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Abstract
Saliva of bloodsucking animals contains dozens to hundreds of proteins that counteract their hosts’
hemostasis, inflammation, and immunity. It was previously observed that salivary proteins
involved in hematophagy are much more divergent in their primary sequence than those of
housekeeping function, when comparisons were made between closely related organisms. While
this pattern of evolution could result from relaxed selection or drift, it could alternatively be the
result of positive selection driven by the intense pressure of the host immune system. We
investigated the polymorphism of five different genes associated with blood feeding in the
mosquito Anopheles gambiae and obtained evidence in four genes for sites with signatures of
positive selection. These results add salivary gland genes from bloodsucking arthropods to the
small list of genes driven by positive selection.
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Introduction
The neutral theory of evolution “holds that at the molecular level most evolutionary change
and most of the variability within a species are caused not by selection but by random drift
of mutant genes that are selectively equivalent.” Accordingly, “for each protein the rate of
evolution in terms of amino acid substitutions per year is approximately constant and about
the same in various lineages” (Kimura 1979). Against this pervasive random drift, positive
and negative selection occurs. While negative selection removes deleterious mutations,
positive (Darwinian) selection selects beneficial ones. The neutral theory also states that
“molecules or parts of a molecule subjected to a relatively small degree of functional
constraint evolve at a higher rate than those subjected to stronger constraints” because the
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latter is under a higher rate of negative selection. Positive selection is predicted to be a rare
phenomenon. Indeed, most of the selection signatures deviating from neutral expectations
are found for negative selection. Exceptionally, cases for positive selection are found in
genes associated with immunity, mate and self-recognition, or with genes associated with
virulence in pathogen recognition (Aguileta et al. 2009; Clark and Swanson 2005; Meslin et
al. 2012; Swanson 2003; Tiffin and Moeller 2006; Yang and Swanson 2002). We here
present evidence for a new class of positively selected genes, those coding for salivary
proteins involved in blood sucking by arthropods, specifically the case for salivary proteins
of the malaria vector, Anopheles gambiae.

When searching for blood, mosquitoes penetrate their host’s skin with their proboscis while
salivating into the wound. Saliva has antihemostatic components including antiplatelet,
vasodilatory, and anticlotting components (Ribeiro et al. 2010). Non-salivating mosquitoes
take a much longer period of time to feed, indicating saliva to be important for blood
acquisition (Ribeiro et al. 1984), which is needed for egg development. On the other hand,
host allergy to mosquito bites may be disruptive to the meal attempt or even fatal to the
mosquito due to host behavioral defensive responses (Gillett 1967). It is thus possible that
host immune responses may create a fast-evolving scenario for salivary proteins that are
involved in blood feeding. Indeed, interspecific comparison of mosquito polypeptides
deduced from transcriptome analyses showed that salivary (S) proteins are much more
diverse than housekeeping ones (H). In the anophelines An. gambiae–An. stephensi, S
proteins show an average identity of 62.4 ± 15.4% versus the 93.1 ± 5.9% found for H
proteins (Valenzuela et al. 2003). Similar results were obtained comparing the culicines Ae.
aegypti–Ae. albopictus, where 94.0 ± 1.3% (H proteins) and 71.5 ± 1.1% identities (S
proteins) were found (Arca et al. 2007).

We hypothesized that the higher divergence of orthologous S proteins in mosquitoes may be
the result of the evolutionary pressure of the host immune system on proteins that are
essential for blood feeding and, therefore, strongly affect mosquito reproduction/fitness
(Ribeiro et al. 2010). In such a scenario, host antibody response to S proteins may favour
selection of protein variants with conserved biologic functions but with different antigenic
properties. This seems to be the case for the vasodilator maxadilan in different populations
of the sand fly Lutzomyia longipalpis (Milleron et al. 2004). It remains to be tested, though,
whether the divergence observed among salivary proteins of blood feeding insects is due to
relaxed selection and drift, or accelerated by positive selection. (Borghans et al. 2004).

