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Abstract

Various salmonid species are cultivated in cold water aquaculture. However, due to limited
genomic data resources, specific high-throughput genotyping tools are not available to
many of the salmonid species. In this study, a 57K single nucleotide polymorphism (SNP)
array for rainbow trout (Oncorhynchus mykiss) was utilized to detect polymorphisms in
seven salmonid species, including Hucho taimen, Oncorhynchus masou, Salvelinus fontina-
lis, Brachymystax lenok, Salvelinus leucomaenis, O. kisutch, and O. mykiss. The number of
polymorphic markers per population ranged from 3,844 (O. kisutch) to 53,734 (O. mykiss),
indicating that the rainbow trout SNP array was applicable as a universal genotyping tool for
other salmonid species. Among the six other salmonid populations from four genera, 28,882
SNPs were shared, whereas 525 SNPs were polymorphic in all four genera. The genetic
diversity and population relationships of the seven salmonid species were studied by princi-
pal component analysis (PCA). The phylogenetic relationships among populations were
analyzed using the maximum likelihood method, which indicated that the shared SNP mark-
ers provide reliable genomic information for population genetic analyses in common aqua-
culture salmonid fishes. Furthermore, this obtained genomic information may be applicable
for population genetic evaluation, marker-assisted breeding, and propagative parent selec-
tion in fry production.

Introduction

Salmonid fishes are naturally distributed in freshwater and marine habitats around the world.
Salmonid fishes are of high economic, recreational, and ecological value. However, the genetic
variation of salmonid species has decreased to different degrees because of increased inbreed-
ing due to human activities. For aquaculture species, supportive or assistant breeding causes
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inbreeding depression or loss of genetic variability [1,2]. Inbreeding can occur at any stage of
the hatchery or broodstock such as breeding among close relatives, low numbers of brood-
stock, systematic selection for specific traits, and unequal mortality of offspring among families
[3,4,5]. Inbreeding depression in salmonids is the main effect of inbreeding in conservation
and aquaculture, which in turn reduces heterozygosity as well as the mean value of fitness-
related phenotype. Maintaining genetic diversity within and among populations is thus a high
priority in salmonid conservation and aquaculture [6,7]. An understanding of the population
genetic structure of salmonid populations is essential for fisheries resource conservation and
management.

The family Salmonidae consists of three subfamilies and 11 genera, including more than 70
species [8]. Species in genera Oncorhynchus, Salvelinus, Brachymystax, and Hucho are major
cold water cultural fishes in China. Among these salmonid fishes, rainbow trout, O. mykiss, is
the most widely cultivated species. It is also a worldwide aquaculture species with relatively
well investigated resources of genomic data [9-12]. Based on the whole genome shotgun strat-
egy, the first version of rainbow trout reference genome was released in 2014, representing a
1.9-Gb genome assembly with a scaffold N50 of 384 kb [13]. Abundant single nucleotide poly-
morphism (SNP) markers were identified by genome library sequencing [14], RNA-seq
[15,16], expressed sequence tags (EST) sequencing [17], restriction-site associated DNA
(RAD) sequencing [18], and genome resequencing [19]. Out of approximately 2.12 M candi-
date SNPs, a commercially available 57K high-density SNP array for rainbow trout was devel-
oped in 2015 [19]. This array contained 50,701 high-quality SNPs with a wide distribution and
good representation throughout the genome. This SNP array was successfully used in popula-
tion genetic analysis [20], genome-wide association study (GWAS) [21], and genomic selec-
tion in rainbow trout breeding [22].

However, except for rainbow trout and Atlantic salmon (Salmo salar), two salmonid fishes
with whole genome sequencing projects, genomic resources for other salmonid fishes are lim-
ited. Mitochondrial DNA and microsatellites have thus been used as resources for genetic anal-
ysis of other salmonid species [23-26]. In a previous attempt to develop and evaluate SNP
arrays for common carp (Cyprinus carpio) we observed that a considerable number of poly-
morphic SNPs are shared among phylogenetically related species. Thus, the common carp
SNP array may be utilized in eight other species of family Cyprinidae [27]. In addition, it
might be practical to use the rainbow trout SNP array as a universal genetic tool for the genetic
analysis of other salmonid species, which is more efficient and economical in sequencing and
large-scale marker discovery for each species.

In this study, the 57K rainbow trout SNP array was used for genotyping 96 individuals rep-
resenting seven salmonid species to assess genetic diversity and population structure of differ-
ent populations. The call rate quality and shared SNPs among species were analyzed to provide
universal polymorphic molecular markers for future genetic analysis and genomic selection in
salmonid fish breeding.

