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in the Diversification of Pungitius Sticklebacks

Yu Wang,"? Yingnan Wang,' Xiaoqi Cheng"? Yongli Ding,"> Chongnv Wang,' Juha Merils >
and Baocheng Guo ®"*>%*

'Key Laboratory of Zoological Systematics and Evolution, Institute of Zoology, Chinese Academy of Sciences, Beijing, China
*University of Chinese Academy of Sciences, Beijing, China

*Ecological Genetics Research Unit, Research Programme in Organismal and Evolutionary Biology, Faculty of Biological and
Environmental Sciences, University of Helsinki, Helsinki, Finland

“Area of Ecology and Biodiversity, School of Biological Sciences, The University of Hong Kong, Hong Kong SAR, China
>Center for Excellence in Animal Evolution and Genetics, Chinese Academy of Sciences, Kunming, China

®Academy of Plateau Science and Sustainability, Qinghai Normal University, Xining, China

*Corresponding author: E-mail: guobaocheng@ioz.ac.cn.
Associate editor: Sophie von der Heyden

Abstract

New mutations and standing genetic variations contribute significantly to repeated phenotypic evolution in stickle-
backs. However, less is known about the role of introgression in this process. We analyzed taxonomically and geo-
graphically comprehensive genomic data from Pungitius sticklebacks to decipher the extent of introgression and
its consequences for the diversification of this genus. Our results demonstrate that introgression is more prevalent
than suggested by earlier studies. Although gene flow was generally bidirectional, it was often asymmetric and left
unequal genomic signatures in hybridizing species, which might, at least partly, be due to biased hybridization and/
or population size differences. In several cases, introgression of variants from one species to another was accompan-
ied by transitions of pelvic and/or lateral plate structures—important diagnostic traits in Pungitius systematics—and
frequently left signatures of adaptation in the core gene regulatory networks of armor trait development. This find-
ing suggests that introgression has been an important source of genetic variation and enabled phenotypic conver-
gence among Pungitius sticklebacks. The results highlight the importance of introgression of genetic variation as a
source of adaptive variation underlying key ecological and taxonomic traits. Taken together, our study indicates
that introgression-driven convergence likely explains the long-standing challenges in resolving the taxonomy and
systematics of this small but phenotypically highly diverse group of fish.
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However, the sources of parallel genetic changes under-
lying different parallel phenotypes in freshwater three-
spined sticklebacks are not necessarily identical: they can
be underlined by repeated selection on either new muta-
tions that have occurred in freshwater populations, or by
standing genetic variation existing in ancestral marine po-
pulations. For example, the reduction of the pelvic appar-
atus in freshwater three-spined sticklebacks, a hallmark
repeated phenotypic change associated with freshwater
colonization, results from the recurrent deletion of the
same Pitx1 enhancer of Pel (Chan et al. 2010). Unlike Pel
deletions, which occur at elevated rates due to its DNA fra-
gility and sweep rapidly to fixation, most new mutations
(e.g., single-nucleotide mutations) usually occur at low

Introduction

Understanding the extent to which evolution is repeatable
and predictable is a central goal in evolutionary biology
(Darwin 1859). Convergence—the independent evolution
of similar phenotypes at intraspecific and/or interspecific
levels—provides opportunities to investigate evolutionary
repeatability and predictability at different hierarchical le-
vels (Stern 2013; Rosenblum et al. 2014). For example, the
three-spined stickleback (Gasterosteus aculeatus) is a
supermodel for the study of repeated evolution in the
wild (Gibson 2005; Hendry et al. 2013), since this species
has repeatedly colonized freshwater habitats from the
sea throughout the northern hemisphere, and evolved
similar changes in morphological, physiological, life history,

and behavioral traits (Bell and Foster 1994). The repeated
adaptation to freshwater in three-spined sticklebacks is of-
ten underlain by genetic parallelism—parallel phenotypes
resulting from similar molecular mechanisms (Peichel and
Marques 2017; but see Fang et al. 2020).

rates with neutral or small effects, and are either lost or
rise to fixation slowly (Xie et al. 2019). Therefore, repeated
selection on new mutations alone is unlikely to explain the
prevalence of genetic parallelism leading to the large set of
genome-wide loci consistently associated with repeated
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marine-freshwater divergence in three-spined sticklebacks
(Hohenlohe et al. 2010; Jones et al. 2012).

On the contrary, repeated selection on standing genetic
variation in marine three-spined sticklebacks increases the
probability of genetic parallelism in adaptation to fresh-
water environments (Barrett and Schluter 2008). Lateral
plate reduction in freshwater three-spined sticklebacks,
another hallmark of repeated phenotypic change in re-
sponse to freshwater colonization, is a result of repeated
selection on pre-existing genetic variation in the Eda
gene—the major locus underlying lateral plate reduction
in marine three-spined sticklebacks (Colosimo et al.
2004, 2005; Cresko et al. 2004). Marine populations contain
a low frequency of the same freshwater Eda-alleles, which
repeatedly increase in frequency in freshwater populations
(Colosimo et al. 2005). Selection on pre-existing genetic
variation in marine sticklebacks has also been demon-
strated in the repeated evolution of other traits in fresh-
water populations (e.g, pigmentation; Miller et al. 2007).
Furthermore, parallel adaptation in geographically isolated
freshwater populations has consistently involved fixation
of identical-by-descent ancient haplotypes spread broadly
across the three-spined stickleback genome (Nelson and
Cresko 2018). Schluter and Conte (2009) proposed the
“transporter hypothesis” to explain the prevalence and ra-
pid evolution of genetic parallelism in the repeated adap-
tation to freshwater in this species. This hypothesis
postulates that selection in freshwater environments re-
peatedly acts on standing genetic variation that is main-
tained in marine populations by recurrent export of
freshwater-adapted alleles from previously colonized
freshwater populations. The transporter hypothesis high-
lights the importance of gene flow in genetic parallelism
when three-spined sticklebacks colonize freshwater
environments.

