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The emergence of new species is driven by the establishment of
mechanisms that limit gene flow between populations. A major
challenge is reconciling the theoretical and empirical importance
of assortative mating in speciation with the ease with which it can
fail. Swordtail fish have an evolutionary history of hybridization
and fragile prezygotic isolating mechanisms. Hybridization between
two swordtail species likely arose via pollution-mediated breakdown
of assortative mating in the 1990s. Here we track unusual genetic
patterns in one hybrid population over the past decade using whole-
genome sequencing. Hybrids in this population formed separate
genetic clusters by 2003, and maintained near-perfect isolation over
25 generations through strong ancestry-assortative mating. However,
we also find that assortative mating was plastic, varying in strength
over time and disappearing under manipulated conditions. In addi-
tion, a nearby population did not show evidence of assortative mating.
Thus, our findings suggest that assortative mating may constitute an
intermittent and unpredictable barrier to gene flow, but that variation
in its strength can have a major effect on how hybrid populations
evolve. Understanding how reproductive isolation varies across
populations and through time is critical to understanding speciation
and hybridization, as well as their dependence on disturbance.
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Understanding what drives reproductive isolation between
populations is one of the major puzzles in evolutionary bi-
ology. Premating isolation can play an important role in the early
stages of speciation, allowing for the accumulation of other iso-
lating mechanisms (1-3). Furthermore, premating isolation can
evolve in response to selection against hybridization between
diverging populations (4, 5), and thus is a key mechanism of re-
productive isolation at multiple stages of speciation.

On the other hand, behavioral data suggest that these mech-
anisms can be plastic (6). Preferences for conspecifics can be
abolished or even reversed depending on social and environ-
mental context (7-9). Thus, while premating isolation plays a
primary role in divergence between populations, its breakdown
also may facilitate gene flow between species. Reconciling the
possible context dependence of assortative mating with its im-
portance in reproductive isolation is crucial to understanding the
mechanisms of speciation. Few studies to date have investigated
how these mechanisms operate in natural populations over time.

Genomic analyses of species not currently known to hybridize,
including humans, reveal the footprints of past hybridization
(10-15). These patterns suggest that the evolutionary history of
many species is characterized by the frequent breakdown and
reestablishment of reproductive isolation. Specifically, the epi-
sodic disruption of assortative mating is likely a frequent trigger
of hybridization (9, 16). Conversely, assortative mating can be an
important isolating mechanism in hybrid species (17). Thus, assor-
tative mating should be of key importance in shaping the evolution
of populations immediately after hybridization (18). However,
further complexity is introduced by the fact that preferences
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can be plastic. Preferences that are learned (19, 20), environ-
mentally dependent (8), or frequency dependent (21, 22) could
generate distinct outcomes in hybridizing populations (6, 23)—
even those formed between the same parental species. Since
episodes of hybridization determine the extent of gene flow be-
tween lineages, understanding them and how they are influenced by
assortative mating is central to understanding reproductive isolation
between species.

Here we tracked hybrid populations through time to explore
these questions. Species of swordtail fish (Xiphophorus) can hy-
bridize, but reproductive isolation in sympatry is maintained by
conspecific mate preferences (24). Nevertheless, these prefer-
ences are sensitive to particular ecological conditions (7), and
their breakdown may play a major role in the rampant genetic
exchange observed throughout the evolutionary history of the
genus (13). Hybrid populations derived from the sister species
Xiphophorus birchmanni and Xiphophorus malinche first formed
35-56 generations ago, or ~15-30 y ago (25), likely due to human-
mediated disruption of pheromonal communication (7).

We combine time series genomic data from hybrid populations,
genetic analysis of mother-offspring pairs, and behavioral studies
from the laboratory and the wild to understand the importance of
assortative mating as a barrier to gene flow in these hybrid
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populations. We find that one population (“Aguazarca”) is com-
posed of two types of hybrid individuals that have developed re-
productive isolation through assortative mating. By tracking
populations through time, we show that assortative mating can be
a strong barrier to gene flow between these hybrid clusters, but
also that assortative mating is variable over time, across pop-
ulations, and environments. Such variation in the strength of
assortative mating may implicate behavioral plasticity or an im-
portant role of environmental factors in assortative mating in this
system. Regardless of its causes, the context dependence of assor-
tative mating is likely an important factor shaping hybrid ancestry
in modern genomes.

