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Abstract

Dense single nucleotide polymorphism (SNP) arrays are essential tools for rapid high-throughput genotyping for many genetic analyses,
including genomic selection and high-resolution population genomic assessments. We present a high-density (200 K) SNP array developed
for the Eastern oyster (Crassostrea virginica), which is a species of significant aquaculture production and restoration efforts throughout its
native range. SNP discovery was performed using low-coverage whole-genome sequencing of 435 F1 oysters from families from 11 founder
populations in New Brunswick, Canada. An Affymetrix Axiom Custom array was created with 219,447 SNPs meeting stringent selection cri-
teria and validated by genotyping more than 4,000 oysters across 2 generations. In total, 144,570 SNPs had a call rate >90%, most of which
(96%) were polymorphic and were distributed across the Eastern oyster reference genome, with similar levels of genetic diversity observed
in both generations. Linkage disequilibrium was low (maximum r* ~0.32) and decayed moderately with increasing distance between SNP
pairs. Taking advantage of our intergenerational data set, we quantified Mendelian inheritance errors to validate SNP selection. Although
most of SNPs exhibited low Mendelian inheritance error rates overall, with 72% of called SNPs having an error rate of <1%, many loci had
elevated Mendelian inheritance error rates, potentially indicating the presence of null alleles. This SNP panel provides a necessary tool to
enable routine application of genomic approaches, including genomic selection, in C. virginica selective breeding programs. As demand for
production increases, this resource will be essential for accelerating production and sustaining the Canadian oyster aquaculture industry.
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of its native range (Herbert et al. 2016; Ruesink et al. 2005). In some
cases, notably in Europe, the establishment of C. gigas populations
has led to their status as an important invasive species, with signifi-
cant impacts on native biodiversity and ecosystem functioning
(Ruesink et al. 2005). Using native oysters, where possible, has
been suggested to be a better alternative to minimize ecological
and environmental impacts, while supporting socio-economic de-

Introduction

Aquaculture production is growing faster than any other food pro-
duction sector globally. It recently surpassed capture fisheries
landings for all harvested species groups (FAO, 2020) and will be-
come increasingly important as food demands increase (Garlock
et al. 2020). Aquaculture production with a low environmental
cost will be especially important, and shellfish are an especially

attractive group due to their low carbon footprint (Jones et al.
2022; Ray et al. 2019), minimal inputs (i.e. supplementary feeding),
and ecological benefits such as nutrient cycling and habitat provi-
sion (Gentry et al. 2020; Theuerkauf et al. 2019, 2022). In particular,
oysters are one of the oldest farmed bivalves and they lead mollus-
can aquaculture production worldwide (Botta et al. 2020). Globally,
the Pacific oyster (Crassostrea gigas) is the most important farmed
species, with introductions in 66 countries for cultivation outside

velopment (Herbert et al. 2016).

The Eastern oyster, Crassostrea virginica, is one such native spe-
cies which has been the target of considerable efforts throughout
its range. In Atlantic Canada, production of the Eastern oyster has
seen a strong expansion (>15% per year), with a value of ~$31 mil-
lion (CAD) in 2017 (an increase of 25% from 2016). Aquaculture
production has also increased elsewhere C. virginica’s natural
range, which extends from Northern New Brunswick in Canada,
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to the Gulf of Mexico in the United States with the adoption of
floating aquaculture techniques. C. virginica is a particularly inter-
esting species for aquaculture production due to its long shelf life
and broad range of environmental tolerances (Marshall et al.
2021). Currently, nearly all Canadian production is based on
wild seed collection and no domesticated strain is commercially
available. As demand continues to rise, improved aquaculture ap-
proaches will be necessary to sustain oyster production.

Genetic improvement via selective breeding is one of the most
important approaches currently used to enhance production of
farmed species (Yafez et al. 2022b). Selective breeding practices
are widely used for genetic improvement of livestock but their
adoption in aquaculture has been slower, especially for shellfish
(Gjedrem et al. 2012; Houston et al. 2020). While industrialization
of aquatic farming is relatively recent, it is expanding rapidly
and the demonstrated responses to selection across farmed
aquatic species (Gjedrem and Rye 2018) show that selective breed-
ing can increase efficiency and profitability of production.
Traditional selective breeding programs typically rely on the
measurement of production traits (e.g. growth) and detailed pedi-
gree information to predict the genetic merit of selection candi-
dates for genetic improvement (Dufflocq et al. 2017). Genetic
evaluations performed using pedigree-based best linear unbiased
predictor (P-BLUP) are well suited for traits that can be directly re-
corded in the selection candidates. However, the P-BLUP approach
presents some limitations in terms of prediction accuracy when
the trait of interest is difficult or impossible to measure directly
in the selection candidates (e.g. meat quality and disease resist-
ance) and must be assessed via sib-testing. This may limit the
rate of genetic progress reached on each generation.

Genomic selection (e.g. genomic-BLUP or G-BLUP) provides a
valuable alternative by allowing the incorporation of genomic infor-
mation into selective breeding programs of farmed species to accel-
erate genetic progress (Georges et al. 2019; Houston et al. 2020).
Studies have demonstrated a considerable increase in the accuracy
of genomic predictions compared with pedigree-based predictions
for various traits, including those associated with growth and resist-
ance to pathogens (Barria et al. 2018; @degard et al. 2014; Yoshida
et al. 2018). Genomic selection is nowadays routinely applied for
the genetic improvement of some aquatic farmed species, including
salmon, trout, and tilapia (Houston et al. 2020; Lhorente et al. 2019;
Verbyla et al. 2022; Yafiez et al. 2022a; Yafez et al. 2020). For ex-
ample, recent implementation of genomic selection in commercial
Atlantic salmon (Salmo salar L.) farming demonstrated substantial
increases in prediction accuracy when using genomic estimated
breeding values (gEBVs) and accelerated rates of genetic gain for
key production traits (e.g. disease resistance, harvest weight, col-
or) with clear economic benefits (Verbyla et al. 2022). Moreover, se-
lection based on genomic data can actually lower the rate of
inbreeding while delivering higher genetic gains because of the
improved resolution on the prediction of the Mendelian sampling
term of gEBVs, increasing differentiation between siblings, and re-
ducing their co-selection when compared to pedigree-based selec-
tion (Daetwyler et al. 2007; Sonesson et al. 2012). This is especially
important in aquaculture species, for which selection intensities
are typically high due to the prolific reproductive outputs of
most marine aquaculture species (Houston et al. 2020).

The extensive application of genomic selection is often limited
by the availability of affordable tools for rapid high-throughput
genotyping such as species-specific SNP panels. Dense SNP panels
have been developed and characterized for a number of high-
value aquaculture species, predominantly finfish including
Atlantic salmon (132K: Houston et al. 2014, 200K: Yanez et al.

2016), rainbow trout (Oncorhynchus mykiss; 57K: Palti et al. 2015,
665K: Bernard et al. 2022), tilapia (Oreochromis niloticus; 58K: Joshi
et al. 2018; 65K: Penaloza et al. 2020; 50K: Yanez et al. 2020, catfish
(250K: Liu et al. 2014), pacu (Piaractus mesopotamicus) and tambaqui
(Colossoma macropomum) (30K: Mastrochirico-Filho et al. 2021), and
recently for the economically important Pacific white shrimp as
well (Litopenaeus vannamet; 50K: Garcia et al. 2021). These resources
have enabled accurate genomic prediction and genetic improve-
ment for commercially-relevant traits in several aquaculture spe-
cies (Bangera et al. 2017; Joshi et al. 2020; @degard et al. 2014;
Vallejo et al. 2018; Yoshida et al. 2018, 2019; reviewed in Houston
et al. 2020). For oysters, a high-density (200 K) SNP array for the
Pacific oyster (Crassostrea gigas) has been released (Qi et al. 2017),
as well as a medium-density combined-species array for the
Pacific oyster (27 K) and the European flat oyster (11 K; Ostrea edu-
lis) (Gutierrez et al. 2017) that has been used to test genomic selec-
tion for growth traits and disease resistance in the Pacific oyster
(Gutierrez et al. 2018, 2020). For the Eastern oyster, genomic re-
sources have been relatively limited. A validated panel of 58
SNPs was previously released, primarily for use in parentage ana-
lysis and studies of population structure (Thongda et al. 2018).
More recently, high-density SNP arrays were published for C. virgi-
nica in the United States (Guo et al. 2023). The potential of genomic
selection in oysters is well established; thus, the availability of
genomic tools could have enormous positive impacts on the
Eastern oyster aquaculture industry.

