L T

/

1\

=y

Spatiotemporal dynamics of gene flow and hybrid
fitness between the M and S forms of the malaria
mosquito, Anopheles gambiae

Yoosook Lee*?, Clare D. Marsden®P®, Laura C. Norris®<, Travis C. Collier®?, Bradley J. Main®?, Abdrahamane Fofana®,

Anthony J. Cornel®<, and Gregory C. Lanzaro®®'

3Vector Genetics Laboratory, "Department of Pathology, Microbiology and Immunology, and “Department of Entomology and Nematology, University of
California, Davis, CA 95616; and “Malaria Research and Training Center, University of Bamako (BP 1805), Bamako, Mali

Edited* by Tilahun D. Yilma, University of California, Davis, CA, and approved October 28, 2013 (received for review September 6, 2013)

The M and S forms of Anopheles gambiae have been the focus of
intense study by malaria researchers and evolutionary biologists
interested in ecological speciation. Divergence occurs at three dis-
crete islands in genomes that are otherwise nearly identical. An
"islands of speciation” model proposes that diverged regions con-
tain genes that are maintained by selection in the face of gene
flow. An alternative “incidental island” model maintains that gene
flow between M and S is effectively zero and that divergence
islands are unrelated to speciation. A “divergence island SNP" as-
say was used to explore the spatial and temporal distributions of
hybrid genotypes. Results revealed that hybrid individuals occur at
frequencies ranging between 5% and 97% in every population
examined. A temporal analysis revealed that assortative mating
is unstable and periodically breaks down, resulting in extensive
hybridization. Results suggest that hybrids suffer a fitness disad-
vantage, but at least some hybrid genotypes are viable. Stable
introgression of the 2L speciation island occurred at one site fol-
lowing a hybridization event.
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he M and S forms of the African malaria vector Anopheles

gambiae have been the subject of intense study over the past
decade. The focus has centered on models of the evolution and
maintenance of genetic divergence between the two forms in
relation to speciation (reviewed in ref. 1). A. gambiae has become
a model, described in a number of recent reviews on speciation
(2-5).

lee two forms occur in sympatry throughout West and Central
Africa (6). They were initially described on the basis of several
single nucleotide polymorphisms (SNPs) in the X-linked ribo-
somal DNA locus (7, 8). Heterozygotes were rarely found in
nature and studies of reproductive isolation (RI) confirmed
strong assortative mating with interform matings occurring at
a frequency of ~1% (9). Progeny of laboratory crosses and
backcrosses show no signs of reduced fitness (10). However, it is
widely held that, in nature, some degree of ecologically de-
pendent postzygotic isolation, in addition to assortative mating,
contributes to divergence between the two forms (11, 12).

Studies of the genetic structure of M and S based on micro-
satellite markers revealed little between-form differentiation
outside the centromeric region of the X chromosome and a few
regions associated with inversions (13-15). This overall lack of
divergence was attributed to the homogenizing effect of gene
flow between the forms (16).

In 2008, several reports of much higher frequencies of M/S
hybrids, as high as 24%, appeared (17-19). These were all ob-
served in populations in coastal West Africa, an area now
thought to represent a zone of secondary contact (20, 21). These
reports resulted in the emergence of this species as the focus of
research aimed at exploring the evolution and maintenance of
genetic divergence with gene flow (11, 12, 22, 23).
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The first genome-wide comparison of the M and S forms by
Turner et al. (24) was consistent with earlier observations that
divergence overall is low, but there are small, discrete regions of
divergence representing about 3% of the genome. They identi-
fied three diverged regions: one near the centromere on the X
chromosome, one on the left arm of chromosome 2 (2L), and one
on the right arm of chromosome 2 (2R). A number of genome-
wide scans comparing M and S have been conducted since. These
have applied several methods, including the same microarray used
by Turner et al. (25, 26), high-density SNP arrays (12, 21, 23, 27),
and whole-genome sequencing (28). These studies likewise re-
vealed little divergence except in a few discrete regions of the
genome characterized by high levels of differentiation (islands
of divergence).

