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Studying how populations in various environments differ genetically is crucial
for gaining insights into the evolution of biodiversity. In order to pinpoint
potentialindicators of divergence and adaptation to diverse environments, we
conducted a comprehensive analysis of 3,491,868 single nucleotide
polymorphisms (SNPs) derived from five populations of Brachymystax
lenok. We discovered significant geographic divergence among these
5 populations, which lack evidence of gene flow among them. Our results
further demonstrated that the current distribution pattern of Brachymystax
lenok are driven by geographical isolation and changes in oceans and rivers.
We also performed genome-wide scan and identified the genes evolved to
adapt the different environments, including stress response. In general, these
results provide genomic support for high-level genetic divergence and the
genetic basis of adaptation to different environments.
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Introduction

Understanding the evolutionary processes driving the evolution of biodiversity is
one of the central goals in evolutionary biology. Earlier studies have thought
geographical features and palaeoclimatic oscillations are common driving forces for
such processes (Li et al., 2023). For example, it has been considered that mountains and
rivers are barriers to drive vicariance across many organisms (Zhang et al., 2005; Zhang
etal., 2006; Che et al., 2010). This process is often observed among lineages distributed
on different sides of mountains and rivers with deep genetic divergence (Yuan et al,,
2016; Zheng et al., 2016). On the other hand, it has also been thought that the glaciation
cycles of the Quaternary have changed distribution ranges of species and generated
repeated contraction-expansion processes (Hewitt, 2000). These changes are
particularly common for organisms in temperate North America and Europe, where
similar patterns of decreased genetic diversity and palaeoclimate-associated population
fluctuations in newly established populations have been identified (Smith et al., 2022).

Although local adaptation to environments is considered to be of commonplace
occurrence, detecting its occurrence can be hard and need substantial research efforts
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TABLE 1 Information of 24 samples from 5 geographic populations of Brachymystax lenok.

Sampling site Samples number Samples ID Coordinate Location

Baiyun Gorge (byx) 4 Ms22; Ms26; Ms29; Ms31 E107°37'26.54", N34°2'11.80" Taibai, Shanxi Province

Taibai River (tbh) 5 Ms34; Ms38; Ms42; Ms46; Ms50 E107°14'16.11", N33°50'17.21" Taibai, Shanxi Province
Zhangjiachuan (zjc) 5 Ms60; Ms63; Ms66; Ms69; Ms72 E106°30'51.43", N34°48'12.72" Zhangjiachuan, Gansu Province
Yanbian (yb) 5 Ms80; Ms90; Ms100; Ms110; Ms120 E130°11'33.40", N43°2'32.86" Yanbian, Jilin Province

Saihan Dam (shb) 5 Ms130; Ms140; Ms150; Ms160; Ms170 E117°12'58.80", E117°12'58.80" Chengde, Hebei Province

(Blanquart et al., 2012; Blanquart et al., 2013; Savolainen et al.,
2013). Generally, detection of local adaptation have been based
on quantitative genetic approaches that use common garden
experiments and statistical genetics approaches to detect
genetic differentiation for phenotypic traits (Hereford, 2009).
Afterwards, quantitative genetic methods were often combined to
population genetic tools to detect local adaptation (Badyaev et al.,
2002; Kremer and Le Corre, 2012; Leinonen et al., 2013). More
recently, advances in high-throughput sequencing technologies
have made it feasible to detect genomic regions driving local
adaptation (Pool et al., 2010; Hancock et al., 2011; Jones et al.,
2012). Within such approaches, it has been considered that
genome scan or outlier detection methods can detect adaptive
differentiation without the application of common garden
experiments (Storz, 2005; De Mita et al., 2013; Lotterhos and
Whitlock, 2014).

Brachymystax lenok is a Asian endemic salmonid fish, which
lives in almost all major Siberian river systems and can be used as
a model for investigating paleohydrological events and climate
adaptation (Froufe et al., 2008). There are generally two different
morphological forms of Brachymystax lenok, differing mainly in
the length and shape of their snouts and many external
morphological and osteological characters. According to these
morphological differences, this species is named as B. lenok and a
subspecies, B. lenok tsinlingensis (Alekseyev et al., 2002; Xu et al.,
2009). Subspecies B. lenok is a sharp-snout form which is
distributed while B.
tsinlingensis is a blunt-snout form, occurring in China and the

in Siberia and Mongolia, lenok
Korean peninsula (Froufe et al., 2008). Studies using morphology
found that there are variation of morphology within each form
among major basins (Alexeev et al., 1986). However, studies
based on allozyme variation suggested that there is limited gene
flow between the two forms (Shedko and Ginatulina, 1993). Some
enzyme systems can also distinguish sharp- and blunt-snouted
lenoks. However, we still lack a whole-genome scale study to
comprehensive characterize the population structure and
environment adaptation of B. lenok populations.

