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Abstract

Speciation occurs when populations diverge and become reproductively isolateddnonthes.

Natural selection is commonly accepted to play a large role in this process and it has been widely

assumed that reproductive isolation often resultsagroduct of divergence driven by
adaptation.in allopatry. When such populations come into secondary contact, reinfor@ment
act to strengthen reproductive isolation, but the frequency and importance of tleisspsostill
unknown. Here, we explored genomic signatures of selection in allopatry and sympatry for loci
associated with'reproductive isolation using a natural primate hybrid zone. By agabaiiced-
representationisequencing data, we quantified admixture and population strucisseadawler
monkey hybridzone and examined the relationship between $pacstic differentiation and
introgression. We detected extensive admixture that was mostly limited tatbe cantact

zone. Loci with reduced introgression into the heterospecific genomic backgroundighe pa
expected for'loci associated with reproductive isolation due to selection against hybrids) were
significantly=more differentiated between allopatric parental populations than loci with neutral
and increased-introgression, supporting the hypothesis that reproductive isolatgrpioduct

of divergence in allopatry. Further, loci with reduced introgression showed gréterdiation

in sympatry than in allopatry, suggesting a role for reinforcement. Thus, our refletts r

multiple forms of selection that have shaped reproductive isolation in thesrsyé&/e conclude

that reproductive isolation may have initially been driven by divergence in allppatrlater

reinforced oy«divergent selection in sympatry.

Keywords: admixture, introgression, population genomics, genomic clingspeciation,
Alouatta
Introduction

Natural selection is considered to play an important role in driving speciation (Faink et
2006, Sobel et al. 2010). Divergent selection can contribute t@aspacvhen allopatric
populations encounter different habitats with different selective preqSaielsiter 2001, 2009).

Under such circumstances, it is expected that loci that underlie local adaptation will show allele
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frequency differences in populations under different environments (Schluter 200@grIg;if
allopatric populations encounter environments with similar selection pregsetguniform
selection), different adaptive mutations may be selected for (Schluter 2001 p2a@8se
differentmutations may result in similar optimal phenotypes. If populations that araesqeg
either divergent or uniform selection maintain geographic isolation, thutiagtgene flow
between them, divergence will proceed and the populations can become reproductatelg isol
over time. In either case, the rate of divergence will be contingent upon the raggasfom, the
strength of'selection, and the initial allele frequencies. It is widely assumed that reproductive
isolation can‘result as a4pyoduct of such divergence in allopatry (Schluter 2001, Wu 2001,
Sobel et al. 2010). This idea has rarely been tested empirically (Paysewebé&tgg 2016, but
see Kiliasretaly1980, Dodd 1989, Nosil et al. 2012a, Gompert et al. 2012b, Parchman et al. 2013,
JanousSekretali2015, Schield et al. 2017).

In sympatric populations, selection can directly favor reproductive isolation. diis c
occur in hybrid zones when hybrids are less fit than parental types and as a consequence,
individuals who/mate with conspéics have greater reproductive success than individuals who
mate with=heterospecifics (Butlin 1987). This process, called reinforcement, has traditionally
been considered to result in a strengthening of prezygotic barriers that preventntueh of
unfit hybrids (Butlin 1987, Servedio & Noor 2003). However, it has recently been extended to
include the evolution of any additional barrier effect in sympatry, including postzygutatas,
as a form of adaptive coupling of reproductive barriers (Butlin & Smadja 2018)réicheshcy at
which reinforcement occurs and its importance in shaping species diversity are open questions
(Servedio &Neor 2003, Servedio 2004).

Hybrid-zones offer a unique opportunity to test hypotheses about the contribution of
different forms of selection that shape reproductive isolation over the course of the speciation
process (e.g., Nosil et al. 2012b). They are particularly suited to empiricdigaves of the
genetic basis ofireproductive isolation as population gendtccda be used to infer differential
patterns-of introgression. Barrier loci (i.e. loci associated with reproductive isolation) should have
a signature of reduced introgression relative to the neutral expectation, wtectsesl by limited
gene flow as @onsequence of selection against hybrids (Barton & Hewitt 1985, Gompert &

Buerkle 2011a). If the genetic differences that contribute to reproductie¢iosoin the hybrid

This article is protected by copyright. All rights reserved



89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118

zone involve loci under selection in allopatric parental populations, we shoddteasee
higher differentiation in allopatric populations for barrier loci compared to neutral markers
(Payseur & Rieseberg 2016). If reinforcing selection shaped barrién ling hybrid zone, we
should expectto see greater differentiation in symgghtin in allopatry for these markers (e.g.,
Nosil et al. 2012b, Wang et al. 2014).

