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Summary

The development of efficient germ-line transformation A. aegypti, but its mode of integration in mosquitoes
technologies for mosquitoes has increased the ability of results in the insertion of flanking plasmid DNA. Hermes
entomologists to find, isolate and analyze genes. The utility can be remobilized in the soma of A. aegyptand
of the currently available systems will be determined by a transposes using a common cut-and-paste mechanism;
number of factors including the behavior of the gene however, the element does not remobilize in the germ line.
vectors during the initial integration event and their  piggyBaccan be used to create transgenic mosquitoes and
behavior after chromosomal integration. Post-integration  occasionally integrates using a mechanism other than a
behavior will determine whether the transposable simple cut-and-paste mechanism. Preliminary data
elements being employed currently as primary gene suggest that remobilization is infrequent. Minos also
vectors will be useful as gene-tagging and enhancer- functions in mosquitoes and, like the other gene vectors,
trapping agents. The post-integration behavior of existing appears to remobilize inefficiently following integration.
insect vectors has not been extensively examined. Mdsl These results have implications for future gene vector
useful as a primary germ-line transformation vector in  development efforts and applications.
insects but is inefficiently remobilized in Drosophila
melanogasterand Aedes aegyptiHermes transforms D.
melanogasterefficiently and can be remobilized in this Key words: mosquito, transgenic insect, transposable element,
species. This element is also useful for creating transgenic Hermesmariner,piggyBacMinos.

Introduction

Creating the technology to produce transgenic insects hasplication of the element.) These systems are proving useful
been a goal of insect molecular geneticists for years becaubat their behavior can be unpredictable in the sense that, short
of the great need to have effective tools to find, isolate andf directly testing its mobility in the germ line, there are no
analyze insect genes and to genetically modify insects for trgood indicators of the potential effectiveness of a specific
purposes of insect control. Currently, there are at least fowlement in a species. While Hermes, Mosl, Mirosl
gene-vector systems derived from Class Il transposabl@ggyBachave excellent host ranges, it is still impossible to
elements that can be employed to generate transgenic ngredict their behavior in untested species. Elements may
drosophilid insects [Hermes, Mosl (marineNlinos and function efficiently in one species but inefficiently or not at all
piggyBac]. (Class Il transposable elements move by thm close relatives. Hermes, for example, efficiently (>50%)
element precisely excising itself from its current location andransforms Drosophila melanogastebut transforms Aedes
reinserting itself in a new chromosomal location. Thisaegyptiwith frequencies of less than 10% (Jasinskiene et al.,
mechanism of movement is referred to as a cut-and-pasi®98; O’'Brochta et al., 1996)piggyBac can efficiently
movement and is conservative in that it does not involve theansformAnopheles albimanusut appears to be much less
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inefficient in Anopheles gambiagGrossman et al., 2001; sequences on the vector-containing plasmid that are flanked by
Perera et al.,, 2002). marindMosl) moves efficiently in the terminal inverted repeats of the Herngdsments were
Drosophila mauritiana yet is almost immobile in D. integrated into the insect genome. Furthermore, target-site
melanogaster(Bryan et al., 1987; Lidholm et al., 1993). duplications 8 bp long were created at the site of insertion that
Himarl from Haematobia irritans moves efficiently in conformed to the consensus sequence '@ THnnnAC-3'
bacteria but has yet to show any evidence for mobility irobserved for other hAT elements. Canonical cut-and-paste type
insects (Lampe et al., 2000). In none of these cases was tinansposition events, however, have never been observed in the
mobility properties of the element predicted prior to usegerm lines of mosquitoes transformed using Hermes vectors.
Clearly, our understanding of these elements remainBor both A. aegyptand Culex quinquefasciatugerm-line
incomplete, and one aspect that remains largely unexplorediigegrations have involved not only all of those sequences
the behavior of these elements after they have becontelimited by the terminal inverted repeats of Herimaisalso
integrated into a foreign genome. sequences flanking the element on the vector-containing

The post-integration behavior of insect gene vectors iplasmid (Allen et al., 2001; Jasinskiene et al., 1998, 2000;
particularly relevant to a number of future applications of thisokoza et al., 2000; Moreira et al., 2000; Pinkerton et al.,
technology. Stability of integrated vectors is of concern to som2000).
researchers because genotypes created using these vectors mawo forms of the Hermeslement have been used in germ-
need to be maintained without change over time and would Bme transformation experiments in mosquitoes, and both
of limited use in the laboratory or field if they were changingexhibit non-canonical integration patterns. The two types of
position within a genome or being lost from it. To thoseHermeselements that have been employed differ only in the
responsible for assessing the risks associated with releasitegminal nucleotide of the right-hand inverted terminal repeat
transgenic insects into the environment the issue of stabilitf TR) sequence (Warren et al., 1994). These alternate forms of
has additional significance. Instability, particularly if it is the right ITR, referred to as B&nd B6, involve a G-to-C
unpredictable, increases the uncertainty associated withansversion in the terminal nucleotide and originated during
describing accurately the phenotype of the insect and arfie isolation of two independent genomic DNA fragments from
attempt to model the behavior of a transgene over time in thdusca domesticaontaining a Hermeslement (Warren et al.,
genetically modified species. 1994; Fig. 1). Elements containing the @t (with a terminal

