (if fewer than 
10). is most easily achieved by S ~ i ~ h e r f i  DYk hybridization: ho~veve:.. extrachromii.;ornai DNA 

. . 
(e.g.. noni:~~cgr&d injected piasmid) n a y  be diitecteci if in Targe enough quanbties. Nevertheiess, 
nroper diagnastics wirh car-efir'ig chciseri restriction site ciiges:lcns a d  probes ",!:e;ii,I i~ormaliy 
yield unambiguous results (see an:brook et a:,. 1989). Some siudles hale utilized direct PC", fit;: 

. . 
~noircular detectioi~. but coniammailon ma) be ;~roblematic s i x e  vector 2iasrn;cis sre probad:, 
widespread ~.i:"il";n the same laboratorj.. and ai ;he ;my !east coniro! rextions are necessary rising 
scieral prlmcr sets to piasmid sequence oi~tside of ihc t r a q m m  iaIthoug?i this \ail'! dcrcc! nor- 
integrated plasmid as ne!l), Chrornoroma.! integrations and th%. n~imber can al-.o be determined 
by ii2 , F ~ T L ~  by3ridira:lon to chromosoine.; (see Ashbur-iler i989a, b). aad DmsiiIiiiii;l ira~~sfor*nan& 
have been typicaiiy analysed in this v\aj.. but this is most easily performed in the relaii\ely feiv 
species xith iarge po!yl.cnixed chromosomes. 

The nosi  iicfinitiy,-e proof of vector-mediated chromosome insertions is by sequencing the 
iizseri~on site jiinctions. since most trzasposms crcatc an inertion site dupiication that should bc 
diagnosiic k x  that :;eclor. Sequencing an insertion si:e is most simply a c h i e ~ d .  bl- isolating the 
junction sequences by inverse PCR (Ochn~an c: al.. i988), but this is riioc,t straightfm~ arc1 for 
gennrncs having a single integration. and. again, piasmid contaminaron mast be a\.oldc;.i. For 
multiple iniegraiions within a tran5genic strain. it may he necessary to create and scrccn sillall 
genoinic libraries, and this a,as l'aiad necessury for rnosquito strains where only one of i k  jiii~ci-ion 
fragments coLtlcl be isolated by iwerse PCR (Jasinskienc ci al.. 1999). An alten-rt?ti\, e strategy nseM 
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iii D~o,rophiln is plasmid rescue (Stelier and Pinotta, 1986), which is base on having a pUC vector 
backbone wifhin the lransposon vector termini. Thus, transformed g e n ~ r  c DNA can be digested, 
religxted to form circles. and transformed into bacteria. Recovered plasmid should contain the 
tramgene with adjacent insertion site DNA, and this is highly advantageous a.s w 
tagging and enhancer-trap screens. allowing easy isolation of the tagged genoinic 
of this method are <hat it will add 2 to 3 kb of additioiial 
above. antibiotic resistance genes may raise sa-fety cQilceiXS for released transgenic insects. 

and can be verified as srrch by alignme 
enomic insertions caE then be defin 

transformed DNA. liiat should yield products of knowi? length 

NA to the \-ector, and, as mentioned 

Sequences adjacent to the insertion site should be different from ?hose in the vector plasmid, 
m to create pr.;:ners foi- PCK. 
of noIltran§fornl€d hoSr and 
sequence depending on the 

nce or absence of the transgene. i t  is also wvorth1,vhiie to subject the chroniosomai sequence 
AST analysis (Altschul et al., 1990). since this will quickly deteriiiine ir’ the sequence is 

nonplasmid (which is m t  a l u ~ y s  evident if i t  is rearranged). and may possibly identify interesting 
sequences within Phe genome by homvobgy to sequences within the database (with the sequence 
thus traiisposon tagged). 

the plasmid anti using 
y verified by  direct P 

As noted in the beginning of this chapter, and as will becoiiie more apparent throughout riiis book, 
the genetic transformation of insects wi li nllov; enormous strides in further understanding the genetic 

asis of insect biology? a i d  will present many nelv and efficient strategies to 
coniroi the popu!ation m d  ehavior of beneficial and p s i  insects. One only needs to review the 
incredible advancemelit in the knowiedge of basic mode! systems such as B. r.rzelaiwgast~i; 
C a e i ~ ~ i h ~ b d i r i . ~  elegms.  mice. 2nd Ai-cihidopsis thniicma. made possible iii large part by the ana l  
of transgenics. The primary motil;;ition, however. for creating transgenic insects is for app 
purposes. and ir rcceiii years we ha \c  already seen the ret:oliitioniar;, i n A  
cech.no!ogy o-i the cornlliercial LlseS of plant and X I  il system3. A major 

be Ihc rc lase  of sterile 

4tei”m!e or lerlral, and, as t!?e iechnoiog)r Lld\ance!.. IVi.’ can cxpect and more sop1 ’ ’ 

al., 2999), and in ~ o m e  contexts the transgene may have the opportunity to move into the genonie 
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of such organisms if they possess a functional transposase, or iategrase for viral systems. A method 
to prevent such movement is tc create "suicide vectors" that allow <he deletion or reai-rangement 
of rector sequences. such as terminai and subterminai sequences. postintegration to immobilize 
the transgene effectively. Mechaniscx by which this is possible are recombinalim systems such 
as FLPik3T(Golic and Lindquisi, 1489) and CreilosP (Slegal and Hartl. 1996). which are discussed 
in Chapter 3 by Rong and Golic. The use of transgenic markers such the green Aumescect protein 
(Prasher et al.. 14921, which should be functional in almost ail organisms (Chaifie et al., 2994; see 
Chapter 5 by Higgs an Eewis). also provides a means to effectively monitor released transgenics, 
as well as possi'ule transgene movement outside the host species under experimental and field 
cox~dirions. 

From a more practicd standpoint, one of m i o r  attendant problems with the ability to create 
transgenic strains is the required funds and i'aci?il.;es to rear them. A critical component in the use 
of transgenic organisms is to have many varied strains, some of which can be interbred for desired 
offspring, and it is not always obvious if or when s strain may be critical for a specific purpose. 
DI-osophilci was chosen as an organism for genetic research because its rearing was simple and 
took relatively iiitle space ( h r  a eucaryote at lease), although at this point, where m a y  thousands 
ef wild, mutant, and transgenic strains exist. stock coiiections are routinely culied due to space an 
cost considerations. Almost ail other insect systems are more difficult costly to rear, and this 
has been a clear constraint on their use for genetic studies. Indeed, m important insect strains 
have been discarded due to lack of funds or the loss of a primary investigator. It is clear that for 
transgenic technology and genetic manipulation to advance for any insect species, the ability to 
store germ plasm must be a high priority. Possibilities inclirde cryopreservation of insect embryos 
by chemical ancl n~eclzanical means, which is already possible for some dipteran species (Leopold 
et al., 1998), as well as the potential for cold storage enhanced by expression of antifreeze proteins 
(AFP) i-ha: are produced by some insects for overwintering (Tyshenko et al.. 1997). For the latter 
possibility, a marked chrornosome with an ap ropriate AFP construct couid be crossed into a strain 
for storage, and crossed out when necessary for normal rearing. 

m. a he creation of irarisgenic insects will provide many chalienges for their safe, efficient, and 
effective use in laboratory and field studies, will? vector stability and strain maintena~ice among 
them. It is our hope that :he same thoughtfullness and creativity that is making this technology a 
reality will be used to meet these challenges effectively. Only in this wa.y will the continued and 
productive m e  of transgenic insects go forward, allcv~ing us to iearn more about che "nioogy of 
insects. as well as the ability 10 controi iheir population size and behavior. 

l .  Inverted or stereozoom microscope 
- Magnification range of -8 to 80x 
- Transmifted andlor direct illummation 
- Mechanical stage (Olympus H2-SH with SZH-STAD1 adaptor can be mounted on 

most utereozoorn microscopes) 

- Leica 
- Eppendorf Injectman 

3. Air-pulw injection systems 

* Mention of a proprietary product does not constitute an endorsement or the recomniendation for its use by USDA. 



An introduction to the History and Methodology of insect G e n e  Transfer. 2 

a. Clippard components (assembiy nee 
- Vinyl hose tubing, EV3-3 electro h e ,  MAR- 1 air regulator, PG- 100 pressurc 

AF-1 air-filter (connect to air supply), L-fittings, T-fittings, hose-fittings, 

tting or cutoff l-ml syringe (connect to hose fitting and needle holder) 
- Two 1.5-V C batteries and battery holder 

PH-1 needle holder 
- House or tank air or nitrogen supply 

s - 25 and 100 y.1 

- Sutter Instruments n~icrobeveler BV-10 
- WP3 micobeveler 
- Signzacote 

5. Egg dechorionation 
- Liquid bleach 
- Triton-X i 00 or NP-40 nonionic detergents 
- 45-mm I.D. Buchner funnel 
- 5019-nl Erlenmeyer flask 
- 43-mm-diameter white and black filter circles 
- Smali vacuum chamber with cirlerite 
- Billups-Rothenbere tissue c~liru-e charn-ber MIC-101 
- Oxygen supply 

8!2up+-Rthheberg. h . ,  PY3. ox 977. Del Mar. CA 92014 
Bio-Rad Laboratories, Life Sc ces Group. 2000 Alfred Noble Brive. Hercuies, CA 94.547- 

ORAD; + t ~ t ' ~ t :  bio-izid. COHI 

Clippard Instrument Laboratory, Inc., 73% Colerain Rd.. Cincinnati, OH 45233; (513) 521- 
4261 : ~i,ii.it:clipjjur*d.~~~~ 

Eppendorf Scientific. Inc., Cantiague Lanel Viestbiuy. W?' 11590-2852: (516) 876-6800: 
1 , i . u ~ ~  eppeiidoi~fu'. c0177 

Leica Micr~systems~ Inc.. 1 1  1 Deer Lake Rd., Deerfield, IS, 00015-4986: (817) 405-0123; 

Narishige USA. Inc.. 1 laza Rd.. Greenvaie. NY 11548-1027; (516) 621-4588; wviw.~rnu- 
ishige. co.jy/17?ain. izrm 

Olympus America, Inc., 2 Corporate Center Drive, iMelville.. NU 1 1747-3 154; \i~ri.n:ol:,w- 
pus. coin 

Qiagen. Inc., 28159 Stanford Aye.. Valencia, CA 91355; (800) 362-4734: ivl~w:qiagen.co;?? 
Sigrna Chemical Co., 3050 Spruce St.. St. Louis, MO 63103-2564: (800) 325-3030; 

~cii~\i:sigitzu-uidrlch. con1 
Sztter Instruments Co., 5 1 Digital Drive. Novaso. CA 94949; (415) 883-01 28; \ t~~it :~sutt~l:com 

recision instruments Inc., 175 Sarasota Center Blvd., Sarasota.. FL 34240-8350; (941) 
37 1-1003; wnx:~.vpitizc.com 
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The genetic ~nanipulation of insect genomes may herald novel strategies for the control of insect- 
borne disease and could provide the means both to limit economic darnage 
increase productivity In commercially important insects. Such manipulatio 
routine in the fruit fly, Drosophila melanogc~sie and is based on the exploitation of trainsposable 
genetic elements such a.s .? Current attempts at e transformation of non-drosophilid insects have 
also focused on this approach, but phylogen restriction in mobility of the P elemnt  has 
necessitated a search for alternative functional transposons (Handler et al.. 1993). As a result. the 
Mims  element from D. hyclei has since been shown to transpose into the genome of the medfly, 
Cemtifis capifarrta (koukeris et al.. 1995). the hobo element from D. melanogaster into D. virilis 
(Eozovskaya et al.. 1894). the mariner element from D. mauritiaiza into D. virilis (Lohe and Hartl, 
1996) and Aedes aegypti (Coates et al., 1998). the Hemes  element from Mztsca donzesticn into D. 

rochta et al., i996), 4 .  aegqpti (Jasinskiene et al., 1998). and Aizqdzeles ga~ribiae 
cells (Zhao and Eggleston; 1998), and the pigg.;Brrc element from the lepidopteran, T~ichoplusia 
ni into C. cclpitata (Handler et al.. 1998). 

Apart from this focus on transposable elements, other approaches to the generation of transgenic 
' 

sects include the use of viral vectors, such a.s Sindbis virus (Seabaugh et al.. 1998) and Aedes 
ensovirus (Afanasiev et al., 1994). Such vectors have proved effective at transducing genes into 

- . - 
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mas@ces. but ihey are limited as to eke size of transgeae hey  ca:: incorporare and the;. have so 
-Tar proved unable to mediate stable gerrnline transformation. Similarly. pantropic retrovimses have 
been used 10 mediate stable gene transfer and gene expression in somatic cells from a variety of 
insect species (Matsubam et al., 19966: Teysser ci al.. 1998). 

Despite these recent successes, both transgosoa and viral-mediated sbrakgies are coas~rained 
to some exten: by h e  quasi-random nature c?f the Integration sites. This can give rise ;o inserhnal 
inrctivatiol? of essential genes and all transgene introduced in this way CXI s~~ffe".raniaticai?y 
from pc>siticin effects or! expression (Wilsoc et A.. 1990). For example, the tramgene may not be 

~. 
~xpresseci (or may be expressed subaptimally) if integration occurs in ii .transcriptioi~aliy macti\ie 
region of the gencme. 

As an alteirixive approach. we ha: e been imestigating rhe po~enrial for iargeted transformation 
of she insect genome. 111 any broad v i m  of this strategy. ii is possible to focus on three 6istinc:; 
approaches. The firs: of these is gene targeting in the conventions! sense, which exploi~s the 
mechanism of homologous recombination between donor plasmid and genornic sequences. This 
will Fie l i e  primary consideration in this chapter and we wiii review our experimental data wing 
cultured mosquito cells as a $nodel system. The second strztegy in:.olws the integratim 3 E  domr 
sequences by dov.b!e-strad gap repair following the excision of transposable genetic elements or 
cleawge at a rare er  in~od:;ced endonuc!ease recognition sequence. Much progress has been made 
with this strategy in D. i.;7eluizogusiei; although it has yet to be extecded to other insects. This 
chapter will summarize the approach and review the prospects for its wider application. Finally, 
there is the prospect of exploiting site-specific recombination systems such as FLP-FR4 f ron  yeas1 
and CiailorP Roia bacteriophage PI .  These provide a direct link between fransposon-medialed 
traiisformarion and site-specific integration since the initial receptor sites (FRT an 
theiy) nxs t  first be introdaced as srabie transgenes i n ~ o  the genoxe. Indeed. the integration of 
FRT sites into the Diosoplzila genorx by P-element transformation and the subsequent integration 
of transgenes a.t these sites has ziready been demonstrated (Colic et al., 1997). The site-spec~iic 
recombinase systems are reviewed elsewhere in this book and wil1 not be cos-ered in fgrircher detail 
here (see Chapter 3 by Rong and Golicj. 

Recombination between homologous DNA sequences plays a central role in the life and evolution 
of organisms. Duriizg meiosis. homologous recombination is responsible for the reassortment of 
genetic information. and. during mitosis, homologous recom ination (aniong other mechanisms) 
plays a role in the repair of DNA damage that occurs spontaneouAy or is induced by external agents 
{K~~cherlapati and Smith, 1988; Low, 1988). It can produce genome rearrangements. including 
deletions and duplications. when ii im.o!ves dispersed homologous sequences (Fitch et al., 1991; 
Onda et a!.. 1993) and can also be involved in contraction or expansion of tandem repeated sequence 
(Bishop and Sn-ith; 1989). Homologous recombination is also involved in the generation of multigene 
fanilies and the amplification of genes in response to various stiinuii (Kafatos et al.. 1985). 

Much useful information concerning the requirements and efficiency of homologous recombination 
can be gleaned from studies of recombination between DNA molecuies introduced into cultured 
cells. Indeed, this is a typicai approach to establishing that particular tissues have the necessary 
cellular machinery for homologous recombination. Extrachromosomal recombination can occur at 
high frequency, maliing it possible to obtain data quickly from many independent events. and it is 
relatively easy to study the effects of modifying the sequences undergoing recombination ( 



et al.. 1989). One particniariy usefd straregy for deino-rstrating m d  quantif!-iag h o ~ o i o g o a s  
. . 

recombination is :he regeneration of seleclabie m r k e r  genes f r ~ n i  iniii?~twe substrates. In such 
experiments two plasmids. each carrying the same selectable marker (e.g.. neomyciin resistance) 
bu: deficient at imiqble sites. are transfected into ceiltuied cells (Small md Scangos, 1983: Song et 
al.. 1985: Banr et al.. 1990). Cells that survive selecl-;ofi must have regeneraid a fcnctionai copy 
of rhe marker ge-ie through I~omoiogous recon ination. Scc5 experiments kive been ased in 

. rmmmalian cells m o p t h i ~ e  nany of the parameters that affect gene targeting f x ~ u e n a e .  bar 
, . example. xcornbination [requency has been i'olmfi to i~crease  with h g t h  cr' i-ioinciogji a m  ~soge- 

nicity of honiologo~s scqpence (Rubni:~ and Suhrarriani. 1984: A ~ w c s  et al., 1986; Walciman and 
Lisizay. 1398). Poor sequence hornology appears to ciisrupt initiatios rather than propagation of the 
recom5i~ation evects. and recombination efficiency s e e m  to be determined by the ~ x c & m r r ?  Iengsh 
of perfect homology rather than the overall percentage jlo~m!ogy (TWi!dn~ai: a1-d Eiskay. 1988). 
The introducfion of double-strmd breaks into ':he recombining molecules has aiso been found to 
stimulate recombication efficiency. Such breaka dre only effective if they occur l,vithin, or near, the 
region of kornoiogy and 31 is thought that they work primarily because the broken strands are able 
io act as recipients in nonreciprocal exchanges. These effects are cnmulati\~e such :hat a double- 
strand break in one subatrate rnighe yieid a 10-fold Lnlprovemenl in efficiency, \xhereas double- 
strand breaks in both substrates might increase efficiency by i00-fold (Bollag et al., 1989). One 
difficulty in carrying out such experiments wifh convendocal selectable markers (e.g., neomycin 
resistance) is that the transfeceed DNA must remain in the cells for sufficient time to allow 
nonresistan; cells to he killed and resistant cell clo~les to becom established. Recen-ily, variat' 
of this technique hwe  been developed that involve studies of re orter gene activity. For exam 
restoration of luciferase reporter gene activity from truncated substrates can be used to monitor the 
efficiency of extrachromosomal ornologo~as recombination. Measmements of reporter gene activity 
are r?or only rapid and con\-enient, but also gj\ e mol-e precise quantitaii\;e data h a t  help to reveal 
small differences in recombination efficiency. 

We have iised the restoration of hciferase actilvity holm a pair of truncated, but cverlapping, 
extrachromosomal Iuciferase substrates to study homologous ~ecombination in cultured mos 
cells (Y~ Zhao and P Eggleston. unpuSlished). recombination substrates carried the firefly 
luciferase reporler gene drivel; by the acili? 5C pr ter from D. irzelanogastei~. O x  substrate @E) 
was designed with a deletion at the 5' or. !eft-ha& end of the lxifel-ase coding sequence. The 
second (DW) carried a nonoverlapping deletion at the 3' or right-hand end of the luciferzse c o d i ~ g  
sequence. Thus. the Dk and DR suhscrates, although individually defective, shared a region of 
homology within the luciferase gene that provided the opportunity for restoration of iuciferase 
activity through homologous recombination (Figure 2.1). 

Various combinations of h e a r  and circular substrates were cotransfected into a cell line derived 
from the rnaiaria vector mosquito. Anopheles ganzbiae. After a period of time to allow for extrach- 
romosomai recombination, the luciferase activity generated by the cells was determined. hi all cases, 
this involved standard luciferase assays alongside both positive (intact luciferase gene) and negative 
controls. By controlling both substrate topoiogy (circular vs. linear) and the site of linearization, it 
was envisaged that the substrate structures would help to determine the nature of the recombinational 
events taking place. As expected. high luciferase activity was seen in ceils transfected with the intact 
luciferase gene, but transkction with the deletion constructs alone gale no detectable iuciferase 
activity above background. However, all cotransfectioas involving cornbinations of the two deletion 
constructs gave rise to significant recovery of luciferase activity. This was true even when 50th 
&elation constructs were present as cir les. which are generally regarde 
strates for homologous recombination. lwiferase activities were anticipated following 
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2-1 Extrachrornosomal homologous recombination in mosquito cells. The upper panel shows the 
parental plasniid p[ACT-LUC] from which [he deletion substrates were created. This carries the firefiy 
luciferase coding sequence (black) driven by the actin 5C promoter from D~osophila (iight gray) with 
transcription terminated by the SV4O polyadenylation sequence (mid-gray). The central panel shows the 
deletion substrates transfected into the mosquito cells. DL carries a deletion at the left-hand or 5' end of the 
luciferase coding sequence. DR can-ies a nonoverlapping deletion at the right-hand or 3' end of the luciferase 
coding sequence. Both DL and DR are individually inactive. but they share a region of homology within the 
luciferase gene that provides the opportunity for restoration of luciferase activity through homologous recom- 
bination. The lower panel shows the restored luciferase coding sequence resulting from either reciprocal 
exchange or gene conversion. 



Targeted Transformation of the Insect Genorne 3 

the introduction o f  double-strand breaks into the luciferase substrates. To this end. DL an 
linexized by restriction digests at different locatiol~s and cotransfected (either both in li 
or in various combinations with circular subsiraees) into the mosquito cells. Such to 
ifications to the substrates can be used to investigate the mechanism(s) through whi 
recombination occurs in ~nosquito cells. Some o f  these are believed to involve recipro 
o f  material, others the one-way transfer o f  sequences through gene conversion. 

For example, linearizaiion o f  both substrates can be used to t t the single-strand-annealing 
model (Figure 2.2) proposed by Lin et al. (1984) in which DNA en at a double-strand break are 
rendered single-stranded by a strand-specif c exonuciease or as a resuit o f  unwinding (Wake et al., 

hen homologous sequences are present; this process ends with complementary single 
at are capable o f  reanneaiing. Repair synthesis and ligation then corn 

o f  the nonreciprocal homobgous junction. In the case o f  the subserates employed here, iinearization 
near to the region o f  homology would favor the single-strand-anneahg model. In fact, this mod- 
ification did provide the greatest restoration o f  luciferase activily with levels around 70-fold higher 
than for cotransfections with es. This result was consistent W'  

research suggesting that the s g model was the most efficient 
extrachromosomal homologous recombination in mammalian cells ( k in  et al., 1984) a 
(De-Groot et al., 1992; ilang et al., 1992: Puchta et al., 1994). 

Restoration o f  lucife se activity was less pronounced when double-strand breaks were intro 
outside the region o f  honzology. In fact; luciferase activities recovered from such substrates were around 
fivefold less than those horn rcular substmtes, despite tile fact that linear molecules are considered 
a more efficient substrate for omologous recombination. Similar results have been documented for 
mammalian cells where double-strand breaks near the deletion sites e anced the reconnbinafion 
frequency. whereas breaks outside the region homology had little effect (So 

Although the single-strand-annealing m I describes an efficient recom 
context o f  gene targeting it is not generally feasible to introduce double-strand breaks into the target 
sequence. That is to say, the target molecules are, in rcost cases, unbroken strands o f  D N A .  Perhaps 
the best model o f  such a silaadon, 1j;j;ith respect to the parameters affecting gene targeting. is to use 
a circular plasmid to mimic the cl-iromosomal target site and a linear molecule as an analogue of 
the targeting vector (Segal and Canroll, 1995). Our data in mosquito cells srlggest that restoration 
o f  Inciferase activi'ry fo'o?lowing cotransfection with one Binear acd one circular substrate is effective 
but not zs efficient as that seen when both substrates are linearized near the region o f  homology. 
Once again, this would appear to be in broad agreement with similar studies in other organisms. 

Taken as a whole. these experiments suggest that homologous recombination may be an 

ata indicate that linear targeting vectors 

ogous end-joining o f  the two plasmids. This phenomenon has been highlighted recently (Hagmann 
et al., 1 g%), where it was described as the predominant mechanism in zygotes and early embryos 
o f  the zebrafish (Duizio re-erio) and Drvsophila inelai?ogaster. In the context o f  the experiments 
described here, end-joining (unlike homologous recombination) would not restore a functional 
luciferase gene and would therefore e overlooked by the iuciferase assay. However. the larger 

oducts resulting from end-joining o f  linearized substrates would be detectable by Southern blot. 
deed, such products were seen in all cases where cotransfectioi~s involved two linearized substrates 

ut not where one or both substrates were in circular form. Thus; end-joining clearly takes place 
between linearized substrates in mosquito cells. However, in the context o f  targeted genome 
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E 2.2 The single-strand-annealing model of extrachromosomal homologous recombination (Lin et 
al., 1984). White and black bars represent homologous double-stranded DNA inolecules (A-C and a-g, 
respectively). Panel A: Double-sirand breaks in each molecule serve as entry points for single-strand exonu- 
cleases or for unwinding, resulting in overhanging comple~nentary single strands. Panel B: Recombination is 
promoted by complementary base pairing of single-stranded DNA within the region of homology and the 
ends of each n~olecule not involved in ihe exchange are degraded (dotted lines). Panel C: Resolution of the 
recombination event by repair synthesis and ligation, using the corresponding ends of the double-stranded 
DNA as primers (shown as a r row in Panel B). The process is nonconservative with one molecule being 
restored and the other degraded. However. in half of such events the other two DNA ends would be involved. 
Note that the flanking sequences are always exchanged in this model. 

manipulation, it should be noted that end-joining reactions can only arise if a double-strand break 
is first introduced into she target genome and this is considered In Section 2.3. 

Gene targeting is the term used to describe precise genome manipulation mediated by homologous 
recombination. It involves recombination between a 'donor" sequence (typically a plasmid construct) 
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and the corresponding homologous region o f  the "recipient" genome. A number o f  alternative 
recombination pathways might be involved in determining the outcome o f  such exchanges. For 
example, mch events may involve true reciprocal exchange (crossover) between the double-stranded 
D N A  molecules o f  the donor and target (Figure 2.3A). This will lead to the genome accepting 
o f  the targeting vector piasmid which. in turn, will pick up the genomic sequence involved in 
exchange. However. not all homoiogy-driven recombination involves such reciprocal exchange. 
Many events arise through gene conversion, which is the nonreciprocal transfer o f  sequence infor- 
mation from donor to target molecules. Gene conversion can occur either independently (Figure 
2.3B) or in association with a crossover (Figure 2.3C) and these two possibilities appear to be equally 
likely (Hooper. 1992). 

In principle, gene targeting can be used to direct specific modifications to any genomic region 
that has previously been cloned. Ir has the potential to faciiitate the precise introduction o f  transgenes 
i i~to  predetermined chromosol-nal sites o f  demonstrated transcriptional activity, with copy numbers 
that are determined by the available number o f  targeting sires in the genome. It also offers the 
potential to engineer precise inodifications in a target gene, either to correct defects or to inactivate 
gene activity through precise disruptions (knocltouts) o f  coding sequ-ences or promoters. Gene- 
targeted nodification o f  both alleles within a recessive homozygote. leading to an alteration o f  
phenotype. has also been observed (Metsaeranta and Vuorio, 1992). Moreover, with appropriate 
construction o f  the gene-targeting vector; it is possible to introduce specific mutations into a target 
gene and study the resulting phenotype (Rubinstein et al., 1993) or to revert mutant to wild-type 
alleles (Shesely et al.. 1991). 

Gene targeting has been exploited in yeasts (Binnen et al., 1978); mammalian ceils (Capecchi, 
1989a, b ;  Rossant and Nagy, 1995: Templeton et ai.. 1997), protozoans (Cmz and B 

lundell et al., 1996; W u  et al., 1996; Papadopoulou and S, 1997), slime mould 
., 1997), plant cells (Puchta et al.. 1994), and intact plant as the moss. Physcorn 

(Schaefer and Zryd, 1997) and Ambidopsis tJmlicriza Kenlpin et al., i997). Although little inforrna- 
:ion is available for insects. the investigation and optimization o f  targeting strategies has been greatly 
faxilitatecl by using cultured somatic cells as a model system. Through such approaches. the machin- 
ery o f  hoino!ogous recoimbination has been demoiistrated in both mosq~does ( aldridge and Fdlon, 
1996) and Dvosophiln (Cherbas and Cherbas, 1997). Gelrre targeting therefore provides a valuable 
tool for genome manipulation that offers several advantages over alternative transformation srrategies. 
Ho~nie~er, a with most vaiuable tools there are significant problems to be overcome. These include 
the need for detailed sequence information at the proposed targeting site and the relatively low 
frequencies o f  homologous recombination eccountered in higher eukaryotic systems. 

The most significant progress in gene targeting has involved the use o f  mouse embryonic stem 
(ES)  ceils and these studies have revealed the importance o f  vector design (Galli-Taliadoros et al., 
1995). In particular, factors such as overall length o f  homology, isogenicity between donor and 
target sequences, and vector topology play an important role. On the other hand. increasing the 
copy number o f  the targeting vector or the target site does not appear to improve targeting efficiency 

Ison, 1990). Thus, it would appear that the initial juxtaposition o f  the homologous 
sequences in the vector and target is not rate limiting. and, indeed, lower copy numbers o f  the 
targeting vector may help to avoid high frequencies o f  random integration. In any attempt at gene 
targeting, the design o f  the targeting vector itself is o f  paramount importance. The vector must 
carry a region o f  sequence homologous to that o f  a previously cloned section o f  genomic DNA.  
This region o f  homology thus fixes the site o f  genomic modification and, in simple ierms, the 
resulting efficiency o f  targeted integration will increase with length o f  homology and with the 
degree o f  genetic identity between the donor and target sequences (isogenicity). B y  altering the 
basic structure o f  the targeting vector, it is possible to achieve either the replacement o f  a section 
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E 2.3 Potential homologous recombination pathways between two double-stranded DKA molecules, 
represented as either black or white bars. Panel A shows the recipiocal exchange between double-stranded 
DNA molecules that occurs during a conventional crossover. Pane! B ~ h o w s  a nonreciprocal gene conversion 
process during which information is transfen-ed from one double-strarided molecule io the other. Panel C 
shows a nonreciprocal gene conversion event in association with a crossover. 

of chromosome with homologous sequence or to insert additional sequences zt the site of hoa,o!o,vy. 
With both types of vector t e overall frequency of homologous recorn ination is likely to be low, 
and therefore appropriate methods for the selection and isolation of targeted integration events must 
be employed. Moreover. these seiection methods must be capable of distinguishing between hnmol- 
ogous and nonhomologous integration events. pariicu!arljr since the latter appear to be more 
common in higher eukaryotic organisms. 

lacen~ent \rector (Figure 2.4A): the region of i~omology is imer~upted by n~onhornologous 
e, usually a selectable marker or reporter gene thatwill subsequently allow identification 

of the targeted integration event, Typically, the vector is linearized within the regioc of 
nd, following juxta ition of the hornoIogous sequences, recombination will occur between the 
onor and target. Th esults in replacement of part of fhe genoinic sequence by the conesponding 

section of the targeting vector, taking with it the intervening nonhoinologous sequence. 
nonhomologous sequence disrupts an essential the target gene, then the result will be gene 
inactivation (knockout). However, with appropri ign more subtle modifications can be intro- 
duced, including the correction of mutations. Tne simplest interpretation of replacement vector 
function implies that two separate recombination events are required on either side of the nonho- 
mologous sequence. This is not. however. an absolute prerequisite and it has been suggested that 
one recombination event may suffice (Ellis and 
exchange at one of t flanking regions of horn 
through the nonhomo ous sequence and resolut 

In an insertion vector (Figure 2.4 ) the nonhomologous sequence (e.g., mmker gene cassette) is 
organized so that it anks the region of homology, rather than disrupting it. The vector is linexized 
within the region of homology and a single recombination event, incorporating both free ends, results 
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2.4 The design of replacement and insertion vectors for the gene-targeted modification of eukary- 
otic genomes. Cenomic sequences at the targeting site (denoted by the letters A to H) are represented as bars 
flanked by dotted lines. In the replacement strategy (Pane! A) the targeting vector carries a region of homology 
to the targeting site (W to C )  that is disrupted by an intervening nonhomologous sequence, typically a selectable 
:narker cassette (black arrow). Homologous recombination between vector and target sites (indicated by 
crosses) leads to replacement of part of the genomic sequence (located between the crossover sites) by the 
toll-esponding section of the targeting vector. The end result is the integration of the nonhomologous sequence 
into the targeting site. In the insertion strategy (Panel R),  the targeting vector also cmies  a region of genomic 
homology (B to G), but in this case the nonhomologous sequence (b1:rck arrow) is organized so that it flanks, 
rather than disrupts. the region of homology. The vecior is linearized within the region of homology, and a 
single recombination event (indicated by a cross) leads to integration of the entire targeting vector inciuding 
both homologous and nonhomologous sequences. The end result is a duplication of part of the genomic, 
sequence (B to C) as well as transgene integration into the targeting site. 

in <he insertion of t e entire vector into the targeted sequence. In some instances, the insertion of 
multiple copies of the targeting vector can be seen (Hasty et al., 1991). A direct consequence of this 
mechanism is the duplication of homologous sequence at the target site. Depending on the vector 
design, this could result in gene knockout either because transcription is terminated at the polyade- 
nylation signal of the marker gene or because read-through transcription yields a spliced product with 
duplicated exons. Although unlikely, it is possible for a read-though transcript to generate a spliced 
product excluding Qe duplicated exons. The product would be indistinguishable from that of the wild- 

oens et al., 1992), and this may be 
The relative effici of each type of v clearly determined and work in 

man~malian cells prov conflicting views. Thom i (1987) reported that both inser- 
tion and replacement vectors (carrying the same homologous sequence) yielded compar 
efficiencies in mouse ES cells On the other hand, Hasty et al. (1991) found that insertion vectors 
were much more efficient an that replacement vectors commonly gave rise to integrations of 
recircu1ar;zed or concatenated vector. t therefore seems likely that the specific outcome may be 
influenced by differences in the target genone or homologous sequence, or indeed by vector desigr?. 
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3:: hicber L - eukaryotic systems, i; appears ?ha[ o\.erall homoiogorrs !-ecombination fi-eauencies ar-2 
reialively low a.nd that nonhomologous recombination predominates. This is iz contrast tc ytasr, 
.[or example. lvhere hamologoi;~ recombinl;tion appears to be the preferential parhway (Or!--'\Veaiw 
and Szosrak. 1985). This. there Is a need to enrich for targeted eveiks in any transformation strategy< 

y horno!ogous recombinadoq and several :nechanisms ha -e  been s~~iggested. First. the 
targe;ing vector can incorporate a promoterless marker that is only expressed from an eirdogenow 

- . 
pro:noiec in the con:exl of 12-geteci ~ntegration. Such '6prom~ter-t l~p1'  si-rategies c m  inccrpsra:e 
conventional selectable markers, such as neomycin resistance, or reporter genes such as grecn 
fluorescent protein (GFF). The approacl:' relies on the ac?ii:e exyression of the targeted gene since 
the promoter of the targeted gene is si;>sequentlq "hijacked" by the incoming znarl<er. Eollowhg 
precise (gene-targeted) integration. the marker becomes incorporated into the targeting site scch 

- 
that its expression is driven by the endogenous promoter. Bitrgetec! integraiiom can therefore Se 
identified both by expression of the inconing marker and by the loss of acrivity (knockout) of the 
targeted gene. One potentiaily exciting development of the promoter-trap npprozlch would be 10 

employ large-scale ar~torna:ed isolation of targcied celis. For example. cells expressing GFP 5 j -  
!owing the targeted integration of a promoteriess constmct could be enriched by fluorescence 
activated cell sorting (FAGS). 

A second s;rategy that has beer: ased to great effect in mouw ES cells is known as positi\-e-neg- 
alive selectior;. Here, the targeti~g vector incorporates a positive seiectioa marker to identify 
transformed cells irrespective of whether the integration is rnediated by homologous or nonlnornoi- 
ogous recombination. I: also incor-porates a negative selectable i ~ l a r k ~  such that simi~!taneous 
se!ection against non-homologous recombication can be applied. Negarive selection markers kill 
the ceils in which they are expressed. They do this either because their expression per se is toxic, 
e.g., diphtheria toxin A (Yagi et a'!.. 1993) o:. because the gene product catalyaes c 
to toxic rnetaboiites that ultimakiy kill the cells, e.g.. Herpes iirnplex virus Type I lfyrnidine-kin.se 
- HSV-IK (Mansour et 611.; 1988). The negadve selection marker is incorporated in:o the targeting 
vector i:? such a way that it is lost following a precise homologous recombination event (Figure 
2.5). Cells transformed in this way will therefore lose the negative marker aild survive selection 
whereas cells transh-wed by nonhomologous integration will die as a result of nega.tive marker 
expression. !n this way, positii.e-negative selection has typicaliy generated enrichment factors of 
around 20-fold in mammalian cells (Mombaeris et al.. 1991). 

Finally. mechanisms that do not reiy on the expression of a selechbk marker or a reporter 
gene have also been described. One such strategy relies on PCR amplification "otvzen unique 
primers located in the targeting hector and the reclpiext gemme (Wilmut et al.. 1991). In ihe case 
of targeied integration the two primers are brought into close prsximity in the genorne allowing 
the possible exponential amplification of the intervening sequence, In the absence of integration, 
nu PCK product will be amplified and, in the case of nonhomologous integration. h e a r  amplifi- 
cation will yield a product that is not readily detectable by staining &er gel electrophoresis. Wilrnut 
et al. (1991) described how this technique could be used for cional isolation of targeted ceils. 
Potentially targeted ceils are divided into pools and subjected to PCR. ositive pools are then 
divided into a number of lovdensity "sib" cultures such that only a few might be expected to carry 
targeted cells. These sib cultures are again subjected to PCR and the process repeated unril targeted 
cells are sufficiently enriched to allow ciona! isolation. 

have tested the efficiency of negative selection mediated by HSV-tk in Anopilel~s gainbicre 
os55) cells. HSV-lk has previously been used extensiveiy as a negative selection marker in mouse 

ansour et al., 1988) and, more recently, in experiments directed at human gene therapy 
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~i . n b U R E  C 2.5 Posici~e-negatiie sciection for ihe eiirichme~li. of gene-txgeied integration e ~ e n i s .  "a~~ei X 
repl-e,ents genoniic sequences (1 to 8) at ihe targeting site. flanked b:; dotted lines and organized inio rile 
exoi2i (boxes) separated by introns (thin lines), The exori (4-5) rargeied for. modification is shinrn in !,lack. 
Panei B shows the ,gene targeting replacemei~t vector that carries a region of homolqzq- io the geilcme (3-5) 
cnd includes both a poiiiile ieleclion :iiaiker ( i l po )  and a riegatii-e scleciisn :narker (HS\'rk). The lector is 
co~?si:ucted ifi a auiiable plasmid (thick line) and organized such that ihe targeted sxen (3-5) is disrupted by 
the n ~ o  gene whiie thc HSV-rk gene flanks ihe region of hoinology. Pane! C c,:iou.s the anticipatcti outcome 
i'ol!oni:ig iargeted ihomologous) integration oi' rep1ace:nenc vectiii- secjuei?ces, T l x  genonic cop! of the 
+.,-. .,,,geteii exor: (4-5) is i.splacei: b\- :lie tiisr~ipted exo!: f ron  the targeting vector (4-neo-5) and the i-lanfting 

W$'\/-t-rX gene (wiiicl: lies outside the regioi; <iT llomoiog~ ) is 10s:. Such cl eiits arc Iikeiy to invo?\c ii1ac:i~raioi; 
of ihc targeted gene (knockout) and can be ideiliificd bath by !;ilri:i\z se1ec:i:;n lviti? i~ecimyci~: a id  by ?.he 
loss of !he XS?i-;k p i e .  Panel D shou s thc cnti ~ e s ~ i l ;  ef :icnhom:~iogoui iiitepraiio~~ u,here the entire targ:iit!g 

. . 
xecior piiisiniir, inciticiil~g both positfie and negatk; sekction markers. is iniegraied inio a rime! gerroimc site. 
here repsesentcd 'ri) the seque~~cc  1-31 flanked b) dotiec't Iiiies. Such cveills car: Ass be identified by posiirye 
5eieciios -vri'ih ne::i:njcii? lx;~ the prciel?ce oi' the 3Sd-/- ik  genc inems i ik t  cell\ ti.ansfo7-nied in ihii iva); wiil 

. . . . 
bc :,-rsi:;\e :a ;be c: totoxic effect$ oT nncleasiiie aaaiogxs  iuc:, as gancycio\,:r. Thiis. ;irga:i\ e ,eleciiot; can 

. 7 -  tl& :o remo! 2 cciis expi.ei;ing HS-V-fk p;-e;:sre;iti:r!!y. t'ie;eby e;~richir~p for pene-iar~eieci i:liegraii:.i:: c; enis 
in::: excli:ii: ihc ;-eeanixe selecrioii -;iarker. 
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E 2.6 Positive-negative selection in mosquito cells. The plasmid construct p[act-tk:hsp-neo] canies 
a neomycin resistmce gene (neo) as a positive seiection marker and an HSY-tk gene as a n e g a h e  selection 
inarker (tk). The neo coding sequence is driven from the h p 7 0  Lamsopkiln promoter with transcription 
terminated by the SV4O polyadenylation sequence. The HSY-tk coding sequence has its own polyadenylation 
sequence and is driven from the actin 5C Drosophila promoter. The izeo and MSV-tk genes are transcribed in 
opposite orientations. 

effective in mammalian cells. appear not to be so effective in Aedes mosquito cells (Mazzacano 
and Fallon, 1995). 

designed the construct pract-tk:hsp-neo] to carry both positive and negative selection 
markers (Figure 2.6). The positive selection cassette comprised a neomycin resistance gene (izeo) 
driven by the hsp70 promoter from Drosoplzila and the negative se lion cassette comprised the 
BSV-tk gene driven by the actin 56 promoter from Dr-osoplzila. th promoters were chosen 
because of their demonstrated effectiveness in mosquito cells (Zhao and Eggleston, 1999). Mos55 
cells were transfected with pplact-tkhs and positiveiy selected with the neomycin derivative 
641 8 at a concentration of 800 yglml. oncentration was sufficient to kill untransfonned cells 
within 2 weeks and. under these conditions, there was no evi of colony formation 
untransfected cells. C418-resistant colonies were, however, isola m transfected cells an 
clone (neo-tk-3) was c osen for detailed analysis. 

To confirm that the 6418-resistant cell clone neo-tk-3 contained both the neo gene and the 
HSV-tk gene Southern blot hybridizations were performe6 (figure 2.7). High-molecnlar-l.r~eig11t 
genomic DNA was isolated from izeo-tic-3 cells and from untransfecseb Mos55 cells and digested 
with various restriction enzymes. Following transfer to a i-ilembrai~e, the DNA was probed wilh the 
neo gene and washed at high stringency. No signals were detected in unuansfected controi DNA 
(Figure 2.7A: Lane C) indicating the a sence of neo in the Mos55 genome. Signals were, however. 

pieces of evidence strongly suggested 
me, rather than exisiing as hee plasmid 
(Figme 2 . 7 4  Lane U) revealed very 
low-molecular-we@ expectation for 
of higher moleciilar weight than those 

derived hom Sal1 digestion (Figure 2.7A; Lane S). Sal1 does not cut the original transformation 
vector and so, if the transfected DNA had existed as unintegrated concatemers, the signals in 
undigested and SulI digested DNA would have been of the same size. EcoRI digestion of izeo-rk- 
3 DNA (Figure 2.7A; Lam E) gave rise to a major hand of -9.7 kb* corresponding to linearized 

cc-tlchsp-neo]. Do~able digestion of neo-rk-3 DNA with XImI and BumHH (Figure 2.7A: Lane 
) revealed major bands of -2.2 and -5.8 kb corresponding to those predicted from digestion of 

circular p[act-khsp-neo]. These data showed that the transformation vector plasmid was integrated 
into the iwo-tk-3 genome in the form of tandem head-to-tail arrays. Such tandem anays appear to 
be a conlrnon feature of nonhomologous integration in insect cells and similar results have been 
observed elsewhere (Rio and Rubin. 1985; oe et al.. 1992; Lycett and Crampton. 1993; 
Shotltoski and Falion, 1993; Vulseeke et al., 1 

Probing the same blot with the HSV-tk gene interpretation. No signals lxere 
detected in the DNA from untransfected control ce eating the absence 
of endogenous tk homology. The major signals der ; Lane E) and Sal1 
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E 2.9 Southern analysis of p[act-tk:hsp-neol transformed Anopheles gambiae cell clone neo-tk- 
3 DNA. High-molecular-weight genomic DNA was isolated from untransfected Mos55 (control) cells and 
digested to completion with EcoRI (Lane C). High-molecular-weight genomic DNA from transformed 
izao-tk-3 cells was either icft uncut (Lane U) or digested to completion with EcoRT (Lane E); Sal1 (Lane 
S) or Xbnl and BanzKI (Lane XB). Following electrophoretic separation o f  the DNA (-5 pg per lane) 
alongside h Hind111 markers (Lane M) the reaction products were transferred to a nylon membrane and 
hybridized sequcntially to a neo probe (Panel A) and an HSV-tk probe (Panel B), ensuring that the 
mcmbrane was completely stripped between hybridizations. In both cases, the filter was washed in 0.1 x 

SSC; 0.1% SDS for 30 min at 5 5 T ,  although the autoradiograph in Panel A was exposed for 2 h and that 
in Panel R for 5 h at -70°C. 

(Figure 2.7B; Lane S )  digestion corresponded to those identified by the neo probe. Digestion with 
Xhad and UunzFfI (Fig. 7 B ;  Lane X B )  identified a major signal at 1.7 kb corresponding to the HSV- 
tk gene in p[act-tk:hsp-neo]. 

Northern analysis was conducted to verify the transcription o f  the HSV-tk gene and to link this 
activity directly to cell sensitivity to gancyclovir. Total cellular RNA was isolated from neo-tk-3 
cells and from untransfected Mos55 cells and hybridized with an HSV-tk specific probe. The 
resulting autoradiograph revealed a single band of  around 1.7 kb specifically in RNA derived from 
neo-tk-3 cells (data not shown) and this corresponded to the anticipated size of  the HSV-tk tran- 
scription unit. Together with the Southern blot data, these results suggested that the HSV-tk gene 
was not only stably integrated into the mosquito genome, but also actively transcribed. 

The efficacy o f  negative selection was tested by treating neo-tk-3 cells with gancyclovir, which 
is the nucleoside analogue most commonly employed in mammalian cells. Preliminary experi- 
ments had shown that untransfected Mos55 cells were resistant to gancyclovir concentrations up 
to 2 M. However, growth inhibition was evident in neo-tk-3 cells at gancyclovir concentrations 
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in excess of 5 enM ancl at a. concentration of 100 jtM granular particles could be seen inside the 
ceIis. indicating cytotoxicity. Despite this growth inhibition. two-tk-3 cell death was only apparent 
afier extended periods of high negative selective pressure (1  d)~ This is in contrast to marnrnaiian 
cells, where around 2 y M  gancyclovir is usually sufficient to kill SV-tk transfected cells ( 

necessary to kill I-dSV-tlc transformed cells of the Iepidopteran insect cell line, PJI-9 (Godeau et 
al., 1992). The relative insensitivity of neo-tk-3 cells to gancyclovir apparently does not resalt 
from poor expression of the HSV-fk gene. since the Southern and Northern data indicated (hat 
HSV-flz ivas both stably iniegrated and e iently transcribed. It is more likely that iadivid,ua! cell 
!ines simply vary in their inherent gan lovir sensitivity. This is certainly iriie of mammalian 
cells (Beck et al., 1995) and there is even evidence that some rr,a:nmalian cell h i e s  carrying the 

SV-tk gene can survive h i g  period ancyciovir selection (Boviatsis et al., 1994). Taken 
ogetber, these resulls indicate that the -ik gene might serve as an efficient negative selection 

marker in insect tissue hut that this might require high nucleoside analogue concentrations to 
achieve complete negative ~ l e c t i o n  (i.e.. cell death). 

eck et al.; 1995). owever. much higher concentrations (100 y M )  were found 

The design of gene-targeting vectors requires extensive data on genomic sequence at the p r o p  
targeting site. Apart from a few loci. such data are i i ~ t  widely available among non-drosoph 
insec& One way around this difficulty would be to target a well-characteri red iransgerie that had 
pre-~iously been introduced into the genorne by n o n h o ~ d o g o ~ ~ ~  recombination, Vqe haw delnon- 
strated the feasibility of gene targeting in mosquitoes by targeting a hygroinycin resis~ance transgene 
piei%x~sly introduced into an Aedes a e g y t i  cell line genorne and stably ilicorporated as multicopy 
head-to-tail tandem anaj's (Y. Zhao a i d  P. Egglesion. unpubiished). To do <his. bve employed a 
rep!acement ::ector in which the region of homology (hygromycin resisca.rce gene and SV38 
:ernzinaior) n'2.s di led by a pron~oter!ess iieoiiiycii resistance gene (iieo), As described i n  
Section 2.2.4 3 this ig r  utilizes the 37PO gene as a prorr,oter trag for ihe enrichmer!t of targeted 
integration events. 11: this cin resistance cxn ody  be expressed f x r n  the pomoier of 

tu-t~li l  t,i~de~, X ~ ~ I I ~ ~ I I I ~ R ~  occws i ~ ~ d e p n d ~ n t l y  of ihe 
DNA and is faciiitaced by "he i!se of iarpe &juan:ities 01 

:he e\ e!?i of targeted. ii:tegrXlion n-ouid be driven from (he heteruiogoas riclin 5c promote:. i r  ii 
known thar homologo~~s recombinarioa efficiency is maximized by the iiiiroduction of donbiz-strand 
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breaks near the region of homology (Lin et al., i 984). 'Hi, this end. the targeting vector was linearized 
at the 5' end of the Fzph gene and transfecteci into the hygrornycin resistant mosquito celis. Following 
selection with 641 8, neomycin resistant clones were established and this suggested that resistance 
was bei~lg expressed f~-orn the rrcriiz 5C promoter following targeted integration. This resistance 

le even when the cells were maintained for over A months in <he absence of neomycin 
selection pressure. strongly indicating that tile izeo gene within the targeting vector had become 
stably integrated into the recipient genome. Further analysis revealed that these neornycin resistant 
celis had lost all l~ygrornycin resistance. as might be expected foliowing targeted disruption of the 
lviz gene. Subsequently, bot PCR and sequencing aaaiysis were rised to confirm the targeted 
integration of the ueo coding sequence into :he hygrornycin resistance transgenes. 

Experiments such as those described. above clearly demonstrate that the cellular mechanisms 
necessary for ho~r~ologous recombination are present in insect cells. They also demonstrate how 
aspects of tnrgeting vector design mighi be optimired ro improve efficiency a d  to ellrich for 
hornokgous integration events. The major difficulty in applying this technology to intact Insects 
v:ouid appear to be the relati~~ely low frequency of homologous recombina.don encountered in 
higher eidiaryotic systems. The tried and trusted mehod for introducing DNA into insects is still 
microinjection of preblastoderm embrycs and it is nor clear whether this techilique uiil allow 
suficient opportunity for hornologous recombination ex'ents to be isolated and characterized. Of 
course. many aspects of the procedure remain to be optimi~ed and there are numerous possibilities 
for additional modiiicarions thai could increase homologous recombination efficiency. A number 
of proteins are kno~vn to be involved in homologous recombination pathways, including the products 
of the bacterial iw4 gene and its homologue in yeasi. RniiSi. These genes are h u g h t  to catalyze 
pairing and wand exchange between hor~ologous DNA nnoiecules, Isolation of related genes from 
insects a d  their overexpresioa in target tissues could "n used to increase hon:o!ogoi~ recombi- 
nation fmpencies (Bezznbova et al., 1897). That this is feasible has been shol..,~; bi, the recent 
i so la tm of the X,~d5i~J:?i  gem h i - f i  D:.~.sop!ilia iiGng degenerate PCW based on coiiien ed regioils 
of the yeast RudSi gene (McKee et al., !996), 

Another proteir; ho ivn  to be imoived is rhe product of the poiy-ADP-ribose i;alymerase (PAW) 
gene (Mor-rison er al.. i997). The krn~ck~ii: of PARP activity appears to lead ;G greaiiy elevated - "r\i of hor-dogous recombination (Vhng et a!.. 1 ~ 9 7 ) ~  and this i~mdvement cou!d explain a 

- 
liumber of recect findings. i-or eurnple. it has Seen shown that iromologous ~-econ?.blixAon R-e- 
quci~cies in  PCL ' i zop~ .~  oocjtf i  are much higher ihan rhose in mature eggs oi- embryos (Xagrnanr: et 

. . 
al.. 1996). ii:_i~re~tiiigi!~. :hi:, tra~mbofi stage fmm oocytz :o egg is also the first d c v e l ~ p i - -  ;rage 
i,vi~era J3iK.P acti1;lry can be deiected (Aoiifmchi a id  Shall, :91'7). Thus, hom~logo~ih  recombination 
appears to be ihe preferential padway for DNA q a i r  in early Xmoprs nocyres. If this turns out 
lo be gencra!ly ~ r u c  of germ cc!ls. then il could be arguccl rhai gene targeting might be mwi? more 
&fic:iei.ir if i; :i.e;e ~1i:ecied 31 gametes. Wheiher {his ~isssre diff,zi.cnce reflects PARP ecti\;ity. 
hapioid status of the gametes per se, or some other germline-specific en\%mmxi~ta! fx to r  i.; not 

. . 
cEeal. Bonxver. a iimiiar conclusion was reacheci in a recent study of gene :xge?lng In ;he moss, 
Pil?.ri~oi.ni~i~llil p ~ i f r m  (Schaefer and Zryd. 1997). Unusuallj high fieqcencies of hondogous  
recombination were see31 this plant. cvith targeting efficiencies of 90% that are comi-,arable with - 
chose h i n d  in yeast. l lie I : P I ~ ~ O ~ . S  ~uggesteci h e t  this :nigh: be ahsociated i,4,ith ihe predoninantly 
hapioid gametephytic ;iFe ci.cic and 'i,ent 011 L(> speculate ihat efficient gene t~lrgeiino E =L- migh gencrallv 
be corl-eiatzd v,;lth the haploiu (gametic) phase in higher eiiL;arvoks. Thus; gax-iaroetino C e tectcri, 
directed ,t: inscc'i s o q  :es (or pzl-baps i-ncre em;!\,. sperm) m:ijr Se abie cl; genecafe !:_igh frequencies 

. - . .  
of hc;rologous recc/mbina!ion and targeted transgex integr;ri~on. !n pr:i~c:ple ai least. s x b  genc- 
targeted gametes (whether modified in i-ivo or in r.iri;=.) could subseq~~entiy be f ~ ~ s e d  ro generate 
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transgenic insects. This is an intriguing prospect, but one that might require considerable preliminary 
work to facilitate the isolation, modification. and survival of the targeted gametes. 

More recently. a novel strategy for gene targeting in the silk worm, Bonzbjx inori. using a 
modified baculovirus has been described (Yamao et al.. 1999). In these ex erirnects, the Wombyx 
fibroin light (L) chniil gene was cloned and a GFP gene inserted into on 4 3f rhe genomic 
sequence. This chimeric targeting sequence was used to replace the polyhedrin gene of the Auto- 
graphica cniifimica nucleopolyhedro\lirus (AeNPV) to generate a ba. iovirus-targeting vector. 
This strategy therefore benefits from highly efficient viral-mediated livery of the targeting 
sequence utiiizing a veclor that is capable of replication wi-thin B. moi-i but which 
rise to symptoms of nuclear polyhedrosis. In practice. female silk moths were inL 
recornbinant virus and nated to normal males. F, embryos were screened by PCR for the presence 
of the GFP transgene and siblings of the CR-positive embryos were reared to adulthood and mated 
inter-se. F, embryos from these mating were screened by PCR for the presexx of a novel D N A  
junction that could only be generated following targeted integration of the chimeric transgene. The 
overall efficiency of gene iargeticg in  t'hese ex riments was around 0. l S%,  thereby provi 
exciting opportunity to explore the potential f precise genomic modification in this 

hether viral-mediated gene targeting can be more universally appiie in insect transgenesis 
remains to be seen but experiments such as these clearly support tile exploration of such technology. 

Transformation of the Drosophila genome was pioneered by work with <he P transposable element 
and is now a routine part of the armory of the fruitfly geneticist. i t  could be argued :hat the very 
success of this procedure prevented the search for alternative transformation methods. Fnr example, 
in contrast to work with the mouse, until very recently there had been no attempt to pursue targeted 
genome modification in Drosophila. This was compounded by the lack of a cell culture system 
comparable with the ES cells of the mouse, where virtually all of the pioneering work in gene 
targeting has been conducted. Now, as more is being discovered about recorn inationai DNA repair 
in higher eukaryotes, ihere is a growing interest in targeted ome modification. Recombinational 
DNA repair is involved in fhe resolution of double-strand alis in the DNA duplex. It requires 
the exchange of single DNA strands between homo ous duplexes (alihoug the exchange need 
only be temporary) and at least one of the strands nee to be intact. it is this transfer of information 
between the single strands that leads to double-strand break repair. Several examples have now 
been described in Drosophila where double-strand breaks have been introduced into the genome 
and used as "docking sites" for the targeted introduction of transgenes. The first of these mechanisms 
directly exploits the P-transposable element which leaves a double-strand break upon excision from 
the chromosome (Gloor et al., 1991: Nassif et al., 1994; Keeier et al., 1996; Dray and Gloor, 1997). 
This "transposon-induced gap repair" is known to occur in both somatic and germline cells and in 
both male and female flies. The double-strand break or gap can be repaired using information from 
a variety of templates, including genomic sequences located in cis or in tram and plasmid constructs 
introduced into the targeted cells or microinjected into insect embryos. It should be noted that 
transposon-induced gap repair is not a peculiarity of P-element transposition. Indeed, any mecha- 
nism leading to a double-strand break will serve to create the necessary docking site. For example, 
rare-cutting endonucleases have been used in mouse cells to induce double-strand breaks (Choulika 
et al., 1994; Rouet et al., 1994; Jasin, 1996) and site-specific cleavage sites have been introduced 
as transgenes into the Drosophila genome to generate similar gaps. In other words, the P-element 
excision simply acts as a tool to create the double-strand break rather than constituting a necessary 
part of the repair. 

There is little doubt that this technique provides a powerful new tool for Drosoplzila genetics 
but what is particularly exciting is the potential for more widespread exploitation among insects. 
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The recent successful transfomation of Aedes aegypti with the ermes (Jasinskiene et al., 1998) 
and mariner (Coates et al., 1998) elements and of an Anophel garnbine cell line genorne with 

rmes element (Zhao and Eggleston. 1998) provides the raw mater~al to begin to test this 
hypothes~s. However, since none of these experiments has yet been canled out in insects other than 
Drosophila. this chapter will be confined to a simple description of the technique and some of the 
parameters lmown to affect targeting efficiency. 

The P-transposable elemefit in Diosoplzila is one of the most widely studied eukaryotic trans- 
pomns. It is described as a Class 11 mobile element in that transposition takes 
from DNA to DNA. This distinguishes it from the Class I elements (retrotransposo 
the generation of an RNA intermediate. any other Class 11 element families have been described. 

eluding the IIAT family (defined in terms of the hobo, Ac, and Tam elements but 2lso containing 
ermes; see Chapter 12 by Atkinson and O'Brochca), the Tc'cl-nzai-lner family (which also 

contains Mitzos; see Chapter 13 by Lampe et al.) and the TTAA family of elements that includes 
piggyBcrc, (see Chapter 14 by Fraser). The biological characteristics of several of these elements 
are described elsewhere in this book and need not concern us here. What does concern us is the 
structural biology that unifies these diverse elements. Typically, they comprise a central region 
encoding a transposase enzyme that cataiyres the transposition reaction. This is flanked by 
inverted terminal repeat sequences (ZTRs) that are a fundarnenta! requirement for transposition. 
Ic simple terms, the transposase is believed to bind to the ITRs, bringing them into chose 
association and facilitating the excision reaction. For some elements, such as P this interaction 
is known to involve other gene products (e.g.. IRBP, inverted repeat binding 
Rio, 1996). On the other hand, elements of the Tcl-mui-iizer family appear 
autonomous in that transposition can be mediated by purified transposase within eel!-free systems. 
The outcome of the interaction is the excision of the element a l ~ d  the creation of a double-strand 
break. The break is then repaired by copying sequence information from a suitable template. 
Work with the P elemert has shwm that the repair template is often the sister DNA strand cr 
homologous chromosome amd. that these typically carry the same - e l e m e n t  sequence. This is 
one explanation of h e  replicative nature of transposition encountered for such mobile elements. 
The double-strand break repair copies P-element sequences from the hornologotis template into 
the vacant site. This recreates the original site while leaving the excised element free to integrate 
at an additional site (Lankenau.. 1995: Lankenau et a!.. 1996). This aspect of their biology also 
explains the efficiency with which the P element was able to invade the woriciwide population 
of D. nzelanngcrstei. 

Repair templates, however, are not restricted to P-element sequences on <be sister swa~.;d or 
homologous chromosome. It is believed that the broken DNA strands following element excision 
initiate a homology search to facilitate repair. Once such homology is found, a template is estab- 
lished and the repair mechanism will copy the available sequence into the broken site. However, 
certain aspects of the biology of this repair differ from the comparable double-strand break repair 
n~echanisms of yeast. In yeast, the conversion process is also initiated by homology-dependent 
template establishnlent, but this is understood to be followed by the creation and resolution of 
Hoiliday junctions. leading to the equent occurrence of heteroduplex DNA and the crossing-over 
of flanking markers (Stahl. 1996). y way of contrast. sequence infonnatior: in Drosophila appears 
to be copied from the template as a continuous tract with the result that heteroduplex formation 
and crossover of Aanlting markers is rarely seen. This has resulted in the proposal of a modified 
model to account for transposon-mediated gap repair. which is known as SDSA or synthesis- 
dependent strand annealing (Figure 2.6). SDSA seems to be wides read in higher eukaryotes (Rubin 
and Levy, 1997) and may provide evidence for an evolutionary strategy that maintains genome 



stabili:). through the repair of double-strand bceaks witiiout tile chromosomal rearrangements tila 
would resuit from frequent crossing-over ber;veen the template and the site of rhe "oea:i. 

As described previously. the template that i established for ~ransposon-mzdiareci-a gap rej2ai:' 
ceed ilot be resident on :he sister strand or homobgous chromosome. i t  can quite easily be locateu 
at nonhomologous ger-iomic sites ieclopic localization) or indeed on an introduced plasmid con- 
slruca. This p r o ~ ~ i i k s  the facility eo target hetemiogous sequence into the break site and therefore 
br'- ---<. I :ig tl~~nsgene imegrator,. In fact, large hererologous sequences can be Ir,troduced into tke 
genome i l l  this way. Nassif e: a!. (1994) showed that an 8-lth sequence could be introduced at 
frequencies ccn-parable with that for a point mulaiion and Keeler et al. (1996) reported the 
integration of a E 3-ltb hetemlogous sequence. 

Seiwal studies ha1.e looked at the homology requirements for trailsposon-mediated gap repair. 
Dray m d  Gioor (1997) showed rhal :he presence of 3' !:o~nology wa an a-bsolute requirement for 
targeting. In the presence of fixed 5' homoiogy of around 2.5 kb, targeting frequency was abolished 
in the absence of 3' !:omobgy bct increased ~ ~ i t h  3' homology up to aioiind 500 bp and :he!: 
became saterated. Thk is compari?ble n,ith the siiuai-ior: in mammalian cells (Hasty et al., ?99E), 
alihough here h e  ho~miogy saturation point is anmnd 1 W&. Dray and GIoor (1997) also indicated 
that Longer heterologous inserts may recjnire longer :racls of hornolog~~ to achieve efficient targeting. 
h common .~..itb work in n:amrna!ian cells (te Ride  et al.. 1992) there is also ecdence that targeting 
efficiency is maximized with isogenic stretches of !:omo!s:gy. For example. Nassif and Engeis 
(1993) showed that conversion efficiency in transposon-mediated gap repair decrease6 linearly with 
increasing n m b e r s  of single-base heternlogies. Bowe\.cr, it seems likely that the actual ho:lioiogy 
requirements may depend on the searching ability of specific DNA ends and that this may : led  to 
be optimized ia individual situations. 
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FILL-IN SYhTIIESIS 

The SDSA model for double-strand break repair (Nassif et al., 1994). The four panels represent 
successive stages of the interaction between double-stranded cliromosomal DNA (here represented by the 
sequence A to I flanked by dotted lines) and the homologous repair template (here represented by the sequence 
a to i). Repair begins with INVASION, where hon~ology is established between the broken chromosome end 
and a homologous repair template. This is followed by BUBBLE MIGRATION as the newly synthesized 
DNA (shown in black) is displaced from the template and then ANNEALING of the newly synthesized DNA 
to the opposite side of the break. Subsequently. a process of FILL-IN SYNTHESIS completes the chromosonial 
repair. The process is essentially one of gene comersion with repair converting the broken chromosomal 
sequence to that of the homologous repair template. 
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effective protocol for Anopheles. At the time of writing, there are preliminary and unpublished 
reports of the successfd transformation of Arzopheles stepherzsi using the 
(Catteruccia et al., unpublished). clearly represeneiilg an exciting development in this area. 

These recent developments all highlight the emerging use of transposable elements in the 
transformation of non-drosophilid insects. h all cases, the successful transformations were mediated 
by Class I1 mobile genetic elements (Minos, Henries, marine ac) which, like the 
P element, are either known or believed to transpose via a cut-a hanism. These events 
therefore provide the raw material to begin to test the feasibility ansformation through 
transposon-mediated gap repair. Although much preliminary work remains to be done in these non- 
drosophilid systems. targeted transformation would provide a number of real benefits. Foremost 
among these would be fi-eedom from the position effects commonly associated with random 
transgene integration. It is generaljy accepted that transgene expi-ession can vary widely in response 
to integration site (Wilson et al., 1990; Koller and Smithies. 1992). These position effects arise 
either because of the transcriptional status of the integration site or because of the effects of 
enhancers or suppressers of gene expression located in cis or in t S. For example, the recent 
transformation of the white-eyed kh" strain of Aedes aegjpti with mzes and nzuriizer vectors 
carrying the Drosophila wild-~ype cinrzabar gene gave rise to considerable variation in the amoiint 
of restored eye color. Thus, ntical transgenes commonly give rise to different expression patterns 
depending on the site of ge mic integration. These position effects will necessarily com 
any comparative study of transgene activity since expression cannot be linked directly to the 
suucture and organization of the introduced sequence. These problems would not exist. however, 
if alternative transgenes could be introduced at precisely the same site by targeted transformation 

The niost obvious way forward would be to identify transposon integration sites giving good 
transgene expression, namely. those showing high levels of marker gene expression. These could 
then serve as recipients for additional iransgenes through transposon-mediate gap repair in the 
knowledge that the integration site was transcriptionally acthe and expression competent. Once 
the necessary homology requirements had been empirically determined. these additional transgenes 
could be introduced as heeerologous sequences on appropriate plasmid constructs. These would be 
coinjected into ,;he relevant insect embryos alongside an appropriate . . helper constr~lct to 
excision of the resident element. In principle at least, double-strand break repair would 
the potential to bring about transgene integration by copying of sequence informadon from the 
piasmid template. It will be of interest to see if the emrrnous potential benefits of this approach 
can be demonstrated outside of D. i?.reimzogasfer: 
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The investigator who sets out to make a transgenic organism must consid~r two issues. First, a 
method of transformation must be chosen, or invented; and second, the transgene construct should 
be designed so that the transgenic organisms are maximally useful. The relative import of these 
two issues depends largely on the ease of making the transformanis. If an easy. well-established 
transformation procedure is available, then most em hasis will fall on designing the construct so 
that f ie  informative experiments can be performed with the transgenic organisms. On the other 
hand, if transformation is difficult, or has not yet been achieved, then the construct may be primarily 
designed merely to achieve transformation. This chapter will discuss how site-specific recombina- 
tion may be employed to aid in both aspects of iransgenesis. The majority of this chapter discusses 
methods of site-specific recombination that have been used in the model insect Dm.rophilu nzeln- 
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?logaster: however. relevant resolts from other systems will also be introduced. Applicaf ons of site- 
specific recombination in gene targeting and transgene rnanipulaiion will be considered. Finally. a 

discovered nutation of D. inelnnognsrer will be considered as a poaentiai dominant marker 
gene For general insect transform.ation. 

Alti~ough many site-specific recolnbination systems are h o w n .  there x e  two that predominate in 
transgenic analysis. They are the FLP recombiilase-F T (=P Wecon~bination 3%-get) target site system 
derived from the yeast 2y plasmid and the CR (C ses recombination) recornbinase-!ox (locus of 
crossover) target site system from 'he baceeiiophage PI. The two systems both consist of a single protein 
recombinase and a shor'i DNA sequence that the recombinase recognizes. Both r e ~ o ~ b i n a s e s  mediate 
reciprocal physical exchange between two copies of the target sequence, they require no other proteins 
to function, and they have both been transferred to a number of different organisms where they carry 

ination with high efficiency, induding the model insect D. nzeIai i (~ga~t~~-  (Goiic and Lindcjuist, 
and Harti, 1996). This chapter will focus mainly on the 2y system, which has successfdly 

een used in bacteria. plants, mammals, and other insects. The Cre-lax system has also keen applied in 
many different organisms and functions alnlost ideniically (Sauer. 1998), The biochemisiry of FLP site- 
specific recombination has been covered in a recent review (Sadowski, 1995). Here we ywisle only 
those details that are pertinent to a consideration of making and anaiyzing transgenic organisms. 

T is 34 bp long, consisting of two 13 bp inverted repeats flanlung an 8 bp central sgacer 
(Figure 3. l), although as !Me  as 28 hp serves to provide full recon~binational efficiency (Senecoff 

E 3.1 The sequences of the ~vild-type FLP-F'RT and Cre target site (1o.x) are shown. T'ne sequences 
of recombination-competent mutant target sites that do not recombine with the wild-type hrgets. because of 
mutations in the spacer sequences. are shown beneath the wild-type sequences (see Section 3.3.3.2.2). 
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et al., 1985). The 13 bp repeats serve as FLP binding sites (Senecoff et al., 1988). The 8 bp wild- 
type spacei* sequeace possesses an asymme:ry which confers a directionaiiiy to rhe FRT that 
determina the outcoine of recombination between iv;o FRTs (Sei~ecofI and Cox, 1986). The lox 
site is quite similar (Figure 3.1). 

- 7  irie products of recombination between two FRTs car: be easily predicted in a schematic 
diagrzm by aligning those FRT9 Ir a paraliel direction. one on top of the other. and then drawing 
a simple reciprocal crossover between ;be t ~ o  aligned FRTs (Figure 3.2). When considering 
i~~uarxolecular recombinatio.?. if 'WO F Ts lie i n  the same orientation. the outcome of recorn- 
> '  omation isiIi be removal oP the FXT-flanked DNA from the parent molecuie as a circle carryfig 
a single FRT. A single FXT also left behiind in the parent molecule (Figure 3 . U ) .  This i the 
most efficient reactien carri or;t by FLP in vivo. In Diasophila. this was first d e ~ m x ~ r a t e d  
by ;>lacing the ~ r h i f e -  (W-)  eye color g e m  between direct repeats of the F R r  &and transforming 
this via P-element transformation into a ithire mutant strain, to generate flies with pigmented 
eyes (Goiic and Lindcjuist, 1989). These were crossed to flies that carried an inducible FLP 
iransgene. After induction. FLP cariseci excision of the M,- gene. and was then lost when cells 
divided since it lacked a centronere. In cells of the eye this ioss roduced white cells in a 
pigmensed background. Excision and loss can be frequent enough produce almost entirely 
white-eyed flies, Test crosses also showed that excision occurred efficiently in the maie and 
female germlines. 

Intramolecular recombination between inverted FRTs results in the inversion of the D1W that 
lies between the FRTs (Figire 3.2E). The resuhs of ineermelecular reactions can be similarly 
predicted; with the outcone depecciing on whether the FRTs are on linear or circular DNA 
molecu!es. If at least one of 13x2 two recombining P Ts is located c c  a circular molecule, then the 

N. Excision 

I ~ \ J ~ ~ S I O P  

a ,  b c , , .  ---+ --> L 4 " d  

Integration 

. Marker exchange 

E 3.2 Reactions catalyzed by recombinases. The basic intramolecular (A, B) and intermolecular 
(C, D) site-specific exchange events are diagrammed. Target sites are indicated as arrows embedded in the 
DNA strands (thiil lines). Arbitrary genetic or rnoiecular markers are indicated by lowercase letters. 
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result of recornbination will be integration of that circle into t e other molecule, where it will lie 
flanked by FRTs (Figure 3.2C - essentially a reversal of the re ction diagrammed in Figure 3.2A). 
If both FRTs are on linear molecules, FE catalyzes an exchange of flanking DNA segments 
between the two molecules to generate two linear recombinant DNAs (Figure 3.2D). These reactions 
have also been demonstrated in vivo in D. rnelnizogastep. and many other organisms. Specific 
examples will be cited in following sections. 

The precise seque the spacer is not critical to the ination reaction and may be 
altered to generate no that can recombine with anoth f like sequence, but not with 
the original wild-typ with other differently altered enecoff and Cox, 1984). In 
addition, FRTs with symmetrical, but identical, s acers recombine with each other but withoilt 
regard to directionality, yielding alternate products from the same molecules. The ability to vary 
the spacer sequence provides an added dimension to the design of experiments and, as will be 
discussed later, can significantly improve the ability to recover the products of intermolecular 
recombination in viva 

The FLP coding sequence is 1272 bp long, contains no introns, and thus encodes a 423 amino acid 
protein. This recombinase is capable of catalyzing both intra- and intermolecular recombination 
between FRTs in vivo and in v i m .  Bacterial strains are available that synthesize FLP and that may 
be used for testing constructs. or possibly as an aid in some cloning steps (Snaith et al., 1996; 
Bucholz et al., 1996). 

In Di-usophiln, hy rid transgenes have been the most fr enlly used source of FLP protein 
The promoter of the Di-osopizila hsp70 gene has been used t real effect by eliciting heat-shock- 
induced expression of FEP (Golic and Lindquist, 8989; Golic et al., 1996). In other insects, the 
hp70-FLP f ~ ~ s i o n  gene is also likely to prove useful, and has already been used successfd!y in 
mosquitoes (Monis et al., 1991). In Drusoplphila, rhe plromotel- of the testis-specific 02-rubuliiz gene 
has been used for male gemline-specific e?;pression (Struhl et al.. 2993; Golic et al., 3997), and 
the GAE~-UAS expression sysiem has been used to provide iissue-specific expression (K. Beuemer 
and M. Golic, unpublished results: Frise et al., 1996). The Cre recombi!~ase has also been expressed 
in Drosophila using 3 hybrid promoter composed of sequences from the Di-osophila hp70 gene 
and the M o d  transposon. Tnis construct ex!iibiied constitutive a:?d maternal expressioc (Siegal and 
Wartl, 1996). 

An alternative method of expression that holds great promise in insect transgenesis is the use 
of KP mRNA injection. Konsolaki et al. (1992) injected synthetic FLP mRNA into Di-osophila 
embryos, along with FRT-"-baring piasmds. They found that the ifijectecl mRNA directed FLB 
synthesis, as detected by recombination between the coinjected plasmids. aek and Ambmsio 
(1994) have also shown that the injectiofi of artificial mRNA can be used a m e h d  of gene 

early Dmsophiln embryos. 
d to d e t e r ~ i n e  whether FL :ected mXNA would be capable of 

carrying out efficient recombination bet Ts. FLP mRNA was synthesized i7z 
l;ittz, from a construct in which the FLP coding seyiience was clone nstream of a T7 promoter 
(the construct is available from the authors upon request) using the SSAGE mMACH3NE kit 
from Ambion (Austin, TX). The ELP m NA was injected into precellular blastoderm stage embryos 

S, fo1lowing essentialip the same injection procedure that is used for $-element trans- 
Spradling, 1986). FEP activity in the injected embryos was detected by two methods, 

Firs:. by X-Gal st ning after injection into a strain that carried a P-galacrosidase gene that could 
(Buenzow and Bolrngrer. 1995). In approximate half of the injecied embryos 
viey was detected by blue staining, indicating t t FLP was synthesized and 

carried out recombination. while embryos injected with buffer alone showed no staining. A second 
method allowed easy quantita6ion of germline recombinatkm that resulted from the mRNA injection. 



Embryos fhat carried a hornorygous insertion of the FRT-flanked wh?e7 gene: in a white null mutant 
background; were injected with the synthetic FLP n#AL4 in the posterior end of the embryo. 
Somatic excision was observed among the adults that survi~ed,  but rarely, probably because <his 

uire FEP synthesis near the anterior of ;he embryo. However, W en the iQected flies 
rossed. we observed germline excision at rates of 70 to 90% ii approximately three 

quarters of the tested adults, including males and females. Thus, the irijeclion of FLP mRNA into 
syncitial stage embryos can efficiently cause recombination between chromosomal 
germline. Because this method rzquires no further ma.nipulations of the embryos 
irijections, and does not require generating a strain of ii~secrs carrying an FLP transgene, it may 
ultimately prove the most useful method for purposes transgenesis. mRP$Pi injection has also 
been used as a method to express Cre recornbinase (de 

A rlovel post-translational met od for regulating FLP activity was devised by Logie and Stewart 
(1995). They consrructed a gene that encodes a h i o n  protein consisting of FLP and the ligand- 
binding domain of a steroid hormone receptor. This fusion protein shows little recornbinase activity 
in the absence of hormone. but becomes active upon treatment with the hormone ligand. 

Site-specific recombination has proved to be an efficient and 7;er~atile tool for manipuia.tion of 
eukaryotic genomes. FLP-FRT and ere-lo.x recombination have been useful for a variety of 
manipulations at the level of single genes, as well 2s for Larger-scale events that have led to the 
production of a variety of chromosome reari-angements. 

One of the aa jo r  problenxs facing any inwstlgator who wiskc:, ro make transgenic insects is the 
. . aduciry of useful marker genes. In a pariacnix species i k r e  may be 31;;: a single rrseful mai-lter 

. . .  
gene, if indeed there are any at all, Thiq can present a pri?%lern F, subsequer-:~ to an ~na la l  
iransformatior, event, it is desired to trai~sforrn a second construcr into the same strain. As disci;ss;ed 
by Dale and Oav (P991), In such cases site-specrfic recombication cas be used ;c remove the maker  
gene from the first transgeliic construct so that it may be reuse in a second rouixd of Irans.~ormatlri. 
-. 
:i- the irar~sr'i?lmation construct is hrik with directly repeared F;Ws Ranking the merker gene, thenl 
subsequent to transformation. FLP can remove the m-.:-ker gene from the integrated construct. As 
mentioned above, deleting a gene from the chromosome by FLP-mediated recombination is typl- 

ery efficient using either an hspSO-FL,P 'Li-ansgene or by injection of FLP mRNA. 
is could also be a useful yrocedure in cases where the marker gene interferes with the 

subuequent utility or analysis of the transgenic orga~iism. For instance, in some cases a chernicai 
resistance gene may be used as a transformation marker. If the ultimate goal of a particular 
program of research is sorm form of biological control that will use the transformed insect, then 
it is probahiy cot desirable to allow the inwcts that carry this resistance gene to be released. In 
such a case site-specific recombination may be used to remove the resistance gene after the 
transformed strain is established. 

Site-specific recombination can a!so be usefd whec the transformation method results in the 
integration of rnulriple end-to-enr! repeats of the transgenes. as is often the case with transfor- 
mation technologies based on transfection of DNA into cudtured cells. Such multicopy transfor- 
rnants can sometines lead to silencing of the genes carried within the construct (Linn et a?.. 
1990: Dorer and Henikoff, 1994; Gai-rick et al., 1998; reviewed by Selker. 1999). If the trans- 
formed construct carries an F R r  FLP may be used to carve down the repeat array to just one 
copy if the outermost elements are oriented in the same direction (Figure 3.3Af. If time outernost 
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FjGURIE 3.3 Resolurion of tandem repeat by site-specific recombination, Site-specific recombination can 
reduce maltirneric anays to moimmers or diners. depending upon the disposieion of the individual repeats. 
A siilgle repeat unit is indicated by the large recinnpie: components within each repeat are iedicatcd as smai!er 
rectangles; FXTs as iirroLvs. 

elements are inverted. then two e iemem will remain (Figxe 3,3C). If two iiwertzd FRTs are 
placed ic the trawformation construct, then it should be possible tc arrive at a single copy of 
the iransgene regardless of the orientation of the outside eienents (Figure 3.3C). However, in 
19i1.o. this situa'rion presents an additional cornpiication. 

M%en imeried FRTs lie near one another. a :wy frequent type of FtP-mediated recombination 
is unequal sister-c:~rorn_atid exchange in G? of the celi cycle (Golic; 1994-), This exchange produces 
dicentric chromosomes 2nd acentric chramosome lragments (Figure 3.4A). although this does not 
necessarily prevent recovery of the desired product. For example, we have used FLFn~,ediated 
inversion of a portion of the ri,hiic gene ss a means of switching its expression on or off (Ahmad 
a d  Golic. 1995). In illost cases though, the propensity for inierted FRT (or iox) repeats to form 
dicentric chro~nosornes should be taken into consideration v,rhen planning the experiment. 

Finally, if a trallsfor~ned gene is Aanked by directiy repeated FRTs, then it is also possible to 
use site-specific recombination to generate a dosage series of the t r a ixhmed  gene. In Dlvsi>plzilil. 
such anplifieci insertions are not necessarily slleilced, and an increase in effective dosage of the 
amplified genes may be observea (Welte et al., 1993). When unequal sister-chromatid exchange 
occurs between directly repeated FRTs, one product of the exchange is a tandem duplication of 
the material between the FRTs ((Figure 3.433). This event is much less frequent than excision of the 

Ts, making up perhaps 0.5% of the progeny following hsp70-FLP induction. 
These drrplications can still be recovered with relative ease if there is some phenoiypic screen for 
their occurrence, for instance, if a gene between the FRTs produces a distinctly different phenotype 
when it is duplicated (Golic and Lindquist, 1989), or if the novel junction produced at tine site of 
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E 3.4 Unequal sister-chromatid exchange. The products of recolnbinase-mediated unequal sister- 
chromatid exchange between imerted or directly repeated target sites are diagrammed. Chromosomes are 
indicated as thin lines, centromeres as fiiled circles. 

ange br~ngs together t n o  parts of a gene m ge~era te  a fu~lacLona1 copy of t 
and Gollc. 1996, Aladjem et al , 1997) 

Site-specific recombimtion has proved to be an extremely useful aid in the analysis 0:' gene function. 
One of the most frequent areas of appikatio?i has been in controlling gene expression to generate 
fu.r,ctioraai mosaics. Genes can be activated oi inactivated by site-specific recombination. Conseructs 
can be designed so that one gene is activated while another is sinr-iultaneousiy inactivated. providing 
an elegant method for generating a mutant cell and simultaileouly marking it \v 
phenotype so that it can be easily sisr;a!izec! (Srruhl ai?d Basler, 19931, if these 
events do not occur in 100% of cells, then the animal will become a genetic mosaic. These mosaics 
ha1.e beeil extremely valuable in answering questions suck as v here and ivhen a gem hnctions, 
and whether that action is cell autonornous. In addition. mosaic analysis can greatly facilitate the 
anal) sis of recessive lethal mutatioas. because in many cases ciones of cells with a Iethai genotype 
may survive even though an entirely mutant anin;al does not. Site-speciiic recombination even 
allows for <he analysis of dominant lethal genotypes th"thr~gh the rmte  of building constructs in 
1,itro that would normally be lethal (for example by rnisexpression of a developmental regulator), 
but that are expressed only when activated by site-specific recoznbination in vivo. ah generate 

Ts have been successfully placed in nontransiated leader regions of genes, in introns; 
and even within coding sequences. 

These methods rely upon havixg a cloned copy of a gene whose expression can be manipulated 
in a mutant background. But site-specific recombination can also be used to make mosaics for 
mutations in genes that have rmt been cloned. FLP can efficiently catalyze recombination between 
FRTs located at the same site oil homologous chromosomes. When such an exchange occurs in G2 
of the cell cycle, the recombinant chrornatids typically segregate to opposite poles at the following 
mitosis, and produce darighrer cells that are hornozygous for allele that had originally been 
lr,eterozygo~~s. giving rise to a genetic mosaic (Figure 3.5; Golic, 1991; eurner et al., 1998). ELP- 
cataiyzed mitotic recombination is efficient in DI-osophila - a single heat-shock induction of FKP 
typically produces many clones in a single individual, and w e n  in a single tissue. 



Insect Transgenesis: Methods and Applications 

Mitosis 

FlGURf 3.5 iMosaicisrn produced by mitotic recombination in G?. When recomhinase-mediated exchange 
between bixnozygo~~s IiiTget sites occrirs in G2 oP the cell cycle, it is typically followed bl- segregation of the 
recon!binmt chrornatids. Tim produces rwo daughter cells that are hornozygous for the alleles (previously 
heterozygous) that lie distal to the site of exchange. The diagram shows the ch~~omosoiual composirion of a cell 
in G2 prior io the exchange (at left). after the exchange (middle), and the two daughter cells after mitosis (right). 

frequency of mitotic recombinarion may be especially useful in a species where there 
are few or no pre-existing mutations because it can be adapted to provide a rapid and efficient 
genetic screen for newly induced recessive mutations. Any mutation lying distal to a homozygo~s 
insertion of FRTs can be made hornorygocs in a fraction of cells at an early stage of de~dopment .  
By inducing mitotic recombination in ized parent. individuals that 
carry a mutation causirrg a phenotype t recognized (Xu and Rubin. 
1993). Tk major benefit of this screen s of laborious crosses when 
compared with traditional screens for aucosomal recessive mutations. 

It is not the purpose here to discuss in any detail the generation or analysis of genetic mosaics. 
This topic has been covered in reviews that should be consulted if more detail is desired (Golic, 
1993; Xu and Banison, 1994: Thee osiou and Xu, 19%). We simply wis to point out the 
possibilities that site-specific recombination offers for the manipulation of gene expression. 

6:. ,- aiw-s?ecific recoinbination has also been used to generate large- and small-scale chromosome 
rearrangements (ItIatsuzaki et al., 1990). A sircilar approach night be used to generate rapidly, irt 
other insect species, at least some of "ie geiletic toois chat have long keen available in D. me1n;i- 

ogclstrj: For instznce, inversions might be easily generated to provide a basic set of ba iaxer  
chro::~osomes. Snzali deficiencies and duplications could be produced to facilitaie screening for 
mutations in a defined region. or for anaiyzhg genes located lxithlo the deleted region. 

7 I he construction of cIiromosome rea;rangemer:ts D:; site-specific recombination is considerably 
less efficient than the type of short-range events that have beer, discussed :o this point. Recombi- 
nation can occur between FRTs that are separated by large distances. but at least in Drosophila, 
the frequency of recombination etween two FRTs is partially governed by the distance between 
those FRTs. Using a standard 1-h heat shock to induce an hsp70-FLP gene, recornbinallon between 
closely spaced FRTs in cis, for instance -5 L apart, occurs with almost 100% efficiency. Tnis high 
frequency of recombination extends until P Ts are nearly 200 kb apart (by extrapolation of data 
obtained from generating large and small chromosome reanangements). Then, as 
separated by greater distances. the frequency of recombination decreases untii. when FRTs are 
approximately 30 NIb apart. they recombine at a rate of approximately 0.03%. Additionaily, 
recombination between FRTs in ii-arz.~ is even iess frequent than recombination between 
cis (Colic and Goiic; 1996a). 

Recombinants that arose at this low frequency were recovered with relative ease by virtue of 
screening system. Two P-element vectors that each carry half of the Drosophtln ~vhiie 

.e used. One element caries the 5' haif of the gene, ending at a located within the 
first intron. The second element can-ies the 3' half of wlzire. starling at a ocated at the same 
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3.6 Positive marking of a recombinase-mediated inversion. Chromosome rearrangements gener- 
ated by site-specific recombination can be positively marked by using a pair of transgene constructs that, upon 
recombination, join two nonfunctional gene halves to generate a functional dominant marker. In the example 
diagrammed here. the 5' ancl 3' halves of the Dmsoplziln white gene are used. Rectangles indicate the halves 
of the gene. with small arrows indicating the direction of transcriptiori. 

site and in the same orienfation in the first intron. Neither half is fimctional by itself, but when the 
two elements recombine at the FXTs. a functional : t h t r ~  gene is reconssructed by ti?e recombination 
event (Figure 3.6). Thus, in a wkzire mutanl background, chromosojne rearrangements are easily 
recovered by heat-shocking flies that c a i ~ y  Insertions of an hxp70-FLP gene and these hvo P 
elements, mating them inter se, and screei~ing their offspring for individuals with pigmenied eyes 
(Golic and Colic, 199%). Similarly, in plants and rnamirials chromosome rearrangernefits were 

y using cl-iemicitl selectiom for genes constructed at the rearmngement breakpoint 
by the action of site-specific recombination (Medben-y er al.. 1995; Osborne et zl., 1995; 
Solis et al., 1995). 

-. iile type of reawangenxnt produced depends on the relative orientation of the two eiements, 
and their locations within the genome. The products are simply a large-scale equivalent of those 
diagrammed in Figure 3.2. In the two simplest cases, chromosomai inversions can be produced by 
intrarnslecular recombination between inverted FRTs~ and deficiencies can be generated by intra- 

ecombination between direct1 epea~ed FRTs. Reciprocal translocations have also Seen 
y site-specific recombination 'n et al., 1994; Smith et a!., 1995; Beumer et al., 1998). 

When a transformation method is developed for a species, further rounds of transformation may 
be accomplished by that same method. ocential techniques are discussed elsewhere in this 
book. However, there may be significant advantages in the consideration of site-specific recom- 
bination as a transformation tool. When the initial transformation step is difficult or inefficient 
it may be advanta-geous to use site-specific recombination as an alternative method of producing 
transgenic animals. Moreover, a transformation nlethod based on site-specific recombination 
might also be suitable for the integration of large DNA fragments that cannot be tramformed 
with available methods. 
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If the initial tmnsformaeion construct iilcludes a target site for site-specific recombination. ;her? 
sequent rounds 3f trailsformation may take advantage of this c!mmosomal target site by 

directing integration to that site wi:h the site-specific reco~nbinase. Tn some cases it rnay be woriii 
investigating whet r sequences tl121. resembk ERTs or lax  sites already exist in the genome. since 
ir is possibie rhat se can be used as target sites for iniegratior? (Sauer, 19%). 

Yn its sizcplest for-nr recornbii~ase-mediated integration may be achieved with a sicgie ,FRT i n  
the cli-r~omosorne and a matching FRT on a circular DNA molecule that is to be integrated. In such 
a case, site-specific recombination rnay integrate the circular molecule, as diagrammed in Figure 
3 . X .  With organisms that are amenable to chemical selection in single cells, there are maily 
examples of using sits-specific recombination for this approach t:, transformatioc (Falco et al., 
1982: Sauer and Hezderson, 1990; 05Gorman et al.. 1991: Ruarg et al.. 1991 j. Here. the experi- 
mental evidence horn Dro.o.i.ophi1a that such an approach may wodk ill insects is rer-iened. and a 
potentially useful e!a oration on ihis method discussed. 

ith insects. no methods are currently available that allow in view manipulation of sirgle ceili 
ollowed by the return of those cells to intact animals. Until such teclmiquec are developed. 

experiments designed to prodnce genetically altered or transgenic indi1:iduals must be carried 
oct using the intact organism. Typically. some form of genetic screen is use6 to recover transgenic 
animals. Genetic screens in Drosophila were used to show that site-specific recombination can 
be used to integrate an ex~achrornosomal FRT-bearing circie at a chromosomal FRT target site 
(Golic et al.. 1997). Crosses were used to generate flies that carried three transgene components 
that had previously been transformed using P elements. These were ( l )  a heat-shock-inducible 
FLP gene: (2) a target element carrying a single target siter and (3) a donor element car-ryi 
between directly repeated FRTs, the DNA that to be integrated at the target site. Flies f 

carried ali three elements were heat-shocked to induce FLP synthesis, Recombination between 
the FRTs of the donor constmct excised an FRT-bearing circle and, ir: the same cell cycle, a 
second round of recombination between this extraci~romosomal circie and the target FRT inie- 
grated the circle at the target site. in other words, FLP carried out the reaction diagrammed in 
Figure 3,2A (donor excision), thee the reaction shown in Figure 3.2C (integratioe at the tar 
at a different chromosomal FRTinsertion. The result was FLP-mediated mobilization of the s 
flanked donor DNA to the target. 

argeeed mobilization were covered by two different schemes. 111 the 
T-flanked white+ gene locat on the X chromosome or on an autosome 

carrying a gratuitous dominant gei-ietic marker. Heat-shocked males were test-crossed to ~vhile  
females and their progeny were screened either for W+ sons (urhe1-i an X-linked donor was used) or 
for w'progeny without the gratuitous marker (when the autosomal donor was used). In these cases 
]L.* segregated away from the chromosome that carried it originally. Such progeny must arise from 
an event in the parental germline in which site-specific recombination mobilized the donor DNA 
to the target FRT. Further genetic and molecular tests confirn~ed that almost al! such progeny did 
c m y  the expected M;+ gene inserted at the target site. 

In a second screen, donor and target elements were constructed such that each carried half of 
a funceionai Dvosoplda \t.hite gene. After donor excision and reintegration a1 the target site a full 
1vf gene was constructed at the target site and provided the phenotypic signal for integration, similar 
to the screen that was used for recovering chromosome reanangements. The heat-shocked males 
and females, which carried a 11d1 mutation of the normal bi>lzite gene, were mated inter se and their 
offspring were screened for pigmented eyes. Crosses were typically set up with ratios of two to 
three males for each female per vial. From these crosses $v+ progeny were recovered with relative 
ease, arising in approximately 2% of the vials. In experiments that used the 2-rubuliiz promoter 
to express FkP, site-specific mobilization of the donor to the target was detected in nearly 5% of 
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all vials examined. FurKher tests showed that virtually all resulted from FE-mediated site-specific 
recombination at the target site. 

ese experiments demonstrate that FLP-FRT site-specific recombination can integrate extra.- 
A at a chrornosonlal target site. Because efficient methods of transformation have 

reloped for Dt-osophi1~-i, this technique is at present most useful for overcoming the 
problem of variable chromosoixa! position effects. Several iransgene constructs may be piaced at 
precisely the same chromosomai site. eliminating variable position efkcls on gene expression. 
However. in  the context of this booli. the anore interesting possibility is that site-specific recoxbi- 
nation may 5e used as a direct transform.ation tool. In our experiments a single extrachromosornai 
circle was able to find arid recombine with a single ciiromosomai target site (two c 
. ,. 
1: the ceiis are i n  GJ. Thus, it does not seem unreasonable to sup 
plasmid were injected icto an insect strain ihat already carried a chi-omosornal FRZ then FLP might 
cataiyze exchange between the chrosnosornai target site and the injected DNA resulting in integra- 
tion of that DNA. IViorris et a!. (1991) and Konsolaki et a!. (1992) have showii that intersnoiecu!ar 
FLP-mediated recombination does occur when two different F T-bearing plasmids are coinjected 
into insect embryos along wit expression plasmid or FLP mRNA, lending fnrther credence 
to the ilotion that an injected ing plasmid may be able to recombine with an FRT located 
in a chromosome. 

2 Efficiency of 

3.3.3.2.1 Donor: ahrget Pairing 

The results of our FLP-mediated mobilization experiments suggest that ihe degree of sequence 
Boinology between the donor episome and the chron~osomal target site may influence integration 
efficiency. We measured integration frequencies with donor/target combinations that differed in the 
extent of sequence homology they shared (Goiic ei ai., 1997). When using the heat-inducible FLP 
gene, ivith donodtarget pairs sharing -4.1 kb of "nomolggy. we recovered 52 site-specific integration 
evenis from 2844 crosses (1 .g%). For donodtarget pairs with -1 .1  kb homology. only %:o site- 
specific integration events were recovered from 904 crosses (0.2%). With -200 to 400 bp of 
homologj- between donor and target. only two site-specific integralion events were found from 
more than 2000 crosses (<0.1%). 

This apparent dependence on donoritarget homology may be based on the fact that in Droso- 
phila, a:id in the Diptera generally. homologous chromosomes pair in n~ilotic ceili;. Cytological 
and genetic evidence demonstrates that homologues are associated with each other during the cell 
cycle in Dl-osophilcr (discussed by Golic and Golic, 199Qb). Stevei~s (1908) and Metz (1916) 
reported frequent associafon between homoiogous cl~roi-nosornes in metaphase spreads in -80 
dipteran species, including DI-risophiln. Many insect species also possess giant polytene clzrorno- 
sornes in which the endoreduplicated homoiogues are paired along their entire Lengths. The existence 
of this mechanism for homologous pairing may underlie the apparent pairing dependence of site- 
specific integration. The FRTs of the donor and t e target could be brought to relative proximity 
by pairing interactions between ho us sequences. This proximity would. in turn, promote 
the direct interaction between the that is required for recombination. Although further 
experiments are needed to confirm these initial observations, it is certainly possible ihat the same 
effect will also a.pply in other Diptera. Therefore, when attempting to use site-specific recombination 
as a method of DNA integration, at least in Diptera, it would probably be wise to include a reasonable 
extent of homology (>4 kb) between the donor and target constructs. 

3.3.3.2.2 Stabilizing the integrated DNA 
One of the main problems limiting the efficiency of site-specific recombination as a tool for DNA 
integration is the tendency for an integrated circle to reexcise by another round of recombination 

Ts that now flank the integraied DNA. This intramolecular excision reaction is 
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kinetically favored over the intermolecular integration reaction. A particularly useful variant of 
-mediated DNA integration was developed by Schlake and ode (1994) to deal with this 

ke and Sauer (1997) used the cassette exchange strategy in yeast with the Cre-lox site- 

single reciprocal exchange, with an absolute frequency of integration as high as ! of 20 cells (see 
Figure 3.1 for lnx mutant sequence). 

E 3.7 Recombinase-mediated cassette exchange. Diagram of cassette exchange directed by using 
incompatible target sites (one wild-type and one mutant) in cis. Matching target sites are used on the donor 
molecule. A double reciprocal exchange swaps the DNA that is flanked by the target sites. 
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A similar d that may be considered is the use of a target site and donor that each carry 
two wild-type in inverted, rather than direct orientation. This setup W similarly allow for 
a double reciprocal exchange to place donor DNA at the target site. The or DNA could not 
reexcise by exchange between the flanking FRTs, although it could invert. However. be 
are added complications that arise from the use of iwerted repeats (see Section 3.3.1.1) 

ode and co-workers is preferred. 
Another method t s been tried is the use of at are mutated in the FLP binding 

sites. The 46A mutan has a mutation in one of binding sites and the 46T mutant 
FRT has a miitation in the other bin ecause recombination occurs within the spacer 
region of the FRT the two recomb 
inverted repeat from each of the 
generates one wild-type I- mutations in both of the inverted repeats (46A146F 
double mutant). I/? \>itl-o studies s ceeds with an efficiency 
that is only slightly reduced re1 
(recombination between the 46A146T double mutant and a wild-type FRT) proceeds at a much 
lower efficiency (Senecoff et al., 1988). Tnerefore. if the donor and the target each carry one of 
the two mutant FRTsls, recombination should "lock" the integrated DNA fragment ir, the chro- 
mosome. This pair of mutant FRTs has been tested in several sys for the ability to prevent 
the reversal of an FkP-catalyzed recombination (Huang et al., 199 orris et al., I991 : "11. Rong 
and K. Golic, unpublished results). However, this method has not d as usefuJ in 1,ivo as the 
in vitm res~alts suggested. It s e e m  that the efficiency of recombination between these two 
has been compromised in vivo by the mutations. and no further progress with this metho 
been made. However, a similar double-mutant design has been proved productive for site-specific 
integration by the Cre-10s s Araki et al. (1997) up to a 32-fold in 
integration freq~iency using a f mutant /OX sites that reexcision in ~~ivo. 1 
it may still be worthwhiie to her pairs of mutant FRTs, 

Finally, the stability of DNA integrated via site-specific recombination may be stabilized by 
controiling the synthesis of the recombinase. If recombinase is no Ior,ger present after integratior,, 
then the integrated DNA cannot excise. Experir~errts in ~ i v o  suggest that t ere is an optimal FLP 
concentration that allows integration, but is low enough so that excision does not inevita 
blEow (Huang et al.. 1991: Golic et al.; 1997). To prevent reexcision. recombinase 

transiently. Use of the hsp70 promoter aiiows this - as cells recover from heat 
shock they turn off ehe l1sp70- g e m  Va-rying the severity of eat shock changes the exrent 
of hsp70-FLP induction. and rapidity of recovery. FLP-ex ressing plasrnids have been 
introduced into cells so that subsequent loss of the plasrnids by nuclease degradation or loss at 
cell division assures transient e pression of fhe recornbinase (Morris et al., 1991; O'Cormrn et 
al.. 1991). Purified Cre recorn inase has been introduced into cells to achieve high rates of 

aubonis and Sauer, 19931, and injection of FLP mRNA sl~ould exhibit a similar 
property of transient expression. 

