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Abstract

The global population is expected to reach 9.7 billion people by 2050. Therefore, sustainable
intensification of the food system to support the increasing population under a changing climate is
vital. Aquaculture is the fastest expanding food sector globally, but projections suggest this industry
will be severely impacted by anthropogenically induced climate change in the coming decades.
Genomic selection has been highlighted by the Food and Agriculture Organisation (FAO) as an avenue
to ensure the aquaculture industry will thrive under future climatic conditions, fast-tracking breeding
of specialised lines. Following this line of reasoning, the work in this thesis aimed to contribute to the
advances in genomic breeding of marine molluscs, a highly sustainable source of animal protein. In
the first chapter, | reviewed the existing literature on shellfish aquaculture, exploring how the current
production systems and aquaculture practices may impact the genetic diversity of the produced stock
and, consequently, the success of any proposed genomic breeding in these taxa, alongside identifying
the main gaps in our current knowledge in this field. Subsequently, each experimental chapter of this
thesis then addressed a separate gap in our current understanding. In chapter I, | developed a multi-
species 60 K SNP-array applicable for genotyping four mussel species relevant for aquaculture: M.
edulis, M. galloprovincialis, M. chilensis and M. trossulus. Following low-coverage whole genome
sequencing of 138 mussels, “60K SNPs were implemented in the platform, from which 23,252 are
applicable for genotyping M. edulis individuals, 22,165 for M. chilensis, 20,504 SNPs M.
galloprovincialis and 20,149 for M. trossulus. This tool therefore represents a major advance in the
current technological capability available in this species complex, and will allow researchers to explore
the genetic diversity of mussels using a dense number of markers (on the scale of thousands), whilst
producing comparable data among studies. It is also applicable for breeding purposes and may
facilitate future implementation of genomic selection in these taxa. Subsequently, in chapter I, |
applied this SNP-array to explore the genomic structure of blue mussels in South West England; an
important area for mussel aguaculture and a region that has been key for our understanding of hybrid

zone dynamics, between the species M. galloprovincialis and M. edulis, historically. Results from this



chapter agree with the previous description of the hybrid zone, with M. galloprovincialis genotypes
dominating the north coast of Cornwall whilst M. edulis is the prevailing species in the southern coast
of SW England. Furthermore, the transition zone between the two species was located at Lizard Point.
These results validate the utility of the SNP-array for determining speciation across a wide region, and
update our knowledge in genotype distribution in this key hybrid zone. In the thesis’ fourth chapter, |
explored how selection towards environmental resilience impacts the phenotypes and/or genotypes
of blue mussels. For this, | compared the genetic diversity and performance of juvenile mussels
exposed to a thermal stress event to those of individuals which did not faced it. Results from this
chapter suggest that thermal resilience may impact the performance of mussels, as stressed
individuals presented a lower dry tissue weight (g) than naive ones. In addition, a shift towards M.
edulis genotypes occurred in the selected cohort. With climate change expected to increase the
average sea surface temperature of the ocean, results presented in this thesis shows that such
changes may impact the genetic background of mussel spat in the Baltic Sea and possibly. Such results
may also impact aquaculture production of this species. In the final chapter, | discuss how the research
guestions explored in this thesis advance our knowledge in marine bivalve genomics and how they
may change the field by supporting the development and application of genomic approaches for

breeding these taxa.
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climate change
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1. Chapter | — General Introduction: Optimising Hatchery

Practices for Genetic Improvement of Marine Bivalves

Cteo Qu'au‘w/@@l

This chapter has been adapted from the version published by the Scientific Journal ‘Reviews in

Aquaculture’ as:

Nascimento-Schulze, J.C., Bean, T.P., Houston, R.D., Santos, E.M., Sanders, M.B., Lewis, C. and Ellis,

R.P., 2021. Optimizing hatchery practices for genetic improvement of marine bivalves. Reviews in

Aquaculture, 13(4), pp.2289-2304



In this chapter, | was responsible for researching and reviewing articles and for leading the writing of
the review paper.

The future of bivalve aquaculture relies on artificial propagation

With the global human population projected to exceed 9 billion by 2050, food production
must increase by at least 59% to meet projected demand (Valin et al. 2014). Feeding this growing
population, whilst maintaining biodiversity and good environmental stewardship, is one of the major
global challenges of the 21 century. This issue is exacerbated further by the need to ensure that the
future intensification of food production is sustainable, especially in the face of climate change (IPCC
2018; United Nations 2015).

Aquaculture is the fastest growing food production sector globally, expanding on average
6.4% per annum since 2001 (Subasinghe 2017). Nearly half of the current global finfish and shellfish
production derives from aquaculture (FAO 2019a), with this sector expected to underpin most future
growth in seafood production (Kobayashi et al. 2015). Currently, mollusc farming accounts for
approximately 21 % of world aquaculture production (Subasinghe 2017).

Important scientific advances in bivalve husbandry practices (i.e. optimisation of diet,
fertilisation protocols and larval rearing) occurring within the last century (e.g. Carriker 1956; Galstoff
1938; Loosanoff and Davis 1963) led to the establishment of the first commercial bivalve mollusc
hatcheries (Mann 1983) resulting in the global expansion of shellfish aquaculture. The ability to control
environmental conditions in indoor facilities enables broodstock conditioning and spat production
almost year-round. Most importantly, the development of a constant and reliable source of spat
benefits the expansion of the bivalve aquaculture sector, facilitating the predictability of production
and enabling the possibility of selective breeding.

Hatcheries are expected to play a key role in the continued expansion of bivalve aquaculture.
The potential of hatchery production is highlighted in China, which accounts for 80% of global
production of Pacific oysters (Crassostrea gigas) (Yang et al., 2014), and the sector now relies almost

entirely on hatchery sourced spat (Li et al., 2011). Nonetheless, demand for hatchery-produced spat



is often low in areas where natural (wild capture) spat is available and abundant. A similar situation
occurs in France, which is responsible for 82% of Pacific oyster production in Europe (92,000 tonnes
in 2018 (Eurostat 2020)) where over 60% of spat is captured from wild sources (Richez 2012). This
contributes to a slow shift from a natural to hatchery production model (Adamson et al., 2017). This
same production template is also true for mussels; currently, industries for two of the main farmed
species, the blue mussel (genus Mytilus) in Europe (Kamermans et al. 2013) and the green-lipped
mussel (Perna canaliculus) in New Zealand (Symonds et al. 2019) still rely primarily on natural spat.
This process is an inexpensive but unreliable practice, which is vulnerable to habitat disturbances and
restricts the development of cultivation technologies such as selective breeding.

The Food and Agriculture Organisation (FAO) has recently proposed a number of key
developments which will assist the aquaculture industry in addressing several long-term sustainability
challenges (FAO 2016). One priority area highlighted by the FAO is the use of stock management and
selective breeding to produce lines with greater reliability and productivity in a wide range of
environments (FAO 2019b). To date, encouraging responses to selection have been observed in
aquatic species: the average gain in body weight per generation is 8.7% in shrimps, 10.3% in oysters
and between 9% and 17.9% among finfish species (see review by Gjedrem and Rye 2018). Although
recent estimates show that in the 10 main farmed aquatic species 75% of production benefits from
some form of selection (Houston et al. 2020), only a small percentage of global aquaculture production
(less than 10% in 2012) utilises genetically improved stock (Gjedrem et al., 2012).

Despite an increasing availability of genomic resources for bivalves, the mechanisms
underlying domestication (i.e. adaptation to a farmed environment), and genotype-environment
interactions (GxE) ongoing in cultured bivalve species remain poorly studied. The degree to which
these processes influence the response to selection in these taxa, and consequently the potential to
genetically improve organisms, represent two key knowledge gaps with respect to bivalve selective
breeding (Figure 1.1 and 1.2). Accordingly, the potential for losses in genetic diversity during

production is exacerbated and likely hinders the efficiency of existing hatchery management and



selective breeding programs, jeopardizing sustainable growth of this sector. There is a fundamental
need to clarify the impacts of hatchery-management practices on the genetic and phenotypic
constitution of cohorts, and the resulting long-term implications for bivalve production.

In the following sections of this introductory chapter, | explore the mechanisms by which
production practices and life-history characteristics can influence shellfish aquaculture production
(Figure 1.1). First, | describe the status of selection in bivalve aquaculture globally and the different
methods employed for production. Further, | discuss how management practices impact the genetic
variability and quality of spat during hatchery-propagation, potentially benefiting or hindering the
optimisation of selective breeding approaches for these taxa. Last, | argue why and how a greater
control of hatchery-propagation processes can contribute to the sustainable intensification of the
bivalve aquaculture industry. There are considerably fewer studies investigating the consequences of
domestication selection in bivalves in comparison to other aquatic species. Therefore, in order to infer
the possible consequences of artificial propagation in these organisms, | compare the selection
pressures acting in hatcheries with those acting in the wild, when applicable. By identifying and
summarising the main gaps in knowledge in the field, whilst discussing their possible causes and the
consequences they might have to shellfish aquaculture production, | set the stage to the following
chapters of this thesis (Chapters Il,Ill and IV), in which | address some of these open questions. More
specifically, in the following chapters of the thesis, | i) develop a genomic tool which can be applied to
the investigation of population structure in wild and commercial populations of Blue Mussels, Mytilus
spp, a commercially relevant marine bivalve mollusc species (Chapter Il); ii) apply this genotyping
platform tool to explore genetic structure in wild populations of Blue Mussels in the Southern West
coast of England (Chapter IlIl); iii) investigate the consequences of pre-selection to stressful
environmental conditions on the performance and the genetic composition of marine bivalve mollusc
early life-stages, exploring how such selection might benefit breeding towards environmental

resilience (Chapter 1V). Each of these chapters will therefore help, in turn, to elucidate questions that



remain surrounding the contribution of selective breeding practices to the sustainable optimisation of
global shellfish aquaculture.

By identifying the main gaps in knowledge and advancing our understanding of these topics, |
expect to contribute towards an increased efficiency and accuracy of selection in these taxa, as well
as inspire future research which may contribute to increasing efficiency and accuracy of selection in

marine bivalves.

Selective breeding in bivalve aquaculture: current status and opportunities

Successful breeding programs have been established for bivalves worldwide and include those
applying mass and family selection approaches (Table 1.1) (Hollenbeck and Johnston 2018). In mass
selection, individuals are typically selected according to their performance in comparison to the
population’s mean for a specific trait (e.g. growth) without fully accounting for family structure. This
strategy can be effective but runs the risk of inbreeding depression and is only suitable for a focus on
one or two traits. Alternatively, family selection is based on pedigree information, and individuals from
the top performing families are chosen to form the breeding populations, allowing for effective
maintenance of genetic diversity. Family-based selection has been applied in a commercial M.
galloprovinciallis breeding program. Here, the use of 77 full-sib families resulted in a heritably of 0.35
(SE =0.09) for total weight and 0.23 (SE =0.08) for meat yield as a ratio between meat weight and total
weight, after 2 generations; both of which are commercially relevant traits (Nguyen et al., 2014).

Selection has also successfully improved traits such as growth rate (de Melo et al., 2016;
Hershberger et al., 1984), disease resistance (Dégremont et al., 2015; Dove et al., 2013; Naciri-Graven
et al., 1998) and resilience towards environmental perturbation (Parker et al., 2015). Despite these
success stories, bivalve aquaculture production still relies greatly on wild type strains (Hollenbeck &
Johnston 2018), that may not be adapted to the farming environment (Yafiez et al., 2015). Therefore,
significant potential for genomic improvement exists, providing the opportunity to maximise

productivity for bivalve aquaculture species worldwide.



The recent development and increasing affordability of high throughput sequencing
technologies has facilitated the incorporation of genomic tools in breeding programs of aquatic
species (Zenger et al. 2019). This has enabled a step forward from family selection, particularly for
traits which are difficult or impossible to measure directly on selection candidates, such as disease
resistance. For such traits, family selection would only allow for family level breeding values, thereby
missing out on within-family genetic variation. Genomic tools allow breeders to access and utilise the
within-family component of genetic variation. This can be achieved in two main ways. Firstly, mapping
of quantitative trait loci (QTL) allows the identification of genetic markers significantly associated with
a specific trait within the species of interest. Selection for traits with large effect QTLs can be improved
by applying marker-assisted selection (Zenger et al. 2019). Secondly, genomic selection can be applied
for selection of polygenic traits (Meuwissen et al., 2016). Such approach can cover a large number of
loci across the genome and provides enough information to capture all causative variants for a given
trait, as loci are expected to be in linkage disequilibrium with one or more common markers
(Meuwissen et al., 2001). Besides, genomic selection captures the within-family variance as markers
shared between individuals can be identified, increasing the accuracy of the estimated breeding values
and response to selection (see Zenger et al., 2019 and references therein). Additionally, it enables
retrospective parental assignment, which allows multiple families to be grown in mixed tanks and
reduces the generation of confounding genetic and environmental effects. Genomic selection can
also be designed to fit different levels of ploidy (Ashraf et al. 2016; Endelman et al. 2018) and can be
a valuable asset to guarantee a high precision in breeding programs utilising broodstock with higher

levels of ploidy.



Species Group Location Type of Program type Founded References
selection
Mediterranean Mytilus Mussel Australia Family Industrial 2008 (Nguyen & Ingram
mussel galloprovincialis 2012)
Greenlip mussel Perna canaliculus Mussel New Family Industrial 1999 (Camara & Symonds
Zealand 2014)
Pacific oyster Crassostrea gigas Oyster USA Family Industrial 1996 (de Melo et al. 2016;
Langdon et al. 2003)
Pacific oyster Crassostrea gigas Oyster Australia Family; mass Industrial 1997 (Kube et al., 2011;
Ward et al., 2005)
Pacific oyster Crassostrea gigas Oyster New Family Industrial 1999 (Camara & Symonds
Zealand 2014)
Pacific oyster Crassostrea gigas Oyster France Mass Experimental 2009 (Dégremont et al.,
2015)
Pacific oyster Crassostrea gigas Oyster China Mass Experimental 2007 (Li et al, 2011;
Zhong et al., 2016)
Sydney rock Saccostrea Oyster Australia Family; mass Industrial 1990 (Dove et al., 2013;
oyster glomerata Nell et al., 1996;
1999)
Bay Scallop Argopecten Scallop China Mass Unknown 2001 (zheng et al., 2004;
irradians 2006)

Table 1-1: Large-scale breeding programs for cultured marine bivalve species (adapted from Hollenbeck &

Johnston, 2018).

Having a set of tools which link high-resolution genetics with phenotypes is a main

requirement for genomic selection. To date, genomes have been assembled for several of the main

cultured species (Hollenbeck & Johnston 2018). In addition, the development of DNA markers

including microsatellites (Li et al., 2003; Wang et al., 2016) and single nucleotide polymorphisms

(SNPs) (Fleury et al., 2009; Nguyen et al., 2014; Sauvage et al., 2007; Vu et al., 2021; Wang et al., 2015)

as well as the identification of genomic regions associated to traits of economic importance through



QTL mapping (Guo et al., 2012; Jiao et al., 2014; Sauvage et al., 2010) and genome wide association
studies (GWAS) (Gutierrez et al. 2018; Meng et al. 2019), create a genomic toolbox which provides a
backbone for future research. Ultimately, this information promotes the development of genomic
based selection techniques and the fine-tuning of breeding programs.

Marine bivalves share complex genomic and life-history features, including high levels of
nuclear genetic diversity, high heterozygosity, and elevated numbers of deleterious mutations and
null alleles (Plough and Hedgecock, 2011; Bierne et al., 1998; Gerdol et al., 2019; Hollenbeck and
Johnston, 2018 and references therein). In addition, reproductive attributes (broadcast spawning,
high fecundity, high early mortality rates), and a high variance in reproductive success (Vi) among
individuals (Hedgecock & Pudovkin 2011), are commonly described in these taxa. Variance in
reproductive success can result in low effective population sizes (Ne) and low numbers of effective
breeders (Ny) relative to census size, termed ‘sweepstake reproduction’, which has been observed in
both wild and hatchery-propagated stock (Boudry et al., 2002; Hedgecock, 1994; Hedgecock & Sly,
1990; Plough & Hedgecock, 2011). Heterozygous deficiencies relative to Hardy-Weinberg equilibrium,
and segregation distortion of markers described in paired crosses, are also commonly reported in
bivalves (Launey and Hedgecock, 2001; Pefialoza et al., 2014).

These properties of the bivalve genome, together with specific life-history characteristics of
these organisms may influence the efficiency and applicability of genomic resources in breeding
programs. Therefore, efforts to elucidate the role these features play on the selection process are vital
to enhance production in this sector. Selection must focus on traits that enhance larval performance
and productivity, whilst simultaneously selecting for traits which are relevant in later development.
For example, selection for growth and survival during the larval stage can reduce production time and
benefits the industry by reducing production costs. However, selection in later stages must also be
applied as the fastest growing larvae may not be the fastest growing adults. Additionally, GxE

interactions may also play a role and selection must be therefore focused on specific regions and/or



environmental conditions. Thus, another key priority is to understand the genetic basis of these traits,
as well as their genetic and developmental correlations.

Genomic resources have the potential to revolutionise aquaculture, contributing to the rapid
expansion and optimisation of marine bivalve production. Nonetheless, socioeconomic factors also
play a key role in the implementation of new technologies in existing production systems, and may
slow down the pace of genomic breeding in aquaculture, especially in developing countries (Kumar et
al., 2018). To date, industrial applications of genomic selection in aquatic species are limited, and

largely restricted to finfish species (Zenger et al. 2019).

Commercial Wild Commercial wild i’\

<+ Conditioning protocol — Spawning protocol

<+ Phenotypic background —+ « Maturity -
« G x Einteractions — <« Environment —

<« Environment -

Commercial wild

Fertilisation protocol

/Tﬁ\

Commercial wild

<+ Fecundity —
< Environment —»

Gamete | quality
interactions

—L‘J’i"',l dispersal

competition

6 Grow-out

juvenile

Yonesniol &

Grow-out structure
Handling practices

= - e

A

«~Environment - settled larvae

« G x E interactions -

g ' Commercial wild
g Domestication selection

Handling practices
Commercial

' = Competition —>
Settlement protocol . <+ G xEinteractions =~
« Fitness — : ; +  Environment -

<« Environment — = Fitness -

<+ GxEinteractions —

; Larval dispersal | /|
'u s"
‘ ; Prediation

Figure 1-1: Concept diagram highlighting the selection pressures acting upon natural and artificially propagated
bivalve stocks, across different life-cycle stages and corresponding production steps. Selection pressures
(coloured boxes) acting upon wild populations (indicated with yellow background), hatchery populations
(indicated with blue background) or both (indicated with flanking arrows), as generated by the artificial or



natural environment. Selection pressures correspond to each production step discussed within the review (steps
1 - 5; maturation, spawning, fertilization, development, settlement and grow-out; outer circle), as well as the
corresponding life-cycle stage (inner circle). Figure created with BioRender.com.

Broodstock conditioning and its implications on genetic variability

Contrary to natural ecosystems, hatcheries offer a largely uniform environment to cultivate
broodstock, reducing sources of stress caused by sub-optimal or fluctuating conditions. In these
artificial systems, environmental conditions can be manipulated to trigger gametogenesis in
broodstock throughout the year, extending the period through which mature breeders are available
(Goulletquer 2004). Overall, the process of induced gametogenesis, known as conditioning, aims to
maximise the fecundity of progenitors, synchronising spawning, whilst maintaining the high quality of
gametes and larval viability (Lannan et al., 1980; Utting & Millican, 1997). For aquaculture purposes,
broodstock are either collected in their natural environment or taken from previous generations of
hatchery stock and are held in flow-through systems (Goulletquer 2004). During the conditioning
process, quality and availability of food resources have a direct effect on adult fecundity levels and
reproductive output (see Utting and Millican, 1997 and references therein), with lipid and proteins
obtained from food accumulated during oogenesis (Li, et al., 2000). A significant correlation between
biochemical content of oocytes and early developmental success (Boulais et al., 2015; Corporeau et
al., 2012; Massapina et al., 1999), highlights the vital role that conditioning can play in production,
and consequently, in the genetic makeup of cohorts (Figure 1.1).

To date, standard conditioning protocols have been established for the main cultured bivalve
species (Helm 2004). However, a large (up to 2-fold) variation in length of conditioning period is
reported among strategies adopted by different hatcheries, and a quality check of broodstock gonad
development is not consistently undertaken among hatcheries (Reynaga-Franco et al., 2020) .Without
equal opportunity for success in breeding, Ne/N ratio is lowered. In addition, an unsynchronized
response of broodstock to conditioning may reduce the potential number of breeding pairs, promote
discrepancies of both V¢ among individuals and performance among families (Boudry et al. 2002), with

inbreeding levels within a breeding program consequently increasing. Such issues rapidly nullify
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predictive ability of selective breeding methods and impose a challenge for the implementation of

genomic selection in these taxa.

Genomic and phenotypic consequences of hatchery propagation

In hatcheries, spawning of broodstock can be triggered either by non-lethal techniques
(thermal cycling, intermittent exposure to air and/or introduction of potassium chloride, hydrogen
peroxide, steroids or neurotransmitters in the mantle cavity or adductor muscle) or by stripping
(scarifying) the gonads of individuals (Helm et al., 2004). The adoption of gonad-stripping or
chemically induced spawning protocols can help to standardize the time of gamete release, reducing
the deterioration of gametes. However, such approaches do not discriminate between mature and
immature gametes present in the gonad. The lack of control of gamete quality during artificial
spawning may lead to a high variability in developmental rate within a batch (Tanyaros & Tarangkoon
2016). In fact, for some species such as M. edulis, gonad stripping is a non-viable approach which
impairs production (Kamermans et al. 2013). Moreover, the required sacrifice of pedigreed
broodstock individuals (where identified) may render this approach unfavourable for selective
breeding.

Owing to its practicality, mass spawning (combining gametes from multiple females with an
aliquot of pooled male gametes) is a common procedure for artificial fertilisation (Helm 2004; SPAT
2012). This approach does not control parental contribution and can result in reduced numbers of
effective parents in the program. Moreover, as best performing individuals may be excluded from
crosses, mass selection can limit the accuracy of the breeding program. However, fecundity levels
observed in bivalves are high and fertilisation is commonly successful, and a sufficient number of
offspring is often achieved. Inbreeding load, as well as impaired development, can be concealed by
management practices (e.g. culling) where the low performing individuals are eliminated from a batch

by size-selection (Taris et al. 2006). As genomic and marker assisted selection endeavour to capture
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favourable genetic variation, it is vital to identify and control for the possible impacts of spawning and
fertilisation protocols on the genetic variability and performance of cohorts (Figure 1.2).

To overcome issues with parental contribution, pairs can be individually crossed. Paired
crossing is less commonly adopted in hatcheries as it is a more laborious approach, requiring the
control of fertilisation rates of individual crosses and investment in personnel and equipment. This
method demands additional physical space to separate mating pairs and subsequent offspring during
larval development. Furthermore, the rearing of juveniles in family-specific tanks presents an issue
with confounding of genetic and common environmental effects, which would require multiple
replicate tanks per family to resolve. Subsequently mixing families and growing them together in a
common environment can mitigate against this issue. However, the gamete density used in artificial
crosses is substantially higher than in nature. Empirical evidence demonstrates that mass spawning
increases Vxamong males and pair crossing individuals increases the variance in reproductive success
among females (Hornick & Plough 2019). Handling practices may additionally contribute to increase
variation in family sizes, which often goes undetected. Long term, such practices can bottleneck
genetic variability in artificially propagated stock and dramatically reduces the ability to predict
success for selective breeding. Therefore, altered genetic diversity of hatchery-propagated stock is an
inevitable consequence of the chosen fertilisation approach (Figure 1.1) (Hornick & Plough 2019).

Phenomena occurring at the gamete level may also play a role in determining parental
contribution in crosses and act as an early selective pressure. For example, the distance which sperm
must travel to reach oocytes, gamete phenotype (biochemical composition, sperm motility and
behaviour, oocyte size and age) and gamete interactions are factors that influence the success of
fertilisation (Boulais, et al., 2015,2017; Levitan 2006; Suquet et al., 2010). Genetic compatibility can
influence fertilisation success, favouring crosses between less related individuals (Lymbery et al.,
2017). In sea urchins, low sperm densities favoured crosses between common genotypes which match
at the gamete binding locus (oocyte-sperm compatibility locus) (Levitan and Ferrell, 2006). Sperm-

saturation, in turn, promoted reproductive success of individuals with less frequent genotypes. These
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findings highlight the putative role of gamete density in sperm choice behaviour. Factors such as
affinity between crosses (Kekaldinen & Evans 2017; Lymbery et al. 2017) and sperm longevity (Crean
et al., 2012) have been linked to increased postzygotic fitness (Oliver & Evans 2014). However, the
extent to which interactions at the gamete-level, as well as gamete phenotype, influences fertilisation
success in external fertilisation is not yet fully understood (Breed & Moore 2016).

The precise determination of oocyte-sperm ratios and controlled-crossing approaches may
benefit fertilisation success and enhance the contribution of individual broodstock (Song et al., 2009).
Gamete density used in artificial crosses is substantially higher than in nature, increasing competition
among individuals, and acts on Np. Oocyte mechanisms acting against polyspermy are not 100%
effective, thus, increased competition can lower the rates of fertilisation success among crosses.
Commonly, substantial variation in gamete phenotype and fertilisation rates are observed among and
within individuals (Breed & Moore 2016). During hatchery propagation, gamete quality is assessed via
crude visual observations of sperm motility and concentration, as well as shape (roundness), size and
colouration of oocytes. Individuals classified with high quality gametes are selected for fertilisation,
whilst those not meeting the quality criteria are excluded from crosses. Correlations between gamete
phenotypes (e.g. oocyte biochemical composition) and larval viability in artificially bred bivalves and
other invertebrates have been previously described (Boulais et al., 2015; Crean et al., 2012; Massapina
et al., 1999). Nonetheless, the extent to which gamete traits and gamete-level interactions influence
Vk and genetic variability of offspring is not fully understood. If such implications can be carried over
throughout the individuals’ life, the expression of key genotypes may be modulated by pre fertilisation
selection. However, further investigation is required to clarify how physiological and molecular
mechanisms underlie gamete phenotype and affinity of crosses during external fertilisation (Figure
1.2). Such knowledge can benefit the development of mating systems that maximise fertilisation and
homogenise Vx among breeders.

Hatchery-propagated larvae are reared in a controlled environment, avoiding the risks

imposed by oceanic drift and predation. In this environment, water quality parameters are maintained
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at, or close to, conditions considered optimal for the survival of the species being cultured. This
optimised environment enables the levels of production to be improved, maximising larval growth
and settlement rates of the produced species. In the long term, domestication contributes to enhance
performance under these artificial rearing conditions. However, domestication selection can lower
environmental resilience when exposed to natural conditions. A lower fitness of individuals in the wild
has been observed in fish species which are currently in transition to a domesticated status (Araki et
al., 2008). Moreover, genomic footprints of domestication in fish species can vary greatly between
populations from independent origins selected for the same trait (Lopez et al. 2019), as a result of the
specific characteristics of a rearing environment (Vandeputte et al. 2009). Recent findings indicate
that selectively bred C. virginica larvae were less able to tolerate starvation compared to wild cohorts,
experiencing significantly higher mortality rates (McFarland et al., 2020). However, the genomic
mechanisms underlying domestication selection of marine bivalve species remains poorly investigated
in comparison to finfish species. Optimisation of selective breeding of these taxa will require these
factors to be better understood and controlled for.

Culling, or size selection, is commonly practiced in hatcheries throughout larval development.
Selection for similar growth rates under culture conditions generally improves overall spat production
and reduces variation in development within a cohort (Taris et al. 2006), but may potentially mask the
signs of inbreeding depression (Taris et al., 2007). Therefore, such a practice may benefit early
production stages. However, the effect of size selection on a stocks’ genetic variation are not clear
(Figure 1.2). Culling may result in accidental removal of individuals that may reach market size quickest
in later development, individuals with alternative traits of interest (e.g. disease resistance) or traits
that are relevant during later stages of production (e.g. robustness), directly impacting a breeding
scheme. A practical example is seen in Mercenaria mercenaria larvae, where initially small individuals
present in culture tanks are be capable of surpassing the size of individuals that were initially larger,
at later stages of development (Gionet et al., 2010). In addition, this process can reduce genetic

variability of offspring (Taris et al. 2006) acting as a genetic bottleneck in hatcheries. Losses of entire
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cohorts could result from sudden shifts in conditions when GxE interactions when animals selected as
optimal under a hatchery production environment perform poorly in a subsequent grow-out
environment.

Developmental plasticity (input during early development persisting in adult phenotype) can
modify the performance of individuals in their later life. For example, exposure of quagga mussel
larvae (Dreissena bugensis) to a range of temperatures has been correlated with the development of
different shell morphotypes in adults (Peyer et al., 2010). If early exposure to stressors can imprint
performance of organisms in later life, alternative culling strategies (e.g. application of a salinity or
temperature shock during early development) would enable selection for robustness to future
environmental conditions. Shellfish restoration programmes relying on hatchery seed supply could
benefit from such strategy, as produced individuals would be more likely to withstand fluctuating
environments and/or exacerbated conditions resulting from climate change. Accordingly, the
hatchery environment and management practices may themselves help or hinder spat development,
potentially affecting the performance of individuals at grow-out sites (Reynaga-Franco et al., 2019).

