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Genomics of isolation in hybrids

Zachariah Gompert*, Thomas L. Parchman and C. Alex Buerkle
Department of Botany and Program in Ecology, University of Wyoming, Laramie, WY 82071, USA

Hybrid zones are common in nature and can offer critical insights into the dynamics and components
of reproductive isolation. Hybrids between diverged lineages are particularly informative about the
genetic architecture of reproductive isolation, because introgression in an admixed population is a
direct measure of isolation. In this paper, we combine simulations and a new statistical model to deter-
mine the extent to which different genetic architectures of isolation leave different signatures on
genome-level patterns of introgression. We found that reproductive isolation caused by one or several
loci of large effect caused greater heterogeneity in patterns of introgression than architectures involving
many loci with small fitness effects, particularly when isolating factors were closely linked. The same
conditions that led to heterogeneous introgression often resulted in a reasonable correspondence
between outlier loci and the genetic loci that contributed to isolation. However, demographic con-
ditions affected both of these results, highlighting potential limitations to the study of the speciation
genomics. Further progress in understanding the genomics of speciation will require large-scale
empirical studies of introgression in hybrid zones and model-based analyses, as well as more compre-
hensive modelling of the expected levels of isolation with different demographies and genetic
architectures of isolation.

Keywords: hybrid zone; admixture; introgression; reproductive isolation; Bayesian inference

1. INTRODUCTION
Speciation is a fundamental evolutionary process that
occurs by the evolution of reproductive isolation.
There has been considerable recent progress docu-
menting the genetics of reproductive isolation, and
individual genes that contribute to isolation have
been identified in several groups of organisms [1-3].
However, little is known regarding the genetics of spe-
ciation at the scale of a genome, including knowledge
of the number and effect of loci that contribute to iso-
lation, how these loci are distributed across the
genome and how they contribute to genome-wide pat-
terns of genetic variation. The study of hybrid zones is
a powerful approach to address these questions.
Hybrid zones are common in nature, and offer direct
observations of the evolutionary process of speciation
and the genetic architecture of reproductive isolation
[4—8]. When species diverge in allopatry and hybridize
upon secondary contact, the products of meiosis and
segregation in admixed individuals produce combina-
tions of parental genotypes (or chromosomal blocks)
that are tested by natural selection [9,10]. Hybrid
zones offer tractable and important settings for the
study of reproductive isolation because the introgression
of foreign alleles is a direct measure of reproductive
isolation. In contrast, population and species diver-
gence often reflect the consequences of additional
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evolutionary processes, beyond those directly associated
with reproductive isolation and speciation [11].

Introgression of loci will vary with their effect on fit-
ness, and might take distinct forms reflecting the source
and pattern of selection [9,12]. This includes variation
in fitness caused by intrinsic hybrid incompatibili-
ties or extrinsic selection. The geographical extent of
introgression of loci (and linked genetic regions) that
contribute to reproductive isolation should be reduced
relative to the rest of the genome [4,9,13,14]. Conver-
sely, introgression of loci that do not affect hybrid
fitness (i.e. neutral loci) is affected by linkage disequili-
brium, but should typically be more frequent and
geographically extensive [9,14].

Introgression in hybrid zones has been quantified
using geographical and genomic clines. Geographical
clines describe the relationship between allele frequency
or expected phenotype and geographical location
[4,9,15-17]. Geographical clines are used to estimate
the strength of the barrier to gene flow experienced by
a neutral locus because of reduced hybrid fitness or
other forms of selection, and allow inference of the
number of genetic regions contributing to reproduc-
tive isolation [9,15,18]. Moreover, tests of geographical
concordance and coincidence among genetic or pheno-
typic clines can detect variable introgression and
have been used to identify loci potentially associated
with reproductive isolation [19-21]. Genomic clines are
mathematical functions that describe the probability of
locus-specific ancestry along a gradient in genome-
wide admixture or hybrid index, which is defined as
the proportion of an admixed individual’s genome inher-
ited from one of two parental populations [12,22,23],
with related models in earlier studies [15,24—26].

This journal is © 2011 The Royal Society
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Figure 1. Plots depict hypothetical genomic clines. In (a) and (), the solid black line depicts a genomic cline when a = 8= 0,
which is the genome-wide mean expectation with hybrid index equal to the probability of ancestry from parental population 1.
In (a) B;is set to 0 and «; is varied from 0.1 to 1 (solid grey lines) and from —0.1 to — 1 (dashed grey lines). Similarly, in () o;
is set to 0 and S3; is varied from 0.1 to 1 (solid grey lines) and from —0.1 to — 1 (dashed grey lines).