3.3.3.2.3 Position Effects 

Another factor that can influence targeting efficiency is the position o f t  e target site (Huang et al., 
1991 : Baubonis and Sauer, 1993; Golic et al.. 1997; Y. Rong and K. Goiic, unpublished). Chro 
configuration at the target site may affect the interaction among the donor, the target, an 
recornbinase. An "open" region might permit access of the recombinase and more intimate 
interaction between the PiPTs. In fact, it has 
heterochromatin, and t h s  subject to the varieg 
tion, are recombined less efficiently by FLP tha euchromatic sites (Ahmad 
and Galic, 1996). Thus, if possible. it can be worthwhiie to use more than a single target site when 
attempting site-specific integration because the efficiency of integration at different target sites n a y  
differ considerably. 
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A successful gernlline transformation system requires two components: a transformation system 
that can introd~uce foreign DNA into the host genome and a dominant genetic marker that allows 
the recognition of individuals with successfu'ul integration of foreign DNA. For a variety of insect 
species transposabie elements serve well as transformation vectors (for review, see O'Brochta and 
Atkinson, 1996). However, suitable transformation markers have not been developed for most insect 
species. To produce a marker gene for transformation, typically zi screen is undertaken to find a 
recessive mutant with an easily visible phenotype. The mutation is then mapped and the gene 
cloned. The wild-type gene is then med as a dominant marker to transform recessive mutant animals. 
There are a few examples in which insect species other than D. nzelarzogasfer have been successfully 
transformed by following this general approach (e.g., Loukeris et a!., 1995: Lozovskaya et al., 
1996; Jasinskiene et al., 1998; see Chapter 4 y Saricar and Collinsj. However. this process is 
tedioils, has to be repeated for every species, and is often hampered by the lack of developed 
molecular and genetic tools in those species. 

To eelirninate this tedious process of marker development. the idea that a common marker might 
e developed for transformation of wild-type animals of a variety of insect species is very altractive. 

huch a common marker must have three essential properties. First. it must be dominant to the wild- 
type a k l e  so that a recessive mutant 11ost line is nor necessary. Second, it sho affect a nonessential 
biological trait that is shared by many species, for example. eye coloration. ird, the marker gene 
must be properly expressed. and its product functional in heterelogous organisms. This third 
property cannot be easily verified except by the recovery of a transgenic animal bearing the marker 
gene and expressing its phenotype. However, if a marker gene were developed from a doninant 
mutation in a gene that is highly conserved among different species, one might reasonably suspect 
that the mutant allele would be functional in many species. 

mTz have identified a dominant mutarion in D. nzelansgastci- that has the potential to serve as a 
common transformxion marker for other insect species. The jr~gili.cP"~,"'~ (pugD) mutation c a s e s  
dominant defects in Dw~i~philu eye pigmentation (Eho~lg and Goiic- 1998). As in many other irasect 
species. ah.; color of the DF-osopizila eye results from the synthesis of two fanlilies of pigment 
molecu?es. omrnschrom-es and pteridines (for reviews, see Phillips and Forrest, 1980, Su~nrners et 
al.. 1982: see Chapter 4 by Sarkar and Collins). Ommochromes are synthesized from uyptophan. 
Pteridines are made from G synthesized hozn purine precrrrsors. The 
reduces omii~ochromes and tes pteridhnes in the middie of the eye. w 
normal pigmentation as the e is undiminished by the presence of 

are present in many insect species besides Di-osophiln. Ommo- 
chromes were identified in the following orders: iattaria, Coleoptera, Diptera. Heteroptera, 
Hymenoptera: Lepidoprera, Neuroptera, Odonata, Phasmida. and Salta~oria (Phiilips and Forrest. 
1980). Pterins, which inciude pteridines? were found in the foliowing orders: Coleopcera, Dictg- 
optera. Diptera. Hemiptera, Hymenoptera. Lepidoptera, Neuroptera, Orthoptera, and Phasmida 
(Sumn~ers et ai.. 198 her insects these molecules contribute to the pigmentation of many 
body parts, including 

ave cloned the wild-type ad mutant alleles of pug. The pugD mmt 
encodes the trifunctional enzyme methylenetetrahydrofolate dehy 
allele consists of the N-terminal one fifth of the coding region ol 
repetitive DNA. This piece of repetitive DNA consists of about 140 near-perfect uliits of :lie 
sequence PGAGAGA. A 3.4-Itb DNA fragment from p i g D  regenerates the dominant phenotype 
when transformed into wild-type Dro~-oplzila. The dominance of the mutant almost certainly requires 
translation of the repetitive stretch (Rong and Golic, 1998). 
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The MTKFD enzyme provides essential tetrahydrofolate derivatives for purine de nova syn- 
thesis. Genes that encode MTHFD have been foun in a large variety of organisms (for reviews, 

enkovic. i980; Appling, ), and their amino acid sequences are highly conserved from 
yeast to human. IE fact, when essed in yeast. a mammalian form and an insect form of this 
enzyme can rescue the auxotr that is caused by mutations in ade3. the corresponding yeast 
gene (Thigpen et al., 1990; Tremblay and acKenrie. 1995). In light of this high degree of 
conservation, it is very likely that other insect species have highly homologous versions of the 
same gene: and it certainly seems possible that pugD could have a dominant effect on pigment 
formation in other insects. 

The mechanism by which pug" causes reduction in eye pigmentalion is not known, but it 
probably acts by interfering with purine de n o w  synthesis. This is consistent with the fact that 
preridines are derived from purine precursors. arid that other Dimn$zi!n mutations in purine 
synthesis often cause defects in eye pigmentation (Johnstone et al., 1985; Henikoff et al., 1986; 
Tiong et al., 1989). Since purine de izovo synthesis is a highly conserved process, we expect that 

would act similarly in 
efore pzlgD can be del7 on transformation marker. one needs to consider 

some practical points. The first co ri of thepz/gD gene. The 3.4-kb geno~nic hagmen: 
from pugD Aies may be usable in other species without modification. There are many examples in 
which Dvosophil/i genes are expressed normatiy in other insects. and vice versa (e.g., Loukeris et 
al., 1995; Skavdis et al.. 1996: Jasinkiene et al., 1998). Alternatively, we constructed a pugD cDNA 
clone driven by the D~osoyhila hsp70 promoter, which functions in other insect species (e.g., 
Loukeris et al.. 1995). However. this k s p g D  gene only produced a mild pigment defect, even when 

copies. If the Drosophila pugD gene is not expressed in another species. a better 
to isolate the species-specific regulatory elements of the respective pug+ gene 
rect tram-specific expression of the Di-nsoplzila pztgD gene. 

Another practical point concerns cloning with pigD. The repetitive sequences of pug" are 
unstable in regular bacterial cloning strains, DNA clones with shorter repeats are spo~~taneously 
generated during overnight culturing. Since translation of a certain minirmm number of these 
repeals seems to be necessary :o produce the phenotypr (Rong and Golic. 1998), it i important 
to maintain these r e p i t s  during the cloning process. We find ~ h a i  the repeats are Xr ly  stable during 
bacterial growlh at 3 0 T ,  rather than 37°C in the TOP10 strain (Hmitrogen. Carlsbad, CA; other 
strains may also work). It is. nonetheless. a good idea to check repeat length at each step of the 
cloning process. as well as checking the final DN preparation that is to he ~ s e d  for transforrnaiion, 
to make sure that the full-length pug" gerle has 

Finallyl we have to consider the effect of pugD on viability. 311 some cases. the ukim2re goal 
of a program of transgenesis is to release geneticdly engineered insects into the wild. The :ransgenic 
animals must have good overali firmss s s  that they can compete effectively in the wild, 111 the 
laboratory. we did not observe any obvious deterioration in viability of Aes carrying a single copy 
of Ine pzcgD tramgene. However. it seems likely that sensitive measurements woald reveal some 
loss of fitness if pugD does interfere puriix synthesis. This problem can be overcome by using 
site-specific recombination to remove the pugD marker gene after transformation (Section 3.3.2.1). 

The pugD mutation appears to posses$ the essential properties of a common transfornmtion 
marker, It is a mutation i11 a highly conserved gene, it is dominant over the ~vild-type gene, and it 
causes visible defects in the deposition of pigments rhat are also found in other insects. 

It should be noted that pugD may be but one of many dominant mutatiolis from D. nwluizogastev 
that have the potential to serve as markers for insect transformation. Even dominant mutations that 
produce strong developmental defects might serve as transformation markers if site-specific recom- 
binadon is used to excise that marker gene after transformation. Thus, mining the genetic resources 



MCCh23ElliSRna 

Eclopic csprcssioii of the wild-type gene 
Notes 

Most animals failed to siirvive hut iiiiglrt lie 

useful with iiiorc limited csprcssion; iiiost 
effective stages of heat shock arc the 
second and thii-d instar; -SO%, penetrancc 

Aiiiiiials failed to survive to  ndul thoot i  

R e k  
Schneuwly et '11, 

1987, Gibwn a i d  

Gehring, I988 

Antenna to leg 

Eye and wing 

Ro~igli and rcduccd 

Rough eye 

t ran s loniiat i o n  

clcfccis 

CYC 

Ecfopci cxpi-cssion of the wild-typc gciic 

S'lwamoto et 'lI  , 

Allaid et a1 , I990 
1994 

corkscrew 

Ectopic expression of the wild-type geiic do Nooii aiid 
Hariharan, 1995 

dc Nooij et al., _I 

1996 v1 

a, 

3 

(0 

2 

?. 

Chadwick ct al., 
3 

gn 

a 

VI 
I990 

n McGiniiis et al.. 

1990 

2 
Tsalconas, 1996, 4 
1997 0 

Sun and Aslavanis- 

Z r  

Frccmaii, 1996 E- 

Rough cyc Overcxprcssiori of the wild-type gene Requires a very high lcvcl of expression 

Hcad dcfccts Ectopic expressiori of the wild-type gene 

Cctopic cxpi-cssioii of thc wiltl-typc gene 

Most animals failed to survive to adulthood 

Low peiietrance. often leads to lethality Head defect\ 

Eye or wing defects 

Eye ablation Overproduction 01 dominant iicgative 

Eictoipic expression of the wik-type gene 
protein 

Ectojiic eye 
I'umintion 

Ectopic eye 
forinatioii 

Requires a high level o i  expression 

Maiiy Gal4 insertions ciiuses let!iality wlieii 
combiiictl with the UAS-cycicss transgcne 



Ectopic expression of ihe wiltl-type gene 6;MR Flies have norinal viability and fertility 
even when hornozygous; might be a good 
system to ablate other noncsscntial iissues 

Noi-mal niati n g ahi 1 it  y i n  1 aboratory 

E Grether et al., 1995 i z 
-cl 
tD 
0. 
2 

Wells et al., 1996 
n 
7-3 Struhl et al., I993 rQ 

3 a 
8 

%. 

Rong and Golic, 2 

s 

Rebay ct al., I993 
3 

8 a 
-h 

Hay et al., 1994 

+ 
3- 
tD 

1998 
Fortini et al., 1992 

a 
2. Bishop and Corces, -. 

Brand and cy 
2. 

White et al., 1995; 5- 
%. 

Warrick et al., I998 Is 

r?. 
.? Thomas et al., 1995 cy 

Sun and Artavanis- v) 

Tsakonas, 1996, tD 
5. 1997 n 

Huknede et al., 3 

1997 0) 

2 Basler et al., 1991 vi 

n 1988 

"0 Perrimon, 1993 

Hay ei al., 1995 0 

a 
09 

- 
vi 

Flightless, reduced 
,j urnping abili ty 

Missing bristles 

Product ion of  the embryonic isoiorrn 

Production of constitutively active 

Various partial deletions of tlic gene 

throughout developnicnt 

protell1 

producing antirnorphic o r  neoniorphic 
nititations 

Ectopic expression oi' the wild-type gene 
Dominant nuihnt  ailelc 

mhc 

Only mosaic animals were generated 

UeSects in wing, 
eye and/oi- bristle 
iouniat ion 

Rough eye 
Eye piginent 

delects 
Rough eye 

h \/I70 Requires a high level of expression 

Prothctiori 01' constitithely active 

Productioii of constiiutively active 

Prcduction or cons1 iiuiively active 

Ectopic expression of the wik-type gene 

pi-oteiii 

protein 

protein 

Very dosage sensitive rus 1 

rm2  Uninciuccd hsp70- driven expression led to 
low viability 

Wing, cyc defccts rus2 

Eye ah1,rtion Sensitive to dosage and requires ii high 
level of expression 

- Expression O S  gluiamine-repeat disease 

Ectopic expression of the -vviId-Lypc gene 
Expression n S  various truncated gene.; 

pi-oducing dominant negative proteins 

gcnc 
Rough eye 

Scalloped wlng 

bye or wing defect. 

Wn1g defects Overprotluction o f  doininatit negative 

Production or coiistitutively aciivc 

lictopic overcxpression of the wild-iype 

protein 

pi-oiein 

gene 

Ga14/UAS Sensitive to dosage 

.sc vcn l e s s  Rough cyc 

/! \p70 Most adulis failed to wrvive Gibson et al., 1990; 
Zhao et al., 1993 

continued 



gusatory 
Gene ements 

Moucc Hou I , J  Hoincotic F~topic  o\eiexpicssion of the ~ ? i k - t q p c  h\1~70 

[Jlirahithorux Ho~neotic Ectopic ovetexpie\s~on of  the wild type h ~ p 7 0  

(homogous to Scr)  t rms forrndtion gcnc 

trmsforination gene 

Rough and retluccd Ectopic expression of the ailtl-type gene 2 x  srdhsp70, 
C y C  Gd4/UAS 

ey e prutcin 
Rough and reduced Production o r  constilutivcly active GMR, s n ~ r l z i ~ ~ s s  

Notes Refs. 
Most adult\ failed to stir\ ive Zhao ct al., 1993 

A mild heat \hock produced mutant Mann and Ylogncas, 
phenotypes in  50 to X W  o f  the viable 1 WO 
anirnals 

Requires a high level of cxpres\ion Rrnnnei- et al.. 1999 

~. Rebay m d  Ruhin ,  
1995 

2 x  sevh.cp70: fwo copies of the srvrnlras enhancer plus the 11sp70 promoter (Rarlcr et al., 1991). 

GaWUAS: tran\ci-iptional activation systeins fi-oin yeast (Ihnchcr ct al., 1988; U r m d  and I'errinion, 1993). 
'' GMR: glass rnultimev reporter (Ellis er al.. 1993: Hay et al.. 1994). 



Site-Specific Wecornbina.tion for the Genetic Manipiliation of Transgenic Insects 71 

of D. ~e1arzogas:ei- might greatly aid the discovery of markers for transformation of other insects. 
Table 5.1 lists several genes Chat have produced dominant phenotjyes within transgenic constructs 
in Dro~oplzila and that may also e suitable for use in other insects. Alt ough this is certainly only 
a partial listing. it does show that many possibilities exist. In many instances. the biologica-i 
processes that are affected, such as cell-cell sigrrahg or intmcellular signal aransduction; are highly 
conserved. One problem will be to find promot s that can be used in other species. 
constructs are (or are likely to be) dominantly le a1 if expressed ubiquitously. However when their 
expression is li-mited to a specific tissue, such as e eye. they produce easily ~isualized 
The promoters that have been useful in Dmsophila are given in Table "s .l. 

Site-specific recombination has prove:! its value as a tool for the directed manipulation of genes 
and genomes in several organisms. Recombinases have been used to manipulate the expression of 
transgenes. to delete genes zhin transgenic constructs, to insert transgenes at specific chromosomal. 
target sites. and to rearrange chromosomes to roduce deletions, duplications. or balancer chromo- 
somes. Many of the applications of site-specific recombination are best realized if the use of site- 
specific recombinadon is planned from the outset. This may involve as little as including a token 
recombii~ase target site in a construct. on the chance that it may later prove to be valuable, possibly 
as a target site for further rounds of DNA integration. When the purpose is clear, more elaborate 
constructs may be employed. One area that may be creatively explored is the combined use of 
]nore than one recornbinase. For instance. if site-specific recombination is used to integrate DNA 
at a chromosomal target site, one may still wish to manipulate the inserted DNA by site-specific 
recombination. This might be easily accomplished by using a second site-specific recombinase that 
recognizes target sites distinct from those employed in the integration step. 

Site-specific recombination gives a further advantage to attempts at transforming new insect 
ecies - it considerably broadens the possible choices for transformation marker genes. Because 

a marker gene can be removed after a kansformai:i has beer? recovered, genes that have serious 
fitness consequences can be used as markers to detecr transforrnants. any s ~ c h  gene constructs 
witli? dominant phemtypes have been transformed into Dro.royhila; some of these genes may be 
suited for use in other insects. 
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One ofthe most important tools for studying the biology of organisms at the molecular level is the 
ability to manipulate their genomes by transformation. A critical component of a transformation 
system is the choice of markers for the detection of the transgenic organism. Markers can be either 
selei.table or scorabie. Selectable markers, such as antibiotic resistance, are useful in detecting 
transformants in prokaryotic and unicellular eukaryotic systems. However, in con~piex muiticel!ular 
organisms. the use of seiectabie markers to detect transformanrs is often confoui~ded by the existence 
of inherent, variable levels of resistance to the selection agent in the population of the organism 
targeted for transformation. In addition, selection itself can often be biased toward the identification 
of transformed individuals with multiple copies of the resistance marker. This results from multiple 
integrations of the gene vector in the initial trailsforlnation event or because of subsequent selection 
in transformed lines for individuals in which the selects-ble marker is amplified. Scorable markers: 
usually representing the presence or absence of an easily delectable phenotype. are thus prefened 
as markers for the detection of transformation in complex organisms such as insects. There is no 
selection pressure that can result in changes in the number of marker copies in established trans- 
formed lines, and such markers often produce phenotypes that can be used to distinguish individuals 
that are heterozygous from those that are hon;orygous for the marker. 
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This chapter discusses the use of eye coior genes as scorable markers for detection of 
transformation in insects. A genera1 overview of the structure and function of t 
compound eye and the pigment biosynthesis paihway is presented to help the reader understand 

gy of the genes chat affect inse eye color and also to assist in identifying novel 
t may be useful as markers for r e detection of transgenic insects. Although various 

genes that confer obvious, visible phenotypic differences that readily sdnguish transformed 
from untransformed individuals without aily significant fitness cost n be used, genes that 
cause changes in eye color are especially valuable for insects. ost insects have large corn- 
pound eyes that are easily observed with little or no magnification. The most commonly used 
strategy to select insect transformants has involved introduction of wild-type eye color alleles 
to rescue color in a strain in which the target gene is mutated. Although eye color pigments 

tan1 in insect vision, many different insect species have been identified 
ced mutations in genes affecting eye color. In general, most such mutant 

.aim are highly fit as laboratory colonies and pose no specific challenge to maintenance. 
oreover, genes involved in eye color pigment synthesis and deposition in the insect eye have 

been well studied in many insects, especially Drosophila imlarzogasiei., and cloning of homol- 
ogous g e x s  from other insects is Iatively straightforward. The task of identifying and cioning 
these genes will also be facilitate by the information available from the Berkeley Drosophila 
Genone Project and the Celera Genornics Corporation cooperative D. melaizngnstev genome 
sequencing effort. 

The typical insect compound eye consists of the peripheral retina or the ornrnatidial layer, which 
is separated from the three underlying optic neuropiie masses by the basement membrane 
(reviewed by Summers et ai.. 1982). 

The peripherei retina consists of u.nits called u~~rna t id i a  or facets and is responsible for the 
reception of visuai information. An omma;idium is made up of the pripheral  dioptric apparatus, 
the photorecepior cells or retir~ula. and the pigment cells. (See Figure 4.1 for a detai!ed diagram 
of the structure of the  genera? insect ornmatidium.) The outermost part oftthe dioptric apparatus 
is the corneal lens or lenslei. a transparent ~iiodification of the exoslteleton that admits light into 
fhe omrnatidium; below the Ienslet is the crystalline cone. resting on four Semper or cone cells. 
The cone cells connect the dioptric apparatus to the photoreceptor cells, Each ommatidium has 
eight photoreceptor cells and the plasma mern ranes of these cells are 
rnicrovillar structiire called the rhabdcmere. Tl1 photosensitive visual pi 
associated with the rkabdomere. The axons the photoreceptor cells connect to the ow-termosi 
optic neuropile mass, caiied the Lamina, wh serves as the site of integration of visual infor- 
mation and is connected to the middle optic neuropile. the medulla, by the optic nerve. The 
medulla is connected to the iznermost optic neuropile. the lobuia. by the optic chiasma. The 
lobrila in turn transmits the visual information to the protocerebrum of the insect brain. 

Pigment cells are modified sheath cells and are associated with both the cells of the dioptric 
apparatus and the photoreceptor cells. Two primary or corneal pigment cells surround the dioptric 
apparatus. At least six secondary or retina1 pigment cells extend from the corneal lens to the 
basement membrane, surrounding the photoreceptor cells and the corneal pigment cells. Certain 
cells in the basement membranes, called basal pigment cells, contain pigment granules. and these 
pigment cells of the illsect compound eye are not directly involved in hotoreception but serve 
to screen and optically isolate each omrnatidium. This enables the insect compound eye to process 
visual information in a spatial manner and also increases contrast perception. 
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E 4.1 The insect (dipteran) compound eye. The compound eye (right) consists of the peripheral 
PR). the lamina (L). the intevmediaee chiasma (IC). the mcdula (M), and the optic lobe (OL). A 

detailed diagram of a single ornmatidiuni is shown or, the left. (Modified and reprinted from Eloyd. V., 
et al., Trends Cell Biol., 8(7):257-25% 1998: Summers, KM., et al., in erridge DA.J.. Treherue, J.E.? 
Wigglesworth V.B. (eds).Advaiice.s ill h s e c t  Ph?.siology, 16, Academic Press, Orlando, FE, 1982, l 19-166. 
Wiih permission.) 

Two major classes of screening pigments are found in the insect compound eye, the ommochrornes 
or brown pigments and the pteridines or the red and red-yellow pigments (reviewed 
et al., 1982). The pigments in the pigment cells are localized in membrane-bound granules that are 
specialized lysosomes. In D. inelanogaste~; the ommochrome pigment (xanthommatin)-containing 
granules are called Type I granules, while the pleridine pigment (drosopterin)-containing granules 
are called Type 11 granules (Shoup, 1966). In some insects, pteridines are found in solution in the 
cytoplasm (Eanger, 1975). Et has been suggested that the formation of the ommochrome and the 
pteridine pigment-containing granules are interdependent (Ferre et al., 1986). 

The ommochrome pigments are present in the compound eyes of all insects studied thus far. Apart 
from xanthommatin, ommins and ommidins are also found in the eyes of insect species of the order 
Orthoptera while in the hymenopteran Apis nzellij%m (honeybee), xanthommatin and ommins are 
present (reviewed by Summers et al., 1982). In D. melanngaster, both xanthommatin and its 
derivative dihydroxanthommatin are found, with the latter form predominating (Fene et al., 1986). 
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The first step in the biosynthesis of xanthommatin. the major ommochrome in dipterans and most 
other insects, is the conversion of the amino acid lryptophan to f ~ m ~ ~ l k y n a r e n i n e  by the enzyme 
iryptophan oxygenase (EC 1.13.1 1.11 ; tryptophan 2,Mioxygenase; see Figure 4.2 for the o r m o -  
chrome synthetic pathway). Formylkynurenine is com.erted to iiynurenine by kynurenine formami- 
dase. The acti-vity of kynurenine formarnidase is typically 50 to I00 times more than that of rryprophan 
oxygenase, and this results in the rapid conversion of formylkynure~~ine to kynurenine in insect cel!s. 
One of the major roles of these two enzymes is to regulate the levels of free tryptophan in the insect. 
The conversion of kynurenine to 3-hydroxykynureiline is catalyzed by kynurenine hydroxylase, also 
called kynurenine rnonoxygenase. This step appears to be specific to the synthesis of the ommochrome 
pigments. Finally, 3-hydroxykynurenine is converted to xanthammatin by phenoxarinone synthase. 

Different insects appear to have different kinds of pteridine pigments in the compollnd eye, and 
individual species may have more than one kind of pteridine pigment. For example, in D. nzelan- 
ognsiei: important pteridines include isoxanthopterin, pterin, biopterin. sepiapterin, and the dros- 
opterins, a class of at least six closely related compounds. In contrast, the mosquito Amplzeles 
gnmbine apparently has no visible or Euorescing pteridine pigments in its eyes ( 
The u!traviolet fluorescing pteridines sepiapterin and biopterin have been reported from Aedes 
negpri (Bhalla, 1966. 1968), but these pigments are probably found in the body (as they are in 

eard et al., 1995) rather than the eyes. Aede.s uegy t i  that are incapable of producing 
ommochrome pigments have entirely white eyes, indicating that the ultraviolet fluorescing pteridine 
pigments biopterin and sepiaterin do ~ o t  contribute to eye color in daylight (Cornel et al.. 1997). 

The biosyi2thesis of pteridines utilizes a branched pathway (Figure 4.3). The common first step 
in this pathway is the conversion of guanosine triphosphate (GTP) to dihydroi~eopterin tiiphosphate 
by the enzyme GTP cyclohydrolase (EC 3.5.4.16; GTP 7.8-8,9-dihydrolase; Mackay and O'Doeneii, 
1983). The pathway branches at this pointl with one of the branches leading to the formation of pierin 
and subsequently isoxanfhopierin. h this pathway, dihg~droneopterin triphosphate is converted to 
dihydroneopterin. Dihydr~neopte~in is then cowel~ed to clihydropterin 6-CH,OH, which is then 
convefied to pterin by dihydropterin oxidase (Siiva et al., 1991). Pteriil is cowerted to isoxanthopierin 
by the enzyme xanthine dehydrogemse (EC 1 , I . I  204; xanthine:NAD- oxidoreductase). %anthine 
dehydrogenase also plajrs an inzpofiant role i.: the pul-ine metabdism of insects, catdyzing the 
conversion of xanthine to hy oxanthine and subsequenily uric acid. h o t h e r  ranch of the ptericline 
biosynthesis patilvay leads to the formation of sepiaprerin and biopterin. Dihydroneopterin triphos- 
phate is converted to sepiapterk by sepiapterin synthase ii; the presence of NADPH and ions. 
Sepiapterin is conven~ed to dihydrobiopterin whiie the oxidized fonn of sepiapterin is cowerted to 
biopterin, with both of these reactions being catalyzed by bioptel-in synthase. There are two families 
of droopterins- each having three i o m e ~ i c  nne~~~bers.  One of the families iriciudes drowpterin. 
isodrosopierin. and aeoclrosopterin, and the other family consists d t h e  related a.modrosopterins. ALE 
the drosopteriixi are dipteridine compomnds. with a carbon atom bridge between two ring systems. 
The first coinnitted step in the rynthesis of drosopterins is the conversion of dihydroneopterirz 
triphosphate to an unstable intermediate. 6-pyruvoyltetrahydrop~erin. by the removal of the phosphate 
groups. This unstable intermediate is then converted into pyrimidodiazepine (PDA) by the enzyme 
PDA synthase (Wiederrecht and Brown. ! 984). This is followed by a multistep p a t h a y  that involves 
the condensation of two pteridice ring systems and the removal of a three-carbon side chain. 

any kinds of mutations affect the pigmentadon of the insect com ound eye. i~iclrrding those that 
affect the ommochrorne and the pteridine biosynthesis pathways, the transport of pigments and 
their precursors, as well as those that affect pigment granule biogenesis. 
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E 4.2 The ommochrorne biosyn:hesis pathway. The omrnochrome biosynthesis pathway. with ckem- 
icu! structures of tile intermediates and eniymes, mhich catdyies the reactioris. (Modified and reprinted from 
Summer,. KM.. et al.. in Bcrridge. M,;., Trellerue. J.E.. Wigglesnorth. V.B. ieds.). A d i ~ i l r c s  iil hzsecr 
Phjsio!ogj. 16, Academic Press. Orlancio. F r .  1952. 1 19-1 66. With pern~issioil.) 

Imects in which mutations ablate eit er the synthesis of these screening pigments or the 
importation of these pigrneiits and their proper assembly into granules may not be completely blind 
in the strict sense of total absence of visual information reaching the brain. A large number of 
insect species with n d I  mutations iii either the syn~hesis or pigment importation pathways are able 
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E 4.3 The pteridine biosynthesis pathway. The pteridine biosynthesis pathway, with chemical struc- 
tures of the intermediates and enzymes, which catalyzes the reactions. (Modified and reprinted from Summers, 
K.M., et al.. in Benidge, M.J., Reherue, J.E., Wgglesworth, V.B. (eds.), Advances in lizstct P lzys io l~gy~ 16, 
Academic Press, Orlando, FL, 1982, 119-166. With permission.) 

to feed, mate, and even fly. Interestingly, however, mosquitoes and some other insects with such 
null mutations are not able to adjust the degree of their cuticle pigmentation in response to the 
shade of the background environment. The inabiiiey of mosquitoes with eye color mutations to 
make this adjustment (homochromyf has actually been used to screen for eye color mutations in 
Anopheles species ( enedict and Chang, 1996). Larvae of most Anopheles species with wild-type 
eye color genes, when reared in black pans, will develop a dark pigment in their cuticle, while 
larvae with null or even leaky eye color mutations will not make this adjustment and will have a 
relatively pale cuticle pigmentation. Such larvae are readily distinguishable from their wild-type 
peers even without the use of a microscope. 

any genes affect the transport of pigments and pigment precursors in the insect compound eye. 
and scarlet genes of D. melanogaster encode three differe 
ase superfamily of transmembrane permeases (also calle 

Cassette superfamily: Ewart et al., 1994). These are responsible for the transport of precursors for 
the synthesis of the ommochrome and pteridine pigments, and the protein products of these three 
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genes may act as a tran t complex. Null mutations in the lvhite ock transport and assembly 
of both ommochrome pteridine pigments in the granules, insects with null mutants 
in this gene have completely white o: pigmentless eyes. The W encodes an approximately 
2.5-kb transcript and the complete gene or white gene fragme een cloned from a number 
of different insects for the potential value of the wild-type ansforrnation reporter and 

gene have been identified 
., 1996; Zwiebel et al., 1995). The cloning of the ~vhite gene 

by the conservation of certain sequence motifs in this gene 
between the various species, including <he Luciiia cup-ina (Elirur et a!., 1990) and D 
white homologue (reviewed by Hazelrigg, 1984). The ~vh i f e  gene product contains 
hydrophobic membrane spanning domains. The ABC is present in the amino termilia 
and contains three highly conserved motifs, the n 
motif, and the consensus motif present in member 
(Walker et al.. 1982; Elizur et al., 1990; Besansky 
The hydrophobic membrane spanning domain is als 

The scarlet gene of D. melaizogaster encodes 
product shows similarities to the 51hite gene product (Tearle et al., 1989). M~tations in this gene 
prevent the formation of the brown xanthommatin pigment granules by disrupting the transport and 
storage of the pigment or pigment precursors. Formation of the red pterdine pigment granules is 

s mutation: thus lines of Drosophih mutant for scarlet have bright red (scarlet- 
ile both the white and scarlet genes are required for the formation of the ommo- 

chrome pigment granules, they do not appear to affect the erailscription levels of each other. The 
scarlet gene has been cloned not only from D. nzelaizogascei but also horn L. czyrina. the Australian 
sheep blswfiy, where it is called the topaz gene (Elizur et d., 1990). Null mulafons of the bmwiz 
gene eliminate h e  red pteridine pigments from the Drosophila eye. again by disrupting the transport 
and storage of the pteridine pigment precursors (Ferre et 1986). Ornmoc!wo~me pigmect Import 
is unaffected; thus flies with null mutations in the bl-m,i~ gene have brown-colored eyes. 

Another set of genes affects insect eye color because its members are involved in protein trafficking 
to the pigment granules. which are essentially specialized lysosornes (reviewed by Llsyd et al., 

E 938). The garnet gene encodes the Dmsophila homo!ogue of the delta-adaptin subunit of clathrin 
coat adaptor. Mutations at this locus are defective for the imtracellular trans orl processes reqe~ired 
r'or the formation of the pigment granules (Ooi et al., 1997). ition of lchite gene activky 
causes the elimination of the transport of both ommcchrorne ine pigment precursors and 

ts the formation of the pigment granules in the insect ey ontell etaai., 1992). 

The ommochrorne biosynthesis pathway is relatively simple and well characterized. The D. melan- 
ogaster vel-xilion ( V )  strain has a mutation in the gene that encodes the first enzyme ir, this pathway, 
tryptophan oxygenase (Green, 1949; Baglioni, 1959). (Note: This spelling was used in the original 
description of the mutant and has been preserved became of the gene-naming precedence policy in 
the Dmwphilci field.) This leads to the buildup of high levels of tryptophan and also the absence of 
subsequent intermediates in the ommochrome biosynthesis pathway. Strains with mutations in the 
tryptophan oxygenase gene in other insects include sizolv in A. nzelltfem (Dustman, 1968; 1975). u 
in the meal moth, Ephesria kiilziziella (Caspari and Gottlieb. 1975). green in the housefly, Mu.sca 
donzestica (Milani, 1975), yello~vish in L. ciprina (Summers and Howells, 1978), an 
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flesh fly, S a c ~ ~ p k a g a  Liarhato (Trepte, 1978). The product of the ti2ptopharz oxygmase gene is not 
cell autonomous and can be transferred across cell n~embranes and even tissue boundaries. T 
ti3ptophurz oxygemve gene has been cloned from many insects includng D. r"ie1anngasie:. (Searles 

Searles et al., 1990) and Atz. ganzbiile iM/iultabayire et al., 1996) and has been 
u s e f ~ ~ l  as a marker in heterologaus species (White et al., 1996). 

The carnation mutation in M ddomesticn has reduced activity for the next enzyme in the 
ommochmme biosynthesis path~vay. kynurenine formamidase. while the M. dorimiica green muta- 
tion lacits this enzyme activity entirely (Grigoio, 1969). However, mutant aninials deiicient in this 
enzyme activity are not known in other dipteran species. 

Kynurenine hydroxylase or kynurenine monoxygenase is encoded by the cirzrzahaI- locus in D. 
nzelanogcister (VJawen et al.. 1996). Strains carrying mutations in the gene for this enzyme in other 
insects include i 1 . o ~  of A. meil fem (Dustman, 1968; 19751, oci-CL of M. cdomestira (Milani. 1945). 
yellow of L. c~qrirza (Summers and Howells, 19781, and b,7ureizr'ne ~ d r ~ . x ~ ; l u s e ~ ~ " ' ~  (kiz") of k e .  

halla. 1968: Cornei et al., 1997). The product of the ~ n u i m i r i e  hydlv.xylase gene is also 
not celi autonomous. 

The enzyme pi~enoxazinone synthase Is involved the final step of the ornmochroine biosynthesis 
pathway. Strains of various insects that lack this enzyme include tangerine in L. c,~priiza ( S ~ a m ~ e r s  
and Howells, 1978), chnrtreuse in A. mellifera (Dustman, 1968: 1975). and c& in E. kiilziziellii 
(Collin and Klert, 1978). The cnrdinul mutant of D. nzelanogaster (Howeils et al., 1.977) has redrrced 
activity of this enzyme while icui-ntoisilz appears to be totally blocked (as null mutation) in this 
final step of the ommochrome synthesis pathway. 

The pteridine biosynthesis pathway is more comnpiex in terms of the number of steps involved, their 
regulation, and the interrelatioilships between the vaious steps of the pathway, 
mspberiy and pr~me ioci of D. iizelaizogusk~ have altered levels of GTP cyclohydroiase activity, the 
first enzyme of the pteridine biosqathetic pathway. This enzyme is encoded by the Punch iiec-ils 
(Macitay and OqDonnel!, 1983). Xanthine dehydrogenase, which com7erts pterin to isoxanthoperin, 
is encoded by the rosy locus in D. nzeinnogastei- (Reaurne et al.. 1991). The p r p l e  locus is involved 
in the regtdation of pteridine biosynthesis in one of the steps converting dihydroneopterin triphosphate 
to sepiapterin (Wilson and Jacobson. 1977). Mufations in this gene cause reducrion in the enzyme S- 
pyruvoyl tetrahydropterin synthase (previously called sepiapterin synthase A) or PTP synthase. This 
83-kDa enzyme catalyzes the conversion of dihydroneopterin triphosphate to 6-pyruvoy! tetrahydrop- 
terin phosphate and also is involved in the synthesis of biopterin, The little isowizihopiilrerin (h?:) gene 
is the structural gene for dinydropterin oxidase in D. nzelnnogcrster (Siiva et al., 1991). 

The pugilist gene of D. melumguster encodes a trifunctional enzyme methyleneietrahydrofoiate 
dehydrogenase (MFHFD; E.C.1 .5.l.5: E.C.3.5.4.9; E.C.6.3.4.3) and is involved in purine biosyn- 
thesis (Rong and Goiic, 1998; see Chapter 3 by Rong and Golic). Thep~tgilist~""~""'"' (pugD) mutation 
reduces both ornmochrome and pteridine pigmentation in the compound eye. The primary effect 
of this mutation appears to disrupt purine biosysnthesis. Since ptericlines are synthesized from <he 
precuxsor GTP, this causes a drastic reduction in the pteridine pigmentation. Since pteridines are 
required for normal ommochrome pigment granule formation in Dro.sophiln (Summers et al., 1982; 
Weaume et al., 199!), this leads to a reduction in the amount of ommochrome pigments. However, 
it is not known if this dominant mutation would affect eye color in insects such as Arzoplzeles. that 
do not have pteridine eye pigments. 

Eye color mutations haw been frequentiy observed in various insects; however, the genetic 
lesions that cause these mutations is often unknown. A factor that often leads to confusion is 
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the convention of naming the mutatiors ic varioiis species according to their phenotype, Thus. 
. ~ 

we find a plethora of %,hite'~ mutations for different specm IE [he literatureg none of which may 
be actualiy a I!? rbe ABC Zansporrer ~thi te  gene. acd that refer to i-iifferent genetic 

. . 
lesmns rn 63ff.erent species. An example of this n.izu?d be the strain of Ae. aegjpti having a white 
eys phenotype originally described as white (Bhalia, i968). but was later found to be clue to a 
nd? mutation i~: the icynurenine hy&oxy!ase gene a i d  re~named Jgxrli-mii~e hydi-o:i~la.re"~'~' (or 
klz"; Cornel et al., 1997). The ii,hite gene of A?. i leg~pii  has been c!oned (Coates er al.. 19979, 
but none of the three Ae, a e g ~ l i  mu~aiions iha! produce while eyes -- M:'. ci-euin (L. Whmster- 
manr:. unpublished). and another mutant in she cream locus identified by S. Kiggs, ~mpcblished 
- is a mutation in the ".\~.l?ite gene" responsible for pigmelit :m~<,port. Mutations resulting in 
white or other nc.11-wild-type eye coiors h a w  been described in  mosqui;oes, including An. 
gomhiae. An. :rihiimiziis, Ai7. q i i ~ ( / ~ i i ~ z a c ? ! l i l ~ ~ ~ ~ . > ~  (see Seixdict er a!.. i996), AT;, .stc,uheizsi (e,g., 
Akhtar and Sakai" 1985)- Ae. negjprt, Ae. n:n.i.cni-eizsi.s (Hartberg and Craig. 1974). the CL&Y 
pipiens complex (Sakai eL al., 1980; Warang and Semright. 19851, C:. frliael:icivh!;i~chl::: (Dubash 
et al., 1980). and many others. Mast of these mosquitoes were well studied genetically. and often 
as many as three different loci %ere found :hat affected eye color. Unfort~~nate!y. with the notable 
excepriorls of Ail, ganlhiue, An. albi~iznn~is. An. r/ztnt;!j.irnacliirii~~~r~ An. stqheizsi, and Ae. aegjpti, 
most of these mutations have s k c e  beer, lost. 

Various genes affecting the color of the compound eye have been successfuliy used as icorabie 
illX.ers in the creation of transgenic insects (see Color Figure I).* The 6rst reported gennline 
lransformation of an insect was that of a D. inelunogas~rr strain carrying the wsj. mutation. A P- 
transposable element marked with the wild-ty e msj3 (xanthim dehydrogenaiej gene was ased to 
transform stably arid rescue the wild-type ey coior of the h i t f l y  (Rubin and Spradiing, 1982). 
ihe  ~i,lrite gene was SL!~S.  uently cloned and used as a marker of choice for routine P-element- 
mediated :rans;bri-nation o D. melarzogaster (Klemenz et al., 1987). The whiie gene of D).. melm- 
ogasrel- has ASO been used as a marker for the transformation of D. ?.;zeluizogaster using the mm-iner 
(lidholm et al.. 1993), Hiinnes IO'Brochta et al., 1996) and piggyBac (KSandler acd Han-re!!. 1999) 
transposable elements. Earlier, D. viiills was transformed using the hobo transposable elemernr, 
with the D. inelanogasier tthite gelic as the marker (Lozovskaya et al., 1996; Gomez and Baizjier, 
1997). serving as an exampie of the use of eye color gene conlpEementatioa in heterologous species. 
The white gene of C. wrpitatn. was cloned (Zwiebei et al.. 1995) and mecl as a transformation 
marker for a strain of that species wifh a null mcrlation a: the white ?.e locus. The transformation 
vectors used were the transposable elements Minas (Loukeris et al.? 1995) and piggyBac (Handler 
et al.. 1998). 

Recently, :he cloned cinnabar (m) gene from D. rnelaaognstes was shown to be able to rescue 
e colo; in a strain of Ae. aeg?pti with a null inntation in the kyncrenine hydroxylase gene, khn' 
halla, 1968; Cornel et al., 1997). Larvae reared in water containing 3-hydroxyicynurenine and 

embryos injected with the cloned D. melanogaster cuz gene both showed transient rescue of eye 
color in both the larval and adult eyes. This confirmed that the white-eyed phenotype of the Ae. 
uegypti kkz" strain (previously called $j>e or whire eye by Bhaila. 1968) was due to a defect in the 
gene encoding kynureni'ke hydroxyiase (Cornel et al., 1997). The kh", strain was subsequently 
transformed with both the Herales and mariner transposable elements carrying the Drosoplziln 
wild-type cn gene as a marker (Jasinskiene et al., 1998: Coales et al., 1998). 

; X o l o r  Figure 1 follows p. 108 
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Genes affecting the pigmentation of the insect compound eye offer a large number of advantages 
for use as markers for the selection of transformants. Strains can-ying these mutations are available 
in many economicaily and medically important insect species. Also, eye color mutations are 
relatively easy to isolate in various insects because they are visible and are usually not associated 
with major reductions in fitness, especially in laboratory conditions. any genes that affect the 
eye color have been cloned from various insects, including the white gene and the structural ger?e 
for tryptophan oxygenase (vernzilion). Most of these genes are relatively small, in the order of 2 
to 3 kb or less, and are thus suitable for use with the available transposable element vectors. 

Another maker  that has been proposed for use in insect transformation is the gene for the 
green fluorescent protein (GFP) from the jellyfish, Aequoren victoria. However, GFP requires the 
use of ultraviolet light to detect its expressioc. On the other hand, the expression of eye color genes 
such as white and the structural genes of the ommochrome synthesis pathway are easily observable 
to the naked eye and appear to have no deleterious effects on the growth and development of 
transformed insects. 

f the many eye color genes potentially useful as markers for insect transformation, the most 
promising ones appear to be the structural genes of the ommochrome biosynthesis pathway. The 
ommochrones appear to constitute the major group of shielding pigments in all insects studied. 
Two major genes in this pathway. those for tryptophan oxygenase (vel-miliorz) and kynurenine 
hydrolase (cirzmrbar), offer many adimtages as markers. They are relatively small, well character- 
ized, and can be used in heterologous species. For example, the gene encoding tryptophan oxygenase 
ili An. garnbiae can rescue eye color in the verixiliaiz mutant of D. nzeluizogastel- (Besansky et al., 
1997). while the kynurenine hydroxylase gene (ci!znabai-) from D. melaizogaster- has been used as 
a marker in the khM strain of Aedes aegjpti (Jasinskiene et al.. 1998; Coates et al., 1998). These 
genes do not have major pleiotropic effects and are not deleterious even when present in multiple 
copies. Another mz.jor advantage is that they are not cell autonomous; i.e.. their expression is not 
required in the pigment cells to see coior. This is because their gene products w the products of 
tile biochemical pathway on wl-iich ;key act can be translocated across cell membranes and even 
tissue boundaries. This property can be used to test the ability of these genes to rescue mutant 
phenotypes transiendy in different species (Come? et id,. 1999). Er also permits various potential 
trans:'ormaiion constructs with different marker promoters or of different sizes to be tested in 
transient assays rather ihan in laborious transformation assays. 

Genes affecting the pteridine biosyxthesis pathway are unlilcrely to be useftd as marIiers in many 
insects for a nurnber of reasons. Many of the known genes in this pathway af'ece purine biosynthesis 
and metabolism, and mutations in these genes have pleiotropic effects that appeau to affect the 
fimess of the insect adversely. Also, because of the branched nature of the pteridine biosynthesis 
pathway, many mutations do no; completely abolish the production of the ptesiaine pigments. 
Finally, (he medically important dipteran family of Culicidae (mosquitoes), and possibly other 
insects, appears to lack visible ptericiiile pigments in the compocriid eye (Beard et al., 1993, 

Transport group mutants like white, bi-owx, and scnrlei and granule group mutants like garnet 
of D. rnelaiiogasrei- are also potentially less useful than mutants in the ommochrome biosynthesis 
pathway. This is because they are cell autonomous, immllp have pleiotropic effects, and are found 
as rnultimeric complexes; thus, they may have phylogenetic restraints. 

We believe that genes involved in ommochrome synthesis coupled with the appropriate null 
mutations offer the most flexible and robwt eye color markers for insect germline transformation. 

Furrher information on D. nz~laizogusfer eye color mutations and strains can be obtained from 
internet resources such as the Flybase (http://fiybase.bio.indiana.edu) and the erkeley Dl-osoplnhila 
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Gemme Project (http://www.fruitfiy.org) Web pages. The Web page of Celera Genomics Corpora- 
tion is http:l/www.celera.csm. Information on mosquito strains and genes are available at the 
Mosquito Genornics W 1%. server (http:/klab.agsci.co!ostate.edu/). any interesting eye color 
mutations in Anopheles are described at the Anopheles Genetic Resource in 
(http:llklab.AgSci.coiostaIe.EDUl-n~benec, which is maintained by Dr. M 
Centers for Disease Control, Atlanta, GA. 

The authors wish to thank Rajyashree Ray and Ali Dana for heip with the figures. 
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Over the lass few years. interest in geneticallg. 111anipu1h-g in\w:ebrates has increased. and recentiy 
de'.e!oped technologies have revoiutioni~ed the ability to engineer insecs geix~ically. One of the 
crilical issues for iasect rra.nsformalioe is the abiiity to readily differentiae between transformed 
and untransforned indiviclui?..ls. At present. genetic manipulatioi~ lcl..cks spec'ificiry in t e rm or' being 
able to target genome sites for integration of heterologous DNA. As a resu':t, a gi~ren transfomction 
experiment may p rodxe  individuals that have different numbers of inserf ons and clifken!: inser- 
tionai sites. Due to pesitional eflecr. ;he phei~otypes of these differerr; iniii-id?_rals may 1-zry. 
Consequently. il is ilnportant to identity cra~zsfonned individuals quickly so h i t  separate, pure 
transgenic ?ines may be reared and tested for the desired phenotype. 

When efforts to produce "iansgenic mosquiroes were begurr. hhe available ncmber of reporter genes 
was small. For h o p h e l e . ~  ganzhirre. A e d a  li-isericntus, aiid Ae. aegypti the bacterial neomycin 
phosphotransferase gene (nrri), which confers resistance to the arninoglycoside antibiotic Geneti- 
tin@ (ako known as C418 and neornycin), was chosen (McCrane et al.. 1988; Milier et al.. 1987: 
.Morris et al., 1989). Potentially transformed mosquitoes were exposed in the larval stage to 6418 
added ro the rearing water at doses that would kill most wild-type larvae, and so enrich for 
transformants containing the resistance gene. In similar experiments, the bacterial lzyg gene encod- 
ing for resistance to hygromycin was also used (V. McGrane, personal communication). The two 
reagents are toxic to both prokaryotes and eukaryotes. As a selectable marker for n-nosquito irans- 
formation, it was necessary to determine dose-response curies by exposing larvae to difkrent 
concentrations of antibiotic added 10 the water in which they were reared. Once this was established? 
the lethal concentration required to kill 50% of exposed ype larvae (W,,) was used to select 
potential :ransforniiints. Using this procedirre* researcher able to identify rransiorrned insects. 
The procedure has inherent problems; for example. by using the K,,. 50% of wild-type individuais 
may be expected to survixc. Altl-aough ",lie surviving population should be ""enricheci" for transgenics, 
further time and effort are required :o isolate the :ramformed individuais. In addition to resistaance- 

ased selection, nutritional selection may aisc be operating since aquatic bacteria populaiions upon 
hich mosquito larvae feed may be killed. Furthermore, 50th G41 8 and hygromycin are hazardous 

to researchers and therefore require careful handling and disposal. When rearing 400 larvae per 
500 ml of water, volumes of toxic waste can ly  escalate to problematic levels. However, :he 
idea of selection based upon kiiillicg wild-type duals remains attractive. Chemicals considered 
for selection have included, for example, paraoxan (OPD) an 

dict). Although these can be used. to seiect 
have handling problems. For example, wh 

methanol is solubilized in acetone. Vessels are surface-coated with the suspended OPD by swirling 
and allowing the acetone to evaporate. Insects are placed in the cont and die as a result of 
contact exposure and adsorption of OPD through the tarsi. To inactivate . vessels are immersed 
in a solution of NaOH (10 M). One problem is that toxicity is related to mosquito size (A. .Tames: 
personal communication). This necessitates separate exposure parameters for males and females. 
A more serious and unexpected problem with OPD-based selection was that some mosquitoes may 
harbor bacteria with an OPD-resista:lce gene. Thus. when screened by PCR and Southern hybrid- 
ization. some wild-type mosquitoes may be identified as transz'omants. Similar problenx associated 
with bacteria have been experienced when p-galactosidase was used as a marker. The utility of 
other chemical-based selection systems (Rdl and N discussed in Chapter Q. 

As discussed elsewhere (see Chapter 4 by Sark Collins), phenotypimmkers based on 
genes that determine the eye color in Dr-osophila melaizogaster have been successfully used as 



marlccrs of rransgenesis in several species of- Diptera. Since these genes a.re insect derived. it is 
known that they can function nonlethally in i~~secis .  However; for these to be usehl  as markers, 
the insect species of interest must have suita ie eye colol- mutants i~ which the marker gene can 
cause a phenotypic change. Unfortunately. suck mutants are unavailable for many. if not most. 
insect,. Phenorypic changes in eye soior may resu!t from mutations at more than one alkle (see 
Coates et al.. lS97), and so some apparently ideal phenotypes may therefore be genetically vmsiiit- 
able recipients for rhis type of eye color rescue. For example. in Ae. acg>;pti. at least one white- 
eyed strain (Higg.;) exiss that cannot be rescued by the ci:inubar (mj gene :M. Nguyen and 
A. Jarr-ies, unpublished). FoitilnateEy. two species of insect in which researchers are interesred, 
Ae, rregypti and  he rnedfly Cer-oriris cupiraln. pwe breeding eye color mulants are available Chat 
are suiabie recipients. 

The genes uAiie (11.) and cinnabar icn) from D. rneiaizogasier ha\-e proved to be particularly 
useRd as phenolypic markers. The white geae homologue has enabled identification oT C. c~pitoln 
transformed using the Minos element from D. kj.dei (Loukeris et al., 1995). The use of the cirvzabi~r 
gene lzas been key in demonstrating the uWty of the transposable elements 17zai-iner* and Hemzes 
for transformation of Diptera (Cosies et al.. 1998). The expression of this gene in Dro.sophila 
produces the cinnabar eye phenotype, The white-eyed kjxurenine I~ydl-o.~yliise-i~~Izit~ (klz") Rock- 
efeller strain of Ae, negpfi (Bhalla, 1968: Jasinsltiene et al.. 1998) has a mutation that blocks the 
catalysis of kynurenine to 3-hydroxykynmenine and hence omrnochrome pigment formation. This 
mutation is homologous to the cinizubrii. gene and so  rescue^' through expresion of the cirzmbai- 
gene is possible. Introduction of a sing!e copy of the gene into this strain is sufficient to produce 
coloration, although pcsitional effects influence coloradon patterr! and intensity (Coates et al.. 1998; 
Jasinsltiene et al., 1998). The ciiumhar gene has proved to be inheritable through several generations 
and can facilitate selection against heterozygotes and releriants, the eyes of whic 
colored than those of homozygotes. Although eye color genes have a number of desirable charac- 
teristics as markers of transgenesis. their genetic specificily and the lack of suitable recipient strains 
in some insects limits their usefdness. 

For reasons outline above, a marker system based upon either chemical selection or eye color 
henotype is not ideal. Undoubtedly. as knwxiedge of molecular genetics and understanding of 

specific insects of interest increase, other insect genes will be identified that can he used as promoiers 
or reporters for insect transgenesis. The ideal reporter would have a number of cha.racteristics: 

I .  Easily detected with simple equipment 
2. Not present in wild-type organisms or their associated symb' jmnt~ 
3.  Deiectable at an early developmental seage (preferably first instar larvae) 
4. Nontoxic (presence does not reduce longevity or fecundity) 
5. Stable (i.e., not prone to deletion or mutation to reduce functionality) 
6. Heritable 
7. Detection related to copy number 
8. Expression from somatic tissues and germline integration distinguishable 
9. Homozygoies and heterozygotes distinguishable 

10. Requiring minimal handling of recipient 
1 1. Not species-specific 
12. Expression minimaliy influenced by insertion site into the organisms' genorne 

From this hst, one might conclude that a phenoiyp~c marker that can be seen with the naked 
eye 1s the marker of choice. For mosquito research, one gene and its product - green fluorescent 

) - has recently proved to be especially useful. This gene has been used as a marker 
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for tramgenesis in a variety of organisms, including species of plants, teria, yeast. nemato 
insects, fish, amphibians, and mammals (see Chalfie and Kain, 1998). e only can it be use 
identify transgenics, but it can be fused with a gene of interest and, through coexpression, be u5ed 
to track the tissue-specific expression of an associated gene. 

was first extracted from the jellyfish species Aequor-ea nequorea (Shimomura et al., 19 
Some reports (for example, Prasher e al., 1992) use the name A. victoria; however, it seems 
there is insufficient evidence to consi er this a separate species (Shimomura, 1998). A gene ( 
10) encoding GFP was clon by Prasher et al. (1992). At least five variants of GFP have been 
identified from Aequol-ea ( sher et al., 1992; lnouye and Tsuji 1994; J .  N. Watkins and 
A. K. Gambell, unpublished) major accomplishment occurred in 1994 when experiments were 
reported that demoi~strated the functional expression of a gfp gene in Escherichia coli (Inouye and 

) and in both E. coli and Ccmzorhubdi~is eleguns (Chalfie et al., 1994). The demonstration 
uld be produced in the absence of jellyfish-s ecific cofactors was the critical event that 

reporter of broad applicability. 

There are now several varieties of GF available for research. The following discussion refers ro 
GFP), with characteristics of mutant GFPs being described in later sections. 
monomer of 238 amino acids, and emits green light (h,,, = 509) when excited 

with ultraviolet light (h,,, = 395). The wt GFP obtained from Aequol-ea has a relatively complex 
n spectra. since two chemically distinct proteins are present. In addition to the major peaks 
d above. a second emission at 503 nm results from excitation at 475 nm. Light emission 

is due to a p-hydroxybenrylideneimidazoii~~one chromophore consisting of a cyclic tripepiide 
m 

derived from a. Ser-Tyr-Gly motif a.t posit io~~s 65 to 47 in the protein sequence. I he nascent cvt 

GFP does sot  fluoresce. For fluorescence io occur, a post-iralzsiatimria1 cyclization reaction together 
with oxidation of the Tyr-S6 is required to generate the functional chrom 
strates, or coexpressed genes are not required. Provided that molecular 
f~rnc:ionai chromophore can, therefore, be fo a wide variety of cell Vypes and organisms so 

may be visualized in sitzi. The secondary, tertiary, and quaternary structure 
been elucidated (see reviews b s. 1998; Tsidn. 1998). Crystals may form as 

dimers or monomers, and are formed as an a-helix containing the chromophore, enclosed within 
cited F-can ( O m o  et al., 1996: Yang et al., 1996). 

ical and physical properties of GFP hawe been reviewed by ard (1998). Wt GFP 
is relatively stable within a wide range of environmental conditions. Flilorescence occurs within 
a pH range of 5.5 to 12, and n the presence of mild reducing agents. Chromophore formation 
is temperature sensitive, wit fluorescence being more intense at relatively low temperatures 
(for example, 15°C vs. 37°C). This temperature sensitivity is due to the efficiency of protein 
folding. which declines as temperature increases. However, if the protein is allowed to mature 
at low temperature, fluorescence is retained at least to 65°C (Tsien. 1998). Sensitivity to some 
organic solvents m s that certain histological procedures may influence or ablate fluorescence. 
Fully denatured G oes not fluoresce, and if it is impractical to examine wt GFP in living 
tissues, fixatives. ing agents, and other stological reagents should be rested carefully to 

bleaching upon exposure to 
fluorescein. The photobleac 

Although wt GFP may be excited and visualized using commonly 
microscopes that are equipped with FHTC filter sets, these do not provi 
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Excitation filters for Ruorescein produce light of approximately 450 nm, but for wt @FP the A,,, 
is 395 nm. Due to rapid photoisomerization and loss of the fluorescent signal, excitation at 395 
nm is not recommended. Use of FITC filter sets therefore result in fluorescence from the 470-nm 

sorbance peak and quently signal from wt GFP using FITC filler sets is suboptimal. Other 
aracteristics of wt also in~pose limitation of its usefulness. for example, the suboptimal 

folding at 34°C. 

For reasons outlined above, wt GF s characteristics chat compromise its usefulness in certain 
as chemical mutagenesis and error-prone PCR, the 

ce engineered GFEs with characteristics that are optimal 
expression in a range of condition en examined with FITC filter sets. Some mutants 
e been produced that fluoresce opti~nally with alternative filter sets. For truly optimal 

visualization, filter sets that precisely match the excitation and emission characteristics of each 
GFP variant are available (for example. from Chroma Technology Corp., 72 Cotton Mill Hill, 
Unit A9, Brattleboro, VT). Tsien (1998) classifies variants of GFP into two categories with 
seven classes: 

A. Derived from polypeptides with Tyr at posif on 66 
ild-type mixture of neutral phenol and anionic phenolate 

Class 2. Phenoiate anion 
Class 3. Neutral phenol 

4. Phenolate anion with 
from a polypeptide with 

Class 5. li~dole 
Class 6. Imidamle 
Class 7, Phenyl 

The so-called i-ed-shifted variants of T V ~  GFP have excikation peaks tween 488 and 490 nm 
(Table 5.1). This change is produced by substituting amino acids within adjacent to those oP the 
chroinophore (for example, $he-64 to Leu and Ser to Thr substitutions). To 'optinxire GKP 
expression for specific cell types and conditions. ad onal mmeions have been generated. For 
expression in insects and insect cell lines, boCh wk variants have been used (Table 5.2). - t o r  general use in transgenic insects. the class 2 enhanced variant "EGFP" is robably the GFP of 
choice. All variants with the GFP notation emit green light; however, mutag esis has been used 

YFP is being assessed for use in insects 

A new red fluorescent protein (DsRed) that was isolated from an Pndo-Pacific sea anemone- 
relative Discosomn srviatn has very recently become available et al., i999). It has an 
emission maximum at 583 nm and excitation maximum at 55 . making it most easily 
dis:inguishable from GFP and the GFP variant Specific filter sets are not as yet available, 
it is easily detectable us ng rhodamine or pr idium iodide filters (see Clontech catalog for 
additional information). ts use has not yet b reported for insects, and will not be further 
discussed here, although it clearly has great potential for use as a marker in insects and especially 
for double-labeling purposes. New fluorescent protein markers may be expected as well in the 
coming years. 
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pG%P (Clontech) 395 (470 niinoi) 509 I 
pGFPuv (Clontech) 195 509 18x 

pEGFP (Clontcch) 

pGreen Lantern-l (Gibco-HRL) 

pEBFP (Clontech) 

pEYFP (Clontcch) 

pDiKed (Clontech) 
pDsKedl (Clontech) 

488 

490 

3 80 

513 

507 

440 

527 

583 558 
583 558 

3 5 X  

40x 

nla 

nla 

nla 

1113 

utatiosls 
None (wild-type) 

Val- I63 to Ala 
5 Arg codons replaced to optimizc expression in E. coii 

FWS, M I 53-r 

Phc-64 to LCU aiid Scr-65 to Thr >190 “humaninxl” 
mutations to maxiniize mammalian codon usage 

Ser-65 to Thr 
S O  “humanized” mutations to innximile mammalian 

ccidon usage 

Accession No. 
U I7997 
U62636 

U7656 1 

4 AA substitutions n/a 
> I90 “humaniLed” mutations to maximize inainmaiian 

codon usage 

4 AA substitutions nla 
> I  90 “huinanixd” mutations to maximize mammalian 

codon usage 

None (wild-type) 

144 “humanized” mutations to maximize mainmaliaii 
codon usagc 

AFI 68420 
nla 

i 

m 
I, 
3 a Not?: For a more dctailcd description see Tsien (1998) and Mati et al. (1999). 
> 
0 
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System 
dsSIN 

AeDSV 

He~mes  

deSlN 

pggyBac 

CFP Variant 
GFP, S65T GFP 

S65T GFP 
EGFP 

GFP. S657 GFP 

EGFP 

insect Species 

Aedes aegypri 

Ae, negyr i  

Ae. ncg?pti 
Ae. triserintus 

Ann.sri.epha suspeiz.ru 

e?'. 
Wiggs et al., 1996 

Afanasiev et al.. 1999 
Pinkerton et al.. 1999 

S. Higgi (unpublished) 

A. Handler (personal 

communication) 

Higgs et al., 1996; Olson et al., 

1998 
S. Higgs and C. Barillas-Mury 

(unpublished) 

A. Handler (personal 

communication) 

Yamao et al., 1999 
A. Handler (personal 

communication) 

M. Allen, C. Levesquc. 

D. O'Rrochta. P. Atkinson 

(personal communication) 
Higgs et al., 1996 

4. Rayms-Keller (personal 

communication) 

J. Buvns (peraonal 

communication) 

A. Handler (pel-sona! 
commiinication) 

D. benis et al., 1999 

D. Lewis et al.. i999 

D. Lrivla et al.. 1999 

D. Lexxis et al.. 1999 

Xiggs ei al., 1996 

Afanasiev er a!.. 1999 

GFP 

S65T GFP 

EGFP 

EGFP 

EGFP 

EGFP 

S65T GFP 

EGFP 

C-FP Pseudotyped rctrovirus 

EGFP 

EGFP 
EGFP 
EGFP 

EGFP 

GFP. S65T GFP 

S65T GFP 
S65T GFP 
S65T GFP 

dsSih 

dsSlN and SmRepS 
drSlN 

dsSiN and SmRepS 

d S I K  

AeDNV 

dsSIN (MRE-I6 ~ersion) S. Flipgc (unpublished) 

dsSIN (MRE-l6 xersion) S. Higgs (mpubliihcd) 

From the characteristics described above, it is clear that GFP, in particular, EGFP, has a number 
of advantages over previously used selectable markers. There are: however, some undesirable 
characteristics and problems with the use of GFP 0th useful and probiematic attributes of CFPs 
are described below. with solutions to some of <he problems discussed in Section 5.5.5. 

1. Expression and visualization is poscible in a broad range of cell types and organisms 
including bacteria, protozoa, arthropods, nematodes, fish, amphibians, mammals. 

2. No cofactors are required. 
3. It is nontoxic and does not result in production of toxic waste. 
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4. Fluorescence may be visible from single-copy insertions. 
5 .  Insertion site has retativeiy little influence on GF 
6. High visibility allows for rapid screening of cells and organisms sooil after transforma- 

tion. Insects can therefore be screened at early stages to eiiminate nontransformants and 
efforts can be focused on transformants. 

e sorted by fluorescent-activated cell sorte CS) analysis allowing enrich- 
ment of cultures. This livery based upon infectious 
agents (e.g., dsSIN an 

8. Correct cloning into plasmids can be confirmed in bacterial vectors. 
9. Stability may facilitate population mark se-recapture studies - even if insects 

are dead when recovered (>l4 days for E A. Handler. personal communication). 
Stability can permit precise iocalization in specimens prepared for histology. Antibod- 
ies are also available. 

10. The relatively small size and activity from most ositions within the reading frame allow 
GFP to be cloned to fun as a fusion protei (N- and C-terminal). 

11. The small size of the G oding region (approximately 714 nt) allows for testing in 
other systems (e.g., dsSXN), prior to tedious transformation procedures. 

rimers are commercialIy availabie for PCK confirmation of inserlion. 

1. Visualization requires a 
2. Requirement for oxygen 
3. The relative stability of may be problematic for protein trafficking research, but 

s of GFP are available. 
4. undesirable, but EGFP is more solubk that wt CFP 

P Whea Expressed in Insects 

1. GFP fluorescence in tissues and internal organs may be obscured by the color of the 
insect exoslteiecon. Fortunately, many immature stages are transparent or translucent. 

2. GFP fluorescence may e confused by autofluorescence (for example, as associated with 
food, Malpighian tubules, cuticle and necrosis). 

3. The intense illumination required for visualization may adversely affect insects, espe- 
osure for photograp 

This section deals with GF expression in systems that are specifically appropriate for insect 
transgenesis studies. In  vitro expression is include since it is often important to confirm successful 
cloning and expression prior to in vivo work. Some techniques, such as F A G  sorting and GF 
expression in plants. are not discussed. If required, these can be obtained from sources and 
references listed at the end of this chapter. 

ior to transformi expression of GFP in mosquitoes using infectious 
could not be visualized using these systems, then the 

low copy number expression anticipated from germline transformants wo d be unlikely. Although 
Sindbis (SIN) viruses have primarily evolved to infect mosquitoes. the ouble subgenomic SIN 
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(dsSIN) viruses have been successfully used to express genes including GF in other organisms 
(Tabable 5.2; Lewis, et al. 1999). Detailed protocols describing ail aspects of sing dsSHN viruses 
for gene expression in mosquitoes are available (Higgs et al., 1997; see Chapter 8 by Carlson et 
al.), and are only briefly given in this chapter. The dsSIN viruses used have been based upon the 
TE13'2J vectors that have a limited capacity to infect mosquitoes when presented orally. Efforts to 
engineer the current dsSIN vectors to extend the host range, for exa e, by substituting the 
structural genes of TEI3'2.I with those from the more oraly infectiou E strain are ongoing 
(see Chapter 8 by Carlson et al.). Densoviruses (see Chapter 8 by C et al. j, that have the 

oteniiai to integrate into the mosquito genome have also employed EGFP as a marker. 

To determine if GFP could e expressed and visualized in mosquitoes, the dsSHN system was 
utilized to test both wt CFP nd an enhanced red-shifted mutant @FP (S65T GFP). The bacteria 

smids for cloning purposes were screene by examining for GFP using ultraviolet 
pGFP and pEGFP plasmids contain an ampicillin-resistance gene for antibiotic 
ated on agar, colonies have been allowed to grow and then are screened by 

ultraviolet transillumination with green colonies selected and transfen-ed to liquid culture containing 
ampicillin. From these cultures, DNA was extracted and cloned into 5s vectors and virus was 
produced as previously described (Higgs et al., 1997; see Chapter 9 by 

Sindbis virus expression systems have been used no express GFP in several species of mosquito 
(see Table 5.2; Color Figure 2*), including Ae. aegypti (Higgs et al., ? 996): Ae. t~iseriatus (S. Higgs. 
unpublished); Anopheles gnnzbine iHiggs et al., 1996; Olson et al., 1998); An. stephensi (S. Higgs 

arillas-Muray, uapublished). and Culex piptens (Higgs et a?., 1994). Initial studies were 
with mosquitoes that were intrathoracicaliy inocuiated wit the virus, TE/3'29/GW ( 
1996). Larvae were t r a n s f ~ ~ e d  to wet gauze pads and viewed under an OZymps 
microscope. A simple inoculaeion apparatus (Rosen and Cubier, 1974) with ghss  capi 

roxirnately 20 pm in diameter was used to intrarhoracically inocuia-te 0.5 pl of virus. 
immediately returned to rearing pans. At intervals, larvae, pupae, and adults that 

eclosed from the inoculated larvae were examined for GFP ex ression as described below. 

In addition to its ability to infect mosquitoes productively, TE/3'2J/GFP has been found to infect 
a wide variety of other insect species, namely, the Le idoptera Pwcis coeniu (buckeye butter 
and Papilio g l a ~ ~ u s  (tiger swallowtail butterfly), the coleopteran TriDoliurn castavzeunz (red Aour 
beetle), and rhe hemipteran Oncoyelfils fasciatus (milkweed bug). Sust as in mosquitoes, infect- 
ability appears to be independent of the developmental stage of the animal. Injections of 
TEI3'2JlGFP into P coenia larval and pupal stage animals using a Hamilton syr 
needle have resulted in the expression of both GFP and viral E l  antigen in infect 
Section 5.5.5.2). In addition. the embryos of beetles and ndkweed bugs have be 
susceptibie to infection w TEl3'291GFP. Injection of embryos is a it more problematic than 
injection of animals evelopmental stages because of their small size and the presence of 
a chorion that may ult to puncture or remove in some s ecies. However. successfu! 

ryonic injections with good survival rates of t h e  two s ecies have been achieve 
expression can be detected in both living or fixed embryos. 

": Color Figure 2 follows p. 108 
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As an alternative to inoculation. a new technique has been developed (Higgs et al., 1999: Le~xiis 
et al.; 1999). By using the dsSIN vectors based upon the Malaysian MRE-16 strain (Seabaugh e; 
al., 1998). C6136 (Ae. a1bopici~i.r) cells grown in T-25 flasks were infected a t  a multiplici:y of 
infection of apgroximateiy 0.01. At 24 to 42 h postinfection, cells were resiispexkd by scraping, 
and newly hatched larvae were introdnced into the aasli and allowed to feed. At time interiais, 
larvae, pupae. and resulting adults were examined as describer! above. A similar technique to inkci  
other aquatic arthropods orally, including the crustacean, Artemia fizlnciccu~n, has been used. in 
this case, 2 x 106 C6/36 cells are infecicd ;with TE13'23iGFP i ~ r  a nmitiplicity of infection of i in 
a 1.5-rill tube. At 24 to 26 1: ~oskinfection, freshly hatched Ariernia n~rzyiiii are added and nili;wed 
to feed on ihe infected ceils for 24 h. The Ai.tel,~iii are then removed from the rnbe and allowed to 
develop for an addi~ioiiai 24 h in 1% artificial seawater. y u i n g  this method. up to 10% G:' the 
animals showed GFP expression. This technique has proved to be effective and night be adapted 
to nonaquatic insects feedirig upon moist diet if infected cells were placed on the iurhce with 
feeding larvae. Drying will a!rnost certainly result in loss of viral infectivity. To infect the adult 
stagep ~nosquitoes are placed in a refrigerator fm 10 to 20 min and. once cold-amesiheeized. 
transferred to a chill tabie (BioQuip Products. Gardena, CA) an? inoculated using an appxa.tiis 
identical to that as used for larvae. 

The parvovirus expression system based upon AeDNV has been engineered to express GFP iii Ar. 
aegypti inosquitoes (Afanasie~ et al.. 1999). This expression system is described in Chapter 8 by 
Carison and so it is not discussed in detail here. riefly, C6135 cell cultures were cotransfected 
with pUCA and pNSI-GFP~ using hpofectin. Ai 48 h post-transfeclion, medium and cells were 
centrifuged at 32.000 rpm in a Beckman SW48 rotor to concentrate the viral transducing parf cles. 
The concentrated pellet was resuspended in 2 ml of water and sonicated for 30 s. Day-old mosquito 
larvae were added to the sonicated supernatant, maintained at 28°C for 24 h. and then t ransfer~d 
to approximately l Piter of water and reared under standard conditions. Individuals were examined 
pei-iodically and GFP was observed in Larvae. pupae, and adults (Afanasiev et al.. 1999; T. Ward. 
personal communication; see Color Figure 2D and E ). 

Technigiies for insect transgenesis are thoroughly covered in other chapters. Several of these systems 
have successfully incorporated GF as a reporter to identify transformed individuals. Three exam- 
ples are the Plt.nne.s transposable element e Chapter L2 by Atkinson ancl O'Brochta), the 
pseudotyped retroviruses (see Chapter 7 by ms), and the yiggyWnc gene-transfer system (see 

0th Ae. aegyyti and C. quii~quefusciatus have been transformed using the 
ed horn the Actin 5C promoter (Allen et al.. 1999; Pinker 

Color Figure 2:' shows GFP various species of insects. 
collaboration among 9. C. ms (University of California, San Diego) and W. 
tel (University of Ch ne transformation of D. rnelamgcrster has be 

using pseudotyped retrovimses (see Chapter '7 by Burns). Approximately 10 colony-forming u n i i  of 
pantropic retrovimses was i to the perivitelline space of embryos at the 64-cell stage. 
EGFP was expressed from LTR. GFP was observed in the gut and neuroectodem of 
some G,, flies. G,, flies were interbred and, of 600 G, embryos visually screened, $;FP was observed 
in five individuals. PCW analysis using ETR-specific primers confirmed the integration in four animals. 

. T o l o r  Figure 2 follows p. 108 
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G e r m h e  transformation of D. n ~ e l m o g ~ ~ ~ f e r  has been achieved viiith the pig 
transfer system (Handler and Harrell, P 999)  sing a dual-reporter system. Tne vect 
with the D. tneiaizognster mini-ivhi~e gene, together with EGFP regulated by the 
promoter linked to the SV40 mciear localizing sequence. Most of el-re 70 G ,  transformants 
(from sewn G, lines) sisibly expi.essed only GFP9 with little or no eye pigmentation observable. 
It was therefore conclilded that ps i l ion  effect suppression appears to have relatively little 
influence on EGFP expression, compared with the phenotypic expression of white. A piggy- 
BaciGFP vector, pB[PUbnlsEGFP]. has also been used :o transform Carribean (Arza.sti.ephn 
.cuspe~zsa). Mediterranean ICerati1i.r cqri!n[n), and oriental (Bactmcew -c!II'o~suli~) fruit flies 
(A. H a d e r ,  personal comiiiiinication). 

In our hands, visualization of GFP expressed from dsSlN and AeDNV viruses has been relatively 
srraightforwa.rd, Prior to working with mosquitoes, our policy a m  to test for GF 
\,iti-o. With the dsSHN vectors this is done by infecting cell cdtures (mammalian and mosquito 
derived) and then at 12 to 48 h postinfection, examining these using an Olympus TMT-2 inverted 
microscope equipped for epifiuorescence with FITC filter sets. Viewing cells through plastic tissue 
culture flasks is subject o n e  distortion of the light and sometimes autofluorescence problems 
(see below). Although is visible iil cells growing in tissue culture flasks, we prefer to infect 
cells and grow these o ile glass coverslips (Gould et al.. 1985). Uninfected control cells are 
prepared in parallel. Coverslips e removed from medium, washed three times in PBS, and placed 
ceil-side down onto 1 drop of S:glycerol ( 1  9) placed on a microslide. 

For our purposes: we have t used fixed cultures; but this is feasible. At an appropriate time 
postinfection. cells grown on coverslips should be washed three times in S and then f xed in 
4% paraformaldehyde in PBS (pH 7.4 to 7.6) at room temperature for 30 n. These coverslips 
are exarzined as described above. If necessary. coverslips can be sealed using molten agarose or 
rubber cement. Naii polish is to be avoided since this iahi its GFP fluorescence. The GFP fiuores- 
cence will be retained for at least 2 weeks if the slides are stored at 4°C. 

If working with noninfectious deli~erg systems3 for example, with certain replicons or trans- 
posable elements, standard transfection procedures (for example, Siposomes or electroporation) may 
be used to test for GFP expression in prokaryoiic or eukaryoiic cells. 

To screen mosauitoes for GFP, the stage of interest is placed on a microscope slide and entrapped 
beneath a glass coverslip (hi water for aquatic stages). 'We have found it useful to use contrasting 
transmitted back iiiumination. The most suitable illumination has been achieved using a standard 
FITC excitation filter. which g i ~ e s  a red background. Compound (Olympus BB-'), inverted 
(Olympus IMT-21, and stereo ZX) n~icroscopes have been employed. BH2 and 
scopes were equipped for ep mescence using standard FITC filters, whereas 
filters were fitted to the SZX. he SZX microscope has the advantage of zoom 
still photography, two types of camera have been used. An Ti 35imn camera 
with 100ASA speed film (Kodak Elite 100) has been used. 10 digital camera 
has also been successfully employed, providing for easy tran a computer. This 
particular model has a built-in, real-time viewing screen and so can be easily transferred between 
inicroscopes since no computer linkup Is required to review the captured image. For video 
recording, a model WC-920  CCD camera was found to be suitable. Other manufacturers, for 
example, keica. Nikon. a.nd Zeiss, all produce microsco s suitable for GFP detection. Conqxmies 
such as Kramer Scientific Co am,  Eimsford, NY 10523) offer setups 
to convert microscopes for G 
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To aid rapid screening, we transfer larvae to 96-well tissue culture plates, with one larva 
er well in 50 to 100 pI  of water. The plate is laced on the stage of the H 

microscope and a mechanical stage is used to move across each row systematically. In this way, 
96 larvae can be screened in just a few minutes. A stereomicroscope would likely further reduce 
the time required. 

have experienced few difficulties when screening for GFP expression in ~ i t l -o  (vertebrate and 
mosquito cells). Auto orescence associated with cell types and certain tissues. for example, the 
cell Iine derived from .. psel~doscutellal-is (AP-61), may be a distracting yellow when examined 
with FlTC filters, but the Ae. nlbopictus line (05136) is not. Autofluorescence may be caused by 
various factors. In live mammalian cells, autofluorescence may be caused y fiavin coenzynles and 
NADH bound to mitochondria and may even be influenced by cell type an culture history (Aubiii, 
1979). If this is a problem, since autofluorescence may be wavelength specific, it may 
to use either alternative filter sets or a different GFP variant. 

ility to visualize GFP expression from tissues and cells within a transformed animal is 
a1 for evaluating the spatial and temporal controls regulating expression resulting from 

germline or somatic cell transformation events. The physical properties of GFP make it a 
conveniec",istologicai reagent. It is resistant to formaldehyde and gluteraldehyde fixation, and 
this enables visualization of fine cellular detail in fixed tissues. In addition, visualization of 

the addition of exogenous reagents and GFP fluorescence is relatively 
hing. However, certain characteristics of GFP must be considered prior 

xample, absolute etl~anol quenches all CFP fluoresce~ce. It has also been 
at are used to seal coverslips onto microscope slides also 

fluorescence (Chalfie et al., 1994: Wang and Hazelrigg, 19%). although we have 

using convendonai uorescence microscopy, confocal 
oiution because it eli tes interference from Rilorescence 
gion of interest. This enables the investigator to pinpcint 

precisely the cells that are isvolving confjcal 
d briefly here (Pad- 

Another great advantage of the confoca! microscope is the ability to collect images simillta- 
neously of macromolecules that fluoresce at different wavelengths. Most often. up to three different 
macromolecules are detected and the digital image of each is collected and viewed in the red: 

monitor. The image can be viewed as a single RG 
en as a different additive color. Since the image 

stored as digital files, they can be modified using digitai image-processing software such as 
Photoshop (Adobe Systems, nc.). With this software. manipulations such as adding color to single- 
channel images, reananging oiors in multichannel images, as well as altering the size of the final 
image and adding of text can be performed. Detailed protocols for retrieving and presenting confocal 
images can be found elsewhere (Halder and Paddock, 1999). 

We have used multiple labeling to follow infection of TEI3'2JlGF in tissues of various insects. 
RC1024 Laser Scanning Confocal is detected in the green 

(fluorescein) channel, viral E l  protein in the red (rhodamineICy 3) channel, and stained nuclei in 
the blue (Cy 5) channel. For immunostaiiling, the tissue of interest is dissected and fixed for 30 
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min on ice in fix buffer containing 0.1 M 
X-l00 and 3.7% formaldehyde. After thr ted for I h at 4°C 
in immunostaining buffer containi 50 ml4 Tris; pH 6.81150 mM NaC1/0.5% Nonidet-P40K 

ding by the antibody. The tissue is then incubated with a 
onal antibody overnight at 4°C in the same buffer. Uebound 

antibody is removed from the tissue by rinsing with immunostaining buffer six times over P h on 
ice. The secondary antibo in this case Cy 3 conjugated donkey antimouse Fab fragments 
(Jackson ImmunoResearch boratories, Inc.), is added to the rinsed tissue at a dilution of 1:400 
in immunostaining buffer. We have found that using Fab fragments of the secondary antibody as 
opposed to whole %gG reduces nonspecific binding. After incubation at 4°C for 2 to 16 h, the 
unbound secondary antibody is removed by washing the tissue six limes over 1 h on ice with 
immunostaining buffer. The tissue en incubated at least 2 h a: 4°C in mounting buffer 

mM Tris pH 7.0/150 NaCl/30% glycerol. The nucleic acid 
obes) is included at a d n of 1 : 1000 to visualize nuclei. The TO 

from the tissue once with mounting buffer and the tissue is mounted on a slide under a glass 
coverslip. Nail polish is used to seal overslip to the slide in these preparations since we have 
not observed any quenching of the signal. For staining embryos, the fixation is performed 
at room temperature in a two-phase mixture of heptane and fix buffer without Triton X-100. The 
heptane is used to permeabiiize the vitelline membrane and this allows access to the embryonic 
tissue by the antibodies. After removing the heptane with three washes of P S, all other steps are 
performed as described above. 

In infected cells of embryonic, larval, and pupal stage animals, GF is found in the cytoplasm 
and cytoplasmic extensions as well as in nuclei. The presence of GFP in the nucleus is most 
likely due to its small size (27 kDa), and not because of active transport since it lacks a 
recognizable nuclear localization signal. Infected cells also express the viral E l  protein, which 
has a subcellular location distinct from that of GF being present both in the endoplasmic 
reticulum and the cell membrane. 

Although the high level of GFP expression achieved ii? cells infected with TE/3'2S/GFP results 
in easily detectable lev systems may not give result. In these cases, 
using polyclonal anti- alo Alto, CA) and Auo ein-labeled secondary 
antibodies will increase the fluorescent signal obse at feast fivefold. Anti-GF 
also be used for immunoAuorescence analysis of fi issues or in irnmuno lolling tests in which 
GFP Auorescence has been destroyed. 

The main problem ex erienced when examining living mosquitoes using standard 
GFP expression is autofiuorescence. The easlest way to determine if this may be 
examine large numbers of control animals (noninfected or nontransformed) rear 
experimental insects. Familiarity with normal insects observed under appropriat 
illumination may save much time - and unwarranted excitement! mosquitoes, we have 
observed three sources of autofluorescence. One is the food used for m to rearing. Certain fish 
foods and some laboratory rodent diets have components that may glow bright green under ultra- 
violet illumination and appear identical to GFP Auorescence. This is presumably caused by plant 
materials such as cellulose. As a result, the larval gut may appear green. The obvious localization 
of this Auorescence and restriction within the gut should immediately cause the researcher to suspect 
that the apparent @F signal may be false. For mosquitoes, one remedy for this potential problem 
is to feed the larva a diet without fluorescent components. One such suitable diet has been 

Atkinson (personal communication). This co 
d to a very fine powder, mixed with 30 g of " 

55). This mix is added to larval rearing pans as usual. 
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second cause of autofluorescence seen in both larvae an adults results from crystals within 
aipighian tubules. We have not resolved this problem hough, since dsS1N rarely infects 

these excretory organs. we usually consider that Auorescence associated 
Auorescence and not GFP. It can. unfortunately, be indistinguishable from 
typical of GEP. Again, the specific and restricted distribution of the signal s 
cautious in interpreting data. 

Finally the chitinoris exoskeleton may aulofluoresce. Although distracting. this tends to be 
clearly more yellow an GFP green fluorescence. in more colorful insects. however, this may not 
be true. Sindar pro ms of a:itofluorescence have been reported for other- organisms by other 
researchers (Chalfie l.. 1994; Niswender et al., 1995). Long-pass emission filters or DAPI filter 
sets may allow GFP and autofluorescence to be distinguished ( rand, 1995; Pines, 1995). In 
addition, Auorescence due to GFP will only be seen usi!lg FITC filter sets, .whereas autofluorescence 
will often be seen using both FITC and RhodaminelCy3 filter sets. The intense illumination required 
to visualize GFP has occasiona!ly proved fatal to the adult mosquito during examinatio~. A high- 
power objective that produces a highly concentrated beam of iigh: proved nmst lethal; especiailg 
if adults were examined dry with a coverslip to protect them. For larvae examined immersed in 
waler. no adverse effects have been noticed. 

thank Steve Kain for useful discussions and Peter Atkinson. Al Handier, and Todd Ward for 
discussions and photographs. Our thanks to Dr. Marco DeCa iliiis for work on embryo injections 
and processing. 
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E B Eye color phenotypes of wild-type, mutant, and transgenic insecis marked 
with the wild-type allele of the mutaiions. Dmscil,hi!a ii.zelanogastei- (A) wild-type; (B) uhite mutant 
hosr: and (C and D) yiggj.Buclu.lzireT transfcirrnanis: (E) Gemfitis capircm piggj.Bacl~vliit~- trans- 
forman[ and (F) tt:hiie eye host strain; (G) Aedes aegjpti wild. type; (H) kjizwenine hdi-ox;;lcrse- 
rvkzite (kh")  mutant host; and (I and J) Hemzeslcinnabc~r~ transformants: (K) Armgasfa klrehniellli 
wild-type: and (L) j,ello~t, mutant. The kh' mutatio~ is complemented by the D. i?zelmlogasrer 
ciizianbni. wild-type aliek and the ye l lo~~ .  illut ion, defective for tryptophan oxygenase. is comple- 
mented by the D. inela17ogastei- wrinilion wi' type allele. Photo credits: A-D (A. Handler), E a d  
F (S. McCornbs). G-J (A. James). and K and L (P. Shirk). 

GFP expressed in different insects. (A) Larva of Ae. oeg!pti infected with 
TEl3'2JiGFP virus (uninfected control on right): (B) Pupa eles garnbine infected with 
TEl3'2Jlrecombinant GFP; (C) adult Ae. uegpt i  with TEl3'2316 (D) larva of Ae. aegypti infected 
with recornbinant densovirus (AeDWV); (E) pupa of As. aeg ted with recombinant dens- 
ovirus (AeDWV); (F) section of embryo of Xboliuilz cr-lstaneui~z infected with TEI3'2JlGFP; 
(G) wing of adult JIGFP; (H) eggs of Arzastr-epha ,suspeizsa 
transformed with (nontransformed control in ~ p p e r  Icfr); 
(I) larva of A. ,su.spensn transformed with (control on right); (J) adult ofA. .rLc.spema 
transformed with control on right); (K) larva of Ae. aegp t i  transformed with 
Hemzes; (E) adult Ae. cregjpti transformed with Henne.~. Photo credits: A and C (Higgs, S. et al., 
Bioterhnig~ies 21; 660-664, 1996. Witch permission). B (courtesy of S. Higgs). D and B (courtesy 
of T. Ward). F and G (courtesy of D. Lewis). H-J (courtesy of A. Handler). M and L (courtesy of 
A. Pinkerton and P. Atliinso~:). 
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Initial interest in insecticide resistance genes in relation to non-drosophilid insect "iansgenesis foc~ased 
on the need for selectable markers to isolate putative germline transformation events rapidly (Thonnp- 
son et al.. 1993). Given the recent success of eye coior genes and green fluorescen 
phenotypes that can be visually screened for (see Chapter 4 by Sarkar and Coll 
Higgs and Lewis). the need for dmg-resistant selectable markers is reduced so 
the purpose of this chapter not only to summarize attempts to use these genes as selectable markers 
themselves, but also to emphasize the extent to which we fully understand these genes, which still 
represent some of the only non-drosophilid marker genes in which the molecular basis of the phenotype 
we are trying to rescue is known. In other words. where the nature of both the gene product and the 
mutation causing the mutant phenotype is known. In this respect, resistance genes illustrate some of 
the critical practical problems we face, beyond those of vector integration, in actually trar-isfmming 
defined phenotypes such as disease refractoriness in mosquitoes. 

Developing transformation methods for insects is a labor-intensive effort, so when possible all 
reagents and assay procedures should be tested sufficiently before dedicated transformation attempts 
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are made. This is imperative because a number of unknown variables initially confront the 
is the mortality induced by introduction and expression of the candidate DNA? 
ciency of integration of the exogenous DNA? (3) What is the rate of false 

positives and negatives from marker gene expression? (4) What, if any, are the effects of DNA 
introduction and integrations on fertility? Understanding as many of these factors as possible is 
essential to estimate the effort one must commit to set up a protocol capable of detecting a given 
frequency of transformants (i.e., survivors of a discriminating dose of antibiotic or insecticide). 

As part of this approach, it is important to select marker genes whose biochemical activity and 
selectability can be demonstrated easily before extensive transformation efforts are made. In this 
context. marker gen that can be assayed by transient expression in embryos or cultured cells are 
often an advantage. hile gene expression in transient assays inay not be on levels similar to that 
of single-copy expression of a inarker gene, assuring biological activity of the marker gene in a 
relevant system is crucial for success. In many situations, the only choice for testing markers for 
non-drosophilids is initial testing in Drosophila. in which efficient transformation systems and 
superior co-markers are available. 

A number of genes conferring resistance to xe~mbiotics have been examined as candidates for 
selectable markers. These include both insect and non-insect genes and also genes ihat have been 
proposed for either whole-animal transformation or for use in tissue culture systems. 

Candidate insecticide resistance genes frorn insects include the three major targets of conventional 
insecticides as well as a range of metabolic enzymes capable of xenobiotic metabolism. The 
conrw-rtional targets of insecticides are (l)  the Resisiance to clieldi-in ( d1)-encoded aninobutyric 
acid receptor; (2) insect aceiylcP~olinesterase IAChE) encoded by the g e Ace: and (3) the vsltage- 
gaied sodium chancel gene encoded by the gene paw. Rdl will form rh main focus of this chapter: 
however. the applicability of the Ialler two examples will first be brie 

AChE hydrolyres acetylcholine at excitatory ynapses in insects. and this important enzyme can 
be blocked by a range of organophosphons or carbamate insecticides. The Ace gene encoding the 
enzyme was originaliy cloned frorn Dmsoi?hila (Hall and Spierer, i 986). but Ace homologues have 
now been isolated from a range o sects including houseflies illiarnsnn et al., 1992; 
1995) and mosquitoes (Hall and icolm, 199 i ; Anthony et 1995). Like all of the 
target site genes, the Ace gene is large and in Di-osophilu the coding and noncoding regions are 
spread over 34 kb (Hoffmann et al., 1992). However. the lethal phenotypes associated with this 
locus can he rescued in Drmoplzila using a minigene of only 5.8 kb, consisting of 1.5 lcb of 5'- 
end flanking DNA fused to the intronless open reading frame. This construct not only rescues the 
lethal phenotypes, but also appears to give the correct spatial pattern of gene expression (Boffinann 
et al., 1992). 

The mutations chat render AChE insensitive to insecticide inhibition have been well studied in 
Drosophila (Mutero et al., 1994), houseflies (Feyereisen. 1995). and also the mosquito, Aedes 
aegpt i ,  which was used as a model system for site-directed nlutagenesis of the enzyme (Vaughan 
et al., 1997). In all species examined, a number of different amino acid replacements confer 
relatively low levels of insensitivity oil their own but can combine to create more resistant alleles. 
The most insensitive alleles therefore carry two or more mutations (Fournier et al.. 1996). Although 
only one allele has been used to transform D~osophiln, and gave low levels of resistance that would 
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not be useful as a selectable marker. insensitive Ace alleles have been used in the genetic sexing 
of mosquitoes and may therefore still present some practical use in insect transformation. In one 
example, an insensitive Ace allele in Anopheles nlbinzanus was linked to the Y chromosome via a 
radiation-induced transiocation, and genetic recombination was subsequently suppressed by inver- 
sions (Seawright et al., 1978). Thus, resultant males always carry one resistant copy of the gene 
and are always heterozpgous ( ) for resistance. Appropriately, this strain was termed '-Macho." 
n the case of An. albinznn~is, chemical selection for heterozygosity is possible allowing 99.7% of 
emales to be killed with a discriminating dose of insecticide, with the surviving males being 

subsequently irradiated for sterile insect release grams. Subsequent biochemical analysis of 
insensitive AChE in mosquitoes has shown highly stant enzymes in a range of different species 
(Ayad and Georghiou, 1975: ffrench-Constant and ning, 1989). Thus. if semidominant resistant 
heterozygotes can be selected in other species of insects, insensitive Ace still represents a potentially 
useful selectable marker. 

The voltage-gated sodium channel encoded by homologues of the Dro.roplzilu gene pai-a is the 
target site for DDT and pyrethroids. At first, this might seem an attractive candidate for a marker 
gene for genetic transformation as the resistance-associated mutations that cause kmckdow:~~  J-esis- 
tame (kdr-) to pyrethroids (Miyazalti et al., 1994; Williamson et al., 1994) and the allelic double 
mutant sztper-kdr ( lliamson et al., 1996) appear conserved among a range of pest species, 
including the malaria vector A. garnbiue (Martinez-Ton-es et al., 1998). However, rescue of mutant 
alleles of this locus has not been achieved by transfornlation in Drosophila, and the large size of 
the genomic transcription unit, over 60 kb (Loughney et al.. 1989). p m  it beyond the reach of 
even a cosmid transformation vector. This problem of the large size of some transcription units 
and the associated difficulty in identifying e necessary promoter and regulatory elements will be 
discussed below in the specific context of l. In summary, allhough an important and potentially 
attractive marker gene for transformation, the use of pam constructs awaits the development of 
superior vectors capable of carn-ying large (over 40-kb) ii~serts. 

Candidate marker genes drawn Com examples of metabolic insecticide resistance? although 
again initially attractive, may pose substantial problenx given the poor understanding of their 
transcriptional control (ffrench-Constant et al., 1998). Thus, although it might appear that one 
could take candidate cytochrome P-450, esterase, or glutathione-S-transferase structural genes 
that are capable of metabolizing insecticides and use them as selectable makers, phenotypic 
resistance is associated with upregulation of these enzymes. For example, although we are 
beginning to understand how particular Drosophila P-450s can be mutated to increase insecticide 
metabolism (Berge et al., 1998), expression of these genes is controlled by regulatory genes 
whose function and cloning remains elusive (ffrench-Constant et al., 1998). With the availability 
of such cloned regulatory loci, they will themselves become candidates for transformation. But 
again, these may need to be expressed in combination with mutated structural genes to confer 
high levels of resistance. 

Only a few species of insects, most prominently drosophilids, have been studied ~ufficiently that 
numerous mutant strains and well-characterized complementing genes are available for use as 
genetic transformation markers. In contrast, such combinations are not available for the biologically 
diverse species of insects of interest in recent genetic transformation efforts. Therefore, the primary 
impetus for developing and applying noninsect (primarily bacterial) markers to insect transforma- 
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tion has been the lack of cloned insect genes and appropriate mutant strains of the test species in 
which complementation can be observed. 

Bacterial genes have several characteristics that make them attractive candidates as transfer- 
matiol~ markers: the genetics: transcription units. and translation products are usually well charac- 
terized. They are typically compact. intronless, widely available, and numerouc substrates against 
which they are active have been described. These characteristics contrast sharply with most insect 
penes whose full-length cDNAs must be isolated or whose overall structure must be determined 
before functional expression systems can be designed and assembled. The most desirable bacteria- 
derived markers would not require host-specific genotypes or phenotypes and corild be considered 
for use in a variety of animal species andtor plants. 

acterial transcription and translation units are relatively predictable, and. therefore, the prob- 
ability of effective eukaryotic expression in a spatially and develop~entally regulated manner can 
be controlied by selection of either an inducible or constitutive eukaryotic promoter. Examples of 
the former have been the heat-shock promoters of the conserved D. inelamgnsrei- Hsp70 ( 
1982) and &p82 (Xiao and kis. 1989) genes. The Hsp70 promoter differs from the Hsp82 in that 
ii is more highly inducible arid has lower levels of basal expression. Most researchers have chosen 
to use constit~~tive promoters with generally high levels of de~~elopmental and tissue expression, 
for example, actin (Chung and Xeller, 1990). polyubiquitin (Lee et al., 1988). and the baculovirus 
h r5 -E l  (Pullen and Friesen. 1995) to express bacteria! genes. 

Several noninsect genes have been tested as selectable markers. and these are primarily bacterial 
genes capable of metabolizing xenobiolics. This section discusses two that have achieved some 
success, neo and opd. 

The rleo gene encodes neomycin phosphotransferase (EC 2.1.7.95), which is often called simply 
NPT. Several analogues of neomycin are commonly used for selections, particularly C41 8 and 
geniarnicin suIfate (6enticin'"l and GentimycinThi). Since the firs: report of the use ef neo as a 
selectable marker in D. iwlanogustei- (Steiler and Pirrotm, 1985). molecuiar entomologists have 
attempted to apply it to transformation of other insects. The nro gene has several ad1;antages 
including its small size (approximately 1 kh). the range of plasmid constructs available. 
~o te i~ t i a l  for transient expressioi; (Okano et al.. 1992: see below), and the ability to test and apply 
it to both a-hole animals and c:llrured cells (Maisonhaste and Echalier-, 1986). On the negative side, 
the cost of using relatively high concentrations of neomycin can be prohibitive and the insects must 
be submerged in the antibiotic (typically applied during the iilarnature stages when continuous 
contact in food medium or water is required). 

Transient expression of nro in whole animals was dernonstrated by McInnis et a!.. (1990) in 
the rnedfly Cemtiti.~ capitnta. Embryos were injected u+th pUClzsi7eo. a pUC plasmid carrying the 
izro gerie driven by the W~j270  promoter ($teller an Pirrotta. 1985) and increased resistance to 
Genticin was obser\,ecl among the hatching larvae. imre so if larvae were heat-shocked. Continued 
selection on G418 and elelrated levels of resistance led the i!lvestigators to hope that genetic 
transformation by the P-element vector had occu~-red. Bci, as has been con~moniy observed with 
the neomjttn marker. neomycin resistance in subsequent generalions can occur, but without genetic 
transformation by transposabie e!ernents carrying ueo. 

