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ABSTRACT

 Rising ocean temperatures are a severe and ever-present threat to marine life. 

With environmental temperature having such a large impact on organismal performance, 

understanding the mechanisms which contribute to the ability to survive at higher 

temperatures is a crucial research focus. Significant progress has been made in 

discovering these mechanisms on the cellular, biochemical, and physiological levels, but 

is it much less common for those to be examined together. Using the Mytilus edulis 

species complex as a model system, this dissertation takes a closer look at how prolonged 

exposure to sub-lethal high temperatures impacts marine organisms on multiple levels of 

biological organization. The M. edulis species complex is ideal for this work given the 

district thermal niches of the congeners, existence of persistent natural hybrid zones, and 

a reference genome.  

Using a combination of molecular, physiological, and bioinformatic approaches, 

we were able to assess the population structure of the M. edulis x M. galloprovincialis 

hybrid zone in southwest England, compare the responses to chronic warming between 

the two parent species and their hybrids, and link gene expression patterns to 

physiological responses. We found that individuals collected from parent populations 

were mostly genetically pure, and hybrids showed a gradient of ancestry from mostly M. 

galloprovincialis-like to mostly M. edulis-like, with a skew toward M. edulis ancestry. 

Physiologically, our results support previous work that suggests feeding rate limits the 
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cool water M. edulis at high temperatures. Our work is the first to study this response in 

M. edulis x M. galloprovincialis hybrids, and we show that unexpectedly, they perform 

better energetically at high temperatures, and show a more M. galloprovincialis-like 

response. This translates well to the transcriptomic analysis which showed that in feeding 

rate (the limiting physiological factor in M. edulis), hybrids were more like the warm 

tolerant M. galloprovincialis than their cool water parent. Additionally, despite their close 

phylogenetic relationship, the three genetic groups deployed largely unique 

transcriptomic responses to chronic warming. This, coupled with the limited number of 

genes which exhibited a genotype-by-environment interaction, indicates there might be 

limited genetic variation for plasticity related to thermal stress in this species complex. 

Lastly, we found significant standing genetic variation in the populations but were unable 

to corelate it to either of the physiological phenotypes measured. With little genetic 

variation in plasticity and in traits shown to be limiting at high temperatures, the M. 

edulis species complex may be especially vulnerable to climate change. However, we did 

find that hybrids tended to exhibit greater plasticity in gene expression and were better 

able to cope physiologically with the high temperature treatment. Therefore, 

hybridization may be able to generate new combinations of genes that are more fit in the 

novel environments created by climate change and may offer a route to species 

persistence.



vii 

TABLE OF CONTENTS

Dedication .......................................................................................................................... iii 

Acknowledgements ............................................................................................................ iv 

Abstract ................................................................................................................................v 

List of Figures .................................................................................................................. viii 

Chapter 1: Introduction ........................................................................................................1 

Chapter 2: Divergent transcriptomic responses of hybrid and  

parental blue mussels to chronic thermal stress .......................................................4 

Chapter 3: Correlating physiological and transcriptomic patterns 

under chronic thermal stress in the Mytilus edulis species complex .....................28 

Chapter 4: Genetic variants associated with complex phenotypes 

remain elusive in the Mytilus edulis species complex ...........................................42 

Chapter 5: Conclusion........................................................................................................56 

References ..........................................................................................................................59 

Appendix A: Chapter 1 Supplementary Information .........................................................68 

Appendix B: Chapter 2 Supplementary Information .........................................................69

Appendix C: Chapter 3 Supplementary Information .........................................................71



viii 

LIST OF FIGURES

Figure 2.1 Gene expression in the M. edulis species complex  

in response to chronic high temperature ................................................................13 

Figure 2.2 Differentially expressed protein coding genes  

by genotype group..................................................................................................14 

Figure 2.3 Protein coding genes which exhibit genotype- 

by-environment interaction ....................................................................................16 

Figure 2.4 Comparative gene expression plasticity between  

hybrids and parents ................................................................................................18 

Figure 2.5 Differentially expressed long non-coding RNAs by  

genotype group.......................................................................................................19 

Figure 2.6 Long non-coding RNAs which exhibit genotype- 

by-environment interaction ....................................................................................20 

Figure 3.1 Reaction norms showing the change in oxygen  

consumption (A) and clearance rate (B) from 15°C to 23°C. ................................37 

Figure 3.2 Heat map showing correlations between each gene module  

to clearance rate (left), or weight corrected log10 respiration (right) .....................37 

Figure 3.3 Heat maps of consensus correlations for each module and  

clearance rate (left) or respiration (right) between genotype pairs ........................39 

Figure 4.1 Collection regions in southwest England .........................................................45 

Figure 4.2 Ancestry coefficients by collection region .......................................................48 

Figure 4.3 A principal components analysis of the 10,833  

SNPs, with individuals colored by collection region .............................................49 

Figure 4.4 Manhattan-like plots showing SNP associations for log10  

respiration (A) and clearance rate (B) ....................................................................50 

Figure A.1 Gene expression in the M. edulis species complex in  

response to chronic high temperature by genotype................................................68



ix 

Figure B.1 Trait correlations for the eigengene of each gene module with  

clearance rate with correlation coefficients and p-values .............................................69

Figure B.2 Trait correlations for the eigengene of each gene module  

with the weight corrected log10 respiration rate with correlation  

coefficients and p-values ...........................................................................................70 

Figure C.1 Principal component analysis (PCA) of the 10,833 biallelic  

SNPs colored by collection site..................................................................................71 

Figure C.2 Ancestry coefficients for each individual, separated by collection site. ...................72



1 

CHAPTER 1 

INTRODUCTION 

 

Environmental temperature is arguably the most important abiotic factor affecting the 

performance of organisms. This is especially true for ectotherms, whose body 

temperature is mediated by the environmental temperature. Organismal performance 

increases with temperature until reaching an optimum temperature where performance is 

maximized (Topt); beyond Topt, performance sharply declines (Huey and Stevenson 1979; 

Huey and Kingsolver 1993). The relationship between temperature and performance is 

visualized by plotting some metric of performance against temperature, creating a 

thermal performance curve (TPC). The curve is bounded by the critical thermal minimum 

and maximum (CTmin and CTmax), beyond which the organism cannot survive. The range 

of temperatures between these points is called the tolerance breadth. The shape of the 

TPC, CTmin, CTmax, and Topt, varies widely between organisms, and depending on life 

stage, season, prior thermal environment, and even the trait measured (Martin and Huey 

2008; Angilletta 2009; Dowd et al. 2015; Sinclair et al. 2016), but generally maintains 

this left-skewed shape.  

The evolution, plasticity, and heritability of these traits are still active areas of 

research (Dowd et al. 2015; Gunderson and Stillman 2015; Sinclair et al. 2016; 

Kingsolver and Buckley 2017) and are particularly interesting considering climate 
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change. Climate change can alter the mean environmental temperature, the variance, 

or both. As mean temperatures rise, organisms are now facing temperatures near their 

thermal limits in places they did not previously. The increased frequency and severity of 

extreme weather events, including heat waves, puts organisms at increased risk of 

exposure to lethal conditions. These changes affect organisms differently, and both come 

with a unique set of challenges and adaptations. While many studies focus on acute 

stress, chronic, but non-lethal, thermal stress will also play an important role in reshaping 

communities as mean temperatures continue to rise (Huey and Kingsolver 2019). 

Chronic high temperature can cause energetic strain, as metabolic demand increases 

with temperature. Increased metabolic demand must be met with increased energy intake, 

or survival becomes time limited. The theory of energy limited thermal tolerance posits 

that organisms are limited at high temperatures due to their inability to maintain a 

positive energy budget (i.e., the amount of energy available to an organism) (Sokolova 

2013; Sokolova 2021). This “metabolic meltdown” can be caused by external food 

limitation or by mechanical or behavioral failure by the organism, but in either case, 

chronic thermal stress leads to an inability take in enough energy to meet increasing 

metabolic demand (Huey and Kingsolver 2019).  

The blue mussel species complex (genus Mytilus) is a group of marine bivalves 

composed of the three congeners Mytilus trossulus, M. edulis, and M. galloprovincialis. 

Mytilids are important space occupiers in rocky intertidal and shallow subtidal 

ecosystems with global distributions (Koehn 1991). Members of the M. edulis species 

complex and other closely related Mytilids are also farmed and harvested, forming the 

basis of a multibillion-dollar industry worldwide (FAO 2019). The three congeners are 
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physiologically and genetically differentiated, each having a distinct thermal niche. M. 

trossulus has the lowest Topt, inhabiting boreal waters, followed by M. edulis, and then M. 

galloprovincialis, which is native to the Mediterranean. Despite this differentiation, in 

places where their ranges overlap blue mussels can readily hybridize, creating persistent 

natural hybrid zones (Skibinski et al. 1978; Skibinski et al. 1983; Hilbish et al. 2002; 

Brannock et al. 2009). 

Blue mussels, particularly M. edulis, have been used as a model system for 

ecophysiological studies for more than two decades, meaning there is a rich knowledge of 

their thermal physiology (Bayne 1976; Lockwood et al. 2015). Closely related congeners 

with distinct thermal physiologies make excellent model systems to study the effects of 

climate warming, and the mechanisms by which organisms may be limited by high 

temperature. Climate change has already begun to impact the M. edulis species complex, 

as range shifts have been documented and/or projected in all three congeners (Jones et al. 

2010; Wethey et al. 2011; Fly et al. 2015). Previous evidence indicates that feeding rate 

may be the physiological process which limits survival at high temperatures in the cool-

temperate M. edulis (Fly and Hilbish 2013). This would fit well with the theory of energy 

limited thermal tolerance, as failure at high temperature is caused by insufficient feeding. 

Here, I address the effects of chronic high temperature using a variety of 

physiological, molecular, and computational approaches using M. edulis and M. 

galloprovincialis as model species. This work addresses four major objectives: 1) to 

determine the mechanism by which Mytilus edulis is limited at high temperatures 

(Chapter 3), 2) to corelate the physiological and molecular responses to chronic high 

temperature in M. edulis, M. galloprovincialis, and their hybrids (Chapter 3), 3) to 
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categorize the response of M. edulis x M. galloprovincialis to chronic high temperature 

both physiologically (Chapter 3) and trascriptomically (Chapter 2), and 4) to assess the 

population structure of collected individuals and relate genetic variation to physiology 

(Chapter 4).
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CHAPTER 2 

DIVERGENT TRANSCRIPTOMIC RESPONSES BY HYBRID AND 

PATRENTAL BLUE MUSSELS TO CHRONIC THERMAL STRESS 

 

2.1 Introduction 

With global climate change bringing increased average temperatures in both 

terrestrial and marine habitats (Collins et al. 2019; Oliver et al. 2021), ectotherms will 

continue to experience the physiological consequences of warming (Helmuth et al. 2006; 

Pinsky et al. 2020). Understanding the mechanisms underpinning thermal tolerance can 

help predict population level consequences of warming and help determine how 

communities will change, aiding in management of ecologically and economically 

important species (Buckley et al. 2010; Somero 2011; Collins et al. 2019). There has 

been a considerable focus on thermal extremes, and how organisms respond to acute, 

lethal, conditions (Barshis et al. 2013; Gunderson and Stillman 2015), but considering 

how organisms will respond to chronic, sub-lethal stress is also crucial (Woodin et al. 

2013; Fly et al. 2015; Gunderson and Leal 2016). Elucidating the mechanisms behind 

chronic, sub-lethal, thermal stress tolerance will be especially important with rising 

average sea surface temperatures, and the increase in frequency and severity of longer 

term stress events (Collins et al. 2019).
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In the face of rapidly changing conditions, the question of whether and how 

organisms will be able to persist is increasingly important, and the relative roles of 

phenotypic plasticity and evolution in this struggle remain unclear (Hoffmann and Sgrò 

2011; Gunderson and Stillman 2015; Kingsolver and Buckley 2017; Oostra et al. 2018). 

Phenotypic plasticity is the ability of a single genotype (or genome) to produce multiple 

phenotypes in response to different environmental conditions (West-Eberhard 1989; 

Sommer 2020; Rivera et al. 2021). The genotype by environment (G x E) interaction can 

then be thought of as differential plasticity among genotypes, where the effect of the 

environment is different depending on the genotype of the organism. The G x E 

interaction is particularly important when considering hybrid zone dynamics. G x E 

interactions can contribute to the generation, persistence, and structure of hybrid 

populations via the differential fitness of genotypes under different environmental 

conditions (Campbell and Waser 2001; Shields et al. 2008; Thompson et al. 2021). 

