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Abstract 

Background Genetic diversity and heterogeneous genomic signatures in marine fish populations may result 
from selection pressures driven by the strong effects of environmental change. Nearshore fishes are often exposed 
to complex environments and human activities, especially those with small ranges. However, studies on genetic diver-
sity and population selection signals in these species have mostly been based on a relatively small number of genetic 
markers. As a newly recorded species of Sillaginidae, the population genetics and genomic selection signals of Sillago 
sinica are fragmented or even absent.

Results To address this theoretical gap, we performed whole-genome resequencing of 43 S. sinica individuals 
from Dongying (DY), Qingdao (QD) and Wenzhou (WZ) populations and obtained 4,878,771 high-quality SNPs. Popu-
lation genetic analysis showed that the genetic diversity of S. sinica populations was low, but the genetic diversity 
of the WZ population was higher than that of the other two populations. Interestingly, the three populations were 
not strictly clustered within the group defined by their sampling location but showed an obvious geographic struc-
ture signal from the warm temperate to the subtropics. With further analysis, warm-temperate populations exhibited 
strong selection signals in genomic regions related to nervous system development, sensory function and immune 
function. However, subtropical populations showed more selective signalling for environmental tolerance and stress 
signal transduction.

Conclusions Genome-wide SNPs provide high-quality data to support genetic studies and localization of selection 
signals in S. sinica populations. The reduction in genetic diversity may be related to the bottleneck effect. Consider-
ing that low genetic diversity leads to reduced environmental adaptability, conservation efforts and genetic diversity 
monitoring of this species should be increased in the future. Differences in genomic selection signals between warm 
temperate and subtropical populations may be related to human activities and changes in environmental complexity. 
This study deepened the understanding of population genetics and genomic selection signatures in nearshore fishes 
and provided a theoretical basis for exploring the potential mechanisms of genomic variation in marine fishes driven 
by environmental selection pressures.

Open Access

© The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecom-
mons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

BMC Genomics

*Correspondence:
Tianxiang Gao
gaotianxiang0611@163.com
Na Song
songna624@163.com
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12864-023-09652-3&domain=pdf


Page 2 of 16Zhao et al. BMC Genomics          (2023) 24:547 

Background
A central challenge in evolutionary ecology is to identify 
the underlying genomic variation in natural populations 
responsible for environmental adaptation [1, 2]. Quite 
a few studies have focused on several organisms such 
as plants, crops, and terrestrial animals [3–5], but stud-
ies on genomic variation in native adaptations of marine 
fishes are somewhat fragmented. Compared to terrestrial 
environments, marine environments may be more com-
plex and variable in local areas [6]. Therefore, under the 
influence of global climate change and human activities, 
the evolution of the marine environment may be more 
rapid and unpredictable. It is obvious that, in view of 
this, marine fishes, the ancient ectothermic vertebrates, 
will be under great pressure to adapt to the environment. 
Although biological populations respond by adjusting 
their distribution and reproduction patterns [7], a sig-
nificant proportion of populations do not respond suf-
ficiently to counteract environmental changes, a process 
considered to be the first step towards species extinction 
[8]. However, to some extent, this environmental stress 
may also be an important evolutionary driver for some 
fish. Evolutionary drive or extinction depends on whether 
fish accumulate sufficient genetic variation in beneficial 
traits since the generation of sustained variation or new 
mutations is decisive for organisms to adapt to rapidly 
changing environments [9]. More recently, there has 
been growing interest in exploring potential genomic 
variation in natural populations associated with envi-
ronmental change and changes in the genetic diversity of 
populations in different environments. To date, although 
the links between genomic variation and local environ-
mental adaptation have been reasonably well studied in 
the field of landscape genetics of terrestrial taxa [10, 11], 
far less is known about these relationships in marine eco-
systems, especially for some newly identified species of 
marine fish.

Marine fish often inhabit a wide variety of complex 
and changing environments [12]. However, for aquatic 
ectotherms, ambient temperature is predicted to be an 
important driver of local adaptation due to the strong 
dependence of body temperature on water tempera-
ture [13]. There are still many difficulties and uncer-
tainties in identifying genomic variants associated 
with local environmental adaptation. In recent years, 
the rapid development of whole-genome resequencing 
technologies and the continuous improvement of gene 
function databases have enabled researchers to rap-
idly resolve genome-wide variation loci in populations 

[14]. In addition, quantitative genetics approaches sup-
port the use of species-specific trait data as a linkage 
to associate genomic variation associated with envi-
ronmental adaptations. For example, whole-genome 
resequencing-based single nucleotide polymorphisms 
(SNPs) in inland and marine Coilia nasus popula-
tions revealed differences in immune, visual, migratory 
and osmoregulation between these two ecotypes [15]. 
Whole-genome resequencing and a phenotype-specific 
genome-wide association study (GWAS) revealed the 
possible involvement of ceramide kinase genes related 
to cardiac function in thermal adaptation in wild red-
band trout (Oncorhynchus mykiss gairdneri) popu-
lations [16]. The large number of variant loci at the 
genome-wide level provides a wealth of available data 
to reveal the genetic diversity and local environmen-
tal adaptations of biological populations. The large 
number of samples and experimental basis required 
for specific adaptive phenotypes may pose a degree of 
limitation for studies in some fish in which samples are 
more difficult to obtain. However, considering the com-
bination of complex aquatic environmental factors, it 
is still possible to predict adaptation processes in dif-
ferent ecotypes by gene function in regions of genomic 
variation among different populations, although this is 
sometimes limited by molecular functional databases.

S. sinica, is a newly identified species belonging to Sil-
laginidae (Perciformes), that was found in the inshore 
waters from the Bohai Sea to northern part of the 
South China Sea. [17]. This species is euryhaline but 
does not migrate over long distances and adult fish will 
bury themselves in the sand when disturbed [18]. By 
exploring the sequence of the mitochondrial control 
region of S. sinica, Xue found that there was no ran-
dom mating between its different populations, which 
might be related to the living habits of S. sinica [19]. 
Similar results were found from population genetics 
studies based on microsatellite sequences [20]. These 
results suggest that S. sinica might be an ideal model 
for exploring local adaptation. Key loci for local envi-
ronmental adaptations in Sillago japonica, a close rela-
tive of S. sinica, have been explored by whole-genome 
resequencing and species distribution models, and 
the results revealed that candidate genes related to 
membrane fluidity may underlie their adaptation to 
cold environments [21]. As a newly recorded species 
of Sillaginidae, the genomic loci of local environmen-
tal adaptations in the S. sinica populations remain 
largely unexplored. Our laboratory has assembled the 
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complete genome map of S. sinica in the previous stage 
[22], which has laid the data basis for exploring its pop-
ulation genetic diversity and genome-wide variant loci.

In the present study, we sequenced the whole genomes 
of S. sinica individuals collected from three sites across 
the coastal waters of China, covering warm temperate 
(Yellow Sea, Qingdao, QD; Bohai Sea, Dongying, DY) 
and subtropical (East China Sea, Wenzhou, WZ) popula-
tions. The aims of this study were, to summarize, (1) to 
reveal differences between populations’ genetic diversity 
and genetic structure based on the obtained genome-
wide variation data. (2) to clarify effective population size 
and evolutionary history, and (3) to infer local adaptive 
mechanisms based on selection signals and gene func-
tion. To our knowledge, this may be the first study to 
sequence the whole genome of S. sinica and may provide 
a new perspective on its population genetics and local 
environmental adaptation.