In this study, we performed a whole-genome sequencing
(WGS) method to examine the
evolutionary history and genomic

population
signatures

structure,
underlying
climate adaptation in 5 B. lenok populations. The objectives of
this study were to (i) investigate the population structure of B.
lenok across the main distribution area in China; (ii) examine the
demographic history of B. lenok and test whether the population
dynamics has been affected by climatic oscillations during their
evolution; and (iii) test whether adaptive signatures happen in
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the different populations, and, if so, identify the genomic regions
of adaptation by investigating genome-wide genetic variation and
differentiation in different populations. Our results will increase
our understanding of the genetic differentiation patterns and
adaptive genetic mechanisms of B. lenok populations during
their evolution.

Materials and methods
Sample collection

A total of 24 specimens of B. lenok from 5 localities were sampled
from Shanxi, Gansu, Hebei, and Jilin Province, China (Table 1). A small
piece of fin from each individual was dissected out and frozen in liquid
nitrogen quickly, and stored in the refrigerator at —80°C for use. As B.
lenok is protected species, all experimental protocols were approved by
the ethics committee of Fisheries station and Fisheries administration of
local government.

Whole-genome resequencing and
SNP calling

Genomic DNA were extracted from fin samples for all
24 specimens using Puregene Tissue Core Kit A (Qiagen, MD,
USA). Then, genomic libraries of insert size of 350 base pairs were
constructed and genome resequencing with average of 24.2 X for each
individual were performed using the Illumina X Ten sequencing
platforms (Supplementary Table SI). To detect SNPs at the
population level, the Illumina sequencing reads were mapped to the
Brachymystax lenok genome with Burrows-Wheeler Alignment (BWA)
tool (Li and Durbin, 2009), and polymerase chain reaction (PCR)
duplicates were filtered using SAMtools (Li et al., 2009). SNP calling was
performed using GATK v.4.1.2.0 (McKenna et al,, 2010) with default
parameters across the 24 individuals. To obtain reliable SNP, we
performed a filtering step with the following set of parameters:
depth >4, MQ > 40, FS < 60, QD > 4, maf >0.05, and miss <0.2,
according to previous study (De Mita et al., 2013).

Phylogenetic and population
structure analyses

A NJ phylogenetic tree was constructed by MEGA software
(Tamura et al,, 2011) with the default parameters. Population
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FIGURE 1
Sampling and population genetic structure of (B) lenok. (A) Sampling location of the five geographic populations. (B) Population phylogeny tree of

Brachymystax lenok (Baiyunxia: byx, red; Zhangjiachuan: zjc, orange; Saihanba: shb, blue; Taibai River: tbh, green; Yanbian: yb, purple.). (C) Clustering
results (B) lenok corresponding to each K value. (D) Error rate of cross verification for each K value. (E) Principal component analysis (PCA) of the
population structure of Brachymystax lenok.

genetic  structure was estimated using ADMIXTURE Linkage disequilibrium analysis

v1.23 software (Alexander et al, 2009) with default

parameters. PCA analysis was performed for whole-genome Linkage disequilibrium (LD) patterns for each of the
SNPs with the program GCTA v1.24.2 (Yang et al,, 2011). 5 populations were estimated. BEAGLE 4.1 (Browning and

Frontiers in Genetics 03 frontiersin.org


https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2024.1293477

Li et al.

Browning, 2007) was used for genotype phasing. We calculated the
correlation coefficient (r2) between any two SNPs using VCFtools
0.1.12b (Danecek et al., 2011) with the “~hap-r2” option using the
phased genotypes. Average r2 was drawed against physical distance
in base pairs with R 3.3.6.

Genomic signatures of selection and local
adaptation

We performed selective analysis using filtered SNPs according to
minor allele frequency (MAF: 0.05) and site integrity (INT: 0.8) (De
Mita et al.,, 2013), and obtained highly consistent SNP sites for
downstream analysis. All these analyses were conducted using
PopGenome package (Pfeifer et al., 2014). The method is to
calculate the population differentiation index (Fst) and nucleotide
polymorphism () of all SNP sites in the sliding window (100 kb).
Functional annotation and enrichment analysis of selective genes
using COG and KEGG databases.

Results
Samples collection and sequencing

We sampled a total of 24 specimens of B. lenokfrom 5 localities
for 4 rivers in 4 provinces, including Shanxi, Gansu, Hebei, and Jilin
Province, respectively. Except specimens from Irtysh River from
Xinjiang were not collected, the specimens we collected generally
covered the distribution range of B. lenok in China. The 5 sample
localities are Baiyun Gorge (byx), Taibai River (tbh), Zhangjiachuan
(zjc), Saihan Dam (shb), and Yanbian (yb) (Table 1). Among these
localities, Baiyun Gorge and Zhangjiachuan belong to the tributaries
in the upper reaches of Weihe River, a tributary of the Yellow River
and located at the north and south side of Weihe River. Baiyun
Gorge is located at the north foot of Qinling Mountains. The
Zhangjiachuan sampling point belongs to the Malu River of the
southern extension branch of Liupan Mountain. The Taibai River is
located at the southern foot of the Qinling Mountains and is a
tributary of the upper reaches of the Han River, a tributary of the
Yangtze River. The Saihan Dam sampling site is located in the upper
reaches of Luanhe River in Chengde, Hebei. The Yanbian sampling
site is located in Mijiang River in the upper reaches of Tumen River
in Yanbian Prefecture, Jilin Province (Figure 1A).

