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The eastern oyster, Crassostrea virginica, is an important aquaculture species and supports a 

growing industry along the east coast of the United States. However, increases in freshwater 

from storm events and intentional diversions can expose coastal aquaculture operations to 

extreme low salinity (< 5), resulting in reduced productivity and mortality. The primary 

objectives of this dissertation were to investigate the biology and genetic basis of low salinity 

tolerance to improve eastern oyster aquaculture. In Chapter 2, I developed and conducted a 

series of extreme low salinity (2.5) challenges to estimate the quantitative genetic parameters of 

low salinity survival. A moderate narrow-sense heritability was estimated for challenge survival, 

h2  0.4. In addition, osmolality of hemolymph collected from oysters during the first week of 

the challenge suggest that all individuals conformed to the surrounding low salinity regardless of 

challenge survival. In Chapter 3, I performed additional low salinity challenges to assess the 

importance of challenge duration (2 or 6 months) and temperature (chronic or fluctuating) on low 



 

 

salinity survival. I also investigated algae removal during the chronic challenge to better 

understand oyster response during low salinity stress. Phenotypic (rS = 0.89) and genetic (rG = 

0.81) correlations between family mortality were high across the two challenges, indicating that 

a 30-day exposure at a constant low salinity (2.5) and temperature (27C) is a sufficient progeny 

test for low salinity survival. Modest associations between algae removal metrics and survival in 

extreme low salinity indicate that individual feeding ability may relate to differential low salinity 

survival. Lastly, in Chapter 4, I performed genome mapping to investigate the genomic 

architecture of low salinity survival. Quantitative trait locus mapping and linkage disequilibrium 

analysis revealed a significant region on eastern oyster chromosome 1 and 7. Genomic prediction 

accuracies for survival and day to death in extreme low salinity were moderate and encouraging, 

0.49 – 0.57. The results from my dissertation characterize the genetic basis of survival during 

low salinity events and support the incorporation of this trait into breeding efforts to improve 

production and enhance the resiliency of the aquaculture industry. 
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Chapter 1: Introduction 

Quantitative genetics of selection and animal breeding  

For a given environment, nature selects individuals with traits that make them more likely 

to survive, mature, and reproduce. The theory of natural selection, famously described as 

‘survival of the fittest’, was developed by Charles Darwin when describing physical traits and 

behavioral patterns of numerous species in the Galapagos Islands and in other areas (Darwin, 

1859). Natural selection occurs generation after generation, typically increasing the number of 

organisms within a population that are better suited for a specific environment due to the 

presence of desirable traits (Darwin, 1859). If the environment changes, then the selection 

pressure may also change and populations of organisms may adapt and evolve in a different 

direction. Artificial selection works in the same manner as natural selection, except humans are 

acting as the selective agent (Darwin, 1859). Humans first identify traits that are desirable for a 

particular reason or purpose, and then take action to increase and enhance the frequency of that 

trait in future generations (methods reviewed in Bourdon, 2000).  

Selection shifts the mean measurable phenotypic value for a trait in a population towards 

a specific value. Selection is successful when there is both variation in the observable phenotype, 

and when the phenotypic variation is controlled by variations in underlying genetic components 

(Falconer and Mackay, 1996). For example, dicotyledonous plants vary in the number of 

cotyledons (embryonic leaves) present on a germinating seed. In 1944, Holtorp bred Brassica 

plants (e.g. cabbage, cauliflower, savoy) for tricotyledony, which is the presence of three 

cotyledons on the emerging seed (Holtorp, 1944). Holtorp observed increased tricotyledony in 

subsequent generations after hand-selecting offspring to seed that displayed tricotyledony 
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(1944). In this case, selection was effective at increasing tricotyledony in future generations, 

suggesting that tricotyledony in Brassica plants is controlled by underlying genetic components.  

A trait is heritable if the underlying alleles or genetic variants have an additive effect on 

the trait and if the trait varies between individuals in a population. Heritable traits are passed 

from parent to offspring as a collection of genes or alleles. The variation in a phenotypic trait 

(VP) in a population can be divided into variance from genotypic effects (VG) and variance from 

environmental deviations (VE; Falconer and Mackay, 1996):  

VP = VG + VE 

The variation from genotypic effects is further divided into additive (VA), dominance (VD), and 

epistatic (VEpi) effects (Falconer and Mackay, 1996):  

VG = VA + VD + VEpi 

Specifically, narrow-sense heritability (h2) for a trait in a population is the proportion of 

phenotypic variance that is attributed to additive genetic variation (Falconer and Mackay, 1996): 

h2 = VA/VP 

The additive genetic effect of a trait is the summation of all alleles underlying that particular trait 

of interest (Falconer and Mackay, 1996). The genetic merit of an individual for a specific trait is 

referred to as a breeding value, where a larger breeding value suggests higher potential for 

genetic gain in that individual’s offspring (Falconer and Mackay, 1996). A high narrow-sense 

heritability value for a trait suggests that the breeding value of an individual, or the additive 

genetic variance of a population, is a good indicator of phenotypic performance (Bourdon, 2000; 

Falconer and Mackay, 1996). Therefore, all types of selection, natural and artificial, are 

successful when acting on heritable traits, or traits controlled mainly by additive genetic effects. 
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When selecting for quantitative traits, or traits controlled by many loci and affected by 

environmental conditions, one is concerned with the phenotypic co-variation among relatives 

(degree of resemblance; Falconer and Mackay, 1996). The phenotypic co-variation among 

related groups, which is a proportion of the total phenotypic variation, can be used to determine 

the additive genetic variance of a trait, and thus determine the narrow-sense heritability of the 

trait (Falconer and Mackay, 1996). In an experimental setting, groups of individuals with a 

known relationship structure (e.g. parents and offspring, half-siblings, full-siblings, etc.) are used 

because the phenotypic covariance is made up of established proportions of the various variance 

components (mentioned above). For example, offspring are expected to share 50% of their 

genetic makeup with each parent (coefficient of relationship = 0.5), full siblings share 50%, half-

siblings share 25%, etc. (Falconer and Mackay, 1996). If the experimental group comprises e.g. 

parents and offspring, then the additive genetic variance of a trait is equal to 2 times the 

phenotypic co-variance between the offspring and both parents (phenotypic covariance = ½VA; 

Falconer and Mackay, 1996). In practice, the mean phenotypic performance of offspring is 

regressed on the mean phenotypic value of one or both parents, and the slope of the regression 

line is the estimated narrow-sense heritability (slope is multiplied by two if only one parent is 

used because it is twice the regression on single parents; Falconer and Mackay, 1996). 

Estimating the additive genetic variance and heritability for siblings (half or full) is slightly more 

complex and requires the partitioning of the phenotypic variance into three components: variance 

between progeny of different fathers, variance between progeny of different mothers mated to 

the same father, and variance between offspring of the same mother (Falconer and Mackay, 

1996). An analysis of variance (ANOVA) framework can be used to estimate each of these 

variance components, and then the narrow-sense heritability can be estimated mathematically 
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based on the family structure (Falconer and Mackay, 1996). Individuals are then selected for 

mating based on their individual or family mean phenotypic performance, known as individual or 

family-based breeding  (reviewed in Bourdon, 2000). 

In practice, determining the phenotypic covariance between relatives is difficult. These 

estimations are difficult because there are many additional sources of variation underlying a 

phenotypic trait (e.g. environmental variance), many experiments have more complex 

relationship structure than the traditional textbook examples (parent-offspring, half-sibling, etc.), 

and many experiments do not lend themselves well to these straightforward calculations (i.e. 

uneven family sizes, uneven replicates, etc.). Hence, the best linear unbiased predictor approach 

(BLUP) was developed (reviewed in Lynch and Walsh, 1998). BLUP allows for the estimation 

of random effect components, which permits the incorporation of additional sources of variation 

inherent to experimental design (e.g. blocking structure, replicate structure, etc.). Most 

importantly, BLUP allows for the incorporation of a relationship matrix, either estimated from a 

pedigree or from genomic information, as a random effect. In ecology, these linear models are 

referred to as the animal model (reviewed in Kruuk, 2004; methods described in Lynch and 

Walsh, 1998).  

To summarize, the known, or determinable, relationship structure between groups of 

individuals allows for the estimation of the phenotypic covariance (degree of resemblance). 

From this, the additive genetic variance of a trait can be estimated, and consequently, the narrow-

sense heritability of a trait. While this can be carried out using regression and analysis of 

variance (ANOVA) for simple cases, the animal model (i.e. BLUP implemented in either 

Frequentist or Bayesian approaches) allows for the incorporation of complex relationship 

structures, additional sources of variation, and also accounts for differences in family size and 
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replicates. In the practice of selective breeding, traits with high-narrow sense heritability are 

good candidates for breeding programs because much of the phenotypic variation is due to 

additive effects. Additive effects are inherited from parents to offspring as genetic material 

(alleles and genes) and individuals are chosen for breeding based on their genetic merit, or their 

collection of alleles and genes controlling that particular trait of interest. 

 

Selective breeding approaches in animal production 

In general, the distribution and scale of genetic effects that combine to control a 

phenotypic character (i.e. genetic architecture of a trait; Hansen, 2006) will dictate which 

breeding method is most effective. Traditionally, as in Holtorp’s experiments, the “best” 

performers, or individuals displaying the higher than average (desired) phenotype, were 

mated/reproduced over many generations in hopes of shifting the mean phenotype towards 

tricotyledony (Holtorp, 1944). Individual and family-based breeding can be effective in making 

rapid genetic gains, but genetic improvement can be hampered if traits are controlled by many 

genes or are strongly influenced by environmental effects. Genome-based breeding techniques 

have many advantages over traditional breeding techniques and individuals can be selected for 

breeding based on the presence of one to a few major effect genes (marker-assisted selection, 

MAS) or based on the combined effect of genotypes across the genome (genomic selection, GS).  

Traditional breeding approaches select individuals based on phenotypic performance. In 

individual or mass selection, individuals are chosen for selection based on their phenotype 

(Fjalestad, 2005). Family-based selection is similar, but selection is based on the mean 

phenotypic performance for a family of individuals (Fjalestad, 2005). Selection based on 

individual or family-based performance has been successful for various aquaculture species 
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(reviewed in Fjalestad, 2005), but has limitations. For individual selection, traits have to be 

measured on the breeding individual while they are alive, which is difficult for traits such as 

disease resistance and meat quality (Fjalestad, 2005). In practice, keeping individuals and 

families separate and organized before breeding is difficult and requires large rearing facilities, 

especially considering the large number of individuals required for accurate estimations and to 

avoid substantial inbreeding (Fjalestad, 2005). It is also difficult to keep environmental 

conditions similar across individuals or families, which can confound the phenotypic trait 

measured (Fjalestad, 2005). Using molecular markers to determine relationship eliminates the 

necessity of keeping individuals separate, subsequently eliminating some of the confounding 

environmental effects from the experimental design (e.g. blocking structure, differences in 

experimental tanks; Gjerde, 2005; Hollenbeck and Johnston, 2018). In addition, molecular 

markers allow for the precise computation of relationship structure versus the percentage 

assumed based on pedigree relationship (e.g. full-siblings share 50% of DNA; Gjerde, 2005), 

producing more accurate estimations of genetic variance components and narrow-sense 

heritability. 

In marker-assisted selection (MAS), individuals are chosen for breeding depending on the 

presence of a major genomic region underlying a trait of interest. Genomic regions underlying 

phenotypes of interest can be identified by performing quantitative-trait locus (QTL) mapping or 

genome-wide association studies (GWAS; e.g. Hollenbeck and Johnston, 2018; Lynch and 

Walsh, 1998; Zenger et al., 2019). In short, both methods test for associations between genotypes 

at molecular makers (e.g. single nucleotide polymorphisms (SNPs), microsatellites, etc.) and 

phenotypes. These two techniques take advantage of genetic linkage, where genes located more 

closely to one another on a chromosome are more likely to be inherited together (no 
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recombination between them) during reproduction, and linkage disequilibrium, which is the 

probability that two alleles are more likely to occur together than by chance within a population 

(Falconer and Mackay, 1996). If enough genomic markers are interrogated across the genome 

(e.g. genotyping of high-density, genome-wide SNP markers), while they may not themselves 

have any direct impact on a trait, their linkage to the actual genomic regions/genes that do affect 

or underlie a trait can be detected (Lynch and Walsh, 1998). Thus, the detection of a QTL or 

discovery of a significant association for a particular (random) genetic marker or genomic 

position (SNP) indicates linkage to the actual gene that affects the trait (Lynch and Walsh, 1998). 

In practice, an organism would be chosen for breeding depending on the presence of a particular 

allele at the identified molecular region. For MAS to be effective, there must be relatively few 

major effect QTL underlying a trait of interest, which is rarely the case, especially for 

quantitative traits (reviewed in Houston et al., 2020; Zenger et al., 2019). 

In genomic selection (GS), individuals are chosen for breeding based on their genomic-

derived breeding value (GEBV). The methodology of genomic selection (GS) is based on the 

process of selecting an individual for breeding (i.e. for producing the next generation) based on 

the combined effect of all relevant genotypes across its genome (Meuwissen et al., 2001). In 

theory, GS captures all the genetic variance for a quantitative trait by assuming genotyped 

molecular markers are linked to actual QTL (Meuwissen et al., 2001), similar to QTL mapping. 

Individuals with larger GEBVs are chosen for breeding because they are more superior for that 

particular trait of interest (VanRaden, 2008). Similar to GWAS approaches, GS uses linear and 

non-linear models to investigate associations between genome-wide genotypes and phenotypes. 

Validation approaches can be used to generate and assess the accuracy of prediction models, 
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where models for traits with high accuracy suggest that an individual’s genome-wide genotypes 

are a good indicator of their predicted phenotype.  

GS can substantially increase the rate of genetic gain by incorporating all loci, even those 

of very small effect, into the breeding decision (Houston et al., 2020; Ødegård et al., 2014; 

Zenger et al., 2019). Incorporation of information across all loci results in better estimation of 

relationships between individuals (Habier et al., 2007; Vallejo et al., 2017), and GS has been 

shown to outperform traditional breeding where relationships are derived from pedigree 

information only (PBLUP; e.g. Gutierrez et al., 2020, 2018; Zenger et al., 2019). In GS, the 

generation interval, or the average age of individuals when bred, can be reduced by selecting 

candidates earlier in life based on their GEBV (e.g. Campos-Montes et al., 2013; Castillo-Juárez 

et al., 2015), further increasing the rate of genetic gain and freeing up infrastructure which would 

be used if rearing animals longer. Infrastructure requirements could be decreased further by 

changing to a multi-family breeding scheme where families are reared in a communal space 

(Fernández et al., 2014). Additionally, choosing broodstock for spawning based on GEBV and 

known coancestry makes it easier to control and minimize the rate of inbreeding (Daetwyler et 

al., 2007; Dekkers, 2007; e.g. Vandeputte and Haffray, 2014). This is particularly important for 

aquaculture species that are highly fecund, have small effective population sizes, and for which 

relatively few parents could contribute the majority of gametes to offspring in a spawning event 

(very high variance in reproductive success; Hedgecock and Pudovkin, 2011; reviewed in 

Hollenbeck and Johnston, 2018). Lastly, further genetic gains in GS, compared to traditional 

breeding approaches mentioned previously, can be achieved by managing genotype-by-

environment interactions and incorporating dominance and epistatic effects into the breeding 

decision (Dupont-Nivet et al., 2008; Nilsson et al., 2016; Zenger et al., 2019). Genomic-based 
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breeding has been efficient and effective for the aquaculture species on which it has been tested 

(examples reviewed in both Houston et al., 2020; Zenger et al., 2019), but genomic resources are 

limited and genotyping can be costly for non-model species.   

Recent advances of genome-enabled breeding in aquaculture species  

Reference genomes are now available for select aquaculture species. Over 20 species of 

finfish have their genomes sequenced, such as Atlantic and Coho Salmon, Nile tilapia, Rainbow 

trout, Grass carp, and Snakehead (Houston et al., 2020). Reference genomes exist for only six 

mollusc species (Hollenbeck and Johnston, 2018; Houston et al., 2020), two of which are the 

Pacific (Crassostrea gigas) and eastern (Crassostrea virginica) oysters (Gómez-Chiarri et al., 

2015; Wang et al., 2012). Advances in sequencing technologies have reduced the cost of 

genotyping for non-model organisms (Hollenbeck and Johnston, 2018; Houston et al., 2020; 

Zenger et al., 2019). Reference genomes allow for the identification of causative genetic variants 

(QTL mapping and GWAS analysis), epigenetic markers for certain environmental conditions, 

and comparative genomic analysis to help determine function of certain variants (reviewed in 

Houston et al., 2020), all of which help hone in on certain genes and pathways worthy of 

additional investigation. Major genes have been successfully incorporated into MAS breeding for 

disease-resistance in Japanese flounder (Fuji et al., 2007), Atlantic salmon (Houston et al., 2008; 

Moen et al., 2015, 2009), and Rainbow trout (Liu et al., 2018). However, examples of successful 

MAS in aquaculture are limited and are most often only useful for discrete traits (e.g. disease-

resistance). 

Genotyping arrays (i.e. SNP arrays) have improved genomic selection for aquaculture 

species by increasing prediction accuracies. Single nucleotide polymorphism (SNP) arrays allow 

for the genotyping of individuals at 1,000s – 10,000s (medium density) or > 100,000s (high-



 

10 

 

 

density) genome-wide SNPs for a relatively low cost (reviewed in Hollenbeck and Johnston, 

2018; Houston et al., 2020; Zenger et al., 2019). In addition, analysis across multiple aquaculture 

species have suggested that as few as 1,000 molecular markers (SNPs) can be genotyped before 

prediction accuracy decreases (e.g. Kriaridou et al., 2020; reviewed in Zenger et al., 2019), 

making GS possible for programs with limited monetary funds. However, genotyping arrays 

exist for only a handful of aquaculture species (e.g. Atlantic salmon, Rainbow trout, Nile tilapia, 

Catfish, Whiteleg shrimp, Giant tiger prawn; reviewed in Hollenbeck and Johnston, 2018; 

Houston et al., 2020; Zenger et al., 2019) and only one shellfish species (Pacific oyster; 

Gutierrez et al., 2017; Qi et al., 2017). Implementation of GS is currently limited to a few 

economically important species (Rainbow trout, Atlantic salmon, and the Tasmanian Atlantic 

Salmon strain; reviewed in Houston et al., 2020; Zenger et al., 2019). However, high accuracy 

values have been reported for numerous aquaculture species and traits (reviewed in Houston et 

al., 2020; Zenger et al., 2019), offering promising support for the use of GS in future aquaculture 

breeding. 

Development of genomic resources (e.g. organism reference genomes, genotyping SNP 

arrays), combined with decreases in the cost of sequencing and genotyping, have increased the 

feasibility of genome-based breeding approaches in aquaculture species (reviewed by 

Hollenbeck and Johnston, 2018; Houston et al., 2020; Zenger et al., 2019). Finfish have the most 

abundant genomic resources of all aquaculture species, but an analysis of recent peer-reviewed 

literature revealed a stable increase in omic-related mollusc papers from 2009 – 2019, with most 

papers pertaining to resources being applied to bivalves (Gomes-dos-Santos et al., 2020). Given 

the current availability, or ongoing development, of these genomic resources for oysters, the 
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future looks bright for targeted genome-based breeding for traits that will improve aquaculture 

production in the face of emerging environmental stressors. 

Global shellfish aquaculture and the rise of shellfish production and breeding 

Aquaculture has out-produced capture fisheries since 2011 (FAO, 2018a) and is the 

fastest growing sector of food production worldwide (Anderson et al., 2017; FAO, 2018b). 

Global meat production is primarily dominated by three terrestrial species - pigs, chicken, cattle - 

while an estimated 543 different species of finfish and shellfish are used in global aquaculture 

(FAO, 2018a; Houston et al., 2020). Production from shellfish aquaculture, which include 

species of mollusks and crustaceans (FAO, 2020a), has increased 10-fold from 1985 – 2020, and 

shellfish are projected to be the most valuable culture group (FAO, 2020a). In general, the 

biology of shellfish are well understood and culture methods are well documented (Azra et al., 

2021). Many traits of shellfish (i.e. highly fecund, short life cycle, high levels of genetic 

diversity, broadcast spawners, possibility of self-fertilization) make them appealing for 

production and mass-culture (Azra et al., 2021; Hollenbeck and Johnston, 2018; Houston et al., 

2020). Additionally, shellfish supply a large source of protein and other desirable nutrients, 

making them ideal candidates for consumption (FAO, 2016; Venugopal and Gopakumar, 2017). 

Aquaculture species, including shellfish, are in the relatively early stages of domestication, 

resulting in a large potential for genetic improvement (FAO, 2019, 2018; Houston et al., 2020). 

Therefore, expansion and genetic improvement of desirable traits in shellfish will increase 

production to help meet consumption demands.  

According to the literature, large-scale breeding programs for shellfish are limited. Two 

family-based breeding programs exist for mussels (blue and green lip mussel), one mass 

selection program for the Bay scallop, one hybrid mass and family-based selection program for 
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the Sydney Rock oyster, one family-based (recently changed from mass selection) selection 

program for the eastern oyster, and five selection programs utilize either mass, family-based, or a 

combination of the two for the Pacific oyster (Allen et al., 2021; reivewed in Hollenbeck and 

Johnston, 2018). These programs have largely focused on improving traits related to growth and 

disease-resistance, while the family-based selection program for the eastern oyster has begun 

breeding for salinity tolerance (described below) (Allen et al., 2021; reviewed in Hollenbeck and 

Johnston, 2018). For shellfish species, QTL have been identified for various production traits 

(e.g. Fang et al., 2021; Guo et al., 2012; reviewed in Hollenbeck and Johnston, 2018; Sauvage et 

al., 2010; Wang et al., 2016; Zhan et al., 2009; Zhong et al., 2014), and studies have been 

conducted investigating the applicability of genomic selection for improvement of production 

traits (reviewed in Houston et al., 2020; Vu et al., 2021; reviewed in Zenger et al., 2019). 

However, no genome-based breeding programs are currently documented for shellfish.  

History and current state of eastern oyster breeding in the United States 

The eastern oyster (Crassostrea virginica) is a shellfish aquaculture species gaining 

popularity in the United States. The eastern oyster is a filter-feeding bivalve mollusk that is 

native to subtidal and intertidal estuaries in the western Atlantic from the Gulf of St. Lawrence in 

Canada to the Gulf of Mexico, and south through the West Indies along the coasts of Brazil and 

Argentina (Carriker and Gaffney, 1996; Galtsoff, 1964). Wild fisheries exist for the eastern 

oyster along the Atlantic coast of the US (e.g. Florida, Gulf of Mexico), but the Chesapeake Bay 

was once the greatest oyster producing region in the world (Stevenson, 1894). Habitat loss, 

pollution, overfishing, and the effects of two protozoan parasites, Perkinsus marinus and 

Haplosporidium nelsoni, have severely decreased annual fishery production by an estimated 

99.7% since peak harvests in 1800s (Newell, 1988; Rothschild et al., 1994; Stevenson, 1894; 
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Wilberg et al., 2011), and production from wild harvest remains <1% of peak fishery 

(Tarnowski, 2020). In response to decimated wild oyster stocks, the aquaculture industry in the 

Chesapeake Bay has steadily increased in both the number of leases and in overall production 

(bushels) (Hudson, 2019; van Senten et al., 2019). Within Maryland, the eastern oyster 

aquaculture industry (bottom and water column aquaculture) increased by 115% from 2012 – 

2018 (van Senten et al., 2019). The Maryland shellfish industry provides many economic 

benefits to state economies and provides valuable employment opportunities in coastal areas 

where industry is limited (van Senten et al., 2019).  

The Maryland aquaculture industry has been successful, in part, due to previous and 

ongoing breeding efforts for disease resistance in the eastern oyster. An outbreak of MSX 

disease, caused by the parasite Haplosporidium nelsoni, occurred in Delaware Bay from 1957 – 

1959 and resulted in  >90% mortality of infected oysters (Haskin and Ford, 1982). In response to 

the MSX outbreak, the first reported shellfish breeding program began at the Haskin Shellfish 

Research Laboratory in the 1960s (HSRL) (Haskin and Ford, 1979). Lines selected for MSX-

resistance displayed improved survival over successive generations (Ford and Haskin, 1987), and 

data collected from Delaware Bay revealed little to no detectable MSX and very minimal 

background mortality (~10% per year) in market size oysters (Guo et al., 2008).  

In the 1990s, resistance to Dermo disease, caused by the parasite Perkinsus marinus, was 

incorporated into the breeding program at HSRL. Dermo-disease outbreaks were originally 

restricted to warmer waters (Chesapeake Bay south to Gulf of Mexico), but a series of warm 

winters expanded this region north and mortalities as large as 50% were experienced in adult 

oysters throughout the Chesapeake Bay and the Gulf coast of Florida (Ewart and Ford, 1993; 

Ford and Smolowitz, 2007). Rutgers developed a new line, the Northeast High Survival (NEH) 
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line, to incorporate Dermo-resistance into the already developed MSX-resistant lines (Allen, 

1993; Guo et al., 2008). In 1997, the Aquaculture Genetics and Breeding Technology Center 

(ABC) at the Virginia Institute of Marine Science (VIMS) was founded with the goal of creating 

a more organized selective breeding effort for the eastern oyster (Allen et al., 2021). Initially, 

ABC generated two oyster lines, XB and DEBY, that both displayed moderate resistance to 

MSX and Dermo (Allen et al., 2021; Dégremont et al., 2015; Frank-Lawale et al., 2014; Peterson 

et al., 2020; Ragone Calvo et al., 2003).  

Polyploidy, or multiple sets of chromosomes, has rapidly improved oyster aquaculture. 

Triploid oysters have three sets of chromosomes and display sterility, increases in growth 

(usually 30-40%, but can be as high at 60-80%; Guo et al., 2001), improved meat quality year 

round, and increased disease resistance (Guo et al., 2008). In 2001, Rutgers produced tetraploid 

(four sets of chromosomes) eastern oysters using their disease-resistant strains (Guo et al., 2008). 

Tetraploids (4N) can be mated with diploids (2N) to produce triploids (3N), a technology that 

was first adapted for use in commercial production of Pacific oysters on the west coast of the US 

(Guo and Allen, 1994). Superior growth has been observed for triploids grown throughout the 

mid-Atlantic region (Chesapeake Bay, VA to Katama Bay, MA; e.g. Dégremont et al., 2012; 

Guo et al., 2008). Growers in Virginia report that they favor triploid seed and >80% of seed 

planted in 2014 – 2018 were disease-resistant triploids (Hudson, 2019, 2018, 2017; Hudson and 

Murray, 2016, 2015). 

In addition to the major breeding efforts for disease resistance and ploidy manipulation, 

breeding for yield and other traits have been advanced. The NEH strain from Rutgers (mentioned 

above) was crossed with the FMF line, a fast growth line developed by the Frank M. Flower’s 

Oyster Company in New York, to create a hybrid oyster (Guo et al., 2008). This hybrid strain, 
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which inherited the NEH name, is currently available to aquaculture farmers in the northeast US, 

offering disease resistance (MSX and Dermo) and fast growth in (Debrosse, 2008; Guo et al., 

2008). In 1986, the University of Maine began selecting for resistance to the bacterium 

Roseovarius crassostreaea, causing Rosevarius Oyster Disease (ROD), in the FMF line (Davis 

and Barber, 1999). The University of Maine Flowers Select (UMFS) offers fast growth and 

resistance to ROD for aquaculture in colder waters (Davis and Barber, 1999) where ROD can 

cause annual mortality in seed oysters ranging from 40-90% in Maine, Massachusetts, and New 

York (Maloy et al., 2007). Since 2004, the ABC program has been using family-based breeding 

techniques to generate oyster lines for farmers in the Chesapeake Bay. ABC monitors and selects 

for economically important traits, such as growth weight, meat yield, and shell shape (Allen et 

al., 2021). ABC also assesses these traits in both high (ABC HS line, 15 – 23) and low salinity 

(ABC LS line, salinity 6 – 15) environments, generating salinity-specific seed for various salinity 

regimes in the Chesapeake Bay (Allen et al., 2021).  

Breeding efforts have largely focused on traits that improve performance (e.g. survival, 

disease-resistance, growth, meat yield), but environmentally-important traits are becoming 

increasingly more important. Disease-resistant triploid seed is favored by the Virginia 

aquaculture industry (e.g. Hudson, 2019), but numerous environmental challenges are emerging 

that have not been addressed. For example, the number and intensity of precipitation events are 

predicted to increase, along with the occurrence of severe weather storms (Najjar et al., 2010, 

2000; Pfahl et al., 2017; St. Laurent et al., 2021). Heavy rainfall events will result in large 

salinity fluctuations in coastal regions, which will impact production and potentially change algal 

community dynamics. Water temperature and hypoxia are both predicted to increase in the mid-

Atlantic region (Najjar et al., 2010), both of which may further impede aquaculture production. 
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Research and breeding efforts will need to focus on improving oyster aquaculture during these 

stressful conditions to improve the resiliency of the industry moving forward.  

Effects of low salinity on eastern oyster productivity and aquaculture 

Environmental extremes pose continued risks to eastern oyster aquaculture on the east 

coast of the United States. In coastal areas, large freshwater pulses are common following heavy 

rainfall and storm events (Andrews et al., 1959; Cheng et al., 2015; Du et al., 2021; Engle, 1946; 

Schubel and Pritchard, 1986; Southworth et al., 2017). Freshwater pulses are also common in the 

Gulf of Mexico following flooding, anthropogenic diversions, and the opening of the Bonnet 

Carré Spillway (Brammer et al., 2007; Butler, 1952a, 1949; Gledhill et al., 2020; Gunter, 1953). 

While these regions tend to have lower salinities to begin with, these pulses of freshwater can 

expose local eastern oyster (Crassostrea virginica) aquaculture operations to extreme low 

salinity (< 5) conditions for extended periods of time. Eastern oysters (Crassostrea virginica) 

perform best at intermediate salinities ranging from 14-28 (Shumway, 1996), and a lower 

optimal range (~ 9 – 16) has been proposed for populations where freshwater input dominates 

the hydrodynamics of the system (e.g. La Peyre et al., 2016; Lowe et al., 2017; Rybovich et al., 

2016). However, acute drops in salinity (< 5) can be detrimental.  

The Chesapeake Bay is a highly variable environment with a strong salinity gradient. The 

Maryland-portion of the Chesapeake Bay is considered mesohaline, where salinities typically 

range from 5-14 (Wei, 2019). In Virginia, eastern oyster aquaculture operations face challenges 

from disease pressure due to higher salinity waters (e.g. Perkinsus marinus causing Dermo 

disease, Burreson and Ragone Calvo, 1996; Bushek et al., 2012; Ragone and Burreson, 1993), 

while eastern oyster aquaculture in Maryland more commonly faces challenges from low salinity 

conditions. However, the mid-Atlantic region received substantial amounts of rainfall in 2017 – 
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2018, which significantly impacted the eastern oyster aquaculture industry throughout the 

Chesapeake Bay (Hudson, 2019; van Senten et al., 2019). In 2018, the Maryland and Virginia 

aquaculture industries experienced a 22%  and 17% decline, respectively, in total harvest 

compared to the previous year, which both industries attribute to record low salinity (Hudson, 

2019; van Senten et al., 2019).  

Low salinity (< 5) negatively impacts many physiological functions in eastern oysters. 

Studies have shown substantial reductions in valve opening, respiration, clearance, and filtration 

rates with decreasing salinities (Casas et al., 2018b; Loosanoff, 1952; Shumway and Koehn, 

1982), and one study suggests that feeding ceases completely at salinity < 3 (Loosanoff, 1952). 

Additionally, the negative effects from low salinity are intensified at increased temperatures (La 

Peyre et al., 2016, 2013; Lavaud et al., 2021; Loosanoff, 1952; Rybovich et al., 2016; Shumway 

and Koehn, 1982), creating a dual-stressor that is common in the Chesapeake Bay. Ultimately, 

reductions in vital physiological processes result in decreased growth at low salinities (< 5) (La 

Peyre et al., 2013; Leonhardt et al., 2017; Loosanoff, 1952; Lowe et al., 2017; Rybovich et al., 

2016). Delays in oyster growth and productivity can not only delay harvest time, but can also 

create a back log of crop that will substantially limit the growing space available for a farmer 

(Hudson, 2019; van Senten et al., 2019; personal communication w/ MD Extension agent 

Shannon Hood). In addition to reduced productivity and delays in harvest, extreme low salinity 

(< 5) has previously resulted in mass mortality events globally (reviewed in Du et al., 2021). 

Mortality events have been observed following heavy rainfall events in the mid-Atlantic region 

(Andrews et al., 1959; Engle, 1946; Munroe et al., 2013; Schubel and Pritchard, 1986; 

Southworth et al., 2017) and in the Gulf of Mexico (Brammer et al., 2007; Butler, 1952b, 1949; 

Gledhill et al., 2020; Gunter, 1953).  
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Low salinity regions present challenges for successful aquaculture, but they do provide 

some advantages. Coastal regions may be preferred for oyster aquaculture compared to deeper 

waters due to the consistency of oxygen levels year-round (Beckensteiner et al., 2020; 

Theuerkauf and Lipcius, 2016). Additionally, shallower waters reduce the risk and costs 

associated with accessing, operating, and managing an oyster lease (Beckensteiner et al., 2020). 

Most importantly, low salinity environments can provide a refuge from some predators and 

common oyster diseases, such as MSX and Dermo (e.g. Andrews, 1964; Burreson and Ragone 

Calvo, 1996; Shumway, 1996). Superior bred oysters could improve production in low salinity 

areas, thereby expanding the aquaculture industry. 

Genetic basis of low salinity tolerance in the eastern oyster 

A genetic component underlying oyster salinity performance and survival has been 

implied many times in the literature (Allen et al., 2021; Leonhardt et al., 2017; Méthé et al., 

2015; Newkirk et al., 1977; Southworth et al., 2017). Field and laboratory studies suggest local 

adaptation to native salinity conditions, where juvenile and adult oysters perform best at salinity 

levels closest to those at their native site (Andrews et al., 1959; Leonhardt et al., 2017; Marshall 

et al., 2021; Maynard et al., 2018; Southworth et al., 2017). Differences in expression profiles 

between oysters exposed to a low (8) and high (16) salinity environment revealed specific genes 

and processes potentially underlying survival at opposing salinity levels (Eierman and Hare, 

2013). Larval oysters are more sensitive and have a narrower tolerance to salinity, but have been 

shown to perform best in their natal (parental) environments opposed to being cultured at other 

conditions or locations (Eierman and Hare, 2013; Newkirk et al., 1977; Scharping et al., 2019), 

suggesting that survival at a given salinity is dependent on life stage and may be influenced by 

parental condition. However, a recent study found no increases in survival when larvae were 
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reared in low salinity conditions matching their parental environments, suggesting that 

transgenerational plasticity contributed from the mothers is not a mechanism for improving low 

salinity survival in offspring (Griffiths et al., 2021). The ABC program at VIMS recently 

determined that survival in high salinity (15 – 23) is a different trait than survival in low salinity 

(6 – 15) (i.e. low genetic correlation between survival in high and low salinity zones, 0.23  

0.08; Allen et al., 2021). Understanding the genetics and mechanisms underlying survival in low 

salinity environments is of increasing importance as heavy rainfall events are predicted to 

increase with climate change predictions in the United States (Donat et al., 2016; Najjar et al., 

2010, 2000; Pfahl et al., 2017; Runkle et al., 2017). 

Research focus 

Based on previous literature documenting survival differences in oysters at various 

salinity levels, this dissertation aims to better understand the 1) biology and 2) breeding potential 

of acute low salinity tolerance in the eastern oyster. To do this, I developed a laboratory-based 

low salinity challenge experiment with the goal of inducing mortality in an experimentally 

friendly timeframe. I used the developed challenge experiment and classical quantitative genetic 

approaches to assess the genetic variance of low salinity survival. I also generated molecular data 

for individuals exposed to the challenge to investigate the genetic structure and identify potential 

regions underlying low salinity survival.  

In Chapter 2: Heritability of acute low salinity survival in the Eastern oyster 

(Crassostrea virginica), I performed a series of low salinity challenges to estimate the genetic 

variance and narrow-sense heritability of low salinity survival, as the heritability of a trait is the 

first step in determining if a trait can be selectively bred for. In Chapter 3: Evaluating a 

progeny test and investigating physiology associated with survival in extreme low salinity 
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for the eastern oyster Crassostrea virginica, I built upon Chapter 2 with additional low salinity 

challenges to assess the importance of oyster age and size, low salinity exposure duration, and 

exposure temperature on low salinity survival. I also investigated physiology associated with 

survival in the experimental challenge, such as growth and algae removal (a proxy for feeding), 

to better understand oyster response during low salinity stress and to potentially provide 

additional low salinity phenotypes. In Chapter 4: Genome-wide analysis of acute low salinity 

tolerance in the eastern oyster Crassostrea virginica and potential of genomic selection for 

trait improvement, I generated genome-wide molecular marker data for four experimental 

families exposed to a low salinity challenge and performed genomic analyses (e.g. quantitative 

trait locus mapping, genome-wide association studies) to explicitly investigate the genomic 

architecture of the trait. I also investigated the potential for genomic selection (GS) to accelerate 

selective gains and improve the efficiency of breeding for low salinity survival. Finally, in the 

concluding chapter (5), I synthesize the major findings from my research chapters, speculate 

about the major processes and physiology underlying survival in low salinity conditions, and 

suggest a preliminary plan for future, genome-enabled low salinity breeding in the eastern oyster.  