This body of work has culminated in two opposing models
aimed at describing the evolution of M and S (1, 11). The “is-
lands of speciation” model supposes that (i) small regions of
divergence contain genes responsible for RI because they are
directly associated with assortative mating and/or are under strong
ecologically dependent divergent selection, and (ii) the rest of the
genome is either neutral with respect to differentiation or close
enough to neutral so that contemporary gene flow overwhelms
selection. The alternative “incidental island” model recognizes the
presence of islands of divergence, but suggests that (i) these are
not related to RI and the remainder of the genome is less dif-
ferentiated due to segregating ancestral polymorphism, not gene
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Fig. 1. Collection site map. Site index follows Table 1. Sites are marked with
colors that group populations by genetic structure as follows: red, past in-
trogression lacking evidence for ongoing gene flow; cyan, past introgression
and loss of divergence on 2L; green, ongoing gene flow and introgression;
blue, complete or nearly complete introgression; and yellow, Selinkenyi
where a longitudinal study was conducted.

flow, and (i) F; hybrids are effectively sterile, therefore the
amount of “realized” gene flow between M and S is near zero
and that M and S are in fact “good species.” Indeed, the M
form has recently been elevated to species status and provided
the formal species name Anopheles coluzzii (29). We continue
to refer to M and S forms to facilitate discussion with reference
to the recent literature.

Limitations in the genome-wide scans described above may
have contributed to disparate views of the evolution of divergence
between A. gambiae subgroups. All comparisons of natural pop-
ulations to date used single-locus, X-linked genotypes (7, 30-32)
to identify M and S form specimens used in downstream analyses.
These single-locus assays misidentify a significant proportion of
backcross individuals. In addition, assessment of hybridization
frequencies and comprehensive tests for introgression are pre-
cluded from these studies because DNA pools were used (21, 23,
27), sample sizes were too small (24, 26), or such assessments may
be irrelevant because M and S laboratory colony mosquitoes
were used (28). Finally, there are strong limitations in relying on
genome scans alone for detecting selection, gene flow, and re-
combination that occurs during speciation (33, 34).

In this study, we used a simple multilocus SNP genotype ap-
proach to distinguish M, S, F; hybrids, and backcross individuals
(35), which we call the “divergence island SNP” (DIS) assay (S
Appendix). We describe the spatial and temporal distribution of
hybridization frequencies, the extent to which hybridization re-
sults in introgression, and the fitness of hybrid genotypes in na-
ture. Assumptions concerning these between-form interactions
have played a central role in the interpretation of comparative
genomics data as applied to understanding speciation in this
system. The results we report challenge a number of these as-
sumptions and they provide unique information about temporal
dynamics in the way in which M and S forms interact that sug-
gests new avenues for future research.

Results

Multilocus, Single-Copy DIS Assay. A few studies have used multiple
restriction fragment length polymorphism assays and/or mis-
match primer-based SNP assays to genotype one SNP in each of
the three (X, 2L, and 3L) islands of divergence (26, 36). We
extended this approach with the development of the DIS assay
(35) to describe A. gambiae populations throughout West Africa
(Fig. 1 and SI Appendix, Table S3). The DIS assay includes 7
SNPs spanning 4.4 Mbp on the X chromosome, 5 spanning 2.2
Mbp on chromosome 2L, and 3 spanning 117 kb on chromosome
3L (35). Genotypes at these 15 SNPs were used to designate
individuals as M form, S form (homozygous for form-specific
alleles at a minimum of 13 of the 15 SNPs), F; hybrids (hetero-
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zygous at all 15 SNPs), and backcross (individuals with mixed
M, S, and heterozygous genotypes at 3 or more SNPs). The
GOUNDRY and ENDO populations were defined on the basis
of genotypes at eight microsatellite loci as described previously
(37). We used the method described in ref. 35 to illustrate the
distribution of DIS genotypes among each study population,
using what we refer to as “DIS maps” (Figs. 2 and 3 and SI
Appendix, Figs. S3-S7).

