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Abstract

We report the identification of genomic sequences in various anopheline mosquitoes (family Culicidae: suborder Nematocera:
order Diptera) showing homology to the class Il, short inverted-terminal-repeat (ITR) transposable dPefremt Drosophila
melanogaster (family Drosophilidae; suborder Brachycera: order Dipterajopheles gambiae appears to have at least six distinct
P elements. Other anopheline species, including four additional members Ahtlgambiae species complexAn. arabiensis, An.
merus, An. melas and An. quadriannulatus), Anopheles stephensi (all subgenusCellia), An. quadrimaculatus (subgenusAnophel es)
and Anopheles albimanus (subgenusNyssorhynchus) also possesP elements similar to those found An. gambiae. Ten distinct
P element types were identified in the gerimpheles. At least two of theAn. gambiae elements appears to be intact and potentially
functional. Phylogenetic analysis of the anophelfelements reveals them to belong to a distinctly different clade from the
brachycerarP elements.

[0 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction coding region with four exons (exons 0, 1, 2 and 3) (Fig.
1). The development of thB. melanogaster P element
Short ITR transposable elements (Class Il as a transformation vector and tool for molecular analy-

transposons) are common features of eukaryotic gen-sis (e.g. enhancer trapping) @rosophila has revol-
omes. They have been studied extensively and theirutionized eukaryotic molecular biology (Wilson et al.,
ability to move around in genomes has been used t01989). Attempts to use thB. melanogaster P element
develop them as genetic engineering tools (Atkinson et as a genetic engineering tool for medically and economi-
al., 2001). The originaP element was identified and cally important non-drosophilid insects has failed
characterized fromDrosophila melanogaster. Related because of the lack of mobility of tHe element outside
transposons are present in the genomes of many memthe family Drosophilidae (O’Brochta et al., 1991). The
bers of the dipteran family Drosophilidae (Loreto et al., P element has also been extensively studied to under-
1997). The full length, transpositionally autonomd®s  stand the genetics and evolution of class Il transposable
element ofD. melanogaster is 2907 bp long, has 31 bp elements in eukaryotic genomes; for example, the role
ITRs and generates an 8 bp target site duplication uponof selection pressure and horizontal transfers in main-
insertion. Its 87 kDa (766 amino acids, hereafter &a.) taining P elements in populations (Silva and Kidwell,
element transposase protein is required for the move-2000).
ment of the element and is encoded by a transposase DNA sequence elements with similarity to the droso-
philid P elements have been isolated from only two other
insects, the Australian sheep blowflyucilia cuprina
T Cormesponding author. Tel#1-574-631-8045: fax+1-574-631-  (1amily Calliphoridae) Lu-P1 andLu-P2) (Perkins and
3996, Howells, 1992) and the houseflyylusca domestica
E-mail address: frank.h.collins.75@nd.edu (F.H. Collins). (family Muscidae) Wid-P1) (Lee et al., 1999). Drosophi-
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Fig. 1. Amino acid alignment of the conceptual translation of three putative full-length An. gambiae P elements’ transposase coding regions with
the corresponding regions of P elements from D. melanogaster and Lucilia cuprina. See Table 1 for nomenclature and source of the P elements.
The labels spanning the top of the amino acids in the alignment include the D. melanogaster leucine zippers, the D. melanogaster helix-turn-helix
motif (as per Lee et al., 1999), the forward primer sequence (FPrimer) and the reverse primer sequence (RPrimer). The anopheline P elements’
intron is indicated by down arrow (|). Exon boundaries of the DmelP element are indicated by filled triangle (V). AgaPl1c has a stop codon ()

in its coding region.

lidae, Calliphoridae and Muscidae are closely related
families in the dipteran suborder Brachycera. We here
report the isolation and analysis of transposons homolo-
gous to the brachyceran P elements from the genomes
of the lower dipterans of the genus Anopheles.

