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Abstract

Adaptive polymorphism may be common in immune
system genes as co-evolutionary interactions foster
diversity; either through ongoing positive selection
(arms races), or balancing selection. DNA sequence
diversity in two putative immune system genes was
examined in species of the genus 

 

Anopheles

 

 and from

 

Aedes aegypti.

 

 For one gene, encoding the peptidogly-
can recognizing protein PGRPLB, there was evidence
of purifying selection, suggesting that selection acts to
eliminate sequence variation. For another gene, encod-
ing the thioester-containing protein TEP3, higher levels
of amino acid replacement were found than would
be expected under neutral models of evolution – an
indication that this gene has been subject to repeated
bouts of positive selection.
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Introduction

 

Genome projects and expression studies of invertebrates
have greatly expanded knowledge of the innate immune
system. For example, genes that the insects 

 

Drososphila

 

 and

 

Anopheles

 

 up- or down-regulate in response to pathogen
invasion have been extensively studied (Oduol 

 

et al

 

., 2000;
Christophides 

 

et al

 

., 2002, 2004; Holt 

 

et al

 

., 2002; Osta 

 

et al

 

.,
2004). However, the importance of genetic polymorphism
in the immune-related genome is not yet clear. Polymorphism

of immune-related genes may reflect phenotypic variation
in disease burden or vector competence. Compared to
other parts of the genome, adaptive polymorphism may be
common in immune system genes, as coevolutionary
interactions with pathogens or parasites promote rapid,
ongoing adaptation (Schlenke & Begun, 2003).

Analyses of DNA polymorphism typically focus on the
detection of positive or balancing selection, both of which
foster diversity, albeit at different levels (Yang & Bielawski,
2000; Ford, 2002; Olson, 2002). Positive selection, for
example, is evident as an elevated rated of amino acid
divergence among species, accompanied by a lack of
heterozygosity within species (Hurst & Smith, 1999; Bishop

 

et al

 

., 2000; Ford, 2002; Olson, 2002). This arises when
coevolution drives repeated bouts of selective sweeps, a
process often termed an ‘arms race’. Alternatively, antago-
nistic coevolution can maintain polymorphism through
balancing selection, which is evident as high heterozygosity
and/or the deep divergence of alleles at single loci within
populations (Hill 

 

et al

 

., 1991, 1992; Hughes & Nei, 1992;
Stahl 

 

et al

 

., 1999; Stahl & Bishop, 2000). Arms races or
balancing selection may act simultaneously (Bergelson 

 

et al

 

.,
2001), but both are easily distinguished from purifying
selection as this generates gene sequences with low levels
of amino acid polymorphism, because new mutations are
pruned from the population.

Among the arthropoda, immune genes from 

 

Drosophila

 

and the crustacean 

 

Daphnia

 

 have been subject to mo-
lecular population genetic analyses of polymorphism. A
genome-wide study by Schlenke & Begun (2003) compar-
ing 

 

Drosophila melanogaster

 

 to 

 

Drosophila simulans

 

 indi-
cated that immune system genes are subject to positive
selection to a greater extent than are other parts of the
genome. When particular immune genes have been the
target of study in 

 

Drosophila

 

, results have been mixed: genes
for antimicrobial peptides and peptidoglycan recogniz-
ing proteins largely showed evidence of purifying selection
(Jiggins & Hurst, 2003; Lazzaro & Clark, 2003), but the tran-
scription factor relish gave evidence of positive selection
(Begun & Whitley, 2000). Studies of 

 

Daphnia

 

 concerned
two genes, one of which, a gram negative binding protein
gene showed evidence of purifying selection, while another
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gene, an 

 

alpha-2-macroglobulin

 

, showed evidence of positive
selection (Little 

 

et al

 

., 2004).
Mosquito–pathogen interactions, as with most hosts and

pathogens (Little, 2002), show genetic variation for parasite
or pathogen resistance (Hogg & Hurd, 1995; Yan 