Results
Sequencing information and variation calling.
Deep resequencing of the 43 samples of S. sinica gen-
erated a total of 576.43 G raw data, with an average of 
13405.42  M raw data per sample, and a total of 574.60 
G of filtered clean data, with an average of 13362.97  M 
per sample. The Q20 and Q30 of the clean reads 
were both approximately 90% (Fig.  1A). The average 
depth was 20.65 × (18.04‒28.16 ×) for 15 DY individu-
als, 21.28 × (16.21‒30.73 ×) for 13 QD individuals, and 
22.03 × (17.29‒32.93 ×) for 15 WZ individuals. In addi-
tion, 98.53% of the sequencing reads were mapped to 
the S. sinica reference genome. We obtained a total of 
11,007,756 raw SNPs after mapping. After filtering and 
screening, a total of 4,878,771 high-quality SNPs were 

obtained. Most of the SNPs were located in the intronic 
and intergenic regions (Fig. 1B).

Population structure, linkage disequilibrium, and historical 
dynamics
The mean nucleotide diversity (π) of the WZ, QD and DY 
populations was calculated to be 0.002444, 0.002417, and 
0.002418, respectively (Fig.  2). A neighbor-joining (NJ) 
tree was constructed based on the whole-genome SNPs. 
The NJ tree showed that all the individuals were clus-
tered into two large clades, the QD and DY populations 
were clustered into one clade and the WZ populations 
were clustered into the other clade (Fig. 3A). The results 
of the principal component analysis (PCA) presented 
similar clusters as the NJ tree. The first principal com-
ponent (PC1) separated the subtropical (WZ) and warm 
temperate clades (QD and DY), consistent with the NJ 
tree result. None of the first, second and third principal 
components (PC1, PC2 and PC3) separated the QD and 
DY populations, which is consistent with the mixed clus-
tering results in the NJ tree (Fig. 3B). Admixture analysis 
further supported the phylogenetic tree and PCA results 
(Fig.  3C). At K = 2, K = 3 and K = 4, the WZ population 
both formed a separate cluster. The clusters were shared 
by both QD and DY populations in the results for all K 
values. At K = 5 and K = 6, the WZ population was sepa-
rated as a unique cluster, and the individuals of the QD 
and DY populations were highly mixed. We calculated 
the FST between populations based on all SNPs and then 
averaged them. Both the QD and QY populations showed 
significant genetic divergence from the WZ population 
(Fig.  3D). In total, three populations were not strictly 
clustered within the group defined by their sampling 
location, but showed an obvious geographic structure 

Fig. 1 Q20 and Q30 of the clean reads (A). Statistical results of SNP detection (B)
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signal from the warm temperate to subtropics. Linkage 
disequilibrium (LD, measured as  R2) decreased to half 
of its maximum value at 31.2  kb in the WZ population 

but at 51.2  kb and 57.5  kb in the QD and DY popula-
tions, respectively (Fig.  4). Pairwise sequentially marko-
vian coalescent (PSMC) analysis revealed that the three 

Fig. 2 Genome-wide sliding window analysis of population nucleotide diversity

Fig. 3 Neighbor-joining tree constructed using p-distances of 43 S. sinica individuals (A). Principal component analysis for 43 S. sinica individuals (B). 
Admixture analysis of three S. sinica populations (C). The length of each coloured segment represents the proportion of individual genomes inferred 
from ancestral populations (K = 2–6). Fst values between three S. sinica populations. “*” represents P < 0.05 (D)
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S. sinica populations have experienced two bottleneck 
effects during the last one million years, occurring in the 
last interglacial and pre-last glacial periods. The effec-
tive population size (Ne) of the WZ population reached 

a minimum of 5 ×  104 years ago, while the minimum Ne 
values of QD and DY populations were 4 ×  104 years ago 
(Fig.  5). The ML tree without migration events inferred 
from TreeMix analysis divided the 43 individuals into 

Fig. 4 Decay of linkage disequilibrium in the QD, DY and WZ populations

Fig. 5 Demographic history of three S. sinica populations in this study
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two clusters, similar to the population structuring pat-
terns identified from the NJ phylogenetic tree, PCA, and 
genetic structure analysis (Fig. 6).

Genome‑wide selection signal and candidate gene analysis 
based on Fst&π
We detected strong selection signals in the genome based 
on Fst&π to mine functional regions that are closely 
related to the survival environment. Considering that 
there were no significant genetic differences between the 
QD and DY populations, we selected the WZ population 
as a control group to reveal candidate warm temperate 
environmental selection genes in the QD and DY popu-
lations. Using the top 5% of maximum Fst (Fst ≥ 0.0834) 
and π ratio (πQD/WZ ≥ 0.2813) values, a total of 474 can-
didate genes (corresponding to 7.78  Mb in size) were 
identified in the QD population (Fig.  7A). Similarly, 
416 candidate genes (corresponding to 6.68  Mb in size) 
(Fst ≥ 0.0891 and πDY/WZ ≥ 0.2821) were identified in the 
DY population (Fig.  7B). We identified 95 overlapping 
genes between the QD and DY populations as potential 
genes associated with adaptation to warm temperate 
environments (Fig. 8A). Compared with the QD and DY 
populations, we obtained 155 and 203 candidate genes in 
the WZ population, respectively (Fig. 7C and D). A total 
of 59 overlapping genes were identified as potential genes 

associated with adaptation to subtropical environments 
(Fig. 8B).

To obtain a broad overview of the molecular functions 
of these potential genes associated with adaptation to 
environments, we performed Gene Ontology (GO) and 
Kyoto Encyclopedia of Genes and Genomes (KEGG) 
enrichment analyses on the candidate genes. GO analysis 
showed that the main GO terms for the potential genes 
associated with adaptation to warm temperate and sub-
tropical environments included cellular process (GO: 
0009987) and single-organism process (GO: 0044699) 
in biological processes, cell (GO: 0005623) and cell part 
(GO: 0043226) in cellular component, binding (GO: 
0005488) and catalytic activity (GO: 0003824) in molecu-
lar function (Fig. 9). KEGG enrichment analysis showed 
that 95 warm temperate adaptation candidate genes 
were significantly enriched in the dopaminergic synapse 
(ko04728, p = 0.00), calcium signaling pathway (ko04020, 
p = 0.00), long-term potentiation (ko04720, p = 0.01), 
cAMP signaling pathway (ko04024, p = 0.01), circadian 
entrainment (ko04713, p = 0.03), neuroactive ligand-
receptor interaction (ko04080, p = 0.03) and glutamater-
gic synapse (ko04724, p = 0.03). However, 59 subtropical 
adaption candidate genes were significantly enriched in 
the phagosome (ko04145, p = 0.01), neuroactive ligand-
receptor interaction (ko04080, p = 0.01), Hippo signaling 

Fig. 6 Maximum likelihood relationships among 3 populations calculated with Treemix (no gene migration)
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pathway (ko04390, p = 0.02), glycosylphosphatidylinositol 
(GPI)-anchor biosynthesis (ko00563, p = 0.02), and col-
lecting duct acid secretion (ko04966, p = 0.03) (Fig. 10).