Here, we examined loctspecific differentiation and introgression using reduced-
representation sequencing data from a bimodal howler monkey hybridAtonatta palliata x
A. pigra) (CortésOrtiz et al. 2015) and from allopatric parental populations to test predictions
about the forms of selection acting on loci associated with reproductiveasolBite parental
species diverged ~3 MA (Corté&¥rtiz et al. 2003) and have many important differences in their
morphology*(Smith 1970, Kelaita et al. 2011), cytogenetics (Steinberg et al. 2008), social
systems (Chapman & Balcomb 1998, Ho et al. 2014), and loud vocalizations (Bergman et al.
2016) Throughout most of their ranges, palliata andA. pigra are allopatric, but their ranges
overlap in a narrow contact zone (~20 km, Cortés-Ortiz et al. 2007, Cntiese Nidiffer et al.
2018) in Tabasco, Mexico (Figure 1). It is likely that the contact zone in Talsafeoresult b
secondary-contact between the parental species after periods of isolation and range expansion
(CortésOrtiz_et'al. 2003, Ford 2006, Ellsworth & Hoelzer 2006). Despite the relatively large
degree of divergence betweanpalliata andA. pigra, reproductie isolation is incomplete, as
hybridization has been confirmed in the contact zone using molecular markerssumitels
showed that multigenerational backcrossed hybrids into each parental species are nearly equally
abundant, there are few intermedihgdrids, and no putative F1s (Cort@siz et al. 2007;
Kelaita & CortésOrtiz 2013). We have previously shown that there is a lack of introgression for
RY (the=¥=linked sex determination gene), suggesting that F1 males may be infeniéatie
(CortesOrtiz & Nidiffer et al. 2018). Consistent with this, anecdotal evidence suggests that there
may be a cost to hybridization as a previously identified intermediate hybridiidalet
produce offspring despite living as the only adult male in a group with two reproductively mature
femalesfor a period of seven years (LCO personal observation). We also found reduced
introgression for Xinked markers (Corté®rtiz & Nidiffer et al. 2018), consistent with the
“large X effect”, which suggests the X chromosopiays a disproportionate role in speciation
(Coyne & Orr 1989).
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For this study, we used ddRADseq data to assess the extent of genomic admixture and the
distribution of admixed genotypes acrossAbhauatta contact zone and identified loci that show
a pttern of reduced introgression (the pattern expected for loci associatedpnattuctive
isolation)relative to the genomic background, which is assumed to be mostly rigutral.
exploring the relationship between locgygecific differentiation and intgvession in the hybrid
zone, we tested the hypothesis that reproductive isolation results as a by-praivetgaince in
allopatry and that reinforcing selection in sympatry shapes reproductive ©awerlso
performedfunctional annotation for lobiat showed the strongest evidence for divergent
selection in'Sympatry to associate these regions with putative phenotypeseaimigecement
and evaluated the pattern of introgression for putativelipnked markers to test for a large X
effect. Ourresults are consistent with signatures of divergence in allopatry and reinforcement in
sympatry,indiecating that multiple forms of selection have shaped the evolution of ré®duc
isolation in this system.

Materials and Methods
Sampling

Our sampling included 181 wild individuals captured between 1998 and 2012 following
procedures described in Kelaita et al. (2011, 2013) and adhered to the University of Wschiga
Institutional Animal Care and Use Program standards (UCUCA permit #09319). Intbwickra
chasen from a larger pool of previously collected samples to maximize the geographic
distribution ofAlouatta in Mexico, as well as the representation of admixed genotypes present in
the hybrid zenex(i.e., individuals backcrossed fitpalliata, intermedia¢ hybrids, individuals
backcrossedsinté. pigra) as determined by hybrid index measured from 24 microsatellite
markers'(Corté®©rtiz & Nidiffer et al. 2018). Thus, our samples included 99 individuals from
the hybrid zone in Tabasco, Mexico (Tab), 38 allop&ripalliata from Veracruz, Mexico (Ver),
and 44 allopatrié\. pigra including 24 from Campeche, Mexico (Cam), 12 from Quintana Roo,
Mexico (QR), and 8 from Dolores, Guatemala (DG) (Figure 1).

Samples were kept on ice in the field and stored at -20°C upon arrival in the Igborator
Genomic DNA was extracted with the QIAGEN DNeasy tissue kit (Qiagen Inc., Valencia, CA)

following themanufacturer’s protocol for animal tissue extractions with the following
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149 modifications: 1) we added 100 ul of whole blood in lysis buffer solution (1:5 concenjrati

150 100 pl buffer of ATL, 2) we eluted DNA in 70 ul of water at 55 °C twice (re-usingdhe spin
151 column) to maximize DNA vyields, after incubating for 5 minutes at room temperature.

152

153 ddRADseqand genotyping

154 We prepared and sequenced four ddRAD libraries, following the Peterson et al. (2012)
155 protocol, each library containing DNA from 48 indluals (two libraries also included

156 individuals’sequenced for use in other projects). Briefly, we used the restrictigmes Sphl

157 and MIuCl to'digest 20@90ng DNA per sample, size selected fragments betweer836bp

158 using a 2% Pippen Prep gel (Sage Science, Beverly, MA), and sequenced librarielfuomraa |
159 HiSeqg 4000'machine at the University of Michigan Sequencing Core to obtain 150bp paired-end
160 reads.

161 We demultiplexed our data usipgRAD (Eaton et al. 2014), merged read pairs that

162 overlapped usmFLASH (Mago¢ & Salzberg 2011), and aligned both successfully merged reads

163 and unmerged reads (which were expected due to our size selection window) &dt iNewuhtta

164 palliata genome assembly (accession ID PVKV00000000) BW#A-MEM (Li 2013) using

165 default settings. This genome assembly was provided by the 200 Mammals Projectroathe B
166 Institute and Uppsala University (in press). We then called variants and generated a VCF file
167 usingsamtools mpileup (including options -u -gt-DP, DPR) andbcftools call (options -v m-O

168 ) (Li et al. 2009). After removing SNPs within 5bp of an indel and retaining variants with a
169 minimum quality score of 20, we obtained 6,415,368 loci (including SNPs and indels) that wer
170 subsequentlysfiltered in further analysesalifle S1).

