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ABSTRACT

Transposable elements have proven to be invaluable tools for genetically manipulating a wide variety
of plants, animals, and microbes. Some have suggested that they could be used to spread desirable genes,
such as refractoriness to Plasmodium infection, through target populations of Anopheles gambiae, thereby
disabling the mosquito’s ability to transmit malaria. To achieve this, a transposon must remain mobile
and intact after the initial introduction into the genome. Endogenous, active class II transposable elements
from An. gambiae have not been exploited as gene vectors/drivers because none have been isolated. We
report the discovery of an active class II transposable element, Herves, from the mosquito An. gambiae.
Herves is a member of a distinct subfamily of hAT elements that includes the hopper-we element from
Bactrocera dorsalis and B. cucurbitae. Herves was transpositionally active in mobility assays performed in
Drosophila melanogaster S2 cells and developing embryos and was used as a germ-line transformation vector
in D. melanogaster. Herves displays an altered target-site preference from the distantly related AT elements,
Hermes and hobo. Herves is also present in An. arabiensis and An. merus with copy numbers similar to that
found in An. gambiae. Preliminary data from an East African population are consistent with the element

being transpositionally active in mosquitoes.

ESPITE breakthroughs in the generation of trans-

genic mosquitoes that, in laboratory studies, are
refractory to the transmission of rodent malaria (ITo et
al. 2002; MOREIRA et al. 2002; Kim et al. 2004), a key
remaining obstacle to the extension of this technology
to the field remains the absence of gene vectors that can
efficiently drive genes through mosquito populations.
Thus, while the distribution and spread of P and hobo
elements through field populations of Drosophila melano-
gaster is well documented (ANXOLABEHERE ef al. 1988;
DaNIELS et al. 1990a,b), and while the distribution of
mariner elements in arthropods suggests that these ele-
ments were once capable of spreading both within and
between genomes (ROBERTSON and MacLeop 1993),
no evidence for the ability of transposable elements
to move within mosquito populations exists. This is in
contrast to recent developments in gene transfer tech-
nologies in mosquitoes in which several transposable
elements have been used to genetically transform mos-
quito species. These include the Hermes element from
Musca domestica (JASINSKIENE el al. 1998; ALLEN el al.
2001), the piggyBac element from Trichoplusia ni (GROSS-
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MAN et al. 2001; KokozA et al. 2001; MOREIRA et al. 2002;
PERERA et al. 2002), the Minos element from Drosophila
hydei (CATTERUCCIA et al. 2000), and the MosI element
from Drosophila mauritiana (COATES et al. 1998). The
remobilization properties of Hermes, piggyBac, and Mos1
in somatic and germ-line nuclei were examined in trans-
genic lines of the yellow fever mosquito, Aedes aegypti
(O’BrocHTA et al. 2003; WILSON et al. 2003). Little or
no evidence of germ-line remobilization was found for
these transposable elements in these transgenic lines of
mosquito, indicating that these elements may not be
suitable agents for driving transgenes through insect
populations. The basis for this low frequency of remobi-
lization is not known; however, it is consistent with the
behavior of mariner elements in transgenic lines of D.
melanogaster in which remobilization of these modified
elements is also low (LOHE and HARTL 1996; LoZOVSKY
et al. 2002).

We were interested in determining if active transpos-
able elements were presentin the genome of the malaria
vector Anopheles gambiae. This mosquito species is the
principal vector of the pathogen of human malaria,
Plasmodium falciparum, in Africa and so is the target for
genetic control and population replacement strategies
aimed at preventing the transmission of Plasmodium
through the female mosquito. An active transposable
element from An. gambiae might serve as a platform
for constructing gene vectors from the target mosquito
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species itself and would also facilitate the study of trans-
posable element movement and spread through An.
gambiae populations. We report here the isolation of
Herves, an active transposable element from An. gambiae.
Herves is a member of the hAT superfamily of transpos-
able elements but is only distantly related to the Hermes
and hobo elements that also are found in insects and are
active. This element was discovered in silico through the
use of a unique algorithm designed to identify active
hAT elements from the output of genome-sequencing
projects on the basis of conserved structural features of
these elements in addition to conserved amino acid
sequences. We describe the successful use of this ele-
ment in interplasmid transposition assays in a Drosoph-
ila cell line and embryos as well as its use as a genetic
transformation vector in this species. We show that
Herves is present in one east African population of An.
gambiae sensu stricto. Initial observations of copy number
and site-occupancy data from this population are consis-
tent with this element being transpositionally active.
Herves is perhaps an illustrative example of transposable
element invasion and spreading through An. gambiae,
which could serve as an example of how class II transpos-
able elements will behave in this species when they are
used as part of a genetic drive strategy aimed at introduc-
ing, and then spreading, beneficial genes through mos-
quito populations that vector human disease.

MATERIALS AND METHODS

Computer searches for active hAT elements in An. gambiae:
All 8987 scaffolds of the An. gambiae genome project (build
2, version 1; available at ftp.ncbi.nih.gov/genbank/genomes/
Anopheles_gambiae/) were searched for nucleotide stretches
with characteristics of recently active AT elements (character-
istics described below). All searches were performed using
custom-written programming scripts in PERL v.5.8.0 (scripts
available as online supplemental material at http:/www.ento
mology.ucr.edu/people/atkinson.html). Nucleotide stretches
were identified as those of potentially active 2AT elements
and saved for further analysis if they had the following charac-
teristics: (1) they had to be <10,000 bp in length; (2) they
had to have an 8-bp duplication at the beginning and end
of the stretch (duplications >8 bp were not saved to avoid
duplicated regions of the genome); (3) inverted terminal re-
peat sequences (ITRs) had to be adjacent to the 8-bp duplica-
tions and be at least 11 bp long with up to three mismatches;
and (4) they had to have an ORF = 200 aa. This list of potential
elements was sorted further by isolating stretches in which the
same ITR was found adjacent to at least two different 8-bp dupli-
cations. From the resulting list of nucleotide stretches those
containing ORFs =200 aa were identified and the ORF com-
pared to the “nr” peptide database in GenBank (http:/www.
ncbi.nih.gov) using the program BLASTP with expected value
E = 107° (ALtscHUL et al. 1990) for similarities to known
proteins. Finally, annotations from the BLASTP output were
screened manually for references to known transposable ele-
ments.

