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10  Abstract

11  Understanding the neutral and selective forces that shape the genetic diversity
12  along chromosomes is one of the central goals of evolutionary genomics. Contrary to
13  expectations, combined actions of recombination and selection can result in reduced
14  diversity along an entire chromosome, but this hypothesis still lacks strong
15 empirical supports. Here we show that nucleotide diversity is specific to
16  chromosome arms in the African malaria mosquito Anopheles funestus. We analysed
17  the population history and genetic diversity in 132 wild-caught individuals
18 representing two diverging ecotypes using RADseq markers. Genome scans revealed
19 that genetic differentiation between ecotypes is accumulated within segregating
20  polymorphic chromosomal inversions. Importantly, the presence of multiple
21  overlapping inversions is associated with strong reductions in diversity throughout
22 entire chromosome arms. The depression in genetic diversity is correlated to the
23  frequency of inversions, being stronger in forest populations that are fixed for
24  several adaptive inversions. Our results emphasize the role of polymorphic
25 inversions in the genome architecture of adaptive speciation in An. funestus and
26 provide a case of chromosome-scale evolution associated with the interplay
27  between population demography, selection and recombination.

28
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32 Introduction

33 Investigating the population history and genetic diversity in emerging species
34  should provide important insights into the genomic architecture of speciation
35 driven by natural selection (Nosil 2012). Advances in genomics now allow robust
36  descriptions of genetic diversity along chromosomes in almost any living organism
37 (Davey et al. 2011; Ellegren 2014). However, while obtaining detailed estimates of
38 genomic diversity has become very common, the evolutionary signals that
39 contribute to shape this diversity remain difficult to understand. In principle,
40  patterns of diversity that are consistent throughout the genome are generally
41  thought to result from neutral demographic processes. In contrast, signatures of
42  recombination and those of positive or negative selection are expected to be
43  restricted to more or less small portions of chromosomes (O’Reilly et al. 2008). A
44  vast majority of the massive genome scans that are accumulating owing to increased
45  availability of high-throughput sequencing largely support this view (Hohenlohe et
46  al. 2010; Lawniczak et al. 2010; Nielsen et al. 2011; Via 2012; Gagnaire et al. 2013;
47 Kamdem et al. 2016). The known exceptions include rearranged chromosomal
48 regions of chromosomes and collinear regions around the centromere and the
49  telomere where disproportionately depressed levels of polymorphism due to low
50 recombination can extend over several megabases (Neafsey et al. 2010; Ellegren et
51 al. 2012; Marsden et al. 2014). However, in reality, the nature of the genetic
52 diversity across genomes can be more complicated to explain than this, mainly
53 because of the potentially confounding signals produced by several neutral and

54  selective forces. For example, analyses of genetic variation in several Drosophila
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55 species have revealed widespread footprints of purifying selection across the
56 genome (Sella et al. 2009). Likewise, recurrent bottlenecks can obscure signals of
57 positive selection (Chang and Hartl 2014). Further, the power to detect molecular
58 signatures of natural selection varies depending on whether the demographic
59 history is explicitly taken into account or not (Huber et al. 2014). Overall, the
60 dichotomy between localized effects of selection/recombination and genome-wide
61 effects of demography is sufficient to explain common patterns of genetic diversity
62 along chromosomes, but it is much less straightforward to judge when the
63  evolutionary history of the species is too complex or when diversity is altered over
64  extremely large portions of the genome.

65

66 One example of these puzzling scenarios involves patterns of nucleotide diversity
67  that are specific to whole chromosomes or chromosome arms. Reduced diversity on
68 sex chromosomes relative to the rest of the genome is common and well
69 documented in the heterogametic sex (Ellegren 2009). This discrepancy is largely
70  due to neutral effects since the effective population size of sex chromosomes is
71 lower in the heterogametic sex, but can also in some cases be correlated to
72  widespread selection along the chromosome (e.g., the Y chromosome of humans)
73  (Wilson Sayres et al. 2014). In contrast, autosome-specific diversity is very unusual,
74  more difficult to explain, and certainly involves a complex interplay between drift,
75 selection and recombination that is yet to be elucidated. The strongest evidence of
76  autosome-specific diversity so far comes from Drosophila (Kulathinal et al. 2009;

77  Corbett-Detig and Hartl 2012; Pool et al. 2012). Genome scans of worldwide
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78  populations of Drosophila melanogaster revealed that some populations have either
79  reduced or elevated nucleotide diversity specific to autosomal arms (Corbett-Detig
80 and Hartl 2012; Pool et al. 2012). Interestingly, both the elevation and the reduction
81  of diversity along a chromosome relative to the rest of the genome are due to the
82  presence of inversions (Pool et al. 2012). Chromosomal inversions have been the
83  focus of intense research for several decades and their role in local adaptation and
84  speciation is widely recognized (Hoffmann and Rieseberg 2008; Kirkpatrick 2010).
85 Notably, frequencies of certain inversions match latitudinal clines in flies and
86 mosquitoes providing strong evidence of divergent selection on alternative
87  karyotypes (Coluzzi et al. 2002; Hoffmann and Rieseberg 2008; Ayala et al. 2011).
88 The explicit selective mechanisms at play within chromosomal inversions remain
89  poorly elucidated. It has been suggested that inversions reduce local recombination
90 and bring adapted alleles into closer physical association, which causes their spread
91 in favourable environments (Kirkpatrick 2010; Lohse et al. 2015). Despite their
92 importance as a major mechanism for reorganizing the genome, little progress has
93  been made towards understanding how and why inversions evolve. Even though the
94  generalization across taxa remains insufficient, the recent realization that inversions
95 affect sequence polymorphism not only within their physical limits but also
96 chromosome-wide reminds us that their impacts in genome evolution are perhaps
97 far more complex than we dare suppose. The fine-scale examination of genetic
98 diversity along chromosomes of species bearing numerous well-characterized
99  polymorphic chromosomal inversions will provide crucial insights into the physical

100 extent of selective processes in and around inversions.
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101

102  Mosquitoes of the genus Anopheles provide an excellent opportunity for studying the
103  dynamics of genome evolution during speciation. The short generation time allow
104 the accumulation of recombination events that can be easily observed. Recent
105 adaptive processes can also be investigated within clades with large effective
106 population sizes and rapid divergence (Donnelly et al. 2001; Coluzzi et al. 2002;
107 Sinka et al. 2010; Kamdem et al. 2012; Kamdem et al. 2016). Further, the
108  evolutionary proximity of anopheline mosquitoes with Drosophila flies allows
109 comparisons based on data from some of the best-studied model species.
110 Importantly, Anopheles species appear particularly attractive to understand the role
111  of inversions on the evolution of chromosomes because of the presence of hundreds
112  of inversion polymorphisms and strong karyotypic variability among and within
113  species (Sharakhova etal. 2011).

