Resequencing of grass carp populations in Asia reveals genetic diversity and selective adaptation
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Abstract	
Grass carp (Ctenopharyngodon idella) is an important economic and ecological freshwater fish. Grass carp is a highly adaptive and has been introduced around the world, making it a good model to explore genomic divergence in diverse ecosystems. Habitat colonization often requires extensive adaptation to cope with environmental challenges from temperature and light variations; however, the associated genomic mechanisms underlying evolution are unclear. To evaluate the genetic diversity and selective adaptation in this species, we improved the draft genome of female grass carp using a fine genetic map and performed whole-genome resequencing to generalize genetic differentiations and variations among eight populations across its distributional range in Asia. Population structures analysis using principal component, linkage disequilibrium decay, and admixture analyses revealed that the Asian grass carp comprises two independent and genetically distinct populations, which might have resulted from geographical distributions with contrasting environments. The South Asia population exhibited reduced genetic diversity and a distinct population structure compared with those of the China and Vietnam populations. Genome selected sweep analysis revealed many diverged genomic regions containing genes enriched for the nervous system and epigenetic diversity-related genetic variation. Finally, among 27 candidate genes located in selected regions, the oxytocin gene had the highest Fst value, and is involved in parturition, social behavior, growth, and developmental processes, possibly contributing to the local adaptation of South Asia grass carp. Our results suggested that grass carp genomic divergence has been triggered and maintained by geographic isolation, revealing the genomic basis of adaptation in this species.
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1. Introduction
Understanding how natural processes affect population genetic structures and gene flow is an important issue in evolutionary biology (Wang & Bradburd, 2014; Wu et al., 2015). To detect the patterns of fine-scale population structure and detailed reconstruction of demographic dynamics through time, analysis of extensive data sets from whole-genome sequencing of individuals can be used (Fujino & Shirasawa, 2022). This analysis can help to explore how or what leads to genetic diversity and selective adaptation. By resequencing whole genomes, Iannucci's group investigated the population structure, genomic diversity, and demographic history of the Komodo dragon (Varanus komodoensis) and found that the genomic divergence among island populations had resulted from changes in the sea level affecting connectivity across islands (Iannucci et al., 2021). Wang et al. investigated the differences in terms of genetic diversity and differentiation between and within cultured stocks and wild populations of large yellow croaker, and reported lower genetic diversity in the two cultured populations, but higher genetic diversity in the wild populations (Wang et al., 2012). Research on the genetic structure of grass carp (Ctenopharyngodon idella) in the Missouri River found that range expansion can result in divergent genetic structures of subpopulations (Johnson et al., 2011). Moreover, Zong et al. investigated the genomic architecture that underlies rapid parallel adaptation of Coilia nasus to fresh water via population genomic approaches, and found that chromosomal inversions played an important role during the evolution of rapid parallel ecological divergence in the face of environmental heterogeneity (Zong et al., 2021).
Fishes occupy nearly all types of aquatic environments, both naturally occurring and manmade, even those which pose extreme challenges for survival. Cyprinidae, the largest family of freshwater fishes, has 367 genera and 3006 nominated species (Li & Guo, 2020). Cyprinidae has a strong adaptive ability, especially to changes in the external environment. For example, a multi-tissue analysis of responses to increasing cold in the common carp (Cyprinus carpio) was performed, supporting its wide seasonal extremes of temperature (Ge et al., 2020). Geographical and environmental factors might influence a species’ current patterns of genetic diversity (Wang et al., 2017; Powers et al., 2020). Meanwhile, mountain ranges have been identified as the third most important factor in biogeographical differentiation after tectonics and climate, mainly because of their role as a barrier to dispersal that affects a large variety of taxa (Antonelli, 2017). The presence of physical barriers might have a profound influence on the spatial and temporal distribution of genetic variation and could further impede gene flow, quickly promoting genetic and phenotypic differentiation (Machado et al., 2018). In addition to genomic variation, some studies confirmed that variation in DNA methylation is ubiquitous in natural populations, and that it usually exceeds DNA sequence variation when comparing populations from ecologically contrasting origins (Gáspár et al., 2019). To understand the adaptation process, we need to enhance our knowledge of mutations, genetic diversity, and epigenetic variation of adaptive traits, and the relationship between genetic and epigenetic variation.
Belonging to the family Cyprinidae, Grass carp is native to large rivers in Asia, whose distribution spans approximately 30 latitudinal degrees (Shen et al., 2019). It is an important freshwater fish and has a farming history of more than 1700 years in China since the Tang Dynasty. Currently, grass carp accounts for about 25% of the total aquatic fish production in China and had the highest aquatic production in China (Ge et al., 2020). Grass carp has undergone artificial reproduction since 1958, and has been directly or indirectly introduced to all parts of the world since the 1980s, such as the United States, India, and Mexico (Shen et al., 2011). Grass carp has been introduced around the world for decades; therefore, the varieties of grass carp in China may be distinguished from the populations in other countries. In previous studies, the genetic diversity and relationships among different populations of grass carp have been evaluated using microsatellite markers (Johnson et al., 2011) and mitochondrial DNA (Fu et al., 2015). The genomic signatures of population differentiation from nine populations demonstrated that latitude can affect the adaptive capacity of grass carp (Wang et al., 2016). In studies of the adaptation of grass carp to the environment, previous research identified the loci and genes involved in putative local selection for native locations by surveying the genetic diversity of grass carp from the Yangtze, Pearl and Heilongjiang River Systems (Shen et al., 2019). However, there has not been an overall comprehension of its adaptive mechanisms, which is important for its aquaculture. 
