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Editorial on the Research Topic 
Genetics and Molecular Breeding in Aquaculture Animals

As a major source of “blue food” (Gephart et al., 2021), aquaculture is an important part of meeting the growing human demand for protein, and is also the fastest growing field of food production in the world (FAO, 2020). Selective breeding offers enormous potential to improve important commercial characters and increase commercial efficiency in aquaculture by providing cumulative and permanent genetic improvement of farmed species. Compared to traditional genetic improvement strategies, molecular marker-assisted selection (MAS) rapidly screens for dominant formations within a population by locating genetic markers that are closely linked to the target trait, which greatly saves time and economic costs to increase breeding efficiency (Collard and Mackill, 2008). During the past few decades, better molecular markers, sequencing techniques and breeding algorithms mean that the mapping of specific genetic loci for economic characters is more efficient and precise. In particular, the advent of high-throughput sequencing technologies has greatly facilitated the rapid development of genomics and molecular biology to analyze the biological and genetic background of quantitative traits, so as to promote the application of aquaculture molecular breeding. The aim of this Research Topic is to collect latest molecular breeding model and/or high-quality research finding on aquaculture genetics and genetic breeding. At present, the Research Topic has collected twelve articles, which are groups in seven different themes (Table 1), and are summarized in detail as follows:
TABLE 1 | Main research themes included in the Research Topic.
[image: Table 1]Theme 1 (Genetic diversity): The estimation of population genetic diversity can not only provide basic information for resource assessment and management, but lay the foundation for germplasm improvement. Wang et al. used GBS (genotyping-by-sequencing) technology to genotype 80 Mesocentrotus nudus individuals from five populations along the China’s coast with single nucleotide polymorphisms (SNPs) at the genome-wide level, and systematically described the genetic diversity and population structure of M. nudus. The comprehensive results of principal component analysis, admixture and phylogenetic analysis revealed a low genetic differentiation and high genetic connectivity among the five populations, suggesting that timely conservation measures should be taken for wild M. nudus resources.
Theme 2 (Discovery of associated molecular markers and candidate genes for economic traits): Accurate targeting of genetic markers associated with target traits is a crucial prerequisite for molecular breeding. Jin et al. confirmed the inhibitory effect of eyestalk on male development in Macrobrachium nipponense by histological observation of gonads. Transcriptome differential analysis of normal prawns (CG), single-side eyestalk ablation prawns (SS), and double-side eyestalk ablation prawns (DS) revealed 1,039, 1,226, and 3,682 differentially expressed genes (DEGs) between CG and SS, SS and DS, and CG and DS, respectively. NFkBα was screened for further functional analysis with qPCR, RNAi and histological observation, as it was the most upregulated gene expressed in DS group. The results indicated that NFkBα had a positive regulatory effect on testicular development in M. nipponense, and there was a positive regulatory relationship between NFkBα and insulin-like androgen hormone (IAG), which confirmed the important function of NFkBα in male sexual development of crustaceans for the first time. In the second report, Zhang et al. tentatively explored the salt-alkali tolerance molecular markers in Portunus trituberculatus by the bulked segregant analysis (BSA) strategy. Extreme populations of salt-alkali tolerance or intolerance were distinguished to construct two DNA mixing pool libraries. After comparison and association analysis, eight molecular markers that showed significantly related to phenotype were selected, including five SNPs and three indels. For another global crustacean species, Litopenaeus Vannamei, Zhang et al. conducted a comparative transcriptome approach to uncover the genetic mechanisms of resistance to Vibrio parhaemolyticus (VPAHPND), one of the major pathogens of acute hepatopancreatic necrosis disease in L. vannamei. After the VPAHPND challenge test, three resistant families and three susceptible families were picked out from 95 families for transcriptome sequencing to construct gene expression profiles. Differential gene expression analysis screened 489 DEGs, of which 19 genes were successfully verified in the offspring lines, underlining the accuracy of these markers.
Theme 3 (Linkage maps and QTL analysis): Genetic linkage mapping and QTL localization are important tools for marker-assisted selection for breeding because of their ability to identify molecular markers or candidate genes associated with economic traits (Yu et al., 2015; Peng et al., 2016). Three reports in this theme attempted to develop genetic linkage maps for three economically important species. Guo et al. used 2b-RAD sequencing technology to construct a high-density genetic linkage map for a red swamp crayfish (Procambarus clarkii) with full-sib family containing 4,878 SNP markers and 94 linkage groups (LGs). Using this genetic map, researchers located the growth- and sex-based QTLs of P. clarkii for the first time. Ultimately, 28 QTLs associated with multiple growth traits were identified in nine LGs and a sex-determining major locus was identified in LG20. Notably, the majority of the identified SNPs were female heterozygotes, suggesting that P. clarkii may have a ZZ/ZW sex determination system. Similarly, Zhang et al. used a 250 K SNP array to genotype the full-sib F1 family of mirror carp (Cyprinus carpio), resulting in the construction of a high-density and high-resolution genetic linkage map for common carp containing 28,416 SNP markers with 50 linkage groups. In this study, a total of 17 QTLs related to feed conversion efficiency (FCE) were mapped on four LGs, and nine candidate genes related to carp FCE involved in multiple biological processes were further identified. In another research, Yu et al. constructed consensus and sex-specific (female and male) genetic linkage maps for large yellow croaker (Larimichthys crocea) using samples from an F1 family produced by crossing two distant strains (Daiqu female × Mindong male), which contained 20,147, 11,838, and 11,684 SNPs respectively. Then, the genetic linkage map with 9,885 SNPs and 24 LGs was adapted and integrated based on the physical map of large yellow croaker, and the recombination patterns of each linkage group and the recombination rate of the sex-specific integration map were analyzed in detail. Since previous SNP linkage maps were constructed only for the Mindong strain, this hybrid strain-based linkage map effectively amplified the genetic molecular markers in large yellow croaker.
Theme 4 (Reference genome assembly): Fully assembled and annotated genome will contribute to the study of taxonomic identification, phylogenetic analysis, physiological mechanism and species protection, etc. Chen et al. used PacBio and Hi-C sequencing data to construct a first draft of the genome of the pedunculate barnacle (Capitulum mitella) with a size of 463.09 Mb, and generated 16 chromesomes anchored by the contigs. After exhaustive annotation of the genome, the authors also carried out an evolutionary and phylogenetic analysis between C. mitella and nine other species based on amino acid sequences.
Theme 5 (Exploratory improvement methods for molecular breeding): Innovative improvement of genotyping methods may bring great improvement to aquaculture molecular breeding. Dagnachew et al. expected to reduce the breeding costs of aquaculture genomic selection by grouping individual samples from reference populations into DNA sample poolings for genotyping, rather than for each individual. Using databases from two salmonid alphavirus-challenged Atlantic salmon (Salmo salar) populations, the researchers assessed the impact of the number of DNA poolings in the reference population vs. sequencing coverage on the accuracy of calculating allele frequencies, SNP effects and genomic breeding values (GEBV). A reasonable DNA pooling strategy (i.e., the number of individuals merged in the pool) can provide computational accuracy with little or no loss compared to individual genotyping. And the need for sequencing depth will decrease as the number of DNA pools increases.
Theme 6 (Quantitative genetic basis and genomic architecture of commercial traits): High mortality rates are limiting the Atlantic salmon industry globally. Smoltification is a series of behavioural, developmental and physiological changes during the transfer of Atlantic salmon from freshwater to seawater, which determine the ability of Atlantic salmon to adapt to the seawater environment and therefore urgently needs to be exhaustively investigated. Khaw et al. explored genetic variation of different several phenotypic traits associated with smoltification status by controlling the light regime to simulate seasonal sunshine, and assessed the genetic correlation of smoltification traits between two different age groups from the same family. Conclusion of the study emphasises the importance of the correct choice of time point for measuring phenotypes and fish transfer to seawater, as the smoltification period has different temporal progression between age groups. In the next report, Barría et al. make an outstanding contribution to genetic breeding for feed efficiency in Nile tilapia (Oreochromis niloticus). The genetic structure of the population feed efficiency traits was analyzed in detail, suggesting that feed efficiency traits have significant heritability to be used for genetic improvement in Nile tilapia. In addition, genome-wide association analysis (GWAS) was used to locate QTLs for four feed efficiency traits.
Theme 7 (Functional gene impact on omics): Domingues et al. combined computer-assisted sperm analysis and transcriptome analysis to demonstrate that overexpression of growth hormone (gh) genes altered the microRNA expression profile of zebrafish testis, thus reducing the sperm motility and reproductive potential. The researchers compared the microRNA transcriptomes of gh-transgenic zebrafish (F0104 strain) and non-transgenic zebrafish. 22 differentially expressed microRNAs were monitored, and their functions were adequately interpreted or predicted. Notably, these identified candidate microRNAs may be able to serve as cross-species biomarkers for the validation of male fertility. This study provides the first microRNAome perspective to explain that miRNAs act as direct players in mediating the adverse effects of GH on male reproductive function.
In conclusion, molecular marker-assisted breeding, particularly genomic selection breeding, has great potential to accelerate the rate of genetic gain for excellent characters, which is widely recognized by aquaculture breeders. This Research Topic provides an excellent Research Topic of comprehensive content on aquatic genetics and molecular breeding. We expect that the continuous improvement of new and high-tech in the future will further accelerate the process of molecular breeding of economical aquatic species.
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The eyestalk of crustacean species secretes many hormones, affecting the process of reproduction, molting, metabolism of glucose, and other functions in crustaceans. In this study, important metabolic pathways and candidate genes involved in the male sexual development were identified through performing the transcriptome profiling analysis of the testis after the ablation of eyestalk from Macrobrachium nipponense. The histological observations revealed that the testis development became vigorous after eyestalk ablation, indicating that the hormones secreted by the eyestalk have negative effects on the testis development in M. nipponense. Transcriptome profiling analysis revealed that 1,039, 1,226, and 3,682 differentially expressed genes (DEGs) were identified between normal prawns (CG) vs single-side eyestalk ablation prawns (SS), SS vs double-side eyestalk ablation prawns (DS), and CG vs DS, respectively, indicating that the ablation of double-side eyestalk has more significant regulatory roles on male sexual development than that of single-side ablation, which was consistent with the histological observations. Lysosome, Apoptosis, Glycolysis/Gluconeogenesis, and Insulin signaling pathway were the main enriched metabolic pathways in all of these three comparisons, and the important genes from these metabolic pathways were also selected. The qPCR verifications of 10 DEGs from these metabolic pathways were the same as those of RNA-seq. The qPCR, in situ hybridization, and RNA interference analysis of Mn-NFkBα revealed that NFkBα has a positive regulatory effect on testis development. This study provided new insights on male sexual development in M. nipponense, promoting the studies on male sexual development in other crustaceans as well.

Keywords: Macrobrachium nipponense, eyestalk ablation, testis, male sexual development, NFkBα


INTRODUCTION

The oriental river prawn, Macrobrachium nipponense (Crustacea; Decapoda; and Palaemonidae), is widely distributed in China and other Asian countries (Cai and Shokita, 2006; Salman et al., 2006; Ma et al., 2011), which is an important commercial species with annual aquaculture production that reached 205,010 tons in 2016 (Wang et al., 2019). The same as other Macrobrachium species, male prawns grow faster and reach larger size at the harvest time (Ma et al., 2011). Thus, male prawns are preferred in the M. nipponense aquaculture. But the rapid development of the testis in the reproductive season is another main problem that restricted the sustainable development of M. nipponense. Previous studies revealed that the testis of a newborn M. nipponense can reach sexual maturity within 40 days after hatching (Jin et al., 2016). Thus, inbreeding will happen between the newborn prawns. Inbreeding will lead to the decrease of the ability of resistance to adversity in their offspring, the small scale of market prawn, and the degradation of germplasm resources. Therefore, it is urgently needed to fully understand the male sexual determination and development mechanism, especially for the identification of the key metabolic pathways and genes involved in the mechanism of male sexual determination and development in M. nipponense, with the aims of establishing the technique to produce all male progeny on a commercial scale and regulating the process of testis development.

The eyestalk of crustacean species has many neurosecretory structures. The X-organ–SG complex (XO–SG) is located in the eyestalk in crustaceans, which was identified as a principal neuroendocrine gland (Hopkins, 2012). It stores and releases the crustacean hyperglycemic hormone (CHH) superfamily neurohormones, including CHH, gonad-inhibiting hormone (GIH), molt-inhibiting hormone (MIH), ion transport peptides, and mandibular organ-inhibiting hormone (MOIH), playing essential roles in reproduction (Treerattrakool et al., 2011, 2013; Revathi et al., 2013), molting (Pamuru et al., 2012; Salma et al., 2012; Shen et al., 2013), metabolism of glucose (Santos et al., 1997; Almeida et al., 2004), and other functions (Tiu and Chan, 2007; Sainz-Hernández et al., 2008; Diarte-Plata et al., 2012). Knockdown of the expression of GIH by RNA interference (RNAi) promotes the ovarian development in M. nipponense (Qiao et al., 2015). Knockdown of the expression of MIH by RNAi promotes the molting in M. nipponense (Qiao et al., 2018). CHH has been proven to promote testis development in M. nipponense (Jin et al., 2013b). Many previous studies have proven that the ablation of eyestalk from crustacean species has positive effects on the expression of insulin-like androgenic hormone (IAG; Sroyraya et al., 2010; Chung et al., 2011; Guo et al., 2019). IAG is an important gene playing essential roles in the male sexual differentiation and development in many crustacean species (Ventura et al., 2009, 2011). Knockdown of the expression of IAG resulted in sex reversal in Macrobrachium rosenbergii, and the all-male progeny were produced when the “reversal females” were mating with normal male M. rosenbergii (Ventura et al., 2012).

It is widely acknowledged that the testis plays essential regulatory roles in reproduction, sexual maturity, and sex differentiation. Previous male reproductive studies have been conducted at the molecular and cellular levels in M. nipponense (Qiu et al., 1995; Yang et al., 1999; Cao, 2006; Guo, 2007). A total of 52 candidate male reproduction-related genes were identified from the testis cDNA library of M. nipponense (Qiao et al., 2012). An integrated analysis of metabolomes and transcriptomes was also performed in the testis between the reproductive season and non-reproductive season, in order to select candidate male reproduction-related metabolites and genes, regulated by different water temperature and illumination time (Jin et al., 2020). Some candidate genes from these constructed testis transcriptomes have proven their functions in the mechanism of male sexual differentiation and development (Zhang et al., 2013a,b,c). These studies dramatically improved the studies on the mechanism of male sexual differentiation and development in M. nipponense. However, the effects of eyestalk on male sexual differentiation and development were still unclear.

In this study, we aimed to select the vital metabolic pathways and genes involved in the male sexual differentiation and development in M. nipponense through performing the transcriptome profiling analysis of the testis after the ablation of single-side and double-side eyestalks. The functions of nuclear factor kappa B inhibitor alpha (NFkBα) were further analyzed in-depth by using qPCR analysis, in situ hybridization, and RNAi. This study provided valuable evidences on the studies of male sexual differentiation and development in M. nipponense, as well as other crustacean species.



MATERIALS AND METHODS


Ethics Statement

We obtained the permission from the committee of Freshwater Fisheries Research Center and the Tai Lake Fishery Management Council during the experimental programs. MS222 anesthesia was used to sedate the prawns and shear the tissues.



Sample Collection

A total of 600 healthy male M. nipponense prawns were collected from a wild population in Tai Lake, Wuxi, China (120°13′44″E, 31°28′ 22′N) with body weights of 3.34–4.76 g. All the samples were randomly divided and transferred to three 500-L tanks and maintained in aerated freshwater for 3 days with dissolved oxygen of ≥6 mg/L prior to the tissue collection. The three groups were normal prawns (CG), single-side eyestalk ablation prawns (SS), and double-side eyestalk ablation prawns (DS). The death rate of DS prawns was 13.7 and 8.6% higher than that of CG prawns and SS prawns, respectively. The testis was collected from these three groups after 7 days of treatment and immediately preserved in liquid nitrogen until use for transcriptomic analysis.



Transcriptomic Profiling Analysis

The comparative transcriptome analysis of androgenic gland between the CG, SS, and DS was performed. In order to ensure the sufficient amount of RNA samples, the testis from at least 30 prawns were pooled to form one biological replicate, and three biological replicates were sequenced for all of these three groups. Thus, a total of nine libraries were generated for sequencing. The experimental process of transcriptome sequencing has been well described in the previously published studies (Jin et al., 2013a, 2017, 2020). Briefly, the total RNA from each pooled sample was extracted by using RNAiso Plus Reagent (TaKaRa), following the manufacturer’s instructions. The concentration of total RNA was measure by a spectrophotometer (Eppendorf), and the integrity was measured by using a 2100 Bioanalyzer (Agilent Technologies, Inc.) with a minimum RNA integrity number (RIN) value of 7.0. A total of 4 μg of total RNA was used to construct the library, and Illumina HiSeq 2500 sequencing platform was used to perform the sequencing under the parameter of PE150.

Raw data of fastq format were firstly processed using Trimmomatic with default parameters (Bolger et al., 2014). The clean reads were assembled into expressed sequence tag clusters (contigs) and de novo assembled into transcripts by Trinity (version 2.4) with paired-end method with default parameters after removing the adaptor and low-quality sequences (Grabherr et al., 2011). The gene annotation was then performed in the NR protein, prior to Gene Ontology (GO), the Clusters of Orthologous Groups of proteins (COG), and the Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses, using an E-value cutoff of 10–5 (Jin et al., 2013a). GO (Ashburner et al., 2000), COG (Tatusov et al., 2003), and KEGG (Minoru et al., 2008) analyses were annotated by using Blast2go software and Blast software. The criteria of false discovery rate < 0.05 was used to filter the differentially expressed genes (DEGs) by EB-seq algorithm (Benjamini et al., 2001).



qPCR Analysis

A total of 15 male and female prawns were collected from a wild population in Tai Lake with body weights of 3.12–3.87 and 1.97–2.54 g, respectively, in order to obtain tissues for qPCR analysis in different mature tissues. All the samples were transferred to 500-L tanks and maintained in aerated freshwater for 3 days with dissolved oxygen of ≥6 mg/L prior to the tissue collection. Different mature tissues included the testis, ovary, hepatopancreas, muscle, eyestalk, gill, heart, and brain (N = 5). Specimens for the different stages of post-larval developmental stages were from the full-sibs population, collected during their maturation process (N = 5).

qPCR was performed on the Bio-Rad iCycler iQ5 Real-Time PCR System (Bio-Rad), which was used to carry out the SYBR Green RT-qPCR assay. The procedure has been well described in detail in previous studies (Zhang et al., 2013a,b,c). Briefly, the total RNA from each tissue was extracted by using RNAiso Plus Reagent (TaKaRa), following the manufacturer’s instructions. The concentration of total RNA was measured by a spectrophotometer (Eppendorf), and the integrity was measured by agarose gel. Approximately 1 μg of total RNA from each tissue was used for first-strand cDNA synthesis by using iScriptTM cDNA Synthesis Kit Perfect Real Time (BIO-RAD), following the manufacturer’s instructions. Amplifications were performed in a 96-well plate with a 25-μl reaction volume containing 12.5 μl of 2 × Ultra SYBR Mix (CWBIO), 0.5 μl of each primer, 1 μl of cDNA template, and 10.5 μl of PCR-grade water. The thermal profile for qPCR was 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. Each tissue was performed in triplicate. The relative gene expression was calculated based on the 2–Δ Δ CT comparative CT method (Livak and Schmittgen, 2001). The primers used for qPCR verification of important DEGs are listed in Table 1. The primers used for qPCR analysis of Mn-NFkBα are listed in Table 2. EIF was used as the reference gene in this study (Hu et al., 2018). Different concentrations of testis cDNA templates were used to measure the amplification efficiency of Mn-NFkBα and EIF, including undiluted, two times diluted, four times diluted, and eight times diluted samples. The slope of the Mn-NFkBα and EIF at different concentrations of diluted samples was 1.412 and 1.423, respectively, indicating that the amplification efficiency between the Mn-NFkBα and EIF is the same in this study.


TABLE 1. Primers used for qPCR verification.
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TABLE 2. Primers used for NFkB analysis.
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In situ Hybridization

The mRNA locations of Mn-NFkBα in the testis, androgenic gland, and different reproductive cycles of ovary were analyzed by using in situ hybridization. The different reproductive cycles of ovary were collected, according to the previous study (Qiao et al., 2015). The testis and androgenic gland were collected in reproductive season. Primer5 software was used to design the anti-sense and sense probes of chromogenic in situ hybridization study and synthesized with DIG signal by Shanghai Sangon Biotech Company. The sequences of anti-sense and sense probes are listed in Table 1. The previous studies have described well the detailed procedures (Jin et al., 2018; Li et al., 2018). Slides were examined under a light microscope for evaluation.



RNA Interference Analysis

RNA interference was performed to analyze the regulatory roles on Mn-NFkBα in M. nipponense. The specific RNAi primer with T7 promoter site was designed by using Snap Dragon tools1 and is shown in Table 1. The Transcript AidTM T7 High Yield Transcription kit (Fermentas Inc., United States) was used to synthesize the Mn-NFkBα dsRNA, followed by the procedures of the manufacturer. A total of 300 healthy mature male M. nipponense were collected with body weight of 3.17–4.96 g and divided into two groups. As described in previous studies (Jiang et al., 2014; Jin et al., 2018), the prawns from experimental group were injected with 4 μg/g of Mn-NFkBα dsRNA, while the prawns from the control group were injected with an equal volume of green fluorescent protein. The NFkBα mRNA expression was investigated in the androgenic gland by qPCR after the injection at 1, 7, and 14 days in order to detect the interference efficiency (N ≥ 5). The mRNA expressions of Mn-IAG were also measured in the androgenic gland templates from the same prawns in order to analyze the regulatory relationship between Mn-NFkBα and Mn-IAG.



Histological Observation

The morphological changes of the testis between different days after RNAi treatment were observed by hematoxylin and eosin (H&E) staining. Five testicular samples were collected after 1, 7, and 14 days of RNAi treatment for H&E staining. The procedures have been described well in previous studies (ShangGuan et al., 1991; Ma et al., 2006). Olympus SZX16 microscope was used to observe the slides (Olympus Corporation, Tokyo, Japan). The various cell types were labeled based on morphological analysis (Jin et al., 2016).



Statistical Analysis

SPSS Statistics 23.0 was used to measure the statistical differences, estimated by one-way ANOVA followed by least significant difference and Duncan’s multiple range test. Quantitative data were expressed as mean ± SD. p < 0.05 indicates a significant difference.




RESULTS


Histological Observations of the Testis After Eyestalk Ablation

Histological observations were performed in order to analyze the morphological changes of the testis after the ablation of eyestalk in M. nipponense (Figure 1). The histological observations revealed that the greatest number of spermatogonia was observed in the CG prawns, followed by SS prawns and DS prawns. However, the dominant cells in the DS prawns were sperms, which were more than those in SS prawns and CG prawns. Spermatogonia were rarely observed in the DS prawns.


[image: image]

FIGURE 1. The morphological differences of the testis after the ablation of eyestalk. SG, spermatogonia; SC, spermatocytes; S, sperms; and CT, collected tissue. Scale bars = 20 μm.




Transcriptome Analysis

The transcriptome generated 54,341 non-redundant transcripts with an average length of 1,311.61 bp. The non-redundant transcripts length ranged from 301 to 28,887 bp. The majority of the transcripts was 301–400 bp (23.62%) in length, followed by >2,000 bp (19.61%) and 401–500 bp (13.36%). The complete and duplicated BUSCOs of this assembled transcriptome reached 97.5%, indicating the completeness of this assembled transcriptome.

All of the assembled unigenes were firstly annotated in the Nr (non-redundant) database. A total of 17,660 (32.50%) unigenes were annotated in the Nr database, while the other unannotated unigenes represent novel genes, but the functions need further investigations.

The assembled unigenes were then annotated in the GO, COG, and KEGG databases. GO and COG analyses provide a structured vocabulary to describe the transcripts. A total of 12,109 unigenes matched the known proteins in GO database, composed of 60 functional groups (Figure 2). The number of unigenes in each functional group ranged from 1 to 10,057. Cell, Cell part, Cellular process, and Binding represent the main functional groups, in which the number of unigenes was >8,000. A total of 2,509 unigenes were assigned to the matched proteins in COG database, including 22 functional categories (Figure 3). The unigenes in each functional category ranged from 1 to 811. The main functional category includes General function prediction only, Signal transduction mechanisms, and Posttranslational modification, protein turnover, and chaperones, in which the number of unigenes was more than 200.


[image: image]

FIGURE 2. Gene ontology classification of non-redundant transcripts.
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FIGURE 3. Clusters of orthologous groups of proteins (COG) classification of putative proteins.


Kyoto Encyclopedia of Genes and Genomes analysis plays essential roles in releasing the regulatory relationship between the unigenes, assembled in this transcriptome. A total of 4,971 unigenes were matched with the known proteins in the KEGG database involved in the 338 metabolic pathways. The metabolic pathways, in which the number of unigenes was more than 200, included Alzheimer disease, Pathways in cancer, and Huntington disease.



Identification of Differentially Expressed Genes

The DEGs were identified using the criterion of >2.0 as up-regulatory genes and <0.5 as down-regulatory genes, and p-value < 0.05. A total of 1,039 DEGs were identified between CG and SS, including 617 up-regulated genes and 422 down-regulated genes. Eighty-seven metabolic pathways were identified, and the number of DEGs in each metabolic pathway ranged from 1 to 4. A total of 1,226 DEGs were identified between SS and DS, including 739 up-regulated genes and 487 down-regulated genes. A total of 196 metabolic pathways were identified, and the number of DEGs in each metabolic pathway ranged from 1 to 8. A total of 3,682 DEGs were found between CG and DS, including 1,978 up-regulatory genes and 1,704 down-regulatory genes. A total of 285 metabolic pathways were identified, and the number of DEGs in each metabolic pathway ranged from 1 to 56. KEGG analysis revealed that Lysosome, Apoptosis, Insulin signaling pathway, and Glycolysis/Gluconeogenesis were the main enriched metabolic pathways in all of these three comparisons.

Ten important DEGs were identified from these metabolic pathways, which were differentially expressed in at least two comparisons (Table 3). Sialin-like, alpha-L-fucosidase, and acetyl-CoA carboxylase (ACC) were selected from the metabolic pathway of Lysosome. Apoptosis signal-regulating kinase 1 (ASK1), NFkBα, and TGF-beta-activated kinase 1 (TGF) were selected from the metabolic pathway of Apoptosis. Alcohol dehydrogenase class-P (ADP), Palmitoyl-protein thioesterase 1 (PPT1), and Hexokinase (HXK) were selected from the metabolic pathway of Glycolysis/Gluconeogenesis.


TABLE 3. Important DEGs through transcriptome profiling analysis.
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qPCR Verification of Important Differentially Expressed Genes

The expressions of 10 important DEGs were verified by qPCR, which showed the same expression pattern with that of RNA-Seq (Figure 4). The expressions of NFKBα and PPT1 were gradually increased from the control group to double-side ablation and showed a significant difference between each group (p < 0.05). The lowest expression of sialin-like was observed in the control group and showed a significant difference with that of single-side ablation and double-side ablation (p < 0.05), while the highest expressions of alpha-L-fucosidase, TGF, HXK, and ACC were observed in the control group and showed a significant difference with that of single-side ablation and double-side ablation (p < 0.05). The highest expression of Alcohol dehydrogenase class II was observed in the double-side ablation and showed a significant difference with that of the control group and single-side ablation (p < 0.05), which the lowest expressions of ASK1 and ADP were observed in double-side ablation and showed a significant difference with that of the control group and single-side ablation (p < 0.05).


[image: image]

FIGURE 4. Verification of the expressions of 10 differentially expressed genes (DEGs) by qPCR. The amounts of DEG expression were normalized to the EIF transcript level. Data are shown as mean ± SD (standard deviation) of tissues in three separate individuals. Capital letters indicate expression difference. Control indicates normal prawns; single-side indicates the single-side ablation of eyestalk; double-side indicates the double-side ablation of eyestalk.




qPCR Analysis of Mn-NFkBα

The physiology functions of a gene can be reflected by the qPCR analysis. According to the qPCR analysis in different tissues, the highest expression of Mn-NFkBα was observed in the testis, which was significantly higher than the other tested tissues and showed a significant difference (p < 0.05; Figure 5A). The lowest expression was observed in the brain. The expression in the testis was 6.58-fold higher than that of the brain.
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FIGURE 5. Expression characterization of Mn-NFkBα in different tissues and post-larval developmental stages. The amount of Mn-NFkBα mRNA was normalized to the EIF transcript level. Data are shown as mean ± SD (standard deviation) of tissues from three separate individuals. Capital letters indicate expression difference between different samples. (A) The expression characterization of Mn-NFkBα in different tissues. (B) The expression characterization of Mn-NFkBα in different post-larval developmental stages.


The mRNA expression of Mn-NFkBα was also measured during the post-larval developmental stages. The PCR analysis revealed that the expression of Mn-NFkBα was gradually increased in time with specimen development (Figure 5B). The gonad can be distinguished for the first time by the naked eye at PL25. The expression of Mn-NFkBα was higher at both PL25♂ and PL25♀ and showed a significant difference with that of other developmental stages (p < 0.05). However, the expression at PL25♂ was higher than that of PL25♀ (p < 0.05). The lowest expression was observed in PL5, and the expressions in PL25♂ and PL25♀ were 11.83- and 9.15-fold higher than those of PL5, respectively.



In situ Hybridization of Mn-NFkBα

The cell type was labeled, based on the previous study (Figure 6). According to the in situ hybridization analysis, signals of Mn-NFkBα were observed in spermatogonia and spermatocytes, whereas no signal was observed in sperms. Strong mRNA signals in the androgenic gland were only observed in the ejaculatory bulb surrounding the androgenic gland cells, while no signals were directly found in all stages of androgenic gland cells (Figure 6). Clear signals were rarely observed in O I and O V, while signals were observed in the nucleus, yolk granule, yolk granule, and cytoplasmic membrane in O II, O III, and O IV.
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FIGURE 6. In situ hybridization analysis of Mn-NFkBα gene in the testis and androgenic gland from reproductive season, and different reproductive cycle of ovary of M. nipponense. SG, spermatogonia; SC, spermatocytes; S, sperms; CT, collected tissue; I, Stage I of androgenic gland cell; II, Stage II of androgenic gland cell; III, Stage III of androgenic gland cell; EB, ejaculatory bulb; OG, oogonium; OC, oocyte; CM, cytoplasmic membrane; N, nucleus; Y, yolk granule; and FC, follicle membrane. Scale bars = 20 μm.




The RNA Interference Analysis of Mn-NFkBα

The potential functions of Mn-NFkBα on male sexual development in M. nipponense were analyzed by using RNAi. The expression levels of Mn-NFkBα were measured in the testis after the treatment of Mn-NFkBα dsRNA. According to the qPCR analysis, the expression of Mn-NFkBα remained stable in the control group after the injection of GFP and showed no significant difference (p > 0.05). However, the expression of Mn-NFkBα significantly decreased at days 7 and 14 after the injection of Mn-NFkBα dsRNA. The decrease reached 95 and 85% at days 7 and 14, respectively, compared with that in the control group (Figure 7A).
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FIGURE 7. Expression characterization of Mn-NFkBα and Mn-IAG at different days after Mn-NFkBα dsRNA injection. The amount of Mn-NFkBα and Mn-IAG mRNA was normalized to the EIF transcript level. Data are shown as mean ± SD (standard deviation) of tissues from three separate individuals. Capital letters indicate expression difference between different days after green fluorescent protein (GFP) injection in the control group. Lowercase letters indicate expression difference between different days after Mn-NFkBα dsRNA injection in the RNA interference (RNAi) group. * (p < 0.05) and ** (p < 0.01) indicate significant expression difference between the RNAi group and control group at the sample day. (A) Expression characterization of Mn-NFkBα at different days after Mn-NFkBα dsRNA injection. (B) Expression characterization of Mn-IAG at different days after Mn-NFkBα dsRNA injection.


The expressions of Mn-IAG were also measured in the androgenic gland from the same prawns (Figure 7B). According to the qPCR analysis, the expression of Mn-IAG at day 1 in the control group was slightly higher than that of day 7 and day 14, while it generally remained stable. In the RNAi group, the expressions of Mn-IAG were significantly decreased at day 7 and day 14 after the injection of Mn-NFkBα dsRNA. The expression decreased about 61 and 54% at days 7 and 14, respectively, compared with that in the control group.



Histological Observations of the Testis After RNA Interference

According to the histological observations, the number of sperms was more than that of spermatogonia and spermatocytes in the control groups. Compared with that of the control group at day 7 and day 14, the number of sperms in the RNAi group was significantly decreased. In the RNAi group, the number of sperms was gradually decreased in time with Mn-NFkBα dsRNA treatment, and sperms were rarely found at day 14 after Mn-NFkBα dsRNA treatment (Figure 8).
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FIGURE 8. The morphological differences of the testis between the RNA interference (RNAi) and control groups. SG, spermatogonia; SC, spermatocytes; S, sperms; and CT, collected tissue. Scale bars = 20 μm.





DISCUSSION

The eyestalk of crustaceans secreted many neurosecretory structures and mediated the reproduction, molting, and metabolism of glucose in crustaceans (Jin et al., 2013b; Qiao et al., 2015, 2018). In this study, we aimed to analyze the regulatory effects on male sexual development through performing the transcriptome profiling analysis of the testis after eyestalk ablation. The histological observations of the testis after eyestalk ablation from M. nipponense indicated that the number of sperms in the DS prawns was significantly more than that of SS prawns and CG prawns, and spermatogonia were rarely observed in the DS prawns. This indicated that the hormones secreted by the eyestalk have negative regulatory effects on the testis development. This is the same as the results of a previous study that the hormones secreted by eyestalk inhibit the expression of IAG in M. nipponense (Li et al., 2015), and IAG promoted the male sexual characteristic development in many crustacean species (Ventura et al., 2009, 2011).

A total of 54,341 transcripts were generated in this study, providing valuable evidences on the studies of male sexual development. According to the GO and COG analyses, the genes related to the male sexual development were predicted to be mainly found in the functional groups of Cell, Cell part, Cellular process, and Binding in the GO assignment, and in the functional groups of General function prediction only, Signal transduction mechanisms, and Posttranslational modification, protein turnover, and chaperones in the COG classification, which were consistent with the previous studies (Jin et al., 2017, 2020). The number of DEGs between CG vs SS, SS vs DS, and CG vs DS was 1,039, 1,226, and 3,682, respectively, indicating that the ablation of double-side eyestalk has more regulatory effects on male sexual development than the single-side ablation in M. nipponense, which was consistent with histological observations of the testis after eyestalk ablation. KEGG analysis revealed that Lysosome, Apoptosis, Insulin signaling pathway, and Glycolysis/Gluconeogenesis were the main enriched metabolic pathways in all of these three comparisons, predicting that these mainly enriched metabolic pathways and vital DEGs from these metabolic pathways may play essential roles in male sexual development in M. nipponense. qPCR verification of these DEGs showed the same expression pattern with that of RNA-Seq, indicating the accuracy of the RNA-Seq.

Lysosomes are organelles playing essential roles in decomposing proteins, nucleic acids, polysaccharides, and other biological macromolecules. Lysosomes contain many hydrolases, functioning in the decomposition of the substances that enter into cells from the outside or the digestion of the local cytoplasm or organelles in the cells. The lysosomes will rupture, and the hydrolases will be released to digest the whole cells when cells are aged (Duve and Wattiaux, 1966; Luzio et al., 2007). Apoptosis refers to the programmed cell death, carefully controlled by genes to maintain the stability of internal environment. Apoptosis is an active process, which is different from cell necrosis. The process of apoptosis involves the activation, expression, and regulation of a series of genes, in order to better adapt to the living environment. Apoptosis plays important roles in the mechanism of physiology and pathology, in order to respond various stimuli, including ischemia, hypoxia, exposure to certain drugs and chemicals, immune reactions, infectious agents, high temperature, radiation, and various disease states (Thompson, 1995; Johnstone et al., 2002). According to the histological observations, the testis development was vigorous after eyestalk ablation. Thus, Lysosomes and Apoptosis were needed to digest the aged cells and to adapt to stress, in order to maintain the normal testis development. Alpha-L-fucosidase was a lysosomal enzyme, presented in all mammalian cells. Its activity has been proven to be deficient in the human autosomal recessive disease fucosidosis. It is also proposed as a marker of hepatocellular carcinoma (Fukushima et al., 1985). ACC is the enzyme playing essential roles in the synthesis of malonyl-coenzyme A (malonyl-CoA; Winder and Hardie, 1996). Malonyl-CoA is a key metabolite in the regulation of energy homeostasis. Malonyl-CoA was an inhibitor of fatty acid oxidation in skeletal muscle mitochondria, decreased in rat skeletal muscle during exercise or in response to electrical stimulation (Abu-Elheiga et al., 2001). ASK1 is one of the stress-responsive MAPK kinase kinase. ASK1 plays an important role in the response to reactive oxygen species, endoplasmic reticulum stress, and pro-inflammatory cytokines (Kawarazaki et al., 2014). It is involved in the pathogenesis of various diseases, including cancer, neurodegenerative diseases, infections, diabetes, and cardiovascular diseases (Liu et al., 2000). Nuclear factor kappa B (NFkB) plays essential roles in activating immune responses to exogenous stimuli and indigenous stimulation. NFkB proteins translocate into the nucleus to perform its functions during the stress condition (Thanos and Maniatis, 1995). NFkB expression was found in almost all cell types and tissues (Oeckinghaus and Ghosh, 2009). Furthermore, NFkB is involved in the mechanism of many processes, including immune and inflammatory responses, stress responses, and regulation of cell proliferation and apoptosis (Oeckinghaus and Ghosh, 2009).

Glycolysis/gluconeogenesis promotes the conversion of glucose (C6H12O6) into pyruvate (CH3COCOO- + H+), releasing free energy to form the high-energy molecule ATP and reduced nicotinamide adenine dinucleotide (Lubert, 1995). The main precursors of Glycolysis/gluconeogenesis include lactic acid, pyruvic acid, amino acid, and glycerol. In mammals, the process of Glycolysis/gluconeogenesis mainly occurred in the liver. The Glycolysis/gluconeogenesis ability of the kidney is only 10% of that of the liver in a normal condition. However, the ability of Glycolysis/gluconeogenesis in the kidney will significantly enhance at a starved condition for a long time. HXK proteins play important roles in catalyzing hexose phosphorylation and sugar sensing and signaling. Sucrose must be cleaved in hexoses (glucose and fructose) during the sucrose metabolism (Siemens et al., 2011). The hexoses are phosphorylated by HXKs or fructokinases. The phosphorylated hexoses are then involved in metabolic processes (David-Schwartz et al., 2013). PPT1 plays essential roles in catalyzing the hydrolysis of lipid thioesters on S-acylated proteins, which has a lysosomal localization and function in non-neuronal cells (Lu et al., 1996; Verkruyse and Hofmann, 1996; Lu et al., 2002). Individuals lacking functional PPT1 present with progressive psychomotor decline within the first year of life, followed by loss of vision and profound seizures, before entering a persistent vegetative state that invariably ends in premature death (Santavuori et al., 1973; Hofmann et al., 2002).

The functions of NFkBα were further analyzed by qPCR, in situ hybridization, RNAi, and histological observations, because NFkBα was the most up-regulated gene in the double-side eyestalk ablation prawns. The previous studies and histological observation revealed that the hormones secreted by eyestalk have negative effects on testis development (Sroyraya et al., 2010; Chung et al., 2011; Guo et al., 2019). The histological observations after the ablation of eyestalk in M. nipponense revealed that the testis development became vigorous after eyestalk ablation, and RNA-Seq analysis predicted that Apoptosis played essential roles in the maintaining the normal testis development after eyestalk ablation through digesting the aged cells. NFkBα is enriched in the metabolic pathway of Apoptosis, which has essential DEGs, differentially expressed in all of these three comparisons. Thus, the significant up-regulation of NFkBα expression after eyestalk ablation indicated that NFkBα was predicted as a strong candidate gene for the mechanism of male sexual development in M. nipponense. The previous studies reported that the activation and repression of the NFkBα expression were involved in the pathogenesis of inflammatory diseases, such as adult respiratory distress syndrome (ARDS) and breast cancers (Blackwell and Christman, 1997; Biswas et al., 2001). NFkBα was proven to be involved in the immune system of Macrobrachium rosenbergii, because the expressions of NFkBα were up-regulated after the feed of scutellaria polysaccharide and soybean antigen protein (Yang et al., 2019). However, to the best of our knowledge, no study has reported the potential functions of NFkBα in the mechanism of male sexual development in any species. The qPCR analysis in different mature tissues revealed that the highest expression of Mn-NFkBα was observed in the testis, which was significantly higher than the other tested tissues and showed a significant difference with other tested tissues, indicating that Mn-NFkBα may have potential functions during the testis development in M. nipponense. qPCR was also used to measure the Mn-NFkBα expression in post-larval developmental stages of M. nipponense. The results revealed that the Mn-NFkBα expression was gradually increased with the specimen development, and PL25♂ showed higher expression than that of PL25♀. The sensitive period of gonad differentiation and development of M. nipponense has been proven to be from PL7 to PL22 (Jin et al., 2016). Thus, Mn-NFkBα was predicted to play essential roles in male sexual development in M. nipponense, combined with the qPCR analysis in different mature tissues and post-larval developmental stages. In situ hybridization revealed that signals were observed in spermatogonia and spermatocytes, indicating that Mn-NFkBα played essential roles in the testis development in M. nipponense. No signal was directly observed in the androgenic gland cells, while strong signals were observed in the ejaculatory bulb surrounding the androgenic gland cells, indicating that Mn-NFkBα has potential functions in maintaining the normal functions and structures of androgenic gland in M. nipponense (Jin et al., 2018, 2019). In different ovarian developmental stages, no signal was observed in O I and O V, while signals were observed in the nucleus, yolk granule, yolk granule, and cytoplasmic membrane in O II, O III, and O IV, indicating that Mn-NFkBα promotes yolk accumulation in M. nipponense (Li et al., 2018). RNAi analysis revealed that the ds-RNA of Mn-NFkBα can efficiently knockdown the expression of Mn-NFkBα in M. nipponense. In addition, the expression of Mn-IAG was also decreased with the decrease of Mn-NFkBα, indicating that Mn-NFkBα has a positive regulatory relationship with Mn-IAG. Thus, Mn-NFkBα was involved in the male sexual development in M. nipponense, based on the importance of IAG in the male sexual development in crustacean species (Ventura et al., 2009, 2011, 2012). Histological observations after the treatment of Mn-NFkBα dsRNA revealed that the number of sperms was decreased with the time of Mn-NFkBα dsRNA treatment, indicating that Mn-NFkBα has positive effects on testis development in M. nipponense.

In conclusion, histological observations revealed that eyestalk has negative effects on male sexual development in M. nipponense. A total of 1,039, 1,226, and 3,682 DEGs were identified between CG vs SS, SS vs DS, and CG vs DS, respectively, indicating that the ablation of double-side eyestalk has more regulatory roles on male sexual development in M. nipponense. Lysosome, Apoptosis, Glycolysis/Gluconeogenesis, and Insulin signaling pathway were the main enriched metabolic pathways in all of these three comparisons, and 10 important genes from these metabolic pathways were also selected. The functional analysis of NFkBα by qPCR, RNAi, and histological observations revealed that NFkBα has a positive regulatory effect on testis development in M. nipponense. This study identified the important functions of NFkBα in male sexual development in M. nipponense, providing new insights for the construction of the technique to regulate the testis development. Crisper9 techniques will be further used to knock out the gene expression of NFkBα in M. nipponense and to identify whether NFkBα is also an important gene in the mechanism of sex determination in M. nipponense, resulting in the sea reversal.
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INTRODUCTION

A pedunculate barnacle Capitulum mitella (Linnaeus, 1758) is a dominant intertidal cirripede (Lee et al., 2000). C. mitella distribute in the mid- and high-intertidal zone of tropical and subtropical coasts and is common in the East Sea and South Sea of China. C. mitella has a great commercial value in China, the petiole muscle of which has been a source of traditional delicious seafood (Yuan et al., 2016). The local market demand led to high-intensity catching activity, and this behavior caused significant decrease in quantity and habitat destruction in recent years. Artificial aquaculture of fishery resources will help to reduce overexploitation of natural stocks and meet market needs for fishery products.

In general, the barnacle life cycle consists of six nauplius instars and a nonfeeding cyprid instar. In the barnacle life history, the cyprid is a transitory phase between the pelagic and sessile lifestyle. The cyprid role is responsible for locating, exploring, and attaching to a suitable substratum; subsequently, a complex metamorphosis and permanent settlement happen (Lagersson and Høeg, 2002). Cypris attachment and metamorphosis are also known as “cypris settlement” (Clare and Matsumura, 2000; Franco et al., 2016). The cypris settlement is a crucial event for the survival and development of both adults and subsequent generations. Within the last three decades, the basic biology of C. mitella such as reproductive characteristics, sperm ultrastructure, and larval culture conditions was investigated in our lab. C. mitella cyprids have been cultured on a relatively large scale. However, they cannot attach and metamorphose into juveniles in an artificial environment, so they would die eventually and interrupt their life history.

In recent years, the cypris morphology of C. mitella has been depicted minutely using SEM (Rao and Lin, 2014). After we had successfully induced metamorphosis of the C. mitella cyprids into juveniles, we described a time line and specific morphological changes during the metamorphosis under microscopy and SEM (Lin and Rao, 2017). The impacts of external (i.e., water temperature and salinity) and internal (i.e., cyprid age) factors on the metamorphosis of C. mitella were researched (Rao and Lin, 2020). These efforts are possible for completing the life history in an artificial environment and aquaculture of C. mitella. Not only is the artificial aquaculture for C. mitella a production activity but also it helps to reduce the stress on overexploited populations.