The objective of this study was to design and validate the first
high-density (200 K) SNP array specific to the Eastern oyster (C. virgi-
nica) in Canada. This chip will enable rapid and cost-effective high-
throughput genotyping for a broad range of applications, including
genome-wide association studies, population genetic analyses,
monitoring of genetic diversity in wild and farmed populations,
and genomic selection to accelerate genetic progress. We also dem-
onstrate the power of cost-effective low-coverage whole-genome se-
quencing (IcWGS), which has been shown to be an optimal approach
for accurately inferring allele frequencies (Buerkle and Gompert
2013), for SNP discovery. The availability of a large SNP panel is es-
pecially important for oysters, since high recombination rates (and
consequently weak linkage disequilibrium), which is characteristic
of oyster genomes (Hollenbeck and Johnston 2018), may limit the de-
tection of genotype-phenotype associations and inhibit accurate
imputations from a smaller number of SNP markers. Furthermore,
oyster genomes have a particularly high degree of polymorphism
(Zhang et al. 2012) allowing for the detection of a large number of
markers for panel development. With the availability of a high-
quality C. virginica genome assembly (NCBI PRJNA376014,
GCA_002022765.4, C_virginica-3.0), we were able to map SNPs onto
the genome, allowing for the targeted selection of variants with an
even distribution along the genome. The development of our high-
density SNP chip will complement the resources developed for US
populations by extending the availability of genomic tools to cover
the northern limits of the species’ distribution. This resource will
provide a much-needed opportunity to accelerate Eastern oyster
production in Canada by enabling genomic predictions, as well as
encouraging the incorporation of genomic tools for monitoring
breeding populations (e.g. inbreeding, relatedness) and facilitating
further genomic research on wild and cultured populations.

Materials and methods
Sampling, DNA extraction, and sequencing

Samples were collected from crosses of a C. virginica strain that is
currently in development at L'Etang Ruisseau Bar, Ltd. (ERB) in
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Shippagan, New Brunswick, Canada. This strain was founded
from 464 oysters from 11 wild populations sampled in 2014 across
New Brunswick and bred in a series of interpopulation crosses in
winter 2015; a second generation was produced in 2018. The wild
founder populations have been previously shown to exhibit high
levels of within-population diversity and between-population dif-
ferentiation (Bernatchez et al. 2019). A section of the adductor
muscle was collected from 580 oysters from the F1 cohort and pre-
served in 95% ethanol during spawning in 2018. Genomic DNA
was extracted from the muscle tissue using the NucleoMag
Tissue Kit for DNA purification (Macherey-Nagel). DNA quality
was checked on a 1% agarose gel electrophoresis and only samples
that showed high molecular weight bands were retained for li-
brary preparation. Samples were then cleaned using Axygen mag-
netic beads with a ratio of 0.4:1 to retain only fragments >1 kb,
following (Therkildsen and Palumbi 2017). DNA concentrations
were measured using the QuantiT Picogreen dsDNA Assay Kit
(Invitrogen) and all samples were normalized to 5ng/ul. We
then randomized and distributed all samples across 5 96-well
plates and re-normalized samples to 1 ng/pL. Libraries were pre-
pared for low-coverage whole-genome sequencing (IcWGS) using
a protocol adapted from (Baym et al. 2015; Mérot et al. 2021;
Therkildsen and Palumbi 2017). First, samples underwent a tag-
mentation reaction using enzymes from the Nextera kit in a 2.65
uL volume with ~1ng of DNA. We used a 2-step PCR protocol
(8 +4 cycles =12 cycles in total) to add the Illumina adapter se-
quences with dual-index barcodes and amplify the libraries with
the KAPA Library Amplification Kit and custom primers derived
from the Nextera XT barcodes (using sets A- D; 384 dual-index
combinations in total). Next, we used Axygen magnetic beads to
purify the PCR products and perform size selection in 2 steps: (1)
using a ratio of 0.5:1 and keeping the supernatant (for medium
and short fragments), and (2) using a ratio of 0.75:1 and keeping
the beads (for medium fragments). Final library concentrations
were quantified using the QuantiT Picogreen dsDNA Assay Kit
(Invitrogen) and the distribution of fragment sizes was analyzed
using the Agilent BioAnalyzer for a subset of 10-15 samples per
plate. We pooled equimolar amounts of 137-159 libraries for se-
quencing on 3 Illumina NovaSeq 6000 S4 lanes of paired-end
150 bp reads at the Centre d’Expertise et de Services Genome
Québec (Montréal, QC Canada).

SNP identification

We used the WGS sample preparation pipeline to clean and align
sequence data (https:/github.com/enormandeau/wgs_sample_
preparation). Briefly, raw sequencing reads were trimmed and fil-
tered for quality using fastp with default parameters (Chen et al.
2018). Trimmed sequences were then aligned to the Eastern oyster
reference genome [https:/www.ncbi.nlm.nih.gov/genome/398|
using BWA-MEM with default parameters (Li and Durbin 2009)
and filtered using samtools v1.8 [-q 10] (Li et al. 2009) to retain
reads with a mapping quality >10. We used MarkDuplicates (de-
fault parameters; PicardTools v1.119) to remove duplicate reads
and realigned around indels with GATK RealignerTargetCreator
followed by IndelRealigner (default parameters; McKenna et al.,
2010). Overlapping read ends were then soft clipped using
clipOverlap [-unmapped -storeOrig OC -stats] in bamuUtil
v1.1.14 (Breese and Liu 2013). The read with the highest quality
score in overlapping regions was retained and any unmapped
reads were removed using samtools v1.8 [-F 4] (Li et al. 2009).
Genotype likelihoods were estimated from the aligned reads
(in .bam format) using the GATK model (-GL 2) in ANGSD v0.923
(Korneliussen et al. 2014). Genotype calling was also performed

with ANGSD, with posterior genotype probabilities estimated
based on allele frequency as a prior (-doPost 1) and excluding gen-
otypes with a posterior probability <0.5 (-postCutoff 0.5). Sites
that did not have data from at least 50% of individuals were ex-
cluded (-minind 217). We retained biallelic SNPs with MAF > 0.01
(-minMAF 0.01), as well as sites with a minimum mapQ quality
score of 30 (-minMapQ 30), a minimum Q-score of 20 (-minQ 20),
and a total depth < 8,700 (-setMaxDepth 8700).

