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Anopheles gambiae is the principal vector of malaria, a disease that afflicts more
than 500 million people and causes more than 1 million deaths each year. Tenfold
shotgun sequence coverage was obtained from the PEST strain of A. gambiae and
assembled into scaffolds that span 278 million base pairs. A total of 91% of the
genome was organized in 303 scaffolds; the largest scaffold was 23.1 million base
pairs. There was substantial genetic variation within this strain, and the apparent
existence of two haplotypes of approximately equal frequency (“dual haplotypes”)
in a substantial fraction of the genome likely reflects the outbred nature of the PEST
strain. The sequence produced a conservative inference of more than 400,000
single-nucleotide polymorphisms that showed a markedly bimodal density distri-
bution. Analysis of the genome sequence revealed strong evidence for about 14,000
protein-encoding transcripts. Prominent expansions in specific families of proteins
likely involved in cell adhesion and immunity were noted. An expressed sequence
tag analysis of genes regulated by blood feeding provided insights into the phys-
iological adaptations of a hematophagous insect.

The mosquito is both an elegant, exquisitely
adapted organism and a scourge of humanity.
The principal mosquito-borne human illnesses
of malaria, filariasis, dengue, and yellow fever
are at this time almost exclusively restricted to

the tropics. Malaria, the most important parasit-
ic disease in the world, is thought to be respon-
sible for 500 million cases of illness and up to
2.7 million deaths annually, more than 90% of
which occur in sub-Saharan Africa (1).

Anopheles gambiae is the major vector of
Plasmodium falciparum in Africa and is one
of the most efficient malaria vectors in the
world. Its blood meals come almost exclu-
sively from humans, its larvae develop in
temporary bodies of water produced by hu-
man activities (e.g., agricultural irrigation or
flooded human or domestic animal foot-
prints), and adults rest primarily in human
dwellings. During the 1950s and early 1960s,
the World Health Organization ( WHO) ma-
laria eradication campaign succeeded in erad-
icating malaria from Europe and sharply re-
duced its prevalence in many other parts of
the world, primarily through programs that
combined mosquito control with antimalarial
drugs such as chloroquine. Sub-Saharan Af-
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rica, for the most part, did not benefit from
the malaria eradication program, but the
widespread availability of chloroquine and
other affordable antimalarial drugs no doubt
helped to control malaria mortality and mor-
bidity. Unfortunately, with the appearance of
chloroquine-resistant malaria parasites and
the development of resistance of mosquitoes
to the insecticides used to control disease
transmission, malaria in Africa is again on the
rise. Even control programs based on insec-
ticide-impregnated bed nets, now widely ad-
vocated by WHO, are threatened by the de-
velopment of insecticide resistance in A.
gambiae and other vectors. New malaria con-
trol techniques are urgently needed in sub-
Saharan Africa, and to meet this challenge we
must grasp both the ecological and molecular
complexities of the mosquito. The Interna-
tional Anopheles gambiae Genome Project
has been undertaken with the hope that the
sequence presented here will serve as a valu-
able molecular entomology resource, leading
ultimately to effective intervention in the
transmission of malaria and perhaps other
mosquito-borne diseases.

Strain Selection
Populations of A. gambiae sensu stricto are
highly structured into several morphologically
indistinguishable forms. Paracentric inversions
of the right arm of chromosome 2 define five
different “cytotypes” or “chromosomal forms”
(Mopti, Bamako, Bissau, Forest, and Savanna),
and variation in the frequencies of these forms
correlates with climatic conditions, vegetation
zones, and human domestic environments (2,
3). An alternative classification system based
on fixed differences in ribosomal DNA recog-
nizes two “molecular forms” (M and S) (4).
The S and M molecular forms were initially
observed in the Savanna and Mopti chromo-
somal forms, respectively. However, analysis
of A. gambiae populations from many areas of
Africa has shown that the molecular and chro-
mosomal forms do not always coincide. This
can be explained if it is assumed that inversion
arrangements are not directly involved in any
reproductive isolating mechanism and therefore
do not actually specify different taxonomic
units. Indeed, laboratory crossing experiments
have failed to show evidence of any premating
or postmating reproductive isolation between
chromosomal forms (5).

The A. gambiae PEST strain was chosen
for this genome project because clones from
two different PEST strain BAC (bacterial
artificial chromosome) libraries had already
been end-sequenced and mapped physically,
in situ, to chromosomes. Further, all individ-
uals in the colony have the standard chromo-
some arrangement without any of the para-
centric inversion polymorphisms that are typ-
ical of both wild populations and most other
colonies (6), and the colony has an X-linked

pink eye mutation that can readily be used as
an indicator of cross-colony contamination
(7). The PEST strain was originally used in
the early 1990s to measure the reservoir of
mosquito-infective Plasmodium gametocytes
in people from western Kenya. The PEST
strain was produced by crossing a laboratory
strain originating in Nigeria and containing
the eye mutation with the offspring of field-
collected A. gambiae from the Asembo Bay
area of western Kenya, and then reselecting
for the pink eye phenotype (8). Outbreeding
was repeated three times, yielding a colony
whose genetic composition is predominantly
derived from the Savanna form of A. gambiae
found in western Kenya. This colony, when
tested, was fully susceptible to P. falciparum
from western Kenya (9). The PEST strain is
maintained at the Institut Pasteur (Paris),
and A. gambiae strains with various biolog-
ical features can be obtained from the Ma-
laria Research and Reference Reagent Re-
source Center (www.malaria.mr4.org).

Sequencing and Assembly
Plasmid and BAC DNA libraries were con-
structed with stringently size-selected PEST
strain DNA. Two BAC libraries were con-
structed, one (ND-TAM) using DNA from
whole adult male and female mosquitoes and
the other (ND-1) using DNA from ovaries of
PEST females collected about 24 hours after
the blood meal (full development of a set of
eggs requires �48 hours). Plasmid libraries
containing inserts of 2.5, 10, and 50 kb were
constructed with DNA derived from either 330
male or 430 female mosquitoes. For each sex,
several libraries of each insert size class were
made, and these were sequenced such that there
was approximately equal coverage from male
and female mosquitoes in the final data set.
DNA extraction, library construction, and DNA
sequencing were undertaken by means of stan-
dard methods (10–12). Celera, the French Na-
tional Sequencing Center (Genoscope), and
TIGR contributed sequence data that collective-
ly provided 10.2-fold sequence coverage and
103.6-fold clone coverage of the genome, as-
suming the indicated genome size of 278 mil-
lion base pairs (Mbp) (tables S1 and S2). Elec-
tropherograms have been submitted to the Na-
tional Center for Biotechnology Information
trace repository (www.ncbi.nlm.nih.gov/
Traces/trace.cgi) and are publicly available as a
searchable data set.

