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Bivalve aquaculture is a growing sector worldwide, producing sustainable animal protein to meet growing de-
mand from consumers. Yet, the industry remains vulnerable to environmental changes that can impact their
product across life stages, especially at the larval stage. Parental priming, or the exposure of broodstock to
adverse environmental conditions as they undergo gametogenesis, holds promise as a method to increase
resilience in bivalve offspring. We exposed Manila clam (Ruditapes philippinarum) broodstock to low pH condi-
tions (pH 7.4 for 78 days during gametogenesis). Larvae were produced from primed (low pH) and unprimed
(ambient pH) broodstock and exposed to ambient or low pH conditions in a full factorial design. Larval
phenotype in response to low pH was partially rescued by broodstock priming: larvae from low pH-exposed
broodstock had better survival and growth than larvae from broodstock held under ambient conditions. Clam
egg lipidomic and transcriptomic analyses were performed to determine the physiological differences associated
with broodstock environmental conditions. Egg lipid abundance profiles were not significantly different between
parental treatments. The egg transcriptome revealed 48 differentially expressed transcripts associated with
parental environmental conditions. These genes are involved in important processes for early larval physiology,
including metabolism, cell cycle, and transcriptional regulation. Broodstock clams were minimally impacted by
their exposure to low pH for 78 days, however we show here that subtle maternal signals may contribute to the
vastly improved larval performance observed under low pH conditions.

1. Introduction

In a rapidly changing climate, the aquaculture industry needs to
quickly adopt mitigation measures to maintain and grow operations to
serve an increasing world population. Ocean acidification (OA) -
decreasing ocean pH due to increasing atmospheric CO5 - has been
impacting aquaculture of calcifying invertebrates for years (e.g., (Barton
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etal., 2015); (Cooley et al., 2017)) and remains a major challenge in the
consistent production of oysters, clams, mussels, scallops, and other
species. Adaptive strategies are desperately needed to support the
maintenance and growth of the invertebrate aquaculture industry.
Shellfish farming is one of the most sustainable protein production
systems in the world (Hilborn et al., 2018) and contributes significantly
to domestic aquaculture production, helping to offset the substantial U.
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S. seafood trade deficit (Kite-Powell et al., 2013). Manila clams (Rudi-
tapes philippinarum) are an iconic aquaculture species in Washington
State (USA) and worldwide. They have a long history as part of “Pacific
Northwest” culture and their farming generated $17 million in sales in
Washington State in 2013 (Washington Sea Grant, 2015), yet the growth
of this industry is slowed by the harmful impacts of an increasingly
warm and COo-rich world. New approaches that provide resilience to
worsening OA conditions are critical to the viability of the industry.

In invertebrate aquaculture, parental priming offers a promising
means of producing stress-resilient larvae. Priming is an alternative
strategy to genetic selection that promotes rapid acclimation of larvae
via environmental exposures in the parent generation. Parental priming
with positive carryover effects occurs when environmental drivers
experienced by the parent generation result in a different and higher-
fitness phenotype in their offspring. In this growing field of study,
there have been reports of positive impacts of parental low pH priming
on bivalve larvae and juveniles (Diaz et al., 2018; Gibbs et al., 2021a,
2021b; Parker et al., 2012, 2015; Spencer et al., 2020; Zhao et al., 2017,
2018, 2019, 2020), which can be interpreted as anticipatory maternal
effects (AME). In the AME context, mothers adjust their offspring’s
phenotype to maximize the offspring’s fitness in a challenging envi-
ronment (J. Marshall and Uller, 2007). In some cases of parental low pH
priming, there are examples of negative impacts (Griffith and Gobler,
2017; Venkataraman et al., 2019; Xu et al., 2024a; Xu et al., 2024b), or
selfish maternal effects (SME), whereby maternal fitness is increased at
the expense of offspring fitness. SME potentially gives the mother an
opportunity to save reproductive energetic resources for a more optimal
time/environment (J. Marshall and Uller, 2007). When priming has a
positive effect, offspring tend to grow faster and larger in the condition
similar to that experienced by their parents. Based on this growing ev-
idence, it has been suggested that the aquaculture industry could
harness the benefits of parental priming by deliberately exposing
broodstocks to a short-term environmental driver in order to increase
resilience of the offspring (Gavery and Roberts, 2017; Green et al.,
2016). Phenotypes associated with AME in a successful priming scenario
may include larger egg size, high spawning success rate, and robust
larval and juvenile phenotypes in the same environment in which the
parents were primed. Both AME and SME are likely achieved via envi-
ronmentally sensitive molecular signals passed from parent to offspring.
Two candidates are lipids — with roles as signaling molecules and the
main nutritive resource for early developing larvae - and maternal RNA,
which regulates early transcription, and thus physiology, of the devel-
oping zygote. Despite increasing evidence of beneficial phenotypes
associated with parental priming in shellfish, the molecular mechanisms
whereby parents confer these advantages to their offspring remain un-
known. With a combined ‘omics approach (lipidomics and tran-
scriptomics) of clam eggs, we can make progress towards understanding
the comprehensive mechanism of priming and how offspring outcomes
are directly influenced by maternal signals.

