Universiteit

4 Leiden
The Netherlands

Two transects reveal remarkable variation in gene flow on opposite

ends of a European toad hybrid zone
Riemsdijk, I. van; Arntzen, J.W.; Bucciarelli, G.M.; McCartney-Melstad, E.; Rafajlovi¢, M.;
Scott, P.A.; ... ; Wielstra, B.M.

Citation

Riemsdijk, I. van, Arntzen, J. W., Bucciarelli, G. M., McCartney-Melstad, E., Rafajlovi¢, M.,
Scott, P. A, ... Wielstra, B. M. (2023). Two transects reveal remarkable variation in gene
flow on opposite ends of a European toad hybrid zone. Heredity, 131, 15-24.
doi:10.1038/s41437-023-00617-6

Version: Publisher's Version
License: Licensed under Article 25fa Copyright Act/Law (Amendment Taverne)

Downloaded from: https://hdl.handle.net/1887/3621464

Note: To cite this publication please use the final published version (if applicable).


https://hdl.handle.net/1887/license:4
https://hdl.handle.net/1887/3621464

the - .
geneticssociety

ARTICLE

www.nature.com/hdy

W) Check for updates

Two transects reveal remarkable variation in gene flow on
opposite ends of a European toad hybrid zone
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Speciation entails a reduction in gene flow between lineages. The rates at which genomic regions become isolated varies across
space and time. Barrier markers are linked to putative genes involved in (processes of) reproductive isolation, and, when observed
over two transects, indicate species-wide processes. In contrast, transect-specific putative barrier markers suggest local processes.
We studied two widely separated transects along the 900 km hybrid zone between Bufo bufo and B. spinosus, in northern and
southern France, for ~1200 RADseq markers. We used genomic and geographic cline analyses to identify barrier markers based on
their restricted introgression, and found that some markers are transect-specific, while others are shared between transects.
Twenty-six barrier markers were shared across both transects, of which some are clustered in the same chromosomal region,
suggesting that their associated genes are involved in reduced gene flow across the entire hybrid zone. Transect-specific barrier
markers were twice as numerous in the southern than in the northern transect, suggesting that the overall barrier effect is weaker
in northern France. We hypothesize that this is consistent with a longer period of secondary contact in southern France. The smaller
number of introgressed genes in the northern transect shows considerably more gene flow towards the southern (B. spinosus) than
the northern species (B. bufo). We hypothesize that hybrid zone movement in northern France and hybrid zone stability in southern

France explain this pattern. The Bufo hybrid zone provides an excellent opportunity to separate a general barrier effect from

localized gene flow-reducing conditions.

Heredity (2023) 131:15-24; https://doi.org/10.1038/s41437-023-00617-6

INTRODUCTION

Hybrid zones provide windows into the processes driving the
outcome of speciation (Hewitt 1988). As the genomic toolkit
available to evolutionary biologists has grown, it has become
increasingly clear that different genes do not flow at equal speed
across a hybrid zone. Some genomic regions introgress freely,
some gene variants cannot traverse a hybrid zone at all, and the
direction of gene flow between taxa may vary at different points
along the same hybrid zone (Baack and Rieseberg 2007; Rafajlovic¢
et al. 2016). As we continue to develop our understanding of the
conditions under which genomic regions stop being exchanged
between incipient species, studies involving multiple transects
across hybrid zones with a standardized genome-wide dataset can
provide insights into the dynamics of interspecific admixture and
the final phases of the speciation process.

Barrier genes are directly involved in reproductive isolation. They
underlie divergent ecological adaptation, differences in mate
preference, and/or genetic incompatibilities, preventing the
merging of parental populations (Abbott et al. 2013; Barton
2013; Ravinet et al. 2017). The resulting barrier effect is a reduction

in the migration rate of genetic material between populations
relative to the dispersal potential of the individuals that carry
those genes (Ravinet et al. 2017). When gene frequency clines of
multiple barrier genes become geographically coincident in a
hybrid zone, the barrier effect is reinforced, a phenomenon known
as cline coupling (Butlin and Smadja 2018).

Barrier genes contribute to genomic differentiation between
species, because of the relatively strong genetic differentiation of
the genes themselves as well as the linked genomic regions that
surround them, allowing genetic differentiation to build up, and
be retained in the face of gene flow. Their reduced introgression
compared to the rest of the genome facilitates the identification
of the genomic regions that harbor barrier genes (Gompert et al.
2012; Butlin and Smadja 2018). For the vast majority of natural
systems, we lack the genomic resources to identify barrier genes
as opposed to regions linked to them, and in these cases, we refer
to markers with restricted introgression as barrier markers
(following e.g. Ravinet et al. 2017). Identifying barrier markers is
the first step in identifying the actual barrier genes that underlie
reproductive isolation.
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When the same barrier markers are identified in geographically
distant transects, the most reasonable explanation is that the
barrier effect acting on (regions near) these markers is consistent
along the hybrid zone (Teeter et al. 2009; Larson et al. 2013;
Harrison and Larson 2014; Larson et al. 2014). For example, in field
crickets (Gryllus), the same barrier markers act in two sections of
the same hybrid zone, and have since been linked to intrinsic
factors associated with prezygotic isolation (Larson et al. 2013;
Larson et al. 2013; Larson et al. 2014).

