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Abstract

The processes of adaptation and speciation are expected to shape genomic variation within
and between diverging species. Here we analyze genomic heterogeneity of genetic differ-
entiation and introgression in a hybrid zone between two bird species (Manacus candei
and M. vitellinus) using 59 100 SNPs, a whole genome assembly, and Bayesian models.
Measures of genetic differentiation (Fsr) and introgression (genomic cline center [a] and
rate [f]) were highly heterogeneous among loci. We identified thousands of loci with
elevated parameter estimates, some of which are likely to be associated with variation in
fitness in Manacus populations. To analyze the genomic organization of differentiation
and introgression, we mapped SNPs onto a draft assembly of the M. vitellinus genome.
Estimates of Fsr, o, and p were autocorrelated at very short physical distances (< 100 bp),
but much less so beyond this. In addition, average statistical associations (linkage disequi-
librium) between SNPs were generally low and were not higher in admixed populations
than in populations of the parental species. Although they did not occur with a constant
probability across the genome, loci with elevated Fsr, o, and ff were not strongly co-localized
in the genome. Contrary to verbal models that predict clustering of loci involved in
adaptation and isolation in discrete genomic regions, these results are consistent with
the hypothesis that genetic regions involved in adaptive divergence and reproductive
isolation are scattered throughout the genome. We also found that many loci were charac-
terized by both exceptional genetic differentiation and introgression, consistent with the
hypothesis that loci involved in isolation are also often characterized by a history of
divergent selection. However, the concordance between isolation and differentiation was
only partial, indicating a complex architecture and history of loci involved in isolation.

Keywords: genomic cline, hybrid zone, Manacus, next-generation sequencing, population
genomics, speciation
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. empirical data support the genic view of speciation
Introduction . .
whereby species boundaries can be porous and adapta-

Knowledge of the genetic architecture of adaptive
divergence and reproductive isolation is fundamental to
our understanding of the speciation process. Mounting

Correspondence: Thomas Parchman, Fax: (307) 766 2851;
E-mail: tparchma@uwyo.edu
These authors contributed equally.

tion and isolation are properties of individual genetic
loci that often affect variation in only small genomic
regions (Wu 2001; Nosil & Feder 2012). In support of
this view, recent studies have repeatedly documented
genome-wide heterogeneity in locus-specific estimates
of genetic differentiation (Turner et al. 2005; Nosil et al.
2009; Hohenlohe et al. 2010). Moreover, researchers
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have begun to identify individual variants that contrib-
ute directly to adaptation or isolation (e.g., Mihola et al.
2009; Tang & Presgraves 2009; Barr & Fishman 2010;
Nosil & Schluter 2011). Despite this progress, relatively
little is known about the number, effect size and geno-
mic distribution of loci that contribute to adaptation or
reproductive isolation. Likewise, despite evidence that
divergent natural selection can contribute directly to
reproductive isolation and to the origin of incompatibil-
ities (e.g., Dodd 1989; Nosil 2004; Funk et al. 2006), we
have limited information on the evolutionary history of
loci that contribute to reproductive isolation (but see,
Tang & Presgraves 2009).

One influential hypothesis regarding divergence dur-
ing speciation is that genetic differences contributing to
reproductive isolation accumulate in extended ’genomic
islands” of reduced gene flow and elevated genetic
differentiation (Turner et al. 2005; Harr 2006; Feder &
Nosil 2010; Via 2012). The process of divergence hitchhik-
ing (DH), where divergent selection on a locus reduces
effective gene flow in the surrounding genomic region,
has been described as a potential cause of extensive geno-
mic islands (Feder & Nosil 2010; Via 2012). Such genomic
islands could be important for speciation with gene flow,
if they contain coinherited blocks of associated loci that
contribute to isolation, and would be more likely to arise
in regions of abnormally low recombination (incl. chro-
mosomal inversions or centromeric regions; Feder et al.
2003; Navarro & Barton 2003; Hoffmann & Rieseberg
2008; Noor & Bennett 2009). Alternatively, many loci,
unlinked and scattered throughout the genome, could
underlie reproductive isolation. This hypothesis is
supported by mathematical and simulation models sug-
gesting that genomically extensive islands of elevated
differentiation between lineages are highly unlikely,
except under restrictive circumstances (Barton & De Cara
2009; Feder & Nosil 2010; Feder et al. 2012). While each
hypothesis has received limited qualitative empirical
support (Lawniczak et al. 2010; Hohenlohe et al. 2010;
Nadeau ef al. 2011; Strasburg et al. 2012), the recent
accessibility of population genomic data should begin to
facilitate more quantitative analyses of the genomic dis-
tribution of divergence during speciation (Lawniczak
et al. 2010; Gompert et al. 2012b).

Natural selection can lead to exceptional differentia-
tion in regions of the genome that harbor loci responsible
for divergent adaptations (Beaumont & Balding 2004;
Pritchard et al. 2010). Moreover, reproductive isolation
between lineages can be maintained by natural selection
if immigrants or recombinants have reduced fitness
(Nosil et al. 2002; Rundle & Nosil 2005), and can readily
arise in diverging lineages through the evolution of
incompatibilities (Orr 2001; Turelli et al. 2001). Thus, if
overlapping sets of loci contributed to adaptation and

© 2013 John Wiley & Sons Ltd

reproductive isolation, then the effects of these processes
on genetic variation could be localized in the same
portions of the genome. Despite the possibility that genomic
regions of exceptional differentiation and those underly-
ing reproductive isolation can coincide, there are many
reasons they might differ. Genomic regions of pro-
nounced genetic differentiation can evolve by stochastic,
neutral processes, particularly if species diverge with lit-
tle or no gene flow; these include: genome-wide variation
in effective population size, mutation rate, frequency of
gene conversion, or recombination rate (Lynch 2007;
Noor & Bennett 2009). Neutral evolutionary processes
can also cause incompatibilities to evolve (Gavrilets et al.
1998; Lynch & Force 2000; Fierst & Hansen 2010). Diver-
gence while populations are geographically isolated
increases the likelihood of discordance between excep-
tionally differentiated genetic regions and the loci that
confer reproductive isolation. This is because reproduc-
tive isolation upon secondary contact could be decoupled
from historical divergent selection as a result of spatial or
temporal variation in the environment or the genomic
composition of populations.

