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Eight novel families of miniature inverted repeat transposable
elements (MITEs) were discovered in the African malaria mosquito,
Anopheles gambiae, by using new software designed to rapidly
identify MITE-like sequences based on their structural characteris-
tics. Divergent subfamilies have been found in two families. Past
mobility was demonstrated by evidence of MITE insertions that
resulted in the duplication of specific TA, TAA, or 8-bp targets.
Some of these MITEs share the same target duplications and similar
terminal sequences with MITEs and other DNA transposons in
human and other organisms. MITEs in A. gambiae range from 40 to
1340 copies per genome, much less abundant than MITEs in the
yellow fever mosquito, Aedes aegypti. Statistical analyses suggest
that most A. gambiae MITEs are in highly AT-rich regions, many of
which are closely associated with each other. The analyses of these
novel MITEs underscored interesting questions regarding their
diversity, origin, evolution, and relationships to the host genomes.
The discovery of diverse families of MITEs in A. gambiae has
important practical implications in light of current efforts to control
malaria by replacing vector mosquitoes with genetically modified
refractory mosquitoes. Finally, the systematic approach to rapidly
identify novel MITEs should have broad applications for the anal-
ysis of the ever-growing sequence databases of a wide range of
organisms.
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Mosquitoes transmit a number of diseases that are among
the deadliest in human history. Malaria, the most devas-

tating mosquito-borne disease, is responsible for more than a
million deaths every year in tropical and subtropical countries.
The impact of malaria and other mosquito-borne diseases is on
the rise because of increasing insecticide resistance by mosqui-
toes and drug resistance by the pathogens. Novel strategies to
control the transmission of these diseases are clearly urgently
needed. One approach is to create a disease-resistant mosquito
by genetic manipulation and to replace vector mosquitoes in wild
populations with the genetically modified refractory mosquitoes.
The success of this strategy hinges on three major steps: the
identification of genes that confer refractory traits, the devel-
opment of efficient and stable transformation systems, and a
clear understanding of the mechanisms of the spread of genetic
elements in mosquito populations. Major efforts are underway
and significant progress has been made in these research areas
(1, 2). In addition to these specific steps, a better understanding
of the basic genetics of the vector mosquitoes is essential to
ensure a sustained success of such a sophisticated genetic
approach and to minimize potential risks. Genetic information
on endogenous DNA transposable elements in mosquitoes is
specially relevant considering that most of the transformation
tools tested in mosquitoes are derived from exogenous DNA
transposable elements (1, 2), some of which have been shown to
interact with endogenous elements (3, 4). In addition, analysis of
endogenous DNA transposable elements will provide useful

information regarding their spread, evolution, and interactions
with the mosquito genomes.

DNA transposable elements such as P, hobo, and mariner are
characterized by terminal inverted repeats (TIRs) flanking a
gene encoding a transposase. Recently, several families of short
interspersed elements with TIRs have been found in a wide
range of organisms, including plants, vertebrates, insects, and a
nematode (e.g., refs. 5–16). These elements, named miniature
inverted repeat transposable elements (MITEs), share common
structural characteristics such as TIRs, small size, no coding
potential, AT richness, and the potential to form stable second-
ary structures (17). MITEs may have been using the transposi-
tion machinery of autonomous DNA transposable elements,
taking advantage of shared TIRs (7, 9, 18, 19). However, MITEs
are a distinct group of elements that are not simply deletion
derivatives of the autonomous elements. MITEs are generally
homogeneous in size. The sequence similarity between most
MITEs and their corresponding autonomous elements is limited
to the TIRs (7, 9, 19). It has been shown that MITEs are
significant components in several eukaryotic genomes (6–12,
17). Many MITEs have been found near genes where they could
potentially be involved in gene regulation and/or defining chro-
matin domains (17, 20).

Several DNA transposable elements have been documented in
Anopheles gambiae, the primary vector of human malaria (refs.
21 and 22; http://bioweb.pasteur.fr/BBMI). Here I report the
discovery of eight novel families of MITEs in a newly released
A. gambiae sequence tagged site (STS) database (Genoscope
and Institut Pasteur, Paris), by using a computer program
specifically designed to rapidly search for MITEs according to
their common characteristics. This study represents a systematic
analysis of a large group of endogenous transposable elements
in A. gambiae, which revealed tremendous diversity. The char-
acteristics, abundance, genomic distribution, and evolution of
these elements have been analyzed. The relationship between
these MITEs and DNA transposable elements with coding
capacities have been explored. These discoveries have important
implications to the current efforts to control malaria by genetic
modification of mosquitoes.