Lipids represent the energetic resources necessary for embryonic
development. We analyzed these molecules, which are transferred from
parent to egg to offspring (Tadros and Lipshitz, 2009; Winata and Korzh,
2018) for insight into how environmental response can be transferred
across generations. Lipids constitute a large fraction of egg biomass and
fill diverse roles as metabolic substrates, membrane building blocks, or
signaling molecules. For lipids to participate in a priming mechanism,
the mother would have to provision different relative abundances of
lipids to her eggs depending on environmental exposure. In bivalves, the
full-body lipidome can be environmentally sensitive (Chan and Wang,
2018; Liu et al., 2022) and egg lipid content sometimes changes in
response to OA (Gibbs et al., 2021a; Xu et al., 2024a). We hypothesized
that a variety of lipids with different physiological roles would be
implicated in the transgenerational inheritance of low pH response. In
vertebrates and insects, different lipids play roles in the regulation of
oocyte metabolism and maturation (Fruttero et al., 2017; Khan et al.,
2021; Mostafa et al., 2022) and since molluscs have similar egg lipid
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constituents to vertebrates and insects (e.g., Imbs et al., 2021; Zagalsky
et al., 1967), we expect lipids and their derivatives to play important
regulatory roles in bivalve egg development as well.

Traditionally, investigations into parental effects have focused pri-
marily on maternal metabolic resources deposited into eggs, however,
molecules such as RNA and proteins may also underlie important
signaling pathways that are mechanisms for inheriting environmental
tolerance. Maternal mRNAs provide the template for gene and protein
expression in early embryonic development before zygote genome
activation. Maternal mRNA encodes embryonic chromatin, tubulin for
mitotic spindles, and cell adhesion proteins, among many others
(Dworkin and Dworkin-Rastl, 1990). Later hatching success is correlated
with levels of specific maternal mRNAs and proteins in unfertilized eggs
of the great scallop and Pacific oyster, respectively (Corporeau et al.,
2012; Pauletto et al., 2017), reinforcing the importance of maternally
provisioned genes and proteins in offspring outcomes. In round gobies,
expression of maternal mRNA in early embryonic development is
influenced by the maternally experienced environment (Adrian-Kalch-
hauser et al., 2018), suggesting an environmentally sensitive trans-
ference of gene expression patterns. In Eastern oyster gonad tissue, gene
expression regulation is sensitive to parental OA exposure
(Venkataraman et al., 2024). Maternal mRNAs are essential molecules
that can contribute to determining offspring outcomes and are envi-
ronmentally sensitive, making them likely players in the mechanism of
broodstock priming.

Here, we examined the impacts of low-pH priming on Manila clam
broodstock and its impacts on broodstock physiology and larval out-
comes. Measures of broodstock and larval phenotype were selected that
would reveal how low pH impacts both generations and the transmission
of environmental information between generations. In broodstock, we
assessed energy metabolism and reproductive conditioning. Larval
clams were reared in both ambient and low pH conditions to determine
the impacts of priming on survival, growth, and shell formation. Based
on different larval phenotypes resulting from the two broodstock pH
conditions, we investigated the impact of maternal effects via egg lip-
idomes and maternal RNA. This study contributes to the growing body of
knowledge on the potential utility of environmental priming to improve
environmental resilience in both commercial and restoration
aquaculture.

2. Materials and methods

All code and files necessary to replicate the analyses described in the
sections below are available on https://github.com/emmats/Clam
-OA-priming.

2.1. Experimental set up

Adult Manila clams (n = 307, shell height 34.2 +/- 4.5 mm), were
collected by hand using a raking fork in the low intertidal zone (between
+1 to -1 m mean lower low water (MLLW)) of Liberty Bay in Puget
Sound, Washington State (47°43°14.4"N 122°37°48.5"W) on January
18, 2023. Clams were immediately transferred to the Northwest Fish-
eries Science Center’s Manchester Research Station (Port Orchard, WA,
USA) and placed in a flow-through seawater system (Fig. S1).

Clams were acclimated for two weeks to common conditions (until
January 30, 2023). Water conditions were ambient during the accli-
mation period and similar to the conditions found at the site during the
time of collection (temperature = 10.0°C, salinity = 29.6 psu). In order
to facilitate sex determination via gonadal biopsy later in the experi-
ment, small holes (~4 mm) were drilled in the margin of the clam shell
using a diamond bit for a Dremel handheld rotary tool.

The flow-through experimental system used seawater filtered to 5
pm pumped into four 200 L polyethylene header tanks, each equipped
with independent temperature and pCO; control. Temperature was
controlled within 1°C with a chiller capable of both heating and cooling.
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Partial pressure of CO5 (pCO2) was controlled by direct injection of pure
CO4 through a venturi injector into each header tank. A pH probe
(Durafet III) within each tank relayed to a Honeywell UDA analyzer/
controller which controlled a solenoid valve on the COs injection line to
maintain the desired pCO,/pH level. Seawater from each header tank
was distributed by gravity to two replicate (100 L) tanks per treatment
through a ball valve to control flow rate to (0.5 +/- 0.1 L/min). Forty
adult clams were placed in each replicate tank by suspension in plastic
mesh bags from the frame placed over the tank, with 10 clams per bag.
There was no clam size difference between tanks.