Results and Discussion
No information is presently available on the degree of polymorphism of salivary genes in
natural mosquito populations. Therefore, as a first step to test the working hypothesis, we
started an analysis of salivary gene polymorphism in a natural An. gambiae population (S
form) collected in October 2008 in the village of Soumousso (Bobo-Dioulasso area, Burkina
Faso). Five salivary genes—whose expression is either specific or highly enriched in female
salivary glands (SGs) and whose functions are known or predicted to be important for blood
feeding—were selected. The apyrase gene (Apy, AGAP011971) encodes an ATP-
diphosphohydrolase that catalyses the hydrolysis of ATP and ADP to AMP and inorganic
phosphate. The physiological role of mosquito salivary apyrase is to facilitate blood feeding
by inhibiting ADP-induced platelet recruitment and aggregation. Because the An. gambiae
apyrase gene is too long for convenient PCR amplification and sequencing as a single
fragment, it was amplified by PCR as three partially overlapping fragments named ApyF1,
ApyF2, and ApyF3. The D7-related 2 gene (D7r2, AGAP008282) is a member of the D7
family of proteins, which is widespread among bloodfeeding Nematocera (Ribeiro et al.
2010). In the mosquito An. gambiae, the D7 is a multigene family and the D7r2 protein has
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been shown to bind with high-affinity biogenic amines (as serotonin and norepinephrine)
and proposed to act by antagonizing the vasoconstrictor, platelet-aggregating, and pain-
inducing properties of host amines (Calvo et al. 2006). The gSG6 gene (AGAP000150)
encodes a small protein whose specific function is still unknown, but it is also involved in
hematophagy, as gene silencing by RNAi affects bloodfeeding ability by increasing
mosquito probing time (Lombardo et al. 2009). gSG7 (AGAP008216) is highly related to
the An. stephensi anophensin, which acts on the kallikrein-kinin system and inhibits
bradykinin release (Isawa et al. 2007). In An. gambiae, two members of the gSG7 family—
gSG7 and gSG7-2—share 43% identity at the amino acid level and show a tandem
arrangement. gVAG (AGAP006421) is a member of the widely spread insect Antigen 5
family with similarity to venom allergens from ants and wasps. The function of the gVAG-
encoded protein is unknown, but a member of this family is commonly found in the saliva of
bloodfeeding insects (Ribeiro and Arca 2009), and a salivary triatomine member of the
family was shown to display anti-oxidant properties (Assumpcao et al. 2013). Because we
are using PCR-based mini libraries to obtain sequence information of the above genes, and
because PCR may create sequence errors and artifactually increase the degree of
polymorphism of these genes, the rpS7 gene (AGAP010592), encoding the ribosomal
protein S7 was also chosen as a conserved housekeeping internal control gene. Throughout
the text, we will compare our results obtained for the salivary genes to 109 An. gambiae
previously reported genes (Cohuet et al. 2008) and to other published data as indicated in the
relevant sections. The chromosomal location of the above mentioned genes and some
relevant features of the PCR amplified fragments are summarized in Table 1. The salivary
genes analyzed here do not fall in the genomic islands of speciation as initially identified by
microarray studies (Turner et al. 2005) and then extended by genome-wide scans
(Lawniczak et al. 2010).

NUCLEOTIDE DIVERSITY
Nucleotide diversity—a measure of the degree of polymorphism within a population and
determined as the average number of nucleotide differences per site between any two
randomly selected DNA sequences from a sample population (Nei and Li 1979)—was
computed for salivary genes and rpS7 by DnaSP (Librado and Rozas 2009), and the results
of this analysis are summarized in Table 2.

In all cases, nucleotide diversity of salivary genes was higher than rpS7, both in coding (πc)
and in non-coding (πnc) regions (see columns π/πS7 in Table 2). gSG6 showed the lowest
nucleotide diversity in the coding region, comparable to that of rpS7 (0.0034/0.00245 =
1.39), however, for the other salivary genes, πc was 3.2-to 7.1-fold (ApyF3 and gVAG,
respectively) higher as compared with rpS7. A similar situation was found for non-coding
regions where salivary genes showed a πnc that was 4.9- to 13.4-fold (gSG7 and D7r2,
respectively) higher than rpS7. These differences were in most cases significant (Table 2)
and can be visualized in Figure 1, where nucleotide diversity in coding versus non-coding
regions with 95% C.I. is reported.

As expected according to purifying (negative) selection, diversity in non-coding regions was
higher than in coding regions in all studied cases (see column πnc/πc in Table 2). It is
noteworthy that among salivary genes gSG6 showed the highest ratio πnc/πc (7.06),
suggesting that this gene is under strong purifying selection, which limits diversity in the
coding region. This is also indicated by the low gSG6 haplotype diversity (0.54). Notice that
this is the only gene studied located in the X chromosome, which is known for overall lower
genetic diversity in comparison to autosomes (Cohuet et al. 2008; Wilding et al. 2009). On
the other side the lowest πnc/πc ratio was found for gSG7 that exhibits comparable diversity
in non-coding versus coding region (0.0160/0.0128 = 1.25); this observation suggests that
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the encoded protein may evolve at a very fast rate, perhaps also as a consequence of the
existence of two different family members, gSG7 and gSG7-2 (Arca et al. 2005).

The average nucleotide diversity of salivary genes in coding and non-coding regions was
0.01109 (πc) and 0.02976 (πnc), respectively; that is 4.5 and 9.1 times higher than rpS7.
When we compared the average nucleotide diversity in coding regions of salivary genes to
corresponding values found for 72 immune and 37 non-immune genes in an An. gambiae S
population from Cameroon (Cohuet et al. 2008) we also found higher diversity in the
salivary genes, although these differences were not statistically significant (Fig. 2). For the
coding regions, this corresponded approximately to 11.1 single-nucleotide polymorphisms
(SNPs) per kb for salivary genes, 2.4 SNPs per kb for rpS7, and to 9.2 and 8.9 SNPs per kb
for immune and non-immune genes, respectively. A similar value of 7.9 SNPs per kb was
also found in another study focused on An. gambiae genes with potential roles in pathogen-
vector interactions (Morlais et al. 2004), whereas 7 SNPs per kb were found for a set of 50
Anopheles funestus genes (Wondji et al. 2007). It should be noted that the lower average
nucleotide diversity reported by (Morlais et al. 2004) may be connected to the use in this
study of An. gambiae laboratory strains rather than natural field populations.

The low nucleotide diversity value found for the rpS7 gene (0.0024) is not surprising, as
ribosomal proteins are expected to be under strong selective constraints. In Aedes aegypti,
rpS11 and rpL31 showed no variation in both coding and non-coding regions (π = 0.0000),
whereas rpL17A had πc = 0.0024 and πnc = 0.0096 (Morlais et al. 2003). For other An.
gambiae housekeeping genes—such as those encoding β-tubulin (π = 0.0019), integrin (π =
0.0022), and laminin (π = 0.0034)—nucleotide diversity was comparable to the value found
here for rpS7 (Morlais et al. 2004). These results for the rpS7 gene indicate that our PCR-
based methodology is not artifactually increasing polymorphism.