Materials and Methods
Database Searches Using FINDMITE. FINDMITE is a C program de-
signed to rapidly search a database for sequences that have the
characteristics of MITEs. The program searches the database for

Abbreviations: EST, expressed sequence tag; MITEs, miniature inverted repeat transposable
elements; STS, sequence tagged site; TIR, terminal inverted repeat.

Data deposition: The sequence alignments reported in this paper have been deposited in
EMBL alignment database (accession nos. DS43373–DS43385).

*E-mail: jaketu@vt.edu.

The publication costs of this article were defrayed in part by page charge payment. This
article must therefore be hereby marked “advertisement” in accordance with 18 U.S.C.
§1734 solely to indicate this fact.

Article published online before print: Proc. Natl. Acad. Sci. USA, 10.1073ypnas.041593198.
Article and publication date are at www.pnas.orgycgiydoiy10.1073ypnas.041593198

PNAS u February 13, 2001 u vol. 98 u no. 4 u 1699–1704

G
EN

ET
IC

S



inverted repeats flanked by user-defined direct repeats within a
specified distance range. The program uses the idea of the
Knuth–Morris–Pratt string matching algorithm (23) to speed up
the pattern match shifts. Two major modifications include
replacing A, T, G, and C with integers and allowing mismatches.
The program was tested with simulated data as well as small
databases containing known MITEs. A copy of the software will
be provided upon request and it will also be posted on the
internet for download (http:yywww.biochem.vt.eduyaedes). The
database used in this study contains 17,509 STSs with an average
size of 829 bp, generated by Genoscope and the Institut Pasteur
(http://www.genoscope.cns.fr, February 2000 release). Potential
MITEs were searched for that satisfy the following specifica-
tions: direct repeat, NNNN, NNNNNNNN, TAA, TAT, TTA, or
TA, respectively; length of the TIR, 11 bp; allowed mismatch, 1;
distance between the inverted repeats, 30–650 bp. TIRs solely
composed of A/T strings, C/G strings, or simple repeats were
filtered out. These parameters were selected according to the
common features of known MITEs. Each search was completed
within a few minutes on a SGI Unix server. To identify incom-
plete or degenerate copies, and to confirm their repetitive
nature, potential MITEs identified in the above analysis were
used to search the same STS database with BLAST (24) and FASTA
of GCG (Genetics Computer Group, Madison, WI, Version 10,
1999) after removing unlikely candidates by visual inspection.

Analysis of MITEs and Flanking Sequences. GCG programs were
used for sequence analysis. These include GAP and BESTFIT for
pairwise comparison, PILEUP for multiple sequence alignment,
and PRETTY for consensus construction. Both MFOLD of GCG
and GENEQUEST of Lasergene (DNASTAR, Madison, WI)
were used to predict secondary structures, which gave consis-
tent results. The following formula was used to estimate the
copy number of MITEs: copy no. 5 (no. in database 3 genome
size)/database size. The A. gambiae haploid genome is 270 Mbp
(25). The number of elements in the database was determined
for each family by the number of entries that matched the

consensus at a P value below 0.001 during a BLAST search.
There is a 3% redundancy in the search results, as noted in
Table 1. However, it does not affect the estimation of the copy
number as similar redundancy rate would likely apply to the
entire database. The f lanking sequences of confirmed MITEs
were used to search the A. gambiae genome database to
identify evidence of MITE insertions that resulted in target
duplications. AT contents were calculated using a C program
named ATCONTENT, which implements the following formula:
AT content 5 (number of A 1 T 1 W)/(number of A 1 T 1
W 1 G 1 C 1 S). Ambiguous nucleotides other than W (A or
T) or S (G or C) were not counted. Poly(A) tails of expressed
sequence tags (ESTs) were ignored.

