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a b s t r a c t
Human malaria causes nearly a million deaths in sub-Saharan Africa each year. The evolution of drugresistance in the parasite and insecticide resistance in the mosquito vector has complicated control measures and made the need for new control strategies more urgent. Anopheles gambiae s.s. is one of the primary vectors of human malaria in Africa, and parasite-transmission-blocking vaccines targeting
Anopheles proteins have been proposed as a possible strategy to control the spread of the disease. However, the success of these hypothetical technologies would depend on the successful ability to broadly
target mosquito populations that may be genetically heterogeneous. Understanding the evolutionary
pressures shaping genetic variation among candidate target molecules offers a ﬁrst step towards evaluating the prospects of successfully deploying such technologies. We studied the population genetics of
genes encoding two candidate target proteins, the salivary gland protein saglin and the basal lamina
structural protein laminin, in wild populations of the M and S molecular forms of A. gambiae in Mali.
Through analysis of intraspeciﬁc genetic variation and interspeciﬁc comparisons, we found no evidence
of positive natural selection at the genes encoding these proteins. On the contrary, we found evidence for
particularly strong purifying selection at the laminin gene. These results provide insight into the patterns
of genetic diversity of saglin and laminin, and we discuss these ﬁndings in relation to the potential development of these molecules as vaccine targets.
Ó 2013 Elsevier B.V. All rights reserved.

1. Introduction
Mosquito-stage, transmission blocking vaccines have been proposed as an alternative novel technology for blocking transmission
of human malaria parasites (Carter and Chen, 1976; Gwadz, 1976;
Barreau et al., 1995; Brennan et al., 2000). The logic of this technology is that mosquito proteins essential for parasite development
could be targeted, for example by human derived antibodies, and
blocked such that transmission is halted within the mosquito. In
the case of mosquito midgut receptors exploited by the ookinete
stage of the parasite, anti-receptor anti-bodies delivered in the
bloodmeal could directly compete with and inhibit parasite development, while anti-salivary gland receptor anti-bodies will have to
be delivered to the mosquito through bloodmeals subsequent to
the initial exposure (Brennan et al., 2000; Lavazec and Bourgouin,
2008). At the heart of this hypothetical technology is the assumption
that the vaccine target (i.e. mosquito proteins) can be easily identi⇑ Corresponding author. Present address: Department of Integrative Biology,
University of California, Berkeley, CA, USA
E-mail address: j.crawford@berkeley.edu (J.E. Crawford).
1567-1348/$ - see front matter Ó 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.meegid.2013.01.006