Isolation of the Herves element from whole-genome extrac-
tions: Intact copies of Herves were amplified using PCR primer
pairs designed for sequences surrounding three apparently
intact copies of the element identified by the computer searches

(see rRESULTS). We attempted to isolate Herves from the RSP-1
strain because it is closely related to the PEST strain from
which the An. gambiae genome sequence was obtained and
because the PEST strain is no longer available. Genomic DNA
from a dozen pupae from the RSP strain was extracted us-
ing the Wizard Genomic DNA purification kit (Promega, Mad-
ison, WI). Primer pairs were 5-TAA GTG TGG TGA CTC GGG
AT-3" (Igam8859) and 5-CCC TGG ACA GTT GTA GTT GA-
3" (rgam8859), 5 TGA GGG ACG CTA ATT GAT TC-3'
(Igam8964) and 5'-GCT TTG CGT TCC TTG TAT CT-3’
(rgam8964), and 5-TCC TAC ACA GGG CTG CTT CTGC-3’
(Igam8978) and 5'-CAG CGA GAG GAC TAA TTT GG-3'
(rgam8978). A first round of PCR was performed using Vent,
DNA polymerase (New England Biolabs, Beverly, MA) under
the following conditions: 94° for 3 min and 30 cycles of 94°
for 30 sec, 65° for 30 sec, and 72° for 5 min. A second round
of PCR, using the products of the first reaction as a DNA
template, was performed to amplify internal sections of the
element.

Transposition assays and Drosophila transformations: The
amplified Herves element was cloned into plasmids for use in
an interplasmid transposition assay similar to the one de-
scribed in SARKAR et al. (1997). Donor plasmids were created
by cloning the entire Herves sequence into a pBluescriptSK+
vector (Stratagene, La Jolla, CA) and replacing the ORF with
a gene conferring resistance to kanamycin, the ColEl origin
of replication, and a lacZ reporter gene (all three were ob-
tained from the pKSacOx plasmid; SARKAR et al. 1997). The
Herves ORF isolated from the RSP strain was cloned into a
pK19 vector containing a heatshock protein 70 promoter
(pKhsp70) to create the helper plasmid pKhsp70Herves-RSP.
The ORF from RSP differed from that found in the PEST
genome in that the amino acid at position 505 was P instead
of L. This variable amino acid was mutated so that the ORF
from RSP was identical to that found in the PEST strain. This
altered ORF was cloned into pKhsp70 to create pKhsp70-
Herves-PEST. The target plasmid was pGDV1.

Helper, donor, and target plasmids were introduced into
D. melanogaster Schneider2 (S2) cells (SCHNEIDER 1972) using
Cellfectin (Invitrogen, San Diego) following the manufactur-
er’s suggested procedure. In each experiment 5 million cells
were transfected with 2.5 g each of donor and helper plas-
mids and 5.0 pg of target plasmid. Twenty-four hours after
transfection cells were heatshocked at 41° for 2 hr and allowed
to recover at 23° for an additional 24 hr. Cells were then
collected and DNA was extracted using the Wizard Genomic
purification kit (Promega).

Helper, donor, and target plasmids were introduced into
D. melanogaster Canton-S,w embryos by direct micro-injection.
Injection plasmid mixtures were at 0.5, 0.5, and 1.0 mg/ml
of donor, helper, and target plasmids, respectively. Drosophila
preblastoderm embryos were injected between 30 and 60 min
postoviposition. Eggs were allowed to develop at 26° for 16
hr at which time they were heat-shocked for 1 hr at 37°. After
heat shock the embryos were allowed to recover at 26° at
which time plasmids were recovered. Plasmid recovery was as
described (SARKAR et al. 1997).

Plasmids recovered from both transfected cell lines and
injected embryos were electroporated into competent Esche-
richia coli cells (DH10B, Invitrogen) and plated on Luria-Ber-
tani (LB) plates containing kanamycin and chloramphenicol
(25 and 10 pg/ml, respectively). Colonies from these plates
were grown overnight in LB media containing kanamycin
(25 pg/ml) and DNA was extracted using the Wizard Plus
miniprep kit (Promega). DNA was digested with PstI restric-
tion enzyme (New England Biolabs) to check for transposition.
Because the Herves donor element and the target plasmid
contain PstI restriction sites, recombinant plasmids resulting
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from the transposition of Hervesinto pGDV1 produce a charac-
teristic pattern of three fragments following digestion with
this enzyme. A 622-bp fragment arising from two Psd sites
inside the lacZ gene in the Herves donor element is common
to all recombinant plasmids. Two fragments totaling 6449 bp
but varying in size as a function of the position of the integra-
tion site within the target plasmid permit the location of the
integrated element to be determined. Transposition events
were confirmed by DNA sequencing at the University of Cali-
fornia Riverside Institute for Integrative Genome Biology.

Drosophila transformations were performed essentially as
described (RUBIN and SPRADLING 1982). A 1.3-kb BstXI-BglII
fragment containing the enhanced green fluorescence
(EFGP) gene placed under the control of the 3xP3 promoter
from D. melanogaster was removed from plasmid pBac[3xP3-
EGFP,afm] and the 5" and 3’ overhangs were removed with
the large fragment of Klenow DNA polymerase and cloned
into the blunt-ended Psi site, also generated by the Klenow
holoenzyme, in plasmid pBSHerves, creating plasmid pHerv-
es[ 3xP3-EGFP], which contained 1.4 kb of Herves L. end, 302
bp of Herves R-end sequence, and the 8-bp target-site duplica-
tion 5-GTAGCAAGC-3' from An. gambiae. Plasmid pHerves
[3xP3-EGFP] (250 mg/ml) was coinjected with the Herves
helper plasmid pKhsp70Herves (300 mg/ml) into preblasto-
derm Drosophila Canton-S,w embryos. Surviving G, adults
were backcrossed to Canton-S,w and G, progeny were exam-
ined for the expression of EGFP genetic marker. Homozygous
lines were established by repeated backcrossing of transgenic
individuals.

