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Abstract

The Portuguese oyster (Crassostrea angulata) is a commercially significant aquaculture
species, gaining rapid popularity, particularly in Asia. Growth-related traits, along with
shell and mantle colouration, are key determinants of market value in farmed oysters.
To support trait improvement in breeding programs, this study investigates the genetic
architecture of economically important traits, including shell length, shell height, shell
width, condition index, and shell and mantle colour using genome-wide association study
(GWADS). Using DArTseq technology, 647 oyster samples from two generations of a breed-
ing program in Vietnam were genotyped: 188 samples from 57 full-sib families in the
first generation and 459 samples from 33 full-sib families in the second. GWAS identi-
fied 31 significant SNPs associated with various traits, 24 of which mapped to protein-
coding genes. Notable candidate genes associated with growth traits included CE128-like
(LOCI128177318) and WIPI3-like (LOCI128167327), implicated in protein localization
and autophagy, respectively. For colour-related traits, key candidate genes included glu-
cose dehydrogenase (LOC128184820), Neurobeachin-like (LOCI128156661), and POPI-
like (LOC128164428), which are linked to catalytic activities, membrane trafficking, and
RNA processing, suggesting roles in pigmentation and biomineralization. Additionally,
Neo-calmodulin-like (LOC128183296), a gene involved in calcium binding, was identified
as a candidate for shell colour, consistent with findings in other oyster species. The small
effect sizes of the significant SNPs across all traits suggest polygenic control, underscor-
ing the potential of genomic selection for trait improvement. This study provides foun-
dational insights to inform selective breeding programs aimed at enhancing growth and
aesthetic traits in C. angulata, contributing to the sustainability and profitability of oyster
aquaculture.
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Introduction

Oyster farming provides a sustainable source of animal protein due to its low-investment
production systems, reduced environmental footprint compared to other forms of animal
farming, and numerous ecosystem benefits (NOAA Fisheries 2022; Brigida 2023). Rich
in vitamins, minerals, and omega-3 fatty acids, oysters are highly nutritious and a popular
seafood choice in many parts of the world (Woolmer n.d.). Beyond their nutritional value,
oyster farming offers significant environmental and ecological benefits (Brigida 2023). As
filter feeders, oysters remove excess organic matter and phytoplankton from the water col-
umn, improving water quality and helping to combat eutrophication. Oyster reefs create
complex habitats that support diverse marine species, promoting biodiversity, and act as
natural buffers against coastal erosion (Brigida 2023). Additionally, oysters contribute to
carbon sequestration through shell formation, helping to mitigate the impact of excess car-
bon dioxide in aquatic environments (Ugalde et al. 2023). Oysters also exhibit high adapt-
ability to farming conditions and require no supplemental feed, chemicals, or medicines,
resulting in a significantly lower carbon footprint compared to the farming of many other
animal species (Seafish 2020). These combined benefits are driving the rapid global expan-
sion of oyster farming. The Portuguese oyster (Crassostrea angulata, also referred to as
Magallana angulata), is a key aquaculture species in Asia, with China producing 2 million
tons annually (Wu et al. 2023). Vietnam has also experienced significant growth in oyster
farming over the past decade, with C. angulata playing an important role in this expansion
(Ugalde et al. 2023). Its fast growth and high survival rate make it a preferred species for
aquaculture, with current production in Vietnam estimated at 50,000 tons (Le et al. 2023).

Improving production efficiency is critical for the commercial success of aquaculture.
Like other production systems, growth is also a crucial trait in oyster aquaculture, as faster
growth reduces production costs by shortening cultivation cycles and thereby improves
production efficiency. However, other traits, including condition index, mantle colour, and
shell morphology, also hold significant economic potential. Mantle colour, for instance,
is a key target for selective breeding as it influences consumer preferences and percep-
tions of flavour and quality (Kahn and Wansink 2004; Xing et al. 2018). In a recent study,
shell and mantle colour traits exhibited heritability ranging from 0.14 to 0.54, indicating
potential for genetic improvement through selection (Vu et al. 2021b). The condition index,
which reflects meat yield relative to shell weight, impacts product quality and market value
(Kause et al. 2011). Oysters with higher condition indices—indicating greater meat yield
and lighter shell weight—are particularly desirable (O’Connor et al. 2019). High heritabil-
ity (0.77) was observed for the condition index in a previous study on the Portuguese oyster
(Vu et al. 2021b), suggesting that a strong selection response is possible. Similarly, shell
morphology traits, such as length, width, and height, are directly linked to soft tissue yield,
making them important determinants of oyster pricing.