Materials and methods
Fish and DNA samples

In this study, 96 cultured samples representing seven salmonid species were collected for geno-
typing and further analyses. Fish samples were collected at three sites: Mudanjiang in Heilong-
jiang, Dujiangyan in Sichuan, and Huairou in Beijing, China. Unrelated individuals from
seven salmonid species were sampled: Hucho taimen (HT, sample numbers 1-8), Oncor-
hynchus masou (OM, sample nos. 9-16), Salvelinus fontinalis (SF, sample nos. 17-24), Brachy-
mystax lenok (BL, sample nos. 25-32), Salvelinus leucomaenis (SL, sample nos. 33-40),
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Oncorhynchus kisutch (OK, sample nos. 41-48), and Oncorhynchus mykiss rainbow trout
(RT, sample nos. 49-96). All sampling procedures complied with the guidelines of Animal
Care and Use Committee (ACUC) of the Centre for Applied Aquatic Genomics, Chinese
Academy of Fishery Sciences. All sampling procedures and experimental manipulations were
approved as part of obtaining the field permit. Approximately 1 cm? tail fin tissue was cut
from each individual, and then dried at 56 °C before short storage at room temperature. The
sampled individuals were released to the ponds for natural fin regeneration. Genomic DNA
was extracted from fin tissues using a Marine Animal Genomic DNA Extraction Kit (TTAN-
GEN, Beijing), following the manufacturer’s recommendations. The integrity of DNA was
analyzed on 1% agarose gels. DNA was quantified using a NanoDrop 8000 device (Thermo
Scientific, USA).

SNP genotyping and validation

More than 5,000 ng of genomic DNA from each sample were sent to a commercial service pro-
vider (Geneseek, Inc., Lincoln, NE, USA) for genotyping, which was performed using the 57K
rainbow trout SNP array, according to Axiom genotyping procedures described by Affymetrix.
Aftymetrix Power Tools (APT) and SNPOLISHER software packages were used for genotyp-
ing and quality control, following the manufacturer’s recommendations (http://media.
affymetrix.com/support/downloads/manuals/ axiom_best_practice_supplement_user_guide.
pdf). SNP validation and statistics was processed using PLINK v1.09 (https://www.cog-
genomics.org/plink2) [28,29]. A moderate call rate threshold (>85%) was set for SNP calling.
SNPs with no less than two genotypes within one population and higher than 5% minor allele
frequency (MAF) were considered as polymorphic SNPs.

Population structure analysis

Principal component analysis (PCA) was performed to assess the genetic relationships among
seven salmonid species using PLINK v1.09 and GCTA (Genome-wide Complex Trait Analy-
sis) software [30], respectively. Different datasets of SNPs with varying numbers of markers
ranging from 2,393 to 57,501 were used to verify the consistency of the results, with different
filter thresholds: 1) 57,501 SNPs with no filter; 2) 53,436 SNPs with a call rate >85% for all 96
individuals; 3) 28,882 SNPs with call rate >85% in each population; and 4) 2,393 SNPs with a
call rate >85% in each population and MAF >5% in each population. Linkage disequilibrium
(LD) and allele frequency analysis were performed with PLINK v1.09. The filter threshold for
LD and allele frequencies was r* < 0.2 and MAF > 0.02, respectively. The R package (www.r-
project.org/) was used to visualize the PCA results. Customized high-resolution Venn dia-
grams were constructed to visualize the shared and unique SNPs among the four salmonid
genera using the VennDiagram suite in the R package [31]. The distribution and relationship
of SNPs among Hucho, Oncorhynchus, Salvelinus, and Brachymystax genera were evaluated.
One species from each genus was selected as representative.

Phylogenetic analysis

Phylogenetic analysis of the salmonid populations was performed with CLC Genomics Work-
bench 9.5.4, and a maximum likelihood phylogenetic tree was generated. Bootstrapping was
performed using the group population option with 1,000 replicates over loci. Phylogenetic
analysis was conducted using the genotyping data of 11,643 SNPs (call rate >99%) shared by
all populations. A phylogenetic tree was constructed using EvolView v2 [32,33].
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Results
SNP genotyping and validation

The 96 salmonid individuals used in this study represented seven different populations based
on species and strains, namely, HT, OM, SF, BL, SL, OK, and RT. The call rate distribution of
each sample is shown in S1 Fig, indicating that the call rate of non-rainbow trout samples ran-
ged from 90.621% to 93.339%, which was much lower than that of rainbow trout samples with
high genotyping quality (call rate as high as 99.078%).

