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Abstract

Over the past two decades, evolutionary biologists have come to appreciate that
hybridization, or genetic exchange between distinct lineages, is remarkably common — not just in
particular lineages but in taxonomic groups across the tree of life. As a result, the genomes of
many modern species harbor regions inherited from related species. This observation has raised
fundamental questions about the degree to which the genomic outcomes of hybridization are
repeatable and the degree to which natural selection drives such repeatability. However, a lack of
appropriate systems to answer these questions has limited empirical progress in this area. Here,
we leverage independently formed hybrid populations between the swordtail fish Xiphophorus
birchmanni and X. cortezi to address this fundamental question. We find that local ancestry in
one hybrid population is remarkably predictive of local ancestry in another, demographically
independent hybrid population. Applying newly developed methods, we can attribute much of
this repeatability to strong selection in the earliest generations after initial hybridization. We
complement these analyses with time-series data that demonstrates that ancestry at regions under
selection has remained stable over the past ~40 generations of evolution. Finally, we compare
our results to the well-studied X. birchmannixX. malinche hybrid populations and conclude that
deeper evolutionary divergence has resulted in stronger selection and higher repeatability in

patterns of local ancestry in hybrids between X. birchmanni and X. cortezi.
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Introduction

Hybridization has made substantial contributions to the genomes of species across the
tree of life. Dozens of studies over the past two decades have documented pervasive genetic
exchange between closely related species within all major eukaryotic groups [1-8].
Hybridization has even played an important role in the evolutionary history of our own species
[9-11] and that of our close relatives [12,13]. Because we now know that genetic exchange
between species is pervasive, unraveling the genetic and evolutionary impacts of hybridization is
a fundamental part of understanding the genomes of modern species. Moreover, characterizing
the genomic consequences of hybridization promises to directly inform our understanding of the
genetic changes that lead to divergence between species.

Modern genomic approaches to studying hybridization are often based on inference of
local ancestry, or the ancestral source population from which a haplotype was derived, using
genomic similarity to contemporary reference populations. With these approaches, researchers
have moved from documenting evidence of hybridization in the genome as a whole to
characterizing patterns of local variation in ancestry along the genome. Research into the history
of genetic exchange between modern humans and our extinct relatives, the Neanderthals and
Denisovans, was among the first to rigorously evaluate where in the genome ancestry from other
lineages has been retained and where it has been lost [10,14—17]. This question has since been
tackled in several species groups, including swordtail fish [18,19], Saccharomyces yeast [20],
monkeyflowers [3,21,22], Drosophila [23], Formica ants [24], honey bees [5], Heliconius
butterflies [25,26], and baboons [27]. Although the organisms in which these questions have
been studied are diverse, some unifying observations have emerged from this work, hinting at
shared principles that impact the predictability of genome evolution after hybridization. First, in
most species studied to date, haplotypes that originate from the ‘minor’ parent species, or the
species from which hybrids derive less of their genome, are inferred to be on average deleterious
(due to a number of possible mechanisms of selection; see below, [15,28,29]). Second, genome
architecture seems to play a repeatable role in the purging of minor parent ancestry following
hybridization. Researchers have consistently found that regions of the genome with low rates of
recombination have lower levels of minor parent ancestry, presumably because long introgressed

haplotypes are more likely to contain multiple linked deleterious variants and thus be purged by
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73  selection more rapidly [3,24,25,27,30,31]. Theoretical studies have demonstrated that these

74  dynamics are expected from first principles [32]. Similarly, researchers have found that regions

75  of the genome especially dense in functional basepairs, including coding, conserved, and

76  enhancer regions, are often depleted in minor parent ancestry [10,15,17,28,30] (but see [33] for

77  discussion of the challenges of these analyses). Together, these observations point to a shared

78  role of genome organization in the patterning of ancestry in the genome after hybridization.

79 These patterns highlight shared factors that drive genome evolution after hybridization

80 across diverse taxa. However, it is still unclear whether selection drives repeatable patterns of

81 local ancestry in replicated hybridization events between the same species, after accounting for

82  these factors. From first principles, we might expect more repeatability in local ancestry across

83  replicated hybrid populations in scenarios when more loci are under selection in hybrids ([15];

84  and the sites under selection are shared) and when selection is strong relative to genetic drift

85  [30,32]. The specific mechanisms of selection on hybrids are also likely to play an important role

86 in the degree to which we expect repeatability in local ancestry in replicate hybrid populations.

87  In cases where selection on hybrids is largely driven by selection on negative epistatic

88 interactions between substitutions that have arisen in the parental species’ genomes (so-called

89  “Dobzhansky-Muller” hybrid incompatibilities; but see [34]) or directional selection against one

90 ancestry state (e.g. due to an excess of deleterious mutations that have accumulated along that

91 lineage; [15,24,29,32]), we might predict that selection will drive repeatable ancestry patterns

92  around selected sites. Moreover, theory and available empirical data predicts that the number of

93  hybrid incompatibilities will increase non-linearly with divergence between lineages [35—40],

94  such that hybrid incompatibilities may play a larger role in the genome evolution of hybrids

95 formed between distant relatives. By contrast, in species where selection against hybrids is

96 largely dependent on the ecological environment [41,42], we might predict that selection will

97  drive distinct patterns of local ancestry in distinct environments. The demographic history of the

98  hybrid population itself is also crucial for interpreting signals of repeatability, since variables

99  such as the time since admixture determine the scale of ancestry variation along a chromosome
100  and the accumulated effects of genetic drift. Importantly however, temporally-localized effects
101  of selection can leave lasting impacts on ancestry variation, suggesting that ancestry patterns
102  studied even long after admixture can be informative about the early stages of selection on

103 hybrids [33,43].
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Beyond the diverse biological factors at play, progress in understanding the repeatability
of replicate hybridization events has been limited by the fact that only a handful of empirical
studies have tackled this question. This is in part due to a lack of appropriate systems to test
these questions (e.g. those with truly independent hybridization events) and in part due to the
difficulty of excluding technical factors impacting the accuracy of ancestry inference that could
be misinterpreted as biological signal. We focus our discussion here on studies that directly infer
local ancestry states along the genome because of their precision and improved ability to
distinguish hybridization from other biological processes (e.g. incomplete lineage sorting,
background selection; [44—46]). However, we note that other approaches have provided
important insights into the repeatability of genetic and phenotypic evolution after hybridization
[3,26,39,47-50].

Some of the earliest studies to address questions about repeatability of local ancestry
patterns asked whether there were shared deserts of archaic ancestry (i.e. Neanderthal and
Denisovan ancestry) in the human genome [10,14]. These studies identified concordant patterns
in the locations of deserts of archaic ancestry and the types of regions that harbor higher levels of
archaic ancestry [10,14]. However, interpretation of these results is complicated by the
challenges of distinguishing between Neanderthal and Denisovan ancestry [51], and other
technical considerations [16]. Outside of hominins, three studies have explicitly inferred local
ancestry and used it to evaluate the repeatability of genome evolution in replicated hybridization
events. In Drosophila, Matute et al. (2019) showed that experimental hybrid populations
generated between Drosophila species showed repeatable patterns of purging of minor parent
ancestry [52]. In hybrid swarms generated between these species, ancestry from one parental
species was consistently purged, and the regions where minor parent ancestry tracts were
retained showed some level of repeatability in replicate populations. In replicate natural
populations of hybrid ants that have evolved independently for tens of generations, researchers
found remarkably high repeatability in local ancestry patterns across three hybrid populations,
driven in part by selection against deleterious load inherited from one of the parental species
[24]. Past work from our group asked about repeatability in patterns of minor parent ancestry in
naturally occurring Xiphophorus birchmanni % X. malinche populations that formed
independently in different river systems [53]. We found moderate predictability in local ancestry

patterns between replicate X. birchmanni x X. malinche populations [54,55]. We also compared
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135  patterns of local ancestry between X. birchmanni x X. malinche hybrid populations to a hybrid
136  population of a different type, formed between X. birchmanni and its more distant relative, X.
137  cortezi [53], and identified weak but significant correlations in local ancestry between hybrid
138  population types.

139 Here, we identify a new independently formed hybrid population between X. birchmanni
140 and X cortezi (Fig. 1), allowing us to ask questions about how repeatability of genome evolution
141  scales with increasing genetic divergence between hybridizing species. We observe an

142  extraordinary level of repeatability in local ancestry patterns across independently formed X.
143 birchmanni x X. cortezi hybrid populations, consistent with remarkably strong selection on

144  hybrids. We find that some of this repeatability in local ancestry is linked to large minor parent
145  ancestry “deserts” that coincide with known hybrid incompatibilities. Using wavelet analysis
146  [32], we find the overall correlation in ancestry between X. birchmanni x X. cortezi hybrid

147  populations is dominated by broad genomic scales, consistent with strong selection shortly after
148  hybridization, and that there is likely a high density of selected sites. Moreover, repeatability in
149 X birchmanni X X. cortezi hybrid populations greatly exceeds what is observed in hybrid

150 populations between the more closely related species X. birchmanni *x X. malinche, pointing to
151  pronounced changes in reproductive isolation with modest increases in genetic divergence (Fig.
152 1). This unique system with replicated hybridizing populations in two closely related species
153  pairs gives us unprecedented power to unravel the dynamics of selection after hybridization and
154  its impacts on repeatability in genome evolution.

155

156

157
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158  Results

159

160  Chromosome scale genome assembly for X. cortezi

161 We generated a nearly chromosome-scale de novo assembly for X. cortezi using PacBio
162  HiFi long-read sequencing at ~100x coverage. The genome was highly contiguous, with a contig
163  N50 of 28,997,520 bp. Following reference-guided scaffolding to previously generated

164  chromosome-level X. birchmanni and X. malinche assemblies (NCBI submission ID:

165 JAXBVF000000000), the final X. cortezi assembly was chromosome-level with a scaffold N50
166  0f 32,220,398 bp, and >99.4% of all sequence contained in the largest 24 scaffolds

167  (corresponding to the 24 Xiphophorus chromosomes). The total assembled sequence length of
168 723 Mb is similar to other Xiphophorus assemblies and close to the expected length for this

169  species based on previously collected flow cytometry estimates [56]. The X. cortezi genome was
170  also highly complete, with 98.6% of actinopterygii BUSCOs present and in single copy

171 (C:98.6%[S:97.0%,D:1.6%],F:0.4%,M:1.0%,n:3640), and the annotation process recovered a
172  total of 25,032 protein coding genes (see Methods, Supporting Information 1). While the two
173  genomes are largely syntenic, we also identified putative structural rearrangements between X.
174 birchmanni and X. cortezi (Supporting Information 1; Table S1-S2).

175

176  Genome-wide ancestry in the Chapulhuacanito and Santa Cruz populations

177 Past work from our group has focused on hybridization between X. birchmanni and X.
178  cortezi in the Santa Cruz river drainage [53]. While we collected samples from multiple sites in
179  the Santa Cruz drainage in our previous work, our analyses suggested that hybrids at different
180  sampling sites originated from the same hybridization event [53]. For simplicity, throughout the
181  manuscript refer to samples collected at the Santa Cruz site as “Santa Cruz” and samples

182  collected nearby (e.g. in historical collections) as samples from the “Rio Santa Cruz.” Here, we
183  report a previously undescribed hybridization event between X. birchmanni and X. cortezi at the
184  Chapulhuacanito population (21°12'10.58"N, 98°40'28.27"W) in the Rio San Pedro drainage, 17
185  km away by land and 130 km away in river distance from the Santa Cruz population (Fig. 1A).
186  While on average populations from the Santa Cruz drainage derive 85-89% of their genomes

187  from the X. cortezi parental species, the Chapulhuacanito population is more admixed, with 76%


https://doi.org/10.1101/2023.12.21.572897
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.12.21.572897; this version posted December 23, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

188  of the genome derived from X. cortezi on average (Fig. 1C). In both populations, X. birchmanni
189  is the minor parent species.