ﬁed and blocked by antibodies, but genetic variation segregating in
natural populations could result in a heterogeneous molecule population that is difﬁcult to target. Such genetic variation could be neutral with respect to natural selection or it could adaptively evolving,
including through selection to resist parasite establishment. Substantial traction has been made in identifying potential target molecules within the mosquito, but most of that work has relied on
genetically inbred lab strains of both mosquito and the parasite
(Brennan et al., 2000; Arrighi et al., 2005; Saul, 2007; Dinglasan
and Jacobs-Lorena, 2008), providing little information on potential
genetic heterogeneity and its consequences in nature. Understanding the evolutionary pressures shaping genetic variation among candidate target molecules offers a ﬁrst step towards evaluating the
prospects of successfully deploying such technologies.
The suggestions that pathogen-related selection pressures are
likely to drive host evolution date back 100 years (Biffen, 1905;
Haldane, 1949; Lederberg, 1999). As one of the most permissive
and common vectors of the human malaria parasite Plasmodium
falciparum, Anopheles gambiae sensu stricto is a good candidate for
experiencing such selection. Several non-immune mosquito proteins directly interact with the developing malaria parasite and
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are in some cases required for successful parasite tissue invasion
and development. One of the ﬁrst Anopheles proteins shown to
interact directly with both ookinete and oocyst stages of Plasmodium parasites is laminin, a component of basal laminae in the
mosquito, including the one surrounding the midgut (Adini and
Warburg, 1999; Vlachou et al., 2001; Arrighi and Hurd, 2002; Dessens et al., 2003). Subsequent studies of laminin suggest that this
protein may act as a trigger for the transition from ookinete to oocyst development, or even as a protective coating that masks the
parasite from immune detection (Arrighi et al., 2005; Warburg
et al., 2007). Further evidence for the intimate and perhaps protective role of laminin was provided by the observations that laminin
becomes localized within the oocysts and sporozoites, and it is
incorporated into the oocyst capsule (Nacer et al., 2008).
A second host protein, saglin, plays a crucial role in parasite
localization and invasion of the salivary glands through a receptor-ligand interaction with the Plasmodium TRAP protein (Brennan
et al., 2000; Korochkina et al., 2006; Okulate et al., 2007; Ghosh
et al., 2009). P. falciparum invasion of the salivary gland is inhibited
when saglin is blocked with either antibody interference or receptor saturation by SM1, a short peptide whose physical conformation resembles TRAP (Brennan et al., 2000; Ghosh et al., 2001,
2009). Moreover, point mutations in TRAP completely abrogate
gland invasion (Matuschewski et al., 2002). Population genetic
analysis of Plasmodium falciparum and Plasmodium vivax suggests
adaptive maintenance of variation, especially in the A-domain that
binds to saglin (Weedall et al., 2007; Barry et al., 2009).
Based on the evidence that laminin and saglin mediate Plasmodium infection in Anopheles, we hypothesized that these proteins
may be under pathogen-related selection pressure. It should be
noted that, while we hypothesize that Plasmodium may be a selectively driving force, it is in practice difﬁcult to identify the proximal
agent of selection. Nonetheless, the potential effects of selection on
potential vaccine targets has important implications regardless of
the agent of selection. To elucidate the selective history of the saglin
and laminin genes, we sequenced alleles sampled from wild populations of the two incipient species of A. gambiae, the M and S molecular forms from Mali. We analyzed patterns of intraspeciﬁc
polymorphism and divergence at these loci but found no signiﬁcant
evidence for adaptive evolution at these loci in either population.
2. Materials and methods
2.1. Mosquito samples
Anopheles gambiae individuals were collected inside dwellings
from the villages of Bancoumana and N’gabakoro Droit outside
the Malian capital city, Bamako (12°390 N 8°00 W), and an additional
collection was drawn from Toumani-Oulena, Mali (10°830 N
7°810 W). In Mali and much of West Africa, A. gambiae is largely
composed of two populations that are deﬁned by ﬁxed differences
in rDNA on the X chromosome (Lehmann and Diabate, 2008). The
M/S molecular form of each individual mosquito was determined
using the PCR diagnostic developed by Favia et al. (2001). Of the
mosquitoes sampled from Bancoumana, four were M form and
11 were S form. All mosquitoes sampled from N’gabakoro Droit
were M form (n = 10), and all Toumani-Oulena individuals were S
form (n = 7). Anopheles merus DNA from mosquitoes of the OPHANSI colony was obtained from MR4.
2.2. DNA extraction, PCR and sequencing
DNA was extracted from the mosquitoes using DNeasy kits
(Qiagen) under slight modiﬁcations to the manufacturers’ suggested protocols. PCR primers were designed based on the pub-