This is not a spatial gradient, rather nearly pure individ-
uals of each parental type occupy opposite ends of the
gradient. Thus, whereas geographical clines measure
the movement of alleles across space, genomic clines
measure the movement of ancestry blocks into different
genomic backgrounds. Genomic cline models provide
a way to generate a null-distribution for patterns of
introgression that is conditioned on genome-wide
admixture using a simple parametric model, a permu-
tation method, or a hierarchical Bayesian framework
[12,23]. This model framework can be used to identify
outlier loci that are characterized by extreme intro-
gression, and might be associated with adaptation or
reproductive isolation.

Empirical studies of hybrid zones using these
methods have repeatedly provided evidence for vari-
able introgression among loci [18,21,24,27-29]. The
observed variation among loci supports the hypothesis
that reproductive isolation is an attribute of individual
genomic regions rather than of the genome as a whole
[30]. For example, sex chromosomes have been found
to introgress relatively infrequently, consistent with
theoretical expectations that such sex-linked loci
should be important in speciation [18,19,31]. Both
concordant and discordant patterns of locus-specific
introgression in geographically separate hybrid zones
have been reported [27,29,32]. Such comparisons
allow analysis of how geographical, population and
environmental variation contribute to the genetic
architecture of isolation. Ultimately, comparisons of
isolation in different settings and hybrid zones will
enhance our understanding of the dynamics of spe-
cies isolation and divergence, and the efficacy and
polymorphism of isolating barriers [29,33,34].

Despite considerable progress in understanding the
genetics of speciation, knowledge of the genome-level
consequences and genome-wide signature of reproduc-
tive isolation is still in its infancy. In this paper, we begin
to fill this gap by determining whether different genetic
architectures of reproductive isolation lead to different
and detectable patterns of introgression at a genome
scale. To address this question, we first review and
extend the recently developed Bayesian genomic cline
model (described in §2a; [23]) to account for genomic
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autocorrelations in patterns of introgression for linked
genetic regions. We then simulate admixture under
different demographic conditions and a variety of
genetic architectures of isolation, including reduced
hybrid fitness owing to underdominance or epistasic
incompatibilities, variation in the number and effect
sizes of genes contributing to reproductive isolation,
and variation in the genomic distribution of genetic fac-
tors affecting fitness. We analyse these simulations in the
first place to determine the genetic outcomes of different
models and summarize patterns of locus-specific intro-
gression using the revised Bayesian genomic cline
model. Finally, we discuss the implications for future
genomic studies of the genetic architecture of isolation.

2. MODEL

(a) Bayesian genomic cline model

The purpose of the genomic cline model is to quantify
variable introgression of loci. With this model, we are
specifically interested in the movement of parental
ancestry segments into different hybrid backgrounds
(measured by hybrid index) within an admixed popu-
lation. Genomic clines are mathematical functions that
quantify introgression of individual loci relative to a
gradient in hybrid index. In other words, a genomic
cline describes the probability of locus-specific ances-
try given genome-wide ancestry or hybrid index.
Gompert & Buerkle [23] recently described a Bayesian
model for estimating genomic clines. This model con-
tains two key genomic cline parameters, « and S, that
are used to quantify variable patterns of introgression
(figure 1). Additionally, these parameters form the
basis for detecting outlier loci that might be associated
with reproductive isolation. Genomic cline parameter
« specifies an increase (a > 0) or decrease (a < 0) in
the probability of locus-specific ancestry from parental
population 1 and defines the centre of the cline (we
assume two parental populations labelled as parental
population 0 and 1). Genomic cline parameter S
denotes the rate of change in the probability of ances-
try along the genome-wide admixture gradient. 3 is the
rate parameter and positive values of 3 specify a stee-
per cline, whereas negative values of B specify a
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wider cline (figure 1). Herein, we review the Bayesian
genomic cline model before proposing an extension of
this model for high-resolution, genome-wide genetic
data. Readers interested in a more thorough des-
cription of this model should refer to Gompert &
Buerkle [23].

The Bayesian genomic cline model assumes two
parental populations are known a priori, and uses gen-
etic data from these populations to estimate parental
population allele frequencies. The model assumes
Hardy—Weinberg and linkage equilibrium within par-
ental populations (as in earlier studies [23,35] and
similar models), but does not assume these popu-
lations are fixed for different alleles. Estimates of
parental allele frequencies are necessary to estimate
the ancestry for individuals from putatively admixed
populations. Given the observed allele counts ¢y and
an uninformative Dirichlet prior, the posterior prob-
ability distribution for allele frequencies in parental
population 0 () is:

P(mo|y) ~ H Dirichlet(¢,0; + 1, o,

+17"'a(//i0k+1)7

where the product is taken across all I loci, and each
Dirichlet distribution is parametrized by a vector of
length K; (K; is the number of unique alleles observed
for locus 7). The posterior probability distribution
for allele frequencies in parental population 1 is
equivalently specified.