190 We also sequenced historical samples from the Chapulhuacanito and Rio Santa Cruz

191  populations from 2003, 2006, and 2017. This sampling period spans ~40 generations based on
192  reported generation times for this species group [57]. Since hybridization began in these

193  populations more than a hundred generations before the present (see below), our earliest

194  sampling points only survey the latest chapter in the history of X. birchmanni x X. cortezi hybrid
195  populations. Theory predicts that in the first several generations following hybridization,

196  admixture proportions can change dramatically due to selection [15,29,32], but after this initial
197  period, change in genome-wide average ancestry is expected to slow dramatically [32,33]. The
198  observed patterns in our datasets are concordant with these predictions. Genome-wide average
199  ancestry was essentially unchanged from 2003 to recent sampling from 2019-2021

200  (Chapulhuacanito: 78 £ 1.2 % X. cortezi in 2003 and 76 £ 2 % X. cortezi in 2021; Rio Santa

201  Cruz: 87 £ 5% X. cortezi in 2003 and 88 + 1% X. cortezi in 2019-2020).

202

203  Demographic history of the hybrid populations

204 The demographic history of each hybrid population is also expected to impact how

205 repeatable the outcomes of selection are and should be explicitly incorporated into analyses. For
206  hybrid populations that formed on different timescales, both the amount of time for selection to
207  shift ancestry at target loci and for genetic drift to shift ancestry at neutral loci would be expected
208  to impact the repeatability of local ancestry across populations. To incorporate demographic

209 history into our analyses, we used an approximate Bayesian computation approach to explore the
210  likely demographic histories of both the Santa Cruz and Chapulhuacanito populations (see

211  Methods; [18]). We performed simulations drawing from uniform distributions of time since

212 admixture, admixture proportion, and hybrid population size and log uniform distributions for
213  migration rates from each parental species, using SLiM ([58], see Methods). We used the

214  observed genome-wide admixture proportion, coefficient of variance in genome wide and local
215  ancestry, and median ancestry tract length as summary statistics, and used ABCreg ([59]; see
216  Methods) to infer posterior distributions for the time since admixture, admixture proportion,

217  hybrid population size, and migration rates from each parental species, in both hybrid

218  populations. While we did not recover well-resolved posterior distributions for hybrid population
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219  size for either population, we do recover well-resolved posterior distributions for other

220  demographic parameters. Based on the maximum a posteriori (or MAP) estimate of these

221  distributions, we find that hybridization began over a hundred generations ago in both drainages
222 (Fig. 1D; Chapulhuacanito =137; Santa Cruz = 263; see Table S3 for 95% confidence intervals),
223 and that the migration rate from the parental populations has been very low (MAP estimate for
224 Santa Cruz: Meorezi = 4 X 107, Mpirchmanni = 0.00028; Chapulhuacanito: meorezi = 4 x 107,

225 mpirchmanni = 0.00017; Fig. S1; see Table S3 for 95% confidence intervals). In subsequent

226  simulations, we explicitly incorporate this inferred demographic history to build our expectations
227  of cross-population correlations under neutrality or under different models of selection.

228

229  Confirming the independent origin of the two hybrid populations

230 Given geographical isolation between the X. birchmanni x X. cortezi hybrid populations
231  (Fig. 1A), we had good reason to believe that the two populations originated independently.

232 However, given the extraordinarily high correlations in local ancestry we observed across the
233 two populations (see below), we sought additional evidence that they were independent in origin.
234 Since we inferred local ancestry for individuals from both populations, we have access to
235 information about historical recombination events in these populations. Specifically, a subset of
236  recombination events that occurred in the hybrid ancestors of present-day individuals will be

237  detectable as ancestry transitions in present-day individuals. Since independently formed hybrid
238  populations have distinct histories of recombination, we tested for potential overlap in the

239  locations of ancestry transitions. We generated a matrix containing the locations of ancestry

240 transitions in each hybrid individual in our dataset (see Methods) and performed a principal

241  component analysis. We see that the Santa Cruz and Chapulhuacanito populations separate out in
242 PC space in this analysis (Fig. 2A). This suggests that the two populations have distinct historical
243  recombination events. We also find that the frequency at which the locations of ancestry

244 transitions are shared between individuals in the Santa Cruz and Chapulhuacanito populations is
245  similar to the frequency expected by chance (Fig. 2B), again pointing to independent population
246  histories.

247 We further explored these patterns using high-coverage whole genome sequencing data
248  of three individuals from sympatric X. birchmanni populations at both Santa Cruz and

249  Chapulhuacanito, and three naturally occurring hybrids at the two sites. We called variants (see
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250  Methods) and performed principal component analysis on sympatric X. birchmanni individuals,
251  hybrid samples, and pure X. birchmanni and X. cortezi collected from allopatric populations (Fig.
252 S2-S4). Moreover, we performed local ancestry inference on the natural hybrids for which we
253  had generated deep-sequencing data and identified homozygous X. birchmanni and homozygous
254 X cortezi ancestry tracts within these individuals (limiting our analysis to tracts that were the
255  same ancestry state in all six deep-sequenced hybrids). We extracted these regions from the

256  natural hybrids and from the parental genomes and performed principal component analysis on
257  regions of X. birchmanni and X. cortezi ancestry separately. We found that ancestry tracts

258  derived from the two hybrid populations formed separate clusters and individuals from the two
259  populations differ in their degree of sequence mismatch (Fig. 2C-E; Methods). Moreover, when
260  we used the variants in these ancestry tracts to calculate a genetic relatedness matrix using

261  GCTA [60], we see evidence of related individuals within but not between populations (see

262  Methods). Together, genetic and ancestry transitions patterns in the two populations corroborate
263  our expectations from geographic distance and demographic analyses, indicating that hybrid

264  populations in the Santa Cruz and Chapulhuacanito rivers originated independently. See

265  Supporting Information 2 for a more thorough discussion of the implications of analyses of

266  relatedness and genetic variation within and between populations.

267

268  Correlations between minor parent ancestry, the local recombination rate, and the density of
269  coding and conserved basepairs

270 Past work on hybrid populations of Xiphophorus and in other systems [3,14,25,27,30,53]
271  has found that the frequency of minor parent ancestry in the genome often correlates with factors
272 such as the local recombination rate and the density of functional basepairs (e.g. coding regions).
273 In the presence of selection against minor parent ancestry (due to hybrid incompatibilities or

274  other mechanisms; [15,29]), both theory and simulations [32] predict that the level of minor

275  parent ancestry will be positively correlated with the local recombination rate. Similarly, if

276  selected sites fall more frequently in coding (or conserved) regions of the genome, and selection
277 s sufficiently polygenic, we might expect to see a depletion of minor parent ancestry in these
278  regions.

279 We tested for correlations between the local recombination rate estimated in X.

280  birchmanni and local ancestry along the genome in a range of window sizes in both

10
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281  Chapulhuacanito and Santa Cruz (Fig. 3A; Table S4). Although we have developed

282  recombination maps for both species (see Methods), we chose to use the X. birchmanni map

283  because it is likely to be more accurate (see [30]; Supporting Information 3) and our analyses
284  suggest that it is extremely similar to the X. cortezi map (Fig. S5-S6; Supporting Information 3).
285  Regardless of window size, we observe strong positive correlations between the local

286  recombination rate and average minor parent ancestry in both populations (Fig. 3A; Table S4).
287  After controlling for the strong effects of local recombination rate, we find that the density of
288  coding (and conserved) basepairs also correlates with the distribution of minor parent ancestry in
289  Chapulhuacanito and Santa Cruz (Table S5-S6; see also [53]). In particular, regions of the

290 genome with especially high density of coding (or conserved) basepairs appear to be depleted in
291  minor parent ancestry (Fig. 3B).

292

293 Repeatability in local ancestry between replicate hybrid populations

294 We found that local ancestry along the genome was surprisingly repeatable across the
295  two X birchmanni x X. cortezi hybrid populations (Fig. 3C). That is, the observed minor parent
296  ancestry in a given 100 kb region of the genome in one population was highly predictive of the
297  observed minor parent ancestry in that same region in the other population (Spearman’s p = 0.79;
298 p=2x 10!""). We note that because adjacent windows are not independent, for all analyses we
299  report p-values after thinning data to include only one window per Mb (admixture LD in both
300 populations decays to background levels over this distance; Fig. S7). The observed correlations
301 in ancestry across populations exceed what we have previously detected in replicate X.

302  birchmanni x X. malinche hybrid populations (Fig. 3D). While we detected these patterns across
303 window sizes, they generally increased with larger window sizes (Table S7). We find that these
304  correlations are robust to controlling for shared features of genome architecture like the local
305 recombination rate and the locations of coding and conserved basepairs using a partial

306 correlation approach (Table S8; see Methods).

307 This cross-predictability is not expected under neutrality but can be produced in

308 simulations of hybridization followed by strong selection on many loci (Supporting Information
309 4). This suggests that repeatability in minor parent ancestry across X. birchmanni x X. cortezi
310  hybrid populations is driven by a shared architecture of selection on hybrids. For comparison, we

311  evaluated correlations in local ancestry observed when subsampling individuals from the same

11
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population and sampling year, samples from the same populations but different sampling years,
and populations sampled from different sites on the same river. We reasoned that for each of
these comparisons, samples are expected to largely share the same demographic history and
history of selection. Reassuringly, we found that correlations in these analyses greatly exceeded
those observed between Chapulhuacanito and Santa Cruz (Fig. S8; Table S7).

Our simulations indicate that the striking correlations we see in local ancestry across
Chapulhuacanito and Santa Cruz (Fig. 3C) could be driven by a shared architecture of selection
on hybrids in these populations (see below, Supporting Information 4). However, we wanted to
thoroughly rule out other possible explanations, namely that technical factors might contribute to
this signal. These approaches are described in detail in the Methods and Supporting Information,
but we discuss them briefly here. We used simulations and analyses of lab generated crosses to
confirm that our local ancestry inference approach is highly accurate (Fig. S9-Fig. S11; Methods
and Supporting Information 5). We used simulations to artificially induce high error rates in
local ancestry inference and found that it could not generate the patterns observed in our data
(Supporting Information 5). We repeated analyses removing regions that are prone to error in
local ancestry inference (Table S9; Supplementary Information 6) and controlling for our power
to infer local ancestry along the genome (see Methods; Table S9), among other analyses (see
Table S9; Methods; Supporting Information 6). None of these analyses qualitatively changed our
results (Supplementary Information 4-6).

Simulations indicate that it is possible for selection alone to drive cross-population
correlations at the magnitude we infer in Santa Cruz and Chapulhuacanito in scenarios where
selection acts on many loci and is exceptionally strong (average s drawn from an exponential
distribution of 0.4-0.6; Supplementary Information 2). Our results from lab-generated X.
birchmanni x X. cortezi hybrids indicate that hybrids in this cross suffer immense fitness
consequences, suggesting that such strong selection is plausible (see Discussion; [61]). Indeed,
evaluating patterns of local ancestry across the two independently formed populations, we can
see evidence for large, shared deserts of minor parent ancestry (Fig. 4A). This hints that the
correlations we observe in our data may be largely driven by strong selection acting shortly after
hybridization, resulting in shared patterning of minor ancestry over broad spatial scales along the
genome. To evaluate this question in more depth and across spatial scales in the genome, we next

used a wavelet-based analysis of cross population ancestry correlations [33].
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343 Wavelet transform approach to infer the spatial scale of correlations in ancestry

344 In our windowed analyses, the correlations in ancestry between the Santa Cruz and

345  Chapulhuacanito populations increase as we consider larger window sizes, suggesting that the
346  observed correlations are driven by covariation in ancestry at large genomic scales (Table S7).
347  Similarly, we find that the correlations between recombination rate and minor parent ancestry
348  become stronger in larger genomic windows (Table S4).