The whole-genome data set was assem-
bled with the Celera assembler (8), which has
previously been used to assemble the Dro-
sophila, human, and mouse genomes (12–
15). The whole-genome assembly resulted in
8987 scaffolds spanning 278 Mbp of the
Anopheles genome (table S2). The largest
scaffold was 23.1 Mbp and the largest contig
was 0.8 Mbp. Scaffolds are separated by
interscaffold gaps that have no physical

clones spanning them, although small scaf-
folds are expected to fit within interscaffold
gaps. The sequence that is missing in the
intrascaffold gaps is largely composed of (i)
short regions that lacked coverage because of
random sampling, and (ii) repeat sequences
that could not be entirely filled using mate
pairs [sequence reads from each end of a
plasmid insert (16)]. Most intrascaffold gaps
are spanned by 10-kbp clones that have been
archived as frozen glycerol stocks. These
clones have been submitted to the Malaria
Research and Reference Reagent Resource

Fig. 1 (foldout). Annotation of the Anopheles
gambiae genome sequence. The genome se-
quence is displayed on a nucleotide scale of
about 200 kb/cm. Scaffold order along chromo-
somes was determined with the use of a phys-
ical map constructed by in situ hybridization of
PEST strain BACs to salivary gland polytene
chromosomes. Scaffold placement is shown in
the track directly below the nucleotide scale.
Individual scaffolds are identified by the last
four digits of their GenBank accession number
(e.g., scaffold AAAB01008987 is represented by
8987). For purposes of illustration, all scaffolds
are separated by the average length of an in-
terscaffold gap (317,904 bp, which is the total
length of the unmapped scaffolds divided by
the number of mapped scaffolds). Gaps be-
tween scaffolds are shaded gray in the scaffold
track. The remainder of the figure is organized
into three main groups of tracks: forward
strand genes, sequence analysis, and reverse
strand genes (from top to bottom, respective-
ly). For each DNA strand (forward and reverse),
each mapped gene is shown at genomic scale
and is color-coded according to the automated
annotation pipeline that predicted the gene
(see Gene Authority panel on figure key). In
addition, genes that are shorter than 10 kb and
have two or fewer exons are shown in a sepa-
rate track near the central sequence analysis
section. All genes that are greater than 10 kb or
have three or more exons are shown in an
additional pair of tracks, expanded to a resolu-
tion close to 25 kb/cm. In these expanded tiers,
exons are depicted as black boxes and introns
are color-coded according to a set of Gene
Ontology categories (GO, www.geneontology.
org), as shown in the corresponding panel in
the figure key. Three sequence analyses appear
between the gene tracks: G�C content, se-
quence similarity to Drosophila melanogaster,
and SNP density. The natural logarithm of the
number of SNPs per 10 kb of sequence is used
to color-code the SNP density analysis; G�C
content is depicted by a nonlinear scale de-
scribed in the figure key. Blocks of sequence
with similarity to D. melanogaster genomic
contigs are shown between the G�C and SNP
tracks. Genes that have matching A. gambiae
ESTs are shown directly flanking the central
sequence analysis tracks, and are color-coded
according to changes in EST density induced by
a blood meal (see Post-Blood-Meal EST Density
panel in figure key). This figure was generated
with gff2ps (www1.imim.es/software/gfftools/
GFF2PS.html), a genome annotation tool that
converts General Feature Formatted records
(www.sanger.ac.uk/Software/formats/GFF) to a
Postscript output (60).
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Center (www.malaria.mr4.org). Although
there are many scaffolds, 8684 short scaf-
folds account for only 9% of the sequence
data; the remaining 91% of the genome is
organized into just 303 large scaffolds.

As the final step of the assembly process,
scaffolds were assigned a chromosome location
and orientation according to a physical map
constructed by in situ hybridization of nearly
2000 PEST strain end-sequenced BACs to sal-
ivary gland polytene chromosomes (8). Scaf-
folds constituting about 84% of the genome
have been assigned (table S3), and chromo-
some arms X, 2L, 2R, 3L, and 3R are repre-
sented by 10, 13, 49, 42, and 28 large scaffolds,
respectively. Efforts are continuing to map
many of the small scaffolds and to increase the
density of informative BACs in large scaffolds
to approximately one per Mb.

The entire Anopheles genome assembly
has been submitted to GenBank. Accession
numbers for the 8987 genome scaffolds are
AAAB01000001 through AAAB01008987.
The entire scaffold set in Fasta format can be
downloaded from ftp://ftp.ncbi.nih.gov/gen-
bank/genomes/Anopheles_gambiae/Assem-
bly_scaffolds.

The assembly was screened computation-
ally for contaminating sequence (8) and evalu-
ated for integrity of pairing of mate pairs.
Abnormal mate pairs, either with incorrect ori-
entations or with distances that differ from the
mean plasmid library insert size by several stan-
dard deviations, can be diagnostic of local mis-
assembly. Of 1,644,078 total mate pairs, only
27,703 have distance violations and only
10,166 have orientation violations. However,
we identified 726 regions that have high-densi-
ty mate pair violations (more than six violations
per 10 kbp), 639 of which are distance viola-
tions with correct orientation. The cause of
these violations appears to be separation of
divergent genotypes, as discussed below (8).
The mean length of these regions is 28 kbp, and
in total they constitute 21.3 Mbp or 7.7% of the
assembly. These obvious trouble spots have
been flagged in our GenBank accessions ac-
cording to scaffold coordinates and are illustrat-
ed as pink bands in Fig. 1.

Assembly of the Y chromosome is ongo-
ing but has been complicated because Y ap-
pears to be composed largely of regions con-
taining transposons or transposon fragments
that are also found at autosomal centromeres.
No scaffolds have yet been assigned to the Y
chromosome.

Genetic Variation
Genetic variation within the PEST strain posed
a particular challenge to assembling the ge-
nome, by making it difficult to distinguish di-
verged haplotypes from repeats (8). The effect
of genetic variation is illustrated in Fig. 2,
where correlation among ease of assembly
[measured by unitig (17) length], internal con-

sistency of the assembly (measured by mate
pair integrity), and genetic variation [measured
by single-nucleotide discrepancies (SNDs)
(18)] can be clearly seen. The challenges to
assembly introduced by this variation exceed
those encountered in D. melanogaster or
mouse, whose genomes were virtually entirely
homozygous, or human, whose genome has a
much lower level of polymorphism.

The most highly variable regions in the
genome appeared to consist of two haplotypes
of roughly equal abundance (“dual haplo-
types”), as revealed by strong concordance
among SND rate, SND balance (19), and SND
association (20) (Fig. 2). The most likely expla-
nation is that recombination among the A. gam-
biae cytotypes that contributed genetically to
the PEST strain resulted in a mosaic genome
structure. The underlying polymorphic differ-
ences between the Savanna and Mopti cyto-
types may reflect important differences in their

biologies. Two other possible causes for dual
haplotypes are the widespread presence of
genomic inversions that suppress recombina-
tion [as in Drosophila pseudoobscura (21)],
and real duplications in the genome that were
erroneously collapsed in the assembly.