The first successful transformation of the African malaria vector mosquito, An.  gcmibicre. w,as 
accomplished using nen as the selectable marker (Miller et al.. 1987). The PUC~.TIZCO plasmid v,as 
injected irlto prebiastoderm embryos and a single tra~~st'ormed h e  rvas reco1:ered after selection 
during the aquatic l a n d  stage (in spite of an apparently sriboprimal heat-shock regime). SrrSse- 
quenfy. by using the same transformed line as an experimental tool, increased leveis of rcsisiance 
and discrin~ination belween resistant and suscepfible animals ivere observ& when ihe heat-shock 
temperature was raised from 37 to 41°C (Sakai and Miller. 1992). Although initial success and this 
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technical improvement were encouraging. follow-up successes were not forthcoming. due in part 
to the expense of the reagent, difficulties in providing high doses in the differeni types of culture 
media that various insects require, and finally the availability of superior markers. 

Additional problems often plague neo selection. However. many of these have only been related 
anecdotally by menhers of the D~.o.i.uplzilu community who report chronic false positives appearing 
in lines that do not carry the WO gene (Ashburner, 1989). We also have experienced this problem 
during the development of the opcl marker discussed below ( enedict et al.. 1994). In these 
experiments, a doubly selectable P-element plasmid carrying the h.siieo and hsopd genes was 
injected into D. rnelaizognster, and G418 seiection yielded 35 lines that were clearly positive by 
Southern hybridization and whose G418 resistance had been mapped to one of the chromosomes. 
Sublines of transformants were maintained under selection, and single-pair lines were established 
and aiso kept under G418 selection. Genetic and molecular analysis demonstrated that, of these, 
only 19 had hsneo-conraining DNA. We concluded that even though ileo expression may have 
provided the resistance required for initial isolation of the lines, neti was subsequently Iost and 
another mechanism was apparently providing resistance. 

In summary. rzeo has ei~joyed success in several laboratories. However, the expense and com- 
plications (e.g.. maintaining a suitable discriminatirig dose) of using neo as a selectable marker 
make it worth consideration only if use of a more readily selectable marker is not possible. 

The opd gene, isolated from Pseurioi7zot1ns dimimtn and FIn l ' ob~c te~ i~m?  sp. (Mulbry et al., 1987: 
MeDaniel et al., 1988: Serdar et al., 1989) encodes a phosphotriesterase, organophosphate hydrolase 
(OPH. EC 3.1.8.1), also widely called parathion hydrolase. This enzyme metabolizes (hydroiyzes) 
numerous organophosphorus-type insecticides (AChE inhibitors). including paraoxon. ethyl- and 
methyl-parathion (Dumas et al.. 1989: 1990a). and the nerve gases w i n  (Durnas et ai., 1990a) and 
VX (Hoskin et al., 1995). 

oteniial advantages of using bacterial gems as eukaryolic markers are prorninenllj 
by the opd gene. Tile codiilg xgion is only i .O kb in length. the aciivity rates against 

numerous substrates have Seen determined. and the mature c has been purified 
( D U I ~ S  et al.. 1989). Moreowx, a simple biochemical asszy fiviry. based on the 
hydrolysis of parasxoii or parathion. call be performedby metry to detect the 
yellow-coiored product, paranitrophenol. Surprising persistence of elevated paraoxon resistance 
o\,er se\-eral days after induction by heat shock (see below) was 2 tribured to apparent stability 
cf the OPH protein (Phillips et al.. 1990: Benedict et al.. i9943. In eed. such To~ig-term stability 
of the enzyme has since been demonstraied exper eiitaiiy (Grimsley et al.. 1993). This 
unexpected characteristic means thai a given transcri on level potentially yields a reiadvely 
high level of enzyme. 

The potential of opd as a selectable marker [or insect transformation was firc;t shown wher? 
D. melmog:i.rlei- transformed with the opd gene (driven by an H.~p70 promoter) had increased 
resistance to paraoxoil as determined by adult bioassay (Philiips et al.. 1990). However. only a few 
Lines ix;ere examined. and iow levels of resistaim were obserlwl in spite of high levels of enzyme 
activity. Perhaps contributing to the low level of resistance observed was the presence of the region 
encoding the natiw bacterial inembrane anchor sequence. enedict et d .  (1994) subsequently 
improved expression of the opd gene by removing the sequences that encoded the bacterial mem- 
brane anchor or by replacing them with a secretory signal sequence. Although transcript levels 
were similar hom both tapes of genes. the former consistently provided higher lmeis of resistance, 
lvhereas the latter conferred levels of resistance similar to that obser7;ed by Phillips et al. (1990). 
S~~bsequer~tly. rates of detection of both fdse-positi~~e ancl Mse-negative indi~idiiais were deter- 
milled to be sinlilar to those seen with the Dio,sop,philri li.11ite gene ( enedict et al., 1995) and a 
general-purpose transformation P-element vector was therefore designed. 
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Potentiai for opd-conferred paraoxon resistance in other insects was demonstrated in a 
caterpillar pest, the fall armyworm, Spodopfem fl-ugiperdc~, by expressing opd in a baculovirus 
system (Dumas et al., 1930b). In their experiments; 280-fold resistance was observed; however, 
it is diffic~lit to use their results to predict single-copy expression. such as would be used in 
transformed insect selection. 

While routine selection of opd-transformed individuals has been performed by exposing adults 
to toxicant iil paraoxon-coated glass scintillation vials, we have conducted preliminary experiments 
that indicate it is also possible to perform larval selection. D. melanogastet- W " ' *  or heterorygous 
males from four strains that contain an autosomal P-element insertion marked with both Ilsopd and 
mini-uhitc were crossed to w " ' ~  females. This scheme predicts that in the absence of larval selection 
a 1: 1 ratio of white-eyed (paraoxon susceptible) and wild-type (resistant) progeny will be observed. 
On the other hand, greater numbers of wild-type than white-eye progeny will be observed from 
heterozygous males in paraoxon treated groups. Matings were performed in viais containing 0, 0.!, 
1.0, or 5.0 ppm paraoxon-dissolved in 1 % ethanol used to formulate the Carolina 

e medium. Larvae were heat-shocked every other day for 1 h at 37°C in a water balh. 
ogeny subsequently examined for eye color. 

Fortunately, D. melanogastel- parental adults were not killed at paraoxon concentrations in the 
media that prevented all development of progeny to adulthood. Therefore, as when neomycin is 
supplied in Drosophila media, parents survive long enough to mate and oviposit, even though their 
progeny may not survive. Similar mortality rates were observed among parental males regardless 
of whether they canied the hsp70-opd gene or not, so hsp70-opd expression does not seem to 
increase adult longevity significantly under these conditions. No progeny were obtained from the 
1.0- or 5.0-ppm vials. Nontreated control animals contained equal numbers of wild-type and white- 
eye progeny regardless of whether they were heat-shocked or not. The 0. l-ppm treatment yielded 
numbers of progeny that indicated low-discrimination selection was occurring; 66 and 62 wild- 
type adults arose from the heat-shocked and non-heat-shocked groups, respectively, and only 10 
and 30 white-eye adults. One stock yielded only wild-type progeny and from the heat-shocked 
group only. Clearly, the dose rate and/or heat-shock regimen was not adequate to eliminate all 

flies completely, but it did provide enrichment. A higher dose between 0.1 and 1.0 
ppm may provide more useful discrimination. 

The features of the cunent opd selection and inheritance have both positive and negative aspects. 
Resistance due to opd is inherited as a semidominant ailele, thus sufficiently high selection with 
paraoxon permits purification of homozygous insertion nes without the use of balancer chromo- 
somes. In contrast to neo, toxicity is acute and it shoul be possible to apply toxicants topically, 
by dipping or as an aerosol. A significant improvement on the opd gene would be to use a promoter 
with a high level of constitutive activity since the heat-shock regimen necessary to induce the hsp70 
promoter are at near-lethal levels. This could also simplify and make selection of immature stages 
more effective. 

While both false-negatives and false-positives arising during adult selection were not prob- 
lematic, the marker gene has been received with reservations by many workers, primarily due 
to its novel nature. Some researchers express the view that it is more acceptable in the context 
of biosafety to use a native insecticide-resistance marker that originated in the insect being 
transformed (e.g., Rdl or Ace). However, introducing a truly novel gene into insects that may 
increase their resistance to insecticides in the event accidental release is also a concern, as 
discussed elsewhere (Chapter 20 by Young et al.). oreover, several laboratories that have 
inquired about using this marker had reservations about the personal safety of the AChE inhibitor, 
paraoxon, for researchers. With a high mammalian dermal toxicity, paraoxon requires caution 
when preparing stock dilutions from technical concentrations, although the working concentra- 
tions and amounts used for treating selection containers make accidental exposure to toxic levels 
of working solutions unlikely. Nevertheless, some institutions require routine monitoring of blood 
AChE levels in workers who use these compounds. 
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Having briefly reviewed the past and likely future utility of resistance genes as selectable markers, 
the remainder of this chapter will focus on what we can hope to learn by using resistance genes 
as candidate genes tlzemselves. The use of these genes as model systems in the laboratory neither 
implies nor infers their potential release in the field, merely that they represent some of the best- 
understood genes in pest insects and therefore provide a perfect focus for testing the necessary 
attributes of workable transformation systems. 

In preparing a gene for a transformation attempt. or in trying to understand why one may have 
failed, we need to know the answer to several critical questions: 

1. Does the open reading frame encode a functional copy of the gene? 
2. Is the nature of the mutation(s) underlying the nutant phenotype known? 

hat is the size of the complete transcriptional unit and where are the necessary promoter 
regulatory elements? 
hat is the role of the alternative splicing commonly seen in insect genes (e.g.. Rdl 

and pam)? 

Here, these questions will be examined within the specific context of the dl gene and resistance 
to the cyclodiene insecticide, dieldrin. The section draws on data from Di-osophiln transformation 
attempts and also examines what preliminary experiments can be performed in aon-drosophilids 
to begin to address questions abont the location of tine necessary gene promoter elements. 

We isolated an Aede.s aegjpri dl cDNA clone from an adult cDNA Library using the D. inelnno- 
gmtei- clone as a probe in a low stringency screen (Thampson ei al.. 1993). Not only does :he 
predicted amino acid sequence of the mosquito receptor subimis show a high degree of identity 
with the D;-osophilcr cione, but the same amino acid (alanine302 in Drosophila) is replaced with s 
serine in dieldrin-resistant strains (Thornpson et a!.. 1993). To answer the e qwstion raised above 
and test if this cENA encodes a functional y-aminobr~tyrk acid (GA ) receptor subunit, we 
expressed the Ae. czegjpti Rdl cDNA ifi baculovirus-infected insect cells (Shotkoski e: al.. 1994). 
Patch clamp analysis of infected cells showed GABA-activated currents that increased linearly with 
voltage and reversed at or about 0 my as expected for chlcride-selective channels in syn-rmetrical 
chloride solutions. These channels coul eion of 10 pM picrotosinin (PTX), 
a GABA receptor antagonist that acts at dieldrin. To prove the functionality 
of the putative resistance-associated mutati level of block achieved in channels 
mutated to alanine302 serine. These channels required 1 imbf PTX to achieve the equivalent level 
of block, proving that ? alanine302 > serine replacement is functionally associated with resistance 

hotlcoski et al., 1994). 

Having isolated functional Kdl cDNAs both from D. rnelanogaster and from Ae. aegypti and 
having shown that the same mutation confers resistance in both species, we performed germline 
transformation with the fruit fly able levels of resistance could be 
conferred. During the initial char in Drosophila, we had proved the 
cloning of Rdl by rescuing the suscep locus using a cosmid transformant 
(ffrench-Constant et al.. 1991). ~ lsed a 40-kb c o s ~ i d  (cosmid 6), encompassing most of the 
susceptible Rdl locus (Figure 6.1), and inserted it into the fruit fly gerrn!ine using P-element- 
mediated transformation (Spradling, 1986). Note that, er:en for Drosophila transformaiion, such 
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RF 2.1 
Class P RD 7.1 

RB 2.1 

RH) 1.2 
Class I1 RA L1 

E 6-1 Diagram illustrating the sire and complexity of the Rdl locus in D~osophiltc. Note rhat the 
entire locus does not fit within the 40-kb cosmid 6 and that much of the 3' untranslated region is missing. 
Note also the large number of cDNAs isolated corresponding to the 3' end of the gene. Exons 3 and 6 each 
have two alternative eao::s. termed A and B, and C and D. respectihely (not sliown in diagram). There are 
therefore four known versions of the Rdl mKNA containing the different alternative exons: 3A/6C. 3A/6D, 
3B16C. and 3Bl619. 

an event occurs a: a relatively low frequency (1%. compared with >10% oo!'ren achieved with 
smaller constructs: see Spradling, 1986). When combined with a single copy of the resistance 
gene (paired with a deficiency deleting the other native ccpy), transgenic flies are as susceptible 
as heterozygotes, R/S (Figure 6.2). proving that the cosmid carries a f:inclional copy of the 
susceptible gene (ffrench-Constant et al.. 1991). 

Having sholvn that cosmid 6 carries a genomic copy of the susceptibk gene. we now needed 
to identify the 5' or 3' DNA flanking the open reading frame that would contain sufficient promoter 
andlor reguiatory elements to drive cDNA expression. Interestingly, a11 ox;eriapping cosmid (termed 

)- that lacks 5.7 kb of the total 9.2 lib of flanking 5' secpence in cosrnid 6 (see Figure 
6.1). failed to rescue the susceptible phenotype and thus appears to lack sufficient 5' DNA to restore 
proper gene fimction (ffrench-Constant et al.. 1991). ?h test this hypothesis. we fused fhe 5' flanking 
DNA from cosrnid S oxto an intronless cDNA and repeated the rescue experiment (Stilwel! et al., 
1995). The 9.2 hb of 5' flanking DNA was capable of partial rescue of susceptibility and, in fact, 
gave equivalent levels of rescue relative to the complete cosrnid (Figure 6.2). This 5' flanking DNA 
therefore contains sufficient promoter andlor regulatory elements to give partial rescue. This con- 
struct also rescues the lethal phenotype associated with the locus whereby Rdl null embryos fail 
to hatch and die during late development (Stilweil et al.. 1995). It is important t note that equivalent 
levels of rescue were achieved with either of two of the four possible different cl1 alternative splice 
forms (ffrench-Constant and Rocheleau, 1993) and that combining two different constructs in the 
same Ay also did not improve rescue (Stilweil et al.. 1995). 

\\'e also tested this same cDNA construct with the resistance-associated mutation and again 
achieved partial rescue of the resisrant phenotype. Combining two copies of the resistant transgene 
(R') in susceptible flies (US). i.e., a genotype of Rf/R': §'/S. allowed survival for longer times on 
insecticide than what was observed for rlorinal susceptible flies (Sflwell et al., 1995). These 
experiments, although encouraging. leave many quesiions unanswered. Namel.;: 
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E 6.2 Dose-response curves comparing the level of rescue of susceptibility achieved using either all 
of cosmid 6. S'(cos6) a- a construct containing 5' flanking DNA and the introniess cDNA. S'(cDNA). Note 
that the level of rescue achieved by the cDNA construct is equivalent to the complete 40-kb cosmid but that 
both are partial levels of rescue, i.e., intermediate between the fully resistant RdlK/Dj29AS labeled R/-, and 
the heterozygous Rdl'~/RdlS labeled WS. 

1. Why is rescue incomplete and what elements are missing from the genomic and cDNA 
constructs? 

2. What is the role of the different alternative splice forms fonnd at the locus and is 
transformation of one splice form alone responsible Tor the low levels of rescue? 

Given the low levels of rescue achieved in D. rnelunognster with either genomic cosmid constructs 
or cDNAs fused to large lengths of S' flanking DNA, we needed to undertake a more detailed 
analysis of the fruit Ay transcription unit and also to begin to develop techniques for analysis of 
the mosquito promoter. 

have recently completed a detailed analysis of the D. tnelaizoguster Rcll transcription unit 
ins to reveal the potential reasons for the difficclty in rescuing phenotypes associated with 

such a large and complex locus (Stilweli and ffrench-Constant, 1998). The full extent of the 
transcription unit was estimated by identifying the tion of adjacent transcriptionai units at the 
5' and 3' end of the locus. This showed that the full transcription unit was over 50 kb in length 
and that the 40 kb of cosmid 6 was therefore unlikely to contain all of the locus. Isolation of several 
cDNAs from the 5' and 3' end of the locus revealed that cosmid 6 lacks most of the 5-ltb-long 3' 
untranslated DNA from the mature 8.8-kb message (Stilwell and ffrench-Constant, 1998). This 
potentially explains why previous constructs have failed to give full rescue and means that a single 
splice form of Rcll would require an 8.8-kb cDNA construct atone (1.8 kb of 5' flanking DNA, 
2 kb of open reading frame, and 5 kb of 3' untranslated region). 

Although this analysis revealed the large extent of 3' DNA missing from previous transformation 
constructs, deletion analysis of the 5' flanking DNA and subsequent re-transformation and exam- 
ination of it1 .siiu hybridization patterns revealed that only 3.5 kb of upstream DNA was necessary 
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e proper pattern of Rdl transcription in embryos and adult brains. Thio region was shown 
to contain the transcriptional start point and also other regulatory motifs common to other ion 
channel genes (Stilwell and ffrench-Constant, 1998). This shows that some truncation of the 5' 
DNA may be possible, but also suggests thae the long 3' untranslated region may play a critical 
role in message stability or trafficking and that its inclusion in future constructs may be essential 
for full rescue. 

Following a description of the Rdl transcription unit in D. melaizogaster and identification of putative 
promoter and regulatory elements via deletion analysis and subsequent P - e l e ~ e n t  transformation, 
we asked, "Mow can we undertake a similar analysis in non-drosophilids?" In the initial absence 
of workable transformation systems in mosquitoes, we used in vivo analysis of reporter gene 

rornoter activity in Ae. negyptpti. 
e constructed a series of deletions across the 5' flanking DNA of the Ae. 

sed each of these to a Iuciferase reporter gene (Shotkoski et al., 1996). 
cts was tested for luciferase activity following direct injection of the 

construct into developing embryos. The latter was performed using the same techniques routinely 
d for transformation (see Chapter 12 by Atkinson and O'Brochta and Chapter 1 by Handler). 
assaying activity in this range of deletions, we were able to determine that most of the 

promoter activity was contained in a 2.5-kb fragment immediately to the 5' end of the Rdl start 
codon. Interestingly, primer extension and sequence analysis subsequently revealed three closely 
linked transcription initiation sites within this region. This region also contained several consen- 
sus regulatory elements shared by other genes expressed in the nervous system (Shotkoski et al., 
1996). Thus, although higher levels of activity were expressed by 9.2 kb of 5' flanking DNA, 
and the Fact that no spatial information is given by this analysis (i.e.. if the gene is expressed in 
the same tissues as is observed in 7;ivo). much of the reporter gene activity was attributable to 
only this 2.5-kb promoter fragment. Following the identification of this .bagmen:. we used this 
5' flanking DNA fused to the resistant Rdl clDNA in transformation experiments with the Hetxzes 
vector (S. Doll, M. deCarnillis. D. O'Brochta . Christensec. A. Jarnes, and R. ffrench-Constant, 
unpubiished). Although inserfed copies of l were detected by both Southern analysis and 
inverse PCR in insects surviving inse re: no stable transformants were isolate6 at 
thae pime and these experiments were 

These experiments, therefore, demonstrate some of the difficulties of transforming large mos- 
qitito genes. In summary, these are (1) the preseme of large transcription units with numerous 
introns; (2) the associafed long stretches of 5' and 3' flanking DNA whose function is often uncertain, 
e.g., the long 3' tail of Rcll; and ( 3 )  the difficulty of identifying minimal 5' and 3' pieces of DNA 
without routine analysis of deletions by transformation. 

In conclusion, the routine transformation and analysis of large mosquito genes will clearly await 
the development of transformation vectors more equivalent to those used in D. melanogaster, First, 
vectors will need to incorporate at least 40 kb of DNA to give transformation of genomic gene 
copies contaia~ed in cosmids (also a critical step in identifying genes via chromosomal walking). 
Second, transformation itself and the associated animal husbandry will need to be sufficiently 
routine to allow for the repeated analysis of different deletion constructs in identifying promoter 
and regulatory elements. Finally, we will need to focus more attention on the putative roles of the 
alternatise splice f o r m  commonly seen in these genes and to assess their possible role in restoring 
full rescue of transformed phenotypes. 
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To provide a new tool for genetic manipulation in insects, we developed a novel class of retroviral 
vectors based on the oloney murine leukemia virus ( LV) that contain the envelope glyco- 
protein of vesicular stomatitis virus (VSV-G). These replication-incompetent, pantropic retroviral 
vectors have a broadened host cell range that includes insect cells and can be concentrated to the 
high titers (>1OY infectious unitslml) needed for microinjection studies. Such vectors have been 
demonstrated to attach, uncoat, reverse-transcribe, and integrate as a DNA provirus into the chro- 
mosomes of dipteran and iepidopteran cells. 

Retroviral vectors based on the murine a.nd avian leukemia viruses have become standard tools for 
the introduction and expression of foreign genes in mammalian cells, both in vitro and in vivo 
(Anderson, 1998). ah transform a retrovirus into a retroviurrl vector, the coding sequences for the 
structural gene (gag) ,  the reverse transcriptase gene (pol), and the envelope protein gene (env) are 
removed and replaced with coding sequences of interest under the control of the retroviral promoter 
(long terminal repeat; LT ) or an internal promoter. These replication-incompetent vectors are 
produced in packaging cell lines that express the retroviral proteins needed for the assembly of an 
infectious particle. The vector particles can be recovered from the culture supernatant and used to 
infect target cells. 

A decade of experience with these replication-incompelent has demonstrated that they 
can be produced safely in the laboratory. Because they are inca self-propagation, there are 
no containment issues for infected cells harhoring the integrated other than matters relating 

A. These vectors are now widely used for human gene thera 
have been intravenously administered to humans with no untoward effects. 

To broaden the host range of retroviral vectors, we created Moloney murine leukemia virils 
%V)-based pseudotyped vectors that contain the envelope glycoprotein of vesicular stomatitis 

virus (VSV-G) substituted for the retroviral envelope protein (Burns et al., 1993). The VSV-G 
protein binds to phospholipid moieties in the cell membrane, thus circumventing the need for a 
specific protein receptor molecule (Mastromarino et al., 1987). These modified retroviral vectors, 
therefore: have an expanded host cell range (pantropic) and, unlike their amphotropic counterparts 
containing the native retroviral envelope protein, can be concentrated to titers >1OY cfulml by 
ultracentrifugation. Biological containment issues are the same as for the amphotropic vectors since 
the pantropic vectors are also replication incompetent. have demonstrated that these vectors 
can attach, uncoat, reverse-transcribe, and stably integr into the genome of dipteran and iepi- 
dopteran cell lines ( atsubara et al., 1996; Franco et al., 1998; Teysset et al.. 1998) and embryos 
(Tordan et al., 1998: Franco et al., 1998). other animals, such as the zebrafish; cows: and the 
surfclam, Mulinia latemlis, we have expo early embryos to high-titer vector stocks to create 
transgenic organisms (Lin et al., 1994; Lu et al., 1996; Chan et al., 1998). roceeding even farther 
down the phylogenetic tree, pantropic vectors have been used to create transgenic amoeba ( 
al., 1999). 



etroviral Vectors for Insect Gene Transfer 4 27 

Two general limitations to the use of the vector to create transgenic organisms are ( l )  the need 
for the vector to traverse a cell membrane to uncoat and (2) the requirement that the target cell 
divide within several hours after infection. n the first case, the virus particle must uncoat in an 
endocytic vesicle after being endocytosed by the target cell. The vector particle is not capable of 
crossing other barrier membranes, such as the chorion, nor can the particles infect across barrier 
cells, such as nurse cells, to reach the final target. This means, therefore, that the particle must be 
delivered to the surface of the target cell in sufficient quantity to make an infection event likely. 
In the case of a nondividing celi, successful entry of the retroviral vector into the celi may still not 
result in stable transduction because the LV-based vectors do not contain nuclear targeting 
signals and thus depend on the breakdown of the nuclear envelope just prior to cell division to gain 
access to the nucleus. Lentivirai vectors, which do contain nuclear targeting sequences, can also 
be pseudotyped with VSV-G (Poeschla et , 1997): and preliminary data suggest that these vectors 
also readily transduce mosquito cells (J. urns, unpublished). Further studies are in progress to 
determine the in vitm and in vi~,o infection efficiency of these vectors. 

Detailed protocols for producing pantropic vectors are provided as an Appendix to this chapter. All 
the reagents, cells lines, and plasmids necessary to create the pseudotyped particles are available 
from Clontech Laboratories, Palo Alto, CA. Vector stocks may be produced by creating a stable 
producer cell Line in the 293-gag-pol cells that express high leveis of the retroviral proteins needed 
for packaging of particles (Yee et al., 1994a). To produce virus, 293-gag-pol cells containing an 
integrated provirus are transfected with a plasmid encoding the VSV-G protein and the vector is 
harvested from the supernatant until the cells die from syncytium formation caused by the VSV-G 
(Yee et al., 1994b). Alternatively, vector stocks can be transiently produced by cotransfection of 

lasmid carrying the retroviral construct and the plasmid encoding the VSV-G. Once vector 
stocks are produced, they may be used directly, stored at -70°C for several years, or concentrated 
by ultracentrifugation to obtain higher titers and to remove kciors in the tissue culture supernatant 
that may be toxic to the target cells. 

The retroviral particle can contain between I0 and 13 l& of sequence and still be efficiently 
packaged. The coding sequence of interest can be expressed in insect cells from the retroviral LTR 
or from an internal promoter such as the Dro.rophila h p 7 0  promoter (Franco et al., 1998: Jordan 
et al.. 1998) (Figure 7.1). Vectors expressing a selectable marker (e.g., neomycin or hygroinycin 
phosphotransferase) are useful to select transduced cells and to make a stable packaging cell line. 
Alternatively, vector can be produced by the transient transfection method (see Appendix), and 
both cistrons in the vector can be coding sequences of interest. 

7.1 Genetic organization of a retl-oviral vector. Genes of interest (cDNA) can be expressed from 
the MoMLV LTR as well as from an internal promoter of choice. The polyadenylation signal for both of these 
mRNAs resides in the 3' LTR. 
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Cap-independent translation occurs in many invertebrate cells and allows two cistrons separated 
by an internal ribosomal entry site ( WES) to he translated from the same mRNA. We are currently 
evaluating whether the polio virus 5' untranslated region (Adam et al.. 1991) and the Drosophila 
nizterzrzupedia exon DE (Oh et al., 1992) function as an IRES in mosquito cell lines. The ability to 
construct vectors with dicistronic genetic organization would give increased flexibility to the design 
of vectors for gene expression in mosquitoes (Figure 3.2). 

Cell lines from several different dipteran and lepidopteran species have been stably transduced with 
the pantropic retroviral vectors. High levels of reporter gene expression (e.g., firefly and 
luciferase) have been obtained (Franco et al., 1998), and transduced cells have been succ 
selected in hygromycin ( atsubara et al., 1996). The amount ciferase expression is proportional 
to the amount of vector used to infect the cells (Figure 7.3) ny different reporter gene vectors 
are currently available for testing expression in insect cells 

ah increase the infection efficiency of the pantropic vectors, we examined a number of different 
parameters. The use of polycations, polybrene, protamine sulfate, and poly-l-lysine, to overcome 
the negative charge on the surface of the virus particles and on the target cells increased the infection 
efficiency only slightly. F fection of mosquito cell lines, a 1.5- to 2.0-fold increase in infection 
efficiency was observed. ore significant increases in effici ncy were noted after adopting a 
centrifugation or flow-thr h protocol for infecting the cells. n the flow-through method, target 
cells or tissues are placed in tissue culture well inserts (Transwell inserts, Costar) and v i r ~ ~ s ,  diluted 
in medium plus polybrene (2 yglml), is ailowed to flow past the cells. For a single well of a 6- 
weil plate with 1 to 5 X 10' cells, we typically use 10Qfu of vector in 1 ~ n l  medium containing 
2 pglml of polybrene. he directed flow of virus particles increases the likelihood of contact with 
eke target cell surface ( alsson and Andreadis, i 993). Using this type of protocol, we demonstrated 
a five- to ten-fold increase in infection efficiency of MOS-55 (hzopheles gninbiae) cells. A simiEar 
effect can also be achieved with I to 2 h of low-speed centrifugation (1000 X g) of cells plus virus 
and polybrene (Figure 7.5). 

In different mosquito species, microinjection of concentrated vector stocks into the early embryo 
has resulted in at least somatic infection in 5 to 20% of G, animals depending on the titer of the 
vector, the mosquito species, and the experience of the individual doing the microinjection. 
Limited gene amplification studies have suggested that the transgene can be passed on to 
subsequent generations. Large-scale screens for transgenic G, and G2 mosquitoes must await 
improved phenotypic markers for transgenic embryo detection. Studies with the green fluorescent 
protein as a dominant phenotypic marker suggest that levels of stable expression are below 
detection thresholds. 

Somatic infecticn of various tissues in developing larvae has been demonstrated in D. inelan- 
oguster. Aedes friseriatus. Culex tarsalis, An. ganzbiae, and Manduca sextu (Jordan et al., 1998; 
Franco et al., 1998). Expression of I-;-galactosidase and firefly luciferase has been documented 
in adults following microinjection during larval stages. Larvae also have been infected via the 
oral route with pantropic retroviral vector administered in the swim water. Applications of 
these vectors to in vivo studies of promoter function and regulation appear promising. In 
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E 7.2 Genetic organization of a dicistronic vector. Cap-independent trans!ation in insect cells can 
be mediated by the poliovirus IRES. Vectors carrying this sequence between the firefly and Renilla luciferase 
cDNAs demonstrate expression of both reporter genes. lJse of an IRES provides greater flexibility in the 
design of vectors for expression in insect celis. 

No virus ? 04 105 100 1000 

Infectious Non-i~iectious 
virus (cfu) virus 

F1 7.3 Infection of MO§-55 cells (Ail. gnnzbine) lvith vector LNhsp70lucL (firefly luciferase expressed 
from Drosophila h.yp70 promoter). Triplicate wells of MOS-55 cells (80% confluent) in a six-well plate were 
exposed to the different solutions as shown. Polybrene (2 yg/ml) was added tc all wells. At 24-11 postinfection, 
medium was replaced with normai growth medium. At 72-h postinfection. cells were lysed and assayed for 
total protein and luciferase activity (see Appendix for detailed protocol). No virus: polybrene and medium 
alone. Infectious virus: pseudotyped LNhsp7OlucL vector at either 104 or 10' cfuiwell. Noninfectious virus: 
nonpseudotyped (bald) LNhsp70lucL vector. The bald virus negative control is produced from packaging cells 
that do not contain an envelope glycoprotein. The particles contain a functiorial nucleocapsid but are non- 
infectious as a result of the absence of an envelope protein. Bars represent mean constitutive luciferase 
activityipg protein of triplicate wells ?l standard deviation. 
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Genetic organization of pantropic retroviral vectors available for testing reporter gene expres- 
sion in insect cells. 

addition, use of the vectors for somatic infection of specific tissues should allow rapi 
of foreign gene expression as a first step to designing other types of vectors for creating 
transgenic organisms. 

In summary, these pantropic vectors represent an important innovation that permits the use of 
retroviral vectors to introduce foreign genes stably into nonmammalian cells. Vectors can be 
constructed easily to coinpare gene expression mediated by different promoters. This provides a 
way to assess promoter function from a single, stably integrated copy of the provirus. In addition, 
the vectors may provide insight into regulation of gene expression in vivo in different tissues such 
as the midgut, salivary gland, and fat body. These vectors should, in principle, be useful vehicles 
for germline transformation in a number of different insect species in which vector delivery to the 
primordial germline cells can be achieved. 
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Static Spin Spin 
15 min. 60 min. 

E 7.5 Pantropic retroviral vector infection of MOS-55 cells by different methods. Cells were grown 
to 80% confluence in a six-well plate were exposed in quadruplicate to 105 cfu oi' the vector LNhsp70lucL 
(MoMLV LTR-neo-Drosoplzila h.rp70 promoter-firefly luciferase-LTR; Jordan ct al., 1998) and polybrene 
(2 pglml) under the following conditions: (1)  Static infection: Cells were incubated at room temperature with 
vector plus polybrcne for 24 h, at which time medium was replaced; (2) Centrifugation: Cells were centrifuged 
at room temperature at l000 X g for either 15 min or l h in the presence of virus plus polybrene. Medium 
was replaced at 24 h. For both infection conditions, cells were harvested at 48-h postinfection, lysed in cell 
lysis buffer (Analytical Luminescence Laboratory), and assayed for luciferasc activity and total cellular protein 
(Biorad) according to the manufacturers' instructions. 

Note: The advantages of this transient transfection method are that (1) small quantities of vector 
can be quickly produced and (2) the impact of reverse transcription errors resulting in a defective 
viral genome (<10%) is minimized. The disadvantage is that the titers are generally 0.5 to 1.0 log 
lower by this method than by selecting a stable producer clone (see Section B below). 

L .  Grow 293-gag-pol cells in DME high gluco\e/lO% FCS until monolayer is 80 to 90% 
confluent. Allow cells to grow on plate for at lea\t 48 h before transfection. Replace 
medium with fresh DMEM/10% FCS before transkction procedure. 

2 Transfection: For 1 m1 of precipitate ( I  ml/lO-cm plate. 5 mllT225 flask), add l: 10 sterile 
TE pH 8.0 + plasmid to equal 437 yl. 

3. Add a total of 20 yg of plasmid DNA so that the molar ratio of pCMV-VSV-G and 
retroviral plasmld is l : 1. For example, to produce LLRNL vector, use 1 1.6 yg of pLLRNL 
(8.7 kb) and 8.4 pg of pCMV-VSV-G (6.3 kb). 
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4. Add 63 {L! of 2 M CaCl, by single drops while swirling  he DKA mixture gently. 
5 .  Add 500 yl of 2 x H S to DNA mixture while gently swirling. 
6. Leave at room tenlperature for 30 min to allow precipimte to form. 
7. Gently mix by inverting five times and add precipitate to plate by single drops, swirling 

after each addirion. 
8. Allow precipitate to stay on cells for 4 to 8 h while incubating at 37"CI 10% CO:. Do 

not leave 293 cells with precipitate longer, or cells will come off the 
9. After 6 to 8 h. gently aspirate medium and replace with 8 rnl of DIM 

I .  Cotransfect 293-gag-pol cells with 20 yg of tkhe retroviral plasmid and pCMV-VSV-G 
as described above (Appendix A. steps 1 through 9). 

2. At 48-h post-transfection, harvest the supernatant, filter through a 0.45-pm filter, and 
infect two fresh plates of 293-gag-pol cells with 0.1 and 1.0 rnl of supernatant arid 
polybrene (8 pg/ml), respectively. 

3. At 12-h postinfection, replace medium with D EM high glucose with 10% FCS and 
400 pglmlG418 (neomycin analogue). Nontransduced cells will begin to die in selection 
24 to 48 h after adding the G418. Individual colonies, each representing il~fection of a 
single cell, will become visible at 7 to 10 days after selection. 

4. To pick clones. choose a plate that has an appropriate number of colonies (e.g., not too 
crowded) and aspirate all medium from the plate. Draw up 3 yl of medium in an 
Eppendorf pipette and vigorously pipette up and down on an individual colony to remove 
the cells, Transfer the 3 yl to a well in a 24-well plate until ail the colonies are harvested. 

Note: Avoid picking colonies that are too close to their neighbor. Colonies growing in the center 
the plate are more likely to he unique than colonies growing around the edge of the plate. 
rking quickly is im ortant to avoid desiccation of the colonies. Turning off the blower on the 

tissue culture hood may slow the rate of desiccation. 
5 .  Grow colonies in 24-well plate in presence of G418 (400 pg/mi) and passage into a 

duplicate 24-well plate. Different colonies will have d i fhenr  growth rates, and not all 
clones will be ready to transfect at the same time. 

6. When clones in one of the duplicate 24-well plates are 80 to 90% confluent. replace 
medium with DMEM high glucose with 10% FCS but without 6418. 

7. For 16 clones. make 1 ml of transfection mixture with 20 pg of pGMV-VSV-G piasmid 
(see Appendix A, steps 2 through 5). Each well needs 60 p1 of mixture, so if there are 
more than 16 clones (60 ~ t l  x 16 well = 960 p]), calculate and make more mixture. 

8. Slowly add 60 p1 of transfeclion mixture to each well while swirling. 
9. Incubate the plate for 6 to 8 h at 37OC in 10% CO,. Remove precipitate and replace with 

normal growth medium (500 yllwell) without G418. 
10. Incubate for 48 h. To titer the supernatants, grow 208F cells (or NIH 3T3 cells) in a 

24-well plate to 25% confluency. 
11. Harvest 2 p1 from each 293 clone, taking care not to touch the monolayer. Infect each 

well of 20% cells with supernatant from a different 293 clone and label the wells. Add 
polybrene (8 baglml) to each well of infected cells. 

12. Incubate titer plate for 12 to 24 h. Replace medium with 6418-containing D 
13. Incubate for 6 to 8 days with media changes to remove dead cells. 
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14, Fix the 20XF plate with methanol X 10 min at r . Rinse plate with water 
and add Giernsa stain 12 ml co~nmercial stain i- n for 5 io L5 min. Rinse 
and photocopy plate to keep record of different cl s infected with the most 
vector will have the largest patches of blue cells. Do not bother counting colonies. Simply 
choose the best two to three producer clones based on this titer estimate. 

15. To choose the best 293-gag-pol producer clone, determine a more precise titer by 
growing the two to three winning clones in a 10-cm plate, transfecting with pCMV- 
VSV-G. infecting 208F cells with filtered supernatant. and selecting colonies in C4 18- 
containing medium. 

Note: Deletions can occur due to reverse transcriplase errors and all clones should be checked by 
for full-length, integrated provirus as well as for levels of transgene expression. The protocol 

affered here avoids the use of the PA317 packaging cell h e ,  which has the theoretical problem of 
containing endogenous murine relroelements that could lead to formation of recombinant. replica- 
'Lion-competent virus. 

I .  Grow the best 293-gag-pol producer clone in D high glucose ~ i i t h  10% FCS and 
6418  (400 pglml) until monolayer is about 80 to 90% confluent. 

2. Transfect cells with 20 yg pCMV-VSV-G (for a IQ-cm plate) by calcium phosphate 
coprecipitation as described in Appendix A, steps 2 through 5. 

I .  Beginning 48 h after iransfection precipitate was initially placed on cells. collect super- 
natai?t from each plate with a 20-cc syringe and pass through a 0.45-pm flier to remove 
ceiiuiar de'oris. Store filtered supernatanis at -40°C until ready to use. Supernatants can 
be froren and thawed up to three times without significant loss in titer. 

2.  Replace 6 to 8 ~ n l  of mediun-i (withour 6318) onto 293-gag-pol producer cells and harvest 
\.irij again 24 k later. Harvesting virus at more frecjueni intervals does not seem to 
increase fie overall yield. 

3. Harvest virus supernatant at 48. 72, and 96 h. 'X-iters of virus drop precipitously more 
than 4 days post-transfecticn. 

Nore: The stability of the VSV-G emelope protein permits physical concentration of the vectors 
by a variety of metkods. Ultracentrifugation can be expected to yield a 2 log increase in titer 
after one round of centrifugation and an additional 1 log increase in riter after a second round 
of centrifugation. 

1. Place the ultracentrifuge tubes overnight under uitraviolei light in the tissue cuiiure hood 
to sterilize. 

2. Add the virus (13.5 m!/luSe for SW41 rotor, eckman Ultraclear Cat 344059, 14 X 89 mm) 
and centrifuge for 90 to 120 min at 25.000 rpm at 4°C with ihe brake on (= 100.000 X g). 
Any clear ultracentrifuge tubelrotor can be used. A swinging bucket rotor is preferred 
since after one round of ultrace1itrifugatio11, the pellet is hequenely invisible. 
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Speeds and Coaditions j o y  other 
Beckman SW28: 37.5 mi, swing ket, 24,000 rpm x 2 h at 4"C, brake on. 
Resuspend second pellet in 30 p1 unless pellet is too big, then increase volume slightly. 

eckman Ti45: 45 mlltube, spin at 35,000 rpm X 2 h at 4OC, brake on. 
ecant the supernatant, dry the tubes with Kimwipes wrapped aroun 

taking care not to disturb the pellet. lace tubes immediately on ice. 
4. Add 30 p1 of 0.1 x Hank's balanced salt solution (diluted with ddH,O or 

not been well studied and both ways seem to work), cover the tubes with 
hold them at 4°C overnight. This allows the ellet to resuspend slowly. 

1. Resuspend the pellet several times with a P200 pipetman. Try to avoid creating bubbles. 
2. For a second round of concentration (necessary to achieve titers of IQ9 cfulml), pool 

41 tubes into a single tube, bring up to volume with 
the centrifugation. Resuspend pellet next day in 30 p1 of 0.1 X Hank's and store at -70°C. 

3. To iiter virus, make a 10-j dilution of concentrated virus in media and iilfect 208F cells 
with 50 pi. Remember to add polybrene (final concentration, 8 pglmi) when adding virus. 

Upstream primer 
MoMEV U3 reglon. 
5' AG GAC CTG AAA TGA CCG TCT 3' 

Downstream prlrner 
Complementary to M 
5' G GGT AGT CAA TCA CTC iaG 3' 
Amplicon size 244 bp 

Upstream primer 
5' CCC AGA GCA AGA GAG GTA 3' 

Downstream primer 
5' TCC AGA CGG AGG ATG GCG GT 3' 

To detect the presence of amplifiable DNA from mosquito extracts, positive control primers were 
selected from a consensus alignment of the muscle actin gene from several different invertebrates 
(Jordan et al., 1998). The predicted amplicon size based on these sequences is 336 bp. The primers 
(0.1 yM each) were added to a 25-yl reaction mixture containing 10 
MgCl,, 50 mM KCI; 200 y m  each dNTP, and 0.2 yl Eq DNA pol 

erkin Elmer, Foster City. CA). These optimal buffer conditions were determined after testing a 
range of concentrations for the primers (0.1, 0.25, and 0.5 pp//) and magnesium (1.5 and 2.5 m M ) .  
Optimal thermal cycling conditions were 94°C x 30 S, 55°C X 30 s. and 72°C X 60 s for 40 cycles. 

assay, the optimized buffer and ermal cycling conditions were the same 
as for actin except for the primer concentration (0.5 p and the annealing temperature (40°C). 
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L .  Harvest cell lysate at least 72 h postinfection (from start of infection) according to 
manufacturer's protocol (Analytical Luminescence Laboratory, Enhanced kuciferase 

H; Promega reagents are also fine). 
2. Aspirate medlurn and wash monolayer twice with P 
3. Add 150 yl of cell lysis bufferlwell for six-well plate (60 pllwell for 24-well plate) 

prepared according to manufacturer's instructions. Incubate at 4°C for 15 to 20 min. 
4. Spin out cell pellet and debris in Eppendorf centrifuge for 5 min at 4°C or 3 inin at room 

temperature at 13.000 rpm (maximum speed). Remove 120 pl supernatant and freeze at 
-70°C for later assay or continue. Save pellet for DNA extraction IPCR, if needed. Allow 
cell lysate to warm to room temperature before continuing. 

5.  Use 100 pf (40 yl from 24-we11 plate) of clarified cell lysate for luciferase assay and 
5 p1 for protein assay (Bio-Rad dye reagent). Calculate light unitstpg protein. 

1. Freeze single mosquitos in Eppendorf tubes on dry ice. 
2. Grind frozen, dry mosquito with disposable pestle (separate pestle for each tube) without 

allowing to thaw. 
3. Add 150 p1 of cell lysis buffer at room temperature. Grind again in lysis buffer. Incubate 

at 4°C X l 0  to 15 min. 
4. Spin out debris as above and transfer atant to assay tubes. 

can be used for DNA extraction and 

Note: Store all reagents at 4@C in sterile tubes. 

2 X HBS 

For 200 ml, weigh out the following: 

Dissolve in 180 m1 ddH,O. Adjust pH to 7.12 with 5 N NaOH. pH of final solution is critical! Add 
ddH,O to equal 200 ml. Filter-sterilize with 0.2 pm filter. 

2 M CaCI, 
For 100 m1 of solution: 

Dissolve in ddM,O to make 100 ml. Filter-sterilize with 0.2 pm filter. 
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1 :  7 0 TE ( 1  mM Tris/O. 7 mM EDTA) 

For 50 mi: Add 50 p1 of 1 M Tris, pH 8.0 and 10 ul 500 m'd EDTA, pH 8.0, to 50 m1 ddH,B. 
Autoclave to sterilize. 

F- SoMons for Tissue C 

Polybrene ihexadimefhrine bromide) 

Available from Sigrna. Powder (stored at 0 io 5°C) is soluble in ddH1O up to 10%. 
stock sol~~tion.  Filter-sterilize (0.2 tmi filter). Recommended concentrations for cell line infection: 
2 @ml for mosquito cell lines. 4 to 8 yglml for 293-gag-pol and 20% cell lines. 

G4 18 solution 

Need 0.1 M HEPES to dilute 641 8 (Gibco RL). For 400 m! 0.1 M HEPES (free acid. Sigma, 
MW 238.3'3: 

1 .  Dissolve 9.52 g in 350 rnl ddH,O. 
2. Adjust pH with 5 N NaBH to pH 7.45. 
3. Adjust final pH with 0.1 N NaOH to 7.55 

To make C418 stock: 

1. Calculate volume of 0.1 HEPES to add to G318 powder to yie!d 40 rnglml of actitte 
compound. Purity of 6418 is typically between 500 and 700 pghng. For example, if 
potency of C418 is 661 pg/mg, then 40 mglml = 561 p&. where X = 14.52 m1 0.1 M 
MEQES. 

2. Filter-steriiize (0.2 pm filter) in hood ancl aiiquot into 15-m1 polypropyjene centrifuge 
t ~ b e s .  Store frozen at -20°C until ready ro use. Keep at 4°C x 2 to 3 months. 
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Transduction is the use of viruses to package and deliver genes of interest to cells by the infectious 
process . Transduction was discovered in bacteria. and has greatly facilitated genetic analysis and 
inanipulation in several bacterial species . More recently . transduction has been used in mammalian 
systems. particularly in gene therapy applications . Retrovirus . adenovirus . poxvirus . and parvovirus 
vectors have all been developed and have proved useful for specific applications . The use of viruses 
to transduce genes of interest in insects is less well explored . although the potential for laboratory 
studies and control of agricultural pests and vector-borne disease seems very attractive . 

The virus families available for use in insects include both RNA and DNA viruses . Many of 
the well-characterized RNA viruses known to infect insects are arboviruses. which infect both the 
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vector insect and a vertebrate host. Indeed, virus vectors based on the alphaviruses (Sindbis virus 
and Semliki Forest Virus) are effective expression vectors in both mosquito systems and in mam- 
malian cells. While these N A  virus vector systems have proved to be valuable laboratory tools, 
the potential for applications outside the laboratory seems limited because o f  fheir ability to infect 
~ertebrates. The DNA viruses are more restricted in their host range, probably because o f  greater 
dependence on host functions. The DNA viruses that seem to have potential for insect transduciiori 
are the baculoviruses. polydnaviruses, parvoviruses, iridoviruses, and the entomopoxviruses. The 
baculovil-uses o f  lepidopterans have been very successfully exploited as laboratory expression 
systems and in biocontrol applications. However, aside from these well-studied viruses, little has 
been done to develop transducing viruses for other insect sys tem.  

Potential transducing viruses for vector insects such as mosquitoes are more limited. Aithough 
baculoviruses, iridoviruses, and entomopoxviruses o f  mosquitoes have been reported, they are as 
yet poorly characterized and not yet amenable to molecular biological manipulation. Polydnavirilses 
have so far only been shown to replicate in the ovaries o f  parasitic wasps. in contrast, the parvovi- 
ruses o f  insects (densoviruses) are relatively well characterized. Since they have a nonenveloped 
icosahedral structure, they are among ehe most stable viruses in the environment. Denso\. 7 ~ r ~ ~ ~ e s  
appear to be relatively widespread in nature, but at the same time they are relatively restricted in 
their host specificity. This makes them attractive candidates for use in biological control strategies. 

Our laboratory has been able to develop the densovirus o f  the mosquito Aedes aegxpti (AeDKV) 
as a gene trailsfer vector that is able to transduce genes into mosquito larvae by natural routes o f  
infection in their aquatic habitat. This opens the potential for introducing genes that increase the 
virulence o f  the virus or perhaps modify the life cycle or behavior o f  the mosquito into natural 
popuiations. Some o f  the mosquito densoviruses have been reported to be transmitted transovarially, 
which could potentially be exploited in the implementation o f  control strategies. The densovirus 
o f  the lepidopteran Jmonic~ coeniu (JcDNV) has also been developed as a gene transfer vector. 
This chapter will concentrate on these two viruses. 

Densonuclcosis viruses or densoviruses are so named ecause o f  the enlarged hypertrophied 
appearance o f  the nuclei in infected cells. This is presumabiy due to the fact that these viruses are 

ed and assembled in the nucleus. The densoviruses are members o f  the family Parvoviridae. 
voviridae consist o f  two subfamilies, the Parvovirinae and the Densovirinae. The Parvoviri- 

nae are the parvoviruses o f  vertebrates. These include the minute virus o f  mice (MV 
adeno-associated viruses (AAV) ,  which are the most thorougldy studied members o f  the family. 
Understanding o f  the moiecuiar biology o f  parvoviruses is mainly based on the studies o f  these 
two viruses and flieir close relatives. The Densovirinae are the parvovl;uses o f  arthropods, mainly 
insects. There are t h e e  genera in the Densovirinae: Der~sovinis, Itern~~irzls, and B~~eviden.stivi~u.~.. 
The genus Densovims contains the Jztrzonia cnenin densovirus (JcDNV) and the Gallerin nzello~~ellcr 

virus (CmDPJV). The genus Ilei-avirus contains the oinhjx mori derisovirus (BmDNV). and 
-et~ideizsovirus genus contains the Ae. aegwti dens %us (AeDNV) and the Ae. al0opictu.s 

densovirus (AaPV).  
The AeDNV was isolated from a laboratory colony o f  Ae. aeg?pti, and another Aedes densovirus 

(AthDNV) has been isolated from Ae. aegypti and Ae. u1hopictzl.s colonies in Thailand. This virus 
has also been detected in numerous natural populations in Thailand (P. Kittayapoilg. persona! 
communication). As with fhe mammalian parvoviruses, many o f  the mosquito densoviruses have 
been isolated as contaminants in cell culture. A presunied densovirus was detected by electron 
microscopy in Ae. pse~icloscutellcri-is (Ap-61) cells (Gorriglia et al.. 1980). The Ae. a1hnpictu.s 1 irus 
(AaPV) was isolated from Ae. crlbupic~rlls C6136 cells (Jousset et al., 1993). Other \.iruses were 
isolated from Hc~eriiogogus eqltirms, E)?iorlz~~zcl~iies nnzboiizcmis, and Gu1ex th~ileri  mosquito cell 
lines (O'Neill et al.. 1995). 
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The AeDNV has been thoroughly characterized at the organismal levcl by Buchatsky (1989). 
The virus infects mosquitoes of the genera Aecles, C~ilex, and Culiseta. Multiple tissues including 

alpighian tubules, imaginal disks, muscles, and others become infected in larvae, pupae, 
and adults. Infected animals are killed in  a dose-dependent manner. In general. the higher the titer 
oS the infecting virus and the earlier in the life cycle the infection occurs, the greater the morbidity 

used by the virus. There are several reporls of transovarial transmission of mosquito 
uchatsky, 1989; O'Neill et al., 1995; Barreau et al., 1997). Thus, it is likely that 

the viruses are transmitted horizontally in  pools where larvae undergo developincnt and with the 
virus spread from pool to pool by transovarial transmission. 

Parvoviruses are icosahedral particles approximately 20 nm in diameter (Figure 8.1). The particles 
consist of DNA and protein, lack a lipid envelope, and are not glycosyiated. They are relatively 
rcsistant to extremes in pH, temperature, etc. and are relatively stable in the environment 
(Buchatsky, 1989). The early events in infection involving binding to the cell, entry into the cell, 
and uncoating of the viral genome are poorly understood. The cellular receptors for AeDNV and 
JcDIVV are unknown. 

The genomes of parvoviruses are linear single-stranded DNA molecules between 4000 and 6000 
nucleotides in length. Depending on the virus, either the ncgativc-sense strand (complementary to 
mRNA) is predominantly packaged into virus particies (e.g., AeDNV) or both strands are packaged 
with about equal efficiency into virus parlicks (e.g., 3cDNV). The ends of parvoviral genomes 
contain terminal inverted repeat (TYK) sequences predicted to fold into T-shaped or Y-shaped 
secondary structures. In somc viruses, such as JcDNV, the TTKs arc the same on both ends of the 
genorne. In others? such as AeDWV, the two TilRs differ in sequence. During infection, aficr the 

.l Electron micrograph of the AcDNV. (Courtesy of Prof. L. Buchatsky, Kiev, Illcraine.) 
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D N A  has been uncoated, the 3' end acts as a primer for cellular DNA polymerase to synthesize a 
positive-sense DNA strand, complementary to the genome. thereby forming a double-stranded 
rnonomer replicative form (WF) o f  the parvovirus DNA ( erns. 1996). This molecule has a hairpin- 
like structure. and the 3' end can fold back on itself because o f  the TIR. Extension o f  the 3' end 
by DNA polymerase results in displacement o f  the original genomic strand, opening o f  the hairpin, 
and synthesis o f  a double-stranded head-to-head dimer RF DNA. Higher-order RF lnullimers can 
be formed by the same mechanism. The single-stra progeny genomes are presumably cleaved 
from the RF D N A  and packaged into virus particle 

The genomes o f  two members o f  the I-eviderzsovirus genus, AeDWV and AaPV (Afanasiev et al., 
oublik et al., 1994) and two members o f  the De~zsovirus genus, JcDNV and GrnDNV 

(Dumas et al., 1992; Cenbank accession number L32894 for GmDNV), have been completely 
sequenced. The genomic organizations o f  the members o f  these two genera are quite different. The 

revidensovims genomes are about 4000 bases in length, and are similar in organization to 
the mammalian parvoviruses in which the genes are all on one strand (Figure 8.2). Two overlapping 
open reading frames occlupy the leftward two thirds o f  their genomes. These are the genes for 
nonstructural proteins designated NSI and NS2. The longer reading frame encodes a protein 
predicted to be approximately 790 amino acids in length. The protein contains a potential nucleotide 
binding motif. and is the presumed equivalent o f  the NS 1 protein o f  the mammalian parvm wuses. ' 

y analogy with Cjne mammalian parvoviruses, IVS ! is predicted to have site-specific nicking activity 
and helicase activity and to be necessary for replication and packaging o f  viral genomes. The 
reading frame predicted to encode NS2 lies completely within the NS1 reading frame in a +l  
frameshif with respect to the NS I frame. The predicted NS2 protein is approximately 360 amino 
acids in length. The function(s) o f  the NS2 proteins o f  mammalian parvoviruses are poorly under- 

E 8.2 Genomic organization of AeDNV and JcDNV. The open reading frames indicated by open 
boxes are described in the text. Promoters are indicated by arrocvs. Predicted TIR secondary structures are 
not drawn to scale. 
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stood, and the function of the predicted AeDNV NS2 protein is completely unknown. The rightward 
one third of the AeDNV and AaPV genomes is occupied by an approximately 360-codon open 
reading frame that is predicted to be the gene for the structural proteins of the virion (VPi and 
VP2). VPI and VP2 are approximately 40.000 and 38.800 Da in molecular weight. respectively, 
and differ only in their amino termini. VP2 may be generated from VPI by proteolytic cleavage. 
or, alternatively, the two proteins may result from initiation of translation at different initiation 
codons. An infectious clone of the AeDNV genome (pUCA) has been constructed by assembling 
a complete genome in the multiple cloning site of the plasmid vector pUCl9 (Afanasiev et al., 
1994). When pUCA is transfected into C6134 cells; the genorne is excised from the plasmid: 
presumably mediated by the NSI protein. and an infection begins. ultiinateiy resulting in the 
production of virus. 

In contrast; the members of the Deizsovirus genus, JcDNV and GmDNY have their structiml 
and nonstructural protein genes coded oa  different strands of their 6000 base genomes (see F i g ~ ~ r e  
8.2). A reading frame of 810 codoas, predicted to encode the four structural proteins of the virion 
(VPl-4), occupies the 5' half of one strand of the genome. These four proteins range in size from 

1 to 49.000 Da for VP4. As in other parvoviruses, the structural proteins differ 
only in their amino termini. This is probably due to initiation of translation at different AUG codons 
or perhaps post-trans!arional cleavage of VPI. The other half of the genome contains three open 
reading frames on the opposite strand from the VP reading frame, and these are predicted CO encode 
nonstructural proteins of 545, 275, a id  186 amino acids. The longest of rhese proteins has a 
predicted micleotide binding motif and presumably functions as the NS1 protein for the 
function of the other two n o n s t r ~ c t ~ ~ a l  proteins is unknown. An infectious clone (pB 
JcDWV genome has been construcwi in the plasrnid pbR322 (Dumas et d., 1982). When this 
plasmid is transfected into appropria-re lepidopteran cell lines or injected into iepidopteran larvae, 
infectious virus is produced. 

1 AeDNV Gene Ex 

rison of the sequences of AeDNV and AaPV led to the prediction that prornoters 
t approximately 7 and 61 map uniis (% of nucleotide sequence) horn the left 

end of the virus becacse of poientiai TATA sequences at these positions (Afanasiev et al., 1991; 
ublik et al., 1994). Northern blot s of RNA from AeDNV-infected C6136 Ae. nlOopict~ts 
Is indicated that there are two maj molectiles of approximateiy 3500 and 1200 nucleotides 

from the AeDNV genome (Kimmick, 1998). These two transcripts are the izes expected from the 
P7 and P61 promoters, respectively. The P7 transcript is the presumed m NA for NSl and NS2, 
and the P61 transcript is the presumed mRNA for the virion structural roteirx W1 and VP2. 
Potential polyadenylation signals are found in several places in tl-ie genome, in 
downstream of the VP gene near the right end. However. the sizes of the AeDNV 
suggest that the one near the right end of the genome is the primary. if not the only, one that is used. 

Expression of the viral genes was studied by fusing the various open reading frames with the 
Eschericlzin coli 6-galactosidase gene (ZacZ) or the E. coli fbglucuronidase (GUS) gene. After 
transfection of the lac2 constructs into C6136 cells, B-galalactosidase expression could be detected 
from the NSI,  NS2, and VP gene fusions (Afanasiev et al., 1994; Kimmick et al., 1998). Expression 
could be detected either histocheinicaliy by staining with the chrornogenic substrate X-gal (5 -  
bromo-4-chloro-3-indoiyl-(I;-D-galactosid) by quantitative spectrophotometric assay of cell lysates 
using the substrate ONPG (o-nitrophenyl-6-D-gal-side), or by a l~aminoinetric assay using the 
Galactolight reagent kit (Tropix). Similarly. expression of GUS fusion proteins could be detected 
histochemically by staining with X-gfuc (5-bromo-4-chloro-3-indolyl-~-D-gluc~~ronic acid) or by 
a quantitative luminometry assay using the GUSlight reagent kit (Tropix). 
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8.3.3.1. 7 A~onstructural gene promoter 
The nonstructural proteins N S  land NS2 are both expressed from the promoter P7. The translational 
reading frame for NSZ is contained in the N S I  reading frame. but ii is shifted by one nucleotide. 

uantitation of the levels of expression of N S 1  and N S 2  l a d  fusion proteins indicated that both 
proteins were expressed in comparable amounts (Kimmick et al., 1998). The presumed NS1 AUG 
initiation codon is just downstream of the predicted 5' end of the P7 transcript. The presumed NS2 
A U G  initiation codon is 73 nucieotides downstream of the N S l  A U G  (Figure 8.3~1). There are no 
consensus R N A  splice seq ces in this portion of the AeDNV genome, so it appears that translation 
must initiate from the P7 A at both AUG initiation codons with approximately equal efficiency. 
This is relatively unusua uitaryotic rnRNAs, since they are usually monocistronic and the frst  
AUG in the mRNA is usually where translation begi nterestingly: reporter genes could only be 

from P7 as gene fusions with NSI or NS2. hen a GUS gene was inserted downstream 
promoter in such a way that it had to be tr Iaied from its own A U G  initiation codon. 

no detectable G U S  protein expression was detected after transfection into C6136 cells. Although 
G U S  protein production was reduced more than 100-fold relative to an iPiS2-GUS gene fusion 
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.3 Srr~~cture  of the P7 mRNA. (a) The sequences of the AeDSIV and AaPv genomes in the regions 
of the predicted 5' ends of the P7 transcripts are aligned with one another. The conserved putative translational 
initiation codons for NSl  and NS2 are o ~ r l i n e d  bl- short filled boxes. The sequences predicted to fold into 
secondary structures are indicated by long filled and open boxes for AeDNV and XaPV, respecti~el!. (h)  The 
predicted secondary structures are indicaied. in the AeDNV secondary structure, the DrrrIHI restriction site 
used for mutagenesis to disrupt the secondary structure is indicated by a bracket, The six bases deleted by 
mutagenesis are boxed. 
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construct, P7 transcript levels, as measured by KNase protection, differed by less than a factor of 
two (Mimmick et al., 1998). Since this construct differed from the NS2-GUS construct only in the 
sequences between the S'end of the mRNA and the CUS coding sequence, a sequence just 
downstream of the 5' end of t transcript was apparently necessary for translation of the P7 
mRNA. Comparison of the Ae and AaPV sequences showed that sequences predicted to fold 
into a stem-loop secondary structure with a bulge in the stem are present in both viruses in the 73 
nucleotides between the NSI and NS2 AUG codons (Figure 8.3b). Site-directed mutagenesis of 
this sequence produced a 6-base deletion that is predicted to disrupt the secondary structure. This 
mutation drastically reduced expression of both NS1 and NS2 fusion proteins. Although protein 
expression is dramatically reduced by the deletion, the amount of RNA transcribed from P7 is not 
affected. Thus, there appears to be a novel translational regulation element requiring an RNA 
secondary structure in the 5' portion of the RNA transcript that controls expression from the 
promoter (Kiinmick et al., 1998). 

8.3.3.1.2 Structural gene promoter 

Similar analysis using VP-lacZ fusion gene constructs is under way to characterize the structural 
gene promoter. Initial predictions based on nucleotide sequence analysis suggested that the structural 
gene promoter was likely to be defined by a TATA-box sequence at 61 map units. However, recent 
experiments using oligonucleotide primer extension by reverse transcriptase indicate that the 5' end 
of the structural protein mRNA is actually about 80 nucleotides upstream of the predicted site at 
map unit 59 (T. Ward, unpublished results). This site is just downstream of another potential TATA- 
box sequence and also has a CAGT sequence characteristic of transcription initiation sites of a 
large number of arthropod transcriptioa units (Cherbas and Cherbas, 1993). Deletion analysis of 
the promoter is consistent with this interpretation since removal of a restriction fragment containing 
the initiation sire destroys the activity of the structul-a1 gene promoter. Unlike 7, both fusion and 
nonfusion proteins can be efficiently expressed from the structural gene promoter. 

8.3.3.1.3 fiansactivation of AeDNV promoters 

Constitutive basal expression was easily detectable from both the P7 and PSI promoters using the 
reporter gene fusion constructs described above. h inammafian parvoviruses the structural gene 
promoter is strongly induced by the NS1 protein. Cotransfection of the NSI. N.52, and W reporter 
gene fusion constructs with complementing plasmids can-ying the AeDNV nonstructural protein 
genes A7Sl and NS2 resulted in transactivation of expression of all the frrsion protein genes (Afa- 
nasiev et a!.. 1994: 1999). This transactivation can be mediated by the infectious clone pUCA or 
by nonreplicating constructs capable of expressil~g only the nonstructural proteins. A plasmid 
designed to express only NS2 does not mediate transactivation. Thus; as in mammalian par\-oviruses, 
the NS 1 protein is involved in both replication and gene expression. The amount of transactivation 
depended on the details of the experiment. but generally ranged between 7- and 20-fold. Although 
both the P7 and P61 promoters are inducible in the appropriate context. the minimal constitutive 
P61 promoter is not transactivatable by NSI. However. transactivatability can be restored by adding 
the left, right, or both TIR sequences of the virus back to the construct (T. 
results). These sequences are likely to contain NSI binding sites since they are involved in NS1- 
mediated replication and packaging functions. The molecular nechanisin of NS I -mediated trans- 
activation of the promoters is as yet unknown. 

The structural and nonstri~ctural protein genes of 3cDNV are expressed from promoters defined by 
TATA-box sequences located just inside the T1 sequences on either end of the genorne. According 
to a preliminary report on the closely related GrnDNV. two major transcripts of approximately i .8 
and 2 .1  kb encode the nonstrrictural and structtira! proteins, respectively (TaFal and Attathorn, 1993). 
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This suggests that the transcription units on either strand extend horn the promoters near the 
genomic ends to predicted polyadenylation signals in both strands near the center of the genome. 

Expression from the structural gene promoter of JcDNV has been studied by construction of 
a lucZ gene fusion construct with the V? gene (Giraud et al.. 1992). The sire of the fusion of the 
two genes was downstream of the V 4 AUG initiation codon. When this fusion construct was 
transfected into appropriate lepidopteran ceils, 0-galac sidase fusion proteins were produced that 
had amino termini corresponding to VP2, VP3, and V . Expression of p-gaiactosidase from the 
structural gene promoter did not require nonstructural protein expression but it was higher in the 
presence of them. Thus the expression of the structural proteins seems similar m AeDNV and other 
parvoviruses. Expression from the JcDNV nonstrucerxal gene promoter has not been studied in 
detail, but a construct designed to express chloramphenicol acelyi transferase (CAT) from the 
GmDNV nonstr~~ciural promoter has been made. When this construct was injected into lepidopteran 
larvae, CAT expression was observed (Tal and Attathorn. 1993). 

Several parvoviruses have been used to develop transducing systems incl~iding AAal, MVM. and 
Luddl. as well as the densoviruses reviewed here (Corsini et al., L996a). The same general strategy 
has been followed for ail of these systems. A transducing genome is constructed based on the 
infectious clone by replacing viral genes with the gene of interest (604 while retaining the TlRs 
that are required for replication and packaging of the genome. The products of the genes that are 
replaced by the 601 must be supplied by a helper construct. hen both the transducing genome 
and the helper construct are introduced into the same cell, the two constructs complenent one 
another and produce transducing particles that contain the transducing genonle packaged in the 
virus coal. 

AeDNV and ScDNV transducing genornes have been co~~structed in which the nonstructural 
protein genes or the structural protein genes or both have been replaced by reporter genes 
(Afanasiev et al.. 1994: 1999; Giraud et al., 1992). Since the virus particle is icosahedral; there 
is a finite limit to the length of DNA that can be packaged in a particle. In the case of AeDNV9 
lncZ hs ion  constructs such as pQllncZ (Figure M.4), which retained the left and right ends could 
be packaged into virus particles if their length did not exceed the wild-type length by more than 
about 8% (Afanasiev et al.. 1994). These transducing particles could then deliver <he lacZ gene 
to fresh cells, and /-;-galactosidase expression could be detected by histochemical staining with 
X-gal. This process could be blocked by antisxum against the virus. thus demonstrating thai it 
was actual particle-mediated transduction (Afanasiev et al., 1994). In the case of JcDNV, a lacZ- 
containing transducing genome of approximately 9 kb (-50% larger than the wild-type JcDNV 
genome) was apparently packaged and delivered to fresh cells (Giraud et al., 1992). Whether 
this is due to a significantly larger volume of the virus particle, or an alternative particle structure 
for JcDNV is not known. 

One particularly useful transducing genome (p7NS1-GFP) was constructed by fusing the gene 
for the green fluorescent protein (GFB) from the jellyfish Aequovea victovia in frame to the last 
codon of the AeDNV NSI gene, thereby replacing the AeDNV VP gene (see Figure 8.4). The 
NS1-GFP fusion protein produced by this construct appears to have all of the properties of the 
normal NSl protein (Afanasiev et al., 1999). It is capable of mediating the excision of the trans- 
ducing genome from its plasmid r when transfected into mosquito cells, and it transactivates 
both of the AeDNV promoters. provided with a complementing helper providing VP, the 
NS I -GFP fusion protein mediates packaging of the transducing genome into particles. The fusion 
protein is localized to the nuclei in transduced cells, as is the case with other parvoviral NS1 
proteins, and transduced cells are readily detected while still living by fluorescence microscopy. 
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E 8.4 Structures of AeDiW iransducing genomes and the pUCA helper. The left and right TIR 
sequences are depicted as boxes containing L or R. rsspectively. Plasmid vector sequences are shown as broken 
lines. The nuclear mgeting signal of the VP protcin is designated as nts. 

The nature of the helper used in transducing experiments depends on the design of the exper- 
iment. and the design of the transducing gecolne. The fuli infectious clorie pUCA (see Figure 8.4) 
can supply the nonstructural proteins (NSI and NS2). and the virion structural proteins (W). and 
can therefore act as a helper for any transducing genome. All of tlzese proteins are necessary for 
excision, replication. and packaging of a genome in which all of the viral genes are replaced by 
the GOI. A potential drawback of pUCA as a helper for some experimental applications is that the 
transducing particle preparation will be contaminated with wild-type AeDWV particles because 
these are likeiy to be produced at least as efficiently as transducing particles. This wild-type viral 
contamination can be significantly reduced by removing the TIR sequences from the infectious 
clone. This should prevent excision of the helper from the p lamid vector and subsequent replication 
and packaging. If the transducing genome still retains intact NSl/NS2 genes or intact VP genes, a 
helper construct that provides only the missing function is sufficient for generation of transducing 
particles. Recombination between transfecting plasmids resulting in generation of viable "wild- 
type" virus is easily demonstrated when cotransfection of mutually complementing plasmids is 
performed. Thus, one must always assume that preparations of transducing particles produced by 
cotransfection will contain some wild-type virus. 

The conventional method of producing AeDNV trailsducing particles is by cotransfection of 
05/36 (Aedes albopict~ts) celis with the plasmid carrying the transducing genome. and a helper 
plasmid which supplies the missing viral genes. While this results in the production of an easily 
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detectable number of transducing particles (IOi to !OJ). it is limited by the frequency of cotrans- 
feclion, and more ef'ficieilr methods are continually being sought. Our laboratory has investigated 
several different mosquito celi Lines to see if any of them were more permissive for growth of the 
virus and therefore potentially a better produce transduciag particles, These included A 
pseutiosctrtellul-is). ATC10 (Ae. ilegjpti). and S55 (Aizopizeles gnrizhine). Unf~rtunate~y. nolle 
was superior to C6136 in the production of virus. 

Production of recornbinant retroviruses is facilitated by the availability of packaging cell lines that 
coristitutively produce components of the virus that are missing fi-om the relroviral v e c m  construct. 
These packaging lines are constructed by stable transformation of appropriate celi lines with 
recombinant constructs designed to express the desired viral component. hilye also constructed 
packaging cell lines for AeDNV (unpublished). These are C6136 cells stably transformed ivith 
helper DNA plasmids designed to express either the virus capsid proteins (VP) or both the V$ and 
the nonstructural proteins NSI and NS2. Stably transformed iines were derived by including a 
selectable marker such as a gene conferring resistance to an antibiotic such as hygromycin or zeocin 
on the helper plasmid. Cells fhat are capable of continuous growth in medium containing the 
appropriate antibiotic carry the plasmid as part of Iheir genome. These cell lines produce viral 
capsid protein since they ace positive for viral antiger by immunoflcorescence assay using antibody 
to 4eDNV particles. These lines would be predicted to rescue, replicate, and encapsidate transchicing 
genomes after they are transfected into the cells. Although transducing partic!es were produced 
from some of these iines, more were produced by the cotransfection procedure described above. 
Thus, at the present time no efficient packaging cell line for densoviruses is available. 

Productim of transchicing particles by the cotrmsfectioe inethod results in gei~eratior! :,f ni'id-type " a  

virus as well as transducing particles because of recombination be twen  transducing genoines and 
helper constructs. For some applications, pure prepzrations of transducing particles withorat virus 
contamination are desirable. One method of eliminali~lg recombination resulting in wild-type virus 
would be to supply one oi'the genes necessary for helper function as RN.\ rather than DNA, Sindbis 
virus expression ~zc to r s  are well suited for these applications since they readily infect mosquito 
cells. and establish persistent rather tha:~ lytic infections in mosquito celis (Xjong et d., 1989; 
Higgs et a!., 1993: Srecienbeeli et al.. 1993). F~rtheni~ore ,  it is possibk to infecl essentially 190% 
cf all cells in a culture if the mu!tipliciiy of infection is high enough. The lesel of expression c i  

e gene of interest by Silidbis expression i.ec!;ors compares %\orably with DNA-based expressio!~ 
vectors. Plasmid cEones of the Sindbis genome are available for procluction of recambinant Sindbis 

Sindbis RNA transcribed from these plasmids can be transfected into inixn- 
1) to produce iilfectio~s Siridhis L-irus. Two lypes of Sindbis vectors are 

available. repiicon vectors and double subgeilornic vectors (Xiong et al., 1989: Higgs et al., 1993; 
Bredenbeek et al.. 1993). 111 the case of the replicon vectors the gene of interest replaces the genes 
for the Siildbis structural proteins, and is transcribed from the promoter for the subgeilomic RNA. 
Packaging of the replicon into Sindbis virus particles requires that the ndbis structura1 proteins 
be supplied by a complementing construct. The double subgenoniic (ds N) vectors contain all of 
the Sindbis genome plus a second subgenomic promoter that transcribes the gene of interest. The 
drSYK vectors are therefore capable of producing viable recombinar~t v i n s  particles. Due to the 
packaging l imi t  of the Sixlhis particle, the dsSIN i.ectors are restricted to 601 inserts of less than 
-1.5 kb, while the replicon vectors can express G01 of up to approximately 5 to 6 kb. 

The use of Sindbis vectors to supply helper functions for production of parvo~;irus transducing 
particles was initially tried with the mammalian parvovirus LuY11 (Corsini et al.. 1 9 9 3 ) .  The LuIII 
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NSI protein was delivered with a SIN replicon wctor to mammalian cells along with a plasmid 
canying a LulTI iransducing genome and a second plasmid providing LuPIH VPs. Production of low 
amounts of LuHII transducing particles was detected. Optimization of this three-component system 
was cornplicated by the fact that Sindbis and LuITT WSI are toxic to mammalian cells. 

For rise of Sindbis as a helper in the AeDNV system, another strategy was tried. A double 
subgenomic Sindbis virus vector that expresses the AeDNV VPs (TEI3'2JNP: Figure 8.5) was 

ra et al., 1999). This vector expressed AeDNV capsid antigen in both 
d C6136 mosquito cells as assessed by indirect immunofluorescence 

using rabbit antiserum against AeDNV. Interestingly, in the C6134 cells. the antigen accumulated 
in the nuclei of the celis as expected for densovirus antigen, while in the BHM-21 cells the antigen 
remained in the cytoplasm. This suggests that there is a significant difference between the nuclear 
localization signals of mammals and mosquitoes. This would also represent a significant block to 
productive replication of AeDNV in mammalian cells. 

The TEI3'23lVP helper should be effective in packaging any transducing genome with an intact 
NSl  gene and the 601replacing the V$ gene. One such transducing genome is p7NS1-GFP, which 
has the GFP gene fused to the carboxy-terminus of the AeDW protein (see Figure 8.4). 
cells are transfected with ihe plasmid car~ying the p7NS1 transducing genome an 
infected with the TE13'2JNP virus. transducing particles are produced in numbers that are com- 
parable with the two-plasmid system (Allen- iura et al., 1999). Optimization of this system is 
under way to determine its capabilities for production of transducing particles. 

bgenomic promoter 

.5 Structure of the TEi3'2JNP Sindbis helper viral genome. The locations of the two subgenomic 
promoters are shown by arrows. The subgenornic mRNAs extend from the respective promoters to the 3' poly A. 

quito larvae can be readily infected densovirus grown in cell culture by introducing larvae 
the medium from the infected cells a m a u  et al., 1994). This protocol can also be used for 

exposing Larvae to transducing particles. Alternatively, infected or transfected cells can be lysed by 
freezing and thawing or by sonication, and virus or transducing particles can be concentrated by 
centrifugation. Concentrated virus or transducing particles can then be introduced into the water in 
which the larvae are reared. Infection by these procedures in the laboratory probably mimics a natural 
infection since larvae are thought to be infected in their rearing sites in nature. The den~onstration 
of transduction of larvae was initially attempted by packaging transducing genomes canying the 
1acZ gene or the GUS gene. However, convincing demonstration of transduction in whole larvae by 
1acZ or GUS transducing particles was unsuccessful because endogenous background p-galactosidase 
and (J-glucuronidase activities obscured the detection of the transduced enzymes. Successful trans- 
duction of living larvae was demonstrated with particles carrying the p7NSl-GFP transducing 
genome. Fortunately. mosquito larvae are relatively transparent, and transduction was readily 
observed in living larvae by visualization of GFP by fluorescence microscopy (Afanasiev et a!., 
1999; see Color Figure 2:k). The natural route of infection had always been assumed to be oral 
through the digestive tract. Thus, the first cells to show evidence of transduction would be expected 
to be the cells of the gut. Although transduction of midgut cells has occasionally been detected, the 

": Color Figure 2 follows p. 108. 
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first signs of transduction are most frequently noted in the anal papillae (Figure 8.6a). In some 
experiments the cells at the base of bristles are also frequently transduced. This was unexpected and 
may indicate new routes of infection for this virus. ost of the preparations of transducing particles 
used in these experiments were made using pUCA as the helper and, therefore, contain large amounts 
of wild-type virus as well as the transducing particles. Coinfection of a cell with a transducing 
particle and a wild-type virus would allow packaging of newly replicated transducing genornes, and 
subsequent spread of transducing particles to secondary target tissues. Indeed, many of the transduced 
larvae go on to show more-disseminated infections with GFP fluorescence evident in many tissues 

alpighian tubules, muscles, and others (Figure 8.5b). Preparations of particles 
is helper or the packaging cell line have, so far, only shown evidence of infection 

in anal papillae, in support of our hypothesis that they are primary routes of infection. 
The structure of a papilla is a single layer of cells with the chitinous cuticle on one side and 

the hemocoel on the other side. In mosquito larvae the layer of cells is a syncytium with all the 
cells connected by cytoplasmic bridges (Garrett et al., 1984). As a consequence of the syncytial 
structure, the NS l-GFP fusion protein and probably the p7NS 1-GFP transducing genome can be 
spread to all of the nuclei in the syncytium without packaging into virus particles and reinfection. 
This probably accounts for the fact that usually all the nuclei of a transduced papilla fluoresce 
brightly. One of the functions of the anal papillae is to regulate ion concentrations in the hernolymph. 
The syncytium of cells forming a papilla has a high surface area in contact with the hemoiymph 
on the inside and the cuticle and aqueous environment on the other side. It is therefore ideally 
situated for mediating the trafficking of ions between the environment and the hemolymph. The 
cuticle covering the anal papillae :nay be comparatively thin and perhaps can allow passage of 
virus particles as well as ions. This route of infection may be exploitable for transducing genes 
whose products could be delivered to many parts of the insect by the circulatory system. Similarly, 
the sites where bristles come through the cuticie may have gaps in the cuticle large enough to allow 
passage of the virus particle and subsequent infection of the underlying cells. Larvae may also be 

tible to infection during rnolting between instars. 
ence of a disseminated transduciion/infection often exhibit symptoms of 
ie. However, some pupate and a few d o s e  as adults. 
scence in these individuals. To dare, transcluction has 

larvae of Ae. negy t i  and but not in Ae. triseiintzls. This is somewhat unexpected since the reported 
host range of AeDNV also includes species from the genera Cu1e.x and C~iliseia (Buchatsky, Z 989). 
Unexpectedly, when Aizopheles gambiae larvae were exposed to AeDNV NSI-GFP transducing 
particles, transduction was observed (M. Edwards and . Jacobs-Lorena. personal communication). 
In the case of the Atzophe2e.r larvae, transduction was only observed in the anal papillae and bristle 
cells. No evidence of disseminated infection was seen. Clearly, there are large gaps in know!edge 
regarding the host range, the tissue tropisms, the nature of densovirus receptor(s), and the distri- 
bution of virus recepiors within and among mosquitoes. Nevertheless, we have demonstrated that 
densoviruses can be used to transduce living mosquitoes and that this can be accolnpiished without 
resorting to arrificial means of introduction such as microinjection. 

Adeno-associated virus (AAV) is not capable of a productive infection of most cell types without 
coinfection with an adenovirus or herpesvirus as a helper virus. The functions that are missing in 
AAV and are provided by the helper are poorly understood ( erns, 1996). When human cells are 
infected with AAV in the absence of helper, the AAV genome has been shown to integrate into a 
specific site on chronlosorne i9  of the human genome. This ability is highly attractive for human 
gene therapy applications, and Ihe process has been investigated in some detail dining the last few 
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.6 Transduction of larvac by transducing particles containing the p7NSl-GFP gcnome. (a) The 
bright object in the upper center part of the figure is an anal papilla showing strong green fluorescence. 
(h) Several fluorescent (some with brightly fluorescent nuclei) cells are evidcnt in the center of the figure. 
Weakly fluorescent muscle fibers are seen in the upper lcfi corner. Scc also Color Figure 2.:% 

years (Kotin, 1994; kinden et al., 1996a; 1996b). Site-specific integration seems to require the AAV 
rep protein (equivalent to NSl), and a sequence in the cellular genome that resembles an AAV 
replication origin. The rep protein presumably targets the integration to the chromosomal "origin," 
and may participate in the integrative recombination event in some way. Integration of recombinant 
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AAV vectors lacking the rep gene also occurs; however, the site specificity is lost and the insertions 
occur at random sites in the genome (Yang et al., 1997). This seems to involve interactions of the 
hairpin end structures of the viral genome with unknown cellular recombination machinery, and 
does not involve NS l .  

Other parvoviruses are not thought to integrate into their host cell genomes. However, recently, 
it was shown that the minute virus of mice (M autonomous parvovirus, is capable of 
integrating into a cloned MV origin maintained o isomal plasmid in cultured cells (Corsini 
et al.. 1997). The targeted i ration required the NS1 protein. Although the system used 
to demonstrate MV integration is highly artificial, it suggests that, under the appropriate condi- 
tions, integration events involving parvovirus replication origins can be mediated by pauvoviral 
NSl proteins. Can similar recombinationlintegration events be demonstrated with densoviruses? 
Studies with JcDNV transducing genoines carrying the lncZ gene indicated that they can persist 
in cell cultures for at least 25 subcultures (Giraud et al., 1992). This suggests that there is some 
mechanism for stable maintenance of the transducing genome, although the state of the DNA, 
integrated or episomal, was not determined. 

Are AeDNV transducing genomes capable of integrating into the mosquito genome? To address 
this question, a transducing genome containing a dominant selectable marker was constructed 
in the plasmid pUC19. This construct, p7hyg (Figure 8.7a), contains the viral left and right ends, 
but ail of the viral genes were deleted and replaced with the hygromycin phosphotransferase 
gene ( h y g )  fused to the NS2 gene and transcribed from p7 promoter. Thus far, it has not been 
possible to isolate hygromycin-resistant cell lines by infection with transducing particles carrying 
the p7hyg genome, generated by colransfection of the plasmid carrying the p7hyg genome with 
helper constructs. The efficiency with which this genome is packaged into particles is unknown, 
so the reason for the lack of hygromycin-resistanI transductanis could be due to low titers of 
transducing particles. In an attempt to eliminate putative packaging efficiency problems and 
answer the question of whether the p7hyg genome can integrate, C6136 Ae. alhopicfus cells were 
transfected with p7hyg. Transfections were performed both with and without a helper vector that 
provided the NS 1 protein required for excision of the hyg transducing genome from the plasmid, 
replication, and perhaps integration into the mosquito genome. Hygromycin-resistant colonies 
were isolated and expanded in medium containing hygromycin, and several cell lines were 

. The generation of hygromycin-resistant cell lines did no! depend on the presence of 
the helper plasmid supplying WS I.  

The copy numbers of plasmid in these lines. estimated by Southern blot hybridization, ranged 
widely from several thousand to one. Some of the cell lines contained extremely high copy 
numbers of plasmid arranged in tandem linear arrays that formed double minute chromosomes 
similar to those previously described (Monroe et al., 1992). To characterize integration events: 
one line was chosen, which showed five apparent integration events on Southern blot. A genomic 

41411 P7280 444 1446 HSV, SV40 23 
olyadenylation 

sequences .................... ....... ............ ..........,.,,., 

.7a The plasmid containing the p7hyg transducing genome. The transducing genome is shown as 
a linear structure from nucleotide 1 to 25 11 with the various components of the clone designated by different 
shading. The pUC19 plasmid vector is shown as a double line. 
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Summary of partial sequence analysis of five subclones described in the text. The shading of 
the sequenced portions of the s~lbclones is the same as in Figure 8.7a. Clones 2 and 5 were created by using 
EcoRI; clones 8. 9. and 10 were created by using XbaI. Clones 5. 8, 9, and 10 contained viral sequences in 
which the right end is truncated between bp 2448 and 2470. Clones 8 and 5 contained the same rearrangement 
of the right end; although the other parts of these two clones look substantially different. 

library was constructed from the DNA of this line in a lambda phage vector. This library was 
screened by plaque hybridization with a p7hyg-specific radiolabeled probe; 1.6 x 106 plaques 
were screened and six positive clones were isolated. These plaques were then hybridized to a 
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densovirus-specific probe to determine whether they contained any viral sequences and five of 
the six hybridized to the densovirus probe. Fragments from these lambda clones were then 
subcloned into pUC13 for sequencing. 

Figure 8.7b summarizes partial sequence analysis of five of the subclones. Clone 2 appears to 
be a junction fragment from an integration event involving illegitimate recombization. It contains 
about 930 bp of the /??:g gene and 1.3 kb of sequence that was not in the p7hpg construct. and is 
therefore probably mosquito DNA. The right end of the virus is missing and the integrative 
recombination event occurred after the end of the coding region of the hj>g gene, but 25 bp before 
the polyadenylation signal. Clone 5 contains a rzarranged virus in which pUC19 sequences at the 
EcoRE site at 470 are joined to the EcuR1 site at 704 in the virus. This led to worry that this was 
an artifact of subcloning. However. this same rearrangement has also been obtained by inverse PCK 
cioning. so we believe it is correct. All subsequent subc!oning -&as done using Xhu3. which does 
notcut within the viral construct, thereby eliminating this potentia! problem. Clones 8. 9. and 10 
were found to contain greatly rearranged versions of the original p7hyg construct, and the), all 
contained pieces of the pUCB9 cloning vector. As of yet no junction fragments with mosquito DNA 
have been found in these clones. Most of ihe rearrangements appear to be illegitimate reconlbinaiion 
events involving the right end of the virus. Figure 8 . 7 ~  shows the sites of these recombination 
events as they would appear on the hairpin loops predicted to form in the TIR of the right end. 
Since these recombination events occurred within the terminal hairpins of the virus. NSI may have 
been iwolved. but this remains to e proved. The transducing genomes in these four clones appear 
not to have been properly excised from the pUC19 cloning vector during tine initial transfection. 
It is possible that these clones are the products of aberrant excision events. Lielie is known about 
the mechanism of excisioll of parvovirus genomes from piasmids aside from the fact that NSI is 
somehow iwolved. The fraction of transfecting plasmids that undergo an excision event resuiting 
in production of virus is also unlcnown. lit would be interesting to determine whether libera-iing the 
virus gemme from the plasmic? vector prior to transfectioiri affects rearrangement andior integration 
of this transducing ganome, 

TTCATGACGTCAC 
251 1 

.7c The sites where illegitimate recombination events occurred between the right end of the trans- 
ducing genome and other sequences in clones 5. 8, 9, and 10. The sites are shown on the hairpin loops predicted 
from the sequence of the right TIR. 
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The rearrangements of the transducing genome may not be surprising in light of experiments 
in which a number of integration events of AAV were examined. Although AAV integrates into 
the human genome in a site-specific manner, the majority (34 of the 43, or 79%) of AAV 
integration events were shown to have deletions andlor reari-angements in the AAV sequences 
(Giraud et al., 1995). 

Site-specific integration of AAV into the human genome requires a target sequence that is similar 
to a virus replication origin. The experiments with the system required a cloned origin 
sequence for integration. Could cloned AeDNV origin seq be introduced into mosquito cells 
and act as target sites for densovirus integration? osquito cells transformed with high copy numbers 
of the plasmid containing the p7hyg transducing genome were created in the experiment described 
above. Could the virus ends of the cloned p7hyg transducing genolne act as target sites for integra- 
tion? In an attempt to answer this question, the p7NSI-GFP transducing genome was modified to 
include a ltanamycin resistance gene with a bacterial promoter (Figure 8.8). The ampicillin-resistance 
gene was also deleted from the plasmid vector carrying the modified transducing genome. One of 
the hygromycin-resistant cell lines that was found to contain the p7hyg double minute chromosomes 
was transfecied with this new construct, p7NS1-GFP-Kan-hamp. Efficiency of transfection was 
assessed by detection of GFP expression by fluorescence microscopy. High-molecular-weight DNA 
was isolated from transfected cells. This DNA was digested with hich cuts only once in the 
arnpicillin gene of the p7hyg construct. and not at all in p7NS1- -Kan-Bamp. This digested 
DNA was then ligated at low concentration to encourage form circles, and then i~sed to 
transform E. coli. Transformed cells were plated on m containing both ainpicillin and kana- 
mycin. thereby selecting for events where the p7NS1 Kan-Aamp virus genome had integrated 
into the p7hyg plasmid array. Although three kanamycin- and ampieillin-resistant colonies were 
isolated. and sequenced, all three integration events appear consistent with either homologo~~s 
recombination between the pub:? 9 sequences found in each construct, or perhaps with precise site- 
specific integration into the densovirus end seauences. Attempts to minimize the possibility of 
homologous recombination between plasmids are currently cnder way. 

In summary, there is no evidence at this time for site-specific integration of AeDNV-based 
constructs in the genome of C6136 Ae. nlbopictus cells, and i tseems unlikely that densoviruses 

te into mosquito genornes under natural circumstances. Extrapolating from the AAV and 
results described above, site-specific integration of densovirus rransducing genornes is likely 

to require a site that resembles a densovirus replication origin in the host genorne, If such a site 
could be introduced into the mosquito genome by artificial means such as tram 
transformation. this might be a target for NS i -mediated site-specific recombination into tl-ie genome. 
Thus. densoviral integration seems potentially equivalent to the Cre-!oxP and FLP-FRT site-specific 
recombination systems (Carlson et al., 1995), and it may be useful for getting repeatable site- 
specific integration events. thereby reducing position effects seen with random integration. Further 
development of a densovirus-based site-specific integration system will require substantially 
increased knowiedge regarding the mechanism of action of the NS1 protein and its potential 
cytotoxic effects on cells. 

667911 P7 277 2364 3103 4368 3725 

...............,.., ......... ..........* ................. 
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The pld5m1d p7NSI-GEP-Kan-Aamp The p7NSI-GFP-Han t ransd~~c~ng  genome exteilcls 
from nucleotide I to 4725 with the rdrioils components descr~bed In the text shaded differently The 
pUC19-Admp plasm~d wctor 1s depicted as a double line 
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Could autonomously replicating vectors based on the relatively weli characterized parvovirus 
replication machinery be used to transform insects without integration? Several instances of per- 
sistent inapparent infections of cultured mosquito cells by densoviruses have been reported. O'Neill 
et al. (1995) have isolated putative densoviruses from a Ti.lcorhjizchites rrrnboinensi.~ cell line, a 
Culex theileri line. and a emagogzis eqztinus line. The Ae. ulbopictus parvovims (AaPV), was 
isolated from a stock of persistently infected C6136 cells. Although it is pathogenic for Aedes mos- 
quitos, this virus had maintained itself ir: C6136 cells for at least 4 years without causing apparent 
cytopathic effect (Jousset et al.. 1993). 

To test the ability of AeDNV to establish persistent infections, C6136 cells were infected with 
AeDWY and then examined by irnmunofiuorescence at various passage intervals with antiserum 
to AeDWV. Initially. approximately 0.5 to 2% of the cells fluoresced upon staining with anti-AeHSKV 
antibody. After several passages, these numbers rose to 5 io IO%, depending on the experiment. 
One experimental population of cells was carried through 27 1:10 passages and yielded 3% stained 
cells. and another, which has been passed 1:10 for l year, yielded 5% stained cells, Thus. the 
percentage of stained cells remains fairly constant for an indefinite period of time. T 
of infected cells are co~nparable to the 2% reported for cells persistently infected withA 
et al., 1993). 

The maintenance of persistent infections in cell culture by densoviruses could be explained by 
either of two models. It could be due to the productive lytic infection of a small percentage of the 
cells, which provides fresh virus to infect new cells continuously. This requires that only a small 
fraction of cells be susceptible to infection; otherwise all of the cells in the culture would rapidly 
become infected. The fraction of susceptible cells must also be continually renewed, or otherwise 
it would be rapidly depleted because of infection and lysis. The alternative explanation is that all 
cells maintain the viral genome; however, it is only productively expressed in a small but relatively 
constant percentage of the cells. In most cells the viral genome would remain in some sort of latent 
state. it has been possible to '.cureo persistently infected 6/36 cells by dilution and cloning of 
individual celis to establish sublines. Some of these clone ublines no longer contained cells that 
express AeDNV antigen (J. Corsini, unpublished results). This favors the first model. 

To test the ability of transducing genomes to persist in cell culture. we have transfected 
C4136 cells with p-galactosidase or GFP transducing constructs that are predicted to be self- 
replicating because they contain the AGI gene and the hairpin ends of the genome. After repeated 
passage of these transfected cultures, the proportion of cells containing the reporter gene even- 
tually drops below the limit of detectability. The transduced cells therefore appear to have some 
growth disadvantage, and since the transducing genomes lack 
they cannot be spread to new cells by the infectious process. 
lations of GFP-positive cells by fluorescence-activated cel 

However. the GFP-positive cells did not seem to proliferate after sorting. 
this is an artifact caused by the rigors of transfection and cell sorting or whether the cells are 
unable to proliferate because of the presence of transducing genomes is unknown at this time. 
Cells transduced by virus particles carrying the p7NS1-GFP genome are capable of cell division, 
since clusters of two, four, and eight cells are readily observed up to 48 h after transduction, 
suggesting that they arose from a single transduced cell. This suggests that presence of trans- 
ducing genomes does not preclude cell division. 

Cell cycle analysis of GFP positive cells by flow cytometry shows a pronounced shift of 
cells to the G2 phase at the expense of the G,  phase when compared with GFP-negative cells. 
Thus the cell cycle appears to be affected by the presence of the NS1-GFP transducing genome, 
although the GFP protein or the presence of episomal DNA may have a similar effect. The cells 
do not show evidence of apoptosis using a flow cytometry assay, and appear viable. The ability 
of densovirus transducing genomes to persist in cells may be limited by perturbation of the cell 
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cycle and the cytotoxic effects of the NS1 protein as is the case cvi[h inamnlalian parvoviruses 
(Winocour et al.. 1988; Oleksie\vski and Alexandersen, 1997). Thus, the evidence to dare suggests 
that the presence of a transducing genome places dividing cells at a competitive disaclvantage 
re la t i~e  to untransduced cells and they are not elfectively maintained in a constantly dividing 
population. The effect of a transducing genome on cells in vivo, where constant cell division 
does not occur. is not yet known. 

Densonuckosis viruses seem to have considerable potential as transducing vectors for basic research 
on insects and perhaps for insect control. Infectious clones have been constructed for two viruses, 
and these are easily inanipulated to carry genes of interest. This should be possible for other 
densoviruses as well. Virus particles are relatively stable in the environment. and ar least in the 
case of AeDNV will readily infect larvae. The viruses are limited in their host ranges and therefore 
allow targeting of specific insect pests. There are; however, limitations to densoviruses as gene- 
transfer vectors that must be considered. One such limitation is the relatively small genome s i ~ e  
and the packaging constraints of an icosahedral particle. This limits the size of the DNA that can 
be delivered to 4 to 6 kb depending on the virus. A second limitation is the current necessity of 
using transfection to generate transducing particles. Optimization of transducing particle production 
is being continually pursued, and perhaps efficiency of particle production will improve significantly 
in the future. 

At the present time the AeDNV seems well suited to deliver genes of interest by natural 
infectious mechanisms to the larval stages. Transient expression from self-replicating genomes is 
easily demonstrated, and delivery of gene products to the mosquito larval hemolymph through 
infection of the anal papillae seems highly feasible. Generation of stable transformants through 
genomic integration or episornal maintenance seems less likely. although more definitive experi- 
ments need to be done. Perhaps, the \;iruses can be used to deliver transposon vectors that integrate. 
Perhaps, less cytotoxic forms of NS1 can be deveioped. 

Large gaps exist in our knowledge of these viruses. Little is known about the maintenance of 
virus in adult insects, and the mechanisms of transovarial transmission of the virus. 
regarding the determinants of host range and the nature of barriers to infection and replication in 
nonpermissive host species must be answered if they are to be used in insect control. As with all 
molec~dar biological vector systems. the most effective ways to utilize these viruses as biological 
tools will only become apparent through the careful elucidation of their biology. 

This work was wpported by grants from the National Institutes of Health (N AID AI25629 and 
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Transformation systems based on mui-irzei- a --mes transposab?e elements have recently been 
shown to integrate heterologous genes into edes aegypti genome in a predictable manner 
(Coates et al.. 1998; Jasinskiene et al., 1998). This is an important accoinpPishment that should 
greatly facilitate gene manipu eion in mosquitoes. However, transforination remains an intensely 
laborious and time-consuming ocedure for characterization, mutagenesis, and expression of genes 
in mosquitoes. The propagation and maintenance of nnultiple transformed mosquito lines will be 
difficult in even the most spacious. well-equipped insectaries. Additionally, the comp?ex life cycle 
of some medically important mosquitoes make routine transgenesis difficult, whereas other transient 
expression systems may more easily and rapidly answer biological quesf o posed by researchers. 

In this chapter, RNA virus expression systems based on Sindbis i ; genus: Alphuvims, 
family: Togaviridae) virus are described that efficiently transduce mosquito cells and allow stable, 
long-term expression of heterologous genes in Ae. aegypti, Ae. triseriatus, Cu1e.x pipiens, and 
Anopheles gambiae (Carlson et al., 1995; Qlson et al., 1998). This chapter will begin with a review 
of SIN virus molecular biology, virogenesis in cells. and alphavirus infection patterns in mosquitoes. 
A discussion of cunent and future uses of SIN virus expression systems as important tools for 
studying basic virus-vector interactions. determining biological functions of mosquito genes, and 
identifying inolesular strategies for interfering with the transmission of vector-borne diseases will 
then follow. SIN virus expression systems by no means lessen the importance of arthropod vector 
transformation; rather they complement transformation studies by allowing researchers an oppor- 
tunity to decide rationally what gene products or effector molecules merit further analysis in 
transgenic mosquitoes. 
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The AR339 SIN virus is the prototype virus of the genus, Alphavirus, family, Togaviridae. SIN 
viruses are arthropod-borne viruses that are cycled principally between Culex species of mosquitoes 
and avian vertebrate hosts (Taylor et al., 1955). However, SIN viruses are infectious to a number 
of other vertebrate (including humans) and arthropod species (Hurlbut and Thomas, 1960: 
and Strickland-Cholmley. 1963). SIN viruses have primarily an Old rld dirtribution and can 
readily be separated into distinct European-African and Oriental-Australian genetic groups (Strauss 
and Strauss, 1994). 

