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Genetic Differentiation in West Coast Oysters 
Introduction- Background. Understanding the interplay between neutral and adaptive processes 
that cause genetic differentiation within and among populations has long been a major focus in 
evolutionary biology, starting with the theoretical population geneticists of the 1930s. One of the 
fundamental concepts that arose from their models is that the diversifying effects of natural 
selection on different populations will be opposed by homogenizing gene flow[1]. This paradigm 
has resulted in both population genetics and speciation studies focusing on the importance of 
dispersal distance in taxa and potential restricting barriers. Natural environments exhibit spatial 
heterogeneity in both abiotic and biotic factors, though the scale of variation may be regional 
(100s of km), course-grained (10s of km), or fine-grained (1-10 m). If conditions are persistent 
enough and gene flow is adequately restricted, populations may evolve traits in response to local 
conditions that give a fitness advantage in their native habitat over foreign genotypes[2]. 

Empirical evidence for local adaptation has primarily come from terrestrial and 
freshwater systems, where selective gradients are often fine-grained and dispersal potential is 
easier to determine. Traditional detection methods involve experimental assessment of fitness 
differences between populations or molecular studies comparing allelic differences at a few 
candidate loci hypothesized to be of adaptive importance[3]. Genetic differentiation- whether 
through random drift or local adaptation- has historically been considered unlikely for 
populations of most marine species, due to large ranges, lack of distinct geographic barriers, and 
the ubiquity of planktonic dispersal. Tagging studies and population genetics research have since 
demonstrated that marine populations may be less connected than previously hypothesized, with 
broadcast spawners having neighborhood sizes as small as 10 km[4]. However, only a few 
successful migrants may be necessary to maintain genetic homogeneity between distant 
populations. While this will be evident in the neutral molecular markers oft utilized in population 
genetic studies, loci responding to natural selection can still differentiate between populations in 
the face of even moderate gene flow[5]. The past few decades have seen a rapid growth in 
empirical evidence that local adaptation and genetic differentiation do occur in some marine 
species. Significantly more research is now needed to determine the processes that shape patterns 
of differentiation along a species range[6]. I have identified an excellent marine system that, 
combined with novel sequencing methods, will allow me to address two aims: 1) at what spatial 
scale does adaptive differentiation operate? and 2) which regions of the genome (coding vs. 
noncoding) segregate due to different evolutionary and ecological forces?.  
-Study System. Oysters (Bivalvia: Ostreidae) are ideal taxa to approach these questions due to 
their complex life histories and distributions across a wide range of environmental conditions. As 
ecosystem engineers in estuarine and intertidal regions, they provide structured habitat for other 
species and improve water quality. Their commercial importance has resulted in extensive 
academic and aquaculture studies on physiology and potential adaptation to coastal environments 
under climate change. For these and numerous other reasons, the Pacific oyster (Crasseostrea 
gigas) genome was recently assembled and annotated, offering genomic resources unparalleled 
for most other marine invertebrates[7,8]. C. gigas is native to estuarine coastal areas of Japan and 
Korea, but has been introduced worldwide. A protandrous hermaphrodite, spawning events are 
synced between adult males and females based on environmental cues of temperature and 
seasonality. Only 48 hours after fertilization, a “D-shaped” larvae grows its first shell and 
subsequently remains weakly swimming in the plankton for 2-3 weeks until settling on a mature 
oyster shell. This newly settled “spat” is around 300-340 um and will reach sexual maturity 
under good growing conditions in about a year and commercial market size in 18 to 30 
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months[9]. Naturalized populations of C. gigas have been established in Washington and British 
Columbia since the 1960s, providing spat and juveniles for oyster growers situated all along the 
west coast of North America. Commercial hatcheries also produce spat from broodstocks 
undergoing artificial selection for yield and growth rate. The availability of an annotated genome 
makes it possible for in-depth functional analyses of loci segregating among populations of C. 
gigas. The recent establishment time and varying levels of human management make 
theoretically-based predictions about genetic similarity across its West Coast range difficult 
however, especially when considering that many of the commercial broodstocks contain mixed 
parentage from across Washington and British Columbia.  

