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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 drug-
resistance in the parasite and insecticide resistance in the mosquito vector has complicated control mea-
sures and made the need for new control strategies more urgent. Anopheles gambiae s.s. is one of the pri-
mary 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. How-
ever, 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 evalu-
ating 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 devel-
opment of these molecules as vaccine targets.

� 2013 Elsevier B.V. All rights reserved.

1. Introduction

Mosquito-stage, transmission blocking vaccines have been pro-
posed 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 technol-
ogy 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 devel-
opment, 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-

fied and blocked by antibodies, but genetic variation segregating in
natural populations could result in a heterogeneous molecule popu-
lation that is difficult to target. Such genetic variation could be neu-
tral with respect to natural selection or it could adaptively evolving,
including through selection to resist parasite establishment. Sub-
stantial traction has been made in identifying potential target mole-
cules 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. Understand-
ing the evolutionary pressures shaping genetic variation among can-
didate 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 pro-
teins 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 Plasmo-
dium 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; Des-
sens et al., 2003). Subsequent studies of laminin suggest that this
protein may act as a trigger for the transition from ookinete to oo-
cyst 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 protec-
tive 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 recep-
tor-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 recep-
tor saturation by SM1, a short peptide whose physical conforma-
tion 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 Plasmo-
dium 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 selec-
tively 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 popula-
tions of the two incipient species of A. gambiae, the M and S molecu-
lar 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�390N 8�00W), and an additional
collection was drawn from Toumani-Oulena, Mali (10�830N
7�810W). 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 OPHAN-
SI 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’ sug-
gested 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 se-
quences were assembled using Sequencher (Gene Codes Corp.)
and CodonCode Aligner (CodonCode Corp.). Only one of the two al-
leles 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 hetero-
zygous 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 ampli-
fication products by incubation with ExoI and SAP (both manufac-
tured 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 chro-
mosome 2L. Both loci were surveyed in the Bancoumana and
N’gabakoro Droit populations, but only SAG sequences were gener-
ated from the Toumani-Oulena population. The original predicted
exon structure of SAG was reannotated in a subsequent genome re-
lease as reflected in Ensemble, removing a predicted intron leaving
a single coding sequence (Brennan et al., 2000). However, to be cer-
tain, we obtained cDNA from live A. gambiae females and directly
sequenced SAG transcripts to identify prospective intron bound-
aries. 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 identi-
fied 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 map-
ping (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 in-
tron 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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