SIN viruses are enveloped RNA viruses that are approximately 70 nm in diameter and replicate 
exclusively in the cytoplasm of infected cells (Strauss and Strauss, 1994). The nucleocapsid of the 
virus is composed of a genomic RNA and 240 copies of a single virus-encoded capsid protein, 
arranged in an icosahedrai lattice with T = 4 symmetry (Paredes et al., 1993). The host-derived, 
virus envelope contains 80 spikes composed of trimers of E l E 2  heterodimers. The SIN virus 
genome is a positive-sense, single-stranded, nonsegmented RNA of about 11.7 kb (Strauss et al., 
1984; Strauss and Strauss, 1994; Figure 9.1). The 5' two thirds of the gerlome is translated directly 
into nonstructural proteins that form the viral replicase. Initially. a full-length.. negative-sense RNA 
is transcribed from the genome. Transcription occurs in the presence of a replication complex that 
includes a virus-encoded RNA-dependent RNA polymerase. Transcription of antigenomic RNA 
shuts down early in infection as the replication cornpiex is modified to promote positive-sense RNA 
transcription. The antigenome serves as a template for transcription of more genomic RNA and a 
subgenomic mRNA. The subgenomic (26S) mRNA, colinear with the 3' o:le thir 
is translated into a structural polyprotein. Capsid (C) protein subunits are autocatalytically cleaved 
from the structural polyprotein cotranslationally: the remainicg polyprotein molecule is translocated 
into the endoplasmic eticulum (ER) of the cell. Cleavage and modification of hie envelope 
giycoproteins (El and 2) is a multistep process that takes place during vesicular transport t h so~~gh  
the ER/Golgi complex. Glycoprotein spikes and nucleocapsids assemble at the plasma membrane 
to produce progeny virions. Two smaller, unpacliaged plypeptides (E3 and QK) are produced as 
cleavage products during glycoprotein processing. A noncoding region (NCR) at the 3' end of 
genomic and subgenomic RNAs, contiguous with a poly(A) tail. contains characteristic repeated 
sequence elements (Strauss and Strauss, 1994) and may play a role in host specificity, possibly 
through interactions with cellular proteins (Kuhn et al., 1990). 

SIN and other alphaviruses gain entry into vertebrate and invertebrate cells by a receptor-mediated 
endocytotic pathway ( ng et al., 1992: Strauss and Strauss, 1994; Ludwig et al., 1996). The 
E2 glycoprotein of the alphavirus, Venezuelan equine encephalitis (VEE), can bind a membrane- 
associated. laminin-binding protein of mosquito (C6136) cells to initiate infection (Eudwig et 
al.. 1996). However. several studies suggest that the broad host range of the virus is achieved in 
part by utilizing more than one protein receptor (Strauss and Strauss, 1994). The major cell 
receptor binding activity of SIN virus has been localized to residues 170 to 220 of the E2 
glycoprotein (Strauss and Strauss. 1994). Several studies have identified dramatic changes in 
alphavirus replicati and virulence due to single amino acid changes in this domain (Tucker 
and Griffin, 1991; odward et al., 1991; Merr et al., 1993). After binding to the membrane 
receptor, the virus enters the cell by endocytosis. Once inside vesicles, SIN viruses require a 
low pH (5 to 6) to initiate conformational changes in the ElIE2 heterodimer that lead to fusogenic 
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.l Genomic organization of SIN virus. The black boxes on genomic RNA contain conserved 
sequence elements. The 5' two thirds of the genomic RNA is translated in the infected cell to procl~lce the 
active replicase forms for plus and minus strand synthesis. The subgenomic mRNA is transcribed from minus 
strand viral complementary RNA. The subgenomic mRNA is translated to form a polyprotein that encodes 
the viral structural proteins. The polyprotein is cleaved using a capsid autoprotease and host cell proteases to 
form the individual structural proteins. Capsid, E2. and El are found in the virion. 

activity of the glycoproteins and the viral nucleocapsid into the cytoplasm (Strauss and Strauss, 
1994). The virus RNA genome within the nucleocapsid is then uncoated through interactions 
between the capsid protein and with a putative ribosome-binding site (Wengler and 
1984; Wengler et al., 1992). The naked viral genorne is immediately translated to begin virus 
replication and expression of viral proteins. Genomic RNA and capsid protein subunits self- 
assemble into icosahedral nucleocapsids in the cytoplasm and are transported to the plasma 
membrane. The viral envelope proteins are glycosylated (N-linked glycosylation Asn-Val-Thr) 
as they are processed through the ERIGolgi apparatus and are subsequently transported to the 
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plasma membrane. An important step in the maturation of SIN virus giycoproteins is the cleavage 
of the precursor giycoprotein PE2 into E3 and E2 y furin or a furin-like host cell protease. PE2 
cleavage appears to be an obligatory event for SIN virus maturaf on in C6136 cells (Heidner et 
a!.. 1996). Hyperglycosylation of PE2 can effect this cleavage and restrict virus growth in 
mosquito cells. In vertebrate cells, the virion envelope forms by budding of the nucieocapsid 
through the modified plasma membrane (Strauss and Strauss. 1994). However. in cultured 
mosquito cells, alphavirus maturation occurs almost exclusively within membran 
tures inside the cells, and virions are released by reverse phagocytosis (Miller and 
SIN virus infection of vertebrate ceiis is acute and induces apopiosis, leading to the destruction 
of infected cells (Gril'fin and Hardwick. 1997). However, SIN viruses usually establish a persis- 
tent. noncytolytic infection in many invertebrate ceils. Pathology has been described in some 
clonal lines of mosquito cells during S1 virus infections, but apopcosis does not appear to be 
the cause of cell destruction (Karpf and 

Alphavirus interactions with mosquitoes have been the subject of a i~umber of studies (Scoti et al., 
1983; Weaver, 1986: 1996: owers et al.. 1995; Woodring et al.. 1995; Seabaugh et al., 1998). The 
sequence of events beginning with the mosquito's intake of an in cted blood meal and ending 
with the mosquito transmitting a pathogen is the extrinsic incubation 
et al., 1996). The extrinsic incubation period of alphaviruses usu 
(Weaver. 1996). During [he extrinsic i;-!cubafon period. the virus must interact with receptors on 
inosqriito midgut epithelia1 cells. replicate within the midgut c e k  disseminate through these cells, 
enter  be hemocoel, and disseminate to other secondary target organs. Infection of salivary glands 
permits horizontal irai~siaission of the virus to the nextssucepdble vertebrate host. when the female 
feeds again (Woodring et al., i996). 

Virus genetics plays ail important role in determining whether a mosquito will acquire and 
disseminate a SIN srirus infection. The dose of A M 3 9  SIN virus required io oral!:,. infect Ae. negxpti 
is approximately 10, tissue culture infectious dose 50% end points (TCID,,) per mosquito (Jackson 
et al.. 1993: Seabaugh et al.. 1998). The MREl6 s ta in  of SIN virus has a 10-fo!d lower infectious 
dose than AR339 (Seabaugh. 2997: Seabxgh et al,. 1998). In addition, different SIN virus strains 
show different dissemination efficiencies in mosquitoes i"ron? the saille rearing colony. Aedes aegypri 
(RexviEleD) orailj- ickcted with AR339. TE/3'2.J/A2SGP7 MIRE1 00 I ,  and MRE 16 S 
p ~ d u c e  disseminated infections in 39%- 1 9 % ~  '9iCir, ancl 96% of the mosquitoes after I l l  days post- 
icfeciion, respectively (Seabaugh. 1997; Seabaugh et a!., E 998). MREi00; virus is a chimeric virus 
that contains the :,nnsimctural and cis-acting sequences of AR339 \ inas and the strrrctural genes 
of 1VRE16 virus. 

Interspecific and intraspecific genetic ~ariability among arthropod vectors has long been 
recognized - to have profo'ound effects on vector competence (Grir-nstad et al.. 1977: Tabaclmick 
et al.. 1985: Hardy. 1988). Vectoriai capacity, of which vector competence is one parameter, has 
been anaiy~ed among differeni species of mosquitoes for per o.r infection and transmission of 
the same aiphavinrs strain of SIN. VEE. and Eastern equine encephalitis (EEE). Significant 
dilferences were obser;.ed in the ability of each mosquito species to transmit the viruses (Turell 
et al.. 1994: D o h  er al., 1995; Vaidyanathan et al.. 1997). RE16 strain of SIN virrrs 
is used to infect Ae. aegy t i .  Ae. ulhopicrus. Ac. ti.isei-inri~s . y i p i ~ m ,  dissemination occms 
in 96. 100. 35, a i d  09. respectively (Seabaugh et d., 199 en rosy-eye mutants and wild- 
type strains of Ae. u r g ~ p t i  are infected with the alp %us Chiku-ngunya, significant differences 
are observed in rheir ability to support infections ourya er al.. 1998). Finally, the effect of 
environmental factors such as nutritiona! status, den of larvae in rearing pans, and temperature 

1 effect on the ability of alphxviruses to infect laboratory-reared mosquitoes 
asci and Mitchell, 1994). 
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In the laboratory, SIN viruses can infect a number of different mosquito species that have 
midgut infection barriers by simply intrathoracically injecting the mosquitoes with the virus, thus 
bypassing the midgut. owers et al. (1995) have described the temporal and spatial progression of 
AR339 SIN virus following intrathoracic inoculation of Ae. albopictus. The gut-associated muscu- 
lature and respiratory tracheoles are infected by 48 h post-infection but not the epithelia1 cell layer 
that lines the midgut lumen (Bowers et al., 1995). At 48 to 72 h post-infection SIN virus can be 
found in fat bodies, heinolymph, salivary glands, thoracic muscle, and neural tissues. Approximatelj7 
72 h post-infection the mosquito becomes persistently infected, accompanied by clearance of viral 
antigen from many of the infected tissues. Subsequently, viral antigen is restricted to the fat body, 
hindgut visceral muscles, and tracheoblasts from which the persistent infection was purportedly 
supported for the life of the mosquito ( owers et al.. 1995). 

Several studies have followed the virogenesis of alphaviruses in vectors following oral infection 
aver, 1996). EEE virus first infects tthe posterior midguts of Culisetn inelnnum mosquitoes 

(Scott et al., 1984). Within several days. virus disseminates from midguts and infects fat body, 
nerves, muscle tissue. hindgut, oviducts, and many other tissues. Salivary glands become infected 
between 2 and 3 days post-infection. We also have observed RE14 SIN virus in salivary glands 
as early as 3 days post-infection. Researchers have d onstrated that both EEE and 
encephalitis (WEE) can cause cytopathic effects (C ) in midgut cells of natural 
significance of this remains to be determined ( er, 1996; Scott et al., 1998). 
However, electron microscopy studies have sho glands of Cu1e.v theileri or 
Ae. negjpti infected with AR86 SIN virus (9u.p 

The development of infectious cDNA c!one technology has been important for manipulating the 
genomes of positive-sense NA viruses. Full-length infectious GDNA clones of viruses within the 
family Togaviridae, including SIN. Semliki Forest (SF). Woss River @W), and VEE viruses, have 
been described (Rice et al., 1987; Davis et al.. 1989; Kuhn et al.. 1991; Ziljestroin et al., 1991: 
Seabaugh et al., 1998). This technology has allowed genetic nipulation of RNA genornes and 
identification of viral determinants of host range, virulence. r cation, assembly. and packaging 
(Lustig et al.. 1988; Tucker and Griffin, 1991; Heidner et al.. 1994; Strauss and Strauss, 1994; 
Duffus et al.. 1995: ng et al., 1996). Infectious clone technology also has led to the development 
of SIN virus expression systems for use in both vertebrate and invertebrate organisms (Xiosg et 
al., 1989; Hahn et al., 1992; Carlson et al.. 1995; Dubensky et al., 1996; Agapov et al.. 1998; O h m  
et al., 1998). At the Arthropod-borne and Infectious Diseases Laboratory (AIDL; Colorado State 
University, Fort Collins, CO), we have pioneered the use of SIN virus-based gene expression 
systems in mosquito cells and in the larval and adult stages of several mosquito vectors. 

The SIN-based transducing system most frequently used at AIDE is termed the double subge- 
nomic SIN (dsSIIV) expression system. Two dsSIN expression systems, pTE3'23 and p 
are currently in use. dsSIN plasmids consist of an SP6 bacteriophage promoter folio 

' NCR of SIN virus, the nonstructural genes n l -nsP4. the capsid gene, and t 
E2 and E l )  (Figure 9.2). The or ycoproteins of pTE13'2J and 

mouse neurovirulent strain and a strain of SIN, respectively (Hahn et al., 1992; 
Seabaugh et al., 1998; Olson et al., 2000). A second internal initiation site (-1 09 to +49; numbered 
relative to the nucleotide in the genome-length positive strand, which corresponds to the first 
nucleotide of the subgenomic mRWA) has been placed downstream of the E l  gene. Although 
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1st subgenomic 2nd subgenomic 
RNA promoter RNA promoter 

generate RNA genome 

2 Outline of the protocol for producing infectious virus from dsSIN plasmids. nsP1-4 = non- 
structural proteins 1-4, NCR = noncoding region, C = capsid, PE2 = precursor envelope glycoprotein E2, El  
= envelope glycoprotein E l ,  GeneX = gene of interest. 

the core promoter for SIN subgenonic m NA transcription maps only from position -19 to +5 
relative to the subgenomic mRNA start, a sixfold increase in virus promoter activity has been 
observed by using the sequence -98 to +l4 in the constructs (Raju and Huang, 1991). The 
exogenous gene is inserted 3' to the second subgenomic promoter and is followed by the 3' NCR 
of SIN virus. Full-length RNA is transcribed in vitvo from the SP6 promoter and the 
transfected into the appropriate cells where virogenesis begins. Within the transfected cell three 
dsSIN RNA species occur, the genomic RNA, the first subgenomic mRNA that is translated to 
form the virus structural proteins, and a second subgenomic mRNA that can be translated to 
form the heterologous protein (see Figure 9.2). dsSIN viruses are infectious for multiple repli- 
cative cycles. In the mosquito, dsSIN virus infections become persistent and gene expression 
can be observed throughout the life of the infected mosquito. dsSIN viruses, like the parent 
viruses, are nor vertically transmitted to the mosquito progeny. 
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Replicon expression systems have been engineered from a number of RNA viruses (Liljestrom and 
Garoff, 1991; Bredenbeek and Rice. 1992; Frolov et al., 1996). Alphavirus replicons are currently 
being developed for veterinary and medical applications as delivery vehicles of vaccines and 
therapeutic agents (Pushko et al., 1994; Agapov et al., 1998; erglund et al., 1998). The SIN virus 
replicon expression system also is a proven means of efficie ly expressing heterologous gems in 
mosquito cells (Olson et al.. 1992; Karnrud et al., 1995). This expression system is based on a self- 
replicating RNA, or replicon, derived from an infectious cDNA clone of SIN virus (Xiong et al., 

redenbeek et al., 1993). The replicon (pSINrep5; Figure 9.3) consists of the 5' NCR of the 
virus genome. the SIN nonstructural genes (nspl-nspl), a SIN viral subgenornic promoter sequence 
located upstream of a nzultiple cloning site that replaces the SIN structural genes. and the 3' NCR. 
Heterologous genes can be cloned downstream of the SIN subgenon~ic promoter, and RNA tran- 
scribed in ~,ifl-o from recombinant pSIWrep5 DNA expresses the heterologous protein when irans- 
fected into cells. The SINrep5 replicon RNA contains a nucleotide sequence in the nsP1 gene that 
acts as a packaging signal when the structural proteins of the virus is supplied in tmns (Bredenbeek 
et a!.. 1993: Kamrud et al., 1995). Packaging is achie y colransfection of the replicon with a 
helper RNA that provides the viral structural proteins denbeek et al., 1993). Helper constructs 
are available wit!l and without packaging signals. Helper constructs with packaging signals may 
be important for providing continuous cell-to-cell infections of replicons with large inserts, 

stem can be obtained directly from C. M. Rice at the "Washington University: 
rus is available through the Arthropod-borne and knfectioals 
, we produce and amplify dsSPN viruses in vertebrate and 

invertebrate tissue cultwe ce'is bishg biosafety level 2 ( S&-2) protocols and procedures. However, 
mosquitoes infected with these agents are maintained at BSL-3 conditions. 

The XDnI restriction endonuclease (RE) site in pTE13'29 is the most convenient RE site of ligafon. 
Heterologous cDNAs are usually subcloned or TA-cloned into an intermediate plasmid that wii! 
flank the insert with RE sites compatible with B01 (Gaines et al., 1996; Blson et al., 1996). In 
addition, the gene of interest can be amplified directly from cDNA by polymerase chain reaction 
(PCW) using forward and rercrse primers that have X b d  WE seqences at their 5' ends. Recornbinail'; 
dsSPN plasrnids are then transformed into SURE bacteria (Stratagene; La Jolla, CA) and bacterial 
colonies containing the dsSTiV plasmid plus the clDNA insert are screened by 
that flank the XlmI site in pTE13'2.J. Orientation of the insert relative to the second SIN internal 
initiation site are analyzed by PCR using primers based on TEI3'23 and insert sequences. The 
piacement of the gene in the dsSLN plasmid is then confirmed by sequence analysis. 

Approximately 50 yg of dsSlN plasmid is digested to completion ivith Xhoi RE and the digestion 
is extracted twice with an equal volume of a pheno!/chloroforn~/isoamyl alcoho! 125:24:!) 
mixture. To minimize Nase acti\.ity. the aqueous phase is digested with 10 pg of proteinase IQ 
and extracted again with the phenol mixture. The template then is extracted with an equal volume 
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E 9.3 Outline of the prcdowl fOi- prodiiciiig piickagcti SIN 1-cplicon. nsPl-4 = nonstructural proteins 1-4. NCR = noncoding region, C = capsid, PE2 = 
prccui-sor emelope glycoprotcin E?, El = enveiope glycoprotcin E l ,  BieneX = gene of  interest, 4 = packaging signal. 
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of chloroform/isoamyl alcohol (24: 1) and ethanol precipitated. The pellet is resuspended in the 
appropriate volume of sterile WNase-free water to a final concentration of ! pglml of DNA. 
is transcribed from the template DNA using the S 6 bacteriophage promoter. 
in vitro in reactions containing the following ingredients: 

1. 1 to 2 )kg of template DNA, 
2. 1 X transcription buffer (Ambion, Inc.. Austin, %X), 

ribonucleotides (UTP9 rCTP, rGTP and SAW), 
4. 1 M 7-methyl-guanidine triphosphate capping analogue (Ambion, liic., Austin; TXj, 
5. 5 mM dithiothreitol. 
6. 1 &yl acetylateci BSA. 
7. 1 unitlyl RNAsin ( 

8. 20 units of S996 polymerase in a 50-ul reaction. 

The reaction is incubated at 39°C for 1 h prior to transfection. The RNA is then transfected into 
susceptible cells, but can be stored at -70°C for up to 6 months. 

Approximately 115 of the transcribed RNA genome is electroporated (BTX, Inc. San Diego, CA) 
into 107/m1 BHK-21 cells at 450 V. 100 yE and 720 B for 0.8 ms ( owers et al., 1993; Oison et 
al., 1996). The BMK-21 cells used in eiectroporation should be o low passage and harvested 
when approximately 80% confluent. Immediately after electroporadon, the cells are seeded into 
25 cm2 cell culture flasks with 5 ml of L-l5 medium (10% fetal bovine serum) and inc 
37°C for 18 to 24 h. dsSIN viruses are then harvested from the medium and titrazed in 
or Vero cells using an end-point assay or plaque assay. respectively (Miller and Mitchell. 1486; 
Higgs et al., 1937). 

9.4.7.4.1 lntrathoracic inoculation of Double Subgenomic Sindbis Viruses 

into Mosquitoes 

For many applications, dsSlN viruses can be intrathoracically inoculated into mosquitoes. This 
method of infecting mosquitoes has several advantages: 

1. hntrathoracic inoculations ensure that 100% of the surviving mosquitoes are infected and 
express the gene of interest. W t h  practice, injections become rapid, routine, and survival 
rates exceed 90%. Several hundred mosquitoes can be inoculated in l day. 

2. Since intrathoracic inoculations bypass the midgut barrier to infection, gene expression 
from a given dsSIN virus is possible in numerous mosquito species. 

Protocols for intrathoracic injections have already been described in detail (Rosen and Gubler, 
1974; Higgs et al.. 1997). 

9.4.7.4.2 Per OS Infection of Mosyuitoes with Double Subgenomic 

Sindbis Viruses 

This technique has two important applications for gene expression in midgut epithelia1 cells and 
expression of antibacterial peptides. Since midgut cells are the first mosquito cells an arthropod- 
borne pathogen infects following uptake of a blood meal, it is an important organ for molecular 
biology studies. Also, the act of intrathoracically inoculating mosquitoes results in induction of 
antibacterial peptides such as defensins and cecropins (Cwadz et al., 1989; Eowenberger et al., 
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1995). This makes ii difficult to study the role of any individual peptide or associated transcription 
factors expressed by the dsSIN virus. However, the per os route of infection does not induce this 
immune response in mosquitoes and is the preferred technique for these types of studies. 
for infecting mosquitoes by the per os route have been described in detail (Higgs et a!., 1997; 
Olson et al., 2000). 

ecombinant dsSIN can be used to express genes of interest in cultured mosquito cells. This has 
een ciearly demonstrated by expression of the reporter gene encoding chloramphenicoi acetyl- 

transferase (CAT) in C6136 (Ae. albopictus) cells. hen C6136 cells are infected with TEt3'2JICAT 
virus at a multiplicity of infection (MOH) > 20, 0% of the cells express CAT (8.3 x 10' CAT 
polypeptides per cell) at 24 PI post-infection (Olson et al., 1994). CAT expression and dsSIN virus 
titers peaked at 24 and 48 h, repectively (Figure 9.4). Characterization of dsS1N RNAs and 
expressed proteins can be performed routinely and conveniently in cultured C6136 cells (Higgs 
et al., 1997). Other mosquito cell lines that are susceptible to dsSIN virus infection include A 
61 (Ae. pseudoscutelaris) and A K l S  (Ae. aegpt i )  cell lines. The Ae. albopictus cell line C7-10 
is not only susceptible to dsSIN virus infections, but also displays distinct cytopatholog>i as a 
consequence of infection. 

dsSlN viruses have been used to express proteins of interest in Ae. triseriatus, Ae, aegypti, Ae. 
albopictiis. C'ule.~ pipiens, and Anopheles ga~nbiae (Higgs et al., 1993; Carlson et al.. 1995; Olson 
et ai., 1998). Ae. triseriatus intrathoracically inoculated with 4.0 log,,TCHD,, of TEI3'23lCAT 
virus generate virus titers >6.0 log,,TC D j ,  per mosquito within 4 days. CAT activity is detected 
within 2 days ( W  x 1 0-S units of CATImosquito or 1.4 x 101° CAT polypeprides). peaks at day 6 
(4 x units of CATtmosquito or 7.2 X !O1' CAT polypeptides), and remains at peak levels to 
day 20 (Olson ei al., 1994: Figure 9.5A). Bmn~unoAuorescence and CAT a.cti~.ity assays have 
been used to localize CAT expression in infected mosquitoes and in neural and salivary gland 
tissues (Figure 9.5 

A dsSIN virus has been engineered that expresses green escent protein (GFP) in larvae, 
pupae, and adult Ae. uegypti, An. gambiae, and CX. pipiens W he recombinant virus is injected 
into these life stages (Higgs et al., 1996: Olson et al., 1998). 
topic of Chapter 5 by Higgs and Lewis in this volume and will 
Additionally, the use of dsSIN viruses to express GFF in other species of insects is discussed in 
that chapter. 

An insect-specific scorpion toxin gene (scotox) also has been expressed in Ae. aegypti and 
Cx. pipiens infected with the dsSIN virus, TE/3'2J/Scotox (Higgs et al., 1995). The expression 
of scotox in mosquitoes demonstrates two important principles of heterologous gene expression 
from dsSIN viruses: 

I .  dsSlN viruses efficiently express neuroactive proteins in mosquitoes. 
2. Gene expression from dsSIN viruses is not stable after repeatedly passing the virus in 

tissue culture. 

First and second passage TE/3'2J/Scotox virus actively expresses the neurotoxin and kills 100% 
of injected mosquitoes. However, when TE/3'2S/Scotox virus was passaged five times in Vero cell 
culture and intrathoracically inoculated into mosquitoes, the virus was no longer lethal to mosqui- 
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Sindbis virus nonstructural gcn NCR 

= SIN AR339, ~epl~con.  TEI3'2J = WIRE16 structural 
sequence5 genes 

(A) Assenibly o f  chirnel-ic infectio~~s cDNA clone, designated MRE1001. Clones pMCAP, 
pME2, and pMEl wcre scqucnccil and assembled utilizing unique REs to form the co~nplete structural gene 
region of  the M M 1 6  gcnonc. The assembled structural gene coding region was aniplificd by PCR using 
primers containing an XImI secl~~cnce at the extreme S' end. NIKEl6 structural gene cDNA was then ligated 
into the XIJOI site of the pSINrcpS rcplicon. producing pMRE1001 chiincric SIN infectious cDNA. (From 
Scabaugh. R. C. et al., Virology, 233, 99-1 12. 1998. With permission.) (B) Detection of SIN El antigen in 
Ae. rn?g?p/i midgut and salivary gland tissues after ingestion of blood meals containing TEI3'2JlCAT arid 
MREI 6 viruses. Midgut epithelia1 cells of mosquitoes infected with (A) TEl3'2JICAT and (B) MKF.16 vii-uses 
at clay 3 post-infection (magnification 40x). Midgut epithelia1 cells of mosquitocs infectcii with (C) 
'TEI3'2JICAT and (L)) M W 1 6  vii-uses at day 9 post-infection (~nagniiication 40x). Salivary gland tissues of 
mosquitoe\ infected with (E) TEI3'2JICAT and (F) MRE16 viruses at day 9 post-infection (magnification 
20x). SIN Ei was detected by IFA  s sing monoclone 30.1 1a as the primary antibody. 
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9.5 (A) Determination of  the titer o f  PEI3'2JICAT virus and CAT activity in infected CW36 cclls. (B) Detection 
o f  CAT expression in approximately 100%) of the cells at day 2 post-infection using an iinmitno'lluorescence technique. (From 
Olson, K. E. et al., I r z s e c ~  Biocl7em. Mol .  Bioi.. 24, 39-48, 1994. With permission.) 
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toes (Higgs et al., 1995). The reduced toxicity with increasing passage resulted from deletions in 
the genome of TE/3'2J/Scotox virus. Similarly, niolecular analysis of the genome of TE13'2JICAT 
virus following four per os passages in Ae. aegyfi revealed that a 500-base deletion occurred that 
included 127 bases of the second subgenomic RNA promoter and 473 bases of the CAT gene 
(Seabaugh et al., 1999). These data emonstrate the importance of infecting mosquito cells with 
dsSIW viruses obtained either directly from the transfection or following a single passage in 
~nosquito cells to get efficient expression of heterologous genes. 

session in Saliva of Cukx 

Gene expression in mosquitoes is a powerful approach to characterize salivary gland genes and 
reveal important vector determinants in pathogen transmission. TE/3'2J/CAT virus has Seen used 
to express CAT in the saliva of transduced female Cx. pipiens (Kamrud et al.. 1997: Olson et al., 

ndirect immunofluorescence analysis revealed that salivary glands of mosquitoes intratho- 
racically infected with TE/3'2J/CAT virus were positive for both SIN El  antigen and CAT protein 
4 days post-infection. Saiiva collected from mosquitoes transduced wieh TE13'2JICAT virus con- 
tained a unique 25-kDa protein that corresponded to the size of CAT protein. CAT activity assays 
revealed that saliva collected from mosquitoes transduced with TE/3'2J/CAT virus contained more 
than 5.0 X 10-j nnits of CAT enzyme (3.0 x !06 CAT trimers). 

As previously shown, TE13'2.J viruses efficiently infect nerve and salivary gland tissues and poorly 
infecr midgut tissues of mosquitoes when the route of infection is by intrathoracic inoculation 
(Higgs et al.. 1993; 1998; Olson et al., 1994; 1996: Rayms-Keller et al.. 1995). Additionally, TEI3'2J 
viruses poorly infect midgut tissues when delivered by the per os route (Seabaugh et al.. 1398). A 

araysian SIN virus isolate ( een identified that efficiently infects Ae. negypti imidgut 
tissv.es after ingestion. and >95% of lhese mosquit~es also develop dissernina.tecl infections within 
14 days (Figure 9.6A and B). The entire subgenomic RNA of MRE16 virus has been sequenced 
and a chimeric SIN cDNA infectious clone. designated MREIOOI, has been developed that contains 
sequence elements of TE13'29 and MRE14 virus. MRElOGl virus efficiently infects rnidgut ce?ls. 
and greater than 90% of infec d mosquitoes develop disseminated infections after 14 days extrinsic 
incubation (3;igure 9.6A and 

A new dsSlN infectious cDNA c!orie (M generated from the MRElOOl 
chimeric cDNA (Oison et al.. 2000). This was ac lacing the 3' NCR of MRE! 001 
with the second subgenomic promoter, GOI. and econ~binant TEl3'2.J plasmid. Using 
this technique. we have deveP ed MREI3'2.l viruses that express CAT. CAT expression in Ae, ue,.?pti 

aracierize the tropism of MREI3'2.J dsSlN viruses. Ae. aegpti have 
RE/3'%J/CAT or TEI3'2JICAT virus by the per os route using virus 

concentrations of approximately 10' TCID,,/mI and 1OY TCHD, l, respectively. At 14 days post- 
infection. the experimental mosquitoes were triturated and CAT orter gene expression was quan- 
tified by assaying for CAT activity. We have compared CAT expression in whole Ae. a e g ~ p f i  infected 

and TEI3'2JlCAT by the pet- os and inirathoracic inoculation routes of infection. 
monstrated that CAT was expressed in five of the six rnosq~iitoes orally infected 

virus (Figure 9.7). In contrast. only one of six mosquitoes infected with 
3'2J/CAT virus efficiently expressed CAT in orally infected mosquitoes. Ad 
El3'29lCAT and TE/3'2J/CAT expressed CAT virus efficiently if the viruse 

intrathoracically into mosquitoes by assing the midgut. 
expresses GFP and have used this -V -us to observe enhanced expression of 
dissemination of GFP expas ion  following per os infection in Ae. negjpti ( 
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E 9.6 (A) Determination of TE/3'2J/CAT virus titer and CAT activity in intrathoracically inoculated 
Ae. triseriatus. (B) Detection of CAT expression in (a) head and (b) salivary gland tissue sections at 20 days 
post-infection using an immunofluorescence technique. (From Olson, K. E. et al., Insect Binchem. Mol. Biol., 
24, 39-48, 1994. With pcrmission.) 
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l - .- 
MRi33'2I CAT i t  3'2s CAT TT 3'ZJ Unmfccrsd 21RE 3'2J CAT TT E3'ZS'C.AT 

p w o s  p e r m  per OS l n i i d t h o r a c ~  In t r a tho ix~c  
1nocoI.mon li~ocol,itmn 

E 9-3 CAT expression in 4e .  rregqpti (Rex D) 14 clays foilowing ingestion of TEI3'2SICAT or 
MREI3'2JICAT virus. See Olson et al. (1993) or Xamrud et al. (1995) for a description of CAT detection 
psotocois in mosquitoes, in this figurc, CAT activity is reported as rota! countslmin per mosquito. Each xil-us 
was also intrathoracically inoculated into mosquitoes as a positive control. TEI3'2.l dsSlN v i r ~ ~ s  containing 
no insert was fed as a ncgaii\.e control. 

9.4.2.5. : Expression of an Avtisense RN54 t~ Lacrosse Virus in Aedes trrserlatus 

The temporal and spatial expression of an antisense RNA has been described in detail withi3 Ae. 
i i . i .~~~ i i i t i ! s  intrathoracically inoculated with a recombinant dsSHX .~,.irus (Wayms-Seller et d., ! 995: 
31sm er al.. 1998). In addition, the antisense RNA. which is comp!ementary to the nucleocapsid 
mRNA of La Crosse virus (LAC; Bunyaviridae). prolo~mdIy inhibit5 LP-C virw infecloc ii: 
mfisquiio cells (Powers et a!., 1994: 1996). 

9.4,2,5.2 RNA-Mediated interference ~v i t h  Flavivirus Re,plicatioc in C6136 

Celis and Aedes aegypti 
dsSIN vii.u:,ns also haw been used to express effecter nzolec~iies targeted to dengue acd yellow 
fe:w \.ir:ises (Flavivirldae). For more information on the natural hisiory of Aaviviruses see the 
fol!oning reviews: Gubler et al. (1998). Rice (1996). Robertson et al. (2995). The ftill-ieiygrh 
~:remeinbrane (prM) coding regions of the dengue type 2 (DEN-2: Jamaica) tirazs gensmes 5z;e 
Seen expressed in C6136 cells from dsSIN viruses in either the sense (D2prMsj or the antiienss 
(D2prMa) orientation (Gaines et al.. 1995). Additioi~ai dsSlN viruses have been gene~ated coatain- 
irig prM antisense or NS5 R N  derived from YYF (17'-D> virus (Higgs et a!.. 1998;. C6/36 ceila 
l~A,ecteci with eac"nsSIN virus (50 1401) and challenged 48 h l a~e r  with either D E N 2  (0. i M04: 
New Guinea C strain) or UF (0.1 MOT; Asiki) viruses. C6136 cells infected with a. con~rsl  &SIN 
~.irus s~zpporieci high Ieveis of DEN-2 (Figure 9.8) or l'@ virus replication, C6136 cells infected 
wiih the dsSIY virm expressing DEN.-? or YF pr effector RNAs were compietelq resistant io 
DEN-2 or YF challenge virus. respecti~ely (Figure 8). Additionally. cells expres5ing DEN-2 pry1 
protein or iiatrnnsiatable DEN-2 prM sense RNA also were resistant to DEN-? ckaiienge. Cells 

presslcg prM protein dernonsrratec? some breakthrough of DEN-2 virus wher! chaiiengeci at 10 
01. However, expressed ~intranslaiable sense prM RNA conferred complete protection to chai- 

ienge at the high MOT iGaines et al.. 1996). 
Approximately 5.0 !op,JCID5,, of D2pr a or D2prMs and 3.0 log,,,TCHD,, of DEN-2 or YF 

vims were coinjected (intrathoracicallfl into Ar. urgjpti fenales (OIson et ai., 1994: Higgs et al., 
1998). After 1 i days the mosquito heads, salivary glands, anc! midguts were dissec~ed and removed 
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RNA-mediated interference with DEN-2 virus in ('6136 cells (A) and Ae, r legi. l~l i  (B). (A) Analysis 
of resistance to DEN-2 virus (New Guinea C) scplicaiion in C6136 cells. C630 cells were inl'ccted with no dsSlN 
virur (a and b), 1'E1?if2.1 \>ivus (c), D2piMa virus (ti), or U2prMs /lsbrirus (c) at ;m MO1 of 50 and chalienyxl 48 h 
later with DEN-:! vir~is at an M01 of 0.1. 'rile cclls in panel (a) wcre not infected with DEN-2 virus. DEN-2 virus 
replication was tictcrinined 5 days postchallenge h) I17A. using an anti-E pi-iniary antibody. (Frcm Gaines, C el 
al.. J1 Vil-01.. 70. 2 132-21 37. 1096. With permission.) (B) Detection of DPP-2 E antigen in mosquito head and 
calival-y gland tissnes by IIFA 14 days after co-inoculation. Mosquitoes coinocullircd with 'l'li13'2.T and DEN-2 
virus (16681) were analyzed fol- the presence oi' E antigen in salivary gland (a) and head (b) tissues. Mosquitoe\ 
co-inoculated with MpsM.np and DEN-2 virus wcre analy;/cti for the presence of DEN E antigen in salivary 
gland (c) and head (cl) tissues. Magniiications wcrc 20x for  thc salivary glands and 40x for thc head tissues. 
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for immtinofluoresel~ce analysis. Tissues were assayed for SIN EY protein and DEN-2 or YF E 
protein. Results of coinjecting D2pr s and DEN-2 viruses are shown in Figure 9 

e control dsSJN virus supported DEN-:! and YF vir 
analyzed; the heads and salivary glands of mosquitoes injected with D 
&SIN viruses were not permissive for either DEN-2 virus or YE resp 

days post-infection and intrathoracically inoculated into groups ofke.  aegypti. 
were examined for DEW-2 or YF vinis by immunofiuorescence. 

a viruses efficiently inhibited the biological transmission of the virus 
clor RNA was derived (Olson et al., 1996: Higgs et al.. 1998). In general, 
ed from DEN-2 virus profoundly inhibited replication of DEN-2 virus in 

mosquito cells, but were ineffective against other DEN virus serotypes and other Aaviviruses (Gaines 
et al., 1996). This was adso true for inhibition of virus transmission by Ae. aegypti. Converseiy, 
effector RNAs derived from YF virus completely inhibited replication of Wcst African strains of 
YF, inhibited South American strains of YF iess well, and were completely ineffective against DEN 
viruses (Higgs ei al., 1998). The dsSW expression system has been an iwahabie  tool for testing 
in mosquito cells the interference potential of a number of different antisense RNAs of various 
sizes targeted to different Bavivims genes and distinct genetic virus strains. A summary of antisense 

NA effects on flavivirus transmission is shown in Table 9.1. 

9A,3 ADVANTAGES AND DISADVANTAGES OF DOUBLE Ski 

I .  The insertion of heterologous genes into dsSIN viruses is relatively simple and infectious 
dsSIN viruses can be generated within 24 h. 

2. SIN virus has a wide host range and can be used to infect a number of differenc insect 
cell types, In tissue culture cells that are suscepribie to SIN virus infections. virtually 
100% of the cells can express the gene of interest within 18 h. Virus production can 

3. Relatively large numbers of effector molecules, such as antisense WNAs. can be cenve- 
niently screened for activity in mosquito cells. 

4~ Heterologms RNAs are transcribed to high efficiency in the cytoplasn of insect cells, 
expression levels of the eterologo~~s protein also are high. 
viruses replicate in the cytoplasm of the cell using their own RNA-dependent 
erase, problems associated with nuclear DNA expression such as mRWA 

splicing, mRNA transport, and expression from poorly characterized DNA-based regu- 
ry elements are obviated. 
quito cells often become persistently infected and long-term expression in these cells 

can be evaluated. 
viruses is so well understood, it may be possible io 

sue-specific and species-specific expression systems. 

1. The dsSIN viruses are clearly not suited for DNA promoter characterization and induction 
of gene expression. 

2. SIN viruses do not vertically infect mosquitoes, so expression of the gene of interest in 
mosquitoes is limited to a single generation. 

3. Gene expression is limited to cells that are susceptible to SIN virus infection unless 
trafficking signal sequences (e.g., secretory signals) are fused to the gene of interest to 
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s S l N  Virusa 
D I prM 
DlGDD 
DlGDDFsh 
D 1GDDRsh 
DlGDDFshRah 
D1 5 -NS5 
D2p:hl 
D2prM(290) 
D2NS2b-3 
D3prM 
D3GDD 
D3 j'NS3 
D3cap 
D4cap 
Dlcap 5' 
D4cdp 3' 
Dlcap-D 1 GDD 

(source)" 

249 (DEN- 1) 
243 (DEN- l )  

160 (DEN- 1) 
183 (DEN-1) 
l 05 (DEN- 1) 
180 (DEY-I) 
540 (DEN-2) 
290 (DEN-2) 
800 (DEN-2) 
286 (DEN-3) 
243 (DEN-3) 
216 (DEN-3) 
223 (DEN 3) 
240 (DEN-4) 
135 (DEN-4) 
105 (DEN--I) 

240+2-13 (h) brld) 

240+290 (hybrid) 

290+256 (hybrid) 

ajor 
Target 

Sequence 

prM 
NS5 
NS5 
NS5 
NS5 
NS5 
prM 
pc41 

NS2b-NS3 
pr M 
NS5 
NS3 

Capiid 
Capsid 
Capsid 
Capsid 
Capsid 

NS5 
Capsid 

prM 
Capsid 
Capsid 
NS5 
M 5  
prM 
prM 
prM 
NS5 

Challenge 
Virus(es) 

DEN- 1 
DEN- I 
DEN 1 
DEN i 

DEN- 1 

DEN- l 
DEN-2 
DEU 2 
DEh 2 
DEZ-3 
DEL-? 
DE'e-? 
DEN-3 
DEN-4 
DEK-4 
DEN-I 
DEN-4 
DEN 1 
DEN 3 

DEh-2 
DEN-! 
D E N 3  
DEN I 
DEN 3 
3 E N  1 
DEN-3 

YFTV (Aslbi) 
YFV ( A ~ l b l )  

Interference 
Potentialc 

Designated name of the &SIN \,ii.iks. All dsSIN viruses used in these siudies \yere engineered 
from the TEl3'2J tlsSIN plasmid. 
h Soiirce refers to the virus strain froin n-hich the effector RNA sequence was deri~ed.  DEN-1 
(Hawaii). DEN-2 (Jamaica). DEK-3 (H-87). DEN-4 (H-241). and YFV (179). 

.. - Gfiector RNAs sho~ving (+) interference potential shov >95% reduction in cells capable of 
supporting a challenge vil-us infection. 

move the gene product in and out of cells. Some cei! types such as those found in 
alpighian tubules and ovaries appear refractory to SIN virus infection. 
hile a number of different mosquito species can express genes of interest when the 

virus is delivered by intrathoracic inocuiatioe. the midgut cells are usually not 
infected. In addition, successfui gene expression in midgut tissues by the per- os route 
is possible using existing SIN virus expression systems, but expression is mosquito 
species specific. 

5 .  For safety considerations, insects capable of transmitting SIN viruses should be kept at 
BSL-3 condi?ions. 

6. Heterologous genes can be unstable in dsSIN vi rues  with repeated passages of the virus. 
7. The size of the heterologous gene should be less than 1.5 kb. 
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The replicon plamid,  pSINrep5. and heiper plasmids DH-EB and DH(26S)S9SIN are now 
commercial!y available f m n  Invitrogen Corp. (Carisbad. CA). Many of the protocols used to 
express genes of interest from SIN replicoc RNA are described in the pre~ious  section. Additi~naE 
detailed ~nethodology for recombinant DNA manipulation ef pSINrep5. in ilitr-o trenscription of 
repiicon and helper RNAs. transfection of WWAs into cells. and packaging of replicon RNA are 
a\~ai!able through invitrogen. We have found that SIN replicon packaged using the f IN structilral 
genes from DH(26S)5'SIN RNA procluces the best expression of reporter gems in C6136 cells 
(Kamrud et al.. 1995). Estimations of t i n s  titei. can be obtained by detemlning the number of 
cells expressing the gene of interest (e.g.. GFP) per unit volume of -\ire5 (Kamrud et al.. 1995). 
Additionally. estimations of the eiters of packaged repiicons can be determined using a 1rau:k;- 
formed BHK--21 cell line that expresses luciferase in response to repliccn expression (ATCC, 
Rockviiie. MD; Olivo et d., i 994). 

9.52.1 Protein Ex 

SIN Replicon RWA comiinlng the CAT gene has been transfected into C6136 cells (Xiong et al., 
1989; Olson et al.. 1992). Ailhough transfection occurs in 4 8 of the C6136 cells; GAT enzyme 
activity in the celis can be detected :it 8 h post-transfection, peaks at 24 h. and is siiil be detected 
at 7 days post-transfection. At 24 h post-tl-acsfection, each transfected 26/35 cell expresses >1 X 10' 
CAT poiypeptides. Thus, high levels of expression are possi'nle i:! cells i l~ai  are transfecieci x~ith 
the RNA. 

2 P cells cotransfected with pSINrep1CAT repl-con RNA and either DM-EB 
efecti\.e heiper RNAs generate high-ti~er viruses, designated repSlCATIEB a 

(ICamrud et al., 1995). C0136 celis infected with rep5lCATiEB or repSlCATl26S virus at 3 MO1 
express high ieveis of CAT (1.1 x 10; and B .8 X 10' CAT polypeptides per cell, respectively) at 3 
days post-infection. Significantly, greater than 25% of the cells expressed the reponer gene, i d -  
caf ng that packaging increases the efficiency of delivery of the replicon. However. infecting C6135 
cells at MOTs of 10 or greaser increases the percentage of cells expressing the gene of interes: io 
great" than 5 0 8 .  

aclcaged SIN replicon also have been use6 to express and localize viral envelope proteins of 
:to cell culture ~Kamrud et al.. 1998). The expressed LAC proteins had correct 
r) and were antigenically similar to wild-type LAC envelope proteins. In 

addition. LAC G ,  and G2 proteins coiocalized when expressed horn separate replicons in botb 
inamrnalian and mosquito cells, suggesting that they were trafficked through the cell similarly to 
wild-type LAC proteins. A truncated form of the G, protein was secreted from mosquito ceils when 
expressed alone. The truncated G, protein was also secreted from mosquito cells when expressed 
with the G2 protein, but to a lesser extent than when expressed alone, suggesting that the G, protein 
sequestered G,  protein intracelluiarly. Additionaily, we have used the SIX replicon lo express the 
polyn~erase gene, NS5, of YFV in both inamrnalian and mosquito cells and have demonstrated that 
the expressed NS5 gene localizes similarly to mild-type YFV (~mpublished data). Tlie SIN replicon 
system may be a powerfd tool for analyzing protein maturation of pathogens within mosquito cells 
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and mosquito organs and may- allow genetic manipulation of these genes (e.g., site-directed 
muiagenesis) to anaiyze gene f~mction. 

9.5.23 Protein Ex e p k o n s  in Mosquitoes 

Aedes iriseriatus rnosquitoes were inrratl~oracicaily inoculated with 7 x !04 infectious focal %Fa,' 
rep5lCATEB or 1 x !O"IFU rep5lCAT126S vims. Wrus titers remained at approximately 10' 
IFUIml through day 2 post-infection and decreased rou-ghly ! log y 10 days posi-infection. CAT 
enzyme activity was detected 2 days post-infection irep5tCATEB: 1.4 x 10--' units CAT110 ;kg 
protein: rep5tCAT126S: 2.03 x 10-S units CAT12 0 pg protein) and remain near these levels through 
I0 days post-infection (Figure 9.9A). CAT' was detected in the head and salivary g 
mosquitoes by indirect irnmunofiuorescence or CAT activity assays (Figure 9. 
each nlosquito infected with rep5ICAT126S CAT virus secreted approximately 
ecules i ~ t o  their saliva (Kamrud et al.. 1997). Tiese results suggest :hat packaged replicon viruses 
may be important tools for analyzing the function of mosquito salivary gland effector molecules. 

licon viruses may also be ideal tools for expressing potentially irnrnunogenic r~roteins 
in the saliva of mosquitoes that can be delivered to vertebrates during intake of a blood meal. 

Many of the same advantages and disadvantages listed for dsSlN viruses as tools of gene expression 
in mosquitoes also apply to the SIN replicon. The SIN replicon al!ovlrs expression of cDNAs of up 
to 5 kb in length in cells infected with the packaged replicon and greater than 5 kb in cells transfected 
with the RNA only. An additional advantage of SIN repiicons is that new packaging systems for 
alphavirus repiicons have been developed that eliminate recombination events and prevent produc- 
tion of infectious ~i ruses ,  thereby reducing biosafeiy concerns (Pushko et al., 1997). However, 

vantages should be noted. Determining the titers of packaged replicons is more difficult 
N because packaged replicons contain defective genomes and do not disseminate horn 

cells initially jnfected with the virus. Additionally, because both in vifro transcription of the replieon 
and replication of the n in eransfected cells are dependent on error-~rone 
expression of the heter gene can be unstable (Agapov et al., 1998). This can 
in cultured cells by anaiyzing expression soon after transfeciion with the SIN replicon. by selecting 
cells specifically expressing the gene of interest, and by expressing replicons from DNA iransfec- 
tion. This latter approach would transcribe replicon from a eukaryotic RNA polymerase 11, thus 
increasing fidelity of the replicon (Agapov et al., 1998). 

SIN virus expression systems provide unique opportunities to characterize genes in juvenile and 
adult insect stages rapidly. TE13'29-based viruses can be intrathoracicaily inoculated into larvae or 
adults to evaluate expression of scorpion toxin (Higgs et al., 1995), juvenile hormone esterase 
(Hammock et al., 1990), and Ae. aegypti head peptide (Brown et al., 1994). The 
viruses are currently being used to express Aedes defensins in orally infected a 

RE13'2.I-based viruses could include expression of serine proteases that initiate 
the prophenol oxidase cascade to study parasite melanization and antimicrobial responses within 
mosquitoes (Ckristensen and Severson, 1993). dsSlN or packaged SIN replicon viruses aiso will 
be important tools for analyzing whether or not an isolated mosquito gene is involved in conditioning 
vector competence. In addition, SIN virus expression systems have already been shown to be 
effective delivery vehicles of single-chain antibodies and antiviral RNA effector moPecules (Jiang 
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FIGURE 9.9 (A) CAT expression and corresponding titer of packaged replicons rep51CATEB or 
repSlCAT126S following intrathoracic inoculation of 1 X 105 infectious particleslml into Ae. triseriatus. 
(H) rep5ICATlEB virus titer, (0) repSlCAT126S virus titer, (U) rep5ICATlEB CAT activity, (@) 
repSlCATl26S CAT activity. (B) Immunofluorescence analysis of CAT expression in salivary glands 3 days 
after inoculating Ae. triseratus with repSlCAT126S virus. (From Kamrud, K. I. et al., Exp. Parasitol., 81, 
394-403, 1995. With permission.) 
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et d., 1995; Gaines et al., 1996). At ATDL. we have currently evaluated over 50 different dsSHN 
viruses expressing translatable sense, unrranslatable sense, and antisense RNAs for their ability to 
inhibit the replication of DEN. YF? and LAC viruses in mosquitoes. &SIN virilses have greatly 
facilitated the identification of antiviral effector RNAs that fimction in mosquitoes: and "sat wouid 
have been an extremely diFficult task using transgenic strategies. 

Future appiicaiions of dsSHN viruses include expression of marker genes such as GFP in infected 
mosquitoes to a-nalyze the temporal and spatial patterns of SIN virus distribution during ths extrinsic 
incubation period. This could be especially iimportant in identifying cell types within midgut or 
salivary gland tissues that support virus infectior? and that might be Eargets of gene expression. The 
effects of a l ter i~g specific regions of the dsSHN genorne by weli-established mutagenesis protocois 
could be rapidly evaluated by observing changes in CFP expression in infected tissues. Sinzilarly. 
SIN expressior systems may be important tools for facilitating the genetic imni 
mentation. arid expression of genes derived from arthropod-borne RNA virilses not readily adaptable 
to infectious clone technology. 

Bccause of the robust transcription of SIN viruses in infected cells. we have hypothesized that 
dsSIN viruses may be able to express antisense RWAs that car: downregulate endogenous genes of 
mosquitoes. THb test this hypothesis we have engineem2 a dsSdN viras that expresses the 5' 595 
bases of the firefly hciferase gene in an antisense orien:atioii_. We then infected transformed 
~nosquiio cells (Klimowski et el., 1996) an2 mosquitoes (Coares et al.. 1999) that express lirciferasc 
with the dsSIN virus, TE!3'2J-aLuc, to evaluate the effect of the antisense RNA on luci!;erase 

reliminary results show that luciferase activity in  FEi3'2J-uLuc infecteci cells 
decreases 930% within 48 h post-infection (M. Bennert personal i;ommunica"lonj. Transformed 
mos~uitoes expressinglluciferase show > 10-fold decrease if luciferase actiwty when infected with 
-7 idS12J/aLuc virus (Johnson et al., 1999). This reiiminary evidence is encouraging and iniai~at~es 
that this approach may allow researchers to study gene function by inhibitiag its expression. 

The studies of Woodward et al. (1991) and Seabaugh et al. 11998) have denlonstrate 
in Che structural genes of alphaviruses dramatically alter the ability of the virus to infect midgut 
cells and suggest two strategies for improving SIN virus expression systems. The Lrrt strategy 
takes advantage of the high genetic variability found in RNA \lirus populaf ons (Holland et al.. 
1982). Specific genetic variants of the virus can be enriched by multiply passaging a dsSkN virus 
in specific mosquito tissues. We have used this approach to identify a passage 4 virus with enhanced 
infection of Ae. aegypti midguts (Seabaugh, 1997). Although the passage 4 -virus Post its insert, 

acid changes were noted in the structural genes of the virus that could be engineered into 
plasmids. A second strategy is to identify naturally occurring SIN virus strains that efficiently 

s orally and then disseminate to other- tissues. This strategy has led to the engi- 
3'2J virus for gene expression in Ae. aegypii midguts (Olso et al., 2000). These 
n be applied to enhancing tissue-specific gene expression y &SIN viruses in 

other species of mos 
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A third strategy is to develop chimeric dsSHN expression viruses using random insestions of 
specific receptor ligands into the PE2 coding region to alter the host range of a full-length SIN viral 
cDNA clone (London et al., 1992; Dubuisson and Rice, 1993). This technique has already been used 
to develop new SIN virus expression systems that can incorporate an im~nunologically active 
neutralizing epitope of Rift Valley fever vims ( unyaviridae) into the E2 glycoprotein of SIN virus 
(London et al., 1992). Others have altered the host-range specificity of SIN viruses by insertion of 
ligands (alpha- and beta-hC6 genes) and targeting human choriocarcinoma cells (Sawai and 
1998). Additionally, it should be possible to engineer expression systems based on alphavi 
than SIN virus. Of particular interest would be a double subgenomic or replicon alphavirus expression 
systenl based on O'nyong nyong vi s (Johnson et al., 1988). This virus naturally infects anopheiine 
mosquitoes and could be engineer for gene expression in these mosquitoes. 

A new SIN replicon has recently been described with decreased toxicity effects in vertebrate 
cells (Agapov et al., 1998). However, it is unclear whether this replicon has similar effects in 
mosquito cells. It would be interesting to compare replication and development of n~osquito cells 
or mosquito embryos containing this replicon with that of the replicon currently in use. 
it may be possible to deliver SIN replicon RNAs to specific cell types. A SIN replicon transfecdon 
system has been described that results in high levels of transient protein expression in specific types 

uses a mixture of streptavidin-protein A (ST- 
iotinylated SIN replicon in the presence of cationic liposomes (Saw ' 

able to transfect a reporter gene to specific cancer cells in an mA 
dose-dependent manner. This approach may eventually allow targeting of SIN repiicons to specific 
cell types in mosquitoes. Finally, SIN replicon RNAs packaged with structural proteins from 

RE16 virus may facilitate introduction of the replicon into midguts of Ae. aegypfi by Ihe per OS 

route (Seabaugh et al.. 1998). 

Investigators have reported successful gene expression from SIN and SF repiicons transcribed by 
eukarpotic promoters (Dubensky et al.. 1996; DiCiommo and remner, 1998). To potentially 
enhance the effect of DNA-based antiviral strategies in mosquito cells, we e currently expressing 
reporter genes from integrated SIN replicons. We have initially construct a transcriptional unit 
that can express a SIN replicon containing GFP from a constiiutive baculovirus promoter hr518EP 

is active in insect cells (Jarvis and Finn, 1996). If this approach allows efficient expression of 
we can design similar transcriptional units that express gene-based antiviral agents instead 

of CFP. Several advantages are evident with this approach: 

NA transcribed from <he DNA promoter shod be self-replicating and large 
copy numbers of effector molecules can be rapidly produced. 

2. Identifying eukaryotic promoters with high expression potential in ~nosquitoes becomes 
less important as a factor in generating the antiviral agent within mosquito cells. 

3. This approach also minimizes adverse positional effects of stable integration on efficient 
expression of the transcriptional unit. 

4. Since the SIN replicon replicates in the cytoplasm of cells and in similar cellular 
compartments as the targeted arbovirus, this approach may allow proper trafficking of 
the antiviral agent (particularly effector RNAs) and increase the efficiency of inhibition. 

5. Increased stability of the replicon transcripts. If this approach leads to the development 
of cell lines that are highly refractory to LAC or DEN-2 virus replication. we will 
incorporate the replicon transcriptional unit into transposable elements such as the Her- 
mes element used in mosquito transformation (Jasinskiene et al., 1998). Salivary gland, 
adult, and sex-specific promoters such as the apyrase promoter will be used to express 
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the replicon, which in turn will express the antiviral gene (such as antisense RNA targeted 
gene of DEN or YF viruses). 

As this chapter has demonstrated. SIN expression systems are important tools for molecularly 
manipulating mosquitoes. The SIN systems allow timely and ready assessment of constructs and 
genes in comparison with conventional transgenesis approaches. The S N expression systems are 
proving to be invaluable tools in efforts to understand vector-pzthogen interactions, vector com- 
petence. and other components of vector-pathogen amplification and maintenance cycles in nature. 
These SIN virus-based expression systems should facilitate the researcher's ability to decide which 
gene-based disease control strategies merit a further investment in time and resources in transgenic 
mosquitoes or in antimosquito control agents such as densoviruses (Parvoviridae; see Chapter 8 
by Carlson). Additionally, the potential to engineer SIN-based and other alphavirus expression 
systems to express efficiently genes of interest in specific tissues or a articular mosquito species 
is a particu!arly amactive feature of these virus transduction systems. N expression systems will 
also undoubtedly provide considerable information about gene regulation and expression in mos- 
quitoes and consequently a much better understanding of the biology and molecular biology of 
vectors. Such knowledge is essential for developing effective controi strategies for vector-borne 
pathogens of humans and animals. 
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Retroelements form a large and diverse family of  mobile elements that can be found in all eultaryotes. 
They all share a common mechanism o f  replication in that they propagate by reverse transcription o f  
A intermediates, and integrate their genetic information into ehe genome o f  the host cell. The 

A into D N A  is the reverse Eanscr?ptase (RT) (Varmus and Swanstrom, 1985). 
RT were used to determine the evolutionary relationships among the retro- 

elements (Xiong and Eickbusb. 1990; Springer et al., 1995). The phylogeny determjned in this way fits 
well with the general organization of  these eiernents, i ding the liucleocidic strdctures o f  the 5' and 
3' extremities, the nurnber o f  open reading frames ( S) ,  and the organization o f  the polymerase 
domain. This classification pennits the distil-icdon o f  t major classes o f  e u k q o d c  retcoe!emerits 
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Group I1 lntrons a12 (yeast) 

Retroplas~nids Mauriceville iNeui-ol~oi-U ci-n.t.tu) 

Non-LTR retrotransposons I factor (Drorophiln) 
or poll-(A) retrotralxposons Dong (3oinby.x n1or.i) 

LTR-Retrotranspo~oiis (LTR-RTI 

Ty ltcopia Ty l (yeast); copia, 173 1 (Dmsophiln) 

TyY512 Ty3 (yeast): 412, Ulysses (Drosophila) 

Endogenous retroviruses EnRV Gypsy (Di.osophila) 

Exogeimus retroviruses ExRV MoMLV. HIV1. RSV i\-ertebrates) 

HBV (human) 

CaMV (cauliflower; restricted to plants) 

Ref. 
Moran et al., 1995 

Wang and Lambowitz 1993 

Busseau et al., 1994 

Xiong and Eickbush. 1993 

Emori et al., 1985 

Evgen'ev et al.. 1992: Fourcade- 

Peronnet et al.. 1988; Yuki et al., 1986 
Marlor et al.. 1986 

Schwartz et al.. 1983: Van Bex'eren et 

al., 1981: Wain-Hobson et al.. 1991 

Loeb et al.. 1991 
Balazs et al., 1982 

(Table 10.1). This chapter will focus on three of those ciasses: long terminal repeat-retrotransposons 
(LTR-RT), endogenous retroviruses (EnRV); and exogenous retroviruses (ExRV). Two of these (ETR- 
RT and EnRV) are present in the genomes of insects, are integrated in the genome of the germ cells, 
and are transmitted vertically like cellular genes. The "true" retroviruses (ExRV) propagate strictiy 
horizontally by cell-to-cell infection, and so far have been described only in vertebrates. The ExRV 
class is included in this chapter for two main reasons: (1) some stnlctural and functional properties have 
not yet been described for LT y may be infen-ed given similarities with Ex 
and (2) a large number of tool ed on ExRV. The chapter will compare structura- 
and func'tionai properiies of these three classes of retroelements and emphasize their simiParities where 
possible. The characteristics of the Gypy  EnRV element from Drosophila will then be developed. 
Finally. the potential use of the EnRV as tools for insect transgenesis will be discuss. 

This description only concerns full-length retroelements that are autonomous for their replication, 
although defective integrated forms of LT -RT and EnRV are present in nearly all host genomes. 

Tne structural features of LTR-RT and EnRV presented here concern their integrated DNA forms, 
known as the provirus for the ExRV. LTR-RT and EnRV like ExRV, possess identical or almost 
identical LTRs that contain cis-acting elements necessary for transcription. The LTRs are divided 
into three elements : U3, W, and U5 (Figure 10.1). The size of the LTR can vary considerably from 
several hundred to thousands of nucleotides. The transcription initiation site is the first nucleotide 
between U3 and R in the 5' LTR, and the polyadenylation site is between R and U5 in the 3' LTR. 

ost of the cis-acting elements necessary for transcription lie in the U3 sequence; hence, the U3 
sequence is critical in determining the tissue and developmental-time specificity of replication. 

The primer binding site (PBS) region is adjacent to the 5' LTR and complementary to the 3' terminus 
of a specific host tRNA species. This tRNA functions as the primer for the reverse transcriptase to 
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PBS 'Y PPT 

Retroelement genes 

Transcription 

genomic RNA mRNA 

. - 
Encapsidation pf genomlc RNA 

Minus-strand DNA synthesis 

lntegrat~on Into the host DNA 

.l Common steps of repiication for LTR-RT. EnRV, and ExRV. The retroviral Env protein is 
required only for the extracellular step of ExRV replication (see text for a description). 

initiate synfhesis of the first (minus) DNA strand: however, it has been shown that interactions 
betureen sequences outside the P S and the primer tRNA play a role in the reverse transcription 

way for <he LTR-RT, 5 1  (Friant et al., 1996), as well as for aviar? ExRV (Aiyar et al., 1992) 
HHVi (Arts et a!., 5994). 

The gag gene encodes a polyprolein that in ExRV is usually cleaved into three major structural 
), and nucleocapsid (NC). % e most conserved region of Gag is 

the major homolog R) localized in the CA domain. Another conserved region is a 
cysteine-rich array found in one or two copies within the NC. However, these two regions are not 
present in all gag genes, whatever the class of retroeiemenis. The product of p m  is a protease 
essential for the maturation of the polyproteins encoded by the retroelements, 

The p01 gene encodes a polyprotein that contains two main domains, the first of which, an RT 
domain, has two distinct enzymalic properties: a DNA polymerase activity that copies RNA and 
DNA templates and a ribonuclease (RNase H) activity that is specific for the RNA strand of 
RNA:DNA duplexes. The second is an integrase domain (IN) necessary for integration of the 
double-stranded DNA copy of the RNA genome into the host cell DNA. 

A purine-rich sequence is located immediately upstream of the 3'ETR, is relatively resistant to 
RNase H degradation, and generates the RNA primer used for synthesis of the second DNA strand 
(plus strand). 
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A signal for polyadenylation AAUAAA is generally present in the R sequence, up to 20 
nucleotides upstream of the site of poiyadenyiation. The poly(A) tract is added post-?ranscription- 
ally, as for most celiular transcripts. 

The mechanism of replication is believed to be similar for LTR-RT, EnRV and ExRV (see Figure 
10.1). The retrotransposition cycle can be divided into the following steps: rranscription of fhe 
genomic and messenger s, genomic RNA encapsidation into particles, 
synthesis of first and se ~erse transcriptase, nuclear entry in quiescent 

ividing cells (oncoreerovimses; Lewis and Emerman, 1994), and integration. Xnterrnedi- 
ates of reverse transcription were experimentally identi ed for the Drosophila LTR-RT copia (Shiba 
and Saigo, 1983), nzdgl and nzdg3, and for the Drosophila Gypsy EnRV (Arkhipova et al., 1984). 

The major difference among LTR-RT, EnRV, and ExRV is the presence of an additiona! open 
reading frame for :he e m  gene, in EnRV ExRV. Env has a potential for encoding a protein 
precursor to an envelope glycoproteins. The ction of this Env protein is to mediate the adsorption 
and penetration of the retroviral particle into the host cd? .  The Env precursor poiypeptide is 
translated from a subgenornic RNA generated by splicing of the gemmic RNA. Env then is clearied 
to yield the SU (surface) and TM (transmembrane) roteins that attach to each other usually b;. 
noncovalent interactions to form oligorners. The SUITM oligorners are incorporated into the 
budding viral particies at the plasma membrane. The 1-ecognition o:' the host cell receptor by the 
retrsvirm is mediated by the §U protein, whereas the fusion of the cellu:ar and viral membranes 

. The core of ihe retroi~irus is thea intro uced into the cytoplasn of the cell, and 
reverse transcription is activated (for a review, see Hunter and Swanstrom, 1990). 

A classification of LTR-RT, EnRY and ExRV was proposed based on structural characteristics of 
the p01 gene. Among them: the organization of the p01 domains permits the distinction or' two 
groups among LTR-RT3 t e T;314P2 group whose domains (K, IN) are or ered as in the EnRV 
and ExRV p01 gene- and the a;llcopia group which displays the reverse gene order (IN, RT) (Figure 
10.2). Furthermore, given their RT amino acid sequences, the 531412 group appears closer to :he 
RV than the fillcopia group (Xiong and Eickbush 1990; Springer et al., 1995). 

Some specific peculiarities in the replication cycle can distinguish LTR-RT, EnRY and E x W  First. 
unlike known EnRV and ExRV9 the priming of the first-strand DNA (minus-strand synthesis) by a 
methionine tRNA has been described for some LTR-RT. In addition, integration of LTR-RT and 
EnRV into the host germline DNA displays various degrees of target site s ecificity. This specificiiy 
is certainly linked to the extent of potential damage to the host genome, as every proviral integration 
is potentially mutagenic. 
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LTR-RT T\.l/copiu-like 

pro pol 

LTR-RT n3/412-llke 

EnRV (Gjpsy)  

2 Conserved structural domains of LTR- EnRV, and ExRV (not to scale). PR: protease; P?T: 
reverse transcriptase; IN: integrase; MA: matrix: CA: capsid; NC: nucleocapsid. 

This overview of the structural and functional cimilaritie4 between LTR-RT. EnRV, and ExRV 
indicates that the basic properties that make ExRV efficient gene vectors are also observed in the 
EnRV. Hence, the insect E n W  might be considered as tools for transgenesis. Among them, the 
Gypsy retrovims of D. melanogaster is the only one in inwrtebrates for which infectious properties 
have been demonstrated. 

Gypsy (also called m&4) was st cloned and des ed as a transposable element present in the 
genome of D. melanogasfer ( D. nzelaizogasfer stocks contain defective 
Gypsy elements located in the centromere, many strains contain only a few active Gyp.7~ 
proviruses (fewer than five copies; Vieira and mont. 1996). However, a few stra.ias with a high 
copy number of Gypsy proviruses have bee cribed, and high mutabilities were observed in 
these stocks due to high frequencies of transposition of Gypsy ( eve4-Ninio ei al., 1989; Kim et 
al.. 1990). 

dent Gypsy proviruses from D. melaaogasfer have een completely sequenced, and 
fferences in coding and noncoding primary sequenc s (Marlor et al.. 1986; Liubomi- 

rskaia et al.. 1998). The prim e of them (Accession numbe 
here (Figure 10.3). Th identical and are composed 
(53 bp). and U5 (190 ni are composed of 5'-AG.. 
E . .  .CA observed for other LTR-RT. S site extends from nt 482 to nt 
493 and is complementary to tRNAL>'. leotide of the 5' LTR is the first 
nucleotide of the P S, which should theoretically lead to the formation of linear DNA lacking one 
terminal base pair, but this has never been observed. Analysis of the reverse transcripti 
diates are necessary ro understand how the missing base pair is regenerated. A single 
tract (PPT) is identified from nt 4978 to nt 6987. The consensus sequence of Gypsy insertion sites 
is YRYRYR (where Y = pyrimidine and W = purine). which indicates that Gypsy may have a higher 
degree of target specificity than most E x W  (Dej et al., 1998). 

The gag gene does not exhibit identifiable primary sequence similarity to other retroviral 
gag genes; however, an arginine-rich region in the C-terminus was described as a putative 
binding motif (Alberola and de Frutos, 1996). The pro and pol genes are potentially expressed 
as a Gag-Pro-Pol poiyprotein that is produced by a -1 frameshift near the C-terminus of Gag. 
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10.3 Structure of the G ~ p s j ,  element. (A) Organization of the proviral Gjpsy element. The predicted 
54-kDa protein encoded by env is represented with the signal peptide (black box), potential N-glycosylation 
sites (l'). the dibasic cleavage site (mow).  and the tr-ansmembrane domain (gray box): §U: surface protein: 
TM: translnelnbrane protein. (B) Structure of genomic and e m  snbgenornic transcripts of the Cjysy element, 
with numbers referring to the nucleotides at the transcription start site. the splicing donor and acceptor sites, 
and the transcription termination site. 

The e m  gene is expressed from a spliced 2.1 kb mRNA and potentially encodes a protein of 54 
kDa; the C-terminus of Env lies within the U3 region of the 3'LTR. E~zv produces in vivu a 66 
kDa N-linked glycosy!ated polyprolein, which is 
(Song et al., 1994) at a cleavage site identified 

elisson et al., 1994). Two ydrophobic domains characteristic of the signal peptide of SU and 
the membrane-spanning domain of TM have also been identified (Pelisson et al., 1994). 

Infectious properties of Gypsy were demonstrated by experiments in which crude extracts of pupae 
from a$umenco permissive strain (see below) containing a high copy nuniber of actively trans 
Q p s y  elements were put in contact with permissive larvae lacking active Gypsy elements (Kim et 
al., 1994). A number of the exposed flies were shown to contain G y proviral copies integrated 
into the germline. and the frequency of infected flies appeared to be r er high in some experiments 
( K m  et al., 1994). This experiment was reproduced with an additional seep of partial purification 
of Gypsy particles using sucrose gradient centrifugation (Song et al.. 1994). Direct evidence that 
Gypsy Env products are responsible for infectious properties was obtained using a Moloney murine 
leukemia virus-based retroviral vector pseudotyped by the Gypsy Env protein: such particles, 
produced in the 2936 human cell line, can infect Drosoplzila cells (Teysset et al., 1998; see 
Chapter 7 by Burns). 

The transposition and infectious properties of Gyps) are controlled by a host gene calledjkrnetzco 
(Prud'homme et al., 1995). Restrictive alleles repress Gypsy transcription and transposition, wherea5 
permissive alleles allow high rates of transposition and the expression of its infectious properties 
(Pelisson et al.. 1994). Transposition only occurs in the progeny of females homozygous for 
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permissive,pn~~zei~co alieles, indicating that this gene has a rnaten-ial effect on Gypsy amplification. 
The regerlation of C~p . sy  by jmzrnro is tissue s ecific, the RNA and Em. proteins accumulate in 
the ovaries of jflanzenco permissive females (Pelisson et al., 1993). This accu;nulation takes place 
near the apica? membrane of the somatic follicle cells that surround the oocyie where many Gypsy 
virusiike particles (VLP) can be obser~ed (Lecher et al.. 1997). PPowevz, transposition involves 
transfer to the gerrdine since integration occurs in <he progeny. This has led to the hypothesis that 
Gj:-,p.ry VEPs could enter the oocyte due to their infectious properties. 

A significant number of insect retroeienients share structural chxackristics wifh G y s y  (Table 
10.2). Among them. an em-:ike subgenornic iranscript has been detected for the tom (Taacba et al., 
1988). ZkM (Leblanc et al., 1997) and nomad (Wlialen and Grigliaiti. 1998) elernenis. The imn 
eizv-like RKA  as hhown to be trai lazed into glycosylated Env-!ike polypepti 
1988). The TED O R B  was also s own to produce a membrane giycoprotei 
characteristic of retro17irai Env proteins (Ozers and Friesen, 1996). However; in contrast to Gyps!; 
the infectious properties of these elements remain to be demonstrated. 

c t  EnRV That Are Now Clone 

Accession No. 
h112927 

AJOOC2 87 

X01472 
X0313 1 

AJ009736 
XF0394 16 
Z231-5 i 
XJ13352i 
AFO5691G' 
U60529 
M32662 

The ability of retrovirrases to integrate their genome into ci~ro~ilosomal DNA efficiently and the 
fact that retroviral proteins can act in tmns are two characteristics that have permitted the design 
of gene vectors that are extensively used in vertebrates (see Chapter 7 by Burns). In such vectors, 
retroviral genes are replaced by equal amounts of foreign DNA and propagate in the presence 
of "helper" elements providing Gag. PR. K. IN, and Env proteins. Retroviral packaging cell 
lines have been designed to provide the viral proteins in trims. but not permitting the packaging 
of the RNAs that encode these functions (Figure !0.4). However. critical cis-acting eiercents 
necessary for replication of the vector nlusi be retained. These include ( l )  promoter and enhancer 
signals located in the 5'ETR; (2) P S, PTT. and R regions necessary for reverse transcription; 
(3) a complex packaging signal (Y) localized between the end of the 5'LTR and gag,  ivhich 
directs incorporation of the vector RNA k t o  the virion: and (4) a polyadenylation signal, These 
sequences are well identified in many avian and mammaiian ExRVs. and most of them may be 
recognized in insect EnRVs given similarities with ExRV? except for the packaging signal 
which can only be experimentally determined. Such experiments remain difficult to perform with 
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Retroviral Vector 

Packaging Cell Line 

Packaging cell lines provide all the ~'ii-a.1 proteins required for capsid production and the virion 
maturation of the vector. They have been designed in such a way that they express the Gag, Pol, and Env 
functions. The retroviral DNA vector is introduced by iransfection into the packaging cell line. Viral particlzs 
are harvested, and used to infect recipient cells into which the vector can integrate. Wavy line: vector RNA; 
zig7ag line: celiular DNA. 

insect EnRVs because of the lack of permissive cell cultures. Hence. it could be hazardous to 
design a true insect retroviral vector without detailed knowledge oi' the minimal cis-acting 
sequences required for replication. 

ifferent approach involves extending Zne host range of existing vertebrate retrovirai vectors 
tebrate retrovira! Env proteins with Env from other vimses. One successf~d 
loney murine ieukemia virus-based rerrovirai vectors pseudotyped with the 
pe protein (VSV-G): which have been shown to infect, integrate, and mediate 

foreign gene expression in ins ltures and in adults (see Chapter 7 by Burns). Another 
approach is to produce pseudoe ney murine leukernia virus-based retroviral \:ectors with 
the Gypsy Env protein (Teysset ). Im~nunostaining has shown that the Gypsq. Env protein 
can be produced in human 293 p701ucL.3 packaging cells and vector particles collected 
from these cells can infect Dr-os liured cells. These data also suggest that the insect Gypsy 
envelope is correctly processed in human cells. The proteolytic cleavage of the retrovirai envelope 
protein is a necessary step for its incorporation into infectious particles and budding. Among the 
candidate endopsoteases, it has been shown that the furin protease has a role in cleavage of the 
human immunodeficiency virus envelope proteins (Decroly et al., 1994). Dfiirl and Dfud  are two 
D. nielnnognster genes exhibitin ology with the human,fi~r-in, suggesting that f~tr-inlike func- 
tions are conserved among laxa e et al., 1995). This might explain why the Gypsy envelope 
protein is processed in mammalian cells. However, the infection efficiency o 
particles is much lower (1: 100) than that of the VSV-G-pseudotyped vectors. 
efficiencies for D. hylei and Anoplzeles garnbiae cultured cells are even lower. Hence, these G p s y  
Env-pseudotyped particles are not at present useful as tools for transgenesis. Howeverl it could be 
worthwhile testing different insect EnRV Env proteins instead of Gypsy Env. Another way to 
improve infection efficiency would be to design chimeric envelopes, where the SU protein, which 
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contains the domain interacting with the infected cell, has an EaRV insect origin, whereas the TM 
protein, which may interact with the core particle, has the same origin as the vector. This might 

e efficiency of STJITM incorporation into the core particle, and then the virus titer. 

The development of retrovirai gene transfer tools based on insect En should be considered in 
the light of the major advances in vertebrate retroviral vector technology. A greater unders'ia 
of the functions of the insect EnRV products. and especially the Env protein, will certainly i 
the deveiopment of methodologies for gene transfer in insects. 
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There is considerable evidence that genes have ~ ~ i o v e d  across species boui~dai-ies over evoluiionary 
time with several genetic elements such as plasnids, vinses. and transposable elements implicated 
in gene transfer (e.g.. Andersson and Kurland, 1998a). The impact of these niobik DNA elements 
is evident both within individual genomes and at the population and species levels. Much of 
transgenic research has been directed toward undersian ing these naturally occurring mobile ele- 
ments to expioit preexisting mechanisms for gene delivery and integration. The resuits of this 
approach to transgenesis have been spectacularly successfd and continue to have great potential 
for application in the future. 

The interest of the  author"^ laboratory in insect transgenesis sterns from analysis of an unusual 
insect virus. the Cunzyo1eti.r sonoiwzsis polydnaviruses (CsIV). Polydnaviruses have similarities to 

genetic elements used extensively for transgenic research, transposable elements and 
eover, the role of polydnaviruses in their somewhat complex life cycle is to deliver 

genetic information from the genome of one insect to an infected insect cell for transient expression 
of viral genes. Therefore, analysis of the mechanisms through which polydnavirus genomes excise, 
replicate, and are delivered for expression in infected cells is relevant to transgenic research. 

Conventional viruses, the presumed evolutionary antecedents of polydnaviruses, can be defined 
as infectious particles that contain protein and nucleic acid (either RNA or DNA) and replicate in 
infected cells. Polydnavirus genomes are nucleic acid (DNA), are encapsidated by a protein coat, 
and enter host celis where viral gene expression causes pathological effects (reviewed in Fleming, 
1992; Stoltz, 1993: Webb, 1997). However. polydnavirus replication does not occur in newly 
infected cells, but only in cells containing a preexisting integrated viral genome. In this sense 
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polydnavirases iilay be considered defective or degenerate viruses (Stoltz and Whitfield. 1992). 
Interestingly. polydnaviruses have conceptual similarities to experi~~m-ital viruses engineered to 
replicate only in "'helper'. cell lines expressing an essential viral gene and helper-dependent trans- 
posable elernenrs (e.g., Dissocirrfion elements in maize). There are, of course. many viruses that 
integrate as a p x t  of their normai Iife cycle. However. unlike conventional virnses, polydnavirtlses 
do not establish viral infections capable of supporting subsequent rounds of virus replcatior~. 
a result, polydnavirus replication is restricted to cells inheriting the proviral DNA "infection." 

Like transposable e!emeu-irs. polydnavirus genoune segments are integrated at mu.':tipie sites in 
the genome and undergo excision f x m  genomic DNA. Although alnalyses of polydnavircs ilziegra- 
tion sites is limited, some have simiiarity to bacterial Hiiz recombination sites (Gruber et al., 1996; 
Savary et al.. 1997). Hin recombi:~atlon causes a pl-iase-dependent shift in gene expression by 
inverting an enhancer clement in Snlnioi~ellci t \ ' ph i in~:~ i~m (Scol'r and Siinon 1982) and altering 
promoter sequences. Similar elements appear to be widespread in proltaryotic organisms. Other 
polydnavirus integration sites are characterized by target site dupiications flanking direct terminal 
repeats of varying size and complexity (FLeaning and Summers, 1991: Cui and 
However. polydnaviruses do not normally integrate in their life cycles, but excise in 
id-stage and tissue-dependent manner to initiate jrirus replication. In repiicative and infecteri tissues 
episomal polydnavirus segm-ents exist with little evidence of reinsertion into chromosomal DNA 
(Tneilmanc and Summers. 1986; 1987: Strand et al., 1992). After at leas? 100 generations in a 
laboratory colony the known l7iral Integratio ite of the C. sii;~ownsi.s ichnovirus seginent B i ~ a s  
not changed (Flerning and Summers. 1991: Webb: unpublished). Integration of polydnavirils 
segments into the gerrome of infected cells been shown to occur in tissue ciilture infections 
(Kim et a!.. 1996; cKelvey et al., 1996) but its biological significance is unclear. 

Because polydnavirus replication occurs only from an integrated provirus, the viral genomes 
are resident within the cellular genomes of the wasp host. Andersson and Kurland (1998b) suggesi 

ent genomes have evolutionary characteristics analogous to those dessribed by Muller 
- sunall asexr:al populations. That is, resident genomes are subject to reducrive evolutionary 

forces operating tl-irough the actim of Muller's ratchet io reduce the fitness, slze. and capability of 
the resident genome over evolutioi121-j drne. As a resuit. resident mutualistic or parasitic genomes 
(e.g., mitoc!~ondrial genomes and M ~ c o p l n s i m  geiziiali~eiiz) are greatly reduced in size and functional 
capability in the absence of mechanisms for maintaining genetic variability. Like other resident 
genomes, polydnavirnses ei70i\.e only within the genorne of their mumalistic wasp host, presumably 
because they are dependent upon the nuclear genorne for genes required during virus replication. 
However, resident genomes characteristically show scve g effects of reductive evolution with 
large decreases in gelmine size while polydnavirus gen s are among the largest k n o \ ~ x  viral 
gecomes. have many duplicated genes. and contain significant amounts of noncoding sequences. 
thlti~ough no polydnavlrus gemme has been full seyxenced, they are clearly among the :nest 
structurally complex viruses ill both seqtience co lexity and organization. Thus, polydz~aviruses 
are not conventional viruses, nor are polydnaviruses transposable elements as they are comwaiion- 
aily ~mderstood. Polydnaviruses are unique genetic elements having an unusual and intriguing mix 
of genetic attributes. ln e'he spirit of considering the biological properties of potential utility in 
transgenic research this chapter will first describe the life cycle of poiydnaviruses and then discuss 
the genetic specializations evident from analysis of the organization of the C. sonol-emis ichnovirus 
(CsPV) genome. The chapter closes with a soniewhat speculative consideration of the poiential 
utility of polydnaviruses in transgenic research. 

Polydnaviruses are obligate syrnbionts of some parasitic 11yme:loptera that replicate from integrated 
proviral DNA only in specialized "caiyx9~ cells of the female reproductive tract (Norton and 'Vinson, 
1983; Stoltr. 1993; Albrecht et al., 1994; Stoltz et al., 1995). The polydcavirus life cycle is 
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characterized by asymptomaric virus replication in the parasitic wasp followed by pathogenic 
infection without virus replication in the iawai host of the wasp. Thus, polydnavirus replication 
and function is inextricably linked to the life cycle of the parasitic wasp (Stoltz and Whitfield, L 992). 

Virus is introduced fi-am the female reproductive tract into parasitired insects (mostly Lepi- 
doptei-a) dwing oviposiiion. A species-specific subset of viral genes is expressed in parasitired 
insects in the absence of viral DNA replication. There is no indication that viral gene expression 
is rmns-activated in parasitized insects (Theilmann and Summers. 1987). In some species, viral 
genes are expressed rapidly and at a constant level throughout endoparasite development (Theilmann 
and Summers. 1988; Strand et al.. 1992; Harwood and Beckage. 1994). In others. expression is 
restricted to a very limited number of ~ ~ i r a l  genes over a short temporal period (Hayakawa et al.. 
1994; Asgari et al., 1997). Viral gene expression disrupts some host physiological systems and is 
required for successful development of the ecdoparasit'lc wasp (Edson et al., 198 1 ; Beckage et al., 
1994.: Strand and Pech. 199%: Eavine and 

Thus. the polydnavirus /wasp parasite/l system provides an unusuai example 
of an obligate mutualistic association between a virus and a parasitic wasp that functions to the 
extreme detriment of the iepidopteran host of the parasite. As a result of the mitualiy obligate 
associarions between polydnaviruses and their wasp hosts, polydnaviruses are huiad in every 
individaai of an infected species, ut do not replicate outside of their associated wasp 
et al., 1986: Stoltz. 1990; Flemin 1992). To emphasize this point, polydnaviruses do not infec~ 
then replicate in host cells. Rather, polydnaviruses replicate only in cells carrying the proviral DNA 
and persist. evolutionarily, on the basis of their incorporation in the wasp genonae. 

Polydnaviruses accurnuhte eo high densities in the wasp oviduct with virus particles reaching 
concentrations capabie of diffracting Light and imparting an opalescent blue color upon the entire 
oviduct. Viral replication begins in the wasp oviduct during the late pupa! period (Norton and 
Vinson, 1983). possibly in response to changes in ecdysteroid titers that drive adult metamorpl~osis 
(Webb and Summers. 1992; Gruber et al.. 1994). After injection into their host insect, polydnaviruses 
infect a variety of host tissues, predomin ly hemocytes (Strand et al.. 1992: Soldevila et d . ,  
1996). In infected cells the virai i~ucleoca ieases DNA into the nl-lcleus where viral genes are 
expressed. aiirai gene expression is requir r survival of the wasp egg (Edson et al., 1981). 111 
the absence of \isus. wasp eggs are usually encapsulate6 and killed by ihe kpidopteran immune 
system. Along with their effects on host immranity. polydnaviruses may disrupt other aspects of 
host physiology. En C. x m m e  m, host growth is often suppressed with synthesis of se\.eral growth- 
associated proteins inhibited y !'inis infection (Shelby and Webb, 1994; 1997). Polydnaviruses 
alter immunity and dei-elop arasitized hosts by expressing a species-dependent subset of 
viral genes (Theilrnann and Summers. 1987). Viral gene products may be targeted intracellularly 

1994). to the cell membrane or secreted into the hemolymph of the parasidzed liost (Li 
b. 1993; Cui et al., 1997). Secreted proteins are knowri to bind to hemocytes, althorrgh 

other tissues may also be targeted. The effect of i~~dividual viral proteins on host physiology is not 
well understood. Virus infection of Microylifis detnolitor- gramlocytes induces apoptosis (Strand 

), while secreted CslV proteins bind to host hemocytes and inhibit but do not 
totally block encapsulation (ki and bb. 1994; Cui et al., 1997). The functional analysis of 
polydnavirus proteins is complicated by the difficulty in studying viruses that are not amenable to 
genetic manipulation. act intracelli~larly in a labile host cells (i.e.. hemocytes), and express several 
related viral genes to cause their pathogenic affects. 

Phylogenetic classification of vimses is initially based on the viral nucleic acid (RNA or DNA) and 
the organization of the genome ( usphy et al., 1995). Polydnaviruses. as the only group of viruses 
having profusely segmented DNA genomes. are easily characterized by these criteria, although other 
charactehstics such as their obligate association with pxasitic wasps are equally distinctive. Two 
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polydnavirus genera are recognized. the ichnoviruses found in two ichneumonid subfamilies, Cam- 
popiegineae and Banchime, and the bracoviruses known from three braconid subfamilies, Microgas- 
tsinae. Cheloninae, and Cardiochilinae. The ichnoviruses, with CS V being the type species. are 
phylogenetically described from 25 species of parasitic wasps (Stoltz et al., 1995) with as many as 
14.000 species predicted to exist based on the estimated size of the ichilovirus-carrying groups. The 
bracoviruses are descri ed from 30 braconid species with approximately 17,500 brac 
species estimated from the size of the polydnavirus-containing bracovirus clades 
Webb, 1998). The two polydnavims-containing wasp lineages are nonoverlappin 
this mutualism arose independently in racoviruses and ichnoviruses. Moreover. the ichnoviruses and 
bracoviruses are morphologically distinct, do not share nucleic acid similarities, are not antigenically 
related, and have distinct physiological effects. Thus, it is unlikely that ichnovimses and bracoviruses 
are derived from the same ancestral virus. Assuming that polydnaviruses are derived from two different 
conventional vimses. their viral ancestors would; presumably. have had an unsegmented DNA genome. 
As a result. segmentation in the two polydnavirus genera ust be a convergently derived character 

n other words. poiydnavirus genomes may be segmented as a result of their mutualistic and 
enic roles in their associations wifh parasitic wasps. 

Polydnaviruses are found in two of the most speciose and economically important groups of 
parasitic wasps, the braconids and ichneumonids. Relative to sister-groups, the polydna~irus- 
containing subfamilies are much inore species rich. Although much of the host range data are 
anecdotal, groups of dnavirus-carrying wasps appear to have (in general) broader hose ranges 

1. personal communication). This observation has led to the suggestion 
:hat polydilaviruses may have allowed the successful parasitization of a wider host range. and that 
:he accompanying physiological advantages improved the relative evolutionary success of the 
polyd~~avirus-contaii~i~~g groups (Stoltz and Whitfield. 1992) 

The most recent phyiogenetic analysis of the known polydnavirus-containiIlg subfamilies of 
Ichneumonidae suggests that the ichnovirus genera do not form a monophyletic group (Wahl. 199 l ) ,  
but this is not yet supported by molecular analyses of the virus. The existing phylogeny suggests 
either lateral transfer of ichnoviruses or, alternatively. independe~t colonization events in the 
parasitic wasps. In contrast, ail bracoviruses are found within a skgie large clade of the Braconidae 
and appear to be derived from a single wasp-virus association (Whitfield, 1997). The possibility 
of iateral transfer or multiple colonizations of ichnoviruses is intriguing, potentially important, and 
directly relevant to transgenic research. It suggesls that it may be possible to identify evolutionary 
events that fixed the virus-wasp associations in different phyiogenetic lineages andlor the evolu- 
tionary events that liberated virris from species-specific host associations. 

The unique role of polydnaviruses in the life cycle of parasitic Hymenoptera provides unusual 
opportunities and constraints for viral genome evolution. ecause polydnavirus transmission is not 
dependent upon the infectious phase o f t  L-iral life cycle, viral genes required for replication (e.g., 
structural proteins. replicative enzymes) y not be packaged in the virion. Conversely. the essential 
function of the virus. the alteration of physiology in the parasitized insect. could favor diversification 
of viral genes andtor enhancement of viral gene expression. 

Poiydnavirus genomes comprise multiple. closed circular DNA segments ranging in sire from 
2.0 to over 30 kb (Stoltz et al., 1995). Genome segment number varies from 6 to over 30 with 
segments present in highly variable molar ratios. Conventionally. polydnavirus segments are iden- 
tified alphabetically from the smallest to the largest with comigrating DNA segments identified by 
a numerical suffix (e.g., 01, O', etc.). Polydnavirus genome size estimates are complicated by 
comigrating segments (Theil and Summers. 1987) and sequence homologies between segments 
(Xu and Stoltz. 1993; Cui a bb. 1997). Relative to segmented RNA viruses, segmentation of 
polydnavirus genomes is extreme. The more complex segmented RNA viruses have about 12 
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n aggregate genorne sire of about 20 kb (Murphy ex al., 1995). The C. so77o. 
at least 28 DNA segments with genome size estimates in excess oE 250 kh ( 
1. 199 1). Although a segmented genome is a hallmark of poiydnaviruses, there is 

little understanding of the evol~~tionary pressures that have driven or. alternatively. allowed segmen- 
tation of the viral genome. One hypothesis ventured is that genome segmentation (and the presence 
of repeated DNA and viral gene families) enhaxes  the capability of the virus to generate genetic 
variabiiity ihrough recombination (Dib-Hajj et al., 1993; Summers and Qib-Raj, 1995). While the 
importance of mechanisms for generating diversity is unquestionable, it does not account for the 
existence of segments with extensive sequence identi'iy. Specifically, mapping of cross-hybridizing 
segments suggests that some smaller DNA segments are excised from larger DNA 
organizational pattern known as "segment nesting" (Xu and Stoliz, 1993; C L I ~  and 
Segment nesting increases the number of polydnavirus segments without significantly increasing 
the sequence complexity of the virus. However, nesting does increase th esentation of nested 
sequences within the packaged viral genome (Flerning and %ell, 1993: and Cui, 1998). 

Polydnavirus segment integration sites have been anaiyzed from two braconid species (C. inanitus. 
and C. cong7egntzts; Gruber et a!., 1996, and Savary et al., 1997. respectively). These two braconid 
integration sites have recombination site similarity to the Hin recombination site of S. tphinzul-iunz. 
In both species segments excise from integration sites during replication and an "empty site" can 
be amplified after replication. Interestingly, analysis of the C. roizgwgatus site indicates that two 
viral segments are integrated in tandem array. Excision of the more abundant EPl locus is described, 
whereas the excision site of the adjacent, less abundant locus A is not. A comparison of the 
integration sites of the two differentially replicated tandem segments would be interesting. 

The CsIV genome comprises segments that are excised from proviral DNA to produce an 
individual viral DNA segment (unique or orphan segments) and segments that undergo mialtiple 
reductive recombination events to produce segment families (Webb, 1998). Fieming and Summers 
(1991) analyred the integration site of the srphan segment . Segment B is a 6.6-kb segment that 
is integrated at an imperfect 59-bp direct repeat. Segment does not hybridize to other segments 

ingency and is stably integrated at a single locus. Two -m-iants of ex 
were isolated, with one containing each copy of the imperfect repeat. 

data. a model was developed in which the repeats were adternatively ed during recombination, 
Cui and Webb (1997) analyzed the integration site of segment egrnent W is an abun 

15.8-l& segment that is the parental member of a segment family t includes segments R 
and 6 2 .  The integration s f segment W is markedly ifferent from segment B and the bracovirus 
integration sites. Segment is integrated at a 1186-bp perfect direct repeat with a high degree of 
internal sequence cornpie Of particular interest, the long direct repeat contains a smaller repeat 
of 350 bp found at two other places within segment ased on the association of the 350-bp 
repeated sequence with the intra~nolecular events that produce the nested segments R and 
has been designated the recombination repeat. The differences in the homology, length; and 
complexity of the segment and W integration sit be reiated to the differences in abundance 
of the two segments. It is suspected that the segme epeat may promote more efficient excision 
andlor replication than integrated repeats of the ment type containing shorter, less highly 
conserved integration repeats. 

A basic premise of reductive evolution is that genes that become nonessential as a result of 
parasitism are subject to elimination. Reductive evolution may be indicated by an increased number 
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seudogenes and noncoding sequence in microbial genornes (Andersson and Exland,  1998b), 
t is the norm for these nonessential sequences to be eliminated over evolutionary time. Viruses 

in particular have limited noncoding sequence and gene duplications are rare. 
In polydnaviruses. viral gene families have been described from both bracoviruses and ich- 

noviruses. In spite of the complexity and large size of polydnavirus genomes. the number of 
transcripts expressed in rasitized insects is not great. An estimated 20 mRNAs are detected in 
CsIV, whereas baculovir es with a somewhat smaller genome size encode in excess of 100 genes 
(Volkman et al.. 1995). It is possible that many virally encoded genes are expressed only for virus 

plication in tile was host where less work has been done but sequence analysis of CsIV segments 
(W. Kattanedechal Webb, unpublished) and (Cui and VJebb, 1997) do not support 

is possibility. Rather uence analysis of these s ents indicates that the majority of the 
nome is noncoding sequence. 
encodes two genes. one of which is expressed in parasitized insects IBHl:C.9: 

Theilrnann and Sun:rners. 1988) and the other expressed in the oviduct during virus replication 
(WCs1.0: W. Rattandechakul and B. 'Webb. unpublished). The coding sequence of the two genes 
represents approximately 29% of the 6.6-kb segment B. Neither gene contains introns so the 
inescapable conclusion is that the majority of the segment is noncoding sequence. Similarly. the 
15.8-kb segment encodes four genes with an aggregate size of less than 6 kb. less (hail 4 0 8  of the 
segment (Cui and Webb, 1997). Rather than being streamlined and reduced. these CsIV segments 
appear to have excess DNA. 

Sequence analysis of segment W and a segment with similar properties. se 
an indication of the source of the excess sequence. The nested segments V 
members of the cys-motif gene h n i l y  suggesting that they result from gene 
et al.. 1989; Dib-Hajj et al., 1993; Cui and V~Jebb, 1996). No ding sequences h i 1 1  the nested 
segments are a!so indicative of sequence duplication (Cui and bb. 1997). The 15.8-kb segment 
W appears to result from the threefold duplication of an approximately 5-kb segment while the 
15.2-kh segrne~~t  V has a 3-kb region that is now present in five variants on the segment. The 
duplications on segment W have produced peudogenes. Segment W encodes four expressed 
genes (WHv1.0, WHv1.6. WCsl an WCs2: Blissarc! et al.. 1989). as s two pseudogenes 
with homology to the expressed sequences on segment V1 (Cui and 1997: segment W 
Genbank Accession No. AF1104378. pseudogene:, present in  bp E 0036 to I05 Il,VVCs-3 pseudo- 
gene: and 7096 to 7438 sys-motif gene). The relativeiy low density of expressed sequences in  
tile CslV genome appears to he pervasive, Of the 46 i d  of DNA from the four segments that 
have been entirely sequenced. approximately 12 1<S encode proteins scggesdng that almost 45% 
of the sequence in the CslV genonle wi!'l be noncnding. 

Reductive evoiution should target genes for removal that are no longer essential in the resident 
gemme. Genes encoding viral str~ictural proteins could be subject to reductix evoiution through 
gene transfer ro the nuclear genoime. Analysis of two CslV structural proteins strongly indicates 
that gene transfer from the viral genome to the wasp genome has occnned. 

CsIV is strircturally complex. having two inembranes separated by a matrix region that sur- 
rounds a large DNA-containing nucleocapsid. This structural con~plexity is reflected in the protein 
profile of SDS-PAGE analyses of purified visions with at least 25 proteins cieiected in varying 
degrees of abundance (Krell et al., 1982). The firs: two genes ellcoding polydnaiirus virion proteins 
were recently isolated an6 sequenced (Deng and Webb. 1999: Deng et a!., 2000). Interestingiy. oile 
of the thvo genes encoding viral strucrural proteins is encoded by the virus (Deng and Webb. 1999). 
By contrast, the second is encoded only in the genome of the mutualistic wasp (Deng et al.. 2000). 
These data suggesE that associations between ichnoviruses and wasp hosts may have becone fixed 
through transfer of one or more essential viral genes to the wasp genome. 
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The cDNA encoding an abundant polydnavirus structural protein was isolated by determining 
the N-terminal amino acid sequence, designing degenerate oligonucleotide primers encoding the 
known amino acid sequence. and amplifying the cDNA by reverse transcriptase-PCR (rPCR). The 
cDNA encoded a predicted protein o f  -50 a (p44) that lacked a signal pepride and had regions 
o f  high positive charge reminiscent o f  nucl localization signals (Deng et al., 2000). The cDNk 
sequence had no significant homology to nucleic acid or protein sequence in the Geiibank and 
SwissProt databases. Immuno- with antiserurn raised to recombinant p44 protein expressed 
from bacteria localized the vir protein to either the inner membrane or matrix region o f  the 
virion. In genomic Southerns with viral and wasp genomic DNA. the clDNA clone encoding this 
virion protein did not hybridize to viral D N A  but hybridized only to wasp DNA,  indicating that 
the p44 protein was not present within the packaged viral genome (Deng et al.; 1999)). The relative 
abundance o f  the p44 protein in the G r i m  and the tissue-specific expression o f  the gene indicate 
that the association o f  the p34 protein with the virion is unlikely to be fortuitous. Rather, the data 
suggest that rhe gem encoding an abundant viral structural protein resides in the genome o f  its 
associated host where it is expressed only in the female oviduct for assembly into virions. 

A 12-kDa 1-irai structural protein was isolated tb-om a bacteriophage expression oviduct cDNA 
Library ~ising an antiserum raised to whole ~ir ions .  The p12 cDNA is encoded on viral segment ai, 
and is expressed only in the oviduct during virus replication (Deng and Webb. 1999). Antisera 
raised to bacterially expressed recombinant p12 iocalized the protein in the virion and demonstrated 
that p12 was not expressed in other wasp tissues. 

Interestingly, both the p12 and the p44 genes are amplified during virus replication. That p44 
is amplified for virus replication is additional evidence indicating p44 is a viral structural gene that 
retains a mechanism (at this point undetermined) for amplification in association with vircs repli- 
cation (Deng et al.. 2000). It is suspected t the p44 gene is excised and amplified during virus 
replication but has lost signals required for ciiaging into the virion for exporl. 

