Biological Journal of the Linnean Society, 2018, XX, 1-12. With 4 figures.

Historical and contemporary forces combine to shape
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Pleistocene environmental changes were important drivers of species- and population-level diversification in
Anopheles mosquitoes. However, Anopheles species have different ecologies, so their response to Pleistocene cli-
mate oscillations should have differed. We investigate whether genetic diversification in Anopheles punctimacula
s.s. (a forest specialist and secondary vector of Plasmodium vivax) and Anopheles albimanus (a habitat colonist
and primary vector of P. vivax and P. falciparum) is due to: (1) historical population processes, (2) contemporary
population processes or (3) a combination of both. Differences in the degree of refugial isolation during the Last
Glacial Maximum (LGM) and the degree to which isolated populations evolved habitat niche differences appear
to explain differences in the phylogeographical patterns between A. punctimacula s.s. and A. albimanus in Lower
Middle America (Mesoamerica). Refugial isolation during the LGM and subsequent niche diversification shaped the
phylogeographical history of A. punctimacula s.s. During the LGM, the genetic pool of this species was fragmented
into extremely narrow and scattered habitat refugia, resulting in two discrete mitochondrial lineages. Subsequently,
these lineages appear to have further evolved distinct niche preferences and diversified due to different climatic
conditions between populations, which may have contributed to the lack of introgression or range overlap among
mitochondrial lineages. While A. albimanus also experienced range contraction, recovery was more rapid, and we
find no evidence of niche evolution among lineages. This appears to explain the broad mitochondrial introgression in
this species. Greater resilience to climatic instability by A. albimanus might contribute to its principal transmission
role for human Plasmodium parasites across the Neotropics.

ADDITIONAL KEYWORDS: Anopheles — colonist — habitat specialist — malaria vectors — niche dynamic —
Pleistocene refugia.

INTRODUCTION history can shed light on systematics, identify cryptic
species, estimate levels of genetic diversity and infer
transmission capability (Loaiza et al., 2012; Zhou et al.,
2014; Bennett et al., 2016). Comparative phylogeogra-
phy of spatially co-distributed and ecologically distinct
vector species can help to further untangle the role of
past and contemporary forces in shaping their evolu-
tionary trajectories (O’Loughlin et al., 2008; Morgan
et al., 2011; Zarowiecki et al., 2011).

Understanding the evolutionary dynamics of disease
vectors is critical for designing effective control strat-
egies against life-threatening vector-borne pathogens
such as Plasmodium falciparum and dengue virus
(Donnelly et al., 2001; Walton et al., 2001; Messina
et al., 2014). Knowledge of a vector’s evolutionary
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Figure 1. Time to the most recent common ancestor (TMRCA) for nodes represented on the topology of the Arribalzagia
Series of Anopheles. Bars represent the 95% highest posterior density interval (HPD) for the age of nodes between Anopheles
punctimacula lineages A and B and other representative species of this Series (i.e. Anopheles neomaculipalpus, Anopheles
malefactor and Anopheles apicimacula C, D, E). Statistical parsimony networks of COI haplotypes belonging to A. punc-
timacula A and B are depicted on the right side next to each particular lineage. The size of the circle is proportional to
the frequency of the haplotype, and the colour indicates the geographical distribution range of that haplogroup across
Mesoamerica as depicted in Fig. 2 (i.e. A. punctimacula A in blue and B in red).

instability, which is generally believed to be due to envir-
onmental variation during the Pleistocene. Temperature,
rainfall and sea level oscillated remarkably during
this climatic period, probably affecting availability of
larval breeding habitats for many Anopheles species
around the world, including vectors and non-vectors of
human plasmodia (Dusfour et al., 2004, 2007; Mirabello
& Conn, 2006; O’Loughlin et al., 2008; Loaiza et al.,
2010a, b; Morgan et al., 2011). The consensus from this
body of work suggests that geographically overlapping
Anopheles species suffered similar and drastic variation
in effective population sizes due to past environmental
instability, ultimately resulting in shared signatures of
phylogeographical history (Dusfour et al., 2004, 2007;
O’Loughlin et al., 2007, 2008; Mirabello et al., 2008;
Morgan et al., 2010, 2011; Loaiza et al., 2013).

Not all Anopheles mosquitoes share the same eco-
logical niche, however, and therefore have different
demographic and population trends under contem-
porary circumstances. For instance, Anopheles spe-
cies that are forest habitat specialists are typically
patchily distributed because they have stringent
ecological requirements for larval development. In

contrast, non-forest-inhabiting Anopheles are gener-
ally colonist species with plastic breeding behaviour
and broader breeding habit tolerances (Donnelly et al.,
2002). Furthermore, forest habitat specialists nor-
mally use permanent aquatic breeding habitats that
are less affected by climatic fluctuation and persist
for longer ecological time, promoting higher popula-
tion fragmentation than the short-lived and unstable
water breeding sites of colonist Anopheles species
(Donnelly et al., 2002; Zarowiecki et al., 2011; Loaiza
et al., 2012). These ecological differences may explain
contemporary differences in spatial patterns of genetic
variation. However, few if any studies have compared
current patterns of genetic variation to historical pre-
dictions of population extent during the Pleistocene,
and none of them has compared the response of eco-
logically different Anopheles species.

In this study, we use a combination of phylogeo-
graphical and ecological niche modelling approaches
to predict the demographic history of two human
malaria vector species, Anopheles (Anopheles) punc-
timacula s.s. and Anopheles (Nyssorhynchus) albi-
manus, and to evaluate the role of historical and
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Figure 2. A, occurrence points for Anopheles punctimacula haplogroups A and B; B, occurrence points for Anopheles albi-
manus haplogroups A and B. For A. punctimacula, haplogroup assignment was based on the COI sequences in Loaiza et al.
(2013) while for A. albimanus we used the COI sequences in Loaiza et al. (2010a, b). C, contemporary species distribution
model for halogroups A and B of A. punctimacula; D, contemporary species distribution model for halogroups A and B of