Barrier markers may also differ between hybrid zone transects
(see Harrison and Larson 2016 for an overiew), indicating that
different genomic regions contribute to the barrier effect,
depending on the local environment. Such heterogeneity among
transects involving the same species pairs of Catastomus suckers
in different rivers suggests that the underpinnings of reproductive
isolation between these fish are influenced by interactions of
multiple evolutionary and ecological factors (Mandeville et al.
2015), rather than a uniform genetic mechanism that evolved a
single time and spread.

Finally, it is important to recognize that these two possibilities
are not mutually exclusive. For example, the well-studied house
mouse hybrid zone (Mus) shows distinct differences in gene flow
among transects for some barrier markers (Teeter et al. 2009),
while other barrier markers known to be linked to hybrid sterility
consistently show narrow transitions across multiple Mus transects
(Janousek et al. 2012). Ultimately, independent analyses of
replicate transects are required to disentangle species-wide barrier
effects from ones that are geographically or ecologically more
restricted.

We studied two transects at opposite ends of the ~900 km long
hybrid zone between two European anuran species, the common
toad (Bufo bufo) and the spined toad (B. spinosus). The zone runs
diagonally across France, from the Atlantic coast in the north to
the Mediterranean Sea in the south (Fig. 1; Arntzen et al. 2018;
Arntzen et al. 2020; Dufresnes et al. 2020; Dufresnes et al. 2021).
We characterized genome-wide patterns of interspecific gene flow
based on ~1200 nuclear markers obtained by restriction-site
associated DNA (RAD) sequencing, and used both genomic and
geographical cline analyses to identify barrier markers that are
either shared between transects or that are transect-specific
(Gompert and Buerkle 2012; Stankowski et al. 2016). We mapped
all loci against the recently sequenced genome of B. bufo
(Streicher et al. 2021) to determine their proximity and identify
physically nearby genes. We discuss the striking differences in
gene flow across transects, the insights into the history of the
hybrid zone that they provide, and more broadly, the insights that
multiple transects can provide for the identification of potential
barrier genes.

MATERIAL AND METHODS

3RAD sequencing

DNA from 387 individual toads (Arntzen et al. 2016, 2017, 2018, van
Riemsdijk et al. 2019) were analyzed in this study. These included five
reference localities each of pure B. bufo and B. spinosus (assumed to be
unaffected by interspecific gene flow), 11 localities along a transect in
northern France (northern transect), and 12 along a transect in southern
France (southern transect; Supplementary Table S1; Fig. 1). We used the
3RAD protocol (Graham et al. 2015; Glenn et al. 2016; Hoffberg et al. 2016;
Bayona-Vasquez et al. 2019) to produce reduced representation genomic
libraries. Two restriction enzymes (Cla-/ and Sbf-/) were used to cut 50 ng of
genomic DNA, while a third enzyme (Msp-/) was added to cleave and
eliminate phosphorylated adapter-adapter dimers. Internal barcodes were
ligated to the resulting sticky ends and external lllumina iTru5 and iTru7
primers, differing by at least three base pairs, were added to the internal
barcodes via an indexing PCR reaction (Glenn et al. 2016; Hoffberg et al.
2016; Bayona-Vasquez et al. 2019), followed by a bead-based clean-up.
Libraries were combined to achieve equimolar concentrations in the final
pool, size-selected for a 340-440bp range using a Pippin Prep (Sage
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Science Inc. Beverly, MA, USA), quantified using intercalating dye on a
VICTOR multilabel plate reader (PerkinElmer), and sequenced on two
PE100 lanes on an lllumina HiSeq 4000. For three reference samples of
each species (from sample locations 2.Bb and 19.Bs), libraries were
prepared in triplicate to assess genotyping error rates.

