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Abstract

Local adaptation results in the formation of ecotypes—conspecific groups with heritable differences that
increase fitness to distinct environments. The adaptive significance of ecotypes is widely recognized, but
not its genetic basis. Here, focusing on a dominant pan-African malaria vector, we study two co-occurring
isomorphic yet karyotypically differentiated populations from Burkina Faso reported to differ in larval
ecology and epidemiologically relevant adult behaviors. Since their discovery in the 1990s, further
investigation was precluded by lack of modern genomic resources. Here, we used deep whole-genome
sequencing and analysis to test the hypothesis that these two morphologically cryptic groups are
ecotypes differentially adapted to breeding in natural swamps versus irrigated rice fields. We conclusively
demonstrate genome-wide differentiation despite extensive microsympatry, synchronicity, and occasional
hybridization. Demographic inference supports a split only ~1,300 years ago, coinciding with the massive
expansion of domesticated African rice cultivation, suggesting that a newly abundant anthropogenic
habitat may have driven vector diversification. The genomic pattern of differentiation is heterogenous,
and we infer that the regions of highest differentiation were under selection during lineage splitting,
consistent with local adaptation. The origin of nearly all variation implicated in local adaptation, including
chromosomal inversions, substantially predates the ecotype split, suggesting that rapid adaptation to rice
fields was fueled mainly by standing genetic variation. Sharp differences in chromosomal inversion
polymorphism between ecotypes likely promoted adaptive divergence, by maximizing recombination
within the homokaryotypic standard rice ecotype, and suppressing admixture with the other ecotype,
which carries inverted arrangements at high frequencies.

Introduction

Local adaptation is central to the evolutionary process (1). It occurs when species exposed to spatially
varying selection in heterogeneous environments evolve ecotypes—intraspecific groups with a suite of
heritable differences that increase fitness to local conditions. Pervasive across all domains of life (2),
familiar examples include high altitude adaptation in humans (3), freshwater adaptation in three-spine
sticklebacks (4), and adaptation to environmental background color in mice and peppered moths (5, 6).
Local adaptation plays roles in shaping species diversity, response to climate change, range expansion,
and potentially, ecological speciation (7, 8). Local adaptation also has underappreciated public health
significance. Malaria, one of humankind’s deadliest infectious diseases, is transmitted by highly
evolvable Anopheles mosquito vectors (9) whose effective control may be complicated or even
compromised by local adaptations that diversify the ecological and environmental range, and alter

epidemiologically relevant behaviors.
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First proposed forty years ago by Coluzzi (10), a hypothesis of local adaptation in anophelines envisioned
chromosomal inversions as instruments of ecotypic differentiation. Coluzzi’'s theory was inspired by
extensive cytogenetic data from laboratory colonies and natural populations of species in the Anopheles
gambiae complex, suggesting that inversion polymorphisms are maintained by natural selection. In broad
outline, the theory assumes a species whose range expands into an ecologically marginal zone, where
local population isolates acquire mutations adaptive for the marginal conditions. Chance capture of the
adaptive variants by a new chromosomal inversion would jointly protect the variants as a haplotype from
recombination and homogenization with maladapted genetic backgrounds, leading to ecotypic divergence
and potential speciation. In 2006, Kirkpatrick and Barton (11) proposed a mathematical model for the role
of new inversions in local adaptation, similar in spirit to the verbal model proposed for anophelines.

These models emphasize the role of de novo inversions in local adaptation, rather than the build-up of

genic differences inside of established inversions (12).

Apart from their proposed role in the origin of ecotypes, inversion polymorphisms historically served as
markers of population structure for anopheline mosquitoes, as molecular markers were limited in the pre-
genomic era (13). In one of the most extensive applications, surveys of the An. gambiae complex in Mali
conducted over a ~20 year period assessed chromosome 2R karyotype configurations in nearly 18,000
specimens from 76 sampling sites (14). A major highlight of this work emerged from population genetic
analysis of polytene chromosome preparations from >1,500 mosquitoes collected from a single Malian
village in the middle of one rainy season. The analysis revealed significant departures from Hardy-
Weinberg equilibrium, marked by heterozygote deficits that could not be explained by the mixing of
temporally independent samples or methodological sampling biases (14). These and other data
supported the stable coexistence of synchronous and assortatively mating “chromosomal forms”
characterized by different chromosome 2R karyotype configurations, larval breeding site associations,
and ecoclimatic tolerances (14). Molecular genetic markers independent of inversions, and ultimately
whole genome sequencing, eventually validated genetic differentiation within An. gambiae leading to the

recognition of An. coluzzii as a new species (15-19). The original karyotype-based definitions were not
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fully congruent with the genotypic groups, due to some sharing of both inversion polymorphisms and
karyotype configurations (20-22). Nonetheless, historical polytene chromosome analysis provided strong
and otherwise unobtainable evidence of cryptic population structure, both in this species group and the

present study subject, the malaria vector Anopheles funestus.

