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The African malaria mosquito Anopheles gambiae is diversifying
into ecotypes known as M and S forms. This process is thought to
be promoted by adaptation to different larval habitats, but its ge-
netic underpinnings remain elusive. To identify candidate targets
of divergent natural selection in M and S, we performed genome-
wide scanning in paired population samples from Mali, followed by
resequencing and genotyping from five locations in West, Central,
and East Africa. Genome scans revealed a significant peak of M-S
divergence on chromosome 3L, overlapping five known or sus-
pected immune response genes. Resequencing implicated a selec-
tive target at or near the TEPT1 gene, whose complement C3-like
product has antiparasitic and antibacterial activity. Sequencing
and allele-specific genotyping showed that an allelic variant of
TEP1 has been swept to fixation in M samples from Mali and Bur-
kina Faso and is spreading into neighboring Ghana, but is absent
from M sampled in Cameroon, and from all sampled S populations.
Sequence comparison demonstrates that this allele is related to, but
distinct from, TEP1 alleles of known resistance phenotype. Experi-
mental parasite infections of advanced mosquito intercrosses dem-
onstrated a strong association between this TEP1 variant and
resistance to both rodent malaria and the native human malaria
parasite Plasmodium falciparum. Although malaria parasites may
not be direct agents of pathogen-mediated selection at TEPT in
nature—where larvae may be the more vulnerable life stage—the
process of adaptive divergence between M and S has potential
consequences for malaria transmission.

ecological speciation | malaria vector | population genomics | thioester
immune gene

Ecologically based divergent selection drives adaptive pheno-
typic variation and biological diversification (1, 2). However,
the underlying genetic differences and often the specific adaptive
traits they control are little known (1, 2). In cases where candidate
gene and quantitative trait mapping approaches are unfeasible,
population genomics provides a powerful tool to identify the ge-
netic targets of divergent selection pressure, and thereby the
adaptive traits themselves (2, 3). Population genomic surveys are
expected to reveal elevated differentiation between populations
and reduced sequence diversity within populations, around genes
involved in local adaptation (4, 5).

Anopheles gambiae represents a particularly relevant study
system, given its medical importance as a main vector of human
malaria in Africa and its subdivision into sympatric ecotypes
(termed M and S forms) (6, 7). The M and S forms cannot be
distinguished morphologically or by other specific phenotypic
traits. However, general ecological differences are known (8-11).
The S form breeds in small ephemeral pools and puddles across
sub-Saharan Africa, whereas the M form exploits larger, more
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stable breeding sites closely associated with agricultural or urban
activity in West and Central Africa. Moreover, recent field studies
have suggested fitness tradeoffs apparently related to the stability
of their respective breeding sites (12, 13). The S form develops
more rapidly and outcompetes M in predator-free space, but the
M form is superior at predator avoidance, as expected in an
ecotype adapted to longer-lived habitats.

Here, we have used a high-resolution population genomics ap-
proach to survey potential genic targets of divergent natural se-
lection between M and S forms in Mali. By targeted resequencing
and allele-specific genotyping of a candidate region on chromo-
some 3L from multiple geographic locations in Africa, we reveal
a variable spatial pattern of adaptive divergence within and be-
tween these emerging species. Candidate gene analysis and sub-
sequent phenotypic association implicate pathogen-mediated
selection acting on the innate immunity gene, TEPI, as a factor
contributing to adaptive divergence of M and S.