Following the acclimation period, two header tanks supplied with
flow-through seawater obtained from Clam Bay, WA remained at
ambient conditions (pH ~7.8), while pCO, was increased (pH
decreased) in the other two header tanks for the low pH priming treat-
ment (Fig. S2). In the two low-pH header tanks, CO5 injection was used
to lower pH to a target of 7.4, reducing the pH by 0.1 every 24 hours over
the course of six days. The low pH treatment chosen for this study
represents a pH value that has been observed in Puget Sound bottom
waters (Feely et al., 2010). After six days, pH was held constant for the
duration of the experiment, encompassing adult gametogenic condi-
tioning (described in the next paragraph) and 14 days of larval rearing
until May 3, 2023 (Fig. 1).

Once pH reached the target, the water temperature was increased in
all tanks to stimulate gonadal maturation (Fig. S2). From a starting point
of 9.9°C, temperature was raised 0.5°C every 24 hours over 20 days to
reach a target of 20°C. Temperature was then held constant at 20°C for
the duration of the broodstock conditioning (until April 18 and 19,
2023). Approximately one month prior to spawning, clams were redis-
tributed across tanks within their respective treatments by sex to reduce
the risk of premature spawning of females. Sex determination was per-
formed via gonad biopsy using a hematocrit tube inserted into the small
hole of the shell margin and visualizing the presence of sperm/eggs.

Broodstock were sub-sampled after the initial acclimation to the
tanks for reproduction staging via histology and condition index (CI Ty,
January 30, 2023). Subsequent condition index time points were March
1 (CI T, one month into conditioning) and April 3 (CI T3, two months
into conditioning). Gill tissue was sampled for ATPase activity on
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February 6 and March 31 (ATP T; and Ty, respectively). Time points are
summarized in Fig. S2.

Throughout the experiment broodstock clams were fed a mixture of
live microalgae (Tisochrysis lutea, Pavlova lutheri, Tetraselmis sp., Rho-
domonas salina, Chaetoceros calcitrans, C. muelleri, Thalassiosira sp.)
grown on site. The specific combination of algae strains and concen-
trations varied daily and were supplied to a 200 L algae reservoir. Clams
were fed ad libitum by distributing algae directly into the feed lines of
each of the four headers using electronic metering pumps (EZB11D1-VC)
that were randomly rotated daily to ensure feed was allocated equally
across all treatments and replicate tanks.

2.2. Seawater chemistry

Water temperature and pH in header tanks was monitored continu-
ously via the UDA system and using the APEX data logging system.
Temperature and salinity were measured three times per week by
handheld salinity probe (ThermoScientific Orion Star A322). At these
same time points, pH was also measured spectrophotometrically. Water
samples were collected in an Ocean Insight CV-Q-100 cuvette and
warmed to 25°C for 30 min. Cuvettes were placed in the path of an
Ocean Optics light source and measured using a Flame mini-
spectrometer. Spectrograms were captured using Ocean Optics soft-
ware before using m-cresol purple dye (Dickson et al., 2007).

Total alkalinity was measured February 7 and 17, March 1, 13, and
28, and April 10 from water samples (120 mL) collected from each tank
and preserved using HgCl (50 pL). Alkalinity was not measured during
the larval experiment and was estimated from the average total alka-
linity measured on April 10 since salinity was similar from April 10
onwards. Total alkalinity determination was analyzed using a Mettler
Toledo T5 Excellence Titrator with LabX software. Alkalinity data was
forward- and back-filled for an equal number of days surrounding each
alkalinity sampling time point. Based on these data, the seacarb package
in R (Gattuso et al., 2021) was used to calculate pH, pCO,, dissolved
inorganic carbon (DIC) and aragonite saturation (Q2 aragonite).

Broodstock pH response:

3 *  ATPase activity (gill)
S . Condition index
< *  Spawning
Maternal effects:
+ Eggsize
*  Lipidomics
. Maternal RNAs
2 t € 3 t Larval pH response:
g . Survival
g low pH ambient pH © Size

*  Shell development

Fig. 1. Overview of the experimental design. Adult broodstock clams were exposed to low or ambient pH for 78 days, which included the main gametogenic period.
Broodstock pH response was assessed and clams were spawned, with eggs collected to measure maternal effects. Larvae were reared in a full factorial design, with
larvae resulting from each broodstock treatment raised at both ambient and low pH.
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2.3. Broodstock

2.3.1. Reproductive maturation assessment

Histological samples were taken at the beginning of the experiment
(January 30) to determine the initial reproductive stage. Individuals
were sectioned through the center of the body in a plane perpendicular
to the shell margin. Samples were preserved in 10% formalin in seawater
for 24h followed by 70% ethanol for storage. Tissues were processed
through a graded series of ethanol and xylene, embedded, sectioned, and
slides were stained with hematoxylin and eosin. Clam reproductive
maturity was staged based on Drummond et al. (2006).

2.3.2. Gill ATPase activity

Gill (ctenidia) sections were sampled post-acclimation and before pH
treatment (January 31, ATP T, Fig. S2) and after two months’ exposure
to low pH conditions (March 31, T3) to determine the impacts of low pH
exposure on cellular energy production in the gill. This tissue and assay
were chosen to understand potential impacts of pH treatment on adult
physiology and energy balance. Approximately 50 mg of gill was pre-
served in ice cold SEI buffer (250 mM sucrose, 10 mM NasEDTA, and 50
mM imidazole; (Zaugg, 1982)) and stored at -80°C. The Na+/K+ ATPase
activity, reported in units of pmol ADP x mg protein™ x hr'! of frozen
sample, was measured following McCormick (1993) with modification
from Bianchini and Wood (2003), as also described in George et al.
(2023).