This dissertation advances knowledge of eastern oyster biology and, physiological 

response, and contributes genomic information from functional analysis of detected SNPs/QTL 

during exposure to acute low salinity conditions. This work also advances information relevant 

to the breeding community by honing a progeny test for assessing tolerance to acute low salinity 

conditions. Improvement of acute low salinity survival will eventually benefit the eastern oyster 

aquaculture industry and this work provides the first genomic analysis investigating the potential 

of genomic selection to improve acute low salinity survival in oysters.  
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Chapter 2: Heritability of acute low salinity survival in the Eastern 

oyster (Crassostrea virginica) 
 

© Aquaculture 

https://doi.org/10.1016/j.aquaculture.2020.735649 

Abstract 

On the US east coast, Eastern oyster (Crassostrea virginica) aquaculture has grown substantially 

over the last century. As aquaculture expands into previously unexploited areas, there is a need 

for oyster lines bred for specific environmental conditions. In the Maryland portion of the 

Chesapeake Bay, and in other coastal areas, salinity tends to be below optimal for typical 

aquaculture productivity, and these areas frequently experience periods of acute low salinity 

following heavy rain events. While these areas may hinder oyster growth, they provide a refuge 

from common oyster diseases. Selective breeding focusing on survival in acute low salinity 

conditions could expand areas suitable for aquaculture, but the genetic framework underlying 

this trait is currently unknown. In this study, we estimated the heritability of survival at acute low 

salinity (< 3) by conducting two month-long low salinity exposure experiments with fifty half-

sibling families. Hemolymph osmolality was analyzed during the first eight days of the second 

exposure experiment to track osmoconformation behavior and investigate potential physiological 

differences underlying variation in salinity survival among families. There were significant 

differences in mortality among families for both low salinity exposure experiments, with the 

majority of mortality occurring between 8 and 14 days of exposure for both experiments. Higher 

overall mortality was observed during the second experiment (53% in experiment 2 versus 23% 

in experiment 1), which was conducted during the summer when animals were reproductively 

active. Narrow-sense heritability estimates for survival were moderate to high using both a 

Bayesian (MCMCglmm, h2 = 0.34 for experiment 1 and 0.59 for experiment 2) and a likelihood-

https://doi.org/10.1016/j.aquaculture.2020.735649)
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based (ASReml-R, h2 = 0.4 for both experiments) approach, and estimates from ASReml-R 

appeared to be lower compared to MCMCglmm for experiment 2 (ASReml-R h2 = 0.4, 

MCMCglmm h2 = 0.59). Finally, there were no differences in osmolality among families on 

either sampling day, but all families remained slightly hyperosmotic after salinity was held static 

at our desired level (2.5). This study provides the first quantitative genetic analysis of acute low 

salinity survival in C. virginica and results suggest that this trait is heritable and could be 

selectable in a breeding program.  

Introduction 

As a result of decades of overharvest, habitat destruction, and the introduction and spread of 

disease, wild Eastern oyster (Crassostrea virginica) populations have seen drastic declines across 

their native range (Beck et al., 2011). In order to support market demand, oyster aquaculture 

production has increased substantially since the 1970s (Green and Tracy, 2013). While success 

of the United States aquaculture industry has faced challenges from heightened environmental 

regulations, state laws, inadequate financing, and disease (Green and Tracy, 2013; Kennedy and 

Breisch, 1983), salinity is one of the most important environmental factors dictating successful 

cultivation and production of oysters in estuarine systems (Shumway, 1996). Low salinity 

negatively impacts Eastern oyster physiology by reducing clearance rate (Casas et al., 2018b; 

Loosanoff, 1952) and feeding rate (Casas et al., 2018b), which likely reduces growth (Loosanoff, 

1952; Rybovich et al., 2016; summarized in Shumway, 1996) and overall productivity 

(Leonhardt et al., 2017).  

Low salinity conditions in the mid to upper Chesapeake Bay, and in other coastal regions of 

the US, pose challenges for successful cultivation of oysters, but these regions may also provide 

a potential refuge from two major diseases affecting oysters, MSX (Haplosporidium nelsoni) and 
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Dermo (Perkinsus marinus). Dermo distribution and intensity are highly correlated with salinity, 

displaying lower intensities at salinities < 12 (Burreson and Ragone Calvo, 1996; Burreson et al., 

1994; Bushek et al., 2012; La Peyre et al., 2003; Ragone and Burreson, 1993; Ray, 1954; Soniat, 

1985). MSX is also a salinity-dependent disease and has lower intensities and subsequent oyster-

related mortalities in lower salinity waters (Andrews, 1964; Farley, 1975; Haskin and Ford, 

1982), and is completely non-existent at salinities below 10 (Andrews, 1983; Ford, 1985). While 

low salinity environments reduce the risk of mortality from disease, they also pose a challenge 

for production through physiological impairment.  

An additional concern for oyster aquaculture in low salinity environments is freshet events 

that can cause extreme reductions in salinity over very short periods of time. In the upper 

Chesapeake Bay, where salinity is already at the lower end of the optimal range (optimal range 

14-28, Shumway, 1996; Chester River to Crisfield 1 – 15, Maryland Department of Natural 

Resources), extreme low salinity (< 3) conditions typically occur in the spring following heavy 

rainfall and freshwater inflow from the Susquehanna River (“spring freshet”, Andrews et al., 

1959; Engle, 1946; Schubel and Pritchard, 1986; Southworth et al., 2017). Depending on the 

severity of the freshet, extreme low salinity conditions can last into the summer months (NOAA, 

2019; Maryland Department of Natural Resources). The opening of the Bonnet Carré Spillway 

and diversion of freshwater in the spring of 1937, 1945 – 1947, and 1999 resulted in extreme low 

salinities and oyster mortality in the Mississippi Sound (Brammer et al., 2007; Butler, 1952b, 

1949; Gunter, 1953), and estuaries in California and Oregon experience spring freshets following 

the distinct winter-wet season, which is a characteristic of Mediterranean climates (Cheng et al., 

2015). Freshwater pulses have caused severe oyster mortalities in the Mid-Atlantic region 

(Andrews et al., 1959; Beaven, 1946; Munroe et al., 2013; Southworth et al., 2017), and low 



 

24 

 

 

salinities experienced during high-temperature, summer months can be especially detrimental, as 

temperature is particularly important in governing mortality at low salinity (La Peyre et al., 2013; 

Loosanoff, 1952).  

Despite the critical role of salinity in governing oyster growth, disease, and in regulating 

reproduction and other physiological processes, relatively little research has focused on the 

underlying genetic architecture of salinity tolerance in the Eastern oyster. Previous studies 

examining natural populations of C. virginica have revealed that larvae have a narrow salinity 

tolerance and perform better in their natal environments compared to being cultured in other 

locations or at other salinities (Eierman and Hare, 2013; Newkirk et al., 1977; Scharping et al., 

2019). Experimental work shows that larvae from low salinity populations within Delaware Bay 

have higher survival in low salinity conditions, while larvae from moderate to high salinity 

populations have similar survival across a salinity gradient, suggesting potential genetic 

differentiation of upstream, low salinity populations (Eierman and Hare, 2013). While multiple 

studies have hinted at the genetic component of low salinity tolerance and adaptation (Andrews 

et al., 1959; Leonhardt et al., 2017; Méthé et al., 2015; Newkirk et al., 1977; Southworth et al., 

2017), few studies have actually examined the potential for breeding, or improving, low salinity 

tolerance in oysters, and no studies have investigated survival in extreme low salinity conditions 

(< 3).  

To determine the heritability of acute low salinity survival in C. virginica, two low salinity 

exposure experiments were conducted at an extreme low salinity (2.5 – 2.7). Heritability of low 

salinity survival was estimated using mixed linear models on a binary trait, live or dead, using 

both a Bayesian and a restricted maximum likelihood approach. Hemolymph osmolality from 

individual oysters was simultaneously investigated to better understand osmoconformation in 
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real time during the experiment as a potential mechanism of differential salinity survival. This 

research is the first step in the future development of an oyster line equipped to handle acute 

freshwater pulses (< 3) for aquaculture in coastal systems, such as the upper Chesapeake Bay.  

Methods 

Production of low salinity lines and breeding designs  

The diploid family breeding program at the Aquaculture Genetics and Breeding Technology 

Center (ABC) at the Virginia Institute of Marine Science (VIMS) dates back to 2004 with the 

incorporation of the first founder populations. Founders, from both selected and wild 

populations, were introduced over multiple generations and hundreds of families are spawned 

and tested yearly in high and low salinity environments.  

In mid-April 2016, ripe oysters from ABCs low salinity family population were strip 

spawned and crossed using a 2 X 2 design to create full-sibling larval cultures. In this design, 

every female is mated to two different males and every male is mated to two different females. 

Fertilized eggs were reared in 60L, aerated, larval culture barrels filled with filtered sea water. 

Larvae were fed daily a ration of microalgae, including Pavlova sp., Chaetocerous neogracile 

and Tetraselmis sp. Typically, the diet was 45/45/10% of each species, respectively, by day 12 

and through metamorphosis to the eyed stage. The concentration of live algae fed started at 

20,000 cells/mL and was increased to 65,000 cells/mL through the eyed stage and setting. Eyed 

larvae were removed from the culture and set in a downwelling system on ground oyster shell 

(micro cultch). When spat were large enough to be retained on a 500 μm screen, they were 

transferred to a land-based upwelling system where they fed on algae in raw water from the York 

River. Once spat had reached a shell height of 10 mm they were transferred to bags and then 
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relocated to the Coan River, an upstream tributary of the Potomac River in Maryland, USA. 

They were then transferred to Horn Point Laboratory, Maryland, USA in March 2017 where 

monthly salinity averaged 13.1 ± 0.14 standard error of the mean (SEM). Families were 

submerged in bags on rebar-racks in the Choptank River, and bags were flipped and cleaned 

monthly to remove biofouling and ensure adequate flow. Families were moved to an enclosed 

boat basin on Horn Point campus in November 2017 for overwintering. They remained in the 

boat basin until they were brought into the Horn Point Laboratory for experimentation in April 

2018 at two years of age.  

Acute low salinity experimental exposure 

Adult oysters from the F1 families were 2-years old at the start of experimentation. For 

experiment 1, families had a mean height (umbo to ventral margin) of 85.27 mm (SD = 7.11), 

and family mean height ranged from 71.53 to 106.39 mm. For experiment 2, families had a mean 

height of 82.39 mm (SD = 8.66) and family mean height ranged from 61.29 to 103.56 mm. Sixty 

oysters per family were randomly divided among triplicate plastic baskets (20 each) secured to 

the bottom of custom-made Taylor floats submerged in 183-cm diameter tanks (~1800 L) located 

indoors at Horn Point Laboratory, Maryland, USA. Desired salinity was reached by mixing 

continuously flowing Choptank River water (salinity 7-11) and oxygenated, heated well water 

(salinity 0). The full experiment was performed twice at two seasonal time points, experiment 1 

in April-May and experiment 2 in July-August, on different individuals from the same set of 50 

families. Heated well water was used to maintain a temperature 26.3C ± 0.067 SEM for 

experiment 1, and 27.0C ± 0.089 SEM for experiment 2. Salinity, temperature, and dissolved 

oxygen were monitored continuously using Vernier LabQuest2 probes (Vernier Software & 

Technology, Beaverton, OR, USA) with measurements recorded every five minutes, and by 
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point sampling multiple times daily using a YSI-85 handheld multimeter (YSI Incorporated, 

Yellow Springs, OH, USA). Flow rates from raw ambient water and heated well water were 

adjusted as needed to maintain salinity within 0.5 of the target salinity.  

Prior to experimental exposure, oysters were acclimated in floats under ambient salinity and 

temperature (10.0 ± 0.24 SEM and 9.26C ± 0.61 SEM for experiment 1, and 8.4 ± 0.14 SEM 

and 26.3C ± 0.28 SEM for experiment 2) for one week. Mortality during acclimation was < 1% 

for both experiments, and oysters that died over this period were replaced. Oysters that died over 

the acclimation period were usually full of mud or already dead when entering the Taylor float. 

Over a period of two days, salinity was gradually decreased by 4 salinity units/day to the desired 

level of 2.7 for experiment 1, and by 3 salinity units/day to the desired level 2.5 for experiment 2. 

Desired salinity was chosen based on previous mortality trends at low salinity (Southworth et al., 

2017), and from pilot studies on wild Choptank River oysters and a random sample of the fifty 

half-sibling families showing close to 40% mortality at a salinity of 3 and temperature of 24.7C 

± 0.59 SEM over a two-week period. A salinity of 2.7 was chosen for experiment 1 with a goal 

of eliciting a mortality response in roughly half the population in an experimentally tractable 

timeframe (~2 weeks). Experiment 2 was informed by experiment 1 and salinity was reduced to 

2.5 to elicit a stronger mortality response. Temperature was gradually increased over two days to 

achieve the desired level of 27C for both experiments. A subset of 20 individuals from 7 of the 

experimental families were held in a similar custom-made Taylor float in a separate 183-cm 

diameter tank during each of the experimental exposures. The control tanks were held at ambient 

salinity (10.8  0.06 SEM for experiment 1, 8.0  0.05 SEM for experiment 2) and at a 

temperature of 26.9C   0.14 SEM and 27.7C   0.15 SEM for experiment 1 and 2, 
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respectively, to ensure experimental mortality was not related to elevated temperature, float 

structure, water input, or any additional variables introduced from the experimental set-up.  

Exposure experiments lasted for thirty days to ensure mortality trends were adequately 

captured, and oysters in both the experimental and control tanks were monitored daily for 

mortality. Valve closure was noted but not quantitatively measured. Oysters that gaped (shells 

open) for more than five minutes after being removed from the water and perturbed by tapping 

the shell were collected and marked as dead (Lombardi, 2012). Day of death and shell height 

(mm), measured from the umbo to the ventral margin, for all dead oysters was recorded. At the 

end of the 30-day exposure, a subset of the remaining live oysters was measured to calculate 

mean height for each family. During the exposure, flow through Choptank River water supplied 

some natural phytoplankton, but diet was also supplemented each day with Shellfish Diet 1800® 

(Reed Mariculture, Campbell, CA, USA) at a ration of 1.5% total dry tissue biomass per tank 

(Southworth et al., 2010; data from Thomas et al., 2019) and 2 L of live, cultured phytoplankton 

(Tetraselmis sp.) at a density of approximately 200,000 cells/mL, provided by the Horn Point 

Laboratory Oyster Hatchery. Flowing river and well water were shut off for a period of two 

hours during feeding. Tanks were drained and scrubbed weekly to remove biofilm and prevent 

the accumulation of sediment in the baskets and on the bottom of the tanks. Floats were rotated 

among tanks every three days during experiment 2 only after detecting a possible tank effect in 

experiment 1.  

We used Wilcoxon rank sum tests to examine differences in environmental parameters 

between experiments (salinity, temperature (C), dissolved oxygen (mg/L), and flow rate (s/L)). 

We examined differences in family survival (number dead) on three among-subject factors 

(family, tank, and replicate nested in tank) for experiment 1, and two among-subject factors 
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(family and replicate) for experiment 2 using two-way ANOVAs. All computations were 

performed using the R statistical software (version 3.6.1; R Core Team, 2019). 

 

Narrow-sense heritability (h2) estimation  

Survival at low salinity is effectively a binary trait (live or dead) and is referred to as the 

liability or latent variable (de Villemereuil, 2012; Falconer and Mackay, 1996), which is a 

threshold trait with an underlying continuous normal distribution. Here, we assume the liability 

is multifactorial, resulting from both genetic and environmental components. We executed an 

animal model using a frequentist approach in ASReml-R (Butler et al., 2007; Wilson et al., 2010) 

and a Bayesian approach in MCMCglmm R package (Hadfield, 2010) to estimate narrow-sense 

heritability (h2) for the liability, mortality at acute low salinity exposure, for each of the two low 

salinity exposure experiments. We used these packages to separate the observed variation in the 

phenotype into an additive genetic variance and a residual variance component (e.g. Kruuk, 

2004): 

li = µ + ai + ei, 

 

where li is the liability or the phenotype of the individual, µ is the average population phenotype, 

ai is the influence of the additive genetic effect of the alleles on the phenotype, and ei is the 

residual effect accounting for the remaining variation, usually due to environmental factors. 

Residual variance was fixed at 1 because binary data does not provide enough information to 

infer liability variance (e.g. de Villemereuil et al., 2013). 

Hierarchical models using binary data can be fit using either a logit link function for data 

with a categorical distribution, or a probit link function for data with an ordinal distribution 
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(Gelman and Hill, 2007). Both link functions, logit and probit, use a cumulative probability 

function to model a binary outcome and therefore result in very similar model outcomes and 

subsequent heritability estimations (Charmantier et al., 2011; Liao, 1994; Nakagawa and 

Schielzeth, 2010). Heritability estimates with either MCMCglmm or ASReml-R were nearly 

identical regardless of distribution chosen, so we only report the results from models with an 

ordinal distribution. Tank and replicate effects were initially incorporated to account for 

additional local environmental effects (Kruuk, 2004), but were ultimately excluded because they 

were not statistically significant.  

For MCMCglmm, we used a X2 distribution (V=1, nu=1000) with 1 degree of freedom for 

our prior because literature suggests that it handles binary data well (de Villemereuil, 2012). 

Fixing the residual variance to 1 for binary data leads to a non-symmetric calculation of 

heritability, and requires that the variance of the additive genetic component remains small 

(explained in Appendix B: de Villemereuil, 2012). We also estimated heritability with an 

Inverse-Gamma (V =1, nu = 0.002) prior to test for potential bias in the estimation of additive 

genetic variance due to an overly informative prior. The Inverse-Gamma prior has a very long 

tail and places most of its probabilistic weight on h2 = 1, therefore making it overly informative. 

We ran the models for 5 million iterations with a thinning interval of 200 after a burn-in period 

of 1 million iterations to limit autocorrelation and obtain effective sample sizes > 2000. 

Convergence of MCMC sampling and autocorrelation of chains were assessed by examining the 

shape of the traces and posterior density following de Villemereuil (2012). We used model 

outputs to estimate narrow sense heritability (h2), which is the proportion of the phenotypic 

variance (σP) that is attributed to the additive genetic variance (σA) (de Villemereuil, 2012; 

Wilson et al., 2010).  
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An additional source of variation is introduced from the link function (σlink), which relates the 

linear model to the response variable and is used to fit the data (Breslow and Clayton, 1993), and 

thus needs to be accounted for in the heritability estimate (de Villemereuil, 2012). Heritability 

estimates from ASReml-R are measured on the observed scale, so we converted our observed 

estimates to the underlying liability scale, (equation 25.8b in Chapter 25 of Lynch and Walsh, 

1998; Dempster and Lerner, 1950): 

 

    h2 = [ho
2 * (Фp (1- Фp))] / [p(xp)]2  

 

Where the underlying heritability (h2) is the product of the observed heritability (ho
2) and the 

phenotypic variance (Фp (1- Фp)), where Фp is the proportion affected (percentage of dead 

individuals) in our population. That product is then divided by [p(xp)]2 , where (xp) is the 

estimated threshold from the mean liability, or the z-score which represents 1 – the proportion of 

our affected population (Фp), and p(xp)= (2)-1/2 exp(- xp
2/2) (Lynch and Walsh, 1998; Van 

Vleck, 1972). We assessed the accuracy of heritability estimates produced by ASReml- 

R as previous literature suggests that Bayesian approaches produce more accurate heritability 

estimates for binary traits compared to Frequentist approaches (e.g. de Villemereuil et al., 2013). 

To do this, we produced 200 randomly simulated datasets with the same pedigree structure and 

heritability as in each of our ordinal experiments using MCMCglmm (0.34 for experiment 1, 

0.59 for experiment 2). We ran each simulated dataset through both ASReml-R and 

MCMCglmm, and converted each ASReml-R heritability estimate to the underlying scale.  
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Genetic and phenotypic correlations  

We used MCMCglmm and ASReml-R with an ordinal distribution to calculate the genetic 

covariance matrix between the two salinity exposure experiments to investigate the among-trial 

genetic correlation (rg) for survival. For the MCMCglmm correlation model, we fit a dam and 

sire model to account for maternal effects. We used a slightly stronger prior (V = diag(2), nu = 2) 

and ran the model for 10 million iterations with a burnin period of 100,000 and a thinning 

interval of 200 to achieve minimal autocorrelation and an effective sample size > 10,000. We 

evaluated convergence of MCMC sampling and autocorrelation of chains following de 

Villemereuil (2012). The genetic correlation based on the additive genetic variation was 

calculated by (de Villemereuil, 2012; Falconer and Mackay, 1996):  

 

rg = covg /√(σg1* σg2) + σlink, 

 

where covg is the additive genetic covariance between the two experiments, σg1 is the additive 

genetic variance of experiment 1, σg2 is the additive genetic variance from experiment 2, and σlink 

represents the appropriate variance introduced from the link function. Tank and replicate effects 

were excluded because they differed between experiments. A Spearman’s rank order correlation 

test was performed using R Statistical Software on family cumulative survival data to investigate 

significant phenotypic correlations between the two experiments (version 3.6.1; R Core Team, 

2019). 

 We executed bivariate (shell height and survival) animal models using MCMCglmm and 

ASReml-R for individuals with data for both traits for each experiment to test for genetic 

correlations between shell height and survival. Both methods were executed using the probit link 



 

33 

 

 

function, and MCMCglmm models were run for 6 million iterations with a thinning interval of 

1000 after a burn-in period of 1 million iterations using a V=diag(2), nu=2 prior (de 

Villemereuil, 2012). We estimated genetic and phenotypic correlations between the two traits for 

each experiment and method using the random variance components.  

 

Hemolymph osmolality  

The change in oyster hemolymph osmolality was monitored during the salinity step-down 

(beginning of exposure experiment) and throughout the first eight days of exposure when salinity 

was static at ~2.5 for nine families during the second low salinity exposure experiment in July-

August. The nine families were first chosen for sampling based on survival during the first 

experiment, and then selected for analysis based on survival during the second experiment. 

Samples were collected and processed on days -2 (i.e. 2 days prior to the start of the experiment), 

-1, 0, 2, 4, 6, and 8. For each sampling day, three individuals from each exposure replicate were 

sampled for a total of nine individuals per family. Oysters were sampled without replacement by 

notching the anterior axis and withdrawing 500 – 1000µL of hemolymph from the adductor 

muscle using a 27-guage needle according to McFarland et al. (2013). Paired hemolymph and 

water samples collected during each of the sampling days were frozen at -80C for future 

analysis. Prior to notching, oysters were measured for height (mm, umbo to ventral margin). 

Hemolymph and corresponding water samples were analyzed to determine osmolality using a 

VaporPro® vapor pressure osmometer (Wescor Inc., Logan, Utah, USA) at the Institute for 

Marine and Environmental Technology in Baltimore, MD, USA. Mean water osmolality was 

subtracted from mean family hemolymph osmolality and one-way ANOVAs were conducted at 

each time point separately to examine differences in osmolality between families on each 
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sampling day. We also investigated the association of overall family survival rank (from 1 to 50, 

highest surviving to lowest surviving at the end of the experiment) and survival “category” (top, 

middle, and worst performing) with osmolality change for each given sampling day to determine 

if the osmoregulatory phenotype could be a predictor of family rank for survival during acute 

low salinity exposure using one-way ANOVAs.  

Results 

Survival during acute low salinity stress and comparison between experiments 

The first experiment began in early April and temperature, salinity, and dissolved oxygen 

varied no more than 1% (Table 1). Major mortality began on day 6 of low salinity exposure, 

peaked at day 9 (82 oysters dead), and then tailed off around day 14 (Figure 1). The majority of 

mortality (78%; 535 oysters) occurred from day 6 to 18, and at least 10 oysters were recorded 

dead daily during this 13-day period (43% of experimental days, Figure 1). The second 

experiment began in mid-July and temperature, salinity, and dissolved oxygen remained 

consistent, similar to experiment 1, varying no more than 1% over the month-long exposure 

(Table 1). Mortality followed a similar trend to experiment 1, ramping up on day 6, peaking at 

day 10 and 11, and tailing off starting on day 14 (Figure 1). The mortality peak for experiment 2 

was greater than experiment 1 and a maximum of 140 oysters were recorded dead on day 11 

(5.6% of total remaining alive individuals). The majority of mortality (70%; 1110 oysters) 

occurred from day 6 to 18, and more than 10 oysters were recorded dead from day 3 to the end of 

the experiment on day 30 (93% of experimental days; Figure 1). Mortality in the control tanks 

was low throughout the experimental period, totaling 4% and 5% for experiment 1 and 2, 
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respectively, indicating that temperature alone was not a major source of mortality observed 

during the trials.  

 

 

Figure 1. Total number of dead oysters from all families during the 30-day exposure to a salinity 

of 2.7 and 2.5 for experiment 1 and 2, respectively. Control oysters were kept at ambient salinity 

(10.8 ± 0.059 SEM) and 26.9°C ± 0.14 SEM during experiment 1 (control for experiment 2 was 

excluded due to similarity in trend for experiment 1, and for simplicity of the graph). 
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Table 1. Details of the environmental conditions for both experiments and results of statistical analysis to compare conditions 

between experiments. Start date, end date, mean salinity, mean temperature (°C), mean dissolved oxygen (mg/L), and mean 

flow rate (L/min) for each 30-day low-salinity exposure experiment ± SEM. Note that data exclude the 2-day salinity step-

down.   

   Average ± SE 

Experiment 

Start 

Date 

End 

Date 

Salinity 

  

Temperature  

(°C) 

Dissolved Oxygen  

(mg/L) 

Flow Rate  

(L/min) 

1 4/5/18 5/7/18 2.7 ± 0.029 26.3 ± 0.0665 3.83 ± 0.0264 25.9 ± 0.775 

2 7/17/18 8/18/18 2.5 ± 0.024 27.0 ± 0.0891 4.64 ± 0.0540 27.3 ± 0.841 

 

  

*                   

t(641.6) = 7.81,    

p = 2.28e-14 

*                   

t(545.2) = -6.46,   

p = 2.23e-10 

*                        

t(208.8) = -13.5,          

p = 2.20e-16 

t(27.82) = -1.18,   

p = 0.247 
* indicates significant difference in means between experiments. 
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At the onset of each experimental exposure (day 0) when salinity reached 2.7 and 2.5, 

respectively, the majority of oysters had closed their valves. As the experiment progressed, 

oysters began filtering again and we observed new shell growth, suggesting that these oysters 

were able to exchange water and feed during exposure to extreme low salinity. For both 

experiments, there was a statistically significant effect of family on mortality (Figure 2A, 

experiment 1 ANOVA F50,88 = 4.22, P < 0.00001; Figure 2B, experiment 2 ANOVA F49,100 = 

5.67, P < 0.00001), suggesting a strong underlying genetic component (family effect) for 

survival under low salinity conditions. Mortality among families in experiment 1 ranged from 

0.05% to 57%, with a mean mortality of 23% (Figure 2A). In experiment 2, mortality ranged 

from 13.3% to 100%, with a mean mortality of 53% (Figure 2B). Overall mortality was 

significantly greater in experiment 2 (53%) than experiment 1 (23%) (ANOVA F1,49 = 103.49, 

P<0.00001) across all families (Figure 2C).  
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Figure 2. Plots showing cumulative mortality in the two low salinity exposure experiments. 

There was a statistically significant effect of family on mortality for A) experiment 1 (ANOVA; 

F50,88 = 4.22, P<0.00001), and B) experiment 2 (ANOVA; F49,100 = 5.67, P<0.00001). C) Lollipop 

plot showing significantly higher mortality for nearly all families in experiment 2 (maroon dots) 

compared to experiment 1 (navy blue dots).  

Narrow-sense heritability (h2) estimation  

Estimates of narrow-sense heritability for survival in acute low salinity were significantly 

greater than zero for both experiments using both methods. For experiment 1, heritability 

estimate using MCMCglmm was 0.34 (95% credible interval (CI) 0.18 – 0.51), and underlying 
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heritability estimate using ASReml-R was 0.40 ± 0.05 SE (Table 2). Heritability estimates for 

experiment 2 were larger than experiment 1 using MCMCglmm (0.34 for experiment 1 and 0.59 

for experiment 2), but were not statistically different from one another since the confidence 

intervals overlapped (0.18 – 0.51 for experiment 1, and 0.42 – 0.78 for experiment 2; Table 2). 

Similarly, heritability estimates for experiment 2 were nearly identical to the first experiment 

using ASReml-R (0.4), and were not statistically different from one another (SE 0.05 for 

experiment 1 and 0.15 for experiment 2; Table 2). The difference in point estimates from 

MCMCglmm and ASReml-R (underlying heritability) was larger for experiment 2 (38.4% and 

16.2% different for experiment 2 and 1, respectively), but no conclusions can be drawn about the 

significance of this difference due to the fundamental differences in methods (e.g. 95% highest 

posterior density interval (HPDI) for MCMCglmm versus standard error for ASReml-R). 

 

Table 2. Observed (ho
2) and underlying (h2) heritability estimates for experiment 1 and 2 using 

ASReml-R  SE and MCMCglmm (95% confidence interval).  

 ASReml-R MCMCglmm 

  

Observed heritability 

(ho
2) 

Underlying heritability 

(h2) 

Estimated heritability 

(h2) 

Experiment 1 0.21  0.05 0.4  0.05 0.34 (0.18 – 0.51) 

Experiment 2 0.26  0.15 0.4  0.15 0.59 (0.42 – 0.78) 

 

Simulations of 200 datasets from MCMCglmm indicate that ASReml-R underestimates 

the heritability values for both experiments (Figure 3). For experiment 1, the median 

(underlying) heritability estimate from the simulations in ASReml-R (0.33) was slightly lower 

than the median heritability estimate from MCMCglmm (0.34), but both were either identical or 

nearly identical to the simulated value (0.34) (Figure 3). The median heritability estimate of the 

simulations was substantially lower from ASReml-R (0.40) compared to MCMCglmm (0.56) for 
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experiment 2, and the ASReml-R estimate was substantially lower than the simulated heritability 

value (0.59) (Figure 3). 

 

Figure 3. Boxplot depicting the median heritability estimates for 200 simulations of the 

MCMCglmm ordinal model output using both MCMCglmm and ASReml-R for experiment 1 

and 2. Blue points represent underlying heritability estimates from each simulation in ASReml-R 

(median experiment 1 = .34, experiment 2 = .40), and black dots represent heritability estimates 

for each simulation in MCMCglmm (median experiment 1 = 0.35, experiment 2 = 0.56).  

Genetic and phenotypic correlations 

The genetic correlation between survival and shell height (mm, umbo to ventral margin) for 

individuals with data for both traits in experiment 1 was very low and not significant using both 

ASReml-R and MCMCglmm (ASReml-R -0.092 ± 0.19 SE, MCMCglmm 0.019 (-0.31 – 0.30)). 

For experiment 2, the genetic correlation between survival and height was moderate and 

significantly different than zero using both methods (ASReml-R 0.39 ± 0.15 SE, MCMCglmm 

0.45 (0.073 – 0.74)). Genetic correlations for both experiments were very similar using both 

methods (0.07 and 0.06 difference for experiment 1 and 2, respectively). Similar to the genetic 
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correlations, phenotypic correlations between height and survival were low and insignificant for 

experiment 1 using both methods (ASReml-R 0.021 ± 0.034 SE, MCMCglmm 0.019 (-0.31 – 

0.30)). On the other hand, phenotypic correlations for experiment 2 were low for both methods, 

and only significant using ASReml-R (ASReml-R 0.062 ± 0.037 SE, MCMCglmm 0.12 (-0.0010 

– 0.23)). Phenotypic correlations for both experiments were very similar using both methods 

(0.002 and 0.058 difference for experiment 1 and 2, respectively).  

Genetic correlations of survival between experiments were low and not significantly different 

from zero using both MCMCglmm and ASReml-R. For MCMCglmm, the genetic correlation for 

survival between experiment 1 and experiment 2 was -0.05 (CI -0.2 - 0.09) for the sire model and 

-0.014 (CI -0.17 – 0.13) for the dam model. For ASReml-R, the genetic correlation of the animal 

model for survival was -0.0151 ± 0.139 SE. Logliklihood did not converge for the ASReml-R 

model. The phenotypic correlation between experiments for mean family survival was not 

statistically significant (rs = 0.21; p = 0.15). 

Hemolymph osmolality 

Measurements of oyster hemolymph osmolality at the beginning of the low salinity 

experiment (experiment 2) showed that the osmolality changed over time as water salinity 

decreased, but remained similar to the ambient water osmolality at all time points (ANOVA P > 

0.05; Figure 4). At the start of the experiment (prior to step down), hemolymph osmolality was at 

its maximum level, averaging 268 mmol kg-1 across all families, and then decreased to an 

average of 94 mmol kg-1 across all families on day 0 when salinity reached 2.5 (Figure 4A). 

Hemolymph osmolality then remained relatively constant from days 0 to 8 while at a constant 

tank salinity of 2.5. While osmolality changed throughout the sampling period for all families, 

there were no significant differences in osmolality among families at any given timepoint. 
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Similarly, there was no significant association at any given timepoint between osmolality and 

rank of family survival or by survival category (top, middle, and worst performing). During the 

two-day step down, osmolality for nearly all families seemed to overshoot actual water 

osmolality (Figure 4B). After experimental salinity reached 2.5 on day 0, osmolality for all 

families was hyperosmotic to the water by no later than day 2 (Figure 4B).  

 

Figure 4. Mean hemolymph osmolality (mmol kg-1) for nine families (depicted by solid black 

lines) collected A) during the 2-day salinity step-down, and on days 0, 2, 4, 6, and 8 of low 

salinity exposure during experiment 2. Mean water osmolality across all five tanks is presented 

by the red solid line. B) Mean water osmolality across all five tanks was subtracted from mean 

family osmolality at each sampling day, and therefore the red solid line represents the osmolality 

of the water.   

Discussion 

In response to targeted aquaculture in low salinity (low disease) areas prone to extreme 

freshwater pulses and to better understand the phenotype of survival in acute low salinity and the 
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potential for breeding, we performed two exposure challenges at acute low salinity. Results from 

both challenges show a strong physiological response to survival in acute low salinity conditions, 

with mortality one week after exposure. Significantly greater mortality was observed for 

experiment 2, which coincided with a period where oysters normally undergo gametogenesis, 

possibly contributing to additional stress. While analysis of hemolymph samples from 

experiment 2 suggests that oysters were able to rapidly conform to the low salinity conditions, 

hyperosmotic trends were observed for all families after salinity became static. Variation among 

families for cumulative mortality was observed in both experiments and narrow-sense 

heritability estimates for acute low salinity survival were 0.4 - 0.59, indicating strong potential 

for subsequent selective breeding of this trait.  

Mortality trends and osmotic stress 

Exposure of families to salinities of 2.5 – 2.7 produced significant, and consistent, mortality 

in each experiment, indicating that our exposure trials are highly suitable as a model for progeny 

testing. Mortality trends from both experiments followed a similar pattern, with the highest 

mortality occurring between days 8 and 12 of exposure. Similar mortality trends have been 

observed at day 7 for Eastern oyster seed (> 35 mm) in a low salinity (1-2) exposure experiment 

(Southworth et al., 2017), and a significant increase in mortality was observed for Olympia 

oysters after 8 days of exposure to a salinity of 5 (Cheng et al., 2015). Progeny testing for 

survival in acute low salinity conditions for adult oysters (~80 mm) need only last for a ~2-week 

timeframe, after which mortality is very minimal.  

Osmotic stress may be a factor contributing to the observed mortality during our 

experiments, but the exact mechanism of death is unknown and may be multifactorial with a 

metabolic basis. Crassostrea virginica, like most marine bivalves, close their valves as a first 
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line of defense when exposed to stressful conditions (Shumway, 1996). Valve closure, even 

slightly, decreases water filtration and negatively affects feeding rates and gas exchange 

(Shumway, 1996; Casas et al., 2018). While we did not specifically quantify valve movement 

during either of our experiments, we observed open valves shortly after the onset of each 

experiment, suggesting that our mortality was not simply from prolonged valve closure. After 

initial valve closure, oysters can regulate their internal fluids to some degree by concentrating or 

diluting their extracellular fluid (hemolymph) by mobilizing intracellular free amino acids (FAA) 

to match the osmolality of the surrounding seawater as osmoconformers (Deaton et al., 1989; 

Deaton and Koehn, 1985; Pourmozaffar et al., 2019; Shumway, 1996), as shown by the 

similarity in hemolymph and water osmolality observed in our study.  

At low salinities, osmoconformers take up water by osmosis and then decrease their cellular 

FAA concentrations by diffusion of solutes through excess water from swelling (Larsen et al., 

2014; Lynch and Wood, 1966; reviewed in Pierce, 1982). This uptake of water creates a problem 

maintaining cell volumes efficient to sustain normal cell function and maintenance of cellular 

constituents (Shumway, 1996). Oysters may be able to handle the stress from the large amount of 

energy required for maintaining FAA pools, ion gradients, and for the uptake of water when 

osmoconforming to such low salinities for a short period of time (Shumway, 1996; Deaton et al., 

1989), but this stress may become overwhelming and eventually detrimental if conditions persist. 

This threshold of osmotic stress and elevated temperatures may coincide with our observed peak 

in mortality during 8-14 days of both experimental exposures, where those individuals unable to 

handle the stress perish. Differences in salinity tolerance across species, populations, and 

individuals have thus been attributed to variation in dealing with intracellular FAA pools (Pierce, 

1971a) through various bioenergetic approaches (Sokolova et al., 2012). The study of these 
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mechanisms and FAA pools will be important future work for understanding salinity tolerances 

and osmoconformation in light of the review published by Pourmozaffar et al. (2019).  