lished A. gambiae genome sequence (Holt et al., 2002). Each gene
was ampliﬁed from genomic DNA using iProof high ﬁdelity DNA
Polymerase (BioRad). PCR products were run out on a 1% agarose
gel and the product fragments were excised and puriﬁed using
the PureLink gel extraction kit (Invitrogen). Adenosine tails were
added to the puriﬁed products by incubating for 20 min at 72 °C
with PCR buffer, dATP and Taq polymerase. Products were then
cloned using the TOPO XL cloning kit (Invitrogen). Colonies to be
sequenced were grown overnight at 37 °C in liquid Luria–Bertani
broth supplemented with 20 mg/ml kanamycin, and the plasmids
were isolated using the Qiaprep spin miniprep kit (Qiagen). The
products were then sequenced directly from the plasmids using
the BigDye Terminator Cycle Sequencing Kit v3.1(ABI). The sequences were assembled using Sequencher (Gene Codes Corp.)
and CodonCode Aligner (CodonCode Corp.). Only one of the two alleles at each gene was sequenced from any given mosquito in the
study. All sequences have been deposited into Genbank under
accession numbers KC438305–KC438359.
To control for sequencing error, all singleton polymorphisms
were veriﬁed by re-ampliﬁcation and direct sequencing of heterozygous PCR products. The entire gene was ampliﬁed from genomic
DNA using iProof high ﬁdelity DNA Polymerase (BioRad) and this
full-length amplicon was then used as template in a secondary
PCR using internally nested primers to robustly amplify the gene
region containing the singleton to be validated. Unincorporated
primers and dNTPs were inactivated from these secondary ampliﬁcation products by incubation with ExoI and SAP (both manufactured by USB), and ampliﬁcation products were then sequenced
using the BigDye Terminator Cycle Sequencing Kit v3.1(ABI). To
further avoid errors stemming from homopolymers, we deleted
all homopolymer sequences from the alignment.
2.3. Loci analyzed
We analyzed the SAG locus (AGAP000610), which is X-linked,
and LANB2 (AGAP007629), which is found on the distal tip of chromosome 2L. Both loci were surveyed in the Bancoumana and
N’gabakoro Droit populations, but only SAG sequences were generated from the Toumani-Oulena population. The original predicted
exon structure of SAG was reannotated in a subsequent genome release as reﬂected in Ensemble, removing a predicted intron leaving
a single coding sequence (Brennan et al., 2000). However, to be certain, we obtained cDNA from live A. gambiae females and directly
sequenced SAG transcripts to identify prospective intron boundaries. We used the same PCR, cloning, and sequencing conditions
and reagents described above, using ﬁrst-strand cDNA from whole
mosquitoes as template in the PCR reaction. After aligning the
cDNA sequence to the Agam PEST reference sequence, we identiﬁed a single 175 basepair (bp) intron beginning at position 1007
of the coding sequence, consistent with the original Ensemble
annotation prior to the re-annotation based on short peptide mapping (Brennan et al., 2000). According to our sequencing results,
the ﬁnal saglin protein is predicted to be 374 amino acids in length,
and for the analyses here, we assumed that the putative 175 bp intron is non-coding and analyzed the sequence accordingly. For
LANB2, we analyzed the genomic region according to the exon
