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Abstract

Ocean acidification (OA) is a major stressor threatening marine calcifiers, including the eastern oyster (Crassostrea virginica).
In this paper, we provide insight into the molecular mechanisms associated with resilience to OA, with the dual intentions of
probing both acclimation and adaptation potential in this species. C. virginica were spawned, and larvae were reared in control
or acidified conditions immediately after fertilization. RNA samples were collected from larvae and juveniles, and DNA samples
were collected from juveniles after undergoing OA-induced mortality and used to contrast gene expression (RNAseq) and SNP
(ddRADseq) profiles from animals reared under both conditions. Results showed convergence of evidence from both approaches,
particularly in genes involved in biomineralization that displayed significant changes in variant frequencies and gene expres-
sion levels among juveniles that survived acidification as compared to controls. Downregulated genes were related to immune
processes, supporting previous studies demonstrating a reduction in immunity from exposure to OA. Acclimation to OA via
regulation of gene expression might confer short-term resilience to immediate threats; however, the costs may not be sustainable,
underscoring the importance of selection of resilient genotypes. Here, we identified SNPs associated with survival under OA
conditions, suggesting that this commercially and ecologically important species might have the genetic variation needed for
adaptation to future acidification. The identification of genetic features associated with OA resilience is a highly-needed step for
the development of marker-assisted selection of oyster stocks for aquaculture and restoration activities.
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Introduction understood. Studies have demonstrated that organisms are

able to respond to altered environments through various
Anthropogenic climate change is a considerable stressor ~ mechanisms within their lifetimes as well as through evo-
for marine organisms. The response of species, popula-  lutionary processes (Calosi et al. 2013; Evans et al. 2013;
tions, and individuals to future climate regimes is not fully =~ Reusch 2013; Schluter et al. 2014; Sunday et al. 2014);
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however, investigating the acclimation and adaptation
potentials of marine species to ocean acidification (OA)
is still in its infancy (Saba et al. 2019).

Shellfish-growing areas, such as shallow estuaries, are
often exposed to eutrophication and experience periods
of reduced oxygen, variable alkalinity, oscillations in pH,
extreme acidification, low salinity, and high temperature
(Wallace et al. 2014; Baumann et al. 2015). These changes
arise from both natural biogeochemical cycling as well as
through sustained anthropogenic disturbances. The eastern
oyster (Crassostrea virginica) tolerates spatio-temporally
variable environments such as those encountered in New
York’s coastal embayments which already face acute expo-
sure to elevated pCO, and low pH that are greater than
predicted climate driven changes (Baumann et al. 2015).

Alterations in carbonate chemistry can induce physi-
ological responses that necessitate alterations in gene
expression, and studies have demonstrated that marine
organisms can regulate gene expression as a compensa-
tory response to OA (Hiining et al. 2013; Carreiro-Silva
et al. 2014; Goncalves et al. 2017; Downey-Wall et al.
2020; Strader et al 2020; Rajan et al. 2021; Schwaner
et al. 2022a, b). When exposed to high pCO,, sea urchins
(Paracentrotus lividus) upregulate genes associated with
calcification and metabolism (Martin et al. 2011), while
larval Portuguese oysters (C. angulata) and larval Pacific
oysters (C. gigas) overexpress genes involved in shell for-
mation (Yang et al. 2017; De Wit et al. 2018) to sustain
biomineralization under altered carbonate chemistry. In
addition, genes related to ion and acid-base regulation in
the pearl oyster (Pinctada fucata) are upregulated under
OA, suggesting the implementation of a compensatory
acid—base mechanism to mitigate adverse effects of low
pH (Li et al. 2016). Changes in gene expression associated
with acclimation to stressful environmental conditions can
protect populations from immediate threats until resilient
genotypes can be selected.

Acclimation to environmental perturbations can pro-
vide short-term protection; however, physiological plas-
ticity often has associated trade-offs. When exposed to
acidification, the coral polyp (Acropora millepora, Moya
et al. 2012) and larval sea urchin (Strongylocentrotus
purpuratus, O’Donnell et al. 2010) downregulate genes
involved in metabolism, indicating metabolic suppression
under OA stress. The Korean mussel (Mytilus coruscus)
downregulates genes related to shell matrix for CaCOj,
crystal formation and growth (Zhao et al. 2020), resulting
in weakened shells. For this reason, while plasticity may
offer an important means of resilience for populations fac-
ing immediate changes, evolutionary adaptations will still
be essential for persistence into the future.

Natural genetic variation is a valuable source of resil-
ience to changing environments (Hermisson and Pennings
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2005; Barret and Schluter 2008; Bitter et al. 2019). Oys-
ters are generally highly polymorphic and their genomes
contain a wide range of genes enabling them to respond
to environmental perturbations (Zhang et al. 2012a, 2016;
Powell et al. 2018), which is a prerequisite for adaptation to
changing environments. Evolutionary response to OA will
most likely occur in areas with large populations and vari-
able pH, such as estuarine habitats of oysters. An example
of this can be found in sea urchins that are locally adapted
to pH gradients caused by upwelling along the Pacific coast
of North America (Kelly et al. 2013). In that study, dif-
ferences in acidification regimes acted to maintain genetic
variation required to enable adaptation to altered carbon-
ate chemistry (Kelly et al. 2013). Capacity of organisms
to adapt to fast-paced environmental changes is relatively
unknown, but evidence suggests that there might be circum-
stances where natural or artificial selection could result in
populations of individuals better suited to withstanding OA
(Parker et al. 2011; Pespeni et al. 2013; Goncalves et al.
2017; Thomsen et al. 2017). For example, Thomsen et al.
(2017) demonstrated differences in survival between differ-
ent populations of mussels exposed to OA stress, revealing
that local carbonate chemistry can influence the response
of mussel populations to experimental acidification, sug-
gesting local adaptation. In addition, Pespeni et al. (2013)
showed that OA produces patterns of genome-wide selec-
tion in purple sea urchins (Strongylocentrotus purpuratus)
reared in different CO, conditions. Understanding if OA
resilience is genetically determined, and if so, identify-
ing molecular markers that could be used to breed more
resilient organisms, while maintaining genetic variability
(marker-assisted selection) can ensure healthy populations
of oysters to benefit the economy, contribute to food secu-
rity, provide natural shoreline protection, and improve water
quality and overall ecosystem health.

This study was designed to provide novel insights into
the capacity of the eastern oyster to respond to future cli-
mate change and identifies the mechanisms by which this
response occurs. Adult oysters were spawned and resulting
offspring were reared in control and acidified conditions for
3 months, and samples of larvae and juveniles were sam-
pled for RNA and DNA sequencing, viability, and growth.
Transcriptomic analysis (RNA sequencing or RNAseq) of
larvae and juveniles was performed to identify genes that are
differentially regulated in response to OA. Genomic analysis
(restriction site associated DNA sequencing or RADseq) was
also performed on juveniles to identify alleles associated
with better survivorship under acidification. Results allowed
the identification of potential molecular mechanisms asso-
ciated with resilience to acidification in the eastern oyster.
This is the first study in eastern oysters to combine RNA
and RAD sequencing to identify novel candidate genes for
resilience to OA.
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Materials and Methods
Sample Collection