Analysis of Allopatric M and S Populations. Five allopatric pop-
ulations, two “pure” M forms and three pure S forms (pure = pre-
dominant form occurs at frequency >0.96), were analyzed to establish
that molecular-form—specific SNPs are not polymorphic within
forms. These sites covered a broad geographic area, from central
Mali to southern Cameroon (SI Appendix, Fig. S3). Only 12 of 466
carried mixed genotypes. Heterozygotes occurred at SNPs distrib-
uted over all three chromosomes. Ten of the 14 individuals were
heterozygous at multiple, physically linked, SNPs. Four were het-
erozygous at a single SNP, but each of these was only observed in
a single population, suggesting these were due to rare past migra-
tion events and do not represent shared ancestral polymorphisms.

Analysis of Sympatric M and S Populations. Thirteen populations
in which the M and S forms occur in sympatry were analyzed
(Fig. 1). These included the ENDO and GOUNDRY popula-
tions from Burkina Faso (37), four populations from Mali, three
from Guinea-Bissau, two from Cameroon, one population from
Equatorial Guinea, and one from Senegal. A total of 825 indi-
viduals were sampled (Table 1). In every population studied,
individuals with hybrid genotypes occurred at a frequency in
excess of 5%, ranging from 5.2% to 96.9%. The genetic structure
of these populations formed a continuum, from populations with
evidence of past introgression, but clear boundaries between M
and S, to those in which the boundaries between M and S are
completely absent.
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Fig. 2. DIS maps for sympatric populations. Site index follows Table 1. A,
Banambani; B, Founia; C, Tiko; D, Nathia; E, Canjufa; F, Bioko; G, Selinkenyi;
H, Bantinngoungou; /, Njigalap; J, ENDO; K, Abu females; L, Prabis females;
M, Abu males; N, Prabis males; O, GOUNDRY.
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Fig. 3. DIS maps for sympatric populations from the town of Selinkenyi,
Mali collected at eight time points over a 21-y period, 1991-2012 (A-H).

Populations with past introgression and no ongoing gene flow. Pop-
ulations at Banambani and Founia, Tiko, Nathia, and Canjufa
included backcross individuals at frequencies ranging from 5% to
15%, but of the 312 individuals genotyped, no F; hybrids were de-
tected (Fig. 2 A-E and SI Appendix, Fig. S4). Genotype frequen-
cies at all SNPs departed significantly from Hardy—Weinberg
equilibrium (HWE) with a deficiency of heterozygotes in every
case. Association among all three unlinked islands of divergence
was strong, but nowhere near complete (mean * = 0.83; SI
Appendix, Table S4). Recombination was more common in au-
tosomal islands than for X chromosome islands (SI Appendix,
Table S4). Introgressed SNPs in both the homozygous and het-
erozygous states were present, suggesting backcrossing for multiple
generations. Excluding the possibility of ancestral polymorphism
(as justified above), the distribution of genotype frequencies can
be explained by hybridization, either ongoing at low frequencies
(too low for the detection of F; genotypes) or in the recent past,
followed by the reestablishment of strong premating barriers. In
either case, introgression has occurred with backcross genotypes
maintained at nonequilibrium frequencies, likely due to incomplete
assortative mating and/or selection too weak to eliminate them
(at least between the time of their formation by hybridization and
the time they were sampled).

