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Abstract 

Background  Understanding the genetic basis of resilience in marine organisms is critical for conservation and man-
agement, particularly in the face of escalating environmental stress and disease outbreaks. The bay scallop Argopecten 
irradians is a commercially and recreationally important shellfish species found in estuarine and coastal environments 
of the United States from New England to the Gulf of Mexico. In New York, adult bay scallop populations have been 
decimated every summer since 2019 leading to the collapse of their fishery. These mortality events were associated 
with annual outbreaks of an undescribed apicomplexan parasite recently named Bay Scallop Marosporida (BSM) 
that disrupts scallop kidneys.

Results  This study investigates host–pathogen interactions and assesses changes in population structure dur-
ing BSM-associated mortality events. The research compared wild and aquacultured scallops used for stock enhance-
ment in New York, revealing significant change in population structures throughout the mortality outbreak. The 
results underscore the selective pressures exerted by BSM infection and environmental stressors, as evidenced 
by shifts in genetic divergence and allele frequencies particularly in genes associated with kidney function, stress 
and infection response. Through a detailed genomic and population genetic approach, this research represents 
a unique case study highlighting the impact of disease on marine biodiversity and advances our understanding 
of the impact of summer mortality events on the scallop population in NY.

Conclusions  This study highlights changes in the genomic structure of bay scallops during a BSM-associated mortal-
ity event. Identified mutations (such as the one in the nephrocystin-3-like gene) represent prime candidates for spe-
cific targeted investigations to link genotypes to phenotypes. By integrating genomic and epidemiological data, 
the research provides a basis for understanding the impact of disease on scallop biodiversity. These findings may help 
guide conservation strategies for sustainable fisheries in the face of environmental change and disease outbreaks.
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Background
The impact of marine diseases on population dynamics 
and the functioning of marine ecosystems is widely rec-
ognized [1]. In recent decades, there has been a marked 
increase in the occurrence of large-scale marine disease 
events, primarily as a result of human activities. These 
activities include the introduction of exotic hosts and/
or pathogens and changes in environmental conditions 
due to global climate change [2]. Among the ecologically 
important marine organisms severely affected by disease 
are bivalve mollusks [3].

Mollusca is one of the major animal phyla on earth and 
in the oceans, with approximately 100,000 extant and 
35,000 extinct species [4], making this group the second 
largest animal phylum after the arthropods. The phylum 
is divided into 7 classes [5, 6], 2 of which, the gastropods 
and the bivalves, contain 98 percent of the known living 
molluscan species [6]. Bivalves represent an important 
source of food and valuable goods (shells, pearls) around 
the world. In 2020, over 16 million tons of bivalves were 
produced from farming activities worldwide [7], repre-
senting a commercial value of nearly $30 billion US. In 
parallel with their economic value, bivalve mollusks rep-
resent ecologically important species in many coastal 
environments. Through their suspension-feeding pro-
cesses, they control the transfer of matter and energy 
from the water column to the benthic environment. 
Large changes in bivalve biomass in the environment 
(e.g., mass mortalities, invasion of new environments) are 
often associated with significant shifts in ecosystem func-
tions [8, 9].

The bay scallop, Argopecten irradians, plays an impor-
tant commercial, cultural, and ecological role along the 
northeastern U.S. coastline [10]. This species is char-
acterized by a remarkable variety of shell color patterns 
and a comparatively short life span [11, 12]. Introduced 
to China in the 1980s and 1990s, A. irradians has become 
the foundation of a highly successful aquaculture indus-
try that produces approximately one million tons per 
year [13–15].

Bay scallops typically spawn in the summer, and fertili-
zation occurs in the water column. The developing larvae 
remain in the plankton for 1 to 2 weeks [16]. Following 
settlement, bay scallops exhibit very rapid shell growth 
in their first year (10–12  mm/month) [17–19], typically 
reaching shell heights of 40 to > 50 mm by their first win-
ter [18, 20]. These scallops will spawn in the following 
summer at an age of ~ 1 year and recruit to the fishery in 
the fall. However, the majority of the bay scallop popu-
lation dies naturally at 18–22  months of age, resulting 
in effective spawning occurring in just one year [16]. A. 
irradians is an iconic species in New York, representing 
the official state shell. It used to support a multi-million 

dollar fishery industry, with annual commercial landings 
in the Peconic Bays reaching over 700,000 kg of meat in 
2017–2018 [21]. However, the bay scallop population in 
New York experienced a dramatic decline beginning in 
the mid-1980s due to widespread mortalities caused by 
harmful brown tide algal blooms [22, 23]. These popu-
lation crashes were followed by prolonged periods of 
low abundance, likely due to limited larval recruitment 
[24]. In response, intensive restoration initiatives were 
launched in 2006 to address these challenges. By reintro-
ducing aquacultured scallops into key areas, these efforts 
successfully increased both larval settlement and adult 
population densities, leading to a significant recovery 
of the fishery starting around 2010 [20, 24]. Since 2019, 
however, the bay scallop population in New York has suf-
fered from catastrophic and recurring summer mortality 
that has devastated the commercial fishery [21]. This col-
lapse led the U.S. Department of Commerce to declare 
the bay scallop fishery in the Peconic Bays a fishery disas-
ter. These mortality events were systematically associated 
with annual outbreaks of an undescribed apicomplexan 
parasite, recently dubbed Bay Scallop Marosporida 
(BSM), that disrupts the tissues of infected animals [25, 
26].