Data clean-up and assembly

Cutadapt v.1.14 (Martin 2011) was used in three steps to remove 5 and 3’
primers for each internal barcode combination, remove the Illumina
sequencing adapters, and carry out a read quality control of 10 (default).
We used ipyrad v.0.7.3 (Eaton 2014) for de novo assembly of our RAD loci
and to call individual haplotypes and assign genotypes with the following
settings: clustering threshold of 0.85, minimum read depth of six,
maximum of eight heterozygous bases allowed per consensus sequence,
and polymorphic sites in a locus shared across a maximum of 50% of the
samples (for additional details, see supplemental material on Dryad). These
settings were chosen based on stability of the number heterozygote calls
(indicating absence of clusters of paralogs) after testing various settings
and following recommendations from the ipyrad manual. In addition, with
the unfiltered dataset, we obtained low SNP-calling error rates (see the
Appendix, 1. Library triplicates). We generated two datasets, with either a
10% or a 50% maximum per-locus missingness rate across individuals
(Supplementary Fig. S1).

Population structure

We randomly selected one single nucleotide polymorphism (SNP) per RAD
locus from the 10 and 50% maximum per-locus missingness rate datasets
(the actual missingness rates were 2.3 and 47.5%). We performed principal
component analysis (PCA) on each dataset separately to visualize genomic
variation across both transects. We used adegenet v.2.1.1 in R (Jombart
2008; Jombart and Ahmed 2011), and based the PCA on allele frequencies,
replacing missing data with the mean allele frequency per population. We
also quantified population structure with Structure v.2.3.4 (Pritchard et al.
2000) for the two datasets for each transect separately. We used StrAuto
(Chhatre and Emerson 2017) to conduct ten independent runs for two
genetic clusters (K = 2) representing the two parental species, with a burn
in of 10 000 MCMC steps followed by 25,000 MCMC steps under the
admixture model. Convergence was confirmed by visual examination of
the consistency of the log likelihood and admixture proportion stability
(Benestan et al. 2016) and summarized with CLUMPAK (Kopelman et al.
2015). We visualized these results with the R package POPHELPER (Francis
2017). The 10 and 50% maximum per-locus missingness rate datasets
yielded nearly identical estimates of population structure (see Results), and
we only used the larger (50%) missingness dataset for filtering and
downstream analyses.

Diagnostic SNP selection and Hardy-Weinberg equilibrium
We identified species-diagnostic alleles (i.e. where one allele is fixed in one
species and the other allele fixed in the other species) based on the
reference samples (Fig. 1; Supplementary Table S1, custom R script
available in supplemental material on Dryad), and randomly chose one
species-diagnostic SNP from each of the 1189 species-diagnostic alleles if
more than one SNP was available. We tested for signals of non-random
mating within each locality by calculating deviations from
Hardy-Weinberg equilibrium across species-diagnostic SNPs within
populations with the R package ‘genepop’, based on the program
GENEPOP v.1.0.5 (Rousset 2008), correcting for multiple comparisons using
the sequential Bonferroni within-marker approach (P. for N=1 189; Rice
1989; Narum 2006). Fourteen markers with a significant heterozygote
deficit were excluded (Supplementary Table S2). This resulted in a dataset
of 1 175 species-diagnostic SNP loci with 25.7% missing data that was used
in downstream analyses.

Bayesian genomic cline analysis

To examine genome-wide variation of introgression among admixed
individuals, we used the Bayesian genomic cline model as implemented in
the software BGC (Gompert and Buerkle 2011, 2012; Gompert et al. 2012).
This model is based on the probability that an individual with a certain
hybrid index (HI) inherited a gene variant at a given locus from one species
(¢; in this case B. bufo) or the other (1 - ¢; B. spinosus). The cline parameter
3 measures the genomic cline rate based on ancestry for each locus, with a
positive value indicating fewer heterozygotes at a locus than expected
based on the HI of all loci, and a negative value indicating more

Heredity (2023) 131:15-24
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heterozygotes than expected (Gompert and Buerkle 2011; Parchman et al.
2013). Thus, positive B outliers can be regarded as barrier markers (Ravinet
et al. 2017). In contrast, the cline parameter a describes the probability of B.
bufo ancestry based on a single locus relative to the expectation based on
the overall genetic composition (represented by the HI), with a positive
value indicating an increase in the B. bufo ancestry probability, and a

Heredity (2023) 131:15-24

negative value a decrease. In summary, positive B outliers can identify
potential barrier markers, while positive values of a can identify markers
that have retained B. bufo ancestry in the face of higher background levels
of B. spinosus genomic composition for any given population.