171

172  Admixtureand population structure

173 We first usedastStructure (Raj et al. 2014) to quantify admixture proportions and to

174  assign admixed: (hybrid) or n@dmixed status to individuals. Because we were interested in
175 detecting:hybrid individualsye ran ten replicates using the simple prior to infer admixture

176 proportions (Q) with the number of clusters (K) equal to two, reflecting the parental species.
177 Here, admixture proportions are an estimate of the proportion of the genome inlnenitekth

178 parental species (i.e., whereg (@ the proportion from parental species 1 andsQhe proportion
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179 from parental species 2 and ® Q. = 1). For simplicity, we only report {as the proportion of

180 the genome inherited from pigra.

181 Because our sampling sites are geographically widespread and there may be some within
182 population structuring, we ran an additional ten replicates for each K between 3 to@¢o ens
183 that imposing K=2 on this system did not affect our ability to detect hybrids. We used the

184 fastSructure script ‘chooseK.py’ to detect the number of clusters that best fit our data. We also
185 examined the correlation between admixture proportipar@ hybrid index as calculated bgc

186 (see below) forthybrid zone individuals using the Pearson method in R.

187 We limited ourfastStructure analysis to biallelic loci (those with different alleles between
188 species or intraspecific polymorphism) with low missing data acrossduodis. To do this, we

189 usedbcftoolsandvcftools (Danecek etla2011) to filter loci by removing indels, ndnallelic

190 sites, sites'with'a minor alleles frequency @01, and sites with a minimum mean depth across

191 individuals of less than 10. Because we did not apply a depth-per-read thresholtinipr cal

192 genotypes, we discarded sites with missing genotypes in more than 50% of individuajs to onl
193 include sites'with high read depth. To reduce effects of linkage and comply with @essropt

194 thefastSructureemodel-based approach, we also thinned sites within 200bp of each other and
195 discarded sites out of Hard)/einberg equilibrium in either of the allopatric parental populations.
196 This resulted in 74,448 SNPs, which we included irfakgStructure analysis (Table S1). Using
197 this dataset, we dropped 23 individuals from further analyses due to a high frequency ¢$80%
198 missing genotype data, which can affect confidendasi®ructure results. In further analyses,
199 we identified hybrids as individuals with 0.05 < © 0.95, non-admixeA. palliata individuals

200 as Q < 0.05yqand non-admixedl pigra individuals as individuals with > 0.95. With this

201 datasetpweralso visualized structure among sampling sites using praocipdenent analysis

202 (PCA) implemented iltfNPRelate (Zheng et al. 2012).

203 Since our fastStructurenalyses identified individuals in allopatric populations with some
204 level of admixture (N = 11, Table S2), we dropped these individuals from further antalyse

205 avoid complications from including admixed individuals outside the hybrid zone in

206 differentiatian and introgression analyses. This reduced our dataset to include 81 individuals
207 from the hybrid zone (Tabasco), 32 allopaki@igra individuals, and 34 allopatri&. palliata

208 individuals (Table S1). All further analyses only included these individuals.
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Genomic cline analysis

For our analyses of genomic clines and genetic differentiation, we filtered loci to increase
confidence'in‘genotype calls and to maximize information about ancestry. To do this,imegireta
biallelic loci with a minimum mean depth across individuals of 30, loci with a minor allele
frequency of 0.05, and loci that were present in at least 80% of individuals in either parental
population. This resulted in 5,763 loci (Table S1) distributed on 2,883 contigs between 80.2 Kb—
1.28 Mb in'size(representing 18.8% of the total reference assembly).

To quantify introgression across loci and identify candidate variants withneeder an
association with reproductive isolation (i.e., reduced introgression comparegttal n
expectations)pwased genomic cline analysis implementetign (Gompert & Buerkle 2011a,
Gompert &Buerkle 2012a). Genomic cline analysis uses differential introgression to identify loci
that are more or less likely than the genomig@e average (assumed to be neutralhtagress
between populations. For each lod; uses the cline parameter B to quantify the amount of
introgression, with B < 0 indicating greater than expected introgression and > 0 indicating
reducedrintrogression with respect to the genamnake- average. Loci showing evidence for an
association with' reproductive isolation (barrier loci) are expected to have reduced introgression
(B > 0) due to selection against hybrids.

We.ran genomic cline analyses under the genotype uncertainty model (appfopriate
next-generation sequence data, Gompert et al. 201Pgy ifior five independent chains, each
with a burn-in of 30,000 for 50,000 steps, and thinned samples by 20. We then merged outputs
and identifiedBroutliers from MCMC output as loci with a 95% credible interval that does not

overlapszero:

| dentifying putative X chromosome markers

To allowsus to test for restricted introgression of the X chromosome, we ud&dd NC
BLASTN:(Altschul et al. 1997) to associaikouatta contigs with genes on the X chromosome in
humans. We expect genes on the human X to eked in Alouatta since gene content and
order is highly conserved across mammals (Delgado et al. 2009), aldubia X appears to

be highly similar to the human X (Steinberg et al. 2014). We downloaded unique, unspliced
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human X chromosome genes (GRCh38.p12) from Ensembl (Zerbino et al. 2017) using the online
BioMart tool. We assumed any locus to be putatively X-linked if any of the human X gene
sequences had a BISTN best hit£max_hsps 1max_target_segs 1, otherwise default settings)

to the sam@louatta contig and the percent identity of the aligned sequence was >85%. Using
these criteria, we identified 191 putatively X-linked loci on 90 contigs in our datacset. T
determine_the pattern of introgression for the X chromosome, we visually irdteeigattern of

introgression for this subset of putativelyiXked loci.