Overall, a total of 873 SNPs were identified in our study, 395 in coding and 478 in non-
coding regions. As expected from the nucleotide diversity results, haplotypes for exons were
less numerous for rpS7 and gSG6 (19 and 14, respectively) and more abundant for the
remaining SG genes (range: 53–86) (Table 2).

SYNONYMOUS AND NON-SYNONYMOUS SUBSTITUTIONS
For all genes analyzed, the rate of synonymous substitutions (dS) was higher compared with
the rate of corresponding non-synonymous substitutions (dN) (i.e., dS > dN, Table 2). On
average, salivary genes showed a dS ~3.3-fold higher as compared to rpS7, with gSG6
getting the lowest value—comparable to rpS7—and gVAG with a value ~6.5-fold higher
than rpS7. The rate of dN was on average ~5.8-fold higher in salivary genes than in rpS7;
gSG6 again showed the lowest value (~2× rpS7) and gSG7 the highest (~13.8× rpS7).

According to the classical view of neutral evolution, the average ratio dN/dS for all codons
in a gene should be 1 for neutrally evolving genes, < 1 in negatively selected genes, and > 1
in positively selected genes (Kimura 1977). In all cases, the ratio was < 1. P values obtained
from the Z statistics were significantly different from zero for all apyrase coding sequences,
as well as for the D7r2 and gVAG exons (Table 2). rpS7, gSG6, and gSG7 exons had dN/dS
not significantly different from zero.

We also applied Tajima’s D test to our data. All SG gene models yielded negative values
(results not shown) indicative of non-neutral evolution and an excess of low-frequency
alleles, but the values were not statistically significant; however, the same was true for rpS7,
suggesting this could reflect a population-size expansion, which is the expected situation
with our sample that was collected at the end of the rainy season following large (at least
100 ×) population expansion.
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Overall, these data confirm the low degree of polymorphism of gSG6, a gene located in the
X chromosome, further supporting the idea that this gene is under strong purifying selection.
It should also be noted that the low dN/dS ratios found for D7r2 (0.08) and for gVAG (0.05)
—two salivary genes with high nucleotide diversity values in both coding and non-coding
regions—suggest the existence of strong evolutionary constraints negatively selecting
replacement substitutions.

On the other hand, in comparison with the other salivary genes, gSG7 shows the highest dN
(3.1–6.7×) and dN/dS ratio (2.5–9.2×) as well as the lowest nucleotide diversity in non-
coding regions, suggesting that the gSG7 protein may evolve at a very fast evolutionary rate.

Further support for the evidence of gSG6 being under purifying selection and gSG7 evolving
at a very fast rate comes also from the analysis of bootstrapped phylograms for the gSG6
and gSG7 family of proteins (Fig. 3). If gSG6 is under purifying selection, it should not
diverge too much within the subgenus Cellia, where we have information for An. funestus
and An. stephensi in addition to several species in the An. gambiae complex. In comparison,
we have the duo gSG7 and gSG7-2, also having the orthologs for An. funestus and An.
stephensi. The way the graphs are constructed, the divergence distances (see three unmarked
red bars, all of the same size) appear the same for the Cellia clades, but notice that the amino
acid diversity bar is 0.05 for gSG6 and 0.1 for gSG7, indicating twice the speed of
divergence for gSG7 when compared with gSG6.

SELECTION SIGNATURES ON CODING SEQUENCES
According to the classical theory of neutral evolution, ratios of dN/dS < 1 (Table 2) indicate
overall negative selection acting on the salivary genes; however, these results reflect the
average values for all codons on the genes. To test for positive selection in individual
codons, the web version of the HyPhy program (Pond et al. 2005) was run with the fixed
effects likelihood (FEL) (Kosakovsky Pond and Frost 2005) model of nucleotide
substitution, which tests for pervasive diversifying selection. For this test, we also included
orthologs of additional anopheline species when they were known. Remarkably, nearly all
SG genes (except for gSG6 and D7r2) showed one or more codons with significant
signatures of positive selection (Table 3 and supplemental Fig. S1); but no positive selection
signature, as expected, was detected for RpS7. We also ran the FEL model in a set of
immune gene sequences from a previous work that detected a single codon under positive
selection from an An. gambiae immune gene (Lehmann et al. 2009) and obtained the same
codon result reported for the antimicrobial gambicin, indicating that the tests used are in
concordance with other tests for codon selection bias. The FEL model thus indicates that the
SG genes analyzed are under a greater evolutionary pressure than previously reported
immune genes. We have also tested for positive selection using the mixed effects model of
evolution (MEME) (Murrell et al. 2012), which takes into consideration episodic and
pervasive positive selection at the level of single sites. This model identified additional
codons under positive selection in all SG genes but not on RpS7 (Table 4).

Conclusions
We have found that salivary genes important for blood acquisition in An. gambiae
mosquitoes display high rates of polymorphisms and the presence of codons with signals for
both positive and negative selection. Characterization of this high content of genetic
variation is based on individuals sampled from the current generation of a wild population
and—except for the codon-based analysis of selection signatures—does not involve
comparison with orthologous genes of other mosquito species. Our data are also restricted in
space and time. Speculation about the mechanisms leading to the genesis of the observed
genetic diversity and, possibly, the stability of polymorphism equilibrium, is therefore
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conditional on the sample characteristics. In particular, the time scale of the mechanism of
selection (current generation vs. recent past vs. distant past), its duration (short lived vs. long
lived), and the possible contribution of mechanisms that maintain the presence of
polymorphisms through selection varying in space and time will be difficult to uncover
(Hedrick 2012).