Populations with past introgression and loss of divergence on 2L. Pop-
ulations at Bioko and Selinkenyi collected in 2012 were com-
posed of a large number of backcross individuals, 54.9-89.2%
(Table 1, Fig. 2 F and G, and SI Appendix, Fig. S5). As in pop-
ulations described above, the absence of F; hybrids suggests a
lack of ongoing gene flow in these populations. Presence of S
form chromosome 2 SNPs in otherwise typical M form genomes
accounted for nearly all introgression (110 of 116 recombinant
genotypes). Genotype frequencies at all SNPs on both 3L and X
departed significantly from HWE, with a deficiency of hetero-
zygotes in all cases and strong association of form-specific SNPs
across these two islands of divergence. SNPs on 3L and X are
associated (mean r* > 0.81; SI Appendix, Table S4), whereas
SNPs on 2L were not associated with X or 3L (r* < 0.23).
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Genotype frequencies for all five SNPs on 2L, in both pop-
ulations, were in HWE, suggesting stable introgression of the 2L
island. Introgression of X-linked SNPs was absent (0/116).
Populations with ongoing gene flow and introgression. Populations at
Bantinngoungou, Njigalap, and the ENDO population included
F; hybrids at frequencies ranging from 3.3% to 11.8% and
backcross genotypes from 10.0% to 25.3% (Table 1, Fig. 2 H-J,
and SI Appendix, Fig. S6). Of 45 tests for compliance of genotype
frequencies to HWE, all but 2 departed from expectations, with
a deficiency of heterozygotes in every case. The proportion of
backcross genotypes relative to Fys is quite low (in Njigalap the
frequency of F; genotypes exceeds backcrosses by 50%) and in
nearly every case the introgressed SNP is heterozygous (56/62),
indicating these are the product of first generation backcrosses
(F1 x parental). This suggests that hybridization is consistently
high in this population with strong selection against later gen-
eration backcross genotypes or that at the time these populations
were sampled, they were experiencing a very recent breakdown in
assortative mating (isolate breaking) (38). Overall form-specific
islands remained associated (mean 7* = 0.82).

Populations with complete or nearly complete introgression. Populations
at Abu and Prabis consist of backcross individuals at frequencies
of 82.0% and 73.9%, respectively (Fig. 2 K-N and SI Appendix,
Fig. S7). Introgression is strongly asymmetric, with the M form
introgressed into the S (22). Our analysis supports this obser-
vation and illustrates that introgression into the S form has
proceeded to the extent that pure S form genotypes are com-
pletely absent, whereas pure M form individuals persist. Geno-
type frequencies for all eight SNPs on chromosomes 2 and 3 are
in HWE; however, strong linkage disequilibrium (LD) is main-
tained for all SNPs on the X chromosome (* > 0.93), with a
significant deficiency of heterozygotes at all seven SNPs. A
separate analysis of males reveals the strength of the asymmetric
introgression (Fig. 2 M and N and SI Appendix, Fig. S7 C and D).
Males that were heterozygous for all eight autosomal SNPs
(males are hemizygous for X-linked SNPs) were presumed to be
F; hybrids. Of 19 F; hybrid males, 18 were hemizygous for
S-specific SNPs on the X chromosome, suggesting S form
females exhibit weak assortative mating.

The GOUNDRY population exhibits the most extreme level of
introgression, with a frequency of backcross genotypes of 96.9%
(Fig. 20 and SI Appendix, Fig. STE). Only a single individual of 32
sampled was homozygous at all SNPs. Genotype frequencies at all

Table 1. M, S, F,, and backcross (F4.,) frequencies
Index Site Year N %M %S %F; %Fqi;n
Populations with past introgression and no ongoing gene flow
A Banambani 2005 87 15 73 0 12
B Founia 2006 77 39 56 0 5
C Tiko 2003 81 16 2 0 82
D Nathia 2009 4 7 78 0 15
E Canjufa 2009 26 15 73 0 12
Populations with past introgression and loss of divergence on 2L
F Bioko 2002 95 0 96 0 4
G Selinkenyi 2012 83 8 2 0 90

Populations with ongoing gene flow and introgression
H Bantinngoungou 2006 87 24 46 5 25
|

