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Abstract

Species differentiation and local adaptation in heterogeneous environments have
attracted much attention, although little is known about the mechanisms involved.
Hyporhamphus intermedius is an anadromous, brackish-water halfbeak that is widely
distributed in coastal areas and hyperdiverse freshwater systems in China, making
it an interesting model for research on phylogeography and local adaptation. Here,
156 individuals were sampled at eight sites from heterogeneous aquatic habitats to
examine environmental and genetic contributions to phenotypic divergence. Using
double-digest restriction-site-associated DNA sequencing (ddRAD-Seq) in the speci-
mens from the different watersheds, 5498 single nucleotide polymorphisms (SNPs)
were found among populations, with obvious population differentiation. We find that
present-day Mainland China populations are structured into distinct genetic clusters
stretching from southern and northern ancestries, mirroring geography. Following a
transplant event in Plateau Lakes, there were virtually no variations of genetic diver-
sity occurred in two populations, despite the fact two main splits were unveiled in the
demographic history. Additionally, dorsal, and anal fin traits varied widely between
the southern group and the others, which highlighted previously unrecognized line-
ages. We then explore genotype-phenotype-environment associations and predict
candidate loci. Subgroup ranges appeared to correspond to geographic regions with
heterogeneous hydrological factors, indicating that these features are likely impor-
tant drivers of diversification. Accordingly, we conclude that genetic and phenotypic
polymorphism and a moderate amount of genetic differentiation occurred, which

might be ascribed to population subdivision, and the impact of abiotic factors.
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1 | INTRODUCTION

Elucidating the origins of phenotypic diversity and the processes by
which different modes of dispersal generate spatial patterns and the
structure of genetic variation remains challenging for evolutionary
biologists and ecologists (Avise, 2000; Saenz-Agudelo et al., 2015).
Several numbers of organisms occupy large geographic and very
heterogeneous areas, which may shape the patterns of gene flow
among populations across their range and drive population subdi-
vision (Riginos & Liggins, 2013; Slatkin, 1987). Limited dispersal and
low connectivity drive the fine-scale population structure and may
be more common than expected (Bluher et al., 2020; Chaichoompu
et al., 2020). When different populations experience different en-
vironments, the accumulation of genomic divergence can modu-
late their underlying genomic architecture and drive phenotypic
divergence, promoting local adaptation and novel natural lineages
(George, 2000; Nosil et al., 2009; Via, 2001). These are of critical
importance in population differentiation and speciation, which oc-
curs due to the differential pressures of natural selection on popu-
lations in different environments resulting in allele frequency shifts;
advantageous variation may accumulate over many generations to
maximize fitness in a local environment, eventually forming distinct
genetic and phenotypic traits (Andersen et al., 2011). The evolu-
tionary forces driving genetic differentiation can be examined by
comparing genomic information and environmental variables of pop-
ulations (Sultan & Spencer, 2002; Wang et al., 2012). Local selective
pressure can counter geographic and environmental gradients in lat-
itude, and altitude. Genome-environmental association analysis can
show selection at increasing geographic scales owing to larger envi-
ronmental gradient differences (Fraser et al., 2011). Overall, discern-
ing the relative contributions of geographic environmental factors
and identifying factors such as natural selection, genetic drift, and
dispersion that modify the patterns of genomic variation is critical
when deducing the mechanisms by which organisms adapt to the
local environment and initiate evolutionary diversification.

Fish are ideal organisms for studying local adaptive divergence
and phenotypic plasticity. Given the complex geomorphic conditions
in China, with dramatic climate changes at high altitude and latitude,
the hyperdiverse freshwater systems (e.g., the Pearl and Yangtze
Rivers and Plateau Lakes) show remarkably high levels of fish di-
versification and are prone to endemism. These independent areas
separated by long distances probably also facilitated the differen-
tiation of fishes and formation of the genetic landscape (Stoddart
et al., 1978). Besides directly perceived through morphological dif-
ferentiation, the genetic diversity of different regions or the under-
lying mechanisms shaping local adaptation and biogeography within
a system has long been recognized as critical to the maintenance of
viable and resilient populations (Wiens, 2011).

Studies of the genomic heterogeneity and environmental vari-
ation of fish populations have been restricted to model species,
such as salmonids (Narum et al., 2017), African cichlids (Brawand
et al., 2014), and the three-spined stickleback (Gasterosteus aculea-
tus) (Jones et al., 2012). As a nonmodel species, Hyporhamphus inter-
medius (Family Hemiramphidae), an anadromous halfbeak, is likely to
be considered a novel system for this study, with a large geographic
range in the estuaries of Mainland China from the East China Sea
to the South China Sea (Collette & Su, 1986; Li & Zhang, 2011). The
species tolerates different evolutionary efforts on an increasing
geographical scale and shows tangible evidence of strong adaptive
capacity (Chen et al., 2018). The populations in dissimilar habitats
show broad phenotypic plasticity and environmental tolerance
(Crozier & Hutchings, 2014; Rajkov et al., 2018). Preliminary inves-
tigations identified extensive morphological diversification across
its range, with possible cryptic lineages within groups (Collette &
Su, 1986). There is marked south-north divergence of its morpho-
logical traits. For example, the rays of the dorsal and anal fins differ
and the northern population has significantly more vertebrae than
the southern populations (Collette & Su, 1986). Some halfbeaks are
found in the Yunnan Plateau Lakes (the upper reaches of the Pearl
River and hundreds of miles inland), as a result of introductions in the
1980s (Zhu & Chen, 1989); however, the origins of the introduced
populations remain unclear. The Plateau Lakes have a unique set of
environmental conditions, including a wide altitudinal gradient of
temperature and low dissolved oxygen (DO), which could lead to the
rapid differentiation of the introduced populations (Cui et al., 2008;
Fan et al., 2011; Sihai et al., 2013).

Although the signature of morphological differentiation among
ecotypes has been demonstrated in H. intermedius (Collette &
Su, 1986), the increasing integration of ecological factors, mor-
phological and molecular approaches for assessing the diversity,
evolutionary history, and phylogeography will foster a better un-
derstanding of differentiation and speciation in freshwater (Alter
et al., 2016). Molecular genetic approaches can enhance our under-
standing of the processes underlying speciation in heterogeneous
freshwater systems (Nosil et al., 2017). Double-digest restriction-
site-associated DNA sequencing (ddRAD-Seq) involves the genome-
wide sequencing of reads for thousands of orthologous loci when
no reference genome is available (Andrews et al., 2016; Peterson
et al., 2012). It is a robust approach for disentangling the evolution-
ary history of species with high dispersal. For instance, the high rates
of mutation experienced by the genome allow more rapid accumu-
lation of mutations, and more polymorphic loci could result in bet-
ter resolution when trying to differentiate populations and identify
close relatives and local adaptation with potential dispersal events
among populations (Kyriakis et al., 2019; Maroso et al., 2018). Based
solely on morphological assessments, our previous estimates of
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H. intermedius diversity indicated the presence of intraspecific phe-
notypic differentiation.

In heterogeneous environments, local abiotic parameters may
have stronger effects on genetic diversity and drive the spatial dis-
tribution of freshwater species. The genetic structure and relative
strength of selection are hypothesized to influence the distribution
of genomic variation on different spatial scales (Forester et al., 2018;
Lagisz et al., 2010). Here, we used an integrated approach combin-
ing phenotypic, environmental, and genomic data to elucidate the
drivers and processes of local divergence in H. intermedius. This
study probed the genetic diversity, demographic history, and envi-
ronmental adaptation of H. intermedius using a ddRAD approach at
a genome-wide scale. Specifically, we addressed the following ques-
tions: (1) What is the spatial population structure of H. intermedius
and genetic diversity at the genomic level? (2) What is the histori-
cal demography and phylogeography of H. intermedius in Mainland
China? (3) What are the drivers of local differentiation of H. interme-
dius associated with environmental factors?

2 | MATERIALS AND METHODS

2.1 | Study sites and sample collection
The total samplings were collected from fish docks or local mar-
kets in 8 sites of Mainland China across three regions with dif-
ferent climatic conditions, from May 2017 to February 2019,
including Danchi (DC), Fu Xianhu (FXH) in the plateau waters of
Yunnan Province; Sanshui (SS), Gaoming (GM), Doumen (DM) in
the Pearl River; Chongming (CM) near the estuary, Suzhou (SZ)
in the Taihu Lake, and Jining (JN) in Weishanhu Lake (Figure 1).
Populations came from heterogeneous aquatic habitats, which
were defined as three geographic groups (Table S1). The map was
performed with ArcGIS 10.0 software (Environmental Systems
Research Institute, Inc).

To elucidate the drivers and processes of local divergence in
H. intermedius, we integrated phenotypic, environmental, and ge-
nomic data (Figure 2). A total of 156 living or dead H. intermedius
individuals (approximately 20 per population) were selected for
processing to ensure sufficient sample size, and Hyporhamphus
quoyi (n = 3) were collected as outgroup. The living samples
were transferred into 10 L aquaria, which was dissolved with a
high concentration of 150mg/L MS-222 (Beijing Green Hengxing
Biological Technology Co). All individuals appeared deep anesthe-
sia or death behaviors (lost balance and sank into the bottom of
aquaria) during 1-2 min, and the surgery and sampling were made
after a respiratory arrest. We measured their standard length
(SL), weighed them on an electronic balance (body weight: BW),
and then took a lateral photograph of the left-hand side of body
shape to measure 10 morphological traits and perform geometric-
morphometric analyses with Digimizer v.4.5.1 (http://www.digim
izer.com) (Figure 3). All dorsal and anal fin-rays were counted
under a dissecting microscope. Then, the fins or muscles were
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sampled and transferred to the laboratory in liquid nitrogen and

then stored at =80 °C for further experiments.

