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DEDICATION

For my parents, who gave me Silent World by Jacques Cousteau, then provided unwavering

support of my dreams all the years after.



I read a lot of literature

On oysters in my quest

Determined I would find a type

That outclassed all the rest.

. . .

At last my search was ended

Food of the Gods I’d found

The nearest place to Paradise—

“Olympia,” Puget Sound.

Ode to the Olympia Oyster

Jay Bolster
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ABSTRACT

Effective management of threatened species requires an understanding of both the genetic

connectivity among populations and adaptive population divergence. For the numerous

coastal marine species with planktonic dispersal, high connectivity can obscure population

boundaries and oppose the diversifying effects of natural selection through homogenizing

gene flow. Using an ecologically and commercially important marine bivalve as a model

system, my dissertation aimed to characterize the spatial scales of neutral and adaptive dif-

ferentiation in the face of gene flow and identify candidate loci under selection. The Olympia

oyster (Ostrea lurida) is native from Baja California to the central coast of Canada and dis-

tributed over strong environmental gradients. Following devastating commercial exploitation

by the early 20th century, recovery of O. lurida populations has faced other anthropogenic

challenges, including ocean acidification. For my dissertation, I used high-throughput se-

quencing, bioinformatics, and mesocosm experiments to 1) describe the neutral and adaptive

population genetic structure in O. lurida, 2) characterize adaptive phenotypic variation at

a local scale, and 3) evaluate molecular responses to acidification stress across genetically

diverged populations in two bivalve species.

Significant population structure in the Olympia oyster was observed using both neutral

and putative adaptive genetic markers derived from genotype-by-sequencing of oysters across

20 sites. To determine if local adaptation can occur among populations with high inferred

gene flow, I investigated genetic and phenotypic variation among three populations of oysters

in Puget Sound, WA. Through a common garden experiment on oysters that had been reared

for up to two generations in common conditions, I demonstrated that these three populations

exhibit heritable differences in reproductive timing, larval growth rate, and juvenile growth

rate. Adaptations to natural long-standing variation of ocean pH in widespread species along

western North America may be informative for predicting resilience to projected conditions.

Overlapping the Olympia oysters range, the purple-hinged rock scallop (Crassadoma gigan-

tea) is found from southern California to the Aleutian Islands. To understand inter- and
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intraspecific variation in response to reduced pH, I compared gene expression responses to

two pH treatments (7.4 and 7.8) in adult oysters and rock scallops from multiple genetically

diverged populations. Within species, genes were identified that exhibited a conserved re-

sponse to pH across populations or a significant population-specific response—the latter are

considered candidate genes involved in local adaptation.
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INTRODUCTION

Natural environments exhibit spatial heterogeneity in both abiotic and biotic factors, of-

tentimes driving populations to evolve traits that confer a fitness advantage in their native

habitat over foreign genotypes Kawecki and Ebert (2004). This process of local adaptation

can be opposed by neutral processes, such as genetic drift within effectively small popula-

tions, or homogenizing gene flow from dispersal (Wakeley, 2005). However, if the scale of

dispersal extends across strong selective gradients, adaptive population divergence can still

occur through phenotype-environment mismatch–where strong purifying selection occurs

each generation following dispersal (Marshall, 2008; Schmidt and Rand, 2001). Character-

izing the spatial scales of both neutral and adaptive divergence is crucial for determining

effective management strategies for taxa at risk from anthropogenic stressors (Baums, 2008;

Carroll et al., 2014).

For the numerous coastal marine species with planktonic dispersal, high connectivity

among populations can obscure population boundaries and oppose the diversifying effects of

natural selection through gene flow (Lenormand, 2002). However, a growing body of evidence

indicates that both limited effective dispersal and local adaptation may be more common in

marine species than previously hypothesized (Cowen et al., 2000; Hauser and Carvalho, 2008;

Sanford and Kelly, 2011; Weersing and Toonen, 2009; Levin, 2006). As direct measurement

of dispersal is challenging or impossible for many such species, estimates of demographic

population structure have increasingly come from genetic markers (Ashley, 2010). Adaptive

divergence can be assessed through either experimental manipulations or by comparing allelic

differences between populations at loci of adaptive importance (Sanford and Kelly, 2011).

The rapid development of high-throughput sequencing has advanced studies of demography

and adaptive variation in nonmodel organisms by facilitating genotyping at thousands of

genomic markers, as well as cost effective assays of molecular responses to environmental

variation (Matz, 2018).

For my dissertation, I have leveraged reduced-representation genomic and transcriptomic

1



sequencing, bioinformatics, and experimental manipulations in a marine invertebrate to de-

termine the spatial scale of adaptive differentiation with gene flow and identify candidate loci

under selection. In Chapter 1, I characterized rangewide neutral and adaptive population ge-

netic structure using genotype-by-sequencing. For Chapters 2 and 3, I experimentally tested

for local adaptation between populations at varying spatial scales and levels of inferred gene

flow. In addition to addressing key evolutionary questions, my work has direct implications

for ongoing restoration efforts of an ecologically and commercially important marine bivalve

and understanding how this species will respond to rapid environmental change.

Study System

The Olympia oyster (Ostrea lurida, Carpenter 1864) is an estuarine bivalve native from Baja

California to the central coast of Canada, patchily distributed over strong environmental gra-

dients (Chan et al., 2017; Schoch et al., 2006). Whether this tolerance is primarily due to

plasticity, local adaptation, or balanced polymorphism is largely unknown. A protandrous

hermaphrodite, spawning events are synced between adult males and females based on envi-

ronmental cues of temperature and seasonality (Coe, 1932). Unlike other oysters where both

males and females spawn gametes (e.g., Crassostrea), the females fertilize eggs with sperm

from the water column and initially brood larvae in the mantle cavity. After release, the

larvae have been reported to be planktonic from seven days to eight weeks before settling on

a hard substrate (Baker, 1995). This newly settled spat is around 300-340 um and will reach

sexual maturity under good growing conditions in about a year. The impact of maternal

brooding on population structure in Osterideae has not been examined.

As ecosystem engineers in estuaries, they provide structured habitat, remove suspended

sediments, and limit eutrophication (zu Ermgassen et al., 2013; Coen et al., 2011). Following

devastating commercial exploitation in the 19th and early 20th centuries, recovery of Olympia

oyster populations has been stifled by other anthropogenic threats (e.g., water quality issues,

habitat loss, and potentially ocean acidification (Blake and Bradbury, 2012; Hettinger et al.,

2



2013; Sanford et al., 2014)). The last 15 years has seen increased interest in the Olympia

oyster, with restoration projects underway by both government and nongovernment agencies

across its range (Pritchard et al., 2015). Current knowledge about the population genetic

structure of O. lurida comes primarily from an unpublished 2011 dissertation (Stick, 2011)

and two phylogeographic studies using two mitochondrial loci (Polson et al., 2009; Raith

et al., 2016). It is critical that management plans utilize modern techniques to understand

the genetic structure of this species and its adaptive potential in the face of climate change.
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CHAPTER 1

POPULATION STRUCTURE, GENETIC CONNECTIVITY,

AND ADAPTATION IN THE OLYMPIA OYSTER1

1.1 Abstract

Effective management of threatened and exploited species requires an understanding of both

the genetic connectivity among populations and local adaptation. For such coastal marine

species, population structure could follow a continuous isolation-by-distance model, contain

regional blocks of genetic similarity separated by barriers to gene flow, or be consistent with a

null model of no population structure. To distinguish between these hypotheses in O. lurida,

13,424 single-nucleotide polymorphisms (SNPs) were used to characterize rangewide popula-

tion structure, genetic connectivity, and adaptive divergence. Samples were collected across

the species range on the west coast of North America, from southern California to Vancou-

ver Island. A conservative approach for detecting putative loci under selection identified 235

SNPs across 129 GBS loci, which were functionally annotated and analyzed separately from

the remaining neutral loci. While strong population structure was observed on a regional

scale in both neutral and outlier markers, neutral markers had greater power to detect

fine-scale structure. Geographic regions of reduced gene flow aligned with known marine

biogeographic barriers, such as Cape Mendocino, Monterey Bay, and the currents around

Cape Flattery. The outlier loci identified as under putative selection included genes involved

in developmental regulation, sensory information processing, energy metabolism, immune

response, and muscle contraction. These loci are excellent candidates for future research

and may provide targets for genetic monitoring programs. Beyond specific applications for

restoration and management of the Olympia oyster, this study lends to the growing body of

evidence for both population structure and adaptive differentiation across a range of marine

1. A version of this chapter has been published as: Silliman K. 2019. Population structure, genetic
connectivity, and adaptation in the Olympia oyster. Evolutionary Applications. In press.
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species exhibiting the potential for panmixia. Computational notebooks are available to

facilitate reproducibility and future open-sourced research on the population structure of O.

lurida.

1.2 Introduction

Coastal marine ecosystems provide important services such as carbon sequestration, food

production, and recreation (Luisetti et al., 2014), yet contain some of the most exploited

and threatened species on earth. As evidence for the direct impacts of human activities

(e.g., over-harvesting, increasing atmospheric CO2, and nutrient run-off) on these species

grows, there has been increased focus on restoring depleted abundances, recovering ecosys-

tem services, and determining which species are capable of adapting to environmental change

(Granek et al., 2010). Effective management of threatened and exploited species requires an

understanding of both the genetic connectivity among populations and adaptation across en-

vironmental gradients (Baums, 2008; Miller and Ayre, 2008; Palumbi, 2003). Anthropogenic

movement of individuals between populations, either for aquaculture or restoration pur-

poses, can confound signals of population structure and should be evaluated when drawing

conclusions about genetic connectivity (David, 2018).

Neutral molecular markers (e.g., microsatellites) have traditionally been used exclusively

to identify the geographic structure of subpopulations and estimate the genetic connectiv-

ity between them (Funk et al., 2012); however, these do not give insight into the scale or

magnitude of adaptive divergence. For populations connected by dispersal, adaptation to

local conditions can still occur if the strength of selection overcomes the homogenizing effect

of gene flow (Hellberg, 2009). Advances in genomic and computational techniques, such

as genotype-by-sequencing (GBS), have facilitated the detection of genomic regions that

may be influenced by natural selection (outlier loci) (Stapley et al., 2010). Although often

referred to as adaptive markers, these outliers may only be linked to loci that are under

natural selection rather than confer an adaptive advantage themselves. Outlier loci have
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provided increased spatial resolution of population structure compared to neutral loci alone

for some marine species (Drinan et al., 2018; Van Wyngaarden et al., 2017; Milano et al.,

2014), but not all (Moore et al., 2014). In addition to potentially resolving fine-scale ge-

netic differentiation, outlier loci may be useful for characterizing the adaptive potential of

a species or population to future environmental conditions (Eizaguirre and Baltazar-Soares,

2014). Inferences from both neutral and adaptive markers should be combined when making

management recommendations (Funk et al., 2012).

Current knowledge about the population genetic structure of O. lurida comes primarily

from an unpublished 2011 dissertation, which sampled from San Francisco, CA to Vancouver

Island, BC and found regional population structure using microsatellites (Stick, 2011). Two

phylogeographic studies using two mitochondrial loci identified a phylogeographic break

north of Willapa Bay, WA and established the southern boundary divide between O. lurida

and its sister species Ostrea conchaphila (Polson et al., 2009; Raith et al., 2016). Future and

ongoing management plans would benefit greatly from thorough analysis of the fine-scale

genetic structure using modern genomic techniques and rangewide sampling (Camara and

Vadopalas, 2009).

The objective of this study was to characterize the spatial population structure of the

Olympia oyster across the majority of its range using both neutral and adaptive markers

derived from genome-wide single nucleotide polymorphisms (SNPs). I specifically tested

whether patterns of genetic variation suggest a smooth continuum of allele frequency shifts

consistent with isolation-by-distance (IBD) (Malécot, 1968), regional blocks of genetic sim-

ilarity that correspond to physical barriers (Hare and Avise, 1996), or the null model of no

significant genetic differentiation (Grosberg and Cunningham, 2001). SNPs produced from

high-throughput sequencing have led to the identification of previously undetected popu-

lation structure in a number of marine and terrestrial species (e.g., (Everett et al., 2016;

Reitzel et al., 2013; Van Wyngaarden et al., 2017)). Compared to the Atlantic coast of

North America (Hoey and Pinsky, 2018), studies utilizing genome-wide SNPs for marine
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taxa from the Pacific coast are far fewer in number and have been limited to regional spatial

scales (De Wit and Palumbi, 2013; Drinan et al., 2018; Gleason and Burton, 2016; Larson

et al., 2014; Martinez et al., 2017) or in the number of sampling sites (Pespeni et al., 2010;

Tepolt and Palumbi, 2015). This study is the first of my knowledge to utilize thousands

of SNPs to extensively survey the rangewide population structure of a marine species along

this coast.

A secondary aim of this study was to produce a reproducible computational pipeline to

go from raw data to results and figures, using Jupyter Notebooks. Jupyter Notebooks are

interactive documents that integrate text, code, and analysis results (Kluyver et al., 2016). A

major issue for genomic analyses today is how to clearly explain the computational methods

used in order to allow for reproducibility (Kanwal et al., 2017). This open access pipeline

is intended to provide an example template to improve reproducibility in future studies and

function as an instructional tool for biologists and early career scientists who wish to apply

these methods to their own study organisms.

1.3 Materials and Methods

1.3.1 Sample collection

20-25 adult Ostrea lurida over 2cm in length were collected primarily by hand from the

intertidal (approx. 0m to -1m tidal height) at 20 sites ranging from Klaskino Inlet, Vancouver

Island (50◦17 55) to San Diego Bay, CA (32◦361 9) in 2014 (Fig. 1.1, Table S1). When

possible, oysters were sampled randomly along 10m transects (Fig. 1.3). Each site represents

a separate bay, except for Willapa Bay, WA and San Francisco Bay, CA which had two

sampling sites each. In the case of one site from Willapa Bay, WA, oysters were collected

subtidally (approx. 8m depth) through dredge harvesting of the Pacific oyster, Crassostrea

gigas. Adductor tissue samples were preserved in RNALater, followed by storage in -80◦C.

DNA was isolated using DNeasy Blood & Tissue kits (Qiagen) and E.Z.N.A. Mollusc DNA
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kits (Omega Bio-Tek) with RNAse-A treatment following manufacturer instructions and

limiting tissue digestion time to no more than 90 minutes. All DNA samples were quantified

using the Qubit dsDNA BR Assay kit (Life Technologies) on a Qubit v2.0 (Life Technologies).

DNA quality was verified by agarose gel electrophoresis of 1-2 uL extracted DNA on an 0.8%

TAE gel.

Mugu Lagoon

San Diego Bay

Klaskino_BC
Ladysmith_BC
Barkley_BC
Victoria_BC

British Columbia
(BC)

Discovery_WA
Liberty_WA
TritonCove_WA
NorthBay_WA

Willapa_WA

Netarts_OR
Yaquina_OR
Coos_OR

Humboldt_CA

Tomales_CA

SanFrancisco_CA

Elkhorn_CA

MuguLagoon_CA

SanDiego_CA

Oregon (OR)

California
 (CA)

Puget Sound

Washington (WA)

Figure 1.1: Map of 20 Olympia oyster (Ostrea lurida) collection sites from the west coast of
North America.
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1.3.2 Genotype-by-sequencing analysis

Library preparation for genotype-by-sequencing (GBS) followed the protocol by (Elshire

et al., 2011) using the ApeKI restriction enzyme, with an additional size selection step and

slight modifications to PCR amplification. A detailed protocol can be found at https:

//github.com/ksil91/Ostrea_PopStructure. All libraries were size-selected for fragment

sizes between 200bp-450bp on a Blue PippinPrep (Sage Science) to reduce the number of loci

sequenced and ensure adequate sequencing coverage. One pool of 90 samples was sequenced

across two 100bp paired-end Illumina HiSeq 2500 lanes, with only the forward sequencing

read used for analysis. Seven other pools with a maximum of 48 libraries each were sequenced

on eight 100bp single-end lanes (246 different samples, 86 technical replicates, 332 libraries

total). Sampling sites were spread out across all libraries in order to minimize batch effects

from library preparation and sequencing. Raw sequencing reads were de-multiplexed, quality

filtered, and de novo clustered using the API version of the seven step computational pipeline

ipyrad v.0.7.24 (Eaton, 2014) and implemented in Python via a Jupyter Notebook running

on a large computational cluster. Demultiplexing (Step 1) used sample-specific barcode

sequences, allowing one mismatch in the barcode sequence. Base calls with a Phred quality

score under 20 were converted to Ns, and reads containing more than 5 Ns were discarded.