 

et al

 

.,
1997; Bosio 

 

et al

 

., 2000; Ferguson & Read, 2002). The
genetic basis of resistance-variation is yet to be fully
described, although progress has been made regarding
the genes that determine the 

 

Plasmodium

 

 sp. invasion suc-
cess (Levashina 

 

et al

 

., 2001; Osta 

 

et al

 

., 2004). This study
presents the first molecular population genetic analysis of
immune system genes from disease-carrying mosquitoes.
Levels of polymorphism and rates of amino acid substitu-
tion were determined in two immune system genes, with
the aim of establishing if these genes have been under
purifying, directional or balancing selection. By analogy with
plant and vertebrate systems, host proteins, which recognize
and/ or directly interact with pathogens, are prime candidates
for the detection of adaptive polymorphism (e.g. Hill 

 

et al

 

.,
1991; Stahl & Bishop, 2000) due to balancing selection or
directional selective sweeps. Therefore, genes that coded
for proteins known to be involved in the recognition of
invading pathogens were isolated for study. Specifically,
DNA polymorphism at a peptidoglycan recognizing protein
(PGRP) encoding gene and a thioester containing protein
(TEP) encoding gene were analyzed.

 

Results

 

Polymorphism and divergence at PGRPLB

 

An 

 

∼

 

500 base pair (bp) fragment of 

 

PGRPLB

 

 was amplified
in 

 

Ae. aegypti

 

 and each 

 

Anopheles

 

 species. To this was
added sequence information from the published genome

of 

 

Anopheles gambiae

 

. Thus, our data set for comparisons
among species at 

 

PGRPLB

 

 contained seven taxa (

 

An.
gambiae

 

, 

 

Anopheles arabiensis

 

, 

 

Anopheles albimanus

 

,

 

Anopheles atroparvus

 

, 

 

Anopheles funestus

 

, 

 

Anopheles
stephensi

 

, and 

 

Ae. aegypti

 

 (Fig. 1)).
Comparing among these species, K

 

a

 

:K

 

s

 

 ratios at 

 

PGRPLB

 

averaged 0.068, with pair-wise comparisons ranging from
0.029 (

 

An. arabiensis

 

 vs. 

 

An. funestus

 

) to 0.23 (

 

An. arabiensis

 

vs. 

 

An. gambiae

 

). The CODEML program of PAML and the
gene tree of these seven taxa were used to test if K

 

a

 

:K

 

s

 

ratios were above 1.0 at particular codons. It was deter-
mined that the model incorporating among site variation
was significantly more likely than one that assumed all sites
to be evolving at the same rate (e.g., comparing NSsites
M0 [log likelihood = 

 

−

 

3431.52] to M2 [log likelihood 

 

=
−

 

3409.06], 

 

χ

 

2

 

 = 45, d.f. = 2, 

 

P

 

 < 0.0001). To test for positive
selection a likelihood-ratio test was used to compare M7 –
a model for which 

 

ω

 

 is described by a beta distribution and
does not allow for positively selected sites (

 

ω

 

 < 1.0) – to
M8, which permits a proportion of sites to fall outside this
beta distribution (Yang 

 

et al

 

., 2000), i.e. some sites may
have 

 

ω

 

 > 1.0. The likelihood ratio test comparing these two
models was not significant (M7 [log likelihood = 

 

−

 

3409.31]
to M8 [log likelihood = 

 

−

 

3408.92], 

 

χ

 

2

 

 = 0.78, d.f. = 2, n.s.).
Sample sizes and the number of polymorphic sites in

the African populations are given in Table 1. Basic polymor-
phism and divergence data are shown in Table 2. Within
population tests for selection (Tajima’s D, Fu and Li’s D) in

 

An. gambiae

 

 (from the Cameroon or Kenyan populations)
and 

 

An. funestus

 