349 Theory predicts that the strength of selection on hybrids will vary dramatically over time,
350 since the removal of ancestry tracts harboring alleles that are deleterious in hybrids will be most
351 rapid in the earliest generations following hybridization when ancestry tracts are long [29,31,32].
352  Furthermore, these dynamics can establish spatial ancestry patterns along the genome that persist
353  over time and constrain subsequent evolution. This leads to the prediction that the genomic scale
354  of autocorrelation in ancestry will be informative about the timing and strength of selection

355  (relative to the onset of hybridization) [33]. To better understand the role of selection in shaping
356  genomic ancestry patterns across replicate hybrid populations, we applied recently developed
357  methods based on the Discrete Wavelet Transform [33] to our data (see Methods; Supporting
358 Information 7). The intuition behind this analysis is as follows: moving along a chromosome, the
359  ancestry proportion deviates around its chromosome-wide average, and this variation occurs over
360 arange of different spatial scales (genomic window sizes, roughly speaking). The wavelet

361 transform can be used to summarize the scales of variance in ancestry along a chromosome, as
362  well as the contributions of each scale to the overall correlation between two signals measured
363  along the chromosome (e.g. ancestry and recombination), where each component carries

364 independent information about the overall correlation (see Methods). Because the scale of

365  variation is ultimately determined by the lengths of admixture tracts, these signals contain

366  information about the timing of selection and drift relative to the onset of hybridization [33].

367 Using this approach, we found that the overall correlation between minor parent ancestry
368 and recombination in both replicate populations is predominantly attributable to broad genomic
369  scales (Fig. 4C). Furthermore, wavelet correlations between minor parent ancestry and

370  recombination were strongly positive in replicate populations, with the strongest correlations
371  observed at the broadest genomic scales (Fig. S12). As discussed in Groh and Coop (2023), the
372 squared correlation coefficients for ancestry vs. recombination can be interpreted as the percent

373  of variance in ancestry at each scale attributable to selection, since these correlations are only
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374  generated by selection and not by drift (barring errors in ancestry inference; see Supporting

375  Information 7). Applying this logic, we find that correlations with recombination indicate

376  roughly 80% of the variance in ancestry at the broadest genomic scales (e.g. 16 Mb) in the Santa
377  Cruz and Chapulhuacanito populations can be attributed to selection against minor parent

378  ancestry. By contrast, comparatively little of the variance in ancestry at fine genomic scales is
379  attributable to selection against minor parent ancestry (e.g. 0.2% at a scale of 32 kb).

380 We next applied this approach to the correlation between minor parent ancestry across
381 the two replicate X. birchmanni and X. cortezi populations. We found that across scales, cross-
382  population ancestry correlations between X. birchmanni x X. cortezi hybrid populations were
383  stronger than the correlations observed with recombination rate, especially at finer spatial scales.
384  Thus, ancestry in a replicate hybrid population is a better predictor of fine-scale genetic ancestry
385  patterns than recombination rate. This implies that recombination alone only captures a portion
386  of the total effects of selection on ancestry patterns, and that its effects in mediating parallel

387  genomic outcomes of hybridization manifest predominantly over broad genomic scales. From
388 cross-population ancestry wavelet correlations, estimates of the proportion of ancestry variance
389 attributable to selection on minor parent ancestry range from ~25% at a scale of 32 kb to as high
390 as 93% at a scale of 8 Mb (Fig. 4D). Surprisingly, we found that significant positive correlations
391 persisted even at very small spatial scales (Fig. S13). This pattern is consistent with convergent
392  selection shaping very fine scale ancestry patterns, although we discuss important caveats to this
393 interpretation in in Supporting Information 7. Nonetheless, the magnitude and scales of ancestry
394  correlations across populations suggest that predictability is driven by both early and continued
395  selection on hybrids.

396 For comparison, we repeated these analyses in two X. birchmanni x X. malinche hybrid
397  populations, the Acuapa population and the Aguazarca population [30]. X. birchmanni and X.
398  malinche are more closely related than X. birchmanni and X. cortezi (Fig. 1B), and hybridization
399  began more recently (within the last 50-100 generations; [18]). We again find strong positive
400 correlations between minor parent ancestry in the two populations at broad genomic scales, but
401  these are noticeably reduced compared to the cross-population comparison between the two X.
402  birchmanni x X. cortezi populations (Fig. 4D, Fig. S13, Supporting Information 7). These results
403  are consistent with weaker selection overall against minor parent ancestry in X. birchmanni *x X.

404  malinche hybrid populations, and/or fewer loci under selection, both of which may be expected

14


https://doi.org/10.1101/2023.12.21.572897
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.12.21.572897; this version posted December 23, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

405  given that these species diverged more recently (Fig. 1B; [30,62]). Moreover, previous work

406 analyzing wavelet correlations between minor parent ancestry and recombination rate in X.

407  birchmanni * X. malinche populations found that only ~20% of the variation in minor parent
408  ancestry at large spatial scales was attributable to selection [33]. Overall, these results suggest
409  that genome evolution after hybridization is substantially more predictable for X. birchmanni x
410 X cortezi hybrids.

411 Finally, we examined the genomic scale of shared ancestry patterns between a X.

412 birchmanni x X. cortezi hybrid population and a X. birchmanni x X. malinche hybrid population
413  (the Chapulhuacanito and Acuapa populations respectively). We observed positive correlations
414  in minor parent ancestry at broad scales but find that these correlations are dramatically reduced
415  at fine scales, especially compared to analyses of the populations of the same hybridizing pair
416  (Fig. 4D). This would be expected if replicate populations of the same hybridizing pair show
417  greater overlap in the fine-scale targets of selection than populations of different hybridizing

418  pairs. The positive fine-scale ancestry correlations within replicate hybrid populations (Fig. 4D,
419  Fig. S13) are consistent with this interpretation (see also Supporting Information 7). We thus
420  suggest that broad-scale predictability among different hybridizing pairs may be driven primarily
421 by effects of shared genome architecture rather than shared identity of selected loci.

422

423  Repeatability in minor parent deserts and islands between replicate X. birchmanni x X. cortezi
424 populations

425 Given that the results of wavelet-based analyses point to shared targets of selection across
426 X birchmanni x X. cortezi hybrid populations, we were interested in whether we could identify
427  individual loci that are likely to be under selection. Loci that are shared targets of selection could
428  be alleles that are globally deleterious (or beneficial), or those that are involved in hybrid

429  incompatibilities between X. birchmanni x X. cortezi. Using our large recent population samples,
430  we identified contiguous regions of low minor parent ancestry, or minor parent ancestry

431  “deserts”, in each X. birchmanni % X. cortezi hybrid population and asked how frequently they
432  overlapped across populations (see Methods). Simulations suggest that our approach has high
433  sensitivity and low false positive rates (~70% power at s=0.05; average of 2-4 shared deserts

434  detected genome-wide in neutral regions; see Supporting Information 8). We identified 115

435  “deserts” of low minor parent ancestry in Santa Cruz and 152 deserts in Chapulhuacanito.
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Strikingly, 38 of these regions overlapped, exceeding expectations by chance (Fig. 5A; see
Methods). The average length of these regions was 1.8 Mb with a total of ~40 Mb of the 723 Mb
genome falling into shared deserts. Since the typical ancestry tract length for X. cortezi (i.e. the
major parent) in these populations is much smaller (~150 kb), this hints that these regions may
have changed in ancestry shortly after initial hybridization. These shared minor parent ancestry
deserts are excellent candidates for shared regions under selection in the two hybrid populations.

Similarly, we identified regions of especially high minor parent ancestry in each X.
birchmanni % X. cortezi hybrid population and asked how frequently they overlapped across
populations compared to expectations by chance (see Methods). In doing so, we found evidence
for 89 shared minor parent “islands” out of 238 islands in Santa Cruz and 147 in
Chapulhuacanito, again exceeding the level of sharing expected by chance (Fig. 5A; Methods).
The typical length of shared islands was 190 kb, much smaller than that observed for shared
deserts, but together these regions still covered a substantial portion of the genome (~29 Mb).
We report the genes observed in these regions (Table S10) and analysis of functional enrichment
in the supplementary materials (Supporting Information 9).

We compared minor parent deserts and islands identified in the X. birchmanni x X.
cortezi hybrid populations to those detected in the X. birchmanni x X. malinche hybrid
populations. As expected, we found many fewer shared deserts and islands across hybrid
population types (Fig. S14), with shared deserts and islands only slightly exceeding expectations
by chance in most comparisons.

Since we had access to time-series data for both the Santa Cruz and Chapulhuacanito
populations, we were interested in evaluating how ancestry at minor parent deserts and islands
has changed over the last 40 generations. Given that both hybrid populations are estimated to be
over 100 generations old, we would expect that loci under strong or moderate selection would be
fixed even at the earliest time points in our dataset. Indeed, we find that regions that fall into
shared ancestry deserts tend to have low minor parent ancestry in 2003 and maintain low
ancestry through time (Fig. 5B). The same is generally true for regions of high minor parent
ancestry, although we do identify six minor parent islands where minor parent ancestry
significantly increases between 2003 and 2020-2021 (Table S10).

Finally, we evaluated ancestry at rearrangements identified between X. birchmanni and X.

cortezi based on our new PacBio HiFi based assemblies. We identified nine inversions greater

16


https://doi.org/10.1101/2023.12.21.572897
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.12.21.572897; this version posted December 23, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

467  than 100 kb, ranging in size from 218 kb to 6.7 Mb (Table S2; Fig. S15). These inversions were
468  concentrated on chromosomes 8 and 17 (six out of nine of the inversions). As chromosomal

469  inversions tend to suppress recombination in heterozygotes we predicted that these regions

470  would be especially depleted in minor parent ancestry. Notably, we found that on average these
471  regions were depleted in minor parent ancestry compared to expectations by chance (Fig. 5E),
472  but not when compared to non-inverted regions of the genome that had exceptionally low

473  recombination rates (Fig. 5SE).

474

475  Ancestry at known incompatibilities identified between X. birchmanni and X. cortezi

476 We were also interested in evaluating patterns of minor parent ancestry locally at regions
477  that are known to be under selection in hybrids between X. birchmanni and X. cortezi. Other

478  work from our lab has identified a mitonuclear hybrid incompatibility between individuals with
479  the X cortezi mitochondria and homozygous X. birchmanni ancestry at ndufs5 and ndufal3

480  [53,55,61]. F2 hybrids that inherit the X. cortezi mitochondrial haplotype and two copies of the X.
481  birchmanni allele at ndufs5 experience mortality during embryonic development [55,61].

482  Inheriting the X. cortezi mitochondrial haplotype and two copies of the X. birchmanni allele at
483  ndufal3 causes higher rates of post-natal mortality. Because hybrid populations at both Santa
484  Cruz and Chapulhuacanito have fixed the X. cortezi mitochondrial haplotype (Table S11;

485  [53,55]), this leads to the strong expectation that they will largely have purged X. birchmanni
486  ancestry at ndufs5 and ndufal3.

487 We evaluated ancestry in these regions of the genome in our large sample of hybrid

488  individuals from both Santa Cruz and Chapulhuacanito. We identified a large, shared ancestry
489  desert surrounding ndufal3 on chromosome 6 (Fig. 5C). For ndufs5, the region surrounding the
490  gene on chromosome 13 was identified as an ancestry desert in Chapulhuacanito, but not in

491  Santa Cruz. Closer examination of this region (Fig. S16) indicates that X. birchmanni ancestry at
492  ndufs5 is depleted in Santa Cruz but falls just above the 5% quantile of minor parent ancestry
493  used to identify deserts genome-wide in Santa Cruz (the 5% quantile was 2.2% X. birchmanni
494  ancestry while an average of 2.3% X. birchmanni ancestry was observed at ndufs5, see

495  Methods). Moreover, both regions were consistently low in X. birchmanni ancestry through time
496 in our samples from Chapulhuacanito (Fig. 5D) and no individuals homozygous for X.

497  birchmanni ancestry at either region were observed across the two populations. Based on
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498  predictions from Hardy-Weinberg equilibrium <0.05% of mating events would be expected to
499  produce embryos incompatible at ndufs5 or ndufal3 in either population. Since these two genes
500 form part of mitochondrial protein complex I, we also analyzed ancestry at genes that are

501 involved in protein complexes genome-wide (Fig. S17; Supporting Information 10).