While a moderate call rate threshold was set (>85%), all the non-rainbow trout samples
passed quality control. The number of informative SNPs in the seven populations varied from
47,347 to 55,955. The number of polymorphic SNPs in each group ranged from 3,844 in the
OK population to 53,734 in the RT population. The RT population exhibited a high SNP poly-
morphic rate (96%). Although belonging to the same genus Oncorhynchus, the OK and OM
populations showed low polymorphic rates (7.8% and 13.8%, respectively). The number of
SNPs and polymorphic SNPs of each population are summarized in Table 1.

The shared SNP statistics of the four genera are presented using Venn diagrams (Fig 1). In
terms of informative SNPs (Fig 1A), the number of specific SNPs in the Hucho, Oncorhynchus,
Salvelinus, and Brachymystax genera were 1,151, 1,386, 612, and 1,003, respectively. In con-
trast, in terms of polymorphic SNP sets (Fig 1B), by contrast, four genera showed more specific
SNPs (Hucho: 1,929; Oncorhynchus: 6,414; Salvelinus: 4,108; and Brachymystax: 4,179). The
number of informative and polymorphic SNPs in the overlapping area of the Venn diagram
among the four genera was 28,882 and 525, respectively. Hucho and Brachymystax shared the
highest number of SNPs (42,066) between two genera, whereas Salvelinus and Brachymystax
shared the highest number of polymorphic SNPs (10,892) between two genera.

Population diversity and genetic relationships among different salmonid
populations

The genetic relationships among salmonid individuals and populations were analyzed by
PCA. Different SNP datasets were obtained by different filter thresholds: 1) 57,501 SNPs with

Table 1. Summary of polymorphic SNPs in seven cultured salmonid populations.

Species Sample Sampling site Number of Percentage of genotyped Number of Percentage of polymorphic
ID genotyped SNPs SNPs (%) polymorphic SNPs SNPs (%)
Hucho taimen 1~8 Mudanjiang, 47,418 82.5 6,838 144
Heilongjiang, China
Oncorhynchus 9~16 Mudanjiang, 48,401 84.2 6,699 13.8
masou Heilongjiang, China
Salvelinus 17~24 Mudanjiang, 47,723 83.0 17,442 36.5
fontinalis Heilongjiang, China
Brachymystax 25~32 Mudanjiang, 47,347 82.3 18,154 38.3
lenok Heilongjiang, China
Salvelinus 33~40 Mudanjiang, 47,516 82.6 6,650 14.0
leucomaenis Heilongjiang, China
Oncorhynchus 41~48 Dujiangyan, Sichuan, 49,100 85.4 3,844 7.83
kisutch China
Oncorhynchus 49~96 Mudanjiang, 55,955 97.3 53,734 96.0
mykiss Heilongjiang, China

Dujiangyan, Sichuan,
China

Huairou, Beijing, China

https://doi.org/10.1371/journal.pone.0202582.t001
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Fig 1. The four-set Venn diagrams of four salmonid genera. Each genus is represented by one color: yellow, Hucho; red,
Oncorhynchus; green, Salvelinus; and blue, Brachymystax. The number of shared and unique SNPs is shown in different blocks.
(A) The distribution of shared and unique informative SNPs and (B) the distribution of shared and unique polymorphic SNPs
among the four genera.

https://doi.org/10.1371/journal.pone.0202582.g001

no filter; 2) 53,436 SNPs with a call rate >85% for all 96 individuals; 3) 28,882 SNPs with call
rate >85% in each population; and 4) 2,393 SNPs with a call rate >85% in each population
and MAF >5% in each population. PCA of each dataset was performed using PLINK v1.09
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Fig 2. PCA of 96 individuals from seven salmonid populations (PC1: 33.4% of variance against PC2: 8.2% of variance)

based on 28,882 shared SNP markers using the GCTA software. Each individual is represented by one point. Each

population is shown by different symbols.
https://doi.org/10.1371/journal.pone.0202582.9002

and GCTA. With varied principal component (PC) values, the clustering distributions of indi-
viduals were highly similar among the PCA results while using 1) - 3) datasets and both soft-
ware. The 96 individuals were clustered into four groups: 48 rainbow trout individuals were
clustered as a loose group, and the other six species were classified into three separate groups.
While the number of SNPs was reduced to 2,393, all the non-rainbow trout individuals
belonged to a single group.