The genetic parallelism underlying similar phenotypic
shifts in sticklebacks is not limited to three-spined stickle-
backs at the intraspecific level, but is also found among
sticklebacks at the interspecific level. As in three-spined
sticklebacks, the Pitx1 gene is also responsible for the re-
peated pelvic reduction in some nine-spined stickleback
(Pungitius pungitius) populations (Shapiro et al. 2006;
Shikano et al. 2013), although alternative candidate genes
exist in other populations (Shapiro et al. 2009;
Kemppainen et al. 2021). In fact, repeated reduction of
body armor traits (e.g., pelvic apparatus and lateral plates)
is frequently observed in Pungitius sticklebacks, whereas
there is no correspondence between the mitochondrial
sequence-based phylogeny and the occurrence of distinct
armor phenotypes within this genus (Keivany and Nelson
2000, 2004; Wang et al. 2015; Denys et al. 2018; Guo et al.
2019). Therefore, body armor traits as taxonomically diag-
nostic traits are subject to extensive homoplasy and likely
result in the long-standing taxonomic conundrum in
Pungitius sticklebacks (Guo et al. 2019). Due to the exist-
ence of a partially plated morph—a typical character in
P. pungitius—Pungitius sinensis in Hokkaido and Honshu,
Japan, was incorrectly recognized as a freshwater type of
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P. pungitius until recently (Takahashi and Goto 20071;
Takahashi et al. 2001, 2016; Ishikawa et al. 2013; Guo
et al. 2019; Natri et al. 2019). Such taxonomically erroneous
assignment also exists in the P. pungitius—Pungitius kaibar-
ae stickleback complex in Japan (Tsuruta and Goto 2006;
Takahashi et al. 2016; Guo et al. 2019; Natri et al. 2019)
and in the P. pungitius—Pungitius laevis stickleback com-
plex in France (Keivany and Nelson 2000; Wang et al.
2015, 2017). Remarkably, historical gene flow has been
found between Pungitius sticklebacks involved in the
abovementioned taxonomic conundrums (Takahashi
et al. 2016; Wang et al. 2017; Guo et al. 2019; Yamasaki
et al. 2020). Therefore, gene flow might contribute to gen-
etic parallelism underlying convergence in Pungitius stick-
lebacks at the interspecific level. This seems plausible,
given that introgression has been increasingly recognized
as a critically important source of genetic variation in
adaptation and diversification (Hedrick 2013; Arnold and
Kunte 2017; Suarez-Gonzalez et al. 2018; Burgarella et al.
2019; Taylor and Larson 2019; Edelman and Mallet 2021).
However, little is known about the genomic footprints of
historical gene flow and its impact on the diversification
of Pungitius sticklebacks (Yamasaki et al. 2020; Feng et al.
2022).

To investigate the role of hybridization and introgres-
sion in the diversification of Pungitius sticklebacks, we con-
ducted taxonomically and geographically diverse sampling
on a global scale and reconstructed their phylogeny with
comprehensive genomic data. We then identified intro-
gression scenarios in the diversification of Pungitius stickle-
backs and characterized genomic footprints of
introgression in current Pungitius stickleback genomes.
We further deciphered the impact of introgression in gen-
etic variation in core gene regulatory networks underlying
two phenotypic traits of adaptive significance—pelvic gir-
dle and lateral plate reduction. Our findings indicate that
introgression has likely been an important source of genet-
ic variation facilitating genetic parallelism and phenotypic
convergence in Pungitius sticklebacks, and also explains
some of the difficulties faced by Pungitius taxonomy, which
has relied heavily on traits impacted by introgression.

Materials and Methods

Sample Collection

Genomic data were used from 169 Pungitius individuals re-
presenting 10 of the 12 currently recognized Pungitius spe-
cies, collected from 68 global sampling sites (fig. 1A ;
supplementary table S1, Supplementary Material online).
Genomic data from six other sticklebacks were also in-
cluded to provide outgroup material (supplementary
table S1, Supplementary Material online). The fish were
captured with hand seines and/or minnow traps and pre-
served in ethanol after over-anesthetizing with tricaine
methane sulfonate. The fish were sampled in accordance
with the national legislation of the countries concerned,
under ethical licenses granted to collectors listed in
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Acknowledgments. Detailed information on the indivi-
duals sampled in this study are given in supplementary
table S1, Supplementary Material online.

Sequencing and Genotype Calling

Whole-genome sequencing (WGS) and restriction site—as-
sociated DNA sequencing (RAD-seq) were performed for
19 and 41 Pungitius individuals sampled in this study, re-
spectively. DNA extraction, library construction, and se-
quencing strategy for WGS and RAD-seq are given in
detail in Wang et al. (2022) and Guo et al. (2019).
Published WGS and RAD-seq data for an additional 109
Pungitius individuals and six individuals of three outgroup
species from earlier studies (Guo et al. 2019; Yamasaki et al.
2020; Feng et al. 2022; Wang et al. 2022) were retrieved
from GenBank (supplementary table S1, Supplementary
Material online). Raw sequencing read quality assessment
and filtering for each sample was done using FastQC and
FastX toolkits, respectively. Qualified sequencing reads
were aligned to the P. pungitius reference genome
(Varadharajan et al. 2019) using the MEM algorithm of
Burrows—Wheeler Aligner (BWA; Li and Durbin 2010).
BAM format alignment files were sorted and indexed using
SAMtools (Li 2011). The number of aligned read pairs ran-
ged from 1.1 to 15.5 million per individual, with a mapping
ratio between 50.9% and 98.9% (supplementary table S1,
Supplementary Material online). After read sorting and
duplicate removal, single-nucleotide polymorphisms
(SNPs) were called using BCFtools (Li 2011) and
SAMtools. Finally, the following filtering criteria were ap-
plied to the raw variants using the VCFtools (Danecek
et al. 2011). After filtering SNPs with (1) genotype and/
or mapping quality below 20, (2) located <10 bp from
any indels, or (3) in linkage group (LG) 12 (sex chromo-
some in P. pungitius; Shikano et al. 2011), 1,073,966 biallelic
SNPs existing in at least 90% of individuals with minor al-
lele frequency >0.05 were used in the subsequent phylo-
genetic and introgression inferences.