Details of the assembly make each of these
alternative explanations unlikely. First, the
PEST strain was specifically selected to lack
large, cytologically visible inversions. If its ge-
nome still contained numerous small inversion
polymorphisms, one would expect the assem-
bly to display a characteristic pattern of mate
pair misorientations. For example, suppose that
there were a previously undetected inversion
that defined the major alleles in a given region,
and that the assembly integrated both copies of
the inversion into a single contig that was
placed in a scaffold also containing the flanking
single-haplotype regions. In this situation, mate
pairs straddling an inversion breakpoint would

Fig. 2. Large-scale correlation of single-nucleotide discrepancies (SNDs) and assembly character-
istics over a 10-Mb section from a single scaffold. (A) SND “association” for a sliding window of 100
kb shows the fraction of polymorphic columns whose partitioning is consistent with the partition-
ing at the previous polymorphic columns (20). (B) SND “balance” for a sliding window of 100 kb
compares the ratio of fragments in the second most frequent character in a column to fragments
in the most frequent character (19). (C) SND rate shows counts of polymorphic columns in a sliding
window of 100 kb (18). (D) Unitig size is shown as the mean size of 21 adjacent unitigs. (E) Mate
pair violations are shown by drawing a yellow line segment for each mate pair that is correctly
oriented but has its fragments separated by more than three standard deviations from the library
mean. A red segment corresponds to each incorrectly oriented mate pair.
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include one of the sequenced ends in inverted
orientation (fig. S1). Such misorientations were
not detected. Second, the collapse of two dupli-
cated regions of the genome as the basis for the
observation of dual haplotypes can be similarly
dismissed, as this explanation would imply that
fragment coverage in the dual-haplotype re-
gions should be approximately twice that of
single-haplotype regions. In fact the reverse is
true: Fragment coverage tends to be lower in
the dual-haplotype regions. A final possibility
that remains to be fully tested is a prevalence of
balanced lethal mutations. If there were tightly
linked balanced lethal alleles in the PEST
strain, then all viable individuals would be het-
erozygous in regions of the genome surround-
ing the lethal alleles. Sampling of the two al-
ternative haplotypes in the shotgun sequence
therefore ought to be binomial with a 50:50
chance of either haplotype. Although haplo-
types do appear to be approximately balanced
in dual-haplotype regions (Fig. 2), we have
been unable to confirm a statistical fit of
allele frequency to such a model. A direct test
for SNP heterozygosity among individuals of
the PEST strain is under way and should
resolve the issue of genotypic frequencies in
these regions.

Many of the SNDs occurred in regions hav-
ing small unitigs (17) and other attributes sug-
gesting difficulties with the assembly. Although
there is a co-clustering of small unitigs, mate
pair violations, and SNDs, not all regions with
a high density of SNDs have problematic as-
semblies. The breeding history of the PEST
strain of A. gambiae (8) led us to predict that the
strain would not be totally inbred, which sug-

gested that the genome would also harbor a
large number of polymorphic nucleotides (sin-
gle-nucleotide polymorphisms or SNPs). High-
quality discrepancies of base calls in regions
where the assembly is strongly supported ought
to be considered as SNPs, allowing a genome-
wide analysis of polymorphism.

Celera designed and implemented a SNP
pipeline for identifying SNPs on the basis of
high–sequence quality mismatches in the hu-
man whole-genome assembly (8, 12). With
some parameter tuning, the same pipeline
was adapted to identify SNPs in the Anoph-
eles genome and produced a conservative
inference of 444,963 SNPs.

The distribution of SNPs along the chro-
mosomes was highly variable, with some re-
gions having only a few SNPs per 100 kb and
others having more than 800 SNPs per 100 kb
(Fig. 3), despite a nearly homogeneous power
to detect them. The overall estimate of mean
heterozygosity at the nucleotide level of this
strain is 1.6 � 10�3, but the distribution has
high variance and skew, with 45% of the
100-kb intervals having heterozygosity below
5.0 � 10�5 and 10% of the 100-kb intervals
having a heterozygosity above 4.7 � 10�2.
The X chromosome has a markedly lower
average level of polymorphism, and overall
the X-linked nucleotide heterozygosity is
1.2 � 10�4, markedly below that of the
autosomes (discussed below).

It appears that the genome of the PEST
strain has resulted from a complex introgression
of divergent Mopti and Savanna chromosomal
forms (cytotypes). If this is so, then we would
expect that some genomic regions may be de-

rived only from one or the other cytotype, yield-
ing a low density of SNPs, whereas other
genomic regions may continue to segregate both
divergent cytotypes. Microsatellite surveys sug-
gest that the degree of sequence divergence
between haplotypes derived from the Mopti and
Savanna cytotypes exceeds the variability with-
in each (22), so genomic regions with both
cytotypes segregating might be expected to have
unusually high SNP density. As predicted by
this model, the resulting SNP density distribu-
tion is markedly bimodal (Fig. 4), with one
mode at roughly one SNP every 10 kb, and
another mode at one SNP every 200 bp. SNP
rates along the X chromosome for the most part
do not show this bimodal pattern; we take this to
imply a lower rate of introgression on this chro-
mosome, possibly due to male hemizygos-
ity. Although experimental work is required
for confirmation, relative lack of introgres-
sion seems the most promising explanation for
the lower overall SNP rate in the X chromo-
some, as compared to population genetic expla-
nations based on smaller effective population
size of the X chromosome (23, 24). In addition,
heterozygosity of the X chromosome is ex-
pected to be depressed because of the selec-
tion for homozygosity of the X-linked pink
eye mutation.

Because BAC clones provide clear informa-
tion on the organization of SNPs into haplo-
types, analysis of BAC sequences is more in-
formative than a random shotgun for inferring
the population history of these regions of high
SNP density. Recent BAC-by-BAC sequencing
of a 528-kb chromosomal region in the PEST
strain identified two alternative haplotypes that
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Fig. 3. Density of SNPs across the
genome of the PEST strain of A.
gambiae. The red line indicates the
number of inferred SNPs per 100
kb in nonoverlapping windows; the
blue line is a running average over
1 Mb. The exceptional regional
heterogeneity in SNP density is
likely due to the introgression of
Mopti and Savanna cytotypes.
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differ by 3.3% in sequence and extended for at
least 122 kb; reverse-transcription polymerase
chain reaction analysis revealed their existence
in additional strains, indicating that this phe-
nomenon is not unique to the PEST strain (25).

By aligning the SNP calls with predicted
genes (gene prediction results are described
below), it was possible to place the SNPs into
functional categories on the basis of their pre-
dicted propensity to alter gene function (e.g.,
whether they are in intergenic regions, promot-
er regions, nonsynonymous coding, introns,
etc.). Table 1 shows the total count of each
functional class and the estimated heterozygos-
ity for the 444,060 SNPs for which this infer-
ence could be made. As was the case for the
SNPs in the human genome, the overwhelming
majority were in intergenic regions, but there
was still an abundance of SNPs within func-
tional genes. Introns and intergenic regions had
virtually identical heterozygosities, but the si-
lent coding positions appear to have more than
twofold enrichment of variability. In general,
silent coding sites are considered as having
more stringent constraints than introns or inter-
genic regions because of biased codon usage,
and this is reflected in a lower diversity of silent
sites in most organisms. The reason for elevated
silent variation in A. gambiae is at present
unknown. Nucleotides with strong functional
constraints, such as splice donors, splice accep-
tors, and stop codons, had the lowest heterozy-
gosity, and nonsynonymous (missense) posi-
tions were also evidently low in heterozygosity.
All A. gambiae SNP data discussed here are
available at ftp://ftp.ncbi.nih.gov/genomes/
Anopheles_gambiae/SNP.

Annotation
Automated annotation pipelines established
by Celera and the Ensembl group at the Eu-
ropean Bioinformatics Institute/Sanger Insti-

tute were used to detect genes in the assem-
bled A. gambiae sequence. Both pipelines use
ab initio gene-finding algorithms and rely
heavily on diverse homology evidence to pre-
dict gene structures (8).