114

115 In this paper, we focused on Anopheles funestus, the second most important vector of
116  human malaria parasites in Sub-Saharan Africa. This highly anthropophilic mosquito
117  is splitting into at least two ecotypes widespread across the continent (Michel et al.
118 2005; Ayala et al. 2011; Coetzee and Koekemoer 2013; Dia et al. 2013).
119  Microsatellites and cytogenetic analyses suggest that chromosomal inversions have
120 played a crucial role in the adaptive evolution of An. funestus (Ayala et al. 2011).
121 Indeed, not only an impressive number of polymorphic chromosomal inversions
122 have been identified in the polytene chromosome, but gradients of inversion

123  frequencies are well characterized in natural populations of An. funestus (Sharakhov
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124  etal. 2004; Ayala et al. 2011; Dia et al. 2013). The main goal of this study was to use
125 Next Generation Sequencing to characterize targets of selection in the An. funestus
126  genome. We investigated the genomic architecture of divergence and selection in
127  the two ecotypes using ~10,000 SNP markers identified with RAD sequencing. We
128 conducted genome scans in 132 individuals from Cameroon and we showed that
129  strong signatures of divergent selection are clustered within two major polymorphic
130 inversions. We found that strong selection and low recombination in inversions
131 result in reduced diversity throughout entire chromosomal arms supporting the

132 idea of a chromosome-scale evolution facilitated by the presence of rearrangements.
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133  Results

134  SNP genotyping

135 We sequenced 132 An. funestus mosquitoes collected from two locations separated
136 by ~500km (Fig. 1A, Table S1). Mfou is a small city belonging to the southern forest
137  region. An. funestus breeds in an artificial lake and maintain abundant populations
138 throughout the year across the city. Tibati lies within the forest-savannah transition
139  zone. Likewise, several artificial lakes provide abundant breeding sites for dense
140 and perenial populations of An. funestus in this village. Using alignments to the draft
141 reference genome, we identified 490,871 unique 96-bp RAD loci. We removed loci
142  that were no present in all populations and in at least 60% of individuals within
143  every population and we randomly selected one SNP identified within these loci
144  resulting in 10687 high-quality biallelic markers.

145 Genetic and geographic differentiation

146  Based on 10687 genome-wide SNPs, the NJ tree and the first three PCA axes clearly
147  distinguished two genetic clusters corresponding presumably to the two subgroups
148  previously described in Cameroon and across the continent with microsatellites and
149  inversion polymorphism markers (Cohuet et al. 2005; Michel et al. 2005; Ayala et al.
150 2011) (Fig. 1B). In Cameroon, in particular, populations of An. funestus are spread
151 along a latitudinal cline of about 1500km and bear tens of polymorphic inversions,
152  but remain weakly differentiated (Cohuet et al. 2005; Ayala et al. 2011). Both the
153 method of Evanno et al and the DAPC confirmed the existence of only two to three
154  demes corresponding to the forest and the savannah ecotypes among our samples

155 (Fig. 1D,E). Despite this subdivision, the overall genetic differentiation is low (Fsr =
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156 0.033, p < 0.005) between the two subgroups and a STRUCTURE analysis with k = 2
157  simply depicts a single population with admixed ancestry rather than two distinct
158  subunits. The moderate geographic differentiation is also reflected by the results of
159 an AMOVA, which shows that the most significant proportion of the genetic variance
160 (98.2%) among our samples is explained by within-individual variations. The
161 geographic origin explained less than 2% of the genetic variance, confirming that
162  extensive gene flow among populations overwhelms ongoing local adaptations. The
163 low number of sampling locations can be a handicap for the interpretation of
164  patterns of genetic structure we observed. However, our sampling includes the two
165 main subdivisions described in An. funestus with a variety of genetic markers and
166 thereby provided an unbiased picture of the genetic differentiation of this species in
167  West Africa.

168 Evidence for strong divergent selection in chromosomal inversions

169 We estimated and plotted the locus-specific Fsr along the pseudochromosomes to
170 assess the genomic differentiation between ecotypes and identify outlier loci. First,
171 using 10687 SNPs, we observed a non-random distribution of highly differentiated
172  sites, characterized by an aggregation of the highest Fsr values in genomic regions
173  bearing known polymorphic chromosomal inversions (Fig. 2). Using the 99% cutoff,
174  we identify 876 outliers of Fsr throughout the genome, 31 of which were mapped to
175  concatenated scaffolds and were confirmed as statistical outliers in LOSITAN. All
176  these outliers resided on chromosomes 3R and 2R, which also concentrate the
177  highest number of polymorphic inversions identified in the An. funestus (Fig. 2, S1).

178  We also noted an imbalance in the number of outliers between the 2R and 3R (9
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179  against 22, respectively) implying that inversions located on the 3R are the most
180  significant in local adaptation. The strong divergence of inversions and inverted
181 chromosomes is particularly evident in the genomic distribution of dyxy and fixed
182  differences. In keeping with Fsr values, the highest values of dyy are clustered within
183  the 3Ra and 3Rb inversions on the 3R chromosome arm (Fig. 3), which further
184 emphasizes the role of these two large inversions in ecological divergence.
185  Unsurprisingly, the 3R arm has by far the highest proportion of fixed differences
186 among autosomes. Finally, two distinct peaks of both dyy and dr can be clearly
187  identified in regions corresponding to the 3Ra and 3Rb inversions (Fig. 3).

188  To further assess the magnitude of the role of inversions in adaptive divergence, we
189 performed NJ analyses separately for each chromosome arm as well as four
190 different inversions (2Rh, 3Ra, 3Rb and 3Rd). As expected, the inverted
191 chromosome 3R and to a lesser extent the 2R reproduced the segregation between
192  ecotypes observed with genome-wide SNPs (Fig. 4). Most notably, variations within
193 the 3Rainversion assigned 100% of individuals to their respective ecotypes, and the
194 3Rb also separated a significant proportion of individuals whereas the two
195 populations were not discriminated by SNPs from regions outside the two
196 inversions (Fig. 4). In contrast, the two inversions, 2Rh and 3Rd, had no
197  discriminatory power, which confirmed that the 3Ra and 3Rb, and especially the
198 3Ra, are the two main targets of divergent selection. This strong selection translates
199 into Fsr values, which increase from 0.033 genome-wide to 0.08 within the 2Rb
200 inversion and reach 0.22 within the 3Ra inversion. Finally, the crucial role of the two

201 inversions in the geographic structuring of the genetic diversity in An. funestus is

10
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202  also reflected by the drastic increase in the proportion of the genetic variance
203  explained by the geographic origin of samples within inversions. This proportion
204  rises from 1.8% for the genome-wide SNPs to 4.7% and 12.9% when only variants
205 included in the 3Rb and the 3Ra inversions, respectively, are used. Overall, our
206  results provide multiple lines of evidence that strong signatures of spatially varying
207  selection are clustered within polymorphic chromosomal inversions in a moderately
208 differentiated genomic background in An. funestus.