The genomic cline model assumes putatively
admixed individuals are sampled randomly from each
of ¥ admixed populations, but no assumption is made
about the geographical distribution of these popu-
lations. We model the ancestry of each allele copy in
admixed individuals. Ancestry (z) simply denotes
whether an allele was inherited from parental popu-
lation 0 (z = 0) or parental population 1 (z=1). The
likelihood of the genetic data from the admixed popu-
lations (x) is conditional on ancestry and parental
population allele frequencies:

I =
P(x|77z):HHHH )
7 [ 7 n a 1;1 Wfﬁak

if 2je =0
if Zijina = 1.

(2.1)

Here, x;j,q. is one if individual # has allelic state & for
allele copy a at locus 7 (and diploid individuals have
two allele copies at each locus), and x;,,, is zero other-
wise. When multiple admixed populations are included,
j denotes the population from which individual #
was sampled. The likelihood is a product across all
loci, admixed populations (if more than one admixed
population is included), individuals, and allele copies.
A genomic cline function specifies the prior
probability of locus-specific ancestry from parental
population 1, which is conditional on hybrid index
and the locus-specific genomic cline parameters. This
prior probability is denoted as ¢. This probability is a
simple function of an auxiliary variable 6, but has the
imposed biologically meaningful constraints that ¢
must be bounded by zero and one and must be a
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monotonically increasing function of hybrid index.
The mathematical details of the transformation between
¢ and 6 can be found in Gompert & Buerkle [23]; here,
we simply describe the polynomial function for the
auxiliary variable 6. This function includes a term for
hybrid index (h) and the genomic cline parameters «
and B that were described previously (figure 1):

Ojn = P + 2(hy — h2) (0t + By(2h, — 1)).

Hybrid index is polarized such that an individual with
h, =0 has ancestry only from parental population 0,
and an individual with %, = 1 has ancestry only from
parental population 1.

The genomic cline parameters are allowed to vary
by locus (7) and admixed population (J; if multiple
admixed populations are analysed). Therefore, linear
random-effect models are specified for a; and B

(2.2)

i = v + My (2.3)
and
Bi = & + Kij)- (2.4)

Gompert & Buerkle [23] assumed hierarchical
normal priors for the locus and nested population
effects for the cline parameters: y~ N(0,7,), {~
N(0,7g), 1; ~ N(0,v;) and k; ~ N(0,w;). Each of these
hierarchical priors has a mean of zero. The precision
parameters for these prior distributions describe the
magnitude of variation in patterns of introgression
among loci. When analysis is restricted to a single
admixed population the nested population effects
are dropped from the model, such that «;=+; and
B:={. To complete the Bayesian genomic cline
model, uninformative priors are specified for the
random-effect precision parameters (7,, Tg, v and w)
and hybrid index (h).

(b) Intrinsic conditional autoregressive p prior
Jor linkage
The choice of hierarchical normal priors for vy, {, n and «
assumes that each vy; {; ;) and k) is an independent
sample from a genome-wide distribution (i.e. a normal
distribution with mean zero and an estimated precision
parameter). In other words, because these priors specify
conditional independence for cline parameter random
effects, values for v; and v/ are assumed to be indepen-
dent given the precision parameter 7,. Linkage creates
spatial genomic autocorrelation in the evolutionary his-
tory of loci [36]. Thus, the assumption of conditional
independence is likely to be violated when high-resolution
genetic data are used to study genome-wide divergence
during speciation, and modelling autocorrelation will be
highly relevant for detecting and interpreting outlier loci.
Therefore, we now model autocorrelation owing
to linkage by specifying intrinsic conditional autoregres-
sive p ICARp) priors for the genomic cline parameters.
This form of statistical model is commonly used to
account for spatial autocorrelation in geographical
models [37,38] and is quite similar to the approach
proposed by Guo et al. [39] to account for correlations
owing to linkage when conducting Fst-outlier genome
scans. For the purpose of this paper, we describe
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ICARp priors for the locus-specific random effects y
and Z, but not the nested population effects. The exten-
sion of this prior to the nested population effects would
be trivial. Accurate estimates of recombination rates
between loci are required to implement the ICARp
model. The conditional forms of the ICARp priors for
v; and {; are

P isi Wit Vi
Pty ~ N(PEIZ 1, ) 25)
and

P ysi Wirly
P(&i|dy) ~ N(;—4’ T/swi+>- (2.6)

In these equations 7y; is the collection of vy;, for all i #1,
{141 is the collection of {;, for all i # 1, w;/ is an entry from
an I x I weight matrix (W), w;. =), i Wit and p is
a spatial dependence parameter that is included in
part to ensure propriety of the posterior distribution
[37,38]. The weight matrix (W) defines the expected
correlations among genetic regions owing to linkage
(genomic proximity). We impose a sum-to-zero con-
strain on 7y and ¢ to ensure identifiability of the
parameters. Additional details of the ICARp model
are provided in the electronic supplementary material
(see §S1, ICARp model detalils).