During the past decade, advances in our understanding of genes and genomes have yielded several new areas of research. One of these is environmental adaptability research, exploring both the effects of environmental stress and the adaptive responses to it. Fish have developed biochemical or molecular mechanisms to respond to threats, like the cyprinid Catalan chub (Squalius laietanus) and the Mediterranean barbel (Barbus meridionalis), which express some individual natural evolutionary adaptive traits related to their habitat preference, making them more resilient or vulnerable to anthropogenic pressure (Solé et al., 2021). For Cyprinidae, most research on adaptive mechanisms has focused on genome evolution (Xu et al., 2017; Wang et al., 2021; Zhou et al., 2021) and the immune system of species (Neave et al., 2017). Recently, next-generation sequencing technologies and advances in bioinformatic analyses have introduced a wider genomic perspective to population ecology and conservation (Hohenlohe et al., 2021), which can help to explore how or what leads to genetic diversity and selective adaptation. In this study, we assembled a high-quality reference female grass carp genome to improve our analysis. Then, we used specific-locus amplified fragment sequencing (SLAF-seq) to reconstruct phylogeographical relationships between eight grass carp populations and infer historical gene flow events. Third, we used whole genome resequencing to scan the populations for genomic regions showing signs of divergent selection potentially related to variation in the environment. These analyses identified potential loci for genes of novel varieties with better environmental adaptability, thereby promoting our understanding of the molecular mechanisms underlying environmental tolerance in teleosts.

2. Materials and Methods
2.1 Anchoring of the previously-published assemblies on a fine linkage map
We anchored the previously-published assemblies (Wang et al., 2015) to our fine linkage maps (Guo et al., 2022). According to the alignment of the markers to the assemblies, the scaffolds were orientated, ordered and localized to the 24 linkage groups. When a marker was aligned to two or more scaffolds, the gene collinearity in its flanking regions and an additional manual check were used to assist its localization. The gap between any two adjacent scaffolds were preset as 100 Ns. This physical map was visualized using the R package LinkageMapView (Ouellette et al., 2018).
2.2 Whole genome resequencing 
The sequenced individuals were collected from eight sites in Asia, including Nepal (NP) and India (IN) in South Asia, Yuanjiang (YJ), Anxing (AX), Wanzhou (WZ), Tianjin (TJ), and Zhaoqing (ZQ) in East Asia and Vietnam (VN) in Southeast Asia. The genomic DNAs were extracted from the pectoral fin with the TIANamp Genomic DNA Kit (TIANGEN Biotech, Beijing, China). To acquire comprehensive information on the population structure, we conducted Specific-Locus Amplified Fragment Sequencing (SLAF-seq) (Sun et al., 2013) on the eight populations. SLAF-seq was carried on 80 individuals, with 10 individuals from each population. According to the outputs of electronic restriction endonuclease digestion, two restriction endonucleases, RsaI and HaeIII, were used to construct the SLAF-seq libraries. The SLAF library was sequenced at an Illumina HiSeq 2500 platform (San Diego, CA, United States) at Biomarker Technologies (Beijing, China). Three representative populations, TJ, IN, and WZ were selected with 12 individuals from each population for the parallel whole genome resequencing. The 35 genomic DNA samples were used to generate 35 libraries and sequenced using 150 bp paired-end reads using an Illumina NovaSeq 6000 system at Novogene (Beijing, China).
2.3 Processing of the SLAF-seq data
The software FastQC (Andrews, 2010) and Trimmomatic (Bolger et al., 2014) were used to remove low‑quality reads. We used the software BWA (Li, 2013) to align the pre-processed clean reads to a more complete reference genome of grass carp than the current available version. After that, we discovered short variants following the best practices workflow of Genome Analysis Toolkit (GATK), which is recommended for germline short variant discovery (single nucleotide polymorphisms (SNPs) + insertion/deletions (INDELs)) by the GATK official documentation (Poplin et al., 2018). Genomic variant call format (GVCFs) file generated from Binary alignment map (BAM) files using the GATK HaplotypeCaller tool. All 80 GVCFs file were combined into a single raw vcf file using the GATK CombineGVCFs tool. 
2.4 Processing of the deep-sequencing data in the three populations
FastQC and Trimmomatic were also used to preprocess raw reads before alignment to remove low-quality reads. Then, we used BWA to align the pre-processed clean reads to a more complete reference genome of grass carp than the current available version. After that, we discovered short variants following the best practices workflow of GATK, which is recommended for germline short variant discovery (SNPs + INDELs) by the GATK official documentation. PCR duplicates were removed from the BAMs using GATK MarkDuplicates tool, and then transferred to GVCFs using the GATK HaplotypeCaller tool. After generating 35 GVCFs for each individual, they were combined into a single raw vcf file using GATK Combine GVCFs tool.