Whether exceptionally differentiated genetic regions
harbor loci that contribute to reproductive isolation is
an empirical question that can be answered by studying
hybrid zones. Specifically, admixture and introgression
in hybrid zones can be quantified to identify genetic
regions affecting hybrid fitness or assortative mating,
which are major components of reproductive isolation
(Szymura & Barton 1986; Rieseberg et al. 1999; Gompert
et al. 2012b). Introgression (the movement of alleles
from one gene pool into another by admixture) can be
quantified by measuring the geographic distribution of
alleles across a hybrid zone (geographic introgression;
e.g., Barton & Hewitt 1985, , 1989; Payseur et al. 2004)
or the distribution of alleles in different genomic back-
grounds (genomic introgression; e.g., Anderson 1949;
Rieseberg et al. 1999; Gompert & Buerkle 2009). Loci
that cause reproductive isolation are expected to reside
in genetic regions with specific patterns of introgres-
sion. For example, the geographic range of introgression
should be reduced for genetic regions containing alleles
that decrease hybrid fitness (Barton 1983; Barton &
Hewitt 1985; Szymura & Barton 1986). Likewise, within
an admixed population genetic regions responsible for
reproductive isolation are expected to contain relatively
few alleles from one parental species, or alleles from
each parental species should be confined to hybrids
with different genomic backgrounds (Rieseberg et al.
1999; Lexer et al. 2007; Gompert et al. 2012a). As a
result, hybrid fitness and assortative mating can effect
the pattern of introgression at individual loci, causing
them to introgress differently than nuetral loci (Gom-
pert et al. 2012a, b).
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In this paper we used DNA sequence data to quan-
tify heterogeneity in the genome-wide patterns of
genetic differentiation and introgression in manakins
(Manacus). Manakins are lek-mating birds that occur in
forests of South and Central America, known for their
spectacular courtship displays and colorful male plum-
age. A narrow hybrid zone occurs in Panama between
the ranges of the white collared manakin (M. candei)
and the golden collared manakin (M. vitellinus; Fig. 1;
Parsons et al. 1993). These sexually dimorphic species
are distinguishable based on morphological and genetic
characters, most strikingly in the color of the male col-
lar plumage, a sexually selected trait (Brumfield et al.
2001; McDonald et al. 2001). Previous studies revealed
discordance among geographical clines at molecular
markers and plumage traits (Parsons et al. 1993), and
differential introgression of the M. vitellinus yellow col-
lar across the hybrid zone driven by sexual selection
(Parsons et al. 1993; Brumfield et al. 2001; McDonald
et al. 2001). We generated a population genomic-level
data set and used Bayesian models to quantify patterns
of genetic differentiation and introgression for tens of
thousands of genetic polymorphisms in M. candei,
M. vitellinus, and their hybrids. To quantify the genomic
distribution of differentiation and isolation, we mapped

the sequenced polymorphisms onto a draft of the
M. vitellinus genome. Finally, we tested for a positive
correlation between locus-specific genetic differentiation
and introgression, to evaluate the hypothesis that excep-
tionally differentiated genetic regions harbor loci that
affect hybrid fitness or contribute to assortative mating
between M. candei and M. vitellinus.

Methods

Sequence data collection and assembly for SNP
analyses

We obtained DNA sequence data from 48 M. candei (three
localities), 52 M. vitellinus (three localities), and 104 puta-
tively admixed individuals (five localities; Fig. 1, Table 1).
DNA was extracted from muscle or liver tissue from
vouchered specimens stored at the National Museum of
Natural History of the Smithsonian Institution and the
Louisiana State University Museum of Natural Science.
We produced highly multiplexed reduced complexity
libraries for sequencing on the Illumina platform follow-
ing the protocol described in Parchman et al. (2012), a GBS
(genotyping by sequencing) style approach. We digested
genomic DNA with two restriction endonucleases (EcoRI
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Fig. 1 A map of sampling localities for M. candei (sites 1-3), M. vitellinus (sites 10-12), and admixed populations (sites 4-9) sampled
for this study. The whole genome sequencing project at BGI utilized an M. Vitellinus individual from population 12. Population num-

bers correspond to those listed in Table 1.
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Table 1 Population locations and number of individuals of
M. candei, M. vitellinus, and putatively admixed individuals
sampled for this study. Numbers corresponding to population
designations are as in Brumfield et al. (2001). Full detailes on
each vouchered specimen are given in Table S1, Supporting
information

Population Location Designation N
1 Limon, Costa candei 6
Rica (C)
2 Rio Sixaola, candei 22
Panama (C)
3 Rio Teribe, candei 20
Panama (C)
4 Rio Changuinola, candei/vitellinus 20
Panama (VC)
5 Rio Oeste, Panama candeifvitellinus 21
(VQO)
6 Quebrada Pastores, candeilvitellinus 4
Panama (VC)
7 Tierra Oscura, candeilvitellinus 12
Panama (VC)
8 Rio Uyama, candeilvitellinus 21
Panama (VC)
9 Rio Robalo, candeifvitellinus 26
Panama (VC)
10 Chiriqui Grande, vitellinus 19
Panama (V)
11 Valiente Peninsula, vitellinus 16
Panama (V)
12 Soberania, vitellinus 17