Ripe adult oysters were collected from Islip, NY (40°42'19
"N, 73°11'32" W) and conditioned for spawning (Helm
et al. 2004). Sperm and eggs were mixed from six females
and six males. After allowing sufficient time for fertiliza-
tion (1 h), embryos (16 million) were moved to aquaria
(4 replicates/condition) equilibrated with CO, mixed with
air (via a gas proportionator system; Schwaner et al. 2020;
Schwaner et al. 2022a) or ambient air to attain the follow-
ing two target pCO, levels: (1) low pCO,/high pH (con-
trol), pH 7.98, pCO, 480, and (2) high pCO,/low pH (acid-
ified), pH 7.57, pCO, 1374. The CO, gas mixtures from
the proportionator system were delivered to the bottom
of each aquarium, resulting in similar seawater chemistry
between replicates. Samples of seawater for dissolved inor-
ganic carbon (DIC) analysis were obtained before intro-
duction of larvae into the seawater, during larval develop-
ment, and post-metamorphosis (Suppl. Tables 1-2). DIC
samples were assessed using an EGM-4 Environmental
Gas Analyzer® (PP systems) after acidification and sepa-
ration of the gas phases using a Liqui-Cel® Membrane
(Membrana) (provided by the Gobler laboratory at Stony
Brook University). For quality assurance, before and after
analysis, certified reference material (provided by Andrew
Dickson, Scripps Institution of Oceanography) was ana-
lyzed with a 99.9% recovery. Total alkalinity, € ,,sonites €2
calcite> Carbonate concentration, and pCO, were determined
in R using the package seacarb with known first and sec-
ond dissociation constants of carbonic acid in seawater
(Millero 2010). Larvae were reared following methods
described in Schwaner et al. (2020; 2022a), with specific
recommendations for C. virginica from Helm et al. (2004).
Viability was monitored during every water change (3-5
times/week) by assessing ciliary movement microscopi-
cally, and growth samples were collected on days (1, 2,
5, and 8) and fixed with glutaraldehyde (1%) for analy-
ses using ImagelJ (Version 1.44, NIH). After 96 h in the
pCO, conditions, larvae were concentrated on a 50-micron
sieve, rinsed to remove detritus, checked for viability, and
then, one million larvae (4 million/condition) were col-
lected and stored at —80 °C for RNA sequencing (time
96 h) (Suppl. Figure 1). The remaining larvae were kept in
either control or acidified conditions (4 million/condition,
one million/replicate). When oysters reached 200 microns
in size, a PVC sieve was inserted into the aquaria with
shell chips or “cultch” layered on the sieve, so that oysters
were able to settle out of the water column and attach to
shell pieces. After settlement, juvenile viability was moni-
tored and dead oysters were removed from tanks. At 1 and

2 months post fertilization, average size of oysters was
assessed by taking a subsample for image analysis. After
3 months post fertilization, 60 individual juveniles (15/
replicate) were randomly collected from each condition
(total of 120) and stored at —80 °C (time 3 months) for
RADseq. A second sample was taken for RNA sequencing.

DNA and RNA Extractions

DNA was isolated from individual 3-month-old juvenile
oysters (15 individuals/replicate, 4 replicates/condition, 120
total) using standard phenol—chloroform extraction (Farhat
et al. 2020; Schwaner et al. 2022a; Boutet et al. 2022).

RNA was separately extracted from the 96-h and
3-month-old oysters (Suppl. Figure 1). For the time 96 h
sample, pelleted larvae (1 pool/replicate, 4 pools/condi-
tion) were thawed in 800 pl of TRIzol Reagent (Invitrogen,
Thermo Fisher Scientific, Waltham, MA) and homogenized
with ceramic beads using a Fisherbrand™ Bead Mill 24
Homogenizer (Thermo Fisher Scientific). After homogeni-
zation, samples were incubated for 10 min in TRIzol and
then 100 pl of 1-bromo-3-chloropropane was added. The
solution was incubated for 10 min and centrifuged (20 min,
4 °C, 14,000 g). Isopropanol was added (1:1 ratio) to the
aqueous phase, followed by a 10-min incubation and spin
(10 min, 4 °C, 14,000 g). The supernatant was discarded,
and the pellet was washed with 75% ethanol and then cen-
trifuged (5 min, 4 °C, 14,000 g). The pellet was air dried
for 5 min and dissolved in 50 pl of RNAse-free water. RNA
samples were cleaned using the sodium acetate precipitation
protocol coupled with polyvinylpolypyrrolidone, 2% (w/v).
Finally, DNA was removed using DNA-free™ Kit (Ambion,
Thermo Fisher Scientific), following manufacturer’s proto-
cols. Purity of RNA was checked on a NanoDrop® ND-1000
Spectrophotometer (Thermo Fisher Scientific).

Juveniles sampled at 3 months were pooled (10 oysters/
replicate, 4 pools/condition), thawed in lysis buffer, homog-
enized using the Bead Mill 24 Homogenizer, and RNA was
extracted using the RNeasy Plus Mini Kit following manu-
facturer’s instructions (Qiagen, Hilden, Germany). Cleaning
and DNA removal were performed as outlined above.

ddRAD Library Preparation

ddRAD libraries were prepared using a modified protocol
from Peterson et al. (2012) and Schwaner et al. (2022a).
Briefly, 200 ng of each DNA sample was double digested
with Pstl high fidelity restriction endonuclease and Msel
or with Acil, Mspl, HpyCH41V, and Kasl in a 25-pl
reaction containing Cut Smart Reaction Buffer 10 X (New
England biolabs, Ipswich, MA) and water at 37 °C for
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10 h. After 10 h at 37 °C, the enzymes were inactivated
by heating at 65 °C for 20 min. Each of the digested DNA
samples was individually identified through the ligation of
P1-n barcoded adapters at 16 °C for 6 h in a 30-pl reaction
containing P1 adapter, T4 DNA ligase, ATP, P2 adapter,
and CutSmart reaction buffer. Samples were purified, and
size was selected using Nucleomag NGS clean-up and
size select kit (Macherey—Nagel, Diiren, Germany) at 1:1
ratio of beads to sample and resuspended in Tris buffer.
Purified adapter-ligated fragments were PCR-amplified
with 12 uniquely indexed PCR-P2 primer sequences
for multiplexing. Each individual sample had a distinct
combination of index and barcode allowing for post-
sequencing demultiplexing. Quality control of PCR products
was checked using gel electrophoresis and Qubit dsDNA
HS assay kit (Life Technologies, Thermo Fisher Scientific).
After quantification, samples were pooled and precipitated.
The two libraries were combined (40% Pstl/Msel, 60%
Acil, Mspl, HpyCH4IV/Kas1; 800 ng per line in 30 pl of
H,0), and then, size was selected with Pippin-Prep (1.5%
agarose dye free gel cassette, Sage Science, Beverly MA,
USA) under a setting with a range of 320-900 bp. Each
fraction (320-600 bp, 320-800 bp, 350-800 bp, 400-800 bp,
500-900 bp) was quantified with Qubit, and quality was
checked on a Bioanalyzer with high-sensitivity DNA chip
(Agilent technologies, Waldbronn, Germany). To have better
repartition, a larger range of sizes and better representativity
of each size fraction, 20% of the 320-800 bp, 40% of the
400-800 bp, and 40% of the 500-900 base pair cut, were
added to the library for sequencing. Five percent of PhiX
control libraries were used to create a more diverse set of
clusters as recommended by Illumina for the sample type.
Samples were sequenced using Illumina NovaSeq 6000
System (Illumina, San Diego, CA) with an S4 flow cell on
one lane, generating 2,872,893,796 paired-end (PE) 150 bp
reads total.

SNP Analysis

PE reads were demultiplexed by index at the sequencing
facility (Novogene, UC Davis, Sacramento, CA). Reads were
further demultiplexed by barcode into individual samples,
using CLC Workbench (version 11.0.1, CLC Bio, Aarhus,
Denmark, (https://digitalinsights.qiagen.com/) with default
parameters. Sequence reads were trimmed based on quality
scores (limit 0.05), ambiguous nucleotides (max 2 nucleo-
tides per sequence), and adapters. Reads were mapped onto
the C. virginica reference genome with default parameters
(GCF_002022765.2_C_virginica-3.0 downloaded from
NCBI) using CLC. Unaligned ends were realigned with three
multi passes using guiding variants. BAM files were exported
from CLC, and variants were identified using Stacks v2 with
the ref_map pipeline (Rochette et al. 2019). Data filtering for
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detection of high-quality SNPs included: minimum allele fre-
quency 0.05 (—-min-maf), a minimum percentage of samples
in the population (75%), and a HWE p-value <0.05 (-hwe)
(Farhat et al. 2020). The “populations” program within stacks
calculates population genetic statistics for populations in the
processed dataset (Suppl. Table 3). After filtering, only SNPs
that had significantly higher Fg; between the compared popu-
lations values were selected (corrected AMOVA Fgp>0.05
and p <0.05). The significant SNPs were annotated using
the C. virginica gff file from NCBI (GCF_002022765.2).
To identify positively selected loci, three published selec-
tions scans were used: PCAdapt (Luu et al. 2017), BayeS-
can (Foll and Gaggiotti 2008), and OutFLANK (Whitlock
and Lotterhos 2015). The outlier SNP loci detection was
performed using wrapper functions of the R package Sam-
baR (Jong et al. 2021). The position of each variant in the
genome (intergenic, untranslated region, coding sequence,
or intron) and the type of consequence the variant has on the
gene (missense, synonymous, stop-gained) were then inferred
as described previously in Farhat et al. (2020). PROVEAN
(Protein Variation Effect Analyzer- predicts if an amino acid
substitution will have an impact on biological function of
protein) scores were calculated for select SNPs of interest
(Choi et al. 2012). To visualize population structure, a mini-
mum spanning network was used, which clusters multilocus
genotypes by genetic distances between them (Grunwald
etal. 2017).