502

503
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504  Discussion

505

506 The extent to which genome evolution after hybridization is predictable is an open

507  question in evolutionary biology. Given the large number of species that have exchanged genes
508  with their close relatives, the answer to this question has wide ranging implications for species
509 across the tree of life. Few studies to date have been able to tackle this question because

510 addressing it requires access to multiple, independently formed hybrid populations and accurate
511  local ancestry inference approaches where technical factors such as variation in error rates or
512 power to infer ancestry along the genome can be excluded as drivers of the observed patterns.
513  Even well-studied cases with excellent genomic resources such as the human-Neanderthal and
514  human-Denisovan admixture events present a challenge in appropriately accounting for such
515  technical factors.

516 Here, we further developed Xiphophorus as a natural biological system in which to

517  address these fundamental questions. We describe two hybrid populations between X. cortezi and
518 X birchmanni that formed in different river drainages in the last ~150 to 300 generations.

519  Multiple lines of evidence—from geography to genetic variation to recombination history—
520 confirm that the two hybrid populations formed independently. X. cortezi and X. birchmanni
521  diverged an approximately 450k generations ago [62] and we estimate pairwise sequence

522  divergence at 0.6%. Since levels of within-species polymorphism are relatively low, this results
523  in a high density of fixed ancestry informative sites — approximately 4 per kb — with which to
524  precisely infer ancestry along the genome and compare ancestry variation across the two

525  populations.

526 Shortly after hybridization, hybrid genomes may contain large numbers of selected alleles
527  that are linked on the same haplotype. Accordingly, both theory and empirical results have

528 indicated that selection interacts with the global and local recombination rate to reshape minor
529  parent ancestry in the genome (assuming that minor parent ancestry is on average deleterious;
530 [30-32]). As in previous studies of Xiphophorus hybrids [30,53-55], we find a strong depletion
531  of ancestry from the minor parent species (X. birchmanni in both populations) in regions of the
532  genome with low recombination rates (Fig. 3A), as well as a more subtle depletion of minor
533  parent ancestry in regions of the genome of high coding (or conserved) basepair density (Fig.

534  3B). Moreover, wavelet analyses indicate that correlations between minor parent ancestry and
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535 recombination rate are primarily driven by the broadest spatial scales (i.e. >4 Mb; Fig. 4B, S12),
536  suggesting that selection on early generation hybrids is driving patterning of minor parent

537  ancestry at a genome-wide scale in both populations [33]. These analyses suggest that a striking
538 amount of local ancestry variation at broad spatial scales is attributable to the action of natural
539  selection (~80%).

540 Perhaps the most surprising result of our study is the extraordinarily high correlations in
541  local ancestry across the two X. cortezi and X. birchmanni hybrid populations (Fig. 3C). The
542  results of wavelet analyses indicate that broad-scale changes in ancestry along the genome in one
543  hybrid population (at the scale of >8 Mb) predict a remarkable ~90% of the variance in the other
544  hybrid population. We found that this cross-population repeatability was robust to iterations of
545  the analysis controlling for potential technical confounders (see Methods; Table S9). Since

546  shared patterns of ancestry deviations are not predicted under neutrality, these results

547  demonstrate that the correlations we observe are attributable to natural selection driving parallel
548 changes in minor parent ancestry in the two hybrid populations, presumably due to selection on
549  the same loci. Since these correlations are strongest at the broadest spatial scales in the genome,
550 this indicates that natural selection acting shortly after hybridization was important in

551  establishing them. The degree of cross-population repeatability we observe here exceeds that
552  reported in other studies that have found evidence for such patterns [24,33,52,53].

553 What mechanisms could drive such high repeatability in minor parent ancestry across
554  independently formed hybrid populations? Given the frequency of hybrid incompatibilities in
555  Xiphophorus [30,54,55] and the fact that neither X. birchmanni or X. cortezi have experienced
556  sustained bottlenecks like those observed in other Xiphophorus species ([30,62]; Fig. S4), we
557  predicted that selection on hybrid incompatibilities may be an important driver of this signal. In
558  simulations, we confirmed that strong selection on the same hybrid incompatibilities can, in

559  principle, generate exceptionally high correlations in local ancestry across populations, similar to
560 those observed in our data (Supporting Information 4; Fig. S18-S19). Results from artificial

561  crosses between X. cortezi and X. birchmanni support the conclusion that selection is extremely
562  strong on early-generation hybrids. One F; cross direction fails to develop (with X. birchmanni
563  mothers) and the other produces offspring with a 6:1 male sex-bias (with X. cortezi mothers;

564 [61]).
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565 In the case of strong selection against intrinsic hybrid incompatibilities, we expect to see
566 large ‘deserts’ of minor parent ancestry that are shared across independently formed hybrid

567  populations. Genome-wide we observe over a hundred such deserts in X. birchmanni x X. cortezi
568  populations and find that more than 25% of these minor parent ancestry deserts are repeated

569  across the two populations (Fig. 5A). Moreover, in cases where deserts are not replicated across
570  populations, minor parent ancestry still tends to be low in the second population (on average

571 falling in the lowest quartile of minor parent ancestry; Fig. 4A). Consistent with our findings that
572  selection acted early after hybridization, we find that minor parent deserts are typically large (on
573  average 1.8 Mb). These regions are exciting candidates to pursue as we begin to map hybrid

574  incompatibilities between X. birchmanni and X. cortezi in natural populations and in the

575  laboratory.

576 Beyond these genome-wide patterns, we know the precise locations of two loci that cause
577  alethal mitonuclear incompatibility in X. birchmanni x X. cortezi hybrids when they are

578  mismatched with mitochondrial ancestry [55,61]. If selection on hybrid incompatibilities is

579  responsible for local deviations in ancestry in X. birchmanni % X. cortezi hybrid populations, we
580 should see biased ancestry in these specific regions of the genome in both hybrid populations.
581 Indeed, we identify large regions depleted of minor parent ancestry surrounding the genes

582  involved in lethal mitonuclear incompatibilities on chromosome 6 (Fig. 5C) and chromosome 13
583  (Fig. S16). Based on these results at known incompatibilities, we infer that shared local ancestry
584  patterns in X. birchmanni % X. cortezi hybrid populations are at least in part driven by strong

585  selection against hybrid incompatibilities.

586 We also observed unexpectedly large overlap in regions of the genome where minor

587  parent ancestry is elevated across the two populations. Eighty-nine of the 147 regions with

588 elevated minor parent ancestry in Chapulhuacanito were also elevated in the Santa Cruz

589  population (~60%). This enrichment may indicate that X. birchmanni ancestry in these regions is
590 beneficial to hybrids, although we found no patterns of gene enrichment within islands that

591 exceeded expectations by chance (Supporting Information 9), nor overlap with previously

592  mapped QTL for sexually selected traits or ecological adaptations in Xiphophorus species

593  [63,64]. The combined dynamics of genome-wide selection against deleterious and adaptive

594  wvariation in hybrids are poorly understood in most cases (but see [11,15,24]), pointing to exciting

595  directions for future work.
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The variety of hybrid populations within Xiphophorus allowed us to ask how
predictability of genome evolution after hybridization varies with genetic divergence. We
analyzed replicate hybrid populations formed between both X. birchmanni and X. malinche and
X. birchmanni and X. cortezi. Since X. birchmanni and X. malinche are more closely related than
X. birchmanni and X. cortezi, theory predicts that the total strength of selection on X. birchmanni
x X. malinche hybrids across the genome should be weaker [35]. Notably, the correlations in
local ancestry we observed in the X. cortezi x X. birchmanni hybrid populations greatly exceed
those observed in X. birchmanni x X. malinche hybrid populations. Comparisons across hybrid
population types (i.e. comparing X. cortezi x X. birchmanni hybrid populations to X. birchmanni
x X. malinche hybrid populations) yield the lowest predictability in minor parent ancestry (Table
S7). Our wavelet analyses suggests that repeatability across hybrid population types is limited to
the broadest genomic scales, potentially reflecting the effects of shared genomic architecture
rather than shared targets of selection. This result is consistent with the idea that loci involved in
hybrid incompatibilities may arise idiosyncratically between lineages, as different sets of
mutations fix along different evolutionary branches. We note that while X. cortezi x X.
birchmanni populations tend to be older than X. birchmanni < X. malinche populations (Fig. 1;
[30]), wavelet analyses suggest that in both cases much of the observed variation in minor parent
ancestry along the genome is established in the earliest generations following hybridization (Fig.
4; [33D).

Hybridization is a common evolutionary process that profoundly shapes genome
evolution. Our accurate local ancestry inference approaches allowed us to uncover striking
repeatability in local ancestry across independently formed X. birchmanni x X. cortezi hybrid
populations and begin to unravel the fundamental question of how these patterns scale with
evolutionary divergence between species [65]. We find that both local factors like the locations
of hybrid incompatibilities and global factors such as the recombination landscape in the genome
shape this process. The extent to which the patterns observed in Xiphophorus hybrids are
generalizable to other hybridizing species is an exciting question that awaits results from other

taxonomic groups.
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Methods

Sample collection

Samples for low-coverage whole genome sequencing were collected from two different
geographical regions (Fig. 1). Wild fish were collected using baited minnow traps in Hidalgo and
San Luis Potosi, Mexico. We previously identified hybrids between X. birchmanni and X. cortezi
at multiple sites on the Rio Santa Cruz in northern Hidalgo [18,62]. We continued to sample
from these sites for the present analysis (Huextetitla - 21°9°43.82"N 98°33°27.19"W and Santa
Cruz - 21°9°27.63"N 98°31°13.79"W). We also added a new site in a different drainage (Fig. 1),
near the town of Chapulhuacanito (21°12'10.58"N 98°40'28.27"W). This site also contained X.
birchmanni x X. cortezi hybrids (see Results), but this hybridization event is clearly independent
given the geographical distance and lack of river connectivity between these locations. At both
collection sites, nearly pure X. birchmanni individuals were also sampled. These individuals
were identified based on their genome-wide ancestry and excluded from further analysis.

We combined previously collected datasets from the Rio Santa Cruz (N=254; [18,62])
with 216 new samples collected from Chapulhuacanito in June of 2021. Collected fish were
anesthetized in 100 mg/mL buffered MS-222 and water, following Stanford APLAC protocol
#33071. A small fin clip was taken from the caudal fin of each individual and preserved in 95%
ethanol for later DNA extraction.

For this study, we also took advantage of historical collections from 2003, 2006, and
2017 in the same regions. These samples were matched to present-day collection sites using GPS
coordinates and represented a mix of fin clips preserved in DMSO and whole fish preserved in
95% ethanol. We prepared libraries, sequenced all samples, and identified 76 hybrids from

historical samples from Chapulhuacanito and 23 from the Rio Santa Cruz.

Chromosome scale assembly for X. cortezi

We generated a new reference genome for X. cortezi for this project from a lab-raised
male descended from an allopatric population sampled on the Rio Huichihuyan. Previous work
involving X. cortezi used a draft genome assembled with 10X chromium linked read technology

[18,62]. We assembled the new reference using PacBio HiFi data.
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Genomic DNA was isolated from tissue using QIAGEN’s Genomic-Tip 500/G columns
following the manufacturer’s recommendations with some adaptations. ~400 mg of body tissue
was digested in 1.5 mL of Proteinase K and 19 mL Buffer G2 at 50°C for 2 hours, inverting the
sample every half hour. Following the incubation, the column was equilibrated using 10 mL of
Buffer QBT. The sample was vortexed for 10s at maximum speed, then immediately applied to
the column. Two washes were performed with a total of 30 mL of Buffer QC. The column was
then transferred to a clean 50 mL tube and genomic DNA was eluted from the column with 15
mL of Buffer QF that was prewarmed to 50°C. The DNA was precipitated using 10.5 mL of
isopropanol, mixed gently, then centrifuged immediately at a speed of 5000 x g for 15 minutes at
4°C. The DNA pellet was then washed with 4 mL of cold 70% ethanol and re-pelleted via
centrifugation. Then the pellet was air-dried for 10 min and resuspended in 1.5 mL of Buffer EB.
Genomic DNA was quantified and assessed for quality using a Qubit fluorometer, Nanodrop,
and Agilent 4150 TapeStation. Extracted DNA was sent to Admera Health Services, South
Plainfield, NJ for PacBio library prep and sequencing on SMRT cells. Raw sequence data is
available on NCBI’s Sequence Read Archive (SRAXXXXX).