The input files for parental genotypes included only reference
individuals and the input file for admixed genotypes included individuals
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Fig. 1

Overview of the Bufo hybrid zone and genetic data presented in this study. Maps with (a) the distribution of Bufo bufo and B. spinosus

in Europe and North Africa, with small labeled squares indicating the locations of insert map (b) for the northern transect (sample locations
6.N-16.N), and insert map (c) for the southern transect (sample locations 6.5-17.S). The reference populations for B. bufo are 1-5.Bb, and for B.
spinosus are 18-22.Bs. The base map for panels b and ¢ was downloaded from mapsland. Bar graphs in panels b and ¢ are the result of
Structure with K= 2 on the full 50% missingness dataset, taking a random SNP from each of the 4869 assembled RAD markers. Blue indicates
B. bufo ancestry, red bars indicate B. spinosus. Panel d shows the principal component analysis of the same 50% dataset. The reference
populations of B. bufo are colored blue and of B. spinosus red. Transect populations are black (“.N” = northern transect, “.S” = southern
transect). Ellipses represent the 95% inertia (based on the percentile) of the corresponding group. The bar graph on the right shows the

eigenvalues for the first 5 principle components.

with an average admixture proportion (Structure Q score) between 0.05
and 0.95 (Supplementary Fig. S2). A single MCMC chain was run for
75,000 steps and samples were taken from the posterior distribution every
5th step, following a burn-in of 25,000 steps. Convergence was assessed
(Supplementary Fig. S3) and we tested for outlier loci using ‘estpost’ to
summarize parameter posterior distributions (Gompert and Buerkle 2011).
Outlier loci were conservatively identified based on 99.9% confidence
intervals. As a test for significance of outlier distributions, we performed:
(1) a Chi-square test comparing the number of a outliers between the
northern and southern transect to test if there is a significant difference in
the number of outliers between the transects, and (2) a 2x2 contingency
Chi-squared was conducted to test if the overlap between the transects of
a or {3 outliers could be a coincidence, or if such overlap is unlikely to have
occurred under a model of random resampling.

Geographic cline analysis

Classic geographic equilibrium cline models were fitted using the R
package ‘HZAR’ (Derryberry et al. 2014) for all diagnostic SNPs. For the
northern transect, sample localities 6.N and 16.N were removed
because they disrupted the geographic linearity of the transect. Linear
transects were drawn starting in B. bufo populations in the east and
north, and ending in B. spinosus in the west and south, for the North
and South transects respectively. The direction of the transect crosses
the hybrid zone perpendicular, approximately west to east in the North
transect, and north to south in the South transect. To determine the
distance between sample localities along these transects, a custom R
script was used (see supplementary material on Dryad), and the
directions of the transect axes followed earlier analyses (Arntzen et al.
2016, 2017). Outliers identified in the Bayesian genomic cline analysis
should also be noticeable in the geographical cline analysis: positive 8
outliers are expected to show relatively narrow geographic clines, with
their center aligned with that of the hybrid zone, while negative and
positive a outliers are expected to have shifted geographical cline
centers and/or asymmetrical tails. The shapes and positions of many
individual clines can be summarized in an expected cline based on the
HI (Polechova and Barton 2011; Fitzpatrick 2012). We used the HlI for all
“non-outlier loci” in the BGC analysis as a neutral cline expectation for
comparison with outlier loci. Thirty maximum likelihood searches were
performed with random starting parameters, followed by a trace analysis of
60,000 generations on all models with a delta Akaike information criterion
corrected for small-sample-size (dAICc < 10). Fifteen model variants were
based on all possible combinations of trait intervals (allele frequency at the
ends of the transects; three types) and tail shape (five types; Supplementary
Fig. S4). Convergence was visually assessed in trace plots (for additional
details, see supplementary material on Dryad).

Effective selection

Average effective selection on a locus (s*) is the selection pressure at the
hybrid zone center due to both direct selection and indirect selection on
linked loci. An estimate of s* can be obtained using s* = (22)*, where g is
the dispersal weighted for juvenile and adult life stages, and w is the width
of the HI cline (Barton and Gale 1993). We calculated s* using scripts from
van Riemsdijk et al. (2019) for each transect separately. We grouped those
markers that were not indicated as outliers in BGC (832 for the northern
transect and 652 loci for the southern transect; Table 1). We also excluded
population 16.N, because it is isolated on the island of Jersey and could be
inbred, which would violate model assumptions. We repeated the analysis
for presumptive barrier markers identified as heterozygote deficiency
outliers in BGC (B > 0; 56 loci for the northern and 121 loci for the southern
transect). To calculate o we used a recombination rate of 0.4997, calculated
following equation (6) from Macholdn et al. (2007) and based on the
number of chiasmata per bivalent for B. bufo (1.95; Wickbom 1945) and the
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Table 1. Bayesian genomic cline (BGC) results comparing significant
outliers for the northern transect (N) and the southern transect (S), and
the markers which were outliers in both transects (overlap), where

significance of outliers is based on the 99.9% confidence interval (Cl).

Outlier Biological interpretation N S Overlap
p<o0 Heterozygote excess 50 105 114
p>0 Heterozygote deficiency 56 123 26°
a<0 Directional introgression 151° 185° 92°
from B. bufo into B.
spinosus
a>0 Directional introgression 110° 174° 49¢
from B. spinosus into B.
bufo

The total number of markers analyzed was 1175.