Although C gigas is now regarded as the iconic oyster along the West Coast, a native 
species previously dominated these systems.  The Olympia oyster (Ostrea lurida) is found from 
San Jose, California up to Alaska and extends over environmental clines and mosaics that are 
typically considered necessary for local adaptation in the face of gene flow, though this has not 
been proven empirically yet. A 2009 taxonomic study on Ostrea spp. using 2 mitochondrial 
genes found little to no differentiation among O. lurida populations except between a Willapa 
Bay, WA and Vancouver Is, B.C. population, which is unexpected due to surrounding 
oceanographic features. The authors hypothesized possible glacial refugia populations causing 
this break, but only finer scale multilocus studies would be able to explore further[10]. Also a 
protandrous hermaphrodite, O. lurida differ from C. gigas in that females fertilize their eggs with 
sperm from the water column, brood the larvae for 10-12 days, and then the larvae is planktonic 
for about two weeks. Following extreme commercial overexploitation with harvest rates that 
reach 120 million per year in the 1920s, O. lurida have been protected in most of their range 
since the 1950s [11].Despite conservation efforts, their numbers have not significantly recovered 
and recent restoration efforts have begun to focus on understanding why. Though even the most 
recent phylogeny of Ostreidae was poorly resolved at the species level, C. gigas and O. lurida do 
not appear to be congeneric[12].Thus, although the C. gigas genome may be helpful in a 
population genomic study of O. lurida, it is unclear to what extent it can be informative for 
functional analyses. 
-Proposed research. The merits and limitations of these species, combined with the interesting 
evolutionary histories and broader impacts associated with each, justifies further investigations 
into their potential as models of adaptive differentiation with gene flow. I thus propose research 
activities that will determine which species will be favorable for thesis research. For this summer 
and fall, I have planned a pilot project analyzing the fine scale phylogeographic structure of O. 
lurida along its range using tens of thousands of loci obtained from RAD sequencing. Once the 
metapopulation structure is determined, I will identify possible historical bottlenecks using 
records of local extinctions and introductions and estimate parameters of gene flow and dispersal 
to address Aim 1. These parameters and loci with outlier values of Fst (an indication of 
selection) will be correlated with environmental variability to direct future investigations of Aim 
2. Larval and adults from both naturalized and commercially reared populations of C. gigas will 
also be analyzed to elucidate the effect commercial practices have on homogenizing or 
diversifying the species.  
 While correlating environmental variability with the findings from above will be useful 
for identifying putative genomic regions under selection that can be tested in subsequent fitness 
experiments, the life histories of these two species offer a natural setup to examine how natural 
selection may affect different life stages. Physiological studies on C. gigas have demonstrated 
that the first 48 hours of larval development are the most susceptible to decreased pH, but that 
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maternal effects and adequate nutrition can help overcome the costs[13-15]. An experiment on 
O. lurida similarly found that the first few days as a planktonic larvae were vital, but extended 
the study to show that carry-over effects of planktonic exposure can persist even after 
establishment in favorable conditions[16]. For both species mature adults appear to be relatively 
unaffected by dramatic changes in pH or temperature. In taxa that can live 30 years, it is possible 
that adults maladapted to current conditions continue to spawn and only those more adapted to 
the environment produce viable offspring. To test this, newly settled spat, juveniles, and adults 
from O. lurida and C. gigas populations in Washington and British Columbia that experience 
different means and variances in pH and upwelling will be sequenced to identify the areas of the 
genome that experience allele frequency shifts under putative selection pressures, which is 
important in beginning to understand Aim 2. 
Methods-Field collection. For the fine-scaled phylogeographic study of O. lurida, 8-10 adult 
individuals from 14 populations will be sampled along the west coast of North America, from 
San Diego Bay, CA up to Ladysmith Harbor, Vancouver Id., B.C. using some localities similar 
to those sampled in Polson et al. In areas with robust populations, oysters will be cleaned, 
opened, dissected for mantle tissue, and then immediately preserved in 95% ethanol. For smaller 
or protected populations, the in vivo sampling of mantle tissue developed by Wang (2011) will 
be used to reduce mortality[17]. Preservation of molluscan invertebrates in ethanol at short-term 
ambient temperature followed by at least -20deg C has been shown to be viable for DNA 
extraction up to 28 months[18]. Local environmental conditions such as temperature, dissolved 
oxygen, and pH will be recorded at each site, in addition to general physical characteristics for 
each individual such as shell size and presence of reproductive tissue. Whenever possible, I will 
collect oysters in areas where an environmental monitoring program already exists. 
 For C. gigas population studies, at least 10 adults from six naturalized populations and 
four nursery broodstocks will be sampled, with tissue collected and stored as described above. 
Larvae and spat will be collected from nurseries when available and preserved at high densities 
in ethanol in a standard 10 mL centrifuge tube. A secondary goal of this field season is to 
network and learn from commercial oyster growers who have been working with the species for 
decades. In addition to collecting samples at nurseries, I aim to obtain long-term environmental 
data sets available from local seawater intake sites, learn aquaculture techniques that may be 
valuable in subsequent experimental studies, and discuss observed trends in recruitment success 
since establishment. 