2.5 Identification of genome variants
After pre-processing, SLAF-seq produced an average of 2.54 million clean reads per individual. First, the raw vcf file was filtered based on the following parameters: maf (AF, Minor Allele Frequency) < 0.05, AN (Total number of alleles in called genotypes) < 80.0, Fisher Strand (FS) > 60.0, and DP (Depth) < 80.0 by using GATK VariantFiltration tool, and finally we retained 1,118,664 SNPs and 4,474, 987 INDELs for subsequent analysis. Whole genome resequencing produced an average of 36.74 million clean reads per individual after pre‑processing. First, SNPs and INDELs were separated after merging gvcf files into a vcf file. 9,823,174 SNPs and 3,079,522 INDELs were retained for preliminary filtering based on the different parameters that were recommended by the GATK guidelines: Qual By Depth (QD) < 2.0, Mapping Quality (MQ) < 40.0, Fisher Strand (FS) > 60.0, Strand Odds Ratio (SOR) > 3.0, Mapping Quality Rank Sum Test (MQRankSum) < 12.5, and Read Pos Rank Sum Test (ReadPosRankSum) < 8.0 for SNPs; and QD < 2.0, ReadPosRankSum < 20.0, InbreedingCoeff < 0.8, FS > 200.0, and SOR > 10.0 for INDELs. To focus on the variants that were biologically meaningful at the population level, we further excluded SNPs and INDELs with following parameters: maf (AF) < 0.05, AN < 36.0, DP < 100.8, and DP > 1065.6 for SNPs; and maf (AF) < 0.05, AN < 36.0, DP < 80.72, and DP > 864.0 for INDELs. Finally we retained 5,531,599 SNPs and 1,929,797 INDELs for subsequent analysis, and the software SnpEFF (Cingolani et al., 2012) was used for variant annotation.
2.6 Analysis of genetic diversity and population structure
To ensure that only biallelic SNPs were used for the following analysis, we used the software Vcftools (Danecek et al., 2011) parameter “--min-alleles 2 --max-alleles 2” to remove the non-biallelic SNP loci in the SLAF-seq vcf file. The software Plink (Purcell et al., 2007) was then used to convert the vcf file into Plink formatted files, and the SNP data in linkage disequilibrium (LD) was further trimmed by the parameter “--indep-pairwise 50 10 0.1”. Finally, 36,072 independent SNPs were retained for the following analysis. A phylogenetic tree based on these SNPs was constructed using RaxML (-b 1000 -m ASC_GTRCAT) (Stamatakis, 2014). The software ADMIXTURE (Zhou et al., 2011) was run for K values ranging from 1 to 9 to clarify the population structure. Each K was repeated using multiple runs from 1000 different initial random seeds/starting points by setting parameter “-s” to simulate the bootstrap in the phylogenetic tree. The python module pong, which has good functionality for summarizing the output of the multiple runs, was used to visualize the output of ADMIXTURE proportion inferences. Finally, cross‑validation error values were calculated by the parameter “--cv” and visualized by R package ggplot2 (Pedro M, 2010). Then, principal component analysis (PCA) was performed using the software EIGENSOFT (Price et al., 2006). The significance level of each principal component was also determined using the Tracey-Widom test (Patterson et al., 2006). The top 3 of the total 10 principal components were extracted and visualized by using R package ggplot2. Then, the phylogenetic tree was inferred with the SNP data using the software MEGA X (Kumar et al., 2018) under the p-distances model, 1000 bootstrap, and the Neighbor-joining method. The online website ITOL (https://itol.embl.de/) was used for downstream optimization and visualization. Thereafter, we used the software TreeMix (Pickrell & Pritchard, 2012) to infer the migration edges of the population history of divergence and admixture from 0 to 9. Each migration edge was run under 1000 bootstrap with the parameter “-k 1000”, the visualization was performed using a TreeMix recommend R script. We fitted a non-linear least square model to estimate the optimal migration edge value “2” using the R package OptM (Pickrell & Pritchard, 2012). Finally, the software PopLDdecay (Zhang et al., 2019) was used for LD decay analysis under the parameter “-MaxDist 1000”, which was visualized using the R package ggplot2.
2.7 Detection of positively selected regions
Selective sweep analysis was performed between three re-sequenced populations, IN, WZ and TJ, with the sliding window method. The smaller the window is, the more favorable it is to detect a small range of selective pressure signals, but the larger the window is, the more it can avoid the error caused by a single allele. Accordingly, the 50-kb sliding window is an appropriate size, because under this window length, the window with a moderate number of SNP (250 SNPs) accounts for the highest proportion of reviews, and the window is not too large. Vcftools was used to calculate the F-statistics (Fst) and Pi ratio with SNPs under a 50 kb windows size and a 2 kb footstep size. An in-house designed Perl script was used to select the window of the top 5% difference for the next analysis. Then, the software Bedtools (Quinlan & Hall, 2010) was used to extract regions of grass carp genes that overlap with these windows, which presumed that these genes were under selection pressure, thus showing the largest genetic differences among different populations. The R package CMplot (Yin et al., 2021) and software GraphPad Prism (GraphPad Inc., la Jolla, CA, USA) were used for visualization.