209 Chromosome arm-specific diversity associated with inversions

210 To further characterize the signatures of selection, we conducted genome scans

211 using estimates of nucleotide diversity (6 # and 6w) and Tajima’s D (Fig. 5).

212 Surprisingly, there was no obvious depression in diversity and Tajima’s D within the
213  3Ra and the 3Rb inversions relative to the rest of the genome as could be expected
214  due to strong divergent selection observed within these inversions. Instead, we

215 noted that, in contrast to 6 = that is fairly constant across the entire length of all

216  chromosomes, 6w varies significantly between chromosome arms (Fig. 5, 6). The
217  highest values of 6w are concentrated on the uninverted chromosome 2L, and there
218  are statistically significant (Wilcoxon rank sum test, p-value < 0.001) differences in
219 nucleotide diversity between the 2L and each of the 3 other autosomes (Fig. 6).
220  Precisely, inverted autosomes showed reduced average 6w of 34.1% for the 3R,
221  24.0% for the 2R and 13.2% for the 3L relative to the 2L arm. The X chromosome
222 bears no known inversion, but presumably because of its particular divergence and
223  distorted effective size, the average 0w diversity was also weaker relative to the 2L

224  arm (21.1% reduction relative to the 2L). Before examining the biological meaning

11
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225 of these particular patterns of genetic diversity, we conducted several tests to insure
226  that uncertainties associated with our sequencing and analytical approach cannot
227  account for the observed chromosomal-scale disparities. First, we compared the
228  distribution and lengths of mapped scaffolds and we confirmed that every
229  chromosome arm was represented by a substantial number of scaffolds (Table S2
230  and Fig. S2). The length of pseudochromosomes was also proportional to the actual
231  length of chromosomes, ranging from 6.8 Mb on the X chromosome (the smallest) to
232 27.4 Mb on the 2R (the largest). Therefore, we excluded the possibility that the
233  chromosome-bias diversity was due to a systematic error associated with the
234  reference sequence. Further, mapped scaffolds were evenly distributed along all
235 chromosomes, suggesting that inconsistencies in genome-wide diversity were not
236  linked to centromere or telomere-proximal effects (Fig. S1). Second, although our
237  estimates of genetic diversity were derived using a “low coverage approach”
238 designed to alleviate the uncertainty associated with low sequencing depth
239  (Korneliussen et al. 2013; Korneliussen et al. 2014), we examined the distribution of
240 the average depth of coverage along chromosome arms to insure that the
241  chromosome-specific diversity was not correlated to inconsistent sequencing across
242  the genome. We ruled out this possibility because the mean depth of sequencing
243  coverage per mapped scaffolds was consistent along all the five chromosome arms
244  (Fig. S2). As a result, the intriguing pattern of chromosome arm-specific diversity
245 observed in An. funestus genome clearly has a biological meaning. Below, we are

246  using several analyses to better understand this process.

12
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247  First, 6w, which varies between chromosomes, is an estimate of the number of
248  segregating sites also known as the population scaled mutation rate and represents
249  the “raw” amount of polymorphisms in one population. In theory, the drastic
250  variability in average polymorphism between inverted and uninverted autosomes
251 can be due to a correspondingly low mutation rate on inverted chromosomes.
252 However, as shown in other insect species (Keightley et al. 2015), such an important
253  variability in mutation rates per se between chromosomes is very unlikely. Also,
254  neutral processes such as the variation of effective size among chromosomes often
255 observed between autosomes and the sex chromosome cannot solely explain our
256  findings since all individuals possess all autosomal arms. Our results are most likely
257  due to a combination of recombination and selective events, and probably other
258 more stochastic forces that differ significantly between inverted and uninverted
259  chromosome arms. The distribution of the neutral recombination rate remains
260 unknown in the genome of An. funestus, but it is widely acknowledged that
261 recombination is rare within inversions compared with genome-wide backgrounds
262  and that this low crossover rate can also extends beyond the limits of inversions
263  (Hoffmann and Rieseberg 2008). Therefore, the autosomal arms bearing
264  polymorphic inversions presumably have average recombination rates that are
265  substantially lower than that of the 2L. The strong correlation between reduced
266  recombination and depressed diversity is both conceptually obvious and largely
267  documented by empirical evidence.

268 We have also provided compelling evidence of strong signatures of divergent

269  selection on adaptive inversions in An. funestus, notably the peaks of dxy and fixed

13
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270  differences observed in the loci of the 3Ra and 3Rb inversions. As we noted
271  previously, it is hard to tell from our genome scans if there is a specific reduction of
272  polymorphism within the 3Ra and the 3Rb inversion loci, but the low recombination
273  and strong selection should clearly lead to lower nucleotide diversity. Although we
274 can explain the depression in polymorphism expected within inversions by
275  straightforward recombination and selective mechanisms, we however lack a
276  comprehensive understanding of the processes that extend this diversity reduction
277  beyond the limits of the inversions. This intriguing pattern of chromosome-scale
278  reduction in diversity has been described only in several species of Drosophila and is
279  hard to explain through common paradigms like the selective sweeps and cold spots
280  of recombination. Further studies will be needed to clarify different hypotheses in
281  An. funestus in particular. In the first place, a direct comparison of diversity and
282  long-range linkage disequilibrium between inversion-bearing haplotypes and
283  standard uninverted haplotypes from a sympatric area like Tibati using a more
284 comprehensive genome sequencing method will be crucial to more clearly
285 demonstrate the association between the presence of inversions and chromosome-
286  scale diversity (Corbett-Detig and Hartl 2012; Pool et al. 2012). On the other hand,
287  more than 100 inversions have been identified in the polytene chromosome map of
288  An. funestus (Sharakhov et al. 2004), and how exactly the number and the natural
289 frequencies of inversions bore by an autosomal arm are important in its overall
290 diversity remains to be clarified. Each inverted chromosome of An. funestus contains
291 multiple overlapping inversions of large size, the greatest number of common

292  inversions being observed on the 2R arm (Fig. S1). It is therefore tempting to

14
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293 imagine that perhaps selection on multiple overlapping inversions can degrade
294  diversity across the entire chromosome arm, but this hypothesis holds only if all
295 inversions are simultaneously under significant selection. Nevertheless, as
296 illustrated with the example of the non-recombining Y chromosome of humans,
297  selection may be particularly potent when there is no recombination, so that
298 deleterious mutations in one area of the chromosome could reduce levels of genetic
299  diversity across the entire chromosome (Wilson Sayres et al. 2014). Likewise, if
300 recombination is rare along entire chromosomal arms in An. funestus because of the
301 presence of multiple overlapping inversions, a strong selection within a single
302 inversion is sufficient to reduce genetic polymorphism across the chromosome arm.
303 Our findings have revealed obvious footprints of spatially varying selection only
304  within the 3Ra and 3Rb, which represent ~50% of the length of the 3R arm, but we
305 can not exclude that other inversions may also be subjected to strong divergent
306 selection at other spatial scales throughout the species’ range. For instance, the 2Ra
307 and 3La inversions are widespread in continental populations and are suspected to
308 provide selective advantage in certain environments (Dia et al. 2013). Rare and
309 endemic inversions like the 2R¢, 2ZRh and 2Rd may also be strong targets of local
310 selection in some settings (Ayala et al. 2011). Further studies will focus on using
311 more extensive sampling to examine the adaptive status as well as the footprints
312  and strengths of positive or negative selection in other common and rare inversions
313  inAn. funestus.