Statistical Analysis. The two-sample Mann–Whitney test was used
for the nonparametric comparison between medians of different
datasets. For parametric analyses of the means, either a pooled-
variance t test or a ‘‘Welch’s approximate t test’’ was used based
on the result of an F-test which estimates the probability of equal
variance between two data populations (26). An one-tailed
binomial test was used to estimate the probability of finding N
or more sequences that contain at least two MITEs, assuming
random distribution (26). All statistical tests and calculations
were performed by using MINITAB 10.5 (MINITAB, State Col-
lege, PA). Unless otherwise noted, statistical tests were per-
formed at a 5 0.05.

Results
Discovery and Characterization of Eight Novel Families of MITEs in A.
gambiae. As shown in Table 1, eight novel families of MITEs were
discovered in the A. gambiae STS database by using FINDMITE as
described in Materials and Methods. Two of these consist of
divergent subfamilies as described below. In addition, multiple
copies of a previously identified single insertion sequence named
Joey (22) were also found during the search, establishing them as
an independent family of MITEs. The boundaries of each
family/subfamily and the putative target site duplications were

Table 1. Characteristics of A. gambiae MITEs

Element Target TIR Length
No. in

database
No. in

genome
No.

full-length*
AT†,
%

Variation‡,
%

2DG§,
kcal/mol

TA-Ia-Ag TA CAGGCGGTCCCCGAGATACACGGT 365 72 1340 10 62.2 3 to 28 98
TA-Ib-Ag TA CAGTCTKTYCCCGAGTTACGCGGWT 346 27 500 8 65.6 7 to 38 55 (91)
TA-IIa-Ag TA CAGTGGAGCGCCGTTTATCCGGG 358 34 630 9 61.9 10 to 23 91
TA-IIb-Ag TA CAGTAGAACGTCGATTATCCGGG 379 24 450 6 60.2 3 to 23 101
TA-III-Ag TA CAGGGTTTCCCACGATTTATTGGT (54 bp) 245 52 970 24 62 0.4 to 26 121
TA-IV-Ag TA CAGTAGGTGACCGCTAACTG 363 7 130 3 63.7 5 to 9 86
TA-V-Ag TA CAGTgAACcCTCTCTTATTTGA 348 16 300 5 62.8 3 to 20 45 (70)
TAA-I-Ag TAA CGGCCAAGCTACACGTACCGGACGACATCGGACRATGC184 2 40 2 46.7 7 53 (95)
TAA-II-Ag TAA TACGGACGTCACACGAGGCGTAAACT 142 17 320 9 56.8 2 to 25 59
Joey¶ TAA AGGCCGGGGTACAYTGTCCGTACTCGCTAGT (69 bp)351 60 1120 10 56.5 2 to 24 146
8bp-I-Ag NTTTANAN CAGGGGTCTCCAAACT 320 39 725 14 61.8 2 to 39 40 (75)
Pegasus\ NNNNNNNN CAGTGTTG 534 5 90 0 64.5 1 to 5 117

The new MITEs are named according to their target sequences, which are followed by Roman numerals. Ag represents the first letters of the genus and species
names. a and b indicate subfamilies.
*A total of 103 full-length MITEs were identified, three of which were redundant copies. Thus the rate of redundancy is approximately 3%.
†Average AT content of the full-length sequences. The sample sizes of these MITEs are listed in the 7th column of the table, except for Pegasus. Note that TAA-I-Ag
is the only GC-rich element.

‡The variations were calculated by using PAUP (see Materials and Methods) based on pairwise differences of the full-length copies.
§These are negative DG value of the consensus sequence of each family. Some families have smaller negative DG values because of a large number of degenerate
bases in their consensus sequences. Shown in each bracket is the lowest DG value of an individual element of the family. DG values were calculated using MFOLD

of GCG (Genetics Computer Group, Madison, WI, Version 10, 1999).
¶Joey was first discovered as an insertion in a Pegasus element by Besansky et al. (22). Current analysis identified multiple copies of Joey elements that provided
the basis for the characterization and the estimation of its copy number.