structure annotated in Vectorbase (www.vectorbase.org).
2.4. Population genetic analysis
Measures of nucleotide diversity estimated from the average
number of differences between haplotypes (p) and the number
of polymorphic sites (hW) were calculated on synonymous and
nonsynonymous sites alone as well as on all sites combined using
DnaSP version 5 (Librado and Rozas, 2009). Three neutrality tests
that emphasize different features of the data including Tajima’s D
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(Tajima, 1989), a normalized version of Fay and Wu’s H (Fay and
Wu, 2000; Zeng et al., 2006), and Ewens-Watterson’s haplotype
homozygosity statistic (EW) were calculated using a program provided by K. Zeng. Tajima’s D detects signiﬁcant excesses of rare
SNPs or intermediate frequency SNPs, normalized H detects excesses of high-frequency derived SNPs, and EW detects excess
homozygosity between haplotypes, all of which are deviations
from the neutral equilibrium model expected under a hitchhiking
model of positive selection. Three compound statistics (DH, HEW,
DHEW) that combine the p-values of these neutrality tests were
also calculated. These compound statistics were developed to take
advantage of each of the features from the different neutrality tests
and are more robust to confounding factors such as demography
and background selection (Zeng et al., 2006, 2007a, b). The statistical signiﬁcance of the neutrality tests and compound statistics
was evaluated through comparisons to 105 neutral coalescent simulations without recombination conditioned on the sample size
and hW estimated from the data conducted using the program from
K. Zeng. The assumption of no recombination is conservative for
tests based on the site frequency spectrum and has little impact
on the compound test statistics (Zeng et al., 2007a).
We also used tests to identify patterns of potentially adaptive
rates of evolution at nonsynonymous sites as would be expected
under a model of repeated episodes of historical positive selection
at these genes. First, we applied the McDonald-Kreitman test
(McDonald and Kreitman, 1991) within DnaSP using A. merus as
an outgroup and evaluating signiﬁcance using Fisher’s exact test.
For SAG, we applied this test ﬁrst to SAG alone then to all three
genes in the sequenced region (SG1–2, SAG, gSG1a). We also calculated the ratio of evolutionary rates at nonsynonymous to synonymous sites (Ka/Ks) within DnaSP using A. merus for estimates of
divergence. This ratio is expected to equal one under a completely
neutral model and to be greater than one when positive selection
has caused repeated adaptive evolution. However, purifying selection often acts to conserve amino acid state such that the rate of
substitutions at nonsynonymous sites tends to be much lower than
that of synonymous sites. As such, Ka/Ks is often less than one when
considering an entire gene or gene region due to the widespread
effects of purifying selection at most positions. Thus, the Ka/Ks test
is conservative. To circumvent the obscuring effects of purifying
selection, we used a sliding window approach to localize any potential cluster of rapidly evolving sites. For both datasets, we used
a window size of 1200 basepairs (bp) with a step size of 500 bp.