Results

Genome-Wide Sequencing of the Aguazarca Population. We applied
a genome-wide genotyping approach known as multiplexed shot-
gun genotyping (MSG) (26) to characterize ancestry throughout
the genomes of 642 adults that we sampled from a hybrid pop-
ulation, Aguazarca (SI Appendix, Fig. S1), over the course of more
than a decade. We calculated the hybrid index for each individual
from ~1.3 million ancestry-informative sites. Based on these data,
we show that the ancestry distribution at Aguazarca is clearly
bimodal (Hartigan’s dip statistic for unimodality in 2013-2015:
D =0.21; P < 107°) (Fig. 14). Strikingly, adults fall into one of two
hybrid clusters: a birchmanni-biased cluster with 72 + 3% of the
genome derived from X. birchmanni or a malinche-biased cluster
with 95 + 5% of the genome derived from X. malinche. Although
the malinche-biased cluster has only 5% hybrid ancestry on average,
comparisons to pure parentals indicate that both clusters have hy-
brid ancestry (SI Appendix, Fig. S2).

Despite their genetic differentiation, the two clusters are fully
sympatric. Individuals of each subpopulation were collected in
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Fig. 1. Ancestry distributions in three independently formed hybrid pop-
ulations. Ancestry distributions in sampled hybrid populations differ dra-
matically. (A and B) The bimodal population structure observed at Aguazarca
in 2013-2015 has been stable over the last 13y or ~25 generations. (C and D)
This pattern contrasts markedly with the minimal population structure in
two other hybrid populations. Although the Aguazarca population shows
strong bimodality (A: Hartigan’s dip statisticc D = 0.21, P < 1079), hybrid
populations in other rivers show more subtle population structure (C: D =
0.024, P=0.89; D: D = 0.02, P = 0.87).
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every collection site and from the same traps over multiple years
(SI Appendix, 1 and 2 and Fig. S3). Furthermore, underwater
videos demonstrate that individuals from the two subpopulations
come into frequent contact (SI Appendix, 2 and Movie S1),
demonstrating that the subpopulations are not separated into
distinct microhabitats.

Hybrid Subpopulations Have Persisted Over ~25 Generations. Fur-
thermore, these distinct hybrid subpopulations have persisted at
Aguazarca over at least ~25 generations, or approximately two-
thirds of the estimated hybrid population age, with no detectable
change in hybrid ancestry distribution within genotype clusters over
this period (Kolmogorov—Smirnov test, 2003 vs. 2015; birchmanni-
biased: D = 0.17, P = 0.49; malinche-biased: D = 0.28, P = 0.39)
(Fig. 1B). In fact, pairwise comparisons of ancestry distributions
between years demonstrate that within-subpopulation ancestry has
been remarkably stable over time (Fig. 1B). Only one pairwise
comparison, between birchmanni-like subpopulations in 2005-2007
and 2009-2010, showed a significant difference in ancestry distri-
bution (P = 0.03 after Bonferroni correction for multiple tests;
average malinche ancestry 2% lower in 2005). These results suggest
that there has not been substantial gene flow between subpopu-
lations, despite continued sympatry.

We took advantage of our extensive historical sampling to esti-
mate the level of gene flow between subpopulations at Aguazarca.
Using an approximate Bayesian approach to fit the distribution of
ancestry proportions over time, we recovered well-resolved poste-
rior estimates of the amount of gene flow between hybrid sub-
populations (Fig. 24 and SI Appendix, 3). We found that gene flow
between clusters has been remarkably low over the last 25 gener-
ations, with an estimated Nm of <3 in both directions. Higher rates
would result in a less extreme population structure than what we
observed. These results demonstrate that despite living in sym-
patry, the two Aguazarca subpopulations have successfully mated
only rarely. Consistent with this observation, only two adult indi-
viduals out of 642 sampled from Aguazarca since 2003 were produced
by recent mating events between subpopulations (intermediate
ancestry individuals shown in Fig. 1B).