The ATPase activity data were checked for normality using the
Shapiro-Wilk normality test. The data were not normally distributed and
the bestNormalize package (Peterson, 2021) determined that a boxcox
transformation was optimal. Boxcox (MASS package; Venables and
Ripley, 2002) revealed that the data should be squareroot transformed,
which resulted in normally distributed values (Shapiro-Wilk p>0.05).
Levene’s test revealed that variance across samples was equal with
respect to time, sex, and treatment (p>0.05). The ATPase data were
analyzed with two linear mixed effects (Ime) models: 1) time only, 2) sex
and treatment (including sex*treatment) using the nlme package
(Pinheiro and Bates, 2000; Pinheiro et al., 2024). Tank was included as a
random effect.

2.3.3. Condition index

Body Condition Index was determined at the beginning of the
experiment (February 6, CI Ty, Fig. S2), after one month (March 3, CI
To), and after two months (April 3, CI T3) in the low and ambient pH
conditions. For Tj, eight clams were selected using a random number
generator. At Ty, three clams were randomly selected from each culture
tank (but avoiding very small or very large clams) (total n=24). At Ts,
two males and two females were randomly selected from each tank
(total n=32). For each clam, the entire soft tissue and empty shell were
dried separately at 60°C for 72 h and weighed. Body condition index was
defined as the ratio of dry tissue weight to dry shell weight (CI = dry
tissue mass (g)/dry shell mass (g) x 100).

As described in 2.2.2, a Shapiro-Wilk test and a Levene test were
applied to determine the need for data transformation, which was not
required. A one-way ANOVA was used to determine if the OA treatment
had an impact on condition index at CI Ty and T3, also considering the
interaction of time and treatment (p-value cut-off of 0.05).

2.3.4. Spawning and fertilization

Clams were spawned after 44 days at 20°C (Fig. S2). Spawning for
low and ambient pH groups were carried out over two consecutive days
(ambient pH clams were spawned on April 18 and low pH-primed on
April 19, 2023) to minimize potential differences in water chemistry and
reproductive development and to ensure adequate time for spawning
and larval monitoring. All clams were spawned at ambient pH and
larvae spent the first few hours of development at ambient pH. Fertil-
ization and spawning occurred at ambient pH to avoid potential nega-
tive impacts of pH on fertilization rate so we could more clearly measure
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the effect of parental priming on larval outcomes. For each treatment
group, males and females were separated and placed in black-bottomed
spawning trays to help identify spawning individuals. The standard
hatchery practice of thermal fluctuation was used to induce spawning
(Helm et al., 2004). Specifically, for each spawning cycle, clams were air
dried and subjected to physical disturbance (manual tray shaking) for
approximately 15 seconds, followed by a high temp exposure (25°C
water with continuous flow) for 30 min and finally a low temperature
exposure (15°C with continuous flow) for 30 min. This cycle was
repeated three times during which clams were monitored continuously.
When a spawning individual was visually identified, it was moved to an
isolated 1 L container at ambient temperature to collect gametes.

Duplicate egg samples (15 mL, ~50-200k eggs/sample) from indi-
vidual females were spun gently, seawater was removed and eggs were
snap frozen in liquid nitrogen for lipid (2.2.6) and transcriptome (2.2.7)
analyses. Egg size was determined for a subset of females (section 2.2.5).
The total number of spawning and non-spawning clams per sex per
treatment was recorded to evaluate the effects of low pH priming on
spawning activity using a chi-squared test with a significant cut-off of
0.05.

Five brood-groups were created per pH treatment. Each brood-group
included eggs from five females and sperm from four males. Eggs were
counted for each female in triplicate and 200,000 eggs from each female
were combined (a total of 1 million eggs/brood-group) and mixed
briefly before being distributed equally across four 1L containers
(~250,000 eggs/container). Sperm from an individual male was added
to each container, targeting 5-10 sperm/egg ratio to minimize sperm
competition. Approximately 10 minutes after the addition of sperm, the
four egg containers were combined and excess sperm was removed by
rinsing eggs onto a 20 pm stainless steel mesh filter (Hogentogler). The
fertilized eggs were placed into a clean 1L container containing 1 pm
filtered seawater at 22°C. This process was repeated for each of the five
brood-groups. Approximately four hours post fertilization (hpf), em-
bryos from each brood-group were split equally into ambient and low
pH treatments (approximately 500,000 embryos per group and treat-
ment) by reducing the volume via gentle siphoning through at 20 pm
screen to 250 mL and splitting the volume evenly into two clean 1 L
containers to which either ambient or low pH water was added to a total
of 800 mL. These containers were placed in sealed chambers with
minimal headspace to minimize gas exchange and placed in a 22°C
water bath. Broodstock mortality was tracked over the course of the
experiment. A chi-squared test was used to evaluate the effect of low pH
priming on broodstock mortality with a significant cut-off p-value of
0.05.

2.3.5. Egg size

Eggs from a subset of female clams (n=13 ambient pH and n=9 low
pH) were imaged immediately for egg size. Images were taken using
Amscope camera (model: MU1000) on Nikon Eclipse TS100 at 10X
magnification. Measured eggs per female ranged from 10-50 eggs for a
total of 579 eggs analyzed. Egg size was analyzed using ImageJ software
to determine egg area. Scaling images were used for each clam to set the
scale of 400-500 pm based on the distance measured in pixels. All images
were processed by use of the Thresholding Tool as well as the Binary Tools
Fill Holes and Watershed. Individual egg total area was analyzed by use of
the Analyze Particles Command.