Adapter sequences, barcodes, and the cutsite sequences were trimmed from filtered reads,

with only reads greater than 35bp retained (Step 2). Reads were then clustered using a

sequence similarity threshold of 85% both within (Step 3) and between samples to genotype

polymorphisms (Steps 4, 5) and identify orthologous loci (Step 6) with a minimum of 10x

read coverage. Replicate samples were assembled separately and then compared using custom

Perl scripts by Mikhail Matz (Wang et al., 2012). The replicate with the largest number of

GBS loci after final filtering (Step 7) was retained. Samples were removed if they had fewer

than 200,000 raw sequencing reads, fewer than 15,000 assembled clusters of at least 10x read

depth, and were missing data for over 55% of loci assembled across at least 75% of samples,

with Steps 4-7 rerun using the remaining individuals.
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The final assembly was then filtered for excess heterozygosity based on deviations from

Hardy-Weinberg equilibrium (HWE) in at least two populations, sample coverage of 75%,

and an overall minor allele frequency (MAF) of 2.5%, retaining only GBS loci found in

at least one individual from all populations. Preliminary analyses conducted on datasets

allowing more or less missing data showed that the inferred population structure was robust

to missing data up to 40%. Population genetic summary statistics, with the exception of

FST , did change quantitatively due to missing data but not qualitatively (not shown) (Cariou

et al., 2016). Filtering steps were conducted using VCFtools (Danecek et al., 2011), custom

Python code, and code adapted from Jon Puritzs lab (Puritz et al., 2014). Input files and

formats for subsequent analysis of population structure were created using a combination of

custom Python code, custom R code, and the radiator R package (Gosselin, 2017). Every

step of the assembly, filtering process, and creation of input files can be reproduced through

Jupyter Notebooks.

1.3.3 Detection of loci under putative selection

Following recommendations to utilize multiple methods to detect loci under putative direc-

tional selection (Benestan et al., 2016; Rellstab et al., 2015), three approaches were used

on the filtered SNP dataset: BayeScan v.2.1, OutFLANK v.0.2, and pcadapt v.4.0.2. For

BayeScan and OutFLANK, individuals were grouped into populations by sampling site. GBS

loci which had SNPs identified as outliers in at least two of the approaches were classified

as putative adaptive GBS loci. From these GBS loci, any SNP that had been identified as

an outlier by at least one approach was separated from the full SNP dataset to create an

“outlier” SNP dataset. Subsequent analyses of population structure were conducted on three

SNP datasets: all SNPs (combined), outlier SNPs, and neutral SNPs—which excluded any

SNP found on a putative adaptive GBS locus.

BayeScan uses a Bayesian approach to apply linear regression to decompose FST coeffi-

cients into population and locusspecific components and estimates the posterior probability
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of a locus showing deviation from HardyWeinberg proportions (Foll and Gaggiotti, 2008).

BayeScan analysis was based on 1:100 prior odds, with 100,000 iterations, a burn-in length of

50,000, a false discovery rate (FDR) of 10%, and default parameters. Results were visualized

in R. OutFLANK is an R package that identifies FST outliers by inferring a distribution

of neutral FST using likelihood on a trimmed distribution of FST values. Because of its

likelihood method, OutFLANK calculates FST without sample size correction when infer-

ring the neutral distribution. Simulation studies have shown that this approach has lower

false positive rates compared to other FST outlier methods (Whitlock and Lotterhos, 2015).

OutFLANK was run using default parameters and a q-value threshold of 0.1, which can be

considered a false discovery rate (FDR) of 10%. For the R package pcadapt, individuals are

not sorted into predefined populations. Instead, pcadapt ascertains population structure us-

ing principal component analysis (PCA), then identifies markers under putative selection as

those that are excessively correlated with population structure. When compared to BayeS-

can, pcadapt was shown to have greater power in the presence of admixed individuals and

when population structure is continuous (Luu et al., 2017)—both scenarios which are likely

in O. lurida. A scree plot representing the percentage of variance explained by each PC

was used to choose the number of principal components (K ) for pcadapt, and SNPs with a

q-value threshold of 0.1 were categorized as outliers.

Putative adaptive GBS loci were functionally annotated through Blast2GO. Sequences

were compared against molluscan sequences in GenBanks nr database using the BLASTx

algorithm with default parameters and a e-value hit filter of 10-3, and against EMBL-EBI

InterPro signatures. Gene ontology terms were mapped to annotations with default param-

eters except for an e-value hit filter of 10-3 (Götz et al., 2008). Minor allele frequency was

plotted against latitude individually for each outlier SNP in order to identify clinal patterns

of allele frequency shifts.

11



1.3.4 Summary statistics, population differentiation, and spatial structure

Population genetic summary statistics were calculated on the combined, neutral, and outlier

datasets to describe and compare overall and population-specific genetic diversity. Observed

heterozygosity (Ho), expected heterozygosity (He), overall FST , and FIS were calculated

using the basic.stats function in the R package hierfstat (Goudet and Jombart, 2015). Con-

fidence intervals for population-specific FIS were determined using the boot.ppfis function

in hierfstat with 1,000 bootstrap replicates. Pairwise FST following (Weir and Cockerham,

1984) was calculated using the genet.dist function in hierfstat. Heatmaps of pairwise FST

values were created using ggplot2 (Wickham, 2016). A Mantel test of coastal water distance

(calculated by drawing routes between all sites on Google Earth) and FST /1 − FST as im-

plemented in adegenet tested for evidence of isolation-by-distance (Sokal, 1979; Jombart and

Ahmed, 2011).

Rangewide population structure of O. lurida was characterized using a combination of

Bayesian clustering and multivariate ordination approaches. These methods were applied

to both the outlier and neutral datasets. The model-based Bayesian clustering method

STRUCTURE v.2.2.4 (Pickrell and Pritchard, 2012) as implemented in the ipyrad API was

used to determine the number of distinct genetic clusters (K ) with a burn-in period of 50,000

repetitions followed by 200,000 repetitions. Five replicate analyses were performed for each

dataset with values of K = 1-10, with each replicate independently subsampling one SNP per

GBS locus and using a different random seed. Replicates were summarized and visualized

using the CLUMPAK server (Kopelman et al., 2015). The ∆K method implemented in

STRUCTURE HARVESTER was used to determine an optimal K (Earl and vonHoldt,

2012). PCA was implemented in the R package adegenet (Jombart and Ahmed, 2011) using

unlinked datasets, where a single SNP with the least missing data across samples was chosen

for each GBS locus (or the first SNP in the locus in the case of a tie). Missing data was filled

by randomly drawing an allele based on the overall allele frequency across all individuals.

The R package PCAviz was used to visualize PCA results and correlate PC loadings with
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latitude (Novembre et al., 2018). Results from STRUCTURE, PCA, and pairwise FST were

used to identify phylogeographic ”regions”. Summary statistics, including Ho, He, FIS , and

FST were calculated for each region using using the basic.stats function in the R package

hierfstat (Goudet and Jombart, 2015).

1.3.5 Estimating connectivity and historical relationships

Spatial variation in gene flow and genetic diversity was calculated and visualized using the

program EEMS (Estimated Effective Migration Surfaces) (Petkova et al., 2016). This method

identifies geographic regions where genetic similarity decays more quickly than expected

under isolation-by-distance based on sampling localities and a pairwise genetic dissimilarity

matrix derived from SNP data. These regions may be interpreted as having reduced gene

flow. A dissimilarity matrix was calculated for the neutral dataset using a variant of the

bed2diffs R code included in the EEMS package that takes input from a genind R object. An

outer coordinate file for defining the potential habitat of O. lurida was produced using the

polyline method in the Google Maps API v3 tool (http://www.birdtheme.org/useful/

v3tool.html). The habitat shape followed the shape of the coastline and excluded land

regions that O. lurida larvae would not naturally be able to cross (e.g., the Olympic peninsula

separating outer coast populations and those in Puget Sound, WA). The EEMS model is

recommended to be run for various numbers of demes, which establishes the geographic grid

size and resulting potential migration routes. Three independent analyses were run for each

deme size (200, 250, 300, 350, 400, 500, 600, 700) for a total of 24 runs, with a burn-in of

1,000,000 and MCMC length of 5,000,000 iterations. The convergence of runs was visually

assessed and results were combined across all analyses and visualized using the Reemsplots

R package—producing maps of the effective diversity (q) and effective migration rate (m).

To infer the evolutionary relationship among sampling sites, including population splits

and migration events, I reconstructed population graph trees using the software TreeMix

(Pickrell and Pritchard, 2012). This method uses the covariance of allele frequencies between
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populations to build a maximum likelihood graph relating populations to their common an-

cestor, taking admixture events (”migration”) into account to improve the fit to the inferred

tree. The population graph was rooted with the two southernmost O. lurida population

(San Diego, CA and Mugu Lagoon, CA), then run allowing between 0-10 migration events.

For each value of migration events, I calculated the proportion of variance in relatedness

between populations that is explained by the population graph to evaluate model fit (Wang,

2017).

1.4 Results

1.4.1 GBS and outlier detection

117 samples remained after removal of 14 samples with < 200,000 raw sequencing reads, 49

samples with < 15,000 clusters, and 65 samples missing data for over 55% of loci assembled

across at least 75% of samples. One of the sampling sites for Willapa Bay, WA had a low

number of individuals after filtering, so individuals from these two sites were combined into

one population, for 19 total populations (4–9 individuals per population, mean = 6.2). 41,159

biallelic SNPs across 9,696 GBS loci were genotyped in greater than 75% of these individuals

(2.8% of prefiltered loci assembled by ipyrad). Average read depth per individual per GBS

locus ranged from 21 to 120 (mean = 32±14). Further filtering by HWE and MAF > 2.5%

reduced the dataset to 13,424 SNPs across 6,187 GBS loci (the ”combined” dataset).

Three different methods were employed to identify putative SNPs under selection. The

number of outliers detected by each program and the overlap between programs is illustrated

in Figure S1. OutFLANK, as the most conservative of the programs used (Whitlock and

Lotterhos, 2015), had the lowest number of outlier markers detected with 31 SNPs across

16 GBS loci. 29 SNPs found across 16 GBS loci were identified as outliers by all three

programs. 129 GBS loci contained SNPs identified as outliers by at least two approaches,

with 235 SNPs included in the outlier dataset for subsequent population structure analyses.

14



The neutral dataset, with 13,073 SNPs across 6,057 GBS loci, excluded any SNP found on

a GBS locus with an outlier SNP.

1.4.2 Summary statistics, population differentiation, and spatial structure

Summary statistics

Global FST for outliers (FST = 0.417) was almost four five times greater than for the

combined and neutral SNPs (FST= 0.105 (combined), 0.097 (neutral)). The outlier dataset

had the lowest Ho, but the highest He (1.1). Average FIS within populations for the

combined dataset was 0.0424, with all populations having a significantly positive FIS value

except Ladysmith, BC, Tomales Bay, CA, and South San Francisco Bay, CA which had

small, yet significantly negative FIS values. Mugu Lagoon had the highest FIS value (S1).

Summary statistics for the six phylogeographic regions identified in the following section are

show in Table B1. Summary statistics were quantitatively very similar for the combined and

neutral datasets, so that only the results for the outlier and neutral datasets are reported

for all subsequent analyses.

Dataset Ho He FIS FST Avg. pairwise FST
Avg. within-pop FIS

(Min - Max)

Combined 0.191 0.225 0.051 0.105
0.1026

(1.83e−3 - 0.1902)

0.0424

(−0.0960 - 0.1327)

Neutral 0.192 0.224 0.051 0.097
0.095

(1.38e−3 - 0.177)

0.0425

(−0.0953 - 0.1288)

Outlier 0.167 0.294 0.030 0.417
0.372

(0.009 - 0.632)

0.0150

(−0.3006 - 0.3332)

Table 1.1: Overall summary statistics for the combined (13,424 SNPs), neutral (13,073
SNPs), and outlier (235 SNPs) datasets. Ho, observed heterozygosity averaged across loci;
He, expected heterozygosity averaged across loci; FIS & FST , Wright’s F -statistics averaged
across loci (Nei and Chesser, 1983); pairwise FST , average of all pairwise FST values (Weir
and Cockerham, 1984)
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Spatial structure

Bayesian population structure analysis from STRUCTURE differed slightly between the

neutral and outlier datasets. For neutral SNPs, K = 5 had the strongest support based on

the Evanno method. Visual inspection of STRUCTURE admixture plots for K = 6 included

an additional population grouping of Willapa Bay, WA and Coos Bay, WA that was further

supported by PCA and FST results (1.2). I refer to these six groupings as phylogeographic

regions: Northwest Vancouver Island, BC (NWBC ), Puget Sound, WA plus Victoria, BC

and Ladysmith Harbour, BC (Puget+BC ), Willapa Bay, WA plus Coos Bay, OR (Willapa),

the other two Oregon sites (Oregon), Northern California (NoCal) from Humboldt Bay, CA

to San Francisco Bay, CA, and Southern California (SoCal) from Elkhorn Slough, CA to San

Diego Bay, CA. STRUCTURE results for the outlier SNPs supported K = 2, but visually

results were similar between the outlier and neutral SNPs at K = 5 with the exception of

Discovery Bay, WA in Puget Sound showing higher admixture with NWBC (Fig. 1.2). The

separation of Willapa sites from Oregon was not observed using the outlier dataset until K

= 8.

PCA on both neutral and outlier SNP datasets demonstrated a strong relationship be-

tween latitude and the first principal component (PC) (neutral: R2 = 0.858, outlier: R2 =

0.826) (1.2). PCs 2-5 in the neutral dataset separated out individuals by phylogeographic

region, with PC2 separating (Puget+BC, NWBC ) and (Willapa, Oregon), PC3 separating

NoCal and SoCal, PC4 separating NWBC and Puget+BC, and PC5 separating Oregon from

Willapa (Fig. 1.2). PC1 of the neutral dataset represented 5.8% of the total variance and

PCs 2-5 represented 2.5%-1.5% of the variance. The outlier dataset showed similar regional

spatial structure for PCs 2-4, but only showed slight separation of Oregon from Willapa (1.2).

PC1 of the outlier dataset represented 23.6% of the total variance, and PCs 2-5 represented

10.3%-2.8% of the total variance.
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Figure 1.2: Population structure results for 19 O. lurida populations using (A-B) neutral loci
and (C-D) outlier loci. (A, C) Plots of individual admixture determined using the program
STRUCTURE at the K recommended by the ∆K method (K = 5 neutral, K = 2 outlier),
as well as at the value of K inferred from PCA (K = 6 neutral, K = 5 outlier). (B, D)
Principal components analysis plots for PCs 1-5. PC1 is plotted against latitude of sampling
site, then PC2 vs. PC3 and PC4 vs. PC5. Large transparent circles indicate the centroid of
populations. Colors refer to the phylogeographic regions of each population.

Population differentiation and isolation-by-distance

Pairwise population-specific FST was higher for outlier SNPs, but both datasets qualitatively

illustrated roughly six geographic regions of genetically similar populations and an overall

trend of isolation-by-distance, where FST values were higher between sites that were farther

away from each other (1.4, S3, S4).

The three comparisons with the lowest pairwise FST using the neutral dataset were
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Figure 1.3: Illustration depicting Olympia oyster sampling protocol at low tide. (Con-
cernedApe LLC, 2019)
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Willapa Bay, WA/Coos Bay, OR (0.0015), Mugu Lagoon, CA/San Diego Bay, CA (0.0017),

and North/South San Francisco Bay, CA (0.0035). Victoria, BC showed higher pairwise

FST with the other British Columbia sites than with sites from Puget Sound, WA. Mantel

tests showed a significant correlation between pairwise FST and coastal water distance for

both datasets, indicating a strong trend of isolation-by-distance (p-value = 0.001) (1.4).
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Figure 1.4: A) Heatmap of pairwise FST values for 19 populations of O. lurida using 13,073
neutral SNPs. Populations are ordered from north to south, starting with Klaskino, BC. B)
Isolation by distance plot of FST /1−FST versus population pairwise coastal water distance.
Neutral loci in red circles (p < 0.001) and outlier loci in blue diamonds (p < 0.001).

1.4.3 Connectivity and historical relationships

TreeMix produced a population graph that supported a major phylogeographic split between

the outer coast of Washington and Puget Sound. When allowing for an increasing number

of migration events, the proportion of variance in relatedness between populations explained

by the model began to asymptote at 0.994 for 7 migration edges (1.5). All of these migra-

tion events involve either the Puget+BC or Willapa regions, except for one from a NoCal

population to a SoCal population.

Because the Coos Bay, OR population is likely a recent anthropogenic introduction from
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Figure 1.5: TreeMix results for 19 O. lurida populations using 1 SNP per neutral locus.
Seven migration events are modeled, as this was the best value inferred by evaluating model
fit. The tree is rooted by the southernmost populations, San Diego Bay, CA and Mugu
Lagoon, CA, and ordered by latitude where possible. Populations are colored by their
inferred phylogeographic region.

Willapa Bay, Coos Bay oysters were excluded from the EEMS analysis. The combined EEMS

map for all runs identified four significant (posterior probability > 95%) barriers to gene

flow: 1) at the mouth of the Strait of Juan de Fuca, 2) around Victoria, BC, 3) extending

from Willapa Bay, WA to southern Oregon, and 4) around San Francisco Bay, CA (1.6).

These inferred barriers further lend credence to the 6 phylogeographic regions identified

through other means. An area of significantly increased gene flow was inferred between

Mugu Lagoon and San Diego. The EEMS method also estimated and mapped the genetic
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diversity parameter q, which is an estimate of the expected within-deme coalescent time

and is proportional to average heterozygosity (He). Populations from Oregon northwards

had much lower genetic diversity than those in California. A linear regression of population-

specific He and latitude using the neutral dataset shows a strong relationship between genetic

diversity and latitude (R2 = 0.862)(1.7), as did the outlier dataset (R2 = 0.834).