2.2 | RAD dataprocessing

Genomic DNA was extracted from fin or muscles of each individual
from each of 8 populations using the CTAB (Doyle & Doyle, 1987)
method. Then, double-digest restriction-associated DNA (ddRAD)
was conducted as the protocol described by Peterson et al. (2012)
and libraries were prepared using 500ng of DNA per sample.
Genomic DNA was digested with the restriction enzymes EcoR1 and
Bfal at 37 °C for 5 h followed by the ligation of the original lllumina
adapter sequences and unique 8 bp barcodes that were used for
library preparation. The quality and quantity were assessed via
gel-electrophoresis on 1.5% agarose gels, where 220-450bp long
fragments were size selected, then purified using a Zymoclean Gel
DNA recovery kit. Each pool was incubated at 14 PCR cycles in 25pl
reactions, which contain 5 pl 5xReaction buffer, 5 pul 5xHigh GC
enhancer, 0.25pl of Q5 polymerase, 4 pl of library DNA and a unique
indexing primer for each pool corresponding to the standard lllumina
multiplexed sequencing protocol.

The ligation products were amplified in PCRs using a Veriti 96-
well thermal cycler (Life Technologies) and the protocol consisted of
initial denaturation at 98°C for 30s, 14 cycles (98°C for 15s, 65 °C
for 30s and 72°C for 30s), followed by a final step at 72°C for 5 min.
DNA libraries were quantified using a 2100 Bioanalyzer (Agilent
Technologies). Finally, pools were combined in equimolar concentra-
tion to form a single genomic library and sequenced on an Illumina
HiSeq 2500 using 150bp pair-end reads.

2.3 | Population genetic and statistical analyses

All raw sequences from the Illumina HiSeq lanes were checked for
initial quality using FastQC, SNPs were detected using the de novo
pipeline in Stacks v1.3.5 (Catchen et al., 2011, 2013). Sample reads
were trimmed and orthologous loci were assembled using ustacks
with a minimum depth of coverage required to create a stack (m)
of five and four maximum. The catalog of loci was assembled using
cstacks and matching rad-tags used the sstacks program. Finally,
populations program was used to filter and output the SNP sites of
all samples. Loci were considered as valid if they were present in at
least 75% of individuals with a minor allele frequency (MAF) > 0.05.
The population script was applied to calculate population genetic
diversity parameters such as nucleotide diversity (r), expected and
observed heterozygosity (He and Ho), and F-statistics including
genetic differentiation (F¢;) and average genetic differentiation
between individuals within their sampling locations (FIS) were esti-
mated with Stacks v1.46 (Catchen et al., 2013). We exported SNPs
from the population's module in Stacks with the write_single_snp
option. We restrict data analysis to only the first SNP per locus to
filter for linked loci A hierarchical analysis of molecular variance
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FIGURE 1 Map of the study area with locations of sampled population (SS, Sanshui; GM, Gaoming; DM: Doumen; DC, Dianchi; FXH, Fu
Xianhu; CM, Chongming; SZ, Suzhou; JN, Jining); the collections are geographically divided into three groups based on environmental traits:
The northern (CM, SZ, JN), the southern (CM, SZ, JN), and the plateau (DC, FXH) populations. (the map was performed by ARCGIS10.2

software, URL: https://desktop.arcgis.com/zh-cn/)

(AMOVA) was used to estimate source of variation at three hier-
archical subdivisions (among groups, among populations within a
group, and within the populations) by Arlequin v.3.5 (Excoffier &
Lischer, 2010).

Maximum likelihood estimates of population assignments for
each individual were obtained using ADMIXTURE v.1.3 (Alexander
& Lange, 2011) with a 10-fold cross validation (CV), and this analysis
assumes that loci are unlinked. To limit any possible stochastic ef-
fects from single analyses, we ran 100 iterations at each value of K
(number of populations; K = 1-10). Each analysis used a block relax-
ation algorithm for point estimation and terminated once the change
in the log-likelihood of the point estimations increased by <0.0001.
The optimum K was based on the average of CV-errors across the
100 analyses per K value. We then used the program CLUMPP
v.1.1 (Jakobsson & Rosenberg, 2007) to determine the robustness
of the assignments of individuals to populations at each K value. In
CLUMPP, we employed the Large Greedy algorithm and 1000 ran-
dom permutations. Final admixture proportions for each K value and
per sample assignment probabilities were based on CLUMPP analy-
ses of all 100 replicates per K value.

The relationship between geographic coordinates and ge-
netic structure was also identified in principal component analysis
(PCA) using the R package “adegenet” (Jombart, 2008; Jiang, Qiu,

et al., 2018; Jiang, Gardner, et al., 2018), which was defined as the
first two components of the PCA. PhyML 3.1 was used to estimate
maximume-likelihood phylogenies by bootstrapping over loci 1000
times. The results were performed on iTOL (https://itol.embl.de/).
Then, TreeMix 1.12 (Pickrell & Pritchard, 2012) simultaneously esti-
mates a maximum likelihood (ML) species tree and the direction and
weight (w) of gene flow among taxa based on allele frequencies. An
ML species tree without migration is built first, and then migration
events are sequentially added until the In (Likelihood) is maximized.
To test between tree models with and without gene flow we applied
a likelihood ratio test.

We examine neutrality test to detect past demographic ex-
pansion, and Tajima's D values (Tajima, 1989) were calculated
with sliding window (window-size = 10,000 bp loci). Approximate
Bayesian computations were executed in DIYABC v2.1 (Cornuet
et al., 2008), to infer the most likely ancestral source for each geo-
graphic group. Four competing scenarios were designed where
samples from the ancestral native range data were clustered into
three lineages and two main ancestral sources according to our
ADMIXTURE results and geographic location. Our scenarios tested
whether invasive populations of the Plateau group originate solely
from the Northern group (Scenarios 1, 2, 3), or are an admixture
with the Southern group (Scenario 4, which includes an admixture
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FIGURE 2 Diagram summarizing our methodological approach. We used a subset of independent loci to assess genetic structure and
demographic history. Subsequently, we combined genotype, phenotype, and environmental data to identify loci under selection and then
employed both Bayescan and RDA methods to determine optimal candidate loci
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Hyporhamphus intermedius

FIGURE 3 The measurement of morphological traits of H. intermedius. Abbreviations shown are: SL (standard length), PAL (preanal
length), PL (predorsal length), UJAW (upper jaw length), ED (eye diameter), HL (head length), CL (caudal peduncle length), CD (caudal
peduncle depth), BD (maximum body depth), CFL (caudal fork length). Adapted from “The halfbeaks (Pisces, Beloniformes, Hemiramphidae)
of the far East” by Collette BB. And Su J. 1986; proceedings of the Academy of Natural Sciences of Philadelphia, 138, p. 259. Copyright 1986

by Academy of Natural Sciences

event where the admixture rates “ar” and “1-ar” represent the ge-
netic contribution of each ancestral native population (Figure 4a;
Table 1). Each scenario was characterized by a number of historical
and demographic parameters that were expressed as the number
of generations back in time. Invasive populations diverged from

were northern populations “t,” generations ago (based on book
recording), while the Northern and Southern groups were sepa-
rated from each other at t2 generations ago. The ancestral native
northern, southern, and plateau populations are NT, ST, and PL;
NA is their common ancestral population. Priors for bottleneck
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FIGURE 4 Competing scenarios were designed for inferring the demographic histories for ABC analysis. (a) Considering the results

of ADMIXTURE, and phylogenetic analyses, we classified the 8 population into the following three regional groups: Pop1l represents the
southern population; Pop2 the northern populations: Pop 3 the plateau populations. (b) Model comparison step using the direct approach
(Miller et al., 2005). (c) Model comparison using the logistic regression approach (Beaumont et al., 2002). Three parental populations with
constant effective populations sizes NT, ST, and PL. in scenario 3, two parental populations with constant effective populations sizes
populations sizes NT and ST have diverged at time t2 from an ancestral population of size NA
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TABLE 1 Prior distributions of the parameters used in DIYABC

Probability

Parameter distribution Minimum Maximum
Effective population size

NA uniform 10 100,000

NT uniform 10 100,000

ST uniform 10 100,000

PL uniform 10 100,000
Time scale in generations

t1 uniform 10 100,000

t2 uniform 10 100,000
Admixture

ra uniform 0.01 0.5

duration and the effective number of founders were broad as no
prior information is available.