We manufactured a “consensus set” of
Celera (“Otto”) and Ensembl annotations by
first populating a graph wherein each node
represented an annotated transcript. For each
set, an edge was placed between two tran-
scripts if any of their exons overlapped. By
this procedure we found that the 9896 tran-
scripts annotated by Ensembl reduced to
7465 distinct genes, and that the 14,564 Otto
transcripts reduced to 14,332 distinct genes.
Combining the 9896 Ensembl and 14,564
Otto annotations and subjecting them to the
same procedure collapsed the combined
24,460 transcripts to 15,189 genes. Of these,
1375 genes were represented solely by En-
sembl and 7840 genes solely by an Otto
annotation; 5974 genes were identified by
both Ensembl and Otto. We then chose the
annotation containing the largest number of
exons to represent each gene. In cases where
a gene was represented by Otto and Ensembl
annotations with equal numbers of exons, we
chose the Otto annotation to represent the
gene. Results of annotation of the A. gambiae
genome are presented in Fig. 1 and Table 2.

We screened the 15,189 Anopheles gene
predictions for transposable element sequences
that may not have been adequately masked
during the automated annotation process. We
also screened for contaminating bacterial gene
predictions because the genomic libraries used
for sequencing were constructed from whole
adult mosquitoes and some level of sequence
contamination from commensal gut bacteria
was expected. We found 1506 putative trans-
posable elements and 663 genes of possible
bacterial origin (8). Analysis of transposable

elements in A. gambiae is ongoing, and exper-
imental efforts are currently under way to fur-
ther characterize bacterial contaminants and to
explore the possibility of real horizontal transfer
events. Putative transposable elements and bac-
terial contaminants were flagged before sub-
mission to GenBank and, where appropriate,
were excluded from further genome analysis
either before an automated analysis step was
run or during manual interpretation of results.

As a more rigorous quality assurance ex-
ercise, we randomly selected 100 annotations
from the unflagged portion of the consensus
set to manually assess the accuracy of the
predicted gene structures. Of these, 35 were
predicted correctly, 40 were incompletely an-
notated (they lacked start and/or stop
codons), 4 were merged, 1 was split, and 4
were identified as transposable elements that
escaped earlier detection. A further 16 anno-
tations presented various problems with gene
structure and needed exon edge adjustment.
The large proportion of partial annotations is
likely due to lower sequence conservation in
gene termini and thus a reduced likelihood of
recognition of these regions by similarity-
based automated annotation systems.

To estimate the number of genes that may
have been missed by the automated annotation
process, we examined FgenesH and Grailexp
predictions that showed similarity to known
proteins but were not represented in the consen-
sus set. We also examined regions where an A.
gambiae expressed sequence tag (EST )
matched the genomic sequence across a puta-
tive splice junction and no gene call was made.
On the basis of these analyses, we expect that as
many as 1029 genes may have escaped auto-
mated annotation and therefore are not dis-
played in Fig. 1 or included in our analysis of
the proteome. The Anopheles annotation de-
scribed herein should be considered a first ap-
proximation, providing a framework for future
improvement by manual curation.

Features of the Genome Landscape
The sizes of the Anopheles and Drosophila
genomes have been predicted by CoT analy-

Fig. 4. SNP density on autosomes. The red bars represent X-linked SNPs; the lack of bimodality of
X-linked SNPs suggests that there was less successful introgression on the X chromosome.

Table 1. Distribution of SNPs in the A. gambiae
genome, and their characteristics and heterozy-
gosity per category.

Genomic attribute
SNP

count
Heterozygosity

(� 10�3)

Intergenic 348,332 1.613
Intron 67,210 1.563
Missense 5,886 0.413
Nonsense 96 0.106
Silent 18,645 3.721
Splice site acceptor 24 0.626
Splice site donor 34 0.886
3�-untranslated region 2,382 0.313
5�-untranslated region 1,451 0.191
Total 444,060 1.596
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sis to be 260 Mb (26) and 170 Mb (27),
respectively, and the sizes of their genome
assemblies are 278 Mb and 122 Mb (13). The
discrepancy between estimated and assem-
bled genome size in Drosophila is thought to
be due to the nature of Drosophila hetero-
chromatin, which consists of long tandem
arrays of simple repeats that cannot be readily
cloned and sequenced with existing technol-
ogy (13). Regarding Anopheles, there are sev-
eral immediate possibilities as to why the
assembly is slightly larger than the predicted
genome size. The CoT analysis could be
slightly inaccurate, or, because it was done
with DNA of a different strain, the estimate
could simply reflect a real strain difference in
genome size. In addition, we know that seg-
regation of haplotypes during the assembly
process has led to overrepresentation of the
size of the genome by about 21.3 Mb (8), and
it appears that the Anopheles assembly has
captured much of the heterochromatic DNA.
Unlike Drosophila, genomic DNA from
Anopheles does not show a prominent hetero-
chromatic satellite band when separated on a
cesium chloride gradient (28), which sug-
gests that the heterochromatin is of higher
complexity and thus more amenable to se-
quencing and assembly. In fact, in the Anoph-
eles assembly, there are many scaffolds that
exist entirely within known heterochromatic
regions or extend into centromeres.

The difference in absolute genome size be-
tween Anopheles and Drosophila could be due
to gain in Anopheles, loss in Drosophila, or
some combination thereof. Given that the num-

bers of genes, numbers of exons, and total
coding lengths vary by less than 20% ( Table 3),
the size difference between the two genomes is
due largely to intergenic DNA. The exact na-
ture of Anopheles intergenic DNA is unclear,
but as discussed above, much of it may consist
of moderately complex heterochromatic se-
quence. By counting the number of times each
20-nucleotide oligomer in the Anopheles and
Drosophila assemblies appeared in its corre-
sponding whole-genome shotgun data, we con-
firmed that simple repeats are not expanded in
Anopheles (8). However, there does appear to
be greater representation of transposons in
Anopheles heterochromatin than in Drosophila
heterochromatin, as discussed below.

A likely explanation for the size difference
of the two genomes is that D. melanogaster has
lost noncoding sequence during divergence
from A. gambiae. All mosquitoes in the Culici-
dae family have larger genomes, with estimates
of 240 to 290 Mb for Anopheles species and 500
Mb or larger for all others. Drosophila species
groups other than D. melanogaster and D. hydei
have genomes of 230 Mb or larger (Center for
Biological Sequence Analysis, Database of Ge-
nome Sizes, www.cbs.dtu.dk/databases/DOGS).
This suggests that the two clusters with smaller
genome sizes experienced genome reductions
during recent evolutionary time. The fact that
most other families of the dipteran order have
species with genomes at least as large as that of
A. gambiae further supports this conjecture.
Mechanisms for this relatively rapid loss of
noncoding DNA have been modeled and ana-
lyzed in insect species (29, 30).

About 40 different types of transposons or
transposon-related dispersed repeats have been
identified in the A. gambiae genome (8) ( Table
4). The most abundant are class I repeats, par-
ticularly the long terminal repeat (LTR) retro-
transposons, small interspersed repeat elements
(SINEs), and miniature inverted repeat trans-
posable elements (MITEs), but all major fami-
lies of class II transposons are also represented.
Overall, transposable elements constitute about
16% of the eukaryotic component and more
than 60% of the heterochromatic component of
the A. gambiae genome (8), as compared to 2%
and 8%, respectively, for D. melanogaster (31).
Transposons present in heterochromatin are
highly fragmented in A. gambiae, so 60% is
likely an underestimate. Because heterochro-
matin appears to be largely derived from trans-
posons, there must be a mechanism that pro-
motes transposon loss from these regions at a
rate that balances the insertion of new copies.