2. Materials and methods

Strains used in this study include An. gambiae PEST
and Suakoko, An. arabiensis AHERO, An. merus V12,

An. melas BAL, An. quadriannulatus CHIL, An. quadri-
maculatus Orlando, and An. stephensi Delhi
(http://klab.agsci.col ostate.edu/~mbenedic/). DNA  of
An. albimanus was from an unspecified colony (Table
1). Sequence similarity analysisusing the BLAST family
of programs (Altschul et a., 1990) of the end sequences
of clones of an An. gambiae PEST BAC genomic library
(ND-1; vector pBeloBacll) revealed the presence of
sequences with similarity to the brachyceran P elements
(ND-1 BAC 28j12; AL154806). The An. gambiae BAC
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Table 1

Nomenclature and original source of dipteran P elementsin this study.
P elements bel onging to the same family have the same numeral suffix.
The Genbank accession number for Lu-P1 is A46361, DmelP is
A24786 and DguaP is AAA73165.1

Element Species Strain
AgaPla An. gambiae PEST
AgaP2 An. gambiae PEST
AgaP3 An. gambiae Suakoko
AgaP4 An. gambiae Suakoko
AgaP1b An. gambiae PEST
AgaP6 An. gambiae PEST
AgaPlc An. gambiae PEST
AgaP8 An. gambiae PEST
AarP3 An. arabiensis Ahero
AmlP1 An. melas BAL
AmrP1 An. merus V12
AmrP6 An. merus V12
AgaP8 An. quadriannulatus CHIL
AstP5 An. stephensi Delhi
AgmP7 An. quadrimaculatus Orlando
AalP9 An. albimanus

AalP10 An. albimanus

Lu-P1 L. cuprina

DmelP D. melanogaster

DguaP D. guanche

library was screened by PCR using primers (PO28F-
GCAAATACGAGCTGTTGGAAAGAAC and P028R-
CTCCGTAATGAAATTGCCACTGTAC designed from
an alignment of the published brachyceran and putative
anopheline P element transposase coding regions ident-
ified by sequence similarity searches. This led to the
identification of multiple clones for one member of the
putative P element family (named AgaPl). One BAC
clone representing this family, ND-1 BAC 01f17
(AL 140039, AL 140040), was selected for further analy-
sis; the element contained within this clone was called
AgaPla. The BAC clone 01f17 was digested with Bam
HI or Hind 111 separately, run on a 1% TBE-agarose gel
and Southern blotted onto a nylon membrane (Duraon;
Stratagene) using standard protocols (Sambrook et al.,
1989). The membrane was probed with the radioactive
PCR amplification products of the primers PO28F and
P0O28R using the BAC clone 01f17 astemplate. The larg-
est DNA bands on the agarose gel hybridizing to the
radioactive amplification PCR products were gel
extracted (Qiagen Gel Extraction Kit), ligated into the
Bam HI site of the pBlueScriptSKII(+) (Stratagene) vec-
tor and transformed into E. coli by electroporation (strain
DH10B; Gibco-BRL). The resulting subclones were ana-
lyzed by restriction digestion and the presence of the
putative P element sequences reconfirmed by PCR. A
plasmid subclone was selected and sequenced by a
primer walking strategy, using the Big-Dye chemistry
for the ABI377 automated DNA sequencer (Applied
Biosystems).

In order to find more anopheline P elements, genomic
DNA from various anopheline species (Table 1) was
used as a template for the PCR amplification of putative
P element sequences by the degenerate primers
(Pelel130F- TGYGTIYTICITTYGAY GARATGAARGT)
and (Pele2332R- AARAARTKYTCIARIACRTCYT
GRTT) (see Table 1). The amplified region corresponds
to the sequence between nt 1130 and 2332 of the D.
melanogaster P element. This region was chosen
because it is flanked by the peptides CVLAFDEMKY
and NQDVLENFF, which were conserved in the pub-
lished brachyceran and putative anopheline AgaPla
element transposase coding regions (hereafter caled the
conserved region). The amplified PCR products were run
on a 1% TBE-agarose gel and the expected 1 kbp pro-
ducts gel extracted (Qiagen Gel Extraction Kit), ligated
into the pGEM-T Easy vector (Promega) and transfor-
med into E. coli by electroporation (strain DH10B;
Gibco-BRL). The DNA sequence of the resulting cloned
PCR products was determined using the vector's M13
universal forward and reverse primers flanking the clon-
ing site by utilizing the BigDye chemistry for the
ABI377 automated DNA  sequencer (Applied
Biosystems).