Njigalap 2006 119 10 70 12 8

J ENDO 2006 60 42 45 3 10
Populations with complete or nearly complete introgression
K Abu (99) 2009 50 98 0 0 2
L Prabis (29) 2009 92 25 0 1 74
M Abu (53) 2009 48 19 0 19 62
N Prabis (50) 2009 90 13 0 15 72
(0} Goundry 2006 32 3 0 0 97
Lee et al.
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15 SNPs are in HWE. Within each island, all pairs of SNPs were
in significant LD (#* > 0.60, P = 0.00). No association among
form-specific islands was evident (* < 0.17, P > 0.03).

Temporal Variation in Hybridization. Patterns of hybridization and
introgression vary spatially, probably due to differences among
local environments (39-41). These differences may include en-
vironmental cues used in mate selection and/or factors that in-
fluence hybrid fitness. If true, it is likely that hybridization and
introgression also have a temporal dynamic in places that ex-
perience environmental fluctuations over time. To examine this
possibility we conducted a longitudinal study of sympatric M and
S populations spanning a period of 21 y at Selinkenyi. Rainfall
in this area is controlled by movement of the intertropical con-
version zone (ITCZ), which oscillates between the northern and
southern tropics annually. Variations in the latitudinal move-
ment of the ITCZ from year to year cause large interannual
variability in wet-season (June—October) rainfall (42).

The distribution of DISs in populations at Selinkenyi between
1991 and 2012 are illustrated in Fig. 3. All collections were made
during the rainy season (July—October). In 1991, M was the pre-
dominant form, representing 89.9% of individuals sampled. A
total of 3.8% of individuals had mixed, backcross genotypes, but
no F; hybrids were observed (Fig. 34). The relative proportion of
forms changed in 1996 with S form increasing to 22.8%, but the
proportion of backcross hybrids remained roughly as it was in 1991
(3.3%, Fig. 3B). As in 1991, no F; hybrids were collected. Tem-
poral changes in the relative abundance of the two forms have
been reported in the past (43, 44). The presence of backcross
individuals indicates that some degree of hybridization had oc-
curred in the past, but a lack of F; hybrids suggests that there was
no ongoing hybridization at the time these samples were collected.

A change occurred in 2002 when the relative abundance of the
two forms remained similar to 1996 (66.7% M and 21.7% S);
however, the frequency of backcross hybrids increased to 10.8%
and F; hybrids were observed at a frequency of 0.8% (Fig. 3C).
The occurrence of F; hybrids and accompanying increase in
backcross frequencies suggests this sample was taken at a time
when hybridization between the two forms was occurring and that
hybrid individuals were actively mating, resulting in introgression
of the two forms. Two years later (2004) near complete assortative
mating appears to have been reestablished, evident from an ab-
sence of F; hybrids and a decrease in the frequency of backcross
hybrids (from 11.6% in 2002 to 5.6% in 2004, Fig. 3D).

A dramatic change occurred in 2006 when the frequency of F,
hybrids jumped to 12.1% and backcross hybrids increased to
18.5% (Fig. 3E). An apparent breakdown of assortative mating
in 2006 precipitated a profound change in the genetic structure
of this population such that the frequency of hybrids in samples
collected in 2010, 2011, and 2012 increased to 54.9%, 85.9%, and
89.2%, respectively (Fig. 3 F-H). Nearly all backcross individuals
in the 2010-2012 populations had mixed genotypes due to in-
trogression of SNPs within the 2L island, resulting in the com-
plete loss of 2L association with the X and 3L islands. The X and
3L SNPs remained in tight LD (+* > 0.83, SI Appendix, Table S4).
Genotype frequencies for all five SNPs on 2L remained at similar
frequencies subsequently (2010-2012), so it appears that di-
vergence in this region of the genome has been permanently lost.