Panama (V)

and Msel) and ligated double-stranded, adaptor oligonu-
cleotides to the digested fragments. These oligonucleotides
contained the priming sites for Illumina sequencing
and included 10 bp barcodes for the unique indentifica-
tion of the individual associated with each sequencing
read. We used PCR to amplify barcode-adapted frag-
ments using two replicate reactions for each individual,
which were then pooled. Amplicons for sets of up to 96
individuals (204 individuals were spread across 2.2 sets or
sequencing libraries) with unique barcodes were pooled.
We separated pooled amplified libraries on a 2% agarose
gel and excised fragments between approximately 350
and 500 bp in length. We purified these fragments using
Qiagen’s Qiaquick Gel Extraction kit (Qiagen Inc.).
Sequencing of the libraries was performed by the National
Center for Genome Research (Santa Fe, NM, USA) using
the Illumina GAIIx platform. Each of the pooled libraries
was sequenced in a separate lane, and 108 base reads were
produced.

We conducted a two step assembly procedure that
first used a de novo assembly on a subset of GBS reads
to produce an artificial reference. We then assembled
the full set of reads onto the reference using SeqMan

© 2013 John Wiley & Sons Ltd

xng 1.0.3.3 (DNASTAR). We used custom Perl scripts
together with samtools and bcftools (Li et al. 2009) to iden-
tify variant sites in the assembled sequence data and deter-
mine the number of reads supporting each alternative
nucleotide state for each individual and locus. The data from
the called variant sites were parsed and placed in files con-
taining information on the haplotype counts for each individ-
ual at each genetic region, and a file containing counts of the
number of reads for each SNP in each individual. We then
removed all genetic regions where individuals appeared to
have more than two haplotypes, and discarded any variable
site where the observed allele counts from apparently hetero-
zygous individuals were very unlikely given a binomial
distribution with P = 0.5.

Quantifying genetic differentiation and introgression

We used a Bayesian model to estimate population allele
frequencies for each of the SNPs identified above based
on the observed sequence data (the model is described
in Gompert et al. 2012a). We treated the genotype at a
locus and the population allele frequency as unknown
model parameters, and estimated genotype probabilities
and allele frequencies separately for each of the 12 sam-
pled localities (populations). We obtained parameter
posterior probabilities using Markov chain Monte Carlo
(MCMQ). Each analysis consisted of a single chain iter-
ated for 20 000 steps where samples were recorded
every fourth step. We used principal component analy-
sis (PCA) to summarize population genetic structure for
the samples of the pure species and putative hybrids.
We used the estimated genotype probabilities for two
of three genotypes (the heterozygous genotype and one
homozygous genotype) at each locus as variables for
PCA. We performed the PCA in R (R Development
Core Team 2012) using prcomp.

We used a Bayesian implementation of the F-model to
quantify genome-wide genetic differentiation between
M. candei (sites 1-2) and M. vitellinus (sites 10-12) (Gom-
pert et al. 2012a). This provides a metric of genetic differ-
entiation that is analogous to Fsr under several
evolutionary models (Balding & Nichols 1995; Nicholson
et al. 2002; Falush et al. 2003), and in this paper we equate
this metric with Fsr. This approach models uncertainty in
Fst arising from evolutionary and statistical sampling,
allows information sharing among loci, and treats Fsr as
an evolutionary parameter rather than a summary statis-
tic of allele frequencies (Gompert et al. 2012b). In particu-
lar, the model accounts for the genotypic uncertainty
arising from variable and limited sequencing coverage
across loci. We estimated posterior probabilities of Fst
for each locus and a metric of Fsr for the genome-wide
average Fsr using 25 000 MCMC steps where every 10
step was saved and the first 1,000 steps were discarded as
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burn-in. We designated outlier loci with higher than
expected levels of genetic differentiation between M. candei
and M. vitellinus as loci with Fsy > the 0.95 quantile for
the genome Fst (Gompert & Buerkle 2011b; Gompert
et al. 2012b).

We used the Bayesian genomic cline model (Gompert &
Buerkle 2011a; Gompert et al. 2012b; Gompert & Buerkle
2012) to quantify genome-wide variation in introgres
sion among putatively admixed Manacus. The model
includes two cline parameters that determine the proba-
bility that an individual with hybrid index H = k inher-
ited a gene copy at locus I = i from M. candei (denoted ¢;
the probability of M. vitellinus ancestry is 1—¢), where
the average probability of M. candei ancestry across all
loci is equal to an individual’s hybrid index. The cline
parameter « specifies an increase (positive «) or decrease
(negative o) in the probability of M. candei ancestry rela-
tive to the base expectation of ¢ = h, whereas the geno-
mic cline parameter f specifies an increase (positive f3) or
decrease (negative f) in the rate of transition from low to
high probability of M. candei ancestry as a function of
hybrid index (Gompert & Buerkle 2011a). The cline
parameter f is a measure of the average, ancestry-based,
pairwise linkage disequilibrium between a locus and all
other loci. Simulations indicate that selection against spe-
cific hybrid genotypes affects both cline parameters
(Gompert et al. 2012b). For example, extreme values of «
can reflect single-locus underdominance or Dobzhansky-
Muller incompatibilities (DMIs; Gompert et al. 2012a, b).
Because underdominance leads to a deficit of heterozyg-
otes, the frequency of one of the homozygotes will rise
necessarily, leading to an excess of one species’ ancestry
at a locus relative to the base expectation based on hybrid
index (Gompert et al. 2012b). Extreme values of f are
likely when there is population structure in the hybrid
zone, or with strong selection against hybrids and high
levels of gene flow from the parental species ( Gompert
et al. 2012a, b). We estimated marginal posterior proba-
bility distributions for hybrid indices and cline parame-
ters (¢« and f) using MCMC. We ran five independent
chains for 50 000 steps each and recorded samples from
the posterior distribution every 20 step following a
30 000 step burn-in. We combined the output of the
two chains after inspecting the MCMC output to assess
convergence to the stationary distribution. We tested for
an association between Fsr and genomic cline parameters
o and f using Pearson’s product moment correlation
coefficient.