Genetic differentiation

Locl influenced by divergent selection are expected to show elevated diffecentiati
(Beaumont-&Balding 2004, Gompert & Buerkle 2011b). We measured $pacsfic
differentiationswith the method of Weir & Cockerham (1984) implementedfinols (Danecek
et al. 2011) using the same dataset as for our cline analysis. For allopatralgaspulations,
we tested for differences in the distribution @i Falues between loci that showed reduced
introgression in'the hybrid zone, those with neutral introgression, and those wegsextr
introgressionsusing ANOVA and detected paise differences between each category using the
Tukey Honest:Significant Difference method, both implemented in base R v3.4.1 (R Core Team
2017). For analyses of differentiation in sympatry, we calculageth&tweenrA. palliata-like
(mean Q < 0.5, N = 54) and\. pigra-like individuals (mean @> 0.5, N = 27) in the hybrid
zone. We included the same set of loci for each comparison, but when we separated the samples
into allopatric and sympatric populations, some loci were no longer polymorphic. Thus, for
comparisonsswhere sites were monomorphic and at sites where there was more variation within
than betweenspopulationsdf< 0), we report Er = 0. We compared the distribution means of
Fst in sympatry and & in allopatry for loci with reduced anceutral introgression using a
Wilcoxon Rank ' Sum test and by fitting a linear model to the relationship betweertvioese
variables in R.If reinforcing selection contributed to reproductive isolati sympatry, we
would expect loci to have highegfin sympatry than in allopatry and to see a relationship
between the two variables that differs from a 1:1 linear relationship, which would be assumed if
divergence in sympatry is equal to divergence in allopatry (i.e., no reinforcement).
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Genomic basis of reinforcement

To explore potential functions of loci with reduced introgression that showed strong
evidence for divergent selection in sympatry, we identified homologous human protein-coding
genes nearthese loci. We first identified the set of loci withceeldutrogression (> 0) that had
greater k1 in sympatry than in allopatry §rsympatry— Fsralopatry™> 0, N=104), i.e., those with a
signature of reinforcement. To focus our search on regions showing only evidence for
reinforcement and not divergence in allopatry or adaptive introgression, we excardigs that
also contained > 0 loci with greater Fsr in allopatry than in sympatry and contigs that also
contained § <0 outliers. This resulted in 93 loci on 79 contigs. We then ranked loci by the
difference in Ersympatry— Fsralopary@nd took the top 10% of loci with the greatest difference as
candidaterloei'showing strong evidence for selection in sympatry. For each locusragtedxt
the entire eontig from thalouatta genome assembly and used thCSC genome browser online
BLAT tool (Kent 2002) to identify its position in the human genome (version GRCh38/hg38).
We BLAT searched the first and last 25kb of sequence separately fokleaatia contig and
took the outermost coordinates from each alignment so that we could identify humathgenes
occur betweensregions for each contig (Table S3). For each region, we ensured thanalignm
orientation, length, and span of human genomic positions were consistent witki eeatta
contig, suggesting #t the human genomic regions are collinear and we can assume these genes
are also present on tidouatta contigs. We then used biomaRt (Durnick et al. 2005, 2009) to
obtain all human protein coding genes within each region. Finally, we identified mammalia
phenotypes associated with each gene using the Mouse Genome InformaticbdMiGHuery

tool online(URL:_http://www.informatics.jax.or@ccessed May 2018).

Results
Structure and admixture
Across ten replicatiastSructure runs for each K betweer-8, maximum likelihood
scores were highest for K=2 (Figure S1A). Model complexity that maximizegmablikelihood
was equal to two in each replicate, and the number of model components used to explain
structure in the data was equal to two in four replicates and equal to three in six replicates (Figure

S1B). Admixture proportions using K=2 and K=3 were very similar due to extremely low

This article is protected by copyright. All rights reserved


http://www.informatics.jax.org/�

299 assignment values for each individual to the third clusigeh{ Q < 0.0001) in nine of 10 K=3

300 replicates (Figure S2). Further, hybrid index scores inferred ibigmwvere closely correlated

301 with fastSructure's Q; at K=2 (r = 0.996, P < 2.2X16) (Figure 2B). Together, these results

302 indicate that' K=2 best desceb our data and that our use of admixture proportiowa3

303 appropriate in assigning hybrid status to individuals. Thus, we report mesgof@s across our
304 ten K=2replicates (Figure 2, Table S4).

305 Concordant with our previous analyses using microsa&etidarkers (Corté®rtiz &

306 Nidiffer etal. 2018), oufastSructure analysis at K=2 shows that most individuals in the contact
307 zone are multigenerational backcrosses to either parental species and there are few intermediate
308 hybrids (Figure 2). Out of 81 indduals, we identified five with an intermediate admixture

309 proportion(04> @< 0.6). Although admixture is mainly restricted to the contact zone, several
310 individualssinsCampeche also appear to be admixed, along with a single individual imQuinta
311 Roo and two individuals in Veracruz (Figure 2, Table S4). In Campeche and Quintana Roo, most
312 admixed individuals ar@. pigra-like (Q1 > 0.6), concordant with the geographic range of the
313 parental species that inhabits those locations. Similarly, the admukgdtlirals in Veracruz have
314 predominantlyA=palliata ancestry (Q < 0.2).

