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Abstract

Anopheles mosquitoes are the vectors of several human diseases including malaria. In many
malaria endemic areas, several species of Anopheles coexist, sometimes in the form of related
sibling species that are morphologically indistinguishable. Determining the size and organization
of Anopheles populations, and possible ongoing gene flow among them is important for malaria
control and, in particular, for monitoring the spread of insecticide resistance alleles. However,
these parameters have been difficult to evaluate in most Anopheles species due to the paucity of
genetic data available. Here, we assess the extent of contemporary gene flow and historical
variations in population size by sequencing and de novo assembling the genomes of wild-caught
mosquitoes from four species of the Anopheles punctulatus group of Papua New Guinea. Our
analysis of more than 50 Mb of orthologous DNA sequences revealed no evidence of
contemporary gene flow among these mosquitoes. In addition, investigation of the demography of
two of the An. punctulatus species revealed distinct population histories. Overall, our analyses
suggest that, despite their similarities in morphology, behaviour and ecology, contemporary
sympatric populations of An. punctulatus are evolving independently.

%orrespondence: Peter A. Zimmerman, Fax: 216-368-4825; paz@case.edu; David Serre, Fax: 216-636-0009; serred@ccf.org.
Present address: Liverpool School of Tropical Medicine, Pembroke Place, Liverpool L3 5QA, UK

P.A.Z. and D.S. designed the research; K.L., S.T.S. and E.R.C. performed the experiments and analysed the data; L.R., P.M.S., P.A.Z.
and D.S. contributed new reagents or analytical tools; and K.L., S.T.S., P.A.Z. and D.S. wrote the manuscript.

Supporting information
Additional supporting information may be found in the online version of this article.

Data accessibility
Raw sequencing data: NCBI SRA: SRP042363; DNA sequence assemblies: GenBank Accessions JXWZ00000000-JXXC00000000;
SNP information: Dryad doi:10.5061/dryad.16hc8.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

LOGUE et al.

Keywords

Page 2

Anopheles; genomics; inbreeding; malaria; population genetics

Introduction

Anopheles mosquitoes are the vectors of several important human infectious diseases
including malaria, lymphatic filariasis and arboviruses (Krzywinski & Besansky 2003).
Anopheles mosquitoes are found on all continents, with the exception of Antarctica, and
represent more than 500 species that are often organized in sibling species complexes. The
African Anopheles gambiae complex has been extensively studied and revealed a complex
history of ancient introgression, recent speciation and ongoing gene flow among sibling
species (Lawniczak et al. 2010; Neafsey et al. 2010, 2015; Riehle et al. 2011; Lee et al.
2013; Clarkson et al. 2014; Weetman et al. 2014; Fontaine et al. 2015). Unfortunately, most
non-African Anopheles species have been much less studied and remained poorly
understood.

Papua New Guinea (PNG) has some of the highest rates of malaria (WHO 2013) and
lymphatic filariasis (Bockarie & Kazura 2003) in the world. There are at least 38 species of
Anopheles recognized in PNG and the South Pacific, classified in 5 complexes or groups
(Beebe et al. 2013). Among them, the 13 species of the Anopheles punctulatus group
account for the majority of the Anopheles mosquitoes and include the main vectors of
malaria and lymphatic filariasis: Anopheles punctulatuss.s., Anopheles farauti s.s. (or An.
farauti 1), Anopheles hinesorum (or An. farauti 2), Anopheles farauti 4 and Anopheles
koliensis. Many of these species are morphologically indistinguishable (Bryan 1973b; Foley
et al. 1993; Cooper et al. 2002) and have large overlaps in their geographical distributions.
While these species differ in their larval habitat preferences, with, for example, An. farauti
s.s. typically using natural habitats near the coast while An. punctulatus s.s. prefers human-
made inland habitats, larvae from multiple species are often found in the same habitat
(Beebe & Cooper 2002). Similarly, these species show differences in feeding preferences
(e.g. An. punctulatus s.s. being more anthropophilic than An. farauti s.s.), but adult
Anopheles are still frequently captured together (Benet et al. 2004; Burkot et al. 2013).

Initially, species of the An. punctulatus group were defined based on forced mating
experiments in the laboratory that yielded nonviable or sterile F1 hybrids (Bryan 1973a,b,
1974). Further molecular studies confirmed these initial species classifications (Foley et al.
1993; Beebe & Saul 1995; Beebe et al. 1999). In particular, recent analyses of complete
mitochondrial genome sequences revealed that species of the An. punctulatus group
diverged from each other several millions years ago (Logue et al. 2013). This study also
suggested that these species were much more distantly related than, for example, species of
the An. gambiae complex in Africa (Fontaine et al. 2015) for which instances of gene flow
between species have been reported (Lee et al. 2013; Clarkson et al. 2014; Weetman et al.
2014). However, recent observations suggested that introgression may be occurring between
two An. punctulatus species in southern New Guinea (Ambrose et al. 2012). Analysis of
multiple genetic loci would enable to rigorously assess contemporary gene flow among the
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members of the An. punctulatus group, but these analyses are problematic in most Anopheles
species due to the lack of sufficient genetic data.