A. albimanus.

contemporary forces in shaping the differences in
mitochondrial genetic variation observed between
these two species in Mesoamerica (Fig. 2). Anopheles
punctimacula s.l. is a cryptic species complex consist-
ing of Anopheles punctimacula s.s., Anopheles calde-
roni, Anopheles malecfactor and Anopheles shanonni;
it prefers woody environments where it breeds in per-
manent and heavily shaded aquatic breeding habitats
(Wilkerson, 1990) whereas A. albimanus develops
in a wide variety of aquatic breeding sites, includ-
ing shaded sites, but typically develops in ephemeral
sunlit habitats (Faran, 1980). Recent studies identi-
fied significant population genetic structure in both
species across the Isthmus of Panama and Costa Rica
(Loaiza et al., 2010a, b, 2013). The phylogeographical
history of A. albimanus is thought to be the result of
Pleistocene population bottleneck (50000 years ago;
Loaiza et al., 2010a, b), with subsequent geographical
fragmentation, and more recent secondary contact via
demographic expansion across the region in the Last
Glacial Maximum (LGM, ~ 22000 years BP). Likewise,
Loaiza et al. (2013) suggested that the phylogeographi-
cal history of A. punctimacula s.s. was driven by past
geographical fragmentation similar to that observed
in A. albimanus. However, in contrast to the pattern
of broad mitochondrial haplogroup overlap observed in
A. albimanus, no haplotype mixing was observed be-
tween western and eastern mitochondrial lineages of
A. punctimacula s.s. across this region.

Here, we investigate whether genetic diversification
in the forest-specialist and secondary malaria vector
A. punctimacula s.s. is due to: (1) historical popula-
tion processes (i.e. Pleistocene bottleneck, geograph-
ical fragmentation and demographic expansion in
the LGM), (2) contemporary population processes (i.e.
gene pool partitioning and niche diversification due to
adaptation to different contemporary climatic condi-
tions) or (3) a combination of both historical and con-
temporary population processes.

Owing to a specialized and spatially scattered type
of larval habitat, we expect A. punctimacula s.s. (i.e.
a forest specialist) to show signals of severe refugial
isolation during the LGM plus ongoing restricted gene
flow due to adaptation to different climatic regimes
(i.e. niche diversification). In contrast, due to higher
ecological plasticity at the larval stage and wider
geographical distribution, we expect A. albimanus
(i.e. a habitat colonist) to show signals of more con-
tinuous suitable habitat at the LGM and contem-
porary niche homogenization due to extensive gene
flow more recently (i.e. lack of niche diversification).
These expectations are not just worth reviewing from
an evolutionary standpoint; rather, they should also
be evaluated from an epidemiological perspective.
For example, A. punctimacula s.s. is a secondary vec-
tor of Plasmodium vivax in Costa Rica, Panama and
Colombia, and A. albimanus is the primary vector of
P. vivax and P. falciparum throughout most of Central
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America, Colombia, Ecuador and Peru (Simmons,
19364, b, 1937; Faran, 1980). In the Neotropics, prin-
cipal malaria vectors such as A. albimanus are mainly
habitat colonists, whereas secondary malaria vec-
tors such as A. punctimacula s.s. are typically forest
habitat specialists (Simmons, 1936a, b, 1937; Faran,
1980; Donnelly et al., 2002; Loaiza et al., 2017). As a
result, comparative phylogeographical studies involv-
ing habitat specialist and colonist Anopheles species
might ultimately help to forecast the potential roles of
evolutionary history and ecology in shaping regional
patterns of malaria transmission.

MATERIAL AND METHODS

MOLECULAR DATA

We used previously published molecular data for
A. punctimacula s.s. from ten Panamanian localities
and one from Costa Rica, including 273 sequences
of the cytochrome C oxidase subunit one gene (COI)
and 73 of the second internal transcribed spacer
(ITS2) (GenBank accession numbers: JX212783—
JX212823, in Loaiza et al., 2013). To improve the geo-
graphical sampling of this species we genotyped 30
females from additional localities in Costa Rica and
Panama (Supporting Information, Table S1) using
PCR plus restriction fragment length polymorphism
(RFLP), which discriminated A. punctimacula line-
ages A from lineage B, as validated in Loaiza et al.
(2013) (Supporting Information, Table S2). Sequencing
and phylogeographical analysis of A. albimanus was
undertaken by Loaiza et al. (2010a, b).

PHYLOGEOGRAPHICAL APPROACHES

We generated a statistical parsimony network using
the program TCS v.1.21 to depict spatial and temporal
connections among COI haplotypes of A. punctimacula
s.s. (Clement et al., 2000). We assessed statistical sig-
nificance of the molecular partition in the TCS analysis
using 10000 coalescence simulations in DNASP 4.50
(Rozas et al., 2003). The R, (Ramos-Onsins & Rozas,
2002) and Fu’s F (Fu, 1997) neutrality tests were used
to detect signals of demographic bottlenecks and/or ex-
pansion using the whole data set of A. punctimacula
s.s. and the molecular partition defined in the TCS
analysis (e.g. sequences belonging to two molecular
lineages within A. punctimacula s.s.). These tests were
calculated independently for each molecular lineage
using the COI and ITS2 molecular markers.

BEAST v.1.4.8 (Drummond & Rambaut, 2007) was
used to infer the time to the most recent common an-
cestor (TMRCA) among molecular lineages of A. punc-
timacula s.s., and other closely related species within

the Arribalzagia Series of Anopheles, which were also
collected from Panama and Costa Rica (Loaiza et al.,
2013). We applied the Bayesian Markov chain Monte
Carlo (MCMC) algorithm, an uncorrelated relaxed
lognormal clock, and the model of nucleotide substi-
tution estimated for the COI and ITS2 partitions in
JMODELTEST (Posada, 2008). We used a uniform
tree prior and input the Drosophila per-site substitu-
tion rate estimated at 0.0115 per site per million years
(Powell et al., 1986). Final analyses consisted of four
separate MCMC runs of 50 million generations sam-
pled every 1000 generations. The software TRACER
v.1.4 was used to confirm adequate mixing of the
MCMC chains upon independent runs (http://tree.bio.
ed.ac.uk/software/tracer/), LOGCOMBINER v.1.4.7
(http://beast.community/logcombiner) to merge sep-
arate runs into one file, and FIGTREE v.1.2.1 (http:/
tree.bio.ed.ac.uk/soft- ware/figtree/) to visualize the
topology. We used ten generations per year to calcu-
late the age of nodes in the tree (i.e. TMRCA for all the
haplotypes included in a particular node) as suggested
when studying tropical Anopheles mosquitoes (Walton
et al., 2000).

ECOLOGICAL NICHE MODELLING APPROACHES

To generate a dataset of species occurrence points, we
began with geo-referenced samples of A. punctimacula
s.s. and A. albimanus from previous studies (Loaiza
et al.,2010a, b, 2013). We then added samples of both
species that we had collected across Panama and
Costa Rica between 2011 and 2013. Mosquitoes were
preserved as voucher specimens in the reference col-
lection of the University of Panama’s Master Program
of Entomology, in Panama City, Republic of Panama.