315 The PCA results are largely concordant withfdstStructure K=2 analysis, suggesting

316 that the set of variants used to detect hybrids robustly discriminates the parental species fr
317 each other and from hybrids (Figure 3A). PC 1 explains 55% of the genetic variation among
318 individuals and clearly separates allopatric populations (with the eanegftadmixed

319 individuals detected outside the contact zone). Thus, not surprisinglyjP&rongly correlated
320 with thefastStructure admixture proportion Q(r = 0.98, P < 2.2 x 18, Figure 3B). PC 2

321 explains=2:4%»of the genetic variation among individuals and seems to primaridydotated

322  with population structure among sampling Sigthin A. pigra.

323

324 Differential introgression across loci

325 We,found a small percentage of loci that were B outliers (Figure 4) consistent with non-

326 neutral introgression. There were 255 loci (4.4%) that showed reduced introgression (f > 0)

327 distributed on 20 contigs (1.2 loci/contig) and 319 loci (5.5%) with increased introgression (f <

328 0) distributed on 248 contigs (1.3 loci/contig). Only six contigs had loci with both reduced and
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increased introgression. The remaining 5,189 loci (90%) were consistent with neutral
introgression (p = 0). Of the 191 putatively X-linked loci, 183 (96%) had neutral introgression
(Figure S3). Five loci showed reduced introgression, three of which were tigkty lon the
same contig(within 12bp). Three loci showed increased introgression, all of wdrielonw
different contigs.

Genetic differentiation and its relationship with introgression

Locusspecific genetic differentiation between allopatric parental species was high overall
(mean kst = 0765) and ranged from 0-1 with a seemingly bimodal distribution with peaks near
Fst=0 and kr = 0.9 (Figure 5A). Of the 5,763 loci analyzed, 117 had fixed differengges=(F
1) betweenrallopatric parental species. Overall, differentiation was positively correlated with the
amount of intregression (P) in the hybrid zone, but the relationship was weak (r = 0.08, P = 6.21
x 109).

Mean Fst.for allopatric parental populations was not equal among [ categories (F =
85.93, P < 2.2 X 1¢P). Post hoc comparisons indicated that the distributions-ofhin each p
categorysweressignificantly different from each other (Figure 5B, Table S5), with B> 0 loci
having the highestdr (mean=0.85, range=0.31), and loci with B = 0 having the lowest Fsr

(mean=0.63range=61). f < 0 loci had an intermediate Fst (mean=0.78, range=qQ).

Comparison of differentiation in sympatry and allopatry

Genetic differentiation across loci was lower in sympatry (meagfpary= 0.55) than in
allopatry (mean:Eraiopary= 0.6). When loci are partitioned across P categories, Fsr was
significantlyshigher in allopatry than in sympatry for markers with neutral amdased
introgression (B = 0: mean Fstsympary= 0.544, mean drajopary= 0.628, P < 2.2 X 163, B<0:
mean Krsympary= 0.373, mean &rajopary= 0.778, P < 2.2 X 1tf). However, we found that for
loci with reducedsintrogression (B > 0), Fst was significantly higher in sympatry than in allopatry
(mean Brsympaty= 0.852, mean §raiopary= 0.850, P = 6.37 X 1. Although the magnitude of
the difference is small, this pattern seems to be driven by loci with intermediate differentiation in
allopatry having higher differentiation in sympatry, while loci with high diffegidn in
allopatry tended to also have high differentiation in sympatry (Figure 6A). The ifieaf |
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models to the data in each beta category showed that confidence intervals foretloé glegine
did not encompass one (Table 1), but was closer to one for loci with neutral irdrogi&sgure
6B).

Nine loci were included in the top 10% of f > 0 loci that showed the greatest difference in
Fst between sympatry and allopatry (Table S6). We identified regions of human chrora@&ome
4,7, 8,11, and 16 that seem to be homologous witAlthatta contigs containing these loci.
The human, regions contained 42 protein-coding genes, of which 28 could be associated with 420
mammalian phenotypes (MPs) in the MGI database (Table S6). Notably, severakgenes
associated with behavioBCARB2, BRPF1, 3. C5A2, KMT2A), abnormal embryonic/fetal
development or lethalitySHROOM3, BRPF1, CRELD1, TADA3, ARL13B, PROSL, KMT2A),
hair texturefRPC4, KMT2A), facial morphology $HHROOM3, CRELD1, KMT2A), and the
immune systeml TGAD, ITGAX, CD3C, CD3E, CD3G, KMT2A).

Discussion

We used reducerkpresentation sequencing to examine admixture, population structure,
introgressiongand its relationship with loeggecific differentiation in a natural primate hybrid
zone system..Our results are consistent with the hypothesis that reproductive isolation results as a
byproduct of divergence in allopatry and we detected a genomic signature of reinforcement

sympatry,indicating that multiple forms of selection have shaped speciationsgdtam.

