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Linking genotype to phenotype in a changing ocean: inferring the
genomic architecture of a blue mussel stress response with
genome-wide association
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Abstract

A key component to understanding the evolutionary response to a changing
climate is linking underlying genetic variation to phenotypic variation in
stress response. Here, we use a genome-wide association approach (GWAS)
to understand the genetic architecture of calcification rates under simulated
climate stress. We take advantage of the genomic gradient across the blue
mussel hybrid zone (Mytilus edulis and Mytilus trossulus) in the Gulf of Maine
(GOM) to link genetic variation with variance in calcification rates in
response to simulated climate change. Falling calcium carbonate saturation
states are predicted to negatively impact many marine organisms that build
calcium carbonate shells — like blue mussels. We sampled wild mussels and
measured net calcification phenotypes after exposing mussels to a ‘climate
change’ common garden, where we raised temperature by 3°C, decreased
pH by 0.2 units and limited food supply by filtering out planktonic particles
>5 um, compared to ambient GOM conditions in the summer. This climate
change exposure greatly increased phenotypic variation in net calcification
rates compared to ambient conditions. We then used regression models to
link the phenotypic variation with over 170 000 single nucleotide polymor-
phism loci (SNPs) generated by genotype by sequencing to identify genomic
locations associated with calcification phenotype, and estimate heritability
and architecture of the trait. We identified at least one of potentially 2-10
genomic regions responsible for 30% of the phenotypic variation in calcifi-
cation rates that are potential targets of natural selection by climate change.
Our simulations suggest a power of 13.7% with our study’s average effective
sample size of 118 individuals and rare alleles, but a power of >90% when
effective sample size is 900.

Keywords:

calcification;

climate change;
genome-wide association;
genomic architecture;
Mpytilus;

ocean acidification.

ecological and evolutionary theory. For example, how

Introduction well does niche theory predict changes in species range

Climate change is applying enormous evolutionary
pressure on natural populations (Parmesan, 2006). The
biological response to climate change is of basic and
applied interest. From a basic research point of view,
the selective gradients driven by changes in the physi-
cal and biological environment provide tests of
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limits (Pearson & Dawson, 2003; Wiens et al.,, 2009)?
Or, what are the relative roles of phenotypic plasticity
vs. adaptation by natural selection in persistence (Hoff-
mann & Sgro, 2011; Merila & Hendry, 2014)? From the
applied point of view, understanding the limits of plas-
ticity and adaptation to climate change in specific sys-
tems has important economic consequences. For
example, will crop yield decline in areas with histori-
cally high productivity (Lobell et al., 2008)? A parallel
question in the sea is whether a local fishing economy
is likely to persist in the next 100 years, or migrate
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with target fish species that seek more favourable envi-
ronmental conditions (Cheung et al., 2010).

Whether a population can adapt to a changing envi-
ronment ultimately depends on an interaction between
individual-based phenotypic plasticity in traits that buf-
fer stress, and the amount of standing genetic variation
within populations for stress-reducing traits. In general,
phenotypically plastic responses that buffer climate
change appear to be commonplace in many systems,
and plasticity is often used as the null hypothesis to test
the rarer alternative of adaptation by natural selection
(Merila & Hendry, 2014). On the other hand, there are
a number of examples where populations have adapted
to spatial gradients in climate variables, but only a few
examples of populations that have adapted to temporal
gradients in climate variables (Gienapp et al, 2008;
Hoffmann & Sgro, 2011). Demonstrating the potential
for natural selection is technically and intellectually
challenging, requiring three conditions hold in the sys-
tem of interest: (i) that trait variation has a genetic
basis, (ii) that trait variation has fitness consequences
along the climatic gradient and (iii) trait evolution is
not constrained by genetic architecture, including the
effects of pleiotropy, epistasis and genetic correlations
on the rate of evolution (Endler, 1986; Hoffmann &
Sgro, 2011). As many stress-related traits that affect
organism fitness in changing environments are quanti-
tative, the approach for determining the genetic basis
and architecture of such ‘climate change’ traits is the
framework of quantitative genetics. Unfortunately, the
traditional tools of quantitative genetics may be difficult
to apply to many natural systems of ecological or eco-
nomic interest because relatedness cannot be easily
manipulated or observed. For example, delayed matu-
rity in long-lived species or early life history phases in
which environments are very different from adults (i.e.
many marine species) make laboratory crosses and the
measurement of adult traits technologically difficult or
logistically unfeasible. Further, collecting observational
data on mating in the wild for pedigree construction is
near impossible in a large widely distributed population
if pollination/fertilization occurs by transport of micro-
scopic gametes in wind or water. Establishing the
potential for adaption to climate change by natural
selection in these systems calls for new approaches.

Fortuitously, marker-based methods to estimate
quantitative genetic parameters in natural populations
have evolved rapidly during the last 10 years in parallel
with advances in genomic technology. For example,
‘marker-based heritability in the wild” (Lynch & Rit-
land, 1999) has enjoyed an increase in the precision of
estimates of narrow-sense heritability (#* — the propor-
tion of phenotypic variation due to additive genetic
variation), as estimates of relatedness from genome-
wide sampling are approaching the accuracy of esti-
mates derived from observed pedigrees (e.g. Bérénos
et al., 2014). New ‘omic’ technology is also useful in
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identifying quantitative trait loci (QTL) that are impor-
tant in climate change. Genome-wide association meth-
ods that were first employed to understand the genetic
underpinnings of complex human diseases (GWAS) are
now technically feasible in any system with the advent
of RADseq and genotype by sequencing (GBS). These
anonymous, next-generation sequencing-derived mark-
ers provide high-density population genomic sampling
in any organism (Savolainen et al, 2013). ‘GWAS in
the wild" has facilitated the establishment of the genetic
basis of ecologically and evolutionarily important quan-
titative traits in systems with few genetic resources, for
example cone serotiny as an adaptation to different fire
regimes in lodgepole pine (Parchman et al.,, 2012) and
beak morphology as an adaption to food resources in
Darwin’s finches (Chaves ef al.,, 2016). These examples
suggest that GWAS in the wild also has great promise
for unravelling the genetic basis of new phenotypes
under selection by climate change in many systems.