Phylogenetic Inference and Divergence Time
Estimation

A maximum likelihood phylogenetic tree for 10 Pungitius
species was inferred using IQ-TREE (Nguyen et al. 2015)
with 1,073,966 SNPs from 126 Pungitius individuals from
66 worldwide sampling sites and six individuals of three
outgroup species. The generalized time-reversible model
with gamma-distributed rate variation with invariable sites
(GTR + Gamma + I) was used as the best-fitting nucleotide
substitution ~ model according to  ModelFinder
(Kalyaanamoorthy et al. 2017), and node support was ob-
tained by performing 100 ultrafast bootstrap replicates. A
Bayesian molecular clock approach was used for species di-
vergence time estimation with SNAPP package (Bryant
et al. 2012) in BEAST2 (Bouckaert et al. 2014). Two calibra-
tion points were used in divergence time estimation: diver-
gence time of 26 Ma between P. pungitius and G. aculeatus
(Varadharajan et al. 2019), and the earliest Pungitius spp.

fossil record of 7 Ma (Rawlinson and Bell 1982; Bae and
Suk 2015) as the minimum time to the most recent com-
mon ancestor for Pungitius taxa. Associations between
phylogenies (both mitochondrial and nuclear data based)
and armor traits (presence or absence of lateral plates, pel-
vic apparatus, and keel) were tested using phylo.d (Fritz
and Purvis 2010) in the R package caper (https://cran.r-
project.org/web/packages/caper/index.html) by following
the strategy outlined in Wang et al. (2015).

Detecting Admixture

To disentangle whether cytonuclear discordance in
Pungitius sticklebacks resulted from introgression and/or
incomplete lineage sorting (ILS), the “InferNetwork_ML"
function (Yu et al. 2014) in PhyloNet (Than et al. 2008)
was used to compare the likelihoods of gene trees under
ILS alone and species trees with migration event by adding
a single introgression edge. In each tested scenario, gene
trees were obtained with 10-kb genomic regions with no
<50 SNPs on the 20 autosomal LGs in the P. pungitius ref-
erence genome using IQ-TREE. Species in the gene tree
were reduced to a single representative population in all
PhyloNet analyses. To exclude topologically uncertain
nodes in the gene tree, ultrafast bootstrap node support
>0.9 was required with the option “-b.” Ten replicates in
each test scenario were performed for all gene trees with
the option “-x.” Branch length and inheritance probability
of introgression edge were optimized to compute likeli-
hoods for each proposed network with the option “-0.”
Networks were visualized with IcyTree (https://icytree.
org). Patterson’s D, also known as the ABBA-BABA statistic
(Durand et al. 2011), was then used to detect possible his-
torical gene flow between Pungitius species and quantify
genome-wide admixture proportion in the nuclear gen-
ome using Dsuite (Malinsky et al. 2021). Patterson’s D stat-
istic applies to a four-taxon asymmetric phylogeny with
three ingroup taxa and an outgroup, denoted as (((P1,
P2), P3), O), in which the frequencies of sharing a derived
allele “B” relative to the outgroup between P3 and P2
(ABBA) and between P3 and P1 (BABA) should be equal
if there is no gene flow between P2 and P3. To polarize
the direction of gene flow, Dro,. tests of an integrated
framework were adopted to infer both the taxa involved
and the direction of introgression with a symmetric five-
taxon phylogeny (Pease and Hahn 2015). By accounting
for introgression events detected by Patterson’s D statistic,
a symmetric phylogeny of five Pungitius species/popula-
tion as (((P1, P2), (P3, P4)), O) with two subpairs of ingroup
taxa (P1/P2 and P3/P4) and an outgroup taxon was deter-
mined to infer the direction of introgression between each
pair of the ingroup taxa, between P3 and ancestor of P1
and P2, and between P4 and ancestor of P1 and P2 in
each introgression event between Pungitius sticklebacks.

Deciphering Genome-wide Footprint of Introgression
To characterize genome-wide footprint of introgression in
each introgression event between Pungitius sticklebacks,
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Fic. 1. The global diversification of Pungitius sticklebacks. (A) The worldwide distribution of Pungitius sticklebacks and sampling localities of this
study. (B) Maximum likelihood phylogeny of Pungitius sticklebacks based on genome-wide SNPs. Numbers at nodes are bootstrap values. Armor
traits are retrieved from earlier studies (Wang et al. 2015; Takahashi et al. 2016; Guo et al. 2019). (C) The time-calibrated phylogeny of major
Pungitius stickleback lineages obtained with SNAPP. (D) Admixture scenarios based on Patterson’s D and Dggy_ statistics and cytonuclear dis-

cordances in Pungitius sticklebacks.

Droy tests were first performed across the 20 autosomal
LGs in the reference genome with a 100-kb nonoverlap-
ping window, excluding the top 5% 100-kb nonoverlap-
ping windows with low or high number of SNPs. To
trace the ancestry of discrete genomic segments (ancestry
tracts) in recipient population back to the ancestral popu-
lations from which they are derived, a local ancestry infer-
ence method based on coalescent theory was additionally
adopted using Ancestry HMM (Medina et al. 2018). The
pulse admixture model was set to the introgressed
Pungitius species/population and its ancestral population
pair based on phylogenomic and introgression detection.
Specially, a single pulse admixture model was fitted to P.
laevis and its ancestry population P. pungitius, and to P. kai-
barae and its ancestry population P. pungitius, respectively;
a double pulse admixture model was fitted to P. sinensis
and its ancestry population P. pungitius, and to Pungitius
polyakovi and its ancestry populations P. pungitius and
Pungitius tymensis. The proportion of ancestry in the intro-
gressed population was set to the admixture model based
on Dgoy tests abovementioned and estimation with
Admixture (Alexander et al. 2009). The test was run with
1,000 bootstraps using a block size of 2,000 SNPs across
the 20 autosomal LGs in the reference genome.

To infer the selection coefficient for fixation of adaptive
introgression in Pungitius sticklebacks, simulations of the
evolution in a 1-Mb genomic segment including introgres-
sion track were performed under a demographic model
that considers three species/populations using SLiM 4.0.1
(Haller and Messer 2019). The selection coefficient(s) for
the adaptive introgression varied between 0 and 1e—5,
with mutation rate x of 7.1 x 10~° mutations per site as
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estimated from Guo et al. (2013) and the recombination
rate r of 1. X 10~° uniform across the segment as estimated
below. For each selection coefficient value, 100 simulations
were performed and 10 individuals for each population
were sampled in each simulation. To reduce the computa-
tional burden of simulations, the simulation parameters
were rescaled by a scaling factor C, where C = 10. The prin-
ciple of scaling the parameter followed: population size =
N/C, time=t/C, selection coefficient=sX C, mutation
rate = L X C, and recombination rate = r X C. Finally, dis-
crete genomic segments with introgression signature in si-
mulated individuals were identified using Ancestry-HMM.
To identify the adaptive signal of introgression, the pattern
of excess intermediate-frequency polymorphism produced
in the flanking regions of the introgressed genomic region
—a pattern that appears as a volcano-shape in pairwise
genetic diversity—were scanned across the genome using
VolcanoFinder (Setter et al. 2020).