Hybridization shuffles the genome and creates new combinations of phenotypes, which 

can be less, equally, or more fit than either parent, which can also depend on the 

environment. Transgressive phenotypes happen when hybrid phenotypes are outside of 

the range of phenotypes exhibited by the parent species, either positively (leading to 

heterosis, or hybrid vigor) or negatively (Rieseberg et al. 1999). If hybridization 

reshuffles genomes and create transgressive phenotypes for traits relevant to persisting in 

changing climates, then it may be a mechanism by which species can adapt, particularly 

if the phenotype(s) can contribute to niche specialization from the parent species 

(Rieseberg et al. 1999). 
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The blue mussel species complex (genus Mytilus) has been used as a model in 

ecophysiology for decades (Lockwood et al. 2015). Mytilids are both major substrate 

occupying members of rocky intertidal communities (Menge and Branch 2001), and are 

farmed and wild caught in fisheries worldwide (Goulletquer 2004). The M. edulis species 

complex consists of the three congeners M. trossulus, M. edulis, and M. galloprovincialis. 

The three species have different thermal niches, inhabiting primarily boreal, cold-

temperate, and warm-temperate/Mediterranean climates, respectively. They are 

physiologically and genetically distinct (Hilbish et al. 1994; Fly and Hilbish 2013) but are 

still sufficiently closely related to hybridize and form persistent hybrid zones (Skibinski 

et al. 1978; Rawson et al. 1999; Hilbish et al. 2002; Brannock et al. 2009). While the 

physiological responses to temperature of both M. edulis and M. galloprovincialis are 

well characterized (Bayne 1976; Braby 2006; Anestis et al. 2007; Dimitriadis et al. 2012; 

Fly and Hilbish 2013), the response of their hybrids remains largely unexplored (but see 

Hilbish et al. 1994). Sea surface temperature (SST) has been shown to play a large role in 

structuring the biogeographic distribution of the complex, and changes in average SST 

have already lead to range shifts in some populations (Jones et al. 2010; Fly et al. 2015). 

Their physiological distinction despite close phylogenetic relatedness, the persistence of 

natural hybrid zones, and the fact that temperature is known to be an important 

mechanism for structuring their populations, make the M. edulis species complex 

particularly well suited to investigate the plasticity of gene expression under thermal 

stress. 

In the present study we aim to explore the species-specific transcriptomic 

responses of M. edulis and M. galloprovincialis to a chronic, sub-lethal, thermal 
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challenge. In particular, we focus on genes that show genotype-specific responses to 

temperature (G x E), which are likely to contribute to species specific differences in 

thermal tolerance. We also aim to characterize the molecular response of M. edulis x M. 

galloprovincialis hybrids to this type of thermal challenge to investigate whether hybrids 

may differ in their transcriptomic response to thermal stress from either or both parents. 

Finally, we briefly investigate the potential functional roles of genes involved in mytilid 

thermal tolerance. This mechanistic understanding of the species-specific plasticity in 

gene expression to chronic high temperature provides important insight into the potential 

role of gene expression plasticity in structuring hybrid zones, and how they may change 

as the world continues to warm. 

 

2.2 Materials and Methods 

2.2.1 Sampling sites and pre-exposure conditions in the laboratory 

Mytilus individuals were collected from four populations along the coast of 

Southwest England. The area is characterized by a mosaic hybrid zone, where sympatric 

and allopatric populations occur in succession along the coast of Cornwall (M. edulis east 

of Start Point and Mytilus galloprovincialis west of Saint Ives, hybrids between the two) 

(Hilbish et al. 2002). M. edulis were collected from an allopatric site in Sidmouth (SD), 

M. galloprovincialis from allopatric sites in Port Quin (PQ) and Trebarwith (TW), and 

putative hybrids from the sympatric site Whitsand Bay (WB). Only young adult mussels 

(25-35 mm shell length) were collected, as this size range has the most even mixture of 

M. edulis and M. galloprovincialis alleles at Whitsand Bay, according to the size 
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dependent allelic frequency of hybrids described in Hilbish et al. 2002. The narrow size 

range also helps to reduce size dependent variation in metabolism. Animals were 

transported to Plymouth University’s Marine Biology and Ecology Research Center and 

kept in six 15L stock aquaria under constant conditions (temperature = 15C, salinity = 

32 ppm, 12h:12h L:D regime) for a pre-exposure period lasting a minimum of two weeks. 

During this time, mussels were fed Isochrysis galbana (Iso 1800™, Reed Mariculture) 

and full water changes were performed daily.  

 

2.2.2 Temperature treatments 

Experimental temperatures were selected based on current biogeographic 

distributions of M. edulis and M. galloprovincialis, and their physiological thresholds. 

The control temperature of 15°C represents average summer sea surface temperature 

(SST) in southwest England where the animals were collected. The warm temperature of 

23°C is not only the thermal optimum for M. galloprovincialis, but also the maximum 

summer sea surface temperature (SST) which can sustain populations of M. edulis; there 

are no populations of M. edulis that persist where summer SST reaches 23°C (Fly and 

Hilbish 2013; Fly et al. 2015). 

Eight closed system mesocosms were set up with water recirculating between a 

32L main tank, where mussels were held, and a 60L overflow tank. All tanks were held 

in a 15°C controlled temperature room, and the warm treatment tanks were ramped from 

15°C (holding temperature) to 23°C (experimental temperature) and maintained with 

aquarium heaters in the overflow tank. Partial water changes were conducted every other 
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day and the temperature was checked daily. All other conditions were kept as per the pre-

exposure period. Mussels were fed the same I. galbana (200 µL per tank, twice daily) as 

in pre-exposure tanks. 

 

2.2.3 Sample preparation and sequencing 

At the end of the exposure period, mussels were dissected and one pair of gills 

from each animal was preserved in RNAlater™ and shipped to the Laboratories of 

Analytical Biology (LAB) at the Smithsonian Institution’s National Museum of Natural 

History for preparation for transcriptome sequencing. Total RNA was extracted from the 

90 gill tissue samples (15 per treatment per genotype) using TRIzol™ Reagent 

(ThermoFisher Scientific) following the manufacturer’s protocol, with a final elution 

volume of 30 µL. The RNA was quantified with a Qubit 2.0 fluorometer and integrity 

assessed via spectral analysis performed with an Epoch Microplate Spectrophotometer 

(BioTek®). Ninety cDNA Libraries were prepared using the KAPA mRNA HyperPrep 

Kit for Illumina (KAPA Biosystems) following the manufactures protocol, beginning 

with Poly-A selection using KAPA oligo dT beads. Poly-A selection was followed by 6 

minutes of RNA fragmentation at 94 C and 11 PCR cycles for library amplification. 

Libraries were indexed with KAPA Dual Indexed Adapters (diluted to 7 M). Libraries 

were quantified using a Qubit 4.0 fluorometer and the size distribution was checked using 

an Agilent TapeStation 2200 with High Sensitivity D1000 Screen Tapes. Adapter dimer 

was removed from four libraries using a BluePippin (Sage Science), selecting for 

fragments longer than 200 bp. Libraries were diluted to 15 nM, pooled, and shipped to 

GENEWIZ Next Generation Sequencing (South Plainfield, NJ, USA) for sequencing. 
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The pool was sequenced (150 bp paired-end) across four lanes on an Illumina HiSeq 

4000 sequencer. 

 

2.2.4 Quality assessment and filtering 

An average of 18.07  3.96 million reads per sample were generated, with an 

average quality score of 36.4. Read quality was assessed with FastQC 0.11.8 (Andrews 

2010) before and after trimming with Trimmomatic 0.39 (Bolger et al. 2014) using the 

parameters recommended by MacManes (2014), but with the keepBothReads option set 

to TRUE in the ILLUMINACLIP argument. After filtering, an average of 15.1  3.6 

million reads per sample were passed onto downstream analysis. FastQC reports 

indicated rRNA contamination, so the reads were processed with Bowtie2 (Langmead 

and Salzberg 2012) to remove rRNA sequences. Using a custom FASTA file of Mytilus 

nuclear and mitochondrial rRNA sequences compiled from publicly available GenBank 

data, an index was generated with bowtie2-build, and all reads that failed to align to 

Mytilus rRNA were passed to downstream analyses. The same method was used to filter 

out potential algal contamination using the Emiliana huxleyi genome as a substitute for I. 

galbana, for which there is no available genome.  

 

2.2.5 Mapping, quantification, and differential expression 

Trimmed and filtered reads were aligned to the M. galloprovincialis genome 

(Gerdol et al. 2020) using STAR (with default parameters plus --

outFilterScoreMinOverLread and --outFilterMatchNminOverLread both set to 0.3 (Dobin 
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et al. 2013). Exons were quantified by geneid with featureCounts. The raw counts matrix 

containing each sample was imported into R for downstream analysis. More than half of 

the resulting features in the counts matrix were long non-coding RNAs (lncRNAs). Long 

non-coding RNAs are generally defined as non-coding RNA molecules greater than 200 

nucleotides in length. They are generally shorter and differentially regulated from protein 

coding RNAs (Ma et al. 2013), so it was decided that they should be considered 

separately from protein coding genes. To do this, two counts matrices were generated and 

analyzed independently: one with only mRNAs, and one with only lncRNAs. 

The two counts matrices were read into DESeq2 (Love et al. 2014) and analyzed, 

with the same parameters. The model used for the design matrix included genotype, 

temperature, and the interaction between the two. Mytilus edulis and control temperature 

(15°C) were set as the baselines for genotype and temperature, respectively. Using this 

model, comparisons were run for (i) the effect of temperature on M. edulis, (ii) the effect 

of temperature on M. galloprovincialis, (iii) the effect of temperature on hybrids, (iv) the 

interaction between genotype and temperature for M. edulis vs. M. galloprovincialis, (v) 

the interaction between genotype and temperature for M. edulis vs. hybrids, and (vi) the 

interaction between genotype and temperature for M. galloprovincialis vs. hybrids. Reads 

were normalized within DESeq2, and log fold change shrinkage was applied with the 

ashr adjustment (Stephens 2017). The shrunken estimates were used for all analyses. 

Features were considered significantly differentially expressed if they had an adjusted p-

value of p < 0.05. 
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2.2.6 Hierarchical clustering and GO term enrichment 

Gene Ontology (GO) terms were retrieved from the recently published genome 

(see Gerdol et al. 2020 for details). A GO enrichment analysis was performed with 

GOSeq (v. 1.44.0, Young et al. 2010) to examine functional enrichment of differentially 

expressed features. For each genotype, the differentially expressed features (first protein-

coding genes and then lncRNAs) were split into upregulated and downregulated lists fed 

into GOSeq as the genes of interest. GO terms were considered significantly enriched if 

GOSeq returned a p-value < 0.05. All genes that responded significantly to the interaction 

between genotype and temperature (GxE genes; comparisons iv – vi) were combined for 

functional analysis. The GxE genes were clustered using complete linkage hierarchical 

clustering, and GOSeq was run on each cluster, and then the entire list. GxE genes were 

not split into up- and downregulated lists since those are not meaningful categories in the 

interaction term.  
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2.3 Results 

3.1 Differential expression in response to temperature 

 

Figure 2.1: Genes that are significantly differentially expressed at 23°C compared to 

15°C for each genotype groups. Differentially expressed genes are grouped into 

upregulated (A) and downregulated (B) genes, and color represents genotype group. M. 

edulis is in green, M. galloprovincialis in orange, and hybrids in purple. 