Several evolutionary scenarios could account for the evolution of mosquito SG genes whose
products are interacting with the host’s immune system. An “arms race” scenario (Dawkins
and Krebs 1979) would create a series of selective sweeps in both host and mosquito
genomes (Lehmann et al. 2009), resulting in a significantly higher ratio of non-synonymous
to synonymous substitutions for antigenically important codons (Hughes and Nei 1988;
Pritchard 2010). This scenario is supported by our data, as nearly all SG genes (except for
gSG6 and D7r2) showed one or more codons with significant signatures of positive selection
(Table 3 and supplemental Fig. S1). The short generation time of mosquitoes as compared to
humans adds plausibility to this scenario as implied by stability analysis (Tellier and Brown
2007).

The possibility of genetic polymorphism maintained by arms race dynamics makes one
wonder about the genomic sites in humans also involved in this interaction. Recent genomic
surveys in humans have suggested that many loci have been under positive selection, and
these sites become natural candidates as targets of future investigations (Akey 2009;
Bustamante et al. 2005; Leffler et al. 2013); however, the location of these sweeps in the
human genome is not apparent. Perhaps they would be located in genes targeting mast cell
functions, considering their pivotal role in allergic reactions to arthropods bites, but they
could involve all those associated with the adaptive immune response, which are also
affected by myriads of pathogens. Previous approaches to uncover the impact of pathogens
on human genomes (Altmann et al. 2012) might prove untenable in this context, because
locating control human populations with extensive less contact with bloodsucking
arthropods may be difficult.

Alternatively, a scenario of “trench warfare” (Tellier and Brown 2007) leading to
diversifying selection—such as proposed for MHC or HLA genes in humans or in pathogen
recognition-coding genes in plants (Hughes and Nei 1988; Tiffin and Moeller 2006)—
presents dN/dS of the range reported in Table 2 for salivary genes when compared with the
exons coding for mammalian antigen-recognition sites of the MHC (0.5–0.1) (Hughes and
Nei 1988). This HLA evolutionary scenario, however, favors overdominance or
heterozygotic advantage and not necessarily rare allele advantage, which would be the
preferred scenario for a gene that is rewarded by selection at low frequency. This
entanglement of overdominance and negative balancing selection, among other evolutionary
forces, has been addressed by several authors with regard to the hypervariable region of
MHC genes (Mona et al. 2008), where positive selection of codons is widespread.
Accordingly, the scenario of negative frequency-dependent selection, also called to explain
diversity of immune genes in An. gambiae (Lehmann et al. 2009), seems also to apply to SG
genes associated with hematophagy but with a larger impression on salivary than immune
genes. We are cautious about the evolutionary interpretation of these scenarios, which is
necessarily speculative; other models may also be possible.

Mosquito salivary genes associated with blood feeding are thus shown here to be under
strong positive selection, explaining their fast rate of divergence. This class of genes, which
may eventually be extended to all salivary genes of hematophagous animals, may thus be
added to the somewhat rare group of positively selected gene classes, similarly to those
pathogen virulence-linked genes under positive selection (Aguileta et al. 2009; Tiffin and
Moeller 2006); “”
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Experimental Procedures
MOSQUITO SAMPLES AND SPECIES/FORM IDENTIFICATION

Mosquitoes used in this study were collected in October 2008 in the Bobo-Dioulasso area
(Burkina Faso, West Africa) in the village of Soumousso (11°01′ N–4°03′ W). Indoor
daytime-resting mosquitoes were collected in human dwellings by pyrethroid spray catches.
An. gambiae s.l. were morphologically identified and individually stored under silica gel.
DNA was extracted from individual mosquitoes by DNAzol® reagent (Invitrogen) and
specimens identified to species and molecular forms following the PCR-RFLP protocol as
described (Fanello et al. 2002).

PCR AMPLIFICATION AND MINI-LIBRARIES CONSTRUCTION
Ninety-two An. gambiae S (59 females, 33 males) were used for PCR amplification of SG
and ribosomal protein S7 genes. Gene-specific oligonucleotide primers used for PCR
amplifications of the different genes or gene fragments are listed in supplemental Table S1.
PCR conditions were the following: 5 min 94°C, followed by 35 amplification cycles (1 min
94°C, 1 min annealing at the temperature specified in supplemental Table S1, 1 min 68°C),
and a final elongation step of 7 min at 68°C. Platinum® Taq DNA Polymerase High Fidelity
(Invitrogen) was used to minimize PCR error rates. PCR fragments obtained from each
individual mosquito for each gene were quantified by densitometry using Quantity One® 1-
D Analysis Software (Bio-Rad Laboratories). For each gene, a pool was constructed by
mixing equimolar amounts of the PCR products amplified from the different individual
mosquitoes. Because amplification and/or quantification was not successful in all cases, the
pools were assembled from a minimum of 63 (ApyF2) up to a maximum of 84 (ApyF3)
individual mosquitoes as detailed in Table 2. PCR fragments from each pool were gel
purified by the GenElute Gel Extraction Kit (Sigma) and cloned into the plasmid vector
pCR2.1 (Invitrogen) to construct, for each selected gene, a mini-library.