We generated species distribution models (SDMs) to
test the hypothesis that phylogeographical differences
between A. punctimacula s.s. and A. albimanus are
due to differences in contemporary habitat specificity.
SDMs were generated in Maxent v.3.3 (Phillips et al.,
2006) using the statistical test developed by Warren
et al. (2008), as implemented in the ENMTools v.1.3
software package (Warren et al., 2010). We started
with the entire set of sampling points for each species
as occurrence points for the models. Subsequently, we
analysed the two major haplogroups/lineages described
herein for A. punctimacula s.s. and the A and B haplo-
groups described previously for A. albimanus in Costa
Rica and Panama (Loaiza et al., 2010a, b), respectively,
as separate occurrence points datasets.

Two studies, Dormann et al. (2007) and Kramer-
Schadt et al. (2013) have demonstrated that uneven
geographical sampling of occurrence points may bias
SDMs; therefore, we created a distance matrix of all
points in QGIS v.2.6.1 (Quantum GIS Development
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Team, 2014), and filtered points, so that no two points
were within 10 km of each other, using an R script gen-
erated by the filter_points_rcode shell script (available
at http:/github.com/mjmillerlab/Batch_ ENM). This
resulted in a final geo-referenced dataset of 62 occur-
rence points for A. punctimacula s.s. and 70 occurrence
points for A. albimanus (Table S1). Sampling points
for A. punctimacula s.s. and A. albimanus are shown
in Figure 2A and B, respectively.

SDMs based on contemporary conditions were gen-
erated using the standard bioclimatic data layers sam-
pled at 2.5 arc-minute resolution downloaded from the
WorldClim database v.14 (Hijmans et al., 2005; http:/
www.worldclim.org/), trimmed to the extreme max-
imum and minimum latitude and longitude of Costa
Rica and Panama. Following Miller et al., (2014), we
found that seven layers were highly correlated with
other layers (Spearman’s r > 0.90), and thus they
were excluded from the analysis (Warren et al., 2008;
Kramer-Schadt et al., 2013). SDMs for each species
and lineage (i.e. haplogroups) within species were gen-
erated as the average of ten runs with cross-validation.

To test whether the two haplogroups/lineages from
each species had significantly non-overlapping esti-
mated climatic niches, we calculated three statistics:
Schoener’s D, I (a standardized measure of Hellinger
distance) and RR (relative rank) (Warren et al., 2008).
We used ENMTools to calculate the observed value
of these statistics from a pairwise comparison of the
two haplogroups for each species. We then compared
the observed statistics to null distributions of these
statistics from 100 pairs of pseudo-replicated data-
sets generated by combining occurrence points from
both haplogroups/lineages A and B, from a given spe-
cies and randomly dividing them into two pools. The
observed statistic is considered statistically significant
if it is lower than 95% of the null distribution.

To assess how historical climate variation may
have contributed to the origin and maintenance of
geographical structuring of mitochondrial variation
in A. punctimacula s.s. and A. albimanus, we gener-
ated palaeo-ecological SDMs by projecting current
suitable habitat onto bioclimate layers simulated
for three palaeo-geographical time periods avail-
able on the WorldClim site: Last Interglacial [LIG,
~120000-140 000 years before the present (ybp)], LGM
(~22000 ybp) and Mid-Holocene (MIDH, ~6000 ybp).
For MIDH, nine simulations of general circulation
models (GCMs) are available; for LGM, three GCMs
are available; and for LIG, only one GCM is available.
We were interested in evaluating whether historical
climatic conditions generated currently observed phy-
logeographical patterns, so we combined all occurrence
points for each species into a single dataset and geo-
graphicalally filtered it as described above (Table S1).

We then generated a contemporary SDM for both
species. For a given GCM, we generated ten contem-
porary SDM replicates with cross-validation, which we
projected onto the GCM, and took the average of the
output as the model for that GCM. For a given pal-
aeo-period, using QGIS raster mathematics, we aver-
aged the model outputs for all GCMs, and applied the
contemporary 10% suitability threshold to generate a
presence—absence model for each palaeo-period.

RESULTS

PHYLOGEOGRAPHICAL HISTORY OF ANOPHELES
PUNCTIMACULA S.S. IN MESOAMERICA

Haplotypes in the TCS statistical parsimony network
of A. punctimacula s.s. formed two lineages that dif-
fered by more than 12 mutational steps (i.e. haplo-
groups A and B), and so they could not be connected
parsimoniously (Fig. 1). Representative haplotypes of
these two haplogroups were geographically isolated,;
those belonging to A. punctimacula A were found ex-
clusively along the Pacific coast of Panama and Costa
Rica, whereas those belonging to A. punctimacula B
were encountered exclusively along the Atlantic coast
of Costa Rica and western Panama (Figs 1, 2). The
presence of molecularly divergent and geographically
isolated A. punctimacula A and B confirms a signifi-
cant partition in the gene pool of this mosquito spe-
cies that has been acknowledged in previous studies
(Loaiza et al., 2013).

Both A and B lineages of A. punctimacula s.s.
were star-shaped, depicting an interior highly fre-
quent haplotype, with short branches and an excess
of singleton mutations, which could be the signal of a
bottleneck followed by a demographic expansion. In
support of these outcomes, neutrality tests R, and Fu’s
F showed negative values for the entire data set and
for lineages A and B, respectively, although they were
only statistically significant in lineage A (Table 1).
This therefore allows for the rejection of historical
population size stability due to either demographic
bottlenecks or expansion on this lineage. It is im-
portant to note that the outcomes of neutrality tests
could also mean a lack of strict neutrality due to either
background or positive selection (i.e. selective sweep).

The estimated 95% confidence intervals for the
TMRCA of Anopheles species within the Arribalzagia
Series ranged from 8.2-10.2 million years before
present (Mybp) for the node separating Anopheles
apicimacula s.l. (i.e. C, D and E) from Anopheles neo-
maculipalpus, A. punctimacula s.s. (i.e. A and B) and
Anopheles malefactor to 7.8-9.3 Mybp for the node
dividing A. neomaculipalpus from A. punctimacula A,
B and A. malefactor. The estimated node age for the
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Table 1. Genetic diversity metrics and neutrality tests for lineages A and B of Anopheles punctimacula s.s.