In all three genotype groups, more genes were downregulated in response to high 

temperature than upregulated. In M. edulis there were 880 differentially expressed genes 

(DEGs) between the two temperatures, 356 upregulated (40%) and 524 downregulated 

(60%). In M. galloprovincialis 1,494 genes were differentially expressed, 667 

upregulated (45%) and 827 (55%). In hybrids there were 1,396 DEGs, 645 upregulated 

(46%) and 751 downregulated (54%) (Fig. 2.1). Only 99 genes were differentially 

expressed in the same direction by all three groups. M. edulis had the lowest proportion 

of unique DEGs, M. galloprovincialis had the highest, and hybrids were intermediate. A 

principal components analysis (PCA) including the 500 most variable genes showed that 

individuals cluster by genotype along PC1, but there was no apparent separation with 
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respect to temperature treatment (Fig. 2.2). Along PC1 hybrids tend to be intermediate to 

the parent species, but overlap with M. edulis to a greater extent. Although many genes 

respond significantly to temperature within each group, when plotted individually, only 

hybrids show a mild separation by temperature in a PCA (Fig. A.1).  

Figure 2.2: In principal component space, individuals sort based on genotype, but not 

temperature. Principal components analysis of the top 500 differentially expressed genes 

from all individuals. Circles are control temperature individuals (15°C), and triangles are 

heat treatment samples (23°C). Colors represent genotype groups, with M. 

galloprovincialis in orange, M. edulis in green, and hybrids in purple. 

2.3.2 Functional Enrichment in protein coding genes 

While the overlap in differentially expressed genes was limited, gene set 

enrichment analysis revealed significant overlap in the functions of genes that respond to 

temperature in the three groups. Major functional categories that appeared in all three 

groups include cytoskeletal organization, mitosis and meiosis, immune and inflammatory 

responses, and the cellular stress response (i.e. redox, protein quality control, DNA 

repair, and apoptosis). The importance (number of enriched terms) and direction 
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(positive, negative, or unspecified regulation) of the terms was different between the 

groups in several cases, indicating that though the processes involved in the thermal 

stress response overlap, they may be coordinated in different ways. There were also 

several functional categories that were important in only one or two groups, such as 

histone modification and methylation and the regulation of gene expression (enriched in 

downregulated genes only in M. edulis and hybrids), reinforcing the idea that the three 

genotype groups employ different transcriptional strategies under thermal stress. 

 

2.3.3 The G x E interaction 

The number of genes which exhibited an interaction between genotype and 

temperature (G x E) was very small (n = 147) compared to the effect of temperature in 

each group. Hierarchical clustering sorted those genes into six distinct clusters based on 

expression patterns (Fig. 2.3). In all but one cluster, the parent species showed opposite 

reactions to temperature, and the hybrids resembled one of the parents. In cluster two, 

there was only a mild genotype by environment interaction, with genes in this cluster 

being downregulated by M. edulis and hybrids, but unchanged in M. galloprovincialis. 

Genes in clusters one, five, and six, were upregulated in M. edulis and downregulated in 

M. galloprovincialis; genes in clusters three and four showed the opposite trend. Clusters 

four and six also showed an interesting pattern in which M. edulis and M. 

galloprovincialis had similar expression at 15°C but have opposite reactions to the 

increase in temperature.  
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Figure 2.3: Reaction norms for the six clusters of genes that exhibited a statistically 

significant interaction between genotype and temperature (adjusted p-value < 0.05). The 

clusters contain 16, 34, 14, 42, 19, and 22 genes, respectively. Expresseion values were 

transformed using the variance stabilizing transformation (VST) in DESeq2, and those 

values were scaled and centered prior to clustering. Error bars represent the standard 

error. Mytilus edulis is in green, M. galloprovincialis in orange, and hybrids in purple. 

A vast majority of the genes involved in the G x E interaction were not known 

proteins in the genome annotation, with 114 of 147 annotated as “hypothetical predicted 

protein” (~87%), making functional analysis challenging. A small number of the 

identified genes may be involved in the stress response, including two proteins involved 

in ubiquitination, one DNA repair protein, and one potential metabolic protein (serum 

amyloid A protein). There was a noticeable lack, however, of canonical stress response 

genes like heat shock proteins (HSPs). Functional enrichment for G x E genes was 

limited, given that most of the genes involved were not assigned gene ontology (GO) 

terms. Clusters one and five did not have any enriched biological process GO terms. 

Cluster two had the most significantly enriched GO terms, dealing mostly with immune 

functions and cell signaling, and some for apoptosis, meiosis, the cell cycle, and 

metabolism. Cluster three was also enriched mainly for immune response terms, along 

with some relating to apoptosis and ubiquitination. Cluster four was enriched for acute-
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phase response, DNA replication, and macromolecular biosynthesis, and cluster six was 

enriched for the negative regulation of cellular processes. Lastly, cluster six was enriched 

only for the negative regulation of cellular processes, which is a vague, high-level GO 

term that does not provide much information on function. 

We compared the gene expression plasticity of hybrids to both parents by 

comparing the log fold changes of DEGs (Fig. 2.4). We found that for many genes, 

plasticity in the hybrids was similar to either M. edulis or M. galloprovincialis. 

Alternatively, there were also many genes that displayed increased plasticity with respect 

to both parents, falling along the y = -x line (Fig. 2.4 dotted line). This indicates that 

overdominance in plasticity may be very prominent in this system. The unexpected 

number of genes that exhibit overdominance in plasticity supports the idea that hybrid 

intermediacy is actually the exception, not the rule (Rieseberg et al. 1999; Thompson et 

al. 2021), especially when paired with the relative lack of genes which are intermediately 

plastic in hybrids. This lack of intermediacy is also supported by the limited overlap in 

differentially expressed features between hybrids and either parent, both in protein coding 

genes (Fig. 2.2) and in long non-coding RNAs (Fig. 2.5).  
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Figure 2.4: Differences in gene expression plasticity between the hybrids and each parent 

species shown as the difference in log2 fold change between hybrids and either parent 

plotted against each other. Plotted genes are the union of all differentially expressed 

genes (genes differentially expressed by temperature in each group plus the genes which 

exhibit an interaction between genotype and temperature). Genes in black are 

differentially expressed between temperatures in at least one genotype group, and genes 

in red are those which exhibit a genotype by environment interaction. Genes that are 

similarly plastic (i.e. similar changes in expression in magnitude and direction) would fall 

near the origin. Genes have similar plasticity to one parent, but not the other, would fall 

along either the x or y axis, depending on the similar parent. Genes which are 

intermediate in plasticity in hybrids (the magnitude and/or direction of change in hybrids 

is between that of the two parents) should plot in the (x, -y) or (-x, y) regions (i.e. along 

the y = -x line). On the other hand, genes that fall in the (x, y) and (-x, -y) regions of the 

graph (i.e. along the y = x line, the dotted line on this graph) indicate increased plasticity 

in the hybrids compared to either parent, or overdominance. For clarity, axis limits were 

restricted excluding five points from this plot; three overdominant points, one M. 

galloprovincialis-like point, and one M. edulis-like point. 

 

  



 

19 

2.3.4 Long non-coding RNAs 

 

Figure 2.5: Venn diagrams showing the numbers of significantly upregulated (A) and 

downregulated (B) genes at 23°C compared to 15°C. M. edulis is in green, M. 

galloprovincialis in orange, and hybrids in purple. 

In M. edulis, there were 44 significantly differentially expressed long non-coding 

RNAs (lncRNAs); 23 upregulated and 21 downregulated) (Fig. 2.5), and no significantly 

enriched GO terms. This is in contrast to both M. galloprovincialis and hybrids, which 

had more than three times as many differentially expressed lncRNAs (153 and 147, 

respectively) and several significantly enriched GO terms. In M. galloprovincialis, the 92 

upregulated lncRNAs were enriched for oxidation-reduction processes, while the 61 

downregulated lncRNAs were enriched for energy generation and transcription/ 

translation functions. Hybrids had 64 lncRNAs significantly upregulated in heat, which 

were enriched for calcium ion regulation, cell signaling, and regulation of respiratory 

gaseous exchange. The 83 downregulated lncRNAs were enriched for chromosome 
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condensation, RNA-templated transcription, and cell differentiation. Despite the much 

smaller number of differentially expressed features, there were also 21 lncRNAs which 

responded to the interaction between genotype and temperature. Hierarchical clustering 

sorted those lncRNAs into five clusters (Fig. 2.6).  

 

Figure 2.6: The five clusters of long non-coding RNAs (lcnRNAs) that exhibited a 

statistically significant interaction between genotype and temperature (adjusted p-value < 

0.05) (A). Expression values and clustering were calculated with the same methods as 

Fig. 4. Clusters contain 5, 3, 4, 5, and 3 lncRNAs, respectively. M. edulis is in green, M. 

galloprovincialis in orange, and hybrids in purple. 

 

2.4 Discussion 

We subjected the cold-temperate M. edulis, the warm-temperate M. 

galloprovincialis, and their hybrids, to a two-week thermal challenge to determine their 

species-specific transcriptomic responses to chronic thermal stress. Our results show that 

while there are differentially expressed genes between genotypes and temperatures, 

genotype explains a greater proportion of the variance among samples, suggesting that in 

this complex the difference between genotypes outweighs the response to temperature. 
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We identified extensive interspecific differences in the transcriptomic response to high 

temperature, with each genotype group responding with largely unique strategies. This 

included hybrids, which were distinct from both parent species in terms of gene 

expression. We also found relatively few genes that exhibited a G x E interaction, 

suggesting that differences in response may arise from the expression of entirely different 

genes, rather than genotype specific differences in expression of the same genes.  

 

2.4.1 Differential expression and the G x E interaction 

Despite the close phylogenetic relationship between M. edulis and M. 

galloprovincialis, the genes responding to temperature are largely unique. It has recently 

been discovered that the M. galloprovincialis genome has substantial and widespread 

presence absence variation (Gerdol et al. 2020), which may contribute to the largely non-

overlapping responses of the three groups. Surprisingly, hybrids also had a high 

proportion of uniquely differentially expressed genes, rather than having more overlap 

with one or both parent species. These differences indicate that despite close relatedness 

and continuing hybridization, the three groups have largely different transcriptional 

responses to chronic high temperature. These species-specific responses could prove 

advantageous in a changing climate, as certain responses will become more or less 

adaptive based on changes in environmental conditions. If a newly adaptive response is 

heritable, it could be a way for advantageous stress responses to introgress throughout the 

species complex. 
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The cold-temperate M. edulis had fewer DEGs under high temperature than either 

M. galloprovincialis or hybrids. Prior studies of thermal tolerance have shown that the 

more thermosensitive congener has a more robust response (i.e. more DEGs between 

temperature treatments) under chronic, but not acute, stressors (Narum and Campbell 

2015; Veilleux et al. 2018). Under acute stress, the reverse is true (Barshis et al. 2013; 

Gleason and Burton 2015; Chen et al. 2019). This muted response in thermally sensitive 

strains/ populations may indicate limited expression plasticity for responding to thermal 

challenges (Veilleux et al. 2018). Alternatively, an increased response from more 

thermally tolerant strains/ populations may indicate a large and complicated set of genes 

having evolved to cope with high temperature (Narum and Campbell 2015). Without 

direct experimental evidence, however, it is impossible to say whether either (or perhaps 

both) causes this pattern. 

The remarkably high proportion of genes exhibiting a G x E interaction annotated 

only as hypothetical predicted protein was unexpected. Genes which exhibit an 

interaction between genotype and temperature are more likely to play an important role in 

determining species-specific differences. Therefore, we anticipated these genes would be 

involved in important processes like metabolism, which tend to be conserved and well 

annotated. The results of this functional analysis also showed surprisingly little metabolic 

involvement in the response to chronic high temperature. This was unexpected given that 

metabolic demand increases with temperature (Kooijman 2010). Under the theory of 

energy limited thermal tolerance, the outpacing of metabolic capacity by metabolic 

demand contributes to organismal failure at high temperatures (Sokolova 2021). It has 

also been shown that metabolic genes play a large role in the thermal stress response 
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(Clark et al. 2013; Artigaud et al. 2015). Our functional analysis returned only a few 

enriched gene ontology terms, mainly dealing with broad functions like lipid biosynthesis 

and the response to glucose. Though it is possible that the functional analysis was not 

able to detect enrichment of metabolic terms in this non-model organism (see Doolittle 

2018 for a discussion on assigning “functions” in non-model organisms), this is unlikely 

due to the fact that metabolic genes are generally highly conserved and well annotated. 