Sioltz (1993) hypothesized that the polydiiavirus genome inay be a mosaic o f  host and viral 
genes $elected [or inclusion in the viral capsid. Gcnes required on?y for virus repiication may lose 
the capacity to excise f ron  the parasitoid gen'onx or be packaged into the \irion for export during 
parasitization. Because po!ydnavirr;ses replicate only in cells containing the integrated provirus, it 
is not essential that the virus encode ail o f  the proteins required for virus replicahon if genes 
expressing these essential 'Yirai" proteins reside in the genorne o f  their associated h y m e ~ o p t e ~ a n  
hosts and are expressed in ilssues supportiag virus replication. Comrersely, "wasp" gems providing 
functions important for parasite survival in rhe lapidopteran host (e.g.. immune qrrppression) majr 
be selected I-hr inclusion in the viral genome (Webb and Summers. 1990). Few polydnavirus 
genomes have been described i n  detail. but even the limited analyses available indicate that 
polydnavirus genomes are unusually fluid. Segment number !-arks significantly in closely related 
specks (Stoltz et al.. ?986). Segment poiyrnorphisms haye been described wiihin geographic 
popula~iox o f  a single species (Stoltz, 1990). Asgar et al. (1996) haye reported t i~a 
gene is expressed after infection with the C. ~ u h m i l a  poiydnavirus. Thus. in 
polydnavirus geimmcs. transfer o f  "viral" genes to the nuclear genon-ae o f  the hosi is o m  ofseveral 
features indicating that polydnavirus genomes are sub-ject to significant modification, In inany 11 ays 
transfer o f  "biral" genes to the Lvasp nuclear genome is analogous to the transfer oi' mieocl-ioi~drial 
genes to the i-iuc!ear genoine. and may be similarly indicative o f  plasticity and specialization within 
poiydnavirus genomes. 

The CsHV germme comprises unique or  orphan'^ segments that are excised directly froin proviral 
DNA and produce a single viral D N A  segment and segments that belong to segment families. In 
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a segment family a master or "parental" segment is excised from a single genomic locus but 
produces multiple viral segments by undergoing muitiple intramoiecular recom 

oduce several smaller derivaiives of the parental segment. The 15.8-kb segment W is a nested 
gment rhat undergoes sequential recombination is produce three smaller segments (K. 13.1 kb; 
. 10.4 kb: and C', 6.6 kb; Cui and Webb, 1997). All four members of this segment family are 

packaged in the viral genome and exist in nonequimolar amounts with the parental segment, W? 
predominating. Examination of the genes encoded by tal and daughter segment 
the copy number of cysteine-rich genes (WHv1.0 and 1.6) encoded on segment 
by segment nesting. The copy number of the WBv1.6 gene increases relative to WHv1~0 becaiilse 
WHvl.6 is present on all members of the W segmentfamily (W, R. M> and C'), whereas the 
WHv!.O gene is only on the parental segment W. Segment V (15.2 kb) is similarly nested, giving 
rise to segments T, L', K, and C '  ( . Webb et al.. unpublished) t V also encodes tw 
expressed cys-motif proteins, VPm"vl.1 and VHv1.4 (Cui and 996). The VHv1.I 

resent only on the parental segment V while VHv1.4 is pr all the V-family segments. 
Thus, segment nesting provides for specific amplification of the VI-Hv1.4 and JVI-Iv1.6 genes by 
increasing the copy number of these genes in the packaged viral genome relative to the VHvi. l 
and WHv1.0 genes, which are found only on the parental segment (Cui and 

Polydnavirus genes have been divided into three groups on the basis of their expression 
h a r d  ei al., 1987: Theilmann and Summers, 1987). Polydnavirus genes expressed only in 

the parasitic wasp are designated as class 1, genes expressed only in parasitized lepidopteran 
larvae as class 2, and genes that are expressed in both the wasp an parasitired host are class 
3. Characterization of class 1 and class 3 genes has been limited. demonstrates that at least 
some mRNAs expressed in the oviduct are virally encoded (Blissard et al., 1986; 1987; 1989; 
Theilmann and Summers, 1988). 

Class 2 genes have been characterized in the most detail because these viral genes alter the 
physiology of their host in dramatic and interesting ways. Class 2 genes from two families have 
been described from CsIV. The "qs-motiP9 gene family has been characterized on the basis of 
a cysteine-rich motif that is found in a single copy on segment W (WWv1.0 and W H V I . ~ ) ,  but 
is present in two copies on segrneni V genes (VHvl.1 and VHv1.4; Dib-Hajj et al., 1993). 
Members of fine cys-modf gene family encode secreted proteins with slm 
are abundantly expressed in parasitized insects. The segment V-encode 
hemocytes and have n implicated in suppressing the host immune 
1994). The other kn CsIV class 2 gene family is the "rep" gene 
identified on the basis of a 540-bp repeat nucleotide sequence that is ubiquitously distributed 
within the viral genome and present in at least one copy on most viral DNA segments (Theilmann 
and Summers, 1987; 1988). The rep sequence is unrelated to the segment W recombination repeat 
described above. The Hv0.9 gene is the only rep gene sequence that has been reported (Theil- 
mann and Summers, 1988) and it is unrelated to other sequences in the protein databases. 
does not encode a signal peptide and its mRNA is less abundant than the cys-motif 

ore recent analysis of the rep gene family indicates that this is the most diverse gene family 
in CsIV with at least seven expressed genes having significantly conserved peptide as well as 
nucleotide sequence (R. Hilgarth and B. VVebb, unpublished). 

From expression studies of WHv1 .Q, WHv1.6, VHv1.1, VHv1.4, and Hv0.9. a consistent 
pattern of GsHV gene expression emerges. In parasitized lepidopteran hosts class 2 genes are 
expressed rapidly and persistently throughout endoparasite development with little variation in 
mRNA levels (Theilmann and Summers, 1987; Ei and Webb, 1994; Cui and 
type of expression is similar to viral "early" genes that require only host transcription factors for 
expression. Indeed, all three of the class 2 polydnavirus promoters that have been tested function 
as "early" promoters in recombinant baculoviruses (Soldevila and Webb, 1994). Although some 
variability in the apparent levels of gene expression was noted in one study (Theilmann and 
Summers. 1988), there is no indication that CsIV exploits tmrzs-activating factors that alter viral 
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gene expression in a temporally dependent manner. Rather, class 2 genes are expressed rapidly and 
constitutively. Under this type of regulatory system. the level of gene expression is completely 
dependent upon the cis-dependent promoter activity and the number of copies of fhe gene (gene 
dosage). Clearly, segment nesting has the capability to alter gene dosage. 

Segment nesting appears to be a widespread phenomenon in polydnaviruses. The Hposorev 
filgitivzu ichnovirus encodes nested segments U and L (Xu an Stoltz. 1993). Preliminary 
evidence also suggests that seg nt nesting occurs in the M. cl-oceipes bracovirus 
~~npublished) and M. dei.rzolito~- . Strand, unpublished). Segmentation makes virus 
and genonle packaging a more complex process. suggesting that there must be selective advan- 
tages offsetting the negative effects associated with replication and packaging of a complex 
segmented genome. Viral genome segmentation confers unique opportunities for virus reassort- 

e of genorne segments between related viruses, as has been demonstrated 
iot et al., 1990; Bouloy, 1991) and fla\iiviruses (Chambers et a!.. 1990). 

Recornbination b en RNA viruses can also alter biological properties of the virus such as 
host range and pathogenicity. Segmentation also allows modification of viral gene expression by 
promoting changes in viral "gene dosage" or copy number. Polydna\~irus genome segmentation 
may also enhance the capability of the virus to generate generic variability through recombination 
(Dib-Hajj et al., i993; Summers and Dib-Hajj, 1995). The presence of repeated DNA sequences 
as described for segments V and &V and viral gene families would similarly pro:note recombi- 
nation and enhance genetic variation. 

Conzp-yoletis soizol-ensis is a generalise parasite attacking over 30 known lepidopteran hosts with 
varying degrees of success (Lingren et al., 1970). In a study of the relationship between polydnavirus 
infectious dose and host range, Cui et ai. (2000) evaluated the effects of manipulating virus dose 
in fully permissive. semipennissive, and nonpermissive hosts. In h l ly  permissive hosts the VBvI .4 
protein titers rise rapidly and remain at high levels. while in semipermissive and nonpermissive 
hosts the VHv1.4 protein is transiently expressed at levels that positively correlate with permissive 
host status and the number of parasitization events. Increasing hernolymph tirers of immu:nosup- 
pressive polydnavirus proteins via multiple parasitizations improves the success of parasitization 
in semipermissive hosts. For example. a semipermissive host that is multiply parasitized is more 
likely to be successfuliy parasitized than if singly parasitized. The titer of the VHv1.4 CsIV protein 
in the hemolyinph of semipermissive hosts is also correlated with the number of parasitization 
events. Thus. more heavily parasitized larvae have a higher titer of immunosuppressive proteins. 
If not all parasidzations are successful and scccess is correlated with the level of polydnavir~as gene 
expression: selection would favor increased levels of viral gene expression (and biological activity) 
in parasitized insects. Taken together, the data suggest that the success of an insect parasite is 
dependent upon the level of viral gene expression, which is. ir? turn, dependent upon gene dosage. 
Webb ar?d Cui (1998) suggest chat the level of polydnavirus gene expression is directly correlated 
with the number of gene copies introduced. The success of parasieization in semipermissive hosts 
is increased by increasing copy number. and this has favored the abundant production of virions 
and the amplification of some viral genes by segment nesting. 

The general strategy increasing gene copy number to increase expression levels is well 
known in other systems. tozoans, insects, and vertebrates exploit variations on this theme by 
producing minisatellite c osomes. polyploid, and polytene cells (Spradling and 
1980: Stark and Wahl, 1984). Inducible gene amplification in mammalian cultured cells is also 
associated with the development of antibiotic resistance (Schimke, 1984). All of these systems 
allow for the selective an- fication of genes an are correlated with higher levels of expression 
of the amplified gene (Lo and Dawid, 1980). ecause polydnavirus genome segments exist in 
nonequimolar ratios and viral genome segments a nested, some polydnavirus genes are introduced 
and remain at relatively low copy numbers. while other genes have consistently higher co 
numbers. Presumably, the diverse expression levels of GsIV genes reflect the different physiological 
targets of the viral genes. 
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Polydnavirus evolution may be driven, in part, by a requirement for a high copy cumber of 
functionally active genes. The level of viral protein in the hemolyinph is critical to rhe ability 
of the virus to slippress the imrnune system and inhibit host growth. In the absence of an i11fec;ious 
process or a regulatory casca e that results in greatly increased mR A transcription. the gelie 
dosage determines the level of viral protein in the hemo!ymph. Nonequimolar segmentation of 
the viral gemme and segment nesting may have e ldved ,  in part, to increase the copy i?umber 
of essential genes. Finally; the loss of viral s~ructural proleins to the wasp gemme red~aces the 
\ - i d  genome size without affecting viral replicatior~ in ?he wasp oviduct, thereby increasing ;he 
available capacity for deli!rery of multiple copies of viral genes that are fui1ctional;y importai~t 
in parasitized ixects .  

This chapter has focused on the physical organization of the CsIV genome as a means to 
eiucidate the re'iationships between the genornic organization of polydnaviruses and their distinctive 
evolutionary and functional roles. The data suggest that segmentation in polydnavirus genolnes 
may have evolved. at least in part, to increase the copy number of essential viral genes. While this 
hypoilmis is strongly supported 54. the preliminary data from the C. sonolensis system, broader 
evoludonary issues camot be effectively addressed through analysis of a single potydnavirus. We 
would like to know if gene duplication is associated with specialion rates, if divergence of cys- 
motif genes enhances host range. if evolutionary forces progressively reduce viral genomes. or 
alternati~rely, if evolution counters reduclive evolutionary pressures and actually increases genetic 
complexity. These issues are fundamental not only to polydnavirus evolution. but also to the 
evolution of diverse parasitic and mutualistic associa.tions ranging from transposable eiements to 
the higher eukaryotic parasites. The polydnaviruses with their species-rich p11y:ogenetic lineages, 
relatively smalI genomes, and varying ost speciiicity (from obligate nonophagy to extreme 
polyphagy) may serve as a useful model r the effects of parasitism oil residefir genomes. 

The CsIV genome is replete with ei.idence of duplication and diverge~ce of genes. Sun:zers 
and Dib-Hajj (199 s~lggest that the extant polydnavims genciiles Ia.rge1y reflect selection f ~ r  
genetic variability. ngoing molecular analyses clearly show that CsIV genes and segnents have 
undergone multiple dupiicatioli events. CslV segmens also undergo rndtiple. intrarnoieclrlar 
recombination events as a cormal par: of irils replication. and hime intrarnolecular recombina5ons 
produce nucleotide sequence aIteraf ons that are not predicted from lhe parental molecule (Cui and 
Webb, 1997). Analyses of the CsIV cys-motif genes indicates that they are evolving at rates gream- 
than that predicted by the neutral theory of evolution (Hughes and Nei. P 989; Filch ec al.. 199 1 )  
indicating that inutalions in these genes are usualiy advantageous. Of the I B CslV genes expressed 
in parasitized insects that have been identified. all belong to two gene families. the cy-motif and 
the r-ep genes. The data suggest that most if not all genes expressed in parasitized insects are either 
cys-motif or rep genes. If so. the seemingly inordinate complexity and ui~usiial organization of f ie  
CsIV genome. and by extension other polydnavirus genomes, may he evol1;ing to support the 
expression and diversification of only two or three ancestral viral genes. 

The biology of polydnaviruses could interface directly with transgenic research in several areas. 
Viral DNA appears to infect and integrate in lepidopteran cell cultures (Kim et al., 1996: McMelvey 
et al., 1996). leading to the suggesiion that polydnaviruses have potentia! for gene delivery in 
transgenic systems. However, the inability to engineer polydnaviruses genetically limits the direct 
utility of this system. Indirectly. polydiiavirus research suggests several research avenues that could 
have more general utility in transgenic research. For example. regulation of trailposition may be 
accomplished ~hrough de~.eiopmentaliy regulated expression of a tranposase. Expression of a 
transposed gene may be regr~lated by altering gene copy number and or iiltegration state. Transpo- 
sixion and expression of transposed genes can be separated and in the case of polydnaviruses occur 
in separate insect species. Without !he a ility to engineer polydnaviruses genetically in cultured 
cells or in a similar system, the potential for direct utility of polydnavirus ii~fection ii? transforming 
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insects or even transforming insect cells seems problematic than other approaches. Thus. polydna- 
1;irv.s research may initially impact transgenic research by suggesting novei ways in which existing 
transgenic systems may be regulated or elaborated. Given the ability 'to engineer poiydnas-iruses, 
the opportunities to exploit polydna\.irus and parasltoici biology for transgenic research proliferate 
and could include. as an example. the use of polydnaviruses delivered via parasitisation to transforv. 
target insects in the ficld. 
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Three reasons can be advanced for the emergence of a successful non-drosophilid transformation 
technology over the past 4 years . One has been the availability of cloned marker genes and 
conesponding mutations in the target species . and the more recent use of the green fluorescent 
protein as a dominant selectable marker gene in insect species in which there is a paucity or absence 
of genetic mutations (Chalfie et al., 1994; Zwiebel et al., 1995; Cornel et al., 1997) . The second 
has been the recognition and acceptance that the P transposable element of Drosophila nzelcrmgasfer 
cannot be used to transform other insect species . This directly led to a search Eor other class I1 
transposable elements (i.e., elements that transpose via a DNA intermediate) that might be useful 
gene vectors in insects . The discovery of the Mirzos (Frana and Savaltis. 1991). Hemzes (Atkinson 
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et al., 1993; 'Warren et a!.. 1994). inuriner (Medhora et al.; 1991). and piggyBrrc (Frasei- et al., 
1995) elements was  a consequence of this. The third, and final. reason has been the deveiopment 
aiid inzpiementation of transposable element mobility assays that quickly enable the inobiiiiy 
poperties of a particular element in a given species to be determined. Indeed. these assays provided 
critical information showing that the P element u'as incapable of proper excision in insects clher 
than D. melrrnogustei. and some closely related drosophilids (O'Brochta and Handler. 1988; O'Brct- 
chla et al., 1991). These results prompted many investigators to abandon P as a non-drosophilid 
vector and to seek allernate transposable eleme 

This chapter focuses on the development of transposable element mobility assays and the rok 
they played in the isolation and characterization of hAT elements. most particularly the ffet7izes 
element of Miisca clomesctica. Also discussed are some important issues that will arise from the 
use of /AT ,  and other transposable elements. as gene vectors in insects. 

Transposable element mobility assays can be used to measure two separate events: element excision 
from a dollor site and element integration into a target site. 0th types of assays typically require 
the microinjection of plasmid molecules into preblastoderm insect embryos and the subsequent 

4 h, of these plasmids from developed embryos or larvae (Figure 12.1). 
donor or indicator plasmid, possesses a transposable element containing 

bacterial genetic markers, such as genes conferring drug resistance upon a host, the Escheiichia 
coli @-galactusiduse gene. or the CQlE 1 origin of replication sequence. Appropriate genetic strains 
of E. coli are then transformed using these plasmids and a phenotype consistent with transposable 
element excision andlor in a m i d  DNA is prepared from candidate colonies 
and then mapped with ap nzymes to determine whether ;I size difference 
predicted from excision or integration of the transposable element exists. If SO, the DNA sequences 
of the excision or integration breakpoints are determined to establish if they bear the haiimasks of 
the excision or integration of Zhe transposable element. 

A variation of these assays has been to perform them in tissue culture cells and examine the 
transposition of the transposable element froin the chromosomes to a baculovirus infecting the cell. 
This type of approach led to the identification of the p i g g y h c  transposable element through the 
production of a mLatant bacuiovirus genotype that could be tected during routine passaging of 
cells (Fraser et al., 1995). Subsequently. the ability of pigg to transpose into baculoviruses 
was used to define further the mobility properties of this eie (Elick et al., 1996; 1997). Zhao 
and Eggleston (1998) transfected Arzupheles gambiae cells with a donor pl 

ernes element together with a helper plasmid that provided a source of 
Integration of the Hennes element into the An. gambiae chromosomes w 
sequencing of the integration breakpoints confirmed that, in the majority of cases, integration had 
occurred by transpositional recombination. 

Excision assays measure the ability of the element to excise from a donor site in a plasniid 
molecule. Excision is initially detected either through the loss of a genetic marker located with the 
transposable element or by the restoration of a genetic marker following the excision of the 
transposable element originally located within it. Excision assays for transposable elements were 
originally developed to monitor the movement of bacterial transpos 
2nd then were applied to the study of plant transposable elements 
first utilized in insects as a means to examine the mobility properties of the P element of 23. 
melanogaster (Rio et al., 1986). In these experiments, indicato lasmids were designed that could 
be used to monitor the production of P element lransposase in melamguster cell culture. These 
assays were gain-of-function assays. The P element was inserted into the a-peptide-coding region 

covery, usually withi 
ne of these plasmids, 
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BGUWE 12.1 Interplasmid transposition assays in insect embro) os. For interplasmid transposition assays, three 
plaslnids consisting of a donor plasmid, a target plasmid. and a helper plasmid are microinjected into preblas- 
toderm insect embryos. During embryonic development, the assay measures the ability of the transposase enzyme 
encoded by the helper plasmid to mediate the transpositon of the transposable element located on the donor 
plasmid to the target plasmid. The result is the piasmid shown in uhish only transposable element sequences 
have inserred. by transpositional recombination. into the target plasmid. Plasmids are recovered from developed 
emblyos -1 day after injection and transfoimed by electroporation into appropriate strains of E coli that are 
then plated on defined media. Plasmid DNA is prepared from colonies displaying the desired phenotype and 
then analyzed for the presence of the element in the target plasmid. The breakpoints of transposition are 
determined by DNA sequencing. Key: Kmr, Cam'. Ampf each refer to E. coli genes conferring resisiance to 
kanamycin. chloramphenicoi, and ampicillin: lacZ refers to the gene encoding 0-galactosidase: ori refers to the 
E. coli ColEl origin of replication. In the example shown, the target plasmid is delived from 
and cannot replicate in E coli. Arrows above and below the transposed element repreient sequencing primer sites. 

of the E. coli p-galactosidase gene and excision of P was detected by the restoration of the open 
reading frame (ORF) of the a-peptide which. in turn. led to the production of (3-gaiactosidase. This 
could be detected upon the subsequent introduction of the indicator plasmids into appropriate strains 
of E. coli and then plating in appropriate defined medium. 

These P element assays were utilized by 0' chra and Handler (1988) to examine the mobility 
of P in species other than D. melaizogasfer-. At time of these experiments a number of research 
groups were becoming frus at the apparent failure of P to be a robust transformation vector 

some success in mosquitoes had been obtained 
rris et al., 1989) the transformation frequencies 

integration of the P element apparently not occurred through transpositional recombination 
mediated by the P element transposase. ochta and Handler (1988) found that the ability of P 
to excise in drosophilid species other th ~nelarzogaster was severely limited and was, in fact, 
nonexistent in the few non-drosophilid species they examined. odifications to the helper plasmid 
subsequently showed that correct splicing of the P element transposase gene did not occur in these 
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non-drosophilid species. However, even when a P transposase cDNA gene was supplied, no excision 
in non-drosophilids occurred (0' rochta and Handler, 1988). 

These experiments provided unequivocal data showing that P could not move in non-d 
species. This was in stark contrast to many unsuccessful transformation experiments in 
insect species, none of which supplied any data explaining why the P element was failing as a 
vector in these species. Furthermore, these experiments illustrated t ease and speed with which 
the indicator or helper plasmids could be altered and then retesied. estions could be asked and 
answered in a short period of time without the need to generate tra enic lines of insects. 

Transposable element excision and transposition assays have been utilized for three of the four 
elements that can transform non-drosophild insects. In the case of hAT elements, hobo excision 
assays performed in the nonhost species, M. domesticcl; first indicated the presence of an endogenous 
transposable element called Nennes (Atkinson et al., Hermes has since been developed as 
a genetic transformation vector in D. melnnogaster ochta et al., 1996), the yellow fever 
mosquito, Aedes aegypfi (Jasinskiene et a!.. 1998; ton et al., 2000; D. O'Brochta and 

iten-anean fruit Ay, Ceratitis cnpitata (M. 
Franz, A. Robinson, and P. Atkinson, unp 

ermes is mobile in at least 12 insect 
P. Atkinson, and D. 0' unpublished data) 

. Collins, P. Atkinson, and ochta, unpublished 
rochta, and P. Atkinson. unpublished data), 

and the noctuid, Helico~wpa arinigem (Pinkerton et al., 1996). Transposition assays pe 
with the hobo element also have shown that it is mobile in at least three nonhost species ( 0 '  
et al.. 1994); while excision assays using this element in D. inelanogaster strains either lacking or 
containing endogenous hobo elements both have revealed the unique structure of empty sites 
remaining after the excision of the hobo element (and thereby provided information concerning 
the mechanism of hobo element excision) and also have shown that hobo most li 
as well as germline activity (Atkinson eh al.. 1993). Excision assays performe 
element of the irzuriner element family demonstrated that this element was mob 
gaster. the Australian sheep blowfly, Lucilin czayriiza, and the ueensland fruit fly. Bacrrocel-a 
tryouzi (Coates et al., 1995). This was also subsequently confir d using transposition assays in 
the same species; as well as in Ae. negypti (Coates et al.. 1997; 1998). The Mm1 element was ther, 
used to generate transgenic lines of Ae. aegypti (Coates et al.. 4998). Different forms of excision 
and transposition assays have been used to illustrate the mobility of the piggyBac element from 
Trichoplusia ni in cell culture (Fraser et al.. 1995, Elick et al.. 1996; 1997). indeed, the ability of 

spose from the chromosome aculovirus genome resident 
tify initially a.nd isolate the pi element (Fraser et al.. 1995 

1999) used plasmid-based transp on assays to show that piggy 
pose in developing em s s  of the pink bollworm. Pectiizophom gossypielln. 

These assays have de a significant contribution to the development of transposable elements 
as gene vectors in sophilid insects. They continue to provide information concer 
mobility properties -mes, hobo, piggyBac, and Mosl in insects and will most likely 
a standard assay pr e for testing new transposable elements that are sought for use 

ransposition assays performed with the mer element (see below) 
tlyoni, have shown that this element is mobile in D. nzelnizogasfer 
frequency relative to both hobo and ir"ennes, indicating that this 

element, in its current form, will most ikely be of limited use as a gene vector in at least these 
species of insects (A. Pinkerton, D. 0' rochta, S. Whyard, and P. Atkinson, unpublished). 

Excision and transposition assays will also enable the cross-mobility of existing transposable 
elements to be determined. This will be important in establishing whether a given element will be 
stable in the presence of a transposase expressed by another transposable element. As gene tagging 
and enhancer trap strategies using two different transposable element systems are developed for 
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insects, information about cross-mohiiity will become critical. Excision ass 
proved to be sensitive indicators of transposable el ent cross-mobility. 

applied to the !zAT element system, hobo excision assays detected presence of the He~ines 
element (Atliinson et al., 1995) and, when applied to D. melanogaster strains conta 
elements, can also detect the presence of the autonomous hobo element contained in t 
pHFLI (Handler and Gomez, 1995). Excision assays may therefore provide information concerning 
the presence of endogenous recombination systems that may remobilize genetically engineered 
transposable elements introduced into the genome. To dare, transposition assays have not provided 
this degree of sensitivity. 

The A c  element is one of the most well-studied eultaryotic transposable elements and has mobility 
properties characteristic of elements within the hAT family that make them useful tools for gene 
discovery and analysis. Ac. like many bacterial transposable elements, transposes by a cut-and-paste 
mechanism (Federoff, 1989). Analysis of the A c  transposase promoter and A c  
that this promoter is not celi-cycle regulated; however, it is expressed at higher ievels in dividing cells, 
leading to an increase in A c  copy number in cells (Fridlender et al.. 1998). In addition. A c  transposition 
has a strong tendency to be local. That is, Ac elements that have just trans osed are no: usually found 
more than 200 kb from the site of the original insertion site (Jones et al., I The high levels of 
A c  activity in maize have been used in gene tagging experimen 
and, because few plant species contain any characterized endogenous transposable elements. elements 
such as A c  and Tarn3 were considered for use in heterologous 
the notable ability to undergo transposition and excision in forei 
The ability of Ac to function in heterologous hosts has. and continues to be, exploited as a gene- 
finding or -targeting tool. Ar-tagged genes have been found in a number of species such as Petunia 
(Chuck et al., 1993) and Ambidopris thaliana (Altmann et al., 1995). 

The data demonstrating the potential of Rlrnj? and A c  to fimceion over a broad host range were 
nsect biologists because they clearly demonstrated the potential for some transposable 
e host unrestricted in their mobility. This was in stark contrast to the lessons being 

learned by insect biologists attempting to use the D. nielcrrzogasbet- P element in insects such a.s 
mosquitoes, fruit flies, and moths. Despite its remarkable success as a tool for creating eransgenic 
D. mein~zogaster; and for executing various gene-discovery strategies such as gene tagging and 
enhancer trapping, P element uliiiiy remains completely confined to drosophilids. The mobility 
properties of P elements with respect to interspecific mobility are unique and, to a large extent, 
enigmatic. Virtually every short-inverted repeat-ty e insect transposable element system discovered 
and analyzed since the discovery of P elements has been capable of functioning in diverse nonhost 
species. These enig~natic mobility properties of P elements begin to raise questions concerning the 
usefulness of P as a model for future studies of transposable element behavior in insect populations. 
These questions pertain to creating transgenic insects, spreading transgenes through wild insect 
populations using transposable elements as driving agents, and to the development of repression 
systems that inhibit transposable element move That hobo is a member of a family of elements 
that includes Ac and Tarn3 begs the question ability of this element to function in species 
other than D. nzeiunogaste~ 

The hobo element can be active in D. n~elnizoguster: and certain parallels have been drawn between 
the mobility properties of hobo and P elements in this species. For example, genetic studies of the 
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hobo system by a number of investigators reported a phenomenon resembling hybrid dysgenesis, in 
which crossing certain strains of D. mlaizogaster resulted in sterility arising from gonadal dysgenesis 
and ckromosomal mutations such as deletions and rearrangements (Lim. 1979; lackman et al., 1987; 
Yannaopoulos et al., 1987). The presence of hobo elements was strongly correlated with the occurrence 
of dysgenic traits; however, there were features of hobo dysgenesis that distinguished it from P- 
element-mediated dysgenesis. For example, unlike P element hybrid dysgenesis, hobo-mediated 

sgenesis did not show a strong dependence on the direction of the test crosses to detect dysgenesis 
lackman et al., 1987). P-element-mediated hybrid dysgenesis is induced almost exclusively when 

certain P element-containing males (P) are cr sed to females lacking any or most P elements (M). 
The reciprocal cross of P females mated with males does not result in a strong dysgenic response. 
This was not the case with the hobo system in which dysgenesis was observed in crosses beginning 
with either hobo-containing (H strain) males or females ( 
1996). Upon further analysis, the dysgenesis associated w 
unusual. Bazin and Huguet (1996) showed that there was no correlation between the different dysgenic 
parameters (such as gonadal dysgenesis and element mobilization) nor between the dysgenic param- 
eters and the molecular characteristics of the strain being tested (such as the presence of com 
deleted forms of the hobo element). azin et al. (1999) showed that D. ~nelaizoguster 
E strains can differ in their ability to permit the movement of hobo elements introduced from an H 
strain. Furthermore, they showed that this ability, or permissiveness, altered with increasing age of 
the E females. The hobo system thus appears to be fundamentally different from the P- 
systems of D. inelaizogaster (Finnegan, 1989). 

The distribution of hobo both within D. inelanogaster and among the Drosophila species has 
led to the proposal that, like the P element, hobo has undergone a recent horizontal transfer into 
D. ~;zelanogaster (Periquet et al., 1994). In old lines of D. nzelanoguster established from individual 
wild-type females more than 50 years ago. hobo elements are absent, whereas more recently 
established lines contain hobo elements. In addition, the hobo elements present within D. melarz- 
ogastei; D. simularzs, and D. iizauritirrna show remarkably low levels of sequence divergence, which 
is consistent wilh the idea that lzobo has recently transferred into these species (Periquet et al., 

e recent analysis suggests that multiple transfers into the D. melarzogaster species 
ay have occurred from a common source in the recent past. investigations into the 

dynamics of hobo elements in natural populations, ased on the geographic distribution of hobo 
activity as measured in a va ty of ways. have not clear patterns that would suggest 
an origin of Ihe introduction onnivard et al.. 1997) ifferene hobo activities measured, 
including gonadal dysgenic activity and element mobilization in dysgenic crosses, are unequally 
distributed and show no geographic gradient. This is distinctly different from our understanding of 
the P element system and indicates that the dynamics of lzobo elements in natural populations may 
be quite different from that of the P element. 

The spreading abilities of transposable elements have been of interest particularly to those who 
envision using transposable elements as tools for genetically manipulating wild insect populations 
as a way, for example, to reduce insect-borne disease transmission rates. Studies using the P element 
system have demonstrated that P elements can spread through cage populations of D. melanogaster 
rather quickly under some conditions (Midwell et al., 1988). Given some of the known differences 
between the hobo and the P element systems, it has been relevant to address the question of whether 
hobo can serve as a similar genetic drive agent and to question whether the spreading characteristics 
of these elements are significantly different. Few experiments looking at the ability of hobo to 
spread through a population of D. melanogaster have been reported, but those that have suggest 
that this element has the potential to serve as a genetic driver (Galindo et al.. 1995; Ladeveze et 
al., 1998). Galindo et al. (1995) attempted to make a direct coinparison of the lzobo and P systems 
and found that. despite the overall genetic similarities of these systems, they differed significantly 
in their abilities to spread. An interesting observation arising from these studies was that hobo 
activity and the subsequent development of hobo-repression potential increased at 25°C compared 
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with 21°C. Temperature has also been reported to affect the dynamics of invasion by P elements, 
but in the reciprocal manner (Kidwell et al., 1988). At 20°C P element invasion was more effective 
than at 25°C. These studies clearly de~nonstrated that the dynamics of P and hobo element spreading 
were different. As an autonomous element (P or hobo) spreads through a population, a repression 
or regulatory system usually deveiops. In the case of P elements the appearance of this repression 
system is acute and is thought to correlate with the appearance of a specific internally deleted P 
element or factor producing a modified form of the transposase that acts as a repressor. The hobo 
repression system that develops during the spread of autonomous hobo elements does not abruptly 
appear and seems to have no correlation with the presence of internally deleted hobo elements 
since these forms of elements did not appear during these experiments. This suggests that the 
autoregulation of P aad hobo elements is quite different. Thus, the propensity of P elements to 
evolve deleted forms contrasts to what is observed with hobo during spreading experiments, and 
may indicate that hAT elements will be more prone to retain a transgene they might be carrying. 
The copy number of hobo elements following a spreading experiment remained low (from 2 to 7) 
which, again, is in contrast to the P element in which successful spreading resulted in the accu- 
~nulation of many copies (from 20 to 60) of the element (Galindo et al., 1995). 

Another aspect of hobo mobility in D. nzela~zogaster that distinguishes it to some extent from 
the P element system is the potential of the hobo element to display somatic activity. A nurnber 
of lines of evidence support the conclusion that hobo mobility is not as strictly limited to the 
germline of D. melaizognster as is the case with P elements. First, Uannopoulos et al. (1983) 
observed chromosomal rearrangements in single salivary nuclei that were apparently mediated by 
hobo elements as suggested by the presence of these elements at the breakpoints. Second, using a 
plasmid-based hobo excision assay, Handler and Gomez (1995) observed element excisions in 
hobo-containing strains (Oregon-R), as well as a strain containing a single copy of the hobo 
transposase gene under the control of its native promoter. The plasmid-based assay used by these 
investigators measured somatic transposase activity. Third, Calvi and Gelbart (1994) reported 
evidence for low levels of hobo promoter activity in the soma. although they did not report any 
evidence of somatic mobi'iization of the element. Finally. we have been abie no detect hobo 
transcription in the somatic tissue of D. nzelanogastei- (D. 0' Atlcinson. unpublished). 
The strict limitation of P element movement to the gerrniine of D. inrlanogaster was a hallmark 
of that system, and the extent to which the hobo and P element systems are similar will be reflected, 
in part, by similarities in their regulation. ased on the culxent understanding of hobo mobility in 
D. nzelanognstei; the regulation of these two elements appears distinctly different. The degree to 
which an element is regulated within a species may serve as an indicator of the ability of the 
element to function in other species. Elements that show relatively little tissue specificity, Pilie 
nm-inel; and to a lesser extent hobo, may be more widely suitable as gene vectors than P elements. 
To date, this generalization appears to be true. 

hobo was first used as a gene vector in D. inelanogaster in 1989 ( lackman et al., 1989). The 
original report dernonstrating the utility of hobo as a gene vector employed a germline transfor- 
mation strategy identical to that used to transform D. melaizogaster with P element vectors. A 
binary gene vector system was created consisting of a vector and a helper element. The vector 
element contained a nonautonomous? internally deleted hobo element with intact inverted terminal 
repeats into which the D. inelanognster rosy gene had been inserted to serve as a genetic marker 
to permit the recognition of transgenic individuals. The helper element was a plasmid containing 
the hobo ORF under the control of its endogenous promoter. Of the fertile adults arising from 
injected embryos, 25% gave rise to transgenic offspring (Blackman et al.. 1989). This rate of 
integration is comparable with that observed with the P element system. 

The ability of hobo to be remobilized following its chromosomal integration has been investi- 
gated and exploited for the purposes of developing an enhancer trapping system. Smith et al. (1993) 
constructed an enhancer-trap system employing a reporter gene a enetic marker system similar 
to that employed for P-element-based enhancer-trapping system lson et al., 1989). The moti- 
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vation for developing a second enhancer trap system arose from the improbability that a complete 
sampling of  the genome o f  D. ~nelai~ogaster could e achieved using only P eiements. T 

0th on the known insertion site preferences o f  P elements and the distinctly nonrandom 
distribution o f  P insertions into the D. ~nelaizogaster genome. The genome of  D. nzelanogastev 
shows differential susceptibility to P element insertion, with some sites being hot spots for element 
integration and others being cold spots. The results o f  Smith et al. (1993) demonstrate a number 
o f  important points about the mobility properties o f  hobo. The observation that hobo resulted in a 
higher rate o f  recessive lethal phenotypes (17% on the second chromosome and 28% on fke third 

than did P (10 and 11 respectively) indicates that the insertion site preferences 
d hobo elements may b stinclly different. This difference was further reflected in 

a comparison of  the distribution of  P hobo elements along the third chromosome that revealed 
there was no association between P and hobo element integration sites. A more recent corn- 
son of  P and hobo elements further supports the observed differences in integration site 

preference o f  these two transposable elements. In an experiment designed to test the ability o f  hobo 
elements to transpose preferentially over small intrachromosomal distances, Newfeld and Takaesu 
(1999) found that hobo was capable o f  integrating into a region o f  the decapentaplegic (dpp) loc~is 
that is refractory to P element integration. The data o f  Newfeld and Takaesu (1999) also suggested 
that hobo undergoes local hopping, a phenom on described originally in the Ac system and 
subsequently found to be a characteristic of  the 

The mobility properties of  hobo in D. nzela monstrate that this element can poten- 
tially form the basis o f  a useful genetic system in this species. hobo transposes at rates that are o f  
ractical use and it undergoes local hopping and thus can be used as an enhancer trap and gene- 

tagging agent. In addition, hobo appears to recognize a rather distinct part o f  the genonle relative 
to P elements. making it a complementary tool for gene targeting in this species. 

D N A  and amino acid sequence similarities, together with the structwe of  empty excision sites betweer 
izobo and Ac, suggest they may be related phylogeneticalljl. That these elements may be rr~ern 
the same family of  elements further suggests that they may share other properties as well. in particular, 
hobo and other insect hAT elements might share the unrestricted ability of  Ac to transpose when 
introduced into nofi5ost species. This idea was tested directly by Atkinsol: et a;. (!993), who bwnd 
that hobo could indeed troduced into deveioping embryos of  M. ddomesricu. 
A further test was cond showed that hobo could also transpose 
in M. doinestica as well along with Gomez and Handler (1997) 
independently demonstrated the ability of  hobo to serve as ermiine transformation vector in D. 
virilis. Handler and Comez (1995; 1997) also demonstrated bility of  hobo to undergo excision 
in the drosophilids, D. nzelanica, D. replera, D. virilis, D. ns, D. sinzulans, D. willistoni, and 
C'!zymor?zyzn pi-ocrzenzis, and the tephritids. Aizasfreplza suspensa, B. cucurbitae, B. dorsalis, Cemriris 
ccrpitatci, and Toxotfypnna czrwicauda. Pinkerton et al. (1 996) reported the ability of hobo to transpose 
in embryos of  the Old cotton bollwonn, R armiger-a. DeVault et al. (1996) subsequently 
reported the stable transformation o f  the corn earworm, Helico~wpu Zen, furlher indicating that hobo 
mobility is not confined to Diptera. 

rmes element was discovered on the basis o f  its mobility roperties. Piasmid-based excision 
assays using the hobo element from D. meinnogaster were performed in dornestica embryos, 
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and imprecise excision of the hobo element was observed (Atkinson et al., 1993). Excision did not 
occur if the inverted terminal repeats (TTRs) of the hobo element were deleted, or if the entire hobo 
element was deleted, indicating that excision was dependent on the presence of hobo sequences 
on the indicator plasmid. Most significantly, hobo excisions occurred in the absence of helper 
plasmid containing the hobo transposase suggesting that an endogenous M. domestica activity was 
responsible for the excision of the hobo element. y comparison, when these assays were performed 
in D. melanogaster E strains in which endogenous hobo elements are absent, no excision of the 
hobo element from the indicator plasrnid occurred in the absence of helper plasmid (Atkinson et 
al., 1993; Handler and Gomez, 1995). Assays performed in D. ~nelanogaster H strains, in which 
endogenous lzobo elements are present, showed that excision of the hobo element from the indicator 
plasmid occurred in the absence of helper plasmid (Handler and Gomez, 1995). 

To test the hypothesis that the excision of lzobo elements in M. doinestica was caused by an 
endogeous hAT element transposase, a PCR-based approach was undertaken to determine if a hAT 
element was present in the M. donzestica genome. Three regions of nucleic acid and amino acid 
similarity identified in the transposases from the hobo and Ac elements were used to design 
degenerate oligonucleotide primers (Feldmar and Kunze, 199 1; Calvi et al.. 199 1). Amplified 
fragments of the predicted sizes were obtained from the M. doinesticn genome. These were cloned 
and their DNA sequences determined (Atkinson et al., 1993). The level of nucleic acid and amino 
acid similarity across the amplified region to the hobo element and the hobo transposase strongly 
suggested that the amplified frag ent did contain a region of a IIAT element. which was called 

el-mes. Subsequently, an nking this original 
ne and the ITRs of the 

ed - 10112 of the 
mes transposase is 

approximately 72 kDa in sire and is 55% identical and 7 1 % similar to the hobo transposase. Overall, 
the nucleic acid identity betwee mzes and hobo is 55%. Hermes is 

length copies of Hel-mes are wide 
tions of I k  donzestica. Fd-length copies of Herines have so far been identified in M. donwsticu 
strains collected fro ryland. Florida. Texas, ssouri. Georgia, California, Australia, Thailand, 
Senegal, Uruguay, Pa a, Canada, and Zimbab Full-length copies of Hermes were not detected 

ins of i1.K donzesiicn collected from Korea (L. Cathcart, E. f iafsm,  P. Atltinson, an 
chta, unpublished). 

imers used to amplify regions of the rmes element were applied to the 
nd fruit Ay. B. tqxmi. As a member he family tephritidae. B. tryoni is 

a member of one of the n~os t  significant insect pest families known to humankind. Two different 
fragments of expected size were amplified. cloned, and their DNA sequence determined (Pinkerton 
et al., 1999). These were called nzur and the Horner-like element ( ). As done for Hermes, 

s used to clone the complete 
element is 3789 bp in size the longest insect hAT element yet 

characterized. However, the nzev transposase, at 621 amino aci , is in the same size 
range as the hobo and ermes transposases. The extra sequence i located downstream 
from the termination c n of the Horner transposase. Analysis of extra sequence does 
not reveal the presence of any extra-long ORFs. 

es element and 54% identical to the hobo 
3% identical and 70% similar to the Hennes 

transposase and 54% identical and 71% similar to the hobo transposase. The 
bp in length and are 10112 identical with t 12 bp ITRs of the hobo element and 10112 bp identical 
with the distal 12 bp of the 17 bp of the 
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Homer elements coexist in the . t i ~ o n i  genome with Home;.-like el The copy number 
o f  Non~er  elements is approximat y 6 to X per genome while the cop er o f  the HLEs in 
each gemme is approximately 5 (Pinkerton et al.. 1999). This is the only case so far discovereci 
in which two types o f  hAT element are present in the same me o f  one insect species. While 
the 3' ITR o f  the HLE remains to be discovered; oirer 4 lib o sequence has been determined, 
including the entire reading frame o f  the putative transposase. A conceptual translation 
shows that this transposase is as related to the Homer transposase (48% identity, 66% similarity) 
as either is to the l~obo  or er17ze.s transposases. The same is true when nuckic acid sequence 
comparisons are made. The HLE transposase is; however. inactive due to a number o f  frameshift 
mutations along its length. 

Several Homer long ORFs encoding slight variants o f  the Homer transposase have been isolated 
and examined for function using interplasmid transposition assays performed in D. m~lnnogasfrr 

, li2\.oizi (see below). As described below, all but one o f  these appear to be functional. 

The lzemit element is a nonfuilctional hAT element from the Australian sheep blowfly, L. czpirzn 
(Coates et al., 1996). was initially found by low stringency hybridization screening o f  an L. 
c~~pr inn  genomic Libra using a DNA probe from the hobo108 element. The entire hermit element 
was cloned and its DNA sequence determined. The lzemit element is 2716 bp long and contains 
perfect 15 bp ITRs. the distal 12 o f  which are identical to the hobo ITRs at 10112 position 
nucleic acid level lzelmit is 49% identical to the hobo element and 51% identical to the 
element. Several frameshift mutations interrupt the long ORF o f  the hennit transposase, rendering 
it inactive. Conceptual translation o f  the lzerr~zif traizsposase shows that it is 42% identical and 64% 
similar to the hobo transposase (Coates et al., 1996). 

One interesting feature o f  the hei-niii element is that it is present only once in the L. czepi-iizu 
genorne. No other copies. full length or deleted, are present. This stands in contrast to the distribution 
o f  izobo, Hemzes, and Homer elements in f ie genornes o f  their res host species. The hermit 
element is clearly inactive - the frameshift mutations that inten-upt e reading hame thatwould 
have encoded the hermit transposase clearly preclude function. Ho it is clear that hermii was 
once active. Flanking the 15 bp ITRs are 8 bp dupiications. the sequence o f  which? 5' CTTGCAAC 
3'. conform with the consensus sequence o f  target site duplications resulting from the insertion 
o f  other hAT elements into insect genonzes. The hemi t  element appears to have been inactivated 
soon after integrating into t e L. cuprina genorne. 

The homer element is another ITAT element isolated from a tephritid species - in this case the 
. dorsrrlis (Handler and Gomez, 1997). Similar to the @R-based approach used 

for Hermes and Home,; degenerate oligonucieotide primers were used based on regions o f  amino 
tween the hobo and Ac elements. An amplified D N A  fragment o f  expected size 
. d o ~ ~ a l i s  and its D N A  sequence determined. In addition, other tephritid species 

such as B. cucurbitae, C. capitafa and An~lstraplza szispensu were examined, using the same strategy, 
for the presence o f  hAT-like sequences in their genomes (Handler and Gomez, 1996). Sequences 
homologous to hobo and Hennes were found in all species, although there was a significant difference 
in the relatedness o f  these tephritid elements to each other and to hobo and E-lernzes. The hopper 
element was chosen for further study and a full-length clone o f  this element obtained by screening 
a B. dorsalis eenomic library with the original PCR fragment. Two full-length hopper clones were 

r is 3120 bp in size and contains 19-bp imperfect HTRs which, in the term 
ntical to the ITRs o f  the hobo element and 6/12 identical to the ITRs o f  the 

element from B. tryoni. A consensus sequence for the putative hopper transposase was constructed 
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and compared widi the transposase sequence o f  other hAT transposases. Sqrisingly,  the Izoyl?er 
tramsposase was found to be equally related to the hobo and Ac transposases. Amino acid ideatity 
and similarities were approximately 24 and 44% for both 1zoppei.-hobo and hoppe+Ac comparisons. 
respecti1;ely (Handier and Gonez ,  1997). Furthermwe. the nucieic acid identity between lzopprr arid 
Homer is only 40%. while the corresponding amino acid identity and simiiarity values are 23 and 45q.  

The difference in amino acid similarity between hopper and Homer is intriguing given that 
both come from insects from the same genus. This. together with the low levei o f  nucieic acid 

etwee11 hopper and the other insect hAT elements, suggests that hopper may have entered 
the baciroceridr; by horizontai transfer, 

The huni element is the only 1zAT element so far isoiated from a cenatoceran s 
amplified from Ati. gnrnhlae genomic DNA using degenerate oligonucleotide primers based on 
regions o f  conservation between insect hAT elements ( D .  09Brochta. F. Collii~s. and P. Atkinson. 
unpublished). An 800-Sp fragment was amplified, cloned and its sequence found 
o f  an ORF o f  a putative 1iAT element transposase. Conceptual translarion revealed 
of the hzmi transposase was 25% identical and 40% similar to the corresponding region o f  the 
Hel-rnes transposase. 22% identical and 38% similar to the corresponding region o f  the hobo 
iransposaae, and 25% identical and 45% similar to the corresponding region o f  the Ac transposase. 

He!-nzes has a remarkably wide host range. To date it has heen shown to transpose accurately in 
12 species o f  insects: 11 dipterans and 1 lepidopteran (Pinkerton et al., 1996; Sarltar et al., 19972; 
199%; D. O'Brochta, P. Atkinson. and M .  Eehare. ~mpubiished; N L  Allen. C .  Levesquc. 
D. O'Brochta. P AtPc4nson. rmprablisi~ecl data). Dernoixiration of trarisposition was achie~ed usiilg 
piasmid-based transposhion assays in which three plasmids, a H~rines  donor, a Nermes helper. and 
a target plasmid. are microinjected into preblastoderin embryos. The ability o f  H e m e s  co transpose 
accurately in three mosquim species ard a iepidopteran is particularly significant given the medical 
aid agriculturai impact o f  these species. H m m s  transposition has also heen demonstrated in a ce31 
culture line of Ail. g m z h i ~ ~ :  however. in this case. the target for Hpixzes integration was the 
Aizopheies chromosome, not a target plasmid (Zhao and Eggleston, 1998). 

As techniques for plasmid delivery and recovery are developed for other insect species, the 
known host range o f  AHei-nws is likely ro increase. In those species iil which Ner.i?le.c is known to 
transpose, transgenic lines have subsequently been generate6 in1 three species: D. i?zelaizognsier 
(O'Brochia et al.. 1996). Ae. cregyt i  (Jasinskiene et al., 1998: Pinikerton et a!., 2000), and C. 
ccpftata ( K .  MicheP. D. O'Brochta, A.  Pinkerton, A. Stanenova, G. 
P. Atkinson, unpublished data), suggesting that plasimid-borne transposition assays are reliable 
indicators o f  the ability for I l emes  to be used as a transformatioii vector in these species. 

The frequency o f  translhrmation o f  D. iizelaizogasfer is typically on the order o f  20 to 40%. making 
her me.^ as efficient a iransformation vector as the P element. Genetic markers used to recognize 
_Hernzr.r-mediated Drosophila transgenics have been the mini-lclzite gene, the C. capitara uhite cDNA 
gene placed under h p 7 0  control, and the accin5C::EGFP gene. The relationship between insert size 
and Hei-me.s transformation frequency is largely unexplored. Henizes transformalion frequency o f  Ae. 
negypti is in the order of 2 to 5% ((Jasinskiene et al., 1998; Pinkerton et a!.; 2000). Hemes  has been 
used to generate several transgenic lines of Ae. uegjpti in se-\eral laboratories using either the D. 
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nzelanogaster cinnabar gene or the enhanced green or yellow fluorescent protein gene as the genetic 
marker (Jasinskiene et al., 1998; Pinkerton et al., 2000). Coates et al. (1999) used Her-nzes-mediated 
transformation to demonstrate that approximately 1.5 kb of the Ae. aegypti apyrase 
approximately 1.5 kb of the Ae. aegypti maltuse promoter were s 
expression of the firefly luciferase gene in transgenic mosquitoes. 

rochta A. Pinkerton, A. Stanenova, G. Franz, A. Mobinson and P. Atkinson (unpublished data) 
rmes element to transfom genetically the medfly, C. capitata. TFransformation frequency 
e only one transgenic line was generated; however. at least four independent integrations 
s element were obtained from this single line. 

In both D. melanogaster and C. capitata transgenic lines, Hemzes e!ements create target site duplications 
upon transposition into target sites ( rochta, A. Pinkerton, A.,. 
Stanenova. G. Franz, A. Robinson a e duplications are 8 bp 
long and conform with the consensus sequence 5' GT AC 3'. This consensus sequence is 
conserved whether transposi n is into a target sequence residing in either a plasmid or chromosome, 
and is species independent. oreover, this 8-bp target site consensus sequence is not unique to the 

mes element. Other insect IAT elements are also flanked by 8-bp target site duplications that 
form with this sequence. This sequence is thus a property of insect JzAT elements and is most likely 

caused by the /?AT element transposase recognizing these sequences and making staggered 
Sequences flanking the donor Herines element do 
S, just as they appxenfy play no detectable role in 
nzes into the Ae. aeg~p t i  genome is accompanied by DNA sequences flanking 

the H e m e s  transposable element, including, in some cases, plasmid DNA (Pinkerton et al., 2000; 
Jasinskiene et al., 1999). However. this appears to be Hernzes transposase-dependen:, since injec- 
tions of vector plasmid in the absence of Hei-lnes transposase do not result in the 
transgenic mosquitoes (dasins ne et al., 1999). literplasmid transposition assays 
Ae. negypti clearly show that rrnes can transpose accurately in this species. The 
difference in types of integration events between asmid-based transpositior! assays and c h l - o ~ o -  
sornal integrations is unknown. One possibility is t ous hATe1ernents char may be present 
in the Ac. rregypti genorne could be affecting fhe ab m e s  elements PO integrate precisely 
into the Ae. uegypti chromosomes. Nevertheless, Nerrnes element to be stable once inte- 

e original transgenic lines have been constantly nnaintai r over 2 years now with 
eye color, while transgenic lines containing green flu t protein as the genetic 

red true for this phenotype for eight generations. 

Homer interplasmid transposition assays performed in D. n~elanogaster and B. ti?oni show that, 
position. the frequency is extreme low in both species 
yard, and P. Atkinson, unpublished). hese data suggest that, 

e r  will not be an efficient gene vector in at least these two insect species. 

ithin the last 5 years the community of insect molecular geneticists has seen the availability of 
gene transformation tools increase from zero to at least four functional systems. Interested research- 
ers are no longer faced with the question of whether or not there is a transformation tool available 
that may work in their insect system, but instead are now faced with the difficult probiem of deciding 
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which tool they will employ. use insect transformation demands a large commitment of time 
and resources. l i e  problem o or choice will be critical. On what basis should such a decision 
be made? To what extent is enough known about the exis ments and their relative performance 
characteristics to enable a good decision to be made? aps of primary concern is knowing 
whether a particular element will function (with any ncy) in the species of interest. The 
nun~ber of species in which insect hAT elements h been tested is growing. All species of Diptera 
examined have been able to a more limited extent, it 
is known that both hobo and overpa but efforts no test 
in other lepidoptera have been very limited. Clearly, both the hobo and Hernzes hAT elements are 
potentially useful gene vectors in Diptera. It is important, however, to understand more fully the 
range of species in which these elements will function. Not only is this a practical question of 
interest to those looking for genetic S, but it ?S a question that we can anticipate being important 
in any sort of risk assessment effort. hile gene vectors with broad host ranges will be particularly 
valuable in the laboratory, they ma ose special risks if used in the field. For example, it has 
become clear from the study of transposable elements that they can be transferred among species. 
The natural history of many of the transposable elements being investigated as gene vectors indicates 
that they have been transferred horizontally in natuse, and, in some cases, this transfer has been 
very recent. The multiple instances of recent horizontal transfer (within the last 45 years) begs the 
question of how common this event is in nature. If the situation observed in D. melanogaster 
involving the recent introduction of P and hobo elements is typical, then perhaps these types of 
events are more common than was initially estimated. The frequency and m nism of horizontal 
transfer are aspects of these genetic systems that require additional study. ile experimentally 
addressing the issue of horizontal transfer may be difficult, we are in a better position to address 
the related question of host range. The likelihood of interspecies transfer will depend upon the 
mobility properties of the element in its new host. Such questions can be approached experimentally 
with existing tools. anticipate that questions regarding the ability of hAT and other transposable 
elements to function in a wide range of insect and noninsect species, such 
become increasingly important as efforts to bring this technology to the field 

Another issue that has emerged as a result of investigation of insect hATelenents is the potential 
for related transposable elements to interact. Transposases appear bind either terminal or sub- 
terminal sequences within the element with a degree of specificity gh enough to prevent widely 
divergent elements such as P and hobo, for example, fro iliey of closely related 
elements to interact and to result in cross-mobilization d directly, although it 
has been suggested by ourselves and others. For exampl 1993) reported that hobo 
elements present on plasmids introduced into the developing embryos of the housefly, 
could excise in the absence of hobo-encoded transposase whereas, under similar co 

lutely require hobo-encoded transposase. We concluded at 
ained a hobo transposase-like activity capable of interacting 
element was subsequently found in M. dmrestica, lending 

support to the cross-mobilization hypothesis. 
Recently, Sundararajan et al. (1999) directly tested the ability of the hobo and 

posases, which are 55% identical at the amino acid level, to cross-mobilize the Nermes and hobo 
elements, respectively. They found that hobo transposase could cause the excision of Nermes 
elements in both plasmid-based excision assays and chromosome-based excision assays in D. 
melanogaster. In fact, hobo transposase was almost as good at mobilizing Nermes as was Nermes 
transposase. The reciprocal interaction, however, was not as effective - Nermes transposase was 
unable to mobilize hobo elements. 

Handler and Gomez (1995) reported hobo excision from plasmid substrates that were introduced 
into the embryos of a number of Drosophila species in the absence of any experimentally supplied 
hobo transposase and suggested that this also represented cross-mobilization by endogenous 
hobo-like elements as was reported in Musca. Fraser et al. (1995) reported what also appeared to 
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be transposase-independenc movement of the pigg c element in various cell lines and concluded 
that the cell lines likely contained a piggyBac-rel d transposase activity. The unique retrotrans- 
poson Penelope from D. virili.~, when injected into developing D. l.iri1i.r embryos, resulted in the 
induction of visible mutations (Evgen'ev et al., 1997), which were due to the mobilization of t ~ v o  
unrelated elements. Ulysses and Paris. The authors proposed thac Penelope was directly responsible 
for this cross-mobilization. A member of the P element family was isolated from Scapt0177y:~~ 
pallida that was 76% identical to the canonical P element of D. melunogastei. yet was still capable 
of interacting with and mobilizing nonairtonolnous P elements in D. melamgasrci- (Simonelig and 
Anxoiabkhere; 1991), Finally, the U1iq~liroze.s and Ac transposable elemen: systems of Zec~ 77~ays 
are related and appear to be capable of interaction (Pisbarro et al.. 1991). 

The phenomenon of element cross-mobilization has important implicatiom for future work on 
transgenic insects and the development of insect gene vectors. Perhaps the most immediate impii- 
cation is for the stability of integrated transgenes. The presence of related eiements w;.ithin the host 

destabilize an integrated transgene. Gene vector choice may therefore be i 
potential of the vector to interact with endogenous transposable elements. The 
element interactionlcross-n~obilization slmuld stimulate at lease a ciirsory examination of :he host 
genorne for transposable elements belonging to the family of elements from which the vector was 
constriicted. In addition, e!ement interactionlcross-~~~obiiization justifies the del-elopment of rniii- 
tiple independent gene zector systems to permit a system to be chosen that wil! minimize the 
possibility of interactions with endogenous elements. Finally. element interaction/cross-111obiliza- 
iion provides a target for future efforts to modify and improw transposable element-based gene 
vectors to increase their specificity and to curtail their ability to be cross-mobilized. While the past 
4 years have witnessed tremendous strides in the ability to genetically engineer pest insects using 
transposabie elements. we are now faced with the interesting and important problem of understand- 
ing the molec~iiar basis of the transposition of these elements in these new hosts. 
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The n~ti-irzei- family of transposons holds considerabie promise for development as genetis tools 
in insects. Exploitation of this family of transposons generally follcws the model of the P elerneni 
in Di-osoplzila melai~ngnstei.; however. t ere are several features of fhe ?izc/i.ine~- family thatmake 
its lnembers particuiarly appropriate as genetic tools for insects. First. they are extremely widespread 
and diverse in anima: genomes. Second, they persist primarily by repeated horizontal transfers into 
new host genomes. Third: their transposases are capable of lirnceioning autonomoe~sly of hos! 
proteins. Fourth. they are capable of fixctioning in diverse host environments. Fifth, their fmc-  
tioni~ig in bacteria such as Esclzei.ichir~ coli allows manipulation of their transposase and inverted 
terminal repeats to generate improved versions. Sixth, i~zaritzer~s from different subfamilies, and 
perhaps divergent lineages within subfamilies, do not interact. This chapter reviews some conse- 
quences of their prospects as genetic tools for insects. 

The type member of the family is the canonical nzai.in~r element in . rnauritia~zu first identified 
as an insertion in the tt.lzite eye locus that caused an ur-istable mutation called M>/~~"' ' '  (Jacobson 
and Har~l .  1985; Hayiner and Marsh. 1986). It was cloned using the tv gene of D. nze lamyas f e~  
as a probe, and is a 1286-bp element with 28-bp imperfect inverted terminal repeats (ITRs) that 
generates a TA target duplication upon integration (Jacobson er al., 1986). Subsequently. other 
versions of this element in D. n~nuririanu and D. sinzuln~zs calied "Mosaic factors" that differ by 
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one or more amino acids in their encoded transposase were shown to be active versions (Medhora 
aruyarna et al., 1991; Capy et al., 1991). An active element called Mosl was 

capable of mobilizing the original fi,~"""' insert when both were introduced into the germline of 
D. rnelnrzogaster (Garza et al., 1991) and has been demonstrated as a transformation system for 
D. melamguster (Lidholm et al.. 1993) and the yellow fever mosquito, Aedes aeg!pti (Coates 
et al., 1998). Autonomous versions are also active in ~>ii-ilis (Eohe and Harti. I996a). Similar 
elements have been identified in other drosophilids aruyama and Hartl, 1 
1992), including an instance of horizontal transfer bet en a Dt~soplzila and a 
(Maruyama and Hartl. 1991b). Hartl's group has recently explored the possible regulatory 
mechanisms of this mui-irzei- (Lohe and Hartl, 1996b; Lohe et al., 1996; Hartl et al.. 1997b): 
examined the functionality of its transposase (kohe et al.. 1997), and published reviews of it 
(Hartl. 1969; Hartl et al., 1997b). 

The initial evidence of the activity of the Mnsl version of mnriizer \vould be enough to 
encourage its testing in other insects and, indeed, other organisms (see below), but in t 
decade a lot more has been learned about the large family of related transposons that give it 
and these other muriizers e w n  more potential. We emphasize that we are using the word frrmily 
in the sense :ha: it is used for famiiies of proteins, in this case the transposases that iizariners 
encode (Robertson; 1995). (Previously the term ,fkinzil?. has been used to describe th 
copies of a particular transposoii in a species. e.g.> the P family in D. r-izelunogaster:) 
the ~ a m e  tnnriner to describe all members of this family. and employ a naming system that 

e two-letter abbreviation of the host species name followed by nu?.  and a number to 
e particular marirzei-s in a species. Thus, the canonicai nznrinei would be Dmrnni-l. and 

the Mosl copy uou.ld be D I ~ Z M : L I T ~ . ~ ~ O S I  (Robertson and Asplund, i995; other authors have 
preferred to refer to all the reiated transposons as mu~.i~zer-like elements or MLEs). We have 
developed a taxonomy for the family that gives subfamily names to major subdivisions (Rob- 
ertson and MacLeoci. 1993). These siibfami!y names are generally the species name of the first 
host in which a mernber of the sabfarnily Lvas recognized; thus the rnauritiana subfami!y includes 
Dii71nuj-1 and other closeiy related rilnrlrw~- elements. 

We and oh@:-s have described an enormous iversity of rnai.iiiei-s lound in a xide range of animals. 
The iniiial discovery was that of Lidholm e 1. ( 'i 99 l),  who four-id a divergent imi-iner in an intron 
of a cecropin gene in the giant silkmoth, N~crlophoru recmpiu. Comparison of the encoded 
transposases of the fiy and moth elements allowed the design of fully degenerate PCR primers to 
conserved stretches of hi.e to six amino ac;ds that amplified a 1450-bp Ragrneni representing the 
central half of ihe i-1000-bp transposase gene. Owr initial survey of 404 diverse insect 
the presence of a wide ~,.ersity of related transposons with som-e unusual characteristics 

acEeod, 2993). Most striking was the compkte incongruenc 
logenetic relationships of these nztirirzet- sequences and the phylogenetic relationships of their host 
insects, from u,hich we inferred that horizontal transfers, some fairly recent and between orders of 
insects. must be invoked to explain the distribution of rmi-iner transposons. In addition. it was 
possible to recognize several distinct subfamilies of mariize~s, and many species contained multiple 
nzarirzers belonging to different and sometimes the same subfamily in their genomes. The sequences 
of these PCR fragments showed that many of these were no longer functional rnariners because 
their transposase genes had suffered various mutations. including stop codons and insertio~~sidele- 
tions (indels) causing frarneshifts. 

Subsequent studies too numerous to detail here have confirmed this pattern. with nznririers 
being found widely in animals. ranging from flat rms (Garcia-FernBndez et al., 1995: Robert- 
son, 1997), nematodes (Sedenslcy et al., 1994; ley et al., 1997; Grenier et al., 1999). and 
hydras (Robertson, 1997) to humans and clher primates (see Robertson and Zumpano, 1997; 
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any others have been found in diverse insects (Blanchetot and 
Gooding, 1995; Ebert et al.. 1995; Robertson and Lampe, 1995; Robertson and Asplund, 1996; 
Gomulski et al., 1994; Russell and Shukie, 1997) and a mile (Jeyaprakash and Hoy, 1995). \Ve 
continued our homology-PCR smvey of insects and related arthropods, revealing additional 
instances of likely recent horizontal transfers as well as sequences liltely to represent additional 
smaller subfamilies (Robertson et al.. 1998). A highly divergent inurir?ei has even been found 
in soybeans (Jarvik and Lark, 1998). 

W summarize the phylogenetic relationships and subfamily classification of most of ihe known 
full-length mariners in Figure 13.1. In addition to the two known active muriizers from the 
mauritiana (Mosl) and the irritans subfamilies ( itn~zrl), there are i~~ai.iizers representative of each 
of the major subfamilies for which active versions could be obtained (names in bold in Figure 
13.1). In most cases this is because consensus sequences could be relatively easily generated horn 
the ltnown genornic copies, as we did for Hirnarl Kampe et al., 1996), and more recently we have 
identified several mariizers in the nematode Cc~enorlzabditis e1egnn.r genome where individual copies 
still reflect the presumably active consensus sequences. In addition to the seven subfamilies shown 
in Figure 13.1. the existence sf as many as 10 additional subfamilies is known from PCR fragments 
(Robertson. 1993; 1997; Robertson et al.. 1998). and these subfamilies might also eventually yield 
divergent active mariners. 

The evidence for recent and ancient horizontal transfers of nzariaers between animal hosts is 
overwhelming (Maruyama and Hartl; 1991; Robertson, ! 993; 1997; Robertson an 
Eohe et al., 1995: Robertson and Lampe, 1995; Garcia-Fernindez et al.. 1995 
1998). Indeed, taken to its logical conclusion, the evidence suggests that every 17 

results from a horizontal transfer into the current host lineage. the age of this event being deduced 
from the level of divergence of the copies within the host. Thus. most known nzcrriners represent 
old horizontal transfers because the extant copies are quite divergent from their consensus and they 
exist in related species through vertical inheritance within the host clade, but there are a few 
relatively recent events known. 

There is no ltnown mechanism whereby particular copies of a marii?e,- transposon within a 
particular host species might be selected for continued activity. Because the transposase is synthe- 
sized in the cytoplasm and returns to the nucleus, it can interact with the ITRs of any cognate 
mariner in the genome, thus mobilizing defective elements in frans. and others have therefore 
predicted rhat within host genomes copies of a particular nzarines should evolve neutrally and 
eventually become defective. The overwhelming evidence for defective copies in most geaomes is 
strong support for this notion, and this neutral pattern of evoiution has been observed in some 
instances (Robertson and Lampe, 1995); we summarize others in Robertson et al. (1998). Analysis 
of the entire genome complement of several rnariners in the nematode C. eleguns also supports 
this conclusion (H. Robertson, unpublished results). 

In contrast, comparisons of rnariner lineages across host species indicate rhat the invading 
copies were active elements; that is, they were selected for activity during the horizontal transfer 
event. Thus, even when all the extant copies within a genome are defective with multiple 
frameshifting indels and in-frame stop codons in their transposase genes, for example, the 80- 
Myr-old N s m a d  copies in the human genome ( artos, 1997). their consensus 
sequence encodes a potentially active rnariner transposase, which presumably represents the 
original invading copy. There are a few exceptions to this rule in the nematode C. elegans genome, 
but they appear to be the result of multiple cross-interacting different types of mariners that this 
genome has experienced. 
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FIGURE 43.1 Phylogenetic re!aiior;ships of miriizws based on their encoded transpmase sequences. Alost 
available fid-length elements are shoa n. aligned as in Robertson and Asplund 11 990) and rooted M ith the Tcl 
family. This i i  the single tree obtained with the neighbor-.joining heiiristic search algorithm of PAUP1:Y4.Cb?a). 
Multiple equally pal-simonious trees obtained using niaxirnum parsimonj do not differ significantly in t lx 
relationships of the mnrinei- family. although they do for the poorly supported relationships of the Tcl family. 
Bootstrap support lor particular branches ivas etaluated xith 1900 replications of both dgorithnis. l.%itn the 
neighbor-joining values s h o ~ n  aboi,e branches supporting nodes present in more than 50% of the replicatioils. 
and the generally loner support i ~ h e s  obtained with maximum parsirnon below branches iil italics. The ii~ui-iner 
subfamilies are separated for clarity. and two new subfaindies of consensus sequences from the neniatodes C. 
elqcins aid C hi-iggcae are named. Those mariners for which acii\,e versions are available or could readily he 
obtained are shorn ri in bold (the eamig Foi;ficzilri ciiiiic.~dni.iii contains copies of a nearly intact meliifera iubfamily 
inai.ii:er- similar to those from the honeybee A p i ~  iirell@izi). The naming system for the C. e l e ~ p l s  tniii~inei-s has 
been updated to accom~nodate additional ne~vly recogni7ed iuenlbers in that genome. 

Evidence of horizontal transfer of mai-ii7ei.s across orders of insects and phyla of aninxis  led i s  

to predict that mariner transposases should be capable of autonomous activity. This prediction 
was tested using the Nimai-2 transposase of a m a i - i ~ l e ~  that is present in  17,000 sopies in the 
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genome of the horn fly Huematobia irritrins. were able to reconstruct the consensus sequence 
of Hiriznri, all examined copies of which in N. irritans genome are highly defective (Rob- 
ertson and Lampe, 1995), by first engineering the consensus sequence of the closely related 
C p m a i  from the green lacewing Glz~soi ier ln  p lorah~u~dn using a particular copy that differs 
from its consensus by j~~is t  one amino acid. and then making another amino acid change to the 
Himcri.2 consensus (Lampe et al., 1996). This transposase was expressed in E. coli. purified. and 
tested for activity in several in vitr-o assays. First. it binds the cognate 30-bp ITRs of the Himarl 
consensus sequence. Seco~id, it cieaves these termini on both strands. Third; it is capable of 
caialyzing the transposition of a marked Himni-l construct horn one plasmid into another. The 
disiantly related Tcl  transposase is similarly capable of autonomous transposition activity in 
vitro (Vos et al.. 1996). It therefore seems reasonable to conclude that all active Tcl-imrlnei- 
superfamily elements will prove capable of autonomous activity. It rernains to be seen whether 
even more distantly rela transposases. such as those of the pogo superfamily (Smit and Wiggs, 
1994: Roberrson. 1996; ng et al.; 1999). are similarly autonomous. 

m, i ne  first demonstration of Eilnctiori in a heterohgous host was particularly dramatic, that of Mosl 
in a kinetopiastid protist. Leishrminia major (Gueiros-Filho and Beveriey, 1997). Subsequently 
/?4usl has been shown to be active in zebrafish (Fadool et al., 2998) and is a candidate transforming 
agent for chicken embryos (Slierman et al.. 1998). Our collaborarors have de~nonstrated activity of 

imurl in human cells (Zhang et al.. 1998). ore recently. activity of Him(w1 has been demon- 
strated in bacteria such as Huenzoplzih~s injluejzzne and E. coli (Rubin et al.. 1999). Similarly 
widespread activity has been reported for members of the Tcl family, including activity of Mino.r 
in the nledfly (Loukeris et al., 1995a). Tc i  in human cells (Shouten et al., 1998). Rc3 in zebrafish 
embryos (Raz et al., 1997). and the Sleepiig Benut\. element (reconstructed from fish eiements) in 
human and mozse cells (Ivics et al.. 1997: Ltio et al., 1998). It seems reasonable to generalize that 
any Tcl-mariiier superfamily element will be capabie of' activity in any host organism: however 

critical tests. for example, in plants and fungi, are warranted. 
orlantly for prospects in insects. Coaies et al. (1998) hzve achieved remarkable success 

with Mo.s1 in rransl'ormation o f h .  a e g y f i  mosquitoes. obtaining rates of4% of G, animals yielding 
tmnsformed progeny. This achievement is particularly encouraging given the low lwel of transfor- 
mation obtained in D. imla!mgn.~r~; .  (Lidholm et al.. 1993) with this same ~rzariliel-, suggesting that 
activity in D. m~lariogurter is not a reliable s i d e  to activity in other insects. Dmsophilci irzelum- 
gasrri- is clearlj7 an excellent host species for some transposons. i n  particular the P element. the 
h4T superfamily elements holm and Hei.:i?e~. (Q'Erochra et al.. 1996). and some members of the 
Tcl family such as Mi!io.s (Lonkeris et al.. 199%: Arca sr al., 1997). Activity of Mosl was fairly 
readily demonstrated when it was introduced in a P element and its activity detected through 
mobilization of the peach copy From a white eye gene (Garm et al.. 1991): however. efforts to use 
Mosl as a transfomation \.eclor in analogous expel-imeiles to the P" izobo, Hernzes. and Mirzos 
systems produced IOMJ rates of trai~sforrnation (Lidhohn et al., 1993), arid the transformanis were 
subsequently stable in the presence of Mosl .  

There are also some reports of failure to obtain activity in heterologous systems. in particular 
failure of Tcl to mobilize in D. melnnogesfrr (Szekely et a!., 1994). indeed. it seems naive to 
assume that significant activity will alwaqs be olstiiined in any host. Theory predicts that hosts 
should ewive diverse regulatory mechanisms to suppress the activity of invading :ransposons, and 
many instances of such mechanisms are known for ira:lsposons in various piants and frrngi. Indeed. 
several lines of evidence suggest t!mt various transposons in D. ~izel~nogasrei. are limited in their 

ctors, for example, matations of the ,ffmnenco gene allov~ activity of gypsy 
ucl-retcn, 19951, i n  addition. many transposons have their own built-in regulatory 

or repressive systems. These are particularly well characterized for bacreria! transposons, but are 
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also reasonably well known for fhe P element ~n oche et A., P995), and are 
proposed for many other Class I1 transposons. including the canonical mariner (Eohe and Hartl, 
1991%; Lohe et al., 1995; Hart? et al., 1997). 

W e  have undertaken extensive and determined efforts to demonstrate activity o f  Hinzarl in 
D. nzelaizogaster with only minimal success. First, we attempted to use 
D. rnelaizogaster following protocols ihat included standard coinjection o f  a 
"helper" or "marooned" construct that encodes the transposase but has no ITRs. Various marker 
genes, specifically a mini-,vlzite gene and a yellow gene, have been employed. and various promoters 
for the transposase have been employed. including h.rp70 with and without heat shock, hsp82, and 

have also tried coinjection o f  purified transposase with marked Hirnarl constructs, 
he demonsti-ation o f  this approach for P elements (Kaufman and Rio. 1991). Together, 

these experiments have employed injection o f  at least 5000 embryos, and examination o f  the G ,  
progeny o f  at least 500 G, flies, but no transformants have been recovered. Our proficiency at 
transformation procedures is not the difficulty because we have repeatedly transformed in various 
Nirnarl constructs using P element vectors (see below). 

As a second approach to this issue we attempted to demonstrate activity o f  Himnrl irans- 
posase in D. nzelaizogaster by using P elements to integrate the transposase gene driven by 
various promoters and then asking whether it could mobilize a marked Hinzarl separately 
transformed using P element vectors. The marked element has a mini-white gene and W 

in size; inserts in two locations on the X chromosome were e ~ p l o y e d .  Insertions of the 
transposase construct on the second and third chromosomes were used to mobilize the target 
insertions. The two elements were genetically combined by crosses, and mobilization o f  the 
marked Hlmtlrl constructs scored in the next generation, generally by crossing o f  males with 
the marked construct on the X chromoson~e to white-eyed attached-X females. Transpositions 
of the marked Himarl element to an autosome would be detected as red-eyed female progeny. 
Despite repeated experiments involving tests o f  at Least 500 such males, no convincing examples 
o f  such transpositions were recovered (some false positives icvoiving t~nusual chromosome 
dynamics were occasionai!y recovered). Indeed, no convincingly white-eyed males were recov- 
ered. suggesting ihat the marked construct was not even excising from the X chromosome. 
Immunolabeling with a polyclonal antibody to Hinzurl transposase confirmed that t 
was being produced in the male germline and was localized to the nucleus; so it remains unclear 
why it was not active in these experiments. 

As a third approach, we engineered a construct in which an autonomous copy o f  Hinzarl is 
inserted into the promoter region o f  a mini-white gene. This construct was transformed into 
melunogaster using P element vectors and the yellow gene as a marker. Two insertions on the 
chromosome that had yellow pigmentation o f  the eyes. indicating minimal expression o f  this mutant 
white-eye gene, were employed in crosses o f  males to white-eyed attached females, loolcing for 
red-eyed male progeny that would indicate excision o f  the autonomous mar1 copy from the 
mini-white gene, thereby restoring function. In addition, all males were examined for somatic eye 
color mosaicism. Little indication o f  somatic mosaicism was seen in thousands o f  males examined, 
and only a few red-eyed males were recovered (fewer than 1/1000). Molecular characterization o f  
these few red-eyed males by PCR amplification across the site o f  the Himarl insertion in the mini- 
white gene promoter revealed that the Himarl had indeed excised, and sequencing o f  nine excision 
sites revealed the expected three, or more rarely two, base-pair footprint o f  i~narl excision (kampe 
et al., 1996). Furthermore, examination o f  genomic D N A  from single yelloweyed males revealed 
the presence o f  two bands, one appropriate for the intact construct and one for the shorter excision 

ecause the excision product was much shorter (1.2 vs. 2.5 kb), it would be amplified 
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preferentially; therefore, we cannot estimate the frequency of these excisions, but the levels of 
somatic mosaicism and germline excision suggest that it is low. 

therefore conclude that while iinnrl is capable of activity in the D. 17zelanoga.ster genome 
and nuclear and celluiar environments. this activity is at a very low level. Presumably this level is 
so low that it does not allow detection of transformation events in normal-size experiments. It is 
tantalizing to suggest that something In fhe host environment of D. i~zelanogaster is less than 

spitable to nzurinev family nsposons, and that this is responsible for the very 1 
t m r l ,  the low activity of s l ,  and the near absence of endogenous mariners. 

this inhibitory activity might be is a mystery. and how it might inhibit mariner family transposons 
and not some of the related Tcl family is unclear. Indeed, it remains an open question whether all 
r~zariizers are inhibited and why the Tcl eiement itself did not func:ion when introduced into D. 
melailogaster (Szelceiy et al.. 1934). 

Several collaborators have attempted to achieve transformation of some other insects .with 
Nivznrl, as well as detect activity of Ninlnrl in several insects and other organisms wirhout success. 
We cannot provide ails of these attempts here, and some were on a small scale; however, they 
confirm that; whiie mar1 might not require host factors for activity, it might neverthe!ess be 
prevented from functioning well in many hosts. It is also unclear how many similar attempts have 
been made with Mosl. and whether similar difficulties will be encountered with other mctrii7ers 
when active versions become available. 

Demonstration of activity of Hinzui-7 in E. cnli (Rubin et al., 1999) opens the door to using t h s  
extraordinarily well-developed molecular genetic system to try to obtain improved versions of 
Himut-1 that might be more effective genetic tools in insects. In collaboration with E. Rubin and 

kalaaos' laboratory at Barvard dicai School, we have developed a papillation 
ty of HinzcwI ia E. cvii and h used it to screen for hyperaclive transposase 

mutants (Lampe et al., 1999). This assay is essentially the same as that devejoped for Tn5 and 
other transposons (Krebs and Remikoff, 1988). "7sseniiaJly. a Hiivai.1 construct w8.s generated that 
coiltains a lrrcZ gene h s e d  72 bp from the 5' ITR such that there 4s an open reading frame through 
the ITR to the lacZ gene. Tramposition of this conscruci from an F plasmid into the host gemme 
wonid occasionaliy yieid an in-frame hs ion with an expressed gene, thus yielding u 1iii.Z cell, 
which on ~MacConkey lates containing lactose would have a growth advantage and form red- 
colored papillae (the color difference is dhe to a pH change indicated by neutral red). Tracsformation 
of this lacZbearing strain with a plasmid expressing Nilnni-1 transposase yielded approximately 
30 papillae per large colony after 2 to 3 days growth (nrrntransformed bacteria were eliminated by 

ntibiohic and the presence of the F plasmid ,*<as similarly ensured). We then 
inzarl transposase gene using error-prone PCR, cloned the prod.wts iriio the 

expression plasmid, and transformed pools of them into the ZucZbearing strain. Under conditions 
that lead to high levels of mutagenesis, almost every colony contained a null or hypomorphic 
mutant, and only one hypertransposing mutant was obtained out of 2500 examined. Under condi- 
tions producing lower levels of mutagenesis, we obtained l0 potential hypertransposers out of 2300 
colonies/plasmids examined. Of these 11, only 2 survived subsequent validation tests, and M hen 
sequenced both revealed two amino acid changes. In one case both changes contribute to the 
hyperactivity, while in the other only one does. These mutants were tested as expressed and purified 
proteins in an in vitro assay, and although their ievels of hyperactivity dropped from 10- to 50-fold 
to 5- to 7-fold. they are still more active than wild type, demonstrating that they are not simply 
hyperactive due to an accommodation to the E. coli environment. V!e aire undertaking additional 
characterization of these mutants, as well as screens for additional mutants and superimposed 
mutants. Initial tests of hyperactive transposases in D. n.~elanognstev have not revealed any increased 
ability to mobilize a marked H i n ~ a r l  construct, so it might be necessary to generate combinations 
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of mutants that have 180-fold increases in activity to see an improirement in D. mc>lrrnngnsrei: 
Alteinatively, it might be necessary to obtain ~^nutai~ts in D. melnnogustet- directly, ones that might 
overcome the xppareni host inhibition. although none was detected in a screer? for lnutants of the 
mariizer transposase (Eohe et al., 1997: however; this approach to rnutagenesis of the mariner 
transposase is far less efficient t h a ~  the E. coli papillation screens). 

This ability to manipillate the Himar1 Iransposase, and potentially also the ITRs, in mutagenic 
screens in E. coli will surely be useft11 in some contexts. even if not immediately in improved 
genetic tools for insects. For example. the hyperactive mutants we already have are considerably 
more efficient at rnutagenesis in ~ ' i t i . ~  (Lampe et al., 1999). 

The amino acid divergence of marinevs i~ different subfamilies is high, with mauritiana. mellifera, 
cecropia. elegans, and briggsae subfamily members sharing at most 50% encoded amino acid 
identity, The irritans and rnori subfamilies are even more divergent from the others (less than 30 
and 3 0 8  identity with orhei- subfamily members. respectively). This divergence, together with the 
divergence of their HTRs (Figure 13.2). suggests that ii.zariizers from different subfamilies. and 
perhaps even divergent incir-iizers within subfamilies. are unlikely to interact. There has been litde 
direct work on this hypothesis. however, and our initial attempts to evaluate it have involved testing 
for ability of purified Hiimi.1 tra-nsposase to bind the bTRs of nzrrr-iizers representing the other major 

employed footprinting assays similar 1.0 those described in Lampe et al. (1996) 
and found that there was no binding of Hirnui B transposase to the ITRs of nmrinet-s from other 
subfamilies. and oniy weak binding io the ITW of the Manri.spa pzrlcl~ella i m r l .  another irritans 
subfamily inarirzer (see Figure 13.1). Additional assays for the abiiity to cleave the ends of the 
HTRs or cataiyze transposition in i , i t~o  agreed nith these results. In addition, van Leunen et al. 
(1993) have shown that the Tc3 lrartsposase does not cross-mobilize copies of Tcl in the nematode 
C. elegam genome. Tci and 773 car be viewed as representing very different subfamilies of h e  
Tcl family (see Figvire 13.1). Additional support i m  this hypothesl coinei h-om the observation 
that. when insects and ot'her animals contain multiple differerit kinds of nzariizers, they are usually 
from different subfamilies or are highly divergent inembers of the same subfamily. 

efhaps the primary advantage of using imi-irzers as genetic tools for insects i 0111- ~011~iCierilble 
understanding of their diversity and molecular evolution. embers of the major subfamilies (mean- 
ing the most commonly found in insects; that is. mauritiana, mellifera. cecropia. and i~?.ilans 
subfamilies) can easily be detected using degenerate PCR primers designed from conser\.ed regions 
of the transposase (Robertson 1993: 1997). allowing ready determination of the endogenous coin- 
piement of nzu~inei-s for any targeted host insect. Simple sequencing of a pool of PCM clones 
reveals the diversity of nin~iiwt-s in the host genome (limited only by great differences in copy 
number), and whether or not they are likely to encode functional transposases. An appropriate 
active rml-irw from a subfamily not already present in tile host genome can then be selected as a 
genetic tool. This strategy has not yet been necessary for most atternpled transformation expel-i- 
ments, because most insects do not have representatives of both the mauritiana and initam sub- 
families. but it will become more important as this genetic technology spreads throughout molecular 
entornoiogy and beyond. The subsequent stability of tramgenes is usually of great importance and 
can be fairly readily assured with stlfficieni itnowledge of the host mariner complen~ent. 

A seeming disadvantage of mu-irzers has been their apparently low rates of transposition, as 
evidenced by the low 1e1:els of transformation of D. inelarzog~ster by Mosi (Lidholm et ad.: 1993) 
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E 13.2 The inverted terminal repeats of nz~~i.inei.s. Representatives of all the major subfamilies in 
Figure i3.1 are shown. In each case a duplicated direct TA repeat of the host DNA Ranks these ITRs. IUPAC 
degenerate uucleotide codes are used when the 5' and 3' ITRs differ or when there is no clear-cut consensus 
among ccpies from a particular species. The subsets of mai-iners from the different nxjor subfandies are 
separated by spaces for clarity. 

and our failure to demonstrate transformation of this species with irnurl. This problem extends 
farther for more advanced techniques such as enhancer trapping. which requires remobiiization of 
already transformed nzariner constructs. because file data so far suggest that most nzariner integra- 
tions are highly stable. Of course, this cannot always be the case; o~iierwise, mariners would cease 
to persist, and could never generate the thousands of copies seen in some host genomes. Never- 
iheless, our Iack of understanding of what host processes might limit mariner transposition is a 
disadvantage. Mobility assays like those of Goates et al, (1997; 1998) c m  be sriticai in deciding 
whether a particular nzariner wi!i be an effective tool in a par'riculai- species (see Chapter 12 by 

rochta for a discussion of lransposition assays). 
Another possible disadvantage is that there is evidence that transposition efficiency of nzarinei-s 

is sensitive to size. The initial transformation experiments of Lidholm et ai. (1993) used a large 
13-kb construct. which might have been responsible for the low efficiency. Lohe and Hartl (1996~)  
reported remarkable stability of transformed constructs ranging from 4.5 to 12 kb, however. their 
results were complicated by an inference of a requirement for sequences internal to the ITRs for 
transposition, something not seen in any of the Hirncrrl in vitro transposition assays that use 
constructs with approximately 60 bp on each terminus. Subsequent work with these in vitro assays 
has shown that transposition frequency indeed decreases exponentially with increasing size of the 
construct (Lampe et al., 1998). Nevertheless, our papillation experiments in E. coli employ a 13- 

obilizes efficiently (Lampe et al., 1999) and the successful transformation of 
s l  used a 4.7-kb cinnabar marker gene (Coates et a!.. 1998). so the size 

limitations on mariner transposition remain unclear, and are unlikely to prevent development of 
genetic tools. 

Some might feel that the evidence for horizontal transfers of n~ariners into new hosts is 
disadvantageous, which might be considered a risk for release of transgenic insects created with 
this technology (Hoy, 1995). We do not consider this to be a serious concern for several reasons. 
First, when nonautonomous murirzers are used for transformation using a transient transposase 
source provided in trans, the resultant transformants are entirely stable. The only way such a 
transgene could be mobilized would be in tmns by the nmrirzer transposase from a closely related 
same-subfamily mariner already present in the host genome, a possibility that should be excluded 
before a particular mariner is used as a vector for lransgenics to be released. Second, even if 
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a-utonomous mariizers are to be used to drive transgenes into host insect populations, the risk of 
subsequent horizontal transfer of such a gene to other insects or other animals remains extremely 
small on a human timescale. Our evidence for horizontal transfers of mariners involves evolutionary 
timescales with the most recent events occuring at least 100,000 years ago (Robertson and Lampe, 
1995) and probably much longer ago. Prospects for horizontal transfers into our own species are 
extraordinarily remote given that only two rrmriners have invaded our genome in the past LOO 
million years (Robertson and Zumpano, 1997; Roberison and Martos, 1997). 

There are many reasons to be optimistic about the future utility of rnarirzers as genetic tools 
for insects. First, their functioning in E. cobi provides an unparalleled environment for improvement, 
and similar approaches in E. coli or other model systems such as yeas? might usefully be employed 
with other transposons. Second, their ability to function in diverse hosts will lead, we hope. to their 
being employed as genetic tools in a diverse army of organisms beyond insects, and improvements 
of their technological aspects in these systems by diverse researchers will. we hope, eventually 
benefit their usehlness in insects. Third. with seven major su families and 10 minor subfamilies, 
iizariners provide a large number of potentiaily nsefui noninteracdng transposons that might be 
exploited, if necessary, for repeated introductions of transgenes in wild populations of a particular 

any of these features apply to the sister Tcl family (Robertson, 1395; Plasterk, 1996), 
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The TTAA-specific. short-repeat elements are a group of transposons that share similarity of 
structure and properties of movement. These elements were originally defined in the order Eepi- 
doptera. but may be common among other animals as well. While the importance of these elements 
for genetic manipulation has been appreciated only recently, it is ecorning increasingly ap 
that they will be extremely useful tools for transforination of insects in the orders Diptera. Lepi- 
dopiera> and Coleoptera. This chapter outlines the history of these elements from their discovery 
to their most recent use in the genetic transformation of insects. 

The original identificaiion of these unusual elements came through a somewhat unconventional 
route relative to most other Class 11 mobile elements (Fraser et al.. 1983). Tine identification of the 
TTAA-specific "i-ansposahie elements parallels the development of baculovirus genetics, and reflects 
a unique apgroach to the isolation and identification of active transposabk elements In certain 
eukaryotic aystems. 

3acuiovirus genetics began in earnest wi:h the establisllmentof invertebrate cell cultures capable 
of s~mpporting the fiall replication of certain of these viruses in the early 1970s. Establishment of 
one insect cell iine in parcicclar. the TI"d-368 line of Bink (1970) from ovarian tissue of Triclzopl~~sia 
ni, was a breakthrough in that it al!owed exceptional growth of the Autogmplza califol-nica rziuclear 
polyhedrosis virus (AcNPV) in c~alture, leading to the eventual acceptance of this virus as the model 
bacu!ovirus system. This cell iine also permitted the establishment of methods for enumeration and 
isolation of AcNPV strains. 

In the first application of a plaque assay using the TN-368 cell line and field-isolated AcNPBI, 
two distinctive and reproducible plaque morphotypes were identified for this virw (Hink and Vail, 

hotypes were designated MP (Many Polyhedra) and FP (Few Polyhedra). Similar 
eguently identified for the ni IVPV (Potter et al., 1976). and later 

for ;he Gullei.in 777 V (Fraser and Hink, 1982b) upon serial passage in these TN-368 
cells. While all these viruses represent closely related variants of the AcNPV, the commonality of 
this observation between different isolates and among separate researchers suggested that the 

ue mol-phology might be universal among baculoviruses. In fact, later observations of 
both Helicovel-pa Zen YPV (Fraser and McCarthy, 1984) and Ljwcintria dispar NPV (Slavicek et 
al., 1995) passaged in cell lines derived from their respective hosts confirmed the universality of 
spontaneous plaque morphology mutants resembling F mutants, even ehoug e genetic basis for 
these similar phenotypes may be quite different (Bischoff and Slavicek, 1997). 
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These serial passage-derived FP mutants have several distinguishing characteristics from 
mutagen-induced or temperature-sensitive, occlusion-body-deficient viruses, or the several mor- 
phogenic mutants with defective occlusions observed in long-term serial passages. These sponta- 
neous mutants are often isolated within a couple of passages in the cell line. conditions that favor 
the accumulation of viruses producing more infectious extracellular budded virions than occluded 

otter et al., 1976; Fraser and Hink, a; Fraser et al., 1983; Cary et al.. 1989). 
importantly, the accumulation of these same mutants is not restricted to cell culture. but can 
also occur during serial microinjection passag the virus in insects, a procedure that also selects 
against the occlud virus, and favors mutants producing Inore extracellular budded virus (Hink 

otter et al., 1976; Fraser and Hink. 1982a; Fraser et al., 1983). 
of restriction endonuclease technology, an examination of the genetic basis 

for the FP mutation of baculoviruses became possible. However.  he methylcellulose plaque assay 
procedure could not easily ensure the separation of genetically pure clonal isolates of the virus. 
Subsequent development of agarose-based overlay plaque assay procedures (Wood, 1977; Fraser 
and Hink, 1982b; Fraser, 1982) ultimately facilitated the isolation of genetically 
these viruses. permitting a detailed analysis of their genornes. 

The fact that host cell transposons could insert and cause inutations in baculovir-us genomes was 
established through the characterization of these spontaneous 
Fraser et al., 1983: 1985). The identification of a retrotrans 
1982), in an FP mutant of AcNPV isolated following long-eer TN-368 cells was apparently 
a fortuitous association of this host cell transposon with a mutation.. and has not been 
repeated. However, this observation was significant in establishing ?hat trarisposon rnutagenesis of 
haculovims genomes can occur. e r! though it did not provide a reproducible, experimentally manip- 
ulable system for the analysis of s genetic interaction between these viruses and their hosts. 

In contrast. mssr of <he FP mutations of either AcNPV or G m N W  that are isolated from IOW- 
passage viruses a.re linked to the frequent insertion of host cell sequences in the FP25K proteir, gene 
(Fraser et al.. 1983; Cary er al., 1989: Wing and Fraser, 1993). Examination of nine individv.ai FP 
mutant strains isolated horn these two related baculovimses identified a common alteration in Hirid11 
restriction fragment profiles. This common genetic alteration was the addition of variable lengths 
of DNA to a 4.95 k ' ~  Hind11 fragment of both virus strains. Further exarnination revealed these 
insertions were localized within a 500 bp section of this HindIQ fragmene, and homology conpar- 
isms established that several of fhese insertions were related io one a n o t h  (Fraser et a?. .. F 983). 
Later analyses revealed that insertions within this reg n of the vims genome accomt for the nmjority 

several l~lobile host DNA insertions within the 

and Fraser. 1993: Fraser et al., 1995). 
th of these elements are part of a larger family of FTAA-target site-specific insertion elements 
t includes the 7: ni-derived piggyBac and tngcrlong elements. the Spodoprem fiugipercln-derived 

and the transposon-like insertion within the EcoRI-J,N region of A. cul$omica nuclear polyhedrosis 
virus (Oellig et al.. 1987: Schetter et al., 1990). whose origin is undefined. 

Transposon-induced mutations are also associated with larval-propagated virus and are not 
simply an artifact of in vitm propagation (Jehle et al., 1995). This emphasizes the fact that the 
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reiatively high frequency of transpositional and illegitimate recombination iXiong et a!.. 1991) that 
occurs with lhese viruses is an important aspect of ilatural baculovirus evolution. These genetic 
interactions almost certainly contribute to the evolution of the bacuiovirus genome through the 
acquisition of genes that enhance the virus host range or v i r~~lence  (O'Reitly and Miller; 1989; 
O'Reilly et al., 1992; reviewed in Blissard and Rohrmann, 1990). 

The tugalong elements were originally isolated from the spontaneous mutants GmFP3 and AcFP6 
(Fraser et al.. 1983), and were later seen among several F mutations isolated independently by 
Kumar and Miller (1987). This element was originally defined as having homology to dispersed 
and repetitive DNA of the host cell genome, and was one of the smaller insertion elements originally 
isolated in the virus mutant screen. Sequencing ana!ysis of this insertion provided the first veriii- 
cation that some of these elements do transpose into the viral genome, and are not simply acquired 
through nonspecific reconlbination (Fraser et al., 1985). 

All tngnlorzg elements identified to date, whether from FP mutant viruses or TN-368 genom-ic 
clones, have siriilar restriction sites and overall le ificant open reading 
frames (ORFs) or identifiable promoter regions and Fraser, 1993). 
tagnloizg elements insert with the duplication of a (Fraser et al.. 1985; 

ng and Fraser, 1993). and have 13/15 bp imperfect terminal inverted repeats 
hese elements comprise a family of dispersed, low-repeat sequences (Fraser 
al., 1989) common among all 7: ni genomes, suggesting this element is a 

well-established transposon in the 7: xi population ( 

kVhile specificily for and duplication of TTAA target sites was a confirmed quality of the insertion 
of these tngnloizg elements into the baculovirus genome, there remained some question whether 
this phenomenon was directed as part of some virus recombination mechanism or was a distinct 
property of the movement of the transposons. The answer to this question could be provided by 
examining representatives of the element embedded in the uninfected cellular genome. 

y using inverse PCW isolation protocols, a f~ga long  insertion was identified with' 
368 cell fine genome at a position that was not occupied in the larval % ni genonle ( 
Fraser 1993). This genomic tagalong insertion was similar in size and sequence to the viral insertion 
elements, and had duplicated a TTkAA target site that was present only once in <he uninterrupted 
larval version of the gene, demonstrating that the element has moved in the T -368 genome since 
establishment of the cell line from 7: ni pupae ( 

Initial observations of reversions associated with tagalong insertions in the baculovirus genome 
suggested precise excision s possible for this element (Fraser et al., 1983). 
characterization of the Gm utation, spontaneous reversions to the wild-type 
identified following transfe of the G d P 3  viral DNA in the PPLB-SF21AE cell line. These 
spontaneous phenotype revertants had identical restriction endonuciease profiles to that of the wild- 
type virus, and regenerated the capacity to produce the 25-kDa protein in infected cells, a protein 
that was absent in all FP mutant virus infections (Fraser et al., 1983). 

hile these genetic analyses had seemingly demonstrated precise excision leading to restoration 
of the wild-type phenotype, confirmation of reproducible and preferential precise excision was 
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obtained for the tc~gulong transposon by recombining ZncZ-tagged transposon constructs back into 
the virus genome and following the fate of the iagge transposon upon passage in either TN-368 
or SF21 AE cells (Fraser et al., 1996). In both cell line we were able to recover the revertant white- 
plaque virus, demonstrating conclusively that excision from the baciilo~irus genome could occur, 
even in the absence ISF21AE cell line) of genomic representatives of the trrgriloizg element. This 
result was not unexpected. based upon the apparent reversion of a tagalong-containing virus mutant 
observed previously (Fraser et al., 1983). 

The tcrgaloizg element itself coniained no signif cant coding capability, and no coding capacity 
cou-Id be associated with genomic representatives in the TN-368 cell line: yet movement of this 
element in two lepidopteran cell lines (insertion in the TN-368 cell line. excision in the S M I A E  
cell h e )  had clearly been demonstrated. The identification of another active TTAA-specific trans- 
posable sequence in the SF2lAE cell line (Carstens. 1987; Beames and Summers. 1990) provides 

ce that these TTAA-specific elements may be relatively common among lepidopteran 
speculate that excision of tagalong in SF21AE cells might result from the activity 

of a rmzs-mobilizing trans osase. Alternatively, there may be cell-specific factors that mediate the 
excision of tngalong and other TTAA-specific elements. 

The analysis of the tagcil~ng transposon provided fundamental observations on the commonality 
of TTAA-specific transposable element function. This element or some as-yet-unidentified related 
elements may eventually prove useful for genetic engineering in insects. However, the lack of an 
identified mobilizing function for this element currently limits its utility. 