\Six full-length Pegasus elements were discovered by Besansky et al. (22). The structural information provided here is based on analysis of these elements. None
of the five Pegasus elements identified in the STS database is full-length. The copy number of Pegasus estimated here is higher than the 34 copies estimated
with use of hybridization methods (22), which may not be able to detect highly degenerate copies.
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determined based on multiple sequence alignments, which have
been deposited in the EMBL alignment database (accession nos.
DS43373–DS43385). Insertion events were identified for six of
the eight new families, which demonstrated their previous
mobility (Fig. 1). The alignments in Fig. 1 also confirmed the
actual boundaries between the TIRs and the target duplications.
The names and classifications of these MITEs are described in
Table 1, which are based mainly on their target sequences.
Consensus sequences were constructed by using alignments of
the full-length elements within each family. Analyses described
in Table 1 confirmed that these families are novel MITEs as they
share all or most of the characteristics of MITEs including TIRs,
no coding potential, AT richness, small size, and the potential to
form stable secondary structures. In addition, most complete
copies in a family are homogeneous in size. Shown in Fig. 2 is the
predicted secondary structure of TAA-II-Ag, which is a good
representation of the nonhairpin structures of most of the A.
gambiae MITEs. One exception is TAA-I-Ag, which has the
potential to form a simple hairpin structure (data not shown).

As shown in Table 1, five of the MITEs are flanked by TA
target duplications (TA-I-Ag to TA-V-Ag). Three additional
MITEs, TAA-I-Ag, TAA-II-Ag, and Joey are flanked by TAA
duplications, whereas one other MITE, 8bp-I-Ag, and a previ-
ously characterized element Pegasus (22), are flanked by 8-bp
repeats. Although there are no overall sequence similarities
between different families of MITEs, the first 3 bases of the TIRs
of all TA-specific and 8-bp MITEs are invariably CAG. However,

the TIRs of the three TAA-specific MITEs in A. gambiae do not
share any similarities. Analysis of the sequence alignments
(accession nos. DS43375 and DS43383) and phylogenetic infer-
ence (data not shown) suggests that TA-I-Ag and TA-II-Ag
consist of divergent subfamilies, namely TA-Ia-Ag (accession no.
DS43384), TA-Ib-Ag (accession no. DS43385); and TA-IIa-Ag
(accession no. DS43376), TA-IIb-Ag (accession no. DS43377).
Subgroupings were also found in these subfamilies. As shown in
Fig. 3, the consensus sequences of TA-Ia-Ag and TA-Ib-Ag are
66.2% similar, whereas the consensus sequences of TA-IIa-Ag
and TA-IIb-Ag are 61.7% similar. In addition to the TIRs, the
subterminal repeats are also conserved between the subfamilies,
which is consistent with the hypothesis that subterminal repeats
may play important structural or functional roles in some MITEs
(12). These subfamilies are analyzed independently in subse-
quent analyses. The copy number of these MITEs ranges from
40 to 1340. Together they constitute up to 0.8% of the entire
genome.

High AT Content of MITEs and Flanking Sequences. The average AT
content of the A. gambiae genome is 54.7 6 0.05% (mean 6
SEM), based on the content of the 17,509 STSs. As described in
the Fig. 4 legend, the average AT contents of the forward and
reverse ESTs in the A. gambiae EST database (27) are 49.6 6
0.72% and 47.9 6 0.63%, respectively, significantly lower than
the genome average (P , 0.0001). All TA-specific and 8-bp
MITEs have significantly higher AT contents (60.2–65.6%) than
the genome average, the forward and reverse ESTs, and the
three TAA-specific MITEs. Although TAA-II-Ag and Joey con-
tain significantly more AT (56.5–56.8%) than the ESTs, they are
not significantly different from the genome average. Although
TAA-I-Ag contains significantly less AT (46.7%) than the ge-
nome average, it is not significantly different from the ESTs. The
flanking sequences of all MITEs but TAA-I-Ag contain quite
high levels of AT (61.2–65.5%), significantly higher than both
the genome average and the ESTs. The AT contents of se-
quences flanking TAA-I-Ag are not significantly different from
either the genome average or the ESTs. It should be noted that

Fig. 1. Evidence of past mobility of some of the newly discovered MITEs in
A. gambiae. The names of these MITEs are described in Table 1. The sequences
were aligned by using GAP of GCG (Genetics Computer Group, Madison, WI,
Version 10, 1999) with gap weight 5 40 and gap length weight 5 0. The top
sequences in the alignments contain MITE insertions that are not present in
the bottom sequences. The bottom sequences were identified in the A.
gambiae sequence tagged site (STS) database during BLAST searches using
sequences flanking MITEs as queries. Two elements, one from the TA-IIa-Ag
family (AL151950) and the other from the TA-III-Ag family (AL155989), are
inserted in a middle repetitive sequence (37). The putative target duplications
are underlined. Note that the target duplication flanking the TAA-II-Ag in
AL141968 is different from the target consensus TAA.