Also missing from the list of G x E genes were heat shock proteins and other molecular 

chaperones, antioxidant proteins, or other genes involved in the canonical thermal stress 

response among the G x E genes. This, however, is likely because the genes involved in 

chronic thermal stress are not the same as those involved in acute thermal stress, where 

one would expect to see immediate actors like heat shock proteins (Clark et al. 2013; 

Collins et al. 2021). Future studies should aim to identify more of these potentially 

important genes, giving us a better idea of what functions are involved in the genotype by 

temperature interaction in the species complex. 

The small number of genes involved in the G x E interaction is consistent with 

earlier transcriptomic work on thermal stress in the M. edulis species complex 

(Lockwood et al. 2010) which showed that only a small proportion of genes measured 

responded differentially to temperature between M. galloprovincialis and M. trossulus. 

The limited number of G x E interaction genes suggests that variation in plasticity is 

limited within the species complex. This supports the conclusions of other recent studies 

that demonstrate little G x E interaction, despite the large individual effects of genotype 

and environment (Oostra et al. 2018; Sirovy et al. 2021). Both studies concluded (with 

the aid of additional genomic data) that genetic variation in plasticity was limited, and 
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that plasticity was largely parallel between environments. In the current study, however, 

responses to temperature were largely unique, rather than parallel, among genotype 

groups. This is likely at least partially because we are looking at a species complex, as 

opposed to different families within a species. 

 

2.4.2 Gene expression plasticity 

Gene expression, and the ability to alter the expression of key genes in response 

to environmental change, plays a major role in an organisms’ ability to cope with stress. 

We show that gene expression plasticity was often transgressive in hybrids (Fig. 2.4). The 

log fold change in expression between temperatures in hybrids was much higher (i.e. 

expression of these genes was more plastic) in hybrids than in either parent for many 

differentially expressed genes. Heritable variation in expression plasticity can promote 

ecological speciation (and/or population persistence in novel environments) and 

increased stress tolerance (Pavey et al. 2010; Rivera et al. 2021). When a population(s) 

has significant variation in expression plasticity and selection is strong, the most adaptive 

response may be evolution in regulatory regions controlling the expression of key genes 

(Whitehead and Crawford 2006; Ghalambor et al. 2015; Campbell-Staton et al. 2020). 

Even variation in expression plasticity which is not heritable can be adaptive, either by 

maintaining plasticity throughout multiple generations via epigenetics, or by allowing 

populations to survive long enough for adaptive evolution to take place in other 

important, but less plastic, genes (Logan and Cox 2020). 
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Depending on the function of a gene and its baseline expression, increased stress 

tolerance can come from either increased or decreased expression plasticity (Rivera et al. 

2021). The transgressive expression phenotypes in hybrids can then lead to differences in 

stress tolerance. Our work shows that hybridization is a potential avenue for population 

persistence in novel environments created by climate change. Future work should focus 

on identifying genes with increased plasticity under stress, to better understand in what 

functions expression plasticity is most important for stress tolerance. Understanding this 

would also help track the expression and plasticity patters of key genes through hybrid 

zones, or across active selection gradients.   

 

2.4.3 Long non-coding RNAs 

Long non-coding RNAs are involved in a wide variety of biological processes and 

can act as regulatory elements through a variety of mechanisms, including the regulation 

of transcription and translation (Ma et al. 2013; Vance and Ponting 2014; Yao et al. 

2019). There is also evidence that lncRNAs play an important role in bivalve immunity 

(Sun and Feng 2018). Our results indicate that the differential expression of lncRNAs 

plays a role in regulating the thermal stress response, and that it may contribute to the 

species-specific differences in thermal tolerance. While there were proportionally fewer 

differentially expressed lncRNAs (which would support the fact that they are acting as 

regulatory elements), many of the patterns seen in differentially expressed protein coding 

genes help up. Like with protein coding genes, M. edulis had far fewer differentially 

expressed lncRNAs compared to both M. galloprovincialis and hybrids. In addition, 

differentially expressed lncRNAs were largely unique among the groups, with only four 
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differentially expressed (all downregulated) by M. edulis, M. galloprovincialis, and 

hybrids. lncRNAs can regulate genes in both cis- and trans-acting ways, and trans-acting 

lncRNAs have the capability to modulate large-scale changes in genes expression 

patterns (Vance and Ponting 2014). Without a chromosome-level genome assembly, 

however, it would be impossible to tell whether the lncRNAs identified here were in 

close genomic proximity to any of the differentially expressed protein coding genes.  

 

2.4.4 Conclusions 

Here we aimed to characterize the transcriptional response to sub-lethal thermal 

stress in the Mytilus edulis species complex. To our knowledge it is the first in-depth 

transcriptomic analysis of thermal tolerance in M. edulis x M. galloprovincialis adult 

hybrids. We found a significant number of genes responded to temperature in all three 

genotypes, and that those genes were largely unique to each group.  In addition, there 

were comparatively few genes that exhibited an interaction between genotype and 

temperature. This lack of G x E interaction corroborates other recent results, which have 

suggested there may be limited standing genetic variation for plasticity when it comes to 

thermal tolerance (Oostra et al. 2018; Sirovy et al. 2021). Functional analysis showed that 

many of the same processes are involved in the response to temperature, with some key 

differences between species, which is consistent with previous work (Lockwood et al. 

2010). We also show that long non-coding RNAs are a potentially important regulator of 

the thermal stress response, and that they may contribute to species specific differences in 

thermal tolerance. Future work should pursue this avenue with more directed experiments 

to further explore the potential role of lncRNAs in thermal performance. Finally, we 
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present that differences in gene expression and its plasticity hybridization may be an 

important pathway by which species can survive climate change.  
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CHAPTER  3 

CORRELATING PHYSIOLOGICAL AND TRANSCRIPTOMIC 

PATTERNS UNDER CHRONIC THERMAL STRESS IN THE MYTILUS 

EDULIS SPECIES COMPLEX 

3.1 Introduction 

Environmental temperature plays a critical role in the performance and survival of 

all organisms, and anthropogenic climate change threatens these functions (Collins et al. 

2019; Pinsky et al. 2020). The study of chronic heat stress is essential to predicting how 

species will respond to climate change (Jones et al. 2010; Somero 2011; Fly et al. 2015). 

Understanding thermal physiology can help us understand organisms’ current 

biogeographic distributions and to forecast changes in distribution and performance with 

climate change (Jones et al. 2010; Sokolova et al. 2012; Woodin et al. 2013). It is equally 

important to think about the biological mechanisms which cause these physiological 

patterns, as they are important when considering the adaptive, or acclimatory, potential of 

important organisms (Chevin et al. 2010; Kingsolver and Buckley 2017). 

Predicted climate warming will profoundly affect the energy balance of 

ectotherms. The energy budget considers energy intake through feeding, and energy 

expenditure through a variety of processes including homeostatic maintenance and fitness 

processes. Given metabolic demand scales with temperature, the cost of survival will 

increase in a warmer world. Energy limited stress tolerance has been proposed as a 
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framework to understanding how organisms cope with environmental stressors, in this 

case temperature. Under optimal conditions, organisms have sufficient aerobic scope to 

not only support basic metabolic function, but also devote energy to growth (including 

deposition of energy into reserves like glycogen and lipid stores) and reproduction 

(Kooijman 2010; Klepsatel et al. 2016). Under mild to moderate stress, organisms shift 

resources away from fitness related functions, toward their increased maintenance costs; 

aerobic growth is reduced, but may remain positive. As conditions worsen, aerobic scope 

approaches zero and there is only enough energy to maintain basal metabolic functions. 

Once aerobic scope becomes negative, energy is insufficient for covering metabolic 

costs, and the organism will eventually die (Sokolova 2013). Thus, populations are 

limited to areas in which they can maintain sufficient energy budget for reproduction and 

survival to reproductive age. Temperatures that are energetically demanding, but not yet 

lethal, are projected to become more frequent and more severe in the coming decades 

(Woodin et al. 2013; Fly et al. 2015; Collins et al. 2019), posing a major energetic 

challenge for ectotherms. 

The blue mussel species complex (genus Mytilus) is the ideal study system for 

investigating the mechanisms contributing to differences in thermal tolerance. The 

complex consists of the three congeners Mytilus trossulus, M. edulis, and M. 

galloprovincialis, which have distinct thermal optima, inhabiting boreal, cool-temperate, 

and warm-temperate environments, respectively. Their thermal physiology has been 

studied extensively over the last several decades, particularly M. edulis (Bayne 1976; Fly 

and Hilbish 2013). Previous work has shown that southern range limits in this species 

complex are set by the temperature at which aerobic scope becomes negative (Jones et al. 
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2010; Fly and Hilbish 2013; Fly et al. 2015). This is especially true for European 

populations, where energy budget is thought to be especially important in setting range 

limits (Woodin et al. 2013). The rate at which mussels filter particles out of the water- 

clearance rate- has been proposed as the limiting factor at high temperatures (Hilbish et 

al. 1994; Fly and Hilbish 2013). As temperature increases, M. edulis’ feeding rate cannot 

support its metabolism; this limits M. edulis geographically to places where summer sea 

surface temperature does not reach or exceed 23°C (Fly and Hilbish 2013; Fly et al. 

2015).  

The persistence of natural hybrid zones is another advantage of the Mytilus study 

system. Populations of M. edulis and M. galloprovincialis in southwestern England and 

northern France coexist and readily hybridize (Hilbish et al. 2002). Hybridization 

reshuffles the genome, potentially decoupling traits of interest and making it easier to 

identify their genomic basis. The same logic can be applied using gene expression data 

instead of genomic sequence data, to identify gene expression patterns that are associated 

with certain phenotypes. The thermal physiology of adult M. edulis x M. 

galloprovincialis hybrids is poorly understood (though see Hilbish et al. 1994). Hybrid 

phenotypes can be similar to one parent, intermediate, or transgressive (outside the range 

of the parent phenotypes) (Rieseberg et al. 1999). This is important in the context of 

climate change, as it may allow populations to persist via introgression of adaptive alleles 

or production of transgressive phenotypes that are more fit in novel environments 

(Rieseberg et al. 1999; Thompson et al. 2021). Prior research indicates that M. edulis x 

M. galloprovincialis hybrid phenotypes are highly variable, showing one parent-like, 

intermediate, or transgressive phenotypes based on the trait measured and the locus used 
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for grouping (Hilbish et al. 2002; Tolman et al. 2019). There is also evidence that the 

transcriptomic response of hybrids is often similar to one parent or transgressive, but 

rarely intermediate. 

Here we address three questions: (i) How do M. edulis x M. galloprovincialis 

hybrids respond to chronic thermal stress, (ii) are there modules of similarly expressed 

genes that correlate with physiological traits under thermal stress, and (iii) can including 

hybrids help to identify those gene modules are related to physiological traits. M. edulis, 

M. galloprovincialis, and their hybrids were exposed to a two-week thermal challenge, 

and we measured physiological parameters that relate to energy balance and assessed full 

transcriptomic profiles from those same individuals. We then analyze those two data sets 

and combine them to investigate how gene expression correlates to physiological 

energetics in this species complex. 

 

3.2 Materials and Methods 

To address these questions, M. edulis, M. galloprovincialis, and their hybrids 

were subjected to a two-week thermal challenge, after which respiration and clearance 

rate were measured, and gill tissue was preserved for transcriptome sequencing. The 

methods for this experiment are described in full in Schwartz et al 2022 and are only 

briefly reviewed here. M. edulis and M. galloprovincialis were collected from allopatric 

populations in southwest England, and putative hybrids were collected from a sympatric 

site. Mussels were acclimated to 15°C, and then moved into experimental treatments of 

either 15°C (the approximate average sea surface temperature at the time of collection) or 
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23°C (the upper thermal limit of population persistence for M. edulis, and the thermal 

optimum for M. galloprovincialis) and maintained for two weeks. After the exposure 

period, respiration rate and clearance rate were measured, and the animals were dissected. 

Upon dissection the blotted weight of each animal was recorded, and one pair of gills was 

preserved in RNAlater® for transcriptomic analysis. 

3.2.1 Physiological Measurements 

Respiration was measured via closed chamber respirometry using the PreSens 

Fibox 4 system. Individual mussels were placed in 250 mL jars which were sealed 

underwater and placed on a stir plate with a stir bar for the duration of the measurement. 

Percent air saturation was measured every 15 minutes until it decreased by approximately 

20%, after which the mussel was placed back into the experimental tank. If an individual 

spawned during the trial, it was not included in analyses. Respiration was calculated by 

converting percent oxygen consumed into mL O2 (corrected for atmospheric pressure 

with the Weiss coefficient) and expressed as an hourly rate.  