The yiggyBac elements occurred in 13% of all TN-368-derived FP mutants isolated in our hands 
(Cary et al.. 1989). The piggyBac element was observed as an insertion in three of the original 
nine FP mutants, and was subsequently identified in two additional characterized FP mutants. Like 

crc elements also insert into the \,iral genome with the duplication of the target 
et al.. 1989). All characterized y i g g y h c  insertions isolated horn baculovirus 

mutants have a similar size and physi p (Carp et al.: 1989). 
The element is similar to disperse etitive DNA in both TN-368 cells (Fraser et al.. 1983) 

and the independently established TN ell line (Cary et al., 1989; Hick et al.. 1996a); but not 
to DNA isolated fro independently established cell 
et al., i996a). The p a c  sequences in the TN-368 cel 
based upon the first SrrcllClad digest analyses of genomi 

Similarly. no degenerate copies of pi 
nor from reverse-transcripterase ( K - P C  
more copies than does the larval genome. However, it is worth noting that these analyses would 
only have detected internal degeneracy, and are less likely to have identified degeneracy from one 
or the other end of the element. The apparent incomplete distribution of this element, coupled with 
its apparent lack of degeneracy (Elick et al., 1996a), suggests it is recently introduced into the % ni 
genome, or that it is genetically detrimental to its host in large numbers. 

The piggyBac element is 2.4 kb in length and terminates in 13-bp perfect inverted repeats that have 
the same 5' CCC.. .GGG 3' terminal trinucleotide sequence configuration as the tagnlong element, 
with additional internal 19-bp inverted repeats located asymmetrically with respect to the ends 
(Cary et al., 1989). The initial sequence analysis of the pig nc element revealed a potential 
polymerase 11 promoter sequence configuration, typical k translational start signal, an 
apparently overlapping long open reading frames (ORFs) er extension analysis with polyade- 
nylated mRNA positioned the 5' end of the piggyflac transcript near the identified consensus 
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promoter region (Cary et al.? 1989). However, questions remained regarding the nature of the 
transcript, its exact size, and whether or not splicing of the sequence occurred. 

Subsequent Northern analyses, and RT-PCR and sequencing of piggy ac-specific RNA tran- 
scripts from TW-368 cells confirmed that the major transcript is unspliced (Elick et al.. 1996a). All 
cDNAs were identical in size and similar in sequence with the exception that a single A residue 
present in the original sequence at the point of overlapping O s (Cary et al., 1989) was missing 
from the derived amplified sequences. Reexamination of additional piggjBac sequences amplified 
from the TN-368 cell genome, as well as the plasmid p3E1.2 (see Section 14.5.1). confirmed the 
lack of this additional A in the original sequence, and the cone sequence could be read as a 
single ORF encoding a polypeptide with a predicted size of 44 

Later cloning and expression of the full-length and truncate rsions of the ORF confirmed 
a single protein product of a size predicted for the cor ted sequence (T. Elick and 
unpublished). However, because the sequence of piggy or its encoded polypeprid 
resemble any transposases previously described, there was no initial assurance that this sequence 
represented a full-length transposon capable of autonomous movement, or that the polypeptide 
encoded had the properties of a transposase. 

CR analyses of genomic representatives of the piggpBac element allowed identification 
of numerous pigg?.Bnc insertion termini. either end specific or both ends simultaneously (Elick 
et al., 1996a). The sequences adjacent to the termini of nearly all these amplified ends was TTAA, 
confirming that specificity for the TTAA target site was a transposon-specific 
a property unique to insertions within the bacuiovirus genome. Interestingly, one of the termini 
exhibited a 5' ATAA 3' targec site associated with the Sou09 single-terminus amplified product. 
This particular aberration was attributed to either a PCR amplification artifact or some allowed 
degeneracy in the target sites. In later mutayenesis experiments, the Patter interpretation proved 
to be correct. 

Computer-assisted analyses of the piggyBac DNA or predicted rotein sequences do not reveal 
significant similarities with other known trans To characterize the functional 
significance of the yiggp ac OXF, a virus-based transposition assay, and both virus and plasrnid- 
based excision assays were developed. 

The mobility of the piggyBar element was first exam by developing an assay 
already demonstrated niobilization of the element into baculovirus genonle (Fra 
The yiggyBac element was tagged by inserting a polyhedrin-driven lacZ reporter gene at the unique, 
internal Pstl site. This tagged transposon, when mobilized into the target virus genome, would 
produce a blue plaque phenotype. The experiment was performed in the presence or absence of an 
unmodified helper transposon carried within the piasmid p3E1.2 (see below) by transfecting the 
plasmids and target viral DNA into SF21AE cells. The SF2IAE cell line lacks any endogenous 
yiggyBac-llomologous ements, eliminating the possibility that mobilization could occur in the 
absence of the helper. hile numerous blue plaque viruses were reco~ered from this experiment. 
subsequent cloning and sequencing analyses established that movement of the tagged transposon 
into the virus genome in transfected insect cells occurred via transposition only when the helper 
element was cotransfected (Fraser et al., 1995). 
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This experiment was seminal because it confirmed several important facts of pig,qvBac move- 
ment. Firs?, and perhaps most importantly, the transposon itself encodes a function that facilitates 
its own movement, and this function acts in a t ram fashion, being supplied on a helper piasmid. 
Second, piggyBac could transpose into the baculovirus genome in these insect cells while carrying 
a marker gene, polhllacZ. Third, movement of the piggyBuc element could be demonstrated in 
cells from a lepidopteran species distantly related to the species horn which it orignated. These 
observations proved that !his trans son could be used as a helper-de nt vector for transfer of 
genes in insect cells. and that pig ac lnoven~ent was not restricted species of origin. These 
observations led directly to the current interest in the piggy nc transposon as a tool for genetic 
engineering in insects. 

The original p3E1.2 helper plasmid was derived from a Sal1 indHE fragment containing an 
entire pigg~Bac insertion within the GmNPV FP locus ellat was ligared into the multiple cloning 
site of pLJC18 (Cary et al., 1989; Fraser et al., 1995). However. some confusion in the sequence 
of the p3E1.2 plasmid has resulted following its distribution is other laboratories. Pie now know 
that this plasmid was unintentionally modified upon transfer to the laboratory of P. Shirk 
(LJSDA-ARS, Gainesville. FE) to include an intact multiple cioning site at the 5' end of the 
element. Investigators who received the Shirk derivative rather than our original p3E1.2 construct 
note additional restriction sites not defined in the original clone. In some cases these sites have 
proved handy for generating deletions of the 5' terminus, rendering the helper transposon 
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.l Comparative maps of the original p3E1.2 and the derivative p3E1.2-S plasmids. The sequence 
of the transposon is indicated in black, and the location of the piggyBnc ORF within the transposon sequence 
is shown as a white box. An apparent expansion of a cloning artifact occtin-ed during transfer of the plasmid 
p3E1.2 from the laboratory of Dr. Malcolm Fraser to that of Dr. Paul Shirk. resulting in the plasmid p3EI.2- 
S having reiterations of restriction enzyme sites in the multiple cloning site of the parent pUC1R plasmid. 
Both plasmids are capable of supplying a functional transposase. 
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immobile (Handler et al., 1998). Restriction site maps o f  both plasmids are presented in Figure 
14.1 for clarification. 

One o f  the recombinants generated from the transposition assay was used to examine the excision 
properties o f  piggyBac relative to tagalorzg (Fraser et al., 1996). I f  mobility o f  the two were truly 
related, then we would expect that precise excision o f  both should occur in the absence o f  trans- 
posase helpers in SF21AE cells. As expected, lacZ-tagged piggyBac excised precisely from its 
insertion site within the bac~~lovirus genome upon passage in either TN-368 or SF2lA 
providing additional evidence o f  similar mechanisms for movement o f  both TTAA-specific trans- 
posons (Fraser et al., 1995). 

hile the baculovirus-based assays provided a foundation for analysis o f  the movement o f  the 
element, the assay was less than perfect due to a considerable background o f  illegitimate 
recombination events that occurred between the baculovirus target and the cotransfected plasrnid 
leading to a lacZ-positive phenotype. Consequently, characterization o f  the resulting recombinant 
virus was time-consuming and labor intensive. A much better assay had been developed based 
upon movement o f  transposons from plasmid DNAs upon injection o f  insect embryos. Excision 

eing conducted with other Class 11 mobile elements such as P (O'Brochta et al., 
nnes (Atkinson, 1993; Handler and Gomez, 1995; 1996) with great success and 

relative facility in injected insect en~bryos. These assays were used not nly to examine the 
roperties o f  the element itself, but also to validate their  no iity in a variety of 

W e  were uncertain at the time whether or not precise excision was a characteristic and invariant 
nc movement since excisive movement had only been observed with the bacu- 

lovirus genome insertions; and excision and recombination mechanisms are quite active in a 
baculo~lirus-i~~fected cell. The plasmid-based assay seemed the best approach to deinonstrate exci- 
sion properties for these elements conclusively, and to characterize these excision products with 
relative ease. 

Our first analyses using plasmid-based strategies utilized a bacterial supF tRNA gene within 
the context o f  the transposon. ovement o f  the tagged element from the plasmid could be detected 
as reversion to white colony phenotype in BL50 cells (Elick et al., 1996b). In all cases we were 
able to define excision products as being precise, regenerating the characteristic T T A A  target site 
in the plasmid. This realization allowed us to detect these excision products more easily for both 
the tagged and unmarked helper constructs using a simple restriction digest, since each excision 
product generated a new Axe1 site (ATTAAT) (Elick et al., 2996b). 

A second assay was easily developed from the first by constructing a vector having a duplication 
o f  the 3' terminal repeat, and tagged with supF between the 5' terminal repeat and the first 3' repeat 
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domain. and a ltanamycin-resistance gene inserted between the two 3' terminal repeats (Elick et 
al., 1997). Excision of the element using the proximal 3' repeat yielded plasrnids that were no 
longer capable of suppressing the amber mutation in the p-gulactosidase gene of Eschericlzia coli 

50, but were kanamycin resistant. Excision utilizing the distal repeat yielded plasrnids 
th the suppressor activity and kanamycin resistance. This construct allowed us to replace 

the proximal 3' terminus with various mutant repeats and to examine the effect of mutations on 
the target site or 3' terminus on the excision of the element. utations in the proximal repeat that 
were prohibitive would force utilization of the dista! termin for excision (Elick et al.. 1997). 

This assay was dependent on the fact fhat either the proximal repeat region would be favored 
in nonmutagenized constructs or that both distal and proximal repeats would be utilized with equal 
frequency. The control experiment using wild-type termini demonscrated that both terminal repeats 
were used with equal frequency ( lick et al.. 1997). This observation was somewhat unexpected, 
since earlier experiments with another Class 19 element. the P element, demonstrated the proximal 
terminal repeat was highly favored for use in the excision reaction suggesting a scanning model 

a1 recognition by the P-element transposase. In contrast, our results suggested that 
- transposase does not operate by scanning from an internal binding site toward the termini, 

seems to identify termini directly. 
Substitutions and deletions of bases in the 5' GGGTTAA 3' sequence revealed an essential 

requirement for the terminal 5' GGG 3' residues, as well as an essential requirement for the TTA 
of the TTAA target site (Elick et al., 1997). This latter observation was unprecedented in that no 
other transposon has such a requirement for the target site sequences to retain mobility. This 
observation also agreed nicely wi:h the single Sau09 5'. . .ATAACCC.. .3' terminal sequence recov- 
ered from PCR amplifications of genomic piggyBnc termini. The Sau09 genomic insertion seems 
to have occuned without reliance on the strict TTAA sequence configuration, and may reflect the 
fact that a certain amount of degeneracy is permitted in searching for target sites. Interestingly. this 
Sau09 terminus. if aligned with the mutagenized construct, would appear as 5 ' .  . .GGGTTAT.. .3' ,  
in perfect agreement with the experimental observation of degeneracy in the terminal residue of 
the TTAA site. The introduction of asymmetry, however. rings up a currently unanswered question 
of the nature of the target sequence. Either the target site for the Sau03 genomic insertion was 
TTAT instead of TTAA or mutagenesis of the target site sequence may have occurred foilowing 
insertion of the element; or the original supposition that this may represent a PCR artifact is trtie. 
This question will most likely be resolved through continued and extensive use of <he transposon 
in gene transformation studies. 

The excision resilks emphasize the uniqueness of the TTAA-specific transposons. This is 
apparent when one considers that all current models proposed to explain the rare precise excision 
events seen with most transposons are inadequata in explaining the preference for precise 
excision exhibited by the TTAA-specific elements. odels that involve replicative deletion of 
the transposon sequences predict a small percentage of precise excision events among a larger 
percentage of imprecise events. These models include strand migration (Goldberg et al., 1990), 
"slippage" (Gordenin et al., 1993), or "copy choice.' (d 'Alenpn et al., 1994). All of these 
models necessarily involve DNA polymerase reading across a hairpin structure that forms up 
denaturation of the double-stranded DNA molecule during replication or repair. Misreading 
the polymerase leads to short duplications of terminal sequences or deletions of th 
sequence at the excision site. Neither of these features is observed following pigg 
tagalong excision 

The homologue-dependent gap repair model that explains precise excision of the P element 
from Drosophila nzela?zogaster chromosomes (Engels et al., 1990) is also eliminated. Neither the 
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baculovirus nor the plasmid-based excision assays can provide sequences ho~nologous to the 
insertion site that might be used as repair templates. 

Our research has established that excision of t ese TTAA-specific elements such as piggy 
and tngulong must involve direct break and then immediate joining of the DNA strands at the 
excision breakpoint (Elick et al., 1997). st transposons resolve the initial double-strand cuts by 
fill-in repair at the excision breakpoint that generates deletions through exonuclease activity on the 
free ends, or can generate insertions of sequences related to the flanking DNA around the excision 
breakpoints as a result of either template switching (Saedler and Nevers, 1985) or resolution of 
hairpins by alternative nicking (Coen et al., 1989; Takasu-Xshikawa et al., 1992: see Kommens et 

dels cannot explain the extreme precision of tagalmg 

ion of these elements begins with synapsis of the 
cleavage at the target site (Elick et al., 1996a). While 

vage may be similar to the process that occurs with other 
sequent repair of the donble-strand cleavage 

necessarily involves immediate, direct ligation of the ends of the double-strand break (Elick et al., 
1996b). A11y fill-in repair or exonuclease digestions will not regenerate Ihe single TTAA target sites 
as a predominant product of the excision reaction (Saedler and Nevers. 2985; Coen et al., 1986; 
Rommens et al., 1993). 

Although there is reason to believe that excision and transposition are coupled events for most 
transposons, particularly if a cut-and-paste model is proposed, experimental examination of the 
transpositional movement of piggyBac in a species cannot be verified simply through the use of 

rochta et al. (1994) provided a strategy for examining transpo- 
ence of actual transi'crmation of the insect. The 

construction of the plasmid au?t et al. (1999) permitted examination of the 
movement of piggyWnc from one p 
from Bacillus subtilis and is inca 

uc transposon, which includes an E. coli origi 
Thibault et al. (1999) were able t osieion in the pink boliworm, 

Pectlnophom goss)piella, using the ler and Harre?l. 1999). Both 
excision and inte~ylasmicl transposition were depecdeiit on the presence of the he1 

<he frequencies of interp?asinid transposition were comparable with 
ents developed as transformation vectors for insects. Dist~?:bution of the insertions 

within the pGDV1 plasmi was restricted to TTAA target sites, as expected, but there 
be some preference for only 9 of the possible 21 TTAA sites that might be recovered. 
reason for restriction to articular FTAA sites was not apparent based solely on sequence c 
in the vicinity of these targ ites. These observations later led to successful phenotypic transfor- 
mation of $. gossypiella (T. ller. personai communication). 

Using pB[MOa] and t GDV1 target in combination with ph ac, similar analyses were 
conducted in embryos of ognsrer: Aedes negypti, and 7: izi o et al., 1999). Although 
the lack of recovery of in id transposition events in the dipteran species in the absence of 
the helper was not su lack of events in 7: ni  was unexpected, since resident copies of 
the element are present in this species. The reduced efficiency of transposition in 7: ni, coupled 
with the lack of observed transposition events in the absence of the helper, suggests that repression 
effects may be operating in this species. 

Significant differences were observed both in the frequency of transposition and the distribution 
of target sites between the dipteran species and 7: izi. Once again, utilization of TTAA target sites 
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in the target plasmid, pGDV1, was restricted to S of the possible 21 sites in the lepidopteran species, 
and these sites were the same as those observed by Thibault et al. (1999) for P. gossypiella. 
Interestingly, only 2 of the possible 21 sites were utilized in the two dipteran species (Lobo et al., 
1999). We have since confirmed these observations with additional assays (X. Li and 
personal communication). 

Successful interplasmid transposition results have been obtained for b 
Tamura, personal communication) and Anopheles gambiae (G. Grossman and 
communication). In the former case, further work has resulted in transformation of the silkworm 
(T. Tarnura et al.. 2000): confirming the value of the interplasmid transposition assay as a predictor 
of successful transformation. 

The possibility that only a few events were being amplified after transposition in these dipteran 
embryos was ruled out by replicating the assays, and by examining recovered plasmids for evidence 

ethylation of plasmids does occur in E. coli cel and can be detected through 
lion-specific restriction endonucleases like Dpn In contrast. methylation does 

not occur in B. subtilis, and the pGDVl plasmid is not sensitive to the activity of LdpnI. Since the 
[KOwl-tagged piggyBac does have DpnI sites that would be methylated, the only way to recover 
interplasmid transposition products following digestion with DpnI would be if duplication of the 
piggyBac element had taken place during movement (in which case movement would be replicative) 
or the product plasmid had replicated following transposition. Since interplasmid tra~lsposition 
products cannot be recovered from the assays if they are digested with DpnP prior to transforrnation 
of bacteria, we may conclude that t interplasmid transposition products are not replicated in the 
embryos with transposition of pigg ac  from the E. coli plasmid being nonreplicative: transfer of 
the methylated site to the product would render the pGDV4 target sensitive to D p I  digestion (Eobo 
et al.. 1999). 

Aithough the combined results have demonstrate ,Bat movement is not apparently species 
dependent, the differences observed for insertion een dipterans and lepidopierans suggest 
there may be species-specific differences in large ection. These differences might be simply 
due to peculiarities of plasn~id confi ation in individual species, or could reflect species-specific 
accessory factors. The possibility o C-specific accessory factors is not without precedent: since 
cell-specific factors are involved i transposition of several mobile elements. such as the P 
element of Dr-osophila (Rio and Rubin, 1988; Be er al.. 1994: Staveley et al., 1995) and 

(Craigie et al., 1985; Craigie and imuchi, 1987; Surette et al., 1987: Surette 

In the case of piggy ac  or tagalong, excision from bacuiovirus genomes in insect cells did 
occur in the absence of homologous transposon-encoded protein products. This seemed to suggest 
that there might be some cellular factors involved in the mobility of these elements or that there 
might be cross-mobilizing transposases present in the SF21AE cell line. At least some of these 
factors might have the properties of identifying the terminal repeats of the element, at a minimum, 
and recognize terminal repeats of several, if not all, TTAA-specific elements. 

began a search for endogenous cellular factors using nuclear extracts from SF21AE cells, a 
that harbors no piggyBac or ragalong elements, yet does allow movement of these elements 

out of the vims genome at a relatively l equency. A fraction of the nuclear extract from SF21AE 
cells did contain a protein, designated T inding Protein), that was capable of 
binding a piggyBac-specific terminal sequence as well as a tagalong-specific tenminai sequence 
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iser et al., 1999). This component binds the terminus of the piggj nc sequence in a manner that 
ects it from E.xolII degradation from the TTA of the TTAA target si through the terminal imerted 

repeat domain. The identical fraction from SF2lAE cells also bound the tngnlong repeat primer, 
fulfilling the c&erion of recognition of the termini of both elements. 

A similar activity was present in TN-368 cells. suggesting that a ubiquitous DNA-binding 
protein that has affinity for the sequence configuration CCCTTA(A) may exist since this was the 
only sequence in common between the two primers used as prob Tne exact role of this activity 
in the movement of these transposons remains to be determined auser et al.. 1999). 

A d o g o u s  host cell factors in other systems do n provide transposase activity, and given the 
previous demonstrations functionality for the pigg ac ORF in both excisioi: ancl transposition; 
it is unlikely that this TR activity mediates either ision or transposition alone. Although there 
may be some ubiquitous excision mechanism that operates with some degree of efficiency in nos t  
eukaryotic cells, the most efficient excisions are obtained only in the presence of the transposon- 
specific transposase activity (Elick et al.. i996a). 

Although assays that provide evidence for the movement of a transposon in embryos of a given 
species are suggestive of the possibility for transformation of that species, they do not provide the 
conclusive proof that a given transposon will be useful for transformation of that species. 
variables impinge on the relative utility of a given element as a vector for transgenesis. Transposon- 
related variables include the relative efficiency of movement into the genorne: the stability of the 
transposon insertion in the genome. and the potential for cross-mobilizing or suppressive effects 
from similar resident elements. Variables related to the insect being examined include the availability 
of suitable selectable marker genes, the survivorship of microinjected embryos, and the survivorship 
and fecundity of emerged injected insects. Refinements in technique and identification of suitabie 
marker genes have contributed at i e a t  as much as the application of new transposons have to the 
recent surge in the successfui transgenic engineering of key species. 

The utility of pigg ac for transformation of insects was first ex 
which the element d originally been isolated, T ni (P. Shirk and 
of T ni with piggj c eiements tagged with lacZ marker genes proved to be less than definitive, 
although tantalizi ifferential staining was observed in larvae that had been microinjected over 
those which had not. As an alternative, the organophosphate dehydrogenase gene (opd; 
et al.. 1994; see Chapter 4 y ffrench-Constant and enedict) was used as a dominant selectable 
marker for selection of 7: rz or Plodia intel-punctella arvae resistant to paraoxon. This seemed an 
attractive marker gene Chat would confer selective survivorship on transformed insects ( 
et al., 1994). Resistant progeny were obtained in several trials with both insects, and stable lines 
were maintained for several generations before being lost. One of the 7: rzi lines. AI ,  was derived 
from a female G,  that also exhibited an uncommon while-eye mutation ( . Fraser, unpublished). 
The G? progeny exhibited Southern hybridization patterns reflecting additional piggjBac elements 
distributed in the genome compared wifh the background wild-type hybridization pattern. However, 
both the 7: rzi and in te~pncte l la  lines were lost before definitive data concerning the identity of 
the elements could be obtained. It became apparent that working with these lepidopteran systems 
would prove less tractable than with other, better-characterized genetic systems. 

The opd marker was also utilized in attempis to transform the mosquito, Ae. aegjpti (N. Lobo 
. Fraser, unpublished). Once again, tantalizing resistance was obtained which could be 

maintained through several generations, while no resistance was obtained in the control insects. 
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9- - . a_o~;vever, evaluation of genomic Southerns revealed this resistance was not associated with the 
insertion of either the piggyBac vector or the opd gene. Eventually, work with the opd marker gene 
was discontinued in f a \ w  of more conclusive genetic markers. VJliile this gene seemed promising 
as a generalized dominant selectable marker for obtaining and amplifying transformed insects; the 
results suggest that initial optimism for i t  ilse was apparently ui~warranted. 

The definitive demonstration of genetic transformation of an insect by the piggyBac transposon 
was finally acconlplished using the Mediten-anean Fruit Fly as a model system (Handler et al., 
1998). This system had the advantage of a recently identified white-eye mutation and complement- 
ing gene. A transposase helper plasmid was used having a deletion from the Sac1 site within the 
5' untranslated leader region of the piggyBuc elem-ect to a flanking Sac1 site within the pUCl8 
multiple cloning site sequence. This deletion renloved the 5' imerted repeat domains, as well as 
the apparent endogenom piggyBnr promoter sequence and 5' m NA initiation site (Cary ei al., 
1989). In spite of this deletion, the transposase apparently was pressed at levels sufficient to 
obtain a transformation frequency of 3 to 556, suggesting an alternative promoter configuration 
may exist upstream of the ORF in this construct. In any event. the piggyBnc element is iranscrip- 
iiorialiy active in this aiternaiix llost. 

Insertion of che Cei-otitis cnpirtrrtr white-eye marker into the yiggj.Bcrc transposon at the unique 
N p I  site had no deleterious effect on the movement of the transposon. Coinjection with the helper 
ailowed resciie of the white-eyed Ries eo a red-eyed coloration. Variations were apparent in the 
intensity of the eye cola:- phenotypes. s esting a position effect suppression of 
the integrated white gene cDNA in the me y. Subsequent hybridization. inverse PC 
and sequencing analyses confirmed the i rtion of the entire transposon carrying 
into the C. cnpiiatn genome. with the duplication of a TTAA target site. In one strain, maintenance 
of the gene at its original position was observed thror:gh 15 generations, indicating the pigg?.Bnc 
is a stable transformation vector in this species. 

In a more recent paper. andier and Harreil (1999) demmsirated :he utility of piggj'Bac icsr 
the transformation of D. meiai~oga.stei as well. In one set of transformations the helper construct 
was the pBASac, while in a separate set of transformation experiments. the heat shock promoter, 
hsp70. \vas substituted at the Sac1 sire. upstream of the start of translation for the piggjBuc ORF. 
The pBASac construct yielded 1 to 3% irailsformation frequencq: comparable with that seen for 
the medfly transformations. In contrast. the 11~1370 helper. phspBac. yielded an eightfold or more 
increase in transformation efficiency. This report also introduced a grem fluorescent protein (CFB)- 
tagged construct that yie!ded a higher efficiency for detection of transformants than the cotransfected 
white-eye marker gene, apparently overcoming the position sileixing efiects that are common for 
the %,hire gene transformants. Once again. the insertion with specificity for and duplication of the 

c TTAA target site was confirmec2 using inverse PCR and sequencing. More recent 
other dipteran species include the Carribean fruit fly, Anostl-qiiza suspeizsa (A. Handler 

ication). the oriental fruit Ay, Buctmceiz &l-salis (A. Handler 
unication), and the yellow fever mosquito Ae. aegypti (N. Lobo 

Importantly, other researchers have reported successful piggyBnc phenotypic transformations 
in several lepidopterans including Botnby.~ mol-i (Tamura et al.. 2000) ar~d Pectin 
(T. Miller. personal communication). and a coleopteran. Tiiboliutn castcmeum 

olizun transformation occurred at an unusually high frequency of 60% (compared 
I-i7ze.s) based on GFP marker expression. and it will be important to know the 

of the integrations. as well as to see if this frequency can be repeated. At this 
point it is clear that the piggy crc transposon is established as an extremely useful, helper-dependent 
gene-transfer vector for transformation in a wide variety of insects. 
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To date, there have only been reports o f  mobile elements in cell lines from two species of  
lepidopterans. Spodopterafiugiperda (Carstens. 1 ames and Summers, 1988) and Trichoplusia 
rzi (Fraser et al.. 1985; Cary et al., 1989), although dispersed and repeated pigg 
sequences have recently been found in the oriental fruit Ay  ( A .  Handler, personal 

Computer-assisted analysis o f  sequences obtained from the human genome has revealed what 
be 100 to 500 copies o f  a fossil element calied L 0  R, which has sequence homology 
nc, terminates in 5' CCU.. .GGG 3'. and apparently ts T T A A  insertion sites (.I. Jurka, 

personal communication). The LOOPER consellsus sequence is on average 77% ssimiiar to indi- 
vidual sequences identified in the human genome, indic t 60 million years old. 
There are two other TTAA-specific fossil repeat elements, W85 (estimated at 2000 
copies per genome), which appear to target T T A A  insertion sites and terminate in 5' CCC.. .GGG 
3'. Evidence is now accumulating that suggests a superfamily o f  TTAA-specific mobile elements 
exists in a diversity o f  organisms, and that piggjBac-related sequences may be present in a diversity 
o f  species. 

Several lines o f  investigation have verified that horizontal tra.nsmission o f  transposons does occur 
between species (Daniels et al., 1984; 1990; AnxolabChkre et al., 1985; 
1993; Robertson, 1993). These observations raise the perennial questio 
might be effected among a diversity o f  plant and animal species. In this puzzle one must consider 
several key factors. The fact that similar elements populate the genomes o f  widely divergent species 
is well demonstrated. The argument that at least some o f  these elements have been recently 
introduced into these divergent species s e e m  to be credible. The nagging question Is, what v 
could possibly trans uce mobile sequences among such a diversity o f  species'? Parasitic mites 
been proposed as o vector for P-element movement among related species (Bouck et al., 1991). 
but even i f  these were a valid means o f  dispersal arnong a limited number o f  species. it cannot 
account for the radiation o f  these several elements among the wealth o f  divergent species observed. 

In considering a suitable vector for dissemination one must also consi er the breachicg of 
germline tissues by the vector, allowing deposition o f  t transposon in a genetically heritable 
manner. This added level o f  complexity is highly sign ant. Among those vectors that could 
potentially access gemline tissue, it seems that at least some o f  the obvious candidates would be 
some sort o f  ubiquitous pathogen. st investigators acknowledge that one o f  <he most likely 
modes o f  horizontal transmission fo gments o f  nucleic acids could be as part o f  a viral genome 

iller, 1982; Syvanen. 1984; Fraser. 1986: Midwell, 1993: cDonald, 1993). This is 
an obvious hypothesis that follows from Ihe dual observations o f  host DNA insertions, including 
transposons, within virus genornes and the remarkable relatedness o f  certain transposons found 
among vastly different species (see Wobertson and Eampe, 1995, for a review). 

ecombination with host genomes is a generalized phenomenon arnong viruses. The most obvious 
examples o f  vectoring o f  host sequences by viruses are the retroviral acquisition o f  oncogenes and 
transduction in Lambda (see Amabile-Cuevas and Chicurel. 1993, for a review). Examples o f  
recombinatorial acquisition o f  host sequences by eukaryoiic DNA animal viruses include adenovirus 
and $V40 defective particles (Deuring et al., 1981; Norkin and Tinell, 1982) and the F P  mutants 
o f  baculoviruses. 
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In contrast to most other virus systems, baculoviruses may acquire host DNA, including 
transposable elements, without the concomitant loss of essential replication functions, and these 
acquired host sequences could conceivably be introduced back into a cellular genome. perhaps 
during abortive infections ( iller and Miller, 1982; Fraser, 1984). Furthermore, at least in insect 
systems, baculovirus infections can easily ramify throughoct the insect using the system of trache- 
oles instead of relying on the longer process of breaching the midgut epithelium (Engelhard et al., 
1994). Transmission of the virus through tracheoblasts could effectively place the virus in germline 
tissue quickly. If such positioning occurred in nonpermissive or semipermissive insect hosts, then 
horizontal transmission could be effected. 

Although a direct demonstration of transposon vectoring by viruses is not yet available in an 
animal model, Sugimolo et al. (1994) demonstrated that a geminivirus engineered to carry a Ds 
element could serve as an effective vector for transposition of the element into the genome of rice 
calli, essentially demonstrating that if a virus acquired a transposon it might serve as a vector for 
that transposon. Nonetheless, continuity between the acquisition and transmission of a transposon 
has not been established in ally virushost system, and this must be established to validate the 
hypothesis compietely. 

At present, baculoviruses seem to provide the only practical experimental system for direct vali- 
dation of the hypothesis that viruses might act as vectors for horizontal transmission of mobile 

have proved that viruses can acquire transposons that are mobile and remain nondefective. 
Tnis part of the puzzle is not in doubt. The question becomes, can a baculovirus carry a transposable 
element into nonhost cells? The piggyBcrc transposon represents a unique opportunity to answer 
this question. The fact that it can be mobilized in tissues of a diversity of insect species, and at a 
relatively high frequency compared with other transposons like mariner and 
a unique opportunity to examine the transmission of a a  

The baculovir~~ses seem ideally suited as vectors for of genes. These viruses 
have a tolerance for acquired host ge mobile elements, a wide natural host range among 
insects of the order Lepidoptera. and a traied ability to adsorb and penetrate cells of nonhost 
species, including vertebrates (Hofmann et al., 1995; ucher, 1996). Several lines of 
experimentation have demonstrated that NPV can effectively invade and initiate abortive replication 
in nonsusceptible host species such as D. ~nelanognster; Ae. aegypti, or poikilothermic vertebrates 
(Sherman and McIntosh, 1979: Carbonell et al., 1985; Brusca et al., 1986; Flipsen et al., 1995). 
Aborted infections of baculoviruses in nonreceptive lepidopteran hosts have also been demons 
(Washburn et al., 1996). These abortive infections could allow transposons carried on these 
lovirus genomes to escape into the cellular genome. 

ecause of its apparently wide adsorption and penetration capabilities, one could argue that if 
any virus might serve as a generally useful transfer vehicle following acquisition of transposons, 
the baculoviruses are among the prime candidates. The successful demonstration of transposon 
vectoring by baculoviruses will provide significant experimental support for the involvement of 
viruses in the horizontal transmission phenomenon. This is one of the most significant and exciting 
avenues of research afforded by this system. 

If transposon vectors are to be useful for engineering environmentally released transgenic insects, 
the potential for horizontal transmission of any transposon must be addressed from an environmental 
risk standpoint. At present, the impressive lack of information on this topic makes any predictions 
of probability for such an event impossible. A considerable amount of research must be expended 



Insect Transgenesis: Methods and Applications 

toward this issue in the near future i f  the use o f  transposons for practical engineering purposes in 
insects is ever to he realized. 

Since horizontal transmission o f  transposons is apparently evolutionarily inevitable, one must 
consider the possible ramifications o f  using a transposon vector to introduce genes into insects 
planiled for environmental reiease. In this case, there are several key features that m s t  be given 
careful consideration. First. the genc that is to be vectored is o f  prim-e concern. This wodd be true 
even i f  transposons are not used for geaetic engineering, since illegitimate recoinbination esmts 
abound in nature. Introduction o f  genes that are functional only in the target species or whose 
expression is esseniia?ly devoid o f  effect on the target species (such as viral antisense genes) are 
the most preferred genes for any environmental release o f  transgenic insects. 

Understanding the lmdamental mechanisms o f  the movement o f  an element is one o f  <he most 
critical issues in the application o f  any lransposon vector for these purposes. This information will 
almost certainly lead to greater control over their movement, ideally permitting restriction o f  the 
element to the target species. As understanding o f  (he mechailism for mobilization accumulates, 
altering the iarget site specificily o f  an element like piggy cic through modification o f  the trans- 
posase or accessory protein may become feasible. allowing restricted mor,eme:lt o f  the element to 
laboratory mailipuiations. Tailoring the Iransposase fumction to unusual engineered term-inal 
sequences would significantly reduce the risk o f  cross-mobilization by naturaily occurring elements. 
Strategies for crippling the eiement once it is inserted may also prove practical with greater 
understanding o f  the moiecu!ar requirements for an element's mobiiity. 

Since the most likely use o f  this technology would be to introduce genes on nonautonomous 
transposoil vectors that rely on an added helper element or added purified transposase protein, 
there would be little danger o f  ampiification o f  the gene o f  concern unless resident cross- 
mobilizing or homologous ts are present. Therefore, careful examination for ~oiential  
ti-un.r-activating or ectopic 1 'nine erements is an important considerarion for both target 
species as well as nontarget species in the ecosystem o f  concern. Obviously. this will involve a 
serious commitment o f  resources. but assa);s do abound for the elements in question. As with 
an31 risk assessment experimentation. the difficu!ty in examining these questions revolves a.rour_d 

erimental design must be rigorous, ensuring that i f  risk exists 

The TTAA-specific lepidopteran transposon p i g g ~  ac has already proved useful as a gene-trans6::r 
vector for efficient transformation o f  a wide variety o f  insects. This element has several unique 
properties o f  movement and few specific homiogues amoiig insect species examined, B o ~ e i e r . .  
the probability that other TTAA-specific elements exist in a target species geaome appezrs ro be 
significant, and there remains a possibility that cross-mobilization ~ Q h t  occur in certain insects. 
The availability of several constructs including suitable marker genes for detection in a virriety o f  
spccies has already stimuia!ec'i investigators to attempt wider applications o f  this transposon i n  
inect  species with remarkable successes. As rddieiona? species are tested. the identification oC 

10 011'. endogenous TTAA-specific elements related to pigg~,Bac will almost certainly I I  
There remains a significant amount o f  basic research that is essential to cl~aracierize the mech- 

anism o f  movement for these TTAA-specific elements in general. and pigg~,Bac. in particular. Fine- 
tuning and controlling the rnobili:y o f  a given transposon is o f  critical importance h r  the practical 
udlization o f  the eierneni, and this will be true for pigg~,Bui 2s \veil as other \:ectors currently applied 
for this purpose. Assays are already in place to facilitate many of these functional afialyses, whlc  
others that examine the molecular mechanisms o f  rhe piggj,Brrc transposase haw yet to be developed. 
While the del elopment oi'piggjqBuc has seemingly lagged behind that o f  other transposonl; identified 
inrough more ~raditional means, there call be no doubt now that this element is a significant 
transfor~nation vector with wide application, and merits serious research consideration. 
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The analysis of piggjBac and its interaction with baculovirus genomes has provided significant 
insights into a probable means for horizontal transmission employing viruses as vectors. This is yet 
another aspect of these TTAA-specific elements in particular, and transposon evolution in general, 
that merits serious investigation. The observation of <he relatively efficient mobility of piggjBar in 
so many different species. coupled with accumuIating dara suggesting the presence of fossil and 
potentially active TTAA-specific elements among di~erse  animal species, suggests this is an ideal 
experimental system for analysis of this and other important aspects of transposon evolution. 

Strategies for ensuring environmen:al stability and reduced risk for horizontal transmission of 
vecto-red genes need to be developed for these TTAA-specific elements if manipulations of natural 
populations are to become feasible. it is nor too early to begin considering these approaches. Once 
feasibility is demonstrated. progress to iinplernentatioi~ will be rapid. The better one uiltierstands 
their unique properties for mobilization. the more effective these vectors will become for the stable 
and nonproliferative introduction of genes into insects destined for environments! release. 
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The goals of insect transgenesis may be divided into two major categories . The first is the transfor- 
mation of target non-drosophilid species in the laboratory. as a tool to study their molecular biology 
and gene expression . The second is the transformation of field populations of pest insects with 
transgenes designed for specific applications. for example making disease vectors unable to transmit 
pathogens to humans. crops. or agricultural animals . This is clearly a longer-term and more technically 
ambitious goal than laboratory transformation . There is certainly great need for sustainable new control 
methods of this kind. due to the severe problems associated with insecticide resistance (compounded 
in the case of disease vectors by parasite drug resistance) . Huge-scale mass releases of tramformed 
insects to effect field population changes by simple dilution are unlikely to be feasible in most cases . 
Therefore. potential cransgenic strategies are heavily dependent on the use of genetic mechanisms 
able to drive transgenes through natural populations from small release seedings . 
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Wollmchin is an obligately intracellular bacterium found in many arthropod species. It possesses 
the ability to spread itself rapidly through populations by means of cytoplasmic incompatibility, 
an induced crossing sterility that is a manipulation of host reproduction. Bt has therefore become 
one of the main candidate systems for driving beneficial genes through field populatlons. 

Wcilhnclii~~ pipirntis was first observed in the ovaries and testes of the mosquito Culcxpipirns using 
light rnicroscopy (Hertig and Wolbach, 1924), and named and described in the same insect by 
Hertig (1936). It is coccoid or bacillilbrm in morphology with two cell rnernbrancs, surrounded by 
a third membrane thonght to be o T  host origin, and averages 0.8 to 1.5 urn in length (Figure 15. l ) .  
Sequence analyses based on 16s rRNA have confirmed that morphological similarities to thc 
Rickettsia arc based on phylogeneiic relatedness (O'Neill et al., 1992; Roussct et al., 1992; 
Stouthamer et al., 1993), and revealed that within the alpha-Proteobac~eria it is most closely related 
to the Ediclzia clade. IVoll~achin is maternally inherited through the egg cytqlasm, and hori~ontal 
inkctious transler between individual!, has ncvcr been observed. 

tVolbachia infections have long bcen thought to be associated primarily with insect reproducti~e 
tissues, although some studies did report its presence in somatic tissues, particulariy 

offman, 1989: Louis and Nigro. 1989). ore recent work, howevcr, 
t/\%/olhachin associations there are he y somatic infections and 

Wolbrlchia tissue lropism is generally much wider than has been apprecia~ed ( 
1997; Dobson er al., 1999). This finding is highly significant in terms of increasing the range of 
potential applications of Wolbnchin to population ~nodification. 

Wolhnclziu was first associcted with the cytoplasmic incompatibility phenotype (henceforth 
abbreviatctl io CI) in C x : .  pipirns (Yen and Barr, 1971; 1973). Tetracycline curing was uscd 10 clear 

15.1 Tranmissioii cicctron micrograph ol' CVolbai.lzi~r \vilhin a developing spcvmard 01' the moih 
Eplre.stin caute!l~1. (From O'Nciii. S. L. et al., [ I $ L ~ V J I ~ ~ ( L ~  t)(r~.senger.s: inheriled M i c m o i ~ a n i . r m i  u;rd Ai-lizirycd 
Repivtli~c,/ioiz. Oxford University Press, Oxford, 1997. By permission oi" Oxford University Prcss.) 
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the infection. resulting in loss of the previously observed maternally inherited crossing sterilities 
between different mosquito strains. CT has been descri'ned in many other insects, and as far as is 
known is always induced by b~o~beichiu infectiom. h contras:. \&dbOd?ici does 1101 always induce 
CE in its host: its effects also include feminixation in isopods (e.g.? Bouchozi et al., 1998) and 
parthenogenesis inciuc:ion ii1 wasps (e.g.. Stouthamer et d., 1993). 

ThC development of simple. re  presence of %'o!hachia, amplifying the 
NA gene an6,fzisZ gene (O'NeiU et al.. 1992: Ho:de:: ei al., 1993: Wersen et al., 1995b) has 

allowed the rapid accumulation of data oil the host range of IWbachia  It has proved remarkably 
widespread within phylum Arthopoda. across :he Arachnida. Crusiacea, and Insecta (mori- than 

to harbol- infections: ?-e\-iewec'! in O'Neili et al., 1 
aiiama revealed its presence in I5 CO 20% of the insect species 

host species of any parasitic or mutt~alistic organism. TL i s  not restricted to the 
being also present in  phylum Nematoda. although these SVoZbnclzici form a separate sister ciade to 
their arthropod. col-mtei-parts and appear to be rn lists rather than :-epro:?ucti\z para.sites (Sironi 
et al. 1995: Bandi et al.. 1998; Hoeraf et al.. 1999: Fayisr ei al.. iCa99). 

hyIogenedc analysis and tree reconstmciion viitkiin the SiJoiDnchia clade has proceeded in 
stages as more informative genes for finer phylogenetic levels have become available, Tlie initial 

subdi\-irion into A aiid B 
g et al.. 1998). coding for 
il 10 be discriminated arid 

irees appsar to show sufficient 

al.. 199%). By exeray?olation. :hat would imply ihai I,IVbcrchiu may i11fect ch 

16s I-RNA gene ll-eeS (O'Neiil et d.~ 1992,: XOLIsSet al.. 1992) Were fQ~lO\W?d by mLKh WLOre 

re.$oi~,~edJisZ gene trees j%7erren et al., !995b), svtich indi 

2. il4dbachicr surfacz protein, has ai?onYd at !eac>l 12 clade 
subgroups. More recently, the highly variable 

reaffirmed the major A.-B division (Zhm et al.. 1998), The 

The most important form of incoiiipaeibi!ity Iri terms of the ai 
populations is unidirectional CT, mhicb clas. 11)' occuls \*.hen uninfecied fernaies mate -with 
icfecteci males (Figure 15.2). Complete or partial 5teriliiy is seen. whereas the reverbe cross is 
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E 15.2 Cyioplasmic incompatibility. (A) Unidirectional incompatibility is expressed when VV'olbnchin- 
infected males (shading) mate with unifected remales (no shading). These matings produce few viable offspring. 
AI? other crosses are compatible. (B) Bidirectioliai incompatibility is expressed when insects canying differenr 
I1lolbnchia strains are mated together. In this case only crosses between individuals canying the same Wolbaclzia 
strain are compatible. 

fully fertile. The net result of this crossing patter that, in a mixed population of infecte 
duals, females that do not carry bacteria will lay eggs that die if they mate 
male, while infected females ed to infected males suffer no such loss. 

Therefore, infected females will produc a greater average number of offspring, resulting in an 
increase in the percentage of infected i viduals in each generation. The rate of increase in the 

opulation will rise as the number of i cted males increases until, if maternal transmission is 
perfect, all individuals in the population carry Wolbachia. The fertile mating of infected females 
with uninfected males means that a spreading Wolbachin infection would not carry nuclear genes 
into populations, but useful rransgenes inserted into and expressed by Wolbachia could be spread 
by unidirectional CL 

Unidirectional incompatibility was first mathematically modeled prior to the discovery of its 
endosymbiotic causation by Caspari and Watson (1959) and generalized by Fine (1978) to include 
imperfect maternal t:ansmission. Hoffmann et al. (1990) further modified the model so that the 
Wblbachia infection affects female fecundity but not male mating success, which is consistent with 
empirical data they collected in D. simulnns. If p, is the frequency of infected adults in generation 
t ,  F the fecundity of infected females relative to uninfected females, H the relative hatch rates from 
incompatible vs. compatible crosses, S, = 1 - N and sf = 1 - P; and p is the fraction of uninfected 
offspring produced by infected females, then 



!Nolbachia as a Vehicle to Modify Insect Popuiations 

The roots of the e 

give an unstable low equilibrium frequency and also a high stable equilibrium at which \'olbaclzia 
will be maintained in the population under these conditions. Where F(L - p,) < 1, at infection 
frequencies below the low unstable equilibrium in isolated populations. loss of infection 0, = 0 )  is 
predicted. Thus. where 'Volbaclzia reduce fecundity or show imperfect maternal inheritance. and if 
the infection is to spread through an isolated population, tken the frequercy of infected individuals 
must first exceed a threshold value (which will nevertheless be low under most describecl conditions, 

ercoine locally by drift). 
CS of the local and geographic spreading process have been well docuinented in 
es of the popc!ation invasion of uninfected D. siinzdaizs in California (Turelli and 

Hoffn~ann. 1991). The infection wave v:as reported to be spreading geographically at a rate of 
approximate!y 100 kidyear. and at two localities increased from infection frequency 
to greater than 80% in approximately 15 generations. A probable second example o 
invading a natural population of plant hoppers has been reporced in Japanese Lnodelplzox stl.iatellzls 
(Hoshizalci and Shimada. 1995). 

There appears to be a female fecundity loss associated with hxboring the bacteria in laboratory 
populations of D, sirnulam (Hoffmann et al., 19903, although this effect was not observed in field 
popuiations. Stably infected D. sinrzllans populations in California (assumed to be at equilibrium) 
show approximately 5% 'cninf'ected individuals (Aoffn~ann et al., 1990). Sinall numbers of unin-. 
fecteci offspring are produced by some wild-carrght infected females, which is pro 
"i expian the pop~.;lation polymorphism, although immigration of uilinfectecl flies could also heve 
been a contribnting factor. in contrast. under labomilry conclitiais there is iCO% infecl.;on in the 
Riverside sriaia of D. simziiuns, pe rhqs  because of reduced ewironmentei stress. Dwsc?pizil;! 
nzeinizogastei- in ;he field show a higher frequency of uninfected individuals (Hofhann et al.. 
1998). and C1 in this species is onEjt partia.1, although again, C1 is nealter in the Eel6 thaz~ in the 

n ei al.. 1994; 1998: Marr e5 al., 1998). No fecundity loss associated with 
und in D. melaizogasrer ilri the laboratory (Moffmann et al., 2994). perhaps 
rial densities than in D. sii?ritians (Solignac et d., 1934). 

Dwsophiln strmiluns represen~s a model sysrem for the dynamics of Mblbiiclzin in the field; 
D. sirnulam and D. iminnogaster are the 01114 species wt-nere transmission. relative fecundity, and 
incompatibility parameters hasre been measured iiz the field as well as in the laboraeory (see 
Boffinan3 and Turelli, 1988: 1997: Hoffmann et al., 1398). Cage studies of C1 haw been conducted 
for a number of other species. but care should be taken in extrapolating parameters observed umder 
these conditions to what might be observed in the field; the differences observed for 
between laboratory and nature can be significant. Although detailed field parameters are not 
available for mosquito species. percen:age infection in populadons at eqiiilibrium is very high in 
Aedes albopictus and Cx. pipiens. The same is true of L. sfriatelli~s (Hoshizaki and Shimada, 1995). 
In the case of unidirectional CI between Ae. albopictus strains in the laboratory. 100% sterility is 
observed (Kambharnpati et al., 1993; Sinkins et al.. 199%). Therefore, these species probably show 
even more favorable spread dynamics than the D. siin~rlans model. Wlbachic~ strain differences 
within a species also influence the observed parameters. For example. in contrast to the D. sinzulur~s 
Riverside infection, another kl/olbaclziu strain infecting D. sir~zulans shows perfect maternal trans- 
mission (Hoffmann et al.. 1996). The intraspeciiic variation in spread dynamics between different 
kVolbnclzin strains suggests that favorable host-Wolbnclria combinations could be identified for 
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The rate of spread of Wilbaclzia ~ i t h i n  e species across wide geographic area< will be iiependerlr 
on the na~urai migration of individuals and the degree to which stri~ctured local populations exist, 
which will obvio~isly differ among species. If the species population structure consists of cidmerous 
fragmented subpopulations which are relatively isolated, with little intermigration and gene floa,, 
this would impede the s~~ccessfidl spread of the bacterium. Occasional infected nzigrai~ts v-oedd 
never begin a local wave of 11~3Oirci~i~~ spread if threshold frequencies are not exceeded. Di-o.wpililii 
are associated with h m a i ~  activity and are spread by the trai~sportation of fruit. so it is possibk 
that rates of migration a12d gene flow could be significantiy lower in other species. 

If Vhlbncizi~i S t r ans~amxd  to :pr.ea$ P I & %  genes, Xkiiti~nal fitness costs associa:~,d with the 
expression of the rransgene can Re expxted.  A disr'nci.io;r betnxxe fitness cosis 'm bBi:iii?i;chic al?d 
fitmss costs ro :hi3 host ca-: be made. Fitness costs to the host will be expressed in the model as 
a reduction in the relative feccndity parameter which will be addidonai to any host fecundity 
cost i q o s e d  by the Mblbuciliu itself. Transgenlc Ifilbnchin v;i!i still be able to spieac as 10113 b 

as the l e \ d  of GI is greater thai; the combined fecundity deficit produced. However. s i x  redrrclion 
ir F will resuiz in a!? increase iil rhe value of the unstabie equilibrifim 1-alue of population i-?feciion 
f reyency that must be exceeded to set the Bartoniail cyave of Wolbnchia spread in rnoiion. This 
r ,i,nslatee .c> to a higher initial release i's-eyuescy required. Most release straiegies a ~ u l d  in any case 
aim to begin in seasons of lowest target popuPatioi~ density to increase fhe ratio of initially released 
insects to wild insects, so small increases in spread threshold ;dues  may nor represent a se r io~s  
barrier to success. Hawe\ er. if popalations M w e  highly fragmerited and rnigra:ion r a m  between 
them low. the ability of the wave of Wiilbachia infectioil to spread in a self-sustaining maniler 
might be compromised by significantly higher threshold \;alues. Large-scale concstrrent reieases 
over wide areas would not be possible in many cases. especially for disease 7;ector species in 
many tropical countries v~here resources for disease control are limited. Trarsgenic I"dn1hnclzia 
that impose large fecundity reductioiis on their host wouid not represent a practical strategy in 
these cir.cumstances. 

Any fitness costs associated with Eransgene expression to the 1~1Jolbuclzia itself are most likdy to 
be expressed as a slowing of ?Wbrrcilla replicatlsn. which may result in ain increase in the percentage 
of uninfected ova produced by infected femaks, p. An increase in p will iimease the threshold 
spread fi-eyuency and decrease the final eqiii!ihrium frequency reached by the Wdbachia when the 
spreading process is complete. However. potential effects on bi wiil depend on the transmission rates 
of the wild-type Wolbadzia strain (before traasfmmacion). If p in the untransformed strain-host 



combination is zero. probably associated with rnainienance of high i~K)lbaclzin densities, then minor 
fitness cosis of the transgene to transformed Wdbachirj may not cause y to rise. 

Fitness cost to IVoliiachia of f i e  transgene is an especially in~poriant fa-ctor if the transgene 
. . 

may occasionally be lost during bacteria1 replication. If k e  loss of the transgene resulled in a 
significantly increased grov~.thimultip!ic0.ii01~ rate for the "deieeed~. tlarian!;, the latter uouid gr3.d- 
m!ly outcompe;e the tra.nsformed IWbachia within the host reproductive tissues. Although P 
deleted variant wocld start from a low density reiati.c:e co eke transformed Vs/blhachiii, ard  thus low 
transmission rate or high initial values of CL, over time be woi~ld rise for the translhnned Wolbachin 
and decrease for the deleted l;ablbdzic~. as the mem relative densities of the two shiited, The final 
equilibrium would be the elimination of the :ransfornned \5?iibnckirj from the po 
therefore extremely important that \/kioii/nihia be transformed in a stable manner. 

Those transpenes with the lowest negative fitness effects are the most desirable for syread through 
popuiations. Strategies that aim io achieve population suppression based on [he spread of deie- 
terious genes. impoing a genetic load on a population. are nluch less likely to be successful, 
creating high spread thresholds and strong selective pressure for iransgene-deleted variants. 
Transgenes aiming to modify pest popuiations to reduce their impact nould be much more 
favorable as long as negative fitriess effects are not large. A cramgene that interrupts the trans- 
mission of a pathogen by its insect vector is considered likely to M1 into the category of imposing 
only a small negatix fitness effect. i t  would be desirable to express two independently acting 

e interruption of parasite transmis on, such that a mutation in the parasite that 
de one of the r-ilechanisms woal still not be able to spread because of the 

vulnerability of :he parasite to the other. The expression of inore than one construct might be 
expected to increase fitness costs further. 

A transgene introduced by transformed %V'lbcrchiu would be expressed in a wild-ty~e back- 
erefore be dominant in its effect relative to any wild-type aileles. Natural 
'ness to transmission of ~ C I S I I Z O ~ ~ L L ~ ~ ,  for example, can be genetically dominant 

or partly dominant (e.g., ollins et al.. 1986; Zheng et al., 1997) or reces e: only the dominant 
cases majr provide clon genes compatible with a kV01buchia-based e essionidrive system. 
Transgenes blocking par te transmission that are of nonhost origin woti Iso fulfil1 the domi- 

uirement. An example would e a gene expressing a single-chain mammalian monoclonal 
raised against pathogen antigens (e,g., Taviadoraki et al., 1993). 

CH can also occur between two insect strains that are both infected with Vkblbcrclzia. In fact. the 
first group in which C1 was characterized, mosquito species of the Cc. pipiens complex; shows a 
particularly complex array of crossing types in the field (e.g., Laven, 1967b). yet all populations 
were later shown to harbor Wolbaclzia infections. Crossing incompatibilities between infected strains 
are commonly bidirectional (see Figure 15.2 ). However, unidirectional GI also occurs between 
infected populadons, and has also been reported in Ae. albopictus (Mambhampati et al., 1993), D. 
sinz~tlans (Nigro, 1991) and Iaiasorzia wasps (Breeuwer and Werren. 1993). 

The overall dynamics of unidirectional C1 between infected populations are essentially the 
same as that seen between infected and uninfected insects. That is. one of the Wolbachin types 
will replace the other in a mixed population. just as the infected state will replace the uninfected. 
If this phenomenon could be suitably manipulated, species and populations that are naturally 
infected with Wolbachin would also become targets for population invasion, not just currently 
naive populations. In addition the occurrence of unidirectional G1 between infected populations 
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provides a mechanism for a second transgene spread into an already infected population. Repeat 
sweeps would be required if the first population invasion did not achieve complete success in 
rendering the pest population harmless, due, for example. to dissociation between transgene and 
Wolbachia or to the development of resistance to introduced refractoriness mechanisms 
transmitted parasites. 

In D. sirnulans, microinjection techniques were used to combine, in one host, two strains of 
Wolbachia that produce bidirectional incompatibility when crossed with ach other (Sinkins et al., 
199%). Single-infected females were incompatible with double-infecte males, the female being 

le to rescue the C1 produced by the Wlbachia strain it lacks. However, double-infected females 
were fertile when crossed to both parental types of single-infected male, the strain required for C1 
rescue being caniecl in both cases. Hence, the presence in a host of two strains of Wolbachia that 
have mutually incompatibie CI systems results in unidirectiollal CH when crossed to hosts containing 
only one of the strains. In population experiments the ub!e infection introduced into a single- 

opulation spread to high frequencies, as wou be expected from the unidirectional C1 
observed betwee3 them (Sinkins et al., 199%). 

Two-strain Wolbachiir infections have been found in naturai populations 
appear to have a similar effect on crossing type (Rousset and Solignac, 1995: 
Aedes ulbopictus mosquitoes also contain populations that are naturally superinfected with different 
Wolbaclzia strains. and the double-infected males are incompatible with single-infected females but 
not the reverse cross, as for D. sirrzulcms (Sinkins et al.. 1995a). It is ossible that many of the 
naturally occurring examples of unidirectional C1 between Wolbacl7ia-i~fecled populations will 
prove to have a similar basis mechanisticaliy. A number of other examples of two-strain infections 

that are yet to be associated with crossing type ( rren et al., 1995b). 
noted that an explan on of unidirectional CI between naturally IVolbachtn 
f Nasonia wasps has en proposed based on an association between crossing 

type and bacteri-al density (Breeuwer and Werren, 1993). Males of a strain showing higher infeciion 
densities were incompatible with fefimles from a strain naturally showing low density. but the 
reciprocal cross was fertile. However, the Nc~siinia strain coataininp higher densities was also later 
shown to contain  ore than one Vk;lbac?zin strain. and the lower-density strain only one "dfolbachia 
(Perrot-Minnot et al.. 1996). When two-strain infections and higher bacterial density occur together. 
as was also observed in A&. iilbopic~zis strains (Sinkins et a!., 1995b), the contribution of each to 
an obserxved crossing patrern may be difficult to distinguish, but i t s e e m  likely that the effects of 
mdldple W//nlbnchl:u strains are the more important. 

The dynamics of two-strair! population spread are more complex than that of single-strain 
inkclions if !Be transmission rates and fecundity effects of the two Wolbaclzin strains differ (see 
nmdel by Hoffmann and Turelli. 1999). Some production of single-infecteci progeny from double- 
infected D. siimlans females was seen in the laboratory (e.g.. Sinkins et al., 199%; Mercot et al., 
1995) and would be expected in natural populations during the spr of the superinfectio:?. 
However. if two-strain infections were used to spread tramgenes and h of the strains carried 
the transgene. then individual strain transmission rates would have no influence on the po 

d by the transgene Itself. Only the overall p value. proportion of uninfected 
be relevant ia this regard. There is no evidence that is any higher for two- 

strain combinations. a d  in fact the reverse appears to hold. However, the speed of spread of a 
double infection into a single-ingected population would decrease, and the threshold frequency 
for spread to begin would increase. if significant n~imbers of siilgle-illfeciec! progeny were pro- 
duced by double-infected females. Stable double-strain combinations that have high transmission 
fidelity in the fieid when forming a double infection wouid be preferable in terms of spread 
dynamics. For example. ie the case of the Ae. aibopictus natural double infectionl no produc~ion 
of single-infected offspring was observed under laboratory conditions (unpddished data), in 
contrast to the ardficial D. sinzdans double infections (Sinkins et a!., 1995). although how this 
would translate to field conditions is not iinown. 
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Recent laboratory studies have s own that stable triple infections can be successfully established 
D. simidans; these infections should spread into ouble, single. and uninfccted popularions 
msse? et al.. 1999). No cornpetition was observe between the efferent i'rblbachia strains. 

suggesting that higher-or er superinfections should also be possible. The upper Limit cf the num-ber 
of differerit Wblbacizin infections that DI-nsophilci can stably rnaktain is izot !inown. 

An increase in the population frequency of a particular niinutochondriai hapictypc was observed R _  D. 
sinzul:u?s in sssociation with the spread of Wo!Dachiu ir_ California (Turelli et a!., 1992). This increase 
was a consequence of the lack of assortment between cytop!asrnic type" because of :heir uniparenta.1 
inheritance. In fact; aily element that shows perfect materea.? inheritance would he spread into an 
uninfected popn!a.tion by Wibuchia. While the imperfectly transmiited Wbll?uchta itself reaches ~1 

stable papulatior: equiiibdum frequency beloin: 10056, a '%itch-hiking" element that is perfecib 
matemally transmitted G::ii! spread eventually t:, a population frequency of 100%; this was observed 
fo: ihe D. s i m ~ d m s  mitochondrla? haploeype in Caiif-brnia. Uninfected f,erna?es experience 'nigh meaw 
levels of CH at equilibrium and thus leave few offspring. So. after many generations all uninfected 
individuals present in fiie population would have infected  others or ancestors; all ihese uninfected 
individuals would therefore c a q  the '1K)lbacizia-associated mitochondriai type. 

The transformation of insect mitochondria for use as expression vectors wocid curentl:~ be 
technically denlanding, but other maternally iilherited elements exist that might be transformed and 
subsequently sprea 

k number of nutriiive bacterial symbionts ale maternally- j~heriied at high rates aod offer more 
straightformarc? routes to transformation than T~/olbnchin itself. Tsetse ?ies iG/~~,ii;.itl) have keen 
showr to inarbor iiiree differeiii bacterial en&syr-cbioi~ts (O'iadeilj t i  a1,> 1993: Ps1iso-j et 2,. i 395: 
kksoy, 1995). A large ""~imary symblon$" I.:iiigg/e.s~i~i~i-tJzii! ghssirzidia. i:i?iabiis the midgut 3acte- 
rioines: e smaller secondary or S s~~izlbi~fi i .  Sodclis glossiizidius, belongs ;o the garfixi s~ibd-iisioi~ 
of the Pl.~teobacteria. and is fourid. both ii? the midgat znd a variety of other tissues (Dale and 
Maudlin, 1999; Cherrg and Aksoy. 1999): and iVoihrhiu is also present The primary and secondary 
symbionts are not transova-rially transmitted ss is ;Jl/o!badlia, but are apparegrly inherited through 
the inilk gland secretions of the uterus. However they sre s:iH corr,paiibie with Vloibachin spread 
because their inheritance is solely maternal. 

. . 
The tsetse secorrdary cymbiom have beei: cultured a d  transfmned ~ ~ : t s  a plasmid containing 

an antibiotic resistance n~arker and using an origin of replication of broad hsst range (Beard et al., 
1993). In this case the ultimate aim would be to express prsdircis that interrere with tl-ypanosmne 
transmission. The introduction of rransfomed symhionts into the fly would depend on coirnnsfor- 

an antibiotic-resistance gene as well as the transgene. foliowed by applicatioa of 
antibiotic to avoid mixtures or transformed and untransformed bacteria. However, h i s  would also 
clear the primary mycetome symhiones chat supply nutrients required for Ihe survival of the fly. It 
would probably be necessary, therefore, to transform both syrnbicmes with antibiotic-resistance 
genes. although the primary symbionts haw thus far not been cultured or trann!&rrned. 

Nutritive symbiotic bacteria are not uncommon in insects. hut they do appear to be primarily 
associated with those species that have a restricted diet (tsetse feed exclusively on blood) and 
require nutritiona'r suppPelnents that are supplied by the symbionrs. o nutritive endosymbionis of 
wide host range are known: In fact, most are confined to one host . ecies or genus and are likeiy 
to have evo!ved a close obligate relationship with that Imst. Therefore. In contrast to the opportrrniry 
for a genera! arthropod gene expression system afforded by Vdolhnchia, a separate transformation 
effort wou!d be required for the individual symbionts of each target s 
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If the rate of maternal inheritance of a non-Wolbachia expression vector was lower than 100%, 
then the two elements will inevitably become dissociated dming s read and, thus. the useful gene 
separated from its driving system. Obligate bact iai nutritive symbionts show, in effect. 100% 
maternal transmission, because any progeny that not become infected would die. o r b  
to reproductive sterility (as is the case for tsets Therefore, there is no risk of the 
infection becoming dissociated from the expression vector 

Wolbachia transmission through the male has been reported (at very low frequencies) in 
laboratory Dvcsophiki populalions (Hoffanann and Turelli, 1988). Therefore, if paternal transmission 
of Wolbachia, but not of the symbiont, took place, this would dissociate the two elements. However, 
from the evidence of mitochondrial DNA typing, paternal inheritance of Wolbachia appears not to 
occur in the field (Turelli et al.. 1992), probably due to the lower densities of the bacterium that 
seem to occur in nature. Therefore, the risk of dissociation imposed by paternal inheritance of 
Wilbachia is probably very slight. 

The most important consideration for the use of obligate nutritive symbionts as expression 
vectors is the same as for transformed Wolbachia. that is. the ease with w h the transgene could 
be lost and the net fitness change to the symbiont produced bp such loss. would not be able to 
carry the transgene to a high population frequency if there u7as a fitness cost imposed by expression 
of the transgene, and ( l )  the nutritive symbion: was unstably transformed or (S) if horizontal or 
paternal transrilission of nutritive symbionts could occur to form mixed infections of trailsfonned 
and untransformed bacteria. 

A second category of maternally inherited elements that might be used as expression vectors are 
tra~isovarially transmitted viruses (discussed in Sinkins et al., 1997; modeled by Turelli and Hoff- 
man. 1999). The best documented of these is the sigma virus of D. nzelaizugusre~ (reviewed by 
Fleuriet, 1988). However, none are known fiat have complete maternal transmission; even the most 
stabilized sigma-infected lines in the laboratory give rise to srnali numbers of uninfected flies. 
Therefore. some degree of dissociation between Wilbnshia and virus during the spreading process 

le. The final equilibrium frequency of the virus woul be dependent only on 
parameters associated with the virus itself, which in this case are maternal and paternal transmission 
frequency and negative fitness costs to the host. However, if maternal inheritance levels were high, 
C1 would transiently increase the population frequency reached y the virus. The maximum 
population frequency reached and the number of generations before a frequency decline began 
would also be sensitive to the initial release level (for a numerical example. see Ture2li and 
Hoffmann, 1999). The currently known imperkctly transmitted transovarially transmitted virlises 
are not promising expression vectors for Wolbachia-mediated population transformation. 

If two bidirectionally inconlpatible insect strains were in contact or formed a mixed population, 
then females of the minority strain would be more likely to mate with males with which they would 
be incompatibie and, thus, would be subject to a greater mean reproductive disadvantage than would 
the females of the strain in the majority. Therefore, the theoretical prediction is that the minority 
strain would be replaced by the majority strain in the absence of migration or other selective forces: 
a stable equilibrium between them within a population could not exist. This is a principle that 
applies to any genetic system of cross-sterility between insect strains in sympatry (Curtis, 1968). 
Random shifts in the crossing type over time in the regions where two bidirectionally incompatible 
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crossing types are in contact may result, and such shifts have been reported in Culex- populations 
ell. 1977; O'Neill and Paterson. 1992). 

If both sexes of a bidirectionally incompatible strain were introduced to form a population 
majority with the aim of replacing the local wild-type (Laven and Aslamkhan, 1970), then the 
nuclear genome of the released strain would be spread in tandem. However, this would be heavily 
dependent on complete sterility being produced in all cross-matings. Genetic replacement using 
bidirectional C1 would have the advantage of simplicity, in that it would not require the molecular 
isolation of the genes that render the pest species harmless. Classical selection procedures for useful 
traits could be employed, and genetic dominance would not be required. 

Trials canied out on populations of the mosquito Cx. qz~inquefusciatus in laboratory cages 
(Curtis and Adak, 1974) and population field cages in India (Curtis, 1976) showed that, although 
the foreign cytoplasm did indeed replace the wild-type, linkage with a nuclear marker was not fully 
maintained. Reduced incompatibility with male aging (Singh et al., 1976; Subbarao et al., 1977a) 
and segregation of crossing types within populations (Subbarao et al., 1977b) had caused a break- 
down in absolute sterility between the populations. The resulting loss of linkage between the nuclear 
genotype of interest and the cytoplasmic crossing type being released would be fatal to an aim of 
complete population replacement. Even if examples producing complete crossing sterility were 
found, there would still be severe practical constraints associated with this strategy. It would rely 
on large-scale release over wide areas to effect population majorities within local populations, 
which would not be economically viable for most species. Furthermore. large numbers of females 
would have to be released, and this could pose severe problems if the females bite humans or 
damage fruit. For these reasons, systems capable of spread from small release seedings, such a.s 
unidirectional CI, are a much more promising route to population replacement. 

C1 also represents a natural sterility-producing system t as the capacity to augment t 
sterile insect technique (SIT). the mass release of males sterilized by irradiation to reduce the 
number of viable eggs being h i d  by wild females. One of the main factors associated with the 
cost and subsequent effectiveness of SIT programs is the competitiveness of released males. 
Radiation doses commonly used to sterilize males introduce se ndary deleterious effects that 
reduce their ability to compete with wild males for mates. C1 ovides an alternative method 
for introducing "sterility" into a release strain that is independent of irradiation and, as such, 
could greatly reduce the cost of a given SIT program by reducing the numbers needed to 
released for effective control. 

In order for C1 to be effective in this context it would be important that fertile females are not 
released together with males. Since none of the sexing mechanisms currently employed is 100% 
effective, it has been proposed that C1 be used in conjunction with irradiation at lower doses. The 
males would be sterile on mating with wild females because of CI, while the small numbers of 
released females would be sterile due to irradiation (typically females require much lower doses 
of radiation than males to be sterilized). The lower levels of irradiation would produce ma!es with 
significantly higher competitiveness than if male sterility were generated by irradiation alone. Such 
an approach has been experimentally tested in the mosquito Cx. pipiens (Curtis, 1976) and it has 
been shown that application of low radiation doses can generate sterile females and CH males that 
are as competitive as unirradiated males (Arunachalam and Curtis, 1984; 1985; Shahid and Curtis, 
1987; Sharma et al., 1979). 

']The application of CI to population suppression of Culex mosquitoes was demonstrated in a World 
Health Organization field trial in Burma (Laven, 1967a). Although successful under the experimental 
field conditions used, the high population densities and reproductive rates of mosquitoes, coupled 
with their wide distribution over large areas. would render any population eradication scheme based 
on sterile release extremely expensive. The biology and life history of a species: especially its 
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reproductive rate. is a crucial factor with respect to the feasibility of strategies based on the release 
of sterile males; the avaiiability of necessary infrastructure 'nd monetary resources for large-scale 
release programs is equally iillportant. Insect pests of cash crops that have a suitably low reproductive 
rate would be the most realistic target for CI-based suppression. One xopical disease vector that does 
have a suitable biology. however. with very !ow reproductive rate, is fhe tsetse. CH coui 
complement to in-adiarior7-based SIT programs hat  x e  already under way against tsetse in Africa. 
However, crossing patterns associated with i;\lolbachicr in tsetse are so far poorly lmown. 

It has for some time been recogliized thai i1'olbachia is responsible for various repro 
alterations iil its arthropod hosts, but somatic effects of these ii?feceions were not con 
significant. This viewpoint has now been overturned with tine discovery of natural Wolbuchiu: 
ififxiions in D. inelnizogastei- that dispiay an intriguing virulence phenotype, Min a 
(1997) reported a strain of Woolhaciriu that in immature stages of the insect does not appea 
fitness noticeably. i imever ,  in the adult irisect this "n/olbcclzia strain was shown to replicate rapidly 
within rxrvous tissue of the fly, leading to its early death. Min and Berizer were able to show that 
this e3ect was ic6iependent of host genotype. and appeared to be dependent or: the particular 
TWiiacizla strain iwolved, which they- named popcoi-n. Another group has independently described 
a Wblbachia strain irl isopods that produces an ideniical vimience phenotype, namely, early death 
of adulis (Bouchon et a!., 19%). These results suggest that the early each phenotype might be 

e of being expressed in l: range of different arhhropoj hosts. 
m y  studies have examined the relationship between age structure of a given insect population 

aad disease transmission. Typically. the vast majority of transmission is attributable to a small 
fractior! of the insect population Wat is the oldest. This is explained simply becmse an insect must 
iirshcquire a pathogen ir; a rneai and then ir:ciiate that pathogen for 3 certain 2eriod of time 

. ~ 

before it is able to be transmitted to a new host For many insects. the m.j:gont., of reproducrion in 
:he populatior; can be attributed ie young iaidvi6uails, wbie  d ~ e  majority of disease trensrission 
is aurib>.ted a small minority of aid indi;+duais. 

7 -. \/imlent t/Voliicchin forms that reduce the life .-pan of the adult i ~ s e c t  host. such as the I;IOPCOI.I? 
. . 

strain in D. nzelanogasier, have the potential to affect disease transrnnsslon io humans by insects. 
These Wblbncizirr forms can persist i.; insect popla;isns presilmably because their reproductive 
fitness cost may not be too great, since the old individua!s they kill $13 no: contrib~are greatly tc, 

reproduction. 9owewi., if these Wiihcizta were able to shorten life span in disease vectors. then 
ti~ey ~ .oubd effectively remove that fraction of the population ii~hich is responsible fcr the majcrity 

. . 
of pathogen transmsslon, 

lit has already been noted <hat much information still needs to be accumulated on the behavior of 
d i fken t  k"dol!?nchia-host combinations in the field; the collection of deiailed parameters for stable 
inksled popiulations wou!d enable better models of spread into uninfected populations to be pro- 
duced, Second. a ~nolecular understanding of the mechanism of CI would be ol' great benefit to its 
utilization. Although there have been srridies of cytological changes in sperm chromatin condensa- 
eioddecondensation associated with liaryogarny intenuption in incompatible crosses (e.g., O'Neili 
and Kan 1990; Reed and Wewen, 1995: Callaini et al.. 19971, the way in which Wolbaclzia induces 
such changes, or is able to rescue then. is unknown. This knowledge is not essential for the 
application of C1 to pest control. much as: for example, insecticides can be used effectively without 
any biochemical understanding of their mode of acf on. Nevertheless, 'howledge of the molecular 
mechanism of C1 wo:? significantly increase understanding of ' dynamics (such as when C1 
is produced between d erent Woibachia infections) and potenti 0th facilitate and improve its 
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manipulation. However, the two most immediate priorities that must be achieved are ( 2 )  more efficient 
techniques and a wider range of interspecific transfer and (2) the transformation of Wolbnchia. 

The convincing evidence that horizontal transfer of Wolbachia over large phylogenetic distances 
has taken place naturally led to successful interspecific transfer among Drosophila species and 
from mosquitoes into Dmsophila. Microinjection of preblastoderm embryos was performed to 
maximize the likelihood of forming pole-cell, and thus gonadai, infections. Purification of 
Wolbachiu with sucrose gradients has been used; as well as direct cytoplasmic transfer from 
infected to uninfected embryos ( oyle et al., 1993; raig et al., 1994; Chang and Wade, 1994; 
Clancy and Hoffmann, 1997). 

It is routine in Drosophila species to obtain high hatching rates after microinjection of embryos, 
but when attempts were made to extend this tech ique to Anopheles garnbiae and An. sr~pherzsi, 
sensitivity to desiccation meant that postinjection atch rates were extremely low (Sinkins, 1994). 
The same problems are also experienced in attempts to inject these species with plasmids carrying 
transposable elements. However, the recent ciiscovery that Wolbachia can have wide somatic 
distribution has opened exciting opportunities for moving Wolbachia between adult insects. 

mph transfer, which s been used successfully in other arthropods (Rigaud and Jachault, 
ouchon et al., 1998; enier et al., 1998), may represent an approach that will yield better 

results. Experiments are currently under way to infect naive rr,osquito species by this nleans. It is 
at several generations of selection (using PCR z s a  ) will be necessary to establish stabiy 

germline infections from somatic tissue transfer. ore extensive interspecific transfer in 
ed to investigate such possibilities as the activation of the host immune 

er Vhlbachia transfer. 
ile Wolbachia can be moved between species that show naturaP infections, i t  is possible 

that naturally uninfected species do not Barbor Wolbachia hecanse they are resistant in some way 
to the action of CH or restrict its maternzl trmsmision. The transinfectioa of the nacuraiiy. 
uninfected species Dm.ropilhilu sei-mra with D. simuiumr -Woll?nchici (Ciancy and Mofhann, 1997) 
produced strong GH in the new host-1440lbachia combinafcn. However, significantly lower n~aternal 
transmission frequeacy was observed than for D. sii~?ulam. to the extent that this infection probably 
would not spread in this species (aithoug her IVolbnchia strains might produce significan'tiy 
different transmission and incompatibiiit eters in this host). An alternative hypothesis for 
the cun-ent phylogenetic distribution of lzia is that the naiura? establishmefit of germline 
infections in new species is extremely rare, which given the ohiigately intraceliular nakrrre of the 
bacterium is perfectly feasible. If this is the case, then many currentPy uninfected species would 
be able to support the spread of Ciiolbuchin. More examples of the behavior of W'olbaciziu i n  novel 

In order for Wolbaclziu to be used as a general system for expressing foreign genes in arthropods. 
a system for stably transforming the sylnbioilt is required. The ability to evelop transgenic Wolbnchiu 
will also be critical for understanding the molecular basis of the var us reproductive phenotypes 
thae kVolbncizin induces in its hosts. T'ne development of a transfomation system for this o 
intracelluiar bacterium is not a trivial matter. however. The recent successful transformation of the 
close relative, Rickettsia pmbcu,-ekii (Rachek et al., 1998). indicates that while technically challeng- 
ing, it is not impossible to develop genetic transformation systems for fastidious bacteria. 

In recent years a number of technical advances in the VJolhachia field suggest thae transformation 
should be achievable in the near future. First. an in ~,ifi.o culture system has been deveioped (O'Neill 
et al., 1997) in which it is possible to introduce a d  grow Wo2bachia. This system will allow for 
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the ready applicatio:? of antibiotic xsistance as a selectable marker for transformants. In addition, 
the recent cloning of the gene encoding tlhe major surface protein of SJblbachin (1rsrn) has identified 
a strong endogenous promoter thai can be used to drive foreign gene expression (Mralg et al.. 1998). 
This should allow- for the construction ef transposable element or homologous recombination-based 
t;ansformation approaches that initially utilize antibiotic resistance driven by i\,;;i, promoter 
sequences in the in vitm cdture system to select for rransformants. Transformed I'?/;ilbnrhia can 
then be introduced back into insects using estabiis ed microinjection technology. 

C1 is a powerful genetic system and offers considerable potenlia! for the transfo~mation of field 
populations, comparing favoi-ably will; nuclear methods of gene drive. Muc research reaains to 
be conducted before strategies based on driving lransgenes into popularions can be articulated in 
detail. without too much r-ecourse to specuiation. Nevertheless. ir is clearly important to explore 
the implications of the experimental and theoretical work performed to date to evaluate what are 
likely to be the most productive avenues for further research. h a fezv cases the transformation of 
obligate nutritive endosymbionts, and subsequent populadon spread by CnJnlbachin. offers an atrrac- 
t h e  route io popuiation inodification. However. ehe transformation and spread of \Volbacl?isr itself 
is considered to offer the most promise of the several CI-based possibilities that have been consid- 
ered, offering fewest opportunities for breakdown in the field and affording the best prospects for 
a system of very wide utility. 
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The vast majority of studies aimed at genetic modification of insects of medical and agricultural 
importance have focused on direct genonne transformation of the targe: insect via integrative DNA 
elements (Wan-en arid Crampton, 1994: Coates et al., 1998; Jasinskiene et al.. 1998). There are> 

ernative approaches that have the same ultimate aim o 
nt genetic targets and mechanisms. Specifically, these 

use of various viral and bacterial agents that are either native flora of, or 
the insect of interest (Beard et al., 1993: 1998; Higgs et al., 1993; Olson et al., 1996; see Chapter 
8 by Carlson and Chapter 9 by Olson). The focus of this chapter is to review and summarize one 
group of microorganisms that has been used for this purpose, the actinomycete syrnbionts that live 
in the gut of triatomine vectors of Chagas disease. Specifically, the chapter will discuss the need 
and rationale for this approach, the general ecology of these microorganism, the potential way 
that the methodology might be applied, and relevant safety concerns. 

Chagas disease is caused by the parasitic protozoan. Tr?.yanosoriza cl-uzi. and transmitted by insects 
in the family Reduviidae and subfamily Triatominae, commonly referred to as kissing bugs, assassin 
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bugs, or triatomines (Lent and Wygodzinsky, 1979). Transmission of the pathogen m humans most 
often occurs while the insect feeds at night, specifically via infected feces t at are deposited by 
the insect on the skin near the bite site, and subsequently rubbed into the bite wound or a nearby 

such as rhe eye. Chagas disease currently affects approximately I6  to I8  million 
ditional 100 million at risk who are living in Chagas endemic regions of South 

and Central America ( rld Health Organization, 1990; 1991). There is no treatment for chronic 
infections and no vaccine for revention. Approximately 10 to 30% of infected individuals deveiop 
chronic life-threatening cardi or digestive system disorders. At present, there are three rnultha- 
tional control programs aimed at elimination of domestic Chagas disease transmission. These 
programs, the Southern Cone. Andean Pact, and Central American initiatives. all focus on a two- 
pronged intervention that utilizes domiciliary insecticides and s~absequent blood bank screening 
( a d d i t i o n a l  i n f o r m a t i o n  ava i l ab le  f r o m  WHO a t  t h e  fo!lowing 
htt~~://1~~~1~~1;~~'h0.int/ct~~h~~~zl/~'h~ssPrnt.hrrtzl). Since almost 90% of Chagas d 
thought to be insect transmitted; vector control is the key component of these control initiatives 
(Schofield and Dias, 1999): consequently, success rests almost exclusively on the effectiveness of 
insecticide-based vector control measures. 

n the case of Chagas disease, the principal obstacle to insecticide control is reinfestadcm of 
treated homes by insects either from inadequately treated homes or from antreated peridornestic 
populations. Reinfestation poses a very serious threat to all three control programs that are currently 
under way due to the costly efforts associated with sustaining a long-term rural insecticide campaign 
that involves seasonal or annual retreament of ent e regions. 111 Guatemala, reinfestation due to 
the peridornestic vector Ti-iatonm dimidinfa already as been observed in insecticide-treated llomes 
in less than ! year following domiciliary application of synthetic pyrethroid insecticides (C. Gordon- 
Rosales, personal communication). In the Southern Cone region, where T iifesrans. is the principal 
domestic vector, sylvatic populations of these insects exist? and these are indistinguishable by 
isoenaymes and DNA sequence analysis from don~esiic populaiions (Dujardin er al., i 967: Monteirc 
et al.. 1999). Consequently, these populations represent a potential socxe of reinfestation. Similarly, 
in regions of northern South kmerica. peridomestic populations of Rhocb1iu.r pivli>;~is pose L; 

reinfestation ~P-nreat. Consequently, Chagas disease control programs based solely 01; domiciliary 
insecticide use have inherent limitations tl-ia! serve as the con i~x i  for current efforts ained a: genetic 
manipulation of triatomine vectors using bacterial flora ikat are necessary inhabitants of t i e  intes- 
tinal tract of the insect vectors that transmit this disease. 

Insects that feed on blood throughout their entire developmental cycle are known to harbor bacteria 
that produce nutritional factors are iimited or absent in the insect's restricted diet (Brooks, 
1964). In biood-feeding insects, t e factors are thought to include certain B vitamins. Xatomines 
are known to maintain a rich Aora of various, mostly Gram positive, acteria that have been shown 
' 

some cases to be involved in mutualistic symbiotic associations with these insects ( 
igglesworth, 1944: Nyirady, 1973: Dasch et al.. 1984). Rlzodnius p~o1i.xzu is known t 

actinornycete symbiont Rhodococcus r- i (Figure 16.1). This bacterium lives in the digestive 
tract of the insect where it can reach nu rs approaching 10',  at 5 days following a blood meal 
(Dasch et al., 1964). Triatomines take blood meals and shed copious amotmis of feces that 
contain various blood breakdown products and large nunlbers of symbiotic bacteria. These bacteria 
are subsequently transmitted to progeny insects through the behavior of coprophagy, which is qrrite 
common in early instar nymphs (Figure 16.2). Triatorilines can be made aposymbiotic (free of 
symbio~lts) by surface-sterilizing the eggs and rearing the progeny in clean conditions, se 
from the waste or remains of other individuals of the same species. The resulting aposy 
individuals take a longer lime to develop between molts. have higher stage-specific mortality rates, 
and fail to reach aduirhood, dying off primarily as fourth-instar nymphs ( recher and Wigglesworth, 
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E 16-1 The actinomycete symbiont Rh. rhodnii lives in the gut of R. prolix-us, in direct proximity to 
the Chagas disease agent Tryl~nnosoma cnci .  

E 16.2 Essential symbionts are transmitted from adult to progeny through coprophagy - the ingestion 
of feces. Insects that do not acquire the symbiont die. 

1944). In some cases. feeding the insects on alternative blood sources or on various dietary 
supplements has been reported to allow circumvention of the physioiogical limitations of aposym- 

iosis (Harington. 1960); consequently. the precise nutritional role of the bacteria in the sym- 
biont-host relationship is not completely clear. 

The specific association of R. pi-olixus with Rh. rhodnii has been observed on numerous 
occasions and is well established in the literature, leading to suggestions that this bacterial species 
may be unique in its association with R. prolixus. With other eriatomine species, especially those 
of the genus Trintoma, however, it has been reported that a number of different bacterial species 
may function in a symbiotic role with the insect host (Dasch et al., 1984). have conducted field 
studies that suggest this observation is valid for 7: dinzidiatn in Guatemala and may in face be valid 
for R, prolixus, as veil. Table 14. i shows a list of some of the microorganisms isolated from field- 
collected ?: dilnidiatn and their tentative bacterial i entification, based on Gram stain morphology 
2nd I4S rDNA analysis. Exact identification of rhese bacteria is often problematic became of the 
current state of taxonomy and systematics of coryneform bacteria (Goodfellow and Alderson, 1977; 
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Ghun and G o o d f e h ~ ;  1995). Howei7et, i t  is informative rcs note that the vast majority c;f mirrom- 
ganisms that have been isolated and ideniiiied from the digessive tract of trialoiniees fail into this 
broad group of Gram-positive acli-iornycete bacteria. In general, these microbes are common soil 
inhabitants. i t  is not clear a! :his point, hmever,  how their niche i2 the intestine of tliatominr;.; 
relates to their ovxall ecoiogy. While only a sm!l  number of these microbes have actuaiiy been 
shown experimentally in laboratory studies to f i m c t i ~ i ~  symbioticaily with :he i~:sect. the fac: thar 
there is not one single species that is always present suggests that se~~eral .  if not num.ernns. bacteriai 
species may be able to funciion in a symbiotic capacity nithin the insect, Observations that we 
have made suggest that a certain group of bacterial s ecies or serains mag1 have metabolic chkirzc- 
terisrics that ailov; them to fuifill the symbiotic need of the insect host arid that a subset of these 
bacteria is actually able to survive and thrive in the intestinal lract of triatornines, thereby estab- 
lishing a symbiotic association. i t  may members of this subset that have aczcally been isolated 
from wild-caught bugs. as represented the bacteria! species listed in Table 16.1. 

Several studies ha1:e been done demonstrating foreign gene expression in R. p r - o l i ~ ~ ~ ~ .  Furthermore, 
methods for dispersal of foreign genes into fieid populations of this disease Yector are cllirrentiy 
being developed. To describe this work. the term par-afmnsgenic has been used to emphasize that 
the insect is not actually ti-ansgenic. but harbors a second organism that is. Paratransgenesis of R. 

.' Identified based on sequence identity of the 16s rRNA gene. 

Source: P. Pennington and J. Anderson, personal communl- 

cation. 
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p;vli.x~is has relied primarily on genetic transformation of the actinomycek symbiont, Rh. i-i?c;cl;zij 
(Beard et al.. 1992: Beard and Ahoy,  4 997; Durvasula et al,. 1997; 19999 This system has provided 
an excel!en? model to siiidy arthropod parai-ransgeiiesis for a -umber of reasons. Both the symbiont 
and t x  parasite are extracel3~iiar organisms residing together in the same compartment xithin the 

. -. 
iu1:ien of :he inseci ialestme.   here fore. iransgene products released by gexetica!ly altered sym- 
bionts are in direct coixact with the parasite. ultipiication of tile parasite and ,:he symbiont occur- 
synchronously following a blood me;!, thus permitting maximum re'iease of recornbinm:. gene 
products at ihe time o-F parasite rcplicatlon. Methods for culture and genetic :ransfmxat;on of 
zctinomycetes are we13 described, and ;he genetic similarity bem>.ecn rhodococci and mycobacieria 
pn - , . . ,,milr tile use of various seiectabie markers and regiliatorj e l e i~~er~ t s  !hat have been de~eloped in 
:"kf>eohacieri~i~ii species that L-ia.,e been stiidied more thoroughly. Fu;thermore, aposymbiotic insect 
colcnie> can readily be estahlX-xd and maintained; atid ihe adaptabiiiiy of these insects :o artificial 
membrane feeding allows ii~rrodxtion o;' geirerically altered synbionrs. antibodies. andJor trypa- 
msonnes without much difficdty. For these reasons. the greatest amount of work to date ai!l:ed at 
generating paratransgenic insects has been done in this insect-syrxbiont system. 

Rhodlius p m l i ~ ~ l s  refractory to infection with Ili-~panosnrna ci-u:i have been generated using Rh. 
i-l~oclr~ii gerierically altered to express the pore-forming peptide, L-cecropin A (Figure 16.4) (Dur- 
vasula et al., 4997). Cecropin A, a 38 amino acid peptide, is an important part of inducible humoral 
immunity in the moth, H~ulop11oi-n ceci-opia (Lidholrn et al., 1987). Cecropins and related peptides 
are distribr!ted widely in both imeriebrate a vertebrate species and exert a potenl lytic effect 
against many types of bacteria. Cecropin A s significant activity agaiizst severat strains of Z 
cmr-i. but is relatively inactive agaimt Rh. 7 izii. A shuttle plasmid, pRrThioCec, was consirwted 
by modifying pRr l .  d to include a ng the cecropin A mature peptide. Two colonies of 
aposynibiotic firsit-instar nymphs o were fed either wild-type Rlz. i-llodjzii or Rh. hodni i  
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Sacl l  

E 4 6.3 E~cherichi colilRh. ihodnii shuttle plasmid containing ampicillin (Ampr) and kananycin Kanr )  
resistance markers. E. coli ioriE) and Rh. rhoa'i~ii (Rrhodnii ori) replication origins. potential refractory gene 
(Refractory Gene). and various restriction enryrne sites. (From Beard. C. B.  et al.. finerg. hcfecl. Dis.. 4. 
581-591, 1998.) 

Cure Insect of Aeinfect insect with 
syrnbiont transformed syrnbiont 

Isolate Timnsform 
symbionts symbiont 

The symbiont Rh. ihodnii can be isolated from R. prolixus. genetically modified to express 
an anti-7: ciuzi gene product. and placed back into R, pmlix~ts,  rendering the insect incapable of transmitting 
the Chagas disease agent 'L cr-wi. (From Beard, C .  B. et al., Emerg. Infect. Dis., 4 ,  581-591, 1998.) 
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transformed with pRrThioCec. Growth rates and fecundity of the bugs in the two colonies were 
similar. At the fourth-instar stage, bugs in each of the two groups were infected with the D 
strain of 7: cruzi by fee g on an infected blood meal via an artificial mem rane. In 100 insects 
that harbored wild-type . rhodnii. trypanosome counts ranged between IQ5 and 106 parasiteslml 
of gut contents at the le stage. In 65 of 100 bugs that call-ied cecropin-producing bacteria: 
trypanosomes were absent completely; in the remaining 35 bugs: trypanosomes were detectable at 
concentrations of IQ3 to lQ3 parasiteslml of gut contents. 

These studies are significant in that the17 demonstrated for the first time transmissible modulation 
(e.g.. not sirnply somatic transmission, ue allowing movement of the genetic factor from adults to 
progeny via coprophagy) of vector competence of a disease-transmitting arthropod via moiecular 
genetic intervention. Constitutive expression of cecropin A by the engineered symbionts in the 

iotic selection resulted in a refractory state in 65% of the experimental group insects 
and a 2 to 3 log reduction in parasite concentration in the remaining 35% of bugs. Trypanosornes 
that persisted despite cecropin expression were not resistant to normal lethal doses of cecropin A 
and appeared morphologically intact. Variation in expression of the cecropin gene in some of the 
experimental group insects perhaps explains these results. 

Emergence among target 7: cruzi of resistance to foreign gene products is a likely outcome. Indeed, 
evolution of microbial resistance to chemotherapeutic agents and vector resistance to insecticides 
is a principal concern in any effort to control disease transmission. Therefore, development of 
multiexpression plasmids encoding products that target different regions of 7: cruzi simuitaneously 
is essential for success of the paratransgenic approach. 

Advances in the field of antibody engineering and phage display permit generation of large 
libraries of single-chain antibodies through combinatorial arrangements of avy- and light-chain 
genes derived from parent monoclonal IgG molecules (Buse et a!., 1986). ccessive ""panning" 
of single-chain antibody fragments selects those fragments that bind target antigens with specificity 
comparable with the parent IgG rnolec Barbas et al., 1991). Therefore, single-chain antibodies 
that target selected E ccnczi epitopes co expressed by engineered symbionts that are genetically 
transformed with multiexpression plasmids. Although inducible non immunity is well 
described in many insects, inmunoglobulin molecules are absent. Fur, e. compiement and 
effector cells are absent. Therefore, the ability to engineer bivalent a fragments that can 
block key receptor-mediated events or cross-link the parasite offers promise (Molliger et al., 1993). 

Stable expression of an immunoiogically active single-chain antibody throughout the develop- 
proli,xus has been demonstrated recently (Durvasula et al., 1999). In this study, the 

that binds progesterone was used (He et 
1995). A shuttle plas ted in which expression and secretion of rD 
was under the contr ignal peptide complex derived from Mycobnc- 

genetically transformed with pRr 

ixus were fed either wild-type Rh. rhodnii or 
-producing Rh. rhodnii. Gut contents of nine insects in each group were assayed at successive 
opmental stages for presence of genetically altered symbionts and progesterone- 

activity by ELISA. Genetically altered Rh. rhodnii could not be detected in the 
insects. Likewise, gut extracts of these insects did not bind progesterone- SA by ELISA. Exper- 
imental group insects carried a population of genetically altered bacteria that expresse 
mycin-resistance phenotype throughout their development. Furthermore, progesterone 
ing was detected in gut extracts of these bugs at each developmental stage. Increase in OD 405- 
nrn readings coxesponded to the increase in number of genetically altered bacteria at successive 
stages. Addition of free progesterone-carboxymethyl-mime to the ELISA reactions as a competitive 
inhibitor produced approximately a 40% decrease in binding. 
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The ability to express functional singie-chain antibodies in the gut of R. yr-dixiis via genetically 
engineered RI?. rhodiiii is a significant advance in the strategy of arthropod paralransgenesis. 
Ongoing work is directed at expression of a i~~~t r~Ipanoso~na1 anti ody fragments that target srrrface 
determinants of the parasite or critical attachment sites in the gut of the insect. 

1 

One of the limitations of using plasmid expression ve ors for transformation of insect symbionts 
is thc instability sornetimes associated with episonial NA elements and their potential loss from 
the host cell. To circumx;ent this potentid problem, we developed a series of c h r o i ~ ~ ~ o ~ i i i l  inte- 
gratioi; ~'ectors that ~itilize a mycobacteuiophage El integrase system ( L e e  et al., 1991 1. These 
pliisrnid constructs (Figure 16.5) comprise an 6. coli replication origin, a selectabie marker snch 
as the kanamycin-resistance gene, p-galactosidase, or green fluorescent protein, the mycobacee- 
riophge L I integrase and n r P  c i i r~nios~rna l  attac ?It Site. aild l ~ ~ § t r i G t i O l l  site§ for inserfoil Of 

an anti-T 4 , ? 7 t 3 '  effector gene (B. Bliltaytis and E. CSQL personal cornmunica.tion). Using this 
family of constructs. !m:e been able to transform successfully bacterial synibionts from J4. 
pl-oli.xus, T dii~lidic~tu. T infesfnizs. and 'K .i.ord-clidn. These elements a.ppear to have a 
host raiige for ~ a r i o u s  actinomycetes and seem to be highly stable: conseqt~eiitiy. they - 
be of great use for genetic applications involving symbiotic flora of various triatoiiliiies. 

increased poT."latior of poleliiial disease-ir; 

type sl  rnbion:. The thiosircptan-r t pheilolype $:.a:, observed in bacteria isohrcd from ?.du!: 

most of ;he mortality occurring before the second molt. 
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TI . r,e seccrd s~i!d: assessed the efficacy of CRUEGARD in firat-insta- nyiapphs i h a ~  v, ere already 

infected n,i:h wilri-type Xi:. i-!znihil. Two groups of R. p i c i i . ~ ~ : ~  were escahiished: one group v(;i.; 
. . . .. 

exposeC CKCZHGARD conia-in-ing geneilcaiiy ri-xisfot?;-ned Rh. ;-lwdizit. il?. otlle: [c ki.eriic 
sx-JZIG.3JJ. v- i in  ;his i;;~.ii'iy. she ~E?::~rtle clasmid pR!-RlfDTVJI<G, col~ferring res:.;tallce 10 k;:~~.!-~:~cilr 
2nd ei::;o&ng L chr: 333 sErig]e-chain efiribeL3:y. was z';dL i't:r ge:lellc t-aiicforlx;;aiion Rh, :.,17i,iCi'. 
CRUZIGARD n e s  appIiec-i t~? cages monhtul). I a  the oxperiiiiental group. ail sampfed i i i \ e ~ i ~  from 
- , -  ~ n ~ ~ , . ~ - ~ . ~ > : a r  1 : , . , 1  ; n * ,  ;G x?rj!fiuaui-.; v-e:-e i:o:nfected \yi[b ~ ~ ~ i i & ~ v i ) e  a:;d kan.amycin-rcsihta11i :.hstdr?ii. 

c- - 2 I - 
. j r  L f i  :?sects  ~ar:.ied 31315, :~iId.-typ: Xi!. ;.$o~/;~ii. Genetically :ransfo:-!.;i:c; ,yn.bir~il[k 

. . cc)iq-:i:risp_d le,: ~ h u c  i .S%- G ,  rhe t ~ t i t i  bacterial ;:oion~;-!orrxnp uliiis in the er;perimec::a] bugs. 
was an e x p x r e i  Eciiing since ihese irsects s w e  ir?fected u.ith MI1.  i-hodrzii befidre expsiire to 
CR&'ZIGARD. Pre~, lnrr. unpublished expe;-;rnsnrs i;..:rh 1:. ;:i::'jir~?~ sllgge~ted rh,lt ilie :i;lit,al 
(~ - ,  -upiopi~k?gi~ -. \:!:~bi~~it infection pdorni!x!tes ihrorr&?ut l5e life of tile bug, A s s a y  of gut cmten:i 

. . 
of exper-ilneilia! g:'c.iu~ :,7:rgs ivere. hos.-ei-er, plj~ii;: c E L I S I I  for grogesier.ons-bin.5i1-1cr -5 actii.liy 
t:tiri?;tltable tc: the DB3 sii~gie-chain antibody. 

-,-3 . 1 il;e t.pj:ii expeA-.ilenf. zssefiised the efficacy of CR.CZI'SARD a!;cier sii-:-ln]a(ed fielc! ofi&ioll.;. 
. . 

Since a Seid :eEease oT gcnzticaily diered bactcna 1s siill i.: h t u r e  goal, this s i i Q  attempted to 
rzcieaie a fk ld  enlii-oameili ii? closcci co~miners .  "9ane3s of nclobe and thatch were impregnated 
mofith?a, -1,i.lth CRUZIStlRD and placed in chaabers ccatnining dirt and Ej~tiicing materials F ~ o m  
a Chagas-e~clemic region of Guatc~naia. (Figcre 16.6), AiJclt R. proli..;us were placed in the cages 
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and removed after laying eggs. rogeny were assayed at third-inst fifth-instar, and adult srages 
for coinfection with wild-type d genetically altered Rh. rhodnii. etween 50 to 60% of assayed 
insects were coinfected. In the coinfected insects, approximately 90% of bacterial colony-forming 
tinits were genetically altered Rh. rlzodnii. The high concentration of genetically altered b 
in these insects is likely the result of initial co rophagic infection of first-instar nymphs 
transgenic symbionts present in CRUZIGARD. CRUZHGARD was impregnated in the thatch and 
along craclts in the adobe panels, sites where eggs are usually laid. Therefore, emerging nymphs 
are more liltely to be exposed to the genetically altered bacteria. Such an application could 
theoretically be achieved under real conditions since CRUZIGARD could be applied selectively 
to areas within a house. Thus, it is reasonable to think that CRUZHGARD might be used to 
deliver recombinant syn~bionts to bugs despite competition from wild-type symbionts and other 
endogenous Aora. 