2.8	Association analysis of SNPs with DMLs
Differentially methylated loci associated with eight sites in Asia were obtained from our study (unpublished) and all identified DML were pooled and mapped to the high quality female grass carp genome. The association between SNP and different methylation loci (DML) among populations was tested under 10,000 permutations by using R package regioneR, which offers a statistical framework based on customizable permutation tests to assess the association between two genomic features (Gel et al., 2016). Only transition type SNPs (cytosine-to-thymine, C-T or Guanine-to-Adenine, G-A) and delta ≥ 0.1 DMLs (Differentially methylated level ≥ 10 %) were taken into account to test whether the observed number of overlaps was significantly higher than the expected number under randomization.
2.9 GO (Gene Ontology) enrichment analysis of the selective genes
Due to the grass carp hasn’t standard GO database as a non-model organism, like human, we annotated online (http://eggnog-mapper.embl.de/). Then, the annotation document was used to conduct OrgDB, which is a local annotation database with the information of gene ID and GO terms. Finally, GO enrichment analysis was performed using the clusterProfiler package (Wu et al., 2021), and pvalueCutoff < 0.05 after correction was considered significantly enriched. Subsequently, the results were plotted by the dotplot in the clusterProfiler.

3. Results
[bookmark: _Hlk63372488]3.1 Improvement of the female grass carp genome sequence
A high-quality reference genome facilitates the study of non-model organisms; therefore, we improved the draft genome sequence of grass carp using a fine genetic map, which spanned 791.53 cM of the 24 female linkage groups (LGs) using 1,739 SNP markers on each LG (Fig. 1; Table S1). The LGs ranged from 44.73 (LG 18) to 123.82 cM (LG 2) in size, which produced an estimated average recombination rate of 2.13 cM/Mb (Table S2). The scaffolds anchored to the LGs increased from 38% to 87% in number and from 64% to 89% in total length, compared with the previous version (Table S3). The increasing number of markers also increased the proportion of directed scaffolds from 61.4% to 73.4%. This fine and near-complete grass carp reference genome localized 28,199 (86%) protein-coding genes on the 24 pseudo-chromosomes.
3.2 Analysis of the population structure
We sequenced eight grass carp populations from different regions using SLAF-seq technology (Fig. 2A; Table 1). Around 98% of the generated reads were aligned to the reference genome, with an average sequencing depth of 11.11× (Table S4). Genotyping and subsequent stringent quality control obtained 141,999 million high-quality bi-allelic SNPs, most of which were located in intergenic and intronic regions (Table S5). The LD analysis displayed that the average LD decay distance of South Asia was 200 bp, while those of the other populations were 70–80 kb, respectively (Fig. 2E). This pattern was also supported by the assessment of genetic diversity, including observed heterozygosity (Ho) and expected heterozygosity (He). The overall genome-wide genetic diversity (Ho) varied from 0.204 (NP) to 0.280 (ZQ) with a mean Ho = 0.233, and the He varied from 0.225 (NP) to 0.287 (ZQ) with a mean He = 0.264 (Table S6).
The population structure clarified by an admixture analysis illustrated the lowest cross-validation (CV) error at K = 2 (CV = 0.685, Fig. 2D). When K = 2, populations in South Asia (IN and NP) and East Asia (VN, AX, WZ, ZQ, YJ, and TJ) were separated into two clusters. Similar to the admixture analysis, PCA based on SLAF SNPs separated the populations approximately from South to East along the first axis with individuals for each population clustering together (Fig. 2C). PC1 separated the populations of South Asia (NP and IN) and other populations (AX, ZQ, VN, WZ, TJ, and YJ) with the top-level difference. A neighbor‑joining (NJ) network (Fig. 2B) based on the pairwise distance matrix and population structure analysis depicted the same classification. Both populations in South Asia were unique components in a structure analysis when assuming three ancestral components (K = 3) (Fig. 2D). In addition, the WZ population displayed admixture within East Asia populations and the gene flow analysis revealed the possibility of migration between different river systems in China (Fig. 2F). Overall, the grass carp samples were divided into two main groups: (i) South Asia, including samples from IN and NP, and (ii) East Asia, including grass carp from AX, WZ, ZQ, YJ, and TJ, and Southeast Asia including VN.
[bookmark: _Hlk76145982]3.3 Identification of the underlying selection among the populations
To detect the selections that the populations have undergone, we assessed and compared the genetic diversity among the populations collected from different regions. To identify the underlying genetic mechanism of adaptation to different environments, we identified genomic regions with signatures from a selective sweep. Genome resequencing of the 35 individuals, 11-12 from each population (Table S7), identified a total of 5.53 million SNPs, with an average SNP density of 6.99 ×10-3. The diversity in the genic regions was significantly lower than that in the intergenic regions according to the distribution of the calculated Pi value (Fig. S1). The average Fst value between any two populations was 0.101 (Table S8), ranging from 0.051 (between YJ and WZ or between ZQ and WZ) to 0.176 (between IN and NP), which measured the population difference. The average nucleotide diversity (Pi) was around 2.97 × 10-5 (Table S6). The maximum Pi value was detected in ZQ (3.43 × 10-5), while the minimum was in NP (2.58 × 10-5).