A total of 2x10” simulated data sets were used with uniform
prior distributions of N, (Table 1). A stepwise-mutation model
was assumed for 469 SNPs loci with a missing rate<0.1, and sum-
mary statistics including the mean of nonzero values, and pro-
portion of zero values for Genic diversities, F¢; distance and Nei's
distances. Pre-evaluation of each scenario was performed by
PCA (Principal Component Analysis, Figure S1) within DIYABC
(Cornuet et al., 2008). Both direct and logistic regression to assess
posterior probabilities across 100,000 simulated pseudo-observed
data sets were chosen for comparison to enable a ranking of scenar-
ios. To evaluate the confidence of the winner scenario, the posterior
predictive error was calculated in the logistic approach. Finally, each
scenario’s posterior probability was computed based on 10% simu-
lated data closest to the observed data using a logistic regression
procedure, applying logit transformation to all parameter values.
The precision of each parameter estimation was evaluated by cal-
culating the relative median absolute deviation (RMedAD) (Cornuet
et al., 2010). The summary statistics were scaled by the mean effec-
tive population size of the present four populations because the mu-
tation rates of the SNPs were unclear. Finally, we assessed a model
verification step by evaluating the goodness-of-fit of the winner sce-

nario concerning the observed dataset.

2.4 | Assessing genotype-environment and
genotype-phenotype associations

We performed a redundancy analysis (RDA) to evaluate associations
among the genotype, phenotype, and environment (GEA: genotype-
environment association; GPA: genotype- phenotype association)
in driving spatial genetic differentiation (Rao, 1964). Standardized
phenotypic variables (SL: standard length, Body Weight, Dorsal fin,
Anal fin, PAL: preanal length, PL: predorsal length, UJAW: upper jaw
length, ED: eye diameter, HL: head length, CL: caudal peduncle length,
CD: caudal peduncle depth, BD: maximum body depth, CFL: caudal
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fork length) were identified Genotype-phenotype association, while
a total of 14 environmental variables whose monthly measurements
were carried out with an YSImeter (computermodule: 650 MDS,
sonde: 6920; YSI Inc, Yellow Springs, OH) or collected from The China
Meteorological Data Service Center (http://data.cma.cn/) was consid-
ered as potential drivers of spatially varying selection (Table S2).
RDA assumes a linear relationship between the response vari-
ables (genotypes) and the explanatory variables (i.e., environmental
variables, phenotypic traits). In our case, the set of 5498 SNPs mark-
ers were converted from .vcf to. raw format using “plink” (Purcell
et al., 2007). Then, the matrix was extracted using the “adegenet”
(Jombart, 2008) package and all RDAs were performed using the rda
function in the “vegan” (Oksanen et al., 2017) package in R (follow-
ing Forester et al., 2018). Highly correlated predictors among envi-
ronmental variables or phenotypic traits were removed by |r|>0.75
(Dormann et al., 2013). Multicollinearity between predictors was as-
sessed using the variance inflation factor (VIF) and since all predictor
variables showed VIF <10 none were excluded. The proportion of
variance in allele frequencies could be explained by environmental
predictors based on the adjusted R2. We used an analysis of variance
(ANOVA) with 1000 permutations to evaluate the significance of the
global RDA. Finally, we used scaling = 3 (also known as “symmetrical
scaling”) on the first two constrained ordination axes for the ordi-
nation plots (Borcard et al., 2011) and identified the environmental

variables or phenotypic traits.

2.5 | Detection of outlier single nucleotide
polymorphisms

Two outlier detection methods were employed: BayeScan 2.1(Foll &
Gaggiotti, 2008) was applied for the detection of loci under natural se-
lection, which identified “outlier” loci by splitting F¢; into population-
specific components shared by all loci and locus-specific components
shared by all populations. Bayesian approach was used to find out-
lier (FDR = 0.01) in the dataset containing 5498 SNPs. All analyses
were conducted with 20 pilot runs for 5000 iterations, followed by
100,000 iterations with a burn-in of 50,000 steps. The default value
of prior odds (10) was used. Loci with alpha-values significantly >0
were considered as loci under directional selection while those with
alpha <0 were considered as loci under balancing selection (Moore
et al., 2014). All other loci were considered neutral. The output file
of F; was loaded into R v.4.0.5 using the BayeScan package follow-
ing Geweke's for convergence diagnostics and outliers' detection. We
acquired the list and the number of outliers, and the plotting.

As BayeScan is sensitive to a hierarchical structure in the data
causing high false positive rate, we also performed an RDA as multi-
locus GEA (genotype-environment association) and GPA (genotype-
phenotype association) methods to detect loci putatively under
selection based on correlations with environmental variables and
morphological traits. This approach can detect multilocus signatures
of selection based on locus scores from significant axes (i.e., the
loading of each locus in ordination space) that were +3 SD from the
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mean loading on the first two constrained ordination axes. It may
have very limited power in identifying spatially diversifying selec-
tion and we also could not align candidate loci against no genomic
resources for nonmodel species. In addition, the SNP loadings were
stored as species in the RDA object and extracted from the three
significant constrained as described above. The program parameters
followed Forester's setting (Forester et al., 2018), at which candidate
outliers were obtained. Outlier loci identified by two methods were
considered “candidate outliers,” which were presented in Venn plot-

ting by “VennDiagram” package within R v.4.0.5.

3 | RESULTS

3.1 | Single nucleotide polymorphisms from
double-digest restriction-site-associated DNA
sequencing

We established a ddRAD library and sequenced 150-bp paired-
ends from 156 individual fish in eight populations. This produced
an average of 16,016,724 (range 12,794,576-24,139,524) raw se-
quence reads per sample. After removing poor-quality sequences,
an average of 15,046,821 (range 11,394,714-22,827,782) raw reads
were available for sequence mapping and finding SNPs. Of the total
32,744 SNPs detected from 13,684,154 tags, 27,246 were discarded
due to excessive missing data in >80% fish in collection, retaining
5498 high-quality SNPs with minor allele frequency (MAF)>0.05
across the entire sequence dataset.

3.2 | Genetic diversity and population divergence

The 61,898,184-bp genomic region amplified from 156 individuals
identified 5498 SNP sites. There were slight differences in genetic
diversity among groups in different watersheds (Table 2). The mean
expected heterozygosity (He) of the loci over collections range from

Num

Pop ID Indv Ho He T D

DC 18.5578  0.1795 0.1841 0.1892 0.9523
FXH 171096  0.1811 0.1851 0.1907 0.9796
JN 16.9272  0.1643 0.1801 0.1856 0.7373
Sz 19.3163  0.1865 0.1973 0.2025 0.8397
CM 18.9608 0.1834 0.1928 0.1981 0.8498
SS 18.85 0.17 0.1813 0.1863 0.9065
GM 17.6987 0.1697 0.1807 0.186 0.9105
DM 17.7985  0.1661 0.1786 0.1838 0.8198

0.1786 to 0.1973, the Northern (SZ, CM, except JN) and the Plateau
(DC, FXH) had higher values than the southern populations. Similar
trending was observed on nucleotide diversity, though the Plateau
group were constructed after transplantation, and the positive values
of F were lowest within the plateau populations (0.0254-0.0265).
We have test percentage of loci in Hardy-Weinberg disequilibrium
per population (p-value <.05) (Table 2), and loci in Hardy-Weinberg
disequilibrium are few (<4%) in per population, while most of them
(>70%) for whole populations are in disequilibrium.

An AMOVA (analysis of molecular variance) of the 5498 SNPs
showed significant genetic variation among groups (56.70%) and
within populations (43.01%) (Table 3). Furthermore, the pairwise F;
values of the Southern group from the Pearl River System had a high
level of differentiation (0.3171-0.3781) compared to the remaining
groups (Table 4), forming a distinct cluster in the molecular phyloge-
netic tree (Figure S2). However, the genetic differentiation between
each pair of populations within geographic groups was lower. Even
though the genetic divergence of both the Northern and Plateau
did not reach significance (0.0372-0.0553) in the last decades, the
pairwise Fo; were slightly increased, indicating the tendency toward

genetic differentiation.

3.3 | Genetic structure, phylogeography, and
migration

In the phylogenetic analysis, the Southern group (SS, GM, and DM)
formed a distinct clade that was separated from the other popula-
tions with 100% bootstrap. The individuals from the Northern and
Plateau Lakes systems were assigned to close clades, suggesting a
close relationship between the two systems (Figure S2). Notably, 8
individuals from 5 populations were grouped as sister clade, provid-
ing strong evidence for transplant event.

Principal components analysis and ADMIXTURE analyses pro-
duced a similar phylogenetic topology. The first two principal com-
ponent axes clearly separate three distinct lineages from each other

TABLE 2 The results of population

i ::,\vas) genetic diversity index
0.0265 2.64%
0.0254 3.73%
0.0579 1.07%
0.0462 3.36%
0.042 2.55%
0.0473 1.87%
0.0448 3.33%
0.0513 2.04%

$The population genetic statistics includes Num Indv: average number of nucleotide differences;
= nucleotide diversity; He: expected heterozygosity; Ho: observed heterozygosity, F ¢: population
differentiation between individuals among sampled locations. D: Tajima's D mean values by
neutrality test; HWD: percentage of loci in Hardy-Weinberg disequilibrium per population

(p-value <.05).
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TABLE 3 AMOVA analysis of 8
populations based on 5498 SNPs
sequences

Source of variation

Among groups

Among populations
within groups

Within populations
Total

FST
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TABLE 4 Pairwise Fo; among 8 populations based on 5498 SNPs sequences

Population DC FXH JN

DC 0

FXH 0.0218 0

IN 0.0510" 0.0553" 0

Sz 0.0375 0.0409 0.0237

CM 0.0372 0.0401 0.0277

Ss 0.3373 0.3349" 0.3781

GM 0.3382 0.3359° 0.3760°

DM 0.3469" 0.3391° 0.3697
*p<.05.

in PCA plot (Figure 5a), which was broadly congruent at population
structure. ADMIXTURE analysis suggested three genetic clusters
(K = 3) (Figure 5b, c). The barplot at secondary optimal value of K = 2
provided an additional, interpretable resolution of population struc-
ture, in which the northern and plateau populations are assigned to
one group, reflecting the close relationship among them.