We also used an ABC approach to ask whether gene flow be-
tween the two hybrid clusters in Aguazarca changed over time.
Although such simulations are often difficult because of the need
to explore a large parameter space, we used historical reports and
our own estimates of the hybrid zone age in Aguazarca from pre-
vious work (25, 27, 28) to ground these simulations. Our results
suggest that the data are consistent with early migration rates
between clusters approximately 3- to 4-fold higher than the levels
we inferred between 2003 and 2015, but likely 6- to 16-fold higher
(SI Appendix, Figs. S4 and S5). Specifically, the 95% confidence
intervals of the migration rate posterior distributions inferred for
this earlier period do not overlap with the maximum a posteriori
estimates for contemporary migration. These results imply that the
strength of assortative mating in Aguazarca has changed over time,
consistent with behavioral results suggesting that the mechanisms
underlying assortative mating are context-dependent (7, 21).

Hybrid Population Structure at Aguazarca is Unusual. The bimodal
population structure that we observed at Aguazarca is unusual.
Earlier data based on just 4 SNPs hinted at the population struc-
ture in Aguazarca and suggested that other birchmanni-malinche
hybrid populations lack structure (29), but had limited power (30).
For comparison, we examined genome-wide ancestry patterns at
0.47-0.79 million ancestry-informative sites in two other hybrid
populations, Tlatemaco (25) (Fig. 1C) and Totonicapa (n = 245;
Fig. 1D). Neither population differed significantly from a unimodal
distribution of hybrid ancestry (Tlatemaco: D = 0.02, P = 0.87;
Totonicapa: D = 0.024, P = 0.89).

However, phenotypes and hybrid index ranges in Totonicapa
were qualitatively similar to those in Aguazarca, including a
birchmanni cluster of similar ancestry and a small subpopulation of
malinche-like individuals composing 6 + 2% of the population
(Figs. 1C and 2B and SI Appendix, 1). Thus, Totonicapa is a useful
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Fig. 2. ABC simulations support near-complete reproductive isolation be-
tween the two hybrid clusters at Aguazarca, despite phenotypic and genetic
similarity to another population lacking reproductive isolation. (A) Results of
ABC simulations focusing on the Aguazarca population demonstrate that
gene flow (Nm) between subpopulations in Aguazarca has been low over
the past 25 generations (Nm from the malinche cluster, ~2.8; Nm from the
birchmanni cluster, ~1.2). (B) Despite low levels of cross-cluster gene flow in
Aguazarca, males of the birchmanni-like cluster are similar phenotypically in
Aguazarca and Totonicapa, as are males in the malinche-like cluster. Shown
are results of principal component analysis of male hybrids in these pop-
ulations and individuals of the pure parental species. Discriminant function
analysis identifies sword length and dorsal fin length as the phenotypic traits
most differentiated between the two subpopulations in Aguazarca (S/ Ap-
pendix, 1 and 2). However, these traits do not differ in their distribution
between birchmanni cluster hybrids in Aguazarca and Totonicapa (S/ Ap-
pendix, Fig. S14). This suggests that preference differences, environmental
differences, or differences in traits not captured by our phenotyping un-
derlie differences in assortative mating between populations.

comparison with the extreme population structure observed in
Aguazarca. In contrast to the patterns observed in Aguazarca, several
samples from Totonicapa included first-generation (F;) offspring of
matings between the two subpopulations. In addition, the distribution
of hybrid indices in Totonicapa was significantly right-skewed (P <
0.001 based on bootstrapping), as expected if the birchmanni cluster
in this population has continually mated with malinche-cluster indi-
viduals (SI Appendix, 4). Although a lack of sufficient historical
samples from Totonicapa precluded direct comparisons with the
inferred Nm in Aguazarca, the proportion of sampled individuals
over all years that are cross-cluster hybrids was an order of magnitude
higher in Totonicapa (5 = 1% vs. 0.3 + 0.2%), despite a greater
opportunity for such mating events in Aguazarca (Fig. 1).