The genomes of 24 individuals of B. lenokwere resequenced
(Supplementary Table S1), with an average of 97% genome coverage
and 24.2 X sequencing depth for each individual based on the
Brachymystax lenokreference genome of 2.34 Gb. The sequencing
quality of these 24 individuals were higher than 96.5% for Q20 and
higher than 91.8% for Q30. After filtering the low quality reads, we
generated a total of 1331.6 G clean data for these 24 individuals.
Using the SNP-calling strategy of the Genome Analysis Toolkit
(GATK), we detected a total of 83,804,838 high quality SNPs with an
average of 3,491,868 for each individual for further analysis
(Supplementary Table S1). Based on these high quality whole-
genome SNPs, we performed subsequent analyses, including the
phylogenetic tree construction, principal components analysis
(PCA), and selective analysis.
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Genetic diversity and population structure

We first evaluated the whole-genome genetic diversity for each
population (Table 2; Supplementary Table S2), and identified a total
of 3,351,103 SNPs for Baiyun Gorge population, 4,701,531 SNPs for
Taibai River population, 4,181,141 SNPs for Zhangjiachuan
population, 43,798,630 SNPs for Yanbian population, and
11,671,153 SNPs for Saihan Dam population, respectively. These
SNPs from whole-genome level we identified extremely expanded
the genetic diversity for B. lenokpopulations. Overall, the genetic
diversity of population from sampling sites of eastern China
(Yanbian and Saihan Dam) were significantly higher than those
from sampling sites of middle China (Baiyun Gorge, Taibai River,
and Zhangjiachuan). We then located the position of each SNP on
the B. lenokgenome, and found that most of these SNPs are located
in intergenic region and intron region.

We then explored the structure of B. lenok using phylogenetic
tree, principal components analysis (PCA), and ADMIXTURE
analysis. The unrooted neighbour joining (NJ) tree showed that
population from Baiyun Gorge, Taibai River, and Zhangjiachuan
clustered together, which are separated from the clade including
population from Yanbian and Saihan Dam. Each population in our
dataset clustered together to form a independent clade in the
phylogenetic tree, except one individual (Ms170) from Sajhan
Dam to be clustered within Yanbian population. This result
suggested that each geographical population exists independently
and lacks gene flow (Figure 1B).

The analysis of population structure can quantify the number of
ancestors and infer individual genetic assignment (Figure 1C). In the
admixture plot at K = 2, assuming that all the samples come from
two ancestral groups, this subdivision clearly distinguishes Yanbian
population from the other four populations. At K = 3, it is assumed
that all samples come from three ancestral groups, namely,
population from Baiyun Gorge, Taibai River and Zhangjiachuan,
shared a common ancestor, and population from Saihanba and
Yanbian have a independent ancestor, respectively. At K = 4, it is
assumed that all samples are from four ancestral groups, of which
population from Baiyun Gorge and Zhangjiachuan shared a
common ancestor, and population from Taibai River, Saihanba
and Yanbian have three independent ancestors. According to the
cross-validation (CV) errors (Figure 1D), K = 4 shows lowest CV
value. Therefore, the 5 population in our study should come from
4 ancestors, among which population from Zhangjiachuan and
Baiyun Gorge, both located in the tributaries of Weihe River,
share a common ancestor.

We further investigated the population structure of B. lenok
using principal component analysis (PCA) (Figure 1E). The B.
lenok can be divided into 3 population using the first three
principal components (PCl, PC2, PC3; explained 57.83%,
13.67%, 6.9%), with the population from Baiyun Gorge, Taibai
River and Zhangjiachuan forming a sub population, and
population Saihanba
independent sub population, respectively. Taken together, all
these that different geographic
population of B. lenok showed significant genetic divergence,

from and Yanbian forming a

analyses demonstrated
with the eastern China population (Yanbian and Saihan Dam)

divergent with the middle China population (Baiyun Gorge,
Taibai River, and Zhangjiachuan).
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TABLE 2 SNP distribution in different geographical populations of Brachymystax lenok.

Variation type Taibai river

Baiyun Gorge

Zhangjiachuan Yanbian Saihan Dam

Intergenic region 1406980 1993143 1758300 20176992 5182315
Intron region 1735103 2428700 2163179 22129556 5978386
Synonymous mutation 108065 143904 133757 839133 269810
Nonsynonymous mutation 99260 133511 123804 641771 236437
Stop codon gain 1177 1609 1454 8601 3080
Stop codon loss 518 664 647 2577 1125
Total 3351103 4701531 4181141 43798630 11671153

Linkage disequilibrium and
phylogenetic analysis

The decay of linkage disequilibrium is usually closely related to
the genetic recombination probability of the population, which is
measured using R* and stronger linkage disequilibrium with R
closer to 1. Our results showed that the linkage disequilibrium
intensity of Baiyun Gorge, Saihanba, Zhangjiachuan and Taibai
River groups are all higher than 0.7, while population from Yanbian
showing the weakest of 0.59 for R* (Figure 2A). When the value of R®
decrease to half, the decay distance of Saihan Dam and Yanbian
group cannot be obtained. However, the decay distance of Banyun
Gorge is 752 kb, the decay distance of Zhangjiachuan is 636 kb, and
the decay distance of Taibai River is 472 kb, respectively. These
results suggested that the probability of recombination within the
population within the same physical distance is Taibai River >
Zhangjiachuan > Baiyun Gorge.
these
5 population of B. lenok (Figure 2B) using SNPs from single-
copy orthologs. We filtered the SNPs, with integrity of 80%, maf
0.05, and 27,113,585 SNP sites were retained. With the Atlantic
salmon as the outgroup, our results showed that the Taibai River