 (from the Sudanese population) were not
significant. Comparing among populations of 

 

An. gambiae

 

from Kenya and Cameroon revealed ample polymorphism
within each population (Tables 2 and 3), but surprisingly for

Figure 1. The deduced amino acid sequences of DNA encoding a peptidoglycan recognizing protein (PGRPLB) for six species of Anopheles mosquitoes and 
Ae. aegypti. Asterisks indicate sites with non-synonymous nucleotide substitutions. Introns are indicated by gaps.
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populations separated by < 2000 km, not a single fixed
difference between populations (Table 3). A MacDonald–
Kreitman test comparing the 

 

An. funestus

 

 population to
the two populations of 

 

An. gambiae

 

 indicated that diver-
gence between species was not due to positive selection
(Table 3), i.e. there was no apparent excess of non-
synonymous substitutions. In summary, the patterns of
polymorphism and divergence at PGRPLB suggest the
action of purifying selection.

 

Polymorphism and divergence at TEP3

 

1645 bp of sequence information from the 

 

TEP3

 

 were
obtained for each of 

 

An. gambiae

 

, 

 

An. arabiensis

 

, 

 

An.
atroparvus

 

, and 

 

An. stephensi

 

 (Fig. 2). For 

 

An. funestus,

 

sequence information from the first 1024 bp only was
obtained. It was not possible to acquire PCR product from
other species. K

 

a

 

:K

 

s

 

 ratios at this gene were similar to
PGRPLB averaging 0.061, with pair-wise comparison

Table 1. Polymorphism parameters for DNA sequences encoding a peptidoglycan recognizing protein (PGRPLB) and a thioester containing protein (TEP3) 
from three populations of malaria-carrying mosquitoes in the genus Anopheles

Gene Species (population)
Total 
length (bp)

Exon 
length (bp)

Number of
individuals

Number of
haplotypes

Polymorphic sites

Silent Replacement

PGRPLB An. gambiae (Cameroon) 492 408 7 13 17 4
An. gambiae (Kenya) 492 408 5 10 8 4
An. funestus (Sudan) 492 408 9 15 8 0

TEP3 An. gambiae (Cameroon) 1443 1287 9 18 37 0
An. gambiae (Kenya) 1465 1287 6 12 34 0
An. funestus (Sudan) 1024 948 5 10 18 5

Gene Population Total Silent Replacement

Polymorphism
PGRPLB An. gambiae (Cameroon) 0.017 0.053 0.004

An. gambiae (Kenya) 0.010 0.027 0.005
An. funestus (Sudan) 0.009 0.037 0.000

TEP-3 An. gambiae (Cameroon) 0.011 0.045 0.000
An. gambiae (Kenya) 0.011 0.045 0.000
An. funestus (Sudan) 0.007 0.024 0.002

Divergence
PGRPLB An. gambiae (Cameroon vs. Kenya) 0.016 0.042 0.007

An. gambiae (Cameroon) vs. An. funestus 0.176 0.600 0.044
An. gambiae (Kenya) vs. An. funestus 0.175 0.592 0.044

TEP-3 An. gambiae (Cameroon vs. Kenya) 0.010 0.042 0.000
An. gambiae (Cameroon) vs. An. funestus 0.173 0.562 0.056
An. gambiae (Kenya) vs. An. funestus 0.171 0.552 0.056

Table 2. Nucleotide polymorphism (π) and 
divergence parameters comparing three 
populations of malaria-carrying mosquitoes in the 
genus Anopheles at two immune-related genes 
(PGRPLB and TEP3)

Table 3. Polymorphism and divergence data used to compare populations of malaria-carrying mosquitoes for two immune-related genes (PGRPLB and TEP3). 
The MacDonald–Kreitman Test was used to test for positive selection by comparing An. funestus to each of two populations of An. gambiae. The probability of 
observing the data if all the observed mutations are neutral is calculated using a contingency table analysis and a G-test, and only includes sites from the coding 
sequence. NA indicates not applicable because populations are of the same species