Strong Assortative Mating Explains Differences in Structure. These
results suggest that strong reproductive isolation exists between
sympatric hybrid subpopulations at Aguazarca, but not at Totoni-
capa. To determine whether assortative mating is the cause of iso-
lation in Aguazarca, we genotyped wild-caught mothers and their
embryos and compared observed mating events with expectations
under random mating in both populations. Under random mating,
we would expect ~50% of mating events at Aguazarca to occur
between subpopulations (Fig. 34 and SI Appendix, Fig. S6); how-
ever, we did not detect a single mating event between subpopula-
tions in 60 distinct mating events (Fig. 34; P < 10~ by simulation).
At Totonicapa, in contrast, we used the same approach but found
no evidence for strong assortative mating (Fig. 3B), despite sufficient
power (SI Appendix, 5-7). Instead, we directly observed mating
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events between malinche-cluster and birchmanni-cluster hybrids
(Fig. 3 B and D), at a frequency consistent with the proportion of
individuals of each type found in the population (S Appendix, 7).
Furthermore, individuals produced by these types of mating events
were detected in samples collected from Totonicapa ~15 generations
ago (SI Appendix, Table S1), demonstrating that such mating events
have been persistent in this population. These differences are sur-
prising given the similarity in ancestry, male trait distributions, and
other features between the two hybrid populations (Fig. 2B and SI
Appendix, 1).

To show in principle that variation in the strength of ancestry-
based assortative mating can be a key parameter in generating
the variation in population structure that we observe, we perform
a series of simulations. As expected, strong assortative mating
was required to generate the bimodal population structure that
we observed in Aguazarca (Fig. 4 and SI Appendix, 8 and Figs. S7
and S8), with such structure observed only in simulations with
low estimated Nm between subpopulations (Nm ~0-10; SI Ap-
pendix, 9). Conversely, simulations of weaker assortative mating
generated results qualitatively similar to those seen for Totoni-
capa (Fig. 4), particularly at realistic parental migration rates (S/
Appendix, 8). Although these simulations represent a simplified
scenario and only a subset of the many possible mechanisms that
may promote assortative mating between subpopulations, they
suggest that differences in assortative mating between Aguazarca
and Totonicapa play important roles in shaping the observed
differences in population structure.
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Fig. 3. Evidence for assortative mating and low rates of cross-cluster hy-
bridization in Aguazarca, but not Totonicapa. (A) Observed differences be-
tween maternal and offspring indices in Aguazarca are tightly clustered
around zero (black points), indicating that females mate with males of similar
ancestry. Cross-cluster matings are predicted to occur at high frequency in
simulations of random mating (blue points in Lower Left and Upper Right
corners) but are absent from the population. (B) In contrast, in Totonicapa,
observed mating events more closely match random mating. (C and D) Ex-
amples of the raw data used to generate ancestry estimates. The plots show
ancestry across chromosome 1 for representative mother-offspring pairs from
each population (purple triangles in the upper panels). The solid red regions
are homozygous for X. birchmanni, whereas the solid blue regions are ho-
mozygous for X. malinche. Unshaded regions are heterozygous. The height of
each region indicates the posterior probability of the ancestry call. Mothers
and offspring sampled from Aguazarca have strongly similar ancestry across
the chromosome (C), whereas in some cases mothers and offspring from
Totonicapa show strikingly different ancestry patterns (D).
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Fig. 4. Simulations show that assortative mating can play a key role in shaping hybrid population structure. (A) Simulations varying the strength of
assortative mating from 25% to 100%, with starting population conditions based on present-day Aguazarca. (B) Results with starting conditions based on
present-day Totonicapa. (C and D) Results for the same simulation conditions for Aguazarca (C) and Totonicapa (D), but with ongoing migration from the
X. malinche parent (m = 2%; SI Appendix, 8). The population structure in 100 replicate simulations of each scenario is summarized with Hartigan’s dip statistic.
Note that the exact value of Hartigan'’s dip statistic is sensitive both to the existence of multiple modes in a distribution and to the number of samples in each
mode. The observed dip statistic in Aguazarca is shown by a red dotted line in A and C, and the dip statistic in Totonicapa is shown by a red dotted line in B
and D. Asterisks on the x-axis in A indicate the level of assortative mating consistent with inference from ABC simulations (red, 93.5% assortative mating in
birchmanni cluster; blue, 95.5% assortative mating in malinche cluster; Fig. 2 and S/ Appendix, 9). Example hybrid index distributions from simulations drawn
from the median of the dip statistic distribution for 25% and 100% assortative mating are shown below each set of main plots. The results are robust to a
variety of approaches for simulating assortative mating (S/ Appendix, Fig. S7).