Currently, research into the implications of hatchery practices on the genetic characteristics
of bivalves is restricted to a few studies (Boudry et al., 2002; Hornick & Plough, 2019; Lallias, Boudry,
Lapégue et al., 2010; McFarland et al., 2020; Taris et al., 2007, 2006). Unravelling the genomic basis
of environmental resilience will allow the potential of selection towards robustness, or generalist
phenotypes, and its association with other commercially relevant QTL to be determined (Vu et al.
2021). Additionally, the development of physiological indices of larval performance, and their
association with the individual genotype, can contribute to improve selection in these taxa (Pan et al.,
2016). Further studies clarifying the correlation between performance of hatchery bred larvae and
individual performance during grow-out will contribute to the optimisation of production throughout
the entire life-cycle of these taxa. Furthermore, such information can contribute to the development

of breeding strategies in marine bivalves.
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Hatchery bred spat, which have reached the settlement stage, are often induced to settle.
This practice not only facilitates efficient husbandry but avoids any adverse consequences (e.g.
depleted energy reserves) of spending too long in the pediveliger stage. Uniformity in settlement time
can be achieved by manipulating environmental stimuli such as temperature shocks, or via the
addition of fine shell particles or other material to induce settlement in tanks (Helm 2004).
Alternatively, settlement of larvae can be chemically induced by exposure to neurotransmitters (Grant
et al., 2013; Joyce & Vogeler, 2018; Sanchez-Lazo & Martinez-Pita, 2012). Further investigation is
needed to elucidate the role such approaches play as a selective pressure in the hatchery environment
and whether these can be used to select or induce favourable characteristics (Figure 1.2).

Settlement and metamorphosis are critical moments in the life cycle of bivalves. Substantial
mortalities occur during these stages in both natural populations and artificially propagated stock
(Hunt & Scheibling 1997; Plough 2016; Plough & Hedgecock 2011), with survival at the post-settlement
stage reaching only 2.8 % of the original population in some cases (Plough 2016). Genotype-dependent
mortality linked to deleterious recessive mutations can occur immediately before or during
metamorphosis (Plough 2016; Plough & Hedgecock 2011). Insights on genotype-dependent mortality
during settlement have opened the opportunity to investigating the applicability of QTLs to select for
uniformity of settlement timing (Plough 2016). Settlement rates lower than 5% have been previously
reported in other studies including those on Mytilus spp (Knobel et al. 2021). Nonetheless, breeding
facilities provide adequate substrate for settlement asides using different chemical substances to
induce larval settlement (Silveira et al. 2011; Tanyaros 2011). In oyster hatcheries settlement success
normally ranges between 20 % to over 50%, depending on the density and employed settlement
approach (Helm 2004; Silveira et al. 2011; Tanyaros & Chuseingjaw 2016). In contrast, mortality in the
period immediately post-settlement is lower, with no indication of being genotype-dependent

(Dégremont et al., 2007; Plough, 2016).
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Genotype by Environment responses to the grow-out environment

All spat, both wild and hatchery propagated, are exposed to environmental variability
experienced within the coastal and estuarine zones in which grow-out occurs, and are thus susceptible
to this daily and seasonal variability (Figure 1.1). To thrive in such demanding environments,
individuals must either be genetically adapted to extreme conditions, or possess highly plastic
physiological responses which allow them to regulate internal mechanisms.

Accordingly, Pacific oysters have demonstrated the ability to regulate genes involved in stress
response pathways when facing abiotic stress conditions, including elevated temperature and air
exposure (Zhang et al. 2012). These findings suggest that a high level of plasticity is a strategy which
has allowed these sessile organisms to successfully colonise stressful environments. The expansion of
gene families that function as part of the organism’s response against biotic and abiotic stress, as well
as immune response, suggest that this group has adapted to a sessile life in fluctuating environments
(i.e. intertidal coastal and estuarine waters) (Wang, et al., 2012). A better understanding of plasticity
mechanisms in bivalves can contribute to the development of culturing conditions which improve
performance in desirable traits. The selection processes experienced during early development in
hatcheries could contribute to direct effects on the performance of cohorts, as well as increasing the
likelihood of stochastic GXE interactions.

GXE is an important factor dictating performance of aquaculture species (see review by Sae-
Lim et al., 2016 and references therein). Where animals from a breeding programme are reared in
different environments, it can result in a re-ranking of families or genotypes. This can negatively
impact genetic gain and the effectiveness of a breeding programme. These effects have been observed
in previous studies investigating the variation in C. gigas performance among families across grow-out
sites (Evans and Langdon, 2006b; Langdon et al., 2003). In other cases, selected genotypes outperform
in certain conditions, but become poor performers when exposed to a different set of conditions —i.e.
re-ranking of genotypes (Dégremont et al., 2005; Evans and Langdon, 2006b; Langdon et al., 2003;

Wang et al., 2013). In marine bivalves, between-family variance described for traits such as growth,
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survival and environmental resilience (Dégremont et al., 2005; Dégremont et al., 2015; Scanes et al.,
2020) indicates the genetic basis of traits associated with performance (Vu et al. 2021). The re-ranking
of genotypes, in turn, highlights the intrinsic effect of GxE on overall performance of a family or cohort.
There is also genetic variation in how well animals perform across diverse environmental conditions,
and this robustness of genotypes to diverse conditions can be analysed using reaction norms, and
potentially incorporated into breeding goals to help tackle the impact of GxE (Hill & Mulder 2010).

Epigenetic mechanisms (e.g. DNA methylation, histone modifications, non-coding RNAs) are a
relevant component of GxE interactions, through exposure mediated GxE. These mechanisms can
modify a phenotype without changing the DNA sequence and can have long-lasting effects (Jablonka
& Lamb 2002). In the last decades, new technologies have facilitated the study of epigenetics,
providing insights into the contribution of the epigenome to the expressed phenotypes in response to
the environment. Among the wide scale of techniques available to study epigenetic regulation, DNA
methylation has received the most attention in marine bivalves. In C. gigas, DNA methylation patterns
have been associated with gene function (Gavery & Roberts 2010) and have been linked to gene
regulation (Olson & Roberts 2014; Riviere et al., 2013). Environmental heterogeneity has been
associated with divergent DNA methylation patterns among C. virginica populations (Johnson & Kelly
2020). In  Mytilus galloprovincialis and the New Zealand pygmy mussel Xenostrobus secures,
methylation patterns of invasive populations differ from populations in their native range (Ardura et
al., 2018). Whilst epigenetics can contribute to rapid and transient plasticity in response to stress and
environment in marine bivalves, future studies combining genomic and epigenomic information are
needed to elucidate the processes underlying GxE interactions and phenotype expression in these
taxa.

Recent evidence also underlines the adaptive nature of phenotypic plasticity in traits involved
in environmental resilience (Li et al., 2018). Domestication, or the reduction of environmental
variation in early life stages, is unlikely to select for plasticity and may lead to epigenetic profiles that

are less suited to the farm environment. However, the impact of artificial-breeding and early life
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hatchery condition on the epigenome of marine bivalve species remains unresolved. Selective
pressures acting during hatchery-propagation most likely favour domestication rather than adaptation
towards variable natural environments. Therefore, the potential of hatchery-propagated stock to cope
with environmental stress may be reduced during breeding and hatchery processes. Indeed, the
epigenome of artificially bred Atlantic salmon differs greatly from wild populations, and the reduced
fitness of hatchery-propagated stock in comparison to wild populations is likely a consequence of such
variation (Le Luyer et al. 2017). Here, we emphasize that domestication selection in early life stages
could lower the mean performance of cohorts through GxE interactions, once spat is deployed in the
grow-out systems. Signs of lower tolerance to environmental stress in C. virignica have been linked to
domestication selection (McFarland et al. 2020). However, further studies are required to disentangle
the implication of domestication selection, if any, on the performance of hatchery produced stock.

To understand the role of GXE interactions in the expression of phenotypes, the performance
of different lines needs to be tested in a range of environments. Strong GxE interactions could be
countered by the creation of specific breeding programs targeting specific grow-out environments
(Dégremont et al. 2007). However, it would first be wise to understand if any of the potential hatchery
stressors or selection events described herein are contributors to GxE events, and if they can be
mitigated through alteration in early life selection. As a crude hypothesis, growth in C. gigas, a trait
which has been under selection pressure in the hatchery, seems to be highly dependent on the
environment, whereas other traits such as survival in the presence of disease seem dependent on the
family (Dégremont et al., 2005; Evans and Langdon, 2006b). For the latter, expression of phenotypes
can be maintained within families across a range of environments by epigenetic mechanisms (Gavery
& Roberts 2017; Uren Webster et al. 2018).

Other omic techniques, such as proteomics and metabolomics, provide a direct measurement
of expressed phenotypes and are therefore valuable tools to explore the genotype-phenotype link and

evaluate performance (Laudicella et al. 2020). Further studies investigating the relation between
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specific environmental conditions utilising a holistic omic approach may allow to understand and

control for GXE in bivalve breeding programmes and are critical to improve aquaculture (Figure 1.2).

Selective breeding under a changing climate

Shifts in sea surface salinity, temperature and ocean chemistry (e.g. ocean acidification),
alterations in precipitation patterns as well as stronger and more frequent heat waves, are some of
the main consequences of climate change to the marine environment predicted for the coming
decades (IPCC 2018).

As ectothermic calcifying organisms, marine bivalves are particularly vulnerable to climate
change. Shell dissolution and decreased shell growth caused by ocean acidification has been
described in marine bivalves (Melzner et al. 2011). Higher sea surface temperatures, especially in
summer months, may challenge species with lower thermal tolerance (Steeves et al., 2018).
Fluctuating sea surface salinities may have deleterious implications for shell growth (Riisgard et al.,
2012) whilst the interactions of this factor with increased temperature or hypercapnia (elevated CO,)
can increase mortality (Rybovich et al., 2016) and reduce hardness and resistance of shells (Dickinson
et al. 2012). Phytoplankton communities are likely to be impacted by climate change (Kdse & Geuer
2018), and temporal shifts in species abundance and composition may impact the nutrient uptake in
marine bivalves, limiting physiological and biological processes. Climate change may also contribute
to lowering the immune response of bivalves (Mackenzie et al., 2014), and modify host-pathogen
interactions, increasing sensitivity towards diseases (Asplund et al. 2014).

The grow-out phase of bivalve aquaculture takes place in the natural environment. Therefore,
the implications of climate change are not restricted to wild populations. Strong changes in local
environmental conditions may limit production and force the relocation of grow-out sites to suitable
areas. Environmental changes and increased disease outbreaks might lead to severe mortality and
considerable economic losses in this industry and restrictions in spat commercialisation may be

needed to avoid the further spread of diseases. Thinner and weaker shells will facilitate their rupture
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during transportation. Hatchery propagation may also be impaired by climate change to a certain
degree, as those rely in natural sea water supply. Therefore, there is an imminent need for research
to develop bivalve strains robust to climate change and resilient towards diseases.

Epigenetic processes can contribute to rapid adaptation towards environmental stressors
generated by climate change. In S. glomerata, short-term exposure to elevated CO; concentration not
only increases resilience of exposed individuals, but can also be passed through generations (Parker
et al. 2015). Such resilience has been associated with a change in regulation of genes associated with
stress related functions (Goncalves et al. 2016). Accordingly. empirical evidence demonstrates that
low pH stress (pH 7.4) can modify the methylation patterns of Crassostrea hongkongenssis pediveliger
larvae (Lim et al. 2021). Genomic processes, in turn, are involved in long term adaptation to
environmental changes.

Identifying the mechanisms acting behind GxE interactions which increase performance of a
species under climate change-associated stressors is an important step to characterise the genomic
and epigenomic profile of robust genotypes. Accordingly, GXE can be exploited in breeding
programmes to increase environmental resilience and the application of genomic selection can fast-
track the development of such lines (Mulder 2016). The growing body of high quality assembled
genomes facilitate the precise identification of genomic regions linked to traits responsible for
environmental resilience. The application of genomic selection, or gene editing approaches, can then
facilitate the development of robust lines, or lines able to withstand sub-optimal environmental
conditions relevant to a certain grow-out region (e.g. elevated temperature, low pH). As hatcheries
allow for the control of genetic stocks, indoor propagation is undoubtedly an essential asset to

guarantee the development of lines able to thrive under future predicted environmental scenarios.

Summary and future perspectives

A gap in knowledge remains on how domestication selection and husbandry practices can

constrain genetic variability of hatchery-propagated stock during early life stages in marine bivalves
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(Figure 1.2). Despite the negative implications of inbreeding load on performance, the control of
reproductive output, differential performance of genotypes and genetic variability of stock remains
relatively low in bivalve production. Such lack of control may hinder spat performance and
consequently aquaculture production. Future advances in bivalve production and selective breeding

require an understanding and optimization of hatchery production processes in order to maximise

genetic gain.
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Figure 1-2: Critical knowledge gaps currently preventing the widespread implementation of genomic breeding
approaches in bivalve aquaculture. Main knowledge gaps as identified in this review and considered as key
priorities for future research (coloured boxes). Knowledge gaps are linked to each production step discussed in
this review (steps 1 —5; maturation, spawning, fertilisation, development, settlement and grow out; outer circle)
as well as the corresponding life-cycle stage (inner circle). Figure created with BioRender.com.
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Selection pressures acting in hatcheries differ from those acting on the populations in their
natural environment. In contrast to wild populations that face fluctuating environmental conditions,
farmed stocks are produced under relatively stable, benign, conditions, but exposed to other stresses
such as elevated densities and handling practices. Organisms reared in hatcheries, naive to the wild,
might lack resilience to environmental variation due to domestication selection and/or epigenetic
mechanisms. In addition, negative GxE interactions can be detrimental for production and can be
compounded by artificial bottlenecking or epigenetic alterations caused by the hatchery environment.
However, it is still not fully understood if selection for phenotypes that enhance hatchery production
contribute to adult performance during the grow-out phase. Therefore, whilst performance of larval
stages must remain as an important component of breeding programmes and hatchery production, it
is key to consider traits related to the challenges the spat will face during the grow-out phase.

Genomic resources will contribute with the understanding of evolutionary and adaptive
processes, as well as those which are linked to domestication (Yafiez et al. 2015). Elucidating the
(epi)genomic mechanisms which underpin the expressed phenotypes will allow the divergence of
selection from classic commercial traits towards broad environmental resilience (either
outperforming or generalist genotypes). Integrating robustness as a founding criterion for selection
can potentially contribute to increase grow-out productivity, especially in light of climate change.

Genomic selection can favour the development of genetically-improved lines for multiple
traits, facilitate the management of genetic variability (D’Ambrosio et al. 2019) and potentially reduce
environmental sensitivity accounting for GxE (Mulder 2016). Most importantly, the implementation
of such selection approaches is key to the sustainable optimisation of bivalve aquaculture production,
particularly in the light of climate change. It is crucial to focus resources on developing
environmentally robust lines. However, progress of marker assisted and genomic selection in bivalve
aquaculture will require a greater control of hatchery practices to allow sources of unaccounted

genetic variation to be minimised, and genetic gain to be maximised.
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The considerations highlighted in this section are particularly relevant to the oyster industry,
as hatchery systems for most of the main consumed oyster species are well advanced. For other
commonly consumed bivalve species, such as mussels, especially Mytilus spp, few hatchery protocols
have been developed (Saurel et al. 2022). Examples of successful development and implementation
of hatchery systems for Green-lipped mussels (Perna canaliculus) and blue mussels (M.

galloprovincialis) are found in New Zealand and Australia, respectively.

Project Aims and Chapter-specific Objectives

The previous section of this thesis has highlighted the unquestionable need to futureproof
marine bivalve mollusc aquaculture towards environmental change, and that such process could be
fast-tracked by coupling the implementation of hatcheries to the development of genomic based
breeding programs. For species which hatchery technologies are yet to be developed, maturing
effective production protocols and adequate systems becomes therefore crucial. Accordingly, all
bivalve species can benefit from the development of genomic tools, as those can contribute only to
optimise production, but also to the development of conservation programmes. Such resources also
facilitate the unravelling of evolutionary processes ongoing in these taxa, contributing to our
understanding of speciation and adaptation.

These advances however cannot be reached without a basic understanding on the existing
genetic diversity present in these species. In order to breed environmental resilience into key
commercial bivalve stocks, understanding how environmental stress can influence performance in
major economic traits of these species, and highlighting how these changes are correlated to the
genetic background of individuals is critical to further develop this sector. Therefore, the main aim of
this thesis is to address the major knowledge gaps which at present hamper the optimisation of the
shellfish aquaculture industry, by providing empirical evidence of how genomic and phenotypic
information of wild and cultured marine bivalve stock can overcome many of the barriers to successful

selective breeding. Each chapter will contribute to this main aim from a different perspective:
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Chapter Il describes the creation and validation process of a genomic tool, a 60K SNP array for
the Blue Mussel species complex M. edulis, M. galloprovinciallis, M. trossulus and the southern
hemisphere species M. chilensis. This multipurpose tool can be applied for genetic makeup
characterisation of wild and aquaculture derived marine bivalve populations. Such a tool can
contribute to generate consistent genotyping data over a genome-wide scale, and benefit our
understanding of ongoing processes such as selection, adaptation, as well as the development of

GWAS studies for traits of interest.

Chapter lll outlines the application of the Blue Mussel 60K SNP array genotyping platform to
assess the genetic diversity of wild marine bivalve populations (Mytilus spp) in the South West (SW)
coast of England. This hybrid zone, composed by two species: M. edulis and M. galloprovincialis, is a
highly productive area relevant for the mussel aquaculture industry in the UK. The genetic background
of populations distributed along the SW hybrid zone has been previously described using fragment
length polymorphisms analysis (Hilbish et al. 2002). Contrary to using a genome-wide diversity scan
approach to analyse diversity, using multiple SNPs, this technology analyses the difference in length
at a specific locus of the genome among individuals. Therefore, a second specific aim of this chapter
was to compare the genotyping efficiency of the Blue Mussel SNP array to other genotyping
technologies available to these taxa. Subsequently, the relationship between the genotype
distribution and habitat choice was inferred by comparing low tide vs high tide populations and
estuary vs rocky tidal populations. Such analysis can bring valuable insights regarding management of

mussel farms, influencing practices such as site choice for seed collection and grow-out culture.

Chapter IV assesses the implications of early exposure to environmental stress at a genomic
and phenotypic level. More specifically, this chapter describes an experiment investigating the

implications of short-term exposure to elevated seawater temperatures on the genetic makeup of
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Baltic juvenile stock, using the 60K SNParray developed for the Blue Mussels species complex.
Responses at a phenotypic level were investigated in the same experiment by comparing the
performance of pre-exposed (warm selected) vs non-exposed (non-selected) mussel stock followed

by 25 days cultured under a range of temperature conditions.

Chapter V Presents the general discussion and main conclusions of the thesis.
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2. Chapter Il - SNP Discovery and Genetic Structure in Blue

Mussel species Using Low Coverage Sequencing and a Medium

Density 60K SNP array
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and is currently ongoing the review process. | was involved in work carried in the laboratory, for
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Abstract

Blue mussels from the genus Mytilus are an abundant component of the benthic community, found
in the high latitude habitats. These foundation species are relevant to the aquaculture industry, with
over 2 million tonnes produced globally each year. Mussels withstand a wide range of environmental
conditions and the species readily hybridise in regions where their distributions overlap. Significant
effort has been made to investigate the consequences of environmental stress on mussel physiology,
reproductive isolation and local adaptation. Yet our understanding on the genomic mechanisms
underlying such processes remains limited. In this study, we developed a multi species medium-
density 60K SNP-array including four species of the Mytilus genus. SNPs included in the platform were
called from 138 mussels from 23 globally distributed mussel populations, sequenced using a whole-
genome low coverage approach. The array contains polymorphic SNPs which capture the genetic
diversity present in mussel populations thriving across a gradient of environmental conditions (~59K
SNPs) and a set of published and validated SNPs informative for species identification and for diagnosis
of transmissible cancer (610 SNPs). The array will allow the consistent genotyping of individuals,
facilitating the investigation of ecological and evolutionary processes in these taxa. The applications
of this array extend to shellfish aquaculture, contributing to the optimisation of this industry via
genomic selection of blue mussels, parentage assignment, inbreeding assessment and traceability.
Further applications such as genome wide association studies (GWAS) for key production traits and
those related to environmental resilience are especially relevant to safeguard aquaculture production

under climate change.

Keywords: mussels, SNP, population genomics, aquaculture, SNP chip, Mytilus
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Background

Blue mussels from the genus Mytilus are an abundant component of the benthos, found in
high latitude habitats (Gosling 2015). These foundation species can aggregate in high densities,
forming extensive beds or reefs, which provide a number of important ecosystem services (e.g.
providing spatial structure, undertaking nutrient cycling and forming an important food source) (van
der Schatte Olivier et al. 2020). Additionally, mussels play an important economic role, as both a
fishery and aquaculture species, accounting for approximately 12%, or ~2 million tonnes, of global
mollusc production (Subasinghe 2017). Most landings (>90%) derive from aquaculture (Avdelas et al.
2021), with farmed bivalves identified as one of the most sustainable sources of animal protein
(Hilborn et al. 2018). From a nutritional perspective, mussels contain high levels of omega-3
polyunsaturated fatty acids and essential amino acids, which in the human diet have significant health
benefits (Carboni et al. 2019).

Commercial blue mussel production in Europe relies almost exclusively on collection of
naturally-settled spat (i.e. settled juveniles) (Kamermans et al. 2013). Several environmental factors
(e.g. water temperature, salinity, food availability and local currents) influence the reproductive cycle,
in addition to triggering spawning events and determining larval dispersal patterns. There are eight
species within the Mytilus genus (Gaitan-Espitia et al. 2016), which are able to readily hybridise
wherever their geographic range overlaps throughout the world: in the west coast of the United
Kingdom (Gardner 1996; Hilbish et al. 2002; Vendrami et al. 2020), the north east Atlantic (Bierne et
al. 2002, 2003b; Fraisse et al. 2016; Simon et al. 2021), north west Atlantic (Koehn et al. 1984; Rawson
et al. 2001; Toro et al. 2004), the Baltic sea (Riginos & Cunningham 2005; Stuckas et al. 2017; Vainola
& Hvilsom 1991), subarctic and arctic mussels (Mathiesen et al. 2017), the north east Pacific (Rawson
et al. 1999; Saarman & Pogson 2015), south and east Pacific (Larrain et al. 2019; Popovic et al. 2020)
and south west Atlantic (Zbawicka et al. 2018). Broad-scale population structure and population
dynamics in this species complex is therefore predominantly shaped by interactions between

oceanography and the biology of each species. Both pre- and post-settlement selection drives
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geographical and ecological segmentation, and contributes to determining species distribution and in
shaping hybrid zones (Bierne et al. 2002, 2003a; Knoébel et al. 2021; Koehn et al. 1980). Further
research is needed to fully understand the genetic barriers that determine distribution of these taxa,
as well as the genomic mechanisms driving such processes across different environments. Moreover,
the success of mussel aquaculture is tightly coupled to the environment, across all stages of
production, with environmental change also influencing key performance traits including growth,
survival and susceptibility to disease (Nascimento-Schulze et al. 2021).

Selective breeding has been highlighted as a key tool to facilitate sustainable intensification
of bivalve aquaculture, allowing the development of specialised breeding lines resilient to
environmental and pathogenic challenges (FAO 2016; Nascimento-Schulze et al. 2021; Potts et al.
2021). Selection has benefited the production of many cultured aquatic taxa (Gjedrem and Rye 2018),
including the most important marine bivalve molluscs such as mussels (Perna canaliculus) and oysters
(Hollenbeck and Johnston, 2018). Methods of selection vary from mass selection, for example
breeding from the fastest growers in a population, through to methods using genetic markers spread
across the genome, known as genomic selection (GS). GS is particularly powerful as it can improve
accuracy of selective breeding, contributing to highly targeted results, even in the case of polygenic
traits, whilst allowing for full control of the genetic relationships of the offspring (Houston et al. 2020;
Meuwissen et al. 2001).

To utilise GS, genome-wide markers are required. Single nucleotide polymorphisms (SNPs) are
the most common form of genetic variation and, therefore, the marker of choice for GS. SNPs are
present in genes/regulatory regions, and non-coding regions. Whilst these markers may be
contributing to the expressed phenotype, using a density of markers can assure that they are in linkage
disequilibrium (LD) with causal mutations. Advances in sequencing and computational technologies
have lowered costs of SNP discovery and enable the generation of large quantities of sequencing data
and high throughput screening of SNPs. Consequently, these genetic markers have been widely

applied for the development of further genomic resources.
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SNP arrays use a probe-based approach to generate high-quality genotype data whilst
requiring less investment in sample preparation. Computational analysis of genotype data generated
by arrays is less demanding than techniques such as genotyping-by-sequencing that provide a similar
amount of data. Furthermore, SNP arrays enable genotyping in multiple pre-defined loci, guaranteeing
reproducibility of analysis (Robledo et al. 2018). Such information contributes to our understanding of
genomic processes underpinning research in evolutionary genomics, population genetics,
conservation and ecology (Allendorf et al. 2010; Andrews et al. 2016). Therefore, SNP arrays have
valuable applications for the study of both wild and farmed populations and have been successfully
applied across multiple taxa (Houston et al. 2014; Kranis et al. 2013; Michelizzi et al. 2011; Stoffel et
al. 2012). Arrays are currently available for several farmed aquatic species including the Pacific
(Crassostrea gigas) and European flat oysters (Ostrea edulis) (Gutierrez et al. 2017; Lapegue et al.
2014; Qi et al. 2017), Atlantic salmon (Salmo salar) (Houston et al. 2014), Rainbow trout
(Onchorynchus mykiss) (Bernard et al. 2022; Palti et al. 2015) and Nile Tilapia (Oreochromis niloticus)
(Joshi et al. 2018; Pefialoza et al. 2020), offering a rapid, accessible and cost-effective approach for
medium- and high-density genotyping.

In blue mussels, nuclear and mitochondrial DNA markers have been widely used to investigate
evolutionary processes (Quesada et al. 1998; Rawson & Hilbish 1995; Zouros et al. 1994), species
genetics (Koehn 1991; McDonald et al. 1991), hybridisation patterns (Bierne et al. 2003b; Riginos &
Cunningham 2005; Stuckas et al. 2017) and selection (Bierne et al. 2003a; Fraisse et al. 2016; Knébel
et al. 2021; Koehn et al. 1980). Low-density SNP-panels have been used to delineate species and
genetic lineages within the genus (Simon et al. 2021; Wilson et al. 2018), to investigate the shell trait-
species correlation (Carboni et al. 2021) and also for pedigree reconstruction (Nguyen et al. 2014a).
Studies have also applied different genotyping methods including low-density panels (Gardner et al.
2016; Saarman & Pogson 2015; Wenne et al. 2016; Zbawicka et al. 2014, 2018), as well as next
generation sequencing (NGS), to investigate genetic diversity structure in populations across the

globe (e.g. Fraisse et al. 2016; Nguyen et al. 2014b; Vendrami et al. 2020), which has led to the
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development of an 81-SNP Fluidigm genotyping assay panel (Mathiesen et al. 2017) and a 212-SNP
ancestry informative panel (Simon et al. 2021). Finally, the recently assembled genomes of M. edulis,
M. galloprovincialis, M. coruscus, M. chilensis and M. californianus (Corrochano-Fraile et al. 2021;
Gallardo-Escarate et al. 2022; Gerdol et al. 2020; Paggeot et al. 2022; Simon 2022; Yang et al. 2021),
will undoubtedly facilitate the development of inclusive and genome-wide tools for these taxa. Low
density marker panels are underpowered for many important questions, including GWAS to identify
polygenic QTLs, population structure and speciation in these taxa. High density panels can resolve
such open questions, consequently fast-tracking genetic improvement in mussels.

Here we describe the generation of a SNP database for the Mytilus edulis species complex,
including blue mussel species found in the southern hemisphere (i.e. M. chilensis). A subset of this
database comprising 60K SNPs was then used to develop a medium density SNP-array on the
Affymetrix ThermoFisher platform. Polymorphic markers were discovered using low-coverage whole-
genome sequencing (IcWGS) data of 23 globally distributed blue-mussel populations, including
multiple pure and hybrid genotypes. This tool will facilitate the investigation of population genetic
processes such as local adaptation and reproductive isolation in this species complex, and increase

the potential of selective breeding in mussel aquaculture.

Material and Methods

Sample collection, DNA extraction and sequencing

Twenty-three Mytilus spp populations were sampled from across their global distribution in
2018 (Figure 2.1, Table 2.1), incorporating 3 species in this complex (M. edulis, M. trossulus and M.
galloprovincialis) and their hybrids, together with the southern M. chilensis. DNA was extracted from
ethanol (96%) preserved adductor muscle tissue using the E.Z.N.A.® mollusc DNA kit (Omega Bio-Tek).
Extraction followed the manufacturers protocol except the following adjustment: 30 mg of tissue was
first homogenised (FastPrep-24™ 5G, MP Biomedicals™) for 1 minute (30 + 30 secs) at 6 m sec * in 350

mL of ML1 buffer, and subsequently digested for 1-4 h at 50°C (until no tissue was visible in the vials)

41



with 25 pl of proteinase K, prior to extraction. DNA was assessed using a NanoDrop One
Spectrophotometer (A260/280 and 260/230 ratios) and a Qubit BR assay. Whole-genome sequencing
(WGS) library preparation and sequencing of 6 individuals per population (n = 138) was performed by
the University of Exeter Sequencing Service. Libraries were prepared with the NEBNext Ultra Il FS DNA
Sample Preparation Kit (NEB) and lllumina TruSeq adapters following the manufacturer’s guidelines.
Library quality was initially checked by Tapestation D1000 before samples were pooled, the accuracy
of pooling was checked on an Illumina Miseq, before sequencing (150 paired-end) on an Illumina

Novaseq 6000 (Illumina, Inc., California) to 5-fold coverage.
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Figure 2-1: Global distribution (A) of the 23 Blue mussel populations used in this study to generate WGS data.
Segments (B),(C) and (D) of the figure detail the location of populations in the North East Pacific, North East
Atlantic, Baltic and Mediterranean Seas and South East Pacific, respectively.
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Table 2-1: Sampling location, geographical coordinates and number of sequenced individuals in each of the

populations used to generate WGS sequencing data in this study.