314 Finally, we noted variations in patterns of chromosome-scale diversity between

315 Mfou and Tibati samples consistent with perceptible differences in the population

15
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316 demographic history despite high overall gene flow between ecotypes, which raise
317 the question of the contribution of stochastic processes in the creation of
318 chromosome-specific diversity. Indeed, the average genome-wide 6w is 1.3 greater
319 in Tibati than in Mfou populations. The reduction of nucleotide diversity on inverted
320 autosomes relative to the 2L is also stronger in Mfou compare with Tibati samples.
321 The drop of the average 6w of inverted chromosomes relative to the 2L is 34.7% on
322  the 3R, 29.2% on the 2R and 13.2% on the 3L in Mfou and 33.5% on the 3R, 18.8%
323 on the 2R and 13.2 on the 3L in Tibati. This difference likely reflects the spatial
324  variation in the intensity of selection within inversion since forest populations
325 (Mfou) are fixed for the major polymorphic chromosomal inversions (notably the
326  3Ra and 3Rb) whose frequencies fluctuate in Tibati (savannah) (Cohuet et al. 2005;
327  Ayala et al. 2011). The effective size should also be reduced on inverted related to
328 uninverted chromosome because selection on inverted chromosome lowers the
329 number of individuals carrying certain polymorphisms. We address this particular
330 aspect later in this section by fitting different growth models on Site Frequency
331  Spectra (SFS) of the different autosomal arms. Beside obvious indirect effects of the
332 specific demographic history of chromosome arms on their diversity, it remains to
333 be determined if the population-level demography have any impact on

334 chromosome-scale evolution. Both the overall diversity (6w = 0.0083 and 06« =
335 0.0042 in Mfou; 6w = 0.0097 and 6 = = 0.0043 in Tibati) and the percentage of sites

336 that are polymorphic within populations (64.0 % in Mfou and 65.2% in Tibati)
337  suggest that An. funestus is a highly polymorphic species. As a result, it is also crucial

338 to understand how important is a population expansion that maintains high
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339 baseline genome-wide diversity to chromosome-specific diversity. To infer the
340 demographic history of our populations, we first examined the genome-wide
341 distribution of allele frequency spectra, summarized as Tajima’s D (TD). Values of
342  TD ranged from -2.47 to -1.58 among Tibati samples and from -2.20 to -1.19 in Mfou
343  and were shifted towards negative values as expected in case of recent population
344  expansion leading to an accumulation of low-frequency variants. Unsurprisingly, TD
345 is more negative on the 2L chromosome in both ecotypes since this chromosome
346 freely accumulates mutations in contrast to inverted chromosomes that are
347  constrained by strong selection. We next modeled the SFS to infer the demographic
348  history of populations in dadi. We used 9412 genome-wide SNPs while excluding
349  variants located on the X chromosome to prevent the confounding effects associated
350 with the lesser population effective size of this chromosome. We used a dataset
351 comprising 35 samples from Tibati and 35 samples from Mfou selected based on the
352  Dbest sequencing coverage criterion. We found that a population expansion model
353 matched the average observed levels of autosomal polymorphism in both Tibati and
354  Mfou populations. The best-fit model depicts an exponential growth in Tibati and a
355 two-epoch growth in Mfou. Model parameters depict a more important population
356 growth in Tibati consistent with the greater genome-wide diversity observed in
357 savannah populations (Table 1). As we mentioned previously, we also modeled the
358 population growth on each chromosome using arm-specific SFS in dadi. Although
359  the true history of chromosome arms is likely explained by more complex models
360 including drift, selection and local recombination rates, simple growth models fitted

361 the SFS of all autosomes in both Tibati and Mfou populations. As expected, the
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362 growth seems relatively more important on the 2L relative to inverted autosomes
363 (Table 1). Overall, the simple growth models fitted to chromosomes do not
364 integrally reproduce the ratio of diversity described among chromosomal arms
365 because chromosome-specific diversity is due to compound factors as we specified
366 before. However, these models well illustrate the fact that the 3R and to a lesser
367 extent the 2R arm have gone through recent drastic reduction in population
368 effective size associated with strong selection within polymorphic chromosomal
369 inversions.

370
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371 Discussion

372  Population history of An. funestus

373 We conducted the first genome-wide analysis of natural polymorphism in An.
374  funestus populations, which revealed that genetic divergence between the two
375  weakly differentiated ecotypes of this mosquito species is almost exclusively located
376 in a few inverted segments of the genome. Moreover, strong selection and reduced
377 recombination within these polymorphic chromosomal inversions are also
378  associated with an unusual pattern of chromosome-specific diversity. We analyzed
379  the genetic structure of populations from Cameroon and found that genome-wide
380 SNPs corroborated previous results obtained with microsatellites and/or
381 polymorphic chromosomal inversions markers. Low-resolution markers have
382 indicated that populations of An. funestus globally belong to two clusters that have
383 been sometimes called “Kiribina” and “Folonzo”: the names of two locations in
384 Burkina Faso where the subgroups were described for the first time (Cohuet et al.
385 2005; Michel et al. 2005; Ayala et al. 2011; Dia et al. 2013). In Cameroon, an
386 intensive sampling including 305 sites along a north-to-south transect and
387 subsequent examination of the genetic structure with microsatellites and several
388 polymorphic inversion loci showed that An. funestus is separated into two weakly
389 differentiated subgroups corresponding probably to Kiribina and Folonzo (Ayala et
390 al. 2011). Our detailed genome-wide analysis with more than 10000 SNPs is in
391 perfect agreement with this study. PCA, Neighbor-joining trees and Bayesian
392  clustering confirmed the segregation based on the geographic origin (the savannah

393 against the forest). A massive ongoing gene flow and a weak genetic differentiation
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394 Dbetween the two ecotypes translate into values of Fsr near zero. As a result, we
395 emphasize that the putative subgroups of An. funestus are far from incipient species,
396 but represent at best two ecotypes at early stages of genetic divergence.
397 Additionally, as we document further in the next paragraphs, populations of An.
398 funestus are globally undifferentiated even at the genomic level except within loci of
399 a few polymorphic chromosomal inversions. The consistent subdivision observed
400 across the species range is primarily a translation of karyotypic variability along
401 geographic clines of these inversions. An. funestus larvae breed almost exclusively in
402  lakes that are most of the time artificial lakes created by human activity in
403  geographically distant locations. In Cameroon, historic populations of An. funestus
404  are generally observed around a network of ~5 relatively isolated artificial lakes
405 (Fig 1A). Our findings and previous studies (Cohuet et al. 2005; Ayala et al. 2011)
406  show that this apparent lack of connectivity among populations does not prevent a
407  massive gene flow.