We finally performed phylogenetic analysis for

population in the upper reaches of the Han River at the southern
foot of the Qinling Mountains firstly diverged. The divergence time
with the reference genome Atlantic salmon is 41.45 Mya, which
belongs to the oldest population. The divergence time between the
Taibai River population and the entire northern population is
33.81 Mya. The Zhangjiachuan population first diverged at
2491 Mya. The Baiyun Gorge population diverged from the
Saihanba and Yanbian populations at 16.49 Mya, while the
Saihanba and Yanbian populations diverged at 8.25 Mya.

Population demographic history

We further estimated the demographic history of B. lenok
(Figure 2C) and found that the effective population size of the
Taibai River population decreased 6 times in history. The first
decrease occurred about 2.34 Mya (Million years ago), and then the
effective population increased from 0.23 million to 2.12 million at
2.14 Mya. This peak period lasted until 0.08 Mya. Another peak
occurred 0.04 Mya, with the number of effective populations
reaching 20.33 million. In the subsequent 0.034 Mya, the number of
effective populations reduced to 33,000. After that, there were several
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small fluctuations. The number of effective populations again expanded
to 16.81 million before 684, and the number of effective populations
reduced to 155 before 484, which has been the lowest in history until
now. The effective population size of Baiyun Gorge increased from
20,000 to 1.58 million at 2.13 Mya, and then maintained this value for
more than 2 million years. The effective population decreased to
10,000 by 0.07 Mya, expanded to 140,000 by 0.04 Mya, decreased to
8,000 about 0.02 Mya, then increased to 3.09 million about 0.017 Mya,
and then decreased to 17,000 at 0.015 Mya. The highest effective
population appeared at 566 years ago, reaching 20.33 million, Then,
in 476 years ago, it dropped to the current 190, also the lowest value in
history. The effective population size of Zhangjiachuan population
shows a similar trend with that of Baiyun Gorge, with the highest
value of 20.33 million, which appeared at 800 years ago and 518 years
ago respectively, and the lowest value of 153, which appeared 435 years
ago and has been continuing up to now. The effective population size of
Yanbian population remained above 370,000 before 1 Mya, decreased
t0 95,000 during 0.95 Mya to 0.98 Mya, and then recovered to 200,000.
It reached the highest value of 440,000 during 0.566 Mya, and then
continued to decline. The effective population value decreased to
95,000 at 0.14 Mya, and the effective population size decreased to
32,000 at 0.11 Mya. The effective population value has maintained
about 100,000 since 0.1 Mya. The effective population size of Saihan
Dam population was 1.2 million since 0.348 Mya. The effective
population size decreased to 13,000 at 0.33 Mya. Then there was
another significant population expansion in between 0.27 Mya and
0.28 Mya. The effective population size reached the maximum of
20.33 million, and then began to decline. The population decreased
significantly around 0.08 Mya, and the effective population size
decreased to the minimum of 139. Since 0.07 Mya, the effective
population value has remained at 47,000.

Genomic signatures of selection

Considering that the 5 geographic populations of B. lenok live in
different geographic ranges and climate environments and
experienced significant genetic divergence, we then focused on
the identification of genomic signatures of selection and local
adaptation between these different geographic populations. We
identified the selected genes using both Fst and 7 ratio. As
shown in Figure 3A, Manhattan plot mainly identified the top1%
and top5% based on the population differentiation index (Fst). By
combining top5% Fst and n ratio, we identified a list of selective
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Linkage disequilibrium and population demography of (B) lenok. (A) Linkage disequilibrium decay distance (LDD) for five geographic populations. (B)
Historical effective population size of (B) lenok, X-coordinate is time by year, Y coordinate is effective population size value. (C) Phylogenetic tree with

divergence time of five geographical populations.

genes in the pairwise comparison of the 5 different geographic
populations (Figure 3B; Supplementary Table S3).

Functional enrichment analyses of these selected gene showed
that in terms of biological process, selected genes in Baiyun Gorge
and Saihan Dam populations mainly includes cell process, biological
regulation, metabolic process, stress response. The molecular
functions of these selective gene are mainly enriched in the
catalytic activities, regulation of molecular functions, transfer
activities. COG annotation results showed that selective genes of
two geographic populations mainly enriched in signal transduction
mechanisms,

general function prediction genes,

recombination and repair genes. The enrichment of KEGG

replication

function showed that selective genes of the two geographical
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populations mainly enriched in receptor interaction pathway,
MAPK signal pathway, salmonella infection pathway, cell
adhesion pathway, and Wnt signal pathway. These results
indicated that the two geographical groups were selected under
the pressure of their habitat environment in the historical evolution,
and the difference comparison was shown at the molecular level
(Figure 3C; Supplementary Table S4).