Genome‑wide selection signal and candidate gene analysis 
based on XP‑EHH
Based on the theory of linkage disequilibrium, the degree 
of linkage disequilibrium between loci decreases gradu-
ally with increasing distance between markers. Therefore, 
different lengths of extended haplotype homozygousity 
(EHH) caused by selection can be observed on the 
genome. We used the XP-EHH (cross population 
extended haplotype homozogysity) method to detect 

selection signals between populations. No strong selec-
tion signals were detected between QD and DY popula-
tions. We set "XP-EHH < -1" between the WZ and QD 
populations to screen for selected loci and obtained 83 
genes (Fig.  11A). Similarly, 104 genes were obtained 
based on the XP-EHH values between WZ and DY popu-
lations (Fig.  11B). KEGG enrichment analysis showed 
that selected genes between WZ and QD populations 
were significantly enriched in long-term potentiation 
(ko04720, p = 0.00), circadian entrainment (ko04713, 
p = 0.00), dopaminergic synapse (ko04728, p = 0.00), 
glutamatergic synapse (ko04724, p = 0.00), FC gamma 
R-mediated phagocytosis (ko04666, p = 0.01), Rap1 

Fig. 7 Genomic regions with strong selective signals in populations of S. sinica. Note: Distribution of  log2(π ratios) and Fst values calculated 
in 40 kb sliding windows with 20 kb increments between QD/WZ populations (WZ as the control group) (A). Distribution of  log2(π ratios) and Fst 
values between DY/WZ populations (WZ as the control group) (B). Distribution of  log2(π ratios) and Fst values between WZ/QD populations (QD 
as the control group) (C). Distribution of  log2(π ratios) and Fst values between QD/WZ populations (WZ as the control group) (D)
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signaling pathway (ko04015, p = 0.02) and calcium signal-
ing pathway (ko04020, p = 0.02) (Fig. 12A). The selected 
genes between WZ and DY populations were signifi-
cantly enriched in the Rap1 signaling pathway (ko04015, 
p = 0.00), cAMP signaling pathway (ko04024, p = 0.01), 
long-term potentiation (ko04720, p = 0.01), Fanconi ane-
mia pathway (ko03460, p = 0.03), circadian entrainment 
(ko04713, p = 0.04), and Ras signaling pathway (ko04014, 

p = 0.04) (Fig. 12B). Interestingly, these results were gen-
erally consistent with the Fst&π analysis.

Discussion
In this study, we compared three populations (DY, QD 
and WZ from coastal China) based on genetic diversity, 
population structure, and selective signals, with a focus 
on genomic variations. Previous studies have identified 
a few traditional molecular markers for S. sinica, such 
as mitochondrial DNA and microsatellite markers [18]. 
However, genomic research on S. sinica populations has 
been limited largely by the lack of abundant applicable 
molecular markers compared to other fish. The labor-
wasting, limited numbers and genetic information of 
traditional markers make population genetic research 
difficult [23]. SNP markers, as emerging molecular mark-
ers, provide an essential alternative method to study 
genetic diversity, genetic structure and selection signals 
in biological populations [24]. Many population genetic 
analyses of various fish, such as Oreochromis niloticus, 
Micropterus salmoides and Larimichthys polyactis have 
been carried out using SNP markers [25–27]. This study 
is the first large-scale SNP development effort in S. sinica 
to our knowledge. It has been shown that a sufficient 
number of SNPs can be obtained from second-genera-
tion high-throughput sequencing data at 15 × sequencing 
depth [28]. In this study, the average sequencing depths 
of individuals in the DY, QD, and WZ populations were 
20.65 × , 21.28 × and 22.03 × , respectively, and the lowest 
sequencing depth was for a single individual (16.21 ×). In 
addition, the mapping rate of all samples to the reference 
genome was approximately 98%. The above indicators 
prove that the SNP data obtained in this study are suf-
ficient and reliable.

Fig. 8 Overlapping warm temperate adaptation genes in QD/
WZ and DY/WZ pairs based on the Venn diagram (A). Overlapping 
subtropical adaptation genes in WZ/QD and WZ/DY pairs (B)

Fig. 9 GO classification for warm temperate adaptation genes (A). GO classification for subtropical adaptation genes (B)
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Fig. 10 KEGG enrichment for warm temperate adaption genes (A). KEGG enrichment for subtropical adaption genes (B)

Fig. 11 XP-EHH analysis between the WZ and QD populations (A). XP-EHH analysis between the WZ and DY populations (B)
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Population genetic analysis and historical dynamics
According to the theory of genetics and evolutionary 
biology, genetic diversity is the basis and core of biodi-
versity and the fundamental guarantee of the evolution-
ary potential of species [29]. Several studies have shown 
that the higher the genetic diversity, the more adaptable 
it is to the environment. A decrease in genetic diversity 
can lead to a decrease in the adaptability of a species to 
its environment [30]. Several recent studies have inves-
tigated the nucleotide diversity of S. sinica populations 
based on mitochondrial DNA, but the results are not 
always consistent. For example, Zhang et  al. found that 
the nucleotide diversities of the WZ, QD and DY S. sinica 
populations were 0.012, 0.005 and 0.001, respectively 
[31]. However, a similar study found nucleotide diversity 
in the WZ, QD and DY populations to be 0.016, 0.007 
and 0.014, respectively [32]. Although the values are not 
the same, these studies convey an important signal that 
the genetic diversity of S. sinica populations is at a low 
level, but the genetic diversity of the WZ population 
is higher than that of the other two populations. Our 
results validated previous main findings and extended 
these earlier results to genome-wide variant loci. Link-
age disequilibrium analysis seems to support the genetic 
diversity results. Studies have shown that if the popula-
tion undergoes positive selection, the frequency of the 
surrounding sites linked to the favorable site will increase 
rapidly due to the piggyback effect, so the haplotype 
containing the favorable site has a higher frequency on 
the one hand, and on the other hand, because the dura-
tion is short, it also has a long range of LD influence 
[33]. This feature provides an effective breakout point 

for detecting whether positive selection has occurred. 
Our results showed that both the DY and QD popula-
tions had higher LDs than the WZ populations, sug-
gesting that the DY and QD populations were subject 
to higher selection intensity and lower genetic diversity 
[34]. This phenomenon of genetic diversity appears to be 
explained by population history dynamic outcomes. Our 
results suggested that three S. sinica populations experi-
enced the first bottleneck effect during the last intergla-
cial (1.1–1.3 ×  105 years ago; a relatively warm geological 
period), with a sharp decline in effective population size. 
Although the population size of the S. sinica rapidly 
increased during the pre-Last Glacial Period, the genetic 
diversity of the S. sinica populations did not increase suf-
ficiently, as there are highly similar “redundant copies” in 
the increased number of individuals from a genetic point 
of view [35]. This explanation is reasonable and intrigu-
ing, but further direct evidence is needed.