Admixtureand population structure

Wefound a bimodal distribution of admixture proportions in the hybrid zone. Early
generation-hybrids are rare and multi-generational backcrosses dominate. Enisipédrgely
consistent with our previous analyses using a smallf seicoosatellite markers (Corté3rtiz &
Nidiffer et al. 2018). However, we detected admixture in areas where the parental species are
thought to be allopatric. We detected a few admixed individuals east of the contact zone in
Campeche and Quintana Roo and west of the contact zone in Veracruz. In additiorotoautos
markers, we previously amplified a Y-linke8RY) locus, X-linked loci including the
microsatellite locus HAM80, as well as the mitochondrial control region for most individuals

sequenced irhe study (Table S2). Considering the sex-linked genotypes for these individuals

This article is protected by copyright. All rights reserved



389 together with the admixture proportions calculated in this study, it is clear that these individuals
390 are not F1 hybrids. Due to the apparent absence of non-admixed individuals of the opposite
391 species in these areas, and their distance from the contact zone (~200km or greater), we suspect
392 that the presence of admixed individuals in these regions is likely due to eitgetistance

393 migration from the contact zone, movement of animals by humans, or to past intoygdessig
394 a period when the contact zone occurred in a different location than in present deasaince
395 shifted. It will be possible to test the hypothesis that the hybrid zone has moved by looking at
396 linkage disequilibrium (LD) in a geographic transect across the hybrid zaheheiexpectation
397 that LD will'increase in the direction of movement due to decay over timeeaslaof

398 recombination (e.g., Wang et al. 2011).

399

400 Introgressionvinithe hybrid zone

401 We found evidence for differential introgression in the hybrid zone. The majority of loci
402 exhibited neutral introgression, but a small percentage of markers showed ertregression
403 (Figure 4). We were particularly interested in loci with reduced introgtegs > 0) as this

404 pattern istexpected of loci associated with reproductive isolation. Wil 255 such loci.

405 These loci were' distributed on 206 contigs, which may support the hypothesis that repeoducti
406 isolation has a genomeide basis (Parchmaet al. 2013, Scordato et al. 2017). However,

407 because thA. palliata genome is not assembled to chromosdenel, it is possible that these

408 contigs may be physically linked.

409 Point estimates of f were much less variable for loci with a pattern of reduced

410 introgressions(f=> 0) than for loci with a pattern of increased introgression (B < 0), particularly

411  for B outlierss(Figure 4). These coincident § > 0 clines may be a reflection of the coupling of

412 multiple barrier effects in the hybrid zone (Butlin & Smadjd ). Recent admixture between
413 divergent populations causes correlations between linked loci that persistaswegemerations
414 (Stephens et als 1994, Verardi et al. 2006), so the effects of indirect selecti@nmgalobarrier
415 loci can‘be strong in hybrid zones. TAeuatta hybrid zone is bimodal (Corté3rtiz & Nidiffer

416 et al. 2018) and differentiation is high between the parental species (BAju I admixture

417 linkage disequilibrium is likely high. Thus, strong barrier effects may infludreghole
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genome via indirect selection (e.g. Szymura & Barton 1991), making it difficult tofid&oti
underlying individual barrier effects (Butlin & Smadja 2018).

In a previous analysis, we found a complete lack of introgression for a Y-linked marker
and Imiteéd t6"no introgression for threelked markers (Cortés Ortiz & Nidiffer et al. 2018),
consistent with other studies suggesting the sex chromosomes may play an impertant rol
reproductive isolation (Tucker et al. 1992, Masly & Presgraves 2007¢xpénded upon these
results by identifying putatively X-linked markers in our reducgglesentation dataset based on
sequenceomology to known X-linked human genes. Of 90 putatively X-linked contigs, three
had loci that'Sshowed reduced introgression and three had loci that showed increased
introgression, while the remaining contigs had loci with neutral introgressigur¢FS3). These
results maysindicate that few regions of the X chromosome underlie reprodsotat®n in this
system, although our interpretation may have limitations. First, we may have eieiadg loci
as putatively Xlinked due to divergence between tleuatta assembly and human gene
sequences. However, the mammalian X chromosome is known to be highly conserved across
mammals (Digado et al. 2009, Mueller et al. 2013), only 146 of 2,367 human X genes did not
have a matehsin th&louatta genome assembly, and percent identity was generally high across
BLASTN hits.(mean = 89.5%). Second, although the X is highly conserved, New pYionates
are known to have a high rate of chromosomal rearrangements (de Oliveira &2 pIn2ding
autosomee-sex chromosome translocationsAipigra andA. palliata (Solari & Rahn 2005,
Steinberg et al. 2008, 2014). Thus, many loci we considered to be autosomal may be on regions
translocated to the X. Validation of chromosome-linkage for assembly contigs and égly de

genotype dataacross the genome will be desirable to overcome these limitations

Loci with reduced introgression are highly differentiated in allopatry

We found that, compared to neutral loci and loci with increased introgression, tloci wi
reduced introgression were more highly differentiated in allopatric parentagpiopsl(Figure
5B), suggesting a role for selection in driving reproductive isolation ageoolyct of
divergence in allopatry. As such, it seems likely that in this system, some level of reproductive
isolation was already present upon secondary contact.
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Because allele frequency differences are a prerequisitedting introgression, the
amount of locus-specific introgression and differentiation may be non-independenat®ins
have shown that when overall differentiation is low(E 0.1) spurious correlations betweesy F
and genomic cline parameters @atur in the absence of selection (Gompert et al. 2012b).
However, this should not be much of an issue here since mean differentiatiotivslyetegh
(Figure 5A). Further, such an effect should shape the relationship betwieemnl B similarly for
loci across B.categories and thus would not explain why Fsr is greater for loci with nomeutral
introgression.