Genetic and genomic approaches are increasingly being used in the aquaculture sector
to enhance production efficiency and improve economically important traits. The grow-
ing availability of genomic data, enabled by affordable sequencing and genotyping tech-
nologies, is allowing many production systems to leverage genomics-driven improvements,
such as marker-assisted selection and genomic selection, to enhance selection accuracy
and boost efficiency (Houston et al. 2020). A key focus of genomics is elucidating genetic
architecture of traits under selection and using this information for trait improvement. Vari-
ous genomic approaches can be employed for this purpose, including quantitative trait loci
(QTL) mapping, Genome-Wide Association Studies (GWAS), and transcriptomic analysis.
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These methods have been widely applied in many aquaculture species to inform selective
breeding programs (Houston et al. 2020; Ajithkumar et al. 2025).

GWAS using high-throughput genotype data have identified single nucleotide polymor-
phisms (SNPs) and genes linked to economically important traits in various mollusc spe-
cies as well. For example, molecular markers have been associated with shell growth and
shape in Pacific oysters, Crassostrea gigas (He et al. 2021), nacre colour and growth traits
in Pearl oysters, Pinctada fucata (Wang et al. 2022; Zhao et al. 2023), cadmium accumu-
lation in Fujian oysters, C. angulata (Wu et al. 2023), shell colour in Bay scallops, Argo-
pecten irradians irradians (Zhu et al. 2021), and heat tolerance in Pacific abalone, Hali-
otis discus hannai (Yu et al. 2021). These studies indicate that the genetic architecture of
such traits is often polygenic, involving numerous genes with small effects, or oligogenic,
with a few moderate-to-large effect QTL. Exceptions include traits like growth in European
oysters, Ostrea edulis (Pefialoza et al. 2022) and ostreid herpesvirus resistance in Pacific
oysters, C. gigas (Divilov et al. 2019), which are influenced by fewer genomic regions or
distinct QTLs. While high throughput genomic tools are widely used in other industries,
their adoption in aquaculture remains limited, mainly due to the high cost of whole genome
sequencing and SNP arrays, particularly for non-model species. Genotyping-by-sequenc-
ing (GBS) offers a cheaper alternative in such cases. Among these, DArTseq™ combines
DArT-based complexity reduction with next-generation sequencing, providing customiz-
able, cost-effective genotyping (as low as $20-35 USD per sample) with high marker den-
sity (Vu et al. 2021a).

Despite the economic importance of C. angulata, genomic studies in this species are
still sparse. Recent studies have identified candidate genes and markers linked to some
growth-related traits (Vu et al. 2024; Xie et al. 2024). However, no markers have been
reported for other commercially significant traits such as shell growth, condition index,
and shell or meat colour in C. angulata. This study aims to address this gap by identi-
fying candidate genes and genetic variants associated with these traits, which, alongside
other growth-related traits, are critical determinants of market value. Using genome-wide
SNP data generated via DArTSeq genotype-by-sequencing, this study conducts a GWAS to
explore trait-genotype associations in C. angulata.