Barnacles are frequently dominant marine foulings and widely distributed around the world that play crucial roles in marine ecology (Maréchal and Hellio, 2011). Recently, there are a few transcriptome researches on barnacles, such as a model animal Amphibalanus amphitrite (Chen et al., 2011; Yan et al., 2012; Chandramouli et al., 2015; Sarah et al., 2016), a giant barnacle Megabalanus volcano (Yan et al., 2017) and a stalked barnacle Neolepas marisindica (Ryu et al., 2019). These efforts showed that the transcriptome databases could greatly promote the research on molecular mechanisms of barnacle settlement. Genome sequencing has been performed for an acorn barnacle Amphibalanus amphitrite, but there is still no genome sequencing information for a stalked barnacle. Numerous reports on C. mitella were mainly related to mitochondrial DNA sequencing and quantitative proteomics analyses (Song and Yoon, 2013; Yoon et al., 2013; Yuan et al., 2016; Tian et al., 2020). So far, no genome literature on the C. mitella is available. Whereas a lack of genome information on the barnacles has obstructed further inquiry on the molecular mechanisms with development, attachment, metamorphosis, genetic evolution, and so on, so does on C. mitella.

Accordingly, in this study, we aimed to sequence and assemble the genome of C. mitella. The baseline data obtained from this study will be very useful in taxonomical identification, phylogenetic analysis, larval settlement mechanisms, artificial breeding and aquaculture, and species protection for C. mitella.



MATERIALS AND METHODS


Sample Preparation and Genome Sequencing

C. mitella specimens were sampled from the intertidal zone of Dinghai (26.2487°N, 119.7987°E), Fujian Province, China, and immediately frozen in liquid nitrogen. Total DNA was isolated from fresh muscle samples with the DNeasy® Tissue Kit (Qiagen, Hilden, Germany) according to the DNeasy® Protocol for animal tissues. Qubit 3.0 (Thermo Fisher Scientific, Inc., Carlsbad, CA, USA) was used to assess the DNA concentration and quality before downstream sequencing. Approximately 5 μg of high-quality genomic DNA was sheared and size-selected (~40 kb) for PacBio library construction followed by sequencing on the PacBio Sequel II platform (PacBio Biosciences, Menlo Park, CA, USA). Sequence libraries with inserts of average 350 bp were constructed for Illumina paired-end (PE) sequencing according to the manufacturer's instructions, and sequencing was subsequently performed on Illumina HiSeq X Ten platform (Illumina, San Diego, CA, USA).



Genome Assembly

Canu (V2.0, https://github.com/marbl/canu/) (Koren et al., 2017) was used to perform the genome de novo assembly based on the PacBio long reads. After the initial assembly, primary contigs were corrected for three cycles with the Illumina reads using Pilon (V1.24, https://github.com/broadinstitute/pilon) (Belton et al., 2012). We used fresh muscle tissue from the same individual as in genome sequencing for the Hi-C library construction and sequencing. The Hi-C library was generated using Mbo I restriction enzyme following in situ ligation protocols (Peng et al., 2021). In brief, fresh muscle tissue was sampled and frozen in liquid nitrogen. Tissues were cross-linked with fresh formaldehyde and quenched with glycine. The total DNA was extracted from the nuclei in the lysis buffer [10 mM Tris-HCl (pH 8.0), 10 mM NaCl, 0.2% NP40, and complete protease inhibitors (Roche)]. The purified DNA was digested with Mbo I and was labeled by Biotin-14-dATP (Thermo Fisher Scientific) and then ligated by T4 DNA Ligase. After ligation, the cross-linking was incubated with proteinase K overnight; the ligated DNA was sheared into 200–600-bp fragments and then blunt-end repaired and A-tailed, followed by purification through biotin-streptavidin-mediated pull-down. Finally, the Hi-C libraries were quantified and sequenced on the Illumina HiSeq X Ten platform using a PE-150 module. The Hi-C sequencing data were then aligned to the scaffolds using BWA-MEM alignment algorithm (V1.2.2, https://github.com/lh3/bwa). Two ends of reads were independently aligned to the genome and only selected the read pairs for which both ends were uniquely aligned to the genome. The hiclib software (V0.5.7, http://github.com/hiclib) and a previously reported method (Gong et al., 2018) were applied to filter the Hi-C reads, and the interaction frequency was quantified and normalized among contigs. Lachesis (Burton et al., 2013) with default parameters was then applied to cluster contigs with the agglomerative hierarchical clustering method using the interaction matrix between sequences. To construct a high-quality assembly, we sequenced the genome by utilizing a combination of Illumina (~78.52 Gb of raw data), PacBio single-molecule real-time (SMRT) sequencing (~60.23 Gb of raw data), and Hi-C chromosome-scale scaffolding (~44.40 Gb of raw data) (Belton et al., 2012). The raw reads were filtered out by certain low-quality scrap reads and/or by minimum CLR length. After read quality filtering by PacBio Quality checking tool (http://github.com/PacificBiosciences/), a total of 60.17 Gb of long-read sequence data were produced, comprising 4,342,961 subreads with a read N50 of 19.979 Kb. This initial genome assembly was 463.09 Mb in length with a contig N50 of 3.14 Mb (Table 1; Figures 1, 2). A total of 259,360,062 reads (87.63 Gb) with a Q30 of 93.23% were generated for Hi-C analysis. Finally, 16 chromosomes anchored by the contigs were generated with the guidance of HiC reads; this result consists of the karyotype analysis (Supplementary Figure 1). This chromosome-level assembly has an average length of 28.11 Mb, with the shortest chromosome of 19.66 Mb (Chr16) and the longest one of 45.43 Mb (Chr1) (Figure 2). The scaffold N50 reached 3.14–31.03 Mb (Table 1), providing a chromosome-level genome assembly for C. mitella. The completeness of this assembled genome was assessed based on BUSCO analysis, which revealed that nearly 94.4% of the Arthropoda orthologs were included in the assembled (Table 2). These results indicated a high-quality assembly of C. mitella genome.


Table 1. Assembly statistics for Capitulum mitella.
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FIGURE 1. Hi-C interaction heatmap of Capitulum mitella genome. The heatmap shows that the genome was split into 100-kb bins, and the interaction links of individual chromosomes were validated.



[image: Figure 2]
FIGURE 2. Characterization of Capitulum mitella. Genome elements are arranged in the Circos plot. (a) Eight assembled chromosomes of the genome. (b) The distribution of GC content. (c) Distribution of gene density (green). (d) Statistics for coverage of TEs. (e) Circos diagram of major interchromosomal relationships in the C. mitella genome. Each line represents a syntenic block; block size = 3 kb.



Table 2. Assessment of the completeness of the Capitulum mitella genome assembly by BUSCO.
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Genome Annotation

The assembled C. mitella genome was homology-based annotated using a collection of protein-coding genes and RNA sequencing data from nine animal species: Apis mellifera, Caenorhabditis elegans, Crassostrea gigas, Daphnia pulex, Drosophila melanogaster, Mizuhopecten yessoensis, Limulus polyphemus, Penaeus vannamei, and Plutella xylostella. D. pulex and P. vannamei belong to subphylum Crustacea. D. melanogaster, P. xylostella, and A. mellifera belong to the subphylum Hexapoda, which is closely related to C. mitella. M. yessoensis and C. gigas belong to phylum Mollusca, and their ontogeny is similar to that of C. mitella through larval metamorphosis and attachment. De novo gene predictions were carried out by the AUGUSTUS package (V2.0) provided by BRAKER (V2.1.4) (Hoff et al., 2015). The MAKER pipeline was employed to identify the 21,899 protein-coding genes (Holt and Yandell, 2011), integrating protein sequences and transcript genes from the de novo assembly of C. mitella transcriptome data. All protein-coding genes were functionally annotated BLASTP (V2.2.3) (Anoop and Agostinho, 2015) against the public protein sequence databases EggNOG, Gene Ontology (GO), Cluster of Orthologous Groups (COG), and Kyoto Encyclopedia of Genes and Genomes (KEGG) with an E-value ≤ 1e−5. We functionally annotated 14,204, 9,312, 14,204, and 5,368 genes to EggNOG, GO, COG, and KEGG, respectively (Table 3). Small RNAs (sRNAs) and noncoding RNAs (ncRNAs) were predicted by Rfam and miRNA databases using tRNAsan-SE (V2.0) (Bernard et al., 2014) and BLASTN (V2.2.3), respectively. Some types of ncRNAs consisting of microRNAs (miRNAs) and small nuclear RNAs (snRNAs) were identified using INFERNAL (V.1.1.4) by searching the Rfam database (http://infernal.janelia.org/). In total, 136 miRNAs, 748 tRNAs, 56 rRNAs, and 87 snRNAs were identified in C. mitella genome (Supplementary Table 1). Tandem Repeats Finder (V4.09.1), LTR_FINDER (V1.07), and RepeatMasker (V4.0) (González and Deyholos, 2012) were combined to predict repeat sequences in the C. mitella genome. In the C. mitella genome, repetitive sequences accounted for 3.53%, and long terminal repeat (LTR) retrotransposons accounted for 0.28% of the genome, including 0.18% Ty3/gypsy, 0.03% Ty1/copia, and 0.06% other (Supplementary Table 2).


Table 3. General function annotation results statistics.
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Genome Evolution and Gene Family Analysis

In the current study, in order to investigate the evolution relationships among C. mitella and nine other species, we also perform phylogenomic analysis based on the amino acid sequences. These 10 species were A. mellifera, C. mitella, C. elegans, C. gigas, D. melanogaster, D. pulex, M. yessoensis, L. polyphemus, P. vannamei, and P. xylostella. Their protein sequences were acquired from the NCBI database, and single-copy genes were obtained by OrthoFinder (V2.27) (Emms and Kelly, 2015). Protein sequences of single-copy gene orthologs were aligned using MUSCLE software (V3.8.425). The alignments of Coding DNA Sequences (CDSs) that were guided by protein alignments were concatenated into the superalignment of nucleotide sequences. The phylogenetic relationships were then constructed using the maximum likelihood (ML) methods. On the basis of the protein alignments, the CDSs were aligned and then concatenated into a superalignment matrix for each family. The cluster size differences between the ancestor and each species were compared to analyze the expansion and contraction of the gene families using CAFE (V2.1) (Koichiro et al., 2007). The phylogenetic tree showed that C. mitella and P. vannamei phylogenetically were clustered into an independent ~530 million years ago (Mya), which was earlier than those of Insecta (325 Mya) (Figure 3). Comparative genomic analyses were performed among abovementioned 10 animal species, and we detected 15,620 families of homologous genes, among which 7,232 gene families were identified in C. mitella, including 694 and 6,538 gene families showing contraction and expansion, respectively (Figure 3). GO analysis revealed that the 694 expanded orthogroups were involved in the metabolic process, developmental process, stimulus response, transporter activity, and catalytic activity (Supplementary Table 3). The analysis of KEGG pathways manifested that most of the 694 expanded genes were annotated to the signaling molecules and interaction, cell growth and death, glycine, environmental adaptation, and serine and threonine metabolism (Supplementary Table 4). The C. mitella is a common species in middle tidal areas of intertidal zones, distributed in rock surfaces or crevices. Therefore, C. mitella have evolved a complex mechanism to adapt to dramatically changing environments such as large temperature differences and desiccation. So, the expanded orthogroups in C. mitella are related to the metabolic process, stimulus process, environmental adaptation, and so on. By contrast, the group of contracted gene families was related to lipid metabolism, phenylalanine metabolism, signal transduction, immune system, environmental adaptation, and cell growth and death (Supplementary Table 5). The GO terms annotation of the contracted genes showed that they were most related to the stimulus response, biological regulation, catalytic activity, growth, reproductive process, signaling, and developmental process (Supplementary Table 6). The contracted gene families in this process related to the development in the insect, suggesting that C. mitella and the other compared species share the core signal regulation network in the developmental process. The comparison of A. mellifera, C. mitella, C. elegans, C. gigas, D. melanogaster, D. pulex, M. yessoensis, L. polyphemus, P. vannamei, and P. xylostella revealed that 3,374 (28.26%) of the 11,935 C. mitella gene families were shared by the other nine species, whereas 8,561 gene families were unique to C. mitella (Figure 4). GO functional analysis revealed that these 8,561 unique families were enriched in the immune system process, developmental process, signaling, aging, stimulus response, and calcium signaling pathway (Supplementary Table 7), while KEGG annotation presented that most of the 8,561 unique families were gathered in signal transduction and cysteine and methionine metabolism (Supplementary Table 8).
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FIGURE 3. Phylogenetic tree showing the number of gene families displaying expansion (green) and contraction (red) among 10 animal species. The pie charts show the proportions of expanded (green), contracted (red), and conserved (blue) gene families among all gene families. The estimated divergence time (million years ago) is displayed in the phylogenetic tree in black. MRCA, most recent common ancestor.



[image: Figure 4]
FIGURE 4. UpSet plot of the intersection of gene families in A. mellifera, C.mitella, C. elegans, C. gigas, D.melanogaster, D. pulex, M. yessoenisis, L. polyphemus, P. vannamei and P. xylostella. The numbers of gene families (clusters) are indicated for each species and species intersection.
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Mesocentrotus nudus is an important commercially aquatic species because of its high edible and medicinal values. However, wild stocks have dramatically decreased in recent decades. Understanding the population structure and genetic diversity can provide vital information for genetic conservation and improvement. In the present study, the genotyping-by-sequencing (GBS) approach was adopted to identify the genome-wide single-nucleotide polymorphisms (SNPs) from a collection of 80 individuals consisting of five geographical populations (16 individuals from each population), covering the natural habitats of M. nudus in China seas. An average of 0.96-Gb clean reads per sample were sequenced, and a total of 51,738 biallelic SNPs were identified. Based on these SNPs, diversity index analysis showed that all populations have a similar pattern with positive Fis (0.136) and low Ne (724.3). Low genetic differentiation and high genetic connectivity among five geographical populations were detected by pairwise Fst, principal component analysis (PCA), admixture, and phylogenetic analysis. Besides, two YWL individuals originating from an isolated ancestor may imply that there is a genetically differentiated population in the adjacent sea. Overall, the results showed that GBS is an effective method to detect genome-wide SNPs for M. nudus and suggested that the protective measures and the investigation with larger spatial scale and sample size for M. nudus should be carried out in the future.
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INTRODUCTION

Sea urchin is an ancient group of marine invertebrates that belongs to the class of Echinoidea under phylum of Echinodermata. To date, about 850 species of sea urchins have been found worldwide (Harris and Eddy, 2015). Mesocentrotus nudus, a member of the family Strongylocentrotidae, inhabits the intertidal and subtidal rocky sea bottoms along the coast of northwestern Pacific (Agatsuma, 2020). M. nudus is a well-known edible sea urchin for its good taste and redundant nutrition of vitamins and unsaturated fatty acids in the gonad (Mi et al., 2014). Furthermore, sea urchin extracts have extensive biological effects, such as anticancer, antioxidant, antileukemia, anti-fatigue, and anti-inflammatory effects (Liu et al., 2007).

The high edible and medicinal values of M. nudus have greatly stimulated the consumption demand, which has led to serious overfishing of wild sea urchins (Andrew et al., 2002; Li and Qi, 2008). In addition, the natural habitat of M. nudus, mostly adjacent to the densely populated areas (Adachi et al., 2020), has also been heavily disturbed by human activities including land-sourced pollution, aquaculture pollution, and sea reclamation (Lukyanova et al., 2017; Song and Duan, 2019). Under the influence of overfishing and natural habitat loss, the wild population resources of M. nudus are declining rapidly in recent years (Andrew et al., 2002). Especially in China, M. nudus has been considered as an endangered species. Although the breeding of M. nudus has been implemented to solve the shortage problem of natural resource in China since the 1980s (Ding et al., 2007), the parents of the seedlings were mainly from the wild populations. Therefore, understanding the genetic attributes of wild populations of M. nudus not only provide basic information for resources assessment and management and but also can lay a foundation for germplasm improvement.

Molecular markers have become the preferred tools for population genetic analysis. However, previously, quite limited genetic information on molecular markers (e.g., AFLP, mtDNA, and SSR) for M. nudus were available; and the level and pattern of population genetic diversity and structure are still poorly understood (Zhang et al., 2012). Recently, advances in next-generation sequencing (NGS) have greatly reduced the cost of nucleotide sequencing and made the genetic marker discovery more convenient. Genotyping-by-sequencing (GBS) as a genomic approach can explore the data covering the whole genome range with reduced cost and also provide more high-resolution genetic information for species lacking genomic information (Elshire et al., 2011). So far, GBS has been widely applied to assess genetic diversity on marine organisms, e.g., Ostrea lurida (Silliman, 2019), Sillago japonica (Yang et al., 2020), and Haliotis discus (Wells and Dale, 2018). However, no report on the population genetic analysis of M. nudus by using GBS was found up to now.

In the present study, GBS was used to genotype a total of 80 individuals consisting of five populations, covering the distribution range of M. nudus in China seas. The objectives were to detect and genotype single-nucleotide polymorphisms (SNPs) at a genome-wide level and to characterize the genetic diversity and population structure of M. nudus. The results will provide useful information for the utility of GBS on the genetic analysis of sea urchin species and contribute to the population conservation and genetic improvement of M. nudus.



MATERIALS AND METHODS


Sampling

In 2020, a total of 80 individuals were collected from five localities by SCUBA diving (16 individuals from each locality, Figure 1), covering the natural distribution range of M. nudus in China. Gonad tissue was sampled and fixed by ethanol on site. Genomic DNA of each sample was isolated from gonad tissue by using Plant Genomic DNA Kit (TIANGEN, Beijing, China) following the manual instruction. The purity and integrity of extracted DNA were determined by using a NanoDrop 1000 Spectrophotometer (NanoDrop, Wilmington, DE, United States) and electrophoresis on 1% agarose gel. Qualified genomic DNA was stored at −20°C.


[image: image]

FIGURE 1. Map for sample locations of Mesocentrotus nudus in China.




Sequencing and Genotyping

All samples were sequenced by using the GBS (Qi et al., 2018) method, which was performed by OE Biotech Co., Ltd. (Shanghai, China). Briefly, extracted DNA from each individual was digested with restriction enzymes PstI-HF and MspI, and the barcoded adapters and common adapter were respectively ligated on the PstI cut site and the MspI cut site of all samples by T4 DNA ligase. Then, the fragments of 300–700 bp were retrieved using recovery system of improved magnetic bead and amplified by PCR using high-fidelity enzymes. Finally, amplification fragments were sequenced on an Illumina Nova, PE150 (Illumina, Inc., San Diego, CA, United States). The generated raw reads were filtered to remove the potential adaptor sequences by using STACKS software (Catchen et al., 2013). After quality control, there was no reference genome available for aligning the clean reads for SNP discovery. Therefore, ustacks (-M 3), cstacks (-n 3), sstacks, tsv2bam, and gstacks programs using STACKS pipeline were used for de novo SNP discovery. The initial SNPs were filtered according to the following parameters: (1) minimum sequence depth was above 5; (2) the allelic number was equal to 2; (3) minor allele frequency (MAF) was greater than 0.05, and (4) missing rate was lower than 10%. The quality control of SNP data was performed using vcftools (Danecek et al., 2011) and R software (R Core Team, 2018).



Genetic Diversity Analysis

Population genetic diversity within overall populations and within each of the five populations was assessed. The polymorphic information content (PIC) was calculated using R package snpReady (Granato et al., 2018). The observed heterozygosity (Ho), expected heterozygosity (He), and inbreeding coefficient (Fis) were calculated at each SNP locus, and also across all loci, using hierfstat package in R software (Goudet, 2005). Besides, multilocus heterozygosity (MLH) and standardized MLH (sMLH) were calculated for all individuals using inbreedR package (Stoffel et al., 2016). The effective population size (Ne) using the linkage disequilibrium (LD) method was estimated by using NeEstimator V2.01 (Do et al., 2014). Considering the small size of each population, the Ne was only analyzed for overall populations.



Population Structure Analysis

Initial analysis of population structure was carried out by principal component analysis (PCA) using R package SNPRelate (Zheng et al., 2012) and plotted using Scatterplot3d package (Ligges and Mächler, 2002). In addition, the levels of ancestry and admixture proportions of individuals were assessed by using R package LEA (Frichot and François, 2015). The number of ancestral populations (k) ranging between 1 and 10 were tested, and 10 replicate analyses were run for each value of k. The optimal k was chosen based on cross-entropy and cross-validation errors (Frichot et al., 2014). To better understand fine-scale patterns of genetic structure between populations, pairwise Fst values were calculated with the function pairwise.neifst and significance was tested using 1,000 bootstrap replicates with the function boot.ppfst in the R package hierfstat (Goudet, 2005).



Phylogenetic Analysis

The individual-level phylogenetic tree was constructed using SNPhylo (Lee et al., 2014) with an automated bash shell script snphylo.sh. For this analysis, an LD threshold (r2 = 0.8) was used to reduce SNP redundancy, and 1,000 bootstrap analyses were fulfilled. The individual phylogenetic tree was visualized by using R package ggtree (Yu et al., 2017). Besides, the population-level phylogeny using the maximum likelihood approach was also inferred by using TreeMix (Pickrell and Pritchard, 2012). Considering that the missing data can affect the accuracy of TreeMix inference, the SNPs with missing values were removed. The population-level phylogeny was drawn by using plotting_funcs.R script1.



RESULTS


Sequencing and Genotyping

All samples were sequenced by using GBS at efficient sequencing depths of approximately 34.11-fold. In total, 76.76 Gb of raw data was produced, with an average of 0.96 Gb per individual. After filtering, a total of 72.39 Gb of clean data was retained with an average effective rate (clean reads compared with raw reads) of 94.30%. Statistics on clean reads further showed the quality value 20 (Q20) ≥ 96.33% and quality value 30 (Q30) ≥ 90.41%, and the guanine–cytosine (GC) contents ranged from 40.43 to 42.07%. The reference sequence constructed using STACKS pipeline contained 439,316 tags with an average length of 277 bp, the longest one being 1,036 bp and the shortest one being 71 bp. Initially, 992,728 putative SNPs were identified. After quality control based on successive filtering steps for sequence depth, allelic number, MAF, and missing rate, a total of 51,738 biallelic SNP markers located on 15,562 tags were retained.



Genetic Diversity

Several diversity indices are shown in Table 1. The PIC ranged from 0.213 (LD) to 0.220 (DZD), with an average of 0.217. The observed heterozygosity (Ho) and expected heterozygosity (He) were in the ranges Ho = 0.230 to 0.239 and He = 0.266 to 0.276, with an average of Ho = 0.235 and He = 0.272, respectively. Regarding the inbreeding coefficient (Fis), the lowest value was detected in the YWL and the highest in ZZD. Average individual MLH ranged from 0.241 to 0.246. Average sMLH values slightly varied across populations. The estimated effective population size (Ne) was 724.3 for all populations.


TABLE 1. Genetic diversity summary of Mesocentrotus nudus from five localities in China.
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Population Genetic Structure

The PCA revealed that the majority of samples were clustered together, and no geographical patterns were observed (Figure 2). Similar results can be achieved from the admixture analysis (Figure 3). With the use of LEA, the minimum value of the cross-validation errors was 0.710 when k = 2, and the values continuously increased with k from 3 to 10 (Figure 3A). All individuals were classified into two groups at the level of k = 2, but one group contained only two individuals from YWL (Figure 3B). To further investigate the population structure, the analysis at k = 3 was also performed, and similar results were observed (Figure 3C). The pairwise Fst values ranged from 0.0001 to 0.0039 with a mean value of 0.0019 (Table 2). The highest level of differentiation was observed between LD and YWL, whereas DZD and NHD differentiated the lowest.
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FIGURE 2. Principal components analysis (PCA) 3D plot of the 80 individuals using genome-wide single-nucleotide polymorphisms (SNPs).
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FIGURE 3. Admixture analyses of 80 individuals based on the genome-wide single-nucleotide polymorphisms (SNPs). (A) Cross-validation plot for the number of ancestral populations (k). (B) Stacked bar plot for the k = 2. (C) Stacked bar plot for the k = 3. Each column represents an individual, and the length of colored segments denotes the proportion of an individual’s genome inherited from one of k ancestral populations.



TABLE 2. Pairwise Fst values among populations.
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Phylogenetic Tree

The individual-level phylogenetic tree was constructed with 33,178 biallelic SNPs (Figure 4), in which all individuals belong to the same branch except YWL8 and YWL10. The population-level phylogeny constructed with 5,460 biallelic SNPs showed that the five populations appeared to originate from the same group, and three migration events were modeled among different branches (Figure 5). Overall, the phylogenetic tree analysis coincided with the PCA and admixture analysis, which corroborated a high genetic connectivity with even biological mixing among all locations.
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FIGURE 4. Individual-level phylogeny constructed using SNPhylo.
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FIGURE 5. Population-level phylogeny with migration edges constructed using TreeMix.




DISCUSSION

Reduced-representation sequencing could provide an opportunity for those species without prior genetic resources to understand their basic properties of the genome (Silliman, 2019; Yang et al., 2020). In this study, a large number of genome fragments were obtained for M. nudus by using GBS. By analyzing the DNA base composition, the percentage of GC content was up to 41%, which was higher than that of the reported sea urchin, including Strongylocentrotus purpuratus (36.9%) (Sodergren et al., 2006), and Lytechinus variegatus (36.1%) (Davidson et al., 2020). Considering that genomic GC content is closely associated with genome size and significantly affects the genome functioning and species ecology (Šmarda et al., 2014), this result suggested that M. nudus may have a more complex genome than S. purpuratus and L. variegatus.

This study is the first report to identify genome-wide SNPs for M. nudus and to determine the genetic diversity and population structure of this species in China seas. Several indices concerning heterozygosity were firstly analyzed across five geographical populations. In general, the DZD population displayed the highest genetic diversity. This result may benefit from the good ecological status in the surrounding waters of Danzi island especially after removal of the marine raft culture and minimizing the amount of waste water discharged into the coastal waters since 2010 (Li et al., 2013). In contrast, the Lidao Bay as an important fishery and aquaculture water was seriously affected by anthropogenic disturbance (Jiang et al., 2013; Wu et al., 2016), which may result in the lowest PIC, Ho, and He for LD population. Besides, compared with previous studies on the population genetics of aquatic animals by using genome-wide SNPs, a moderate level of heterozygosity was observed for M. nudus in the current study. For example, the average Ho in M. nudus was lower than that in Oncorhynchus keta (Waples et al., 2017) and Paracentrotus lividus (Carreras et al., 2020), but higher than in several species such as Oreochromis urolepis (Nyinondi et al., 2020), O. lurida (Silliman, 2019), and Isocladus armatus (Wells and Dale, 2018). However, positive Fis values have been observed in M. nudus. Fis values could reflect the deviation from the Hardy–Weinberg equilibrium (HWE) genotype frequencies and indirectly reflect relative population heterozygosity. Generally, positive Fis values may be caused by mating among relatives, life history trait with free-spawned planktonic sperm, and selection acting on the genetic markers (Zouros and Foltz, 1984; David et al., 1997; Whitaker, 2004; Addison and Hart, 2005). In the current study, the estimated Ne value for M. nudus was significantly lower than that for other marine species such as Chinook salmon (Larson et al., 2014), Salmo salar (Johnston et al., 2014), and Panulirus homarus (Al-Breiki et al., 2018). According to the proposal by Frankham et al. (2014), this value is too low to retain evolutionary potential for M. nudus and thus may lead to inbreeding. Besides, the life history of M. nudus can also contribute to the positive Fis because the species like M. nudus with free-spawned planktonic sperm tend to have higher Fis than those species that copulate or have some form of direct sperm transfer to females or benthic egg masses (Addison and Hart, 2005). In addition, the population were sampled along coastal zone of the Yellow Sea and Bohai Sea, where they have been heavily disturbed by anthropogenic activities including land-source pollution, aquaculture pollution, and reclamation. The phenomena of eutrophication and hypoxia are happening with an increasing frequency in recent years, resulting in drastic changes in the physical and chemical parameters of seawater such as nutrient content, dissolved oxygen (DO), and pH especially in a small spatial scale. These drastic and persistent environmental disturbances can not only lead to the reduction of population size but also impose strong selective pressure on M. nudus, which is relatively weak in activity and thus may contribute to the high Fis value. Overall, the positive Fis and low Ne suggested that the genetic diversity of M. nudus should be constantly monitored, and the protective measures should be carried out in China.

In order to assess the genetic differences among populations, pairwise Fst values were estimated. The results showed that all Fst values were far less than 0.05, which implies that there were low genetic differentiation and high genetic connectivity among five geographical populations. This result can be confirmed by PCA, admixture analysis, and phylogenetic analysis. This phenomenon may be mainly related to the lack of dispersal barriers in the Yellow Sea and Bohai Sea, and also the fact that M. nudus has a pelagic phase lasting for 1 month in the water column (Dautov et al., 2020). However, it is worth noting that two individuals from YWL deviated significantly from the main cluster and have little genetic association with other individuals. This phenomenon can also be found in similar studies. For example, individual ancestry analysis for five populations of Pacific cod showed that two individuals from coastal area had no similar ancestries as coastal fish (Drinan et al., 2018). Interestingly, these individuals displayed the same ancestry as the fish from the Salish Sea. Similarly, some seahorses from New Zealand were descendants of Australian ancestors (Ashe and Wilson, 2019). Therefore, in the current study, two differentiated individuals from YWL may imply that there is a genetically differentiated population in the adjacent sea. Especially, it is worth exploring whether the population structure of M. nudus from the Japan Sea will be different from that of the Yellow Sea and Bohai Sea, considering the two sea areas are separated by the Korean Peninsula, which might form a dispersal barrier. Besides, the small sampling size in the current study may be a potential factor leading to the cryptic genetic structure of M. nudus that may not be fully revealed. Therefore, the investigation with larger spatial scale and sample size of M. nudus needs to be implemented to fully assess the population structure and genetic diversity of M. nudus in the future.



CONCLUSION

In the present study, a total of 51,738 high-quality SNPs were detected, indicating that the GBS technology is a powerful tool for the genome-wide SNP discovery of M. nudus. Diversity index analysis showed that all populations have a similar pattern with positive Fis and low Ne, suggesting that it is necessary to carry out the conservation of M. nudus in China. Low genetic differentiation and high genetic connectivity among five geographical populations were detected by pairwise Fst, PCA, admixture analysis, and phylogenetic analysis. Besides, two individuals originating from an isolated ancestor were identified, which may be crucial for the conservation of genetic diversity and germplasm improvement. Thus, the investigation with larger spatial scale and sample size needs to be implemented to assess the population structure and genetic diversity of M. nudus in the future.
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GH Overexpression Alters Spermatic Cells MicroRNAome Profile in Transgenic Zebrafish
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Overexpression of growth hormone (GH) in gh-transgenic zebrafish of a highly studied lineage F0104 has earlier been reported to cause increased muscle growth. In addition to this, GH affects a broad range of cellular processes in transgenic fish, such as morphology, physiology, and behavior. Reports show changes such as decreased sperm quality and reduced reproductive performance in transgenic males. It is hypothesized that microRNAs are directly involved in the regulation of fertility potential during spermatogenesis. The primary aim of our study was to verify whether gh overexpression disturbs the sperm miRNA profile and influences the sperm quality in transgenic zebrafish. We report a significant increase in body weight of gh-transgenic males along with associated reduced sperm motility and other kinetic parameters in comparison to the non-transgenic group. MicroRNA transcriptome sequencing of gh-transgenic zebrafish sperms revealed expressions of 186 miRNAs, among which six miRNA were up-regulated (miR-146b, miR-200a-5p, miR-146a, miR-726, miR-184, and miR-738) and sixteen were down-regulated (miR-19d-3p, miR-126a-5p, miR-126b-5p, miR-22a-5p, miR-16c-5p, miR-20a-5p, miR-126b-3p, miR-107a-3p, miR-93, miR-2189, miR-202–5p, miR-221–3p, miR-125a, miR-125b-5p, miR-126a-3p, and miR-30c-5p) in comparison to non-transgenic zebrafish. Some of the dysregulated miRNAs were previously reported to be related to abnormalities in sperm quality and reduced reproduction ability in other species. In this study, an average of 134 differentially expressed miRNAs-targeted genes were predicted using the in silico approach. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis demonstrated that the genes of affected pathways were primarily related to spermatogenesis, sperm motility, and cell apoptosis. Our results suggested that excess GH caused a detrimental effect on sperm microRNAome, consequently reducing the sperm quality and reproductive potential of zebrafish males.

Keywords: non-coding RNAs, epigenetic, Danio rerio, miRNA-seq, sperm motility, transgenic fish


INTRODUCTION

Since the first proposal to use zebrafish (Danio rerio) in research (Creaser, 1934), the species have attained global popularity as an experimental model organism (Streisinger et al., 1981), and its use in science has grown and continues to grow rapidly (Kinth et al., 2013; Teame et al., 2019). Approximately 32 wild strains, such as AB, Tübingen long-fin, and Tüpfel long-Fin, are currently used (which excludes the local pet shop variants) in various studies (van den Bos et al., 2020; Silveira et al., 2021).1 These reports show more than 115,000 genetic alterations done in zebrafish, of which more than 47,000 are transgenic insertions (Ruzicka et al., 2019). The first transgenic fish, the F0104 strain, was developed in Brazil in 2004 (Figueiredo et al., 2007a). Through transgenesis, the gene sequences can be manipulated to assign characteristics of interest. In addition, animal cells can be artificially labeled for easy visualization (Ingham, 2009).

The F0104 strain zebrafish model used in this study carried two transgenes: (1) the β-actin promoter from carp (Cyprinus carpio) that drives the expression of coding DNA sequence (CDS) of growth hormone gene (gh) from the marine silverside Odonthestes argentinensis and (2) green fluorescent protein (GFP) from the jellyfish Aequorea victoria used as a transgenesis label controlled by the same promoter. In related studies, these transgenic zebrafish showed to have increased growth (Figueiredo et al., 2007b); better oxygen consumption (Rosa et al., 2008; Almeida et al., 2013a); Reactive oxygen species (ROS) production (Rosa et al., 2008); cognition (Studzinski et al., 2015); and regeneration capacity (Nornberg et al., 2016). However, on the other side, these strains have also shown to develop osmotic and energy imbalance (Almeida et al., 2013b); weakened immunity (Batista et al., 2014); deficits in antioxidant defense mechanism (da Rosa et al., 2011); less apparent sexual dimorphism (Figueiredo et al., 2007a); decrease in spermatic parameters and reproductive capacity of males (Figueiredo et al., 2013).

In the male reproductive system, growth hormone (GH) is said to interfere with testicular development and stimulate spermatogenesis by acting both directly and indirectly on testes through potentiation of gonadotropin, affecting the gonadal development by stimulating the expression of insulin-like growth factors (IGFs) (Gac et al., 1993; Berishvili et al., 2006; Miura et al., 2011). In fact, in both cases, GH may be considered as a co-factor for gonadotropin (Hull and Harvey, 2002) along with IGFs to specifically regulate the gonadal function (Gac et al., 1993). Overexpression of gh in other transgenic fish strains culminates in reproductive deficits, such as in tilapia (Rahman et al., 1998); Atlantic salmon (Moreau et al., 2011); coho salmon (Devlin et al., 2004); mud loach (Nam et al., 2002); and common carp (Cao et al., 2014). Some authors highlight that the factors that link somatic growth with reproductive deficits in gh-transgenic fish still need to be elucidated (Chen et al., 2018). A modern tool available for this task is the analysis of differential expression of microRNAs (miRNAs).

MicroRNAs are a class of endogenous non-coding RNAs (ncRNA), generally about 22 nucleotides in length regulating gene expressions canonically at the post-transcriptional level (Blödorn et al., 2021). To date, records in miRBase (Kozomara et al., 2019) and MiRGeneDB databases (Fromm et al., 2020) report 373 and 390 mature miRNA molecules are being expressed in zebrafish, respectively. Estimates suggest that between 30 and 60% of the total gene expressions can be regulated by miRNAs (Lewis et al., 2005; Xie et al., 2005; Friedman et al., 2008). MiRNAs are involved in virtually all biological processes in the cells of metazoans, including the spermatogenesis and formation of spermatozoa in zebrafish (Kotaja, 2014; Jia et al., 2015). Due to its wide distribution among species and role in regulating gene expressions, miRNAs have been used as biomarkers for various applications, including infertility diagnosis (Wang et al., 2015; Corral-vazquez et al., 2019; dos Santos da Silva et al., 2021).

Despite high maintenance of the F0104 strain being a major issue, the inherent reproductive deficit presented in the F0104 males provides an opportunity to understand the effects of gh expression levels on the reproduction potential using advanced approaches. Therefore, the F0104 strain has been used as an interesting model for investigations on spermatic quality, reproductive potency, and their determining factors in males. In addition, zebrafish is a translational model, and therefore the results obtained in this species can be extrapolated to other species, including humans (Vargas, 2018). Thus, the present study aimed to evaluate the sperm kinetic parameters as well as the sperm quality by sequencing, identifying, and quantifying miRNAs in sperm cells of gh-transgenic (gh+) and non-transgenic (NT) zebrafish, further elucidating the specific pathways influenced by transgenesis and lastly, to identify prospective candidate miRNAs as epigenetic biomarkers for the reproductive deficit of zebrafish males.



MATERIALS AND METHODS


Zebrafish

The F0104 zebrafish strain used in the study were gh-transgenic males. The NT fish were siblings of the gh + zebrafish (having no genetic construct incorporated into its genome). Both transgenic and NT zebrafish were selected in their larval stage, and 20 fish from each type were distributed into four different aquaria (2 for gh + and 2 for NT) kept in a closed water recirculation system. Each aquarium was maintained in 15 L water with oxygen levels near saturation (>6 mg/L), pH close to 7.2, photoperiod 14:10 h light: dark cycle, and temperature of 28°C. Ammonia (NH3) and nitrite (NO2–) concentrations were measured three times a week using commercial kits (LabconTest Toxic Ammonia Freshwater; LabconTest Nitrite, Alcon®, Brazil) and corrected with partial water change when necessary. The levels of ammonia and nitrites showed to maintain below 0.011 and 0.25 mg/L, respectively. The fish were fed ad libitum twice a day with commercial fish food (ColorBits, Tetra®, Germany).



Testes Excision

When the fish reached 15 months of age, which is normally considered adult age, presenting appropriate sperm production with normal sperm concentration and motility values (Johnson et al., 2018), 10 males from each experimental group were randomly captured by the same experienced operator (5 fish from each aquarium) and euthanized by hypothermic shock (in water with 4°C) for the removal of testes. One collected testis from each fish was placed in 100 μL of Beltsville Thawing Solution (BTS) (Pursel and Johnson, 1975) for semen analyses and the other preserved in TRIzol Reagent (Invitrogen, United States) for miRNA sequencing. This study was conducted in compliance with institutional, national, and international guidelines for using animals, and all the protocols used were performed by the guidelines and approved by the Ethics Committee of the Federal University of Rio Grande (FURG), Brazil, under the code 23116.008403/2018–32.



Sperm Kinetics Parameters

Sperm cells were assessed by Computer Assisted Sperm Analysis (CASA) system (SpermVision®, Minitube, Germany) coupled to an optical microscope (Axio Scope A1®, Zeiss, Germany) and observed at 200 X magnification according to the method described by Acosta et al. (2016). To activate sperm cells, activation solution consisting of 119 mM sodium bicarbonate solution (NaHCO3) was prepared, added to semen in a 1:5 ratio, and plated on a slide. Variables assessed by CASA were: Total motility (TMO), Progressive motility (PMO), Velocity average path (VAP), Velocity curved line (VCL), Velocity straight line (VSL), and Linearity (LIN). For each sample, at least 500 cells were observed in 10 different fields.

The duration of sperm motility (in seconds) was evaluated using semen sample aliquots in 1:5 ratio using activation solution (prepared as earlier) and loaded on slides covered with a coverslip, a timer set, and time noted until sperm cells movement ceased.



RNA Isolation From Sperm Cells

Total RNA was isolated from sperm cells using a method that combined TRIzol reagent (Invitrogen, United States) and RNeasy mini spin column (RNeasy Mini Kit, Qiagen Inc., Valencia, CA, United States), according to the manufacturer’s instructions with modifications. Briefly, testes samples were placed in 1 mL lysis solution containing 0.5% Triton and 0.1% SDS at room temperature for 30 min for removal of the contaminating somatic cells. The digested tissue solution was centrifuged at 50 × g for 5 min, and tissue debris in the pellet was discarded. To the supernatant, about 500 μL TRIzol reagent was added and thoroughly mixed. A known volume of chloroform was added to the homogenate, mixed vigorously, and incubated for 10 min at room temperature. The mixture was then centrifuged at 12,000 × g at 4°C for 15 min. After centrifugation, the upper aqueous phase was collected and mixed with an equal volume of 100% ethanol. The entire mixture was transferred to the RNeasy mini spin column. The RNA bound to the membrane of the spin column when centrifuged was subsequently removed using buffer RWT and buffer RPE and eluted in 30 μL RNase-free water. Concentration and purity of the isolated sperm RNA were measured using Agilent 4,200 TapeStation system and the Agilent RNA ScreenTape assay (Agilent Technologies, Santa Clara, United States) (Supplementary Figure 1). All RNA samples were stored at −80°C until used.



MicroRNA Sequencing

Small RNA libraries of sperm cells were generated using Next Small RNA Library Prep Set (New England Biolabs, Inc., United States) for the Illumina platform. To prepare each library set, three sperm RNA samples in equal concentrations were pooled together. A total of eighteen samples were used for the small RNA library preparation process, which culminated in 3 libraries for the gh + group and 3 libraries for the NT group. The manufacturer’s instructions were followed throughout for the PCR amplification (15 cycles), taking 1,000 ng template as starting input. Following PCR amplification, the libraries were run in a 6% polyacrylamide gel, and the ∼140 bp bands were excised from the gels using a razor blade and quantified by BioAnalyzer 2,100 (Agilent Technologies, United States).

The concentrations of the six RNA libraries (3 from gh + and 3 from NT groups) were determined using the Invitrogen QubitTM dsDNA High Sensitivity Assay Kit. The libraries were pooled at equimolar concentrations before MiSeq (Illumina, United States) sequencing in 50-bp single-end reads configuration using v3 sequencing chemistry.



MicroRNA Detection and Differential Expression Analysis

Raw sequence data were subjected to a cleaning process to remove 5′ and 3′ primer contaminants, N adaptors, polyA adaptors, sequences without index sequence tag, and adaptors shorter than 17 nucleotides. The alignment of sequences from these libraries and identification of miRNAs was performed using the webserver RNA toolbox,2 according to methods used by Schneider et al. (2018). Differential expression of miRNAs was analyzed using the package edgeR (version 3.34) for both the gh + and NT experimental groups. Those miRNAs with False Discovery Rate (FDR) > 0.05 and Fold Changes (FC) in expression > 2.0 were considered to be upregulated, while those with FDR < 0.05 and FC < 0.50 were considered to be downregulated.



Target Prediction and Gene Ontology Enrichment Analysis

The tool mirPath version 3.0 (Vlachos et al., 2015) was used to identify genes regulated by differentially expressed miRNAs, using the database microT-CDS v.5.0 (Paraskevopoulou et al., 2013). The gene ontology (GO) terms of the most enriched miRNA targets were annotated using the same mirPath tool. The gene targets of miRNAs were organized based on their functional role in different biological processes. The KEGG molecular pathways regulated by the differentially expressed miRNAs (DEmiRNAs) with a p-value < 0.05 were considered as significantly enriched in our analysis.



Statistical Analysis

The statistical analyses of sperm kinetics parameters were performed using Statistix version 10.0. Compiled datasets were evaluated by Student’s t-test, and the differences considered significant when p < 0.05. Data normality and homogeneity of variances were previously verified.




RESULTS


Effects on Body Weight and Spermatozoa Kinetic Parameters

The biometric measure of weight (Figure 1B) demonstrated that transgenesis (Figure 1A) led to a significant increase in body weight of gh + individuals when compared to NT individuals (544.6 ± 13.59 g and 466.6 ± 19.13 g, respectively).


[image: image]

FIGURE 1. Indications of transgenic phenotype in a photographic image of male zebrafish, changes in body weight, and sperm kinetic parameters of gh-transgenic F0104 strain zebrafish (Danio rerio) and non-transgenic strain. (A) gh-transgenic zebrafish male from F0104 strain showing the ubiquitous and constitutive distribution of GFP expression; non-transgenic zebrafish shown in white arrows; (B) bodyweight characteristics; (C) total motile sperm; (D) sperm motility period. All p-values < 0.05 are summarized with one asterisk and < 0.0001 with three asterisks. Results are statistically expressed by mean ± standard error of the mean (SEM) (n = 10 for each experimental group). NT, non-transgenic; GH+, gh-transgenic; WL, water line; BB, bottom of beaker.


The results obtained through the CASA to evaluate sperm motility demonstrated that gh + individuals had low total motility (Figure 1C) and lesser duration of spermatozoa motility (Figure 1D) when compared to the NT individuals (P < 0.0001). In addition, a significant decrease in other kinetic parameters was observed, such as reduced progressive motility and lower distances covered, both of which relate to the fertilizing potential of sperm in these transgenic individuals (Table 1).


TABLE 1. Evaluation of sperm sample parameters in F0104 gh-transgenic and non-transgenic zebrafish (Danio rerio) by Computer Assisted Sperm Analysis (CASA) system: Progressive motility (PROG), Distance curved line (DCL), Distance average path (DAP), Distance straight line (DSL), Curvilinear velocity (VCL), Average path velocity (VAP), Straight-line velocity (VSL), Linearity of the curvilinear trajectory (LIN), Straightness (STR), the wobble of the curvilinear trajectory (WOB), the amplitude of lateral head displacement (ALH), and beat cross frequency (BCF).
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Differential Expression of miRNAs in gh-Transgenic Strain

The microRNAome sequencing generated 21,981,994 raw reads from the six miRNA libraries altogether. After clean-up, a total of 186 known mature miRNAs were identified. Expression analysis of these miRNAs revealed 22 differentially expressed miRNAs (DEmiRNAs) in the gh + sperm cells (Table 2), including 16 down-regulated and 6 upregulated miRNAs in comparison to NT cells (Supplementary Table 1). Interestingly, for the miR-126 paralogs, both arms were down-regulated, suggesting that their 5p and 3p mature transcripts are functionally associated, controlling distinct genes that take part in the same gene regulatory network.