SEQUENCING, SEQUENCE HANDLING, AND SEQUENCE ANALYSES
The mini-libraries were plated and 192 recombinant (white) clones/mini-library were
randomly picked and transferred to 96-well plates containing 10 μl of H2O per well. The
bacterial suspensions were used for PCR amplification by M13 reverse and T7 primers and
double-strand sequenced. Approximately 200–250 ng of each PCR product was transferred
to a 96-well PCR microtiter plate (Applied Biosystems) and frozen at −20°C. Samples were
shipped on dry ice to the Rocky Mountain Laboratories Genomics Unit with primers and
template combined together in an ABI 96-well optical reaction plate (P/N 4306737)
following the manufacturer’s recommended concentrations. Sequencing reactions were set
up as recommended by Applied Biosystems BigDye® Terminator v3.1 cycle sequencing kit.
Sequences were aligned by the cap3 assembler (Huang and Madan 1999) and then edited by
BioEdit version 7.1.3.0 (Hall 1999). They were first cleaned from vector and
oligonucleotide primer sequences. Then each clone was carefully inspected by comparing
sequences from the two different strands. To minimize introduction of potential sequencing
errors, a conservative criterion was adopted: (i) when sequences on the two strands showed
large discordance, they were considered as low quality and discarded; (ii) when differences
on the two sequenced strands were limited to a single or a few positions, the nucleotide
conforming to the consensus was selected. Coding sequences were reconstructed by joining
the different exons. Regions encoding signal peptides and stop codons were excluded from
the following analyses. Non-coding sequences were assembled joining flanking UTRs and
introns. To minimize introduction of mutations due to PCR amplification or sequencing
errors, only parsimony informative sites were considered; therefore, singletons were
excluded from coding and non-coding regions by introducing in the corresponding position
an N. We have also included in our analysis a gene coding for a ribosomal protein (rpS7
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AGAP010592), which should be under strong negative selection pressure, as an internal
control of our procedures. In the following sequence analyses, the pairwise deletion option
was used so these positions were not considered. This approach may imply an
underestimation of variability of salivary genes. Nucleotide diversity as reported in Table 2
was estimated by DnaSP version 5.10.01 (Librado and Rozas 2009) using the option “gaps/
missing data,” which excludes gaps and missing data only in the pairwise comparisons.
Standard errors and rates of synonymous and non-synonymous substitutions were estimated
by MEGA version 5 (Tamura et al. 2011) using the bootstrap method and the pairwise
deletion option. Data on nucleotide diversity in coding regions of 72 immune and 37 non-
immune genes from an An. gambiae S population from Cameroon are from Cohuet and
collaborators (Cohuet et al. 2008) and were retrieved from Supplemental Information (SI)
files 3 and 4.

SELECTION SIGNATURES BASED ON PROBABILISTIC CODON SUBSTITUTION MODELS
Selection signatures were identified by fitting probabilistic codon substitution models to the
coding sequences after excluding singleton polymorphic sites that were changed to an N, as
indicated above. This was done to avoid inclusion of PCR or sequencing errors. Orthologs
from other anopheline species were added to the An. gambiae sequences when known, and
these are indicated in Table 3. Each dataset was tested for the presence of recombination
using the program GARD (Pond et al. 2006). These tests resulted negative. Codon
substitution models based on the rate of synonymous/non-synonymous sites (Yang 1997)
were fitted using the methods implemented in the program HyPhy, procedures FEL
(Kosakovsky Pond and Frost 2005) and MEME (Murrell et al. 2012) accessed through the
Datamonkey webserver (http://datamonkey.org) (Delport et al. 2010; Kosakovsky Pond and
Frost 2005).

Data Availability—All sequences used are available as supplemental files to this
manuscript.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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FEL fixed effects likelihood

H housekeeping
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MEME mixed effects model of evolution

S salivary

SG salivary gland

SNP single-nucleotide polymorphism
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Fig. 1. Nucleotide diversity (π) and 95% CI in coding and non-coding regions
Nucleotide diversity π and SE were calculated by Mega, using the pairwise deletion option.
Diagonal line marks equal diversity of coding and non-coding regions.
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Fig. 2. Average nucleotide diversity in coding regions of An. gambiae salivary, immune and non-
immune genes
Scatter plot comparing mean values of nucleotide diversity of salivary genes and rpS7
analyzed in this study to 72 immune and 37 non-immune genes from an An. gambiae S
population from Cameroon (additional files 3 and 4 from Cohuet et al. 2008 (Cohuet et al.
2008)).
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Fig. 3. Phylograms of the gSG6 and gSG7 family of proteins
The bootstraped phylograms were obtained by MEGA5. Numbers on branches indicate
bootstrap value for 100 trials. Black bars indicate 5% or 10% distance in aa sequence for
gSG6 or gSG7, respectively. The three unmarked red bars point at the divergence distances
within the Cellia clades. Sequences are indicated by their NCBI accession number with the
only exception of the An. gambiae gSG7-2. Sequences from An. gambiae (ANOGAM), An.
melas (ANOMEL), An. bwambae (ANOBWA), An. quadriannulatus A (ANOQUA), An.
arabiensis (ANOARA), An. funestus (ANOFUN) and An. stephensi (ANOSTE) were
analyzed. The gSG6 sequence from An. freeborni (ANOFRE) and the gSG7 sequences from
An. darlingi (ANODAR) were used as outgroups.