Understanding the amount of gene flow among sympatric Anopheles species, as well as the
structure and diversity of their populations, is critical for malaria control as these
demographic parameters will, for example, influence whether insecticide resistance alleles
could spread between populations or whether they would have to arise multiple times
independently. Here, we circumvent the lack of genomic data for species of the An.
punctulatus group by sequencing and de novo assembling the genomes from single wild-
caught mosquitoes. Using this genome-scale data, we rigorously evaluate the possibility of
contemporary gene flow among these four An. punctulatus species using phylogenetic and
population-genetic approaches. We also examine the distribution of the genetic
heterozygosity for two of the mosquitoes sequenced at the highest coverage and reconstruct
the demographic history of their respective species.

Material and methods

Samples

Wild-caught mosquitoes were collected in the Madang province by the Entomology unit of
the Papua New Guinea Institute of Medical Research (PNGIMR) as previously described
(Henry-Halldin et al. 2011, 2012). We extracted genomic DNA from individual mosquitoes
with DNeasy blood and tissue kits (Qiagen®) according to the supplemental protocol for
purification of insect DNA with one modification: each mosquito was initially placed in a 2
mL tube with one 5-mm steel bead and 180 uL of PBS and homogenized by high-speed
shaking at 15 Hz for 90 s with a Qiagen TissueLyser Il instrument. We extracted DNA from
a total of 16 mosquitoes, 8 of which had a total DNA yield of ~2 ug and were further
analysed. We determined species identity using a PCR-based assay targeting species-
specific nucleotide differences in the ribosomal internal transcribed spacer 2 (ITS2) (Henry-
Halldin et al. 2011). For genome sequencing, we selected high-quality DNA extracted from
individual mosquitoes of the following species: An. punctulatus s.s. (AP), An. farauti s.s.
(AF s.s.), An. farauti 4 (AF4) and An. koliensis (AK).

Whole-genome sequencing and assembly

We sheared 2 pg of genomic DNA from each individual mosquito into 250-300 bp
fragments using a Covaris S2 instrument (http://covarisinc.com) and prepared sequencing
libraries as previously described (Logue et al. 2013). We then sequenced each library on an
Illumina GAIIx or HiSeq 2000 instrument (Table S1, Supporting information). All
sequences are available through the NCBI Sequence Read Archive (Accession Number
SRP042363).

We de novo assembled each of the four genomes independently. First, we mapped reads
from each sample onto its previously assembled mitochondrial genome (Logue et al. 2013)
using Bowtie (Langmead et al. 2009) and removed these reads from further analyses. We
then corrected the remaining reads for sequencing errors using the program QUAKE with a
k-mer size of 17 and default parameters (Kelley et al. 2010). Finally, each sample was de
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novo assembled using the program ABYSS (version 1.3.6) (Simpson et al. 2009). We
determined the optimal k-mer for each sample by using various k-mers (ranging from 17 to
71) and selecting the k-mer that produced the highest N50 value and total assembly size
closest to that of An. gambiae (260 MB). The best assemblies were obtained with a k-mer of
51 for AF4 and AP, and 31 for AK and AF s.s.

To assess sequence coverage, we mapped the original uncorrected reads onto each assembly
using Bowtie2 (version 2.1.0) (Langmead & Salzberg 2012). We then calculated the average
sequence coverage for each contig >1000 bp. We collapsed overlapping contigs by first
aligning each genome assembly to itself using BLAT (Kent 2002) and (i) discarding any
contig that completely aligned to another by only keeping the larger of the two; (ii)
discarding all contigs where two or more contigs aligned to the same end of another; and
(iif) merging contigs that overlapped by at least 500 bp and were 95% identical. The latter
criteria are derived from in silico analyses of the An. gambiae genome that showed that <5%
of all genomic DNA sequences would be incorrectly or ambiguously mapped using these
cut-offs. When merging contigs, any nucleotide differences between them were masked. To
further optimize our assemblies, we removed putative paralogous sequences by filtering out
contigs with unusually high coverage (top 3%) and all contigs with less than half of the
expected mean coverage. In each final assembly, we used the base corresponding to the
most frequently sequenced nucleotide at each position, if the coverage was >10 x, and
masked any position sequenced by <10 reads.