3. Results
3.1. Saglin
To test the hypothesis that saglin (SAG) has experienced recent
positive selection, we sequenced alleles of this gene from the M
and S molecular forms of A. gambiae. We sequenced a 3.7 kilobase
(kb) region that includes the SAG gene as well as 1.6 kb of sequence
upstream and 0.8 kb of sequence downstream of the SAG coding region, and used population genetic analyses to probe patterns of inter- and intra-species genetic variation. Saglin is one of several
members of the SG1 protein family of salivary gland proteins arrayed on the X chromosome (Arcá et al., 1999, 2005; Lanfrancotti
et al., 2002), and in addition to SAG, we captured the complete coding sequence of SG1–2 (upstream of SAG) and partial coding sequence of the downstream paralog gSG1a within our 3.7 kb
sequenced region. Across the entire region, nucleotide diversity is
low in both populations, consistent with the expectations of low
diversity on the X chromosome in A. gambiae (Cohuet et al.,
2008). Analysis of each paralog and the intergenic regions separately revealed that diversity is approximately equal across the se-
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quence except at SAG and the upstream intergenic region (data not
shown). Nonsynonymous diversity is particularly rare at the SAG
gene in these populations. The ratio of nonsynonymous to synonymous nucleotide diversity (pa/ps) is 0.059 in the M form population and 0.096 in the S form population. In contrast, this ratio
equals approximately 0.5 in both populations for SG1–2, the paralog only 300 bp upstream. If we assume that the mutation rate is
not especially low at SAG since diversity at synonymous sites is
comparable across the region, the relatively low pa/ps at this locus
implies particularly strong effects of purifying selection acting on
this protein.
The process of genetic hitchhiking that affects genetic variation
linked to a positively selected site in a population modiﬁes linked
nucleotides in a number of hallmark ways, including increase in
the physical scale of observed linkage disequilibrium (LD) and
shifts in the site-frequency spectrum at polymorphic sites (Maynard Smith and Haigh, 1974; Braverman et al., 1995; Przeworski,
2002). Statistical tests have been developed to detect such genomic
footprints (Tajima, 1989; Fay and Wu, 2000; Kim and Stephan,
2002). To test for the presence of hitchhiking at SAG, we used a
compound statistic, HEW (Zeng et al., 2007b), that combines a
site-frequency spectrum based test, Fay and Wu’s H (Fay and
Wu, 2000), and a haplotype-based test, EW (Watterson, 1978).
We are speciﬁcally aiming to detect scenarios where genetic hitchhiking has resulted in an excess of high-frequency derived variants
and an increase in haplotype structure. When we applied this test
to the entire sequenced region, we found that patterns of genetic
variation in the M form were consistent with neutrality (HEW:
p = 1.0), but the S form harbored patterns of variation that nearly
signiﬁcantly departed from the neutral expectation in the composite tests (HEW: p = 0.0507) and could reﬂect the effects of recent
positive selection. This S form signal appears to be driven largely
by an increase in haplotype structure that is unexpected under a
neutral model, although not signiﬁcantly so (EW = 0.2089,
p = 0.0712; Table 1). Scanning this region using a sliding-window
approach to localize the signal indicated that genetic variation
downstream of SAG, including part of gSG1a, harbors the most signiﬁcant deviations from neutrality (HEW: uncorrected p = 0.0267).
The windows that include SAG and SG1–2 do not reject the neutral
model (HEW: p > 0.05; Fig. 1).
We applied the McDonald-Kreitman test to these data to test for
the signature of historical selection using A. merus as an outgroup
species and found no evidence for an excess of nonsynonymous
ﬁxed differences in either population (M form p = 0.4892; S form
p = 0.2757; Table 2). A comparison of the rates of substitution at
nonsynonymous and synonymous sites (Ka/Ks) yielded Ka/
Ks = 0.250 for the S form and Ka/Ks = 0.258 for the M form. If multiple episodes of positive selection have ﬁxed nonsynonymous sites
at this locus, the Ka/Ks ratio would be expected to exceed one
(Hughes and Nei, 1988). The lower rate of substitution at nonsynonymous sites relative to synonymous sites (Ks = 0.11 for both M
and S form) in both subpopulations, combined with the non-significant McDonald-Kreitman test, is consistent with the operation of
purifying selection as the predominant mode of evolution at SAG.
We sequenced only a small portion of the coding sequence for
gSG1a, so more data will be required to determine whether this
gene could be under positive selection.
3.2. Lanb2
We tested the hypothesis that LANB2 might evolve under positive selection by analyzing both intraspeciﬁc and interspeciﬁc genetic variation. LANB2 is a relatively large gene composed of nine
exons that span approximately 8 kb of the distal tip of the left
arm of chromosome 2. We sequenced an approximately 10 kb region that includes LANB2 as well as 497 bp of sequence upstream
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Table 1
Nucleotide diversity and neutrality tests for SAG and LANB2.
na