Materials and methods
Sampled oysters

A total of 647 individual oyster samples were obtained from a C. angulata breeding pro-
gram in Vietnam, as detailed in previous studies (Vu et al. 2020, 2021b, 2021c). These
included 188 samples from 57 full-sib families in the first generation (G1) of the breeding
program and 459 samples from 33 full-sib families in the second generation (G2). The
first-generation families were produced from a base population generated through dial-
lel crossing of broodstock from three different commercial hatcheries in Vietnam, repre-
senting a mixture of genetic backgrounds. The second generation was subsequently pro-
duced by interbreeding individuals from the first generation. Family size ranged from
two to eight oysters in the first generation and from 12 to 15 oysters in the second gen-
eration. Oyster families were reared separately in tanks until they reached two months of
age, when they were transferred to a common culture environment. Each oyster family
was cultured on four strings, each containing 7—8 oyster shells, with approximately 20-25
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oyster spat attached per shell. Each family was labeled on a separate string for identifi-
cation and record-keeping. All oysters were reared under uniform environmental condi-
tions within each generation. Phenotypic traits, including shell length, shell width, shell
height, total weight, condition index, and shell and mantle coloration, were recorded at
the harvest stage, approximately 11-12 months of age. Due to resource limitations, only
growth-related traits were measured across both generations, whereas colour traits were
only recorded in the second generation. Furthermore, variations in the number of samples
available for GWAS among traits also arose from other factors, such as missing pheno-
typic data and the exclusion of samples subsequent to quality control (QC) on genotypic
and phenotypic data. At the time of sampling the oysters reached their reproductive stage,
ready for spawning. Males and females were of similar proportion in the collected samples
(males =313, of which 80 originated from G1 and 233 from G2; females =334, of which
108 originated from G1 and 226 from G2). Mantle tissue samples were preserved in 80%
ethanol and stored at — 80 °C until sequencing.

Traits and phenotypic measurements
Growth-related traits and condition index

Shell dimensions (length, width, and height) were measured using calipers with an accu-
racy of 0.01 cm, while shell weight was determined using a digital balance accurate to
0.01 g. The condition index was calculated using the following formula, adapted from the
method described by Lawrence and Scott (1982) as follows:

Condition Index = (dry soft tissue weight x 100)/(whole weight — shell weight)
ey

Shell and mantle colour

The shell and tissue colours of oysters at harvest were measured using an FRU colourim-
eter WR10 8 mm model via a CIELab L*a*b colourimeter which determines the colour
as a number under a device-independent 3D colour model (Leon et al., 2006). The three
dimensions in the model are L* (whiteness), a* (redness), and b* (yellowness). The values
of L* range from O for black to 100 for white; a* values are negative for green and posi-
tive for red; and b* values are negative for blue and positive for yellow (b* =zero, neutral
colour) (Vu et al. 2021b).

DNA extraction, library construction and sequencing

DNA extraction, purification, library construction, sequencing and SNP calling were
performed by Diversity Array Technology Pty Ltd. (DArT), Canberra, Australia, using a
standardized protocol (Kilian et al. 2012). For a detailed description of the DNA extrac-
tion, library construction, and sequencing procedures for the same set of samples analysed
here, see Vu et al. (2021b). Briefly, DArTSeq generated about 70 nucleotide single-end
reads on an Illumina Hiseq 2500. Reads with inaccurate barcode sequences were removed
from the fastq files using stringent filtration criteria for the barcode region (Kilian et al.
2012). Approximately 2,500,000 sequence reads per barcode/sample were generated and
subsequently used for variant calling.
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Sequence data analysis, SNP calling and quality control