Estimating Genome-wide Genetic Divergence

Genome-wide genetic parameters, nucleotide diversity (),
Tajima’s D, pairwise nucleotide divergence between spe-
cies (Dxy; Nei 1987), and GC content were calculated
across the reference genome with 100-kb nonoverlapping
windows having at least 10 SNPs using VCFtools (Danecek
et al. 2011), popgenWindows.py (https://github.com/
simonhmartin/genomics_general), and bedtools
(Quinlan and Hall 2010), respectively. Recombination
rate across the reference genome in each species/popula-
tion was estimated using LDhelmet (Chan et al. 2012).
Genotypes were first phased across the reference genome
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for the species/populations under study using BEAGLE
(Browning and Browning 2009) with default parameters.
Phased genotypes were further filtered and only those bial-
lelic genotypes with a minimum genotype quality > 30
and read depth between 10 and 100 were retained.
Finally, the recombination map was estimated by running
1,000,000 Markov chain iterations with a burn-in of
100,000 iterations, a window size of 50 SNPs, block penalty
of 50, and option of “pade” (-x 11) for Padé coefficient cal-
culation in LDhelmet. The population level recombination
rate was also estimated with LDhat (Auton and McVean
2007) by using unphased genotypes. The “interval” module
in LDhat implemented a Bayesian MCMC sampling algo-
rithm to estimate effective recombination rates across
each chromosome in the reference genome. One million
iterations were run with sampling once per 5,000 iterations
and discarding the first 20% of samples as burn-in for each
species/population. Recombination rates across the refer-
ence genome from LDhelmet and LDhat are highly consist-
ent (R >0.72, P < 0.01) in each species/population.

Demographic History Inference

The demographic history of P. pungitius, P. kaibarae, and P.
sinensis in Northeast Asia (supplementary table ST,
Supplementary Material online) was inferred using the
pairwise sequential Markovian coalescence (PSMC) model
(Li and Durbin 2011). An input file for PSMC was gener-
ated using the mpileup function in SAMtools (Li 2011)
after read alignment with BWA as mentioned above, and
minimum and maximum depth of coverage thresholds
were set to twice and three times of the sample’s average
coverage, respectively, using vcfutils. Heterozygous sites
were detected from consensus sequences in FASTQ format
using “fq2psmcfa” with a window size of 20 bp. PSMC was
run with 20 iterations, an NO-scaled maximum coalescent
time of 20, a p/@ ratio of 5, the 64-time intervals of “4 +
25X 2 +4+6,” and 100 bootstrap replicates. The gener-
ation time of 1 year (Ravinet et al. 2018) and mutation
rate of u =7.1 X 10~° mutations per site per year were de-
termined for Pungitius sticklebacks (Guo et al. 2013).

Reference Genome Annotation

Annotation of the P. pungitius reference genome was re-
trieved from Varadharajan et al. (2019). Conserved non-
coding elements (CNEs) in the P. pungitius reference
genome were identified as follows: Pairwise genome align-
ments between the P. pungitius and zebrafish (Danio rerio)
genome (Zv9) were first done using LASTZ (Harris 2007).
The lav files were then converted into psl format and chain
together axt alignment using UCSC Genome Browser tools
lavToPsl and axtChain. Next, newly detected
repeat-overlapping alignments were incorporated into
pairwise alignment chains using RepeatFiller (Osipova
et al. 2019). Highly sensitive local pairwise alignment for
loci flanked by aligning blocks was obtained using
patchChain.perl (Hiller et al. 2013; Sharma and Hiller
2017), and the accuracy of local pairwise alignments was

improved using chainCleaner (Suarez et al. 2017). Finally,
CNEs identified in the zebrafish genome (Hiller et al.
2013) were retrieved from GREAT (http://great.stanford.
edu/great/public/html/), and their coordinate ranges in
the zebrafish genome were converted into the P. pungitius
genome using UCSC liftOver based on pairwise alignments
between the two species’ genomes. Known and predicted
protein—protein interactions in core gene regulatory net-
works underlying pelvic and lateral plate development
were retrieved from STRING (https://cn.string-db.org/).

Results

Global Diversification of Pungitius Sticklebacks

Two divergent and strongly supported clades in Pungitius
sticklebacks were identified based on genome-wide SNPs
(fig. 1B), consistent with results of earlier studies
(Takahashi et al. 2016; Guo et al. 2019; Wang et al. 2022).
The pungitius clade split off from the sinensis clade 9.80
Ma (fig. 1C). The pungitius clade consisted of Pungitius
sticklebacks from Europe, North America, and Asia, includ-
ing Pungitius platygaster and Pungitius hellenicus from the
Balkan Peninsula in southern Europe, P. laevis and
Pungitius vulgaris from western Europe, and P. pungitius
from North America, Asia, and Europe (fig. 1A and B).
The sinensis clade consisted of Pungitius sticklebacks
from northeast Asia, including P. tymensis from the islands
of Sakhalin and Hokkaido, Pungitius bussei from Songhua
River Basin, P. kaibarae from the Korean Peninsula, the
Japanese archipelago, and Suifen-Khanka region, P. sinensis
from the Japanese archipelago, the Russian Far East, and
northeast China, as well as P. polyakovi from Sakhalin
Island (fig. 1A and B). Despite the complex phylogeo-
graphic patterns, each currently recognized Pungitius spe-
cies forms a monophyletic clade distinct from their sister
species, except P. polyakovi, which falls within the P. sinen-
sis clade forming a highly supported clade with P. sinensis
from Sakhalin Island (fig. 1A and B). Armor traits (viz. lat-
eral plates, pelvic apparatus, and keel) were indicated to
have been repeatedly reduced in the course of evolution
on both inter- and intraspecific levels (fig. 1B). For instance,
lateral plate reduction was observed in P. tymensis that di-
verged from fully plated P. bussei and P. kaibarae 4.49 Ma,
in P. hellenicus that diverged from fully plated P. platygaster
2.79 Ma, and in P. sinensis populations from the Japanese
archipelago that diverged from fully plated P. sinensis po-
pulations from other geographic regions 1.05 Ma. No sig-
nificant phylogenetic signal was detected in the
reduction of lateral plates (P> 0.27), pelvic apparatus
(P >0.46), or caudal keel (P> 0.48) among the main
Pungitius lineages based on either nuclear or mitochon-
drial phylogeny (fig. 1D).