SNP selection

We filtered SNPs according to all possible combinations of the fol-
lowing criteria: (1) minimum MAF (0.05 and 0.1); (2) size of neigh-
boring regions around each SNP of interest (20, 25, or 30 bp); and
(3) maximum number of SNPs permitted in the neighboring re-
gions (0, 1, or 2). The best SNPs for the purpose of the Affymetrix
array (i.e. the most stringent filtering of all 3 criteria) would
have a MAF >0.1 and 0 SNPs in the neighboring 30 bp on each
side of the SNP of interest. With this approach, multiple subsets
of SNPs were generated with different degrees of filtering strin-
gency; SNPs that passed the most stringent combination of cri-
teria were present in all subsets. For a given SNP, we counted
the number of subsets to which it belonged and ranked all SNPs
by the number of sets in which they were present (i.e. SNPs that
were present in more sets passed more stringent criteria and
were therefore assigned a higher ranking). SNPs were given a pri-
ority number starting from 1 for the highest priority and increas-
ing as priority got lower, as is required by Affymetrix for SNP
evaluation. This list and associated information, including
chromosome name and position, the flanking sequences, and cen-
tral SNP alleles, and the priority number was sent to Affymetrix
for evaluation. Based on the scores received and our own priority
numbers, we selected the best SNPs for printing on the Affymetrix
Axiom® myDesign Custom Array including ~200 K SNPs, while
also ensuring that the distribution of SNPs retained was even
across all chromosomes after correcting for chromosome length
(see Fig. 1 for a summary of the filtering steps and selection cri-
teria). SNPs with MAF values greater than 0.1 were prioritized,
but in some cases, SNPs with MAF below 0.1 were chosen to avoid
retaining SNPs with more neighboring SNPs or smaller SNP-free
neighboring regions.

t IcWGS 435 oysters !
e

54.9 million SNPs

N e
! 896,289 SNPs !

Initial selection of SNPs
— recommended by Affymetrix for

evaluation
! 223,212 SNPs l
P Affymetrix scores; even distribution
across all chromosomes
!Fina\ 219,447 SNPs ’

Fig. 1. Summary of filtering steps from low-coverage whole-genome
sequencing (IcWGS) of 435 oysters to selection of 219,447 polymorphic
sites for the SNP array.

Reads mapped to oyster genome;
SNPs called using ANGSD

Filters for MAF, size of neighbouring
regions, and number of SNPs within
neighbouring regions
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SNP validation

The SNPs printed on the array were tested and validated in ~4,500
oysters across 2 generations from the ERB strain. We genotyped all
F1 oysters, which represent the progeny of crosses between 11
wild populations (39 crosses), including the 435 oysters that
were sequenced for SNP discovery. The F1 broodstock oysters
were subsequently bred in 82 crosses. A total of 3,000 F2 oysters
were sampled randomly in November 2020 and muscle tissues
were preserved in 95% ethanol. In addition, ~1,000 F2 oysters
were selected as broodstock based on measured traits (e.g. shell
length, shell width, and weight). Muscle tissue samples were ta-
ken from these breeders during spawning in January 2021. DNA
extractions were performed on all 4,000 F2 oysters as described
above (see “DNA Extraction and Sequencing”) and genotyped on
the SNP chip. Genotyping was carried out at the Génome Québec
Centre d’expertise et de services (Montréal, QC, Canada) following
standard protocols for the Axiom Affymetrix platform. Quality
control (QC) analysis and genotype calling were performed using
the Axiom® Analysis Suite Software (ThermoFisher, Affymetrix).

We computed minor allele frequencies (MAF) and observed and
expected heterozygosity (H, and He, respectively), across the 2 co-
horts using VCFTools (Danecek et al. 2011) and Plink v.1.90 (Purcell
et al. 2007). The inbreeding coefficient (Fis) was estimated across
loci as (He—Ho)/He and significant departures from Hardy-
Weinberg equilibrium (HWE) were evaluated using Plink, with a
Bonferroni adjustment for multiple comparisons (a = 0.05). LD de-
cay was computed for each cohort independently up to a max-
imum distance of 500 kb between SNPs using PopLDdecay v.3.41
(Zhang et al. 2019).

Parental assignment and Mendelian inheritance
errors

Kinship was reconstructed using the R package “Sequoia’
(Huisman 2017) with 545 SNPs in HWE and with MAF > 0.3 and fil-
tered by LD. While a larger number of markers would increase the
accuracy of kinship assignment to some extent, other studies
have demonstrated that kinship can be estimated with high ac-
curacy using a similar number of SNPs (Anderson and Garza
2006; Dussault and Boulding 2018; Premachandra et al. 2019).
Sequoia uses the year of birth information of each individual to dis-
criminate between generations accordingly. In addition, to min-
imize the risk of assignment error, pedigree reconstruction was
performed in 62 different groups according to the outcross records
of each F1 animal and the traceability of the outcross from which
each F2 animal originated. Each group contained 6 to 8 potential
parents, ranging from 1 to 5 females and 3 to 6 males per group.
After kinship reconstruction, Mendelian inheritance errors (MIE)
per SNP were estimated using Plink v.1.90 (Purcell et al. 2007) for
all SNPs that passed quality control. MIEs are errors detected
when the offspring have genotypes or alleles that are inconsistent
with the parental genotypes. Potential sources of MIEs include de
novo mutations, presence of structural variants, genotyping er-
rors, allele dropout, or false negatives in low-quality samples.
Herein, we report individual-level MIE rates as the number of
SNP errors per individual divided by the total number of called
SNPs, and SNP-level MIE rates as the number of errors per SNP di-
vided by the total number of individuals. Finally, we identified
SNPs that may be considered as having an abnormally high MIE
rate as SNPs with an error rate that exceeded an upper threshold
defined by the third quartile range (QR3) plus 1.5 *the interquartile
range (IQR).

Results
SNP identification and selection

Low-coverage whole-genome sequencing (lcWGS) of 435 oysters
yielded an average of 19.65 million reads per sample. This repre-
sented an average of 2.64 Gbp per sample, which translates to
an average coverage of 3.86 x (sd 1.33X). Following all data clean-
ing and preparation steps with the WGS sample preparation pipe-
line (trimming, de-duplicating, re-aligning indels, and removing
paired-end overlaps), 85.2% of the raw reads were mapped to sin-
gle positions on the genome and were used for calling SNPs. After
applying filters and calling genotypes in ANGSD, we retrieved a to-
tal of 54,945,771 SNPs.

We then filtered this full list of SNPs according to combina-
tions of (1) minimum MAF, (2) size of neighboring region around
each SNP of interest, and (3) maximum number of SNPs allowed
in each neighboringregion, which generated 18 sets of SNPs with
more or less stringent parameters. A total of 159,800 SNPs
passed the most stringent combination of criteria (MAF>0.1
and 0 SNPs in neighboring regions of 30 bp on each side of the
SNP of interest). Across all 18 sets, a list of 896,289 SNPs was re-
tained, with an average rate of missing SNP genotypes of 20%
across the entire data set. These SNPs were ranked by priority
and sent to Affymetrix for evaluation. Of these candidate
SNPs, a total of 793,104 were categorized by Affymetrix as “re-
commended” or “neutral”, 91% of which had a p-convert value
> 0.6 (Fig. 2a). From this list, a subset of 223,212 of the SNPs
that were recommended by Affymetrix were evaluated forinclu-
sion on the chip, 100% of which had p-convert values> 0.6
(Fig. 2b). Based on the scores and our priority list, a total of
219,447 SNPs were retained and used for the creation of the
chip (Fig. 1, Supplementary Table 1). All of these SNPs had a
MAF > 0.05 and 198,786 SNPs (91%) had a MAF > 0.1.

SNP validation

We genotyped 4,356 oysters on the chip, including 558 from the
F1 cohort and 3,798 from the F2 cohort. Six oysters were ex-
cluded after filtering for a minimum individual genotyping
call rate of 90%. The remaining 4,350 oysters all had a dish QC
(DQC) value > 0.856. A total of 144,570 SNPs had a minimum
call rate of 90%, with a median minor allele frequency (MAF)
of 0.2 (Fig. 3). Out of the 144 K successfully genotyped SNPs,
the majority (96%) were polymorphic, with MAF > 0.05 for both
sampled generations (Table 1). The overall conversion rate on
the chip was 63%, which is slightly lower than the mean
p-convert value of 0.7; transition SNPs (A/G and C/T) comprised
about 58% of the successfully converted SNPs (Table 2). The cor-
relation between the number of polymorphic SNPs (MAF > 0.05)
within each chromosome and the total chromosome length was
strong (r=0.8, p=0.006; Fig. 4) indicating that the validated
SNPs are evenly distributed across the chromosomes on the
eastern oyster genome. Genetic diversity in F1 oysters was repli-
cated in the F2 progeny, with similar expected heterozygosity
(He) across both groups (Table 1). Moreover, observed and ex-
pected heterozygosity proportions and per-locus Fis estimates
were similar in both cohorts, with an average Fis across all poly-
morphic loci close to 0 (~0.02-0.03; Table 1). A total of 130,148
SNPs (93%) and 107,614 SNPs (78%) were in HWE in the F1 and
F2 groups, respectively (Table 1). Mean LD between marker
pairs was similar between the F1 and F2 cohorts and was low
overall (Fig. 5). Maximum mean LD () at the shortest
inter-SNP distance (30bp) was ~0.32 for both groups and
showed a moderate to low decay of LD with increasing distance
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between SNP pairs (Fig. 5, Table 3). For both F1 and F2 groups,
pairwise r* declined to half the maximum value (~0.16) and to
<0.1 at a distance of approximately 3.5 and 15 kb, respectively

(Fig. 5).