(¢) Designating outlier loci

The Bayesian genomic cline model provides a frame-
work to designate statistical outlier loci, which we
define as loci with unlikely or extreme cline parameters
given the appropriate hierarchical prior [23]. Outlier
loci have aberrant patterns of introgression and might
be associated with reproductive isolation [12,23]. We
designate outlier loci with respect to genomic cline
centre (a) or genomic cline rate (8). Following Guo
et al. [39], these can be local (i.e. relative to nearby gen-
etic regions) or global (i.e. relative to the entire genome)
outlier loci. Locus ¢ is a local outlier with respect to « if
the posterior point estimate of «; is not contained in the
interval g, which is defined as the interval bounded by
the N/2 and (1 — N)/2 quantiles of the ICARp prior
for a. Local outliers with respect to § are designated
likewise. Designating global outliers requires a different
reference distribution. Because we impose sum-to-
zero constraints on the cline parameter random effects
and because the mean genome-wide cline parameter
should always be zero, we designate global outliers
with respect to zero-centred distributions. Specifically,
locus i is a global outlier with respect to « if the posterior
estimate of « is not contained in the interval gy, where gx
is the interval bounded by the N/2 and (1 — N)/2 quan-
tiles of N(0,7, w;,) (likewise for 3).

3. METHODS

(a) Stmulations

We simulated genetic data for admixed populations to
determine whether different genetic architectures of
reproductive isolation left distinct genomic signatures.
We have used a related model for simulating admixed
populations in other studies [12,23,40]. We were inter-
ested in three major contrasts regarding the genetic
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architecture of reproductive isolation: (i) the number
and fitness effect of genetic loci contributing to isolation,
(ii) whether isolation was the result of underdominance
or epistatic incompatibilities, and (iii) the genomic
location and distribution of loci associated with isolation.
We simulated underdominant selection and selection
arising from pairwise epistatic interactions. For both
forms of selection, we assumed that fitness was multipli-
cative and was the result of an individual’s ancestry at N
loci, and that each locus had an equal effect on fitness.
Underdominant selection arises when the fitness of
the heterozygous genotype is lower than that of either
homozgyous genotype. We modelled underdominance
by defining the relative fitness of an individual as f=
1 — (1 — 5)™, where s is the reduction in fitness associated
with having heterozygous ancestry at a single locus
with an effect on fitness. x, is the number of loci (out
of the N; loci) at which an individual had heterozygous
ancestry. Epistatic interactions are fundamental for
reproductive isolation owing to the accumulation of
Bateson—Dobzhansky—Muller (BDM) incompatibil-
ities [41—43], and are thought to play a significant role
in the genetics of speciation [42,44,45]. We assumed a
simple model of BDM incompatibilities, where inter-
actions are between pairs of loci and the ancestral state
at each locus is fitter [44,46]. For each pair of interacting
loci, we assumed that parental population 0 is fixed for a
derived allele at the first locus (A4) and parental popu-
lation 1 is fixed for a derived allele at the second locus
(B; the ancestral genotype is aabb). Combinations of
derived alleles at the interacting locus pair are incompa-
tible and cause reduced fitness in hybrids. There are
three different potential incompatibilities: homozygous
derived x homozygous derived (H,), homozygous
derived x heterozygous (H;) and heterozygous x het-
erozygous (Hy; [44]). The fitness effect of each
incompatibility depends on dominance. To achieve the
greatest effect possible with BDM incompatibilities,
we assumed complete dominance of derived alleles s =
SH, = SH, = Sg,, such that an individual’s relative fitness
was given by f=1— (1 —s)" ™M™ (where xg,
refers to the number of pairs of H, interactions, etc.).
The simulations modelled admixture between parental
populations with fixed allele differences and no demic
structure within the admixed population (these are not
assumptions of the genomic cline model). We simulate
a variety of demographic conditions (table 1; electronic
supplementary material, S2 ‘Simulation details’).