To gain a deeper understanding of host-parasite inter-
actions and evaluate the potential impact of disease 
pressure on the genetic diversity of scallops, restriction 
site-associated DNA sequencing (RAD-Seq) technology 
was utilized to analyze the genetic structure of both wild 
and aquacultured scallops from New York. This genomic 
approach enabled a detailed examination of changes in 
population structure before and after summer mortal-
ity events. The analysis revealed a scallop lineage that 
demonstrates enhanced resilience, suggesting it is better 
adapted to survive these recurrent mortality challenges.

Results
Field conditions, disease metrics and scallop survivorship
To investigate the impact of BSM infection in association 
with stressful summer conditions on the scallop popula-
tion in New York and identify potential genetic features 
associated with resilience, we introduced wild and aqua-
cultured scallops from Orient Harbor (the location with 
a relatively lower mortality rate) into Flanders Bay, which 
experiences high mortality rates due to parasitic infec-
tion. The study was structured around key time points: 
T0 representing the start of the experiment in June, T1 
the end of July, T2 mid-August, T3 mid-September, and 
T4 the end of the study period in October (Fig. 1).

Environmental conditions (i.e., temperature and dis-
solved oxygen) in the deployment site are shown in 
Fig. 1a. Temperature peaked at 29ºC in late July (range 15 
to 29) and dissolved oxygen (range 2.5 to 10.5 mg/L) was 
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minimal in mid-August with a daytime level of 2.5 mg/L. 
All scallops (both aquacultured and wild) displayed BSM 
infections (100% prevalence) at Time 0 (June). Such 100% 
prevalence of BSM infection in one-year-old scallops at 
the start of the summer is typical in the Peconic Estu-
ary [25]. Prevalence remained unchanged through the 
entire experiment for aquacultured scallops but dropped 
to 75% in October for wild scallops (Supplementary 
Table S1). Infection intensity (Fig. 1b) showed a bimodal 

distribution in aquacultured scallops with high intensity 
(average intensity = 2.30) in June followed by a decrease 
in July (1.00) and August (0.81), then a marked increase 
in September (2.35) followed by a slight decline in Octo-
ber (1.79) (Fig. 1d). In contrast, infection intensity in wild 
scallops was unimodal and increased from 1.38 in June to 
a maximum of 1.95 in July, before decreasing to 1.13, 1.10 
and 0.75 in August, September, and October, respectively 
(Fig. 1d).

Fig. 1  Environmental and pathological monitoring of experimental scallops. a Temperature and dissolved oxygen data from the experimental site. 
Temperature data before July 29 2020 were collected from a nearby inshore site before the data logger was procured and secured on the scallop 
bags. b Kidney tissue samples from scallops were assessed for disease intensity, which was classified from 0 (uninfected) to 3 (high infection), 
as indicated by the presence and abundance of parasite cells (denoted by arrows). c Severity of lesions within the kidney tissues was evaluated 
and scored from 0 (unaltered) to 3 (severe alterations), with asterisks marking the tissue lesions. The scale bar applicable to both b and c is 20 µm. 
Bar plots summarizing disease intensity d and lesion severity e in experimental aquacultured and wild scallops, where T0 is the initial time point 
(June), and T1 to T4 are scallops at 1, 2, 3, and 4 months, respectively. Error bars represent standard deviations
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In parallel, kidney lesions (Fig.  1c) were assessed 
throughout the study and were systematically more 
severe in aquacultured scallops as compared to wild ani-
mals within each of the sampling points. Kidney lesion 
ranking in aquacultured scallops decreased from 1.98 in 
June to 1.72 in July and 1.56 in August, before increasing 
markedly in September (2.50, maximum) and October 
(2.32). Maximum kidney lesion ranking was also noticed 
in October among wild scallops (2.25) (Fig. 1e). Deployed 
scallops suffered significant mortality, particularly among 
aquacultured stocks where cumulative mortality reached 
90.1% in October (Supplementary Table  S1). Mortality 
was significantly lower among the wild stocks (36.3%) 
deployed under the same experimental conditions. Qual-
itative diving records showed that mortality in aquacul-
tured scallops was limited through August and peaked 
between August and September (~ 60%) and through 
October suggesting that environmental conditions dur-
ing summer (Supplementary Table S1) were not the pri-
mary driver of bay scallop mortality in this experiment. 
While significantly lower than mortality levels in aqua-
cultured scallops, mortality among caged wild scallops 
was also limited in summer but progressed throughout 
the last sampling event after four months of deployment. 
Notably, mortality dynamics from dive surveys suggest 

that the highest levels of mortality occurred when kidney 
lesions were most severe (September and October).