Lineage h (SD) wt (SD) R, F
Anopheles punctimacula A 0.70 (0.043) 0.001 (0.0002) 0.018%** —53.61%%*
Anopheles punctimacula B 0.94 (0.014) 0.005 (0.0002) 0.072 -26.36
Total 0.91 (0.015) 0.008 (0.0002) 0.041%* —73.26%%*

h = haplotype diversity; SD = standard deviation; = nucleotide diversity; R, = Ramos-Onsins & Rozas test of neutrality; Fy = Fu’s F statistic.

*P < 0.05; **P < 0.01; ***P < 0.001.

split between A. punctimacula A and B was during the
early Pleistocene (1.7-2.2 Mybp) (Fig. 1).

NICHE SPECIFICITY AND TEMPORAL DYNAMICS OF
ANOPHELES IN MESOAMERICA

We found that Bioclim layers 1, 7, 8,9, 10, 11 and 17
were correlated with other biolayers, so we removed
them from further analyses. SDMs generated in
Maxent v.3.3 (Phillips et al., 2006) were better than
random predictions, although models for A. puncti-
macula s.s. had a better fit to the data [area under the
receiver operating characteristic curve (AUC): 0.841
and 0.949] than models for A. albimanus (AUC: 0.701
and 0.727). SDMs for A. punctimacula s.s. suggest that
distinct climatic conditions occur between the range of
haplogroups A and B (Fig. 2C), while SDMs for A. albi-
manus suggest that most of its range in Costa Rica
and Panama is suitable habitat for both haplogroups
(Fig. 2D).

These observations are corroborated by identity tests,
which found significant niche identity differences be-
tween A. punctimacula A and B using all test metrics
(1. =0.418, 95% confidence interval (CI): Iexp =0.910-
0.981,P<0.01;D, =0.418,95% CL: D_ = 0.697-0.859,
P <0.01;RR = 0.460,95% CI: RR_ = 0.701-0.851,
P < 0.01]. However, identity tests failed to find a sig-
nificant difference in niche identity between the two
haplogroups of A. albimanus (I, = 0.993, 95% CI:
I, =0.959-0.992, P >0.99; D  =0.912, 95% CI:
D, =0.871-0.907, P > 0.99; RR , = 0.895, 95% CI:
RRexp = 0.765-0.893; P = 0.98). Removing 10% of ob-
servation points with the lowest modelled suitability
values gave a suitability threshold of 0.36 for A. punc-
timacula s.s. and 0.29 for A. albimanus. Using these
thresholds, the results of our species distribution mod-
elling suggest that there is currently 11771 km? of cli-
matologically suitable habitat for A. punctimacula s.s.
and 15070 km? for A. albimanus (Table 2).

Our models further suggest that the range size and
distribution of both Anopheles species have varied con-
siderably at several points between the LIG and pre-
sent time (Fig. 3). Specifically, the LGM is modelled
to have been a time of severe range contraction with
A. albimanus reduced to just 3% of its current range

Table 2. Modelled range size for two species of Anopheles
in Lower Middle America (Mesoamerica) during contem-
porary and palaeontological periods based on ecological
niche models

Area (km?)
Anopheles albimanus
Currently suitable 15070
MIDH suitable 18395
LGM suitable 501
LIG suitable 4894
% change MIDH to current 0%
% of MIDH that is also current* 0%
% of LGM relative to current 3.3%
Anopheles punctimacula s.s.
Currently suitable 11771
MIDH suitable 8034
LGM suitable 23
LIG suitable 13943
% change MIDH to current 0%
% of MIDH that is also current * 0%
% of LGM relative to current 0.2%

LIG, Last Interglacial; LGM, Last Glacial Maximum; MIDH,
Mid-Holocene.
*It is also a measure of recent stability.

while suitable habitat for A. punctimacula s.s. during
the LGM is modelled to be just 23 km?, or less than
0.2% of its current range in Costa Rica and Panama
(Fig. 3; Table 2).

The expansion of suitable habitat between the LGM
and the MIDH was more pronounced for A. albimanus
than for A. punctimacula s.s. Our model suggests that
suitable habitat during the MIDH for the former was
18.395 km?, or 122% of the range size from the cur-
rent model, whereas the MIDH-modelled habitat was
estimated to be 8034 km?, or 69% of the current range
(Table 2). Overall, our models suggest that suitable
habitat for A. punctimacula s.s. has been more stable
than that of A. albimanus. For example, 83% of the
MIDH range of A. punctimacula s.s. is also modelled to
be currently suitable whereas only 74% of the MIDH
range of A. albimanus is also modelled as currently
suitable (Fig. 4; Table 2).
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Figure 3. Species distribution models for Anopheles punctimacula (top panel) and Anopheles albimanus (bottom panel)
during three palaeo-geographical time periods available on the WorldClim site plus current conditions: Last Interglacial
[LIG, ~120000-140000 years before present (ybp)l, Last Glacial Maximum (LGM, ~22000 ybp) and Mid-Holocene (MIDH,
~6000 ybp). For MIDH, nine general circulation model (GCM) simulations are available; for LGM, three GCMs are avail-
able; and for LIG, only one GCM is available. Predicted niche ranges across time for these species are represented in orange

colour.

DISCUSSION

Phylogeographical studies of the terrestrial fauna
of Mesoamerica have suggested a major role for
Pleistocene climate oscillations as a driving force
for shaping regional biogeographical patterns

(Bagley & Johnson, 2014). During the Pleistocene in
Mesoamerica, more-or-less continuous lowland tropical
forest habitat contracted, resulting in a fragmented
mosaic of non-forested and savanna habitats (Piperno
& Jones, 2003). These shifting environmental condi-
tions were probably the driving forces of the initial
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Figure 4. Modelled range size for Mesoamerica Anopheles punctimacula s.s. (top panel) and Anopheles albimanus (bottom
panel) during palaeontological and contemporary periods based on species distribution models (SDMs). Niche dynamics for
both Anopheles species are generated using averaged model outputs for all GCMs plus the contemporary 10% suitability

threshold.

fragmentation of the gene pool for A. apicimacula and
A. albimanus, which is supported by previous studies
in A. albimanus (Loaiza et al., 2010a, b, 2013) and also
by the divergence reported here between A. puncti-
macula A and B. Our data further support this notion,
as the node separating A. apicimacula lineages D and
E has a similar age to the node splitting A. punctimac-
ula A from B, suggesting a shared period of splitting
during the late Pleistocene for potential incipient spe-
cies within these two ecologically similar taxa.