The nearly complete disappearance of heterozygotes at all
SNPs following the episode of hybridization that occurred in
2002 (Fig. 3C), and for heterozygotes on 3L and X following the
hybridization event in 2006 (Fig. 3E), provides strong evidence
for selection against hybrids in nature.

Patterns of Introgression Among Islands of Divergence. White et al.
(26) reported nearly complete LD between the three islands of
divergence in natural populations. Hahn et al. (36) used labo-
ratory crosses to demonstrate a lack of intrinsic incompatibilities
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that might explain this association. Based on these observations,
it was proposed that the association among the three islands is
maintained by near-complete RI between M and S forms in
nature. RI is presumed to be the consequence of strong pre-
mating isolation and that those few hybrids that may be formed
rarely survive to reproduce (26). This idea is central to the in-
cidental islands model described above. The notion that associ-
ation is maintained by strong selection against mixed genotypes
is weakened by reports of linkage equilibrium in coastal pop-
ulations where hybridization rates are high (20). We included
two coastal populations in this study, the villages of Abu and
Prabis in Guinea-Bissau, and we likewise found low LD among
the three divergence islands (+* < 0.17). The pattern we observed
is complicated by the fact that the extent of introgression among
the three islands is not equivalent. Genotypes for all eight SNPs
on chromosomes 2 and 3 are at equilibrium frequencies so that
introgression is complete. This suggests that selection against
mixed genotypes at these SNPs is very low.

The pattern is quite different for the X chromosome where
LD among the seven SNPs is quite strong (/* > 0.93) and ge-
notype frequencies depart significantly from HWE with a de-
ficiency of heterozygotes at all seven SNPs. A pattern of lower
introgression on the autosomes relative to the X chromosome
was generally observed in all populations where M and S are
sympatric (SI Appendix, Table S4). It has, however, been sug-
gested that coastal populations represent unique environments
and are therefore unlikely to be instructive about the genomics
of RI in more “typical” areas (23). Results from the longitudinal
survey conducted at Selinkenyi and the “snapshot” data for
Goundry and Njigalap, however, demonstrate that hybridization
and introgression do occur in typical A. gambiae habitats.

Within and Between Divergence Island Recombination. Recombi-
nation within islands was lowest (* = 0.95) for chromosome 3
and highest (+* = 0.90) for chromosome 2 (SI Appendix, Table
S4). Recombination within the X chromosome was similar (+* =
0.94) to the level observed in chromosome 3, despite covering
a larger region of the genome (37 times larger).

Recombination between islands was highest for the 2L island
(* = 0.87 vs. ©* = 0.94 for X and r* = 0.93 for 3L) with a mean
proportion of mismatched islands = 20% (SI Appendix, Table
S4). Collections that displayed high levels of 2L island mismatch
(P > 10%) include Nathia, Bioko, and 2010-2012 Selinkenyi.
The wide geographic range of this 2L island mismatched genome,
as well as the loss of 2L divergence post-2006 in Selinkenyi,
suggest that this particular genome combination is stable and
likely to be present in other geographic regions.