Quantifying genomic heterogeneity

A draft assembly of the M. vitellinus genome was pro-
duced at the Beijing Genome Institute (BGI) as part of a
larger avian phylogenomics project (further details of

genome sequencing will be in a future publication). The
genome was sequenced with a whole-genome shot gun
strategy on an Illumina HiSeq 2000 instrument. DNA
extracted from an unvouchered male individual was
used to construct eleven paired-end libraries with vari-
ous insert sizes ranging from 0.2 —4 x 10° bp. We
aligned the consensus sequences that formed the artifi-
cial reference for our GBS assembly onto the largest 659
scaffolds (all scaffolds longer than 50 000 bases; cover-
ing 959 x 10° bp) from the draft M. vitellinus genome
using SeqMan xng. We calculated Moran’s I (Moran
1950; Epperson 2003) at various physical distances
(from 10* to 10° bases) to measure genomic autocorre-
lation for Fsr and genomic cline parameters for the
mapped genetic regions. Moran’s I is given by:

ny Zi Zi’ 7’,‘,‘/{(/617 kZ)}Bﬁ/ .
Rierpny 3,07

In Eqn. 1, the 7;7 are binary variables that take on a value
of one if the physical distance between locus i and 7 is
k1 <7y < k2, and otherwise take on a value of 0. Ry r2)
is the sum of all 7;; and 7, is the total number of loci. 0 is
the parameter of interest (i.e., Fsr,a, or ). We calculated

(1)

T ko) =

L1 k2)-

(We] further analysed the genomic distribution of
parameter estimates by examining the distribution of
loci that had outlier estimates for Fst,o, and f across
the scaffolds they mapped to. Specifically, we tested
whether the distribution of loci per scaffold better fit a
binomial distribution with a single probability of occur-
rence for the whole genome (the number of outliers per
total bases) or a distribution where occurrence of outlier
loci was scaffold-specific. Our goal was to determine
whether there was statistical evidence that loci with
exceptional parameter estimates were clustered or dis-
tributed homogenously across the genome. We gener-
ated likelihood estimates for both constant probability
and scaffold-specific models for loci with exceptional
parameter estimates (Fsr outliers, o 95% CI not includ-
ing zero, and f# 95% CI not including zero). We used a
likelihood ratio test to compare the log-likelihoods
of these models, and determined significance with a
one-tailed y? test statistic.

We estimated Burrow’s composite measure (A) of
Hardy-Weinberg and linkage disequilibrium (LD)
between each of the 59 100 SNP loci (Weir 1979) in
order to examine the independence of markers and the
strength of overall LD among them. We also estimated
A separately in each population to compare average LD
across these markers in parental populations of M. can-
dei, M. vitellinus, and in admixed populations. The A
metric does not require phased data, does not assume
Hardy-Weinberg equilibrium at either locus, and
provides a joint measure of intralocus and interlocus

© 2013 John Wiley & Sons Ltd
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disequilibria (Weir 1979). Because of uncertainty in
genotypic state for each individual, we used a Monte
Carlo procedure to sample genotypes for individuals
and calculated the composite linkage disequilibrium
measure (Aj7) for each locus pair. We sampled geno-
types for each individual and locus according to the
estimated genotype probabilities obtained previously.
We then obtained our estimate for A; by taking the
mean of the calculated values over 1000 repeated sam-
ples of individual genotypes generated with the Monte
Carlo procedure. Using estimates of LD between all
pairs of loci that mapped onto the M. vitellinus genome,
we examined the relationship between LD and physical
distance on the largest scaffolds.

Results

Genetic differentiation and introgression

INlumina sequencing of our reduced complexity GBS
libraries produced 49.5 million, 108 base pair (bp) DNA
sequences. An initial de novo assembly of a subset of 16
million sequences placed 9 941 228 reads into 315 533
contigs, which were used to build an artificial reference
genome. The reference based assembly utilizing all reads
placed 39 383 248 reads onto the artificial reference,
for an average coverage depth of 130 x per sequenced
region (0.63 x per bird per sequenced region). After
assembly and variant parsing, these data contained
88,560 single nucleotide polymorphisms (SNPs) distrib-
uted among 74 283 short (~ 92 bp) contigs. We dis-
carded loci with minor allele frequencies < 0.1 as they
contain little information about ancestry and divergence,
and because low Fst estimates for these loci could
confound analyses of the correlation between genetic
divergence and introgression (Gompert ef al. 2012b). We
retained 59 100 SNPs that we used in most analyses.
Mean estimates of Burrow’s composite measure of intra-
locus and interlocus disequilibria (A) were less than 0.01
in each population (Table 2), indicating that most
sampled SNPs are largely independent.