Fig. 2. Predicted secondary structure of the consensus sequence of TAA-II-
Ag. Multiple sequence alignment of the full-length elements used to create
the consensus sequence has been deposited in the EMBL database (accession
no. DS43382). The structure was plotted by using GENEQUEST of Lasergene
(DNASTAR, Madison, WI), which is identical to the structure predicted by using
MFOLD of GCG (Genetics Computer Group, Madison, WI, Version 10, 1999).
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the statistical tests involving TAA-I-Ag were not very powerful
because only two copies of TAA-I-Ag were found in the database.

Distribution of MITEs. Seventeen of the 340 MITE-containing
STSs contain two MITEs, whereas one STS contains three.
Under the assumption of random distribution, the probability of
finding 18 or more sequences that contain at least two MITEs,
P(X $ 18), can be calculated using an one-tailed binomial test.
X is the number of sequences that contain at least two MITEs.
The probability that a given STS contains at least two MITEs is
P9 5 P2 5 (340/17509)2 50.0003764, where P is the probability
that a given STS contains at least one MITE. P(X $ 18) 5 12
P(X # 17). P(X # 17) is the cumulative binomial probability of
17 or fewer successes in 17,509 trials given the probability of P9.
P(X # 17) 5 0.9998 and P(X $ 18) 5 0.0002. Therefore, it is
significantly more likely to find a second MITE in a MITE-
containing sequence than by random chance.

Discussion
The study presented here represents a systematic analysis of a
large group of endogenous transposable elements in the primary
malaria vector, A. gambiae. As discussed below, such analyses
have important implications to the current efforts to control
malaria by genetic modifications of mosquitoes. In addition,
results described in this study demonstrated a homology-
independent approach to rapidly identify novel MITEs through
a systematic analysis of a relatively large database. This is
especially important for the study of MITEs because database
analysis based on homology to known MITEs has limited
applications because of the lack of significant overall sequence
conservation between MITEs in divergent species. Furthermore,
in contrast to the previously described method for identifying
inverted repeats, which is computationally intensive (6), the
current method is able to handle large databases because of the
speed afforded by fully incorporating the common characteris-
tics of MITEs such as flanking direct repeats, TIRs, and small

size. Because a whole-genome database is not required, this
systematic approach could have broad applications for the
analysis of the model genomes as well as the vast majority of the
less sequenced genomes.

Diverse Families of MITEs in A. gambiae. There is a tremendous
diversity in the A. gambiae MITEs. These MITEs, including the
eight families discovered in this study and two previously iden-
tified MITE-like families Joey and Pegasus (22), can be grouped
into three categories based on their insertion target sequences.
There are five families of TA-specific MITEs, three TAA-
specific MITEs, and two 8-bp MITEs. In addition, highly diver-
gent subfamilies with distinct subgroups were present in two of
the TA-specific MITEs (Fig. 3, and EMBL alignments DS43375
and DS43383), which is consistent with the hypothesis that more
than one source gene was amplified during the evolution of some
MITEs (12). Unlike the yellow fever mosquito, Aedes aegypti,
and a few vertebrate species, no 4-bp MITEs were found in A.
gambiae. Although the search parameters were selected to
encompass the common features of known MITEs, as described
in Materials and Methods, there may exist other MITEs in A.
gambiae that do not fit these parameters, which will of course not
be identified in this survey.