Another factor likely influencing the degree of population
structure is migration from upstream parental populations, which is
evident in both Aguazarca and Totonicapa, but apparently absent in
Tlatemaco (SI Appendix, 10). Although we see evidence of parental
migration, at least from upstream populations of X. malinche, into
both Aguazarca and Totonicapa (SI Appendix, 10), we are currently
unable to directly compare parental migration rates between pop-
ulations. However, we note that although continuous migration
from parental populations will clearly influence population struc-
ture, our simulations demonstrate that in the absence of assortative
mating, migration is not expected to generate the stable subpop-
ulations found in Aguazarca (compare strengths of assortative
mating in Fig. 4C).

Selection Does Not Explain Population Structure. One alternative
cause of the mother-offspring patterns that we observe in Agua-
zarca could be strong selection against cross-cluster offspring at the
embryonic stage. Several lines of evidence point to assortative
mating rather than selection as the primary cause of population
structure, including viable and fertile F; hybrids between species in
the laboratory (SI Appendix, Fig. S9), cross-cluster hybrids at both
the embryonic and adult stages in Totonicapa (Figs. 1 and 3), and
viable and fertile hybrids between Aguazarca clusters generated
in the laboratory (SI Appendix, Fig. S10). Although population-
specific patterns of divergent ecological selection could explain
these observations, and may indeed be present in wild populations,
we consider it unlikely that ecological selection would completely
remove cross-cluster offspring from the wild at the embryo stage
when cross-cluster hybrids are readily produced in the laboratory.
Thus, our results strongly suggest that it is prezygotic mechanisms,
rather than selection, that have dramatically restricted gene flow
between hybrid subpopulations at Aguazarca. These results are in-
triguing, because the time depth of our sampling suggests that
prezygotic isolating mechanisms might have existed only a few
generations after the Aguazarca hybrid population formed.

Assortative Mating Is Easily Disrupted. Despite the persistence of
reproductive isolation between clusters at Aguazarca over 25 gen-
erations, other evidence suggests that assortative mating is easily
disrupted. We genotyped adults and first- and second-generation
offspring from a laboratory mesocosm initially seeded with a sample
of 16 individuals from Aguazarca (including six males, split evenly
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between the two clusters). Seventy percent of juveniles collected
from this tank (n = 14) are either first- or second-generation hy-
brids between the two subpopulations (SI Appendix, Fig. S10),
consistent with previous work showing that sympatric Xiphophorus
will mate in the laboratory (24). These results highlight the context
dependence of population structure driven by assortative mating,
an inference also reflected by ABC simulations, suggesting that the
strength of assortative mating has varied over time in Aguazarca (S
Appendix, Figs. S4 and S5).