Principal component analysis of estimated posterior
probabilities of multilocus genotypes and estimates of
genome-level Fst demonstrated substantial genetic dif-
ferentiation between parental M. candei and M. vitellinus
populations (Fst = 0.259, 95% credible interval [CI]
0.256—0.261), but also a wide range of weaker differen-
tiation among populations that had genetic composi-
tions intermediate between the parental species (Fig. 2).
In agreement with previous studies (Parsons et al. 1993;
Brumfield et al. 2001; Yuri et al. 2009), the principal
genomic transition from candei to vitellinus occurred in
the geographic region of populations 8-10, whereas the
greatest change in male plumage traits occurred from

© 2013 John Wiley & Sons Ltd

Table 2 Quantiles of pairwise linkage disequillibrium (A) esti-
mates for 59 100 loci for individual populations of parental M.
candei, M. vitellinus and admixed populations. A was not esti-

mated for populations 1 and 6 because of small sample sizes

Species Population 5% 25% 50% 75%  95%
M. candei 2C 0.000 0.001 0.001 0.002 0.011
3C 0.000 0.001 0.001 0.003 0.013
M. candei x  4VC 0.000 0.001 0.002 0.003 0.011
M. vitellinus  5VC 0.000 0.001 0.002 0.003 0.010
7VC 0.000 0.002 0.004 0.007 0.013
8vC 0.000 0.001 0.002 0.005 0.019
9VC 0.000 0.001 0.004 0.011 0.024
M. vitellinus 10V 0.000 0.001 0.003 0.005 0.013
11V 0.000 0.001 0.003 0.006 0.017
12V 0.000 0.001 0.003 0.009 0.031
o
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Fig. 2 Statistical summary of population genetic structure
based on principal component axes one (PC1), and two (PC2).
These axes explain 38.4% (PC1), and 3.9% (PC2) of the genetic
variation among individuals, based on Bayesian estimates of
genotypes. Population numbers are as in Figure 1 and Table 1.
Individual members of the populations of parental species
were used to estimate parental allele frequencies and are repre-
sented by open circles. Individuals from the admixed popula-
tions for which genomic cline analysis was conducted are
represented by filled symbols. Six individuals from a sparsely
sampled population (1¢) are indicated by crossed open sym-
bols; there was considerable uncertainty about allele frequen-
cies in this population and it was not included in other
analyses.

population 3-4, which contain predominantly candei
ancestry. These analyses indicated an abundance of
hybrid individuals with admixed genomes relative to
M. candei and M. vitellinus (Fig. 2). Bayesian estimates
of hybrid index, a measure of the proportion of an indi-
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vidual’s genome inherited from M. candei, for the
admixed individuals ranged from 0.05 to 0.95 but were
skewed toward M. candei ancestry (Fig. 3b), in
agreement with Brumfield ef al. (2001) and Yuri et al.
(2009).Nonetheless, the wide range of hybrid indices
provided an informative basis for the analysis of
variable introgression across the hybrid zone (Fig. 3b).

Locus-specific estimates of genetic differentiation
(Fst) between M. candei and M. vitellinus were highly
heterogeneous (Fig. 3a) and ranged from 0.09 to 0.61
(mean 0.26). Outlier loci are expected to reside in
regions of the genome affected by divergent selection
more often than non-outlier loci (Beaumont & Nichols
1996; Gompert & Buerkle 2011b). Estimates of Fsr, for
1007 loci exceeded the 95% quantile of the estimated
genome-wide distribution of Fsr (a Normal [y,7] prior
distribution for log[Fsr,/(1-Fst,)]) and were classified as
statistical outlier loci (Fig. 3a).

Estimates of genomic cline parameters « (min = —2.17,
max = 1.25) and f (min = —-2.13, max = 1.09) were
highly variable across the genome (Fig. 3¢,d), and intro-
gression at many loci differed significantly from the gen-
ome-wide average. Specifically, we detected excess M.
candei ancestry for 623 loci (lower bound of 95% CI for
o > 0) and excess M. vitellinus ancestry for 514 loci (upper
bound of 95% CI for « < 0). We also detected loci with sig-
nificantly elevated estimates of genomic cline rate (203 loci
with lower bound of 95% CI for > 0, 220 loci with upper
bound of 95% CI for f§ < 0). These loci exhibited excep-
tional rates of transition between high and low probabili-
ties of M. candei ancestry given hybrid index. The
estimated variation in locus-specific introgression is bio-
logically significant. For individuals with intermediate
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hybrid indices, the probability of locus-specific M. candei
ancestry was nearly one for some loci (e.g., loci with high
positive o) and nearly zero for other loci (e.g., loci with
high negative o and f; Fig. 3¢,d).

Genetic differentiation between M. candei and M.
vitellinus was correlated with introgression in admixed
individuals (Fig. 3e). There was a positive correlation
between Fsr and the absolute values of both « (r = 0.17,
P <22 x 107 and B (r=036, P <2.2 x 1071%). 43
loci were Fgt outliers with extreme o estimates, and 117
loci were Fst outliers and had extreme f§ estimates.
These loci thus exhibit patterns consistent with being
affected by divergent selection between the parental
species and also being associated with hybrid fitness or
assortative mating in the hybrid zone. The level of
genetic divergence between the parental species at a
locus dictates how informative the locus can be about
ancestry, which could lead to an overall spurious corre-
lation between exceptional introgression and Fst. How-
ever, this is unlikely to apply to this study, because
analyses of simulations of neutral admixture indicate
that such a correlation is most likely when Fst < 0.1
Gompert et al. (2012a), whereas Fst > 0.2 between the
Manacus species.