The use of gene vectors for the purposes of creating insec® have been used in most of the studieda@inesin insects
with novel genotypes and phenotypes is only one of their marfAllen et al., 2001; Michel et al., 2001; Pinkerton et al., 1996,
uses. Under some conditions, the transposable element-bag800; Sarkar et al., 1997a,b), while the element containing the
gene vectors can be used to find and isolate genes by a variBy ITR (with a terminal C) has been used An aegypti
of methods such as enhancer trapping and transpostnansformation experiments reported by others (Jasinskiene et
mutagenesis, all of which rely on post-integration mobility oral., 1998; Kokoza et al., 2000; Moreira et al., 2000).
remobilization of the element. (Remobilization will be used to We have examined the functionality of tHermes BATR
refer to the transposition of an insect gene vector after it has D. melanogasteto determine if it could also transpose by
become integrated into a host's genome.) Futuristic plans fa cut-and-paste mechanism. A donor plasmid containing the
manipulating the genotypes and phenotypes of wild populatiorB6 end and flankingyl. domesticagenomic sequence (Fid)
of insects such that they are no longer considered ‘pest’ specias constructed and is identical in every other way to the
requires the introduction and rapid transmission of transgene®nor plasmid employed in previous studidermes element
through a population. Successful implementation of such plasmid-to-plasmid transposition assays were performed in
widespread genetic transformation might be accomplished kyeveloping D. melanogasterembryos using established
linking the transgene to an active transposable element apdocedures (O’Brochta et al., 1996). Transient plasmid-to-
taking advantage of the ability of the element to spread or driyelasmid transposition assays in embryos report the activity
through populations under certain conditions. Hence, assessinofj a transposable element in somatic nuclei, since these
the potential of existing insect gene vectors to serve as genetiastly outnumber the germ-line nuclei in these embryos.
drives requires that the post-integration behavior of th&ranspositions recovered from these assays are therefore most
elements be thoroughly investigated. Here, we review aniikely to originate from events occurring in somatic nuclei. We
report on the post-integration behavior of the Hermes, MosAhlso repeated identical transposition assays usingBthe
piggyBacandMinos elements in mosquitoes. HermesITR, and, as previously shown, thitermeselement
transposed by a cut-and-paste mechanismDinsophila
embryos (Table 1). By contrast, even though 10 times as
many Hermes B6-containing donor plasmids were screened,

Transposition no transposition events were recovered (Table 1). These

The Hermeselement has been shown to transpose into thexperiments were repeated in developing A. aegypliryos,
germ lines of several insect species by a cut-and-passand while Hermes BBansposition events were recovered with
(conservative) mechanism of transposition (Michel et al.a frequency of 0.4k02 per donor plasmid screened, no
2001; O'Brochta et al., 1996). In these insects, only thosganspositions were recovered when B&form of Hermes

Hermes



Gene vector and transposable element beha@@25

Musca genomic DNA B5 Musca genomic DNA
WAGAACAACAACAAG CTTGTTGAAGTTCTg iG
Musca genomic DNA B6 Musca genomic DNA
| WAGAACAACAACAAG CTTGTTGAAGTTCTSiC
B6mut

Musca genomic DNA

| WAGAACAACAACAAG CTTGTTGAAGTTCTS‘G

Fig. 1. Comparison dflermes B5B6 and Bémutelements. The black arrows represent the inverted terminal repeats (ITRs), and the actual
sequences of the ITRs are shown. The terminal nucleotide of the right ITR is highlighted in bold to show the difference between the ends of t
andB6. The Musca domestiggenomic DNA flanking th®&5 and B6elements is different. In the B6nalement, the terminal nucleotide of B6

was changed to a G.

Musca genomic DNA

was used in this species. All interplasmid transposition eventgene from this species. No transgenic individuals were
recovered using the Hermes B5 element were canonical cutcovered from 71 gadults and 7532 Jorogeny. Previously,
and-paste events. we have shown thddermes B5-mediated transformation of
The donor plasmid containing titermes B6 element also Drosophila occurs at frequencies of approximately 20-60%
contains different M. domestiggenomic DNA at the right- (Michel et al., 2001; O’Brochta et al., 1996). Therefore, the
hand end of thédermeselement compared with the Hermes failure to obtain germ-line transformants using a B6-containing
B5 donor element. To determine whether the genomic DN/Alement indicates that this form of the element is inactive in
flanking the B6element was negatively influencing the the Drosophilagerm-line.
transposition behavior of the element, the element was The mobility properties of Hermeare distinctly altered
converted to a BBlement by changing the terminal C to a G.when introduced inté\.. aegypti. In this species, the sequence
This mutated B&lement (B6mut) was identical to the original requirements for element movement are altered, as indicated
B5 element, except for this mutation, but contained thédy the functionality of the B6element, and germ-line
flanking genomic DNA next to thB6 element (Fig. 1). When integration reactions appear to rely on a mechanism other than
this mutated Béelement was used in transposition assaysimple cut and paste. Movements in the soma, as indicated by
performed in Drosophile&mbryos, transpositions ¢fermes  plasmid-to-plasmid assays, do appear to use a canonical cut-
into the target plasmid were recovered and confirmed bothnd-paste mechanism.
by diagnostic restriction digests and sequencing of the
transposition junction fragments with the target plasmid Remobilization
(Table 1). The frequency of transposition was similar to that To follow the fate of Hermeslements in transgenic
observed for the Bfborm of Hermes, indicating that restoring mosquitoes and to examine their remobilization potential, an
the terminal nucleotide of Hermes B6G restores the activity autonomous form of the B8ement was constructed (Guimond
of the element. These data also indicate that the M. domestieaal., 2003) and introduced infa aegypti.As observed for
genomic sequence flanking both B%and Béelements plays previous germ-line integrations of Herm@s mosquitoes,
little or no role in determining the activity of the elements. integration of this element occurred by a mechanism other than
The functionality of theHermes B6 element was tested cut-and-paste integration. This alternative mechanism resulted
further in D. melanogasteby using it as a germ-line inthe entire autonomous element being integrated together with
transformation vector following the addition of the mivitite ~ sequences on the vector-containing plasmid that flank it

Table 1. Mobility of Hermes B5, Bfhd B6mutelements in Drosophikmbryos

Target ) .
plasmids Confirmed transpositions

Experiment Donor Helper screened Mapped Sequenced Frequency
1 B5 - 93600 0 0

2 B5 + 76 000 19 2/2 0.025%

3 B6 - 430 800 0 0

4 B6 + 738 400 0 0

5 B6mut - 60000 0 0

6 B6mut + 39400 14 5/6 0.036%

Interplasmid transposition assays were performed as described (Sarkar et al., 1997d¢msesyB5, B&nd Bé6muklements, with and
without a transposase-encoding helper plasmid.
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A Musca Hermes Musca
pBSKS
B
Musca pBSKS Musca Hermes Musca

