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Abstract:

The recent discovery of a previously unknown genetic subgroup of Anopheles gambiae
sensu lato underscores our incomplete understanding of complexities of vector
population demographics in AnopheleBhis subgroup, named GOUNDRGuY0ges not rest
indoors as adultand is highly susceptible to Plasmodium infection in the laboratory.

Initial description of GOUNDRY suggested it differed from other known Anophiira

in surprising and sometimes contradictory ways, raising a number of questions about its
age, population size, and relationship to known subgroups. To address these questions,
we sequencethe complete genomes of 12 witdught GOUNDRY specimerasd

compared these genomes to a panel of Anopheles genolvesshow that GOUNDRY is
most closely related tAnopheles coluzzii, and the timing of cladogenesssnot recent
substantially predating the advent of agriculture. We find a large region of the X
chromosome that has swep fixationin GOUNDRY within the last 100 years, which

may be an inversion that serves as a partial barrier to contemporary gene flow.
Interestindy, we show that GOUNDRY has a history of inbreeding that is significantly
associated with susceptibility Plasmodium infection in the laboratory. Our results
illuminate thegenomic evolution of one of probably several cryptic, ecologically
specialized subgroups of Anopheland provide a potent example of how vector
population gnamicsmay complicate effars to control or eradicatmalaria.

I ntroduction:

The continued devastating burden of malaria on human populations in sub-
Saharan Africa (Murragt al. 2012; WHO 2013¥purs ongoing searches for novel means
of controlling vector mosquitoes, including through genetic manipulation. However, it is

becoming increasingly appreciated tAabpheles species frequently form partially
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reproductively isolated and ecologically differentiated subpopulations (Costantini et al.
2009; Gnémé et al2013; Lee et al2013; Fontaine et ak015), which could complicate
control effots and exenddisease transmissi@tross seasons and mi@wovironmental
space. As an example, a recent study showed that subgroups of Anopheles gambiae
sensu lato have evolved distinct approaches for surviving the dry seasaiting in the
presence ovector populations throughoah extended proportion of tiyear(Daoet al.
2014). Comprehensive genomic analysis of evolutionary origins, demography, and
adaptation will advance our understanding of quimbnotypic divergence and its role in
the formation of new Anopheles subgroups. Furthermore, genomic analysis of population
diversity and genetic affinity among taxa can elucidate epidemiologically rélaspacts
of population ecology like breeding structure and ecokdglistribution that are
important for malaria control efforts

Population structuranalysis of a comprehensive Anophete®squito sampling
effort along a 400-km transect in the Sudan-Savanna ecological zone of central Burkina
Fasosurprisingly revealed previously unknown genetic cluster of Anopheles gambiae
sensu lato (Riehle et al.2011). The new subgroup, named GOUNDRY, was found in
collections from larval pools but never in collections taken from inside human dwellings,
implying an exophilic adult resting habiGOUNDRY maquitoes aréiighly susceptible
to Plasmodium infection in the laboratoryut the feeding behavior of GOUNDRY wdth
is unknown. Thus it is unclearhether the subgroup is a major vector of human malaria

Current knowledge of GOUNDRY is incomplete, with previgesetic
understanding based sparse microsatellite and SNP dgReehleet al. 2011), but it is
essentiato global public health to understand the evolution of new subgroups such as
GOUNDRY and how they may impact malaria contr@OUNDRY bears an atypical
genetic profile for Anophelesn the SudarBavanna zone of West Africa that raises
guestions about its origins, such as whether it is a hybrid between A. coluzzii and A.
gambiae, as wellas how old iis, and how reproductively isolatetis from other
Anopheles species. For examplehe diagnostic SNPs that underlie one standard
approach for distinguishing betweAncoluzzi (previously A. gambiaeM form) and A.
gambiae (previously A. gambiaeS form) were found to be segregating fremiyHardy
Weinberg Equilibrium (HWE) in GOUNDRY mosquitoes (Rieklal. 2011), implying
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tha the population is either hybrid or that it geges thegambiae-coluzzii species split.
Although high frequencies of hybrids diagnosed with these markers have been identified
in coastal regions of West Africa (Ndiaghal. 2008; Oliveira et al2008; Caputo et al.
2011), hybrid genotypes are quite rare (<1%dhe region where GOUNDRYvas
collected(della Torre et al2001). An independent study used a slightly larger panel of
SNPs that differentiate A. aatzii andA. gambiae in the pericentromeric regisrof the X
chromosome and autosomes and foundtgipatally diagnostichaplotypes were
segregating at HWE GOUNDRY with evidence of recombination among thdrad et
al. 2013). GOUNDRY also differeflom typical Anopheless.l. populations in the region
in karyotype frequencies of the larges2thromosomal inversion. In the Sudan-Savanna
zone, the inverted allele of the chromosomal inversion segregatesrrieation in A.
coluzzii andA. gambiae (Coluzziet al. 1979), but both forms of the inversion are
segregating at HWE frequencies in GOUNDRehle et al.2011). Moreover,raalysis
of microsatellites and SNP markers revealed considerable distinction between
GOUNDRY andother describednophelesin the regiorand concluded that GOUNDRY
is a genetic outgroup #. gambiae and A. coluzzii(Riehleet al. 2011). However,
GOUNDRY was less genetically variable thdrese other speciesising the possibility
that, among other potential explanations, its ongaybe more recent.

To identify the evolutionary originsage, andlegree of genetic isolation from
other genetic subgroups GOUNDRY, we analyzed full genardata from GOUNDRY
and multiple closely relateinopheles species as well as SNP chip and phenotype data
from an independent study (Miei al. 2015). We estimate the demographic history of
GOUNDRY and its potential importance fBerasmodium infections, and identify a
putative, novel X-linked chromosomal inversion in GOUNDRY that may be a barrier to
gene flow with closely related subgroups. We disdhsse results in the context of

malaria control efforts.

Materials and M ethods
Mosquito samples

Mosquito sample collection and species/subgroup identification was previously
described for A. coluzZiGOUNDRY, andA. arabiensis samples (Riehle et aR011).



123  Briefly, larvae and adults were collected from three villages in Burkina Faso in 2007 and
124 2008 (Table S1). Larvae were reareddalts in an insectary, and both field caught

125 adults and reared adults were harvested and stored for DNA collection. In addition to
126  standard species diagnostic assays, individuals were assigned to genetic subgroups using
127  genetic clustering analysis baset3® chromosome SNPs and microsatellif@&hle et

128 al. 2011). One A. gambiaéndividual was also included in this study. This sampls wa
129 collected indoors as an adult in the village of Korabo in the Kissidougou prefecture in
130 Guinea in October 2012. Individuals were typed for species, molecular form and 2L
131  karyotype using a series of standard molecular diagnostics (Fanall@002; White et

132 al. 2007; Santolamazza et &#008) All A. coluzzi and A. arabiensissamples arel2a?

133 homokaryotypes and the A. gambisample typed as a heterokaryotypea®’*). As

134  discussed above, both forms of the 2La inversion are segregating in GOUNDRY, and we
135  chose to sequence elevere?l’ GOUNDRY samplesind one 2672 sample

136 (GOUND_0446).