As shown in Table 1, the three TAA-specific MITEs in A.
gambiae do not share any sequence similarities even at the TIRs.
They have no sequence similarities to the MITEs in plants that
are flanked predominantly by TAA (or TTA) repeats. On the
other hand, the first three bases of the TIRs of the TA-specific
and the 8-bp MITEs in A. gambiae are invariably CAG. As shown
in Table 2, more than half of the TA-specific MITEs in A.
gambiae share similar terminal repeats with a TA-specific MITE
in man and a Mimo element in a Culex mosquito (10, 16). These
MITEs also share similar TIRs with a few Tc1-pogo DNA
transposons including Tsessebe I of A. gambiae (21). The phrase
‘‘DNA transposon’’ here refers to a DNA element that has the
coding capacity for its transposase, which may or may not be still

Fig. 3. (A) Pairwise comparison between the consensus sequences of the two subfamilies of TA-I-Ag: TA-Ia-Ag and TA-Ib-Ag. Multiple sequence alignments
of the full-length elements used to create the two consensus sequences were deposited in the EMBL database (accession nos. DS43384 and DS43385). The two
consensus sequences were aligned by using GAP of GCG (Genetics Computer Group, Madison, WI, Version 10, 1999) with gap weight 5 30 and gap length weight 5
1. Thick arrows mark the TIRs, and thin arrows mark the subterminal repeats. Flanking TA target duplications are not shown. D 5 A, G, T; H 5 A, C, T; K 5 G,
T; M 5 A, C; N 5 A, C, G, T; R 5 A, G; S 5 G, C; V 5 G, A, C; W 5 A, T; Y 5 C, T. (B) Pairwise comparison between the consensus sequences of the two subfamilies
of TA-II-Ag: TA-IIa-Ag and TA-IIb-Ag. Multiple sequence alignments used to create the consensus sequences were deposited in the EMBL database (accession nos.
DS43376 and DS43377). The two consensus sequences were aligned by using GAP as described in A. All symbols are as in A.
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active. A number of TA-specific MITEs have been found in a
nematode Caenorhabditis elegans and the yellow fever mosquito,
A. aegypti (7, 11, 12). However, MITEs containing the Tc1-pogo-
type TIRs are not the major elements in these species. In
addition, 8bp-I-Ag in A. gambiae shares the same AT-rich 8-bp
target and very similar TIRs with the human MER30 (10). Both
elements have TIRs similar to the autonomous Ac element, a
member of the hAT superfamily (10). All of the sequence
similarities described above are limited to the target site and the
TIRs only. Nevertheless, it is intriguing that the TA-specific
Tc1-pogo type MITEs and the 8-bp MITEs are the predominant
MITEs in both human and the A. gambiae genomes. It is also
interesting to note that Tc1-Pogo and hAT DNA transposons,
which share similar TIRs with diverse families of MITEs in
divergent organisms, are two groups of the most widely distrib-
uted DNA transposons in eukaryotes.

MITEs and DNA Transposons in A. gambiae. The similarities to
different DNA transposons at the insertion target and the TIRs
support the hypothesis that MITEs may have been borrowing the
transposition machinery from autonomous DNA transposons.
As discussed above, Tsessebe I, a Tc1-pogo type DNA transposon
in A. gambiae (21), share similar TIRs with some of the A.
gambiae MITEs. However, it is not clear whether Tsessebe I had
been involved in mobilizing these MITEs because the similarities
between their TIRs are limited. The discovery of diverse families
of MITEs in A. gambiae suggests that its genome once harbored,
or may still harbor a variety of DNA transposons that may be
responsible for the mobilization of these MITEs. In addition to
Tsessebe I, a few families of DNA transposons including mariner
and hobo-like elements, have been documented in the analysis
accompanying the release of the A. gambiae STS database
(http://bioweb.pasteur.fr/BBMI). Because of the short length of
the STS, the sequences of these DNA transposons are not
complete. It will be interesting to see whether every A. gambiae
MITE shares similar TIRs with an endogenous DNA transposon
in the genome. With a few possible exceptions (18), most MITEs
that share similar terminal sequences and insertion targets have
no internal homology to each other or to the ‘‘related’’ DNA
transposons. Consistent with the above observation, no A.
gambiae MITEs were found to have internal sequence similar-
ities with any known DNA transposons. Therefore, it is reason-
able to hypothesize that many families of MITEs could have
originated from chance events that generated a pair of inverted
repeat sequences that can be mobilized by endogenous DNA
transposons (12, 19). The above hypothesis and the hypothesis of
MITEs being derived from internal deleted autonomous DNA
transposons (18) are not mutually exclusive.