Scallop genotyping results
In parallel to scallop monitoring throughout the four-
month deployment period, we also conducted genotyp-
ing using RAD-Seq technology to obtain data on genetic 
variations. Using RAD-Seq data and the reference 
genome we picked up 6,667 high-quality SNPs (Supple-
mentary Table S2). These SNPs were used to understand 
whether the genetic structure of scallops changed under 
the combined pressure of parasitic infection and environ-
mental stressors throughout the summer mortality event. 
The principal component analysis (PCA) plot (Fig.  2a) 
captures the distribution of genetic variation within wild 
and aquacultured scallops at five consecutive time points 
(T0 to T4, i.e., June to October) during the mortality 
event.

The aquacultured scallops display a wider spread in 
genetic variation, particularly at T0 through T2, indi-
cating a greater genetic heterogeneity among individu-
als within this group. In contrast, the wild scallops show 
less dispersion, indicating a more stable genetic makeup 
over time. The convergence of genetic variation in aqua-
cultured scallops over successive months may reflect the 

Fig. 2  Comparative analysis of genotypes from wild and aquacultured scallops. a Principal Component Analysis (PCA) of all analyzed scallops. 
Discriminant Analysis of Principal Components (DAPC) of genotypes from wild (b) and aquacultured (c) scallops where T0 is the initial time point 
(June), and T1 to T4 are scallops at 1, 2, 3, and 4 months, respectively; d both aquacultured and wild scallops at the beginning of the experiment 
and after four months of cultivation in Flanders Bay
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impact of selective pressures. Since mortality rates among 
wild and aquacultured scallops differed, we analyzed 
them separately. In the case of wild scallops (Fig.  2b), 
where mortality was low, we noticed only a slight shift 
in the genetic structure after four months. In the case of 
the aquacultured scallops, a shift in community structure 
was much larger and began to occur as early as the third 
month of observation (Fig.  2c). This is likely due to the 
high mortality rate of scallops in this group. Interestingly, 
the genetic make-up of survivor aquacultured scallops at 
the end of the deployment was closer to that of wild scal-
lops (Fig. 2d). The pairwise FST analysis conducted over a 
four-month period confirmed these trends and revealed 
notable changes in the genetic differentiation between 
aquacultured and wild scallops throughout the mortality 
event (Fig. 3a).

The heatmap visualization of FST values across 
sequential time points demonstrates a clear trend 

towards genetic homogenization between the two 
cohorts. Initially, the aquacultured scallops (AQ) pre-
sented a distinct genetic profile as compared to the 
wild (W), with higher FST values indicating substantial 
genetic differentiation. As the study progressed, these 
values consistently decreased, particularly after the 
second month (T2), suggesting a shift in the genetic 
structure of the aquacultured group. By the fourth 
month (T4), the FST values between T4_AQ and T4_W 
scallops suggested a marked reduction in genetic dif-
ferentiation, indicating that the surviving aquacul-
tured scallops had become genetically more similar to 
the wild. The heatmap also reveals intra-population 
genetic stability in the wild scallops, with relatively 
low FST values throughout the study duration, further 
emphasizing the genetic resilience of the wild cohort. 
In contrast, the aquacultured scallops shows a dynamic 
shift, ending with a genetic composition that mirrors 

Fig. 3  Genetic variation and population structure in scallops over time. a Heatmap of pairwise genetic differentiation FST values. Each cell 
represents the FST value for the intersection of the respective scallop’s group on the x and y axes. Values marked with ’°’ do not show significant 
differences (p-value > 0.05) or represent the same groups. b Population structure (K = 2) and inbreeding coefficient (FIS) analysis. Bar plots detail 
the population structure levels in wild (W) and aquacultured (AQ) scallops over the study duration. The y-axis quantifies the genome’s ancestral 
proportion. The two-color codes in each bar represent different genetic ancestries. The FIS values are displayed in the lower right corner of each 
subplot, indicating the level of inbreeding or genetic homogeneity within each group at different time points
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the wild animals more closely than at the outset of the 
experiment.

To identify genetic groups that may have varying resist-
ance to parasitic infection, we conducted Structure 
analysis, utilizing K = 2 (Fig.  3b) as determined by the 
MedMeak, MaxMeak, MedMedK and MaxMedK metrics 
(Table S3). Aquacultured scallops, initially with a higher 
proportion of certain genetic ancestry, showed a signifi-
cant decline in this component (colored yellow), corre-
lating with increased mortality. This pattern indicates a 
selective disadvantage of these genetic traits when chal-
lenged by BSM infection in the environmental conditions 
of Flanders Bay. In contrast, the wild scallops maintained 
a consistent genetic admixture profile, suggesting a stable 
genetic structure that could be indicative of greater resil-
ience. By the end of the study, the genetic composition 
of aquacultured survivors more closely resembled that of 
the wild scallops, implying a selection favoring genetic 
characteristics associated with higher resistance to the 
deleterious effects of BSM infection.

The initial groups had positive FIS values of 0.014 
and 0.038, respectively. This indicates the presence of 
inbreeding within both the aquacultured and wild scal-
lops prior to the disruption caused by BSM. The wild 
group had a higher FIS score, indicating a higher degree 
of inbreeding compared to the aquacultured. After the 
BSM outbreak, the surviving groups also had positive FIS 
values (0.043 and 0.039, respectively) after 4 months.