The GCTA results of 28,882 SNPs was adopted in this study (Fig 2). In the analysis of the 96
individuals from seven salmonid populations, eight PC factors occupied at least 2% of the
observed variations by each factor. A total of 65.1% of genetic variations among populations
could be explained by these eight PC factors. PC1 to PC4 determined 33.4%, 8.2%, 7.1%, and
5.5% of the variations, respectively. PC1 and PC2 differentiated Oncorhynchus mykiss from the
other six populations. The HT and BL populations were clustered together, whereas the OM
and OK populations and the SF and SL populations were respectively clustered into one

group.
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Phylogenetic analysis

Phylogenetic reconstruction of the 96 individuals representing seven salmonid populations
was performed using a dataset of high-genotyping quality 11,643 SNPs, which were obtained
using a call rate threshold of >99%. The seven species were clearly differentiated in the maxi-
mum likelihood tree (Fig 3), with high bootstrap values on the branches. The clade distribu-
tions of the samples were coincided with their taxonomic classifications. Forty-eight rainbow
trout individuals were grouped as one big clade, and the genetic distances were significantly
longer than the other clades. The OM and OK clades, which also belonged to genus Oncor-
hynchus, were clustered with the O. mykiss clade at one branch. A parallel branch consisting of
the SL clade and clades were classified under genus Salvelinus.

Discussion

Comparative genomic studies have indicated that salmonid fishes emerged after a whole
genome duplication event involving an autotetraploid ancestor, which was estimated to have
occurred 88-103 million years ago [13,34-37]. The genomes of these species have returned to
its stable diploid state mainly through chromosomal rearrangements and divergence of homol-
ogous chromosomes, while the DNA sequences remain highly similar, and a lot of molecular
markers are shared among the salmonid fishes [24,26]. The rate of loss of heterozygosity in the
tetrasomic loci of these salmonids decreased, thereby resulting in inbreeding [38], indicating
that these species have higher sequence similarity compared to diploid fishes [39]. The present
study observed high call rates (all >90%) for the rainbow trout SNPs in non-rainbow trout
individuals, thereby confirming the hypothesis of high sequence similarity. The percentages of
shared SNPs among salmonid species, which are approximately 82.3% to 85.4%, were signifi-
cantly higher than those of cyprinid fishes [27], which ranged from 11.9% to 23.6%.

The shared SNPs varied among non-rainbow trout populations, indicating that these mark-
ers may be utilized for genetic analyses. With eight individuals sampled in each population,
polymorphic rates of 7.8% (OK) to 38.3% (BL) were observed. These observations suggest that
the aquaculture population of B. lenok, a native salmonid species in China, exhibits high
genetic diversity. However, some aquaculture species that were introduced from foreign coun-
tries, which include O. kisutch, showed limited polymorphisms, suggesting that their genetic
diversity is low, and introduction of new broodstock is necessary.

The 57K SNP array has been utilized in three non-rainbow trout species namely O. clarkii
(N =5), O. tshawytscha (N = 3), and O. kisutch (N = 4) [19]. A relatively high number of shared
SNPs was obtained (33-47K), but only 6.25%-15.8% shared SNPs were found to be polymor-
phic. Comparing to the present study, the observed smaller number of shared SNPs might be
due to our use of a strict call rate threshold (>97%), and the lower percentages of polymorphic
SNPs may have been caused by the small size of the study population. Thus, the practicability
of the SNP array in related species is apparently better than the previous estimates.

PCA is a dimension-reducing technique that represents all datasets with a handful of SNPs
corresponding to the most significant PCs and can be used to visualize population relation-
ships. As shown in our results, a large dataset (28,882 shared SNPs) was necessary to exten-
sively illustrate the genetic diversity and population relationships among representative
salmonid populations in China (Fig 2). The non-rainbow trout individuals were clustered
based on genus, except for the HT and BL populations, which were tightly clustered together.
In addition, the rainbow trout populations apparently exhibited stratification, and at least
three subgroups were observed. Forty-eight rainbow trout were collected from three different
sampling sites, including 16 fishes per sampling site. The results of PCA reflected the
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Fig 3. Phylogenetic tree of 96 individuals from seven salmonid populations that was constructed using the maximum likelihood method. The inner
circle shows seven salmonid populations: red, H. taimen; grey, B. lenok; purple, S. leucomaenis; blue, S. fontinalis; yellow, O. kisutch; green, O. masou; and
light blue, O. mykiss. The outer circle represents four corresponding genera: red, Hucho; grey, Brachymystax; pink, Salvelinus; and yellow, Oncorhynchus. The
confidence level of 1,000 bootstrap replications is shown at the branch nodes.

https://doi.org/10.1371/journal.pone.0202582.9003

differences among various strains. The point distributions were highly consistent with the
genetic distances shown in the phylogenetic tree.

The phylogenetic tree was constructed based on both polymorphic and monomorphic
SNPs, with the latter because providing essential information on conserved sites. The positions
of different species in the phylogenetic tree coincide with their evolutionary relationships,
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indicating that the genotyping results are highly reliable. The tree branch of O. mykiss was sig-
nificantly longer than other species, suggesting that over centuries of domestication, this spe-
cies underwent strong selection, thus its mutation rate was higher than that of other species.
Genetic relationships among individuals could also be visualized in the phylogenetic tree,
which could help identify subgroups within the investigated populations, as well as select
proper propagative parents with enough genetic distances.