Comparison of the genome variations between the South Asian and the East Asian populations indicated that the selected regions of the IN population mainly localized to Chromosomes 5, 6, 11, and 24 (Table S9). 
We further analyzed the association between epimutation and genetic variation of grass carp to prove whether the epigenetic variation of grass carp promotes genetic variation in the genome. We identified a significant association (z-score = 44.9065, P-value = 9.999e-05, 10,000 permutations) between differentially methylated loci (DMLs) and transition type SNPs (cytosine-to-thymine, C-T or Guanine-to-Adenine, G-A) among populations (Fig. S2); the result was similar to that of European sea bass under a similar background of domestication (Anastasiadi & Piferrer, 2019).
3.4 Candidate genes gene ontology analysis
We explored the genomic regions under a significantly selective sweep among the IN, TJ, and WZ populations when the regions had both high population differentiation (Fst) and high ratio of pairwise diversity (Pi) (Fig. 3). A total of 831 candidate genes under selection were identified for TJ-WZ, and 1,447 for IN-WZ (Table S10). To investigate the influence of the selection on gene function, an enrichment analysis of the genes located in the selected regions was conducted to compare the IN or TJ population against the wild WZ population (Table S11), using the gene ontology (GO) terms database. Among the 22 biological process GO terms that were significantly enriched in the IN population, 12 were related to development (Fig. 4A), including Cell fate specification (GO:0001708), Neural crest cell migration (GO:0001755), Intrinsic apoptotic signaling pathway by p53 class mediator (GO:0072332), Floor plate formation (GO:0007528), Neural tube plate formation (GO:0021508), Retina development in camera-type eye (GO:0060041), Semaphorin-plexin signaling pathway (GO:0071526), Postsynaptic membrane assembly (GO:0097104), Presynaptic membrane assembly (GO:0097105), Synaptic membrane adhesion (GO:0099560), Semaphorin-plexin signaling pathway involved in axon guidance (GO:1902287), and Negative regulation of cell adhesion (GO:0007162). Comparatively, the biological process GO terms that were significantly enriched in TJ population were mainly related to development, cell metabolism, and signal transmission (Fig.4B).
3.5 Candidate genes under divergent selection
For the selected genes between different populations, the genes that carry missense and nonsense mutations were particularly noticeable, not only because they might have been the target for the selective sweep, but also because they might have significant impacts on normal gene function. These genes should meet the following two conditions: 1) Carrying mutations that could change the gene function; 2) The mutated allele should be the major allele or be fixed in the population in which the gene is under selection, and show a low or intermediate frequency in the other populations. Finally, 27 candidate genes were located in the selected regions of the different populations (Table S11), among which a gene (oxtr), annotated as encoding oxytocin receptor b, might play an important role in domestication. This oxtr b homolog was located in a selected region from 25,546,001 to 25,606,000bp on Chr. 18 (Fig.5A; Table S9). The average Fst value in this selected region, whether 0.293 between WZ and IN or 0.318 between TJ and IN, was both much higher than the corresponding Fst background value of 0.218 or 0.219 (Fig.5A), suggesting a high selection pressure, while another copy of oxtr located in chr18:23100383-23110301 was close to the Fst background value, indicating that it was not under selection. 
The oxtr gene encodes a member of the class A G protein-coupled receptor family, and carries a missense mutation from cytosine to guanine, which would consequently cause the premature transcription termination at residue 309 (chr18:25592226, g.5957C>G, p.Ser309*) (Figs. 5 B,C). This would be lead to deletion of the 7th transmembrane domain and the C-terminus of the G protein-coupled receptor (Fig. 5D), seriously interrupting the normal function of the oxytocin receptor on the cell membrane. The variant allele frequency at this locus in the IN population was nearly fixed (92%) (Fig. 5B), all of the individuals carried at least one allele of the variant genotype, of which 10 out of 12 individuals were homozygous. Whereas the variant allele frequency in the TJ and WZ populations were 55% and 32% (Fig. 5B), respectively, showing an intermediate frequency polymorphism at this locus, which was not strongly selected.
4. Discussion 
In the present study, we presented an improved draft genome of the female grass carp, which provides a valuable genomic resource to understand its genome evolution. Population analyses unveiled the genetic characteristics of the South Asia populations. Moreover, we observed two different colonization patterns in the IN and NP populations. Different environments provide a unique opportunity to explore the genomic basis of adaptation to challenging environmental conditions, requiring specific adaptations at the molecular, cellular, and physiological levels; however, the genomic mechanisms underlying such adaptations are not well characterized. In our analysis of South, East, and Southeast Asia grass carp, we found that divergence and adaptation during colonization has resulted in significant population structures and involved multiple genomic regions and categories of genetic variation. We uncovered differentiation among genes involved in development, suggesting the importance of these mechanisms in grass carp divergence and adaptation during colonization.