408 The distribution and genetic structure of Anopheles populations across
409 microhabitats and time scales is markedly heterogeneous, especially among leading
410  African malaria vectors. This heterogeneity is being exacerbated by the recent scale-
411  up of malaria control measures including the widespread use of Insecticide-Treated
412 Nets (ITNs) and the multiplication of indoor insecticide spraying campaigns to
413  which mosquito populations respond by shifting their spatial and temporal
414  distributions (Derua et al. 2012; Mwangangi et al. 2013). With regard to An. funestus
415 precisely, a detectable change in the nocturnal biting cycle has been noticed in West

416  and East Africa after the scale-up of mosquito nets ownership and use (Moiroux et
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417  al. 2012). These shifts may lead to the emergence of cryptic subgroups if specialized
418 populations become genetically differentiated (Riehle et al. 2011). Fortunately, our
419 results do not indicate any genetic structure beyond the major geographic
420  subdivisions expected within An. funestus populations. In Cameroon, as in many
421  other Sub-Saharan African countries, massive ITNs distribution campaigns have
422  been implemented recently and studies are ongoing to evaluate the short or long-
423  term effects of these measures on vector populations (Bowen 2013). We surveyed
424 28 locations, including historical foci of An. funestus population Cameroon, and we
425 recorded the presence of the species in only two villages. This rarity may suggest a
426  recent contraction in the distribution range of An. funestus, which still need to be
427  confirmed by a careful examination of the temporal dynamics. Importantly, a high-
428 confidence genome-scale analysis allows us to clearly emphasize that An. funestus
429  hasundergone no shift in its population genetic structure so far.

430 Spatially varying selection in chromosomal inversions

431 We estimated locus-specific population differentiation using the Weir and
432  Cockerham’s unbiased estimator of the Fsr, the absolute sequence divergence (dxy)
433  and the proportion of fixed differences to characterize the level of divergence at
434  each variant site sampled across the genome. We found a strong heterogeneity in
435 genetic divergence across the genome. Notably, despite the lack of differentiation
436  between ecotypes (Fsr = 0.033), more than 5% of SNPs have disproportionately
437  elevated Fsr (Fsr outliers). Importantly, these Fsr outliers are exclusively found on
438 two of the five chromosome arms (2R and 3R), especially within two segregating

439 inversions (3Ra and 2Rb). The genome-wide organization of genetic divergence
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440 during speciation has been increasingly examined in diverse taxa, but the
441  conclusions remain contentious. Two concurrent models have been proposed to
442  explain the architecture of genetic divergence end reproductive isolation along
443 genomes of emerging species. The genetic divergence is thought to be either
444  “heterogeneous”, meaning that genomic regions of high differentiation are scattered
445  throughout the genome, or “restricted” when only a few regions that have been
446  sometimes called “speciation island” bear signatures of strong divergence (Nosil and
447  Feder 2012; Nosil and Feder 2013). Empirical data support the existence of both
448 models at unknown frequencies in nature (Lawniczak et al. 2010; Nosil and Feder
449  2012; Roesti et al. 2012; Andrew and Rieseberg 2013; Nosil and Feder 2013; Renaut
450 etal. 2013). However, divergence is clearly focused on few genomic regions early in
451 speciation due to localized effects of natural selection (Andrew and Rieseberg
452  2013). During the speciation process, when the ecological and genetic segregation
453 between splitting lineages becomes significant, the combination of selective and
454  demographic processes expands the genetic divergence throughout the genome.
455  Moreover, it is very common to find high levels of genetic divergence that are
456  accumulated in regions of low recombination especially at early stages of speciation
457  (Andrew and Rieseberg 2013). Based on our findings, An. funestus appears as
458  excellent model system to understand the architecture of genomic divergence at
459 early stages of adaptive divergence. Unsurprisingly, the genomic divergence
460 between the two undifferentiated ecotypes is restricted to a few regions of low
461 recombination, which correspond to polymorphic chromosomal inversions in this

462  species. Clear signals of divergent selection within two inversions translate into
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463 peaks of Fsr, dxy and fixed differences relative to the genome-wide average. The
464  prime role of the two inversions in ecological divergence is also illustrated by the
465  fact that except these inversions, no other locus or chromosome is able to reproduce
466 the structuring of An. funestus into two populations as expected. Cytogenetic
467 analyses and microsatellite loci have also suggested that the 3Ra inversion may have
468 a central role in local adaptation in Cameroonian populations (Ayala et al. 2011).
469 Chromosomal inversions have been found in virtually all species that have been well
470  scrutinized so far (Kirkpatrick 2010). Nearly a century of research on these
471 chromosomal rearrangements has provided multiple lines of evidence suggesting
472  that strong selection governs the distribution of inversions in insects, plants and
473  animals (Hoffmann and Rieseberg 2008). Notably, chromosomal inversions play a
474  crucial role in adaptive speciation as shown in several insect species: the most
475  prominent examples being Drosophila, Rhagoletis and Anopheles (Feder et al. 2003;
476  Ayala and Coluzzi 2005; Rane et al. 2015). In another African malaria mosquito, An.
477  gambiae, known for its reticulate speciation leading to numerous cryptic species and
478 emerging subgroups, high levels of genetic differentiation are also accumulated in
479  selective sweeps found within segregating polymorphic chromosomal (Kamdem et
480 al. 2016), especially the 2La inversion involved in resistance to aridity (Cheng et al.
481 2012). Likewise, inversions are responsible for the majority of the genetic structure
482  observed in cosmopolitan populations of Drosophila melanogaster (Corbett-Detig
483  and Hartl 2012; Pool et al. 2012). Chromosomal rearrangements are also involved in
484  adaptation to new host plants and sympatric speciation in Rhagoletis pomonella

485 (Feder et al. 2003). Inversions are thought to contribute to the spread of
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486 combinations of favourable alleles because recombination is suppressed between
487  the inverted sequence and standard karyotype, leading to divergence between
488 inversions and homo-sequential regions and the potential for evolution of
489  coadapted gene complexes (Kirkpatrick and Barton 2006; Hoffmann and Rieseberg
490 2008). One of the direct effects of low recombination within inversion is also to
491 minimize the competition that can occur between loci under selection to reduce
492  diversity across their nearby linked loci (Hill-Robertson effect) (Comeron et al.
493  2008). These combined actions of recombination and selection then result in a
494  population effective size that is considerably reduced within inversions relative to
495  genomic regions with higher recombination. In principle, selection in inversions can
496  be either strong and infrequent or weak and common, but empirical supports about
497  the type and magnitude of selection within inversions remain rare. However,
498 impressive clines of inversions frequencies observed in natural populations,
499  especially in Drosophila and mosquitoes illustrate the powerful effects of
500 recombination and selection within inversion in genomic divergence.