137

138  DNA extractions, genome sequencing, short-read processing

139 A detailed description of the DNA extractions, sequencing, and processing has
140 been included in a separate publication (Crawébal. 2015) , but briefly, genomic

141 DNA wasextracted using standard protocols ara$ sequenced using the lllumina

142  HiSeq2000 platform by BGI (Shenzhen, China). Pa@ed-100-bp reads were obtained
143  for all samples. The Anopheles gambiae sample was sequenced on the same platform at
144  the University of Minnesota Genomics Center core facility. Raw lllumina reads were
145 deposited at NCBI SRA under BioProject ID PRINA273873. Skeads were aligned

146  intwo steps using BWAnrem(v0.7.4) alignment algorithm [(Li 2013bio-

147  bwa.sourceforge.net]. First, reads were mapped to the A. gambiae PEST AgamP3

148 referenceassembly ([Holt et al. 2002); vectorbase.org]. Second, reads were mapped to a
149 new updated sequence where the major allele (frequersample 2 0.5)rom each

150 population were substituted into the PEST reference to make population specific

151 references. Local realignment around indels was conducteGwitiK v.2.5-2

152  (DePristoet al. 2011). Duplicates were removed using the SAMtools v.0.1.18 (Li et al.
153  2009) rmdup function.We applied a series of quality filters and identified a set of robust



154  genomic positions that were included in all downstmreanalysis. As a rule,

155  heterochromaticegions as defined for A. gambig&harakhova et al2010) were

156  excluded from all analyses since short read mapping is known to be problematic in such
157  regions.

158

159  Bioinformatics and population genetic analyses

160 Detailed descripbns of additional methods, mostly involving standard

161 approaches and previously existing softwasen be found in Appendix S1. Included are
162  descriptions of genotype calling, estimation of nucleotide diversity, fixed difference

163  calling, calculation of genetic divergend®,f) and the neighbgining tree, ancestral

164  sequence synthesis, demographic model inference, selective sweep dating, and putative
165 inversion breakpoint mapping.

166

167 Inbreeding analysis

168  Estimating inbreeding coefficients

169 Initial estimates othe global site frequency spectrum (SFS) in GOUNDRY

170  produced distributions of allele frequencies that deviated substantially from standard
171  equilibrium expectations, as well as from those observed in tt@uxzi and A.

172  arabiensisgroups. Most notably, the proportion of doubletons was nearly equal to that of
173  singletons in A. gambiae GOUNDRYsee Results) This observation is consistent with

174  widespread inbreeding in the GOUNDRY subgroup. We tab&etypothesis of

175  extensive inbreeding in two ways, with the goals of both characterizing the pattern of
176 inbreeding in this subgroup as well as obtaining inbreeding coefficients for each

177  individual that could then be used as priors for an inbreeding-aware gewatiipg-

178 algorithm. We used the method of Veeiet al.(Vieira et al. 2013) which estimates

179 inbreeding coefficients in a probabilistic framework taking uncertainty of genotype

180 calling into account. This approach is implemented in a program called ngsF

181  (github.com/fgvieira/ngsF). ngsF estimates inbreeding coefficients for all individuals in
182 the sample jointly with the allele frequencies in each site using an Expectation

183  Maximization (EM) algorithm (Vieira et al2013) We estimated minor allele

184  frequencies at each sitelQMaf 1) and defined sites as variable if their minor allele



185 frequency was estimated to be significantly different from zero using a minimum log
186 likelihood ratio statistic of 24, which corresponds approximately tovalie of 10.

187  Genotype likelihoods were calculated at variable sites and used as input into ngsF using
188  default settings. For comparison, we estimated inbreeding coefficientscfiuzii,

189 GOUNDRY, andA. arabiensis using data sm each chromsomal arm separately

190

191 Recalibrating the site-frequency spectrum and genotype calls

192 We used the inbreeding coefficients obtained above for the GOUNDRY sample
193 as priors to obtain a second set of inbreedwgre genotype calls and an updagkxdbal

194 SFS. We used ANGSD v.0.534 to make genotype calls as desgbieel However, in
195 this case, we used the —indF flag within ANGSD, which takes individual inbreeding
196 coefficients as priors instead of the global SFS (Vieira @@L3). Similarly, we used

197 the inferred inbreeding coefficients to obtain an inbreeding-aware global SFS. We
198 estimated the global SFS from genotype probabilities usegSFS 2 in ANGSD,

199 which is identical to+ealSFS INielsenet al. 2012) except that it uses inbreeding

200 coefficients as priors for calculations of posterior probabil{téeira et al. 2013).

201

202 I1BD Tracts

203 We examined the effects of inbreeding within diploid individuals using FEstim
204  (Leutenegger et al2006, 2011), which implements a maximum likelihood method within
205 a Hidden-Markov-Model that models dependencies along the genome. We used the
206  FSuitev.1.0.3 (Gazal et al2014) pipeline to generate submaps, estimate inbreeding
207  parameters using FEstim, identify IBD tracts, and plot IBD tracts using Gire@y-6

208  (Krzywinski et al. 2009). To minimize linkage disequilibrium that creates-non

209 independence among SNPs while maximizing information content, we generated 20
210 independent random subsets of between 187 and 193 SNPs (or submaps) spaced at least 1
211 kb apart, and inbreeding parameters were inferred using all 20 submaps. We used allele
212  frequencies estimated using ANGSD abodeiaf and -indF) for calculation of

213  emission probabilities in FEstim. We also used genetic maps for Anopheles gambiae
214 from Zheng et al. (Zheng et all996). To convert data from Zheng et al. to dense

215 genetic maps, we mapped primers from that study onto the Anopheles gambiae PEST



216 reference using standard e-PCR approaches that map PCR primers onto a reference
217  sequence using computational sequence matching. Autosomal maps and code for

218 polynomial analysis were kindly provided by Russ CorbDettig

219 (github.com/tsackton/linkedelection/), and we performed e-PCR mapping for the X

220 chromosome. We fit a polynomial function to the genetic map for each chromosome and
221 used this function to convert the physical position of SNP marker to genetic distance. For
222  this analysis, we joined the left and right arms of chromosomes 2 and 3 by adjusting the
223  physical position of SNPs on the left arms by the full length of the right arm.

224 FSuite is degined for genotyping array data and does not allow any genotyping
225 errors. Therefore, we took additional steps to minimize the effects of genotyping errors.
226  First, we set a minimum minor allele frequency of 10% and included only genotypes with
227  95% posterior probability. Second, we set a liberal threshold bfateéhe minimum

228  posterior probability required for considered IBD. Since this threshold allows many

229 small IBD tracts that are likely to be erroneous, we set a minimum size threshold of 0.1
230  cM for inclusion in the final set of IBD tracts.

231

232 Ruling out bioinformatic and sequencing artifacts

233 Since the observation of high rates of inbreeding stem directly from intermediate
234 coverage (~10X) nexgeneration sequencing data that can be prone to bioinformatic

235 errors and biases, we conducted several tests to determine whether such artifacts could
236  explain the observed inbreeding signal. One possible artifact could stem from mapping
237  or alignment biases against divergent rgetteration reads that coukbd to excess

238 homozygosity. If mapping is unbiasedetproportion of reference bases at heterozygous
239  sites should be distributed with a mean of 0.5. We find that the mean proportion of

240 reference bases at heterozygous sites is 0.4898.(1646) in A. coluzzii and 0.4757 =

241 0.1581) in GOUNDRY indicating very similar reddstributions in these populations

242  (Figure S). Although both populations show a small deviation froma@.biallelic sites

243  this deviation cannot explain largegrens of homozygosity in GOUNDRY.