Considering the existence of geographical isolation, the 
grouping of species is usually based on the geographi-
cal location of sampling first, but the flaw of this method 
usually breaks our logical chain. The results of popula-
tion genetic structure research based on genome-wide 
variation loci are usually incompatible with geographical 
grouping. In this study, the NJ tree showed that all the 
individuals were clustered into two large clades: the QD 
and DY populations were clustered into one clade and 
the WZ populations were clustered into the other clade. 
The PCA and admixture results also showed confound-
ing effects of the QD and DY populations. The popula-
tion genetic differentiation index can serve as further 
evidence. Our results showed no significant genetic 

Fig. 12 KEGG enrichment for the selected genes based on XP-EHH values between the WZ and QD populations (A). KEGG enrichment 
for the selected genes based on XP-EHH values between the WZ and DY populations (B)
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differentiation between the QD and DY populations, but 
both populations developed a moderate degree of genetic 
differentiation from the WZ population. This result is 
inconsistent with the results of mitochondrial DNA 
[32]. The most reasonable explanation is that the mito-
chondrial DNA sequence is too short and contains lim-
ited genetic information. In addition, no gene migration 
events were detected between the 3 populations, but the 
ML tree without migration events inferred from TreeMix 
analysis divided the 43 individuals into two clusters. In 
total, three populations did not strictly cluster within the 
group defined by their sampling location, but showed an 
obvious geographic structure signal from the warm tem-
perate to subtropics.

Population selection signals based on Fst&π
We detected strong selection signals in the genome based 
on Fst&π to identify functional regions that are closely 
related to the survival environment. Considering the sig-
nificant genetic structure of the three S. sinica popula-
tions, we defined the QD and DY populations as warm 
temperate populations to screen for selection signals. We 
identified 95 overlapping genes between the QD and DY 
populations as potential genes associated with adapta-
tion to warm temperate environments. KEGG enrich-
ment results showed that these genes were related to 
environmental adaptation, the nervous system, signal 
transduction and signaling molecules and interactions. 
Dopaminergic synapse, long-term potentiation and glu-
tamatergic synapse pathways are considered to be related 
to the development of the nervous system, vision and 
hearing of fish [36–38]. We identified two key genes 
involved in these processes, namely GRIN2A (glutamate 
receptor) and DRD5 (D1B dopamine receptor). Gluta-
mate receptor have been shown to play an important 
role in excitatory synaptic transmission in the biological 
central nervous system as ligand-gated ion channels [39]. 
The D1B dopamine receptor plays a key receptor role in 
biological brain and neural development [40]. Although 
these two genes have not been confirmed in fish studies, 
the results of the present study imply that they may be 
evidence of the adaptability of the nervous system and 
sensory function of the S. sinica warm temperate popu-
lations. Selection signals in the nervous system may be 
related to reduced environmental complexity due to 
human activities, but the deeper mechanisms need to be 
further explored [41].

We defined the WZ population as the subtropical 
population to screen for selection signals. A total of 59 
overlapping genes were identified as potential genes 
associated with adaptation to subtropical environments. 
KEGG enrichment results showed that these genes were 
related to transport and catabolism, signaling molecules 

and interactions, signal transduction, glycan biosynthesis 
and metabolism and excretory system. We identified a 
key gene in the phagosome pathway, ATP6V1B2 (V-type 
proton ATPase subunit B), which was shown to help fish 
acidify external media to improve environmental ammo-
nia tolerance [42]. This selection signal may suggest a role 
for human activities and coastal engineering, but the spe-
cific environmental elements need further investigation. 
In addition, we identified three genes related to stress 
signaling in neuroactive ligand-receptor interaction and 
the Hippo signaling pathway, namely HRH4 (histamine 
H4 receptor), GABBR1 (gamma-aminobutyric acid type 
B receptor) and GALR1 (galanin receptor type 1). The 
living environment of nearshore demersal fish is more 
complex, with frequent changes in temperature, salinity, 
turbidity and other environmental factors. The long-term 
changes in these environments may cause the adaptive 
evolution of fish stress responses. Elicitation of these 
stress responses requires signal perception, signal trans-
duction and large-scale gene expression changes [43]. 
The selection signal of the WZ population may suggest 
the complexity of its survival environment, and com-
bined with the results of genetic diversity, we hypoth-
esized that this environmental complexity may be the 
evolutionary driver of local adaptation.

Population selection signals based on XP‑EHH
 We used the XP-EHH method to further detect strong 
selection signals between populations. No strong selec-
tion signals were detected between the QD and DY pop-
ulations. We detected 83 genes between the WZ and QD 
populations, which were mainly associated with the nerv-
ous system, environmental adaptation, immune system, 
and signal transduction. Based on the KEGG enrichment 
results, we again localized to the GRIN2A gene. In addi-
tion, guanine nucleotide-binding protein G (q) (GNAQ) 
and dedicator of cytokinesis protein 2 (DOCK2) were 
also identified as candidate genes. GNAQ is involved as 
a modulator or transducer in various transmembrane 
signaling systems [44]. DOCK2 has been shown to be 
involved in the migration and motility of lymphocytes, 
suggesting that warm temperate and subtropical popu-
lations have strong selection signals on genes related 
to immune regulation [45]. A total of 104 genes were 
obtained between the WZ and DY populations which 
were mainly associated with signal transduction, the 
nervous system, DNA replication and repair, and envi-
ronmental adaptation. Interestingly, we again localized 
to the GRIN2A gene. In addition, 5-hydroxytryptamine 
receptor 1B (HTR1B), the G-protein coupled recep-
tor for 5-hydroxytryptamine, can regulate the release of 
5-hydroxytryptamine, dopamine and acetylcholine in the 
vertebrate brain, and thereby affect neural activity, mood 
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and behaviour [46]. Although the HTR1B gene has been 
less studied in fish, the results of the present study imply 
that it may be evidence of differences in the nervous sys-
tem and sensory function between the S. sinica warm 
temperate and subtropical populations. In conclusion, 
these results further support the results of the Fst&π 
analysis.

Conclusions
Genome-wide SNPs provide high-quality data to sup-
port genetic studies and the localization of selection 
signals in S. sinica populations. In the present study, we 
detected low levels of genetic diversity in the QD, DY and 
WZ  populations. The reduction in genetic diversity may 
be related to the bottleneck effect. Considering that low 
genetic diversity leads to reduced environmental adapt-
ability, conservation efforts and genetic diversity moni-
toring of this species should be increased in the future. 
Interestingly, the three populations did not strictly clus-
ter within the group defined by their sampling location, 
but showed an obvious geographic structure signal from 
the warm temperate to subtropics. Warm-temperate 

populations exhibit strong selection signals in genomic 
regions related to nervous system development, immune 
regulation and sensory function. However, subtropical 
populations show more selective signaling for environ-
mental tolerance and stress signaling. We speculated 
that this result may be related to human activities and 
changes in environmental complexity. In conclusion, 
these results deepen our understanding of genetic diver-
sity and selection signals in fishes, especially nearshore 
demersal fishes, and provide a theoretical and data basis 
for exploring potential mechanisms of local environmen-
tal adaptations in marine fishes.

Methods
Sample collection, DNA extraction, and sequencing
We collected 43 individuals of S. sinica from three popu-
lations distributed in the Yellow Sea, Bohai Sea and East 
China Sea (Fig. 13). A piece of muscle tissue was removed 
from each individual and stored in 95% ethanol or frozen 
for DNA extraction. Genomic DNA was extracted using 
the standard phenol–chloroform extraction procedure. 
For whole genome sequencing, at least 0.5 μg of genomic 

Fig. 13 Distribution and population statistics of S. sinica sampling sites in this study
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DNA was used to construct a library with an insert size 
of ~ 350 bp. Paired-end sequencing libraries (PE150) were 
constructed and sequenced on an Illumina HiSeq X Ten 
Sequencer (San Diego, CA, USA) by Novogene Bioinfor-
matics Technology Co., Ltd., China.