The sequence data was mapped against the latest version of the chromosome-level genome
assembly (refSeq ASM2576567v3) for C. angulata using two different aligners — BLASTn
(Altschul et al. 1990) and BWA-MEM2 (Vasimuddin et al. 2019) to obtain a consensus result
for SNP calling. This approach was taken to minimize the risk of mapping errors due to short
read length of the sequences. The BLASTn alignment was performed with conservative
parameters: gap open 20, gap extend 5, penalty —5, word size 40, percent identity 99, and
ungapped alignment. Alignments with suboptimal scores, those mapping to multiple posi-
tions, or those not aligning to chromosomes were removed. Alignment with BWA-MEM?2
was performed using default parameters, except for a minimum seed length (k) of 40 and
re-seeding (r) of 2.5. The same filtering criteria were applied as above to remove sub-optimal
alignments. Consensus results from both aligners yielded 10,137 mapped SNPs. Homozy-
gous markers and those missing in more than 10% of samples were discarded, Leaving
10,116 markers. Sporadic missing markers were imputed using Eagle2 (Loh et al. 2016) with
default parameters. A final minor allele frequency (MAF) filter of 1% was applied, result-
ing in a final SNP set of 9846 markers. A 1% MAF threshold, rather than the more com-
monly used 5%, was applied to retain greater number of genetic variations, as DArTSeq — a
reduced representation approach — yields fewer SNPs than whole-genome sequencing. SNPs
with MAF> 1% are generally considered common variants (Visscher et al. 2017), making
this threshold appropriate for capturing informative markers while maintaining allele frequen-
cies suitable for GWAS. Filtering based on HWE probability was not applied, as it may also
exclude important SNPs significantly associated with traits (Fardo et al. 2009). SNPs were
pruned for linkage disequilibrium (LD) to remove linked loci at the 7* threshold > 0.20 using
PriorityPruner version 0.1.4 (available at http://prioritypruner.sourceforge.net/). Individuals
with missing genotypes in more than 50% of the SNPs were excluded from analysis.

Statistical methods for genome-wide association study (GWAS)

For the GWAS analysis, we used the genotypic data from 9846 genome-wide SNP markers
and a genomic best linear unbiased prediction (GBLUP) method to estimate SNP effects by
back solving the EBVs using GWASTools package (Gogarten et al. 2012). The mixed model
used was of the form:

y =Xb+ Zu+e )

where y is the vector of phenotypic measurements (shell length, width, height and
weight, condition index, and shell and mantle colour), b is the fixed effects vector (year-
class, sex, and tank), u is the vector of random genetic effects, e is the vector of residual
errors, and X and Z are the design matrices for the fixed and random effects. The distri-

butional assumgtion of the random effects was multivariate normal with mean zero and
var Z = Gg a 122 , where 0'2, and af are respectively the additive genetic and resid-
ual variances. G is the genomic relationship matrix obtained from the SNP markers, and
I is an identity matrix. The G matrix was built as follows: G = M’M/Z'ilijqj, where
p;s are the minor allele frequencies of the SNP genotypes (g; = 1 — p;), and M the SNPs
genotype matrix (VanRaden 2008). SNPs with p-value <0.0001 were considered to have

a significant effect.
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Additionally, we computed the genomic inflation factor (lambda, A) to assess the pres-
ence of inflation/deflation in the test statistics. Lambda was calculated by taking the median
of the Chi-square statistics generated by the association tests and dividing it by the expected
median of the Chi-square distribution, which is ~0.456. A lambda value greater than 1 indi-
cates potential issues such as the presence of population substructure, cryptic relatedness,
or systematic genotyping errors, indicating the requirement for the correction of the issue.

SNP annotations

The latest version of the C. angulata genome assembly (refSeq ASM2576567V3) does
not yet have annotation in public databases. The annotation is only available for the
previous build ASM2561292V2. In order to annotate the SNPs for their intersecting or
closest genes, the SNPs were mapped against the ASM2561292V2 reference genome
using 100 bases flanking sequence on either side of the SNPs (total sequence Length
201 bp). BLASTn program was used for mapping purpose. The estimated co-ordinate
of the SNPs on the previous assembly was then used to identify the overlapping nearest
genes using “Closest” option in Bedtools (version 2.29.2). Any genes within 10 kb up
or downstream of the significant SNPs were also extracted using Bedtools “Intersect”
option from gene annotation file for C. angulata from Ensembl Metazoa (Release 60).
The Gene Ontology (GO) terms and their associated accession numbers were obtained
from Ensembl Metazoa (Release 60) using Biomart.