Aedes - Aedes

Fig. 2. (A) The structure of plasmid Herm&H7011 used to genetically transforAedes aegypti. The plasmid pBSKS contains an
autonomousgiermeselement with the Hermesansposase gene under the control ohgpZOpromoter of Drosophila melanogastas well as

EGFP (enhanced green fluorescent protein) under the control db.ttmeelanogaster actin5@romoter (not drawn to scale). M. domestica
genomic DNA flanking the ends éfermesare relics of the original cloning of Hermasd are indicated by boxes. (B) Structure of Hermes
QH7011 in the germ linef A. aegyptas deduced by Southern blots and PCR analysis of the breakpoints (data not shown). The entire element
has integrated along with the Musitanking sequences and the pBSKS vector DNA. Rearrangements towards the ends of the entire integrated
sequence are shown and consist of a partial duplication Mukeasequences flanking the right end. In addition, a rearrangement of pBSKS
vector DNA in the form of an inversion occurred during the integration process (broken line).

(Fig.2). This line was inbred for several generations, ané gene amplification product. Transposition events are easily
transposable element display (TE display) analysis was usedrecognized by the amplification of junction fragments, each

examine the rates and patterns of transposition in this speciegth a unique molecular mass. The TE display method is also
as was done with this same element in D. melanogasteensitive enough to detect somatic movement of an element.
(Guimond et al.,, 2003; Fi®). TE display permits the Somatic remobilization during development results in a clone

movement of Hermet® be monitored in both the germ line and of cells that contain a new genotype with respect to the location
the soma (Guimond et al., 2003). This method permits each of the element. Consequently, an insect in which there is
the unique junction fragments between the right and left end®omatic movement of the element as well as germ-line

of the element and flanking genomic DNA to be visualized amovement will yield a complex pattern of amplification

RE PCR2 PCR1RE
I < L® L. | >
Cut and ligate
ya 12 3
— -} —
7 e €—— Dark bands
PCR 1 Elements
< L9 inherited
7 through the
PCR 2 germ line
< ® &— Light bands
Variable length [ —_—— Elements .
depending on position transppsmg in
of RE in flanking DNA [— somatic tissue

Fig. 3. Summary of the transposable element display method. Genomic DNA is digested with a restriction enzyme (RE) that results in a
junction fragment, including the terminal sequences of the element and flanking genomic DNA. Specific adapters are added followed by two
rounds of PCR. The first PCR results in the preliminary amplification of the junction fragment, and the second reaction further amplifies the
fragments of interest using an element-specific primer labeled with Cy5. Fragments are size fractionated by denaturing acrylamide gel
electrophoresis and visualized in a phosphoimager. Each band represents a unique junction fragment. Band intensity reflects templat
abundance. The most abundant products (darkest bands) are from elements that were inherited vertically, while lighter bands are elemen
transposing in the somatic tissue of the insect, resulting in clones of cells with the element in a new location. Template abundance of somati
transposition events varies depending on the point in development when transposition occurs. Samples 1-3 repr&esbphikze
melanogastemdividuals with different genotypes with respect to the location of the autondrdesuseselement inherited through the germ

line (arrowheads).



Gene vector and transposable element beha@@27

products following TE display (Fi®). Elements inherited terminal sequences and unique flanking DNA resulting from the
vertically through the germ line will be present in all cells oftransposition of the parental element (Bg.In some cases,
the insect (if there is no excision) and will yield an abundancBLASTX analysis revealed similarities to sequences from gag
of template from which amplification products will arise, while proteins (L15 in Figd) and integrase proteins (L16 in Fg.
those elements transposing somatically will result in relativelyyncoded by retroviruses. Thebg of sequence immediately
less abundant template and products. In a TE display, somaflanking the HermedTR displayed similarity to the Bp
transposition events are seen as less-abundant PCR produmissensus  target-site  duplication -@GTnnnnAC-3)
relative to those arising from the vertically inherited elementharacterized for other hAT elements. The presence of these
(Guimond et al., 2003). Somatic remobilization results in arfragments indicates the transposition of the autonomous
insect that is a mosaic of genotypes. Somatic transpositioftermeselement in new sites in the genome of A. aegypti
occurring early in development will be abundantly representedomatic cells. Similar sequences indicative of cut-and-paste
in the pool of template DNA, while those arising late will betransposition of the Hermedement in these mosquitoes were
under-represented. Somatic transpositions will therefore yieldlso obtained from TE display analysis of the left-hand Hermes
PCR products in the TE display method with varyingend (Fig4).
abundance. As shown in FigA, Hermes BS5s clearly mobile These data demonstrate that an autonomous Hederasnt
in somatic nuclei in this transgenic line of A. aegypti. Only ds capable of transposing in the soma@ofegyptiand does so
few weakly labeled fragments were seen in both wild-typén a way that is typical of Class Il transposable elements.
untransformed mosquitoes and in transgenic mosquitod=llowing the initial integration of Hermesto the germ line
containing the Hermeslement into which the actinsC:EGFP of A. aegypti, this element becomes highly stable. By contrast,
(enhanced green fluorescent protein) gene but not the Hermesspite repeated efforts, we have never been able to detect the
transposase gene had been inserted. Since the latter does sulitsequent remobilization of this autonomblgsmeselement
encode its own transposase, it is incapable of mediating its ovim the germ line of A. aegypti. Thus, despite the transposase
movement through the A. aegygénome. being placed under the control of thesp70 promoter,

A number of well-isolated bands were excised, cloned, antemobilization of this autonomous Hermedsment differs both
their sequence determined, verifying the presence of HermégtweenDrosophila and Aedesgerm lines and between the