In most hatcheries in China, salmonid fishes are cultured in nearby areas because these
have similar environmental conditions. As a universal genetic tool, the 57K SNP array may
facilitate genetic analysis these poly-cultured salmonid species. For different purposes and
species, suitable sets of SNP markers from the 57,501 candidate SNPs could be selected for
genotyping. In this work, we presented the genotyping results of 96 individuals from seven
populations, which belonged to four genera and seven species. Fig 1 shows that individuals
from four genera shared 28,882 informative SNPs and 525 polymorphic SNPs, which in turn
may be utilized in the development of a medium-density SNP array for common aquaculture
salmonid fishes. The observed sharp decrease in the number of polymorphic SNPs may be due
to poor genetic diversity in the tested OK populations. The full list of the 28,882 shared SNPs is
shown in S1 Table, which could be used for various population genetic analyses such as PCA.
The shared polymorphic SNPs could also be used as markers for pedigree assignment and
propagative parent evaluation.

Conclusions

In this study, a 57K rainbow trout SNP array was utilized to explore the genetic diversity and
population relationships in a variety of salmonid populations in China. High genotyping call
rates (>90%) were obtained, whereas the polymorphic rates within populations ranged from
7.8% to 96%. A number of shared SNPs across species was developed and used for population
genetic analyses, including PCA and phylogenetic reconstruction. One of the study popula-
tions, O. kisutch, showed low genetic diversity. Genetic distances among individuals and sub-
groups within the populations were discovered. The results of the present study may be
potentially used in the genetic evaluation of germplasm resources, as well as genomic selection
in salmonid breeding.

Supporting information

S§1 Table. Information on the 28,882 shared SNPs among salmonid species.
(CSV)

S1 Fig. Call rate distribution for 96 individuals from seven salmonid populations.
(DOCX)

Acknowledgments

The authors are grateful to Dr. Yniv Palti for the authorization and kind help in use of the rain-
bow trout 57K SNP array. The Central Public-interest Scientific Institution Basal Research
Fund, CAFS (2015C007, 2016HY-ZD0302, 2016GHO02), and the National Science and Tech-
nology Pillar Program (2015BAD25B01) supported this study.

Author Contributions
Conceptualization: Peng Xu.

Data curation: Peng Xu.

PLOS ONE | https://doi.org/10.1371/journal.pone.0202582 August 17,2018 9/12


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0202582.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0202582.s002
https://doi.org/10.1371/journal.pone.0202582

@° PLOS | ONE

Genetic analyses for aquaculture salmonid populations

Formal analysis: Han-Yuan Zhang, Zi-Xia Zhao.

Funding acquisition: Zi-Xia Zhao.

Investigation: Han-Yuan Zhang, Jian Xu, Li-Kun Jiang, Bao-Hua Chen.

Methodology: Zi-Xia Zhao, Jian Xu.

Project administration: Zi-Xia Zhao, Jian Xu, Peng Xu.

Resources: Zi-Xia Zhao, Qing-Li Bai, Shi-Yong Yang, Li-Kun Jiang, Bao-Hua Chen.

Supervision: Peng Xu.

Writing - original draft: Han-Yuan Zhang, Zi-Xia Zhao.

Writing - review & editing: Zi-Xia Zhao, Peng Xu.

References

1.

10.

11.

12.

13.

14.

15.

Hansen MM, Nielsen EE, Ruzzante DE, Bouza C, Mensberg KD. Genetic monitoring of supportive
breeding in brown trout (Salmo truttaL.), using microsatellite DNA markers. Canadian Journal of Fisher-
ies & Aquatic Sciences. 2000; 57:2130-9.

Hansen MM, Jensen LF. Sibship within samples of brown trout (Salmo trutta) and implications for sup-
portive breeding. Conservation Genetics. 2005; 6:297-305.

Campton DE. Genetic effects of hatchery fish on wild populations of Pacific salmon and steelhead:
What do we really know?. Transactions of the American Fisheries Society. 1995; 15:337-353.

Hard JJ, Connell L, Hershberger WK, Harrell LW. Genetic variation in mortality of chinook salmon
(Oncorhynchus tshawytscha) during a bloom of the marine alga Heterosigma akashiwo. J Fish Biol
2000; 56,1387-1397.

Verspoor E. Reduced Genetic Variability in First-Generation Hatchery Populations of Atlantic Salmon
(Salmo salar). Canadian Journal of Fisheries & Aquatic Sciences. 1988; 45:1686—1690.