Results
Trait data

The summary statistics of the different traits studied are presented in Table 1 and Fig. 1
boxplots, which show moderate to substantial variations for most traits. The Coefficient of

Table 1 Basic statistics of phenotypic data in the Crassostrea angulata population traits

Traits Unit n Mean SD Min Max Coefficient
of variation

Shell length cm 487 7.40 1.33 3.50 11.40 18.00%
Shell width cm 488 4.16 0.74 1.50 6.50 17.88%
Shell height cm 356 2.77 0.55 1.10 5.80 19.95%
Shell weight g 484 38.50 15.37 9.45 99.36 39.91%
Condition index Index 281 67.56 21.65 14.29 99.93 32.05%
Shell colour a* CIELab 302 2.33 3.70 -2.07 54.96 158.74%
Shell colour b* CIELab 302 11.55 4.23 3.99 43.02 36.63%
Shell colour L* CIELab 302 23.41 12.19 6.49 69.71 52.05%
Mantle colour a* CIELab 443 4.38 343 0.16 24.60 78.19%
Mantle colour b* CIELab 445 10.09 3.93 1.02 39.02 39.99%
Mantle colour L* CIELab 445 24.20 8.73 7.24 63.70 36.06%
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Fig.1 Box plots showing the distribution of measured phenotypic trait values in Portuguese oysters. Each
trait is presented in its respective unit

Variation (CV) values provided in Table 1 allow the comparison of the level of variation
among traits measured on different scales. Within the growth-related traits, shell weight
exhibited the largest variation around the mean (CV =39.91%) followed by the condi-
tion index (32.05%). The lowest variation is observed in shell width (17.88%), followed
by shell length (18.00%). In contrast, the shell and mantle colour-related traits show very
large variations around the mean, with CV values ranging from 36.06% for mantle colour
L* to 158.74% for shell colour a*. While the full extent of these colour variations may not
be readily discernible to the naked eye, they were precisely and quantitatively detected by
the calibrated CIELab colorimeter used in the present study, indicating substantial inherent
biological diversity in shell pigmentation among individuals.

GWAS results
Assessing the Q-Q plots and genomic inflation factor

Uncorrected population structure in GWAS analyses can result in false positive signals.
In our study, we employed mixed models that incorporate a genomic relationship matrix
to correct for population structure and cryptic relationships. The first step in assessing the
GWAS results is to examine the QQ plots and the genomic inflation factor, or A values
(Fig. 2). The QQ plots from our GWAS analyses indicate effective correction of population
structure, as most of the markers lie around the diagonal line, reflecting a correspondence
between the expected and observed p-values. While the QQ plot provides a visual repre-
sentation of the distribution of observed p-values against the expected distribution under
the null hypothesis of no association, the A value quantifies the degree of inflation in the
test statistics due to population structure or other confounding factors.

As shown in Fig. 2, the A values for the traits varied between 0.84 and 1.16. While a A
value greater than 1 may indicate inflation in the test statistics due to population structure
or cryptic relatedness, in practice, A values up to 1.1 are generally considered acceptable
(Williams et al. 2021). Conversely, A values below 1 indicate deflated p-values, which may
result from over-correction for population structure. For shell colour a*, we observed a A
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Fig.2 Q-Q plots from GWAS analyses performed for the 11 traits. X-axis in each plot represents
-log10(expected p-value) and Y axis represents -log10(observed p-value)

value of only 0.84, which is lower than the accepted threshold of 0.9, indicating possible
deflation. To account for this, the p-values were adjusted by the estimated value of A.

SNPs associated with growth and colour traits

The GWAS results identified 31 SNPs associated with the traits (Fig. 3, Table 2). Only
four SNPs were found to be significantly associated with growth traits — one for shell
width, two for height and one for condition index. In contrast, a larger number of signifi-
cant associations (n=29) were detected for colour traits. These included 4 SNPs for mantle
colour a*, 1 for mantle colour b*, 4 for mantle colour L*, 19 for shell colour a*, and 1 for
shell colour b* (Table 2). Two of these SNPs were found significantly associated with both
mantle colour a* and b* (2:67804078_G_T) and shell colour a* and b* (3:2494231_T_A).
Although a larger number of SNPs were identified for shell colour a*, results need to be
treated with some caution as even after correcting for genomic inflation the model fit
remained suboptimal (Fig. 2). The proportion of phenotypic variance explained by indi-
vidual SNP is generally small for all traits ranging between 0.05% and 2.16% (average:
0.55%).
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Candidate genes

