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Abstract
Speciation plays a central role in evolutionary studies, and particularly how reproductive isolation (RI) evolves.
The origins and persistence of RI are distinct processes that require separate evaluations. Treating them separately
clarifies the drivers of speciation and then it is possible to link the processes to understand large-scale patterns of
diversity. Recent genomic studies have focused predominantly on how species or RI originate. However, we know
little about how species persist in face of gene flow. Here, we evaluate a contact zone of two closely related toad-
headed lizards (Phrynocephalus) using a chromosome-level genome assembly and population genomics. To some ex-
tent, recent asymmetric introgression from Phrynocephalus putjatai to P. vlangalii reduces their genomic differences.
However, their highly divergent regions (HDRs) have heterogeneous distributions across the genomes. Functional
gene annotation indicates that many genes within HDRs are involved in reproduction and RI. Compared with allo-
patric populations, contact areas exhibit recent divergent selection on the HDRs and a lower population recombin-
ation rate. Taken together, this implies that divergent selection and low genetic recombination help maintain RI.
This study provides insights into the genomic mechanisms that drive RI and two species persistence in the face of
gene flow during the late stage of speciation.
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Introduction
Speciation creates biodiversity. Ever since Darwin (1859),
the question of how a species diverges into two has formed
the basis of evolutionary biology (Mayr 1963; Coyne and
Orr 2004). To understand speciation, it is essential to de-
termine how reproductive isolation (RI) evolved between
populations (Coyne and Orr 2004; Nosil and Feder 2012;
Feder et al. 2013). Newly developed sequencing technolo-
gies have ushered in a new era in the study of speciation by
offering an unprecedented opportunity to investigate the
genetic architecture of RI across the entire genome
(Seehausen et al. 2014; Wolf and Ellegren 2017). Recent
empirical genomic studies have revealed heterogeneous
genetic differentiation between species across the genome

and have identified many highly divergent regions (HDRs)
of the genome that are possibly involved in speciation
(Poelstra et al. 2014; Burri et al. 2015; Wang et al. 2016;
Han et al. 2017; Hirase et al. 2021).

The origin and persistence of RI are conceptually dis-
tinct processes. The origin of RI involves the accumulation
of loci related to it, whereas persistence encompasses the
maintenance of RI in the face of gene flow. This distinction
is particularly important for allopatric speciation, a geo-
graphic model of speciation that is thought to occur
most commonly, in which geographical barriers prevent
two populations from exchanging genes (Mayr 1963).
During geographic isolation, genomic differentiation can
occur through both background selection and selective
sweeps (Noor and Bennett 2009; Cruickshank and Hahn
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2014; Burri et al. 2015). Most occurrences of HDRs likely re-
flect sweeps of adaptive alleles or differentiation by drift,
and loci related to RI may or not be involved. Due to spe-
cies range expansions or the disappearance of geographical
isolation, secondary contact can occur among populations
or species that have not yet developed complete prezygo-
tic or postzygotic RI. This situation allows for the exchange
of genetic components (Abbott et al. 2013; Feder et al.
2013; Vijay et al. 2016), whereupon either the accumulated
differentiation is reduced, or selection acts to complete the
process of speciation. In the early phases of speciation, gen-
etic exchange results in population fusion (Wu 2001), and
in the later phases, species persist (Wu 2001; Abbott et al.
2013) because gene flow erodes genetic differentiation
only in parts of the genome where barrier loci do not occur
(Ravinet et al. 2017). Thus, natural hybridization via con-
tact provides us with a model for identifying reproductive
barrier loci (Harrison and Larson 2014). In contact zones,
HDRs of the genome may reflect the maintenance of RI
during the late phase of speciation, but not its buildup
(Mallet et al. 2009; Feder et al. 2013; Wagner and
Mandeville 2017). Such situations facilitate studies of spe-
ciation via elucidating how barriers loci promote species’
persistence in the face of gene flow (Matute 2010). Many
macroevolutionary studies have investigated the role of
species’ persistence in the discontinuity of speciation rates
at different scales (Rosenblum et al. 2012; Dynesius and
Jansson 2014; Etienne et al. 2014). Treating the origins
and persistence of RI as distinct processes can bridge
the mechanisms of speciation and the patterns of
large-scale biodiversity (Wagner and Mandeville 2017).
Most genome-wide studies have examined the origins.
However, genomic mechanisms of their persistence,
including what factors maintain the differentiation of
genomic barriers to gene flow, need further exploration
based on the whole-genome data.

Divergent selection, one of the main driving forces
during speciation (Schluter 2000; Rundle and Nosil
2005), results in differentiation either by limiting genetic
exchange or directly affecting loci and linked loci (Nosil
et al. 2009). Divergent selection against gene flow
generates peaks of elevated genetic differentiation during
speciation (Rundle et al. 2000; Nosil et al. 2008; Kautt
et al. 2020; Hirase et al. 2021; Turbek et al. 2021). Most
such studies have focused on isolation by ecology: differen-
tiation due to ecological adaptation. Given that genetic
divergence between two allopatric populations accumu-
lates more easily than in the presence of gene flow, the
loci involved in RI should diverge at a higher rate in allop-
atry, especially over longer periods of isolation. When sec-
ondary contact occurs, we hypothesize that divergent
selection on such loci will maintain divergence.
Accordingly, RI between sympatric taxa will increase
due to natural selection against hybridization (Howard
1993), which is often considered a final step in the pro-
cess of speciation (Coughlan and Matute 2020). Thus,
we hypothesize at contact zones, selection will act to fur-
ther promote speciation.

Recombination is another important factor in consider-
ing the process of speciation. Genomic regions of restricted
recombination in hybrids are expected to be associated
with maintaining species despite gene flow (Butlin 2005;
Ortiz-Barrientos et al. 2016). This may involve producing
linkage disequilibrium (LD) along large swaths of the gen-
ome, including alleles conferring barriers to gene flow.
HDRs of the genome between populations or species usu-
ally exhibit low recombination, whereas introgression al-
ways involves regions with high recombination (Burri
et al. 2015; Wang et al. 2016; Han et al. 2017; Martin
et al. 2019). Other factors, such as background selection,
mutation rate variation, and evolutionary history, also
cause elevated genomic divergence, especially for relative
measures such as FST (Ravinet et al. 2017). It is necessary
to either distinguish these factors or choose more suitable
measures when identifying HDRs related to RI.

Here, we examine two species of toad-headed agama
that readily hybridize, Phrynocephalus vlangalii and P. put-
jatai, which mainly occur across the northeastern
Qinghai-Tibetan Plateau. A long-time disruption of gene
flow dates to about 3.79–5.06 Ma due to geological move-
ments and climatic change (Guo and Wang 2007; Jin et al.
2008; Jin and Brown 2013). Following the recent disappear-
ance of the ancient Lake Gonghe �150,000 years ago (Jin
and Liu 2008), a contact zone was formed in the Gonghe
Basin. Although the species exhibit some morphological
differences in the contact zone, the genetic exchange has
occurred (Jin and Liu 2008; Noble et al. 2010). This long-
term divergence paired with a more recent admixture in-
dicates that P. vlangalii and P. putjatai may be in the late
stage of speciation, thus providing a model for studying
how RI is maintained upon contact.

Given the clear population structure within these two
species (Jin et al. 2008; Wang et al. 2009), we focus on po-
pulations in the contact zone. Although P. vlangalii has a
scaffold-level reference genome based on Illumina short-
read sequencing (Gao et al. 2019), a high-connectivity gen-
ome is necessary to explore the genomic landscape and
driving forces of species persistence (Wolf and Ellegren
2017). We provide a high-quality chromosome-level gen-
ome for P. vlangalii and analyze whole-genome resequen-
cing data from 41 individuals in the contact zone, 45
samples from allopatric populations of the two species,
and one individual of P. forsythii as the outgroup (OG).
We investigate the genomic patterns of introgression
and HDRs of the genome between species in the contact
zone. Further, we explore the genomic landscape and pos-
sible driving factors that promote the maintenance of spe-
cies divergence and RI in the face of gene flow.

Results
Genome Sequencing, Assembly, and Annotation
of P. vlangalii
In total, 184.32 Gb of PacBio long-read data were used for
the de novo assembly of our genome using Falcon (Chin
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et al. 2016). A high-quality contig-level genomewith a total
size of 1.84 Gb and contig N50 length of 1.33 Mb
(supplementary table S1, Supplementary Material online)
was obtained after polishing the preliminary assembly
using PacBio long-read Illumina short-read data. This gen-
ome size was close to the length estimated from the k-mer
analysis (supplementary fig. S1 and table S2,
Supplementary Material online). We located 3,959 contigs
(88.31% of all contigs) on 24 pseudochromosomes using
data from the Hi-C library (fig. 1, supplementary table
S3, Supplementary Material online) and the anchored

rate was 99.73% (supplementary table S1, Supplementary
Material online). Finally, our chromosome-level genome
was 1.84 Gb in size and had a scaffold N50 length of
94.69 Mb (supplementary table S1, Supplementary
Material online). Compared with the previous assembly
(Gao et al. 2019), our assembly yielded an almost 40-fold
improvement in both contigs and scaffolds (contig N50:
1.33 Mb vs. 31.2 Kb, scaffold N50: 94.69 vs. 2.39 Mb). A total
of 894.81 Mb of repetitive sequences was identified, com-
prising �48.64% of the genome (supplementary table S4,
Supplementary Material online). Transposable elements
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Figure 1. Chromosome-level genome and characteristics of Phrynocephalus vlangalii. (A) Lines represent 24 chromosomes; x-axis represents the
position of each chromosome. (B) Distribution of the gene coding density. (C ) Distribution of the GC content. (D) Distribution of DNA trans-
posons (DNA). (E) Distribution of long terminal repeats (LTR). (F ) Distribution of long interspersed nuclear elements (LINE). (G) Distribution of
short interspersed nuclear elements (SINE).
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(TEs) accounted for most of the repetitive sequences
(864.02 Mb) and were found in 46.97% of the assembly
(supplementary fig. S2 and table S5, Supplementary
Material online). The Maker-P annotation pipeline
(Cantarel et al. 2008) predicted 22,438 protein-coding genes,
with an average transcript length of 36.36 Kb (fig. 1,
supplementary fig. S3 and table S6, Supplementary
Material online), which was much longer than the previous
assembly (19.41 Kb; supplementary table S6, Supplementary
Material online). More than 83% of the protein-coding
genes were functionally annotated to at least one of
Kyoto Encyclopedia of Genes and Genomes (KEGG), Gene
Ontology (GO), SwissProt, TrEMBL, and nonredundant
(NR) databases (supplementary fig. S4 and table S7,
Supplementary Material online). In an assessment using
the BUSCO database (Simão et al. 2015), our assembly re-
trieved more expected vertebrate genes (90%) than the
previous assembly (85%), especially on the complete
orthologue genes (79% vs. 61%; supplementary table S8,
Supplementary Material online). Producing a high-
quality genome facilitated our downstream analyses of
genome-wide distribution patterns of HDRs, yielded an
accurate recombination map, and enabled us to examine
the genomic landscape of introgression.