Sequencing data quality control and reads mapping
The raw image data obtained by sequencing were con-
verted into raw sequence data (raw reads) by base calling, 
and raw reads contained linker sequences, low-quality 
bases and undetected bases (represented by N). We fil-
tered this interference information and finally obtained 
clean reads. Xu et al. [22] have published the first com-
plete reference genome of the S. sinica in 2018. The 
534 Mb S. sinica genome assembly consists of 802 con-
tigs with a contig N50 length of 2.6 Mb. Paired-end clean 
reads from each individual were mapped to the reference 
genome (http:// gigadb. org/ datas et/ 100490) using BWA 
software with the parameter “mem -t 4 -k 32 -M”, and a 
bam file was generated [47]. The BAM files were sorted 
using SAMtools and duplicate reads were removed [48].

SNP calling, filtering and annotation
We called and filtered the raw SNPs according to GATK 
Best Practices from the alignment files [49]. SNPs were 
filtered based on the quality score of ≥ 20, QD (variant 
confidence/quality by depth) < 2.0, MQ (RMS mapping 
quality) < 40.0, FS (Phred-scaled P value using Fisher’s 
exact test to detect strand bias) > 60.0, SOR (symmet-
ric odds ratio of 2 × 2 contingency table to detect strand 
bias) > 4.0, MQRankSum (Z score from Wilcoxon rank 
sum test of Alt vs. Ref read mapping qualities) < 12.5, or 
ReadPosRankSum (Z score from Wilcoxon rank sum test 
of Alt vs. Ref read position bias) < 8.0. ANNOVAR was 
used to annotate the genomic distribution of variants 
[50]. SNP variants were categorized based on their posi-
tions on the chromosome (including intergenic, exonic, 
intronic, splicing and 1-kb upstream and downstream 
regions) and on their effects (including stop codon gain 
or loss, synonymous and nonsynonymous).

Population genetics analysis
After filtering, we generated a set of high-quality SNPs 
for the subsequent population genetic analysis. First, 
Treebest software (v.1.9.2) was used to calculate the dis-
tance matrix and construct the phylogenetic tree by the 
neighbor-joining (NJ) method. The number of bootstrap 
replicates was set to 1000 to test the reliability of the 
NJ clustering tree. PCA of whole-genome SNPs for all 
43 individuals was performed with the PLINK software 
[51]. Population genetic structure and lineage informa-
tion were assessed using PLINK and ADMIXTURE soft-
ware [51, 52]. The number of assumed genetic clusters 

K ranged from 2 to 6. Linkage disequilibrium (LD) was 
calculated on SNP pairs within a 500-kb window using 
PopLDdecay software [53]. Linkage disequilibrium decay 
measured the distance at which Pearson’s correlation 
coefficient  (R2) dropped to half of the maximum.

Effective population size analysis of evolutionary history
The effective population size of the three populations 
was analysed using the PSMC model in the PSMC pack-
age [54]. The “fq2psmcfa” and “splitfa” tools in the PSMC 
software were used to create the input file for the PSMC 
modelling. The PSMC analysis command included the 
options “-N25” for the number of cycles of the algo-
rithm, “-t15” as the upper limit for the most recent com-
mon ancestor (TMRCA), “-r5” for the initial θ/ρ, and “-p 
4 + 25 * 2 + 4 + 6” for atomic intervals. The reconstructed 
population history was plotted using the “psmc_plot.pl” 
script. According to the method in the study by Han et al. 
[21]. The point mutation rate and the generation time 
were assumed to be 2.5 ×  10−8 and 1  year respectively. 
TreeMix (v.1.13), which inferred the maximum-likeli-
hood (ML) tree for the QD, DY and WZ populations. A 
window size of 1000 was used to account for linkage dis-
equilibrium (–k) and “–global” to generate the ML tree. 
Migration events (–m 0 1 2) were sequentially added to 
the tree [55].

Detection of selective sweeps
To uncover the genetic variants of warm temperate 
and subtropical S. sinica populations, we calculated the 
genome-wide distribution of population nucleotide 
diversity (π) and genetic differentiation indices (Fst) 
using VCFtools with a window size of 40  kb and a step 
size of 20 kb [56]. The subtropical population (WZ) was 
set as the control group and the warm temperate popula-
tions (QD and DY) were set as the experimental group. 
The windows with the top 5% of values for the Fst and 
π ratios were simultaneously used as a candidate region 
under strong selective sweeps. Based on these candidate 
regions, we localized to the corresponding SNPs and 
genes. We also performed the XP-EHH test for every SNP 
using the default settings of selscan v1.3.0 [57], which 
was designed to detect ongoing or nearly fixed selective 
sweeps by comparing haplotypes from 3 populations. 
For the XP-EHH selection scan, we extracted the genes 
involved in the 10 kb region above and below the selected 
loci. Genes with strong selection signals for each popula-
tion were annotated using the eggNOG-mapper software 
[58]. Gene Ontology (GO) term classification and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathway 
enrichment analysis were performed using OmicShare 
tools (http:// www. omics hare. com/ tools) [59–61].

http://gigadb.org/dataset/100490
http://www.omicshare.com/tools


Page 14 of 16Zhao et al. BMC Genomics          (2023) 24:547 

Abbreviations
GWAS  Whole-genome resequencing and phenotype-specific genome-

wide association study
NJ  Neighbor joining
PCA  Principal component analysis
PSMC  Pairwise sequentially markovian coalescent
LD  Linkage disequilibrium
MAF  Minimum allele frequency
TMRCA   The most recent common ancestor
GO  Gene Ontology
KEGG  Kyoto Encyclopedia of Genes and Genomes
SNPs  Single nucleotide polymorphisms
XP-EHH  Cross population extended haplotype homozogysity

Acknowledgements
Not applicable.

Authors’ contributions
TG and NS conceived the study and designed the experiments. XZ analyzed 
the data and wrote the manuscript. TG and NS revised and improved the 
manuscript. TZ collected the fish samples for this experiment. All authors 
reviewed and approved the manuscript.

Funding
This work is supported by the National Natural Science Foundation of China 
(41976083) and the Zhejiang Provincial Key Research and Development 
Programme (2021C02047).

Availability of data and materials
The sequence data have been deposited in the Short Read Archive (SRA) 
database of the National Center for Biotechnology Information (NCBI) under 
accession number PRJNA936440 (https:// datav iew. ncbi. nlm. nih. gov/ object/ 
PRJNA 936440? revie wer= 5jb7f ar1vj ht86r jtbv8 6pgn02).

Declarations

Ethics approval and consent to participate
All animal experiments were performed according to the Regulations for the 
Administration of Affairs Concerning Experimental Animals (Ministry of Sci-
ence and Technology, China, 2004). Ethical approval of the respective Animal 
Research and Ethics Committees of Ocean University of China. All methods are 
reported in accordance with ARRIVE guidelines.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1 The Key Laboratory of Mariculture (Ocean University of China), Ministry 
of Education, Qingdao 266003, Shandong, China. 2 Zhejiang Fisheries Technical 
Extension Center, Hangzhou 310023, Zhejiang, China. 3 Fishery College, Zheji-
ang Ocean University, Zhoushan 316022, Zhejiang, China. 