244 We also asked whether excess homozygosity could stem from erroneous

245 assignment of homozygous genotypes at true heterozygous sites. Such errors could result
246  if short read depths were exceptionally low in some genomic regionsaMi(dated read



247  depthsat sites in different genotype classes in GOUNDRY and findhleanean read

248 depthis 12.356%(= 5.3917) at homozygous reference sites, 12.2156 §.1235) at

249  homozygous alternative sites, and 12.68v% £.5163) at heterozygous sites, indicating
250 that the distribution of read depth is very similar between all three classese(B}

251  We find a similar pattern iA. coluzzii, which shows no evidence of inbreeding. In this
252  population, the mean read depth is 10.4%/3 4.7555) at homozygous reference sites,
253 11.0082 6 = 4.1849) at homozygous alternative sites, and 10.66694.7755) (Figure

254  S2). Moreover, the distributions of read depths at heterozygous sites and homozygous
255  sites are very similaniboth theA. coluzzii and GOUNDRY population@-igure S2.

256  These results strongly suggest that bioinformatic artifacts cannot explain the excess
257  homozygosity and IBD tracts observed in GOUNDRY.

258 Large variations in observed sequence diversity could also stem from issues
259 related to DNA sequencing. Importantly, the same DNA preparation and library

260 preparation protocols were used for GOUNDRY as well as A. coluzzihaachbiensis,

261 sothe increased IBD observed in GOUNDRY is not likely attributable to a difference in
262  sample preparation. Low DNA input could also lead to artifacts in sequencing, but the
263  total mass of DNA used for library preparatidid not differ between GOUNDRY and

264  the other samples that were all sequenced together (Table S1). In general, DNA mass
265 and handling was similar between GOUNDRY and the other populations examined here
266 that do not harbor long IBD tracts, suggesting tbahgslifferences cannot explain the

267  signals of increased inbreeding in GOUNDRY.

268

269

270

271  Inbreeding-phenotype association test

272 Since 12 GOUNDR genomes is not a large enough sample size for association
273  testing, we obtained SNP genotype data for 274 GOUNDRY individuals who had also
274  been phenotyped in a Plasmodiumfection experiment as part of an independent study
275  (Mitri etal. 2015) Full details of lllumim SNP chip assay design and data collection and
276 infection experiments are available in that publication but will be summarized here.
277  Briefly, larvae were collected ithree villages in centrdurkina Fasoandraised to



278  adulthood in the laboratory where females were giRksmodium fal ciparum-infectious

279  bloodmeals from local volunteers. Fully fed females were disseédethys later for

280  oocyst quantification and DNA extraction. For the lllumina SNP chip, SNPs were

281 identified from raw sequence reads generated for genome sequencing projects for A.
282  coluzzii andA. gambiae as well as from independent deep sequencing efforts. DNA

283  hybridization and genotype calling were conducted using standard procedures followed
284 by stringent quality filtering of genotype calls and independent confirmation using

285 duplicate hybridizations and independent Sequenom assays using a subset oNV&NPs
286  used a set of SNPs distributed approximately uniformly across the autosomes. Among
287  these sites, we included only sites (n = 678) that were variable in the GOUNDRY

288  subgroup.

289 We used ngsF (Vieirat al. 2013) to estimate inbreeding coefficients for each of
290 the 274 females using the SNP genotype data as input. Since genomic estimates of
291 inbreeding coefficients are statistically noisy with less than 1000 SNPs, we used a

292  bootstrap approach by sampling the SNPs with replacement to make 1000 new

293  bootstrapped datasets of the same size, estimating inbreeding coefficients using ngsF.
294  Point estimates of the inbreeding coefficients were obtained by taking the mean of log 10
295 transformed bootstrap values and re-transforming the mean value.

296 To test whether infection prevalenwashigher in inbred individualsve used a

297  two-by-two ¥ test. The table cells corresponded to ‘infected’ and ‘not infected’

298 phenotypes as well as high and low inbreeding coefficients. Since the distribution of
299 inbreeding coefficients was not bimodal, we categorized individuals as either ‘high’ or
300 ‘low’ inbreeding levels basedhonvhether their inbreeding coefficient was above or below
301 a cutoff value, respectively. We included tawdoff values: 1F = the median

302 coefficient value of 0.026, and 2) The maximEkrastimated from genome sequencing in
303 A coluzzi, which does not shosigns of inbreeding. To establish statistical significance
304 while preserving correlations among mosquitoes within each blood donor cohort, we
305 randomly permuted infection phenotype among mosquitoes within donor cohort, and
306 recalculated thg® value. We comared the empiricaf value to 1&values from

307 permuted datasets in a etaled statistical testWe further tested the association and the

308 effect of blood-donor using the Cochraviantel-Haenszel procedure (cmh.test in R)
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that directly accounts for additional factors within the contingency test. To test for
correlations between inbreeding coefficients and the number of oocysts (infection
intensity), we fit a linear modeb relate inbreeding coefficients (log transformed) to the
number of oocyts (log transformed) with blood-donor as a factor in the model. Only

mosquitoes with at least one oocyst were included in this part of the analysis.

Results
Genome Sequencing and Population Genetic Analysis

We have completely sequenced the genomeg @ield-capturedemale
Anopheles GOUNDRY mosquitoes from Burkina Faso and Guinea using the lllumina
HiSeq2000 platform We compared these genomes to full genomes Aaoluzzi
(n=10), A. gambiae(n=1) and Anopheles arabiensis (n=9).Most individuals were
sequenced to an average read depth of 9.79x, while one individuditaach
GOUNDRY, A. coluzzi, and A. gambiaewas sequenced to at least 16.4Rable S1)
We also usegublidy available genome sequences frénopheles merus (Anopheles
gambiae 1000 Genomes Project) as an outgroup. We conducted population genetic
analysis of aligned short-read data using genotype likelihoods and genotype calls
calculated using the probabilistic inference framework ANGSD (Korneliussen et al.
2014).

Genetic Relatedness Among Species and Subgroups

To determine th@enetic relationship of the GOUNDRY subgroup to other
known species and subgroups of Anophehee calculated an unrooted neighlpaning
tree based on genomede genetic distancd{,) at intergenicsites (Figure 1) Previous
findings indicated that theecently discovere@OUNDRY subgroup of A. gambiaesi a
genetic outgroup to Aoluzzi (formerly known as M molecular form) and A. gambiae
(formerly Sform) (Riehle et al.2011). However, our data indicatatlGOUNDRY is
actuallygenetically closer té. coluzzii (Dgac = 0.0109; 100% bootstrap suppdhan
either group is to A. gambiaéDag = 0.0149; Qcag = 0.0143).