The impact of broodstock pH treatment on egg size (area) was
assessed with a lme following Leinbach et al. (2021), with broodstock
and larvae treatment as a fixed effect (including broodstock*larval
treatment) and clam ID as a random effect. This analysis was performed
on individual egg measurements (n=579) and on egg area averaged for
each female (n=22 clams) with a p-value cut-off of 0.05 for significance.

2.3.6. Egg lipidomics
Egg lipidomic analysis was performed on frozen egg samples from 30
female clams (n=15 from each pH treatment). This sample size should
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be large enough to detect biologically meaningful changes in the egg
lipidome (e.g., Xu et al., 2024a). Clam egg samples were thawed at 4°C
for 30 min, purified DI water (100 pL) was added and samples were
homogenized in a Bullet Blender (Next Advance) for 10 min chilled with
dry ice to 4°C. Each sample (100 pl) was transferred to 2 mL Eppendorf
PCR-clean vial. A spiking solution containing 69 isotope-labeled lipid
internal standards (25 pl), water (75 pl), methyl-tert-butyl ether (MTBE,
575 pl) and methanol (160 pl) was added to each sample, and the so-
lution was vortexed for 10 seconds. Samples were shaken at 21°C/500
rpm for 30 min, followed by an addition of water (200 pl) and centri-
fuged at 14000 rpm for 3 min at 21°C. The hydrophobic lipid molecules
were present in both resulting layers. The upper layer was collected into
a new disposable glass culture tube (14x100 mm).

Lipids from the bottom layer were extracted by the addition of MTBE
(300 pl), methanol (100 pl) and water (100 pl). Samples were shaken for
5 min at 21°C/ 500 rpm, and centrifuged at 14000 rpm for 3 min at
21°C. The upper layer from this second extraction was collected and
combined with the previously collected upper layer from the first
extraction in the glass tubes. Combined samples were dried at 30°C for
30 min in a Biotage N drier and reconstituted in 10 mM ammonium
acetate in 50/50 (v/v) methanol/methylene chloride and transferred to
auto-sampler glass vials for mass spectrometry lipidomics analysis.

Lipid species were measured using a Sciex Lipidyzer system as
described in Su et al. (2021). The Sciex Lipidyzer mass spectrometry
platform consisted of Shimadzu Nexera X2 LC-30AD pumps, a Shimadzu
Nexera X2 SIL-30AC autosampler, and a Sciex QTRAP 5500 mass spec-
trometer equipped with ESI source coupled with SelexION for differ-
ential mobility spectrometry (DMS). 1-propanol was used as the
chemical modifier for the DMS. Samples were introduced to the mass
spectrometer by flow injection analysis at 8 pl/min. Targeted lipidomics
using multiple reaction monitoring (MRM) and positive/negative po-
larity switching electro-spray ionization was used to analyze 1,011 lipid
species across 20 lipid classes and sub-classes and 69 isotope-labeled
lipid internal standards. Each sample was injected twice, first with the
DMS enabled to collect PC, PE, LPC, LPE, PG, PI, PS and SM (see Table S1
for lipid abbreviation definitions), and then with the DMS disabled to
collect CE, CER d18:0, CER d18:1, DAG, FFA, HexCER, LacCER, LPG,
LPI, LPS, PA and TAG. SM, DAG, CE, CER d18:0, CER d18:1, HexCER,
LacCER, LPG, LPI, LPS, PA, LPE, LPC and TAG were ionized in positive
and PE, PG, PI, PS, PC, and FFA in negative ionization modes. Data were
acquired using Analyst 1.6.3 and processed with an open source Shotgun
Lipidomics Assistant

v4.1.2 software. For quality control, an in-house pooled human
serum sample was run at the beginning and at the end of the batch. The
median percent difference between beginning and ending QCs for lipid
class was 1.1% (Fig. S3). The final data contained absolute concentra-
tions of each lipid species in micromolar calculated by comparing peak
intensities for measured lipids to the internal standard peak intensities.
Blanks were subtracted from experimental samples on a feature-wise
basis; blank-corrected abundances <0 were replaced with 0.

Egg lipidome data was tested for physiologically relevant lipid
structural trends that might not be detectable by comparing abundances
of individual lipid species or groups. We calculated lipidome-wide and
class-specific means for hydrocarbon chain unsaturation and length.
These were compared between ambient- and low-pH groups using
Welch 2-sample t-tests with Holm familywise error rate correction. We
also visualized the hydrocarbon chain distributions, total lipidome, and
phospholipidome using seelipids (https://github.com/octopode/
seelipids). Multivariate statistical methods were used to perform sensi-
tive, physiology-agnostic tests for treatment-induced changes in lipid
composition. For these analyses, the lipidomics data were grouped in
three different ways: by lipid species, by lipid class, and by hydrocarbon
chain (the latter two being subsets of the first). If a lipid type had >80%
missing values across all samples it was removed from further analysis.
perMANOVA using adonis2 in the vegan package (Oksanen et al., 2024)
was applied to each of the three groupings of the lipidomics data to
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determine whether pH treatment had an effect on the lipid composition
of clam eggs. An Euclidean distance matrix was applied and missing
values were removed from the perMANOVA analysis. Differential
abundance of individual lipid species, classes, and hydrocarbon chains
was determined with limma (Ritchie et al., 2015). Data were median-
normalized and log-transformed before analysis with limma to achieve
a normal distribution. The adjusted p-value (using the “fdr” adjustment)
cut-off for significantly different abundance was 0.05.