Intraspecific polymorphism Interspecific fixed differences 

G PSilent Replacement Silent Replacement

PGRP-LB
An. gambiae (Cameroon vs. Kenya) 20 7 0 0 NA
An. gambiae (Cameroon) vs. An. funestus 22 4 46 11 0.189 0.66
An. gambiae (Kenya) vs. An. funestus 14 4 50 11 0.154 0.69

TEP-3
An. gambiae (Cameroon vs. Kenya) 45 0 0 0 NA
An. gambiae (Cameroon) vs. An. funestus 44 4 109 34 6.19 0.013
An. gambiae (Kenya) vs. An. funestus 42 5 108 34 4.26 0.039
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ranging from 0.028 (An. arabiensis vs. An. gambiae) to
0.11 (An. arabiensis vs. An. atroparvus). Given the small
number of species for which data were available, further
tests for elevated Ka:Ks ratios in PAML were not performed.

Sample sizes and the number of polymorphic sites in the
three populations samples are given in Table 1. Basic
polymorphism and divergence data are in Table 2. Within
population tests for selection (Tajima’s D, Fu and Li’s D) were
not significant. As with PGRPLB, comparing among popu-
lations of An. gambiae from Kenya and Cameroon at TEP3
revealed ample polymorphism within each population
(Tables 2 and 3), but not a single fixed difference between
populations (Table 3). Comparisons between either of
these populations and the population of An. funestus from
Sudan indicated strong divergence. By contrast with the
analysis of PGRPLB, however, a MacDonald–Kreitman
test comparing the An. funestus population to An. gambiae

from either Kenya or Cameroon indicated the presence of
positive selection (Table 3). In particular, there appeared
to be an excess of amino acid replacements contributing
to divergence (Table 3), although our estimate of Ks may
be biased by the sizable evolutionary distance separating
An. funestus from An. gambiae.

Discussion

This study documents the first DNA polymorphism data
from the immune system genes of Anopheles mosquitoes.
A number of intriguing patterns of polymorphism and
divergence were particularly notable. First, populations of
An. gambiae may show almost no divergence across a dis-
tance of over 2000 km. This confirms previous studies on
mitochondrial DNA (Besansky et al., 1997) and suggests that
Anopheles populations can exist as very large panmictic

Figure 2. The deduced amino acid sequences of DNA encoding a thioester containing protein (tep3) for five species of Anopheles mosquitoes. Asterisks 
indicate sites with non-synonymous nucleotide substitutions. Introns are indicated by gaps.
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entities. Secondly, in tests for the imprint of natural selec-
tion, a gene encoding a peptidoglycan recognizing protein,
showed evidence of purifying selection, which indicates
that selection tends to eliminate amino acid variation at this
gene. However, the other studied gene, encoding a thioester
containing protein, appeared to be under positive selection,
which is evidence that this gene is part of a host-pathogen
arms race. Specifically, for TEP3, the ratio of replacement to
silent substitutions between species was significantly greater
than expected from levels of within-species polymorphism
(The MacDonald–Kreitman Test) when comparing the
An. funestus population to either of two widely separated
populations of An. gambiae. Neither the PGRPLB or TEP3
encoding genes showed evidence of balancing selection as
some immune system genes of plants and vertebrates do.

This evidence for positive selection in one gene but not
the other may be linked to function. Peptidoglycans are an
essential component of bacterial cell membranes, and as
such cannot be changed to be unrecognizable by the host
(Janeway & Medzhitov, 2002). If peptidoglycans cannot be
changed or removed as to make the bacteria undetectable,
then their will be no evolutionary pressure on hosts to
modify their PGRPs (Medzhitov & Janeway, 1997; Janeway
& Medzhitov, 2002). This hypothesis is supported by the
present data, as well as a study on Drosophila (Jiggins &
Hurst, 2003), which found PGRPs to be subject only to
purifying selection. Moreover, the study of a Daphnia gram
negative binding protein (GNBP) encoding gene, which
also recognizes essential carbohydrate-based pathogen-
associated molecular patterns, also showed evidence of
purifying selection.