Our results mirror the few studies that have examined the relationship between locus
specific differentiation and introgression in animals. Bniakins (Parchman et al. 2013) and
lycaenid butterflies (Gompert et al. 2012b), loci with non-neutral introgressiorshbwed
elevated differentiation in parental populations compared to neutral markgrs.House mouse
hybrid zone, JanousSek et al. (2015) also observed higher differentiation for markenesdwited
introgression, but contrary to our findings, loci with increased introgression showed low
differentiation compared to neutral markers. These results are consistent with the hypothesis tha
reproductivesisolation arises as a byproduct of selection in allopatry, althoughogeize that
locus-specific.differentiation and introgression are determined by the comf#eaction of
many factors and that disentangling the effects of selection from other processes can be
challenging (Beaumont & Balding 2004, Gompert et al. 2012c). For instance, high diftevantia
can occur In regions of reduced recombination due to low levels of veipieicies diversity
possibly confounding any signals of divergent selection (Cruickshank & Hahn 2014). Therefore,
elucidatingsthescause of elevated differentiation for loci with reducestjirgssion will provide
key insightionsthe genetics of reproductive isolation.

Although differentiation between allopatric parental populations was greatédstifwith
reduced introgression, it was not extremely high for all markers with reducegregsion
(Figure 5B). Similarly, we observed neutral and increased introgression for markers with very
high, moderate, and no téfentiation (i.e. from Er= 0 to Fst= 1) (Figure 5B). These
observations are similar to those in other hybrid zones (e.g., JanousSek et al. 2015, Salhield et
2017) and are likely a reflection of the complexity of the interaction between ge|eatift and

recombination and suggest that these forces vary across the genome. Despite the mechanism of
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divergence, this also demonstrates that high differentiation in allopatry is not a perfect predictor
for reproductive isolation.

With the data presented leeit is not possible to quantify the contribution of drift to the
divergence ofloci associated with reproductive isolation. However, if the tyapbioci
associated withireproductive isolation in this system diverged via genetjowdrimight expect
to see a similar distribution of locgpecific Fst for loci with reduced introgression and those
with neutral introgression. Instead, we observed a significantly greaterfaetor loci with
reduced introgression (Figure 5B, Table S5). Further, it has been recognized thghattieou
theoretically'possible, drift alone is unlikely to result in reproductive isolation (Turelli et al. 2001,
Sobel et al. 2010). Phenotypes with the potential to be associated with reproducti@nisol
(e.qg., sterility/fertility phenotypes) are likely to be subject to selectitiimspecies and are thus
not likely tesbedriven to fixation by drift.

Distinguishing the effects of divergent ecological selection from drift may bel use
understanding the role the environment played in shaping these species’ evolutidoayy his
Some have concluded, however, that ecology is rarely, if ever, divorced from specidttbata
multiplesmecehanisms likely contribute to and interact during the speciation process (&dbel e
2010, Templeton 2008), and, consequently, the idea that speciation occurs by either ecological
divergence or drift is a false dichotomy (Sobel et al. 2010). Regardless, feydtam, it will be
necessary.to take into consideration the possiltiiday any potential environmental differences
encountered during divergence may differ from those currently encountered considering the
estimated divergence time of 3 MA for these species (Cants et al. 2003).

Evidenceforarole of reinforcement

Reinforcement enhances barriers to reproduction between species and can act to
complete the speciation process when partially isolated species come into contact after
experiencing seme divergence in allopatry (Servedio 2004, Butlin & Smadja 2018). ¥dddest
a signature_of reinforcement by comparing lospseific differentiation between allopatric
parental populations &. palliata andA. pigrato the differentiation between backcrossed
hybrids of each parental type (i.A.,palliata-like andA. pigra-like backcrosses) in the hybrid

zone for loci with reduced introgression. If reinforcing selection shaped locievticed
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507 introgression and thus contributed to reproductive isolation, we would expect toaee gre

508 differentiation in sympatry than in ajpatry for these markers. Our results are consistent with this
509 prediction.

510 There are at least two other mechanisms that may result in greater differentiation between
511 sympatricithan allopatric populations of the same species (e.g., Wang et al F2@143trong

512 genetic drift after independent range expansions of the parental species may result in greater
513 differentiation in sympatry than in allopatry. However, effects of drift would be esghéacthave

514 a genomeswideimpact (e.g., Li et al. 2008), and we only observed a pattern of overall elevated
515 differentiation’in sympatry for loci with reduced introgression, which are expexctss t

516 associated with'reproductive isolation. Second, it is plausible that greater differentiation in

517 sympatry eouldresult indéctly from independent local adaptation within each species to sites
518 within theirallopatric and sympatric ranges (i.e., mutabater effects, Schluter 2009).

519 However, the divergent alleles that underlie local adaptation in the hybrid zgrigereapected

520 to have neutral or increased introgression because such alleles should be adwwaotagiber

521 species’ genomic background (barring any involvement in hybrid incompatibilifies3, it

522 seems likely-our results reflect selection to increase repredustlation in sympatry under the

523 extended view of reinforcement (Butlin & Smadja 2018). However, we still need to investigate if
524 the locidriving this pattern underlie phenotypes under reinforcing selection.