Population Structure
To explore the genomic mechanisms of species persistence
when facing gene flow, we sampled two species at the con-
tact zone, including four representative sites of P. putjatai
(GHput), and three sites of P. vlangalii (GHvla) near P. put-
jatai. To assess introgression in the contact zone, we also
used samples from other regions according to previous
phylogeographic studies (Jin and Liu 2008; Jin et al. 2014)
to estimate the time, size, and genomic distribution of in-
trogressed genes, and to discern the driver(s) of RI in the
face of gene flow. For this, the samples of P. putjatai
were collected from Guide (GD) and the samples of
P. vlangalii were from Aksay (AKS), Madoi (MD), and
Qaidam (CDM), where the relationship among them and
GHvla was not clear (details in supplementary table S9,
Supplementary Material online).

We resequenced 55 genomes of P. vlangalii, 31 samples
of P. putjatai, and a single individual of P. forsythii.
This included 16 individuals from GHvla (three sites)
and 25 from GHput (four sites) at the contact zone
(fig. 2A and B, supplementary table S9, Supplementary
Material online). The average sequencing coverage was
12.99+ 3.86× (mean+ SD; supplementary table S9,
Supplementary Material online). After mapping all data
to the chromosome-level genome of P. vlangalii, 51.13
million high-quality single-nucleotide polymorphisms
(SNPs) were obtained for downstream analyses.

The phylogeny was reconstructed with 1,000 neutral
regions using both coalescent-based species tree and
concatenated methods. Both focal species clustered into
distinct clades. Coalescent analysis obtained four clades
of P. vlangalii (GHvla, AKS, CDM, MD), and two of

P. putjatai (GHput, GD) (fig. 2C, supplementary fig. S5,
Supplementary Material online). The topology of the con-
catenated ML tree was very similar to that of the species
tree, except for one sample from GHput (supplementary
fig. S6, Supplementary Material online). Generally, GHput
and GD showed the least differentiation.

Our principal component analysis (PCA) separated
P. vlangalii and P. putjatai along the first eigenvector,
and explained 17.2% of total genetic variance, with the se-
cond and third eigenvector identifying different clades
within each species explaining 10.2% and 8.8% of the vari-
ance, respectively (fig. 2D and E). Specifically, GHvla was
closer to P. putjatai along the first eigenvector than the
other clades of P. vlangalii, indicating possible admixture
within the contact zone.

The results of the population genetic structure analyses
using ADMIXTURE and FRAPPE were consistent with the
phylogeny and the PCA (fig. 2F, supplementary figs. S7
and S8, Supplementary Material online). The optimal
number of genetic clusters was four for all the samples
of P. vlangalii (K= 4; GHvla, AKS, CDM, MD), and two
for P. putjatai (K= 2; GHput, GD) (supplementary fig. S8,
Supplementary Material online). Our phylogeny and gen-
etic structure analyses indicated that samples within
each region showed no obvious divergence, thus we subse-
quently treated samples from different regions as different
populations (GHvla, AKS, CDM, MD, GHput, GD). There
was also evident genetic contribution of P. putjatai within
GHvla, indicating a recent asymmetric gene flow from
P. putjatai to P. vlangalii (fig. 2F, supplementary fig. S7,
Supplementary Material online).

Population Divergence, Characteristics,
and Demographic History
Genome-wide divergence among six populations was mea-
sured using both absolute (Dxy) and relative (FST) meth-
ods. Interspecific average values of Dxy were slightly
greater than those within species (supplementary figs. S9
and S10, table S10, Supplementary Material online).
FST values showed a similar pattern (average FST of intra-
specific vs. interspecific comparison: 0.23 vs. 0.32), but
the maximum relative divergence occurred between MD
and AKS of P. vlangalii (0.40; supplementary figs. S9 and
S10, table S11, Supplementary Material online). This may
have been due to the high values of FST, which can occur
when a population has low genetic diversity, rather than
large differentiation between populations. Regardless, low-
er divergence occurred between GHput and GHvla than
between GHput and populations of P. vlangalii sampled
from outside the contact zone using both methods
(supplementary fig. S9, Supplementary Material online).

Mean nucleotide diversity (π) showed significant
differences among six populations (Tukey HSD test,
P-value, 0.0001, supplementary fig. S9 and table S12,
Supplementary Material online), of which population
GHvla exhibited the highest average nucleotide diversity
(0.00344+ 0.00127), followed by CDM of P. vlangalii
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(0.00290+ 0.00181) and GHput of P. putjatai (0.00217+
0.00086). The average nucleotide diversity of population
MD (0.00137+ 0.00101) was the lowest (supplementary
fig. S9 and table S12, Supplementary Material online).
Both populations in the contact zone (GHvla and GHput)
had negative mean Tajima’s D-values, whereas the other po-
pulations had positive values (supplementary fig. S11,
Supplementary Material online). The LD decay curve rates
varied greatly among populations (supplementary fig. S9,
Supplementary Material online). Population GHvla had
the fastest decay rate and shortest decay distance, fol-
lowed by population GHput (supplementary fig. S9,
Supplementary Material online). Population MD had
the longest decay distance, which exceeded 200 Kb.

Results from the PSMC analysis showed no obvious
changes in the effective population size of GHput and GD
over time (supplementary fig. S12, Supplementary Material

online). There was a significant decrease in the effective popu-
lation size of GHvla during the Kunlun Glaciation and minor
fluctuations thereafter (supplementary fig. S12,
Supplementary Material online). The effective population
size of the other populations (AKS, CDM, and MD) of
P. vlangalii also began to decline dramatically during the
Kunlun Glaciation. A slight expansion occurred after the
Zhonglianggan Glaciation in population AKS, followed by a
decrease since the Early Stage of the Last Glaciation
(supplementary fig. S12, Supplementary Material online).

Phylogenetic Discordance Implied Introgression upon
Contact Zone
We explored population relationships across the genome
using TWISST (Martin and Van Belleghem 2017), which
quantifies the frequency or weighting of alternative
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topological relationships in sliding windows. Individuals
from four populations were selected for each analysis, in-
cluding GHput and GHvla, one allopatric population of
P. vlangalii (AKS, CDM, and MD), and P. forsythii as the
OG. We tested three topologies, including (OG, (GHput,
(GHvla, AKS))), (OG, (GHvla, (GHput, AKS))), and (OG,
(AKS, (GHvla, GHput))) when AKS was used as the allopat-
ric parent population, and replaced AKS with the corre-
sponding population when MD and CDM were used as
parental populations (supplementary fig. S13,
Supplementary Material online). The average weights of
the “species topology” (T1) were 0.50, 0.57, and 0.45
when using populations AKS, CDM, and MD as the parent
population of P. vlangalii, respectively, and those for the
“geography topology” (T3) were 0.45, 0.39, and 0.52, re-
spectively (supplementary fig. S13, Supplementary
Material online). Topologies T1 and T3 had similar average
weights and accounted for most of the tree weighting.
From the perspective of the proportion of the windows
with topology weighting of 1 (all samples conformed to
a given tree shape), the geography topology (T3) was
0.33, 0.18, and 0.36, respectively, which was larger or slight-
ly smaller than that of the species topology (T1; 0.19, 0.21,
and 0.17, respectively; supplementary fig. S13,
Supplementary Material online).

A heterogenetic and interlaced distribution pattern of
different topology weightings across the genome showed
that the species topology (T1) had the highest weighting
in wide or narrow peaks on some chromosomes, whereas
the geography topology (T3) had the higher weighting
elsewhere in the genome (supplementary fig. S14,
Supplementary Material online). For chromosomes LG17,
LG10, LG19, and LG22, the average weighting of the
geography topology was relatively higher across the entire
chromosome. These results revealed large-scale phylogen-
etic discordance across the genome and many genomic
regions supported the clustering of populations GHvla
and GHput, further supporting the presence of genetic
admixture upon contact between P. vlangalii and
P. putjatai.

Admixture in the Contact Zone
D-statistics analyses of genetic introgression among popu-
lations found significant signals of admixture between
GHput and GHvla from the contact zone (Z-score. |4|,
supplementary table S13, Supplementary Material online),
which was further supported by demographic analysis
using G-PhoCS (supplementary fig. S15, Supplementary
Material online). The introgressed proportions from
GHput to GHvla measured using the F4 ratio were 0.134
+ 0.006, 0.187+ 0.006, and 0.142+ 0.005 when using po-
pulations AKS, CDM, and MD as the parent population of
P. vlangalii, respectively (fig. 3A, supplementary table S14,
Supplementary Material online). The iMAAPs analysis
found a significant introgression signal around 1,000–
2,000 generations ago (3,000–6,000 years ago at 3 years
per generation; fig. 3B).