Discussion

The genus Brachymystax was firstly named by Giinther in 1866,
based on the population discovered in Yenisei River in 1773 by
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Pallas. They are mainly distributed in the rivers of China, Russia,
North Korea, South Korea, Mongolia and other countries in
northeast Asia, including China’s Qinling Mountains and Liupan
Mountains, the upstream tributaries of the Wei River and Han River,
the upstream of the Luan River in Hebei Province, the Ergis River in
Xinjiang, the Ob River, Yenisei River, Lena River to the Kolema
River, the upstream of the Liao River, the Tumen River, Yalu River,
Heilongjiang River, Songhua River, the Han River in Korea, and the
Luodong River in South Korea. There is no consensus on the
classification of the genus Brachymystax in the above distribution
areas, and many researchers thought that there is only one species
(B. lenok) in genus Brachymystax. Li (1966) named the B. lenok in
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the Qinling Mountains of Shaanxi Province and Gansu Province in
the upper reaches of the Weihe River as the Qinling subspecies,
Brachymystax lenok tsinlingensis (Li, 1966). However, Ma, et al.
thought that there are two forms of B. lenok, sharp snout and blunt
2005). Different from
previous studies using mitochondria and few nuclear genes, our

snout, in Heilongjiang basin (Ma et al.,

study is the first time to use genome-wide data to explore the origin
and evolution of B. lenok, as well as the relationship between
geological events.

The results of phylogenetic analysis and population structure
showed that the five sampled geographic populations were separated
from each other and lacked gene flow. It can be obviously divided
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into four groups according to the population structure analysis, and
populations from Baiyun Gorge and Zhangjiachuan are the same
ancestor group. Divergence time estimation shows that Taibaihe
population diverged from other populations firstly, indicating that
Taibaihe population may be the oldest population. According to the
divergence time of 41.45 Mya with Atlantic salmon and the
comparison with geological time, it is found that this period is in
Eocene and Oligocene. Geological studies generally believes that this
period (56Mya - 38Mya) was the peak period of collision between
the Indian plate and the Asian plate. At that time, the environment
in the middle of the Qinghai Tibet Plateau was warm and humid,
and the altitude was low, which has not yet risen to today’s height. At
that time, the Qinghai Tibet Plateau was still in the Tethys Sea, and
the Atlantic Ocean was in the early stage of development. Therefore,
B. lenok may have entered the southern foot of the Qinling
Mountains from the Atlantic Ocean and the Tethys Sea. Later,
with the uplift of the Qinghai Tibet Plateau and the demise of the
Tethys Sea, it was landlocked to the freshwater environment, and
began to evolve separately from the Atlantic salmon, which can also
explain the distribution of the fine scale salmon in the Ergis River,
the Ob River and other regions of Siberia.

Then, Zhangjiachuan population diverged from other populations
at 33.81 Mya and Baiyun Gorge population was separated from
Saihanba and Yanbian populations 24.91 Mya. This time was just
the end of the peak of collision between the Indian plate and the Asian
plate, and also the stage of rapid uplift of the Qinling Mountains.
Geological studies shows that the Cenozoic tectonic uplift of the Qinling
orogenic belt was based on the late Cretaceous (99.6 Mya) tectonic
uplift, and began to rapidly uplift in the middle Eocene (55.8 Mya) -
Oligocene (33.9 Mya), while the early Pleistocene (1.806 Mya) was the
strongest period of neotectonics, Moreover, various geological studies
and events show that Qinling Mountains are still rising relative to
Weihe Basin. Therefore, the divergence of Zhangjiachuan and
Baiyunxia populations may be related to the uplift of the Qinling
Mountains. The possible explanation for why the Baiyun Gorge
population could not separate from the Saihanba and Yanbian
populations until 16.49 Mya is that they still had gene flow during
2491 Mya —16.49 Mya. Unlike plants, fish cannot migrate through
wind, artificial transplantation, etc., they must rely on rivers in waters.
Therefore, it suggested that the Baiyun Gorge population can still have
gene flow with the Saihanba and Yanbian populations through rivers or
oceans after no gene flow with Zhangjiachuan population. The only
river supporting this gene flow is the Weihe River, so the Weihe River
may have been open to the sea at that time. As for the reason for the
divergence between Baiyun Gorge and Zhangjiachuan populations,
further research is needed by combining geological events. In
addition, the divergence between Saihanba and Yanbian populations,
as well as the divergence of populations in northeast basins, Russia and
South Korea, need to increase sampling points and sample size for
further research.

According to the analysis of genetic evolution, the population in
the Qinling Mountains is older than that in Yanbian, but its
morphology is just the opposite. In the field sampling survey, it
is also found that the morphology of B. lenok in the northeast region
is more rough and clear, showing more primitive characteristics. On
the contrary, the morphology of B. lenok in the Qinling Mountains is
more rounded and softer, showing more characteristics of
environmental selection. This suggests that in the evolution
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process of B. lenok, the population in the Qinling Mountains has
been subjected to greater environmental selection pressure due to
the land seal. In order to adapt to the habitat environment of the
mountains, streams and rivers in the Qinling Mountains, a greater
epigenetic change has taken place. The population in the northeast
has better river habitat, less environmental selection pressure, and
the habitat conditions have little impact on its epigenetic. Therefore,
the population in the northeast has retained more original
characteristics in the evolution process. However, the genetic
basis of these phenotypic difference needs further investigation
in future.