RNAseq Library Preparation, Sequencing,
and Analysis

Extracted RNA was sent to Novogene for sequencing. One
microgram RNA per sample was used as input material.
Sequencing libraries were generated using NEBNext®
Ultra™ RNA Library Prep Kit for Illumina® (New Eng-
land Biolabs, Ipswich, MA), following manufacturer’s
instructions and with indices added for demultiplexing
of samples. Libraries were sequenced on Illumina plat-
form (Novaseq 6000), and 150 PE reads were generated.
Novogene performed quality control tests, and cleaned
reads were used in downstream analyses. Read map-
ping was performed by using HISAT2 to map filtered
sequenced reads to the reference genome (Kim et al.
2019). The reference genome and gene model annota-
tion files were obtained from NCBI (GCA_002022765.4).
HTSeq v0.6.1 was used to count the number of reads
mapped to each gene, and FPKM (Fragments Per Kilo-
base of transcript per Million mapped reads) was cal-
culated (Putri et al. 2022). Differential gene expression
analysis was conducted using the EdgeR package from
Bioconductor (3.6.3) (Robinson et al. 2010). The analysis
was performed on read counts to which normalization
and dispersion factors were applied before conducting
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tagwise tests. P-values were adjusted using the false
discovery rate (FDR) keeping only the genes having an
FDR < 0.05. Genes were further selected to only include
those with log fold change >I2I. In addition, Gene Ontol-
ogy (GO) annotation was performed and a GO enrichment
analysis of differentially expressed genes was performed
using the topGO R package (Alexa and Rahnenfuhrer
2020) using Fisher’s exact test. GO terms with corrected
p-value < 0.05 were considered significantly enriched. To
visualize RNAseq data, samples were plotted using prin-
cipal component analysis, heat maps, and volcano plots.

Results
Viability and Growth

There were no significant differences in viability
between larvae grown at control or acidified conditions
(p-value > 0.05; G-test of Independence; n=4) until 2 weeks
post fertilization (p <0.001; Fig. 1). At 2 weeks, larvae from
the acidified condition had significantly greater mortality
than those grown under control conditions (Fig. 1). Mortality

was negligible (2%) in metamorphosized juveniles grown
under control conditions. In contrast, juveniles maintained
under acidified condition continued to experience high mor-
tality (52%; Fig. 1) underlining the selective pressure exerted
by acidification (p <0.001).

Larvae grown under control conditions were system-
atically larger than those maintained under acidified
conditions (Fig. 1), and differences were statistically sig-
nificant 1 (p <0.001; nested-ANOVA), 2 (p=1e—-04), 5
(p<0.001), and 8 (p <0.001) days post fertilization. This
trend did not continue post metamorphosis, as no differ-
ence in growth was noted for the 30- and 60-day sampling
points (Fig. 1).

Overall Variant Detection

Mapped reads averaged 23,054,410 + 5,968,450 per oyster
for control juveniles and 23,662,172 + 6,265,357 for acidi-
fied juveniles. SNPs were identified in each subpopula-
tion (Suppl. Table 4), and significant variants were further
analyzed (Suppl. Table 5). Significant SNPs were detected
between pCO, conditions. The clustering of the samples
(control and acidified) according to variant frequency

Fig. 1 Survivorship (A), growth (A) -
(shell surface area) in oyster 1004 * ‘Qx\"%\ D Control
larvae (B) and juveniles (C) in e@‘(\o
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showed a grouping based on the pCO, condition for juve-
nile samples (Fig. 2).

In order to target pathway processes under selection
by acidification, the positions of the significant SNPs in
the different regions of the genome (coding sequences,
untranslated region, intron, intergenic region, Suppl.
Table 6) were identified. Furthermore, the variant con-
sequences for the predicted proteins (i.e., if the variant
induces a stop codon, missense variant, or synonymous
variant, Suppl. Tables 7-8) were deduced. A total of 2258
variants were identified in the coding regions (CDS) in
juvenile oysters (control vs acidified condition), includ-
ing 756 synonymous, 236 missense, and 1151 stop-gained
variants (Suppl. Tables 7, 8). BayeScan detected 2 outlier
SNPs, PCAdapt detected 8, OutFLANK detected 68, with
none present in all three comparisons (Suppl. Table 9;
Suppl. Figure 2).

Overall, the significant SNPs were found in genes coding
for proteins mediating several biological processes, many
of which are known to be influenced by OA. Broadly, these
groups will be referred to as (1) biomineralization and Ca’*
transport; (2) hemocyte function; (3) cytoskeleton, extracel-
lular matrix, cell matrix adhesion; (4) immune and stress
response; and (5) growth and development (Table 1).

© Control juveniles

@ Acidified juveniles

@
0 0.002 0.003

DEGs Identified in Control vs Acidified Larvae

Significant differences were noted in the transcriptional pro-
files of larval oysters reared under acidified conditions as
compared to control larvae (Suppl. Figures 3-5). Mapped
RNAseq reads averaged 30,903,826 + 4,700,828 reads per
pool for controls and 33,589,2982 + 2,436,150 for acidified
larval groups. In response to acidification, 753 genes were
found to be differentially expressed: 319 were upregulated,
while 434 were downregulated in the acidified condition
(Suppl. Table 10). However, 480 (63.75%) of the identified
genes had uncharacterized function. Annotated upregulated
genes were categorized using gene ontology (GO) and are
represented in Fig. 3A. GO analysis showed overrepresen-
tation is several functional groups including microtubule
cytoskeleton, cell death and apoptosis, metabolism, and
gene expression.

Genes upregulated in larvae encompassed some that
had the same gene description as genes containing SNPs
enriched in juveniles (Table 1; Suppl. Table 10), including
genes coding for proteins related to biomineralization (recep-
tor-type tyrosine—protein phosphatase epsilon-like, mucin-
5AC-like, short-chain collagen C4-like), hemocyte function
(protein draper-like), cell adhesion (microfibril-associated

0.003 0.004

Distance

Fig. 2 Clustering based on the frequency of filtered SNPs at the juvenile stage (n =60 oysters/treatment) from control and acidified conditions
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Table 1 Variants in juvenile oysters from acidified conditions and
DEGs with probable functions related to biomineralization, Ca*t
transport, hemocyte function, cytoskeleton/extracellular matrix/cell
adhesion, immune and stress response, and growth and development.

*Significant after at least one outlier test. Up arrow: enriched in acidi-
fied, down arrow: depleted in acidified. For DEGs, empty cells desig-
nate genes that were not significantly regulated, and log fold change
(LFC) is noted for differentially expressed genes