MITEs and Mosquito Genomes. The availability of a large number
of A. gambiae STS sequences provided an opportunity to analyze
the distribution of MITEs in the context of the host genome.
Statistical analyses indicated that the distribution of A. gambiae
MITEs is highly biased toward AT-rich regions and there is a
nonrandom association between different families of MITEs.
Biased distribution of some MITEs has also been shown in a
recent survey of the C. elegans genome (28). A BLAST search of

Fig. 4. Average AT contents of MITEs and their flanking sequences com-
pared with STS and EST sequences in the A. gambiae database. AT contents of
all full-length MITEs (see Table 1 for sample sizes) and their flanking sequences
(STS minus MITE, indicated by the suffix ‘‘F’’), and all of the 17,509 STS
sequences in the A. gambiae genome database were calculated. Calculations
of the Pegasus elements and their flanking regions were based on sequences
reported by Besansky et al. (22). The forward and reverse sequences of the A.
gambiae ESTs were analyzed separately because many of them represent pairs
of sequences covering different regions of the same clone. Two hundred ESTs
were randomly selected from each of the 2,990 forward ESTs and the 2,936
reverse ESTs (27). They were analyzed by using BLAST to remove redundancy
that resulted from multiple copies of cDNAs. AT contents of 186 nonredun-
dant forward ESTs (EST-For) and 181 nonredundant reverse ESTs (EST-Rev)
were calculated and analyzed. Data points represent the mean AT contents.
The error bar represents the SEM. Note that the standard errors for several
data points are too small to be shown at the current scale. Mann–Whitney tests
were used to compare the medians at a 5 0.05. In most cases, t-tests were also
used to compare the means, which gave the same conclusions. Samples in tier
I have significantly higher AT contents than samples in tier II and III, whereas
most samples in tier II have significantly higher AT contents than samples in
tier III. One exception is TAA-I-AgF of tier II, which has a small sample size. Its
AT content is neither significantly higher than samples in tier III nor signifi-
cantly lower than TA-Ia-AgF, TA-IIa-AgF, TA-IV-AgF, and TA-IV-Ag of tier I.
The other exception is the comparison between TAA-I-Ag and TA-IV-Ag,
which is not significantly different. Samples in tier II are not significantly
different from each other while EST-For is slightly more AT-rich than EST-Rev
in tier III (P 5 0.045). A few samples in tier I are slightly more AT-rich than
others.

Table 2. Conservation in target sequences and terminal inverted
repeats between MITEs and autonomous DNA transposons in
diverse organisms

Element Target TIR* Size

Ac† 8-bp CAGGGaTGaaaA 4560
8bp-I-Ag‡ NTTTANAN CAGGGGTcTCCAAaCt 320
MER30§ NTYTANAN CAGGGGTGTCCAAtC 230
pogo¶ TA CAGTA-TaattCGcTTAgCTGctcga 2121
Tsessebe I‡ TA CAGTA-TcgaCaGaaWgataG 2055
TA-IV-Ag‡ TA CAGTAGgtgaCCGcTaA-CTGGt 363
Mimo\ TA CAGTAGTtgttCGgTaA-CTGGGc 324
TA-IIa-Ag‡ TA CAGTgGagCgCCGtTTATCcaGGt 358
TA-IIb-Ag‡ TA CAGTAGaaCgtCGaTTATCcGGG 379
MER44A§ TA CAGTAGTcCcCCc-TTATCcGcGg 333
TA-V-Ag‡ TA CAGTgaacCctCtcTTATtTGa 348

*Consensus of each family is used in the comparison. Uppercase letters indi-
cate nucleotides that are the same as the majority in the group. Lowercase
letters indicate nucleotides that are different from the majority.

†Ac is a maize autonomous DNA transposon of the hAT superfamily (19).
‡8bp-I-Ag, TA-IIa-Ag, TA-IIb-Ag, TA-IV-Ag, and TA-V-Ag are A. gambiae MITEs
reported in this paper. Tsessebe I is a Tcl-pogo DNA transposon in A. gambiae
(21).