The impact of the Pleistocene can also be seen in
the shared pattern of population structure across
Mesoamerica for both A. punctimacula s.s. and A. albi-
manus, two important vectors of human malaria
parasites. Furthermore, both species also show statis-
tically significant signals of recent population expan-
sion. However, patterns of mitochondrial admixture
differ between the two species. Molecular lineages
within A. albimanus mix broadly in a north-west to
south-east gradient over 1000 km across Costa Rica

and Panama, whereas two discrete molecular line-
ages within A. punctimacula s.s. do not mix across
this region. Studied independently, the mitochon-
drial phylogeographical patterns for both species can
be explained by Pleistocene climate oscillations that
caused fragmented forest refugia in the region. In fact,
Loaiza et al. (2010a, b) make this argument to explain
the phylogeographical pattern for A. albimanus.

Are the differences in mitochondrial admixture be-
tween A. albimanus and A. punctimacula s.s. simply
the result of stochastic response to Pleistocene climate
change? Our model of contemporary and historical
distributions of these species suggests not. Although
both species encountered reduced habitat availability
during the LGM, the extent of range reduction was
substantially more severe for A. punctimacula s.s.
Similarly, recovery from that severe range LGM con-
traction was not the same: our models indicate that
MIDH ecological conditions were less favourable for
A. punctimacula s.s. than for A. albimanus, especially
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given that the latter species is a habitat colonist.
Anopheles albimanus would probably have been able
to expand its range rapidly from LGM refugia, relative
to A. punctimacula s.s., both because less habitat for
expansion was available and also because its forest-
inhabiting ecology may make geographical expansion
less likely. Our data confirm previous suggestions that
Pleistocene climate oscillations resulted in range con-
tractions for Anopheles mosquito species around the
world (Dusfour et al., 2004, 2007; Mirabello & Conn,
2006; O’Loughlin et al., 2008; Loaiza et al., 2010a, b;
Morgan et al., 2011), while suggesting that the magni-
tude of the effect, as well as the impact on present-day
patterns of genetic variation, may depend on the par-
ticular ecology of the species in question.

At the same time, our results suggest that the pat-
terns of genetic variation observed in Anopheles from
Mesoamerica are not solely due to historical effects.
We found significant ecological differences between
the predicted suitable ranges of lineages A and B of
A. punctimacula s.s., whereas we found that both lin-
eage A and lineage B of A. albimanus have sufficiently
broad habitat tolerances that nearly all the occu-
pied range of this species in Costa Rica and Panama
is considered suitable for both lineages. Therefore,
we posit that the resulting genetic diversification in
Mesoamerican Anopheles species is due to a combin-
ation of past (i.e. population bottlenecks and geograph-
ical fragmentation during the LGM) and contemporary
forces (i.e. subsequent niche diversification due to
adaptation to different climatic conditions more re-
cently). More specifically, the disparities in the evolu-
tionary trajectories between A. punctimacula s.s. and
A. albimanus are probably due to differences in their
larval ecologies. Because the former is more specific in
its breeding requirements (i.e. it prefers woody envi-
ronments where it breeds in permanent and heavily
shaded aquatic breeding sites), it needs forest to be
able to colonize new areas, whereas A. albimanus is
more plastic in its larval breeding requirements (i.e. it
develops in a wider variety of aquatic breeding sites,
including shaded ones, but it does so more generally
in short-lived and sunlit habitats), and therefore it can
quickly colonize savanna-type vegetation as long as
standing water accumulates on the ground.

Another key ecological attribute that might have
contributed to the observed evolutionary differences
between A. punctimacula s.s. and A. albimanus is
their flight range. For example, the flight range of
A. albimanus in one night has been estimated to be
1.5-18 km, although studies of this ecological aspect
are still inconclusive (Frederickson, 1993). In contrast,
the flight range of A. punctimacula s.s. is anticipated
to be much more restricted, although it has not yet
been estimated in the wild. Future studies will need

to test for differences in dispersal capabilities between
A. punctimacula s.s. and A. albimanus as another
factor probably explaining their distinct evolutionary
histories across Mesoamerica.

Our findings have implications not only for under-
standing the evolutionary trajectory of Mesoamerican
Anopheles, but also for our understanding of biogeo-
graphical patterns in the region. For example, the
Talamanca mountain range, which creates a montane
barrier separating Caribbean and Pacific lowland hab-
itats in southern Costa Rica and western Panama, has
often been suggested as a vicariant barrier responsible
for genetic diversification in both vertebrate and in-
vertebrate taxa in Mesoamerica (e.g. snakes: Zamudio
& Greene, 1997, Daza et al., 2010; freshwater fish:
Bermingham & Martin, 1998; scorpions: Zeh et al.,
2003; frogs: Weigt et al., 2005, Crawford et al., 2007,
Wang et al., 2008; birds: Miller et al., 2008, 2011). Here
we confirm that A. punctimacula lineages A and B are
separated by the Talamanca mountain range in most of
western Panama and southern Costa Rica, suggesting
a potential role for this range as a physical barrier to
gene flow driving genetic diversification. Surprisingly,
however, our results indicate no direct role for this
mountain range in keeping A. punctimacula A and B
from mixing or re-colonizing with their original geo-
graphical range. Instead, the lack of genetic mixing
appears to be related to the fundamental habitat un-
suitability between these lineages in these two areas,
as demonstrated in the area across central Panama
where no highland habitat interrupts lineages A and
B. While the Talamancas’ rain shadow may be respon-
sible for the strong seasonality of Pacific lowland habi-
tats, it is fundamentally this seasonal drynessrather
than the height of the mountains that is responsible
for the lack of haplotype mixing among different geo-
graphical regions. We recommend a more thorough
evaluation of the role of contemporary population pro-
cesses versus historical drivers of genetic variation
in Mesoamerica, as supported by more recent studies
that indicate a profound role of cryptic ecotones for
shaping species distributions and biogeographical pat-
terns in this region (Miller, 2014; Miller et al., 2014).