Protein function Gene ID SNPs DEGs
Juvenile Larvae
Biomineralization LFC LFC
Fibroblast growth factor receptor 2-like 111129975 Stop gained 1
Pleckstrin homology-like domain family B member 2 111122811 Stop gained 1
BTB/POZ domain-containing protein 19-like 111128284 Stop gained 1
Extensin-like 111106495 Stop gained 1
Short-chain collagen C4-like 111121618 Missense |
1111075961 Stop gained |
111112590 -3.69
Protein PIF-like 111116492 Synonymous |
Mucin-19-like 111117026 Stop gained |
Receptor-type tyrosine—protein phosphatase alpha-like 111117327 Stop gained |
Receptor-type tyrosine—protein phosphatase epsilon-like 111112166 Missense 1
111112059 Synonymous
111130194 Stop gained |
111116874 2.93
Mucin-5AC-like 111112476 Stop gained 1
111137674 2.46
Perlucin-like protein 111111960 6.30
111102603 6.58
111110737 4.8
111128827 3.12
Laminin subunit alpha-like 111111933 4.72
C-type lectin domain family 4 member E-like 111115169 245
Tyrosinase-like protein 1111114108 5.07
Carbonic anhydrase 111117514 2.3
Ca ion transport
VWFA and cache domain-containing protein 1-like 111129463 Stop gained 1
Agrin-like 111132939 Synonymous
Serine/threonine-protein phosphatase 6 regulatory ankyrin repeat subunit 111114383 Synonymous
B-like
Probable phosphorylase b kinase regulatory subunit alpha 111123775 Synonymous 1
V-type proton ATPase 21 kDa proteolipid subunit-like 111118152 Synonymous |
NMDA receptor synaptonuclear signaling and neuronal migration factor-like 111127669 Stop gained |
Inositol 1 2C4 2C5-trisphosphate receptor type 2-like 111135721 Synonymous |
Neurogenic locus notch homolog protein 1-like 111107254 Missense |
E3 ubiquitin-protein ligase UBR4-like 111122987 Stop gained 1
NADPH oxidoreductase A-like 111099152 Synonymous 1
Trichohyalin-like 111133205 Synonymous T,
111125797 Stop Gained 1
111113331 Missense |
111115648 -4.44
Neurogenic locus notch homolog protein 1-like 111107506 Stop gained 1
111107254 Missense |
Aggrecan core protein-like 111117161 4.36
Hemocyte function
Protein draper-like 111117670 Missense 1
111104411 2.61
111113084 3.26
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Table 1 (continued)

Protein function Gene ID SNPs DEGs

Juvenile Larvae

111110468 3.97
111112543 4.92
Ankyrin-1-like 111112668 Missense 1
Cytoskeleton
tctex1 domain-containing protein 1-like 111108835 Synonymous 1
Kinesin-like protein KIFC3 111136219 Stop gained 1
Disks large homolog 1-like 111099483 Synonymous 1
Filamin-A-like 111107913 Stop gained 1
Tropomodulin-like 111114836 Synonymous 1
Rho-related protein racA-like 111114627 Synonymous |
Unconventional myosin-VIla-like 111121714 Synonymous |
Unconventional myosin-Va-like 111111058 Stop gained |
Dynein heavy chain 7 2C axonemal-like 111124938 Synonymous |
Dynein heavy chain 6 2C axonemal-like 111113098 Stop gained |
Chromosome-associated kinesin KIF4-like 111127380 Synonymous |
Dynein beta chain 2C flagellar outer arm-like 111122795 Stop gained |
Myosin-10-like 111126599 Stop gained |
Spectrin beta chain-like 111130534 Stop gained |
Adenomatous polyposis coli protein-like 111111223 Stop gained |
Protein SON-like 111100490 4.51
Keratin, type I cytoskeletal 9-like 111137526 6.72
Loricrin-like 111110617 5.84
Extracellular matrix proteins
Extracellular matrix protein FRAS1-like 111119697 Synonymous
Prolyl 4-hydroxylase subunit alpha-1-like 111125537 Missense | Synonymous |
Coadhesin-like 111105725 Synonymous |
Tensin-1-like 111113215 Stop gained |
Fibrillin-1-like 111108443 Stop gained 1
Hemicentin-1-like 111124194 Stop gained |
111122975 3.88
Fibropellin-3-like 111116829 2.8
Latent-transforming growth factor beta-binding protein 1-like 111127029 3.81
Transforming growth factor-beta-induced protein ig-h3-like 111115388 3.34
Cell matrix adhesion
Down syndrome cell adhesion molecule homolog 111125387 Synonymous
Cadherin EGF LAG seven-pass G-type receptor 3-like 111108340 Synonymous 1
111118941 2.94
Protocadherin gamma-B4-like* 111125407 Stop gained |
Protocadherin beta-3-like* 111125408 Missense |
Nectin-1-like 111101367 Missense |
Interaptin-like 111134844 Synonymous |
Fasciclin-1-like 111112294 Synonymous |
Microfibril-associated glycoprotein 4-like* 111129564 Synonymous 1
111136853 Stop gained 1
111134246 4.97
Protein mesh-like 111132905 Missense 1
Serine-rich adhesin for platelets-like 111124862 Synonymous |
111108355 Stop gained |
111137278 2.69
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Table 1 (continued)

Protein function Gene ID SNPs DEGs
Juvenile Larvae
Immunity
Lactose-binding lectin 1-2-like 111137862 Stop gained 1
Antistasin-like 111115654 Stop gained 1
Baculoviral IAP repeat-containing protein 2-like 111123894 Stop gained 1
111100408 -2.09
Toll-like receptor 2 111119086 Synonymous |
111116845 -3.53
111112142 -4.58
Toll-like receptor 13 111105058 -4.04
Toll-like receptor 6 111124179 Synonymous |
111117598 -3.76
Fibrinogen C domain-containing protein 1-like* 111126623 Stop gained |
111124855 -5.36
111111092 -2.74
Immune-associated nucleotide-binding protein 9-like 111108219 Stop gained |
Cell death abnormality protein 1-like 111116135 Stop gained |
111119721 2.4
111100322 -3.65
Histone H1.0-like 111124711 Synonymous 1
IgGFc-binding protein-like 111125889 Stop gained 1
111124183 6.01
111109297 -5.21
E3 ubiquitin-protein ligase TRIM56-like 111124756 Synonymous |
E3 ubiquitin-protein ligase TRIM71-like* 111107259 Missense 1
Baculoviral IAP repeat-containing protein 3-like 111100471 -2.47
Baculoviral IAP repeat-containing protein 8-like 111104229 -2.37
Immune-associated nucleotide-binding protein 12-like 111103088 -5.16
CD209 antigen-like protein A 111114480 -5.31
Techylectin-5A-like 111113971 -4.99
Ficolin-1-like 111112465 -4.53
Ficolin-2-like 111108103 -2.92
Fucolectin-like 111109173 -3.84
Scavenger receptor cysteine-rich type 1 protein M130-like 111117277 -3.01
Scavenger receptor class A member 5-like 111116991 -8.08
Galectin-3-binding protein A-like 111134744 -2.69
Interferon-induced protein 44-like 111110991 -4.86
111116003 -2.21
FK506-binding protein 2-like 111127442 -3.22
Glycine receptor subunit alpha-2-like 111122821 -3.17
Neuropeptide-like protein 29 111130994 -3.16
111130993 -2.22
Waprin-Phil-like 111126768 -2.98
2'-5'-oligoadenylate synthase 1A-like 111104300 -2.36
Stress response
Tetratricopeptide repeat protein 25-like 111128582 Stop gained 1
G2 and S phase-expressed protein 1-like 111107342 Missense 1
Peroxidasin-like 111119019 Stop gained |
Tetratricopeptide repeat protein 37- like 111131294 Stop gained |
Tetratricopeptide repeat protein 28-like 111099218 Synonymous
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Table 1 (continued)

Protein function Gene ID SNPs DEGs
Juvenile Larvae
Heat shock 70 kDa protein 12A-like 111125389 Stop gained 1
111125313 Stop gained|
111116119 -2.94
111114216 3.63
111106970 -6.63
111100169 -5.33
111104855 -4.93
Polycystin-2-like 111138465 Synonymous 1
Heat shock protein 70 B2-like 111119513 -3.22
111119512 -2.93
111108251 -2.57
111120887 -2.5
Heat shock protein 27-like 111137387 -2.04
Cell wall integrity stress response component 1-like 111117439 5.27
WSC domain-containing protein ARB_07870 111118674 532
Peroxidase-like protein 3 111101491 -3.51
Peroxidase-like protein 111099782 -2
111123816 2
Growth and development
Multiple epidermal growth factor-like domains protein 6 111116091 Stop gained 1
Frizzled-4-like 111103593 Synonymous 1
Rotatin-like 111135621 Stop gained 1
Putative ATP-dependent RNA helicase 111103568 Stop gained 1
Telomerase reverse transcriptase-like 111125755 Stop gained 1
Intraflagellar transport protein 46 homolog 111126300 Synonymous |
Nephrocystin-3-like 111124940 Stop gained |
Histone H4 transcription factor-like 111126953 Synonymous 1
Missense |
MYCBP-associated protein-like 111102249 Missense 1
Cilia- and flagella-associated protein 54-like 111107716 Missense 1
111107620 Synonymous |
Cholecystokinin receptor type A-like 111099818 Missense 1
Synonymous 1
Multiple epidermal growth factor-like domains protein10 111113250 4.82
111112871 4.82
111114401 6.98
111112167 9.89
Blastula protease 10-like 111115048 291
Semaphorin-5A-like 111104250 2.18
Chorion-specific transcription factor GCMb 111121596 3.88
THAP domain-containing protein 1-like 111109088 4.74
Multiple epidermal growth factor-like domains protein 11 111133416 2.87
111102929 3.55

glycoprotein 4-like, serine-rich adhesin for platelets-like),
and stress (heat shock 70 kDa protein 12A-like). In addition,
genes upregulated in larvae included some that did not code
for the same proteins as those that contained SNPs (Table 1)
but had similar functions. This is the case for C-type lectin
domain family 4 member E-like, tyrosinase-like protein 1,
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carbonic anhydrase, and aggrecan core protein-like, all of
which being involved in biomineralization and calcification.