501 Chromosome-scale evolution

502  The genetic hitchhiking model (Via 2012) well explain the reduced diversity that can
503 be encountered within loci of segregating inversion subjected to divergent natural
504  selection. Beyond the accumulation of outliers of Fsr and other divergence metrics
505  within the 3Ra and 3Rb inversions, we haven’t observed other characteristic signals
506 of divergent selection such as the depression of nucleotide diversity and skewed
507 allele frequency spectrum (Fig. 5). A more sophisticated version of the reference

508 genome assembly and annotation of An. funestus will allow us to conduct a more
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509 sensitive sequential and functional characterization of footprints of selection
510 observed within these key inversions. Presumably, as the two inversions segregate
511 along alatitudinal gradient, genes involved in resistance to aridity or desiccation can
512  be suspected to be among the functional classes potentially accumulated within the
513 two inversions. In support of this hypothesis, comparative cytogenetic have
514 revealed that the 3R chromosomal arm of An. funestus and the 2L arm of An.
515 gambiae share a very close evolutionary history (Sharakhova et al. 2011). It is still
516 unclear whether this chromosomal similarity is the result of a convergent evolution
517 or something that the two species share since they diverged from their common
518 ancestor. Importantly, the comparative cytogenetic study also stipulates that the
519  3Rb inversion of An. funestus probably correspond to the 2La inversion known to be
520 crucial for desiccation tolerance in An. gambiae populations (Fouet et al. 2012).

521 Instead of reduced diversity or skewed AFS in loci of inversions subjected to strong
522  selection, we have found that the genetic diversity was rather specific to whole
523  chromosomal arms. We conducted several analyses to first rule out the possibility
524  that chromosome-bias diversity was due to errors and limits of our experimental
525 approach. There is no simple explanation that can translate the biological meaning
526  of chromosome-specific diversity, but our work and previous studies on Drosophila
527  (Corbett-Detig and Hartl 2012; Pool et al. 2012) pinpoint the critical role of spatially
528 varying selection and reduced recombination within chromosomal inversions as the
529  primary catalyzers. In An. funestus chromosome-scale evolution of diversity is likely
530  due to the presence of multiple overlapping inversions subjected to spatially varying

531 divergent selection all across the geographic range of the species. The models of
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532  population demography of our samples suggest an exponential population growth,
533  but we do not know if high levels of genome-wide polymorphism are key to the
534  onset of chromosome-specific diversity or not.

535 Chromosome-scale evolution is an emerging field or research and it is premature to
536 provide general rules or a definitive explanation of forces that affect the genetic
537  variation at large scales across genomes. So far, patterns of chromosome-specific
538 diversity have been described mainly along sex chromosomes (Ellegren 2009).
539  Particularly, it has recently been hypothesized that the reduced diversity along the Y
540 chromosome relative to autosomes in humans is not only due to predictable effects
541 of a lower population effective size of the sex chromosome but also to pervasive
542  effects of selection (Wilson Sayres et al. 2014). Precisely, the absence of
543  recombination along the Y chromosome renders background selection particularly
544  efficient, so that deleterious mutations in one area of the chromosome can
545  potentially reduce levels of genetic diversity across the entire chromosome if the
546  selection is sufficiently strong to overcome the effects of interference with
547  neighboring loci (Hill-Robertson effect) (Wilson Sayres et al. 2014). A similar
548 process can be possible on inverted chromosomal arms in An. funestus where
549  recombination is suppressed because of the presence of multiple inversions.

550 The reduction of diversity due to low recombination across large portions of the
551 genome is sufficiently documented, especially around centromeric and telomeric
552  regions of chromosomes (Neafsey et al. 2010; Marsden et al. 2014). In plants,
553  polyploidy and loss of recombination result in substantial reduction of diversity

554  along large chromosomal regions (Akhunov et al. 2010). Likewise, species with low

26


https://doi.org/10.1101/068205

bioRxiv preprint doi: https://doi.org/10.1101/068205; this version posted August 6, 2016. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

555 levels of genome-wide recombination, such as highly self-fertilizing species, show
556 reduced genetic diversity compared with their outcrossing relatives. Indeed,
557  extensive linkage disequilibrium and low recombination due to self-fertilization are
558 thought to interact with selection to shape chromosome-scale patterns of genetic
559  diversity in Caenorhabditis (Cutter and Choi 2010; Andersen et al. 2012; Thomas et
560 al. 2015). The really intriguing cases of chromosome-scale diversity in outcrossing
561 species are observed so far in Drosophila and An. funestus. In Drosophila
562  melanogaster, Drosophila pseudoobscura and related species, comparison of
563 inversion-bearing haplotypes and individuals with standard arrangements lead to
564  the conclusion that, in contrast to An. funestus where the action of overlapping
565 inversions can be suggested, the presence of only one polymorphic inversion can
566 drive diversity reduction or increase throughout the entire chromosome arm
567  (Corbett-Detig and Hartl 2012; McGaugh and Noor 2012; Pool et al. 2012).

568
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569 Conclusions and implications

570 We described chromosome-wide diversity supporting recent evidence from
571 Drosophila that genome evolution and patterns of variation at genome or
572  chromosome-scales can be facilitated by selection and recombination within
573  polymorphic chromosomal inversions. Our results should motivate other studies in
574  Anopheles and other insect species in order to provide additional empirical support
575 for this process, which has strong implications in our understanding of the
576  evolutionary forces that shape genetic diversity along chromosomes. In An. funestus,
577  further directions could be to improved genomic resources of this nonmodel
578 organism, notably a recombination map and an improved version of the reference
579  genome. This will allow a more precise understanding of the genetic variation and
580 functional characterization of local adaptation in this mosquito. Notably, a high-
581 quality reference genome combine with a more intensive sampling, a
582 comprehensive genomic sequencing and additional cytogenetic studies will be
583  crucial for mapping chromosomal inversions and karyotyping individuals across the
584  species range. As such, we will be able to conduct direct tests for the effects of
585 inclusion or exclusion of inversions on the genetic diversity similar to what has been
586  done in Drosophila melanogaster (Pool et al. 2012). Finally, An. funestus is the second
587 most important vector of human malaria parasites in Africa and investigating the
588 genomic bases of its evolutionary diversification will be useful to assess the adaptive
589 response of this vector to ongoing expansive insecticide-based malaria control
590 campaigns.