A c1c212 3456 78 bp B

R2 sy GTGTGTATTGCAAGTC
- 400  R6 mummm—)p ATGGGAACAGCCTGAA
s = R7 sy GTCTAGGC TTTGTGCC
300 R10 s GTTCGTACTACCCCAC

Bz
g i 1 sy GTGGACGAGTGCACCA

T=8= BB 20

- RIS

151 L9 TCGAAGTGATCGTGAC <

= L11 AGTACAGTCACCCCAC
:R * " L12 AGATGTAGGTGTGAAC <

$:2 _ . L15 TGGAGGTAGTGCAAAT <
111 ' L 100 16 CCTTCGGGGTGTGCAC <
Eiaeet

2 E

Fig. 4. (A) Transposable element display analysis visualidegnesright-end junction fragments in individuAledes aegyptiontaining the
autonomousHermesQH7010 element. ¢l and c2 are controls: ¢l is a non-transgenic wild-type mosquito and c2 is a transgenic mosquitc
containing a non-autonomou$ermeselement also containing the actin5C:EGIgene (Pinkerton et al., 2000). Bands in c1 and c2 are
considered non-specific PCR products. Multiple, intensely labeled fragments were observed only from DNA prepared from the individuals
containing the autonomous element. Molecular size markers, in base pairs, are shown. Bands isolated, reamplified and sequenced from
experiment are indicated (R2, R7, R10 and R11). (B) Labeled fragments were excised from transposable element display gels containing le
and right-hand Hermesnds (left-hand analysis not shown here), and their sequences were detadmimazsinverted terminal repeat (ITR)
sequences are indicated by the black arrows, and flarkirggypti sequences are shown with the propodepl #rget site duplications
underlined. Only partial flanking sequences are shown, i.e. those immediately adjaceHetonbgTRsS.
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soma and germ line of Aedes, indicating that regulation afecombination appears to lose some fidelity and the ITRs fail
Hermes transposition is controlled to some degree postio accurately delimit the sequences involved in the reaction.
transcriptionally. TheHimarl element, reconstructed from the closely related
Cpmarl element from Chrysoperla plorabundasing a
deduced consensus sequence ofaainer-like element in H.
irritans, also shows some unexpected host-dependent
Transposition behavior. Although this element is functiofalvitro and in a
TheMos1 marinerelement (Mosl1) from D. maurutiafeas ~ wide range of prokaryotes, it appears to be completely
a very broad host range and has been used to create transgémimobile in insects (Lampe et al., 2000). Robust efforts to
microbes, protozoans, insects and vertebrates (Lampe et areate transgenic D. melanogashgr embryo microinjection
2000). Consistent with these empirical findings of widespreatlave repeatedly failed and are generally consistent with the
functionality is the distribution pattern of marinelements in  observations of others usiMpslas a primary transformation
the genomes of plants and animals. More than 15% of the 40@ctor. Even mutants of the Himaelement isolated from
insect species examined for the presenamaninerelements  Escherichia colihat are hyperactive in microbes are immobile
tested positive (Robertson, 1993). In some cases, the presemténsects, suggesting that activiigr seappears not to be the
of the element within a species seems best explained Wgctor limiting or preventing the activity of this element in
horizontal transfer from another organism by an unknowinsects (Lampe et al., 2000).
mechanism followed by element amplification by
transposition. These data suggest tmatiner elements are Remobilization
autonomous recombination systems requiring few or no host The remobilization potential of existing Mosl-based gene
factors for their movement. In vitro studies with purified vectors is very low in botlb. melanogasteend A. aegypti.
transposase, donor elements and target sequences seeniitiholm et al. (1993) reported somatic mosaicism in <1% of
support this conclusion, since transpositioMafs1occurs in  the progeny containingoslvector. This is in stark contrast
vitro in only the presence of transposase?tmd target DNA  to the extreme instability of the white pege®c" allele of D.
(Lampe and Robertson, 1996). mauritiana, which contained the first-isolatethariner
Plasmid-based mobility assays in developing insect embryadement. The marineglement present inRi'was active in the
demonstrated the ability of Mogd function in A. aegypti presence of Mosliransposase and resulted in somatic
as well as in other insects (Coates et al., 1995, 1997jnosaicism in 100% of the progeny. Consequently, the high
Transposition followed the typical pattern of cut and paste andegree of stability of the Mos&ectors used by Lidholm et al.
resulted in the creation of characteristic TA target-sitg1993) was quite unexpected. Other descriptions of the post-
duplications.Mos1 was used to create transgenic insects byntegration stability of Mosdectors followed (Lohe et al.,
Lidholm et al. (1993), who successfully transformed D.1995; Lozovsky et al., 2002). Lozovsky et al. (2002) reported
melanogasterusing Mosl-based vectors carrying the D. testing six Mosdectors in which the transgenic marker gene
melanogastemini-white gene. While MosZXunctioned as a varied in length and position within the vector. Following the
gene vector in this species, the rate of integration waistroduction of these elements into D. melanogastsing
considerably lower (approximately 5%) than that observetiermesvectors, attempts were made to remobilize the Mos1
when P, Hermesand hobo elements were used as vectors inelements by providing functional transposasérans. Of the
this species. Integrations of Mogito the germ line oD.  four vectors that permitted somatic movement to be assessed,
melanogasterwere always by the canonical cut-and-pasteonly one showed any evidence of somatic movement based on
mechanism.Mos1 has also been used repeatedly to createnosaicism in the eye and in this case at a rate of 0.23%. Using
transgenid. aegypti, beginning with Coates et al. (1998), whomore-sensitive PCR-based methods to detect Musikment
observed a rate of integration of approximately 4%. During théexcision) throughout the body, only two of the four vectors
transformation of A. aegypti, Coates et al. (1998) found thaested displayed evidence of somatic movement. The other two
three of the four initial lines contained Mosiements that had vectors tested appeared to be completely immobile following
integrated in a cut-and-paste manner; however, one of the lingir introduction into D. melanogaster
contained the Mos&lement together with flanking plasmid  Evidence for MosTemobilization in A. aegyptias first
DNA sequences, similar to what is routinely seen followingobtained by injecting embryos from transgenic lines containing
Hermesintegration in the germ line of this species. Germ-linecinnabar(cn)-markedvioslvectors with plasmids expressing
transformation of A. aegyptising Moslcan also be achieved Mosltransposase (N.J., C.J.C. and A.A.J., unpublished data).
by co-injecting a MosYector and purified Mosttansposase Adults developing from injected embryos were backcrossed to
protein instead of a helper plasmid (Coates et al., 2000kh"¥, and progeny with pigmented eyes different from the
Interestingly, in this experiment, all (7/7) of the integrationparental phenotype were considered possible products of
events involved not only thdoslelement but also sequences transposition. Of the 24 413 progeny with pigmented eyes
flanking the element on the original vector-containing plasmidexamined, 2938 had phenotypes distinguishable from the
Therefore, under some conditions, the integration behavior gfarentals. A sample of these exceptional progeny was used to
Mosl resembles the Hermedement in that transpositional establish 24 families whose progeny was examined by