Together with key members of the An. gambiae complex, Anopheles funestus contributes to highly
efficient malaria transmission across its vast tropical African distribution (23, 24). Like An. gambiae, An.
funestus harbors extensive amounts of nucleotide diversity and chromosomal inversion polymorphism,
and displays weak genetic differentiation across the species range, consistent with large effective
population size and high connectivity (25, 26). Nevertheless, reminiscent of the chromosomal forms of
An. gambiae in Mali, extensive entomological surveys of An. funestus in Burkina Faso beginning in the
1990s revealed striking chromosomal inversion-based evidence of the stable coexistence of two strictly
sympatric and synchronous assortatively mating chromosomal forms designated Kiribina and Folonzo
(27, 28). Folonzo was hypothesized to be more closely related genetically to typical pan-African An.
funestus populations, based on its high level of inversion polymorphism on chromosomes 2R and 3R, and
its association with species-characteristic larval habitats—natural swamps and ditches with abundant
aquatic vegetation. Kiribina was nearly depauperate of inversion polymorphisms, carrying mainly the
standard chromosomal orientations, and was found in association with large-scale rice cultivation. The
working hypothesis of differences in larval ecology between the forms was reinforced by intensive
longitudinal studies of adults (polytene chromosome analyses are possible only at the adult stage).
These revealed seasonal variation in the relative frequency of the two taxa, confirmed across six
successive years (29). Only Folonzo abundance was correlated with climatic variables related to
temperature and rainfall, as expected if the growth of aquatic vegetation is rainfall dependent in its natural
larval habitats, but not the irrigated rice field sites of Kiribina (29). Behavioral and bionomic studies
demonstrated that although their human biting behavior and malaria parasite infection rates were
statistically indistinguishable and comparably high—indicating that both Kiribina and Folonzo are
formidable malaria vectors—there were important epidemiologically relevant differences (30). In

particular, Folonzo was significantly over-represented in indoor-resting collections and showed stronger
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post-prandial endophily, while Kiribina predominated outdoors (30). This suggests that the two taxa may
not be uniformly exposed to indoor-based vector control interventions. Mitochondrial and microsatellite
markers outside of inversions indicated weak but significant differentiation between the groups (31).
However, the absence of a molecular diagnostic assay and modern genomic tools (a high-quality
reference genome and cost-effective DNA sequencing) posed insurmountable hurdles to further

elucidation of this system.

Here, we leverage the recent chromosome-scale An. funestus assembly (32) and apply individual, whole-
genome deep sequencing to investigate retrospective collections of Kiribina and Folonzo from Burkina
Faso. We sought to establish the extent to which inversion-based differentiation extends to collinear
genomic regions, and to explore whether the timing and pattern of genetic differentiation is consistent with
local adaptation by Kiribina to breeding in rice fields. Our data conclusively demonstrate that Kiribina and
Folonzo are differentiated genome-wide despite extensive sympatry and synchronicity. Because the
genetic lineages are not fully congruent with the karyotype-based classifications, we follow precedent (15)
in renaming these taxa K and F forms (henceforth, ecotypes) of An. funestus. Remarkably, the K-F split
follows African rice domestication and the massive expansion of its cultivation ~1,850 years ago (33),
suggesting that this newly abundant larval habitat may have been a driver of K diversification. As
expected for local adaptation, the genomic pattern of differentiation is heterogenous, and we infer that the
regions of highest differentiation were under selection during lineage splitting. The origin of nearly all
variation implicated in local adaptation, including chromosomal inversions, substantially predates
separation of the two groups, suggesting that rapid exploitation of a novel anthropogenic habitat was
fueled mainly by standing genetic variation and not de novo mutation. Homozygosity for the standard
arrangement of chromosomal inversions in K likely promoted adaptive divergence, by maximizing
recombination within K and suppressing it between K and F, which carries inverted arrangements at high

frequencies.

Results and Discussion
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Genetic structure reveals two differentiated groups of An. funestus in Burkina Faso

We analyzed 168 An. funestus sampled from 11 villages spanning a ~300-km east—west transect of
Burkina Faso, where Kiribina and Folonzo co-occur at the village level (Fig 1A; SI Appendix, Text, Fig.
S1, Tables S1-S2). Individual whole genome sequencing yielded a mean coverage of 38X after filtering
(SI Appendix, Text, Tables S3-S4). Following read mapping to the AfunF3 reference and further filtering
(SI Appendix, Text), we identified 24,283,293 high quality single nucleotide polymorphisms (SNPs)
among 114,270,430 accessible sites scored across all individuals. Using a subset of these SNPs, we
estimated genetic population structure based on principle components analysis (PCA) and the individual

ancestry-based algorithm implemented in ALStructure (34) (S/ Appendix, Text).