Within the euchromatic part of the ge-
nome, repeat density is highest near the cen-
tromeres, lowest in the middle of chromo-
some arms, and somewhat elevated near the
telomeres. Moreover, transposon densities
differ by arm. Transposon density is highest
on the X chromosome (59 transposons per
Mb), with chromosome arms 2R, 2L, 3R, and
3L having 37, 46, 47, and 48 transposons per
Mb, respectively. Transposon distribution is
consistent with the hypothesis that densities
are highest in parts of the genome where
recombination rates are lowest. The observa-
tion that 2R has the lowest overall repeat
density may be related to the large number of
paracentric inversions on this arm whose fre-
quencies are known to be associated with
population structuring (32).

A protein-based method developed to
identify genomic duplications (15) was
modified to search for segmental chromo-
somal duplications in the A. gambiae ge-
nome. Briefly, at least three proteins within
a small interval along a chromosome were
required to align with three homologous
proteins on a separate genomic interval in
order to be considered a potential duplica-
tion segment (33). A total of 102 duplica-
tion blocks, containing 706 gene pairs,
were identified by this method.

We detected only a few large duplicated
segments that contain paralogous expansions of
a single family distributed in two distinct blocks
in the Anopheles genome. These could be the
result of a single or limited number of gene
duplications to a distinct second chromosomal
site, followed by further local tandem duplica-
tions at the two sites. Alternatively, such distri-
butions could result from a tandem duplication
of a given gene, followed by segmental dupli-
cation of the tandem block of paralogous genes.
These possibilities can only be distinguished by
extensive phylogenetic analyses, and we there-
fore analyzed the 21 largest tandem cluster

Table 2. Features of A. gambiae chromosome arms. Known and unknown genes are defined as genes with
an assigned versus unassigned/unclassified GO molecular function. Gaps between scaffolds are included
in the chromosome length estimate. Each gap has the arbitrary value of 317,904 bp, which is the total
length of the unmapped scaffolds divided by the number of mapped scaffolds. There are 602 known
genes, 1017 unknown genes, and 22,123 SNPs on unmapped scaffolds.

Chromosome Length (bp)
Number of
scaffolds

Number of
known genes

Number of
unknown genes

Number of
SNPs

X 24,902,716 10 584 500 2,955
2R 78,412,669 49 2166 1461 162,335
2L 52,393,056 13 1615 1078 44,604
3R 64,548,413 28 1541 1000 102,203
3L 56,406,562 42 1278 841 110,743

Table 3. Characteristics of the A. gambiae genome. Fractions of total genome size are shown in
parentheses.

Genome features Anopheles Drosophila

Total genome size 278,244,063 bp 122,653,977 bp
Percent of G�C in genome 35.2% 41.1%
Total coding size 19,274,180 bp (7%) 23,826,134 bp (19%)

Total intron size 42,991,864 bp (15%) 27,556,733 bp (22%)
Total intergenic size 215,978,019 bp (78%) 71,271,110 bp (58%)

Number of genes 13,683* 13,472
Number of exons 50,609 54,537
Average gene size (�SD) 4,542 � 10,802 bp 3,759 � 9,864 bp

*The number of annotated Anopheles genes after removal of putative transposable elements.
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pairs in relation to Drosophila. Figure S3 illus-
trates an example in the glutathione S-trans-
ferase gene family. The absence of clear segre-
gation of the Drosophila and Anopheles mem-
bers, along with other suggestive features of the
tree structure, is consistent with tandem gene
duplications in the Anopheles/Drosophila com-
mon ancestor followed by segmental duplica-
tion after Anopheles/Drosophila divergence.

These results should be contrasted with re-
sults from other animal genomes. Although the
Caenorhabditis elegans (worm) and Fugu ru-
bripes (pufferfish) genomes showed minimal
evidence of block duplications (34, 35), there
was a markedly higher frequency of segmental
duplications observed in the human and mouse
genomes. Analysis of the human protein set
revealed 1077 duplicated blocks containing
10,310 gene pairs, including some blocks en-
compassing �200 genes (12). Thus, the human
analysis revealed more than 10 times the num-
ber of potential segmental duplication blocks
found in the mosquito, despite a proteome that
is only about twice as large. Many of these
duplications were mirrored in the mouse ge-
nome (15). This contrasts greatly with the ob-
served paucity of segmental duplications in
Anopheles; moreover, these duplications are not
clearly discernible in Drosophila (36). Thus,
the large segmental and chromosome-sized du-
plications described in vertebrate genomes are
not observed in the two insect genomes exam-
ined. However, given the limitations of the
methods used, ancient large segmental duplica-
tions that subsequently underwent massive re-
arrangement (“scrambling”) would not be de-
tected in this analysis.

A broader comparison of the entire pre-
dicted protein sets of A. gambiae and D.
melanogaster revealed clear relationships
across chromosomes in the two genomes, and
in most cases indicated a one-to-one relation-
ship between proteins across the two species.
Chromosome 2 of Anopheles shares a com-
mon ancestor with chromosome 3 of Dro-
sophila, and chromosome 3 of Anopheles has
a common ancestor—with the left and right
arms reversed—with chromosome 2 of Dro-
sophila. More details of this comparison are
given in a companion article (37).

The A. gambiae Proteome
Two broad questions were asked: (i) What are
the most represented molecular functions of the
predicted gene products in A. gambiae, and how
do these compare with other sequenced eukary-
otic species and the closest sequenced evolu-
tionary neighbor, D. melanogaster? [Our ap-
proach involved analysis at the level of protein
domains using the InterPro database (38, 39)
and clustering protein families using a previous-
ly published algorithm called LeK (12, 40).] (ii)
What are the prominent genes in Anopheles that
are associated with blood feeding? In a compan-
ion article, specific differences between Anoph-

eles and Drosophila genes are examined further,
including complementary analyses of strict or-
thology (Anopheles genes with one clearly iden-
tifiable counterpart in Drosophila, and vice
versa), microsynteny, and dynamics of gene
structure (37).

The results presented here are prelimi-
nary, as the gene predictions and functional
assignments were computationally generated,
and we expect both false-positive predictions
(pseudogenes, bacterial contaminants, and
transposons) and false-negative predictions
(Anopheles genes that were not computation-
ally predicted). We also expect a few errors in
delimiting the boundaries of exons and genes.

Similar limitations are likely in the automatic
functional assignments.

We used InterPro and Gene Ontology (GO)
(41) to classify the predicted Anopheles protein
set on the basis of protein domains and their
functional categories. Figure 1 provides an over-
view of protein functional predictions according
to broad GO molecular function categories, as
well as the genomic coordinates of these pro-
teins on mapped scaffolds. We then defined the
50 most prominent InterPro signatures in
Anopheles and the representation of these do-
mains in other completely sequenced eukaryotic
genomes (table S4). The relative abundance of
the majority of proteins containing InterPro do-

Table 4. Repetitive DNA sequences in A. gambiae. Elements are identified by a name already in use in
A. gambiae, by the most similar element in another species [usually D. melanogaster (-lk � like)], or by
commonly recognized family designators (e.g., mariner, piggyBac, or hAT family elements).