Figure 1.6: Model of effective migration rates as inferred by EEMS for neutral loci in O.
lurida. Orange represents areas of low migration relative to the average and blue are areas of
higher migration. Grey arrows indicate regions of significantly reduced or increased migration
(posterior probability > 95%)
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Figure 1.7: Diversity increases from north to south in O. lurida. (A) Effective diversity rates
as inferred by EEMS, with orange representing areas of lower diversity and blue representing
high diversity. (B) Expected heterozygosity (He) within each population versus population
latitude.

1.4.4 Functional annotation of outliers

The 129 GBS loci containing outlier SNPs were functionally annotated using Blast2GO.

Eighteen of these mapped to protein coding genes in the GenBank database, primarily

from Crassostrea virginica and Crassostrea gigas. One mapped to the O. lurida mitochon-

drial NADH dehydrogenase subunit 5 gene (nad5 ), which exhibits high variability in oyster

species and is commonly used for metazoan phylogenetics (Xiao et al., 2015). Annotated

genes have potential roles in developmental regulation (glyoxalase 3, DNA N6-methyl ade-

nine demethylase-like, transcriptional regulator ERG, serine/threonine-protein kinase), sen-

sory information processing (serine/threonine-protein kinase, sodium-dependent phosphate

transport, vesicular glutamate transporter), immune or stress response (nad5, E3 ubiquitin-

protein ligase, Ty3-G Gag-Pol, helicase domino), energy metabolism (carnitine palmitoyl-

transferase, glucose dehydrogenase), heavy metal binding (Heavy metal-binding HIP), and
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muscle contraction (myosin heavy chain-striated muscle, myosin-XVIIIa) (Table 1.2) (Epel-

boin et al., 2016; Szent-Györgyi et al., 1999; Li et al., 2017; Cheng et al., 2016; Anderson

et al., 2015; Riviere et al., 2013; Pauletto et al., 2017; Wang et al., 2018; Shiel et al., 2017; Pan

et al., 2015; de Lorgeril et al., 2005). 21 additional outlier GBS loci had positive matches to

InterPro signatures without any BLASTx hits or gene ontology annotation. Plotting minor

allele frequency against latitude for outlier SNPs demonstrates that the majority of outliers

show a clinal pattern, where one allele is fixed from either Coos Bay, OR or San Francisco

Bay, CA to the north, and the other alelle increases in frequency towards the south (Fig.

S2).

Locus ID Gene description Top hit species

locus 5648 DNA N6-methyl adenine demethylase C. gigas
locus 6412 glucose dehydrogenase [FAD, quinone] C. gigas
locus 7299 transcriptional regulator ERG C. gigas
locus 10670 Fez family zinc finger protein 1 C. gigas

locus 44811 sodium-dependent phosphate
transport protein 2B C. gigas

locus 50945 glyoxalase 3-like C. virginica
locus 57217 uncharacterized protein C. virginica
locus 98257 uncharacterized protein C. virginica
locus 121489 E3 ubiquitin-protein ligase TRIM9 C. virginica

locus 123004 Transposon Ty3-G Gag-Pol polyprotein Mizuhopecten
yessoensis

locus 170867 carnitine O-palmitoyltransferase 2,
mitochondrial C. gigas

locus 196263 myosin-XVIIIa C. gigas
locus 251628 myosin heavy chain, striated muscle C. gigas
locus 252560 helicase domino-like C. virginica
locus 276278 heavy metal-binding protein HIP C. gigas

locus 277490 NADH dehydrogenase subunit 5,
mitochondrion O. lurida

locus 339584 serine/threonine-protein kinase B-raf C. virginica
locus 339916 vesicular glutamate transporter 2.1 C. gigas

Table 1.2: BLASTx results for outlier loci. Only the 18 loci with positive BLAST hits are
shown.

.
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1.5 Discussion

Reduced-representation genomic methods, such as GBS, can greatly inform reintroduction

efforts for threatened and exploited species by resolving fine-scaled population structure,

providing estimates of genetic connectivity, and identifying informative markers for char-

acterizing adaptive variation (Allendorf et al., 2010; Gagnaire et al., 2015). Using 13,424

GBS-derived SNPs, I characterized the rangewide population structure of the Olympia oys-

ter from southern California to British Columbia and further identified 235 SNPs across 129

GBS loci potentially associated with local adaptation. Contrary to studies in some other

marine species, neutral markers had greater power to detect fine-scale population structure

compared to outliers. However, outlier loci did provide evidence for adaptive divergence

among some populations with high inferred admixture, and are informative as candidate

loci involved in local adaptation. This study highlights the importance of using both neutral

and outlier markers for conservation and management applications.

1.5.1 Regional population structure and gene flow

Significant population structure was observed across the range of O. lurida in both the

neutral and outlier markers, with sampling locations structured into six distinct regions.

Notably, most of these regions fit well within previously described biogeographical provinces

based on marine species distributions (Hall, 1964; Valentine, 1966; Fenberg et al., 2015). In

addition to describing the rangewide population structure of O. lurida, the large geographic

sampling of this study can facilitate the identification of oceanographic features along the

eastern Pacific coast that may be important for structuring populations of marine species

with similar life histories. Most of the inferred phylogeographic regions are bounded by areas

of reduced gene flow, many of which align to oceanographic features that may be acting as

barriers to dispersal. Below I discuss these phylogeographic regions and potential barriers

in more detail, as well as provide some recommendations for management at local scales.
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Southern California (SoCal)

The SoCal region, containing San Diego Bay, CA, Mugu Lagoon, CA, and Elkhorn Slough,

CA, extends across both the Southern Californian and the Montereyan biogeographic provinces

as defined by (Hall, 1964), with Monterey Bay as the northern boundary. Monterey Bay is a

known biogeographic barrier for some marine algae (Abbott and Hollenberg, 1976), and has

been proposed as a potentially important barrier to gene flow in marine invertebrates as well

(Dawson, 2001). This region extends across Point Conception, which is a well-known site

of species turnover (Valentine, 1966) and a phylogeographic barrier for some taxa (Marko,

1998; Wares et al., 2001). This finding is consistent with meta-analyses demonstrating that

strong population structure across Point Conception is the exception rather than the rule for

many marine invertebrates (Kelly and Palumbi, 2010; Dawson, 2001). Finer-scaled sampling

of populations on either side of Point Conception may provide evidence for slight genetic

clines undetected by the current study.

SoCal exhibits the highest genetic diversity of any region, for which I propose three

nonexclusive mechanisms. 1) The southward direction of the California Current results in

asymmetric gene flow and an accumulation of genotypes in the south (Wares et al., 2001).

This hypothesis is supported by the inferred directionality of migration events in TreeMix

(1.5). 2) Northern populations exhibit lower genetic diversity due to repeated extirpation or

population bottlenecks from glaciation cycles (see Puget+BC ) (Marko, 2004). 3) Ongoing

or historical admixture from the southern sister species O. conchaphila has increased genetic

diversity in these populations. Sampling and genotyping of O. conchaphila is underway to

test this hypothesis. The low FST between Mugu Lagoon and San Diego suggests either a

recent transplantation between sites or high gene flow. If the former, I hypothesize that Mugu

Lagoon is the recent transplant due to a high inbreeding coefficient (FIS). Nevertheless, three

outlier loci exhibited allele frequency shifts of at least 50% between these two populations,

suggesting some potential adaptive population divergence.
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Northern California (NoCal)

San Francisco Bay, Tomales Bay, and Humboldt Bay constitute the NoCal region, which is

encompassed by the northern half of the Montereyan biogeographic province as identified by

(Fenberg et al., 2015) and delineated by Cape Mendocino to the north. Cape Mendocino,

located 46 km south of Humboldt Bay, is an established phylogeographic break for multiple

marine species (Kelly and Palumbi, 2010). EEMS identifies an area of significantly reduced

gene flow surrounding San Francisco Bay, which may correspond to Monterey Bay (Dawson,

2001), or anthropogenic introductions (see Anthropogenic influences on population structure).

The two sites within San Francisco Bay (Candlestick Park and Point Orient), exhibit poten-

tial adaptive divergence at some outlier GBS loci despite high potential for gene flow. This

result supports evidence for local adaptation from reciprocal transplant studies within San

Francisco Bay (Bible and Sanford, 2016), and highlights the importance of taking individual

pairwise FST values (S3, S4) into account when making reintroduction decisions. TreeMix

inferred significant migration between San Francisco Bay and Elkhorn Slough, however mi-

gration is likely not consistent between these populations based on synchrony of recruitment

dynamics (Wasson et al., 2016).

Oregon and Willapa

Both the Oregon region, comprised of Netarts Bay and Yaquina Bay, and the Willapa re-

gion with Willapa Bay, WA and Coos Bay, OR, fall within the Mendocinian biogeographic

province, which is usually demarcated by either Cape Flattery (Blanchette et al., 2008) or

Vancouver Island (Fenberg et al., 2015) to the north. Evidence from TreeMix and Structure

indicate that these two regions have a shared phylogeographic history—likely a combination

of evolutionary and anthropogenic processes. EEMS robustly infers an area of significantly

reduced migration from Willapa Bay, WA to southern Oregon, which I hypothesize is partly

due to the high retention of oyster larvae within Willapa Bay during the summer reproduc-

tive season (Banas et al., 2009). EEMS also infers an area of slightly increased migration
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to the west of the sampling sites. This result may be the EEMS model attempting to in-

corporate evidence for long-range migration events, likely anthropogenic in nature, between

Puget+BC sites and sites in Oregon and NoCal, or it may be an artifact of the model. To

my knowledge, this is the first application of EEMS to a marine invertebrate—simulations

and additional empirical studies are necessary to evaluate the behavior of EEMS in linear

habitats. Currently the protections against importing shellfish from outside of the state are

higher than moving shellfish within the state. The strong phylogeographic divide between

Willapa Bay, WA and Puget Sound, WA presented here indicates that transfer of Olympia

oysters or Crassostrea shells between the outer coast of WA and Puget Sound should be

considered equivalent to importing oysters from out of state.

Puget Sound, WA and British Columbia (Puget+BC and NWBC )

The NWBC region, comprised of Klaskino Inlet, BC and Barkeley Sound, BC, is signifi-

cantly differentiated from other sites on Vancouver Island and shows evidence for decreased

migration out of the region. The Puget+BC region is comprised of Ladysmith Harbour,

BC, Victoria Gorge, BC, and all four sites in Puget Sound, WA. Strong evidence suggests

that Victoria Gorge, BC has a shared evolutionary history with Puget Sound, WA, although

EEMS indicates that migration is reduced between these sites. Ladysmith Harbour may be-

long to a separate phylogeographic region all together, as this site was intermediate between

NWBC and Puget+BC regions in the STRUCTURE, PCA, and TreeMix analyses. Genetic

sampling from additional sites on the central coast of British Columbia and eastern coast of

Vancouver Island could test this hypothesis.

The separation of these two regions from those to the south corroborates previous ev-

idence from mitochondrial loci of a strong phylogeographic divide (Polson et al., 2009).

Although Cape Flattery and Puget Sound itself have both been classified as biogeographic

barriers due to a bifurcation in ocean currents (Valentine, 1966; Kelly and Palumbi, 2010),

there are surprisingly few studies evaluating the genetic structure of species found both
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within Puget Sound and on the outer coast of Washington. Those that do focus on species

with much longer dispersal times than O. lurida (Buonaccorsi et al., 2002; Cunningham

et al., 2009; Iwamoto et al., 2015; Siegle et al., 2013; Jackson and O’Malley, 2017). To my

knowledge, this is the first study in a marine mollusc to evaluate and identify significant pop-

ulation differentiation among Puget Sound populations and the outer coast. More studies

are required to fully characterize the importance of this barrier across marine taxa.

Genetic differentiation within Puget Sound is relatively low at both neutral and outlier

markers, with the exception of the northernmost site, Discovery Bay. The weak population

structure within Puget Sound and the overall low genetic diversity in northern sites is likely

due to recent genetic bottlenecks and range expansion after the last glacial maximum, which

reached just north of Willipa Bay, WA (49◦N latitude) until 12-13 kya (Dyke and Prest,

1987). Despite such low genetic differentiation, experimental assessments of local adaptation

for populations within Puget Sound have detected heritable differences in fitness traits such

as reproductive timing, growth rate, and gene expression in response to stress (Heare et al.,

2017, 2018; Silliman et al., 2018). These results, coupled with experimental evidence for local

adaptation to salinity among Northern California populations (Bible and Sanford, 2016),

suggest that adaptive divergence in this species can occur in the face of high gene flow.

1.5.2 Anthropogenic influences on population structure

The evidence for reduced effective migration, low differentiation within most of the phy-

logeographic regions, and external estimates of effective dispersal (Carson, 2010), suggests

that long distance dispersal is not a significant force in shaping population structure in this

species. However, TreeMix inferred a few such migration events that cross aforementioned

barriers to gene flow. To explain this evidence, I investigated the history of Olympia oyster

exploitation and aquaculture through literature reviews, technical reports, grey literature,

historical first-person accounts, and discussions with current restoration practitioners. The

historical impact of human take and transportation on the Olympia oyster is substantial.
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Beginning in 1850, oysters were shipped from Willapa Bay to northern California by the

millions, including shipments of juvenile or seed oysters to be raised in local waters until

reaching commercial size. The inferred migration events from North Bay, WA to California

sites may be reflecting the historical transplantation of seed oysters from Oakland Bay, WA,

about 30 km from North Bay (Woelke, 1959; Baker, 1995). After the crash of the Olympia

oyster industry, the non-native oysters Crassostrea virginica and C. gigas were brought to

the west coast for commercial aquaculture. The shells of these species are excellent substrate

for Olympia oysters, and the movement of Crassostrea oysters between bays for culturing

purposes (e.g., San Francisco to Humboldt in 1910, Willapa to Humboldt in 1950s (Barrett,

1963)) may have resulted in the accidental transfer of O. lurida (Townsend, 1895). The low

FST of Willapa Bay, WA and Coos Bay, OR, despite being separated by 415 km, corroborates

the theory of an accidental introduction of Olympia oysters from Willapa Bay on C. gigas

shells in the 1980s (Baker et al., 1999). The low inbreeding coefficient for Coos Bay suggests

a potentially large founding population. Future movement of Crassostrea for aquaculture

purposes should be carefully monitored to prevent the accidental migration of nonnative O.

lurida genotypes.

While it is encouraging that programs such as TreeMix can recover known human-

mediated migration events, such artificial movement of individuals can complicate the deter-

mination of natural connectivity patterns. For example, the area of low effective migration

inferred around San Francisco Bay may be due to the introgression of Washington geno-

types rather than actual physical barriers to gene flow. Fortunately, intentional movement

of Olympia oysters between regions ceased over 80 years ago with the exception of restoration

efforts in Netarts Bay from 2005-2012, which utilized some broodstock from Willapa Bay.

1.5.3 Local adaptation

Detection of outlier loci using three different methods conservatively identified 129 GBS

loci as under putative selection. Only 18 GBS loci mapped to protein-coding regions, 3 of
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which were identified as outliers by all three approaches. Mapping of outlier GBS loci to

the forthcoming O. lurida genome will aid in detecting loci that may be tightly linked to

a gene or regulatory region. Direct information about the function of genes or proteins in

oysters is sparse, but rapidly increasing with transcriptomic and physiological studies on

the commercially important Crassostrea species. While these 129 GBS loci are likely only

a fraction of all loci under divergent selection across the O. lurida genome (Lowry et al.,

2017) and their functional associations are strictly hypotheses, they are nonetheless excellent

candidates for future directed studies.

Plotting minor allele frequency against latitude demonstrates that the majority of outlier

SNPs show a clinal pattern, where one allele is fixed north of Coos Bay, OR and the other

increases in frequency towards the south (Figure (S2). Many clinal GBS loci with functional

annotations are associated either directly or indirectly with development. Glyoxalase 3 ex-

pression has been linked to developmental competence in female oyster gametes (Pauletto

et al., 2017), and DNA N6-methyl adenine demethylase has been linked to developmental

timing in oysters (Riviere et al., 2013). ERG transcriptional regulator, kinase B-raf, and

Fez family zinc finger protein are likely to be directly involved with developmental regula-

tion (Gaitán-Espitia and Hofmann, 2017; Epelboin et al., 2016). Olympia oysters exhibit

latitudinal variation in gonad development and spawning, with California oysters initiating

spawning up to 6◦C warmer than those from Puget Sound, WA (Coe, 1932; Hopkins, 1937).

Recent evidence suggests that there is heritable, adaptive variation in reproductive timing,

even among populations of oysters within the same phylogeographic region (Silliman et al.,

2018; Barber et al., 2016). Another clinal locus of interest mapped to the mitochondrial

gene carnitine Ol-palmitoyltransferase, which has been strongly associated with regulation

of glycogen content (and therefore, tastiness) in C. gigas (Li et al., 2017). Other clinal genes

have putative functions in sensory information processing and muscle contraction.

Some outlier loci exhibit the opposite of a clinal pattern, where populations in the middle

of the range predominantly have a different allele than the northern and southern popula-
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tions. E3 ubiquitin-protein ligase (locus 121489) is diverged in Oregon and Willapa Bay, WA

compared to the other populations. An E3 uniquitin-protein ligase was recently identified as

an important component of the neuroendicrine-immune response in C. gigas and is primarily

expressed in the gonads. Heavy metal-binding protein (HIP) also exhibits this hump-shaped

distribution of allele frequencies.