4.1 Role of regulatory regions in adaptation
The structure pattern analyzed above indicated that there are some differences in the clustering into two groups (Zhujiang River and Yangtze River) even within the East Asian groups with small population differences. During the increase of K from 2 to 3, the South Asian populations were divided into two clusters, IN and NP, and only a few individuals had the same lineage components between these two clusters. The process of K from 3 to 4 showed that the third division happened between East Asia populations, in which individuals of YJ, AX, and WZ have more than half of the purple lineages components and thus could be clustered together, while the individuals of TJ, VN, and ZQ could be clustered into another group because they had more than half of the red lineage components. The decay rates of South Asia populations were considerably slower than those of the other populations. In addition, there was no difference between farmed and wild populations. The reasons might be the wide distribution of grass carp in freshwater systems in China and the culture tradition of grass carp, meaning that fish farms use wild caught fish as brooders to produce offspring (Zhao et al., 2020). Analyses of population structure, LD, and gene flow analysis demonstrated that geographical isolation might be one of the most important factors to promote population differentiation, as well as the domestication process of the farmed populations in South Asia, which are far away from the wild populations. 
The identified genetic diversities among the populations might be attributed to factors such as genetic drift or selection sweeps, which resulted from domestication and environmental selection in different regions (López et al., 2019). Hence, we selected the IN, TJ and WZ populations, respectively, to represent South Asian breeding populations, East Asian breeding populations, and wild populations, to conduct whole genome deep resequencing to detect selective signals that might lead to genome variation. We found that between TJ and WZ, both of which belong to China, two evident subpopulations have not developed. Then, the descendants of the real wild grass carp with them would be reflected in a higher Fst value. TJ and IN, both of which are breeding populations, are obviously different populations according to the population structure analysis. Moreover, the genetic diversities in IN, which was introduced from China, are higher than those in TJ, meaning the grass carp in IN have undergone less domestication. It also implies that they have all undergone a process of local adaptation, which is supported by the gene flow analysis. Furthermore, it has been proven that when gene flow is high, clustering of adaptive genes in fewer genomic regions would protect adaptive alleles from among-population recombination and thus be selected for (Shi et al., 2021). When the grass carp was introduced into India, because most of the border areas between China and India are in Tibet, the terrain and altitude, as a natural geographical barrier, would isolated the genetic exchanges of east and south Asia, leading to the separate development of each area or genetically drift. For example, analysis of the genetic diversity and differentiation of Hong Kong newt (Paramesotriton hongkongensis) populations from three streams revealed the terrestrial biogeographic barrier is crucial in influencing genetic divergence of populations (Zhang et al., 2011). Moreover, groups of fish in different geographical areas must rely on the connection of water systems to migrate, and groups in different water systems can develop into new species after long-term geographical isolation (Buj et al., 2017). Thus, another reason for the segregation of the population is that three Chinese rivers related to an Indian river originate in Tibet, where they are not suitable for the growth of grass carp. Recent research found that it is possible that during the process of the invasion of different lakes by Amblyopinae group, because of the differences in the latitude and environment of the lakes, the invading groups have undergone different adaptive evolution, resulting in significant genetic differentiation among the groups. (Fang, 2021). A previous study also found that the construction of water conservancy projects will interrupt the water area, affecting the gene exchange of fish, thereby leading to morphological differences (Perazzo et al., 2019). In conclusion, both differences in genetic origin and preferences in artificial selection might lead to different evolutionary parameters among different grass carp populations.
4.2 Candidate genes and gene families involved in adaptation
The selected genes between different populations produced by selective sweep might play an important role in developmental signaling, synaptic strength, and plasticity (Ayub et al., 2013). The resulting functional annotations exhibited that the genes selected during the domestication and environmental adaptation of grass carp are mainly related to the nervous system, which might reflect the plasticity of the nervous system and its extensive influence on tissue development and body distribution. There are many studies on important genes in fish adaptation to different environments. For, instance, to determine genetic evidence for adaptation to the deep-sea environment, comparative genomic analysis of 80 fish species was performed, which identified molecular convergence genes (grk1, ednrb, and nox1) in dark vision, skin color, and bone rarefaction (Bo et al., 2022).