Except for three SNPs, all other significant SNPs intersected with protein-coding genes
or IncRNA or pseudogenes. Out of the 31 SNPs, 24 are intersected with protein coding
genes (Table 2). For growth related traits, the intersected genes includes LOC128167327
(WD repeat domain phosphoinositide-interacting protein 3-like or WIPI3-like) with poten-
tial roles in autophagy (Almannai et al. 2022), LOCI128177318 (centrosomal protein of
128 kDa-like or CE128-like) — involved in protein localization (GeneCard 2024) and
LOC128174230 which is an uncharacterized protein coding gene but has a number of asso-
ciated GO terms including transcription regulation (GO:0140110 and GO:0006355) and
molecular transducer activity (GO:0060089).

The genes intersecting with colour traits include glucose dehydrogenase and others
homologous to Neurobeachin, RalGPS1, chymotrypsin-like serine proteinase, anoctamin-7,
DMSR-1, POPI, fez family zinc finger protein erm, neo-calmodulin, Elf-3 (transcription
factor), Rab-24, myoferlin, mitochondrial carrier homolog 2, tafazzin, filamin, and RAPH1.
Among these glucose dehydrogenases, neurobeachin-like and POPI-like explained rela-
tively larger proportion of variance (1%—1.6%). LOC128183296 (Neo-calmodulin-like)
gene was found to intersect with two significant SNPs.

Since candidate genes may not necessarily be the ones closest to the significant SNPs
and could be located further away, we searched for all genes within 10 kb upstream or
downstream of all significant SNPs. This analysis identified a total of 60 genes (Supple-
mentary Table 2). Among these, 21 genes have one or more associated Gene Ontology
(GO) terms (Fig. 4). For growth-related traits only three more additional genes (that are
not reported in Table 2) are detected in relation to shell height, including LOC128166472
(enoyl-CoA hydratase, mitochondrial-like) involved in catalytic activity (GO:0003824)
and LOCI28177340 (eukaryotic translation initiation factor 3 subunit K-like) with
role in translation regulation (GO:0045182). For colour-related traits, the genes with
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Fig.4 Gene Ontology (GO) terms associated with candidate genes located within 10 kb upstream or down-
stream of significant SNPs for colour-related traits

available GO terms show diverse roles but the majority are associated with catalytic activi-
ties (GO:0003824, GO:0140096) and hydrolase activities (GO:0016787) (Fig. 4).

Discussion

The present study provides novel insights into the genetic architecture of key commercial
traits in the Portuguese oyster (C. angulata), focusing on shell growth, condition index, and
shell and mantle colour. This is the first study to perform GWAS on colour traits in this
species — an important commercial attribute with potential for selective improvement. By
identifying SNPs significantly associated with these traits and closely linked to relevant
candidate genes, our study contributes valuable knowledge and resources to support the
selective breeding of C. angulata.

Our study utilized phenotypic and genotypic data from individuals belonging to a
C. angulata commercial aquaculture population. The samples were collected from two
consecutive generations, encompassing approximately 90 full-sib families (57 fami-
lies from the first generation and 33 from the second generation). Although several
approaches are available for identifying candidate genes or genetic variants associated
with phenotypic traits — most notably QTL mapping and GWAS — we opted for the
latter approach in this study. While the family-based sample structure could also sup-
port QTL mapping, which relies on within-family segregation of SNP genotypes with
traits, this method typically requires large family sizes (100-200 individuals per fam-
ily), rather than a large number of families with a few progenies, to achieve adequate
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statistical power (e.g. see Massault et al. 2008). In our case, although we had large
number of families, the family sizes ranged from only 12 to 15 individuals, limiting
the power for effective QTL detection. In contrast, GWAS leverages linkage disequilib-
rium (LD) across the broader population (Visscher et al. 2017) — in our case, across all
families from two generations, thereby providing greater power to detect associations
that segregate beyond individual families. We therefore applied a GWAS approach to
make full use of the available samples. We employed a GBLUP-based GWAS analysis,
which uses the genomic relationship matrix to account for relatedness and population
structure, offering a robust framework for association analysis. Compared to traditional
GWAS methods that assess individual SNP effects, GBLUP considers the cumulative
contribution of all SNPs across the genome, making it especially appropriate for analys-
ing complex polygenic traits (Legarra et al. 2018; Wijesena et al. 2023). Its ability to
simultaneously perform genomic prediction and association mapping further enhances
its applicability to breeding programs, supporting the rationale behind our methodologi-
cal choice.