To remove residual adapter contamination from the HiFi reads, we used HiFiAdapterFilt
[66] with the default match parameter of 97% and a length parameter of 30bp. We then
generated a phased genome assembly with hifiasm (v0.16.1; [67]). The resulting primary
assembly was 144 contigs with a N50 of 28,997,520 bp. To achieve a chromosome-level
assembly, we scaffolded the X. cortezi genome to the chromosome-level genomes of species in
its sister clade: X. birchmanni and X. malinche (NCBI submission ID: JAXBVF000000000)
using RagTag (v2.1.0; [68]). Where these scaffolded genomes differed in synteny, we used the
chromosome-level assemblies of X. hellerii, X. maculatus, and X. couchianus as outgroups to
select the ancestral orientation for X. cortezi. This scaffolded X. cortezi genome had a scaffold
N50 of 32,220,398 bp and length of 723,632,656 bp. These putative X. cortezi chromosomes
were aligned to the X. maculatus genome assembly using minimap2 (v2.24; [69]) and oriented
and numbered according to identity with X. maculatus.

Chromosome 21 is known to contain the major sex determination locus in many
Xiphophorus species [70]. To resolve potential structural variation at this locus and include both
X and Y linked sequence in the X. cortezi reference genome, we generated an alignment between

the two inferred haplotypes for chromosome 21. We found that one chromosome 21 haplotype
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685  was syntenic to chromosome 21 in X. birchmanni, while the other contained a 7 Mb

686  chromosomal inversion relative to X. birchmanni, which is syntenic to all other Xiphophorus
687  species and likely represents the ancestral Xiphophorus arrangement of the Y-chromosome [71].
688 The mitochondrial genome was assembled from the adapter-filtered hifi reads using

689  MitoHiFi (v3.2; [72]) with default parameters and using the X. maculatus mitochondrial genome
690 as areference. We used BLASTn [73] searches to identify and subsequently remove

691  mitochondrial contaminant sequences present in the nuclear genome, which were present on only
692 6 contigs that were all less than 40 kb in length. Following contaminant removal, the

693  mitochondrial genome assembled with MitoHiFi was added to the X. cortezi assembly. The final
694  assembly is available on Dryad (Accession pending).

695

696  Annotation of the X. cortezi assembly

697 The X. cortezi genome was annotated using a pipeline adapted from a previous study

698  [74]. Transposable elements (TE) in the assembly were identified using RepeatModeler and

699  RepeatMasker [75]. RepeatModeler was first used for an automated genomic discovery of

700 transposable element families in the assembly. This result, together with Repbase and FishTEDB
701  [76,77], was input into RepeatMasker for an additional retrieval of TEs based on sequence

702  similarity. For protein coding gene annotation, TEs from known-families were hard-masked and
703  simple repeats were soft-masked from the assembly. We used a tool designed to parse

704  RepeatMasker output files [78] to compute quantitative information on representation of

705  different TE families. We repeated this approach for the X. birchmanni PacBio reference

706  assembly generated using the same approach. Analysis of differences between the two species in
707  repeat content is available in Supporting Information 1.

708 Protein coding genes were annotated by collecting and synthesizing gene evidence from
709  homologous alignment, transcriptome mapping and ab initio prediction. For homologous

710  alignment, 455,817 protein sequences were collected from the vertebrate database of Swiss-Prot
711  (https://www.uniprot.org/statistics/Swiss-Prot), RefSeq database (proteins with ID starting with
712 “NP” from “vertebrate other”) and the NCBI genome annotation of human

713 (GCF_000001405.39 GRCh38), zebrafish (GCF_000002035.6), platyfish (GCF_002775205.1),
714  medaka (GCF_002234675.1), mummichog (GCF_011125445.2), turquoise killifish

715  (GCF_001465895.1) and guppy (GCF_000633615.1). We then aligned those protein sequences
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716  onto the assembly using both GeneWise and Exonerate (https://www.ebi.ac.uk/about/vertebrate-

717  genomics/software/exonerate) to collect homologous gene models. In order to speed up

718  GeneWise, GenblastA was used to retrieve the rough alignment region of the assembly for each
719  protein [79].

720 For transcriptome mapping, we used previously collected RNA-seq reads from multiple
721  tissues [54], cleaned them using fastp [80], and mapped them to the assembly using HISAT [81].
722  StringTie was then used to interpret gene models from the mapping results [81]. In parallel, we
723 used Trinity to assemble RNA-seq reads into transcript sequences and aligned them to assembly
724  for gene modeling using Splign [82,83].

725 We used AUGUSTUS for the ab intio gene prediction [84]. AUGUSTUS was trained for
726  the first round using BUSCO genes. Genes that were predicted repeatedly by Exonerate,

727  Genewise, StringTie and Splign were considered to be high quality genes and were used to train
728  AUGUSTUS for the second round. All collected homologous and transcriptome gene evidence
729  were used as hints for AUGUSTUS for the ab-initio gene prediction.

730 To generate the final consensus annotation, we screened homology gene models locus by
731  locus. When two gene models competed for a splice side, we kept the one better supported by
732 transcriptome evidence (using transcriptome data from [54]). When a terminal exon (with a

733  start/stop codon) from an ab-initio or homology gene model was better supported by

734  transcriptome data than that of the previously selected gene model, the exons in question were
735  replaced by the predictions of the gene model best supported in the transcriptome data. We also
736  kept an ab-initio prediction when its transcriptome support was 100% and it had no homology
737  prediction competing for splice sites.

738

739  Low coverage whole genome sequencing

740 We extracted DNA from fin clips collected from wild-caught fish using the Agencourt
741  DNAdvance kit (Beckman Coulter, Brea, California). We used half-reactions but otherwise

742  followed the manufacturer’s instructions for DNA extraction. We used a BioTek Synergy H1
743  (Agilent, Santa Clara, CA) microplate reader to quantify extracted DNA. We diluted DNA to a
744 concentration of 10 ng/ul and then prepared tagmentation-based libraries from this genomic

745  DNA for low coverage whole genome sequencing. The approach used for generating libraries is

746  described in Langdon et al. 2022 [18]. Dual-indexed libraries were bead purified with 18% SPRI

26


https://www.ebi.ac.uk/about/vertebrate-genomics/software/exonerate
https://www.ebi.ac.uk/about/vertebrate-genomics/software/exonerate
https://doi.org/10.1101/2023.12.21.572897
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.12.21.572897; this version posted December 23, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

747  magnetic beads, quantified on a qubit fluorometer (Thermo Scientific, Wilmington, DE), and
748  visualized on an Agilent 4200 Tapestation (Agilent, Santa Clara, CA). Purified libraries were
749  sequenced by Admera Health Services (South Plainfield, NJ) on an Illumina HiSeq 4000

750  instrument.

751

752  Whole genome resequencing

753 To evaluate patterns of genetic variation within ancestry tracts, we sequenced a subset of
754  individuals (N=3 per genotype per population) at high coverage. For these individuals, we

755  prepared libraries following the approach of Quail et al. 2009 [85]. We used 500 ng — 1 ug of
756  DNA per sample and sheared this input DNA to approximately 400 bp using a QSonica

757  sonicator. The fragmented DNA underwent an end-repair reaction with dNTPs, T4 DNA

758  polymerase, Klenow DNA polymerase and T4 PNK for 30 minutes at room temperature. An A-
759  tail was added to the end-repaired DNA using a mix of Klenow exonuclease and dATP,

760  incubated for 30 minutes at 37 C. The A-tail facilitated ligation of adapters with DNA ligase in a
761 15 minute reaction performed at room temperature. The resulting sample was purified using the
762  Qiagen QIAquick PCR purification kit. Barcodes were added during a final PCR amplification
763  step using the Phusion PCR kit, which was run for 12 cycles. This reaction was purified with
764  18% SPRI beads and libraries were visualized on the Agilent 4200 Tapestation and quantified
765  using a Qubit fluorometer. These libraries were also sent to Admera Health Services for

766  sequencing on an [llumina HiSeq 4000 machine.

767

768  Inferring recombination maps for X. birchmanni and X. cortezi

769 In past work, we used population genetic methods to infer a linkage disequilibrium (LD)
770  based recombination map for an earlier version of the genome assembly for X. birchmanni [30].
771  We repeated the same approaches with the new X. birchmanni reference genome to generate a
772  new LD-based map. Briefly, we used the previously published resequencing data for 22 adult X.
773  birchmanni individuals and a pedigreed family with five offspring [30], for a total of 24

774  unrelated adults. We mapped reads to the genome with bwa mem, realigned indels with

775  PicardTools, and called variants with GATK (v3.4; [86]). We filtered variant and invariant sites
776  based on quality thresholds as we had with the original recombination map (DP<10; RGQ <20;
777  QD<10; MQ < 40; FS>10; SOR > 4; ReadPosRankSum< -8; MQRankSum < -12.5). We
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778  excluded sites that overlapped with annotated repetitive regions or had <0.5X or >2X the average
779  genome-wide coverage for that individual. For invariant sites, only RGQ and DP filters could be
780  used. Using this filtered list of sites, we inferred the expected error rate with plink [87] using
781  expectations of mendelian segregation in the pedigree. Finding evidence of a low error-rate

782  (~0.45% per SNP across 5 offspring), we first removed these errors and then proceeded to

783  phasing and inferring the LD map. We performed phasing using the program shapeit2 with the
784  duohmm flag for inclusion of family data [88]. Past simulations matching parameters observed in
785 X birchmanni have suggested that although phasing likely introduces errors, improvements in
786  map resolution outweigh errors introduced by phasing [30].

787 We inferred the LD map using LDhelmet. LDhelmet relies on a mutation transition

788  matrix for recombination map inference [89] and also can take advantage of distributions of

789  ancestral alleles when computing likelihoods. To infer ancestral alleles for both purposes, we
790 used phylofit [90]. Previous simulations matching parameters observed in X. birchmanni have
791  suggested that this approach results in accurate inference of ancestral sequences [30]. We used
792  previously collected whole genome sequence data from 11 species of Xiphophorus (Table S12)
793  to infer the likely ancestral basepair at variable sites as described previously [30] using the

794  prequel command [90]. To run phylofit, we provided the aligned sequences and the inferred

795  species tree for this groups of species [91]. For mutation matrix inference based on phylofit

796  output, we used a threshold of 0.99 to convert posterior probabilities for the ancestral basepair to
797  hard calls.

798 We then used phased haplotypes from all unrelated X. birchmanni individuals (48

799  haplotypes in total) and the mutation transition matrix to infer an LD-based recombination map
800  with LDhelmet [89]. The total number of SNPs input into LDhelmet was 2,565,331. We first
801 computed a likelihood lookup table for p values using a grid table ranging from 0 — 10 (sampling
802 inintervals of 0.01 from 0-1 and 1 from 1-10). We next inferred recombination rates using

803  LDhelmet’s jMCMC procedure with a block penalty of 50, a burn-in of 100,000, and ran the
804  Markov chain for 1,000,000 iterations. Past work has suggested that a block penalty of 50

805 improves accuracy for inference of broad scale recombination rates in Xiphophorus [30].

806  Following map inference, we excluded SNP intervals with implausible high recombination rates
807 (p/bp > 0.4) and summarized recombination rates in windows of physical distance ranging from

808 5kb—5Mb. We also used the local recombination rate estimates and the inferred lengths of
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809 each chromosome in cMs to divide the chromosome into windows of genetic distance for certain
810 analyses (Supporting Information 11).

811 Because we had access to whole-genome resequencing data for 9 unrelated X. cortezi
812  individuals from the Huichihuyan river (near the Nacimiento) from previous work [18,54], we
813  decided to supplement this data to build an LD-based map for this species as well. To generate a
814  comparable sample size for this inference, we sequenced an additional 8 individuals following
815 the whole genome resequencing protocol described above. The average coverage for the X.

816  cortezi individuals was ~65X, and the range was 19-113X. We inferred an LD-based map for X
817  cortezi as described above, except that we lacked access to pedigree data for mendelian error
818  correction and phasing.