Significant Chi-squared with 6.4406, df=1, P=0.0112.

PNot significant Chi-squared with 0.3371, df=1, P=0.5615.

SSignificant 2x2 contingency Chi-squared with 285.05, 91.629, 81.288,
df=1,P<22e 'S

dSignificant 2 x 2 contingency Chi-squared with 10.331, df= 1, P=0.001308.

number of diploid chromosomes for B. bufo (N=22), a generation time
(sexual maturity) of 2.5 years for Bufo at the latitude of the hybrid zone
(mean of 3 years in females and 2 years in males; Hemelaar 1988) and
secondary contact established 8000 years ago (Arntzen et al. 2016).
Admixture linkage disequilibrium (D’) at the center of the hybrid zone was
based on the variance in HI. The width of the hybrid zone (w) was derived
from a general sigmoid cline model following HZAR (Derryberry et al.
2014), fitted to the HI (Barton and Gale 1993). The mean and 95%
confidence interval (Cl) were based on 1000 bootstrap replicates of the
original genotype dataset sampled with replacement and maintaining the
original sample sizes within sites.

RAD marker genome position

The recently published genome of B. bufo is assembled into 11
chromosome-level scaffolds spanning 5045 Mbp, with a scaffold N50 of
636 Mbp (Streicher et al. 2021). Within this genome, 30,286 genes were
identified. We aligned 1184 (diagnostic) RAD markers allowing gaps
between the flanking regions of fragments to the B. bufo genome with
bwa v.0.7.17 (Li and Durbin 2009) using the BWA-MEM algorithm and
default settings. A chromosome map identifying RAD marker putative
positions was constructed with the R packages GenomicRanges (Lawrence
et al. 2013) and karyoploteR (Gel and Serra 2017). We used a cut-off of 750
kbp distance between SNPs and gene boundaries to link SNPs to gene IDs,
which appears to be optimal for finding SNPs linked to causative genes
(Brodie et al. 2016). This resulted in “closest gene” identifications for 1141
markers. We used a go-term enrichment analysis to identify “selection on
biological processes” of the genes closest to the 26 markers identified as
>0 outliers (selection against heterozygosity) in both transects,
(PANTHER v.14; Mi et al. 2018), using Xenopus tropicalis and Homo sapience
as references, with Fisher's exact test and Bonferroni correction for
multiple testing. We further explored a 31 Mbp region on chromosome 3
to which seven out of 26 RAD markers identified as heterozygote deficient
in the BGC analysis in both transects mapped. A STRING (Szklarczyk et al.
2021) analysis based on human genome annotation was used to identify
the 33 genes in this region and infer function based on the human
genome. Default settings were used, with medium confidence for a
relation between genes to be reported (0.4). Higher confidence resulted in
no links reported.

Heredity (2023) 131:15-24
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Fig. 2 Markers identified as B or a outlier by Bayesian genomic cline (BGC) analysis, also stand out in their geographic cline when
comparing the parameters ‘center’ and ‘width’ (HZAR). Heterozygote deficiency outliers (p > 0) have steep geographic clines, both in the (a)
northern transect and (b) southern transect. For markers showing directional introgression (a outliers in BGC), the geographical cline has a
shifted center for both the (c) northern transect and (d) southern transect.

RESULTS

Data quality and population structure

The average read count per sample was ~1.5 million paired-end
reads (maximum 4.2 million reads, Supplementary Table S3). Five
samples had low raw read quantities (near or below 0.5 million
reads) and were excluded. Low error rates in genotype calls for
samples sequenced in triplicate (0.5%, Appendix, 1. Library
triplicates) and near-identical population structure based on
different datasets (see below) give us confidence that our de novo
assembly parameters strike a reasonable balance between read
depth and missingness. The 10% maximum per-locus missingness
rate across individuals included loci for at least 349 individuals
genotyped for 986 loci (10,535 SNPs), while the 50% data set
included loci for at least 194 individuals genotyped for 4869 loci
(39,750 SNPs). Because the PCA plots (Supplementary Fig. S5) and
Structure analyses for both datasets were nearly identical we
describe only the results of the larger 50% missingness dataset, and
continued with this dataset in downstream analyses. The first axis
(PC1, 26.8%) of the PCA reflects the genetic difference between pure
B. bufo in the north (lower PC1 values) and pure B. spinosus in the
south (higher PC1 values), with hybrids at an intermediate position
(Fig. 1d, Supplementary Fig. S5). The second axis (PC2, 2.8%)
separates the two transects at the B. spinosus end. Structure plots for
K = 2 reflect differentiation between the two species, with a smooth
transition between the two parental species via genetically admixed
genotypes. Additionally, to verify the choice of species-diagnostic
SNPs we ran additional analysis (Supplementary Appendix 2.
Reference populations), further strengthening our confidence in
the quality of the data we selected.