In this study, we use a GWAS in the wild approach
to reveal the genetic basis of a trait predicted to be
under strong, multifarious selection in the next
100 years. Our system includes two species of blue
mussels, Mytilus edulis (Linnaeus, 1758) and M. trossulus
(Gould, 1850), native to the Gulf of Maine (GOM)
ecosystem. Few other marine environments on Earth
are experiencing environmental change as rapidly as
the GOM, a shallow, cold and productive body of water
bordered by the Canadian Maritime Provinces in the
north and New England in the south. Historically, the
GOM has been the locus of some of the most produc-
tive fisheries in the world, once the centre of thriving
groundfish fisheries — including cod, haddock, halibut
and flounder (Christensen et al, 2003) — is now domi-
nated by the American lobster (Steneck ef al., 2011). In
the last 20 years, the historically cold GOM has been
experiencing one of the fastest temperature changes on
Earth (Pershing et al., 2015). This trend is consistent
with global climate models that predict that the temper-
ate oceans of the Northern Hemisphere will be the most
strongly impacted by change in a suite of physical and
biological variables, including temperature, ocean acid-
ity, dissolved oxygen and productivity (Mora et al.,
2013). Within the GOM, as in other temperate marine
environments, blue mussels are an important ecological
system, historically forming dense monocultures in
both intertidal and subtidal habitats (Lubchenco &
Menge, 1978; Witman, 1987; Dudgeon & Petraitis,
2001) but now on the decline in rocky intertidal habi-
tats during the last 40 years for reasons that are unclear
(Sorte et al., 2016). Economically, blue mussels are a
substantial focus of aquaculture in the Canadian Mar-
itimes, generating $49.5 million in value in 2013 (Fish-
eries and Oceans Canada). Despite the ecological and
economic importance of blue mussels, there are rela-
tively few existing genomic tools for Mytilus edulis or
M. trossulus:  transcriptomic  resources have been
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sequenced from a variety of M. edulis tissues (e.g.
Philipp et al., 2012; Freer et al, 2013; Lesser & Mac-
Manes, 2016). Across the genus, there are greater
resources: a draft genome is available for the Mediter-
ranean species M. galloprovincialis (Murgarella et al.,
2016), as well as a transcriptome (Moreira et al., 2015).

Our focal phenotypic trait is the net rate of calcifica-
tion. Calcification is a fundamental physiological pro-
cess in many marine organisms that provides the raw
material for the organismal bauplan via shells and tests.
In addition to providing the body plan, calcified struc-
tures buffer organismal physiology from change in the
physical environment and provide defence from preda-
tors. Thus, we expect natural selection to maximize net
calcification (calcification minus any CaCOs; lost
through dissolution) under increasing environmental
stress. In the GOM, as in other temperate marine envi-
ronments, calcifying marine organisms are facing multi-
ple stressors as the planet warms. Perhaps most
fundamentally, ocean acidity (OA) is increasing (J. Sal-
isbury, pers. comm.) in conjunction with rapidly warm-
ing temperatures (Pershing ef al, 2015) and reduced
ocean productivity (Balch ef al., 2012). These three fac-
tors have been shown to interact in complex ways to
negatively affect growth rates (Kroeker et al, 2013,
2016; Thomsen et al., 2013). We therefore focus on the
phenotypic variation in net calcification rates that is
expressed under stress induced by these three environ-
mental factors.

A potential limitation to using GWAS in new systems
or traits is statistical power to detect QTL with poten-
tially small effects. A working assumption is that most
organisms are well adapted to long-term, stable condi-
tions; however, there may be rare alleles segregating in
the population that will be acted upon by selection as
conditions change. For sufficient power to detect indi-
vidual loci with intermediate effect sizes (0.1-0.2) and
rare alleles, one needs to use fairly large sample sizes,
in the order of hundreds to even thousands of individu-
als (Spencer et al., 2009; Ball, 2011). We approach this
potential limitation in two ways. First, we potentially
increase overall power for a given sample size by lever-
aging a hybrid zone between two morphologically simi-
lar species — M. edulis and M. trossulus. Hybrids and
backcrosses can substantially increase power by mini-
mizing the effects of recombination on linkage equilib-
rium along larger blocks of chromosomes (Hoggart
et al., 2004; Patterson et al.,, 2004). In theory, depend-
ing on levels of backcrossing, a larger number of geno-
mic regions with moderate effect sizes can be detected
with fewer samples; however, in some cases, popula-
tion structure can generate spurious associations, so it
is important to utilize conservative significance thresh-
olds or cross-validate association inferences across
model types (Pritchard et al., 2000). Second, we maxi-
mize phenotypic variance and potential effect sizes of
individual loci by quantifying calcification under

multivariate stress in a climate change common garden,
thereby potentially expressing G x E interactions and
increasing the phenotypic variance (Hoffmann & Her-
cus, 2000). Our approach precedes in four steps: (i)
maximizing genomic variation by broadly sampling
wild mussels across the hybrid zone in the GOM, (ii)
phenotyping net calcification rates in wild caught mus-
sels grown in a climate change common garden, (iii)
genotyping common garden mussels with reduced rep-
resentation sequencing technique and (iv) applying a
GWAS framework to the phenotypic and genotypic
data This approach allowed us to identity a handful of
genomic regions, one with confidence across models,
with rare variants responsible for 30% of the pheno-
typic variation in calcification rates that are potential
targets of natural selection by climate change. With
simulations, we can show that our design has low but
nonzero power to detect these rare variants and that a
larger number of variants are likely segregating in wild
populations that could be detected with increased
sampling.