It has been speculated that GOUNDRY may be a recently formed backcrossed
hybrid of A.coluzzii andA. gambiae (Lee et al.2013). This hypothesis also predicts that



340 GOUNDRY will be segregating chromosomes that are mosaics of haplotypes derived
341 from A. coluzzii and A.gambiae, and therefore most, if not all, polymorphisms found in
342 GOUNDRY should also be found in one of these putative parental tax@ntrast, we
343  find 7,383 fixed differences betwedncoluzzii and GOUNDRY [excluding 2L since it is
344  dominated by the large 2linversion known to ha crossed species boundaries

345 (Fontaine et al 2015)], of which 27% are putatively GOUNDRSpecific alleles not

346  shared withA. gambiae, A. arabiensis or A. merus GOUNDRY shares an allele withe
347 A gambiaeindividual sampled here an additional 31.5% of the fixed sites, although
348 this number may increase if more A. gambisgmples are includedrheseresults do not
349  exclude the possibility of gene flow between GOUNDRY and A. gamida¢ they failto
350 support the hypothesis that GOUNDRY is simply a very recent hybrid of A. cobumdii
351 A gambiae. Insteadthe substantial number of putativ€lOUNDRY-specific fixed

352 alleles support GOUNDRY as a unique subgroup that may have originated as an offshoot
353 of A coluzzii and experienced subsequent gene flow from A. gambiae

354

355 Originsof GOUNDRY

356 It has been hypothesized that the advent of agriculture iSahbran Africa ~5
357 10 kya played a role in driving diversification and expansion of Anopheles mosquitoes
358 (Coluzziet al. 2002). The twadimensional sitdrequency spectrum reveals substantial
359 differentiation in allele frequencies betveGOUNDRY andA. coluzzii with many fixed
360 differences differentiating these grougrsd is not compatible with a very recent origin of
361 GOUNDRY (Figure 2).To test whether the origin of GOUNDRY could have been

362 associated with habitat modification drivendayriculture, we fit four population

363 historical modelsvith increasing complexityFigure 2; Table 1; Methods) to the two
364 dimensional site fragency spectrum for GOUNDRY and éoluzzii using dadi

365 (Gutenkunst et al2009). The 2D spectra from the empiridata and the be$it model

366 for each demographic model are presented in Figure 2. We first fit a simpdpaocte,

367  split model with no migratio. The maximurdikelihood model under this scenario gave
368 a poor fit to the empirical data with a likelihood va(u¢ of -176,635.8. We then added
369 asymmetrical ngration to the model (one-epoch, split with migration), which resulted in
370 anearly three-fold improvement of the likelihood value improvement of the fit of the
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modd to the data with Lep-spimig = -59.896.75 -, providing strong evidence that
migration fas played a key role in the history of these taxa. Residual differences between
the 2D spectra from the model and the data (Figure 2), however, were unevenly
distributed across the spectra, suggesting that one-epoch models are missing potentially
importart features of the demographic histofiyo improve flexibility in the model fitting,
we fit both two-epoch and three-epoch population sgtit-migration models (Table 1).
Interestingly, the adding a second epoch did not result in a substantial improvement of
the fit to the data as indicated by the remaining large residuals and decreased likelihood
value (2-ep-spitmig = -59,949.49) relative to the one-epoch model. Adding a third epoch,
however, achieved a considerable improvement of the fit to theldad@sfiwmig = -
49,023.85). Residuals indicating differences between the model and data are also
presentednd suggest that deviations between spectra associated with the model and data
are well correlated

The besffitting threeepochsplit-with-migrationmodel (Table 1) predicts that
these subgroups diverged ~111,200 ya (95%6;718 — 125,010), followed by a 100-
fold reduction in the size of both subgroups after isolafidetiiods). The timing of this
model rejects any role of modern agricudtum sulgroup division, although it should be
noted that estimates of such old spities inherentlycarry considerable uncertaintpur
inferred model is ioonsistenby an order of magnitude with agriculture as a driving
force in cladogenesis amlmae consistentvith habitat fragmentation and loss due to
natural causes, potentiailycluding climatic shiftssuch as changes in pluviometry that
would lead to increased population size. The model supports afal8d@pulation
growth in A. coluzziiand 19-fold growth in GOUNDRY with extensive gene flow
between them ~85,300 ya, consistent with a re-establishment of contiguous habitat and
abundant availability of bloodmeal hosts. Interestingly, the model supports additional
population growth in both subgroups in the most recent epoch, which spans the last
10,000 years and coincides with the advent of agriculture. Any hybridization related to
secondary contacturing this periodhas not led to complete homogenization, as we
conservatively identified nearly 8,000 fixed nucleotide differences distributed across the

genomes of the two subgroups.
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Thedaes reported here depend on assumptions about both the physiological
mutation rate as well as the number of generations per year, neither of which are well
known in Anopheles As such, the details of these results would differ somewhat if
different estimates were useHdowever,we would have to invoke extreme values of
these parametetbat are outside reasonable expectation in order to obtain estimates for
the timeof the GOUNDRY-A. coluzzi split that coincides with the advent of agriculture.
Overall, the model suggesthatthe origin of GOUNDRY is not recent and both
GOUNDRY as well as A. coluzzihave both undergone bouts of population growth and
increased rates of hybridization in more recent evolutionary time.

The initial description of GOUNDRY (Riehle et &011) suggestetthat it
harbored lower allelic diversity than other sampled subgroups potentially suggesting a
small effective population size while being proportionally more numerous than other
subgroups ate time and place of collectiorODur model suggests that the recent
effedive population size is approximately 98,400 (95% CI 55,100 — 158,500) compared
to a recent Acoluzzii effective size of approximately 1,558,000 (95% CI 848,000 —
2,508,000). The disparity between recent effective sizes of these two subgroups suggests
that, while GOUNDRY may have been locally abundant at the time and place of the
initial study, it is not likely to be geographically widespread on a scale simiar to

coluzzii.

Novel X-linked chromosomal inversion in GOUNDRY

A large clustenof fixed differences (-530; Figure SBidentified between
GOUNDRY andA. coluzzi falls within a 1.67 Mb region on the X chromosome that is
nearly absenvf polymorphsm (Figure 3 despite sequence read coverage comparable to
neighboring genomic regions (Figurd)S The remarkably large size of the region
devoid of diversity would imply exceptionally strong positive selection under standard
rates of meiotic recombination. For comparison, previously identified strong sweeps
associated with insecticide resistance sggagproximately 40 Kb and 100 kb in freely
recombining genomic regions of Drosophila melanogaster and D. simulans, respectively
(Schlenke & Begun 2004; Aminetzaehal. 2005). The swept region in GOUNDRY is

marked by especially shaegolgegFigure3), implying that recombination has been
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suppessedt the boundaries this region. Collectively, these observations suggest that the
swept region may be a smalromosomal inversion, which we have naméudrX

keeping with inversion naming conventions in the Anopheagstem Notably, this

pattern is virtually identical to the pattern of diversity in a confirmddhXed inversion
discovered in African populations of D. melanogaster (Corbett-Detig & Hartl 201Phe

Xh region in GOUNDRY includes 92 predicted protein coding sequences (Table S2),
including the whitegene, two members of the gene family encoding the TWDL caticul
protein family TWDL8 and TWDL9, and five genes annotated with immune function
(CLIPC4, CLIPCS5, CLIPCS, CLIPC10, PGRPSL). The lack of diversity in the region
implies that the presumed>nversion has a single recent origin and was quickly swept
to fixation in GOUNDRY. We estimated the age of the haplotype inside the sweep
region to be 78 years with a standard deviation of 9.15 by assuming that all segregating
polymorphisms in the region postdate fixation of the haplotype (see Meth®desh
extraordnarily recent adaptation is consistent with the selection pressures relat&d to 19
and 20 century human activity such as insecticide pressure or widespread habitat

modification.