However, in this study, we only collected data from a limited
number of individuals for population genomic analyses due to the
protected status of this fish species, which may have a bias on our
results. The limitation of a low number of samples for population
genomic analyses is multifaceted and critical to acknowledge in
genetic research. A reduced sample size significantly diminishes the
statistical power of analyses, rendering it challenging to accurately
detect subtle genetic variations or associations within populations.
This limitation not only impedes the identification of meaningful
patterns or trends but also hampers the generalizability of findings to
larger population groups. Additionally, a small sample size may
introduce sampling biases, leading to results that are not
representative of the broader population. Consequently, while
population genomic analyses offer invaluable insights into genetic
diversity and evolutionary dynamics, the constraints imposed by a
limited sample size underscore the need for caution in interpreting
findings and highlight the importance of expanding sample sizes to
ensure robust and reliable conclusions in genetic studies.

Conclusion

In this study, we analyzed the phylogenetic relationship,
population structure, gene flow and genetic diversity of five
geographic populations of B. lenok by using whole genome SNPs.
Our results showed widespread genetic divergence in B. lenok from
different geographic populations, and confirmed that their current
distribution pattern are driven by geographical isolation and
changes in oceans and rivers. We also identified the genes
evolved to adapt the different environments, including the stress
adaptation. Overall, our study provides new insights into the origin,
evolution, and adaptation of B. lenok.

Data availability statement

The datasets presented in this study can be found in online
repositories. The SRA number is PRINA946352.

Ethics statement

The animal study was approved by the Ethics committee of
Institute of HydroEcology, State Key Laboratory of Water Resources
and Hydropower Engineering Science, Wuhan University. The
study was conducted in accordance with the local legislation and
institutional requirements.

frontiersin.org


https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2024.1293477

Li et al.

Author contributions

PL: Formal Analysis, Writing-original draft. LN: Formal
Analysis, Writing—original draft. JC: Conceptualization, Funding
XK: Formal Analysis,
Writing-original draft. WW: Formal Analysis, Writing-original
draft. 'WH: Methodology, draft. QL:
Conceptualization, Project administration, Writing—original draft.

acquisition, Writing-original ~ draft.

Writing-original

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This research
was funded by Natural Science Basic Research Program of Shaanxi
Province, grant number 2021JLM-57.

Conflict of interest

Authors PL, LN, and XK were employed by Powerchina
Northwest Engineering Corporation Limited. Author WW was

References

Alekseyev, S. S., Kirillov, A. F,, and Samusenok, V. P. (2002). Distribution and
morphology of the sharp-snouted and the blunt-snouted lenoks of the genus
Brachymystax (Salmonidae) of east Siberia. J. Ichthyol. 43, 350-373. doi:10.1186/
1471-2148-8-40

Alexander, D. H., Novembre, J., and Lange, K. (2009). Fast model-based estimation of
ancestry in unrelated individuals. Genome Res. 19 (9), 1655-1664. doi:10.1101/gr.
094052.109

Alexeev, S. S., Mina, M. V., and Kondrashov, A. S. (1986). Parallel clines as a result of
countercurrent dispersion and character displacement with the special reference to the
genus brachy-mystax (salmoniformes, salmonidae). Zool. Zh 65 (2), 227-234.

Badyaev, A. V., Hill, G. E,, Beck, M. L,, Dervan, A. A, Duckworth, R. A, McGraw, K.
J., et al. (2002). Sex-biased hatching order and adaptive population divergence in a
passerine bird. Science 295 (5553), 316-318. doi:10.1126/science.1066651

Blanquart, F., Gandon, S., and Nuismer, S. L. (2012). The effects of migration and drift
on local adaptation to a heterogeneous environment. J. Evol. Biol. 25 (7), 1351-1363.
doi:10.1111/j.1420-9101.2012.02524.x

Blanquart, F., Kaltz, O., Nuismer, S. L., and Gandon, S. (2013). A practical guide to
measuring local adaptation. Ecol. Lett. 16 (9), 1195-1205. doi:10.1111/ele.12150

Browning, S. R., and Browning, B. L. (2007). Rapid and accurate haplotype
phasing and missing-data inference for whole-genome association studies by use
of localized haplotype clustering. Am. J. Hum. Genet. 81 (5), 1084-1097. doi:10.
1086/521987

Che, J., Zhou, W. W., Hu, J. S., Yan, F., Papenfuss, T. J., Wake, D. B,, et al. (2010).
Spiny frogs (paini) illuminate the history of the himalayan region and southeast Asia.
Proc. Natl. Acad. Sci. U. S. A. 107 (31), 13765-13770. doi:10.1073/pnas.1008415107

Danecek, P., Auton, A., Abecasis, G., Albers, C. A., Banks, E., DePristo, M. A., et al.
(2011). The variant call format and VCFtools. Bioinformatics 27 (15), 2156-2158.
doi:10.1093/bioinformatics/btr330