TABLE 2. List of differentially expressed microRNAs (miRNAs) in sperm cells of gh-transgenic and non-transgenic zebrafish.
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Molecular Pathways Regulated by miRNAs

An average of 134 putative target genes for the 22 DEmiRNAs was predicted using microT-CDS database (Table 2). After enrichment analysis, nine KEGG pathways were identified to be significantly related to DEmiRNAs gene targets (Table 3). Accordingly, down-regulated miRNAs were shown to be enriched for the FoxO signaling pathway, which plays a role in protein processing in the endoplasmic reticulum, sulfur relay system, apoptosis, and associated with the p53 signaling pathway. On the other hand, the upregulated miRNAs were shown to be enriched for pathways involved in mucin-type O-Glycan biosynthesis, glycosaminoglycan biosynthesis-heparan sulfate/heparin, N-Glycan biosynthesis, Toll-like receptor signaling, and glycerophospholipid metabolism. All these observations together indicate that the GH overexpression affects gene expression of key sperm motility pathways by altering the levels of regulatory miRNAs.


TABLE 3. KEGG molecular pathways differentially expressed miRNA-targeted genes in sperm cells of gh-transgenic and non-transgenic zebrafish.
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DISCUSSION

To the best of our knowledge, the present study is the first to demonstrate the effects of GH overexpression on the microRNAome profile of sperm cells in gh + transgenic zebrafish. We demonstrated that 16 miRNAs were down-regulated, and 6 miRNAs were upregulated in gh + transgenic fish when compared to the NT fish. Some of these candidates’ differentially expressed miRNAs have been previously reported to play a potential role in influencing spermatic quality and reproductive success. Furthermore, a high level of sequence conservation in the aforementioned miRNAs of the metazoan genome helps up to directly compare the current findings in zebrafish (Danio rerio) with known findings of other species.

Among the down-regulated miRNAs identified, miR-20a-5p was earlier reported to express at lower levels in bovine sperm (Capra et al., 2017) and human blood plasma along with low total and progressive sperm motility (Cito et al., 2020). Likewise, the miR-202-5p is a highly expressed factor in mice testis during the early stages of development that re-surge during its final stages of development (Wainwright et al., 2013), posing to be strongly associated with the development of male gonad. Particularly in zebrafish, miR-202-5p shows high levels of expression in germ cells in the different stages of spermatogenesis, including the formation of spermatogonia and maturation of spermatozoa, thereby reinforcing the existence of a relationship between miR-202-5p and sperm maturation in this species (Jia et al., 2015).

In the present study, we observed the down-regulation of both miR-125a and miR-125b-5p expressions in the sperm cells of gh + zebrafish. We also reported in our earlier studies that these members of a miR-125 family were down-regulated when tested in nanotransfected sperm cells of Bos taurus shown by the negative changes in sperm kinetics and other parameters, such as its membrane integrity, acrosome reaction, and mitochondrial membrane potential (Domingues et al., 2020). A knockout study of miR-125b5p in mice showed it to cause male infertility (Li et al., 2019), indicating that the negative regulation of this miRNA in gh + zebrafish found here may also have deleterious effects on the fertilizing potential of the male F0104 zebrafish strain.

Further, the upregulated miR-146b observed in our study correlated with the previously observed abundant levels in bull testicular tissue (Gao et al., 2020), where its increased expression led to the inhibition of proliferation of germline stem cells and simultaneously promoted their apoptosis. Similarly, a deletion in the chromosomal locus for the miR-200a-5p precursor gene showed to increase the kinetics parameters of spermatozoa and significantly improved the fertilization rate in zebrafish in a different study (Xiong et al., 2018). This effect was caused due to the ectopic expression of miR-200a-5p by reducing expressions of its target genes: wt1a, srd5a2b, and amh, which are known to play an important role in spermatozoa motility.

The miR-184 was reported to be upregulated in the low motility fraction of bull sperms (Capra et al., 2017). In humans, the miR-184 plays an important role in male fertility by regulating genes related to spermatogenesis (Rahbar et al., 2020). Overall, the upregulations of these miRNAs show to have a negative effect on male fertility, suggesting that this may be a key reason for decreased fertility in gh + zebrafish.

The remaining differentially expressed miRNAs identified in our studies, such as the miR-22a-5p, miR-126, miR-22a, and miR-221 have also been earlier reported in semen samples of zebrafish and other species (Smorag et al., 2012; Jia et al., 2015; Tao et al., 2018; Alves et al., 2021). However, the functional role of these miRNAs and target mRNAs has not yet been fully elucidated. Further, characterization of these candidate miRNAs influencing the zebrafish spermatozoa characteristics and reproductive success is opportunely needed.

The in silico analysis of molecular pathways affected by differentially expressed miRNAs confirmed that the gh overexpression may be influencing the gene expressions related to pathways associated with spermatic motility. The FoxO signaling pathway, which includes transcription factors regulating the gene expressions related to apoptosis, cell cycle control, glucose metabolism, and resistance to oxidative stress identified in our study, was one of the main target sites for the down-regulated miRNAs (Wang et al., 2014). Therefore, a reduction in the miRNAs targeting foxo3a suggests a positive regulation of this transcription factor, consequently activating the FoxO signaling pathway. In addition, several other genes downstream from the coding region for foxo3a transcription factor have also shown to be targeted by the down-regulated miRNAs, further implying their importance in this pathway (by themselves or in association with PI3K/Akt signaling pathway) in spermatic cells of gh + zebrafish (Griffeth et al., 2013; Capra et al., 2017; Zhang et al., 2017b; Catalano-Iniesta et al., 2019).

In this study we observed an upregulation of miRNAs that affects genes related to Toll-like receptor signaling pathway in spermatic cells of gh-transgenic zebrafish. As discussed by Navarro-Costa et al. (2020), the functional significance of these immunity-related genes (such as tlr7, tlr8, and traf6) on the sperm motility process is not fully elucidated. Nevertheless, other study demonstrated that stimulated Toll-like receptor signaling reduce sperm motility and suppress fertilization in human (Fujita et al., 2011); Furthermore, a number of TLRs in testes of yellow catfish were significantly reduced by chloroquine treatment, resulting in an improved sperm motility and fertilization rate (Zhang et al., 2017a). Interestingly, in the present study, the affected main target gene present in TLR signaling pathway was pik3cb. As previously demonstrated, introducing a germline point mutation in pik3cb gene resulted in oligo- or azoospermia phenotypes in mice (Guillermet-Guibert et al., 2015). Taken together, these data suggest that this molecular pathway is closely related to sperm motility in different species, the result of an energetic trade-off between reproduction and immune responses. The negative regulation of miRNAs affects the genes downstream of the p53 signaling pathway in gh + zebrafish spermatozoa, indicating the activation of this pathway. These targets include those that induce cell-cycle arrest and initiate apoptosis by regulating several pro-apoptotic genes in another pathway that may be affected by the down-regulated miRNAs. As previously discussed, some events that occur during apoptosis, such as decreased mitochondrial functionality, spermatic membrane integrity, and DNA integrity, have also been observed in gh + zebrafish and appear to be involved in reducing fertilization and hatching frequency in these species (Figueiredo et al., 2013). In addition to the activation of the FoxO signaling pathway; therefore, the miRNAs also favor the expression of these pro-apoptotic genes (Wang et al., 2014).

Further, to comprehensively explore the biomarker potential of these miRNAs, a sensitive, accurate, and cost-efficient miRNA profiling technique is required. Next-generation sequencing (NGS) is emerging as a preferred method for miRNA profiling; as it offers high sensitivity, single-nucleotide resolution, and the possibility to profile a considerable number of samples in parallel (Coenen-Stass et al., 2018). Taking the above advantages into consideration, Vaz et al. (2015) demonstrated miRNA expression levels by miRNA sequencing of adult zebrafish tissues (brain, gut, liver, ovary, testis, eye, and heart) and compared with qPCR results showed good correlation for both known miRNAs and unknown miRNAs categories.

In addition to the above-mentioned study, identification and expression profile of miRNAs in spermatic cells and gonad of distinct species, such as zebrafish (Presslauer et al., 2017), Nile tilapia Oreochromis niloticus (Tao et al., 2016), Bos taurus (Stowe et al., 2014; Capra et al., 2017), Sus scrofa (Godia et al., 2019), and human (Hua et al., 2019; Xu et al., 2020), were done using NGS, without the need for further validation by qPCR.

The in silico analysis of pathways affected by the regulatory activity of down-regulated miRNAs identified by our research has risen some significant queries that need to be further examined, most notably the inference of miRNA sequencing data in F0104 males, a suitable translational model for studying the unpredictable collateral effects of excess GH on reproductive traits especially on the pathophysiology of male infertility by unknown, apparent cause. Follow-up studies may include experimental validation of functional interactions of miRNAs-target genes, using methods such as the luciferase assay report, which are undoubtedly required to understand the epigenetic mechanisms by which gh overexpression could contribute to a reduced reproductive potential.

In our study, in addition to the epigenetic modulation effect on spermatic cells from gh + zebrafish, we show the F0104 transgenic strain overexpressing GH showed a bodyweight 1.2 times greater than that of NT animals, confirming that the increased growth hormone led to stimulation of zebrafish muscle growth. Studies previously carried out using the same transgenic zebrafish strain reported similar muscle growth due to high levels of GH and thereby IGF1 expression, highly affecting the gene expressions essential for increased growth (Rosa et al., 2008; Kuradomi et al., 2011; Figueiredo et al., 2013; Silva et al., 2015; Nornberg et al., 2016).

Previous studies have demonstrated the differential expression of miRNA to be strongly associated with certain male reproductive dysfunctions, especially the movements of spermatozoa. Kinetic parameters are one of the main characteristic features of spermatozoa important for fertilization. A decrease in total motility and duration of spermatic motility observed in gh + zebrafish was in accordance with the previous findings in the F0104 strain (Figueiredo et al., 2013). In addition to motility, spermatic cells in gh + fish show decreased mitochondrial activity, membrane integrity, and DNA stability as the most probable reasons for reduced fertilization and hatching frequency seen in these fish (Figueiredo et al., 2013). Further, a significant increase in metabolic rate, generation of reactive oxygen species (ROS) (Rosa et al., 2008), and decrease in gene expressions related to the antioxidant defense system (Batista et al., 2014) in gh + fish can lead to oxidative stress, that in turn may cause deleterious effects on mitochondrial activity and ATP synthesis thereby reducing the fertilizing potential of spermatozoa.

In summary, our results conclude that gh overexpression alters the microRNAome expression profile of spermatic cells in zebrafish. The identified predicted gene targets from the up-and down-regulated miRNAs provide scope for future studies that involve validation of these miRNA-targets interactions to use these candidate miRNAs as fertility biomarkers across species. Further, the gh-transgenic zebrafish strain may be used as a suitable model in reproductive translational research.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: https://www.ncbi.nlm.nih.gov/, SRP318063.



ETHICS STATEMENT

The animal study was reviewed and approved by the Ethics Committee of the Federal University of Rio Grande (FURG), Brazil, under the code 23116.008403/2018–32.



AUTHOR CONTRIBUTIONS

VC, WD, LM, and TS conceived and planned the experiments. TS, MK, and LM generated and raised the animals. WD, EB, IA, AV, and CC carried out the laboratorial analyses (spermatic kinetic and molecular biology). GG, CR, and WD contributed to miRNA libraries preparation. LN, AS, and DP contributed to the interpretation of the results. WD took the lead in writing the manuscript. All authors provided critical feedback and helped shape the research, analysis, and manuscript.



FUNDING

This study was supported by the Fundação de Amparo à Pesquisa do Estado do Rio Grande do Sul (FAPERGS-FAPESP PqG #19/2551-0000953-3) and was financed in part by the Coordenação de Aperfeiçoamento de Pessoal de Nível Superior—Brasil (CAPES) Finance Code 001 and AUXPE #2537/2018. WD, LN, and EB were individually supported by Coordenação de Aperfeiçoamento de Pessoal de Nível Superior. AV, CC, LM, DP, and VC were also individually supported by Conselho Nacional de Desenvolvimento Científico e Tecnológico.