To better understand the genetic diversity within the 
aquacultured and wild scallop populations, the observed 
heterozygosity (Ho) and expected heterozygosity (He) 
were analyzed (Table S4). The results indicate that hete-
rozygosity levels within each group were relatively stable 
over time. At T0, aquacultured scallops exhibited signifi-
cantly higher Ho (0.212 ± 0.0019) compared to wild scal-
lops (0.208 ± 0.0018; p = 0.008), suggesting greater initial 
genetic heterogeneity within the aquacultured group. 
In contrast, He values were not significantly different 
(0.213 ± 0.0017 vs. 0.215 ± 0.0017; p = 0.159). Over the fol-
lowing months, Ho remained significantly different at T1 
(p = 4.76 × 10⁻11), T2 (p = 0.002), and T3 (p = 2.12 × 10⁻⁷), 
but the values converged at T4 (0.2084 ± 0.0019 in aqua-
cultured vs. 0.2069 ± 0.0019 in wild; p = 0.317). In contrast, 
He values remained stable at T1 and T2 before diverging 
at T3 (p = 1.94 × 10⁻⁷) and T4 (p = 0.019). These findings 
are consistent with the observed shift in genetic structure 
over the study period, where initially more diverse aqua-
cultured scallops experienced selection pressures that 
reduced genetic heterogeneity, leading to a final genetic 
composition more similar to the wild population.

To investigate genetic relationships within and between 
the aquacultured and wild scallop populations, we ana-
lyzed patterns of shared ancestry using haplotype data 

with fineRADstructure (Fig. 4). The analysis identified dis-
tinct clusters of individuals with elevated levels of recent 
shared ancestry, predominantly within the aquacultured 
group. In contrast, the wild scallops had a more uniform 
genetic distribution with fewer distinct clusters, reflect-
ing a more homogeneous genetic structure. Based on 
the co-ancestry matrix, six distinct genetic groups were 
identified, most of which were restricted to the aquacul-
tured group. A small number of individuals showed par-
tial overlap with the wild scallops, suggesting a common 
ancestry between these groups. Among the aquacultured 
scallops, the identified genetic groups showed varying 
degrees of differentiation from each other, reflecting the 
greater genetic heterogeneity within these animals.

Following the identification of six distinct genetic 
groups, inter-individual relatedness (Fig. 5a) illustrates 
that some of them (genetic groups 1, 4, 5, and 6) are 
characterized by higher internal relatedness, suggesting 
closer genetic relationships within these groups. This 
variation underscores the heterogeneity of genetic rela-
tionships within the aquacultured cohort.

Temporal dynamics of these genetic groups are pre-
sented in Fig. 5b, showing changes in their proportions 
across the study period from T0 to T4. At T0, certain 
genetic groups, such as group 6, represented 30% of 
aquacultured individuals, while group 5 accounted for 
10%. By T4, these genetic groups were no longer pre-
sent, suggesting they were more susceptible to the 
mortality outbreak. The disappearance of these genetic 
groups indicates that their genetic traits may yield 
reduced survival under the prevailing selective pres-
sures. However, it cannot be ruled out that non-genetic 
factors, such as maternal provisioning or early devel-
opmental differences may have also influenced survival 
outcomes among aquacultured scallops. To further 
explore the genetic basis of this differential resilience, 
OutFLANK, pcadapt, and GWDS analyses were per-
formed to identify outlier SNPs associated with the less 
resilient genetic groups. pcadapt allowed the identifi-
cation of 53 outlier SNPs, 5 of which were also iden-
tified by OutFLANK including 2 SNPs also identified 
by GWDS (Supplementary Fig. S1, Table  S5). Of the 
five SNPs identified by OutFLANK (and pcadapt), two 
were intergenic, while two were located in introns—
one in a gene encoding an uncharacterized protein and 
another in the ribitol-5-phosphate xylosyltransferase 
1-like gene. The fifth SNP, which was also identified by 
GWDS, represented an exonic nonsynonymous variant 
in the nephrocystin-3-like gene.

Allelic frequency changes in scallop groups
In this study investigating the impact of BSM infection on 
scallop population, we noted significant allele frequency 
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shifts in multiple genes involved in stress and infection 
response. Comparative analysis of initial and surviving scal-
lops over a four-month period revealed substantial changes 

in SNP allele frequencies (Supplementary Table S6). While 
significant allele frequency shifts were observed using Fish-
er’s exact test with corrections for multiple comparisons, 

Fig. 4  Genetic similarity and population structure in wild and farmed scallops. The heatmap shows the similarity between pairs of individuals 
based on shared haplotypes, with colors indicating the proportion of shared haplotypes (red: highest similarity, blue: lowest). Dendrograms show 
the clustering of individuals based on genetic similarity. Annotations for each sample include the time point (T0-T4) and its designation as wild 
(W) or aquacultured (AQ). The lower panels show the results of the fastSTRU​CTU​RE analysis for K = 2 and K = 6, illustrating the ancestry proportions 
of individuals. Each bar represents an individual, with colors indicating genetic groups assignments
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only one SNP passed the stringent Bonferroni threshold 
(p < 0.05), and 13 SNPs met the criteria under the Benja-
mini–Hochberg correction (FDR < 0.05). Several of these 
SNPs are located within genes involved in protein ubiq-
uitination, metabolism, and immune responses. Notable 
examples include genes coding for E3 ubiquitin-protein 
ligase PDZRN3-like, ubiquitin carboxyl-terminal hydro-
lase MINDY-3-like, beta-hexosaminidase, lipopolysaccha-
ride-induced tumor necrosis factor-alpha homolog and 
dynamin-like 120 kDa protein (Fig. 6).