Clearance rate was measured using the flow through chamber method (Riisgård 

2001; Filgueira et al. 2006). Using a gravity-fed system, seawater with an average initial 

algal concentration of 10,000 cells mL-1 (Riisgård et al. 2003; Pascoe et al. 2009) of 

Isochrysis galbana flowed through each chamber at approximately 67 ( 4) mL min-1. 

The chamber volume (300 mL) and radius (46.5 mm) were chosen to minimize the 

mixing of inflow and outflow water within the chamber. Chamber dimensions were 

selected based on the size of the mussels in the experiment according to the 

recommendations of Filgueira et al. 2006. Flow rates were chosen following Fly and 



 

33 

Hilbish 2013 to minimize the effect of flow rate on clearance rate and achieve an 

approximate 20% reduction in particles between inflow and outflow (though our actual 

reduction often exceeded 20%). Mussels were placed in their chambers and left to 

acclimate for a period of two hours, after which water samples were taken from the 

inflow and outflow of each chamber. No mussels spawned during the clearance rate 

trials. Particle concentration was measured using a Z2™ Coulter Counter® Analyzer 

(Beckman Coulter), and clearance rate was calculated as: 

𝐶𝑅 = 𝑓 𝑥 
𝐶𝑖−𝐶𝑜

𝐶𝑜
         (1) 

where f is the flow rate in mL min-1 and Ci and Co are the inflow and outflow 

concentrations, respectively, in cells mL-1 (Filgueira et al. 2006). Once all physiological 

measurements were complete, each mussel was dissected and the shell length and blotted 

wet weight were recorded.  

 

3.2.2 Statistical Analysis 

Normality was assessed for each physiological trait and traits were transformed as 

needed. Clearance rate and the log10 of respiration rate were used as the response 

variables. The initial model for both variables included blotted weight, genotype, and 

temperature, and all possible interactions. Models were reduced in a stepwise fashion 

until they had only significant predictors and/or interactions. ANOVA or ANCOVA 

(depending on whether or not weight was retained) were done using the Anova function 

in the car package (Fox and Weisberg 2019). 
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3.2.3 Weighted Gene Co-expression Network Analysis 

RNASeq data generated from the gill tissue of 90 mussels (28 M. 

galloprovincialis, 30 M. edulis, and 32 hybrids) were filtered for algal and ribosomal 

contamination and mapped to the M. galloprovincialis genome (Gerdol et al. 2020). 

Reads were counted using featureCounts (Liao et al. 2014), and exported for further 

analysis in R. A full discussion of the methodology regarding transcriptome sequencing 

and processing can be found in Schwartz et al. 2022. Once imported into R, the protein 

coding genes were separated from the non-coding RNAs, and only the protein coding 

genes were passed into downstream analyses. Genes with fewer than 10 reads in more 

than 90% of the samples were filtered out to reduce noise, resulting in a matrix of 31,338 

genes across the 90 samples. Read counts were then normalized using the VST 

transformation in the DESeq2 package (Love et al. 2014). Clusters (modules) of co-

expressed genes were identified with the Weighted Gene Co-expression Network 

Analysis (WGCNA) package (Langfelder and Horvath 2008). A signed, blockwise, 

network was constructed with a soft thresholding power of 10 and a minimum module 

size of 30 genes. Modules were detected using the consensus approach in which the 

genotype groups were analyzed separately and recombined at the end. This approach 

removes heterogeneity from the data, making it more suitable for WGCNA, while still 

producing results that are comparable across groups.  

To relate each gene expression module identified in the gene expression data to 

the physiological variables, a trait correlation analysis was performed with the WGCNA 

package. Clearance rate and weight corrected log10 respiration rate were correlated to 

each module of co-expressed genes. Log10 respiration rate was adjusted using the weight 
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and weight by genotype interaction coefficients from the ANCOVA. Correlations were 

calculated between the eigengene for each module and the physiological traits using 

Pearson’s correlation coefficient and significance was calculated as Fisher’s asymptotic 

p-value in the WGCNA package (fig. S1, S2). The WGCNA packages defines eigengene 

as the first principal component of the expression matrix for a given module. A positive 

correlation indicates that with increasing trait values, the “expression” of the eigengene 

increases, whereas a negative correlation indicates the opposite. Following this, 

consensus correlation coefficients and p-values were calculated between each genotype 

group pair. A consensus correlation refers to a module that is correlated with a 

physiological trait in the same direction in both genotype groups in a pair (i.e. a module 

that is positively associated with respiration in M. edulis and M. galloprovincialis). In 

these cases, consensus values can be calculated. If the module correlates to physiological 

variables in opposing directions, no consensus is reached, and the correlation is left as 

“NA”. 

3.3 Results 

3.3.1 Oxygen Consumption 

The best model for log10 respiration rate retained blotted weight, temperature, 

genotype, and the interaction between weight and genotype. Temperature (p < 2.2e-16), 

genotype (0.0012), and the interaction between weight and genotype (p = 4.72e-4) were 

significant predictors of log10 respiration rate, the main effect of weight (0.41) was not. 

The weight by genotype interaction is most likely due to the significant differences in 

blotted wet weight between genotypes. Hybrids were the largest, followed by M. edulis, 
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and M. galloprovincialis were the smallest (Tukey’s HSD p < 0.01). While animals from 

a small size range were collected to minimize the effect of weight on respiration, weight 

can vary significantly even within a small range of shell lengths. All three genotype 

groups significantly increase log10 respiration rate after two weeks at 23°C (fig 1B), 

which is consistent with the increase in metabolic demand at high temperatures (Huey 

and Stevenson 1979; Angilletta 2009). 

3.3.2 Clearance Rate 

For clearance rate, the best model retained genotype, temperature, and the interaction 

between genotype and temperature. Only the main effect of genotype (p = 0.043) and the 

interaction between genotype and temperature (p = 0.021) were significant, the main 

effect of temperature was not (p = 0.053). The genotype by temperature interaction is 

clearly visible in the reaction norm depicting clearance rate (fig. 1B). In both M. 

galloprovincialis and hybrids, clearance rate increased from 15°C to 23°C, but in M. 

edulis it sharply decreased after two weeks at 23°C. 
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Figure 3.1: Reaction norms showing the change in oxygen consumption (A) and 

clearance rate (B) from 15°C to 23°C. Error bars represent mean standard error. M. edulis 

is shown in green, M. galloprovincialis in orange, and hybrids in purple. 

3.3.4 Gene modules and their relationship to physiological traits

 

Figure 3.2: Heat map showing correlations between each gene module to clearance rate 

(left), or weight corrected log10 respiration (right). Saturation represents the strength of 

the correlation, so darker orange boxes have stronger positive correlations, and darker 

more blue boxes have stronger negative correlations. The column abbreviations indicate 

species: MG is M. galloprovincialis, EG are hybrids, ME is M. edulis. 
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29 modules of co-expressed genes were identified ranging in size from 58 to 

7,262 genes, with a median module size of 241 genes, and a mean of 1,044 genes. There 

were also 7,262 genes not assigned to any module (module 0). Overall, respiration 

correlated much more strongly with gene expression modules than clearance rate. In M. 

galloprovincialis 18 modules (62.1%) had a correlation coefficient stronger that 0.3 with 

respiration; there were 13 (44.8%) such correlations in hybrids, and 16 (55.2%) in M. 

edulis. These include seven (24.1%), six (20.7%), and eight (27.6%) correlations, 

stronger than 0.5, respectively. With clearance rate, M. galloprovincialis had only nine 

(31%) modules with correlation coefficients greater than 0.3, hybrids had five (17.2%), 

and M. edulis had eight (27.6%). Only one module correlated with clearance rate with a 

coefficient stronger than 0.5, in M. galloprovincialis. Consensus correlations, in which 

two groups had a module correlated to respiration or clearance rate in the same direction, 

were also more abundant in respiration than in clearance rate (fig. 4). The consensus 

correlations also show that the gene expression modules associated with clearance rate 

were much more similar (i.e. more, stronger, consensus correlations) between M. 

galloprovincialis and hybrids than either was to M. edulis. 
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Figure 3.3: Heat maps of consensus correlations for each module and either clearance rate 

(left) or respiration (right) between genotype pairs. Consensus correlations are calculated 

when both genotype groups in a pair have a gene expression module correlate with either 

clearance rate or respiration in the same direction. Grey boxes indicate that the 

correlation was in opposite directions for the two genotype groups, and no consensus 

could be reached. Genotype pairs are M. edulis/M. galloprovincialis (left), M. 

edulis/hybrids (center), and M. galloprovincialis/hybrids (right). The column 

abbreviations indicate the trait measured: CR is for clearance rate, R is for weight 

corrected log10 respiration rate. Saturation represents the strength of the correlation, so 

darker orange boxes have stronger positive correlations, and darker more blue boxes have 

stronger negative correlations. 

3.4 Discussion 

Neither energy expenditure (in terms of oxygen consumption) nor energy intake 

(in terms of clearance rate) alone is enough to evaluate an animal’s condition. At 15°C, 

M. edulis and M. galloprovincialis have equal rates of respiration, but M. edulis has a 

much higher clearance rate. This is consistent with previous work which reports that M. 
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edulis has a higher scope for growth at 15°C  compared to M. galloprovincialis (Fly and 

Hilbish 2013). After two weeks at 23°C, all genotypes significantly increased respiration, 

but they do not all increase clearance rate. M. galloprovincialis and hybrids both 

increased their clearance rate at 23°C, but clearance rate in M. edulis declined drastically, 

potentially causing an energy deficit. This support previous work showing that in Mytilus 

mussels, clearance rate limits survival and persistence as temperature increases. 

While hybrids had the highest log10 respiration rate at 15°C, the genotype by 

environment interaction was not significant, and therefore this difference is likely an 

artifact of the genotype by weight interaction. The interaction between genotype and 

temperature was significant for clearance rate, however, supporting that M. 

galloprovincialis and hybrids increased clearance rate at 23°C, but M. edulis decreased it. 

While hybrids appear to perform poorly at 15°C (high oxygen consumption and low 

energy intake), they seem to outperform even M. galloprovincialis after two weeks at 

23°C, suggesting potential hybrid vigor at higher temperatures. This indicates a potential 

avenue for persistence as temperatures warm, and M. edulis struggles to maintain a 

positive energy budget.  

The results of the weighted gene co-expression network support the physiology. 

There was a similar level of overlap in modules that correlate with respiration between 

genotype groups (figs. 2, 3). Likewise, all three genotype groups had increased 

respiration rate at 23°C, with no significant effect of genotype. This is markedly different 

from the clearance rate correlation data, which shows very little overlap between M. 

edulis and the other groups, but a significant consensus between M. galloprovincialis and 

hybrids. The consensus correlation values are generally weaker, but correlations are more 
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similar more than when either is compared to M. edulis. This mirrors the clearance rate 

data in which M. galloprovincialis and hybrids showed the same pattern of increase after 

two weeks at 23°C, while M. edulis did the opposite. Correlations with modules of co-

expressed genes are likely weaker with clearance rate due to the high variation in 

clearance rate measurements, especially when compared to variation in oxygen 

consumption measurements. The presence of correlations despite the high variance, and 

that those correlations match the patterns seen in the clearance rate data, suggests that the 

pattern is a real biological phenomenon, despite the lack of statistical significance.  