Assembly comparison and alignments

We aligned the assembled contigs from all four An. punctulatus species using the Threaded
Blockset Aligner (TBA) program (Blanchette et al. 2004). Briefly, we used the lastz
program in the TBA package to generate pairwise alignments for all assemblies and kept
only alignment blocks that were at least 500 bp in length and had 80% nucleotide identity.
Nonunique alignment blocks were discarded. Finally, a multiple alignment containing all
four species assemblies was generated using the TBA program.

Phylogenetic analyses

We used three methods to determine species relationships. First, we generated a distance
matrix of the total number of pairwise differences using all alignment blocks >500 bp and
containing all four species (we refer to these alignment blocks as ‘loci’). Second, we
analysed all alignment blocks >5 kb (accounting for 12.2 Mb) using RAXML (Stamatakis
2014) with the default parameters and reconstructed the most likely phylogeny. Third, we
determined the species relationships for each locus independently and reconstructed
unrooted trees using the maximum-likelihood approach implemented in the program PhyML
(Guindon & Gascuel 2003). In PhyML, we used the following parameters: the general time-
reversible model of nucleotide substitution with invariant sites, estimated nucleotide
frequencies and the approximate likelihood ratio test (aLRT) with a chi-square distribution
to assess the statistical support for each tree. To robustly assess the phylogeny of An.
punctulatus species, we only examined loci >1000 bp and whose trees were supported by an
aLRT score >0.9.
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Identification of possible introgression candidates using sequence divergence

To identify loci possibly indicative of introgression, we searched for trees with unusual short
branch lengths separating two of the four species. For each tree, we calculated the ratio of
the two shortest adjacent external branches to the sum of all four external branches. We then
considered, as candidate loci for introgression, any tree for which the ratio was in the 0.01th
quantile of the cumulative distribution (Fig. S1, Supporting information). We characterized
putative protein-coding genes in each locus by blasting the contig DNA sequence against the
NCBI nucleotide database using blastn and retrieved the annotation when the best nucleotide
blast hit was to an An. gambiae gene and was at least 70% identical.

Identification of single nucleotide polymorphisms (SNPs) in orthologous regions of the
An. punctulatus s.s. and An. farauti 4 genomes

To obtain a first genome-wide perspective on the genetic diversity of AP and AF4, we
mapped all sequencing reads from AP and AF4 onto their corresponding contig assembly
using Bowtie2 (Langmead & Salzberg 2012) (treating paired-end reads as unpaired). We
restricted our analyses to loci >1000 bp and only called SNPs at positions sequenced at high
quality (Q = 20) and high coverage (80-200 X in AF4 and 25-80 X in AP, Fig. S2,
Supporting information). We considered a site to be variable if >20% of the reads carried the
minor allele (see Fig. S3, Supporting information). We defined as a shared polymorphism
any orthologous position that was variable in both AP and AF4 and for the same two alleles.

Number of shared polymorphisms expected between species under different population

histories

We calculated the expected number of shared polymorphisms between AP and AF4 under
different demographic models using the coalescent simulation program ms (Hudson 2002).
We estimated the scaled population mutation rate, 6, from the observed heterozygosity and
the population recombination rate, p, using mIRho (Haubold et al. 2010). We simulated 22
394 loci (i.e. the number of loci analysed for AF4 and AP in our study after filtering, see
above) and assigned to each locus a 0 value corresponding to the value observed in one of
our alignment blocks. We used two different models in our simulations, one without gene
flow and one with varying amounts of gene flow. The first model represented two species
that diverged in the past from a common ancestor and afterwards evolved independently (i.e.
the isolation model with no gene flow between diverged species, see (Sousa & Hey 2013)
for a review). For this isolation model, we performed 1000 simulations for each locus. The
second model investigated the consequences of varying amount and age of gene flow on the
number of shared polymorphisms between the two species. For this model, we simulated
each locus 10 000 times, each time randomly selecting values of gene flow (4Ngm) and time
since the most recent gene flow (in 4Ng generations): for each simulation, we randomly
assigned a number of lineages originating from the introgressing population (i.e. 4Ngm) by
drawing from a uniform distribution between 1 and 5; the time since the most recent gene
flow was randomly drawn from a uniform distribution between 0 and 0.5 (scaled in 4Ng
generations). In all simulations, we modelled gene flow as continuous for either 100 or 1000
generations and occurring at a constant rate. For facilitating the interpretation of the results,
we also included the results scaled using a mutation rate of 2.8 x 1072 per base pair per
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generation (Dixit et al. 2014; Keightley et al. 2014) and assuming 12—20 generations per
year, as often used for An. gambiae and Aedes aegypti (Chandre et al. 2000; Beserra et al.
2006; Barbosa et al. 2011).