(b) Analyses

To assess the genome-level signature of reproductive
isolation, we first summarized hybrid index and inter-
specific heterozygosity (i.e. the proportion of the
genome with alleles at a locus inherited from different
parental populations) across all individuals for each
simulated dataset, directly from the simulation output.
We also quantified mean locus-specific ancestry (i.e.
the proportion of allele copies inherited from parental
population 1) and locus-specific interspecific heterozyg-
osity for each combination of simulation conditions.
These parameters measure the effect of different genetic
architectures of isolation directly from known simu-
lation output, independent of the genomic clines model.
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In addition to direct quantification of the simulation
results, we estimated genomic cline parameters to quan-
tify genome-wide variation in patterns of introgression
for different genetic architectures of reproductive iso-
lation. For each simulated dataset, we estimated cline
parameters using the Bayesian genomic cline model
with ICARp priors described in §2. Posterior probability
distributions for all model parameters were estimated
using Markov chain Monte Carlo (MCMC). Computer
software that implements MCMC estimation for the
Bayesian genomic cline model parameters was written
by the authors using C++ and the GNU Scientific
Library [47]. For each simulated dataset, we obtained
22500 MCMC samples from the posterior probability
distribution, which were sampled every other MCMC
iteration following a 5000 iteration burnin. We ran a
single MCMC chain for each dataset, and visually
assessed convergence to the stationary distribution and
chain mixing by haphazard inspection of sample history
plots. Parameter estimates were based on the median
and 95 per cent equal tail probability interval of
marginal posterior probability distributions. We desig-
nated local and global outlier loci as described in §2c,
and using gx = 0.05 for local outliers and gy = 0.01
for global outliers (we used a more stringent cut-
off for global outliers because it was much more
common for loci to have extreme parameters relative to
the global, zero-centred distribution than a distribution
centred on the local mean).

The scale and form of genomic autocorrelations in
genome-wide patterns of introgression could provide
important information about the genetic architecture of
reproductive isolation and effect our interpretation of
loci classified as outliers. As a measure of autocorrelation
for genomic cline parameters, we calculated Moran’s I
[48,49] at various recombination distances (measured
in centimorgans) according to the following equation:

I _ ne Zi Zi’ Til"{(kl, kZ]}a,-ai/
(k1,k2] — R(kl‘kz] Zi a? .

In equation (3.1), the r;/ are binary variables that take on
a value of one if the recombination distance between
locus 7 and ¢’ is k1< r;/ < k2, and otherwise take on a
value of 0. R,z is the sum of all r;/ and 7, is the
total number of loci. Iz 2 Was calculated for 8 in a
similar matter. We calculated I(z;,z2) for o and B8 with
k1 =[0,50] with 2 cM increments, and k2 = k1 + 2
(or infinity for k1 = 50). Estimates of Moran’s I were
used to construct correlograms, which are plots of
autocorrelation as a function of genetic distance.

(3.1)

4. RESULTS

The distribution of hybrid indexes for each simulated
admixed population was flat or unimodal (see electronic
supplementary material, figure S1). Flat hybrid index
distributions were more common when dispersal
from the parental populations was high (m = 0.2),
whereas unimodal distributions were observed more fre-
quently when dispersal was low (m = 0.05; compare
electronic supplementary material, figure Sla—c with
e,f ). Under most conditions, the mean hybrid index
for each admixed population was close to 0.5 (50%
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ancestry from each parental population), but under-
dominance with one or several genes of moderately
large or very large effect caused the distribution of
hybrid indexes to shift towards zero or one (e.g. elec-
tronic supplementary material, figure Slc; table 1).
Mean interspecific heterozygosity in the admixed popu-
lations tended to be close to 0.5, but a high dispersal
rate from the parental populations increased the var-
iance in interspecific heterozygosity among individuals
(electronic supplementary material, figure S1; table 1).

Mean locus-specific ancestry and interspecific het-
erozygosity varied among genetic regions regardless
of the simulated demographic conditions or genetic
architectures of isolation (figure 2 and table 1). How-
ever, variation in both metrics was most pronounced
with underdominance with one or several loci of mod-
erately large or very large effect (e.g. figure 2¢,d), or
BDM incompatibilities with one or many interacting
locus pairs of moderately large or very large effect
(e.g. figure 2f). With these genetic architectures, gen-
etic regions near loci that caused fitness variation had
extreme values for mean ancestry (i.e. values with a
greater absolute deviation from 0.5) and reduced
mean interspecific heterozygosity. Consistent with
the distribution of hybrid indexes, underdominance
with one or several genes of moderately large or very
large effect shifted mean ancestry genome wide.