Parental assignment and Mendelian inheritance
errors (MIE)

A total of 2,636 F2 animals (68%), corresponding to a total of 230
full-sib families, 115 maternal half-sib families, and 161 paternal
half-sib families, were reconstructed for full parentage (sire and
dam). The resulting pedigree was used to estimate Mendelian in-
heritance errors (MIEs) across individual oysters and across all
genotyped SNPs that passed quality control (~144 K). At the indi-
vidual level, the average MIE rate was 0.015 (+- 0.002), with a max-
imum error count for an individual of 6,270 (out of 144,570 called
SNPs; individual MIE rate =4.3%). MIEs were distributed across
each of the 10 chromosomes (Fig. 6). The median rate of genome-
wide MIEs per SNP was 0.0023, and 103,918 SNPs (72% of called
SNPs) had a MIE rate of <0.01 (Table 4). Using the third quartile

of MIE rates + 1.5* the interquartile range as a cut-off for excluding
SNPs, which corresponds to a maximum error rate of 0.03, a total
of 125,627 SNPs (87% of called SNPs) were retained (Table 4, Fig. 6).
To investigate the cause of extreme MIE rates (i.e. up to a max-
imum of 0.6 for a given SNP), we plotted MIE rates per SNP against
the inbreeding coefficient (F;s), which revealed an increase in MIE
rate with increasingly positive Fis values (Pearson correlation
r=0.76;Fig. 7). For the 103,918 SNPs with an error rate < 0.01, there
was no correlation between MIE rate and Fis (r=0.10), whereas
for loci with an error rate > 0.01, there was a strong correlation
(r=0.78) (Supplementary Fig. 1). This heterozygote deficiency for
SNPs exhibiting high rates of MIEs may suggest the presence of
null alleles; indeed, examination of the specific inheritance error
types provided by Plink indicated a much higher proportion of
MIE errors that are consistent with null alleles (Table 5).

Discussion

The 200 K SNP array designed and validated in this study repre-
sents the first SNP panel characterized for C. virginica in Canada
to date and will be an essential asset for the oyster aquaculture in-
dustry. The recent assembly of a high-quality chromosome level
reference genome for the Eastern oyster [https:/www.ncbi.nlm.
nih.gov/genome/398] enabled us to achieve an even distribution
of SNPs across all ten Eastern oyster chromosomes, ensuring
genome-wide coverage of genetic variation represented on the
chip. After genotyping more than 4,000 individual oysters span-
ning 2 generations, the majority of the successfully called SNPs
(144 X) were polymorphic (96%), yielding a total of 139K high-
quality SNPs that were successfully genotyped on the chip (out
of 219 K, ~63% conversion rate). A similar conversion rate was ob-
served on the high-density SNP panel of similar size developed for
the Pacific oyster (C. gigas), in which 133 K SNPs out of 190 K (70%)
were successfully genotyped (Qi et al. 2017). The high degree of
polymorphism and successful conversion rate also demonstrates
the merit of the low-cost low-coverage whole-genome sequencing
approach used to obtain accurate allele frequencies for optimal
selection of SNP markers for evaluation. The availability of this
SNP array specific to C. virginica will augment the currently limited
genomics toolbox for this species and will be advantageous for
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2022; Zhong et al. 2017). LD is important in certain applications
such as GWAS, in which strong linkage between SNPs can facili-
tate the detection of significant associations with traits, even if
causal variants are not genotyped (i.e. indirect associations;
Bush and Moore 2012) and accurate genomic predictions can be
made with fewer SNPs when LD is high. The moderate persistence
of LD and the high density of markers that we targeted for our SNP
array, with an average of 150 SNPs for every 1 Mbp across all 10
chromosomes, are promising for future selective breeding efforts
as the resolution should be sufficient to successfully detect
genotype-phenotype associations and obtain accurate genomic
predictions.

The parents of the F1 oysters that were used to design the SNP
array originated from 11 bays in New Brunswick, Canada, for
which the population genetic structure has been studied
(Bernatchez et al. 2019). This previous work identified strong gen-
etic differentiation among populations, including 6 major genetic
clusters in this region, and genetic associations with environmen-
tal conditions. This strategy of SNP discovery generated a panel of
markers that is representative of the genetic variation present

25000

20000

15000

Number of SNPs

10000

5000

30 40 50 60 70 80 90 100
Chromosome Length (Mbp)

Fig. 4. Relationship between the number of SNPs and chromosome
length. The correlation coefficient between the number of SNPs and
chromosome length is r=0.8 (P=0.006).

(a)

0 25 50 75 100
Distance (kb)

across multiple locations and thus should be applicable to
Eastern oysters originating from diverse populations in Canada.
Given that we focused on populations at the northern range limit
of C. virginica, our SNP chip complements that which was recently
published for US populations (Guo et al. 2023). Indeed, the genetic
composition between Canadian populations and populations fur-
ther south may differ substantially, as a north-south genetic
break has been observed on the Eastern Scotian Shelf for other
marine species distributed along the Northwestern Atlantic coast
(Stanley et al. 2018, Lehnert et al. 2019, Dorant et al. 2022). By ex-
tending the coverage of high-density SNP arrays into the most nor-
thern part of the Eastern oyster distribution with our SNP chip,
genomic resources are now available throughout the entire spe-
cles’ range.

Conclusions

This manuscript presents the first high-density (~200 K) SNP array
designed specifically for the Eastern oyster (Crassostrea virginica) in
Canada, a species for which aquaculture production is increasing
rapidly and genomic tools to sustain this growth are needed. The
low-coverage whole-genome sequencing approach used here of-
fered a low-cost and effective method for the discovery of a large
number of highly polymorphic SNPs for panel development.
Integration of the C. virginica reference genome allowed for the se-
lection of SNPs that were evenly spaced along the entire genome.

Table 3. Average linkage disequilibrium (r?) between SNPs at
increasing pairwise distances.

Generation Distance (bp) Mean r?
F1 100 0.280
F2 100 0.282
F1 1,000 0.219
F2 1,000 0.219
F1 5,000 0.140
F2 5,000 0.143
F1 10,000 0.114
F2 10,000 0.116
F1 15,000 0.102
F2 15,000 0.104

0 5 10 15 20
Distance (kb)

Fig. 5. Plot of LD decay for F1 and F2 cohorts up to a maximum distance of of a) 100 kb and b) 20 kb. The dotted lines denote pairwise r* values of 0.2 and
0.1, and the dashed lines indicate the r? value that is half the maximum r? value for both F1 and F2 cohorts.
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MIE rate

Position

Fig. 6. Manhattan plot of MIE rates per SNP along the C. virginica genome with the threshold determined by Q3 + 1.5*IQR indicated by the black line.

Table 4. Number and percentage of all called SNPs (144 K)
retained following MIE cut-offs.