To address age-specific selection on recruitment survival that may be determining adult 
distribution pattern, ~25 each of newly settled spat and mature adults will be collected for both 
species at two locations in Willapa Bay and the two British Columbia locales for a total of 16 
sampled groups. Both species spawn and recruit over the month of July. The Willapa Bay 
locations were chosen due to their striking differences in summer pH regimes, with winter pH 
likely to be even more variable between sites due to high freshwater influence (Dr. J. Ruesink, 
Univ of Washington, pers. comm.). Due to their considerably different oceanographic features, I 
posit that Ladysmith Harbor and Ahmah Island in B.C. will also contrast in pH and temperature 
regimes. I will test this hypoythesis using environmental datasets. Long-term recruitment trends 
may also be available at the proximal Bamfield Marine Science Centre (BMSC). 
-Logistics. I have applied for Scientific Collecting Permits for California and Oregon, and will 
obtain a Washington Shellfish Collecting license once in state. For Canadian collections, I am 
contacting researchers at the Bamfield Marine Science Centre in Barkeley Sound, B.C. for aid in 
procuring necessary permits. Appropriate packaging material and ethanol will be obtained once 
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in California with help from a UChicago alumni, Dr. Kaustuv Roy at UCSD[19]. Samples will 
be shipped back via FedEx to Chicago for storage in the Pfister-Wooton freezer. I will fly into 
Los Angeles on July 5 and use my younger brother’s Honda Civic for transportation between 
field sites during the duration of sampling until flying out of Los Angeles on August 1. To 
minimize costs, I plan to mainly stay with friends and family located near field sites, camp in 
adjacent state parks, or use hotels when necessary. This scheme also allows some flexibility for 
visiting other sites or oyster farms as recommended by the colleagues I meet. Key researchers I 
have contacted include Dr. Dennis Hedgecock (UCSD) and Dr. Jen Ruesink (UW). 
-Molecular methods. For all molecular laboratory methods I will use the Pritzker Lab at the 
Field Museum. I have already contacted Kevin Feldheim about my project and procuring 
necessary reagents. Before leaving for the West Coast, I will obtain live or fresh C. gigas from 
the Isaacson and Stein Fish Market in Chicago in order to compare DNA yield from tissue stored 
in ethanol or frozen and optimize, since NGS sequencing requires extremely high DNA quality. 
The Quiagen DNeasy kit has worked successfully on extractions in oysters previously[10]. 
Genomic DNA quality will be checked visually on an agarose gel and with a ND-1000 Nanodrop 
spectrophotometer. If frozen tissue provides high quality DNA with no degradation, then ethanol 
will not be used in the field and shipping costs will be slightly reduced.  

Starting in August, I will extract DNA separately from individual adults and use a 
random sampling technique when pooling spat and larvae from the same location to ensure 
enough tissue for extraction. DNA quality will be checked as before and quantified with the 
Nanodrop spectrophotometer. The phylogeographic studies will be prepared and sequenced first 
with 10 pooled libraries for C. gigas and 14 pooled libraries for O. lurida. ‘Pooled’ here 
indicates that DNA from individuals in the same population will be combined at exactly the 
same concentrations to produce a single library. Analytical theory suggests that this may improve 
SNP discovery and lead to improved estimates of population allele frequencies [21]. Following 
successful completion, 16 pooled libraries for the age-dependent selection analysis will be 
prepared and sequenced.  