Genetic and phenotypic correlations 

Additional stress stemming from gametogenesis likely caused higher cumulative 

mortality in experiment 2 versus experiment 1 (23% vs 53%, respectively). We saw negligible 

mortality in control tanks for both experiments, indicating that temperature was not the sole 

factor driving our observed mortality. During daily mortality monitoring for experiment 2, we 

noted that many individuals had full, ‘ripe’ gonads and others were translucent from recently 

spawning. Experimentally, mortality has been observed when moving spawning oysters to a 

salinity of 3 (Loosanoff, 1952). Summer mortality events have been extensively documented in 

cultured blue mussels in the Magdalen Islands and off the Coast of British Columbia in late July 

resulting from high temperatures coinciding with major spawning events (Emmett et al., 1987; 

Myrand et al., 2000; Myrand and Guadreault, 1995; Tremblay et al., 1998). “Summer mortality” 

syndrome in the Pacific oyster (Crassostrea gigas) has been documented off the coast of France 

since 2008 and has been attributed to elevated temperature (> 19C) and physiological stress 

associated with gonad maturation (Samain and McCombie, 2008), as well as increased 

susceptibility to infection from pathogens resulting from high temperatures (17-24C) (Pernet et 

al., 2012; Petton et al., 2013). Another study showed that C. gigas displayed a reduction in 

reserves for protein synthesis, lowered immunocompetence, and lowest glycogen levels post-

spawning (Li et al., 2007), indicating a decrease in resiliency for future disease infection. 

Gametogenesis and spawning are energetically costly processes that deplete bivalves of their 

reserves leaving them more susceptible to additional environmental stressors (Lambert et al., 

2008; Li et al., 2007; Myrand et al., 2000). Therefore, the timing of low salinity events and the 
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physiological state of the oyster are critical to understanding osmotic tolerance in oyster 

populations.  

Low estimates of phenotypic correlations between shell height and survival for both 

experiments suggest that these two traits are poorly correlated at acute low salinity. The 

phenotypic correlations for both experiments were very weak (<0.12 for both methods and 

experiments), but were slightly significant for experiment 2 using ASReml-R (0.062 ± 0.0369). 

This slightly significant correlation may reflect the overall higher mortality observed during this 

experiment (more discrimination among families), or could reflect the larger metabolic and 

energetic demands required by larger oysters (Kooijman, 2010). Previous studies have found that 

market-sized oysters were more sensitive to low salinity and high temperatures than seed (La 

Peyre et al., 2013; Lowe et al., 2017; Rybovich et al., 2016). Larger oysters have less gill surface 

area per body weight available for gas exchange (Shumway, 1983), making it more difficult for 

them to meet tissue oxygen demands as temperature increases (Pörtner, 2010, 2002; Rybovich et 

al., 2016; Shumway, 1983). Clearly, mortality from acute low salinity exposure is multifactorial 

and larger individuals may be more susceptible to mortality due to their high energetic demands, 

especially when undergoing gametogenesis and spawning.  

While our phenotypic and genetic correlations were quite similar for experiment 1 (all < 

0.1), in experiment 2, genetic correlations were moderate (0.39 for ASReml-R and 0.45 for 

MCMCglmm) though phenotypic correlations were still very low (0.062 for ASReml-R and 0.12 

for MCMCglmm). The average absolute disparity (Dabs = |rp – rg|, Willis et al., 1991) between 

genetic and phenotypic correlations for experiment 2 was high, ~ 0.3, and could be a result of 

sampling error of the rg  (Kruuk et al., 2008). Additionally, a large sample size per group (i.e. per 

number of parents or from each family) is required in order to estimate genetic correlations with 
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accuracy and our experimental sample sizes per family were quite small, ranging from 56-60 and 

45-71 individuals for experiment 1 and 2, respectively (Robertson, 1959). The relationship 

between phenotypic and genetic correlations most often holds true for traits with high heritability 

(i.e. morphological traits, Hadfield et al., 2007), and our heritability estimates for shell height 

were quite high for both experiments (0.79 and 0.97 for ASRemlR and MCMC Trial 1; 0.55 and 

0.67 for ASReml and MCMC Trial 2), while our heritability estimates for survival were 

moderate (0.4 – 0.59). Additionally, the discrepancy between correlation estimates could be 

attributed to a relationship between the environmental and genetic effects, which may work in 

opposing directions, therefore resulting in a small phenotypic correlation (Hadfield et al., 2007). 

Small sample sizes, sampling error of the genetic correlation, high heritability estimates for shell 

height, and potential interactions between environmental (i.e. gametogenesis) and genetic effects 

could all be responsible for the discrepancies between our phenotypic and genetic correlations 

for experiment 2, and therefore the estimates produced should be taken with caution. While 

phenotypic correlations have long been accepted as a proxy for genotypic correlations 

(‘phenotypic gambit’, Cheverud, 1988; Grafen, 1984; Sodini et al., 2018), further research is 

needed with appropriate sample sizes to assess both the genetic and phenotypic correlations 

between these two traits in acute low salinity, as size and survival are both important factors in 

aquaculture.  

In general, one could expect family survival across the two experiments to be correlated 

since individuals from the same families were exposed to the same conditions, but experiment 1 

may have more effectively captured the effect of survival to acute low salinity, while experiment 

2 captured a more multifactorial stressor, survival in acute low salinity while undergoing 

gametogenesis. The difference between environmental factors, including those not directly 



 

47 

 

 

sampled, and physiological state of the oyster are reflected in our insignificant genetic 

correlations and weak family mean correlations in family survival between the two experimental 

trials. Therefore, it might not be appropriate to specifically test for survival at acute low salinity 

when gametogenesis becomes a complicating factor in the summer, as the model for the progeny 

test will be less useful. However, the timing of low salinity events should be taken into 

consideration for each breeding program on a site-specific basis, as late-summer or early-fall 

freshets may be more common in other locations. In Maryland, large drops in salinity are more 

likely in the spring when heavy rains are common (Schubel and Pritchard, 1986), so April might 

be a more relevant time for conducting these trials for a Maryland-specific breeding program.  

Hemolymph osmolality and osmoconformation 

The osmolality of the hemolymph samples collected during the salinity step-down and 

throughout the first eight days of exposure indicate that oysters were open and conforming to the 

changing salinity of the water (Figure 6), which is possible considering oysters can feed at 

salinities as low as 1 (Southworth et al., 2017). In this study, we observed open valves and new 

shell growth at the end of each experimental period at salinities of 2.5-2.7. The gradual step-

down may have assisted with the conformation of hemolymph osmolality to water osmolality, 

especially at such a low salinity. Hand & Stickle (1977) showed that oyster pericardial fluid 

tracked that of water salinity as it was gradually changed from 20 to 10 and back to 20 over 24 

hours, but an abrupt change in salinity from 20 to 10 caused valves to close for 19 hours. While 

differences in the duration of valve closure among families were not quantified, hemolymph 

osmolality suggests that valve closure did not inhibit adjustment to the experimental salinity.  

Once salinity reached 2.5, the hemolymph of all families was slightly hyperosmotic (Figure 

6B). Hand and Sickle (1977) saw a similar hyperosmotic trend in pericardial fluid during the 
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salinity step-down, and McFarland and colleagues (2013) saw hyperosmotic hemolymph for 2 

and 6 days after an exposure to a salinity of 10 and 5, respectively. Slightly hyperosmotic trends 

are typically seen in osmoconformers (Pierce, 1982) and may suggest a delay in ion regulation 

during drops in salinity and at extreme salinities, especially during short exposures. Measuring 

differences in FAA pools or the relative concentrations of specific ions (e.g. potassium) may 

provide a more refined explanation for our observed differences in phenotypes across families, 

and is future research worth pursuing. Our results expand on the body of literature showing that 

oysters are able to conform to changing water salinities if shell valves are open and if the change 

is gradual (Hand and Stickle, 1977; Shumway, 1977a, 1977b), even at salinities below typical 

tolerance ranges.  

Narrow-sense heritability (h2) estimation of low salinity survival  

Estimation of narrow-sense heritability using two distinct approaches produced highly 

significant values, indicating a strong genetic basis for survival in acute low salinity in the 

Eastern oyster. Survival in acute low salinity is a good candidate for a selective breeding 

program. For ASReml-R, underlying heritability estimates were the same for both experiments 

(0.4), while observed heritability estimates differed only slightly (experiment 1 ho
2 = 0.21, 

experiment 2 ho
2 = 0.26, Table 2). The lack of difference between underlying heritability 

estimates across experiments may be due to the almost identical observed estimates, but is more 

likely due to the bias and inconsistencies introduced when converting between observed and 

underlying heritability (Lynch and Walsh, 1998). The relationship and conversion between 

observed and underlying heritability depends on the sample incidence (Фp) in the population in a 

nonlinear fashion, since the probability of expressing a liability is bounded between 0 and 100% 

(Lynch and Walsh, 1998). Large overestimation of underlying heritability from observed 
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heritability has been noted in previous studies using parent-offspring regression when the 

proportion of the population affected was small, especially when Фp was smaller than 0.25 and 

larger than 0.75, and when the underlying heritability was large (Van Vleck, 1972). While we 

executed an animal model in our study, our Фp in experiment 1 (23%) may have resulted in the 

overestimation of the underlying h2 (0.4) from the observed (ho
2 = 0.21) if we consider the 

estimated h2 from MCMCglmm to be the correct heritability (0.34, Table 2). On the contrary, the 

underlying heritability for experiment 2 was lower than the estimated (ASReml-R h2 = 0.4, 

MCMCglmm h2 = 0.59, Table 2), which may be due to the inherent difficulties associated with 

using ASReml-R to fit models with binary data.  

As noted in the Results Section 3.2, there was a rather sizeable difference in estimates 

between the two methods, ASReml-R and MCMCglmm, for experiment 2, but the difference 

decreased when converting from the observed (ho
2) to the underlying scale (h2) for ASReml-R 

(Table 2, Experiment 2 observed difference = .33, underlying difference = 0.19). While we 

converted our observed heritability to the underlying scale (as reviewed by Lynch and Walsh 

1998), this conversion is poorly documented for threshold traits in the peer-reviewed literature, 

especially when estimating heritability for non-disease traits in organisms other than humans. 

Therefore, it is important to briefly discuss this in some detail and highlight the pros and cons of 

these methods when estimating heritability of threshold traits in aquaculture species.  

The discrepancy between heritability estimates from the two methods is explained by the 

difference in methods used by ASReml-R to estimate model parameters from binary data, 0 or 1. 

ASReml-R uses an approximate likelihood technique called penalized quasi-likelihood (PQL), 

also known as Schall’s technique (Schall, 1991), which requires specific integration techniques 

for binary data in order to calculate the loglikelihood and produce model outputs (Breslow and 
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Clayton, 1993). Alternatively, Bayesian procedures avoid the need for numerical integration 

because they repeatedly sample the posterior distribution according to a pre-specified prior and 

the observed data (Breslow and Clayton, 1993). The PQL method utilized in ASReml-R 

underestimates the variance components for binary data (Breslow and Clayton, 1993; Rodríquez 

and Goldman, 2001), resulting in an underestimation in the observed narrow-sense heritability 

estimate (Charmantier et al., 2011). Recently, de Villemereuil and his colleagues (2013) 

elegantly showed the underestimation of observed heritability estimates (ho
2) when using PQL on 

data simulated from known heritability values using a series of simulation studies. Additionally, 

they found that the degree of underestimation in ASReml-R increases as the true heritability 

value increases. The inherent underestimation of the random effect variance components from 

ASReml-R likely explain the large difference in our observed heritability estimations for both 

experiments (experiment 1 difference = 0.13, experiment 2 difference = 0.33), and the larger 

degree of underestimation for experiment 2 was likely due to the larger heritability 

(MCMCglmm h2 = 0.59). Our simulation studies show that ASReml-R indeed underestimated 

heritability compared to MCMCglmm for the same datasets for both experiments, and that the 

degree of underestimation increased as the true heritability increased (Figure 3). Estimating 

heritability for binary traits is more complicated than for quantitative traits and currently appears 

to be inconsistently addressed in the literature. Results from this study support previous findings 

suggesting that observed heritability estimates from ASReml-R may be biased due to model-

fitting methods in some cases, and additional sources of bias are introduced when converting 

between observed and underlying heritability. Therefore, MCMC-based animal model 

approaches may be more accurate when estimating heritability for a binary trait. 
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Prior selection is very important for Bayesian models and we briefly discuss the potential 

effects of different prior selection on our heritability estimates from MCMCglmm. Typically, flat 

non-informative priors are desired in order to induce little prior knowledge when estimating 

posterior parameters, therefore resulting in posterior estimates dominated by the observed data 

(Clark, 2005; McCarthy and Masters, 2005). Heritability estimates using both a X1
2 distribution 

(V =1, nu =1000) and an Inverse-Gamma (V =1, nu =0.002) prior were very similar for both 

experiments, which is expected as the influence of the prior distribution decreases as sample size 

increases (de Villemereuil et al., 2013). But, for both experiments, models ran with an Inverse-

Gamma prior had very small effective sizes (< 400) and the trace of the additive variance 

contained flat portions where the chain was stagnant for periods of time. Additionally, the 

density plot for experiment 2 was largely biased towards 1. De Villemereuil and colleagues 

(2013) investigated the use of different priors when estimating heritability from binary data and 

determined that the X2 distribution with 1 degree of freedom (V =1, nu =1000) had the closest 

overall distribution to a uniform distribution on heritability (Figure 2 from Appendix B, 2013). 

Our small effective sizes (< 400) and flat portions in the trace of the additive variance using the 

Inverse-Gamma prior is indicative of a strong autocorrelation between runs. Therefore, the 

Inverse-Gamma prior has an influence on the estimated posterior distribution. These results 

provide further evidence that the X2 distribution is preferable for binary data.  

Implications for breeding of acute low salinity survival in oysters 

The results of our acute low salinity experimental exposures provide important initial 

insight into the phenotype of acute low salinity survival and its underlying genetic architecture, 

yet it remains an open question whether or not this trait (survival at acute low salinity < 3) is 

distinct from less extreme, low salinity tolerance (e.g. 5-10). Genomic studies on the Olympia 
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oyster (Ostrea lurida) revealed differences in magnitude of gene expression among distinct, low 

salinity-tolerant populations in northern California following a freshet event (Maynard et al., 

2018), and Butler (1949) suggested a minimum salinity of 6 for low salinity tolerant populations 

of eastern oysters in Louisiana. There is a clear underlying genetic basis for survival at high 

versus low salinity, which was the motivation behind the creation of both a low (8 – 15) and high 

(18 – 23) salinity breeding program by the ABC program at VIMS. 

The results from our acute low salinity exposure experiments are applicable for populations 

of oysters that live in areas where freshwater inputs from local rainfall, storm events, and water 

management infrastructure leave oysters exposed to salinities < 3 for short (1 – 4 week) periods 

of time, such as those in the northern, Maryland portion of the Chesapeake Bay, and in other 

estuarine and coastal systems (i.e. Louisiana, FL, NY, CA). Extreme low salinity conditions for 

extended periods of time (e.g. days to weeks) will most likely have negative effects on feeding, 

growth, overall production and meat yield, making these regions more challenging for consistent 

oyster aquaculture production. It is also important to think about seasonal timing of these freshet 

events, as a freshet occurring in the winter or spring could affect the timing and progression of 

reproduction, whereas a freshet event in the summer could result in more substantial mortality 

events. Previous work suggests a benefit of winter and spring freshet events for reducing P. 

marinus infection intensity, prevalence, and subsequent oyster mortality (La Peyre et al., 2003), 

and recent work in Breton Sound, LA indicate fewer negative impacts on oyster growth and 

survival when extended low salinity events occur in the late spring and early summer when water 

temperature is < 25C (La Peyre et al., 2013). Oysters selected for these extreme low salinity 

conditions could be interbred with other low or moderate salinity-tolerant populations to increase 

their adaptability and fitness in the event of a freshwater event. Understanding the mortality 
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trends, shifts in osmolality, and other physiological traits at extreme salinities could provide a 

more detailed understanding of salinity tolerance in general and the potential limits to adaptation 

and stress tolerance in this highly adaptive species. Furthermore, salinity tolerance might be a 

product of multiple physiological or genetic pathways and understanding which are most 

important and how they respond to salinity stress could enhance future breeding programs.  

Genomic analysis of the genes or gene regions associated with acute salinity survival or 

susceptibility would be a logical next step to further our understanding of this trait. Results from 

our exposure experiments reveal that oysters can survive in nearly freshwater conditions for up 

to a month, which is longer than most naturally occurring freshwater events in the wild, though 

we have recently seen an unusually long period of low salinity in the upper Chesapeake Bay in 

2019 (NOAA, 2019). Due to these changing conditions, our results are timely and it is worth 

considering the role of plasticity when it comes to salinity tolerance in oysters and how to breed 

for variable salinity stress (high or low) as our climate continues to become more variable with 

more severe weather events. It is especially important to think about salinity tolerance for 

populations in Maryland, as annual mean precipitation and temperature have been above average 

this century, and are predicted to continue increasing (Runkle et al., 2017).  

Conclusions 

The results from this study suggest that survival in acute low salinity is a heritable trait and 

suitable for selective breeding. Results also suggest that progeny testing for a 2-week timeframe 

at our experimental temperature (27C) and salinity (2.5) will efficiently capture mortality trends 

for adult individuals (~80 mm in shell height). The differences in estimates between our 

experiments suggest that a program selecting exclusively for acute low salinity survival should 

be conducted when additional, potentially confounding, effects are minimal (i.e. temperature, 
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gametogenesis, etc.), and progeny testing should be conducted on a site-specific basis depending 

on the timing of local freshet events. When estimating heritability of binary traits, such as acute 

low salinity survival, it is important to consider the potential pitfalls of the methods available and 

to run multiple analyses with varying approaches to ensure the estimate is accurate. As 

aquaculture expands into lower salinity regimes, there is a greater need to understand the 

metabolic and physiological mechanisms (regulation of free amino acids pools) underlying 

optimal survival and growth in these regions.  
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Chapter 3: Evaluating a progeny test and investigating physiology 

associated with survival in extreme low salinity for the eastern oyster 

Crassostrea virginica 

Abstract 

Low salinity negatively impacts growth and survival in the eastern oyster, which decreases 

productivity of aquaculture operations along the mid-Atlantic and Gulf Coasts of the United 

States. With heavy rainfall events predicted to increase, coastal aquaculture operations face 

increased risk of prolonged exposure to extreme low salinity conditions. While recent research 

has determined that survival in extreme low salinity (< 3) is a moderately heritable trait in the 

eastern oyster, further challenges were conducted to investigate the importance of challenge 

duration and temperature on the survival phenotype and estimation of its genetic parameters. 

Growth and feeding rate were also assessed to investigate physiological phenotypes associated 

with differential survival in extreme low salinity. Individuals from 51 half-sibling families were 

exposed to either a short-term low salinity (2.5) challenge at constant temperature (27°C) for 2 

months, or a chronic low salinity (2.5) challenge where temperature was adjusted daily to match 

local ambient conditions for 6-months. Differential mortality was observed across families for 

both the short-term (2 month) and chronic (6 month) low salinity challenge, and narrow-sense 

heritability estimates were similar for both challenges (short-term h2 = 0.35, chronic h2 = 0.4). A 

strong phenotypic (rS = 0.89) and genetic (rG = 0.81) correlation for family mortality were found 

between challenges. Non-linear curves fit to the rate of algal removal by individual oysters 

during a 24-hour feeding experiment revealed differences in feeding among families that were 

correlated to, and predictive of, family survival in the chronic low salinity exposure. Growth was 

negligible during the chronic challenge. Overall, this work shows that a short-term (2 month) low 

salinity (2.5) challenge at a constant temperature captures the same patterns of family mortality 
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as a 6-month, temperature fluctuating challenge. Additionally, measuring individual oyster 

feeding rate and the parameters derived from the feeding curves may be used as a phenotypic 

proxy for longer-term survival during the extreme low salinity challenge.  

Introduction 

Environmental extremes associated with climate change pose risks to the United States 

aquaculture industry. In coastal areas, large freshwater pulses are common following heavy 

rainfall and storm events (Andrews et al., 1959; Cheng et al., 2015; Du et al., 2021; Engle, 1946; 

Schubel and Pritchard, 1986; Southworth et al., 2017), or resulting from anthropogenic activities, 

such as freshwater diversions (Brammer et al., 2007; Butler, 1952a, 1949; Gledhill et al., 2020; 

Gunter, 1953). These pulses of freshwater can expose local eastern oyster (Crassostrea 

virginica) aquaculture operations to extreme low salinity (< 5) conditions for extended periods of 

time. Eastern oysters (Crassostrea virginica) perform best at intermediate salinities ranging from 

14-28 (Shumway, 1996), and a lower optimal range (~ 9 – 16) has been proposed for populations 

where freshwater input dominates the hydrodynamics of the system (e.g. La Peyre et al., 2016; 

Lowe et al., 2017; Rybovich et al., 2016). However, severe drops in salinity (< 5) can result in 

rapid, mass mortality events (Andrews et al., 1959; Beaven, 1946; reviewed in Du et al., 2021; 

Gledhill et al., 2020; Munroe et al., 2013; Southworth et al., 2017).  

Understanding the physiological changes of oysters in response to extreme low salinity 

may shed light on the direct mechanisms responsible for survival in low salinity. In eastern 

oysters, valve opening, respiration, feeding, and clearance rates decrease with decreasing 

salinities (Casas et al., 2018b; Loosanoff, 1952; Shumway and Koehn, 1982), and one study 

suggests that feeding ceases completely at salinity <3 (Loosanoff, 1952). A recent modeling 

study predicted that low salinity impacts physiology and life history traits mainly through effects 
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on filtration rates (Lavaud et al., 2017). Decreased valve opening and the inability to filter, or the 

inability to filter effectively, in extreme low salinities would result in a deficit of energy required 

to maintain necessary biological functions, which may inevitably result in mortality. Therefore, 

measuring the removal of algae from the water over time is a phenotype worthy of examination 

in the context of low salinity testing and breeding. Additionally, a filtration/feeding phenotype 

may serve as a proxy for overall low salinity performance or survival, making for a more rapid 

and cost-effective test of individuals at low salinity.   

Oyster aquaculture operations are negatively impacted by major reductions in growth 

experienced in low salinity environments (La Peyre et al., 2013; Leonhardt et al., 2017; 

Loosanoff, 1952; Lowe et al., 2017; Rybovich et al., 2016). Reductions in growth can delay the 

harvest and selling of a farmer’s crop, thereby lowering a farm’s profits while also limiting 

overall farm space due to crop surplus (Hudson, 2019; van Senten et al., 2019). While avoiding 

coastal environments that frequently experience extreme low salinities might seem like an 

obvious solution to a farmer, coastal regions are considered more suitable for oyster aquaculture 

due to the consistency of dissolved oxygen levels, as offshore (deep water) is associated with 

lower dissolved oxygen in the summer (Beckensteiner et al., 2020; Theuerkauf and Lipcius, 

2016). Moreover, coastal areas with lower salinity conditions, salinity ~ < 12, can provide a 

refuge from some predators and the parasites Haplosporidium nelsoni and Perkinsus marinus, 

which cause MSX and Dermo disease, respectively, in oysters (e.g. Andrews, 1964; Burreson 

and Ragone Calvo, 1996; Shumway, 1996). Dermo outbreaks can result in greater than 50% 

mortality for a localized population or aquaculture operation (Craig et al., 1989). Thus, these low 

salinity regions provide a refuge from disease and increase the chances of individual oyster 

survival.  
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Survival in extreme low salinity has a strong genetic component. Low salinity survival 

was determined to be a different trait than high salinity survival (Allen et al., 2021). 

Additionally, a series of extreme low salinity challenge experiments (< 3) revealed differential 

survival among half-sibling families selectively bred for low salinity survival (McCarty et al., 

2020) and between four F2 families (McCarty et al., 2021). Results also suggest that survival in 

extreme low salinity is a moderately heritable trait (h2 = 0.4 – 0.5), and adult oysters (> 80 mm) 

can survive in these extreme conditions for a full week before significant mortality starts to occur 

(McCarty et al., 2021, 2020). A moderate heritability value for a trait implies that differences in 

the genetics underlying that trait account for the observable differences in the trait phenotypes 

(Falconer and Mackay, 1996). Thus, survival in extreme low salinity is a good candidate for 

incorporation into a selective breeding program. 

Selective breeding programs can be labor intensive and costly to run due to the 

challenges associated with phenotyping animals and developing reproducible progeny tests that 

yield high-quality phenotypic data.  Initially, an appropriate and effective progeny test has to be 

carried out in order to elicit a variable phenotypic response across related individuals to make 

estimates of the genetic parameters underlying a trait (Falconer and Mackay, 1996; Lynch and 

Walsh, 1998). These tests require adequate facilities or grow-out sites to hold a large number of 

testing individuals that have a known (pedigree) or determinable (molecular marker-based) 

relationship structure (Allen et al., 2020). Field or laboratory-based trials can be costly due to the 

large sample sizes and large genotyping effort required to achieve enough power, as well as the 

personnel required to monitor and maintain animals during the trial. Moreover, traditional 

pedigree-based tracking requires more space and effort because families must be kept separate at 

all times (Allen et al., 2020). Trials performed in a laboratory setting may incur additional costs, 
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such as access to a natural or supplemented food supply, supply and filtration of natural 

seawater, and other necessary experimental adjustments (i.e. oxygen, temperature, salinity). A 

progeny test for extreme low salinity was previously developed (McCarty et al., 2020), but we 

are also interested in how a longer challenge with naturally fluctuating (ambient) temperature 

might be more realistic given the acuteness (1 month) and relatively high temperature of 

previous challenges. Performing a longer challenge at fluctuating temperatures permits the 

examination of extreme low salinity exposure duration and exposure temperature on survival, as 

the impact of temperature is a critical factor that drives mortality during low salinity exposure 

events (La Peyre et al., 2013; Loosanoff, 1952; Southworth et al., 2017).   

In order to fine-tune a progeny test for survival in extreme low salinity and to investigate 

additional phenotypes related to low salinity performance, we performed two challenges (salinity 

< 3) for 2 and 6 months. During a 6-month challenge at a salinity of 2.5, temperature was 

adjusted daily to match that of ambient conditions that year in the field, while temperature 

remained constant (27 °C) for the 2-month challenge. During the 6-month challenge, feeding rate 

and growth were recorded for a subset of individuals. In addition to fine-tuning the low salinity 

challenge conditions, this work attempts to understand how key physiological phenotypes of 

oysters (i.e. removal of algae from the water column) may be associated with performance under 

low salinity stress.  

Methods 

Production of low salinity lines and breeding design 

Full-sibling diploid families were created at the Aquaculture Genetics and Breeding 

Technology Center (ABC) at the Virginia Institute of Marine Science in mid-April 2018 (Allen 
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et al., 2021). In brief, animals from the ABC low salinity family lines were strip spawned and 

mated in a 2 x 2 design, where every female is crossed with 2 different males and every male is 

crossed with 2 different females. Therefore, some families may share either parent with another 

family, making them half-siblings. Larvae were reared and fed following ABC protocols (Allen 

et al., 2021), and individuals from a total of 51 families were transferred from the Coan River, an 

upstream tributary of the Potomac River in Maryland, USA, to Horn Point Laboratory (HPL), 

MD, USA in March 2019. Families were brought immediately into the laboratory and kept in 

tanks with flow-through, ambient water from the Choptank River, MD, USA (salinity 9.76 ± 

0.11 standard error of the mean (SEM), temperature 6.56 ± 0.28 °C SEM) until experimentation 

began in April 2019.  

Laboratory-based low salinity challenges 

Two low salinity challenges were conducted following the same procedures described by 

McCarty and colleagues (2020), but with a few modifications. Before the challenge began, 

oysters were approximately 1-year old and averaged 38.10 ± 0.18 mm SEM. The first challenge 

(referred to as the ‘chronic’ challenge) began on April 1st, 2019 after oysters from the 51 families 

were acclimated in Taylor floats for a week under laboratory conditions. For each family, oysters 

were separated into two identical-sized replicates depending on the total number of individuals, 

which ranged from 110–210 animals total. After 29 days in the chronic challenge, 60 oysters 

from each family were removed for the short-term challenge (see below for details). Replicates 

were randomly assigned to plastic baskets within one of twelve floats for each family, and floats 

were randomly assigned to one of four tanks to begin the challenge. Salinity was manually 

decreased gradually over a two-day period to a desired level of 2.51 ± 0.03 SEM. Salinity was 

monitored daily by point sampling using a YSI-85 handheld multimeter (YSI Incorporated, 
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Yellow Springs, OH, USA) and adjusted by mixing ambient, Choptank River water (salinity 6.78 

± 0.11 SEM) and well water (salinity 0) to maintain levels within 0.5 of the target salinity under 

flow- through conditions. Temperature was checked and adjusted daily by heating or cooling the 

well water to track that of local ambient conditions in the Choptank River, Chesapeake Bay. 

Over the chronic challenge period, temperature gradually rose and fluctuated from 7.9°C to 

30.3°C, with temperature peaking on July 21st. Oysters remained at this desired salinity and 

corresponding ambient temperature for 168 days (~ 6 months). Across all tanks, water flow 

averaged 0.476 L s-1 ± 0.00928 SEM and dissolved oxygen averaged 6.58 mg L-1 ± 0.054 SEM 

throughout the challenge. Oysters were inspected weekly to check for mortality and shell height 

(hinge to bill) was recorded for all dead individuals. During the challenge, flow-through 

Choptank River water supplied some natural phytoplankton, but diet was also supplemented 

every 3 days with Shellfish Diet 1800® (Reed Mariculture, Campbell, CA, USA) at a ration of 

1.5% grams of oyster dry weight. Flowing river and well water were shut off for a period of two 

hours during feeding. Tanks were drained and scrubbed weekly to reduce accumulation of 

sediment and floats were rotated among tanks once a week after mortality was assessed. Once a 

month for a total of 6 sampling time points, a subset of 25 individuals from each replicate (total 

of 50 per family) were measured for shell height (mm) to track growth throughout the duration of 

the experiment.  

A control tank containing 500 oysters, 70 individuals each from six of the half-sibling 

families and 80 wild oysters from the Choptank River (Shoal’s Creek, MD), were maintained in 

a separate float and tank with continuous, flow-through river water at ambient salinity and 

temperature ranging from 5 – 11.5 and 7.9°C – 30.3°C, respectively, for the duration of the 

chronic exposure. Dissolved oxygen averaged 7.18 mg L-1 ± 0.13 SEM in the control tank during 
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the 6-month exposure period. Mortality was not directly measured for these individuals 

considering the very minimal mortality observed in two previous experiments (McCarty et al., 

2020), but monthly assessment of these individuals during growth measurements revealed very 

minimal, if any, mortality. Growth was assessed monthly during the 6-month exposure on a total 

of 150 individuals, 25 from each of the half-sibling families.  

On April 29, 2019, 30 oysters from each replicate, totaling 60 per family, were removed 

from the chronic low salinity challenge and transferred for a separate, short-term low salinity 

challenge (referred to as the ‘short-term’ challenge). Individuals were removed from the chronic 

challenge at a salinity of 2.7 ± 0.10 SEM and temperature of 17.9°C ± 0.03 SEM on transfer day 

(day 26 of chronic exposure). Mortality before being transferred to the short-term challenge was 

very minimal, 1.82% of the total starting population (mortality was low during this period 

because ambient temperature was <20°C; e.g. Southworth et al., 2017). For the short-term 

challenge, nine plastic baskets in three Taylor floats were divided into two halves using 1-inch 

vinyl coated wire mesh cage material. Families (no replicates) were randomly assigned to a 

plastic basket section and all three floats were placed in the same 6-ft diameter tank already at 

the target salinity (~ 2.5) and temperature (~ 27 °C). Salinity and temperature were maintained at 

2.41 ± 0.30 SEM and 27.8°C ± 0.19 SEM, respectively, throughout the short-term challenge. 

Salinity and temperature levels were assessed daily with a YSI-85 and adjusted to maintain 

within 1 ppt and 1°C. Dissolved oxygen was monitored daily and averaged 6.41 mg L-1 ± 0.063 

SEM throughout the challenge. Floats were pulled and mortality was checked every 4 days for 

60 days. Feeding was identical to the chronic challenge, except supplementation with Shellfish 

Diet 1800® occurred every other day to replicate the feeding schedule during the two challenges 
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from McCarty et al. (2020). Water flowed through the tank at an average of 0.527 L s-1 ± 0.0108 

SEM throughout the short-term challenge.  

Statistical analyses for low salinity challenges 

A two-way ANOVA was conducted to analyze the effect of family (51 families) and sampling 

month (7 time points) on individual height (mm; 50 individuals per family) during the chronic 

low salinity challenge to investigate differences in growth across families. A separate two-way 

ANOVA was conducted for individuals (N = 25 per family) from the six families in the control 

tank to assess differences in growth among families held at ambient conditions. Correlations 

between family mean shell height (mm) before the exposure began (March) and family 

cumulative survival in the chronic challenge were assessed using a Spearman’s rank correlation 

test in the ‘Hmisc’ package (‘Hmisc’ version 4.3; Harrell, 2021). All computations were 

performed using the R statistical software (version 3.6.1; R Core Team, 2020). 

Estimation of quantitative genetic parameters 

Underlying narrow-sense heritability (h2) was estimated for the liability (survival) in each 

challenge independently using ASReml-R (Butler et al., 2017; McCarty et al., 2020; Wilson et 

al., 2010). Replicate and float were incorporated into each model accordingly as fixed effects to 

account for any additional variation introduced from the experimental blocking structure. 

Phenotypic correlations (rs) between the two challenges were investigated using a Spearman’s 

rank correlation test using the ‘Hmisc’ package (‘Hmisc’ version 4.3; Harrell, 2021), and a 

bivariate model was run to investigate genetic correlations (rg) between the two challenges using 

ASReml-R (Wilson et al., 2010). All statistical analyses were conducted using the R Statistical 

Software (R version 3.6.1; R Core Team, 2020). 
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Feeding rate experiment  

Removal of algae from the water column (feeding) was measured for individual oysters 

at four time points during the chronic exposure. Oysters were exposed to the chronic challenge 

for five weeks before feeding (algal removal) was assessed. Three to five individuals per family 

for 31 of the 51 families were examined for feeding behavior across four days: May 13, 20, 22, 

and June 20. Individuals were sampled over multiple days to maximize the number of families 

and individuals sampled. Families were chosen based on survival in the chronic challenge, 

ensuring families with both high and low survival rates were selected. Seven of the 31 families 

sampled had high survival at the end of the chronic exposure, meaning their family cumulative 

survival was in the top 10 of all families (88 – 97% cumulative survival). Eight of the families 

sampled had low survival (bottom 10 of families) in the chronic challenge (35 – 63% cumulative 

survival) and the remaining 16 families had cumulative survival values between the top 10 and 

bottom 10 performing families. Artificial seawater for the experimental beakers was produced by 

salting deionized water to a salinity of 2.5 with Crystal Sea® Marinemix (Marine Enterprises, 

Baltimore, MD), and a bubbler was added to each beaker to supply air (oxygen) and keep 

phytoplankton mixed. Water temperatures ranged from 20.7°C to 24.7°C across the four 

experimental days. A subset of individuals was tested on multiple sampling days to investigate 

how day and temperature affected individual feeding performance.  

 On each experimental day, live algae (Chaetoceros muelleri) from the Horn Point Oyster 

Hatchery (Cambridge, MD) were added to beakers of artificial seawater at a salinity of 2.5. 

Algae were added to each 800 mL beaker in 1 mL increments until the FluoroSense™ Handheld 

Fluorometer (model # 2860-000-C, Turner Designs, San Jose, CA) reading reached just below 

the maximum detection limit (199 μg/L). Subsamples of water were collected from the beaker 
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after each incremental algae addition and algal cells were counted (cells/ml) in triplicate on a 

Levy Improved Neubauer hemocytometer (Hausser Scientific, PA) using an Olympus BX41 

microscope at 20X magnification. To determine the statistical relationship between chlorophyll 

concentration (μg/L) measured by the fluorometer and the mean cell concentration (cells/mL) 

measured from triplicate hemocytometer counts, standard curves were calculated using ordinary 

least squares regressions through the origin using the stats package (version 4.0.2) in the R 

statistical software (version 3.6.1; R Core Team, 2020). Separate serial dilutions and standard 

curves were calculated for each feeding day, except for the last day (June 20th, Figure 1). The 

relationship between chlorophyll (μg/L) and algal concentration (cells/mL) was strong (R2 > 

0.94) and did not differ among days (ANCOVA p > 0.15), thus data were combined for the 

standard curve used on the 4th (June 20th) feeding day (Figure 1).  

 

Figure 1. Relationship between algal (average of triplicate hand counts; cells/mL) and 

chlorophyll concentration (ug/L) for the serial dilutions from the feeding analysis trials. The 

equations determined from the ordinary least squares regression lines (in plot) were forced 

through the origin and the shaded region represents the 95% confidence interval of the regression 
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equation. The plot and regression equation for June 20th include all data from the three previous 

experiments (i.e. all data combined). Error bars represent SEM for the triplicate hand counts. 

 

After the correct volume of algae was added to each beaker (~ 9 – 11 mL; ~75,000 

cells/mL), each individual oyster was removed from the chronic low salinity challenge and 

gently scrubbed to remove living organisms and detritus. Oysters were then placed into 

individual beakers and beakers were randomly positioned on the benchtop. Fluorometer readings 

were taken in duplicate for each beaker by lowering the FluoroSense™ to the designated line on 

the device (~ 2 inches below the surface) at time 0 when oysters were first placed in the beaker, 

and at 3, 6, 9, 12, 15, and 24 hours after experimentation began. Before returning individuals to 

the chronic challenge after sampling, Floy® Custom UV Protected Vinyl Laminated oval 

shellfish tags (Seattle, WA) were adhered near the hinge of each organism using Loctite® Super 

Glue Liquid (Westlake, OH) to track individual survival. Triplicate beakers with no oysters were 

used as a control for each experimentation day to account for any cell sinking or sticking to the 

sides of the beaker. We also tested control beakers with empty oyster shell to assess the effect of 

shell presence on algae concentration, but no differences in algae depletion was observed. Thus, 

we report data only from the control beakers with no shell. Algal removal rate was assessed for 

individuals (N = 3) from three of the half-sibling families and from the wild population in the 

control tank (salinity ~6). All individuals depleted all the algae within the first 4 hours of testing 

and feeding analysis on ambient individuals was not replicated. 