To quantify the proportions of admixture between po-
pulations GHput and GHvla across the genome, fd, a
window-based ABBA–BABA statistics, was applied for
four populations as used in TWISST, including GHput,
GHvla, one allopatric population of P. vlangalii (AKS,
CDM, or MD), and P. forsythii as the OG. The QuIBL ana-
lysis indicated that increasing fd-values were accompanied
by increases in both internal branch lengths and non-ILS
(non-incomplete lineage sorting) probabilities, and this
correlation was significantly positive (supplementary fig.
S16 and table S15, Supplementary Material online). A sig-
nificant decrease in the absolute sequence difference (Dxy)
was uncovered with increasing fd-values (Tukey HSD test,
P-value, 0.0001; supplementary fig. S17, Supplementary
Material online). These results suggested that fd reliably
quantified introgression and differentiated it from shared
ancestral variation.

Our analyses demonstrated a heterogeneous distribu-
tion of introgression, with a high proportion of introgres-
sion occurring across nearly the entire lengths of
chromosomes LG17, LG10, LG19, and LG22 (fig. 3C–E).
This was in accordance with the distribution pattern of
the geography topology weighting. A relatively low level
of introgression occurred at the middle of the chromo-
some and increased near the end, followed by a dramatic
decrease at the very ends (,5% of the chromosome
length) of the chromosome (supplementary fig. S18,
Supplementary Material online). Considering that nearly
all chromosomes of the two species of Phrynocephalus
are telocentric (supplementary fig. S19, Supplementary
Material online; Zeng et al. 1997; Wang et al. 2002), the
low level of introgression at the very end may have been
due to the centromere. Admixture proportions were
significantly positively correlated with the population
recombination rate of the admixed population GHvla
(Spearman’s ρ= 0.356, 0.358, and 0.367 with AKS, CDM,
and MD as the parent population, respectively; P-value= 0;
fig. 3F–H). A similar pattern occurred between population re-
combination rates and admixture proportions at different
distances from the end of chromosomes (supplementary
fig. S18, Supplementary Material online).

Fixed Differences Between P. putjatai and P. vlangalii
Considering the divergence time of these species, the dens-
ity of fixed differences (df) between population GHput of P.
putjatai and each population of P. vlangalii was estimated.
The density of fixed differences corresponded to sites that
were homozygous for one allele in GHput and homozy-
gous for an alternative allele in one population of P. vlan-
galii, as measured by per site of available sequence data
within each window. Because df is independent of within-
species diversity, it reduced the amount of false-positive
divergence detected between species when compared
with FST measurements. Overall, the distribution of high-
density or fixed differences between GHput and GHvla
at the contact zone was sparser than that between
GHput and other populations of P. vlangalii (fig. 4A).
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The mean density of fixed differences between GHput and
GHvla (4.30e−05) was significantly smaller than that be-
tween GHput and the other three populations (AKS:
3.23e−04, CDM: 1.83e−04, and MD: 6.29e−04; Mann–
Whitney U test, P-value= 0 for each of three compari-
sons; fig. 4B). Similar results were obtained using 10
randomly selected samples from each population of

P. vlangalii to calculate df, which excluded effects of
sample size variation among populations (supplementary
fig. S20, Supplementary Material online).

We explored the potential effect that genetic admixture
from GHput to GHvla had on the density of fixed differ-
ences between them. For this, 500 Mb of data without
gene flow between GHput and GHvla was simulated by
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Figure 3. Admixture between populations GHvla and GHput of Phrynocephalus. (A) Introgression proportion between populations GHvla and
GHput was inferred using the F4 ratio. α represents the proportion of introgression from GHput to GHvla. (B) Time of admixture was calculated
using iMAAPs. Each generation of Phrynocephalus requires 3 years. (C–E) Distribution of admixture proportions along the entire genome cal-
culated using fd when the parent population of GHvla is population (C ) AKS, (D) CDM, and (E) MD. Cladograms to the right of panels (C–E) shot
the topology used to calculate admixture proportions. Sliding window size was 10 Kb. (F–H) Log2-transformed population recombination rates
of population GHvla relative to admixture proportions calculated by fd when the parent population of GHvla is population (F ) AKS, (G) CDM,
and (H ) MD.
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msms. The simulated data had a significantly larger mean
density of fixed differences between GHput and GHvla
than the empirical data (3.64e−04 vs. 4.30e−05, Mann–
Whitney U test, P-value= 0; fig. 4C). This indicated that
introgression after contact significantly reduced the diver-
gence between GHvla and GHput.

Identification and Characteristics of HDRs
Windows with a mean density of fixed differences between
GHput and each population of P. vlangalii that was.0.001
were treated as HDRs of the genome following Ellegren

et al. (2012). HDRs between GHput and GHvla occupied
116 windows, accounting for 0.32% of the entire genome.
In contrast, between GHput and AKS, CDM, MD, there
were 2,093 (5.70% of the genome), 615 (1.67% of the gen-
ome), and 8,383 (22.82% of the genome) windows in HDRs,
respectively. A total of 2,267 windows comprised HDRs be-
tween GHvla and the allopatric population of P. putjatai
(GD), which accounted for 6.17% of the entire genome.
Thus, the contact zone had fewer windows with HDRs
and a smaller genome proportion of HDRs (fig. 5A and
C). HDRs between GHput and GHvla exhibited significant-
ly smaller continuous distribution lengths than HDRs
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between GHput and allopatric populations of P. vlangalii
(fig. 5B). Accordingly, HDRs of the two populations re-
duced and fragmented after contact. Comparisons of
HDRs between GHput and four populations of P. vlangalii
found a significantly higher proportion of shared HDRs
windows for GHvla and the remaining three populations
than expected by random chance (Fisher’s exact test,
GHvla vs. AKS: P-value= 4.94e−127; GHvla vs. CDM:
P-value= 3.15e−133; GHvla vs. MD: P-value= 7.83e−73;
fig. 5D). Thus, the HDRs may have formed in the ancestral
population of P. vlangalii. The shared windows of HDRs in
the four comparisons occupied 84 windows, accounting
for 0.22% of the genome. Shared HDRs accounted for
72.41% of the total HDRs between the two populations
from the contact zone, which was dramatically higher
than compared with the other three allopatric populations
(4.01%, 13.65%, and 1.00%; fig. 5E). Similar patterns were
also observed when using the same sample size for all po-
pulations of P. vlangalii (supplementary fig. S21,
Supplementary Material online).

To assess the genotype variation within P. vlangalii on
the effect of the shared HDRs, we compared the position

and genotype of the locus (SNP site) among the popula-
tions of P. vlangalii that showed fixed differences with
GHput. In the shared HDRs, a total of 5,174 fixed difference
loci between GHvla and GHput were identified. This num-
ber was slightly higher among allopatric populations,
which contained 6,692 (AKS), 6,035 (CDM), and 7,755
(MD) (supplementary fig. S22, SupplementaryMaterial on-
line). Among them, 3,941 loci were shared among the four
populations of P. vlangalii and 99.92% of them exhibited
identical genotypes, which were contained in 76% of all
fixed differences loci in GHvla (supplementary fig. S22,
Supplementary Material online). In addition, comparisons
of fixed differences loci of four populations of P. vlangalii
found a significantly higher proportion of shared loci
with identical genotypes for GHvla and the other three po-
pulations than expected at random (Fisher’s exact test,
GHvla vs. AKS: P-value= 8.99e−298; GHvla vs. CDM:
P-value= 0; GHvla vs. MD: P-value= 1.11e−130;
supplementary fig. S22, Supplementary Material online).
Thus, despite low intraspecific variation, most of the fixed
difference loci of the shared HDRs possessed identical gen-
otypes among the four populations, suggesting that
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Figure 5. HDRs between populations of Phrynocephalus vlangalii and population GHput of P. putjatai. (A) Distribution of HDRs between
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intraspecific genotypic variation hardly influences HDRs
being shared within P. vlangalii.

The shared HDRs had a heterogeneous distribution pat-
tern across the whole genome; all of them were located
only on chromosomes LG02, LG04, LG05, LG06, LG07,
LG09, LG10, LG11, LG12, LG13, LG14, LG15, and LG16, in-
cluding the longest and eight shortest chromosomes (figs.

5A and 6A). Compared with the genomic background
(GB), the HDRs exhibited significantly higher absolute di-
vergence (Dxy; Mann–Whitney U test, P-value=
5.02e−31; figs. 6D and 7A, supplementary table S16,
Supplementary Material online) and relative (FST; Mann–
Whitney U test, P-value= 3.65e−51; figs. 6C and 7B,
supplementary table S16, Supplementary Material online),
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of GHvla (G), mean linkage coefficient of GHvla (H ), admixture proportion between GHput and GHvla calculated using fd (I ), and topology
weighting when AKS (J ), CDM (K ), MD (L) is used as the parent population of the GHvla, respectively. (M ) Twenty-four chromosomes of
the P. vlangalii genome. Green, orange, and blue lines in (I ) represent the fd-values calculated with AKS, CDM, and MD as the parent population
of GHvla. Red area in (J–L) is consistent with T1 in supplementary fig. S13, SupplementaryMaterial online, indicating the tree shape of the species
tree; green area is consistent with T3 in supplementary fig. S13, Supplementary Material online, indicating the geographical tree structure. The
sliding window size is 50 Kb.
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along with significantly lower nucleotide diversity (π;
Mann–Whitney U test, P-value= 3.53e−10; figs. 6E and
7C, supplementary table S16, Supplementary Material on-
line). This indicated that the divergence did not happen re-
cently (Ravinet et al. 2017). Further, the lower proportions
of introgression ( fd) of HDRs (Mann–Whitney U test,
P-value= 1.93e−24, 1.52e−26, and 4.77e−27, respective-
ly; figs. 6I and 7D–F, supplementary table S16,
Supplementary Material online) were consistent with the
higher weighting of the species topology (T1; Mann–
Whitney U test, P-value= 1.62e−38, 6.03e−37, and

1.45e−37, respectively; fig. 6J–L, supplementary fig. S23
and table S16, Supplementary Material online), and lower
weighting of the geography topology (T3; Mann–Whitney
U test, P-value= 1.66e−37, 9.08e−36, and 4.13e−36, re-
spectively; fig. 6J–L, supplementary fig. S23 and table S16,
Supplementary Material online). This suggested that gen-
etic admixture was less likely to occur in the HDRs.