2.3.7. Egg transcriptomics

RNA-Seq analysis was performed on frozen egg samples from the
same 30 female clams (15 from each pH treatment) analyzed for lip-
idomics. RNA isolation, library preparation and sequencing were per-
formed by Azenta Life Sciences (Waltham, MA). Briefly, RNA was
extracted using the Qiagen RNeasy Plus universal mini kit, using the
manufacturer’s protocol and RNA concentration and quality were
assessed using the Qubit RNA Assay and TapeStation, respectively. RNA-
Seq libraries (n=30) were prepared using the NEBNext Ultra II RNA li-
brary prep kit and pooled prior to sequencing using the Illumina
NovaSeq platform (PE 150bp).

Sequencing reads were quality and adapter trimmed using
Cutadapt (v4.2) with the following parameters (-a AGATCGGAA-
GAGCACACGTCTGAACTCCAGTCA; -A AGATCGGAAGAGCGTCGTGT
AGGGAAAGAGTGT; -q 15,10; -m 40; —trim-n). Trimmed reads were
aligned to the Ruditapes philippinarum reference genome
(GCF_026571515.1) using  the RefSeq  gene annotations
(GCF_026571515.1_ASM2657151v2_genomic.gtf) in STAR (v2.5.3a)
with default parameters.

To classify reads as belonging to the mitochondrial or nuclear
genome and identify the proportion of reads mapping to mitochondria
per sample, the total number of reads mapping to mitochondrial loci (i.e.
loci on contig NC_031332.1; including 13 protein-coding genes 2 rRNA
(16S and 12S), and 24 tRNAs) were divided by the total number of reads
per sample.

A Student’s T-test was used to determine if the proportion of reads
mapping to mitochondrial loci were different between egg tran-
scriptomes corresponding to the different parental rearing environments
(p-value cut-off of 0.05 for significance). Proportion of reads mapping to
a given RNA ‘Type’ (e.g. protein-coding, rRNA, IncRNA, etc.) according
to the RefSeq annotation file (https://www.ncbi.nlm.nih.gov/datase
ts/gene/GCF_026571515.1/) were similarly calculated per sample.
Egg transcriptome gene counts from STAR were pre-filtered and used to
identify differentially expressed genes. To exclude the potential for bias
from genes with low read counts (Love et al., 2014), genes were only
considered for differential expression analysis if they met the following
requirement: at least half (n=8) of the samples in at least one corre-
sponding parental condition (low pH and ambient) must have a read
count equal to or exceeding the median read count (27) for all genes.
Genes that passed filtering were analyzed for differential expression
between conditions using DESeq2 (v1.38.3) with Benjamini and Hoch-
berg p-adj < 0.05 for significance (Love et al., 2014). Differentially
expressed genes (DEGs) were visualized using a heatmap (pheatmap
v1.0.12; Kolde, 2019), with log2 fold-change (LFC), an effect size esti-
mate, as cell input values.

Functional enrichment analysis was performed to identify biological
processes significantly overrepresented in DEGs associated with pH
treatment using DAVID (Huang et al., 2009a, 2009b). UniProt Accession
IDs were obtained for Manila clam genes via BLAST (Altschul et al.,
1990) (<1e-5 e-value cutoff) and the DEG annotations were used as
input for DAVID as the gene list and with annotations for all genes
passing the filter for expression as the background list. Significantly
enriched pathways were defined within DAVID using a Fisher’s Exact
test with a Benjamini-adjusted p-value < 0.05 (Benjamini and Hochberg,
1995).


https://github.com/octopode/seelipids
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2.4. Larvae

2.4.1. Larval rearing and sampling

Twenty-four hours post-fertilization, a water change was performed
by removing water via gentle siphoning through a 20 pm filter and
refilling with the appropriate treatment water. At this time algal feed
(Tisochrysis luteas) was added at a concentration of 20,000 cells/mL.

At 48 hpf, larvae were robust enough for handling (D-hinge) and
were split into additional replicates. Approximately 4,000 larvae, esti-
mated from a known concentration of larvae/mL, from each of the
containers (each container representing a single brood-group at ambient
or low pH) were added to triplicate 48 pm mesh bottom silos (2”
diameter PVC, approximately 10” in length, volume ~700 mL). Sixty
silos were placed into triplicate sealed chambers with either ambient or
low pH seawater (n=15 per parent-larval treatment combination).
Temperature was maintained by placing the chambers in a circulating
water bath set at 22°C. Larvae were fed algae (Tisochrysis lutea) at a
concentration of 40,000 cells/mL/day. Water was changed daily.

Larvae were counted at days 7 and 14 post-fertilization (dpf) to es-
timate relative survival. Larvae were collected on 2, 7 and 14 dpf for
image analysis of size and shell development.