Samples Sampling location Geographical coordinates n°of sequenced individuals
CH Carquinez Harbour (USA) - North east pacific 38.066; -122.231 6
BBH Bodega Bay Harbour (USA) - North east pacific 38.313;-123.051 6
BBC Bodega Bay Coastal (USA) - North east pacific 38.361;-123.070 6
SBH Santa Barbra Harbour (USA) - North east pacific 34.407;-119.691 6
OA Oakland (USA) - North east pacific 37.805; -122.257 6
cc Coliumo, Concepcion (Chile) - South east pacific -36.537; -72.958 6
cv Niebla, Valdivia (Chile) - South east pacific -39.948; -73.402 6
PM Puerto Montt (Chile) - South east pacific -41.620; -73.058 6
csl San Isidro (Chile) - South east pacific -53.797; -70.992 6
CRS Rio Seco (Chile) - South east pacific -53.024; -70.780 6
CAF Agua Fresca (Chile) - South east pacific -53.368; -70.992 6
DDE Delta de Ebro, Barcelona (Spain) - Mediterranean 40.774;0.763 6
GR Eleutherdn, Nea Peramos (Greece) - Mediterranean 40.850; 24.321 6
VG Playa del Vao, Vigo (Spain) - North east Atlantic 42.200; -8.789 6
SwW Kristineberg (Sweden) - North east Atlantic 58.250; 11.447 6
BO Bodg (Norway) - North east Atlantic 67.200; 14.420 6
GK Kiel (Germany) - Baltic Sea 54.195; 10.860 6
GA Ahrenshoop (Germany) - Baltic Sea 54.386; 12.427 6
FIN Tvarminne (Finland) - Baltic Sea 59.838; 23.208 6
LF Loch Fyne (Scotland) - North east Atlantic 56.117; -5.240 6
EX River Exe, Exmouth (England) - North east Atlantic 50.362; -3.232 6
IC Straumsvik (Iceland) - North east Atlantic 64.020; -22.157 6
FAL River Fal, Mylor (England) - North east Atlantic 50.152; -5.024 6

Assessment of population structure and introgression in Mytilus spp. using WGS data.

To investigate genetic structure and ancestry in the full WGS dataset, an initial filtering was

applied in which raw reads were checked for quality and subsequently trimmed and cleaned using

fastp v0.19.7 (Chen et al. 2018), removing all reads < 100 bp and those with a quality score lower than

20. Clean reads were aligned to the Mediterranean M. galloprovincialis genome assembly (NCBI

genome accession JAKGDFO00000000), using BWA mem v0.7.17 (Li & Durbin 2009). Generated files

were manipulated with SAMtools v1.3.1 (Li et al. 2009) and BCFtools 1.9 (Li 2011) and duplicate reads

marked using MarkDuplicates (Picard v2.6.0) (http://broadinstitute.github.io/picard). Variants were
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called using Freebayes v1.3.1 (Garrison & Marth 2012) from ~26K contigs larger than > 10,000 bp and
with < 20 x coverage across aligned individuals. Resulting SNPs were filtered with GATK v4.0.5.1
(O’Connor & Van Auwera 2020) using the parameters suggested in the GATK hard filtering germline
short variant pipeline (QD < 2.0, FS > 60.0, MQ < 40.0, HaplotypeScore > 13 and
MappingQualityRankSum < 13). This resulted in the discovery of over 63 million SNPs. Only biallelic
variants were retained, whilst all SNPs with a depth coverage (<4 and >10) were discarded.
Subsequently, variants missing in > 50% of individuals within each population were removed
and then all samples were merged, before removing SNPs with a minor allele frequency < 0.01 in all
samples using VCFtools v.0.1.15 (Danecek et al. 2011). This resulted in a dataset of ~31 Million SNPs.
Putatively linked loci using window size of 50 Kb, a step size of 10Kb and an r? threshold of 0.1 were
pruned from the dataset using Plink v1.9 indep-pairwise (Purcell et al. 2007). We first investigated
population structure with a principal component analysis (PCA) (Plink v1.9) (Purcell et al. 2007) and
conducted admixture analysis (admixture v1.3) (Alexander & Lange 2011) among the 23 mussel
populations. To determine the best value of K clusters (value with lowest cross-validation (CV) error),
we ran admixture testing K values between 2 and 10. Data missingness was estimated using the vcfR
package in R v4.0.2 (R Core Team 2014). To account for the high frequency of missing data in
individuals (79% * 4), we ran the final PCA and admixture analysis only using SNPs that were genotyped
across all populations (n = 4,367), which were identified using BCFtools v1.9 flag isec (Li 2011). The
results from the population structure and admixture analyses were further applied to determine
individual-level species composition used in the development of the SNP array. Species could be
inferred as samples were taken from locations in which inhabiting species have been previously
determined. Furthermore, results were supported by a visual check of the grouping of samples in the
PCA as the array contained SNPs previously published which can safely distinguish between species

(Tables 2.1, 2.2).
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Initial quality check, alignment, variant calling and filtering for array development

SNP filtering for the SNP array genotyping platform followed the initial filtering steps as
described in the section above, but different subsequent steps were applied for filtering: first we
removed markers with overall minor allele frequency < 0.01, subsequently we kept only markers with
monomorphic flanking regions (35 bp in each direction) and, we excluded those which were present
in < 50% of individuals within each of the 23 populations. This resulted in 1,018,259 SNPs being kept

for further analysis.

SNP selection for Axiom Blue mussel array

The set of 1,018,259 SNPs with putative monomorphic flanking probes (71-meter bp) was
submitted to Affymetrix ThermoFisher for in silico evaluation. During the quality control (QC) process,
each submitted SNP received a design score (p-convert value) for each 35 bp probe flanking the
variant. Based on p-convert value, probes were classified as ‘Recommended’, ‘Neutral’, ‘Not
recommended’, or ‘Not possible’. For subsequent analysis, only variants that scored as
‘Recommended’ for both flanking probes were included.

Subsequently, SNPs were filtered within each of the four species group (M. edulis, M.
galloprovincialis, M. trossulus and M. chilensis) by removing markers with a MAF < 0.02 within species.
Samples were visually assigned to each species group (Figure 2.2), by analysing sample clusters in the
PCA, and markers were classified as either genotyped in all species, three species, two species or
species-exclusive, with those shared on any level among two or more groups being included on the
platform (~54K SNPs). To reach the remaining target of 60K SNPs, markers unique for each species
complex (10K SNPs) were selected, which will enable the tool to investigate within-species diversity.
For this, 2.5K SNPs from each species were randomly filtered using Plink v1.9 flag —thin-count (Purcell
et al. 2007). In addition, a set of previously published informative SNPs associated with species
identification, transmissible cancer, phenotypic sex and population structure in this species complex
were provided by collaborators (Table 2.2). The final composition of the panel of SNPs is presented in

Table 2.3.
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Table 2-2: Information on the previously published set of SNPs added in the platform.

SNP function

Targeted species n° of SNPs provided

Reference

Species Identification

Phenotypic sex

Transmissible cancer (set 1)

Transmissible cancer (set 2)

Population structure

Population structure/fluidigm

Population structure

M. edulis / M. galloprovincialis 12
/ M. trossulus

M. trossulus / M. edulis 140
M. galloprovincinalis / M. 301
edulis

M. galloprovincinalis / M. 35
edulis

M. galloprovincinalis / M. 113
edulis

M. trossulus / M. edulis 113
M. edulis / M. chilensis 96

(Wilson et al. 2018)

(Burzyniski & Smietanka 2009; Smietanka &
Burzyriski 2017; Smietanka et al. 2010,
2016)

Alexis Simon pers com unpublished results

(Metzger et al. 2016; Vassilenko et al.
2010; Yonemitsu et al. 2019)

(Hammel et al. 2022; Simon et al. 2021)

(Mathiesen et al. 2017)

(Bach et al. 2019; Gardner et al. 2016;
Larrain et al. 2018, Wenne et al. 2016,
2020; Zbawicka et al. 2014, 2018)

Table 2-3: Final design of the Blue Mussel 60K Array, including information on SNP origin and function.

SNP function Origin SNPs (n)

Shared among all species WGS 54,007
Unique to M. galloprovinciallis WGS 1,339
Unique to M. edulis WGS 1,384
Unique to M. chilensis WGS 1,361
Unique to M. trossulus WGS 1,360
Others previous published studies (Table 2) 691
Total 60,142
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SNP array validation

SNP summary statistics

One hundred and twenty-seven samples from the original discovery population were
genotyped using the Blue Mussel array platform. For each of the markers in the platform, three
intensity genotyping clusters were generated using the Axiom Analysis Suite software (v 5.1.1 Thermo
Fisher Scientific) to segregate alleles from a single locus.

The standard protocol for marker quality check (QC) using the AxaS software includes
selecting thresholds for the following filters: marker call rate (CR), average sample CR and DishQC
(DQC). DQC s a quality control metric that measures the amount of overlap between two homozygous
peaks created by a subset of non-polymorphic probes. In this study, we did not identify a subset of
non-polymorphic probes shared by all the genotyped subspecies, most likely due to not identifying
polymorphisms present in the flaking regions of the markers during initial filtering, rendering DQC
inappropriate as a sample QC metric. For this reason, we used marker CR as a direct sample QC for
the array validation, and five different runs were performed in the software using the following
approach: firstly, combining all discovery population samples (run-ALL) and subsequently using
samples classified as M. galloprovinciallis (run-GALLO), M. edulis (run-EDU); M. trossulus (run-TROS),
and M. chilensis (run-CHIL). These were performed to understand whether a higher proportion of SNPs
were called when grouping all species together rather than when analysing each individual species
independently. For each of the runs, we analysed the final number of SNPs called with a marker CR
equal or above 90% to 95%. Finally, we accounted for polymorphism among markers within and

between species.

Assessment of array performance and applications

To assess the array performance, we compared genotype information within the four species
generated by two different methods. The first dataset, obtained from the Axiom Analysis Software,
consisted of genotype information generated by the 60K Blue mussel SNP array obtained by filtering

markers with a CR of 2 95%, in the four individual species groups (M. galloprovincialis, M. edulis, M.

47



trossulus and M. chilensis). For the second dataset, we extracted genotype information on the same
set of markers for the four species groups from the IcWGS data. Markers and their genotypes were
extracted from this dataset using VCFtools v0.1.15.

We explored marker frequency and data missingness in both datasets using Plink (v1.9)
(Purcell et al. 2007). We then compared called SNP genotypes in each of the individual species. For
this, in each individual, we excluded SNPs with missing genotypes. This was done in both genotype
datasets separately (IcCWGS and SNP array). We then assessed the percentage of genotypes that were
equivalently called for the SNPs retained in both datasets. Results are presented as (mean * standard

error) per species.

Results

Population structure and introgression of Mytilus sp generated from IcWGS data

The structure of the 23 Mytilus spp populations used to generate the 60K SNP array was
assessed by PCA using the 4,367 SNPs which intersected among all populations (Fig. 2.2 and
Supplementary Figure 2.1). The first two eigenvectors accounted for over 43% of the total variance
(Supplementary Figure 2.2) with the samples clustering into four primaries, or distinct groups, when
analysed visually (Figure 2.2). Using PC1 and PC2 it is possible to identify a grouping of the four putative
species clusters. Several individuals were located in between the main species clusters (M.
galloprovincialis, M. trossulus and M. edulis), suggesting the presence of hybrids in the sampled

populations. The percentage of missing data across this reduced 4,367 SNP set was 33 % £ 5.
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Figure 2-2: Scatter plots of individual variation in PC 1 and 2 scores resulting from PCA applied to the WGS dataset
using SNPs intercepting among all blue mussel individuals from the 23 populations. The proportion of overall
variation explained by each PC are given in percentages.

Ancestry was explored in blue mussel individuals from each of the 23 populations used for
generating IcWGS data in this study with admixture (Figure 2.3). Following evaluation of cross-
validation error for each tested K (built-in the software), the most likely number of identified clusters
in our dataset was K=4, corresponding to the four species we expected to uncover in the IcWGS
dataset (i.e. M. edulis, M. galloprovincialis, M. trossulus and M. chilensis). As we have not included any
M. trossulus samples originating from ‘pure’ populations, as previously described in the literature (e.g.
Stuckas et al. 2017), assignments of clusters to the four specific species in our results are putative,
though they agree with previous studies describing the distribution of species (Araneda et al. 2016;

Michalek et al. 2016; Saarman & Pogson 2015; Simon et al. 2020; Vendrami et al. 2020). Admixture
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coefficients (Q) inference of each individual are presented in Figure 2.3, where in each column the
proportions of the different colours show the inferred contribution of the four clusters to the genomic

composition of the given individual.

NE Pacific SE Pacific Mediterranean NE Atlantic Baltic
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Q
e
<
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M. chilensis [} M. galloprovincialis [ M. edulis M. trossulus

Figure 2-3: Results of genetic admixture analysis and ancestry inference. In each column the proportions of the
different colours show the inferred contribution of the four clusters (Q) to the genomic composition of the given
individual. Solid bars represent an individual from a single species background.

Clustering roughly recapitulated predicted species distribution with the yellow cluster
representing M. chilensis, the dark blue cluster M. galloprovincialis, the red cluster M. edulis and the
light blue cluster M. trossulus (Figure 2.3). Populations sampled in the south east Pacific were
predominantly assigned to M. chilensis apart from one population (CC) which was assigned M.
galloprovincialis. Samples from the north east Pacific were assigned either to M. galloprovincialis or
M. trossulus, with some hybridisation in one of the populations between these two species. Hybrids
of all 3 species of the Mytilus edulis species complex (M. edulis, M. galloprovincialis and M. trossulus)

are present in north Atlantic populations. Baltic populations sampled in this study were assigned to

50



be admixed between the M. trossulus and M. edulis clusters, in a pattern common to introgressed

populations.

SNP selection and array development

The alignment of the QC filtered reads against the M. galloprovincialis reference genome
(genome accession JAKGDFO00000000), attainment of bi-allelic SNPs and post-alignment QC filters led
to the discovery of ~63 million putative polymorphisms. Following additional filtering criteria of
excluding SNPs with MAF < 0.01, those present in less than 50% of genotypes within each population,
and those with polymorphic alleles in the 35 bp flanking regions, 1,018,259 SNPs (as 71-mer nucleotide
sequences) were assessed through the Affymetrix ThermoFisher in silico probe scoring. Markers
classified as ‘Recommended’ on both flanking probes by ThermoFisher probe QC (233,488 SNPs) were
used in subsequent analysis. From this set, SNPs with a MAF < 0.02 were filtered from each of the four
species groups (Figure 2.4). The final 60,142 SNP array design (Table 2.3) contained: i) 54,007 SNPs
shared by either all species (3,268), three species (13,185) or two species (37,554) (Figure 2.5), based
on species assignment using admixture analysis; ii) SNPs exclusive for each species (M.
galloprovinciallis 1,339; M. edulis 1,384; M. trossulus 1,360 and M chilensis 1,361) and iii) 691 SNPs

from the 810 previously identified informative SNPs detailed in Table 2.
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Figure 2-4: UpSet plot of final set of SNPs with MAF > 0.02 for each of the species present in the WGS dataset
approved by Affymetrix QC and assigned as ‘recommended’ on both flanking probes and their intersection
among the four different species group: M. edulis (ME), M. galloprovincialis (MG), M. trossulus (MT) and M.
chilensis (MC).
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SNP summary statistics

In this study, SNPs were retained for genotyping based on marker CR and not sample DQC. In
all marker CR filtering scenarios, the number of usable SNPs generated was higher when analysing
individual species groups than when analysing all discovery population samples in combination (Table
4). We set the CR of > 95% as a standard for subsequent analysis, allowing genotyping of individuals
in approximately 30% of 60K markers in all four individual species. With this CR filter, 23,252 markers
were retained for genotyping M. edulis, 22,165 for M. chilenesis, 20,504 for M. galloprovincialis and
20,149 for M. trossulus.

We visualised the output of SNPs applicable for genotyping Mytilus spp with a CR of > 95%
resulting from the analysis of individual species (Table 2.4, Figure 2.5). When combining all groups,
46,420 SNPs were retained as applicable for genotyping, representing 77.2% of SNPs in the array. From

this number, 12.1% of the markers were unique for M. edulis, 11.4% for both M. chilensis and M.
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trossulus, whilst the lowest number of species exclusive markers was observed for M. galloprovincialis,
with 9.3%. Approximately 6.92% of the SNPs were shared among all species.

Table 2-4: Number of SNPs applicable for genotyping resulting from multiple call rate (CR) scenarios (from 90%
to 96%) using different group of samples: i) all discovery populations samples and ii) samples from the different
Blue Mussel species used in the array.

Samples Sampled individuals (n) CR (%) probes (n)
All samples combined 127 90 21,542
91 20,074
92 18,576
93 15,570
94 13,976
95 12,440
96 10,837
M. galloprovincialis 30 90 33,938
(run-GALLO) 91 27,509
92 27,509
93 27,509
94 20,504
95 20,504
96 20,504
M. edulis 22 90 31,908
(run-EDU) 91 23,252
92 23,252
93 23,252
94 23,252
95 23,252
96 13,207
M. trossulus 14 90 33,058
(run-TROS) 91 33,058
92 33,058
93 20,149
94 20,149
95 20,149
96 20,149
M. chilensis 23 90 30,264
(run-CHIL) 91 30,264
92 22,165
93 22,165
94 22,165
95 22,165
96 13,341
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Figure 2-5: UpSet plot representing probes with a CR of > 95% retained from the analysis of individual species, M.
edulis (ME), M. galloprovincialis (MG), M. trossulus (MT) and M. chilensis (MC), generated by the Axiom Analysis
Suite Software and their intersection among the four species group.

‘ | | | Number of SNPs

o«

20000 15000 10000 5000
SNPs per species

The majority of markers passing a CR threshold = 95% were polymorphic within species (Table
2.5). Among the four species, M. edulis had the highest number of unique polymorphic markers
(15.1%, Figure 2.6) compared to M. chilensis (13.5%), M. galloprovincialis (11.9%) and M. trossulus

(10.6%).
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Figure 2-6: UpSet plot representing polymorphic probes with a CR of > 95% retained from the analysis of
individual species, M. edulis (ME), M. galloprovincialis (MG), M. trossulus (MT) and M. chilensis (MC), generated
by the Axiom Analysis Suite Software and their intersection among the four species group.

o
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Individual missing genotypes per individual species in the IcWGS dataset was generally high in the four
species group: M galloprovincialis (63.11 % £ 0.58), M. edulis (64.45 % + 0.55) ), M. trossulus (77.24
% + 0.6) and M. chilensis (66 % * 0.56) in comparison to the array genotyping dataset: M
galloprovincialis (1 % + 0.5), M. edulis (2 % + 0.1) ), M. trossulus (0 + 0) and M. chilensis (2 % + 0.1),
meaning that across the SNPs commonly called using both technologies, a far greater percentage were
successfully called using the array.

For M. galloprovincialis, an average of 71.02% t+ 4.07 of the genotypes were called
equivalently using the two technologies, followed by M. chilensis, for which an average of 57.5% +
1.59 of genotypes were consistently called in both genotyping platforms, M. edulis (50.1% * 3.6) and
M. trossulus (37.58% + 3).

Table 2-5: Summary of useable SNPs analysing species individually (M. edulis, M. galloprovincialis, M. trossulus
and M. chilensis) applying a call rate over 95% filter.

Samples (DNA) Individuals (n) SNPs category SNPs (n, per category)
M. galloprovincialis 30 Total 20,504
Monomorphic 2,317
Polymorphic 18,187
oo e 01
M. edulis 22 Total 23,252
Monomorphic 2,637
Polymorphic 20,888
Polymorphic unique to M. edulis 6,478
M. trossulus 14 Total 20,149
Monomorphic 5,190
Polymorphic 14,959
Polymorphic unique to M.
trossulus 4,526
M. chilensis 14 Total 22,165
Monomorphic 3,607
Polymorphic 18,558

Polymorphic unique to M. chilensis ¢ 7g>
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Discussion

In this study, we developed the first high throughput genotyping assay for the four main
cultured species in the Mytilus genus, a multi-species medium density 60K SNP array. SNPs were
selected from 138 individual mussels, originating from 23 wild, widely distributed populations (Figure
2.1, Table 2.1). These successfully called markers were either shared by three species (13,185 SNPs),
two species (37,554 SNPs) or all four species (3,268 SNPs), or unique to each of the individual groups:
M. galloprovincialis (1,343 SNPs), M. edulis (1,384 SNPs), M. trossulus (1,360 SNPs) and M. chilenses
(1,361 SNPs). In addition, 691 SNPs representing markers generated by previous studies were included
in the genotyping platform (Table 2.2). Following the removal of markers with a CR equal or lower
than 95%, the final array design retained 23,252 applicable for genotyping M. edulis individuals,
22,165 for M. chilensis, 20,504 SNPs M. galloprovincialis and 20,149 for M. trossulus.

The CR of > 95% threshold selected in this study has been successfully used in GWAS in
different taxa to obtain informative results on population structure, admixture and identification of
SNPs significant for breeding purposes (Becker et al. 2020; Cheng et al. 2022; Davenport et al. 2020;
Liu et al. 2019; Wijesena et al. 2019). Using the sample CR filter instead of DQC as a genotype data
filter has been previously applied in studies of several taxa, including sheep (Davenport et al. 2020),
chicken (Liu et al. 2019) and swine (Cheng et al. 2022; Wijesena et al. 2019). Here we chose to apply
this alternative filtering method as samples genotyped in the 60K blue mussel array consistently
received low scores with the DQC parameter (Supplementary Table 2.1) and were removed from the
analysis by the software, indicating the existence of polymorphisms present in the DQC 71 bp flanking
probes. This is likely a consequence of the very high polymorphism present in mussel genomes
(Romiguier et al. 2014), coupled with the chosen sampling approach of 23 mussel populations
including four species. Whilst low coverage sequencing allowed the discovery of a large number of
SNPs within the samples, it also resulted in patchy data. Choosing to sequence individuals with low

coverage might have led to a high missingness, which in turn resulted in a high proportion of the
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genetic variation being missed during the SNP selection process. This may have also resulted in the
removal of accurate data on the presence of SNPs in flanking regions.

In this study, we analysed the performance of SNPs across different sample sets analysed in
the AxaS software. A higher number of markers were kept when genotyping samples from each
species individually (run-GALLO, run-EDULIS, run-TROS, run-CHIL) than when genotyping all samples
combined (run-ALL). Clusters generated by the Axiom Analysis Software classify the genotypes as
either homozygous for one of the two alleles in the probe, or heterozygous. Grouping samples of
similar genetic background for analysis reduced the number of genotypes being classified ambiguously
(i.e. “Other” and “OTV”), due to distortion of clear genotype clustering that sometimes arose with
multispecies sample sets. We appreciate it is not always possible to previously infer the genetic
background of samples that will be analysed using the array. However, our results highlight that
grouping samples of similar genetic background improves the number of high-quality SNPs applicable
for genotyping individuals with the array. To increase the number of functional markers applied for
genotyping of a sample batch, we propose, when applicable, the employment of an analysis pipeline
where samples are first disaggregated by species grouping before subsequently being analysed across
the entire marker set. Nonetheless, the comparable population structure inferred from sample
genotypes generated by the array (CR filter of > 95%) to that generated by the IcWGS dataset,
reinforces the suitability of developing a genotyping platform in this species complex.

Subsequently, we analysed the proportion of polymorphic markers retained within and
among the four species groups. A high proportion of the successfully called SNPs on the array are
polymorphic within species (M. edulis 89.8%, M. galloprovincialis 88.7%, M. chilensis 83.7% and M.
trossulus 74.2%). The proportion of unique polymorphic probes per species was considerable (M.
edulis 15.1%, M. galloprovincialis 11.9%, M. chilensis 13.5% and M. trossulus 10.6%). Polymorphism
within each of the mussel species in the array was higher in comparison to other multi-species arrays,
such as the ~49.9K European Pine tree multispecies array, in which approximately one quarter of the

converted SNPs was polymorphic in each species in the array (Perry et al. 2020). Nonetheless, in our
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study, only 960 polymorphic markers were shared among all four mussel species. These observations
reassure that although markers are shared between either two, three or four mussel species
constituting the array, this marker set is appropriate for investigating population structure and species
assignment. Blue mussels, as is the case for other marine bivalve mollusc species, are known to have
a highly complex and polymorphic genome (Calcino et al. 2021; Gerdol et al. 2020). Although a high
proportion of markers is lost following the QC filtering, a sufficient (~20K) is retained for each of the
four species when running QC for batches of samples with similar genetic background. Approximately
a quarter of these markers are unique per species. These values reassure that the diversity existing
within and among species can be captured with the Blue mussel 60K array. The addition of 691
markers, which have been previously confirmed as species-diagnostic and relevant for sex
determination and identification of cancer-positive samples (cited in Table 2), further guarantees the
applicability of the genomic tool generated in this study as highly valuable for fine scale investigation
of genetic structure in these taxa.

It is very likely that two factors: i) the higher number of M. galloprovincialis individual in the
founding and validation populations and ii) the alignment to a M. galloprovincialis genome assembly,
may be contributing to a biased comparison. Besides, the high level of missing data across the IcWGS
data suggests that this sequencing method was not the optimal approach for SNP selection for this
species complex. For future research, we recommend a higher depth coverage for sequencing
individuals. Finally, the percentage of genotypes called equivalently using both approaches was higher
for M. galloprovincialis than for the other tested species. Such discrepancies might result from
variance in the flanking probes, due to divergence in the genomes of these sister species, interfering
in the produced signal or in the physical binding of the genetic material.

We assessed population structure and sample ancestry in the IcWGS dataset using only SNPs
genotyped in all populations. With a PCA, we could visually distinguish among four species within the
genus Mytilus, allocating populations as M. edulis, M. trossulus, M galloprovincialis, and M. chilensis

(or hybrids between species),supported by previous studies of genetic differentiation (Araneda et al.
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2016; Fraisse et al. 2016; Gardner 1994; Hilbish et al. 2002; Koehn 1991; Michalek et al. 2016; Saarman
& Pogson 2015; V&inola & Hvilsom 1991; Vendrami et al. 2020; Zbawicka et al. 2018). Through this
analysis we could observe some striking ancestry patterns in the sampled populations: a complete
shift of dominant species composition was observed between sites of Bodega Bay mussel populations
(BBC compared to BBH, California, USA). These sites are positioned less than 20 km apart from each
other but differ in their nature: one being a coastal site (BBC) and the other an enclosed harbour (BBH).
Hybrids in Carquinez Harbour (CH, California, USA) were composed of approximately 50:50 genetic
contributions from two species, M. trossulus and M. galloprovincialis. Whilst this pattern is consistent
with hybrid genotypes, recent evidence has suggested that ‘dock mussels’ (i.e. mussels inhabiting port
environments) in Europe have a similar admixture pattern between M. galloprovincialis and M. edulis
(Simon et al. 2020), and CH populations might be an additional example of such mussels in the north
east Pacific. However, further research is required to understand the nature of such admixture
patterns in these North West American populations. The Baltic population from Finland (FIN) shows a
more advanced introgression pattern between two of the K clusters, likely between M. edulis and M.
trossulus. While populations from Kiel and Ahrenshoop (GK, GA) in the contact zone show a mixing of
introgressed M. edulis and hybrid genotypes, which is in agreement with previous literature (Stuckas
et al. 2017). Along the northern Pacific coast, M. galloprovincialis is present in sheltered waters,
contrasting to its preference in north east Atlantic populations where this species predominantly
populates the exposed rocky tidal environments along the coast (Bierne et al. 2003b; Hilbish et al.
2002), with the exception of commercial ports (Simon et al. 2020). This observation is potentially
consistent with an inverted coupling between local adaption genes and intrinsic species barriers as
previously suggested for the inverted genetic-environment relationship observed with M. edulis and
M. trossulus in the eastern and western Atlantic (Bierne et al. 2011). Finally, mussel populations in
Exmouth, southern England, which have previously been described as pure M. edulis (Hilbish et al.
2002), are shown to be introgressed with M. galloprovincialis, an observation supported by a recent

RAD sequencing study (Vendrami et al. 2020). This can be explained by a better efficiency to detect
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introgression across a semi-permeable barrier to gene flow with an increased number of markers
distributed along a larger portion of the genome, as discussed by Fraisse et al. (2016). In conclusion,
the species distribution patterns revealed by IcWGS data in this study support previous data for the
Baltic Sea (Knébel et al. 2021; Stuckas et al. 2017), Southwest England (Hilbish et al. 2002; Vendrami
et al. 2020), Mediterranean (Boukadida et al. 2021; Simon et al. 2021), USA (Saarman & Pogson 2015)
and Chilean (Araneda et al. 2016) populations. Such observations provide a valuable insight into

species distributions and admixture in the blue mussel species-complex.

Conclusions and future perspectives

We have developed the first medium density multi species blue mussel SNP panel,
subsequently validating its performance on 127 individuals from 23 Blue mussel populations. The blue
mussel array includes variants present in each of the four main species: M. edulis, M. galloprovincialis,
M. trossulus and M. chilensis. This is an open access tool which allows genotyping in a consistent
marker set distributed across the Mytilus genome. The Blue Mussel 60 K array can be applied for
breeding purposes (i.e. parentage assignment, inbreeding level assessment and species/product
identification and provenance), contributing to the understanding of genetic architecture of traits of
interest. Such advances will consequently contribute to the optimisation of blue mussel aquaculture
via genomic selection, fast-tracking hatchery production, if those become available in an industrial
scale. Equally, this tool can be used to deepen our understanding of population genetic processes in
these taxa. Shedding light on t relevant ongoing molecular adaptive responses in mussels, as well as
their genetic diversity existing in wild populations, can contribute to the development of conservation

guidelines and effective management strategies of both wild and farmed mussel stock.