Phylogenetic analysis: Transposase protein sequences from
11 known hAT elements and Herves were aligned using CLUS-
TALW v.1.83 and the PAM250 matrix (THOMPSON et al. 1994).
Phylogenetic analyses aimed at establishing the placement of
Herves on a tree of hAT element transposases were performed
using programs based on maximum-likelihood optimality cri-
teria [MRBAYES v.3.0b4 (HuteLSENBECK and RoNQuisT 2001)
and TREE-PUZZLE v.5.0 (ScHMIDT et al. 2002) ] and on maxi-
mum parsimony (PAUP*4.0b10; SWorrorDp 1998). Amino acid
sequences of hAT element transposases were selected from
prior publications to represent the diversity of the AAT super-
family with particular attention to sequences likely to be closely
related to Herves (CALVI et al. 1991; RUBIN et al. 2001; ROBERT-
soN 2002; HANDLER 2003). Amino acid substitution rates were
modeled using the JTT (JoNEs et al. 1992) and WAG (WHELAN
and GoLpMAN 2001) substitution matrixes. Among-site rate
variation was modeled by a discrete gamma parameter esti-
mated from the data by MRBAYES and TREE-PUZZLE.

Mosquito samples: Mosquito strains examined in this study
were the G3 strain maintained at the University of Maryland
Biotechnology Institute; Suakoko (SUA) from A. Crisanti, Im-
perial College, London, and A. Richman, Department of Vet-
erans Affairs, Washington, DC.; RSP-2 from F. H. Collins,
University of Notre Dame, Notre Dame, Indiana; KIL from P. J.
Eggleston, Keele University, Keele, UK, and C. Curtis, London
School of Hygiene and Tropical Medicine, London; and iso-
female lines from recently caught field samples of An. gambiae
from Mali from G. C. Lanzaro, University of California, Davis,
California. Insects collected from Furvela, Mozambique, were
provided by D. Charlwood, Danish Bilharziasis Institute, Char-
lottenlund, Denmark.

Herves transposon display analysis (TEDA): The procedure
used for transposon display has previously been described
(GumMOoND et al. 2003) and was modified for use with the
Herves element. Genomic DNA was isolated as described and
processed for transposable element display after digesting with
Msel (GUIMOND et al. 2003). For these experiments, the Herves-
specific primers HervTEDAL1 5'-AAT TCG ACG GGT TCC
TAC C-3' (preselective PCR) and HervTEDAL2 Cy5/5'-GTT

GAT TAG ATG AAC GTA GG-3' (selective PCR) were used
in addition to the adapter-specific primer Msedla GAC GAT
GAG TCC TGA G previously described (GUIMOND et al. 2003).
Preselective PCR conditions were 95° for 3 min; 25 cycles of
95° for 15 sec, 60° for 30 sec, and 72° for 1 min; and 72° for
5 min. Selective PCR conditions were 95° for 3 min; 5 cycles
of 95° for 15 sec; 64°-60° at 1° per cycle for 30 sec; 72° for 1
min; 25 cycles of 95° for 15 sec; 60° for 30 sec; 72° for 1 min;
and 72° for 5 min. Selective PCR products were separated on
a 6% denaturing polyacrylamide gel. The gel was dried onto
3MM paper and scanned with a Typhoon phosphorimager
(Amersham, Buckinghamshire, UK). Individual bands were
excised from the dried gels, eluted, reamplified, and se-
quenced as previously described (GuiMOND et al. 2003).

RESULTS

hAT elements in the PEST genome: The search for
nucleotide stretches with characteristics of active hAT
elements yielded 3553 nucleotide stretches that satisfied
the structural criteria. Of these, 1536 also contained
ORFs =200 aa with significant similarities (£ =< 107°)
to a number of class I and II elements, some of which
have previously been described, including P elements
(SARKAR et al. 2003a) and Tcl-mariner elements (HovT
et al. 2002). Three different ORF sequences had signifi-
cant similarities to known AAT elements: hopper, Hermes,
hobo, Ac, and Tam3. The first ORF was 603 aa long and
was present three times within the genome (Figure 1).
The second ORF was almost identical to the first and
differed from it only by the insertion of a 328-bp section
of a Topi transposable element (GROSSMAN et al. 1999)
ataa 231, causing a frameshift mutation. The third ORF
was 297 aa long and was present only once within the
genome sequence.

The presence of three identical ORFs within stretches
identified as possible active 2AT elements and a fourth
almost identical sequence was encouraging and these
sequences were investigated further. The three 603-aa
ORFs were almost identical and were located between
identical ITR sequences forming three putative trans-
posable elements of 3699, 3702, and 3707 bp. These
elements compose a new subfamily of transposable ele-
ments referred to as Herves. One copy of Herves was
located on chromosome 2 and two copies on chromo-
some 3. The fourth copy, containing the Topiinsertion,
was located in an unmapped area of the genome. The
Herves element was characterized by 11-bp ITRs con-
taining two mismatched bases, 8-bp target-site duplica-
tions showing sequence similarity to the hAT element
consensus sequence 5-GTNNNNAG-3', and a transpo-
sase with amino acid sequence similarity to hAT element
transposases. Sequences identical to Herves have been
reported by Jurka (2000).

Phylogenetic analyses: All phylogenetic analyses using
either maximum-likelihood- or maximum-parsimony-
based methods resulted in topologies consistent with the
tree shown in Figure 2. Maximum-likelihood methods,
using more sophisticated models of evolution, had gen-
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TAGAGTTGTGCCTCAAGAACCAGAACTGTACGATTCATTCAATTCATCCTARAGAACGARSGACCTACGTTCATCTAATCAACGTTCATCGATTCTTTATAAATTATAATGTRTTGAGTT 120