Behavioral Trials Do Not Identify the Cause of Assortative Mating.
We performed extensive mate preference trials to try to understand
the behavioral mechanisms driving assortative mating between
clusters at Aguazarca. In parental species, behavioral preferences
are mediated by urine-borne pheromones (31, 32), and individuals
show strong preferences for conspecific olfactory signals (7) (SI
Appendix, Fig. S11). We tested each subpopulation for their pref-
erences for pheromones of each cluster (n = 23-57; SI Appendix,
Figs. S11 and S12), as well as for preferences for a suite of visual
cues (SI Appendix, 11 and 12). Despite predicted power to detect
preferences if they are as strong as those parental individuals dis-
play (SI Appendix, 11 and 12), we found no evidence of a strong
preference in Aguazarca females for males of their own cluster in
any visual or olfactory test. This puzzling observation contrasts with
patterns in the wild, where Aguazarca females mate exclusively with
males of their own genotype cluster (Fig. 34). These results high-
light the complexity of understanding variation in assortative mat-
ing in these hybrid populations. Possible interpretations of the data
include that hybrid preferences could be more context-dependent
than parental preferences, an interpretation also potentially sup-
ported by cross-cluster mating in the laboratory mesocosm. Alter-
nately, hybrids could use different cue combinations than parentals
to mate assortatively, since the cues that we tested only included
those shown to be important in parental preferences (SI Appendix,
11 and 12). Furthermore, power calculations based on parental
preferences (SI Appendix, 11 and 12) might not be a good proxy for
hybrid preferences. These behavioral trials and results are discussed
in more detail in ST Appendix, 12.

Discussion

‘What mechanisms drive the divergence of populations and species?
Positive assortative mating is predicted to accelerate reproductive
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isolation between lineages (33-35), and is a key component of many
models of speciation. Conspecific mate preferences are ubiquitous
(36-38), and may be one of the earliest reproductive isolating mech-
anisms to evolve between populations (39, 40); however, behavioral
studies suggest that the underlying mechanisms are highly context-
sensitive (6-9), predicting hybridization under a range of conditions,
a finding at odds with the importance of assortative mating as a
reproductive barrier in the empirical and theoretical literature on
speciation. Thus, understanding the resilience of assortative mating
as a barrier to gene flow, and how this factor varies across pop-
ulations, is crucial for understanding its evolutionary consequences.

We used genome-wide sequencing to survey three independently
formed hybrid populations of swordtail fish and discovered sur-
prisingly strong population structure in one population. Individuals
in this population fall into one of two hybrid subpopulations that
differ by ~70% in their genome-wide ancestry (Fig. 1). This bi-
modal hybrid population structure is rare and not observed in any
other birchmanni-malinche hybrid populations sampled to date.
This result highlights the surprising finding that diverse hybrid pop-
ulation structures can result from independent admixture events be-
tween the same parental species. Interestingly, a bimodal population
structure has been reported in early studies of other hybrid systems
(41) and this could suggest a role of assortative mating in generating a
bimodal population structure in these hybrid populations.

We find that strong assortative mating has generated and maintained
this unusual population structure in Aguazarca following hybridization.
Our results suggest that assortative mating has been a persistent barrier
over 25 generations, limiting gene flow between subpopulations to Nim
~1-3. Because our sampling spans approximately two-thirds of the time
since the population formed (25), this suggests that assortative mating
between hybrid subpopulations closely coincided with the initial hy-
bridization between species. Importantly, our mother-offspring gen-
otyping directly shows that assortative mating is maintaining hybrid
population structure in Aguazarca. In contrast, Totonicapa exhibits
only weak departures from random mating, and mother-offspring
genomic analyses demonstrated mating between clusters. These
results implicate variation in the strength of assortative mating in
shaping the evolutionary trajectories of hybrid populations (Fig. 4).

Although assortative mating has shaped the evolution of this
hybrid population, we also find that it is context-dependent and
not evident in other hybrid populations. The sensitivity of mating
preferences provides a likely explanation for the diverse outcomes
of hybridization between the same parental species. What factors
explain this sensitivity? We speculate that environmental differ-
ences between Aguazarca and other populations could have influ-
enced the reestablishment of assortative mating. Ecological factors
have been shown to be important in plasticity in mate preferences
in several systems (42), and can even promote hybridization (8, 9,
16). In particular, disruption of sensory channels used in mate
recognition is a likely cause of hybridization between X. birchmanni
and X. malinche. Thus, differences among sites in the sensory en-
vironment may be the simplest mechanistic explanation for the
variable strength of assortative mating that we infer across pop-
ulations and over time. Specific environmental conditions condu-
cive to assortative mating in Aguazarca also could explain both the
lack of preferences in laboratory trials in Aguazarca hybrids and the
breakdown of assortative mating in laboratory populations. How-
ever, available data suggest that Aguazarca is likely the population
most impacted by humans (S Appendix, 1), which is puzzling given
that assortative mating remains strong within this population.