TEPs are serine protease inhibitors and thus recognize
and bind proteins. In general, gene products involved in
protein–protein interactions (as opposed to the protein–
carbohydrate interactions typified by PGRPs or GNBPs)
seem more likely candidates for arms races. The precise
function of Anopheles TEP3 is not well established,
although an important role for TEP-1 in Anopheles immu-
nity has been shown (Levashina et al., 2001; Blandin et al.,
2004), and the role of TEPs in immunity of other inverte-
brate taxa is also well studied (Armstrong & Quigley, 1999;
Kanost, 1999). For example TEP family members called
alpha-2-macroglobulins are involved in the recognition of
pathogen serine proteases, which are important virulence
factors (Han et al., 2000). A study of a Daphnia alpha-2-
macroglobulin gene showed evidence of positive selection
indicating that it was subject to a host parasite arms race
centred on host evolution to produce TEPs that inhibit parasite
serine proteases and parasite evolution to produce serine
proteases that go unrecognized by hosts. Diversity in alpha-
2-macroglobulins is highest in the bait region (which
directly interacts with, and is cleaved by, serine proteases),
but Anopheles TEP3, despite showing evidence of positive
selection, did not show such a concentration of amino acid

substitutions similar to the bait region in Daphnia (Fig. 2).
Nevertheless, given the combined results of the Daphnia
study and the present one, it may be tempting to speculate
that TEP’s are common foci of coevolutionary arms races.

Presently, there are few available data on polymorphism
in arthropod immune-genes to draw robust conclusions
about which parts of the immune-related genome are
under positive or other forms of diversifying selection. It is
hoped that the genomic era will further include the study of
polymorphism at genes known to be turned on in response
to pathogen invasion so that we may gain a general impres-
sion of tempo and mode of selection on particular immune
genes, functional classes of genes, and the entire immune-
related genome. The thorough identification of coevolution-
ary hotspots in the invertebrate immune system looms as
an exciting and feasible prospect, at least for those taxa
with sequenced genomes. Ultimately, it may even be pos-
sible to associate phenotypic patterns of disease burden
with immune system polymorphism as has been accom-
plished in plant-pathogen systems (Stahl et al., 1999; Stahl
& Bishop, 2000; Bergelson et al., 2001)

Experimental procedures

Candidate genes and mosquito sampling

Both TEPs and PGRPs are part of moderately sized multigene
families, with a total of 15 TEPs and 6 PGRP genes in the genome
of Anopheles gambiae (Christophides et al., 2002). From GEN-

BANK, DNA sequences from all members of each gene family were
acquired and alignments made using CLUSTALW. Gene trees
were constructed using the neighbour-joining algorithm in PAUP,
and from these trees, suitable gene copies identified for study. In
particular, stretches of sequence were identified from which PCR
primers could be designed that would (1) amplify parts of one gene
copy (i.e. one locus) to the exclusion of others – it was important
that comparisons be among orthologues – and (2) be sufficiently
conserved such that sequence from a variety of species could be
studied. For this second aim, inclusion of Drosophila genes in this
alignment facilitated the identification of conserved sites for the
design of degenerate primers. With this approach, analysis of the
gene copies identified by Christophides et al. (2002) as PGRPLB
and TEP3 were carried out.