Xh isa barrier to introgression

Chromosomal inversions are thought to play important roles as barriers to gene
flow between taxa diverging with ongoing gene flow (Rieseberg 2001; Noor28@i.,
Navarro & Barton 2003), so we hypothesized that this putatilrekéd chromosomal
inversion in GOUNDRY may serve as a barrier to gene flow tittoluzzi. If this
inversion has acted as a barrier to gene flow with A. colwaziaxa undergoing
secondary contact after divergenae, wouldexpect the X chromosome to be more
diverged than the autosome and the inversion would be dngreged than other regions
of the X chromosome.

One approach to estimate differences in divergence among genomic regions is to
compare divergence between a focal pair of subgroups (GOUNDRX. aohlizzii) to
divergence between one of the focal groups and an outgroup (GOUNDRY and A.
gambiae) in order to scaleivergence levels by differences among regions in mutation
rate andhe effects of selection on linked sites. This approach estimates what is known
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as Relative Node Depth (RND = g\./Dcag, Where subscripts G, Aand Agindicate
GOUNDRY, A. coluzzii, and A. gambiaerespectively, and a higher RND indicates

greater divergence between the focal groups (Feder. 2005). We find that RND is

0.7797 on the autosomes and 0.8058 on the X, indicating higher genetic divergence
between GOUNDRY anA. coluzzii on X relative tahe autosomesTo explicitly test

whether such a pattern could be obtained under a pure split model with no gemweeflow
obtained expected values of Relative Node Depth (RND) assuming a phylogeny where A.
coluzzii and GOUNDRYform a clade withA. gambiae as the outgroup (Methods).

Our analytical results support the hypothesis that 5 downwardly biased on
the autosomes relative tasR on the X as a result of higher rates of gene flow on the
autosomes relative to the XVe find that under some @ganeter combinations (Figurg,4
RND decreases with increasing effective A.colum2DUNDRY effective population
size, which could resuih a smaller RND value on the autosomes since the autosomes
should have an effective siakleast as big as the X. However, most parameter
combinations suggest that this pattern is unexpected (i.e. most regions of the curves
predict that RND should increase with increasing effective population size), and the
estimate for the ancestral effective size of A.colt&DUNDRY we obtained in a
separate demographic analysis above suggests that these subgroups exist in a parameter
space where the RND function is consistently increasing with increasing effective sizes.

To test the second expectation thatithersion is more diverged than other
regions on the X chromosome, we compared divergence with A. caluzzindows
inside and outside of the inverted regionbsAlute sequence divergenthy is not
sensitive to detect differential gene flow for relatively recent changes in gene flow
(Cruickshank & Hahn 2014), and we expect that the putativewversion is likely too
young for measurable differees to have accumulated, so we tested for excess
divergence in the Kinversion usinga more sensitive approackor comparison, we find
that the inverted region is significantly more diverged between A. coluzzii and
GOUNDRY relative to the remaining X dmosome{,... (Xh) = 0.0103D;... (non
Xh) = 0.0071; MW P < 2.2x10%), but nucleotide diversity in Aatuzzi is also
significantly higher in this regiofr,. (Xh) = 0.0080:t,. (non-xh) = 0.0061; MW P <
5.49x10"), implying that the increased divergence could be partially explained by
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increased mutation rate in this region. However, when absolute divergence along the X
chromosome is explicitly scaled by the mutation rate inferred from levels of
polymorphism in the Acoluzzii sample D,), the putatively adaptive Xinversion

between GOUNDRY anA. coluzzi is proportionally much more divergent than is the
remainder of the X chromosomg,((Xh) = 0.0022D.. (non-Xh) = 0.0013; MW P <
4.89x10%: Figure 5). Although relative measures of divergence, su€h,aare known,

for example, to be confounded by reductions in nucleotide diveeditied to natural
selection on linked sites (Charlesworth 1998; Noor & Bennett 20@9pelieve that this
analysis is robust to these concerns bectigsseomparison is among only X-linked
windows and the region of interest is in a region of the chromosome that is highly diverse
in subgroups where there is no evidence of selective swEepre 3).

Both of these tests indicate that sequence divergence between A. @tdzzi
GOUNDRY is greater inside the putative inversion relative to the X as a whole, which
likely reflecs both the accumulation of a small number of new private mutations inside
the inversioras well as a greater proportion of shared polymorphisms outside the
inversion, consistent with higher rates of introgression outside the inversion. Taken
together with the demographic inference, the above results suggest that, after initial
ecological divergence between these t@approximately 100,000 years ago, this genomic
barrier to introgressiohas establisheith the face of ongoing hybridization only within
the last 100 years, presumably owing to the accumulation and extended effects of locally
adapted loci or genetic incompatibility factors witkieelarge swept/inverte®h region
on the GOUNDRY X chromosomeneiotic drive, or aneuploidy resulting from

nondisjunction in heterokaryotypes.

GOUNDRY isinbred

Unexpectedly, we found that GOUNDRY exhibits a deficiency of heterozygotes
relative to Hardy-Weinberg expectations and extensive regions of |dBgtiBescent
(IBD), a pattern that is not observed in any of our other Anopheles collectibrdividual
diploid GOUNDRY genomes are checkered with footprints of IBD, even though the
genome as a whole harbors substantial genetic variation indicating a relatively large

genetic (effective) population sigEigure &). The observation of stochastic tracts of
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IBD is most consistent with an unusually high rate of close inbreeding. To expliditly tes
for elevated inbreeding coefficients)( we used a maximum likelihood framework to

infer F for each individual without calling genotyp&¥e found that values of Fange

from 0.0087 to 0.2106 genome wide (Figug.SIn contrast, estimates of inbreeglin
coefficients for 10A. coluzzii genomes and 9 A. arabiensisgenomes were consistently
low (Fac < 0.03; Faa < 0.04). The relatively high inbreeding coefficients in GOUNDRY
suggest that this population has a history of mating among relatively closely related
individuals.

The lengths of these tracts provide information about the timing and nature of
inbreeding in the population since recombination is expected to break up large tracts
generated by recent inbreeding. All 12 GOUNDRY genomes analyzedrbemaked
by IBD tracts of various lengths, arttetspecific chromosomal locations of the IBD
regions are random and vary among the sequenced GOUNDRY individuals (Fagure 6
While many IBD tracts are relatively shasgveral individuals harbor tracts that sgan
40 cM (Figure 6¢). This mixture of tract lengths is most consistent with both a
generations-old history of inbreeding (short tracts) as wellieapossibility of mating

among halfsiblings or first-cousins (long tracts)

Effect of inbreeding on Plasmodium-resistance

Inbreeding is known to have detrimental effects on various phenotgpksling
resistance to parasite infectifidamiltonet al. 1990; Luong et al2007). To test whether
inbreeding in GOUNDRY increas@#rinsic susceptibility td°lasmodium falciparum
infectionin this group, we studied a larger panf 274 GOUNDRY females that were
experimentally infected with local wild isolates of P. falciparamd genotyped at 1,436
SNPs across the genome (Mdrial. 2015) After filtering, we estimated inbreeding
coefficients with the programgsF (Vieiraet al. 2013) using 678 autosomal variable sites
(Methods) and found that langes from 0 to 0.3797 in this sample of GOUNDRY
females (Figre S5. Although it is possibléhat some GOUNDRY individuals ateuly
not inbred, all 12 GOUNDRY individuals subjected to whole genome sequencing showed

significant evidence of inbreeding, so we suspect that the relatively sparse genotyping (1



555 pe ~400 kb) assay used on this panel of mosquitoes failed to capture IBD tracts in some
556 individuals.