To further explore how divergence was maintained in the
face of gene flow, we first scanned for signals of selection
across the whole genome using the cross-population ex-
tended haplotype homozygosity method (XP-EHH), which

Figure 7. Comparison of genetic characteristics between shared HDRs and genomic background for Phrynocephalus. (A) Dxy between popula-
tions GHput and GHvla. (B) FST between GHput and GHvla. (C ) Nucleotide diversity of GHvla. (D–F) Admixture proportion between GHput and
GHvla calculated using fd with AKS, CDM, andMD as the parent population of GHvla, respectively. The proportion of all extreme XP-EHH scores
between GD and AKS (G), CDM (H ), MD (I ), respectively. (J ) The proportion of all extreme XP-EHH scores between GHput and GHvla. (K )
Log2-transformed population recombination rate of GHvla. (L) Coupling coefficient of divergent selection and recombination, the outliers larger
than 0.1 are not shown. The difference of each comparison was tested by the Mann–Whitney U test. Red asterisks indicate the P-value was
significantly ,0.001 and NS indicate the P-value was larger than 0.05. The sliding window size is 50 Kb.
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estimates the intensity of recent selection for selected pairs of
populations (Sabeti et al. 2007). A significantly higher propor-
tion of extreme XP-EHH scores was detected in HDRs com-
pared with the GB between the two populations from the
contact zone (GHput vs. Ghvla; Mann–Whitney U test,
P-value= 4.21e−08; figs. 6F and 7J, supplementary table
S16, Supplementary Material online). We did not observe
this pattern in comparisons of allopatric populations of
both species (GDvs. AKS,GDvs. CDM,GDvs.MD), indicating
no selection signal of HDRs between allopatric populations
(fig. 7G–I, supplementary table S16, Supplementary
Material online). Thus, these HDRs appeared to have been
subjected to strong recent divergent selection after contact,
which constituted reinforcement. The HDRs also had a sig-
nificantly decreased population recombination rate (ρ,
Mann–Whitney U test, P-value= 1.06e−09; figs. 6G and
7K, supplementary table S16, SupplementaryMaterial online)
and increased mean linkage coefficient (Mann–Whitney U
test, P-value= 3.45e−14; fig. 6H, supplementary fig. S24
and table S16, Supplementary Material online) in the ad-
mixed population GHvla. To account for the effects of local
Ne on recombination,wedividedρbygenetic diversity (π) fol-
lowing Wang et al. (2016) and compared scaled ρ (ρ/π) be-
tween HDRs and the rest of the genome. We detected
significantly suppressed scaled recombination of HDRs rela-
tive to the GB in GHvla (supplementary fig. S25 and table
S16, Supplementary Material online). Targeted LD analysis
showed significantly increased LD in the contact zone relative
to allopatric populations (mean linkage coefficient: 0.18 vs.
0.14, Mann–Whitney U test, P-value= 3.57e−15). Taken to-
gether, the HDRs exhibited a significantly higher coupling co-
efficient (Mann–Whitney U test, P-value= 9.59e−12; fig. 7L,
supplementary fig. S25 and table S16, Supplementary
Material online), which indicated the maintenance of diver-
gence upon contact. To test whether the low recombination
and higher coupling in the HDR region were due to the
centromere, we analyzed the relative position of HDRs to
the centromere on chromosomes. Because most chromo-
somes are telocentric (Zeng et al. 1997; Wang et al. 2002),
we used the relative distance from the end of the chromo-
some as a measure of the distance to the centromere.
Most of theHDRs had a relative distance to the chromosome
ends between 0.4 and 0.7, with very few HDRs having dis-
tances between 0 and 0.2 (supplementary fig. S26,
Supplementary Material online). Thus, the vast majority of
HDRs occurred at higher distances from the centromere,
and thus the centromere did not affect their low recombin-
ation and higher coupling rates.

To test for the potential role HDRs play in asymmetric
introgression, we examined the allele frequencies of HDRs
in GHput and GHvla using XP-EHH. A significant difference
was observed for the proportion of negative extreme
scores (Mann–Whitney U test, P-value= 1.31e−05;
supplementary fig. S27 and table S16, Supplementary
Material online), but not for the positive ones (Mann–
Whitney U test, P-value= 0.49; supplementary fig. S27
and table S16, Supplementary Material online). This
suggested a significantly higher proportion of high

frequency or fixed alleles in GHput remained poly-
morphic in GHvla than in the GB. This observed pattern
could have driven the asymmetric gene flow fromGHput
to GHvla.

Genomic and Geographical Cline in the Contact Zone
We used genomic and geographical cline analyses to fur-
ther assess admixture and selection on admixed genomes.
Datasets for these analyses were the GB, shared HDRs, and
highly introgressed regions (HIRs). GHvla had a relatively
high hybrid index at the genome-wide level (fig. 8A), which
was consistent with our STRUCTURE analysis. Loci subject
to divergent selection were associated with lower fitness in
heterospecific GB and were less likely to be introgressed
than non-selected loci. The genomic-cline analysis was
used to assess recent selection against hybridization,
wherein parameter v described the departure of introgres-
sion from the genome average, and elevated values were
consistent with incompatibilities (Knief et al. 2019).
HDRs had a significantly steeper cline (larger v) than the
GB (fig. 8B; Mann–Whitney U test, P-value= 4.36e−04),
which supported divergent selection. In contrast, HIRs
had a significantly smoother cline (smaller v) than the
GB (fig. 8B; Mann–Whitney U test, P-value= 1.16e−53),
demonstrating that these regions were more susceptible
to genetic exchange.

For the geographical cline analysis, we defined locality
10 (the locality nearest to GHvla in GHput) as the tentative
center and estimated geographical distances (in km) of
each locality from locality 10. For P. vlangalii localities, dis-
tances were expressed as negative values, and positive for
those containing P. putjatai (supplementary fig. S28 and
table S17, Supplementary Material online). Data sets GB
and HIRs best-fit model I, and HDRs model II
(supplementary table S18, Supplementary Material on-
line). The GB generated a modest cline (width of
25.9 km), which was centered between the two species
(at −7.4 km; approximately midway between localities
10 and 8; fig. 8C and D). A smooth and broad cline (width
of 92.2 km) was identified in HIRs and its center shifted to-
ward GHvla relative to the GB cline (at−21.7 km, near lo-
cality 8; fig. 8C and D). Thus, the HIRs were more likely
introgressed to GHvla in the contact zone. By contrast,
the HDRs produced a sharply narrow, step-like cline (width
of 1.0 km) and its center was estimated at −0.8 km (near
locality 10; fig. 8C andD). Thus, barrier loci under divergent
selection confer a cost to hybrids that prevents unabated
dispersion across the contact zone; as expected, they dis-
played steeper clines and reduced width (Barton and
Hewitt 1985; McKenzie et al., 2015). These results also
correspond with evidence from the XP-EHH and genomic-
cline analyses, supporting divergent selection against
hybridization in the contact zone.

Functional Annotation of HDRs
Functional annotation of the shared HDRs identified 112
genes, 89 of which were annotated with known functions

Gao et al. · https://doi.org/10.1093/molbev/msac064 MBE

12

http://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msac064#supplementary-data
http://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msac064#supplementary-data
http://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msac064#supplementary-data
http://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msac064#supplementary-data
http://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msac064#supplementary-data
http://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msac064#supplementary-data
http://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msac064#supplementary-data
http://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msac064#supplementary-data
http://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msac064#supplementary-data
http://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msac064#supplementary-data
http://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msac064#supplementary-data
http://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msac064#supplementary-data
http://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msac064#supplementary-data
http://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msac064#supplementary-data
http://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msac064#supplementary-data
http://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msac064#supplementary-data
http://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msac064#supplementary-data
http://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msac064#supplementary-data
http://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msac064#supplementary-data
http://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msac064#supplementary-data
https://doi.org/10.1093/molbev/msac064


in the reference genome of P. vlangalii. The Metascape and
KOBAS enrichment analyses of these genes identified
those involved in the estrogen receptor signaling pathway
(supplementary tables S19 and S20, Supplementary
Material online). This pathway involves many functions,
including the intracellular estrogen receptor signaling
pathway (GO: 0030520), regulation of intracellular estro-
gen receptor signaling pathway (GO: 0033146), with genes
ESR1, CARM1, and KANK2 involved. Both methods de-
tected genes, such as NCAPD2, TEX11, SYCE3, and
ZNF318, enriched in functions related to meiosis, though
without an identical GO term (supplementary tables S19
and S20, SupplementaryMaterial online). Pathways related
to estrogen receptors and meiosis play important roles in
sexual reproduction. In addition to the functional enrich-
ment, several other genes related to reproduction were
identified, such as sperm formation, the fertilization pro-
cess, infertility, and meiosis (details in table 1). Because
many genes involved in reproduction were located in
the HDRs between the two species, we suspect that these
regions were involved in the evolution of RI between
P. putjatai and P. vlangalii.