Discussion

The results presented here provide the basis for a critical reas-
sessment of the relationship between the M and S forms of
A. gambiae. A long-standing debate has centered on the level of
gene flow between forms. On one side many authors consider that
RI between the two is complete or nearly complete (7, 8, 45, 46)
and that the two forms represent distinct species (29). On the
other side are those who argued that RI, even if recent, cannot
explain the “mosaic” pattern of genome divergence, and that it is
selection operating on a few genomic regions in the face of gene
flow that shapes this pattern (13, 16, 47). Here we have demon-
strated that M/S hybridization occurs at frequencies well above
the ~1% frequently cited and at locations throughout West and
Central Africa (Figs. 2 and 3 and SI Appendix, Figs. S3-S7),
outside the coastal areas where high levels of hybridization are
well known, but have been dismissed as “anomalous” (23).
Genome-wide scans have identified genomic islands of di-
vergence, consistent with the mosaic divergence identified in
earlier work. These were initially interpreted as representing
islands of speciation containing genes responsible, directly or
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indirectly, for partial RI between forms and that the remaining,
roughly 97% of the genome remains undifferentiated due to
gene flow between the two forms (24). An opposing view rec-
ognizes islands of divergence as standing out, but argues this
divergence is due to the location of the islands near centromeres
where recombination is low and that the surrounding genome is
relatively undifferentiated because complete RI evolved only
recently (27). In support of this incidental islands model, it has
been argued that the infrequent hybrids observed in nature are
largely F, hybrids and that these are effectively sterile, therefore
their presence does not represent “effective” gene flow (26). The
longitudinal study at Selinkenyi does suggest reduced fitness of
hybrids; however, the loss of divergence on the chromosome 2L
island after 2006 and the persistence of backcross genotypes in
nearly all populations surveyed, often at high frequencies, reveals
that hybridization does in fact represent gene flow and at levels
far exceeding what has heretofore been recognized.

The existence of temporal variation in hybridization rates
represents a unique and unanticipated feature in the relationship
between M and S. The longitudinal study conducted over a pe-
riod of 21 y at Selinkenyi reveals that RI is unstable (Fig. 3).
Sustained maintenance of M and S populations, presumably by
strong assortative mating, is periodically disrupted by episodes of
hybridization, which in 2006 resulted in 12% of the population
consisting of F; hybrids. Remarkably this episode resulted in the
complete loss of the 2L island of divergence present before 2006.
In samples taken in 2010, 2011, and 2012, 2L SNP genotypes
were at equilibrium frequencies.

This longitudinal survey also provided evidence for selection
against hybrids. A smaller episode of hybridization occurred in
2002 with a frequency of F; hybrids = 0.08, and backcrossed
genotype frequencies = (0.11. Strong assortative mating appears
to have been reestablished in 2004 with no F;s present and a
decline in backcross genotypes to a frequency of 0.05. Likewise,
following the 2006 episode, the frequency of backcrossed geno-
types for the X and 3L islands declined from 13.7% (X) and
2.4% (3L) in 2006 to 2.0% (X) and 0% (3L) in 2010. This decline
in hybrids was presumably the result of selection. Loss of the 2L
island after 2006 is likely the consequence of relatively weak
selection being overwhelmed by gene flow that year [but see
discussion by Weetman et al. concerning selection on the kdr
locus on chromosome 2L (12)], whereas selection on the 3L and
X islands appears to have been strong enough to maintain di-
vergence, despite this relatively high level of gene flow.

Overall, it is the X chromosome island that remains the most
highly diverged. This observation supports the suggestion that
the X island contains genes responsible for RI (26, 48). This idea
is further supported by the identification of high levels of di-
vergence in the same region of the X between the Bamako and
Savanna chromosomal forms of A. gambiae, which exhibit a high
degree of RI, despite the fact that both are S form (49). Reduced
introgression and recombination on the sex chromosome shown
here accords well with other studies on flycatchers (50-52),
Drosophila simulans group (53), and Heliconius butterflies (54)
that demonstrated that sex chromosomes display a more ad-
vanced stage of speciation compared with autosomes.

Overall the picture that emerges is consistent with the islands
of speciation model (24) as the best fit to describe the relation-
ship between the M and S forms. However, in a larger sense
these results challenge the more fundamental view of the re-
lationship between M and S. The extent of gene flow between the
two forms is far greater than presumed and the frequency of
hybridization is dynamic, fluctuating in both time and space. This
observation is consistent with a genic model of speciation where
populations may diverge even in the face of considerable gene
flow (4, 55). This process has been described as proceeding along
a speciation continuum (56, 57) and it is possible for divergent
populations to lie somewhere midway on this continuum (58,
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59). Movement on the speciation continuum may be toward in-
creasing divergence and speciation; however, the reverse is also
possible (60, 61). Our data suggest the possibility that M and S
forms represent diverged populations that sporadically move
“forward” (diverging) and “backward” (introgressing).