For each simulation, we used a modified version of the software msstats (github.com/
rossibarra/msstats) to calculate the total number of shared polymorphisms and the total
number of unique polymorphisms within each species across all loci. We then grouped
simulations into bins according to the random values of the parameters used for 4Nem
(binned in 1.0 increments) and most recent gene flow (binned in 0.1 increments). Each bin
typically contained ~500-1000 simulations. We then calculated p-values by calculating the
number of simulations producing more shared polymorphisms than observed in the actual
data.

Characterization of the historical demography of An. farauti 4 and An. punctulatus s.s

To reconstruct the demographic history of both species of Anopheles from whole-genome
data, we used the pairwise sequential markovian coalescent (PSMC) model (Li & Durbin
2011). We divided the consensus DNA sequences of each species into 10-bp nonoverlapping
bins and marked each bin as homozygous or heterozygous based on whether it contained at
least one SNP. We used bins of 10 bp to account for the high genetic diversity observed in
Anopheles, although increasing the size of the bins did not qualitatively change the results.
To improve the accuracy of inferring historical recombination events, we excluded all contig
sequences shorter than 5000 bp (41-49% of all contigs, 11-19% of all bases) resulting in a
total of 117-130 Mb of DNA sequences analysed. Note that in this analysis, each contig is
treated as a separate accession (i.e. they are not artificially concatenated). We used the
recommended parameters, only adjusting for the higher heterozygosity and recombination
rate in Anopheles compared to humans. The settings of the piecewise constant and
maximum time (-p and —t options) were adjusted to maintain >20 ancestral recombination
events in each time epoch (Li & Durbin 2011). Thus, max time was set to 15 for AP and 20
for AF4 and the number of piecewise parameters was left as default. The ratio of 6 to g was
set to 1, based on preliminary estimation using mIRho (Haubold et al. 2010). To estimate
variance, we applied a bootstrapping approach by splitting genomic sequences into smaller
segments and then randomly sampling these segments with replacement (Li & Durbin
2011). We performed a total of 100 bootstraps for each of the samples run in PSMC.

As the PSMC method relies on the genomic distribution of heterozygous sites, it can only be
used when both alleles are called with high confidence. We assessed the influence of
sequence coverage on the PSMC results by performing two separate runs for the AF4
mosquito: one with our original coverage (131 X) and a second sequence that was down-
sampled to the same coverage as AP (51 X).

All PSMC results were plotted in R statistical software using the R package ggplot2.
Unscaled results in 6 and pairwise sequence divergence were calculated according to the
PSMC manual (github.com/Ih3/psmc). Results were scaled using a mutation rate of 2.8 x
1079 per base pair per generation (Dixit et al. 2014; Keightley et al. 2014) and assuming 12—
20 generations per year (Chandre et al. 2000; Beserra et al. 2006).
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Results

Genomic sequencing and de novo assembly of four wild-caught mosquitoes of the An.
punctulatus group

We sequenced the genomes of four individual mosquitoes, An. punctulatus (AP), An.
koliensis (AK), An. farauti s.s (AF s.s.) and An. farauti 4 (AF4), collected in the Madang
province of Papua New Guinea (PNG). The Madang province, located on the northern coast
of PNG, has one of the highest malaria prevalence in the country (WHO 2013) and has been
the focus of many malaria control campaigns since the 1970s (Cattani et al. 1986). In this
province, four of the five main malaria vector species (AP, AK, AFss and AF4) coexist and
often share the same habitats (Cooper et al. 2002). From each mosquito, we generated ~37-
170 million read pairs resulting in 34-131 x coverage (Table 1). We de novo assembled
each genome independently and initially obtained 389 743-927 145 contigs with a total
assembly size of 193-293 Mb and an N50 of 3691-13 469 (Table S2, Supporting
information) (for reference, the genome size of An. gambiae is 260 Mb). Analysis of the
distribution of the average contig coverage (Fig. S4A-D, Supporting information) revealed a
bimodal distribution with some of the contigs displaying half the expected coverage (based
on the overall sequencing effort and the expected size of Anopheles genomes). We
hypothesized that these contigs included redundant sequences misassembled due to high
genetic heterozygosity (i.e. each parental chromosome was assembled separately), as has
previously been observed for other diploid organisms (Takeuchi et al. 2012; Zhang et al.
2012; Zheng et al. 2013). We subsequently merged these sequences together (see Material
and methods for details), which eliminated most of the redundancy (Fig. S4E-H, Supporting
information). Our final assemblies accounted for 62.9-74.0% of the reads generated and
contained 14 407-41 925 contigs with an N50 of 4664—16 229 and a final assembly size of
146.2-161.6 Mb (Table 1). Thus, from single wild-caught mosquitoes, we were able to de
novo assemble DNA sequences representing roughly two-thirds of their expected genome
size (based on the size of the An. gambiae genome).