Allendorf FW, Waples RS. Conservation and Genetics of Salmonid Fishes. Conservation Genetics.
1996; 238-280.

Ryman N. Conservation genetics considerations in fishery management. Journal of Fish Biology. 1991;
39:211-224.

Macqueen DJ, Primmer CR, Houston RD, Nowak BF, Bernatchez L, Bergseth S, et al. Functional Anno-
tation of All Salmonid Genomes (FAASG): an international initiative supporting future salmonid
research, conservation and aquaculture. BMC Genomics. 2017; 18:484. https://doi.org/10.1186/
512864-017-3862-8 PMID: 28655320

Young WP, Wheeler PA, Coryell VH, Keim P, Thorgaard GH. A detailed linkage map of rainbow trout
produced using doubled haploids. Genetics. 1998; 148:839-50. PMID: 9504929

Genet C, Dehais P, Palti Y, Gao G, Gavory F, Wincker P, et al. Analysis of BAC-end sequences in rain-
bow trout: content characterization and assessment of synteny between trout and other fish genomes.
BMC Genomics. 2011; 12:314. https://doi.org/10.1186/1471-2164-12-314 PMID: 21672188

Palti Y, Genet C, Luo M C, Charlet A, Gao G, Hu Y, et al. A first generation integrated map of the rain-
bow trout genome. BMC Genomics. 2011; 12:180. https://doi.org/10.1186/1471-2164-12-180 PMID:
21473775

Palti Y, Genet C, Gao G, Hu Y, You FM, Boussaha M, et al. A second generation integrated map of the
rainbow trout (Oncorhynchus mykiss) genome: analysis of conserved synteny with model fish
genomes. Mar Biotechnol. 2012; 14:343-57. https://doi.org/10.1007/s10126-011-9418-z PMID:
22101344

Berthelot C, Brunet F, Chalopin D, Juanchich A, Bernard M, Noél B, et al. The rainbow trout genome
provides novel insights into evolution after whole-genome duplication in vertebrates. Nat Commun.
2014; 5:3657. hitps://doi.org/10.1038/ncomms4657 PMID: 24755649

Séanchez CC, Smith TP, Wiedmann RT, Vallejo RL, Salem M, Yao J, et al. Single nucleotide polymor-
phism discovery in rainbow trout by deep sequencing of a reduced representation library. BMC Geno-
mics. 2009; 10:559. https://doi.org/10.1186/1471-2164-10-559 PMID: 19939274

Séanchez CC, Weber GM, Gao G, Cleveland BM, Yao J, Rexroad CE 3rd. Generation of a reference
transcriptome for evaluating rainbow trout responses to various stressors. BMC Genomics. 2011;
12:626. https://doi.org/10.1186/1471-2164-12-626 PMID: 22188770

PLOS ONE | https://doi.org/10.1371/journal.pone.0202582 August 17,2018 10/12


https://doi.org/10.1186/s12864-017-3862-8
https://doi.org/10.1186/s12864-017-3862-8
http://www.ncbi.nlm.nih.gov/pubmed/28655320
http://www.ncbi.nlm.nih.gov/pubmed/9504929
https://doi.org/10.1186/1471-2164-12-314
http://www.ncbi.nlm.nih.gov/pubmed/21672188
https://doi.org/10.1186/1471-2164-12-180
http://www.ncbi.nlm.nih.gov/pubmed/21473775
https://doi.org/10.1007/s10126-011-9418-z
http://www.ncbi.nlm.nih.gov/pubmed/22101344
https://doi.org/10.1038/ncomms4657
http://www.ncbi.nlm.nih.gov/pubmed/24755649
https://doi.org/10.1186/1471-2164-10-559
http://www.ncbi.nlm.nih.gov/pubmed/19939274
https://doi.org/10.1186/1471-2164-12-626
http://www.ncbi.nlm.nih.gov/pubmed/22188770
https://doi.org/10.1371/journal.pone.0202582

@° PLOS | ONE

Genetic analyses for aquaculture salmonid populations

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Boussaha M, Guyomard R, Cabau C, Esquerre D, Quillet E. Development and characterisation of an
expressed sequence tags (EST)- derived single nucleotide polymorphisms (SNPs) resource in rainbow
trout. BMC Genomics. 2012; 13:238. https://doi.org/10.1186/1471-2164-13-238 PMID: 22694767

Salem M, Vallejo RL, Leeds TD, Palti Y, Liu S, Sabbagh A, et al. RNA-Seq identifies SNP markers for
growth traits in rainbow trout. PLoS ONE. 2012; 7:€36264. https://doi.org/10.1371/journal.pone.
0036264 PMID: 22574143