Heredity (2023) 131:15-24

Bayesian genomic cline outlier detection

The BGC analysis, based on 1175 species-diagnostic SNPs, shows
little bias in the distribution of observed hybrid indices for
admixed individuals across both transects (Supplementary Fig.
S6). The number of markers identified as heterozygote deficient
or heterozygote excess outliers in the northern transect
(deficient: >0, n=56; excess: B<0, n=42) is less than half
that observed in the southern transect (3>0, n=123; <0,
n=105). Considerably more markers were identified as outlier
in either transect than would be expected by chance (last
column, Table 1). Both transects shared a set of 26 heterozygote
deficient markers indicating reduced introgression, a result that
is extremely unlikely purely by chance (2 x2 contingency Chi-
squared, df = 1, P < 2.2e~ 'S Table 1). The southern transect has a
nearly equal number of markers with an increased or decreased
probability of B. bufo ancestry (a>0, n=174; a<0, n=185; x*
test P=0.5615). In contrast, the northern transect had fewer a
outliers overall, and significantly more markers with a reduced
than an increased probability of B. bufo ancestry relative to the
overall HI (reduced a<0, n=151; increased a>0, n=110; x>
test P=0.0112; Table 1). In other words, more genes are flowing
from B. bufo into B. spinosus in the northern than the southern
transect.

Geographic cline outlier detection

The same 1175 species-diagnostic SNPs were subjected to
geographical cline analysis in HZAR. We verified that BGC outlier
markers also stood out in the shape and/or position of their
geographic cline by comparing them to the geographic cline
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a) Heterozygote deficiency north transect (n=56)

North - B. bufo B. spinosus - South

b) Heterozygote deficiency south transect (n=123)
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Fig. 3 Geographic cline graphs coloured by Bayesian Genomic Cline (BGC) analysis outlier identification. Geographic clines for barrier
markers (>0, green) for the (a) northern transect and (b) southern transect; markers showing introgression into B. spinosus (« < 0, orange) for
the (c) northern transect and (d) southern transect; and markers showing introgression into B. bufo (« > 0, blue) for the (e) northern transect,
and (f) southern transect. In all panels, frequency of the B. spinosus allele on the y-axis and distance along the transect on the x-axis. The gray
clines are all other markers (including all outliers of other types). Inward ticks on the top of each graph and notation near inward ticks on the

top of the graph (panels a and b only) refers to locations in Fig. 1.

parameters ‘center’ and ‘width’ as determined with HZAR (Fig. 2,
full analysis in online data repository). Heterozygote deficiency
outliers according to BGC (B >0) have steep geographic clines,
and this was the case in both transects (green in Fig. 3,
Supplementary Figs. S7 and S8). These are considered barrier
markers because they show reduced introgression compared to
background introgression (gray lines in Fig. 3). For a outliers in
BGC (a < 0 [dark orange] and a> 0 [blue]), the geographical cline
has a shifted center and/or shape (e.g., width), when compared to
the genomic average, represented by the geographical cline of
the Hl based on all neutral markers (Fig. 3, Supplementary Fig. S9,
Supplementary Table S4).

Effective selection

We observed lower estimates of effective selection against hybrids
(s*) in the northern transect than in the southern transect. For the
northern transect, s* based on markers that were not identified as
outliers in the BGC analysis was 0.0022 (95% Cl 0.0012-0.0034),
while s* in the southern transect was almost an order of
magnitude greater, at 0.0195 (95% Cl 0.0143-0.0252; Supplemen-
tary Table S5, Supplementary Fig. S10). The s* based on barrier
markers for the northern transect (0.0101; 95% Cl 0.0054-0.0152)
was also lower than the southern transect (0.0344; 95% ClI
0.0220-0.0470), although the difference between transects was
smaller. Notably, the confidence intervals for estimates of s* for
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neutral and for barrier markers do not overlap between the two
transects.

RAD marker genome position

A total of 1140 RAD fragments were aligned to the B. bufo genome
(Supplementary Table S6). Markers identified as genomic outliers by
BGA were mapped on the chromosomes separately for each transect,
showing clusters of especially beta outliers, and, sometimes, alpha
outliers (Fig. 4). The go-term enrichment analysis of the genes closest
to the 26 markers identified as heterozygote deficient (3 >0 in BGC,
i.e. potential barrier markers) in both transects, gave no significant
overrepresentation of any biological function (Supplementary Tables
S7 and S8). Seven of these 26 markers were mapped in a region of ~
31 Mbp on chromosome 3 (see Supplementary Fig. S11) and
therefore we explored this region further. The SNPs in this region of
the chromosome behave as a linkage block; if individuals are
homozygote for one SNP, they are also homozygote for the
neighboring SNPs, if they are heterozygote for one SNP, they are
also heterozygote for the neighboring SNPs, etc,, indicating there is a
relatively low recombination rate in this region (Supplementary Fig.
S12). In this region, 33 well-annotated genes are located (Supple-
mentary Table S9). When we analyzed these 33 genes with STRING,
we found these genes are reported (in domestic pigs, Sus scrofa
domesticus) to be enriched for limb and ear growth (Supplementary
Table S10; Ren et al. 2011; Zhang et al. 2014).