To avoid the potentially confounding effects of autosomal inversion polymorphisms, our initial inference
by PCA relied on the X chromosome. Given the pan-African distribution of An. funestus, previously
published genomic variation data from Ghana and Uganda (26) were included to provide broader context
(SI Appendix, Table S1). The analysis revealed two main clusters (Fig 1A). One contains all 70 of the
Burkina Faso An. funestus that would have been classified as Folonzo by inversion karyotyping using the
deterministic algorithm of Guelbeogo, et al. (28), as well as another 22 Burkina Faso An. funestus that
would have been (mis)classified as Kiribina due to low inversion polymorphism (blue squares, Fig 1A; S/
Appendix, Table S1). This same cluster also includes the geographically distant samples from both
Ghana and Uganda (crosses, Fig 1A). The second cluster corresponds to 74 Burkina Faso An. funestus
that would have been classified as Kiribina (28) (orange circles, Fig 1A). Only two Burkina Faso An.
funestus mosquitoes were not included in either of the two clusters; these were considered unassigned

(green triangles, Fig 1A).

PCA based on SNPs from individual autosome arms showed exactly the same two clusters and
unassigned mosquitoes (S/ Appendix, Fig S2). However, the pattern within clusters for autosome arms
carrying polymorphic inversions was more complex, as expected, reflecting the inversion karyotype of the

mosquito carriers (S/ Appendix, Fig S3). Strikingly, mosquito carriers of inversion karyotypes that
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segregate in both populations (e.g., homokaryotypes for 3R+2, 3R+, 2R+3, 2R+, and 2Rs) cluster by
population and not by inversion karyotype. There was no discernable contribution of village sampling

location to the clustering patterns for any chromosome arm (S/ Appendix, Fig S4).

Individual-based ancestry analysis of the Burkina Faso sample supported the existence of the same two
genetically differentiated populations as those identified by PCA (Fig 1B). Notably, the two unassigned
mosquitoes have admixture proportions suggestive of inter-population hybrids (rows enclosed by

horizontal white lines in Fig 1B). Compelling evidence supporting this suggestion is presented below.

Taken together, these results are indicative of the existence of two genetically differentiated ecotypes of
An. funestus in Burkina Faso. They closely correspond to the formerly recognized chromosomal forms
Kiribina and Folonzo, but the correspondence is imperfect because the deterministic karyotypic
classification system misclassifies a fraction of karyotypes that are shared between ecotypes (in
particular, the standard karyotype characteristic of, but not exclusive to, Kiribina; S/ Appendix, Table S1).
Following precedent (15), we distinguish ‘molecularly defined’ forms from the prior chromosomal forms
with the new designations K and F. The fact that the F ecotype from Burkina Faso clusters together with
other An. funestus sampled from neighboring Ghana and distant Uganda (Fig 1A) is consistent with the
hypothesis that F is genetically allied with An. funestus populations across tropical Africa, while K has a

more recent and local origin (27).

Demographic inference of a K-F split 1,300 years ago correlates with expanded rice agriculture

To explore the history of K-F divergence, we used an approximate Bayesian computation (ABC) method
(35) to compare five alternative demographic scenarios, involving different amounts and timing of gene
flow over four epochs (S/ Appendix, Text, Fig S5). Model selection in this statistical framework (S/
Appendix, Text, Tables S5-S8) allowed us to reject histories of panmixia, allopatric isolation, and
secondary contact. The most strongly supported scenario, chosen as the most likely, involved isolation

with initial migration (IIM). However, its posterior probability (0.44) was only slightly higher than a model
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of isolation with migration (0.40), reflecting the difficulty of distinguishing these two closely related models

(SI Appendix, Table S7).

We estimated demographic parameters under the chosen IIM model using two independent
methodologies, ABC and an alternative approach based on Generative Adversarial Networks (GAN)
implemented in the software pg-gan (36). The latter uses real data to adaptively learn parameters
capable of generating simulated data indistinguishable from real data by machine learning (36). It
operates directly on genotype matrices and avoids reducing genotypes to summary statistics, unlike ABC.
Importantly, genetic data simulated under the 1IM model by pg-gan and ABC produced similar summary
statistics (S/ Appendix, Text, Table S8). If the chosen IIM model closely approximates the true
demographic history, we expect that the observed data and data simulated under the IIM model should
have comparable summary statistics. To verify this expectation, posterior predictive checking was
performed by simulating 10,000 new datasets with population parameter values drawn from the posterior
distributions of the population parameters estimated from the retained pg-gan runs. Summary statistics
were calculated using noncoding regions only, under the assumption that noncoding regions are less
affected by selection. The median of each observed summary statistic was compared with the distribution
of the 10,000 simulated test statistics. We calculated the percentile for each median value within the
distribution of the simulated data statistic. All observed medians fell within the 17% — 84% percentiles for

K, and the 20% — 59% percentiles for F, providing confidence in the IIM model.