Materials and methods

Sampling the hybrid zone

In the Northern Hemisphere, Mytilus trossulus has a cir-
cumpolar distribution and is found on both the Pacific
and Atlantic coasts. In contrast, M. edulis is restricted to
the temperate Atlantic, occurring in subtidal and inter-
tidal habitats on both American and European coasts
(Gosling, 1992; Katolikova et al., 2016). In the Gulf of
Maine (GOM), the M. edulis x trossulus hybrid zone has
a mosaic structure (reviewed in Riginos & Cunning-
ham, 2005). Whereas populations found south of mid-
coast Maine (south of Penobscot Bay) are overwhelm-
ingly M. edulis, hybrid and mixed populations exist
north of the mid-coast and in Canadian waters (Gosl-
ing, 1992; Hayhurst & Rawson, 2009). The mosaic nat-
ure of the hybrid interface is heavily related to sea
surface temperatures (Yund et al., 2015). Despite sub-
stantial genetic ditferentiation, the two species are diffi-
cult to distinguish morphologically (Rawson et al.,
1996). Sampling was designed to maximize geographic
range within the GOM as well as equitable sampling of
both species. In 2014, mussels were collected by hand
(N = 489) from the intertidal and shallow sublittoral
zones across seven sites in the Gulf of Maine (Table 1,
Fig. 1) under Maine DMR special licence number ME
2014-41-00. Adult mussels between 25 and 60 mm
were targeted to narrow the sampled age class range.
Mussels were transported in aerated, chilled seawater
from collection locations to the Schiller Coastal Studies
Center (SCSC) in Harpswell, ME, within 48 h of collec-
tion. Holding tanks at the SCSC were 250-L table aqua-
ria running on raw seawater flow-through. Outflow in
holding tanks and from experiments was treated with
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Table 1 Sampling locality information and sample sizes.
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Sampling location ID # on map Latitude Longitude N Year # genotyped
Bailey Island (BI) 1 43.7238 —69.9933 59 2014 30
Phippsburg (PH) 2 43.7984 —69.8520 61 2014 30
New Meadows (NM) 3 43.9072 —69.8719 30 2014 14
Vinalhaven (VH) 4 44.0404 —68.8534 17 2014 82
Mount Desert Rock (MDR) 5 43.9686 —68.1283 74 2014 62
North Lubec, Cobscook Bay (CBL) 6 44.8875 —67.0198 93 2014 62
Eastport, Cobscook Bay (CBE) 7 44.8939 —67.0012 55 2014 42
Total 489 322

b

Fig. 1 Map of sampling locations along the coast of the Gulf of Maine (Maine to Canada). Approximate species distribution extents
denoted with pale blue (Mytilus edulis) and dark blue (M. trossulus) lines parallel to shore.

57-W UV irradiation to prevent introduction of foreign
biologicals into the local environment. Samples were
acclimated for 5-14 days before the start of climate
change common garden.

Climate change common garden and phenotyping

We used predictions from the global circulation models
of Fogarty et al. (2008) and Mora et al. (2013) under
high-emission scenarios to guide simulated physical and
biological conditions likely to occur in the GOM by the
year 2100. We used average summertime conditions of
the epipelagic GOM as a reference and changed three
variables relative to GOM reference points: we
increased temperature by 3°C from 17°C, increased
acidity by 0.2 units from pH 8.0 and decreased food
supply by filtering out microplanktonic cells (>5 um)
from raw seawater (Table 2). To accommodate large
sample sizes dictated by statistical power considerations
of the GWAS, we conducted two consecutive runs of
the common garden during the summer of 2014. Each
run consisted of 2—4 individual 250-L sea tables with

4-6 L min~ ' flow rates. In the climate stress common
garden, constant pH was maintained by bubbling CO,
gas into a 2000 L mixing reservoir controlled by a sole-
noid valve and electronic pH controller (Azoo; Takikong
Corp, Taiwan). The mixing reservoir fed all downstream
tables in the common garden. To limit food supply, raw
seawater entering sea tables was serially filtered to
5 um. Temperature was controlled within each 250-L
tank with a system that included a 500-W submersible
titanium heater (Finnex), submersible pump, tempera-
ture probe and electronic controller. To compare the
impact of climate change conditions on phenotypic
variance versus ambient summer conditions in the
GOM, we ran a single 250-L ‘ambient’ tank during
each run of the common garden by controlling temper-
ature to 17°C (1/3-hp Arctica chiller; JBJ Chillers, St.
Charles, MO, USA) and using the ambient pH of
incoming seawater without modification. In ambient
tables, we maintained a constant food supply by adding
a diluted supply of Reed Mariculture Shellfish Diet
1800 (Campbell, CA, USA) at a rate of 2.24 g dry
weight tank ' day ' delivered with a peristaltic pump
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Fig. 2 Conceptual diagram depicting predicted effect of
multifarious climate stress on variance in net calcification rate in
mussels; greater variance under climate stress should increase
power in the subsequent GWAS.

(after serial filtration of incoming seawater to 5 um). At
this concentration, and with a 4-6 L min~' flow rate,
the concentration of Chl a in ambient tanks is esti-
mated to be ~250 mg m > before removal by mussels,
which exceeds bloom conditions in Harpswell Sound,
where Chl a reaches values of 12-16 mg m > (S. Dra-
peau, pers. comm.). In addition, the feeding rate per
individual is just above the Reed Mariculture-recom-
mended levels for bivalve aquaculture broodstock. Mus-
sels from different geographic locations were allocated
equally among tanks within runs, and the density of
mussels within individual 250-L tanks ranged from
0.30 to 0.34 per litre. Combined, the two common gar-
den runs resulted in 331 mussels exposed to climate
change conditions and 158 mussels exposed to ambient
conditions. Sample sizes for each tank and allocation of
mussels among tanks are given in Table S1. We empha-
size that only mussels exposed to the multivariate stress
of the climate change common garden were used in
the downstream GWAS as the evolutionary prediction
is that phenotypic variation increases during stress (e.g.
Hoffmann & Hercus, 2000) (Fig. 2). The two ambient
tanks allowed us to test this prediction.

During the common garden runs, we monitored con-
ditions within individual sea tables, including tempera-
ture, pH and aspects of carbonate chemistry.
Temperature was recorded hourly using submersible
Hobo Water Temperature Pro Data Loggers. Salinity
and pH measurements were taken daily using a YSI
556 Sonde (Yellow Springs, OH, USA). Total alkalinity

was measured from daily water samples using a
Titrando 905 titration system (Metrohm, Switzerland)
calibrated with Dickson Standard Batch 138 (Dickson,
1981; Dickson et al, 2003). Saturation states for both
calcite and aragonite were calculated using the software
CO,Sys (Pierrot et al., 2006). A statistical summary of
tank parameters is provided in Table S2.