TreeMix analyses were used to estimate the direction and mag-
nitude of gene flow among taxa. The unrooted phylogenies revealed
two key results: first, within the two main clades, the Southern group
were well separated from the remaining sites, while the Plateau and
northern groups were admixtures with similar groupings of taxa to
those found in the secondary optimal structure (Figure 6a). Next, a
number of populations were identified as likely candidates for recent
admixture events (Figure 6b). Gene flow was inferred for several
pairs of taxa, including gene flow, for instances, from the FXH into
the CM, or migrations between pairs of Southern sites. Six historical
migration events were added to the tree sequentially, and two of
them were detected as high weight.

3.4 | Demographic history of the ancestral
populations

To assess the deviation from neutrality across groups, the results
using the complete SNP dataset of H. intermedius had a significant
positive value (mean Tajima's D = 1.936; Figure S3), which revealed
that medium-frequency loci were polymorphic and dominated the
genomes, indicating the effects of population subdivision, which
maintained the higher genetic variance.

Four possible scenarios of ancestral origin of H. intermedius
were implemented in DIYABC (Figure 4a). The analysis showed that

Sum of Variance Percentage

d.f. squares components of variation p-value
2 12078.3790  44.4953 0.5670 0001
5 5027 0.2255 0.0029 .3351
149 5231.0000 34 0.4301 0001
156 22564.8260  78.4692
0.5699

sz Cc™m SS GM DM

0

0.0155 0

0.3171 0.3208" 0

0.3183" 0.3224 0.0157 0

0.3231 0.3271 0.0155 0.0153 0

scenario 2 (Both the southern populations and the Plateau popula-
tions deriving from ancestral native northern populations) had the
highest support, with a posterior probability of 0.348 with the direct
approach (Figure 4b) and 0.737 with the logistic approach (Figure 4c),
while the other models had lower probabilities. Most parameter esti-
mates showed high RMedAD values (>0.2) and cannot be considered
fully reliable (Table S4). Based on the demographic model, the scaled
model values of effective population size varied greatly among re-
gions: the northern populations (NP) were large (8.69E+03), while
the plateau (PL) was smaller (6.42E+03), respectively, and the south-
ern population (SP) was only 7.17E+02 (Table S3).

3.5 | Genotype-environment and genotype-
phenotype associations

Based on all 5498 SNPs including all 8 sampling locations, redun-
dancy analysis (RDA) of climatic and environmental variables showed
that the first two components explained, respectively, 82.1%, 8.96%
of the variation (Figure 7a), and four variables (dissolved oxygen, chlo-
rophyl a, NH4 +-N, and daily temperature range) were selected and
showed statistically significant variation with genotypes (p = .001,
Rzadj = 0.2938). As predictive of genetic variation, all variables ex-
cluding dissolved oxygen (DO) were completely negative correlation
to axis 1 in the RDA, whereas DO have the largest squared constraint
score in the second RDA axis (Table 5), suggesting this variable con-
tributes the most to SNP variation. Interestingly, the first and third
axes split individuals into three large genotype-environment associa-
tion (GEA) groups corresponding to their sampling location.

Pearson analysis distinguished pronounced changes in shape
associated with the bases of the dorsal and anal fins (Figure S4),
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FIGURE 6 Admixture graph constructed with TreeMix using SNP data. (a) Maximum likelihood tree. Branch lengths are proportional to
the evolutionary change (the drift parameter) and terminal nodes were labeled with population codes (see Table 2). The scale bar represents
10 times the average standard error (s.e.) of the values in the covariance matrix, and the migration weight represents the fraction of ancestry
derived from the migration edge. (b) The residual covariance between each pair of populations from the maximum likelihood tree. Colors are
described in the palette on the right. Residuals above zero represent populations that are more closely related to each other in the data than
in the best-fit tree, and thus are candidates for admixture events

indicating that the appearance of a dramatic phenotypic differ-

ence coincided with the genomic differentiation. In H. intermedius

genotype-phenotype association (GPA) models, ten phenotypic
traits identified using RDA exhibited statistical association (p =.001,

Rzadj =0.2438; Table S5), when constrained by morphology. The first
RDA1 axes represented the main variance (76.74%) in SNP geno-
types, followed by precipitation in RDA2 (7.42%) and RDA3 (4.95%)
(Figure 7b, Table S5). Anal and dorsal fins were core variables to
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uncover separation between Southern group and remaining popu-
lations (R?,,,, = 0.7269, R?
and dorsal differences facilitating divergence between ecotypes.

, = 0.4046), supporting a role for anal

anai dorsal

3.6 | Outlier loci under selection

Using the Bayescan approach, 1099 loci were retained as outliers
to be under selection. One thousand and fifty-five of these SNPs
had significantly higher F¢; than the background of the genome (i.e.,
they are putatively under diversifying selection) and 49 have sig-
nificantly lower F¢; than the background of the genome (i.e., they
are putatively under balancing/purifying selection; Figure 8c). Using
RDA models, we identified a total of 94 showing GEA and 29 loci in
GPA (Figure 8a). In GEA, the majority of loci were most correlated
to NH4 +-N (47) and DO (34). Of the remaining outliers, seven were
associated with mean DTR and six to the content of chlorophyl a;

while in GPA, a large proportion of SNPs was more specifically at-
tributed to anal fins and standard length in morphology, respectively
(Figure 8b). Despite no direct way of aligning detected outliers, the
Venn diagram revealed only 16 outliers contained both GEA and
GPA. Combining both Bayescan and RDA methods, a total of nine of
the SNPs were detected as being under diversifying selection, which

was more likely to be candidate loci (Figure 8d).

4 | DISCUSSION
4.1 | Population structure and phylogeographic
relationships

Unlike marine environments, freshwater fish are typically in-
fluenced by various geographical factors and often have lower
gene flow between hydrographic basins (Bloom et al., 2013;
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TABLE 5 Redundancy analysis summary statistics of genotype-environment association
RDA1 RDA2 RDA3 RDA4
Eigenvalues 1408.36 153.72 122.15 31.19
Proportion Explained 0.821 0.0896 0.0712 0.0181
Cumulative Proportion 0.821 0.9106 0.9818 1
Environmental variables p-value r? Vif.cca
DO .001 0.7052 1.354
Chlorophyl a .001 0.4039 1.234
NH4 +-N .001 0.3242 1.098
Daily temperature range .001 0.4144 1.477
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(a)‘? — e DO ()2 To anal
o chi ® SL
® NH4N e CD
® DTR e Dorsal
o _| o
<
g =
0 | © Dorsal
? S
o | o
I ) ) ) ) T | T T T T T
-2 - 0 1 -1.0 -0.5 0.0 05 1.0
RDA1 RDA1
(©) BayeScan results (d) Venn Diagram
w_| o
° ?55141!
e
°| sgregde
ST >
L

04

02

PPRRES © 0 000

T T T T T T
[o] -1 -2 -3 -4 -5

log10(q value)

GPA_RDA

FIGURE 8 Results from detecting the candidate outliers. (a, b) Candidate outliers of GEA and GPA using redundant analysis (RDA) are
shown as colored points based on locus scores +3 SD from the mean loading on each RDA axis. The plots show the first three constrained
axes from RDA, with SNPs represented as gray filled circles, environment and phenotype variables as blue arrows, and individuals from
different population in color circles. (c) Results from BayeScan analysis illustrating neutral and selective SNPs. The vertical line represents
the corresponding to an FDR = 0.01, to the right of which potentially loci under selection are shown. (d) Venn diagram showing the
intersection of candidate SNPs detected by BayeScan and RDA (GEA_RDA & GPA_RDA) approaches

Puebla, 2009). There is no information on the interaction among
regional populations of H. intermedius, as anadromous H. interme-
dius is stopped by geographic constraints, without multi region
gene flow. Genetic differentiation can arise as a result of geo-
graphic barriers, which can potentially give rise to genetic struc-
ture (Fan et al., 2019; Wright, 1950). In our study, the ddRAD-Seq

analyses showed evident spatial genetic structure and reflected
its geographic arrangement in Mainland China. Genetic dif-
ferences are expected to occur when fish in different habitats
require unique abilities to survive (Bourke et al., 1997). We identi-
fied genetic-separated groups of H. intermedius on the mainland
though it is different in the PCA and phylogenetic analyses. Our



WANG ET AL.

genetic results agreed with the classic geographic scenario in
which these lineages are significantly differentiated genetically
among different regions and the intraspecific lineage of species
is often reported to be differentiated in different environments,
such as climate change arising by latitude and altitude (Domrés &
Peng, 1988; Jiang, Qiu, et al., 2018).