1.5.4 Potential Limitations

Although genomic methods such as GBS have proven useful for evolutionary biology and

conservation genetic studies (Andrews et al., 2016), several potential limitations of GBS and

the present study should be addressed. Non-random missing data due to polymorphisms

in the restriction enzyme cut site (”allelic dropout”) can bias population genetic analyses

by underestimating genomic diversity and overestimating FST , however the impact of these

biases on FST may be limited if effective population size (Ne) is small and if loci with large

amounts of missing data are removed from analyses (Gautier et al., 2013; Cariou et al.,

2016). Due to large variation in reproductive success every generation, Ne is likely small

for Ostrea species (Hedgecock, 1994; Lallias et al., 2010). Loci with > 25% missing data

were removed from population genetic analyses, and preliminary analyses allowing 40%–10%

missing data still resulted in the same regional population structure and relative values of

pairwise FST , although absolute values of FST changed slightly. Two reasons may underlie

the large number of individuals (128) removed during filtering. First, too many individuals

may have been pooled per sequencing lane given the number of loci targeted, resulting in

low sequencing depth for some individuals (Andrews et al., 2016). Second, these libraries

were made and sequenced in-house as opposed to a dedicated commercial GBS facility.

The protocol learning curve may be why a disproportionate number of individuals failed or

had low sequencing depth in the first few prepared libraries. This filtering resulted in 4–9

individuals per population in the final dataset, which is sufficient for estimating FST when

> 1,000 SNPs are used (Willing et al., 2012). While these small population sizes may limit
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the power to detect outlier loci (Foll and Gaggiotti, 2008), the probability of false positives

is reduced by comparing across multiple outlier methods (Rellstab et al., 2015). Lastly,

while methods like EEMS and PCA can characterize genetic differentiation, they cannot

distinguish between the different demographic scenarios that may result in these patterns

(Petkova et al., 2016).
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CHAPTER 2

EVIDENCE FOR ADAPTIVE DIVERGENCE WITH GENE

FLOW2

2.1 Abstract

Adaptive evolution and plasticity are two mechanisms that facilitate phenotypic differences

between populations living in different environments. Understanding which mechanism un-

derlies variation in fitness-related traits is a crucial step in designing conservation and restora-

tion management strategies for taxa at risk from anthropogenic stressors. Olympia oysters

(Ostrea lurida) have received considerable attention with regard to restoration, however

there is limited information on adaptive population structure. Using oysters raised under

common conditions for up to two generations (F1s and F2s), we tested for evidence of di-

vergence in reproduction, larval growth, and juvenile growth among three populations in

Puget Sound, Washington. We found that the population with the fastest growth rate also

exhibited delayed and reduced reproductive activity, indicating a potential adaptive trade-

off. Our results corroborate and extend upon a previous reciprocal transplant study on F1

oysters from the same populations, indicating that variation in growth rate and differences

in reproductive timing are consistent across both natural and laboratory environments and

have a strongly heritable component that cannot be entirely attributed to plasticity.

2.2 Introduction

Natural environments exhibit spatial heterogeneity in both abiotic and biotic factors, of-

tentimes driving populations to evolve traits that confer a fitness advantage in their native

habitat over foreign genotypes (Kawecki and Ebert, 2004). Conclusively demonstrating

2. A version of this chapter has been published as: Silliman KE, Bowyer TK, and Roberts SB. 2018.
Consistent differences in fitness traits across multiple generations of Olympia oysters. Scientific Reports.
8:6080.
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adaptive divergence is complicated by phenotypic plasticity, where individuals adjust their

phenotype according to the conditions they experience West-Eberhard (2003), which may

confound inferences of local adaptation (Kawecki and Ebert, 2004; Teplitsky et al., 2008).

Phenotypic plasticity is widespread in marine species (Conover et al., 2006; Pepin, 1991;

Padilla and Savedo, 2013), and for marine invertebrates the most common trigger for plas-

ticity appears to be the abiotic environment (Padilla and Savedo, 2013). Organisms can be

raised their entire lives in common conditions in order to minimize the effects of phenotypic

plasticity. However this approach may fail with strong transgenerational plasticity (TGP)—

defined here as when the environment or phenotype of the parent affects the phenotype of

the offspring (Kawecki and Ebert, 2004; Guillaume et al., 2016). The ideal experimental

design to distinguish TGP from genetic change involves raising and breeding individuals for

at least two generations in a common setting (Kawecki and Ebert, 2004), although TGP has

persisted for more than two generations in some laboratory studies (Hercus and Hoffmann,

2000). Whenever breeding organisms for multiple generations, care should be taken to eval-

uate and reduce the influences of artificial selection and genetic drift (McClure et al., 2008).

In a recent review of experimental evidence for local adaptation in marine invertebrates, only

11 out of 59 studies utilized 2 or more generations (Sanford and Kelly, 2011). Distinguishing

between plastic responses and adaptive evolution to the environment is key to understanding

the potential for marine species to acclimate or adapt to changing environmental conditions

Salinas et al. (2013).

Marine molluscs, and bivalves in particular, constitute some of our most economically

and ecologically important marine invertebrates. Like many other marine invertebrates,

they exhibit complex life cycles which include both planktonic larval stages as well as ben-

thic juvenile and adult stages. The larval stage of many marine molluscs has been shown

to be particularly sensitive to risks from ocean acidification and warming (Parker et al.,

2013; Byrne, 2011), resulting in an increasing need to understand the relative importance of

adaptive and plastic processes in shaping phenotypic variation. Evidence that TGP might
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be common for marine molluscs is growing (see Ross et al. (2016) for a thorough review),

however only a handful of studies investigating adaptive differentiation in this clade have

compared organisms raised in common conditions for at least 2 generations, and of those

most involved Gastropoda (see Kuo and Sanford (2009); Palmer (1994); Sanford and Worth

(2010); Dittman et al. (1998); Bible and Sanford (2016)).

There is political and economic pressure to restore abundance and recover ecosystem

services offered by O. lurida, which has spurred increasing interest in understanding the

genetic, phenotypic, and epigenetic variation at both local and regional scales Camara and

Vadopalas (2009). A recent study on Olympia oysters in central California provided evidence

for spatial adaptive differentiation through a reciprocal transplant experiment with first-

generation laboratory-reared (F1) oysters. The authors also found suggestive, although

not statistically significant, evidence of population-level differences in low salinity tolerance

in second-generation, laboratory-reared (F2) oysters, and hypothesized adaptive divergence

may occur in Olympia oysters over distances as short as 20-100 km Bible and Sanford (2016).

In Puget Sound, WA, Heare et al. 2017 Heare et al. (2017) conducted a reciprocal transplant

experiment with F1 Olympia oysters from three distinct populations (Dabob Bay, Oyster

Bay, and Fidalgo Bay) in 2014. Variation in survival, growth rate, and reproductive activity

was observed among populations and the four transplant sites. In particular, oysters from

Fidalgo Bay had faster growth rates and reduced or delayed reproductive activity at most

sites, while oysters from Dabob Bay had better survival yet slower growth rates, indicating

potential adaptive trade-offsHeare et al. (2017).

Although both of these studies controlled for environmental exposure of broodstock for

up to 5 months prior to producing F1 oysters and attempted to maximize genetic diversity,

they did not sufficiently minimize concerns about TGP or evaluate the relatedness of their

laboratory-reared populations. This study aims to mitigate the influence of TGP on inferring

adaptive differentiation by testing if phenotypic differences among populations of Olympia

oysters are consistent across generations. In the summer of 2015, we conducted a common
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garden experiment on F1 and F2 oysters derived from the same three Puget Sound popula-

tions as Heare. Three fitness-related traits were measured across populations- reproductive

activity, larval growth rate, and juvenile growth rate. We also estimated the relatedness

and genetic diversity of the F1 generation using SNP data in order to demonstrate that the

population-specific traits described here are not primarily due to family-level variation from

few effective breeders.

2.3 Materials and Methods

2.3.1 Broodstock

Adult oysters were collected from three locations in Puget Sound, Washington; Fidalgo

Bay (N 48.478252, W 122.574845), Oyster Bay (N 47.131465, W 123.021450), Dabob Bay

(N 47.850948, W 122.805694) during November and December 2012. Oysters were held

for 5 months in common conditions in Port Gamble, Washington and spawned in June

2013. Unlike many other oyster genera that broadcast spawn both eggs and sperm (e.g.,

Crassostrea), Olympia oyster females are fertilized with spermatozeugmata (’sperm packets’)

from the water column and brood larvae for approximately 10-12 days. After being released

into the water column, larvae are planktonic for approximately two weeks before attaching

to a hard substrate (’settlement’). To ensure genetic diversity, each population was allowed

to spawn in 24 separate groups of 20-25 oysters. Larvae produced from each population were

reared in tanks based on spawning group, settled on very small pieces of oyster shell, then

fed ad libitum. In August 2013, 480 juvenile oysters (5-10 mm) from each source population

were outplanted at Clam Bay located in central Puget Sound (N 47.571839, W 122.550813), a

different site than any of the source populations. For the purposes of this study we will refer

to the cohort outplanted at Clam Bay as F1s. Reproductive and growth characteristics of

F1 oysters at Clam Bay have been described by Heare et. al. 2017. In June 2015, F1 oysters

were moved into NOAA’s Kenneth K. Chew Center for Shellfish Research and Restoration
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in Manchester, WA and maintained in mesh bags suspended in separate 18.9 L buckets with

a diet of mixed live algae in flowing seawater.

2.3.2 Larval Rearing and Quantifying Reproductive Activity

Spawning of broodstock (F1) was induced by elevating temperature to 18-20 ◦C in May

2015 and maintaining algae supplementation at 60,000-80,000 cells/mL. To ensure genetic

diversity, each population (Fidalgo Bay = 101, Oyster Bay = 100, Dabob Bay = 94) was

divided into 5 groups of 16-21 oysters. In addition to ensuring that multiple females were

involved in reproduction, these replicate groups allowed us to statistically test population-

level differences in reproductive activity. Larval release was checked and quantified every

one to three days with larvae filtered (100 µM) and counted with triplicate drop counts. A

cohort of these F2 larvae were used in the larval growth trials with the remainder raised in

tanks (100 L) for the juvenile growth trial.

2.3.3 Experimental Set-up: Larvae Growth

To investigate differences in growth rate among populations at the larval stage, we set up a

larval growth rate experiment starting on a day when all three populations were producing at

least 25,000 total larvae across multiple buckets (i.e. multiple females). Larvae were pooled

by population and mixed well in 1 L beakers. The concentration of larvae was estimated using

triplicate drop counts, and 900 larvae per population were added to each of three replicate

plastic beakers (1 L) in order to account for random effects due to the beaker environment.

These beakers were each outfitted with a ”silo”, a 7.62cm (3”) diameter section of conditioned

PVC pipe covered in 100 µM mesh on the bottom. Larvae remained in the silo, which allowed

for daily water changes by lifting up the silo and inserting into a new beaker with premixed

fresh seawater (800 ml) containing a 50/50 mix of live T. isochrysis and diatom algae (final

concentration 60,000-80,000 cells/mL). Approximately 20 larvae were sampled haphazardly

by pipette from the initial larval pools at Day 0 and each replicate at Day 7 and Day 14
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of the experiment, fixed in 10% buffered formalin, and photographed under a microscope

for analysis using ImageJ v1.51 Schneider et al. (2012) software to determine shell area and

length. We report results based on shell length, although shell area gave qualitatively similar

results (not shown).

2.3.4 Experimental Set-up: Juvenile Growth

Larvae from each population greater than 224 µM (n=30,000) were moved to new tanks (100

L) where air was bubbled to maintain oxygen levels and stimulate water movement. These

tanks were lined with PVC tiles (10x10cm) roughed on one side using coarse sandpaper

to promote oyster settlement. After four weeks, settled oysters were culled to fewer than

30 oysters/tile to avoid overgrowth interactions (Fidalgo tiles = 10, Oyster Bay tiles = 7,

Dabob tiles = 8). Tiles were randomized and attached to four protected outplanting trays

that were suspended from the dock at NOAA Manchester Research Station (depth = 6m).

Photos were taken of oysters on tiles prior to outplanting (Day 0), after 48 days, and after

68 days for analysis using ImageJ software to determine shell area.

2.3.5 2b-RAD Genotyping

Using a 2b-RAD reduced-representation sequencing approach Wang et al. (2012), we se-

quenced 279 individuals and 18 technical replicates from the F1 generation for a total of 297

samples across 5 lanes of Illumina HiSeq. The technical replicates are necessary for quality

assessment and genotyping recalibration of downstream analyses. For each population, we

mapped reads from the 50 individuals with the highest read depth as well as 4 -5 technical

replicates to a draft O. lurida genome of 8,733 scaffolds over 10kb in length. For each sam-

ple in this subset, approximately 30% of reads mapped to the draft genome using Bowtie2.

After genotyping single nucleotide polymorphisms (SNPs) using the UnifiedGenotyper tool

in GATK v3.6 McKenna et al. (2010), we filtered SNPs for quality and excess heterozygosity

based on Hardy-Weinberg equilibrium within populations using VCFTools Danecek et al.
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(2011) and custom scripts by Mikhail Matz (https://github.com/z0on/2bRAD_GATK). For

subsequent analyses of relatedness and genetic diversity, we thinned our dataset to one SNP

per 2b-RAD tag for 677 SNPs confidently identified in at least 75% of individuals.

2.3.6 Analysis

To compare differences in reproductive activity among populations in the F1 generation, the

five separate broodstock buckets per population were considered as independent replicates.

The number of larvae released in each bucket on each sampling day was normalized by the

number of adults in that bucket. To determine if there was a difference in total reproductive

output among populations, the cumulative number of larvae produced throughout the 7

weeks for each bucket was analyzed using a one-way analysis of variance (ANOVA; R base)

with post hoc Tukey’s tests. In order to determine if populations differed in their timing of

reproductive activity, one-way ANOVAs were also conducted on the number of days until

the first observed larval release in each bucket after spawning conditions were induced, as

well as the number of days until spawning peaked in each bucket.

Linear mixed models (LMMs) were used to measure the effect of source population on

oyster growth using the R package lme4 Bates et al. (2015). For the larval growth experiment,

randomly selected live larvae were measured on Day 0, Day 7 and Day 14 with 10-12 larvae

(mean=11.8, std=0.62) larvae per replicate. Dead oysters are easily distinguished from living

oysters by having an entirely clear protoshell and no observable tissue. As O. lurida larvae

grow prior to maternal release, a one-way ANOVA was used to test if size varied among

populations on Day 0 prior to separating out into replicate beakers. For the LMM analysis,

population was a fixed effect and replicate beaker was a random effect. Prior to running the

LMM, size distributions were tested for normality using the Shapiro-Wilkes test with the

stats R package. Significance of the LMM results was established using a Likelihood Ratio

Test against a null model based only on random effects. Shell length was compared at each

time point using pairwise t-tests with a Bonferroni correction for multiple testing.
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For the juvenile experiment, growth was tracked on an individual basis (growth rate =

∆area/# days). All oysters that were alive (as determined by a healthy shell color and

response to prodding) and not extending >50% off the tile at each time point were measured

for shell area. For the linear mixed model, population was a fixed effect and tray containing

the tile was a random effect. Growth rate was natural log-transformed based on indications of

non-normal distributions from the Shapiro-Wilkes test. Pairwise comparisons for populations

at each time point were performed with the Nemenyi post hoc test using information from

the Kruskal-Wallis test (PMCMR package) Pohlert (2014).

Estimates of genetic diversity and relatedness in the F1 generation were calculated in R

v3.4.1 using 677 high-quality SNPs obtained by 2b-RAD sequencing. Mean expected and

observed heterozygosity was calculated for each population using hierfstat Goudet and Jom-

bart (2015) and compared with Bartlett’s test of homogeneity of variances Bartlett (1937).

Pairwise estimates of relatedness were calculated using the KING algorithm Manichaikul

et al. (2010) as implemented in VCFtoolsDanecek et al. (2011). Full sib pairs are classified

by having a kinship coefficient over 1

2
3
2

. Sibship was estimated in each population using

a full-maximum likelihood model as implemented by Colony v. 2.0.6.4 Wang and Santure

(2009); Wang (2004) with the following parameters: polygamous males and females, long

run length, full-likelihood analysis, high-likelihood precision, update allele frequencies during

run, no prior information, and allelic dropout rate of 0.001.

2.4 Results

2.4.1 Reproductive Activity

The timing and quantity of larvae produced varied across the three populations (Fig. 2.1).

The cumulative number of larvae produced over a 7 week period differed significantly among

population (one-way ANOVA, Df = 2, F = 4.174, p = 0.0421), with F1 oysters from Fidalgo

producing the fewest (Fig. 2.2a). Combined across all replicates, Oyster Bay oysters pro-
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duced 2.7 million larvae, Dabob oysters produced 2.4 million, and Fidalgo oysters produced

1.1 million.