Arcà et al. Page 14

Insect Mol Biol. Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Arcà et al. Page 15

Ta
bl

e 
1

Fe
at

ur
es

 o
f 

th
e 

am
pl

if
ie

d 
PC

R
 f

ra
gm

en
ts

G
en

e
L

oc
at

io
n

Si
ze

C
od

in
g

N
on

-c
od

in
g

5′
-f

la
nk

5′
-U

T
R

In
tr

on
3′

-U
T

R
3′

-f
la

nk

A
py

F
1

3L
:4

5A
86

6
57

9 
(3

)
28

7
13

1
17

13
9 

(2
)

—
—

A
py

F
2

3L
:4

5A
86

7
69

8 
(3

)
16

9
—

—
16

9 
(2

)
—

—

A
py

F
3

3L
:4

5A
80

0
61

0 
(2

)
19

0
—

—
76

 (
1)

11
4

—

D
7r

2
3R

:3
0C

10
58

50
7 

(2
)

55
1

15
7

11
2

14
9 

(2
)

70
63

gS
G

6
X

:4
B

83
6

34
8 

(1
)

48
8

52
78

—
13

8
22

0

gS
G

7
3R

:3
0A

87
5

43
8 

(3
)

43
7

85
37

17
2

82
61

gV
A

G
2L

:2
4D

12
04

78
3 

(3
)

42
1

59
22

15
8 

(2
)

12
6

56

rp
S7

3L
:3

9B
85

4
57

9 
(3

)
27

5
—

2
23

1 
(2

)
42

—

Fo
r 

ea
ch

 g
en

e 
an

al
yz

ed
, t

he
 c

hr
om

os
om

al
 lo

ca
tio

n 
an

d 
th

e 
si

ze
 in

 b
p 

of
 th

e 
am

pl
if

ie
d 

fr
ag

m
en

ts
, c

od
in

g 
an

d 
no

n-
co

di
ng

 r
eg

io
ns

, i
nt

ro
ns

, f
la

nk
in

gs
, a

nd
 U

T
R

s 
ar

e 
sh

ow
n.

 N
um

be
rs

 in
 p

ar
en

th
es

es
 r

ef
er

 to
nu

m
be

r 
of

 e
xo

ns
 a

nd
 in

tr
on

s,
 r

es
pe

ct
iv

el
y.

Insect Mol Biol. Author manuscript; available in PMC 2015 February 01.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Arcà et al. Page 16

Ta
bl

e 
2

N
uc

le
ot

id
e 

po
ly

m
or

ph
is

m
 in

 c
od

in
g 

an
d 

no
n-

co
di

ng
 r

eg
io

ns
 o

f 
sa

liv
ar

y 
ge

ne
s 

an
d 

rp
S7

 a

m
se

q

C
od

in
g

N
on

-C
od

in
g

si
te

s
S

h 
(H

d)
π

π
/π

rp
S7

 b
sy

n
dS

 c
ns

yn
dN

 c
dN

/d
S

P
si

te
s

S
h 

(H
d)

π
π

/π
rp

S7
 b

π
nc

/π
c

A
py

F
1

81
17

2
50

4
51

65
 (

0.
97

)
0.

00
92

5
3.

78
35

0.
02

10
2

16
0.

00
27

9
0.

13
**

25
1

38
60

 (
0.

98
)

0.
01

69
6

5.
19

1.
83

A
py

F
2

63
18

1
65

4
54

98
 (

0.
99

)
0.

00
94

3
3.

85
36

0.
02

33
1

18
0.

00
35

0
0.

15
**

*
16

9
40

48
 (

0.
92

)
0.

04
02

8
12

.3
2

4.
27

A
py

F
3

84
15

0
58

5
64

74
 (

0.
98

)
0.

00
78

3
3.

20
39

0.
01

72
9

25
0.

00
35

0
0.

20
**

16
6

54
35

 (
0.

84
)

0.
03

37
6

10
.3

2
4.

31

D
7r

2
74

14
0

44
1

53
57

 (
0.

97
)

0.
01

29
9

5.
30

34
0.

03
77

3
19

0.
00

31
7

0.
08

**
*

26
2

64
71

 (
0.

98
)

0.
04

37
7

13
.3

9
3.

37

gS
G

6
70

14
8

26
1

14
17

 (
0.

54
)

0.
00

34
0

1.
39

9
0.

00
82

9
5

0.
00

14
8

0.
18

ns
44

3
91

10
9 

(0
.9

9)
0.

02
40

2
7.

35
7.

06

gS
G

7
81

16
3

36
0

54
65

 (
0.

97
)

0.
01

28
0

5.
22

26
0.

02
16

9
28

0.
00

99
8

0.
46

ns
39

8
71

70
 (

0.
98

)
0.

01
60

1
4.

90
1.

25

gV
A

G
75

14
9

71
7

86
89

 (
0.

99
)

0.
01

74
4

7.
12

62
0.

05
71

5
24

0.
00

30
9

0.
05

**
*

37
7

10
5

96
 (

0.
99

)
0.

03
47

1
10

.6
1

1.
99

rp
S7

77
16

8
55

8
19

25
 (

0.
72

)
0.

00
24

5
1.

00
8

0.
00

87
5

11
0.

00
07

2
0.

08
ns

23
1

15
14

 (
0.

43
)

0.
00

32
7

1.
00

1.
33

A
ve

ra
ge

 s
al

iv
ar

y
—

—
—

—
—

0.
01

10
9

—
—

0.
02

90
8

—
0.

00
41

9
0.