Of note, there are only two clusters on PC1 and only 2% of the
variation on PC2 in PCA analyses, though the optimal value of ge-
netic structure was K = 3. The best explanation was Plateau group
was closely related to the Northern group, as shown by the analysis
of gene flow. Importantly, these different findings provide evidence
to its phylogeographic relationships (Zhang et al., 2012). The cause
of the high degree of relatedness between the groups is likely due
to the short time since transplantation. Considering the geographic
barriers among the river systems and that each group is separated
by >1000km, we observe that the pairwise population genetic dif-
ferentiation was complicated, as might be expected. Strong within-
group migration still existed, although some populations are widely
separated, such as CM and SZ, SS and DM. These findings imply that
H. intermedius has much greater gene flow than previously thought.
Overall, the complex phylogeographic relationship suggests that H.
intermedius diversified throughout the system and the effects of an-
thropogenic intervention and geographic constraints led to the cur-
rent biogeographic distribution and population structure.

4.2 | Genetic differentiation and cryptic lineages

The level of genetic diversity reflects a population's viability, mean-
ing that a population with a higher level of genetic diversity has
greater adaptability, which is conducive to its long-term survival
(Frankham et al., 2002; Reed & Frankham, 2003). The first goal of
this study was to identify genomic variation of H. intermedius and
what is about the genetic diversity. The levels of genetic diversity
we observed were most likely related to spatial variation. At the
genomic level, the degree of polymorphism within populations var-
ied from 0.1838 to 0.2025; the southern populations had compara-
tively lower levels than northern ones. Strong geographic clustering
of populations was observed, corresponding to our AMOVA estima-
tion (among-group variance of 56.70%). Furthermore, the pairwise
F¢r analysis revealed high differentiation in the Southern group, pos-
sibly cryptic subspecies (F;>0.25, Wright, 1990), on the mainland,
while subtle genetic differentiation (very low and nonsignificant Fy;
values) between the native and introduced populations (the North
and the Plateau). Strong divergence in H. intermedius appeared along
the north-south axis based on genetic analysis, whereas Collette
and Su (1986) resolved these phylogeographic relationships using
morphological data with many fixed differences. Such differentia-
tion could potentially be caused by evolutionary forces (selection
or genetic drift) and was reported in the sister taxon. Analysis of
deviations from the HWE on whole genomic datasets has shown
that loci in all populations were more frequently deviating (>70%),
while loci in Hardy-Weinberg disequilibrium are few (<4%) per local
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population, which may be indicative of strong evolutionary force on
whole populations. Given the presence of geographic constraints to
population dispersion, we hypothesized that these lineages repre-
sent incipient species. The effects of demographic history on ge-
netic variation highlighted the genome variation between north and
south has alternatively been interpreted northern origin of H. inter-
medius, in agreement with the ABC results, as addressed in several

other animal investigations (Nufiez et al., 2011).

4.3 | Origins of the early introduced populations
The invasive populations in plateau lakes were reported to have
a lower allelic diversity compared to indigenous populations, be-
cause the latter may be richer in rare alleles. Our observations are
in disagreement with these researches in invasive populations de-
veloped from transplantation. The plateau populations are devel-
oped through just four decades reaching a normal level in genetic
backgrounds, which was unexpected, evidencing that these clusters
did not experience strong bottleneck effects after diverging from
ancestral populations and have been maintained as relatively large
and stable populations gathered different lineages from the north,
which have direct management implications. The phylogenetic pat-
tern observed from numerous SNPs at a genome-wide scale mani-
festing the hydrology of the Yunnan-Guizhou Plateau appears to
have played a central role in the genetic differentiation and struc-
tural diversification of the Plateau group following the initial colo-
nization. Specifically, individuals from the Northern group form a
lineage that resolved as native populations genetically proximate
to the introduced group, as evident in the phylogeographic analy-
sis and demographic inference and demonstrated by the history re-
cord (Zhu & Chen, 1989). Clear evidence of admixture as reflected
in the Treemix result is present in the whole genomes, although the
northern populations are more distant from the Plateau Lakes and
isolated by various continental barriers. Historically, H. intermedius
was first introduced into the Plateau Lakes in Yunnan Province in the
1980s, although there is no clear record of the route involved (Xiong
et al., 2006). The introduction routes of the plateau populations can
be inferred from several investigations; most may have originated
from Jiangsu Province (Xiong et al., 2008; Zhu & Chen, 1989), which
overlaps the Yangtze River Basin.

The genetic differentiation among the native populations also
provided clues to the origins of the introduced plateau populations
(Cornuet, 1999; Shen et al., 2019; Waples & Gaggiotti, 2006). Both
genetic differentiation and an obvious geographic pattern to the
population distribution in the diverse aquatic environments were
identified in a background of migration. The introduced populations
in the Plateau Lakes formed an independent genetic cluster, with
a few individuals admixed with the Northern group. Of note, the
slight genetic divergence of the Plateau and the Northern was unex-
pected. The Plateau Lakes are geographically adjacent to the Pearl
River System, so that the Plateau and the Southern were hypothe-
sized to have high probability of introgressive hybridization events.
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However, this scenario had the lowest support among the four com-
peting scenarios in the ABC analysis. In both the pairwise F¢; and
phylogenetic analyses, the introduced populations shaped the pat-
terns across the recent divergence. Similar conclusions are drawn
from other fish research, such as in salmonids (Narum et al., 2017)
and grass carp (Shen et al., 2019).

4.4 | Local diversification in heterogeneous
environments

The combination of morphological characters and genomic data, to-
gether with the environmental heterogeneity elucidated a scenario
of diversification in H. intermedius. We identified several GEA re-
lated to environmental variables, which is consistent with results in
other fish species, such as salmonids (Bekkevold et al., 2019; Bourret
et al.,, 2013; Chen et al., 2018). Interestingly, the study shows the
Plateau sampling sites that were located at the same latitude but dif-
ferent altitudes with the south showed strong relationships with the
DO contentand DTR, which reflect the effects of the Plateau on tem-
perature fluctuation and oxygen deficit (Fan et al., 2011; Mackinnon
& Carey, 1996), while the distribution of the Southern group was
associated with the water temperature as a result of subtropical
weather in the Pearl River Basin (Zhou et al., 2018). Compared to
the south adapted to long summers and warm-winters, the north
group thrives in fluctuating, cold-temperate environments. Such
general relationships are not surprising given that in fishes, tempera-
ture is linked to key physiological, developmental, and behavioral
processes, rendering fish highly sensitive to climatic and thermal
conditions (Chen et al., 2018; Crozier & Hutchings, 2014). Stable
and high temperature affects a broad spectrum of cellular compo-
nents, accelerating enzymatic activity and metabolism in organism
(Beemelmanns et al., 2021; Jesus et al., 2016; Jeffries et al., 2014).
In GPA, we also found a difference in morphological traits (dorsal,
anal fins rays, etc.), especially between the north and the south. The
differentiation whether genetic or phenotypic among watersheds
detected here appears to have been driven by selective pressure
related to spatial environmental heterogeneity, which are important
determinants of phylogeographic structure in many other species
(Guo et al., 2015; Selleslagh et al., 2009), although some salmonid
studies indicate stronger effect of phenotypic plasticity rather than
adaptation to specific habitat (Solberg et al., 2016).

In fact, GEA studies can only be indicative of drivers underly-
ing local adaptation, confirmation of functional, and adaptive sig-
nificance of post-identified genes requires rigorous testing, as the
relatedness may be derived from an interaction or unrecognized fac-
tor that is strongly associated with one of the parameters examined
(Guo et al., 2016; Lascoux & Merila, 2013). Numbers of GEA identi-
fied with BayeScan were high but sensitive to a hierarchical struc-
ture in the data causing a high false-positive rate, which suggests
that absolute numbers of GEA identified may have been upwardly
biased. By using the combined outliers detected in GEA and GPA
by RDA, we narrowed down the possibilities and identified several

candidate adaptive SNPs highly correlated with variables, although
we could not align candidate loci against no genomic resources for
nonmodel species. Irrespective of a potential bias, the identification
GEA across broad expanses of genome with both methods is sugges-
tive of locally adapted variation being pervasive throughout multiple
genomic regions.

Additionally, this study showed that population subdivision stem-
ming from environmental heterogeneity can introduce fine-scale
population structure and divergence (Mathias et al., 2001; Michel
et al., 2010; Via, 2012). Identifying differentiation during population
introduction and adaptation in heterogeneous environments geneti-
cally is pivotal to unveiling population structure and the mechanisms
of adaption (Gamboa & Watanabe, 2019). The positive Tajima's D
revealed that medium-frequency loci were polymorphic and domi-
nated the genomes, indicating strong effects of balancing selection
or population subdivision (Simonsen et al., 1995; Tajima, 1989). As
a result, species maintain more genetic variance and have the ca-
pacity to survive and adapt in diverse environments. Tajima's D in
most genomic windows was positive and the effect of balancing se-
lection appears in only local genomic regions (Figure S3). Instead,
we speculate that genetic drift affected the entire population; as a
result, higher genetic diversity was maintained at specific loci. There
were few negative Tajima's D values or low-frequency loci, indi-
cating the absence of strongly positive selection. Local divergence
and evolution will emerge when the strength of divergent selection
overrides random genetic drift and the homogenizing effect of gene
flow among populations (Ahrens et al., 2018; Leinonen et al., 2013).
Nevertheless, there have been few direct observations of selective
regions across genomes in nonmodel species. Population subdivision
might promote the survival of isolated populations in heterogeneous
environments and potentially affect the boundaries of local popu-
lations, which determine their phenotypic polymorphism, and wide

adaptability is a good material for study.