Finally, our findings may have implications for efforts
to control malaria in Mesoamerica. First, A. albimanus is
recognized as the principal malaria vector in this region,
and this has historically been attributed to its preference
for non-forested habitats with clear, non-flowing breed-
ing sites (Sinka et al., 2010), which typically accompany
human settlements. Our results suggest that ecological
plasticity and resilience to climatic instability may con-
tribute to its role as the principal vector of Plasmodium.
Furthermore, it is possible that the two clades of A. punc-
timacula s.s. are at least partially reproductively iso-
lated, and may be better considered as incipient species.
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Adaptive introgression across the species boundary has
recently been demonstrated for African Anopheles spe-
cies responsible for malaria transmission (Norris et al.,
2015). Recently, several studies have shown a primary
role of human-assisted movements in explaining Aedes
mosquitoes range expansions in Mesoamerica (Miller
& Loaiza, 2015; Eskildsen et al., 2018). While these are
introduced mosquitoes that favour highly anthropo-
genically modified habitats, and while A. punctimacula
s.s. is only considered a secondary vector of malaria in
Mesoamerica, care should be taken that human move-
ments do not unnecessarily facilitate genomic introgres-
sion among A. punctimacula lineages, and genome-wide
studies of both Anopheles species should be conducted
across the region.

ACKNOWLEDGEMENTS

We are grateful to Dr Jan E. Conn and Sara Bickersmith
from the Griffin Laboratory, the Wadsworth Center New
York State Department of Health, for helping us to gen-
erate part of the molecular dat set used in this study. We
thank Jose R. Rovira from INDICASAT AIP for assist-
ance while sampling mosquitoes in the field. SENACYT
provided financial support for this work through the re-
search grant COL11-044 to J.R.L. The National System
of Investigation (SNI) of SENACYT further supports
J.R.L. financially. We appreciate the detailed revision
of our manuscript by two anonymous reviewers, whom
helped us to improve the clarity and impact of our work.

REFERENCES

Bagley JC, Johnson JB. 2014. Phylogeography and bio-
geography of the lower Central American Neotropics: di-
versification between two continents and between two
seas. Biological Reviews of the Cambridge Philosophical
Society 89: 767-790.

Bennett KL, Shija F, Linton YM, Misinzo G, Kaddumukasa
M, Djouaka R, Anyaele O, Harris A, Irish S, Hlaing T,
Prakash A, Lutwama J, Walton C. 2016. Historical envir-
onmental change in Africa drives divergence and admixture
of Aedes aegypti mosquitoes: a precursor to successful world-
wide colonization? Molecular Ecology 25: 4337-4354.

Bermingham E, Martin AP. 1998. Comparative mtDNA phy-
logeography of neotropical freshwater fishes: testing shared
history to infer the evolutionary landscape of lower Central
America. Molecular Ecology 7: 499-517.

Clement M, Posada D, Crandall KA. 2000. TCS: a computer
program to estimate gene genealogies. Molecular Ecology 9:
1657-1659.

Crawford AJ, Bermingham E, Carolina PS. 2007. The
role of tropical dry forest as a long-term barrier to dis-
persal: a comparative phylogeographical analysis of dry

forest tolerant and intolerant frogs. Molecular Ecology 16:
4789-4807.

Daza JM, Castoe TA, Parkinson CL. 2010. Using regional
comparative phylogeographic data from snake lineages to
infer historical processes in Middle America. Ecography 33:
343-354.

Donnelly MdJ, Licht MC, Lehmann T. 2001. Evidence for re-
cent population expansion in the evolutionary history of the
malaria vectors Anopheles arabiensis and Anopheles gam-
biae. Molecular Biology and Evolution 18: 1353—-1364.

Donnelly MdJ, Simard F, Lehmann T. 2002. Evolutionary
studies of malaria vectors. Trends in Parasitology 18:
75-80.

Dormann CF, McPherson JM, Araujo MB, Bivand R,
Bolliger J, Gudrun C, Davies RG, Hirzel A, Jetz W,
Kissling WD, Kiihn I, Ohlemiiller R, Peres-Neto PR,
Reineking B, Schroder B, Schurr FM, Wilson R. 2007.
Methods to account for spatial autocorrelation in the ana-
lysis of species distributional data: a review. Ecography 30:
609-628.

Drummond AJ, Rambaut A. 2007. BEAST: Bayesian evo-
lutionary analysis by sampling trees. BMC Evolutionary
Biology 7: 214.

Dusfour I, Linton YM, Cohuet A, Harbach RE, Baimai
V, Trung HD, Seng CM, Matusop A, Manguin S. 2004.
Molecular evidence of speciation between island and contin-
ental populations of Anopheles (Cellia) sundaicus (Diptera:
Culicidae), a principal malaria vector taxon in Southeast
Asia. Journal of Medical Entomology 41: 287-295.

Dusfour I, Michaux JR, Harbach RE, Manguin S. 2007.
Speciation and phylogeography of the Southeast Asian
Anopheles sundaicus complex. Infection, Genetics and
Evolution 7: 484-493.

Eskildsen GA, Rovira JR, Smith O, Miller MJ, Bennett
KL, McMillan WO, Loaiza J. 2018. Maternal invasion his-
tory of Aedes aegypti and Aedes albopictus into the Isthmus
of Panama: implications for the control of emergent viral dis-
ease agents. PLoS One 13: e0194874.

Faran ME. 1980. Mosquito studies (Diptera: Culicidae)
XXXIV. A revision of the Albimanus section of the subgenus
Nyssorhynchus of Anopheles. Contributions of the American
Entomological Institution 15: 1-215.

Frederickson EC. 1993. Bionomics and control of Anopheles
albimanus. Washington: Pan American Health Organization,
Pan American Sanitary Bureau Regional Office of the World
Health Organization.

Fu YX. 1997. Statistical tests of neutrality of mutations
against population growth, hitchhiking and background se-
lection. Genetics 147: 915-925.

Hijmans RdJ, Cameron SE, Parra JL, Jones PG, Jarvis A.
2005. Very high resolution interpolated climate surfaces for
global land areas. International Journal of Climatology 25:
1965-1978.