Primers for the TEP3 locus, which produced a ∼1650 bp product,
were forward primer 5′-GCAAACGGACAAATCCATCTAC-3′ and
reverse primer 5′-ACACCTGCTGCTTCGTAATATC-3′. This fragment
was difficult to amplify in some cases, and so two internal primers
to amplify smaller fragments were developed. These were forward
primer 5′-ATCACCACGTTCAAGGATGG-3′ and reverse primer
5′-GTAGGTGAAGTACTTCATCGG-3′. Primers for the PGRPLB
locus were forward primer 5′-CCGTACGTCATCATACATCATTCG-
3′ and reverse primer 5′-GAAATGGGGCCAGGTTTTGATCTC-3′
which produced a ∼500 bp PCR product.

Laboratory strains of An. arabiensis, An. stephensi, An. atroparvus,
An. albimanus, and Aedes aegypti, with An. gambiae sequence from
GENBANK, were used for among-species analyses of TEP3 and
PGRPLB. In addition, population samples from three natural
populations were aquired. These were An. gambiae from Cameroon
(the mount Cameroon region), An. gambiae from the Kenyan shore
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of Lake Victoria (Mbita), and An. funestus from Gedaref agricultural
plain in eastern Sudan. Between 10 and 20 haplotypes from each
population sample were isolated and used for analysis. In any
cases where species identification was uncertain, the ITS-2 region
was amplified using the primers of Porter & Collins (1991) and
sequences compared this PCR fragment with those in GENBANK.

Using a modification of the CTAB method (Colbourne et al., 1998),
DNA was extracted from decapitated adult mosquitoes. PCR
amplification conditions for all primers used a 58 °C annealing
temperature for 30 s with an extension time of 45 s. Magnesium
chloride concentration was 2.5 mM in all reactions. PCR reactions
produced a single discrete band in each case. Each PCR product
was excised from an agarose gel, cleaned using the Qiagen Gel
extraction kit, cloned using the TOPO TA 2.1 vector (Invitrogen Life
Technologies, Carlsbad, CA, USA). Six clones containing plasmids
with mosquito DNA inserts were picked and sequenced in both
forward and reverse directions, yeilding 12 sequences from each
mosquito, identifying both haplotypes per individual when they were
heterozygous. Sequencing was performed with the ABI Prism
BigDye Terminator Cycle Sequencing Kit, Version 3.0. Sequences
were compared to the non-redundant protein sequence database
using the BLASTX alignment program (Altschul et al., 1997) to
confirm that sequences were indeed TEP3 or PGRPLB.

Analyses

Basic analyses of polymorphism and divergence were performed
using the computer program DNAsp (Rozas & Rozas, 1999). For
each of the three population samples, departures from neutrality were
tested using Tajima’s D, and Fu and Li’s D as implemented in DNAsp.
Among species were compared by examining the number of
replacement nucleotide substitutions (substitutions that result in
amino acid substitutions, Ka) and the number of synonymous (or
silent) substitutions (Ks) separating pairs of species. The rate of silent
substitution is an (approximately) neutral expectation, and thus Ka/
Ks ratios much less than one could indicate purifying selection, but
higher ratios may be evidence of positive selection. However, simply
examining Ka/Ks ratios is a conservative estimate of positive selec-
tion. More powerful procedures to test for elevated Ka/Ks ratios use
maximum likelihood approaches, which account for phylogenetic
structure, and identify particular codons that have been evolving
rapidly (as opposed to averaging across all codons in a pair of
sequences) (Yang & Bielawski, 2000). Sequences from each study
species were used to generate gene trees using PAUP (Swofford,
2002) and then implemented maximum likelihood methods using
the PAML package of programs (Yang, 1997).

Having population polymorpism data for both An. gambiae and
An. funestus enabled the use of the MacDonald–Kreitman test
(McDonald & Kreitman, 1991) which detects selection by finding
statistical discrepancy in the relative level of synonymous and non-
synonymous substitutions within and between species. The basic
assumption of MacDonald–Kreitman analysis is that the ratio of
replacement to synonymous substitution between species will be
the same as the ratio of replacement to synonymous polymor-
phism within species if divergence and polymorphism are due
solely to random drift acting on neutral mutations.
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