Genomic heterogeneity

Sequencing of the male M. vitellinus multiple size insert
libraries on an Illumina HiSeq instrument produced 171
Gb of raw data. After filtering, 132 Gb of sequence data
were retained for assembly, which was accomplished
de novo with the software SOAPdenovo (Li ef al. 2010).
A final draft assembly of 1.16 Gb was generated after
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Fig. 3 (a) Histogram of locus-specific estimates of Fst between parental M. candei and M. vitellinus populations. (b). Histogram of
hybrid indices for the 110 putatively admixed individuals (hybrid index of pure M. candei = 1.0, and pure M. vitellinus = 0.0). (c).
Estimated genomic clines for 1000 representative loci. Each blue (95% CI for o does not include 0), red (95% CI for § does not include
0) or gray (95% CI for o« and f includes 0) line represents the genomic cline for a single locus. The dashed black line gives ¢ = h. (d)
Variable introgression in hybrid populations based on genomic cline center (x) and genomic cline rate (f). Each point represents one
of the 59 100 loci. Contour lines depict the joint density of estimated cline parameters. In red are illustrations of example genomic
clines that are representative of loci in the corresponding region of the a—f parameter space. (e). Three dimensional surface of the
relationship between o,f, and Fsr, as estimated with a loess interpolation algorithm. The highest estimates of Fsr occur at the most

extreme values for genomic cline rate and center parameters.
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gaps were filled. The total contig size was 1.13 Gb and
the total scaffold size was 1.16 Gb, while the contig N50
and scaffold N50 were 34.26 Kb and 2.54 Mb. We
aligned all GBS sequences containing the SNPs ana-
lyzed above to the largest 659 scaffolds (all scaffolds
longer than 50 000 bases; covering 959 x 10° bp) from
the draft M. vitellinus genome. Given the size of other
bird genomes Warren ef al. (2010), this set of scaffolds
could represent as much as 80% of the M. vitellinus gen-
ome. 27 095 of the 59 100 GBS variable sites aligned to
scaffolds, a good percentage given the stringent criteria
used. These mapped at a density of 138 GBS fragments
per 10° bp (or 191 SNPs per 10¢ bp). There was a tight
linear relationship between scaffold length and the
number of SNPs mapped onto scaffolds (+* = 0.98,
P <22 x 107'%; intercept = 0.058, slope = 0.0001), indi-
cating that the GBS library contained fragments that
were uniformly distributed across the draft genome
(Fig. 4). In addition, GC content in all scaffolds in the
draft M. vitellinus genome (0.4104) was essentially iden-
tical to the GC content of the GBS fragments (0.4098),
suggesting that GBS fragments were similar in composi-
tion to sequences in the whole genome assembly. Less
than 10% of the GBS sequences aligned to protein cod-
ing sequences from the M. vitellinus genome (based on
draft annotation), indicating, as expected, that the
majority of the GBS reads reside in non-coding regions.
Locus-specific estimates of the population genetic
parameters were moderately autocorrelated at very
short distances ( < 100bp) along the scaffolds (Fsr:
Moran’s I = 0.36, o: I = 0.32, and f: I = 0.35; Fig. 5). Auto-
correlations for Fsr and genomic cline parameters
decayed at a similar rapid rate with physical distance
(I = 0.05 or less at 5000 bp), but remained above zero
for loci that mapped to the same scaffold. As expected,
we did not detect autocorrelation of parameter
estimates among loci on different scaffolds (I ~ 0).

Loci with extreme parameters were widely distrib-
uted across the draft genome assembly: 166 (25.2%) of
the scaffolds had Fst outlier loci, 240 (36.4%) had loci
with exceptional o estimates, 115 (17.5%) had loci with
exceptional f estimates, and overall 45.4% of the scaf-
folds contained exceptional loci. Fst outlier loci better
fit a model with different probabilities of occurrence on
different scaffolds, rather than a model where outlier
occurrence was characterized by a common probability
on all scaffolds (P < 0.0001, df = 658), suggesting some
aggregation of loci with exceptional Fst estimates. We
did not detect a statistically significant difference
between constant probability and scaffold-specific
probability models for loci with exceptional estimates of
o (upper bound of 95% CI « < 0, lower bound of 95%
CI a>0) or f (upper bound of 95% CI <0, lower
bound of 95% CI f > 0; P ranged from 0.989 to 1). Thus,
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Fig. 4 The number of sequencing reads that mapped to scaf-
folds in the draft genome was a tight linear function of scaffold
size (number of markers = 0.058 + 0.0001 x scaffold length;
2 = 0981,P <22 x 107'%). This relationship suggests uni-
form coverage, rather than a clustering of reads from the GBS
library into a particular fraction of the M. vitellinus genome.
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Fig. 5 Correlogram of genomic autocorrelation of parameter
estimates. Solid lines show Moran’s I for o (solid line), S
(dashed line), and Fst (dotted line) at different genetic dis-
tances. ‘C’ is the maximum distance between two variable sites
on the same scaffold; loci on different scaffolds are assigned a
distance greater than ‘C’. Genomic autocorrelation approaches
zero (dashed gray line) for loci on different scaffolds.

our analyses provide evidence that loci with extreme
parameter estimates are widespread across the genome,
although highly differentiated loci (i.e., Fsr outliers) do
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not occur with equal frequency across all regions of the
genome (Fig. 6).