Class
Element

type
Euchromatic

copies
Density per

Mb
Heterochromatic

copies
Density per

Mb

Class I

LTR Beagle 4 0.018 2 0.323
retrotransposons Copia-lk 743 3.259 65 10.484

Cruiser 63 0.276 27 4.355
Gypsy-lk 1184 5.193 106 17.097
Moose 970 4.254 85 13.710
Osvaldo 29 0.127 7 1.129
Pao-lk 886 3.886 88 14.194
Springer 52 0.228 20 3.226

Non-LTR Jam2 27 0.118 7 1.129
retrotransposons Juan-lk 16 0.070 12 1.935

Lian2 15 0.066 4 0.645
RT1* 1 0.004 1 0.161
RT2* 1 0.004 0 0
RTE-lk 115 0.504 18 2.903
LINE-lk 12 0.053 7 1.123
R4-lk 1 0.004 1 0.161
I-lk 17 0.075 2 0.323
T1 39 0.171 15 2.407
Q 69 0.303 29 4.677
Tx1-lk 4 0.018 0 0

SINEs Sine200 2389 10.478 132 21.290

Class II

DNA Crusoe 51 0.224 3 0.484
transposons hAT 10 0.044 5 0.806

PIF-lk 8 0.035 5 0.806
P 12 0.053 0 0
piggyBac 5 0.022 1 0.161
mariner 157 0.689 16 2.567
DD34E 227 0.996 69 11.129
DD37D 144 0.632 8 1.290
DD37E 12 0.053 0 0
Pogo-lk 8 0.035 0 0
Tiang 11 0.048 2 0.323
Topi 45 0.197 16 2.581
Tsessebe 14 0.061 6 0.968

MITEs 3bp(I-XII) 807 3.539 51 8.226
8bp-I 145 0.636 10 1.613
Ikirara 54 0.237 2 0.323
Joey 384 1.684 18 2.903
Pegasus 43 0.189 1 0.161
TA(I-V) 1671 7.329 76 12.258
TAA(I-II) 115 0.504 22 3.548

*RT1 and RT2 elements have specific insertion target sites found almost exclusively in the rDNA large subunit coding
region. Because rDNA of A. gambiae is organized in a long tandem array that does not appear in the assembled genome,
these elements are underrepresented in Table 4.
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mains was similar between the mosquito and
fly, with insect-specific cuticle and chitin-bind-
ing peritrophin A domains and the insect-spe-
cific olfactory receptors being similarly overrep-
resented. However, there are several classes of
proteins that contain domains that are overrep-
resented in mosquito compared to fly, and com-
parison of the representation of these domains in
other organisms (table S4) suggests that the
representational difference is due to expansion
in Anopheles rather than loss in Drosophila.

The serine proteases, central effectors of
innate immunity and other proteolytic pro-
cesses (42, 43), are well represented in both
insect genomes, but Anopheles has nearly
100 additional members. The presence of
additional members in Anopheles is perhaps
reflective of differences in feeding behavior
and its intimate interactions with both verte-
brates and parasites.

We observed expansions of specific extra-
cellular adhesion domain–containing proteins
in Anopheles. There are 36 more fibrinogen
domain–containing proteins and 24 more cad-
herin domain–containing proteins in Anopheles
than in Drosophila. The fibrinogen domain–
containing proteins are similar to ficolins,
which represent animal carbohydrate-binding
lectins that participate in the first line of defense
against pathogens by activating the comple-
ment pathway in association with serine pro-
teases (44). As discussed below, several of
these members were up-regulated in response
to blood feeding. Expansion of cadherin do-
main–containing proteins is of interest given
their prominent role in cell-cell adhesion in the
context of morphogenesis and cytoskeletal and
visual organization (45, 46). The observed dif-
ferential expression of some of the members of
this family with blood feeding may suggest an
unexplored role in regulating the cytoskeletal
changes in the mosquito gut to accommodate a
blood bolus.

Finally, although there is relative conser-
vation of most of the transcription factor
proteins between the two insect genomes and
other sequenced organisms (for example, the
C2H2 zinc finger, POZ, Myb-like, basic he-
lix-loop-helix, and homeodomain-containing
proteins), we observed overrepresentation of
the MYND domain–containing nuclear pro-
teins in mosquito. This protein interaction
module is predominantly found in chromatin-
ic proteins and is believed to mediate tran-
scriptional repression (47).

Building on a previously published proce-
dure, we used the graph-theoretic algorithm
LeK (15, 40) to simultaneously cluster the
protein complements of Anopheles and Dro-
sophila. Unlike the above InterPro analysis,
which grouped proteins on the basis of do-
main content, LeK sorted homologous pro-
teins (orthologs plus paralogs) into clusters
on the basis of sequence similarity (8). The
variance of each organism’s contribution to
each cluster was calculated, allowing an as-
sessment of the relative importance of organ-
ism-specific expansion and contraction of
protein families that have occurred since di-
vergence from their common dipteran ances-
tor about 250 million years ago (48).

The striking degree of evolutionary relat-
edness between Anopheles and Drosophila is
illustrated in Fig. 5, with a sizable proportion
of the Anopheles proteome represented by
clusters with a 1:1 Drosophila ratio. Al-
though there is substantial conservation be-
tween Anopheles and Drosophila, the LeK
method of analysis provided 483 clusters that
contain only Anopheles proteins. Prominent
among these is a 19-member odorant receptor
family that is entirely absent in Drosophila. It
is tempting to speculate that this family may
be important in mosquito-specific behavior
that includes host seeking.

To illustrate some of these prominent differ-

ences between the two species, we analyzed
protein family clusters that showed at least 50%
overrepresentation in Anopheles. The degree of
overrepresentation and the molecular functions
of these proteins are shown in Fig. 5B. In ex-
ploring the possible biological relevance of
these observed representational differences, we
have focused on families with prominent phys-
iological roles (Table 5). These include critical
components of the visual system, structural
components of the cell adhesion and contractile
machinery, and energy-generating glycolytic
enzymes that are required for active food seek-
ing. Increased numbers of salivary gland com-
ponents and anabolic and catabolic enzymes
involved in protein and lipid metabolism are
consistent with the Anopheles blood feeding and
oviposition cycle, described below. Of equal
interest are protein families that may play a
protective role in Anopheles. These include de-
terminants of insecticide resistance such as
transporters and detoxification enzymes. Al-
though the greater numbers of serine proteases
have been described previously in the text and
table S4, additional differences (seen here in
	2-macroglobulin and hemocyanins) are consis-
tent with a complex innate immune system in
Anopheles. Finally, representative examples of
greater numbers of genes involved in nuclear
regulation and signal transduction provide the
first glimpse into what perhaps defines a hema-
tophagous dipteran.

After metamorphosis into an adult mosqui-
to, female anopheline mosquitoes take sugar
meals to maintain basal metabolism and to en-
ergize flight. Flight is needed for mating and
finding a host that will provide a blood meal
source. The blood meal is a protein-rich diet
that the mosquito surrounds after ingestion with
the peritrophic matrix (PM), a thin structure
containing chitin and proteins. Digestion re-
quires secreted proteases that penetrate the PM.
The smaller digestion products are hydrolyzed

Fig. 5. (A) Relative expansions of protein families in A.
gambiae compared to D. melanogaster. The predicted
protein sets of Anopheles and Drosophila were subject-
ed to LeK clustering. The numbers of clusters with
varying ratios were plotted (numbers of Anopheles
proteins are shown in parentheses). Ranges included for
each ratio: 1:1 (0.5 to 1.49), 2 :1 (1.5 to 2.49), 3 :1 (2.5 to 3.49), 4 :1 (3.5 to 4.49), and 5 :1 (4.5 to 5.49). (B) Distribution of the molecular functions
of proteins represented in LeK clusters with varying Anopheles:Drosophila ratios. Each slice represents the assignment to molecular function categories
in the GO.