The onset of larval release also differed significantly among populations (one-way ANOVA,

Df = 2, F = 4.033, p = 0.0457), with Fidalgo oysters exhibiting delayed reproduction com-

pared to the other populations and much higher variance in the date of initial larval release

(Fig. 2.2b). The timing of peak larval production did not vary significantly among popula-

tions (ANOVA, Df = 2, F = 0.097, p = 0.908).
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Figure 2.1: Reproductive activity in F1 oysters from three Puget Sound populations. The
left axis measures the number of larvae released on each sampling day, summed up across
replicates and normalized by the number of adult oysters in each replicate. The right axis
measures the cumulative number of larvae produced through time, normalized by the number
of adult oysters in each population.
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Figure 2.2: a: Cumulative number of larvae released within each replicate bucket over 7
weeks, normalized by the number of oysters in each bucket. Oysters from Fidalgo produced
significantly fewer than those from Oyster Bay (Tukey post hoc test, p = 0.0499) and fewer,
although not significantly, than those from Dabob (Tukey post hoc test, p = 0.0954). b:
Calendar day of first observed larvae release. Fidalgo oysters released larvae 10 days later
than Oyster Bay oysters (Tukey post hoc test, p = 0.0434) and 7 days later than Dabob
oysters on average, although this was not statistically significant (Tukey post hoc test, p =
0.156).

2.4.2 Larval Growth Experiment

Significant differences in larvae size were not detected among populations on Day 0 of the

larval growth experiment (one-way ANOVA, Df = 2, F = 0.939, p =0.401). By Day 7, size

varied significantly among populations (linear mixed model(LMM), p = 7.939e-5). Fidalgo

larvae were 8% larger than Dabob larvae (t-test, p = 1.8e-6) and 6% larger than Oyster Bay

larvae (t-test, p = 0.00026). After 14 days, size still varied significantly among populations

(LMM, p = 0.03573), but only the comparison between Fidalgo and Dabob larvae remained

significant (9% larger; t-test, p = 0.0017) (Fig. 2.3).

2.4.3 Juvenile Growth Experiment

Significant differences in juvenile shell area at Day 0 were not detected (one-way ANOVA,

Df = 2, F = 0.483, p = 0.617). Growth rate between Day 0 and Day 48 diverged among
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Figure 2.3: Larval shell length of F2 oysters from three populations over 14 days. Data
are means across replicates += s.e.m. Size varied significantly among populations at Day 7
(LMM,p = 7.939e-5) and Day 14 (LMM, p = 0.03573).

populations (LMM, p = 0.02236). Fidalgo oysters grew 46% faster than Dabob oysters

(Kruskal-Wallis post hoc test, p = 0.011), but all other pairwise comparisons were not

significant. Between 48 and 68 days, shell growth continued to differ among populations

(LMM, p = 0.0012). Dabob oysters grew slower over this time period than Fidalgo oysters

(Kruskal-Wallis post hoc test, p = 0.0027) and tended to grow slower than Oyster Bay

oysters (Kruskal-Wallis post hoc test, p = 0.0806)(Fig. 2.4).
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Figure 2.4: Juvenile shell area growth rate of F2 oysters from three populations over 9 weeks.
Juvenile shell growth of F2 oysters (growth rate = ∆area / # days). Growth rate between
Day 0 - Day 48 differed significantly among populations (LMM, p = 0.02236) as well as
between Day 48 - Day 68 (LMM, p = 0.0012).

2.4.4 Genetic Diversity and Relatedness

Population-level estimates of genetic diversity and relatedness for F1 oysters are shown in

Table 2.1. Observed heterozygosity (Ho), expected heterozygosity (He) and inbreeding coef-

ficient (Fis) represent values averaged over loci that are polymorphic within the population,

while kinship coefficient (φ) is averaged over all pairwise comparisons of individuals. Values

of φ over 0.1768 are considered full-sibs. Observed heterozygosity varied across loci and did

not significantly differ from expected heterozygosity except in Dabob oysters (Bartlett’s test,

p = 0.02726). Sibship reconstruction identified families of full-sib pairs within the 50 oysters

sampled from each population. Fidalgo oysters comprised of 33 families (including ”fami-

lies” with a single individual), none of which included more than 8% of the total individuals.

Dabob oysters had 21 full-sib families and Oyster Bay oysters had 17 families, the largest of
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which contained 16% and 24% of individuals, respectively. Families for all populations were

well mixed between spawning groups for production of F2 oysters.

Fidalgo Bay Dabob Bay Oyster Bay

Ho 0.1957 0.2000 0.2151

He 0.2081 0.2064 0.2227

Fis 0.0593 0.0309 0.0341

φ 0.0155 0.0436 0.0372

Table 2.1: Genetic diversity and relatedness estimates for Puget Sound O. lurida populations.
Ho, observed heterozygosity; He, expected heterozygosity; Fis, inbreeding coefficient; φ,
kinship coefficient

2.5 Discussion

The results presented here provide evidence for a strong heritable component underlying phe-

notypic variation in growth and reproduction among three populations of Olympia oysters in

Puget Sound, WA. By building on the Heare et al. 2017 study and showing consistent inter-

population differences between first-generation (F1) and second-generation (F2), commonly

reared oysters, this study is the first to demonstrate statistically significant phenotypic pop-

ulation structure extending through the F2 generation in Ostrea lurida, and one of the few

to do so in a mollusc. Persistent population differences in growth rate and reproductive tim-

ing across several generations have also been documented for selectively-bred strains of the

eastern oyster, Crassostrea virginica (Dittman et al., 1998; Barber et al., 1991), suggesting

population divergence at these traits may be general across Ostreidae.

Reproductive activity was characterized for the adult F1 oysters, with Oyster Bay oysters

producing the most larvae over the course of 7 weeks and the Fidalgo population demonstrat-

ing delayed reproductive activity, in accord with the reciprocal transplant study by Heare et

al.. By showing consistent reproduction patterns in both variable natural environments and
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controlled laboratory conditions, we demonstrated that reproductive timing in this species

is not exclusively mediated by environmental conditions, but is also under genetic and/or

epigenetic control. This result is in concordance with recent studies indicating that nearby

populations of Olympia oysters vary in temperature thresholds for reproduction Barber et al.

(2016); Seale and Zacherl (2009). The development of asynchronous reproduction on such

small spatial scales has major implications for limiting gene flow and contributing to popu-

lation divergence Palumbi (1994).

Fidalgo oysters exhibited the fastest growth during both the F2 larval and juvenile stages,

while Dabob oysters exhibited the slowest growth, resulting in a significantly smaller size

than Fidalgo oysters and smaller (although not significantly) than Oyster Bay oysters. This

result is consistent with findings in F1 oysters by Heare et al., indicating a fixed under-

pinning for growth rate differences that manifests during both the larval and juvenile life

stages. Interestingly, Fidalgo oysters also exhibited severely reduced and delayed reproduc-

tive activity. One explanation for this is an adaptive trade-off in energy allocation Perrin

et al. (1993); Folkvord et al. (2014), where Fidalgo oysters are devoting more energy to shell

growth and less to gonad development. Heare et al. also observed a potential adaptive

trade-off in their reciprocal transplant study, where the population with slowest growth also

had the highest survival across sites. Further investigation is required to fully resolve the

link between growth, reproductive activity, and survival.

Given the characteristically high variance in reproductive success for Ostrea species Lal-

lias et al. (2010); Launey and Hedgecock (2001), we estimated genetic diversity and related-

ness for a subset of F1 oysters to ensure our approach of separating broodstock into smaller

groups of 20-25 oysters produces offspring with many different families represented. Assum-

ing the original wild population had kinship coefficients close to zero, our results do indicate

that a reduced number of the original broodstock contributed to the F1 generation. How-

ever, by identifying between 17 and 33 different families within 50 sampled individuals, we

are confident that the total pool of 94-101 F1 individuals per population represents upwards
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of 40 wild genotypes and that our spawning method of mixing these families across smaller

groups produced a genetically diverse F2 generation.

Environmental conditions in temperature, freshwater input, primary productivity, and

anthropogenic waste effluent are known to vary among these sites Heare et al. (2017), sup-

porting the possibility of selection driving the phenotypic variation observed in this study.

In particular, up to 10 fold less chlorophyll a has been observed in Fidalgo Bay compared

to the other sites. The proposed trade-off in energy allocation for this population could

be driven by selection from such environmental differences in the quantity and timing of

food supplyHeino and Kaitala (1999); Pontarp et al. (2015). As mentioned previously, selec-

tion could act through local adaptation or phenotype-environment mismatch, depending on

the spatial scale of dispersal relative to the scale of environmental heterogeneity. Although

dispersal information is not currently available for Olympia oyster larvae in Puget Sound,

estimates using chemical fingerprinting in Southern California identified considerable larval

exchange among estuaries separated by up to 75 km Carson (2010), which encompasses the

distance between the populations used in this study. Further research using both chemical

fingerprinting and genetic approaches are required to understand patterns of dispersal within

Puget Sound in order to elucidate the mechanisms of adaptive population divergence.

Our results have implications for ongoing restoration efforts attempting to rebuild Olympia

oyster populations. Current protocols for hatchery-based Olympia oyster restoration in

Puget Sound involve using wild broodstock to produce hatchery-raised juveniles for out-

planting in the same source population as the broodstock Blake and Bradbury (2012). These

efforts have focused on multiple sites in Puget Sound, including those covered in this study.

Our results support this practice, with a couple of caveats: 1) If local adaptation is indeed

driving the observed phenotypic population structure, populations may be adapted to his-

torical, rather than current, conditions. The convention of replenishing populations with

only local broodstock sources may not provide the genetic diversity required to adapt in

the face of rapid anthropogenic-induced environmental changes Jones (2013). 2) Hatchery
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conditions vary dramatically from natural summer spawning conditions, and therefore arti-

ficial selective pressures are likely at play in the production of both the F1 and F2 oysters

used in this studyMcClure et al. (2008). However, the observed differences in size among

populations are corroborated by field observations of wild oysters (Brady Blake, WA Dept

of Fish and Wildlife,7-10-2017, pers comm).

Despite the relatively close proximity of these populations and the potential for high

gene flow, we observed significant phenotypic differences in fitness-related traits, even after

multiple generations in the same environment. Of note, the population with the fastest

growth rate also exhibited delayed and reduced reproductive activity, indicating a potential

adaptive trade-off. By mitigating the influence of transgenerational plasticity, our results

suggest these trait differences are heritable. Further research is now required to understand

the mechanisms of inheritance underlying these observed differences, whether they be genetic

or epigenetic.
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CHAPTER 3

GENE EXPRESSION RESPONSES TO ACIDIFICATION IN

TWO WIDESPREAD MARINE BIVALVES

3.1 Introduction

Ocean acidification (OA)—the reduction in ocean pH and associated changes in marine car-

bonate chemistry due to the uptake of anthropogenic CO2, is a serious concern for many

marine species that utilize CaCO3 for building organic structures (Fabry et al., 2008). Phys-

iological plasticity, local adaptation, or a combination of both can potentially facilitate re-

silience in species at risk from rapid environmental change (Bell and Gonzalez, 2009). One

approach for understanding whether a species has the capacity to adapt to environmental

change over time is to measure evolved differences along a current environmental gradient

(i.e., ”substituting space for time”) (Blois et al., 2013). As the west coast of North Amer-

ica has long-standing natural variation in ocean pH, it is possible that some populations of

widespread species can reveal adaptations to projected acidification conditions (Feely et al.,

2008; De Wit and Palumbi, 2013).

Transcriptomics—the study of the RNA transcripts produced in specific environmental or

developmental contexts, can provide insight into how an organism responds molecularly and

physiologically to an environmental stress, particularly when external phenotypic changes

are difficult to detect (DeBiasse and Kelly, 2016). For non-model species, transcriptomes

often need to be assembled de novo and functionally annotated in order to link expressed

transcripts with putative genes and gene products (Matz, 2018). High-throughput sequenc-

ing then provides estimates of transcript abundances, which can be used to identify dif-

ferentially expressed genes (DEG) among factors or treatments of interest. Comparative

transcriptomics across populations or different species can further characterize variation in

molecular response to stress and provide insight into both plastic and evolutionary mecha-

nisms underlying such responses (DeBiasse and Kelly, 2016). While multiple studies have
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examined plastic responses to OA, fewer have compared these responses across populations

and even fewer have evaluated interspecific variation (see Waldbusser et al. (2016) for an

exception). Multi-species transcriptomic studies can facilitate identification of conserved

responses to acidification stress.

The Olympia oyster (Ostrea lurida) and the purple-hinged rock scallop (Crassadoma

gigantea) are native shellfish species with expansive, overlapping ranges on the Pacific coast

of North America (Baker, 1995; Liao et al., 2018). Due to regional upwelling of deeper

waters, some populations have already been exposed to pH as low as 7.4, whereas 7.82 is

the projected mean for 2050 in the nearshore environment of the coast (Gruber et al., 2012).

Considerable interest in developing sustainable aquaculture exists for both species (Baker,

1995; Olin et al., 2012), supporting the need to understand their adaptive potential in the

face of environmental change. Studies of bivalve responses to OA have focused primarily

on early life history stages, as disruption of calcification during early shell development has

been shown to have severe developmental impacts and reductions in fitness (Waldbusser

et al., 2015). Studies of adult bivalve response to ocean acidification are far fewer, as adults

have been considered relatively robust to OA (Lemasson et al., 2017; Ross et al., 2011).

Nevertheless, there is evidence for negative responses to OA in adults, such as reduced

calcification, increased oxidative stress, decreased strength, altered immune systems, and

increased mortality (Tomanek et al., 2011; Parker et al., 2013).

To understand inter- and intra-specific variation in response to reduced pH, this study

compared gene expression responses to two pH treatments at two time points for adult

Olympia oysters and rock scallops from three to four populations. Ctenidia and mantle were

sampled from both species. Ctenidia are the respiratory organs of bivalves and are often

sampled for examining metabolic rate and energy production (Timmins-Schiffman et al.,

2014). The mantle is crucial to shell development in bivalves through secretion of calcium

carbonate, which involves regulating intracellular pH and biomineralization (Hüning et al.,

2013). As elevated pCO2 and decreased pH negatively impact the availability of carbonate
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ions for calcifying organisms, I hypothesized that genes expressed differentially in the mantle

in response to low pH will functionally be involved in maintaining intracellular homeostasis

and regulating biomineralization (Clark et al., 2013).

Olympia oysters were collected from three sites with distinct pH regimes: San Francisco

Bay, CA, Coos Bay, OR, and Ladysmith Harbor, BC. My prior work has shown that each

of these populations belongs to a genetically distinct phylogeographic region, delineated

by areas of reduced gene flow (Silliman 2019). Oysters from OR experience the lowest

average summer pH (7.77), followed by CA (7.81) and BC (7.94) (Chan et al., 2017). Based

on this environmental variation, I hypothesized that oysters from BC would demonstrate

increased physiological stress in response to low pH. The population in Coos Bay, OR was

an accidental introduction from Willapa Bay, WA in the early 1900s and did not reach its

current abundance until the 1980’s (Baker et al., 1999). Examining the transcriptomics of

a recently established population may provide insight into the physiological consequences of

an anthropogenic range expansion.

The purple-hinged rock scallop (Crassadoma gigantea) is a marine bivalve distributed

from Baja California, Mexico to Alaska. Little is currently known about the population

structure of this species, and the only published genomic resources are a mitochondrial

genome and a description of a non-publically available transcriptome assembly (Cao et al.,

2018; Liao et al., 2018). C. gigantea is found subtidally down to 80m (Dijkstra and Dijkstra,

2010), and so has likely been exposed to more consistently lower pH and Ωarag than the

primarily intertidal O. lurida (Gruber et al., 2012). For this study, scallops were collected

from Monterey Bay, CA, the outer coast of WA (Sekiu), Puget Sound, WA (Dabob Bay) and

Seward, AK. While these sites were primarily chosen due to their importance to the devel-

oping scallop aquaculture industry, I anticipate that they also represent genetically distinct

populations. An ongoing RADSeq study by collaborators at the University of Washington is

testing for neutral and adaptive population structure of C. gigantea across these same sites

plus four others (N. Lowell, pers. comm.).
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For both species, I investigated four core questions: 1) What genes exhibit a consis-

tent intraspecific change in expression in response to low pH? These genes may constitute

a conserved plastic response to acidification stress (Maynard et al., 2018). 2) What are

DEGs among populations, irrespective of treatment? Such constitutive differences among

populations have been cited as a potential mechanism for evolved dissimilar environmen-

tal tolerances among populations (DeBiasse and Kelly, 2016; Dixon et al., 2015). 3) What

genes respond to pH in a population-specific manner, and therefore exhibit genetic variation

in plasticity? 4) Do patterns of gene expression differ after 36 hours of exposure compared to

seven weeks? By evaluating changes in gene expression over time, we can identify differences

in response to acute and prolonged stress. Many studies examining stress response at multi-

ple time points have found an extreme transcriptomic response initially, followed by a return

to gene expression baseline levels (e.g., (Franssen et al., 2011)). Following transcriptomics

within each species, I compared gene expression patterns between O. lurida and C. gigantea.

Specifically, I identified conserved functional groups present in both transcriptomes that ex-

hibited similar expression patterns in response to low pH across species, and therefore had

a deeply conserved functional response to acidification stress.