mariner



Gene vector and transposable element beha®@29

Southern blot analysis. One line containedNfas1vector in
a new location, indicating that a transposition event had
occurred and demonstrating the potential Mbsl to be
ws 8.0kb remobilized in this species (Fig. 5).
An alternative strategy for testing Mosgmobilization was
used by Wilson et al. (2003). Two transgenic lines were created
using Mosl vectors containing the crgene from D.
melanogastem an A. aegyptistrain homozygous fdth". To
o 25kb examine the remobilization potential of these elements in A.
aegypti, heterozygotes were created with a third transgenic line
containing a piggyBawector into which Moslransposase
gene under the regulatory control of thep82promoter of
Drosophila pseudoobscurrbad been placed. Progeny from
these heterozygotes was examined, and red-eyed progeny with
Fig. 5. Southern blot analysis of a line derived from a germ-liné@n €ye color phenotype different from the heterozygote
transposition of a cn-carrying Mosector. Line 16 was started from parental insects was selected as putative transposition events
one individual whose parent was from line 128 and injected with @nd analyzed further using TE display (Guimond et al., 2003).
helper plasmid expressing before blastoderm formation. One of tH®f the 14 000 red-eyed progeny examined by Wilson et al.
resulting progeny had an eye color different from the parental insec{2003), only one contained a remobilizdds1vector (Fig. 6).
and was used to establish line 16. Genomic DNA was isolated fromphese investigators also tested for somatic mobility of the
adults and cut wittSacl, which cuts twice Within the gene _vector,_ Mos1 elements by performing TE display dvios1-cn/hsp-
and transferred to a nylon membrane. Thg filter was hybridized Wltmosl heterozygotes. Approximately 50% of the 30 individual
a radiolabeled cn+ gene fragment (see fig. 1 of Coates et al., 19 %terozygotes analyzed had evidence of at least one somatic

for details of the analysis). An internal 2.5-kb fragment is present in mobilization event. In th individuals that had evidence for
lines 128 and 16. Additional hybridizing fragments are diagnostic of€mo . ation event. ose . uais that had eviaence 1o
independent insertion sites within the genome. The difference ijomatic. movement, fewer than five events were detected.

pattern between 128 and 16 indicates the presence of a transpositfilson et al. (2003) did not estimate a frequency of somatic
event. transposition but it appeared to be at least 10-fold lower than

128 16

Left ITR Integration site Description

Starting elements
cn7 q TAAAAAATTAAAACTA

CN16 === TAAAACCAGTGTTTTA PonyAa-A13 MITE
Germ-line @entS  wmmsgp TATGTCAAGCACCCTG

Somatic gents —)TACTTGCTTTAAAATA MhspRedCn ector

TAAAGAAAAATAAAAA

gy TGTACAAGTATGAAAT

3 TACAGTTGAAARAGCA Pony-Aa-Al4 MITE
TAGTTGGTGTTACCGT  Feilai family of SINES

3 TAAGAGTACCCACCTA

sy TATATAGATAGATAGA

s TAGAGGATCCTCAGTA

ey TATACAATTCCTCTGC

Fig. 6. (A) Germ-line and somatic
transpositions of Mosih Aedes aegypfibased

on data reported by Wilson et al., 2003). Black
arrows represent the terminal sequences at the

mlp- TAAAAGTATGAARAGA left end of Mosl. The sequences of the
3TATACAAACAAAAGTT integration sites and, where it is known, the
TATGTTTTCCATACAA name of the locus into which the element
==y TAAAAGCAATATTCTC integrated are shown. Four of the integration
m——p TAATAGTCGGATATCT events were into the original Mosgctor, and
—) TATCAAGGGCCCAGTA the location of these transposition events within
QTATATGAAATAAACCT the vector is indicated by open triangles below

the diagram of the Mosdector. Mar L and Mar
R refer to the inverted terminal repeats (ITRS)
of the Moslvector. Cinnabarand DsRechre
transgenes contained on the vect®mnabar
was used as a transformation marker and
A A A A DsRedwas part of an enhancer-reporter system.