5 | CONCLUSIONS

Our results indicate that hydrological barriers and abiotic factors
(DTR, DO, NH4 +-N, and chlorophyl a) mold phylogeography and
diversification at large scales. Genome-wide SNP data gave in-
sights into the complex spatial genetic structure (three clusters)
and the demographic history of H. intermedius in Mainland China.
This uncovered the genetic differentiation in three heterogene-
ous hydrobiological regions, which served as a source of genetic
polymorphisms for divergence and adaptation. Furthermore, we
showed that the introduced halfbeak populations in Plateau Lakes
originated from the Northern, whereas significantly early diver-
gence occurred in both genotype and phenotype in the Southern
group, which is an isolated lineage that may develop into incipi-
ent species. Isolation by distance was detected among southern-
northern groups, and we demonstrated that H. intermedius
underwent subdivision, which is also likely indispensable to sur-
vival during adaptation to new habitats. We offer robust evidence
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of disappearing migratory behaviors, the formation of population
structure in H. intermedius, and divergence in a heterogeneous en-
vironment due to the interaction of population subdivision, as well

as strong effects of abiotic factors.

AUTHOR CONTRIBUTIONS

Gongpei Wang: Conceptualization (lead); data curation (lead); formal
analysis (lead); investigation (lead); methodology (lead); software
(lead); validation (lead); visualization (lead); writing - original draft
(lead); writing - review and editing (equal). Han Lai: Data curation
(equal); investigation (equal); validation (equal); visualization (equal).
Sehng Bi: Investigation (equal); methodology (equal); resources
(equal). Ding-Li guo: Conceptualization (equal); investigation (equal);
software (equal). Xiaopin Zhao: Methodology (equal); validation
(equal); writing - original draft (equal). Xiaoli Chen: Data curation
(equal); resources (equal); validation (equal). Shuang Liu: Investigation
(equal); methodology (equal); writing - original draft (equal). Xuange
Liu: Methodology (equal); validation (equal). Yuqin Su: Methodology
(equal); validation (equal). Huadong Yi: Methodology (equal); valida-
tion (equal). Guifeng Li: Conceptualization (equal); funding acquisi-
tion (equal); investigation (equal); project administration (equal);
resources (equal); supervision (equal); validation (equal); writing -
review and editing (equal).

ACKNOWLEDGMENTS

The authors thank the Shanghai Personalbio Technology Co., Ltd.
for sequencing and analyses, and are grateful to Chao Li, Yubing
Zhou for their help with the analyses, in addition to Lang Xiong for
her help with the English writing. The authors thank the staff of Core
Facilities at State Key Laboratory of Ophthalmology, Zhongshan
Ophthalmic Center for technical support, and local fishermen for

their help in surveys and fish sampling.

CONFLICT OF INTEREST
The authors declare that they have no competing interests.

DATA AVAILABILITY STATEMENT
All data are incorporated into the article and its online supplemen-

tary material.

ORCID
Guifeng Li " https://orcid.org/0000-0002-6724-5462
REFERENCES

Ahrens, C. W., Rymer, P. D., Stow, A., Bragg, J., Dillon, S., Umbers, K. D.
L., & Dudaniec, R. Y. (2018). The search for loci under selection:
Trends, biases and progress. Molecular Ecology, 27, 1342-1356.

Alexander, D. H., & Lange, K. (2011). Enhancements to the ADMIXTURE
algorithm for individual ancestry estimation. BMC Bioinformatics,
12, 246.

Alter, S. E., Munshi-South, J., & Stiassny, M. L. J. (2016). Genome-wide
SNP data reveal cryptic phylogeographic structure and microal-
lopatric divergence in a rapids-adapted clade of cichlids from The
Congo River [J]. Molecular Ecology, 26(5), 1401-1419.

Ecology and Evolution 150f 17
=t e W1 LEY- 2

Andersen, R., Poulin, M., Borcard, D., Laiho, R., Laine, J., Vasander, H.,
& Tuittila, E. T. (2011). Environmental control and spatial struc-
tures in peatland vegetation [J]. Journal of Vegetation Science, 22(5),
878-890.

Andrews, K. R., Good, J. M., Miller, M. R,, Luikart, G., & Hohenlohe, P. A.
(2016). Harnessing the power of RAD-seq for ecological and evolu-
tionary genomics [J]. Nature Reviews Genetics, 17(2), 81-92.

Avise, J. C. (2000). Phylogeography: The history and formation of species
[M]. Harvard University Press.

Beaumont, M. A., Zhang, W., & Balding, D. J. (2002). Approximate
Bayesian computation in population genetics. Genetics, 162,
2025-2035.

Beemelmanns, A., Zanuzzo, F. S., Xue, X., Sandrelli, R. M., & Gamperl, A.
K. (2021). The transcriptomic responses of Atlantic salmon (salmo
Salar) to high temperature stress alone, and in combination with
moderate hypoxia. BMC Genomics, 22(1), 261.

Bekkevold, D., Héjesjo, J., Nielsen, E. E., Aldvén, D., Als, T. D., Sodeland,
M., Kent, M. P, Lien, S., & Hansen, M. M. (2019). Northern European
Salmo trutta (L.) populations are genetically divergent across
geographical regions and environmental gradients. Evolutionary
Applications, 13(2), 400-416.

Bloom, D. D., Weir, J. T., Piller, K. R., & Lovejoy, N. R. (2013). Do fresh-
water fishes diversify faster than marine fishes? A test using state-
dependent diversification analyses and molecular phylogenet-
ics of new world silversides (atherinopsidae) [J]. Evolution, 67(7),
2040-2057.

Bluher, S. E., Miller, S. E., & Sheehan, M. J. (2020). Fine-scale popula-
tion structure but limited genetic differentiation in a coopera-
tively breeding paper wasp [J]. Genome Biology and Evolution, 12(5),
701-714.

Borcard, D., Gillet, F., & Legendre, P. (2011). Numerical Ecology with R. Use
R! series. Springer.

Bourke, P., Magnan, P., & Rodriguez, M. A. (1997). Individual variations in
habitat use and morphology in brook charr. Journal of Fish Biology,
51,783-794.

Bourret, V., Kent, M. P., Primmer, C. R., Vasemagi, A., Karlsson, S., Hindar,
K., &Lien, S.(2013). SNP-array reveals genome-wide patterns of geo-
graphical and potential adaptive divergence across the natural range
of Atlantic salmon (Salmo salar). Molecular Ecology, 22, 532-551.

Brawand, D., Wagner, C.E., Li, Y.I., Malinsky, M., Keller, |, Fan, S., Simakov,
0., Ng, A. Y., Lim, Z. W.,, Bezault, E., Turner-Maier, J., Johnson, J.,
Alcazar, R., Noh, H. J., Russell, P., Aken, B., Alféldi, J., Amemiya, C.,
Azzouzi, N., ... di Palma, F. (2014). The genomic substrate for adap-
tive radiation in African cichlid fish. Nature, 513, 375-381.

Catchen, J. M., Amores, A., Hohenlohe, P., Cresko, W., & Postlethwait, J.
H. (2011). Stacks: Building and genotyping loci de novo from short-
read sequences. G3: Genes, Genomes, Genetics, 1, 171-182.

Catchen, J., Hohenlohe, P. A., Bassham, S., Amores, A., & Cresko, W. A.
(2013). Stacks: An analysis tool set for population genomics [J].
Molecular Ecology, 22(11), 3124-3140.

Chaichoompu, K., Abegaz, F., Cavadas, B., Fernandes, V., Miiller-Myhsok,
B., Pereira, L., & van Steen, K. (2020). A different view on fine-
scale population structure in Western African populations. Human
Genetics, 139, 45-59.

Chen, Z. Q., Farrell, A. P.,, Matala, A., & Narum, S. R. (2018). Mechanisms
of thermal adaptation and evolutionary potential of conspecific
populations to changing environments. Molecular Ecology, 27,
659-674.

Collette, B. B., & Su, J. (1986). The halfbeaks (Pisces, Beloniformes,
Hemiramphidae) of the far east [J]. Proceedings of the Academy of
Natural Sciences of Philadelphia, 138(1), 250-302.

Cornuet, J.-M. (1999). New methods employing multi locus genotypes to
select or exclude populations as origins of individuals [J]. Genetics,
153, 1989-2000.


https://orcid.org/0000-0002-6724-5462
https://orcid.org/0000-0002-6724-5462

WANG ET AL.

169017 | Wi L y-Ecoogy end Evlon

Cornuet, J.-M., Santos, F., Beaumont, M. A., Robert, C. P., Marin, J. M.,
Balding, D. J., Guillemaud, T., & Estoup, A. (2008). Inferring popula-
tion history with diy abc: A user-friendly approach to approximate
bayesian[J]. Bioinformatics, 24(23), 2713-2719.