591
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592  Materials and methods

593  Sample collection

594  An. funestus is endemic to Africa and is structured in two genetically differentiated
595 ecotypes distributed along a latitudinal cline with a wide contact zone (Cohuet et al.
596  2003; Cohuet et al. 2005; Ayala et al. 2011). We surveyed 28 locations across a
597  north-to-south transect in Cameroon, from August to November 2013, to collect An.
598 funestus specimens (Fig. 1A, Table S1). Most of the locations we visited were
599 selected because previous surveys indicated the presence of An. funestus
600 populations (Cohuet et al. 2003; Ayala et al. 2011) or because of the presence of
601 lakes, which are typical larval breeding sites of An. funestus. Others were based on
602  opportunistic sampling. We used several sampling methods to collect mosquitoes at
603  distinct stages of the life cycle, from different microhabitats and from different time
604 points during the nocturnal biting cycle (Service 1993). This approach maximizes
605 the chances that our sampling represents a best approximation of the species
606 genetic diversity. We identified An. funestus individuals using morphological
607 characters and PCR (Gillies and De Meillon 1968; Gillies and Coetzee 1987; Cohuet
608 etal.2003).

609 Library preparation and sequencing

610 We extracted genomic DNA of larvae and adult specimens with the DNeasy Blood
611 and Tissue kit (Qiagen) and the Zymo Research MinPrep kit. Double-digest
612  Restriction-site Associated DNA (ddRAD) libraries were prepared following a
613 modified protocol of Peterson et al. 2012. Each library contained DNA fragments

614  resulting from simultaneous digestion with MIuC1 and Nlalll restriction enzymes
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615 and annealed to unique short nucleotide sequences (barcode adaptors) that enabled
616 the identification of the individual associated with each read. RAD tags of
617 individually-barcoded mosquitoes were pooled and size-selected to target 400-bp
618 sequences that were enriched via PCR. One extremity of the resulting 400-bp RAD
619  tags was sequenced on Illumina HiSeq2000 to generate single-end reads of 101 bp.
620 Alignment and SNP calling

621 Raw reads were demultiplexed and filtered using the process_radtags program of
622  the Stacks v 1. 35 software (Catchen et al. 2013). Reads with ambiguous barcodes or
623 restriction sites and those with low sequencing quality score (average Phred score <
624  33) were removed. To call and identify SNP among our sampling, we aligned the
625 remaining high-quality reads along the An. funestus reference sequence using GSNAP
626  (Wu and Nacu 2010). A maximum of five nucleotide mismatches were allowed and
627  terminal alignments prevented. We used Stacks v 1. 35 to identify polymorphisms
628 and to call SNPs within each RAD locus. Following assembly and genotyping, the
629  polymorphism data was further filtered to maximize data quality. We retained only
630 one randomly selected SNP per RAD locus and we kept only loci scored in every
631 population and in at least 60 % of individuals within population for further analyses.
632  We created SNP files in different formats using the populations program in Stacks v
633 1. 35, PLINK and PGDSPIDER (Purcell et al. 2007; Lischer and Excoffier 2012;
634  Catchen et al. 2013). We checked the depth of sequencing coverage of the final data
635 set after all filtering steps using VCFtools (Danecek et al. 2011). The An. funestus
636  draft genome assembly we used consisted of 12,243 scaffolds ranging from 2,334 to

637 3,334,433 bp in length. Therefore, to perform genome scans and to effectively
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638 identify footprints of selection throughout the genome, we placed SNPs on the five
639  An. funestus chromosome arms using 104 scaffolds that had been physically mapped
640 to chromosome (Neafsey et al. 2015). Mapped scaffolds corresponded to 7% in
641 number and 33% in length of all An. funestus scaffolds (Table S2).

642  Population structure and genetic divergence

643 We analyzed the genetic structure of populations with a Principal Component
644  Analysis (PCA), neighbor-joining (N]) trees and the STUCTURE v 2.3.4 software
645  (Pritchard et al. 2000). PCA and NJ analysis were performed respectively with the
646  packages adegenet and ape in R (Paradis et al. 2004; Jombart 2008; R Development
647  Core Team 2014). In STRUCTURE, we ran five replicates of 1 to 10 assumed clusters
648 (k). Each run consisted of 200,000 iterations and the first 50000 iterations were
649 discarded as burn-in. CLUMPP v1.1.2 (Jakobsson and Rosenberg 2007) was used to
650 aggregate results across multiple STRUCTURE runs and the clustering results were
651  visualized graphically using DISTRUCT v1.1 (Rosenberg 2004). To find the number
652  of genetically distinct clusters, we used both the Discriminant Analysis of Principal
653 Component (DAPC) implemented in adegenet and the ad hoc statistic DeltaK of
654 Evanno etal, 2005 (Evanno et al. 2005; Earl and VonHoldt 2012).

655 To quantify the extent of the genetic differentiation between pairs of populations,
656 we calculated the overall Fsr (Weir and Cockerham 1984) in Genodive v1.06
657 (Meirmans and Van Tienderen 2004) using a subset of 2000 randomly selected
658 SNPs. Additionally, to assess the contribution of regional and micro-spatial

659  distributions of samples on the genetic variance, we conducted a hierarchical

31


https://doi.org/10.1101/068205

bioRxiv preprint doi: https://doi.org/10.1101/068205; this version posted August 6, 2016. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

660 analysis of molecular variance (AMOVA) (Excoffier et al. 1992) in Genodive. We used
661 10000 permutations to assess the statistical significance of Fsr and AMOVA.

662 Genomic targets of selection

663  To search for footprints of selection in the genome of An. funestus, we examined the
664  distribution of genetic diversity, allele frequency spectrum and genetic
665 differentiation on RAD loci located on mapped scaffolds. We computed the pairwise

666 nucleotide diversity (0 ), the Watterson’s estimator of segregating sites (6w) and

667  Tajima’s D with ANGSD v 0.612 (Korneliussen et al. 2014). This program estimates
668 the genetic diversity and Site Frequency Spectrum (SFS) statistics using genotype
669 likelihoods without SNP calling thereby alleviating the uncertainty and biases
670 associated with SNP calling in low coverage Next Generation Sequencing
671  (Korneliussen et al. 2013). To gain genome-wide view and identify outliers regions
672  of diversity and Tajima’s D, average values of these metrics were plotted in non-
673  overlapping 90-kb windows along mapped scaffolds that we previously ordered and
674  concatenated into “pseudo-chromosomes” corresponding to different An. funestus
675 chromosome arms. Fsr values per SNP locus were also calculated with the
676  populations program in Stacks and plotted across the pseudo-chromosomes. To
677 identify Fsr outliers that are likely genomic regions under strong selection, we used
678 both empirical and model-based approaches. First, loci above the top 1% of the
679 empirical distribution were identified as putative outliers of Fsr. Second, we used the
680  coalescence-based method FDIST2 (Beaumont and Nichols 1996) as implemented in
681 LOSITAN (Antao et al. 2008) to identify loci with unusually low or high Fs: values