Our results support the hypothesis that clearance rate is the limiting factor for M. 

edulis at high temperatures. We also show here that the hybrids seemingly outperform 

both parent species at high temperatures. The weighted gene co-expression network 

analysis was a highly successful method to identify modules of similarly expressed genes 

and correlate them with physiological traits of interest. The patterns in the physiology are 

mirrored in the trait correlations, which strengthens the evidence that genes in those 

modules may contribute to difference in thermal tolerance. Our study supports the use of 

gene network correlations as a method to identify suites of genes that may be involved in 

phenotype of interest without relying on functional annotation, which can be difficult in 

non-model organisms (Doolittle 2018). Future research should focus on expanding this 

type of analysis to other physiological traits of interest to further explore the relationship 

between gene expression profiles and physiological phenotypes that will be important 

determinants of success under climate change.
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CHAPTER 4 

GENETIC VARIANTS ASSOCIATED WITH COMPLEX 

PHENOTYPES REMAIN ELUSIVE IN THE MYTILUS EDULIS SPECIES 

COMPLEX 

4.1 Introduction 

Climate change continually threatens marine species with rising temperatures, 

increased frequency of severe weather events, and more variable temperatures. With 

higher variation, organisms are more likely be exposed to novel thermal conditions. To 

survive in these conditions, organisms can acclimate (i.e. via phenotypic plasticity) or 

migrate. Over successive generations, species can also adapt to new conditions, or move 

into new ranges via larval dispersal. Standing genetic variation is the primary basis for 

adaptation, so variation in traits that relate to persistence under climate change is crucial 

for long term survival (Barrett and Schluter 2008; Bitter et al. 2019). Variation in 

important phenotypes allows for selection phenotypes which may become adaptive in 

novel environmental conditions, and can also ameliorate climate impacts by potentially 

limiting range contractions caused by climate change (Razgour et al. 2019). 

As temperatures rise and become more variable, it is likely to become more 

difficult for sessile marine organisms to maintain a positive energy budget. An 

organism’s energy budget comprises the amount of energy available for growth and 
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reproduction, and is highly dependent on temperature. Maintenance costs (the energy 

required to sustain basal metabolic and cellular functionality such as protein turnover, 

etc.) drastically increase with temperature (Nisbet et al. 2000; Kooijman 2010; Sokolova 

et al. 2012). Many different physiological functions contribute to energy budget, 

including respiration rate, energy intake, energy absorption, and excretion. Given that 

these processes are directly related to fitness and vary with temperature, standing genetic 

variation in genes contributing to them is necessary for adaptation to climate change. 

Studying the genetic variation associated with metabolic traits can aid in both 

selection of genotypes in aquaculture species that are more likely to withstand climate 

change and assessing the potential of wild populations to adapt to that change. Hybrid 

zones have long been referred to as natural laboratories for studies of evolution (Hewitt 

1988), and are an especially useful tool in assessing adaptive potential to climate change. 

Hybridization can maintain, and even increase, genetic diversity, and the reshuffling of 

genotypes can lead to new combinations, which may be adaptive in novel climates 

(Seehausen 2013; Scriber 2014). Hybridization can therefore lead to “genetic rescue” of 

populations which would otherwise be threatened via the introgression of adaptive alleles 

(Tallmon et al. 2004; Scriber 2014).  

The Mytilus edulis species complex is an excellent model system for studying 

genetic variation in metabolic traits, as they naturally hybridize, the congeners occupy 

distinct thermal niches, and they have a published reference genome. This group of 

marine mussels has significant economic and ecological importance as the foundation of 

aquaculture industries and rocky intertidal communities. Composed of the three 

congeners Mytilus trossulus, M. edulis, and M. galloprovincialis, the three species are 
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physiologically and genetically distinct, but produce viable hybrid offspring, generating 

persistent mosaic hybrid zones (Koehn 1991; Hilbish et al. 2002; Vendrami et al. 2020). 

Over the last 50 years, extensive research has transformed the M. edulis species complex 

into a model system in ecophysiology and thermal biology (Bayne 1976; Koehn 1991; 

Lockwood et al. 2015). Temperature is especially important in determining the range 

limits for these species,  Energy budget, specifically clearance rate (i.e. feeding rate- the 

rate at which a suspension feeder filters particles from the water), limits the ability of M. 

edulis to persist at higher temperatures (Chapter 2, Fly and Hilbish 2013). Inability to 

increase energy intake to meet rising metabolic costs causes an energy deficit, which 

limits population persistence above a given temperature. Upper thermal limits correlate 

strongly with range limits for these species, and those range limits are changing as 

average summer sea surface temperatures continue to rise (Jones et al. 2010; Fly et al. 

2015). 

Here we aim to investigate the level of standing genetic variation related to 

thermal tolerance traits related to energy budget. Using the M. edulis x M. 

galloprovincialis hybrid zone in southwest England as a model system we ask (i) what is 

the extent of hybridization and introgression among sites along the hybrid zone, and (ii) 

are there genetic variants associated with physiological traits related to the energy 

budget? Given that the two species have distinct thermal niches, and that survival at high 

temperature seems to be dependent on feeding rate and the ability to maintain a positive 

energy budget, we predict there will be several genetic variants associated with metabolic 

functions, particularly clearance rate. 
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4.2 Materials and Methods 

Figure 4.1: Map of collection sites in southwest England. Colors correspond to genetic 

regions: the region north of Land’s End (orange) has Mytilus galloprovincialis, the region 

east of Start Point (green) has M. edulis, and the region between the two (purple) is a 

hybrid zone (Hilbish et al. 2002). M. galloprovincialis were collected from Port Quin 

(PQ) and Trebarwith (TW), M. edulis were collected from Sidmouth (SD), and putative 

hybrids were collected at Whitsand Bay (WB). 

Mytilids in southwest England exist in both sympatry and allopatry. Mussels 

between Land’s End (to the west) and Start Point (to the east) are putative hybrids, those 

north of Land’s End are M. galloprovincialis, and those east of Start Point are M. edulis 

(Hilbish et al. 2002). Mussels for this study were collected from four sites: M. 

galloprovincialis (n = 28) were collected from Port Quinn (PQ) and Trebarwith (TW), M. 

edulis (n = 32) were collected from Sidmouth (SD), and putative hybrids (n = 30) from 

Whitsand Bay (WB) (Figure 1). Mussels were acclimated to laboratory conditions 

(salinity = 32 ppt, 15°C) and then subjected to a two-week thermal challenge at either 

15°C or 23°C. The control temperature of 15°C represents the average summer sea 
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surface temperature (SST) in the region the mussels were collected. 23°C is both the 

thermal optimum for M. galloprovincialis and the upper thermal limit for population 

persistence in M. edulis. Few populations of M. edulis exist where summer SST exceeds 

20°C, and none where it exceeds 23°C (Fly et al. 2015). Following the two-week 

acclimation period, respiration was measures via closed chamber respirometry and 

clearance rate was measure using the flow-through method (Filgueira et al. 2006). The 

complete experimental procedure can be found in chapter one of this dissertation. 

A full description of the methods and parameters for RNA extraction through read 

filtering can be found in chapter one of this dissertation. Briefly, transcriptomes were 

generated from gill tissue of the 90 individuals and sequenced on an Illumina HiSeq 

4000. The 150 bp paired end reads were quality filtered and mapped to the M. 

galloprovincialis reference genome (Gerdol et al. 2020) using STAR (Dobin et al. 2013) 

in 2-pass mode. Duplicates were marked with Picard (http://roadinstitue.github.io/picard) 

and BAM files were re-indexed accordingly. SNPs were called for each individual using 

the GATK haplotype caller (Van der Auwera and O’Connor 2020), and the resulting 

VCF files were merged. Only biallelic SNPs with no more than 70% missing data were 

retained using bcftools and vcftools (Danecek et al. 2011; Danecek et al. 2021). A high 

missing data allowance was chosen given the fact that SNPs were called from RNASeq 

data rather than RADSeq, meaning the presence/ absence of variants could potentially 

depend on expression. 70% was chosen to retain markers present in only one of the three 

genotype groups. SNPs were also filtered by depth, with a minimum depth of 10 and a 

maximum of twice the mean depth to filter out repetitive regions and multi-mappers. 

http://roadinstitue.github.io/picard
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Variants were then filtered with plink2 (https://www.cog-genomics.org/plink/2.0/) on 

minor allele count (20) and minor allele frequency (0.01) as recommended by plink2. 

Ancestry coefficients were calculated using fastStructure (Raj et al. 2014) with 2-

10 underlying populations, and the best model was chosen with their choose k tool. SNP 

associations were performed with plink2’s GLM procedure, with the top two principal 

components (Price et al. 2006) and temperature as covariates. Respiration was log10 

transformed to meet the assumption of normality, so the log10 of respiration and the 

untransformed clearance rate were used as the phenotypes (response variables). The 

resulting p-values were adjusted for multiple comparisons using --adjust-file in plink2. 

4.3 Results 

After quality and missing data filtering, 10,833 biallelic SNPs were retained. fastStructre 

detected two underlying populations, corresponding to an M. galloprovincialis group and 

an M. edulis group (Figure 2). Genetically, the two M. galloprovincialis sites were 

indistinguishable both in terms of ancestry assignment and in principal component space 

(Figures S1, S2), so they were visualized as one population. 

https://www.cog-genomics.org/plink/2.0/
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4.3.1 Population structure 

Figure 4.2: Ancestry coefficients by collection region. The proportion of either M. edulis 

or M. galloprovincialis ancestry assigned to each individual by collection region (Figure 

1). M. edulis ancestry is represented in green, and M. galloprovincialis ancestry is 

represented in orange. 

The fastStructure analysis separated individuals from M. galloprovincialis and M. 

edulis well, with only one individual from either species assigned more than 10% 

ancestry of the other. Putative hybrids had mostly mixed ancestry, though there were 

seven individuals with higher than 90% M. edulis ancestry, and two with >90% M. 

galloprovincialis ancestry (Fig. 2). M. galloprovincialis individuals were also separated 

from M. edulis in principal component space along PC1, which explained 62.4% of the 

total variance (Fig. 3). Hybrids were intermediate along PC 1, but more concentrated near 

M. galloprovincialis (except for the majority M. edulis individuals, which fall within the 

M. edulis cluster). PC 2, which explains 6.61% of the variance, separated M. 

galloprovincialis from the hybrids. 
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Figure 4.3: A principal components analysis (PCA) of the 10,833 SNPs, with individuals 

colored by collection region. Individuals collected from M. edulis sites (SD) cluster 

together very tightly and are separated from those collected from M. galloprovincialis 

sites along PC1 which explains 62.41% of the total variance. Individuals collected from 

sympatric sites (WB) were intermediate but concentrated closer to the M. 

galloprovincialis cluster. They are separated from the parent populations along PC2, 

which explains 6.61% or the variance. 

4.3.2 SNP associations 

After correcting for multiple comparisons, there were no SNPs significantly 

associated with either log10 respiration or clearance rate when analyzed using plink2’s 

GLM. SNP association studies can suffer from low power due to the high number of 

comparisons, and corrections like Bonferroni are generally considered overly 

conservative (Chen et al. 2021). A significance threshold of p = 5 x 10-8 has become 

standard in GWAS studies to circumvent issues caused by multiple comparisons and 

linkage disequilibrium (Chen et al. 2021), however there were also no SNPs in our results 

that met this criterion for significance. Due to the exploratory nature of this study, we 

went forward with the uncorrected p-values to identify potential candidates, rather than 

strict hypothesis testing. In the uncorrected data, there were 116 SNPs associated with 
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respiration at the  = 0.01 level, and 14 at the  = 0.001 level. For clearance rate, there 

were 124 associations at the  = 0.01 level and 12 at the  = 0.001 level (Appendix C). 

Figure 4.4: Manhattan-like plots showing SNP associations for log10 respiration (A) and 

clearance rate (B). The genome assembly for M. galloprovincialis is at the scaffold, not 

chromosome level, so SNPs are ordered by scaffold, and their position (in bp) along that 

scaffold. Points highlighted in red represent SNPs where p < 0.001 with the 

corresponding phenotype in the uncorrected GLM results. 

All but one of the associated SNPs at p < 0.001 were located in coding regions; 

one SNP associated with respiration (UYJE01003802.1; 166295) was located just before 

the start of a coding sequence. Nine of the remaining SNPs (~35%) were in unidentified 

proteins (annotated as “hypothetical predicted protein” in NCBI). Sixteen SNPs (62%) 

across both respiration and clearance rate that were in coding regions of annotated 

proteins (Table 4.1). 
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Table 4.1: Twenty-six SNPs were associated with either log10 respiration or clearance 

rate with p < 0.001. The scaffold, the position of the SNP on that scaffold, the gene 

product, and the uncorrected p-value for each SNP are listed here. The full list of SNPs 

with p < 0.01can be found in table Appendix C. 