Discussion
During allopatric speciation, genetic differentiation accu-
mulates during spatial isolation. If contact reoccurs, popu-
lations that have not developed amechanism for complete
RI often have the opportunity to experience gene flow
(Abbott et al. 2013). Lizards of the genus Phrynocephalus
can provide insight into the maintenance of genetic bar-
riers to gene flow, promoting species persistence, particu-
larly during the late stage of speciation.

Highly divergent genes that are associated with repro-
duction can play an important role in the maintenance
of RI. Barriers to genetic exchange, such as the evolutionary
of RI, are most likely to develop within species that are dis-
tributed allopatrically, although most barriers may have
developed through background selection, selective
sweeps, or genetic drift (Feder et al. 2013). The mainten-
ance of species boundaries in P. putjatai and P. vlangalii
when they are in contact involves many genes in the
HDRs that have functions involved in reproduction, such
as sperm formation, the fertilization process, infertility,
and meiosis (table 1, supplementary tables S19 and S20,
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Figure 8. Genomic and geographic cline analyses. (A) Hybrid index of each sample on the genome-wide level. Dots indicate the average hybrid
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Supplementary Material online). Genes associated with re-
production have also diverged during the speciation pro-
cess in other groups, such as Anopheles gambiae
(Lawniczak et al. 2010) and Nanorana parkeri (Wang
et al. 2018). They will result in abnormal reproduction,
and thus genetic isolation. In other taxa, the genes that
play a role in speciation may associate with assortative
mating characteristics, such as skin coloration in neotrop-
ical cichlid fishes (Kautt et al. 2020), feather coloration in
seedeaters (Turbek et al. 2021), wing patterning in
Heliconius butterflies (Martin et al. 2013), and also with
adaptive phenotypes, such as beak shapes in Darwin’s
finches (Lamichhaney et al. 2015).

The ability of species that have diverged over long per-
iods of time to exchange genes is typically restricted upon
contact. Asymmetric introgression between P. putjatai and
P. vlangalii appears to have occurred 3,000–6,000 years ago
following a long period of geographical isolation (Guo and
Wang 2007; Jin et al. 2008; Jin and Brown 2013), rather than
consisting of ongoing, and random gene flow (figs. 2F and
3B). The asymmetric pattern of this introgression may be
due to biased backcrossing (Takahashi et al. 2017), wherein
hybrid offspring tend to backcross with the parental spe-
cies P. vlangalii, and/or prezygotic or postzygotic isolation
between hybrid offspring and P. putjatai. Prezygotic isola-
tion can result in hybrid offspring producing gametes that
are not compatible with those of P. putjatai, and postzygo-
tic isolation or postzygotic isolation may involve

backcross-sterility or backcross-lethality with P. putjatai
via Dobzhansky–Muller (DM) incompatibilities (Muller
1942; Dobzhansky 1982). If so, more genes related to repro-
duction should remain conserved in GHput, but exhibit
some diversity in GHvla. We found a significantly higher
proportion of alleles in HDRs have risen to high frequen-
cies or fixation in GHput than the genomic background,
but remain polymorphic in GHvla (fig. S27 and table S16,
Supplementary Material online). Our hypothesis predicts
this result to some extent. However, only future behavioral
and hybridization experiments can ultimately test this
hypothesis.

Gene flow plays an important role in shaping the het-
erogeneous distribution of genetic differentiation. HDRs
of the genome involved in RI appear to be shielded from
gene flow, whereas other regions exhibit some homogen-
ization by gene flow and correspondingly show lower levels
of differentiation. However, several genome-level investi-
gations have suggested that gene flow was not a major fac-
tor in shaping the genomic landscape of differentiation or
the formation of genomic islands (Renaut et al. 2013;
Cruickshank and Hahn 2014; Burri et al. 2015; Han et al.
2017). In our lizards, the mean divergence, window
number, and continuous length of HDRs between the
two species at the contact zone are significantly lower
than that from comparisons of allopatric P. putjatai and
P. vlangalii (figs. 4A,B and 5A–C). Simulated data without
introgression also obtain significantly higher divergence

Table 1. List and Detail Functions of Genes Related to Reproduction in the Shared HDRs of the Genome.

Gene

symbol

Chromosome Function Reference

TCP11 LG02 Encodes the receptor of fertilization promoting peptide (FPP), acts on
spermatogenesis and sperm function, which may be responsible for the
sperm tail morphology and motility. May be important in fertilization.

Ma et al. (2002); Liu et al. (2011)

TGIF2 LG02 May participate in spermiogenesis and folliculogenesis. Hu et al. (2011)
ESR1 LG04 Mediate the physiological responses to estrogens during sperm

production. Plays a prominent role in successful spermatogenesis and
fertility. Polymorphisms in the ESR1 may have differential roles in the
predisposition to male infertility.

Corbo et al. (2007); Giwercman (2011);
Gunawan et al. (2011); Ge et al. (2014)

ZNF318 LG04 May act as a transcriptional regulator during spermatogenesis and, in
particular, during meiotic division.

GeneCards (https://www.genecards.org/)

PRSS21 LG07 Also known as testisin, a proteolytic factor that directs epididymal sperm
cell maturation and sperm-fertilizing ability. Lacking PRSS21 can reduce
sperm capacity to penetrate the cumulus to reach the oocyte and
fertilize.

Yamashita et al. (2008); Netzel-Arnett et al.
(2009); Zhou et al. (2012)

LDLR LG11 Involved in steroidogenesis. Ye et al. (2014)
MRC1 LG11 Affects minisatellite stability during meiosis. LeClere et al. (2013)
NCAPD2 LG11 Play pivotal roles in chromosome assembly and segregation during both

mitosis and meiosis.
Yuan et al. (2019)

RAD23A LG11 Associated with male infertility. Rockett et al. (2004)
SYCE3 LG11 Involved in physically linking homolog pairs to complete proper

segregation of homologous chromosomes during meiosis. Loss of SYCE3
leads to infertility.

Schramm et al. (2011)

CETN1 LG16 Plays an essential role in the late steps of spermiogenesis and spermatid
maturation. Germline deletion of CETN1 causes infertility.

Avasthi et al. (2013)

OGT LG16 OGT and O-GlcNAcylation in general are needed for germ cells meiosis. Olivier-Van Stichelen et al. (2012)
TAF1 LG16 TAF1, together with testis-specific TBP-associated factors, regulate the

transcription of genes necessary for spermatocyte entry into meiosis.
Metcalf and Wassarman (2007)

TEX11 LG16 Modulates germ cell proliferation and is essential for meiosis and male
fertility.

Wang et al. (2001); Tang et al. (2011);
Yu et al. (2012)
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between sympatric populations (fig. 4C). These findings in-
dicate that gene flow is likely responsible for the reduced
genetic differentiation of P. putjatai and P. vlangalii in con-
tact and that lower proportions of introgression in HDRs
may promote the maintenance of genomic divergence re-
lated to RI (Poelstra et al. 2014).

Divergent selection and variation in recombination
rates may maintain RI of species upon contact. The
strength of the antagonism between selection and recom-
bination will determine the extent to which the species
and RI persist in the face of gene flow (Felsenstein 1981;
Abbott et al. 2013). Speciation rarely involves a single-locus
barrier to gene flow. Thus, associations between more bar-
rier loci and their closely linked loci produce much more
stable genomic divergence. These associations could be
maintained and strengthened by the selection, but shat-
tered by recombination (Nosil et al. 2009; Abbott et al.
2013; Ortiz-Barrientos et al. 2016). In admixed population
GHvla, HDRs have significantly lower population recom-
bination rates compared with the remaining portions of
the genome (figs. 6G and 7K, supplementary table S16,
Supplementary Material online). The positive correlation
between the proportion of introgression and relative
population recombination rate suggests that variation in
recombination mediates the heterogeneous distribution
of introgression (fig. 3F–H; Edelman et al. 2019; Martin
et al. 2019). In our case, the role that selection plays in
this process is apparent in the significantly higher propor-
tion of extreme XP-EHH values of HDRs occurring at the
contact zone (figs. 6F and 7J, supplementary table S16,
SupplementaryMaterial online), but not between compar-
isons of allopatric populations between P. putjatai and
P. vlangalii (fig. 7G–I, supplementary table S16,
Supplementary Material online). Thus, strong, recent di-
vergent selection pressure, and reinforcement in the con-
tact zone may counter the effects of hybridization. Both
GHvla and GHput in the contact zone have negative
mean Tajima’s D-values (supplementary fig. S11,
Supplementary Material online), they do not appear to
have experienced significant population size expansion
(supplementary fig. S12, Supplementary Material online),
and both have much steeper genomic and geographic
clines of HDRs than the GB (fig. 8). These findings indicate
the effects of selection. The balance between selection and
recombination can determine the strength of the associ-
ation among diverging loci and the barrier they pose to
genetic homogenization. Strong coupling of selection
and recombination maintains associations, resulting in a
strong barrier to homogenization, whereas weak coupling
causes barrier loci to act independently, making popula-
tion isolation less likely to persist (Felsenstein 1981;
Barton 1983; Butlin 2005; Abbott et al. 2013). Thus, strong
and recent divergent selection paired with low recombin-
ation at loci related to RI appears to maintain both species
of Phrynocephalus upon contact. This mechanism can
drive the persistence of newly generated species.

It is important to distinguish between primary and sec-
ondary contact. In the former case, HDRs reflect

accumulated RI, yet in the latter case, they reflect either
maintenance or heterogeneity in disrupting RI (Feder
et al. 2013). The contact zone in the Gonghe Basin of
P. putjatai and P. vlangalii was reported to be secondary
contact, but with little evidence (Jin and Liu 2008). If this
is a primary contact zone, then gene flow should have
been continuous since the species’ initial divergence.
However, introgression in the contact zone is a recent
event (fig. 3B), which rejects the hypothesis of the primary
contact. A more precise distinction between the two scen-
arios requires new analytical methods, but this remains a
major challenge (Strasburg and Rieseberg 2013).