Kramer-Schadt S, Niedballa J, Pilgrim JD, Schréder B,
Lindenborn J, Reinfelder V, Stillfried M, Heckmann
I, Scharf AK, Augeri DM, Cheyne SM, Hearn AdJ, Ross
J, Macdonald DW, Mathai J, Eaton J, Marshall AdJ,
Semiadi G, Rustam R, Bernard H, Alfred R, Samejima

© 2018 The Linnean Society of London, Biological Journal of the Linnean Society, 2018, XX, 1-12

810z JequianoN 2z uo 1senb Agq 9£9602S/891 Alq/ueauuljolq/se0 1 0| /I0poBIISqe-a|o1ie-00UuBAPE/UBSUUI0I/WO00 dNoolWwapeoe//:sdiy Wol) papeojumod



EVOLUTIONARY HISTORY OF TWO ANOPHELES SPECIES 11

H, Duckworth C, Breitenmoser-Wuersten C, Belant
JL, Hofer H, Wilting A. 2013. The importance of correct-
ing for sampling bias in MaxEnt species distribution models.
19(11): 1366-1379. doi:10.1111/ddi.12096

Loaiza JR, Bermingham E, Sanjur OI, Scott ME,
Bickersmith SA, Conn JE. 2012. Review of genetic diver-
sity in malaria vectors (Culicidae: Anophelinae). Infection,
Genetics and Evolution 12: 1-12.

Loaiza JR, Dutari LC, Rovira JR, Sanjur OI, Laporta GZ,
Pecor J, Foley DH, Eastwood G, Kramer LD, Radtke M,
Pongsiri M. 2017. Disturbance and mosquito diversity in
the lowland tropical rainforest of central Panama. Scientific
Reports 7: 7248 doi:10.1038/s41598-017-07476-2.

Loaiza JR, Scott ME, Bermingham E, Rovira J, Conn
JE. 2010a. Evidence for Pleistocene population divergence
and expansion of Anopheles albimanus in Southern Central
America. The American Journal of Tropical Medicine and
Hygiene 82: 156-164.

Loaiza JR, Scott ME, Bermingham E, Sanjur OI, Rovira
JR, Dutari LC, Linton YM, Bickersmith S, Conn JE.
2013. Novel genetic diversity within Anopheles punctimac-
ula s.l.: phylogenetic discrepancy between the Barcode cyto-
chrome c oxidase I (COI) gene and the rDNA second internal
transcribed spacer (ITS2). Acta Tropica 128: 61-69.

Loaiza JR, Scott ME, Bermingham E, Sanjur OI,
Wilkerson R, Rovira J, Gutiérrez LA, Correa MM,
Grijalva MdJ, Birnberg L, Bickersmith S, Conn JE.
2010b. Late Pleistocene environmental changes lead
to unstable demography and population divergence of
Anopheles albimanus in the northern Neotropics. Molecular
Phylogenetics and Evolution 57: 1341-1346.

Messina JP, Brady OdJ, Scott TW, Zou C, Pigott DM,
Duda KA, Bhatt S, Katzelnick L, Howes RE, Battle KE,
Simmons CP, Hay SI. 2014. Global spread of dengue virus
types: mapping the 70 year history. Trends in Microbiology
22: 138-146.

Miller MdJ. 2014. A distinctive avian assemblage (Aves:
Passeriformes) in Western Darién, Panama is uncovered
through a disease surveillance program. Revista de Biologia
Tropical 62: 711-717.

Miller MdJ, Bermingham E, Klicka J, Escalante P, Do Amaral
FSR, Weir JT, Winker K. 2008. Out of Amazonia again and
again: episodic crossing of the Andes promotes diversification in
a lowland forest flycatcher. Proceedings of the Royal Society of
London. Series B, Biological Sciences 275: 1133-1142.

Miller MJ, Lelevier MdJ, Bermingham E, Klicka JT,
Escalante P, Winker K. 2011. Phylogeography of the
Rufous-tailed Hummingbird (Amazilia tzacatl). Condor 113:
806-816.

Miller MdJ, Lipshutz SE, Smith NG, Bermingham E. 2014.
Genetic and phenotypic characterization of a hybrid zone
between polyandrous Northern and Wattled Jacanas in
Western Panama. BMC Evolutionary Biology 14: 227.

Miller MdJ, Loaiza JR. 2015. Geographic expansion of the in-
vasive mosquito Aedes albopictus across Panama—implica-
tions for control of dengue and Chikungunya viruses. PLoS
Neglected Tropical Diseases 9: e0003383.

Mirabello L, Conn JE. 2006. Molecular population genetics
of the malaria vector Anopheles darlingi in Central and
South America. Heredity 96: 311-321.

Mirabello L, Vineis JH, Yanoviak SP, Scarpassa VM,
Povoa MM, Padilla N, Achee NL, Conn JE. 2008.
Microsatellite data suggest significant population structure
and differentiation within the malaria vector Anopheles dar-
lingi in Central and South America. BMC Ecology 8: 3.

Moreno M, Bickersmith S, Harlow W, Hildebrandt J,
McKeon SN, Silva-do-Nascimento TF, Loaiza JR, Ruiz
F, Lourenco-de-Oliveira R, Sallum MA, Bergo ES, Fritz
GN, Wilkerson RC, Linton YM, Juri MJ, Rangel Y,
Povoa MM, Gutiérrez-Builes LA, Correa MM, Conn JE.
2013. Phylogeography of the neotropical Anopheles triannu-
latus complex (Diptera: Culicidae) supports deep structure
and complex patterns. Parasites & Vectors 6: 47.

Morgan K, Linton YM, Somboon P, Saikia P,Dev V, Socheat
D, Walton C. 2010. Inter-specific gene flow dynamics during
the Pleistocene-dated speciation of forest-dependent mosqui-
toes in Southeast Asia. Molecular Ecology 19: 2269-2285.

Morgan K, O’Loughlin SM, Chen B, Linton YM, Thongwat D,
Somboon P, Fong MY, Butlin R, Verity R, Prakash A, Htun
PT, Hlaing T, Nambanya S, Socheat D, Dinh TH, Walton C.
2011. Comparative phylogeography reveals a shared impact of
Pleistocene environmental change in shaping genetic diversity
within nine Anopheles mosquito species across the Indo-Burma
biodiversity hotspot. Molecular Ecology 20: 4533—4549.

Morgan K, O’Loughlin SM, Mun-Yik F, Linton YM,
Somboon P, Min S, Htun PT, Nambanya S, Weerasinghe
I, Sochantha T, Prakash A, Walton C. 2009. Molecular
phylogenetics and biogeography of the Neocellia series of
Anopheles mosquitoes in the Oriental region. Molecular
Phylogenetics and Evolution 52: 588—601.

Norris LC, Main BJ, Lee Y, Collier TC, Fofana A, Cornel
AdJ, Lanzaro GC. 2015. Adaptive introgression in an African
malaria mosquito coincident with the increased usage of
insecticide-treated bed nets. Proceedings of the National
Academy of Sciences, USA 112: 815-820.