GTTCATGARAATARACCYGGGTAGG

240
360

TCTCCTGATACAARRATGCGCTGTCCCACATGATAGA 480

CATGTGTCGATGAAACAARATCAGCATACTTTCTCACTCAGCCCRACAARRACATCCGATCTGGCATTCTGCAY TGGCTTTCTGCGYAGAGCAY AGTACARGATAAGAGAGCGGATAGAAT 600
GTTTCGTTGATCTACATCGTTgatct tCACTCTCTTTCTGATCCTCGGAGACGATGCCGCTTCTGCAATATGCGCTCTCTTTTTCTTCCCGCTGCAATACTTTCAGCTGATAGTTACCGA 720
GAGARCGATCACAGAGATAGAGAGTCAARARARTGACGAGGRCGGGGGGTGGTATGTGGGATGAGT TTTTTTACCYACTTGTGAGCGAGGTACAGTCRARAGTTCAATARTTRARCGAART B840
TTTGGTTTGTATATTTTTCGATGGATATTTGATAGTAGGTTGATAGATCAACT ARAAAGCATGCCTTTATATTAGY GAATCTAATTTCATAGAAAATCGCAAAACTGTCGCCTATAATGA 960
AAARDARACTTCATTTRTTTTGTGCAGGAAAGAACGTGAAAATTTATCACCAAACGTGACACTARCCAAACAGTGAGCTGCCAATCGARGTTCAATTAGTGAGTTTGAACTGTACTAGTC 1080
GTTTTGTTTGAGAGAGAAATGACCTTCTCGCGCTTTGAGGAAGAGAGGAAARTTACACTAATACGTTTATGGTCACTARATCCATATGATAAATACATAGATCACGTRTGTTCGRTTCGT 1200
TGTTGTATAGGTGATTTTGACCGTTATTTT TGAATACGTTCGAT TTCTTCAATGTGTTGTAGGCTTRTGGTAATARACAT TGCTGAARCCGTGATTGTATTGATAAATTGATCTTTGATA 1320
TGCCATTTGTTGTGATCTTTTGACTTGTARACCACAAATTGATCTACGCTCCATCGAAATARGTGAAAAT TTAATAATTGCACCGGCGATCARAGGTARCATTAGTCTTGGTAGTTAAARA 1440
CAAARACATARAGTGTTGTATGARACATTTCCACAGATATGATGGCTCCAACARACGCARCAACAAGCCCTGTCTGGGATCATTTTAGTCCGGTAGARACTGGCGCARAGTGCCTTTATT 1560
M M A P T N ATT S P V WDHF s P V ETGAKTCIL Y
GTTTAAAGGTGTTTAAGTATACTAARGGAACTACTTCGAACTTGAAGCGGCATTTGAATTTAGTGCATAARACTGTGCCGTATT TAAAGCAAAAGCAACCAATTCCTCAAACTATTAACA 1680
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P Q T I N
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1 DDEAGUP S AV NUPFOQUP S NOQY F N S

N M 58 I Q@ G Y L K KP I NS ETEKKV

TAGATAGAATGTTGCTAGATCTAATTTGCAAAGAATGTTTGCCATTTAAT T TAGTAGAAAGTGARAT TTTCARAAAATTCGTTTATACATTAAATCCGAACTATATTATGCCTACACGAA 1920

L DRMIL L DUIL I CZ K EOCTLUPUFNTILV E S

I F K KF VY TILNUPWNZYTIMZPT R

AAAGTTTATCAAACGCCCTACTACCAAGCGTATATAATCAAGAATTTGARAAGGCTAAAGAGAAATTATCGACCGCCARAGCTATAGCTATTACKTCGGATGGATGGACARACCTGAACC 2040

K 8§ L 8 N A L L P 8 V ¥ N Q E F E K A K E

K L s T A KA I ATITSDGWTDNTULN

AAATAAGTTTTTTTGCCTTAACAGGTCATTATATCGACGAAAAT TGCAAACTTAGT TCTATTTTGATAGAATGCTCGGAATTTGARAATCCTCATAGTGGTAGGAATATAGCTAATTGGA 2160

¢ I s F F AL T G H Y I DENIZ CI KIULS S5 I

I EC S E F E NP H S G RNTI ANW

TTCARGGTACCTTGAACARATTTGACATAGAGGATAAGATTGTTGCAATGGTTACTGACARTGCTTCCAATATGARAGCGGCATCAACTGAGTTGAATTTTTGTCACATACCATGTTTTG 2280

I Q G T L N K F D I

E DK I V.a MV TDDNASNMIEKM AASTETLDNUFCHTIUPCF

CACATACGTTARATTTGATTGTTCGAGATGCTATARAARAAAGTGTGCTACCAGTTGTAGARGAGGTARAARGAGTAGTAATGTTATTTAAGAARAGTCCAAAAGCCTCACARATGCTAG 2400

A H TLWNULTI V RDATII KI KSV L P V V E

E vV KRV VML F KI KS P KA AS QML

CTGATACACARAARAAGCTCAATTTAGATCAATTGAAAATGATACAAGARGTGT CARCGCGATGGAAT TCGGGGTATGATATGCTTAATCGATTTTATAAGAACAARATTGCATTACTCT 2520

A DTQ K KL NTILDOQLI KMTIOGQEUV ST RWNS G Y

b M L NRPFY KNI KTIA ATLTL

CCTGTGCAGATAGTTTGARAATGAARRATATCTTTAGAATCTCATGAT TGGGARGCAATTGARCARATTGTGAGGGTTCTARAATATTTCTATTCTGCTACARATATTGTATCCGCCCARR 2640

5 C A DS L KMKTI

S L E S HDWE ATIZE Q

I VvV R VYV L K Y F ¥ 8 A TDNTIV S A Q

AATACATAACCATTTCACACGTGGGATTACTATGCAATGTGCTGTTAARCCARRACATCACAGT TTAGARATGATGAGGATATAGCAGAARACATTCARAATTTAGTAGCTTTGCTCATTG 2760

K ¥ I T I s H vV 6L L € NV L L T KT s Q

F R N D E D I A E NI QN L V A L L I

AAGGTCTACAAAACAAGCTAARAATTTATCGTTCCAATGAGCAGATACTTARATCTATGATAT TAGATCCTAGGATTARACARCTTGGCTTTCAAGACGATGTGGARARATTCARARACA 2880

E G L ¢ N K L K I ¥ R 8 N E @ I L K S M I

L D P R I

K Q¢ L. 6 F ¢ b bV E K F KN

TATGTGRATCAATTATATCTGAGCTGCTTCCGTTGCAARAGCCCGCAGTAGAAGTCGAARARGTAGTARAARAAGTTAGCAAGGATGTGGACATGCTTTTCGGCGATTTATTWAARAACA 3000
I ¢ E S I I 8 EL L P L Q KPAUV EV EI KV YV KKV S KDV DMIULF G D LL/PK N
AGGGAGCTCAAAACTACAAAACACCTAGACAAATAGCTGAGAATGAACTACATCAATATTTAAGCGTTGAARATATTGAT TTAGARAATGATCCGCTTCTTTGGTGGARAGAARCATCARG 3120
K G A Q N Y K T PR Q I A ENZEIULWUHOGQYL S V ENIDIULEWNUDU PT LIULWWKE H Q
TTCTTTATCCATCATTGTATACTCTTGCCATGAGCACTTTATGCATTCCCGGAACGTCCGTTCCATGTGAAAGGCTTTTT TCTARAGCGGGACAGATATACTCTGAAARRAGATCTCGAC 3240
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TAGCGCCAAAAAAATTGCAGGARAATATTGTTTATTCAACARAATGCATAATYAARACGTCGTTGCAAAAT TTGTAACATGGARTATATGARAtaaTTGTTTTGTAATGCACTTTTTGTAA 3360