819 With the lower sample size and lack of pedigree data, we expected the X. cortezi map to
820  be less accurate than the X. birchmanni map but used it to test general hypotheses. Swordtails
821  have deleted the N-terminal domain of PRDM9 [92], and have a conserved PRDM?9 zinc-finger
822  binding domain across the clade. Past work has indicated that swordtails behave as PRDM9

823  knock-outs with a higher frequency of recombination events near the TSS, CpG islands, and

824  H3K4me3 marks [30,92]. Using the inferred LD map for X. cortezi, we confirmed that we

825  observe elevated recombination rates close to the TSS and H3K4me3 peaks, similar to patterns
826  observed in X. birchmanni (Fig. S6; Supporting Information 3). We note that the median inferred
827  p/bp in X. cortezi was substantially higher than in X. birchmanni (0.0027 versus 0.00076). Based
828  on the results of our analyses of historical population sizes (see Supporting Information 3), we
829  expect to see elevated p/bp in X. cortezi since p reflects 4Ne*r and we infer that X. cortezi has
830  had approximately 2X the effective population size of X. birchmanni over the past 100k

831  generations. However, p/bp may also be impacted by a higher error rate in the X. cortezi

832  recombination map given the lack of access to pedigree data.

833

834  Changes to the local ancestry inference pipeline

835 We previously developed approaches for local ancestry inference for hybrids between X.
836  birchmanni and X. cortezi, but we made several improvements upon previous implementations
837  for this project. First, we used a new chromosome scale assembly for X. cortezi generated by
838  PacBio HiFi technology (see above). To more accurately quantify allele frequencies in the

839  parental species, we sampled additional allopatric populations of X. cortezi, which has been less
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intensively sampled from a genomic perspective than X. birchmanni, and sequenced F; hybrids
between the two species for error correction. We also identified and corrected an error in the

ancestryinfer code (https://github.com/Schumerlab/ancestryinfer) that had resulted in a number

of ancestry informative sites being erroneously excluded in previous versions of the pipeline.

Using the new assemblies, we identified candidate ancestry informative sites by aligning
resequencing data from a high coverage X. cortezi individual to the X. birchmanni PacBio
assembly (as described previously; [53,54,93]), and identifying all sites that were homozygous
for different states in this data. We then treated these sites (2.64 million) as potential ancestry
informative sites and evaluated their frequency in allopatric X. cortezi and X. birchmanni
populations using 1X whole genome sequence data from 90 individuals of each species from
three source populations each (X. birchmanni: Coacuilco, Talol, Xaltipa; X. cortezi: Puente de
Huichihuyan, Octzen, Calle Texacal). We identified sites that had a 98% or greater frequency
difference between the two species as our filtered set of ancestry informative sites (1,001,684
sites). We used these sites and their observed frequencies in the parental species as input for our
ancestry HMM pipeline (ancestryinfer; [93]).

We next took advantage of our lab-generated F; hybrids to further filter these ancestry
informative sites. We collected ~1X whole genome sequence data for 42 F; hybrids we generated
between X. birchmanni and X. cortezi and analyzed these individuals using the ancestryinfer
pipeline, specifying the X. birchmanni reference as genome 1 and the X. cortezi reference as
genome 2. We set the error rate to 0.02 for this initial analysis. After running the pipeline, we
converted posterior probabilities for each ancestry state into hard-calls using a posterior
probability threshold of 0.9. Because F1 hybrids should be heterozygous for all ancestry
informative sites across the genome, we identified ancestry informative sites that were called
with high confidence as homozygous X. birchmanni or homozygous X. cortezi and excluded
these sites. This resulted in a final set of 995,825 ancestry informative sites which we used for
downstream analyses, or a median of one marker every 240 basepairs across the 24 major
chromosomes.

We tested the performance of this approach on 30 X. cortezi individuals we had not used
in our initial filtering, 12 X. birchmanni individuals, 13 F; hybrids, 26 F» hybrids, and 5 BC;
hybrids (backcrossed to X. cortezi) where we have clear expectations for true ancestry. Based on

this analysis, we found that performance of the HMM approach was excellent (Fig. S9-S10).
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871  Local ancestry inference and processing for downstream analysis

872 Using the ancestry informative sites described above, we next proceeded to analyze

873  hybrid individuals from Chapulhuacanito and the Rio Santa Cruz using the ancestryinfer

874  pipeline. We inferred local ancestry for 291 individuals from Chapulhuacanito and 277

875 individuals from the Rio Santa Cruz. Because previous analyses have indicated that ancestryinfer
876  is not sensitive to priors for initial admixture time and admixture proportions [93], we set the
877  prior for the genome-wide admixture proportion to 0.5 and the prior for the number of

878  generations since initial admixture to 50. However, we repeated local ancestry inference for both
879  populations following demographic inference using ABCreg (see next section) using priors

880 inferred from this analysis for initial admixture time and admixture proportion. We found that
881  our results were qualitatively unchanged (Table S9). For all analyses, we used a uniform

882  recombination prior, set to the median per-basepair recombination rate in Morgans inferred for
883 X birchmanni.

884 For a number of downstream analyses, it was useful to convert posterior probabilities for
885 different ancestry states into hard-calls. As we have previously, we used a posterior probability
886  threshold of 0.9 or greater to assign an ancestry informative site to a given ancestry state (e.g.
887  homozygous X. birchmanni, heterozygous for ancestry, or homozygous X. cortezi). Ancestry
888 informative sites with lower than a 0.9 probability for any ancestry state were masked. We also
889 filtered out sites that were covered in fewer than 25% of individuals. This resulted in 994,891
890  sites across the genome in Santa Cruz and 994,906 sites across the genome in Chapulhuacanito
891 for downstream analysis. All local ancestry results are available on Dryad (Accession pending).
892 Consistent with previous work [53,62], a subset of the individuals we sequenced were
893  nearly pure X. birchmanni (>98% of the genome derived from the X. birchmanni parent species).
894  We identified and excluded these individuals from our dataset before examining patterns of local
895 ancestry within the two hybrid populations, resulting in a dataset of 114 hybrid individuals from
896  Chapulhuacanito and 276 from the Rio Santa Cruz populations. We summarized minor parent
897  ancestry across individuals by average ancestry hard-calls in non-overlapping windows of a

898  range of sizes (e.g. 100 kb — 500 kb and 0.1 — 0.5 cM).

899

900

901
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902  Demographic inference in the Chapulhuacanito and Santa Cruz populations

903 To inform our understanding of patterns of local ancestry along the genome in

904  Chapulhuacanito and Santa Cruz, we wanted to better understand the likely demographic history
905  of these populations. To do so, we used a regression-based Approximate Bayesian Computation
906  or ABC approach with the software ABCreg [59]. We previously applied a similar approach to
907 infer the likely demographic history of the Santa Cruz population [18] but repeat it for both

908 populations here taking advantage of our larger empirical datasets and updated local ancestry
909 inference pipeline. All simulations were performed in SLiM [58].

910 For each simulation, we drew each population demographic parameter from a uniform or
911  log-uniform prior distribution, performed simulations, and calculated summary statistics for the
912  simulation. We recorded the summary statistics and simulated parameters and compared them to
913  the same statistics calculated from the real data. We modeled one chromosome 25 Mb in length
914  with local recombination rates matching those observed on X. birchmanni chromosome 2. We
915  used both global and local metrics as summary statistics (Table S13). We used the tree sequence
916  recording functionality of SLiM to determine local ancestry of each individual in the hybrid

917  population [94]. To perform each simulation, we used the following steps:

918 1. We initialized parental populations and formed a hybrid population between them. We
919 determined the admixture proportion by drawing from a uniform prior distribution for the
920 proportion of the genome derived from parent 1 (0.5-1). Similarly, we determined the
921 hybrid population size for the simulation by drawing from a uniform prior ranging from
922 2-10,000 individuals.

923 2. We drew a migration rate from each parental species from a log uniform prior

924 distribution (ranging from m=0-3% per generation based on previous results [94]).

925 3. We drew a time since initial admixture parameter from a uniform distribution ranging
926 from 10-400 generations.

927 4. We performed the simulation for the number of generations drawn in step 3 above,

928 implementing migration from the parental species each generation at the rate drawn in
929 step 2.

930 5. We randomly sampled 69 and 242 individuals from the population to match the number
931 of hybrid individuals sampled in Chapulhuacanito and Santa Cruz in 2021 and 2020
932 respectively and calculated summary statistics.
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933 6. We generated summary statistics to compare to summary statistics calculated based on
934 the real data.

935 7. We repeated this procedure until 150,000 simulations had been generated.

936 8. We ran the program ABCreg with the tolerance parameter set to 0.005.

937

938 To evaluate the validity of our approach, we tested how well this procedure worked to infer

939  parameters for a simulated population with known history. We randomly sampled 100

940 simulations generated as described above and treated these simulations as if they were the real
941  data. We calculated summary statistics and ran ABCreg as described above (excluding these
942  simulations from the full ABCreg dataset). We then calculated the 95% quantile of the posterior
943  distribution for each demographic parameter and asked how well this distribution captured the
944  known parameters for the focal simulation. In general, the 95% quantile of the posterior

945  distributions for each test set overlapped with the true value (Fig. S20). However, performance
946  was poorer when we asked how often the true value fell in the 50% quantile of the posterior

947  distribution produced by ABCreg, indicating that we should view MAP estimates as approximate
948  estimates of the likely demographic history of each population (Fig. S20).

949

950  Repeatable patterns of minor parent ancestry as a function of genomic architecture

951 Using the LD-based recombination map described above, we evaluated evidence for a
952  correlation between the local recombination rate in windows and minor parent ancestry in those
953  same windows. As previously reported [53], we found strong correlations between local

954  recombination rate and average minor parent ancestry in the Santa Cruz population, with minor
955  parent ancestry being more common in regions of the genome with the highest local

956  recombination rates. We repeated this analysis for the Chapulhuacanito population and replicated
957  this pattern.

958 Because recombination events in Xiphophorus species appear to disproportionately

959 localize to functionally dense regions of the genome (e.g. transcriptional start sites, CpG islands,
960 and H3K4me3 peaks; [19,92]), we wanted to control for proximity to some of these elements in
961 our analyses. We calculated the number of coding and conserved basepairs in each window and
962  incorporated this into our analysis. We calculated the Spearman’s partial correlation between

963  recombination rate, minor parent ancestry, and coding (or conserved basepairs) across a range of
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964  window sizes (Table S5). We also repeated this analysis calculating average ancestry and the
965 number of coding (or conserved) basepairs in windows of a particular genetic length (0.1-0.5
966  cM; Table S6; Supporting Information 11).

967

968  Cross-population repeatability in ancestry

969 The Santa Cruz and Chapulhuacanito populations occur in separate river systems and
970  thus originated from independent hybridization events between X. birchmanni and X. cortezi. We
971  wanted to understand the extent to which local ancestry between these two populations was

972  correlated. Presumably, correlations that are observed (barring those due to technical artefacts)
973  should be driven by shared sources of selection, either due to shared loci under selection or

974  shared genomic architecture (e.g. similar recombination maps and locations of coding and

975  conserved basepairs between species).

976 To evaluate this, we used a Spearman’s correlation test implemented in R. We calculated
977  these correlations in windows of a range of physical sizes (100 kb — 500 kb) and genetic sizes
978  (0.1-0.5 cM). We performed each of these calculations thinning the data to retain only a single
979 window every Mb or a single window every 1.5 cM (typically ~600 kb in Xiphophorus). This
980 analysis should be conservative since admixture linkage disequilibrium decays to background
981 levels over ~500 kb in Santa Cruz and Chapulhuacanito (Fig. S7). We found that the cross-

982  population correlations in local ancestry in these analyses were surprisingly high (Table S7).
983  Given this observation we sought to exclude several technical factors that might be artificially
984 inflating this correlation.

985 Because power to infer ancestry will vary along the genome, we wanted to evaluate

986  whether accounting for this power variation impacted the signal we observed. Certain regions of
987  the genome have a higher density of ancestry informative sites between X. birchmanni and X.
988  cortezi. We determined the median distance between ancestry informative sites (240 bp), and
989 thinned markers such that in regions with higher marker frequency, we retained at most one

990  marker per 240 bp. We also identified and excluded windows in which we have especially low
991  power to infer ancestry (the number of ancestry informative sites fell in the lower 5% quantile of
992  the genome-wide distribution).