Discussion

We detected considerable variation in genetic differenti-
ation and introgression across the genome, with esti-
mates of each differing from the genome-average or
genome-wide expectations at hundreds of loci. By map-
ping the sequenced regions onto a draft of the M. vitelli-
nus genome we detected pervasive, fine-scale genomic
heterogeneity in levels of differentiation and introgres-
sion. The frequency of highly differentiated loci was
heterogeneous across the genome, but genetic regions
with extreme introgression or high levels of genetic dif-
ferentiation were widespread rather than being colocal-
ized in discrete genomic regions. Although multiple
evolutionary processes affect patterns of differentiation
and introgression, theory suggests that functional vari-
ants affecting local adaptation or hybrid fitness should
be more prevalent in regions of the genome character-
ized by elevated genetic differentiation and non-neutral
patterns of introgression. Thus, the observed pattern of
genomically widespread variation in differentiation and
introgression is consistent with the hypothesis that
many functional variants contribute to isolation and
with selection being variable in space and time. We
detected a positive correlation between locus-specific
estimates of Fsr and genomic cline parameters. This
observation further supports the hypothesis that the

genetic basis of isolation is complex, and the hypothesis
that the genetics of local adaptation and reproductive
isolation are entwined. Nonetheless, differentiation and
introgression were only partially concordant. We dis-
cuss multiple, complementary explanations for this
partial concordance below.

Genomic heterogeneity of genetic differentiation and
isolation

We found considerable heterogeneity across the genome
in genetic differentiation and introgression (Figs 5 and 6),
including hundreds of loci with exceptional, non-
neutral patterns of differentiation or introgression.
Rather than strong co-localization of loci with excep-
tional variation in a few, discrete genomic regions, we
found these loci to be scattered across hundreds of
genomic regions and surrounded by rapidly decaying
LD. Our results build on comparable recent studies that
have identified narrow regions of elevated differentia-
tion that are widely dispersed across the genome (Burke
et al. 2010; Lawniczak et al. 2010; Strasburg et al. 2012;
Ellegren et al. 2012). Such empirical findings are consis-
tent with the view of a porous genome, where the geno-
mic consequences of adaptation and isolation are
narrow and restricted. In the literature there is consider-
able interest in the consequences of in situ divergent
selection for linked (divergence hitchhiking; Feder &
Nosil 2010; Feder et al. 2012; Via 2012). Empirical and
theoretical studies in this area are concerned with
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divergence in the presence of on-going gene flow, and
indicate that the efficacy of divergence hitchhiking is
heavily conditional on levels of migration, effective
population size, and the strength of selection (Feder &
Nosil 2010; Yeaman & Whitlock 2011; Feder et al. 2012).
Although it is unclear how divergence hitchhiking
expectations might apply to taxa that have differenti-
ated during periods of allopatry (as in our study), our
results agree with theory suggesting that strong
co-localization of genetic regions involved in speciation
are highly unlikely, except under restrictive circumstances
(Barton & De Cara 2009; Feder & Nosil 2010; Yeaman &
Whitlock 2011; Feder et al. 2012). When studies have
provided strong evidence for elevated divergence across
extended chromosomal regions, this commonly occurs
in areas of suppressed recombination (centromeric
regions or inversions; Feder et al. 2003; Hoffmann &
Rieseberg 2008; Noor & Bennett 2009; White et al. 2010;
Michel et al. 2010). Part of the difficulty with evaluating
the applicability of the “genomic islands” metaphor is
that, as noted by Nosil & Feder (2012), it has generally
been used for qualitative discussion of heterogeneous
genomic divergence, rather than with quantitative mod-
els and statistics to test covariation among linked loci
and to tie patterns of variation to processes. Our results
highlight the need for more quantitative analysis of
how genetic differentiation and introgression vary
across the genome (with high density, mapped mark-
ers), and for refined predictions for the genomic conse-
quences of divergent selection and isolation during
speciation.

The genomic patterns of heterogeneous differentiation
and introgression we detected would be expected if
adaptive phenotypic differences or barriers to gene flow
are caused by many widely dispersed alleles with small
individual effects. Theory suggests that this type of
genetic architecture is expected when populations adapt
to gradually changing environments (Kopp & Hermisson
2009) or when selection acts on standing genetic variation
(Hermisson & Pennings 2005; Pritchard ef al. 2010). Con-
versely, intermediate and large effect alleles should con-
tribute more to reproductive isolation when populations
adapt to a stable optima by fixing novel mutations (Gil-
lepsie 1984; Orr 1998), particularly if populations diverge
with gene flow (Yeaman & Whitlock 2011). Mounting
empirical evidence also indicates that large effect alleles
can contribute to reproductive isolation (Bradshaw &
Schemske 2003; Colosimo et al. 2005; Linnen et al. 2009;
Joron et al. 2011). But most of these studies investigate
discrete traits, and the genetic architecture of quantitative
traits likely differs (Rockman 2012). Thus, whereas it is
possible that large effect alleles contribute to adaptive
differences in Manacus and that we simply failed to
detect these alleles, the genomic data could easily be

© 2013 John Wiley & Sons Ltd

explained if fitness differences are caused by a suite of
quantitative traits and arise from polygenic adaptation
involving substantial standing variation.

Estimates of LD (A) in populations of the parental spe-
cies were roughly equal to those in hybrid populations
(Table 2). The absence of admixture LD and the rapid
decay of autocorrelation among genomic cline parameter
estimates is perhaps surprising given expectations for
hybrid zones (Buerkle & Rieseberg 2008). This pattern
would be predicted after extensive recombination in
advanced generation hybrids and a lack of recurrent
migration from the parental species into the zone. A
diminished amount of parental gene flow into the
hybrid zone is plausible because of small rivers in the
region that limit dispersal (Brumfield et al. 2001).
Admixed populations have the potential to be useful for
the mapping of traits in natural populations, due to
admixture LD in earlier generation hybrids (Buerkle &
Rieseberg 2008; Lexer et al. 2007). However, the rapid
decay of LD across the physical map and low levels of
genomic autocorrelation in the Manacus hybrid zone
mean that a high density of markers would be required
for comprehensive mapping of causal variants associated
with phenotypes and fitness.