Data availability

Raw sequence reads from the blue mussel samples used for SNP discovery have been
deposited in NCBI's Sequence Read Archive (SRA, https://www.ncbi.nlm.nih.gov/sra). The Blue mussel

SNP array is available for from ThermoFisher (E-mail: BioinformaticsServices@thermofisher.com).
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Supplementary material

Supplementary Table 2.1: Summary of SNP quality assessment from Axiom Analysis Suite Software using
different group of samples: all discovery population samples and samples from the four different Blue Mussel
species used in the array. No QC and CR filters have been applied to these datasets.

Samples (DNA) (n) SNP conversion SNPs (n, per category) SNPs (Percentage)
Discovery populations 127 Other 50,017 83.1
oTVv 5,609 9.3
PolyHighResolution 2,029 3.3
NoMinorHom 1,785 3.0
MonoHighResolution 702 1.2
BestandRecommended 4,516 7.5
M. galloprovincialis 30 Other 38,777 64.5
oTVv 12,053 20.0
PolyHighResolution 3,524 5.9
NoMinorHom 2,873 4.8
MonoHighResolution 2,915 4.8
BestandRecommended 9,312 15.5
M. edulis 21 Other 42,590 70.8
oTVv 10,610 17.6
PolyHighResolution 2,291 3.8
NoMinorHom 3,138 572
MonoHighResolution 1,512 2.5
BestandRecommended 6,941 115
M. trossulus 14 Other 43,422 72.2
oTVv 9,937 16.5
PolyHighResolution 1,361 2.3
NoMinorHom 3,873 6.4
MonoHighResolution 1,549 2.6
BestandRecommended 6,783 11.3
M. chilensis 23 Other 43,261 719
oTVv 8,540 14.2
PolyHighResolution 2,377 5.0
NoMinorHom 2,955 4.9
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Supplementary Figure 2.1: Scatter plots of individual variation in PC 1 and 3 scores resulting from PCA. The

PC1 (29.3%)

amount of variation explained by each PC are given in percentages.

69




30

20

Percentage variance explained

0 5 10 15 20
PC

Supplementary Figure 2.2: Bar plot with the percentage of variance explained by each PC (1-20) resulting from
the PCA. 2-7
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3. Chapter Ill - Revisiting the Southwest England Blue Mussel

Hybrid Zone Using a Genomic Approach

This chapter resulted from a collaborative work of myself, Charlie D. Ellis, Juliane Friedrich, Louisa
Williams, Pamela Wiener, Tim P. Bean and Robert P. Ellis. | was responsible for designing the study,

sampling and analysing the data as well as writing the manuscript.
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Abstract

Blue mussels from the Mytilus genus possess a huge economic and ecological value, acting as
a foundation species to the benthic environment. Species within this Blue mussel species complex (M.
edulis, M. galloprovincialis and M. trossulus) easily hybridise wherever their distribution range
overlaps, forming extensive hybrid zones. In the southwest (SW) coast of England, UK, two species of
blue mussels, M. galloprovincialis and M. edulis, co-exists and hybridise. The distribution of genotypes
in this region was previously described by analysing polymorphisms in few DNA nuclear markers. Here
we utilised the recently developed blue mussel multi-species 60 K SNP-array to reassess genotype
distribution across this region. Mussels were sampled from 29 intertidal locations across coastal
Cornwall and Devon, UK, an Atlantic peninsula characterised by an exposed northern coast and more
sheltered southern coast. A total of 16,732 SNPs were retained for genotyping. Our results suggest
spatial stability of the hybrid zone by supporting the previously described distribution of Mytilus
species, with M. galloprovincialis genotypes dominating the north coast of Cornwall, whilst M. edulis
genotypes are more prevalent along the south coasts of Cornwall and Devon. Results from our hybrid
index (h-index) analysis point towards the Lizard peninsula as the centre of the transition zone, where
a shift in dominance between the two species occurs. The genotypic dominance of each species
appears correlated to general exposure to wave action, warranting further investigation to
understand the genotype-by-environment interactions and other geographical, biotic and abiotic
factors modulating distribution of genotypes within this hybrid zone. Nonetheless, this is the first in-
depth genomic characterisation performed in SW UK mussels, and can contribute to advancing our
understanding of speciation in the region, as well as optimisation in aquaculture, providing farmers
crucial knowledge on genetic background of mariculture stock and to the development and

implementation of conservation efforts of these species.

Key-words: Hybrid zones, blue mussels, genotyping, SNPs, South West England
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Background

Mussels of the genus Mytilus are a foundation species, found within the intertidal zone in
temperate regions of the globe (Larrain et al., 2019). They provide a number of essential ecosystem
services including offering complex habitat structure and shelter for other species, nutrient cycling,
and being an important component of the food chain (van der Schatte et al., 2020). Species in this
complex easily interbreed in areas of overlapping distribution, and hybrid zones have been extensively
investigated (e.g. Bierne et al., 2003; Daguin et al., 2001; Gardner 1994a; Hilbish et al., 2002; Miranda
etal., 2010; Rawson et al., 1999; Riginos and Cunningham, 2005; Saarman and Pogson, 2015; Stuckas
et al., 2017; Zbawicka et al., 2018). The complexities around genetic contribution of various parent
populations to hybrid offspring, and the reasons for maintenance of species boundaries in spite of
long standing genetic introgression, have not yet been fully resolved. Hybrid zones are formed
between species in the Mytilus complex. In the Northern hemisphere this includes M. edulis, M.
galloprovinciallis and M. trossulus (Bierne et al., 2003; Daguin et al., 2001; Gardner 1994a; Gardner et
al., 2016; Koehn et al., 1984; Larrain et al., 2018; Rawson et al., 1999; Riginos and Cunningham, 2005;
Skibinski et al., 2008; Stuckas et al., 2017, 2009; Zbawicka et al., 2014). In the southwest (SW) of the
UK an extensive hybrid zone of M. galloprovincialis and M. edulis has been identified between St lves
(northwest Cornwall) and Thurleston (southeast Devon) (Hilbish et al, 2002). Within this mussel hybrid
zone, M. galloprovincialis populations have been described as dominating turbulent waters, whilst M.
edulis are predominant in sheltered, lower-salinity habitats (Schmidt et al., 2008). Moreover, in areas
such as in Whitsand Bay, the frequency of M. edulis alleles present in populations appears to be
negatively correlated with the age of individuals (Wilhelm and Hilbish, 1998). For the three markers
used in this previous study, 51.3% of smaller individuals were homozygous for M. edulis alleles,
dropping to 22.5% for larger animals. Wilhelm and Hilbish (1998) suggest this may relate to selection
against these alleles, although more work was required to confirm this hypothesis. Subsequently,
further analysis of DNA nuclear markers confirmed that M. galloprovincialis alleles at the Glu-5 locus

were missing beyond the southeast limit of the hybrid zone (east of Start Point, Devon) (Hilbish, T. et
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al., 2002). Nevertheless, more recent genotyping data generated by restricted site associated DNA
sequencing approaches revealed the presence of M. galloprovinciallis alleles in mussel populations
eastwards from this site (Vendrami et al., 2020). These findings suggest that our understanding of
species distribution in this area is, therefore, incomplete and/or outdated.

For sessile organisms, post-settlement processes such as phenotype-environment
mismatches (i.e. non-random genotype mortality during post settlement development) act as
biological barriers to connectivity (see review by Marshall et al., 2010). The exact limits of intra- and
inter- species distributions, therefore, depend on multiple conflicting environmental factors, which
may themselves exert different pressures at each life stage. The natural geographical limits of species
provide an ideal situation to study the interaction between environment and genetics in situ. As such,
understanding the genetic structure of populations in these areas can provide clear indication as to
the selective pressure that governs success of an individual. Further, observing changes in the
distribution of genotypes can then help understand whether the environment is changing, or the
species is adapting to allow new niches to become habitable.

Marine mussels are an important species to the aquaculture and fisheries sectors, being the
most widely cultivated marine bivalve following Pacific oysters. Annual production of these taxa
reached approximately 2 million tonnes globally in 2016, from which aquaculture is responsible for
over 90% of landings (Avdelas et al., 2021). Mussel farming is one of the most sustainable food
production sectors (Hilborn et al., 2018), delivering a highly nutritious product (Carboni et al., 2019)
with a lower ecological impact than most seafood, and among the lowest carbon footprint of any
major animal protein (i.e. 0.02 - 0.1 CO2/kg; Seafood Carbon Emissions Tool, 2022). In 2016, the UK
produced over 14,000 tonnes of blue mussels (Avdelas et al., 2021), with the SW coast of England
representing a key site for shellfish farming nationally (Ellis et al., 2015; Laing and Spencer, 2006).
However, between 2008 and 2016, UK blue mussel production has fallen by 61%, a much steeper
decline compared to the decline in production observed across the rest of Europe in the same period

(20%) (Avdelas et al., 2021). This scenario has been linked to a number of environmental issues (e.g.
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water quality, algal blooms, hybridisation with M. trossulus) and production factors (lack of adequate
depuration facilities, product price, global market competition), and in some areas to seed availability
(see Avdelas et al., 2021 and references therein).

Despite the great economic and environmental relevance of these taxa, little is known about
the genetic composition of populations being cultured in the UK, or how genetic diversity might impact
production. Whilst Britain’s largest offshore mussel farm is located in the SW UK region, off the south
Devon coast, little effort has been afforded to the investigation of the genetic background of the
cultured stock in this region. Consequently, little information on any ongoing genotype-by-
environment (GxE) interactions is available for these taxa. Even less is known concerning if, and how,
recent environmental changes and shifts in production have influenced the local patterns of species
distribution in this region. Characterising the genetic background of mussel populations is crucial to
provide clarity around a number of key questions, including i) providing a clear picture of the species
distribution and which species are being cultured in farms and ii) advancing our understanding of the
GxE interactions ongoing in the different habitats (e.g. rocky intertidal zone, estuaries). Such
knowledge will facilitate the development of selective breeding approaches to these taxa. It will also
contribute to development of management practices that mitigate declines in wild populations
through restoration programmes. Most importantly, understanding the genetic composition and
diversity of mussel populations is crucial to ensure the sustainable optimisation of this key food sector.
Understanding why specific genotypes outperform others in different environments will allow farmers
to select an appropriate grow-out site to their stock, which will favour commercially relevant traits
(e.g. growth and survival), consequently enhancing production. Such advances can be fast-tracked
with the aid of genomic tools (Houston et al., 2020). Thus, there is an imminent need to increase
efforts in characterising the genetic background of wild and commercial bivalve populations in the UK
and globally (Nascimento-Schulze et al., 2021).

In this study, our first aim was to assess the distribution of species (M. galloprovincialis, M.

edulis and their hybrids) in the blue mussel hybrid zone located along the SW coast of the UK (Figure
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3.1). For this, we sampled blue mussels at 29 intertidal locations along the SW UK coast and analysed
individuals using a recently developed genomic tool, the blue mussel 60K SNP array (Nascimento-
Schulze in press), updating the previous description of species distribution in this hybrid zone (Hilbish
et al., 2002). Our second aim was to determine whether distribution of genotypes in this species
complex is related to habitat preferences. For this, we sampled populations from outside and within
three estuaries around the SW peninsula, as well as from different tidal heights (high water mark,
spring low water mark) at three separate locations across the sampling range. Understanding species
dynamics across these gradients (time, tidal height and estuarine) is crucial to shed light on ongoing

speciation and evolutionary processes in this species complex within these microhabitats.

Methods

Sample collection and processing

During spring tides of October-December 2021, mussels were sampled from 29 intertidal
locations on the southwest peninsula of England. Samples were collected from the intertidal zone,
within a 0-3h window around the time of the lowest tide-height. Three biometric parameters were
recorded from 20 individual mussels per population: shell length (SL), shell height (SH) and total weight
(TW). Where possible, samples were restricted to individuals with SL > 15 mm, which was only not

possible for samples from Hallsands (Suppl. Fig. 3.1).

Site selection

In this study, we focused on mussel populations from the southwest peninsula of England,
which constitute a M. edulis X M. galloprovincialis hybrid zone. Sampling sites chosen in this study
were largely inspired by a previous study describing this area (Hilbish et al., 2002). Nonetheless, in
some locations mussel populations were no longer found and nearby corresponding sites were
sampled as an alternative. The sampling locations are Budleigh Salterton (BDL), Exmouth (EXM),
Starcross (STC), Torquay (TRQ), Hallsands (HLS), Millbay Marina (MIL), Whitsand Bay (WTS), Polkeris

(PLK), Pentewan (PTW), Porthluney (PLU), Feock (FEO), St Anthony’s Head (STA), Helford (HEL),
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Porthleven (PLEV), Mousehole (MHO), Porthmeor (PME), Godrevy (GOD), St Agnes (STAGN), Newquay
(NWQ), Porthcotan Bay (PCT), Trevone (TRE), Padstow/Camel (PAD), Port Gaverne (PORTGAV),
Tintangel Castle (TIC), Bude (BUD)We sampled three estuarine populations: Starcross (River Exe, South
Devon), Feock (River Fal, South Cornwall) and Padstow (River Camel, North Cornwall), as well as
sampling individuals residing both within the high tide (individuals sampled close to the high tide mark)
and low tide zones (nearest individuals to low tide mark during spring tides) for three locations:

Exmouth, Whitsand Bay and Port Gaverne, resulting in 29 interdental populations (Figure 3.1).
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Figure 3-1: Locations used for sampling mussels in the SW coast of England. Three populations: Port Gaverne,
Exmouth and Whitsand Bay contain low tide and high tide representatives, resulting 29 locations.

DNA extraction and genotyping

High quality genomic DNA was extracted from 12 individuals from each of the 29 populations.
For each individual, 30 mg of adductor muscle tissue was stored in 98% ethanol and sent to Identigen
(Identigen, Ireland, UK) for DNA extraction following a standard protocol. All samples were genotyped
with the blue mussel multi species 60K array developed by Affymetrix (Thermo Fisher Scientific),

described in chapter Il of the thesis (Nascimento-Schulze et al. in press).
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SNP filtering

Genotypes of the 348 individuals from the 29 sampling locations were analysed using the
Axiom Analysis Suit software (Affymetrix, Thermo Fisher Scientific). Markers with a call rate (CR) below
95% were excluded from further analyses. In addition, markers with a minor allele frequency (MAF) <
0.01, and individuals with a CR < 90% were excluded using ‘Plink’ v1.9 (Purcell et al. 2007). We
removed loci made monomorphic following the filtering of individuals by applying the ‘isPoly’ function

from the R package ‘adegenet’ v2.1.3 (Jombart 2008).

Investigating Population Structure and Ancestry in the Southwest hybrid zone

To explore introgression present in individuals collected across the 29 sampling locations, we
conducted admixture analysis (Admixture v1.3) (Alexander & Lange 2011), using the default settings.
In this analysis, the best fitting number of k clusters that represents the ancestry of a population is
represented by the k with the lowest cross-validation error. Seven additional populations of known
species composition were included in the study (Nascimento-Schulze et al., in press). These additional
samples included individuals known to be Mediterranean M. galloprovincialis (from Delta del Ebro,
Spain (DDE) and Eleutherdn, Nea Peramos, Greece (GR)), Atlantic M. galloprovincialis (from Vigo,
Spain, (VG)), Atlantic M. edulis (from Straumsvik, Iceland (IC) and Bod@, Norway (BO)) and M. trossulus
from both the northeast Pacific (Bodega Bay Coast, California) and the Baltic Sea (Tvdrminne, Finland
(FIN)). These positive control samples were included to support species determination of SW UK
derived samples. We tested k values between 2 and 10. Following evaluation of cross-validation error
for each tested k, the most likely number of clusters in our dataset was k=3 (Suppl. Table 3.1, Suppl.
Fig. 3.2). This analysis allowed us to infer the species ancestry from SW England populations, further
supporting results from Hilbish et al. (2002).

We explored sub-structuring and divergence within genetic clusters, using discriminant
analysis of principal components (DAPC) (Jombart et al., 2010). This analysis was executed using the
adegenet v2.1.1 package (Jombart & Ahmed, 2011) in R v4.2.1 (R Core Team, 2022). Files were

transformed to the genind format using vcfR (Knaus & Griinwald 2017). To choose the optimal number
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of principal components (P-axes) to retain for DAPC models, we applied the ‘adegenet’ cross-
validation function ‘xvalDapc’ across 500 replicates. We limited the maximum number of P-axes to
one less than the number of sampling sites, to mitigate potential overplotting and subsequent
overestimation of spatial structuring in the tested populations (Thia 2022). Visualisation of DAPC
model results were plotted using the R package ggplot2 v4.0.0 (Wickham, 2016).

Differences between ecotypes (i.e. low vs high tide, estuarine vs. coastal) were investigated
with a principal component analysis (PCA) (Plink v1.9) (Purcell et al. 2007) and Basic Statistics of
Genetic Variation, calculated with the adegenet (Jombart, 2008) and hierFstat (Goudet, 2005) R
packages. We used 6 individual analysis, three for estuarine vs. coastal populations (Exmouth vs
Starcross, St Anthony’s head vs. Feock and Hellford and Trevone vs Camel), and three for high vs low
tide populations (Exmouth HT vs Exmouth LT, Port Gaverne HT vs Port Gaverne LT and Whitsand Bay
HT vs Whitsand Bay HT). Basic statistics estimated included gene diversity (Dsr) and corrected gene
diversity (DSTP) among individuals, the overall gene diversity (Hr) and corrected gene diversity (Hrp)
among populations, the fixation index (Fst) and corrected (Fstp) based on population, and the
inbreeding coefficient (Fis) per overall loci. The observed heterozygosity (Ho) and genetic diversity (Hs)
within population. Fsr and corrected Fst (Fstp). Whereas for neutral SNP, a low degree of genetic

variation is expected, a high genetic divergence is observed in SNP subject to directional selection.

Sample grouping for hybrid index analysis

Hybrid index analysis are performed by grouping samples into two divergent ancestral
populations (i.e. source populations SO and S1), whilst the hybrids between these ancestral
populations are test populations. In our study, we used genotyping results from the Admixture analysis
using k = 2, allocating individuals with an ancestry proportion higher than 0.99 for one of the two
clusters to either SO or S1 populations. All other samples (hybrids) were grouped as test samples
(Suppl. Table 3.2). In addition, for this analysis we grouped together all samples from low tide (LT) and

high tide (HT) zones from the same geographical location.
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Hybrid index analysis

H-index was estimated using the R package ‘gghybrid’ (Richard Bailey, 2022), applying the
function ‘esth’. Variants with the greatest allele frequency difference between individuals were
removed using the ‘data.prep’ function, and those overlapping 95% credible intervals for allele
frequencies (AF) in SO and S1, with the option “AF.Cloverlap=FALSE”, were kept to increase the
probability that AF differences between ancestral populations were true. In order to reduce
computational requirements, h-index estimation was run using a burn-in of 1000 iterations (‘burnit’)
and 2000 subsequent iterations (‘nitt’). Filtering of false discovery rates was done by testing the widely

applicable information criterion (WAIC) onto the singular statistical model.

Results

Fine scale genetic divergence using discriminant analysis of principal components

(DAPC)

DAPC analysis was first run with genotypes from all 16,732 SNPs across all 346 (excluding the

two samples with a CR < 90%, supplementary table 3.1) individuals from the 29 sampled populations.

Table 3-1: Individuals removed from admixture analysis given their sample call rate (CR) was lower than 90%

Sample name Sample CR (%)
Porthleven_3 89.01
Bude_11 84.87

The first Linear Discriminant axis (LD1) accounted for 77.8% of the total variation, whilst LD2
and LD3 explained 11.3% and 2.7% of the variation, respectively. Along the LD1 axis, we observed 3
clusters of samples (Figure 3.2). Individuals from the southern coasts of Devon and Cornwall were
clearly separated from those of the northern Cornish coast. Individuals from locations in western
Cornwall, which connects these two coasts as the tip of the peninsula, typically formed an

intermediate cluster between those of the northern and southern coasts, and most were further
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separated from both along LD2. The clustering arrangement was typical of that expected from two
species (the distinct north and south coast populations) and an intermediate zone of hybridisation

(the west coast population) along an open coastal environment.
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Figure 3-2: DAPC plot of linear discriminant arrangement of individuals (dots) and sample means (labels), both
coloured as per the key at the head of the figure, using 6 populations, three from high tide zones (label ending
with “(HT)”) and three from low tide zone (label ending with “(LT)”). This analysis was generated using the 16,732
markers kept after quality control filtering.

We used PCA analysis to identify differences in genetic composition between high tide and
low tide mussel populations (Figures 3.3, 3.4 and 3.5). Port Gaverne is located in the north coast of
Devon, whilst Exmouth and Whitsand Bay are populations from the south coast of Devon. No clear
segregation between low and high tide mussel populations was observed in any of the PCA’s
performed in this study. Furthermore, the variance explained by each PC was generally low, not

surpassing 11.8% (PC1, Figure 3.3). Sampled populations comprise of hybrids between the two mussel
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species from this area. Therefore, outlier individuals are likely a hybrid with higher ancestry proportion

from the less abundant species in the sampling location.
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Figure 3-3: Scatter plots of individual variation in PC 1 and 2 scores resulting from PCA applied to the SNP-array
genotyping dataset using SNPs with a CR > 95% and MAF < 0.01 including individuals with a CR > 90%. This
analysis compared intertidal Exmouth mussels from the high tide (label ending with “(HT)”) zone with individuals
collected from the low tide (label ending with “(LT)”).
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Figure 3-4: Scatter plots of individual variation in PC 1 and 2 scores resulting from PCA applied to the SNP-array
genotyping dataset using SNPs with a CR > 95% and MAF < 0.01 including individuals with a CR > 90%. This
analysis compared intertidal Port Gaverne mussels from the high tide (label ending with “(HT)”) zone with
individuals collected from the low tide (label ending with “(LT)”).
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Figure 3-5: Scatter plots of individual variation in PC 1 and 2 scores resulting from PCA applied to the SNP-array
genotyping dataset using SNPs with a CR > 95% and MAF < 0.01 including individuals with a CR > 90%. This
analysis compared intertidal Whitsand Bay mussels from the high tide (label ending with “(HT)”) zone with
individuals collected from the low tide (label ending with “(LT)”).

Principal component analysis was used to further investigate if estuarine populations, Feock
and Helford (River Fall, South Cornwall), Starcross (River Exe, South Devon) and Camel (River Camel,
North Cornwall), were genetically distinct from their reciprocal coastal populations, St Anthony’s
Head, Exmouth and Trevone, respectively (Figure 3.6, 3.7 and 3.8). No clear clustering was observed
between coastal (Exmouth) and estuarine (Starcross) populations in the Ex river, with PC1 and PC2

explaining 13.1 and 5.5%, respectively (Figure 3.5).
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Figure 3-6: Scatter plots of individual variation in PC 1 and 2 scores resulting from PCA applied to the SNP-array
genotyping dataset using SNPs with a CR > 95% and MAF < 0.01 including individuals with a CR > 90%. This
analysis compared coastal mussels from Exmouth to estuarine mussels from Starcross.

Samples in the Fal and Helford estuary show a slight clustering apart from the coastal
population of St Anthony’s Head population, but most samples from the three population still cluster
together in the PCA (Figure 3.5). Furthermore, estuarine mussels from Feock and Helford partially

segregate from each other. Nonetheless, the amount of variance explained by PC1 and 2, 8,6% and

6,4%, respectively, is low.
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Figure 3-7: Scatter plots of individual variation in PC 1 and 2 scores resulting from PCA applied to the SNP-array
genotyping dataset using SNPs with a CR > 95% and MAF < 0.01 including individuals with a CR > 90%. This
analysis compared coastal mussels from St Anthony’s Head to estuarine mussels from Helford and Feock.

Finally, PCA comparing the estuarine population from Camel to the coastal Trevone provided
weak results; PC1 and 2, both, explained 5.5% of the variance (Figure 3.6). However, it is noticeable

that Camel individuals grouped together, whilst Trevone mussels spread across the PC1 axis.
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Figure 3-8: Scatter plots of individual variation in PC 1 and 2 scores resulting from PCA applied to the SNP-array
genotyping dataset using SNPs with a CR > 95% and MAF < 0.01 including individuals with a CR > 90%. This
analysis compared coastal mussels from St Anthony’s Head to estuarine mussels from Helford and Feock.

Genetic diversity was analysed between the populations sampled in contrasting environments
(Table 3.2). The observed heterozygosity within the populations (Hr) was between 0.22 and 0.24,
whilst heterozygosity within compared populations ranged from 0.2 to 0.21 in all comparisons.
Furthermore, in all comparisons, low values of fixation index (Fsr), and diversity among individuals
(Dst), indicating that the populations were observed, indicating that there was no significant
differentiation between the populations used in the comparison. The negative inbreeding coefficient

(Fis) observed in all comparisons indicate avoidance of inbreeding.
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Table 3-2: Genetic diversity statistics of each of the pairwise comparison data

Population Habitat comparison Ho Hs Hr Dsr Hre Dsrp Fsr Fstp Fis Dest
Exmouth High tide / Low tide 0.24 0.20 0.20 0.00 0.20 0.00 0.00 0.00 -0.20 0.00
Port Gaverne High tide / Low tide 0.22 0.20 0.20 0.00 0.20 0.00 0.00 0.00 -0.09 0.00
Whitsand Bay High tide / Low tide 0.24 0.20 0.20 0.00 0.20 0.00 0.00 0.01 -0.18 0.00
Exmouth (LT/HT),

Starcross Estuary / Coastal 0.24 0.20 0.20 0.00 0.20 0.00 0.00 0.00 -0.21 0.00
Trevon, Camel Estuary / Coastal 0.22 0.20 0.20 0.00 0.20 0.00 0.00 0.00 -0.09 0.00
St Anthony's, Feock,

Helford Estuary / Coastal 0.24 0.21 0.21 0.00 0.21 0.00 0.00 0.01 -0.15 0.00

Ancestry in mussel populations along the SW coast of England

Ancestry estimation was explored across the 29 populations using Admixture software
(Alexander and Lange, 2011). A total of 16,732 markers were kept for genotyping after applying a
sample CR = 90 %, marker CR of > 95% and a MAF > 0.01 in all individuals genotyped by the AxaS
software. Following evaluation of cross-validation error for each tested value of k, the most likely
number of clusters in our SW genotyping dataset was k = 2 (Table 3.3). Results from the admixture

coefficients (Q) inferring the two clusters are presented in Figure 3.9.
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Figure 3-9: Results of genetic admixture analysis and ancestry inference. Cluster membership coefficients (Q =
2) where each individual is represented by a column partitioned into segments of different colour, the lengths
of which indicate the estimated proportion of membership to each cluster. Solid bars represent an individual
from a single species background.
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Table 3-3: Cross validation errors generated by admixture analysis to infer the best number of ancestral
populations in dataset. In this analysis, we tested k’s from a 2 — 10 range. The k with the lower cross validation
error is considered the most representative number of ancestral populations for a given dataset.

K cross validation error
2 0.33704
3 0.33921
4 0.34022
5 0.34662
6 0.35158
7 0.35400
8 0.36093
9 0.36576
10 0.37051

In this study, assignments of clusters to specific species was the confirmation from the dataset
generated by the array genotypes (Suppl. Fig. 3.2). Along the SW coast of England, southern mussel
populations were mainly dominated by M. edulis ancestry. However, low levels of M. galloprovincialis
ancestry were observed in all sampled populations. In addition, M. galloprovincialis dominates the
northern coast of Cornwall and Devon.

Samples with a proportion > 0.99 of the respective ancestries in Admixture with k = 2 were
grouped into the ancestries SO (M. galloprovincialis, North Cornwall) and S1 (M. edulis, South Devon
and Cornwall). The remaining samples were used as test samples to calculate the proportion of
admixture in these hybrid populations (Figure 3.10). The h-index (genome-wide cline) for all samples
is shown in Figure 3.8. A total of 112 samples were used in the genomic cline analysis as source M.
galloprovincialis (SO) and 81 samples as source M. edulis (51). A greater proportion of test individuals
(n=73) had high proportions of M. galloprovincialis ancestry (h-index < 0.2); high proportions of M.

edulis ancestry (h-index > 0.8) were found in 35 individuals.
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Figure 3-10: Distribution of hybrid-indices of blue mussels in the Southwest coast of England. Hybrid-indices are
shown for S1 = M. edulis (red) and SO = M. galloprovincialis (blue). Admixed mussel samples are coloured
according to their population and ordered with increasing h-index.

Finally, we plotted the mean proportion of SO and S1 for populations according to their h-
index for each of the 29 populations against a map representing their geographical location (Figure
3.11). In this plot, we observed that populations from southeast Devon have higher frequencies of M.
edulis genotypes. On the southern west coast of Devon and southeast coast of Cornwall, populations
are admixed between M. edulis and M. galloprovincialis, with higher levels of M. edulis ancestry. West
from the Lizard Peninsula, at the southwest coast of Cornwall (Porthleven and Porthmeor), a shift
towards M. galloprovincialis genotypes can be observed. Moving towards the north coast and
continuing further east, M. galloprovincialis genotypes dominate ancestry in sampled populations. In

this figure, we also observed that populations positioned with increasing distance from Budleigh
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Salterton, the most easterly south coast population we sampled, have decreasing frequencies of S1

(M. edulis) genotypes.
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Figure 3-11: Geographical location of the intertidal mussel populations sampled in 2021 from the South West
coast of England. Each of the populations has a correspondent pie-chart representing their mean h-index, with
blue filling representing the proportion of hybridisation allocated to M. edulis genotypes, and orange, to M.
galloprovincialis. In the smaller square plotted on the on the top left side of the figure orients the sampling area
in the UK map.