Particularly in the gene encoding the E3 ubiquitin 
ligase PDZRN3-like a cytosine to thymine (C > T) vari-
ant was detected (Fig.  6a). Over the 4-month period, 
the allele frequency in wild and aquacultured scallops 
showed a marked decrease. The allelic variant "T", which 
was initially more prevalent in the aquacultured group at 
time zero (T0), exhibited a steady decline in frequency at 
each subsequent time point (T1-T4). A similar allele fre-
quency reduction was observed in the mindy3-like gene, 
with an adenine to guanine (A > G) shift (Fig.  6b), and 

Fig. 5  Inter-individual relatedness and genetic group dynamics in scallops. a Boxplot displaying inter-individual relatedness values for all pairs 
of individuals within each genetic group, calculated using the Ajk method across different time points. b Stacked bar plot showing the percentage 
of individuals belonging to different genetic groups within the wild (W) and aquacultured (AQ) groups at each time point

Fig. 6  Temporal allele frequency changes in scallop groups. a-f plots represent allele frequency trajectories in genes related to stress and immune 
response in wild and aquacultured scallops over a 4-month period. Notable allelic shifts are observed in genes encoding protein ubiquitination, 
metabolism, and immune response. The plots compare frequencies at baseline (T0) and monthly intervals (T1-T4)
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in the dynamin-like 120 kDa protein gene, which exhib-
ited a C > T transition (Fig. 6c). This trend of decreasing 
allele frequencies in aquacultured scallops was further 
evidenced in the mucin-2-like gene, where a guanine to 
adenine (G > A) transition was observed (Fig. 6d). In the 
beta-hexosaminidase subunit beta gene, the G > C poly-
morphism became undetectable in wild scallops by T2, 
with a stark reduction from 0.18 at T0 to 0.03 at T4 for 
aquacultured animals (Fig.  6e). The LPS-induced TNF-
alpha factor homolog gene exhibited an A > G change, 
with the allele frequency decreasing from 0.31 to 0.06 in 
aquacultured scallops, over the study duration (Fig. 6f ).

Discussion
Building on the genetic insights that suggest an adap-
tive genomic response in A. irradians, our findings from 
the field study provide a real-world context where these 
adaptations may manifest. The differential responses to 
BSM infection and environmental stress between wild 
and aquacultured scallops, as evidenced by variations in 
infection intensities, kidney lesion severities, and mor-
tality rates, are suggestive of underlying genetic factors 
that confer resilience. The genetic diversity and hetero-
geneity observed in aquacultured scallops highlights the 
complex interplay between cultivating practices and res-
toration efforts in the Peconic Estuary. In this context, 
the unexpected pattern of higher heterogeneity in cul-
tured populations compared to wild populations at T0 
can be explained by the historical reliance on hatchery-
produced scallops for restoration, resulting in genetic 
overlap between the two groups. This finding highlights 
the challenge of maintaining clear distinctions between 
wild and aquacultured groups, particularly in regions 
where aquaculture has been integral to species recovery. 
In addition, the possible genetic bottlenecks experienced 
by wild scallops over the last two decades as a result of 
high mortality rates related to harmful algae blooms may 
have contributed to their lower observed diversity, as 
suggested by lower observed heterozygosity. Moreover, 
the high mutation rates often observed in aquacultured 
group could also influence genetic patterns and should 
be considered as a contributing factor [27]. Therefore, 
the observed clustering of aquacultured individuals, as 
revealed by the PCA and relatedness analyses, may be 
attributed to founder effects and family structure com-
monly reported in hatchery-reared stocks. Similar pat-
terns have been observed in other bivalve species, such 
as Yesso scallops, where aquaculture practices led to 
reduced genetic diversity and increased differentiation 
between wild and cultured populations due to low effec-
tive population sizes and limited broodstock variability 
[28]. The presence of such structured clustering within 
the aquacultured scallops emphasizes the influence of 