Under the [IM model, we estimated that the ancestral K-F lineage split from an outgroup population of An.
funestus ~6,000 years before present (S/ Appendix, Table S8), consistent with our previous inference of a
range expansion of An. funestus to its present continent-wide distribution less than 13,000 years ago
(26). The relatively steep decline of the ancestral K-F lineage to an Ne of ~11,000 about 2,000 years ago
(Fig 2A) may reflect widespread unfavorable environmental conditions connected with the drying of the
Sahara (37). Parallel climate-driven population reduction of wild African rice observed at the continental
scale, beginning more than 10,000 years ago and reaching a minimum at ~3,400 years ago, is the

hypothesized trigger for African rice domestication, which may have originated in the inner Niger delta of
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West Africa (33) (but see ref 38). By ~1,850 years ago, there was a strong expansion of domesticated
rice cultivation (33). Strikingly, we estimate that K and F split ~1,300 (credible interval ~800-1,800) years
ago, which fits well with the timing of a newly abundant anthropogenic larval habitat (Fig 2A, S/ Appendix,
Table S8). Around the time of K-F splitting, we inferred an ancestral Ne of ~64,000. Since K-F
divergence, F expanded to an Ne of ~3,250,000 while K maintained a steady population size (Fig 2A, S/
Appendix, Table S8). Post-divergence K-F gene flow, initially mainly from F to K, slowed ~500 years ago

and effectively ceased by ~100 years ago (Fig 2B).

A recent advance in genome-wide genealogy estimation, implemented in a new method called ‘Relate’,
allows inference of genealogical trees across all loci (haplotypes) in a large sample of genomes (39).
Using these genealogies directly, Relate infers recombination, mutational ages, and—based on the
tracking of mutation frequencies through time—identifies loci under positive natural selection (see below).
Applying Relate, we find that the first K-F cross-coalescent events, estimated from autosome arm
genealogies, occurred with a mean timing of ~100 years ago (S/ Appendix, Text, Fig S6), providing
further evidence of recent gene flow cessation between K and F (S/ Appendix, Text, Fig S6). Indeed,
based on the observation that the most recent cross-coalescence is older on the X chromosome than for
the autosomes (S/ Appendix, Fig S6), these ecotypes may be in the early stages of incipient speciation, in
line with the expectation that X-linked genes may disproportionately contribute to local adaptation and

reproductive isolation (40, 41).

Genetic diversity and differentiation along the genome are heterogeneous between ecotypes

Overall, nucleotide diversity is comparable between K and F (genome-wide mean values of 0.603E-2 and
0.624E-2, respectively). The same was true in windows along the genome, except around chromosomal
rearrangements (Fig 3). Inversions 2Ra, 3Ra and 3Rb segregate exclusively in the F sample at
frequencies of 0.44, 0.73, and 0.40, respectively, while K carries only the corresponding standard
orientation of those inversions. [Inversions 2Rs and 3La are not considered here, as the former is carried

at low frequency by both K (0.07) and F (0.04), and the latter segregates only in F at a frequency of 0.05


https://doi.org/10.1101/2022.11.21.517335
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.11.21.517335; this version posted November 24, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

(SI Appendix, Table S1)]. Unsurprisingly, nucleotide diversity appears slightly elevated at these
rearrangements in F relative to K (Fig 3), particularly for inversions 2Ra and 3Rb whose frequencies are
more intermediate than 3Ra. In addition, values of Tajima’s D are less negative across the genome in K
relative to F (genome-wide means, -2.031 and -2.408, respectively), likely owing to the rapid post-

divergence population size expansion of F (Fig 2A).

We examined the genomic landscape of divergence using both absolute (dxy) and relative (Fsr)
measures, recognizing that relative measures of divergence may reflect reduced diversity instead of
reduced gene flow (42). We found that the pattern of absolute K-F divergence closely corresponds to the
pattern of nucleotide diversity in the ecotypes, probably owing to their recent split, and differs strikingly
from the pattern of relative K-F divergence along the chromosomes (Fig 3). The relative measure clearly
takes on much larger values in the rearranged versus collinear chromosomal regions (Fig 3). Indeed, the
mean Fst value for rearranged regions (0.045) is fourfold higher than for collinear regions (0.011),
consistent with relatively high inversion frequencies in F and homozygosity for the standard arrangements
in K. Although the corresponding dxy values for these regions follow the same trend, being significantly
larger for rearranged versus collinear regions (0.769E-2 and 0.620E-2; K-S test p-value < 9.56E-173), dxy
has less power to detect differences among loci due to the very recent K-F split, as new mutations must
arise for dxy to increase, while Fst only requires changes in allele frequency (42). Genomic regions of
high Fst are most noticeable in rearranged regions, but additional peaks of Fst also were identified in

collinear regions, such as position ~13.8 Mb on the X chromosome (Fig 3).