Discussion

In this study, we investigate population structure in the blue mussel hybrid zone located along
the South West coast of England, UK, formed by two commercially relevant species, M. edulis and M.
galloprovincialis. For this, 29 locations were sampled along a ~500 km coast line extension, and 12
individuals per population were genotyped using the blue mussel multi-species 60K SNP-array
developed by Affymetrix (Thermo Fisher Scientific) (Nascimento-Schulze in press). A total of 16,732
variants were used to assess levels of admixture across these populations as well as their h-index. Our
findings highlight that M. galloprovincialis genotypes dominate the north coast Cornwall, as well as

the extreme west of the Cornish peninsula. East from the Lizard peninsula, we observe a shift from M.
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galloprovincialis to M. edulis dominated populations along the southern coasts of Cornwall and Devon.
Furthermore, we saw no strong differentiation in species composition between estuarine populations
and their corresponding coastal populations, and no strong genetic structural patterns differentiating
low tide and high tide individuals.

Our observations are primarily in line with the earlier description of this hybrid zone by Hilbish
et. al. (2002), with M. galloprovincialis being the main species on the northern coasts of Devon and
Cornwall, and M. edulis dominating the southern coast. We assessed the mean h-index proportions of
the 29 populations we sampled and compared it to the M. edulis allele frequency observed in the
previous study. In this study, however, we could locate the transition zone between both species at
Lizard point.

Several factors may contribute to the observed distribution of genotypes in the SW UK mussel
hybrid zone observed in this study. Firstly, oceanic currents prevailing around the southern west coast
of the UK likely impact larval drift and connectivity of M. galloprovincialis from north to south Cornwall
and Devon (Hoch & Garreau 1998). The pelagic larval phase of the mussel life cycle typically lasts
between two to four weeks, (Bayne 1965). Occasionally, this planktonic phase can prevail for longer
as a result of a lack of appropriate conditions for development and/or settlement (Brenko & Calabrese
1969; Knobel et al. 2021). Most individuals settle near the area they were spawned, although, free
swimming larvae have the capacity to drift for dozens (Stuckas et al. 2017), or hundreds of kilometres
(Demmer et al. 2022). Oceanic currents and phenomena which modulate their dynamics such as tidal
activity and weather events (e.g. wind driven currents) therefore contribute to the dispersal of these
planktonic larvae (Demmer et al. 2022; Stuckas et al. 2017). . Also likely is the potential for M.
galloprovincialis genotypes to be fed into the southern coast of the UK from the Atlantic coast of
France (Hoch & Garreau 1998). Secondly, the low frequency of M. galloprovincialis beyond the south
eastern limits of this hybrid zone may suggest the existence of a strong barrier to larval drift from
eastern to western populations. In this case, the Lizard peninsula may act as a biogeographical barrier,

partially hindering connectivity across the hybrid zoneThirdly, a selection against M. edulis genotypes
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in the north coast of Cornwall and Devon may be leading to the observed structure. Indeed, yearly
patterns of sea surface temperature and plankton concentration differ between the north and south
coasts of Cornwall and Devon (Hoch & Garreau 1998). It has been argued that M. galloprovincialis can
withstand rougher conditions in comparison to M. edulis. Under such a scenario, genetic structure of
these populations may be dictated by phenotype-environment mismatch that acts during larval or
subsequent developmental stages (Hedgecock 1986). Genotype-dependent mortality, marked by a
cline in the Lap®* allele, has been described in M. edulis populations living within the salinity gradient
of an estuary zone in the eastern north Atlantic (Koehn et al. 1980). Evidence of genotype-dependent
mortality leading to local adaptation has also been demonstrated in the Baltic Sea blue mussel hybrid
zone (Knoébel et al. 2021), where individuals with high incidence of M. trossulus alleles dominate low
salinities environments, whilst those characterised by M. edulis alleles thrive in higher salinities
(Stuckas 2017). Sessile, benthic, marine populations demonstrate signs of local divergence and
constrained gene flow (Marshall et al. 2010). Thus, processes such as local adaptation and differential
species performance also play a role in the distribution of these taxa. Finally, across a finer geographic
scale, the ability of larvae to actively choose settlement habitat may also contribute to shape the
genetic structure of populations. Pre-settlement processes have been described as a key factor in
maintaining genetic differentiation at the contact zone between mussel species Myitlus
galloprovinciallis and M. edulis along the coast of Brittany, France (Bierne et al., 2003). A mismatch in
spawning events between species combined with a preference of M. edulis to settle in protected areas
has been suggested to be driving fine-scale distribution in this area.

In a finer scale, however, we did not observe a strong genetic differentiation among
populations inhabiting contrasting environments. The ability to withstand a set of contrasting
environmental conditions can be associated with physiological adaptation and/or acclimation
response, which are not only species but population specific. For example, a recent study suggests
that in the Baltic Sea, M. trossulus genotypes dominate the benthic habitats in the low salinity portion

of the Baltic Sea (Stuckas et al. 2017). In contrast, in the Newfoundland blue mussel hybrid zone on
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the Atlantic Coast of Canada, mortality of M. trossulus genotypes is significantly higher than M. edulis
ones in estuarine environments (Gardner & Thompson 2001). In the SW UK coast, it is proposed that
the outperformance of M. galloprovincialis compared to M. edulis in exposed environments, may
result in size-dependent selection against M. edulis alleles (e.g. Gardner, 1994b; Hilbish et al., 1994;
Kautsky et al., 1990, Bierne et al. 2003) leading to the hybrid pattern demonstrated in this study, and
previously. Strong declines in M. edulis allele frequencies in individuals > 30 mm inhabiting wave-
exposed environments has also been reported in mussels from Whitsand Bay (Hilbish et al., 2003). In
the same study, no decline in M. edulis alleles was observed in the estuarine mussel populations in
the Fal and Plymouth estuaries. Such findings support the hypothesis that M. edulis genotypes prefer
sheltered environments whilst M. galloprovincialis are more robust and tolerate the exposed coasts.
Our results, however, do not indicate a strong loss of M. edulis frequencies in individuals from
Whitsand Bay, nor a lower frequency of M. edulis genotypes in comparison to the estuarine equivalent
population in Millbay marina. Individuals sampled from Whitsand Bay were over > 20mm (high tide)
and > 30 mm (low tide) in SL (Supplementary figure 3.1), which is comparable to the SL of mussels
analysed in the previous study. Coastal and estuarine environments differ greatly from each other in
terms of currents and wave exposure, as much as in terms of salinity and temperature regimes and
chlorophyll-a concentration. These contrasting biotic and abiotic factors could likely influence the
performance of mussels, favouring a specific phenotype. The weak structure detected in our analysis
across these contrasting environments may be caused by the chosen study design. Low sample size
can limit the ability to draw firm conclusions from an analysed dataset, nonetheless recent studies
have demonstrated that accurate genomic structure can be revealed using samples sizes as low as n=3
per population (Li et al. 2020; Qu et al. 2020), far lower than the n=12 per population utilised here.
Therefore, a plausible hypothesis is that the results acquired using the large set of genomic markers
is not equivalent to the one described using allelic polymorphisms in a few selected markers. An
alternative hypothesis is that the previous study sampled spat from a specific spawning event, which

might have skewed the results towards a specific genotype, but might not be caused by ongoing
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selection forces. Nonetheless, further investigation is required to understand if genotype segregation
among environments is being underestimated in the present study.

We initially aimed to revisit the sampling sites used in Hilbish et al’s (2002) study. However, it
is important to stress that the absence of mussels in some of these original locations meant this was
not always possible, and alternative locations had to be sampled instead. The decline in mussel
populations was especially apparent along the southern coast, where mussels seemed to be less
abundant in comparison to northern coast populations, and relatively harder to find. Moreover, some
populations were composed of very few individuals (in the scale of hundreds). Such observations
suggest that a strong decline of wild mussel populations, particularly in the southern coast of Cornwall

and Devon, happened during the past decades, an alarming sign for the mussel aquaculture industry.

Conclusions and future perspectives

This study characterises the SW UK blue mussel hybrid zone using a genomic approach. The
output of this study provides a greater understanding of the distribution of genotypes along this coast,
and describes the dominance of M. galloprovincialis genotypes on the northern coasts of Cornwall
and Devon, with an increasing frequency of M. edulis in the south coast from east of the Lizard
peninsula. Our results did not point towards a strong genetic differentiation among populations
inhabiting estuarine and coastal areas. Nonetheless, we suggest further investigation, using larger
sample sizes for each population pair (coastal vs estuarine, or high tide vs low tide) or additional
analogous paired population comparisons comprising of the same species. Blue mussels are the most
produced marine bivalve in the UK. Negative interactions between genetics and environment impact
the performance of individuals and can ultimately, affect shellfish production. Therefore, detecting
genotypes that outperform in different environments of the SW UK coast will benefit the aquaculture
industry. Furthermore, identifying genomic regions that are linked to performance will provide the
basis to develop genomic selection in these taxa. Whilst genomic selection of blue mussels is not yet

a viable option, climate change will impact the reproductive cycle and success of natural mussel
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populations. Under such a scenario, a shift to a hatchery-based production system and the
development of environmentally resilient lines might be inevitable to guarantee production of this
highly sustainable source of animal protein. Our study provides fundamental knowledge that can

contribute to such advances in the mussel aquaculture sector.
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Supplementary material

Supplementary Table 3.1 Cross validation errors generated by admixture analysis to infer the best number of
ancestral populations in dataset. In this analysis, we tested k’s from a 2 — 7 range. The k with the lower cross
validation error is considered the most representative number of ancestral populations for a given dataset.

K cross validation error
2 0.26176
3 0.25053
4 0.25123
5 0.25298
6 0.25717
7 0.25869

Supplementary Table 3.2 Sample list and their allocation as either: a) ancestral for M. galloprovincialis (SO), b)
ancestral for M. edulis (S1) and test populations (Hybrids) for the Hybrid Index and Cline analysis are found in
the “Hybrid index” collumn. Samples were grouped into ancestry and test populations based on Admixture
ancestry estimations with k = 2.

Sample Identification Population Ancestry S1 Ancestry SO Hybrid Index
Bude_1 BUDE 0.00001 0.99999 SO
Bude_10 BUDE 0.00001 0.99999 SO
Bude_12 BUDE 0.00001 0.99999 SO
Bude_2 BUDE 0.00001 0.99999 SO
Godrevy_11 GOD 0.00001 0.99999 SO
Godrevy_3 GOD 0.00001 0.99999 SO
Godrevy_5 GOD 0.00001 0.99999 SO
Godrevy_7 GOD 0.00001 0.99999 SO
Godrevy_8 GOD 0.00001 0.99999 SO
Newquay_10 NEWQ 0.00001 0.99999 S0
Newquay_11 NEWQ 0.00001 0.99999 S0
Newquay_12 NEWQ 0.00001 0.99999 S0
Newquay_3 NEWQ 0.00001 0.99999 S0
Newquay_4 NEWQ 0.00001 0.99999 S0
Newquay_8 NEWQ 0.00001 0.99999 S0
Pinksoncreek_camel_1 CAMEL 0.00001 0.99999 S0
Pinksoncreek_camel_10 CAMEL 0.00001 0.99999 S0
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Pinksoncreek_camel_11
Pinksoncreek_camel_12
Pinksoncreek_camel_3
Pinksoncreek_camel_5
Pinksoncreek_camel_6
Pinksoncreek_camel_7
Pinksoncreek_camel_8
Pinksoncreek_camel_9
Port_Gavirn_HT_11
Port_Gavirn_HT_12
Port_Gavirn_HT_2
Port_Gavirn_HT_3
Port_Gavirn_HT_5
Port_Gavirn_HT_8
Port_Gavirn_LT_2
Port_Gavirn_LT_4
Port_Gavirn_LT_7
Port_Gavirn_LT_9
Porthcotan_Bay_10
Porthcotan_Bay_12
Porthcotan_Bay_2
Porthcotan_Bay_3
Porthcotan_Bay_5
Portmeor_1
Portmeor_2
Portmeor_9
St_Agnes_1
St_Agnes_10
St_Agnes_11
St_Agnes_12
St_Agnes_3
St_Agnes_5
Tintangel_Castle_10
Tintangel_Castle_11
Tintangel_Castle_12
Tintangel_Castle_4
Tintangel_Castle_5
Tintangel_Castle_6
Tintangel_Castle_9
Trevone_1
Trevone_10
Trevone_3

Trevone_7

Trevone_8

Trevone_9
Porthcotan_Bay_7
Port_Gavirn_LT_6
Port_Gavirn_LT_5

CAMEL
CAMEL
CAMEL
CAMEL
CAMEL
CAMEL
CAMEL
CAMEL
PGAV
PGAV
PGAV
PGAV
PGAV
PGAV
PGAV
PGAV
PGAV
PGAV
PCBAY
PCBAY
PCBAY
PCBAY
PCBAY
PMEOR
PMEOR
PMEOR
STAGN
STAGN
STAGN
STAGN
STAGN
STAGN
TINTC
TINTC
TINTC
TINTC
TINTC
TINTC
TINTC
TREV
TREV
TREV
TREV
TREV
TREV
PCBAY
PGAV
PGAV

0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.000015
0.001225
0.001484
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0.99999
0.99999
0.99999
0.99999
0.99999
0.99999
0.99999
0.99999
0.99999
0.99999
0.99999
0.99999
0.99999
0.99999
0.99999
0.99999
0.99999
0.99999
0.99999
0.99999
0.99999
0.99999
0.99999
0.99999
0.99999
0.99999
0.99999
0.99999
0.99999
0.99999
0.99999
0.99999
0.99999
0.99999
0.99999
0.99999
0.99999
0.99999
0.99999
0.99999
0.99999
0.99999
0.99999
0.99999
0.99999
0.999985
0.998775
0.998516

SO
SO
SO
SO
SO
SO
SO
SO
SO
SO
SO
SO
SO
SO
SO
SO
SO
SO
SO
SO
SO
SO
SO
SO
SO
SO
SO
SO
SO
SO
SO
SO
SO
SO
SO
SO
SO
SO
SO
SO
SO
SO
SO
SO
SO
SO
SO
SO



Pinksoncreek_camel_2
Port_Gavirn_LT_3
Newquay_5
Godrevy_4
Pinksoncreek_camel_4
Godrevy_9
Port_Gavirn_LT_8
Newquay_6
Port_Gavirn_HT_7
St_Agnes_8
St_Agnes_6
Tintangel_Castle_3
Porthcotan_Bay_6
Port_Gavirn_LT_11
Port_Gavirn_LT_1
Newquay_7
Portmeor_10
Porthcotan_Bay_8
Port_Gavirn_LT_10
Bude_8
Godrevy_2
Trevone_11
Bude_9
Newquay_2
Bude_6
Newquay_9
Port_Gavirn_LT_12
Porthcotan_Bay_11
Port_Gavirn_HT_10
Trevone_12
Trevone_6
Godrevy_6
Bude_7
Port_Gavirn_HT_1
Tintangel_Castle_1
Tintangel_Castle_7
Trevone_5
Trevone_4
Porthcotan_Bay_4
Porthcotan_Bay_9
Godrevy_10
Port_Gavirn_HT_4
Trevone_2

Bude_5
Godrevy_1
Tintangel_Castle_2
Portmeor_7

St_Agnes_7

CAMEL
PGAV
NEWQ
GOD
CAMEL
GOD
PGAV
NEWQ
PGAV
STAGN
STAGN
TINTC
PCBAY
PGAV
PGAV
NEWQ
PMEOR
PCBAY
PGAV
BUDE
GOD
TREV
BUDE
NEWQ
BUDE
NEWQ
PGAV
PCBAY
PGAV
TREV
TREV
GOD
BUDE
PGAV
TINTC
TINTC
TREV
TREV
PCBAY
PCBAY
GOD
PGAV
TREV
BUDE
GOD
TINTC
PMEOR
STAGN

0.002261
0.003866
0.004342
0.004403
0.004463
0.004513
0.004863
0.005714
0.005813
0.005874
0.005995
0.008405
0.008627
0.009197
0.009208
0.009611
0.01053
0.010549
0.010774
0.010877
0.011171
0.011707
0.012135
0.012573
0.013105
0.013225
0.014165
0.014334
0.01525
0.016058
0.016255
0.01795
0.0189
0.019062
0.019347
0.020324
0.020521
0.020947
0.021304
0.024063
0.024887
0.02514
0.028153
0.03263
0.033423
0.037151
0.043067
0.044416
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0.997739
0.996134
0.995658
0.995597
0.995537
0.995487
0.995137
0.994286
0.994187
0.994126
0.994005
0.991595
0.991373
0.990803
0.990792
0.990389
0.98947
0.989451
0.989226
0.989123
0.988829
0.988293
0.987865
0.987427
0.986895
0.986775
0.985835
0.985666
0.98475
0.983942
0.983745
0.98205
0.9811
0.980938
0.980653
0.979676
0.979479
0.979053
0.978696
0.975937
0.975113
0.97486
0.971847
0.96737
0.966577
0.962849
0.956933
0.955584

SO
SO
SO
SO
SO
SO
SO
SO
SO
SO
SO
SO
SO
SO
SO
SO
Hybrid
Hybrid
Hybrid
Hybrid
Hybrid
Hybrid
Hybrid
Hybrid
Hybrid
Hybrid
Hybrid
Hybrid
Hybrid
Hybrid
Hybrid
Hybrid
Hybrid
Hybrid
Hybrid
Hybrid
Hybrid
Hybrid
Hybrid
Hybrid
Hybrid
Hybrid
Hybrid
Hybrid
Hybrid
Hybrid
Hybrid
Hybrid



Mousehole_3
Porthcotan_Bay_1
Scilly_11
St_Agnes_4
Scilly_7
Portmeor_12
Mousehole_12
Portmeor_11
Pentelan_Mevagissey_11
Porthleven_11
Port_lune_11
Porthleven_12
Mousehole_8
Portmeor_8
Scilly_8
Mousehole_5
Polkeris_1
Port_Gavirn_HT_6
Portmeor_6
Scilly_6
Polkeris_3
Godrevy_12
Polkeris_4
Port_lune_8
Port_Gavirn_HT_9
Mousehole_2
St_Agnes_9
Mousehole_10
Polkeris_8
Porthleven_8
Porthleven_1
Tintangel_Castle_8
Mousehole_7
Whistsandbay_HT_7
St_Agnes_2
Mousehole_9
Bude_3

Scilly_12
Mousehole_11
Scilly_10
Newquay_1
Scilly_5

Scilly_1

Scilly_3

Scilly_9
Mousehole_1
Feok_7

Portmeor_5

MOUSH
PCBAY
SCILLY
STAGN
SCILLY
PMEOR
MOUSH
PMEOR
PENT
PLEV
PLUNE
PLEV
MOUSH
PMEOR
SCILLY
MOUSH
POLK
PGAV
PMEOR
SCILLY
POLK
GOD
POLK
PLUNE
PGAV
MOUSH
STAGN
MOUSH
POLK
PLEV
PLEV
TINTC
MOUSH
WHITS
STAGN
MOUSH
BUDE
SCILLY
MOUSH
SCILLY
NEWQ
SCILLY
SCILLY
SCILLY
SCILLY
MOUSH
FEOCK
PMEOR

0.048324
0.049377
0.049651
0.052175
0.053961
0.057013
0.058028
0.058146
0.064008
0.065527
0.069912
0.070203
0.070747
0.072384
0.073156
0.074
0.077564
0.079848
0.080097
0.080213
0.083034
0.083283
0.08539
0.086888
0.088181
0.097385
0.098816
0.099396
0.09995
0.109449
0.113485
0.115234
0.123121
0.126074
0.133775
0.135449
0.138731
0.14425
0.144597
0.163519
0.167799
0.16885
0.170661
0.179702
0.194537
0.196213
0.19633
0.204684

100

0.951676
0.950623
0.950349
0.947825
0.946039
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Supplementary Figure 3.1 Boxplot including A) Size in Shell length (SL), B) Shell Height (SH) and C) Total weight
(TW) of individuals from all 29 blue mussel populations collected from the Southwest coast of England used in
this study measured in centimetres. SL and SH data are presented in centimetres, TW is presented in grams.
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Supplemntary Figure 3.2 Results of genetic admixture analysis and ancestry inference. Cluster membership
coefficients (Q) where each individual is represented by a column partitioned into segments of different colour,
the length of which indicate the posterior probability of membership in each cluster. Solid bars represent an
individual from a single species background. In this figure we plot the k=3 for the dataset including all 29
sampling locations. Additionally, we investigate ancestry of the 5 control populations. The red cluster can be
inferred to M. edulis, as this species dominates populations in IC and BO. The light-blue cluster can be inferred
to M. trossulus, as genotypes from this species are highly frequent in finish mussel populations (FIN). Finally, the
dark blue cluster can be inferred to M. galloprovincialis, as this is the main species colonising VG and GR.
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4. Chapter IV - Thermal Selection Shifts Genetic Diversity and

Performance of Blue Mussel Juveniles

Cleo j’wau'w/Jo.z.g, L

This chapter resulted from a collaborative work of myself, Jahangir Vajedsamiei, Lisa Frankholz, Tim P
Bean, Frank Melzner and Robert P Ellis. | was responsible for designing and carrying the 25-day

experiment, analysing the data and writing the manuscript.
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Abstract

Mussels from the genus Mytilus are key inhabitants of the benthos, and considered a
foundation species to this habitat as they provide a number of key ecosystem services. Moreover,
mussels are of high value for the aquaculture industry, and one of the most sustainable sources of
animal protein. Interestingly, species within the blue mussel species complex easily hybridise
whenever their geographic distributions overlap. The blue mussel hybrid zone in the Baltic Sea is
mainly formed by two species, M. edulis and M. trossulus, but a low levels of introgression with M.
galloprovincialis has been recently discovered. Much recent research has highlighted that blue
mussels are susceptible towards anthropogenically induced climate change, being ectothermic
calcifying intertidal invertebrates. Given their economic and ecological relevance, this study therefore
aimed to investigate the natural capacity of these organisms to adapt to new thermal conditions, what
could be used as a mechanism to fast-tracked environmental resilience in these taxa. For this, two
cohorts of mussels from the Baltic Sea (Kiel, Germany) were developed by collecting juvenile
individuals from wild and either exposing them to a short warming event (30°C for ~48h) or keeping
the individuals naive to this stressor, under control conditions (17°C). In this area, genotypes of the
three blue mussel species existing within the Mytilus species-complex occur. Subsequently, both
cohorts were re-challenged to second thermal challenge, being exposed to a set of experimental
temperatures lying at the upper thermal limit of these populations (21°C, 22°C, 23°C, 24°C, 25°C and
26°C) for 25 days. Fifty individuals from each of the cohorts were sampled for genotyping using the
newly developed blue mussel multi-species 60K SNP-array. Results from this study suggest that
selection towards thermal resilience can potentially impact the whole organism performance of
mussels, measured as a gain in dry tissue weight (g). Changes in the genetic diversity of these cohorts
were also identified, with the selected cohort shifting towards a dominance of M. edulis genotypes in
comparison to the naive one. Furthermore, four genetic markers were highly divergent between these

populations (Fsr value > 0.15). Such findings are key as the foundation to contribute towards
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futureproofing mussel aquaculture against climate change. Furthermore, results from this study take
a first step towards the development of genomic selection in these taxa.

Keywords: SNP-array, blue mussels, genomic selection, global warming, Baltic sea

Background

Shallow water marine ecosystems are vital both for human livelihoods, providing essential
services to society (e.g. fishing, goods, human transport and leisure), and nature, allowing for nutrient
cycling and storage as well as maintaining biodiversity (P6értner et al. 2019). Ongoing climatic changes
in the ocean, occurring as shifts in relatively stable physicochemical regimes (e.g. mean sea water
salinity, temperature, acidity and oxygen content), will accelerate over the coming decades (IPCC
2022). Such climatic transformations will be more prominent for shallow estuarine and coastal waters,
which have less environmental inertia due to their limited depth (water volume) and their proximity
to densely populated areas and land masses (Halpern et al. 2008; Lotze et al. 2006). The Baltic Sea is
one such semi-enclosed shallow sea, which is connected to the North Atlantic through the narrow
Danish strait. Being one of the most rapidly warming seas (Belkin 2009), an increase of 1.5 - 4°C in
mean sea surface temperature (SST) is predicted to occur in the Baltic by 2100 (Grawe et al. 2013;
Meier et al. 2012). This is occurring alongside an expansion of low-oxygen zones, increased riverine
inflow and an increased frequency of extreme weather events (Grawe et al. 2013; Rahmstorf &
Coumou 2011). Because of its unique environmental characteristics, the Baltic Sea is already lower in
biodiversity compared to other fully marine areas (EImgren & Hill 1997; Ojaveer et al. 2010). Shifting
temperature regimes, either through modified mean seasonal temperature or isolated shorter
extreme events, can contribute to community shifts and set off a chain reaction of biodiversity loss,
pushing this ecosystem towards an alternate state (Johannesson et al. 2011; Pansch et al. 2018).

Blue mussels of the Mytilus genus are a foundation and ecosystem engineer species, given
the number of ecosystem services they provide by increasing habitat complexity providing spatial

structure associated species and through their role in nutrient cycling (Johannesson et al. 2011; van
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der Schatte Olivier et al. 2020). In 2016, global blue mussel production was approximately 2 million
tonnes, with 94% resulting from aquaculture activity, which generated approximately $3.8 billion USD
(Avdelas et al. 2021). Baltic Blue mussel populations are a highly introgressed swarm composed by the
three species M. edulis, M. trossulus and M. galloprovinciallis (Vendrami et al. 2020). In this area,
the distribution of species-specific alleles is correlated to the salinity gradient of the Baltic Sea: M.
edulis genotypes dominate the benthic populations in western waters of the semi-enclosed basin
where salinity is higher (> 16), transitioning towards M. trossulus alleles in the eastern portion where
salinity is under 10 (Stuckas et al. 2017). These populations must cope with some of the fastest and
strongest changes in SST globally, yet the genotypic and phenotypic variation present in these
populations in response to such heat stress remains understudied.

Temperatures that are above optimal for an organism, or physiological process, disturb its
energy balance (Portner, 2012). The pervasive implications of temperature, from molecular to whole-
animal levels, ultimately affect the fitness and abundance of individuals (Hoschaka & Somero 2002).
Subsequently, extreme temperatures have been associated with mass mortality events in blue mussel,
a phenomenon likely to increase in prevalence with further warming (Jones et al. 2010; Seuront et al.
2019). One response to overcome thermal stress, which has been observed in mussels in response to
increased SST, is a shift in the geographical range distribution (Jones et al. 2010) or a shift in the vertical
extent of mussel beds (Harley 2011). Furthermore, intra and inter species variation on thermal
tolerance is shown to exist within the species complex, which may influence the response of different
species to warming and offer a mechanism for populations to adapt to warming regimes. For example:
M. trossulus, M. edulis and M. galloprovincialis each maintain a positive Scope for Growth of the
species under warming, but to a maximum temperature of 17°C, 23°C and 30°C, respectively (Fly &
Hilbish 2013), highlighting the differential thermal sensitivity of these organisms. Blue mussels
demonstrate a plastic response towards a broad range of environmental temperatures, with their
upper thermal tolerance being highly dependent on population background (see Zippay and Helmuth,

2012 and references therein).
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A recent study described a ~2—3 fold increase in standard metabolic rate in mussels acclimated
to 15°C compared to those acclimated to 10°C, highlighting the impact of elevated temperature on
basal physiological and biochemical reactions (Matoo et al. 2021). Nevertheless, response
mechanisms exist in mussels that are able to trigger trade-offs with other processes at above-optimal
temperatures (Fitzgerald-deHoog, 2012; Portner, 2012). The magnitude and longevity of such
responses have critical implications for the energy balance, fitness and ultimately survival of the
organism. In mussels, such responses, whether observed in submerged or air-exposed animals,
include deceleration of high energy demanding processes such as feeding, growth and/or a switch
from aerobic to anaerobic metabolism (Anestis et al. 2007; Braby & Somero 2006; Tagliarolo &
McQuaid 2015; Vajedsamiei et al. 2021b). Such an adaptive response minimises the difference
between supply and demand of metabolic energy (Pértner 2012). Consequently, individuals that can
maintain lower metabolic rates when facing high environmental temperatures are more likely to
survive under those conditions. Accordingly, in Pacific oyster (Crassostrea gigas) larvae, respiration
rates are shown less sensitive to temperature increase than protein synthesis (Pan et al., 2021). Their
temperature sensitivity analysis showed that pacific oyster larvae metabolic rates have a Qigvalue of
2.0 £ 0.15. On the other hand, they found that the Qio value for protein synthesis, a major energy
consuming processis 2.9+ 0.18, and is disproportionally affected by temperature. Moreover, variation
in growth rates noted among larval cohorts developed under similar rearing conditions was attributed
to the differential potential for protein synthesis among families (Pan et al., 2018). Such findings
highlight that there is a genetic component underlying the response to thermal stress in these taxa.
The genetic basis of physiological traits which allow organisms to cope with environmental stress,
however, remains poorly investigated. A deeper understanding of this topic is thus required to clarify
the adaptation/acclimation mechanisms of marine ectothermic species in response towards volatile
climatic conditions.

To address this knowledge gap, we developed two separate cohorts of mussel spat (i.e.

recently settled juveniles) from a single natural settlement event within Kiel Fjord: one cohort (half of
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the settled individuals) was selected for thermal resilience, being exposed for ~48h to temperatures
of 30°C., The second cohort was kept in control temperature conditions (17°C) and remained naive to
this stressor. The genetic composition of these two cohorts was then compared using a 60K SNP-array
recently developed for the blue mussel species complex (Nascimento-schulze in press). Subsequently,
both cohorts were exposed to various constant summer temperature scenarios over a 25-day period,
with physiological performance of individual spat compared across multiple end points. We
hypothesised that temperature selection would create a genetically distinct cohort, as non-resilient
genotypes would have been excluded from the selected population following the initial thermal stress
event. In addition, we hypothesised that thermally resilient cohort would outperform naive individuals

when re-exposed to a thermally challenging scenario.