MIE rate cut-off Number (%) of SNPS retained

0 36,794 (25%)
0.01 103,918 (72%)
0.02 118,697 (82%)
0.03¢ 125,627 (87%)
0.05 132,251 (91%)

@ Cut-off based on the third quartile + 1.5 * the inter-quartile range.

0.6
0.4
5]
o
w
=
0.2
0.0
-0.5 0.0 0.5 1.0
Fis

Fig. 7. Mendelian inheritance error (MIE) rates plotted as a function of the
per-locus inbreeding coefficient (Fjs) for all called SNPs (Pearson
correlation r=0.76).

Indeed, validation of the SNP chip by genotyping >4,000 oysters
across 2 generations of crosses showed that the 144 K successfully
converted SNPs were evenly distributed across all 10 chromo-
somes. The relative persistence of LD with increasing physical dis-
tance between markers and the high density of SNPs targeted
suggest that this panelis suitable for achieving high prediction ac-
curacy. Analysis of MIEs revealed a large proportion of SNPs on the
chip that segregate under Mendelian inheritance. The detection of
elevated rates of unexpected genotypes at some SNP loci may be

Table 5. Proportion of MIEs of each type according to Plink error
codes. Bold data indicate errors that could be caused by null
alleles.

MIE code Description of MIE Proportion of errors
1 A/AXA/A = A/B 0.0084

2 B/BXB/B — A/B 0.094

3 B/BX*/* - A/A 0.22

4 */*XB/B = A/A 0.22

5 B/BXB/B — A/A 0.0090

6 A/AX*/* > B/B 0.23

7 */*XA/A — B/B 0.22

8 A/AXA/A —> B/B 0.0050

attributed to heterozygote deficiencies resulting from null alleles
and highlight candidates for further investigation of copy-number
variation.

The availability of this SNP array extends the coverage of gen-
omic resources for C. virginica into the most northern limits of its
distribution and will facilitate further genomics research, includ-
ing the application of GWAS to identify variants associated with
economically and ecologically important traits. In particular,
this chip will be of great importance for the future of oyster aqua-
culture in Canada, as it will allow the evaluation of potential
quantitative trait loci (QTL) and to unravel the genomic architec-
ture of economically important traits, evaluate genomic breeding
values, establish genomic prediction protocols, assess the ad-
equate number of markers required to optimize resources, per-
form population genomic assessments, and conduct low-cost
genomic selection for accelerated genetic gains.

Data availability

Genome position and probes of SNPs included in the SNP array
have been submitted to the figshare online repository as
Supplementary Table 1: https:/doi.org/10.25387/g3.21422661.
DNA sequence reads for the F1 oysters used to design the chip
(n=435) were submitted to the National Center for Biotechnology
Information (NCBI) Sequence Read Archive (SRA) under BioProject
PRINA933941.
Supplemental material available at G3 online.


http://academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkad071#supplementary-data
https://doi.org/10.25387/g3.21422661
http://academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkad071#supplementary-data

A. Xuerebetal. | 9

Acknowledgements

We thank Bérénice Bougas and Alysse Perreault-Payette for assist-
ance in the laboratory. We also thank the entire team at L'Etang
Ruisseau Bar for the rearing and maintenance of oysters used in
this project and assistance with sample collections, especially
Sylvie Gauvin, Fabiola Robichaud, Janie Fauteux, Claire Carver,
Véronique Lanteigne, and Marc-André Mallet.

Funding

This research was carried out under the Genomic Applications
Partnership Program (GAPP) funded by Genome Canada,
Genome Atlantic, and Genome Québec. This work was made pos-
sible with support from the Industrial Research Assistance
Program (IRAP), the Atlantic Fisheries Fund, Université Laval,
Ressources Aquatiques Québec (RAQ), and Mitacs through the
Mitacs Accelerate Program (awarded to AX).

Conflicts of interest

The author(s) declare no conflict of interest.

Literature cited

Anderson EC, Garza J. The power of single-nucleotide polymorph-
isms for large-scale parentage inference. Genetics. 2006;172(4):
2567-2582. doi:10.1534/genetics.105.048074.

Arias KD, Alvarez I, Gutiérrez JP, Fernandez [, Menéndez J,
Menéndez-Arias NA, Goyache F. Understanding Mendelian errors
in SNP arrays data using a Gochu Asturcelta pig pedigree: genom-
ic alterations, family size and calling errors. Sci Rep. 2022;12(1):
19686. d0i:10.1038/541598-022-24340-0.

Bangera R, Correa K, Lhorente JP, Figueroa R, Yanez JM. Genomic pre-
dictions can accelerate selection for resistance against
Piscirickettsia salmonis in Atlantic salmon (Salmo salar). BMC
Genomics. 2017;18(1):1-12. doi:10.1186/s12864-017-3487-y.

Barria A, Christensen KA, Yoshida GM, Correa K, Jedlicki A, Lhorente
JP, Davidson WS, Yanez JM. Genomic predictions and genome-
wide association study of resistance against Piscirickettsia salmonis
in coho salmon (Oncorhynchus kisutch) using ddRAD sequencing.
G3 (Bethesda) Genes Genom Genet. 2018;8(4):1183-1194. doi:10.
1534/g3.118.200053.

Baym M, Kryazhimskiy S, Lieberman TD, Chung H, Desai MM,
Kishony RK. Inexpensive multiplexed library preparation for
megabase-sized genomes. PLoS ONE. 2015;10(5):1-15. doi:10.
1371/journal.pone.0128036.

Bernard M, Dehaullon A, Gao G, Paul K, Lagarde H, Charles M,
Prchal M, Danon J, Jaffrelo L, Poncet C, et al. Development of a
high-density 665K SNP array for rainbow trout genome-wide
genotyping. Front Genet. 2022;13:941340. doi:10.3389/fgene.
2022.941340.

Bernatchez S, Xuereb A, Laporte M, Benestan L, Steeves R, Laflamme
M, Bernatchez L, Mallet MA. Seascape genomics of eastern oyster
(Crassostrea virginica) along the Atlantic coast of Canada. Evol
App. 2019;12(3):587-609. doi:10.1111/eva.12741.

Botta R, Asche F, BorsumJS, Camp EV. A review of global oyster aqua-
culture production and consumption. Mar Policy. 2020;117:
103952. doi:10.1016/j.marpol.2020.103952.

Breese MR, Liu Y. NGSUtils: a software for analyzing and manipulat-
ing next-generation sequencing datasets. Bioinformatics. 2013;
29(4):494-496. doi:10.1093/bioinformatics/bts731.

Buerkle AC, Gompert Z. Population genomics based on low coverage
sequencing: how low should we go? Mol Ecol. 2013;22(11):
3028-3035. doi:10.1111/mec.12105.

Bush WS, Moore JH. Chapter 11: genome-wide association studies.
PLoS Comput Biol. 2012;8(12):€1002822. doi:10.1371/journal.
pcbi1002822.

Chen S, Zhou Y, Chen Y, Gu J. Fastp: an ultra-fast all-in-one FASTQ
preprocessor. Bioinformatics. 2018;34(17):1884-1890. doi:10.1093/
bioinformatics/bty560.

Daetwyler HD, Villanueva B, Woolliams JA. Inbreeding in genome-
wide selection. ] Anim Breed Genet. 2007;124(6):369-376. doi:10.
1111/j.1439-0388.2007.00693 x.

Danecek P, Auton A, Abecasis G, Albers CA, Banks E, DePristo MA,
Handsaker RE, Lunter G, Marth GT, Sherry ST, et al. The variant
call format and VCFtools. Bioinformatics. 2011;27(15):2156-2158.
doi:10.1093/bicinformatics/btr330.

Dorant Y, Laporte M, Rougemont Q, Cayuela H, Rochette R,
Bernatchez L. Landscape genomics of the American lobster
(Homarus americanus). Mol Ecol. 2022;31(20):5182-5200. doi:10.
1111/mec.16653.