Respiration 

Scaffold Positio

n 

p-value Gene product 

UYJE01000305.1 189974 2.35E-04 ATP-binding cassette, subfamily A 

(ABC1), member 3 

UYJE01001871.1 15972 6.31E-04 all-trans-retinol dehydrogenase (NAD+) 

UYJE01002067.1 218348 7.19E-04 A-kinase anchor protein 13/18/28 

UYJE01002171.1 35685 2.91E-04 COP9 signalosome complex subunit 6 

UYJE01003645.1 50152 4.10E-04 Hypothetical predicted protein 

UYJE01003664.1 47887 4.23E-04 FERM, RhoGEF and pleckstrin domain 

protein 2 

UYJE01003802.1 166295 2.81E-04 Hypothetical predicted protein 

UYJE01003802.1 166440 3.46E-04 Hypothetical predicted protein 

UYJE01004296.1 172183 9.66E-04 Hypothetical predicted protein 

UYJE01005897.1 145024 2.10E-04 calcium/calmodulin-dependent protein 

kinase IV 

UYJE01007938.1 123828 9.36E-04 solute carrier family 35 (GDP-fucose 

transporter) 

UYJE01009018.1 61348 7.81E-04 Hypothetical predicted protein 

UYJE01009100.1 116689 5.50E-04 period circadian protein 

UYJE01009100.1 116932 5.16E-04 period circadian protein 

Clearance Rate 

Scaffold Positio

n 

p-value Gene product 

UYJE01000179.1 84642 4.68E-05 cell cycle related kinase 

UYJE01000973.1 160115 4.11E-05 Hypothetical predicted protein 
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UYJE01001196.1 63227 2.56E-04 proto-oncogene tyrosine-protein kinase 

Met 

UYJE01002404.1 368500 4.89E-04 heterogeneous nuclear ribonucleoprotein 

U-like protein 1 

UYJE01004296.1 169650 1.31E-04 N/A; repeat region 

UYJE01007298.1 62712 4.27E-04 Hypothetical predicted protein 

UYJE01007398.1 12486 6.23E-04 Hypothetical predicted protein 

UYJE01007463.1 242045 4.05E-05 RAS protein activator-like 2 

UYJE01007893.1 139482 5.41E-04 protein O-GlcNAcase / histone 

acetyltransferase 

UYJE01007989.1 196418 4.01E-04 Hypothetical predicted protein 

UYJE01010078.1 127106 1.24E-04 SAP domain-containing ribonucleoprotein 

UYJE01010474.1 31655 4.36E-04 inositol 1,4,5-triphosphate receptor-

associated cGMP kinase substrate 

 

4.4 Discussion 

In this work we aimed to (i) analyze the population structure of the M. edulis x M. 

galloprovincialis hybrid zone in southwest England, and (ii) detect genetic variants 

associated with traits contributing to energy budget. We found that divergence between 

individuals on either side of the hybrid zone is strong, with little evidence of alleles 

moving through the hybrid zone into either parent population. We detected few SNPs that 

were associated with either respiration or clearance rate, and none that were statistically 

significant after correcting for multiple comparisons.  

Individuals collected from sites north of Land’s End (PQ and TW; Figure 1) were 

assigned mostly M. galloprovincialis ancestry, and those collected from east of Start 

Point (SD) were nearly entirely M. edulis. This supports results from another recent 
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study, which showed that a population from Exmouth (east of Start Point, near SD) had 

little introgression of M. galloprovincialis alleles (Vendrami et al. 2020). This study 

included populations of pure M. edulis and M. galloprovincialis collected from their 

respective core ranges and far from potential hybrid zones, making it a good comparison 

to ground-truth our results. The putative hybrids had a range of ancestries, from very M. 

galloprovincialis-like to entirely M. edulis like (Figure 3). Overall, the ancestry analysis 

suggests minor introgression of M. edulis alleles through the hybrid zone and into the M. 

galloprovincialis region, but hardly, if any, of the reverse. This may be because this 

population is at the northern edge of M. galloprovincialis’s range limit, and M. edulis 

performs better at the temperatures currently experienced in this region (Chapter 2, Fly 

and Hilbish 2013). Other factors, including immunity (Tolman et al. 2019), are more 

likely to explain the persistence of M. galloprovincialis and hybrid populations in this 

region. 

The SNPs associated with respiration and clearance are linked to a variety of 

functions, including cells signaling, cytoskeletal processes, innate immunity, regulating 

circadian rhythm, cell cycle control, growth and metabolism, and transcriptional 

regulation. Although many of the identified proteins may be related to either 

physiological process (i.e. period circadian rhythm and its role in day/night cycles, or 

SAP domain-containing ribonucleoprotein, which is associated with transcription and 

mRNA processing), it is important to note that these annotations are based on sequence 

homology to model organisms, often human, mouse, or Drosophila. This makes 

functional prediction difficult, as their function in Mytilus is unknown, and many proteins 

are well-studied only in the context of human disease. 
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GWA studies in wild populations of non-model organisms come with a host of 

challenges, including trouble with reproducibility, accounting for natural population 

structure, accounting for linkage in multiple testing correction, and difficulty identifying 

loci of small effect size (Santure and Garant 2018). The M. galloprovincialis reference 

genome only has scaffold-level, rather than chromosome-level, resolution, making 

finding and accounting for linkage nearly impossible. Coupled with the fact that complex, 

whole-organism level phenotypes are most often polygenic, with many contributing loci 

of small effect sizes (Ingvarsson and Street 2011; Healy et al. 2018; Santure and Garant 

2018), it is not surprising that we were unable to detect SNPs significantly associated 

with either log10 respiration rate or clearance rate. So, while there are a significant 

number of SNPs, it remains unclear whether which, if any, are associated with the 

analyzed phenotypes that may aid in adaptation to rapidly changing conditions. 

Lastly, it could be argued that modeling both populations together is inappropriate 

given the strong population structure shown by the PCA (Figure 3), and the sharp 

difference in variability between M. edulis (little within-population differentiation) and 

M. galloprovincialis (higher within-population differentiation). However, population 

structure was accounted for by including the top principal components in the model, and 

by using a high missing data threshold. Additionally, we assessed this possibility by 

splitting individuals by ancestry (individuals with > 90% ancestry for either M. edulis or 

M. galloprovincialis were analyzed separately). This method, along with using lower 

missing data thresholds for the full and partial data sets (data not shown) all failed to 

detect variants significantly associated with either phenotype at the standard GWAS 

significance threshold, even with as few as 527 variants. Thus, the failure to detect 
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significance is likely due to the independent and polygenic nature of complex traits 

mentioned above, rather than the chosen parameters or loss of power from multiple 

comparisons. Additionally, our power is limited by sample size, which is constrained by 

resources when measuring complex phenotypes like respiration. Future work should 

focus on increasing detection power by utilizing more individuals, and exploring other 

methods of SNP detection, such as restriction-site associated DNA sequencing (RADSeq) 

as seen in Vendrami et al. 2020.
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CHAPTER 5 

CONCLUSION 

In this work I addressed four major objectives: 1) to determine the mechanism by 

which Mytilus edulis is limited at high temperatures, 2) to correlate the physiological and 

molecular responses to chronic high temperature in the M. edulis species complex, 3) to 

categorize the response of M. edulis x M. galloprovincialis to chronic high temperature 

both physiologically and trascriptomically, and 4) to assess the population structure of 

collected individuals and relate genetic variation to physiology. 

While there was some evidence in North American populations of Mytilus edulis 

that clearance rate was the limiting factor at high temperatures, we now have strong 

evidence for this hypothesis in European populations as well. This is significant, as 

different thermal properties govern species ranges in North American and European 

population of these mussels. M. edulis, M. galloprovincialis, and their hybrids all 

consume more oxygen at 23°C than at 15°C, which was expected since metabolic 

demand increases with temperature (Figure 3.1). Only M. galloprovincialis and hybrids, 

however, increased their clearance rates to support their higher metabolisms (Figure 3.1). 

M. edulis decreased its clearance rate (Figure 3.1), meaning they would not have enough 
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energy available to persist at this temperature long-term. This supports the idea that 

clearance rate limits population persistence in M. edulis at high temperatures.  

By using a weighted gene correlation network analysis, we were able to correlate 

physiological phenotypes with gene expression profiles (Figure 3.2). We showed that 

overall, groups of similarly expressed genes (modules) were correlated more strongly 

with respiration than with clearance rate. More importantly, however, we were able to 

show that gene modules were correlated with clearance rate in the same direction more 

often between M. galloprovincialis and hybrids than either with M. edulis (Figure 3.3). 

This result mirrors the physiological results in which M. galloprovincialis and hybrids 

increase their clearance rates from 15°C to 23°C, while M. edulis decreases theirs (Figure 

3.1). 

When evaluating the response of M. edulis x M. galloprovincialis to chronic high 

temperature, we found that their differentially expressed genes were largely unique from 

either parent species, and no more similar to either parent than the parent were to each 

other (Figure 2.2). Physiologically, hybrids had a more M. galloprovincialis-like response 

when looking at clearance rate, though they had a much higher clearance rate at 23°C 

than even the Mediterranean M. galloprovincialis (Figure 3.1). This transgressive 

response was also seen in the gene expression data, where hybrids had gene expression 

plasticity values well outside the range of the two parent species. Intermediate plasticity, 

on the other hand, was hardly observed (Figure 2.4). This evidence of hybrid vigor 

suggests that hybridization may pose a potential route for species persistence under 

climate change via creation of new phenotypes. 
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Lastly, we were able to show that in the sampled populations, regionally based 

genotype group assignments were nearly always accurate. Some individuals from the 

Whitsand Bay hybrid site were purely M. edulis, excluding those, individuals showed a 

gradient of ancestry makeup from mostly M. galloprovincialis-like to mostly M. edulis-

like. We failed to associate any genetic variants with the metabolic phenotypes measured, 

but this was likely due to the complex nature of respiration and clearance rate. Complex 

phenotypes like these are generally highly polygenic, contributed to by many loci of 

small effect sizes, rather than determined by one or a few loci with large effect sizes. This 

makes detecting SNPs that are significantly associated with either phenotype statistically 

very difficult.
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APPENDIX A 

SUPPLEMENTARY INFORMATION FOR CHAPTER 1

 

Figure A.1: Gene expression in the M. edulis species complex in response to chronic high 

temperature by genotype. Principal components analysis of the top 500 differentially expressed 

genes in (A) M. edulis, (B) hybrids, and (C) M. galloprovincialis. Circle points represent animals 

kept at 15°C, triangle points represent animals kept at 23°C.



 

69 

APPENDIX B 

SUPPLEMENTARY INFORMATION FOR CHAPTER 2 

 

Figure B.1: Trait correlations for the eigengene of each gene module with clearance rate with 

correlation coefficients and p-values. The correlation coefficient is listed for each module, 

followed by the Fisher’s asymptotic p-value. The column abbreviations indicate species: MG is 

M. galloprovincialis, EG are hybrids, ME is M. edulis. Darker orange boxes have stronger 

positive correlations, darker more blue boxes have stronger negative correlations.
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Figure B.2: Trait correlations for the eigengene of each gene module with the weight corrected 

log10 respiration rate with correlation coefficients and p-values. The correlation coefficient is 

listed for each module, followed by the Fisher’s asymptotic p-value. The column abbreviations 

indicate species: MG is M. galloprovincialis, EG are hybrids, ME is M. edulis. Saturation 

represents the strength of the correlation, so darker orange boxes have stronger positive 

correlations, and darker more blue boxes have stronger negative correlations 
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APPENDIX C 

SUPPLEMENTARY INFORMATION FOR CHAPTER 3 

 

Figure C.1: Principal component analysis of the 10,833 biallelic SNPs colored by collection site. 

Port Quin (PQ) and Trebarwith (TW) are north of Land’s End, where M. galloprovincialis occurs 

alone, Sidmouth (SD) is east of Start Point, where only M. edulis occurs, and Whitsand Bay (WB) 

is between the two, in the hybrid zon



 

72 

Figure C.2: Ancestry coefficients for each individual separated by collection site. M. 

galloprovincialis ancestry is shown in orange, and M. edulis ancestry is shown in green. 

 

Table C.1: Complete list of the 244 SNPs association with respiration or clearance rate at the  = 

0.01 level. 