Material and Methods

Development of selected and non-selected spat cohorts

Ca. 500,000 juvenile mussel spat (i.e. settled individuals) were collected from subtidal Kiel
Fjord (Baltic Sea, Germany) in July 28, 2021 by hand from ca. 0.5m depth and gently sorted using a 1-
mm mesh size plastic sieve suspended in a 10 L bucket of seawater. In July 29, around fifty thousand
spat were evenly distributed between five separate 10 L tanks (~10,000 spat per tank) and kept at
17°C (temperature-controlled room at GEOMAR) with seawater wit salinity of 15 filtered through a
0.5 um mesh (non-selected cohort). For the next 8 days, husbandry practices involved 50% water
exchanges (WE) daily and the addition of 100 mL of Rhodomonas salina (~1-2 x 10° cells mL?) as food.

For selecting the thermally resilient cohort, the remaining individuals were evenly distributed
among 16 x 2 L tanks (ca. 25,000-31,000 per tank) which were filled with 600 mL of seawater with
salinity of 15, filtered with a 0.5 um mesh (FSW), and maintained for 30 minutes at a non-lethal
elevated temperature (26.5°C), with constant aeration supplied through 5 mL plastic pipette tips. The
experimental tanks were placed into four steal water baths that maintained target temperatures with

a deviation of less than 0.1°C (model Haake SWB25, Thermo Scientific). In order to initiate the thermal
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selection challenge, a further 1 L of FSW (at 30°C) was added to each tank, with the temperature of
the water baths subsequently increased to the same value. Target temperatures of 30°C were reached
in roughly 15 minutes. Spat were then kept at this temperature for 47 hours, as we estimated survival
rate would be close to our target rate of 10-20% based on preliminary small-scale experiments
conducted directly before the main experiment. During this period, ~20 spat were sub-sampled three
times, each time from a randomly selected tank. We observed 100%, ca. 90%, and ca. 40% survival
rates by the 26, 35", 43" hours of the experiment. After 47 hours, heat exposure was terminated
and four random sub-samples from six tanks were collected into small replicate 40 mL vials to measure
survival rates after 24h recovery at 17°C. At this time point, post-heat stress survival was 16.5% (11%
standard deviation).

OnJuly 31, all heat-treated spat (dead or alive) were carefully washed in FSW to remove tissue
of dead mussels and then transferred from the 16 x 2L tanks into 4 x 10L tanks with FSW (salinity 16,
temperature 17°C, constant aeration) located adjacent to the tanks housing the naive animals in a
temperature-controlled room. For the first 2 days post transfer, water changes (~95% of volume) were
undertaken daily to remove organic remains of dead animals. Following water changes 200 mL of R.
salina (~1-2 x 10° cells mL?) were added to each tank. Over the subsequent nine days, husbandry
practices shifted to 50% WE daily and the addition of 100 mL of R. salina. During this 9-day period
heat-selected spat were stained with calcein (50 mg L of on day 1, and 25 mg L on day 2-9), added
immediately after the water changes, to fluorescently label live individuals.

In August 11, selected spat from all tanks were mixed and three 0.5 mL sub-samples of mussels
were pipetted into a 0.5 mL Eppendorf tube and the survival rates were checked by counting the
percentage of empty shells present in the subsamples (8% + 0.15). A total of 600 selected living spat
were sorted from dead individuals (i.e. empty shells) using a stereomicroscope. Due to the calcein
labelling procedure, living spat appeared bright green under the stereomicroscope equipped with
standard GFP-filter sets (Leica MDG41). About 600 spat were randomly sorted from the ~50,000 naive

spat kept in the five maintenance tanks at constant temperatures of 17°C. No mortalities were
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observed in the naive group. Each 600 naive or selected spat were equally distributed among four 50
mL containers (150 individuals in each container, 4 containers per spat line), which were closed with
mesh (300um). Subsequently, two containers, one containing selected and one containing the naive
spat were kept in one 10L aquarium for 14 days, fed every day with R. salina with an initial
concentration of ca. 7000 cells mL?, to ensure comparable condition between spat from the two
different cohorts for subsequent experiments. In the following sections of this manuscript, spat
surviving the thermal stress exposure are referred to as ‘selected’ (S), whilst spat not exposed to

thermal stress are termed ‘non-selected’ (NS).

Thermal challenge in indoor benthocosm facilities

Experimental design

Following the initial development of S and NS spat cohorts, 960 individuals (480 S and 480 NS)
were randomly selected for a follow-up experiment, in which we assessed the implications of thermal
stress on juvenile performance. Beginning on August 20, spat were exposed to 5 different temperature
treatments (21, 22, 23, 24, 25 and 26°C) over a 25-day period using the indoor Kiel Indoor
Benthocosms system (Pansch & Hiebenthal 2019) (Figure 4.1). The 26°C treatment represented an
end-of-century average daily marine heatwave temperature in the study region (Grawe et al. 2013),
sub-lethal to mussels for periods of <1 month (Vajedsamiei et al., 2021). The 21°C treatment
represents a present-day maximum summer temperature (Wolf et al. 2020) which is in the optimal
range for growth of Baltic Sea mussel populations (Vajedsamiei et al., 2021). The intermittent
temperatures within the experimental range (22, 23, 24, 25 °C) were selected to identify any subtle,
but significant, alterations in thermal performance or thermal breakpoint performance in this study.
In this facility, 12 x 600L polythelyene tanks were connected to an aquarium control system (GHL
Gmbh), coupled with heating and chilling devices, which enabled the control and recording of water
temperature remotely. Animals were placed into 14 L plastic cylindrical tanks, maintained inside a 300
pm mesh cage, allowing water flow and food uptake to occur. Twenty juveniles were kept in each of

the cages, with each treatment (S and NS) having two replicate cages per experimental tank, with
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cages tied to a 15 mL pipettes (used for aeration) at the same water column height, providing similar
environmental conditions between replicates of each treatment. One additional cage per treatment
(S, NS), containing 12 individuals per cage, was added to each of the cylindrical tanks, to be sampled
halfway through the course of the experiment. Finally, each of the 14 L experimental tanks was placed
inside an individual benthocosm unit, and 2 benthocosms were allocated to each temperature

treatment.
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Figure 4-1: Scheme of the 25-day thermal challenge setup. In (A) an overview of the display of the 12 mesocosms
used in this experiment in temperature-controlled room. Segment (B) of the figure represents the setup of an
individual mesocosm controlling the temperature of a 14 L transparent plastic cylinder, with aeration provided by
a 50 mL plastic pipette and four cages attached to it. In segment (C) a detailed demonstration of the individual
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cage, open with a 200 micron mesh to allow water and food circulation to spat placed inside the cage.
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Husbandry

Throughout the length of this experiment, spat were fed with monocultures of Rhodomonas
salina, added at a concentration of ~ 7,000 cells mL? (Riisgard et al., 2011) to the experimental
cylinders after every water exchange. Cell concentration was measured daily (particle size 5-8 um)
using a Coulter counter (Coulter Z2, Beckman Coulter GmbH), in all experimental tanks. If R. salina
concentration in any of the experimental tanks dropped to threshold values in the range of 1,000 cells
mL?, full water exchanges were performed in all the tanks in order to ensure that R. salina was
constantly available in the water column at optimal concentrations. Water changes were conducted
with FSW (filtered across a series of filters 50, 10 and 0.1 micron mesh), were undertaken every 3™

day (days 1-7), every other day (days 8-20), and subsequently daily after day 21 (Suppl. Table 4.1).

Growth, Dry Body Mass and Shell Mass

Initial shell length (SL) was measured in a sub-sample of 60 S and 60 NS individuals, which
were removed from the conditioning tank before being distributed into experimental cages on day O,
the day prior to the start of the 25-day thermal exposure experiment. Following 13 days of exposure
to different temperature regimes, the impact of elevated temperature on mussel spat was assessed
by measuring individual’s performance via growth as SL, dry tissue weight (TW) and dry shell weight
(SW) in at least ten animals from each cage from those animals placed in the mid-experiment sampling
cages. TW and SW were measured as described in Sanders et al. (2018) Briefly, sampled spat were
killed in a microwave (400 watts, 30 s), and their soft tissue was removed from their shell under a
stereomicroscope. Shell and soft tissue were individually placed into pre-weighed tin foil boats dried
at 80°C for at least 72h and weighed to determine the total TW and SW (mg) by subtracting the value
of the empty foil from the foil containing shell or soft tissue. Results are presented as mean + standard
deviation. Finally, the same measurements were taken at day 25, when the challenged ended, from

at least 10 animals from each cage. Results are presented as mean * standard deviation. Juvenile
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performance in terms of DW SL and TW measured during mid experiment are presented in the

supplementary material (Suppl. Fig. 4.1).

Assessing structure and genomic relatedness of the two cohorts

The initial genetic composition of S and NS cohorts was analysed using 50 S and 50 NS spat
collected on day 0 of the experiment, the day prior to the start of the 25-day exposure challenge, and
preserving them in 90% ethanol. Samples were sent to Identigen Ltd for DNA extraction and
sequencing, using the 60K blue mussel SNP-array (Nascimento-Schulze et al. 2023).

A quality control filter for marker call rate (CR) of > 95% and sample CR >90% was applied
using PLINK v1.9 (Purcell et al. 2007). We subsequently applied a minor allele frequency (MAF) filter <
0.01.

A principal component analysis (PCA) was applied to genotypes generated with the array,
pruning out putatively linked loci using a window size of 50 Kpb, a step size of 10 Kbp and an r?
threshold of 0.1 with PLINK v1.7 (Purcell et al. 2007), with no variants removed in this step.
Subsequently, we explored introgression in spat by applying an admixture analysis (admixture v1.3)
(Alexander & Lange 2011). In this analysis, the best fitting number of clusters representing the
ancestry of a population is estimated where k has the lowest cross-validation error value. For this
study, we tested k values between 2 and 10. In order to allocate a species to the ancestry cluster
generated in this first admixture analysis, we ran an additional admixture analysis including 5
additional populations, Kiel (Baltic Germany, GK), Ahrenshoop (Baltic Germany, GA), Finland (Baltic
Finland, FIN), Bude (North Devon coast of the UK) and Budleigh (South Devon coast of the UK). These
populations have been genotyped with the blue species mussel multi-species 60K array in previous
studies (Nascimento-Schulze et al. 2023; Nascimento-Schulze et al. unpublished data), and their
ancestry is known to be M. edulis/M. trossulus hybrids for GK and GA and FIN populations, with an
increased frequency of M. trossulus genotypes in FIN, M. galloprovincialis ancestry dominating Bude

and M. edulis prevails in Budleigh. Admixture results of this data set are presented in Supplementary
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Table 4.2 and visualised in Supplementary Figure 4.2, 4.3. All data visualisation was performed in R
v4.0.0 (R Core Team 2021).

Following variant quality control, we used fixation index analysis (Fsr) to measure the
proportion of genetic differentiation among the two cohorts (S and NS) caused by genetic structure.
In this analysis, values of 0 imply no genetic differentiation among populations (panmixia), and values
of 1 representing complete differentiation between populations. We analysed Fsr using plink v1.7 and

—fst flag, filtering individual and marker CR of >10% using the options —-mind and —geno.

Statistical analysis

An ANOVA analysis was applied to test for the effects of temperature selection on the SL of
individuals at day-0, prior to the start of the 25-day thermal challenge. We applied a Shapiro—Wilk test
to check that the data were normally distributed and the Levene’s test to check for homogeneity of
variances.

In addition, we investigated the effects of temperature on the TW, SW and SL of S and NS
individuals following the 25-day thermal challenge previously described. The null hypotheses stated
that observed variation in TW, SW, or SL growth rate would not be caused by the main effects of the
temperature or selection treatments, or their interaction. These relations were modelled as
generalised additive mixed models (GAMMs) using gam function from mgcv package (Wood 2006). In
the GAMMs, temperature was defined as a smooth-effect predictor (with linear and/or nonlinear
effects) and selection as an ordered factor. Then, using t-statistics and f-statistics (the Wald test), the
intercept (or the mean) and the slope or nonlinearity (effective degrees of freedom, edf) of the
reference level smoother (non-selected) were each compared to zero, respectively; and, the treatment
level (selected) smoother’s estimates were then compared to those of the reference level (Wood
2006). In addition, the random intercept effects of water bath and cage, as possible causes of residual
dependence, were included, and for unbiased estimation of variance components, GAMMs were

fitted using restricted maximum likelihood (Wood et al. 2016).
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The models were first fitted with the identity link function and the assumption of residuals
being gaussian distributed around the predicted means. The assumptions regarding the distributions
of residuals were checked via the DHARMa package (Hartig 2018). As it was determined that the
residual assumptions were violated, we fitted the models assuming the scaled t-distribution (scat) of
residuals and found this assumption to be valid. For SL, the logis link function was also needed to
validate the residual assumption. In terms of the Akaike Information Criterion (AIC), the scat models
were also superior to the gaussian models. We used the predict function from car package (Fox &
Weisberg 2018) to predict the means and confidence intervals of responses to predictors. A p value
of < 0.05 was assumed as the significance level for all analyses. All Analyses were applied in Rstudio

v2022.07.1+554 (RStudio Team 2021) and R v4.2.1(R Core Team 2021).

Results

Impacts of increased temperature on Shell length, Tissue dry weight and Shell mass

No significant difference in SL was observed between S and NS lines at day-0, prior to the start
of the 25-day thermal challenge (Suppl. Figure 4.4, Suppl. Table 4.3, p > 0.05).

Exposing spat to different experimental temperatures over a 25-day period did not resultin a
significant difference in SL between S and NS lines (Figure 4.1, Table 4.1, p > 0.05). The mean SL of S
and NS lines was 2.33 + 0.52 mm and 2.47 + 0.67 mm, respectively. However, temperature had a
significant impact on SL of NS spat (Figure 4.1, Table 4.1, p = 0.0001). The average SL of NS juveniles
26°C (2.04 mm % 0.45) was significantly decreased in comparison to NS juveniles kept at 21°C (2.37
0.49 mm). Average SL of S individuals was also significantly affected by temperature (Table 4.1, p>
0.05). The form of the temperature effect (represented by effective degree of freedom, edf) on SL of
two spat lines was similar. Besides, a random-intercept effect of cage was present in the SL of

individuals.

120



—— nonselected — selected

o
~

o
w

Dry tissue weight (mg)
o o
- N

o
o

n
&)

n
o

—_i
(&)

-
o

Dry shell weight (mg)

N

Shell length (mm)
@

N

oumes mmomses aodlumm o mewo soem 00 o o
@oo cemmee o cmflad o 0 weo @mmoce @ o .
cammm wemeo .
on @ oo
mwem oo

—
1

21 22 23 24 25 26
Temperature (°C)

Figure 4-2: Final dry tissue weight, dry shell weight, and shell length of selected (S, red) and non-selected (NS,
cyan) spat across experimental temperatures (21-26°C), following the 25 days of exposures to different
temperatures. Each of the data points represents the measurement of an individual spat. These relations were
modelled as additive mixed models assuming scaled t-distributions of residuals. Solid lines represent predicted
means and shades represent 95% confidence intervals.
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A significant difference in TW among spat lines was found: on average TW of S individuals
(0.10 £ 0.09 mg) was significantly lower than those measured in NS ones (0.14 + 0.10 mg) (Figure 4.1,
Table 3.1, p = 0.0001). At 21 °C, larvae NS showed a TW of 0.16 + 0.06, mg whilst at 26 °C the average
TW was lower (0.06 + 0.10 mg), indicating a decrease in DW with increasing temperatures. A similar
form of temperature effect (edf) was observed for S individuals. Though, for S spat, DW of 0.14 £+ 0.11
mg in 21 °C decreased to 0.05 + 0.15 mg in 26°C (Table 4.1, p > 0.05). Selected individuals acclimated
to lower temperatures showed a TW of 0.5

Finally, neither spat line nor temperature factors significantly impacted SW of spat in this
experiment (Figure 4.1, Table 4.1. p > 0.05), with SM of S spat (0.79 + 0.5 mg) and NS spat of (0.77

0.36 mg).

Table 4-1: main and interactive effects of the temperature and selection treatments on dry tissue weight (TW),
shell weight (SW) or shell length (SL) growth rates of Mytilus spat. These relations were modelled as additive
mixed models assuming scaled t-distributions of residuals. The intercept (or the mean) and the slope or
nonlinearity (effective degrees of freedom, edf) of the reference level smoother (naive) were compared to zero,
respectively; and, the treatment level (selected) smoother’s estimates were then compared to the reference
level ones. In addition, the random intercept effects of cage were tested. The significant impact is considered
for p-value < 0.05.

A. parametric coefficients Estimate Std. Error t-value p-value
Intercept (non-selected) 0.1418 0.0087 16.3570 <0.0001
Intercept (selected) -0.0459 0.0115 -3.9794 0.0001
TW | B. smoothterms edf Ref.df F-value p-value
s(temperature, non-selected) 1.6596 1.8153 9.6515 0.0001
s(temperature, selected) 1.3257 1.5142 0.2626 0.5926
s(cage) 4.6894 22.0000 0.2925 0.1261
A. parametric coefficients Estimate Std. Error t-value p-value
Intercept (non-selected) 0.7492 0.0392 19.0895 <0.0001
Intercept (selected) -0.0315 0.0510 -0.6189 0.5360
SW B. smooth terms edf Ref.df F-value p-value
s(temperature, non-selected) 1.4395 1.6167 2.0979 0.1726
s(temperature, selected) 1.0001 1.0002 0.6174 0.4320
s(cage) 6.0661 22.0000 8.6526 0.0832
A. parametric coefficients Estimate Std. Error t-value p-value
Intercept (non-selected) 0.3777 0.0081 46.3824 <0.0001
Intercept (selected) 0.0126 0.0068 1.8364 0.0663
SL B. smooth terms edf Ref.df F-value p-value
s(temperature, non-selected) 1.7442 1.7886 13.3916 0.0006
s(temperature, selected) 1.0005 1.0010 2.3425 0.1260
s(cage) 16.8297 23.0000 80.1398 <0.0001
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Genotyping

From the 15,049 markers with a CR > 95%, a total of 11,288 variants were kept for the analysis

of genetic diversity between selected and non-selected lines (PCA, Admixture and Fsr analysis)

following the quality control filtering steps.

The PCA analysis revealed no obvious stratification between S and NS cohorts (Figure 2). In

this analysis, PC1 explained 20.7% of the variance, whilst PC2 and PC3 explained 17.5% and 7.87%,

respectively.
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Figure 4-3: Scatter plots of individual variation in PC 1 and 2 scores resulting from PCA applied to the blue mussel
juveniles from Kiel, Germany. Selected (S) and Non-selected (NS) individuals were genotyped with the Blue
mussel multispecies 60K SNP array. The proportion of overall variation explained by each PC are given in

percentages.

Ancestry was explored in spat from each of the two cohorts with admixture (Figure 3).

Following evaluation of cross-validation error for each tested k, the most likely number of ancestry
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clusters in our dataset was three, corresponding to the three Mytilus species previously described in
the area (i.e. M. edulis, M. trossulus and M. galloprovincialis) (Vendrami et al. 2020).

Results from the admixture coefficients (Q) inferring the three clusters are presented in Figure
3 where each column represents a different individual, and the proportions of the different colours
indicate the probabilities of being admixed between two (or more) clusters. Based on the analysis
including the control populations (Suppl. Fig 2,3) we could infer the species for each of the three
clusters present in the S and NS cohorts, with dark-blue cluster representing M. edulis ancestry, light-
blue M. trossulus and yellow M. galloprovincialis.

In this analysis, we observe that most of the genotypes are allocated to M. edulis, followed by
M. trossulus and finally M. galloprovincialis. However, the contribution of M. edulis to the selected
cohort is greater than to the non-selected group, with a higher number of individuals being entirely
allocated to this cluster. Hybrids between M. edulis and M. trossulus, and/or M. galloprovincialis, were

more prevalent in the non-selected line.
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Figure 4-4: Results of genetic admixture analysis and ancestry inference. Cluster membership coefficients (Q)
where each individual is represented by a column partitioned into segments of different colour, the length of
which indicate the posterior probability of membership in each cluster, varying from 0 to 1. Solid bars represent
an individual from a single species background.
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Finally, to assess similarity between these two cohorts, we explored the Fsr levels of the
variants retained following quality check. The average Fsr between S and NS cohorts was 0.006
meaning that the genetic differentiation among these two lines explained approximately 0.6% of the
variation in allele frequencies across all markers. This analysis also allows the identification of outlier
markers which strongly deviate between these two cohorts. Four SNPs, AX-603613715, AX-
603257004, AX-603349307 and AX-603466751 (Suppl. Figure 4.5), had an Fsr value higher than 0.15,
meaning that their allele frequencies are strongly differing between these populations. Fourteen SNPs

had an Fsrvalue higher than 0.1.

Discussion

In this study, we aimed to assess the impact of elevated summer seawater temperatures on
the performance of lines of high-temperature selected and non-selected Baltic juvenile Mytilus spp.
We hypothesized that early exposure to high temperatures would select individuals more resilient to
this stressor. Two lines of mussel spat were developed: spat were either selected via a simulated
extreme heat wave (30 °C for 47h) (S), or were naive to this stressor and exposed to an average
summer temperature scenario (17 °C) (NS). These two lines were then exposed to range of constant
high temperatures over a 25-day period (21, 22, 23, 24, 25 and 26 °C). TW, SL and SM measurements
were used as a proxy for fitness. The second aim of this study was to investigate whether thermal
selection could generate genetically distinct cohorts. Here we hypothesized that selection towards
thermal stress would generate two genetically distinct cohorts, as weak genotypes, would be removed

from populations during the selection event.

Impacts of increased temperature on Tissue dry weight, Shell length and Shell mass

Our results provide insights that pre-selection via a temperature challenge in Mytilus spp spat
may lead to differential performance between the two developed mussel lines, in terms of TW, when

those were subsequently exposed to elevated temperatures. At 13 days following the start of thermal,
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no significant difference was observed between S and NS lines in terms of TW. However, at day 25,
TW of NS individuals (0.14 + 0.10 mg) was significantly higher than S ones (0.10 + 0.09 mg).
Temperature is a major factor regulating the physiology of ectotherms (Hochachka and
Somero, 2002). In these organisms, the relationship between physiological performance and body
temperature can be described by an asymmetric thermal performance function (Angilletta et al. 2002).
Positive effects of increased temperature on performance, such as increased growth, are typically
observed when those temperatures fall within the tolerance range of a species/population, because
of positive thermodynamics on enzymatic activity. Consequently metabolic rate rises, and an organism
increases its respiration rate and feeding rate to supply the enhanced energy demand. Organisms
possess the ability to adapt (or acclimate) to their thermal surroundings: with organisms living in
tropical environments possessing a lower resting metabolic rate in comparison to those living in colder
environments (Clarke 2003). However, when environmental temperatures exceed the limits of
thermal tolerance of a species/population, the theory of oxygen and capacity limited tolerance
(OCLTT) proposed by Pértner (2010) suggests this stressor impacts the metabolic scope of an
individual (i.e. difference between basal and maximal metabolic rate), limiting the supply of oxygen to
tissues. As temperature rises, the mismatch of oxygen supply and demand enhances, unbalancing the
metabolism and generating stress. Over longer periods, this temperature-induced mismatch between
metabolic supply and demand ultimately hinders performance (Pértner, 2012; Ritchie, 2018). In
marine molluscs, metabolic suppression is an alternative mechanism, which enables individuals to
reduce their energetic requirement, lowering the burden of energetically costly processes
(Vajedsamiei et al. 2021b). This approach reduces the mismatch between energy uptake and demand,
allowing organisms to cope with higher temperatures, as individuals allocate surplus energy to the
maintenance of basic functions (Schulte et al., 2011). The significantly lower TW in S lines suggests
that the thermal stress experiment selected organisms which have a lower metabolic rate.
Furthermore, these organisms were not significantly different in terms of SL in the start of the

experiment. If this is the case, according to the OCLTT theory, S individuals are better prepared to
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control their resource uptake and internal energy allocation than the NS lines. Consequently, S lines
may be better able to survive for prolonged periods under sub-optimally elevated temperatures than
their NS counterparts, but at the expense of reduce growth performance. To confirm this hypothesis,
longer-term exposures would be required to elucidate larval survival of both cohorts under warming
scenarios. Moreover, initial TW was not measured in this experiment as the number of S and NS
individuals for running the thermal challenge was limited. The lack of this measurement hinders our
ability to prove that significant differences in TW between the two lines are caused by selection and
the 25 day challenge rather than possible handling during the 11 day period between the selection
event and the start of the challenge. However, measurements taken at day 13 of the thermal challenge
show that there was no significant difference in TW between both lines.

In our study, no significant difference in SL between S and NS individuals was observed during
the 25-day challenge. However, temperature had a significant impact on SL of NS individuals, in which
this measurement decreased with increasing temperature. The costs of calcification in juvenile
mussels are high, accounting for approximately 32% of the energy budget in organisms living in 18°C
(Sanders et al. 2018). The OCLTT theory (Portner, 2010) suggests that the mismatch between
metabolic supply and demand of metabolic energy, caused when an individual faces unfavourable
temperature conditions, hinders its performance. Environmental stress, such as osmotic stress, can
modify the dynamic energy budget of this species (Maar et al. 2015). Accordingly, thermal stress has
been shown to modify branchial metabolism, respiration rates and standard metabolic rates of
mussels (Matoo et al. 2021). Furthermore, increasing temperatures can limit the energy supply of
individuals, represented by the limitation of oxygen supply, leading to anaerobic metabolic
accumulation, increased partial pressure of CO2 in haemolymph of mussels (Zittier et al. 2015).
Consequently, less energy is available to non-vital processes, such as shell growth. Potentially, S lines
in this study are metabolically suppressed and better able to cope with the higher experimental
temperatures used in this study (Vajedsamiei et al. 2021b). Therefore, the negative effect of

temperatures in the SL becomes more obvious in the NS line, which reach more rapidly their thermic
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threshold. Nonetheless, both lines showed decreased feeding behaviour when facing increasing
experimental temperatures (data nor presented). Perhaps, significant differences in SL could be
observed in both lines under a prolonged exposure to thermal stress, given S individuals would require
a longer period to grow. Conversely, calcification might be prioritised over soft tissue production, a
pattern observed in response to parasitic infection (Bommarito et al. 2022).

The measured response to elevated temperature in larval mussels demonstrated here suggest
that these levels of environmental thermal stress exceed the thermal optima for this species, with
individuals occupying the lower end of their performance curve (Angilletta et al. 2002). As previously
mentioned, these are temperatures which the Baltic benthic community are likely to face during
summer months in the near future (Pansch et al. 2018). Blue mussels are mass spawners, and
temperature is a major factor regulating gametogenesis and spawning events in these taxa (Gosling
2021). Consequently, an increase in mean SST, as well as extreme weather events, will have major
impacts on the reproductive cycle of mussels. In other Baltic taxa, warming can lead to a strong shift
in their annual reproductive cycle (Sommer & Lengfellner 2008). Furthermore, larval and spat
development occurs during the warm months of the year, starting during late spring and carried
throughout summer. As a result, blue mussels will be highly likely to experience the highest annual
mean SSTs, or heat waves events, during their early developmental stages. Our findings suggest that
the projected changes to environmental parameters in the Baltic Sea can hinder the performance of
juveniles. Such impacts will likely have consequences for recruitment and subsequent distribution of

blue mussels in this area.

Impacts of increased temperature on the genetic diversity of mussel spat

We additionally investigated whether exposure to thermal stress can modify the genetic
structure of juvenile blue mussel populations. Here, we compared the genetic composition of these
two spat cohorts using a recently developed multi-species 60K SNP-array for blue mussels

(Nascimento-Schulze et al. 2023) to assess if pre-selection could generate genetically distinct cohorts.

128



Both cohorts originated from the same spat fall event, and were collected during July 2021 in Kiel
Fjord.