Palti Y, Gao G, Miller MR, Vallejo RL, Wheeler PA, Quillet E, et al. A resource of single-nucleotide poly-
morphisms for rainbow trout generated by restriction-site associated DNA sequencing of doubled hap-
loids. Mol Ecol Resour. 2014; 14:588-96. https://doi.org/10.1111/1755-0998.12204 PMID: 24251403

Palti Y, Gao G, Liu S, Kent MP, Lien S, Miller MR, et al. The development and characterization of a 57K
single nucleotide polymorphism array for rainbow trout. Mol Ecol Resour. 2015; 15:662—72. https://doi.
org/10.1111/1755-0998.12337 PMID: 25294387

Zhao Z, Xu J, Bao Q, Yang S, Jiang L, Chen B, et al. Genome-wide genetic analysis of cultured rainbow
trout (Oncorhynchus mykiss) populations in China. Journal of Fishery Science of China. 2018; https://
doi.org/10.3724/SP.J.1118.2018.17340

Gonzalez-Pena D, Gao G, Baranski M, Moen T, Cleveland BM, Kenney PB, et al. Genome-Wide Asso-
ciation Study for Identifying Loci that Affect Fillet Yield, Carcass, and Body Weight Traits in Rainbow
Trout (Oncorhynchus mykiss). Front Genet. 2016; 7:203. https://doi.org/10.3389/fgene.2016.00203
PMID: 27920797

Vallejo RL, Leeds TD, Gao G, Parsons JE, Martin KE, Evenhuis JP, et al. Genomic selection models
double the accuracy of predicted breeding values for bacterial cold water disease resistance compared
to a traditional pedigree-based model in rainbow trout aquaculture. Genet Sel Evol. 2017; 49:17.
https://doi.org/10.1186/s12711-017-0293-6 PMID: 28148220

Yu JN, Azuma N, Yoon M, Brykov V, Urawa S, Nagata M, et al. Population genetic structure and phylo-
geography of masu salmon (Oncorhynchus Masou Masou) inferred from mitochondrial and microsatel-
lite DNA Analyses. Zoolog Sci. 2010; 27:375-85. https://doi.org/10.2108/zs}.27.375 PMID: 20443684

Gharbi K, Gautier A, Danzmann RG, Gharbi S, Sakamoto T, Hayheim B, et al. A linkage map for brown
trout (Salmo trutta): chromosome homeologies and comparative genome organization with other salmonid
fish. Genetics. 2006; 172:2405—19. https:/doi.org/10.1534/genetics.105.048330 PMID: 16452148

Small MP, Beacham TD, Withler RE, Nelson RJ. Discriminating coho salmon (Oncorhynchus kisutch)
populations within the Fraser River, British Columbia, using microsatellite DNA markers. Molecular
Ecology. 2010; 7:141-55.

Naish KA, Phillips RB, Brieuc MS, Newton LR, Elz AE, Park LK. Comparative genome mapping
between Chinook salmon (Oncorhynchus tshawytscha) and rainbow trout (O. mykiss) based on homol-
ogous microsatellite loci. G3 (Bethesda). 2013; 3:2281-8.

XuJ, Zhao Z, Zhang X, Zheng X, Li J, Jiang Y, et al. Development and evaluation of the first high-
throughput SNP array for common carp (Cyprinus carpio). BMC Genomics. 2014; 15:307. https://doi.
org/10.1186/1471-2164-15-307 PMID: 24762296

Weeks JP, Leeuw JD, Zeileis A. plink: An R Package for Linking Mixed-Format Tests Using IRT-Based
Methods. Journal of Statistical Software. 2010; 35:1-33.

Chang CC, Chow CC, Tellier LC, Vattikuti S, Purcell SM, Lee JJ. Second-generation PLINK: rising to
the challenge of larger and richer datasets. GigaScience. 2015; 4:7. https://doi.org/10.1186/s13742-
015-0047-8 PMID: 25722852

Yang J, Lee SH, Goddard ME, Visscher PM. GCTA: a tool for Genome-wide Complex Trait Analysis.
Am J Hum Genet. 2011; 88:76-82. https://doi.org/10.1016/j.ajhg.2010.11.011 PMID: 21167468

Chen H, Boutros PC. VennDiagram: a package for the generation of highly-customizable Venn and
Euler diagrams in R. BMC Bioinformarics. 2011; 12: 35.