Downregulated genes in larvae exposed to high pCO,
included some of the same functional groups as genes
containing SNPs depleted under OA conditions in juve-
niles (Tabl 1; Suppl. Table 10), including trichohyalin-like
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Fig.3 Number of upregulated (A) and downregulated (B) genes related to overrepresented GO terms in acidified larvae. BP, biological pro-
cesses; CC, cellular components; MF, molecular function. Circle diameter represents number of genes

(Ca** transport), toll-like receptor 2, fibrinogen C domain-
containing protein 1-like, cell death abnormality protein
1-like, and heat shock 70 kDa protein 12A-like (immune
and stress response). Of the downregulated genes (with
known function) in larvae exposed to high pCO,, 19%
were related to immune response (Table 1). These included
genes such as big defensin-like and heat shock protein
70 B2-like. Figure 3B shows GO terms associated with
downregulated genes, including immune processes such as
defense response to bacteria, scavenger receptor activity,
and enzyme inhibitor activity.

Variants and DEGs Identified in Control vs
Acidified Juveniles

Genes enriched with variants in acidified juveniles rep-
resented a total of 145 genes, with 98 (67.59%) and 47
(32.41%) of the genes having known and uncharacterized
functions, respectively. These SNPs were found in proteins
related to biomineralization, Ca®* binding and transport,
hemocyte function, cytoskeleton/extracellular matrix/cell

adhesion, immune and stress response, and development
(Table 1; Suppl. Table 8).

In addition to DNA sequencing, RNA sequencing was
performed on the juvenile oysters in both conditions.
Mapped RNAseq reads averaged 50,229,829 + 23,476,626
reads for control and 51,981,350 + 16,842,341 for acidi-
fied juvenile groups, and transcriptional profiles of these
comparisons are shown in Suppl. Figures 6-8. In response
to acidification, 340 genes were differentially expressed,
with 134 and 206 transcripts upregulated or downregulated,
respectively (Suppl. Table 11). Of these, 220 did not have a
characterized function. Enrichment analysis showed several
GO terms to be overrepresented among upregulated genes,
including those related to immunity, Ca’* homeostasis, Ca**
channels, Ca2* transport, ion homeostasis, and cytoskeleton
(Fig. 4A). Some of the upregulated genes also contained
enriched SNPs. This was the case for the immune protein
IgGFc-binding protein-like and the cell adhesion protein
cadherin EGF LAG seven-pass G-type receptor 3-like.

Genes having variants depleted in juveniles exposed to
acidified conditions (higher SNP frequencies in controls)
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represented a total of 178 genes, with 127 (71.35%)
having known functions and 51 (28.65%) uncharacterized.
The functional groups were generally similar between
those depleted and enriched under OA (Table 1). These
SNPs were found in proteins related to biomineralization
(extensin-like protein, protein PIF-like, short-chain
collagen C4-like), immune and stress response (fibrinogen
C domain—containing protein 1-like and tetratricopeptide
repeat protein 37-like proteins, toll-like receptor 6,
fibrinogen C domain—containing protein 1-like, cell death
abnormality protein 1-like, and heat shock 70 kDa protein
12A-like), and cytoskeleton (intraflagellar transport protein
46 homolog, dynein beta chain 2C flagellar outer arm-like,
coadhesin-like, protocadherin gamma-B4-like proteins,
myosin 10-like, dynein heavy chain 6, coadhesin-like,
prolyl 4-hydroxylase subunit alpha-1-like, and protocadherin
gamma-B4-like). Genes that were downregulated and also
showed changes in SNPs frequencies included the proteins
short-chain collagen C4-like, toll-like receptor 6, fibrinogen
C domain—containing protein 1-like, cell death abnormality
protein 1-like, and heat shock 70 kDa protein 12A-like.
Most of the downregulated genes in acidified juveniles
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were related to immunity and stress response, and 19% of all
downregulated characterized genes were related to immune
response (Table 1), such as peroxidase-like, fucolectin-like,
ficolin-1-like, and ficolin-2-like. Downregulated GO terms
included apoptosis, cell death, apoptotic signaling pathway,
response to virus, and scavenger receptor activity (Fig. 4B).

Discussion
Distinct Genotypes of Juvenile Survivors of OA

After clustering the samples according to variant frequencies,
results showed a distinct segregation of juvenile samples
based on pCO, condition, indicating genetic differentiation
between the two groups as a result of acidification related
mortalities. SNPs were found to have strong signatures of
selection after Fgp outlier analysis by at least one analysis.
The percent of SNPs identified as under selection was
similar to that of the red abalone Haliotis rufescens
(DeWit and Palumbi 2013), Pacific lamprey Entosphenus
tridentatus (Hess et al. 2013), and the coral Acropora
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hyacinthus (Bay and Palumbi 2014). Our study had a
greater percentage of outlier SNPs than a similar study in
sea urchin (Strongylocentrotus purpuratus) cultured under
different pCO, levels (Pespeni et al. 2013), in which the
authors suggested high adaptation potential. Uthicke et al.
(2019) investigated adaptation to OA in the tropical sea
urchin (Echinometra sp.) and concluded that there was
little evidence of adaptation to future OA based on the fact
that most SNPs were silent substitutions without adaptive
potential. SNPs in this study were mostly non-synonymous
(missense and stop-gained). Usually, most amino acid
substitutions are deleterious to the organism and are selected
against, resulting in mostly synonymous substitutions
(Palumbi and Oliver 2006). But selection can also maintain
two functionally distinct types of protein in individuals in
different environmental conditions, as we may have seen in
our study, and in this case, there would be a large amount of
non-synonymous substitutions (Palumbi and Oliver 2006).
This was also seen in the non-synonymous variants of
the RH1 gene in the sand goby (Pomatoschistus minutus)
between Baltic and North Sea populations, which pointed
to diversifying selection based on local marine environment
instead of neutral processes (Larmuseau et al. 2010).

Taken together, our results suggest adaptation potential
in the eastern oyster. Survival under chronic OA exposure
appears to be, at least in part, due to selection of juveniles
with specific genotypes that improve fitness.

Mechanisms of Resilience by Life History Stage

There was no evidence of selection within the first 96 h of
exposure to OA (still vulnerable phenotypes present), as sup-
ported by similar mortality and impacts of OA manifesting
as reduction of growth that were reversed after selection
in juveniles. Seven days of high pCO, exposure were not
long enough to induce selective mortality under our experi-
mental conditions. Negligible mortality of larvae between
pCO, conditions within the first few days of exposure is
similar to previous findings in the Pacific and eastern oysters
(Timmins-Schiffman et al. 2013; Gobler and Talmage 2014).
Even though they did not show differences in mortality
before day 14, larvae reared in acidified conditions were
significantly smaller than control larvae. Exposure to OA
can cause a significant effect on larval development, such
as reduced shell thickness and growth, that is not accompa-
nied by immediate mortality (Gazeau et al. 2010), but could
increase vulnerability at later stages and reduce settlement
and metamorphosis success.