Admixture Scenario in the Diversification of Pungitius
Sticklebacks

Four cytonuclear discordances in the diversification of
Pungitius sticklebacks (fig. 1D) were observed by
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comparing the phylogenies inferred from genome-wide
SNPs in this study and mitochondrial sequences from earl-
ier studies (Wang et al. 2015, 2022; Takahashi et al. 2016;
Guo et al. 2019). The four cytonuclear discordances in-
volved all populations of P. sinensis and P. polyakovi and
some populations of P. kaibarae and P. laevis, respectively.
Introgression rather than ILS was detected in each of those
four cytonuclear discordances with likelihood-based net-
work tests based on thousands of genomic regions, with
estimated inheritance probabilities ranging from 0.43 to
0.51 (supplementary table S2 and fig. S1, Supplementary
Material online).

Frequent gene flow was detected between Pungitius
species. Based on phylogeography, admixture between dif-
ferent Pungitius species was examined in 31 schemes in-
volving 21 species pairs with a total of 644 Patterson’s D
tests (supplementary table S3, Supplementary Material on-
line). Strong evidence for admixture was found in 22
schemes involving 15  Pungitius  species  pairs
(supplementary table S3, Supplementary Material online;
fig. 1D). Pungitius pungitius distributed across the northern
hemisphere appeared in nine of the 22 admixture schemes,
showing the most frequent gene flow with other Pungitius
species. There was also a strong geographic component: 17
of the 22 admixture schemes involved Pungitius species/
populations in Northeast Asia. Specifically, P. pungitius
from the Far East had gene flow with all other Pungitius
species in Northeast Asia except P. bussei. Gene flow be-
tween Pungitius species occurred in both range-wide po-
pulations (e.g, between P. pungitius and P. sinensis) and
in specific populations (e.g, between from P. polyakovi
and P. tymensis from Sakhalin Island). Extensive ancestral
gene flow between Pungitius species was detected using
D¢y statistics by including more species/populations in
the testing phylogeny according to both admixture
schemes from Patterson’s D tests and phylogeography in
Pungitius  sticklebacks  (supplementary table S4,
Supplementary Material online; fig. 1D). The Dgg,, statis-
tics also revealed that gene flow between Pungitius species
in those admixture schemes detected with Patterson’s D
was bidirectional. Patterson’s D test together with Dgg
statistics showed that certain Pungitius species/popula-
tions were involved in multiple admixture events. For in-
stance, P. polyakovi was involved in at least three
admixture events, viz. the ancestral gene flow between P.
pungitius and P. sinensis, the gene flow between P. pungi-
tius from Far East and Sakhalin Island distributed P. sinensis
and P. polyakovi, and the gene flow between P. tymensis
and P. polyakovi (supplementary table S4, Supplementary
Material online; fig. 1D). Pungitius kaibarae from the
Japanese archipelago was involved in gene flow with P. si-
nensis and P. tymensis (supplementary table S4,
Supplementary Material online; fig. 1D), respectively.

Genomic Landscape of Admixture
The genomic distribution of admixture signatures was
quantified in six representative Pungitius species pairs
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with bidirectional gene flow, including the four cases
with cytonuclear discordances (fig. 2; supplementary figs.
S2-S6 and table S5, Supplementary Material online). A
consistent genomic signature of gene flow was observed
in all six cases. Introgressions were highly asymmetric: in
all six cases, more significant introgressions were detected
from one Pungitius species to another (P3 to P2) than the
other way round (P2 to P3) according to the Dgg,, statis-
tics (fig. 2A; supplementary  figs.  S2A-S6A,
Supplementary Material online). One species (P2 in the
Droy statistics) retained a larger number of introgressed
genomic regions that are present across all chromosomes
compared with another Pungitius species (P3 in the Doy
statistics) in each of the six cases (panels B-D in fig. 2
and supplementary figs. S2-S6 and table S6,
Supplementary Material online). Many genes and CNEs
were found in the introgressed genomic regions in one
of the Pungitius species (P2 in the Do, statistics) com-
pared with another species (P3 in the Dgg,, statistics) in
all six cases (panels E and F in fig. 2 and supplementary
figs. S2-S6 and table S7, Supplementary Material online).
The Pungitius species (P2 in the Dgg statistics) is thus
hereinafter referred to as the recipient, and the species
P3 in the Dgg, statistics is the donor. Consistent genomic
and population genetic features in introgressed genomic
regions were observed compared with that in nonintro-
gressed genomic regions in the recipient species were ob-
served. The introgressed genomic regions had a
significantly lower recombination rate regardless of
whether estimated with phased or unphased genotypes
(Mann-Whitney U tests, P<3.8X107%), significantly
higher nucleotide diversity (Mann—Whitney U tests, P <
0.005), and lower GC content in the reference genome
compared with the nonintrogressed genomic regions in
each recipient species (panels G-L in fig. 2 and
supplementary figs. S2-S6, S7A, Supplementary Material
online). The introgressed genomic regions had lower abso-
lute population divergence with other species compared
with the nonintrogressed genomic regions in each recipi-
ent species (panels a and c in supplementary fig. SSA-F,
Supplementary Material online). The tree topology based
on SNPs in the introgressed genomic regions switches
from a “species tree” to an “introgression tree” in each re-
cipient species (panels b and d in supplementary fig. SSA—
F, Supplementary Material online). The introgressive gen-
omic regions had a significantly higher recombination
rate (Mann—Whitney U tests, P < 0.008) and significantly
higher nucleotide diversity (Mann—Whitney U tests, P <
0.04) compared with nonintrogressive genomic regions
in each donor species (supplementary fig. S7B-D,
Supplementary Material online).