The best assembly, based on the N50 statistic, was obtained for the AF4 species, which
derived from the sample with the highest sequence coverage (Table 1). To evaluate whether
the increased sequencing depth was responsible for the better assembly, we randomly
subsampled AF4 reads to a coverage similar to that obtained for AP. We then used this
subset of reads to independently de novo assemble the genome of AF4. The lower sequence
coverage did not reduce the assembly quality of AF4 and yielded similar assembly statistics
as those obtained using all reads (Table S3, Supporting information). As de hovo genome
assembly algorithms sometimes fail to collapse homologous chromosomes into a single
DNA sequence due to genetic heterozygosity, we hypothesized that the differences in
assembly quality among the four An. punctulatus species was, at least partially, due to
differences in genetic heterogeneity among species and that AF4 probably had a lower
nucleotide diversity than the other An. punctulatus species assembled here.

Analyses of phylogenetic trees does not provide evidence of introgression

We compared the assemblies of the four species and produced a total of 47 181 four-
sequence alignments (or loci) containing 82 651 073 nucleotide positions (or 31.8% of the
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An. gambiae reference genome) (Figure 1A and B). In this dataset, we identified 11 925 951
variable positions. The number of pairwise differences between species varied from 4 947
209 to 7 053 973 (6% to 8.5% divergence, Table 2) with AF s.s. and AK being most closely
related. Maximum-likelihood analysis of all alignment blocks >5 kb (accounting for 12.2
Mb of DNA sequences) yielded a similar phylogeny with AF s.s. and AK grouping together.

We also reconstructed a phylogenetic tree separately for each of the 31 312 loci >1000 bp
(see Material and methods for details on the filtering criteria) using the maximum-likelihood
model implemented in the program PhyML (Guindon & Gascuel 2003). 30 907 (98.7%) of
the trees (accounting for 70 921 162 bp) were supported with an aLRT score >0.9 and were
further analysed. 99.7% of these well-supported trees also grouped AF s.s. and AK together,
while 0.17% and 0.08% of the trees supported two different tree topologies, grouping AF s.s
with, respectively, AP and AF4. Note that, for all trees, the internal branch only represented
a small proportion of the total branch length, indicating an old and rapid radiation of the An.
punctulatus species from a common ancestor (Fig. S5, Supporting information).

Recent (i.e. contemporary) introgression of a given locus from one species to another would
result in a tree with unusually short branches between these two species. We therefore
calculated for each tree the proportion of the total branch length accounted for by the two
most closely related species. We selected as putative introgression candidates the 1% loci
with the shortest distances (proportionally) between the two closest tips (see Material and
methods for details). These 306 loci accounted for 490 052 bp (or 0.19% of the genome) and
contained 172 predicted protein-coding genes (Table S4, Supporting information). Most of
these introgression candidates had short branches separating AF s.s. and AK (302 of 306
trees). This observation could indicate that introgression preferentially occurred between
these two species, which, based on our phylogenetic analysis, are the most closely related.
However, it is also possible that our analysis identified loci at the tail of the distribution of
the tree topologies rather than true biological outliers (Fig. S6, Supporting information).
Further investigations of these candidates revealed that the number of nucleotide differences
between AF s.s. and AK was proportional to the number of differences between AF4 and AP
(Fig. S7, Supporting information), indicating that these trees with short branches separating
the two closest species were likely the results of unusual substitution rates affecting the
entire tree (e.g. selection or low mutation rate) rather than only two of the four branches as
we would expect with recent gene flow. Overall, our phylogenetic analyses of a third of the
genome of four An. punctulatus species did not reveal any evidence of recent introgression
among them.

Analyses of shared polymorphisms between AF4 and AP does not support recent gene
flow between these species

In addition to divergence, gene flow also influences the patterns of diversity and, in
particular, can lead to shared DNA polymorphisms between species. Here, we restricted our
analysis of genetic diversity to the AF4 and AP mosquitoes as the lower sequence coverage
in the other species sequenced hampered our ability to reliably call SNPs. Of 51 610 847
orthologous nucleotides sequenced at >20X in both AF4 and AP, we identified 164 081
(0.32%) heterozygous sites in the AF4 mosquito and 318 375 (0.62%) in the AP mosquito
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(Table 3). Subsampling of the AF4 data to the same coverage as the AP mosquito did not
qualitatively change these findings (Table S5, Supporting information), indicating that the
higher heterozygosity in AP was not caused by differences in sequence coverage but
reflected genuine biological differences. The lower genetic diversity observed in AF4
compared to that of AP is also consistent with the higher assembly quality obtained for this
species (see above). Overall, across more than 50 Mb of DNA sequences, only 467
nucleotide positions were polymorphic for the same alleles in both AP and AF4 (Table 3).