Results and Discussion

We used a gene-based oligonucleotide microarray with a density
of approximately one marker every 2 kb to map divergence be-
tween M and S. Using 10 sympatric M- and S-form mosquitoes
sampled from Mali, we identified four regions of significantly
elevated differentiation on homosequential chromosome arms,
three of which were adjacent to centromeres on chromosomes X,
2, and 3 (14). The imputation of pericentromeric genes in re-
productive or ecological isolation between M and S is compli-
cated by low sequence diversity and reduced recombination
characteristic of centromere-proximal regions (14, 15), prompting
us to concentrate follow-up effort on the fourth region, encom-
passing ~100 kb on chromosome arm 3L, ~11 Mb from the
centromere (Fig. 1). Of the five genes predicted within this region,
four (TEPI, TEP3, TEPI10, and TEPII) belong to the thioester-
containing protein family implicated in An. gambiae innate im-
munity (16, 17). The fifth, AGAP010817, encodes an unknown
protein, potentially also playing a role in immunity on the basis of
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Fig. 1. Genomic microarray analysis of M-S divergence on chromosome 3L
in Mali. A peak of significant differentiation spanning ~100 kb was detected
at ~11 Mb from the centromere (cen), below which five genes are predicted,
four belonging to the TEP immune gene family. Orientation of the coding
strand (5'-3’) is indicated by boxes, above or below the horizontal line,
which enclose the number of SFPs detected per gene.

its predicted peroxidase, CUB (complement Clr/Cls, Uegf,
Bmpl), and low-density lipoprotein receptor domains.

To further explore this pattern of genetic variation on 3L in
a larger geographic framework, we performed targeted rese-
quencing of additional M and S sampled from the same Mali
population and three other locations: Burkina Faso, Ghana, and
Cameroon (Table S1). Portions of nine genes were sequenced
from 32 to 73 mosquitoes per form: three candidate genes
(TEPI1, TEP3, and AGAP010817) from within the region of el-
evated divergence, and six reference (control) genes outside and
flanking it (three on each side) (Table S2).

Concordant with the microarray results, sequence divergence
between M and S was significantly higher in Mali (and Burkina
Faso) in candidate genes than in flanking reference genes (Fig. 24
and Tables S3, S4, and S5). By contrast, interform divergence was
indistinguishable between these gene classes in Ghana and Came-
roon samples, suggesting that the geographic scope of sequence
divergence in this genomic region is limited. Population-pairwise
comparisons between geographic sites reinforced this observation.
Only between Mali or Burkina Faso versus other sites, were can-
didate genes strongly differentiated relative to reference genes, and
only in M form samples. In S, differentiation was uniformly low for
both gene classes, regardless of geography (Fig. 2B).

Consistent with a selective sweep (the rapid fixation of a bene-
ficial mutation and linked variants) in M populations from Mali
and Burkina Faso, sequence polymorphism was reduced 5-16-fold
in candidate versus reference genes from these samples (Table
S6). Reduced diversity was not observed in S. A commonly applied
statistical test of significant departure from neutral evolution
(Hudson—Kreitman-Aguadé, HKA; ref. 18) evaluates within-
species diversity to between-species divergence from an outgroup,
with the null expectation that these levels should be correlated and
their ratio equivalent across loci. This test can be difficult to apply
in An. gambiae, due to the dearth of outgroups that are sufficiently
closely related yet without extensive shared polymorphism (19).
The best available option was the sibling species Anopheles melas;
gene trees incorporating sequences from An. gambiae and An.
melas are reciprocally monophyletic, suggesting that shared poly-
morphism is minimal (19, 20). A multilocus maximum-likelihood
implementation of the HKA test (21) was used to compare the
likelihood of two alternative models, in which (i) reference and
candidate genes are neutral or (if) candidate genes are subject to
selection. By likelihood ratio test, reduced diversity relative to
divergence was highly significant in Mali and Burkina Faso for M
candidate genes (Table S7). Notably, among the three candidate
genes surveyed, maximume-likelihood estimates of the selection
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Fig. 2. Geographically restricted natural selection in the M form. (A)
Country-specific plots of within-form nucleotide diversity (r, Right y-axis)
and between-form divergence (Fst, Left y-axis), at surveyed candidate and
reference genes. (B) Within-form divergence between population pairs, at
candidate and reference genes. Brackets and asterisks denote statistically
significant contrasts between candidate and reference genes in the M form.
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parameter (k) were most extreme at the TEPI gene, prompting
further investigation of this gene.