ACKNOWLEDGMENTS

The undergraduate students from Laboratório de Genômica Estrutural for helping with daily routine at the Lab.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fgene.2021.704778/full#supplementary-material
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Nile tilapia is a key aquaculture species with one of the highest production volumes globally. Genetic improvement of feed efficiency via selective breeding is an important goal, and genomic selection may expedite this process. The aims of this study were to 1) dissect the genetic architecture of feed-efficiency traits in a Nile tilapia breeding population, 2) map the genomic regions associated with these traits and identify candidate genes, 3) evaluate the accuracy of breeding value prediction using genomic data, and 4) assess the impact of the genetic marker density on genomic prediction accuracies. Using an experimental video recording trial, feed conversion ratio (FCR), body weight gain (BWG), residual feed intake (RFI) and feed intake (FI) traits were recorded in 40 full-sibling families from the GIFT (Genetically Improved Farmed Tilapia) Nile tilapia breeding population. Fish were genotyped with a ThermoFisher Axiom 65 K Nile tilapia SNP array. Significant heritabilities, ranging from 0.12 to 0.22, were estimated for all the assessed traits using the genomic relationship matrix. A negative but favourable genetic correlation was found between BWG and the feed-efficiency related traits; −0.60 and −0.63 for FCR and RFI, respectively. While the genome-wide association analyses suggested a polygenic genetic architecture for all the measured traits, there were significant QTL identified for BWG and FI on chromosomes seven and five respectively. Candidate genes previously found to be associated with feed-efficiency traits were located in these QTL regions, including ntrk3a, ghrh and eif4e3. The accuracy of breeding value prediction using the genomic data was up to 34% higher than using pedigree records. A SNP density of approximately 5,000 SNPs was sufficient to achieve similar prediction accuracy as the full genotype data set. Our results highlight the potential of genomic selection to improve feed efficiency traits in Nile tilapia breeding programmes.
Keywords: nile tilapia, feed conversion ratio, genomic prediction, SNP array, GWAS, candidate genes, feed intake
INTRODUCTION
One of the key features of aquaculture species compared with terrestrial farmed species is their greater feed efficiency (FE) (Brown, 2006). For example, fish need around six times less feed than cattle to produce the same amount of body mass (de Verdal et al., 2018a). However, feed still remains the primary cost for farmed fish production, and relatively little direct selection for improved feed efficiency has yet been performed for most aquaculture species. Therefore, genetic improvement of FE would enhance the economic sustainability of aquaculture and reduce environmental impacts, including greenhouse gas emissions (Aubin et al., 2009; MacLeod et al., 2020). Since domestication of aquaculture species is relatively young (Houston et al., 2020), selective breeding offers a great potential to improve commercially important traits (FAO, 2019). The benefits of genetic improvement have been illustrated in some key aquaculture species in relation to growth rate and disease resistance, particularly when augmented by genomic tools (see detailed reviews by Gjedrem and Rye, 2018; Fraslin et al., 2020; Houston et al., 2020). However, comparative little direct focus has been placed on feed efficiency in most aquaculture species, most likely due to the challenges of measuring feed intake efficiently and accurately at individual level (de Verdal et al., 2018a).
Nile tilapia (Oreochromis niloticus) is the third most produced farmed species globally (FAO, 2020). Farmed across a wide range of production systems, this species is considered a critical protein source for human consumption in undeveloped and developing countries (Miao and Wang, 2020). Recently, a wide variety of genomic tools have been developed for Nile tilapia (reviewed in Yáñez et al., 2020). These genomic tools have facilitated studies to unravel the relationships among improved strains (Hamilton et al., 2020), to detect regions associated with important traits (Cáceres et al., 2019; Yoshida et al., 2019; Taslima et al., 2020; Barria et al., 2021), and to assess the accuracy of prediction of breeding values using genomic selection (GS) models, compared with pedigree-based models (Yoshida et al., 2019; Joshi et al., 2020). However, there is a lack of studies targeting identification of genomic regions associated with FE traits (i.e. those which involve recording of feed intake), or assessing the potential impact of using genomic approaches to improve these traits in a Nile tilapia breeding populations. Previous work has aimed to assess body weight related traits (e.g. harvest weight, head weight, body length, fillet yield), as has been reviewed in Yáñez et al. (2020). Therefore, the aims of this study were to 1) dissect the genetic architecture of feed-efficiency traits in a Nile tilapia breeding population, 2) map the genomic regions associated with these traits and identify candidate genes, 3) evaluate the accuracy of prediction of breeding values using genomic data, and 4) assess the impact of the SNP density on the genomic prediction accuracies. To the best of our knowledge, this is the first study to assess genomic prediction for feed-efficiency traits in Nile tilapia. Our results highlight the feasibility of including feed-efficiency traits into Nile tilapia breeding programs. Furthermore, they show the potential improvement in breeding value prediction using low density SNP panels compared to using pedigree methods, which can enhance genetic gain and improve production efficiency.
MATERIALS AND METHODS
Nile Tilapia Breeding Population
This study used tissue samples archived by de Verdal et al. (2018b) from their study of genetic parameters of FE related traits in GIFT tilapia. In brief, the fish used in this study were from the Genetically Improved Farmed Tilapia (GIFT) breeding program based in Jitra, Malaysia, and managed by WorldFish (Ponzoni et al., 2011) These fish had been selected for increased growth rate for 15 generations in Malaysia at the time the experiment was performed. A total of 40 full-sibling families produced by natural spawning between December 2014 and December 2015 were used for the experimental challenge. All fish were fin clipped (the clip was stored individually in analytical grade ethanol) to provide tissue for DNA analysis at the beginning of the feed intake measurement stage (see next section).
Feed Conversion Experimental Challenge
Full details of the experimental challenge are given in previous studies, which reported methodology development and quantitative genetic analysis of feed efficiency traits (de Verdal et al., 2017; 2018b). In summary, a total of 1,200 fish (30 fish/family) were used for the feed efficiency experiment. There were four batches assessed during a period lasting from June 2015 to April 2016. For each batch, each full-sibling family was randomly split and transferred into two 200 L aquaria, such that each aquarium had a total of 15 fish. These fish were kept in the aquarium throughout the experimental challenge. To measure the amount of feed consumed daily by each fish, all fish were tagged with a unique two colored T-bar tag (Avery Dennison tags, 25 mm) combination at the dorsal muscle. The experimental challenge consisted of four different stages; 1) adaptation, 2) fasting, 3) feeding and 4) feed intake (FI), lasting 15, 10, 17 and 7 days, respectively. The number of days selected for each stage is described as follows: 1) Generally 1 week is sufficient for an adaptation period. However, this was increased to 2 weeks as a precaution because some fish could adapt faster than others. The 10 days of fasting 2) represents the longest period permitted while maintaining acceptable fish welfare, while fewer days would probably have a low impact in terms of weight loss. The longest period was ascribed to the feeding stage 3), which allows the fish to recover from the fasting period but also enables successful measurement of compensatory growth, ensuring that this does not impact on the measurements of the feeding and growth during the last stage. Previous results by de Verdal et al. (2017), showed that the repeatability of FI was over 95%, when at least 11 meals were measured. Based on this, we selected 13 meals (7 days) for the current FI period 4).
Body weight was measured at the beginning and end of each stage. Due to aggression between fish, only 1,029 fish were available at the beginning of the FI stage where fish were fed twice a day (07:00 and 13:00), pellet by pellet, and videos of each meal were recorded. Fish received a total of 13 meals during this stage (on the first day fish were weighed in the morning and only received one meal). Uneaten pellets were removed at the end of each meal. The number of pellets consumed by each fish was counted through video analysis. Throughout the experiment, water temperature was fixed at 28°C ± 1°C, while the photoperiod was 12L:12D cycle. The phenotypic sex of each fish was registered by visual observation of the gonads at the end of the FI recording period. The fish were sufficiently developed to show sexual differentiation, but were not yet exhibiting any reproductive behaviour. Mortality was recorded daily throughout the challenge. Thirty two fish died during the FI stage and were not included in the analyses.
Trait Definitions
As a practical calculation of pellet weight, a total of 500 pellets (16.4 ± 1.76 mg) were weighed, and as the variation in weight per pellet was considered low enough, the average weight of each pellet was used. Thus, the FI in grams for each fish could then be calculated as the sum of pellets consumed during the 13 meals. Body weight gain (BWG) was calculated during the FI stage as the difference between the body weight at the end and at the beginning of this stage. The quotient between these two traits (FI/BWG) was used to estimate the feed conversion ratio (FCR). Finally, residual feed intake (RFI) was estimated as the difference between the amount of feed intake by each fish and the amount predicted (Koch et al., 1963).
Outliers were highlighted using the boxplot. stats function of the R package “stats” (R Development Core Team, 2018) and were not included in the analyses.
SNP Array Genotyping
Total DNA was extracted from fin clips and genotyped by Identigen (Dublin, Ireland) by using a 65 K Axiom® SNP array (Peñaloza et al., 2020). The raw genotype data were filtered using the Axiom analysis Suite v4.0.3.3. Samples with a dish quality control <0.82 and/or genotype calling rate <0.93 were excluded from further analyses, leaving 801 samples. A total of 53 K SNPs were categorized as PolyHighResolution, and therefore were retained for subsequent analyses. Further quality control using Plink software v1.09 (Purcell et al., 2007) was performed. Specifically, SNPs were excluded for the genomic analyses due to either; 1) call rate <0.95, 2) minor allele frequency (MAF) < 0.05 or 3) deviation from Hardy-Weinberg Equilibrium (p < 1 × 10−6). Simultaneously, animals with a call rate <0.95 were also excluded. Finally, to excluded potentially duplicated samples, both of each pair of fish with a proportion of IBD higher than 0.7 were removed from further analyses. Thus, a total of 755 fish and 48,431 SNPs remained after these filters, representing the final data for the SNP array (Table 1.).
TABLE 1 | Summary statistics for all the phenotyped fish for each feed-efficiency related trait.
[image: Table 1]To assess the genetic structure within the Nile tilapia population, a principal component analysis (PCA) was performed through PLINK v1.09. The two main components were plotted along the two axes in R.
Prediction of Breeding Values
Only fish with phenotype and genotype data were used for the pedigree-based BLUP (PBLUP) model, to enable a fair comparison between pedigree and genomic prediction performance. To predict the Estimated Breeding Values (EBVs) and estimate the variance components, the following univariate linear model was used:
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Where [image: image] is the vector of phenotypes, [image: image] is the overall average of phenotypic records, [image: image] is the vector of fixed effects accounting for sex and batch, [image: image] is the vector of random additive genetic effects, c is the vector of random effect associated with the common environmental effects (aquarium effect), e is the vector of random residuals errors, whereas [image: image],[image: image] and W are the incidences matrices for the fixed, genetic and environmental effects, respectively. A normal distribution was assumed for the random genetic, common, and residuals effects, with a mean of zero and the following variance:
[image: image]
Where [image: image], [image: image]and [image: image] are the additive genetic, common environmental, and residual variance, respectively, whereas [image: image] and I are the numerator relationship and identity matrix, respectively. For all the traits, heritability was estimated as follows:
[image: image]
As described by VanRaden (2008), for the genomic BLUP (GBLUP), the numerator [image: image] relationship matrix was replaced by the genomic (G) relationship matrix. In this case, the vector of random additive genetic polygenic effects g has a distribution ∼ N (0, [image: image]).
The single-step GBLUP (ssGBLUP) model was the same as for PBLUP and GBLUP. However, a combined kinship matrix H (Aguilar et al., 2010) which included information from the A and G matrix (Wang et al., 2012), was used. Thus, using data from pedigree and genotype data, the inverse of this H matrix is:
[image: image]
Where [image: image] and [image: image] are the inverse of the numerator and genomic relationship matrix, respectively, and [image: image] is the inverse of the A matrix, but only for the genotyped fish. The estimation of the genetic parameters and models were fitted using the BLUPF90 family program (Misztal et al., 2015).
Predictive Ability and Cross Validation
The ability to predict the breeding values for the traits using pedigree and genomic approaches was assessed using a fivefold cross-validation approach. To assess the predictive ability among the different models, a total of 100 replicates were used. For each replicate, 80% of fish were used as a training dataset and, for the remaining 20%, the phenotypes were masked and used as the validation dataset. For each model, two cross-validation approaches were applied:
1)Random animal: for each replicate, 80% of all the fish were randomly drawn independently of their family, and used as a training dataset. The remaining 20% of the samples were used as a validation dataset.
2)Random families: for each replicate, 80% of the families were randomly drawn and used as a training set. For the remaining 20% of the families, the phenotype was masked and used as a validation dataset. Thus, breeding value predictions were made in the validation set using phenotypic data from different families.
For each approach, prediction accuracy was calculated as follows:
[image: image]
Where [image: image] and [image: image] represents the predicted EBV and the phenotype, respectively, r is the correlation between these both values, and [image: image] is the square root of the estimated heritability.
Significant differences in predicted accuracies among models were assessed for each trait using both approaches. A Shapiro-Wilk test was done to evaluate the normality of the distribution of the predicted accuracies. The “rstatix” R package (Kassambara, 2021), was used for a pairwise comparison of the marginal means among models. Finally, the obtained p values were adjusted by the number of independent tests.
SNP Densities
Since the relatively high cost of high density SNP array genotyping may present a barrier to routine genotyping of large number of animals within a population, the efficacy of reduced density SNP panels for predicting breeding values was assessed. A total of 23 subsets of random SNPs were selected from the high density SNP array. These densities included 0.1, 0.3, 0.5, 0.7, 0.9, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 20, 30, 40, 50, 60, 70, 80 and 90% of the entire SNP dataset. For each SNP density, 100 replicates of a random animal five-fold cross validation were generated. The GBLUP model fitted for each density is the same as that described for the full genotype data set, and the accuracy was predicted as detailed previously.
Genome-wide Association Analyses
To identify genomic regions associated with the FE traits, a similar model to that proposed for genomic predictions was applied. However, since random common environmental effect was found to be non-significant, it was not included in the models. The GWAS was performed using the leaving-one-chromosome-out (LOCO) approach from the GCTA software v.1.92.2 (Yang et al., 2011). Briefly, a suggestive and genome-wide (α = 1 and 0.05, respectively) Bonferroni significance threshold was used to assess the significance of individual SNPs associated with the assessed traits. The former was first proposed by Lander and Kruglyak (1995), suggesting that at least one false positive marker is expected under the null hypothesis. Thus, a SNP was considered significant at a suggestive or genome-wide level if surpassed the corresponding Bonferroni significance threshold. The SNPs which were not mapped to a specific chromosome of the Nile tilapia reference genome (Conte et al., 2019; Genbank accession number GCA_001858045.3) were assigned to an artificial chromosome “Oni24”.
For the significant QTLs associated with the traits, candidate genes were identified within a 500 Kb window size flanking the associated markers (250 Kb upstream and downstream, respectively) and used as the basis for a literature search for relevant functions connected to feed intake and efficiency. This size was selected based on Cádiz et al., 2020, which used a similar window size for look candidate genes in three commercial Nile tilapia populations.
RESULTS
FCR Challenge
Summary statistics for the feed efficiency and growth traits calculated after the trial are shown in Table 1. In brief, the BW of some fish increased by as little as 0.76 g, while others gained up to 18.24 g. In case of the FCR, the mean value was 0.94 ± 0.20, ranging from 0.48 to 1.55. The average RFI and FI were −0.40 ± 1.49 g and 8.30 ± 2.28 g, respectively, ranging from −4.41 to 4.40 g and from 1.91 to 15.22 g, respectively.
Genetic Parameters
The additive genetic variance estimated through PBLUP models was higher compared with GBLUP and ssGBLUP. The PBLUP model also had the lowest estimates for the environmental and residual variance (Table 2).
TABLE 2 | Estimated additive genetic ([image: image] ), common ([image: image] ), and residual ([image: image]) variance parameters, common environmental effects (c2) and heritabilities (h2) for feed conversion ratio (FCR), body weight gain (BWG), residual feed intake (RFI) and feed intake (FI). Standard error is shown inside brackets.
[image: Table 2]Heritability estimates using PBLUP, GBLUP and ssGBLUP were significant, and low to moderate in magnitude (Table 2). In all cases, the estimates were higher when a PBLUP model was fitted (ranging from 0.21 to 0.52), while both genomic models had similar estimates for a given trait (ranging from 0.12 to 0.22). No significant differences were found for c2 among models.
A high genetic correlation of 0.98 ± 0.03 between FCR and RFI was found, suggesting that both measurements are essentially representations of the same trait (Table 3). Negative but favourable genetic correlations were found between BW, and both FCR (−0.60 ± 0.16) and RFI (−0.63 ± 0.17). However, when pedigree-based data was used, these correlations were not significantly different from zero (Supplementary Table S1).
TABLE 3 | Estimated genetic correlation with standard error in brackets estimated using GBLUP models among feed conversion ratio (FCR), body weight gain (BWG), residual feed intake (RFI) and feed intake (FI).
[image: Table 3]Genome-wide Association
Principal components analyses indicated that the main two components accounted together for 15.6% of the total genetic variation (Figure 1S), with no a clear structure evident within the population. There was a suggestive QTL on Oni5 associated with both FCR and RFI (Figures 1A, C). The same SNPs were associated with both traits, consistent with the high positive genetic correlation between them. A genome-wide significant QTL for BWG (Figure 1B) was identified in the same region of chromosome Oni5, supported by a total of 10 SNPs. These ten SNPs were located within a 2.1 Mb window (Table 4). Lastly, there was a single SNP significantly associated with FI on chromosome Oni7 (Figure 1D). The summary statistics for all the significant SNPs found for BWG and FI together with their detailed locations and allelic information are shown in Table 4.
[image: Figure 1]FIGURE 1 | Genome-wide association analysis for feed conversion rate related traits in a Nile tilapia (Oreochromis niloticus) breeding population. Genome-wide association analyses for feed conversion ratio (A), body weight gain (B), residual feed intake (C) and feed intake (D). Red and blue dashed line represents the genome-wide and suggestive Bonferroni significant threshold, respectively.
TABLE 4 | Information on the genomic location, allelic variants and summary statistics for the genome-wide significant markers associated with feed-efficiency related traits in a Nile tilapia breeding population.
[image: Table 4]The genes within a 500 Kb window surrounding the most significant SNPs associated with these traits are summarized in Table 5. The Eukaryotic translation initiation factor 4E (eif4e3) and growth hormone-releasing hormone (ghrh) were found within the QTL for BWG, eif4e3 being situated approximately 89 Kbp upstream from the most significant SNP (AX-317169164), whereas ghrh is ∼2 Kb upstream of the SNP AX-317150877. In the case of FI, the neurotrophic tyrosine kinase receptor type 3 (ntrk3), hyaluronidase 4 (hyal4) and Sus scrofa sperm adhesion molecule 1 (spam1), genes were found within the QTL region.
TABLE 5 | Genes flanking the significant SNPs associated with feed-efficiency related traits in a Nile tilapia breeding population. Bold genes represent genes with potential impact on feed-efficiency related traits.
[image: Table 5]Accuracy of Breeding Value Predictions
Two different cross-validation approaches were tested to estimate prediction accuracies; a random individual and a random family approach. For the former, higher accuracies were achieved for BWG and FI when genomic data were used, with an increase of 34% compared with PBLUP (Figure 2A). However, in case of BWG this increase is only observed when the A and G matrix were combined (ssGBLUP).
[image: Figure 2]FIGURE 2 | Predicted accuracies comparison for the feed-efficiency related traits in a Nile tilapia (Oreochromis niloticus) breeding population. Accuracies predicted through pedigree-based BLUP (PBLUP), genomic BLUP (GBLUP) and single-step GBLUP (ssGBLUP) for feed conversion ratio (FCR), body weight gain (BWG), residual feed intake (RFI) and feed intake (FI) using a random animal (A) and random family (B) cross-validation approach. The standard error for each trait and method is represented by the black bars. * = p < 0.05; ** = p < 1 × 10−3; *** = p < 1 × 10−5.
As expected, all the models resulted in lower prediction accuracies when a random family approach was used, compared with the random animal approach. Furthermore, two main trends were observed. Firstly, for FCR and BWG, there were no significant differences in prediction accuracies using any of the models incorporating genomic data (Figure 2B). Secondly, the highest accuracies were achieved using GBLUP, representing an increase in 33 and 26% for RFI and FI respectively over PBLUP, while ssGBLUP gave intermediate prediction accuracies for FI.
Impact of SNP Density on Predicted Accuracies
A decrease in the estimated heritabilities were observed with the low density panels (data not shown). Therefore, for the calculation of prediction accuracy at all SNP densities, a single heritability estimated with all the available markers was used, as is considered the most accurate estimate (Kriaridou et al., 2020). Only a slight decrease in the prediction accuracies was observed across all traits when up to 10% of the SNP density was used (5 K SNPs). When SNP density fell below 5K SNPs, the breeding value prediction accuracy was lower for all the traits (Figure 3).
[image: Figure 3]FIGURE 3 | Genomic prediction accuracies using different SNP densities for feed-efficiency related traits in a Nile tilapia (Oreochromis niloticus) breeding population. Predicted accuracies achieved using different SNP low density panels for feed conversion ratio (FCR), body weight gain (BWG), residual feed intake (RFI) and feed intake (FI) using a genomic BLUP (GBLUP) method.
DISCUSSION
The current study generated genome-wide SNP genotype data from tissue samples collected from a previous study in which genetic parameters for FE traits were estimated in a Nile tilapia breeding population (de Verdal et al., 2018b). Through quantitative genetic analyses and using pedigree data with information from up to 15 generations, significant genetic variation was detected for all the assessed traits, FCR, BWG, RFI and FI. The current study integrated the phenotypic dataset with genome-wide SNP information from recently developed SNP array for Nile Tilapia (Peñaloza et al., 2020), to estimate genetic correlations and genomic heritabilities using almost 50 K SNP markers segregating throughout the Nile tilapia genome. The same data were used to dissect the genetic architecture of feed-efficiency traits using a GWAS. Finally, the dataset was used to assess and compare genomic prediction accuracies using different statistical models, and assess the optimal SNP marker density for achieving maximal prediction accuracy.
Heritability and Genetic Correlations
Genetic parameters estimates for FE traits are relatively rare in aquaculture species, but have been extensively assessed in livestock species with significant heritabilites detected, ranging from 0.13 up to 0.84 (de Verdal et al., 2011; Case et al., 2012; Freetly et al., 2020; Tortereau et al., 2020; Marchesi et al., 2021). The studies on aquaculture species have also detected moderate to high heritabilities (0.57–0.71) for average daily gain (ADG), daily feed intake (DFI), feed efficiency ratio (FER) and RFI in a breeding Pacific white shrimp (Litopenaeus vannamei) population (Dai et al., 2017). Furthermore, Kause et al. (2006) found significant heritabilities for growth in rainbow trout (Oncorhynchus mykiss), but not for FI, whereas Dvergedal et al. (2019) found significant heritabilities ranging from 0.18 to 0.45 for several feed efficiency traits in Atlantic salmon, such as weight gain, residual weight gain, and stable isotope profile in food. Furthermore, de Verdal et al. (2018b) estimated significant heritability (0.32–0.65) for FE traits in the current Nile tilapia population. Slightly lower heritabilities for the same traits were found in the current study, which could be explained by the ∼25% fewer fish being included in the analyses.
A moderate genetic correlation was found between BWG and both FCR and RFI, when the genomic relationship matrix was used. This favourable and significant correlation suggests that selection for BWG (a simple trait to measure) would result in favourable correlated responses for feed efficiency traits within the current population. Although these results are in agreement with previous studies in sea bass (Dicentrarchus labrax) and rainbow trout (Kause et al., 2006, 2016; Silverstein, 2006; Besson et al., 2019), they contrast with those estimated by de Verdal et al. (2018b) who found no significant correlations. This cannot be attributed to differences in sample size, since correlations estimated using only pedigree data in the present study (Supplementary Table S1) were in accordance with de Verdal et al. (2018b). It is challenging to explain this discrepancy between the pedigree and the genomic data. It can be hypothesized that using genomic data, the true relationship between fish within each family were estimated in the genomic relationship matrix, exploiting two different levels of genetic variation: at inter and intra-family level. The latter is not included in the pedigree-based analyses. Therefore, using PBLUP, part of the additive effect went to the common environmental effect since families were not mixed in each aquarium, and so it was only possible to assess the differences between the families. In case of the genomic analyses, the genetic relationships between fish are more accurately estimated by estimating the random recombination during meiosis.
Genome-wide Association and Candidate Genes
With few exceptions (Houston et al., 2008; Moen et al., 2009; Boison et al., 2019; Sinclair-Waters et al., 2020; Barria et al., 2021), commercially important traits in aquaculture are underpinned by a polygenic genetic architecture (Tsai et al., 2015; Barría et al., 2018; Gutierrez et al., 2018; Palaiokostas et al., 2018; Mohamed et al., 2019; Aslam et al., 2020; Lu et al., 2020). This genetic architecture is also typical of FE traits in several breeding populations of livestock (Yuan et al., 2015; Higgins et al., 2018; Fu et al., 2020; Marchesi et al., 2021). Gutierrez et al. (2015) and Dvergedal et al. (2020) also found a polygenic architecture for these traits in Atlantic salmon. Whereas in the Crucian carp (Carassius auratus), several QTLs were detected for ADG, feed conversion efficiency and feed intake (Pang et al., 2017). Yoshida and Yáñez (2021) observed a polygenic architecture for ADG using a multi-trait GWAS approach in a Nile tilapia breeding population. Our results are in agreement with these previous studies, suggesting a polygenic architecture for feed efficiency traits in this current GIFT Nile tilapia breeding population. No major QTL were detected in the current study, but several QTLs were detected which explained a minor proportion of genetic variation for the traits. Also, the possibility that some regions impacting the traits have not been covered by our genetic markers cannot be discarded.
The understanding of the interrelationship process among FE traits at the molecular level could provide new insights into the biological pathways involved and their genetic regulation. To date, a wide range of pathways have been associated with these traits, including forebrain development and neuron differentiation, hormone and growth factors, gluconeogenesis, lipogenesis, epithelial cell differentiation and hematopoietic cell lineage (McKenna et al., 2018; Li et al., 2019; Fu et al., 2020; Lindholm-Perry et al., 2020; Marchesi et al., 2021).
Among the genes flanking the significant markers located on Oni5 and associated with BWG, ghrh was highlighted as one of the most important candidate genes given its strong association with growth rate through stimulation of growth hormone (GH). Fish and higher vertebrates growth is partly controlled by the GH/insulin-like growth factor-I (IGF-I) axis, which is also involved in the regulation of several physiological process in fish such as lipid and protein metabolism, immune function and feeding behaviour (Albalat et al., 2005; Kawauchi and Sower, 2006). For example, the modulation of genes related with the GH/IGF-I axis helps the fish to cope with fasting periods, by diverting the energy otherwise used for growth to other essential physiological processes (Wood et al., 2005; Gabillard et al., 2006). Although the relationship between growth and IGF-I is affected by several endogenous and exogenous factors, varying across seasons and productive cycles (Beckman, 2011), reliable associations have been shown in Mediterranean fishes as sea bass and gilthead sea bream (Company et al., 2001). In the case of tilapia, this association has also been found (Vera Cruz et al., 2006), where a GH-overexpressed transgenic line of Nile tilapia showed significantly higher weight and length than the wildtype (Eppler et al., 2007). Furthermore, in O. mossambicus, a recovery in plasma IGF-I levels during feeding stage after fasting, was associated with an increase in weight gain (Fox et al., 2009), and an administration of IGF-I and IGF-II has been shown to stimulate the growth rate (Chen et al., 2000).
Another interesting candidate gene, eif4e3, was located close to the most significant SNP for BWG. This gene belongs to the EIF4E family of proteins, which is associated with cell growth through protein synthesis and immune response (Piron et al., 2010). Previous work by Sun et al. (2016) showed significant differential expression of this gene, in Hulong groupe (Epinephelus fuscogutatus x Epinephelus anceolatus), a hybrid fish with an increased growth rate compared with their parental species.
It’s well known the role of the brain-gut axis on the food intake regulation and nutrient metabolism (Reyer et al., 2015). For example, in zebrafish, modulation of brain activity through feeding and food availability has been reported, as well as an increase in feed intake after injection of a neurotrophic factor (Blanco et al., 2020). The gene Neurotrophic Tyrosine Kinase Receptor Type 3, ntrk3, the ligand of neurotrophin 3 (ntf3) may act as a modulator of feeding and satiety in mice and is associated with eating disorders in humans (Mercader et al., 2008). In the current study, this gene is located ∼200 Kb from the significant SNPs for FI in Oni07, potentially playing a role on the amount of feed intake within the Nile tilapia population. In agreement with a study in another farmed species, spam1 and hyal4, both genes found within the significant QTL for FI, have been previously reported as associated with FI in Landrace pigs. The authors suggest a role of these genes in fat synthesis and in lipid associated pathways, such as transport and metabolism (Fu et al., 2020). This could be explained by the fact that the amount of lipids plays a key role in the control of feed intake, as has been reported in livestock species (Harvatine and Allen, 2006; Kuhla et al., 2016), mainly by acting on the hypothalamic signals regulating feed consumption and energy expenditure (Allen et al., 2005; Relling et al., 2010).
Genomic Prediction and Impact of SNP Density
Since several factors such as heritability, linkage disequilibrium, population size and genetic architecture underlying traits can impact the accuracy of the genomic predictions (Morgante et al., 2018), it is necessary to compare the performance of different models when a trait is analyzed for the first time within a specific population. To our knowledge this is the first study to assess genomic predictions for feed-efficiency traits in Nile tilapia. Based on the GWAS results, the models used to predict the EBV accuracies were assumed to have a genetic variance controlled by thousands of markers with small effect (infinitesimal model).
The fact that there was no significant differences between the results for the GBLUP and ssGBLUP models for any of the traits and cross-validation approaches is likely due to the fact that only genotyped fish were included into the models. Therefore, the increase in the estimated relationship among fish due to the [image: image] and [image: image] matrices (and hence difference in the predicted accuracy of the EBV) is minimal, and most of the relationship is captured by the [image: image] matrix.
The observed differences in the EBV accuracies between the two cross-validation approaches (random versus family approaches) are likely to be explained by the genetic distance between fish from the training and validation groups. It has been shown that predicting EBV using data from fish from different full-sib families (i.e. random-family approach) affects mainly the pedigree-based model and traits that are not possible to measure on the candidate themselves (Tsai et al., 2016; Palaiokostas et al., 2019; Joshi et al., 2020). However, by including genomic data it is possible to exploit both inter- and intra-family genetic variation, achieving more accurate relationship assessments between individuals and therefore higher EBV accuracies (Garcia et al., 2018; Palaiokostas et al., 2018; Vallejo et al., 2019; Yoshida et al., 2019). Therefore, within a breeding programme, it would be preferable to ensure that measurements of FE traits were taken on training populations including close relatives, including full siblings, or the selection candidates. It should also be noted that FE measurements could potentially be taken on candidates themselves, but may be challenging for reasons of practicality and cost.
The impact of SNP density on predicted accuracies has been studied thoroughly for a wide variety of traits and species in aquaculture (Yoshida et al., 2019; Kriaridou et al., 2020; Tsairidou et al., 2020; Al-Tobasei et al., 2021; Vu et al., 2021). The results of these studies highlight the potential to significantly reduce SNP density without affecting the accuracy of prediction. Interestingly, Kriaridou et al. (2020) found an optimal SNP density of approximately 2 K SNPs for genomic prediction accuracy in different traits and species, suggesting a low impact of the genome size, genetic architecture, and family structure. The current study highlights that on average approximately 5 K is the minimal SNP density required to achieve similar accuracies to that of the 50 K SNP array for the tilapia population investigated. Thus, breeding programs could potentially use low density SNP markers (typically cheaper than high density panels) to achieve higher accuracies than using pedigree-based models, potentially increasing genetic gain in a cost-efficient manner.
CONCLUSION
Significant heritabilities were confirmed for feed-efficiency traits in a Nile tilapia breeding population, highlighting that genetic improvement is feasible. A negative, but favourable, genetic correlation was detected between BWG and FCR using the genomic data, suggesting selection for BWG may indirectly improve FCR. The traits were polygenic, suggesting the genomic selection may be the most effective route to incorporating genotype data into selection decisions. Genomic prediction markedly outperformed pedigree-based prediction, and this was the case even for relatively low density SNP markers. This study therefore highlights the potential for genomic selection to improve feed efficiency traits in Nile tilapia breeding programmes.
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High mortality during grow out in the sea is a challenge for farmed Atlantic salmon production in Norway and globally, which is partly attributed to suboptimal smolt quality. In this study, two groups of pre-smolts were put on a standard light smoltification regime with alternating 12L:12D per day for 6 weeks (Phase I), followed by 24L:0D per day for 6 weeks (Phase II); one group was 0 + smolt (EXP1) and the other 1 + smolt (EXP2). To monitor the smoltification status of the fish, 100 (EXP1) and 60 (EXP2) fish were randomly sampled per week during Phase II. The following phenotypes for smoltification status were studied: RT-qPCR relative mRNA expression of values of two alpha catalytic subunits of the variants of the Na+K+ATPase (NKA) expressed in the sampled gill tissues of each fish. The first variant, alpha1a with increased expression in freshwater (FW) and the second variant alpha1b with increased expression in seawater variant (SW), as well as their ratio SW/FW. At the optimal time for seawater transfer based on the SW/FW trait, 1,000 (at sixth sampling of EXP1) and 1,500 (at fifth sampling of EXP2) fish were sampled for genetic parameter estimation. The individual variation in FW, SW, and SW/FW was very large at each of the seven samplings indicating a large variation among individuals in the optimum time of transfer to seawater. SW/FW showed significant genetic variation in both 0+ and 1+ smolts, which indicates the possibility for selection for improved synchronization of smoltification status of Atlantic salmon at the time where the largest proportion of the fish is considered to be smolt. However, the genetic correlation between SW/FW of 0+ and 1+ was not significantly different from zero indicating very little shared genetic variation in SW/FW in 0+ and 1+ fish. Smoltification phenotypes showed temporal progression over the smoltification period, and this progression varied between 0+ and 1+ smolt highlighting the importance of correctly timing the major sampling point, and when cohorts are transferred to seawater. This also highlighted the need for further research into noninvasive methods of objectively measuring individual smoltification through time and subsequent smolt survival and growth rate at sea.
Keywords: smoltification, atlantic salmon, 0+ and 1+ smolts, heritability, genetic correlations, optimum seawater transfer
INTRODUCTION
Atlantic salmon (Salmo salar) is the major aquaculture commodity in Norway, which in 2019 amounted to 1.357 million tons (94% of the total aquaculture production of Norway) to a value of NOK 68.1 billion [USD 7.0 billion (https://www.ssb.no)]. Mortality during grow out in the sea continues to remain a challenge for Atlantic salmon production in Norway as well as globally and represents a substantial economic loss for the farmers. Aunsmo et al. (2008) reported significant losses occurring during the first 2–3 months after seawater transfer and attributed this to suboptimal smolt production and quality, spurring intensive research into improved survival and welfare of post smolts in the seawater phase (Kolarevic et al., 2014; Ytrestøl et al., 2020).
Smoltification is the process where Atlantic salmon parr undergo behavioral, developmental, and physiological changes into smolt, which in wild fish enable their first migration downstream to the sea (Hoar, 1988) and in farmed fish to be transferred primarily into floating net cages in the sea. These changes include alterations to body shape, skin reflectance, increased sodium–potassium (Na+/K+) ATPase in gills, and the osmotic ability to regulate blood plasma ion concentrations at seawater phase (Stefansson et al., 2008). Although both wild and domesticated Atlantic salmon undergo smoltification, the timing, age, and size of the fish can be vastly different. In wild Atlantic salmon, parr are locked into smoltification once their body size and energy status reach an underlying threshold in the spring, and this can happen anytime between 1 and 8 years of age (Thorstad et al., 2012). The parr remain in the resting state until smoltification is triggered by a zeitgeber, in this case increasing photoperiod and water temperatures in the spring (Thorpe et al., 1998).
In the formative years of the Atlantic salmon industry, a population of parr would partially smoltify under natural water temperatures and photoperiods in the spring approximately 16 months after hatching and are commonly called (1+) smolts to indicate they are older than 1 year. The remaining parr, which failed to smoltify, would then continue to be cultured in freshwater until their second spring approximately 28 months after hatching and would be called (2+) smolt to indicate they are older than 2 years (Refstie et al., 1977). In the current domesticated Atlantic salmon, genetic selection for improved growth, improved feed formulation, more optimal water temperature, and rearing environments have enabled the majority of smolts to be produced at an age of 16 months after hatching (1+) and out of season smolts using artificial lighting and controlled water temperature at an age of 7–8 months after hatching. These are commonly referred to as 0+ smolts in keeping with the classification of 1+ and 2+ smolts (Mørkøre et al., 2001). An important point is that Atlantic salmon is not expressly selected for improved and synchronized 0+ or 1+ smoltification status, but rather for increased growth and there is little knowledge on whether different selection strategies are needed for these two smolt production strategies.
The physiology of seawater osmoregulation of salmonids is well understood; however, there is limited information on underlying causes of genetic variation in salinity tolerance of the fish. Currently, smoltification status of fish is determined by methods that could be classified into noninvasive and invasive. The noninvasive methods are through monitoring changes on body morphology, skin reflectance, and/or K-factor (condition factor), which tend to be less objective and accurate (Stefansson et al., 2003; Piironen et al., 2013). The invasive methods are all based on evaluating osmoregulatory ability, particularly the activity of the Na+/K+ ATPase enzyme (NKA) in the gills. The NKA enzyme is comprised of two essential isoforms of the alpha catalytic subunit: the alpha 1a subunit associated with expression in freshwater and ionic uptake, and the alpha 1b subunit isoform expression associated with saltwater and ionic excretion (McCormick et al., 2013). The first method includes challenging fish with exposure to full-strength saltwater and then recording the blood plasma ion concentrations (Cl−, Na+, Mg2+) to evaluate the performance of the NKA pathway in regulating blood ion concentrations (Stefansson et al., 2003; Piironen et al., 2013). The second method involves a gill biopsy, an enzymatic activity assay using spectrophotometry or antibodies against the NKA protein (McCormick et al., 1993; McCormick et al., 2013). Another method involves real-time quantitative polymerase chain reaction (RT-qPCR) measurements of the expression on the two isoforms of the NKA alpha subunit (McCormick et al., 2009; Handeland et al., 2014). Although the gill biopsies can be collected nonlethally (McCormick et al., 1993), in many countries including Norway, it is a legal requirement to sample fish lethally dosed with anesthesia postmortem (Stefansson et al., 2003; Piironen et al., 2013). This makes it impossible to follow the individual growth rate of fish sampled for these phenotypes after seawater transfer and also inhibits their use as breeding candidates for genetic improvement.
Phenotypes that could effectively and accurately quantify smoltification status will provide the needed information for studying the genetic architecture of smoltification. Even though several studies have reported results on mapping of quantitative trait loci (QTL) for smoltification status traits in salmonids (Boulding et al., 2008; Nichols et al., 2008; Stefansson et al., 2008; Le Bras et al., 2011), the information on genetic variation for smoltification status remains very limited. Thus, the objectives of the present study were to estimate the genetic variation for different traits related to smoltification status at the time of transfer from freshwater to seawater and the genetic correlations between these smoltification traits within and between a group of 0+ and a group of 1+ smolts partly from the same families.
MATERIALS AND METHODS
The Environment and the Fish
The smoltification experiment was conducted at the freshwater facility of Nofima Research Station for Sustainable Aquaculture (RSSA), located at Sunndalsøra (62°40′3.5292″N, 8°31′28.974″E), Norway. In January 2017, Mowi ASA delivered around 3,000 eyed eggs of Atlantic salmon from 50 families (60 eggs per family, from 25 sires and 50 dams) to RSSA, where the eggs were hatched and reared in one tank to an average body size of 50 g, as the experimental fish (0+) for the first experiment (EXP1). In July 2017, a batch of 2,500 fingerlings of size 30 g from 150 families from 50 sires and 150 dams, which included the sibs of the 50 families that involved in EXP1, were sent from Mowi ASA to RSSA. The fingerlings were reared until they reached an average body weight of 200 g (1+) by the end of January 2018 and used in the second experiment (EXP2). All the fish were not individually identified with a PIT tag, but at the time of gill sampling and body measurement recording, a fin sample from the tail was taken for genotyping using a medium density SNP array (57K Affymetrix chip developed by Nofima) for the purpose of parentage assignment.
The Experimental Design and Fish
The smoltification experiments were conducted in two batches with the 0+ parr from September 12 to December 5, 2017 (EXP1) and 1+ parr from February 5 to May 31, 2018 (EXP2). For EXP1, 2,000 fish (40 fish from each of the 50 families) with an average body weight of 50 g at the start of the experiment were stocked in one experimental tank of size 3 m × 3 m × 0.8 m. For EXP2, two groups of 1,000 fish each (13–14 fish from each of 150 families) with an average body weight of 200 g at the start of the experiment were stocked in two experimental tanks (T1 and T2) each of size 3 m × 3 m × 0.8 m.
A standard light regime was used for smoltification, which started with alternating 12 h of light and 12 h of darkness (12L:12D) for 6 weeks (Phase I), followed by continuous (24 h, 24L:0D) light for 6 weeks (Phase II). For EXP2, Phase II lasted for 10 weeks and, thus, 4 weeks longer than planned. This was mainly due to the water temperatures at that time were lower (6.4°C–7.8°C) than during Phase I (Figure 1), and therefore, the fish needed more days to reach the desired degree-days (°d = °C × days) for smoltification [300 to 400°days after the increase in the daylength as suggested by Sigholt et al. (1998)].
[image: Figure 1]FIGURE 1 | Freshwater temperatures (°C) at each of the seven samplings during Phase II of 0+ smolt (EXP1) (6 weeks) and 1+ smolt (EXP2) (10 weeks).
For monitoring and measuring the smoltification status of the fish, 100 (EXP1) and 60 fish (EXP2; 30 fish per tank) were randomly sampled during Phase II on a weekly basis for EXP1 and at slightly longer intervals of 10–11 days for EXP2 to account for the lower temperature in EXP2 (Figure 1). At the optimal time for seawater transfer (based on the results from SmoltVision analysis provided by Pharmaq Analytiq), 1,000 (EXP1) and 1,500 fish (EXP2; 750 fish per tank) were sampled for genetic parameter estimation. For EXP1, this major sampling event took place on November 28, 2017 (at the sixth of the seven samplings), and for EXP2, on May 14, 2018 (at the fifth of the seven samplings).
The sampled fish were first anesthetized with a lethal dose of tricaine mesylate (MS-222). Once anesthetized, a gill filament was biopsied from the left side of the fish and placed in the SmoltVision tube containing RNAlater (ThermoFisher, United States) for preservation of the sample, then sent to Pharmaq Analytiq for further analysis. Immediately after gill biopsy, the fish were given a sharp blow to the head to ensure no chance of unintended recovery, as stipulated in the ethical permits. The ethical use of fish in both experiments were approved by the Norwegian Food Safety Authority (Mattilsynet) with approval IDs 13174 (EXP1) and 15310 (EXP2).
Smoltification Phenotypes and Records
Four smoltification phenotypes were studied relating to the commercial SmoltVision test (Pharmaq Analytic, Norway): the RT-qPCR relative expression of mRNA encoding for the two protein isoforms of the NKA alpha catalytic subunit; the first one encoding for the NKA alpha 1a subunit, which is upregulated in freshwater and will be referred to as FW, and the second encoding for the NKA alpha 1b subunit, which is upregulated in saltwater and will be referred to as SW for the purpose of this study. The third phenotype is the ratio of the relative expression of the SW over FW variants referred to as SW/FW, as this is the primary quantity used in practice to determine whether fish are ready for seawater transfer. The fourth phenotype is the smolt index (SI), which is a composite phenotype calculated as the average of three subjectively scored external characteristics of the fish (parr marks, silver coloration, and fin edges, Table 1).
TABLE 1 | Three characteristics for smolt index scoring.
[image: Table 1]Importantly, the researcher must submit metadata accompanying the gill biopsy samples. This includes the tank or cage number, water temperature, light regime as well as the individual body length, body weight, and the three abovementioned external smolt characteristics (Table 1). Pharmaq Analytic returns the RT-qPCR relative expression of mRNA encoding for the two protein isoforms of the NKA alpha catalytic subunit and a second gene encoding for the NA+K+Cl⁻ co-transporter (NK1CC) used as a positive internal control, expressed relative to the elongation factor 1alpha (EF1a) housekeeping gene. Importantly, the researcher has no control over the analysis and processing of these values, and these details are proprietary information and are restricted from the user. However, the SmoltVision test is based on the methods previously described by Handeland et al. (2014).
In addition, the individual body weight (BW) and body length (BL) were recorded for each fish sampled at each of the seven samplings. The condition factor was calculated as [image: image], where b = 3 as in the general formula of the K-factor (Nash et al., 2006), and K2-factor where the b was estimated for EXP1 (b = 2.845 ± 0.040) and EXP2 (b = 2.788 ± 0.019) by fitting a simple linear regression model, [image: image] + e. This was done to obtain a K2-factor that was independent of BL of the fish (Le Cren, 1951). The phenotypic correlation of K-factor with BL in EXP1 was −0.18 (p-value <0.0001) and in EXP2 −0.32 (p-value <0.0001), while that of K2-factor with BL in EXP1 was 0.046 (p = 0.13) and in EXP2 0.004 (p = 0.88).
Estimation of Phenotypic and Genetic Parameters
The data from EXP1 and EXP2 were first analyzed separately to obtain genetic parameters of the traits within the 1+ and 0+ smolts and, thereafter, combined primarily to obtain an estimate of the genetic correlation between the homologous trait measured in the 0+ and 1+ fish. All the parameter estimates were obtained using restricted maximum likelihood in WOMBAT (Meyer, 2007) and with the genomic relationship matrix added to the random animal effect of the mixed model equations of the applied linear mixed animal model (see below).
Parameter Estimates for the Different Traits Within EXP1 and EXP2
Phenotypic and genetic (co)variances for the studied traits, i.e., BW, K2-factor, FW, SW, and SW/FW ratio, were obtained from a multitrait animal model, separately for EXP1 and EXP2. In obtaining all the genetic correlations between these five traits, a three-trait (BW, K2-factor, SW/FW) and a four-trait (BW, K2-factor, FW, and SW) model was used as the parameters did not converge when all five traits were included simultaneously, specifically when combinations of SW/FW, SW, and FW were included. The four-trait model may be written as:
[image: image]
where for each of the traits, [image: image] is the vector of the phenotypic observations, [image: image] is the vector of fixed effect (overall mean, tank with two levels (T1 or T2) for EXP2, sex with the two levels male or female), and [image: image] and [image: image] are the design matrices assigning observations to their levels of the fixed and animal additive genetic effects, respectively.
[image: image] is the vector of random additive genetic effects, which follows normal distribution [image: image], where [image: image] is the marker-based genomic relationship matrix constructed as [image: image], [image: image] is the centered marker genotypes, and [image: image] is the allele frequency of each marker; [image: image] is the genetic variance covariances matrix; and [image: image] is the vector of random residual effects, which follows the normal distribution [image: image], where [image: image] is the identity matrix, and [image: image] is the residual variance covariances matrix.
The trait BL was not included due to its high phenotypic and genetic correlations to BW (rg = 0.94 ± 0.00; rg = 0.97 ± 0.01 for Exp1; rp = 0.96 ± 0.00, rg = 0.97 ± 0.01 for EXP2) obtained from a bivariate analysis of the data from each of the two experiments. For the trait SI in EXP2, the genetic variation was zero and was therefore not included in the model. The effect of sex was not significantly different from zero for all the traits (p > 0.05) and was therefore omitted from the final model.
Genetic Correlation Between the Homologous Trait in EXP1 and EXP2
In obtaining the genetic correlation between the six homologous traits in EXP1 and EXP2, i.e., BW, K2-factor, SI, FW, SW, and SW/FW, each trait was considered as two different traits in a bivariate model similar to the model in 2.3.1. In the bivariate model, tank effect was fitted as the fixed effect for each of the traits. For the bivariate model with the two SI traits, full convergence was not achieved. The residual correlation between the same trait in the two experiments was set equal to zero as these traits were recorded on different animals.
RESULTS
Descriptive Statistics for the Traits Recorded at Each Sampling
A total of 1,595 (EXP1) and 1,773 (EXP2) fish with phenotypes were recorded from the seven samplings of each of the two experiments. Separately for EXP1 and EXP2, means and standard deviations at each sampling, for BW, K-factor, K2-factor, and SI are presented in Figure 2, and for FW, SW, and SW/FW in Figure 3.
[image: Figure 2]FIGURE 2 | Means (±standard deviations) for body weight, K-factor, K2-factor, and smolt index at each sampling for EXP1 and EXP2.
[image: Figure 3]FIGURE 3 | Mean real-time quantitative polymerase chain reaction (RT-qPCR) values (±their standard deviations) of two key genes {Na+K+ATPase [NKA α1a for the freshwater variant (FW); NKA α1b for the saltwater variant (SW)]} with effect on Na+/K+ATPase in the gills and their ratio (SW/FW) at each sampling for EXP1 and EXP2.
Body Weight, K-Factor, K2-Factor, and Smolt Index
For EXP1, mean values of BW increased over the samplings, while for EXP2, the mean BW at both fifth and sixth sampling for unknown reason were lower than at the third sampling (BW at the fourth sampling had to be omitted due to some systematic measurement error of BW and BL seen as unreasonable K-factor values). K-factor decreased from about 1.4 to 1.2 (EXP1, 16.6%) and 1.5 to 1.2 (EXP2, 21.8%), and K2-factor from about 2.3 to 2.2 (EXP1, 9.2%) and 3.5 to 2.9 (EXP2, 17.1%). Due to unknown sampling error at the fourth sampling of EXP2, the mean values for BW, K-factor and K2-factor were removed from Figure 2. The Smolt index increased gradually from 3.0 (EXP1) and 3.2 (EXP2) until its maximum value of 4.0 at the seventh sampling of EXP1 and fifth sampling of EXP2 (Figure 2).
For BW, the coefficient of variation (CV) ranged from 17 to 30% (EXP1) and 18–23% (EXP2). K-factor had a small CV ranging from 5 to 8% for EXP1 and 6–9% for EXP2, while the CV for K2-factor was marginally lower. For SI, CV decreased from 20% (EXP1) and 12% (EXP2) at the first sampling to very low values (≤5%) at the sixth and seventh sampling (EXP1) and fourth, fifth, sixth, and seventh sampling (EXP2).
Real-Time Quantitative Polymerase Chain Reaction Values and Their Ratio
The relative gene expression of FW, SW, and SW/FW for each sampling is shown in Figure 3 for EXP1 and EXP2. In EXP1, the mean FW was very similar (ranging from 1.41 to 1.48) at the first four samplings and decreased to a much lower value (ranging from 0.42 to 0.64) at the last three samplings. The mean SW increased gradually over the samplings and decreased to a lower value at the last three samplings. For SW/FW, the mean increased over the first five samplings, decreased to a lower value at the sixth sampling and increased to a higher mean value at the seventh sampling. At each of the seven samplings, these three traits showed a large variation among the animals as seen from their large standard deviations in Figure 3 with CV ranging from 33 to 65%.
In EXP2, the mean values of all these three traits showed large variation from one sampling to the next, most probably due to a lesser number of fish recorded per sample (30–60 compared with 100 in EXP1) and the very large CV of the traits (28–79%). For the trait SW/FW, the mean value was higher at the last two samplings than at the fifth and major sampling.
The frequency distributions of FW, SW, and SW/FW are presented in Figure 4. For SW/FW, the variation among individuals increases over the smoltification period and were much larger during the last four compared with the three first samplings.
[image: Figure 4]FIGURE 4 | Frequency distributions of the relative expression of freshwater (FW) and the seawater (SW) variants and their ratio (SW/FW) determined by two genes with effect on the Na+K+ATPase activity in the gills at each of the seven samplings of EXP1 and EXP2.
Correlations Between Traits Within Each Sampling
Figure 5 shows the correlations between some selected pair of traits within each of the seven samplings, separately for EXP1 and EXP2. The figure shows that the correlations vary over the seven samplings and with different patterns for the two experiments.
[image: Figure 5]FIGURE 5 | Correlations between some selected pair of traits within each of the seven samplings. Correlation −0.254 > r > 0.254 (EXP1, N = 100 fish recorded/sampling) and −0.325 > r > 0.325 (EXP2, N = 2 × 30 fish recorded/sampling) are significantly different from zero (p < 0.05).
Descriptive Statistics for the Traits at the Major Sampling
Descriptive statistics for the traits measured at the major samplings are presented in Table 2. Average weight at this sampling was 137.7 (SD = 27.6) and 256.4 g (SD = 68.6 g) for EXP1 and EXP2, respectively. Interestingly, SI was close to the maximum mean value of 3.95 (EXP1, sixth sampling) and 3.99 (EXP2, fifth sampling) showing that, morphologically, nearly all the fish were ready for seawater transfer at the major samplings. However, based on the mean SW/FW of 1.86 (EXP1) and 1.09 (EXP2), compared with the set desired benchmark of 2.00 (personal communication PHARMAQ Analytiq AS), the fish were physiologically (on average) near (EXP1) or far from (EXP2) being ready for seawater transfer. The very large CV of SW/FW (60% for EXP1 and 78% for EXP2) indicates substantial variation among the animals with respect to their readiness for seawater transfer.
TABLE 2 | Descriptive statistics for body weight (BW), body length (BL), condition factor (K-factor and K2-factor), freshwater variant (FW), seawater variant (SW), SW/FW ratio, and smolt index (SI) recorded at the major sampling of the fish in EXP1 (sampling 6) and EXP2 (sampling 5).
[image: Table 2]Parameter Estimates for the Homologous Trait Between EXP1 and EXP2 at Major Sampling
In EXP1 and EXP2, similar bivariate heritability estimates were found for both BW and SW/FW, but for K2-factor, SI, FW, and SW, the heritability estimates differ by more than 50% between the experiments (Table 3). For SI, the parameter estimates did not fully converge (and the estimates were therefore unreliable), as may be expected as nearly all fish were close to the maximum possible value of 4.0 for the trait in both EXP1 and EXP2 and, thus, with very low phenotypic variation (Table 2).
TABLE 3 | Estimates of additive genetic and residual variances and heritability from bivariate models of the same trait in EXP1 and EXP2, and the genetic (rg, upper line for each trait) and phenotypic (rp, lower line for each trait) correlation between the same trait in the two experiments.
[image: Table 3]The genetic correlation between the homologous traits in EXP1 and EXP2 were high, i.e., 0.89 ± 0.04 for BW, 0.92 ± 0.06 for K2-factor, and 0.82 for SI (Table 3). However, for the other studied traits, the genetic correlations between the homologous traits in the two experiments were close to, and not significantly different from, zero.
Parameter Estimates for the Different Traits Within EXP1 and EXP2
The heritability estimates from the multitrait models were similar to those obtained from the bivariate models (results not shown). Table 4 shows that the genetic correlations between BW and K2-factor was positive ranging from low to medium (0.22–0.50). Genetic correlations between BW and the smoltification traits (FW, SW, and SW/FW) were, in general, low and not significantly different from zero. However, the genetic correlation of K2-factor and the smoltification traits were low (not significantly different from zero, EXP2) to moderate (EXP1). Lastly, the genetic correlations between the two main smoltification traits (FW and SW) were low and not significantly different from zero, while the residual correlation between the two traits were positive.