Ancestry tracks in each individual genome were inferred
in the four cases involving cytonuclear discordances
(supplementary fig. S9, Supplementary Material online).
Recent admixture pulse was identified in the recipient P.
laevis  from its donor P. pungitius (left panel,
supplementary fig. S9A, Supplementary Material online)
and in the recipient P. polyakovi from its donor P. tymensis
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Fic. 2. The genomic landscape of admixture signatures between Pungitius pungitius and Pungitius laevis. (A) Top panel: Number of total tests (after
slash) and significant introgressions (before slash) detected between P. pungitius and P. laevis with Dgo,, statistics. Bottom panel: Expected signs of
the Dgoy. statistics components (Dgo, Dy, Dfy, and Doy ) for gene flow from P. pungitius to P. laevis (0/+/—/—) and from P. laevis to P. pungitius
(+/+/—/0), which is adopted from Pease and Hahn (2015). (B and C) Genome-wide distribution of genomic regions with introgression signatures
in P. laevis and P. pungitius. The red bars mark genomic regions in P. laevis with gene flow from P. pungitius to P. laevis, and the blue bars mark
genomic regions in P. pungitius with gene flow from P. laevis to P. pungitius. Lines are genome-wide distribution of Dgo,, statistics. (D) Number of
genomic regions with introgression signatures in each chromosome in P. laevis (top panel) and P. pungitius (bottom panel). Number of genes and
CNEs located in genomic regions with introgression signatures and their proportions accounting for total number of genes and CNEs in each
chromosome in P. laevis (E) and in P. pungitius (F). Comparison of GC content, recombination rate, and nucleotide diversity between introgressed
and nonintrogressed genomic regions in P. laevis (G-I) and in P. pungitius (J-L). Numbers are P-values from Mann-Whitney U tests.
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Fic. 3. Features of ancestry tracts identified with Ancestry_ HMM in the recipient Pungitius laevis population. (A) Comparison of recombination
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LDhelmet were converted into rates in 100-kb nonoverlapping windows. (B) Length of ancestry tracts inferred from 12 individuals in the recipi-
ent P. laevis population and relationship between introgressed genomic tract length and selection coefficient with simulations. Each data point
in the box plot represents the length of an introgressed genomic tract identified in empirical and simulation data.

(left panel, supplementary fig. S9B, Supplementary
Material online). Accordingly, a total of 172 ancestry tracks
were identified in 12 of P. laevis individuals (right panel,
supplementary fig. S9A, Supplementary Material online)
and 142 in 4 of P. polyakovi individuals (right panel,
supplementary fig. S9B, Supplementary Material online).
Relatively ancient admixture pulse was found in the recipi-
ent P. polyakovi from its donor P. pungitius, in the recipient
P. sinensis from its donor P. pungitius, and in the recipient
P. kaibarae from its donor P. pungitius (left panel,
supplementary fig. S9B-D, Supplementary Material on-
line). As such, a few ancestry tracks were identified in
the recipient individual genomes (right panel,
supplementary fig. S9B-D, Supplementary Material on-
line). It is worth noting that all ancestry tracks identified
with Ancestry HMM overlap the introgressed regions
identified with Dgg statistics. In the recipient P. laevis,
the length of the 172 ancestry tracks ranged from 55 to
420 kb, and recombination rate in the 172 genomic re-
gions in individual with ancestry tract was significantly
lower than that in individual without ancestry tract
(Wilcoxon signed-rank test, P < 2.4 x 107 fig. 3). To infer
the selection coefficients from admixture to selection, si-
mulations were performed by considering the genome-
wide pattern of introgression genomic tracks in the recipi-
ent P. laevis population, since the introgression occurred
recently according to Ancestry_ HMM analysis and
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population level genome-wide data were available. Three
populations representing P. pungitius, the ancestral popu-
lation of P. laevis, and P. vulgaris were simulated based on
their demography (supplementary fig. 10, Supplementary
Material online). By directly tracking the introgressed seg-
ments from 1,000 individuals from simulation, a positive
correlation between introgressed tract length and the se-
lection coefficients is found, and the selection coefficient
for the current length distribution of ancestry tracts in
the recipient P. laevis population was estimated between
3% 107%and 5x 107° (fig. 3B).

Footprints of Introgression in the Core Gene
Regulatory Network of Armor Trait Development
The recipient species/populations had similar armor traits
(viz. lateral plate and pelvic phenotypes) as the donor spe-
cies/populations in the four cases involving cytonuclear
discordances (supplementary table S8, Supplementary
Material online). To assess the potential genetic impact
of introgression in the convergent phenotypic evolution
in Pungitius sticklebacks, the footprint of introgression in
the core gene regulatory network of armor trait develop-
ment was thoroughly characterized in these four cases
(igs. 4 and 5 supplementary figs. S$12-S17,
Supplementary Material online). Genes in the core gene
regulatory network of armor trait development (figs. 4A
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and 5A; supplementary figs. S12A-S17A, Supplementary
Material online) are significantly more frequently located
in genomic regions with admixture signatures than
genome-wide  genes  (supplementary table S7,
Supplementary Material online) in the recipient species/
populations (viz. P. laevis, P. polyakovi, and P. kaibarae;
Yates-corrected y° tests, P < 0.02), with the exception of
P. sinensis (Yates-corrected y* tests, P > 0.18). In addition
to these genes, their potential cis-regulatory regions
(CNEs) are frequently located in genomic regions with ad-
mixture signatures, including mapk8b and msx2a in the
core gene regulatory network of lateral plate development
(fig. 4), and BMP4, tbx5a, and egr1 in the core gene regula-
tory network of pelvic development (fig. 5) in the recipient
P. laevis population. This is also observed in the recipient P.
sinensis (supplementary figs. S12 and S13, Supplementary
Material online), P. kaibarae (supplementary figs. S14
and S15, Supplementary Material online), and P. polyakovi
(supplementary figs. S16 and S17, Supplementary Material
online) populations. Genomic regions with genes mapk8b
and msx2a in the core gene regulatory network of lateral
plate development (supplementary figs. S4, S12, S14, and
S16, Supplementary Material online) and the gene BMP4
in the core gene regulatory network of pelvic development
(g. 5, supplementary figs. S13, S15 and S17,
Supplementary Material online) were found to show ad-
mixture signatures repeatedly in all four cases where cyto-
nuclear discordances occurred. The introgressed genomic
regions with genes in the core gene regulatory network
of armor trait development had positive Tajima’s D values
in the recipient P. laevis population, but negative Tajima’s
D values in nonrecipient species/populations (figs. 4 and
5). Genome scans with VolcanoFinder revealed that intro-
gressed genomic regions with genes in the core gene regu-
latory network of armor trait development commonly had
large likelihood ratios (figs. 4 and 5). Positive Tajima’s D va-
lues and large likelihood ratios from genome scans were
also observed in the introgressed genomic regions with
genes in the core gene regulatory network of armor trait
development in other recipient species/populations.
These included, for instance, introgressed genomic regions
with genes wnt8b and lhx4 in the recipient P. sinensis popu-
lation (supplementary fig. S13, Supplementary Material
online), edaradd, Ihx4, and wnt8b in the recipient P. kaibar-
ae population (supplementary figs. S14 and S15,
Supplementary Material online), and msx2a in the recipi-
ent P. polyakovi population (supplementary fig. S16,
Supplementary Material online). With additional genotyp-
ing in both donor and recipient populations not only the
genotyping accuracy but also alleles with admixture signa-
ture is confirmed. Examples of these include SNP at pos-
ition of 9365057 in LG 6 near mapk8b gene (fig. 4) and
SNPs at positions of 33046989 and 33046991 in LG 6
near egr1 gene (fig. 5) in the recipient P. laevis population
and the donor P. pungitius population from West Europe.
The same pattern is also observed in other Pungitius pairs
with gene flow (supplementary figs. S$12-517,
Supplementary Material online).