Like its C3 vertebrate homolog, TEP1 is a complement-like
opsonin whose binding triggers killing, via phagocytosis of bac-
teria or lysis/melanization of the malaria parasites Plasmodium
berghei and Plasmodium falciparum (17, 22-24). Recently, allelic
variants of TEPI from An. gambiae laboratory strains refractory
to P. berghei were directly implicated in enhanced lysis and
melanization of parasites (22), owing to faster binding kinetics
relative to alleles in susceptible strains (25). Corresponding
TEPI alleles (TEPIr and TEPIs) also segregate in natural pop-
ulations of An. gambiae and its sibling species Anopheles ara-
biensis (26, 27). The majority of substitutions between these
highly divergent alleles are found in the thioester binding domain
(TED) where our TEPI sequence survey was focused. To com-
pare the M- and S-form TEPI sequences obtained in this study
with previously reported TEPIr and TEPIs alleles from natural
populations and laboratory colonies (22, 26, 27), we performed
a multiple sequence alignment on the basis of amino acid
sequences deduced from the TED region (abridged in Fig. 3, for
clarity). Inspection of the alignment revealed the coexistence of
both resistant (TEPIr) and susceptible (TEPIs) allelic classes in
all four of our S populations and in our M populations from
Ghana and Cameroon, a factor contributing to high overall di-
versity at this gene in pooled (TEPIr and TEPIs) samples (26,
27) (Fig. 24 and Table S2). Although the co-occurrence of
TEPIr and TEPIs alleles was expected (e.g., ref. 27), a distance-
based gene tree showed that within the larger cluster of TEPIr-
like resistant alleles, were two distinctive subclusters, referred to
here as TEPI¥* and TEPI/” (Fig. 3 and Fig. S1). The TEPIr"
and TEPI” subclusters differ by five fixed (or nearly fixed)
amino acid replacements caused by six nonsynonymous nucleo-
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Fig. 3. Three allelic classes at the TEPT locus. Amino acid alignment based
on the TED region of TEP1 shows only variable positions, numbered fol-
lowing ref. 22 for a subset of available sequences. Shading highlights amino
acid differences within and between allelic classes, which are separated by
a horizontal black line and labeled at Right (s, TEPTs; r*, TEP1r*; and r&,
TEP1r®). Allele designations at Left refer to sequences from laboratory
strains (L3-5, Mali-NIH, 4Arr, PEST, and G3) or from the field. Alleles from the
field are labeled by geographic origin (GH, Ghana; BF, Burkina Faso; ML,
Mali; CM, Cameroon; and KN, Kenya) followed by molecular form (M, M
form and S, S form) or by author (Obb, Obbard et al.; ref. 27).
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tide substitutions. Alleles within both subclusters have been pre-
viously recorded (22, 27), but neither the partitioning of sequence
variation between subclusters nor their differential distribution
between molecular forms of An. gambiae was appreciated. The
TEPI** subcluster contains the phenotypically resistant allele from
the 4Arr laboratory strain (named Tepl *R2; ref. 22), as well as all
TEPIr alleles sampled by Obbard et al. (27) from An. gambiae
natural populations in Cameroon and Kenya. This TEPI* sub-
cluster also contains all TEPIr alleles sampled from the S form in
the present study and a subset of those sampled from the M form,
from Ghana and Cameroon. The TEPI/* subcluster contains only
M-form alleles, found only in M sampled from Mali, Burkina Faso,
and Ghana. This TEPI7” subcluster also contains the allele segre-
gating in the M-form Mali-NIH strain and alleles sampled (exclu-
sively) from Burkina Faso by Obbard et al. (27), but that study did
not distinguish between M and S forms. Obbard et al. (27) em-
phasized recombination between TEPI and other TEP loci, as well
as between TEPIr and TEPIs, as a likely force contributing to the
evolution of TEPI. Consistent with this idea, possible re-
combination tracts are evident between TEPIr' and TEPIs, and
between TEPI/! and TEPI/® (the L3-5 TEPI*RI allele) in Fig. 3.
The same TEPIr!/s recombinant alleles reported by Obbard et al.
(27) from Mt. Cameroon also were sampled broadly in the present
study, albeit at low frequency.