At least three nonexclusive mechanisms could generate shared polymorphisms among
species: incomplete lineage sorting, gene flow or sequencing errors. To determine how
many shared alleles would be expected due to incomplete lineage sorting, we simulated the
evolutionary history between two deeply diverged species, AF4 and AP, under a coalescent
model and calculated the resulting number of shared polymorphic sites. In all simulations,
the sum of shared sites was always 0, indicating that, under a constant population size model
without gene flow, we would not expect any shared sites. To discriminate between gene
flow and sequencing errors, we first compared the distribution of these shared
polymorphisms throughout the genome: if the shared polymorphisms resulted from recent
gene flow, we would expect them to be clustered in specific loci (i.e. those that have been
recently exchanged). Instead, shared polymorphisms were distributed throughout the entire
genome sequence, with an average of 0.02 shared polymorphisms per locus and no locus
carried more than three shared polymorphisms (Table 3). This observation suggested that
many of the shared polymorphisms could be due to sequencing errors.

To estimate the maximum amount of gene flow consistent with the number of shared
polymorphisms observed (under the conservative assumption that all of these resulted from
gene flow), we determined the number of shared polymorphisms that would be expected
with various amounts of gene flow between AF4 and AP. We simulated under the coalescent
two populations of constant size that, at a given time and continuing for 1000 generations,
have a specific amount of gene flow (see Material and methods for details). We varied both
the amount of gene flow and the most recent time of gene flow and determined which
parameter values were consistent with the number of shared sites observed in our data. We
binned the simulations based on the coalescent time since the last gene flow event (in 4Ng
generations) and the rate of gene flow per generation (in 4Nam). This analysis enabled us to
identify introgression parameters that can be excluded given the observed number of shared
polymorphisms (Fig. 2). For example, we could exclude gene flow involving more than one
individual per generation (4Nem = 2) if it occurs later than 0.13 4Ng generations ago (~11
000 years ago, assuming 12 generations per year) as these parameters produced significantly
more shared polymorphisms than we observed in the data.

Overall, our analyses suggested that there was no significant contemporary gene flow
between AF4 and AP and that the small number of shared polymorphisms observed likely
resulted from ancient gene flow or, perhaps more likely, from sequencing errors.

Demographic history of An. farauti 4 and An. punctulatus s.s

We used the pairwise sequential markovian coalescent (PSMC) model (Li & Durbin 2011)
to estimate the demographic history of AP and AF4. Due to inherent uncertainty in
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estimating mutation rates and generation time for Anopheles mosquitoes, we present the
results as 0 and pairwise sequence divergence (Fig. 3; the results scaled in effective
population size (Ng) and generations are shown in Fig. S8, Supporting information). Our
analyses showed that the two species had similar population sizes from 15 000 000 to until
about 600 000 generations in the past, after which time their population histories diverged
(Fig. S8, Supporting information). At that point, the AP population increased in size while
the AF4 population initially declined before a short period of expansion followed by a final
and rapid decline in population size (Fig. 3).

Bootstrap analysis showed little variance associated with all population size estimates except
for the most recent time periods as expected due to the limited number of recent coalescent
events that can be inferred from a single genome sequence (Li & Durbin 2011). Note also
that estimates of population sizes in the very recent past (<30 000 generations ago) might be
influenced by the fragmentation of our assembly: a small proportion of the contigs analysed
might be shorter than the maximum identical by descent (IBD) tracks expected, increasing
the statistical uncertainty of very recent estimates. More importantly, PSMC has been shown
to be sensitive to false heterozygosities identified in sequence data. We thus down-sampled
AF4 to the same coverage as AP to test whether the differences in population history
between AP and AF4 could be artificially caused by the differences in sequence coverage
and our ability to correctly identify SNPs. The down-sampled AF4 sequence contained more
heterozygous sites than the original sequence, reflecting the difficulty in accurately
identifying polymorphisms with lower coverage, but the overall pattern of the AF4
population history remained similar and distinct from that of AP (Fig. S9, Supporting
information).

Discussion

If malaria eradication is to be successful, it is important that we better understand how
insecticide resistance could spread across mosquito populations. Unfortunately, given the
limited genetic data available for most mosquito species, there are insufficient numbers of
nuclear loci available to rigorously evaluate gene flow between populations and species.
This is especially problematic for non-African Anopheles mosquitoes that have been under
studied, though reference genomes for several important Anopheles species have been
recently published (Neafsey et al. 2015). In particular, detailed analyses of gene flow relying
on the genome-wide pattern of diversity, that have been extremely informative for An.
gambiae (Lee et al. 2013; Clarkson et al. 2014), are impossible to conduct for most of the
other Anopheles species as we currently lack both a high-quality reference genome sequence
and enough polymorphic genetic markers distributed throughout the genome. Alternatively,
investigations of the genome-wide patterns of divergence between species and analyses of
the distribution of the genetic heterozygosity within a single diploid individual could
provide rigorous assessments of gene flow and can be performed using single genome
sequences. In this study, we sequenced and de novo assembled the genomes of four
important malaria vectors from the An. punctulatus group of PNG to rigorously test for
recent (i.e. contemporary) introgression among these species.