Cornuet, J. M., Ravigné, V., & Estoup, A. (2010). Inference on population
history and model checking using DNA sequence and microsatel-
lite data with the software DIYABC (v1.0). BMC Bioinformatics, 11,
1-11.

Crozier, L. G., & Hutchings, J. A. (2014). Plastic and evolutionary re-
sponses to climate change in fish. Evolutionary Applications, 7,
68-87.

Cui, Y. D, Liu, X. Q., & Wang, H. Z. (2008). Macrozoobenthic com-
munity of Fuxian Lake, the deepest lake of Southwest China.
Limnologica-Ecology and Management of Inland Waters, 38(2),
116-125.

Domrés, M., & Peng, G. (1988). The climate of China. Springer-Verlag.

Dormann, C. F,, Elith, J., Bacher, S., Buchmann, C., Carl, G., Carré, G.,
Marquéz, J. R., Gruber, B., Lafourcade, B., & Leitao, P. J. (2013).
Collinearity: A review of methods to deal with it and a simulation
study evaluating their performance. Ecography (Cop.), 36, 27-46.

Doyle, J. J., & Doyle, J. L. (1987). A rapid DNA isolation procedure for
small quantities of fresh leaf tissue[J]. Phytochemical Bulletin, 19,
11-15.

Excoffier, L., & Lischer, H. E. L. (2010). Arlequin suite ver 3.5: A new
series of programs to perform population genetics analyses
under linux and windows[J]. Molecular Ecology Resources, 10(3),
564-567.

Fan, J., Zheng, X., Wang, H., Qi, H., Jiang, B., Qiao, M., Zhou, J., & Bu,
S. (2019). Analysis of genetic diversity and population structure in
three forest musk deer captive populations with different origins
[J]. G3: Genes, Genomes, Genetics, 9(4), 1037-1044.

Fan, Z., Brauning, A., Thomas, A., Li, J. B., & Cao, K. F. (2011). Spatial and
temporal temperature trends on the Yunnan plateau (Southwest
China) during 1961-2004[J]. International Journal of Climatology,
31(14), 2078-2090.

Foll, M., & Gaggiotti, O. (2008). A genome-scan method to identify se-
lected loci appropriate for both dominant and codominant markers:
A bayesian perspective. Genetics, 180(2), 977-993.

Forester, B. R., Lasky, J. R., Wagner, H. H., & Urban, D. L. (2018).
Comparing methods for detecting multilocus adaptation with mul-
tivariate genotype-environment associations. Molecular Ecology,
27(9), 2215-2233.

Fraser, D. J., Weir, L. K., Bernatchez, L., Hansen, M. M., & Taylor, E. B.
(2011). Extent and scale of local adaptation in salmonid fishes:
Review and meta-analysis[J]. Heredity, 106(3), 404-420.

Frankham, R., Ballou, J. D., & Briscoe, D. A. (2002). Introduction to conser-
vation genetics. Cambridge University Press.

Gamboa, M., & Watanabe, K. (2019). Genome-wide signatures of local
adaptation among seven stoneflies species along a nationwide lati-
tudinal gradient in Japan. BMC Genomics, 20, 84.

George, F. T. (2000). The ecology of adaptive radiation[J]. Heredity, 86(6),
749-750.

Guo, B., DeFaveri, J., Sotelo, G., Nair, A., & Meril3, J. (2015). Population
genomic evidence for adaptive differentiation in Baltic Sea three-
spined sticklebacks[J]. BMC Biology, 13(1), 19.

Guo, B., Li, Z., & Merila, J. (2016). Population genomic evidence for adap-
tive differentiation in the Baltic Sea herring[J]. Molecular Ecology.,
25(12), 2833-2852.

Jakobsson, M., & Rosenberg, N. A. (2007). CLUMPP: A cluster match-
ing and permutation program for dealing with label switching and
multimodality in analysis of population structure[J]. Bioinformatics,
23(14), 1801-1806.

Jesus, T. F., Grosso, A. R., Almeida-Val, V. M. F,, & Coelho, M. M. (2016).
Transcriptome profiling of two Iberian freshwater fish exposed to
thermal stress. Journal of Thermal Biology, 55, 54-61.

Jeffries, K. M., Hinch, S. G., Sierocinski, T., Pavlidis, P., & Miller, K. M.
(2014). Transcriptomic responses to high water temperature in two
species of Pacific salmon. Evolutionary Applications, 7, 286-300.

Jiang, W,, Qiu, Y., Pan, X., Zhang, Y., Wang, X., Lv, Y., Bian, C,, Li, J., You,
X., Chen, J., Yang, K., Yang, J.,, Sun, C,, Liu, Q., Cheng, L., Yang, J., &
Shi, Q. (2018a). Genome assembly for a Yunnan-Guizhou plateau
“3E” fish, Anabarilius grahami (regan), and its evolutionary and ge-
netic applications[J]. Frontiers in Genetics, 9, 614.

Jiang, X. L., Gardner, E. M., Meng, H. H., Deng, M., & Xu, G. B. (2018b).
Land bridges in the Pleistocene contributed to flora assembly on
the continental islands of South China: Insights from the evolu-
tionary history of Quercus championii. Molecular Phylogenetics &
Evolution, 132, 36-45.

Jombart, T. (2008). Adegenet: a R package for the multivariate analysis of
genetic markers[J]. Bioinformatics, 24(11), 1403-1405.

Jones, F. C., Grabherr, M. G., Chan, Y. F., Russell, P., Mauceli, E., Johnson,
J., Swofford, R., Pirun, M., Zody, M. C., White, S., Birney, E., Searle,
S., Schmutz, J., Grimwood, J., Dickson, M. C., Myers, R. M., Miller,
C. T., Summers, B. R., Knecht, A. K., ... Kingsley, D. M. (2012). The
genomic basis of adaptive evolution in three-spine sticklebacks.
Nature, 484, 55-61.

Kyriakis, D., Kanterakis, A., Manousaki, T., Tsakogiannis, A., Tsagris,
M., Tsamardinos, |., Papaharisis, L., Chatziplis, D., Potamias, G., &
Tsigenopoulos, C. S. (2019). Scanning of genetic variants and ge-
netic mapping of phenotypic traits in gilthead sea bream through
ddRAD sequencing[J]. Frontiers in Genetics, 10, 675.

Lagisz, M., Wolff, K., Sanderson, R. A., & Laskowski, R. (2010). Genetic
population structure of the ground beetle, Pterostichus oblon-
gopunctatus, inhabiting a fragmented and polluted landscape:
Evidence for sex-biased dispersal[J]. Journal of Insect Science, 10,
105-120.

Lascoux, S. O., & Merilg, J. (2013). Ecological genomics of local adapta-
tion[J]. Nature Reviews Genetics, 14(11), 807-820.

Leinonen, T., McCairns, R. J. S., O'Hara, R. B., & Merild, J. (2013). Qo-Fsr
comparisons: Evolutionary and ecological insights from genomic
heterogeneity[J]. Nature Reviews Genetics, 14, 179-190.

Li, S., & Zhang, C. (2011). Chinese zoology[M]. Science Press.

Mackinnon, J., & Carey, G. (1996). A biodiversity review of China. World
Wide Fund for Nature.

Maroso, F., Casanova, A., do Prado, F. D., Bouza, C., Pardo, B. G., Blanco,
A., Hermida, M., Fernandez, C., Vera, M., & Martinez, P. (2018).
Species identification of two closely exploited flatfish, turbot
(Scophthalmus maximus) and brill (Scophthalmus rhombus), using a
ddRADseq genomic approach[J]. Aquatic Conservation: Marine and
Freshwater Ecosystems, 28, 1253-1260.

Mathias, A., Kisdi, E., & Olivieri, |. (2001). Divergent evolution of disper-
sal in a heterogeneous landscape. Evolution, 55(2), 246-259.

Michel, A. P.,, Sim, S., Powell, T. H. Q., Taylor, M. S., Nosil, P., & Feder, J. L.
(2010). Widespread genomic divergence during sympatric specia-
tion[J]. Proceedings of the National Academy of Sciences of the United
States of America, 107, 9724-9729.

Miller, N., Estoup, A., Toepfer, S., Bourguet, D., Lapchin, L., Derridj, S.,
Kim, K. S., Reynaud, P, Furlan, L., & Guillemaud, T. (2005). Multiple
transatlantic introductions of the western corn rootworm. Science,
310, 992.

Moore, J.-S., Bourret, V., Dionne, M., Bradbury, I., O'Reilly, P., Kent,
M., Chaput, G., & Bernatchez, L. (2014). Conservation genomics
of anadromous Atlantic salmon across its north American range:
Outlier loci identify the same patterns of population structure as
neutral loci. Molecular Ecology, 23(23), 5680-5697.

Narum, S. R., Gallardo, P., Correa, C., Matala, A., Hasselman, D.,
Sutherland, B. J., & Bernatchez, L. (2017). Genomic patterns of
diversity and divergence of two introduced salmonid species
in Patagonia, South America[J]. Evolutionary Applications, 10(4),
402-416.



WANG ET AL.

Nosil, P, Feder, J. L., Flaxman, S. M., & Gompert, Z. (2017). Tipping points
in the dynamics of speciation[J]. Nature Ecology & Evolution, 1(2),
0001.