Statistical analysis of feeding rate experiment  

Fluorometer readings (μg/L) were converted to cellular abundance estimates (cells/mL) 

using the standard curves described above. For each individual oyster, we calculated three 
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metrics of algal removal for subsequent analysis: average feeding rate (FRavg), maximum algal 

removal rate (rmax), and time to 50% algal depletion (D50). We then took an average of these 

three metrics for all individuals within a family to investigate relationships between feeding rate 

and survival in the chronic low salinity challenge.  

To determine the average feeding rate for each individual, feeding rates (FR, cells/mL/hr) 

were calculated at each time interval (i.e. 0–3 hours, 3–6 hours, etc.) and rates were normalized 

to individual shell height (mm; Coughlan, 1969; McFarland et al., 2013; Riisgård, 1988): 

FR =( 
𝑉

𝑡
 * (ln(

𝐶0

𝐶𝑡
) - A) )/ L 

where V= volume of water in liters, t is elapsed time in hours, C0 is the initial concentration 

(cells/mL), Ct the algal concentration at the given sampling time, A is the average algal cell loss 

across the three control jars for the specified time interval (i.e. ln(
𝐴0

𝐴𝑡
)), and L is the shell height 

(mm) of each individual. Normalization was conducted using shell height because there were not 

enough oysters for destructive, dry weight sampling. An average feeding rate was calculated for 

each individual by averaging the series of feeding rates (FRavg = average feeding rate). Feeding 

rates for time intervals where algae was already depleted, and therefore fluorescence was not 

measured, were excluded from the overall average.  

Locally estimated scatterplot smoothing (LOESS) splines were used to determine two 

additional feeding rate metrics for each individual: the time to deplete half (50%) of the algae in 

each beaker (D50) and the maximum algal removal rate (rmax). For each individual, LOESS 

splines were estimated for the concentration of algae (cells/mL) present over the 24-hour period 

using the stats package (version 4.0.2) in the R statistical software (version 3.6.1; R Core Team, 

2020). All LOESS curves were estimated with a span of 1 for maximum smoothing of each 

curve. The splines were used to determine the time at which 50% of the starting algae 
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concentration was depleted for each individual. Maximum algal removal rate for each individual 

was estimated as the derivative at the steepest part of the LOESS curve. The absolute value of 

rmax was used to make this value positive (i.e. the slope or rate of algal depletion is a negative 

value) and individual D50 and rmax were divided by individual shell height for size normalization.  

A family average was taken for each of the three algal depletion metrics. Ordinary least 

square regressions using the glm package (stats version 4.0.2, R version 3.6.1; R Core Team, 

2020) were performed to determine if family FRavg, family D50, and family rmax were predictive 

of family cumulative survival in the chronic (6-month) low salinity challenge. Family cumulative 

survival (proportion between 0 and 1) was logit transformed before regression analyses to make 

the variable normally distributed. Lastly, paired t-tests were run on the three feeding metrics 

(FRavg, D50, and rmax) for individuals (N = 4) that were repeated on multiple days to assess the 

effect of experimental day on the measured metric (i.e. effect of varying temperature and other 

experimental design factors).  

Results 

Experimental results and trends in mortality for the two low salinity challenges 

Differential mortality was observed between the 51 half-sibling families during both 

challenges at a salinity of ~2.5 and at a temperature of 27 °C (short-term challenge) and at a 

fluctuating temperature (chronic challenge). Before individuals were moved from the chronic to 

the short-term challenge, cumulative mortality for all families was < 4%, except for one family 

(family 83), where mortality was 8.5%. Mortality in the short-term challenge peaked on day 43 

of exposure with 250 oysters recorded dead across all families (39% of total mortality, Figure 

2A). A total of 635 oysters were recorded dead at the end of the 2-month challenge, representing 
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21% of the total experimental population. During the 6-month challenge, a total of 1,712 oysters 

died representing 25.8% of the total experimental population. Two spikes (peaks) in mortality 

were observed during the chronic exposure, one on day 61 (June 3, 134 dead oysters, 8% of 

mortality) at a temperature of 24.1 °C, and the other spike occurred on day 112 (July 24, 235 

dead oysters, 14% of mortality) at a temperature of 28 °C (Figure 2). Temperature was greater 

than 27°C for 27 days, beginning on day 86, before the second mortality spike was observed on 

day 112. 

 

Figure 2. Number of dead individuals throughout the two low salinity challenges. A) Daily 

mortality (solid black line) and temperature (℃, dotted black line) during the A) short-term, 60-

day challenge, and B) chronic, 168-day challenge.  

 



 

71 

 

 

A two-way ANOVA revealed no statistically significant interaction between the effects 

of family and sampling month on individual height (ANOVA, F300,17328 = 1.062, p = 0.221). 

Main effect analysis showed a statistically significant effect of both family (ANOVA, F50, 17328 = 

98.12, p < 0.001) and sampling month (ANOVA, F6, 17328 = 56.80, p < 0.001) on individual 

height, likely due to the significant differences in family height before the chronic challenge 

began (F50,2493 = 18.12, p < 0.001). A two-way ANOVA revealed a statistically significant 

interaction between family and sampling month on individual height (F30,1008 = 2.4465, p  

=< 0.001) in the control tank at ambient salinity. There was no correlation between mean family 

height pre-exposure (March, mm) and family cumulative survival in the chronic challenge (rs = -

0.168, p = 0.236). Families in the control tank grew an average of 26.09 mm over 6 months at 

ambient conditions, while families in the chronic challenge shrunk an average of 3.025 mm.  

Narrow-sense heritability (h2) and correlations across challenges 

In the chronic challenge, family mortality ranged from 2.72% to 65.3% with a mean 

cumulative mortality of 25.2% across all families (aqua bars, Figure 3A). In the short-term 

challenge, mortality among families ranged from 0% to 63.3% with a mean cumulative mortality 

of 20.75% across all families (black bars, Figure 3A). Family survival was similar between the 

two challenges (Figure 3B). Nine of the ten families with the highest mortality (lowest surviving 

ten families) in the chronic challenge were also in the top ten for highest mortality in the short-

term challenge. Similarly, six of the ten families with the lowest mortality (highest surviving ten 

families) in the chronic challenge were also in the top ten for lowest mortality in the short-term 

challenge. 
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Figure 3. Family mortality during the two low salinity challenges. Cumulative family mortality 

(%) from A) the short-term (black) and the chronic challenge (aqua), and B) a lollipop plot 

depicting similar family mortality across the two lab challenges. 

 

Underlying narrow-sense heritability estimates were moderate for both challenges and 

were both significantly different than zero. Narrow-sense heritability was 0.3505 ± 0.026 for the 

short-term challenge, and 0.4093 ± 0.036 for the chronic challenge (Table 1). There was a large 

and statistically significant phenotypic correlation for family mortality (% mortality) between the 

two challenges (rS = 0.81; p < 0.0001; Figure 4, Table 1). Similarly, the genetic correlation 

between family mortality for the two experiments was also very large and statistically significant 

(0.89 ± 0.07, Table 1). 
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Figure 4. Scatter plot displaying correlation in cumulative mean family mortality (%) between 

the chronic and short-term challenges. Spearman rank correlation coefficient (rs) and significance 

value is displayed in the bottom right, and shading represents the 95% confidence interval for the 

ordinary least square regression equation. 

Table 1. Narrow-sense heritability (h2 ± SE) and correlations between 

mortality in the two challenges. Phenotypic correlations (rS), and 

genotypic correlations (rG ± SE) using the animal model in ASReml-R.  

 h2  rG rS 

Chronic 0.4093 ± 0.036 -0.89 ± 0.07 0.814 

Short-term 0.3505 ± 0.026    

    

Feeding rate analysis 

Most oysters across the 31 families (FRavg > 0 for 87% of oysters examined) fed at a 

salinity of 2.5, reducing the concentration of algae in the experimental beaker over the 24-hour 

sampling period. Oysters that were measured (repeatedly) across multiple experimental days (N 

= 4) had very similar feeding rate metrics, including rmax (paired t-test, t(4) = 0.523, p > 0.1), 

FRavg (paired t-test, t(4) = -1.02, p > 0.1), and D50 (paired t-test, t(4) =  2.14, p = 0.1). The rate of 

decline in phytoplankton concentration (cells/mL) over time generally demonstrated a sigmoidal 
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relationship, in which algal concentration was high and unchanged initially (oysters slow to 

feed/filter during the first few time points) before dropping over time as oysters filtered and 

removed algae from the water column (Figure 5). However, the rate at which cells were removed 

varied greatly among individual oysters. Individuals from families with high cumulative survival 

during chronic low salinity exposure removed algae over a relatively shorter duration of time and 

almost always depleted the entire concentration of starting algae (green curves; Figure 5). In 

contrast, individuals from families with low cumulative survival in the challenge removed a 

smaller portion of the initial concentration, at lower rates on average, and some families failed to 

reach 50% algae depletion (red curves; Figure 5).  

 

Figure 5. Algae concentration (cells/mL) over 24 hours for 6 families sampled for algal removal 

at a salinity of 2.5. Individual replicates are depicted by different line types and grouped together 

by family. Lines are color-coded based on the relative ranking of survival across all families, red 

indicating lowest survival (bottom ten surviving families) and green indicating highest ranking 

survival (top ten surviving families).  
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Family average feeding rate normalized for individual height (FRavg; cells/mL/hr/mm) 

ranged from 0.0893 – 14.69 cells/mL/hr/mm, with an average family FRavg of 4.710 

cells/mL/hr/mm. The association between family FRavg and family mean survival (logit 

transformed) in the chronic (6-month) low salinity challenge was marginally significant at the 

alpha 0.10 level (p = 0.08; Figure 6A). Family maximum algae removal rate normalized for 

individual height (rmax; cells/hr/mm) ranged from 76.29 – 290.0 cells/hr/mm with an average 

family rmax of 172.7. Family rmax was significantly associated with survival in the chronic 

challenge (p = 0.035, Figure 6B). While both associations explained only a small proportion of 

the variation (10 – 14%), results indicate that both a higher family average feeding rate and a 

higher maximum algal removal rate are associated with higher family survival during low 

salinity exposure (Figure 6A, B). Family average time to deplete 50% of the starting algae 

concertation normalized for individual height (D50; h/mm) ranged from 0.0632 to 0.4948 hr/mm 

with an average family D50 0.2597 hr/mm. The association between family D50 and family mean 

survival was just above the alpha 0.10 significance level (p = 0.15) and explained a small portion 

of variation (7%; Figure 6C). A total of 35 (19.7%) individuals labeled after the feeding rate 

assessment died after being returned to the chronic challenge. Individuals that died had an 

average FRavg of 3.547 cells/mL/hr/mm, an average rmax of 128.1 cells/hr/mm, and an average c50 

of 0.3135 hr/mm. Thirteen oysters that died (37%) never reached the 50% depletion mark. 

Feeding metrics were highly associated to one another (all p-values < 0.01 and R2 values ranged 

from 0.22 – 0.54; Figure 6D - F), indicating they represent similar feeding phenotypes.  
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Figure 6. Scatter plots and ordinary least square regression lines of family mean survival (logit 

transformed) against A) family average feeding rate (FRavg) (cells/mL/hr/mm), B) family average 

maximum algal removal rate (rmax) (cells/hr/mm), and C) average time for each family to deplete 

50% of the starting algae concentration (D50) (hr/mm). Regressions between the three feeding 

metrics are displayed in the bottom row (D-F). D) Family D50 regressed against family rmax 

(cells/hr/mm), and family FRavg (cells/mL/hr/mm) against E) rmax (cells/hr/mm) and F) family 

D50 (hr/mm). Grey areas indicate the 95% confidence interval of the regression equations.  

Discussion 

A short-term (2 month) and chronic (6 month) challenge at extreme low salinity (<3) was 

conducted to investigate the effect of challenge duration and varying temperature on oyster low 

salinity survival. During the 6-month challenge, temperature was adjusted daily to mimic the 

natural, seasonal variation in temperature experienced from Spring to Fall in the Choptank River, 
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MD.  Furthermore, the chronic challenge allowed for the decoupling of the two stressors (high 

temperature and low salinity), as extreme low salinity (< 3) and high temperature (27°C) were 

explicitly tested during the short-term challenge. Similar to results from previous extreme low 

salinity challenges (e.g. McCarty et al., 2020), mortality varied among families in the two 

challenges (but was highly correlated between short and long challenges for a given family) and 

narrow-sense heritability estimates for low salinity survival were moderate and significantly 

different from zero. The removal of algae from a 1 Liter beaker over a 24-hour period varied 

among individuals and families when exposed to an extreme low salinity (< 3) and the three 

metrics used to quantify algae removal (family average feeding rate: FRavg, family maximum 

algal removal rate: rmax, and family time to half: D50) were marginally significant when 

associated to family survival in the chronic low salinity exposure. Below, we discuss in detail the 

biological and practical implications of the chronic versus short-term challenge results. We also 

draw inferences from the feeding experiment work and discuss the potential of a feeding 

phenotype for use in future low salinity breeding.  

Fine-tuning a progeny test for survival in extreme low salinity 

A primary goal of this study was to assess how a longer-term low salinity challenge with 

a more natural (ambient) temperature regime would impact results in terms of overall mortality. 

Family mortality was highly correlated across the two challenges (> 0.8 for both the phenotypic 

and genetic correlations) and the rank of families was similar between the challenges (Figure 3B 

& Figure 4). Additionally, heritability was similar and moderate for both experiments (chronic h2 

= 0.4, short-term h2 = 0.35). The cumulative mortality observed during our two challenges (23 

and 25.2%) and the two heritability estimates (h2 = 0.35 and 0.4) are very similar to values 

previously observed during a low salinity challenge with half-sibling families (spring 2018 
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challenge cumulative mortality 23% and h2 ≅ 0.4, McCarty et al., 2020). Based on these results, 

a progeny test for low salinity survival in young oysters (< 40 mm) can be conducted using a 2-

month experimental exposure at fixed salinity (2.5) and temperature (27°C), which is 

operationally easier to implement than a 6-month challenge varying water temperature to match 

changing ambient conditions. 

Reduced cumulative mortality was observed in the chronic challenge compared to the 

previous low salinity challenges conducted in the summer. In the chronic challenge, both the 

magnitude of mortality during the peak in July and the overall cumulative mortality (25.8%) 

were not nearly as large as previously reported during mid-summer challenges (53% cumulative 

mortality across families in July-August, McCarty et al., 2020; nearly 100% cumulative 

mortality in F2 families in June-July, McCarty et al., 2021). The reduction in mortality in the 

chronic challenge compared to previous low salinity challenges conducted in our lab, may be a 

result of the low ambient temperature (7.9°C) when the challenge began on April 1st. In previous 

challenges (McCarty et al., 2021, 2020), oyster gonads were likely mature or maturing, and 

spawning may have already been occurring, based on the high ambient temperatures when 

oysters entered the challenges (~24°C on May 28 and ~26°C on July 17 in 2018, data courtesy of 

Horn Point Oyster Hatchery). In the chronic challenge, oysters should have been undergoing 

gametogenesis at 1-year old and ~ 40 mm by July (Galtsoff, 1964), but exposure to a salinity of 

2.5 in April, when temperatures were low, may have slowed or arrested gonad maturation and 

reproduction. Stunted gonad development and a lack of spawning have previously been observed 

at salinities below 5 (Loosanoff, 1948). Delayed or stunted gonad development and arrested 

gametogenesis would free up the reserves and energy required to endure the stress associated 

with low salinity exposure. Conversely, lower cumulative mortality in the chronic challenge may 
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simply be a result of the gradual increase in temperature opposed to a 2-day step up to stressful 

temperature levels (27°C). 

Oyster size-class affects the time it takes for mortality to occur in the low salinity 

challenge. The short-term and chronic challenge, along with previous low salinity challenges 

(McCarty et al., 2020, 2021), used oysters sourced from the ABC breeding family lines at VIMS 

(Allen et al., 2021). However, the oysters used in this study (short-term and chronic challenge) 

were smaller and younger (< 40 mm, 1-yr old) compared to the adult individuals (>80 mm) used 

previously (McCarty et al., 2020, 2021). Mortality peaked after 6 weeks at 27°C in the short-

term challenge (more comparable to previous low salinity challenges: constant temperature of 

27°C and 1-2 month exposure duration), while peak mortality occurred one week after exposure 

using >80 mm adults in previous studies (McCarty et al., 2020, 2021). The delay in mortality 

observed during the short-term challenge in this study suggests that smaller and younger oysters 

(< 40 mm, 1-yr old) are more tolerant to a salinity <3 and temperature 27°C than larger oysters 

(> 80mm, 2 and 3-yrs old, McCarty et al., 2020, 2021). These results support previous literature 

suggesting that mortality at specific temperatures and salinities is size-class dependent, where 

smaller oysters have a higher tolerance to low salinity and high temperature compared to larger 

oysters (> 75 mm) (La Peyre et al., 2013; Lowe et al., 2017; suggested in McCarty et al., 2020; 

Rybovich et al., 2016). Smaller oysters are suggested to be more tolerant to stressful conditions 

because maintenance costs scale with body volume, where a larger individual requires more 

energy to maintain somatic and gonadal function (DEB theory, Kooijman, 2010). Thus, at a 

salinity <3 and temperature of 27°C, 1-year old oysters (< 40 mm) take at least 6 times as long 

for appreciable mortality to occur, which is important to consider when designing future progeny 

tests.  
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It is worth investigating the phenotypic correlation in family survival at different life 

stages (e.g. spat/seed, juvenile, adult) to determine which life stage is preferred for progeny 

testing and for improving survival in low salinity in general. Previous studies investigating 

growth-related and disease-resistant traits in bivalve species have been conducted on individuals 

at four (Gutierrez et al., 2020), six (Gutierrez et al., 2018b), nine (Van Sang et al., 2019; Vu et 

al., 2021), 15 (Dou et al., 2016), and 24 months (Yangfan Wang et al., 2018), but the effect of 

age on those traits was not examined. For the eastern oyster, genetic correlations for growth-

related traits measured at 1.5 and 2.5 years old were high (total weight, width index, height index 

were > 0.96, meat yield > 0.8, Allen et al., 2021), and correlations were high but slightly lower 

for survival in a low salinity of 6 - 15 (rG = 0.72, Allen et al., 2021). This suggests, at least for 

these yield traits, measurements can be made at an earlier stage and still be predictive of 

performance later in grow out. This is useful from an application standpoint, where testing 

younger individuals may be more convenient (i.e. smaller sizes, smaller experimental setup, less 

husbandry burden). For low salinity survival, a progeny test using adult oysters will take a 

shorter period of time to get measurable mortality (> 80 mm, 2-4 weeks, McCarty et al., 2020, 

2021), but maintaining animals until, at least, 2 years old before testing can be costly from a 

husbandry standpoint. Moreover, low salinity survival may differ between spat/seed and adult 

oysters, which would suggest treating these as two separate traits with separate progeny tests. 

Whether or not similar correlations among age classes would exist for low salinity survival 

remains to be examined.   
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Measuring feeding rate as a possible indicator of low salinity survival 

One feeding metric (family maximum algal removal rate, rmax) was significantly 

associated to family survival in the chronic exposure challenge, while the other two (family 

average feeding rate, FRavg, and family average time to 50% depletion, D50) were marginally 

associated. The general feeding trends from this study suggest that families with oysters that 

begin feeding sooner and deplete the available algae more quickly were more tolerant of extreme 

low salinity conditions (i.e. higher survival). Based on these results, it appears that both family 

rmax (derivative of the steepest part of the LOESS curve) and family FRavg are higher for 

individuals from families that are more tolerant to extreme low salinity. Similarly, individuals 

from families with high survival in the chronic challenge had a lower D50. While these results 

suggest that feeding efficiency, in terms of the onset and rate of feeding, is associated with 

higher tolerance to extreme low salinity, the associations were weak (Figure 6A-C). The weak 

relationships could be due to the relatively small number of individuals sampled (N = 178). 

There was also a great deal of variation among replicates (individuals) within each family, which 

also could have reduced the strength of the relationships. Feeding and clearance rates are 

influenced by many different factors and have proven to be highly variable in shellfish (e.g. 

Cranford et al., 2011, 2005; Grizzle et al., 2008; Li et al., 2012), making it inherently difficult to 

measure and quantify these associations. Future experiments would need to be conducted with 

larger sample sizes and more replicates per family to ensure that the results obtained are 

repeatable. Individuals sampled on multiple days, and at slightly different temperatures (20.7°C - 

24.7°C), had very similar (consistent) performance in feeding metrics, indicating that feeding 

trials can be conducted across multiple days throughout the summer to include more individuals 

and families.  
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Given the moderate but significant relationship between feeding and survival during the 

challenges, it is interesting to consider how reduced feeding might be impacting the ability of 

oysters to survive during these challenges. Oysters feed by capturing suspended particles on the 

ciliated structures of their ctenidium (or gills) as water is pumped into the inhalant siphon, 

through the spaces between the gill filaments, and then out the exhalent siphon (Ward and 

Shumway, 2004). If oysters are not removing algae, this would produce a feeding rate slope 

close to 0 (i.e. horizontal line), which was often observed for individuals with poor survival in 

the chronic exposure (e.g. Figure 5). Reduced feeding may result from differences in the 

structure of the gills and/or cilia or from reductions in water flow due to active reduction in cilia 

beating. Water pumping is also affected by other musculature structures that control shell gape, 

exhalent siphon area, and interfilamentary distance to the gill (mechansisms of feeding reviewed 

in Cranford et al., 2011). Oysters can ultimately impact their food acquisition by controlling each 

of these mechanisms independently and to variable degrees depending on environmental stimuli 

(reviewed in Cranford et al., 2011; Maire et al., 2007; Newell et al., 2001). It may be worth 

investigating overall pumping rate or looking at each of these mechanisms in more detail to 

determine why some animals may display reduced feeding.  

During exposure to extreme low salinity, oysters may be open but not actively filtering 

particles from the water. We previously determined that individuals, even from low performing 

families, open during the first week of exposure to a low salinity challenge to osmoconform 

(McCarty et al., 2020), but they may not be feeding. In bivalves, gape/valve opening controls 

water flow into an organism for filtration and gas exchange, but valve opening has been shown 

to poorly correlate with clearance and feeding rates (e.g. Dolmer, 2000; Frank et al., 2007; 

Newell et al., 2001), suggesting that clearance/feeding is independent of gas exchange. 
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Monitoring valve movement coupled with observations of feces/pseudofeces production could 

determine if individuals are simply closed, open and filtering, or open and unable to filter. 

Conversely, the variation in feeding ability at low salinity may be a consequence, and not a 

cause, of variable low salinity survival. Forty percent of individuals that died after being returned 

to the chronic exposure never reached the 50% algae depletion mark during their feeding trials. 

Thus, the observed decreases in feeding may be a result or consequence of poor health/condition 

of oysters (oysters starting to die) and not predictive or causative of variable survival in stressful 

low salinities.  

Coupling metabolic physiology with clearance/feeding rates may explain the observed 

differences in family mortality. Families with low feeding rates and high metabolic rates, 

typically measured as oxygen consumption and referred to as a respiration rate (Bayne, 2017), 

may have higher mortality because they are not able to meet high metabolic demands. While low 

salinity has overall negative impacts on general oyster physiology (respiration, clearance, and 

feeding; e.g. Casas et al., 2018a, 2018b; La Peyre et al., 2020; Loosanoff, 1952; Shumway and 

Koehn, 1982), differences in basal metabolic rates have been observed for distinct populations of 

oysters (e.g. Méthé et al., 2020; Pernet et al., 2008). Families with lower resting metabolic rates 

may be better able to cope energetically during stressful low salinities compared to families that 

have higher resting metabolic rates. Lower metabolic rates have been associated with higher 

growth rates and scope for growth in Crassostrea virginica (Pernet et al., 2008) and have also 

been associated with increased resilience to summer mortality syndrome in the blue mussel, 

Mytilus edulis (Tremblay et al., 1998). Thus, lower metabolic rates may be related to increased 

fitness in oysters (Méthé et al., 2020) and whether a genetic component underlie these metabolic 

differences remains an interesting question worthy of future attention.   
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Conclusion 

This work, along with previous experimental challenges (McCarty et al., 2021, 2020), 

provide insight into the effect of temperature, exposure duration, and oyster size/age on mortality 

during extreme low salinity (< 3). Based on our results, measuring algae concentration using a 

handheld fluorometer appears to provide an accurate tool for rapid assessment of algal removal 

in vitro. Modest associations between algae removal metrics and survival in extreme low salinity 

suggest that algae removal, measured as a feeding rate and quantified using smoothing splines, 

could be suggestive of survival in a low salinity progeny test. If this test did reliably predict 

salinity survival, then sensibly, a progeny test could be developed to assess feeding behavior at 

low salinity on a large number of individuals over the course of just days with minimal 

experimental setup and maintenance, and breeding families could be selected based on average 

family algae removal performance. This test could be especially valuable when assessing low 

salinity survival in younger individuals, where mortality may take longer (~6 weeks) to occur. 

However, our results are preliminary and this needs to be investigated in more detail (larger 

sample size and more replicates per family). Based on our results, when using the top performing 

families (low mortality in an extreme low salinity challenges), oyster aquaculture operations can 

persist in areas that frequently experience periods of extreme low salinity.  
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Abstract 

As the global demand for seafood increases, research into the genetic basis of traits that can 

increase aquaculture production is critical. The eastern oyster (Crassostrea virginica) is an 

important aquaculture species along the Atlantic and Gulf Coasts of the United States, but 

increases in heavy rainfall events expose oysters to acute low salinity conditions, which 

negatively impact production. Low salinity survival is known to be a moderately heritable trait, 

but the genetic architecture underlying this trait is still poorly understood. In this study, we used 

ddRAD sequencing to generate genome-wide single nucleotide polymorphism (SNP) data for 

four F2 families to investigate the genomic regions associated with survival in extreme low 

salinity (< 3). SNP data were also used to assess the feasibility of genomic selection for 

improving this trait. Quantitative trait locus (QTL) mapping and combined linkage 

disequilibrium analysis revealed significant QTL on eastern oyster chromosome 1 and 7 

underlying both survival and day to death in a 36-day experimental challenge. Significant QTL 

were located in genes related to DNA/RNA function and repair, ion binding and membrane 

transport, and general response to stress. Genomic selection was investigated using Bayesian 

linear regression models and prediction accuracies ranged from 0.48 – 0.57. Genomic prediction 

accuracies were largest using the BayesB prior and prediction accuracies did not substantially 

decrease when SNPs located within the QTL region on Chr1 were removed, suggesting that this 

https://doi.org/10.1093/g3journal/jkab368
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trait is controlled by many genes of small effect. Our results suggest that genomic selection will 

likely be a viable option for improvement of survival in extreme low salinity.  

Introduction 

Food insecurity is a global crisis that affects more than a quarter of our population 

worldwide, but aquaculture provides hope for meeting increasing food demands (FAO et al., 

2019). Globally, aquaculture has out-produced capture fisheries for a decade (FAO, 2020b), and, 

as of 2018, is the fastest growing sector of food production worldwide (FAO, 2018b). Marine 

and coastal aquaculture, specifically, comprised 36% of total aquaculture production in 2016, 

and nearly 60% of this production came from marine bivalve aquaculture (FAO, 2018b). Over 

the last 20 years, the Chesapeake Bay, located on the eastern seaboard of the United States, has 

seen substantial increases in eastern oyster (Crassostrea virginica) production from aquaculture 

(Hudson, 2018; Senten, Engle, Parker, & Webster, 2019). As of 2019, there was an estimated 

429 total leases comprising 6,930 total acres for eastern oyster aquaculture in the Maryland-

portion of the Bay (van Senten et al., 2019). Oyster harvest increased 115% from 2010 – 2018, 

and the Maryland shellfish industry was estimated to have an economic impact of over $8 

million (van Senten et al., 2019). The oyster industry provides a substantial input to the economy 

of Maryland, and also provides valuable employment opportunities in coastal areas where 

industry is limited.  

While eastern oyster aquaculture is expanding in the Chesapeake Bay, the highly variable 

salinity gradient is one of the most prominent environmental factors hindering production for 

aquaculture operations. Harvest numbers, economic input, and employment associated with the 

shellfish aquaculture sector in Maryland were substantially lower in 2018 compared to 2017, 

primarily due to the abnormally low salinity in the Bay resulting from the large inflow of 
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freshwater from heavy rainfall (NOAA National Centers for Environmental information, n.d.; 

van Senten et al., 2019). Oyster aquaculture in the upper Bay is periodically faced with the threat 

of extreme low salinity (< 3) resulting from heavy rainfall associated with large storm events. 

Large mortality events from extreme low salinity (< 5) have been observed in estuarine and 

coastal systems globally (reviewed in Du et al., 2021), such as in the Chesapeake Bay (Andrews 

et al., 1959; Engle, 1946; Southworth et al., 2017), in the Gulf of Mexico (Butler, 1952a, 1949; 

Du et al., 2021; Gledhill et al., 2020), and in northern California (Cheng et al., 2015). A lower 

ideal salinity (~ 9 – 16) has recently been proposed for eastern oyster populations in Louisianna 

estuaries where freshwater input dominates the hydrodynamics of the system (e.g. La Peyre et al. 

2016; Rybovich et al. 2016; Lowe et al. 2017), which is most likely the case for many locations 

in the northern portion of the Chesapeake Bay. Within the Chesapeake Bay, a “low salinity” 

oyster line currently exists (salinity ~6-15; Allen, Small, & Kube, 2021), but, growth and 

survival at low salinity (5-10) is arguably different than growth and survival at extreme low 

salinity (< 3) (McCarty et al., 2020).  

Survival under salinity stress was recently determined to be a heritable trait in the eastern 

oyster. Survival in high salinity (~15 – 23) is a distinct trait from survival in low salinity (~6 – 

15) (Allen et al., 2021), and survival in both low salinity (~6 – 15) and in extreme low salinity (< 

3) have proven to be moderately heritable (salinity ~6 – 15 h2 = 0.34; salinity < 3 h2 = ~ 0.4; 

McCarty et al., 2020). However, genomic (marker-based) analyses of low salinity tolerance in 

oysters have not been conducted, and knowledge of the genetic architecture of a trait is important 

when initiating, or establishing, an effective breeding program. Previous genomic investigations 

of aquaculture traits in the eastern oyster have been focused primarily on resistance to Perkinsus 

marinus, the causative agent of Dermo disease (Yu and Guo, 2006). In other aquaculture species, 
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identified quantitative trait loci (QTL) have successfully been incorporated into marker-assisted 

selection (MAS) programs, for example, for disease resistance in Japanese flounder (Fuji et al., 

2007), Atlantic salmon (Houston et al., 2008; Moen et al., 2015, 2009), and Rainbow trout (Liu 

et al., 2018). However, MAS is typically ineffective for most production traits due to their highly 

polygenic nature, meaning the trait is controlled by many loci of small effect (Houston et al., 

2020; Zenger et al., 2019). On the other hand, genomic selection (GS), or the selection of 

individuals based on the combined genetic effect of all relevant genome-wide polymorphisms 

(Meuwissen et al., 2001) may be more effective for polygenic traits and produces higher 

accuracies of selection and higher rates of genetic gain compared to traditional, exclusively 

performance and family-based, selective breeding programs (Houston et al., 2020; Ødegård et 

al., 2014; Zenger et al., 2019). Implementation of genomic selection for aquaculture species was 

once limited to well-studied species such as Atlantic salmon and rainbow trout (Ødegård et al., 

2014; Vallejo et al., 2017; Zenger et al., 2019), but recent advances in genomic technology and 

resources have increased the accessibility of GS for many aquaculture species (Houston et al., 

2020).  The effectiveness of MAS or GS for advancing breeding depends on the genetic 

architecture of a trait, which is currently unknown for extreme low salinity survival in the eastern 

oyster.  

In this study, we performed QTL mapping and combined linkage disequilibrium analyses 

in four F2 oyster families, originating from a low and high salinity line, exposed to an acute low 

salinity experimental challenge (< 3). Tissue was collected from all individuals, both dead and 

alive, and genome-wide single nucleotide polymorphisms (SNPs) generated with ddRADseq 

(Peterson et al. 2012) were used to investigate genomic regions associated with survival and day 

to death. The potential for using genomic selection to advance breeding of low salinity survival 
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was also investigated by calculating genomic prediction accuracies via cross validation for 

several Bayesian linear regression models. This work provides initial insight into the genetic 

architecture underlying survival in acute low salinity (< 3) for the eastern oyster and will help 

determine whether MAS or GS may provide a better approach for selective breeding of this trait.  

Materials and methods 

F2 breeding design 

In 2014, 10 F1 hybrid families were generated by the Aquaculture Genetics and Breeding 

Technology Center (ABC) at the Virginia Institute of Marine Science from crosses between 

individuals from the low salinity and high salinity family breeding lines (Allen et al., 2021). In 

2015, 8 F2 families were made by ABC from full-sibling pair-matings within the F1 families, and 

all larvae and seed were reared following standard VIMS protocols (Allen et al., 2021). Seed 

reached ¼ to ½ inch by September and were then transferred to the Horn Point Laboratory (HPL; 

MD, USA). Once at Horn Point Laboratory, seed were overwintered in the HPL boat basin until 

March of 2016 when they were put into 3/16-inch vexar mesh bags in a rack and bag setup on 

the intertidal beach at the Horn Point demonstration farm. Seed were grown in a rack and bag 

system and checked monthly for biofouling from March – November 2016. From 2016 – 2018, 

oysters were moved to the HPL boat basin for overwintering from November – March, and then 

returned to the intertidal demonstration farm from March – November. In March 2018, oysters 

were transferred to SEAPA® baskets and deployed on an Australian Longline system in the 

intertidal zone of the demonstration farm at the Horn Point Laboratory until being brought into 

the laboratory in May 2018 for experimentation. Oysters were ~ 3 years old and averaged 92.37 

mm ± 0.44 standard error of the mean (SEM) when experimentation began on May 28, 2018.  
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Acute low salinity experimental challenge 

Oysters from the eight F2 families (N = 70 – 140 oysters per family) were randomly 

divided into equal-sized replicate plastic baskets depending on total number of oysters for each 

family. Replicate baskets were secured to the bottom of custom-made Taylor floats and 

submerged in 6-ft diameter tanks (~1800 L) located indoors at the Horn Point Laboratory in 

Cambridge, Maryland, USA. Oysters were exposed to acute low salinity (< 3) following a very 

similar experimental design to McCarty et al. (2020): a 1-week acclimation period at ambient 

conditions followed by a 2-day salinity step-down and simultaneous temperature increase. 

Continuously flowing Choptank River water (salinity ~7-11) and oxygenated, heated well water 

(salinity 0) were mixed by hand to maintain salinity 2.3 ± 0.13 SEM and temperature 26.9C ± 

0.07 SEM for 36 days, from May 28 to July 5. A salinity lower than a prior challenge was chosen 

in hopes of increasing mortality during the experimental timeframe, as only 23% cumulative 

mortality was observed previously using half-sibling families (experiment 1:April 5 - May 7, 

McCarty et al., 2020). Salinity, temperature, and dissolved oxygen were recorded daily with a 

YSI-85 handheld multimeter (YSI Incorporated, Yellow Springs, OH, USA). Feeding was 

supplemented daily with Shellfish Diet 1800® (Reed Mariculture, Campbell, CA, USA) at 1.5% 

total dry tissue biomass and with 3 L of live, cultured phytoplankton from the Horn Point 

Laboratory Oyster Hatchery. Individual mortality was assessed daily by checking for gaping 

individuals (McCarty et al., 2020), and survival and day of death was recorded for every 

individual. Adductor muscle was sampled and preserved in 95% ethanol when individuals died, 

and for all individuals remaining alive at the end the experiment.  
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Library preparation, sequence mapping, and SNP filtering 

Four families (11, 43, 22, and 65) were chosen for downstream analysis because they had 

the largest sample size per family and had the largest range in mortality across the 36-day 

challenge period (i.e., individual death occurred over many experimental days). A total of 132, 

114, 111, and 106 individuals were analyzed for family 11, 43, 22, and 65, respectively. DNA 

was extracted from a total of 471 tissue samples, 463 samples from the challenge individuals 

plus the dams and sires of the four F2 families, using the E.Z.N.A Tissue Extraction Kit (Omega 

Bio-tek, Norcoss, GA) following the protocol for preserved animal tissue. Following extraction, 

DNA concentration was quantified for each sample using a Qubit Fluorometer (Thermo Fisher 

Scientific Inc., Waltham, MA, USA). Genome-wide SNPs were generated using double digest 

restriction association DNA (ddRAD) sequencing techniques outlined by Peterson and 

colleagues (Peterson et al., 2012). Following digestion with EcoRI and SphI (the “flex-set”), 

barcoded adapters (1-48) were ligated to digested DNA for each individual separately in a 

microplate format. Barcoded samples were pooled, and size selection was performed using 

Agencourt AMPure XP beads (Beckman Coulter Life Sciences, Indianapolis, IN) to select 

fragments 300-800 bp in length. Size-selected libraries were amplified using the Phusion High-

Fidelity PCR Kit (New England BioLabs, Ipswich, MA) and run for 10-12 cycles with a specific 

indexed primer appropriate for standard Illumina multiplexed paired-end sequencing. Three 

libraries, each comprising 250-275 individuals, were sent to GeneWiz (South Plainfield, NJ, 

USA) for next generation single-index sequencing on three Illumina HiSeq 2x150 bp sequencing 

lanes with 15% PhiX spike-in. For each F2 family, 5% of the individuals were duplicated to 

calculate genotype error rate at each locus. GeneWiz demultiplexed libraries based on Illumina 

indexes, and libraries were further demultiplexed into individual barcoded libraries and renamed 
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using the process_radtags function from the Ddocent pipeline (Puritz et al., 2014). All reads 

from all individuals in the four F2 families were grouped together for downstream analysis.   