682 compared to neutral expectations (outlier of Fsr). The mean neutral Fsr across all
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683  SNPs in the data set was approximated by choosing the “neutral mean Fsr option”
684 with 99% confidence interval in LOSITAN. We ran LOSITAN with 100000
685 simulations and assumed a False Discovery Rate (FDR) of 0.1 to minimize the
686 number of false positives. Estimates of Fsr are affected by within-population
687  diversity, which can confound assessments of population divergence (Cruickshank
688 and Hahn 2014). It has been suggested that the use of several divergence metrics
689 including the dyxy provides a more reliable approach to examine the genetic
690 divergence among populations (Noor and Bennett 2009; Cruickshank and Hahn
691 2014). We estimated the absolute sequence divergence (dxy) and the proportion of
692 fixed differences between populations (df) using ngsTools (Fumagalli et al. 2014)
693 and we derived and plotted average values across non-overlapping 10-kb windows
694 along pseudochromosomes in R.

695 Demographic history of An. funestus

696  We used the diffusion approximation method implemented in the software package
697  0adiv 1.6.3 (Gutenkunst et al. 2009) to infer the demographic history of An. funestus
698 from Site Frequency Spectrum (SFS). Different demographic histories leave distinct
699 signatures in SNPs across the genome. dadi applies composite likelihoods to
700 evaluate how well the spectrum of allele frequencies fit different simple or
701 compound demographic scenarios. Using 9412 filtered SNPs, we fitted four
702  alternative one-population models (neutral, growth, two-epoch, bottle-growth),
703  describing simple demographic scenarios without migration or recombination
704  events, to the folded allele frequency spectrum of our samples. We chose the best

705 model as the one with the highest composite log likelihood, the lowest Akaike
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706  Information Criterion (AIC) and the lowest uncorrelated residuals. We used the
707  built-in bootstrap function implemented in dadi to derive 95% bootstrap confidence

708 intervals for the different demographic parameters.
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964  Figure legends

965 Figure 1: Geographic origin and genetic relatedness of An. funestus samples in
966 Cameroon. (A) Map of sampling locations showing the 28 sites surveyed (small
967 circles) and the two villages (large orange and green squares) where An. funestus
968 samples were collected. The line in the middle of the map indicates an arbitrary
969  delimitation of the distribution ranges of the two ecotypes found in Cameroon
970  (Cohuet et al. 2005; Ayala et al. 2011). (B), (C) and (D) Population genetic structure
971  as revealed by neighbor-joining tree, PCA and Bayesian clustering (STRUCTURE).
972  The percentage of variance explained is indicated on each PCA axis. (E) and (F)
973  Confirmation of the presence of two ecotypes with DAPC and the delta k method of
974  Evanno et al. The decrease of the Bayesian Information Criterion (BIC) (DAPC) and
975  the increase of delta k as a function of the number of k indicate a subdivision of An.
976  funestus into two 2-3 genetic clusters.

977  Figure 2: Estimates of pairwise population differentiation (Fsr) based on 10687
978 SNPs ordered by position along “pseudochromosomes” representing the five
979  chromosomal arms of An. funestus. Fs; values above the red line are above the 99t
980 percent of the empirical distribution. Arrows indicate the genomic coordinates of
981 the 3Raand 3Rb inversions.

982  Figure 3: Genome-wide distribution of dxy and fixed differences (df) in An. funestus
983 among Mfou and Tibati populations. Estimates are smoothed with kernel smoothing
984  and plotted along the five chromosomal arms.

985  Figure 4: Population genetic structure revealed by each chromosomal arm and by

986 four polymorphic chromosomal inversions (2Rh, 3Ra, 3Rb and 3Rd).
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987 Figure 5: Estimates of nucleotide diversity (6 x and 6w) and allele frequency

988 spectrum (Tajima’s D) across 90-kb non-overlapping windows illustrating the
989 uneven distribution of genetic diversity along the chromosomal arms. The only
990 uninverted autosome (2L) is the most polymorphic both in Mfou and Tibati.

991 Figure 6: Box plot depicting the variation of 8w among chromosomes in Mfou and

992  Tibati.
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Supplemental Figure Legends

Figure S1: Positions of the 104 scaffolds placed on the physical map of An. funestus
indicated by grey rectangles below the chromosomes (modified from Sharakhov et
al. 2004).

Figure S2: Distribution of the average depth of sequencing coverage along mapped

scaffolds.
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Tables
Table 1: Parameters of the best-fitted demographic model in dadi for the genome-

wide and chromosome-specific diversity in Mfou and Tibati populations.

Population Chromosome  Best model foe Final population size” (95% CI) Time® (95% CI)
Likelihood
Tibati Autosomes Growth -88.8 776  (51.8-138.1) 38 (1.8-8.0)
2R Growth -52.93 925 (543-1872) 53 (24-119)
2L Growth -45.86 1414 (692-199.3) 45 (20-10.1)
3R Growth -47.35 38.8 (24.8-87.9) 38 (06-3.9)
3L Growth -42.52 83 (474-185.1) 46 (13-123)
Mfou Autosomes Two-epoch -84.7 13.6 (122-15.7) 14 (12-1.7)
2R Two-epoch -56.45 11.4 84-17.1) 1.5  (10-28)
2L Two-epoch -44.27 269 (164 -525) 22 (1.1-438)
3R Two-epoch -44.65 15.1 (10.7-23.4) 12 (08-22)
3L Two-epoch -41.65 19 (5.1-36.0) 2.2 0.2-44)

"Relative to ancestral population size.

‘Expressed in units 2Ne generations from start of growth to present
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Supplemental Tables

Table S1: Description of An. funestus samples included in this study.

Ecogeographic Sampling Geographic Sampling Gender
Total
regions locations coordinates methods
HLC-OUT HLC-IN LC SPRAY Female Male NA
Savannah Tibati 6°28'08"N, 12°37'44"E 8 7 0 32 47 43 4 0
Forest Mfou 3°58'00"N, 11°56'00"E 2 8 22 53 85 55 8 22
Total 132 98 12 22

HLC-OUT, human landing catches performed outdoor; HLC-IN, human landing catches performed indoor; LC, larval collection; SPRAY, spray

catches
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Table S2: Characteristics of the five “pseudochromosomes” of An. funestus used for

genome scans.

Number of Total Number

Chromosome
scaffolds length (bp) of SNPs
2R 30 27415570 1587
2L 18 19110819 987
3R 24 15197 945 745
3L 22 12545136 652
X 10 6812527 296
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Figure S1
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Figure S2

40

30 4

Mean deph
3

2R 2L 3R 3L X

Chromosomes

61


https://doi.org/10.1101/068205