In nature, the spawning period for oysters in New York
begins when seawater temperatures increase during sum-
mer months (Loosanoff 1966), coinciding with seasonal
fluctuations in pH and extremes of acidification (Wallace
et al. 2014; Baumann et al. 2015). Coastal areas can have

dramatic diel changes in pH, with pH amplitudes between
0.22 to 1.0 (Wallace et al. 2014; Baumann et al. 2015), so
larvae may be more resilient to variable pCO, than chronic
exposure. Furthermore, C. virginica larvae were found to be
capable of rebounding from high pCO, stress when moved
back to ambient conditions (Barbosa et al. 2022). Incorporat-
ing more levels of pH values, including a wider range, could
have covered present and future environmental variability
and would be interesting to investigate for future experi-
ments. The larval oysters in this study had no difference in
mortality until 2 weeks after fertilization, and there was a
strong selective mortality post metamorphosis. RADseq data
were generated after OA-related mortality and revealed sig-
nificantly different SNP profiles between acidified and con-
trol oysters, while there were actually no more differences
in growth at this stage, strongly supporting that the survi-
vors actually represent more resilient individuals. Organ-
isms have the ability to acclimate to OA within their life-
times through various physiological mechanisms, including
regulating gene expression (Todgham and Hofmann 2009;
Hiining et al. 2013; Goncalves et al. 2017; De Wit et al.
2018). In this study, PCA of larval RNAseq data showed
separation between pCO, treatments that was less evident
in juveniles, and larvae had over twice as many DEGs than
juveniles. At the larval stage of development, acclimation
appears to play a greater role in resilience, as there does
not appear to be a selection of resilient genotypes until the
juvenile stage. The juveniles in the acidified conditions were
the same size as controls, whereas, during larval stages, they
were much smaller. There appeared to be a selection for this
larger phenotype. The acclimation of larva to OA may not
be sustainable at the long-term, and could have associated
physiological costs, which might explain the downregulated
genes related to immunity. Our previous work demonstrated
significant reduction in immunity in larva exposed to acidi-
fied conditions (Schwaner et al. 2020), suggesting that the
high degree of plasticity in larvae may come at a cost.
Bivalve susceptibility to OA includes transient
vulnerabilities specific to short-lived ontogenetic stages,
such as formation of the initial shell within early larval
development. Furthermore, the larval stage of oysters is
pelagic while the juvenile stage is benthic, so the different
life stages are exposed to different acidification stressors
(Waldbusser and Salisbury 2014). Therefore, it is not
surprising that sensitivity to OA in oyster larva may vary
across developmental stages, and it is possible, rather likely,
that mechanisms of resilience to OA may also depend
on developmental stage. For instance, C. gigas larvae
precipitate almost 90% of their body weight as CaCO; in
the first 48 h of development to form the D-hinge shell
(Waldbusser et al. 2013). During this time, the calcifying
surfaces have the greatest exposure to seawater (Waldbusser
et al. 2013). At this stage, larvae rely on energy reserves so
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it was hypothesized that initial shell development would be
energetically constrained under OA (Waldbusser et al. 2013).
Contrary to this suggestion, it has been demonstrated that
regardless of the aragonite saturation state, C. gigas larvae
utilize the same amount of total energy to complete first
shell formation (Frieder et al. 2017), underlining the role
of other process, such as specific genotypes or differential
gene expression. However, later in development, studies
have shown alterations in respiration and metabolism, which
could indicate constraints from energetic demands under
OA (Beniash et al. 2010; Pan et al. 2015). Altogether, these
studies support our findings that mechanisms of resilience
to OA likely vary by life history stage.

Molecular Features Associated with Resilience
to Acidification

Similar to this study, Bitter et al. (2019) and Pespeni et al.
(2013) found multigenic adaptation to OA from variants
across many different cellular pathways rather than just a
few key genes. Molecular features resulting from this study
were predominantly linked to biomineralization, Ca®* trans-
port, hemocyte function, cytoskeleton and its components,
immune response, and development suggesting major adap-
tive mechanisms reside in these processes.

Biomineralization and Ca?* Transport

The negative effects of OA on biomineralization among
marine calcifiers have been well established (Gazeau et al.
2007; Thomsen et al. 2015; Zhao et al. 2017). Biominer-
alization is the process for producing CaCO;, which makes
up 95% of bivalve shells and is enabled by mantle tissue
and hemocytes (Lowenstam and Weiner 1989; Mount et al.
2004). The concentration and availability of environmental
Ca’* and carbonate (CO,>") ions are essential to proper shell
formation, and OA causes a disruption in the balance of
carbonate species, leading to insufficient levels of CaCO;.
To compensate for this, organisms are able to alter the bio-
availability of CaCO; to promote calcification under low pH
(Evans et al. 2013). Studies have previously demonstrated
that bivalves can increase expression of genes involved in
shell formation and Ca** transport to sustain biominerali-
zation when experiencing acidification (Dineshram et al.
2015; Goncalves et al. 2017; Johnson et al. 2017; Yang et al.
2017; De Wit et al. 2018; Griffiths et al. 2019; Zhao et al.
2020), and SNPs have been detected at higher frequencies in
biomineralization-related genes of the sea urchin (Strongy-
locentrotus purpuratus, Pespeni et al. 2013) and Mediterra-
nean mussel (M. galloprovincialis, Bitter et al. 2019) under
OA. For example, Goncalves et al. (2017) demonstrated
36-fold higher expression of perlucin, a protein found in the
nacre organic matrix responsible for nucleation of CaCO,
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crystals (Blank et al. 2003; Wang et al. 2008), in the Sydney
rock oyster (Saccostrea glomerata) under OA stress. Per-
lucin was also upregulated under OA stress in the Manilla
clam (Metzger 2012), Mediterranean mussel (Bitter et al.
2021), Mexican geoduck (Lopez-Landavery et al. 2021), and
sea snails (Maas et al. 2015; Moya et al. 2016). Furthermore,
RNA interference (RNAi) was used to validate the role of
perlucin in resilience to OA in C. virginica (Schwaner et al.
2023). Here, perlucin-like was upregulated in both larvae
and juveniles held under OA. Some C-type lectins, which
include perlucin, have been identified as nacre proteins in
mollusks (Marie et al. 2017), and C-type lectin domain has
been identified as a common domain of molluscan shell pro-
teins (Rajan and Vengatesen 2020). Pteropods exposed to
OA for 10 h upregulated C-type lectin (Maas et al. 2015),
and there was upregulation of C-type lectin domain family
4 member E-like in oyster larvae from acidified conditions.
In a parallel study conducted in our lab, C-type lectin was
upregulated in juvenile Mercenaria mercenaria under OA
stress (Schwaner et al. 2022a).

A missense SNP was found in receptor-type
tyrosine—protein phosphatase epsilon-like, at a higher
frequency in juveniles from the acidified conditions
compared to controls. Missense SNPs are non-synonymous
and cause a change in the amino acid sequence which can
affect protein function (Zhang et al. 2012b). Interestingly,
this gene, in addition to the tyrosinase-like protein 1, was
upregulated in larvae in response to OA. A synonymous
SNP was also found in receptor-type tyrosine—protein
phosphatase epsilon-like, with a higher frequency in
acidified juveniles than controls. The impact of synonymous
SNPs is often ignored, although it has been found that they
can alter mRNA splicing, stability, structure, and protein
folding which can affect protein function (Hunt et al. 2009).
A missense SNP in receptor-type tyrosine—protein
phosphatase beta was detected at a higher frequency in
juvenile M. mercenaria survivors of 10 months of OA
exposure compared to M. mercenaria maintained in ambient
pCO, (Schwaner et al. 2022a). Tyrosine is a periostracal
protein (Hunt 1987), and tyrosine — protein phosphatase is
an enzyme involved in biomineralization (Shi et al. 2013).
Tyrosinase oxidizes tyrosine, and this process is part of the
formation of the periostracum (Nagai et al. 2007; Zhang
et al. 2012a), an important protective agent of the shell
which is vulnerable to reduced thickness and alterations
in chemical composition under low pH (Rodolfo-Metalpa
et al. 2010; Gazeau et al. 2013; Ramajo et al. 2015).
Tyrosinase was also shown to be a critical component in
larval shell formation and mitigated shell damage from
OA in the Portuguese oyster (C. angulata, Yang et al.
2017). Furthermore, a study of adaptation of the mussel M.
galloprovincialis to OA found an outlier SNP in tyrosinase
tyr3 isoform (Bitter et al. 2019).
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A SNP inducing a stop codon was found in the gene
mucin-5AC-like at a higher frequency in juveniles from the
acidified conditions than juveniles in control conditions;
additionally, this gene was upregulated under OA stress in
larvae. Depending on the location, a stop-gained SNP will
either not be translated, or the mRNA will be translated into
a mutant protein that can have altered function if the stop
codon is in the penultimate or last exon of the gene (Coban-
Akdemir et al. 2018). One of the functions of mucins is the
formation of the nacreous shell layer (Marin et al. 2000),
similar to perlucins and other C-type lectins. Mucins have
also been upregulated in response to OA in corals (Moya
et al. 2016) and mussels (Zhao et al. 2020). Two genes,
carbonic anhydrase and aggrecan core protein-like, were
upregulated in acidified larvae and have similar functions.
Carbonic anhydrases are involved in regulating intracellular
and extracellular concentrations of CO,, HT, and HCO;",
are important acid—base regulators, and can help maintain
intracellular (pH;) and extracellular (pH,) pH (Chegwidden
et al. 2000). In C. gigas, it was found that aggrecan core
proteins were involved in the calcification and calcium bind-
ing processes during early larval development (Foulon et al.
2019). Larval M. mercenaria also upregulated aggrecan 1
under OA conditions (Schwaner et al. 2022a). A SNP induc-
ing a stop codon was also found in a gene with von Wille-
brand factor A domain with a higher frequency in juveniles
in the acidified condition. The von Willebrand factor A
domain is a common domain found in molluscan shell pro-
teins (Rajan and Vengatesen 2020) and has been identified
as a constituent of the basic tool kit for the biomineralization
of the calcium carbonate molluscan shell (Arivalagan et al.
2017). Sydney rock oysters preconditioned to OA, which
performed better under OA, showed high expression levels
of von Willebrand factor D (Goncalves et al. 2017).