Reads were trimmed and aligned to the eastern oyster reference genome C_virginica-3.0 

(GenBank accession GCA_002022765.4; Gómez-Chiarri, Warren, Guo, & Proestou, 2015) using 

the dDocent pipeline with parameters A (match score), B (mismatch score), and O (gap penalty) 

set to 1, 3, and 5 respectively, which have proven to be more appropriate for marine species 

(Dimens et al., 2019; Puritz et al., 2014). After alignment, FreeBayes (version 1.2.0-dirty, 

Garrison & Marth, 2012) was used for SNP discovery and genotype calling, and SNPs were 

filtered following the dDocent step-wise filtering pipeline for missing data, genotype depth, 

locus quality score, minor allele frequency, and genotype call depth (Puritz et al., 2014). 

Individuals with more than 50% missing data were removed, and retained SNPs were present in 

90% of individuals, had a minimum read depth of 20 sequences per genotype, a minimum 

sequence quality score of 30, and a minimum minor allele frequency of 0.05. dDocent_filters 

was used to further filter SNPs based on allele balance, quality/depth ratio, mapping quality ratio 

of reference and alternate alleles, properly paired status, strand representation, and maximum 

depth using suggested parameters. Polymorphisms were decomposed and indels were removed 

using vcfallelicprimitives. Lastly, SNPs were tested for Hardy-Weinberg equilibrium using a 

previously developed script 

(https://github.com/jpuritz/dDocent/raw/master/scripts/filter_hwe_by_pop.pl) and SNPs falling 

below a p-value of 0.001 in one or more families were removed. Parents for one of the families 

(22) had substantial missing genotype data, so the initial individual missingness filter threshold 

was relaxed for this family only (individuals with <65% missingness retained). All subsequent 

filtering steps were identical between family 22 and the other families (e.g. SNP call rate >90%, 
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allelic imbalance, max depth, paired status, etc.). The combined linkage disequilibrium analysis 

(all families combined) was performed on the dataset with initial missingness set at <50% (see 

below). Genotype error rate (%) was calculated for 21 DNA samples with duplicate RAD library 

preps (same DNA different barcode) as the cumulative number of mismatches between duplicate 

genotypes at each SNP divided by the total number of genotypes tested, not including SNPs that 

had missing data (no genotype call) for either duplicate. 

Linkage map creation, QTL mapping, and combined linkage disequilibrium analysis 

Linkage maps were created for each of the four F2 families independently, and phase information 

was estimated in OneMap following the Outcrossing Populations tutorial (‘OneMap’ version 

2.1.3; Margarido, Souza, & Garcia, 2007). The package ‘vcfR’ was used to load the raw, filtered 

SNP file (.vcf) into R for each family before linkage map construction (‘vcfR’ version 1.9.0; 

Knaus & Grünwald, 2017). For each family, redundant markers and markers with segregation 

distortion ( < 0.05 after Bonferroni correction) were removed before map building, and only 

markers present in 90% of the individuals were used. Markers were assigned to linkage groups 

according to chromosome information from the eastern oyster genome (10 chromosomes, 

Gómez-Chiarri et al. 2015). We thinned each linkage group to 50-100 markers to make mapping 

easier (i.e. less computation) and because an excessive number of markers are not needed given 

the architecture of the F2 families (i.e. high linkage between markers). Markers were then 

ordered sequentially according to their location in the genome and phase information was 

generated using the ‘map()’ function (Margarido et al., 2007). A final linkage map was created 

for each family with linkage groups in correct chromosome order, and the OneMap file outputs 

were converted to R/qtl format using the OneMap-to-Rqtl-4waycross script that was written for 

this project (https://github.com/lexymccarty/OneMap-to-Rqtl-4waycross). 
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 QTL mapping was performed in R/qtl for each family independently (version 1.44-9; 

Broman, Wu, Sen, & Churchill, 2003). Individuals with identical genotypes (>90% identical 

markers) were identified and one individual from each pair was omitted. Markers with identical 

genotypes (duplicate markers) and markers with segregation distortion (Chi-Square P < .001) 

were also removed. Conditional genotype probabilities were calculated (‘calc.genoprob’) for 

each family and a two-part single-QTL model (model=‘2part’) was used for phenotype day to 

death for families 11, 22, and 43 since the phenotype spikes at day 50, representing individuals 

that survived the low salinity challenge (Broman, 2003). In this scenario, we first consider the 

binary trait where an individual with QTL genotype g has probability g of having the nonzero 

phenotype (mortality in the low salinity challenge). If the individual has the nonzero value 

(mortality), the value is assumed to be normally distributed with mean day to death (g) and 

standard deviation () (Broman, 2003). Therefore, we log-transformed the day to death 

phenotype to follow a normal distribution. All 2-part QTL models were run with 1000 

permutations to determine the 5% significance threshold at the genome-wide level. For family 

65, a one-dimensional genome scan was performed with a single-QTL model (‘scanone’ module) 

for day to death since all individuals died. Significant QTL were incorporated into a model 

(‘fitqtl’ module) to investigate the effect of each QTL on the two traits of interest, survival and 

day to death, for each family since effect models cannot be fit for 2-part single-QTL models. 

Finally, ‘refineqtl’ was used to refine the estimated location of QTLs and ‘fitqtl’ was performed 

on the refined locations to investigate model improvement. 

 Linkage disequilibrium analysis was performed on the filtered SNPs from a total of 372 

individuals across the four families in TASSEL (version 5.2.57, Bradbury et al., 2007). The 

genotype table was filtered for sites with a minimum minor allele frequency (MAF) of 0.05, 
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maximum frequency of 1, and for sites present in at least 150 individuals (Bradbury et al., 2007). 

Population structure was analyzed using analysis of principle components (PCA; see Results 3.4 

Figure 3). Within TASSEL, genotypes from the filtered table were converted to numbers, where 

the homozygous major genotype is coded as 1, homozygous minor is 0, and heterozygous is 0.5. 

Missing values were then imputed using Euclidean distance and the 5 nearest neighbors 

(Bradbury et al., 2007). Once all missing values were imputed, a PCA was conducted on the 

imputed genotype table (Price et al., 2006). A kinship matrix using Centered_IBS was calculated 

from the filtered genotype table to generate pairwise relatedness coefficients for each marker (K 

matrix) (Bradbury et al., 2007).  

Combined linkage disequilibrium (LD) analysis was performed using a mixed linear 

model (MLM) in TASSEL with the four generated files: the phenotype file filtered for the trait of 

interest (day to death or survival), the combined filtered genotype table, the first 10 components 

of the PCA (from TASSEL, explaining 59% of the variation), and the kinship matrix (K) 

(Bradbury et al., 2007; Lu et al., 2010):  

Phenotypic trait = Marker effect + PCA components + K + residual 

Both the PCA and K matrix were used to minimize spurious associations (Lu et al., 2010). Two 

total MLMs were conducted, one for each of the two traits (day to death and survival). 

Significant thresholds were determined for each model using the Bonferroni correction: /N, 

where  is the significance level of 0.05 and N is the total number of effective tests (determined 

using ‘simpleM’ method) to account for any linkage disequilibrium between SNPs (Benjamini 

and Hochberg, 1995; Gao et al., 2010, 2008). Manhattan plots were created for each trait using 

the ‘qqman’ package in R (version 0.1.4; Turner, 2014). All significant QTLs from the QTL 

mapping and combined LD analyses were located in the eastern oyster reference genome 
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C_virginica-3.0 (GenBank accession GCA_002022765.4; Gómez-Chiarri et al., 2015). Each 

gene, or gene closest to each significant SNP, was investigated for annotation and function using 

the NCBI Genome Data Viewer, and corresponding GO terms were queried for each 

gene/protein sequence (Johnson and Kelly, 2020). R version 3.6.1 was used for all necessary 

analyses (R Core Team 2020).  

Genomic prediction and trait correlation 

The filtered SNP file used in the combined LD analysis was used to estimate genomic 

prediction accuracies using Bayesian linear regressions in the statistical package BGLR (version 

1.0.8; Pérez & De Los Campos, 2014). The genotype file was read into R using the BEDMatrix 

package (version 2.0.3; Grueneberg & de los Campos, 2019) and missing genotypes were 

imputed using knncatimpute in the ‘scrime’ package using the 4 closest neighbors (version 1.3.5; 

Schwender, 2012). Once imputed, genotypes were recoded into BGLR format (AA = 0, Aa = 1, 

aa = 2) and marker effects were estimated using Bayesian Ridge Regression (BRR) and the 

BayesB prior for both traits: survival was modeled as a binary trait and day to death was 

modeled as a censored trait with a minimum value of 0 and a maximum value of 36. The 

accuracy of marker selection was assessed by randomly splitting individuals into five testing 

(20%) and training (80%) sets for cross-validation, and phenotypes of the testing individuals 

were coded as missing in the training set. This process was repeated five times for each trait and 

each prior. Realized prediction accuracy was calculated as the correlation between the predicted 

marker values of the testing set and the actual phenotypes divided by the square root of the trait 

heritability when all phenotypic data is included.  

Genomic estimated breeding values (GEBVs) for both traits were estimated in BGLR 

following the model below: 
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yi = u + Zii + ei 

where y is the observed phenotype (either survival or day to death) of the individual, u is the 

average population phenotype, Zi is the marker-derived matrix of genetic relatedness between 

individuals (GRM), i is the vector of SNP effects, and ei is a vector of residual error. Both trait 

models were fit using a Bayesian Reproducing Kernel Hilbert Spaces Regression (RKHS), but 

survival was fit with a logit link function because it is a binary trait. Models were assessed by 

creating five random 20%/80% testing/training validation sets, which was repeated 10 times. 

Narrow-sense heritability (h2) was estimated as the additive genetic variance from the GRM over 

the total phenotypic variance (including both the GRM and residual variance), as follows: 

h2 = 2
a / 2

p 

where a is the additive genetic variance from the GRM, and p is the total phenotypic variance, 

which is the sum of the additive (2
a) and residual (2

e) variance. For survival, the residual 

variance is fixed at 1, so the heritability becomes:  

h2 = 2
a / (2

a + 1) 

Five independent models were run to estimate heritability for each trait, and the average of the 

five estimates is reported. Number of iterations, burn in, and thinning parameters were 

determined by assessing the convergence and autocorrelation for all models using the ‘coda’ 

package in R (version 0.19-3; Plummer et al., 2006; Villemereuil, 2012). All models were run for 

2.5 million iterations with a thin of 1,000 after a burnin of 500,000 for both traits. For both day 

to death and survival, BayesB and RKHS models were rerun with the same parameters above, 

but after removing all SNPs within the significant region on chromosome 1 (21,800,000 – 

32,800,000 base pairs), leaving a total of 27,273 SNPs. Realized accuracies were estimated using 
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the same validation scheme as above. To test the effect of SNP thinning on genomic selection 

prediction accuracy, we created randomly thinned datasets consisting of 25,000, 20,000, 15,000, 

10,000, 5,000, 1,000, 500, 250, 100, 50, 25, 10, and 2 markers, with three random replicates of 

each thinned marker dataset. We estimated the realized prediction accuracy for each thinned 

dataset using a 20%/80% testing/training cross validation scheme as described above using 

RKHS and BayesB models. Thinned datasets of 25,000, 20,000, 15,000, and 5,000 were omitted 

for the BayesB models due to computational effort and because the accuracies did not decrease 

during these intervals. The genetic correlation between the two low salinity challenge traits, 

survival and days to death, was assessed using a bivariate animal model implemented in 

ASReml-R using the genotype-derived relationship matrix (Gilmour et al., 2015).  

Results 

Survival during acute low salinity challenge 

The acute low salinity challenge (2.2) induced mortality in all four F2 families over the 

36-day challenge period. Ninety-two percent, 82%, 90%, and 100% of oysters died from family 

22, 11, 43, and 65, respectively. Most of the mortality during the experiment (310 oysters, 80%) 

occurred from days 9 – 21 of the challenge, with peak mortality occurring on day 11 with 53 

total dead oysters (Figure 1). Peak mortality occurred on day 11 for family 22 (14 oysters, 14%) 

and 65 (23 oysters, 23%), on day 14 for family 11 (16 oysters, 15%), and on day 17 for family 43 

(11 oysters, 14%). All families had individuals remaining alive after the challenge except for 

family 65.  
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Figure 1. Number dead for each of the four F2 families over the 36-day acute low salinity (2.2) 

challenge. N = 132, 111, 114, and 106 for families 11, 22, 43, and 65, respectively.  

Sequencing results 

All libraries yielded high quality read data, with > 93%, > 70%, and > 94% of raw reads retained 

after demultiplexing libraries 1, 2, and 3, respectively, which resulted in discovery of 4,092,824 

SNPs for 489 individuals from the four F2 families. The total number of SNPs was significantly 

reduced after filtering, and the majority of SNPs were removed when filtering for SNPs present 

in 90% of individuals, a minimum quality score of 30, minor allele count of 3, minor allele 

frequency of 0.05, and a minimum average depth of 20 reads. A total of 28,638 SNPs across 399 

individuals remained after applying filters. Mean read depth per site, after accounting for the 

number of individuals in each group, was 73 and average missingness for each individual was 

3.4%. Duplicated samples had an average genotype error rate of 1.97% across all individuals (all 

families) and within-family error rates ranged from 1.07% (family 22) to 2.74% (family 11). 

Linkage map construction and QTL mapping 

Final linkage maps were created from 123, 100, 91, and 95 individuals using a total of 380, 288, 

370, and 400 genotyped markers (after thinning to 50 – 100 SNPs per chromosome), for family 
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11, 43, 22, and 65, respectively. A significant QTL on chromosome 1 was identified by the 2-

part model (day to death conditional on survival) for family 11 and 43 (Figure 2). All significant 

markers were located between 21,000,000 and 26,000,000 base pairs on chromosome 1 (Table 

1). For Family 11, a significant QTL for the 2-part model (day to death conditional on survival; 

red line, Figure 2) was located in the uncharacterized LOC111116948 gene on Chr1 in the 

eastern oyster genome. After incorporating this QTL into a single-QTL model for day to death 

and after refining the position, the QTL was located in the E3 ubiquitin-protein ligase UBR5-like 

gene (Table 1) and explained 10.4% of the model variation, but was not above the LOD 

significance threshold at the genome-wide level. When this QTL was incorporated into the 

single-QTL model for survival and after position refinement, the QTL was located in the 

uncharacterized LOC111128605 gene and explained 10.5% of the model variation, but was not 

above the significance threshold (Table 1). This QTL, before refining, was just below the LOD 

significance threshold for the probability of surviving from the 2-part model (0.5 below; black 

line, Figure 2). 

For family 43, the QTL region on chromosome 1 was significant for day to death 

conditional on survival (red line), the probability of survival (black line), and mean day to death 

(grey line, Figure 2). This significant QTL was located in the nuclear receptor coactivator 2-like 

gene in the eastern oyster genome. After incorporation into the single-QTL model for day to 

death and following refinement, this QTL was above the LOD significance threshold and 

explained 50.55% of the single-QTL model variation (Table 1). After position refinement, the 

QTL was located in the solute carrier organic anion transporter family member 4A1-like gene 

(Table 1). When incorporated into the single-QTL model for survival and after position 

refinement, the QTL was still located in the nuclear receptor coactivator 2-like gene, explained 
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32.08% of the model variation, and was above the LOD significance threshold (Table 1). There 

were no QTL above the significance threshold for families 22 and 65. 

 

Figure 2. LOD plots for QTL identified from the 2-part model, day to death conditional on 

survival, for family 11 (top left), 43 (bottom left), and 22 (top right). LOD plot in the bottom 

right shows the QTL identified from the single-QTL scan for day to death for family 65. For the 

2-part models, red lines indicate the QTL associated with mean day to death conditional on the 

probability of survival (LODp), black lines represent QTL associated with the probability of 

survival (LODp), and grey lines indicate QTL associated with mean day to death (LOD). 

Horizontal, dotted lines indicate the 5% significance threshold at the genome-wide level after 

1000 permutations for each respective test (by color).  
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Table 1. Significant QTL (above the LOD threshold) identified from the 2-part scans incorporated into independent models 

('fitqtl') for both day to death and survival for families 11 and 43. Significant markers were refined for position ('refineqtl') and 

then incorporated into each model to get percent variance (% Var) explained and a model significance value (p-value). Family 

22 and 65 are excluded because there were no peaks above the LOD threshold.  

 

  

Family Trait Chr 
Position 

(bp) 

% 

Var. 

P-value 

(c2) 
LOD Score Gene   

11 Day  1 21875299 10.4 0.0136 2.316 E3 ubiquitin-protein ligase UBR5-like  

 Survival 1 25149524 10.5 0.004 2.915 1uncharacterized LOC111128605  

43 Day  1 21924061 50.55 < 0.001 9.32* 
solute carrier organic anion transporter family 

member 4A1-like 
 

 Survival 1 25873768 32.08 < 0.001 7.979* nuclear receptor coactivator 2-like  

* above LOD threshold determined by single-QTL models ('scanone')  

1 gene located closest to the significant QTL    

 

Combined LD analyses 

For the MLMs, the first 10 PCAs (explaining 59% of the variation) were incorporated to 

account for population structure. When looking at the scree plot of variance explained for each 

principal component, there was a severe drop after PCA component 3 (Figure 3 A, B). Four 

distinct populations clustered when plotting PCA components, which represents the four F2 

families. The population structure completely disappeared when plotting component 6 and 7 

(Figure 3 C, D). The scree plot suggests incorporating the first 3 components, while the 

clustering approach suggests incorporating the first 4. Therefore, we decided to conservatively 

incorporate the first 10 PCAs, accounting for ~59% of the variation, into the GLMs to account 

for population structure in our samples. 
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Figure 3. Scree plot showing the percent variance explained by A) all 372 PCA components, and 

B) the first 40 components. PCA plots showing C) population structure when plotting the first 

two components against each other (k = 4), and D) the lack of structure when components 6 and 

7 are plotted.  

 

The combined linkage disequilibrium analysis on a total of 28,502 SNPs identified 

regions on chromosome 1 and 7 significantly associated with both survival and day to death. 

There were a total of 87 and 46 SNPs for survival and day to death, respectively, that were above 

the significance threshold of 1.95 x 10-6 after correcting for the number of effective tests 

(0.05/25,685 effective tests; Table S1; Gao et al., 2010, 2008; Yoav & Hochberg, 1995). The 

same 41 SNPs were significant for both day to death and survival, and an additional 5 and 46 

SNPs were exclusively significant for day to death and survival, respectively (Supplemental 
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Table 1). Models for both traits revealed a significant peak on chromosome 1 from 21,800,000 – 

28,600,000 base pairs, as well as a significant SNP on chromosome 7 at base pair 7,251,580 

(significance threshold = 5.7, Figure 4A, C).  

 

Figure 4. Combined linkage disequilibrium analysis of survival (A, B) and day to death (1-36 

days, C, D) for the four recombinant families exposed to acute low salinity (2.2) for 36 days. QQ 

plots (right) and Manhattan plots (left) depicting -log10(p) values from the combined linkage 

disequilibrium analysis for genome-wide SNPs and survival (A) and day to death (B). Blue 

horizontal lines in Manhattan plots represent significance threshold after correcting for multiple 

tests. 
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Comparing between traits (survival and day to death), significant SNPs were located in a 

total of 16 characterized genes, seven of which were shared between the two traits (Table 2). For 

the survival MLM, the most significant SNP (chromosome 1, base pair 23,957,309) was not 

located in a gene, but the next most significant SNP was located in the ATP-dependent 6-

phosphofructokinase-like gene with an R2 value of 0.128 (Supplemental Table 1, Table 2 bold). 

The most significant SNP (chromosome 1, base pair 25,724,354) from the day to death MLM 

was also located outside of a gene, but the next most significant SNP was located in the 

metalloproteinase inhibitor 3-like gene and had an R2 value of 0.145 (Supplemental Table 1, 

Table 2 underline). Including all SNPs within the significant QTL peak on chromosome 1 and 

the single significant SNP on chromosome 7 accounted for 8.97 and 6.51 of the total model 

variation (R2) for survival and day to death, respectively (Table 2). When grouping the 16 

identified genes by their predicted function, 31% (5 genes) had functions related to DNA/RNA 

function and repair: coiled-coil domain-containing protein 13-like, E3 ubiquitin-protein ligase 

UBR5-like, nuclear receptor coactivator 2-like, nucleolar MIF4G domain-containing protein 1-

like, and rho GTPase-activating protein 190-like). Another 44% (7 genes) had functions related 

to ion binding and membrane transport: cadherin-23-like, gamma-aminobutyric acid type B 

receptor subunit 2-like, metalloproteinase inhibitor 3-like, monocarboxylate transporter 14-like, 

solute carrier organic anion transporter family member 4A1-like, transient receptor potential 

cation channel subfamily M member 1-like, and zinc transporter 2-like. The remaining 25% (4 

genes) had other predicted functions, such as lipid synthesis and transport and response to 

oxidative stress: ATP-dependent 6-phosphofructokinase-like, oxidation resistance protein 1-like, 

extended synaptotagmin-2-like, choline/ethanolaminephosphotransferase 1-like (Table 2). 
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Table 2. Genes with significant SNPs from the Combined Linkage Disequilibrium analysis for both survival and day to death in 

extreme low salinity. Chromosome of annotated gene within the genome is included, along with the significant number of SNPs 

detected within that gene and their total R2. If the gene was present in both analyses, values for survival and day to death are 

separated by "|". Gene where most significant SNP was located is bolded and underlined for survival and day to death, respectively. 

Gene function is indicated with either D (DNA), T (Transport), or O (other). 

Trait Annotated Gene Chr # of SNPs R2 Function 

Both E3 ubiquitin-protein ligase UBR5-like 1 2 | 2 0.171 | 0.234 D 

 metalloproteinase inhibitor 3-like 1 5 | 4 0.583 | 0.584 T 

 monocarboxylate transporter 14-like 1 3 | 2 0.350 | 0.275 T 

 nuclear receptor coactivator 2-like 1 8 | 5 0.856 | 0.715 D 

 nucleolar MIF4G domain-containing protein 1-like 7 1 | 1 0.113 | 0.133 D 

 oxidation resistance protein 1-like 1 3 | 1 0.295 | 0.142 O 

 rho GTPase-activating protein 190-like 1 2 | 2 0.197 | 0.247 D 

 not in a gene 1 25 | 20 2.76 | 2.96  

 uncharacterized gene 1 18 | 7 1.67 | 0.974   

Survival ATP-dependent 6-phosphofructokinase-like 1 1 0.128 O 

 cadherin-23-like 1 2 0.184 T 

 choline/ethanolaminephosphotransferase 1-like 1 4 0.388 O 

 coiled-coil domain-containing protein 13-like 1 7 0.709 D 

 extended synaptotagmin-2-like 1 2 0.172 O 

 gamma-aminobutyric acid type B receptor subunit 2-like 1 1 0.087 T 

 solute carrier organic anion transporter family member 4A1-like 1 1 0.106 T 

 zinc transporter 2-like 1 2 0.205 T 

Day to 

Death      

 transient receptor potential cation channel subfamily M member 1-like 1 2 0.247 T 

  Totals:   87 | 46 8.97 | 6.51   

 

Genomic prediction, heritability, and trait correlation  

Realized prediction accuracies including all SNPs ranged from 0.489 – 0.547 and 0.507 – 

0.57 for day to death and survival, respectively (Figure 5). Realized accuracies for both traits 

were highest for the marker models with the BayesB prior, followed by BRR and RKHS (Table 

3). For both traits, removing significant SNPs on chromosome 1 resulted in only a small 

reduction in accuracy values for both RKHS and BayesB, and the reduction was largest for both 

traits using BayesB. After removing SNPs on chromosome 1, accuracies for survival decreased 
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by 0.056 and 0.1 for RKHS and BayesB, respectively, and accuracies for day to death decreased 

by 0.029 and 0.12 for RKHS and BayesB, respectively (Figure 5 and Table 3).  

 

Figure 5. Realized genomic prediction accuracies for survival and day to death in the extreme 

low salinity challenge. Regression models were run for both traits including all SNPs and after 

removing SNPs in the significant region on chromosome 1 (red outline). Each bar represents the 

average value of the 50 and 25 separate 20%/80% cross-validation sets for RKHS and marker 

models (BayesB, BRR), respectively, divided by the square root of the respective estimated 

heritability value, 0.406 for day to death and 0.595 for survival. Error bars represent standard 

error of the mean.  
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Table 3. Realized accuracy estimates (± SEM) for survival and day to death in 

the acute low salinity challenge. Accuracies were estimated using a 20%/80% 

testing/training validation set for all regression models (RKHS, BRR, or 

BayesB) using all SNPs (All) and after removing SNPs in the significant 

region on chromosome 1 (No Chr1).  

 

 

Trait Markers Model *Realized Accuracy (± SE) 
 

Survival All RKHS 0.507 (0.032)  

  BRR 0.527 (0.037)  

  BayesB 0.571 (0.036)  

 No Chr1 RKHS 0.451 (0.016)  

  BayesB 0.471 (0.021)  

Day to death All RKHS 0.489 (0.020)  

  BRR 0.535 (0.020)  

  BayesB 0.547 (0.020)  

 No Chr1 RKHS 0.460 (0.028)  

    BayesB 0.428 (0.045)  

* accuracy /  h2; h2 survival = 0.539; h2 day to death = 0.406  

 

Realized prediction accuracies decreased when the number of SNP markers used was reduced 

(thinned) to below 250. For example, realized accuracy dropped to 0.43 and 0.39 for RKHS and 

BayesB, respectively, when models were run with 100 markers (Supplemental Figure 1).  
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Supplemental Figure 1. Average realized genomic selection accuracies for BayesB and RKHS 

using reduced marker number (thinned) datasets. Each point represents the average accuracy for 

ten 20%/80% testing/training cross validation for three different thinned data sets with a marker 

number of 25000, 20000, 15000, 10000, 5000, 2000, 1000, 500, 250, 100, 50, 25, 10 and 2 

markers. Error bars represent the SEM.  Note that the X-axis is broken between 1000 and 28000 

markers. 

 

Narrow-sense heritability estimates were moderate to high for both traits. The heritability 

estimate for day to death was 0.406 (Confidence interval: 0.231 – 0.595), which is slightly lower 

than the estimate for survival, 0.539 (CI: 0.326 – 0.750). The genetic correlation between the two 

low salinity challenge traits, survival and day to death, was large and significant, 0.867 ± 0.027. 

Discussion 

An experimental challenge at extreme low salinity (salinity < 3) was conducted with four 

F2 eastern oyster families to examine the genetic basis of extreme low salinity survival. QTL 

mapping and combined LD analysis using genome-wide SNPs revealed significant QTL on 

chromosome 1 and 7 for both traits, survival and day to death. Genes within, or proximal to, 

identified QTN had functions related to DNA/RNA function and repair, ion binding and 

membrane transport, and in the response to stress. Genomic prediction accuracies (0.48 – 0.57) 

suggest that genomic selection is a viable option for improving survival in acute low salinity for 

the eastern oyster, at least based on this dataset. However, future studies with a more appropriate 

experimental design are necessary. Furthermore, a larger genomic prediction accuracy of the 

BayesB regression model, along with the lack of substantial decrease in prediction accuracy 

when removing SNPs within the significant QTL region on chromosome 1, suggest that survival 



 

111 

 

 

in extreme low salinity may be controlled by many genes of small and potentially unequal effect, 

as opposed to being controlled by relatively few major-effect QTL.  

QTL and combined disequilibrium analyses 

QTL mapping and combined LD analysis revealed similar QTL on chromosome 1 related 

to both survival and day to death. The four significant QTL (Table 1) were located within the 

significant peak on chromosome 1, from 21,800,000 – 28,600,000 base pairs, detected by the 

combined LD analysis. For the combined LD analyses, the SNPs located within the significant 

QTL on chromosome 1 (87 SNPs for survival and 46 SNPs for day to death) explained a total of 

8.97% and 6.51% of the total phenotypic variation for survival and day to death, respectively, 

with the most significant SNP explaining < 0.1% for both traits. For the QTL mapping, a 

significant QTL explaining a large portion of the total variation (32% for survival and 50% for 

day to death) was detected for only one of the families (43) after refinement, and the 

insignificant QTL (after refinement) detected in family 11 explained 10% of the total variation 

for both traits. The relatively small contribution of our detected (major) QTL from both analyses 

suggests that many other markers of relatively small effect will likely have a combined large 

effect on the phenotype. Thus, survival in extreme low salinity (< 3) may be controlled by 

additional genes not identified in this analysis. Aside from one study (Sauvage et al., 2010), most 

QTL studies in bivalve shellfish have examined 2 or fewer families (Fang et al., 2021; Guo et al., 

2012; Wang et al., 2016; Zhan et al., 2009; Zhong et al., 2014). QTLs of similar magnitude (8 – 

40 percent variance explained) identified for multiple traits in salmonids have been proposed for 

incorporation into MAS programs (Ayllon et al., 2015; Barson et al., 2015; Boison et al., 2019; 

Gonen et al., 2015), but these QTL were validated across multiple populations. In this study, the 

significant QTL identified on chromosome 1 was detected in only two families, which happen to 
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be the two largest families analyzed, indicating that these families could be driving the detection 

of the QTL in our combined LD analyses. Thus, the QTL require further validation across other 

families and populations to determine if they are generally useful and associated with the trait, or 

if they are specific to the genetic background of the F2 families tested. Our sample size was 

relatively small (< 400) and further analyses should be conducted on a larger sample size with 

individuals from many populations. A sample size larger than 1000 is recommended for higher 

resolution when detecting QTL (Barría et al., 2018; Houston et al., 2020), and the possibility of 

conducting a GWAS of this magnitude is becoming more practical as genomic tools for the 

eastern oyster continue to be developed (i.e. SNP array; Houston et al., 2020; Thongda et al., 

2018).  

QTL mapping and combined LD analysis results suggest that survival and day to death 

are genetically similar traits. The similarity in the three LOD score curves for the QTL mapping 

models (2-part: day to death conditional on survival, survival as binary, and day to death with a 

normal distribution) suggest that similar QTL were identified when analyzing either trait 

independently. Similarly, the same major QTL region on chromosome 1 was also detected in the 

combined LD analysis for both traits, and 85 significant SNPs were shared within the same 6.8 

million base pair region (21,800,000 – 28,600,000 base pairs). A high genetic correlation was 

detected between the two traits (0.867 ± 0.027), and large genetic correlations (0.95) have 

previously been detected for disease-related survival traits (survival and day to death) in both 

salmon and trout (Barría et al., 2018, 2020; Bassini et al., 2019; Palti et al., 2015). The finding 

that survival and day to death are genetically similar suggests that either trait could be used in 

future assessment of extreme low salinity survival.  
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Combined LD analysis provided increased resolution and statistical power because all 

individuals were analyzed together (larger sample size). Combined LD analysis was able to 

detect not only the significant region on chromosome 1, but also an additional significant region 

on chromosome 7. Suggestive peaks for the combined LD analysis were present just below the 

significance threshold on chromosomes 5, 7, 8, and 9, and may contribute to the overall variation 

in this trait (Figure 4). In contrast, the family-specific QTL analyses did not detect these 

additional QTL, but there does seem to be a suggestive QTL on chromosome 8 for family 22 

(Figure 2). Previous studies have also observed increases in detection ability for combined LD 

mapping (Lu et al., 2010; Xiong and Jin, 2000). In our scenario, the combined LD analysis 

provided the most powerful analysis, but is complemented by the independent QTL mapping 

results.  

Functional analysis of QTL and SNPs 

For both survival and day to death, the four major QTL and 133 significant SNPs were 

located within, or proximal to, a total of 16 annotated genes. These genes have functions 

belonging to three major categories: DNA/RNA function and repair, ion binding and membrane 

transport, and the response to stress. Our results build upon previous transcriptomic studies of 

oysters and highlight potential genes and physiological processes underlying survival in extreme 

low salinity (< 3). 

Five of the 16 QTL-associated genes were annotated with functions related to DNA/RNA 

function and repair. Four of these genes (E3 ubiquitin-protein ligase UBR5-like, nuclear receptor 

coactivator 2-like, nucleolar MIF4G domain-containing protein 1-like, and rho GTPase-

activating protein 190-like) have functions related to RNA binding and gene transcription. 

Previous work examining the transcriptomic response of eastern oysters to a salinity of 8 and 
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Olympia oysters to a salinity of 5, revealed the strongest enrichment for genes related to DNA 

replication and transcription (Eierman and Hare, 2014; Maynard et al., 2018). The enrichment or 

detection of genes involved in gene transcription at low salinity might reflect the importance, and 

necessity, of increasing DNA function and transcription of genes responsible for conformation to 

stressful low salinities. For example, in eastern oysters, the rho GTPase-activating protein 190-

like gene was previously found to be enriched at low salinity (salinity 8) and is considered an 

important osmoregulatory candidate (Eierman and Hare, 2014). Rho proteins are also involved in 

anti-apoptotic processes (reviewed in Li et al. 2015), and infection of Pacific oyster hemocytes 

with vectors expressing the California sea hare (Aplysia californica) rho gene reduced β-

adrenoceptor-induced apoptosis (Lacoste et al., 2002). Upregulation and expression of many 

antiapoptotic genes and pathways is a known stress response in oysters (Zhang et al., 2016), and 

rho GTPase-activating protein 190-like may play an important role in preventing apoptosis to 

maintain internal homeostasis and cell integrity during extreme low salinity exposure.  

The majority of genes (7/16) proximal to or underlying QTL were related to membrane 

transport and ion binding. Oysters are osmoconformers that regulate the concentration of 

inorganic ions (Na+, Ca2+, and Mg2+) and free amino acids within their cellular fluid to maintain 

osmotic balance and conform to the salinity of their surrounding environment (Pierce, 1982, 

1971b; Shumway, 1977b, 1977a). SNPs significantly associated with variation in low salinity 

survival were detected in cadherin-23-like and transient receptor potential cation channel 

subfamily M member 1-like, both of which are transmembrane proteins that play a role in 

calcium ion binding and cation channel activity (Mège and Ishiyama, 2017; Venkatachalam and 

Montell, 2007). Induction of calcium dependent pathways is a documented response to salinity 

stress in bivalves (Eierman and Hare, 2014; Gong et al., 2021; Shumway, 1977b; Zhang et al., 
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2016), thereby regulating calcium metabolism, transport, and internal fluid osmolality. 

Additionally, expression of transient receptor proteins are known to be indicative of stress 

(Venkatachalam and Montell, 2007), and are specifically involved in the thermal stress response 

in both the Pacific and Portuguese oyster (Fu et al., 2021). Zinc transporter 2-like gene has 

functions specifically related to zinc ion binding, and this gene was previously shown to be 

associated with osmoregulation in the eastern oyster (Eierman and Hare, 2014). A significant 

SNP was also detected in the metalloproteinase inhibitor 3-like gene, which prevents the 

breakdown of metalloproteins. Metalloenzymes, which are superoxide dismutases with a bonded 

metal (Cu/Zn or Mn), are part of the defense system against oxidative stress (Park et al., 2009; 

Rudneva, 1999). These two genes suggest that zinc ion binding plays an important role in the 

response to extreme low salinity, and a moderate heritability for zinc ion accumulation in Fujian 

oysters (Wu et al., 2019) could point to a specific mechanism responsible for the observed 

variation in survival. 

 The remaining four genes identified from the genome-wide analyses had functions 

related to oxidative stress and protein regulation. Oxidative stress results from an excess of free 

radicals in an organism’s cells in response to an environmental stressor (Lushchak, 2011; 

reviewed in Rivera-Ingraham & Lignot, 2017), and expression of antioxidative genes are 

commonly used to indicate oyster health and stress (Zhang et al., 2016). Therefore, the 

significant SNPs detected in the oxidation resistance protein 1-like gene are not surprising and 

suggest that extreme low salinity tolerance could be influenced by genetic variation in oxidative 

response pathways. Additionally, maintenance of ion gradients during osmoregulation is one of 

the most ATP-demanding processes (Hand and Hardewig, 1996; Sokolova et al., 2012). Many 

genes involved in protein regulation were previously found to be significantly upregulated in the 
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Pacific oyster after challenge to a low salinity of 8 (Wang et al., 2012). The identification of 

SNPs associated with variation in low salinity tolerance within the ATP-dependent 6-

phosphofructokinase-like gene support the notion that glycolysis and energy metabolism are 

likely important in maintaining cell function during salinity stress.  

Genomic selection and heritability 

Genomic selection prediction accuracies for all models ranged from 0.48 – 0.57 for both 

traits, which are slightly lower than ranges reported for production and disease-related traits in 

other bivalve species. Genomic selection prediction accuracies from GBLUP models for growth-

related traits ranged from 0.54 – 0.67 and from 0.678 – 0.758 for resistance to Ostreid 

herpesvirus (OsHV-1-μvar) in the Pacific oyster (Gutierrez et al., 2020, 2018b). Other prediction 

accuracies were reported for growth related-traits in the Zhikong scallop (0.63 – 0.7) (Y. Wang 

et al., 2018) and for morphometric and edibility traits in the Portuguese oyster (0.4 – 0.79) (Vu et 

al., 2021). To our knowledge, there are no reported genomic prediction accuracies for 

environmental stress-related traits in aquaculture species for comparison, but studies of survival 

and day to death phenotypes for disease-related traits in finfish species have reported prediction 

accuracies as low as 0.21 (reviewed in Houston et al., 2020). Genomic prediction accuracies are 

affected by the underlying trait architecture, linkage disequilibrium structure, relatedness 

between training and testing sets, marker density, trait heritability, and sample size (Daetwyler et 

al., 2010; Dou et al., 2016; Habier et al., 2007; Meuwissen et al., 2001; Neves et al., 2012; 

Palaiokostas et al., 2019; Shengqiang et al., 2009). Therefore, the lower range of the prediction 

accuracies estimated here may be reflective of the underlying trait architecture.  