557 Blood feeding experiments were conducted using five huphasmodium

558 gametocyte donors, and blood donor had a significant effect on both infection prevalence
559  (ANOVA; P = 1.593x10°% and intensity (ANOVA; P = 1.194x18). Importantly, the

560 distributions of mosquito inbreeding coefficients did not differ significantly between

561 blood donor cohorttANOVA, P = 0.0934).

562 Of the females thaefl on infectious blood-meals, 104 (37.9%) had no pesat
563 the time of dissection, and we asked whetherinfection prevalence is statistically

564  associated with inbreeding in the mosquito host. Inspection of the distribution of F

565 this sample indiates that categorizatiasf individuals as inbred or outbred is difficult

566  since a substantial proportion of individuals were assigned values of F clogei¢i@s

567 S5and S6) and even individuals from outbred populations suchcatuézii and A.

568 arabiensiscan have estimates ofds high as 0.03 or 0.04 (Figure S4). Therefore, we
569 used the median value of F estimated from genamde- SNPs inGOUNDRY (0.026)

570 and categorized mosquitoes as more inbFeel .026) orless inbredk < 0.026) We

571 useda ¥ test with this categorization approaohtestwhether higher inbreeding

572  significanty associatewvith higher infection prevalence and find that females with

573  higher inbreeding coefficients are overrepresented in the ‘infected’ Blas8.0205;

574 Table 2). We alsased the CochraktantelHaenszeprocedure to directly account for

575  blood-donor in theest for association and found very similar resuits 0.025 for

576  median cutoff). As an alternatiassignment approach, we defined the inbreeding

577  categories usg the highest inbreeding coefficient value obtained from full genome

578 sequencing o&n outbred population, A. coluzfF = 0.0292), which should be more

579  robust to statistical uncertainty than estimates from the SNP chimddfid that the

580 association i®n the borderline of significancP € 0.0546; Tabl®). These analyses

581 indicate that an increase in the proportion of genes with alleles that are Identical by
582 Descent maylecrease the ability of adult female mosquitoessstrearasite infection,

583  although the effect is small enough that detection of the association is sensitive to how

584 the distribution of F is categorized.
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We abkoasked whether the degree of inbreeding has an effect on the intensity of
infection (number obocysts per midgut). Of the 274 females that fed on natural
gametocytemic blood samples and were assayed for infection dfadusarbored at least
one oocyst, while the remaining 104 females were uninfected, corresponding to an
infection rate of 0.62. Among the infected females, infection intensity varied from 1 to
38 with a mean of 5.73 oocysts per individual. We fit linear models for mosquitoes fed
on each blood donor separately and find no significant correld®ior0(05) between

inbreeding coeftiients and infection intensity

Discussion

It is not known how many such cryptic subpopulations of Anophelést or how
much gene flow they share with described subgroups, although there is evidence gene
flow may be common (Lee et #2013). Epidemiological modeling and vechased
malaria control strategies must account for populations like GOUNDRY if they are to
effectively predict disease dynamics and responses to interv€@tibim et al. 2010).
Failure to account for such subpopulations will undermine malaria control e#srits
the case of the Garki malaria control project in Nigeria in the 1970s that did not account
for genetic variation in adult resting behavior and missed outdoor resting adults
(Molineauxet al. 1980) .

Here, we present an analysiscoinplete genome sequences from the pewl
discovered cryptic GOUNDRY subgroup of A. gambia®ur results help clarify some
outstanding questions raised by the initial description of this subgroush¥®\ethat, in
contrast to initiakuggestions (Riehle et 82011), GOUNDRY subgroup of A. gambiae
falls genetically withinAnopheles gambiae sensu lato and is not an outgroup.

GOUNDRY shows strongest genetic affinity withoaluzzii and therefore may be an
ecologically specialized subgroup ofadluzzii. The discrepancy betweenr findings

and previously published results is likely due to the fact that the first description was
based on a small number of microsatellite markedsSi¥Ps and was based on

differences in allele frequencwhile the current study isased on absolute sequence
divergence calculated from whole genome sequencing data, and therefore included both
shared and private mutations. Our demographic analysiesisghat GOUNDRY has
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existed for approximately 100,000 years and represents a recent example of the frequent
speciation dynamics in Anophelébat appears to be comm@@rawfordet al. 2015;
Fontaine et al2015). Since GOUNDRY was identified using@tdoor sampling
approach not common in previous studies, it was unclear whether or not this subgroup
may be more broadly distributed and justsampled. We estimate that the rece
(effective) population size of GOUNDRY is approximately 5% that alohuzzi,
suggesting that GOUNDRY is likely restricted to a relatively small regigheoSudan-
Savanna zone in West Africa.

In addition to thousands of mutations found to be putativeigue to
GOUNDRY, we identified a large GOUNDR3pecific genetic marker in the form of a
new putative X-linked chromosomal inversion that originated and fixed within
GOUNDRY within the last 100 years. It remains unknown whether positive selection or
meioticdrive has driven this inverted haplotype to high frequency and ultimately fixation
in GOUNDRY, but our results suggest that it may serve as a recent barrier to gene flow
with A. coluzzii, and potentially other taxa as wellCollectively, the datahow that
nucleotidediversity corrected divergence is higher inside the putative inverted region, the
inverted region as a chromosomal segment is the most diverged of all segments of the
same size on the X chromosome, and the X chromosome as a whote idiverged
among GOUNDRY and\. coluzzi relative to the autosomes. The most parsimonious
explanation for these patterns is that, although very few new mutations have accumulated
inside of Xh since its origin less than 100 years ago, ongoing gene flow befween
coluzzii and GOUNDRY has led to a greater density of shared polymorphism and
therefore lower sequence divergence in non-inverted regions of the X chromosome
relative to the inversion, especially distal to the inversion breakpoints. Theselezglilts
us to conclude that while cladogenesis of GOUNDRY and A. coluzzi ~100 kya by other
means established some degree of temporally fluctuating reproductive isolation, the
recently derived K putative inversion now serves as a genomic barrier to genedial
the effects of selection against migrant haplotypes or lack of recombination with non-
inverted chromosomes have begun to extend to linked sites outside the inversion

breakpoints.
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The observation that GOUNDRY is more closely related at the genome ledel to
coluzzii than toA. gambiae could be biased by higher rates of gene flow between
GOUNDRY andA. coluzzii as well as sampling bias caused by the fact that A. gambiae is
represented by only a single individual that was sampled from a different country.
Although we cannot formally rule out the possibility that GOUNDRY originated as
something other than a subpopulation of A. coluarid later experienced substantial
gene flow from A. coluzziithat led to genetic affinity in our analysis, the most
parsimonious explanation is that it is a subgroup that originated from A. coluzzi that has
experienced gene flow from multiple sympatric taxa over its history. The most
compelling piece of evidence that GOUNDRY is not a recent A. coluzzi-A. gambiae
hybrid-backcross is the presence of the large fixed haplotype on the X chromosome in
GOUNDRY that is not expected under the recent backcross miodalipport of this
notion, arecently published study (Fontaigeal. 2015) constructed similar distance
based trees using samples of A. gambiae from across the continent and found that
geographically disparate individuals were consistently interdigitated while exclding
coluzzii, suggesting that species assignment was more important than geography.