De Mita, S., Thuillet, A. C., Gay, L., Ahmadi, N., Manel, S., Ronfort, J., et al. (2013).
Detecting selection along environmental gradients: analysis of eight methods and their
effectiveness for outbreeding and selfing populations. Mol. Ecol. 22 (5), 1383-1399.
doi:10.1111/mec.12182

Froufe, E., Alekseyev, S., Alexandrino, P., and Weiss, S. (2008). The evolutionary
history of sharp- and blunt-snouted lenok (Brachymystax lenok (Pallas, 1773)) and its
implications for the paleo-hydrological history of Siberia. Bmc Evol. Biol. 8, 40. doi:10.
1186/1471-2148-8-40

Hancock, A. M., Brachi, B., Faure, N., Horton, M. W., Jarymowycz, L. B., Sperone, F.
G., etal. (2011). Adaptation to climate across the Arabidopsis thaliana genome. Science
333 (6052), 83-86. doi:10.1126/science.1209244

Hereford, J. (2009). A quantitative survey of local adaptation and fitness trade-offs.
Am. Nat. 173 (5), 579-588. doi:10.1086/597611

Frontiers in Genetics

10.3389/fgene.2024.1293477

employed by Hanjiang-to-Weihe River Valley Water Diversion
Project Construction Co., Ltd.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fgene.2024.1293477/
full#supplementary-material

Hewitt, G. (2000). The genetic legacy of the Quaternary ice ages. Nature 405 (6789),
907-913. doi:10.1038/35016000

Jones, F. C., Grabherr, M. G., Chan, Y. F., Russell, P., Mauceli, E., Johnson, J., et al.
(2012). The genomic basis of adaptive evolution in threespine sticklebacks. Nature 484
(7392), 55-61. doi:10.1038/nature10944

Kremer, A., and Le Corre, V. (2012). Decoupling of differentiation between traits and
their underlying genes in response to divergent selection. Hered. (Edinb) 108 (4),
375-385. doi:10.1038/hdy.2011.81

Leinonen, T., McCairns, R. J., O’Hara, R. B., and Merila, J. (2013). Q(ST)-F(ST)
comparisons: evolutionary and ecological insights from genomic heterogeneity. Nat.
Rev. Genet. 14 (3), 179-190. doi:10.1038/nrg3395

Li, H., and Durbin, R. (2009). Fast and accurate short read alignment with Burrows-
Wheeler transform. Bioinformatics 25 (14), 1754-1760. doi:10.1093/bioinformatics/
btp324

Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N., et al. (2009). The
sequence alignment/map format and SAMtools. Bioinformatics 25 (16), 2078-2079.
doi:10.1093/bioinformatics/btp352

Li, J., Fu, C, Ai, Q, Xie, S., Huang, C., Zhao, M., et al. (2023). Whole-genome
resequencing reveals complex effects of geographical-palaeoclimatic interactions on
diversification of moustache toads in East Asia. Mol. Ecol. 32 (3), 644-659. doi:10.1111/
mec.16781

Li, S. (1966). A new subspecies of Brachymystax lenok in Taibai mountain, Shanxi.
Acta Zootax Sin. 3 (1), 92-94.

Lotterhos, K. E., and Whitlock, M. C. (2014). Evaluation of demographic history and
neutral parameterization on the performance of FST outlier tests. Mol. Ecol. 23 (9),
2178-2192. doi:10.1111/mec.12725

Ma, B., Yin, J., and Li, J. (2005). Comparative studies on morphology and taxonomic
position of two species of Lenok. Acta Zootax Sin. 30 (2), 257-260.

McKenna, A., Hanna, M., Banks, E., Sivachenko, A., Cibulskis, K., Kernytsky, A., et al.
(2010). The Genome Analysis Toolkit: a MapReduce framework for analyzing next-
generation DNA sequencing data. Genome Res. 20 (9), 1297-1303. doi:10.1101/gr.
107524.110

Pfeifer, B., Wittelsburger, U., Ramos-Onsins, S. E., and Lercher, M. J. (2014).
PopGenome: an efficient Swiss army knife for population genomic analyses in R.
Mol. Biol. Evol. 31 (7), 1929-1936. doi:10.1093/molbev/msul36

Pool, J. E., Hellmann, L, Jensen, J. D., and Nielsen, R. (2010). Population genetic
inference from genomic sequence variation. Genome Res. 20 (3), 291-300. doi:10.1101/
gr.079509.108

Savolainen, O., Lascoux, M., and Merila, J. (2013). Ecological genomics of local
adaptation. Nat. Rev. Genet. 14 (11), 807-820. doi:10.1038/nrg3522