Mar L Cinnabar DsRed Mar R
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that observed with an autonomotfermeselement in D. to play an important role in the increase in element copy
melanogaste(Guimond et al., 2003). number over time. Because cut-and-paste transposition is a
The stability of Moslin A. aegyptiwas similar to that conservative mechanism leading to no net increase in copy
described in D. melanogastly others (Lidholm et al., 1993; number, Class Il elements must exploit in some way the host
Lohe et al., 1995; Lozovsky et al., 2002). The unusual posteplicative machinery in order to increase in copy number
integration stability of Mosin D. melanogasteappears not within a genome. Replication may rely on gap repair
to be a specific host effect but instead appears to be a genarachanisms following element excision (Gloor et al., 1991;
characteristic of the Mogdlement and observed in all speciesLohe et al., 2000; Nassif et al., 1994) or by timing transposition
of insects into which it is inserted. to occur during chromosome replication (Fedoroff, 1989;
The basis of this post-integration stability remains unknownGreenblatt and Brink, 1963; Wilson et al., 2003). The
although the current model proposes that there are criticaémobilization events reported by Wilson et al. (2003) may
sequences and spacing of sequences wihisl that are  have taken place in polyploid cells in which there would be
important in determining the efficiency of movement (Lohemany copies of the Mosdlement to serve as targets. Hence,
and Hartl, 2002). Lozovsky et al. (2002) found only onethe somatic transposition events detected, isolated and
element that could be remobilized at detectable levels, and trasialyzed by TE display would each have come from a single
particular vector consisted of almost two complete elementgolyploid cell. It is not clear whether the method of TE display
oriented as direct repeats and each flanking the marker gemas the level of sensitivity that would permit the detection of
These investigators suggested that there are critical spacitrgnsposition events represented by perhaps only hundreds of
requirements between certain sequence components of tbepies of the template. In any case, however, the pattern of
element. Inserting marker genes and transgenes disrupts thignsposition of Moslindicates a distinctly nonrandom
spacing and impairs the element’s ability to remobilize. distribution. Preferential integration of the element into copies
Lohe and Hartl (2002) also suggest thits1movement in  of itself on sister chromatids or homologous chromosomes
insects is dependent upon the presence of at least three bloskggests that the element may have a propensity to undergo
of sequences located throughout the element. These critidakal hopping whereby an element is more likely to jump to
sequences are required in eisd are located at least 200 bplinked sites, often only kilobases or less from the initial
from the ends of the element. The ‘critical sequenceintegration site. Furthermore, the targeting of the element itself
hypothesis of Lohe and Hartl (2002) is somewhat contentiougflects a bias in the target site selection process that is similar
for two reasons. First, while others have described the role ¢ that seen during the process of element homing in which
sequences other than the ITRs in the transposition processsgfquences contained on the element direct the transposition
other elements, these sequences have always been immediafglycess to homologous sequences. Additional experiments
sub-terminal and not dispersed throughout the element amuld be needed in order to specifically address these
proposed by these investigators. In addition,disesequence hypotheses.
requirements of Mostiave been determined in vitro, and only
approximately 60 bp and 30 bp of the left and right ends, )
respectively, of the element are essential for in vitro piggyBac
transposition activity of a 1.kb vector (Tosi and Beverly, Transposition
2000). The minimized element created by Tosi and Beverly piggyBacvectors have been used to transform a wide range
(2000) was only twofold less active than an unmodifiedf insects, including representatives from the orders Diptera,
element under the same conditions. Clearly, the data of LoHe=pidoptera, Coleoptera and Hymenoptera. The Diptera have
and Hartl (2002) and Tosi and Beverly (2000) indicate arncluded the mosquitoes. aegypti (Kokoza et al., 2001; Lobo
influence of the host on the activity and behavior of the elememt al., 2002), Anopheles stephensi (Nolan et al., 2002),
that is consistent with the observed immobility of functionalAnopheles albimanu¢Perera et al., 2002) and Anopheles
and hyperactive Himarglements in insects. gambiae (Grossman et al.,, 2001), with transformation
The post-integration behavior doslin A. aegyptialso  efficiencies ranging from approximately 1% in A. gambiae
revealed an aspect of this element that could be relevant 48% in A. albimanuslnitial reports described all piggyBac
future applications. Of the somatic and germ-lidsl integrations in mosquitoes as arising from perfect cut-and-
remobilization events recovered and analyzed by Wilson et gbaste transposition reactions into TTAA target sites that were
(2003), approximately 25% (4/17) were instances of wherduplicated during integration. More recently A aegypti,
the element transposed into a copy of itself. In all of theexceptional transposition events have been recovered and
experiments in their study, the element was in a heterozygoudescribed. Adelman et al. (in press) created six transgenic lines
condition, and therefore only during mitosis in diploid cells isof A. aegypticontaining piggyBawectors with EGFP under
a second copy of the element present to serve as a target floe regulatory control of theXP3promoter. Two of the four
Mosl transposition. It therefore appears that Mosdn lines analyzed further arose from the insertion of a single
transpose sometime between the beginning of S phase and tleetor. The remaining two lines arose from the insertion of
end of metaphase. Transposition during S phase has bemultiple copies of the piggyBagector in tandem arrays. In
reported for the Ac/Delement of maize and it is thought addition, these complex integrations of thiggyBacvector
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were accompanied by the incorporation of helper-plasmidrrays appeared capable of wholesale excision and loss in one
sequences containing piggyBaansposase. These transgenicsgeneration. The role of piggyB&@ansposase in this process is
appeared to arise from either the non-canonical transpositioot known. These investigators report no evidence for
of piggyBacor by recombination mechanisms unrelated topiggyBactransposition within the genome of these transgenics
transposition. despite the presence ofpéggyBactransposase source. We
After screening the progeny of approximately 909 &  have constructed multiple reporter and jumpstarter lings of
aegyptiadults homozygous for thieh" allele, we recovered aegyptihomozygous forkh" (D.A.O’'B., N.S. and P.W.A,,
four independent transgenic lines expressing the kynureninepublished data). Reporter lines were created using a non-
hydroxylase genecfl) from D. melanogastdD.A.O’'B., N.S.  autonomouspiggyBac vector expressing the wild-type D.
and P.W.A., unpublished data). Two of these lines resultechelanogaster cinnabafcn) gene and also containiisRed
from cut-and-paste transposition events in which onlyunder the minimal, un-enhanceldsp70 promoter of D.
sequences delimited by the ITRs transposed. The remainimgelanogaster. The DsRegene in this vector serves as a
two lines arose from non-canonical reactions and resulted meporter of local enhancer activity. The piggyBe&ctor can
the transposition of sequences flanking the element on tteerve as a reporter of remobilization in two ways. Firstjesre
original donor plasmid. These events resemblégimes expression in transgenic A. aegyiptiposition dependent and
integration events in this species, in which flanking DNAwill allow transposition events to be recovered by selecting
present on the donor plasmid is invariably transferred duringrogeny with an altered eye color phenotype. Second, the
the transpositional recombination reaction in the germ lin@appearance of a novel pattern of DsiRepression in progeny
during transformation. In both cases, only a single elementlative to the parental line will indicate the relocation of
integrated and, while the extent of the flanking DNA has nothe reporter element within the genome of the progeny.
been fully determined, it includes at least 200 bp of vectalumpstarter lines were created using non-autonomauisier

sequences at both ends. vectors containing EGFRnder the regulatory control of the
o 3XP3promoter and the piggyBdmansposase gene under the
Remobilization regulatory control of the D. melanogaster hspv@moter. The