Similar to the direct observations of ancestry and
interspecific heterozygosity in the simulations, esti-
mated genomic cline parameters varied among genetic
regions (figure 3). We observed the most genome-wide
variation in the genomic cline centre parameter («)
with underdominance involving one locus of very large
effect (s = 0.65) or five loci of moderately large effect
(s = 0.2) that were located near each other on a single
chromosome, with underdominance and 25 generations
of admixture, or with BDM incompatibilities involving
one or many interacting locus pairs with s = 0.2 or s =
0.65 (figure 3 and table 1). We obtained similar results
for the genomic cline rate parameter (83), but genome-
wide variation was much greater with underdominance
involving five loci of moderately large effect on a single
chromosome than any other genetic architecture,
and genome-wide variation was modest even after 25
generations of admixture when underdominance was
associated with many genes of small effect (s = 0.01,
N, =110). Genome-wide variation in 8 with BDM
incompatibilities was also generally low, except with
20 interacting locus pairs of moderately large effect
(s = 0.2). In general, genome-wide variation in genomic
cline parameters was lower with higher dispersal rates
from parental populations. The lowest levels of
genome-wide variation for both « and 8 were associated
with weak isolation overall or a diffuse genomic archi-
tecture of isolation (i.e. genes causing reduced fitness
were spread evenly throughout the genome; figure 3
and table 1).

The total number of statistical outlier loci varied
considerably for simulations conducted with different
demographic conditions and genetic architectures of
isolation (figure 3; electronic supplementary material,
table S1). For example, high dispersal from parental
populations (m = 0.2) led to very few outliers (a total
of 10 (s=0.01, N,=110) or 15 (s=0.2, N,=5)
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across 10 replicate simulations), whereas over 449 out-
lier loci were detected for underdominance with s =
0.01, N,=110, m=0.05 and g=25. Outlier loci
were more common with respect to « than (B, and
global outliers were much more common than local
outliers (no local B outliers were detected; electronic
supplementary material, table S1). The correspon-
dence between outlier loci and genetic regions
affecting fitness varied among simulation conditions
and cline parameters. We define true outliers as loci
within 10 cM of genetic regions contributing to iso-
lation, however, this designation is arbitrary and is
not meant as a general rule of thumb. Given this defi-
nition, global outlier loci were approximately 10 times
more likely to be true outliers than false outliers with
underdominance involving a single selected locus of
very large effect (s=0.65, Ny=1, N, =1 and m =
0.05, g=10), five loci of moderately large effect
and 25 generations of admixture (s= 0.2, N,=5,
N, =1, m=0.05 and g = 25), five loci of moderately
large effect that co-occurred on a single chromosome
(s=0.2, Nj=5, N, =5, m=0.05 and g=10), or
BDM incompatibilities with two interacting loci of
very large effect (s=0.65, N,=2, m=0.05 and
g = 10; electronic supplementary material, table S1).
However, for other simulated demographic conditions
or genetic architectures global outlier loci were only
about twice as likely to be true outliers rather than
false outliers (e.g. underdominance with s=0.2,
N;,=5,N,;,=1,m=0.05and g= 10, or BDM incom-
patibilities with s = 0.2, N, = 20, N, = 2, m = 0.05 and
g=10). Finally, when isolation was the product of
genes with little individual effect, it was common for
false and true outliers to be equally common (electronic
supplementary material, table S1). Local outliers with
respect to « were rare, but were nearly always true
outliers (only three false outliers were recorded).
Genomic autocorrelation for cline parameters o and
B was affected by demographic conditions and the
genetic architecture of isolation (figure 4; electronic
supplementary material, figure S2). Genomic autocorre-
lation (measured by Moran’s I) was often greater than
0.9 and close to one for genetic regions separated by
2 cM (table 1). This result indicates that nearby genetic
regions generally had similar patterns of introgression.
We found considerable variation among model con-
ditions for the rate at which genomic autocorrelation
decreased with increasing recombination distance. For
example, the mean genetic distance required for geno-
mic autocorrelation to drop below half of Iocam,2cm)
(denoted as I;,,) was 32.8 (a) or 48.2 cM (B) for under-
dominance involving five linked loci with s= 0.2,
but was only 16.2 («) or 20.8cM (B) for underdomi-
nance with five unlinked loci of weak effect (s =0.01;
table 1). Moreover, with some genetic architectures,
genomic autocorrelation rapidly approached zero or
took on negative values as the genetic distance between
loci increased (e.g. or BDM incompatibilities with
20 loci of moderately large effect), whereas we observed
values of I > 0.5 for all genetic distances less than 50 cM
for other simulation conditions (e.g. « for underdomi-
nance involving one locus with s=0.65; figure 4;
electronic supplementary material, figure S2). Negative
genomic autocorrelations arise because of epistatically
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interacting loci and because « and B parameters are
constrained to sum to zero across loci.