Ancient standing variation and chromosome differences fueled rapid ecotype formation

To provide insight into the genomic underpinnings of local adaptation, we identified candidate targets of
differential selection or linked selection using a two-step process. We began with an empirical outlier

approach to identify exceptionally diverged genomic regions, under the expectation that loci responsible
for local adaptation should be more diverged than neutral loci. Considering separately the collinear and

rearranged genomic partitions due to large differences in mean Fst between them, we computed average
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normalized Fsr in 10-kb windows and found a total of 44 outlier windows, or 26 outlier blocks when
consecutive windows were combined (S/ Appendix, Text, Table S9). Because neutral loci can vary
widely in levels of differentiation for reasons other than selection, we also used Relate (39) to infer
genome-wide genealogies [1,484,174 genealogies with a mean length of 133 bp (SD = 1,337 bp)] and to
identify those under positive selection. To arrive at a list of candidate targets of differential selection, we
found the intersection between the 44 outlier Fst windows and the SNPs from 40,453 genealogies
inferred to be under selection in K and/or F. At this intersection were 37 outlier Fst windows arranged in
22 genomic blocks, spanning 202 genealogies involving at least one SNP inferred to be under differential
selection (262 SNPs in total; S/ Appendix, Text, Figs S7-S8, Tables S9-S10). As candidate SNPs from
the same genealogy are linked, we enumerate genealogies as targets of selection rather than component
SNPs, and for simplicity, refer to them as ‘loci’, except where noted. We predicted that if these candidate
loci contribute to local adaptation, they should show no evidence of migration between K and F. To test
this prediction, we used a supervised machine learning approach implemented in the program FILET
(Finding Introgressed Loci using Extra Trees Classifiers) (43) to identify 10 kb windows along the genome
with a high probability of no-migration (S/ Appendix, Text). All 37 outlier Fst windows were classified with

high confidence as no-migration windows (S/ Appendix, Tables S9, S11), consistent with our expectation.

Under the hypothesized scenario that K recently adapted to exploit a novel habitat for growth and
development of its immature stages, we expect asymmetries between ecotypes in the number of
candidate loci and the timing when selection was first inferred by Relate. In particular, we predict an
excess of candidate loci, and a more recent onset of selection, in K versus F. Consistent with these
predictions, we detect more candidate loci in K: 123 compared to only 79 in F (with 5 loci shared between
ecotypes) (S/ Appendix, Table S10). Furthermore, considering the set of individual SNPs inferred to be
under differential or linked selection in K and F, the timing of first selection is more recent for K
(Kruskal/Wallace p-value=0.00015). Shown in Fig 4 as overlapping histograms along the right-hand Y-
axis, the mean time in years before present was 1,867 for K (0.05-0.95 quantile, 243—4,708) and 2,283
for F (1,192—4,708) (see also S/ Appendix, Fig S9). These histograms suggest that K experienced more

selection than F following their split ~1,300 years ago (indicated in Fig 4 as a horizontal black line against

10
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the right-hand Y-axis). Indeed, 107 SNPs in K versus 15 in F were inferred to have come under selection

since that time (see Data Availability).

The recency and rapidity of local adaptation to a new habitat in K is difficult to reconcile with new
mutation, because fithess-relevant heritable variation is expected to be highly polygenic (44). To gain
insight into the origin of selected variation in K and F, we focused on the same set of individual SNPs
inferred to be under differential or linked selection, and estimated their frequency at the earliest detected
onset of selection using Relate. We found that most selected variants (89% in K; 93% in F) were
segregating at frequencies >5% at this time, implying that selection must have arisen from standing
genetic variation (S/ Appendix, Fig S10). To investigate further, we estimated the mutation age of each
variant (S/ Appendix, Text). Shown in Fig 4 as overlapping histograms along the upper X-axis, the mean
mutation age in years before present was 37,058 for K (0.05-0.95 quantile, 9,240-61,993) and 40,687 for
F (12,153-67,594). These mutation ages not only greatly predate the K-F split, they overlap the split of
An. funestus from its sister species, An. funestus-like (~38,000 years ago; 95% CI, 31,000 — 45,000 years
ago) (26). Taken together, Fig 4 and Fig S10 (S/ Appendix) indicate that the candidate loci implicated in
local adaptation were present as standing variation for substantial lengths of time and at intermediate
frequencies prior to the onset of selection, factors that could have facilitated the rapid adaptation by K to a

human-modified habitat (45).