We phenotyped the net calcification rate of individ-
ual mussels using buoyant weight, a sensitive technique
that can detect small changes in the net calcification
over daily intervals. Ries et al. (2009) have demon-
strated the utility of buoyant weight for detecting phys-
iological changes to climate stress in a diverse set of
calcifying organisms, including blue mussels. They also
verified a strong isometric relationship (R = 0.99)
between dry shell weight and buoyant weight in their
experiments with Mytilus edulis. Here, to take consecu-
tive buoyant weights on the same individual, mussels
were tagged individually with unique combinations of
paint colours and numbered bee tags (The Bee Works,
Oro-Medonte, ON, Canada) glued to one valve. Each
mussel’s buoyant weight was measured immediately
before the start of the common garden run (day 0) and
at the close of the run (day 14). The difference between
the day 0 and day 14 measurements was normalized by
the starting buoyant weight (to control for size effects)
and used as the final scaled phenotype. Thus, net calci-
fication is expressed as the fractional increase of the
original starting buoyant weight. Buoyant weights were
measured using a hanging weigh basket submerged in
seawater suspended from Ohaus Adventurer microbal-
ance model AR3130 (£0.002 g). Repeated weighing of
a subset of individual mussels using the hanging basket
rig revealed a precision of £0.004 g or £0.58% buoy-
ant weight.

DNA extraction and quantification

At the end of each common garden run, we removed
adductor muscle tissue from each mussel, froze it
immediately at —20°C and then archived all tissues at
—80°C. Both shell valves for each mussel were also
archived at —20°C after tissue sampling.

Table 2 Targeted set points for physical and biological variables in
the climate change common garden vs. ambient sweater
conditions. See Table S2 for actual values and alkalinity statistics.

Food concentration
(mg dry weight mussel ™’

Treatment Temperature (°C) pH  day™)
Ambient 17 80 26
Climate change 20 7.7 0O

common garden

*Inflow water was filtered for particles >5 pum.
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DNA from climate stress common garden tissue sam-
ples (N = 322) was purified using an E.Z.N.A. mollusc
extraction kit (Omega Biotek, Norcross, GA, USA) with
slight modifications to the factory protocol. Approxi-
mately 10 mg of adductor muscle tissue was subsam-
pled from frozen tissue archives for each individual
mussel. The tissue was minced and incubated overnight
(shaking) at 60°C in 1x lysis buffer and 1.25 mg/mL
final concentration of proteinase K. A 1:1 volume
organic extraction was performed prior to kit purifica-
tion using 24:1 chloroform:isoamyl alcohol; the aque-
ous layer was carried through to purification.
Modifications to the published kit protocol were as fol-
lows: using a slightly smaller volume of lysis buffer
(300 pL) and removing the second wash step before
elution. RNase digestion was used to remove the RNA
strands from the purified product. DNA was qualified
using gel electrophoresis (Lonza, Rockland, ME, USA)
and quantified via spectrophotometry (NanoDrop,
Wilmington, DE, USA).

Genotype-by-sequencing (GBS) library preparation

Reduced complexity genomic libraries for each
extracted mussel (N = 322) were generated using a
genotype-by-sequencing (GBS) technique (Elshire et al.,
2011; Narum et al.,, 2013). Our particular technique uti-
lized a dual restriction enzyme digest (one rare, one
frequent cutter), synthetic priming sites, inline single-
end indices for multiplexing, and size selection to target
hundreds of thousands of loci (Gompert et al., 2012;
Parchman et al., 2012; Kingston et al., 2017). Each sam-
ple was digested with both EcoRI (rare cutter) and Msel
(frequent cutter) restriction endonucleases; double-
stranded adapters consisting of synthetic priming sites
and 8- to 10-bp indices (EcoRI end), 322 unique index
tags to identify each individual, were annealed to the
fragmented DNA. Tagged libraries were amplified two
separate times using PCR and high-fidelity Taq (iProof;
Bio-Rad, Waltham, MA, USA). Size selection targeting
300- to 500-bp fragments from the libraries to reduce
number of targeted loci was conducted via elec-
trophoresis on a Pippin Prep platform (Sage Science,
Beverly, MA, USA). All samples were pooled for
sequencing by synthesis on the Illumina platform; the
size distribution of the pooled library was assessed using
an Agilent Bioanalyzer (Santa Clara, CA, USA) and
quantified via qPCR. The pooled, multiplexed library
was run on two lanes of rapid-read 1 x 100 sequencing
on an Illumina Hi-Seq 2500 with on-board cluster
generation (Harvard/MGH).

Analyses

Phenotypic variation
To test the prediction that phenotypic variance in net
calcification increased during climate stress, we used a
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Bartlett’s test for homogeneity of variances. We
assessed any impact of sea table assignment (Table S1)
and sampling locality using anova. Additionally, a
Welch’s t-test was used to test for differences in mean
calcification phenotype between ambient and climate
stress common garden while avoiding the assumption
of equal variances.

Read processing

Reads were demultiplexed and assigned to a file for
each individual mussel based on the unique inline
indices using the process_radtags command in the pro-
gram Stacks (Catchen ef al., 2011, 2013). During this
process, reads were concurrently filtered for quality
(>90%), adapter contamination and appropriate restric-
tion site and truncated to 82 bp.

De novo alignment and SNP calling

There is no publically available genome for Mytilus edu-
lis mor M. trossulus, so we employed de novo assembly
methods to create a catalogue of loci using the program
Stacks (Catchen ef al.,, 2011, 2013). This catalogue was
built from all sequenced individuals using the den-
ovo_map.pl command; the minimum depth of coverage
to create a ‘stack’, or potential locus consisting of the
82-bp sequencing read, for an individual was set at 2
reads. To account for high levels of expected heterozy-
gosity common in molluscan species, the maximum dis-
tance allowed between loci was 8 bp. Any highly
repetitive loci were removed. The model type used was
a single nucleotide polymorphism (SNP) model, and
the significance threshold for this model was set at
o = 0.05. Corrections to genotype calls were made
using the rxstacks command and the catalogue of loci
rebuilt using the same parameters listed for the den-
ovo_map.pl command. The populations command was
executed to further filter the loci used to call the final
genotypes: at least two of the populations (designated
by geographic sampling location) had to exhibit a locus,
at least 20% of individuals had to exhibit calls at a
locus, the minor allele frequency cut-off was set at 0.01
and only one SNP per 82-bp locus (stack) was used in
the final catalogue (selected randomly if more than one
SNP appeared in a stack). These lower filter values for
minor allele frequency and per cent missingness were
established to retain rare variants in the data set.
Robustness of the GWAS using the lower filter values
was compared more stringent filtering (to at least 60%
of individuals in a population exhibiting calls at a
locus).