TABLE 4 | Estimates of residual (upper diagonal) and genetic (lower diagonal) correlations (±s.e.) between body measurements and smoltification status traits for EXP1 and EXP2 from a multivariate animal model.
[image: Table 4]DISCUSSION
Overall Findings
The ratio of SW/FW showed low to moderate but significant genetic variation in both 0+ and 1+ smolts in Atlantic salmon at the major sampling, which indicates the possibility for selection for improved synchronization of smoltification status at the time where the largest proportion of the fish are considered to be smolt. However, the genetic correlation between SW/FW of 0+ and 1+ was not significantly different from zero indicating very little shared genetic variation in SW/FW in 0+ and 1+ fish.
Temporal Changes During Smoltification and Determining Seawater Transfer
Smoltification status is a temporal and reversable process, where fish can be smoltified and de-smoltified depending on the individual and the environmental conditions (Hoar, 1988; Nichols et al., 2008). In practice, controlled artificial lighting regimes are used to synchronize smoltification status in groups of fish so that the majority are ready for seawater transfer. However, we observed very different temporal progression of smoltification between the 0+ and 1+ fish in EXP1 and EXP2 as seen in Figures 2 and 3 as well as the very different patterns in the phenotypic correlations between traits across time and EXP1 and EXP2 in Figure 5.
In EXP1, the smoltification of fish showed a trend of progressive increase in SI as well as a decrease in FW and concurrent increase in SW/FW. Based on the progression of SI and SW/FW, it was predicted at sampling point five that by sampling point six, the majority of the fish were ready for seawater transfer, and this is when the major sampling occurred. This progression can be seen in Figure 5 where the phenotypic correlations between SW/FW and SI were moderate and positive until sampling five at which point they changed sign to moderate negative. Crucially, based on SW/FW at the major sampling of EXP1, 347 (with SW/FW ratio value of ≥2) of 944 fish (36.8%) would have been deemed ready for transfer to the sea, while based on SI, 924 (with a Smolt index value of ≥3.5) of 944 (97.9%) were deemed ready for transfer to the sea.
However, EXP2 showed differences between smoltification phenotypes through time and differences compared with EXP1. A steady increase in SI was observed in the first four samplings, which then remained stable until sampling seven. While FW steadily decreased, SW increased, and consequently, SW/FW also increased over the first three samplings, followed by an abrupt change at sampling four. This progress is very clear in Figure 5 where the phenotypic correlations between SI and SW/FW were moderate and positive but suddenly changed sign to strongly negative at sampling point four. At this point in time, it was not clear if the changes at sampling four were due to random sampling error in the 60 fish or if the optimal time of seawater challenge might have been missed and seawater transfer (major sampling) should occur at point five. However, when all samplings in EXP2 are viewed, it appears that there was a progression toward smoltification in the first three samplings followed by asynchronous smoltification at sampling point four, although it is also possible there was de-smoltification at sampling four and then subsequent re-smoltification at sampling six and seven. These changes could also reflect stochastic differences due to sampling sizes of 60 fish in the seawater challenges for EXP2. However, the major sampling at point 5 of 1,500 fish is consistent with the temporal trend with the smaller sampling on 60 fish and, thus, supports the notion that we observed asynchronous smoltification in EXP2 and not differences due to sampling size. Importantly, only 602 (40.1%) out of 1,500 fish were deemed ready for seawater transfer at major sampling based on their individual SW/FW, while based on SI, almost all (99.7%) 1.500 (with a Smolt index value of ≥3.5) were ready for seawater transfer. Collectively, these findings suggest that there is discordance in predicting smoltification status by SI and SW/FW in both 0+ and 1+ smolt.
An important consideration is that the body size profile of 1+ Atlantic salmon smolt is not static. In the mid-1980s, 1+ smolt were typically 30–50 g at seawater transfer, and this increased to 70–120 g by the early 2000s (Bergheim et al., 2009) to 150–250 g at present (personal communication, Mowi ASA). Research report large losses of smolt 2–3 months post seawater transfer (Aunsmo et al., 2008) and that larger 0+ smolt appears to have better hypo-osmoregulatory ability (Handeland and Stefansson et al., 2001). In addition, evidence that the full switch to RAS (recirculating aquaculture system) production of smolts in the Faroe Islands after the year 2000 and the subsequent larger smolts resulted in a reduction in sea cage mortality rate (Joensen, 2008, Bergheim et al., 2009). This has led to considerable research interest in producing larger 450 to 1,000 g of 1+ smolts in land-based facilities, in attempts to improve survival and growth after seawater transfer (Ytrestøyl et al., 2020; Bergheim, 2012; Kolarevic et al., 2014). In contradiction, the present study found inconsistencies between different smoltification parameters in 0+ and the larger 1+ smolts during smoltification with evidence of possible asynchronous or de-smoltification in larger 1+ smolts. Suggesting that accurate prediction of smoltification status and synchronization of smoltification may be more challenging in larger smolts. Furthermore, SI and SW/FW gave contradictory indications of smoltification status in both 0+ and 1+ smolts, and given the wide array of smoltification regimes and smoltification phenotypes used in Atlantic salmon production, we speculate that contributing factors to the smolt mortality in the first 3 months after transfer to seawater may be due to incorrect determination of smoltification status and asynchronous smoltification status. This agrees with the findings of Kristensen et al. (2012) who surveyed mortality in the first 90 days post seawater transfer in commercial production in Norway and found increased mortality in 1+ compared with 0+ smolt despite a trend in increasing size of 1+ smolt. A more recent analysis of mortality in the Norwegian Atlantic salmon industry further confirmed higher mortalities in 1+ compared with 0+ smolts as well as an adverse effect of increasing body weight of smolts at seawater transfer (Oliveira et al., 2021).
Genetic Variation for Smoltification Status traits—Seawater Variant/Freshwater Variant and Smolt Index
The smolt index and SW/FW were the two primary traits used in this study for quantifying the smoltification status of the 0+ and 1+ fish subjected to a controlled artificial lighting regime. The differences between the 0+ and 1+ groups described above persisted at the genetic level. For example, SI had significant genetic variation for 0+ fish (h2 = 0.12), whereas for the 1+ fish, SI had practically zero phenotypic and genetic variation. For the SW/FW, both 0+ and 1+ populations had moderate heritability, indicating significant additive genetic control on gill Na+K+ATPase activity, which could be used toward genetic improvement on readiness of smolts for seawater transfer. However, SW and FW had low nonsignificant heritability in EXP1 (h2 = 0.04) but did have a low but significant heritability in EXP2 (h2 = 0.09–0.11). To the best of our knowledge, there have been no similar studies on quantifying smoltification status by using SW/FW or SI on Atlantic salmon or any other salmonids. There are studies that categorized smoltification into a binary trait, which makes direct comparisons challenging but still provide evidence for genetic variation in smoltification status. The first of which was by Refstie et al (1977), who defined 1+ smolts as fish that exceed a particular size threshold and found this to be heritable (0.16 ± 0.05) in Atlantic salmon. The second study used a similar smoltification index to define a binary smoltification trait for captive 1+ Atlantic salmon smolts derived from wild fish two generations previously and found h2 of 0.60 and 0.48 for fish reared on two temperature regimes of 2°C apart (Debes et al., 2020).
Interestingly, the SW/FW for 0+ and 1+ were not genetically correlated, and this has implications on how SW/FW could be incorporated in selective breeding schemes as it indicates these are genetically two distinct traits. Another consideration is that SW/FW ratio as it is used here is aimed at breeding for fish that shows better synchronization in smoltification status given their size and a standardized smoltification regime. As such, it may be that the genetic background to synchronizing smoltification could be different between 0+ and 1+ smolts given their size and age at the onset of a smoltification regime. The differences in the genetic background of SI and SW/FW traits between 0+ and 1+ could also be that SI does not reflect a change after the first smoltification and reflects a permanent phenotypic change on the time scale the fish were studied on, while the changes in expression in SW/FW could be more reactive and dynamic measurements, which can detect de-smoltification over short time spans. This trial made use of flow-through land-based systems with ambient water temperatures, which were different between EXP1 and EXP2 (Figure 1). It could be that different age groups may react differently to the environmental cues for smoltification, such as water temperatures and light regimes. For example, McCormick et al. (2000), found that the increase in gill Na+K+ATPase and decrease in K-factor was more advanced for fish reared in 10°C compared with those reared in 2°C water, when both were subjected to the same daylength. Similarly, Debes et al. (2020) report differences in the heritability estimates for a binary smoltification trait between fish cultured on water temperature regimes 2°C apart. This may explain the difference in terms of smolt window for 0+ and 1+ fish in our two experiments. More research on the genetic background of synchronized smoltification under different water temperatures, smolt sizes, and light regimes are certainly needed.
The Genetic Relationships Between Body Size and Smoltification Status
The earliest research into smoltification revealed a bimodal growth of Atlantic salmon parr with the larger parr smoltifying as 1+ and the smaller smoltifying as 2+ (Kristinsson et al., 1985). This phenomenon was linked to a body size threshold for smoltification (Elson., 1957; Wedemeyer et al., 1980). With developments in Atlantic salmon husbandry including improved nutrition and genetics, this body size was reached at an earlier age as 1+, and during the last 10–15 years also as 0+ smolt (Mørkøre and Rørvik, 2001). In the first generations of captive Atlantic salmon breeding, strong genetic relationships were observed between body weight and smoltification status (binary) (rg 0.89–0.85; Refstie et al., 1977). In a recent study where F2 unselected offspring of wild-caught Atlantic salmon were reared under modern rearing conditions, an equally strong genetic correlation of 0.92 was found between body length and smoltification status of 1+ smolts (Debes et al., 2020). These findings suggest that selection for improved growth rate and, thus, increased size should result in improved smoltification. The study of Refstie et al (1977) and Debes et al. (2020) both reported smolt percentages in the range of 18–78%. However, based on SI, in the present study, smolt percentages were in the range of 98% for 0+ to 99.7% 1+. Despite finding large genetic variation for body size (h2 = 0.62) in both 0+ and 1+ smolts, the estimated genetic correlations between body weight and smoltification status defined by SW/FW was weak (0.07 and 0.16) and not significantly different from zero. This suggests that the more recent and further selection for increased growth rate will not have improved overall smoltification rates, but instead, it has shortened the time needed for parr to reach the critical size threshold for smoltification. This suggests a genetic uncoupling of size and smoltification and would suggest that novel phenotypes more directly related to hypo-osmoregulation, like SW/FW, are needed to improve smolt quality.
In previous salmonid smoltification studies, K-factor is one of the traits commonly used as an indicator of smoltification status (Hoar, 1988; Sigholt et al., 1998; McCormick et al., 2000; Nichols et al., 2008). In general, fish that are ready for seawater transfer will have a reduced K-factor relative to contemporaries that are not ready, i.e., fish are growing relatively more in length than in weight from parr to smolt, toward a more streamlined body shape (Folmar and Dickhoff, 1980; Hoar, 1988; McCormick et al., 2000; Nichols et al., 2008). Selection for reduced K-factor as a means for improving the synchronization of smoltification status is not recommended as reduced K-factor goes against the primary breeding goal of Atlantic salmon for increased size and growth. However, genetic variation for the time of smoltification should result in significant heritability for both K2-factor and SW/FW as found in this study. As K2-factor is expected to decrease (as found in both EXP1 and EXP2) and SW/FW is expected to increase (as found in EXP1, but variable in EXP2) toward the optimum time for sea transfer, the correlation between K2-factor and SW/FW is expected to be negative. However, in this study, the genetic correlation between these two traits was positive, and the residual correlation is close to zero. Furthermore, in both EXP1 and EXP2, the phenotypic correlations between these traits were, in general, low negative in the first three samplings but changed to positive in the last four samplings. These temporal changes in traits highlight one of the greatest challenges in smoltification research, i.e., lack of knowledge and understanding of the changes in phenotypes of individual fish during the smoltification transformation due to lack of data from repeated samplings of individuals. In addition, it highlights the importance of selecting the correct time point for phenotyping large numbers of fish needed for genetic evaluation studies, as sampling too early or too late can result in low phenotypic variation as seen for SI in EXP2. Furthermore, sampling at different times can have large implications for the genetic relationships between smoltification status and K2-factor.
Last, studies are needed to genetically link smoltification status traits like SW/FW with growth and survival of smolt at sea, particularly during the first weeks after seawater transfer, which are the ultimate breeding objectives of smoltification status. A limitation of the SW/FW phenotype is that it remains difficult to measure, as gill biopsy sampling must be conducted postmortem in some countries including Norway. This is due to limited information on the health and welfare of smolt post gill biopsy for phenotypes like SW/FW, upon which animal ethical licenses can be applied for and assessed. McCormik et al. (1993) demonstrated a noninvasive procedure for fill biopsy in Altantic salmon from 44 to 77 g with no resultant mortality and no significant effect on growth and salinity tolerance after 26 days. At present, the Norwegian Food Safety Authority Mattilsynet, (https://www.mattilsynet.no/) has granted animal ethic approval for two studies investigating growth and survival of post smolts at sea after gill biopsy for smoltification phenotypes. This avenue of future research may better define the use of smoltification phenotypes from live or postmortem gill biopsies.
CONCLUSIONS
The smoltification phenotype SW/FW showed low to moderate, but significant, genetic variation in both 0+ and 1+ smolts indicating that this could be used in selective breeding to improve synchronization of smoltification. However, the low genetic correlations between SW/FW in 0+ and 1+ fish indicate that these traits have a different genetic background depending on the size and age of the smolt. Furthermore, smoltification phenotypes showed temporal progression over the smoltification period, and this progression varied between 0+ and 1+ smolt highlighting the importance of correctly timing the point at which phenotypes are measured and cohorts are transferred to seawater. In addition, this also highlighted the need for further research into noninvasive methods of objectively measuring individual smoltification and subsequent survival and growth at sea.
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Feed conversion efficiency (FCE) is an economically crucial trait in fish, however, little progress has been made in genetics and genomics for this trait because phenotypes of the trait are difficult to measure. In this study, we constructed a high-density and high-resolution genetic linkage map with 28,416 SNP markers for common carp (Cyprinus carpio) based on high throughput genotyping with the carp 250K single nucleotide polymorphism (SNP) array in a full-sib F1 family of mirror carp (Cyprinus carpio) consisting of 141 progenies. The linkage map contained 11,983 distinct loci and spanned 3,590.09 cM with an average locus interval of 0.33 cM. A total of 17 QTL for the FCE trait were detected on four LGs (LG9, LG20, LG28, and LG32), explaining 8.9–15.9% of the phenotypic variations. One major cluster containing eight QTL (qFCE1-28, qFCE2-28, qFCE3-28, qFCE4-28, qFCE5-28, qFCE6-28, qFCE7-28, and qFCE8-28) was detected on LG28. Two clusters consisting of four QTL (qFCE1-32, qFCE2-32, qFCE3-32, and qFCE4-32) and three QTL (qFCE1-20, qFCE2-20, and qFCE3-20) were detected on LG32 and LG20, respectively. Nine candidate genes (ACACA, SCAF4, SLC2A5, TNMD, PCDH1, FOXO, AGO1, FFAR3, and ARID1A) underlying the feed efficiency trait were also identified, the biological functions of which may be involved in lipid metabolism, carbohydrate metabolism, energy deposition, fat accumulation, digestion, growth regulation, and cell proliferation and differentiation according to GO (Gene Ontology). As an important tool, high-density and high-resolution genetic linkage maps play a crucial role in the QTL fine mapping of economically important traits. Our novel findings provided new insights that elucidate the genetic basis and molecular mechanism of feed efficiency and the subsequent marker-assisted selection breeding in common carp.
Keywords: common carp (Cyprinus carpio), genetic linkage map, feed conversion efficiency, QTL mapping, candidate genes
INTRODUCTION
Aquatic products are an important source of nutrition for people around the world, especially in food-deficient countries (Easterling, 2007; Rice and Garcia, 2011). The long-term challenge for aquaculture breeders is to improve the yield-related traits in fish to meet the growing demand for fish products while minimizing their impact on the environment (Wringe et al., 2010; Laghari et al., 2013). As feed cost comprises about 65–75% of the total production cost in most aquaculture industries, an effective way to solve this problem is to breed fish with high feed conversion efficiency (FCE) (Gjedrem and Baranski, 2009). Generally, feed conversion efficiency is defined as the ratio of feed intake to weight gain in animals (Sherman et al., 2009; Ferreira et al., 2016). Similar to most yield-related traits, FCE is a heritable trait controlled by a series of genes, the environment, and their interactions, which has been confirmed in livestock, poultry, and fish (Herd et al., 2003; Cai et al., 2008; Begli et al., 2016; Lu et al., 2017; Fu et al., 2020; Miao et al., 2021). So, the aim of improvement in FCE could be achieved by breeding to select genetically superior animals.
Globally, as one of the most important fishes, common carp (Cyprinus carpio) is cultured in over 100 countries worldwide with over 4 million metric tons of global annual production (Bostock et al., 2010; http://www.fao.org/fishery/statistics/global-aquaculture-production/query/en). Because of the economic importance of common carp for the aquaculture industry, over the past decades, researchers have developed a variety of genomic resources and genetic tools to facilitate genetic improvement and breeding programs (Sun and Liang, 2004; Christoffels et al., 2006; Williams et al., 2008; Xu P. et al., 2014). Especially, the completion of genome sequencing of Songpu mirror carp and subsequent development of a 250,000 high-quality SNPs array chip which provides favorable tools for ultra-high density linkage map construction (Xu J. et al., 2014; Xu P. et al., 2014; Xu et al., 2019).
High-quality genetic linkage maps are essential tools for quantitative trait loci (QTL) mapping. In past decades, a number of linkage genetic map had been constructed and QTL mapping for many traits in the fish have been studied (Yue, 2014; Ashton et al., 2017). Common carp genetic researchers have also constructed a number of linkage maps in common carp based on different mapping families using SSR and SNP markers in recent two decades. These linkage maps have been widely used for QTL mapping of many economically important traits in common carp. Such as growth-related traits, disease resistance, meat quality, sex-determination traits, and so on have been successfully mapped (Jun Wang, 2012; Laghari et al., 2013; Kuang et al., 2015; Lv et al., 2016; Peng et al., 2016; Zheng et al., 2016; Jia et al., 2020; Su et al., 2020).
It is obvious that genetic improvements for the efficiency of feed utilization are important. So far, some DNA variants that play a role in the feed efficiency of poultry and livestock have been proposed by QTL mapping and association studies (Koning et al., 2003; Barendse et al., 2007; Sherman et al., 2009; Do et al., 2014; Mignon-Grasteau et al., 2015; Silva et al., 2019; Ye et al., 2020; Delpuech et al., 2021). However, the feed intake of each experimental individual is generally difficult to measure in fish. So, only a few QTL analyses on FCE traits have been conducted in fish and these QTL mapping studies may be insufficient because of the relatively low power of linkage analyses (Wang et al., 2012b; Lu et al., 2017; Barría et al., 2021). Recently, with the aid of the high throughput SNP genotyping array, an ultra-high density linkage map has revealed many important findings related to growth-related traits, sex dimorphism, and muscle quality traits in common carp (Peng et al., 2016; Zheng et al., 2016).
In the present study, using a 250,000 SNPs chip, a high-density linkage map with 28,416 SNP markers was constructed in a full-sib family of common carp, which is the highest density genetic linkage map for common carp so far. Using this map, we carried out the QTL fine mapping for the FCE trait. The candidate genes were also recognized from the genome regions of quatative trait loci. Furthermore, the results of our analysis wil provide a basis for genetically improving the feed efficiency of common carp in the future.
MATERIALS AND METHODS
Mapping Family and Phenotypic Measurements
Songpu mirror carp (SMC) is a strain derived from a European subspecies (C. carpio) of common carp, which is one of the most valuable fish species for freshwater breeding as well as one of the species that is highly promoted to culture in China. An F1 full-sib family of SMC was produced at the Hulan Aquaculture Experimental Station of the Heilongjiang River Fisheries Research Institute, Harbin, China. A large number of Songpu mirror carp individuals (n = 500) were collected as brood fish, and their genetic distances were estimated using polymorphic microsatellite markers. Then a pair of female and male mature fish with suitable genetic distance were used as the maternal parent and the paternal parent to generate the experiment family (F1) by artificial crossing. After hatching, approximately 3,000 offspring were raised in a pond under a standard feeding regime. A total of 150 progeny were randomly collected from the experimental population as the fish panel for feed conversion tests after 60 days post-hatching. The fish were stocked individually in a tank with a size of 90 cm × 85 cm × 70 cm in a series of re-circulating aquarium systems. All conditions in these tanks were regularly maintained throughout the experiment, i.e., water temperature was 22°C and water flow rate is 1 ms−1. The juveniles were fed solely by complete carp extruded feed. Each experimental fish was equipped with a feed box. The pallet feeds used in this experiment contain 34% crude protein, 10% crude lipid, and 7% ash (Supplementary Table S1). In order to eliminate potential differences and as much as possible, we trained the experimental fish to adapt to the culture environment and reared them individually in the re-circulating aquarium tanks for 2 weeks before the feed conversion trial. During the feed conversion trail, the experimental family was fed three times (9:00, 13:00, and 17:00) a day. The feces in each tank were siphoned out daily and the water was changed completely once a week. The residue of feed was siphoned out, recorded, and deducted from the feed weight supplied each day to acquire the accurate feed consumption of each fish.
Subsequent phenotypic measurements of feed conversion efficiency were made. Phenotypic data of the FCE were collected after 3 months of feeding trials. Briefly, we recorded body weight (BW) at the beginning (initial BW, BWI) and the end (final BW, BWF) of the feeding test. Total feed intake (FI) was recorded as the difference between the beginning and final weight of feed used during the test. Then, the FCE was calculated as the BW gain after the experiment divided by total FI. Since the phenotypically extreme or abnormal individuals were excluded from the experiment trial according to the statistical analysis, a total of 141 offspring was determined as the experimental sample for linkage map construction and QTL analysis.
DNA Extraction and SNP Genotyping
Approximate 0.5 ml of blood from each sample was collected into a tube containing EDTA. Genomic DNA was extracted from the preserved blood using QIAamp DNA BloodMini Kit (Qiagen, Shanghai, China) following the manufacturer’s protocol. A NanoDrop-1000 spectrophotometer (Thermo Fisher Scientific, United States) was used to determine the DNA concentration in each sample and the integrity of DNA was checked by 1.5% agarose gel electrophoresis. DNA samples used for genotyping were diluted to 50 ng/ul and genotyped at GeneSeek (Lincoln, Nebraska, United States) using the common carp 250K SNP array (Xu J. et al., 2014). Affymetrix CEL files were analyzed using Affymetrix Genotyping Console software (version 4.0) for quality control and genotype calling. The CHP files generated from Affymetrix Genotyping Console were then extracted and converted to Ped/Map format for further analysis. SNPs were removed if they had a missing genotype rate >1% and a minor allele frequency (MAF) < 1%. SNPs retained were collected for subsequent analysis.
Linkage Map Construction
Prior to map construction, Mendelian inheritance errors also were checked by a chi-square test using the parameters of segregation distortion (p < 0.001). Only the SNPs conforming to Mendelian inheritance were used for further linkage analysis. Then, the remaining markers through a series of quality control procedures above were subjected to JoinMap for linkage map construction. The double pseudo-test cross strategy was employed for linkage analysis. SNPs were separated into three segregation patterns: AAxAB or BBxAB (1:1 segregation only in male parent), ABxAA or ABxBB (1:1 segregation only in female parent), and ABxAB (1:2:1 segregation in both parents). The linkage maps were constructed by using JoinMap 4.0 (Van Ooijen, 2006) with “CP” type population, which is designed to handle F1 population data containing various genotype configurations. A threshold of 5.0 was set for assigning markers into different linkage groups (LGs). The Kosambi mapping function was used to estimate map distances in centiMorgans (cM) through the maximum likelihood (ML) algorithm. Graphical visualization of the linkage maps was drawn by MapChart 2.2 software (Voorrips, 2002).
QTL Mapping and Annotation of Candidate Genes
QTL mapping analysis was performed for the FCE trait using software package MapQTL5.0 (Van Ooijen, 2004) with CIM (composite interval mapping) and MQM (multiple QTL model) mapping algorithms. A 1,000 permutation test was used to determine the LOD score significance thresholds at a 95% confidence level. After the 1,000 permutation test, a LOD threshold of 2.8–3.1 was set to identify significant QTL on each linkage group. The phenotypic variance explained (PVE) was estimated through stepwise regression (Li et al., 2007).
For each nearest SNP marker of QTL, we extracted candidate genes at the SNP loci from the reference genome of common carp. To annotate the functions of the FCE genes, we searched their orthologs by blastx against eudicots non-redundant database with an e-value threshold of 10−5. We also used Blast2GO (Conesa et al., 2005) with default parameters to assign the Gene Ontology (GO) to obtain more information of candidate genes that may be related to feed efficiency based on the annotation information.
RESULTS
Phenotypic Data
Out of 150 experimental fish fed in individual tanks, 141 were alive throughout the 3 months of the experiment and used for the further phenotyped analysis of feed efficiency. The descriptive statistics of the phenotypic measurements of feed efficiency used for the present studies are given in Table 1. The panel had 26.52 ± 4.66 g mean initial body weight (BWI). The minimum and maximum for the BWI were 15.65 and 42.85 g, respectively. After the 3-month feeding trial, the average final body weight (BWF) of the individuals reached 150.72 ± 44.06 g. The minimum and maximum for the BWF were 42.99 and 271.52 g, respectively. The total feed intake (FI) of the fish was between 67.1 and 324.3 g with an average value of 200.1 ± 41.3 g. The deduced feed conversion efficiency (FCE) of the 141 individuals ranged from 40.8 to 89.4% with an average value of 60.8% (SD = 10.6%). The coefficient of variation (CV) of four traits ranged from 0.17 to 0.29 (Table 1).
TABLE 1 | Descriptive statistics of phenotypic data.
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The genotypic data of all 141 F1 offspring and their parents is available. A total of 219,902 SNP markers were successfully genotyped. According to the assessment of genotyping quality and polymorphism in all samples from the mapping family, the genotypes of a total of 102,741 SNPs were exhibited polymorphic among the mapping panel. After further filtration with more stringent conditions to remove SNPs with low calling rate [SNPs calling rate 99% and minor allele frequency (MAF) greater than 1%], a total of 35,505 SNP markers were retained for further analysis. We selected 28,831 SNP markers based on segregation distortion and non-Mendelian inheritance (p < 0.001) for further linkage analysis and mapping (Table 2).
TABLE 2 | SNPs selected for linkage mapping.
[image: Table 2]Linkage Map Construction
Among 28,831 SNP markers, 28,416 SNPs were mapped on 11,983 distinct positions in 50 linkage groups (Figure 1; Table 3; Supplementary Table S2). A total of 98.6% of high-quality SNPs markers could be successfully mapped. The remaining 415 markers were not mapped. The total map distance was 3,590.09 cM with an average value of 71.80 cM. The number of markers on the linkage group varied from 213 (LG23) to 920 (LG45), and the average number of mapped markers per LG was 568 markers. The genetic length of each LG ranged from 53.48 cM (LG37) to 159.93 cM (LG7) with an average length of 71.80 cM. The average locus intervals varied from 0.14 cM in LG31 to 0.58 cM in LG7. The overall average marker interval was 0.33 cM. Based on the method described by Chakravarti et al. (1991), the expected genome length was estimated to be 3,623.71 cM. So, the percentage of the genome covered by the linkage map was calculated to be 99.07%. Detailed information and characteristics of this high-density genetic map were summarized in Table 3. As shown in Figure 2, the SNP distribution on each linkage group was also examined, which illustrated an even distribution of SNP markers on each linkage group with some exceptions at the middle and terminal regions of LGs.
[image: Figure 1]FIGURE 1 | The high-density linkage genetic map for mirror carp.
TABLE 3 | Summary of the linkage map of the mirror carp.
[image: Table 3][image: Figure 2]FIGURE 2 | The patterns of marker distribution on each linkage group. The X-axis represents marker orders on each linkage group. The Y-axis represents SNP marker position (cM) or each linkage group.
QTL Mapping
The profiles and characteristics of the QTL associated with FCE are presented in Table 4; Figures 3, 4. A total of 17 significant QTL regions were mapped onto four LGs using composite interval mapping (CIM) and multiple QTL models (MQM) in MapQTL 5.0 program. The LOD significance thresholds for the FCE ranged from 2.8 to 3.1 based on the permutation test results. The phenotypic variances explained by each QTL (R2) were estimated by CIM. As shown in Table 3, these regions include 51 SNP loci, distributed on four LGs including LG9, LG20, LG28, and LG32 and having an effect of 8.9–15.9% phenotypic variance explained (PVE). Most of these QTL were clustered together on their respective LGs. One major cluster containing eight QTL (qFCE1-28, qFCE2-28, qFCE3-28, qFCE4-28, qFCE5-28, qFCE6-28, qFCE7-28, and qFCE8-28) was detected between the narrow position of 37.07–44.78 cM on LG28, accounting for 9.5–10.6% PVE. Among them, qFCE8-28 located at 44.52–44.78 cM had the highest LOD value (3.44) and correspondingly had the highest contribution to phenotypic variation (10.6%). On LG32, a cluster situated within a region (15.07–32.64 cM) consisted of four QTL (qFCE1-32, qFCE2-32, qFCE3-32, and qFCE4-32) with a LOD value of 3.04–3.49 and was able to explain 9.5–12.1% of the PVE. The most significant QTL qFCE2-32 located on LG32 at 16.29–20.45 cM presented the highest LOD value of 3.49, explaining 12.1% of the total PVE. Three QTL on LG20 (qFCE1-20, qFCE2-20, and qFCE3-20) consisted of a cluster located on 39.41–51.37 cM regions with LOD values of 2.85–2.96, and contributions to PVE of 8.9–9.2%. Two QTL (qFCE1-9 and qFCE2-9) on LG9 were detected at positions 15.81–27.08 and 32.32–38.81 cM, with LOD values of 3.20 and 3.11. The QTL qFCE2-9 located at LG9 at 32.32–38.81 cM explained the highest percentage of the total PVE of 15.9%.
TABLE 4 | Analysis of QTL and estimation of genetic effects.
[image: Table 4][image: Figure 3]FIGURE 3 | QTL mapping and significant regions were identified for FCE in common carp.
[image: Figure 4]FIGURE 4 | LOD curves for QTLs contributing to FCE. The X-axis indicates marker distance and the Y-axis represents the LOD with the dashed line indicating the threshold value of permutation.
Candidate Gene Identification
To further identify potential causative genes, we screened the genome and collected protein-coding genes at the nearest SNP loci from each QTL. A total of nine genes associated with feed conversion efficiency in nine QTL were identified (Table 5). These candidate protein-coding genes were annotated by GO. We identified a gene, acetyl-CoA carboxylase alpha (ACACA), from the qFCE1-9 on LG9. We also identified two genes, SR-related CTD-associated factor 4 (SCAF4) and solute carrier family 2 member 5 (SLC2A5), from the qFCE2-20 and qFCE3-20 on LG20, respectively. On LG28, we identified three genes at three QTL. At the qFCE1-28, we identified a tenomodulin (TNMD) gene of which it has been reported that its polymorphisms were associated with adiposity and also with glucose metabolism in men (Tolppanen et al., 2007). We further identified a gene, protocadherin 1 (PCDH1), at the qFCE3-28. We also recognized a forkhead box O (FOXO) gene from the qFCE8-28. This gene encodes a protein that is regulated by factors involved in growth and differentiation indicating it plays a role in these processes (Wang et al., 2009; Zhu et al., 2010; Huo et al., 2014; Watamoto et al., 2019). We also identified three genes, argonaute RISC component 1 (AGO1), free fatty acid receptor 3-like (FFAR3), and AT rich interactive domain 1A (ARID1A) at qFCE1-32, QTL qFCE2-32, and qFCE3-32 on LG32, respectively.
TABLE 5 | Summary of candidate genes for FCE trait in mirror carp.
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In past decades, fish-breeding methodologies have developed from traditional selection to modern biotechnologies, such as marker-assisted selection (MAS) and molecular breeding (Yue, 2014; Tong and Sun, 2015; Ashton et al., 2017). Implementation of MAS requires DNA markers that are tightly linked to traits of interest by means of QTL mapping or association analysis (Lande and Thompson, 1990; Rezende et al., 2012). Most economically important traits in fish, such as growth, disease resistance, and sex are controlled by multiple genes known as QTL. Most of these QTL have minor effects, but several pyramided may have major effects on traits (Tong and Sun, 2015). Theoretically, if genes and genetic markers associated with traits of interest are identified, the genetic variants could be used as tools in MAS analyses (Tong and Sun, 2015).
Considering common carp as a traditional cultivated species and commercial value, it has always been an important mission for breeders to cultivate new varieties with better characters. Up to now, QTL studies in common carp have covered a wide range of traits including growth, cold tolerance, meat quality, muscle fiber-related, sex determination, etc (Sun and Liang, 2004; Zhang et al., 2011; Laghari et al., 2013; Peng et al., 2016; Zheng et al., 2016). Compared to other economic traits, QTL analyses for FCE traits in aquaculture fish are rarely reported due to the difficulty to measure the phenotypes for these traits (Lu et al., 2017; Pang et al., 2017; Pang et al., 2018). So, it is expected that more genetics studies on FCE traits will be considered so that molecular breeding strategies for these traits would be developed. In this study, we constructed a high-density and high-resolution genetic linkage map for Songpu mirror carp and performed the first fine-scale QTL mapping for FCE. A group of closely linked markers and potential candidate genes were identified, which open new opportunities for MAS implementation, which can ultimately accelerate breeding mirror carp for high feed conversion efficiency.
Ultra-High Density Genetic Map for Mirror Carp
It is well known that the separation type of mapping population directly affects the efficiency of linkage map construction (Wei et al., 2019). The commonly used mapping families for the construction of linkage genetic maps include F2 and backcross (BC) families, double haploid (DH), and recombinant inbred lines (RIL). However, it is a big challenge to construct DH or RIL families in most teleost fish, and the constructions of F2 and BC families usually take a relatively long time (Peng et al., 2016). The F1 progeny displays many different types of segregation. So, Grattapaglia and Sederoff proposed using the F1 family as the mapping panel with a double pseudo-testcross strategy which has been successfully applied to genetic linkage map construction in many aquaculture species (Grattapaglia and Sederoff, 1994; Wu et al., 2010; Song et al., 2012; Peng et al., 2016). In this study, the parents of the F1 population were derived from the cultured families of mirror carp at the Hulan station of the Heilongjiang Fisheries Research Institute of the Chinese Academy of Fishery Sciences, and the genetic distances among these fish were estimated using a panel of polymorphic microsatellite markers. A male and a female mature fish (F0) which showed a relatively high genetic distance were used to generate an experimental family (F1) by artificial crossing. Therefore, the mapping family used in this study with a double pseudo-testcross strategy was suitable for the construction of a genetic linkage map.
Obviously, a high-quality genetic map is an essential tool for QTL mapping with high efficiency and accuracy. However, a limited number of traditional markers make it difficult to cover the whole genome (Wen et al., 2020). The SNP marker is the most abundant and polymorphic marker in the genome which is very suitable for high-density linkage map construction. As an effective way, the second-generation sequencing technology makes it possible to obtain a sufficient number of SNP markers for linkage map construction in a short time. However, the call rate and genotyping accuracy of SNPs are critically important for the construction of a high-quality linkage map, as it is well known that missing data and genotyping errors would lead to incorrect map orders (Hackett and Broadfoot, 2003).
Compared with other SNP genotyping approaches, Affymetrix Axiom SNP genotyping platform has become an effective solution for large-scale SNP genotyping as it has higher call rates (>99%) and higher accuracy and has been successfully applied to the construction of the linkage map and QTL analysis of multiple species (Andreas et al., 2013; Sushma et al., 2016; Higgins et al., 2018; Gong et al., 2019; You et al., 2019). Recently, two high-density genetic linkage maps have been constructed based on Affymetrix Axiom SNP genotyping data for channel catfish (Ictalurus punctatus) and Yellow River carp (C. carpio), presenting the highest density linkage maps in aquaculture species (Li et al., 2015; Peng, et al., 2016). In this study, we also chose the same high-throughput SNP genotyping platform for SNP genotyping and constructed a high-density and high-accurate linkage genetic map for mirror carp. In order to get high-quality makers, we used more stringent data filtering (missing value < 1%) than the former studies of high-density linkage map construction. As a result, a total of 28,416 high-quality SNP markers were successfully mapped. The genetic map covered 99.07% of the genome with a density of 0.33 cM average distance, which demonstrates its power in the detection of potential QTL associated with FCE in mirror carp at a fine scale.
QTL Analysis and Candidate Genes
Most economically important traits of fish such as growth, disease resistance, and flesh quality are controlled by multiple genes, environmental factors, and their interactions (Song et al., 2012; Shao et al., 2015; Peng et al., 2016; Zheng et al., 2016). Phenotypic variation of these traits is thought to be caused by quantitative genetic variation that results from the segregation of alleles at multiple quantitative trait loci (QTL) (Mackay et al., 2009; Zhang et al., 2021). The purpose of QTL mapping is to understand the number and effect of genes that determine traits and to assist in the selection of breeding to accelerate the genetic improvement of important traits (Doerge, 2002; Naish and Hard 2008).
A number of studies looking for genetic mechanisms affecting feed efficiency, which involved numerous biological processes and functional pathways in livestock and poultry, have been reported using different methods (Sherman et al., 2009; Do et al., 2014; Ferreira et al., 2016; Silva et al., 2019; Li et al., 2020; Li et al., 2021). Compared to the livestock and poultry, it has been a challenge to map loci associated with feed efficiency because the phenotypic value of each individual is generally difficult to obtain in aquaculture species (Lu et al., 2017; Pang et al., 2017). To date, only a few QTL analyses associated with feed conversion efficiency have been reported in aquaculture species. Preliminary QTL results about FCE in fish are from Liu’s study, which used AFLP markers to construct a catfish genetic map and found a QTL associated with FCE (Liu, 2001). Zimmerman et al. revealed three QTL for the number of pyloric caeca in three LGs of rainbow trout, and this is an important index associated with FCE (Zimmerman et al., 2005; Tong and Sun, 2015). Recently, Lu et al. performed the QTL mapping of feed conversion rate (FCR) in mirror carp based on two mapping panels consisting of 92 and 68 samples and using 507 and 307 markers, respectively. As a result, 18 QTL affecting FCR were detected in two datasets (Lu et al., 2017). Pang et al. constructed a high-resolution genetic linkage map in a full-sib F1 family of crucian carp (Carassius auratus) consisting of 113 progenies with 8,460 SNP markers. Eight FCE-related QTL and seven candidate genes involved in energy metabolism, digestion, biosynthesis, etc were detected (Pang et al., 2017). Although QTL about feed efficiency traits in common carp have been reported, not all of the genetic variants of the traits have been captured as the sample size of the mapping populations and the number of markers used were relatively small. QTL mapping has a large positioning range and there are too many genes in the location range. So the candidate genes were difficult to be determined. Historically, in the absence of high throughput genotyping data, it was difficult to perform QTL fine mappings and candidate gene identification. In this study, we were able to take advantage of the common carp 250K SNP genotyping array and construct an ultra-high density linkage map for mirror carp, providing new insights into the FCE trait and related genes. In the present investigation, a total of 17 QTL associated with FCE were mapped on four linkage groups, explaining 8.9–15.9% of the PVE, and nine candidate genes related to FCE involved in multiple biological processes were identified in common carp.
Feed conversion efficiency is a complex trait, which involves many physiological processes such as feeding, digestion, biosynthesis, metabolism, and so on, and is driven by a series of biological pathways. In our study, nine candidate genes associated with FCE were identified in common carp. Among these genes, ACACA has been reported as a part of a single multifunctional polypeptide in eukaryotes, and plays a critical role in the metabolism of fatty acid biosynthesis (Abu-Elheiga et al., 1995). ACACA is a biotin-containing enzyme that catalyzes the carboxylation of acetyl-CoA to malonyl-CoA, the rate-limiting step in fatty acid synthesis (Brusselmans et al., 2005). ACACA may induce dysregulation of lipid metabolism in human and mouse is known to result in metabolic diseases, such as obesity and diabetes (Wakil and Abu-Elheiga, 2009), it may also result in severe metabolic disorders in lactating cows (Loor et al., 2007). Therefore, we speculated that ACACA may be directly associated with fat metabolism and may subsequently affect FCE in common carp. The protein encod SCAF4 containing a domain, which found in hepatocyte growth factor-regulated tyrosine kinase substrate (Hrs), plays a critical role in the recycling and involved in endocytic trafficking (Li et al., 2002; Lea et al., 2019). So, we consider that its molecular function may be related to the growth of common carp, and may have a specific function related to FCE. SLC2A5 has been reported as a facilitated glucose/fructose transmembrane transport which is the key solute carrier in the carbohydrate metabolic process of glucose and gluconeogenesis (Berghe, 1996). It takes part in carbohydrate digestion and absorption and leads to a significantly enhanced rate of triglyceride synthesis. SLC2A5 is also responsible for fructose uptake by the small intestine in mammals (Wu et al., 2009; Nomura et al., 2016). High expression of SLC2A5 in the small intestine in rats or mice leads to increased fructose absorption (Wright et al., 2007). A recent study showed that a higher expression level of SLC2A5 was related to higher feed conversion efficiency-related traits (Diniz et al., 2020). Hence, we suggested that this gene was associated with food digestion, carbohydrate metabolic processing, and further influences on FCE in common carp. TNMD expression is highly affected by obesity, adipose tissue location, and weight loss in human adipose tissue, indicating that TNMD may play a role in adipose tissue function (Saiki et al., 2009). Therefore, we suggested that it may be associated with FCE by intervening in influence energy deposition and fat accumulation in common carp. The protein encoded by this gene has a domain associated with the catalytic domain of sugar utilizing enzymes, including maltooligosyl trehalose synthase, glycogen branching enzyme, glycogen debranching enzyme, isoamylase, etc, which endows PCDH1 with the capability to play several functions in different pathways (Aron et al., 2017). So, we suggested that it takes part in digestion and absorption and might be related to feed efficiency in common carp. FOXO is also involved in lipid metabolism and has been reported as one of the important candidate genes associated with obesity and body mass in human (Kim et al., 2006). The mRNA levels of FOXO isoforms in rat livers were altered in response to fasting and re-feeding, which suggests that the genes respond differently to nutritional and hormonal factors (Imae et al., 2003). Hence, we suggested that FOXO was associated with fat accumulation and growth in common carp. AGO1 encodes a member of the argonaute family of proteins which can affect cell proliferation, motility, and apoptosis in human (Parisi et al., 2011). Tang et al. (2020) report that AGO1 participates in a mechanism that controls adipose tissues, insulin sensitivity, and whole-body metabolic state. They found that when challenged with an obesity-inducing high-fat high-sucrose (HFHS) diet, AGO1-knockout mice displayed significantly lower body weight gain and lower body fat, improved insulin sensitivity, and enhanced energy expenditure. In human donors with obesity or type 2 diabetes mellitus, AGO1 is expressed at higher levels than in healthy controls, which also supports the role of this pathway (Tang et al., 2020). So, we indicate it is also possibly associated with digestive and metabolic functions in common carp. FFAR3 is a G protein-coupled receptor that is activated by a major product of dietary fiber digestion, the short-chain fatty acids (SCFAs), which are an essential energy source and signaling molecules that regulate various cellular processes and physiological functions (Stoddart et al., 2008; Zaibi et al., 2010). Recent studies have shown that these receptors are involved in the lipid metabolism in various tissues and play an important role in the absorption of nutrients in animal intestine (Hara et al., 2013; Ichimura et al., 2014; Lu et al., 2015; Meza-Cuenca et al., 2018). Therefore, FFAR3 may be a promising candidate gene for FCE in common carp, and further functional approaches are necessary to validate. ARID1A has been reported to affect cholesterol synthesis as well as glycogen metabolism-related proteins levels in human and could play a significant role to help cell proliferation and inhibit cell apoptosis (Flores-Alcantar et al., 2011; Bosse et al., 2013; Goldman et al., 2016). ARID1A deletion in isolated hepatocytes directly leads to free fatty acid-induced lipid accumulation and insulin resistance in mice. These findings reveal a new mechanism underlying the role of ARID1A in glucose and lipid metabolism (Qu et al., 2019). ARID1A has also been reported to have a positive correlation of expression with the body mass trait in human (Keildson et al., 2014; Giri et al., 2018). Thus, we speculate that ARID1A plays similar roles in regulating lipid accumulation and body mass in common carp.
Obviously, the QTL and genes detected in this study need to be further verified for their functional relatedness to FCE in the future. These novel findings would be used for future genetic and genomic researches of FCE traits, thereafter providing essential markers of MAS breeding for the potential improvement of feed efficiency in mirror carp.
CONCLUSION
In conclusion, taking advantage of the common carp 250K SNP genotyping array, high throughput genotyping data were accurately and efficiently collected from a mirror carp mapping family and used to construct a high-density, high-resolution genetic linkage map for mirror carp. This map processes the highest marker density among all the constructed genetic maps in mirror carp. Based on this valuable genetic map, fine-scale QTL mapping of FCE was performed and candidate functional genes were also identified. These candidate genes were identified as functionally related to lipid metabolism, carbohydrate metabolism, energy deposition, fat accumulation, digestion, regulating growth, and cell proliferation and differentiation. The present high-density genetic map and mapping results provide a basis for further genetic research of feed conversion efficiency and facilitate future MAS breeding for the feed conversion efficiency trait in common carp.1
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Acute hepatopancreatic necrosis disease (AHPND) has caused a heavy loss to shrimp aquaculture since its outbreak. Vibrio parahaemolyticus (VPAHPND) is regarded as one of the main pathogens that caused AHPND in the Pacific white shrimp Litopenaeus vannamei. In order to learn more about the mechanism of resistance to AHPND, the resistant and susceptible shrimp families were obtained through genetic breeding, and comparative transcriptome approach was used to analyze the gene expression patterns between resistant and susceptible families. A total of 95 families were subjected to VPAHPND challenge test, and significant variations in the resistance of these families were observed. Three pairs of resistant and susceptible families were selected for transcriptome sequencing. A total of 489 differentially expressed genes (DEGs) that presented in at least two pairwise comparisons were screened, including 196 DEGs highly expressed in the susceptible families and 293 DEGs in the resistant families. Among these DEGs, 16 genes demonstrated significant difference in all three pairwise comparisons. Gene set enrichment analysis (GSEA) of all 27,331 expressed genes indicated that some energy metabolism processes were enriched in the resistant families, while signal transduction and immune system were enriched in the susceptible families. A total of 32 DEGs were further confirmed in the offspring of the detected families, among which 19 genes were successfully verified. The identified genes in this study will be useful for clarifying the genetic mechanism of shrimp resistance against Vibrio and will further provide molecular markers for evaluating the disease resistance of shrimp in the breeding program.
Keywords: gene expression, disease resistance, molecular marker, Vibrio parahaemolyticus, Litopenaeus vannamei
INTRODUCTION
Litopenaeus vannamei is a commercially important aquaculture species, making up about 85% of total shrimp production in China (Qin et al., 2018). However, the shrimp aquaculture industry is continuously affected by the outbreak of viral and bacterial diseases, which have caused mass mortality and considerable economic losses. Vibrio parahaemolyticus carrying the PirA and PirB toxin genes in its plasmid (VPAHPND) is one of the most destructive pathogens in shrimp aquaculture, causing acute hepatopancreatic necrosis disease (AHPND) or early mortality syndrome (EMS) in L. vannamei (Lee et al., 2015). VPAHPND also caused AHPND in Penaeus monodon and Exopalaemon carinicauda (Soonthornchai et al., 2016; Ge et al., 2018). Therefore, prevention and control of AHPND are urgently needed in shrimp aquaculture.
Genetic selective breeding of disease resistance broodstock is a feasible and sustainable approach for the disease control. It has been proved to be efficient in controlling Taura syndrome virus (TSV). A disease-resistant line of L. vannamei against TSV had been established, and 18.4% increase in survival rate against TSV infection was obtained after one generation selection (Argue et al., 2002). For the selection of White spot syndrome virus (WSSV) resistance in L. vannamei, it showed that the average survival rates of generations G2 to G5 were 5.57%, 7.78%, 9.52%, and 13.79%, respectively (Huang et al., 2012). After three successive generation selection, the survival rates of E. carinicauda to VPAHPND increased from 26.67% to 36.67% (Ge et al., 2018).
With the development of molecular biology, genomics approach offers a new possibility for accelerating the genetic selection process (Zhang X. et al., 2019). Identification of the major genes associated with disease resistance is the first step for marker-assisted selection (MAS) or gene-assisted selection (GAS) (Arora et al., 2019). So far, several genes associated with disease resistance have been reported in aquatic animals. Polymorphism of LvALF and TRAF6 was reported to be associated with the resistance to WSSV in shrimp (Wang et al., 2011; Liu et al., 2014b; Liu et al., 2014a; Yu et al., 2017; Zhang Q. et al., 2019). A major quantitative trait locus (QTL) for the resistance of Atlantic salmon (Salmo salar) against infectious pancreatic necrosis (IPN) was discovered, which has been already applied in marker-assisted breeding of IPN-resistant fish (Houston et al., 2008; Moen et al., 2009; Woldemariam et al., 2020). However, knowledge about the resistance to AHPND in shrimp is still poorly understood. A comparison of individuals or families with significant phenotype difference by transcriptome sequencing is an efficient way for screening the trait-associated genes. Based on the transcriptome data, myosin, myosin heavy chain, and chitinase were proved to be related to growth performance in L. vannamei (Santos et al., 2018). Transcriptome comparison between the families with high growth rate and low growth rate also illustrated that the genes related to cuticle, chitin, and muscle proteins were upregulated exclusively in higher growth families (Santos et al., 2021). Besides, the gene profiles of the Vibrio-resistant and Vibrio-susceptible Meretrix petechialis families were analyzed, and several genes such as Big-Def, CTL9, and Bax were identified as candidate resistance-associated genes (Jiang et al., 2017).
In our previous work, we have carried out systematic family selection for the resistance trait to VPAHPND in L. vannamei. A total of 95 families were subjected to VPAHPND challenge test, and the results showed that significant resistance variations existed between different families. In the present study, we selected three AHPND resistant and three susceptible families for transcriptome sequencing and explored the differentially expressed genes (DEGs) in resistant and susceptible families. Several genes related to the resistance of shrimp against AHPND were identified. These genes might be developed as effective molecular markers for evaluating the disease resistance of shrimp, which could facilitate molecular marker-assisted breeding of shrimp.
MATERIALS AND METHODS
Selection Resistant and Susceptible Families Against Acute Hepatopancreatic Necrosis Disease
The full-sib families of L. vannamei were produced and stocked separately in Hainan Grand Suntop Ocean Breeding Co., Ltd, Wenchang, China. In order to identify the resistance of AHPND, the shrimp families were challenged by VPAHPND each year, and the families with high survival rate were mated to generate the next-generation families. In 2018, 95 full-sib families with an average body weight of 2.10 g were selected for evaluation of resistance. For the challenge experiment, VPAHPND was prepared according to the method described by Zhang Q. et al. (2019). About 100 healthy shrimp from each family were subjected to VPAHPND immersion infection. Before the experiment, the shrimp were kept in the aquarium at a temperature of 26°C ± 1°C for 3 days to acclimate them to the culture conditions. Then, the VPAHPND were added to the aquarium to make the concentration of VPAHPND as 5 × 106 CFU/ml. Then, the dead shrimp were checked every 2 h. The mortality of each family was recorded for 72 h. The survival rates of the tested families are presented in Figure 1.
[image: Figure 1]FIGURE 1 | Survival rate of different families challenged by VPAHPND.
Considering the survival rate, growth stage, and pedigree information, three resistant families (VR4013, VR3837, and VR4027) and three susceptible families (VS3868, VS3879, and VS3880) were selected for transcriptome sequencing. The survival rates of three resistant families VR4013 (1.96 ± 0.21 g), VR3837 (2.14 ± 0.33 g), and VR4027 (2.21 ± 0.26 g) were 87%, 96%, and 78%, and those of three susceptible families VS3868 (1.87 ± 0.24 g), VS3879 (2.09 ± 0.28 g), VS3880 (2.19 ± 0.30 g) were 4%, 9%, and 13%, respectively (Figure 1). Based on their pedigree information, the families VR4013 and VS3868 were genetically related; therefore, the DEGs were analyzed between VR4013 and VS3868 in order to avoid the effects of genetic difference as far as possible. According to information of the growth stage and pedigree information, DEGs were analyzed between VR3837 and VS3879, and VR4027 and VS3880, respectively.
For each family, the cephalothoraxes of nine individuals were collected, and three individuals were mixed together as one sample, so each family contained three samples. All cephalothorax samples of the six families were rapidly frozen in liquid nitrogen and stored at −80°C for further transcriptome sequencing.
Total RNA Extraction, Library Construction, and Sequencing
Total RNA of the cephalothorax was extracted using RNAiso Plus (Takara, Japan) according to the manufacturer’s instructions. RNA purity and concentration were evaluated by electrophoresis on 1% agarose gel and quantified by NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). Subsequently, mRNA was enriched by Oligo (dT) beads. Then the enriched mRNA was fragmented into short fragments using fragmentation buffer and reverse-transcribed into the first-strand cDNA with random primers. Second-strand cDNA was synthesized by DNA polymerase I, RNase H, dNTP, and buffer. Then the cDNA fragments were purified with QiaQuick PCR extraction kit, end repaired, poly (A) added, and ligated to Illumina sequencing adapters. The suitable fragments were selected by agarose gel electrophoresis. After PCR amplification, the libraries were sequenced using Illumina HiSeqTM 2,500 by Genedenovo Biotechnology Co., Ltd (Guangzhou, China).
Bioinformatics Analysis
Clean reads were obtained by removing reads containing adapters or more than 10% of unknown nucleotides (N), low-quality reads, and rRNA from the raw data. Then the reads of each sample were mapped to reference genome (Zhang X. et al., 2019) by TopHat2 (version 2.0.3.12) (Kim et al., 2013). The reconstruction of transcripts was carried out with software Cufflinks (Trapnell et al., 2012). All reconstructed transcripts were aligned to reference genome, and novel genes were aligned to databases including National Center for Biotechnology Information (NCBI) nonredundant (Nr) database, Swiss-Prot database, and Kyoto Encyclopedia of Genes and Genomes (KEGG) database to obtain protein functional annotation. DEGs between susceptible and resistant libraries were analyzed using the edgeR package (http://www.rproject.org/), with a fold change ≥2 and a false discovery rate (FDR) <0.05. DEGs were then subjected to enrichment analysis of Gene Ontology (GO) functions and KEGG pathways, which were performed using the OmicShare tools (http://www.omicshare.com/tools).
Gene Set Enrichment Analysis
As a complement to the differential expression analyses, gene set enrichment analysis (GSEA) for all 27,331 expressed genes was performed by GSEA software v4.10 (https://www.gsea-msigdb.org/gsea/downloads.jsp) (Subramanian et al., 2005). The submitted gene list was ranked by gene expression value using Signal2Noise method. GSEA was performed with default algorithm as 1,000 permutations. GO gene sets (10,192 gene sets) and KEGG subset of canonical pathways (186 gene sets) were used as enrichment input, which were from Molecular Signatures database (MSigDB, https://www.gsea-msigdb.org/gsea/msigdb/collections.jsp). Nominal p-value < 0.05 and FDR < 0.25 were considered as statistically significant.
Evaluation on the Transcriptome Results by Real-Time Quantitative PCR
Six genes were selected from each comparison group to evaluate the transcriptome sequencing result by RT-qPCR. About 1 mg of total RNA was used to synthesize cDNA by PrimeScript™ RT reagent Kit with gDNA Eraser kit (Takara, Japan) according to the manufacturer’s instructions. Gene-specific primers (Table 1) were designed using Primer 5, where 18S rRNA was used as the reference gene for RT-qPCR analysis. RT-qPCR was conducted with the following conditions: denaturation at 94°C for 2 min, 40 cycles of 94°C for 30 s, annealing temperature for 20 s, and 72°C for 30 s. Each sample had four technical replicates. The specificity of the primer set was checked by melting curve analysis. The relative expression level was calculated with 2−∆∆Ct method (Livak and Schmittgen, 2001).