Although not definitive, two lines of evidence point to TEPI/®
as a target of positive natural selection, as proposed previously
for TEPIr*. Whereas nucleotide diversity in TEPIs matches the
genomewide average (n ~ 1%; ref 26), it is sharply lower for both
TEPIr subclasses (TEPIF, n ~ 0.068%; TEPI/”, n ~ 0.095%)
(Fig. S2). Additionally, nonneutral protein evolution between
TEPI¥* and TEPI/” allelic subclasses is suggested by the results
of a test analogous to that of McDonald and Kreitman (ref. 27;
polymorphic sites: 2 nonsynonymous (ns), 7 synonymous (s);
fixed sites: 6 ns, 0 s; P = 0.007).

To examine the geographic distribution of the TEPI alleles in
more detail, allele-specific primers were used to genotype addi-
tional An. gambiae and An. arabiensis from the same four
countries and Tanzania (Fig. 4 and Fig. S3). On the basis of
combined sequence and genotype evidence, the TEPI/Z class is
almost exclusive to the M form (one TEPI/® allele was found
among 918 S-form chromosomes sampled; Table S8). Appar-
ently TEPI/® has been swept to fixation in Mali and Burkina
Faso in M, but is absent outside of West Africa. Very recent gene
flow of TEPI/” into Ghana populations of M is likely: all three

Cameroon

Tanzania

Fig. 4. Geographic structure of allelic variation at TEP1. Frequency of TEP1s
(s, blue), TEP1rA (r*, red), and TEP1/2 (18, green) alleles of 1,370 chromosomes
sampled in M and S from the indicated countries in Africa. Numbers within
pie graphs represent chromosomes sampled per form in each country.
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Fig. 5. The TEP1/? allele increases mosquito resistance to Plasmodium. (A)
An. gambiae—P. berghei: Number of live oocysts per midgut and mean
(central bar) + SE, P < 0.0001. (B) An. gambiae-P. berghei: Number of mel-
anized ookinetes per midgut and mean (central bar) + SE, P < 0.0001. (C) An.
gambiae-P. falciparum: Number of live oocysts per midgut and mean (cen-
tral bar) + SE, P < 0.01.

TEPI#/s mosquitoes were heterozygous for a larger haplotype
block (>13 kb) in which TEPI/® was in complete linkage dis-
equilibrium with a CR1 retrotransponson inserted between
TEPI and TEP3 (Materials and Methods), and SNPs in TEP3.
The TEPIs class predominates, but co-occurs with TEP1I! in all
S populations sampled, in M from Ghana and Cameroon, and in
An. arabiensis (Table S8). The relative contributions of balancing
and directional selection in the maintenance of the TEPIs/r
polymorphisms in these populations cannot be determined from
our data, but is a prime topic for future studies.

The resistance phenotype of the TEPI/® allele has not been
studied. To associate a phenotype with the TEPI® allelic class,
we crossed two An. gambiae M colonies fixed for TEPIY® (Mali-
NIH) or TEPIs (Yaoundé). Using a set of sixth-generation ad-
vanced intercross progeny from reciprocal F; crosses to ensure
recombination between the different genetic backgrounds, we
bloodfed mosquitoes on mice infected with P. berghei. Ten days
after bloodfeeding, the number of live and melanized oocysts was
counted and TEPI was genotyped in each mosquito. As no
qualitative differences were observed between the reciprocal
crosses, results were combined. TEPI genotype explained a large
percentage of variance in infection intensity (21% in the case of
live oocysts, Fig. 54; 13% in the case of melanized ookinetes,
Fig. 5B). Parasite burdens were lowest in TEPI7%//® mosquitoes,
intermediate in TEPI/®/s, and heaviest in TEPIs/s. Importantly,
96% of mosquitoes with no live oocysts (n = 81), and 100% with
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exclusively melanized parasites (n = 48), had at least one TEPI/®
allele (Fig. S4).