5. DISCUSSION

The results indicate that different genetic architectures
of reproductive isolation often, but not always, leave
distinct genomic signatures in admixed populations.
We observed increased heterogeneity in patterns of
introgression among genetic regions when reproduc-
tive isolation was caused by one or several genes with
moderately large to very large fitness effects, rather
than many genes with small fitness effects. Similarly,
genome-wide heterogeneity in the rate and form of
introgression was higher when genetic regions affect-
ing fitness were clumped together, rather than spread
out across a greater number of chromosomes. For
comparable selection intensities, underdominance
and BDM incompatibilities caused similar levels of
genomic heterogeneity in patterns of introgression,
although the former had a greater effect on genomic
cline rate (B). Patterns of genomic autocorrelation in
cline parameters were complicated, with different gen-
etic architectures often leading to moderately to
strikingly different rates of change in autocorrelation
with genetic distance. Genetic architectures of iso-
lation based on underdominance with the fewest loci
contributing to isolation, particularly those with a
single locus of very large effect, or BDM epistasis
with interacting locus pairs on different chromosomes
caused the greatest long-range genomic autocorrela-
tion in cline parameters, whereas BDM epistasis with
interacting locus pairs on the same chromosome
resulted in some of the lowest long-range genomic
autocorrelations (because of selection for different par-
ental ancestry at each locus).

BDM incompatibilities caused greater genomic
heterogeneity in « (genomic cline centre) than S
(genomic cline rate) and the same was often true of
underdominance. This observation highlights an
important distinction between geographical and geno-
mic introgression. The geographical extent of
introgression is reduced for loci causing BDM incom-
patibilities or underdominance [9,50]. Under a few
conditions, we obtained a similar pattern whereby
alleles inherited from one population did not intro-
gress into the alternative genomic background
(positive B). However, the observed genomic hetero-
geneity in « indicates that, within the admixed
population, introgession of loci causing BDM incom-
patibilities or underdominance was often extreme
and ancestry blocks from one of the parental popu-
lations achieved a high frequency across the hybrid
index gradient at the expense of ancestry blocks from
the other parental population. With underdominant
selection, « for selected loci tended to deviate in a
single direction from expectations based on genome-
wide admixture (i.e. all positive or all negative).
Whether ancestry from parental population 0 or 1
was favoured varied stochastically among simulations.
This finding indicates that drift during the first few
generations affected the genomic composition of the
admixed population, which influenced whether alleles
inherited from parental population O or 1 had a higher
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single replicate for a set of model conditions. The model conditions shown here correspond to those described for figure 3.

marginal fitness. With BDM incompatibilities, positive
values of a were often associated with the first locus of
each pair and negative values of « were often associ-
ated with the second locus of each pair. This pattern
suggests selection increased ancestry associated with
the ancestral alleles (a and b) at each locus. This
should not be surprising as the ancestral alleles had
higher marginal fitness than the derived alleles (A4
and B), which causes a form of directional selection.
When considering a single locus, underdominant
selection and BDM incompatibilities can affect « in
the same manner as directional selection [23], which
suggests it might not be possible to discern the specific
form of selection affecting a locus. Thus, previous
attempts (including our own) to associate a specific
form of selection (i.e. underdominance, epistasis or
directional selection) with a locus based on the sign
or magnitude of cline parameters were perhaps
overly simplistic and naive [12,26,27,29].

The simulation results indicate that the genomic
signature of reproductive isolation is also profoundly
affected by demographic conditions. For example,
relative to m = 0.05, increased dispersal from parental
populations (m = 0.2) caused reduced heterogeneity
in patterns of introgression, but slightly increased
long-range genomic autocorrelations, particularly for
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genomic cline rate parameter 8. This is not surpris-
ing, as increased dispersal should retard shifts in
ancestry owing to selection in admixed individuals,
and inject parental chromosomal blocks and increase
admixture linkage disequilibrium [15,40,51]. Conver-
sely, relative to 10 generations of admixture, 25
generations of admixture caused increased heterogen-
eity in patterns of introgression across the genome
and reduced long-range genomic autocorrelations.
Again, this result could be expected, as an increased
number of generations allows more time for recombi-
nation in admixed individuals to break up parental
haplotype blocks. These results demonstrate
that our ability to map the genetic architecture of iso-
lation in a hybrid zone very clearly depends on its
demographic history.

Demographic conditions also affected genome-wide
admixture. Although the form and strength of isolation
can affect the distribution of hybrid indexes in an
admixed population, we found that this distribution
was altered to a great extent by the dispersal rate
from parental populations. With high dispersal, we
generally observed a flat (uniform) distribution of
hybrid indexes (presumably higher dispersal rates
would have led to a bimodal distribution), whereas
low-dispersal rates resulted in a unimodal distribution.
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Although these results are consistent with the hypoth-
esis that bimodal hybrid zones are associated with
nearly complete (prezygotic) reproductive isolation
[7], they suggest that this might be an oversimplifica-
tion. Rather, the results indicated that the modality
of a hybrid zone is likely a function of the strength
and form of isolation, as well as the dispersal rate
from (or geographical overlap of) parental popu-
lations. High dispersal rates or geographical overlap
of parental populations coupled with strong isolation
should yield a bimodal hybrid zone, whereas even
with strong isolation a geographically isolated admixed
population will often have a unimodal distribution of
hybrid indexes, which might be centred well away
from 0.5. Thus, it is difficult to draw inferences
about the nature of isolation based on the observation
of a unimodal hybrid zone. Interpretation would
require an understanding of the geographical context
in which the unimodal hybrid zone occurs.