Discussion

Genomic data have revealed that introgression is prevalent
and frequently promotes adaptation and diversification in
nature (Arnold and Kunte 2017; Taylor and Larson 2019;
Edelman and Mallet 2021). Using genome-wide SNP data
from a comprehensive sampling of Pungitius sticklebacks,
our results demonstrate that introgression is widespread
in this genus, and is frequently associated with their adap-
tive diversification. Although gene flow was found to be bi-
directional, introgression was consistently asymmetric and
left unequal genomic signatures in the species investigated.
More significantly, in cases where asymmetric introgres-
sion was observed, the direction of stronger introgression
appeared to be accompanied by phenotype transfer from
one species to another. Genomic regions with genes in the
core gene regulatory network of armor trait development
in the recipient population frequently showed signatures
of adaptive introgression, suggesting that introgression
may be an important source of adaptive variation under-
lying phenotypic convergence in Pungitius sticklebacks.
In the following, we discuss the significance of these find-
ings in light of the generality of introgression in evolution
and genetic mechanisms underlying convergence in
sticklebacks.

Prevalent and Biased Introgression in the
Diversification of Pungitius Sticklebacks

The extent of genetic exchange between divergent evolu-
tionary lineages in nature is a topic of broad interest in
contemporary evolutionary biology (Taylor and Larson
2019; Edelman and Mallet 2021). Systematic investigation
of introgression in entire evolutionary clades can aid our
understanding of introgression generality and specificity
across the tree of life (Pease et al. 2016; Malinsky et al.
2018; Edelman et al. 2019; Vanderpool et al. 2020;
Suvorov et al. 2022). Using genome-scale sequence data,
we provided a systematic survey of introgression events
across the phylogeny of Pungitius sticklebacks. We first
find that at least 22 pairs of lineages have experienced an-
cient and/or recent introgression across the Pungitius phyl-
ogeny, and only one (P. bussei) of the 10 studied Pungitius
species has not had recent gene flow with other species
(supplementary table S3, Supplementary Material online;
fig. 1D). Our results thus show that introgression has oc-
curred more frequently than suggested by earlier studies
(Takahashi and Takata 2000; Takahashi et al. 2003, 2016;
Tsuruta and Goto 2006; Wang et al. 2015, 2017, 2022;
Guo et al. 2019; Yamasaki et al. 2020) in the diversification
of Pungitius sticklebacks.

In addition to providing an estimate of the number of
introgression events, our results are informative about
the chronology of introgression, which is the key to under-
standing the complex cytonuclear discordance in Pungitius
sticklebacks, especially when a lineage has experienced
multiple independent introgression events. Consistent
with the results of an earlier study using genome-wide se-
quence data (Wang et al. 2022), P. polyakovi from its type
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locality forms a well-supported clade with P. sinensis from
Sakhalin Island (fig. 1B); however, when analyzed with
mitochondrial data, it forms a clade with P. tymensis
(Takahashi et al. 2016). The most parsimonious explan-
ation for this cytonuclear discordance is that the mitogen-
ome of P. polyakovi has been first replaced by a P.
pungitius-type mitogenome after P. pungitius diverged
from P. laevis (3.47 Ma) and before the diversification of
P. sinensis (1.05 Ma), and then became replaced by a
P. tymensis-type mitogenome (0.14 Ma) after the divergence
between P. tymensis populations from Sakhalin Island and
the Japanese archipelago (fig. 1C and D). Our results indeed
show that P. polyakovi and P. sinensis have experienced an-
cient gene flow with P. pungitius and recent gene flow with
P. tymensis (fig. 1D; supplementary tables S4 and S5,
Supplementary Material online), which is also supported
by the local ancestry inference in the P. polyakovi popula-
tion (supplementary fig. S9B, Supplementary Material
online). This indicates that P. polyakovi is actually a
P. sinensis population that had gene flow with P. tymensis.
Likewise, multiple independent introgression events were
observed in P. sinensis with P. pungitius. The mitogenome
of the ancestral P. sinensis became replaced with the
P. pungitius-type mitogenome 3.47-1.05 Ma in an ancient
introgression event (Wang et al. 2015, 2022; Takahashi
et al. 2016; Guo et al. 2019), and P. sinensis and P. pungitius
from the Japanese archipelago came into secondary contact
0.59-0.21 Ma (fig. 1C and D) or later (Yamasaki et al. 2020).
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Our results show that introgression left detectable sig-
nals within the extant genomes of Pungitius sticklebacks
according to D statistics (fig. 2; supplementary figs. S2—
S8, Supplementary Material online), and ancestry tracts
in recipient populations in which introgression occurred
recently were clearly traceable (supplementary fig. S9,
Supplementary Material online). Genomic signatures of
introgression were consistently unequal between the re-
cipient and donor populations (supplementary tables S6
and S7, Supplementary Material online), although gene
flow was commonly bidirectional. In fact, although un-
equal introgression between the recipient and donor
population is commonly observed, little is known about
how ecological, behavioral, and evolutionary factors deter-
mine which genetic variation moves between species,
whether such factors bias gene flow from one species to
another, and whether any such biases affect how genetic
variation from one species is ultimately retained in the
genome of the other (Pfennig 2021). The occurrence of
introgression requires that hybrids interbreed with at least
one of the parental species. However, mating between spe-
cies is often not random (Rosenthal 2013; Willis 2013), as
observed in Pungitius sticklebacks in common garden ex-
periments (supplementary table S9, Supplementary
Material online; Natri et al. 2019). Survival rate to the adult
stage of hybrids in crosses between P. sinensis males and P.
pungitius females is clearly different from that of hybrids
between P. sinensis females and P. pungitius males (Natri
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et al. 2019). This phenomenon is also seen in crosses of
P. kaibarae with P. pungitius (Natri et al. 2019). Thus, the
gene flow between Pungitius species consists of a nonran-
dom sample of the segregating variation in hybrids.