L AP K KL QETIULT FTIOGQOQWNA *

TTAAGTAAGACTTGAATTATCTAGATGTAAGTGTTATTTTTGTAATATAAAAAATRAATTCARAATGGTRTTAAAATGTGTTGGTTGCCTTAATCATAATAGATGCATCACTTAATAACA 3480
TAATTAGGAATACAYGAGTTTTTTAGTTCAGTGACTAAGAACTGTTATGCTTATTATATGARACTGTTAACARACACCCATAATATGAAACTATCGCGARATARGATCGATTTACCATAC 3600
TGTGGTTAKTTGACGTGARCGATTGAATCGCGATTCACGCTCAGTTCATGTTAATGARAGARCCGGTARATTCACGTTCATGGTAATGAATCGARATTGCCCAACCCTA 3708

F1Gure 1.—Consensus sequence of three Herves elements from the An. gambiae genome (see text) and amino acid translation
of the transposase. IUPAC ambiguity codes indicate sites where the three copies differ; lowercase letters indicate a deletion in
at least one copy. Inverted terminal repeats are underlined. A region containing three almost-perfect tandem repeats is shaded.

erally higher nodal support for deep branches than did
maximum parsimony. Among-site rate variation was low
(the lowest estimated a-shape parameter was 2.64).
The Herves transposase sequence was most closely re-
lated to the hopper-we sequence (HANDLER 2003) and
did not form a monophyletic group with the other insect
elements hopper, Hermes, Homer, and Hermit. Corrected
distance estimates indicated that Herves was as distantly
related to these insect elements as to the human Tramp
element (EspPosITO et al. 1999; Table 1). The close rela-
tionship of Herves and hopper-we was confirmed by high
levels of transposase sequence similarity (28% amino
acid identity, 53% amino acid similarity), overall nucleo-
tide sequence similarity (40% nucleotide identity when
aligned using ClustalW), and ITR sequence similarity.
Hervesis a functional element: Three almost identical
copies of Herves were identified in the published scaf-
folds of the An. gambiae genome-sequencing project and
a fourth copy was also identified that differed by the
insertion of 238 bp of the Top: transposable element
inside its ORF. Circumstantial evidence of recent move-

ment by Herves was discovered in the course of isolating
Herves from the An. gambiae RSP strain. Three chromo-
somal sites within the genome of RSP that contained
full-length Herves sequences in the PEST strain were
amplified using PCR and sequenced. The genome of
RSP differed from PEST at these three sites (Figure 3).
The first site did not contain Herves but instead the
observed sequence was consistent with what would be
expected prior to transposition into thatsite, i.e., asingle
copy of the 8-bp host duplication. The second site also
did not contain the Herves element, but instead the
Herves sequence was replaced with a single A/T base
pair. This was consistent with the predicted excision
footprint of the Hermes hAT element following a recently
proposed mechanism of Hermes excision and transposi-
tion (ZHOU et al. 2004). The third site appeared to be
heterozygous and PCR amplifications yielded two types
of fragments: (1) a fragment with the expected nucleo-
tide sequence prior to Herves insertion and (2) a frag-
ment containing the full-length Herves element. These
results suggest that (1) either some Herves sequences
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Buster3 H. sapiens
Tip100 I purpurea

Tagl A. thaliana

hermit L. cuprina
Homer B. tryoni
Hermes M. domestica

hobo D. melanogaster

Ac-like

10
C. elegans
Ac Z. mays
Tramp hopper-we
H. sapiens B. dorsalis

Herves
An. gambiae

Tam3 A. majus

F1GURE 2.—Phylogenetic relationships of transposase amino
acid sequences from selected AT elements (see text). Boxed
numbers next to each node represent measures of nodal sup-
port. The top number is the quartet puzzling reliability per-
centage from TREE-PUZZLE using the WAG matrix substitu-
tion model and among-site rate variation estimated using a
discrete gamma shape parameter. The bottom number in
italics is the percentage of bootstrap support from unweighted
maximum-parsimony analysis using PAUP*. Tree topology
and branch lengths correspond to the tree obtained with
TREE-PUZZLE from 100 maximum-likelihood quartets. All
transposase sequences except that of Herves were obtained
from GenBank (http:/www.ncbi.nih.gov/): Tam3 (accession
no. CAA38906), Ac (accession no. CAA29005), hobo (accession
no. A39652), Hermes (accession no. AAC37217), Homer (acces-
sion no. AAD03082), hermit (accession no. AAA64851), Buster3
(accession no. NP_071373), Tipl100 (accession no. BAA36-
225), Tagl (accession no. T52187), Ac-like (accession no. NP
509255), hopper (accession no. AALL93203), and Tramp (acces-
sion no. CAA76545).

have mobilized since the PEST and RSP strains have be-
come isolated or, alternatively, there has been differential
assortment of an ancestral polymorphism of Herves inser-
tions prior to the creation of these two strains; (2) Herves
is capable of persisting in a single genome location for at
least several generations; and (3) the RSP strain is not
homozygous with respect to Herves integrations. It is un-
clear if this heterogeneity stems from the mating of individ-
uals with and without the insertion, from movement of
the element, or from both.