Materials and Methods
Sequencing, Assembly, and Annotation of the
Genome of P. vlangalii
To obtain a high-connectivity genome, which is necessary
to explore the genomic landscape and driving forces of
species persistence, we first performed sequencing,
chromosome-level assembly, and annotation of the gen-
ome of P. vlangalii.

(1) Sampling, library construction, and sequencing of
the P. vlangalii genome

A single male P. vlangalii was collected in July 2018 from
Madoi, Qinghai, China. After euthanasia, seven tissues (li-
ver, muscle, heart, lung, brain, skin, and testis) were excised
and stored in liquid nitrogen.

High-quality genomic DNA was extracted from muscle
tissue using a Qiagen Genomic DNA extraction kit
(Qiagen, Valencia, CA, USA). DNA concentration was mea-
sured using a Qubit Fluorometer. Sample integrity and
purity were assessed using agarose gel electrophoresis.
For long-read sequencing, portions of the DNA were
used to construct circular consensus sequencing libraries
with a fragment size of 20 kb using the SMRTbell template
preparation kit (Pacific Biosciences, Menlo Park, CA, USA).
We then sequenced this library using the PacBio Sequel
system (Pacific Biosciences) with 26 cells. The raw reads
were filtered, and only high-quality data were used for fur-
ther genome assembly. Other portions of genomic DNA
were prepared for short-read sequencing which was then
used to estimate genome size and perform error correc-
tion of the assembled genome. A paired-end library with
short insert sizes of about 270 bp was constructed and se-
quenced using Illumina HiSeq X Ten System with paired
read lengths of 150 bp. SOAPnuke (v1.5.3; Chen et al.
2018) software was used to filter out adapters and low-
quality data.

We then applied the Hi-C (high-throughput chromo-
some conformation capture) technique to assist the
chromosome-level assembly. Chromatin in the muscle
samples was cross-linked to DNA and fixed with formalde-
hyde in a concentration of 1%. Fixed samples were used for
constructing Hi-C libraries following the standard Hi-C li-
brary protocol. We assessed the insert size and
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concentration of the libraries using an Agilent 2100
Bioanalyzer (Agilent, Santa Clara, CA, USA) and the ABI
StepOnePlus Real-Time PCR System, respectively. The li-
braries were then sequenced on an Illumina HiSeq X Ten
platform to generate paired-end reads that were 100 bp
in length. SOAPnuke (v1.5.3) was used to trim adapters
and filter out low-quality data. We performed additional
quality control on the Hi-C data using HiC-Pro (Servant
et al. 2015).

To assist in gene annotation of the genome for
P. vlangalii, PacBio ISO-Seq was used on all dissected tissue
types. Total RNA was extracted and purified from each of
the seven tissues using TRIzol (Invitrogen Corp., Carlsbad,
CA, USA) and an RNeasy Mini Kit (Qiagen, Chatsworth,
CA, USA). A NanoDrop and an Agilent 2100 Bioanalyzer
were used for qualifying and quantifying these total RNA.
We then mixed equal volumes of the RNA extracted
from each tissue into a single pooled RNA sample. Total
RNA was synthesized to first-strand cDNA using
Clontech SMARTer PCR cDNA Synthesis Kit. A large-scale
PCR was performed to synthesize second-strand cDNA
after PCR optimization. The obtained cDNA was used for
SMRTbell library construction, which was sequenced using
the PacBio Sequel platform. To obtain consensus full-
length isoforms, we performed SMRT analysis on high-
quality sequencing data.

(2) Chromosome-level assembly and annotation of the
genome of P. vlangalii

A k-mer depth frequency distribution analysis of the
short-read sequencing data was performed to estimate
the genome size and heterozygosity of the genome. The
k-mer distribution was measured by KMERFREQ_AR
(Luo et al. 2012) with k= 17 and 21. The genome size
(G) was estimated with the formula G=Nk-mer/Dk-mer,
where Nk-mer is the total number of k-mers and Dk-mer
is k-mer depth of the homozygous peak.

The primary de novo assembly of the genome was carried
out using Falcon (v0.7; Chin et al. 2016) using the long reads
produced by PacBio Sequel system and then polished by
SMRT Link (v5.0; https://www.pacb.com/support/software-
downloads/). After this, Pilon (v1.2.4; Walker et al. 2014)
was further applied to polish and improve the genome as-
sembly again using all filtered short reads. To perform
chromosome-level assembly of the genome, Juicer (v1.9.9)
and 3D de novo assembly (3D-DNA; v1.9) pipelines
(Durand et al. 2016; Dudchenko et al. 2017) were used to
cluster, order, and orient the contigs to the chromosome-
level scaffolds based on valid reads of Hi-C.

TEs and tandem repeats of the P. vlangalii chromosome-
level genome were annotated using two strategies. Firstly,
known repeats were predicted with the homology predic-
tion method. These TEs were annotated using
RepeatMasker (v4.08) and RepeatProteinMask (v4.08;
Tarailo-Graovac and Chen 2009) based on the RepBase
TE library (https://www.girinst.org/repbase/). Secondly, a
de novo prediction method was used to discover novel

repeats. We used RepeatModeler (http://www.
repeatmasker.org/RepeatModeler/; v1.08) to build a de
novo repeat database and then annotated TEs with this
database using RepeatMasker. We used Tandem Repeat
Finder (v4.07; Benson 1999) to annotate the tandem re-
peats portions of the genome. Finally, we estimated the di-
vergence of a repeat copy from its consensus sequencewith
RepeatMasker.

Integrated methods were used to annotate the position
and structure of protein-coding genes. We aligned full-
length transcripts produced by PacBio ISO-Seq to the gen-
ome using Gmap (v2017-09-11; Wu and Watanabe 2005).
SMRT Link was then applied to filter the alignments with
the criteria that the coverage must be≥0.99 and similarity
≥0.85. Protein sequence data of Homo sapiens, Gallus gal-
lus, and Anolis carolinensis were downloaded and aligned
to our genome using Exonerate (Slater and Birney 2005).
We then randomly selected 2,000 genes with complete
structure, whichwere obtained by homology-based predic-
tion with the above three species, to train Augustus (v3.3;
Stanke et al. 2006) and SNAP (v2006-07-28; Korf 2004)
for the first time. The protein sequence data of H. sapiens,
G. gallus, and A. carolinensis, well-aligned full-length tran-
scripts by PacBio ISO-Seq, and annotation file of repeats
were imported into Maker-P pipeline (Cantarel et al.
2008) for preliminary annotation. We then randomly se-
lected 2,000 genes with anAED value,0.1 from the output
of Maker-P to train Augustus and SNAP for the second
time. Next, we repeated the Maker-P pipeline as above to
obtain the final annotated gene sets.

Weused five different public protein databases to perform
gene functional annotation using Blast+ (v2.29; McGinnis
and Madden 2004), including Kyoto Encyclopedia of Genes
and Genomes (KEGG; Ogata et al. 1999), GO (Ashburner
et al. 2000), TrEMBL (Bairoch and Apweiler 2000),
SwissProt, and the NCBI NR protein sequence database
(Deng et al. 2006). InterProScan (v5.30-69.0; Zdobnov and
Apweiler 2001) was used to identify motifs and domains by
searching against the public databases, which were SMART
(Schultz et al. 2000), PRINTS (Attwood et al. 2000),
ProSiteProfiles (Hulo et al. 2007), PANTHER (Mi et al.
2005), ProDom (Corpet et al. 1999), Pfam (Bateman et al.
2000), and ProSitePatterns (Sigrist et al. 2012). Finally, we in-
tegrated all the above results to obtain the final functional an-
notation of the P. vlangalii gene set.

Three types of noncoding RNAs (ncRNAs), including
rRNAs, miRNAs, and snRNAs, were identified by aligning
the genome of P. vlangalii to the Rfam database
(Griffiths-Jones et al. 2005). Final ncRNAs were obtained
by filtering with Infernal (v1.1; Nawrocki and Eddy 2013).
The tRNAs were predicted by tRNAscan-SE (v2.0; Lowe
and Eddy 1997) based on sequence structure.

Whole-Genome Resequencing and SNP Calling of
Population Genomes
To obtain the population genomic data for exploring the
potential genomic mechanisms of species or RI
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persistence, we firstly performed sampling, whole-genome
resequencing, and SNP calling.

(1) Sampling and whole-genome resequencing of popu-
lation genomes

All samples were originated from the northeastern
Qinghai-Tibet Plateau (fig. 2A). We sampled a total of 55
individuals of P. vlangalii and 31 individuals of P. putjatai
(fig. 2A and B, supplementary table S9, Supplementary
Material online). These included a fine-scale sampling of
16 and 25 individuals from the contact zone for P. vlangalii
(three sites) and P. putjatai (four sites), respectively (fig. 2A
and B, supplementary table S9, Supplementary Material
online). One individual of P. forsythii was used as the OG
taxon. Detailed information on all samples, including sam-
pling locations, is provided in supplementary table S9,
Supplementary Material online. All collections were
made according to animal use protocols approved by
the Kunming Institute of Zoology Animal Care and
Ethics Committee with the number SMKX-20160301-03.

Following euthanasia, liver tissues from the above li-
zards were subsampled and stored in 95% ethyl alcohol.
Total genomic DNA was extracted using the phenol/
chloroform method. Subsequently, we used 1–3 μg of
DNA to prepare one paired-end library per individual
with an insert size of 300–800 bp. Libraries were sequenced
using the Illumina HiSeq X Ten platform with a read length
of 150 bp. Most individuals were sequenced to a target
depth of 10×, with one individual from each population
and OG taxa sequenced to a target depth of 15×.
Detailed information on sequencing coverage can be
found in supplementary table S9, Supplementary
Material online.