P element sequences cloned from the genomic DNA
of anopheline mosquitoes were used as the initial query
sequences in BLASTN homology searches at high
sequence identity to identify and extend more P elements
from the genome of An. gambiae (PEST strain) using the
sequence data from the trace archives of the An. gambiae
Genome Project  (http://www.ncbi.nlm.nih.gov/blast/
mmtrace.html). These data were then used for the phylo-
genetic analyses of the anopheline P elements. The
recent release of the assembled sequence of An. gambiae
also facilitated the search for the inverted repeats of the
eements  (http:/Aww.ncbi.nlm.nih.gov/PMGifsGenomes/
agambiae.html). The chromosomal location of BAC
clones from the An. gambiae genomic library that con-
tained putative P elements were determined by in situ
hybridization to polytene chromosomes of ovarian nurse
cells of blood-fed PEST females using standard proto-
cols (Kumar et a., 1997). Sequence analysis was carried
out using the Sequencing Analysis and Sequence Navi-
gator suites (ABI/Perkin-Elmer; MacOS) and the Wis-
consin Package 10.1 (GCG; Solaris). Similarity searches
were carried out using the BLAST family of programs
(NCBI; http://  www.ncbi.nim.nih.gov/Blast.html)
(Altschul et al., 1990). Sequences were aligned using
ClustalX 1.8 (Windows 98) (Thomson et al., 1997).
Phylogenetic trees were constructed by the maximum
parsimony and maximum likelihood methods using
PAUPx%4.0b4b (Mac OS) (Swofford, 2002). The F81+G
model of DNA substitution used in the maximum likeli-
hood analysis as best fitting the data was determined by
a likelihood ratio test using MODELTEST 2.0 (Posada
and Crandall, 1998). Bootstrapping (1000 replicates)
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was used to test the reliability of the branches in the
parsimony analysis. P elements were classified accord-
ing to the nucleotide evolutionary distance of their
coding sequences of the conserved fragment calculated
in PAUP using the F81+G distance matrix model.
Elements with sequence distance scores less than 0.1
from each other have been classified for purposes of dis-
cussion into the same type; they carry the same numeral
suffix in their nomenclature. The first three letters in the
nomenclature of these elements indicate the species in
which they were identified.

3. Results and discussion

Ten different P element types were identified from
Anopheles spp. (see Table 1). Six were present in mem-
bers of the An. gambiae complex (P1, P2, P3, P4, P6,
and P8), An. albimanus had two (AalP9 and AalP10),
and one was found in each of An. stephensi (AstP5) and
An. quadrimaculatus (AgmP7). Representatives of al P
element types found in members of the An. gambiae
complex were present in the PEST genome. The most
divergent element pairs were largely An. gambiae
(subgenus Celliag) and An. albimanus (subgenus
Nyssorhynchus), where distance measures ranged from
alow of 0.67944 between AgaP2 and AalP10 to a high
of 0.86098 between AgaP8 and AalP10. However, even
within An. gambiae, distance measures as high as
0.74649 were observed between elements P1 and P8 (see
Table 1). This relatively limited difference between
element-type divergence in the An. gambiae (subgenus
Cellia) genome and element-type divergence between
Anopheles species from other subgenera is probably due
to a biased sampling of elements from members of the
An. gambiae complex, but it also suggests a possible
long term persistence in these diverged Anopheles spec-
ies of polymorphic element types present in the ances-
tral anopheline.

Potentially full length copies of AgaPl, AgaP2,
AgaP3, AgaP4, AgaP6, and AgaP8 were examined
either from the sequenced subclone of BAC 01f17 or
from contigs assembled around the sequence in the trace
archive most similar to the PCR sequence of the type.
A 3748 bp stretch of sequence from BAC 01f17 revealed
the P element designated AgaPla. When corrected for
3 frame shifts, this element appeared to have an open
reading frame capable of encoding a 772 amino acid
transposase. The transposase gene consists of two exons.
Elements of the AgaPl1 strain appear to be present in
low copy numbers (less than ten) in the PEST genome,
as estimated by Southern analysis (data not shown) and
also by the total humber of BAC clones containing the
element (ten) identified by screening the ND-1 BAC
library (5% genome coverage) using PCR. The BAC
clones 28j12 and 01f17, both containing the AgaPla