T H E M O S Q U I T O G E N O M E : A N O P H E L E S G A M B I A E

4 OCTOBER 2002 VOL 298 SCIENCE www.sciencemag.org146



by microvilli-bound enzymes before absorption
by the midgut cells. The blood meal–derived
nutrients are processed by the insect fat body
(equivalent of the liver and adipose tissue of
vertebrates) into egg proteins (vitellogenins)
and various lipids associated with lipoproteins.
These are exported through the hemolymph to
the insect ovaries, where the oocytes develop.
The egg development process takes 2 to 3 days,
and no further food intake is needed until after
oviposition, when a new cycle of active host
finding and blood feeding, digestion, and egg
development begins (49).

We performed an EST-based screen for
genes that are regulated differentially in adult
female mosquitoes in response to a blood
meal (8). From a starting set of 82,926 ESTs
(43,174 from blood-fed mosquitoes, 39,752
from non–blood-fed mosquitoes), we identi-
fied 6910 gene loci with at least one EST hit.
Using a binomial distribution and a stringent
P-value cutoff of 0.001, we identified 97
up-regulated transcripts and 71 that were
down-regulated in the blood-fed group (Fig.
6) (table S5). These results are consistent
with earlier microarray experiments based on
much smaller gene sets (50).

After a blood meal, several genes associated
with cellular and nuclear signaling, digestive
processes, ammonia excretion, lipid synthesis
and transport, and translational machinery were
overexpressed. In addition, lysosomal enzymes
(including proteases found in the fat body and
oocytes), genes coding for yolk and oocyte pro-
teins, and genes associated with egg melaniza-
tion were up-regulated. Conversely, there was
down-regulation of genes associated with mus-
cle processes (cytoskeletal and muscle contrac-
tile machinery, glycolysis, and ion adenosine
triphosphatases) and their associated mitochon-
drial proteins. Salivary and midgut glycosidases,

needed for digestion of a sugar meal, were
down-regulated by blood feeding. Four proteins
associated with the vision process were also
down-regulated, suggesting a degree of detach-
ment of the mosquito from its environment dur-
ing digestion of a blood meal. Signaling serine
proteases of the midgut (important for detection
of a protein meal in the gut), peritrophic matrix
proteins (matrix components synthesized before
the blood meal and accumulated in midgut cell
granules), and structural components of the in-
sect cuticle all showed decreased expression
after the blood meal. Interestingly, a protein
associated with circadian cycle, stress, and
feeding behavior was also down-regulated.
Finally, the blood meal increased expres-
sion of the mitochondrial NADPH-depen-
dent isocitrate dehydrogenase and concom-
itantly decreased expression of the NAD-
dependent form (where NAD is the oxidized
form of nicotinamide adenine dinucleotide
and NADPH is the reduced form of NAD
phosphate). This likely reflects a shift from
muscle to fat body metabolism.

Concluding Remarks
Foremost in our minds is how the genomic and
EST data can be used to improve control of
malaria in the coming decades. Three issues are
central to efforts aimed at reducing malaria
transmission: reducing the numbers and lon-
gevity of infectious mosquitoes, understanding
what attracts them to human (as opposed to
animal) hosts, and reducing the capacity of
parasites to fully develop within them.

Reducing the number of mosquitoes:
Anopheline mosquitoes rapidly develop resis-
tance to pesticides. The molecular targets of the
major classes of insecticides are known, and
mutation of target sites is well understood as a
mechanism of resistance (51). However, the

molecular basis of metabolic resistance is less
clear. The Anopheles genome provides a near-
complete catalog of enzyme families that play
an important role in the catabolism of xeno-
biotics (52). Furthermore, the availability of
SNPs in these genes will facilitate monitoring
of the frequency and spread of resistance al-
leles and efforts to locate the major loci asso-
ciated with resistance to DDT and pyrethroids
(51, 53).

The hematophagous appetite of the female
mosquito is exemplified by its remarkable
ability to ingest up to four times its own weight
in blood. The genome-wide EST expression
analysis described here provides evidence that a
blood meal results in up-regulation of genes for
protein and lipid metabolism, with concomitant
down-regulation of genes specific to the mus-
culature and sensory organs. This metabolic
reprogramming offers multiple points for inter-
vention. Identification of key pathways that fa-
cilitate ingestion of a blood meal provides an
opportunity to disrupt the carefully orches-
trated host-seeking and concomitant metabol-
ic signals through high-affinity substrate an-
alogs, or by disrupting insect-specific cell
signaling pathways.

Reducing the anthropophilicity of the
mosquito: The molecular basis for the distinct
preference for human blood and the ability
to find it is unknown, but it almost certainly
involves recognition of human-specific
odors. A. gambiae odorant receptors de-
scribed here and in a companion report (54)
may provide insights into what underlies
human host preference. This knowledge
should be of use in designing safe and
effective repellents that reduce the trans-
mission rate of malaria simply by reducing
the efficiency with which mosquitoes find
and feed on their human prey.

Fig. 6. Functional
classes of genes corre-
sponding to ESTs from
blood-fed and non–
blood-fed A. gambiae.
The genes that con-
tribute to each func-
tional category are
listed in table S5.
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Reducing the development of the malarial
parasite: The complex orchestration of the Plas-
modium life cycle in Anopheles illustrates sev-
eral critical points of intervention, such as fusion
of gametocytes in the mosquito midgut, pene-
tration of the peritrophic matrix by the ookinete,
and migration of sporozooites to the mosquito
salivary glands. Likewise, an improved under-
standing of the Anopheles immune response to
the parasite can be exploited to disrupt transmis-
sion (55, 56). Several recent genomic approach-
es have provided catalogs of genes involved in
the response to a wide range of immune stimuli,
including infection by Plasmodium species (43,

50, 55, 56). These strategies provide candidate
genes to complement recent developments in
generating genetically transformed A. gambiae
strains that are refractory to Plasmodium (57–
59). Germline transformation thus holds much
promise for producing immune-competent, pes-
ticide-susceptible, or zoophilic A. gambiae.
However, there are serious complicating factors
that must be overcome. Knowing the sequence
of the A. gambiae genome will enable further
characterization of candidate genes useful for
malarial control, and will allow the character-
ization of mobile genetic elements that may be
used for transformation.

References and Notes
1. J. G. Breman, A. Egan, G. T. Keusch, Am. J. Trop. Med.

Hyg. 64 (suppl.), 1 (2001).
2. M. Coluzzi, A. Sabantini, V. Petrarca, M. A. Di Deco,

Trans. R. Soc. Trop. Med. Hyg. 73, 483 (1979).
3. M. Coluzzi, V. Petrarca, M. A. Di Deco, Boll. Zool. 52,

45 (1985).
4. A. della Torre et al., Insect Mol. Biol. 10, 9 (2001).
5. Y. T. Touré et al., Parassitologia 40, 477 (1998).
6. O. Mukabayire, N. J. Besansky, Chromosoma 104, 585

(1996).
7. G. F. Mason, Genet. Res. 10, 205 (1967).
8. See supporting data on Science Online.
9. A. K. Githeko et al., Trans R. Soc. Trop. Med. Hyg. 86,

355 (1992).
10. H. R. Crollius et al., Genome Res. 10, 939 (2000).
11. S. Zhao et al., Genome Res. 11, 1736 (2001).