TABLE 1 | Primer sequences and annealing temperature used for RT-qPCR.
[image: Table 1]Validation of Candidate Genes in Descendant Families
In order to validate the identified DEGs, the descendant families of VS3868 and VR4013 were collected, and the DEGs were further validated in the descendant families by RT-qPCR. Family 4419 was produced by full-sib mating of family VS3868, and family 4253 was produced by full-sib mating of family VR4013. After being challenged by VPAHPND, the survival rate of family 4253 was over 3.5 times higher than that of family 4419 (60 vs. 17%). A total of 32 DEGs including the 16 DEGs shared in three pairwise comparisons and other 16 DEGs shared in two pairwise comparisons were selected, and they were verified in family 4419 and 4253. The primers designed by Primer 5 are listed in Table 1. The RT-qPCR was performed as described in Evaluation on the Transcriptome Results by Real-Time Quantitative PCR. A statistically significant difference was indicated with * (p < 0.05) and ** (p < 0.01) determined by t-test (SPSS Inc., Armonk, NY, USA).
RESULTS
Transcriptome Sequencing Data
An overview of sequencing and assembly of the L. vannamei transcriptome is shown in Table 2. A total of 823,161,050 raw reads were obtained, in which 416,197,128 reads are for the resistant families and 406,963,922 reads for the susceptible families. The raw sequencing data were uploaded to the NCBI with the accession numbers SRR15533118–SRR15533135. After low-quality reads were filtered out, a total of 96.55% and 96.85% reads were retained for the resistant and susceptible groups, respectively. After the reads were mapped to the reference genome, a total of 27,331 annotated genes were obtained, of which 2,344 (9.86%) were newly annotated genes.
TABLE 2 | Summary of transcriptome sequencing and assembly of the transcriptome from Litopenaeus vannamei.
[image: Table 2]Identification of Differentially Expressed Genes Between Resistant and Susceptible Families
To identify DEGs involved in VPAHPND resistance, we used FPKM value for comparing the expression levels between the resistant families and susceptible families. A total of 392 unigenes showed differential expression patterns between families VR4013 and VS3868, in which 287 unigenes were highly expressed in VS3868 and 105 unigenes were highly expressed in VR4013 (Figure 2). A total of 1,378 unigenes were differentially expressed between VR3837 and VS3879, including 773 unigenes highly expressed in VS3879 and 605 unigenes highly expressed in VR3837. A total of 2,183 unigenes were differentially expressed between VR4027 and VS3880, including 564 unigenes highly expressed in VS3880 and 1,619 unigenes highly expressed in VR4027. Six DEGs selected from each comparison group were validated by RT-qPCR. The results showed that all of them were consistent with the transcriptome data (Supplementary Figure S1).
[image: Figure 2]FIGURE 2 | The amount of differentially expressed genes (DEGs) between resistant and susceptible families. UP represents highly expressed genes in susceptible families. DOWN represents highly expressed genes in resistant families.
In order to analyze the function of DEGs between resistant and susceptible families, GO functional enrichment analysis was performed. Interestingly, we found that GO terms of DEGs were very similar among three pairs of families, VR4013-vs.-VS3868, VR3837-vs.-VS3879, and VR4027-vs.-VS3880, which is shown in Figure 3A. In the biological process category, single-organism process was the most enriched subclasses, followed by cellular process. In the cellular component category, cell and cell part were the two most enriched subclasses. While in the molecular function category, catalytic activity and binding were the two most enriched subclasses. KEGG pathway enrichment analysis of three pairwise comparisons is presented in Figure 3B. In VR4013-vs.-VS3868, “Serotonergic synapse,” “Arachidonic acid metabolism,” and “PI3K–Akt signaling pathway” were the three most enriched pathways, and “Arachidonic acid metabolism” was also included in top 20 of enrichment pathways in VR3837-vs.-VS3879 and VR4027-vs.-VS3880 (p < 0.05).
[image: Figure 3]FIGURE 3 | Enrichment analysis of differentially expressed genes (DEGs). (A) Gene Ontology (GO) terms distribution for the DEGs. Light gray represents VR4013-vs.-VR3868. Gray represents VR3837-vs.-VR3879. Dark gray represents VR4027-vs.-VR3880. The x-axis indicates the name of GO subcategories. The y-axis represents the number of genes. (B) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways enriched about DEGs in VR4013-vs.-VR3868, VR3837-vs.-VR3879, and VR4027-vs.-VR3880.
Differentially Expressed Genes Shared in More Than Two Pairwise Comparisons
Venn diagrams for DEGs of the three pairwise comparisons are shown in Figure 4. A total of 489 DEGs were shared in at least two comparisons, including 196 DEGs highly expressed in the susceptible families and 293 DEGs highly expressed in resistant families (Supplementary Table S1). A total of 16 DEGs were shared in three pairwise comparisons, among which the trophoblast glycoprotein, SE-cephalotoxin-like, peroxidasin-like protein, phosphoenolpyruvate carboxykinase, cytochrome P450, and serpin B6-like isoform X2 genes were identified (Table 3). In order to reduce the false positives, we considered these 489 DEGs as the candidate genes associated with the resistance of shrimp against to VPAHPND.
[image: Figure 4]FIGURE 4 | Venn diagrams for three pairwise comparisons of resistant and susceptible families. (A) Differentially expressed genes (DEGs) with high expression in susceptible families. (B) DEGs with high expression in resistant families.
TABLE 3 | Gene name, gene annotation, and the verification in hepatopancreas (Hep) and stomach (St) of 16 DEGs that were shared in three pairwise comparisons.
[image: Table 3]These 489 DEGs were involved in various GO classifications. For the biological process-related genes, most were involved in “single-organism process,” “cellular process,” and “metabolic process.” Most of the cellular component-related genes were associated with “cell,” “cell part,” and “organelle.” And “catalytic activity” and “binding” in the molecular function ontology were the major enriched terms (Figure 5). The results were consistent with GO functional enrichment analysis in Figure 3A.
[image: Figure 5]FIGURE 5 | Gene Ontology (GO) terms of 489 differentially expressed genes (DEGs) for the transcriptomes of Litopenaeus vannamei. The x-axis indicates the name of GO subcategories. The y-axis indicates the number of genes. Red indicates biological process. Green indicates cellular component. Blue displays molecular function.
Differentially Expressed Genes with High Expression in Resistant Families
There were 293 DEGs highly expressed in resistant families. A total of nine genes annotated as myosin were highly expressed, and the other genes were involved in energy metabolism such as trypsin, chymotrypsinogen A (ChyA), pancreatic lipase (PL), serine protease (SP), aminopeptidase, and phospholipase (Table 4). There were two genes encoding glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and triosephosphate isomerase (TPI), which were involved in the glycolysis pathway (Eanes, 2011).
TABLE 4 | Myosin- and energy metabolism-related DEGs with high expression in VPAHPND-resistant Litopenaeus vannamei families.
[image: Table 4]Differentially Expressed Genes with High Expression in Susceptible Families
A total of 196 DEGs highly expressed in the susceptible families were discovered. According to annotation and function, some immune-related genes were observed to be upregulated in the susceptible families (Table 5). A total of five genes related to the prophenoloxidase (proPO) system, including C-type lectin, SP, and SP inhibitors (serpin and α-2-macroglobulin) showed high expression in the susceptible families. Several genes are related to metabolic process, including DBH-like monooxygenase protein 1, cytochrome b5, and cytochrome P450. Moreover, six genes annotated as β-arrestin were also highly expressed in the VPAHPND-susceptible families.
TABLE 5 | Immunity-related DEGs with high expression in VPAHPND-susceptible Litopenaeus vannamei families.
[image: Table 5]Gene Set Enrichment Analysis
By GSEA of GO gene set, there were a total of 265 significantly enriched gene sets between resistant and susceptible groups (nominal p-value < 0.05 and FDR < 0.25). The top 10 gene sets enriched in resistant families were all involved in energy metabolism process, while most gene sets enriched in the susceptible families were related to signal transduction and immunity, such as G protein-coupled receptor activity, G protein-coupled receptor signaling pathway, and pattern recognition receptor signaling pathway (Table 6). Figure 6 shows GSEA of KEGG subset of canonical pathways. The most significantly enriched pathway in resistant families was oxidative phosphorylation (Figure 6A), which was also related to energy metabolism, supporting the results of GO gene sets. The most significantly enriched pathway in the susceptible families was JAK/STAT signaling pathway (Figure 6B), including protein inhibitor of activated STAT, cytokine-inducible SH2-containing protein, and tyrosine-protein phosphatase non-receptor type 11 isoform X2.
TABLE 6 | GSEA of GO gene sets.
[image: Table 6][image: Figure 6]FIGURE 6 | Gene set enrichment analysis (GSEA) of Kyoto Encyclopedia of Genes and Genomes (KEGG) subset of canonical pathways. (A) The most significantly enriched pathway in resistant families. (B) The most significantly enriched pathway in susceptible families. R, resistant samples; S, susceptible samples. Nominal p-value, false discovery rate (FDR), enrichment score (ES), and normalized ES were determined by the GSEA software and were indicated within each enrichment plot.
Verification of Candidate Genes in the Descendant Families
A total of 32 genes were validated in descendant families. For the 16 DEGs shared by three pairwise comparisons, seven genes were verified successfully in the hepatopancreas, and eight genes were verified successfully in the stomach in their offspring (Table 3, p < 0.05). For the other 16 DEGs shared by two pairwise comparisons, three genes were successfully verified in hepatopancreas (p < 0.05) (Figure 7A), and six genes were verified successfully in the stomach (p < 0.05) (Figure 7B). In summary, a total of 19 genes were successfully verified in the hepatopancreas or stomach, including five genes verified successfully in two tissues.
[image: Figure 7]FIGURE 7 | The relative expression of 32 differentially expressed genes (DEGs) in hepatopancreas (A) and stomach (B) from resistant family 4253 and susceptible family 4019. These data are expressed as the mean ± SD relative to the reference gene (18S rRNA). A statistically significant difference is indicated with * (p < 0.05) and ** (p < 0.01). Successfully verified genes are marked in red. Unsuccessfully verified genes are marked in black or without any mark.
DISCUSSIONS
It is generally considered that the VPAHPND is an opportunistic pathogen. It is pathogenic to cultured shrimp at high concentration or under environmental deterioration condition (Hong et al., 2016). The physiology and health state of shrimp are closely related to disease resistance. It was estimated that the heritability of the resistance against VPAHPND in L. vannamei was near-to-moderate, which indicated that the resistance of shrimp against VPAHPND was hereditable (Wang et al., 2019). In this study, the resistant and susceptible families of L. vannamei were obtained through continuous challenge test, which provided reliable genetic material for analysis on the disease resistance of shrimp (Grimholt, et al., 2003; Wang et al., 2014). Understanding the gene expression character of disease-resistant families and the susceptible families could provide useful information for genetic dissection of disease resistance of shrimp.
Recently, an increasing number of transcriptome studies related to AHPND have been performed in L. vannamei, most of which focused on the genes involved in the immune response of shrimp during VPAHPND infection (Qi et al., 2017; Maralit et al., 2018; Ng et al., 2018; Qin et al., 2018; Zheng et al., 2018). However, few works have focused on the correlation between the gene expression level and resistance phenotype of shrimp. In this study, we performed RNA-seq analyses to investigate the comparative expression profiles between resistant and susceptible families of shrimp. Gene expression profiles can underlie complex phenotype variations (Crawford and Powers, 1992). The gene expression variation is influenced by various genetic and environmental factors (Leder et al., 2014). Many studies proved that genetic factors influence gene expression in humans (Cheung and Spielman, 2002), mice (Sandberg et al., 2000), Drosophila (Jin et al., 2001), and yeast (Brem et al., 2002). To our knowledge, this is the first report about the comparison of the basal mRNA expression profiles from the omics level of AHPND-resistant and AHPND-susceptible families of L. vannamei. The gene expression levels influencing the phenotype variations could also be considered as molecular markers and could be used for genetic selection (Gilad et al., 2008). For aquaculture species, genes related to phenotype variations have been reported. The expression of BIRC7 was correlated with the survival in Vibrio challenge tests in clam M. petechialis, and gene expression variation of BIRC7 gene was heritable, indicating the feasibility of selective breeding by reliable genetically based markers (Jiang et al., 2018; Jiang et al., 2019).
In the present study, we found that DEGs highly expressed in the susceptible families of shrimp were mainly related to the immunity, which were in agreement with previous research results. It was reported that the basal expression levels of immune-related genes BIRC7 and NFIL3 were higher in Vibrio-susceptible clams (Jiang et al., 2018). In this study, several genes in proPO activation system showed a higher expression level in the susceptible families. A previous report showed that PPAE2 presented a higher expression level in the susceptible line of L. vannamei after AHPND challenge in comparison with the resistant line (Mai et al., 2021). This system is important for fighting against bacteria pathogens in penaeid shrimp (Amparyup, et al., 2013), and the increased activity of proPO system against Vibrio has been reported in Fenneropenaeus indicus (Sarathi et al., 2007), L. vannamei (Boonchuen et al., 2021), and Macrobrachium rosenbergii (Rao et al., 2015). The C-type lectin was also upregulated in the susceptible families of shrimp; the C-type lectin plays an important role in phagocytosis, melanization, respiratory burst, and coagulation; and it can also activate the proPO system (Junkunlo et al., 2012). Interestingly, C-type lectin 1-like and Crustin-P had significant higher expression levels in the AHPND-susceptible line of L. vannamei than resistant line at 24 h post-infection (Mai et al., 2021). In Litopenaeus stylirostris, the basal expression level of antimicrobial peptide was significantly higher in Vibrio-susceptible shrimp line (Lorgeril et al., 2008). In addition, β-arrestin also played a vital role in the antibacterial immunity of shrimp (Jiang et al., 2013; Sun et al., 2016). The GSEA also illustrated that partial immune-related genes were upregulated in the susceptible families; the JAK/STAT signaling pathway, which was an important signal transduction pathway regulating the immune response in invertebrates, was significantly enriched in the susceptible families (Yu et al., 2017).
Besides, the genes in immunity showed differential expression patterns between susceptible and resistant families; another major part of the DEGs was related to myosin and metabolism. In this study, myosin and many other genes related to metabolism were more active in resistant families. Myosin and actin play a diverse role in a wide range of functions such as cytoskeleton, muscle contraction, and immune response (Marston 2018; Sitbon et al., 2019). It was already reported that myosin light chain was related to the phagocytosis against invading pathogens in Penaeus japonicus, and the transcription level of myosin in WSSV-resistant shrimp was nearly two times higher than that in the control shrimp (Han et al., 2010). After pathogen infection, myosin and actin were significantly upregulated in shrimp (Shi et al., 2018; Ren et al., 2019). As for metabolism, we found that enzymes like trypsin, ChyA, PL, and SP and glycolysis pathway including GAPDH and TPI were highly expressed in the resistant families (Table 4). Meanwhile, the top 10 gene sets enriched in resistant families in the GSEA were all involved in energy metabolism process. The finding was consistent with the previous report that SP and ChyB had a significantly higher expression level in resistant shrimp line during the AHPND infection (Mai et al., 2021). Several studies have indicated that metabolic processes such as lipid metabolism and carbohydrate metabolic process in shrimp were greatly affected during AHPND infection (Velazquez-Lizarraga et al., 2019; Kumar et al., 2021). Taken together, the activated myosin, actin, and energy metabolism might indicate that the shrimp were healthier, which led to higher resistance of shrimp to disease.
After validation, several genes showed the same expression pattern in the offspring of susceptible and resistant families. These genes are possible to be developed as biomarkers for disease resistance of shrimp. It was already reported that gene expression profile could be used as an indicator for disease resistance trait. For example, Bsr-d1 RNA level in susceptible rice strain was twofold higher than that in resistant rice strain, and it has been further proved that inhibiting the expression of bsr-d1 could increase the rice resistance against blast infection (Li et al., 2017). In E. carinicauda, eight immune-related genes were suggested as potential disease-resistant parameters for evaluating the physiological status and disease-resistant capability of shrimp when infected with VPAHPND (Ge et al., 2018). In this study, the 19 genes successfully verified in their descendant families were expected to be developed as biomarkers of shrimp resistance against Vibrio. Therefore, apart from sib challenge testing and molecular marker-assisted breeding, the gene expression level of these 19 genes could also be used as molecular markers for accelerating the breeding of disease-resistant varieties in L. vannamei.
In summary, this study integrated the VPAHPND-resistance phenotype variation and gene expression profiles to identify the genes related to disease resistance of shrimp. A total of 489 DEGs were identified between the resistant and susceptible families, and they were considered to be associated with the ability of VPAHPND resistance in L. vannamei. Gene annotation and enrichment analysis revealed that the immune response and energy metabolism could influence resistance of shrimp against VPAHPND. The obtained data provide a fundamental basis for clarifying the genetic mechanism of resistance to bacterial pathogen, and the identified disease resistance genes of shrimp could accelerate the genetic breeding in shrimp aquaculture.
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Consensus and sex-specific genetic linkage maps for large yellow croaker (Larimichthys crocea) were constructed using samples from an F1 family produced by crossing a Daiqu female and a Mindong male. A total of 20,147 single nucleotide polymorphisms (SNPs) by restriction site associated DNA sequencing were assigned to 24 linkage groups (LGs). The total length of the consensus map was 1757.4 centimorgan (cM) with an average marker interval of 0.09 cM. The total length of female and male linkage map was 1533.1 cM and 1279.2 cM, respectively. The average female-to-male map length ratio was 1.2 ± 0.23. Collapsed markers in the genetic maps were re-ordered according to their relative positions in the ASM435267v1 genome assembly to produce integrated genetic linkage maps with 9885 SNPs distributed across the 24 LGs. The recombination pattern of most LGs showed sigmoidal patterns of recombination, with higher recombination in the middle and suppressed recombination at both ends, which corresponds with the presence of sub-telocentric and acrocentric chromosomes in the species. The average recombination rate in the integrated female and male maps was respectively 3.55 cM/Mb and 3.05 cM/Mb. In most LGs, higher recombination rates were found in the integrated female map, compared to the male map, except in LG12, LG16, LG21, LG22, and LG24. Recombination rate profiles within each LG differed between the male and the female, with distinct regions indicating potential recombination hotspots. Separate quantitative trait loci (QTL) and association analyses for growth related traits in 6 months fish were performed, however, no significant QTL was detected. The study indicates that there may be genetic differences between the two strains, which may have implications for the application of DNA-information in the further breeding schemes.
Keywords: large yellow croaker, RAD sequencing, linkage map, collinearity, recombination rate
INTRODUCTION
Large yellow croaker (Larimichthys crocea) has become an important aquaculture species in southeast China, where Mindong and Daiqu are the two major strains farmed. Artificial breeding of the Mindong strain started in 1985, while the Daiqu strain has been bred since 1999 (Chen et al., 2018). In 2019, the total production of large yellow croaker exceeded 220,000 tons and accounted for more than 12% of the cultured marine fish production of China (Yu X. J. et al., 2020).
The production is supported by several breeding programs, of which the majority are based on classical basic selection methods, like phenotypic selection (Chen et al., 2018). However, modern breeding approaches, such as marker assisted selection (MAS), can further enhance the genetic gain for economically important traits. MAS can greatly increase the efficiency if a sufficiently large QTL is detected, typically through QTL linkage mapping and association studies (Zenger et al., 2019). An outstanding example of MAS applied in aquaculture was the discovery of a QTL imparting resistance to infectious pancreatic necrosis (IPN) in Atlantic salmon, accounting for about 80% of the total variation in this trait (Moen et al., 2009; Houston et al., 2012). Information from the QTL was used in selective breeding to generate IPN resistant fish, which now dominate production in Norway, leading to a remarkable reduction in IPN outbreaks (Norris, 2017). Subsequent studies have provided functional genomics data indicating that mutations in the epithelial cadherin gene (cdh1) affect virion internalization (Moen et al., 2015), demonstrating the power of genomic tools to help reveal the mechanistic basis for important traits. Although MAS can be useful for some traits where major QTLs have been identified, most traits of economic importance in aquaculture species (i.e., production traits) are assumed to be polygenic, and often have low-to-moderate heritabilities (Zenger et al., 2019). As a result, application of MAS to improve these complex traits may be inefficient. For such polygenic traits, genomic selection is a viable alternative, based on genomic breeding values predicted on a genome-wide scale, allowing even small QTLs to contribute (Meuwissen et al., 2001). For large yellow croaker, the estimates of heritability for body weight (0.31 ± 0.06), body length (0.33 ± 0.06) and body height (0.41 ± 0.07) in 6 months fish, and the genetic correlations between them ranged from 0.74 to 0.95 (Yu X. X. et al., 2020).
High-throughput sequencing has transformed genetics by making it relatively easy to generate genome-wide genetic marker datasets, which are a prerequisite for QTL identification in MAS. Significant progress was made through the discovery of cost-effective restriction-site associated DNA sequencing (RADseq) based strategies (Baird et al., 2008). RADseq can generate medium density SNP resources and has been successfully used in various fish species for genetic linkage maps, QTL analysis and population genetics (Davey and Blaxter, 2010), e.g., in Atlantic salmon (Houston et al., 2012; Gonen et al., 2014), channel catfish (Li et al., 2014) and Nile tilapia (Palaiokostas et al., 2013).
Several genetic linkage maps for large yellow croaker have been developed using different approaches (Supplementary Table S1). The first two genetic linkage maps made publicly available were constructed using amplified fragment length polymorphism (AFLP; Ning et al., 2007) and simple sequence repeats (SSR; Ye et al., 2014). However, next-generation sequencing technologies have made detection of large numbers of genome-wide SNP markers relatively easy, and Ao et al. (2015) constructed a SNP genetic linkage map with a total length of 5451.3 cM using RADseq, while Xiao et al. (2015) constructed a genetic map of 2,632 cM using RNA sequencing (RNAseq) of expressed genes. More recently, Kong et al. (2019) constructed a double-digest restriction-site associated DNA (ddRAD) based genetic map using 5261 SNPs with a total length of 1885.67 cM. Despite using different approaches, these SNP linkage maps have one thing in common, as they were all developed using only the Mindong strain.
Daiqu strain of large yellow croaker has been successfully cultured since 1999 and the aquaculture production is on an industrial scale (Chen et al., 2018). Most consumers prefer lean large yellow croaker, and the body shape has become an important economic trait (Dong et al., 2019). The Daiqu strain has better performance for this trait, as the ratio of body length and body height is significantly higher than for the Mindong strain (Huang et al., 2006). The Daiqu strain also has later sexual maturation and better tolerance to lower temperatures than the Mindong strain (Liu and Mitcheson, 2008; Miao et al., 2014). The offspring from a crossing between Mindong and Daiqu displayed significant heterosis in body shape and growth of fish after 526 days (Li et al., 2010). Our study therefore sought to develop a genetic linkage map in a crossed (F1) family arising from these strains.
The aim of this study was to construct consensus and sex-specific linkage maps based on a hybrid family from the Daiqu and Mindong strains using RADseq, to compare the linkage map to the latest physical map (ASM435267v1), and to perform a QTL analysis and association analysis for growth-related traits.
MATERIALS AND METHODS
Mapping Family
A female (F3 of wild Daiqu strain, from an aquaculture farm in Xiangshan, Zhejiang province) and a male (approx. F10 of wild Mindong strain, from an aquaculture farm in Fuding, Fujian province) large yellow croaker were crossed to generate a fullsib family (Yu X. et al., 2017). One-hundred and twenty offspring were randomly selected at 6 months, and the following growth traits were recorded: body weight (BW), body length (BL) and body height (BH). Fin clips were preserved in 99% ethanol and sent to BGI Genomics Company (Shenzhen, China) for sequencing.
RAD Sequencing and SNP Calling
Library preparation was performed by BGI according to Baird et al. (2008). In brief, individual genomic DNA samples were digested using the restriction enzyme Pst I, and the resulting fragments were ligated to a double-stranded Illumina sequencing primer containing a sample-specific barcode sequence. Libraries were then pooled and sheared by sonication, and fragments from 300–500 bp were separated by agarose gel electrophoresis and purified before ligating a Y-adapter to the sheared ends. Fragments including both barcode and Y-adapters were amplified with PCR to generate the final RAD libraries, which were then sequenced using a Hiseq2000 platform to produce paired-end reads.
Raw reads were processed by BGI using the Reseqtools software package (https://github.com/BGI-shenzhen/Reseqtools) to remove adapter sequences and low-quality reads, and to de-multiplex the pool. The retained reads were analysed and genotyped using Stacks (Catchen et al., 2013) and in-house analysis pipelines, and RAD-tags with too low (<2) or too high (>100) sequencing coverage were excluded.
SNP Filtering and Linkage Map Construction
SNPs missing in >10% of samples and minor allele frequency (MAF) < 0.05 were excluded using the PLINK software (Purcell et al., 2007). Markers were individually tested against the expected segregation ratio, based on parental genotypes, and those showing significant segregation distortion (p < 0.05, χ2 test) were removed by PLINK.
The remaining SNPs were used to generate consensus and sex-specific maps using Lep-MAP2 software (Rastas et al., 2013). All SNP markers that passed filtering (n = 20,186) were used to produce the consensus map, while those markers polymorphic in the father (n = 11,684) or mother (n = 11,838) were used to construct their respective sex-specific linkage maps. LGs were developed using the separate chromosomes module, with a logarithm of odds (LOD) score ranging from 1 to 20. A LOD score of 9, which gave 24 LGs and the lowest number of single markers, was finally selected. The option sizeLimit =100 was used to generate linkage groups of size ≥100 markers. The module JoinSingles could not assign any of the singular markers to any of the 24 LGs. Eventually, 20,147 SNPs were ordered using the OrderMarkers module, which assign the markers with paternal or maternal positions for the sex-specific maps. The option sexAverage = 1 was applied during execution of OrderMarkers to get positions for the consensus map. To avoid the map distances being too long, especially when the number of markers per chromosome was much higher than the number of individuals, the parameter minError = 0.15 was used. Finally, the Kosambi mapping function was used to calculate genetic distance between markers. The LG were numbered by the SNP size of each LG (i.e., the LG with the largest SNP number was labelled LG1). Illustrations of the consensus and sex-specific linkage maps were drawn using MapChart 2.32 (Voorrips, 2002).
QTL Analysis and Association Analysis
QTL analysis was initially performed using the QTL IciMapping software by the option inclusive composite interval mapping with an additive effect (ICIM-ADD) (Li et al., 2015; Meng et al., 2015). The LOD threshold for QTL significance of each trait was determined by a permutation test (1,000 replications) with a genome-wide significance level of 0.05. The permutation threshold method for QTL mapping estimates the null distribution of the genome-wide maximum LOD score by shuffling the phenotypes relative to the genotype data, breaking the association between the phenotype and the genotypes (Churchill and Doerge, 1994). The genome-wide LOD thresholds are calculated based on the 1-α quantiles of the genome-wide maximum LOD scores obtained from the permutations, where α is the significance level (α = 0.05 in our case).
As a complementary method for QTL mapping, a genome-wide association study (GWAS) was performed using SNPs subjected to a more stringent quality filtering than that was applied for linkage mapping to ensure a high QTL identification accuracy. Using PLINK, individuals displaying more than 5% missing genotypes were removed. Also, SNPs were removed in cases where missing genotypes >5% across samples and Hardy-Weinberg p value (Fishers exact test) < 10–9. The final SNP set used for GWAS thus included 16,570 SNPs from 74 individuals.
The genome-wide association analysis was performed using a mixed linear model equation on BW, BL and BH by the Genome-wide Complex Trait Analysis (GCTA) program, with the -mlma function (Yang et al., 2011). The following model was used:
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where [image: image] is the phenotypes (BW, BL, BH), [image: image] is the overall mean for each trait, [image: image] is the additive genetic effect of the candidate SNP to be tested for association, [image: image] is the incidence matrix for the candidate SNPs, [image: image] is the polygenic effect and [image: image] is the vector of random residual effects.
SNPs were considered genome wide significant when exceeding the Bonferroni threshold for multiple testing (α = 0.05) of 0.05/tg = 3.017502 × 10–6, where tg = 16,570 (total number of genome-wide SNPs); and SNPs were graded as chromosome-wide significant when Bonferroni threshold for multiple testing (α = 0.05) surpassed 0.05/tc = 7.246377 × 10–5, where tc = 690 (average number of SNPs per chromosome). The genome-wide significant threshold used in this study was p ≤ 3.017502 × 10–6 (−log10 (P) = 5.52), while chromosome-wide significant threshold was p ≤ 7.246377 × 10–5 (−log10 (P) = 4.14). SNPs were visualised along the linkage groups using the Manhattan function in the R package QQMAN (Turner, 2014).
Collinearity Analysis: Genetic vs. Physical Map
To explore the level of agreement between our consensus genetic map and a recently published physical map, the large yellow croaker assembly, ASM435267v1 (GenBank ID GCA_004352675.1), the RAD-tag sequences (82 bp) from the consensus linkage map were aligned to ASM435267v1 using BLASTN (https://blast.ncbi.nlm.nih.gov/Blast.cgi) with the following parameters: expect value e ≤ 1 × 10–15, identity ≥ 95%, matched length ≥ 81 bp, mismatches ≤ 1 and gap open = 0. If a query sequence hit two or more loci in the physical assembly and the difference between the 1st and 2nd smallest e-values was greater than 103, the 1st smallest e-value was chosen to define the hit. Finally, 9885 SNPs from the consensus map hit the physical map.
The relative positioning of RAD sequences in the genetic map and the physical map were graphically presented using shinyCircos (Yu Y. et al., 2017). The marker positions on genetic map were multiplied by 4 × 105 for better visualisation of the Circos plot.
Adjusting Genetic Maps Based on the Physical Map
The collinearity analysis highlighted 107 SNPs whose assignment to LGs disagreed with their physical assignment to chromosomes. Examples of this were seen in all LGs and, when detected, SNPs were reordered according to the physical map. The adjusted SNP order in each linkage group was used as an input of evaluateOrder option in the OrderMarkers module of Lep-MAP2, and the genetic distances were recalculated using the Kosambi mapping function. The integrated consensus and sex-specific linkage maps were drawn using MapChart 2.32 (Voorrips, 2002).
Scatter plots were generated between the integrated linkage maps in cM distances and the physical map in Mb distances by using the ggplot2 package in R. Recombination rates throughout the genome in the integrated female and male genetic maps were estimated using MareyMap online (Siberchicot et al., 2017) with a computed sliding window size of 3.37 Mb. The threshold markers number in a window was set to 8, the default value. The recombination rate changes throughout the genome in the integrated female and male maps were visualised by using the ggplot2 package in R.
RESULTS
Sequencing and SNP Filtering
Approximately 1.9 billion reads were produced after sequencing two parents and 120 offspring, with each individual contributing roughly 15 ± 2.9 million reads. After reads filtering and RAD-tag SNP detection, approximately 370,000 variants were detected within each individual. The average heterozygosity rate was 32.5%. After filtering for segregation errors, MAF and missing genotypes, a final set of 20,186 SNP markers was used for linkage map construction.
Linkage Map Construction
The SNPs were assigned to 24 LGs, in accordance with the haploid chromosome number (Lou et al., 2015). The consensus map (Figure 1; Table1) covered 1757.4 cM, with individual linkage group lengths ranging from 51.9 cM (LG6) to 124.6 cM (LG9). The number of markers per linkage group varied from 243 to 1,230, with an average genetic distance between markers of 0.09 cM and a standard deviation of 0.037 (Table1).
[image: Figure 1]FIGURE 1 | | The consensus linkage map for large yellow croaker. The dark bands show the density of the SNPs in the region of the LGs, whereas white bands show the regions with no SNPs.
TABLE 1 | | Key figures for the genetic linkage maps of large yellow croaker.
[image: Table 1]Separate male and female maps were constructed using segregating (heterozygous) markers from each parent. The total length of the male linkage map was 1,279 cM, and the total length of the female map was 1,533 cM (Table1, Supplementary Figure S1). In the female map, LG length ranged from 39.8 cM (LG22) to 86.7 cM (LG3), and the SNP number per LG varied from 114 to 783. In the male map, the length of each LG varied from 43.1 cM (LG2) to 83.5 cM (LG4), and the SNP number in each LG varied from 158 to 745. The average distance between markers for female and male is thus 0.11 and 0.13 cM, respectively. The female-to-male length ratio ranged from 0.7 (LG22) to 1.6 (LG3), with an average of 1.2 ± 0.23; most LGs in the female map were larger than those in the male map, with the exceptions of LG4, LG19, LG21 and LG24.
QTL Analysis and Association Analysis for Growth Traits
The growth traits, BW, BL and BH, recorded in 120 offspring at 6 months of age, are presented in Table 2. In the QTL analysis, the LOD threshold used was 8.81 for BW, 7.35 for BL, and 18.71 for BH. However, no QTL was above the LOD threshold for any of the growth traits, BW, BL or BH (Supplementary Figure S3). In the GWAS analysis, the estimated genomic heritabilities for the three traits were close to zero (Table 3). A total of 16,570 SNPs from 74 recorded individuals were used, however, no SNPs crossed the genome or chromosome-wide significant level (Supplementary Figure S4).
TABLE 2 | Mean ± SD, range and coefficient of variation (CV) of growth traits at 6 months.
[image: Table 2]TABLE 3 | Estimates of variance components and heritability with standard errors (in parenthesis) using the genomic relationship matrix in GWAS by GCTA.
[image: Table 3]Collinearity Analysis
In total, 9885 SNPs from the consensus map hit the physical map (ASM435267v1), but there were 107 SNPs hitting non-corresponding chromosomes. A collinearity analysis, comparing the consensus linkage and physical maps, was performed (Figure 2). The average correlation coefficient between the genetic map and the physical map was 0.78 ± 0.16 (Supplementary Table S2). Each LG matches well with its corresponding chromosome of the physical map, with an average matching percentage of 98.92 ± 1.5%. There were 7 LGs that showed no mismatch between the genetic map and the physical map; LG7, LG9, LG10, LG17, LG18, LG20 and LG24 (Supplementary Table S3).
[image: Figure 2]FIGURE 2 | Collinearity between the consensus genetic map (LG1-24) and the physical map (chr I-XXIV) of large yellow croaker.
Integration of Physical and Genetic Maps
SNP position information based on the ASM435267v1 genome assembly was used to produce the physically informed consensus, female and male linkage maps (Supplementary Figure S2). A summary of the integrated maps is shown in Supplementary Table S3. A comparison of map positions between the integrated genetic and physical maps for different LGs is shown in Figure 3, in which most LGs exhibited sigmoidal patterns of recombination, with greater recombination rates toward the middle and low recombination rates toward the ends of the chromosomes. Large gaps or jumps can be seen in some of the plots, viewed from the x-axis or from the y-axis (Supplementary Table S4). Viewed from the x-axis, representing the physical position, large gaps were observed on LG24 (2.12 Mb) and LG1 (1.9 Mb), whereas viewed from the y-axis, representing the genetic position, large gaps were observed e.g., in LG4 (36.36 cM) of the integrated male map and in LG21 (50.37 cM) of the integrated female map. The markedly large jump downward in LG23 of the integrated consensus map was due to the fragmented linkage group LG23.1 assigned to LG23 in this case. Recombination rates of the three integrated maps are shown in Supplementary Table S3, and the recombination rate variation comparison of integrated female and male maps is visualised in Figure 4. The average recombination rate in the female was 3.55 cM/Mb whereas it in the male was 3.05 cM/Mb. The pattern of the recombination rates was different between male and female in some LGs, as there was a higher recombination rate for the male than for the female in the beginning of some LGs (e.g., LG09), whereas in other LGs the pattern was just opposite (e.g., LG20).
[image: Figure 3]FIGURE 3 | Scatter plots showing SNP linkage map positions (cM; y-axis) versus physical positions (Mb; x-axis) for integrated female (red), male (blue) and consensus (black) genetic maps. (Fragmented linkage group LG23.1 was assigned to LG 23.)
[image: Figure 4]FIGURE 4 | Comparison of recombination rate variation throughout the genome in the integrated female (red) and male (blue) maps.
DISCUSSION
Linkage Map Construction and Collinearity Analysis
The total genetic length of the consensus linkage map in our study was 1757.4 cM. The genetic map length (1885.67 cM) using the Mindong strain only, found by Kong et al. (2019), is slightly larger than that of our study. However, the linkage map length, also using Mindong strain, found by Ao et al. (2015) was 5451.3 cM, is much larger than in our study. The differences in total genetic length could be caused by the mapping family used in our study, which was a cross between Mindong strain and Daiqu strain. Suppressed recombination rates have also been reported in rainbow-Yellowstone cutthroat trout (Oncorhynchus clarkii bouvieri) hybrids, there explained by chromosome rearrangements (Ostberg et al., 2013). And in a hybrid cross of Human Pathogenic Fungus, Cryptococcus neoformans, the linkage map length (197 cM) was much shorter than those (1,356.3 cM) observed in a single strain (Sun and Xu, 2007).
The average female-to-male map length ratio was 1.2 ± 0.23 in our study, indicating more recombination events happening in females, which is consistent with an earlier study in large yellow croaker by Ning et al. (2007). The phenomenon of heterochiasmy, i.e., sex differences in recombination rates between the two sexes, has been found in many fish species. Higher recombination rate in female fish, as in our case, was also reported in Atlantic salmon (1.38) (Lien et al., 2011), gilthead sea bream (1.61) (Tsigenopoulos et al., 2014), Nile tilapia (1.2) (Joshi et al., 2018) and Gasterosteus sticklebacks (1.64) (Sardell et al., 2018), where in all cases it seems that the heterogametic sex has lower recombination rates. In our study, most LGs in the female map were larger than those in the male map, whereas the male map was larger in LG4, LG19, LG21 and LG24. Similar cases were also found in other fish, such as the gilthead seabream and Nile tilapia (Tsigenopoulos et al., 2014; Joshi et al., 2018). The molecular mechanisms for the sex differences in recombination rates are still not well understood. The differences may be caused by sexually antagonistic selection, meiotic drive in females, selection during the haploid phase of the life cycle, selection against aneuploidy, or mechanistic constraints; however, no single hypothesis can adequately explain the evolution of heterochiasmy in all cases (Sardell and Kirkpatrick, 2020).
Sigmodal patterns of recombination in large yellow croaker, with greater recombination rates toward the middle and lower recombination rates toward the ends, have also been seen in other species, like Nile tilapia (Joshi et al., 2018), whereas, salmon, channel catfish, etc (Li et al., 2014; Tsai et al., 2015) have shown opposite patterns, with higher recombination at the end of the LGs. The segments with little or no recombination may suggest possible location of centromeres. The karyotypes of large yellow croaker were earlier categorised into 10 pairs of sub-telocentric and 14 pairs of acrocentric chromosomes (Xu et al., 2017), implying that the centromeres are located at the end of the chromosomes, matching the low recombination rates seen towards the end of these LGs in our study. Recombination rate profiles within each LG also differed between males and female, with distinct regions containing potential recombination hotspots.
Physical gaps, as viewed from the x-axis in Figure 3, indicate lack of SNPs in these regions. One reason for these gaps could be massive repeat sites, unrecognisable by the Pst I enzyme during RADseq. Identifying additional markers with a different enzyme should thus help to fill these gaps. Another related reason could be the random and consequently partly uneven distribution of detected markers across the genomes, which is a disadvantage of RAD based technologies. Thus, RADseq usually generates medium density SNP linkage maps, leading to a low genome coverage (Robledo et al., 2017). Furthermore, the strain used in the ASM435267v1 genome assembly, called DH2-L1, is a double haploid obtained by artificial gynogenesis from the Mindong strain only (Cai et al., 2010), whereas the population used in our genetic map is a cross between Daiqu strain and Mindong strain. The strain difference could thus be another reason for the physical gaps, as chromosomal rearrangements, including deletions, duplications, inversions, and translocations, could be different among strains.
Large jumps in some of the LGs were also viewed from the y-axis in Figure 3. These regions, with significantly elevated recombination rates, may be due to recombination hotspots, insufficient SNP coverage caused by the randomness of RAD sequencing explained above, and/or low level of polymorphism in the F1 family. A similar problem of large intervals was also presented in the genetic linkage map of the small yellow croaker (Larimichthys polyactis), also from only one fullsib family (Liu et al., 2020). Thus, use of multiple fullsib or halfsib families should be preferred, as done for instance with the high-density linkage map developed in Nile tilapia using 41 fullsib families (Joshi et al., 2018).
QTL Analysis and GWAS for Growth Traits
QTL analysis and GWAS are two types of strategies to detect potential causal genes for quantitative traits. QTL analysis detect associations between marker intervals and phenotypes, while GWAS identifies associations between single DNA markers and phenotypes, and thus the two methods complement each other (Sonah et al., 2015).
For fish less than 10 months of age, the gonads are hard to assess only by naked eye observation and there is hardly any gender difference to use for sex determination (Wang and Cai, 2018). Thus, no gender information was available for the fish at 6 months in the present study. Growth differences have already been observed between the Mindong and Daiqu strains and some phenotype segregation may be expected in the F1, but no significant QTLs or SNPs were detected in our QTL or GWAS analysis. This was probably due to the complex genetic nature of the three growth traits which generally have been found to be controlled by many genes, each with minor effects. Also, the power of QTL analysis and GWAS will often not be sufficient with only one test family, due to the categorical nature of QTLs, for which a significant variant may or may not be present in any given family. For instance, the highly significant QTL variant that induced high resistance to IPN virus in the study of Moen et al. (2009), was only present in ca 5 % of the breeding nucleus. The QTL plot of BH is close to the threshold by 1,000 permutations, while the Manhattan plot of BH is far from the suggestive threshold by Bonferroni correction, which has been reported to be overly conservative in some cases (Kaler and Purcell, 2019). Also, no SNPs were identified to be significantly associated with the BL/BD ratio or the BL/BH ratio in large yellow croaker (Dong et al., 2019; Zhou et al., 2019). This may be due to low power in all these studies, but the results correspond well with the assumed polygenic nature of these traits. However, Xiao et al. (2015) identified several potential QTLs for growth traits (total weight, total length and total height) by composite interval mapping using 72 individuals from one fullsib family. But LOD score significance thresholds were not given in the plots in this study.
Using one F1 fullsib family, as in the present study, Kong et al. (2019) identified seven significant QTLs linked to white spot disease resistance. The probability of identifying the QTLs in disease resistance traits could be higher than in growth traits, as it is often found that they are controlled by some major QTLs (Fraslin et al., 2020). However, these studies, using one F1 family, only provide preliminary results of QTL mapping, and studies involving a more representative sample of the breeding population are required to conduct a marker-assisted selection scheme. One fullsib family is thus not ideal for identifying candidate genes, and a larger sample size and more families should be used to improve the power and to reveal potential associations (Korte and Farlow, 2013).
CONCLUSION
A consensus genetic linkage map for large yellow croaker was constructed with 20,147 SNPs from RAD sequencing, based on an F1 family from Mindong strain and Daiqu strain. The total length of the consensus map was 1757.4 cM with an average marker interval of 0.09 cM. The female-to-male linkage map length ratio was 1.2. The map was adjusted based on the physical map, and integrated consensus and sex-specific linkage maps were generated. The recombination pattern mostly showed sigmoidal pattern of recombination. In most LGs, higher recombination rates were found in the integrated female map, compared to the integrated male map. No significant QTLs for growth related traits in fish at 6 months were found, probably due to the low detection power in only one family and the polygenic and complex nature of growth traits that are controlled by many genes with minor efforts. The present study indicates that there may be genetic differences between the two strains Daiqu and Mindong, which may have implications for breeding programs using DNA-information in a future selection scheme.
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Salt-alkali tolerance is one of the important breeding traits of Portunus trituberculatus. Identification of molecular markers linked to salt-alkali tolerance is prerequisite to develop such molecular marker-assisted breeding. In this study, Bulked Segregant Analysis (BSA) was used to screen molecular markers associated with salt-alkali tolerance trait in P. trituberculatus. Two DNA mixing pools with significant difference in salt-alkali tolerance were prepared and 94.83G of high-quality sequencing data was obtained. 855 SNPs and 1051 Indels were firstly selected as candidate markers by BSA analysis, out of which, 20 markers were further selected via △index value (close to 0 or 1) and eight of those were successfully verified. In addition, based on the located information of the markers in genome, eight candidate genes related to salt-alkali tolerance were anchored including ubiquitin-conjugating enzyme, aspartate–tRNA ligase, vesicle-trafficking protein, and so on. qPCR results showed that the expression patterns of all these genes changed significantly after salt-alkali stress, suggesting that they play certain roles in salt-alkali adaptation. Our results will provide applicable markers for molecular marker-assisted breeding and help to clarify the mechanisms of salt-alkali adaptation of P. trituberculatus.
Keywords: BSA, INDEL, Portunus trituberculatus, salt-alkali, SNP
INTRODUCTION
Portunus trituberculatus (Juan and Gaoli, 2021; Ye and Fangmin, 2021), which belongs to Crustacea, Decapoda, Portunus family, commonly known as Portunus, is an important breeding species along the coast of China (Wu, 2014). Saline-alkali waters are a form of worldwide low-yield water resources, and there are about 690 million mu of low-lying saline-alkali waters in inland China alone. However, due to its high salinity, high alkalinity, high pH, and complex ion composition (Li, 2020), common aquatic animals cannot survive and reproduce in this environment suitably. The use of this type of water resource is thus, greatly hindered. High salt-alkali stimulation will reduce the feeding, metamorphosis, and survival rates of juvenile crabs (Hu et al., 2014). Therefore, the salt-alkali tolerance trait is one of the important breeding traits of P. trituberculatus.
At present, research on salt-alkali tolerance in aquatic animals mainly focus on fishes, especially on species with natural resistance to salt-alkali, such as Oncorhynchus clarkihenshawi (Wilkie and Wright, 1994), and Chalcalburnus tarichi (Arabacı and Sarı, 2004). Studies of molecular physiological mechanisms have been carried out on Oreochromis niloticus (Biao and Li, 2012; Zhao and Wu, 2016) and Oryzias latipes (Yao and Wang, 2012). Some important ion transport genes including Na+ -K+-ATPase, slc4a1, slc4a4, and slc26a6, were cloned and proved to play an important role in salt-alkali tolerance (Whittamore, 2012; Wood and Bergman, 2012). Compared with fish, less studies documented salt-alkali stress in aquatic crustaceans (Fu, 2002; Fu-yi et al., 2005; Li et al., 2021). Out of those, most studies are similar to the work in fish, focusing on expression of ion transport-related genes (Na+/K+-ATPase, HSP, proPO) (Shen et al., 2014; Xu et al., 2020) and the analysis of enzyme activity (ACP, AKP, SOD) (Liu, 2016; Xu et al., 2020) after salt-alkali stress. However, just a few cases were reported on whether crustaceans have special salt-alkali tolerance genes.
Molecular markers are prerequisite for marker-assisted breeding. Due to the important economic value of P. trituberculatus, some growth-, sex-, and immunity-related markers have been discovered and verified based on quantitative trait locus (QTL) and association analysis (Lv et al., 2017; Lv et al., 2018; Zhou and Zhao, 2019). Recently, in terms of environmental adaptation, some salinity-related molecular markers have also been reported (Lv et al., 2019). However, there were no reports on the development of salt-alkali tolerance molecular markers in crabs.
In this study, we explored the salt-alkali tolerance molecular markers in P. trituberculatus by the Bulked Segregant Analysis (BSA) strategy. In addition, based on the location information of the salt-alkali tolerance molecular markers on genome, we tried to anchor genes related to salt-alkali adaptation in crab. Our results will provide applicable markers for molecular marker-assisted breeding and help to clarify the mechanism of salt-alkali adaptation of P. trituberculatus.
MATERIALS AND METHODS
Experimental Material
The crab used in this study was cultured in Changyi Haifeng Aquaculture Co., Ltd., Weifang City, Shandong Province, China. Six hundred healthy crabs were selected and randomly divided into three groups (experimental, control, and sample), and the average weight was 55.28 g. During the temporary rearing (holding for 7 days), the water temperature was maintained at 22 ± 1 °C and pH 8.2 ± 0.5. Seawater of the experimental group and sample group was adjusted to 16.7 mmol/L by adding carbonate, and for the control group, normal seawater was used. Then, salt-alkali stress was observed every 2 h and dead individuals were collected in time. The experiment lasted for 72 h, until the survival rate of the experimental group was 5%, while no death was recorded in the control group. The first 20 individuals that died were from the saline-alkali-sensitive group (S) and the last 20 individuals that survived were from the saline-alkali-tolerant group (T). Muscle tissues from the crabs were collected and stored in liquid nitrogen. In the sampling group, gill tissues were sampled at 0, 6, 12, 24, 48, and 72 h after stress, and stored in liquid nitrogen for cDNA for qPCR detection analysis.
Library Construction and Sequencing
DNA degradation and contamination was monitored on 1% agarose gels. DNA purity was checked using NanoPhotometer® spectrophotometer (IMPLEN, CA, United States). DNA concentration was measured using Qubit® DNA Assay Kit in Qubit® 2.0 Fluorometer (LifeTechnologies, CA, United States). DNA sample was fragmented by sonication to a size of 350 bp, which were end polished, A-tailed, and ligated with the full-length adapter for Illumina sequencing with further PCR amplification. PCR products were purified (AMPure XP system) and libraries were analyzed for size distribution. These libraries were sequenced by using Illumina HiSeq platform and 150 bp paired-end reads were generated.
BSA Analysis
Burrows-Wheeler Aligner (Heng and Richard, 2009) was used to align the clean reads of each sample against the reference genome. Alignment files were converted to BAM files using SAMtools software (Li et al., 2009). Variant calling was performed for all samples using the Unified Genotyper function in GATK3.3 (McKenna and Hanna, 2010) software. SNP was selected by using the Variant Filtration parameter in GATK and InDel was filtered by using the Variant Filtration parameter.
The reads depth information for the SNPs/InDels above in the offspring pools was gained to calculate the SNP/InDel index (Takagi and Abe, 2013). We filtered out those points whose SNP/InDel index in both pools were less than 0.3 and depth less than 7. The difference of the SNP/InDel index of two pools was calculated as the △ SNP/InDel index. The markers with an absolute value of △index between 0.69 and 1 were screened out as candidate molecular markers.
Validation of Molecular Markers Related to Salt-Alkali Tolerance
SNPs and Indels conducted two rounds of verification (Table 1). The first round used a mixed template made by mixing the extracted DNA individual templates for PCR amplification and preliminary screening. The second round used individual DNA templates for amplification and checked by sequencing, or 2% agarose electrophoresis. Statistics of the genotype of each individual were based on the results of sequencing and electrophoresis. SPSS 17.0 software was used for one-way analysis of variance (ANOVA), and p < 0.05 was considered to be significantly related to salt-alkali tolerance.
TABLE 1 | Primers used in this study.
[image: Table 1]qPCR
The volume of the qPCR reaction system was 10 μL, containing 5 μL of 2 × SYBR Master Mix (RR420A, Takara Bio, Japan), 0.2 μL of each primer and ROX Reference Dye II, 1 μL of cDNA template, and 3.4 μL of rnase Free dH2O. qPCR was carried out in a FAST-7500 system (ABI-7500, ThermoFisher, Singapore) as follows: 95°C or 30 s, and 40 cycles of 95°C for 5 s and 60°C for 34 s. Results from qPCR were analyzed by SPSS software’s ANOVA for group differences, and Origin 9.1 was used for mapping.
RESULTS
Screening of Candidate Molecular Markers
In this study, raw data of 45,854,625,300 and 49,159,475,100 were obtained from the populations with significant differences to salt-alkali tolerance (Table 2). The sequencing depth is 44.65X and 48.31X. A total of 855 SNPs (Supplementary Table S1) and 1051 Indels candidate polymorphic sex sites were selected with 95% confidence level (Supplementary Table S2). Among them, 395 were in the intron region and 1,420 in the intergenic region (Table 3).
TABLE 2 | Summary of sequencing data quality.
[image: Table 2]TABLE 3 | Position information of candidate markers in the genome.
[image: Table 3]Validation of Molecular Markers
A total of ten SNPs and ten Indels were screened out based on △index value (close to 0 or 1). Using the mixed template for PCR amplification, a total of 20 sites were successfully amplified by the target PCR product. Then, 40 individuals were typed for the successfully verified markers in the mixed template by PCR product sequencing and gel agarose electrophoresis. The association analysis test was performed by SPSS, and eight of the markers showed significant correlation with salt-alkali tolerance (p < 0.05) (Table 4), including five SNPs and three Indels (Table 5).
TABLE 4 | Genotyping information statistics.
[image: Table 4]TABLE 5 | Annotation information of salt-alkali tolerance candidate genes.
[image: Table 5]Enrichment Analysis of Candidate Genes
According to the position information of the candidate marker in the genome, a total of 2171 genes were located, which were used to perform Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses. The GO results (Figure 1) showed that 30 processes were significantly enriched, of which “signaling”, “extracellular region part”, and “G-protein coupled receptor activity” were the main processes with the largest number of genes in “Biological Process”, “Cellular Component” and “Molecular Function”, respectively. Besides, a total of 20 KEGG pathways (Figure 2) were enriched, among which “Ubiquitin mediated proteolysis”, “SNARE interactions in vesicular transport”, “Autophagy”, “mRNA surveillance pathway” and “Nitrogen metabolism” were the most enriched pathways (p < 0.05).
[image: Figure 1]FIGURE 1 | GO enrichment analysis of salt-alkali tolerance candidate genes.
[image: Figure 2]FIGURE 2 | KEGG enrichment analysis of salt-alkali tolerance candidate genes.
Expression Analysis of Candidate Genes
In the light of gene annotation and enrichment analysis results, eight genes related to proteolysis, autophagy, nitrogen metabolism, and vesicle transport were screened. qPCR results showed that the expression patterns of these genes changed significantly after salt-alkali stress (Figure 3), suggesting that they play a role in the adaptation to salt-alkali. The results show that these genes can be divided into two types (Figure 4). One group was significantly up-regulated at 48 h and the other group of genes was significantly up-regulated at 12 and 48 h with a trend of fluctuating expression.
[image: Figure 3]FIGURE 3 | qPCR results of salt-tolerant-related genes.
[image: Figure 4]FIGURE 4 | Heat map of salt-tolerant-related genes.
DISCUSSIONS
In this study, we successfully screened the salt-alkali tolerance markers in P. trituberculatus, using the BSA strategy for the first time, and then anchored several genes related to salt-alkali tolerance. The BSA method that was proposed by Michelmore and Paran, (1991) can lock the target trait genes or markers by comparing the degree of difference in the allele frequency at the polymorphic site between the two groups with markedly differentiated traits (June 2021; Rujia and Yiming, 2021; Zaiqing and Anmin, 2021). At present, research on trait-related markers of aquatic animals is mainly based on QTL and association analysis (Wang and Liu, 2017; Cao and Wang, 2021). QTL analysis relies on pedigree materials, and only excavated markers are applicable (Zhixue and Khorshed, 2021). Association analysis is often based on re-sequencing and the cost is relatively high (Hussain and Rivandi, 2007; Vermerris, 2011; Ali, 2013). Compared with the above two methods, BSA has the advantages of being able to use population materials and being cost effective and time efficient (Takagi Abe, 2013). Using the BSA strategy, trait-related markers have been successfully developed in plants (Cheng and Abass, 2020; Marc, 2020; Farhan and Qiutao, 2021; Hossein and Azin, 2021), proving it to be a feasible and economical method. However, its applicability in aquatic animals had not been reported in the past. In this study, 20 markers were selected based on BSA analysis, and eight salt-alkali tolerance related markers were finally developed efficiently. The results of the study show that BSA strategy is suitable for the mining of trait-related markers in aquatic crustaceans.
We noticed that most of the successfully verified SNPs and Indels are located on the intergenic region (81.82%). The intergenic region was once considered unimportant. However, in recent years, it has been found that these regions contain functionally important elements (Cai, 2016) and independent transcription of miRNAs with their own promoters (Hess et al., 2006). Intergenic regions may also contain unidentified functional elements, such as non-coding RNA (Zhong et al., 2014; Fariha and Changrui, 2019). It is currently believed that intergenic regions can control gene expression and inhibition, and help RNA to identify genes with low conservation and diversity (Ingvarsson et al., 2016; Bakhtiarizadeh and Salehi, 2018). The fact that most of the saline-alkali markers are located in the intergenic region, indicates that some potential functional regions of the intergenic region may have important functions in the regulation of saline-alkali adaptation. However, the specific mechanisms are still unclear and necessitate further research.