Whilst the PCA output does not present any clear segregation among populations, results
from the admixture analysis are in accordance with previously publish data in the Baltic Sea, with M.
edulis genotypes dominating mussel populations in the Kiel Fjord, and the introgression with M.
trossulus genotypes (Knobel et al. 2021; Stuckas et al. 2017; Vendrami et al. 2020). In addition, some
level of introgression with M. galloprovincialis genotypes has been recently described (Vendrami et
al. 2020). Nonetheless, the contribution of M. galloprovincialis genotypes in spat analysed in this
chapter is considerably higher than has been previously described in this region (Vendrami et al. 2020).
In contrast to the mentioned study, which genotyped adult mussels, in our study, young spat
(approximately two-months old) were genotyped. Therefore, one possibility to explain the loss of M.
galloprovincialis genotypes in adult mussels in Kiel Fjord is that post-settlement selection pressures
are acting resulting in a loss of alleles from this species, so that M. edulis and M. trossulus hybrids
become dominant in adult populations. Larval selection due to low salinity has been demonstrated
for hybrids between M. edulis and M. trossulus collected in Ahrenshoop, at the Southeast coast of the
Baltic Sea (Kndbel et al. 2021). In this study, larvae were exposed to different salinity conditions (7, 9
and 11 PSU), and the frequency of M. trossulus genotypes was higher in settled spat acclimated to low
salinity in comparison to those acclimated to higher salinity treatments. Although comparing different
life stages, such observations point out that environmental factors can play a role in genotype
frequency and thus, species distribution in these taxa. The Baltic Sea is a unique environment due to
its salinity gradient and limited water admixture with the North Atlantic through the Danish Straight.
M. galloprovincialis genotypes might be fed into this region either by water currents and/or carried
by ballast water or attached to other recreational vessels. It is possible that environmental conditions
in this region do not allow M. galloprovincialis genotypes to thrive, with these being lost during

development.
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Whilst less is known concerning the effects of temperature on blue mussel species
distribution, our results suggest that S individuals presented a contribution of M. edulis genotypes of
73 + 39 %, followed by M. trossulus (16 + 30 %) and M. galloprovincialis (11 + 25 %) to its ancestry. In
the NS cohort, ancestry of M. edulis genotypes was lower (58 + 37 %), with an increased contribution
of M. trossulus genotypes (29 * 34 %) and M. galloprovincialis (13 + 24 %). Intra and inter species
variation in thermal tolerance exists within this species complex (Fly and Hilbish, 2013), and the upper
thermal tolerance is partially dependent on the genetic background of populations (Zippay and
Helmuth, 2012). Although our genetic analysis did not demonstrate any strong patterns of genetic
structure being impacted by selection in this experiment, a subtle shift towards M. edulis genotypes
(or against M. trossulus genotypes) was observed in the S lines. Such an observation might be an
indicator that this species can better cope with high temperatures, negatively impacting M. trossulus
genotypes. M. galloprovincialis is known to cope well with high temperatures, colonising the
Mediterranean Sea, an environment with high annual levels of salinity and temperature conditions.
The loss of M. galloprovincialis genotypes observed in this study may result from the synergistic
impact of low salinity and high temperature stressors in the spat. Furthermore, four markers were
shown to be significantly divergent among the two lines (Fsr > 0.15), and a higher proportion of M.
trossulus could be observed in the NS lines. Whilst these differences were not strong enough to
assume a significant genetic segregation among these two lines, they provide insights on the impacts
of rising temperatures on the genetic structure of Baltic mussels. Such factors can underlie the
differential performance observed between S and NS lines.

Other factors might have influenced the lack of genetic differentiation between both cohorts
observed in this study. First, spat sampled in our study were collected directly from the wild, with no
control of relatedness among individuals, and no information on parental genotypes. A more
controlled study design, with parental genotypes being recorded, or possibly the development of
“thermally resilient lines” over generations, would enable the in depth investigation of the impacts of

thermal stress on the genetic structure of these populations, minimising the noise generated by other
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genetic and environmental variables present in wild populations. Second, only a low number of
individuals were genotyped (50 individuals per line). A greater number of samples would enable a
reliable genome wide association study (GWAS) to be undertaken, as GWAS depend on large sample
sizes (thousands of individuals) to correctly identify reproducible genome-wide significant associations
with a given trait (Uffelmann et al. 2021). Therefore a slightly altered study design would allow the
relationship between thermal resilience among the different species of the complex to be better
elucidated, as well as the presence of SNPs which contribute significantly to such resilience to be
identified with greater confidence. Third, it is important to highlight that this study was the first
attempt to apply the recently developed blue mussel SNP array on a natural population to investigate
possible signatures to environmental selection in these taxa. The results presented in this chapter are,
therefore, preliminary results, although not less relevant in their significance. In light of climate
change, | hope to inspire future research investigating genomic processes underlying environmental
plasticity and adaptation in mussels. | hereby provide the first indication that temperature might play
an important role in genotype distribution of blue mussels in Baltic Sea populations. Nonetheless,
future studies could benefit from using a greater number of selected generations, of samples per
replicate and a longer duration of the experiment to understand how facing environmental stress in

early developmental stages influences adult performance.

Conclusions and Future perspectives

Our results show that selected individuals are equally able to grow shells in comparison to NS
individuals, but suggest that these individuals may be less able to gain tissue weight. Besides, this is
the first study to characterise in depth the genetic composition of spat in the Kiel, Southern coast of
the Baltic Sea, using a genomic approach. Whilst the results of this study are largely preliminary, as
the findings are based on the performance of a single generation of hybrids between three mussel
species. Differences in the performance and the genetic composition of selected and non-selected

cohorts indicates an important role of temperature in this species complex that requires further
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investigation. Climate change is projected to significantly modify oceanic physiochemical parameters
globally, which have been relatively stable for millennia, with knock on implications for marine
ecosystems. The Baltic Sea has been identified as a region that will very likely be severely impacted by
such changes. Future studies are necessary to provide in depth understanding and quantification of
the physiological and genetic mechanisms underlying the response of blue mussels to thermal stress
and their ability to acclimate and/or adapt to such stressor. Blue mussels are species of high-economic
and ecologic value, thus, guaranteeing that both natural and commercial stocks can thrive under new
environmental conditions is a matter of high relevance. Combining the use of a blue mussel genomic
toolbox with knowledge of species-specific physiological mechanisms could fast-track the

development of thermally resilient lines.
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Supplementary material

Supplementary Table 4.1: Measurements of R. salinas concentration (cells mL™) over a 72-hour period in 14 L
experimental tanks containing no juvenile mussels.

Mesocom R. salinas Oh R. salinas 24h R. salinas 36h R. salinas 72h
M1 8768 7095.5 6912.5 6500
M2 8021 7140.5 6825 5241
M3 7650 7417 6660.5 5504.5
M4 7737.5 7797 7048.5 5519
M5 8278 8257 8301 7356.5
M6 7637.5 8477.5 7497 6488.5
M7 9090.5 8159 7695 6138
M8 7743 7534.5 6799.5 4943.5
M9 7685.5 8114.5 8798 7502.5
M10 8278 8019.5 8689.5 6641.5
M11 8589 9010.5 9154 7791.5
M12 7643 7918.5 8008.5 6659

Supplementary table 4.2: Cross validation errors generated by admixture analysis to infer the best number of
ancestral populations in dataset containing the selected and non-selected cohorts and the five additional control
populations. In this analysis, we tested k’s from a 2 — 10 range. The k with the lower error output is considered
the most representative number of ancestral populations for a given dataset.

Number of K Cross validation Number of iterations
2 0.28594 15
3 0.28224 20
4 0.28204 25
5 0.29493 53
6 0.29915 34
7 0.30983 60
8 0.31806 139
9 0.32591 64
10 0.34396 55

Supplementary Table 4.3: ANOVA analysis output of impacts of temperature in the shell length (SL) of juvenile
mussels either selected (S) or non-selected (NS) to thermal resilience at day-0, prior to the start of the 25-day
thermal challenge. In this analysis, a p value lower than 0.05 is considered significant.

DF Sum Sq Mean Sq F Value Pr (>F)
Treatment 1 0.018 0.1725 0.155 0.695
Residuals 118 13.355 0.11318
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Supplementary Figure 4.1: Final dry tissue weight, dry shell weight, and shell length of selected (S, red) and non-
selected (NS) spat across experimental temperatures (21-26°C), following the 13 days of exposures to different
temperatures. Each of the data points represents the measurement of an individual spat. These relations were
modelled as additive mixed models assuming scaled t-distributions of residuals. Solid lines represent predicted
means and shades represent 95% confidence intervals.
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Supplementary Figure 4.2: Results of genetic admixture analysis using 11,288 SNPs. Each individual is
represented by a column partitioned into segments of different colour, the length of which indicate the posterior
probability of membership in each cluster. Solid bars represent an individual from a single species background.
In this figure we plot a) admixture results of k=3 results for the dataset including both the cohorts (selected and
non-selected) in this study and the 5 control populations. The dark-blue cluster can be inferred to M. edulis, this
is the species dominating populations in Budleigh, UK. The light-blue cluster can be inferred to M. trossulus,
genotypes from this species are highly frequent in finish mussel populations. The yellow cluster can be inferred
to M. galloprovincialis, as this is the main species colonising Bude, UK.
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Supplementary Figure 4.3: Results of genetic admixture analysis using 11,288 SNPs. Each individual is
represented by a column partitioned into segments of different colour, the length of which indicate the posterior
probability of membership in each cluster. Solid bars represent an individual from a single species background.
In this figure we plot a) admixture results of k=4 results for the dataset including both the cohorts (selected and
non-selected) in this study and the 5 control populations. The dark-blue cluster can be inferred to M. edulis, this
is the species dominating populations in Budleigh, UK. The light-blue cluster can be inferred to M. trossulus,
genotypes from this species are highly frequent in finish mussel populations. The yellow cluster can also be
inferred to M. trossulus sampled 4 years later, as this is the second most frequent species expected in the
Selected/Non-selected populations in this study. The red cluster can be inferred to M. galloprovincialis, as this
is the main species colonising Bude, UK.
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Supplementary Figure 4.4: Boxplot of initial shell length (SL, mm) of selected (S, red) and non-selected (NS, blue)
spat used in the thermal stress experiment. Each circle represents an individual’s spat SL measurement in
millimetres.
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Supplementary Figure 4.5: Fsr values for the 11,288 markers kept for genetic analysis following quality check
filtering steps. The central line is at the height y = 0.15. Four markers, had a Fsr value higher than 0.15.
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5. Chapter V - General Discussion and Main Conclusions

Clew J'akﬂamz /22
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General discussion

The overall aim of this thesis was to identify the main biological issues that currently hinder
the sustainable development of shellfish aquaculture, and to assess whether and how such issues may
hinder the implementation of genomic selection approaches in these taxa. | begin my thesis by
outlining the existing issues throughout the main introduction (Chapter I), additionally proposing a set
of actions that may contribute to their resolution. Subsequently, in each individual chapter (Chapters
Il to IV), | address one of the outlined actions required, seeking to elucidate unresolved questions
whilst discussing possible avenues for how these actions can further the sustainable development of
the sector. First, in Chapter Il of this thesis, | describe the development of a genetic tool, a multi-
species 60 K SNP-array, for the four blue mussel species that represent the vast majority (by volume)
of commercially produced mussels across the globe: M. edulis, M. galloprovincialis, M. trossulus and
M. chilensis. The blue mussel array can be applied for the consistent genotyping of these taxa across
their entire geographic range globally. Consequently, this tool enables the investigation of genetic
structure of mussel populations, as well as analysing the genetic architecture of traits of interest. In
this same chapter, | validate this tool, in the process identifying its strengths and limitations. | propose
the ways in which this SNP-array may contribute to the development of increasingly complex and
targeted genomic tools for mussels in the future. In addition, | discuss how this tool may contribute
expanding our understanding of genomic processes ongoing in this species group and how it might be
used for breeding of mussels. In the following chapter (Chapter Il1), | assess the genetic structure of
blue mussel populations in the southwest coast of England. In this area, two mussel species, M.
galloprovincialis and M. edulis, form a mosaic hybrid zone. Accordingly, the SW coast of England is
historically a key region of study that has contributed extensively to our understanding of
hybridisation within these taxa. In this chapter, | aimed to investigate the utility of the SNP-array
developed in the previous chapter for assessing population structure and admixture in a natural
population. The SW UK hybrid zone had been previously described based on the polymorphism at one

loci (Glu-5) (Hilbish et al. 2002). The existence of such a study allowed me to compare the previous
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description of genetic structure in this hybrid zone to that generated by the newly developed SNP-
array, which genotypes animals across many thousands of loci. Consequently, this chapter further
validates the array performance. A final goal of this thesis was to understand how climate change will
impact the performance of mussels across economically and ecologically relevant traits (e.g. growth
through shell length, dry weight and shell mass). Such a question is a first step to quantify the viability
of selective breeding for environmental resilience in mussels, and its answer provides crucial
knowledge to mitigate the impacts of climate on the blue mussel industry. Therefore, in the last
experimental chapter of this thesis (Chapter 1V), | investigate how warming environments impact the
performance of two different mussel lines, the first consisting of individuals which were selected for
thermal resilience, and the second of which were naive to such a stressor. In this same chapter, | also
assess the implications of selection towards thermal resilience on the genetic structure of the selected
populations.

In the following sections of this discussion chapter, | recapitulate and summarise the main
findings of each of the experimental chapters of this thesis (Chapters Il, lll and IV). Furthermore, |
discuss how each chapter has contributed to the proposed thesis aims, how the results contribute to
our understanding of mussel genomics generally and highlight the benefits the main findings might
bring to the sustainable optimisation of the aquaculture industry, through activities such as selective

breeding.

Development of the blue mussel multi-species 60K SNP-array: a genomic tool to study
genetic diversity and structure of blue mussel populations and its contributions to the
aquaculture industry

The blue mussel multi-species medium density 60 K SNP-array, developed in Chapter I, is the

first high throughput genotyping array for the four main cultured species in the Mytilus genus. The

SNPs included in this platform were called from the alighnment of sequences generated by IcWGS of
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138 individual mussels, originating from 23 wild, globally-distributed populations, to the M.
galloprovincialis genome (Simon 2022). The selected populations came from different regions
including the Mediterranean Sea, North East Atlantic, Baltic Sea and North and South East Pacific.
Following the removal of markers with a CR equal or lower than 95% and a MAF < 0.01, the final array
design retained 23,252 SNPs applicable for genotyping M. edulis individuals, 22,165 for M. chilensis,
20,504 for M. galloprovincialis and 20,149 for M. trossulus. The validation process described in this
thesis demonstrated that this tool is useful to assess genetic structure of mussel populations, with
populations structure and segregation comparable to the one generated by the IcWGS dataset (Figure
5.1). Therefore, this new array, in which genotyping at a density of thousands of genomic markers
simultaneously is possible, represents a significant advance in capability compared to the
comparatively low cost, high throughput and easily accessed low density genotyping platforms
currently available (Carboni et al. 2021; Gardner et al. 2016; Mathiesen et al. 2017; Nguyen et al. 2014;
Saarman & Pogson 2015; Simon et al. 2021; Wenne et al. 2016; Wilson et al. 2018; Zbawicka et al.
2014). High density panels facilitate the development of GWAS approaches to identify QTLs, as well
as facilitate the analysis of levels of inbreeding and parental contribution in wild and farmed

populations, key for enabling and fast-tracking genetic improvement programmes in mussels.
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Figure 5-1: Principal component analysis for the different genotyping datasets: i) 60K SNPs with a CR > 95% from
the microarray genotyping ii) genotypes called from the IcWGS dataset at the same 60K SNPs implemented in

the blue mussel

Nonetheless, there was a high frequency of missing genotypes across individuals in the [cWGS
dataset (>70%). The high levels of data missingness could be a result of multiple factors. First, samples
from different species, as well as their hybrids, were sequenced using a low coverage approach of 3X
to 5X coverage. These samples were all aligned to the M. galloprovincialis genome (Simon 2022),
which at the time was assembled to a contig level. It is well established that the genomes of marine
bivalves are highly variable, not only within populations but also among species (Gerdol et al. 2019,
2020; Wang et al. 2012). High levels of duplication and the expansion of gene families, especially those
related to immune function, have been described for Pacific oysters (Wang et al. 2012). A pan genome,
with a set of dispensable genes (20K out of 65K genes) widespread across the genome, was also
recently described for the M. galloprovincialis species (Gerdol et al. 2020). Not surprisingly, this huge

genomic variability, including presence absence variability (PAV), might have contributed to the
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observed amount of seemingly missing data. In addition, samples from a M. galloprovincialis
background had, in general, lower frequency of missing data when compared to other species. It is
possible therefore that the alleles defined either as ‘reference’ or ‘alternate’ in our SNP discovery
pipeline have been biased towards this species, missing suspected polymorphisms in flanking regions
of SNPs within the sister species. Consequently, genotyping the sister species with the array results in
higher levels of missing genotype data, in comparison to M. galloprovincialis samples. Nonetheless,
the landscape of mussel genomics having changed rapidly in the past decade since the onset of this
project, with new genomes having been assembled for M. edulis, M. galloprovincialis, M. coruscus, M.
chilensis and M. californianus (Corrochano-Fraile et al. 2021; Gallardo-Escarate et al. 2022; Gerdol et
al. 2020; Paggeot et al. 2022; Simon 2022; Yang et al. 2021). As a result, in the past few years alone,
our understanding of this species complex wide genome diversity has also advanced. Such advances
will facilitate greater understanding of the performance of our array across multiple species, enable
the association of specific SNPs with genes of interest, as well as increase our ability to develop
additional novel probes for sister species, which will enable refinement of the tool for subsequent
versions.

Breeding of aquatic species for commercial purposes has conventionally evolved along a
specific trajectory, starting with the development of species-specific hatchery systems, followed by
the application of different breeding methods such as phenotypic selection or marker assisted
selection, with the development of a species specific genomic tool-box being the final step of the
process. Contrary to the process followed for other species, we have developed this blue mussel SNP-
array prior to the widespread development and utilisation of hatchery systems for mussel aquaculture
globally. As previously mentioned in this chapter, no high density genotyping tool including genome
wide spread markers was yet available for these taxa. The development of the blue mussel multi
species 60 K SNP-array provides the opportunity for genomic approaches to be implemented right at
the beginning of the mussel production process. It also facilitates a greater understanding and control

of the genetic background of individuals, the control of the levels of inbreeding and parental lineages
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and seafood traceability. Therefore, if mussel hatcheries become available in the future, coupling such
technology with the usage of the 60 K blue mussel SNP array can potentially contribute to enhance
mussel aquaculture production.

Genomic selection has been highlighted as crucial for a fast and sustainable optimisation of
the aquaculture industry (FAO 2019). A great benefit of genomic selection is that it facilitates the
screening of thousands of genetic markers spread across the genome. Consequently, selection of
multiple traits and especially of polygenic ones becomes possible (Meuwissen et al. 2001). One major
step in the development of genomic selection in any farmed species is to create a tool which allows
for rapid, cost effective scanning of a huge number of individuals, and genotyping of variants. SNP
arrays are a great tool in this sense: they provide consistent genotyping of individuals using a high
number of variants (up to the scale of hundreds of thousands) spread across the genome. The density
of markers contained in arrays guarantees a high genomic coverage. In addition, as genotyping occurs
in predefined loci, outputs generated by the platform are consistent, reproducible and comparable
among studies (Robledo et al. 2018b). SNP arrays have previously contributed to the fast-tracking of
selective breeding in cultured species (Zenger et al. 2019). Furthermore, GWAS studies can be
developed to identify markers related to traits of interest (Bangera et al. 2017; Gutierrez et al. 2018;
Robledo et al. 2018a; Tsai et al. 2015). This is especially important with environmental conditions
projected to undergo rapid and intense modulation within the coming decades as a consequence of
climate change (Portner et al. 2019). Consequently, the genomic tool developed here can contribute
to quicken the development of environmentally resilient lines.

To summarise, the blue mussel multi-species 60 K SNP array, which the development of is
described in this thesis, is of great utility to the blue mussel scientific and aquaculture community,
where it can be applied for the rapid characterisation of wild and commercial mussel populations.
Understanding the structure of wild populations, identifying novel variants and quantifying the
baseline genomic background on which selective breeding efforts must build upon and be cognisant

of, is a critical step in the development the blue mussel industry. Most importantly, this tool is a
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platform that generates accessible and comparable data for mussel genomic studies. The tool is
currently being applied in multiple ongoing projects: i) hybridisation and species invasion in blue
mussel populations along the coast of Australia and New Zealand, ii) population composition in blue
mussels along the coast of China, iii) identification of organisms contaminated with transmissible
cancer globally and iv) validation of the use of the tool for identification of an individual’s sex, further

demonstrating its value to the mussel research community globally.

The utility of the genomic tool for assessing genetic diversity across blue mussels

genotypes

The genetic diversity and population structure within the SW UK hybrid zone has been
extensively investigated in the past decades (Gardner & Skibinski 1991; Gardner 1994, 1996; Hilbish
et al. 2002). However, in these earlier studies, speciation and levels of hybridisation were estimated
using a lower number of markers. In contrast to these studies, | used the blue mussel multi-species 60
K SNP-array, for which the development is detailed in Chapter Il of the thesis, to investigate the
structure of this hybrid zone. The existence of this historic understanding, now over 20 years old,
enabled me to compare the output of both technologies, as well as to update any major modification
in the species distribution across this hybrid zone.

This was the first application of the blue mussel 60 K array to investigate genetic structure of
twenty-nine wild mussel populations along a ~500 km coast line extension. A total of 16,732 variants,
over 25 % of the markers in the array, were used to assess levels of admixture across these
populations, together with their hybrid index. Comparable to findings by Hilbish et al (2002), my study
confirmed that the populations in this region were comprised of two different species, M. edulis and
M. galloprovincials, and their hybrids. In addition, the results are in accordance to the overall genotype
distribution of these species in this region, as described by Hilbish et. al. (2002). M. galloprovincialis
genotypes are most abundant within populations situated along the northern coast of Devon and

Cornwall, whilst southern populations show a higher presence of M. edulis genotypes. My data does
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not enable the cause of this regional shift in speciation from M. edulis to M. galloprovincialis
genotypes, either due to a geographical barrier hindering larval dispersal or by any other
environmental factor that might be leading to post-settlement selective pressures, to be elucidated.
Nonetheless, the outcomes of this chapter raise important questions for future research.

The results described in Chapter Ill did not point towards a clear habitat-specific distribution
of genotypes as suggested by previously published literature (Bierne et al. 2003; Gardner 1994,
Gardner & Thompson 2001). In previous studies authors have described a counter selection of M.
edulis genotypes in wave-exposed environments, occurring along the SW coast of England and along
the Atlantic coast of France. However, | found no strong segregation between low tide and high tide
populations or within and out of estuaries. Nonetheless, my study largely focussed on a single size
class of individuals, targeting adult individuals, whilst previous studies have sampled multiple size
classes of mussels. Therefore, | suggest that an in-depth investigation of genotype specific post-
settlement mortality could be carried in the SW UK mussel hybrid zone, sampling a set of size-classes,
together with a higher number of individuals at specific locations. This would enable a better
understanding of whether post-settlement selection results in dynamic species composition over the
full life-cycle of cohorts within any given environment, as a result of incompatibility of genotypes to
prevailing environmental conditions. Such an approach would provide fundamental knowledge on
interactions between genetics and environment in this species group. Furthermore, such an
experimental approach would address the yet unresolved question of whether M. edulis are counter-
selected in wave-exposed environments along the north Devon and Cornish coasts in the SW of
England, potentially allowing the identification of markers of relevance for environmental resilience.

Blue mussel aquaculture in the UK is an economically important activity, representing the
second largest aquaculture sector by volume after salmon (~22,000 tonnes, £36M) (Regan et al. 2021).
Reproductive technologies are well advanced for some marine bivalve species. Oyster hatcheries are
well established worldwide, whilst for mussels, an outstanding example is the development of

hatchery technologies for the Green Lipped mussel, in New Zealand (Symonds et al. 2018). Such
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systems provide greater control over environmental conditions, enabling the optimisation of larval
growth and survival. Hatchery based larval production systems are a major step forward in mussel
production, which maximise the likelihood that spat is available to farmers all year-round. Besides,
farmers will not have to depend on natural spat-fall, which poses a major challenge when settlement
volumes are highly variable between years. Most importantly, hatcheries allow a greater control of
the genetic composition of commercial stock. Nonetheless, global blue mussel production still relies
on the capture of wild genotypes. Therefore, no control of the genetic background or phenotype of
individuals is currently being applied in blue mussel aquaculture. In the wild, mussels from the Mytilus
edulis species complex can easily hybridise wherever the sister species encounter each other, forming
extensive hybrid zones. Furthermore, studies have indicated that intra and inter species variation
across environmental gradients occurs within the genus (Knobel et al. 2021; Sanders et al. 2018).
These findings suggest that performance is dictated not only by the species itself, but also by genetic
processes such as local adaptation and/or the acclimation potential of individuals. Under this scenario,
characterising the genetic background of wild populations is a first step to unravel which of these
processes are ongoing in these taxa. Such understanding is also crucial to maximise the success and
productivity of selectively bred mussels in the future.

In providing the first characterisation of the SW UK mussel hybrid zone using a genomic
approach, this third chapter of my thesis therefore significantly advances our understanding of
speciation in this historically important region for mussel research. Such characterisation yields
fundamental knowledge on the current status of this hybrid zone, updating its previous version which
was published over 20 years ago (Hilbish et al. 2002). The research presented in this chapter also
emphasises the value of the newly developed blue mussel multi-species 60 K SNP-array as a tool for
investigating the genetic aspects of wild mussel populations, significantly advancing the capability of

the global mussel research community.
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5.3 Assessing the implications of environmental stress on the genetics and performance

of blue mussel spat: a first step for selection towards environmental resilience

In Chapter IV of this thesis, | investigated how selection towards thermal resilience during
early development affected the physiological responses of blue mussel juveniles. In addition, |
assessed if any changes in genetic diversity occurred in the selected cohorts. Results from Chapter IV
demonstrate that juvenile mussels selected under thermal stress differ significantly to naive organisms
in terms of their dry weight mass. More specifically, juveniles selected to resist high temperature
events had a significantly lower dry weight in comparison to non-selected ones.

One possible hypothesis to explain such a difference could be OCLTT theory (Pértner 2010).
This theory proposes that temperature impacts the metabolic scope of individuals, limiting the oxygen
supply to tissues. Such a mismatch increases with temperature until its limit is reached. Over longer
term exposures, or when facing acute thermal stress, individual performance is subsequently affected.
According to the OCLTT theory, individuals with initial lower metabolic rates seem better able to cope
with higher temperatures, demonstrating an enhanced ability to suppress their metabolism
(Vajedsamiei et al. 2021). An explanation is that the organisms which have a decreased metabolic
demand are less likely to suffer from the heat-induced supply and demand mismatch of energy
demand. While highly speculative, if this is the case in this study, the outcome suggests a selection
process through which juveniles with a lower metabolic rate resisted the thermal challenge. This
hypothesis could explain the significantly lower dry weight of selected individuals in comparison to
the non-selected ones. Alternatively, the lower mean dry weight of selected individuals could be
caused directly by detrimental impacts of the thermal stress, the impacts from which organisms were
not able to recover. Nonetheless, further investigation is required to determine the reason why
selected individuals in this study have a significantly lower dry weight in comparison to naive ones.

Within the coming decades, climate change is expected to severely modify biotic and abiotic

conditions across the oceans (Pértner et al. 2019). Mussels are susceptible to changes in their
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environment, with many studies having been published that highlight severe implications of
environmental stress on their performance (Jones et al. 2010; Knobel et al. 2021; Melzner et al. 2011;
Ventura et al. 2016). It is unclear, however, whether early exposure to an environmental stressor
might select for genotypes of individuals which are more resilient to environmental stress.
Furthermore, if such selection occurs, it is also unclear what impacts this process may have on the
genetic diversity of populations. Results from this thesis suggests that, although not significant, subtle
changes in genetic diversity occurred as a consequence of selection to stress. Early exposure to high
temperatures resulted in an increase in the introgression of M. edulis alleles within the genotyped
individuals (or a selection against M. trossulus genotypes). The desalination of the Baltic sea is
expected to favour M. trossulus genotypes (Knébel et al. 2021), but results from this chapter point out
that rising temperatures may do the opposite. This raises important questions on the future of Baltic
mussel populations and their response to multi-factorial climate change that deserves further
investigation.

Nonetheless, the observed changes in genetic composition of selected and non-selected
individuals described in this thesis are subtle. Contrary to the admixture analyses, the PCA results
presented in Chapter IV do not show a clear segregation between the cohorts. In addition, only four
loci had an Fsr value > 0.15 and none > 0.2, with further investigation needed to understand if these
loci are involved in key thermal adaptation processes. Selection towards thermal resilience has been
proven possible in different taxa including cattle (Garner et al. 2016; Nguyen et al. 2016) and different
species of crop (Ahmed et al. 2022; Ruggieri et al. 2019; Thudi et al. 2014). However, GWAS studies
normally rely on a large number of samples, normally on the scale of thousands. Future experiments
including higher number of genotyped individuals and, perhaps, thermal selection over generations,
could facilitate the detection of changes in genetic structure as a consequence of thermal selection in
blue mussels. Such results will be of great relevance to enable the mussel aquaculture industry to

thrive under warming oceanic conditions.
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The study described in Chapter IV of the thesis was the first to attempt to select mussels to
thermal resilience, and subsequently to investigate shifts in performance of individuals when those
where re-exposed to this stressor and to simultaneously combine a genomic approach to search for
changes in genetic structure caused by selection. Although the results from this Chapter are subtle in
terms of significance, they represent a great advance in mussel research capability and demonstrate

that breeding environmentally resilient lines could be possible in these taxa.

Conclusions

1) The Blue mussel multi-species 60K SNP-array was developed and can be applied for the genotyping
of the four main cultured species M. edulis, M. galloprovincialis, M. trossulus and M. chilensis. This
array will contribute to the generation of comparable data across studies. In addition, this tool will
facilitate the usage of genomic analysis in studies due to its accessible workflow for data generation

(i.e. requirements for sample preparation and sample quality) and analysis.

2) The blue mussel multi-species 60 K SNP-array can be applied as a tool to investigate structure and
diversity of wild mussel populations. Compared to other existing genotyping platforms for these taxa,
this tool contains the highest density of genomic markers to perform such studies, particularly as it

works flexibly across at least four sister species, and their hybrids.

3) The genetic diversity of the SW UK hybrid zone, historically a key area for blue mussel farming in

the UK, has been characterised with a genomic approach, the blue mussel multi-species 60K SNP-

array, for the first time.

4) The results of this thesis agree with previously published data demonstrating that M.

galloprivincialis genotypes dominate the north coast of SW England, whilst M. edulis is more abundant
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in the south coast of Cornwall and Devon. These results provide a greater clarity and depth of

understanding on the current distribution of genotypes in this hybrid zone.

5) Selection towards thermal resilience significantly affected performance in dry weight of juvenile
blue mussels. In addition, signatures of selection were apparent in the genetic composition of the
challenged population. These results represent a key first step towards selection for environmentally

resilient mussel lines.