Population parameters

Genetic differentiation, measured via Fsy, among geo-
graphic sampling locations was calculated from the final
genotype calls (and bootstrapped 100x) in the R pack-
age diveRsity (R Core Team, 2013; Keenan, 2015).
Inference of ancestral genomic signal with no a priori
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population designations was performed on the final
genotype calls using a variational Bayesian framework
implemented in fastSTRUCTURE; 10 repetitions for
each K =n from 1 to 5 were run and the chooseK.py
option utilized to infer the best K given the data (Raj
et al., 2014). Principal component analysis on filtered
multilocus SNP genotypes (loci with at least 0.6 of each
population exhibiting genotype calls) was performed
using the R package SNPRelate (Zheng et al., 2012).

Genome-wide association survey

Genome-wide association survey (GWAS) was per-
formed using both a univariate linear mixed model and
Bayesian variable selection regression. We chose the
two-pronged analytical approach to leverage the advan-
tage of the Bayesian framework to avoid multiple com-
parison limitations associated with evaluating one locus
at a time while still allowing for comparison of this
work to traditional frequentist GWAS analyses (Ste-
phens & Balding, 2009). The univariate linear mixed
model was executed in GEMMA (Zhou & Stephens,
2012), whereas the Bayesian variable selection regres-
sion was run in piMASS (Guan & Stephens, 2011). The
Bayesian model was computed using Markov chain
Monte Carlo (MCMC) with 1 000 000 burn-in steps
and 100 000 000 sampling steps where every 10th step
a sample is recorded. MCMC sampling was executed
three times to assure convergence; Gelman and Rubin’s
convergence diagnostic was calculated using the coda
package in R (Plummer ef al., 2006). Both models uti-
lized the multilocus SNP genotype in mean genotype
file format (dosage of minor allele) and calcification
rate phenotype for each individual.

GWAS power analysis and simulations

A power analysis was conducted that focuses on the
properties of the identified SNPs with the strongest
associations. Very rare alleles of moderate effect are
segregating in the population. This raises questions of
how many additional variants are expected to exist and
what sample sizes are required to discover them.

To be discovered, an allele must be sampled and then
found in significant association with the phenotype.
The rare nature of these alleles suggests that there is a
significant chance of them not being sampled. Also, the
allele frequencies are likely overestimated because of
this discovery ascertainment bias. There is an average
sample size of 117.7 individuals (with both phenotype
and genotype) and a minor allele frequency of 0.01403
(Table 3). All of these minor alleles were found as
homozygotes, which suggests significant Fis. Therefore,
on average the sample contained 1.6513 minor allele
homozygotes. Assuming a Poisson distribution, the
actual expectation of the number of homozygotes in
the sample, %, is expected to be related to the observed
number with ascertainment bias, %, by

00 e

—1 L7 1

AP e =h(‘+ z )
Zj:lh]e'! e -1

This essentially adjusts the Poisson distribution by
keeping track of the nonzero events. This can be solved
for i as

h=hy+W(—e"h,),

where W() is the Lambert-W function. Using this gives
an adjusted average of 1.10354 minor allele homozy-
gotes present in the sample and a corrected allele fre-
quency of 0.00937853, suggesting the allele frequency
estimate is increased by almost 50% because of ascer-
tainment bias.

Random draws were made to create replicate data
sets simulated from the summary information here.
The phenotypes of individuals containing major alleles
are drawn from a normal distribution matching the
average mean and standard deviation of the ‘common’
phenotype in Table 3. The phenotypes of individuals
containing minor alleles, drawn with a probability
equal to the allele frequency adjusted to correct for
ascertainment bias, are likewise drawn from a normal
distribution matched to the mean and standard devia-
tion of the ‘rarer’ phenotypes. These are simulated

Table 3 A summary of the sampling, genotype and phenotype data of the four significant loci. N is the number of samples with both
genotypes and phenotypes. MAF is the minor allele frequency. Mean C and SD C are the mean and standard deviation of the phenotype
values for the individuals that had the common allele. Mean R and SD R are the corresponding values for the phenotypes of individuals
with the rare allele. Individ. are the IDs of the individuals that had the rare allele genotype.

Locus N MAF Mean C SDC Mean R SD R Individ.

72070 119 0.01681 0.04836 0.56481 0.22406 0.76183 GR223, WH264
71586* 24 0.04167 -0.0141 0.22027 1.89985 NA YEO042

104243 151 0.01325 0.0302 0.18058 1.80885 0.12870 OR258, YE042
115310 83 0.01205 0.10457 0.30669 1.56774 NA WHOR289
Ave* 17.7 0.01403 0.06103 0.35069 1.20022 0.44526

*The phenotype data of individual YE042, coupled with a minor allele homozygous genotype, are shared between 71586 and 104243. This
confounds the inference somewhat, and 71586 was not used in calculating the averages in the table above. However, the remaining three

loci share similar properties.
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under a range of sample sizes and tested for an associa-
tion between genotype and phenotype using a standard
linear regression and dummy variables for genotype. In
a regression framework, this effect size is estimated,
from simulation, as r = 0.29. A second set of simula-
tions was also run with the effect size halved, r = 0.15,
and quartered, » = 0.073, to assess the power of detect-
ing additional loci of weaker effects.

Results

Climate stress in the common garden

We achieved a moderate level of climate stress in our
common garden compared to the ambient conditions:
temperature difference was 2.90-3.17 C, pH differential
0.14-0.34 units, difference in Qe 0.54-1.17 and Qg
differential 0.33-0.73 (95% CIs, Table S2). Wilcoxon
signed rank tests indicated our climate change common
garden maintained significantly higher temperature and
lower pH compared to ambient conditions (temperature
V=2 P=22E-16, pH V=398 P = 9.4E-6). Saturation
states of both calcite and aragonite also ditfered signifi-
cantly between ambient and climate stress (Qcalc
ty = 5.609 P=1.5E-5, Quug fn = 5.651 P = 1.1E-5).
There was a 4% mortality rate overall.

Phenotypic variation

The climate change common garden resulted in greater
phenotypic variation in net calcification rates compared
to ambient conditions (Fig. 3; Bartlett’s test for homo-
geneity of variances, K? = 4.095, P = 0.043). There was
no significant impact of sea table (ambient F, = 2.518
P = 0.115; climate stress F; = 0.217 P = 0.884) or sam-
pling location (Fg = 1.264, P = 0.277). The mean net
calcification rate within the climate change common
garden was slightly greater (0.064, 1Q = —0.037
3Q = 0.115) than mussels in the ambient conditions
(0.039, 1Q = —0.052 3Q = 0.104).