To prepare RAD libraries, the ezRAD method will be used as it takes advantage of the 
technically straightforward Illumina TruSeq preparation kits, eliminates PCR-induced bias, does 
not require sonication, allows for cost efficient optimization when choosing restriction enzymes, 
and has been successfully tested on a mollusc- the limpet Cellana talcosa[22]. The restriction 
enzymes SbfI and NdeI will be tested initially to digest DNA, with other digestion enzymes 
tested as needed to optimize. I will validate the libraries using an Agilent 2100 BioAnalyzer and 
quantify using qPCR. This study may be one of the first to take advantage of the Pritzker Lab’s 
new Illumina MiSeq sequencer, which will significantly reduce costs and turnaround time as 
compared with sending off libraries to be sequenced at core facilities. The 24 phylogeographic 
study libraries and the 16 age-selection study libraries will each be sequenced on a Paired End 
150 bp run using a MiSeq Reagent Kit v2 (300 cycles). Based on the restriction enzyme that is 
ultimately used, this should provide at least 30x coverage per loci per individual per population.  
-Data Analysis. A bash pipeline called dDocent designed specifically for variant calls from 
paired-end RADseq data will be used for quality trimming, filtering, assembly of contigs, read 
mapping, SNP and indel calling, and baseline data filtering{Puritz:2014wi}. Basic statistics for 
inter- and intrapopulation comparisons such as heterozygosity, Fst, Tajima’s D, relatedness, and 
linkage disequilibrium will be calculated using the populations program in Stacks[23] with 
further population analysis in STRUCTURE[24] Outlier loci will be detected with Lositan[25], 
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and will be excluded from certain analyses in order to satisfy assumptions of neutral markers as 
well as annotated for gene ontology if indicated to be under selection. 
Conclusion. In sum, I have identified a project that will link emerging genetic methods with the 
determination of evolution in nature. The work I seek funding for will determine which (or both) 
species will provide the best study organism for my dissertation research and give me valuable 
experience and practice in field and molecular techniques that will be necessary for future 
research in any system. Beyond development of personal research goals, the sequenced data will 
be made publicly available and can be used to help address a number of other conservation, 
aquacultural, and ecological questions not addressed here. 
Budget and Justification. The budget listed below is for the entire scope of the proposed 
project, which is estimated to take about 8 months, and it is understood that the Hinds fund will 
only be able to cover part of it. I have applied for $1,322 from CEB summer travel money and 
will apply for Pritzker Lab funds when the application is made available. My CEB student 
account of $500 next year will also be used to offset molecular reagents. Though the price of two 
sequencing runs may appear steep here, the exact same sample prep and sequencing at OSU, a 
commonly used outsource, would cost $12,644. Due to the nature of buying bulk sequencing 
kits, I will have materials left for at least 8 libraries and about 1/3 of the 2nd run open (est. $710 
of the “2 runs” figure) can be split with someone else or used for training. Though it is difficult 
to predict how much I will receive from other funding sources, I request at least $2,741.56 from 
Hinds to guarantee cover of field collections and sequencing for the phylogeographic study. 
 Item Unit cost Amount Requested 
 Field Supplies  $305.56 $305.56 

1 Ethanol (1 L) $27.00/L $27.00 $27.00 
2 Centrifuge tubes, 10 mL $15.99/200 $15.99 $15.99 
3 Microcentrifuge tubes, 1.5 mL $13.00/500 $13.00 $13.00 
4 Fedex HazMat shipping and 

packaging 
$48.69/10 lb pkg $146.07 $146.07 

5 WA Shellfish permit $35.00 $35.00 $35.00 
6 OR Research permit $17.00 $17.00 $17.00 
7 CA Research permit $51.50 $51.50 $51.50 
 Sequencing costs  $5,016 $2,436 
8 Pritzker lab startup fee $100 $100 $0 
9 DNeasy kits $150 $300 $150 
10 TruSeq DNA PCR-Free Prep Kits, 24 

ct 
$1200 $2400 $1200 

11 MiSeq Reagent Kits v2, 300 cycle $930 $1860 $930 
12 Restriction enzymes $68 $156 $156 
13 Misc wet lab supplies (gel, pipet tips, 

tubes) 
$200 $200 $0 

 Travel  $1,322 $0 
14 Airfare (Spirit) $350 $350 $0 
15 Mileage (personal vehicle) $0.56/mi x 1200 mi $672 $0 
16 Ferry fees $100 $100 $0 
17 Hotel and camping fees $200 $200 $0 
 Total  $6,643.56 $2,741.56 
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