2.4.2. Morphometrics

Images of larvae were taken using an Amscope camera on an inverted
microscope (Nikon Eclipse TS100) at (10X) magnification. Live samples
of larvae at 2, 7 and 14 dpf were taken from each spawning group at each
time point and 10-15 images captured from each replicate within one
hour of removing samples from the container. All images from each time
point were given unidentifiable file names and randomly sorted for
measuring shell growth and number of abnormalities. For each image,
using ImageJ, a 5x6 grid was overlaid and a random list of numbers
between 1 and 30 used to choose the order of grid sections to measure.
Going through the order of grid sections, all shells with any portion in
the section were analyzed until at least five shells had been analyzed
from the image. For each larva, the length from the hinge to the margin
was measured and the normality of the shell was determined as a binary
assessment of normal or abnormal. Examples of shell abnormalities
included large indentations or bulges in the margin, unequal size of
upper and lower valves, and a concave hinge (Fig. S4). Image analysis
proceeded until 20 larvae had been analyzed from each silo replicate.

The impact of time, broodstock priming, and larval pH treatment on
larval shell size was assessed with a lme. Time, parent treatment, and
larval treatment (including broodstock*larval treatment) were all fixed
factors and brood group was set as a random factor. Larval shell ab-
normality was analyzed with a generalized linear model (glm) following
(Timmins-Schiffman et al., 2013) with the same effects as described for
larval shell size and using a binomial distribution, with a p-value cut-off
of 0.05 for significance.

2.4.3. Survival

The proportion of larvae surviving to 7 dpf was calculated by
dividing the larval counts on 7 dpf by the total larvae moved into the
silos at 2 dpf (48 hours post-fertilization). Similarly, at 14 dpf the rela-
tive survival of larvae was measured by dividing the larvae counted at
14 dpf by the larvae counted at 7 dpf.

3. Results
3.1. Seawater chemistry

Distinct pH treatments were maintained for both broodstock priming
and larval rearing (Tables S2 and S3, Figs. S5 and S6). Across all
broodstock tanks, pCO, in the ambient pH treatment averaged 826 patm
and the low pH tanks averaged 2353 patm, corresponding to average pH
of 7.8 and 7.4, respectively. For the ambient pH larval tanks, average
pCO, was 672 patm (pH 7.8) and for the low pH tanks pCO4 was 1942
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patm (pH 7.4). Aragonite saturation state was <0.75 for most of the
experiment for the low pH larval treatment tanks and >1.5 for ambient
pH (Tables S2 and S3, Figs. S5 and S6). Total alkalinity (A) was
consistent across all treatments, but shifted between March 13th to
March 28th from approximately 2400 pmol/kg to 2080 pmol/kg
(Table S4). There was no change in salinity during the duration of the
experiment (Figs. S5 and S6). A different type of bottle for At sample
storage was used starting March 28th and is likely the source of the shift
since it was consistent across every sample taken.

3.2. Broodstock

3.2.1. Reproductive maturation

Histology samples were taken from clams just after collection from
the natural environment. All clams were found to be in a stage of
quiescence and graded at either 0 or 1 out of 5 (Drummond et al., 2006).
In most cases, no oogonia or spermatogonia were visible and so sex
could not be determined. Visible oocytes were detected through biopsy
after 21 days of maturation at 20°C, and all clams were then sampled
and sorted by sex. In total, 45 males and 87 females were in the low pH
group and 50 males and 83 females were in the ambient pH group.
Broodstock mortality was relatively low over the course of the experi-
ment (n= 11 low pH, n=4 ambient) with a majority of mortalities
occurring after the maximum conditioning temperature was reached.
There was no significant difference in mortality between pH treatments
(X2=3.3457, p = 0.07).

3.2.2. Gill ATPase

ATPase activity in gill sections did not differ by any single factor
(time, pH treatment, sex), nor was it impacted by the interaction be-
tween sex and treatment (p>0.05) (Fig. 2A).

3.2.3. Body condition index

All condition index data was determined to be normally distributed
based on the Shapiro-Wilk test and homoscedastic between treatments
based on Levene’s Test, justifying the use of a one-way ANOVA test to
determine statistical significance of differences between treatment
groups at the endpoint, between treatments and baseline measurements
at sampling point 1, and between males and females. There was no
significant difference in body condition between pH treatment, sex or
between sampling timepoints (p>0.05) (Fig. 2B).

3.2.4. Spawning

In the low pH group, 30 males spawned out of 33 (91%) and 47 fe-
males spawned out of 76 (62%). In the ambient pH group, 27 males
spawned out of 42 (64%) and 29 females spawned out of 74 (39%)
(Fig. 2C). Based on a chi-squared test, spawning rate was significantly
higher in the low pH group versus the ambient pH group in both males
(X2 = 5.7959, p = 0.016) and females (X2 = 6.8177, p = 0.0090).

3.2.5. Egg size

Egg area was measured from digital images taken directly after
spawning, with the mean of all measurements from one individual used
as a replicate. The area for eggs from low pH females was 3669 pm? +/-
134 (mean =+ SD) and from ambient pH females was 3720 pm2 +/-128
(mean + SD) (Fig. 2D). Egg area was not significantly impacted by
broodstock pH treatment (p > 0.05), when assessed for individual eggs,
nor for averaged area for each female.