 More likely, the slightly lower range of genomic prediction accuracies may be an artifact 

of the small sample size (372 individuals) used and the relatedness between training and testing 
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sets (only 4 full-sibling families). The prediction accuracies estimated for low salinity survival in 

this study are most similar to those reported for growth-related traits in Yesso scallops (GBLUP, 

BayesB, RRBLUP: 0.3 – 0.6; Dou et al., 2016), where the authors assessed a population size of 

349 scallops from 5 full-sibling families. Larger prediction accuracies were found for the Pacific 

oyster, Zhikong scallop, and Portuguese oyster where more families and larger sample sizes were 

utilized, e.g. greater than 500 individuals from at least 23 full or half-sibling families (Gutierrez 

et al., 2020, 2018b; Vu et al., 2021; Yangfan Wang et al., 2018). Caution should be taken when 

comparing our results to these larger, more comprehensive studies, as our experimental design 

and F2 breeding structure represent fewer families/populations than are typically analyzed in GS 

studies. Future experimentation with a larger sample size and more populations may increase 

genomic prediction accuracies, as previous studies have found training population size to have a 

large effect on prediction accuracies (Ehret et al., 2015; Yangfan Wang et al., 2018). 

Nevertheless, the genomic prediction accuracies estimated here are on par with those in other 

marine bivalve studies, and larger than some previously reported accuracies for traits in finfish 

and shrimp species (reviewed in Houston et al., 2020). 

 Substantial thinning (reduction) in marker number (100 markers) was required to observe 

a noticeable reduction in prediction accuracy (0.07 and 0.18 decrease from the full marker model 

for RKHS and BayesB models, respectively). This result is likely a consequence of the F2 

breeding design employed. However, previous studies of marine animals utilizing more families 

and a more appropriate breeding design (i.e. > 20 half or full-sibling families) have also reported 

rather subtle decreases in prediction accuracy (~ 0.1) when sampling down to hundreds of 

markers (Gutierrez et al., 2020, 2018b). Overall, these results suggests that a relatively small 

number of markers (100s to a few thousand) may provide adequate genomic prediction 
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accuracies in experimental marine populations utilizing a family-based design. However, future 

work with larger sample sizes and a more appropriate breeding design is needed before making 

any major conclusions.  

 For both traits, accuracies were highest for regression models with the BayesB prior, 

followed by BRR and RKHS regression models. Accuracies differed by 0.064 and 0.058 

between BayesB and RKHS models for survival and day to death, respectively, and we suspect 

that these differences arise from the weighting of the markers. For RKHS models, a traditional 

animal model replaced by a kernel matrix is executed, which is a matrix of genetic signal (or 

similarity) between individuals approximated from genetic effects (marker genotypes), as 

opposed to a traditional GBLUP where the genetic signal is equal to the marker genotypes 

(Morota and Gianola, 2014; Pérez and de los Campos, 2014). In RKHS models, one variance is 

shared and divided between all markers, so each marker is weighted the same and predicted to 

have the same minimal effect (Meuwissen et al., 2001). In Bayesian Ridge Regression (BRR), 

each marker has its own variance, but all are shrunk by the same shrinking parameter (Pérez and 

de los Campos, 2014). Lastly, the BayesB prior allows for variable selection, specifically size-of-

effect shrinkage, where some markers have a small effect while the rest have minimal to no 

effect (Habier et al., 2011; Meuwissen et al., 2001; Morota and Gianola, 2014). The slight 

superiority in model performance by the BayesB prior could reflect the underlying nature of the 

trait, where survival in extreme low salinity is controlled by a few markers of small effect, such 

as those on chromosome 1 and 7, plus additional markers of minimal effect. Similarly, our 

genomic prediction accuracies decreased only slightly (0.029 – 0.12) when removing the 

significant region on chromosome 1, further supporting the notion that survival in extreme low 

salinity is polygenic in nature, and that regions other than those identified on chromosome 1 
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contribute to the overall trait variation. It is also worth investigating additional approaches (i.e. 

GBLUP, BayesA, BayesC) to ensure we have the model that best reflects the distribution of 

marker effects on our trait. While a Bayesian model (e.g. BayesB, BBR, BayesA, BayesC) may 

fit our trait best, the animal models (GBLUP and RHKS) are easier to implement with faster run 

times, and differences between GBLUP and Bayesian approaches have proven to be 

unsubstantial (Houston et al., 2020; Zenger et al., 2019).  

The narrow-sense heritability for both survival (h2 = 0.539) and day to death (h2 = 0.406) 

were very similar to previously reported values using a pedigree-derived relationship matrix 

between half-sibling families (h2  0.4, McCarty et al., 2020). Notably, the heritability estimate 

for survival was ~0.133 larger than the heritability estimate for day to death. Previous disease-

resistance studies of salmon, red tilapia, and Nile tilapia all reported higher heritability estimates 

for threshold traits compared to their linear model counterpart (Shoemaker et al., 2017; 

Sukhavachana et al., 2019; Yáñez et al., 2013), which was suggested to result from a better fit of 

the threshold animal model for the binary trait (Barría et al., 2018). Moreover, higher narrow 

sense heritability values for disease-resistance traits in both Coho salmon and Nile tilapia 

corresponded to higher genomic prediction accuracies for these species (Barría et al., 2020, 

2018), while lower heritability of disease resistance traits in the Portuguese oyster (0.1 – 0.11) 

resulted in lower prediction accuracies (0.24 – 0.3) (Vu et al., 2021). The correlation between 

high heritability values and high genomic prediction accuracies could provide an explanation for 

the higher genomic prediction accuracies for all survival models in this study.   
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Conclusion 

Overall, this initial genome-wide analysis indicates that the genetic architecture of 

survival in low salinity for eastern oysters may be polygenic in nature, with significant QTL 

located on eastern oyster chromosome 1 and 7. Moreover, genomic selection (GS) appears to be 

a viable option for improvement of this trait in eastern oysters, which is encouraging as the 

implementation of GS continues to become more feasible for many aquaculture species. These 

preliminary results require further validation using larger sample sizes and the inclusion of more 

families or populations to corroborate detected QTL. Future GWAS experiments will help to 

elucidate the genomic architecture and the genes underlying low salinity tolerance in oysters, and 

will ultimately provide more information about the performance of genomic selection for 

improving this critical trait in oysters.   

Data availability 

All raw sequence data is deposited in NCBIs SRA (https://www.ncbi.nlm.nih.gov/sra) under 

project name (PRJNA756884). Phenotypic information for all individuals, raw and curated 

markers (SNPs) used in the combined LD analyses and genomic selection models, and genotype 

files used in Onemap and R/qtl are available in Figshare 

(https://doi.org/10.6084/m9.figshare.c.5577813.v1). 
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Supplemental Table 1  

Table S1. All significant SNPs from the combined linkage disequilibrium analysis for survival and day to death. SNPs are listed in 

consecutive order based on position (base pair) for each trait. SNPs not located in a gene are labeled NA. 

Trait Chromosome 
Position 

(bp) 
-log10(p) R2 Gene 

Survival 1 21875334 7.37 0.085 E3 ubiquitin-protein ligase UBR5-like 

 1 21875338 7.37 0.085 E3 ubiquitin-protein ligase UBR5-like 

 1 21924061 8.03 0.106 solute carrier organic anion transporter family member 4A1-like 

 1 22609492 8.42 0.101 metalloproteinase inhibitor 3-like 

 1 22609495 8.48 0.134 metalloproteinase inhibitor 3-like 

 1 22609519 9.44 0.116 metalloproteinase inhibitor 3-like 

 1 22609547 9.44 0.116 metalloproteinase inhibitor 3-like 

 1 22609572 8.58 0.116 metalloproteinase inhibitor 3-like 
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 1 22609853 9.94 0.123 NA 

 1 22609860 6.11 0.082 NA 

 1 22609870 8.85 0.107 NA 

 1 22609871 8.79 0.139 NA 

 1 22609873 8.85 0.107 NA 

 1 22609877 8.85 0.107 NA 

 1 22771137 8.8 0.113 monocarboxylate transporter 14-like 

 1 22771138 9.84 0.128 monocarboxylate transporter 14-like 

 1 22771257 8.59 0.109 monocarboxylate transporter 14-like 

 1 23273232 7.17 0.107 NA 

 1 23956678 9.35 0.112 NA 

 1 23957309 10.54 0.128 NA 

 1 24490391 9.98 0.128 ATP-dependent 6-phosphofructokinase-like 

 1 24617297 7.18 0.094 oxidation resistance protein 1-like 

 1 24617410 6.35 0.1 oxidation resistance protein 1-like 

 1 24617505 7.59 0.1 oxidation resistance protein 1-like 

 1 24868758 6.55 0.086 uncharacterized 

 1 24868951 6.94 0.091 uncharacterized 

 1 24868958 6.47 0.085 uncharacterized 

 1 24868965 7.47 0.098 uncharacterized 

 1 24868981 7.47 0.098 uncharacterized 

 1 24868985 7.47 0.098 uncharacterized 

 1 24868987 7.47 0.098 uncharacterized 

 1 24880905 5.85 0.103 NA 

 1 24881232 6.47 0.096 uncharacterized 

 1 24881298 6.79 0.097 uncharacterized 

 1 24881322 6.79 0.097 uncharacterized 

 1 24899890 7.43 0.098 NA 

 1 25149428 9.69 0.117 NA 

 1 25149465 9.69 0.117 NA 

 1 25149558 9.69 0.117 NA 

 1 25149636 7.82 0.103 NA 

 1 25432258 6.69 0.088 extended synaptotagmin-2-like 

 1 25432290 6.45 0.084 extended synaptotagmin-2-like 

 1 25817658 8.54 0.123 NA 

 1 25817659 8.54 0.123 NA 

 1 25817660 8.54 0.123 NA 

 1 25817661 8.54 0.123 NA 

 1 25822728 9.69 0.117 nuclear receptor coactivator 2-like 

 1 25822843 5.86 0.076 nuclear receptor coactivator 2-like 
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 1 25822852 9.69 0.117 nuclear receptor coactivator 2-like 

 1 25822872 8.81 0.117 nuclear receptor coactivator 2-like 

 1 25822888 9.69 0.117 nuclear receptor coactivator 2-like 

 1 25827663 9.08 0.11 nuclear receptor coactivator 2-like 

 1 25875693 7.23 0.101 nuclear receptor coactivator 2-like 

 1 25875726 7.2 0.101 nuclear receptor coactivator 2-like 

 1 25984434 6.9 0.1 uncharacterized 

 1 25995397 5.88 0.077 NA 

 1 25995483 6.37 0.083 NA 

 1 26221696 7.43 0.099 rho GTPase-activating protein 190-like 

 1 26229830 7.39 0.097 rho GTPase-activating protein 190-like 

 1 26272256 5.78 0.079 uncharacterized 

 1 26272261 5.78 0.079 uncharacterized 

 1 26458728 9.69 0.117 NA 

 1 26458755 9.32 0.112 NA 

 1 27131959 7.62 0.092 cadherin-23-like 

 1 27131971 7.62 0.092 cadherin-23-like 

 1 27205754 6.8 0.089 uncharacterized 

 1 27225046 8.78 0.105 NA 

 1 27877656 6.38 0.087 gamma-aminobutyric acid type B receptor subunit 2-like 

 1 27937253 8.32 0.098 uncharacterized 

 1 27937374 6.5 0.074 uncharacterized 

 1 27937383 8.32 0.098 uncharacterized 

 1 27937414 8.8 0.105 uncharacterized 

 1 28089010 8.64 0.102 zinc transporter 2-like 

 1 28089011 8.64 0.102 zinc transporter 2-like 

 1 28234691 8.82 0.105 NA 

 1 28342183 6.61 0.089 choline/ethanolaminephosphotransferase 1-like 

 1 28342185 6.61 0.089 choline/ethanolaminephosphotransferase 1-like 

 1 28342194 7.84 0.106 choline/ethanolaminephosphotransferase 1-like 

 1 28342449 7.72 0.104 choline/ethanolaminephosphotransferase 1-like 

 1 28589428 8.56 0.101 coiled-coil domain-containing protein 13-like 

 1 28589449 8.56 0.101 coiled-coil domain-containing protein 13-like 

 1 28589450 8.56 0.101 coiled-coil domain-containing protein 13-like 

 1 28589465 8.56 0.101 coiled-coil domain-containing protein 13-like 

 1 28589466 8.56 0.101 coiled-coil domain-containing protein 13-like 

 1 28589471 8.56 0.101 coiled-coil domain-containing protein 13-like 

 1 28589475 8.56 0.101 coiled-coil domain-containing protein 13-like 

  7 7251580 9.08 0.113 nucleolar MIF4G domain-containing protein 1-like 
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Day to 

death 
1 21875334 5.82 0.117 E3 ubiquitin-protein ligase UBR5-like 

 1 21875338 5.82 0.117 E3 ubiquitin-protein ligase UBR5-like 

 1 22609492 6.95 0.147 metalloproteinase inhibitor 3-like 

 1 22609495 6 0.175 metalloproteinase inhibitor 3-like 

 1 22609519 6.3 0.131 metalloproteinase inhibitor 3-like 

 1 22609547 6.3 0.131 metalloproteinase inhibitor 3-like 

 1 22609853 6.3 0.131 NA 

 1 22609870 6.95 0.147 NA 

 1 22609873 6.95 0.147 NA 

 1 22609877 6.95 0.147 NA 

 1 22771138 6.06 0.137 monocarboxylate transporter 14-like 

 1 22771257 6.06 0.137 monocarboxylate transporter 14-like 

 1 23273232 5.79 0.148 NA 

 1 23956678 6.93 0.144 NA 

 1 23957309 6.83 0.141 NA 

 1 24617505 6.03 0.142 oxidation resistance protein 1-like 

 1 24880905 6.53 0.178 NA 

 1 24881298 5.81 0.152 uncharacterized 

 1 24881322 5.81 0.152 uncharacterized 

 1 25149428 6.91 0.143 NA 

 1 25149465 6.91 0.143 NA 

 1 25149558 6.91 0.143 NA 

 1 25724354 6.97 0.145 NA 

 1 25817658 6.05 0.168 NA 

 1 25817659 6.05 0.168 NA 

 1 25817660 6.05 0.168 NA 

 1 25817661 6.05 0.168 NA 

 1 25822728 6.91 0.143 nuclear receptor coactivator 2-like 

 1 25822852 6.91 0.143 nuclear receptor coactivator 2-like 

 1 25822872 6.65 0.157 nuclear receptor coactivator 2-like 

 1 25822888 6.91 0.143 nuclear receptor coactivator 2-like 

 1 25827663 6.06 0.129 nuclear receptor coactivator 2-like 

 1 25984157 6.91 0.143 uncharacterized 

 1 25984434 6.02 0.158 uncharacterized 

 1 26221696 6.16 0.128 rho GTPase-activating protein 190-like 

 1 26221697 5.79 0.119 rho GTPase-activating protein 190-like 

 1 26458728 6.91 0.143 NA 

 1 26458755 6.91 0.143 NA 

 1 27225046 6.1 0.124 NA 
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1 27372715 6.14 0.124 

transient receptor potential cation channel subfamily M member 1-

like 

 
1 27372725 6.05 0.122 

transient receptor potential cation channel subfamily M member 1-

like 

 1 27937253 6.06 0.124 uncharacterized 

 1 27937383 6.06 0.124 uncharacterized 

 1 27937414 6.02 0.123 uncharacterized 

 1 28234691 6.05 0.123 NA 

  7 7251580 6.2 0.133 nucleolar MIF4G domain-containing protein 1-like 

Significance threshold is 5.7 after correcting for the correct number of effective tests 
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Chapter 5:  Conclusion and future directions 
 

My dissertation investigated the biology and genetic basis of survival during acute low 

salinity (< 3) for the eastern oyster, Crassostrea virginica. The eastern oyster in an important 

aquaculture species along the Gulf of Mexico and mid-Atlantic coast of the United States. Oyster 

lines selectively bred for various environmental extremes are going to be important for the 

resiliency of the aquaculture industry moving forward. Specifically, enhanced survival during 

freshet events is crucial for coastal populations where pulse events and anthropogenic diversions 

of freshwater are common (reviewed in Du et al., 2021). Thus, understanding oyster physiology 

at acute low salinity and investigating the genomic regions underlying differential low salinity 

survival is important for breeding efforts moving forward. 

Major conclusions from the low salinity challenges 

Results from numerous extreme low salinity challenge experiments (seven total, two not 

explicitly discussed in this dissertation) provide a detailed picture of oyster mortality trends at 

acute low salinity. Low salinity challenge experiments were conducted across all three research 

chapters at either a constant temperature (27 – 28°C) or at a temperature that was manually 

adjusted to mimic ambient temperature, at two different times of year (spring and summer) and 

using oysters of various size-classes/age. The differences in animal size-class/age and time of 

year when challenges were conducted were not necessarily part of the experimental design, but 

more so a consequence of logistics (i.e. convenience of performing the challenge and what 

animals were available during that time). While challenges were not conducted at all possible 

combinations of age/size, time of year, etc., the information from the five challenges conducted 

in this dissertation could be structured into a decision-making table (e.g. Figure 1), where 
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breeders would be able to determine the appropriate low salinity challenge duration depending 

on the age of oysters, time of year, etc. This would be useful for breeding programs that wish to 

conduct the challenge and incorporate acute low salinity survival into their breeding efforts. 

However, it is important to conduct these challenges on oysters with a genetic background that is 

relevant to the breeding program or growing conditions, as the challenges in this dissertation 

were mainly conducted using selectively-bred lines adapted to growing conditions in the 

Chesapeake Bay (low salinity family lines and wild Choptank oysters; Allen et al., 2021). For 

example, if freshwater is a problem for aquaculture farms in Louisiana, then a challenge should 

be conducted using lines or wild diploids that are locally adapted to LA conditions to determine 

mortality patterns.  

 

Figure 1. Example decision making table to determine the exposure duration when conducting an 

extreme low salinity challenge at a salinity 2.5 & temperature 27°C depending on oyster size (< 

40 mm or > 40 mm) and time of year (spring, summer, or fall). 

 

Investigating low salinity tolerance and survival in spat/seed is a critical next step. 

Aquaculture farmers typically buy oysters as either spat-on-shell, larvae set on an oyster shell 
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(i.e. cultch), or seed, individual larvae typically set on a particle of ground oyster sell (i.e. micro 

cultch) for planting on their farm (Andrews and Mason, 1969; Hudson, 2019). Survival during 

low salinity exposure may differ substantially during the spat/seed life stage compared to later 

juvenile or adult stages. If oyster survival as a spat/seed is highly correlated to adult survival at 

low salinity, then breeding for either trait would theoretically result in the same genetic gains. 

However, low salinity survival would need to be treated as two separate traits when breeding if 

the genetic basis of survival differs between the two life stages. Breeding for low salinity 

survival in spat/seed oysters may be especially important for areas where farmers typically plant 

their new crop during the wet season.  

The chronic (long-term, 6-month challenge) provides insight into the effect of 

temperature on survival in extreme low salinity. A relatively high temperature (27°C) was 

chosen for the challenges because mortality at salinity < 3 is negligible when temperature is < 

20°C (Southworth et al., 2017; Chapter 3 chronic challenge), but a temperature of 24 – 25°C may 

have also been appropriate, with mortality likely delayed compared to higher temperatures. In 

the chronic challenge, mortality spiked first in early June at 25°C after 16 days above 20°C and 

again at the end of July after 27 days above 27°C (Chapter 3). While the magnitude of mortality 

was lower at 25°C compared to 27°C (Chapter 3), this may suggest a two-temperature threshold 

to extreme low salinity survival. It would be interesting to conduct side-by-side challenges, one 

at 25°C and one at 27°C, with individuals from the same families to see how family mortality at 

low salinity compares between the two temperature levels. Again, these challenges were 

conducted using oysters adapted to the growing conditions in the Chesapeake Bay, and 

populations native to other regions with different thermal ranges may exhibit differences in 

thermal tolerance at extreme low salinity. Regardless of population, is appears to be important to 
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keep the challenge temperature within ±0.5°C to maintain the dual-stressor. Temperature 

fluctuated slightly during the first three weeks of the short-term challenge, ranging from 24 – 

27°C, which could have contributed to peak mortality occurring later in the challenge. In 

addition, temperature dropped to 22°C for 30 hours during a spring challenge (data not reported) 

and negligible mortality occurred over two months. There is no direct evidence supporting 

fluctuations in either temperature and/or salinity being responsible for delayed or negligible 

mortality described above, but fluctuations or slight decreases (3-5°C) in temperature may give 

oysters enough of a reprieve to survive extended periods at low salinity. Maintaining a consistent 

challenge environment (low salinity and high temperature) is very important for producing 

consistent mortality (repeatable phenotypes) over an expected timeframe under low salinity 

stress exposure.   

Insight into the physiology associated with extreme low salinity stress 

This dissertation proposes methods for measuring individual algae removal using a 

handheld fluorometer (chapter 3), which could be valuable tool for the broader scientific and 

aquaculture community. Smoothing splines captured the sigmoidal feeding trend for individual 

oysters, where individuals either depleted the algae quickly once feeding commenced or they 

slowly depleted the algae over a longer period of time. The family mean slope and midpoint of 

the splines for individuals sampled were marginally associated with the family mean survival in 

the chronic low salinity challenge cumulative survival (Chapter 3), but it is possible that other 

analyses or feeding metrics would better capture the feeding trends. For example, the onset of 

feeding may be more strongly associated with mean family survival at low salinity, where more 

tolerant individuals begin feeding more quickly after exposure to stressful low salinity 

conditions. Conversely, time to deplete all the algae may be more reflective of long-term low 
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salinity behavior and tolerance. However, in our experiments, some individuals did not deplete 

50% of the starting algae concentration, so they would have a null (NA) value for this parameter. 

Converting this feeding metric into a binary phenotype (100% algae depletion or not) may 

produce a stronger association with low salinity survival compared to the average time to deplete 

50% metric. In addition, from an application standpoint, measuring algae concentration at just 

two or three timepoints to determine if algae were depleted or not, would be easier to implement 

and allow for simultaneous sampling of more individuals on a given experiment day.  

 The results from the feeding experiment (Chapter 3) were intriguing and suggest, 

although only examined for a relatively small sample size, that feeding efficiency (speed of algae 

removal) is associated with low salinity survival. More experiments investigating the details of 

feeding, such as the activity of the cilia, control of gape/shell opening, characteristics of the 

exhalant siphon structure, and interfilamentary distance to the gill (mechansisms of feeding 

reviewed in Cranford et al., 2011), may provide an explanation for the observed differences in 

feeding behavior, as each structure and mechanism respond differently to stimuli. All oysters 

opened, to some extent, and conformed to the extreme low salinity in the challenge (Chapter 2), 

but differences in regulation of water, ions, or free amino acids may be responsible for 

differences in survival among individuals/families. Oysters must maintain a certain amount of 

free amino acids in order to function physiologically (e.g. Oglesby, 1981; Pierce, 1970; reviewed 

in Pourmozaffar et al., 2019), which would explain why all oysters remained slightly 

hyperosmotic in a salinity < 3 (Chapter 2). Osmolality of oysters in slightly higher and lower 

salinities could be investigated to determine at which low salinity level oysters are no longer able 

to fully conform. Thus, the concentration of a specific amino acid, for example, could be a 

molecular/physiological phenotype worth measuring. Additionally, investigating gene expression 
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using RNA-seq approaches during the challenge experiment, especially during the first week of 

exposure, could reveal pathways directly involved in low salinity survival and tolerance. An 

interesting next step would be to identify expression quantitative trait loci (eQTLs), which are 

regions of variation in the genome (genotypes) that explain variation in gene expression (Nica 

and Dermitzakis, 2013). Differences in gene expression could reveal a specific set of genes that 

are important during the molecular response to extreme low salinity exposure. Exploring 

physiology, gene expression, and eQTLs may help explain why mortality often spiked after ~ 8 

days of exposure in our challenge experiments – what physiological limit are the oysters 

reaching? A biomarker or physiological assay (e.g. algae removal, regulation of ions) for low 

salinity stress would be helpful and, depending on the simplicity and ease of measuring, could 

provide a more precise phenotype for measuring low salinity tolerance.  

Next steps for breeding of survival in extreme low salinity in oysters 

Survival in acute low salinity has a strong genetic component. A moderate narrow-sense 

heritability was estimated for survival during the low salinity challenge using both a pedigree 

(Chapter 2 and 3) and marker-based (Chapter 4) relationship structure between multiple year 

classes and families of individuals. A moderate narrow-sense heritability suggests that this trait 

could be improved through selection, which is encouraging for programs wishing to incorporate 

acute low salinity tolerance into their breeding efforts. The presence of a potentially major effect 

QTL on Chromosome 1 (though this needs validation in additional populations) and the 

superiority of the BayesB genomic selection model (Chapter 4) suggest that initial genetic gains 

may be made by incorporating this (and possibly other) major-effect region. More substantial 

genetic gains may then be possible by implementing genomic selection considering the 

apparently polygenic nature of the trait. 
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This dissertation focused primarily on improvement of low salinity tolerance of oysters 

grown in floating gear typical of water column leases. Seed oysters, which are typically grown in 

bags and/or cages within or at the top of the water column, were used in all five challenge 

experiments. In contrast, oyster aquaculture in the Maryland-portion of the Chesapeake Bay is 

dominated by on-bottom culture using spat-on-shell (Hurley, 2021; van Senten et al., 2019). 

Freshet events will also likely impact on-bottom farms, but there may be other traits that are 

more important from a production standpoint. For example, traits such as shell thickness to avoid 

predators, ability to grow vertically to outcompete neighboring oysters for necessary resources, 

or the ability to survive heavy sedimentation may be more important for oyster survival on-

bottom. Dedicating efforts to investigating traits important to on-bottom culture will further 

increase the productivity of the aquaculture industry. 

For eastern oysters in the mid-Atlantic region, utilizing genomic selection (GS) for 

improvement of low salinity survival should be possible using the low salinity progeny test and a 

recently developed 66,000 Axiom SNP array. To breed for survival during exposure to freshet 

conditions (salinity < 3), a breeding program would first want to conduct a progeny test using 

similar conditions to the challenge experiments implemented in this thesis: exposure to salinity 

2.5 and temperature 27°C for 1-2 months, depending on oyster size. To maximize genomic 

selection prediction accuracies, I would suggest that the experimental population consist of as 

many related individuals (e.g. half and/or full-siblings) as possible because the sample size (the 

size of the training population) and the relatedness between individuals in the testing and training 

population affect genomic prediction accuracies (e.g. Combs and Bernardo, 2013; Ehret et al., 

2015; Habier et al., 2007; Wang et al., 2018). Survival (live or dead) should be recorded for all 

individuals in the challenge and tissue should be sampled and preserved for all individuals either 
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within 24 hours of death or at the end of the challenge for those remaining alive. Genotyping of 

all individuals should then be conducted using the 66,000 Axiom SNP array. In order to decrease 

genotyping costs and to potentially incorporate more individuals into the challenge, breeding 

programs could consider genotyping individuals at fewer markers (1,000 markers) if the 

experimental population consists of related individuals because there will be more linkage 

disequilibrium between markers and prediction accuracy should not be negatively affected (e.g. 

Kriaridou et al., 2020; reviewed in Zenger et al., 2019). Genomic selection training models can 

then be created, and validation approaches can be used to assess the accuracy of predicting an 

individual’s survival based on their genome-wide markers. If the accuracy is moderate to high, 

which it was using F2 families (Chapter 4), then broodstock oysters can be genotyped and the GS 

prediction model can be used to choose which individuals to spawn. The genomic selection 

model created in Chapter 4 may work for lines from the Aquaculture Genetics and Breeding 

Technology Center at the Virginia Institute of Marine Science and for oyster’s native to the mid-

Atlantic and Chesapeake Bay, but how the F2 family structure affects model prediction remains 

unknown. If breeding for low salinity tolerance in other areas (e.g. Maine or Florida), the process 

above should be carried out and a different genomic selection model should be created because 

the genetic background may vary across populations. 

 Another important next step is to determine how low salinity survival in our challenge 

experiment correlates to survival in the field. This could be accomplished by creating families 

based on survival in the challenge experiment and then monitoring survival at a low salinity (< 3) 

field site. Challenges arise when comparing lab experiments to field experiments because there is 

a large amount of uncontrollable variability in the field (e.g. Cloern et al., 2017; Gilmour et al., 

1997; Grodwohl et al., 2018). Lab experiments generally control for most ecological factors, but 
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other aspects of low salinity, such as reduced algae diversity and abundance, change in predation 

pressure, or presence of chemicals/toxins from freshwater runoff, may have a large effect on low 

salinity survival in the field. In addition, there is a great deal of variation from year to year in the 

field environment and poor discrimination (differences) in family mortality one year may not be 

reflective of actual differences in low salinity tolerance between families. Genotypes may 

respond differently to environmental variation (genotype-by-environment (GxE) interaction, 

Falconer and Mackay, 1996; Lynch and Walsh, 1998), where the best performing genotypes in 

one environment are not the best performing in a different environment. GxE interactions have 

been documented for various livestock and aquaculture species and can hinder the efficiency of 

selection if attempting to improve a trait across multiple environments (reviewed in Sae-Lim et 

al., 2016). Investigating the relationship between low salinity survival in the laboratory challenge 

and in the field, along with unveiling potential GxE interactions, is important if using the 

laboratory-based challenge to inform future breeding decisions.   

 The results from my dissertation highlight the potential of improving eastern oyster 

survival during acute low salinity exposure. A strong genetic component underlies low salinity 

tolerance, measured as a survival (binary) and day to death phenotype. However, future 

experiments are needed to fully understand the genetic architecture of the trait. Exploring 

additional omic-approaches (gene expression profiling and eQTLs), behavior, and physiology 

associated with survival during low salinity exposure are interesting next steps to better 

understand variable low salinity survival. The research findings, challenge experiment 

parameters, and algae removal methods are beneficial to the broader eastern oyster aquaculture 

community and can help improve the industry in the face of climate change. 

 

 



 

135 

 

 

Bibliography 
 

Allen, S.K., Rexroad, C., Rheault, R., 2020. Improving production of the eastern oyster 

Crassostrea virginica through coordination of genetic improvement programs, research, and 

technology transfer activities 39, 175–179. https://doi.org/10.2983/035.39.0201 

Allen, S.K., Small, J.M., Kube, P.D., 2021. Genetic parameters for Crassostrea virginica and 

their application to family-based breeding in the mid-Atlantic, USA. Aquaculture 538, 1–

12. https://doi.org/10.1016/j.aquaculture.2021.736578 

Allen, S.K.J., 1993. Development of high survival resistant lines in oysters using MSX-resistant 

strains. J. Shellfish Res. 12, 103. 

Anderson, J.L., Frank, A., Taryn, G., Jingjie, C., 2017. Aquaculture: its role in the future of food, 

in: World Agricultural Resources and Food Security, Frontiers of Economics and 

Globalization. Emerald Publishing Limited, pp. 159–173. https://doi.org/10.1108/S1574-

871520170000017011 

Andrews, J.D., 1983. Minchinia nelsoni (MSX) infections in the James River seed-oyster area 

and their expulsion in spring. Estuar. Coast. Shelf Sci. 16, 255–269. 

https://doi.org/10.1016/0272-7714(83)90144-0 

Andrews, J.D., 1964. Oyster mortality studies in Virginia. IV. MSX in James River public seed 

beds. Proc. Natl. Shellfish. Assoc. 53, 65–84. 

Andrews, J.D., Mason, L.W., 1969. Cultchless Seed Oysters. https://doi.org/10.25773/v5-810d-

7357 

Andrews, J.D., Quayle, D.B., Haven, D., 1959. Fresh-water kill of oysters (Crassostrea 

virginica) in James River, Virginia, 1958. Proc. Natl. Shellfish. Assoc. 49, 29–49. 

Ayllon, F., Kjærner-Semb, E., Furmanek, T., Wennevik, V., Solberg, M.F., Dahle, G., Taranger, 



 

136 

 

 

G.L., Glover, K.A., Almén, M.S., Rubin, C.J., Edvardsen, R.B., Wargelius, A., 2015. The 

vgll3 locus controls age at maturity in wild and domesticated Atlantic Salmon (Salmo salar 

L.) males. PLoS Genet. 11, 1–15. https://doi.org/10.1371/journal.pgen.1005628 

Azra, M.N., Okomoda, V.T., Tabatabaei, M., Hassan, M., Ikhwanuddin, M., 2021. The 

Contributions of Shellfish Aquaculture to Global Food Security: Assessing Its 

Characteristics From a Future Food Perspective. Front. Mar. Sci. 8, 1–6. 

https://doi.org/10.3389/fmars.2021.654897 

Barría, A., Christensen, K.A., Yoshida, G.M., Correa, K., Jedlicki, A., Lhorente, J.P., Davidson, 

W.S., Yáñez, J.M., 2018. Genomic predictions and genome-wide association study of 

resistance against Piscirickettsia salmonis in coho salmon (Oncorhynchus kisutch) using 

ddRAD sequencing. G3 Genes, Genomes, Genet. 8, 1183–1194. 

https://doi.org/10.1534/g3.118.200053 

Barría, A., Trinh, T.Q., Mahmuddin, M., Benzie, J.A.H., Chadag, V.M., Houston, R.D., 2020. 

Genetic parameters for resistance to Tilapia Lake Virus (TiLV) in Nile tilapia (Oreochromis 

niloticus). Aquaculture 522, 1–7. https://doi.org/10.1016/j.aquaculture.2020.735126 

Barson, N.J., Aykanat, T., Hindar, K., Baranski, M., Bolstad, G.H., Fiske, P., Jacq, C., Jensen, 

A.J., Johnston, S.E., Karlsson, S., Kent, M., Moen, T., Niemelä, E., Nome, T., Næsje, T.F., 

Orell, P., Romakkaniemi, A., Sægrov, H., Urdal, K., Erkinaro, J., Lien, S., Primmer, C.R., 

2015. Sex-dependent dominance at a single locus maintains variation in age at maturity in 

salmon. Nature 528, 405–408. https://doi.org/10.1038/nature16062 

Bassini, L.N., Lhorente, J.P., Oyarzún, M., Bangera, R., Yáñez, J.M., Neira, R., 2019. Genetic 

parameters for Piscirickettsia salmonis resistance, sea lice (Caligus rogercresseyi) 

susceptibility and harvest weight in rainbow trout (Oncorhynchus mykiss). Aquaculture 510, 



 

137 

 

 

276–282. https://doi.org/10.1016/j.aquaculture.2019.05.008 

Bayne, B.L., 2017. Metabolic Expenditure, in: Bayne, B. (Ed.), Developments in Aquaculture 

and Fisheries Science. Elsevier, pp. 331–415. https://doi.org/10.1016/B978-0-12-803472-

9.00006-6 

Beaven, G.F., 1946. Effect of Susquehanna River stream flow on Chesapeake Bay salinities and 

history of past oyster mortalities on upper bay bars. Cheseapeake Biol. Lab. Contrib. 1–11. 

Beck, M.W., Brumbaugh, R.D., Airoldi, L., Carranza, A., Coen, L.D., Crawford, C., Defeo, O., 

Edgar, G.J., Hancock, B., Kay, M.C., Lenihan, H.S., Luckenbach, M.W., Toropova, C.L., 

Zhang, G., Guo, X., 2011. Oyster reefs at risk and recommendations for conservation, 

restoration, and management. Bioscience 61, 107–116. 

https://doi.org/10.1525/bio.2011.61.2.5 

Beckensteiner, J., Kaplan, D.M., Scheld, A.M., 2020. Barriers to eastern oyster aquaculture 

expansion in Virginia. Front. Mar. Sci. 7, 1–19. https://doi.org/10.3389/fmars.2020.00053 

Benjamini, Y., Hochberg, Y., 1995. Controlling the false discovery rate: A practical and 

powerful approach to multiple testing. J. R. Stat. Soc. Ser. B 57, 289–300. 

Boison, S., Ding, J., Leder, E., Gjerde, B., Bergtun, P.H., Norris, A., Baranski, M., Robinson, N., 

2019. QTLs Associated with Resistance to Cardiomyopathy Syndrome in Atlantic Salmon. 

J. Hered. 110, 727–737. https://doi.org/10.1093/jhered/esz042 

Bourdon, R.M., 2000. Understanding Animal Breeding, Second. ed. Charles E. Stewart Jr, Upper 

Saddle River. 

Bradbury, P., Zhang, Z., Kroon, D., Casstevens, T., Ramdoss, Y., Buckler, E., 2007. TASSEL: 

Software for association mapping of complex traits in diverse samples. Bioinformatics 23, 

2633–2635. 



 

138 

 

 

Brammer, A.J., Rodriguez del Rey, Z., Spalding, E.A., Poirrier, M.A., 2007. Effects of the 1997 

Bonnet Carré Spillway opening on infaunal macroinvertebrates in Lake Pontchartrain, 

Louisiana. J. Coast. Res. 23, 1292. https://doi.org/10.2112/05-0571.1 

Breslow, N.E., Clayton, D.G., 1993. Approximate inference in generalized linear mixed models. 

J. Am. Stat. Assoc. 88, 9. https://doi.org/10.2307/2290687 

Broman, K.W., 2003. Mapping quantitative trait loci in the case of a spike in the phenotype 

distribution. Genetics 163, 1169–1175. 