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fgene.2024.1293477/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2024.1293477/full#supplementary-material
https://doi.org/10.1186/1471-2148-8-40
https://doi.org/10.1186/1471-2148-8-40
https://doi.org/10.1101/gr.094052.109
https://doi.org/10.1101/gr.094052.109
https://doi.org/10.1126/science.1066651
https://doi.org/10.1111/j.1420-9101.2012.02524.x
https://doi.org/10.1111/ele.12150
https://doi.org/10.1086/521987
https://doi.org/10.1086/521987
https://doi.org/10.1073/pnas.1008415107
https://doi.org/10.1093/bioinformatics/btr330
https://doi.org/10.1111/mec.12182
https://doi.org/10.1186/1471-2148-8-40
https://doi.org/10.1186/1471-2148-8-40
https://doi.org/10.1126/science.1209244
https://doi.org/10.1086/597611
https://doi.org/10.1038/35016000
https://doi.org/10.1038/nature10944
https://doi.org/10.1038/hdy.2011.81
https://doi.org/10.1038/nrg3395
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1111/mec.16781
https://doi.org/10.1111/mec.16781
https://doi.org/10.1111/mec.12725
https://doi.org/10.1101/gr.107524.110
https://doi.org/10.1101/gr.107524.110
https://doi.org/10.1093/molbev/msu136
https://doi.org/10.1101/gr.079509.108
https://doi.org/10.1101/gr.079509.108
https://doi.org/10.1038/nrg3522
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2024.1293477

Li et al.

Shedko, S. V., and Ginatulina, L. K. (1993). Restriction analysis of mitochondrial
DNA of the two forms of lenok Brachymystax lenok (Pall.) and taimen Hucho taimen
(Pall.). Genetika 29 (5), 799-807.

Smith, M. L., Wallace, J., Tank, D. C., Sullivan, J., and Carstens, B. C. (2022). The role
of multiple Pleistocene refugia in promoting diversification in the Pacific Northwest.
Mol. Ecol. 31 (16), 4402-4416. doi:10.1111/mec.16595

Storz, J. F. (2005). Using genome scans of DNA polymorphism to infer adaptive population
divergence. Mol. Ecol. 14 (3), 671-688. doi:10.1111/j.1365-294X.2005.02437 x

Tamura, K., Peterson, D., Peterson, N., Stecher, G., Nei, M., and Kumar, S. (2011).
MEGAS: molecular evolutionary genetics analysis using maximum likelihood,
evolutionary distance, and maximum parsimony methods. Mol. Biol. Evol. 28 (10),
2731-2739. doi:10.1093/molbev/msr121

Xu, G. F.,, Wang, F,, Liu, Y., Li, Y. F,, and Mou, Z. B. (2009). Threatened fishes of the
world: Brachymystax lenok (Pallas 1773). Environ. Biol. Fish. 85 (4), 299-300. doi:10.
1007/s10641-009-9501-8

Frontiers in Genetics

10

10.3389/fgene.2024.1293477

Yang, ], Lee, S. H,, Goddard, M. E., and Visscher, P. M. (2011). GCTA: a tool for genome-
wide complex trait analysis. Am. J. Hum. Genet. 88 (1), 76-82. doi:10.1016/j.ajhg.2010.11.011

Yuan, Z. Y., Suwannapoom, C,, Yan, F., Poyarkov, N. A,, Jr., Nguyen, S. N., Chen, H.
M., et al. (2016). Red River barrier and Pleistocene climatic fluctuations shaped the
genetic structure of Microhyla fissipes complex (Anura: microhylidae) in southern
China and Indochina. Curr. Zool. 62 (6), 531-543. doi:10.1093/cz/zow042

Zhang, P., Chen, Y. Q., Zhou, H,, Liu, Y. F,, Wang, X. L., Papenfuss, T. J., et al. (2006).

Phylogeny, evolution, and biogeography of asiatic salamanders (hynobiidae). Proc. Natl.
Acad. Sci. U. S. A. 103 (19), 7360-7365. doi:10.1073/pnas.0602325103

Zhang, P., Zhou, H., Chen, Y. Q,, Liu, Y. F,, and Qu, L. H. (2005). Mitogenomic
perspectives on the origin and phylogeny of living amphibians. Syst. Biol. 54 (3),
391-400. doi:10.1080/10635150590945278

Zheng, Y., Liu, J., and Gong, X. (2016). Tectonic and climatic impacts on the biota
within the Red River Fault, evidence from phylogeography of Cycas dolichophylla
(Cycadaceae). Sci. Rep. 6, 33540. doi:10.1038/srep33540

frontiersin.org


https://doi.org/10.1111/mec.16595
https://doi.org/10.1111/j.1365-294X.2005.02437.x
https://doi.org/10.1093/molbev/msr121
https://doi.org/10.1007/s10641-009-9501-8
https://doi.org/10.1007/s10641-009-9501-8
https://doi.org/10.1016/j.ajhg.2010.11.011
https://doi.org/10.1093/cz/zow042
https://doi.org/10.1073/pnas.0602325103
https://doi.org/10.1080/10635150590945278
https://doi.org/10.1038/srep33540
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2024.1293477

	Population genomic analysis reveals genetic divergence and adaptation in Brachymystax lenok
	Introduction
	Materials and methods
	Sample collection
	Whole-genome resequencing and SNP calling
	Phylogenetic and population structure analyses
	Linkage disequilibrium analysis
	Genomic signatures of selection and local adaptation

	Results
	Samples collection and sequencing
	Genetic diversity and population structure
	Linkage disequilibrium and phylogenetic analysis
	Population demographic history
	Genomic signatures of selection

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