Based on the location information of markers in the genome, we initially anchored 2171 potential saline-alkali adaptation genes, which were mainly enriched in the pathway including ubiquitin-mediated proteolysis, SNARE interactions in vesicle transport and autophagy. These results indicate that the mechanism of saline-alkali adaptation is complex and co-regulated by an equally complex regulatory network. It is worth noting that the salt-alkali-related ion transport genes such as Na+-K+-ATPase are not included here. This suggests that, although ion transport plays an important role in the process of saline-alkali adaptation, it does not play a prominent role in the differentiation of salt-alkali tolerance.
In addition, according to annotation information, 8 genes were screened from the five most enriched KEGG pathways for qPCR verification. The expression patterns of these eight genes changed significantly after salt-alkali stress, indicating that they may have certain functions in salt-alkali adaptation, or salt-alkali stress has affected their normal functions. We also found that most genes were up-regulated at 12 and 48 h, suggesting the critical time for salt-alkali adaptation.
In this study, we screened the salt-tolerant markers to prove the feasibility of the BSA strategy in aquatic research. The 8 successfully verified markers provide usable markers for subsequent molecular marker-assisted breeding. Furthermore, this experiment anchored some candidate genes related to salt-alkali tolerance. These results will help to systematically clarify the molecular mechanism of salt-alkali adaptation of P. trituberculatus.
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Red swamp crayfish (Procambarus clarkii) is a commercially important species in global aquaculture and most successfully invasive freshwater shrimp in China. In order to determine the genetic basis of growth- and sex-related traits, a high-density genetic linkage map was constructed using 2b-RAD sequencing technology in a full-sib family. The consensus map contains 4,878 SNP markers assigned to 94 linkage groups (LGs) and spanned 6,157.737 cM with an average marker interval of 1.26 cM and 96.93% genome coverage. The quantitative trait locus (QTL) mapping for growth and sex traits was performed for the first time. QTL mapping uncovers 28 QTLs for growth-related traits in nine LGs, explaining 7.9–14.4% of the phenotypic variation, and identifies some potential candidate growth-related genes such as mih, lamr, golgb1, nurf301, and tbcd1 within the QTL intervals. A single major locus for sex determination was revealed in LG20 that explains 59.3–63.7% of the phenotypic variations. Some candidate sex-related genes, such as vps4bl, ssrf, and acot1, were identified in the QTL intervals and found to be differentially expressed in the muscle tissues between the females and the males. Furthermore, the identified SNPs were revealed to be female heterozygotes, suggesting that red swamp crayfish might have the female heterogametic ZZ/ZW sex determination system. The present study provides a valuable resource for marker-assisted selection and genetic improvement and for further genetic and genomic research in red swamp crayfish.
Keywords: Procambarus clarkii, genetic linkage map, QTL mapping, growth-related traits, sex
INTRODUCTION
The red swamp crayfish (Procambarus clarkii) was native to the United States and Mexico and was introduced to Nanjing, China, from Japan in the 1930s (Hobbs et al., 1989; Yue et al., 2008). The crayfish has become widespread in almost all forms of freshwater such as lakes, rivers, and rice paddy fields all around China in the past few decades due to its high environmental adaptability and survivability (Shen et al., 2014). Furthermore, at present, red swamp crayfish has a great market demand because of its delicious meat in China. In addition to its food value, it is also a good crustacean model organism in the studies of viral infections and environmental stress (Wu et al., 2012; Celi et al., 2013; Chen et al., 2013; Lin et al., 2013). Growth is an important trait that determines economic benefit in aquaculture. The traditional breeding model in crayfish, namely, catching and selling large individuals but maintaining small individuals as parents in rice fields, has resulted in a decrease of growth traits remarkably. Furthermore, sexual dimorphism was observed, and it showed that the males grow faster than the females, but the sex-determining mechanism of crayfish is still unclear. So, there is an urgent need to establish a precise breeding program to improve economic traits and promote the development of crayfish industry (Gui et al., 2022). Traditional genetic breeding programs mainly rely on phenotypic trait selection, which has a long breeding cycle and low selection efficiency (Zenger et al., 2017). Fast and effective breeding methods, such as marker-assisted selection (MAS), can use genetic information to select important traits, which provides convenience for genetic selection (Raina et al., 2020).
In recent years, the genetic linkage map construction and QTL mapping have become important marker-assisted selection breeding tools for their abilities to identify molecular markers or candidate genes, which are associated with traits of growth, sex, and disease resistance (Yu et al., 2015; Peng et al., 2016). In the early years, the molecular markers including AFLP, RFLP, and SSR were mainly used for construction of genetic linkage maps (Yue, 2014). However, the development of these markers is expensive and time consuming, resulting in fewer and low-density molecular markers, limiting their ability for fine mapping and localization of QTL for important traits. At present, single-nucleotide polymorphisms (SNPs) are the most abundant genetic markers in genome, which are stable, simple, and may be directly related to the phenotype (Baird et al., 2008; Shi et al., 2014). Therefore, SNPs gradually replaced the traditional molecular markers and became the best choice in the construction of the genetic linkage map (Fu et al., 2016; Peng et al., 2016; Liu et al., 2017; Feng et al., 2018; Zhang et al., 2019; Zhou et al., 2021). The development of next-generation sequencing technologies has facilitated the development of SNPs, and various genotyping methods have been developed to screen thousands of SNP markers rapidly and cheaply (Davey et al., 2011). Restriction site-associated DNA sequencing (RAD-seq) uses specific restriction enzymes to identify short fragments of DNA near the site to reduce the complexity of target genome samples (Baird et al., 2008; Davey and Blaxter, 2010). 2b-RAD-seq, a modified RAD strategy using type IIB restriction endonucleases for genome genotyping, is a relatively simple library preparation scheme (Wang et al., 2016). Compared with the traditional simplified genome technology, the 2b-RAD-seq technique can obtain a larger number of markers with identical length and higher typing accuracy and is widely applied in high-density genetic mapping construction, such as snakehead (Channa argus) (Liu et al., 2020), bighead carp (Aristichthys nobilis) (Fu et al., 2016), and sea cucumber (Apostichopus japonicus) (Tian et al., 2015). Consequently, we used 2b-RAD-seq to construct the genetic linkage map of red swamp crayfish in this study.
The goal of this article was to construct a high-density SNP genetic map by 2b-RAD-seq, screen QTLs associated with growth and sex, and further identify growth- and sex-related candidate genes in red swamp crayfish. Compared with other crustacean species, red swamp crayfish is more complex with 188 chromosomes (Zhang et al., 2018), which indicates that more SNP markers should be developed for high-density map construction. The result of our study will not only reveal the locations and effects of QTLs for growth and sex fundamentally but also provide a basis for marker-assisted breeding and industry promotion in P. clarkii in the future.
MATERIALS AND METHODS
Mapping Family Establishment
Wild red swamp crayfish adults were collected from Hongze Lake, Jiangsu, and Poyang Lake, Jiangxi, and were raised in the National Aquatic Biological Resource Center (NABRC). The full-sib families were established by natural mating between one male and four females in one closed culture tank. The genetic relationship among these parents was evaluated using 10 highly polymorphic microsatellite loci developed based on transcriptome data. After PCR amplification, the products were separated by electrophoresis on agarose gels stained with ethidium bromide. Then, the gels were photographed under UV light for band counting, and the bands were binary coded by 1 or 0 for their presence or absence in each genotype. Finally, the genetic distance was calculated by POPGENE software (unpublished data). When the crayfish began to release eggs, every spawning crayfish was transferred to a separate tank for hatching. One family with a high genetic distance was selected as the mapping family. After 3 months of culture, a total of 130 progenies were selected, and six growth-related traits including body weight (BW), full length (FL), body length (BL), tail length (TL), carapaces width (CW), and chelae width (CHW) were measured to compare the growth rate of crayfish; Pearson’s correlation coefficient between these traits were also calculated. The sexes of crayfish were identified based on the difference between male and female pleopods. The tail muscle tissues of the parents and 130 progenies were collected and stored in absolute ethyl alcohol for DNA extraction. Total DNA was extracted by using the Genomic DNA Extraction Kit (Promega, USA), following the manufacturer’s protocol. DNA quality and concentration were assessed by 1% agarose gel electrophoresis and a UV spectrophotometer and then stored at −80°C for library construction.
2b-RAD Sequencing and De Novo Genotyping
A total of 130 offspring and two parents were used for 2b-RAD-seq library construction by the previously published protocols (Wang et al., 2012). In brief, 200 ng genome DNA of each individual was first digested in 15 µl reaction mixture with 1U BsaXI (New England Biolabs) for 45 min at 37°C. Then, 10 µL of digestion product, 0.2 µM of specific adaptors (5 pairs of adaptors per 5 samples), 0.5 mM ATP (New England Biolabs), 200U T4 DNA ligase (New England Biolabs), 2 µl 10×T4 ligase buffer (New England Biolabs), and 5.9 µl of nuclease-free water were mixed to 20 µl for ligation at 16°C for 1 h. Next, the ligation products were amplified by PCR, and the barcodes were then introduced by specific primers. The amplified products were purified using the MinElute PCR Purification Kit (QIAGEN). Next, all constructed libraries were pooled with equal amounts of product from each library to make a final library, which was then sequenced by the Illumina Hiseq Xten sequencing platform. Raw reads were initially assigned to each individual according to their specific barcodes. Then, the reads were first trimmed to remove adapter sequences and the terminal 3 bp. Next, the reads with no enzyme restriction sites, containing long homopolymers (>10 bp), ambiguous bases (N), or low-quality sequences (quality <20), or of mitochondrial origin were removed. The remaining high-quality reads with a length of 27 bp were used for de novo 2b-RAD-seq genotyping.
High-Density Linkage Map Construction
The identified SNP markers that could be segregated in crayfish parents and be genotyped in at least 80% of the offspring were used for map construction. Chi-square tests were performed to check whether the markers were consistent with the expected separation ratio of 1:1 or 1:2:1. The markers with significant segregation distortion (p < 0.05) were removed, and slightly distorted markers were remained for map construction. The consensus linkage map was grouped and constructed by the JoinMap 4.0 program (Ooijen and Van, 2006) with a threshold logarithm of odds (LOD) score of 9.5, and the Linkage Map View package in R was used to visualize the mapping results. The expected genetic map length was calculated using Ge1 (Fishman et al., 2001) and Ge2 (Chakravarti et al., 1991), and the average of these two indexes was used as the predicted total genetic map length (Ge).
QTL Mapping for Growth- and Sex-Related Traits
A QTL analysis of growth- and sex-related traits was performed using MapQTL6 software (Ooijen et al., 2009). Multiple QTL models (MQMs) were used to detect all the significant associations between traits and marker loci (Jansen and Stam, 1994). The LOD scores were calculated at an interval of 1 cM, and the genome-wide (significance level) and linkage group-wide (suggestive level) LOD thresholds were estimated using a permutation test (1,000 replicates) with a confidence interval of 95%. QTL was determined to be significant if the LOD score was higher than the significance threshold estimated by permutation. The percentage of phenotypic variation explained by each QTL was obtained.
Identification and Validation of Potential Candidate Genes
The marker sequences of each QTL region were used to blast against the genome survey (unpublished data provided by Yan-he Li from Huazhong Agricultural University) and annotated by transcriptome data of crayfish and non-redundant protein sequences (NR) from the NCBI database. qPCR was performed on growth and sex candidate genes to reveal the relationship between traits and expression levels. RNA was taken from the tail muscles of three fast-growing (FG) and three slow-growing (SG) crayfish individuals, as well as from the gonads of three male and three female individuals using the SV Total RNA Isolation Kit (Promega, USA). The quality and concentration of RNA were evaluated by 1% agarose gel electrophoresis and a UV spectrophotometer. First-stand cDNAs were synthesized using the PrimeScript™ RT reagent kit (TaKaRa) according to the instructions, and qPCR was performed on the CFX96TM real-time PCR system (Bio-Rad). The gapdh gene was selected as the internal control, and all samples were subjected to three technical replicates using the 2−∆∆CT method. Significance test analysis was performed using SPSS19 software.
RESULTS
Characteristics of the Growth- and Sex-Related Traits
In this study, growth traits were measured and sexes were identified in all 130 offspring of the map family. The mean values of BW, FL, BL, TL, CW, and CHW were 2.60 ± 2.22 g, 4.60 ± 1.16 cm, 3.90 ± 0.98 cm, 1.70 ± 0.41 cm, 0.95 ± 0.26 cm, and 0.30 ± 0.13 cm, respectively. Pearson’s correlation analysis showed that all traits were highly significantly correlated with each other except chelae width. It indicated that the highest significant correlation value was observed between body length and carapace width (r = 0.985), while the correlation values between chela width and all other traits were less than zero (Table 1). The mapping family was revealed to consist of 63 males and 67 females with the sex ratio of 1:1.06. Based on morphometric measurement, it was suggested that the growth rate of the males was greater than that of the females under the same culture conditions (Table 2). All of these phenotype data related with growth traits were used as mapping panels for QTL analysis.
TABLE 1 | Pearson’s correlation between growth traits in F1 progeny (n = 130).
[image: Table 1]TABLE 2 | Comparison of male and female growth traits.
[image: Table 2]2b-RAD Sequencing and SNP Genotyping
A total of 348.6 million reads were used, of which 287.4, 30.4, and 30.8 million were from 130 progenies, the male parent, and the female parent, respectively. All of these data have been submitted to the Sequence Read Archive (SRA) database of the NCBI (NCBI accession number: PRJNA778942). After sequential quality filtering and sequence trimming, two parents’ reads were clustered into 561,392 representative high-quality reference tags. Comparing with the reference sequence, a total of 29,364 SNPs were obtained. These SNPs were divided into three categories: paternal heterozygous (lm×ll, 6,391 SNPs), maternal heterozygous (nn×np, 2,789 SNPs), and both heterozygous (hk×hk, 5,767 SNPs). After filtering the SNPs to remove the segregation distorted markers, the remaining 6,948 loci were used to construct a consensus map.
High-Density Linkage Map
The genetic linkage map, containing 4,878 SNP markers distributed at 4,327 different loci, were successfully divided into 94 LGs, which was consistent with the haploid chromosome number of red swamp crayfish (2n = 188) (Zhang et al., 2018). The consensus map spanned 6,157.737 cM, with an average SNP interval of 1.26 cM. The genetic length of LGs ranged from 5.01 (LG67) to 122.15 (LG40) cM, with an average length of 65.51 cM. The number of markers in each group ranged from 12 (LG83, LG86) to 126 (LG40) with an average of 51.89. The expected map lengths were 6,276.18 cM (Ge1) and 6,428.84 cM (Ge2), respectively, the average expected map length was 6,352.51 cM (Ge), and the genome coverage of this genetic map was 96.93% (Supplementary Table S1; Figure 1).
[image: Figure 1]FIGURE 1 | Genetic lengths and marker distributions of 94 linkage groups in the linkage map of red swamp crayfish. The scaleplate on the left indicates genetic distance (centimorgan as the unit). The color module represents the SNP marker distribution density of each centimorgan.
QTL Mapping for Growth Traits
QTL analysis of six growth-related traits including BW, FL, BL, TL, CW, and CHW of crayfish was performed using MapQTL6 software. QTL fine mapping based on the abovementioned consensus map showed that a total of 28 group-wide significant QTLs associated with growth traits were identified in nine LGs (LG8, 12, 16, 45, 48, 62, 67, 68, and 70), with LOD scores ranging from 2.32 to 4.38, and a phenotypic variance explained (PVE) ranging from 7.9 to 14.4% (Table 3; Figure 2). Each QTL interval harbors 1–2 SNP markers. In detail, two QTLs associated with BW including five SNPs were identified on two LGs (LG12 and LG70), with LOD scores ranging from 3.26 to 3.56 and contributed values of phenotypic variance explained (PVE) ranging from 10.9 to 11.8%. For FL, six QTLs including 14 SNPs were identified on six LGs (LG8, LG12, LG16, LG45, LG48, and LG70), and the most significant QTL located at LG12 with the highest LOD value of 4.36 explained 14.4% of PVE. A total of seven QTLs associated with BL were detected on seven LGs (LG8, LG12, LG16, LG45, LG48, LG62, and LG68) containing 19 SNPs with LOD scores ranging from 2.91 to 4.21 and PVE ranging from 9.9 to 14%. For TL, 19 SNPs from five LGs (LG8, LG12, LG16, LG48, and LG67) were identified with LOD scores ranging from 2.32 to 4.38 and PVE ranging from 7.9 to 14.4%. For CW, a total of 19 SNPs from seven LGs (LG8, LG12, LG16, LG45, LG48, LG62, and LG70) were identified, and the highest LOD score was located in LG12 with highest 14% PVE. Four SNPs from two CHW-related QTLs were identified on LG12, and the most important QTL region was located at 11.98–39.603 cM (LOD = 4.17) explaining 14% of the PVE. All the QTLs also indicated that many overlapping regions were identified (Figure 3). Notably, LG12 was associated with all growth traits, which suggested that these traits may be regulated by genes on LG12, and LG12 was strongly associated with growth. In addition, a total of 11 genes were detected by searching against the genome of red swamp crayfish using extended SNP markers sequences, such as anti-lipopolysaccharide factor 4 (alf4), laminin receptor (lamr), golgin subfamily B member 1-like (golgb1), TBC1 domain family member 1-like (tbcd1l), glutamate receptor subunit 1-like (glurl), molt-inhibiting hormone (mih), and hyperglycemic peptide 2 precursor (cprp2) (Table 3).
TABLE 3 | Summary information of growth-related QTL and candidate genes.
[image: Table 3][image: Figure 2]FIGURE 2 | QTL mapping of six growth-related traits of red swamp crayfish. The length of each linkage group is plotted as the coordinate distance in the x-axis.
[image: Figure 3]FIGURE 3 | QTL distribution on nine different LGs. The scaleplate on the left indicates genetic distance (centimorgan as the unit).
QTL Mapping for Sex and Screening of Candidate Sex Dimorphic Genes
QTL fine mapping revealed one genome-wide QTL interval in LG20 associated with sex containing a total of 31 SNPs, with LOD scores ranging from 19.71 to 28.60 and PVE ranging from 50.3 to 63.7%. The sex-related QTL interval ranged from 0 to 12.9 cM, and the most significant QTL region was located on LG20 at 12.841–12.9 cM with the highest LOD score of 28.6, explaining 63.7% of the PVE (Figure 4). In particular, 28 of 31 SNP markers were female heterozygotes (genotype nn×np), which suggested that crayfish might have a female heterogametic ZW sex determination system.
[image: Figure 4]FIGURE 4 | QTL mapping of sex traits of red swamp crayfish. The length of each linkage group is plotted as the coordinate distance in the x-axis.
A total of 13 potential candidate genes were further identified from sex-related QTL intervals by searching against the genome of red swamp crayfish using extended SNP markers sequences (Table 4; Figure 5), such as vacuolar protein sorting-associated protein 4B-like (vps4bl), acyl-coenzyme A thioesterase 1 (acot1), anti-lipopolysaccharide factor 4 (alf4), molt-inhibiting hormone (mih), tetratricopeptide repeat protein 21B-like (ttc21bl), and tigger transposable element-derived protein 1-like (tigd1). It is worth noting that mih and alf4 are also growth-related genes from QTL mapping for growth traits, suggesting a possible correlation between growth and gender.
TABLE 4 | Summary information of sex-related QTL and candidate genes.
[image: Table 4][image: Figure 5]FIGURE 5 | Distribution of 2b-RAD-seq SNP markers and candidate sex dimorphic genes in LG20.
Validation of Candidate Genes by qRT- PCR Analysis
Based on the abovementioned QTL mapping, a total of 11 growth-related and 13 sex-related potential genes were obtained. The obtained genes were subjected to qPCR and showed that six growth-related genes were significantly differentially expressed in crayfish of different sizes, and eight sex-related genes were differentially expressed in male and female crayfish (Figure 6).
[image: Figure 6]FIGURE 6 | qPCR validation of growth and sex candidate genes. “***,” significant at p < 0.001. “**,” significant at p < 0.01. “*,” significant at p < 0.05.
DISCUSSION
A high-density linkage map is an important and effective tool for QTL fine mapping, comparative genomic analysis, and genome assembly. Compared with former common molecular markers including SSR and AFLP, SNP markers are the most abundant type of genetic markers in the genome with high genetic stability, which are an ideal choice for constructing genetic linkage maps (Berthier-Schaad et al., 2007; Bourgeois et al., 2013). However, it is a great challenge to develop a sufficient number of SNP markers in a relatively large mapping population. 2b-RAD-seq, one of next-generation sequencing (NGS) technologies, is based on type IIB restriction endonuclease enzymatic cleavage of the genome and substantially reduces the complexity of the target genome, especially for the non-model organisms without a reference genome (Wang et al., 2012). To date, high-density linkage maps constructed based on 2b-Rad have been applied in many aquatic animals, such as red-tail catfish (Zhou et al., 2021) and snakehead (Liu et al., 2020). In this study, we constructed the first genetic linkage map of red swamp crayfish by the 2b-RAD-seq technique. The genetic linkage map contained 4,878 SNP markers with an overall genetic length of 6,157.737 cM and an average marker interval of 1.26 cM, as well as 96.93% genome coverage, which could be considered as a high-density genetic map. To date, this is the first report on genetic linkage map of red swamp crayfish. Furthermore, all the SNP markers were assigned to 94 linkage groups, which indicated that the constructed genetic linkage map of red swamp crayfish contained the largest number of linkage groups compared with the previously reported genetic map.
Growth is one of the important economic traits and priority traits for genetic improvement (Bjarne, 1986; Gui and Zhu, 2012). Traditional genetic improvement strategies for growth traits mainly rely on phenotypic and individual selection, which has a long cycle time and low selection efficiency (Tong and Sun, 2015). Meanwhile, molecular marker-assisted breeding uses the characteristics of molecular markers closely linked to the genes determining the target traits to achieve the purpose of selecting the target traits by detecting molecular markers that can save time and cost and improve the selection efficiency (Collard and Mackill, 2008). QTL mapping based on a high-density linkage map could identify potential candidate genes related with the growth traits in many fish species, which provides an effective approach for breeding programs (Tong and Sun, 2015). In this study, we identified 28 group-wide significant QTLs associated with six growth traits in nine LGs. We also found that most of the QTL loci were overlapped and mainly located in several important linkage groups, which may result from the high phenotypic correlation between these traits of crayfish. It also suggested that these traits may be controlled by some common genes. The same observations were revealed in other species, such as red-tail catfish (Zhou et al., 2021), Hypophthalmichthys nobilis (Fu et al., 2016), and Pungitius pungitius L. (Laine et al., 2013). In addition, each of the six growth traits had 2–7 QTLs with low PVE values of 7.9–14%, suggesting that the growth phenotypic variations of crayfish may be regulated by many QTLs and multiple genes.
A total of 11 candidate growth-related genes from 28 growth-related QTL regions were identified d by QTL mapping. It has been reported that TBC1 domain family member 1 (tbcd1) is involved in the regulation of glucose transporter protein 4 transport and glucose uptake in adipocytes and skeletal muscle (Treebak et al., 2010), and downregulation of tbcd1 is associated with enhanced glucose metabolism in mouse skeletal muscle (Okazaki et al., 2020). Golgin subfamily B member 1 (golgb1) encodes golgi-associated large transmembrane protein, and it suggests that a novel 65bp was significantly associated with chicken body weight and significantly associated with neck weight and abdominal fat weight (Linstedt and Hauri, 1993; Fu et al., 2020). Enoyl-CoA hydratase (ech) catalyzes the second step of an important physiological oxidative pathway in fatty acid metabolism, and it is involved in growth and development (Agnihotri and Liu, 2003). Crustacean growth is discontinuous and greatly influenced by the molting cycle, and it has been revealed that mih mainly regulates the molting process by inhibiting the synthesis of ecdysteroid (Jung et al., 2013). Moreover, SNPs in mih were found to be significantly associated with growth traits in both white shrimp and red swamp crayfish (Li et al., 2011; Xu et al., 2019). Moreover, nurf301 is required for ecdysteroid signaling and metamorphosis, and it is suggested that it is a direct effector of nuclear receptor activity (Badenhorst et al., 2005; Nakatsuji et al., 2009). In addition, qPCR results showed that nurf301, glur, lamr, pol, xpa, and alf4 were expressed differently in FG and SG groups. Therefore, we hypothesized that these genes also regulate growth and development in crayfish.
Many aquatic animals display significant growth differences between males and females; therefore, mono-sex population culture is an effective way to improve economic value (Mei and Gui, 2015; Gui et al., 2022). Sex determination is an important research field in developmental biology and evolutionary biology, and it is a plastic developmental process (Charlesworth and Mank, 2010; Li and Gui, 2018). Sex determination in crustaceans shows degrees of plasticity, being influenced both genetic and other epigenetic factors including environmental variables such as light and temperature, parasites, and even diet (Ford, 2008). Although the sex determination system of some crustaceans was revealed by karyotype analysis (Lécher et al., 1995), it is too difficult to distinguish sex chromosomes by karyotype analysis of the sex determination mechanism due to super genome complexity such as small size, large number, and highly condensed chromosomes in red swamp crayfish (Torrecilla et al., 2017). Therefore, sex-related QTL mapping and sex-specific marker identification are potential methods for sex-associated gene identification and sex determination mechanism uncovering. Sex determination systems of some crustaceans have been revealed by QTL mapping, such as the XX/XY sex determination system in swimming crab (Portunus trituberculatus) (Lv et al., 2018) and the ZZ/ZW sex determination system in black tiger shrimp (Penaeus monodon) (Guo et al., 2019). In this study, one genome-wide significant QTL related to sex was successfully detected in LG20, explaining 50.3–63.7% of the phenotypic variation, which suggested that sex determination is a single-point trait and employs a specific sex chromosome in red swamp crayfish. In particular, 28 of 31 identified markers were female heterozygotes (genotype nn×np), strongly suggesting that red swamp crayfish may have the female heterogametic ZZ/ZW sex determination system.
Sex determination genes are conducive to uncover the sex characteristics in aquatic animals; therefore, some sex determination genes have been identified (Bao et al., 2019; Trant et al., 2001; Matsuda et al., 2002; Yokoi et al., 2002; Zhou et al., 2002). However, no sex determination genes have been identified in red swamp crayfish to date. In this study, a total of 13 potential genes were detected within the sex QTL region, for example, ppo, vps4bl, acot1, rab5, ttc21bl, and ssrf (Table 4). Prophenoloxidase encoded by ppo was detected to be different between the females and the males in Callosobruchus maculatusis, but it was suggested that prophenoloxidase was an important defense for invertebrates. We also identified a spermatogonial stem-cell renewal factor (ssrf), which could induce spermatogonial mitosis to maintain long-term fertility and sustain sufficiently high levels of spermatogenesis (Mäkelä and Hobbs, 2019). Interestingly, mih and alf4 were identified in both growth-related and sex-related QTLs, which suggested an inevitable correlation existed between growth and sex. Although these sexually dimorphic genes expressed differentially between the males and the females by qPCR validation (Figure 6), they have not been revealed to be necessary for sex determination in other aquatic animals. So, we predicted that the sex determination gene in red swamp crayfish might be other novel genes and it needed more comprehensive and systematic research in the future.
CONCLUSION
In this study, 4878 SNP markers distributed in 94 LGs were developed to construct a consensus linkage map, which represents the largest linkage map to date. Abundant QTLs related to growth and sex were identified, uncovering the sexual growth dimorphism and sex determination mechanism. Moreover, our findings will provide effective markers for MAS in red swamp crayfish in the future.
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Genomic selection has a great potential in aquaculture breeding since many important traits are not directly measured on the candidates themselves. However, its implementation has been hindered by staggering genotyping costs because of many individual genotypes. In this study, we explored the potential of DNA pooling for creating a reference population as a tool for genomic selection of a binary trait. Two datasets from the SalmoBreed population challenged with salmonid alphavirus, which causes pancreas disease, were used. Dataset-1, that includes 855 individuals (478 survivors and 377 dead), was used to develop four DNA pool samples (i.e., 2 pools each for dead and survival). Dataset-2 includes 914 individuals (435 survivors and 479 dead) belonging to 65 full-sibling families and was used to develop in-silico DNA pools. SNP effects from the pool data were calculated based on allele frequencies estimated from the pools and used to calculate genomic breeding values (GEBVs). The correlation between SNP effects estimated based on individual genotypes and pooled data increased from 0.3 to 0.912 when the number of pools increased from 1 to 200. A similar trend was also observed for the correlation between GEBVs, which increased from 0.84 to 0.976, as the number of pools per phenotype increased from 1 to 200. For dataset-1, the accuracy of prediction was 0.71 and 0.70 when the DNA pools were sequenced in 40× and 20×, respectively, compared to an accuracy of 0.73 for the SNP chip genotypes. For dataset-2, the accuracy of prediction increased from 0.574 to 0.691 when the number of in-silico DNA pools increased from 1 to 200. For this dataset, the accuracy of prediction using individual genotypes was 0.712. A limited effect of sequencing depth on the correlation of GEBVs and prediction accuracy was observed. Results showed that a large number of pools are required to achieve as good prediction as individual genotypes; however, alternative effective pooling strategies should be studied to reduce the number of pools without reducing the prediction power. Nevertheless, it is demonstrated that pooling of a reference population can be used as a tool to optimize between cost and accuracy of selection.
Keywords: genomic selection, DNA pooling, reference population, salmon, in-silico
1 INTRODUCTION
Genomic selection (GS) is becoming a practical and effective breeding tool for many livestock species because of the rapid development of high-throughput genotyping technologies that reduce genotyping costs. The potential application of GS for aquaculture species has been studied (Nielsen et al., 2009; Sonesson and Meuwissen, 2009), and it showed an increase in genetic gain especially for traits that are difficult to improve by traditional selection such as disease resistance. Therefore, it is of particular interest in aquaculture species as most breeding goal traits in these species are measured on sibs of the selection candidates.
For a conventional GS breeding program, two large datasets are required: a training set (reference population) with genotyped and phenotyped individuals and a prediction set (selection candidates) containing only genotyped individuals (Meuwissen et al., 2001; Goddard and Hayes, 2007). The sizes of these datasets determine the rate of genetic improvement through influencing components of the equation. On one hand, the prediction accuracy relies on the size of the training set to estimate parameters (i.e., marker effects) and the marker density at which reference individuals are genotyped. On the other hand, the size of the prediction set determines the selection intensity and consequently the response to selection. However, increasing either the training set or the prediction set increases the cost of GS programs.
Even though the genotyping cost per individual is reducing, implementation of conventional GS is expensive in aquaculture compared to other livestock species because of the fact that the number of selection candidates and their siblings to genotype is large. Therefore, it is of interest to reduce either the number of individuals or the number of markers to genotype without reducing the prediction accuracy significantly. Strategies for reducing the number of markers have been described in many studies (Lillehammer et al., 2013; Ødegård and Meuwissen, 2014; Dagnachew and Meuwissen, 2019; Tsairidou et al., 2020). This study investigates the impact of reducing the number of individuals to genotype by pooling DNA samples from a reference population.
Pooling of DNA samples and sequencing have provided a cost-effective alternative for a wide range of genomic applications, such as population genetics (Gautier et al., 2013), genome-wide association studies (Sham et al., 2002), and estimation of SNP effects for quantitative traits (Henshall et al., 2012; Bell et al., 2017). In a theoretical way, estimation of marker effects from a pooled DNA differs from standard individual genotypes in some aspects. First, in pooled DNA samples, only marker allele frequencies can be estimated, whereas in standard genotyping, individual marker genotypes are obtained. Second, in pooled DNA samples, marker allele frequencies will normally be estimated with some degree of technical error, unequal contribution of sequenced reads derived among the individuals in a specific pool. Third, for DNA pools, the quantitative trait value of each individual cannot be assigned to a particular marker genotype, since information is not available on individual genotypes. However, by using the allelic frequencies at each tail to estimate the respective genotype frequencies and by assigning the sample average at each tail to every individual at that tail, the problems raised by the above differences can be overcome (Henshall et al., 2012; Gautier et al., 2013).
Sonesson et al. (2010) studied the use of DNA pooling of test individuals in combination with communal rearing of families as a means of reducing genotyping costs in aquaculture GS schemes using simulation. The study reported up to 0.88 accuracy of selection depending on the number of test individuals and the number of markers. However, to date, the potential of DNA pooling of a reference population for genomic prediction using data from practical breeding work is lacking. Therefore, in this study, we demonstrate the potential of DNA pooling for GS using both pooled DNA samples and in-silico DNA pooling. The effect of the number of pools and sequencing depth on the selection accuracy is studied. The study uses datasets generated for a breeding work to improve resistance against pancreas disease (PD).
2 MATERIALS AND METHODS
2.1 Datasets
Two datasets from the SalmoBreed breeding population of two year-classes (YC) were used for this study. Dataset-1 was from YC 2013, and dataset-2 was from YC 2015. The trait of interest was resistance to PD. PD is currently among the most economically important diseases in Norwegian Atlantic salmon production. It is caused by a salmonid alphavirus (SAV) of which SAV2 and SAV3 variants are found in Norway. These datasets were generated as part of the SalmoBreed’s annual challenge test for the practical breeding work to improve host resistance against PD. The first dataset was used for real DNA sample pooling and the other was used for in-silico pooling.
2.1.1 Dataset-1: DNA pooling of samples
Data and tissue samples on 5,223 postsmolts belonging to 273 full-sib families from the SalmoBreed elite population challenged with SAV3 were available. The mortality profiles for this dataset are presented in Figures 1A and C. Mortalities started 5 days post challenge and ended 25 days post challenge with the peak mortality observed at 12 days post challenge (Figure 1A). A histogram of the number of full-sibling families across the 273 full-sib families with a given percentage of mortality is plotted in Figure 1C. The full-sibling mortality rate ranged from 0 to 100%, with an average mortality rate of 67% (Figure 1C). The individuals could be selected and grouped using survival information (early dead and/or late survivors) from the challenge test. Hence, 855 individuals were selected to develop four pools (i.e., M1, M2, S1, and S2 with the initial “M” representing the pool of mortalities/dead and “S” denoting the pool of surviving individuals).
[image: Figure 1]FIGURE 1 | Mortality rate profiles of the datasets: (A) the number of mortalities observed per day over the course of the challenge trial (29 days) for dataset-1. Mortalities started 5 days post challenge and ended 25 days post challenge with the peak mortality observed at 12 days post challenge. (B) the number of mortalities observed per day over the course of the challenge trial (56 days) for dataset-2. Mortalities started 7 days post challenge and ended 21 days post challenge with the peak mortality observed at 13 days post challenge. (C) dataset-1—the number of full-sib families across the 273 full-sib families with a given percentage mortality. The mortality rate ranged from 0% to 100%, with an average mortality rate of 67%. (D) dataset-2—the number of full-sib families across the 282 full-sib families with a given percentage mortality. The mortality rate ranged from 0% to 100%, with an average mortality rate of 48%.
DNA was extracted from each selected individual, quantified using the Quant-iT PicoGreen dsDNA assay kit, and normalized to a standard concentration for every individual; subsequently, equal quantities/volumes of DNA from each individual were pooled to make a specific pool group (M1, M2, S1, and S2). The M1 and M2 pools contained DNA representing 173 and 204 mortalities, respectively, while pools S1 and S2 incorporated DNA from 205 and 273 surviving individuals, respectively. The dead individuals of pools M1 and M2 represented 28 families, while pools S1 and S2 were represented by 35 and 34 families, respectively.
Libraries were prepared for sequencing using the Illumina PCR-free genomic DNA sample prep kits which were sequenced to approximately 40× depth. The sequencing was performed with an Illumina NextGen 500 instrument to obtain paired-end sequence reads of 150 bp. Trimmomatic software was used to perform adaptor and quality trimming of the generated sequence reads, and subsequently, high-quality sequence data were aligned to the Atlantic salmon genome reference sequence (assembly ICSASG_v2) using BWA-MEM version: 0.7.13-r1126 (Li, 2013). SNP detection, genotype calling, and allele frequencies on each locus were obtained using SAMtools version: 1.2. Software (Li et al., 2009). All the individuals pooled into four pools (M1, M2, S1, and S2) were also individually genotyped using ∼57 K axiom Affymetrix SNP Genotyping Array (NOFSAL2). The overlapping SNPs across genotyping methods (sequencing vs. axiom array) were identified which yielded 45812 SNPs in common that were used for further genomic analyses.
2.1.2 Dataset-2: In-silico DNA pooling
Data from 4,115 postsmolts belonging to 282 full-sib families from the SalmoBreed elite population challenged with SAV3 were available. The mortality profiles for this dataset are presented in Figures 1B and D. Mortalities started 7 days post challenge and ended 21 days post challenge with peak mortality observed at 13 days post challenge (Figure 1B). A histogram of the number of full-sibling families across the 282 full-sib families with a given percentage of mortality is plotted in Figure 1D. The full-sibling mortality rate ranged from 0 to 100%, with an average mortality rate of 48% (Figure 1D). From the dataset, 914 individuals (435 survivors and 479 dead), belonging to 65 full-sib families, were selected based on family-wide mortality rates. The dead individuals represented 58 families, while the survived individuals represented 60 families. The data were split into a reference set (589 samples: 308 survivors and 281 dead) and a validation set (325 samples: 127 survivors and 198 dead). Splitting of individuals into reference and validation sets was performed randomly within a full-sib family; hence, each family was represented in both datasets.
Genotypes for the customized NOFSAL2 SNP array with ∼57 K SNPs were available for each individual. Pooled genotypes were generated in-silico as the frequency of alleles of the individuals in the pools and no random error was added to the pool genotypes.
2.2 Calculation of SNP allele frequencies
2.2.1 Allele frequency in DNA pools (dataset-1)
The pools were sequenced on an average sequencing depth of ∼40× and the allele frequencies from each pool (S1, S2, M1, and M2) were obtained using a customized script implemented with bcftools, version: 1.10.2 (Danecek et al., 2021). The observed total allelic depth/frequency for each discovered variant in each pool was obtained using “INFO/AD” and the expression “FORMAT/AD” was used to obtain the observed frequency of the alternative allele. Moreover, the sequencing depth of each pool was reduced to 20× by random sampling of sequence reads followed by alignments, variants calling, and estimates of frequencies for both reference and nonreference alleles. The objective to reduce the sequencing depth per pool was to test the effect on the accuracy of prediction when the sequencing depth is reduced.
2.2.2 Allele frequency in in-silico DNA pooling (dataset-2)
The reference set was used for the calculation of allele frequencies by in-silico pooling of the genotypes of individuals in this set. They were pooled into different numbers of pools (i.e., 1, 2, 4, 10, 20, 40, 100, 150, and 200) per phenotype group (i.e., dead and survivors). Summaries of the average number of individuals and families per pool and per phenotype group are presented in Table 1. Allele frequencies from each pool were calculated by sampling with replacement given the individual genotypes. The number of times the sampling with replacement was performed is related to the average sequence depth, and it was done 20×, 40×, and 100×. This process was repeated independently 60 times.
TABLE 1 | Summary of the number of pools and the average number of individuals and families per pool per phenotype group.
[image: Table 1]2.3 Estimation of marker effects
The main difference between individual genotypes and pooled DNA regarding estimation of marker effects is that for the latter, a trait value of individuals cannot be assigned to a particular marker genotype exclusively. Therefore, marker effects are to be estimated from marker allele frequencies calculated from pooled DNA.
For the individual genotypes, marker effects were estimated by fitting the marker-based genomic model (SNP-BLUP):
[image: image]
where [image: image] is the vector of phenotypes for the trait, [image: image] is the overall mean, [image: image] is the vector of 1s, X is the matrix of genotypes dosage for all SNP coded as 0,1, and 2 and for all animals, [image: image] is the vector of marker effects and it is assumed that [image: image] and [image: image] is the vector of random residual and assumed [image: image] where [image: image] is the variance of marker effects, [image: image] is the identity matrix, and [image: image] is the residual error variance.
For the pools, the marker effects are estimated by fitting a slightly modified marker-based genomic model:
[image: image]
where [image: image] is the vector of phenotypes of the pools for the trait, [image: image] is the overall mean, [image: image] is the vector of 1s, Z is the matrix of average allele frequencies for all SNPs and for all pools, [image: image] is the vector of marker effects estimated from allele frequencies of pools, and [image: image] is the vector of random residual. It is assumed that [image: image] and [image: image], where [image: image] is the variance of marker effects estimated from the marker frequencies of the DNA pools and [image: image] is the residual error variance. The analyses for both models were done using singular value decomposition based SNP-BLUP (Ødegård et al., 2018), which is suitable for large-scale genomic predictions.
2.4 Estimation of genomic breeding values
Estimation of genomic breeding values (GEBVs) for the selection candidates was performed by summing the effects of the markers multiplied by the standardized genotypes. Two GEBV values per individual were predicted using SNP effects estimated using pool data and the individual genotypes.
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where [image: image] is the vector of predicted GEBVs for individual j, [image: image] is the standardized genotypes for individual j, and [image: image] is the calculated marker effects either from pools of samples or individual genotypes.
2.5 Model evaluation
For dataset-1 DNA pooling of samples, the effect of sequencing depth on the accuracy of selection was studied by varying the sampling from originally available 40× to 20×. SNP effects from the pool data were calculated based on allele frequencies estimated from the pools and used to calculate GEBVs as described in the estimation of GEBV section.
For dataset-2 in-silico DNA pooling, the effect of sequence coverage on the accuracy of selection was studied by varying the sampling times to 40× and 100×. SNP effects from the pool data were calculated based on allele frequencies estimated from the pools and compared with SNP effects estimated from individual genotypes.
The accuracy of selection was calculated as the correlation between predicted GEBVs and phenotypes and weighted by the square root of the heritability (h2 = 0.3).
[image: image]
Where [image: image] is the Pearson moment correlation coefficient, GEBV is the estimated GEBVs, [image: image] is the adjusted phenotype, and h2 is the heritability of the trait.
3 RESULTS
3.1 Accuracy of allele frequency estimation
Sequencing of DNA pools from individuals gives estimates of allele frequencies at SNPs. For dataset-1, the observed number of alleles at each locus for the sequenced pools provided the estimates of allele frequencies. The accuracies of marker allele frequency calculated from the in-silico DNA pools using three sequencing depths (i.e., 20×, 40×, and 100×) are presented in Figure 2. The accuracies were calculated as the Pearson correlation coefficients between the true allele frequencies (i.e., calculated from the individual genotypes) and frequencies calculated using in-silico pools. The figure shows that the accuracy of allele frequency estimation is affected by the number of pools and the average sequence depth coverage. As the number of pools increased from one pool, where all individuals represent one pool, to the maximum number of pools where each individual denotes a pool, the accuracy of allele frequency calculation has improved significantly, especially with low average sequence coverage (Figure 2). For example, for the sequencing coverage 40×, the Pearson correlation coefficients between DNA pool- and individual-based allele frequency estimation increased from 0.892 when only one DNA pool is considered to 0.99 when 10 DNA pools are used (Figure 2). Similar trends were also observed for the different sequencing coverages (Figure 2). As can be also seen from the figure, increasing sequence coverage depth also improved the accuracy of allele frequency estimation, particularly when the number of pools is small (Figure 2). When a single pool per individual was used (i.e., no. of pools = 914), the correlation between allele frequencies calculated using individual genotypes and the pool is equal to 1, regardless of the sequencing coverage.
[image: Figure 2]FIGURE 2 | Accuracy of marker allele frequency calculated from different numbers of in-silico DNA pools and sequencing depths. Accuracy was calculated as the Pearson correlation coefficient between the true allele frequencies (“Tfreq”) (i.e., calculated from the individual genotypes) and frequencies calculated using in-silico DNA pools (“Pfreq”) (n = 1, 2, 4, 10, 100, and 914). There were 914 individuals, and the maximum number of pools (n = 914) represents one individual per pool.
Differences in SNP frequencies between survivor and dead in-silico DNA pools are presented in Figure 3. The plotted allele frequency differences in the figure are absolute values of the frequency differences calculated from 100 pools per phenotype group. It shows that there are larger differences in frequencies between dead and survivor pools for the SNPs located at chromosome 3.
[image: Figure 3]FIGURE 3 | Manhattan plot of allele frequency differences between alive and dead pool for each SNP. The plotted allele frequency differences were calculated from 100 pools per phenotype group. Chromosome 30 represents markers belonging to unknown chromosome(s).
3.2 Correlation between SNP effects
The correlations between SNP effects estimated from individual genotypes and based on allele frequencies calculated from the in-silico DNA pools are presented in Figure 4. The correlation increased from 0.3 to 0.898 and from 0.311 to 0.912 for the 40× and 100× sequence coverage respectively, when the number of pools increased from 1 to 200 per phenotype group (Figure 4). Overall, it was observed that the impact of sequencing coverage on the correlation between SNP effects is limited; however, its importance increases when the number of pools is decreasing. Exception from the general trend was observed when 1 pool per phenotype group was used, where no difference in SNP effects correlation was observed for 40× and 100× (Figure 4).
[image: Figure 4]FIGURE 4 | Correlation between SNP effects estimated from individual genotypes and in-silico DNA pool genotypes.
3.3 Correlation between genomic breeding values
Two sets of GEBVs for the validation dataset were calculated based on SNP effects estimated from individual genotypes and in-silico pooled DNA. Pearson correlation coefficients between these two sets of GEBVs are presented in Figure 5. The figure shows that the number of pools is the determining factor as the correlation increased from 0.84, when only a single pool is used per phenotype, to 0.976 when the number of pools increased to 200 for 40× sequencing coverage (Figure 5). These correlations are barely affected by the sequence coverage.
[image: Figure 5]FIGURE 5 | Correlation between genomic breeding values (GEBV) estimated from individual genotypes and in-silico DNA pool genotypes.
3.4 Genomic prediction accuracy
For the validation dataset in dataset-2–in-silico DNA pooling, genomic prediction accuracies were calculated as the Pearson correlation coefficients between true phenotypes and predicted GEBVs and weighted by the inverse of the square root of heritability of PD (Table 2). The result showed that the prediction accuracy for the individual genotypes was 0.712 and for the in-silico DNA pools, it ranged from 0.574 to 0.687 when the number of pools increased from 1 to 100. Table 2 also presents % decreased, the decline in accuracy for the DNA pools compared to the individual genotypes. Regardless of the sequencing coverage, approximately a 20% decline in accuracy was observed for in-silico DNA pools when less than 10 pools per group were used. However, the loss in accuracy was reduced to less than 10% when 100 pools per phenotype group were used. Furthermore, less than a 4% loss in accuracy was observed when up to 200 pools were used. The difference between 40× and 100× sequencing coverage with respect to prediction accuracy was limited (Table 2).
TABLE 2 | Accuracy of selection of dataset-2–in-silico DNA pooling.
[image: Table 2]The accuracy of prediction values for dataset-1–DNA pooling of samples and individual SNP chips are shown in Table 3. The accuracy of prediction was 0.737 for the individual SNP chip data, and 0.716 and 0.700 for pooled data when sequencing coverage was 40× and 20×, respectively. This is up to ∼5% higher accuracy for the individual SNP chip data.
TABLE 3 | Accuracy of prediction for dataset-1–DNA pooling of samples.
[image: Table 3]4 DISCUSSION
Implementation of a conventional GS in aquaculture species is very expensive because of the very large number of selection candidates and test-sibs to be genotyped. In recent years, cost-efficient GS design approaches either to minimize the number of individuals or the number of markers to genotype, without significantly reducing the accuracy of selection, have been given emphasis (Lillehammer et al., 2013; Dagnachew and Meuwissen, 2019; Tsairidou et al., 2020). This study investigates the potential of DNA pooling for creating a reference population for genomic prediction of PD resistance (binary observation) in salmon. It demonstrated that SNP effects in a reference population can be estimated from SNP allele frequencies that are calculated from DNA pools and then the GEBVs for selection candidates can be economically computed with acceptable accuracies.
The datasets used in this study were generated as part of the SalmoBreed’s practical breeding work to improve host resistance against PD. PD is currently one of the most economically important diseases in the Norwegian production of Atlantic salmon (Jansen et al., 2010). The disease is caused by SAV, of which at least three distinct genotypes have been identified (Hodneland et al., 2005; Fringuelli et al., 2008). Mortality rates vary widely from PD outbreaks; survivors may eventually die because of secondary infections and increased parasitism and suffer reduced growth and degraded product quality (Lerfall et al., 2012). Moderate heritabilities have been reported from field outbreak data (Norris et al., 2008) and through controlled challenge testing using different challenge models (Gonen et al., 2015). Considerable efforts have been made in mapping genes for PD resistance for use in marker-assisted selection and a QTL for PD resistance was mapped to Atlantic salmon chromosome 3, using both fry and smolt challenge test data from two populations (Gonen et al., 2015; Hillestad et al., 2020). The difference in SNP frequencies between survivors and dead in-silico DNA pools (Figure 3) shows that there are larger differences in frequencies between dead and survivor pools for the SNPs located at chromosome 3. This validates that SNPs in that region are associated with some biological mechanisms which are likely to be influencing resistance to PD.
A sequence of DNA pools from individuals gives estimates of allele frequencies at SNPs with small or no loss in accuracy for a considerably lower cost compared to individual genotyping. Estimation of marker effects relies heavily on the accuracy of allele frequencies calculated from DNA pools. The accuracy of allele frequency estimation from pooled DNA samples depends on some experimental design parameters (Gautier et al., 2013), such as the number of individuals merged in a pool, the sequencing coverage, and the possibility of unequal contribution of each individual genome to the final sequencing read. The effects of the number of individuals merged in a pool were studied by varying the number of individuals in the pools (Table 1). However, the effect of sequencing coverage was studied by changing the number of sampling times (i.e., average sequencing coverage) for the in-silico pools and varying the sequencing coverage for pooled DNA samples. However, the effect of unequal contribution of individuals is not assessed in this study. It is important to note that accurate equimolar pooling of each genomic DNA is important for equal distribution of reads (Konczal et al., 2014) and the number of pooled samples should be balanced for accurate allele frequency estimation (Gautier et al., 2013; Konczal et al., 2014) and consequently, the implication of unequal DNA contribution for genomic prediction accuracy should be investigated.
For allele frequency calculation and SNP effects estimation, the importance of sequencing coverage decreased as the number of DNA pools increased (Figures 2 and 4). Given a fixed number of samples, as the number of pools increased, the number of individuals per pool reduced (Table 1), and thus the effectiveness of high sequencing coverage has diminished. This observed pattern is in agreement with that of Rellstab et al. (Rellstab et al., 2013), who reported that higher sequencing coverages (>50) have no significant effect on allele estimation accuracy and only very low coverages (below 20×) would substantially reduce the precision. In the current study, an exception from the general trend was when 1 pool per phenotype group was used, where the advantage of sequencing coverage was visible for allele frequency accuracy (Figure 2) but not for the correlation of SNP effects (Figure 4). Furthermore, the SNP effect correlations were poor for both 40× and 100× coverage.
The accuracy of GS is expected to increase as the number of genotyped and phenotyped animals in the reference population increases for any trait, in particular, for lowly heritable traits (Solberg et al., 2008). Our results showed that SNP effects correlation, GEBV correlations, and prediction accuracy increased as the number of pools increased from 1 to 200 per phenotype group (Figures 4 and 5; Table 2). Henshall et al. (012) showed that a large number of smaller pools would estimate allele frequency more accurately than small numbers of large pools. As the number of pools increased, the accuracy of allele frequency estimation increased (Figure 2) and the prediction accuracy also increased (Table 2). Moreover, for a larger number of pools, it is observed that there are very little or no differences in SNP frequency accuracies and SNP effects correlation among different sequencing coverages (Figures 2 and 4). Similar trends were reported (Henshall et al., 2012; Bell et al., 2017) when there are a large number of pools. Furthermore, the high correlations between GEBVs estimated from individual genotype and DNA pools, particularly for the large number of pools (Figure 5), evidenced that there is limited to no reranking of individuals.
The accuracy of breeding values using pedigree information for dataset-2 (only using phenotypes of 914 individuals and their pedigree) was 0.48 (the result is not presented). This accuracy was significantly improved by the use of genomic information from the pools, which is in agreement with other reports (Sonesson et al., 2010; Dagnachew and Meuwissen, 2019; Kriaridou et al., 2020; Tsairidou et al., 2020), especially for the large number of pools. The loss of accuracy for the use of DNA pools compared with the individual genotypes was minimal for dataset-1 (0.74 vs. 0.71, Table 3). However, the prediction accuracy difference was substantial for dataset-2 (0.71 vs. 0.57, Table 2) for the same number of pools. One explanation is that for dataset-1, the prediction accuracies were obtained for the same individuals in the pools (i.e., reference and validation were the same individuals). On the other hand, for dataset-2, the validation individuals were different from the reference population. Furthermore, computer simulation of DNA pooling provides an approximation and might fail to capture some parameters.
Results from using DNA pooling for genomic prediction are lacking. Our results show a trade-off between the number of DNA pools and the loss of prediction accuracy. A reduction in prediction accuracy means a reduction in genetic gain. This has a cost implication that is complex to quantify as it is determined by the trait, the breeding goal, and other specifics of the breeding industry. Assuming $20 genotyping cost per individual and $300 cost of sequencing per sample for a 40× sequencing depth, the annual genotyping cost for 5,000 individuals (1,000 candidates and 4,000 informant sibs) is $100,000. However, for the DNA pool scenario, where only 1,000 candidates are genotyped and the reference siblings are pooled, the cost of genotyping varies from $20,600 to $140,000 for a single pool per phenotype to 200 pools per phenotype, respectively. Increasing the number of pools also increases the cost of sequencing and hence an appropriate pooling strategy should strike an optimal balance between cost-effectiveness and accuracy. Furthermore, in the present study, we have presented the prediction of allele frequencies from the pools of DNA using sequencing of the pools. However, calculation of allele frequencies from pooled DNA does not necessarily require sequencing of the pools. It has been reported that allele frequencies from DNA pools can also be calculated by SNP genotyping of the pools using light intensities (Reverter et al., 2014); hence, the cost associated with sequencing of the pools can be avoided.
As it is presented in the study, DNA pooling of a reference population can serve as a cost-effective GS approach, but with a potential limitation in that the identity of individuals would be lost and therefore individual characteristics and environmental factors could not be adjusted in genomic modeling, which may result in a loss in accuracy and a biased estimate of a genetic effect. In the current study, pooling within phenotype groups was done randomly; however, Henshall et al. (2012) suggested that pooling strategies within contemporary groups and fitting contemporary group in the model would eliminate some of these limitations. For example, in the studied datasets, pooling within sex and full-sib families would address these limitations.
5 CONCLUSION
DNA pooling of a reference population can serve as a cost-effective GS approach, but with some potential limitations. Results showed that a large number of pools are required to achieve as good genomic prediction accuracies as individual genotypes; however, alternative effective pooling strategies should be exploited to reduce the number of pools without reducing the prediction power. Nevertheless, it is demonstrated that pooling of a reference population can be used as a tool to optimize between cost and accuracy of selection.
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Trait