Only SNPs that were enriched in juvenile survivors of
OA have been discussed; however, SNPs depleted under
acidified conditions were identified. The optimal genotypes
under normal conditions may not be the same genotype that
would improve fitness under acidification. If a SNP caused
an adverse change in gene function or caused a nonfunc-
tional protein, it could have impacted the survival under
OA conditions, which would not be reflected under normal
conditions and could have been selected against. One such
example can be found in the gene extensin-like, which codes
for a skeletal matrix protein related to calcification (Shimizu
et al. 2019), and contained a stop-gained SNP. The SNP in
extensin-like was predicted as “Deleterious” by PROVEAN.
If the SNP in extensin-like caused a change to protein func-
tion or a nonfunctional protein, it did not appear to adversely
impact survivorship in control conditions, but it may have
lowered fitness under acidification.

Interestingly, many of the genes identified in this study
contained domains found in molluscan shell proteins such

as von Willebrand factor A, mucin, tyrosinase, epidermal
growth factor, carbonic anhydrase, and C-type lectin. Many
conserved domains found in molluscan shell proteins have
other functions that are not related to shell formation and are
considered “co-opted” for shell formation (Kocot et al. 2016;
Aguilera et al. 2017; Rajan and Vengatesen 2020).

Rajan and Vengatesen (2020) recommended conducting
research to look at genetic changes in molluscan biominer-
alization under ocean acidification to fill a gap in the litera-
ture. The research presented here highlights the importance
of key biomineralization genes in eastern oyster response
to OA and suggests important physiological changes under
acidified conditions (Fig. 5).

Hemocyte Function

Hemocytes, in both hemolymph and extrapallial fluid, play
an important role in biomineralization as they supply crys-
talline CaCOj for shell formation (Mount et al. 2004). Stud-
ies have demonstrated that exposure to OA decreases hemo-
cyte viability (Cao et al. 2018), alters hemocyte function (Su
et al. 2018), and causes an outflow of Ca®* from hemocytes
to hemolymph, which can impair the biomineralization
process (Li et al. 2015). A SNP leading to a missense was
found in the gene ankyrin-1-like at a higher frequency in the
juvenile survivors of OA compared to the controls. Ankyrin-
1-like plays key roles in ion channel activity and hemocyte
function. It is part of the TRP family of ion channels that
acts as a Ca’* permeable cation channel (Nilius et al. 2012)
and was shown to play an important role in the functioning
of hemocytes in the pearl oyster (Wei et al. 2017). Another
missense SNP was found in the isoforms of protein draper-
like at a higher frequency in the juveniles from the acidified
condition compared to the controls, and its expression was
also upregulated in larvae under acidified conditions. The
draper gene plays a part in hemocyte function in the fruit fly
(Drosophila melanogaster, Manaka et al. 2004) and hemo-
cyte aggregation in the mosquito (Anopheles gambiae, Sigle
and Hillyer 2018). In Drosophila, draper-mediated phago-
cytosis was linked to Ca?* homeostasis (Cuttell et al. 2008).
OA can decrease Ca’* content of hemocytes (Li et al. 2015),
which may alter biomineralization processes.

Cytoskeleton, Extracellular Matrix, and Cell Matrix Adhesion

In molecular biology, the term “skeletons” refers to cytoskel-
eton, extracellular matrix, and cell adhesion which make
up an important network (Shen et al. 2018). Several studies
show differential expression of skeletal genes induced by
OA (Tomanek et al. 2011; Timmins-Schiffman et al. 2014,
Goncalves et al. 2016; Li et al. 2016; Zhao et al. 2020) and
higher frequencies of SNPs in related genes (Pespeni et al.
2013). One hypothesis is that high pCO, causes oxidative
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Fig.5 Schematic illustration of the physiological and molecular
responses of oysters to OA. DEGs and genes with SNPs enriched in
survivors of OA were identified and revealed processes impacted by

stress and cellular acidosis, leading the organisms to upreg-
ulate these genes to repair damage to the cytoskeleton
(Tomanek et al. 2011). In addition, the extracellular matrix
plays a role in shell formation (Dyachuk 2018) and mediates
the nucleation, orientation, and growth of CaCO; crystals
(Suzuki and Nagasawa 2013), which would be constrained
under OA.

Here, SNPs were found in kinesin, inducing a stop codon
and has a higher frequency in the juvenile survivors of OA
compared to the controls. Kinesin functions in cytoskeletal
organization (Ronza et al. 2018), and the kinesin-1-complex
was identified as one of the top ten upregulated GO terms
in a study of the coral (Lophelia pertusa) under low pH
(Glazier et al. 2020). Fibrillin-1-like contained a SNP
inducing a stop codon, which was enriched in acidified
juveniles compared to controls. Fibrillin is an extracellular
matrix protein important for larval oyster development
(Dyachuk 2018), and fibrillin-1-like was upregulated
by C. gigas in response to OA (Wang et al. 2020). Cell
adhesion molecules found in our study included cadherin
EGF LAG seven-pass G-type receptor 3-like, which
contained a synonymous SNP, was enriched in acidified
juveniles compared to controls, and was upregulated in
juvenile oysters under OA. A stop-gained SNP was found
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acidification. The specific genes involved in the highlighted processes
are listed in Table 1 and are further addressed in the discussion

enriched in M. mercenaria juveniles under OA conditions
in the gene cadherin EGF LAG seven pass G type receptor
1 (Schwaner et al. 2022a). Genes with cadherin domains
were upregulated in response to OA exposure in C. gigas
(Timmins-Schiffman et al. 2014; Wang et al. 2020), and
alleles of cadherin genes were unique to eastern oyster
larvae that survived acidification stress (Barbosa 2020).