Mol Ecol. Author manuscript; available in PMC 2015 July 16.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

LOGUE et al. Page 11

Evolutionary relationship of An. punctulatus

Our phylogenetic analysis, based on 71 Mb of nuclear sequence, revealed that the An.
punctulatus species are separated by very long external branches and short internal branches
supporting our previous findings that they rapidly diverged from each other millions of years
ago (Logue et al. 2013). The tree topology obtained in this study highlights different
relationships among species than we previously described based on the mitochondrial
genome alone (Logue et al. 2013). However, while our previous study was based on a
single, nonrecombining, locus that captures a single history, here we independently
reconstructed here the species relationships from 30 907 nuclear loci, representing different
histories. We therefore believe that the species relationships described in this study, which
are consistent with previous, though not statistically well-supported, phylogenies (Foley et
al. 1998; Beebe et al. 1999, 2000) recapitulate the true relationships among An. punctul atus
mosquitoes.

No evidence of contemporary gene flow among An. punctulatus species

Determining whether gene flow is currently occurring between species is critical for
designing efficient vector control strategies as gene flow would, for example, increase the
spread of insecticide resistance alleles across mosquito populations. Earlier studies based on
forced mating experiments between species of the An. punctulatus group revealed that
hybrids were sterile or nonviable in the laboratory (Bryan 1973b). However, such studies are
complicated to perform and may not accurately represent natural processes. By contrast,
population-genetic studies provide an opportunity to test whether gene flow has occurred in
the history of the studied populations and can reveal even low amounts of gene flow
between two populations. For example, a recent study reported evidence of gene flow
between two An. punctulatus mosquito species, An. farauti s.s. and An. hinesorum, in
southern New Guinea (Ambrose et al. 2012). However, as this introgression was detected
using only a mitochondrial locus, it is impossible to exclude that the mosquitoes studied
were not sterile hybrids that would not contribute to the genetic diversity of either species.
Our analyses of thousands of independent loci in four of the main An. punctulatus species
did not reveal any evidence of recent gene flow. In particular, the analyses of genetic
diversity throughout a large fraction of the genome of an AP and AF4 mosquito indicates
that, if any gene flow occurred between these two species, it was extremely minute or
happened in the distant past. In fact, our simulations showed that migration of more than one
individual per generation during the last 0.13 4Ng generations (11 000 years assuming 12
generations per year) could be statistically excluded given our data. While estimates of
mutation rates and generation times are still very crude, our study clearly shows that there is
no contemporary gene flow occurring among these An. punctulatus species in this location
of PNG and that, from a vector control perspective, these species can be considered to be
reproductively isolated.

It is, however, important to note the limitations of our population-genetic analyses. First, our
models assume constant population sizes, no population structure and no selection. In this
regard, the few genetic studies conducted in An. punctulatus mosquitoes have shown limited
fine-scale population stratification in mainland PNG (Henry-Halldin et al. 2012; Logue et
al. 2013; Seah et al. 2013). In addition, we would expect positive selection (e.g. for
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insecticide resistance) to increase the signal of gene flow, as the introgressed alleles would
provide higher fitness in the presence of insecticides and therefore would be more likely to
spread through the populations. Overall, we believe that violations of our model
assumptions are unlikely to qualitatively change our findings. Second, our analyses are
based on a single mosquito per species. In this regard, it is important to emphasize that our
analyses, as they are based on numerous independent loci, investigate possible gene flow
throughout the entire genealogy of each sample sequenced and therefore capture a large
history of the population. In addition, as the different mosquitoes were collected in the same
geographic area, it should increase the probability to detect any gene flow among them.
However, it is possible that, if there are important genetic differences between populations
from various locations of PNG or the Southwest Pacific, gene flow might occur in other
regions of PNG or the Southwest Pacific. This could, for example, explain the differences
between our findings and the observations of possible introgression between An. hinesorum
and An. farauti s.s. in southern New Guinea (Ambrose et al. 2012). Analysis of additional
samples from across Papua New Guinea and involving multiple individuals per species
would enable to rigorously test this hypothesis.