Once introgression occurs, the genomic landscape of
introgression between species is shaped by differential fit-
ness effects of introgressed variants across the genome,
and fixation of the introgressed variation requires either
long time periods, small population sizes, or selection on
the introgressed region (Arnold and Kunte 2017; Martin
and Jiggins 2017). Since selection is less effective in fixing
(or removing) introgressed variation in the genomes of
smaller populations, differences in effective population
sizes can lead to a strong variation in admixture propor-
tions among populations (Sankararaman et al. 2014).
Population size may thus be particularly relevant for un-
equal introgression between the recipient and donor
population in Pungitius sticklebacks, since these popula-
tions are known to be small in general (Merild 2013; Bae
and Suk 2015; Kemppainen et al. 2021; Feng et al. 2022).
In this study, the recipient populations (e.g, P. sinensis
and P. kaibarae from the Japanese archipelago) have
much smaller population sizes than the donor populations
(e.g, P. pungitius from the Japanese archipelago;
supplementary fig. S11, Supplementary Material online;
Yamasaki et al. 2020). Thus, the unequal admixture signa-
tures between species could be, at least partly, due to

biased hybridization and/or differences in population
size between donor and recipient populations.

Introgression Underlying Convergence in Pungitius
Sticklebacks
The signals of introgression across the Pungitius phylogeny
and genomes provides evidence for widespread introgres-
sion, yet the evolutionary significance of this introgression
in the diversification of Pungitius sticklebacks has been
poorly understood. Sticklebacks are well known for re-
peated reduction of armor traits when adapting to fresh-
water (Bell and Foster 1994; Peichel and Marques 2017);
in three-spined sticklebacks, this phenomenon is thought
to be due to a trade-off between armor and growth, as
growth rate of heavily armored individuals with genotypes
for complete armor is reduced. Given the importance of
growth for overall fitness, the genotype for reduced armor
is favored in freshwater environments (Barrett 2010).
However, our analysis shows that armor traits in Pungitius
sticklebacks show repeated losses and gains across their
phylogeny and are poor indicators of phylogenetic relation-
ships in this genus, which likely explains the difficulties in es-
tablishing robust Pungitius taxonomy (Guo et al. 2019).
Our results further show that asymmetric introgression
is strongly associated with corresponding phenotypic tran-
sitions from the donor to the recipient in Pungitius
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sticklebacks (supplementary table S8, Supplementary
Material online). The four cytonuclear discordances are
cases in point: the results show that they have experienced
introgression, and the recipient species/populations have
preserved much more of the introgressed variation than
the donor populations. It is known that introgression
can shape trait evolution in both animals and plants,
and can generate apparently convergent patterns of evolu-
tion (Lamichhaney et al. 2015; Zhang et al. 2016; Jones et al.
2018; Giska et al. 2019; Gibson et al. 2021). To explore the
possible role of introgression in the phenotype transfer in
Pungitius sticklebacks, we investigated introgression signa-
tures in the core gene regulatory networks of armor trait
development in the recipient populations. In the core
gene regulatory network of lateral plate development,
the homeobox-containing transcription factor in skeletal
development (Msx2a) is a major gene underlying dorsal
spine reduction in freshwater three-spined sticklebacks
(Howes et al. 2017), whereas Stc2a is a secreted glycopro-
tein with autocrine or paracrine functions and a potent in-
hibitor of bone growth (Gagliardi et al. 2005). The
Msx2a-Stc2a region maps 1.1 Mb from Eda, the major lo-
cus of armor plating in three-spined stickleback
(Kingman et al. 2021). Msx2a is associated with the Eda
gene controlling bony plate loss, which helps to explain
the concerted effects of chrlV on multiple armor reduction
traits. In the core gene regulatory network of pelvic devel-
opment, Wnt8b and Tbx4 downstream of Pitx1 are in-
volved in pelvic fin/hindlimb development (Don et al.
2013) and hindlimb development (Tickle and Cole 2004),
respectively. It has been shown that knockout of Tbx4 in
zebrafish can result in reduction of pelvic fins (Lin et al.
2016). Our results show that introgression signatures are
extensively found in genomic regions with these genes
and/or their CNEs (figs. 4 and 5; supplementary figs.
$12-517, Supplementary Material online). Extensive simu-
lations show that genome-wide introgressed variants in re-
cipient Pungitius populations are not fixed randomly in
terms of the ancestry tracts length (fig. 3B). Signatures of
positive selection and adaptive sweeps in the putatively in-
trogressed regions with those genes were found according
to Tajima’s D and likelihood ratios from VolcanoFinder, re-
spectively, suggesting that fixation of introgressed vari-
ation in those cases is adaptive. Therefore, introgression
might play an important role in generating genetic paral-
lelism underlying phenotypic convergence in Pungitius
sticklebacks. Notably, in addition to armor trait conver-
gence, introgression might also underly the evolution of
sex chromosomes in Pungitius sticklebacks. The Y chromo-
some in P. pungitius was found to be established by ancient
introgression with P. sinensis (Dixon et al. 2019; Natri et al.
2019), highlighting the diverse impacts of introgression on
evolution.

Conclusions

Our results demonstrate that introgression in the diversi-
fication of Pungitius sticklebacks is much more prevalent
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than earlier studies suggested. Although this introgression
has been bi-directional, it has left highly asymmetric gen-
omic signatures in the genomes of hybridizing species.
The results further demonstrate that some of the intro-
gressed elements have fueled adaptation. In several in-
stances, introgression of the core genes in regulatory
networks coding armor trait development from one spe-
cies to another were accompanied by corresponding
phenotypic transitions from one species to another. This
suggests that introgression may have been an important
source of adaptive variation underlying phenotypic con-
vergence and divergence in Pungitius sticklebacks.
Furthermore, this introgression-driven convergence likely
explains the longstanding difficulties in resolving the tax-
onomy and systematics of this small but phenotypically
highly diverse group of fish.

Supplementary material

Supplementary data are available at Molecular Biology and
Evolution online.
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