Dufflocq P, Lhorente JP, Bangera R, Neira R, Newman S, Yanez JM.
Correlated response of flesh color to selection for harvest weight
in coho salmon (Oncorhynchus kisutch). Aquaculture. 2017;472:
38-43. doi:10.1016/j.aquaculture.2016.08.037.

Dussault FM, Boulding EG. Effect of minor allele frequency on the
number of single nucleotide polymorphisms needed for accurate
parentage assignment: a methodology illustrated using Atlantic
salmon. Aquac Res. 2018;49(3):1368-1372. doi:10.1111/are.13566.

FAO. The State of World Fisheries and Aquaculture 2020.
Sustainability in Action. Rome: FAQO; 2020.

Garcia BF, Bonaguro A, Araya C, Carvalheiro R, Yafiez JM. Application
of a novel 50 K SNP genotyping array to assess the genetic diver-
sity and linkage disequilibrium in a farmed Pacific white shrimp
(Litopenaeus vannamei) population. Aquac Rep. 2021;20:100691.
doi:10.1016/j.aqrep.2021.100691.

Garlock T, Asche F, Anderson J, Bjgrndal T, Kumar G, Lorenzen K,
Ropicki A, Smith MD, Tveterds R. A global blue revolution: aqua-
culture growth across regions, species, and countries. Rev Fish Sci
Aquac. 2020;28(1):107-116. doi:10.1080/23308249.2019.1678111.

Gentry RR, Alleway HK, Bishop MJ, Gillies CL, Waters T, Jones R.
Exploring the potential for marine aquaculture to contribute to
ecosystem services. Rev Aquacult. 2020;12(2):499-512. doi:10.
1111/raq.12328.

Georges M, Charlier C, Hayes B. Harnessing genomic information for
livestock improvement. Nat Rev Genet. 2019;20(3):135-156. doi:
10.1038/s41576-018-0082-2.

Gjedrem T, Robinson N, Rye M. The importance of selective breeding
in aquaculture to meet future demands for animal protein: a re-
view. Aquaculture. 2012;350-353:117-129. doi:10.1016/j.aquaculture.
2012.04.008.

Gjedrem T, Rye M. Selection response in fish and shellfish: a review.
Rev Aquacult. 2018;10(1):168-179. doi:10.1111/raq.12154.

Guo X, Puritz JB, Wang Z, Proestou D, Allen S Jr, Small ], Verbyla K,
Zhao H, Haggard J, Chriss N, et al. Development and evaluation
of high-density SNP arrays for the Eastern oyster Crassostrea vir-
ginica. Mar Biotechnol. 2023;25(1):174-191. doi:10.1007/s10126-
022-10191-3.

Gutierrez AP, Matika O, Bean TP, Houston RD. Genomic selection for
growth traits in Pacific oyster (Crassostrea gigas): potential of low-
density marker panels for breeding value prediction. Front Genet.
2018;9:391. doi:10.3389/fgene.2018.00391.

Gutierrez AP, Symonds J, King N, Steiner K, Bean TP, Houston RD.
Potential of genomic selection for improvement of resistance to


https://doi.org/10.1534/genetics.105.048074
https://doi.org/10.1038/s41598-022-24340-0
https://doi.org/10.1186/s12864-017-3487-y
https://doi.org/10.1534/g3.118.200053
https://doi.org/10.1534/g3.118.200053
https://doi.org/10.1371/journal.pone.0128036
https://doi.org/10.1371/journal.pone.0128036
https://doi.org/10.3389/fgene.2022.941340
https://doi.org/10.3389/fgene.2022.941340
https://doi.org/10.1111/eva.12741
https://doi.org/10.1016/j.marpol.2020.103952
https://doi.org/10.1093/bioinformatics/bts731
https://doi.org/10.1111/mec.12105
https://doi.org/10.1371/journal.pcbi.1002822
https://doi.org/10.1371/journal.pcbi.1002822
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1111/j.1439-0388.2007.00693.x
https://doi.org/10.1111/j.1439-0388.2007.00693.x
https://doi.org/10.1093/bioinformatics/btr330
https://doi.org/10.1111/mec.16653
https://doi.org/10.1111/mec.16653
https://doi.org/10.1016/j.aquaculture.2016.08.037
https://doi.org/10.1111/are.13566
https://doi.org/10.1016/j.aqrep.2021.100691
https://doi.org/10.1080/23308249.2019.1678111
https://doi.org/10.1111/raq.12328
https://doi.org/10.1111/raq.12328
https://doi.org/10.1038/s41576-018-0082-2
https://doi.org/10.1016/j.aquaculture.2012.04.008
https://doi.org/10.1016/j.aquaculture.2012.04.008
https://doi.org/10.1111/raq.12154
https://doi.org/10.1007/s10126-022-10191-3
https://doi.org/10.1007/s10126-022-10191-3
https://doi.org/10.3389/fgene.2018.00391

10 | G3,2023,Vol. 13, No. 6

ostreid herpesvirus in Pacific oyster (Crassostrea gigas). Anim
Genet. 2020;51(2):249-257. d0i:10.1111/age.12909.

Gutierrez AP, Turner F, Gharbi K, Talbot R, Lowe NR, Penaloza C,
McCullough M, Prodéhl PA, Bean TP, Houston RD. Development
of a medium density combined-species SNP array for pacific
and European oysters (Crassostrea gigas and Ostrea edulis). G3
(Bethesda): Genes Genom Genet. 2017;7(7):2209-2218. doi:10.
1534/g3.117.041780.

Hare MP, Karl SA, Avise JC. Anonymous nuclear DNA markers in the
American oyster and their implications for the heterozygote defi-
ciency phenomenon in marine bivalves. Mol Biol Evol. 1996;13(2):
334-334. doi:10.1093/oxfordjournals.molbev.a025593.

Hedgecock D, McGoldrick DJ, Manahan DT, Vavra J, Appelmans N,
Bayne BL. Quantitative and molecular genetic analyses of heter-
osis in bivalve molluscs. ] Exp Mar Biol Ecol. 1996;203(1):49-59.
doi:10.1016/0022-0981(96)02569-5.

Herbert RJH, Humphreys J, Davies CJ, Roberts C, Fletcher S, Crowe TP.
Ecological impacts of non-native Pacific oysters (Crassostrea gigas)
and management measures for protected areas in Europe.
Biodivers Conserv. 2016;25(14):2835-2865. doi:10.1007/s10531-
016-1209-4.

Hollenbeck CM, Johnston IA. Genomic tools and selective breeding in
molluscs. Front Genet. 2018;9:253. doi:10.3389/fgene.2018.00253.

Houston RD, Bean TP, Macqueen DJ, Gundappa MK, Jin YH, Jenkins
TL, Selly SLC, Martin SAM, Stevens JR, Santos EM, et al
Harnessing genomics to fast-track genetic improvementin aqua-
culture. Nat Rev Genet. 2020;21(7):389-409. doi:10.1038/s41576-
020-0227-y.

Houston RD, Taggart JB, Cézard T, Bekaert M, Lowe NR, Downing A,
Talbot R, Bishop SC, Archibald AL, Bron JE, et al. Development
and validation of a high density SNP genotyping array for
Atlantic salmon (Salmo salar). BMC Genomics. 2014;15(1):1-13.
doi:10.1186/1471-2164-15-90.

Hu B, Tian Y, Li Q, Liu S. Genomic signatures of artificial selection in
the Pacific oyster, Crassostrea gigas. Evo App. 2022;15(4):618-630.
doi:10.1111/eva.13286.

Huisman J. Pedigree reconstruction from SNP data: parentage as-
signment, sibship clustering and beyond. Mol Ecol Res. 2017;
17(5):1009-1024. d0i:10.1111/1755-0998.12665.

Jones AR, Alleway HK, McAfee D, Reis-Santos P, Theuerkauf SJ, Jones
RC. Climate-friendly seafood: the potential for emissions reduc-
tion and carbon capture in marine aquaculture. BioScience.
2022;72(2):123-143. doi:10.1093/biosci/biab126.