§MER30 and MER44A are MITEs found in man (10).
¶pogo is a DNA transposon in the fruit fly, Drosophila melanogaster (38).
\Mimo is a MITE in a mosquito Culex pipiens (16).
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the consensus sequences of A. gambiae MITEs against an A.
gambiae EST database representing 2,380 independent genes
(27) indicated that only three of the ESTs contain a MITE, which
is consistent with the observation that MITEs are seldom found
in gene exons (5, 8, 11, 29). However, MITEs in many plants and
in the yellow fever mosquito, A. aegypti, are frequently found in
the flanking regions and introns of genes (5, 8, 11, 29). There is
evidence that some MITEs in the flanking regions of plant genes
may be involved in gene regulation, either by providing regula-
tory sequences, or by serving as matrix attachment regions that
help define chromatin domains (17, 20). It is not yet clear
whether the A. gambiae MITEs have similar distributions relative
to genes because the short length of STS sequences may severely
reduce the chance for identifying nearby genes. There are high
degrees of variation in genome size and organization between
different mosquitoes. The genome of A. gambiae is 270 Mbp,
organized in a pattern of ‘‘long period interspersion’’ in which
single copy DNA is less interrupted by repetitive elements (30).
In contrast, the A. aegypti genome is 800 Mbp, organized in a
pattern of ‘‘short period interspersion’’ in which single copy
DNA is partitioned into small blocks by repetitive elements (31).
The copy number of A. gambiae MITEs ranges from 40 to 1,340,
which is much lower compared with 2,100 to 10,000 copies in A.
aegypti (11, 12). This is consistent with the hypothesis that there
may be a correlation between the copy number of MITEs and the
genome size of the hosts (11). The differences in the relative
abundance of MITEs may have also contributed to the different
organizations of the mosquito genomes and reflect different
types of interactions between the hosts and these widespread
transposable elements.

Implications for the Genetic Approach to Control Malaria and Other
Mosquito-Borne Diseases. As described in the Introduction, major
efforts are underway to develop a strategy to control malaria and
other mosquito-borne diseases by replacing vector mosquitoes in
wild populations with genetically modified refractory mosqui-
toes. A few exogenous DNA transposons including Tc1-mariner-
like elements and the hAT-like elements are being developed as
transformation tools for mosquitoes (e.g., refs. 32 and 33).
Interactions with endogenous transposable elements that have
TIRs similar to the introduced transposon have been shown to
be a potential problem (3, 4). Because MITEs are likely mobi-

lized by autonomous DNA transposons sharing similar TIRs, the
diverse families of MITEs discovered in this study could act as
potential substrates if the introduced transposon uses similar
TIRs. Analyses of endogenous MITEs and DNA transposons
may provide information that could help better devise transpo-
son-based transformation tools to reduce possible inactivation by
endogenous elements and cross-mobilization of endogenous
elements that may cause high rates of mutation. Because MITEs
are significant components in a wide range of eukaryotes, these
considerations may be broadly relevant as transposon-based
transgenic technology is being applied to manipulate the ge-
nomes of insects, plants, and more recently mammals (34, 35).
On the other hand, further analyses of MITEs may lead to the
identification of active DNA transposons that may be mobilizing
MITEs in mosquitoes. It is not yet clear how effective it will be
to use endogenous DNA transposons as transformation tools in
the same species. However, active DNA transposons found in
one species may at least have the potential to serve as transfor-
mation tools in related vector mosquitoes. Moreover, some of
the MITEs may be used to develop markers for genetic mapping
and population studies, if insertion polymorphism is demon-
strated. Markers derived from a MITE family have been used to
construct a relatively detailed genetic map for maize, taking
advantage of a newly developed assay to rapidly screen a large
number of transposon insertion sites (36). Such markers, when
developed in mosquitoes, could also be powerful tools to inves-
tigate the spread of genetic elements in mosquito populations.
Therefore, a better understanding of the characteristics, behav-
ior, and evolution of endogenous transposable elements and
their interactions with the mosquito genomes is of great impor-
tance to the long-term success of the current genetic approach
to control malaria and other mosquito-borne diseases.
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Grant AI42121 (to Z.T.) and by the Agricultural Experimental Station
at Virginia Tech.
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