525 We.investigated mammalian phenotypes assettiaith genes occurring on contigs of

526 theAlouatta genome containing loci with reduced introgression that represented the top 10% of
527 those with the greatest difference betweeniff sympatry and & in allopatry. We found that

528 some genessinsthese regidra/e been linked to mammalian phenotypes that could conceivably
529 be undersselection for prezygotic or postzygotic isolation in the hybrid zone (Tabtal&6)

530 contributing to the extended view of reinforcement (Butlin & Smadja 2018). For example,

531 several gnes are associated with the phenotype “abnormal behavior” (MP:0004924). In mice,
532 one of these genes, the histone methyltransfétsiSR2A, is known to play a role in complex

533 behaviors,in mice including anxiety, ndsiilding behavior, spatial working memory, and

534 learning (Gupta et al. 2010, Jakovcevski et al. 2015). In several taxa, learning is arpayna

535 role in mate choice (e.g., sexual imprinting, learned avoidance of heteraspeatiis), and thus

536 can potentially be linked to prezygotic isolation (Servedio et al. 2009, Verzijdn2€12,
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537 Dukas 2013). Learning and memory have also been linked to postzygotic isolation since

538 deficiencies in these traits can be selected against in hybrids (Rice & McQuillan 2018). Recently
539 McQuillan et al. (2018) fond that hybrid chickadees scored lower than parental chickadees in
540 associative'spatial learning and problem solving tasks. Learning and memory have been

541 implicated in goabriented foraging behavior in Neotropical primates (Garber 1989, Janson
542 1998), traits presumably important for howler monkeys, which maintain a predominantly

543 folivorous{rugivorous diet in highly diverse tropical forests where they adjust their dietary intake
544  on seasonal availability of preferred foods (Rafio et al. 2016). Thus, learning andymemor

545 deficiencies'in hybrids, possibly mediateddd T2A, may hinder foraging efforts potentially

546  contributing to lower viability or fitness of howler monkey hybrids in their environment.

547 Many-genes are also associated with abnormal embryonia&talopment or lethality

548 phenotypes+(erg., MP:0001672, MP:0011092, MP:0010865, MP:0011101). It is possible that
549 incompatible alleles between the parental species in these genes contribute to postzygotic
550 isolation in this system. The contig with the greatiifference in st between sympatry and

551 allopatry annotated using our framework cont&H®OOM3, a gene that encodes a PDZ

552 domaingoentaining protein. In micHROOM3 mutant embryos suffer severe neural tube defects
553 resulting in perinatal death (Hildebrand & Soriano 1999). Although our functional annotation
554 results offer some plausible genetic mechanisms that could be involved inceinént, they

555 should be.interpreted with caution. First, it is not known how mutations in any of these gene
556 affect phenotypes in howler monkeys or what role these genes may play in reproductiea isolat
557 in theAlouatta hybrid zone. Further, it is not known whether incompatibilities@ated with the
558 genes identified here are directly driving reduced introgression of our loci, or aregfiiiys

559 linked toscausalkvariants not sequenced in our redreg@esentation library. Similar analyses

560 using whole genome sequence data (e.g., Rafaki 2018) will be a valuable step to better

561 associate loci driving reduced introgression of genomic regions with potentiabfishand

562 phenotypes under selection for pre- and postzygotic reproductive isolation in tam.syst

563 Although we did not measure prezygotic isolation with respect to any phenotype, we
564 suspect that there are many traits beyond the phenotypes identified abogmtbatament

565 could potentially be acting upon in this system. Specifically, traits known to beatssloeith

566 mating behavior in howler monkeys (and thus may have potential involvement with prezygotic
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isolation) include olfactory cues in urine and other scent markings that males likely use to detect
female sexual receptivity (Glander 1980, Horwich 1983), and behavioral displays of sexual
solicitation and mate guarding (Glander 1980, Horwich 1983, Van Belle et al. 2009). Gitdor tr

are knownto'be used in mate discrimination in other animal species (Hill 1991uS=®eRBavan
Alphen 1998, Jiggins et al. 2001, Waitt et al. 2003) and some have hypothesized that sexual
selection on coat color has shaped female choice of mates in howler monkeys, as it may signal a
male’s competitive ability, health status, maturity, etc. (Crockett 1987, Blecques &
CalegareMarques 1998)Similarly, traits that might influence the outcome of competition

between males for access to females may shape the dynamics of heterospecific copulation in the
hybrid zone (and thus prezygotic isolation). Such traits include body size, camgtie, land

testis volume(Kelaita et al. 2011), as well as the loud roaring vocalizationgifdr howler

monkeys arerknown (Kowalewski & Garber 2010, Holzmann et al. 2012, Van Belle et al. 2014,
Kitchen et al. 2015). In order to test any of these hypotheses, it will be necessamtify qua

these traits and,compare the characteristics of sympatric and allopatric individuals with the
predictionithat if reinforcement has occurred, trait differences between the species will be more
pronouneced-inssympatry than in allopatry (i.e., reproductive character displacelthenia
reinforcement.does not always produce a signature of reproductive character displacement,
Servedio 2004). In this study, we did not directly measure selection against rathordar
prezygotic.isolation, let alone any potential phenotypes under reinforcing seleabian. M

research will be necessary in order to connect the pattern we observed here, greater divergence in
sympatry than in allopatry for loci associated with reproductive isolation certblusive

evidence forreinforcing selection on any mating discrimination trait. Regsydtethe genomic

era, scans similar to the one employed in this study may enhance efforts to understand the
frequencyiand importance of reinforcement in the speciation process by providing aoneans t
detect the signature of reinforcement in the genome.

Conclusions
We identified a subset of genomic markers with reduced introgression in a patete
hybrid zone, suggesting an association with reproductive isnlathese markers were more

differentiated between allopatric parental populations than neutral loci andtloincreased
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introgression, consistent with the idea that reproductive isolation is a bypoddiieergence in
allopatry. These markers aldmosved a signature of reinforcement, suggesting that reproductive
isolation may have initially been driven by divergence in allopatry, but reinforced bgeinter
selection‘in'sympatry. These results reflect the contribution of different selective prabasses
have shaped the evolution of reproductive isolation in this system.
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