O’Loughlin SM, Okabayashi T, Honda M, Kitazoe Y,
Kishino H, Somboon P, Sochantha T, Nambanya S,
Saikia PK, Dev V, Walton C. 2008. Complex population
history of two Anopheles dirus mosquito species in Southeast
Asia suggests the influence of Pleistocene climate change ra-
ther than human-mediated effects. Journal of Evolutionary
Biology 21: 1555-1569.

O’Loughlin SM, Somboon P, Walton C. 2007. High levels of
genetic differentiation in the malaria vector Anopheles scan-
loni. Heredity 99: 33—40.

Phillips SJ, Anderson RP, Schapire RE. 2006. Maximum
entropy modeling of species geographic distributions.
Ecological Modeling 190: 231-259.

Piperno DR, Jones JG. 2003. Paleoecological and archaeo-
logical implications of the Late Pleistocene Early Holocene
record of vegetation and climate from the Pacific coastal
plain of Panama. Quaternary Research 59: 79-87.

Posada D. 2008. jModelTest: phylogenetic model averaging.
Molecular Biology and Evolution 25: 1253—-1256.

© 2018 The Linnean Society of London, Biological Journal of the Linnean Society, 2018, XX, 1-12

810z JequianoN 2z uo 1senb Agq 9£9602S/891 Alq/ueauuljolq/se0 1 0| /I0poBIISqe-a|o1ie-00UuBAPE/UBSUUI0I/WO00 dNoolWwapeoe//:sdiy Wol) papeojumod



12 J. R.LOAIZA and M. J. MILLER

Powell JR, Caccone A, Amato GD, Yoon C. 1986. Rate of
nucleotide substitution in Drosophila mitochondrial DNA
and nuclear DNA are similar. Proceedings of the National
Academy of Sciences, USA 83: 9090-9093.

Quantum GIS Development Team. 2014. Quantum GIS
Geographic Information System. Open Source Geospatial
Foundation Project. Available at: http:/qgis.osgeo.org

Ramos-Onsins SE, Rozas J. 2002. Statistical properties of
new neutrality tests against population growth. Molecular
Biology and Evolution 19: 2092—-2100.

Rozas J, Sanchez-DelBarrio JC, Messeguer X, Rozas R.
2003. DnaSP, DNA polymorphism analyses by the coalescent
and other methods. Bioinformatics 19: 2496-2497.

Simmons JS. 1936a. Anopheles (Anopheles) punctimacula
naturally infected with malaria plasmodia. The American
Journal of Tropical Medicine and Hygiene 16: 2—-11.

Simmons JS. 1936b. Anopheles (Anopheles) punctimacula
(Dyar & Knab) experimentally infected with malaria plas-
modia. Science 1: 250—269.

Simmons JS. 1937. Observations on the importance of Anopheles
punctimacula as a malaria vector in Panama, and report
of experimental infections in Anopheles neomaculipalpus,
Anopheles apicimacula and Anopheles eiseni. The American
Journal of Tropical Medicine and Hygiene 17: 191-212.

Sinka ME, Rubio-Palis Y, Manguin S, Patil AP, Temperley
WH, Gething PW, Van Boeckel T, Kabaria CW, Harbach
RE, Hay SI. 2010. The dominant Anopheles vectors of
human malaria in the Americas: occurrence data, distribu-
tion maps and bionomic précis. Parasites & Vectors 3: 72.

Walton C, Handley JM, Collins FH, Baimai V, Harbach
RE, Deesin V, Butlin RK. 2001. Genetic population struc-
ture and introgression in Anopheles dirus mosquitoes in
South-east Asia. Molecular Ecology 10: 569-580.

Walton C, Handley JM, Tun-Lin W, Collins FH, Harbach
RE, Baimai V, Butlin RK. 2000. Population structure
and population history of Anopheles dirus mosquitoes
in Southeast Asia. Molecular Biology and Evolution 17:
962-974.

Wang IJ, Crawford AJ, Bermingham E. 2008.
Phylogeography of the Pygmy Rain Frog (Pristimantis ridens)
across the lowland wet forests of isthmian Central America.
Molecular Phylogenetics and Evolution 47: 992—-1004.

Warren DL. 2010. ENMTools: a toolbox for comparative
studies of environmental niche models. Ecography 33:
607-611.

Warren DL, Glor RE, Turelli M. 2008. Environmental niche
equivalency versus conservatism: quantitative approaches to
niche evolution. Evolution 62: 2868—2883.

Warren DL, Seifert SN. 2011. Ecological niche modeling in
Maxent: the importance of model complexity and the per-
formance of model selection criteria. Ecological Applications
21: 335-342.

Weigt LA, Crawford AJ, Rand AS, Ryan MdJ. 2005.
Biogeography of the tingara frog, Physalaemus pustulosus:
a molecular perspective. Molecular Ecology 14: 3857—-3876.

Wilkerson RC. 1990. Redescriptions of Anopheles puncti-
macula and An. malefactor (Diptera: Culicidae). Journal of
Medical Entomology 27: 225-247.

Zamudio KR, Greene HW. 1997. Phylogeography of the bush-
master (Lachesis muta: Viperidae): implications for neotrop-
ical biogeography, systematics, and conservation. Biological
Journal of the Linnean Society 62: 421-442.

Zarowiecki M, Walton C, Torres E, McAlister E, Htun PT,
Sumrandee C, Sochanta T, Ho Dinh T, Lee CN, Linton
Y-M. 2011. Pleistocene genetic connectivity in a widespread,
open-habitat-adapted mosquito in the Indo-Oriental region.
Journal of Biogeography 38: 1422-1432.

Zeh JA, Zeh DW, Bonilla MM. 2003. Phylogeography of the
harlequin beetle-riding pseudoscorpion and the rise of the
Isthmus of Panamé&. Molecular Ecology 12: 2759-2769.

Zhou D, Zhang D, Ding G, Shi L, Hou Q, Ye Y, Xu Y, Zhou
H, Xiong C, Li S, Yu J, Hong S, Yu X, Zou P, Chen C,
Chang X, Wang W, Lv Y, Sun Y, Ma L, Shen B, Zhu C.
2014. Genome sequence of Anopheles sinensis provides in-
sight into genetics basis of mosquito competence for malaria
parasites. BMC Genomics 15: 42.

SUPPORTING INFORMATION

Additional Supporting Information may be found in the online version of this article at the publisher’s web-site.

Table S1. ‘Species-level occurrence points, geographically trimmed’. Sampling geo-referenced points (latitude and
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