Broman, K.W., Wu, H., Sen, Ś., Churchill, G.A., 2003. R/qtl: QTL mapping in experimental 

crosses. Bioinformatics 19, 889–890. https://doi.org/10.1093/bioinformatics/btg112 

Burreson, E., Ragone Calvo, L., 1996. Epizootiology of Perkinsus marinus disease of oysters in 

the Chesapeake Bay with emphasis on data since 1985. J. Shellfish Res. 15, 17–34. 

Burreson, E.M., Ragone Calvo, L.M., LaPeyre, J.F., Counts, F., Paynter Jr, K.T., 1994. Acute 

osmotic tolerance of cultured cells of the oyster pathogen Perkinsus marinus acclimated to 

low salinity. J. Shellfish Res. 109A, 575–582. 

Bushek, D., Ford, S.E., Burt, I., 2012. Long-term patterns of an estuarine pathogen along a 

salinity gradient. J. Mar. Res. 70, 225–251. https://doi.org/10.1357/002224012802851968 

Butler, D., Cullis, B.R., Gilmour, A.R., Gogel, B.J., 2007. Analysis of mixed models for S 

language environments: ASReml-R reference manual. 

Butler, D.G., Cullis, B.R., Gilmour, A.R., Gogel, B.J., Thompson, R., 2017. ASReml-R 

Reference Manual Version 4. ASReml-R Ref. Man. 176. 

Butler, P.A., 1952a. Growth and mortality rates in sibling and unrelated oyster populations. Proc. 

Gulf Caribb. Fish. Inst. 4, 71. 

Butler, P.A., 1952b. Effect of floodwaters on oysters in Mississippi Sound in 1950. Fish Wildl. 



 

139 

 

 

Serv. Res. Rep. 1–17. 

Butler, P.A., 1949. An investigation of oyster producing areas in Louisiana and Mississippi 

damaged by flood waters in 1945, United States Fish and Wildlife Service, Special 

Scientific Report: Fisheries No.8. Washington, D.C. 

Campos-Montes, G.R., Montaldo, H.H., Martínez-Ortega, A., Jiménez, A.M., Castillo-Juárez, 

H., 2013. Genetic parameters for growth and survival traits in Pacific white shrimp Penaeus 

(Litopenaeus) vannamei from a nucleus population undergoing a two-stage selection 

program. Aquac. Int. 21, 299–310. https://doi.org/10.1007/s10499-012-9553-1 

Carriker, M.R., Gaffney, P.M., 1996. A catalogue of selected species of living oysters 

(Ostreacea) of the World, in: Kennedy, A., Newell, V.S., Eble, A.F. (Eds.), The Eastern 

Oyster Crassostrea Virginica. Maryland Sea Grant, College Park, MD, pp. 1–18. 

Casas, S., Filgueira, R., Lavaud, R., Comeau, L.A., La Peyre, M.K., La Peyre, J.F., 2018a. 

Combined effects of temperature and salinity on the physiology of two geographically-

distant eastern oyster populations. J. Exp. Mar. Bio. Ecol. 506, 82–90. 

https://doi.org/10.1016/j.jembe.2018.06.001 

Casas, S., Lavaud, R., La Peyre, M.K., Comeau, L.A., Filgueira, R., La Peyre, J.F., 2018b. 

Quantifying salinity and season effects on eastern oyster clearance and oxygen consumption 

rates. Mar. Biol. 165, 1–13. https://doi.org/10.1007/s00227-018-3351-x 

Castillo-Juárez, H., Campos-Montes, G.R., Caballero-Zamora, A., Montaldo, H.H., 2015. 

Genetic improvement of Pacific white shrimp (Penaeus (Litopenaeus)vannamei): 

perspectives for genomic selection. Front. Genet. 5, 1–4. 

https://doi.org/10.3389/fgene.2015.00093 

Charmantier, A., Buoro, M., Gimenez, O., Weimerskirch, H., 2011. Heritability of short-scale 



 

140 

 

 

natal dispersal in a large-scale foraging bird, the wandering albatross. J. Evol. Biol. 24, 

1487–1496. https://doi.org/10.1111/j.1420-9101.2011.02281.x 

Cheng, B.S., Bible, J.M., Chang, A.L., Ferner, M.C., Wasson, K., Zabin, C.J., Latta, M., Deck, 

A., Todgham, A.E., Grosholz, E.D., 2015. Testing local and global stressor impacts on a 

coastal foundation species using an ecologically realistic framework. Glob. Chang. Biol. 21, 

2488–2499. https://doi.org/10.1111/gcb.12895 

Cheverud, J.M., 1988. A comparison of genetic and phenotypic correlations. Evolution (N. Y). 

42, 958–968. https://doi.org/10.2307/2408911 

Clark, J.S., 2005. Why environmental scientists are becoming Bayesians. Ecol. Lett. 8, 2–14. 

Cloern, J.E., Jassby, A.D., Schraga, T.S., Nejad, E., Martin, C., 2017. Ecosystem variability 

along the estuarine salinity gradient: Examples from long-term study of San Francisco Bay. 

Limnol. Oceanogr. 62, S272–S291. https://doi.org/10.1002/lno.10537 

Combs, E., Bernardo, R., 2013. Accuracy of genomewide selection for different traits with 

constant population size, heritability, and number of markers. Plant Genome 6, 1–7. 

https://doi.org/10.3835/plantgenome2012.11.0030 

Core Development Team, R., 2019. A Language and Environment for Statistical Computing. R 

Found. Stat. Comput. 

Core Development Team, R., 2020. A Language and Environment for Statistical Computing. R 

Found. Stat. Comput. 

Coughlan, J., 1969. The estimation of filtering rate from the clearance of suspensions. Mar. Biol. 

2, 356–358. https://doi.org/10.1007/BF00355716 

Craig, A., Powell, E.N., Fay, R.R., Brooks, J.M., Craig, A., Powell, E.N., Fay, R.R., Brooks, 

J.M., 1989. Distribution of Perkinsus marinus in Gulf Coast Oyster Populations. Estuaries 



 

141 

 

 

12, 82–91. 

Cranford, P.J., Armsworthy, S.L., Mikkelsen, O.A., Milligan, T.G., 2005. Food acquisition 

responses of the suspension-feeding bivalve Placopecten magellanicus to the flocculation 

and settlement of a phytoplankton bloom. J. Exp. Mar. Bio. Ecol. 326, 128–143. 

https://doi.org/10.1016/j.jembe.2005.05.012 

Cranford, P.J., Ward, J.E., Shumway, S.E., 2011. Bivalve Filter Feeding: Variability and Limits 

of the Aquaculture Biofilter, in: Shumway, S.E. (Ed.), Shellfish Aquaculture and the 

Environment. John Wiley & Sons, Inc., pp. 81–124. 

https://doi.org/10.1002/9780470960967.ch4 

Daetwyler, H.D., Pong-Wong, R., Villanueva, B., Woolliams, J.A., 2010. The impact of genetic 

architecture on genome-wide evaluation methods. Genetics 185, 1021–1031. 

https://doi.org/10.1534/genetics.110.116855 

Daetwyler, H.D., Villanueva, B., Bijma, P., Woolliams, J.A., 2007. Inbreeding in genome-wide 

selection. J. Anim. Breed. Genet. 124, 369–376. https://doi.org/10.1111/j.1439-

0388.2007.00693.x 

Darwin, C., 1859. On the Origin of Species. J. Murray, London. 

Davis, C. V., Barber, B.J., 1999. Growth and survival of selected lines of eastern oysters, 

Crassostrea virginica (Gmelin 1791) affected by juvenile oyster disease. Aquaculture 178, 

253–271. https://doi.org/10.1016/S0044-8486(99)00135-0 

de Villemereuil, P., 2012. Tutorial: Estimation of a biological trait heritability using the animal 

model: How to use the MCMCglmm R package. 

de Villemereuil, P., Gimenez, O., Doligez, B., 2013. Comparing parent-offspring regression with 

frequentist and Bayesian animal models to estimate heritability in wild populations: A 



 

142 

 

 

simulation study for Gaussian and binary traits. Methods Ecol. Evol. 4, 260–275. 

https://doi.org/10.1111/2041-210X.12011 

Deaton, L.E., Derby, J.G.S., Subhedar, N., Greenberg, M.J., 1989. Osmoregulation and salinity 

tolerance in two species of bivalve mollusc: Limnoperna fortunei and Mytilopsis 

leucophaeta. J. Exp. Mar. Bio. Ecol. 133, 67–79. https://doi.org/10.1016/0022-

0981(89)90158-5 

Deaton, L.E., Koehn, K., 1985. Volume regulation in the tissues of the mussel Mytilus edulis 80, 

571–574. 

Debrosse, G.A., 2008. Origin of Rutgers Haskin CROSBreed and Haskin NEH Disease-Resistant 

Oyster Lines 2008. 

Dégremont, L., Garcia, C., Allen, S.K., 2015. Genetic improvement for disease resistance in 

oysters: A review. J. Invertebr. Pathol. 131, 226–241. 

https://doi.org/10.1016/j.jip.2015.05.010 

Dégremont, L., Garcia, C., Frank-Lawale, A., Allen, S.K., 2012. Triploid oysters in the 

Chesapeake Bay: Comparison of diploid and triploid Crassostrea virginica. J. Shellfish Res. 

31, 21–31. https://doi.org/10.2983/035.031.0103 

Dekkers, J.C.M., 2007. Prediction of response to marker-assisted and genomic selection using 

selection index theory. J. Anim. Breed. Genet. 124, 331–341. 

https://doi.org/10.1111/j.1439-0388.2007.00701.x 

Dimens, P. V., Willis, S., Dean Grubbs, R., Portnoy, D.S., 2019. A genomic assessment of 

movement and gene flow around the South Florida vicariance zone in the migratory coastal 

blacknose shark, Carcharhinus acronotus. Mar. Biol. 166, 1–11. 

https://doi.org/10.1007/s00227-019-3533-1 



 

143 

 

 

Dolmer, P., 2000. Feeding activity of mussels Mytilus edulis related to near-bed currents and 

phytoplankton biomass. J. Sea Res. 44, 221–231. https://doi.org/10.1016/S1385-

1101(00)00052-6 

Donat, M.G., Lowry, A.L., Alexander, L. V., O’Gorman, P.A., Maher, N., 2016. More extreme 

precipitation in the world’s dry and wet regions. Nat. Clim. Chang. 6, 508–513. 

https://doi.org/10.1038/nclimate2941 

Dou, J., Li, X., Fu, Q., Jiao, W., Li, Y., Li, T., Wang, Y., Hu, X., Wang, S., Bao, Z., 2016. 

Evaluation of the 2b-RAD method for genomic selection in scallop breeding. Sci. Rep. 6, 1–

11. https://doi.org/10.1038/srep19244 

Du, J., Park, K., Jensen, C., Dellapenna, T.M., Zhang, W.G., Shi, Y., 2021. Massive oyster kill in 

Galveston Bay caused by prolonged low-salinity exposure after Hurricane Harvey. Sci. 

Total Environ. 774, 1–10. https://doi.org/10.1016/j.scitotenv.2021.145132 

Dupont-Nivet, M., Vandeputte, M., Vergnet, A., Merdy, O., Haffray, P., Chavanne, H., Chatain, 

B., 2008. Heritabilities and GxE interactions for growth in the European sea bass 

(Dicentrarchus labrax L.) using a marker-based pedigree. Aquaculture 275, 81–87. 

https://doi.org/10.1016/j.aquaculture.2007.12.032 

Ehret, A., Hochstuhl, D., Gianola, D., Thaller, G., 2015. Application of neural networks with 

back-propagation to genome-enabled prediction of complex traits in Holstein-Friesian and 

German Fleckvieh cattle. Genet. Sel. Evol. 47, 1–9. https://doi.org/10.1186/s12711-015-

0097-5 

Eierman, L.E., Hare, M.P., 2014. Transcriptomic analysis of candidate osmoregulatory genes in 

the eastern oyster Crassostrea virginica. BMC Genomics 15, 1–15. 

https://doi.org/10.1186/1471-2164-15-503 



 

144 

 

 

Eierman, L.E., Hare, M.P., 2013. Survival of oyster larvae in different salinities depends on 

source population within an estuary. J. Exp. Mar. Bio. Ecol. 449, 61–68. 

https://doi.org/10.1016/j.jembe.2013.08.015 

Emmett, B., Thompson, K., Popham, J.D., 1987. The reproductive and energy storage cycles of 

two populations of Mytilus edulis (Linne) from British Columbia. J. Shellfish Res. 6, 29–36. 

Engle, J.B., 1946. Commercial aspects of the upper Chesapeake Bay oyster bars in light of the 

recent oyster mortalities. Natl. Shellfish. Assoc. 48, 42–46. 

Ewart, J.W., Ford, S.E., 1993. History and impact of MSX and dermo diseases on oyster stocks 

in the Northeast Region. NRAC Fact Sheet No. 200, 1–8. 

Falconer, D.S., Mackay, T.F.C., 1996. Introduction to Quantitative Genetics, Fourth. ed. 

Longman Group Ltd, Harlow, England. 

Fang, J., Han, Z., Li, Q., 2021. Effect of inbreeding on performance and genetic parameters of 

growth and survival traits in the Pacific oyster Crassostrea gigas at larval stage. Aquac. 

Reports 19, 1–5. https://doi.org/10.1016/j.aqrep.2021.100590 

FAO, 2020a. The State of World Fisheries and Aquaculture. Rome, Italy. 

FAO, 2020b. FOA yearbook. Fishery and Aquaculture Statistics. Rome. 

FAO, 2018a. Yearbook of Fishery and Aquaculture Statistics. Rome. 

FAO, 2018b. The State of World Fisheries and Aquaculture 2018 - Meeting the sustainable 

development goals. Rome. 

FAO, 2016. The State of Food and Agriculture. Climate Change, Agriculture and Food Security. 

Rome. 

FAO, IFAD, UNICEF, WFP, WHO, 2019. The State of Food Security and Nutrition in the 

World 2019. Safeguarding against economic slowdowns and downturns., World Nutrition. 



 

145 

 

 

Rome. https://doi.org/10.26596/wn.201910395-97 

Farley, C.A., 1975. Epizootic and enzootic aspects of Minichinia nelsoni (Haplosporida) disease 

in Maryland oysters. J. Protozool. 22, 418–427. 

Fernández, J., Toro, M., Sonesson, A.K., Villanueva, B., 2014. Optimizing the creation of base 

populations for aquaculture breeding programs using phenotypic and genomic data and its 

consequences on genetic progress. Front. Genet. 5, 1–13. 

https://doi.org/10.3389/fgene.2014.00414 

Fjalestad, K.T., 2005. Selection methods, in: Gjedrem, T. (Ed.), Selection and Breeding 

Programs in Aquaculture. Springer, Dordrecht, pp. 159–171. https://doi.org/10.1111/j.1365-

2109.2005.01440.x 

Ford, S.E., 1985. Effects of salinity on survival of the MSX parasite Haploporidium nelsoni in 

oysters. J. Shellfish Res. 5, 85–90. 

Ford, S.E., Haskin, H.H., 1987. Infection and mortality patterns in strains of oysters Crassostrea 

virginica selected for resistance to the parasite Haplosporidium nelsoni (MSX). J. Parasitol. 

73, 368–376. 

Ford, S.E., Smolowitz, R., 2007. Infection dynamics of an oyster parasite in its newly expanded 

range. Mar. Biol. 151, 119–133. https://doi.org/10.1007/s00227-006-0454-6 

Frank-Lawale, A., Allen, S.K., Dégremont, L., 2014. Breeding and domestication of eastern 

oyster (Crassostrea virginica) lines for culture in the Mid-Atlantic, USA: line development 

and mass selection for disease resistance. J. Shellfish Res. 33, 153–165. 

https://doi.org/10.2983/035.033.0115 

Frank, D.M., Hamilton, J.F., Ward, J.E., Shumway, S.E., 2007. A fiber optic sensor for high 

resolution measurement and continuous monitoring of valve gape in bivalve molluscs. J. 



 

146 

 

 

Shellfish Res. 26, 575–580. https://doi.org/10.2983/0730-

8000(2007)26[575:AFOSFH]2.0.CO;2 

Fu, H., Jiao, Z., Li, Y., Tian, J., Ren, L., Zhang, F., Li, Q., Liu, S., 2021. Transient receptor 

potential (TRP) channels in the Pacific Oyster (Crassostrea gigas): Genome-wide 

identification and expression profiling after heat stress between C. gigas and C. angulata. 

Int. J. Mol. Sci. 22, 1–17. https://doi.org/10.3390/ijms22063222 

Fuji, K., Hasegawa, O., Honda, K., Kumasaka, K., Sakamoto, T., Okamoto, N., 2007. Marker-

assisted breeding of a lymphocystis disease-resistant Japanese flounder (Paralichthys 

olivaceus). Aquaculture 272, 291–295. https://doi.org/10.1016/j.aquaculture.2007.07.210 

Galtsoff, P, 1964. The American oyster Crassostrea virginica Gmelin. Fish. Bull. 64, 1–480. 

Gao, X., Becker, L.C., Becker, D.M., Starmer, J.D., Province, M.A., 2010. Avoiding the high 

bonferroni penalty in genome-wide association studies. Genet. Epidemiol. 34, 100–105. 

https://doi.org/10.1002/gepi.20430 

Gao, X., Starmer, J., Martin, E.R., 2008. A multiple testing correction method for genetic 

association studies using correlated single nucleotide polymorphisms. Genet. Epidemiol. 32, 

361–369. https://doi.org/10.1002/gepi.20310 

Garrison, E., Marth, G., 2012. Haplotype-based variant detection from short-read sequencing 1–

9. 

Gilmour, A.R., Cullis, B.R., Verbyla, A.P., 1997. Accounting for natural and extraneous 

variation in the analysis of field experiments. J. Agric. Biol. Environ. Stat. 2, 269–293. 

Gilmour, A.R., Gogel, B.J., Cullis, B.R., Welham, S.J., Thompson, R., 2015. ASReml User 

Guide Release 4.1 Functional Specification, VSN International Ltd, Hemel Hempstead, 

HP1 1ES, UK www.vsni.co.uk. 



 

147 

 

 

Gjerde, B., 2005. Design of breeding programs, in: Gjedrem, T. (Ed.), Selection and Breeding 

Programs in Aquaculture. Springer, Dordrecht, pp. 173–195. https://doi.org/10.1111/j.1365-

2109.2005.01440.x 

Gledhill, A., James, H., Fairly, A., Kristine, L., Gregory, L., Gledhill, J.H., Barnett, A.N.N.F., 

Slattery, M., Willett, K.L., Easson, G.L., Otts, S.S., 2020. Mass mortality of the Eastern 

Oyster Crassostrea virginica in the western Mississippi Sound following unprecedented 

Mississippi River flooding in 2019. J. Shellfish Res. 39, 235–244. 

https://doi.org/10.2983/035.039.0205 

Gomes-dos-Santos, A., Lopes-Lima, M., Castro, L.F.C., Froufe, E., 2020. Molluscan genomics: 

the road so far and the way forward. Hydrobiologia 847, 1705–1726. 

https://doi.org/10.1007/s10750-019-04111-1 

Gómez-Chiarri, M., Warren, W.C., Guo, X., Proestou, D., 2015. Developing tools for the study 

of molluscan immunity: The sequencing of the genome of the eastern oyster, Crassostrea 

virginica. Fish Shellfish Immunol. 46, 2–4. https://doi.org/10.1016/j.fsi.2015.05.004 

Gonen, S., Baranski, M., Thorland, I., Norris, A., Grove, H., Arnesen, P., Bakke, H., Lien, S., 

Bishop, S.C., Houston, R.D., 2015. Mapping and validation of a major QTL affecting 

resistance to pancreas disease (salmonid alphavirus) in Atlantic salmon (Salmo salar). 

Heredity (Edinb). 115, 405–414. https://doi.org/10.1038/hdy.2015.37 

Gong, J., Li, Q., Yu, H., Liu, S., Kong, L., 2021. First de novo transcriptome assembly of 

Iwagaki oyster, Crassostrea nippona, and comparative evolutionary analysis of salinity-

stress response genes in Crassostrea oysters. Mar. Genomics 56, 1–5. 

https://doi.org/10.1016/j.margen.2020.100805 

Grafen, A., 1984. Natural selection, kin selection and group selection, in: Krebs, J.R., Davies, 



 

148 

 

 

N.B. (Eds.), Behavioural Ecology: An Evolutionary Approach. pp. 62–84. 

Green, C.M., Tracy, T.P., 2013. Fostering shellfish aquaculture production in Maryland and 

other states. Annapolis, MD. 

Griffiths, J., Johnson, K., Sirovy, K., Yeats, M., Pan, F., La Peyre, J., Kelly, M., 2021. 

Transgenerational plasticity and the capacity to adapt to low salinity in the eastern oyster, 

Crassostrea virginica. Proc. R. Soc. B Biol. Sci. 288. 

https://doi.org/10.1098/rspb.2020.3118 

Grizzle, R.E., Greene, J.K., Coen, L.D., 2008. Seston removal by natural and constructed 

intertidal eastern oyster (Crassostrea virginica) reefs: A comparison with previous 

laboratory studies, and the value of in situ methods. Estuaries and Coasts 31, 1208–1220. 

https://doi.org/10.1007/s12237-008-9098-8 

Grodwohl, J.B., Porto, F., El-Hani, C.N., 2018. The instability of field experiments: building an 

experimental research tradition on the rocky seashores (1950–1985). Hist. Philos. Life Sci. 

40, 1–27. https://doi.org/10.1007/s40656-018-0209-y 

Grueneberg, A., de los Campos, G., 2019. BGData - A suite of R packages for genomic analysis 

with big data. G3 Genes, Genomes, Genet. 9, 1377–1384. 

https://doi.org/10.1534/g3.119.400018 

Gunter, G., 1953. The relationship of the Bonnet Carre Spillway to oyster beds in the Mississippi 

Sound and the Louisiana Marsh with a report on the 1950 opening. Publ. Inst. Mar. Sci. 21–

72. 

Guo, X., Allen, S.K.J., 1994. Viable tetraploid Pacific oyster (Crassostrea gigas Thunburg) 

produced by inhibiting polar body I in eggs of triploids. Mol. Mar. Biol. Biotechnol. 3, 42–

50. 



 

149 

 

 

Guo, X., Li, Q., Wang, Q.Z., Kong, L.F., 2012. Genetic Mapping and QTL Analysis of Growth-

Related Traits in the Pacific Oyster. Mar. Biotechnol. 14, 218–226. 

https://doi.org/10.1007/s10126-011-9405-4 

Guo, X., Wang, Y., DeBrosse, G., Bushek, D., Ford, S., 2008. Building a Superior Oyster for 

Aquaculture. Jersey Shorel. 25, 7–9. 

Guo, X., Yang, H., Kraeuter, J., 2001. Triploid and tetraploid technology for hard clam 

aquaculture. Jersey Shorel. 20, 6–9. 

Gutierrez, A.P., Bean, T.P., Hooper, C., Stenton, C.A., Sanders, M.B., Paley, R.K., Rastas, P., 

Bryrom, M., Matika, O., Houston, R.D., 2018a. A genome-wide association study for host 

resistance to Ostreid Herpesvirus in Pacific Oysters (Crassostrea gigas). G3 Genes, 

Genomes, Genet. 8, 1273–1280. https://doi.org/10.1534/g3.118.200113 

Gutierrez, A.P., Matika, O., Bean, T.P., Houston, R.D., 2018b. Genomic selection for growth 

traits in Pacific Oyster (Crassostrea gigas): potential of low-density marker panels for 

breeding value prediction. Front. Genet. 9, 1–9. https://doi.org/10.3389/fgene.2018.00391 

Gutierrez, A.P., Symonds, J., King, N., Steiner, K., Bean, T.P., Houston, R.D., 2020. Potential of 

genomic selection for improvement of resistance to Ostreid Herpes virus in Pacific oyster 

(Crassostrea gigas). Anim. Genet. 1–9. https://doi.org/10.1101/754473 

Gutierrez, A.P., Turner, F., Gharbi, K., Talbot, R., Lowe, N.R., Peñaloza, C., McCullough, M., 

Prodöhl, P.A., Bean, T.P., Houston, R.D., 2017. Development of a medium density 

combined-species SNP array for pacific and european oysters (Crassostrea gigas and 

Ostrea edulis). G3 Genes, Genomes, Genet. 7, 2209–2218. 

https://doi.org/10.1534/g3.117.041780 

Habier, D., Fernando, R.L., Dekkers, J.C.M., 2007. The impact of genetic relationship 



 

150 

 

 

information on genome-assisted breeding values. Genetics 177, 2389–2397. 

https://doi.org/10.1534/genetics.107.081190 

Habier, D., Fernando, R.L., Kizilkaya, K., Garrick, D.J., 2011. Extension of the bayesian 

alphabet for genomic selection. BMC Bioinformatics 12, 1–12. 

https://doi.org/10.1186/1471-2105-12-186 

Hadfield, J.D., 2010. MCMCglmm: MCMC methods for multi-response GLMMs in R. J. Stat. 

Softw. 33, 1–22. 

Hadfield, J.D., Nutall, A., Osorio, D., Owens, I.P.F., 2007. Testing the phenotypic gambit: 

Phenotypic, genetic and environmental correlations of colour. J. Evol. Biol. 20, 549–557. 

https://doi.org/10.1111/j.1420-9101.2006.01262.x 

Hand, S.C., Hardewig, I., 1996. Downregulation of cellular metabolism during environmental 

stress: Mechanisms and implications. Annu. Rev. Physiol. 58, 539–563. 

https://doi.org/10.1146/annurev.ph.58.030196.002543 

Hand, S.C., Stickle, W.B., 1977. Effects of tidal fluctuations of salinity on pericardial fluid 

composition of the American oyster Crassostrea virginica. Mar. Biol. 42, 259–271. 

https://doi.org/10.1007/BF00397750 

Hansen, T.E., 2006. The evolution of genetic architecture. Annu. Rev. Ecol. Evol. Syst. 37, 123–

157. https://doi.org/10.1146/annurev.ecolsys.37.091305.110224 

Harrell, F.E., 2021. Package ‘Hmisc.’ 

Haskin, H.H., Ford, S.E., 1982. History and epizootiology of Haplosporidium nelsoni (MSX), an 

oyster pathogen in Delaware Bay, 1957–1980. J. Invertebr. Pathol. 40, 118–141. 

Haskin, H.H., Ford, S.E., 1979. Development of resistance to Minchinia nelsoni (MSX) 

mortality in laboratory-reared and native oyster stocks in Delaware Bay. Mar. Fish. Rev. 41, 



 

151 

 

 

54–63. 

Hedgecock, D., Pudovkin, A.I., 2011. Sweepstakes reproductive success in highly fecund marine 

fish and shellfish: A review and commentary. Bull. Mar. Sci. 87, 971–1002. 

https://doi.org/10.5343/bms.2010.1051 

Hollenbeck, C.M., Johnston, I.A., 2018. Genomic tools and selective breeding in molluscs. 

Front. Genet. 9, 1–15. https://doi.org/10.3389/fgene.2018.00253 

Holtorp, H.E., 1944. Tricotyledony. Nature 153, 13–14. https://doi.org/10.1038/153013a0 

Houston, R.D., Haley, C.S., Hamilton, A., Guy, D.R., Tinch, A.E., Taggart, J.B., McAndrew, 

B.J., Bishop, S.C., 2008. Major quantitative trait loci affect resistance to infectious 

pancreatic necrosis in Atlantic salmon (Salmo salar). Genetics 178, 1109–1115. 

https://doi.org/10.1534/genetics.107.082974 

Houston, R.D., Jin, Y.H., Jenkins, T.L., Selly, S.L.C., Martin, S.A.M., Stevens, J.R., Santos, 

E.M., 2020. Harnessing genomics to fast-track genetic improvement in aquaculture. Nat. 

Rev. Genet. https://doi.org/10.1038/s41576-020-0227-y 

Hudson, K., 2019. Virginia shellfish aquaculture situation and outlook report: results of the 2018 

Virginia shellfish aquaculture crop reporting survey, Marine Resource Report No. 2019-8; 

Virginia Sea Grant VSG-19-03. 

Hudson, K., 2018. Virginia shellfish aquaculture situation and outlook report: results of the 2017 

Virginia shellfish aquaculture crop reporting survey. VIMS Mar. Resour. Rep. No. 2018-9. 

Virginia Sea Grant VSG-18-3 20. 

Hudson, K., 2017. Virginia shellfish aquaculture situation and outlook report: Results of the 

2016 Virginia shellfish aquaculture crop reporting survey. VIMS Mar. Resour. Rep. No. 

2017-07. Virginia Sea Grant VSG-18-3 1–20. 



 

152 

 

 

Hudson, K., Murray, T.J., 2016. Virginia shellfish aquaculture situation and outlook report: 

results of the 2015 Virginia shellfish aquaculture crop reporting survey. VSG-12-07, VIMS 

Mar. Resour. Rep. No. 2016-04 1–20. 

Hudson, K., Murray, T.J., 2015. Virginia shellfish aquaculture situation and outlook report: 

Results of the 2014 Virginia shellfish aquaculture crop reporting survey. VIMS Mar. 

Resour. Rep. No. 2015-3 VSG-15-01 20. 

Hurley, B., 2021. State by State Summary of Shellfish Aquaculture Leasing/Permitting 

Requirements (2021). 

Johnson, K.M., Kelly, M.W., 2020. Population epigenetic divergence exceeds genetic divergence 

in the Eastern oyster Crassostrea virginica in the Northern Gulf of Mexico. Evol. Appl. 13, 

945–959. https://doi.org/10.1111/eva.12912 

Kennedy, V.S., Breisch, L.L., 1983. Sixteen decades of political management of the oyster 

fishery in Maryland’s Chesapeake Bay. J. Environ. Manage. 164, 153–171. 

Knaus, B.J., Grünwald, N.J., 2017. vcfr: a package to manipulate and visualize variant call 

format data in R. Mol. Ecol. Resour. 17, 44–53. https://doi.org/10.1111/1755-0998.12549 

Kooijman, S.A.L.M., 2010. Dynamic Energy Budget theory for metabolic organisation, 3rd ed. 

Cambridge University Press, New York. 

Kriaridou, C., Tsairidou, S., Houston, R.D., Robledo, D., 2020. Genomic prediction using low 

density marker panels in aquaculture: performance across species, traits, and genotyping 

platforms. Front. Genet. 11, 1–8. https://doi.org/10.3389/fgene.2020.00124 

Kruuk, L.E.B., 2004. Estimating genetic parameters in natural populations using the “animal 

model.” Philos. Trans. R. Soc. B Biol. Sci. 359, 873–890. 

https://doi.org/10.1098/rstb.2003.1437 



 

153 

 

 

Kruuk, L.E.B., Slate, J., Wilson, A.J., 2008. New answers for old questions: The evolutionary 

quantitative genetics of wild animal populations. Annu. Rev. Ecol. Evol. Syst. 39, 525–548. 

https://doi.org/10.1146/annurev.ecolsys.39.110707.173542 

La Peyre, M.K., Bernasconi, S.K., Lavaud, R., Casas, S.M., La Peyre, J.F., 2020. Eastern oyster 

clearance and respiration rates in response to acute and chronic exposure to suspended 

sediment loads. J. Sea Res. 157, 101831. https://doi.org/10.1016/j.seares.2019.101831 

La Peyre, M.K., Eberline, B.S., Soniat, T.M., La Peyre, J.F., 2013. Differences in extreme low 

salinity timing and duration differentially affect eastern oyster (Crassostrea virginica) size 

class growth and mortality in Breton Sound, LA. Estuar. Coast. Shelf Sci. 135, 146–157. 

https://doi.org/10.1016/j.ecss.2013.10.001 

La Peyre, M.K., Geaghan, J., Decossas, G., Peyre, J.F. La, 2016. Analysis of environmental 

factors influencing salinity patterns, oyster growth, and mortality in lower Breton Sound 

estuary, Louisiana, using 20 years of data. J. Coast. Res. 32, 519–530. 

https://doi.org/10.2112/jcoastres-d-15-00146.1 

La Peyre, M.K., Nickens, A.D., Volety, A.K., Tolley, G.S., La Peyre, J.F., 2003. Environmental 

significance of freshets in reducing Perkinsus marinus infection in eastern oysters 

Crassostrea virginica: Potential management applications. Mar. Ecol. Prog. Ser. 248, 165–

176. https://doi.org/10.3354/meps248165 

Lacoste, A., Cueff, A., Poulet, S.A., 2002. P35-sensitive caspases, MAP kinases and Rho 

modulate β-adrenergic induction of apoptosis in mollusc immune cells. J. Cell Sci. 115, 

761–768. https://doi.org/10.1242/jcs.115.4.761 

Lambert, C., Moal, C., Le Moullac, G., Pouvreau, S., 2008. Mortality risk associated with 

physiological traits of oysters during reproduction, in: Summer Mortality of the Pacific 



 

154 

 

 

Oyster Crassostrea Gigas – The Morest Project. pp. 63–101. 

Larsen, E.H., Deaton, L.E., Onken, H., O’Donnell, M., Grosell, M., Dantzler, W.H., Weihrauch, 

D., 2014. Osmoregulation and excretion. Compr. Physiol. 4, 405–573. 

https://doi.org/10.1002/cphy.c130004 

Lavaud, R., La Peyre, M.K., Casas, S.M., Bacher, C., La Peyre, J.F., 2017. Integrating the effects 

of salinity on the physiology of the eastern oyster, Crassostrea virginica, in the northern 

Gulf of Mexico through a dynamic energy budget model. Ecol. Modell. 363, 221–233. 

https://doi.org/10.1016/j.ecolmodel.2017.09.003 

Lavaud, R., La Peyre, M.K., Justic, D., La Peyre, J.F., 2021. Dynamic Energy Budget modelling 

to predict eastern oyster growth, reproduction, and mortality under river management and 

climate change scenarios. Estuar. Coast. Shelf Sci. 251. 

https://doi.org/10.1016/j.ecss.2021.107188 

Leonhardt, J.M., Casas, S., Supan, J.E., La Peyre, J.F., 2017. Stock assessment for eastern oyster 

seed production and field grow-out in Louisiana. Aquaculture 466, 9–19. 

https://doi.org/10.1016/j.aquaculture.2016.09.034 

Li, X., Wang, R., Xun, X., Jiao, W., Zhang, M., Wang, Shuyue, Wang, Shi, Zhang, L., Huang, 

X., Hu, X., Bao, Z., 2015. The Rho GTPase family genes in Bivalvia genomes: Sequence, 

evolution and expression analysis. PLoS One 10, 1–21. 

https://doi.org/10.1371/journal.pone.0143932 

Li, Y., Meseck, S.L., Dixon, M.S., Rivara, K., Wikfors, G.H., 2012. Temporal variability in 

phytoplankton removal by a commercial, suspended eastern oyster nursery and effects on 

local plankton dynamics [WWW Document]. Free Libr. 

Li, Y., Qin, J.G., Abbott, C.A., Li, X., Benkendorff, K., 2007. Synergistic impacts of heat shock 



 

155 

 

 

and spawning on the physiology and immune health of Crassostrea gigas: an explanation 

for summer mortality in Pacific oysters. Am. J. Physiol. Integr. Comp. Physiol. 293, 

R2353–R2362. https://doi.org/10.1152/ajpregu.00463.2007 

Liao, T.F., 1994. Interpreting probability models: logit, probit, and other generalized linear 

models, 7-101. Sage Publications, Inc., Thousand Oaks, CA. 

Liu, S., Vallejo, R.L., Evenhuis, J.P., Martin, K.E., Hamilton, A., Gao, G., Leeds, T.D., Wiens, 

G.D., Palti, Y., 2018. Retrospective evaluation of marker-assisted selection for resistance to 

bacterial cold water disease in three generations of a commercial rainbow trout breeding 

population. Front. Genet. 9, 1–9. https://doi.org/10.3389/fgene.2018.00286 

Lombardi, S.A., 2012. Comparative physiological ecology of the eastern oyster,  Crassostrea 

virginica , and the Asian oyster, Crassostrea ariakensis: an investigation into aerobic 

metabolism and hypoxic adaptations. University of Maryland, College Park. 

Loosanoff, V.L., 1952. Behavior of oysters in water of low salinity. Proc. Natl. Shellfish. Assoc. 

43, 135–151. 

Loosanoff, V.L., 1948. Gonad development and spawning of oysters (O. virginica) in low 

salinities. Anat. Rec. 101. 

Lowe, M.R., Sehlinger, T., Soniat, T.M., Peyre, M.K. La, 2017. Interactive effects of water 

temperature and salinity on growth and mortality of eastern oysters, Crassostrea virginica: 

a meta-analysis using 40 years of monitoring data. J. Shellfish Res. 36, 683–697. 

https://doi.org/10.2983/035.036.0318 

Lu, Y., Zhang, S., Shah, T., Xie, C., Hao, Z., Li, X., Farkhari, M., Ribaut, J.M., Cao, M., Rong, 

T., Xu, Y., 2010. Joint linkage-linkage disequilibrium mapping is a powerful approach to 

detecting quantitative trait loci underlying drought tolerance in maize. Proc. Natl. Acad. Sci. 



 

156 

 

 

U. S. A. 107, 19585–19590. https://doi.org/10.1073/pnas.1006105107 

Lushchak, V.I., 2011. Environmentally induced oxidative stress in aquatic animals. Aquat. 

Toxicol. 101, 13–30. https://doi.org/10.1016/j.aquatox.2010.10.006 

Lynch, M., Walsh, B., 1998. Genetics and Analysis of Quantitative Traits. Sinauer Associates, 

Inc., Sunderland. 