e

paf

H

EW

HEW

SAG
M form
S form

14
15

59
58

0.0051
0.0048

0.0044
0.0049

0.0092
0.0081

0.0005
0.0008

1.0300
0.3680

0.0769
0.2089

1.0
0.0507

LANB2
M form
S form

14
11

480
412

0.0180
0.0175

0.0157
0.0151

0.0369
0.0358

0.0002
0.0002

0.4972
0.2954

0.0714
0.0909

1.0
1.0

Number of chromosomes sampled per population.
Total number of segregating sites detected in each sample.
Per site Watterson’s Theta calculated on all segregating sites.
Average number of pairwise differences (nucleotide diversity) calculated on all segregating sites.
Nucleotide diversity at synonymous sites only.
Nucleotide diversity at nonsynonymous sites only.

HEW - S form
HEW - M form
Theta - S form
Theta - M form

0.006
0.004

-2

0.002

-3
-5

0.000

-4

Log p-value

-1

0

f

pse

0.010

d

pd

0.008

c

hWc

Wattersons Theta

a
b

Sb

SG1-2

SAG

GSG1a

1.2kb

4kb

Fig. 1. Sliding window analysis of SAG using HEW neutrality test. The compound neutrality test statistic HEW plotted as a function of position across sequenced region
containing three genes. HEW was calculated in a sliding window analysis using a 1200 bp window with a 500 bp step size. The schematic below the plot indicates the location
of each gene in the region. Both the uncorrected log transformed HEW p-values and Watterson’s per-site estimate of diversity (h = 4 Nl) are plotted for each window. The
black dotted line indicates the 0.05 signiﬁcance threshold, such that any p-value in the HEW statistic below the line satisﬁes nominal criteria for statistical signiﬁcance.

Table 2
McDonald-Kreitman test results for both SAG and LANB2.
Polymorphic sites
Synonymous

Fixed sites
Non-synonymous

Synonymous

Non-synonymous

P-value

S form
SAGa
Allb

7
19

2
17

27
64

25
77

0.2757
0.4587

M form
SAGa
Allb

7
17

3
20

27
66

24
77

0.4892
1.0

S form
LANB2

151

4

22

2

0.1846

M form
LANB2

162

4

19

2

0.1367

Signiﬁcance of contingency table evaluated using Fisher’s exact test, no corrections for multiple testing applied.
a
Test applied to all coding regions in the sequenced region (SG1–2, SAG, gSG1a).
b
Test applied to SAG alone.

and 789 bp of sequence downstream of LANB2. Consistent with
other estimates of nucleotide diversity at A. gambiae autosomal loci
(Cohuet et al., 2008), LANB2 harbors substantial genetic diversity in

both populations with per site estimates of diversity (hW) equaling
0.0180 and 0.0175 for the M and S molecular forms, respectively,
for all functional classes of nucleotide sites (Table 1). The vast
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majority of this variation maps to synonymous sites, however, and
nonsynonymous variation is nearly absent (Table 1).
We tested LANB2 for evidence of recent positive selection. As for
SAG, we applied the compound HEW test statistic (Zeng et al.,
2007b) using A. merus as the outgroup species. When applied to
the entire region, HEW is not signiﬁcant for either population
(pM = 1.0; pS = 1.0; Table 1). To rule out the possibility that a smaller region within the 10 kb sequenced region could have experienced positive selection and is being masked by neutral patterns
in the larger surrounding sequence, we calculated HEW using a
sliding-window of 1200 bp with a step size of 500 bases, but this
approach failed to reveal any signiﬁcant windows (all p > 0.05).
Our inability to reject a neutral equilibrium model at this locus
suggests that the protein coding sequence of LANB2 has been
evolving neutrally or under purifying selection in the recent past.
We used interspecies comparative analyses to determine
whether this gene has experienced repeated selective sweeps in
the more distant past. First, we applied the McDonald-Kreitman
test to these data for each population independently using A. merus
as the outgroup, but we found no evidence of deviations from neutral expectations (M form p = 0.1367; S form p = 0.1846; Table 2).
Second, we used Ka/Ks to test for accelerated rates of evolution at
nonsynonymous sites. Since the Ka/Ks test is conservative when
analyzed across large sequence spans, we used a sliding window
approach as described above. We found that the maximum Ka/Ks
value never exceeded 0.1 in either molecular form in any
1200 bp window (maximum Ka/Ks = 0.046 for S and 0.053 for M,
Ks = 0.05 for M and S forms). Coupled with the results from intraspeciﬁc analyses, these data provide no evidence for positive selection on LANB2.