(2) Genome mapping, SNP calling, and filtering

We used BWA-MEM (0.7.12) with default settings (Li
and Durbin 2009) to map the raw sequence reads of
each individual to the P. vlangalii chromosome-level refer-
ence genome. SAMtools (v1.3.1; Li et al. 2009) was used to
convert SAM files to BAM files. The “sort” and “rmdup” op-
tions within SAMtools were used to detect and remove
PCR duplicates. To enhance the alignments in regions of
insertion-deletion polymorphisms, local realignment
around indels was performed using the GATK (Genome
Analysis Tool Kit v3.5; DePristo et al. 2011). The variant dis-
covery was performed according to all the realigned BAM
files using the “mpileup” option in SAMtools with the
parameters “-C 50 -q 20 -Q 20 -uDf”.

To obtain high-quality SNPs for downstream analysis,
variants that met the following criteria were removed: sites
shorter than 5 bp away from the indels; sites with a quality
score below 40; sites with triallelic alleles and indels; sites
with an overall sequencing depth,2.5% and.97.5%; sites
occurring in fewer than 85% of individuals; and sites with a
minimum allele frequency (MAF) lower than 0.01.

Population Structure, Characteristics, and
Demographic History

(1) Population structure

Because a clear population structure was required for sub-
sequent analyses, we used the following approaches:

Phylogenetic relationships were reconstructed by both
concatenation and coalescent-based methods. SNPs
located in the repeat region were filtered out to reduce po-
tential alignment errors before phylogenetic reconstruc-
tion. To avoid capturing regions with strong natural
selection, putatively neutral genomic regions that were
.10 Kb from exons were obtained. Of these regions,
1,000 loci with a window size of 100 Kb were randomly se-
lected and used for subsequent analyses. We first concate-
nated the loci and reconstructed phylogenies using the
maximum-likelihood (ML) framework implemented in
RAxML (v8.2.12; Stamatakis 2014) assuming the GTR+
GAMMA model and with 100 rapid bootstrap replicates
to infer support values for each node. Secondly, for the
coalescent-based method, individual gene trees were re-
constructed using RAxML with the GTR+GAMMA mod-
el. Following this, MP-EST (v1.6; Liu et al. 2010) was used to
generate a species tree with each population as the tips of
the tree.

We investigated population genetic structure using
PCA and a model-based clustering approach. The PCA
was performed on all SNPs using GCTA (v1.24.4; Yang
et al. 2011). ADMIXTURE (v1.23; Alexander et al. 2009)
and FRAPPE (v1.0; Tang et al. 2005) were used for ancestry
estimation of each individual. Both methods were used
also to detect admixture between GHvla and GHput. For
these analyses, we first obtained genotype data (in PLINK
PED format) from VCF files using VCFtools (v0.1.13;
Danecek et al. 2011). Then PLINK (v1.90b6.17; Purcell
et al. 2007) was used to generate BED files with PED files
using the parameter flags “–make-bed” (for PCA and
ADMIXTURE) and “–recode12” (for FRAPPE), respectively.
To account for the effects of LD, SNPs with an interval of
50 Kb were selected for all population structure analyses.
Two strategies were used depending on the purpose.
Firstly, we set the possible ancestral clusters number (K )
to 2 for all samples to explore the admixture between P.
vlangalii and P. putjatai. We additionally estimated the
population structure for each species with K set from 2
to 5 and 7, respectively. For both strategies, the maximum
number of expectation-maximization iterations for each
ancestral cluster was set to 10,000.

(2) Intrapopulation and interpopulation summary
statistics

We calculated several intrapopulation and interpopula-
tion summary statistics to compare genomic differences 1)
between populations in the contact zone and allopatric
populations, and 2) between HDRs and genomic back-
ground. This clarified the genetic exchange and differenti-
ation of populations in the contact zone.
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Nucleotide diversity and Tajima’s D for each population
were calculated using VCFtools (v0.1.13) with the param-
eter flags “–window-pi” and “–TajimaD”, respectively.
The sliding window size was set to 50 Kb. We estimated
genome-wide LD decay using PopLDDecay (v3.4.0; Zhang
et al. 2019), setting the maximum distance between two
SNPs to 1,000 Kb. Window-based LD was also measured
by PLINK (v1.90b6.17) with the parameters “–r2 –
ld-window-r2 0 –ld-window 1000 –ld-window-kb 50” to
obtain the linkage coefficient of individual SNPs. The
mean linkage coefficient for each 50 Kb window was calcu-
lated through an in-house Perl script. We calculated
windows-based hierarchical F-statistics (FST) as implemen-
ted in VCFtools (v0.1.13) for all possible pairwise compar-
isons among populations with a window size of 50 Kb
(with parameter “–FST-window-size”). Negative values of
FST were treated as 0. Custom Perl scripts were used to cal-
culate the absolute sequence divergence (Dxy; Ai et al.
2015) based on SNPs averaged to obtain window-based es-
timates. The window size was set to 50 Kb and raw results
were standardized by the total number of available sites
per window.

(3) Population recombination rate

To explore the potential role recombination played
in the distribution of introgression across the genome
and the maintenance of RI in the contact zone, we esti-
mated the population recombination rate (ρ). Beagle
(v5.0; Browning and Browning 2007) was used to phase
the filtered SNPs, and phased data were then as input
into the FastEPRR_VCF_step1 function in FastEPRR (Gao
et al. 2016) to scan the input and store required informa-
tion into files for each 10 and 50 Kb window (with para-
meters inSNPThreshold= 30 and qualThreshold= 20).
Next, FastEPRR_VCF_step2 was used to estimate the re-
combination rate for each window. Finally, we applied
FastEPRR_VCF_step3 to merge the files generated by step
2 for each chromosome. Raw population recombination
rates were normalized using the log2-transformed meth-
od. The distribution pattern of population recombination
rates at different distances from the end of chromosomes
was explored further.

(4) Demographic history

To exclude the influence of population history on the
detection of natural selection, we estimated the trajector-
ies of demographic histories for all the populations using
the PSMC (Pairwise Sequentially Markovian Coalescent)
approach (Li and Durbin 2011). To avoid high false-
negative rates at low sequence coverage of PSMC, we re-
stricted this analysis to the individual with the highest
coverage (≥15) in each population. The PSMC analysis
was set as the following parameters: -N25 -t15 -r5 -b -p
“4+ 25 * 2+ 4+6”, together with 100 bootstrapping repli-
cates. A generation time of 3 years and a neutral mutation
rate of 1.4e−09 per site per year were used to scale the raw
results. Demographic history was also inferred using the

G-PhoCS (Generalized Phylogenetic Coalescent Sampler,
v1.2.3; Gronau et al. 2011) to provide the population gen-
etic parameters for subsequent simulations. Accordingly,
1,000 neutral loci with a length of 100 Kb were selected
to estimate the above parameters of all four populations
of P. vlangalii and population GHput of P. putjatai.
Migration scenarios were added by combining the results
of the D-statistic tests, ADMIXTURE, and FRAPPE. We ran
each Markov chain for 2,000,000 generations and sampled
parameter values every 20th iteration. TRACER (v1.7.1;
Rambaut et al. 2018) was used to determine burn-in and
convergence of each run. More information about the
control file of G-PhoCS is provided in the supplementary
text, Supplementary Material online.

Admixture in the Contact Zone Between P. vlangalii
and P. putjatai
It was important to determine the extent of introgression
in the contact zone to understand the maintenance of
genomic integrity. Our ADMIXTURE and FRAPPE analyses
indicated asymmetric introgression at the contact zone
from population GHput of P. putjatai to population
GHvla of P. vlangalii. To obtain more detailed admixture
information on the contact between these two species,
we investigated introgression in terms of time, proportion,
and distribution across the genome.

(1) Time and proportion of the introgression in the con-
tact zone

D-statistic tests based on the four-taxon test were per-
formed to confirm the admixture among populations with
the qpDstat procedure in the ADMIXTOOLS package (v5.0;
Patterson et al. 2012). An absolute Z-score value of ≥4 was
considered significant. The software iMAAPs (v1.0.0; Zhou
et al. 2017) was used to calculate the admixture time using
default parameters. We set GHvla to be the admixture popu-
lation, GHput as one of the reference populations, and popu-
lations AKS, CDM, and MD as the others, respectively. The
analysis was performed chromosome-by-chromosome with
a time horizon from 1 to 1,000,000 generations. Admixture
proportions from populations GHput to GHvla were esti-
mated using the qpF4ratio procedure in ADMIXTOOLS.
We selected four populations and one OG with a phylogen-
etic relationship shown in fig. 3A, and set populations AKS,
CDM, and MD as the parent population (labeled in C) of
P. vlangalii, respectively. Then we computed the admixture
proportion α (proportion fromGHput population) in the for-
mula: α= f4 (GD, OG; C, GHvla)/f4 (GD, OG; C, GHput) as
described in Patterson et al. (2012).

(2) Distribution of introgression across the genome in
the contact zone

To examine the genomic landscape of the introgression
between P. vlangalii and P. putjatai in the contact zone, we
estimated admixture in windows through tree- and
D-statistic-based methods. Four populations were selected
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for each of these analyses, including OG, GHvla, GHput,
and one allopatric population of P. vlangalii.

Tree-based TWISST (v0.2; Martin and Van Belleghem
2017) was used to quantify genealogical relationships
among populations in sliding windows. Firstly, we con-
structed an ML tree for each 50 Kb non-overlapping win-
dow using IQ-TREE (v1.6.12; Nguyen et al. 2015) with the
GTR+G model and 1,000 ultrafast bootstraps. Based on
these trees, we used TWISST to calculate the topology
weighting by iterative sampling of subtrees. The “species
topology” referred to the topology where population
GHvla clustered with the allopatric populations of
P. vlangalii, which reflected its phylogenetic history. The
tree topology that clustered GHvla and GHput together
was considered the “geography topology”, which implied
the influence of admixture. We then calculated the
mean topology weighting and the proportion of the win-
dows with topology weighting 1 for each topology.