As the P. berghei-An. gambiae laboratory model is a combi-
nation not found in nature, we extended our phenotypic analysis
of the TEPIr® genotype to An. gambiae infected with the human
malaria parasite it normally transmits, P. falciparum. Our ex-
perimental design was identical, except that Fg rather than Fg
mosquitoes were analyzed. During these crosses, TEPI/® allele
frequency decreased rapidly in successive generations (Materials
and Methods), leaving only heterozygotes and TEPIs homo-
zygotes for analysis by Fg. Concordant with results for P. berghei,
P. falciparum oocyst burden was significantly lower in TEPI/%/s
heterozygotes versus TEPIs homozygotes (Fig. 5C). These
results strongly suggest that TEPI/® or something very closely
linked to it, acts in a semidominant but nonspecific manner to
mediate increased mosquito resistance to both native and non-
native Plasmodium species.

Considering the key role of TEP1 in a generalized antimi-
crobial and antiparasitic response (17), adaptation at TEPIr in
An. gambiae is most likely driven by pathogen pressure. Although
the resistance phenotypes of TEPI/® and TEPIr' have never
been compared directly in the laboratory, the recent selective
sweep of TEPIr” into West African populations of M suggests an
advantage for this derived allele over both TEPIs and TEPI/!
under field conditions experienced by the M form. The absence
of TEPI® from Cameroon populations of M is plausibly due to
restricted gene flow between West and Central African pop-
ulations of this form (28, 29), as reinforced in this study by higher
differentiation of reference genes in contrasts involving Came-
roon (Fig. 2B), but also could entail spatially varying selection.
One explanation for the near absence of TEPI/” in the S form is
restricted gene flow, although it may also be the case that the
pathogen community in the more permanent bodies of water in
which M larvae develop present different challenges than those
faced by S-form larvae. Previous evidence indicates that An.
gambiae larval fitness can be drastically reduced by naturally
occurring pathogens (30, 31), suggesting that pathogen pressure
at the larval stage may be an even more potent selective force
than immune challenges faced by adults.

In mediating antiparasite activity in the mosquito hemolymph,
TEP1 does not act alone. In fact, the mature TEP1 protein must
physically interact with two leucine-rich repeat proteins (APL1
and LRIM1) encoded by genes on an independent chromosome,
2L (32, 33). Thus, efficiency of parasite binding and killing may
be a function of polymorphisms in TEP1 itself, and/or in APLI,
LRIMI, or other proteins that control its function. However, the
gene array-based scans performed here did not reveal M-S di-
vergence at LRIM1 and are not informative about divergence at
APLI, as unique probes targeting the APLI genes are either
absent or underrepresented on the microarray.

In the context of ecological speciation, our study offers an ex-
ample of how a bottom-up genomics approach can be used to gain
insight into the genetic basis of adaptive traits without prior
knowledge about their phenotypic affects. Our results also high-
light the public health implications of ecological speciation within
An. gambiae. In the process of adaptive divergence, aspects of
physiology and behavior may change in ways that potentially im-
pact vectorial capacity—with consequences for malaria epidemi-
ology and control.

Materials and Methods

Mosquito Collections. Indoor resting mosquitoes were sampled from various
locations (Table S1) by insecticide spray sheet collection and morphologically
identified as An. gambiae sensu lato (34).