The results suggest that our ability to identify gen-
etic regions associated with reproductive isolation in
admixed populations based on variable introgression
depends on population demography and the genetic
architecture of isolation. Specifically, when reproduc-
tive isolation is caused by a modest number of
genetic regions with moderate to large effects on fit-
ness, global outliers are enriched for genetic regions
associated with isolation. The same is true for local
outliers, when they occur. However, when isolation is
caused by genes with small fitness effects (whether
few or many genes), outliers are at best marginally
enriched for genetic regions associated with isolation.
An optimistic assessment of these results is that vari-
able introgression can be used most effectively to
map the genetic architecture of isolation when the
identity and location of genes contributing to isolation
would be most interesting (i.e. when these genes have
moderate to large effects on fitness). Even under these
circumstances, it will be difficult to identify the true
loci underlying reproductive isolation as their effect
can extend over large portions of a chromosome.
When patterns of introgression are relatively homo-
geneous, little confidence should be placed in
individual outliers. But this pattern, if coupled with
independent knowledge indicating moderate to
strong overall isolation between hybridizing popu-
lations, would provide preliminary support that
isolation is the result of many genes with small effects
on fitness. Finally, the results show that a greater
number of generations of admixture can radically
increase the correspondence between outlier loci and
the genetic architecture of isolation, whereas high
rates of dispersal from parental populations can
retard evolution in the admixed population to the
extent that outliers are very rare, making the genetic
architecture of isolation difficult to map.

We simulated complicated genetic architectures of
isolation, but the genetic architecture of isolation in
many natural hybrid zones is likely more complex.
For example, documented genome-wide variation in
genomic clines from natural populations certainly
tends to be greater than that observed from these
simulated data sets [23,27,29]. Moreover, each simu-
lation involved a single form of selection and equal

Phil. Trans. R. Soc. B (2012)

fitness effects for all selected loci. Neither of these
assumptions is expected to hold in natural popu-
lations. Nonetheless, we have uncovered considerable
complexity in patterns of introgression that result
from even these relatively simple simulations. This
suggests that the study of the genomics of isolation
in hybrids will benefit from additional theoretical
work to further develop our expectations for the geno-
mic consequences of different isolating barriers. The
complexity also suggests that specific evolutionary
causes of heterogeneous introgression among loci
should be inferred with caution.

Our findings point to both promise and potential
limitations for discovering the genomics of speciation
by studying admixed populations. Further progress
will require genome-wide studies of introgression in
hybrid zones, coupled with appropriate model-based
analyses. Indeed, genome-wide sequence data have
recently been published for several species known to
hybridize in nature [52-54]. For example, Nadeau
et al. [55] report genetic divergence between hybridiz-
ing lineages of Heliconius butterflies associated with
colour pattern genes. These and other systems are
well suited for genome-wide surveys of introgression
in hybrid zones, which will complement studies of
genome-wide divergence.

With increasing sequence coverage of genomes,
model-based population genomic analyses of hybrid
zones will need to account for linkage among genetic
regions. We have proposed one way of doing this by
specifying ICARp priors for cline parameters.
Hidden Markov models (HMM), which explicitly
model correlated parameter states or evolutionary
models along a chromosome, provide an alternative
method [36,56,57]. It would be possible to introduce
a HMM for the genomic cline parameters (« and 3)
with a finite number of model states. Falush et al
[58] proposed a Markov model for ancestry along a
chromosome in admixed individuals. This model
could conceivably be combined with ICARp priors
for cline parameters to model correlated patterns of
introgression and admixture linkage disequilibrium in
a complementary manner. We intend to explore this
possibility in future work.

Finally, interpreting genetic patterns in the context of
the complex genomic environment in which they are
embedded (physical linkage relationships, density of
genes and other functional regions, etc.) will advance
our understanding of speciation. For example, a study
of genomic divergence and local and long-distance
linkage disequilibrium in threespine stickleback popula-
tions demonstrates the utility of analysing associations
among loci, which leads the authors to suggest a new
model for evolution in sticklebacks [59]. Similarly, our
simulation results indicate that statistical measures of
association across the genome (our genomic auto-
correlations) capture aspects of genome introgression
that have previously received little attention in the
genomics of speciation, but that might support critical
future insights.
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