Both the Relate method and our simulations under the chosen IIM model of K-F divergence suggest that
there was migration between these ecotypes until the last ~100 years. We explored the genetic
architecture of candidate loci in the K ecotype, to test the hypothesis that chromosomal inversions help
maintain divergence through suppressed recombination despite gene flow. Although K and F are not
distinguished by fixed differences between alternative chromosomal arrangements, three inversions on
chromosome arms 2R and 3R segregate in F at high frequencies but are absent (or undetectable due to
very low frequency) in K. These inversions (2Ra, 3Ra, and 3Rb) did not arise de novo near the time of
the K-F split, as our estimates of inversion age suggest that all three are relatively ancient, well-predating

that split and approaching or exceeding the age of the split between An. funestus and its sister species

11
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An. funestus-like >30,000 years ago (S/ Appendix, Text, Fig S11). Nevertheless, three observations
implicate inversion differences in maintaining K-F divergence. First, whether considering the set of
candidate loci or the set of individual candidate SNPs in K and F (S/ Appendix, Table S10), the number
that map to rearranged versus collinear genomic regions is significantly greater in K (Pearson Chi-square
p<0.00047; SI Appendix, Fig S12). Second, considering K alone, 5,483 of 28,749 (19%) selected loci
across the genome map to genomic regions rearranged between ecotypes (red dot in Fig 5A). Drawing
1000 random samples of equal size (5,483) from putatively neutral SNPs across the genome to create a
‘null’ distribution, the fraction of neutral SNPs in K mapping to rearranged regions did not overlap the
fraction of candidate loci that did so from any one the draws (box plot in Fig 5A), suggesting that within K
there is a significant enrichment of candidate loci inside regions that are rearranged between ecotypes.
The third observation exploits the fact that the reduction in recombination in genomic regions rearranged
between ecotypes is expected only between chromosomes with opposite orientations. Although
inversions segregate at high frequency in the F ecotype, the standard configuration is present (S/
Appendix, Table S1), and can recombine with the corresponding standard configuration in K, as is evident
from Fig S13 (S/ Appendix). We considered the set of 168 candidate SNPs under differential selection in
K, and compared their frequencies in K to the frequency of the same SNPs in F, after partitioning F into
two groups by karyotype: homozygous standard (denoted Fs) and all remaining F (i.e., those carrying at
least one chromosomal inversion, denoted Fi). In Fig 5B, we show that recombination suppression
between F and K due to opposite inversion configurations is sufficient to preserve higher differentiation
between K and F in rearranged genomic regions, despite the potential for gene flow between standard

chromosomes in these regions.

The set of candidate SNPs under differential selection (or linked selection) in the ecotypes map to 25
annotated genes, of which 9 are implicated in both, 13 are unique to K, and 3 are unique to F (S/
Appendix, Table S10). Highly incomplete functional annotation of the An. funestus FUMOZ reference
renders functional inference particularly fraught. Using orthology to the better-annotated Drosophila
melanogaster genes in Flybase (flybase.org) where possible, we attribute putative functions to 15 genes

(SI Appendix, Table S10). In broad categories, these include pattern formation during development (e.g.,
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Wnt and Egfr signaling), metabolism (gluconeogenesis, steroid and neurotransmitter biosynthesis),
reproduction (male fertility, sperm storage), and nervous system function (phospholipase C-based and
GPCR signaling). Of special note in the last category are two diacylglycerol kinase genes on
chromosomes 2 and X. The X-linked gene, an ortholog of D. melanogaster retinal degeneration A, has
been implicated in pleiotropic functions ranging from visual, auditory, and olfactory signal processing to
starvation resistance and ecological adaptation in Drosophila and An. gambiae (46-49). As the ortholog
of this gene in An. gambiae was recently identified as the target of a selective sweep in populations from
Uganda (50), further investigation may be warranted despite the significant challenges of definitively

linking candidate targets of natural selection to adaptive consequences (51).

Prospects for a molecular diagnostic tool for ecotype identification

The K and F ecotypes are morphologically indistinguishable, and we have shown here that chromosome
inversion-based identification tools are imprecise at best. Both future evolutionary ecology studies, and
vector surveillance for malaria epidemiology and control, will critically depend upon molecular diagnostics,

which are lacking.