aquaculture practices on genetic diversity, potentially 
leading to higher susceptibility to environmental stresses, 
as indicated by the selective pressures from BSM infec-
tion observed in this study. The convergence of FST values 
over time between the aquacultured and wild scallops 
likely reflects the selective mortality pressure exerted by 
the BSM infection possibly in conjunction with stressful 
field conditions, which has disproportionately culled the 
genetically susceptible individuals within the aquacul-
tured group. The alignment of genetic profiles suggests 
that the traits contributing to survival in the wild scallops, 
presumably encompassing resistance to the combined 
stress of BSM and summer environmental conditions, 
are being selected for within the aquacultured animals. 
The FST values in the aquacultured scallops show a con-
sistent pattern over time, indicating a bottleneck effect 
that reduces genetic diversity and makes the population 
more homogeneous. Notably, the FIS values increased 
from the baseline population, suggesting that the surviv-
ing individuals in both groups may have experienced an 
increase in homozygosity (inbreeding) due to the selec-
tive pressure exerted by the BSM outbreak under pre-
vailing environmental conditions. Survivors may possess 
specific genetic traits that allowed them to resist the BSM 
infection, leading to a decrease in genetic diversity and an 
increase in homozygosity within groups. This perspective 
assumes that the BSM outbreak played a significant role 
in shaping the genetic structure of the scallop population.

Interestingly, our results showed that the three out-
lier SNP analysis tools used (pcadapt, OutFLANK, and 
GWDS) converged and allowed the identification of two 
SNPs (identified using all three methods), one of which 
representing an exonic nonsynonymous variant in the 
nephrocystin-3-like gene. This gene stands out for its 
recognized role in cilia activity in epithelia, kidney func-
tion and renal diseases in model species [29, 30], includ-
ing fish [31]. Alterations of nephrocystin genes have also 
been associated with abnormal excretory (i.e., renal) 
functions in Caenorhabditis elegans, suggesting mecha-
nistic conservation across the Metazoa [32]. These obser-
vations strongly support the involvement of this gene in 
scallop resilience/susceptibility during BSM infection of 
scallop kidneys although additional studies are needed 
to confirm this mutation as a causative factor for higher 
survivorship/mortality. Regarding the genes in which 
significant changes in SNP allele frequency have been 
observed, they also do not appear to be random due to 
their involvement in resistance to infection and stress. 
The E3 ubiquitin-protein ligase pdzrn3-like gene, could 
play a role in the immune response or stress adapta-
tion given the gene’s involvement in protein ubiquitina-
tion, a process crucial for protein turnover and signaling 
[33, 34]. Mutations in mindy3-like gene could reflect 
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differential survival strategies related to these genes, 
which are integral to protein degradation and regulatory 
pathways in cellular stress responses [35]. The dynamin-
like 120 kDa protein gene is essential for vesicle traffick-
ing and membrane remodeling, processes critical for 
cellular responses to stressors [36, 37]. The mucin-2-like 
gene plays a crucial role in mucosal immunity and bar-
rier functions [38, 39]. The beta-hexosaminidase subunit 
beta gene is essential for lysosomal degradation path-
ways and the LPS-induced TNF-alpha homolog gene is 
involved in the innate immune response [40]. All these 
genes are important in regulating the inflammatory 
pathways and may contribute to scallop survival under 
pathogenic stress. But it should be mentioned that SNPs 
identified by RAD-Seq in these genes are located within 
intronic regions or as non-synonymous exonic variants 
of their respective genes. Furthermore, it’s important to 
note that RAD-Seq may not capture the causative SNPs 
underlying specific traits, but rather SNPs in linkage with 
the causative SNP(s) [41]. The SNPs, therefore, represent 
putative markers genetically linked to the traits of inter-
est, warranting further investigation to pinpoint the exact 
mutations and their effects on scallop physiology and 
survival. Similarly, SNPs displaying significant changes in 
frequency throughout the mortality event include many 
intergenic features, but also encompass uncharacterized 
genes, and further investigations are needed to unravel 
how these variations may enhance scallop survivorship. 
In this framework, our results provide an exploratory 
framework for understanding genetic shifts under the 
combined pressures of BSM infection and environmental 
stress. While allele frequency changes were statistically 
significant for some SNPs, it is important to acknowledge 
that these results are preliminary and reflect trends that 
require further validation through additional studies. 
Overall, this study is the first to explore genetic adap-
tation in bay scallops in relation to resilience to BSM 
infection and represents an important step towards iden-
tifying potential genomic markers associated with this 
resilience.

Nevertheless, results presented here suggest a com-
plex genetic adaptation process in scallops, driven by the 
selective pressures of BSM infection. The wild scallops, 
displaying more stable allele frequencies, may possess a 
genetic makeup that confers resilience to environmental 
and pathogenic stresses translated into a much higher 
survivorship than aquacultured scallops. These altera-
tions, particularly in genes associated with immune 
response and stress tolerance, may indicate a process 
of natural selection that favors individuals with certain 
genetic traits, although additional research is needed to 
firmly establish these conclusions. But similar alterations 
in genetic structure have been reported in other marine 

organisms. For example, studies of coral populations, 
such as those from the Great Barrier Reef, have docu-
mented significant changes in genetic composition due 
to bleaching events associated with climate change [42]. 
In addition, Atlantic cod populations along the Canadian 
coast have shown genetic shifts related to overfishing and 
subsequent environmental stress [43]. In the case of ter-
restrial species, the European ash tree has shown rapid 
changes in allelic frequencies in response to ash dieback, 
a serious problem caused by the fungal pathogen Hyme-
noscyphus fraxineus [44]. Our own previous research 
demonstrated changes in SNP frequencies in the hard 
clam (Mercenaria mercenaria) following mortalities 
induced by a microbial infection [45]. These examples 
highlight a broader biological context in which genetic 
diversity plays a key role in the survival and adaptability 
of species under environmental or disease pressure.