sequence, localized to the heterochromatic division 6
(which includes the centromere) of the X chromosome.
Six of seven other BAC clones containing AgaPl
sequences al'so mapped to the centromeric heterochrom-
atin of the polytene chromosomes, one mapped addition-
aly to band 33B on the right arm of the third chromo-
some, a region aso believed to be rich in repeat
sequences (M. Sharakhov and F. H. Collins, unpublished
data). AgaP1b (assembled from the trace archive starting
with a sequence most similar to the AmIP1 PCR clone)
and AgaPl1c (assembled from the trace archive based on
similarity to AmrP1, Fig. 1) were found to be highly
similar to the AgaPla element and had only minor dif-
ferences at the nucleotide level. Thus they appear to be
essentially dlightly diverged copies of the same element,
AgaPl. Like AgaPla, the assembled AgaPlb and
AgaP1c sequences contained 1-3 frameshifts and/or stop
codons in the potentia transposase coding regions. Fur-
thermore, no indications of ITRs were found in any of
these 3 AgaPl elements, suggesting that this strain it
unlikely to be active in the genome of An. gambiae.

Assembled trace file sequences for AgaP8, AgaP6,
AgaP4, originadly isolated by PCR from the Suakoko
strain of An. gambiae, were present in the genome of
PEST. The transposases potentially encoded by these
three elements (after corrections for frame shifts and stop
codons) were similar in length and relatively easy to
align in the conserved region with that of P1 elements.
All aso contained a single intron at the same site in the
transposase gene. We were unable to identify ITRs in
any of the examined representatives of these three
element types.

The AgaP2 element, originaly identified in the PEST
strain by PCR and subsequently analyzed using the trace
archives (and recently confirmed using the whole gen-
ome assembly data), appears to be the only complete and
potentially active P element in An. gambiae. The full-
length element is 4397 bp long. Like P1, it has a coding
seguence consisting of two exons separated by a 61 bp
intron and has the potential to encode a 776 amino acid
transposase (Fig. 1). The assembled copy AgaP2 has 29
bp identica ITRs (CAAAGTGAATGAAAGGGA
GGTGAGCTTAT) and like the D. melanogaster P
element, it creates an 8 bp target site duplication upon
insertion. There appear to be at least three copies of the
AgaP2 element in the genome, two of them on the
second chromosome and another on the third chromo-
some.

Analysis of the trace archive data reveaded that
AgaP3, originadly isolated from the Suakoko strain of
An. gambiae, was also present in the genome of the
PEST strain. The full-length element is apparently
4947 bp long. The AgaP3 element potentially encodes
a 774 aa. transposase (Fig. 1). The ITRs of AgaP3
were imperfect. The 5’ end sequence is CAAGGTTAA-
TAGACTGTATACAGGTTACGACA while the 3' end
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sequence is CAAGGTTATTATATATTCTACTGAG-
GTTAAGACA,; it is flanked by a 8 bp target site dupli-
cation.

The Anopheles P elements are clearly members of the
P family of transposons. The ITRs of the anopheline P2
and P3 elements are roughly comparable in size to the 31
bp perfect ITRs of the P element from D. melanogaster
(CATGATGAAATAACATAAGGTGGTCCCGTCG),
and like the Drosophila P element, they produce an 8
bp target site duplication on insertion. However, al of
the Anopheles P element types have a transposase appar-
ently encoded by two exons separated by an intron at a
site not found in the transposase coding sequences of
Drosophila spp. and the other brachyceran P elements
(Musca and Lucilia).

Our failure to identify termina inverted repeats for
P elements other than AgaP2 and AgaP3 is probably a
consequence of their residence in heterochromatin or
regions populated by many other transposable elements
that disrupt or confound the sequence analysis of these
elements. Some transposons immobilized by the loss of
ITRs may be “recruited” by the host genome for enco-
ding for novel cellular functions (Miller et al., 1999).
Recently, sequences with homology to P elements have
been reported from the genomes of Homo sapiens
(Phsa), as well as Bos taurus and Gallus gallus
(Hagemann and Pinsker, 2001); it was hypothesized that
the human P element is a nuclear gene of unknown func-
tion because of the identification of a P transcript in the
human EST database. This could also be true for insect
P elements outside the insect family Drosophilidae, as
well as some drosophilid P elements.

When the AgaP1, AgaP2 and AgaP3 elements were
used to search the Genbank EST database, an An. gam-
biae cDNA clone (gi:18944571) was found that was
nearly identical to AgaP1c when the EST was corrected
for three frameshifts. Although the corrected EST is cap-
able of encoding ~160 amino acids, this cDNA did not
have the features of a full-length transcript. It may be a
partial AgaPl transcript truncated during cloning,
although whether this transcript is functional or simply
a transcript relic is not known.