To test if the Herves element present in RSP was func-
tional, interplasmid transposition assays were per-
formed using two Herves ORF sequences as sources of
transposases: first, Herves PEST, with the amino acid se-
quence shown (Figure 1) and second, HervessRSP, which
has the same amino acid sequence but with L505 re-
placed with phenylalanine (see above). Assays performed
in Drosophila S2 cells and Drosophila embryos demon-
strated the transpositional activity of Herves (Table 2).
Twenty-seven perfect transpositions and 13 imperfect

transpositions of Herves were recorded (Table 2). All
were dependent on the presence of Herves transposase
since transposition events were not recovered in the
absence of transposase. Perfect transpositions involved
transposition of only the Herves element with the cre-
ation of an 8-bp target-site duplication at the point of
insertion. The targetsite selection of Herves, as reflected
in the distribution of integrations in the pGDV1 target
plasmid, differed from that of both the Hermes and hobo
elements. From transposition assays performed in Dro-
sophila Canton-S,w embryos, both Hermes and hobo show
a very similar pattern of site selection within this plas-
mid, with insertion hotspots at nucleotides 736, 2154,
2271, and 2303 (SARKAR et al. 1997; Y.-J. K, D. A.
O’BrocHTA and P. W. ATKINSON, unpublished results).
This was not the case for Herves. None of the 21 transpo-
sitions recovered from Drosophila embryos inserted at
hotspots 736, 2154, and 2271 and only one insertion
was seen at 2203. A new hotspot (8/21 insertions) was
observed at nucleotide 476, at which no previous inser-
tions of either hobo or Hermes have been recorded
(SARRAR ¢l al. 1997; Y.-J. Kmm, D. A. O’BrRocHTA and
P. W. ATKINSON, unpublished results).

To test whether Herves could be used to genetically
transform insects, the plasmid pHerves[3xP3-EGFP] was
co-injected with helper Herves plasmid into preblasto-
derm embryos of D. melanogaster. From two injection
experiments, four independent transgenic lines were
obtained with an overall transformation frequency of
30.1% (Table 3). This frequency of transformation is
comparable to transformation frequencies obtained
when other class II elements such as P, hobo, Hermes,
and piggyBac are used to transform this species and is
higher than predicted from the low frequency of trans-
position of Herves observed in Drosophila (Table 2).
Three of these transgenic lines were selected for further
analysis. Cut-and-paste integration of solitary Herves ele-
ments was confirmed by TEDA in the three lines exam-
ined (Figure 4). For each line, a single but different
fragment was amplified. Purification and sequencing of
each of these revealed that, for lines 2 and 3, at both
ends, the Herves element insertion was delimited by the
first nucleotide of Herves with flanking sequence from
D. melanogaster. An 8-bp sequence consistent with the
consensus insertion sites of ZAT elements was present
adjacent to each Herves element (Figure 4). For line 1,
only the left-end integration site has been characterized
and the insertion is delimited by the terminal nucleotide
of Herves. The 8-bp site flanking Herves conforms to the
target-site consensus of ZAT elements. A BLAST search
of the flanking sequences indicated that in line 1 Herves
had inserted into chromosome 3L at 66A, in line 2
Herves had inserted into chromosome 3R at 95E, and
in line 3 Herves had inserted into a sequence found in
five locations throughout the genome.

Distribution of Herves: Seven laboratory lines of An.
gambiae were tested and all contained Herves (Figure
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SCAFFOLD AAAB01008959
PEST ATCCATTTCGCGCCTTCGTACtagagttgtgcctcaagaacc(...)gaatcgaattgcccaaccctaCTTCGTACACCTTCAACTAC
RSP ATCCATTTCGCGCCTTCGTAC——=====—== === === — - = —m———mm oo

SCAFFOLD AAAB01008964
PEST CCACCCGGGGATGGTCCCCATtagagttgtgcctcaagaacc(...)gaatcgaattgcccaaccctaGTCCCCATCCTCCCCGGTTG
RSP CCACCCGGGGATGGTCCCCA- == ==—==———————————— A-———mm— -

SCAFFOLD AAAB01008978
PEST CTGCCTCAATGGGGTAGCAACtagagttgtgcctcaagaacc(...)gaatcgaattgcccaaccctaGTAGCAACTACATCATTACC
RSP CTGCCTCAATGGGGTAGCAACtagagttgtgcctcaagaacc(...)gaatcgaattgcccaaccctaGTAGCAACTACATCATTACC
RSP CTGCCTCAATGGGGTAGCARC-—————————————————————m——m

———————————————————— ACCTTCAACTAC

———————————————————— CCTCCCCCGGGG

____________________ TACATCATTACC

FiGUure 3.—Evidence of
past mobility of Herves in
An. gambiae PEST and RSP
strains. Sequences are grouped
by locus under the heading
of the scaffold from the An.
gambiae sequencing project.
PEST sequences were ob-
tained from GenBank while
RSP sequences were from

PCR amplifications; the two RSP lines for scaffold AAAB01008978 represent different PCR amplification products. Herves ITRs
are underlined, omitted Herves nucleotides are represented by (. . .), and dashes indicate insertions/deletions.

5). Likewise, separate colonies of the laboratory line
Suakoko also showed notable differences in the number
and position of elements. The G3 and KIL (no. 2) lines
showed intraline variation in element position and copy
number. Twenty-five bands from Figure 5 were excised
from the gel, reamplified, and sequenced. Ten of the
elements were inserted in unique, single-copy DNA; 9
were inserted in sequences repeatedly found through-
out the genome, precluding localization; and 6 were
integrated in sequences that were not present in the
An. gambiae sequence database. Seven of the localized
elements were on the second chromosome, two were
on the X chromosome, and one was inserted in a se-
quence that had not yet been placed within the existing
scaffold structure of the An. gambiae genome database.

Preliminary analysis of An. gambiae sensu lato collected
from a village (Furvela) located along the southern coast
of Mozambique revealed the presence of Hervesnot only in
An. gambiae s.s. but also in Anopheles arabiensis and Anopheles
merus (Figure 6). All insects analyzed contained atleast one
element (n= 35, An. gambiaes.s.; n =45, An. arabiensis; n =
6, An. merus; Figure 7). Bands arising from transposable
element display are dominant markers and copy num-
bers of elements were estimated to be 4x/3 where x =
number of occupied sites (“bands”) and Hardy-Wein-
berg equilibrium was assumed. In the three species ex-
amined, copy numbers were 4.5 elements/genome in
An. merus (range 1-7), 4.6 elements/genome in An.
gambiae s.s. (range 1-8), and 7.3 elements/genome in

An. arabiensis (range 1-11). Elements were observed in
avariety of different positions (sites) within the genome.
Twenty-five sites were detected in An. gambiae s.s., 31
sites in An. arabiensis, and 14 sites in An. merus.

DISCUSSION

We have identified a functional class II element of
the ZAT element superfamily, called Herves, that displays
variation in both copy number and site distribution in
both laboratory and field populations of An. gambiae,
consistent with it being active, or recently active, in these
populations.