The majority of work completed to date has been performed in the 12. rlzodnii system; 
however, successful genetic transformation has also been achieved working with bacteria! symbionts 
from 7: dimidiata, 7: sordida: and 7: infestam. Studies are in progress to examine the potential 
efficacy that might be achieved in these other systems. Since the bacterial Aora can vary among 
different triatomine species that invade the same homes, a HGAWD formulation used for 
actual field application might contain a mixture of different bact pecies that have been similarly 
transformed to express the same antitrypanosomal agents. 

A theoretical strategy for which CRUZIGARD might be used for Chagas disease control c o ~ ~ l d  
entail applying CRUZIGARD either to new or to recently insecticide-treated homes in an effort 
to target triatomines that invade and colonize these homes. The goal would be to apply the bacteria 
in an attractantlbait formulation. a density such that the progeny of colonizing individuals would 
be more likely to ingest CRUZ ARD than the native feces from the immigrant parental bugs, 
which would be present in relatively small numbers. The ultimate goal of this approach would 
not be to replace the use of insecticides, but to supplement insecticides as part of an integrated 
pest management program aimed at reducing transmission both by reducing numbers of bugs and 
by decreasing vector competence of any bugs that remained in homes or reinvaded homes. It can 
be envisaged that such an approach would probably be best suited for triatonnine species that are 

rone to coionize both domestic and peridomestic niches and for that reason are 
difficult to eliminate y domiciliary insecticide control measures. Currently, a greenhouse-based 
study is in being planned (Figure 16.7) that will allow testing of a number of different factors 
relating to treatment efficacy and potential safety concerns (discussed below). Some of the 
variables that will be tested include treatment regimens, formulation stability, supplemental attrac- 
tants, competition with native Aora in wild-caught bugs, and infectivity of the bacterial formulation 
to other insect species. 

The safety concerns specifically associated with the use of bacterial symbionts for control of Chagas 
disease transmission can be placed broadly into two distinct categories. The first is the potential 
direct effect resulting from exposures of persons or domestic animals to bacteria that have been 
applied in large numbers in human habitations. The second concern is related to the potential long- 
term ecological effects resulting from horizontal movement of the introduced gene or genes. 
concerns are real, complex, and difficult to assess a priori. However, it is possible to minimize the 
potential risk associated with these concerns through a combination of thorough preliminary s t~~d ies  
and careful monitoring of the progress of pilot field studies. 
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.6 Experimental design used to test stability and competition of genetically modified Rh. rhorlnii 
in a laboratory study aimed at simulating possible field conditions. (A) The study used wooden frames that 
had been designed to appmximate thatch and adobe building material and wcre treated with CRUZIGARD. 
(B) The frames were enclosed in Plcxiglas containers to which wcre added field-collected R. prolixus. 

ith regard to potential human health risks resulting from direct exposure to bacterial formu- 
lations that have been applied to homes, it is important to rcalize that any candidate transformed 
bacterial symbiont will most certainly be a species that is naturally occurring (in a nontransformed 
state) in the same homes where it would be applied. If only a minimal health risk were associated 
directly with the tl-ansgene or its insertion into the bacteria (addressed below); then the primary 
concern is the concentration of applied bacteria and their potential importance either as allcrgens 
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-7' (A)  Grccnlx~use at the CDC Chamblee facility which contains a dual internal system of heavy- 
mesh enclosures that arc sealed to the floor. (B) Inside these enclosures is a 6 x 6 X h ft hut constructed of 
thatch, which will be used for tests with genetically modified symbionts. 

or as opportunistic pathogens in immunoca~npromised individuals. To minimize these risks. we 
would propose several measures aimed at ensuring safety. First, any unnecessary genetic material 
aho~dd be removed from the transgenic constnict, including any antibiotic re~istance markers or 

A sequences. Additionally, a number of laboratory experiments should be conducted, 
including antibiotic sensitivity assessments of all candidate bacterial stocks and animal pathoge- 
nicity studies. both i n  irnrnunocompeteni and immuiiocompromised hosts. These studies would 
allow for a rninimiration of certain risks and inore direct evaluation of the magnitude and probability 
of other potential risk lactors. 
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The question of direct hunan health risk associated with introduced transgenes is more prob- 
lematic. It is difficult to envision, for instance, any possible adverse affects that couid be associated 
with expression by the bacteria of a mouse-derived single-chain antibody fragment that is specific 
for a miyue antigenic epitope on the cell surface of Eypnizoson~u r i v r i .  It is possible that over 
h e .  trypanosomes might evolve resistance to im~nunogenetlc control in the same way that resis- 
lance to drugs andor insecticides evolves. These types of problems are inherent to alrz~ost any type 
of control efforts that could be de1;ised. Of greater concern is the possibility for genetic disruption 
of the bacterial genome related to the potential movement of the genetic construct itself. Such 
mobilization could result in sponta~ieous mutations a id  subs uent changes in bacteria! pheno~ypes, 

y deleterious to bacteria and therefore self-elimii ing, but nevertheless unpredictable. 
uently. it is important to understand the natural ecology and genetics of native insertion 

elemenrs in populaiions of soil niicroorganisms. It will also be i rlant to conduct laboratory 
studies to assess mobiliiy of specific elements, both within the sam orne and between different 
genoines (i.e.. among different bacterial populations). 

The other broad category of conce on potential environmeiital or ecological xisits that 
might be associated with the release of a (genetically modified organism) into the emironment. 
These risks are primarily related to mo the iransgenic bacteria andlor horizontal transfer of 
the introduced genetic material. To address some of the questions associated with movement of che 
bacteria. studies are currently in progress to determine what other insects mjghi come in contact with 

if it were introducecl into homes in Chagas-endemic regions, and if these insects are 
capable of harboring and/or transporting the bacteria. To evaluate the potential risk associated with 
horizontal transfer, work is in progress (described earlier) to examine the natural ecology of triatonine 
symbonts and other soil nocardifomis. Additionally. the mobility studies described above in the 
human safety section are essential for measuring the potential for horizontal transfer. If ';he probability 
of horizontal transfer is determined to be potentially significant, then one must ioolc closely at the 
potential magnitude of the risk. For example, horironral transfer of an antibiotic resistance gene among 
populations of different bacteria might be considered of great potential nagnitude; however, the 
movenent of a colorime:ric marker such as the green Anorescent proteir! might not be. The qcestion 
demands careful consideration and systemztic experimental testing. 

recognized that no matter how many preliminary laboratory studies are performed aimed 
ishing safety in terms of potential human health or environmental hazards. pilot 5eld trials 

will ultimately be required for final assessment of potenf al r i s k .  If and  hen these types of limited 
releases are conducted. it is critical that the study design and protocol be evaluated carefully by a 
peer-review panel of recognized experts, be coaducted in compliance with appropriate federal 
regulatory guidelines (National Insiitutes of Health (NIH); Centers for Disease Conrro! and Pre- 
ventioa (CDC), United States Department of Agriculture (USDAIAHPIS). Environmental Protec- 
tion Agency (EPA), United States Agency- for Internationai Development (USAPD), Food and Drug 
Administration (FDA), etc.), and be carried out with appropriate surveillance measures in place. 
Such measures should include both careful monitoring for adverse outcon~es and a contingency 
plan for halting the experiment and. if possible; eliminating any released G Os, the latter of which 
would require specific containment measures designed a pi-iori into the study protocol. A pilot field 
release also introduces other difficult questions associated broadly with specific research protocols 
and subsequent human subjects issues. ho is the population at risk? What is the specific magnitude 
and probability of that risk? How and horn whom would informed consent be obtained'? These are 

lex questions that are just now beginning to be addressed in a generalized manner. 
Ultimately, the risk associated with introducing a transgenic bacterial symbiont for control of 

Chagas disease must be weighed against the risk of doing nothing. Since there is neitl-rer a vaccine 
nor effective chemotherapy against this highly debilitating and solnetiiiles fatal disease. prevention 
ancl control is currently based solely on the use of domiciliary insecticides. If insecticide campaigns 
prove successful and feasible. there may never be the need to embark on transgenic control. If, however, 
insecticide programs are significantly hampered by problems related to reinfestation of homes, 
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insecticide resistance, or the high cost o f  repeated insecticide use, transgenic control may prove to 
be a valuable component o f  an integrated pest management program for control o f  Chagas disease. 
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From its beginnings almost 50 years ago the sterile insect technique (SIT) has evolved into an 
effective and wideiy accepted method for modern insect control and eradication (Tgrafsm. 1999). 
The area-wide concept, implicit in the SIT. is coming to be seen as the rational solution to many 
insect-related problems (FAOIIAEA, 1999). The power o f  the technique lies in the simplicity o f  
the biological principles on which it is founded (Knipling. 1955) and the lack o f  any negative 
environmental effect following its application. 

The technique relies on the use o f  radiation to induce dominant lethal mutations and chromo- 
some rearrangements in the sperm of adult inale insects. Following release o f  the males and their 
subsequent mating with the wild females this sperm is transferred to wild females. I f  the required 
proportion o f  wild females are mated with sterile males at subsequent generations; then the 
population will collapse and eventually disappear. The proportion o f  wild females required to be 
mated by sterile males to initiate a population collapse will de end on the reproductive potential 
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of the target species and the degree of density dependence which is operating. However, all 
overflooding ratio with sterile insects will always be needed, and this wii! require the release of 
large n u ~ b e r s  of mass-reared sterile insects. It is essenf al that the ratio of wild to released insects 
is rmnitored during a rogram, and it is calculated by trapping insects in the field and identifying 
the released insects as they cany a fluorescent dye that is added to the pupae before fly emergence 
and release. The accurate and simple identification of released insec~s is critical to the evaluation 
of an SIT program. 

In theory. all that is required to implement SIT is the release of large numbers of ma~ked, 
sterile. male insects into a eargzt population foilowed by a n:onitoring program to assess wi!d fly 
density and sterile inale numbers. In practice, however. this simple scenario is complicated 5y bor!; 
biological and logisticai conslrainls that reduce the efficiency of most SIT programs. This chapter 
will identify some current constraints. suggest how they might be addressed u s i q  transgenic 
technoiogy. and identify areas where transgenic technology can provide new opportunities for SIT. 

The release of reproductively sterile insects is also an ideal system to evaluate the ernironmenial 
impact of any transgenic insec6 and thus car; aid regr~latory authorities in risk assessmen:. The use 
of sterility eliminates acy possibility of vertical transmission of the transgene in the field and !:.ill 
ensbie many aspects of behavior of the transgenic insect to be studied in the field before the release 
of fertile insects is considered. For arthropod disease vectors where the long-term goal is to engineer 
strains that will not support the development of the pathogen. the use of sterile insect releases 
would be a safe way to initiate field ewluation of B e  strains. The current p~l-blic perception of the 
potential risks of tramgenic technology predicts that the first release of transgenk irisecis wili be 
carried out using sterile individuals. 

The development of rransgenic strains of insects for use in the SIT has to take into account the 
fact that this technology is canied out over large areas and requires large numbers of insects to be 
reared, sterilized. and released over a fairly long time frame. This means that any xransgenic sirait; 
that is proposed for SIT will have to be of good ysrality, robust, transferable, and amenable to 
industrial management. 

A genetically manipulated main of insects, dzveloped using either Mendelian or molecular tech- 
niques, :S generally established following the selection of a single e smt  in a single individiial. This 
ultimate genetic bottleneck creates concern in the minds of SIT managers regarding the o\-emIi 
fitness of the released fiies. This concern is based on the general perception that a recluced lel-ei 
of genetic diversity will impact negatively on the fitness ofthe flies in  he field. However. experieilce 
with genetic sexing strains that have now been usecl in the SIT program for the medfly. C~mtiiir  
c,upiicrta. suggests that this type of inevitable gemtic oitleneck does not impact negatively on final 
field fitness (De Longo et al., 1999; Rendon et al.. 1999). In practical terms the efkcts of :he 
bottleneck can be reversed by crossing new genetic material into the strain during the many 
generations between the initial isdation of the particular individual carrying the desired genotype 
and any field release. 

programs can also degrade following long 
w generally replaced at regular intervals ( 

replacement strain is usually established from the area where the releases will be made. This is 
done to try to ensure maximum genetic compatibility betweefi the released and target population 
and to increase genetic variability in general. This matching of genetic backgrounds between the 
released and the target population will probably also be required for a transgeilic stra.in. 111 medfly, 
before a genetic sexing strain was introduced into a rearing facility in Guatemala a series of 
backcrosses with a field strain was first required (Frant et al., 1996). Subsequent work in medfly 
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has shown that the particular geographic origin of the material into lxhich the sexing strain is 
crossed is not important, as wild populations of medfly show no mating incompatibiihies (Cayol. 
1999). The same might not be true for other species. It will, however. remain essential that 
backcmssing be carried out before a transgenic strain can be introduced into a facility for mass 
rearing. This backcrossing process is not always straightforward as the combination of differenr 
genomes can lead to genetic instability and other related phenomena (Louis andYannopou!os. i988; 
Torli et al., 1994). In the case of transgenic strains, the most obvious effect of this in 
be the p~ss ib le  remobilization of the transgene by closely related transposable el 
different field populations. The remobilization could lead to changes in expression of the transgene 
and the loss of (he specific phenotype for which the strain was being used. The magnitude of any 
destabiiizing effect of strain backcrossing will depend on the fandies of elements present in the 
field population. To minimize this type of instability. transformation constructs should probably be 
developed using transposable elements that are not closely related to endogenous elements i : ~  the 
genome of the insec: being transformed. However. here there is a paradox. On the one hand, a 
transposable element is required that induces a high frequency of transformants so that many 
transgenic strains can be evaluated. This requires that the recipient strain possess the host factors 
necessary for transformation. and the use of endogenous or reiated ele~rients would seem to have 
an advantage. On the other hand, transformation using nonrelated elements might be difficult to 
achieve, but would iead to a more stable integration event as remobilization would be less likely 
to occur. Some thought should be given to the relative merits of these two strategies at the initiation 
of a transgenic program. 

Mass rearing in operational SET programs exerts significant pressure on many aspects of the 
biology of the cultured insect. During mass rearing of conventional strains, it is likely that genetic 
and rnolecu!ar processes are operating that have little or no effect on the production of insects for 
release. However: if these same processes are superimposed on the mass rearing of a specifically 
constructed genetic or transgenic strain, then they can have major negative consequences for the 
specific characteristics of the strain. It is also concei1;abie that simply the number of insects that 
are required to be mass reared. up to several hundred rnillion/week for aTi operational progranr,. 
will expose new phenomena that are not observed under small-scale laboratory rearing an 
are to some extent unexpected. The background mutation rate assumes an unpredictable role under 
these conditions. Extremely rare events can have a major impact on the integrity of specially 
constr~~cted strains. For example. in mass-rearing studies with current medfly genetic sexing strains 
based on Y-autosome translocations, an extreme rare intra-Y-chromosome recombination event 
led to the generation of a free 'a' chromosome a the rapid destabilization of the sexing system 

E, unpublished). Although events such as this have a finite probability and can, to some 
e predicted, their effects cannot be evaluated until the strains are tested under operational 

conditions of mass rearing. 
Apart from these general considerations relating to biological fitness there are two other aspects 

of strain quality that have to be considered. First, recent data from transgenic Drosophila (Kaiser 
et al., 1997) have shown that both insert size and genetic background can impact negatively on 
important life traits of transgenic strains, e.g., longevity, irrespective of whether the transgene is 
expressed or not. Second: quality control procedures will have to be expanded to include a com- 
ponent that monitors the phenotype important for the f~mctioning of the transgenic strain in the 
program. The phenotype has to be easily monitored on a regular basis, and if quality control reveals 
a change in the phenotype, then a procedure has to be in place to identify the cause of the problem 
and initiate remedial action. 

Current successful transformation strategies routinely involve the use of constructs containing 
wild-type eye color coding sequences that are used to "rescue" altered eye color in the recipient 
mutant strain. This eye color selection system can be highly efficient; but it carries with it the 
problem that the recipient is mutant. This would probably rule out the use of a transgenic strain 
for an operational SIT program that originated from an eye coior strain. In many cases the product 
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provided by the transgene is unable to compensate fully for the mutation leading to a partial recovery 
of the phenotype. It will be essential to develop transformation technologies that introduce specific 
genes into a wild-type background. This refocuses attention on the types of marker that are most 
suitable, not Just for the isolation of transformants, but also for their application in the SIT. 
is required is a dominant marker that causes no deleterious effects on the transgenic insect. 
is currently much interest in the use of green fluorescent protein (GF ) from the jellyfish Aequorea 
victoria acting as a vital marker (Chalfie et al., 1994). It has been used in Drosophila for this 
purpose (Yeh et al., 1995; Handler and Harrell, 1999) and attempts are under way to use it in 
different pest species both as a marker for transformation and as a marker for released flies. Details 
about this marker are given elsewhere in this volume (see Chapter 5 by Higgs and kewis). 

Given these important constraints, it will be essential that several independent transgenic strains 
are assessed for aspects of fitness and stability. This requires that a transformation system be used 
that generates many potential transgenic lines from which an appropriate one can be selected. 
Aspects relating to the management of strain fitness and replacement, backcrossing, and insertion 
effects require considerable attention for the design and construction of transgenic strains that are 
to be used in SIT' programs. The ultimate hurdle for the introduction of a transgenic strain into an 
operational SIT program is efficiency. Any new strain, including a transgenic one, will have to 
demonstrate clearly that it is superior to the strain that is cui~ently being used. In operational 
programs, superiority can be easily translared into economic terms and the question will be asked, 
"Will I get a cheaper. more effective product for the program if I use this strain?" The answer to 
this simple question is what must drive the integration of transgenic technology with the SIT. 

SIT is generally carried out by rearing, sterilizing, and releasing both ma!es and females even 
{hough the females, which need to be reared. ixadiated. and released rvgether with the males. do 
not contribute to population suppression. The removal of females from some or all of these 
procedures has obvious economic advantages to all SIT programs. as firs? recognized by Whitten 
(1969). Strains of inseci that produce only niales have so far peen constructed using Mendelia~ 

. . 
Ies of gene inheritance and chro~nosolne mechanics, h es nce, a gene expressing a chose12 
pe is linked by a lranslocation to the chromosome that etermines maleness. Males and 

females can then be distinguished by the presence or absence the phenotype. The phenotype 
can be either selectable> e.g.. upal color. or conditional lethal, e.g.. insecticide susceptibility or 
temperature sensieivicy. 

For many diseases that are vectored y insects, females transmit the pathogen and even rho@ 
in an SIT program they would Se sterile they could stili ace as vectors and would need to be removed 
before the release was made. In several Arzoyheles species, genetic sexing strains were developed 
(Curtis et al., 1976; Seawright et al., 1978; Cmtis, 1998; Robinson. 1986), and in one case a strain 
was used in an SIT field program (Dame et al., 1981). In an insect of agricultural importance. the 
medfly, the advantages of the use of genetic sexing strains for SIT have been wel! documenred 
(Hendrichs et al., 1995; Franz and McInnis, 199.5)" and a recent review/ describes the development, 
mass rearing, and field application of these strains (Robinson et al., 1999). 

There are several disadvantages in using Mendelian genetics to construct genetic sexing sirains 
and to mass-rear them. First, a large collection of mutations and chromosome rearrangements is 
required so that a basic genetic map of the species can be assembled. This includes the development 
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o f  cytological techniques that enable both genes and chromosomal rearrangements to be accurately 
mapped. In most insect species o f  pest significance there are only rudirnentary genetic tools 
available and assembling the appropriate mutations, genetic maps, and cytological techniques 
requires considerable resources. Second, genetic recombination can destabilize these strains when 
they are mass-reared. Recombination is an integral component o f  rneiosis in most insect species, 
but even in the cases where it is drastically suppressed, e.g., meiosis in male Gyclorrapha Diptera, 
mitotic reconlbination is sufficient to cause problems o f  stability during mass rearing. In many 
mosquito species there are equivalent levels o f  recombination in both sexes, and stability o f  genetic 
sexing strains based on chromosomal translocations is very difficult to achieve. A solution to the 
problem can only be approached by positioning the translocation breakpoint very close to the 
gene in question or by using an inversion to suppress recombination (McDonaid and Overland. 
1973). Third, the components o f  the system are cot iransferable to other species, and the equivalent 
investment is required when a genetic sexing strain has to be developed in a closely related specie. 

As in the c m e n t  sexing strains for the med y based on classical genetics. the choice o f  the 
appropriate sexing markerhethod determines ot only the feasibility and economy o f  the sexing 
system, b ~ ~ t  also its accuracy (Franz and Kerrenzans. 1994). The following general considerations 
have to be kept in mind: 

I .  A sexing system requiring the use o f  expensi~~e or toxic chemicals would not be appropriate, 
especially for operational-scale mass rearing. Potential pro"oems associated with worker safety and 
ehe disposal o f  the product would be considerable. 

2. The elimination o f  females should occur as early as possible in the rearing proces to save 
on rearing costs. I f  the sexing treatment can be initiated in the egg stage. then many millions o f  
individuals can be easily handled. Once development ;?roceeds to :he larval stage. any treatment 
becomes more expensis-e and less practicad. 

3 .  The sexing procedure must be compatible with ihe nol-mal rearing ,arid re!ease piocedures, 
I f  chemicals are wed ro effect sexing by feeding them to the insect, then sexing (i.e., application 
o f  ihe chemical) must take place during the larvaI stages. Tine adrrit stage is usually not suitable, 
as in most cases this stage is held for only a short time before :-ekase. In many large programs, a 
chilled adult release system is uszci, ai~d it is rather difficult to treat fhe insects at ;hat stage. A 
similar argument applies for strategies where chemiceis have 10 be absorbed by the iriect (e.g.. 
antibiotics). Also, here the earliest possible stage, the egg, probably cannot he used as i t is  nn!il<ely 
that chemicals will penetrate fhe chorion. ConsequentPy, promoters are required that are active 
duling larval stages. Conversely. i f  leixperature treatments are required to induce female-specific 
lethality, the larval stage is not parricularly suitable. The volumes o f  larval diet that have to be 
handled are large at this stage, and it will be very difficult to xaintain economical and accurate 
treatment conditiofis. This is especidiy m e  i f  a low iempei.ature is required to eliminate the females 
as the rearing process aiready generates significant level5 o f  metabolic heat, resulting in elevated 
temperatures in the rearing medium. Therefore. for temperature-induced female lethaiity, the treat- 
ment o f  eggs is optimal and, consequently, promoters are required that are active during that stage. 

4. The sexing system must be very accurate. If flies are released at a ratio o f  100:1 with the 
removal o f  99% o f  the females, there will still be a doubling o f  the number o f  females in the field. 
In many cases this would be ui~acceptable. Acc~u-acy has three aspects: first, how many fern-ales 
survive the sexing pr edure and are released together with the males; second, how many males 
are killed together wi the females thus reducing the nurzber available for release; and. third, ~ O W  

many females are killed during the rearing process due to the leakiaess o f  the sexing system Leading 
to losses in colony production. 

With existing temperature-sensitive lethal-based (rslj sexing strains in the medfly, males can 
be produced with an accuracy o f  approximately 99.5% with virtually none being lost due to the 
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temperature treatment (Fisher, 1998). However, for strain maintenance and colony production when 
no temperature treatment is applied, some of the temperature-sensitive females are lost because of 
a rise of temperature in the larval diet. 

19.3.1.2.1 Conditional iethality 

It is obvious that a sexing system based on lethal genes can only be used if the lethaliiy is both 
female specific and inducible. Female specificiiy is required to kill females, and iilducibility is 
required for routine colony production where both sexes are required. any strategies have been 
proposed and only a few generic examples are mentioned here. In this are 
possibilities with as yet few systems being tested in practice. 

1.  Sex-spec@ prormler irz con~bination \tsith a conditiorzal lefhcrl gene: The enzyme alcohol 
dehydrogenase metabolizes environmental alcohol to aldehyde (Heinstra et al.. 1983). If the Ad17 
gene is placed under the control of a male-specific promoter and extra copies of this gene are 
introduced into the genome of the target species, then males will have a higher tolerance for alcohol 
in the diet. For colony rearing, a diet without additional alcohol would be used and. when males 
are required for release. alcohol would be added to the larval die?. The reverse strategy would also 
be possible. The Adh gene would be linked to a female-specific promoter and introduced as extra 
copies into the genome. For elimination of females, ally! alcohol would be added to the d 
is converted by Adh to a lethal ketone, and the additional copies of the 4cllz gene would 
more lcetones and would preferentially kill the females. However, for both strategies sex-specific 
promoters are needed that act during the larval stages. ideally as early as possible. At present, 
several female (chorion, Konsolak; et al., ! 990; vitellogenin, Wina and Savakis. 199 1: ceratotoxin, 
Rosetto et al., 1998) and male-specific genes (male-specific serum protein; SSP; Thymiano et 
al., 1998) have been cloned from medfly. but none of them is useful for the above strategy as all 
are only active during the adult stage and some of them are also tissue specific. 

2. Cons t i t~h ,e  promoter in combiizafion u?tlz sex-specific .~plicing nrzd n conditional lerhul: It 
is also possible to take advantage of sex-specific splicing to get specific gene products expressed 
in females. It has been proposed tcj link the rxedfly doz4blesrn (ds i ,  Saccone et al.. 1999) gene and 
the Pseudomonas s1.i-iizgae ice-rzucleatiorz gene ( I m Z ,  Orser et al., 1985) in such a way that the 
ice-inducing protein is made only if the female-specific splicing of d,ss occurs. A mild cold shock 

lead to female-specific lethality. One big a vantage of this strategy Is, assuming t 
expi-ession starts early in embryogenesis. that it could be applied at the egg stage and -would; 
therefore, minimize rearing costs. In principle, the ice-rzl~learioiz gene could also be linked ;o an 
early-acting female-specific promoter. 

3.  I~zducible pmnotei. in comkinatiorz ivith se-X-spec@ splicing and n izorzcorzditional lethal: 
A system can also be envisaged where a nonconditional toxin is produced only in females because 
of sex-specific spli g. However, to rear such a strain, this construct must be controlled by an 
inducible promoter any promoters. inducible .with a variety of different stimuii, are known from 
many different species, and they do function, at least to some degree. when transferred to other 
organisms. However, to be of use for a practical genetic sexing system. three criteria have to be 
met: (a) induction must lead to sufficient levels of expression - otherwise females will survive; 
(b) the system should not be leaky, which will make production difficult: and (c) induction must 
be economically/technically feasible as outlined above. 

77.3.1.2.2 Sex Determination 

An alternative approach to generate genetic sexing strains is to manipulate the sex determination 
mechanism directly. Sex determination systems in insects are extremely varied (Robinson, i983); 
and each species will probably have to be approached individually. In medfly, and probably most 
other fruit flies of economic importance, male sex is determined by a dominant factor on the Y 
chromosome. As a first step to isolate this Maleness factor it was mapped on the Y chromosome 
by in sifu hybridization and deletions ( llhoefi and Franz, 1996). ased on this information. the 
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respective region of the "9 was microdissected from mitotic chron~osomes illhoeft et al., 199$), 
and this material is now being analyzed in an attempt to clone the 1Walefz 

Several groups are using different approaches to isolate genes involved in sex determination. 
Based on sequence homology, several genes have been cloned in pest insects using DI-osoplzila 
as probes. These include Sex lethal from medfly (S-XI, Saccone et al., 19981, M i m n  dornestica ( 
et al.. 1998), Ch~ysornp  rufiSacies ( ueller-Hollkamp, 1995). and Megaselia scalaris (Sievert et 
al., 1997). However, in all these species Sxl is expressed equally in both sexes, and it is therefore 
believed that it is not the key control gene in the sex determination hierarchy as it is in DI-osophila. 
In contrast, dsx, the final gene in the Drosophila sex determination cascade, shows sex-specific 
splicing in medfly ( ccone et al., 1999), Bactmcer-a tryoni (Shearman and Frommer: 1998), and 
Anopheles gambiae annuti et al., 1999). In Musca domestica it has been recently shown that the 
male-determining activity on the Y chromosome consists of at least two elements (Hediger et al., 
1998). Research is being actively pursued to identify other genes involved in sex determination. 

The ultimate goal is to generate a strain where the inducible expression of a male-determining 
gene in genetically female flies would either kill them or would convert them into males. The latter 
scenario would be optimal, as no losses would occur due to the sexing procedure. Furthermore, it 
is envisaged that if such a mechanism is available for one species. it would be relatively straight- 
forward to transfer it to other species or i mterest. ' 

Evaluation of an SIT program through the monitoring of the field and released insects is essentiai, 
expensive. and difficult. It involves the placement of traps, the collection of flies, and their 
identification as either field or released. The only technology currently available that enables this 
discrimination to be made is by the use of a fluorescent dye that is added to the pupae before 
release. During fly emergence, within the head of the fly under the 
ptilinum, and they can be reve ds of the Aies once they are returned 
from the traps to the laboratory. rogram, large numbers of flies are trapped 
on a regular basis and each one identified as originating from the field or 
the mass-rearing facility. 

The use of fluorescent dye is the only technology available for monitoring the progress in an 
operational SIT program, and technical and logistical problems can arise during this important 
phase of a program. First: trapped flies are often in a very poor condition due to the type of trap 
used and the time that the Ay has been in the trap. Sticky traps are often used and removal of flies 
in a condition in which they can be analyzed is difficult and laborious. There is also the pro 
that in a live trap released flies can contaminate field flies through contact. Second, the numbers 
of insects that have to be screened can be large, e.g., in California 100,000 flieslweek have to be 
checked and accurately identified. and human error or uncertainty can become important. Third, 
the number of trapped released flies is far greater than the number of trapped field flies and when 
eradication approaches, virtually no field flies are trapped at all and any unmarked fly that is trapped 
has to be unequivocally identified. The misclassification of a single released fly as a wild Ay can 
have major consequences for an SIT program. 

I11 principle, any transgenic insect already carries a marker that can be used to discriminate released 
flies from nontransgenic. wild flies. CR amplification of the integrated transformation vector would 
enable this to be achieved easily. Probably a certain degree of automation would be required even 
if one uses this mofecular marker together with the traditional fluorescent dye-marking system. 
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The dye would be used to screen the major proportion of the trapped flies and PCR amplification 
would only be used for uncertain cases. 

In an ahernatiat approach. a specific gene would be inseited that encodes a visible product and 
allows screening of trappe flies without the 11 time-consuming manipu 
equipment. it has been sil ested to use the au scent properties of the 
Several Iaboratorles have already succeeded in generating such tr sgenics (P. Atkinson. personal 
communciation; A. Handlerl sonal comlnuncjation: C. Savakis, sonal communciation). It will 
be required, however. to ex ine whether such visi'ble markers ve any negative effect on the 
mating behavior of the released flies. especially in species like the medfly where the females choose 
their mating partners. 

One concern that applies to all transgenic marking systems is the stability of <he marker under 
field conditions. Flies are lnonitored wing different types of traps tha may affect fhe efficacy of 
the m-arker over time. as servicing of traps can be several days apart a flies die. Therefore, it has 
to be shown that the marker can be unequivocally identified in a41 reie ed flies found in the traps. 
This high degree of accuracy is essential in a scenario where unmarked wild flies are estremeiy 
rare and the identification of a single wild fly can trigger a very expensive eradication campaign. 
Program managers will nee convincing evidence of <he practicality of this approach. 

The ability to stockpile insects has been a topic of much interest to SIT managers as it would 
enable them to manage insect production efficiently, when insects are required to be released in 
only parr of the year, It could alsc provide a strategy that would be axractive to the commercial- 
ization of this technology. So far the only mechanism available has been the use of naturally 
o c c u ~ ~ i n g  diapause. and this has bee11 intdgrated into operational programs for the onion Ay; 
Delia arztiq~ia (Eoos.jes, 1999), and the codiing moth, Cydit! p izelia (Bloem et al., 1999). 
However. in many insect species diapause is nor a component of the life cycle and other mechanisn~s 
have ;o be explored. In D. :7re!i:?mgasrei; Mazur et a;. (4992: w r e  able to use vitrification and a 
cayoyrotectant to preserve embryos h liquid nitrogen. A rece::e review on the sblbjecl of cold storage 
of insects indicates the many ways that this problem can be approached (Leopold, 1998). 'With the 
advent of transformation, another option becomes available. 

organisms express specific proteins that provide protection againsc freezing, the most 
ed are the so-called antifreeze proteins from Arctic fish (D 83). IMany of these 
e now been cloned h o m  different fish. and they have in transformation 

experiments with Di-osopldn (Walker et al., I 5). Using different antifreeze genes driven by the 
yolk protein promotor, Wallier et al. were to generate a degree of thermal hysteresis in 
transformed D~-iisoyhih females (Walker et al., 1995). Recently. the same group has cloned the 
gene for thermal hysteresis from the spruce budworm, Clzoi-istoneul-a f~mz@rmzs (Tyshenko et al., 
1994). This protein is an order of magnitude more active than the fish proteins and would seem to 
be an good candidate for transformation studies. A word of caution is, however, essential when 
discussing the introduction of these genes into naive insects. The successful integration of a 
functional antifreeze gene could have serious consequences if individuals carrying the construct 
entered the ewironnent. Theoretically, a species could dramatically expand its geographic range 
and so become a much more important pest. 

The use of the SIT to control and eradicate insect vectors of disease is often faced with the following 
technical and public relation5 problem. Radiation does not affect the ability of the released sterile 
~nsects to transmit the pathogen, and to achieve the goal of vector control, and hence disease controi, 
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many insects have to be released. I f  measures are not taken to address this problem, then release 
programs will not pass the required regulatory scrutiny. In some situations, e.g., malaria, where 
only the females transmit the disease and only the males are required for the SIT, then the answer 
is simply to remove the females. Examples o f  this have been given earlier. However. in other 
vector/parasite interactions such as those involving pathogenic trypanosomes both sexes can trans- 
mit the disease. In tsetse §I sangi, 1999) this problem is currently taken care o f  by giving the 
sterile tsetse males two blo Is before release. a procedure that drastically reduces their ability 
to become subsequently i In addition, a trypanocide is added to the blood meal. Although 
these procedures do ensure ;hat the released insects are not vectors, a strain o f  tsetse that is refractory 
to infection would be a great improvement. 

The ability o f  many insects to vector diseases has a well-documented genetic basis and extensive 
efforts are under way to map the genes involved, t so far there has not been a convincing 
demonstration o f  such a refractory gene (Kidwell an ttam, 1998). However, it has been possible 
to utilize symbionts in the gut o f  certain vectors as v s for the expression o f  antiparasitic genes 
(Durvasula et al., 1997; see Chapter l 6  by eard et al.). In general, SIT for insect vectors would 
become technically much simpler i f  transformation could be used to produce refractory sirains. In 
a curious re~rersal o f  roles. sterile insects might well be an essential component for the eventual 
field evaluation o f  refractory insects before fertile individuals can be released with the aim to spread 
refractory genes in wild populations. Pettigrew and O'Neill (1987) provide a very balanced dis- 
cussion o f  the control o f  vector-borne diseases using genetic manipulation o f  insects (also see 
Chapter 15 by Sinkins and 09Neill). 

Ionizing radiaiion has shown itself to be the most suitable agent that will sterilize insects without 
negatively affecting their ability t survive and mate. Nevertheless, it does have a negative effect 
on the fitness d t h e  treated insects. The enzyme Cu-Zn superoxide dismutase is very important for 

e inactivation o f  superoxide radicals that are produced by a variety o f  cellular anci extracelluhr 
processes including radiation. An accumulation o f  Ihese radicels leads to celi death. in Dm.sophlla 
it has been shown that the gene coding for this enzyme can decrease adult somatic sensitivity to 
radiation damage (Parkes et a:.. 1998). but the s t d y  did not examine the effect o f  this gene on 
sterility induction. I f  there is a differentia: effect o f  this gene on reproductive as op 
cells. then it might be possible. by inserting an extra copy o f  this gene, that ihe negative somatic 
effects o f  radiation could be ameliorated. 

There is no doubt that many o f  the approaches outlined above will be successfully developed and 
will make a major contribution to increasing <he effecti~eness o f  the SIT. The use o f  improved 
male-producing strains that are moiecularly m-arked will simplify and facilitate the expanded use 
o f  this technology. There are no major technical hurdles to be overcome to produce transgenic 
strains o f  insects in the laboratory with some o f  the required properties outlined above. There 
remain, however. two critical areas. one operational and the other regulatory, either o f  which can 
have a major impact on the use o f  transgenic insects in operational SIT programs. 

The operational concern revolves around the ability o f  a transgenic strain to withstan 
o f  mass rearing and maintain its required properties. This is an area in which experimentation is 
difficult. i f  not impossible, as there are no facilities where these kinds o f  '"experiment" can be 
carried out. Managers o f  mass-rearing facilities wili have to be convinced to replace a c u ~ ~ e n t  strain 
with a new one with the attendant risk that "something might go wrong." The initial f d u r e  o f  a 
strain io meet the criteria o f  the facility both in terms o f  production and stability corrld be a serious 
setback to further development o f  this technology. 
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The regulatory problems for the use of transgenic insect strains in SIT are obvious. The cunTent 
volatile public opinion on transgenic technology in general will inevitably impact on the integration 
of these strains in insect coiltrol programs (see Chapter 19 by Hoy). There are. of course. different 
levels of perceived risk for transgenic insects. Any strain carrying a transgene incorporating a toxin 
is likely to be ~ i e w e d  much more critically than one carrying an extra copy of a gene already 
present. The problems can also increase if a noninsect gene is used. The use of transgenic insects 

as the major advantage that the released insects are sterile and so vertical 
transgene is impossible. Where the release of fertile transgenic insects is 

envisaged, regulatory bodies will be faced wit uch greatef probiems, especially if the transgene 
is designed to interact with vector competence. atever type of large-scale release is being planned 
will require that rearing facilities with fertile insects will probably be required to drastically improve 
quarantine precautions. Since the first demonstration of transgenic technology in insects almost 20 
years ago (Rubin and Spradling, 1982). it has been heralded as opening the door to new approaches 
for insect control. The increasing use of the SIT for area-wide insect control programs provides an 
excellent vehicle for the realization of this goal. 
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Vector-borne diseases remain one of the greatest menaces to humans throughout the world. Millions 
of people die every year from diseases such as malaria. and many more axe incapacitate 
of infections by a variety of vector-borne viral, protoroar,. and rmtazoar? pathogens. The exploitation 
of molecular bioiogica! techniques for research on zrthropod 17ectors of disease has fostered the 
development of novel disease-control strategies based on attacking the vector. One strategy pr 
to modulate vector competence geneticallq, reducing it to the point that it interrupts pa 
transmission (Collins and James. 1996: J a m s  et al., 1999). Vector competence as used here refers 
to the ability of an arthropod to serve as a suitable host for the transmissi and propagation of a 
pathogen. We refer specifically to properties that result from the genetic ckground of the host 
arthropod, and therefore this is a more limited definition of vector compe ce than that provided 
originally by Hardy et al. (1983). The hypothesis of this strategy is that the introduction into a 
vector population of a gene that confers resistance to a pathogen will result in a 
trailsmission of that pathogen. To test this hypothesis, a gene or allele that interferes wi 

ropagation must be spread through a vector population. Once the gene or allele 
iently abundant, measurable decreases in transmission and disease should be 

observed. Traransgenesis technology plays an important role in the development and implementation 
of this strategy and is absolutely necessary for practical experiments that will test the hypothesis. 
This chapter highlights current research efforts to use transgenic technology to produce parasite- 
resistant mosquitoes. osquitoes are vectors of major diseases and most of the recent developments 
in vector transgeilesis have taken place with them. The general background and research areas will 
be summarized, and this will be followed by a discussion of potentid targets and molecular 
strategies for intervention. 
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The transmission of vector-borne diseases is, at minimum. a three-component system consisting 
of the pafhogen, the vector arthropod, and a vertebrate host. aintenance of the life cycle of the 
pathogen depends upon efficient transmission between the vector and vertebrate hosts. In a number 
of cases? pathogen life cycles are more complex and involve multiple vectors and vertebrate hosts. 
Some vertebrate hosts serve as reservoirs from which pathogens are transmitted to a second host 
that experiences disease as a result of infection. Furthermore, some pathogens. such as those that 
cause schistosoiniasis, utilize a gastropod as the invertebrate vector. Each life stage of the parasite 
presents challenges and opportunities for interrupting transmission. Those pathogens with the least 
complex transmission cycles appear most vulnerable to genetic control because they provide a 
limited number of targets and therefore potential transmission "bottlenecks" for control. 

squito-borne diseases include malaria, filariasis. yellow fever, dengue fever. and a number 
encephalites. The pathogens that cause malaria tend to be highly specific for their vertebrate 

hosts and vector mosquitoes. For example. only four species of Plasmodiiirrz cause malaria in 
humans, and these are transmitted solely by rnosquitoes of the genus Anopheles. 
diseases have animal reservoirs and are transmitted to humans by a small nu1 
species. Although the development of vaccines has provided a powerful tool to combat some of 
the viral pathogens, especially the yellow fever virus, the iack of effective vaccines for many of 
the other diseases has made inosquito control the principal approach to controlling disease trans- 
mission. The limited host range of pathogens for specific mosquitoes greatly facilitates an antivector 
approach to control disease ~ra~lsinission. 

Mosquitoes belong to the family Culicidae. and two subfamilies, the Culicinae and Anophelinae, 
have hematophagic genera that transmit pathogens that cause disease in humans and animals. These 
two subfamilies are fairly old in evolutionary terms, perhaps last sharing a common ancestor more 
than 140 million years ago (Service. 1993). An awareness of the evolutionary relatio 
mosquitoes is important, because althougl~ it is believed that certain techniqnes 
may be readily transferred and adapted to a wide range of mos 
among the genera can be quite different. requiring novel developments within each group. 

a large and varied taxonomic group and tramnit  the widest variety of 
erhaps the most notorious species is Aecles aegy t i ,  which transmits yellow 

fever and dengue fever viruses (Clement, 1992; 1999: Gubler and Kuno. 1997). Effective control 
of Ae. aegxptl: is still a major objective, especially with the rapid spread of dengue viral serotypes 
throughout the tropical and subtropical zones. As mentioned above, mosquitoes of the genus 
A~zopheles are the sole vectors of the pathogens that cause human malaria. This distinction has 
made them targets of efforts to control their population size or eliminate them entirely. Starting 

and continuing until the late 1970s. control of the mosquito was the principal 
objective in most of the major efforts to eradicate malaria (Collins and James, 1996). However, as 
recounted by Spielman et al. (1993), during the later years the primary objective of malaria programs 
changed from eradication of the disease to some measurable and tolerable level of control. Although 
the lack of a vaccine against the disease and the development of resistance in the pathogens to 
therapeutic drugs certainly contributed, it is likely that the failure to control the mosquito vectors 
was the major reason for the shift in the emphasis from eradication to control. 

Current programs to control mosquitoes are designed around the use of insecticides and 
source-reduction methods. Insecticides are applied in different forinulations to kill larval andlor 
adult mosquitoes. Source reduction involves altering or eliminating water sources that serve as 
sites for oviposition and larval breeding, and this can be an effective strategy for controlling 
both the Culicinae and Anophelinae. The well-documented emergence of insecticide resistance 
in mosquitoes threatens the continued use of insecticides for controlling the mosquitoes (Ferrari, 
1996). However, source reduction remains a useful means of controlling local peridomestic, 
anthropophilic mosquitoes. 



Control of Disease Transmission through Genetic Modification of Mosquitoes 321 

The failure to control mosquitoes by insecticides prompted research to find alterna" hive means 
of control. A general effort was made to find new biological agents that would be highly specific 
to the vector and not be expected to select for resistance. Research in insect growth and molting 
hormones flourished, as did efforts to identify insect pathogens. The discovery of insecticidal toxins 
in bacteria. specifically acillus thul-engietzsis ( TI). has stimulated control methods that have been 
successfully applied to a number of different insects (Woodring and Davidson, 1996). 
larions are still being used for mosquito control and can be effective in programs focused on limited 
geographic areas (Skovmand and Sanogo. 1999). Part of the wave of new research included efforts 
in genetic control of insects. The genetic control approach is fundamentally different ii-oin that of 
chemical control. The latter provides the impetus for continuing research to find physiological 
targets that are vulnerable to exogenous chemical interventiori. while genetic control research 
attempts to exploit intrinsic properties of the insect. However, it is possible to imagine how the 
two approaches can be combined for an effective control strategy. The discovery of lethal mutations 
and incompatible genotypes in hybrid insects fueled a burst of research activity on the genetics of 
mosquitoes in an attempt to utilize these genetic properties as tools for control. However, limitations 
on the speed at which new genotypes could be spread through popul ns, unachievable release 
ratios of modified to wild insects, and other constraints imposed by ndelian transmission of 
useful traits curtailed research and field trials (Rai, 1996). Lately, the application of recornbinant 
DIVA technology and the discovery of transposable elements have opened up significant new areas 
of investigation and have rekindled interest in genetic control methods. 

One objective of a strategy for genetic control of insects is to reduce the population size or to 
try to eliminate entirely the target species in a geographic area. Exploitation of specific genetic 
circumstances that lead to reproductive failure are the most likely means to achieve these kinds of 
objectives. Successful exploitation of these control methods is the principal goal of efforts focused 
on insects that have an agricultural impact (see Chapter 17 by Robinson and Franz). However, genetic 
control efforts involving insect vectors of disease can have different objectives. Here, the primary 

s to reduce or eliminate the iransrnission of disease-causing pathogens. Although in theory this 
e achieved by elimination of the insect vector. total elimination of vector populations will be 

difficult, if not impossible to achieve. Therefore. alternative approaches that involve population 
replacement sirategies have been proposed (Curtis and Graves, 1989). These approaches emphasize 
the iiitrod~lction of genes into existing populations of vector insects that result in reduced or no 
capability for transnlitting disease pathogens (Collins and James, 1996; James et al.. 1999). This 
approach illustrates the shift in the general prernise of genetic control of vector insects from causing 
reproductive failure (popuiation reduction) to altering vector competence (population replacement). 

The genetic control hypothesis is debated by a number of workers who argue. for exampie, 
that in the case of malaria, reducing transmission without achieving eradication may lead to worse 
disease than no intervention at all (Collins, 1994: Spielman et al.. 1993). Data from a number of 
villages in Africa show that deaths due to severe malaria are lower in areas of high transmission 
than in areas of moderate transmission (Snow and Marsh, 1995). These conclusions stand in contrast 
to those from the study of the use of insecticide-impregnated bed nets. which prevent access of the 
mosquito to its human host and thus prevent transmission (Curtis. 1996). Use of nets can reduce 
by one half the incidence of clinical malaria cases in parts of Africa and Asia (Cnoi et al., 1995). 
The different conclusions on the effects of reducing transmission most likely will be reconciled 
following analyses of the tra~lsmission dynamics in the specific geographic areas examined in each 
study. However, the success of the bed net programs bolsters the argument for the development of 
additional methods for preventing transmission of malaria parasites with the expectation that 
deployment of these methods will result in less disease and death. Furthermore, it is likely that 
more than one strategy will be needed for the successful control of malaria. An integrated approach 
that includes bed nets, parasite-resistant mosquitoes, and vaccines ( iller and Hoffman, 1998), 
will ultimately control or eliminate the disease if Ihe role of each component intervention method 
is optimized for a specific region of transmission. 
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Research in three general areas needs to be advanced to test the hypothesis of genetic control 
of vectors and disease (Collins and Jarnes, 1996; James et al., 1999). In laboratory-based work, 
insects must be deveioped that are resistant or rehactory to parasites. The production of virus- 
resistant Ae. negypii (Olson et al., 1996: Powers et al.; 1996; E g g s  et al., 1998; Chapter 9 by 

roof-of-principle fos the development of refractory mos 
The second research area requires the developme techniques for moving antiparasite genes 

tested in the laboratory into wild insect populations delian transmission of a gene through a 
population will take too long for the gene to reach the critical threshold frequency necessary for 
interrupting pathogen transmissi and also requires a fitness advantage for the introduced gene. 
Therefore, alternate strategies to endelian transmission are being investigated for moving genes 
into populations. For example, models have been developed of genes spreading in an infection-like 
wave thi-ough mosquito populadons, and there is enthusiasm for using transposable elements, other 
mobile nucleic acid vectors such as viruses, or symbionts to drive genes through populations 
(Kidwell and Ribeiro 1992; 'ifurelli and Hoffmann, 1999; Chapter 15 by Sinkins and O'Neil'r). 

Finally, one must have sufficient information about the target vector population so that how t 
gene will behave in the population can be modeled and predicted. This is in~portant for both the 
' reduction of the gene and establishing parameters by which the success of the introduction will 

measured. The genetic structure, migration indices, gene flow. and other population genetic factors 
will have a major effect on the outcome of a genetic strategy, and one must be able to anticipate 
and account for these effects on the stability of the introduced gene in the target population. 

The first area of research addresses the question of how to engineer genetically pathogen resistance 
in mosquitoes. Early researchers looking for a starting point turned to studying natural pathogen 
resistance existing in wild iadons. A thorough review of :he work of Xonald Xoss, Wiiliam 
Macdonald, George Craig, other mosquito biologists and geneticists is outside the scope of 

apter. However, the aggregate work of these investigators revealed some genera! properties 
of mosquito-borne diseases. Not every species of heinatophagic mosquito is capable of transmiiting 
every mosquito-borne pathogen. There are clearly some species that can transmit a specific patho- 
gen, and those that camnot. Many aspects of mosquito ology may contribute to 
including behavioral properties (host preferences) and hysiological properties. 

ifferences in vector competence observable among species, but in some cases differences 
were seen within species (Colliiis et al.. 1986: Feldmann and Ponnuduraj; 1989). Different mosquito 

opulations can vary in their vector competence. Genetic analyses showed that in some cases 
differences in vector competence soul be traced to multiple alleles of a single genetic locus 
(Macdonald, 1962; Kilama and Craig, 1969; Feldmann et al., 1998). Recent analyses have shoirril 
that the genetic basis of vector corn etence is likely to be more complex. invoking multipie genes 
with quantitative contributions (Vernick et al., 1989; Thathy et al., 1994: Severson et al., 1995; 
Zheng et al.. 1997). However, the basic conclusion that a single gene or a small number of genes 
could affect vector competence encouraged workers to consider how t ese genes might "o exploited 
to control pathogen transmission. 

Researchers were faced with a number of possible approaches to exploiting pathogen-resistant 
genes. One alternative would be to study naturally occurring resistance. attempt to determine the 
genetic and molecular basis for this resistance, and then recreate or induce this resistance in 
pathogen-transmitting populations. Another approach would be to identify novel mechanisnx for 
interfering with pathogen development and propagation within the vectors, and then engineer a 
gene whose product perform the interfering function. These approaches are not mutually exciusive, 
and are the basis for most ongoing work in mosquitoes. 
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The ideal properties o f  a gene conferring a pathogen-resistance phenotype were discussed in 
eredith and James (1990). A gene with a dominant phenotype is required so that the antiparasite 

activity is manifest in heterozygous animals. The gene should have complete penetrance, so that 
all animals possessing a single copy show the phenotype. Finally, the gene should contribute 
minimally to the genetic load and therefore not reduce the fitness o f  the animal. Some have argued 
that the gene must confer a positive selective advantage, but this is not absolutely essential and 
will be discussed in the following section. None o f  the naturally occurring resistance genes appears 
to have all o f  these attributes, and, therefore, a major focus o f  research is developing novel, synthetic 
antiparasite genes. 

The specific mechanism o f  action o f  an antiparasite gene will depend on the target pathogen. 
For example, intenupting viral propagation was achieved by expression o f  antisense viral RNA in 
the mosquito. The Sindbis virus is the basis o f  a transient expression system that allows the 
production o f  a large amount o f  antisense RNA (Chapter 9 by Olson). In experiments targeting the 
dengue virus, a modified Sindbis virus was used to express an antisense RNA derived from the 
premembrane coding region o f  the dengue virus (Olson et al., 1996). osquitoes were infected 
with the engineered Sindbis virus and subsequently inoculated with an infectious dengue virus. 
Transmission o f  the dengue virus was blocked in those animals expressing antisense RNA, but not 
in the controls. Similar results were achieved in separate experiments using antisense RNAs to the 
yellow fever (Higgs et al., 1998) and LaC sse viruses (Powers et al.. 1996). This approach is 
essentially an "intracellular immunization" Lson et al., 1996) and is dependent on the replication 
properties o f  the virus in vivo. This approach may be a general mechanism for disabling viruses 
with RNA genomes. 

Sindbis virus constructs do not integrate into the mosquito genome, and, therefore, the effects 
o f  the engineered gene are limited only to the generation that was infected. Clearly, a system for 
integrating high-expression constructs into the genome is required. Some o f  the transposable 
elements discussed below and in other chapters o f  this book may be adapted for this purpose. 

Other pathogens targeted for genetic intervention include the protozoans a d metazoa~ls respon- 
si'ule for malaria and filariasis. respectively. Although it is judgmental to state at their development 
in the mosquito is more complex than that o f  :he viru S, they do present a different set o f  problems 

signing a gene that interferes with their deve 
osquito-borne pathogens first interact with t ct host when they are ingested along 

with the blood meal (Figure 18.1), The number o f  infectious forms in the initial inoculum varies 
on the specific pathogen and the status o f  the infection in the vertebrate host from which 

meal was obtained. The ingested pathogens must adapt to an environment, the midgut. 
that is significantly different from the vertebrate tissues that they just left. Temperature, pH9 and 
other factors are much different in the insect midgut than in the vertebrate host. Therefore, the first 
challenge o f  the parasite is to adapt physiologically to these changes. These adaptations may inmive 
immediate de~~eloprn taP changes, as seen with malaria parasites. or rapid penetration or infection 
o f  midgut cells, whi in effect removes the pathogen from the extracellular midgut environment. 
Ultimately, all mosquito-borne pathogens must exit the midgut to continue their transmission cycle. 
Two potential targets present themselves for interfering with pathogens at this stage. First, disruption 
o f  development will prevent pathogens from progressing to the stage that is capable o f  penetrating 
the midgut. With malaria parasites this would involve blocking gametogenesis, fertilization, and 
ookinete mobility. The second target would be to prevent pathogen interactions with the midgut 
cells. thus preventing an exit from the midgut. Many o f  the naturally occurring barriers to vector 
competence result from an inability o f  the pathogen to survive successfully in the midgut. For 
example, many viruses when ingested by an incompetent host are unable to infect midgut cells 
(Hardy et al., 1983). A number o f  different strategies have been proposed for interrupting malaria 
parasite transmission by targeting the midgut developmental stages (Shahabuddin et al.. 199Xa). 

Once pathogens have exited the midgut, they are in the open circulatory system o f  the insect, 
the hemolymph. The principal problems facing protozoan and metazoan pathogens during this stage 
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.l Pathogen development and movement in a vector host. The figure represents schematic of a 
cross section of a mosquito. Pathogens enter the host (A) following ingestion of an infectious blood meal and 
first encounter the midgut (B). Pathogens can complete a portion of their developn~ent here before crossing 
the inidgut epithelium. Pathogens may continue their development on the basal surface of the midgut epithelium 
or transit the hemolyinph (C) and develop in association with other tissues, such as the dorsal m~~sculatnre 
(D) or Malpighian tubules (E). Most pathogens must make their way to the salivary glands (F) prior to 
transmission to a new vertebrate host. 

are navigating the humoral environment to the appropriate tissues for their further development 
while evading components of the insect immune system. For example. filarial worms continue their 
development in association with Aight muscles or the Malpighian tubules. The worms then make 
their way to the proboscis, where they extrude through the cuticle into the vertebrate host while 
the mosquito is feeding. 

alaria parasites develop in oocysts on e basal surface of the midgut and then burst nut into 
the hernolymph as haploid sporozoites. T 31 must make their way to the salivary glands in 
anticipation of transmission to a new vereeb e host. Invasion of the salivary glands is essential if 
they are to be secreted into a vertebrate host during the next feeding cycie. All of the destination 
tissues represent potential sites for interrupting transmission of pathogens and are there-fore targets 
for the action of antiparasite genes. 

Transgenesis technology plays an important role in validating the action and efficacy of 
engineered antigarasite genes. For example, a hybrid resistance gene could consist of a promoter 
region driving the expression of the antiparasite effector region. Such promoters will have to be 
tested in vivo to demmnstrate that they express the desired oduct at sufficient levels in the 
appropriate tissues and at the correct developmental stage. So of the analyses of the promoters 
inay be done in viral expression systems (see Chapter 8 by Carlson et al.), in heterologous 
species, for example, Di-osoplzila nzelamgastei (Skavdis et al., 1996: Xiong and Jacobs-Lorena, 
1995) or in cultured cells (Fallon, 1991; Coates et al., 1999), but ultimately proper validation of 
the function of a hybrid gene requires testing it in the target vector species (Coates et al., 1999). 
Obviously, stable transformation technology must be developed for each vector species for which 
a genetic control strategy is planned. 

The requirements and approaches for developing transgenesis technology are explored in 
much more detail in ot chapters of this book. Although viruses have been used 
DNA into insect cells atsubara et al.. 1996; Jordan et al., 1998; Chapter 7 by 
most versatile technology most likely will use one of a number of Class I1 transposable elements 
(Finnegan, 1989). These elements are simple, consisting of inverted terminal repeal DNA 
flanking a self-encoded transposase gene. Class I1 elements transpose via a DNA intermediate 
and are readily adaptable to simple cloning strategies. These elements usually are developed 
for stable integration of DNA into chromosomes, and, as such, the transposase-encoding 
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sequences are removed horn the element and the tranposase is sluppiied in tiuizs from mother 
plasmid construct. Au~onornously mobilizing elements keep the transposase gene intact between 
the inverted terminal repeats. Examples of elements that show great promise as general irans- 
formation vectors are E-bew1e.r (0' chea et al.. 1996; Chapt 
imrinei- (Medhora et al.. 1991: C er i 3 by L a m p  et al.), 

ac (Fraser et al., 1996; Chapter 14 by Fraser). Hrl-me 
integrate DNA into Ae. :regj.pti (Jasinskiene et al.. 1998; Coates et al.; 1998) and Hei-i-rzes can 
integrate into chro-mosoines in An. gnnzbiu~ cultured cells (Zhao and Eggiesron. 1998: Chapter 
2 by Eggleston and Zhao). M i m s  has een used to transform the medfly; Cemti t i ,~  cnpiicira 
(Loukeris et al.. 1995). The piggyBac eleixent is noteworthy became it is derived from k p i -  
dopteran cells and can integrate into D. ~nelaiaogastei- (Handier and Harrell. 1999) and C. 
cnpitata (Handler et al.. 1998), As discussed in other chapters of this book. other features of 
eiements, such as autonomy, rem-obiiization; and use of purified transposases. would greatly 
facilitate their use. 

Key ~o most rransgenesis technologies ere appropriate n~arker genes. Most successf~il transfor- 
maiion experiments have relie2 on the partial restoration of eye color in mutant recipiznt strains 
with white eyes (D. ii~elanogastei; Rubin and Spradling, 1982: C. cczpimtu, Loukeris et al., 1995; 
Ar. aeg~pti .  Coates et al., 1998; Sasiilskiene et al., 1998; Chapter 4 by Sal-ka.r and Collins). This 
complementation can be highly sensitive and partial rescues are easily scored. However, rhe use 
of o~her  marker genes. for example green fluorescent protein (Higgs et al.. 1996: Pinkerton et al., 
2000; Chapter 5 by Higgs and Lewis). will allow the introduction of DNA into strains or species 
that do not ha i t  the appropriate eye color muti 7t10115, ' 

The various phenotypes that prevent pafhoger, clevelopment or propagation in a vector can be 
classified as either 'Yefractory" or '"resistant" (Christensea and Severson, 1993). Refractory phe- 
aotypes are passive. usually involving a lack of something tliat is necessary for the coi~tinued 
viability of the pathogen, and it is reasonable to expect chat these phenotypes will be recessive. 
Pathogens introduced into refractory hosts fail to de\elop withoct any obvious signs of activity by 
the host. On the other hand; resistant phenotypes are active and inost likely dominant or semidom- 
inaar, Molecules present in the host or host ph\jsiologica.l responses to the infection actively kill 
or disable the parask .  Mosf of the phenotypes envisioned by those v:orlirng to engineer antiparasite 
~ec to r s  belong to the active resistance class. 

From the pre~ious  discussion; it is clear that specific recognition properties must exist that 
allow a pathogen to infect or invade the appropriate tissues. The generally accepted mechanistic 
model is that receptoriligand-like interactions form the basis of the recognition properties. Eigands 
on the surface of the pathogei? interact with specific molecules that function as receptors on the 
surface of the host insect tissues. A number of experiments tvith malaria parasites support the 
general model. For example. R krzo~vlesi is able to develop in the midgut. infect the salivary glands 
and be transmitted by An. ciii-us. a major vector in Southeast Asia. However, although 
can develop in midgut of Aiz. ,fieebonli, they are not able to infect the salivary glands. 
(1985) rransp!anted salivary glands from An. $-eebomi into infected An. dii.~!.~. and the glands 
remained uninfected. Conversely, AIL  diru.r salivary glands transp!anted into infected An. f i d x m z i  
were infected by the malarial sporozoites. This abiiity of the parasites to infect competent glands 
in the background af an inconipetent host was interpreted to indicate that some intrinsic property 

!ivary glands was responsible [or the differences between conpetent and incompetent 
lecales that would function as a receptor for sporozoites could be present on the An. dil-us 

glands and missing from t11ose of An. fr-eebomi. 
h other experiments. mouse ~no~locional antibodies raised to salivary glands block the iiwasion 

of malaria parasites when they are injected into infected hosts (Barreau et al., 1995). 11 was suggested 
that the antibodies bind a tissue receplor preven g parasite recognitio~l and invasion. Similar 
results were achieved using lectins, which bind ca ohydrates, suggesting that glycoproteins may 
function as the receptor. 
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Studies using antibodies raised against pathogens also argue for the presence of ligands on 
the surface of pathogens. Specific monoclonal antibodies raised against a surface glycoprotein 
block La Crosse virus invasion of the mosquito midgut cells (Sundin et al., 1987). Furthermore, 
antibodies raised to the major surface protein. the circumsporozoite protein (CSP), of Hg galli- 
izaceum, prevent sporozoite invasion of salivary glands following their infection with infected 

rburg et al., 1992). Recently, it was shown that peptides derived from the CSP 
of Hg falciparum bind salivary glands of An. stephensi (Sidjanski et al., 1994). These are but a 
few examples in support of the likelihood that receptorlligand interactions form the basis of 
many vector-parasite interactions. 

Specific molecular genetic interventions with receptorlligand interactions can involve overex- 
pression of either the receptor or ligand, and establishing circumstances for competitive inhibition 
as the basis of the resistance phenotype. Overexpression of the insect receptor in a soluble form 
should result in binding of this molecule to the ligand on the surface of the parasite and prevent 
the ligand from interacting with the bound receptor on the surface of the target tissue. Antibodies 
or other molecules that would bind the Iigand and compete with the endogenous receptor also 
would provide the same type of inhibition. This latter approach has been argued for because it 
should not interfere with the insect ligands that may interact with the tissue receptors (James et 
al., 1999). In another approach, expression of soluble ligands would compete with the parasite 
ligand for binding to the target tissue and prevent parasite recognition of the target tissue. Thus, it 
is possible to devise strategies for blocking parasites in the mosquito by overexpression of either 
receptors or ligands. 

Another approach involves expressing a gene product that would interfere with a specific 
developmental transition of the pathogen that is triggered by molecules in the mosquito. 

enesis of malaria parasites in the mosquito midgut is activated by xanthenuric 
r et al., 1998; Garcia et al.. 1998). Expression of a molecule that would selectively 

interfere with XA may prevent this important developmental transition. 0th malaria parasites 
(Shahabbuding et al., 1993) and filarial worms (Fuhrman et al.. 1992) sec e chitinases that may 
facilitate midgut penetration. Agents that block the functioning of these enzymes reduce infectivity 

asis of an antiparasite gene (Shah din et al., 199Xa). 
t exciting ongoing work involves quito immune responses no 

Indeed, many of the naturally occurring resistance phenotypes appear to resulifroin immune 
disable or kill pathogens. A nunlber of heterologous immune peptides, for example: 
magainins, when injected into mosquitoes, will kill protozoan parasites (Cwadz er 

al., 1989). The search for endogenous immune peptides has led to the description of a number of 
defensins hom Ae. aegypii and An. gmn et al., 1996: Lowenberger et al., i999), as 
well as a number of novel gene produc ry et al., 1996; Dimopoulos et al., 1997). 
Furthermore, organs such as the salivary g midgut have been shown to respond to malaria 
parasite infections by the uction of immune peptides (Dimopoulos et al., 1998). This latter 
observation is intriguing use it suggests that a number of tissues may be exploited for an 
immune-based antiparasite response. 

Immune-based antiparasite approaches fall into the two general categories. The nrst involves 
an activation or elevation of a naturally occurring immune response that will kill the pathogens. 

olecular studies are in progress to dissect such natural processes (Richman and Kafat 
Richrnan et al., 1997) and to discover the initiator events that trigger an immune cascad 
et al., 1997). An appropriate molecular intervention would stim~tlate the immune response in a 
competent host and thus disable the parasite. 

An alternative approach is the overexpression of a specific component of an imrnune 
response and a subsequent killing of the parasite. For example, Aedes defensins interfere with 
filarial worm and malaria parasite development (Eowenberger et al.. 1996: Shahabuddin et al., 
199%). Overexpression of such a defensin at the appropriate stages would produce a functional 
resistance phenotype. 
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The above-described approaches are all areas of active research. Undoubtedly, some will be 
more practical than others when it comes time to implement these in vector control. However, even 
those methods that do not lead directly to a control strategy may result in other discoveries that 
ultimately produce a useful approach to control. 

Development of laboratory strains that are resistant to parasites is necessary before the appropriate 
genes can be moved into the wild population. However, a number of problems must be solved 
before such genes can be introduced into a wild population. The first challenge is to determine 
how genes will be spread through the populations. As discussed previously (Collins and Sames, 

ochta and Atkinson, 1998) standar endelian inheritance of an antiparasite gene is 
take too long to establish the intr ed gene. In addition, there would always be a 

chance that heterozygous animals would mate with each other and produce homozygous offspring 
that are competent to transmit pathogens. These individuals, if even a small percentage of the total 
population, may be sufficient to maintain the transmission cycle. Therefore, other mechanisms for 

in which only one of the two homologous 
ed in the gametes that contribute to the next 

loci have been described in D. melanogaster (Robbins et al., 1996) 
an antiparasite gene could be linked to an 

locus, its frequency in populations would increase rapidly. eiotic drive genes were extensively 
aegypti and shown to be capable of altering coupled gene frequencies in cage 
od et al., 1977). However, it was discovered in field experiments that wild-type 

populations have unlinked suppressor genes of D loci that work to maintain recovery of both 
homologous chromosomes (Suguna et al., 1937). This presents a difficult lem because it is not 
possible to remove such loci from target opulations before using an Iocus. However, the 
discovery of multiple D loci may still make it possible to utilize t 

Two classes of active drive elem ts have been proposed for moving genes into wild popula- 
tions. The first are the aforemention transposable elements. These elements are spread through 
mating during which time they move from chromosomes that have elements to those t 
Replicalive transposition events are required to increase the copy number of elements in a genome. 
This essentially results in circumstances where either all or the majority of progeny arising from 
a mating of an animal carrying elements and an animal lacking elements have the 
contain integrated elements in their genome. This mode of transmission circumvents 
of heterozygosity and should rapidly increase transposon frequencies in populations. 
this type of transmission does not requir fitness advantage of the transposing element to see an 
increase in frequency in the population. obility and a positive reproductive rate are all that are 
required to get an increase in the freq ibeiro and Kidwell, 1992). Cage 
experiments with P elements in D. inelanogaster have that it is possible to increase the 
frequency of marker genes linked to the transposing elem ister and Grigliatti, 1993; Carareto 
et al., 1997). The worldwide dissemination of the P element through D. rnelanogaster populations 
may represent the best example of the rapid spread of a transposable element occurring in insects 
in nature. Indeed, the P element has spread throughout global populations of this fruit Ay within 
the last 70 to 90 years (Daniels et al., 1990). A similar spread of an engineered element through a 
vector population could be expedited by targeted releases of mosquitoes carrying a linked antipar- 
asite gene. 

An alternative approach would be to spread the antiparasite gene using a symbiont or other 
infectious agent. Antiparasite genes are inserted into the genomes or plasmids 
ganisms, and the transformed strains are used to infect the arthropod host. 
colleagues have transformed the gut bacterium, hodococcus rhodnii, which colonizes the midguts 



32 Insect Transgenesis: Methods and Applications 

of vector bugs of the genus Triatonza, with a plasmid that expresses and secretes cecropins 
(Durvasula et al., 1997: Chapter 16 by ugs infected with this transformed endosym- 
biont are resistant to infection by Tvpa:zosonza cr-uzi, the etiological agent of Chagas disease. 
Similar approaches have been proposed to exploit the intracellular symbionts, bbolbaclziu, which 
are present in many Dipteran species, including mosquitoes (Pertigrew and O'Neill, 1997; Turelli 
and Hoffmann, 1999: Chapter 15 by Sinkins and O'Neill). ovements of bVolbachiu through natural 
populations of D. m~lcinogaster ha\-e been documented (Turelli and Hoffmann. 1991), providing 
support for the hypothesis that these microorganisms can be exploited for moving genes rapidly 
through populations. 

Regardless of the specific element that forms the basis for the genetic drive, a number of 
important features must be included in the overall design. For example, it is important that linkage 
be maintained as long as possible between the antiparasite gene and the element or agent that is 
used to spread it through the target population. A loss of coupling of the antiparasite gene with the 
mobilizing vector obvious!y will reduce the effectiveness of the strategy. To circumvent <his 
problem, elements or microorganisms containing antiparasite genes should be designed so that they 
are disabled or self-distruct should they lose the anciparasile gene. In the long term. it should be 
anticipated that elements or other drive agents will eventually lose Ine anti parasite gene. However, 
the key here is that the coiipiing of the two remain in effect long enough to have the desired effect 
on the target pathogen. 

In most disease transmission circumstances, it is possible to determine which vector species 
are transmitting the infective pathogen. Howevel; the major vector species may differ among 
geographic regions, or may change seasonally (Curtis et al., 1999). This means that there may be 
multiple targets into which the eleinent must be introduced. Furthermore, it will be necessary to 
restrict as much as possible specific genetic drive agents to a limited range of target species. Release 
programs with indiscriminate vector targets risk unanticipated consequences of introducing novel 
genes into untargeted species. Therefore. a thorough evaluation of the host specificity of the drive 
mechanism ~ilust be done. 

'it is possible that pathogens will be selected for resistance to the antiparasite gene. An 
effective measure to counteract this is to put more than one resistance gene into each drive 
construct. This will make it less likely that resistant parasites iilill emerge and thus prolong the 
efficacy of the construct. 

It is not anticipated that complete transforn~ation of the wil population svill be necessary to 
interrupt the transmission of the pathogen. Modeling of parasite transmission has indicated that 
there are i-lzeoretical threshold levels beiow which the pathogen transmission fails. The frequency 
of an antiparasite gene tnust achieve this threshold level before transmission will cease. This is an 
interesting area of research that requires additional work. 

uch work has to be done to define the targe: populations in the wild that are the objects of genetic 
intervention. As discussed in the previous section. transmission of a specific pathogen may occur 
with different vector species in different geographic regions. or the vector species may s x y  
seasonally. In addition; the local distribution of vector animals within a transmission zone may 
affect gene dispersal (Kiszewski and Spielman, 1998). Therefore: it is important CO know the size 
and the distribution of genetically distinct vector populations in an area being considered for genetic 
intervention. Each target could require a specific intervention to effect control. 

It wiU be important to have some idea of the size of the target population. The speed at which 
an introduced gene will move through a popuhtion will depend on the number of animais in the 
population9 as weli as the specific properties of the drive mechanism and the num-ber of the inkially 
released animals carrying antiparasite genes (Ribeiro and Kidwell: i 994). Knowing the size of the 
population also will be important in monitoring the frequency of the introduced gene in the 
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population. It will be important to measure the rate of change of the frequency, and sampling sizes 
will be based on the maximum size of the target population. 

The genetic structure of the population will be important. Since most of the anticipated drive 
nlechanisms rely upon mating to spread the antiparasite genes, the breeding structure of the 
population must be determined (Favia et al.. 1997). Species complexes have been defined for 
many of the vector species. Although there may be limited gene flow among the members of the 
complex. a certain level of inbreeding will allow an introduced element to move into another 
member of the complex. 

Migration among vector populations also is important. Gene flow studies have shown that 
even the migration of a small number of individuals can have an effect on subsequent gene 
frequency in populations (Tabachnick, 1992). Migration can work in the favor of genetic control 
strategy by moving the antiparasile genes to new vector populations that are removed from the 
original release site. 

Finally, one must have relevant measurements of the effectiveness of a genetic release pro, oram. 
Although it will be important to measure the change in gene frequency in target populations as the 
antiparasite gene is spread, the ultimate measure will be a reduction in disease and deaths in the 
human populations. This impact may be complicated by the concommitant use of vaccines, 
improved medical care; and a general improvement in the heaith and well-being of people living 
in disease-endemic areas. Careful analysis of each component may be difficult in this multicompent 
strategy, but it will be essential for maintaining the support and enthusiasm for these approaches. 

uch has been accomplished since inolecular techniques were first applied to studying vectors of 
parasitic diseases. Genes whose products are involved in hematophagy, digestion, and other impor- 
tant metabolic processes have been cloned. transformation has been developed for Ae. aegpt i ,  and 
extensive new knowledge of the insect immune sysiem has been acquired. In addition, many 
molecular approaches for interfering with pathogens in the vectors have been researched. What 
remains to be done is to broaden the number of vector species in which transformation can be 
done. as well as further studies on how genes will be moved into populations. The successful 
harnessing of genetic drive mechanisms remains the next biggest achievement for this field. 
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The development of molecular methods for genetic manipulation of arthropods has created exciting 
new opportunities for aitering the genomes of both pest and beneficial arthropods (for example, 
Ploy. 1994: Ashhurner et al.. 1998). Authors in this book have developed elegant molecular genedc 
methods for inserting exogenous DNA by gene targeting or the use of viral or transposable element 

then have identified interesting genes and regulatory elements that have the poten:ial 
for conferring useful traits upon specific transgenic arthropods in a tissue-specific manner. 

Unfortunately, the breakthroughs in the technology of transforming arthropods by recombinant 
DNA technoiogy have not been matched with significant breakthroughs in our understanding of how 
to deploy these genetically manipulated arthropods in practical pest management programs or how 
to evaluate the potential risks associated with their perinanent release into the environment (Spielnx~n, 
1994: Hoy, 1995; Ashburner er al., 1998). Significant efforts will have to be made to develop the 
data and resources to deploy the new transgenic strains that are being, and wiii be. developed. 

The new rransgenic technology has created both excitement about these new opportunities 
and concerns about the lack of knowledge (NABC. 1994: 1997; Abboit. 1896; Hoy et al.. 1993). 
The possibility of controliiag sts w i t h o ~ t  the use of mxic pesticides. allowing pest managers 
to r e h c e  crop losses in a WO with a burgeoning population or to eiirninate dreaded diseases 
that deplete the energy and prodacti~iiy of millions of people around the world. is exciting. Yet 
there are concerns that biotechnology will ieid a "bitter harvest." creating social and enviro~v 
mental problems (Goidberg et al., 1990: Ah ot?. 1996). Concerns about enl+4ronrnentai risks are 
not unique to transgenic arthropods: concerns extend e\en to the potentiai rislis of i-eleasing 
nontransgeilic natural enemies into the emironment for classical biologica? control programs or 
nontransgenic pest arthropods for g e n e ~ c  colltrol programs (Hoivarth. 198 1 : Sirnberloff. 1992: 
Goodman. 1993: Gubier, 1993: uesink et al.. 1985; Simberloff and Stiling. I 

i . . ~ s~  1998: Ewell et al.. 199 : Malakoff. i999). The concern about inva iaPJ:ii' 

biodiversiiy has heightened in recerlt years an2 many people do not mmt any type of nonindig- 
emus  genomes released because of concerns about maintaining biodiversiip (Kaiser, 1999). For 
example, Sir Robert May noted that agriciiiiure historicelly has reduced biodiaersity, and that 
"The tlirust of GM [genetically modified] crops is to accelerate this trend" (Anofi.. 199%). 
Similar concerns have been raiqed about the release of arthropod biological control agents for 
classical biological control. and " . . .we ' re  being challenged eo meet tougher standarcis" for both 
safety and effectiveness ( 

Many questions need to be answered before we can ly relzase transgenic kirthropods inio 
the environment in practical pest management programs: t is the probability thaf the rransgenic 
insects (released permanently into the en~ironment) will create future environmental problems'? 

I. or cur- Will transgenes inserted into insects somehoa be transferred horizontally ibi-oilgh k 3 

rent14 unknown mechanisms to other species to create new pests'? C m  we develorj miiigalion 
methods or techniques for retrieving transgenic iilsecis from. the environment after their release 
sho~ild they perform i i ~  unexpected ways? Tne issues surrounding potential risks will recjuirc both 
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researchers and regulatory agencies to accept new responsibilities and conduct creative research if 
the transgenic arthropods are to be deployed safely and appropriately in pest management programs 
(Hoy. 1995; Hoy et al., 1997). 

One objective of this chapter is to review a snall portion of the history involving genetic 
manipulation of pest and beneficial arthropods using traditional genetic methods because those 
who are finfamiliar with history may be forced to repeat it. Second, the chapter will review some 
of the deployment models and the empirical data obtained to support or reject them while working 
with genetically manipulated parasitoids and predators in integrated pest management (H 
grams. These rnodeis or issues may be relemnt to the deployment of transgenic arthropods. Third. 
the chapter will speculate on some of the logistical and risk issues that may be unique or new to 
<he deployment of transgenic arthropods in pest management programs; using as examples some 
questions that arose during the de~.e!oprnent and release of a transgenic strain of the predatory mite 
Metmeiulus occicleiztcllis (Acari: Phytoseiidae). Finally. the chapter reviews a recommelldation 
regarding the facilities and procedures for containing transgenic arthropods prior to their release 
into the environment. 

Genetic manipulation of pest arthropods is not a new concept (kaven, 1967: 1969; Curtis and Hill, 
itten. 1974: Whitten. i979). One of :he first attempts to control a pest by genetic 
crossing Cule-X pipiens mosquitoes from different geographic areas, which often 

produced eggs that did not hatch due to what we now know was the presence of different strains 
of 'iVoll?nchia endosyrnbionts (reviewed by Yen and arr. 1974). The sterile insect release method 
(SIRM; also known as sterile insect technique. or SIT), first applied to control of the screwworm 
in the Uhited States, was highly successful and provided a strong additional impetus to the use of 
genetic inethods for suppressing pest arthropods (LaChance, 1979: see Chapter 17 by Robinson 
and Franz). 

n the SIRiVi, pest arthropods are genetically modified; rnass-reared, and released to control 
gricultural or medical-veterinary pests. Males are sterilized (usually by irradiation). released 

repeatedly. and expected to compete ~v i tb  wild males in mating with wild females. Ideally. no 
progeny are produced from the nlatings between sterile n~ales  and wild females, or the progeny 
exhibit reduced fertiliiy. Sdeally. females mate only once. Because irradiated males have 
extensive somatic damage from irradiatien, they are known 10 be less ligorous than wild i ~ ~ a l e s  
(LaChance, 1979). TO con~pensate for this reduced firncss. program managers attempt io release 
nlore sterile males than wild males, usually by a factor of 100 to 1 .  Operational SIRM programs 
therefore are large. expensive. and carried out with public sector funding. One of the most 
su.ccessfui programs is exemplified by the screw\hrorill (Coch/ioiizya huinir7ivoi-~~~) eradication 
program, which invol\.ed the U.S. Department of Agriculture. several states, and countries in 
Central America. Early estimates of benefits accruing from the program ranged from $39 to 
S 1 1 3 for each U.S. doliar spent (LaChance. i 9733. 

The SIRM concept has been applied to approximately 30 pest insects. Some SIRM projects 
ha\ e involved large- esi rnanagernent programs, ~vhile others have consisted only of exper- 
imental field trials. program ma:?agers ha1.e struggled with immense behavioral, genetic. 
and logisf cal problems to achie\.e their successes. as summarized by Graham ( 1  985): 

The concept that pcst insects c o ~ ~ l d  be reared, sexually sterilized. and released to control or e\xn to 
eradicate entire populations of their oun  species has been said to be ths only truly original innovation 
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ir, insect control in this century. On first examination the method appears so simple and so sure that 
one might suppose that its application would be problemfree, almost magical in its ease of use. It is 
true . . . that sterile insect releases have been used to eradicate the screwworm from a large portion, 
probably 90%, of its former distribution in North America, but this success has been achieved only 
beca~ise a long succession of problems has been confronted and soived.. . .Those close to the screwworm 
eradication program know that it has been a program of crises. Time and time agaii: program managers 
have had to cope with one crisis after another, each one of which seemed ro doom the program to fad. 
Many of these crises have been ner~e-racking, soul-trying, ulcer-producing crises. 

ecause very detailed knowledge of the target pest species is required, genetic control is likely 
to be successful for pest species with very significant ealth, economic. or ecologica? effects. The 

is a highly sophisticated technique that requires a thoroligh understanding of the dy 
or. and ecology of the target pest population. For example, it is niost economicai 

female mates only once. It demands precision in its practical appiication. For maximu-m effect2 
it should be applied when a pest populafon exists naturally at a Low level or after the population 
has been suppressed by other means because the efficiency of the method is inversely correlated 
with the density of the natural population. 

One of the enduring problems of the SIRM (or any other program that involves mass rearing of 
arthropods) has been quality control (Boller, 1979; ush, 1979). For example, 
idenf fied a serious problem jn the screwworm project in 1972 after screwworm (C. hominivo~ax) 
infestations, which had dropped from 50,000 in 1962 to less than 1000 in 1971 in the southeastern 
United States, suddenly jumped to more an 55,000 in 1972. This increase occurred despite the 
fact that the number of sterile was increased from less than 2 biilion per yeas in 1962 
eo about 10 billion in 1974. 975) found a number of differences between the wild 
and factory-reared scre orrn flies, including an enzyme (GDH) which is important in controlling 
flight activity. The G nryme in the factory flies was of one type (GDHJ that performed well 
at high temperatures, the wild population retained the alternative form (GDH,). The GDH, 
protein is less active in the temperature range experienced in nature. The GDH, form had a 
been selected for by the hi temperatures used to speed up development in the factory. 
mating occurs in the air, sh (1979) suggested that the factory-reared males woul 
disadvantage in competing for mates. Id females were active from early morning to late afternoon 
but factory-reared females were not active until early afternoon. 

Common quality problems include producing individuals that are diseased. do not respond to 
the same sexual stimuli, respond differently to daily lightldark cycles, or are more or less active 
than wild insects (King and keppla, 1984). Other quality problems are due to inadequate artificial 
diets, insufficiently controlled en~~ironments, poorly trained personnel, and contaminants. Genetic 
changes have been found repeatedly in mass-reared insects due to their adaptation to the rearing 
environment; changes may include loss of genetic variability or the development of undesirable 
attributes due to inadvertent selection. 

SIRM programs could fail if wild females are able to detect differences between wild and released 
males (LaChance, 1979). Several examples of apparent field-selected resistance to sterile males 
have been reported. For example, Hibino and Iwahashi (1991) reported that wild melon fly females 
became unreceptive to sterilized males in Bkinawa. LaChance (1979) pointed out that there is a 
major difference in the risk of developing resistance between eradication and suppression programs. 
Eradication programs typically are of relatively rt duration, whereas suppression programs may 
be carried out over many years. Resistance to S1 programs could occur, especially in suppression 
programs, due to changes in the mating time, periodicity, behavior, host plants, or other behavioral 
differences between the colonized insect and the natural population (LaChance, 1979). 
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programs are not initiated without extensive analysis of the potential for success and the 
economics. Furthermore, such programs have been most successful where the native populations 
ha.ve occupied rather small, well-defined areas, perhaps because of iogistical difficulties in mounting 
truly large-scale release programs (Wallace, 1985). 

The induction of chromosomal aberrations (translocarions), hybrid sterility, genetic incompatibility. 
and meiotic drive to suppress pest arthropods are genetically more complex manipulation methods 

(Curtis, 1979; Whitten, 1979). None have been used successfully in pest manage- 
ment programs, although some manipulated strains have been tested experimentally in the field. 

allace (1985) reviewed these proposed genetic control tactics and concluded: 

. . . as I view the many problems facing the elaborate genetic and cytogenetic control methods, I a n  
struck by the simplicity 1 )  of the sterile male release program where one merely overwhelms the target 
organism and 2) of the use of predators and parasites whose numbers grow with their success without 
requiring further extensive intervention by man. The problems facing the more sophisticated contro! 
programs are of the sort that can be of overwhelming importance in the fieid, but which often are not 
obvious in preliminary "pencil and paper" analyses. 

Difficulties in implementing genetic contro! projects often are due to a lack of knowledge of 
the population biology and genetics of the target species. as noted by Curtis (1979): 

It must be anticipated that in many cases exotic populations would not be physiologically adapted to 
local conditions andlor that there would be behavioral barriers to cross-mating in the field with the 
local population, even where there are no apparent behavioral barriers in the laboratory. Furthermore, 
slight differences in mate recognition systems are !ikely to be enhanced by natural selection if those 
wild females which mate with released niales produce no progeny or sterile progeny. Finally. one must 
consider the possibility that if an exotic population became established. it could be more noxious than 
the local one. For all these reasons, it should be a general rule to incorporate as much as possible of 
the genoine of the local population into the release naterial, !ea\#ing only the necessary amount of 
exotic genome to produce sterility. 

The diverse iogistical and biological difficulties encountered in the S4RM and other genetic 
control programs no doubt will be found in genetic control programs involving transgenic arthso- 
pods. However. by learning from these past examples, it should be possible to resolve them. 

Genetic improvement of silkworms and honeybees by artificial selection or heterosis has been 
practiced for thousands of years and continues today with both traditional and transgenic methods. 
Genetic manipulation of natural enemies (parasitoids or predators) also has a long history ( 
endorf and Hoy, 19851, but the early projects primarily focused on determining whether or not it 
was possible to select natural enemies under laboratory conditions. The -'improved" strains were 
not evaluated in the field or employed in practicai pest management progranx (Hoy, 1976). As a 
result, the feasibility of using genetically modified natural enemies was doubted by most pest 
management specialists. As with genetic control programs, inaintaining quality is considered a 
serious issue in rearing natural enemies - so much so that it was considered unlikely that a natural 
enemy strain could be iinproved. 

After 1973, several projects began to foc~ls more on learning how to deploy genetically modified 
natural enemies in pest management programs than on determining if it is possible to select new 
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strains (Hoy. 1985b: 1992~) .  The majority of r'nese projects involved selecting a predator or parasitoid 
of a secondary pest for resistance to pesticides using traditional selection methods (Hoy, 1990). The 
resistant natural enemy strain was then released so that it could establish and survive the pesticides 

lied to control a primary pest that could not be controlled y any other method. 

Inrplementation or deployment typicail y has used one of two strategies: the improved natural enemy 
can be deployed by inocdarion, which means the new strain is released one or more times into 
the environment where it is expected to establish and persist. This strategy has the advantages of 
reducing rearing costs by requiring fewer individuals to release and the likelihcod that fitness of 
the individuals reared in the field will be high. 

The inoculation strategy has at least three possible population genetic ~nechanisnx by which 
it can be achieved: 

1.  The nefv strain is released into a new environment where no native populations occur 
j o p e ~ ~  niche), and it establishes and provides iong-term control, even possibly undergoing 
postrelease genetic adaptations to the Local environment. 

2. The new strain is released into the environment after the native population is greatly 
reduced (usually after pesticide applications or severe u-inter conditions) and ?he new 
strain wplaces the old. providing long-ten11 control. especially if the wild population is 
unable to recolonize the release sites. 

3. The new strain is released into the environrnel~? and, through intro-ogi-ession and seleciion 
in the field (perhaps with a pesticide). a new adapted strain is produced that is fit. vigorous, 
and able to persist. 

The second strategy, mgmeztaiion, involves mass rearing the new strain ar,d relea-sicg it 
periodically because it is nor: expected to persist in the environmeni. Augmentation is particularly 
appropriate for greenhouse systelils or other crops of high value and short persistence where the 
high costs of periodic releases can be justified. However, ii is difficult to imagine that fiaturai 
enemy augmentation would be cost-effective or technically feasible over vast acreages of relatively 
low-value crops. such as wheat or corn irr the Wnieec! States. Costs of present-day rearing and 
release technologies need to be reduced to approximately l/i00 of current costs to be competiti\,e 
under current social policies (Gohen et al.. 1999). 

Genetic manipulation projects involving parasitoids and predators using traditional selection and 
hybridization methods illustrate some of the issues that mu.st be considered if a transgenic mtural 
enemy is to be deployed in practical pest managem-ent programs. The complexities of implement- 
ing a pest management program, especially the inlportance of a detailed understanding of the 
population dynamics. population genetic structure. and behavior of arthropods in the field; becomes 
obvious from a review of several such projects and will be relevant when transgenic natura! 
enemies are developed. 

odifying traits determined by nlultiple genes can have unexpected outcomes. Efforts to improve 
the effectiveness of parasitoids of the gypsy moth. b,\nlantr-in &spar (Hoy. 1975a,b) required that 
we have a method to rear the parasitoids throughout the year under laboratory conditions. This 
was made difficult because gypsy moth larvae were unavailabk during several months due to an 
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obligatory egg diapause. That problerri was solved by seleciing a nondiapausing strain (Hop, 1977). 
The deployment of this nondiapa~~sing gypsy moth strain in a genetic control program was suggested 
by Dr. E. F. Knipling before we realized that the nondiapause trait was not ominant (Lynch and 
Hoy, 1978). Furthermore. the "nondiapause trait" had no detectable fitness costs on overwintering 
eggs; eggs of the wild type, the aondiapausing strain. and their reciprocal F, hybrids snrvived 
equally well in field cages roughont the winter in Connecticut (Hoy and Knop. 1978). Thus. 
genetic manipulation yielde a strain with a shortened diapause interval, but cold hardiness was 
unaffected. presumably because it is determined by different genes. 

rtent Selection for Non 

een proposed as a mechanism. to enhance the effectiveness of augmentative releases 
of natural enemies, and to evaluate this three different populadons of the gypsy moth parasitoid 

teles r~zelarzoscelus were crossed. As expected, the hybrid strain was easier to rear in the 
atory because it had a higher fecundity and improved sex ratio (Hoy, 1975a,b). Ufiexpectedly, 

we discovered a quality control problem in the colonies from France and "n'ugoslavia. which had 
been reared by another laboratory for inoculative releases into the leading edge of the gypsy moth 

0th apparently had been subjected to selection for nondiapause while being reared 
under a short daylength, making then1 unlikely to be able to establish permanently. 

Genetic improvement of the predatory mite M. occideiztnlis was relatively easy to plan. 
it was an effective predator of spider mites in deciduous orchards and vineyards in ih 
United States (Hoyt, 1969). so the development of additional pesticide-resistant strains might be 
expected to result in improved pest management. A strain of M. occiderztulis had developed a 
useful level of resistance to organophosphorus (OP) insecticides under Seld selection and was more 
effective than the OP-susceptible strain in an IPM program in Washington State apple orchards 
(Hoyt. 1959). The OP-resistant strain had bee12 transferred successf~~liy to soutl~ern California 
apples (Croft and Barnes, 19711, indicating that this new straii? could be released and established 
in new ern7ironments. 

Laboratory selections with carbaryi and permethrin were both successful ( 
1981a: Hoy and Knop, i981), and laboratory tests failed ogical differences 
between the carbaryl-resistant strain and the wild 98 1 b). Even after 
crossing the carbaryl-resistant strain with a suifu from the field and 
selecting for all three resistances (COS straic). detectable ss costs were never identified (Hop, 
1984). The COS strain was subsequently deployed in an program in almonds. 

The large-scale deployment of the COS strain of IM oc talk in California almond orchards 
required that several problems be solved during the 3 years of small-scale field trials. 
production methods had to be improved (Hoy et al.. 1982), and issues about release rate 
release patterns had to be resolved (Hoy, 1982). Typically; the COS predators were released early 
in the growing season when native M. occidentnlis populations were low and after an application 
of carbaryl had reduced the native population to a very low level. We assumed that the COS strain 
would replace the wild strain, and field results appeared to confirm that assumption. 

The releases could not have been successful if additional research had not been conducted: 
predator and spider mite populations had to be monitored to ensure the spider mites did not cause 
excessive damage before the progeny of the released predators could control them. A simple, 
inexpensive. and rapid monitoring system as required that was grower-friendly. A remedy was 
required if the predator populations lagge too far behind the prey population because growers 
would not tolerate defoliation of almond trees by spider mites ( lson et al.. 1984: Zalom et al., 
1984; Hoy. 1985a). The remedy was to apply a lower-than-label rate of a pesticide that was relatively 
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PHASE 4. Defining the Problem and Planning the Project 
What genetic trait(s) limit effectiveness of beneficial species or might reduce damages caused by the 

pest? 
- Do we know enough about the biology, genetics. behavior. ecology of the target species to answer 

this question? 

- i s  the trait to be modified determined by one or multiple genes? 

Can alternative control tactics be made to work effectively and inexpensively, and are they 
environmentally friendly? 

Can agencies be found to support the high coi t i  and long duration of genetic manipulation projects'? - How will the genetically manipulated strain be deployed? 

- Will it be released inoculaiively or augmentatively? 

- Which inoculative model will be employed: replacement, introgression with telection. nem 
environment'? 

What risk issues. especially of transgenic strains. should be considered in planning? 

- Can genes other than pesticide-resistaace genes be used as selectable markers? 

- What is known about the potential foi- horizontal gene transfer in the target species? 

- If TEs or viral vectors or trancgenic symbionts are used, what ricks might they pose if the transgenic 
stram is released? 

- What health or other hazards might be imposed on human or animal cubjects if the transgenic 

strain were released'? 

What advice do the relevant vegulatory authorities give regarding jour plans to develop a transgenic 

strain? 
- Which agencies are relevant for your project? 

- Have you consulted these regulatory agencies early in the planning phase? 

PHASE 11. Developing the Genetically Manipulated Strain and Evaievating It in t 
!\'here will gou get your gene(s)? 

- Should the transgene(s) sequence be modified to op t imi~e  expression in the target species if it is 
from a specie!, with a different codon bias? 

Is ii important to obtain a high level of expression in particular tissues or life stage?? 

- Where can you get the appropriate regulatory sequences to achieve appropi-iate expression levels? 

How can you maintain or restore genetic variabilitj in your selection or iramgenesis program after 

obtainiug the pure lines? 

- Will you outcross ihe manipdated sirain w t h  a field population to improve ~ t s  adaptation to the 
field or increase genetic variability h) some other method? 

What methods can y o ~ i  use to evaluate fitness of the modified strain? in artificial laboratory condiiioni 

that will best predict effectiveness in the field? 

- Can you compare life table attributes. analpre stability of the tralt under no selcction. and in 

competitive population cage studies'? 

Do you ha\-e adequate containment methods to prevent premature release of the transgenic strains 
into the environment? 

Do >ou  have adequate rearmg methodc developed for c a ~ ~ y i n g  out field tests? 

- Are high-qilality artificial d ~ e t s  available to reduce rearing costs'? 

What relcasc rate nil1 be required to obtain the goals you have set? 

- Do )oil have an estimate of the absolute population density of the target cpecies? 

- What release model are you applying: inundative. inoculative. introgression, population 

replacement? 

Ea\-e you tested for mating biase<, partial reproductive incompatibilities. or other population genetic 
problems? 

If the strain is transgenic. have you obtained approval from the appropriate regulatory authorities to 

reieaqe the strain in the emironment or greenhouse? 
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LE 19.1 (continued: 
a Genetic Manipu 

- Can you contain it in the release site'? 
- Can yoii retrieve it from the release site at the end of the experiment'? 

- Can you mitigate ~f unexpected risks appeal-? 

How n.il1 you measure effectiveness of the modified strain in the neld trials? 

PHASE 11" Field Evaluation and Eventual Deployment in ractical Pest Management Projects 
-. 
!f the small-scale field trials were promi\ing. nhat queqtions remain to be aslccd prior to deploying 
the maiiipulated strain'? 

- Are true maas-rearing methods adequate'? 

- Is the quality control program adequate? 

- Is the release model adequate'? 
- Were there unexpected reproducti~e incompatibilities or other mating biases between the released 

and wild populations? 

If permanent releasca are planned. have all the risk issues been evaluated? 

Iiow will the program be rialuaied for effectiveness and poten1i:ll environmental or othzr risks? 
Wil: the program be implemented by the public or private sector? 

What did the program cost and what are the benefits:! 

What inputs nil1 be rcquired to maintain the effecti~encss oi' the progran1 over time? 

nontoxic .to the predators but reduced the spider mite density y abour 50%. Application of low 
rates (about 1/10 the lowest label rate) had two benefits: low tes reduced costs and, because M'. 
occidenialis is an obligatory predator. they allowed prey to be reta.ine$ in the 
predator popuiations. One or two additions! app'lica'iions of carbal-yl were ap ied during the first 
growing season after release to ensure that the predator popuiatioi~ rerneined 

Studies on dispersal were essenllal to the successftd depiciyment of the resistant strains. Aerial 
dispersal studies showed ehat Ak occiclenfaiis does not move rapidly into or oat of almond orclaards 
(KO;: Y 982: Hoy et ai., 1985), so addi5onal applicatior:s of carbaryl were reqrxir-ed only rarely 
(Hay; 1985a). Replacement of the susceptibie popu?ation with rhe resistant strain probably was 
effective because this species has an unusually !ovs dispersal rate (cornpared with other arthropods). 

ata were useful later when planning releases of a transgenic strain in Florida, This 
low rnobiiity was a disadvantage, laowever. to growers hoping to get free resistant predators: they 
had to purchase the COS popu?ation from com~~~erc ia l  producers if they wanted to use caharyl in  
their pest management program. 

To facilitate implementation by growers; the C3S strain v7as provided free to comrnerciai 
producers who wanted to seil it and we provided information on rearing methods and a list of the 

sticides that coulsi be used safely with the COS strain - it was not resistant to ail pesticides! 
option of the integrated mite management program in California alinond orchards 

we work closely with growers, cooperative extension agents, pest controi advisors. an 
producers during an additional S years of large-scale field trials. An economic analysis conducted 
by Headley and Woy (1987) found the project was successful in reducing produclion costs in 
almonds because the program allowed growers to recVuce the number of pesticide applications for 
spider mite control, and, despite the costs of monitoring and purchasing resistant predators, eco- 
nomic benefits were estimated to be at least $20 million per year. The potential health benefit to 
workers and the environment of not applying these pesticides was not calculated. 

This project showed that executing a genetic manipulation project can be divided into roughly 
three phases and ail must succeed if a practical pest management program is to be deployed. First. 
the problem is identified arid the project planned. Quality control issues must be dealt with 
throughout the project. The modified strain must be evaluated in the field to confirm it provi 



34 insect Transgenesis: Methods and Appiications 

"improved" biological control. Ideally, an economic and environmental analysis should be con- 
ducted at the end of the project. The third phase actually required as much, or more, time than 
the first two phases and cost substantially more. Finally, additional research and development may 
be required to maintain the program. For example, a new pest may arrive that makes it necessary 
to use a different pesticide, pesticide resistance may develop in the pest: or cultural or other 
management practices may change. 