Evaluating the transcriptomic response of an organism to a stressor does not necessarily

indicate whether the plastic response is adaptive (Grether, 2005). DEGs could underlie ei-

ther an adaptive response or signal greater levels of stress. Studies comparing transcriptomic

responses among locally adapted populations can help with this challenge, but are nonethe-

less correlative as transcriptomic data alone cannot inform on the actual fitness effects from

expression of a particular transcript. The gene sets identified here provide excellent can-

didates for explicitly testing the connection between gene expression and phenotype, for

example with directed qPCR (Heare et al., 2018) and fitness assays or CRISPR interference

(Qi et al., 2013).
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3.2 Materials and Methods

3.2.1 Sampling and common garden experiment

Oyster collection and husbandry

Approximately 120 adult oysters (at least 2cm in length) were collected from each of three

sites in December 2015: San Francisco Bay, California (CA) (GPS), Coos Bay, Oregon

(OR) (GPS), and Ladysmith Harbour, British Columbia (BC) (GPS). Both CA and OR are

located in the central region of the California Current System, where upwelling of low pH

and Ωarag waters naturally occur and can even reach the surface in a mosaic of nearshore

locations. Based on the SRES high-emissions scenario A2, nearshore surface pH along the

central California Current System in 2050 is predicted to fall within 7.7±0.38 (Gruber et al.,

2012; Busch and McElhany, 2016). Mean aragonite saturation (Ωarag), representing the

availability of CaCO3 in seawater, is also predicted to fall from an annual mean of 1.67±0.16

in 2005 to 1.26±0.12 in 2050, with some bays reaching undersaturation (Ωarag < 1.0 ) in the

summer.

Oysters were collected by hand and shipped overnight wrapped in wet newspaper to

a quarantine facility at the K. K. Chew Center for Shellfish Restoration and Research in

Manchester, WA. For five months, the three populations were maintained in mesh bags in

a flow through tank at conditions similar to the adjacent Clam Bay in southwest Puget

Sound and fed a diet of mixed live algae culture. In May 2016, the population groups were

split up into 5 replicate buckets each and conditioned to spawn in common conditions of

water temperature and food availability for a separate experiment. In September 2016, the

oysters were transferred to the experimental system, with 16-20 oysters from each population

suspended in a mesh bag into each tank replicate.
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Scallop collection and conditioning

Approximately 26-45 adult rock scallops were collected from each of four sites: Annette

Island, AK (AK) (GPS), Sekiu, WA on the Strait of Juan de Fuca (WS), Dabob Bay, WA

in Puget Sound (WD), and Monterey Bay, CA (CS). Tags were attached to scallops with

epoxy and scallops were maintained in either separate or mixed population tanks, provided

with algae and flow through water from the same source. Small mantle tissue samples were

taken nonlethally from all scallops for a separate population genetic study. Scallops from

CS initially exhibited significantly higher mortality than the other populations upon initially

arriving at Manchester. In September 2016, scallops were transferred to the experimental

system, with 1-2 scallops per population in each tank replicate.

Acidification experiment

Two pH treatments were chosen in order to evaluate transcriptomic responses at both a

relevant ”current” condition and a realistic future stressor (Busch and McElhany, 2016).

One treatment level reflected ambient water at the research station (”ambient”, pH: 7.8,

pCO2: 1000, Ωarag: 1.5). This pH value was 0.01-0.1 higher than the lowest 5th percentile

of 2011-2013 observations for any oyster collection site (based on nearest site proxies, (Chan

et al., 2017)). The other treatment (”low pH”, pH: 7.4, pCO2: 2500, Ωarag: 0.7) reflects

potential conditions for 2050 during periods of strong upwelling. Coos Bay, OR was the only

site where 7.4 was observed in 2011-2013 (Chan et al., 2017).

Oysters and scallops were maintained for one month in the experimental system with

ambient water for all tank replicates, after which the pH and Ωarag were lowered for half

of the tank replicates. Ctenidia and mantle tissues were dissected destructively from both

oysters and scallops 36 hours after the pH was lowered. Oyster tissues were transferred

immediately to 2 mL tubes in liquid nitrogen, while scallop tissues were placed in tubes

with RNALater. All samples were transferred to -80◦C for long term storage. Ctenidia and

mantle tissues were sampled from the remaining scallop individuals 6.5 weeks after the pH
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was lowered in the low pH treatment, and after 7 weeks for oysters. Due to low numbers,

scallops from the AK population were only sampled at 36 hours.

The flow-through experimental system involved one header tank for each treatment de-

livering water to four separate open air tanks (8 total), each constituting ”psuedo”-tank

replicates for the two treatments (Cornwall and Hurd, 2016). pCO2 in the header tanks

was controlled by two Mobile Ocean Acidification Treatment Systems (MOATS), each of

which is equipped with independent computer controllers running custom Labview software

(National Instruments) to monitor pH in real time using Durafet probes (Honeywell), and

constantly adjusted by direct bubbling a controlled combination of air, CO2-free air, and

pure CO2. Water temperature was not adjusted from that of the source water, and therefore

fell from 15.5◦C to 12.5◦C throughout the course of the experiment. Reeds algal food paste

mixed with UV-treated, ambient seawater was dispensed by two separate pumps directly into

the line prior to delivering water to the tanks. Pumps were regularly calibrated to ensure

equal distribution of algae. Discrete water samples for pH, salinity, temperature, and total

alkalinity (TA) were collected for 3 days before the start of the experiment, every day of the

first week, once a week for the remainder of the experiment, and then the two days prior

to the last tissue sampling day of the experiment. Temperature and pH were monitored

continuously in the header tanks and in two of the treatment tanks using Durafet and X

probes. DIC, pCO2, CO3, and Ωarag values were calculated using the R package seacarb

(Gattuso et al., 2015) and custom R scripts by Hollie Putnman.

3.2.2 Transcriptome assembly

Sample processing

Total RNA was extracted using the PureLink RNA Mini Kit with Trizol for tissue lysis and

on-column DNase treatment (ThermoFisher Scientific). Extracted RNA was quantified with

a Qubit v3 kit and evaluated for quality on a Bioanalyzer. 500 ng of total RNA per sample

55



was used for 3’ mRNA sequencing with the QuantSeq FWD kit (Lexogen) (Moll et al., 2014).

Sequencing library quality was assessed using Bioanalyzer HS chip, and 237 libraries (111

oysters, 126 scallops) were multiplexed on five 50bp single-end Illumina HiSeq 4000 lanes. 3’

RNAseq, also known as TagSeq, only sequences a single fragment for each transcript, allowing

for shorter sequencing reads and lower sequencing depth that traditional RNAseq. By only

sequencing a single fragment, this method also eliminates the need for length bias correction

in estimating transcript abundances, and has been shown to provide more accurate estimates

of transcript abundances than standard RNAseq (Lohman et al., 2016). QuantSeq reads

must be mapped to an independently sequenced and assembled transcriptome or genome,

so directional RNAseq libraries for ten individual O. lurida samples and nine C. gigantea

sample pools were prepared and sequenced by the UChicago Functional Genomics Core.

Assembling and annotating transcriptomes

Trinity v2.8.4 was used to assemble three O. lurida transcriptomes separately by population

(Grabherr et al., 2011). TransDecoder (https://github.com/TransDecoder/TransDecoder)

was used to extract ORF predictions from transcripts for each of the three assemblies and

translate them into peptide sequences, one sequence per transcript. OrthoFinder (Emms and

Kelly, 2015) was used to identify orthologous gene sets between populations (”orthogroups”),

based on a similar strategy used for assembling transcriptomes for multiple populations of

copepods in (DeBiasse et al., 2018). Transcripts assigned to orthogroups with at least one

transcript from each population were combined into a single assembly, where the orthogroup

designation is considered a ”gene” made up of multiple isoforms. For C. gigantea, first in-

dividual pooled samples were assembled using DRAP, which utilizes Oases, cd-hit-est, and

stringent filtering by read support to reduce a transcriptome down to a single isoform per gene

(Cabau et al., 2017). These 9 separate assemblies were then combined using metaDRAP.

For this transcriptome, each transcript was considered a single ”gene”. Transcriptomes

were annotated using Trinotate (https://github.com/Trinotate/Trinotate.github.io
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and eggnog mapper to derive gene ontology (GO), KOG, and KEGG functional predictions

(Huerta-Cepas et al., 2017).

3.2.3 Differential gene expression and functional enrichment

Differential gene expression with DeSeq2

Filtered QuantSeq reads for each species were mapped to their respective transcriptome as-

sembly using Bowtie2. The number of sequence reads mapping to each isogroup was counted

using Perl scripts by Misha Matz (https://github.com/z0on/tag-based_RNAseq), where

reads mapping equally well to multiple isogroups in O. lurida were discarded. Isogroup

expression is referred to here as gene expression, although it is possible that an isogroup

contains multiple genes through chimerism or that a single gene is represented by multiple

isogroups. Tests of differential gene expression in response to experimental factors was con-

ducted separately for each species with the R package DeSeq2, which fits generalized linear

models (GLMs) to raw read counts to estimate the overall expression strength of each gene

and the log fold change (LFC) in expression in response to specified contrasts. Wald tests or

likelihood ratio tests (LRT) (depending on the factor of interest) with Benjamini-Hochberg

procedure are used to adjust for multiple testing (Love 2014). Significant differentially ex-

pressed genes were defined as those with an adjusted p-value (false discovery rate, FDR) <

0.05. LFC values and adjusted and unadjusted p-values were retained from each contrast for

gene ontology analysis. To control for batch effects from technical variation in sequencing

and library preparation, I used the R package sva, which takes normalized count data and

estimates variation that is not accounted for in a provided model design. Two continuous

factors were used to represent hidden batch effects, and were included in all subsequent

GLMs.

For each species, three different GLMs were fit to the count data in order to identify sets

of differentially expressed genes (DEGs) of interest. 1) Genes that increased or decreased
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consistently across populations in response to low pH were identified by controlling for vari-

ation due to population with model design = ∼ population + treatment, and model factors

“population” (levels = BC, CA, and OR in oysters; AS, CS, WD, and WS in scallops) and

“treatment” (levels=pH 7.8 and 7.4) DEGs of interest were extracted by contrasting the

LFC at pH 7.4 compared to pH 7.8. 2) Genes with constitutive differences in expression

among populations were identified in two ways. To identify genes with a significant effect

of population on expression, irregardless of treatment, a LRT compared two models: ∼

population + treatment, and ∼ treatment. To identify DEGs between pairs of populations

at the ambient pH, the “treatment” and “population” factors were combined into a single

factor (“group”) representing all combinations (e.g., for oysters, “group” levels = BClowpH,

BCambient, CAlowpH, CAambient, ORlowpH, ORambient). The design ∼ group, is similar

to modeling an interaction term between population and treatment, but allows for simpler

extraction of desired gene sets. 3) Genes that responded to low pH in a population-specific

matter (i.e. potentially involved in local adaptation) were identified with a LRT comparing

∼ population + treatment + population:treatment, and ∼ population + treatment. The

∼ group model was also used to contrast genes that were differentially expressed among

populations at the low pH treatment. All models were run on tissue types separately. To

compare differences among time points, all models were run three separate times: with sam-

ples combined across time points (and including ”time” as a model factor, levels= 36hours,

7weeks), just the 36hours samples, and just the 7weeks samples.

To characterize broad patterns of variation between tissues, treatments, populations, and

time points, a principal component analysis (PCA) of variance-stabilized transformed count

data was performed on the 500 genes with the highest variance across samples using the

plotPCA function in DeSeq2. To visualize expression patterns of DEG sets, heatmaps were

created with variance-stabilized transformed counts and the pheatmap R package.
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Gene ontology analysis

For gene ontology analysis of most DEG sets, I used GO MWU in R (Wright et al., 2015),

which ranks GO categories within a dataset based on relative gene expression in order to

identify GO terms that are enriched in either up- or down-regulated genes, relative to the

rest of the dataset. Enrichment significance is calculated using a two-sided Mann-Whitney

U-test followed by an FDR correction. Gene expression was represented by the negative

logarithm of a gene’s unadjusted p-value from DeSeq2, then multiplied by -1 if the gene was

down-regulated. GO terms are first clustered within the dataset, and then groups of GO

categories are merged if the most dissimilar of terms in the group share > 75% of genes

in the dataset. GO terms found in fewer than 3 genes or > 15% of genes were excluded.

The GO terms passing an FDR of at least 10% are plotted as a dendogram based on the

level of gene sharing between terms, then colored by the direction of gene expression change.

For DeSeq2 analyses involving a LRT, the more traditional Fisher Exact test was performed

using GO MWU to test for GO enrichment in genes with an FDR of 0.10 from DeSeq2

relative to the rest of the dataset, following the same GO filtering and clustering thresholds.

Dendograms from Fisher exact tests do not indicate direction of gene expression change, but

significance of enrichment after FDR correction.

Eukaryotic Orthologous Groups (KOGs) and the R package KOGMWU were used to

compare functional enrichment patterns between datasets of different tissue types or between

the two species(Matz, 2019). KOGMWU works similarly to GO MWU, but only operates

over 23 KOG classes and facilitates a meta-analysis based on correlation of KOG delta-ranks.

Identifying candidate adaptive markers

The 129 putative adaptive GBS loci identified in Silliman (2019) were compared against the

assembled O. lurida transcriptome using blastn. Transcripts that had been identified as a

gene of interest using DeSeq2 and had a mapped adaptive GBS loci were characterized as

candidate adaptive markers.
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3.3 Results

3.3.1 Acidification experiment

All measured and estimated carbonate chemistry parameters (e.g., pH, total alkalinity, DIC,

pCO2, Ωarag) varied significantly between treatments, while temperature and salinity did

not (Fig. 3.1, Table 3.1).

In the 3 months prior to the start of the experiment, mortality across oyster populations

was fairly even, with CA experiencing the most with 14.4% mortality and BC the least with

9.4%. During the experiment, CA experienced the highest mortality in both treatments

(ambient: 6, low pH: 3), with BC and OR having the same mortality in both treatments

(ambient: 4, low pH: 2). In the middle of the experiment, BC oysters from one of the

tank replicates were accidentally left out of water for two days and experienced considerable

mortality, which is not reflected in experimental mortality estimates. No scallop mortality

was observed during the course of the experiment.

Water chemistry Ambient pH Low pH

Salinity* 29.24 (0.034) 29.22 (0.035)
Temperature* 13.52 (0.115) 13.51 (0.116)
pH* 7.774 (0.005) 7.427 (0.005)
CO2 42.46 (0.605) 102.99 (1.36)
pCO2 1052.59 (15.73) 2550.22 (33.41)
HCO3 2635.07 (10.25) 2874.52 (8.00)
CO3 95.69 (0.874) 46.95 (0.532)
DIC 2773.22 (10.30) 3024.46 (9.76)
TA* 2859.57 (9.18) 2984.03 (8.58)
Ωarag 1.491 (0.014) 0.732 (0.008)

Table 3.1: Mean and SE of discrete water sampling during the experiment for the two
treatments. * indicates parameters that were measured directly, others were estimated using
the R package seacarb.
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Figure 3.1: Water chemistry observations for each tank replicate after the pH was lowered
in the low pH treatment. Header 1 is the mixing header tank for the ambient treatment,
Header 2 is the header tank for the low pH treatment.

3.3.2 Differential gene expression in Olympia oysters

Transcriptome assembly, annotation, and QuantSeq mapping

Directional RNASeq of 10 O. lurida samples resulted in 1,295M total raw reads. After

quality filtering, trimming, and removal of rRNA and overrepresented sequences, 1,210M
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total reads remained. Non-orthologous sequences among populations were identified and

removed, resulting in a combined transcriptome of 29,810 total orthogroups (”isogroups”)

with 182,046 transcripts (Table 3.2). This combined Ortho transcriptome was annotated

with Trinotate, resulting in annotations for 161,080 transcripts (Table 3.3).

QuantSeq 3’ mRNA sequencing of 110 samples resulted in mean 4,215,354 filtered reads

per sample. 4 individuals were removed due to low sequencing depth. An average of 76.8%

reads per sample mapped successfully to the Ortho transcriptome, which is within the range

of 70%− 90% expected for high-quality transcriptomes (Conesa et al., 2016). An average of

74.2% reads mapped to multiple transcripts.

Assembly # of individuals
# of contigs
( of genes)

BUSCO

BC 2 240,026 (122,521) 99.0%
OR 2 249,664 (132,485) 99.1%
CA 6 335,877 (162,419) 99.1%
OrthoTrans 10 182,046 (29,810) 98.4%
MetaDRAP
(C. gigantea)

8 pools 52,105 97.2%

Table 3.2: Transcriptome assemblies of O. lurida populations separately, O. lurida popula-
tions combined using OrthoFinder, and an assembly of C. gigantea using MetaDRAP.

Assembly OrthoTran MetaDRAP

SwissProt blastx 140,737 17,804
SwissProt blastp 124,997 14,705
KEGG 107,893 10,710
eggnog 103,811 15,650
PFAM 118,755 15,468
GO 126,605 17,258
signalP 16,618 2,879
rRNA 38 5
TmHMM 45,741 4,698
At least one 161,080 23,766
total contigs 182,046 52,105

Table 3.3: Annotation results for O. lurida and C. gigantea transcriptomes.
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Overall patterns of gene expression

PCA of all oyster samples illustrated that tissue type was a major source of variation, so ac-

cordingly differential gene expression was analyzed for ctenidia and mantle tissues separately

(Fig. 3.2). A distance matrix of all samples identified 6 outlier samples, which were removed

from subsequent analyses. PCAs of ctenidia samples and mantle samples both showed some

separation of CA samples from BC and OR along PC2. PCA of mantle samples had slight

clustering of samples by Time Point along PC 1 (not shown). Treatment did not appear to

be an obvious source of variation on PCs 1 and 2 for ctenidia or mantle.

Figure 3.2: PCA of gene expression in the 500 genes with the highest variance across all O.
lurida samples. Color represents tissue and shape is pH treatment.