The M form is generally believed to be the more recently evolved
(62, 63), presumably via niche expansion into marginal habitats in
parapatry with the S form (64). It is in these marginal habitats that
they are believed to have diverged via adaptation to the peculiar
ecological conditions that occur there and ultimately by the ac-
quisition of premating mechanisms reducing the possibility of
mating with the S form. Range expansion has increasingly brought
M and S in contact, so that today they occur largely in sympatry
throughout their range in West and Central Africa (1, 6). We
provide evidence that pre- and postzygotic isolation between the
two forms is relatively weak, such that varying degrees of in-
trogression of the two forms has occurred throughout their range
and that this is an ongoing phenomenon. The GOUNDRY
population in Burkina Faso is the most extreme example where all
form-specific SNP genotypes are in HWE (Fig. 20 and SI Ap-
pendix, Fig. STE). Coastal populations in Guinea-Bissau (Abu and
Prabis) have complete introgression of the autosomal islands of
divergence; however, the X chromosome remains largely diverged
(Fig. 2 K-N and SI Appendix, Fig. ST A-D), presumably due to
a strong asymmetry in assortative mating (22). Loss of the chro-
mosome 2L island of divergence was observed in populations at
Bioko and Selinkenyi (Fig. 2 F and G and SI Appendix, Fig. S5).
Evidence that this is a dynamic and ongoing process is provided
by the longitudinal study conducted at Selinkenyi where periodic
episodes of increased hybridization have recently culminated in
the loss of the 2L island of divergence in this population (Fig. 3).

The results presented here confirm the importance of the M and
S designation as a proxy for reproductively isolated populations (in
most, but not all locations analyzed). However, it seems plausible
that the M and S forms lie at an unstable position, midway on a spe-
cies continuum, where forces promoting divergence (selection and
assortative mating) are frequently overwhelmed by recurrent gene
flow leading to introgression. It is likely that divergence occurs on
a very long time scale, over hundreds to millions of generations (65).
Our longitudinal study at Selinkenyi spans 21 y (~250 A. gambiae
generations). In this regard, our data are still just a snapshot of a much
longer process. In addition, our analysis covers a tiny fraction of the
M and S genomes. Genome-wide surveys will provide a much better
picture of the extent of M-S introgression and should provide insights
into the importance of hybridization as an adaptive force in these
mosquitoes. It is clear that A. gambiae remains an intriguing system
for the exploration of mechanisms underlying the speciation process.

Methods

Mosquito Collections and Species Identification. A. gambiae sensu lato were
collected from inside human dwellings using mouth aspirators during the
rainy season from various sites in Burkina Faso (ENDO), Cameroon (three
sites), Equatorial Guinea (one site), Guinea-Bissau (three sites), Mali (seven
sites) and Senegal (two sites) (S/ Appendix, Table S3). The GOUNDRY, Burkina
Faso collections were larvae from natural breading sites. A. gambiae sensu
stricto were identified using a diagnostic PCR developed by Scott et al. (66).

SNP Genotyping. We used the DIS method (35) to genotype A. gambiae
individuals. The DIS method includes 15 SNPs occurring on all three chro-
mosomes; 7 on the X, 5 on 2L, 3 on 3L. Full details of the DIS method are
provided in SI Appendix. Genotyping was conducted using the Sequenom
iPLEXGold assay platform at the Veterinary Genetics Laboratory at the
University of California, Davis. Mass spectrogram visualization and genotype
calls were done using TyperAnalyzer version 4.0 (Sequenom).

Data Analysis. We plotted DIS maps using R heatmap plotting. We calculated
LD using the EMLD program that implements the maximum-likelihood
method described in ref. 67. Arlequin version 3.5 (68) was used to test de-
parture from HWE and to determine significance of LD.
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