Motivated by this goal, we began by assembling a complete ribosomal DNA (rDNA) gene unit by
leveraging the long single molecule (PacBio) database developed during construction of the An. funestus
FUMOZ AfunF3 reference genome (32) (S/ Appendix, Text). Noncoding spacer regions of rDNA have
historically proven fruitful targets for identifying fixed SNP differences between closely related anopheline
sibling species (52), owing to the uniquely rapid evolutionary dynamics of the tandemly arrayed rDNA
genes. Despite near-complete success including a substantial amount of intergenic spacer upstream and
downstream of the transcription unit (S/ Appendix, Table S12; GenBank accession ‘TBD’), alignment of
genomic sequences from K and F to the rDNA assembly yielded no evident fixed differences (S/

Appendix, Fig S14), consistent with their early stage of divergence.
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As an alternative, we screened the genomic sequence data for fixed differences between K and F, using
variation (VCF) files compiled separately for K and F samples. This resulted in a total of seven fixed SNP
differences, all of which mapped to intronic positions of a single gene (the GPCR AFUN019981) on
chromosome 2R, spanning ~15 kb (S/ Appendix, Fig S15; for alignment, see Data Availability). The 5'-
end of the predicted mRNA lies only ~2.5 kb outside the proximal breakpoint of inversion 2Ra, a location
that is likely protected from gene flux (recombination and gene conversion) between the inverted and
standard orientations, potentially explaining—at least in part—the heightened differentiation. As four of
the fixed SNP differences between K and F are separated by only 600 bp, it appears feasible that a
simple PCR amplicon strategy could be developed. How widely applicable this result might be remains to
be investigated, and the inability to detect additional fixed differences across the accessible genome
despite deep sequencing is remarkable in itself. It is noteworthy that the two putative K-F hybrids
revealed by individual ancestry analysis (Fig 1B) are detectably heterozygous at four or five of the six
diagnostic positions that could be unambiguously genotyped, consistent with contemporary K-F

hybridization.

Conclusions

Ecotypic differentiation in a heterogeneous environment implies some form of resource partitioning.
Despite their genetic divergence, K and F female adult stages share the same specialization on human
blood meal hosts (30). Adults of both ecotypes can be found in strict sympatry host seeking and resting
inside houses from the same village, although K is less likely than F to rest indoors after a blood meal
(30). This behavioral difference is epidemiologically if not ecologically relevant, as an exophilic fraction of
the malaria vector population is expected to reduce overall exposure to indoor-based vector control
measures. Evidence for ecological divergence between the immature stages of K and F is circumstantial
thus far, based on differences in the relative abundance of adult stages of K and F across breeding
seasons, correlated with changes in temperature, rainfall, and land use at a local scale (29). In the
better-studied Afrotropical An. gambiae complex, resource partitioning of the larval habitat has long been

appreciated. The most striking ecological difference among An. gambiae s.I. taxa is the larval habitat, a
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characteristic correlated with chromosome structural differences involving the central part of chromosome
2R in this group (13). It was the advent of molecular diagnostics for An. gambiae s.I. that enabled field
studies of the larval adaptations and the ecological conditions that promote divergent selection in
alternative larval habitats (53). This is precisely the next step for advancing the study of ecotypic
differentiation in An. funestus, a step made more promising with our discovery of multiple fixed SNP
differences over a short stretch of AFUN019981. The relative neglect of An. funestus in contemporary
vector research—understandable in terms of the more modest genomic tools and resources available to
date—is disproportional to its dominant role in malaria transmission on the African continent. Importantly,
our study reveals a powerful advantage of the An. funestus K-F system for studying the genomic and
phenotypic basis of local adaptation, because the remarkable recency and microgeographic proximity of
the process avoids the accumulated genetic divergence that can obscure directly relevant differences in

older and more dispersed systems.

We have shown here that standing genetic variation within An. funestus provides a basis for adaptation,
adding to a growing literature from diverse organisms (45, 54, 55). Of particular interest is the role of
established chromosomal inversions in this process. Both the ancestral An. funesus lineage, and F itself,
carry several relatively old balanced inversion polymorphisms. The inverted orientations of
rearrangements on chromosome arms 2R and 3R in F (2Ra, 3Ra, 3Rb) segregate at relatively high
frequencies, while K is monomorphic for the standard orientations (2R+2, 3R+2, 3R+P). If irrigated rice
fields can be considered ecologically marginal environments for a species that normally exploits natural
swamps, this pattern echoes a phenomenon observed for nearly all chromosomally polymorphic species
of Drosophila studied, in which inversion polymorphism declines in marginal environments (56).
Chromosomally monomorphic marginal populations reflect the sieving of ancestral balanced
polymorphism during local adaptation, either through random genetic drift or by selection favoring the
fixation of the standard orientation (56, 57). Genetic models of adaptation in peripheral populations
suggest that directional selection may be the more likely force (58). In the 1950s, Carson proposed the
homoselection-heteroselection hypothesis to explain the patterns seen in chromosomally polymorphic