Nosil, P., Funk, D. J., & Ortiz-Barrientos, D. (2009). Divergent selection
and heterogeneous genomic divergence[J]. Molecular Ecology, 18,
375-402.

Nufez, J. J., Wood, N. K., Rabanal, F. E., Fontanella, F. M., & Sites,
J. W, Jr. (2011). Amphibian phylogeography in the antipodes:
Refugia and postglacial colonization explain mitochondrial hap-
lotype distribution in the Patagonian frog Eupsophus calcaratus
(Cycloramphidae). Molecular Phylogenetics and Evolution, 58,
343-352.

Oksanen, J., Simpson, G. L., Blanchet, F. G., Kindt, R., Legendre, P.,
Minchin, P. R., O'Hara, R. B., Solymos, P., Stevens, M. H. H., Szoecs,
E., Wagner, H., Barbour, M., Bedward, M., Bolker, B., Borcard, D.,
Carvalho, G., Chirico, M., De Caceres, M., Durand, S., ... Weedon,
J. (2017). Vegan: Community ecology package version. 1.17-4. R
package. http://CRAN.R-project.org/package=vegan

Peterson, B. K., Weber, J. N., Kay, E. H., Fisher, H. S., & Hoekstra, H. E.
(2012). Double digest RADseq: An inexpensive method for de novo
SNP discovery and genotyping in model and non-model species[J].
PLoS One, 7, e37135.

Pickrell, J. K., & Pritchard, J. K. (2012). Inference of population splits and
mixtures from genome-wide allele frequency data[J]. PLoS Genetics,
8(11), €1002967.

Puebla, O. (2009). Ecological speciation in marine v. freshwater fishes[J].
Journal of Fish Biology, 75(5), 960-996.

Purcell, S., Neale, B., Todd-Brown, K., Thomas, L., Ferreira, M. A. R,,
Bender, D., Maller, J., Sklar, P., de Bakker, P. I., Daly, M. J., & Sham,
P. C. (2007). PLINK: a tool set for whole-genome association and
population-based linkage analyses. The American Journal of Human
Genetics, 81(3), 559-575.

Rajkov, J., Weber, A. A. T, Salzburger, W., & Egger, B. (2018). Adaptive
phenotypic plasticity contributes to divergence between lake and
river populations of an east African cichlid fish[J]. Ecology and
Evolution, 8, 7323-7333.

Rao, C.R.(1964). The use and interpretation of principal component anal-
ysis in applied research[J]. Sankhya: The Indian Journal of Statistics,
Series A, 26, 329-358.

Reed, D. H., & Frankham, R. (2003). Correlation between fitness and ge-
netic diversity. Conservation Biology, 17, 230-237.

Riginos, C., & Liggins, L. (2013). Seascape genetics: Populations, individ-
uals, and genes marooned and adrift[J]. Geography Compass, 7(3),
197-216.

Saenz-Agudelo, P, Dibattista, J. D., Piatek, M. J,, Gaither, M. R., Harrison,
H. B., Nanninga, G. B., & Berumen, M. L. (2015). Seascape genetics
along environmental gradients in the Arabian peninsula: Insights
from ddRAD sequencing of anemonefishes[J]. Molecular Ecology,
24(24), 6241-6255.

Selleslagh, J., Amara, R., Laffargue, P., Lesourd, S., Lepage, M., & Girardin,
M. (2009). Fish composition and assemblage structure in three
eastern English Channel macrotidal estuaries: A comparison with
other French estuaries[J]. Estuarine Coastal and Shelf Science, 81(2),
149-159.

Shen, Y., Wang, L., Fu, J., Xu, X., Yue, G. H., & Li, J. (2019). Population
structure, demographic history and local adaptation of the grass
carp[J]. BMC Genomics, 20, 467.

Simonsen, K. L., Churchill, G. A., & Aquadro, C. F. (1995). Properties
of statistical tests of neutrality for DNA polymorphism data[J].
Genetics, 141(1), 413-429.

Sihai, W., Wang, J., Li, M., Du, F,, Yang, Y., Lassoie, J. P, & Hassan, M.
Z. (2013). Six decades of changes in vascular hydrophyte and fish
species in three plateau lakes in Yunnan, China[J]. Biodiversity and
conservation, 22, 3197-3221.

Slatkin, M. (1987). Quantitative genetics of heterochrony[J]. Evolution,
41(4),799-811.

Ecology and Evolution 17 of 17
=t e W1 LEY- 7Y

Solberg, M. F,, Dyrhovden, L., Matre, I. H., & Glover, K. A. (2016). Thermal
plasticity in farmed, wild and hybrid Atlantic salmon during early
development: Has domestication caused divergence in low tem-
perature tolerance? BMC Evolutionary Biology, 16, 38.

Stoddart, D. R., McLean, R. F.,, Scoffin, T. P., Thom, B. G., & Hopley, D.
(1978). Evolution of reefs and islands, northern great barrier reef:
Synthesis and interpretation[J]. Philosophical Transactions of the
Royal Society B Biological Sciences, 284(999), 149-159.

Sultan, S. E., & Spencer, H. G. (2002). Metapopulation structure fa-
vors plasticity over local adaptation[J]. American Naturalist., 160,
271-283.

Tajima, F. (1989). Statistical method for testing the neutral mutation hy-
pothesis by DNA polymorphism. Genetics, 123(3), 585-595.

Via, S. (2001). Sympatric speciation in animals: The ugly duckling grows
up[J]. Trends of Ecology and Evolution, 16, 381-390.

Via, S. (2012). Divergence hitchhiking and the spread of genomic iso-
lation during ecological speciation-with-gene-flow[J]. Philosophical
Transactions of the Royal Society B: Biological Sciences, 367, 451-460.

Wang, C., Zéllner, S., & Rosenberg, N. A. (2012). A quantitative compar-
ison of the similarity between genes and geography in worldwide
human populations[J]. PLoS Genetic, 8(8), e1002886.

Waples, R. S., & Gaggiotti, O. (2006). What is a population? An empirical
evaluation of some genetic methods for identifying the number of
gene pools and their degree of connectivity. Molecular Ecology, 15,
1419-1439.

Wiens, J. J. (2011). The niche, biogeography and species interactions[J].
Philosophical Transactions of the Royal Society B: Biological Sciences,
366(1576), 2336-2350.

Wright, S. (1950). Genetic structure of populations[J]. British Medical
Journal, 2(4669), 36.

Wright, S. (1990). Evolution in mendelian populations. Bulletin of
Mathematical Biology, 52, 241-295.

Xiong, F. (2006). Status and changes of fish resources in Fuxian Lake,
Yunnan [J]. Journal of Lake Science, 03, 305-311.

Xiong, F., Li, W., & Pan, J. (2008). Present status of alien fishes and anal-
ysis of relative problems in Lake Fuxian in Yunnan Province[J]. Acta
Agriculturae Jiangxi, 20, 92-94.

Zhang, R., Song, G., Qu, Y., Alstrém, P., Ramos, R., Xing, X., Ericson, P.
G. P, Fjeldsa, J., Wang, H., Yang, X., Kristin, A., Shestopalov, A.
M., Choe, J. C., & Lei, F. (2012). Comparative phylogeography of
two widespread magpies: Importance of habitat preference and
breeding behavior on genetic structure in China[J]. Molecular
Phylogenetics and Evolution, 65, 562-572.

Zhou, L., Wang, G., Kuang, T., Guo, D., & Li, G. (2018). Fish assemblage
in the Pearl River estuary: Spatial-seasonal variation, environmen-
tal influence and trends over the past three decades[J]. Journal of
Applied Ichthyology, 00, 1-12.

Zhu, X. L., & Chen, Y. R. (1989). Fishes and fishery resources of Yunnan
Province [M]. Science Press.

SUPPORTING INFORMATION
Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: Wang, G., Lai, H., Bi, S., Guo, D.,
Zhao, X., Chen, X, Liu, S., Liu, X,, Su, Y., Yi, H., & Li, G. (2022).
ddRAD-Seq reveals evolutionary insights into population
differentiation and the cryptic phylogeography of
Hyporhamphus intermedius in Mainland China. Ecology and
Evolution, 12, e9053. https://doi.org/10.1002/ece3.9053



http://cran.r-project.org/package=vegan
https://doi.org/10.1002/ece3.9053

	ddRAD-­Seq reveals evolutionary insights into population differentiation and the cryptic phylogeography of Hyporhamphus intermedius in Mainland China
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Study sites and sample collection
	2.2|RAD data processing
	2.3|Population genetic and statistical analyses
	2.4|Assessing genotype-­environment and genotype–­phenotype associations
	2.5|Detection of outlier single nucleotide polymorphisms

	3|RESULTS
	3.1|Single nucleotide polymorphisms from double-­digest restriction-­site-­associated DNA sequencing
	3.2|Genetic diversity and population divergence
	3.3|Genetic structure, phylogeography, and migration
	3.4|Demographic history of the ancestral populations
	3.5|Genotype-­environment and genotype–­phenotype associations
	3.6|Outlier loci under selection

	4|DISCUSSION
	4.1|Population structure and phylogeographic relationships
	4.2|Genetic differentiation and cryptic lineages
	4.3|Origins of the early introduced populations
	4.4|Local diversification in heterogeneous environments

	5|CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