DNA Methods and Analysis. DNA was isolated from individual carcasses using

the DNeasy Extraction kit (Qiagen). Sibling species and molecular forms were
identified using diagnostic rDNA-PCR assays (35, 36). For microarray hybrid-
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izations, fluorescently labeled genomic DNA samples from 10 M-form and 5
S-form An. gambiae from southern Mali were individually hybridized to 15
Affymetrix Anopheles/Plasmodium GeneChips, as described (37) (SI Materials
and Methods). To test for significant clustering of single feature poly-
morphisms (SFPs), a sliding window analysis was performed with window and
step sizes of 300 and 20 probes, respectively. Separately by chromosome arm,
each window was tested (Xz) for an excess of SFPs compared with the number
expected, on the basis of the arm-specific frequency of significant probes,
evaluated after Bonferroni correction (dashed line in Fig. 1). For sequence
determination, PCR products amplified from genomic DNA template of single
mosquitoes (S/ Materials and Methods) were directly sequenced on both
strands, using an Applied Biosystems 3730x|I DNA Analyzer and Big Dye Ter-
minator v3.1 chemistry. Sequences of AGAP10764 and AGAP10969 sampled
from Mali were previously determined on the basis of primers and protocol
given in ref. 14. For other genes, primers targeting exons (Table S9) were
designed for this study using Primer3 (38) and custom synthesized. Sequences
have been deposited in GenBank (GU394083-GU394938). Summary statistics
of diversity and divergence were measured using DnaSP 4.20.2 (39). Signifi-
cance values for Fsr and Tajima’s D were determined by conducting 10,000
coalescent simulations in Arlequin 3.1 (40) and DnaSP, respectively. HKA tests
(18) were performed using divergence to An. melas. For heuristic purposes,
two alternative outgroups also were used: a sympatric sample of the S form
and An. arabiensis. A maximum-likelihood implementation of the HKA test
was performed using maximume-likelihood (ML) HKA (21) as described (14).
Amino acid alignment was performed using MUSCLE. Phylogenetic inference
was based on residues 891-1258 of TEP1, performed within Mega4 (41) using
the neighbor-joining method (42) and evolutionary distances inferred from
the Jones, Taylor, Thornton (JTT) matrix-based method (43). A test of neutral
protein evolution analogous to the McDonald and Kreitman test (44) was
performed following ref. 27, after removing recombinant sequences.

Allele-Specific PCR Genotyping of TEP1. We designed primers to distinguish
the TEPTs, TEP1r*, and TEP1/® alleles by exploiting fixed nucleotide differ-
ences between them (Fig. S3 and S/ Materials and Methods), using the ar-
tificial mismatch technique (45) in which primers carry an intentional
mismatch to the target, three nucleotides from the 3’ end. Primers were
validated on previously sequenced specimens and then applied to additional
field and laboratory specimens (Table S9).

Crosses. Reciprocal crosses, initiated with ~150 virgins of each sex, were
performed between M-form colonies homozygous for TEP1s (Yaoundé) or
TEP1/® (Mali-NIH), as determined by sequencing. Fq's were intercrossed, as
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were the next four generations. Three groups of at least 100 Fg specimens
from both crosses were fed on mice infected with the GFP-expressing P.
berghei strain PbGFPcoy (46). Nonbloodfed females were removed the next
day and the number of live and melanized oocysts was counted from all
remaining female mosquitoes after 10 d. Following dissection, DNA extrac-
tion from a leg of each specimen was performed following ref. 47. Allele-
specific genotyping at TEPT was performed with 10 pL of template DNA. The
percentage of variance in both infection intensity and melanization
explained by TEP genotype was calculated using linear regression. P. falci-
parum infections with the ND37 clone of the NF54 isolate (likely of African
origin) followed the above protocol except that infected human blood was
introduced to 100 Fg mosquitoes of each cross via membrane feeder.

The TEP1/® allele decreased in frequency as both intercrosses progressed.
Under laboratory conditions, the cost of maintaining the allele appears to
outweigh any immune benefits. In nature, the immune benefits of carrying
TEP1r® in pathogenic larval environments may override any intrinsic costs.
Alternatively, decline of the allele in our crosses may be due to negative
epistasis between TEP1r® (or tightly linked variants) and mutations in the
Yaoundé colony.

Structural Differences. Mali-NIH contains only TEP1r® and Pimperena S con-
tains TEP1s and TEP1* alleles. Sequence alignments of the M, S, and PEST
strain in the five-gene region of divergence on 3L revealed an insertion
present in M and PEST, but not S. In PEST, which like M (Mali-NIH) contains
the TEP1/® allele, the insertion is annotated as a 2.7-kb CR1 retrotransposon.
This transposable element (TE) is located in genomic coordinates 11,209,718-
11,212,323 in the intergenic distance between TEPT and TEP3, ~3 kb up-
stream of TEPT and ~3 kb downstream of TEP3. Due to the length of the TE,
we designed alternative sets of primers to genotype its presence/absence in
two separate PCR reactions, following ref. 48 (S Materials and Methods).
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