18
6

—
—

—
—

0.
02

97
6

—
—

T
ot

al
—

—
40

80
39

5
—

—
—

24
9

—
14

6
—

—
—

22
97

47
8

—
—

—
—

a N
um

be
r 

of
 m

os
qu

ito
es

 (
m

),
 s

eq
ue

nc
es

 (
se

q)
, s

ite
s,

 p
ol

ym
or

ph
ic

 s
ite

s 
(S

),
 h

ap
lo

ty
pe

s 
(h

) 
w

ith
 h

ap
lo

ty
pe

 d
iv

er
si

ty
 (

H
d)

, n
uc

le
ot

id
e 

di
ve

rs
ity

 (
π

),
 n

uc
le

ot
id

e 
di

ve
rs

ity
 in

 s
al

iv
ar

y 
ge

ne
s 

ve
rs

us
 r

pS
7 

(π
/

π
rp

S7
),

 n
um

be
r 

of
 s

yn
on

ym
ou

s 
(s

yn
) 

an
d 

no
ns

yn
on

ym
ou

s 
(n

sy
n)

 p
ol

ym
or

ph
ic

 s
ite

s,
 r

at
es

 o
f 

sy
no

ny
m

ou
s 

(d
S)

 a
nd

 n
on

sy
no

ni
m

ou
s 

(d
N

) 
su

bs
tit

ut
io

ns
, r

at
io

 d
N

/d
S.

b P
-v

al
ue

 o
f 

th
e 

tw
o-

ta
ile

d 
te

st
 o

f 
ne

ut
ra

l e
vo

lu
tio

n 
an

d 
nu

cl
eo

tid
e 

di
ve

rs
ity

 in
 n

on
-c

od
in

g 
ve

rs
us

 c
od

in
g 

re
gi

on
s 

(π
nc

/π
c)

 a
re

 r
ep

or
te

d.

c N
uc

le
ot

id
e 

di
ve

rs
ity

 w
as

 c
om

pu
te

d 
by

 D
na

SP
 5

.1
0.

01
 u

si
ng

 th
e 

ga
ps

/m
is

si
ng

 d
at

a 
op

tio
n 

(i
.e

., 
ga

ps
/m

is
si

ng
 d

at
a 

w
er

e 
ex

cl
ud

ed
 o

nl
y 

in
 p

ai
rw

is
e 

co
m

pa
ri

so
ns

).
 S

yn
on

ym
ou

s/
no

ns
yn

on
ym

ou
s 

su
bs

tit
ut

io
ns

an
d 

Z
-t

es
t o

f 
se

le
ct

io
n 

w
er

e 
co

m
pu

te
d 

by
 M

E
G

A
5 

w
ith

 th
e 

pa
ir

w
is

e 
de

le
tio

n 
op

tio
n 

an
d 

va
ri

an
ce

 e
st

im
at

ed
 b

y 
th

e 
bo

ot
st

ra
p 

m
et

ho
d 

(n
s,

 n
ot

 s
ig

ni
fi

ca
nt

, P
 >

 0
.0

5;
 *

, P
<

 0
.0

5;
 *

*,
 P

 <
 0

.0
1;

 *
**

, P
 <

 0
.0

01
).

Insect Mol Biol. Author manuscript; available in PMC 2015 February 01.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Arcà et al. Page 17

Ta
bl

e 
3

C
od

on
-b

as
ed

 a
na

ly
si

s 
fo

r 
po

si
tiv

e 
se

le
ct

io
n 

on
 a

no
ph

el
in

e 
sa

liv
ar

y 
gl

an
d 

ge
ne

s 
us

in
g 

th
e 

FE
L

 m
od

el
 (

K
os

ak
ov

sk
y 

Po
nd

 a
nd

 F
ro

st
 2

00
5)

G
en

e
A

dd
it

io
na

l S
pe

ci
es

 a
C

od
on

dS
dN

dN
/d

S
N

or
m

al
iz

ed
 d

N
-d

S
P

-v
al

ue

A
py

ra
se

 F
2

A
f

82
0.

00
E

 +
 0

0
5.

18
64

In
fi

ni
te

8.
14

19
0.

04
27

A
py

ra
se

 F
2

A
f

14
2

0.
00

E
 +

 0
0

5.
46

95
In

fi
ni

te
8.

58
63

0.
04

84

A
py

ra
se

 F
2

A
f

18
3

0.
00

E
 +

 0
0

2.
88

01
In

fi
ni

te
4.

52
14

0.
03

56

A
py

ra
se

 F
2

A
f

21
5

0.
00

E
 +

 0
0

4.
28

1
In

fi
ni

te
6.

72
05

0.
01

56

A
py

ra
se

 F
3

A
f

1
0.

00
E

 +
 0

0
2.

90
96

In
fi

ni
te

5.
05

88
0.

03
15

gV
A

G
A

f,
 A

s
1

0.
00

E
 +

 0
0

5.
48

62
In

fi
ni

te
1.

41
24

0.
00

85

gV
A

G
A

f,
 A

s
29

0.
00

E
 +

 0
0

3.
40

76
In

fi
ni

te
0.

87
72

0.
03

19

gS
G

7
A

f,
 A

s
11

6
0.

00
E

 +
 0

0
4.

36
85

In
fi

ni
te

2.
22

44
0.

01
90

a A
dd

iti
on

al
 o

rt
ho

lo
gs

 f
ro

m
: A

f,
 A

no
ph

el
es

 fu
ne

st
us

; A
s,

 A
no

ph
el

es
 s

te
ph

en
si

.