While our results allowed the identification of genetic 
features putatively involved in scallop survivorship 
under BSM infection pressure, we recognize that the 
lack of replicated populations limits the generalizability 
of our conclusions. Our study focused on a single site, 
selected for its high disease prevalence, environmental 
stress and high mortality levels, providing a critical con-
text for examining genetic responses under severe selec-
tive pressures. However, conducting experiments across 
a wider range of locations with varied mortality levels 
may enhance our understanding of the relationships 
between the genetic background of scallops and their 
survivorship. Future studies should aim to include multi-
ple populations from different geographic areas to evalu-
ate whether the trends noted here hold universally. Such 
studies would provide a more comprehensive framework 
for understanding the genetic determinants underlying 
resilience in scallop populations.

Conclusions
The economic and ecological importance of bay scallops 
requires a deeper understanding of their genomic struc-
ture and resilience. Insights from this study contribute to 
understanding genetic resilience in scallops, which is an 
important step toward informing strategies for managing 
populations, supporting sustainable aquaculture prac-
tices, and enhancing breeding programs. This is particu-
larly relevant in the context of escalating environmental 
change and its impact on marine biodiversity. This study 
explores genetic resilience mechanisms and host–patho-
gen interactions in scallops, providing a basis for further 
research. By combining genomic findings with envi-
ronmental and epidemiological analyses, the study also 
highlights its potential to inform breeding strategies in 
aquaculture, aimed at improving scallop stock resilience 
and productivity. A non-synonymous mutation in a gene 
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involved in kidney functions in vertebrates and inver-
tebrates has been associated with higher scallop survi-
vorship and may represent a prime candidate for future 
targeted investigations. Overall, our findings underscore 
the importance of genomic science in managing marine 
resources and implementing conservation strategies. This 
approach lays the groundwork for future studies into the 
genetic basis of adaptation and resilience in bay scal-
lops, emphasizing the value of genomics in mitigating the 
challenges posed by environmental changes and patho-
gen pressures.

Materials and methods
Sample collection
Aquacultured scallops (54.5 ± 3.8  mm in shell width, 
mean ± standard deviation) were sourced from a stock 
farmed by Cornell Cooperative Extension in Orient Har-
bor, New York, USA (41.137904, −72.315392). Wild scal-
lops (56.7 ± 4.6 mm) were collected from the same site and 
therefore were exposed to the same oceanographic con-
ditions. Both stocks were separately deployed in Flanders 
Bay (40.917634, −72.593486), a site characterized by the 
presence of BSM and where mortality pressure was high 
during the previous summer (estimated to exceed 90% 
among adult scallops). Each stock was deployed in four 
replicate plastic mesh bags (91.5  cm × 40.5  cm × 11.5  cm 
rectangular cages made of 1-cm square mesh; 62 scal-
lops per bag). A data logger (miniDOT, Precision Meas-
urement Engineering, Inc., Vista, California, USA) was 
attached to one of the replicate bags to collect tempera-
ture and dissolved oxygen data (for logistical reasons the 
logger was deployed 1  month after scallop deployment). 
A comprehensive analysis was conducted on a total of 
220 wild and aquacultured scallops using RAD-Seq. The 
study involved collecting scallops at Time 0, followed 
by monthly collections over a four-month period post-
deployment. RAD-Seq was performed on 30 scallops 
per cohort at Time 0 and 20 scallops from each cohort at 
subsequent time points to genetically characterize scal-
lops present in NY and evaluate if field mortality exerted 
a selective pressure based on scallop genetic makeup. All 
sampled scallops were submitted to standard histopatho-
logical processing as described below.

Histopathology
All scallops used for RAD-Seq were also submitted to 
standard histopathological processing to evaluate BSM 
infection and tissue conditions, Briefly, representative sec-
tions of scallop tissues including kidney, gonad, adduc-
tor muscle, digestive tract, gills, and mantle were fixed, 
embedded in paraffin, sectioned and stained with hema-
toxylin and eosin following standard protocols. Micro-
scopic observations of tissues evaluated the presence 

of BSM and lesions in kidney tissue as described previ-
ously [25]. Disease intensity was ranked from 0 (absence 
of BSM) to 3 (abundant BSM cells in kidney tissues) on 
a semi-quantitative scale. Similarly, kidney lesions were 
ranked from 0 (intact kidney tubule structure) to 3 (severe 
lesions associated with disruption of kidney epithelium 
and disorganization of tubule structure).