Respiration 

Scaffold Position p-value 

UYJE01000172.1 132157 1.28E-03 

UYJE01000305.1 186768 4.75E-03 

UYJE01000305.1 189974 2.35E-04 

UYJE01000305.1 190016 1.49E-03 

UYJE01000555.1 101678 6.52E-03 

UYJE01000641.1 107959 7.50E-03 

UYJE01000972.1 99355 8.85E-03 

UYJE01001097.1 177615 1.78E-03 

UYJE01001363.1 33331 4.61E-03 

UYJE01001616.1 42412 7.44E-03 

UYJE01001653.1 120838 5.90E-03 

UYJE01001843.1 8354 1.20E-03 

UYJE01001843.1 9361 1.69E-03 

UYJE01001871.1 15972 6.31E-04 

UYJE01001947.1 148816 3.32E-03 

UYJE01001947.1 148894 3.11E-03 

UYJE01001947.1 148903 8.30E-03 

UYJE01001947.1 149547 4.35E-03 

UYJE01001984.1 79899 8.41E-03 

UYJE01002027.1 48582 7.31E-03 

UYJE01002067.1 218348 7.19E-04 

UYJE01002115.1 130474 2.01E-03 

UYJE01002171.1 35685 2.91E-04 

UYJE01002301.1 38857 6.38E-03 

UYJE01002457.1 104718 8.24E-03 

UYJE01002739.1 262653 1.22E-03 

UYJE01002756.1 15090 1.14E-03 

UYJE01002917.1 13146 5.55E-03 

UYJE01002968.1 25762 3.04E-03 

UYJE01003202.1 548362 7.32E-03 

UYJE01003210.1 4801 7.00E-03 

UYJE01003222.1 51898 1.11E-03 

UYJE01003385.1 94098 4.45E-03 

UYJE01003464.1 106745 3.03E-03 

UYJE01003509.1 55155 5.56E-03 

UYJE01003538.1 45039 6.67E-03 

UYJE01003645.1 50056 4.30E-03 

UYJE01003645.1 50152 4.10E-04 
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UYJE01003664.1 47887 4.23E-04 

UYJE01003748.1 537368 1.44E-03 

UYJE01003802.1 166295 2.81E-04 

UYJE01003802.1 166440 3.46E-04 

UYJE01003887.1 49930 9.24E-03 

UYJE01004091.1 76858 6.41E-03 

UYJE01004149.1 58509 4.85E-03 

UYJE01004296.1 172183 9.66E-04 

UYJE01004298.1 180235 2.71E-03 

UYJE01004761.1 371110 5.02E-03 

UYJE01004971.1 181745 1.80E-03 

UYJE01005022.1 171219 8.95E-03 

UYJE01005280.1 39411 2.22E-03 

UYJE01005322.1 17809 1.54E-03 

UYJE01005569.1 28696 3.90E-03 

UYJE01005643.1 350856 3.71E-03 

UYJE01005856.1 210692 2.51E-03 

UYJE01005897.1 145024 2.10E-04 

UYJE01005906.1 80531 5.40E-03 

UYJE01005981.1 191300 6.25E-03 

UYJE01006149.1 202270 8.97E-03 

UYJE01006253.1 16959 2.25E-03 

UYJE01006318.1 169894 9.09E-03 

UYJE01006368.1 77315 7.61E-03 

UYJE01006452.1 31642 3.78E-03 

UYJE01006485.1 312934 2.86E-03 

UYJE01006577.1 204702 9.16E-03 

UYJE01006673.1 109092 9.76E-03 

UYJE01006696.1 351781 7.60E-03 

UYJE01006745.1 206511 6.38E-03 

UYJE01006788.1 15378 8.25E-03 

UYJE01006822.1 117490 9.91E-03 

UYJE01006826.1 110017 1.46E-03 

UYJE01006913.1 277489 3.64E-03 

UYJE01007273.1 40341 4.19E-03 

UYJE01007312.1 45104 1.02E-03 

UYJE01007377.1 154964 8.50E-03 

UYJE01007513.1 109089 1.34E-03 

UYJE01007516.1 12149 6.74E-03 

UYJE01007552.1 190523 1.78E-03 

UYJE01007597.1 54233 6.26E-03 

UYJE01007641.1 110470 8.54E-03 

UYJE01007724.1 47350 2.68E-03 

UYJE01007938.1 123828 9.36E-04 

UYJE01008063.1 39751 1.89E-03 

UYJE01008063.1 338700 1.71E-03 

UYJE01008080.1 69870 4.47E-03 

UYJE01008114.1 113760 2.89E-03 

UYJE01008196.1 147963 1.49E-03 

UYJE01008238.1 94975 4.16E-03 

UYJE01008278.1 420823 3.95E-03 

UYJE01008364.1 174732 6.62E-03 

UYJE01008468.1 71940 1.56E-03 

UYJE01008493.1 22969 6.30E-03 

UYJE01008499.1 80160 8.02E-03 

UYJE01008510.1 73868 4.09E-03 

UYJE01008536.1 319357 4.51E-03 

UYJE01008623.1 259411 3.67E-03 

UYJE01008667.1 71537 2.92E-03 

UYJE01008708.1 126193 3.84E-03 

UYJE01008813.1 29598 3.14E-03 

UYJE01008813.1 31345 1.94E-03 

UYJE01009018.1 58895 1.89E-03 

UYJE01009018.1 61348 7.81E-04 

UYJE01009059.1 305342 7.96E-03 

UYJE01009100.1 116689 5.50E-04 

UYJE01009100.1 116932 5.16E-04 

UYJE01009117.1 50217 5.45E-03 

UYJE01009139.1 111083 1.77E-03 

UYJE01009267.1 160488 3.15E-03 

UYJE01009371.1 86637 1.30E-03 

UYJE01009396.1 164698 2.98E-03 

UYJE01009652.1 25955 2.40E-03 

UYJE01009863.1 275881 8.66E-03 

UYJE01010286.1 188058 5.96E-03 

UYJE01010297.1 122077 2.28E-03 

UYJE01010330.1 117001 5.70E-03 

UYJE01010536.1 210564 8.61E-03 
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Clearance Rate 

Scaffold Position p-value 

UYJE01000046.1 93126 1.72E-03 

UYJE01000173.1 207080 3.32E-03 

UYJE01000179.1 84642 4.68E-05 

UYJE01000221.1 77195 7.12E-03 

UYJE01000309.1 34604 4.78E-03 

UYJE01000339.1 142018 4.81E-03 

UYJE01000559.1 108063 6.37E-03 

UYJE01000641.1 107959 6.16E-03 

UYJE01000886.1 142646 3.81E-03 

UYJE01000951.1 25631 7.66E-03 

UYJE01000973.1 159802 4.38E-03 

UYJE01000973.1 160115 4.11E-05 

UYJE01000973.1 161651 4.81E-03 

UYJE01001148.1 117042 9.11E-03 

UYJE01001196.1 63227 2.56E-04 

UYJE01001308.1 19901 5.64E-03 

UYJE01001367.1 81318 6.59E-03 

UYJE01001418.1 24781 3.25E-03 

UYJE01001450.1 19820 3.01E-03 

UYJE01001450.1 19871 1.97E-03 

UYJE01001479.1 93527 5.04E-03 

UYJE01001505.1 19294 8.88E-03 

UYJE01001915.1 73897 3.86E-03 

UYJE01002068.1 56553 1.16E-03 

UYJE01002193.1 430790 6.71E-03 

UYJE01002363.1 189625 8.50E-03 

UYJE01002404.1 367947 6.57E-03 

UYJE01002404.1 368091 1.24E-03 

UYJE01002404.1 368127 1.42E-03 

UYJE01002404.1 368500 4.89E-04 

UYJE01002404.1 368988 2.28E-03 

UYJE01002573.1 162347 6.47E-03 

UYJE01002655.1 21118 7.20E-03 

UYJE01002724.1 13462 3.57E-03 

UYJE01002738.1 371297 3.83E-03 

UYJE01002919.1 19639 8.83E-03 

UYJE01002991.1 444755 4.13E-03 

UYJE01002993.1 133834 5.36E-03 

UYJE01003474.1 24142 3.40E-03 

UYJE01003539.1 423239 8.63E-03 

UYJE01003585.1 89042 7.54E-03 

UYJE01003675.1 53937 1.64E-03 

UYJE01003869.1 20790 1.05E-03 

UYJE01004051.1 106001 2.88E-03 

UYJE01004296.1 169650 1.31E-04 

UYJE01004388.1 235506 9.47E-03 

UYJE01004512.1 110076 4.53E-03 

UYJE01004593.1 147934 8.94E-03 

UYJE01004644.1 83152 6.68E-03 

UYJE01004846.1 105832 8.01E-03 

UYJE01005016.1 154951 2.13E-03 

UYJE01005100.1 117915 2.42E-03 

UYJE01005298.1 24383 7.34E-03 

UYJE01005356.1 5058 1.24E-03 

UYJE01005391.1 37625 6.59E-03 

UYJE01005444.1 13751 3.89E-03 

UYJE01005522.1 37236 8.28E-03 

UYJE01005643.1 539782 8.49E-03 

UYJE01005744.1 20739 5.48E-03 

UYJE01005772.1 41955 1.02E-03 

UYJE01005983.1 218560 6.97E-03 

UYJE01006064.1 335207 5.19E-03 

UYJE01006064.1 346635 3.68E-03 

UYJE01006113.1 101924 3.76E-03 

UYJE01006121.1 56505 3.89E-03 

UYJE01006151.1 134818 5.05E-03 

UYJE01006401.1 109350 5.19E-03 

UYJE01006405.1 181751 8.88E-03 

UYJE01006500.1 152643 8.79E-03 

UYJE01006534.1 54580 9.28E-03 

UYJE01006536.1 92260 3.79E-03 

UYJE01006569.1 398454 8.32E-03 

UYJE01006584.1 124083 8.46E-03 

UYJE01006621.1 106920 8.88E-03 

UYJE01006780.1 217512 3.17E-03 

UYJE01006823.1 226719 4.01E-03 
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UYJE01006830.1 298397 3.62E-03 

UYJE01006865.1 233882 5.45E-03 

UYJE01006874.1 110340 4.98E-03 

UYJE01007120.1 211545 5.00E-03 

UYJE01007206.1 230056 8.70E-03 

UYJE01007298.1 62673 1.19E-03 

UYJE01007298.1 62712 4.27E-04 

UYJE01007317.1 40234 6.58E-03 

UYJE01007348.1 49503 3.05E-03 

UYJE01007398.1 12486 6.23E-04 

UYJE01007463.1 239345 1.29E-03 

UYJE01007463.1 242045 4.05E-05 

UYJE01007549.1 20691 6.05E-03 

UYJE01007641.1 105079 1.42E-03 

UYJE01007724.1 47414 9.24E-03 

UYJE01007788.1 31718 5.41E-03 

UYJE01007893.1 139482 5.41E-04 

UYJE01007989.1 196418 4.01E-04 

UYJE01008116.1 92444 4.18E-03 

UYJE01008119.1 15405 1.88E-03 

UYJE01008155.1 153015 3.65E-03 

UYJE01008239.1 18281 7.60E-03 

UYJE01008510.1 77008 9.34E-03 

UYJE01008665.1 436213 9.87E-03 

UYJE01008672.1 65362 3.30E-03 

UYJE01008672.1 65422 3.30E-03 

UYJE01008672.1 65986 3.30E-03 

UYJE01008672.1 66025 3.30E-03 

UYJE01008732.1 8671 4.51E-03 

UYJE01008810.1 23360 9.99E-03 

UYJE01008897.1 87694 8.14E-03 

UYJE01009183.1 74116 3.09E-03 

UYJE01009232.1 56669 6.58E-03 

UYJE01009246.1 18541 8.56E-03 

UYJE01009268.1 80780 2.43E-03 

UYJE01009268.1 80834 1.47E-03 

UYJE01009268.1 86818 2.43E-03 

UYJE01009269.1 263745 2.21E-03 

UYJE01009461.1 30588 1.90E-03 

UYJE01009724.1 9084 8.43E-03 

UYJE01009949.1 332620 6.06E-03 

UYJE01010078.1 127106 1.24E-04 

UYJE01010180.1 58498 1.11E-03 

UYJE01010180.1 58539 6.81E-03 

UYJE01010372.1 205770 6.84E-03 

UYJE01010421.1 286658 6.82E-03 

UYJE01010474.1 31655 4.36E-04 

UYJE01010538.1 174698 1.00E-03 
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