Alternately, variation in the interaction between mate pref-
erences and the social or phenotypic environment could drive
differences in structure across populations. As in other species, be-
cause some mate preferences in swordtails are learned (43-45)
and learning occurs differently in the two parental species (46,
47), learned preferences could have a large number of potential
impacts on hybrid population structure, particularly given the
complex social and phenotypic environment in hybrid populations (6,
20). Although hybrid clusters in Totonicapa and Aguazarca are
phenotypically similar (Fig. 2), they differ in frequency, resulting in
different distributions of social stimuli in the two populations. In this
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regard, frequency-dependent plasticity in preference could generate
social conditions that result in different mating dynamics (19).
Another possibility is that genetic differences, through drift or
selection, allowed the maintenance of assortment in Aguazarca,
but not in Totonicapa. However, the collapse of population
structure in a mesocosm established from Aguazarca suggests
that assortative mating can change over short time scales, making
it likely that plasticity also impacts variation in the strength of
assortative mating.

Finally, structure could be influenced by migration from other
populations. Most directly, immigrants from X. malinche may
have stronger mating preferences in some populations (e.g., Agua-
zarca) than in others. In addition, migration rates from the two pa-
rental species may differ from site to site. Strong asymmetric gene
flow from X birchmanni in Totonicapa could, for example, over-
whelm the ecological forces that allow both clusters to coexist, al-
though migration from X. birchmanni may be rare (SI Appendix, 10).
Alternately, given the strong asymmetric migration from X. malinche
detected in Totonicapa, gene flow could be preventing local adapta-
tion. In contrast, Aguazarca might have lower immigration rates from
the parental species.

Despite the various possible causes of assortative mating—
including social, environmental, and genetic factors—the observed
variation in assortative mating across hybrid populations, and
plasticity in assortative mating in Aguazarca individuals, have
important implications. These results suggest that even strong
assortative mating observed over many generations may be an
incomplete barrier to gene flow between populations. Further-
more, our findings highlight the importance of understanding the
context dependence of assortative mating in understanding its
potential impacts on reproductive isolation.

The genomes of many species, including Xiphophorus (13), are
characterized by past gene flow. The ubiquity of hybrid ancestry in
the genomes of contemporary species suggests that short-term,
ecological-scale disturbances, such as those that disrupt mate
preferences, can have long-term evolutionary consequences. Thus,
the context dependence of assortative mating may play a funda-
mental role in hybridization and speciation.

Materials and Methods

The data analyzed for this study came from three independently formed
X. birchmanni-X. malinche hybrid zones in different river systems in Hidalgo,
Mexico. In the Rio Calnali, individuals (n = 642) were collected from the
Aguazarca stream reach (29). Other samples came from the Rio Huazalingo
(Totonicapa locality; n = 245) and the Rio Claro (Tlatemaco locality; n = 170)
(25). Because of extensive sampling by our group, time-transect data were
available from Aguazarca populations spanning from 2003 to 2015, or
~25 generations. We also sequenced 25 first- and second-generation offspring
from a 280-L laboratory mesocosm tank stocked with individuals originally
collected from the Aguazarca hybrid population. The tank was stocked in
March 2014 with three adult males from each subpopulation and 10 females of
unknown genotype. All individuals in this tank were genotyped in May 2016.