Nevertheless, our study has certain limitations that should be acknowledged. First,
the sample size was relatively small, reducing the statistical power of the GWAS analy-
ses. Although 647 samples were initially collected, the number included in the final
analyses ranged from 302 to 488 across different traits (Table 1). For complex traits,
GWAS analyses typically require sample sizes of over 1000 individuals to achieve
robust statistical power (Visscher et al. 2017). Second, the number of SNPs used was
modest (n=9846), limited by the resolution of the DArTseq genotyping platform. These
limitations reflect the early stage of the Portuguese oyster breeding program in Vietnam
and the resource constraints associated with it. Despite these challenges, our GWAS
identified candidate SNPs near genes with plausible functional relevance, which may
reflect a substantial level of LD in the studied population — commonly observed in
farmed stocks derived from a limited number of founder individuals (Qanbary 2020).
There are instances of other studies which have successfully identified meaningful asso-
ciations using similarly limited datasets (e.g. see Wang et al. (2025) study on pearl mus-
sel). Future work using larger populations and higher-density genotyping will be impor-
tant to validate these findings and improve the resolution of trait—genotype associations.

Our study identified several candidate genes associated with the analysed traits. How-
ever, the effect sizes of the associated SNPs were relatively small (ranging from 0.05%
to 2.16%), suggesting a polygenic architecture. This is consistent with previous find-
ings in other species, where growth and pigmentation traits were found to be complex
and polygenic (e.g. Ju and Mathieson 2021; Liu et al. 2024; Wang et al. 2025). Given
the limited understanding of trait architecture in farmed bivalves, such insights are
valuable for developing more effective breeding programs. Specifically, the polygenic
nature of these traits implies that genomic selection is likely to be more effective than
marker-assisted selection, which is better suited for traits controlled by major genes.
Genomic selection, on the contrary, leverages genome-wide SNP data to capture the
combined effects of many loci, making it more appropriate for complex polygenic traits.
The significant SNPs identified in our study provide biologically informative markers
that could be incorporated into SNP panels to enhance genomic prediction. Although
their individual effects are small, including GWAS-identified SNPs in genomic selection
models has been shown to improve prediction accuracy (Meuwissen et al., 2024). For
instance, Meuwissen et al., (2024) developed the GWABLUP method, which assigns
greater weight to SNPs identified through GWAS, Leading to a 10-13% improvement in
prediction reliability over standard GBLUP.
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Some of the notable candidate genes detected in our study include the centrosomal
protein of 128 kDa-like (CE128-like) and the WD repeat domain phosphoinositide-inter-
acting protein 3-like (WIPI3-like) associated with growth-related trait — shell height.
These genes are implicated in protein localization and autophagy, respectively, processes
that are critical for cellular growth and maintenance (Almannai et al. 2022). Addition-
ally, several yet uncharacterized genes were detected in relation to shell width and condi-
tion index, warranting further investigation. In relation to colour-related traits, a variety
of candidate genes were detected, many of which are associated with GO terms related to
catalytic and hydrolase activities. The expression of colour traits in molluscs is inherently
complex, as it is influenced by the interplay of genetic, dietary, and environmental fac-
tors (Saenko & Schilthuizen, 2020). This complexity may explain the small effect sizes of
the significant SNPs identified in our study. It could also account for the limited overlap
between the genes identified in our research and those reported in other studies on col-
our traits in oysters and molluscs in general. Only one candidate gene — LOCI128183296
(Neo-calmodulin-like) — found in our study in relation to shell colour is known to partici-
pate in calcium-binding processes critical for pigmentation in mollusc species (Saenko &
Schilthuizen, 2020; Wang et al. 2022; Hu et al. 2025). In a previous study, the calmodulin
gene was found to be associated with shell colour in pearl oysters (Liu et al. 2023). The
scarcity of genetic research on colour traits in oysters may also explain the limited con-
firmation of our results from the literature. Some other notable colour-associated SNPs
detected in the present study (with effect size > 1%) were linked to genes, glucose dehy-
drogenase, Neurobeachin, and POPI-like. Although the role of these genes in oyster pig-
mentation will need to be elucidated through further studies, certain interpretation can be
proposed based on known functions of the genes. For instance, glucose dehydrogenase
(G6PD) is an enzyme primarily involved in the pentose phosphate pathway, a carbohy-
drate metabolic process that generates NADPH, a critical reducing agent used in various
cellular activities (GeneCard). NADPH has been shown to regulate melanin synthesis in
humans (Yamaguchi et al. 2010). Furthermore, alloenzymes of G6PD have been asso-
ciated with pigmentation in the bacterium Serratia marcescens (Gargallo et al. 1987).
These findings suggest that the G6PD gene could play a role in pigmentation processes
across different organisms, making it a strong candidate for colour-related traits in oys-
ters. Similarly, the Neurobeachin gene primarily functions in neuronal processes and is
involved in membrane trafficking (Medrihan et al. 2009). This role could influence the
secretion of proteins or pigments from mantle cells to the shell as in bivalves, shell col-
ouration often depends on pigments produced by mantle tissues (Saenko & Schilthuizen,
2020). On the other hand, the POP1 gene, which plays a role in tRNA metabolism, might
influence shell colouration indirectly. This could occur through the regulation of RNA
processing and the translation of pigment-related proteins or by affecting the expression
of biomineralization-related genes via modulation of RNA stability (e.g. see Parvizi et al.
2023). While further studies are needed to confirm their roles, these candidate genes and
their 31 associated SNPs provide valuable markers for potential application in genomic
selection for pigmentation traits in oysters.