Drosophila species, whereby central populations in optimal habitats are favored by heterotic structural
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heterozygosity while marginal populations in sub-optimal environments are exposed to strong directional
selection and are favored by structural homozygosity, allowing for maximal recombination (59). This
hypothesis has been empirically supported in Drosophila (60, 61). The notion that structural
homozygosity favors ecotypic formation by facilitating recombination is not at odds with the models of
Coluzzi and others (10, 11), whose focus is on the role of de novo inversions in preventing recombination
between the emerging ecotype and ancestral populations with different genetic backgrounds; these are
two sides of the same coin. Indeed, in the K-F system, it appears that the relatively high frequencies of
three established inversions in F populations, and their absence in sympatric K populations, facilitated
ecotype formation by suppressing inter-ecotype gene flow and homogenization inside these chromosomal

rearrangements.

Materials and Methods

Please see S/ Appendix Text for detailed materials and methods.
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Figure 1. Genetic structure of An. funestus mosquitoes sampled from Burkina Faso. A) Plot of the
first two principal components from the X chromosome PCA that included An. funestus reference samples
from Ghana and Uganda. Orange circles and blue squares correspond to Burkina Faso genotypes
assigned to ecotypes K and F, respectively. Green triangles represent two unclustered Burkina Faso
genotypes that were unassigned (‘Burkina Faso-Un’). B) Estimated individual ancestry proportions for
Burkina Faso An. funestus. Y-axis color bar at left reflects individual assignments based on the X
chromosome PCA (K, orange; F, blue; unassigned, green). Individuals are represented as thin horizontal
lines, grouped by assignment and displayed across the plot in descending order of ancestry proportion to
K for the X chromosome. Different chromosome arms (X, 2R, 2L, 3R, 3L), designated by columns across
the top of the plot, are separated by white lines.
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Figure 2. Demographic history inferred with ABC for An. funestus ecotypes K and F. A) Effective
population size (Ne) trajectories and population split times in years before present, assuming 11
generations/year. Median Ne values and 95% credible intervals are plotted as colored lines and
corresponding shading. Median split times and 95% credible intervals are represented as dash-dotted
black vertical lines with gray shading. The dashed red vertical line represents the proposed time (~1,850
years) of a strong domesticated rice expansion in the Niger River delta (33). B) K-F migration rates
through time in years before present, subsequent to their split (dash-dotted black vertical line). The
proportion of migrants declined to 0 in both directions at ~100 years.
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Figure 3. Whole-genome scans of diversity and divergence for K and F. Each statistic was calculated
in 10-kb non-overlapping windows and smoothed with a moving average over 10 windows for plotting.
From top to bottom, panels display mean values of nucleotide diversity (1), Tajima’s D (Taj D), absolute
divergence (dxy), and differentiation (Fsr) at genomic positions (in millions of bases, Mb) along
chromosomes 2, 3, and X. Rearranged and heterochromatic (no data) regions are shaded and labeled.
Centromeres are indicated as black half circles.
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Figure 4. Age of mutation versus time at onset of selection. In the central panel, SNPs under
selection in K (orange) or F (blue) are plotted as dots according to their estimated age (X axis, in years)
against the inferred time of first selection (Y axis, in years), as inferred by Relate (39). The red line,
included for reference, indicates a hypothetical 1:1 correspondence between mutation age and onset of
selection. Time in years assumes a generation time of 11 per year. Against the top-most X axis and the
right-hand Y axis and are the corresponding densities of mutation ages and selection times, respectively.
Black lines on the density plots mark the split time of K and F.

24


https://doi.org/10.1101/2022.11.21.517335
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.11.21.517335; this version posted November 24, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

1.0

0.8

0.6

0.4

Proportion of loci inside inversions
Derived allele frequency

0.2

0.0

collinear rearranged

Figure 5. Selected loci in K are enriched within and protected by chromosomal rearrangements. A)
Proportion of SNPs inside inversions. The red dot represents the observed fraction of candidate loci in the
K genome that map inside rearranged regions. The boxplot beneath represents the percentage in 1,000
random sample sets of the same number of putatively neutral SNPs. B) Boxplot of allele frequencies for
individual candidate SNPs in ecotype K, and their corresponding frequencies in F, in collinear versus
rearranged genomic compartments. Ecotype F was partitioned by genotype, where Fs represents
mosquitoes carrying the homozygous standard karyotype with respect to all three focal inversions (2Ra,
3Ra, 3Rb) and Fi represents all other karyotypic combinations. Boxplots whose notches do not overlap
another boxplot are considered significantly different.
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