All wild-caught samples collected for this experiment were collected under a
Mexican federal collector’'s permit to Scott Monks (FAUT-217) and a scientific
collecting permit to Guillermina Alcaraz (PPF/DGOPA-173/14). Fish were caught
using baited minnow traps and lightly anesthetized in MS-222. We photo-
graphed each specimen and clipped ~25% of the upper caudal fin for DNA
extraction. Fin clips were stored in 95% ethanol until extraction. Based on the
results of our population structure analysis (Results), we also collected gravid
females and their offspring from both the Aguazarca (n = 27 females; 24 indi-
viduals for which offspring were successfully sequenced) and Totonicapa pop-
ulations (n = 110 females; 97 individuals for which mother-offspring pairs were
successfully sequenced). Females were killed with an overdose of MS-222, and
embryos were dissected from females postmortem. All animal procedures fol-
lowed Texas A&M Institutional Animal Care and Use Committee Protocols 2013—
0271 and 2012-164. DNA was extracted using either an Agencourt bead-based
purification kit (Beckman Coulter) following the manufacturer’s instructions or
an in-house protein-kinase digestion protocol. For females and offspring from
Aguazarca, microsatellite genotyping was performed to identify full and half
siblings (SI Appendix, 13). This analysis was not performed for Totonicapa be-
cause the large number of samples made microsatellite genotyping impractical.

For genome-wide genotyping of hybrids, we used the MSG approach
of Andolfatto et al. (26), which has been validated for X. birchmanni-X. malinche
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hybrids (25). Libraries were prepared as described previously (26) with custom
barcodes (S/ Appendix, Dataset S1). All raw data are available through the NCBI
Sequence Read Archive (accession nos. SRX544941 and SRA607213) and parsed
data are available at genomics.princeton.edu/AndolfattoLab/Links.html. For a
subset of 85 individuals, a different library preparation protocol was used,
as described in S/ Appendix, 14. Raw reads were parsed by index and barcode
and trimmed to remove low-quality base pairs (Phred quality score <20);
reads with <30 bp of a high-quality contiguous sequence were discarded. The
number of reads per individual ranged from 0.3 to 7.9 million (coverage and
accuracy simulations in S/ Appendlix, 15-17), but reads in excess of 2 million were
excluded to improve pipeline speed. The following MSG parameters were
specified for the analysis: recRate = 420; rfac = 1; X. birchmanni error (delta-
par1) = 0.05; X. malinche error (deltapar2) = 0.05. The recombination rate was
set based an expectation of 0.0018 cM/Mb in Xiphophorus and ~35 generations
of recombination (25, 48), and the error rate was set based on observed error
rates in parental individuals (25). Each population was analyzed separately. We
performed analyses to evaluate the sensitivity of our results to other MSG
parameters (S/ Appendix, 15-17). MSG reports genotypes in the form of pos-
terior probabilities. To calculate the hybrid index, we treated posterior
probabilities >0.95 as support for a particular genotype, and for each indi-
vidual divided the total number of malinche alleles by the total number of
alleles with >0.95 posterior probability support. For calculations of hybrid in-
dex, we used only markers that were sampled in >70% of individuals
(1,342,246 ancestry informative markers in Aguazarca and 790,577 in
Totonicapa). To evaluate whether our data from Aguazarca and Totoni-
capa significantly departed from expectations under random mating, we col-
lected gravid females from both hybrid zones and performed genome-wide
genotyping of both mothers and embryos. We compared the observed
similarity in mother and embryo hybrid index with data generated by
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simulating random mating. The simulations are described in detail in S/
Appendix, 6.

To quantify how low levels of gene flow would need to be between
Aguazarca subpopulations to generate the population structure that we ob-
serve, we conducted simulations and used a rejection sampling approach to
approximate Bayesian computation (49). We based our starting population
conditions for these simulations on individuals sampled from Aguazarca in
2003-2004, ~25 generations ago. Hybrid population simulations were per-
formed using admix’em (50). Summary statistics included Hartigan’s dip statistic
(51), the coefficient of variation in hybrid index, and the average hybrid index
for each subpopulation. Summary statistics were calculated from 500 neutral
markers distributed uniformly on 24 chromosomes, because simulating 1.3 mil-
lion markers would be computationally intractable. For comparison with the
real data, we resampled 500 markers from the MSG data 10,000 times, recal-
culating summary statistics to obtain a distribution for comparison with the
simulations (S/ Appendix, Fig. S13). A detailed description of the simulations is
provided in S/ Appendix, 3. ABC simulations to infer historical migration rates
were performed as described in S/ Appendix, 18.
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