RAD‑Seq library preparation and sequencing
DNA was extracted from the adductor muscle of a total of 
220 individual scallops (see “Sample collection” section) 
using a standard phenol:chloroform:isoamyl extraction 
[46]. DNA quality and quantity were checked using the 
Qubit dsDNA HS Assay Kit with assays read on a Qubit 
2.0 fluorometer (Life Technologies/Agilent 2100; Wald-
bronn, Germany). DNA was then submitted to digestion 
using 3 enzyme combinations (PstI/MseI, KasI/AciI and 
KasI/HpyCH4IV) following a protocol with steps modi-
fied from Peterson et  al. [47]. Following digestion, DNA 
samples were individually ligated to specific P1-n bar-
coded adapters, size selected using Nucleomag NGS 
clean-up and size select kit (Macherey–Nagel, Germany). 
Adapter-ligated fragments were then PCR-amplified with 
uniquely indexed PCR-P2 primer sequences to allow for 
post-sequencing demultiplexing. PCR products were then 
quantified using Qubit dsDNA HS assay kit, and then size-
selected with Pippin-Prep (1.5% agarose dye free gel cas-
sette, Sage Science, Beverly, Massachusetts, USA). Samples 
were sequenced using the Illumina NovaSeq 6000 System 
with an S4 flow cell. A total of 217 samples were success-
fully sequenced (Supplementary Table S7). Demultiplexed 
reads were processed using Stacks v. 2.59 [48] as described 
in the protocol of Rochette and Catchen [49]. Reads were 
checked for correct cut sites and adapter sequences using 
the ’process_radtags’ module, and then mapped to the 
chromosome-level genome assembly of the bay scallop 
Argopecten irradians NY (GCA_041381155.1) [50] using 
minimap2 v. 2.17 [51]. Sorted and indexed mapping reads 
were generated using SAMtools v. 1.17 [52]. The use of the 
’gstacks’ module [48] facilitated the SNP calling process, 
and subsequently the ’populations’ module enabled the 
export of these called variants in VCF format. Following 
the guidelines of O’Leary et al. [53], the VCF file contain-
ing the genotypes was filtered using VCFtools v. 0.1.16 
[54], BCFtools v. 1.17 [52], and vcfR v. 1.14.0 [55]. The 
SNP data filtering scripts have been adapted from those 
available at https://​github.​com/​choll​enbeck/​king_​scall​op_​
popgen_​2022 [56] using the same filtering parameters. 
Briefly, SNPs with depth < 10 and genotype quality < 20 
were excluded on a per-genotype basis. Sites with a minor 
allele frequency below 0.05 or more than 10% missing data 
in any group were removed. Finally, SNPs deviating from 
Hardy–Weinberg equilibrium (p < 0.001) were filtered, 

https://github.com/chollenbeck/king_scallop_popgen_2022
https://github.com/chollenbeck/king_scallop_popgen_2022
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and thinning was applied to reduce linkage disequilibrium 
(1000 bp window). Highly related individuals were identi-
fied using the relatedness calculation function (–related-
ness) as implemented in VCFtools. A threshold of Ajk > 0.7 
was applied to detect pairs of individuals with abnormally 
high relatedness [57], and two samples (Table  S8) were 
removed to reduce the impacts of family structure on PCA 
[58–60]. Beagle v. 5.4 [61] was used for the phasing of SNP 
genotypes. Linkage disequilibrium (LD) pruning of the 
phased VCF file was performed using the snp_autoSVD 
function in bigsnpR v. 1.12.2 [62]. The diveRsity R pack-
age v. 1.9.90 was used to calculate observed heterozygosity 
(Ho), expected heterozygosity (He), and inbreeding coeffi-
cient within individuals (FIS) for each dataset using only on 
polymorphic loci. The statistical significance of differences 
in Ho and He values between aquacultured and wild scal-
lop populations at different time points was determined 
using t-tests. PCA was performed using PLINK v. 1.90 
(scree plot presented in Supplementary Fig. S2) [63]. Pop-
ulation differentiation was assessed by calculating pairwise 
FFST values using the ’stamppFst’ function in the R package 
StAMPP v. 1.6.3 [64]. Structure analysis was performed 
with fastSTRU​CTU​RE v. 1.0 [65] using a logistic prior and 
cross-validation (cv = 10) over values of K from 1 to 10 to 
estimate the most likely number of genetic clusters. The 
optimal number of clusters (K) was determined using the 
MedMeaK, MaxMeaK, MedMedK and MaxMedK met-
rics [66] via the StructureSelector web tool (https://​lmme.​
ac.​cn/​Struc​tureS​elect​or) [67]. Cluster partitions were then 
visualized using pophelper [68]. Population structure was 
also inferred by calculating the similarity between each 
individual’s haplotype using the fineRADStructure pack-
age [69] to estimate co-ancestry between individuals. 
Outlier detection was performed using OutFLANK [70], 
pcadapt [71], and GWDS [72] implemented in the Sam-
baR package v. 1.10 [73]. The visualization of the popula-
tion structures was performed by a Discriminant Analysis 
of Principal Components (DAPC) using adegenet v. 2.1.10 
[74]. Cross-validation determined the number of princi-
pal components (PCs) retained in each analysis. Fisher’s 
exact test [75] was performed to evaluate the significance 
of changes in allele frequencies between T0 and T4, with 
multiple comparisons accounted for using the Benjamini-
Hochberg (BH) method [76] to control the false discovery 
rate and the Bonferroni correction [77] as a more conserv-
ative measure.
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