4. Discussion
Structural and receptor host proteins can also be intimately involved in host-pathogen interactions, including in relation to their
crucial role in tissue recognition and invasion (Brennan et al., 2000;
Arrighi et al., 2005). Like immune proteins, non-immune proteins
with a direct role in pathogen development within the host could
be subject to pathogen-related selection pressure. One such case of
non-immune pathogen-related selection has been documented in
humans at the Duffy erythrocyte receptor protein, which is
exploited by the malaria parasite for merozoite invasion (Hamblin
and Di Rienzo, 2000). Similarly, HIV-related selection is thought to
be currently driving the evolution of the chemokine CCR5 in Africa
(Schliekelman et al., 2001). Several A. gambiae proteins have been
identiﬁed as playing roles in the establishment or development
of malaria parasites within the mosquito host (Brennan et al.,
2000; Arrighi et al., 2005; Rodrigues et al., 2012). We tested the
genes that code for two of these proteins, saglin and laminin, for
the signatures of Plasmodium-related selection pressure. To address hypotheses of selection at these genes, we sequenced alleles
of these genes in a small population sample of both the M and S
molecular forms of A. gambiae and applied population genetic tests
to identify signiﬁcant deviations from expectations under a neutral
model. Neither intra-speciﬁc analyses based on the site-frequency
spectrum of genetic variation, nor inter-speciﬁc comparisons designed to detect accelerated rates of evolution at nonsynonymous
sites, revealed any evidence for adaptive evolution at these loci.
The HEW neutrality test failed to reject the neutral model, conﬁrming that the number of high-frequency derived alleles and the degree of haplotype homozygosity are both consistent with
expectations under a neutral model. Inter-speciﬁc comparisons
with A. merus also revealed patterns expected under models of
purifying selection and failed to provide any evidence for adaptive
evolution in the protein coding sequences.
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It is possible that the population genetic tests in our study may
be underpowered because of the limited number of chromosomes
sampled and the limited divergence between A. gambiae and A.
merus. In population genetic analyses, as in any experimental setting, small sample sizes lead to increased sampling variance and
limit the amount of information available for analysis (i.e. number
of segregating sites), in turn potentially resulting in false negative
test results (Simonsen et al., 1995). This may be of special concern
for SAG since levels of diversity are particularly low in this gene region, partly owing to its location on the X chromosome, which is
generally depauperate of diversity in A. gambiae (Cohuet et al.,
2008; Lawniczak et al., 2010; Neafsey et al., 2010). The issue was
partially mitigated by sequencing a larger physical region to capture both additional segregating sites as well as the spatial distribution of diversity. Statistical tests based on divergence from an
outgroup, such as the McDonald-Kreitman test, are underpowered
within the A. gambiae species complex because the very recent
divergence of the species violates assumptions of the model upon
which these tests are based (Besansky et al., 2003; Obbard et al.,
2009). These violations are of most concern when comparing A.
gambiae to very closely related species such as Anopheles arabiensis,
however, and previous studies have suggested that divergence between A. merus and A. gambiae may be sufﬁcient (synonymous
divergence ranging Ks = 4–11%) to allow the proper application of
divergence based tests (Obbard et al., 2007, 2009; Wang-Sattler
et al., 2007; Parmakelis et al., 2008; Rottschaefer et al., 2011).
Nonetheless, some caution is warranted when interpreting the results of these tests.
Our results lead us to accept the null hypothesis of neutral evolution and purifying selection at the SAG and LANB2 loci, suggesting
that the proteins encoded by these genes are not involved in evolutionary host-parasite conﬂict, or at least are not co-evolving with
parasites. Both saglin and laminin could serve critical functions to
the host that require the protein structures to remain conserved,
consistent with the evidence of particularly strong purifying selection at LANB2 (Table 1). Overall, these results suggest that both
proteins remain reasonable candidates for interventions such as
transmission blocking vaccines (Brennan et al., 2000; Dinglasan
and Jacobs-Lorena, 2008) since neither protein is rapidly evolving
or adaptively maintaining functionally variable alleles. Although
SAG harbors a substantial number of ﬁxed differences between
species, the level of nonsynonymous polymorphism currently segregating in the population is very low for both proteins. This suggests that technologies could easily be developed to target
existing alleles, and those technologies could be expected to remain effective at least in the natural populations sampled here.
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