Sequencing, de novo alignment and genotyping

Sequencing rendered 378 249 305 100-base pair (bp)
single-end reads. After demultiplexing and quality-fil-
tering, 220 093 969 reads were retained for analysis. De
novo assembly and downstream locus filtering generated
genotype calls at 171 645 SNP loci among the 322 indi-
vidual mussels. Average depth of coverage was
4.97 + 1.14 per individual per locus (excluding missing
genotype calls, mean = SD) or 1.18 + 0.70 (including
missing genotype calls, mean 4+ SD).

Population genomics

Genetic differentiation (Fsr) among geographic popula-
tions was generally low with the exception of
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Fig. 3 Boxplot showing phenotypes of mussels (net calcification
rate measured as size standardized change in buoyant weight) in
the climate stress common garden versus mussel phenotypes in
ambient conditions. Boxes represent the first and third quartiles,
and whiskers extend to those quartiles £ 1.5 times the
interquartile range. Variances are significantly different (Bartlett’s
test for homogeneity of variances, Kf =4.095, P = 0.043), and
means are slightly, but significantly, different (Welch’s ¢-test,
Fi.333 = 6.835, P = 0.009).

differentiation likely reflecting the species difference
(Table 4). Inference of ancestry composition without a
priori population information revealed two main ances-
try clusters likely reflecting the M. edulis—M. trossulus
split. Whereas there are mixed species populations,
there are few intermediate genotype hybrid individuals
as would be expected from an F, population (Fig. 4).
PCA revealed differentiation between two main clus-
ters, again likely reflecting species differences; geo-
graphic patterns beyond the species split emerged. Only
a handful of individuals appear to be hybrid intermedi-
ates on the PCA, all originating from Mount Desert
Rock or Cobscook Bay (Fig. 5). After population cluster
inference, individuals parsed into majority M. trossulus
or M. edulis ancestry groups (Fig. 4) do not exhibit sig-
nificant differences in calcification rate by species
ancestry (Welch’s one-way comparison Fj.p, = 0.1543,
P = 0.6949).

Genome-wide association survey

The Bayesian variable selection regression (BVSR)
model suggests underlying genomic architecture of the
calcification rate trait is multilocus, but on the scale of
2-10 influential loci (median =4, 2-10, 2.5%-97.5%
quantiles; Fig. 6). Heritability of the trait was estimated
at 0.30 (median, 0.19-0.41, 2.5%-97.5% quantiles;
Fig. 6). The four loci with the greatest posterior
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Table 4 Fs; values among geographic sampling populations of blue mussels in the Gulf of Maine (pairwise estimates bootstrapped, 95%

cI).

Bl PH NM

VH MDR CBL CBE

Bailey Island (BI) - 0.0016-0.0025  0.0025-0.0029
0.0072-0.0081

Phippsburg (PH) -
New Meadows (NM)

Vinalhaven (VH)

Mount Desert Rock (MDR)

North Lubec, Cobscook Bay (CBL)

Eastport, Cobscook Bay (CBE)

0.0019-0.0031  0.0274-0.0280  0.1072-0.1077  0.3608-0.4757
0.0051-0.0053  0.0447-0.0448  0.1322-0.1328  0.3916-0.5130
0.0048-0.0053  0.0278-0.0293  0.1071-0.1073  0.367300.4838
- 0.0492-0.0508  0.1440-0.1456  0.4074-0.5324
- 0.0267-0.0278  0.2339-0.3139

- 0.1100-0.1627

probability values in the Bayesian variable selection
regression model and also significant in the univariate
linear mixed model (at a <4 x 1077) were searched
against public databases as well as the M. galloprovin-
cialis genome, but could not be annotated (Table 5).
One of these four loci has excellent support across both
models (104 243, Table 5); the other three do not exhi-
bit as high posterior probabilities in the BVSR or simi-
larly low p-values in the linear model. It is important
to note that the two-model approach taken here aims
to accomplish two goals: to describe the genomic archi-
tecture of the calcification rate trait and to identify
genomic regions associated with the trait (and their
effect sizes). The BVSR provides estimates of both archi-
tecture and association; the univariate linear model
does not explicitly address multilocus architecture. Our
data describe the genomic architecture — 2-10 influen-
tial loci with ~30% heritability of the trait — but likely
do not identify all genomic regions associated with the
trait. The most conservative estimate of associated
regions identified would be the single 104 243 marker;
given the small number of regions, however, it may be
worth annotating all four loci, despite lower confidence
in the other three associations. When the GWAS was
repeated (BVSR) with more stringent missing data fil-
ters, the genomic architecture posterior probabilities
were nearly identical and the top locus (104 243) was
again returned with a similar posterior probability and
effect size.

Gelman and Rubin’s convergence diagnostic indicated
good chain convergence among the MCMC runs (heri-
tability 1.01, upper CI 1.02; number of SNPs 1.00,
upper CI 1.00). Population structure is often cited as a
potential confounding factor for genome-wide associa-
tion; however, as our M. edulis-like genotypes and
M. trossulus-like genotypes (as determined by fas-
tSTRUCTURE) did not differ significantly in calcification
rates, we did not use population designation as a
covariate to maximize the power of our analysis given
the scale of sampling available (Parchman et al., 2012).
Additionally, our two-model approach to screening sig-
nificance of associated loci and our power analysis are
precautions against possible spurious correlations

related to species ditferences. We will need more sam-
ples from each taxon, M. trossulus in particular, to com-
pare association inferences between pooled and split
taxonomic groupings.

GWAS power analysis and simulation

The effective sample size used here, approximately 118
(due to incomplete genotype matrix), has low power,
only 13.7% (at a <4 x 10~ significance level), to
detect loci with rare alleles and phenotype simulation
parameter values matched to the observed effect size.
This suggests that several similar loci, of moderate effect
with rare variants, are yet to be discovered. To attain
50% power, approximately 310 individuals (effective
size) need to be genotyped and phenotyped; a sample
size of approximately 660 vyields 90% power (at a
<4 x 1077 significance level). With larger future sample
sizes, more stringent significance levels can be used to
help filter out false associations; an effective sample size
of 900 allows for 90% power with a significance level
several orders of magnitude lower (Fig. 7).

Discussion

GWAS in the wild?