Post-integration remobilization of piggyBalbas been hsp::pBactransposasgene in the jumpstarter element was the
reported in D. melanogast@rorn et al., 2003) and@ribolium  same gene contained on the helper plasmid used in the creation
castaneum(Lorenzen et al., in press). Horn et al. (2003)of the initial piggyBac-containing reporter lines. Heterozygous
described the remobilization of piggyBac by establishingnsects containing combinations of thepiggyBac
transgenic lines of D. melanogasteontaining a single remobilization reporter elements and jumpstarter lines were
insertion of a non-autonomoysiggyBac vector containing created and backcrossed kidV. Progeny expressingn and
enhancer-reporter genes (reporter lines) and other linegith a phenotype different from the heterozygous parent were
containing single insertions of either a Hermes, mariner oselected as potential remobilization events. The genotype of
Minos element containing the piggyBacansposase gene these insects was determined by TE display upiggyBac-
under the regulatory control of a strong promoter (jumpstartespecific primers. To date, none of the aegypti progeny
lines). Remobilization was induced by crossing reporter andelected on the basis of an altered eye color phenotype
jumpstarter lines and testing the progeny for reporter elemenfputative remobilizations) have yielded a pattern of PCR
with new linkage relationships relative to the original elementproducts from TE display that is consistent with germ-line or
These investigators found that, on average, 80% of thgomatic movement of the element (Fig. 7). Only a limited
heterozygotes tested produced progeny that included raumber (3000) of progeny have been screened and 100 of these
transposition event. All transposition events were canonicdlave been genotyped by TE display because they had an eye
cut-and-paste recombination reactions. For T. castaneuroolor phenotype that suggested the presence of a transposition
remobilization was achieved by injecting developing embryogvent. The 3000 progeny screened arose from a cross between
from a transgenic line containing a singliggyBacelement  kh" and heterozygotes for reporter and jumpstarter elements
containing a unique reporter gene expression pat@R3( that had been heat-shocked once during larval development at
EGFP) resulting from the local influence of a tissue-specifiet1°C for one hour. Under the limited conditions and scope of
enhancer with a piggyBac transposase-expressing helpthis experiment, piggyBadoes not appear to be efficiently
plasmid. G individuals were screened for a modified reporterremobilized in A. aegypti.
gene expression pattern. Of the 32 adults developing from
embryos injected with helper plasmid, nine produced progeny

that had an altered pattern of reporter gene expression relative Minos. _
to the parental insects, yielding an estimated rate of Transposition
remobilization under these conditions of 28%. Minos, although tested less extensively than other insect

Currently, there are no well-documented casgsgifyBac  gene vectors, appears to have a broad host range. Evidence for
remobilization in mosquitoes. Adelman et al. (in press)ransposition activity in Orthoptera, Lepidoptera and Diptera,
observed what appeared to be severe instability of the arraygluding the mosquitoA. stephensi (Catteruccia et al.,
of piggyBacvectors in two of their transgenic lines. These2000a,b; Klinakis et al., 2000; Zhang et al., 2002), has been
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40D 40L supporting these claims have not been published
bp P1234567891011P12345 (http://lwww.minosbiosystems.com/). Similarly, preliminary
500- " h h h h h hhhhh attempts have been made to remobilize integrated Minos

! elements in A. stephensi. Heterozygotes were created by
. crossing a Minos-containing vector and a line expressing
- Minostransposase. No progeny that hadNtieos element in
; a new position as a result of transposition was recovered from
300- these insects, indicating that under the conditions tested by the

. investigators remobilization did not occur (F. Catteruccia and
m A. Crisanti, Imperial College, personal communication).

400- ‘ w St

Discussion

200. g} ’ M“ Limited data currently exist about the remobilization
‘ g A

potential of existing insect gene vectors after their integration
into a foreign genome. Most evidence has been obtained from
_ 5y experiments with Dmelanogasteand has shown thatermes
m : ' andpiggyBacremobilization occurs readily in this species. The
‘ rates of remobilization of Hermeand piggyBacdiffer,
although other aspects of the behavior of these systems, such

Fig. 7. Transposable element display analysis of progeny arisirfg® .integration site specificity with respect to. chromosomal
from a cross between individuals heterozygous for a nont€gions and genes, have not been systematically compared.
autonomouspiggyBac element and a Mosgector containing the Moslstands in contrast to these elements in that it is almost

piggyBactransposase gene under the regulatory control dighg0  immobile following its initial integration into the genome of
promoter of Drosophila melanogastand individuals homozygous D. melanogasterMoslappears to contain more stringent size
for kh. These progeny were selected for analysis because their eyequirements as well as constraints on the presence and spacing
color phenotype was different from the parental phenotypegf cis-critical sequences.

suggesting that a transposition resulting in a position-dependent The pehavior of current gene vectors in D. melanogaster
alteration in the phenotype had occurred. Progeny from two parentghoq ot necessarily reflect the behavior of these elements in
lines are shown (40D, 40L). TimggyBacelement inherited through Igwsquito genomes. Wheredsrmes, Mosand piggyBaare

the germ line yields an intensely labeled PCR product (arrow). nctional in m itoes. certain differences in behavior
refers to the parental insect. Numbered lanes contain results from ctiona osquitoes,

individual progeny. No evidence of germ-line movement is presenC@n be seen, both among these elements and betiveen