An additioral potential concern regarding our estimate of the demographic
modeling and our conclusion that the X chromosome is more diverged than the autosome
between GOUNDRY anA. coluzzii stems fronmintrogression betweef. gambiae and
both GOUNDRY andA. coluzzii. We showed in a companion manuscript that
GOUNDRY has imogressed with A. gambiaa the evolutionarily recent past (Crawford
et al. 2015), and the presence of A. gambiae haplotypes in GOUNDRY could bias our
demographic estimate of the split time since this introgression was not explicitly modeled.
A four-taxon modeincluding A. gambiae and A. arabiensisvould probably improve our
estimates, but the dimensionality of such a model would increase dramatiwhiyould
require much more sequence data than is availafeiourrent study. Introgression
with A. gambiae could also compromise our RND analysis in which this group was used
as an outgroup. For example, higher introgression between A. gambibthe ingroups
on the X relative to the autosome could result in an underestimate of the mutation rate on
the X chromosome and thus an inflation of the ingroup divergence. However, we showed
in a companion manuscript (Crawfagdal. 2015) that signals of introgressed haplotypes
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are concentrated on the autosome and absent from the X, suggesting that RND scaling
may be downwardly biased on the autosomes rather than the X. For these Aeasons
gambiae is not an ideal outgroup for an RND analysis, but it is suitable for our purposes
and a low rate of introgression fraims taxon is not likely to bias our results.

Perhaps the most unexpected feature of GOUNDRY is the high degree of
inbreeding in this population. We emphasize that the deficit of heterozygosity and
presence of unusually long IBD tracts that we observe in GOUNDRY are notal typic
function of persistentlgmall population size. The inbreeding that we see here is
different from the strong drift that would be associated with small effective population
sizes over many generations, and which would manifest as generally low levels of
nucleotide diversity across the genome. Instead, the observed pattern indicates that some
proportion of individuals in an otherwise relativédyge population tend to mate with
closely related individualsAlthough IBD patterns in GOUNDRY are not castsnt with
a long term small population size, in principle it could reflect a very recent and severe
reduction in population size, perhaps related to a strong insecticide pressure. The full
insecticide resistance profile of GOUNDRY is unknown. It waswshpreviously that a
resistance allele &tr is segregating in this populati¢Riehle et al.2011), although the
resistant and susceptible alleles are segregat HWE and the kdr allele is segregating
at a similar frequency in our sample (Table SIfis suggests that this locus has not
been subject to recent severe selection pressure in GOUNDRY.

We propose four hypotheses to explidia inbreeding signal in GOUNDRY.

Two hypotheses involve the evolution of modified mating biology wkep&NDRY
individuals1) have preference for mating with related individuals, or 2) mate
immediately after eclosionTwo additional hypotheses involike spatial distribution of
mating where GOUNDRY individuals either return to their larval habitat to mate or
suitable habitats are rare so they return to the same habitat by necessity. In both
scenarios, GOUNDRY would exiats a series of micrpopulations, perhaps related to
habitat fragmentation, where the likelihood of mating with a related individual is higher
than that of larger populations such asdwuzzi or A. gambiae The first two

hypotheses are biologically less plausible and are not supported by the patterns of IBD

tracts since we do not observe a ‘mate preference’ locus that is inbred in all individuals or
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uniformly long IBD tracts as predicted by these scenaridee spatiatistribution
hypotheses predict a distributionraixed sizedBD tract lengthseflecting mating
between both close and more distant relatives by chanaedafzuare consistent with the
spatial hypotheses, although additional field studies are needed to identify suitable
GOUNDRY habitat and test these hypothesesctly. Such dynamics have not been
previously observed in mosquito populations, which are thought to typically be large and
outbred.

Inbreeding is known to have negative fitness consequences in some cases
(Hamiltonet al. 1990; Luong et al2007) Detrimental effects of inbreeding can be
caused either directly when individuals become homozygous for less fit alleles at a given
gene or indirectly when overall vigor of an individual is reduced due to exposure of
multiple small effect recessive mutatioi@harlesworth & Charlesworth 1987Reduced
immune performance is one possible effect of inbreeding, which could have implications
for public health if Anopheles mosquitoes become more effective vectors of Plasmodium
parasites. We show here that the degree of inbreeding is positiNedit weakly,
associated witinfection prevalence Our results show that the odds of an individual
with even moderate inbreeding coefficient getting infected are 65% gtleatefor
individuals with very low inbreeding coefficients. Thas wbserved a significant
association at all is surprising given the coarse and noisy estimates of both relevant
parameters. Experimentalasmodium infections are notoriously difficult to control and
highly variable even among sibling females (Medley el@03; Niareet al. 2002).
Moreover, our estimates of inbreeding coefficients are based on a relatively small number
of variable sites (~650), which corresponds to an average SNP density of 1 per ~400 kb.
Given the large number of IBD tracts that are smaller than 400 kb (Figure 6), our
estimates are likely to miss many smaller IBD tracts andlibusderestimates of true
levels of IBD within these genomes. As such, improved estimates of inbreeding may or
may not bolster the significant trend indicating an effect of inbreeding on infection status.
Inbreeding coefficients did not, however, explain variation among individuals in the
intensity of infection, although increasing the sample size and accuracy of the inbreeding
coefficients may change this conclusiowhile it remains possible that our rough
parameter estimates inhibit this level precise correlati@mgle Plasmodium oocyst can
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be sufficient for successful transmission of the parasite. Thus, an increased odds of
getting infected, regardless of how intense the infection becomes, could still have serious
epidemiological consequences. More work is needed to determine the ecological and
population dynamics leading to inbreeding in GOUNDRY, but it is possible that
anthropogenic interventions such as intense insecticide and bed-net eradication
campaignscould in principle lead to increasebreeding in other populations as well.
Such inbreeding could be especially problematic if it causes, as our results suggest,
increased efficiency in parasite transmission antbagemaining small pockets of
mosquitoes that escape eradicatitrthis is the case, the combination between the
potential side effects of intense eradication efforts and ecological specialization of
subgroups across time and environmental space may roal®ate interruption of local
parasite transmission difficult.