Table 5. Representative protein family expansions in A. gambiae, as derived from LeK analysis. A/D ratio, Anopheles/Drosophila ratio.

Physiological role LekID; A/D ratio; InterPro domain Functional assignment

Behavioral
(host seeking; blood feeding and malaria transmission)

32665; 4/2; DNA_photolyase
34088; 7/3
31848; 19/0; 7tm_6
29519; 25/12; 7tm_1

Circadian rhythm
Odorant binding protein
Olfactory receptor
Photoreception

Structural
(components of cuticle, peritrophic matrix, and

extracellular matrix)

30930; 23/13; Cadherin 29618
6/2; COLFI
33624; 44/9; FBG
30264; 20/13; Chitin_bind_2
31643; 73/30; insect_cuticle
32037; 28/18; insect_cuticle
30269; 7/0; Chitin_bind_2
30538; 8/5; Reprolysin

Cell adhesion and signaling
Collagen 	
Ficolin-like
Peritrophic matrix protein
Cuticle proteins
Cuticle proteins
Chitinase
ADAM metalloprotease

Metabolism
(blood and sugar meal digestion; glyconeogenesis; lipid

metabolism)

30151; 4/2; Aamy
30494; 10/4; Tryp_Tryp_SPC
30579; 7/0; Tryp_SPC
33293; 6/2; Lipase_GDS
32295; 14/7; aldo_ket_red
31146; 6/2; Orn_Arg_deC_N
29384; 9/4; aminotran_3
30644; 9/2
29690; 8/2
316.67; 17/8; hemocyanin
31992; 7/2; lipocalin

Amylase
Serine protease
Serine protease
Lipase
Glycolysis enzyme
Glycolysis enzyme
AA catabolism
Cholesterol synthesis
Acyltransferase
Hexamerins
Lipid transport apolipoprotein

Proteins found in adult female salivary glands 30799; 4/0
31625; 4/0
32969; 4/0
32413; 16/9; peroxidase
32333; 10/6; nucleotidase

Short D7 protein family
gSG7 protein family
SG1 protein family
Includes salivary peroxidase
Includes salivary apyrase

Immunity
(includes hemolymph coagulation, antimicrobial

peptide synthesis, and melanization)

30476; 9/3; Tryp_SPc
31513; 7/4; Glyco_hydro
31667; 17/8; hemocyanin
32038; 6/3; Cu-oxidase
30884; 17/7; A2M
31104; 8/1; GLECT
31703; 5/3; NO_synthase
30716; 14/6; Caspases

Hemolymph serine protease
Immune recognition
Prophenoloxidase
Monophenoloxidase
	2-Macroglobulin
Galectin
NO synthase family
Cell death after parasite
invasion

Detoxification
(insecticide resistance)

33859; 15/4
29536; 5/1; p450

Sulfotransferase
Cytochrome p450

Ion channels
[includes transporters of small molecules (insecticide

targets)]

31038; 7/2; CN_hydrolase
29820; 6/3; Lig_chan
31803; 9/5; ion_trans
29625; 8/5; K_tetra
33408; 8/5; aa_permeases

Nitrilase
Glutamate receptor
Na� transporter (DDT target)
Voltage-sensitive K� channel
Bumetanide-sensitive
transporter

Nuclear regulation 30850; 18/4; SET
30850; 7/1; MYND
30322; 5/0; H15
29476; 5/1; Rad4

Protein methyltransferase
MYND finger
Histone
XP-C, DNA repair

T H E M O S Q U I T O G E N O M E : A N O P H E L E S G A M B I A E

4 OCTOBER 2002 VOL 298 SCIENCE www.sciencemag.org148



12. J. C. Venter et al., Science 291, 1304 (2001).
13. M. D. Adams et al., Science 287, 2185 (2000).
14. E. W. Myers et al., Science 287, 2196 (2000).
15. R. J. Mural et al., Science 296, 1661 (2002).
16. A mate pair is a set of two sequence reads derived

from either end of a clone insert such that their
relative orientation and distance apart are known.

17. Unitigs are sets of sequence reads that have been
uniquely assembled into a single contiguous sequence
such that no fragment in the unitig overlaps a fragment
not in the unitig. The depth of reads in a unitig and the
mate pair structure between it and other unitigs are
used to determine whether a given unitig has single or
multiple copies in the genome. We define contigs as
sets of overlapping unitigs. Unlike scaffolds, which com-
prise ordered and oriented contigs, unitigs and contigs
do not have internal gaps.

18. A nucleotide position was considered to be a SND if
the respective column of the multialignment satisfied
the following three criteria. First, two different bases
(A, C, G, T, or unknown) had to be observed, each in
at least two fragments. Second, the total number of
fragments covering the column had to be �15 [half-
way between single (10�) and double (20�) cover-
age] to reduce the frequency of false positives result-
ing from overcollapsed repeats. Third, we eliminated
all but one of a run of adjacent SND columns so that
block mismatches or (more likely) block indels (in-
sertions/deletions) were counted only once.

19. SND “balance” is the ratio of the number of frag-
ments showing the second most frequent character
in a column to the number showing the most fre-
quent character.

20. SND “association” shows, for a sliding window of 100
kb, the fraction of polymorphic columns that can be
partitioned into two consistent haplotypes. For an
SND column A of the multiple sequence alignment
and the previous such column B, each fragment
might have one of four possible haplotype phases:
AB, Ab, aB, or ab, where the upper- and lowercase
letters indicate alternative nucleotides. We say that
columns A and B are consistent if only two of these
four haplotypes are present. For the test to be non-
trivial, we require that at least two fragments be
observed with each of the two haplotype phases.

21. C. F. Aquadro, A. L. Weaver, S. W. Schaeffer, W. W.
Anderson, Proc. Natl. Acad. Sci. U.S.A. 88, 305
(1991).

22. R. Wang, L. Zheng, Y. T. Touré, T. Dandekar, F. C.
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Comparison of the genomes and proteomes of the two diptera Anopheles gambiae
and Drosophila melanogaster, which diverged about 250 million years ago, reveals
considerable similarities. However, numerous differences are also observed; some
of these must reflect the selection and subsequent adaptation associated with
different ecologies and life strategies. Almost half of the genes in both genomes
are interpreted as orthologs and show an average sequence identity of about 56%,
which is slightly lower than that observed between the orthologs of the pufferfish
and human (diverged about 450 million years ago). This indicates that these two
insects diverged considerably faster thanvertebrates. Aligned sequences reveal that
orthologous genes have retained only half of their intron/exon structure, indicating
that intron gains or losses have occurred at a rate of about one per gene per 125
million years. Chromosomal arms exhibit significant remnants of homology be-
tween the two species, although only 34% of the genes colocalize in small “mi-
crosyntenic” clusters, and major interarm transfers as well as intra-arm shuffling
of gene order are detected.

The fruit fly Drosophila melanogaster (in the
following, Drosophila) and the malaria mosqui-
to Anopheles gambiae (in the following,
Anopheles) are both highly adapted, successful

dipteran species that diverged about 250 million
years ago (1, 2). They share a broadly similar
body plan and a considerable number of other
features, but they are also substantially different
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