Phylogenetic analysis of the conserved amino acid
fragment of the anopheline P element sequences was
carried out using the maximum parsimony criterion for
303 characters, of which 223 are parsimony informative
(Fig. 2; see Genbank Accession Nos. AY230474-
AY 230490 for nucleic acid alignment of the conserved
region). It revealed that all the anopheline P elements
are distinct from the brachyceran P elements (bootstrap
value 100%). Within the anopheline mosquitoes, while
P element sequence phylogeny does not correspond
strictly to the species phylogeny (Krzywinski et a.,
2001), the relationship among the P elements is not sig-
nificantly different from the species phylogeny. An
analysis of the nucleotide data using the maximum likeli-
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Lu-P1
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100
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Fig. 2. Maximum parsimony based phylogenetic relationships of
nematoceran P elements inferred from the amino acid sequences of
the conserved region of the P element transposase. This is a tree from
the maximum parsimony analysis using the amino acids of the con-
served region of P element transposases (303 included characters, 223
parsimony informative). Sequences representing the degenerate pri-
mers (see Fig. 1) used to amplify the conserved region were excluded
from the analysis (see Material and Methods for description of the
conserved region). The brachyceran P elements represented by Lu-
P1 and the drosophilid P elements (DmelP and DguaP) were used as
outgroups. The numbers represent the bootstrap support for each
branch. The scale bar at the bottom represents 50 changes at the amino
acid level. See Table 1 for the nomenclature and source of the P
elements. See Genbank Accession Nos. AY 230474-AY 230490 for the
nucleic acid alignment of the conserved region of P element transpos-
ases. Sequence data used for this analysis was obtained using PCR and
from the An. gambiae Genome Project Trace Archives.

hood approach resulted in trees of similar topology (data
not shown). While the occurrence of mixed clades,
especially within the members of the An. gambiae spec-
ies complex, is suggestive of gene flow or horizontal
transfer of the elements between the species, we believe
the data are not robust enough to preclude the possibility
of lineage sorting by retention or loss of ancestra
elements or (even more likely) insufficient sampling of
many species. The conservative interpretation is that all
the anopheline P elements have evolved within the ano-
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pheline lineage. Since the breakup of continents are
thought to have played a major role in the radiation of
anopheline subgenera, the first appearance of P in the
Anopheles ancestral genome must have preceded the
breakup of South America and Africa ~95 million
years ago.

A nuclectide distance matrix analysis of the different
types of anopheline P elements reveals that the intron
sequences appear to have diverged more than the coding
sequences (exons) in the conserved fragment (Table 2).
This would indicate that selection pressure existed for
the production of transposase even after the introduction
of the element in a novel lineage. This could be due to
a selective advantage in encoding a repressor to prevent
the newly introduced P element from overwhelming or
disrupting the host genome while the terminal repeats
of newly invading P elements accumulated mutations,
thereby immobilizing them (Witherspoon, 1999).

Drosophilid P elements are known to be maobile only
within the family Drosophilidae and are inactive in non-
drosophilid insects, even when the transposase is overex-
pressed (O’ Brochta and Atkinson, 1996). The mobility
of the D. melanogaster P element is suppressed when it
is introduced in D. melanogaster strains containing
endogenous copies of the element in the genome. It is
likely that the mobility of both endogenous P elements
and also heterologous P elements introduced from other
species as gene vectors would be constrained in the gen-
ome of the anopheline mosquitoes. AgaP2 appears to be

Table 2

intact, possessing terminal inverted repeats and a poten-
tially open transposase. AgaP3 also appears to encode a
full-length transposase and it has terminal inverted
repeats, which, even though imperfect, might facilitate
its transposition. Thus AgaP2 and AgaP3 have the poten-
tial for development as gene vectors in mosquitoes and
other insects, although they are unlikely to be useful in
anopheline mosquitoes unless strains are identified that
lack these P elements in their genomes.

We here report the isolation of P elements from the
genomes of many anopheline mosquitoes (family
Culicidag). This is the first report of the presence of P
elements in nematoceran insects and the first structurally
complete P element (transposase gene plus I TRs) ident-
ified outside the dipteran family Drosophilidae. This sug-
gests that the P element family of Class Il transposons
has a more widespread distribution than previously real-
ized. Efforts are underway to identify P elements from
other taxa to better understand the evolution of this
transposon.
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