Conserved response to low pH

Only 15 and 31 genes showed a consistent response across populations to pH treatment in

ctenidia at Time 1 and 2, respectively, while 0 and 13 showed a consistent response at Time
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1 and Time 2 in mantle tissue. When Time 1 and 2 samples were analyzed together, 31

genes showed a consistent response in ctenidia and 1 gene showed a consistent response in

the mantle (Table 3.4). Functional enrichment analysis for conserved response to acidifi-

cation of all ctenidia genes using GO MWU identified 53 significantly enriched GO terms.

Upregulated genes are involved in environmental stress response (e.g., regulation of response

to osmotic stress, carboxylic acid transport), organic acid metabolism (e.g., arachidonic acid

metabolism, L-ascorbic acid metabolism), and tRNA metabolism. Downregulated genes

are involved in negative regulation of metabolic pathways (e.g., gluconeogenesis), positive

regulation of protein transport, cytokine secretion, and regulation of signaling pathways

(e.g., NIK/NF-kappaB signaling) (Fig. 3.3a). In the mantle at 7 weeks, 15 GO terms were

enriched, with downregulated genes including chromosome organization, RNA meteabolism,

and cytoskeleton. Upregulated genes included regulation of peptidase and a toll-like receptor

(Fig. 3.3b).

Ctenidia
36 hours

Ctenidia
7 weeks

Ctenidia
Combined

Mantle
36 hours

Mantle
7 weeks

Mantle
combined

Number of samples 29 24 53 23 21 44.
Number of genes 22,196 20,232 21,834 20,191 19,523 20,414
Response to low pH 15 31 31 0 13 1
Population effect 821 287 1,035 822. 325 1,613
Population:pH interaction 4,406 86 3,186. 86 205 68
BC response to low pH 59 30 110 2 384 30
OR response to low pH 4,292 17 716 3 4 9
CA response to low pH 25 25 39 26 5 25

Table 3.4: Number of significantly differentially expressed genes for each tissue and time
point, as determined by DeSeq2 (FDR < 0.1). Combined: samples are pooled across both
time points, with ”time” included as a factor in GLMs.

Constitutive differences in gene expression among populations

Numerous genes showed constitutive differences in gene expression among populations in

both ctenidia and mantle, when controlling for time point and treatment. In the ctenidia,
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(a) Ctenidia

(b) Mantle, 7 weeks

Figure 3.3: GO MWU results for O. lurida genes with a conserved response to low pH across
populations. a) ctenidia, b) mantle, 7 weeks. Blue are downregulated in response to treat-
ment, red are upregulated. The font refers to significance of the FDR test for enrichment;
the dendrograms depict the sharing of genes between categories; the fractions correspond to
genes with an unadjusted p < 0.05, relative to the total number of genes within the category.
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1,035 genes showed a significant population effect when both time points were analyzed to-

gether. 36 functional GO terms were enriched in these genes based on Fisher’s exact test,

with the majority involved in viral immune response (e.g., detection of virus, regulation of

interferon-alpha production, response to cytokine stimulus), and the rest involved in repro-

duction (e.g., mating behavior, vulval location) or chromatin silencing (Fig. 3.5a).

Comparing OR and CA samples at the ambient treatment revealed that CA samples

differed primarily at viral immune response genes, suggesting that this population had a viral

infection not present in the others. Other genes that were upregulated in CA compared to

OR included chromatin organization, male gamete generation, and cellular response to stress.

OR had 814 and 606 DEGs at the ambient treatment compared to CA and BC, respectively,

while only 110 genes were differentially expressed between CA and BC at ambient. A suite

of genes were upregulated in OR at the ambient treatment compared to the other two

populations, including some associated with the previously identified conserved intraspecific

response to low pH (e.g., gluconeogenesis, organic acid metabolic process). Other uniquely

upregulated genes in OR at the ambient treatment included cellular respiration, translation,

and the electron transport chain (ETC) (Fig. 3.4).

In the mantle, 1,613 genes showed a significant population effect when both time points

were analyzed together, indicating that they had a significant change in expression depending

on source population, irrespective of pH treatment. 43 functional GO terms were enriched

in these genes, most of which overlapped with those in the population-specific ctenidia genes

and also involved immune response. Other enriched GO terms included regulation of inclu-

sion body assembly, regulation of the Wnt signaling pathway, and detection of mechanical

stimulus (Fig. 3.5b). Unlike in the ctenidia at 36 hours, the population with the most di-

vergent mantle gene expression at 7 weeks was BC, with 679 DEGs than OR and 374 DEGs

than CA. OR and CA only had 67 DEGs at ambient. Unfortunately, only two mantle BC

samples were successfully sequenced for the ambient treatment at 7 weeks, which may be

partially driving these results.
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Figure 3.4: GO MWU results for DEGs ctenidia genes between OR and CA O. lurida pop-
ulations at 36 hours in the ambient treatment. Blue are downregulated in OR compared to
CA, red are upregulated in OR. The font refers to significance of the FDR test for enrichment;
the dendrograms depict the sharing of genes between categories; the fractions correspond to
genes with an unadjusted p < 0.05, relative to the total number of genes within the category.
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(a) Ctenidia

(b) Mantle

Figure 3.5: GO MWU results for O. lurida genes with a significant change based on popu-
lation (when controlling for treatment) in a) ctenidia samples and b) mantle samples. Font
refers to significance of the FDR test for enrichment; fractions correspond to genes with an
adjusted p< 0.05, relative to the total number of genes within the category.

68



Population-specific responses to low pH

The ctenidia and mantle tissue exhibited contrasting patterns of population-specific expres-

sion through time. At 36 hours, ctenidia had 4,406 genes with a population-specific response

to low pH and the mantle had 28 genes. These ctenidia genes were functionally enriched

for intracellular transport, cellular protein assembly, Golgi organization, and ATP produc-

tion, while the population-specific mantle genes showed no functional enrichment (Fig. 3.6).

When comparing individual responses to low pH within populations, OR had the high-

est number of DEGs in ctenidia at 36 hours (4,295), followed by BC (59), and CA (25).

Three genes were shared between all populations, one of which was functionally annotated

as ”EGF-like domain”, which is associated with neuron development. Another was predicted

as a signal peptide, while the third was unannotated. OR had numerous uniquely upregu-

lated gene functions including regulation of development (particularly muscle), locomotion

(e.g., microtubule-based processes, phosphorylation, regulation of ion homeostasis, and neu-

ron projection guidance). Uniquely downregulated genes in OR ctenidia included mRNA

metabolism, ATP biosynthesis, and the ETC(Fig. 3.7).

At 7 weeks, the ctenidia had 86 genes with a population-specific response to the treat-

ment, with DEGs ranging from 67 (OR) to 2 (BC), and no genes shared among populations.

Conversely, the mantle had 205 DEGs, with 917 differentially expressed in BC, followed by

15 in CA and 4 in OR. There was no functional enrichment in the ctenidia genes at the later

time point, and only ”regulation of acute inflammatory response” was enriched for these

mantle genes at 7 weeks. When comparing individual responses to low pH within popula-

tions, BC had the highest number of DEGs in mantle at 7 weeks (384), followed by 5 in CA

and 3 in OR. No genes were shared between all populations.

KOG class enrichment was compared among 12 DEG sets representing each combination

of population, tissue, and time point, and corresponded well with GO enrichment analy-

sis comparisons among populations. After FDR correction, five KOG classes showed the

most pronounced changes in expression and exhibited fairly distinct regulation patterns de-
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Figure 3.6: GO MWU results for ctenidia DEGs with a population-specific response to low
pH at 36 hours.

pending on population and time point. For CA and BC ctenidia at both time points and

BC mantle tissue at 7 weeks, ’Energy production and conversion’ and ’Translation, ribo-

somal structure and biogenesis’ were significantly upregulated while ’Cytoskeleton’, ’Signal

transduction mechanisms’, and ’Cell wall/membrane/envelope biogenesis’ were largely down-

regulated. The opposite expression pattern was observed for all OR datasets and CA mantle

at 7 weeks. BC and CA mantle tissues at 36 hours only 2-26 DEGs in response to treatment,

and so their KOG enrichment results should be evaluated conservatively (Fig. 3.8).
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Figure 3.7: GO MWU results for ctenidia DEGs in OR at 36 hours. Blue are downregulated
in response to treatment, red are upregulated.
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Figure 3.8: KOG MWU comparison for O. lurida genes that are differentially expressed
in response to low pH, for all combinations of tissues, time points, and populations. Red
indicates upregulated, blue is downregulated; * indicate significant enrichment after FDR
correction, * represents the top upregulated and top downregulated classes for each dataset.
Datasets are clustered by their correlation.
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3.3.3 Differential gene expression in rock scallops

Transcriptome assembly, annotation, and QuantSeq mapping

The 8 directional RNASeq pools were assembled separately with DRAP, and then merged

using metaDRAP (Table 3.2) to produced 52,105 contigs, after filtering for FPKM of 1. This

metaDRAP transcriptome was annotated with Trinotate, resulting in annotations for 23,766

transcripts (Table 3.3).

QuantSeq 3’ mRNA sequencing of 126 samples resulted in an average of 4,716,547 filtered

reads per sample. Three individuals were removed due to low sequencing coverage. An

average of 84.5% reads per sample mapped successfully to the metaDRAP transcriptome.

35.7% reads mapped to multiple transcripts, all of were discarded when generating a read

count table.

Overall patterns of gene expression

PCA of all scallop samples illustrated that tissue type was a major source of variation, so

differential gene expression was analyzed for ctenidia and mantle tissues separately (Fig.

3.9). A distance matrix of all samples identified 8 outlier samples, which were removed from

subsequent analyses. PCA of ctenidia samples showed no discernible clustering by population

or treatment, with PCs 1 and 2 only capturing 8% and 5% of the total variation. PCA of

mantle samples showed some structuring by population, with PC1 capturing variation due

to sampling time point. Treatment did not appear to be an obvious source of variation on

PCs 1 and 2 for ctenidia or mantle (Fig. 3.10).
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Figure 3.9: PCA of gene expression for all C. gigantea
samples, with ctenidia samples clustering on the left
and mantle samples on the right.

Figure 3.10: Tissue-specific PCA of C. gigantea samples. A: PCA of cteni-
dia samples, with colors for population and shape for treatment. B: PCA
of mantle samples, with colors for population and shape for treatment. C:
PCA of mantle samples, with color for sampling time point and shape for
sequencing batch.
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Conserved response to low pH

In scallop ctenidia, 68 genes showed a consistent response to low pH at 36 hours and 14

genes at 7 weeks. Functional enrichment indicated that upregulated genes were involved

in RNA metabolic processes, chromatin reorganization, and regulation of DNA replication.

Downregulated genes were involved in oxidation-reduction processes, lipid metabolism, and

ion transmembrane transport (Fig. 3.11a). In the mantle tissue, there were 44 DEGs at 36

hours and 56 DEGs at 7 weeks. The top functional categories for upregulated DEGs in the

mantle included RNA metabolic processes, ATP synthesis (e.g., electron transport chain),

and translation in the mitochondria and cytoplasm. Downregulated DEGs in the mantle

included lipid metabolism, protein folding, cilium movement, and muscle system processes

(Fig. 3.11b).

Ctenidia
36 hours

Ctenidia
7 weeks

Mantle
36 hours

Mantle
7 weeks

Number of samples 25 17 24 15
Number of genes 28,921 24,369 24,518 24,511
Response to low pH 68 14 44 56
Population effect 19 31 43 51
Population:pH interaction 38 26 19 50
AS response to low pH 148 NA 37 NA
WS response to low pH 184 337 123 84
WD response to low pH 191 225 87 59
CS response to low pH 259 162 117 104

Table 3.5: Number of differentially expressed genes for each tissue and time point in C.
gigantea, as determined by DeSeq2.

Constitutive differences in gene expression among populations

Between 19 to 51 genes showed constitutive differences in gene expression among scallop

population, when analyzing time point and tissue separately. However, none of these gene

sets showed significant functional enrichment.
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(a) Ctenidia (b) Mantle

Figure 3.11: GO MWU results for C. gigantea genes with a conserved response to low pH
across populations: a) ctenidia, b) mantle. Blue are downregulated in response to treatment,
red are upregulated.

Population-specific responses to low pH

Between 19-50 genes across the two time points and tissues showed a significant interaction

between population and treatment, however there were no GO categories functionally en-

riched in these gene sets. Within each population, 148-259 genes were differentially expressed

in the ctenidia in response to low pH at 36 hours, with CS exhibiting the largest number of

DEGs. At 7 weeks, Functionally, DEGs within each population were subsets of the conserved

treatment response genes, with the exception of CS. For CS, genes involved in chromatin

organization were downregulated instead of upregulated, along with novel functions of RNA

metabolism and organ development (not shown).

In the mantle tissue, AS had the fewest DEGs with 37 at 36 hours, while WS had

the greatest with 123 at 36 hours (Table 3.5). As in the ctenidia, most DEG sets within

populations were subsets of those genes with a strong intraspecific trend in expression. Only

WD exhibited novel functional groups, with some DEGs involved in calcium and metal ion

transport (not shown).

KOG class enrichment was compared among 14 DEG sets representing each combination
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Figure 3.12: KOG MWU comparison for C. gigantea genes that are differentially expressed
in response to low pH, for all combinations of tissues, time points, and populations. Red
indicates upregulated, blue is downregulated; * indicate significant enrichment after FDR
correction, * represents the top upregulated and top downregulated classes for each dataset.
Datasets are clustered by their correlation.

of population, tissue, and time ours were outliers in expression patterns of KOG classes

compared to the other datasets. While ’Translation, ribosomal structure, and biogenesis’

was the most pronounced upregulated class for most datasets (including CS mantle genes at

36 hours), it was the most significantly downregulated class for CS mantle genes at 7 weeks.
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In CS ctenidia tissues at 36 hours, KOG classes classes involving certain metabolism and

transport functions (e.g., lipids, inorganic ions) were upregulated, as opposed to downregu-

lation in other datasets. Mantle tissues from WD for both time points exhibited consistent

expression patters of KOG classes, as opposed to mantle tissues from CS and WS where

opposite patterns of up- or downregulation were observed between time points (Fig. 3.12).

3.3.4 Comparing oysters and scallops

For most DEG sets, the Olympia oyster exhibited a larger number of differentially expressed

genes compared to the rock scallop despite having a smaller transcriptome. Some of the

GO functional groups with consistent intraspecific changes in respect to low pH were shared

between species. In the ctenidia, both species had downregulation of genes involved in

phagocytosis and upregulation of ncRNA metabolic processes. Oysters had upregulation

of lipid metabolic processes, while scallops showed downregulation in response to low pH.

Some of the DEGs that were only evident in the OR population showed the same expression

in the scallops, such as downregulation of hydrogen ion transmembrane transport and ATP

metabolic processes.

A comparison of KOG classes between oyster and scallop datasets for each tissue and

time point showed that genes involved in ’Translation, ribosomal structure, and biogenesis’

were significantly upregulated in almost all datasets. Both scallop tissues at 7 weeks ex-

hibited downregulation of ’Secondary metabolites biosynthesis, transport, and catabolism’,

while all other datasets showed upregulation for this KOG class. Other interesting patterns

included consistent downregulation of ’Extracellular structures’ and ’Chromatin structure

and dynamics’ in the ctenidia of both species at 36 hours (Fig. 3.13).

3.3.5 Mapping candidate adaptive loci from Ch. 1

Of the 129 putative adaptive GBS loci identified in Silliman 2019, 26 mapped to the O.

lurida transcriptome generated for this study across 25 different orthogroups. 14 of these
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Figure 3.13: Comparison of KOG MWU enrichment among ctenidia and mantle datasets
for both species at both time points, with the exception of O. lurida mantle genes at 36
hours, as no KOG classes were enriched. Red indicates upregulated, blue is downregulated;
* indicate significant enrichment after FDR correction, * represents the top upregulated and
top downregulated classes for each dataset. Datasets are clustered by their correlation.

orthogroups belonged to at least one DEG set identified by DeSeq2. Functional annotations

were similar for those that were functionally annotated in both the GBS assembly and

transcriptome (Table 3.6).
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Orthogroup Gene name KOG class GBS locus DEG set

OG0005445 None None Locus 42
pop:pH (CT1),
ORlowpH (CT1)

OG0005274 NADH5 C Locus 277490 pop:pH (MT2)

OG0012853 viral oncogene T Locus 339584
pop:pH (CT1),
OR (CT1),
BC (CT1, MT2)

OG0020784 None None Locus 42995
pop:pH (CT1),
population (CT1),
OR (CT1)

OG0009857 Tudor domain K Locus 324480
pop:pH (CT1),
OR (CT1)

OG0036298 INO80 homolog L Locus 252560
pop:pH (CT1),
population (MT1),
OR (CT1)

OG0018595 polycystic kidney P, T Locus 170867

pop:pH (CT1),
population (CT1),
OR (CT1),
BC (CT1, MT2)

OG0004314 phosphase P Locus 292806
pop:pH (CT1),
BC (MT2)

OG0006037 None None Locus 185179 pop (CT1, MT1,T2)

OG0011776 Myosin XVIIIA Z Locus 196263
pop:pH (CT1),
OR (CT1),
BC(MT2)

OG0000156
Carbohydrate
sulfotransferase 15

C Locus 12991 population

OG0029433 Ribosomal protein J Locus 267489
pop:pH (CT1),
OR(CT1)

OG0001632 TBC1 domain member U Locus 54082 population (MT2)

OG0036799
solute carrier family 34
(sodium phosphate)

P
Locus 18437,
Locus 44811

BC (MT2)

Table 3.6: Candidate adaptive markers in O. lurida, identified using both GBS and tran-
scriptomics. DEG set refers to the gene set where the gene is significantly expressed (e.g.,
OR (CT1) is differentially expressed in OR ctenidia samples at T1-36 hours in response to
treatment)). Abbreviations for KOG classes: C: Energy production and conversion, J: Trans-
lation, ribosomal structure and biogenesis, K: Transcription, L: Replication, recombination
and repair, P: Inorganic ion transport and metabolism, T: Signal transduction mechanisms,
U: Intracellular trafficking, secretion, and vesicular transport, Z: Cytoskeleton
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3.4 Discussion

Using a comparative transcriptomics approach, I have characterized and compared the molec-

ular response of two marine bivalves to variable low pH conditions. Previous studies on the ef-

fects of acidification on transcriptomic or proteomic response in oysters (Ostrea, Crassostrea,

Saccostrea, and Pinctada fucata) have primarily focused on the larval stage (Dineshram et al.,

2016; De Wit et al., 2018), on a single population (Timmins-Schiffman et al., 2014; Liu et al.,

2017; Zhang et al., 2015), or on a small subset of candidate genes (Wang et al., 2016; Heare

et al., 2018). This study is the first to examine the molecular response of either an Ostrea

species or C. gigantea to acidification, providing valuable molecular resources for both taxa.