ABBA–BABA statistics in sliding windows, which is a
D-statistic-based method, was used to estimate admixture
proportions based on fd (Martin et al. 2015). Unlike
TWISST, this SNP-based method combines D-statistics
and f estimators to calculate the genome-wide fraction of
admixture. The script parseVCF.py (https://github.com/
simonhmartin/genomics_general; v0.3) was used first to
phase the VCF file, and then admixture proportions were
estimated using the ABBABABAwindows.py script. We
used window sizes of 10 and 50 Kb and minimum good
sites per window of 10. The windows with an fd-value smal-
ler than 0 or larger than 1 were removed. Further analysis
using QuIBL (Edelman et al. 2019) was applied to assess
the reliability of detecting introgression versus ILS. As re-
quired, we randomly selected one sample for each popula-
tion and constructed an ML tree in sliding windows using
IQ-TREE (v1.6.12) with the GTR+Gmodel and 1,000 ultra-
fast bootstraps. All trees were used as input files of QuIBL to
obtain the relative ratio of introgression and ILS across the
whole genome with the parameter “likelihoodthresh” set
to 0.01. Finally, we used the perlocus_formatter.py script
to calculate internal branch lengths and the non-ILS prob-
abilities for each window and tested relationships with the
admixture proportions calculated using fd.

To investigate the potential role recombination plays in
the distribution of introgression across the whole genome,
we performed a correlation analysis between the population
recombination rate and admixture proportions in sliding
windows using Spearman’s correlation coefficient method.

Analysis of Highly Divergent Genomic Regions
between P. vlangalii and P. putjatai
To explore the genomic mechanisms of the maintenance
of RI in the contact zone, we analyzed the characteristics,
selection pressure, and functional annotation of HDRs.

(1) Identification of HDRs

To identify theHDRs between the two species, we first cal-
culated thedensity of fixeddifferences (df; Ellegren et al. 2012)

in 50 Kb sliding windows between GHput and each popula-
tion of P. vlangalii. To determine if admixture would reduce
divergence between P. putjatai and P. vlangalii, we compared
the differences of mean df between sympatric and allopatric
populations of P. vlangalii with GHput. In addition, we simu-
lated 500 Mb data using msms (v3.2rc Build:162; Ewing and
Hermisson 2010) with the same parameters that were esti-
mated by G-PhoCS with the exception that we removed
gene flow between GHput and GHvla in the contact zone.
The mean df between GHput and GHvla for simulated and
empirical data was compared and significance was assessed
using the Mann–Whitney U test.

Windows with a df larger than 0.001 were considered as
HDRs following Ellegren et al. (2012). We compared the
number, distribution, and continuous length of the
HDRs of the four populations of P. vlangalii. We assessed
the proportion of shared HDRs between two of the four
populations to determine if it was significantly higher
(Fisher’s exact test) than expected. The HDRs shared by
all four populations were considered as the most represen-
tative of highly divergent genomic regions between
P. putjatai and P. vlangalii and these were used for further
analysis. To assess the genotype variation within P. vlangalii
of the shared HDRs, we analyzed the position and geno-
type of the locus (SNP site) among the populations of
P. vlangalii that showed fixed differences with GHput. The
fixed different loci with identical genotypes among the four
populations were identified and tested to determine if they
were higher than expected using Fisher’s exact test.

(2) Genomic characteristics and natural selection of
HDRs

We explored differences in the distribution patterns of
genetic characteristics and statistics between the shared
HDRs and genomic background including FST, Dxy,
XP-EHH, admixture proportions ( fd) between populations
GHput and GHvla, nucleotide diversity (π), population re-
combination rate (ρ), local LD of GHvla, and the topology
weighting of both the “geography topology” and “species
topology”. To further explore the potential role of recom-
bination in the maintenance of RI in the face of gene flow,
we also performed targeted LD analysis by comparing the
linkage coefficient of HDRs between contact zone popula-
tions and allopatric populations. Significance tests were
performed using the Mann–Whitney U test.

We used the XP-EHH (Sabeti et al. 2007) to detect recent
selective sweeps as implemented in selscan (v1.2.0a;
Szpiech and Hernandez 2014). For this, we estimated diver-
gent selection between GHvla and GHput in the contact
zone by setting GHvla as the first (nonref) population
and GHput as the second (ref) population. To test for the
role reinforcement played in the contact zone, we com-
pared the strength of divergent selection in sympatric
and allopatric populations.We also estimated divergent se-
lection between allopatric GD versus AKS, GD versus CDM,
and GD versusMD by always setting GD as the second (ref)
population. We defined all SNPs’ distances according to
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approximate recombination maps then calculated and
compared the XP-EHH score between population compar-
isons within each chromosome using the default para-
meters (selscan –xpehh –hap, pop1 haps. –ref,
pop2 haps. –map –out). Raw extreme scores (≥2 by de-
fault) were normalized using windows of the constant size
of 50 Kb with varying numbers of SNPs. Windows,50 Kb
were removed from the above analyses.

We quantified the antagonism between selection and
recombination by calculating a relative coupling coeffi-
cient as the proportion of extreme XP-EHH scores be-
tween GHput and GHvla divided by the population
recombination rate of GHvla, and then compared the dif-
ference between the shared HDRs and genomic back-
ground. Mann–Whitney U test was used to perform
significance tests for the comparisons. To test if the centro-
mere influenced recombination and coupling coefficients
in the HDR region, we analyzed the relative position of
HDRs to the centromeres on the chromosomes. Most
chromosomes of both species are telocentric, and thus
the centromere was at the end of the genome
(supplementary fig. S19, Supplementary Material online;
Zeng et al. 1997; Wang et al. 2002). Therefore, we calcu-
lated the relative distance from HDRs to chromosome
ends using a scale from 0 to 1, where 0 indicated the
end of the chromosome and 1 indicated the farthest
from the end (middle of the chromosome).

To test the potential role HDRs played in asymmetric
introgression, we explored allele frequencies of HDRs in
GHput and GHvla. XP-EHHwas used because it could iden-
tify and statistically assess alleles that were nearly fixed or
fixed in one population but remained polymorphic in an-
other. GHvla was set as the first population and GHput
as the second; a positive score represented a nearly or fixed
allele in GHvla, and the negative score represented the
same in GHput. We counted the proportion of positive
and negative extreme values (≥2) separately with a sliding
window of 50 Kb and compared them in HDRs with the
genomic background. Mann–Whitney U test was used
for significance tests.

(3) Functional annotation of HDRs

Based on the annotated genome of P. vlangalii, we ex-
tracted genes partially or completely located in HDRs
using the “intersect” option within BEDtools (v2.29.0;
Quinlan and Hall 2010). Functional enrichment was deter-
mined using Metascape (v3.5; Zhou et al. 2019) and
KOBAS (v3.0; Bu et al. 2021). Hypergeometric test and
Benjamini–Hochberg P-value correction algorithm were
conducted using Metascape to identify ontology terms
that contained a statistically greater number of genes
than expected by chance, and where Fisher’s exact test,
χ2 test, and the Binomial test were used in KOBAS. To as-
sure reliability, we chose a strict threshold for P-value
(,0.01) and only the GO terms that passed the threshold
in both software and all tests were considered to be signifi-
cantly enriched. We also performed gene annotation by

searching for related biological functions on public gene
functional databases and published studies.

Genomic and Geographical Cline Analyses
Genomic and geographical cline analysis further assessed
introgression and selection in the contact zone. Genomic
clines used the hybrid index to detect loci that may be sub-
ject to selection or introgression. Representative SNPs sets
included the following: (1) genome-wide level or GB, which
consisted of randomly selected one SNP per 500 Kb sliding
window; (2) HDRs, which randomly selected one SNP in
each window of shared HDRs that was highly differentiated
(top 1% sites of FST) between the allopatric populations of
P. putjatai and P. vlangalii; and (3) HIRs with a randomly se-
lected SNP in each window of HIRs (top 1% windows of fd)
that was highly differentiated (top 1% sites of FST) between
the allopatric populations of P. putjatai and P. vlangalii.
Genomic-cline models were fitted for each SNP set using
the gghybrid R package (v1.0.0; Bailey 2020) including all in-
dividuals, discarding the first 5,000 iterations as burn-in, and
estimating parameters and posterior probabilities from sub-
sequent 5,000 MCMC iterations. Bayesian hybrid index and
parameter v of Fitzpatrick’s logit-logistic genomic-cline were
estimated, where v was always positive and higher values in-
dicated steeper clines.

A geographic cline analysis assessed asymmetric gene
flow and assessed whether the shared HDRs had a signal in-
dicating divergent selection. The Metropolis-Hastings
MCMC algorithm implemented in the R package HZAR
(Derryberry et al. 2014) was used to fit a series of geograph-
ical cline models to the hybrid index of the above three da-
tasets. To collapse sample localities on a one-dimensional
axis, we defined locality 10 (the locality nearest GHvla in
GHput) as the tentative center and estimated geographical
distances (in km) of each locality from locality 10. For P.
vlangalii localities, distances were expressed as negative va-
lues and those of P. putjatai as positive values
(supplementary fig. S28 and table S17, Supplementary
Material online). Three commonly used models (I–III;
Brumfield et al. 2001; McKenzie et al. 2015) were run on
each dataset with 50 replicates, all of which estimated cline
center and width. Each model was run for three independ-
ent MCMC chains (100,000 iterations per chain) and com-
pared with each other and a null model of no clinal
transition using the corrected Akaike Information
Criterion. The best-fit model was determined through
the lowest AICc score.

Supplementary Material
Supplementary data are available atMolecular Biology and
Evolution online.
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