Received: 26 February 2023   Accepted: 5 September 2023

References
 1. Branco S, Bi K, Liao HL, Gladieux P, Badouin H, Ellison CE, Nguyen NH, 

Vilgalys R, Peay KG, Taylor JW, Bruns TD. Continental-level population 
differentiation and environmental adaptation in the mushroom Suillus 
brevipes. Mol Ecol. 2017;26(7):2063–76. https:// doi. org/ 10. 1111/ mec. 
13892.

 2. Andrews KR, Seaborn T, Egan JP, Fagnan MW, New DD, Chen Z, Hohen-
lohe PA, Waits LP, Caudill CC, Narum SR. Whole genome resequencing 
identifies local adaptation associated with environmental variation for 

redband trout. Mol Ecol. 2023;32(4):800–18. https:// doi. org/ 10. 1111/ mec. 
16810.

 3. Wei T, van Treuren R, Liu X, Wei T, van Treuren R, Liu X, Zhang Z, Chen J, 
Liu Y, Dong S, Sun P, Yang T, Lan T, Wang X, Xiong Z, Liu Y, Wei J, Lu H, Han 
S, Chen JC, Ni X, Wang J, Yang H, Xu X, Kuang H, van Hintum T, Liu X, Liu 
H. Whole-genome resequencing of 445 Lactuca accessions reveals the 
domestication history of cultivated lettuce. Nat Genet. 2021;53(5):752–60. 
https:// doi. org/ 10. 1038/ s41588- 021- 00831-0.

 4. Chen Q, Zhan J, Shen J, Qu K, Hanif Q, Liu J, Zhang J, Chen N, Chen H, 
Huang B, Lei C. Whole-genome resequencing reveals diversity, global 
and local ancestry proportions in Yunling cattle. J Anim Breed Genet. 
2020;137(6):641–50.

 5. Rafiepour M, Ebrahimie E, Vahidi MF, Salekdeh GH, Niazi A, Dadpasand 
M, Liang D, Si J, Ding X, Han J, Zhang Y, Qanbari S. Whole-genome rese-
quencing reveals adaptation prior to the divergence of buffalo subspe-
cies. Genome Biol Evol. 2021;13(1):evaa231.

 6. Kato G, Miyazawa H, Nakayama Y, Ikari Y, Kondo H, Yamaguchi T, Sano M, 
Fischer U. A novel antigen-sampling cell in the teleost gill epithelium 
with the potential for direct antigen presentation in mucosal tissue. Front 
Immunol. 2018;9:2116. https:// doi. org/ 10. 3389/ fimmu. 2018. 02116.

 7. Pecl GT, Araújo MB, Bell JD, Pecl GT, Araújo MB, Bell JD, Blanchard J, Bone-
brake TC, Chen I-C, Clark TD, Colwell RK, Danielsen F, Evengård B, Falconi 
L, Ferrier S, Frusher S, Garcia RA, Griffis RB, Hobday AJ, Janion-Scheepers C, 
Jarzyna MA, Jennings S, Lenoir J, Linnetved HI, Martin VY, McCormack PC, 
McDonald J, Mitchell NJ, Mustonen T, Pandolfi JM, Pettorelli N, Popova E, 
Robinson SA, Scheffers BR, Shaw JD, Sorte CJB, Strugnell JM, Sunday JM, 
Tuanmu M-N, Vergés A, Villanueva C, Wernberg T, Wapstra E, Williams SE. 
Biodiversity redistribution under climate change: impacts on ecosystems 
and human well-being. Science. 2017;355(6332):eaai9214. https:// doi. 
org/ 10. 1126/ scien ce. aai92 14.

 8. Sinervo B, Méndez-de-la-Cruz F, Miles DB. Erosion of lizard diversity by cli-
mate change and altered thermal niches. Science. 2010;328(5980):894–9.

 9. Hoffmann AA, Sgrò CM. Climate change and evolutionary adaptation. 
Nature. 2011;470(7335):479–85. https:// doi. org/ 10. 1038/ natur e09670.

 10. Wang J, Hu Z, Liao X, Wang Z, Li W, Zhang P, Cheng H, Wang Q, Bhat JA, 
Wang H, Liu B, Zhang H, Huang F, Yu D. Whole-genome resequencing 
reveals signature of local adaptation and divergence in wild soybean. 
Evol Appl. 2022;15(11):1820–33.

 11. Sweet-Jones J, Lenis VP, Yurchenko AA, Yudin NS, Swain M, Larkin DM. 
Genotyping and whole-genome resequencing of welsh sheep breeds 
reveal candidate genes and variants for adaptation to local environment 
and socioeconomic traits. Front Genet. 2021;12:612492. https:// doi. org/ 
10. 3389/ fgene. 2021. 612492.

 12. Reusch TB. Climate change in the oceans: evolutionary versus phe-
notypically plastic responses of marine animals and plants. Evol Appl. 
2014;7(1):104–22.

 13. Chen Z, Farrell AP, Matala A, Hoffman N, Narum SR. Physiological and 
genomic signatures of evolutionary thermal adaptation in redband trout 
from extreme climates. Evol Appl. 2018;11(9):1686–99. https:// doi. org/ 10. 
1111/ eva. 12672.

 14. North HL, McGaughran A, Jiggins CD. Insights into invasive species from 
whole-genome resequencing. Mol Ecol. 2021;30(23):6289–308.

 15. Gao J, Xu G, Xu P. Whole-genome resequencing of three Coilia nasus 
population reveals genetic variations in genes related to immune, vision, 
migration, and osmoregulation. BMC Genomics. 2021;22(1):878. https:// 
doi. org/ 10. 1186/ s12864- 021- 08182-0.

 16. Chen Z, Narum SR. Whole genome resequencing reveals genomic 
regions associated with thermal adaptation in redband trout. Mol Ecol. 
2021;30(1):162–74. https:// doi. org/ 10. 1111/ mec. 15717.

 17. Mckay RJ. A revision of the fishes of the family Sillaginidae. Mem Qld 
Museum. 1985;22:1–73.

 18. Song N, Wang L, Yin L, Han Z, Gao T. Development of polymorphic micro-
satellite loci for a new fish species, Chinese sillago (Sillago sinica). Genet 
Mol Res. 2016;15(2):15027212.

 19. Xue T, Du N, Gao T.  Phylogenetic relationships of 4 Sillaginidae species 
based on partial sequences of COl and cytochrome b gene. J Ocean U 
China (Natural Science Edition). 2010;40(S1):91–8 (In Chinese).

 20. Wang L, Song N, Gao T. Isolation and characterization of 24 polymorphic 
microsatellite loci in Japanese sillago (Sillago japonica). Conservation 
Genet Resour. 2014;6:581–4.

https://dataview.ncbi.nlm.nih.gov/object/PRJNA936440?reviewer=5jb7far1vjht86rjtbv86pgn02
https://dataview.ncbi.nlm.nih.gov/object/PRJNA936440?reviewer=5jb7far1vjht86rjtbv86pgn02
https://doi.org/10.1111/mec.13892
https://doi.org/10.1111/mec.13892
https://doi.org/10.1111/mec.16810
https://doi.org/10.1111/mec.16810
https://doi.org/10.1038/s41588-021-00831-0
https://doi.org/10.3389/fimmu.2018.02116
https://doi.org/10.1126/science.aai9214
https://doi.org/10.1126/science.aai9214
https://doi.org/10.1038/nature09670
https://doi.org/10.3389/fgene.2021.612492
https://doi.org/10.3389/fgene.2021.612492
https://doi.org/10.1111/eva.12672
https://doi.org/10.1111/eva.12672
https://doi.org/10.1186/s12864-021-08182-0
https://doi.org/10.1186/s12864-021-08182-0
https://doi.org/10.1111/mec.15717


Page 15 of 16Zhao et al. BMC Genomics          (2023) 24:547  

 21. Han Z, Guo X, Liu Q, Liu S, Zhang Z, Xiao S, Gao T. Whole-genome 
resequencing of Japanese whiting (Sillago japonica) provide insights into 
local adaptations. Zool Res. 2021;42(5):548–61.