Divergent selection and reproductive isolation

Heterogeneous genetic differentiation and introgression
can be caused by selection or stochastic evolutionary
processes, particularly if population sizes are small.
Divergent selection is most likely to generate regions of
elevated genetic differentiation when strong selection
favors a new derived allele or occurs in a genetic region
with reduced recombination (Maynard-Smith & Haigh
1974). The effect of selection on introgression depends
on the rate of gene flow from parental species to the
hybrid zone and the form of selection (Endler 1977;
Gompert et al. 2012b). Elevated estimates of o can arise
from multiple forms of selection. For example, simula-
tions indicate that selection against interspecific hetero-
zygotes (i.e., underdominance) or reduced hybrid
fitness caused by DMIs can purge alleles inherited from
one species from the admixed population (i.e., cause
elevated positive or negative o). This pattern can also
arise from introgression of a universally favored allele,
but would not contribute to a positive correlation
between « and Fgr. These same forms of selection can
also confine alleles inherited from each species to
hybrids with different genomic compositions (i.e., cause
elevated positive f5), but this effect is minimal unless
there is considerable gene flow from parental species,
selection in the hybrid zone is very strong, or there is
population structure within the hybrid zone (Gompert
& Buerkle 2011a; Gompert et al. 2012b). The high
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positive estimates of f§ observed in the Manacus hybrid
zone were likely caused by population structure in the
hybrid zone, perhaps coupled with variation in selec-
tion among admixed populations, as pairwise linkage
disequilibria were quite low within each admixed
population (Table 2). Thus, the large number of loci with
exceptional differentiation or introgression is consistent
with the hypothesis that the genetic basis of divergent
adaptation and reproductive isolation is complex, and
influenced by many, widely dispersed genomic regions,
rather than a few, co-localized loci of major effect. But,
at this stage we cannot reject the alternative hypothesis
that selection is generally weak in the hybrid zone and
that the observed genomic heterogeneity is the result of
genetic drift.

We found that genomic regions exhibiting substantial
genetic differentiation and exceptional introgression were
partially concordant. There was a strong correlation between
Fsr and the absolute values of both o and f, and Fgsr outlier
loci also commonly had extreme genomic cline rate and cen-
ter parameters (Fig. 3e). These results are consistent with the
hypothesis that historical divergent selection is associated
with reproductive isolation and predicts hybrid fitness,
which could be caused by DMIs or underdominance. These
results are in agreement with a large body of literature link-
ing reproductive isolation with adaptive divergence (Funk
et al. 2006; Schluter 2009; Nosil & Feder 2012), and with a
recent population genomic analysis of a Lycaeides hybrid
zone (Gompert et al. 2012a). In Lycaeides butterflies, locus-
specific genetic differentiation between parental species was
correlated with locus-specific introgression (genomic cline
parameter o), and patterns of differentiation and introgres-
sion were consistent with the hypothesis that reduced hybrid
fitness is caused by differential adaptation to habitat or host
plant, or loci involved in DMIs.

Nonetheless, introgression for the majority of highly dif-
ferentiated loci conformed with average, genome-wide
introgression. Similarly, we observed extreme introgres-
sion in the hybrid zone for many weakly differentiated
loci. These results suggest that reproductive isolation is
not simply a consequence of adaptive divergence between
the parental species. Such a complex relationship between
the genomic consequences of reproductive isolation and
adaptation might stem from allopatric divergence between
the parental species, when a large portion of the genome
diverged through diverse selection pressures and other
evolutionary processes before secondary contact (Gompert
et al. 2012a). There are many ways in which reproductive
isolation can evolve by processes other than divergent
selection. For example, DMIs can arise from genetic drift
(Gavrilets et al. 1998), biased gene conversion (Fierst &
Hansen 2010), or the stochastic deactivation of gene dupli-
cates in allopatry (Lynch & Force 2000). Alternatively, var-
iation in genetic differentiation and introgression could be

caused primarily by drift, which could operate semi-
independently in allopatric and admixed populations.
This discordance and concordance in patterns of
differentiation and introgression highlights complexity in
the processes giving rise to reproductive isolation.
Previous studies of this hybrid zone based on geo-
graphical clines at molecular markers and plumage
traits indicated differential introgression of sexually
selected traits (Parsons et al. 1993; Brumfield et al. 2001;
McDonald et al., 2001). In particular, the yellow collar
of M. vitellinus has introgressed into the M. candei geno-
mic background. The yellow plumage of M. vitellinus
males has been associated with increased fitness due to
sexual selection (Stein & Uy 2006) and also shown to be
involved in dominance interactions in mating leks in
the hybrid zone (McDonald et al., 2001). While hybrid
indices indicate a predominance of M. candei ancestry
in the hybrid zone, these populations are fixed for the
yellow collar of M. vitellinus. Loci with extremely high,
negative values for genomic cline center (x) estimates
have introgression of M. vitellinus ancestry into a
M. candei background (Fig. 3d), and could be candidates
tagging genomic regions associated with the yellow col-
lar trait. Although a subset of these high, negative « loci
assemble to the draft Manacus genome and are near or
inside annotated genes, gene annotations involve unre-
lated function, or are too crude to reliably identify can-
didate plumage loci. Future genome-wide association
mapping of plumage variation in large samples of indi-
viduals, together with continued refinement of M. vitel-
linus genome annotations have the potential to advance
our understanding of the phenotypic and genetic basis
of adaptation and reproductive isolation in these taxa.
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