Zhang H, Gao S, Lercher MJ, Hu S, Chen WH. EvolView, an online tool for visualizing, annotating and
managing phylogenetic trees. Nucleic Acids Research. 2012; 40(Web Server issue):569-72. https://
doi.org/10.1093/nar/gkr753

He Z, Zhang H, Gao S, Lercher MJ, Chen WH, Hu S. Evolview v2: an online visualization and manage-
ment tool for customized and annotated phylogenetic trees. Nucleic Acids Research. 2016; 44(Web
Server issue):W236-W241. https://doi.org/10.1093/nar/gkw370

Créte-Lafreniére A, Weir LK, Bernatchez L. Framing the Salmonidae family phylogenetic portrait: a
more complete picture from increased taxon sampling. PLoS ONE. 2012; 7:e46662. https://doi.org/10.
1371/journal.pone.0046662 PMID: 23071608

Alexandrou M A, Swartz BA, Matzke NJ, Oakley TH. Genome duplication and multiple evolutionary ori-
gins of complex migratory behavior in Salmonidae. Mol Phylogenet Evol. 2013; 69:514-23. https://doi.
org/10.1016/j.ympev.2013.07.026 PMID: 23933489

PLOS ONE | https://doi.org/10.1371/journal.pone.0202582 August 17,2018 11/12


https://doi.org/10.1186/1471-2164-13-238
http://www.ncbi.nlm.nih.gov/pubmed/22694767
https://doi.org/10.1371/journal.pone.0036264
https://doi.org/10.1371/journal.pone.0036264
http://www.ncbi.nlm.nih.gov/pubmed/22574143
https://doi.org/10.1111/1755-0998.12204
http://www.ncbi.nlm.nih.gov/pubmed/24251403
https://doi.org/10.1111/1755-0998.12337
https://doi.org/10.1111/1755-0998.12337
http://www.ncbi.nlm.nih.gov/pubmed/25294387
https://doi.org/10.3724/SP.J.1118.2018.17340
https://doi.org/10.3724/SP.J.1118.2018.17340
https://doi.org/10.3389/fgene.2016.00203
http://www.ncbi.nlm.nih.gov/pubmed/27920797
https://doi.org/10.1186/s12711-017-0293-6
http://www.ncbi.nlm.nih.gov/pubmed/28148220
https://doi.org/10.2108/zsj.27.375
http://www.ncbi.nlm.nih.gov/pubmed/20443684
https://doi.org/10.1534/genetics.105.048330
http://www.ncbi.nlm.nih.gov/pubmed/16452148
https://doi.org/10.1186/1471-2164-15-307
https://doi.org/10.1186/1471-2164-15-307
http://www.ncbi.nlm.nih.gov/pubmed/24762296
https://doi.org/10.1186/s13742-015-0047-8
https://doi.org/10.1186/s13742-015-0047-8
http://www.ncbi.nlm.nih.gov/pubmed/25722852
https://doi.org/10.1016/j.ajhg.2010.11.011
http://www.ncbi.nlm.nih.gov/pubmed/21167468
https://doi.org/10.1093/nar/gkr753
https://doi.org/10.1093/nar/gkr753
https://doi.org/10.1093/nar/gkw370
https://doi.org/10.1371/journal.pone.0046662
https://doi.org/10.1371/journal.pone.0046662
http://www.ncbi.nlm.nih.gov/pubmed/23071608
https://doi.org/10.1016/j.ympev.2013.07.026
https://doi.org/10.1016/j.ympev.2013.07.026
http://www.ncbi.nlm.nih.gov/pubmed/23933489
https://doi.org/10.1371/journal.pone.0202582

o @
@ : PLOS | ONE Genetic analyses for aquaculture salmonid populations

36. Kodama M, Brieuc MS, Devlin RH, Hard JJ, Naish KA. Comparative mapping between Coho Salmon
(Oncorhynchus kisutch) and three other salmonids suggests a role for chromosomal rearrangements in
the retention of duplicated regions following a whole genome duplication event. G3 (Bethesda). 2014;
4:1717-30.

37. Macqueen DJ, Johnston IA. A well-constrained estimate for the timing of the salmonid whole genome
duplication reveals major decoupling from species diversification. Proc Biol Sci. 2014; 281:20132881.
https://doi.org/10.1098/rspb.2013.2881 PMID: 24452024

38. Allendorf FW, Thorgaard GH. Tetraploidy and the Evolution of Salmonid Fishes. Evolutionary Genetics
of Fishes. Springer US. 1984; 1-53.

39. Allendorf FW, Waples RS. Conservation and Genetics of Salmonid Fishes. Conservation Genetics.
1996; 238-280.

PLOS ONE | https://doi.org/10.1371/journal.pone.0202582 August 17,2018 12/12


https://doi.org/10.1098/rspb.2013.2881
http://www.ncbi.nlm.nih.gov/pubmed/24452024
https://doi.org/10.1371/journal.pone.0202582