 22. Xu S, Xiao S, Zhu S, Zeng X, Luo J, Liu J, Gao T, Chen N. A draft genome 
assembly of the Chinese sillago (Sillago sinica), the first reference genome 
for Sillaginidae fishes. Gigascience. 2018;7(9):giy108.

 23. Qing J, Meng Y, He F, Du Q, Zhong J, Du H, Liu P, Du L, Wang L. 
Whole genome re-sequencing reveals the genetic diversity and 
evolutionary patterns of Eucommia ulmoides. Mol Genet Genomics. 
2022;297(2):485–94.

 24. Zhu Y, Lu N, Chen J, He C, Huang Z, Lu Z. Deep whole-genome rese-
quencing sheds light on the distribution and effect of amphioxus SNPs. 
BMC Genomic Data. 2022;23(1):26.

 25. Yoshida GM, Barria A, Correa K, Cáceres G, Jedlicki A, Cadiz MI, Lhorente 
JP, Yáñez JM. Genome-wide patterns of population structure and linkage 
disequilibrium in farmed Nile tilapia (Oreochromis niloticus). Front Genet. 
2019;10:745. https:// doi. org/ 10. 3389/ fgene. 2019. 00745.

 26. Sun C, Zhang X, Dong J, You X, Tian Y, Gao F, Zhang H, Shi Q, Ye X. 
Whole-genome resequencing reveals recent signatures of selection in 
five populations of largemouth bass (Micropterus salmoides). Zool Res. 
2023;44(1):78–89.

 27. Zheng J, Zhao L, Zhao X, Gao T, Song N. High genetic connectivity 
inferred from whole-genome resequencing provides insight into the 
phylogeographic pattern of Larimichthys polyactis. Mar Biotechnol. 
2022;24(4):671–80. https:// doi. org/ 10. 1007/ s10126- 022- 10134-y.

 28. Song K, Li L, Zhang G. Coverage recommendation for genotyping analy-
sis of highly heterologous species using next-generation sequencing 
technology. Sci Rep. 2016;6(1):35736–35736. https:// doi. org/ 10. 1038/ 
srep3 5736.

 29. Ma D, Lai Z, Ding Q, Zhang K, Chang K, Li S, Zhao Z, Zhong F. Identifica-
tion, characterization and function of orphan genes among the current 
Cucurbitaceae genomes. Front Plant Sci. 2022;13:872137. https:// doi. org/ 
10. 3389/ fpls. 2022. 872137.

 30. Wambulwa MC, Luo Y, Zhu G, Milne R, Wachira FN, Wu Z, Wang H, Gao L, 
Li D, Liu J. Determinants of genetic structure in a highly heterogeneous 
landscape in Southwest China. Front Plant Sci. 2022;13:779989.

 31. Zhang X, Zhang X, Song N, Gao T,  Zhao L. Study on population genet-
ics of Sillago aeolus (Perciformes: Sillaginidae) in the Coast of China. 
Mitochondrial DNA. Part A, DNA mapping, sequencing, and analysis. 
2019;30(8):825–34.

 32. Zhang H, Gao T, Li J, Pan X, Zhang H, Zhang Yan. A preliminary study 
on the morphology of Sillago sinica populations. J Shanghai Ocean U. 
2013;22(1):17–22. (In Chinese).

 33. Halachev M, Meynert A, Taylor MS, Vitart V, Kerr SM, Klaric L, Aitman TJ, 
Haley CS, Prendergast JG, Pugh C, Hume DA, Harris SE, Liewald DC, Deary 
IJ, Semple CA, Wilson JF. Increased ultra-rare variant load in an isolated 
scottish population impacts exonic and regulatory regions. PLoS Genet. 
2019;15(11):e1008480. https:// doi. org/ 10. 1371/ journ al. pgen. 10084 80.

 34. Loewe L, Hill WG. The population genetics of mutations: good, bad and 
indifferent. Philos Trans R Soc Lond B Biol Sci. 2010;365(1544):1153–67. 
https:// doi. org/ 10. 1098/ rstb. 2009. 0317.

 35. Zhao X, Liu Y, Du X, Ma S, Song N, Zhao L. Whole-genome survey analyses 
provide a new perspective for the evolutionary biology of Shimofuri 
goby, Tridentiger bifasciatus. Animals. 2022;12(15):1914. https:// doi. org/ 10. 
3390/ ani12 151914.

 36. Ali DW, Buss RR, Drapeau P. Properties of miniature glutamatergic EPSCs 
in neurons of the locomotor regions of the developing zebrafish. J Neu-
rophysiol. 2000;83(1):181–91. https:// doi. org/ 10. 1152/ jn. 2000. 83.1. 181.

 37. Perelmuter JT, Forlano PM. Connectivity and ultrastructure of dopamin-
ergic innervation of the inner ear and auditory efferent system of a vocal 
fish. J Comp Neurol. 2017;525(9):2090–108. https:// doi. org/ 10. 1002/ cne. 
24177.

 38. Alford S, Zompa I, Dubuc R. Long-term potentiation of glutamatergic 
pathways in the lamprey brainstem. J Neurosci. 1995;15(11):7528–38. 
https:// doi. org/ 10. 1523/ JNEUR OSCI. 15- 11- 07528. 1995.

 39. Traynelis SF, Wollmuth LP, McBain CJ, Menniti FS, Vance KM, Ogden KK, 
Hansen KB, Yuan H, Myers SJ, Dingledine R. Glutamate receptor ion chan-
nels: structure, regulation, and function. Pharmacol Rev. 2010;62(3):405–
96. https:// doi. org/ 10. 1124/ pr. 109. 002451.

 40. Papaleonidopoulos V, Kouvaros S, Papatheodoropoulos C. Effects of 
endogenous and exogenous D1/D5 dopamine receptor activation 

on LTP in ventral and dorsal CA1 hippocampal synapses. Synapse. 
2018;72(8):e22033. https:// doi. org/ 10. 1002/ syn. 22033.

 41. Zhang Z, Fu Y, Shen F, Zhang Z, Guo H, Zhang X. Barren environment 
damages cognitive abilities in fish: behavioral and transcriptome mecha-
nisms. Sci Total Environ. 2021;794:148805. https:// doi. org/ 10. 1016/j. scito 
tenv. 2021. 148805.

 42. Ip YK, Leong CWQ, Boo MV, Wong WP, Lam SH, Chew SF. Evidence for the 
involvement of branchial vacuolar-type H+-ATPase in the acidification of 
the external medium by the west African lungfish, Protopterus annectens, 
exposed to ammonia-loading conditions. Comp Biochem Phys A. 
2022;273:111297.