We found that under projected climate stress from mul-
tiple variables, blue mussels from the Gulf of Maine
(GOM) exhibit extensive variability in calcification rate
phenotype, and this variation is linked to a handful of
loci of moderate effect. Others have successfully used a
GWAS approach to determine the genetic basis of phe-
notypic traits in wild populations (for plants, see review
by Alberto et al., 2013), but to our knowledge, this is a
first application of GWAS to hidden genetic variation
expressed under simulated climate change. We have
therefore established a genetic basis for variation in cal-
cification rate under high temperature, low pH and low
food supply. Our estimates of narrow-sense heritability
for this key trait are in the order of 30% — indicating
that substantial genetic variation for calcification under
climate stress exists within these populations. Whether
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Fig. 4 (a) fastSTRUCTURE plot showing proportion of ancestry inferred from the full multilocus genotype on the y-axis where individual
mussels are on the x-axis, grouped by population and ordered from south (left) to north (right). (b) fastSTRUCTURE-inferred ancestry
signals, pooled by population, graphed geographically by collection site in the Gulf of Maine.

the mean calcification rate remains high due to natural
selection on this quantitative trait over the next 100
years will depend on epistatic effects and the nature of
genetic correlations with other traits that may them-
selves be under different forms of selection. However,
classic breeding programs show that narrow-sense heri-
tability tends to be predictive of response to selection
even for complex traits (Hill et al., 2008). We note that

our basic approach can be used to identify the set of
structural and regulatory genes that control calcifica-
tion. When combined with gene expression profiling,
GWAS can simultaneously discover gene expression
QTL, or eQTL (Cookson et al., 2009; Pritchard et al,
2017), thus providing a gene regulatory network for
calcification under climate stress. This extension of the
basic GWAS concept, when combined with the results
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356 S. E. KINGSTON ET AL.

of more traditional gene expression experiments that
target subsets of the transcriptome under climate stress
(e.g. Hining et al.,, 2013; Lesser, 2016), seems promis-
ing, because linkages among seemingly disparate meta-
bolic pathways can be revealed.

The power to detect loci of moderate effects with a
GWAS will increase when the phenotypic variance is
maximal. We have shown that the phenotypic response
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Fig. 5 Principal component analysis (PCA) based on filtered
multilocus SNP genotypes (17 313 loci) across 322 mussel
individuals, colour- and shape-coded by sampling location.
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Table 5 Four loci associated with the stress phenotype
calcification rate in blue mussels in the Gulf of Maine. Effect sizes
and posterior probabilities (Rao-Blackwellized) are estimated
through the Bayesian variable selection regression model, whereas
the linear P-values are from the univariate linear mixed model
(Wald test).

Locus ID Effect size Posterior probability Linear P-value
104243 8.08 0.999 1.27E-13
115310 5.18 0.869 3.84E-07
71586 4.10 0.416 2.07E-09
72070 2.82 0.141 4.07E-08

under multivariate climate stress was significantly more
variable than under more ideal control conditions. This
pattern of increased variance in response to stress is
common and implies environmental stressors can reveal
phenotypic differences that would go undetected under
ideal conditions (Latta et al., 2015). Related to this
increased variance under stress, environmental changes
can uncover novel genetically determined phenotypes
for selection to act upon (Waddington, 1956). This
increased variance has a genetic component and was
key to our strategy to detect associated loci; increased
effect size leads to increased power. The inferred archi-
tecture of this trait — a handful of influential loci with
moderate effect sizes — is similar to other genome-wide
association inferences on the architecture of adaptive
traits. In stickleback fishes, 10-18 loci were identified
as significantly influencing the armoured plate
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Fig. 6 Posterior distributions from the Bayesian variable selection regression model for the genome-wide association survey (GWAS). (a)
Model estimate of the number of genetic loci underlying the calcification rate trait; (b) model estimate of the heritability of the calcification

rate trait.
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Fig. 7 Power to detect a genotype—phenotype association versus sample size. A total of 10 000 replicate simulations were run at each point
by matching the allele frequency (corrected for ascertainment bias), average mean and average variance of the distributions in Table 3. The
blue line corresponds to the significance level used here (4 x 1077). The red circle over the blue line corresponds to the average sample
size (Table 3) and significance level used in this study. A series of increasingly stringent significance levels are indicated by the other
colours for illustration. In this study, stress was used to increase the effect size and therefore power. The dashed lines are the power when
the effect size is halved; the dotted lines correspond to an effect size that is quartered; this illustrates the types of sample sizes needed to
detect loci or without using stress to increase the variance (in the order of 2000-3000 or 8000-10 000, respectively, in these examples). In
terms of power to detect associations, effect size and sample size are more important considerations than stringent significance levels.

phenotype (Mazzarella et al.,, 2016). In the case of the
serotiny traits in lodgepole pine, 11 loci were associated
with this important reproductive phenotype with etfect
sizes nearly identical to those estimated here (Parch-
man et al., 2012). Our inferences, and those of others
cited here, contrast with the pattern of one or two loci
of large effect often demonstrated for sexually selected
phenotypes, like avian plumage characteristics (Shapiro
et al., 2013; Bourgeois et al,, 2017). Whereas we have
demonstrated clear success, it is also important to con-
sider that the genetic architecture of any phenotypic
trait lies on a spectrum of a few loci with major effects
(as in the avian plumage examples cited above) to
many loci of small effects. In the latter extreme, highly
polygenic traits that follow Fisher’s infinitesimal model
(Fisher, 1919) will require other technical approaches
to parse their genomic structure (Rockman, 2012).

Our simulations have revealed that the rarity of alle-
les linked to calcification rate has a major effect on our
ability to detect ‘climate change’ loci. In fact, our simu-
lations suggest that our experimental design had a
power of about 10% given an effective sample size of
N =100 individuals (from 302 individuals phenotyped
and genotyped at >170K SNPs scored across the entire
population). Thus, it is not surprising that we found
only a few associated SNPs (three with varying cross-
model support). On the other hand, this relatively low
power also suggests there are loci controlling calcifica-
tion rate under stress in blue mussel genomes yet to be
detected, perhaps in the order of 10s if sample sizes are
increased to N =900. Our simulations suggest

increasing effective sample size provides the most dra-
matic boost to power (Fig. 7). Given our emphasis on
application of GWAS on wild populations with few
genomic resources, it is useful to consider the costs,
measured in time and money, of effective sample sizes
approaching 1000 individuals. Such an increase in sam-
ple size represents a 10x increase in sampling effort,
experimental effort, DNA extraction, library preparation
and sequencing. If we consider molecular benchwork
and sequencing alone, we spent over $10K (USD) to
obtain an effective samples size of just over 100 mus-
sels. Even as sequencing costs decline, increasing fund-
ing to support this aspect of a project budget alone may
not be a trivial task for many molecular ecology labora-
tories faced with reduced federal funding levels. Fur-
ther, laboratory and aquarium facilities to conduct
climate change simulations also represent significant
resource commitments at this sampling scale. On the
other hand, if we assume that many traits under selec-
tion by climate change are under stabilizing or weak
directional selection, our results of rare alleles may be
general, and a combination of large sample sizes and
field sampling efforts that maximize the probability of
including these genotypes in the study population are
recommended.