A SNP inducing a stop codon in dynein beta chain 2C
flagellar outer-arm-like was depleted in acidified juveniles.
The SNP was deemed “Deleterious” which could possibly
explain why it appeared to be selected against in the acidi-
fied juveniles. Similarly, only control juveniles had a SNP
in myosin-10-like which induced a stop codon and was pre-
dicted as “Deleterious.” C. gigas upregulates myosin heavy
chain 95F and dynein heavy chain 3 under OA (Timmins-
Schiffman et al. 2014). Both myosin and dynein have been
shown to be involved in cell adhesion and cytoskeleton and
extracellular matrix remodeling (Shen et al. 2018). Juvenile
controls were enriched with the stop-gained SNP in proto-
cadherin gamma-B4-like, and this variant was not detected
in any of the acidified juveniles and was also identified as
being putatively under selection and “Deleterious.” Proper
functioning of the skeletal network appears to be important
for resilience to OA in the eastern oyster.
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Immune and Stress Response

Bivalves often display alterations in their innate immune
system under environmental stress, and previous studies,
including our own work (Schwaner et al. 2020), showed
that immunity in marine bivalves is sensitive to altered car-
bonate chemistry (Bibby et al. 2008; Liu et al. 2016; Wang
et al. 2016; Castillo et al. 2017). High pCO, can cause oxi-
dative stress by increasing reactive oxygen species produc-
tion (Tomanek et al. 2011), which can lead to an increase
of apoptosis of hemocytes and alter cytoskeleton mediated
engulfment of foreign particles (Su et al. 2018). G2 and S
phase-expressed protein 1-like contained a SNP causing
a missense and was enriched in juvenile survivors of OA
compared to controls. This protein is in the FoxO signal-
ing pathway, a family of transcription factors involved in
apoptosis, cell-cycle control, and oxidative stress resist-
ance in fish (Cai et al. 2020). Similarly, lactose-binding
lectin 1-2 like (Burgos-Aceves and Faggio 2017; Zhang
et al. 2020), antistasin-like (Nikapitiya et al. 2010), and
baculoviral IAP repeat-containing protein 2-like (Pauletto
et al. 2014) contribute to immunity in bivalves. All of these
genes had SNPs inducing a stop codon and were enriched
in acidified conditions.

Heat shock proteins (HSP) are partly responsible for the
physiological plasticity of bivalves and have been recognized
to contribute to the ability of these animals to survive in het-
erogeneous environments (Fabbri et al. 2008). Upregulation
of HSPs has been found under OA stress in corals (Moya
et al. 2015) and bivalves (Goncalves et al. 2017), while HSPs
have been shown to be downregulated in urchins (Todgham
and Hofmann 2009). Bitter et al. (2019) also found an outlier
SNP under low pH in HSP70. In our study, one HSP was
upregulated in acidified larvae; however, eight HSP were
downregulated. M. mercenaria post-set juveniles down-
regulated HSPs under OA stress (Schwaner et al. 2022a).
An outlier SNP inducing a stop codon was also found in
tetratricopeptide repeat protein 37-like, enriched in juveniles
from the acidified condition. Tetratricopeptide repeat protein
is an adapter protein that assembles HSP 70 and 90 into a
multi-chaperone complex (Scheufler et al. 2000).

HSP70, although initially upregulated under OA in the
echinoderm Asterias rubens, returned to normal levels after
long-term exposure suggesting it is too energetically expen-
sive to over-express HSPs for extended periods (Hernroth
et al. 2011). Other studies demonstrated that OA inhibits
expression of HSPs and immune effectors, such as the down-
regulation of defensin, HSP70, and glutathione peroxidase
after 28 days of exposure to CO, in C. gigas (Wang et al.
2016). In this study, big defensin-like, peroxidase-like, and
heat shock proteins 70 kDa protein 12A-like and 12B-like
were downregulated in response to OA. The downregulation
of HSPs and peroxidase could indicate a lowered ability to

defend against OA stress at the cellular level. The down-
regulation of stress and immune-related genes under acidi-
fied conditions could indicate physiological costs of expo-
sure to OA (Table 1). Previous studies showed an increased
susceptibility to pathogens in oysters and clams raised in
acidified conditions (Schwaner et al. 2020) as well as in
other bivalves (Liu et al. 2016; Cao et al. 2018; Su et al.
2018). The lectin fucolectin was downregulated in juveniles
in response to OA, supporting results found in the marine
worm (Platynereis dumerilii) submitted to low pH stress
(Wage et al. 2016). Lectins are important pathogen recog-
nition proteins (Patnaik et al. 2016; Saco et al. 2020), and
ficolins are components of the lectin complement pathway.
Ficolin-1-like and ficolin-2-like (Endo et al. 2007; Tanio
et al. 2007) were downregulated in juvenile oysters under
acidification. Genes related to the toll-like receptor pathway
were also depressed in larval and juvenile oysters. Similarly,
the blood clam (Zegillarca granosa) decreases expression
of toll-like receptors under OA, likely contributing to their
weakened immune response (Liu et al. 2016). Continuous
upregulation of stress and immune-related genes under OA
is costly and might increase susceptibility to disease until
there is a selection of resilient oysters.

Growth and Development

In a study of genetic differences between populations of sea
urchins cultured under different pCO, treatments, signifi-
cant genetic changes were found in genes involved in growth
(Pespeni et al. 2013). OA causes differences in morphol-
ogy, reduces size, and alters development in many organisms
(Talmage and Gobler 2010; Barros et al. 2013; Schwaner
et al. 2020). For example, low pH has detrimental effects
on the calcification process during embryogenesis in C.
gigas (Kurihara et al. 2007). In this study, cholecystokinin
receptor type A-like was found to contain a SNP causing a
missense and had higher frequency in juveniles from acidi-
fied conditions compared to juveniles from control. This
gene has been detected in governing embryonic develop-
ment of the channeled apple snail (Pomacea canaliculata,
Xiong et al. 2018). Embryonic morphogenesis was an over-
represented GO term for larvae submitted to pH stress. The
gene cilia-and-flagella-associated protein might also play a
role in larval development, particularly in the formation of
the velum organ (Trigg et al. 2020). M. galloprovincialis
larvae exposed to low pH have protruding velum, indicat-
ing abnormal tissue development or inability to retract that
organ (Kapsenberg et al. 2018). The velum organ and ciliary
movement is important for larval feeding (Gallager 1988),
and studies have shown that increased feeding can offset
impacts of OA (Hettinger et al. 2013; Thomsen et al. 2013;
Ramajo et al. 2016). Cilia-and-flagella-associated protein
54-like was found to have a SNP causing a missense with a
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higher frequency in survivors of OA compared to the con-
trols. Growth factors play critical roles in regulating growth,
cell differentiation, and embryogenesis (LeLong et al. 2001).
Multiple epidermal growth factor (EFG)-like domains pro-
tein 6 contained a SNP inducing a stop-codon and it had
higher frequencies in acidified juveniles compared to con-
trols. Multiple epidermal growth factor-like domains protein
10 and 11 expression was also upregulated in larvae and
juveniles from acidified conditions. Sydney rock oysters that
performed better under OA, due to preconditioning, upregu-
lated EGF (Goncalves et al. 2017). While EGFs are known
to be involved in development and growth, EGFs have been
found in shell matrix proteins and might also be important
for bivalve biomineralization (Marie et al. 2012; Rajan and
Vengatesen 2020).

The larval oysters in the acidified conditions were signifi-
cantly smaller than controls, but by the juvenile stage, there
were no differences in size. The smaller larvae appeared to
die during larval development, leading to a cohort of larger
individuals that persisted to the juvenile stage in the acidi-
fied conditions. These juveniles contained SNPs in genes
that are related to growth and development.

Although this study demonstrates genetic variation
between oysters raised under acidified and control condi-
tions, it remains unclear if one SNP in one locus actually
modifies global expression or if compensatory mechanisms
exist to alleviate the potential negative effects of detrimen-
tal variants. Further investigations using gene knockdown
methods (e.g., RNAI) are underway to validate the role of
candidate genes in resilience to OA.

Layton and Bradbury (2022) called for researchers to
broaden their approach and utilize multi-omic methods to
predict the response of marine organisms to climate change.
This is one of the first studies in eastern oyster to investi-
gate transcriptional modulation and genetic polymorphism
to probe resilience to OA at the molecular level. Results
support both adaptation potential through the selection of
animals with specific resilience-associated SNPs and the
capacity for oysters to regulate gene expression to mitigate
the effects of OA. These findings support that oysters have
an adaptive capacity to withstand mild OA, and that selec-
tive breeding might be a potential solution for aquaculture
and restoration programs. It remains however unclear if a
limited number of SNPs actually modify global gene expres-
sion or if compensatory mechanisms exist to alleviate the
potential negative effects of detrimental variants. Similarly,
the specific role of putative genes requires validation and
investigations using RNAi are underway to validate the role
of candidate genes in resilience to OA. While these findings
spark hope that the eastern oyster can overcome OA stress
through acclimation and adaptation, future experiments need
to be conducted over multiple generations to confirm the
long-term adaptation potential of this species.
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