Originally, Hovt et al. (2002) identified 15 RAT se-
quences in the genome of An. gambiae. Of these 15
sequences, 4 matched the three active and the one pre-
sumably inactive copy of Herves (with a Topi element
insertion) described here. The remaining 11 hrAT se-
quences had high amino acid identity and similarity to
the Herves ORF (identity ranged from 24 to 51%, similar-
ity ranged from 41 to 69%, and for sequences aligned
using BLASTP, E = 0.01). This suggests that these se-
quences were closely related to Herves and may be from
inactive forms of this element.

Several features of the Herves transposable element
placed it in the AT superfamily. First, Herves contained
several amino acid motifs shared among ZAT elements.
For example, Herves contains the well-conserved Wwxxx-
xxxxP xLxxxAxxxL motif described by CaLv1 et al. (1991)

TABLE 2

Herves transposition in cell lines and embryos of D. melanogaster

No. of
No. of No. of transposase- Events per 10*

Cell line name/ No. of plasmids cut-and-paste mediated plasmids
strain Transposase source experiments screened transpositions events” screened’
Cell line/S2 hsp70 HervesPEST 3 551,400 5 7 0.09

Cell line/S2 hsp70 HervesRSP 2 306,200 1 4 0.03

Cell line/S2 0 3 887,800 0 0 0
Embryos/Canton-S,w hsp70 Herves PEST 4 649,000 21 2 0.32
Embryos/Canton-S,w 0 2 615,000 0 0 0

“ “Transposase-mediated events” were defined as the insertion of at least one ITR into new DNA with the breakpoint immediately

outside the ITR.

"Rates based on the number of “cut-and-paste” transpositions only.
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TABLE 3

Transformation of D. melanogaster with pHerves[3xP3-EGFP] and pKhsp70Herves

No. of No. of G, matings
Experiment embryos No. of G, No. of fertile producing No. of Transformation
no. injected adults matings transgenic adults  transgenic G,’s  frequency (%)
1 120 38 9 3 15 males, 33
25 females
7 males,
17 females
2 males,
1 female
2 60 7 4 1 3 total 25
Total 180 45 13 4 30.1

with 12 of the 17 amino acids in this region being identi-
cal to those found in Ac, hobo, and Tam3. Also, of the
six conserved hAT protein blocks described by RusBINn
et al. (2001), Herves, like hobo, contained five (blocks
A-E). Second, Herves ITRs were consistent with a pro-
posed consensus sequence of ZAT ITRs (WARREN et al.
1995). Third, the three active Herves copies identified
in the An. gambiae genome and the seven observed “cut-
and-paste” transposition events (Table 2) inserted by
forming 8-bp targetsite duplications, characteristic of
hAT elements. These duplications had a NWNNNNAY
85% consensus sequence, similar to consensus sequences
proposed for other 2AT elements (e.g., NTNNNNAC pro-
posed for hobo and Hermes; O’BROCHTA et al. 1996).

Within the AT superfamily the Herves transposase
sequence was most closely related to the hopper-we ele-
ment from Bactrocera dorsalis and Bactrocera cucurbitae
(HANDLER 2003) but was distantly related to transposase
sequences from other insect elements (e.g., Hermes from
M. domestica). Beyond their transposase sequences,
Herves and hopper-we also shared similar ITR sequences.
This suggests that Herves and hopper-we might form a
new group of insect hAT transposable elements that
diverged prior to the Brachycera-Nematocera diver-
gence. This hypothesis would be supported by the dis-
covery of closely related elements in other species within
these suborders. BAC-end clones from the Ae. aegypti
sequencing project (http:/www.tigr.org/tdb/e2kl/aabe/)
were searched using the TBLASTN program (E =< 10"%,
ALTSCHUL et al. 1990) and the Herves transposase amino
acid sequence. This revealed the presence of a 213-aa
sequence in Ae. aegypti with high similarity to Herves and
hopper-we (distance to Herves: 0.96; to hopper-we, 1.4; to
all other ORFs, 2.1-2.9; distance calculated using the
program PROTDIST; FELSENSTEIN 1993). While more
research will be necessary to confirm that this sequence
is indeed from a transposable element, these results
suggest the possibility of a new, unexplored group of
insect transposable elements within the AAT super-
family.

Herves can transpose in Drosophila cell lines and in
Drosophila embryos and can genetically transform Dro-
sophila. Transposition rates are highest in Drosophila
embryos but are ~30-fold less than those seen with the
related Hermes element in similar assays performed in
the Canton-S,wstrain (SARKAR ¢t al. 1997). Nevertheless,
Herves transforms Drosophila at frequencies of the same
order of magnitude as the P, hobo, Hermes, and piggyBac
elements, indicating that it will be an efficient gene
vector in at least this species. As such, Herves is the
first active class II element isolated from any mosquito
species and is the first to be used as a gene vector in
an insect species. The An. gambiae genome project has
facilitated the identification of potentially active P and
piggyBac elements (SARKAR et al. 2003a,b), while there
has been, previous to the publication of this genome
sequence, circumstantial evidence for activity of the
class II element lkirara (RoOMANS et al. 1998) and the
class I elements Moose (BIESSMANN et al. 1999) and
mtanga (ROHR et al. 2002). Donor Herves plasmids used
in both transposition assays and fly transformations con-
tain identical amounts of Herves left (1.4 kb) and right
(302 bp) sequences, indicating that these sequences are
sufficient for transposition of the element. Why Herves
should perform relatively poorly in interplasmid trans-
position assays conducted in embryos and cell culture,
but not in transformation of Drosophila, is unknown.
The value of transposition assays may be primarily quali-
tative rather than quantitative; alternatively, Herves may
be more efficient at transposition in germ-line nuclei
than in somatic nuclei, the latter being measured in
transposition assays performed in both cell cultures and
developing embryos. The DNA target is also different
between the transposition assays and genetic transfor-
mations, being a plasmid in the former and chromatin
in the later. This difference might lead to a difference
in transposition frequency but it is difficult, at this stage,
to identify the precise structural or functional basis of
such a difference between the Herves and Hermes ele-
ments.
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1 2 3
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F1GURE 4.—Transposable element display of the left end of
Hervesin transgenic D. melanogasterlines 1, 2, and 3. The results
from two individuals from each line are shown along with the
position of the molecular weight makers. Bands were excised,
eluted, reamplified, and sequenced. Chromosomal position
was determined by BLAST searching the D. melanogaster se-
quence database. Bands below the main bands (arrows) are
identical in sequence to the main bands and are often associ-
ated with abundant PCR products <250 bp in length. The
sequences adjacent to the right inverted terminal repeat were
determined by direct amplification using primers specific for
the Herves element and flanking genomic DNA. The 8-bp
target-site duplications flanking each of the three indepen-
dent transpositions are shown to the right and each corre-
sponds to the arrowed band at the corresponding migration
distance on the gel. For line 1, only sequence flanking the
left end of Herves was obtained. For line 2, the 8-bp target-site
duplication was imperfect with the single-base-pair difference
(T vs. G) shown in boldface type.