In this study, we employed the DArTseq genotype-by-sequencing approach to gener-
ate genome-wide SNP markers. While DArTseq is a valuable and cost-effective method
for simultaneously detecting and genotyping markers, routine implementation of genomic
selection in breeding programs would require high-density SNP genotyping arrays. These
arrays enable high-throughput genotyping of hundreds or thousands of individuals, mak-
ing them more suitable for large-scale selective breeding. Although the development and
implementation of high-density SNP arrays have cost implications, genomic selection
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offers significant advantages, including higher prediction accuracy and the ability to main-
tain genetic diversity, thereby supporting the sustainability of breeding efforts. The poten-
tial for applying genomic selection in oyster species and its superiority over pedigree-based
selection has been demonstrated in studies on C. gigas (Jourdan et al. 2023). Additionally,
research on C. angulata has shown that the cost of genomic selection can be mitigated by
using low-density SNP panels for genotyping, followed by imputation in offspring genera-
tions (Vu et al. 2021a, b, c). Therefore, it will be essential to generate additional markers
through whole-genome resequencing projects in the future and to develop both high- and
low-density SNP genotyping arrays. Additionally, building a comprehensive reference
database of genotypes for imputation will be crucial for optimizing genomic selection strat-
egies in oyster breeding programs.

Conclusions

In conclusion, this study advances our understanding of the genetic architecture underly-
ing growth and pigmentation traits in the Portuguese oyster (Crassostrea angulata). Using
GBLUP-based GWAS, we identified several SNPs and candidate genes significantly asso-
ciated with these traits, despite their small effect sizes—suggesting the polygenic control of
the traits. This suggests that genomic selection would be a more suitable breeding strategy
than marker-assisted selection. However, successful implementation will require develop-
ing SNP genotyping arrays, along with robust high-density SNP genotype databases to
enable cost-effective imputation. Our findings provide a valuable foundation for genomic
selection in C. angulata, offering initial candidate markers and a resource for SNP panel
development. While challenges remain in translating these insights into applied breeding,
this work lays important groundwork for improving the efficiency and profitability of C.
angulata aquaculture through genomics-informed approaches.
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