Heredity (2023) 131:15-24



Northern transect

W,
Chr1
[ [ \ [N
VW Y
Chr2 ;
I [ (10T (EEDE T
Chr3
T O R VA
VYV Vv
Chr & I I T
Chr5
“b DITTTIgR
Che & [ Ty
vV Vv
Chr7 Il
\
Chr8‘H ‘ Chr 10 | T
Chr9m T Chrll‘ I
B | B > 0; heterozygote excess
a B < 0 ; heterozygote deficiency

‘ a < 0; introgression B. bufo
into B. spinosus

I. van Riemsdijk et al.

Southern transect

4

LT

Chr1 T
VW

LI
4

chr2 T

(T ey

N

LU OER PO O
Vv

[ N
A4 vV

Chr3
Vv

R T R AR AT

Chr5

PO guini

vV Vv
Chr7 ‘ ‘

Chr 6

Chr 8

Chr9

a >0 ; introgression B. spinosus
into B. bufo
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DISCUSSION
A shared barrier to gene flow characterizes the Bufo hybrid
zone
Although 900 km apart, our two transects share 26 barrier markers
that all demonstrate a heterozygous deficit when compared to
genome-wide expectations. It is highly unlikely that this pattern
would be shared across these loci due to chance alone (2x2
contingency Chi-squared test, df =1, P < 2.2e"'%; Table 1). Rather,
we interpret this finding as indicating that a set of general
genomic incompatibilities is consistently present between these
two Bufo species and that these markers indicate a mechanism
maintaining both species. Individual loci with restricted introgres-
sion (<0 in BGC) could imply local adaptation to eg.
hybridization, and therefore could be a response to existing
barriers to gene flow, but they could also be evidence of other
biological phenomena, such as heterozygote disadvantage. The
corresponding general barrier effect is strong enough to have
prevented collapse of the species boundary, despite initiation of
secondary contact millennia ago (Arntzen et al. 2016; Arntzen
2019). Whilst there seems no enrichment of any biological
function for these 26 barrier markers (Supplementary Tables S7
and S8), seven of them map to a 31 Mbp region of B. bufo
chromosome 3 that contains 33 protein coding genes. Two RAD
loci in this same region were 1) only found to be a barrier marker
in the northern transect, and 2) found to be neutral or to have
heterozygous excess. This suggests not all markers in this
chromosomal region share an identical evolutionary history, and
therefore, the following interpretation of the results is cautious.
The protein coding genes in the 31 Mbp region are enriched for
limb and ear growth in domestic pigs (Ren et al. 2011; Zhang et al.
2014). It is possible this genomic region may control develop-
mental pathways that are responsible for morphological or
physiological differences between these two toad species.
However, homology of this function in amphibians has not yet
been confirmed (also not in the anuran model Xenopus) and it
would require gene editing experiments to verify function.
Although our reduced genome sequencing cannot pinpoint the
specific causal variant(s), our finding suggests that one or more
genes in this region are associated with reproductive isolation
between these two Bufo species. Further exploration of this
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genomic region may help elucidate what causes reproductive
isolation in this system.

An overlapping set of barrier markers identified in multiple
transects across a sunflower (Helianthus) hybrid zone similarly
indicated a common set of barrier genes; subsequently, genes in
these regions were linked to pollen sterility and chromosomal
rearrangements, and were thought to be responsible for the
maintenance of lineage isolation (Feulner and De-Kayne 2017;
Rieseberg et al. 1999; Buerkle and Rieseberg 2001). The Helianthus
barrier genes were also found to restrict gene flow under
laboratory conditions, excluding the possibility that environmental
factors shared across all transects were playing a significant role
(Buerkle and Rieseberg 2001). Future experimental studies and
genomic analysis could test the hypothesis of such a functional
barrier to gene flow across the Bufo hybrid zone. An alternative
hypothesis, in which structural variation between the genomes of
B. bufo and B. spinosus is responsible for reduced recombination
between genomic regions, could be tested when a B. spinosus
genome becomes available.