BW

K2-factor

si*

FW

sw

SW/FW

Experiment

EXP1
EXP2
EXP1
EXP2
EXP1
EXP2
EXP1
EXP2
EXP1
EXP2
EXP1
EXP2

R tse

543 + 67
2,918 £ 314
0.01 £ 0.00
0.02 + 0.00

0.003
0.000
0.01 + 0.01
0.19 + 0.06
0.02 + 0.01
0.07 + 0.03
0.23 + 0.07
0.09 + 0.03

AEstimatas did not converge, and the estimates wers, thus, not rekabie.

Rise.

336+ 28
1,806 + 132
0.02 + 0.00
0.01 + 0.00

0.023
0.003
0.20 + 0.01
161 +0.08
0.39 + 0.02
0.79 + 0.04
1.03 + 0.06
0.62 + 0.03

h?tse.

0.62 + 0.04
062 +0.04
027 + 0.04
0.69 + 0.04
0.12
0.01
0.04 + 0.03
0.11 £ 0.03
0.04 +0.03
0.09 + 0.03
0.18 + 0.05
0.12 £ 0.03

o

0.89 + 0.04
0.55 +0.04
0.92 +0.06
0.40 £ 0.06
0.82
0.02
0.22 +0.39
022 +0.39
0.09 +0.38
-0.01 +0.02
-0.11 +£0.23
-0.02 + 0.03
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Experiment Trait

BW

K2-factor
BXP1 Fw

Sw

SW/FW

BW
K2-factor

EXP2 Fw
sSwW
SW/FW

BW

0.50 + 0.09
-0.49
-0.25

0.07 + 0.15

0.22 +0.08
-0.04 + 0.16
0.14 + 017
0.16 + 0.14

K2-factor

0.26 + 0.05

-0.61
0.66
0.68 +0.14

0.32 £ 0.05

-024 £ 0.15
0.02 +0.16
0.33 £+0.12

Fw

0.01
0.04

-0.16

-0.13 £ 0.04
-0.13 + 0.04

0.03 +0.28

sw

-0.01
-0.05
053

0.08 + 0.04
0.07 + 0.04
0.32 £+ 0.03

For EXP1, the parameter estimates did not converge for the four-trait model with BW x K2-factor x FW x SW. and the estimates are, thus, not refiable.

SW/FW

-0.04 + 0.05
-0.06 + 0.04

0.14 +0.04
0.16 +0.04
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Characteristic Index (point)”

Parr mark Clear (1)  Visble () ~ Weak(3)  None(4)
Siver coloration  Clear (1)~ Weak (2)  Visible (9)  Siver (4)

Fin margins Clear (1) Weak (2)  Visble(d)  Black margin (4
Note:

*The transition of Atlantic salmon parr to smoltis indiicatediin the gradual increasing score
Fam 1 to 4.
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Trait

BW

BL

K2-factor

Sl

sw

SW/FW

Experiment

EXP1
EXP2
EXP1
EXP2
EXP1
EXP2
EXP1
EXP2
EXP1
EXP2
EXP1
EXP2
EXP1
EXP2

N

%44
15,00
944
1,500
%42
1,500
%44
1,500
944
1,500
944
1,500
944
1,500

Mean

137.7
256.4
226
284
1.92
222
3.95
3.99
0.68
191
1.07
154
1.86
1.09

Min

16
el
135
198
134
121
230
3.00
0.10
0.10
0.00
0.00
0.00
0.00

Max

2157
556.0
264
370
3.15
3.16
4.00
4.00
4.30
11.40
5.30
10.50
12.00
7.25

SD

276
68.6
1.59
2.62
0.12
0.14
0.16
0.05
0.46
1.37
0.64
0.94
111
0.85

CVx100

201
268
70
92
6.2
62
41
13
67.6
714
60.1
60.8
506
775
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ltem Number

SNPs on array 24,9913
SNPs successful genotyped 219,902
Polymorphic SNPs 102,741
SNPs with high genotyping quality 35,505
SNPs used for linkage mapping after further filtering 28,831

SNPs mapped to linkage map 28,416
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Trait Minimum
BWI (9) 15.65
BWWF (g) 42.99
FCE (%) 408
Fl (@) 67.1

FCE, feed conversion efficiency:

Maximum Mean + SD

42.85 26.52 + 4.66
271.52 160.72 + 44.06
89.4 60.8 + 10.6
324.3 200.1 +41.3

BWI/BWF., initial/final body weight: Fl, feed intake.

cv

0.18
0.29
017
021
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LG No. of SNPs Distinct positions Genetic length (cM) Locus interval (cM)

1 444 163 63.14 0.41
2 726 279 83.48 0.30
3 708 296 68.48 0.23
4 489 157 89.21 0.57
5 417 154 74.39 0.48
6 647 206 68.51 0.33
7 730 276 159.93 0.58
8 439 164 67.22 0.41
9 291 137 70.76 0.52
10 691 274 86.61 0.32
1 817 308 57.75 0.19
12 9 337 80.55 0.24
13 382 207 98.09 0.47
14 758 305 .76 0.24
15 467 186 60.74 0.33
16 582 254 79.46 0.31
17 457 200 61.54 0.31
18 873 414 77.04 0.19
19 437 199 73.42 0.37
20 507 198 106.16 0.54
21 736 250 73.06 0.29
22 865 308 57.33 0.19
23 213 108 59.76 0.55
24 847 388 60.14 0.16
25 645 235 62.38 0.27
26 430 189 74.39 0.39
27 361 150 61.11 0.41
28 583 260 63.06 0.24
29 521 198 .75 0.36
30 714 286 64.56 0.23
31 858 438 59.99 0.14
32 526 242 70.72 0.29
33 862 386 71.56 0.19
34 288 160 76.08 0.48
36 576 302 7421 0.25
36 672 258 68.84 0.27
37 691 333 53.48 0.16
38 436 196 61.66 0.31
39 403 193 71.10 0.37
40 672 282 68.58 0.24
41 745 323 59.80 0.19
42 722 254 77.35 0.30
43 450 177 68.35 0.39
44 515 209 60.55 0.29
45 920 391 68.53 0.18
46 302 138 55.27 0.40
47 384 227 72.26 0.32
48 314 126 63.22 0.50
49 378 136 76.37 0.56
50 341 136 66.49 0.49

Total 28,416 11,983 3,590.09 0.33
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Gene set

Mitochondrial_protein_complex
Inner_mitochondrial_membrane_protein_complex
Cellular_respiration

Oxidative_phosphorylation
Mitochondrial_respiratory_chain_complex_assembly
Respiratory_electron_transport_chain
Respiratory_chain_complex
ATP_synthesis_coupled_electron_transport
NADH_dehydrogenase_complex_assembly
Respirasome

G_Protein_coupled_receptor_activity
G_Protein_coupled_receptor_signaling_pathway
Tight_junction
Positive_regulation_of_blood_circulation
Solute_sodium_symporter_activity
Neurotransmitter_binding
Neuromuscular_process_controling_balance
Apical_junction_complex
Serine_type_endopeptidase_inhibitor_activity
Pattern_recognition_receptor_signaling_pathway

Size
78
36
64
44
33

40
27
35
26
35
52
15
18
8
32
17
10
18
17
27

NES

2.70
264
261
258
2.57
254
2.53
2.52
2.49
244
-2.16
-2.11
~2.10
-2.10
~2.10
-2.10
-2.09
-2.06
-2.05
-2.02

Nom p-val

©cooocoooococoooooooo

0
0.003
0.003

0

FDR

coooooooo

0
0.119
0.130
0.101
0.078
0.066
0.055
0.048
0.072
0.069
0.085

Note. EP, enrichment in phenotype, gene sets enriched in nine resistant (R) samples or nine susceptible (S) samples; Size, number of genes in the gene set; NES, normalized enrichment

score: NOM p-vakue, nominal p-value, the statistical signiicance of the envichment score; FDR, false discovery rate: GSEA. Gene set enrichment analysie: GO, Gene Ontology.
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Gene ID

ncbi_113817858
ncbi_113825958
ncbi_113828431
ncbi_113808061
ncbi_113808062
ncbi_113816695
ncbi_113804592
ncbi_113813557
ncbi_113807689
ncbi_113829525
ncbi_113826122
ncbi_113815019
ncbi_113822594
ncbi_113804603
ncbi_113807566

Note. DEGs, diferentially expressed genes.

Description

C-type lectin domain family 4 member E-like isoform X3

Serpin B6-like isoform X2
Serine protease 42-like
a-2-Macroglobuiin-like protein 1
a-2-Macroglobulin-lie protein 1
DBH-lie monooxygenase protein 1
DBH-lie monooxygenase protein 1
Cytochrome bS-like

Cytochrome P450

p-Arestin-2 isoform X2
p-Arrestin-2

p-Arestin-2

p-Arrestin-1-like, partial
p-Arestin-1, partial

p-Arrestin-1

Species

Lates calcarifer
Sarcophius harisi
Chrysochloris asiatica
Pseudopodoces humilis
Coturnix japonica
Otolemur gametti

O. gamettii

Salmo salar

Danio rerio
Heterocephalus glaber
Pelodiscus sinensis
Lepisosteus oculatus
Takitugu rubripes
Kiyptolebias marmoratus
Gekko japonicus
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Gene ID

ncbi_113815780
ncbi_113820830
XLOC_031566
ncbi_113816531
XLOC_016349
XLOC_016348
XLOC_016355
XLOC_015656
ncbi_113802000
XLOC_009141
ncbi_113815891
ncbi_113822347
ncbi_113813760
ncbi_113809217
ncbi_113814573
ncbi_113806996
ncbi_113800311
XLOC_005102
ncbi_113815289
ncbi_1 13815282
ncbi_113815313
ncbi_113815275
ncbi_113811393
ncbi_113804819
ncbi_113804804
XLOC_009027
ncbi_113807506
ncbi_113821709
ncbi_113808761
ncbi_1,13820123
ncbi_113802551

Note. DEGs, diferentially expressed genes.

Description

Myosin-16-like
Myosin-16 isoform X2

Myosin heavy chain, muscle-lie isoform X7
Myosin-7

Myosin heavy chain type 2

Myosin heavy chain type 2

Myosin heavy chain type b

Myosin heavy chain type b

Myosin heavy chain, partial

Actin 2

Tryptase-like

Tryptase-2-like

Trypsin-like

Trypsin-2-ike

Chymotrypsinogen A

Serine protease 33-like

Serine protease 27-like
Aminopeptidase N-like
Aminopeptidase N

Aminopeptidase N

Aminopeptidase N

Aminopeptidase Ey-like
Aminopeptidase Ey-like
Aminopeptidase Ey-like
Aminopeptidase N, partial

Cathepsin |, partial

Pancreatic lipase-related protein 2-like
Phospholipase A2

Alkaline phosphatase, tissue-nonspecific isozyme-like

Glyceraldehyde 3-phosphate dehydrogenase
Triosephosphate isomerase A

Species

Lepisosteus oculatus
L. oculatus

Hyalella azteca

Chelonia mydas

L. vannamei

Penaeus monodon
Marsupenaeus japonicus
M. japonicus

Rana catesbeiana
Nilaparvata lugens

Lates calcarifer
Scleropages formosus
Sinocyclocheilus rhinocerous
S. rhinocerous

Ovis aries musimon
Python bivittatus

L. calcarifer

H. azteca
Omithorhynchus anatinus
Octodon degus
Ochotona princeps
Xenopus laevis

X. laevis

X. laevis

Chlorocebus sabaeus

L. vannamei

Chaetura pelagica
Pagrus major

S. rhinocerous

Esox lucius

Astyanax mexicanus
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Gene name Gene annotation
nchi 113805286 NA®

ncbi_113810874 Trophoblast glycoprotein

nchi_113826200 NA

XLOC_016514 NA

XLOC_016534 NA

nchi_113822350 SE-cephalotoxin-lie

nchi_113824827 Prolow-density lipoprotein receptor-related protein 1-ke
nchi_113828004 Peroxidasin-iike protein

nchi_113819349 Phosphoenclpyruvate carboxykinase, cytosolic
nchi_113807689 Cytochrome P450

XLOC_026751 NA

nchi_113826199 Single insulin-iike growth factor-binding domain protein-2
XLOC_023200 NA

nchi_113825958 Serpin Bé-like isoform X2

nchi_113816327 NA

nchi_113816316 NA

Note. The threshold for significance is p-value < 0.05.
DEGs, diiferentially expressed genes.
aNA indicates that the function of gene is unknown.

Verification (o-value)

Hep

+/(0.025)

/(0.004)
V(0.018)

V/(0.006)
V(0.003)
V(0.012)

(0.023)

St

(0.001)
V(0.024)

v(0.004)
V(0.01)

V(0.013)
(0.02)

V(0.014)
(0.009)
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Sample

VR4013-1
VR4013-2
VR4013-3
VR3837-1
VR3837-2
VR3837-3
VR4027-1
VR4027-2
VR4027-3
VS3868-1
VS3868-2
VS3868-3
VS3880-1
VS3880-2
VS3880-3
VS3879-1
VS3879-2
VS3879-3

Raw reads

43,410,372
57,672,500
51,479,718
38,338,506
37,704,754
47,019,886
56,229,492
39,363,752
44,978,148
42,426,736
42,975,552
41,490,144
51,220,018
45,819,944
42,021,826
49,914,612
43,730,322
47,364,768

Clean reads

42,125,030
55,606,214
49,787,374
36,947,962
36,467,784
45,527,220
54,118212
37,908,938
43,327,096
41,120,350
41,754,004
40,033,320
49,705,886
44,689,240
40,653,124
48,181,284
42,164,206
45,863,282

Percentage remained (%)

97.04
96.42
9.71
96.37
96.72
96.83
96.25
96.30
96.33
96.92
97.16
96.49
97.04
97.63
96.74
96.53
96.42
96.83

Gene number

20,485
20677
21,014
19,828
19,592
20211
21,034
20,832
20310
20912
20,621
20,573
20,157
20,289
20,005
20,111
19971
20,366
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Gene name

ncbi_113822350

ncbi_113828004
XLOC_016514
XLOC_016534
ncbi_113824827
ncbi_113816316
ncbi_113816839

ncbi_1 13810874
ncbi_113805286
ncbi_113826200

XLOC_026751
ncbi_113826199
XLOC_023290
ncbi_113808761
ncbi_113802520
ncbi_113815780
ncbi_1,13820830
XLOC_016349
XLOC_016348
ncbi_1,13817858
ncbi_113825958
ncbi_113828431
ncbi_113807930
ncbi_113816695
ncbi_113804592
ncbi_113813557
ncbi_1,13817635
ncbi_113830625
ncbi_113807689
ncbi_1,13819349
ncbi_113806536
ncbi_113802817
ncbi_1,13817262
ncbi_113821874
ncbi_113810465
ncbi_113811111
ncbi_113816327
ncbi_113821801

185

Forward primer (5'-3')

ATTCCCTACAGTGACGACTA
GTTCCAAACCCTACTTGTCT
AGATGCTTCCCTGGATCAACC
TCGCCATGAAGAACTGGTCA
TTGCGAGACAGACCAACCAG
TTCCTCCCGCAAGACAAG
CTTTCGGGAGGGAGCGTAT
ACCCGCTGTCCGCTCTACCA
GGGCAACTTACGGCTTCT
ATTGCAGCACCGTCTCCT
TCTTGTGCCTCGCTGTGG
CTCACCGCTGCGAGGATT
TCTGCTGGTGATGATGGT
CCGCAATGCTGTAGAAGGAC
CTTCTTGCCGTGTTTGCC
ACTCATAACCCACCGCCACT
AAGCCGAACTTGGAGGACC
CATCAAGCCCAAACCACC
ATTGGACGCAAGGAGTATGG
GAGGATGGGCTGAAATGTG
GGAACAGCAGACGGGAGTG
'CCGTCACCAACACCCATAA
GCTCGTCACCACAACCAT
GAGCACCTCGCTTTCTGTTT
TCACGGAGTGCCGCTACGAT
CTGCCAGTGGAACACGCTAT
ATGCTGACAAGGCGAATA
CGTGAATCGCAGTCCCTA
GGCAGCCGCATCTTCATC
GTTCCATACCGCCGTTACCA
GCACTTCCAAAGCCAACGA
CGTCGCTGGGCACAAGTA
AATGAGGCGGAGGAGCAG
TAAGAAGGTCCAGAGGCG
CGCTGGTGGGTGTCGTGAT
CCGAGGTCAACTACGAGG
AAACCCAACCCTCCCTCT
AAGGGCGTGGAAGGAATG
TATACGCTAGTGGAGCTGGAA

Reverse primer (5' to 3')

GCCAAAAGATTCTCTCATGC
CTATGTCCAAAACGGAATGC
TGGACTCTCCATTCCGATGTTC
GCAAATTGAAGGCGTCAGCA
CAGGTGCAATCTTCATCGCC
GAGGGAGGGTTGGGTTTT
ACGGGAATAGTCCATCCAAGT
TGTCCCAGCCGCAGCTCAAC
TTCGTGCCAATGGGTTTC
TCCCTCAGGCAGACTTCG
GGTGATGTGCGTGATCTTCTT
TCCCTCAGGCAGACTTCG
GTCATCGGGAGAACAACT
CGGCGGTCAGAGTGGAGAT
ACGATGCCGTCTCCTGTCT
TCGTCAGGGACCCAGCAA
CGGATGAACTTACCGAAACG
TCTTCTCCAGCCAGCCACT
CCTGGGCTGGTTGATGAG
GTCCAGCAACTCTGAAGTATGA
CAACGAAGCATTGGTGGC
AGCAGCCACCCAAGGAAA
CGAAGATGGGAGGCAGGT
CATGACTTGGGTTCAGGTTTA
TCCCTGTTGCGGATGTCCTG
GCGGTGCTAGGAACGTAACTAA
AAGAGTCAGACCCGCAAG
GTGGTCGCTTCCTCTTCC
AGGGCGAAGCGGCGGTTGTT
CGAGCAATTTCGCTTACAACACTA
GATCTCCTCGGAGTTGTAGCG
AGCCGAAGTGTCCCGTTA
CCTTCCAGGTGGCAGACAG
AACCCACAAGGCCATACA
CCGCTTGGCTGCTGAGAT
ACGGGACTTGGTGGCTGGT
TCCTCCGTCTCCAACACC
CTTCATCTCCTCCTTCTCCTTC
GGGGAGGTAGTGACGAAAAAT

Product size (bp)

132
106
127
%
133
150
162
118
131
91

149
106
142
149
164
154
110
104
146
155
%3
150
145
107
187
186
159
100
176
19
19
167
92

125
17
106
136
187
136

Tm (C)

51
51
57
56
55
55
56

54
57
57
58
52
58
57
59
56
58
55
54
57
56
56
54
60
57
52
56
60
55
57
57
58
55
55
55
54
56
56
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location (bp)

22,188,006
13,067,362

14,807,639

10,256,532
10,000,245
2,535,708
562,238
372,623
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Carp gene Id
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To
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Protocadherin 1
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Argonate RISC component 1
Free fatty acid receptor 3-like
AT rich interactive domain 1A
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Primer name

NFxBa-RTF

NFxBa-RTR

EIF-F

EIF-R

NFkBa anti-sense Probe
NFkBa sense Probe
NFxBa RNAI-F

NFxBa RNAI-R

Nucleotide sequence (5'—3')

CATGGTGACCCAGTTAACCAGA
CGTCAAGTGTTGCAGGATTTCTT
CATGGATGTACCTGTGGTGAAAC
CTGTCAGCAGAAGGTCCTCATTA
TTCGCGAAAGAGGGAGAGGAGGAATCAGCGATCCCT
AGGGATCGCTGATTCCTCCTCTCCCTCTTTCGCGAA
TAATACGACTCACTATAGGGGAAAGAGGAAGGCTCCGTTA
TAATACGACTCACTATAGGGGGTCCTTCCGGTATGATTTG

Purpose

FWD primer for NFBa expression
RVS primer for NFBa expression
FWD primer for EIF expression
RVS primer for EIF expression
Probe for NFBa ISH analysis
Probe for NFiBa ISH analysis
FWD primer for RNAi analysis
RVS primer for RNAi analysis
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Name

Sialin-like
Alpha-L-fucosidase

Apoptosis signal-regulating kinase 1 (ASK1)

NF-kappa B inhibitor alpha (NFBa)

TGF-beta-activated kinase 1 (TGF)

Alcohol dehydrogenase class-P (ADP)

Palmitoyl-protein thioesterase 1 (PPT1)

Hexokinase

Alcohol dehydrogenase class Il (Alcohol)

Acetyl-CoA carboxylase (Acetyl)

Accession number

XP_018006493.1
KFM70007.1

AKI88007.1

AET34918.1

AKV88638.1

XP_019577393.1

XP_015686279.1

ABO21409.1

CCQ25768.1

ALK82309.1

p value

0.0367
0.0105

0.0145

0.0161

0.0338

0.0293

0.0082

2.58E-06

0.0275

8.70E-05

CGvs SS

0.32
2.01

0.46

2.31

3.23

3.23

CG vs DS

Fold change
0.39
223

2.21

0.28

217

243

0.27

3.32

0.45

3.13

SS vs DS

213

0.43

2.16

0.31

0.48

Metabolic pathways

Lysosome

Lysosome; other glycan
degradation

Apoptosis; platinum drug
resistance; tight junction
Apoptosis; Pathways in cancer;
shigellosis

Apoptosis; NF-kappa B
signaling pathway; Shigellosis;
MAPK signaling pathway
Glycolysis/Gluconeogenesis;
fatty acid degradation; tyrosine
metabolism
Glycolysis/Gluconeogenesis;
shigellosis
Glycolysis/Gluconeogenesis;
fatty acid degradation; drug
metabolism—cytochrome P450
Insulin signaling pathway;
pyruvate metabolism; AMPK
signaling pathway

Lysosome; fatty acid elongation
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Primer

Sialin-F
Sialin-R
Alpha-F
Alpha-R
ASK1-F
ASK1-R
NFBa-F
NFBa-R
TGF-F
TGF-R
ADP-F
ADP-R

PPT-F

PPT-R
Hexokinase-F
Hexokinase-R
Alcohol-F
Alcohol-R
Acetyl-F
Acetyl-R

Sequence

ATCAAAGGAATGTCTGCTACCGT
TCAGGTAAATCGTTCCAGGGATG
CAACGACTTTGTCACCAGGAAAA
TGGTATTCCCTGACCCCATCTAT
GAATTCTCTCGGAGCATATCCGT
TCTTCAGGAGGTAGAACCCATCT
CATGGTGACCCAGTTAACCAGA
CGTCAAGTGTTGCAGGATTTCTT
CATCTTTACCAGAGTGTGTGGGA
CTGCTTACGAATACCCTGTTCCT
CACACCGATGTTTACTTCTGGGA
CAACACATGATCTCCTGGCTGAA
GCACTTGGAAGACGAGATGATTG
GGAACCGTGAGTTTGTAGCTTTC
CACAGGATGCTTCTTTGGAGGA
GAGAGTCTTCCCCTGAATCAAGA
TAAAACACCATCCCCCAGAGAAG
AGGGTAAGTTTGGATCCCTCAAC
CCAAGCTTCAGAACGGATACAAC
GACGAAACCACCATTCAAAGAGG
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Marker type
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AG
AG
T/C
AG
Indel
Indel
Indel

Genotype

GGAG:AA
GGAG:AA
GGAG:AA
CC:CT:TT

GGAG:AA
In:Del:Indel
In:Det:Indel
In:Del:Indel

Proportion of
susceptible group

Proportion of
tolerant group

4:10:6

0.000
0.007
0.001
0.007
0.000
0.000
0.000
0.000
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Upstream

Exonic-Stop gain
Exonic-Stop loss
Exonic-Synonymous.
Exonic-Non-synonymous
Intronic

Splicing

Downstream
Upstream/Downstream
Intergenic
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Tsftv

Total

Number of SNPs

Number of Indels

27
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20
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Group Raw data (bp) Valid data after Efficient (%) Error rate (%) Q20 (%) Q30 (%) GC content%)
filtering (bp)

45,854,625,300 45,758,784,500 99.78 0.04 93.81 87.06 40.62
49.159.475.100 49.083.786,900 99.85 0.04 93.92 87.31 40.86
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Primer ID

S1-F
S1-R
S2-F
S2-R
S3-F
S3-R
S4-F
S4-R
S5-F
$5-R
l4-F
14-R
18-F
18-R
I9-F
9-R

Primer sequence (5'-3')

AGGTCTCCCTCACAAACGC
TGTGGATAGGAAAGGGTGAA
CCATTACTTACTCTCACCATTTCAG
CAACCTTGACGGAAACCATAC
CTCACTTACCTGTCGTCACCTG
GCACGCAGGTACTGAACATTT
ACCACACCTGCCTAATCTACC
CAAGATTCCAGTGTTTCTGTGAG
AGTCACTATGAATGGCAAATATCTA
CGGTTTGTAACTCTCGGGGT
CTCTCCGCCAGCCCGOCATTAATGO
TTACTTTCCATCCATCAGCC
TGGGTGTTGTCAATCTGTGATGGCT
CTGACTGACGAGACGACTGG
TCGTCAGTCATCTTTCTTCTCTC
TGTTTGGTTATIGGCGTTG
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A: RNA processing and modification

B: Chromatin structure and dynamics

C: Energy production and conversion

D: Cell cycle control, cell division, chromosome partitioning
E: Amino acid transport and metabolism

F: Nucleotide transport and metabolism

G: Carbohydrate transport and metabolism

H: Coenzyme transport and metabolism

I: Lipid transport and metabolism

J: Translation, ribosomal structure and biogenesis
K: Transcription

L: Replication, recombination and repair

M: Cell wall/membrane/envelope biogenesis

N: Cell motility

O: Posttranslational modification, protein turnover, chaperones
P: Inorganic ion transport and metabolism

Q: Secondary metabolites biosynthesis, transport and catabolism
R: General function prediction only

S: Function unknown

T: Signal transduction mechanisms

U: Intracellular trafficking, secretion, and vesicular transport

V: Defense mechanisms

W: Extracellular structures

Y: Nuclear structure

Z: Cytoskeleton
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BW
BL
BH

%

000022 (48.66)
0.000008 (0.69)
0(0.08)

2

9%

194.5570 (42.94)
2.925069 (0.70)
0377716 (0.09)

o2, Genetic variance; a2, Phenotypic variance; o2, Residual variance; h?, Heritability.

L3

194.5572 (35.96)
2.925072 (0.52)
037716 (0.07)

Genomic h?

0.000001 (0.25)
0.000001 (0.24)
0.000001 (0.22)
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Body weight, g Body length, cm  Body height, cm

Mean & SD 452+ 138 138+ 16 3605
Range 20.8-80.3 95-17.7 2876
CV (%) 31 11 15
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LG Consensus Female Male

No. of Size (cM) Average distance No. of Size (cM) No. of markers Size (cM)
markers (cM) markers
1 1,230 66.8 005 613 782 745 518
2 1,125 583 005 783 65.7 716 431
3 1,029 66.0 006 660 86.7 574 555
4 1,000 787 008 654 66.8 503 835
5 997 618 006 626 726 629 494
6 973 519 005 543 542 548 438
7 967 64.6 007 532 67.2 558 50.1
8 949 663 007 458 702 647 60.4
9 899 1246 014 609 683 375 580
10 875 65.2 007 484 686 505 49.4
1 850 102.8 0.12 475 64.4 468 518
12 837 1137 014 533 686 410 593
13 831 744 009 480 585 480 528
14 817 719 009 589 718 377 507
15 814 9.6 0.12 207 704 589 529
16 791 68.0 009 387 612 526 552
17 789 79.0 0.10 a7 70.4 476 456
18 789 63.9 008 616 552 566 486
19 787 732 009 589 542 283 566
20 741 68.4 009 539 54.2 358 461
21 693 645 009 378 505 302 553
22 689 636 009 237 39.8 508 580
23 432 59.3 014 225 65.7 273 505
24 243 53.9 022 114 498 158 508

Total 20147 1757.4 0.09 11838 1533.1 11684 1279.2
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No. of pools

10

100
150
200

Accuracy of prediction

Individual

0712  0.005

40x

0.574 + 0.006
0.574 + 0.004
0.575 + 0.003
0.576 + 0.003
0.581 + 0.005
0.594 + 0.008
0.642 + 0.009
0.667 + 0.012
0.684 + 0.012

100x

0575  0.006
0575  0.002
0575 + 0.002
0576  0.001
0581  0.002
0596 + 0.006
0641 + 0011
0671 + 0011
0687 + 0.012

% Decreased

40x

1938
19.382
19242
19.101
18.54
1657
9.83
632
393

100x

1924
1924
1924
19.10
18.40
1629
997
576
351

Accuracy of prediction using in-silico DNA pools of the reference population for different numbers of pools and sequencing coverage. The % decreased is the decrease in accuracy of
prediction in % for the 40 and 100x compared to the individual genotype. The presented accuracies are the mean of 60 replicates and the standard errors are the standard deviation of

60 replicates.
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83
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1.87
141

# Family/pool

58
49.5
37.75
22
1235
77
276
1.85
14

Alive pool

# Fish/pool

308
154
77
308
154
922
308
205
1.54

# Family/pool

60

56

425
246
137
7.65
3.03
2.05
1.52
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LG QTL Position No.
(cM) of SNPs

Max LOD LOD threshold

Group  Genome

wide wide
20  gSex20 0-3.571 24.02 28 52
3.855-5.609 26.81 28 52
5.827-6.328 26.55 28 52
6.344-6.350 26.55 28 52
6.353-6.398 26.55 28 52

2

4

3

3

4
6.402 1 254 28 52
6.403-6.429 4 25.4 28 52
6.449 1 25.4 28 52
6.49-7.041 2 254 28 52
7.227 1 27.05 28 52
7.24 1 27.06 28 52
7.44 1 27.05 28 52
7.983 1 254 28 52
9.679 1 19.71 28 52
12.841-12.9 2 286 28 52

Max PVE%

57.3
61.3
61
61
61
59.3
59.3
59.3
59.3
61.6
61.6
61.6
59.3
50.3
63.7

Candidate
gene
name

Vacuolar protein sorting-associated protein 4B-like (vps4bl)
Small GTPase Rabs (rab5)
Anti-ipopolysaccharide factor 4 (alf4)
Molt-inhibiting hormone (mif)
Acyl-coenzyme A thioesterase 1 (acot)
Prophenoloxidase (opo)
Tetratricopeptide repeat protein 21B-like (ttc21bi)
Anti-ipopolysaccharide factor 4 (alf4)
Zinc finger MYM-type protein 1-like (zmym1)
Tigger transposable element-derived protein 1-ike (tiga1)
PAB-dependent poly(A)-specific ribonuciease subunit PAN2 (pan2)
Ecdysone receptor 2 (ecr2)
Hyperglycemic peptide 2 precursor (cprp2)
Spermatogonial stem-cell renewal factor (ssrf)

\
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qTL48
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W16
qCwas
qowag

qCcwe2

qCW70

GCHW12

Position
(cM)

11.980-12.037

17.604

16.003-18.998

20.78

11.980-12.037

17.604
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37.116-39.603

7.995

[

47.83
50.706
54.258
57.5626
18.998

20.78

11.980-12.037
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37.115

7.995

0
43.314-44.424
44.601-44.902

47.83
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54.258
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130 603

No.
of SNPs

6 Mot o LRk byt bk bt 10O =

[ N

IR QI HIREIN QY < G

Lo o

Max
LoD

347
3.35
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4.36
4.06
3.25
3.33
3.48
325
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3.44
38
29
3.09
3.94
367
3.06
3.39
35
3.63
35

3.94
421
3.69
3.64
3.07

3.03

291
2.82
3.59
3.26
2.99
3.04
299
351
35

3.87
4.38
3.78
3.39
412
232
3.17
419
3.94
32
3.42
3.04
331
3.55
3.93
374
4.26
3.32

3.25
3.06

417
3.91

LOD threshold

Group Genome

wide

3.2
32
3
27
3
3
3
3
26
32
3.2
32
32
32
29
26
3
3
3
26
3
341
31

31
3.1
31
31
3

3
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27
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29
29
24
31
31

31
31
31
31
21
23
27
31
31
31
341
26
3
34
34
3.4
34
29
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wide

6.9
6.9
6.9
53
53
53
53
53
53
53
53
53
53
53
53
53
53
53
53
53
53
53
53

53
53
53
53
53

53

53
53
53
53
53
53
53
53
53

53
53
5.3
53
53
53
53
53
53
53
53
53
53
53
53
53
53
53

> > o

Max
PVE%

1.6
12
1.8
9.8
144
135
1
11.2
17
1
"7
13
15
127
9.8
10.4
184
123
103
114
1.8
11.8
1.8

131
14
12.4
12.2
104

103

29
95
1.9
109
101
10.2
10.1
17
17

128
14.4
125
1.3
186
7.9
106
138
13
10.7
1.4
102
11
118
13
12.4
14
1.1

109

103
14

132

103

Candidate
gene
name

Anti-lipopolysaccharide factor 4 (aif4)

&

\

§

Anti-ipopolysaccharide factor 4 (alf4)

\

5

\

Laminin receptor (lamr)

\

Golgin subfamily B member 1-like (goigh7)
TBC1 domain family member 1-ike (tbcd1l)
Glutamate (NMDA) receptor subunit 1-like (giur)
Molt-inhibiting hormone (mif)

\

\

Anti-fpopolysaccharide factor 4 (alf4)

\

&

Laminin receptor (amr)

A

Hyperglycemic peptide 2 precursor (cprp2)
Xpa xeroderma pigmentosum, complementation group
A xpa)

Golgin subfamily B member 1-like (golgh1)
TBC1 domain family member 1-ike (tbcdll)
Glutamate (NMDA) receptor suburit 1-lie (glrf)
Molt-inhibiting hormone (mih)
Nucleosome-remodeling factor subunit NURF301-lie
(urf307)

RNA-directed DNA polymerase from mobile element jockey-
like

\

\

Anti-ipopolysaccharide factor 4 (@lf4)

\

\

\

Laminin receptor (amr)

Hyperglycemic peptide 2 precursor (cprp2)

Xpa xeroderma pigmentosum, complementation group
A (xpa)

Golgin subfamily B member 1-like (goigh1)
TBC1 domain family member 1-ike (tocdlll)
Glutamate (NMDA) receptor subunit 1-like (girl)
Enoyi-CoA hydratase (ech)

Molt-inhibiting hormone (mif)

\

\

Anti-iipopolysaccharide factor 4 (alf4)

\

\

5

Laminin receptor (amr)

\

Golgin subfamily B member 1-like (golgh1)
TBC1 domain family member 1-ike (tbcdll)
Glutamate (NMDA) receptor suburit 1-like (glurl)
Molt-inhibiting hormone (mif)
Nucleosome-remodeling factor subunit NURF301-like
(urf307)

RNA-directed DNA polymerase from mobile element jockey-
like

\

Anti-iipopolysaccharide factor 4 (alf4)
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£ S By S o

Feed intake (F)

7 AX-317210965

"Number of chromosome on the Oreochromis niloticus reference genome.
bposition of the SNP in the chromosome, in milion base pairs.

BP®

31.78
32.14
32.44
32.47
32.53
32.99
32.99
33.02
33.69

40.23

Minor allele
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C

Major allele
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Body weight gain (BWG)

AX-317149064
AX-317149233
AX-317149515
AX-317169164
AX-317169167
AX-317149783
AX-317169548
AX-317150097
AX-317150157
AX-317150877

Feed Intake (F)

AX-317210965

31.31
31.53
31.89
32.19
3222
32.28
32.74
32.74
3277
33.44

39.98

QTL region®
Left position

Right position

31.81
32.03
32.39
32.69
32.72
32.78
33.24
33.24
33.27
33.94

40.48

Gene names

gniB), comt, traip, monia, tmar-acg, bhlhed0, mst1r, camkv, naaa, semadf
trmar-acg, bhihed0, tmt1, camkv, naaa, semagf

tmt1, doxd, gor27, mdfic2, eit4e3, foxp1

gpr27, popar2, eifde3, rybp, gy, foxp, pdzm3, shqi

9pr27, pppAr2, eifde3, 1ybp, gxyit2, foxp1, pdzmd, shql

9pr27, pppdr2, eifde3, rybp, gxyi, foxp1, pdzm3, shql

chit

chit

chit

cakSrap1, ghrh, if52, srsf6, rpn2, mybi2, acot8

akap13, skal, agbll, nitrka, pard6a, wasla, hyal, hyald, spam, gor37a, pot1, grmsb, acotd
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Traits® FCR
N 726
Min 0.48
Mean 0.94
Std Dev 0.20
Median 0.91
Max 1.86

BWG

755
0.76
9.18
298
8.94
18.24

RFI

727
-4.41
-0.40

1.49
-0.40

4.40

Fl

735
191
8.30
228
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16.22

"FCR: Feed Conversion ratio, BWG: body weight gain (in g); FI: feed intake (in g); RFI:

residual feed intake (in g).
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Sex Number BW (g) FL (cm) BL (cm) L (em) CW (cm) CHW (cm)

Female 67 223+1.73 4.46 + 0.64 3.74 £ 0.49 1.64 + 0.40 091 +£0.25 0.28 + 0.1
Male 63 297 262 481120 4.08 £ 1.02 174 £0.44 0.99 +0.28 0.32 £ 0.15
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Gene ID

Contig 574.9

Contig 11.37

Contig 272.2

Contig 159.21

Contig 105.16
Contig 48.16

Contig 2378.3

Contig 3705

Category

Intergenic

Intergenic

Intergenic

Intergenic

Intergenic
Intergenic

Intergenic

Intergenic

Aindex

-0.92

0.74

o7l

0.78

0.79

-0.77

0.75

-0.72

Annotation

NR:Ubiquitin-conjugating enzyme E2 O [Zootermopsis nevadensis]
KEGG:ubiquitin-conjugating enzyme E2-230k, putative (EC:6.3.2.19)

K10581 ubiquitin-conjugating enzyme E2 O [EC:2.3.2.24] (A)

SwissProt:E2/E3 hybrid ubiquitin-protein ligase UBE20 OS = Mus musculus GN = Ube20

PE = 1 SV = 3; IPR_I:NULL; IPR_Anno:NULL

NR:hypothetical protein X975_00935, partial [Stegodyphus mimosarum]

KEGG:putative ZDHHC-type palmitoyltransferase 6; K20032 pamitoyltransferase ZDHHG13/17 [EC:2.3.1.225) (A);
SwissProt:Espin OS = Mus musculus GN = Espn PE = 18V = 2

IPR_IG:NULL; IPR_Anno:NULL

NR:PREDICTED: aspartate-{RNA ligase, mitochondrial [Tribolium castaneurn]

KEGG:Kinesin-6A; kinesin 6A; K17387 kinesin family member 23 (A)

SwissProt:Aspartate--tRNA ligase, mitochondrial OS = Rattus norvegicus GN = Dars2 PE = 1 8V =1
IPR_idIPR008126; IPR_Anno:Outer membrane adhesion, Yersinia

NR:PREDICTED: gamma-tubuiin complex component 6 isoform X2 [Pogonomyrmex barbatus]

KEGG:TUBGCPS; tubuiin, gamma complex associated protein 6

K16573 gamma-tubuiin complex component 6 (4)

SwissProt:Gamma-tubulin complex component 6 OS = Homo sapiens

GN = TUBGCPS6 PE = 1 8V = 3; IPR_id:IPR007259; IPR_Anno:Spc97/Spc98

NR:PREDICTED: uncharacterized protein LOC105387196 [Plutella xylostella]

KEGG: ; SwissProt: ; IPR_id:NULL; IPR_Anno:NULL.

NR: ; KEGG: ; SwissProt:Transcription termination factor 1 S = Homo sapiens

GN = TTF1 PE = 1 SV = 3; IPR_id:IPR005448; IPR_Anno:Voltage-dependent calcium channel, P/Q-type, alpha-1 subunit
NR:PREDICTED: vesicle-trafficking protein SEC22b-B [Fopius arisanus]

KEGG:vesice-trafficking protein SEC22b-B; K08517 vesicle transport protein SEC22 (A)
SwissProt:Vesicle-trafficking protein SEC22b-B OS = Danio rerio

GN = sec22bb PE = 2 SV = 1; IPR_ic:IPR002255; IPR_Anno:Flavin monooxygenase (FMO) 3

NR:PREDICTED: protein SMG5 [Acromyrmex echinatior]

KEGG:protein SMGS5; K11125 protein SMG5 (4)

SwissProt:Protein SMG5 OS = Homo sapiens GN = SMGS PE = 1 SV = 3

IPR_id:IPRO18834: IPR_Anno:DNA/RNA-binding domain, Est!-type
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PIC, polymorphism information content; Ho, observed heterozygosity; He,
expected heterozygosity; Fis, inbreeding coefficient; MLH, multilocus heterozygos-
ity; SMILH, standardized MLH, Ne, effective population size.
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Type Number Percent (%)

Complete BUSCOs (C) 957 944
Complete and single-copy BUSCOs (S) 951 2.3
Complete and duplicated BUSCOs (0) 42 44
Fragmented BUSCOs (F) 15 15
Missing BUSCOs (M) 4 44

Total BUSCO groups searched 1018 100
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Annotation statistics for nuclear genome. Number Percent (%)

Total protein 21,899
EggNOG 16,224 74.08
Go 9312 4252
coG 14,204 64.86
KEGG 5368 2451
At least in one database 18,176 82.99

COG, Cluster of Orthologous Groups; GO, Gene Ontology; KEGG, Kyoto Encyclopedia
of Genes and Genomes.
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Dataset No. of SNPs Accuracy of prediction

SNP chip 51646 0.737 £ 0.006
Sequence 40x 44538 0.716 + 0.004
Sequence 20x 45812 0.700 + 0.003
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Group PROG (%) DCL (um) DAP (um) DSL (pm) VCL (pm/s) VAP (um/s) VSL (nm/s) LIN (%) STR (%) WOB (%) ALH (um) BCF (Hz)
NT 51.43+1.96 31.60+069 29244064 2653+065 67.70+154 61.32+156 5591+1565 0.81+£0004 091+0.004 089+0005 1.01£003 30.11+0.38
GH + 3811 +£1.40 2820+£1.02 25724+0.97 2269+099 5926+£207 5463+215 47.88+198 0.79+0.004 0.88+0.004 0.89+0.005 0.89+001 28.46+0.60
P <005 * * " * " *

Asterisk indicates a significant difference between groups (p < 0.05). Data are expressed as means

t standard error of the mean (SEM) (n = 10 for each experimental group). NT, non-transgenic; gh+, gh-transgenic.
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No significant Fst values were found at p < 0.05.