In this study, we found that many candidate genes or proteins play a key role in grass carp adaptation, many of which are enriched in the nervous system. First, in terms of neural regulation, contactin associated protein 1 (contactin-1) is indispensable for early interactions between axons and glia, and it bolsters paranodal junction formation by establishing a complex with the transmembrane protein CNTNAP1 (Chatterjee et al., 2019). Contactin-2 also has roles in neural regeneration. Upregulation of contactin-2 expression was observed in the zebra fish spinal cord caudally to the site where a lesion was set, indicating a role in spinal cord regeneration. This was further supported by the fact that during spinal cord injury, antisense morpholino oligonucleotides that blocked the expression of contactin-2 impeded axon regrowth beyond the lesion site (Lin et al., 2012). Second, in terms of immunity, tyrosine-protein phosphatase regulates Catenin Beta 1 (CTNNB1) function in cell adhesion, signaling, proliferation, and migration, playing a role in megakaryocytopoiesis and in the maintenance of epithelial integrity. Macrophage mannose receptor (MMR) is a member of the C-type lectin family and is closely related to C-type lectin domain family 13 member B (DEC205), a receptor expressed on dendritic cells. MMR interacts with a variety of gram-positive and gram‑negative bacterial and fungal pathogens (Singh & Singh, 2013). The main function of MMR is thought to be phagocytosis of microbial pathogens, and their delivery into the lysosomal compartment where they are destroyed by lysosomal enzymes. Ectonucleotide pyrophosphatase/phosphodiesterase 7 (ENPP7) is the key enzyme in the gut that digests sphingomyelin, and phospholipase is an enzyme that hydrolyses phospholipids into fatty acids and other lipophilic substances (Urman et al., 2020). Acyl-CoA synthetase 5 (ACSL5) plays a key role in the process of de novo lipid synthesis, which could regulate intestinal processes, primarily through different variants of protein lipidation (Klaus et al., 2013). Involved in ubiquitination, tripartite motif containing (TRIM) proteins participate in many cellular processes, including antiviral immunity (Lee, 2018). CEA cell adhesion molecule 1 (CEACAM1) is highly expressed in the tumor environment and is strictly regulated on lymphocytes, such that its expression is restricted to activated cells where it is now recognized to function in tolerance pathways (Kim et al., 2019). The expression level of zinc-finger BED domain-containing protein (Zbed) was significantly decreased after exposure to Cd in Acrossocheilus fasciatus (Liu et al., 2017). In the grass carp genome, these genes associated with immunity and neuromodulation might play a role in improving disease resistance and neural regulation to adapt to a gradually changing environment.
4.3 Epimutations associated with genetic variants
Several previous studies on fish have suggested that species might have the ability for rapid genetic adaptation to environmental changes, such as aquaculture or fishing (Finger et al., 2018; Horreo et al., 2018; Anastasiadi and Piferrer, 2019; Therkildsen et al., 2019). Although some of these conclusions are based on standing variants, the results for European sea bass also suggest another possibility, that epimutations such as DNA methylation can be integrated into the genome by promoting mutations at the CpG site after 25 years of selective breeding (Anastasiadi and Piferrer, 2019), especially considering the widely accepted consensus that methylated cytosines tend to mutate 10–50 times faster than unmethylated cytosines (Chen et al., 2014; He et al., 2015), and the T-to-C mismatch repair pathways are inefficient in mammals (Walsh and Xu, 2006; Sjolund et al., 2013; He et al., 2015). Although it does not fully prove that the genetic variation is caused by epimutations, or further confirm that the resulting genetic variation promotes the adaptation of the population to the environmental changes, the significant non-randomized correlation between epimutations and genetic variations in the genome represents the possibility of interaction in evolution, which has been confirmed by previous studies in other species (Skinner et al., 2015; Anastasiadi and Piferrer, 2019; Pértille et al., 2019). Importantly, we found recently that differentially methylated genes are functional in the developmental process of neural, immunity, bone, and muscle, which could contribute to domestication and environmental adaptation among farmed and wild grass carp populations ((Wei et al., 2022). Therefore, the results of these studies and our findings suggest a genetic mechanism in the process of environmental adaptation, i.e., epimutations that are easily affected by the environment can promote genetic changes and integrate into the genome with a more stable and heritable status.
4.4 The importance of oxtr in aquaculture
[bookmark: _Hlk111906906]The most well-known function of oxytocin is in parturition and social behavior (Froemke & Young, 2021); however, some studies also suggested its role in growth and developmental processes (Sue Carter, 2018), such as promoting sexual maturation by affecting the expression or release of various hormones, e.g., estrogen, gonadotropin, and their receptors (Li et al., 2017). As the only known receptor of oxytocin and a member of the class A G protein-coupled receptor family, the oxytocin receptor mainly mediates signal transduction of oxytocin (Jurek & Neumann, 2018). Class A G protein-coupled receptors consist of an N-terminus, seven transmembrane domains, and the C-terminus, in which the 7th transmembrane domain and the C-terminus are involved in G-protein coupling and other downstream signal transduction process (Sato et al., 2016; Coleman et al., 2017; Lee et al., 2018). C-terminal truncation of the oxytocin receptor in rats uncoupled the G-protein (Abe & Inoue-Murayama, 2014). Considering this, deletion of the important domain of the G protein-coupled receptor caused by the prevalent missense mutation in the IN population, might hinder the normal signal transduction of oxytocin, and further retard normal developmental processes, such as sexual maturation. 
One of the goals of aquaculture is to extend meat production; however, the problem of early sexual maturation in many farmed fish species has constrained the achievement of this goal (Taranger et al., 2010; Gutierrez et al., 2015; Liu & Duston, 2016). Early sexual maturation could change the direction of energy from somatic growth to gonad development, followed by the reduction of feed intake and the consumption of body energy reserves, resulting in a decline in meat quality and production (Barber & Blake, 2016). In some serious cases, such as Atlantic salmon, fish might even suffer high mortality because of the exhaustion of their body reserves after spawning (Camara & Symonds, 2014). Several aquaculture manipulations have been applied to delay sexual maturation to increase somatic growth (Lorenzen et al., 2012; Barber & Blake, 2016). Therefore, it was suggested that the oxytocin receptor might play an important role in the above process, and the selection of the oxytocin receptor mutation had contributed to cultivation of the IN population. 