Joshi R, Arnyasi M, Lien S, Gjgen HM, Alvarez AT, Kent M.
Development and validation of 58 K SNP-array and high-density
linkage map in Nile tilapia (O. niloticus). Front Genet. 2018;9:472.
doi:10.3389/fgene.2018.00472.

Joshi R, Skaarud A, de Vera M, Alvarez AT, @degéard J. Genomic pre-
diction for commercial traits using univariate and multivariate
approaches in Nile tilapia (Oreochromis niloticus). Aquaculture.
2020;516:734641. doi:10.1016/j.aquaculture.2019.734641.

Korneliussen TS, Albrechtsen A, Nielsen R. ANGSD: analysis of next
generation sequencing data. BMC Bioinformatics. 2014;15(1):
1-13. d0i:10.1186/512859-014-0356-4.

Lehnert SJ, DiBacco C, Wyngaarden MV, Jeffery NW, Lowen JB,
Sylvester EVA, Wringe BF, Stanley RRE, Hamilton LC, Bradbury
IR. Fine-scale temperature-associated genetic structure between
inshore and offshore populations of sea scallop (Placopecten magel-
lanicus). Heredity (Edinb). 2019;122(1):69-80. doi:10.1038/s41437-
018-0087-9.

Lhorente JP, Araneda M, Neira R, Yafiez JM. Advances in genetic im-
provement for salmon and trout aquaculture: the Chilean

situation and prospects. Rev Aquacult. 2019;11(2):340-353. doi:
10.1111/raq.12335.

Li H, Durbin R. Fast and accurate short read alignment with
Burrows-Wheeler transform. Bioinformatics. 2009;25(14):1754-1760.
doi:10.1093/bioinformatics/btp324.

Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, Marth G,
Abecasis G, Durbin R. The sequence alignment/map format and
SAMtools. Bioinformatics. 2009;25(16):2078-2079. doi:10.1093/
bioinformatics/btp352.

LiuS,SunL,LiY, SunF,JiangY, Zhang Y, Zhang], FengJ, Kaltenboeck
L, Kucuktas H, et al. Development of the catfish 250 K SNP array
for genome-wide association studies. BMC Res. 2014;7(1):1-12.
doi:10.1186/1756-0500-7-135.

Marshall DA, Casas SM, Walton WC, Rikard FS, Palmer TA, Breaux N,
la Peyre MK, Beseres Pollack ], Kelly M, la Peyre JF. Divergence in
salinity tolerance of northern Gulf of Mexico eastern oysters un-
der field and laboratory exposure. Conserv Physiol. 2021;9(1):
1-20. doi:10.1093/conphys/coab065.

Mastrochirico-Filho VA, Ariede RB, Freitas MV, Borges CHS, Lira LVG,
Mendes NJ, Agudelo JFG, Caceres P, Berrocal MHM, Sucerquia
GAL, et al. Development of a multi-species SNP array for
serrasalmid fish Colossoma macropomum and Piaractus mesopo-
tamicus. Sci Rep. 2021;11(1):1-11. doi:10.1038/s41598-021-98885-x.

McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis K, Kernytsky
A, Garimella K, Altshuler D, Gabriel S, Daly M, et al. The Genome
Analysis Toolkit: A MapReduce framework for analyzing next-
generation DNA sequencing data. Genome Res. 2010;20:
1297-1303. d0i:10.1101/gr.107524.110.

Meérot C, Berdan EL, Cayuela H, Djambazian H, Ferchaud AL, Laporte
M, Normandeau E, Ragoussis ], Wellenreuther M, Bernatchez L.
Locally adaptive inversions modulate genetic variation at differ-
ent geographic scales in a seaweed fly. Mol Biol Evol. 2021;38(9):
3953-3971. doi:10.1093/molbev/msab143.

Modak TH, Literman R, Puritz JB, Johnson KM, Roberts EM, Proestou
D, Guo X, Gomez-Chiarri M, Schwartz RS. Extensive genome-wide
duplications in the eastern oyster (Crassostrea virginica). Philos T
Roy Soc B. 2021;376(1825):20200164. doi:10.1098/rstb.2020.0164.

@degard J, Moen T, Santi N, Korsvoll SA, Kjgglum S, Meuwisse THE.
Genomic prediction in an admixed population of Atlantic salmon
(Salmo salar). Front Genet. 2014;5:402. doi:10.3389/fgene.2014.
00402.

PaltiY, Gao G, Liu S, Kent MP, Lien S, Miller MR, Rexroad CE, Moen T.
The development and characterization of a 57 K single nucleotide
polymorphism array for rainbow trout. Mol Ecol Res. 2015;15(3):
662-672. doi:10.1111/1755-0998.12337.

Penaloza C, Robledo D, Barria A, Trinh TQ, Mahmuddin M, Wiener P,
Benzie JAH, Houston RD. Development and validation of an open
access SNP array for Nile tilapia (Oreochromis niloticus). G3
(Bethesda): Genes Genom Genet. 2020;10(8):2777-2785. doi:10.
1534/g3.120.401343.

Premachandra HKA, Nguyen NH, Knibb W. Effectiveness of SNPs for
parentage and sibship assessment in polygamous yellowtail
kingfish Seriola lalandi. Aquaculture. 2019;499:24-31. doi:10.
1016/j.aquaculture.2018.09.022.

Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MAR, Bender D,
Maller ], Sklar P, de Bakker PIW, Daly MJ, et al. PLINK: a tool set for
whole-genome association and population-based linkage ana-
lyses. Am ] Hum Genet. 2007;81(3):559-575. doi:10.1086/519795.

Qi H, Song X, Li C, Wang W, Li B, Li L, Zhang G. Construction and
evaluation of a high-density SNP array for the pacific oyster
(Crassostrea gigas). PLoS ONE. 2017;12(3):1-16. doi:10.1371/
journal.pone.0174007.


https://doi.org/10.1111/age.12909
https://doi.org/10.1534/g3.117.041780
https://doi.org/10.1534/g3.117.041780
https://doi.org/10.1093/oxfordjournals.molbev.a025593
https://doi.org/10.1016/0022-0981(96)02569-5
https://doi.org/10.1007/s10531-016-1209-4
https://doi.org/10.1007/s10531-016-1209-4
https://doi.org/10.3389/fgene.2018.00253
https://doi.org/10.1038/s41576-020-0227-y
https://doi.org/10.1038/s41576-020-0227-y
https://doi.org/10.1186/1471-2164-15-90
https://doi.org/10.1111/eva.13286
https://doi.org/10.1111/1755-0998.12665
https://doi.org/10.1093/biosci/biab126
https://doi.org/10.3389/fgene.2018.00472
https://doi.org/10.1016/j.aquaculture.2019.734641
https://doi.org/10.1186/s12859-014-0356-4
https://doi.org/10.1038/s41437-018-0087-9
https://doi.org/10.1038/s41437-018-0087-9
https://doi.org/10.1111/raq.12335
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1186/1756-0500-7-135
https://doi.org/10.1093/conphys/coab065
https://doi.org/10.1038/s41598-021-98885-x
https://doi.org/10.1101/gr.107524.110
https://doi.org/10.1093/molbev/msab143
https://doi.org/10.1098/rstb.2020.0164
https://doi.org/10.3389/fgene.2014.00402
https://doi.org/10.3389/fgene.2014.00402
https://doi.org/10.1111/1755-0998.12337
https://doi.org/10.1534/g3.120.401343
https://doi.org/10.1534/g3.120.401343
https://doi.org/10.1016/j.aquaculture.2018.09.022
https://doi.org/10.1016/j.aquaculture.2018.09.022
https://doi.org/10.1086/519795
https://doi.org/10.1371/journal.pone.0174007
https://doi.org/10.1371/journal.pone.0174007

A.Xuerebetal. | 11

Ray NE, Maguire TJ, Al-Haj AN, Henning MC, Fulweiler RW. Low
greenhouse gas emissions from oyster aquaculture. Envir Sci
Tech. 2019;53(15):9118-9127. doi:10.1021/acs.est.9b02965.