It is also important to consider the downstream steps
required to verify that the variation detected in a
GWAS is linked to the trait of interest. In our case, we
are interested in further development of blue mussels
as a model to study links between genotype and quan-
titative phenotypes under selection by changing
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environments. Thus, genome sequencing will be
required to map the SNPs discovered here, and anno-
tate linked genes. At present, a draft genome has been
assembled for the congener Mytilus galloprovincialis
(Murgarella et al., 2016), but Mytilus genomes are large
and repetitive, suggesting assembly problems may arise
even among congeners. Linking transcriptome sequenc-
ing with GWAS to find expression QTL (eQTL) is
another approach to fine scale mapping of the putative
loci identified by the GWAS. In this case, targeted
sequencing within and near expressed genes that corre-
late with SNPs can identify the location and possible
function of a QTL.

Complex selection seascapes

Unlike the open ocean, coastal and intertidal environ-
ments are characterized by greater diel and seasonal
physical and biological variability. Climate change is
predicted to increase the amplitude of these fluctua-
tions, pushing the limits of physiological acclimatization
(Johnson et al., 2013; Helmuth et al., 2016). Conse-
quently, selective pressure on organisms in these
coastal ecosystems is layered across complex spatial and
temporal scales. For example, some sites may experi-
ence different combinations of variables that cause
homoeostatic stress. Further, the succession of sets of
variables that stress physiology is also likely to be spa-
tially variable. Biogeographic changes in coastal popula-
tion distributions in response to changing climate are
likely to mirror this complexity (Wethey et al, 2011).
We have demonstrated that a population of wild blue
mussels in the Gulf of Maine exhibits the heritable phe-
notypic variance required to calcify in projected climate
conditions, including high temperature, low pH and
reduced productivity. Individual mussels exhibiting the
potentially adaptive alleles are not restricted to a single
portion of the geographic distribution within the Gulf
of Maine; variants are found throughout the geographic
sampling span. However, these alleles are associated
with majority M. edulis ancestry individuals. It is impor-
tant to note that many of these variants are found in
mixed populations and that we ended up sampling
fewer majority ancestry M. trossulus individuals (only
~88/322; Fig. 4a). We have not fully quantified the
physical characteristics of these sites, but mapping the
geographic distribution of rare climate change alleles
and understanding the local environmental seascape
(e.g. Kroeker etral, 2016) is an interesting future
direction.

A recent assessment of vulnerabilities of shellfisheries
in coastal communities places the Gulf of Maine waters
in high-impact categories (Ekstrom et al,, 2015). In the
state of Maine, lack of diversity in economically impor-
tant fisheries is cited as a liability in a changing climate
(Steneck et al, 2011). Bivalve aquaculture has the
potential contribute to sustainable and economically

viable food production, but as acidification trends con-
tinue, both wild and captive populations of marine cal-
cifiers face settlement and growth challenges (Green
et al, 2009). Standing genetic variation, including the
loci we have identified here, has the potential to pro-
vide the raw material for sustainable aquaculture in the
Anthropocene. Yet, we also note that more work will
be need to be done that identifies genetic correlations
with other desirable traits for aquaculture, for example
the ratio of shell to tissue mass, or reproductive alloca-
tion. These correlations are also the key to understand-
ing the multivariate response to climate change in
quantitative characters (Lande, 1980). With some of
the stress-calcification-associated loci identified, we can
continue to untangle the molecular architecture of the
stress calcification trait in the context of aquaculture
application; expression quantitative loci (eQTL) associ-
ated with adaptive traits, both climate stress and those
relevant to success in culture, can help piece together
regulatory networks relevant to increasing success and
yield of aquacultured blue mussels in an increasing
warmer and more acidic environment (Cookson et al.,
2009; Pritchard ef al, 2017). In addition to further
exploration of the expression network in adults, it will
also be important to characterize similarities and differ-
ences in juvenile stress response at settlement.

Despite recent development of genomic resources for
other bivalve species, little public genome-scale data are
available for Mytilus edulis and Mytilus trossulus (Zhang
et al.,, 2012; Timmins-Schiffman et al.,, 2013; Lockwood
et al, 2015; Moreira et al., 2015; Lesser & MacManes,
2016; Murgarella et al., 2016; Yarra et al., 2016; Sun
et al., 2017; Wang et al., 2017). Our GWAS in the wild
approach demonstrates viability of this line of investiga-
tion for nonmodel species with few genomic resources.
We have identified a number of loci that could poten-
tially respond to selective pressures induced by climate
change. As none of these identified loci are annotated,
it will be important to further investigate functional
roles of these genomic regions. Elucidating the genomic
architecture underlying calcification under stress is not
just an interesting evolutionary exercise, but has much
potential for improving aquaculture vyields in an
increasingly changing world.

Conclusions

Although the power of highly multilocus SNP analysis
has greatly expanded the quantitative genetic toolbox
(Parchman et al., 2012; Bérénos et al., 2014), our simu-
lation suggests we are working close to the theoretical
minimum sampling required to identify any genomic
regions associated with our phenotype of interest. As
the waters in the Gulf of Maine continue to change
rapidly, this success of this genomic tool to efficiently
assess adaptive potential among wild populations is
notable. Our dual-model assessment approach allows
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inference of the genomic architecture of the trait, even
if all associated loci are not initially discovered. We pro-
vide a power analysis which can be applied to other
systems where rare, advantageous alleles are likely to
exist in wild populations. We offer an assessment of
trade-offs (and pay-offs) involved in balancing
resources, time, geographic sampling range and statisti-
cal power; our execution of GWAS in the wild exempli-
fies an analytical framework suitable for both basic
research and applied questions.
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