Discordant demographic histories of AF4 and AP

Very little is known about the population size, organization and history of the different
Anopheles species in PNG. Since we sequenced wild-caught mosquitoes (as opposed to
colony mosquitoes that are bred to reduce their genetic heterozygosity), we were able to
characterize the genome-wide patterns of genetic diversity in AP and AF4 by cataloguing
differences between the two homologous chromosomes carried by each individual. While
both species shared a similar demographic history until ~52 000 years ago (630 957
generations assuming 12 generations per year) they then diverged and underwent
independent variations in population sizes: the AP population continuously expanded in
size, while the AF4 population fluctuated before a recent and dramatic decrease in size. One
possible explanation for these observations may be the arrival of humans in PNG ~50 000
years ago (Lilley 1992), which might have favoured the AP species that can breed more
successfully in transient bodies of water (e.g. water containers) than AF4 mosquitoes
(Charlwood et al. 1986; Cooper et al. 2002). Alternatively, AP mosquitoes seem to be the
most anthropophilic of all An. punctulatus species [(Beebe et al. 2013) and references
therein] and it is possible that, after the arrival of humans, AP would have had more hosts
available for blood meals. In this case, we would also predict that AP would be more
impacted by bed nets and insecticides than AF4 mosquitoes. However, it is possible that the
apparent differences in population size are in fact caused by population structure rather than
genuine changes in the effective population size of AF4. For example, in humans,
population divergence can cause an increase in effective population size (Li & Durbin
2011). The final population “crash’ in AF4 could therefore possibly reflect the population
size of a small subpopulation analysed. Additional sampling for other areas of PNG would
enable us to differentiate between these scenarios.

Implications for disease transmission in PNG

Our genomic analyses have important implications for ongoing and future vector control
strategies implemented in PNG. The lack of detectable contemporary gene flow suggests
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that insecticide resistance alleles are unlikely to spread across the An. punctulatus species.
This is encouraging for vector control in this region as it will considerably slow down the
spread of insecticide resistance: the resistance alleles will need to arise independently in
each species. Currently, there are no standing variants for insecticide resistance reported
among An. punctulatus mosquitoes (Henry-Halldin et al. 2012) but the widespread
deployment of long-lasting insecticide-treated bed nets and indoor residual spraying
campaigns (Kazura et al. 2012; Hetzel et al. 2014) in PNG may rapidly change this
situation.

Our analyses of the population sizes and their dynamics in AF4 and AP are also interesting
from a vector control perspective. The distinct demographic histories observed between AP
and AF4 reveal that, historically, these species have responded differently to environmental
changes. This suggests that these species may also respond differently to current
environmental perturbations such as climate change, or, more importantly, to the
deployment of vector control measures. Additionally, as the effective population size of a
species directly influences the probability of an advantageous mutation being swept to
fixation, the larger effective population size in AP suggests that any insecticide resistance or
other advantageous allele would likely reach fixation faster in AP than in AF4.

Conclusion

With a new worldwide effort to eradicate malaria, it is imperative that we better understand
the biology of Anopheles mosquitoes. In particular, we need to characterize the extent of
current gene flow between morphologically identical Anopheles species that overlap
geographically. Population genetics provide powerful methods to identify gene flow but
typically require a wealth of genomic resources that are not available for most non-African
Anopheles species. Here, we circumvented the paucity of genomic data for members of the
An. punctulatus group by sequencing and de novo assembling the genomes of four known
malaria vectors from PNG. We found no evidence of recent gene flow between sibling
species, suggesting that insecticide resistance is unlikely to spread among these species
through exchange of resistance alleles. Analysis of the demography of AF4 and AP revealed
distinct population histories between species, suggesting that these species will most likely
respond differently to the deployment of vector control measures and other environmental
perturbations. Overall, our results provide a first characterization of the population history of
species of the An. punctulatus group and illustrate how this approach could be applied to
other disease vectors with limited available genomic information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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AF4

Fig. 1.
Multiple-alignment statistics. The Venn diagrams summarize (A) the number of alignment

blocks >500 bp generated for all species combinations, and (B) the total number of aligned
base pairs represented in these blocks (in millions).
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Amount and age of gene flow that can be excluded given the number of shared
polymorphisms observed. The figure shows the probability that introgression would lead to
significantly more shared polymorphisms than observed based on the amount of gene flow
(y-axis, in 4Ngm) and time since the last gene flow (x-axis, in 4Ng generations). The white
surface in the graph represents combinations of parameters that are incompatible with the
data observed. Note that this analysis assumes that all shared polymorphisms were genuine
(i.e. not sequencing errors) and therefore likely overestimates possible gene flow.
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Fig. 3.
Demographic histories of AF4 and AP. The figure shows the estimated historical variations

in effective population size for AF4 (green) and AP (red) based on PSMC analyses. The
composite green (AF4) and red (AP) lines represent 100 bootstrap replicates. The y-axis
represents the population mutation rate (in 1og10 of 0), and the x-axis represents the log10
pairwise sequence divergence.
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