Spatial variation in barrier effect along the Bufo hybrid zone
The number of barrier markers identified in the genomic cline
analysis is approximately twice as large in the southern transect
(n=123) than in the northern transect (n=56). These barrier
markers also act as expected under reduced introgression in the
geographical cline analysis; their geographical clines are narrow
and with centers confined to the midpoint of the hybrid zone. The
estimated strength of selection against hybrids is significantly
higher in the south (s* =0.0195) than in the north (s* = 0.0022).

The simplest explanation for these results is a difference in
timing of secondary contact establishment along the Bufo hybrid
zone. During postglacial expansion, secondary contact between B.
bufo and B. spinosus would have first been established in the
south-east of France, where the geographic distance between
refugia is smaller, and progressed over time towards the north-
west, where the geographic distance between refugia is larger.
Timing of this zipper-like establishment of secondary contact is
well characterized using mtDNA data (Garcia-Porta et al. 2012;
Recuero et al. 2012; Arntzen et al. 2017), and would have
progressed relatively slow, as the effective dispersal in Bufo toads
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is estimated at about max. 4.5 km per generation (Supplementary
Table S.5). As a consequence of the longer secondary contact in
the south compared to the north, there has been more
opportunity for additional barrier genes to be recruited and
converge geographically towards the hybrid zone -a process also
known as “cline coupling” (Barton 1983; Barton and Gale 1993;
Bierne et al. 2011; Harrison and Larson 2016; Vines et al. 2016;
Butlin and Smadja 2018; Dagilis et al. 2019).

Differences in introgression along the Bufo hybrid zone
Another distinct difference between the two transects is that the
direction of gene flow is symmetrical in the southern transect, but
involves a greater number of B. bufo alleles flowing into B. spinosus
than in the opposite direction in the northern transect (Table 1).
Markers showing significant introgression are randomly distrib-
uted across the genome, and are consistent with the interpreta-
tion of hybrid zone movement, with random asymmetric
introgression from the receding into the expanding species,
reflecting a ‘genomic footprint’ of hybrid zone movement (Barton
and Hewitt 1985; Buggs 2007; Currat et al. 2008; Wielstra 2019).
Despite a longer history of introgression, the hybrid zone appears
to be stable in the south, whereas the hybrid zone appears more
mobile in the relatively recently established northern transect.

Reasons why the hybrid zone is more mobile in northern France
remain uncertain. Barrier genes may become coupled in a steep
gradient of locally adapted genes (Bierne et al. 2011). In such a
situation the hybrid zone can become ‘trapped’ at an ecotone
(Bierne et al. 2011). A suite of environmental variables was
previously found to be associated with the position of the Bufo
hybrid zone based on niche modeling and genetic data: B.
spinosus prefers higher altitude, higher temperatures, and sandier
soils than B. bufo (Arntzen et al. 2020). While the geography
around the northern transect is relatively homogeneous, this is not
the case for the southern transect, particularly with respect to
elevational relief (Fig. 1). We propose that the hybrid zone has
stabilized at an environmental gradient in southern, but not (yet)
in northern France, perhaps reflecting the younger age of the
northern transect. Previous studies provided evidence for both
hybrid zone stability and movement in other systems (e.g. Visser
et al. 2017; Sequeira et al. 2022), and further research could focus
on time series to record further movement of the northern section
of the hybrid zone and attempt to link genes to environmental or
ecological processes.

CONCLUSIONS

Hybrid zones provide the unique opportunity to quantify the
completeness (or lack thereof) of the speciation process. It is now
clear that some alleles fare poorly in admixed populations,
whereas others flow freely between species across a broad range
of taxa. What is less well documented, is that these genomic
incompatibilities may vary spatially across the same hybrid zone.
Here, we show striking differences in interspecific gene flow
between two replicate hybrid zone transects, presumably reflect-
ing variation in secondary contact establishment and landscape
features along the hybrid zone. We document a set of barrier
markers shared between transects, reflecting genomic incompat-
ibilities that characterize the two Bufo species as a whole and
maintain the discreteness of the hybrid zone throughout its
length. This tension zone apparently consists of species-level
genomic regions maintaining the integrity of both species, and
variable local landscapes interacting with additional barrier genes
to define the placement and stability of the hybrid zone in
different environments. Such complex patterns can only be
documented by applying genomic hybrid zone analyses at
multiple transect locations. The Bufo hybrid zone thus provides
a system allowing us to separate general barriers to gene flow
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from those derived from localized environmental variation

interacting, potentially, with specific genes.

DATA AVAILABILITY

Supplementary figures, tables, and text can be downloaded from the online article
version. Raw data used in this study are available on GenBank under NCBI BioProject
PRJNA954537. Data assembly, validation, and analysis code and input files can be
found on Dryad: https://doi.org/10.5061/dryad.qv9s4mwkg.
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