5. Conclusions
In the present study, we improved the draft genome of grass carp using a fine genetic map. Based on it, we applied SLAF and whole-genome resequencing to generalize genetic differentiation and variation among grass carp populations collected from eight regions (AX, ZQ, VN, WZ, TJ, YJ, IN, and NP). The results of population structure, LD, and gene flow analysis demonstrated that geographical isolation might be one of the most important factors to promote population differentiation. Moreover, during the domestication and environmental adaptation of grass carp, the selected genes under a significant selective sweep were mainly related to the nervous system. Importantly, we found an oxytocin receptor gene, oxtr, located in selected regions of different populations, might play an important role in domestication. This research not only enhances our understanding of the selection and evolutionary processes in grass carp, but also provides a valuable genetic resource that lays a solid foundation for molecular breeding of grass carp.
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Figure legends
Fig. 1 Improved physical map of the grass carp genome. The white bars indicate the length of each linkage group (LG) to which the markers are mapped. The linkage map distances between markers are depicted on a Kosambi centimorgan (cM) scale. The orange bars represent the anchored scaffolds. The black lines linking the markers and scaffolds show the locations of the markers on the scaffolds. The length of each scaffold is shown relative to a 5Mb scale bar. 

Fig. 2 Identification of the population structure in grass carp populations. (A) The geographical distribution of the sampling sites, TJ for Tian Jin, WZ for Wan Zhou, AX for An Xing, YJ for Yuan Jiang, ZQ for Zhao Qing, VN for Bac Ninh, NP for Hetauda, and IN for Gorakhpur. (B) Neighbor-joining phylogenetic tree of the eight populations. The scale bars represent the p-distance. The branches are colored based on the populations they belong to. (C) The principal component analysis (PCA) plot of the eight populations. The fraction of the variance explained is 3.42%, 2.36%, and 1.83%, with Tracy-Widom P-values < 3.77302e-68, < 7.00437e-34, and < 5.94622e-09 for principal component (PC)1, PC2, and PC3, respectively. Each point is colored and shaped following the same form used in (A). (D) The admixture and cross-validation (CV) errors plot of the eight populations. Each colored column represents one of 80 individuals, and the length of each colored segment represents the proportion of the individual’s genome from K = 2 to 4 ancestral populations. (E) The linkage disequilibrium (LD) decay plot of the eight populations. (F) The gene flow of the eight populations. The arrows and their color gradient represent the direction and weight of migration, respectively. The horizontal scale of the drift parameter is proportional to the amount of genetic drift of the tree branches. The scale bar represents a 10 times average standard error (SE) of the entries in the sample covariance matrix. 

Fig. 3 Identification of selective sweeps in grass carp populations. (A) The Manhattan plot of the pairwise fixation index (Fst) with Tian Jin (TJ) vs. Gorakhpur (IN), Wan Zhou (WZ) vs. IN, and WZ vs. TJ, respectively. The dotted lines in dark red represent the top 1% threshold, the dotted lines in dark green represent the top 5% threshold. The red stars represent the top three chromosomes with the most selected genes for each pair of populations. (B) The distribution of the θπ ratios and Fst values with TJ vs. IN, WZ vs. IN, and WZ vs. TJ, respectively. Each data point represents a 50 kb window. The horizontal dashed lines in black represent the 5% right tail of the empirical Fst distribution. The vertical dotted lines in black represent the 5% left and right tails of the empirical θπ ratio distribution, respectively. The orange points (upper left corner) and the blue points (upper right corner) were identified as the selected regions for each side of the population as denoted. 

Fig. 4 The dot plot of enriched biology process gene ontology (GO) terms of selected genes. The sizes of the dots represent the number of enriched genes in each term. Dots represent term enrichment with color coding: high enrichment is shown in red and low enrichment is shown in blue. (A) Gorakhpur (IN) against Wan Zhou (WZ). (B) Tian Jin (TJ) against WZ. 

Fig.5 The diagram of mutation in oxytocin receptor (oxtr) gene. (A) Fst plot near the oxtr gene between Gorakhpur (IN) and two other populations (Wan Zhou (WZ) and Tian Jin (TJ)). (B) The exon structure of the oxtr gene. (C) The frequency and distribution of premature variant allele G between India and two other populations. (D) The schematic structure of oxtr gene, and the premature mutation is indicated by a red arrow. (E) The predicted structure of the oxtr gene using SWISS-MODEL (https://swissmodel.expasy.org/). 

Fig.S1 The diversity in the different regions according to the distribution of the calculated Pi value. 

Fig.S2 The diagram of significant association between DMLs and SNPs among populations. The grey bars and black curve shows the expected distribution of the number of the randomized overlaps under 10,000 permutations, the black line, and the red line represents the mean value and significant limit, respectively. The green line represents the observed number of overlaps, and the double arrow shows the distance between the observed number and the significant limit. The significance of the association was shown on the plot with Z-score and P-value (Z-score = 44.907, P-value = 0.0001).
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