993 We investigated the impact of removing other regions of the genome where we might

994  expect to have a higher error rate in local ancestry inference. Analysis of our assemblies using
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995  seqtk telo [95] suggest that some of our chromosomes include assembled telomeric regions (Fig.
996  S15). Since these regions may be especially challenging to analyze, we recalculated cross-
997  population correlations excluding any region within 1 Mb of the end of a chromosome. We also
998  generated a version of the ancestry informative sites excluding markers that overlapped with
999 repetitive regions and recalculated cross-population correlations. We performed a number of
1000  other complementary analyses that are described in detail in Supporting Information 4-6.
1001 Overall, our qualitative results were unchanged in each of the modifications described
1002  above and in the series of additional analyses described in Supporting Information 4-6 (Table
1003  S9). As a sanity check, we also performed analyses where we generated sub-populations from
1004  either Santa Cruz or Chapulhuacanito and asked about the observed correlations in ancestry
1005  when individuals truly originate from the same population. We also compared correlations in
1006  ancestry between samples from the same population over time, and from different sites in the
1007  same river. Reassuringly, all of these comparisons yielded correlations in ancestry that exceeded
1008  what we observed between independently formed populations at Santa Cruz and
1009  Chapulhuacanito (Table S7; Fig. S8).
1010
1011  Evidence of independent formation of Santa Cruz and Chapulhuacanito
1012 While the Rio Santa Cruz and Rio San Pedro are separated by over 130 km of river miles,
1013  we wanted to perform additional analyses to confirm that they were independent in origin given
1014  the strong correlations in local ancestry that we observe across the two populations. To do so, we
1015 used a combination of approaches. First, we performed principal component analysis of the
1016  locations of observed ancestry transitions in Santa Cruz and Chapulhuacanito. If these
1017  populations formed and evolved independently, we would expect that observed ancestry
1018 transitions (which reflect recombination events in the ancestors of each hybrid individual) would
1019  occur largely in different locations across the two populations.
1020 To generate a dataset for principal component analysis, we first identified the
1021  approximate locations of ancestry transitions for each hybrid individual in our datasets from
1022  Santa Cruz and Chapulhuacanito, defined as the interval over which the posterior probability
1023  changes from 0.9 posterior probability for one ancestry state to 0.9 for another ancestry state.
1024  Ancestry transitions that were supported by flanking segments of <5 kb were removed.

1025  Qualitatively, this removed transitions where the ancestry state switched and then immediately
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reverted, which we hypothesized might be more likely to be errors. Once ancestry transitions
have been identified, we binned the genome into windows of 0.5 ¢cM, and for a given individual
recorded a 1 if there was a transition observed in that window and a zero if there was not. While
most ancestry transitions were well resolved (mean 13.6 kb), some spanned multiple windows,
so we used the midpoint as the location of the ancestry transition for these purposes. We ran a
principal component analysis of this matrix in R.

While the variation in ancestry transition locations suggested broadly different histories
of recombination in the Santa Cruz and Chapulhuacanito populations, this pattern could also be
consistent with an initial period of shared history followed by vicariance. Thus, as a
complementary approach, we quantified how frequently the locations of ancestry transitions
were shared between pairs of individuals in the Santa Cruz and Chapulhuacanito populations,
compared to expectations by chance. Shared ancestry transitions, reflecting ancestral
recombination events, could occur by chance due to recombination hotspots or poor resolution of
the precise locations of recombination events, but an excess of shared transitions is likely to
reflect shared ancestors and thus a shared population history. For both the real and simulated
data, we excluded ancestry transitions that were poorly resolved (>250 kb in length) from our
analysis. For the real data, we quantified how frequently the intervals of ancestry transitions
overlapped in pairs of individuals from the two populations using bedtools [96], treating >1
basepair shared as an overlap. To generate simulated data, we performed a series of steps. We
first excluded windows where ancestry for one parental species had fixed in the real data, as
these regions of the genome cannot contain ancestry transitions in the real data. For each
individual, we iterated through all of the ancestry transitions observed, randomly sampling a new
location for each ancestry transition, weighted by the X. birchmanni recombination map
(summarized in 100 kb windows). Within that randomly selected window, we used R’s runif
function to identify a start position of the recombination interval and set the stop position based
on the interval length. We repeated this until all ancestry transitions for an individual had been
assigned a random position weighted by the recombination map and repeated this process for all
individuals. Next, we quantified the overlap of ancestry transitions in pairs of simulated Santa
Cruz and Chapulhuacanito individuals relative to the real data. These results are shown in Fig.

2A.
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We also collected high-coverage whole genome sequencing data (>20X) for 3 hybrid
individuals from each population and 3 pure X. birchmanni individuals found in the same
populations (i.e. individuals inferred to derive >98% of their genome from X. birchmanni). For
these individuals, we called variants throughout the genome as described above for inference of
LD-based recombination maps (mapping and variant calling were performed using both
references independently, and results were qualitatively similar). Using this variant information,
we performed a principal component analysis on the observed variants genome-wide in the
individuals collected from Santa Cruz and Chapulhuacanito as well as previously collected high
coverage data from source populations of X. birchmanni (Coacuilco; [30]) and X. cortezi
(Huichihuyan and Puente de Huichihuyan; [53,62]).

Because hybrids combine the genomes of the X. birchmanni and X. cortezi individuals
that contributed to the hybridization event, we were also interested in subsetting these regions of
the genome and analyzing them separately. To do so, we conducted local ancestry inference on
the six hybrid individuals as described above, and identified regions where we had high
confidence that all six hybrid individuals in our dataset were homozygous X. cortezi or
homozygous X. birchmanni. We extracted the variants in these segments from hybrids and from
the corresponding parental species plink files (i.e. from X. cortezi individuals for analysis of
homozygous X. cortezi ancestry tracts). We performed a separate PCA on the X. cortezi and X.
birchmanni derived regions in hybrids. If Santa Cruz and Chapulhuacanito somehow shared a
population history, we would expect these regions to cluster closely together and potentially
overlap in a principal component analysis. See Supporting Information 2 for a more detailed
discussion of these results and their implications.

To more closely evaluate possible relatedness in these ancestry tracts, we used the
program GCTA to generate a genetic relatedness matrix for these six hybrid individuals [60]. We
performed separate analyses for the X. cortezi and X. birchmanni ancestry tracts. As above, we
only analyzed regions where all six hybrid individuals were homozygous X. cortezi or X.
birchmanni in that region respectively. We included data from the relevant parental populations
for comparison. We found that all hybrid individuals from the same population were inferred to
have some degree of relatedness based on analysis of both X. cortezi and X. birchmanni derived

ancestry tracts, but all values for cross-population comparisons were negative (Fig. S21).
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Since most of the genome of individuals in the two hybrid populations is derived from X.
cortezi, we performed an additional analysis focusing on X. cortezi ancestry tracts in the high
coverage individuals. Reasoning that populations derived from distinct source populations and
with independent demographic histories should harbor distinct frequencies of genetic variants,
we performed a “mismatch” analysis. We subset our data to focus only on regions that were
homozygous X. cortezi across all six high coverage hybrid individuals. For each pair of
individuals in our dataset, we counted each site where individual 1 was homozygous for one
allele and individual 2 was homozygous for another (within X. cortezi ancestry tracts). We
counted the total number of these sites along the genome, divided by the total number of sites
that passed quality thresholds in both individuals (within X. cortezi ancestry tracts), and treated
this as our mismatch statistic. We compared this mismatch statistic within-populations versus

between-populations (Fig. 2E).

Spatial scale of cross-population correlations in ancestry

In the absence of selection or genetic drift, the ancestry proportion in a hybrid population
would remain uniform along a chromosome in a hybrid population. In real populations, ancestry
varies along the genome due to the combined effects of recombination with genetic drift,
selection, and repeated admixture events. The spatial scale of ancestry variation along the
genome holds important information about the timing of demographic and selective events, since
recombination progressively shortens ancestry tracts across generations. We took advantage of
the recent application of the Discrete Wavelet Transform to decompose correlations between
genomic signals into independent components associated with different spatial genomic scales
[33]. Briefly, the method transforms a signal measured along the genome (e.g. ancestry) into a
set of coefficients that measure changes in the signal between adjacent windows at different
locations and with windows of different sizes. The wavelet transform is performed on two
signals separately, and the correlation between the coefficients at a given scale for the two
signals are weighted by the variance at that scale (also determined from the wavelet coefficients)
to give the contribution of each scale to the overall correlation. This approach offers the
advantage that correlations across scales carry independent information, in contrast to traditional
window-based analyses used elsewhere in the manuscript where results across different window

sizes are confounded due to the nestedness of windows of different sizes.
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1117 As this analysis requires evenly spaced measurements along a chromosome, we first
1118 interpolated admixture proportions within diploid individuals to a 1 kb grid for each

1119  chromosome, then averaged across individuals to obtain the interpolated sample admixture

1120  proportion. We used the inferred recombination maps described above to obtain estimates of
1121  recombination in windows centered on the interpolated ancestry measurements. We applied a
1122 threshold to recombination values of p > 0.005 (corresponding to 4% of the genome) which we
1123 found improved the strength of correlation between genetic lengths of chromosome inferred from
1124  the LD map vs. from an F» linkage map.

1125 We used the R package gnomwav [33] to estimate wavelet correlations between signals
1126  (minor parent ancestry between populations, recombination vs. minor parent ancestry) at a series
1127  of genomic scales for each, with the smallest scale being the resolution of interpolation, and the
1128  largest scale corresponding to variation in signals occurring over roughly half of a chromosome.
1129  Wavelet correlations were averaged across chromosomes and error bars were obtained from a
1130  weighted jackknife procedure following [33]. To obtain the contribution of each scale to the
1131  overall correlation, we weighted correlations by the wavelet variances as described in [33]. We
1132 ran these analyses for interpolation distances of 1 kb and 32 kb.

1133

1134  Shared minor parent deserts and islands

1135 We were interested in identifying regions that were likely under selection in both X.

1136  cortezi x X. birchmanni hybrid populations. Guided by the results of simulations, we used an ad-
1137  hoc approach to identify regions with shared patterns of unusual ancestry across the two

1138  populations (see Supporting Information 8). We first identified ancestry informative sites where
1139  the minor or major parent ancestry fell in the lower 5% tail of genome-wide ancestry. We then
1140  selected the 0.05 cM window that overlapped this ancestry informative site and confirmed that
1141  the broader region fell within the lower 10% tail of genome-wide ancestry. We expanded out in
1142  the 5’ and 3’ directions in windows of 0.05 cM from this focal window until we reached a

1143  window on each edge that exceeded the 10% ancestry quantile. We treated this interval as an
1144  estimate of the boundary of the minor parent ancestry desert or island.

1145 Because this approach may prematurely truncate ancestry deserts and islands (particularly
1146  in scenarios with error), in a separate analysis we merged any of deserts (or islands) that fell

1147  within 50 kb of each other. We filtered these merged regions to remove any regions with fewer
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1148  than 10 ancestry informative sites, with fewer than 10 single nucleotide polymorphisms present
1149  in the recombination map, or that were less that 10 kb in length.

1150 By defining deserts and islands in 0.05 cM windows we could easily overlap these

1151  regions between different populations and determine how many are shared between sampling
1152  sites. This allowed us to define regions that have shared ancestry patterns between

1153  Chapulhuacanito and Santa Cruz despite their independent origin. To compare the observed
1154  number of shared ancestry deserts and islands to what we would expect by chance, given the
1155  overall patterns of ancestry variation along the genome in the two populations, we permuted the
1156  data in 0.05 cM windows and asked how frequently ancestry deserts and islands were identified
1157  as being shared in X. birchmanni x X. cortezi populations, as we had with the real data. We
1158 repeated this procedure 1000 times. Based on these permutations, we found that few shared
1159  minor parent ancestry deserts or islands were expected by chance (Fig. 4A).