In many ways, GOUNDRY has proven to be an atypical subgroup within the well
studied Anopheles gambiae species complex underscoring our incomplete understanding
of vector population dynamics in this system. This study has provided answers to some
of the outstanding questions raised around this subgroup while generating still new
guestions that are difficult to reconcile. Our data suggest that GOUNDRY has existed as
an offshoot population from A. coluzzii for many generations, hybridizing with its
parental population for a substantial portion of its history, yet the most prominent
genomic barrier to introgression established only very recently. The process and
mechanisms that have kept these two taxa from collapsing back to a single gene pool
over their historyemains unclear and warrants further study. Moreover, we find
evidence for a history of extensive inbreeding within GOUNDRY that we hypothesize
could be explained by microstructure creating local breeding demes, yet this population is
thought to be exophilic and thus likdgss clustered. Whether GOUNDRY has
specialized within a rare and patchy ecological niche, has become less likely to fly long
distances, or has evolved in some other way that can explain this pattern remains an open
guestion for future study. Additional field studies and genetic analysis of this subgroup
are sure to help clarify many of these questions and help to understand the ecological and
evolutionary dynamics of populations with relevance to human health and otherwise.
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Tables

Table 1: Optimized parameter values and confidence intervals frorméxemum-
likelihood demographic model for GOUNDRY and A. coluzzbee Figure for

parameter descriptions.

Parameter Optimized Value 95% Confidence Interval
Lower Upper

6 (4NauL)? 180,914

Na° 126,252 88,916 150,976

Split Times

t1 259,220 114,087 396,171

t2 754,204 741,946 766,215

ts 99,235 93,113 105,754

tror 1,112,660 967,181 1,250,106

Population sizes

Nac1/Na 0.01 0.01 0.01

Nac2/Na 5.74 4.58 7.65

Nacs/Na 12.34 9.54 16.61

Ne1/Na 0.01 0.00* 0.08

Ng2/Na 0.19 0.11 0.32

Nga/Na 0.78 0.62 1.05

Migration rates

(4Nm)°

G1 into Ad 0.010 0.0047 0.02




932
933
934

935

G2 into A@ 1.29 1.25 1.33
G3 into AB 0.37 0.08 0.74
Acl into G1 0.080 0.00* 0.64
Ac2 into G2 1.17x10" 0.00* 0.0015
Ac3 into G3 1.50 1.44 1.55

a — hstead of estimating a confidence interval fevtfich itself is not model parameter
we solved for W and @lculated a confidence for this parameter. In the implementat

of dadi, Na is used to scale all other parameters in the model.

b — Ancestral population size was calculated from the estimatebgfdividing this value

by 4 times the number of sites times the mutation rate (see Methods above).

¢ — Values of Bim were calculated by multiplying the migration rate reportedduy

(2Nam) by 2 times the ratio of the effective size of the recipient populationNg:y.

over Na.

* indicates cases where the lower bound of the 95% CI was negative. This is not

meaningful, so we set these values to 0.

Table 2: Association between inbreeding fagents andPlasmodium infection

prevalence.
Cutoff® Inbreeding L evel® X*value P value®
Low High
Infected Not infected | Infected Not infected
0.0260 77 60 93 44 3.4870 0.0205
0.0292 81 60 89 44 2.2200 0.0546

a—Inbreeding coefficient class

of cutoff values.

permuted datasets in a oradldd test (See Methods).

b — Cutoff used to assign individuals to low or high inbreeding class. Individuals were assig

to low class if theifF value was less than or equal to this cutoff. See text for explanation ch

c— P values were calculated by comparing the empifiéalalue toX? values obtained from £0

ned

Dice

on



936 FigurelLegends

937

938 Figure 1. Average genetic relationships among species and subgroupsin Anopheles

939  gambiae species complex. Unrooted neighbor-joining tree calculated with the ape

940 package in R and drawn with Geneious software. Branches indicate genetic distance
941 (Dyy) calculated using intergenic sites (see Methods) with scale bar for reference.

942  Bootstrap support percentages are indicated on all internal nodes. Branch lengths and
943  95%Cls indicated for branches leading to A. merusand A. arabiensis

944

945  Figure 2: 2D-Site frequency spectrum and demographic model fitting of

946 GOUNDRY and A. coluzzi. A) Threeepoch demographic model. One and two-epoch
947  models have parameters from only first (Epoch 1) or first and second epochs, respectively.
948 N parameters indicate effective population sizes. The duration of each epoch is specified
949 by tparameters. Migration parameterblifd are included as functions of the ratio of

950 epochspecific effective sizes relative to thacestral effective size. We included

951 separate migration parameters for A. coluzzito GOUNDRY migration (Ramsc) and

952 GOUNDRY intoA. coluzzii (2Namcg). B) Autosomal, unfolded twalimensional site-

953 frequency spectrum (2Bfs) for GOUNDRY andh. coluzzi for empirical dataC) 2D-

954  sfs (top row) for maximum-likelihood models under four demographic models. Residuals
955 are calculatedor each model comparison (bottom row) as the normalized difference

956 between the model and the data (model — data), such that red colors indicate an excess
957 number of SNPs predicted by the model. See Table 1 for parameter values of-fite best
958 models under each demographic scenarios.

959

960 Figure 3: Chromosomal distributions of nucleotide diversity &t intergenic sites

961 (LOESS-smoothed with span of 1% using 10 kb non-overlapping windows). Low

962 complexity and heterochromatic regions were excluded. The strong reduction of

963 diversity on the X chromosome in GOUNDRY (Mb 8.47 — 10.1) corresponds to putative
964 chromosomal inversion X

965
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Figure 4: Modeling expected values of Relative Node Depth (Dgac/Daag). A)

Expected values of RND when ancestral population sizes are assumed to be equal.
Colors indicate the expectations under different relative split tilBg&xpected values

with teag Split time fixed to 1.1 (top) times the split time between GOUNDRYAand
coluzzi (tecac) or 1.5 times (bottom). Colors indicated relative effective sizes of ancestral
populations. Values are plotted as a function of the GOUNDBRWlZzzi effective size
(x-axis). Grey bar indicate$% confidence interval deographic estimate for
GOUNDRY-A. coluzzi ancestral size (see Methgds

Figure 5: Relative genetic divergence (D,) between GOUNDRY and A. coluzzii. D,
plotted as a function of nucleotide diversity ¢oluzzi) using only intergenic sites in
non-overlapping 10 kb windows. Low complexity and heterochromatic regions were
excluded. X-Free: freely recombining regions on X chromosome. X-Inv: region inside
putative Xh chromosomal inversion. Ngmarametric MarnsWhitney test indicatethat
relative divergence (f) is significantly higher inside IX(P < 2.2x10), consistent with

this region acting as barrier to gene flow.

Figure 6: GOUNDRY genomes harbor long tracts of I dentity-By-Descent. A)

Comparison between rates of IBD in one representative A. coluzzi diploid (black; ‘Ac’ in
figure) and one representative GOUNDRY diploid on the 3L chromosomal arm (Orange;
‘G’ in figure) plotted in physical distance. Top panel shows Leessethed estimate of
heterozygosity in 1 kb windows and bottom panel shows IBD tracts called with FSuite
(Methods). A. coluzz individuals do not harbor long IBD tracts, and heterozygosity
within GOUNDRY individuals is comparable to heterozygosity in A. collzziéept in

long regions of homozygosity. B) Genetic position and size of IBD regions (orange
bands) called with FSuite. C) Genetic position and size of IBD tracts called with FSuite
for six additional GOUNDRY individuals. Small breaks in long IBD tracts reflect rare

genotype errors causing erroneous break in IBD tract.
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