 43. Stanley TR, Guisbert KSK, Perez SM, Oneka M, Kernin I, Higgins NR, Lobo 
A, Subasi MM, Carroll DJ, Turingan RG, Guisbert E. Stress response gene 
family expansions correlate with invasive potential in teleost fish. J Exp 
Biol. 2022;225(Suppl_1):jeb243263. https:// doi. org/ 10. 1242/ jeb. 243263.

 44. Haase J, Jones AKC, Mc Veigh CJ, Brown E, Clarke G, Ahnert-Hilger G. Sex 
and brain region-specific regulation of serotonin transporter activity in 
synaptosomes in guanine nucleotide-binding protein G(q) alpha knock-
out mice. J Neurochem. 2021;159(1):156–71.

 45. Jing Y, Kang D, Liu L, Huang H, Chen A, Yang L, Jiang P, Li N, Miller H, Liu 
Z, Zhu X, Yang J, Wang X, Sun J, Liu Z, Liu W, Zhou X, Liu C. Dedicator of 
cytokinesis protein 2 couples with lymphoid enhancer-binding factor 
1 to regulate expression of CD21 and B-cell differentiation. J Allergy Cli 
Immunol. 2019;144(5):1377-1390e4.

 46. Medeiros LR, Mager EM, Grosell M, McDonald MD. The serotonin subtype 
1A receptor regulates cortisol secretion in the Gulf toadfish, Opsanus 
beta. Gen Compe Endocrinol. 2010;168(3):377–87.

 47. Li H, Durbin R. Fast and accurate short read alignment with burrows-
wheeler transform. Bioinformatics. 2009;25(14):1754–60. https:// doi. org/ 
10. 1093/ bioin forma tics/ btp324.

 48. Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, Marth G, 
Abecasis G, Durbin R, 1000 Genome Project Data Processing Subgroup. 
The sequence Alignment/Map format and SAMtools. Bioinformatics. 
2009;25(16):2078–9. https:// doi. org/ 10. 1093/ bioin forma tics/ btp352.

 49. McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis K, Kernytsky A, 
Garimella K, Altshuler D, Gabriel S, Daly M, et al. The genome analysis 
Toolkit: a MapReduce framework for analyzing nextgeneration DNA 
sequencing data. Genome Res. 2010;20(9):1297–303.

 50. Wang K, Li M, Hakonarson H. ANNOVAR: functional annotation of genetic 
variants from high-throughput sequencing data. Nucleic Acids Res. 
2010;38(16):e164–e164. https:// doi. org/ 10. 1093/ nar/ gkq603.

 51. Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MA, Bender D, Maller 
J, Sklar P, de Bakker PI, Daly MJ, Sham PC. PLINK: a tool set for whole-
genome association and population-based linkage analyses. Am J Hum 
Genet. 2007;81(3):559–75.

 52. Alexander DH, Novembre J, Lange K. Fast model-based estimation of 
ancestry in unrelated individuals. Genome Res. 2009;19(9):1655–64. 
https:// doi. org/ 10. 1101/ gr. 094052. 109.

 53. Zhang C, Dong S, Xu J, He W, Yang T. PopLDdecay: a fast and effective 
tool for linkage disequilibrium decay analysis based on variant call format 
files. Bioinformatics. 2019;35(10):1786–8.

 54. Li H, Durbin R. Inference of human population history from individual 
whole-genome sequences. Nature. 2011;475(7357):493–6. https:// doi. 
org/ 10. 1038/ natur e10231.

 55. Pickrell JK, Pritchard JK. Inference of population splits and mixtures from 
genome-wide allele frequency data. PLoS Genet. 2012;8(11):e1002967. 
https:// doi. org/ 10. 1371/ journ al. pgen. 10029 67.

 56. Danecek P, Auton A, Abecasis G, Albers CA, Banks E, DePristo MA, 
Handsaker RE, Lunter G, Marth GT, Sherry ST, McVean G, Durbin R. 1000 
genomes project analysis group. The variant call format and VCFtools. 
Bioinformatics. 2011;27(15):2156–8.

 57. Szpiech ZA, Hernandez RD. selscan: an efficient multithreaded program 
to perform EHH-based scans for positive selection. Mol Biol Evol. 
2014;31(10):2824–47.

 58. Cantalapiedra CP, Hernández-Plaza A, Letunic I, Bork P, Huerta-Cepas 
J. eggNOG-mapper v2: functional annotation, orthology assignments, 
and domain prediction at the metagenomic scale. Mol Biol Evol. 
2021;38(12):5825–9. https:// doi. org/ 10. 1093/ molbev/ msab2 93.

 59. Kanehisa M, Goto S. KEGG: Kyoto Encyclopedia of genes and genomes. 
Nucleic Acids Res. 2000;28:27–30.

https://doi.org/10.3389/fgene.2019.00745
https://doi.org/10.1007/s10126-022-10134-y
https://doi.org/10.1038/srep35736
https://doi.org/10.1038/srep35736
https://doi.org/10.3389/fpls.2022.872137
https://doi.org/10.3389/fpls.2022.872137
https://doi.org/10.1371/journal.pgen.1008480
https://doi.org/10.1098/rstb.2009.0317
https://doi.org/10.3390/ani12151914
https://doi.org/10.3390/ani12151914
https://doi.org/10.1152/jn.2000.83.1.181
https://doi.org/10.1002/cne.24177
https://doi.org/10.1002/cne.24177
https://doi.org/10.1523/JNEUROSCI.15-11-07528.1995
https://doi.org/10.1124/pr.109.002451
https://doi.org/10.1002/syn.22033
https://doi.org/10.1016/j.scitotenv.2021.148805
https://doi.org/10.1016/j.scitotenv.2021.148805
https://doi.org/10.1242/jeb.243263
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1093/nar/gkq603
https://doi.org/10.1101/gr.094052.109
https://doi.org/10.1038/nature10231
https://doi.org/10.1038/nature10231
https://doi.org/10.1371/journal.pgen.1002967
https://doi.org/10.1093/molbev/msab293


Page 16 of 16Zhao et al. BMC Genomics          (2023) 24:547 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 60. Kanehisa M. Toward understanding the origin and evolution of cellular 
organisms. Protein Sci. 2019;28(11):1947–51. https:// doi. org/ 10. 1002/ pro. 
3715.

 61. Kanehisa M, Furumichi M, Sato Y, Kawashima M, Ishiguro-Watanabe M. 
KEGG for taxonomy-based analysis of pathways and genomes. Nucleic 
Acids Res. 2023;51:D587-592.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1002/pro.3715
https://doi.org/10.1002/pro.3715

	Whole-genome resequencing reveals genetic diversity and selection signals in warm temperate and subtropical Sillago sinica populations
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Results
	Sequencing information and variation calling.
	Population structure, linkage disequilibrium, and historical dynamics
	Genome-wide selection signal and candidate gene analysis based on Fst&π
	Genome-wide selection signal and candidate gene analysis based on XP-EHH

	Discussion
	Population genetic analysis and historical dynamics
	Population selection signals based on Fst&π
	Population selection signals based on XP-EHH

	Conclusions
	Methods
	Sample collection, DNA extraction, and sequencing
	Sequencing data quality control and reads mapping
	SNP calling, filtering and annotation
	Population genetics analysis
	Effective population size analysis of evolutionary history
	Detection of selective sweeps

	Acknowledgements
	References