1160 Since ancestry in a given window is strongly correlated with ancestry in the neighboring
1161  windows, especially at smaller spatial scales, we also wanted to performed permutations that
1162  preserved this ancestry structure. Specifically, for Chapulhuacanito, we shifted the window
1163  labels of ancestry summarized in 0.05 cM windows by 12.5 cMs, and we asked whether any
1164  windows that were major (or minor) parent ancestry outliers in the shifted data overlapped with
1165  the ancestry deserts (or islands) identified in Santa Cruz (using the same criteria as in the real
1166  data). We repeated this procedure 132 times to fully tile the whole genome. Consistent with the
1167  naive permutation approach, we found that few minor parent ancestry outliers in X. birchmanni x
1168 X cortezi hybrid populations overlapped minor parent deserts identified in the Santa Cruz hybrid
1169  population by chance (Fig. S22).

1170 We were interested in whether any of the shared deserts or islands between

1171  Chapulhuacanito and Santa Cruz were also ancestry outliers in X. birchmanni x X. malinche
1172 populations. Given the complexity of simulations preserved LD structure across the five hybrid
1173  populations we wanted to evaluate, we simply performed the naive simulations in 0.05 cM
1174  windows described above. Based on these permutations, we found that few minor parent

1175  ancestry outliers in X. birchmanni x X. malinche hybrid populations are expected to overlap
1176  minor parent deserts (or islands) identified in X. birchmanni x X. cortezi hybrid populations by
1177  chance.

1178
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1179  Time series analysis

1180 We were interested in understanding how ancestry at minor parent deserts and islands has
1181  changed over time. We focus this analysis on Chapulhuacanito due to insufficient sampling over
1182  time from the Rio Santa Cruz (both in terms of numbers of hybrids sampled and number of
1183  sampling years available). The first samples we have access to from Chapulhuacanito are from
1184 2003, approximately 40 generations ago. However, based on our demographic inference, this
1185  population likely underwent ~100 generations of evolution between initial hybridization and our
1186 first sampling year, meaning that even in our earliest samples we are evaluating ancestry in a
1187  late-stage hybrid population.

1188 We focused our analysis on deserts and islands identified in 2021, but our results were
1189  qualitatively similar when ascertainment was performed in other years. Using the coordinates
1190  determined in 2021, we calculated average minor parent ancestry in the same region in each of
1191  the other years sampled (2002, 2006, and 2017). For minor parent islands, which showed greater
1192  levels of fluctuation in ancestry over time (see Results), we used a linear model implemented in
1193 R to test for a significant relationship between year and minor parent ancestry.

1194

1195
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Fig. 1. A) Map of collection sites of X. birchmanni % X. cortezi hybrids in two different river
drainages. B) Phylogenetic relationships between X. birchmanni, X. malinche, and X. cortezi and
estimated divergence times from previous work. C) Distributions of inferred admixture
proportions from samples from Chapulhuacanito in 2021 and Santa Cruz in 2020. Both
populations derive the majority of their genomes from the X. cortezi parental species, but
Chapulhuacanito has substantially more ancestry derived from the X. birchmanni parental
species. D) Results of approximate Bayesian computation approaches inferring the population
history of Chapulhuacanito and Santa Cruz indicate that admixture likely began at different times
in the two populations. The dashed line and numbers indicate the maximum a posteriori estimate
of the time since initial admixture in both populations. Inset show male hybrid collected from the
Santa Cruz population. Other results from ABC analyses can be found in Fig. S1 and Table S3.
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1214  Fig. 2. A) PCA analysis of the locations of ancestry transitions indicates that the Santa Cruz and
1215  Chapulhuacanito populations have distinct recombination histories, while other individuals from
1216  the Santa Cruz drainage (the “Huextetitla” population) cluster with Santa Cruz. B) Using

1217  simulations, we also find that the number of shared ancestry transitions across populations (i.e.
1218  cases where ancestry transitions occur in the same physical location along the genome) is

1219  comparable to that expected by chance. Blue distribution shows the number of overlapping
1220  ancestry transitions across all pairs of individuals in Santa Cruz and Chapulhuacanito, and

1221  orange distribution shows the results of simulations using the X. birchmanni recombination map
1222 (see Methods). Importantly, the shared ancestry transitions in the two populations do not exceed
1223  the number expected by chance. C) & D) We also evaluated patterns of genetic variation using
1224  SNPs in high coverage individuals, subsetting the data to analyze tracts that are homozygous for
1225 X cortezi (C) or X. birchmanni (D) in hybrid individuals. Schematic of diploid hybrid individual
1226  below the plots shows our approach for selecting regions for PCA analysis based on local

1227  ancestry in the six hybrid individuals. Tracts from individuals in different hybrid populations
1228  separate from each other and the parental populations in PCA space (C, D). The sympatric X.
1229  birchmanni populations (D) found in both sites are genetically distinct from each other and the
1230  Coacuilco reference population but modestly so. See Supporting Information 2 for a more in-
1231  depth discussion of these results. E) Results of a “mismatch” analysis for comparisons of X.
1232 cortezi ancestry tracts within the six high coverage hybrid individuals and in pure X. cortezi
1233 source populations. We counted the number of sites where pairs of individuals from Santa Cruz
1234  and Chapulhuacanito were homozygous for different SNPs over the total number of sites that
1235  passed our quality thresholds in each comparison (see Methods). We found striking differences
1236  for within population versus between population pairs. We repeated the same analysis for two X.
1237  cortezi populations on the Rio Huicihuyan for comparison. Semi-transparent points show the
1238  results of each comparison, bars and whiskers show the mean =+ 2 standard errors.

1239
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1241  Fig. 3. A) Minor parent ancestry in the Chapulhuacanito population is strongly correlated with
1242  the local recombination rate. Here, ancestry and recombination are summarized in 250 kb

1243  windows (see also Fig. 4C for wavelet-based analysis). B) After accounting for the strong effect
1244  of recombination rate by summarizing ancestry in 0.25 cM windows, we also find that minor
1245  parent ancestry is depleted in regions of the genome linked to large numbers of coding or

1246  conserved basepairs. We previously reported similar results for the Santa Cruz population for
1247  both recombination rate and functional basepair density [53], and for X. birchmanni x X.

1248  malinche hybrid populations [30]. C) Average minor parent ancestry is strikingly correlated
1249  across the Santa Cruz and Chapulhuacanito populations. Shown here are analyses of 0.5 cM
1250  windows (Spearman’s p = 0.82, p < 1071%%); these results are observed across all spatial scales
1251 tested in both physical and genetic distance (see Fig. S8, Table S7-S8). D) By contrast, minor
1252  parent ancestry is substantially less correlated between two X. birchmanni x X. malinche hybrid
1253  populations. Shown here are analyses of 0.5 ¢cM windows (Spearman’s p = 0.31, p < 10-%°). For
1254  additional comparisons of ancestry in X. birchmanni % X. malinche hybrid populations, see
1255  [30,53].
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1259  Fig. 4. A) Example of large shared minor parent ancestry deserts identified on chromosome 22
1260  (tan) as well as shared minor parent ancestry islands (peach) in Chapulhuacanito and Santa Cruz.
1261  Note also large regions of low minor parent ancestry at ~25-30 Mb found across both

1262  populations that do not pass the threshold for being designated as shared ancestry deserts (light
1263  gray; in this case the region exceeds the 5% threshold for Santa Cruz). Dashed lines indicate the
1264  average ancestry genome-wide and dotted lines represent lower and upper 10% quantiles of
1265  minor parent ancestry. B) Spatial wavelet decomposition of the overall Pearson correlation
1266  between inferred minor parent ancestry in Chapulhuacanito vs. Santa Cruz (CHPL vs STAC)
1267  measured at a resolution of 1 kb. The contribution of a given spatial scale is a weighted

1268  correlation of wavelet coefficients for the two signals at that scale, weighted by the portion of the
1269 total variance attributable to that scale (see Methods). Correlations among chromosome means
1270  also contribute (chrom), as well as a leftover component (scl) due to irregularity of chromosome
1271  lengths. C) Wavelet correlations between inferred minor parent ancestry and recombination rate
1272 for both Chapulhuacanito and Santa Cruz populations. Note that here correlations at each scale
1273  are not weighted by variances at the corresponding scales. Points are weighted averages across
1274  chromosomes with error bars representing 95% jackknife confidence intervals. D) Wavelet
1275  correlations between inferred minor parent ancestry proportion in cross population comparisons
1276  between hybrids derived from the same hybridizing pair (CHPL vs. STAC - X. birchmanni x X.
1277  cortezi; ACUA vs. AGCZ — X. birchmanni x X. malinche) and from different hybridizing pairs
1278  (CHPL - X. birchmanni x X. cortezi vs. ACUA - X. birchmanni x X. malinche hybrids at the
1279  Acuapa site). Points are weighted averages across chromosomes with error bars representing
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1280  95% jackknife confidence intervals. For visualization, we omit the confidence interval for the
1281  wavelet correlation of ancestry in the two X. birchmanni x X. malinche populations (ACUA vs.
1282  AGZC) at the largest scale, since it is large and overlaps with zero. Note that the identity of the
1283  minor parent species differs across hybrid population types (X. birchmanni in Chapulhuacanito
1284  and Santa Cruz and X. malinche in Acuapa and Aguazarca).

1285
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Fig. 5. A) Shared minor parent ancestry deserts and islands in X. birchmanni x X. cortezi
populations (Chapulhuacanito and Santa Cruz - colored points) show a much greater overlap
than expected by chance (gray points, see methods). Black diamonds show the observed number
of shared minor parent deserts or islands across the two populations and colored points show the
results of jack-knife bootstrapping the data from each population in 10 cM blocks (circles —
bootstrap results from Chapulhuacanito, triangles — bootstrap results from Santa Cruz). B)
Ancestry of shared minor parent deserts (left) and islands (right) through time in the
Chapulhuacanito dataset. Points show ancestry at individual deserts or islands for each sampling
year, and lines connect results for a given desert or island across years. Shared minor parent
ancestry deserts were largely fixed by the onset of genetic monitoring of these populations
approximately 40 generations ago. Islands also tended to have high minor parent frequency at the
onset of sampling, but several islands do change significantly in minor parent ancestry over the
sampling period (Table S10). Islands that increase significantly in minor parent ancestry through
time are outlined in black. C) One shared minor parent ancestry desert on chromosome 6
overlaps with a known mitonuclear incompatibility generated by combining the X. cortezi

mitochondria with homozygous X. birchmanni ancestry at ndufal3 [55,61]. Local ancestry along
chromosome 6 in Chapulhuacanito is shown in the top plot and local ancestry along chromosome
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1305 6 in Santa Cruz is shown in the bottom plot. The locations of shared deserts and islands are

1306  highlighted in tan and peach respectively. The location of ndufal3 is indicated by the red

1307  triangle. Dashed lines indicate the average ancestry genome-wide and dotted lines represent
1308 lower and upper 10% quantiles of minor parent ancestry. D) Both ndufal3 and another gene
1309 involved in mitonuclear incompatibility between X. cortezi and X. birchmanni, ndufs5, are nearly
1310 fixed for major parent ancestry at the onset of our time-series sampling. E) With our new long-
1311  read reference assemblies, we evaluated minor parent ancestry at the center of inversions

1312  (focusing on inversions >100 kb) that differentiated X. birchmanni and X. cortezi in the two
1313 hybrid populations. Example alignment of a large inversion identified on chromosome 8 is

1314  shown in the inset. For each inversion, we sampled ancestry in a 50 kb window that overlapped
1315  with the center of the inversion (schematically shown by the gray rectangle in the inset). We
1316  found that minor parent ancestry was modestly depleted in the two hybrid populations (colored
1317  points and whiskers) at inversions compared to the randomly sampled regions of the genome
1318  (gray points — “all regions”). However, when we generated null datasets only from regions of the
1319  genome with low recombination rates (lowest 5% quantile of recombination rate) we found that
1320 inversions did not show unusually high depletion of minor parent ancestry. This suggests that
1321  depletion of minor parent ancestry at inversions may be driven by reduced recombination in
1322  these regions in hybrids.

1323
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