Selection of Trioxys pullidus, a parasitoid of the walnut aphid, for resistance to azinphosniethyl 
was successfi~l in the laboratory (Hoy and Cave. 1991). ause the resistant strain appeared to be 
relatively fit in laboratory tests, inoculative releases W made into several walnut orchards in 
California (Hoy et al.. 1990). The deployment modei (replacement model of implementation) was 
based on data horn previous releases of a different biotype of this species; a population of this 
parasitoid from Iran had colonized the entire Central Valley of California within a year or two after 
its initial release. As a result, we hypothesized that the new strain would establish just as rapidly 
because we could provide strong selection by applying azinphosmethyl. 

A simu!ation modei examining this imp!ementation strategy indicated. however. that some 
initial assumptions might be incorrect (Gaprio et al., 1991). The model confirmed that regional 
estabiishinent of the resistant strain of 7: yullid~ts was promoted by movement of T pallidus between 
orchards; low survival of the susceptible strain after treatment with insecticides. and minimal refuges 
from the pesticide treatment. Contrary to expectations. the model suggested that establishment of 
the resistant strain (i.e., 50% of the individuals are resistant in at least 90% of the orchards) would 
require at least 5 to 3 years! Several deployment problems were discovered, including the fact that 
growers often failed to apply pesticides to the entire (very tall) walnut tree, thus reducing selection 
intensity against the susce ible population. The rapid dispersa.1 of T pallidus was a disadvantage 
under these circumstances ecaase susceptible iidividuals in the unsprayed refugia could promptly 
recolonize the pesticidetreated trees once the residues decayed sufficiently. 

In an attempt to evaluate further the deployment model with 7: pallidus, we used random 
amplified polymorphic DNA (RAPD) polymerase chain reacdor! (PCR) methods to discriminate 
between the resistant and suscepiible strains (Edwards and Hoy9 1993; 199%). Discriminate 
analysis of six RAPD fragments allowed separation of the resistant and field populations and tests 
in population cages indicated Chat the pure resistant and susceptible colonies and their hybrid 
progeny could be differentiate reliably over eight generations (Edwards and Hoy. 1995a). 

RAPD-PCR analysis of pallidus individuals recovered from three walnut orchards where Che 
resistanlt strain had been released 1 to 3 years previously suggested char no single deployment model 
(replacement or introgression) was appropriate (Edwards and Hoy, 1995b). In one site. where 
releases had been made 3 years pre17iously, some individuals appeared to be genetically similar to 
the resistant strain, but others appeared to be the result of rnatings between resistant and susceptible 
wasps; some apparently pure susceptible individuals also were found. Thus, during the 3 years 
subsequent to initial releases (which is eqiaivalent to about 30 generations), both replacement and 
introgression appeared to be occuning. Without the RAQD analysis, this would not have been 
evident because the phenotype of 7: pallidzls collected from the orchards did not provide evidence 
for hybridization. Phenotypically, over 80% of the individuals in this orchard were resistant to 
azi~iphosmethyl based on discriininating-dose bioassays (Edwards and Hoy, 1995b). In this case, 

allowed us to unveil some of the complexity of the colonization process. 
APD-PCR will be important in empirical analyses of other deployment models. 

Releases of transgenic organisms into the environment, especially where native populations exist, 
may require that some type of mechanism be employed to "drive" the gene into the population. 
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One proposed drive mechanism is based on the endosymbiont TNolbachia, which can confer repro- 
ductive advantages on individuals carrying it ( lren 1997: see Chapter 15 by Sinkins and O'Neill). 
Despite extensive discussion. little field research has Seen conducted on the role of Wolbachia as 
a drive mechanism for species of insects ha11 Dmsopi~ila (Turelli et al., 1992). The potential 
role of Wolbachin as a drive mechanism occidentalis was investigated by Johanowicz and 
Hoy (1999). Like many arthropods. populations of M. occidentalis are genetically diverse and 
appear to have a different genetic architecture in different geographic sites. Metuseiul~es occiderztctlis 
is native to western North America and is widely distributed in deciduous orchards and vineyards. 
Surveys in California for pesticide resistailce in apples, pears, grapes, and almonds indicated that 
local populations often had distinctive differences in resistances to pesticides in close geographic 
proximity, apparently due to different local selection pressures (Hoy, 198%). Grosses between 
different populations to obtain multiresistant strains uncovered partial reproductive isolation 
between some of these populations (Hoy and Cave. 1985; 1988) that appeared simiiar to the 
reproductive isolation observed in insect populations containing the rickettsial-like endosymbiont 
Wblbachia. Electron microscopic analysis indicated rickettsia-like inicroorganisms occurred in the 
ovaries and eggs of M. occideiztalis (Hess and Hay; 1982). Once molec r probes for Wolbnchia 
became available, we found that some laboratory and field populations of occidentalis contained 
Wolbachia, while others did not (Johanowicz and Hoy, 1996; 1998). 

Replicated population experiments were conducted using an inbred strain of M. occiderztalis 
that had IVolbuchia and a strain derived from it that lacked -/ulbnchia after heat treatment (Joha- 
nowicz and Hoy, 1999). ixed populations were initiated with 10% of the individuals containing 
IVolbachia and 90% of the individuals lacking it (due to heat curing). The frequency of Wolbackin 
was monitored over eight generations, but this strain of Wolbachia did not '"sweep" through the 
M. occiderztalis populations. This T.Volbachia might be effective if it were introduced in much 
higher frequency to counteract the significant fitness costs observed from the infection (Johanowicz 
and Hoy, 1999). However. compensating for these fitness costs by releasing larger proportions (at 
least 45%) of Wolbaclzia-contai~ing individuals is unlikely to be economical because predator 
densities may exceed 10 million per acre in orchards or vineyards during the growing season. 
Additional studies will have to be conducted to determine whether other strains of IIiolbachia could 
be used to drive genes into wild populations of M. occideiztalis. 

A benefit of transger5c technology is the ability to insert cloned genes from any prokaryotic or 
eukaryotic species so that we are no longer limited by the intrinsic genetic variability within a 

here also may be some disadvantages to recoinbinant DNA methods at present: it is 
possible to manipulate only traits that are determined by single genes and. because transgenic insect 
strains typicaliy go through severe bottlenecks during their production (because transgenic strains 
typically are initiated with single females), the effects of inbreeding and loss of genetic variability 
will have to be mirigated. especially if the released strain must be adapted to the environinental 
conditions of the release site. It is straightforward, albeit time-consuming, to perform reciprocal 
single-pair crosses and subject a number of subsequent generations to appropriate selection for the 
desired traits to obtain a population that is homozygous r'or the transgene. However, the stability 
and expression of the transgene will have to be monitored contil~uously because the presence of 
even a few revertants could result in the loss of the transgenic strain over time during the mass- 
rearing phase of the program. Instability of transgenes and gene silencing in transgenic plants and 
mammals have been ongoing problems that could be observed in some transgenic insect strains. 
Finally, unless the insect species has a high reproductive rate and short generation time. multiplying 
the transgenic strain to the level that it can be used in a "rearing factory" could require substantial 
additional time. 
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Finally, if rhe transgenic arthropod is to be i lemented in a practical pest management 
program, the potential risks associated with its pel nent release into the environment must be 
assessed; yet guidelines for stick an assessment do not at present exist (Hoy, 1992 a,b: 1995; see 
Tables 19.1 and 19.2). A more general discussion of risk i s sue  will be conducted in Section 19.5, 
and this section will focus on a model project carried out with M. occide?~tnlis that provides insigkts 
into some of the issues that will be relevaat :o other genetic mani 

Afier observing the problems that arose during the first releases of trensgenic plants and microbes, 
H considered it desirable that the first release of a transgenic arthropod raise as few concerns about 
risk as possible. Thus. the organism, gene inserted, and insertion me were chosen to serve as 
a potential model for beginning the process of assessing potential of releasing transgenic 
arthropods into the environment. 

Furthermore. I assumed that a beneficial species would elicit less concern about potential risks 
than a pest species. After discovering rhar P-element transformation could not be extended to 
arthropod species outside the genus Drosophila (O'Broc and Handier. 1988)- we chose to attempt 
transformation of the predatory mite Ikf~ occidentcrlis w ut using a transposable element (TE) or 
viral vector. The construct injected contained the bial IocZ open reading frame with a 
Dtmophiia heat shock protein 70 promoter and was i to serve only as a molecular marker. 
Maternal microinjection was developed as a method for introducing plasmid DNA after we dis- 
covered that iqection of piasmid DNA into P M  occidmraiis eggs caused mry high rates of mortality 
(Piesnail and Hoy, 1992). 

Matern~al microinjection involves injjeciing piasmid DNA directly into or near the ovaries of 
aidult females and has [lie advantage of being a simple and inexpeasiie method that may be 
useful for rna.ny arthropod species (Figure 19.1). Injected plasmid DNA is transmitled to multiple 
eggs of M. ocrlderzta!ip: females (Presnail and E h y .  i993). In some transformant lines of M. 
occidei7~alis, the injected plasmid DNA is inserted into the ilaclear gemme and stably tra~srrmitteci 
to muitipk generations in the labolatory @resnail et al., !937), but in others the DNA is 
trai~smi-ited in large extrackromosomal arrays (Jeyapraita-sh et al.. 2998). Maternal microinjeciioi~ 

FlGUWE 19.1 Maternal microinjection of &PP occidentnlis imolves inserting a needle illto the body of the 
adult gravid female. Plasmid DNA is injected into or near the ovaries and is transmitted to ~ml t ip l e  eggs by 
unknown mechanisins. 
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also has been used to transform a parasitoid wasp (Rresnail and Moy, 1996) and may prove useful 
for delivering transposable element or viral vectors to diverse arthropod species without causing 
high rates of mortality. 

No native TIE vector was identified for inserting plasmid DNA into the chromosomes of M. 
occidentalis because we considered such vectors might pose a small, but unnecessary, risk for 
horizontal gene transfer. Concerns about horizontal transfer were based on the assumption that 
M. occidentalis may contain active native TEs that could provide the necessary transposase for 
transposition of disabled vectors. An inactive mariner element has been found in M. occidentalis 
(Jeyaprakash and Hoy. 1995) so it is possible that an active form of this TE, or others, could 
be present in one or more populations. hile the plasmid contained P element ends, no P 
elements were known to occur in this sp es (M. Hoy and A. Jeyaprakash, unpublished), and 

assumed that illegitimate recombination could insert the plasmid DNA into the genome of 
occidentulis. 
Once the transgenic strain of M. occiderztalis was obtained. it was time to consider the risks 

posed by experimental releases into the environment (Hoy, 1992a,b; 1995). The considerations 
relied heavily on consideration of potential risks discussed by Tiedje et al. (1989: Table 29.2). 
I focused on evaluating whether unintended changes in the prey specificity of this natural enemy 
had occurred as a result of the genetic modification and whether changes had occumd in their 
climatic tolerance. Tiedje et al. (1989) proposed that risks of transgenic organisms be assigned 
to four categories: attributes of the unmodified organism. attributes of the genetic alteration, 
phenotype of the modified organism compared with the unmodified organism, and attributes of 
the accessible environment (Table 19.2). Their analysis of potential risks is very helpful in 
identifying potential concerns but. unfortunately. does not provide any mechanism for quantifying 
the risks. 

As noted above, the unmodified organism, P M  occidentalis, was a beneficial predator of 
spider mites. it had only a molecular rnarlcer inserted, the modified strain id not express the hserted 
marker. and releases into Florida I in which no native populations 
of M. occideiztali.r existed. Metas eased in very large numbers over 
many years for biological control of in strawberries, yet had never 
established permanently in Florida (McDermott and Hoy, 1997). 

To confirm that the transgenic strain of M. occideizrcrlis was unlikely to establish permanently. 
we released noritransgenic M. ocriderztdis in an experimental plo: on the campus of the University 

nd confirmed that they failed io survive the very humid summers (iVkDermott and Hoy, 
s species is native to western North America and thrives where summer rains are rare 

and relative humidities low. Eggs of M. occklenmlis failed to hatch when relative hurnidities were 
greater than 9 7 8 ,  which is common in the summer in Florida. Thus, unless the transgenic strain 
of M. occidem~dis had a new and unexpected ability to survive h e  summers in Florida. it was 
unlikely to establish manently. Laboratory tests of relative humidity tolerance later confirmed 
there were no differe s between the transgenic and nontransgenic populations with regard to this 
attribute (Li and Hoy 1995). 

In addition. we evaluated the ability of the transgenic populations to feed on plant materials, 
including poilen, in the laboratory to confirm that its status as an obligatory predator remained 
intact. Metaseizd~is occidentn1i.r preys on spider mites and other small arthropods on plants but 

unable to reproduce on aiternative foods; the transgenic popuiations likewise were 
velop or reproduce on pollens or leaf tissues (ki and Hoy. 1996). 

An experimental analysis of the potential risks of horizontal gene transfer was not caxied out 
with M. occidentalis because such risks were considered to be low and. even if transfer occuared, 
the consequences of a transfer of the locZ construct were considered minimal. Risk assessments 
typically consider both the probability of the event happening and the potential harm that would 
ensue if the event happened. 
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Attributes of the unmodified organism 
What is the origin of the transgenic organism (indigenous or nonindigenous) in the 

accessible environment? 
What is the arthropod's trophic le\el and host range? 

Q What other ecological relationships does it have? 

How easy is it to monitor and control? 
How does it survive during periods of environmental stress? 

What is the potential for gene exchange with other populations? 

Is the arthropod in\ ol\ ed in basic ecosystem processes? 

Atrrihutes of the genetic alteration 

What is the intent of the genetic altemtion? 
What is the nature and function of the genetic alteration? 

Horn well characterized is the genetic modification? 

How sta'ole is the genetic alteration'? 
Phenotype of modified organism compal-ed wlth unnmdified organiim 

What is the hoidprey range? - How fit and effective is the transgenic strain? 

What is the expression le\-el of the t r a~ t?  

Has the alteration changed the organism's susceptibil~t) to control b) natni-a1 or artificial 

means'? 
What are the en\ironmental limits to gromth or. reproduction (habitat. microhabitat)? 

How similar is the transgenic strain being tested to phenotypes previoucly evaluated in field 

tests'? 
Attributes of the accessible environment 

Describe the accesvible enxironment. \\hether therc are alternate hosts or pre). wild-type 

populations \vithin dispersal capability of the transgenic organism, and the relationship of 
the site to the potential geographic range of the transgenic arthropod strain. 

Are there endangeredlthreatened spec~es  present that could be affected? 
Are there \ectors or 'gents of indirect dissemination present iil thc environment? 

Do  the test conditions provide a realistic simulation to nature? 

How effecthe are the monitoring and n~itigation plans'? 

Sowee: Modified fi-om discussions at the workshop on Evaluating Risks of Releasing Trans- 

genic Arthropod Natural Enemies. 1993, Gainesville. FL. The original outline was basecl on 

concepts originally identified by Tiedje et al. (1989). 

The first releases of transgenic microbes and plants elicited considerable concern from the public 
and the press about possible environmental and human health risks, and there is a continuing fean; 
especially in Europe and Japan, that transgenic organisms and foods may not be safe, suggesting 
that many people do not, trust the risk analyses that have been conducted (Anon., 1999b; 
al., 1999; Macilwain. 1999). 

The project with M. occidentnlis was reviewed by regulatory agencies in the United States tlxough- 
out the program. The firs: review occurred when H obtained permission from the institutional biosafety 
committee at the University of California at erkeiey to develop the transgenic strain of M. occidentalis 
containing the lacZ marker gene. At the same time, in consultation with the biosafety officer, I 
developed containment methods to prevent the accidental release of potential transgenic strains. 
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Before moving the transgenic strain to the University of Florida in 1992,I obtained permission 
from the state of Florida to import the strain into another containinent facility on the campus. Once 
in Florida, I consulted with the University of Florida institutional biosafety committee. the Florida 
Department of Agriculture and Consumer Services (Division of Plant Industry), and the U.S. 
Department of Agriculture Animal and Plant Health Inspection Service (USDA-APHIS) regarding 
potential risks of releasing the transgenic strain. 

Early on. I was unsure which federal agency(ies) I should consult and considered consulting with 
the Environmental Protection Agency (EPA). However. staff at the USDA-APHIS indicated that the); 
were charged with this responsibility. Officials in the USDA-APHIS were very helpful and, wit 
partial support from the USlDA-APHIS National Biological Control Institute, I organized a small 
workshop in Gainesville in November 1993 to gain additional perspectives on the potential risks of 
releasing a transgenic natural enemy into the environment (Hoy. 1995). The workshop included 
people with a variety of viewpoints. including state and federal regulatory officials. sociologists, 
environmentalists, cooperative extension agents, community ecologists, molecular biologists, and 
biological control specialists. sidered guidelines for field-testing transgenic plants and micro- 
organisms (Purchase ailcl Mac 1990) to determine if they ~vere suitable for arthropods. 

A rnajor issue raised was whether transgenic arthropods are different from transgenic plants or 
microorganisms in terms of risk assessment? The majority of the workshop participants concluded 
that insects probably have more complex interactions in their environment than plants and microbes 
because natural enemies interact with each other, with their hostslprey. and with plants. although 
this viewpoint certainly can be challenged. The parliciyanls also discussed whether there were any 
scientific principles learned from the many releases of iransgenic plants and microorganisms that 
could make risk assessments of transgenic arthropods "generic'. rather than on a case-by-case basis. 
After discussion, the group agreed that each transgenic arthropod strain should be considered 
individually until a considerable body of information is built up about the effects of releasing such 
organisms into the environment (see Table 19.2). 

Another issue that emerged in the discussions at the workshop was whether it is possible to 
make temporary releases of transgenic arthropods. One participant argued that risks of releasing 
transgenic arthropods should e assessed as tlzo~gh ail relenses rvere per~mneilt releases into tlze 
eizvirmnwizt because insects typically disperse rapidly and it night be iinpossible to contain them 
or retrieve them from the release site. (Exceptions; of course, would include the release of sterile 
transgenic arthropods that ould not establish permanently insects that contain a 
"suicide" gene, such as ina lity to diapause, lack of high or re tolerance, that limits 
them from surviving or ca izing new environments.) That discarded by the group 
because no one wanted to give up the premise that all initial releases of transgenic organisms should 
be considered short-term experiments that could be terminated should unexpected results occur. 
At the time this chapter is being completed (April 2000). there still are no guidelines regarding 
what risk issues must be resolved before permanent releases of transgenic insects can be approved. 

After the workshop in November 1993. the USDA-APHIS recognized the need for risk assess- 
ments of transgenic arthropods and developed a team charged with this duty in 1995 (see Chapter 
20 by Young et al.). AI1 release cations were to be made "transparent" by making them 
available for comment on the World web at ~fitx:fiplzis. ~~srln.,oov:80/00ep/b~~/~1rthrol~od/#~ge1~- 
adoc. After discussions with the USDA-APHIS scientist assigned to lead this team, Dr. Orrey 
Young. B filled out an application to release a strain of M~ occidentalis containing a l a d  gene and 
submitted it to the University of Florida institutional biosafety committee on October 10, 1995. 
This committee evaluated the application and, contingent upon approval of the application by the 

-APHIS, approved the release on November 2, 1995. I then submitted the application 
S Form 2000) to the WSDA-APHIS on November 20, 1995. 

S comulted with the Division of iant Industry about potential risks to 
agriculture, and with the U.S. Department of Fish and ldlife regarding concerns about threatened 
and endangered species. Permission (Permit No. 95-326-02r) was obtained from USDA-APHIS 
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on February 23, 1996 to make releases of a transgenic strain of M. occideiztalis. Releases were 
approved for a l-year interval in a single fenced field site on the campus of the University of Florida 
at Gainesville. As expected, H was required to retrieve and dispose of the released predators, or 
their progeny. at the end of the test. 

One pasticipant at the 1993 workshop noted that public acceptance of transgenic organisms 
requires considerable efforts to explain their benefits and risks (Asner, 1990). Because the press 
and public were expected to be interested in the release, the University of Florida public relations 
office was asked to develop press releases. To assist the public relations office I wrote up a brief 
statement describing what we had done, why we were doing it, and what the potential risks and 
benefits might be, and made an effort to avoid scientific jargon. H showed this draft to several 
people to determine if it was clear and concise; yet when I presented it to the public relations office 
it indicated the draft was inappropriate because it had been written at a level suitable for high 
school graduates. iters in the public relations office indicated the news release should be written 
at a level suitable people reading at the eighth-grade level. This requirement created a serious 
challenge when attempting to explain material that is technically complex. 

ecause some previous releases of transgenic organisms have elicited injunctions and other 
legal actions, the university administration and legal office were informed of the impending release. 
I also considered obtaining personal liability insurance should H be required to obtain legal counsel 
as a result of a legal challenge to the release. Fortunately. no personal or institutional legal costs 
were associated with the release of M. uccidentalis, but other releases of transgenic organisms have 
engendered substantial legal costs: for example. the University of California at Berkeley had high 
legal expenses when the ice-minus bacterium was released. 

The first field release of a transgenic arthropod, a strain of M. occidentalis carrying a mokcular 
marker, was designed to document the persistence of the molecular marker in a field population 

iiity to contain the transge~~ic strain in the release site. The transgenic strain was reieased 
in Alachua County. FL for the first rime on 10 April 1996. with regulatory authorities from the 
USDA-APHIS. Florida Division of Plant Industry. and University of Florida institutional biosafety 
committee present. The fenced release site contained potted bean lants infested with prey (two- 

spider mites) surroun ants" (potted plants lacking prey and trea~ed with a 
e toxic to M. occider tion, sticky panels were present around the piat to 

monitor aerial dispersal of the the plot. Low rates of aerial dispersal were expected 
M. occidentalis remains on planes with abundant prey if the plant quality remaim high. 

ce the likelihood that predators would be carried out of the plot by people, access to the 
site was limited and workers wore la coats while working in the plot. The lab coats were treated 
with alcohol and stored in a container near the release block between sampling 

The colony of mites released, line 18: appeared fit and genetically stable in l 
and Hoy, 3996). The fiel experiment was terminated after 3 weeks. howe 
predatory mite and prey spider mite populati declined rapidly. This decline occurred in part 
due to unsuitable climatic conditions. Several s after the initial release, many mites were killed 
when heavy rains washed mites off the plants. Subsequently. an unexpected late freeze reduced 
plant quality and further reduced mite populations. Samples of predators recovered from the field 
after these events were subjected to aliele-specific PCR assays to monitor the presence of fhe 
transgene in the released line. y the end of this experiment (equivalent to approximately three 
generations), few individuals in the population contained the transgene, indicating that the transgene 
in line 18 was unstable under field conditions. This was surprising because line 18 had remained 
stable in the laboratory for over 150 generations. 

Another field release was cond~~cted at the same site on Septein 
additional transgenic lines of M. occideiztcrlis produced by matemal microinjection. Approximately 
200 females from each of six colonies were released initially and an additional 200 predators from 
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each line each were reieased into the plot on October 9, 1996. Predator-prey dynamics and stabi!ity 
of the transgene were monitored as before, with the experiment terminating on November 20, 1996. 
The results indicated that the transgene again was lost rapidly in all six colonies. W spec~alated 
that loss was due to the insertion of tandem multiple-copy arrays, which often results in poor 
expression. or loss (Henikoff, 1998). As required; the potted plants were placed in large pias:ic 
bags at the end of the experiment and carried into the laboratory where they were frozen or 
autoclavec? to ensure that no trailsgenic predators escaped. 

The field trials did set a precedent and demonstrated that "Le transgenic mites released at the 
single site could be physically contained by the combination of pestici e residues on trap plants, 
barren zones, and management of host piant quality and predator:prey ratios. Aerial dispersal of 
the predators was not detected on the sticky panels surrounding the plot. As predicted by McDermott 
and Hoy (19971, there was no evidence that the transgenic strains established at the test site. 

onitoring during the field trial did not detect the presence of threatened or endangered species. 

We attempted to follow the advice of people who had released transgenic plants and micro 
indicated it was a gocd idea to tell people what you were going to do before doing it. Thus, the 
University of Florida press office prepared a news release about the application submitted to the 
USDP,-APHIS for pennission to release the transgenic strain of M. occidentalis. After that first 
press release and immediately after the actual release of the transgenic M. occidenfdis. I was 
interviewed by reporters from newspapers; televisioc, and radio. Each time H tried to explain the 
goals and the potential benefits transgenic natural enemies might contribute to improving pest 
management in agriculture and in reducing the use of toxic pesticides in the environment. Some 
reporters commented that this natural enemy strain appeared to be harmless and was unlikely to 
create any problems. However. 1 was surprised by the number of reporters who asked very critical 
questions in tones that implied that these predators really might be monsters. I also was impressed 
that, while sonze reporters were not very knowledgeable about molecular genetics. many did have 
a fairly sophisticated and detailed un erstanding of 'the penes icserted and the metlrods we employeci. 
Responding to the media became tedious wheir I had to answer many of the same questions aiready 
discrmsed in the press releases. The media interest was sustained, and some reporters called back 
w e e b  or months later to ask for updates on the release. Unfortunateiy, E have no suggestions on 
how to make the effort to connrnunicate with Ihe public and the press more effective. 

There were more ~eganive responses to the predator releases than I expected. Some negative 
connotations given to the stor newspaper headlines such as "'Mutant Bugs: 
Geneticail y Altered Heroes or "; ""Mite Fakes [sic] Fight Storm of Environ- 
mental Controversy": "UF Ent an of Mites"; and ""Genetically Altered Heroes 
or Ecological Dynamiie?~' Some reporters gave me quotes that were attributed to others, inclriding 
Jeremy Wiflcin, perhaps ho Id respond with a controversial comment. A lawsuit was filed 
against the USDA bp Jere president of the Foundation on Economic Trends, to prevent 
this release (article dated 1211 8/95 by Rick Weiss, Washington Post). Seremy 
in that same news article as stating, "We are playing with ecological dynamite h 
and can reproduce and can mutate from generation to generation very quickly. Th 
over large territories and they cannot be recalled after they are released." The Union of Concerned 

ientists criticized the review carried o~at by the USDA-APHIS, especially its 
'de Web Pages as a means of communicating with the public. They wanted t 

to be published in the Fedeml egistev (a. Rissier, personal communication, 1996). 

Many people, especially some ecologists, are concerned about potential ecological damage or 
negative health effects if exotic or genetically engineered organisms are released into the environ- 
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ment. There is a growing concern that releases of any organism, even those intended to be beneficial, 
could have unexpected negative attributes once they are permanently established in the environment. 
The potential ecological risks of introducing foreign arthropods, arthropods with novel genomes, 
classical biological control agents, or transgenic arthropods into the environment have been dis- 
cussed from different points of view (for example, Lundholm and Stackerud, 1980; Palca, 1988; 
Tiedje et al., 1989; Ehler, 1991; Howarth, 1991; Hoy, 1992; Simberloff, 1992; Goodman, 1993; 
Gubler, 1993; Ruesink et al., 1995; Simberloff and Stiling, 1996; Hoy et al., 1997). 

The release of pest arthropods, especially mosquitoes, has elicited concern by the public (Palca, 
1988). In 1988, an experimental release of marked mosquitoes was blocked by the public in 
California despite the project goal of improving control of the vector of encephalitis by learning 
more about the mosquito's dispersal range. Spielman (1994) argued that the use of transgenic 
mosquitoes for control of malaria has biological, social, and ethical problems and further argued 
that a transgenic intervention is unlikely to succeed for these reasons. Spielman (1994) noted that 
one ethical issue includes the fact that the agency responsible for releases may acquire the burden 
of nurturing a pest and also argued that the proposed drive mechanisms are nonrenewable and thus 
limited in their usefulness. Naturally, there are very different views on these issues presented 
elsewhere in this book. 

It is urgent that we learn how to evaluate the potential risks of releasing transgenic arthropods 
into the environment. The possibility of damaging the long-term sustainability of agroecosystems 
(critical to the world food supply for the estimated 8 to 11 billion people who are projected to 
inhabit the Earth in 2050) is a serious concern. Such evaluations must occur despite the fact that 
some critics argue that we cannot yet predict ecological trends 30 to 40 years in the future based 
on experiments conducted over a few years. For example, Rasmussen et al. (1998) pointed out, 
"Conclusions based on 10 to 20 years of data can be very different than those based on 50-plus 
years of data.. . . Current technology is continually expanding our capability to measure and monitor 
chemical or biological components that were not possible to measure two or three decades ago." 

ecause we face uncertainties in ecological evaluations, it seems prudent to exhibit great care 
in our initial releases of transgenic arthropods. are just now beginning to understand how 
genomes evolve and how genetic diversity is dev ed and maintained. Only a few years ago, 
we believed that genomes were relatively stable and we had little knowledge of the potential role 
played by TEs, retroelemen inirons, noncoding DNA, and horizontal gene transfer in remodeling 
the genomes of organisms. uch remains to be learned about genome organization and evolution, 
but it is becoming clear that foreign DNA sequences inserted into the genome can sometimes serve 
as a source of variation that is selected on and capable of surviving over a long evolutionary period 
(Jeltsch and Pingoud, 1996; Britten, 1997; 

The sequencing and analysis of diverse genomes, including the -13,600 genes in the D. melano- 
gaster genome, soon will lead to an increased understanding of the role and rate of horizontal gene 
transfer in genome evolution. Drosophila genome analysis also may serve as a source of new genes 
for use in genetic manipulation projects (Smaglik, 1999). We already know that horizontal gene 
transfer has a significant effect on genomes: on the basis of codon usage in Eschevichia coli, 
Medigue et al. (1991) predicted that at least 10 to 15% of its genome consists of genes that were 
horizontally transferred recently and Lawrence and Ochman (1998) confirmed this. Lawrence and 
Ochman (1998) examined the complete sequence of E. coli strain MG1655 and found 755 of 4288 
open reading frames (547.8 kb) have been introduced into the E. coli genome in at least 234 
horizontal gene transfers since the species diverged from the Salmonella lineage 100 million years 
ago. The average age of the introduced genes in E. coli was 14.4 million years, yielding a rate of 
transfer of 16 kblmillion yearsllineage since divergence. Apparently many of the acquired genes 
subsequently were deleted, but the sequences that have persisted (approximately 18% of the current 
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genome) "...have conferred properties permitting E. coli to explore otherwise unreachable ecoiog- 
ical niches" (Lawrence and Ochman. 1998). 

Horizontal gene transfer is a natural phenomenon that has occurred in many genomes, including 
those of arthropods, and can have significant effects on the evolution of species (Droge et al.. 1998). 
Some horizontal transfers can be extreme: the complete genome of Chlamjdia tmclzornatis, the 
agent of trachoma and the most common bacterial sexually transmitted disease in the United States, 
contains 20 or more eukn??otic genes. many of which more closely resemble genes of piants than 
of animals (Hatch, 1998). 

It is likely that additional evolutionary mechanisms will be discovered and new routes of 
horizontal gene transfer discovered. ill that be relevant or important to risk assessments of 
transgenic arthropods? Pn many cases, it will not be. If the gene that is moved horizontally is lost, 
inactivated. or benign, then harm will be minimized. If; however, the gene confers some type of 
increased fitness (such as antibiotic or pesticide resistance, or ability to extend the organism's 
ecological range). then the harm could be greater. If the foreign gene inserts into genes in native 
nontarget populations that affect fitness of individuals and populations, a subsequent loss of 
biodiversity could be important if the organism has an essential role to play in the ecosystem. 

"Exogenous DNA incorporation into a host genome is of great interest not only in the fieid of 
biotechnologies, but also for the understanding of evolutionary mechanisms, since horizontal 
transfers could lead to the emergence of new species" (Arnault and Dufournel. 1994). Understanding 
the mechanisms of horizontai gene transfer will help us design appropriate experiments to assess 
the potential risks of releasing transgenic arthropods into the environment. The following data 
suggest several mechanisms may exist, but horizontal gene transfer probably involves close contact 
between the recipient and the donor DNA, and requires uptake by the recipient, and incorporation 
into the recipient~s genome in a stable fashion. 

Nielsen el al. (1998) reviewed evidence for horizontal gene transfer from transgenic plants to 
terrestrial bacteria after 12 years of field releases and 25,000 field trials at ifferent locations. 
They concluded that experimental approaches in both fieid and laboratory stu es "have not been 
able to confirm the occurrence of such HGT [horizontal gene transfer] to naturally occurring 
bacteria although . . . recently two studies have shown transfer of marker genes Gom planes to 
bacteria based oil homologous recombination. The few examples of HGT indicated by DNA 
sequence con~parisons suggest that the frequencies of evolutionarily successfu! BGT from plants 
to bacteria may be extremely low." Nielsen et al. (1998) cautioned, owever. "this inference is 
based on a small number of experinlental studies and indications foun in the literature. Transfer 
frequencies should not be confounded with the likelihood of environmental implications, since 
the frequency of HCT is probably only marginally i~nportant compared with the selective force 
acting on the outcome," They argue that "attention should therefore be focused on enl-iancing 
the understanding of sekc f  on processes in natural environments. Only an accurate understanding 
of these selective events will allow the prediction of possible consequences of novel genes 
following their introduction into open environments." 

The use of a dominant selectable marker facilitates the detection of putative transgenic arthropods: 
but such genes are difficult to identify for many arthropods for which relatively little genetic 
information is available. The use of pesticide- or antibiotic-resistance genes as a dominant selectable 
marker could pose an emironmental risk if the transgenic arthropod strain containing such genes 
is released into the environment and the resistance gene can be taken up by organisms in the 
environment. Fortunately, the green fl~iorescent protein (GFP) gene appears to be a useful selectable 
marker for many arthropods. 
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While antibiotic-resistance genes are useful for piasmid production in E. coli, excising the 
antibiotic-resistance gene before the transgenic insect is released into the environment would reduce 

er 3 by Rong and Golic for mechanisms to delete markers). As noted by 
are promiscuous gene swappers. Their ability to pass genes for antibiotic 

strain to another is legendary." There is great concern that the control of 
infectious diseases is threatened by the ever-incr number of bacteria chat are resistant to 
multiple antibiotics (Vhlliams nd Heymann, 1998: te, 1998). Transfer of antibiotic-resistance 
genes to some pathogens coul be facilitated by a y discovered acquisition system called the 

," which is able to capture antibiotic-resistam genes, adhesion protein genes, and toxin 
azel et al., 1998). However, as suggested by Droge et al, (1998), if specific antibiotic- 

resistance genes already are widespread in natural bacterial communities. the transfer of the 
corresponding gene would not add something new to the gene pool although it could increase xhe 
frequency of horizontal transfer. 

e abie to take up genes from transgenic microorganisms 
manipulation of symbiotic bacteria in the guts f insects has been pr 
including Beard et al. (1992; see Chapter 46 by eard et al.). If genes 
can be transferred to other microorganisms found in the insectgut, including bacteria normally 
found on the surfaces of plants, then genes could escape into the environment. 

tanabe and Sato (1998) showed that gene transfer occun-ed between different bacteria in the 
guts of insects at a relatively high frequency; five strains of the bactc-ium Enterohacter cloacae. 
isolated from several species of planes and insects, grew in <he guts of silkworm larvae. When insects 
were fed artificial diet containing the epip ytic bacterium Eritf~zin herbicola. a high frequency of 

ations occumd between Ei7t cioacae arid Ei: hri-Dicoia, '[h plasmids being tiansfe~red 
insecf-associated and plant-associated bacteria. Waiaan e et al. (1998) suggested that 

s cornmonly in insects as we:! as ordin plants. 
n~portanr role in the evolution 

rong et al. (1990) previously foun 
ran Peridmnza saucic!. 
rify. aithough the frequ-ency 

of horizontal transfer of antibiotic-resistance genes from rransgenic piants to plant-associated or 
indigenous soil bacteria was estimated prior to the release of the FLAVR SAVR tomato (reviewed 
by Droge et al., 1998). Using a "worst-case scenario" (ail soil microorganism have a natural 
transformation system, every fragment of the lant DNA in the soil contains the resistance gene; 
the transformed gene is expressed after integration, and the gene product is acfve and stable): 
hsrizontai transfer was expected to occur at a frequency of 9 x 105 transformants per acre. In a 
less risky scenario (in which only 10% of the soil bacteria are transformable, the resistance gene 
constitutes 10-"art of the plant genome. the gene is not always integrated and expressed), only 
two transformants per acre would be expected. Droge et al. (1998) concluded that; "Even very 
rare events may have an ecological impact if the transferred gene increased the ecological fitness 
of the recipient organism. Hence. the genes encoded by the recombinant DNA pose a potential 
risk which should be the focus of the biosafety considerations, rather than a natural phenomenon 
- horizontal gene transfer - itsetf.~' 

Large-scale genomic analyses have shown that active and inactive TEs comprise a large fraction 
of fhe genomes of most organisms ( dwell and Lisch, 1997). TEs have been proposed as a 
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potential "drive mechanism" for inserting genes into pest populations (Carareto et al., 19971, but 
the use of TEs to drive specific genes into populations raises two concerns: the potential risk of 
developing resistance to the TE (which would reduce the effectiveness of the program) and the risk 
of horizontal transfer of the TEs containing transgenes to nontarget arthropods or other organisms. 

TEs typically are found both as intact and deleted elements within a species, and the deieted 
forms may act as repressors of transposition by active forms. The introduction of a novel TE would 
probably be required to achieve a rapid sweep of the introduced gene because there is strong 
selection for a mechanism to regulate transposition ( 
TEs are regulated in complex (and usually poorly understood) ways, but it appears that they 
sometimes can be activated when the organism is challenged or stressed by ultraviolet light, X rays: 
y irradiation, or other stressors (Petrov et al., 1995). The efficacy of using a novel TE to insert a 
specific gene into a wild population would be reduced if the introduction unleashed endemic 
(suppressed) TEs that would lead to such high levels of genetic damage that the population becomes 
extinct. Petrov et al. (1995) found that at least four unrelated TEs were mobilized following a 

ic cross in D. virilis. 
any TEs. such as nznrine~; are transmitted both vertically and horizontally. The nzariner 

elements are found in planaria, nematodes. centipedes, mites, insects (Robertson, 1997), and, even, 
in humans (Robertson and Zumpano, 1997; see Chapter 13 by Eampe et al.). Gueiros-Filho and 

everley (1997) introduced the D. inautitiutzu muriner element into the human protozoan parasite 
Eeishtnania nzajoi; thereby demonstrating it could transpose to different kingdoms separated by an 
evolutionary distance of more than 1 billion years. Handler et al. (1998) used a Iepidopteran TE 
vector to transform the editersanean fruit fly, a dipteran. The mariner (and other TEs) thus 
potentially are very powerful transformation vectors for introducing genes into diverse organisms, 
and the movement of such vectors from the genome of the target species will be deterred if the 
vector has been genetically disabl However; if native TEs are present in the genome in the 
native population with which the t sgenic population can interbreed: then transposase could he 

y the indigenous TEs, leading to instability and the possibility of transspecies and, even, 
transkingdom movements of genes. 

TEs are ubiyi~itous, resent in all genomes. and horizontal movement is a rare event. occurring 
on a evolutionary timescale (Kidwell and Lisch. 1997). Thus, the frequency of horizontal TE 
movement horn transgenic insects to other organisms may be low. Despite this, consideration 
should be given to the potential harm that could arise if the specific transgene moved horizontally. 

Is horizontal gene transfer by feeding a general phenomenon and does it increase the rate of 
mutation? Amauk and Dufournel (1994) noted that the first assays to measure the effects of feeding 
calf thymus DNA to Drosophila took place in 1937. Nurnerous mutations and sex-linked lethality 
were observed following ingestion or injection of foreign DNA from calf thymus, fish sperm. or 
viruses: the interactions between the genome and foreign DNA are "supposed to occur during 
chromosome replication by inhibition of the enzymes which participate in the DNA synthesis . . . 
so that a few nucleotides or a chromosome segment are lost, leading to visible or lethal mutations.'' 

Schlimnie et al. (1997) detected horizontal gene transfer between bacteria within digestive 
vacuoles and fecal pellets of the protozoan Tetr-alzymena yyrijbrmis. ore than 90% of the fecal 
pellets contained viable bacteria and conjugational gene transfer increased by three orders of 
magnitude. Schlimme et al. (1997) conclude that this "micro-biotope provides a selective pressure 
which might enhance the acquisition of virulence genes in cases of mutual interactions between 
genetically modified mi -organisms and wild-type pathogens. This finding is important for bio- 
safety considerations." st insects contain multiple microorganisms, some of which are sym- 
bionts. transients, or entornopathogens, and gene transfer between them could result in organisms 
with new attributes. 
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Predatory arthropods also may move DNA I~orizontally while feeding. Houck et al. (1991) 
suggested that a predatory mite (Proctolnelaps regalis) could serve as a mechanical vector of 
Drosoyhiln genes by moving P elements from eggs of one Drosoylzila species to another because 
the eggs are not always killed by feeding. 

re than 10% of insect species contain maternally inherited symbionts (bacteria. fungi, or viruses), 
cb either live inside cells and are transovarially transmitted or live outside ceits a d  are 

transmitted transovum (Hurst et al.. 1997). Many symbionts contribute in a positive manner to the 
physiology and metabolism of the hose, although others disrupt survival or fertility of their hosts. 
There is a possibility that transgenes in arthropods could be picked up by these symbionts or 
parasites and transnlitted to other hosts (see Chapter 15 by 

Jehle et al. (1998) found an insertion mutant of the granuiovirus of the codling moth (Cydiu 
yonionella) contained a Tcl-iilte transposable element 3.2 kb long. The transposon most likely was 
inserted into the viral genome during infection of host insects. and Jehle et al. (1998) speculated 
that Saculoviruses could serve as an interspecies vector in :he horizontal transmission of insect 
transposons (see Chapter 14 by Fraser). During an abortive infection of a nonsusceptible host by 
a baculovirus, transcription and expression of a few viral genes can occur. which makes it possible 
for a transposon to be mobilized and transferred into the new host genome (Jehle et al., 1998). 

Viruses may serve as vectors of foreign DNA. Ch (1997) quantified the rate at which 
five marine bacteria could produce virus-like particles an nsfer genes to a strain of Escherichia 
coli. Overall average efficiency of virus-like particle-mediated gene transfer was estimated to 
be between 2.62 X 10-3 and 3.58 X Chiura concluded that the virus-like particles produced 
by these marine bacteria might be an 'Ymportant element for . . . non-specific generalized hori- 
zontal gene transfer towards a broad range of bacterial hosts." Jordan et al. (1998) reported that 
pantropic retroviral vectors may serve as a general and efficient transformation system for insects. 
They demonstrated the vectors could transform somatic cells and allow expression of foreign 
genes in mosquitoes and Diasophila. The pseudotyped retroviral vectors are able to enter a wide 
variety of cells because cellidar entry is facilitated through Yipid binding and all of the necessary 
components (viral genome. integrase and reverse transcriptase) enter the cell together. The broad 

range of the pantropic retrovimses raises the question of whether there is a risk of an 
entai infection of nontarget species. 

kwamura et al. (1991) found di\wse sequexes in the mouse genome were present in the DNA 
of their schistosome parasites and they speculated that the "transposition of these mouse repetitive 
sequences may have occurred in the DNAs of the schistosomes during the intimate conlact between 
parasite and host." 

ny types of population and genetic models could be used in attempts to predict what will happen 
n genetically modified insects are released into the environment in pest management programs. 
do not know, however, which model types are most likely to be predictive of the actual outcome 

of field releases because few models have been evaluated with empirical data. 
An example of the difficulties in predicting field results from a mathematical model include 

three models developed to predict the success or failure of a ogical control program involving 
applications of fungi for control of grasshoppers and locusts od and Thomas, 1999). All three 
models fit the empirical data well. but one predicted sustained control at low levels after a single 
pathogen application. The other two models predicted that repeated pathogen applications would 
be necessary. The results demonstrated that two assumptions made by ecologists and modelers are 
suspect. First, quantitatively similar models need not give even qualitatively similar predictions 
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(contrary to expectations). Second, the sensitivity ailalysis of model predictions to paranleter 
variation is not always sufficient to ensure the accuracy of the predictions ( od and Thomas, 1999). 

Some current pop~alation models may lack key ingre ients, such as partial reprociuctive isolation. 
For example. Caprio and Hoy ( 1  995) developed a stochastic simulation model &at varied the degree 
of mating bias between rzsistant and susceptible strains, diploidy state (diplo- or haplc-diploid). degree 
of dominance of the resistance allele, and degree to which mating biases extended to the hybrid 
progeny. The results obtained were somewhat counterintuitive and illustrated the point that models 
can offer insights into the complexities of population genetics and dynamics tlrlat might be overiootied 
(Figm-e 19.2). The amount of mating bias significantly affected <he rate of establishment of the 
resistant strain in this model and also interacted significantly with the other three factors (Caprio and 
Hoy, 1995). As expected, dominance of the resistance allele significantly aEecied the rate d resistance 
development: when dominance varied, rates of resistance for diplo-diploid sirnulations varied more 
than with haplo-diploid populations. Thus. mating biases could ha.ve a large effect on establishing 
resistant (or other) strains and: in some cases. could prevent their establishment. The commoa 
assumption made in models is that all genotypes of a species mate at random, but this assumption 
may mask a considerable number of important interactions. The efficacy of transgenic insect release 
programs could be jeopardized if mating biases exis: between released and wild populations. 

Empirical data generally are Lacking to compare the relative usefulness of different model types 
in predicting insect popui n dynamics. Theoretical ecologists usually assume hornogeneo~rs and 
continuous populations. tapopulation models, by contrast. assume that populations exist in 
patches varying in area, degree of isolation, and quality. Metapopulation biology increasingly is 
being recognized as relevant to our understanding of population ecology. genetics, and e\du?ion 
(Hanski, 1998). Recent data, and a variety of metapopulation models, indicate that spatial structure 

populations as much as birth and death rates. competition. and predation. 
tapopulation dynamics may be important in understanding how to deploy transgenic artl-iro- 

pods. For example. a stochastic metapopulation model examined the implementation of a pesticide- 

9.2 Mating biases could affect the establishment of transgenic arthropod strains released inocula- 
ti\ely. The mating biai in this simulation   no del generated frequency-depeiidei~t selection and altered estab- 
lishment rates of pesticide-resistant strains. The nnating bias rates varied with the genetic system (haplo- 
diploid or cliplo-diploid). (Redrawn from Caprio and Hoy, 1995.) 
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resistant strain of the predator M. occideiztalis and the model results matched the observed prior 
outcomes of releasing the COS-resistant strain (Caprio and Hoy, 1994). Sensitivity analyses of 
this model indicated metapopulation dynamics could affect establishment of resistant strains by 
increasing local homozygosity within patches, and that overwintering may represent a genetic weak 
point in many life cycles, which could be exploited. 

If we assume that every field release of a transgenic arthropod should be conducted only after 
thorough peer review by scientists and regulatory agencies, efforts to contain transgenic insects 
and mites in the laboratory prior to their purposeful release into the environment shouid be effective 
(Hoy et al., 1997). At present, there are no U.S. or international guidelines on appropriate methods 
to contain transgenic arthropods in the laboratory prior to their purposeful release into the envi- 
ronment. although participants at an international conference on "Safe Utilization of New Organ- 

iological Control" organized by fhe Organization for Economic Cooperation and Devel- 
opment (OECD) recommended that such uniform guidelines should be developed (OECD, 1998). 

Hoy et al. (1997) suggested that entomologists developing transgenic arthropods should vol- 
untarily adopt the following principles: 

I .  No releases of transgenic arthropods should be made into the environment without prior 
evaluation by regulatory authorities and peer reviews by knowledgeable scientists. 

2. TQ reduce the likelihood that accidental releases will occur, transgenic arthropods and 
putatively transgenic arthro e contained in the laboratory by appropriate 
facilities and procedures. 

opriate and effective'? Greenhouses or other genera.] 
to prevent the accidental release of arthropods. The 

containment facilities for classical biological control projects are certified by the USDA-APHIS 
epartments of agriculture and have been designed to contain the "oeeefici! arthropod 
il permission has been granted to release then? into the environment. The facilities and 

procedures were developed to prevent the escape of undesired organis : including pest arthropods, 
plant pathogens, and hyperparasitoids (Fisher, ! 973; Ertle, 1993). rsonnel working in these 
facilities adhere to specific handling and disposal procedures designed to prevent accidental releases. 
Hf guidelines for transgenic arthropods are adopted that are equivalent to the containment of 
beneficial (nontransgenic) natural enemies and their hosts or prey for classical biological control 
programs, the containment facilities would include the following features: 

I .  The laboratory for handling transgenic arthropods would be insect-tight and self-contained. 
2. Personnel working in the room would be trained in specific handling procedures to 

minimize escape of transgenic arthropods. 
3. There would be minimal movement of equipment into and out of the room to reduce the 

accidental transport of transgenic arthropods. 
4. Air conditioning and heating systems would be made insect-proof with screening or 

filters to avoid accidental escape. 
5. The containment room would have a method to kill the transgenic arthropods (such as 

an autoclave, incinerator, or freezer), unless permission has been obtained to release 
them into the environment. 
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Several Dmsophilu geneticists have argued that it is not necessary to contain transgenic strains 
of insects (especially Dr-osi,.ylzila) because such strains are less fit than wild strains and they could 
not establish in the environment or, if they did. would not be harmful. They noted that the costs 
associated with providing adequate containment facilities would exclude some scientists from 
conducting transgenic research and that the containment facilities and proce ures are too complex 
or burdensome. 1 believe that these arguments are inappropriate until we can convince the public 
that transgenic arthropods are useful in pest management programs and that the risks associated 
with their release are minimal. 

The level of risk associated with accidental (or purposeful) releases of transgenic arthropo 
depend upon the species imdved,  the transgenes and their regulatory sequences utilized, the 
geographic location of the release site, the presence or absence of conspecific populations, the 
method by which the transgene was inserted into the arthropod, and the weather conditions at the 
time of the release (Tiedje et a!.. 1989; Hoy, 1995). 

Accidental releases of transgenic subtropical or tropical insects would not be risky during the 
wiciter in temperate climates because the population probably could not establish. Accidental 
releases of a beneficial arthropod containing a molecular marker should be less risky than release 
of a pest species containing a functioning transgene. Releases of transgenic arthropods with active 
TE vectors could be more risky than releases of transgenic arthropods with inactivated TE vectors. 

Accidental releases of laboratory populations frequently are considered harmless because the 
populations are unfit due to laboratory adaptation. genetic drift. inbreeding, inadequate diets, and 
diseases. However; if the transgenic laboratory strain could interbreed with wild individuals in the 
environment and transfer the transgene to a wild population. risk could be increased. For example, 
accidental releases of transgenic Drosoplzila could be risky if the flies could interbreed with wild 
populations in tropical or subtropical ar s and transfer the transgene to the wild population. T 
accidental release of a Iransgenic carrying an eye color gene is unlikely to elicit much 
concern, but if it canies a pestici ance gene it might elicit substantially more concern, 

idly in areas where D. nzelanogusfer is an agricultural pest. 
eleases of sterilized transgenic insects used in sterile insect release programs should 
al risk as long as the released insects were effectively sterilized and unable to est 

permanently in the environment. Containment of the transgenic opulation during factory rearing 
and prior to sterilization may be more innportant, depending on what transgene(s) are present. 

The public's concern about transgenic technology requires that we maintain the highest stan- 
dards of care in containing transgenic insect strains until the issues surrounding their safe and 
effective deployment in practical pest management programs are resolved. The adoption of uniform 
procedures and facilities for containing transgenic arlhropods in the laboratory should reassure the 
public that we are responsible and responsive to their concerns. 

Recombinant DNA techniques may offer exciting new opportunities for managing arthropod pop- 
ulation~, but they currently make genetic manipulation more complex and expensive than programs 
that use traditional genetic methods. The increased cost and developmental time is due to the need 
to assess potential risks associated with releases of transgenic arthropods into the environment. To 
date, relatively little critical research has been conducted on the risks and benefits of releasing 
transgenic arthropods into the environment. Quantification of potential risks is expected to be 
difficult. However, even if the risk is low, the potential h a m  that could ensue, should the risk be 
realized, needs to be considered. 
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The issue is not $transgenic arthropods should be released, but when and how? The debate 
over evaluation methods and interpretations should include a variety of viewpoints. Ewel ei al. 
(1  999) reported the conclusions of a workshop on deliberate introductions of species. The workshop 
participants did not discriminate between the potential risks of genetically-modified organisms and 
unmodified organisms introduced into new enviroments. Ewel et al. (1999) discussed the com- 
plexities of assessing risks and concluded that the 

Benefits and costs of introductions [of new organisms] are ~mevenil- distributed among ecoiystems. 
within and across regions, among sectorh of society. and across generations. Although an introduction 
may meet a desired objective in one area, at one time; or for some sectors of sociery. unwanted and 
unplanned effects may also occur.. Introduced organisms can. therefore. simultaneously have both 
beneficial and costly effects. Furthermore. the relathe rnagnitudes of costs and benefits vary both in 
space and over time. 

Ewel et al. ( 1999) listed research questions under four headi~gs:  guarding against risks withoui 
sacrificing benefits. aliexiadves to introductions. purposeful introductions, and reducing negative 
impacts. They recommended a single framework for evaluating all types of introductions; a need 
for retrospective analyses of introductions: a holistic view of the invasion process: and fewer, more 
effective introductions. Ewel et a!. (1999) concluded 

At the extremes. these \iews [of risks] range from a handful of advocates of no introductions, or of 
such vigorous pre-introduction proof of benignness that all introductions are effectively prohibited. to 
an equally small group that advocates a freewheeling global eco-mix of species ... [Mlost proponents 
of purposefi~l introductions understand the risks (but believe that technology can deal with them), a id  
most conservation biologists recognize the potential benefits to be derived from carefi~lly controlled 
introductions. Clearly. there is a need to bring all parties together on conirnon ground t h t  can lead to 
objective. science-based decisions by policyrnakers. 

H wish to echo this recommendation. especially if the debate includes transgenic arthropods, in 
addition to other transgenic organisms. 

Enhanced funding and effort should he d e ~ o i e d  to fundamental research on risk assessment 
methods for transgenic arthropods. Despite my perception that considerable effort has been 
put into assessing the risks of transgenic plants and rnicroorgaaisms, Butler et al. (1999) 
disagreed and indicated that, "The apparent loiil level of studies into the long-term risks of plant 
hiotechnology s e e m  to I-esult partly from the relatively small sums devoted to risk assessment 
research in comparison to overall budgets for biotechiloiogy.~' Biitler et al. concluded tha: a 
pcb!ic backlash by consumers has forced action on the labeling of uansgenic foods and "could 
now influence research goals."' Butler et al. reported that the head of food safety at the World 
Health Organization comiilented that; "It is clear [at least] in Europe that the consumer haclilllsh 
:mans that more imwtrnent in research [and monitoring] is needed to clarify the scientific 
uricertainiies, Society needs to begin a broad c"!scussion on the risks and benefits of GMOs." 
By contrast. almost no f ~ ~ n d i n g  has een allocated to fundamental research on risk assessments 
of transgeiiic arthropods. 

The potential value of Lransgenic arthropods to practical pest nzanageinent problems is 
exemplified by ;he social. public health. and economic costs associated with malaria (Curtis and 
Townson. i 998). Despite enormous efforts, malaria is an increasingly important health probienz 
M it11 at least 500 million people infected and approximately 3 million deachs annually (Crampton. 
1994). Will depioyrnem of transgenic mosquitoes unable to vector malaria contribute io a 
solution'? Miller (1989) re\-iewed malaria control strategies and pointed out that therc is unlikely 
to be '.a magic bullet that rr4l eliminate malaria." He noted that '"even DDT could not be called 
such a iveapon. at least ii? retrospect." The strategy of relying on single tactics in  peht manage- 
ment, whether it be control of nmsclliitoes or of agrictlltural pests, has always failed. T!?e 
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cornplexitp o f  genetic structure in Aizoplzeles gnnibiae populations in west Africa (Lanzaro et 
al., 19981, which may be reflective o f  the complex genetic architecture o f  other arthropod species, 
suggests that release programs involving a single transgenic strain are unlikely to be successful. 
The integration o f  several compatible tactics has been found to be more sustainable than reiiance 
upon a single management tactic; muititactic management o f  medically important disease vectors 
is more likely to be sustainable. as well ( 

ast experience with nontrailsgenic, genetically manipulated natural enemies (Section 19.3)  
suggests that the most readily implemented pest management projects employing transgenic 
natural enemies in biological control will be those where augmentative releases can be con- 
ducted and the transgenic beneficial insect used in relatively small areas such as temporary 
cropping systems, or where the natural enemy has a low dispersal rate and can be established 
in individual orchards. or where the natural enemy i s  released into a geographic region where 
the wild strain does not occur. The most difficult projects to implement are those in which 
the new biotype is expected to replace the endemic arthropod populatiorr. it is likely that 
projects that require the transgenic strain to replace a wild strain will require whole t e a m  o f  
experts to develop the mass-rearing technology and quality control methods and to provide the 
necessary information on population structure and hidden partial reproductive isolatiog mech- 
anisms that are likely to occur. 

One field release o f  a transgenic arthropod has occurred, and it is logical to assume that releases 
o f  sterile transgenic insects (such as sterile Mediterranean fruit flies that contain a marker transgene) 
could occur soon because the sterile Aies will be unable to estabiish permanently in the environment. 
Unfortunatelq: there are no guidelines yet for evaluating the risks o f  permanent releases o f  nonsterile 

arthropods into the environment and it is difficu!t to predict what issues will be consid- 
ed on the experiences o f  cornpallies that developed transgenic plants and microorganisms. 

it could take 5 to 10 years o f  evaluating short-term releases o f  transgenic arthropods before 
perinanent releases are permitted 

Significant and rapid advances are being achieved in iransforrnation o f  arthropods and the 
ideniificatioi: o f  potentially useful genes to insert into pesis such as rnosqr?itoes. Knosvledge 
about where to obtziin ~ s e f u i  genes for improving the effectiveims o f  parasitaids and predarory 
insects remains more limited ai this time. New o portunities shoiild arise over the next few 
years, as methods for achieving genetic manipul tion o f  arthropods 1 recornbinant DNA 
methods are iinpro~ed and the D~-cisopiziln genome project is compieie Still. deploying a 
ti-ansgenic arthropod in a pest manage~nent program wii! be an awesome challenge. requirirlg 
risk assessments. detailed knowledge o f  the population genetics. biology, and behavior o f  the 
target species under field conditions. as well as coordinated e f i r t s  among molecular and 
population geneticisis. ecologists. regulatory agencies, pest management specialists. and sus- 
lained eflorts to educate the public about the benefits and potential risks o f  releasing transgenic 
insects inCo the environr??ent, 

I thanli AI Handler and Tony James for imritii:g me to contribute to this book and the graduate 
strdents. postdoctoral scientisk technical s~tpport staff, iilld colleagues lvho contributed to this 
research. AI a:id Tony providcd thoughtful coirinients on ail earlier 1,ersion o f  the manuscript. 
Althoi~gh 1 accepted most o l  their suggcslions. a few points remain that I believe are subjects 
deser\,ing discussion by people with differing points of view. Public debate on these issues is both 
desirable and appropriate. This work was supported in part by the Dai-ies. Fischer and Eckes 
Endo~vment in Biological Control anct is Univershy o f  Florida Agricultural Experiment Station 
Journal Series T-00474. 
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During the 1970s in the United States, public concern about the safety of conducting experiments 
with recombinant DNA under conditions of adequate laboratory containment led to the issuance 
of the "National Institutes of Health Guidelines for Research Involving Wecombinai~t DNA 
cuies" (NIH Guidelines, 1979; current version, 1998). Public concern was again elicited in the 
1980s, this time by proposals to test and use genetically engineered organisms in the environment. 
The U.S. Congress and the executive branch were then stimulated to reexamine the issues sur- 
rounding widespread commercial development of the products of biotechnology. The issues ranged 
from speculation about the long-term ecological effects of environmental releases of genetically 
engineered organisms, to concerns that unwarranted restraints on the biotechnology industry would 
deprive the American public of the benefits of the new technology. Hn addition, the NIH Guidelines, 
which were originally written for NHH grantees doing biomedical research in the laboratory. were 
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proving inadequate for testing in the enviroarnent a broad s ectrum of genetically engineered 
organisms and potential commercial products. 

It was in a climate of renewed interest that an interagency working group was formed in April 
1984 within the Executive Office of the President. The charge of the working group included 
identifying the existing laws and regulations applicable to biotecllnology and determining their 
adequacy for regulating the products of the new technologies. The resuits of these efforts were first 
published for public review and comment in De mber 1984, and in final form in June 1986 as 
the '-Coordinated Framework for Regulation of otechnology" (OSTP. i 986). The Coordinated 
Framework iilcluded an index of laws applicable to biotechnology products in various stages of 
research. development, marketing, shipment, use; and disposal. This index of laws was published 
in final form in November 1985 (OSTP. 1985). 

The U.S. federal biotechnology policy has been based on several conclusions: 

I .  The products of biotechnology will nor differ fundamentally from unmodified QrganlsiBs 
or from conventmnal products. 

2. The product, rather than the process by which the product was created, should be 
regulated. 

egulation should be based on the end use of the product and conducted on a case-by- 
case basis. 

4. The exisiing laws provide adequate authority for regulating the products of biotechnology. 

An important corollary to this policy is the federal commitment to promote the safe development 
of genetically engineered organisms and products. 

Each Federal agency is con~mitted to ensuring protection for public health and the environment 
from any potentially harmful effects of bioiechnology. The Coordinated Framework contained final 
policy statements by the U.S. federal agencies that share a major responsibility for regulating t 
products of biotechnology. These agencies include the Food and Drug Administration (FDA), the 
Environmental Protection Agency (EPA), and the U.S. Department of Agriculture (USDA). 

Because statutory responsibility is assigned by C Coordinated Framework could 
not confer exclusive authority where jurisdiction lay than one agency regarding the 
review of a single biotechnology product. One agenc designated as a lead agency to 
facilitate review. The Animal and Health Inspection Service (APHIS) is designated the l 
agency for plant and animal biote gy. It is important to note that authoripj of FDA? E 

USDA is based on statute. and that the implementing regulations for se statutes are publishe 
in the U.S. Code of Federal Regula~ions (CFR). In most instances, sanctions for noncompliance 
with these regulations are based on statutory authority and include administrative. civil, andior 
criminal penalties. The NHH Guidelines by contrast have a contractual, her than a statutory basis. 
In recognition of this fact and to avoid interagency duplication, the N proposed amendments to 
the Guidelines in December 1986 to provide chat if certain experime are submitted to another 
federal agency for approval or official clearance, NIH review not required. This amendment, 
which applies only to experiments covered by Section 111-A ( ajor Actions) of the Guidelines, 
was adopted in August 1987 (USDHHS, 1987). 

The USDA has broad statutory authority to protect U.S. agriculture against threats to animal health. 
to protect against the adulteration of food products made from livestock and poultry, and to prevent 
the introduction and dissemination of plant pests. This authority is also appiicable to genetically 
engineered animals, plants, and microorganisms. The USDA has major responsibilities for research 
in agricultural biotechnology (Agricultural Research Service; Cooperative States Research, Edu- 
cation, and Extension Service) and also for regulating genetically engineered organisms and prod- 
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wts.  A delegation of authority by the Secretary of Agriculture (USDA, 1985) assigned responsibiiity 
for departmental regulation of biotechnology to the assistant secretary for Marketing and Bnspection 
Services (now Marketing and Regulatory Programs), responsibilities subsequently conferred down- 
ward on the APHIS and the Food Safety and Inspection Service (FSIS). 

Under the authority granted by the Federal Plant est Act (FPPA) of May 23. i 957, as amended, 
) of August 20. 1912, as amended. USDA-APHIS reguiates the 

e United States of plants, piant products, plant pests, and any 
p r o d ~ ~ t  or article that may contain a plane pest at the time of movement. These articles are regulated 
to prevert the introduction, spread, or establishinent of plant pests new to or not widely prevalent 
in ihe United States. The regulations that implement this statutory authority are found in 7 CFR 
parts 300 through 399. 

nder regulations codified at 7 CFR par: 330.200, APHIS Plant Protection and 
administers a permit program which prohibits the movement of ally plant pest 

untry into the United States or movement interstate unless authorized under a 
APHIS, Remedial measures are also exercised by APE S to prevent the spread 
nt pest that would constitute a threat to agriculture. 
S published a f i n d  rule on June 16, 1987. usxier the FPPA and P 

340 (USDA. !987), that established a peinit  requirennelx for the introdriction of genetically 
engineered orgaaisms that are plant pesls or which APHIS has reason to believe are plant pests. 
Genetic engineering at that time was defined as "the genetic modification of organisms by recom- 
binant DNA techniques." The regulations in 7 CF part 340 tail be seen as an expansion of the 
preexistilig regulations of 7 CFR part 33G.200 to cover the organisms anti products of genetic 
engineering technology. For additional discussion of federal regulatory oversight for biotechnology, 
see Cordle et al., 199 1: Shanthararn and Foudin. ! 99 1 . 

It is expected that arthropod researchers contemplating event~ml introduction of transgenic arthro- 
p o d w i l l  be unfamiliar v-ith the regulatory p-ocecliires and guidehoes nlrea y in place for the 
introduction of transgeilic piants and microorganisms. The current federal re ialions governing 
the permitting of trarasger~ic organisms under FPPA and PQA are detailed in 7 
d~ctioli  of Organisms and Products Aitered or Produced through Genetic Engineer 
Plant Pests or Which There Reason to Believe Are Piant PestsP' iUSDA. 198 
Services (SS) directorate of PPQ-APHIS-USDA cun-ently distributes upo:: request a guidance 
document for potential applicants, "'Questions and Anslvers on Biotechnglogy Permits for Genet- 
ically Engineered Plants and Microorganisms" (APHIS 21-35-001). The present discussion rep- 
resents an ongoing process developing guidance relative to transgenic arthropods. Further 
information can be obtained viewing the Web site, "The Regulation of Transgenic Arthropods 
(and other transgenic invertebrates)" at ~.~~~i~~~:nphis.~~srki.goi~b/biotecI~/~~rtI~ro~~od~ 

APHIS-USDA is obligated by statute and reguiation to evaluate the potential impact to plants and 
the environment of transgenic arthropods proposed [or release that are or may become plant pests. 
This evaluation process starts with a determination of jurisdiction: does the proposed introduction 
involve a '"regulated" article as defined under the FPPA? (see below). If i t  is determined that APHIS 
does not have authority to regulate the particular article. then the process is complete and the author 
of the proposal is so informed. However. if it is determined that A HIS does have jurisdiction, 
then the evaluation proceeds to an assessment of ihe risks of the proposed introduction. In some 
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situations the risk o f  the organism or activity has already been assessed, and been determined to 
be o f  no risk to plants or the environment. This may be the case for previously permitted similar 
organisms, or those activities categorically excluded from National Environ~nentai Policy Act 
(NEPA) analysis and which are listed in the N E  Implementing Procedures for APHIS (see below). 
A Courtesy Pennit, i f  requested, may be issu for the introduction o f  organisms that fall within 
these categories. I f  the activity is not within these categories, the assessment then is conducted in 
two phases: first. an examination o f  the risks associated with the introduction o f  a nontransgenic 
form o f  the proposed species; and, second, an examination o f  the potential additional risks associated 
with the introduction o f  the transgenic form. When risks are identified, consideration is given to 
the mechanisms proposed to manage that risk. 

At this point in the evaluation process. it may be determined that the proposed introduction o f  
m represents an obvious and significant threat to agricultural crops and under 
annot be permitted, and the applicant is requested to withdraw and revise the 

is is not the case, an Environmental Assessment (EA)  document is then prepared 
under WEPA and Council on Environmenta ) guidelines. The E A  document outlines 
for the APHIS decision maker the potential i roduction on the environment (including 
the potential o f  the organism as a plant pest) and recommends either a Finding 
Impact (FONST) or the preparation o f  an Environmental Impact Statement (EIS). 
maker chooses the FONSI alternative, the E A  is made available for public co 
a FONSI could be prepared and a permit issued. When the S alternative is chosen, the possible 
issuance o f  a permit is delayed until the EIS is prepared. sed on the identified and analyzed 
potential impacts to the environment documented in the EIS, and after the public has had an 
opportunity to contribute to the evaluation process, a decision can be made to permit or prohibit 
the introduction. 

A statutes, as promulgated in 7 CFR 330 and 340, define a plant pest as " m y  
living stage of:  any insects. mites, nematodes, slugs, snails, protozoa, or other invertebrate animals, 
bacteria, fungi, other parasitic plants or reproductive parts thereof. viruses, or a organisms siiniiar 
to or allied with any o f  the foregoing, or any infectious substances, which can .ectPy or indirectly 
injure or cause disease or damage in any plants or parts thereof, or any processed, manufactured, 
or other produces o f  plants." The current regulatory process concerning the introduction o f  plant 
pests involves the analysis o f  potential risk to the environment of a proposed introduction and the 
issuance o f  a permit by USDA-APHIS i f  t risk is deemed acceptable. Fo 
transgenic, the process is governed by 7 C 330 and implemented by the 

SS (www.aphis.usda.gov/ppq/s In the case o f  trai~sgenic organisms, 7 CFR 340 
iotechnology Permits unit o f  SS (~vw~v.a~~his.usda.gol~/bbc~y/by~ to 

regulate the "introduction o f  organisms and pr or produced through genetic engineer- 
ing which are plant pests or which there is reason to believe are plant pests." 'Ih import, move 
interstate, or release into the environment a genetically engineered organism or product: an indi- 
vidual must obtain a permit from USDA-APHIS i f  ( 1 )  the organism has been altered or produced 
through genetic engineering from a donor, vector, or recipient organism that can be classified as a 
plant pest or whose classification is unknown: (2) the product contains such an organism as described 
above; or (3 )  any other orga sm or product not included in ( 1 )  or (2 )  altered or produced through 
genetic engineering which IS determines is a plant pest or has reason to believe is a plant pest. 

mplementing Procedures for APHIS (7 CFR 372) (USDA, 1995) define actions normally 
requiring environmental assessments as "(372.5) (b)(4) Approvals and issuance o f  permits for 
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proposals involving genetically engineered or nonindigenous species, except for actions chat are 
categorically excluded.. . . (b)(5) Research or testing that: (i) ill be conducted outside of a 
laboratory or other containment area (field trials, for example). . . ." Categorically excluded actions 
are defined as "(372.5)(~)(2) Research and development activities. (i) activities that are carried out 
in laboratories, facilities, or other areas designed to eliminate the potential for harmful environ- 
mental effects - internal or external - and to provide for lawful waste disposal. (c)(3) Licensing 
and permitting. (ii) permitting, or acknowledgment of notifications for, confined field releases of 
genetically engineered organisms and products." Exceptions for categorically excluded actions are 
defined as "(372.5)(d)(4) hen a confined field release of genetically engineered organisms or 
products involves new species or organisms or novel modifications that raise new issues." An activity 
that is categorically excluded by APHIS from NEPA analysis would have been previously deter- 
mined to have no significant impact on the environment. 

The transgenic organism prior to its transformation may have been indigenous or nonindigenous 
to the United States, and either (1) phytophagous and thus an actual or potential direct plant pest 
or (2) a nonphytophagous predator, parasite, or competitor of plant pests or beneficials and thus 
potentially an indirect plant pest. The information required in these various situations for 

SS to evaluate the permit request can be organized in a manner similar to the format 
for nontransgenic plant pests. For the release of actual or potential plant pests under 

FPPA and NEPA, SS requests from the applicant certain basic information about the proposed 
release in the context of USDA-APHIS- PQ Form 526, "Application for Permit to 
Plant Pests and Noxious Weeds" (see below). These evaluations focus on potential impacts of the 
released organism on both the target organism and nontarget organisms, at the levels of populations, 
species, communities, and ecosystems. Impacts on humans and threatenedlendangered species are 
considered. as are potential impacts on the physical, economic. and cultural environments. The 
general informational requirements for the introduction of a nontransgenlc organism under FPPA 
and NEPA (summary of SS guidelines) are: 

1. Statement of intent from applicant 
2. Confirmed taxonomic identification of organism 
3. Recent and historical geographic distribution 
4. Review of biology and ecology of organism in area of origin, to include host specificity 

and sources of mortality 
5. Review of target pest, to include economic impact, sources of mortality, and host range 

rovisions for shipment and containment 
7. Activities conducted in containment 
8. Summary of biology and ecology of organism, as evidence of appropriateness for release 

Environmental Assessments prepared by SS for a particular species as part of the FPPA, PQA, and 
NEPA permitting procedure would be incorporated into EAs prepared by SS when a transgenic 
form of the same species is being evaluated for introduction. 

Specific information requested (if available) for the evaluation of a proposed introduction of a 
nontransgenic arthropod under F A. and NEPA (summary of SS guidelines) would include: 

1. Introduced Organism Information: 
a. Taxonomic identity and relationships 
b. Documentation of efforts to ensure the organism is "pure" 
c. Geographic and habitat distribution 
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d. Foodhostlprey range 
e. Dispersal characteristics 

rtality factors, to include climate, natural enemies, and competitors 
Pest Information: 

a. Economic importance 
tical, social, and cultural factors 
efits of pest control 

d. Geographic and habitat distribution 

nclude climate, natural enemies, and competitors 
g. Vulnerability to biocontrol organisms 

3. Site-Specific Information (when appropriate): 
a. Location of releases, including proximity to significant sites 
b. General description (ecological, spatial, temporal) 
c. Specific habitat and community descriptions 
cl. Influence of site characteristics on success of release 

4. Composite Factors. i.e., potential impact of introduced organism on 
a. Ecological community 
b. Endangered and threatened species 
c. Pollinators 
d. Other biocontrol agents 
e. Other nontarget organisms 
f. Target pest relationship with rest of community 

elationship between the introduced organism and currently employed pest manage- 
ment strategies 

VALUATION OF THE 

The evaluation process next considers whether the genetic alterations associated with the pro 
organism to be released have altered the risks associated with the unmodified organis 
fundamental risk assessment issue addres\ed is, ill the genetic alteration modify ecologically or 
ehvironmentally relevant properties of the orga m? Specific potential risks associated with the 
release of a transgenic arthropod can include the displacement of native popuiations, a change in 
host or prey utilization or ecological distribuiion, the transfer of exogenous DNA io other organisms, 
or, if one of the characteristics of the transgenic arthropod is increased resistance to herbicides or 
pesticides, subsequent increased usage of such chemicals. To address risk issues adequately, AP 
would consider such information as: 

I .  How the recipient organism was transformed through recombinant DNA technology, to 
include characteristics of the donor, vector, and recipient organisms and a description of 
the methods employed. 

2. The characteristics of the modified organism, to include the stability of the new genotype 
and the probability of gene transfer to other organisms with resultant consequences. 

3. Potential impact of the transgenic arthropod on native populations, communities, and 
ecosystems. 

ethods for evaluation of the safety of the transgenic organism in field trials before 
unrestricted release. 

This information is requested on the current USDA-B EP Form 2000, "Application for Permit or 
Courtesy Permit under 7 CFR 340 (Genetically Engineered Organisms or Products)." 
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l[nformation that would be appropriate before a confined field trial is authorized can include: 

1. History of introductions of the nontransgenic form 
2. Life tabletlife history attributes of the transgenic form 
3. Nature/function of the genetic alteration, e.g., mode of inheritance, stability, degree of 

expression 
ior of the trait in caged or mesocosrn situations 
matical modeling of released populations, to include probability of establishment 
quences of inadvertent escape and establishment 

ods for monitoring and control. 

A field trial is considered "confined" when the candidate arthropod cannot become established and 
subsequently spread. Confinement may be achieved by means of physical (e.g., dispersal barriers), 
chemical (e.g., insecticide spraying of dispersal areas), cultural (e.g., trap plants, bare zones), andor 
biological (e.g., inability to overwinter) methods. Information that field trials can provide, before 
unrestricted release is authorized, includes: 

1. Changes in biologylecologylbehavior of transgenic form relative to unmodified form, 
such as dispersal characteristics, habitat utilization, climatic tolerances, life history 

2. Stability under environmental conditions of characteristics associated with transgenic 
material, e.g., between generations, movement of new gene from insertion site, trans- 
mittability of gene to other s y means of endosymbionts, trans 

viruses 
obability of increase 
eraction with native s 

iscussion of these topics can be found in t al., 1995; Gaugler et al., 1 
I ,  1992a,b, 1995, 1997; Levin and Strau ons, 1990; Ruesink et al., 1 

Tiedje et al., 1989; USDA 1987, 1993; 

1 .  Applicant submits materials - Form 2000 and supporting documents - to 
PQ-APHIS for review (electronic version encouraged). Note: The submission of 

an application may (should) be preceded by an informal consuItation, in which the 
applicant can obtain (a) information concerning protocols, data requirements, and APHIS 
procedures, (b) a preliminary determination of regulatory status for the proposed intro- 
duction, and (c) application materials, some of which are also available at t 
Web site (w~vw.aphis.usda.gov). 

2. Initial processing of application. 
a. Application is reviewed for completeness; i.e., a11 requested information is present; 

missing material is requested or application returned for further development. 
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b. The mandated 120-day interval for completion of the review process is initiated upon 
determination of application completeness. 

G. Application is mad 
ness Information, 
tech/arfhropod) w 

reliminary review initiated. 
a. State(s) informed of receipt and availability of application and start of review process. 
b. Regulatory status is determined; i.e., is the organism a "regulated article" under FPPA? 
c. Courtesy permit may be issued (if requested) if proposed introduction is not a regulated 

article. 
d. Relevant APHIS documents are reviewed: e.g. has the same or related organism been 

previously permitted? 
e. If organism previously permitted or similar to such, a permit extension may be issued. 
f. Preliminary review continues, considering: 

i. Risks associated with introduction of nontransgenic form of organism; 
ii. Risks associated with introduction of transgenic organism. 

4. Preliminary review concluded within 30 days of initiation, with a preliminary determi- 
nation that: 
a. The introduction of organism be allowed; state(s) informed of results of review; 

concurrence requested within 30 days. 
i. State(s) concurs (go to 5) .  

ii. State(s) concurs, with conditions; consultation with state(s) and appiicant (go to 5 
if all parties agree to conditions). 

iii. State(s) does not concur; consultation with state(s) and applicant; may lead to 
modification or withdrawal of application. 

b. The introduction of organism not be allowed (pe denied). SS Director informs 
licant and state(s) of basis of decision under F and describes appeal process. 
process is initiated. 

a. Determination of categorical exclusion under APHIS Implementing Procedures for 
NEPA. 

b. Environmental Assessment prepared if appropriate. 
i. Endangered Species Act requirements considered. consultation with USID1 

initiated if appropriate, and applicant informed of possible delay in permitti 
ii. EA is completed, Director of SS reviews application and EA, and if approves, 

signs FONSE. 
iii. Availability of EAIFONSI is announced in Federal Register and at A 
iv. After appropriate interval, permit may be issued. 

The preceding discussion was restricted to transgenic arthropods and other invertebrates that are 
or may become plant pests and as such come under the perview of the several plant health statutes. 
Transgenic arthropods that may be vectors of animal (and human) diseases quite logically are not 
included in those plant health statutes. However, USDA-APHIS does have general statutory author- 
ity under 21 U.S.C. l I l to take whatever measures are necessary to prevent the introduction andlor 
dissemination of contagious/infectious/communicable diseases of animals, and specific regulatory 
authority under 9 CFR 122 to restrict the introduction of organisms and vectors of those diseases. 
USDA-APHIS is now ( arch 2000) in the process of developing specific regulatory authority and 
guidelines for transgenic arthropods and other invertebrates that are vectors of animal diseases. It 
is anticipated that these new regulations will contain many components similar to the existing 
regulations for transgenic plant pests. 
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Those same mechanisms that were employed in the development of guidelines and procedures 
for regulating transgenic arthropods impacting plants will be utilized in the development of APHIS 
oversight for transgenic arthropod vectors of animal disease. iotechnology Permits unit, 

announced in December 1995 the formati agency "virtual team" that 
ith the regulation of transgenic arthropod ers of that team remained 

in their current units, but were available to assist the team leader when appropriate. Activities of 
the team included reviewing applications, contributing to or reviewing EA, proposing modifications 
in existing procedures, and liaisoning with the user community. The membership of the team 
represented a broad spectrum both o agency activities and scientific disciplines relevant to the 
regulation of transgenic arthropods. t was hoped that the availability, and utilization, of this 
expertise wouid ensure that APHIS tr sgenic arthropod activities and decisions would be innova- 
tive, efficient. and well informed. A perusal of the APHIS Transgenic Arthropod Virtual Team 
site (~~.w~.~~.aphi~.~i~da.~ovn)iote~/~/~zrthropod) should indicate that the team was successful in meet- 
ing its objectives. This conclusion was reinforced in October 1997, when the team received Vice 
President Gore's "Hammer Award" from the National erformance Review, for "reducing costs. 
cutting paperwork. increasing efficiency, and improving customer service." 

Effective team innovations that will be continued include: 

1. Electronically connected APHIS "'virtual team" of experts 
b site as focus of federal transgenic arthropod regulatory activities and as 

clearinghouse for information within the transgenic arthropod research community 
3. Extensive dialogue with permit applicants before submission of formal applications, as 

a means of improving the quality of applications and reducing subsequent processing time 
4. Placing all permit applications, and subsequent agency decision documents, on the team 

Web site in an on-screen version within 7 days of receipt or issuance 
5. Involvement of team members in professional scientific society and international orga- 

nization activities such as workshops; symposia, and conferences relating to transgenic 
arthropods 

6. Use of the "Transgenic Arthropod Interest Group" to inform interested individuals and 
entities, both outside APHIS and outside the federal government, of permit applications; 
agency decisions, team activities, and as a mechanism to encourage comment on trans- 
genic arthropod regulatory activities of APHIS. 

S Transgenic Arthropod Virtual Team b site will be the location for information 
concerning future development of federal regulations, guidelines, and procedures involving trans- 
genic arthropods. as well as a source for information on recent and current activities within the 
regulatory and research communities. 

EA 
EIS 
EPA 
FDA 
FONSS 
FPPA 
FSIS 
FWS 

Animal and Plant Health Inspection Service (USDA) 
Council on Environmental 
Environmental Assessment 
Environmental Impact Statement 
Environmental Protection Agency 
Food and Drug Administration 

Food Safety and Inspection Service (USDA) 
Fish and Wildlife Service (USDI) 
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S S 
USDA 
USDHHS 
USDI 

National Environmental Policy Act 
nstitutes of Health 

Office of Science and Technology Policy (Office of the 
uarantine (USDA-A 

Scientific Services (USDA-A 
U.S. Department of Agriculture 
U S .  Department of Health and Human Services 
US. Department of Interior 
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AaPV (Aedes cl/bopicr~ls densovirus). 140. 112-143 
AAV (adeno-associated vir~ises), 140, 150-152. 155 
Ac. 9. 223, 232 
Ace. 110-1 11 
Acetylchohnesterase IAChE), 110-1 11, 1 13 
AcFP6. 252 
XcMNPV, 25 1 
AcNPV (Autographn cal$oinicc~ nuclear polyhedrosis 

virus). 250 
Actinomycete symbionts, 293, 296 
Acrivaror, 4 
Adeno-associated viruses (AAV). 140, 150-152, 155 
Adh (alcohol dehydrogenase). 7, 312 
A e d e ~  aeg)pti (mosquito) 

AeDNV denso~irus. 140. 141 
ability to establish persistent infections, 156 
gene expression. 143-145 
genomic organization. 142-143 
integration, 152-155 
Sindbis as helper, 149 
transducing systems development. 146-148 

antiviral RKA expression. 176-178 
assay Rdl promoter activity, 1 18 
AthDNV denso~irus. 110 
as disease vector, 320 
Heriiws Lector development, 222 
infection with dsSIN virus, 101 
mariner transformation of, 238 
meiotic drive genes. 327 
proteiu expression in midgut. 171-176 
protein expression using dsSIN virus, 171-174 
SIN virus strains in, 165 
successful piggj.Bac transformations. 261 
targeted gene case study, 4 2 4 3  

Aedes a1bopictu.r (mosquito) 
AaPV densovirus. 140, 142-143, 156 
AeDIW production and, 147-148 
C6136 cells 

AeDNV production and. 147-148 
densovirus isolation, 140 
dsSIN infection, 171 
Aavivirus replication, 176 
SIN replicon RNA into, 180 

dsSIN and protein expression. 171 
frequency of Wolbachicl infection, 275 
SIN virus infection. 165 
unidirectional CI, 277-278 

Aedes pseudoscutelli~ris virus, 140 
Aedes triseriutus (mosquito) 

antiviral RNA expression, 176-178 

infection n'ith d S I N  viras. 10: 
SIN virus infection, 165 

AeDNV (Aeties aegypti densovirus). 140, l31 
ability to establish persistent infections. 156 
gene expression. 143 

nonstructural gene promoter, 141-145 
structural gene promoter. 145 
rransactivation of promoter. 135 

genomic organization. 142-143 
integration, 152-1 55 
Siudbis as helper, 149 
transducing systems development. 146-148 

Aequoi-eu sp. (jellyfish), 88, 96 
Air-pulse injection systems. 20-21 
rrlb. 86 
Alcohol dehydrogenase (Adh). 7, 312 
Alphaviruses, see Sindbis (SIN) virus 
Alternative foods. 347 
y-Aminobutyric acid (GABA). 115 
Anal papillae and tran5duction evidence. 149-150 
Aizustrephn susperlsu (Carribean fruit fly), 10. 261 
Animal and Plant Health Inspection Service (APHIS), 370 

certification of facilities. 358 
procedures for release permission. 375-376 
review and e\aluation process 

determination of categorical exclusion, 372-373 
determination of jurisdiction. 372 
evaluation of nontransgenic form, 373-374 
evaluaiion of transgenic form, 374 
information requested. 375 
process overview, 37 1-372 
Web site resources. 371 

Aiiopheles (mosquito) 
ulbimur~us, 1 11 
dirus. 325 
as disease ~.ectors, 320 
eye pigment mutations in. 84 
jweborni. 325 
garnbiue 

extrachromosomal homologous recombination, 
31-34 

Herrues integration into, 220 
Hei-nws vector development, 222 
huizi element discovery, 229 
infection efficiency in MO$-55, 128 
infection with dsSIN virus. 101 
sex-specific splicing and, 313 
transposon-mediated gap repair, 46, 48 

malaria control programs, 320 
stepheizsi, 101. 326 

Anophelinae, see Mosquitoes 
Antibiotic-resistant gene transfer. 353-354 
Antifreeze proteins, 20, 314 
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Antisense RNA 
expression of, 176-179 
Sindbis virus and, 323 
for use in insects, 139-140 

Antiviral RNA expression, 176-178 
Apanteles melanoscelus, 341 
APHIS, see Animal and Plant Health Inspection Service 
Apis mellifera (honeybee), 81, 85, 339 
Arboviruses. 139-1 40 
Artemia sp., 102 
Arthropoda, 273 
AthDNV (Aedes aegypti densovirus), 140 
Augmentation strategy, 340 
Aurodrosopterin. 82 
Aurographa calfor~lica nuclear polyhedrosis virus 

(AcNPV), 250 
Azinpbosmethyl, 344 

Bacillus thurengieusis (BTI). 321 
Backcrosses and biofitness, 308-309 
Bacterial genes as transgenesis candidates. 112 
Bacterial symbiont transformation; see also Wolbachia 

pipierltis symbiont vector 
Chagas disease vector 

biology and ecology, 290-292 
control efforts, 289-290 
CRUZIGARD use, 296-298 
need for control, 301-302 

genetically altered symbionts 
application in disease control. 298 
introduction strategy. 296-298 

paratransgenic Insects generation 
cecropin A expression, 293-295 
genetic transformation of Rh. rhodnii, 293 
integrative plasmids for actino~nycetes 

transfo~mation, 296 
single-chain antibody expresqion. 295-296 
system description. 292-293 

safety concerns 
environmentallecologicai risks. 301 
human health risks, 299-301 

Bactrocera dorsulis (Oriental fruit fly) 
hopper discovery, 228 
and piggyBac. 5 
successful piggyBcic transformations, 10, 261 

Bactrocera ti?.orii (fruit fly) 
hobo excision assays, 222 
Homer discovery. 227 
sex-specific splicing and. 3 13 

Baculoviruses 
FP plaque molphology mutation, 250-25 1 
horizontal gene transfer and. 263. 356 
transposon-induced mutations, 251-252 
for use in insects. 140 

Balancer chromosomes. 71 
Ballistic method. 17 
Banchinae, 206: ree d s o  Polydnavirt~ses (CsIV) 
Bed net programs. 321 

Beneficial insects and genetic manipulation 
background of efforts, 339-340 
implementation strategies, 34C 

Biodiversity loss, 338 
Biodiversity maintenance. 336 
Biolistics. 17 
Biological control programs, 336, 358 
Biopterin, 82 
Biotechnology Permits unit, 377 
BLAST analysis, 19 
BmDNV (Bombyx mori densovirus), 140 
Bombyx mori (silkmoth), 4. 11 

BmDNV densovirus, 140 
successful piggyBac transformations, 261 

Braconids, see also Polydnaviruses (CsIV) 
phylogeny of polydnaviruses and, 206 
segment integration sites, 207 

Bracoviruses. 206; see also Polydnaviruses (CS%) 
Brevidensovirus. 140 
Brmw gene mutation effects, 84-85 
Brown pigments, see Ommochrome pigments 
BTI (Bacillus tllureugiensis). 321 
Buckeye butterfly (Precis coenia), 101 

C6136 cells (Aecles albopictus) 
AeDNV production and, 147-148 
densovirus isolation, 140 
dsSIN infection, 171 
flavivims replication. 176 
SIN replicon RNA into, 180 

Cmzorh(zbditis elegans [nematode). 238 
Campoletis sonorensis polydnaviruses (CsIV), see 

Polydna~iruses (CsIV) 
Campoplegineae. 206: see also Polydnavimres (CslV) 
Carbaryl. 341, 343 
ciirdiizrrl, 86 
Cardiochilinae, 206; see also Polydnaviruses (CsIV) 
c~zruatioi~, 86 
CAT (chloramphenicol acetyltransferase), 169. 171, 174 
Cecropin A expression, 293-295 
Cell autonomy, 86, 88 
CEQ (Council on Environmental Quality guidelines), 372 
Ceratitis cupiturn (Mediterranean fruit fly) 

Hernies vector development, 222 
Mri1ene.r~ factor isolation, 3 12-313 
piggyBac element in. 10 
piggyBac transpomn using. 261 
pigment gene cloning, 85 
SIT program, 308 

Cesium chloride, 12 
Chagas disease vector, see also Bacterial symbiont 

transfonnation 
biology and ecology, 290-292 
control efforts. 289-290 
CRUZIGARD use 

application in disease control. 298 
description. 296 
efficacy experiments, 296-298 



need for control. 301-302 
Tryparzo.roi?m cruzi 

cecropin A expression effects on, 293-294 
transnlission of disease, 289 

chnrtreuse, 86 
Cheloninae, 206; see also Polydnaviruses (CsIV) 
Chemical resistance, see Resistance genes 
Chlai?zydia tmchomutir, 353 
Chloramphenicol acetyltransferase (CAT). 169, 17 1, 
C1zoristoneui.o fumferans (spruce budworm), 3 14 
Chromosomal integration detection, 18 - 
Chromosome rearrangements in SIT, 307 
Cll~.vsoinyu rufij'ucies, 3 13 
Clli?soperla plorubmzdri (green lacewing). 241 
CL see Cytoplasmic incompatibility 
cimmbar; 11, 86. 87, 95 
Circular molecule integration, 62 
Circumsporozoite protein (CSP), 326 
ci.r-acting elements. 192, 197 
Class 1 elements, 45 
Class I1 transposons 

described. 4, 45 
/?AT element, see hAT element gene vectors 
mnriizec see nzariner transposons 
transgenesis technology and, 324-325 
TTAA-specific, see TTAA-specific transposons 

Cochliomya lzonzii2i~~cras (screwworm), 337-338 
Codling moth (Cydia pomonella). 314. 356 
Cold storage of Insects. 314 
Coleopteran and piggyBac. 10 
Conditional lethal phenotypes in SIT programs, 3 10 
Confocal microscope. 104 
Constitutive promoters and SIT, 3 l 2  
Containment facilities for release preparations. 358 
-'Coordinated Framework for Regulation of 

Biotechnology," 370 
Copraphagy, 290. 295, 296 
Cost of genetic programs 

equipment and supplies, 15-16 
genetic trancformation. 20 
SIRM, 337 

Council on Emironmental Quality guidelines (CEQ). 
Courtesy Permit, 372 
Cre-IoxP, 20 

FLP recombinase and, 56 
site-specific iecornbination system. 54. h4 

Cross-mobilizing system. 18, 232 
Crossover. 35 
CRUZIGARD 

applications in disease control. 298 
description, 296 
efficacy experiments, 296-298 

Cryopreservat~on. 20 
CsIV (Cumpoletis sono,aizsi.s polydnaviruses), see 

Polydnaviruses (CsIV) 
CSP (circumsporozoite protein), 326 
Cl~lex (mosquito) 

pipieizs 
infection with dsSIN virus. 101 
protein expression in saliva, 174 
SIN virus infection, 165 

sterility techniques, 281 
Wolbachia symbiont vector, see Wolbacl~iupipientis 

symbiont vector 
quinquefr~sciutus 

bid~rectional C1 strains. 281 
Hermes vector development, 222 

theileri. 140, 156 
Culicidae, see Mosquitoes 

174 Cut-and-paste recombination. 4-5, 257-258 
Cu-Zn superoxide dismutase. 3 15 
Cydia pomonella (codling moth). 314, 356 
cps-motif gene family, 21 0 
Cytoplasmic incompatibility (CI) 

bidirectional, 280-28 1 
male aging and, 28 1 
population suppression and, 281-282 
unidirectional 

associated sterility. 276 
expression systems, 279-280 
fitness effects of transgenes, 276-277 
geographic spreading process. 275-276 
between infected populatjons, 277-279 
mathematical model, 274-275 
population dynamics. 273-275 
population structure, 276 
transgenes compatibility. 277 

Wolhuc/zi~ associalion with, 272-273 

Ddc idopa decarboxylase), 7 
DDT. 11 1 
Dechorionation. 13. 21 
Delia ai7tiquic (onion Ay). 314 
Dengue fever virus 

antisense viral RXA and, 323 
expression by dsSIN, 176-178 
mosquito disease vectors. 320 

Densonucleosis viruses, 11, 157 
biology of, 140-141 

372 co~npared to site-apecific recombination, 1 5 j  
GFP expression and, 101. 102 
molecular biology 

AeDNV gene exprersion, 143-1 45 
genomic organization, 142-143 
J c D W  gene expression, 145-116 
replication, 14 1-142 

potential transformation vectors 
AAV integration. 150-152. 155 
AeDNV integration, 152-155 
episoinal transformation. 156-157 

transducing systems development 
by cotransfection of C6136. 147-148 
helper characteristics, 147 
of mosquito larvae, 149-150 
packaging cell lines construction. 148 
packaging with Sindbis helper, 148-149 
strategy for, 146 

Deilso~~irus, 140 
Densoviruses, see Densonucleosis viruses 
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Diapause, 314, 341 
Dicistronic vectors, 128 
Dieldrin-resistance (Rdl), see Rdl as transgenesis candidate 
Dihydroneopterin triphosphate, 82, 86 
Dihydropbiopterin, 82 
Dioptric apparatus. 80 
Dipterans, see Drosophila; Mosquitoes 
Dipteridine compounds, 82 
Disco.romu striara, 97 
Disease transmission controls, see Cbagas disease vector; 

Malaria: Mosquitoes; Vector-borne diseases 
DNA, see Recombinant DNA 
Dominant lethal mutations in SIT. 307 
Dopa decarboxylase (Ddc). 7 
doublesew gene and SIT. 312 
Double-strand gap repair 

mechanism for. 44 
potential of. 4 4 4 5  
transposon-mediated, Drosophiln, 4 5 4 6  
transposoii-mediated, other insects, 46, 48 

Double subgenomic SIN (dsSIN) expression system 
advantagesldisadvantages, 178-1 79 
applications 

downregulatioil, 183 
expression of antiviral RNAs, 176-178 
protein expression in cultured cells, 171 
protein expression in midgut, 174-176 
protein expression in mosquitoes. 171, 174 
protein expression in sa l i~a ,  174 
specificity development, 183-184 
virus-specific interactions observation. 183 

description, 166-167 
GFP expression and. 101 
infection of mosquitoes with, 101 
infection of non-dipterans with. 101-102 
methodology 

gene subcloning, 168 
intrathuracic inoculation into mosquitoes, 170 
per os infection of mosquitoes, 170-171 
transfection. 170 
in 1,irro transcription, 168. 170 

Drive mechanism using transposable elements, 344-345. 
355: see also Wolbachiu pipietztis symbiont 
vector 

Drosophila (fruitfly) 
double-strand gap repair. 4 5 4 6  
hawaiiemis, 8 
hydei, 10 
maurifiano 

mariner and. see mariner transposons 
site-specific recombination. 11 

melanogaster 
early DNA transfer attempts, 4 
eye color as markers, see Eye color genes for 

selection 
frequency of IVolbachiii infection, 275 
Gjpsy element, 193-195 
Himurl marginal activity, 240-241 
meiotic drive, 327-328 
non-? transposons. 9-1 1 
resistance genes as markers, 110-1 1 l 

site-specific recombination method, see Site- 
specific recombination 

P-element transformation. 87, 1 15-1 17 
excision asyay?. 257 
historical perspective, 4-9 
hobo and. 223-226 
lack of excision in non-drouophilids, 220-222 

sinn~lnn.s, 8 
female fecundity loss from Wolbachia, 275 
unidirectional CI. 277-278 

target transformation, 29-30 
iirilis, 232 

Drosopterin, 82; see also Pteridine pigments 
DsRed (red fluorescent protein). 97, 98 
dsSlN expression system, see Double subgenomic SIN 

(dsSIN) expression system 
ds.x expression, 3 12. 313 

EA (Environmental Assessment document), 372 
Eastern equine encephalitis (EEE). 166 
EIS (Environmental Impact Statement). 372 
Electroporation. 17 
Embryo injection, 13-14, 101 
End-joining, 33-34 
Endogenous retroviruses IEnRV), see Retroelement classes 
Etnterobucrc.r cloncae, 354 
Entornopoxviruses use in insects, 140 
env, 194, 196 
Environmental Assessment document (E.4). 372. 
Environmentallecological risks, see Safety concernslfactors 
Environmental Impact Statement (EIS), 372 
Environmental Protection Agency (EPA), 349, 370 
Ephesiia kiihniellu (meal moth), 85, 86 
Ephestia transformation studies, 4 
Equipment and supplies 

air-pulse injection systems. 20-21 
dechorionation. 13, 21 
DNA delivery, i5-16 
DNA preparation. 12-13 
for embryo injection, 13-14 
for GFP expression, 102 
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marker types, 79-80 
mutations affecting pigmentation 

granule group, 85 
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visualization it1 v i m ,  103-1 04 

mutauts and related proteins, 97-99 
potential problernslsol~~tions 

histology. 104-105 
ill v i m .  104 
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single-strand-annealing model, 33, 34 
substrate design, 31, 32 

genome manipulation using 
enrichment mechanisms. 38 
gene targeting description, 34-35 
gene targeting uses, 35 
insertion vectors, 36-37 
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in i.ivo prospects, 4 3 4 4  
Honeybee (Apis mell$eru), 81. 85, 339 
hopper. 228-229 
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iridoviruses use in insects. 140 
Initanu, see FIimurl 
Isodrosopterin, 82 
Isogenicity. 35 
Isoxanthopterin, 82 
Iteruvin~c. 140 
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P-element and, 6-7 
in promoter-trap strategies, 38 
properties for interspecies use. 66 
pugD. 66-67 
resistance genes use 

insect geneslenzymes. 110-1 11 
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piggyBac 

as alternative transposon. 29 
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nonreplicative transposition. 259 
ORF encoding, 254-256 
plasmid-based excision. 256 
precise excision. 256 
terminal duplications excisions. 256-257 

structural features, 253-254 
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