Lynch, M.P., Wood, L., 1966. Effects of environmental salinity of free amino acids of 

Crassostrea virginica Gmelin. Comp. Biochem. Physiol. 19, 783–790. 

https://doi.org/10.1016/0010-406X(66)90434-8 

Maire, O., Amouroux, J.M., Duchêne, J.C., Grémare, A., 2007. Relationship between filtration 

activity and food availability in the Mediterranean mussel Mytilus galloprovincialis. Mar. 

Biol. 152, 1293–1307. https://doi.org/10.1007/s00227-007-0778-x 

Maloy, A.P., Ford, S.E., Karney, R.C., Boettcher, K.J., 2007. Roseovarius crassostreae, the 

etiological agent of Juvenile Oyster Disease (now to be known as Roseovarius Oyster 

Disease) in Crassostrea virginica. Aquaculture 269, 71–83. 

https://doi.org/10.1016/j.aquaculture.2007.04.008 

Margarido, G.R.A., Souza, A.P., Garcia, A.A.F., 2007. OneMap: software for genetic mapping 

in outcrossing species. Hereditas 144, 78–79. 

Marshall, D.A., Casas, S.M., Walton, W.C., Rikard, F.S., Palmer, T.A., Breaux, N., Peyre, M.K. 

La, Pollack, J.B., Kelly, M., Peyre, J.F. La, 2021. Divergence in salinity tolerance of 

northern Gulf of Mexico eastern oysters under field and laboratory exposure. Conserv. 

Physiol. 9. https://doi.org/10.1093/conphys/coab065 

Maryland Department of Natural Resources. Eyes on the Bay. August 2019. URL 

www.eyesonthebay.net 



 

157 

 

 

Maynard, A., Bible, J.M., Pespeni, M.H., Sanford, E., Evans, T.G., 2018. Transcriptomic 

responses to extreme low salinity among locally adapted populations of Olympia oyster 

(Ostrea lurida). Mol. Ecol. 27, 4225–4240. https://doi.org/10.1111/mec.14863 

McCarthy, M.A., Masters, P., 2005. Profiting from prior information in Bayesian analyses of 

ecological data. J. Appl. Ecol. 42, 1012–1019. https://doi.org/10.1111/j.1365-

2664.2005.01101.x 

McCarty, A.J., Allen, S.K., Plough, L. V, 2021. Genome-wide analysis of acute low salinity 

tolerance in the eastern oyster Crassostrea virginica and potential of genomic selection for 

trait improvement. G3 Genes|Genomes|Genetics 12, 1–14. 

https://doi.org/10.1093/g3journal/jkab368 

McCarty, A.J., McFarland, K., Small, J., Allen, S.K., Plough, L.V., 2020. Heritability of acute 

low salinity survival in the Eastern oyster (Crassostrea virginica). Aquaculture 529, 

735649. https://doi.org/10.1016/j.aquaculture.2020.735649 

McFarland, K., Donaghy, L., Volety, A.K., 2013. Effect of acute salinity changes on hemolymph 

osmolality and clearance rate of the non-native mussel, Perna viridis, and the native oyster, 

Crassostrea virginica, in Southwest Florida. Aquat. Invasions 8, 299–310. 

https://doi.org/10.3391/ai.2013.8.3.06 

Mège, R.M., Ishiyama, N., 2017. Integration of cadherin adhesion and cytoskeleton at adherens 

junctions. Cold Spring Harb. Perspect. Biol. 9, 1–18. 

https://doi.org/10.1101/cshperspect.a028738 

Méthé, D., Comeau, L.A., Stryhn, H., Landry, T., Davidson, J., 2015. Stress response of 

Crassostrea virginica (Gmelin, 1791) oysters following a reciprocal transfer between 

upriver and downriver sites. Aquac. Res. 46, 2841–2850. https://doi.org/10.1111/are.12436 



 

158 

 

 

Méthé, D., Hicks, C., Tremblay, R., 2020. Assessing the physiological fitness of oysters 

(Crassostrea virginica) from Eastern New Brunswick, Canada. Aquac. Reports 18, 9. 

https://doi.org/10.1016/j.aqrep.2020.100431 

Meuwissen, T.H.E., Hayes, B.J., Goddard, M.E., 2001. Prediction of total genetic value using 

genome-wide dense marker maps. Genetics 157, 1819–1829. 

Moen, T., Baranski, M., Sonesson, A.K., Kjøglum, S., 2009. Confirmation and fine-mapping of a 

major QTL for resistance to infectious pancreatic necrosis in Atlantic salmon (Salmo salar): 

Population-level associations between markers and trait. BMC Genomics 10, 1–14. 

https://doi.org/10.1186/1471-2164-10-368 

Moen, T., Torgersen, J., Santi, N., Davidson, W.S., Baranski, M., Ødegård, J., Kjøglum, S., 

Velle, B., Kent, M., Lubieniecki, K.P., Isdal, E., Lien, S., 2015. Epithelial cadherin 

determines resistance to infectious pancreatic necrosis virus in Atlantic salmon. Genetics 

200, 1313–1326. https://doi.org/10.1534/genetics.115.175406 

Morota, G., Gianola, D., 2014. Kernel-based whole-genome prediction of complex traits: A 

review. Front. Genet. 5, 1–13. https://doi.org/10.3389/fgene.2014.00363 

Munroe, D., Tabatabai, A., Burt, I., Bushek, D., Powell, E.N., Wilkin, J., 2013. Oyster mortality 

in Delaware Bay: Impacts ind recovery from Hurricane Irene and Tropical Storm Lee. 

Estuar. Coast. Shelf Sci. 135, 209–219. https://doi.org/10.1016/j.ecss.2013.10.011 

Myrand, B., Guadreault, J., 1995. Summer mortality of blue mussels (Mytilus edulis Linneaus, 

1978) in the Magdalen Islands (Southern Gulf of St Lawrence, Canada). J. Shellfish Res. 

14, 395–404. 

Myrand, B., Guderley, H., Himmelman, J.H., 2000. Reproduction and summer mortality of blue 

mussels Mytilus edulis in the Magdalen Islands, southern Gulf of St. Lawrence. Mar. Ecol. 



 

159 

 

 

Prog. Ser. 197, 193–207. https://doi.org/10.3354/meps197193 

Najjar, R.G., Pyke, C.R., Adams, M.B., Breitburg, D., Hershner, C., Kemp, M., Howarth, R., 

Mulholland, M.R., Paolisso, M., Secor, D., Sellner, K., Wardrop, D., Wood, R., 2010. 

Potential climate-change impacts on the Chesapeake Bay. Estuar. Coast. Shelf Sci. 86, 1–

20. https://doi.org/10.1016/j.ecss.2009.09.026 

Najjar, R.G., Walker, H.A., Anderson, P.J., Barron, E.J., Bord, R.J., Gibson, J.R., Kennedy, 

V.S., Knight, C.G., Megonigal, J.P., Connor, R.E.O., Polsky, C.D., Psuty, N.P., Richards, 

B.A., Sorenson, L.G., Steele, E.M., Swanson, R.S., 2000. The potential impacts of climate 

change on the mid-Atlantic coastal region 14, 219–233. 

Nakagawa, S., Schielzeth, H., 2010. Repeatability for gaussian and non-gaussian data: a practical 

guide for biologists. Biol. Rev. 85, 935–956. https://doi.org/10.1111/j.1469-

185X.2010.00141.x 

Neves, H.H.R., Carvalheiro, R., Queiroz, S.A., 2012. A comparison of statistical methods for 

genomic selection in a mice population. BMC Genet. 13, 1–17. 

https://doi.org/10.1186/1471-2156-13-100 

Newell, C.R., Wildish, D.J., MacDonald, B.A., 2001. The effects of velocity and seston 

concentration on the exhalant siphon area, valve gape and filtration rate of the mussel 

Mytilus edulis. J. Exp. Mar. Bio. Ecol. 262, 91–111. https://doi.org/10.1016/S0022-

0981(01)00285-4 

Newell, R., 1988. Ecological changes in Chesapeake Bay: are they the result of overharvesting 

the American Oyster, Crassostrea virginica?, Understanding the Estuary: Advances in 

Chesapeake Bay Research. Proceedings of a Conference. Solomons, MD. 

Newkirk, G.F., Waugh, D.L., Haley, L.E., 1977. Genetics of larval tolerance to reduced salinities 



 

160 

 

 

in two populations of oysters, Crassostrea virginica. J. Fish. Board Canada 34, 384–387. 

Nica, A.C., Dermitzakis, E.T., 2013. Expression quantitative trait loci: Present and future. Philos. 

Trans. R. Soc. B Biol. Sci. 368, 1–6. https://doi.org/10.1098/rstb.2012.0362 

Nilsson, J., Backström, T., Stien, L.H., Carlberg, H., Jeuthe, H., Magnhagen, C., Brännäs, E., 

2016. Effects of age and rearing environment on genetic parameters of growth and body 

weight and heritability of skin pigmentation in Arctic charr (Salvelinus alpinus L.). 

Aquaculture 453, 67–72. https://doi.org/10.1016/j.aquaculture.2015.11.035 

NOAA National Centers for Environmental information, n.d. Climate at a Glance: Statewide 

Time Series [WWW Document]. 2021. URL https://www.ncdc.noaa.gov/cag/ (accessed 

8.3.21). 

NOAA National Centers for Environmental information, 2021 Climate at a Glance: Statewide 

Time Series. 2019. 

Ødegård, J., Moen, T., Santi, N., Korsvoll, S.A., Kjøglum, S., Meuwisse, T.H.E., 2014. Genomic 

prediction in an admixed population of Atlantic salmon (Salmo salar). Front. Genet. 5, 1–8. 

https://doi.org/10.3389/fgene.2014.00402 

Oglesby, L.C., 1981. Volume regulation in aquatic invertebrates. J. Exp. Zool. 215, 289–301. 

Palaiokostas, C., Vesely, T., Kocour, M., Prchal, M., Pokorova, D., Piackova, V., Pojezdal, L., 

Houston, R.D., 2019. Optimizing genomic prediction of host resistance to Koi herpesvirus 

disease in carp. Front. Genet. 10, 1–9. https://doi.org/10.3389/fgene.2019.00543 

Palti, Y., Vallejo, R.L., Gao, G., Liu, S., Hernandez, A.G., Rexroad, C.E., Wiens, G.D., 2015. 

Detection and validation of QTL affecting bacterial cold water disease resistance in rainbow 

trout using restriction-site associated DNA sequencing. PLoS One 10, 1–14. 

https://doi.org/10.1371/journal.pone.0138435 



 

161 

 

 

Park, M.S., Jo, P.G., Choi, Y.K., An, K.W., Choi, C.Y., 2009. Characterization and mRNA 

expression of Mn-SOD and physiological responses to stresses in the Pacific oyster 

Crassostrea gigas. Mar. Biol. Res. 5, 451–461. 

https://doi.org/10.1080/17451000802626554 

Pérez, P., de los Campos, G., 2014. Genome-wide regression and prediction with the BGLR 

statistical package. Genetics 198, 483–495. https://doi.org/10.1534/genetics.114.164442 

Pernet, F., Barret, J., Le Gall, P., Corporeau, C., Dégremont, L., Lagarde, F., Pépin, J.F., Keck, 

N., 2012. Mass mortalities of Pacific oysters Crassostrea gigas reflect infectious diseases 

and vary with farming practices in the Mediterranean Thau lagoon, France. Aquac. Environ. 

Interact. 2, 215–237. https://doi.org/10.3354/aei00041 

Pernet, F., Tremblay, R., Redjah, I., Sévigny, J.M., Gionet, C., 2008. Physiological and 

biochemical traits correlate with differences in growth rate and temperature adaptation 

among groups of the eastern oyster Crassostrea virginica. J. Exp. Biol. 211, 969–977. 

https://doi.org/10.1242/jeb.014639 

Peterson, B.C., Burr, G.S., Pietrak, M.R., Proestou, D.A., 2020. Genetic Improvement of North 

American Atlantic Salmon and the Eastern Oyster Crassostrea virginica at the U.S. 

Department of Agriculture–Agricultural Research Service National Cold Water Marine 

Aquaculture Center. N. Am. J. Aquac. 82, 321–330. https://doi.org/10.1002/naaq.10144 

Peterson, B.K., Weber, J.N., Kay, E.H., Fisher, H.S., Hoekstra, H.E., 2012. Double digest 

RADseq: an inexpensive method for de novo SNP discovery and genotyping in model and 

non-model species. PLoS One 7, 1–11. https://doi.org/10.1371/journal.pone.0037135 

Petton, B., Pernet, F., Robert, R., Boudry, P., 2013. Temperature influence on pathogen 

transmission and subsequent mortalities in juvenile pacific oysters Crassostrea gigas. 



 

162 

 

 

Aquac. Environ. Interact. 3, 257–273. https://doi.org/10.3354/aei00070 

Pfahl, S., O’Gorman, P.A., Fischer, E.M., 2017. Understanding the regional pattern of projected 

future changes in extreme precipitation. Nat. Clim. Chang. 7, 423–427. 

https://doi.org/10.1038/nclimate3287 

Pierce, S.K., 1982. Invertebrate cell volume control mechanisms: a coordinated use of 

intracellular amino acids and inorganic ions as osmotic solute. Biol. Bull. 163, 405–419. 

https://doi.org/10.2307/1541452 

Pierce, S.K., 1971a. A source of solute for volume regulation in marine mussels. Comp. 

Biochem. Physiol. -- Part A Physiol. 38, 619–635. https://doi.org/10.1016/0300-

9629(71)90129-0 

Pierce, S.K., 1971b. Volume regulation and valve movements by marine mussels. Comp. 

Biochem. Physiol. -- Part A Physiol. 39, 103–117. https://doi.org/10.1016/0300-

9629(71)90350-1 

Pierce, S.K., 1970. The water balance of Modiolus (Mollusca: Bivalvia: Mytilidae): Osmotic 

concentrations in changing salinities. Comp. Biochem. Physiol. 36, 521–533. 

https://doi.org/10.1016/0010-406X(70)91028-5 

Plummer, M., Best, N., Cowles, K., Vines, K., 2006. CODA: Convergence diagnosis and output 

analysis for MCMC, R News. https://doi.org/10.1016/s0306-4522(05)00880-8 

Pörtner, H.-O., 2010. Oxygen- and capacity-limitation of thermal tolerance: a matrix for 

integrating climate-related stressor effects in marine ecosystems. J. Exp. Biol. 213, 881–

893. https://doi.org/10.1242/jeb.037523 

Pörtner, H.O., 2002. Environmental and functional limits to muscular exercise and body size in 

marine invertebrate athletes. Comp. Biochem. Physiol. 133, 303–321. 



 

163 

 

 

Pourmozaffar, S., Tamadoni Jahromi, S., Rameshi, H., Sadeghi, A., Bagheri, T., Behzadi, S., 

Gozari, M., Zahedi, M.R., Abrari Lazarjani, S., 2019. The role of salinity in physiological 

responses of bivalves. Rev. Aquac. 1–19. https://doi.org/10.1111/raq.12397 

Price, A.L., Patterson, N.J., Plenge, R.M., Weinblatt, M.E., Shadick, N.A., Reich, D., 2006. 

Principal components analysis corrects for stratification in genome-wide association studies. 

Nat. Genet. 38, 904–909. https://doi.org/10.1038/ng1847 

Puritz, J.B., Hollenbeck, C.M., Gold, J.R., 2014. dDocent: a RADseq, variant-calling pipeline 

designed for population genomics of non-model organisms. PeerJ 1–14. 

Qi, H., Song, K., Li, C., Wang, W., Li, B., Li, L., Zhang, G., 2017. Construction and evaluation 

of a high-density SNP array for the Pacific oyster (Crassostrea gigas). PLoS One 12, 1–16. 

https://doi.org/10.1371/journal.pone.0174007 

Ragone Calvo, L.M., Calvo, G.W., Burreson, E.M., 2003. Dual disease resistance in a selectively 

bred eastern oyster, Crassostrea virginica, strain tested in Chesapeake Bay. Aquaculture 

220, 69–87. https://doi.org/10.1016/S0044-8486(02)00399-X 

Ragone, L.M., Burreson, E.M., 1993. Effect of salinity on infection progression and 

pathogenicity of Perkinsus marinus in the eastern oyster, Crassostrea virginica (Gmelin). J. 

Shellfish Res. 12, 1–7. 

Ray, S.M., 1954. Biological Studies of Dermocystidium Marinum. Rice Inst. Pam. Spec. Issue 

41, 1–114. 

Riisgård, H., 1988. Efficiency of particle retention and filtration rate in 6 species of Northeast 

American bivalves. Mar. Ecol. Prog. Ser. 45, 217–223. https://doi.org/10.3354/meps045217 

Rivera-Ingraham, G.A., Lignot, J.H., 2017. Osmoregulation, bioenergetics and oxidative stress in 

coastal marine invertebrates: Raising the questions for future research. J. Exp. Biol. 220, 



 

164 

 

 

1749–1760. https://doi.org/10.1242/jeb.135624 

Robertson, A., 1959. The sampling variance of the genetic correlation coefficient. Biometrics 15, 

469–485. 

Rodríquez, G., Goldman, N., 2001. Improved estimation procedures for multilevel models with 

binary response: A case-study. Journalof R. Stat. Soc. Ser. A (Statistics Soc. 164, 339–355. 

Rothschild, B.J., Ault, J.S., Goulletquer, P., Heral, M., 1994. Decline of the Chesapeake Bay 

oyster population: A century of habitat destruction and overfishing. Mar. Ecol. Prog. Ser. 

111, 29–40. https://doi.org/10.3354/meps111029 

Rudneva, I.I., 1999. Antioxidant system of Black Sea animals in early development. Comp. 

Biochem. Physiol. - C Pharmacol. Toxicol. Endocrinol. 122, 265–271. 

https://doi.org/10.1016/S0742-8413(98)10121-4 

Runkle, J., Kunkel, K.E., Easterling, D., Stewart, B., Champion, S., Frankson, R., Sweet, W., 

2017. 2017: Maryland State Climate Summary. NOAA Tech. Rep. NESDIS 149-MD 4. 

Rybovich, M., Peyre, M.K. La, Hall, S.G., Peyre, J.F. La, 2016. Increased temperatures 

combined with lowered salinities differentially impact oyster size class growth and 

mortality. J. Shellfish Res. 35, 101–113. https://doi.org/10.2983/035.035.0112 

Sae-Lim, P., Gjerde, B., Nielsen, H.M., Mulder, H., Kause, A., 2016. A review of genotype-by-

environment interaction and micro-environmental sensitivity in aquaculture species. Rev. 

Aquac. 8, 369–393. https://doi.org/10.1111/raq.12098 

Samain, J.-F., McCombie, H., 2008. Summer mortality of Pacific Oyster Crassostrea gigas. 

Versailles: Editions Quae, The Morest Project. 

Sauvage, C., Boudry, P., De Koning, D.J., Haley, C.S., Heurtebise, S., Lapègue, S., 2010. QTL 

for resistance to summer mortality and OsHV-1 load in the Pacific oyster (Crassostrea 



 

165 

 

 

gigas). Anim. Genet. 41, 390–399. https://doi.org/10.1111/j.1365-2052.2009.02018.x 

Schall, R., 1991. Estimation in Generalized Linear Models with Random. Biometrika 78, 719–

727. 

Scharping, R.J., Plough, L. V., Meritt, D.W., North, E.W., 2019. Low-salinity tolerance of early-

stage oyster larvae from a mesohaline estuary. Mar. Ecol. Prog. Ser. 613, 97–106. 

https://doi.org/10.3354/meps12905 

Schubel, J.R., Pritchard, D.W., 1986. Responses of upper Chesapeake Bay to variations in 

discharge of the Susquehanna River. Estuaries 9, 236–249. https://doi.org/10.2307/1352096 

Schwender, H., 2012. Imputing missing genotypes with weighted k nearest neighbors. J. Toxicol. 

Environ. Heal. - Part A Curr. Issues 75, 438–446. 

https://doi.org/10.1080/15287394.2012.674910 

Shengqiang, Z., Dekkers, J.C.M., Fernando, R.L., Jannink, J.L., 2009. Factors affecting accuracy 

from genomic selection in populations derived from multiple inbred lines: A barley case 

study. Genetics 182, 355–364. https://doi.org/10.1534/genetics.108.098277 

Shoemaker, C.A., Lozano, C.A., LaFrentz, B.R., García, J.C., Soto, E., Xu, D.H., Beck, B.H., 

Rye, M., 2017. Additive genetic variation in resistance of Nile tilapia (Oreochromis 

niloticus) to Streptococcus iniae and S. agalactiae capsular type Ib: Is genetic resistance 

correlated? Aquaculture 468, 193–198. https://doi.org/10.1016/j.aquaculture.2016.10.022 

Shumway, S., Koehn, R., 1982. Oxygen consumption in the American oyster Crassostrea 

virginica. Mar. Ecol. Prog. Ser. 9, 59–68. https://doi.org/10.3354/meps009059 

Shumway, S.E., 1996. Natural Environmental Factors, The Eastern Oyster Crassostrea virginica. 

Maryland Sea Grant, College Park, MD. 

Shumway, S.E., 1983. Factors affecting oxygen consumption in the coot clam Mulinia lateralis 



 

166 

 

 

(Say). Ophelia 22, 143–171. 

Shumway, S.E., 1977a. The effect of fluctuating salinity on the tissue water content of eight 

species of bivalve molluscs. J. Comp. Physiol. 29, 131–150. 

Shumway, S.E., 1977b. Effect of salinity fluctuation on the osmotic pressure and Na+, Ca2+, and 

Mg2+ ion concentrations in the hemolymph of bivalves molluscs. Mar. Biol. 41, 153–177. 

Sodini, S.M., Kemper, K.E., Wray, N.R., Trzaskowski, M., 2018. Comparison of genotypic and 

phenotypic correlations: Cheverud’s conjecture in humans. Genetics 209, 941–948. 

https://doi.org/10.1534/genetics.117.300630 

Sokolova, I.M., Sukhotin, A.A., Lannig, G., 2012. Stress effects on metabolism and energy 

budgets in mollusks, in: Abele, D., Vázquez-Media, J.P., Zenteno-Savı́n, T. (Eds.), 

Oxidative Stress in Aquatic Ecosystems. pp. 261–280. 

Soniat, T.M., 1985. Changes in levels of infection of oysters by Perkinsus marinus, with special 

reference to the interaction of temperature and salinity upon arasitism. Northeast Gulf Sci. 

7, 171–174. https://doi.org/10.18785/negs.0702.08 

Southworth, M., Harding, J.M., Wesson, J.A., Mann, R., 2010. Oyster (Crassostrea virginica, 

Gmelin 1791) population dynamics on public reefs in the Great Wicomico River, Virginia, 

USA. J. Shellfish Res. 29, 271–290. https://doi.org/10.2983/035.029.0202 

Southworth, M., Long, M.C., Mann, R., 2017. Oyster (Crassostrea virginica [Gmelin , 1791]) 

mortality at prolonged exposures to high temperature and low salinity. J. Shellfish Res. 36, 

335–340. https://doi.org/10.2983/035.036.0205 

St. Laurent, K.A., Coles, V.J., Hood, R.R., 2021. Climate Extremes and Variability Surrounding 

Chesapeake Bay: Past, Present, and Future. J. Am. Water Resour. Assoc. 1–29. 

https://doi.org/10.1111/1752-1688.12945 



 

167 

 

 

Stevenson, C.H., 1894. The oyster industry of Maryland. Bull. United States Fish Comm. 1892 

203–297. 

Sukhavachana, S., Poompuang, S., Onming, S., Luengnaruemitchai, A., 2019. Heritability 

estimates and selection response for resistance to Streptococcus agalactiae in red tilapia 

Oreochromis spp. Aquaculture 502, 384–390. 

https://doi.org/10.1016/j.aquaculture.2018.12.075 

Tarnowski, M., 2020. Maryland Oyster Population Status Report 2019 Fall Survey. Annapolis. 

Theuerkauf, S.J., Lipcius, R.N., 2016. Quantitative validation of a habitat suitability index for 

oyster restoration. Front. Mar. Sci. 3, 1–9. https://doi.org/10.3389/fmars.2016.00064 

Thomas, L.L., Allen, S.K., Plough, L. V., 2019. The effect of aquaculture gear on the growth and 

shape of the oyster Crassostrea virginica during a “finishing period” in Chesapeake Bay, 

USA. Aquaculture 508, 1–9. https://doi.org/10.1016/j.aquaculture.2019.03.061 

Thongda, W., Zhao, H., Zhang, D., Jescovitch, L.N., Liu, M., Guo, X., Schrandt, M., Powers, 

S.P., Peatman, E., 2018. Development of SNP panels as a new tool to assess the genetic 

diversity, population structure, and parentage analysis of the Eastern Oyster (Crassostrea 

virginica). Mar. Biotechnol. 20, 385–395. https://doi.org/10.1007/s10126-018-9803-y 

Tremblay, R., Myrand, B., Sevigny, J.M., Blier, P., Guderley, H., 1998. Bioenergetic and genetic 

parameters in relation to susceptibility of blue mussels, Mytilus edulis (L.) to summer 

mortality. J. Exp. Mar. Bio. Ecol. 221, 27–58. https://doi.org/10.1016/S0022-

0981(97)00114-7 

Vallejo, R.L., Leeds, T.D., Gao, G., Parsons, J.E., Martin, K.E., Evenhuis, J.P., Fragomeni, B.O., 

Wiens, G.D., Palti, Y., 2017. Genomic selection models double the accuracy of predicted 

breeding values for bacterial cold water disease resistance compared to a traditional 



 

168 

 

 

pedigree-based model in rainbow trout aquaculture. Genet. Sel. Evol. 49, 1–13. 

https://doi.org/10.1186/s12711-017-0293-6 

Van Sang, V., Knibb, W., Hong Ngoc, N.T., Van In, V., O’Connor, W., Dove, M., Nguyen, 

N.H., 2019. First breeding program of the Portuguese oyster Crassostrea angulata 

demonstrated significant selection response in traits of economic importance. Aquaculture 

734664. https://doi.org/10.1016/j.aquaculture.2019.734664 

van Senten, J., Engle, C., Parker, M., Webster, D., 2019. Analysis of the economic benefits of 

the Maryland shellfish aquaculture industry. 

Van Vleck, L.D., 1972. Estimation of heritability of threshold characters. J. Dairy Sci. 55, 218–

225. https://doi.org/10.3168/jds.S0022-0302(72)85463-8 

Vandeputte, M., Haffray, P., 2014. Parentage assignment with genomic markers: A major 

advance for understanding and exploiting genetic variation of quantitative traits in farmed 

aquatic animals. Front. Genet. 5, 1–8. https://doi.org/10.3389/fgene.2014.00432 

VanRaden, P.M., 2008. Efficient methods to compute genomic predictions. J. Dairy Sci. 91, 

4414–4423. https://doi.org/10.3168/jds.2007-0980 

Venkatachalam, K., Montell, C., 2007. TRP channels. Annu. Rev. Biochem. 76, 387–417. 

https://doi.org/10.1146/annurev.biochem.75.103004.142819 

Venugopal, V., Gopakumar, K., 2017. Shellfish: Nutritive Value, Health Benefits, and Consumer 

Safety. Compr. Rev. Food Sci. Food Saf. 16, 1219–1242. https://doi.org/10.1111/1541-

4337.12312 

Vu, S. V, Gondro, C., Nguyen, N.T.H., Gilmour, A.R., Tearle, R., Knibb, W., Dove, M., Vu, I. 

Van, Khuong, L.D., Connor, W.O., 2021. Prediction accuracies of genomic selection for 

nine commercially important traits in the Portuguese Oyster (Crassostrea angulata) using 



 

169 

 

 

DArT-Seq Technology. Genes (Basel). 12, 1–14. 

Wang, J., Li, L., Zhang, G., 2016. A high-density SNP genetic linkage map and QTL analysis of 

growth-related traits in a hybrid family of oysters (Crassostrea gigas × Crassostrea 

angulata) using genotyping-by-sequencing. G3 Genes, Genomes, Genet. 6, 1417–1426. 

https://doi.org/10.1534/g3.116.026971 

Wang, Jun, Zhang, Guofan, Fang, X., Guo, X., Li, L., Luo, R., Xu, F., Yang, P., Zhang, L., 

Wang, X., Qi, H., Xiong, Z., Que, H., Xie, Y., Holland, P.W.H., Paps, J., Zhu, Y., Wu, F., 

Chen, Y., Wang, Jiafeng, Peng, C., Meng, J., Yang, L., Liu, J., Wen, B., Zhang, N., Huang, 

Z., Zhu, Q., Feng, Y., Mount, A., Hedgecock, D., Xu, Z., Liu, Y., Domazet-Lošo, T., Du, 

Y., Sun, X., Zhang, Shoudu, Liu, B., Cheng, P., Jiang, X., Li, J., Fan, D., Wang, W., Fu, W., 

Wang, T., Wang, B., Zhang, J., Peng, Z., Li, Yingxiang, Li, Na, Wang, Jinpeng, Chen, M., 

He, Y., Tan, F., Song, X., Zheng, Q., Huang, R., Yang, Hailong, Du, X., Chen, L., Yang, 

M., Gaffney, P.M., Wang, S., Luo, L., She, Z., Ming, Y., Huang, W., Zhang, Shu, Huang, 

B., Zhang, Y., Qu, T., Ni, P., Miao, G., Wang, Junyi, Wang, Q., Steinberg, C.E.W., Wang, 

H., Li, Ning, Qian, L., Zhang, Guojie, Li, Yingrui, Yang, Huanming, Liu, X., Yin, Y., 

Wang, Jian, 2012. The oyster genome reveals stress adaptation and complexity of shell 

formation. Nature 490, 49–54. https://doi.org/10.1038/nature11413 

Wang, Ya-ying, Li, Y., Wu, H., Hu, B., Zheng, J., Zhai, H., Lv, S., Liu, X., Chen, X., Qiu, H., 

Yang, J., Zong, C., Han, D., Wen, Z., Wang, D., Xia, Z., 2018. Genotyping of soybean 

cultivars with medium-density array reveals the population structure and QTNs underlying 

maturity and seed traits. Front. Plant Sci. 9. https://doi.org/10.3389/fpls.2018.00610 

Wang, Yangfan, Sun, G., Zeng, Q., Chen, Z., Hu, X., Li, H., Wang, S., Bao, Z., 2018. Predicting 

growth traits with genomic selection methods in Zhikong scallop (Chlamys farreri). Mar. 



 

170 

 

 

Biotechnol. 20, 769–779. https://doi.org/10.1007/s10126-018-9847-z 

Ward, J.E., Shumway, S.E., 2004. Separating the grain from the chaff: Particle selection in 

suspension- and deposit-feeding bivalves. J. Exp. Mar. Bio. Ecol. 300, 83–130. 

https://doi.org/10.1016/j.jembe.2004.03.002 

Wei, A., 2019. Chesapeake Bay Mean Surface Salinity (1985-2018) [WWW Document]. 

Chesap. Bay Progr. URL 

https://www.chesapeakebay.net/what/maps/chesapeake_bay_mean_surface_salinity_1985_

2018 (accessed 1.25.21). 

Wilberg, M.J., Livings, M.E., Barkman, J.S., Morris, B.T., Robinson, J.M., 2011. Overfishing, 

disease, habitat loss, and potential extirpation of oysters in upper Chesapeake Bay. Mar. 

Ecol. Prog. Ser. 436, 131–144. https://doi.org/10.3354/meps09161 

Willis, J.H., Coyne, J.A., Kirkpatrick, M., 1991. Can one predict the evolution of quantitative 

characters without genetics ? Evolution (N. Y). 45, 441–444. 

Wilson, A.J., Réale, D., Clements, M.N., Morrissey, M.M., Postma, E., Walling, C.A., Kruuk, 

L.E.B., Nussey, D.H., 2010. An ecologist’s guide to the animal model. J. Anim. Ecol. 79, 

13–26. https://doi.org/10.1111/j.1365-2656.2009.01639.x 

Wu, Y., Shi, B., Zhou, L., Dong, C., You, W., Ke, C., 2019. Heritability estimates for 

copper/zinc accumulation capabilities and correlation with growth/quality traits in the 

Fujian oyster, Crassostrea angulata. Aquaculture 499, 212–219. 

https://doi.org/10.1016/j.aquaculture.2018.09.021 

Xiong, M., Jin, L., 2000. Combined linkage and linkage disequilibrium mapping for genome 

screen. Genet. Epidemiol. 19, 211–234. https://doi.org/10.1002/1098-

2272(200010)19:3<211::AID-GEPI3>3.0.CO;2-L 



 

171 

 

 

Yáñez, J.M., Bangera, R., Lhorente, J.P., Oyarzún, M., Neira, R., 2013. Quantitative genetic 

variation of resistance against Piscirickettsia salmonis in Atlantic salmon (Salmo salar). 

Aquaculture 414–415, 155–159. https://doi.org/10.1016/j.aquaculture.2013.08.009 

Yoav, B., Hochberg, Y., 1995. Controlling the false discovery rate: A practical and powerful 

approach to multiple testing. J. R. Stat. Soc. Ser. B 57, 289–300. 

Yu, Z., Guo, X., 2006. Identification and mapping of disease-resistance QTLs in the eastern 

oyster, Crassostrea virginica Gmelin. Aquaculture 254, 160–170. 

https://doi.org/10.1016/j.aquaculture.2005.10.016 

Zenger, K.R., Khatkar, M.S., Jones, D.B., Khalilisamani, N., Jerry, D.R., Raadsma, H.W., 2019. 

Genomic selection in aquaculture: application, limitations and opportunities with special 

reference to marine shrimp and pearl oysters. Front. Genet. 9, 1–19. 

https://doi.org/10.3389/fgene.2018.00693 

Zhan, A., Hu, J., Hu, X., Hui, M., Wang, M., Peng, W., Huang, X., Wang, S., Lu, W., Sun, C., 

Bao, Z., 2009. Construction of microsatellite-based linkage maps and identification of size-

related quantitative trait loci for Zhikong scallop (Chlamys farreri). Anim. Genet. 40, 821–

831. https://doi.org/10.1111/j.1365-2052.2009.01920.x 

Zhang, G., Li, L., Meng, J., Qi, H., Qu, T., Xu, F., Zhang, L., 2016. Molecular basis for 

adaptation of oysters to stressful marine intertidal environments. Annu. Rev. Anim. Biosci. 

4, 357–381. https://doi.org/10.1146/annurev-animal-022114-110903 

Zhong, X., Li, Q., Guo, X., Yu, H., Kong, L., 2014. QTL mapping for glycogen content and shell 

pigmentation in the Pacific oyster Crassostrea gigas using microsatellites and SNPs. 

Aquac. Int. 22, 1877–1889. https://doi.org/10.1007/s10499-014-9789-z 

 


	Preface
	Dedication
	Acknowledgements
	Table of Contents
	List of Tables
	List of Figures
	Chapter 1: Introduction
	Quantitative genetics of selection and animal breeding
	Selective breeding approaches in animal production
	Recent advances of genome-enabled breeding in aquaculture species
	Global shellfish aquaculture and the rise of shellfish production and breeding
	History and current state of eastern oyster breeding in the United States
	Effects of low salinity on eastern oyster productivity and aquaculture
	Genetic basis of low salinity tolerance in the eastern oyster
	Research focus

	Chapter 2: Heritability of acute low salinity survival in the Eastern oyster (Crassostrea virginica)
	Abstract
	Introduction
	Methods
	Production of low salinity lines and breeding designs
	Acute low salinity experimental exposure
	Narrow-sense heritability (h2) estimation
	Genetic and phenotypic correlations
	Hemolymph osmolality

	Results
	Survival during acute low salinity stress and comparison between experiments
	Narrow-sense heritability (h2) estimation
	Genetic and phenotypic correlations
	Hemolymph osmolality

	Discussion
	Mortality trends and osmotic stress
	Genetic and phenotypic correlations
	Hemolymph osmolality and osmoconformation
	Narrow-sense heritability (h2) estimation of low salinity survival
	Implications for breeding of acute low salinity survival in oysters

	Conclusions
	Funding source
	Acknowledgements

	Chapter 3: Evaluating a progeny test and investigating physiology associated with survival in extreme low salinity for the eastern oyster Crassostrea virginica
	Abstract
	Introduction
	Methods
	Production of low salinity lines and breeding design
	Laboratory-based low salinity challenges
	Statistical analyses for low salinity challenges
	Estimation of quantitative genetic parameters
	Feeding rate experiment
	Statistical analysis of feeding rate experiment

	Results
	Experimental results and trends in mortality for the two low salinity challenges
	Narrow-sense heritability (h2) and correlations across challenges
	Feeding rate analysis

	Discussion
	Fine-tuning a progeny test for survival in extreme low salinity
	Measuring feeding rate as a possible indicator of low salinity survival

	Conclusion
	Funding source
	Acknowledgements

	Chapter 4: Genome-wide analysis of acute low salinity tolerance in the eastern oyster Crassostrea virginica and potential of genomic selection for trait improvement
	Abstract
	Introduction
	Materials and methods
	F2 breeding design
	Acute low salinity experimental challenge
	Library preparation, sequence mapping, and SNP filtering
	Linkage map creation, QTL mapping, and combined linkage disequilibrium analysis
	Genomic prediction and trait correlation

	Results
	Survival during acute low salinity challenge
	Sequencing results
	Linkage map construction and QTL mapping
	Combined LD analyses
	Genomic prediction, heritability, and trait correlation

	Discussion
	QTL and combined disequilibrium analyses
	Functional analysis of QTL and SNPs
	Genomic selection and heritability

	Conclusion
	Data availability
	Acknowledgements
	Funding
	Competing Interests
	Supplemental Table 1

	Chapter 5:  Conclusion and future directions
	Major conclusions from the low salinity challenges
	Insight into the physiology associated with extreme low salinity stress
	Next steps for breeding of survival in extreme low salinity in oysters

	Bibliography