Reece KS, Ribeiro WL, Gaffney PM, Carnegie RB, Allen SK Jr.
Microsatellite marker development and analysis in the Eastern
oyster (Crassostrea virginica): confirmation of null alleles and
non-Mendelian segregation ratios. ] Hered. 2004;94(4):346-352.
doi:10.1093/jhered/esh058.

Ruesink JL, Lenihan HS, Trimble AC, Heiman KW, Micheli F, Byers JE,
Kay MC. Introduction of non-native oysters: ecosystem effects
and restoration implications. Ann Rev Ecol Evol S. 2005;36(1):
643-689. doi:10.1146/annurev.ecolsys.36.102003.152638.

Sonesson AK, Woolliams JA, Meuwissen THE. Genomic selection re-
quires genomic control of inbreeding. Genet Sel Evol. 2012;44(1):
1-10. d0i:10.1186/1297-9686-44-27.

Stanley RRE, DiBacco C, Lowen B, Beiko RG, Jeffery NW, Wyngaarden
MV, Bentzen P, Brickman D, Benestan L, Bernatchez L, et al. A
climate-associated multispecies cryptic cline in the northwest
Atlantic. Sci Adv. 2018;4(3):eaaq0929. doi:10.1126/sciadv.aaq0929.

Therkildsen NO, Palumbi SR. Practical low-coverage genomewide se-
quencing of hundreds of individually barcoded samples for popu-
lation and evolutionary genomics in nonmodel species. Mol Ecol
Res. 2017;17(2):194-208. doi:10.1111/1755-0998.12593.

Theuerkauf §J, Barrett LT, Alleway HK, Costa-Pierce BA, St. Gelais A,
Jones RC. Habitat value of bivalve shellfish and seaweed aquacul-
ture for fish and invertebrates: pathways, synthesis and next
steps. Rev Aquacult. 2022;14(1):54-72. doi:10.1111/raq.12584.

Theuerkauf §J, Morris JA, Waters TJ, Wickliffe LC, Alleway HK, Jones
RC. A global spatial analysis reveals where marine aquaculture
can benefit nature and people. PLoS ONE. 2019;14(10):1-29. doi:
10.1371/journal.pone.0222282.

Thongda W, Zhao H, Zhang D, Jescovitch LN, Liu M, Guo X, Schrandt
M, Powers SP, Peatman E. Development of SNP panels as a new
tool to assess the genetic diversity, population structure, and par-
entage analysis of the Eastern oyster (Crassostrea virginica). Mar
Biotech. 2018;20(3):385-395. d0i:10.1007/510126-018-9803-y.

Vallejo RL, Silva RMO, Evenhuis JP, Gao G, Liu S, Parsons JE, Martin
KE, Wiens GD, Lourenco DAL, Leeds TD, et al. Accurate genomic
predictions for BCWD resistance in rainbow trout are achieved
using low-density SNP panels: evidence that long-range LD is a
major contributing factor. J] Anim Breed Genet. 2018;135(4):
263-274. doi:10.1111/jbg.12335.

Verbyla KL, Kube PD, Evans BS. Commercial implementation of gen-
omic selection in Tasmanian Atlantic salmon: scheme evolution
and validation. Evol App. 2022;15(4):631-644. doi:10.1111/eva.
13304.

Yafez JM, Barria A, Lépez M, Moen T, Garcia B, Yoshida GM, Xu P.
Genome-wide association and genomic selection in aquaculture.
Rev Aquacult. 2022a;15(2):645-675. doi:10.1111/raq.12750.

Yanez JM, Joshi R, Yoshida GM. Genomics to accelerate genetic im-
provement in tilapia. Anim Genet. 2020;51(5):658-674. doi:10.
1111/age.12989.

Yanez JM, Naswa S, Lopez ME, Bassini L, Correa K, Gilbey J,
Bernatchez L, Norris A, Neira R, Lhorente JP, et al. Genomewide
single nucleotide polymorphism discovery in Atlantic salmon
(Salmo salar): validation in wild and farmed American and
European populations. Mol Ecol Res. 2016;16(4):1002-1011. doi:
10.1111/1755-0998.12503.

Yafez JM, Xu P, Carvalheiro R, Hayes B. Genomics applied to live-
stock and aquaculture breeding. Evol App. 2022b;15(4):517-522.
doi:10.1111/eva.13378.

Yoshida GM, Barria A, Correa K, Cdceres G, Jedlicki A, Cadiz MI, Lhorente JP,
Ydiiez JM. Genome-wide patterns of population structure and link-
age disequilibrium in farmed Nile tilapia (Oreochromis niloticus).
Front Genet. 2019;10:745. doi:10.3389/fgene.2019.00745.

Yoshida GM, Bangera R, Carvalheiro R, Correa K, Figueroa R, Lhorente
JP, Yanez JM. Genomic prediction accuracy for resistance against
Piscirickettsia salmonis in farmed rainbow trout. G3 (Bethesda):
Genes Genom Genet. 2018;8(2):719-726. doi:10.1534/g3.117.300499.

Zhang C, Dong SS, Xu JY, He WM, Yang TL. PopLDdecay: a fast and
effective tool for linkage disequilibrium decay analysis based on
variant call format files. Bioinformatics. 2019;35(10):1786-1788.
doi:10.1093/bioinformatics/bty875.

Zhang G, Fang X, Guo X, LiLl, LuoR, XuF, Yang P, Zhang L, Wang X, Qi
H, et al. The oyster genome reveals stress adaptation and com-
plexity of shell formation. Nature. 2012;490(7418):49-54. doi:10.
1038/nature11413.

Zhong X, Li Q, Kong L, Yu H. Estimates of linkage disequilibrium and
effective population size in wild and selected populations of the
Pacific oyster using single-nucleotide polymorphism markers. J
World Aquacult Soc. 2017;48(5):791-801. d0i:10.1111/jwas.12393.

Editor: L. McIntyre


https://doi.org/10.1021/acs.est.9b02965
https://doi.org/10.1093/jhered/esh058
https://doi.org/10.1146/annurev.ecolsys.36.102003.152638
https://doi.org/10.1186/1297-9686-44-27
https://doi.org/10.1126/sciadv.aaq0929
https://doi.org/10.1111/1755-0998.12593
https://doi.org/10.1111/raq.12584
https://doi.org/10.1371/journal.pone.0222282
https://doi.org/10.1007/s10126-018-9803-y
https://doi.org/10.1111/jbg.12335
https://doi.org/10.1111/eva.13304
https://doi.org/10.1111/eva.13304
https://doi.org/10.1111/raq.12750
https://doi.org/10.1111/age.12989
https://doi.org/10.1111/age.12989
https://doi.org/10.1111/1755-0998.12503
https://doi.org/10.1111/eva.13378
https://doi.org/10.3389/fgene.2019.00745
https://doi.org/10.1534/g3.117.300499
https://doi.org/10.1093/bioinformatics/bty875
https://doi.org/10.1038/nature11413
https://doi.org/10.1038/nature11413
https://doi.org/10.1111/jwas.12393

	Design and validation of a high-density single nucleotide polymorphism array for the Eastern oyster (Crassostrea virginica)&break/; 
	Introduction
	Materials and methods
	Sampling, DNA extraction, and sequencing
	SNP identification
	SNP selection
	SNP validation
	Parental assignment and Mendelian inheritance errors

	Results
	SNP identification and selection
	SNP validation
	Parental assignment and Mendelian inheritance errors (MIE)

	Discussion
	Conclusions
	Data availability
	Acknowledgements
	Funding
	Conflicts of interest
	Literature cited
	secjkad071-s8