The difference in targetsite specificity between Herves
and both hobo and Hermes is intriguing. Within the con-
straints of generating an 8-bp target-site duplication con-
forming to the consensus sequence of hAT element
insertions, our data show that Herves does not favor
insertion at the major %hobo/Hermes hotspots in pGDVI,
but rather prefers its own unique hotspot for integra-
tion. The existence of at least three functional insect
hAT elements, hobo, Hermes, and Herves, provides a unique
opportunity to examine the role that element sequences
within a transposable element family play in determin-
ing insertion site specificity. Our data show that Herves,
while clearly being a 2AT element, is both structurally
and functionally distinct from the hobo and Hermes ele-
ments. We have preliminary evidence that Herves may
be active in An. gambiae. This, combined with its mobility
in D. melanogaster, opens up the possibility that Herves
might be used to improve the efficiency of mosquito
transformation, particularly of An. gambiae and perhaps
of other species as well. Herves transposition into the
anopheline chromosomes might occur at high frequen-
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F1GUrE 5.—Comparison of the Herves content of laboratory
lines of An. gambiae s.s. Transposable element display was per-
formed on individuals from the laboratory lines G3, RSP (R),
Suakoko obtained from two sources (S1 and S2), KIL obtained
from two sources (K1 and K2), and two recently established
isofemale lines from individuals collected from Mali (M1 and
M2). Molecular weight markers are indicated.

cies if this element has already adapted to being able
to move in this mosquito genome. A converse argument
is that mechanisms to suppress Herves transposition may
have already evolved in An. gambiae but, as shown above
and discussed below, we have preliminary evidence that
suggests that Herves is currently mobile in this species.
We have shown that Hervesis functionally different from
Hermes and hobo, and it is of interest to determine if these
differences will manifest themselves in the behavior of
engineered Herves elements in transgenic mosquitoes.
Genetic transformation of An. gambiaeremains problem-
atic with only three successful transformations reported
since 1987 (MILLER et al. 1987; GROSSMAN et al. 2001;
KiM et al. 2004). Furthermore, the difficult husbandry
of An. gambiae demands that transformation rates be
high so as to ensure that transformed genotypes can be
propagated from adults surviving the micro-injection
procedure used to introduce gene vectors into develop-
ing germ-line cells.

Herves is likely to be actively transposing in natural
populations of An. gambiae, An. arabiensis, and An. merus
on the basis of the abundance of chromosomal sites
that are occupied by Herves elements at low frequencies
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gambiae arabiensis merus

F1GURE 6.—Transposable element display of individuals col-
lected from a local population in Mozambique. Three species
are represented: An. arabiensis, An. gambiae s.s., and An. merus.
Molecular weight markers (in kilobase pairs) are shown.

within populations. Earlier studies of transposable ele-
ments in natural populations of D. melanogaster de-
scribed similar distributions and indicated that element
movement was probably responsible for producing the
observed frequency spectrum (KApLAN and BROOKFIELD
1983; LANGLEY et al. 1983; MONTGOMERY and LANGLEY
1983). Given the generally small effective population

1.0
0.9
0.8
07 An. gambiae s.s.
g 06 n=235
g elements/genome = 4.6
8 05 sites = 25
w 04 site occupancy = 6.4

1 3 5 7 9 1" 16 17 19_21_23_25_27 29 31
2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Sites
1.0
0.9
0.8 An. arabiensis
0.7 n=45
& elements/genome = 7.3
g 08 sites = 31
S 05 site occupancy = 10.5
[V
0.4
0.3
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[y
00 111 lllJ_I_l_l_Lu_-_-_-_-_._._._._.
1.3 65§ 7 8 N 15 17 19 _21_23 25 _27 29 31
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w 04 site occupancy = 1.9
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FIGURE 7.—Herves in three species of Anopheles in Mozam-
bique. Data were derived from transposable element displays
on the number of individuals indicated (n). “Site” refers to
a genomic position occupied by at least one Herves element
in the sample and corresponds to a unique PCR product on
a transposable element display. Sites are arbitrarily numbered
and are not similar between species. “Site occupancy” refers
to the total number of elements within a sample divided by
the number of sites.

sizes for An. gambiae and An. arabiensis (on the order of
10° individuals), the observed frequency spectrums of
Herves in An. gambiae s.l. in Furvela, Mozambique, are
consistent with the hypothesis that the element is active
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(TAYLOR et al. 1993; LEHMANN et al. 1998; TAYLOR and
ManNouxkis 2003). The question that arises is whether
Herves is at equilibrium in these populations, equilib-
rium being when the number of Herves elements in
the genomes of members of a population is constant
through a balance between replicative transposition and
forces, such as genetic drift and natural selection, that
might eliminate these elements. If the element is at
equilibrium, then the frequency spectrum reflects the
ongoing transposition and deletion activity of Herves. If
the element is not at equilibrium, then the observed
frequency spectrum may reflect a recent invasion of
An. gambiae s.l. by Herves. These alternative hypotheses
cannot be resolved using the data presented here. There
are two interesting implications of these observations.
First, current natural populations of An. gambiae should
be able to support transpositional activity of Herves.
Therefore, gene vectors or genetic drive agents con-
structed from this element will be functional in An.
gambiae. Second, the active transposition of Herves in
An. gambiae provides an opportunity to examine the
dynamics of transposable element movement in a spe-
cies being considered as a target for genetic control
using recombinant DNA technologies. Using transpos-
able elements to carry and spread genes of interest
through natural populations of An. gambiae will require
an understanding of how such elements are likely to
behave. Herves may provide a critical bridge between
laboratory-based gene vector technology development
and the natural history of An. gambiae.
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