Marine bivalve molluscs are one of the most sustainable sources of animal protein produced
globally. Farming of these organisms will contribute to guarantee the availability of high quality feed
for the growing human population. However, the future of this practice is undoubtedly threatened by
climate change. For this reason, investing efforts in developing environmentally resilient lines of
marine bivalve molluscs is crucial to futureproof shellfish aquaculture against the upcoming
environmental changes, assuring the continuity of this traditional practice. The application of genomic
selection has been suggested as an essential approach to fast-track the development of such lines.
During the past decades, significant advances in the marine bivalve mollusc genomic toolbox have
occurred, expanding considerably our understanding of these taxa on a physiological and omic scale.
However, further studies are necessary to unravel the extent to which genomic selection can
contribute to develop shellfish lines able to cope with climate change, and if there is still enough time
to implement such approaches throughout the production process. If positive results are obtained,
significant effort from both government entities and farmers will be required to implement hatchery-
based systems for spat production on a global scale. This thesis takes a small step towards the
development of genomic selection in marine bivalve molluscs, providing scientific evidence that such
approaches may be a plausible solution to guarantee production under a rapidly changing

environment, developing a tool which can possibly be applied for such purposes and applying this tool
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to assess genetic diversity of a mollusc species in an economically relevant area. Hopefully, this thesis

will inspire future research and contribute to the development of shellfish aquaculture.
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The European flat oyster (Ostrea edulis) is a bivalve mollusc that was once widely distributed
across Europe and represented an important food resource for humans for centuries.
Populations of O. edulis experienced a severe decline across their biogeographic range
mainly due to overexploitation and disease outbreaks. To restore the economic and ecological
benefits of European flat oyster populations, extensive protection and restoration efforts are in
place within Europe. In line with the increasing interest in supporting restoration and oyster
farming through the breeding of stocks with enhanced performance, the present study aimed
to evaluate the potential of genomic selection for improving growth traits in a European flat
oyster population obtained from successive mass-spawning events. Four growth-related traits
were evaluated: total weight (TW), shell height (SH), shell width (SW) and shell length (SL). The
heritability of the growth traits was in the low-moderate range, with estimates of 0.45, 0.37,
0.22, and 0.32 for TW, SH, SW and SL, respectively. A genome-wide association analysis
revealed a largely polygenic architecture for the four growth traits, with two distinct QTLs
detected on chromosome 4. To investigate whether genomic selection can be implemented in
flat oyster breeding at a reduced cost, the utility of low-density SNP panels was assessed.
Genomic prediction accuracies using the full density panel were high (> 0.83 for all traits). The
evaluation of the effect of reducing the number of markers used to predict genomic breeding
values revealed that similar selection accuracies could be achieved for all traits with 2K SNPs
as for a full panel containing 4,577 SNPs. Only slight reductions in accuracies were observed at
the lowest SNP density tested (i.e., 100 SNPs), likely due to a high relatedness between
individuals being included in the training and validation sets during cross-validation. Overall, our
results suggest that the genetic improvement of growth traits in oysters is feasible.
Nevertheless, and although low-density SNP panels appear as a promising strategy for
applying GS at a reduced cost, additional populations with different degrees of genetic
relatedness should be assessed to derive estimates of prediction accuracies to be expected in
practical breeding programmes.
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INTRODUCTION

The European flat oyster (Ostrea edulis) was an abundant
native bivalve species and an important fishery resource in
much of Europe up to the 19th century (Pogoda, 2019).
However, populations of O. edulis experienced a severe
decline across their biogeographic range due to an array of
factors including overfishing and habitat degradation
(Thurstan et al,, 2013), the subsequent invasion of non-
native species (e.g., slipper limpet, Crepidula fornicata)
(Helmer et al., 2019; Preston et al., 2020) and pathogenic
diseases (Robert et al., 1991; Sas et al., 2020). The continuous
decimation of native populations in the Atlantic and
Mediterranean seas led to significant changes in oyster
production, which progressively shifted towards farming
(Korringa, 1976), and eventually to the cultivation of
different species including Crassostrea angulata (Boeliguf,
2000) and the non-indigenous Pacific oyster (Crassostrea
gigas) (Walne and Helm, 1979; Grizel and Héral, 1991).
The Pacific oyster was introduced into Europe for
aquaculture purposes owing to its favourable production
traits, such as a faster growth rate and higher resistance to
the main diseases affecting C. angulata and O. edulis (Grizel
and Héral, 1991; Renault et al., 1995). Worldwide oyster
production is now dominated by the Pacific oyster (97.7%),
while the production of the European flat oyster remains
stably low, constituting just ~0.2% of global production in
2002 (FAO, 2022). Despite the demand for shellfish continues
to increase (Botta et al., 2020), the level of O. edulis production
is stagnant. One of the main factors that hinders the growth of
the industry is the lack of a substantial and steady supply of
oyster seed (i.e., juveniles) (see Colsoul et al. (2021) for a
review). Hence, the optimization of oyster larval production
in hatcheries and spatting ponds is key for future European
flat oyster aquaculture, as well as for restoration projects,
which are also expected to rely on sustainable sources of
juveniles for restocking (Pogoda et al., 2020). Importantly,
the artificial propagation of flat oyster seed will facilitate the
application of selective breeding programmes. Although
selective breeding programmes are typically used to
improve aquaculture production, they could also benefit
the ecological restoration of O. edulis. If desirable traits
such as disease resistance are found to have a strong
genetic component, then increased resistance to life-
limiting diseases — such as bonamiosis (Naciri-Graven
et al, 1998; Culloty et al., 2004) — could potentially be
achieved while maintaining the adaptive potential
(i.e., genetic diversity) of restored populations.

Selective breeding in oysters has mainly focused on improving
meat yield, disease resistance, survival and growth (Toro and
Newkirk, 1990; Allen et al., 1993; Ragone Calvo et al., 2003; Ward
etal., 2005; Dégremont et al., 2015; De Melo et al., 2016; Proestou
etal, 2016; Camara et al,, 2017; Zhang et al., 2019), with a recent
interest in nutritional content and shell shape (Grizzle et al.,
2017; Liu et al., 2019; Meng et al., 2019; Wan et al., 2020; He
et al, 2022). Among these traits, growth is comparatively
simple to assess and consequently select for using

Genetic Improvement in European Oysters

phenotypic information. Although the direct comparison of
heritability estimates from different studies is difficult (e.g., due
to intrinsic differences between populations), estimates for
growth rate in oysters tend to be moderate (e.g., 0.31 and
0.55—Evans and Langdon (2006) and De Melo et al. (2016),
respectively). As a result, fast-growing lines of oysters have
been developed for some of the main commercial species, such
as the Pacific (C. gigas) (Zhang et al., 2019), Portuguese (C.
angulata) (Vu et al., 2020), Eastern (C. virginica) (Varney and
Wilbur, 2020) and Sydney rock (Saccostrea glomerata) (Fitzer
et al., 2019) oyster. Initial attempts to genetically improve the
European flat oyster O. edulis resulted in an average 23%
increase in growth rate compared to an unselected (control)
line (Newkirk and Haley, 1982). This striking genetic response
was not replicated in a second generation of selection, possibly
due to unintentional inbreeding (Newkirk and Haley, 1983).
Indeed, even relatively modest levels of inbreeding have been
shown to significantly affect performance traits in oysters
(Evans et al., 2004), highlighting the importance of an
adequate management of genetic diversity in hatchery-
derived stocks. Moreover, oysters and bivalves in general,
appear to have a high genetic load [see for a review Plough
(2016)] and, therefore, may be particularly susceptible to
inbreeding depression. Hence, the incorporation of genomic
tools into shellfish breeding schemes will be key for balancing
genetic gain with population diversity in order to sustain the
long-term progress for traits under selection.

A vast array of genomic tools and resources have become
available for genetic research and breeding applications in
oysters. For example, for economically relevant species,
chromosome-level genome assemblies (Li et al, 2021;
Modak et al., 2021; Penaloza et al., 2021; Qi et al., 2021),
SNP arrays (Lapegue et al., 2014; Gutierrez et al., 2017; Qi
et al,, 2017) and medium-density linkage maps (Jones et al.,
2013; Wang et al.,, 2016; Gutierrez et al., 2020; Li et al., 2018;
Yin et al., 2020) have been produced. These resources have
been applied to examine the genetic basis of growth (Jones
et al,, 2014; Gutierrez et al., 2018; He et al., 2021), low salinity
tolerance (McCarty et al., 2022), disease resistance (Gutierrez
et al., 2020; Yang et al., 2022) and nutritional content (Meng
et al, 2019). For the European flat oyster, high-quality
genomes have recently been released (Boutet et al,, 2022;
Gundappa et al, 2022), which along with available high-
throughput genotyping techniques (e.g., SNP arrays and
genotype-by-sequencing approaches), provide the
opportunity for gaining insight into the genomic
architecture of relevant production traits. Most of the traits
of economic importance in aquaculture species have a
polygenic architecture (Zenger et al., 2019). For polygenic
traits (i.e., those controlled by many loci), the application of
predictive techniques such as genomic selection (GS) may
enable a faster genetic gain than conventional pedigree-
based selection. GS is a method based on genome-wide
markers in which the effect of all loci are simultaneously
used for predicting the estimated breeding values (EBV) of
selection candidates (Meuwissen et al., 2001), and has shown
major potential in aquaculture species, where it can be used to
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characterise variation within and between large families of
potential breeders. However, commercial application to
aquaculture production is largely limited to the major
finfish and crustacean species (e.g., salmonids, Nile tilapia,
shrimp) (Zenger et al.,, 2019; Lillehammer et al., 2020; Boudry
et al,, 2021). Studies into the feasibility of applying genomic
selection schemes in oyster breeding programmes have shown
that for growth (Gutierrez et al,, 2018; Vu et al, 2021b),
edibility (Vu et al, 2021a), and disease resistance traits
(Gutierrez et al, 2020; Vu et al, 2021a), greater genetic
gains could be achieved through GS compared to traditional
breeding. Nevertheless, the practical application of GS as a
selection strategy will likely depend on how cost-effective it is
compared to pedigree-based methods. The development of
feasible alternatives for reducing genotyping costs, such as
using affordable low-density genotyping tools that yield
similar accuracies than higher-density panels, will be critical
for the potential of GS to be realized by oyster breeding
programmes.

In line with the increasing interest in supporting oyster
culture and restoration through the breeding of stocks with
enhanced performance, the overall aim of this study was to
evaluate the potential of GS for the genetic improvement of
growth and growth-related (morphometric) traits in the
European flat oyster. First, the heritability of total weight,
shell length, shell width and shell height was estimated for a
hatchery-derived population genotyped using a ~15K SNP
array. Second, a genome-wide association (GWAS) analysis
was conducted to dissect the genetic architecture of the
measured traits. Last, to evaluate whether GS may be an
effective and cost-effective strategy for improving traits
associated with oyster growth, the accuracy of genomic
predictions using reduced density SNP marker panels was
assessed.

MATERIALS AND METHODS

Field Experiment

The European flat oyster population used in this study was
generated in a UK-based hatchery (Seasalter Morecombe
hatchery) by mass spawning of approximately 40
broodstock parents over several spawning events. The
resulting F1 generation was then deployed to Lochnell
oysters (56.494°N, 5.459°W) and grown for 6 months in
ortac grow-out cages. Next, animals were transferred to
the Institute of Marine Sciences at the University of
Portsmouth (UK), and maintained in a flow-through
system until deployment. During this holding period,
~1,000 randomly selected oysters were individually tagged
and their first phenotype measurements recorded (see
“Phenotypes” section below). Prior to deployment, animals
were cleaned of fouling, washed in fresh water and dried.
Embossed plastic tags with unique identifier codes were
attached with epoxy resin glue. Animals were returned to
aquaria within the hour. Oysters were placed in Aquamesh®
cages (L 0.55m x W 0.55m x D 0.4 m) at a density of 200
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Shell Shell
width height
(SW) (SH)

FIGURE 1 | Nomenclature of the growth-related morphometric traits
measured in this study.

oysters per cage, and deployed 1 m below floating pontoons at
Port Hamble Marina (MDL) in the River Hamble (50.861°N,
1.312°W) in January 2019. Mortalities were recorded monthly
and dead oysters—i.e., those with empty or gaping
shells—were removed from the experiment. General
disease status was assessed on subsets of oysters
throughout the experiment by histology and in situ
hybridisation using an adaptation of available methods
(Montagnani et al., 2001; Fabioux et al, 2004). In
addition, the presence of Bonamia ostreae, a protozoan
parasite that causes a lethal infection of flat oyster
haemocytes (Pichot et al., 1979), was assessed by qPCR
following Robert et al. (2009). The prevalence of B. ostreae
infections was negligible; hence disease status had a minor
influence on the assessment of growth traits in the
experimental population. After 10 months of growth under
field conditions, gill tissue was dissected from individuals
alive at the end of the study and preserved in molecular grade
absolute ethanol (Fisher Scientific) for genetic analysis.

Phenotypes

Four growth-associated traits were measured at three time
points over the course of 10 months: total weight (TW, the
weight of an individual oyster including the shell), shell length
(SL, the maximum distance between the anterior and posterior
margins), shell height (SH, the maximum distance between the
hinge to the furthermost edge), and shell width (SW, the
maximum distance at the thickest part of the two shell
valves) (Figure 1). Weight was recorded in grams up to one
decimal place. Shell measurements were taken with traceable
digital callipers (Fisher Scientific) with 0.02mm precision.
Opysters were cleaned and defouled before measurements
were taken.
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DNA Extraction

Total DNA was isolated from gill tissue following a CTAB
(cetyltrimethylammonium bromide)-based extraction protocol
[details in Gutierrez et al. (2017)]. The integrity of the
extracted DNA was assessed by agarose gel electrophoresis,
while DNA purity was verified on a Nanodrop ND-1000
(Thermo Fisher Scientific) spectrophotometer by checking the
260/280 and 260/230 ratios. All samples had 260/280 and 260/230
values > 1.85 and >1.96, respectively.

SNP Genotyping and Quality Control
Whole-genome genotyping of ~15K SNPs was carried out by
IdentiGEN  (Dublin, Ireland) wusing the combined-species
Affymetrix Axiom oyster SNP-array (Gutierrez et al., 2017). Signal
intensity files were imported to the Axiom analysis Suite v4.0.3.3
software for quality control (QC) assessment and genotype calling.
Genotypes were generated using the default parameter settings for
diploid species, resulting in 11,808 SNPs typed for 870 individuals. To
assess the reproducibility of genotype calls, five DNA samples from
the same individual were genotyped independently on three different
arrays, and their genotype concordance evaluated through an
identity-by-state (IBS) analysis. The genotype concordance rate
among replicates was 99.7%, demonstrating a high reproducibility
of the genotyping assays. The flanking region of these markers were
mapped to the O. edulis chromosome-level genome assembly
(Gundappa et al,, 2022). Of the 11,808 SNPs, 10,025 had uniquely
mapping probes and were retained for downstream analysis. A total
of 1,539 markers (15.4%) were monomorphic in the population
under study. Additional QC was performed on markers and samples
using Plink v2.0 (Chang et al., 2015). SNP variants were retained for
further analysis if they had a call rate > 95% and a minor allele
frequency (MAF) > 0.05. These filters removed 4,391 SNPs (leaving a
total of 5,634 SNPs), of which the majority were filtered out based on
the MAF threshold (i.e., were monomorphic or near-monomorphic
in this population). Given that significant sub-clustering was detected
in the data (Supplementary Figure S1), possibly due to a high
variance in the reproductive success of broodstock parents and/or
temporal variation in spawning, a k-means clustering method was
used to assign individuals into groups. Deviations from Hardy-
Weinberg Equilibrium (HWE) were tested separately in each of
the three genetic clusters identified by the analysis. SNP markers
showing significant deviations (HWE p-value < le-10) in two of the
three clusters were excluded from the analysis. Sample QC included
removing individual oysters with a missingness above 5% and high
heterozygosity (i.e., more than three median absolute deviations from
median). Finally, a principal component analysis (PCA) was
performed using a set of ~3.5K SNPs for which no pair of
markers within a window of 200 kb had a r* > 0.5. The top five
PCs, which explain 47% of the variance (considering 20 PCs), were
fitted in the model to account for the effect of population structure.
The final dataset comprised 840 samples genotyped at 4,577 genome-
wide SNPs.

Genetic Parameter Estimation

Genetic parameters for growth-related traits were estimated by
fitting the following univariate linear mixed model in GEMMA
v0.95alpha (Zhou and Stephens, 2012):
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y=u+Xb+Zu+e (1)

Where y is the vector of observed phenotypes; u is the overall
mean of the phenotype in the population; b is the vector of fixed
effects to be fitted (the first five principal components were
included as covariates); u is the vector of the additive genetic
effects; X and Z are the corresponding incidence matrices for
fixed and additive effects, respectively; and e is a vector of
residuals. The following distributions were assumed:
u ~ N(0,Gg?)) and e ~ N (0, Iag). Where ¢? and crg are the
additive genetic and residual variance, respectively, G is the
genomic relationship matrix and I is the identity matrix. The
heritability of growth-related traits was estimated as the ratio of
the additive genetic variance to the total phenotypic variance.

Bivariate animal linear models were implemented to estimate
the genetic (co)variance between TW, SL, SH and SW. Each
bivariate analysis was fitted with the same top 5 PCs mentioned
above. Subsequently, genetic correlations among traits were
estimated as the ratio of the covariance of two traits to the
square root of the product of the variance for each trait.
Phenotypic correlations between traits were calculated using
the Pearson correlation coefficient.

Genome-Wide Association Study

To identify SNPs in the flat oyster genome correlated with
variation in growth-related traits, a GWAS was performed by
implementing the same model described previously in the
GEMMA software. SNPs were considered significant at the
genome-wide level if their likelihood ratio test P-values
surpassed a conservative Bonferroni-corrected significance
threshold (a/4,577 = 1.09e-5). To derive a threshold for
chromosome-wide (suggestive) significance, a was divided by
the average number of SNPs per chromosome (a/457 = 1.09e-4).
The single-marker P-values obtained from GEMMA were plotted
against their chromosome location using the R package qgman v
0.1.4 (Turner, 2018). To assess the inflation of the association
statistics, the genomic control coefficient lambda AGC was
calculated following Devlin and Roeder (1999). Candidate
genes were searched within 100 kb of the most significant SNP
loci using BEDOPS v2.4.26 (Neph et al,, 2012).

Genomic Prediction

To evaluate the accuracy of genomic selection, a 5-fold cross
validation approach — animals split into training (80%) and
validation (20%) sets—was used on a population of 840 oysters
genotyped for 4,577 informative SNP markers. To reduce
stochastic effects arising from individual sampling, each
analysis was repeated 10 times. For each replicate, animals
were randomly partitioned into five subsets (each subset
contained 168 individuals). TW, SL, SH and SW phenotypes
recorded in individuals allocated to one of the subsets
(validation set) were masked. The breeding values of the
validation set were then predicted based on the information
from the remaining four subsets (training sets) using model
(1). The model was fitted using the AIREMLF90 module from
BLUPF90. The accuracy of genomic predictions was calculated
as follows:
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YgEBV, y

h

where rggpy,y is the correlation between the predicted and the
actual phenotypes of the validation set, while # is the square root
of the heritability of the trait estimated as described above.

Accuracy =

Evaluation of the Effect of SNP Density on

Genomic Predictions

To assess the effect of SNP density on the accuracy of genomic
predictions of growth-related traits, SNP panels of varying sizes
were randomly sampled from the final pool of QC-filtered array
markers (n = 4,577 SNPs). Panels of the following densities were
evaluated: 4, 3, 2, 1K, 500, 400, 300, 200 and 100 SNPs. To build
the lower-density panels, markers were randomly sampled from
the full QC-filtered SNP dataset in proportion to chromosome
lengths using the R package CVrepGPAcalc v1.0 (Tsairidou,
2019; Tsairidou et al., 2020). To account for sampling bias, 10
SNP panels were generated for each of the SNP densities. The
average genomic prediction accuracies of the different low-
density panels were compared against the equivalent accuracy
values obtained with the full panel.

RESULTS AND DISCUSSION

Growth Traits and Heritability

Improvement of growth rate is typically one of the first traits to be
included as a selection target in breeding programmes across many
farmed species. In this study, oyster growth rate was assessed in a
hatchery-derived oyster population that was translocated to a
growing site and monitored for 10 months. The experimental
population had a lower genome-wide heterozygosity (Ho =
0.27; He = 0.22) compared to the values reported by Vera et al.
(2019) (Ho = 0.31) for a diverse set of flat oyster populations
genotyped with the same array. An overall mortality of 14% was
observed during the field trial, among which the majority (36%)
occurred during a summer month (July). At the end of the
experimental period, the O. edulis population had the following
growth means and standard deviations: +15.7g (SD = 58),
50.8 mm (SD = 7.3), 129 mm (SD = 2.3) and 45.8 mm (SD =
8.9), for TW, SH, SW, SL, respectively (Table 1). The phenotypic
correlation was found to be the highest (r > 0.8) between two pairs
of traits: (i) TW and SH, and (ii) TW and SL (Figure 2).

For the European oyster population under study, the heritability
estimates of these growth-related traits were in the low to
moderate range of 0.22 (for SW) to 0.45 (for TW) (Table 2).
Consistent with similar studies carried out in related oyster species

TABLE 1| Summary statistics of the phenotypic data (SD: Standard deviation; CV:
coefficient of variation).

Trait Unit Mean Min Max SD CV (%)
Total weight g 16.7 4.0 38.5 5.8 36.8
Shell height mm 50.8 229 76.1 7.3 14.4
Shell width mm 12.9 6.5 27.7 2.3 18.2
Shell length mm 45.8 22.2 94.4 8.9 19.5
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FIGURE 2 | Distribution and magnitude of the phenotypic correlations
between growth-related traits in Ostrea edulis. Pearson’s correlation between
traits (above the diagonal), histogram of trait distribution (diagonal) and
scatterplots comparing two traits (below the diagonal). TW (total weight),

SL (shelllength), SH (shell height) and SW (shell width). *** indicates p-values <
0.001.

TABLE 2 | Estimates of heritability (1) and SE on the diagonal and pairwise
genetic correlations (below the diagonal) for growth-related traits in a
European flat oyster population.

Trait Total weight  Shell height  Shell width Shell length
Total weight 0.45 (0.06)

Shell height 0.99 0.37 (0.06)

Shell width 0.96 0.90 0.22 (0.05)

Shell length 0.95 0.93 0.88 0.32 (0.06)

(Xuetal, 2017; Vu et al., 2020), heritability estimates based on SNP
markers were higher for total weight than for growth-related
morphometric traits (i.e., shell height, shell width and shell
length). The estimation of heritability for total weight (TW) was
similar to those reported for nine- month-old Portuguese oysters
(h* = 0.45) and a 2-year old Pacific oyster strain (h* = 042) (Xu
et al,, 2017; Vu et al,, 2021b). Total weight, as measured in this
study, is a composite phenotype made up of the animal’s shell and
soft tissue weights, in addition to the weight of any pallial fluid -
thus is not a direct reflection of meat yield. Nevertheless, in C.
angulata, a positive genetic correlation (0.63) has been found
between TW and soft tissue weight (Vu et al, 2021b),
suggesting  that selecting for TW-—a trait easier to
measure—could lead to improvements in meat yields. Such
indirect improvements of correlated traits have been reported in
a Portuguese oyster line selected for harvest weight. While the
achieved average selection response for total weight at harvest was
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FIGURE 3 | Manhattan plots of the GWAS for growth-related traits in a European flat oyster population. Solid lines indicate the threshold value for genome-wide
significance. Dashed lines indicate the threshold for a suggestive (chromosome-level) significance.

5.8% per generation, genetic gains were also observed for soft tissue
weight, with indirect gains reaching a 1.2% increase per generation
(Vu et al,, 2020). For the shell-related traits examined in this study
(SH, SW and SL), heritability estimates were in line with previous
studies (Yuehuan et al., 2017; Gutierrez et al,, 2018), and ranged
from 0.22 to 0.37. Traditionally, the focus on shell morphometric
traits was to improve oyster growth. Nevertheless, in recent years,
oyster shell shape is increasingly being viewed as an attractive goal
for selective breeding due to its growing importance for consumers
(Mizuta and Wikfors, 2019). The perceived attractiveness of an
oyster shell can be represented as a secondary trait derived from a
ratio between primary (shell dimension) traits, such as the shell
width index (Kube et al,, 2011). Given that significant heritable
variation was observed for the three examined morphometric
traits, strategies for homogenizing particular shell shapes may
be feasible in O. edulis.

Genome-Wide Association Analysis for
Growth-Related Traits

A GWAS of ~4.5K SNPs passing the filtering criteria were
genotyped on 840 oysters with phenotypic records to gain
insight into the genetic basis of growth rate variation in O.
edulis. Three of the four examined traits showed association
signals surpassing the genome-wide level of significance
(Figure 3). The genomic inflation factor lambda of the GWAS
analysis were close to the desired value (A = 1) (see
Supplementary Figure S2), indicating that population
structure was adequately accounted for by the model. For TW,
the GWAS identified two putative quantitative trait loci (QTLs)
on chromosome 4 associated with the trait. The presence of two
separate QTLs is supported by the low linkage disequilibrium
observed between the most significant SNPs at each locus

Frontiers in Genetics | www.frontiersin.org

July 2022 | Volume 13 | Article 926638

164



Penaloza et al

(pairwise r* < 0.1). An additional 13 suggestive loci were also
identified, of which nine were located in the vicinity of the two
abovementioned genome-wide hits and four were found on
chromosome 1 (Supplementary Table S1). The SNP showing
the strongest association with TW (AX-169174635) explained 3%
of the phenotypic variance. This lead SNP was also found to be
significantly associated with SH and SW. For SL, no SNP reached
a genome-wide significance level, although a few of the same
markers showing associations with TW, SH and SW surpassed
the threshold for suggestive significance. The complete overlap of
GWAS hits across the different traits suggests a high degree of
shared genetic control among them, consistent with the high
positive genetic correlations observed (Table 2). Overall, the
GWAS results indicate that growth-related traits in O. edulis
are influenced by many small-effect loci, exhibiting a polygenic
architecture, but that two regions on chromosome 4 may have a
moderate effect on these traits.

The marker showing the most significant association with TW,
SH and SW is located in the exon of a gene annotated as a N4BP2
(NEDD#4 Binding Protein 2)-like protein (Gene ID: FUN_017843;
Gundappa et al., 2022). The predicted protein product of this gene
contains a highly conserved AAA domain, able to bind and hydrolyse
ATP (Lupas and Martin, 2002). Proteins with these domains have
been shown to be involved in several cell processes, including protein
folding, proteolysis and membrane fusion. Further characterization
of this N4BP2-like protein would help better understand the genetic
component of growth variation in oysters. Nevertheless, considering
that the candidate marker on N4BP2 explained a small percentage of
the phenotypic variance, independent oyster populations should first
be evaluated to confirm the validity of the association signal. A
second genome-wide significant association—detected only in the
TW GWAS—was located in the exon of an uncharacterized gene
(FUN_018833) whose product displays > 80% amino acid identity
and 99% coverage (best BLASTp hit to NCBI's nr database) with
similarly uncharacterized proteins in C. gigas and C. virginica (NCBI
accession numbers XP_0114337552 and XP_022325737.1,
respectively). Additional genes within the two genomic regions
(+/- 100kb) showing significant associations with flat oyster
growth traits are shown in Supplementary Table S2. Given that
the SNPs identified in this study had a small effect on the traits in
question, GS would be an effective approach for increasing genetic
gains from selection.

Genomic Selection

The incorporation of genetic markers into breeding programmes
requires a previous understanding of the genetic architecture of the
targeted trait(s). In the O. edulis population under study, the genetic
contribution to the observed variation in growth-related traits was
largely polygenic in nature. For the improvement of polygenic traits,
genomic selection has been shown to be superior to alternative
marker-aided selection due to genome-wide markers capturing a
higher proportion of the genetic variation in a trait compared to
individual QTL-targeted markers. Consequently, by means of
applying GS, higher predictions have been achieved for several
production traits in a wide range of commercially important
aquaculture species [reviewed in Houston et al. (2020)]. Despite
GS not yet being widely operational in oyster breeding programmes
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FIGURE 4 | Evaluation of the effect of SNP density on genomic
predictions of growth related traits in a European flat oyster population. (A)
Percentage of the maximum genomic prediction accuracy achieved using
different lower density SNP panels. Values were calculated by dividing

the mean accuracy (averaged over ten replicates) estimated at each nominal
SNP density by the accuracy obtained using the full SNP dataset. (B) Average
genomic prediction accuracy values obtained for oyster growth traits at
different panel densities.

(Boudry et al,, 2021), studies have demonstrated the potential of
incorporating genome-wide information into selection schemes in
these taxa. In the Pacific oyster, Gutierrez et al. (2018) showed that
prediction accuracies for growth-traits increased ~25-30% when the
genetic merit of individuals was estimated from SNP markers using
the Genomic Best Linear Unbiased Prediction (GBLUP) model
(VanRaden, 2008) compared to a classical pedigree-based
approach (PBLUP). Similar results were reported in the
Portuguese oyster, as prediction accuracies increased 7-42% for
growth-related traits when EBVs obtained by GBLUP were
compared to those obtained by PBLUP (Vu et al., 2021a). Since
the flat oyster population under study derived from a mass-
spawning event, the pedigree structure was unknown. Therefore,
comparisons between pedigree and genome based methods for
estimating breeding values (eg, GBLUP and Bayesian
approaches) could not be performed.

One of the major barriers of implementing GS is the high
number of markers required to accurately predict EBVs and the
cost of genotyping these markers (Goddard and Hayes, 2007).
Therefore, the design of a strategy to reduce the cost of
genotyping is critical for the extensive adoption of genomic
prediction approaches in aquaculture breeding programmes.
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