Insect Mol Biol. Author manuscript; available in PMC 2015 February 01.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Arcà et al. Page 18

Ta
bl

e 
4

C
od

on
-b

as
ed

 a
na

ly
si

s 
fo

r 
po

si
tiv

e 
se

le
ct

io
n 

on
 a

no
ph

el
in

e 
sa

liv
ar

y 
gl

an
d 

ge
ne

s 
us

in
g 

th
e 

M
E

M
E

 m
od

el
 (

M
ur

re
ll 

et
 a

l. 
20

12
) 

a

G
en

e
C

od
on

α
β−

P
r[

β=
β−

]
β+

P
r[

β=
β+

]
p-

va
lu

e
A

dd
it

io
na

l S
pe

ci
es

b

A
py

ra
se

 F
1

12
3.

03
84

3.
03

84
0.

80
43

90
.4

68
8

0.
19

57
0.

04
57

A
f

A
py

ra
se

 F
1

13
5

0.
00

00
0

0.
86

81
16

.2
95

9
0.

13
19

0.
03

78
A

f

A
py

ra
se

 F
1

15
9

0.
00

00
0

0.
76

50
14

.1
30

6
0.

23
50

0.
01

23
A

f

A
py

ra
se

 F
2

82
0.

96
46

0
0.

28
90

10
.2

05
5

0.
71

10
0.

01
67

A
f

A
py

ra
se

 F
2

10
3

0.
00

00
0

0.
44

42
3.

22
04

0.
55

58
0.

03
88

A
f

A
py

ra
se

 F
2

12
6

0.
95

29
0

0.
27

38
9.

15
52

0.
72

62
0.

02
70

A
f

A
py

ra
se

 F
2

14
2

0.
88

62
0

0.
33

15
7.

06
73

0.
66

85
0.

04
74

A
f

A
py

ra
se

 F
2

15
0

0.
91

13
0

0.
23

97
5.

90
28

0.
76

03
0.

03
96

A
f

A
py

ra
se

 F
2

17
8

0.
00

00
0

0.
42

97
4.

14
67

0.
57

03
0.

03
05

A
f

A
py

ra
se

 F
3

1
0.

00
00

0
0.

03
94

4.
79

34
0.

96
06

0.
04

02
A

f

A
py

ra
se

 F
3

13
1

0.
90

34
0

0.
88

18
17

.0
05

3
0.

11
83

0.
04

46
A

f

gV
A

G
1

0.
60

61
0

0.
41

45
12

.9
71

7
0.

58
55

0.
00

15
A

f 
A

s

gV
A

G
10

0.
77

56
0

0.
87

37
13

.4
46

5
0.

12
63

0.
04

42
A

f 
A

s

gV
A

G
15

7
0.

00
00

0
0.

97
63

68
.0

99
8

0.
02

37
0.

01
35

A
f 

A
s

gV
A

G
18

1
0.

00
00

0
0.

96
53

31
.2

27
2

0.
03

47
0.

02
90

A
f 

A
s

gV
A

G
22

2
0.

35
98

0
0.

94
85

31
.8

77
5

0.
05

15
0.

02
43

A
f 

A
s

D
7

4
0.

00
00

0
0.

38
26

2.
15

04
0.

61
74

0.
02

35
A

f 
A

s 
A

di
 A

da

D
7

24
1.

04
67

0
0.

81
58

21
.3

37
5

0.
18

42
0.

00
95

A
f 

A
s 

A
di

 A
da

gS
G

6
31

0.
00

00
0

0.
42

19
2.

44
19

0.
57

81
0.

03
53

A
f 

A
s 

A
q 

A
a 

A
m

 A
b 

A
fr

gS
G

7
66

0.
00

00
0

0.
32

96
2.

08
76

0.
67

04
0.

04
52

A
f 

A
s

gS
G

7
11

2
0.

58
61

0
0.

77
57

11
.2

92
5

0.
22

43
0.

03
76

A
f 

A
s

gS
G

7
11

6
0.

23
74

0
0.

41
36

17
.5

50
9

0.
58

64
0.

00
12

A
f 

A
s

a Sy
no

ny
m

ou
s 

(α
) 

an
d 

no
n-

sy
no

ny
m

ou
s 

(β
) 

su
bs

tit
ut

io
n 

ra
te

s 
w

he
re

 th
e 

pr
op

or
tio

n 
of

 b
ra

nc
he

s 
w

ith
 β

 >
 α

 is
 s

ig
ni

fi
ca

nt
ly

 g
re

at
er

 th
an

 0
.

b A
dd

iti
on

al
 o

rt
ho

lo
gs

 f
ro

m
: A

a,
 A

no
ph

el
es

 a
ra

bi
en

si
s;

 A
b,

 A
no

ph
el

es
 b

ua
m

ba
e;

 A
da

, A
no

ph
el

es
 d

ar
li

ng
i; 

A
di

, A
no

ph
el

es
 d

ir
us

; A
f,

 A
no

ph
el

es
 fu

ne
st

us
; A

fr
, A

no
ph

el
es

 fr
ee

bo
rn

i; 
A

m
, A

no
ph

el
es

 m
el

as
;

A
q,

 A
no

ph
el

es
 q

ua
dr

ia
nn

ul
at

us
; A

s,
 A

no
ph

el
es

 s
te

ph
en

si
.

Insect Mol Biol. Author manuscript; available in PMC 2015 February 01.