Some of the progeny analyzed were themselves heterozygous for t€lanogasteand mosquitoes. All of the elements appear to
non-autonomous element and the transposase-expreddisd ~ have similar activities as primary transformation vectors in, for

vector (h). In these heterozygotes, there was no evidence for somagigample A. aegyptiand yield transformants from 2-5% of the
transposition of the elements. Molecular size markers, in base pairsurviving injected embryos. All three elements have displayed
are shown. non-canonical transposition behavior during the primary
integration reaction. In the case of Hermes, all primary
integration events involve a mechanism other than cut-and-
reported. Recently, evidence for its ability to transpose ipaste transposition. Mosihd piggyBadlisplay cut-and-paste
mammalian cells was reported (Drabek et al., 2003). Germ-lineansposition activity, and evidence also exists for a non-
transposition rates in insects are similar to those reported feanonical transposition reaction similar to that seen with
other elements. In the medfly (Ceratitis capitata), transgeniclermes. Although the nature of this alternative mechanism(s)
were recovered from 1-3% of the fertile &dults (Loukeris is not known, it consistently results in the transposition and
et al., 1995) and this frequency can be improved by directlintegration of non-vector sequences that flank the ITRs of the
providing transposase mRNA during the embryo injectiorelement in the donor plasmid. None of the elements, under the
process (Kapetanaki et al., 2002). In all cases where it has besonditions tested, appears to remobilize efficiently in the germ
determinedMinosintegrates using a cut-and-paste mechanisniine of this species. Only very rare germ-line transposition
and there is no evidence for non-canonical integration evengyents have been detected willosl. Hermes&nd piggyBac

as reported for mariner, Hermasd piggyBac. remobilizations in the germ line have not been detected.
o However,Hermesand Mos1 do appear to remobilize in the
Remobilization soma of A. aegypti. Although the rates of somatic transposition

There are no published data regarding the abilitiioios  are unknown, it is clear that for both species the remobilization
to be remobilized following its integration into the genome ofevents involve cut-and-paste transposition reactions.
any organism. Unpublished claims of efficient remobilizationCurrently, we have no evidence of somatic activity of
of Minos in D. melanogasterexist; however, the data piggyBacin the soma of A. aegypti. The behavior of Minos,
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although less well characterized, seems to resemble that of theansposable element in non-drosophilid insédts. Gen. Gene®53, 728-

other elements, with evidence for remobilization h 733. , . .
| tebut not in Mosauitoes Drabek, D., Zagoraiou, L., de Wit, T., Langeveld, A., Roumpaki, C.,
melanogastebu q . Mamalaki, C., Savakis, C. and Grosveld, F(2003). Transposition of the

The post-integration behavior biermes, Mos1, Minos and  Drosophila hydei Minosransposon in the mouse germ liGenomics1,

piggyBac is revealing interesting aspects of each of the 108-11l. _ .
. . . . Iaedoroff, N. V. (1989). Maize Transposable Elementgashington, DC:
elements and of the species in which they are being testednerican society for Microbiology.

First, these studies illustrate that there can be significam®oor, G. B., Nassif, N. A., Johnson-Schlitz, D. M., Preston, C. R. and

interactions between the transposable element and the hosEngels, W. R.(1991). Targeted gene replacementDirosophila via P
E th h a transposable element svstem can be sho element-induced gap repair. Scie@&3, 1110-1117.
ven though a p Yy WNAEQenblatt, I. M. and Brink, R. A. (1963). Transposition dflodulator in

function with minimal requirements in vitro, consisting of only maize into divided and undivided chromosome segmbatire292, 860-

transposase, Mg and target DNA, the requirements for proper _ 862.
functioningin vivomay be more extensive. These studies alsgrossman’ G. L. Rafferty, C. S. Clayton, J. R. Stevens, T. K.,
u g y : Mukabayire, O. and Benedict, M. Q.(2001). Germline transformation of

illustrate how different elements can be affected more or lessthe malaria vector, Anopheles gambiaéth the piggyBadransposable

by the same factors. Finally, it appears notable that the elémentinsect Mol. Biol.10, 597-604. _
. I' behaviors of the existing insect gene vectors ar%wmond, N., Bideshi, D. K., Pinkerton, A. C., Atkinson, P. W. and
unusua g g O’Brochta, D. A. (2003). Patterns of Hermésnsposition in Drosophila

pronounced in the germ line 8f aegyptiand apparently not  melanogaster. Mol. Gen. Gen&68, 779-790.
in the germ line of other insects. While more work needs tgtom. C., Offen, N., Nystedt, S., Haecker, U. and Wimmer, E. A2003).

. . - piggyBac-based insertional mutagenesis and enhancer detection as a tool for
be done to explore the post-integration behavior of these f,ciional insect genomics. Genetis3, 647-661.

elements, it is interesting to speculate that A. aegyply  Jasinskiene, N., Coates, C. J., Benedict, M. Q., Cornel, A. J., Rafferty, C.,
possess a mechanism in its germ Ce”s that helps it reSiStSaIazar-Rafferty, C., James, A. A. and Collins, F. H(1998) Stable,

. . . transposon mediated transformation of the yellow fever mosciédes
invasion by horizontally transferred DNA. aegypti, using thelermeselement from the housefly. Proc. Natl. Acad. Sci.

On a practical level, the apparent stability of the vectors usa9s, 3743-3747.
tested in the germ line of A. aegy'pnijicates that the stability Jasinskiene, N., Coates, C. J. and James, A. ®000). Structure of Hermes

. . . . . integrations in the germline of the yellow fever mosquitedes aegypti.
of the transgenics being created with these insects will be <o Mol Biol9, 11.18.

very high even in the presence of homologous functionakapetanaki, M. G., Loukeris, T. G., Livadaras, I. and Savakis, C(2002).

transposase. These observations may be significant in assessm—@'gh frequencies of Minosansposon mobilization are obtained in insects

the risks associated with the creation and eventual release oﬁ%igsggé% Vgg%?’s_gzg_s'zed MRNA as a source of transpobiaseic

transgenic mosquitoes into the environment. Klinakis, A. G., Loukeris, T. G., Pavlopoulos, A. and Savakis, Q(2000).
Mobility assays confirm the broad host-range activity of Mmos

, . ransposable element and validate new transformation tools. Insect Mol.
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by the National Institutes of Health and The Wellcome Trust. Kokoza, V., Ahmed, A., Cho, W. L., Jasinskiene, N., James, A. A. and
Raikhel, A. (2000). Engineering blood meal-activated systemic immunity
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