3.4.1 Conserved responses to acidification

Species-wide response in Olympia oysters

Although both species exhibited considerable intraspecific variation in transcriptomic re-

sponse to acidification, there were some functional responses that were consistent across

populations within each species. Proteomics and transcriptomics of adult C. gigas and C.

virginica in OA conditions (-0.4 to -0.5 pH relative to controls) have demonstrated that in

the ctenidia, acidification enhances expression of genes regulating antioxidant processes, or-

ganization of the cytoskeleton, and redox balancing, as well as changes abundance of proteins

involved in metabolic processes (Chapman et al., 2011; Goncalves et al., 2017a; Timmins-

Schiffman et al., 2014). Many of the ctenidia genes showing a species-wide response to low

pH in O. lurida were consistent with these results (Fig. 3.3). Unlike these other studies,

genes explicitly involved in ’oxidation-reduction processes’ were not included in this set.

The enriched functions for down-regulated ctenidia genes in response to pH were pri-

marily involved with carbohydrate metabolism, immunity, signaling pathways, and protein

transport. All of these are key components of the universal cellular stress response (CSR),

and have been associated with oyster response to other environmental stressors (Anderson
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et al., 2015). Interestingly, these down-regulated genes included GO terms involved in nega-

tive regulation of glucose metabolism, potentially resulting in increased glucose production.

This result aligns with a proteomics study in C. gigas, where proteins involved in gluconeo-

genesis were detected at higher levels in oysters held at elevated pCO2 compared to a control

(Timmins-Schiffman et al., 2014). Increased glucose metabolism may be required in order

to maintain cellular homeostasis, with prolonged elevated metabolism leading to depletion

of glucose stores and potential downstream fitness consequences. Down-regulation of CSR-

related genes has been considered by some a sign of tolerance to the induced stress (Bailey

et al., 2017). This result highlights the importance of considering the regulatory function of

the gene product itself when inferring putative physiological responses.

Upregulated genes in O. lurida ctenidia included those involved in fatty acid metabolism

and transport of organic acids. Lipid metabolism-associated genes have been found to be up-

regulated in other marine invertebrates (Wong et al., 2011; Timmins-Schiffman et al., 2014),

which may function to protect cellular membranes from reactive oxygen species damage

(Pamplona et al., 2002). The coupling of changes in both lipid and carbohydrate metabolism

suggest a significant shift in energetic resources during low pH stress. Upregulation of genes

involved in organic acid transport (e.g., carboxylic acid) may be helping to maintain cellular

pH homeostasis (Hurth et al., 2005).

Other studies of response to acidification in bivalve mantle tissue have shown enhanced

expression of immune response genes, protease inhibitors, the production of antioxidants,

and changes in the expression of cytoskeleton-related genes (Clark et al., 2013; Hüning et al.,

2013). Notably, all of these studies assessed molecular changes after at least 30 days of ex-

posure to lowered pH. While there were no significant DEGs or enriched GO terms for O.

lurida mantle tissues at 36 hours, the 15 enriched GO terms at 7 weeks aligned with many

of those found in previous studies. In particular, the decreased expression of DNA repair

genes matches proteomic results from C. gigas , which has been hypothesized as evidence

for a shift away from repairing DNA that has been damaged by increased oxidative stress
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(Timmins-Schiffman et al., 2014). The downregulation of genes associated with cytoskele-

ton structuring aligns with another study of C. gigas, and may indicate the occurrence of

cytoskeletal remodeling in order to minimize apoptosis due to intracellular stress (Goncalves

et al., 2017a). One surprising result is the enrichment of genes involved in chromosome re-

organization, which has not been noted in any previous oyster acidification studies. These

genes merit further investigation of their putative function. The lack of significant changes

in the mantle at 36 hours compared to the ctenidia suggests that these tissues play different

roles in mediating acute pH stress response.

Comparison to rock scallops

In C. gigantea ctenidia, genes with a consistent response to OA included upregulation of RNA

metabolic processes (mRNA, ncRNA, and rRNA), chromosome organization, and signaling

pathways. While RNA processing or metabolism was mentioned in passing in some previous

transcriptomic studies of invertebrates in response to OA (Timmins-Schiffman et al., 2014;

Bailey et al., 2017), to my knowledge there is not a satisfactory explanation as why these

genes would be differentially expressed in response to an environmental stress. As they are

significantly enriched in DEGs from O. lurida ctenidia and both C. gigantea tissues, these

genes merit further investigation. Downregulated genes in C. gigantea ctenidia included those

involved in homeostasis, metabolism (lipid, fatty acids), and oxidation-reduction. Unlike in

O. lurida, genes involved in gluconeogenesis did not change consistently in response to OA,

however lipid metabolism was affected (but in the opposite direction). Similar to O. lurida,

more C. gigantea ctenidia genes showed a conserved differential response to acidification at

36 hours than at 7 weeks, suggesting that physiological changes in the ctenidia vary between

an acute and prolonged acidification response.

In C. gigantea mantle tissues, upregulated genes were involved in RNA processing, the

electron transport chain (ETC) and associated pathways, and translation. NADH dehydro-

genases have been shown to increase in oysters in response to a range of stressors, including
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response to low pH in C. gigas (Timmins-Schiffman et al., 2014; Chapman et al., 2011). In

one of the only comparative transcriptomic studies in oysters, researchers found that a low

pH resistant strain of Saccrostrea (B2) had increased transcription of genes involved in the

mitochondrial electron transport chain than wild type oysters, suggesting that B2 oysters

had evolved an altered metabolic and oxidative stress response to low pH (Goncalves et al.,

2017b). The results presented here suggest that O. lurida and C. gigantea also have different

oxidative stress responses to this pH level.

3.4.2 Constitutive differences in gene expression among populations

Constitutive differences in gene expression, or how populations vary even without exposure to

a stressor, have been proposed as important for determining environmental tolerance limits

(DeBiasse and Kelly, 2016; Maynard et al., 2018). In O. lurida, both tissues had numerous

genes exhibiting constitutive differences in expression among populations, with considerable

overlap in function among genes sets. Enriched GO terms that differed among populations

were overwhelmingly involved in immune function (Fig. 3.5), and particularly in antiviral

defense (e.g., positive regulation of interferon-beta production). This result suggests that at

least one of the populations either had a viral infection that was not present in the others, or

that the infection was present in all populations but one population had a different molecular

response to the infection due to no evolved immunity. Vibrio is a common viral disease in

oysters, and is prevalent in many Oregon estuaries (Pfister et al., 2014).

A comparative study of response to low salinity in three O. lurida populations from

California identified over 1,000 transcripts that varied in expression among populations,

and suggested that modifying baseline expression can influence environmental tolerance and

may contribute to adaptive differences among populations (Bible and Sanford, 2016). In this

study, between 814 and 110 genes were differentially expressed among pairs of populations at

the ambient pH level, with the most between Oregon and California (Table 3.4). The severe

immune response observed in my study may be masking some population-specific responses
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to the low pH treatment. With the exception of some general signaling pathways, the only

GO terms without a connection to immune response are found in the ctenidia and involved

in reproduction (e.g., multi-organism reproductive process) (Fig. 3.4). As demonstrated in

Chapter 2, heritable variation in reproductive timing can develop even among populations

with high connectivity.

3.4.3 Population-specific responses to low pH

Genes that exhibit population-specific responses to low pH may be the result of local adap-

tation to variable pH conditions along the west coast of North America. In O. lurida, over

4,000 genes showed a population:pH interaction in the ctenidia at 36 hours, and 205 in

the mantle at 7 weeks. The ctenidia and mantle tissue exhibited contrasting patterns of

population-specific expression through time. In particular, the number of ctenidia genes

with a population-specific response decreased substantially between 36 hours and 7 week

while the number of mantle genes increased. This result suggests that these two tissues have

different roles during acclimatization or adaptation to low pH in O. lurida.

Comparison of KOG functional classes highlighted that genes involved in ’Energy produc-

tion and conversion’ had pronounced differences in upregulation or downregulation between

populations (Fig. 3.8. One potential explanation for this pattern is that these populations

stem from two diverged mitochondrial lineages, resulting in divergent functioning of the

oxidative phosphorylation (OxPhos) pathway in response to low pH stress. The OxPhos

pathway generates the majority of cellular ATP, and is encoded by both mitochondrial and

nuclear genes. Due to elevated mutation rates in the mitochondria relative to the nuclear

genome, populations can accumulate changes in the mitochondria quite rapidly, in some

cases resulting in mitonuclear conflicts for genes in the OxPhos pathway (Hill, 2017; Barreto

et al., 2018). Divergent mitochondrial haplotypes have been shown to generate gene-by-

environment interactions in response to thermal stress for Fundulus fish species (Baris et al.,

2016). Evidence from Chapter 1 and previous phylogenetic studies in Ostrea spp. suggest

85



that rapid mitochondrial evolution may contribute to adaptive divergence in Olympia oysters

(Xiao et al., 2015).

C. gigantea did not provide as clear of a picture of adaptive divergence among popu-

lations. Only 19-50 genes showed a population:pH interaction across datasets, and none

of these were functionally enriched for GO terms with using Fisher’s exact test. However,

comparing KOG class enrichment among datasets illustrated some specific cases of potential

local adaptation. Ctenidia tissues in CS at 36 hours showed opposite expression patterns

at 11 different KOG classes than most other datasets. ’Energy production and conversion’

showed differential regulation between ctenidia samples from WD, CS, and WS (Fig. 3.12).

This functional class may not have the same strong pattern of population divergence as was

seen in O. lurida, because these genes have a conserved species-wide response to low pH

(Fig. 3.11).

3.4.4 Candidate adaptive markers

Fourteen O. lurida loci were robustly identified as potentially involved in local adapta-

tion through the intersection of reduced-representation sequencing, transcriptomics, and an

acidification experiment. Four of these showed constitutive variation in expression across

populations, and the rest had a significant population:pH interaction. The most frequent

KOG annotations for those that were functionally annotated were ’Energy production and

conversion’ and ’Inorganic ion transport and metabolism’. Although these loci have demon-

strated both geographical variation and population-specific response to pH, there are two

major caveats for evaluating their importance to adaptive divergence in O. lurida. 1) Only

functional assays can determine if variants in these genes have effects of fitness, 2) there

are almost certainly many other genomic regions involved in local adaptation that are not

represented here. Nonetheless, these 14 loci provide strong hypotheses of the gene regions

involved in local adaptation to pH, and are excellent candidates for identifying cryptic varia-

tion in pH response among O. lurida populations (Eizaguirre and Baltazar-Soares, 2014). An
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ongoing RADseq study of C. gigantea by collaborators at UWashington offers the potential

for adaptive markers to be identified similiarly in that species.
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DATA ACCESSIBILITY

Chapter 1

Genomic data (all filtered markers, putative neutral markers, and putative outliers) and sam-

ple metadata are available on Dryad (https://doi.org/10.5061/dryad.114j8m1). Raw

demultiplexed DNA sequences for all sequenced individuals with > 200,000 raw sequencing

reads are available on NCBI SRA (Project Accession Number: PRJNA511386). Repro-

ducible Jupyter notebooks are available at

https://github.com/ksil91/Ostrea_PopStructure.

Chapter 2

The datasets generated during the Ch. 2 study are available on figshare, DOI:10.6084/

m9.figshare.5975452. Reproducible R Markdown notebooks detailing the code used for

statistical analyses can be found at www.github.com/ksil91/PS-Oly-Larvae-Growth.
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APPENDIX: SUPPLEMENTARY MATERIAL FOR CH. 1

Sampling locations and population-specific summary statistics

Sampling Site Latitude Longitude
# of individuals
used in analysis He FIS (C.I.)

Klaskino Inlet, BC 50.29867 -127.72363 8 0.1903
0.0686
(0.0594 - 0.0786)

Barkley Sound, BC 49.01585 -125.31417 5 0.1865
0.0.0664
(0.0540 - 0.0795)

Ladysmith Harbour, BC 49.01138 -123.8357 5 0.1897
−0.0554
(−0.0700 - −0.0396)

Victoria Gorge, BC 48.43567 -123.37791 7 0.1717
0.0515
(0.0405 - 0.0631)

Discovery Bay, Puget Sound, WA 47.9978 -122.8824 7 0.1810
0.0593
(0.0483 - 0.0699)

Liberty Bay, Puget Sound, WA 47.7375 -122.6507 6 0.1768
0.0309
(0.0194 - 0.0426)

Triton Cove, Puget Sound, WA 47.6131 -122.982 6 0.1820
0.0336
(0.0219 - 0.0462)

North Bay, Puget Sound, WA 47.3925 -122.8138 6 0.1756
0.0524
(0.0404 - 0.0634)

Willapa Bay, WA (North & South)
46.62477
46.4400

-123.98879
-124.004

3
2 0.1798

0.0556
(0.0420 - 0.0685)

Netarts Bay, OR 45.39116 -123.95590 7 0.1968
0.0584
(0.0470 - 0.0698)

Yaquina Bay, OR 44.57954 -123.99577 6 0.1876
0.0143
(0.0018 - 0.0274)

Coos Bay, OR 43.35599 -124.19316 6 0.1809
0.0531
(0.0411 - 0.0654)

Humboldt Bay, CA 40.85580 -124.09746 6 0.2146
0.0327
(0.0209 - 0.0451)

Tomales Bay, CA 38.11755 -122.87450 6 0.2270
−0.0023
(−0.0133 - 0.0077)

Point Orient, San Francisco Bay, CA 37.95507 -122.42180 5 0.2209
0.0560
(0.0450 - 0.0668)

Candlestick Park, San Francisco Bay, CA 37.70867 -122.37761 4 0.2234
−0.0974
(−0.1181 - −0.0745)

Elkhorn Slough, CA 36.83982 -121.74278 6 0.2477
0.0859
(0.0745 - 0.0978)

Mugu Lagoon, CA 34.10191 -119.10434 9 0.2535
0.1327
(0.1239 - 0.1411)

San Diego Bay, CA 32.60250 -117.11889 7 0.2500
0.0948
(0.0851 - 0.1049)

Table S1: GPS coordinates of sampling sites and population-specific summary statistics av-
eraged across markers using the combined dataset of 13,424 SNPs. He, expected heterozy-
gosity; FIS , inbreeding coefficient within the population, mean and 25%-75% confidence
intervals (Nei and Chesser, 1983)
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Summary statistics for phylogeographic regions

Region Ho He FIS FST

NWBC 0.177 0.193
0.0821

(0.0738 - 0.0897)
0.016

Puget+BC 0.174 0.189
0.0814

(0.0758 - 0.0862)
0.046

Willapa 0.171 0.182
0.0583

(0.0495 - 0.0666)
0.001

Oregon 0.185 0.196
0.0556

(0.0474 - 0.0645)
0.016

NoCal 0.215 0.227
0.0536

(0.0472 - 0.0592)
0.022

SoCal 0.224 0.253
0.115

(0.1097 - 0.1209)
0.007

Table S2: Overall summary statistics for each phylogeographic region using the neutral
dataset of 13,073 SNPs. Ho, observed heterozygosity averaged across loci; He, expected
heterozygosity averaged across loci; FIS & FST , Wright’s F -statistics averaged across loci
(Nei and Chesser, 1983). Note that FST may be skewed by variation in sampling strategy
across regions.
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Additional results of outlier analyses

Figure S1: Venn diagram with number of SNPs and Genotype-by-Sequencing loci identified
as outliers by three methods: pcadapt, OutFLANK, and BayeScan
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Figure S2: Outlier loci predominantly show clinal patterns in allele frequency. Allele fre-
quency in 129 individual outlier loci plotted against latitude for 19 populations of O. lurida.
One SNP is represented for each locus, except in the case where two outlier SNPs from the
same locus showed different spatial patterns (e.g., locus 277490). Populations are colored by
inferred phylogeographic regions.
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