3.2.6. Egg lipidomics

The total number of different lipid species detected was 1241
(Skyline document and raw files are available on PanoramaWeb; https:
//panoramaweb.org/wAKAD2.url; Table S5) (MacLean et al., 2010;
Sharma et al., 2014, 2018). Physiologically relevant lipid structural
parameters were remarkably stable (Fig. 3): neither mean chain length
nor unsaturation changed significantly with parental low-pH exposure
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Fig. 2. A) ATPase activity by treatment and clam sex. B) Condition index by treatment and clam sex. C) Proportion spawners by treatment and clam sex. The darker
bars represent the clams that spawned. D) Oocyte surface area for each clam, by treatment; horizontal lines represent the mean oocyte surface area for all oocytes
measured in each treatment. Broodstock low pH treatment results are represented in yellow and ambient pH results are in blue. Results from before pH treatments

began are represented in gray.

in the total lipidome, the phospholipidome, or five major lipid classes
(pagj > 0.35). In the parallel analyses of individual lipid species, classes,
and hydrocarbon chains some entries were removed due to >80%
missingness, encompassing 170 lipid species, two lipid classes, and 59
hydrocarbon chains. There was no significant difference in abundances
of individual lipid species (Fig. 4A), classes or chains (Fig. 4B) between
parent pH treatments, as determined using limma. In the absence of any
significant changes in lipid species abundance, we here summarize the
egg lipid composition as an average across both treatments. Tri-
acylglycerides were the dominant class of lipids (68.8 mol % on
average), with substantial concentrations of phosphatidylcholine (PC;
13.9%), phosphatidylethanolamine (PE; 8.2%), phosphatidylinositol
(PIL; 3.3%), and cholesteryl ester (CE; 3.2%) (Fig. 3). Each of the other 15
classes of lipids detected fell below 0.01 mole fraction of the egg lipid
content.

3.2.7. Egg transcriptomics

In total, approximately 156 GB of sequencing data (NCBI SRA:
PRJNA1289209) were generated across the 30 egg samples (n=15 per
treatment). The alignment rate to the Manila clam genome ranged from

71% to 80%, with an average alignment rate of 75%. To evaluate the
Manila clam egg transcriptome broadly, we first evaluated the propor-
tion of transcripts derived from the mitochondrial or nuclear genome.
While approximately half of the reads from the eggs mapped to loci on
the mitochondrial genome, we found that a smaller proportion of reads
mapped to mitochondrial loci in eggs from low pH exposed broodstock
(Student’s T, p=0.03). A majority of the reads mapping to mitochondrial
features corresponded to the 16s rRNA locus (Table S6). More broadly,
protein coding transcripts make up the largest proportion of transcripts
in Manila clam eggs, followed by rRNA with other non-coding RNA
types representing a small proportion of transcripts (Fig. S7).

Of the 12,124 genes evaluated for differential expression analysis 48
were differentially expressed (0.40 % of total genes), with most (n=34)
exhibiting lower abundance in eggs from low pH broodstock (Fig. 5;
Table S7). A majority of differentially expressed genes (32) were an-
notated according to RefSeq (Table S7). GO terms corresponding to the
48 DEGs included cytoskeletal terms (e.g., actin filament reorganiza-
tion), membrane transport (e.g., endocytosis), cell division, chromatin
organization, signal transduction, and others (see Table S7 for a com-
plete list of GO terms). No functionally enriched Gene Ontology
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Fig. 5. Differentially expressed genes in eggs from low pH versus ambient parental conditions clustered by expression levels. Heatmap grouping along the top of the
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differentially expressed genes (red=associated process).
biological processes were identified.

3.3. Larval development

Larval size was significantly impacted by time, parental pH treat-
ment and larval pH rearing conditions, and the interaction between
broodstock and larval pH treatment (p < 0.05). The larvae reared at
ambient pH that had low pH parents had the largest shell length across
all days (Fig. 6A-C). Ambient pH larvae from ambient pH broodstock
were the second largest. Larvae reared in low pH conditions were the
smallest, with the entire cohort of low pH larvae from the ambient pH
broodstock group dying before 14 dpf (Fig. 6D-F).

Larval survival was not significantly impacted by broodstock pH
treatment (p=0.18), nor by larval pH treatment (p=0.052) at 7 dpf
(Fig. 6G). By 14 dpf, there was a significant effect of broodstock pH
treatment on larval survival (p=0.016), but no significant effect was
found for larval pH treatment or the interaction between broodstock and
larval pH treatment (p>0.05) (Fig. 6H).

More larvae reared at low pH had shell abnormalities (Fig. 6I;

Fig. S4). Time (p<2e-16), broodstock pH (p=0.00025), larval pH
(p=0.00021), and the interaction between broodstock and larval pH
treatment (p=2.86e-9) all had significant impacts on larval shell
abnormalities.

4. Discussion

A changing ocean environment, including decreasing pH, will
continue to influence the viability of the shellfish aquaculture industry.
Leveraging environmental memory, particularly transgenerational
acclimatization, is one important way to mitigate the impacts of ocean
acidification on shellfish production by increasing offspring resilience.
We have demonstrated positive effects of broodstock priming to pro-
mote transgenerational acclimatization in Manila clams and the un-
derlying mechanisms have been explored via transcriptomic and
lipidomic analyses of eggs from broodstock held under different pH
regimes.
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4.1. Adult broodstock clams were minimally impacted by low pH

The Manila clam broodstock in this study showed no signs of phys-
iological stress in response to low pH conditions. An important aspect of
parental priming in aquaculture is to have sufficient perturbation to
elicit a carryover response in the larvae, but not to negatively impact the
physiology of the broodstock, criteria which were met in this experi-
ment. In fact, a higher proportion of low pH-primed broodstock
spawned. Further, the two pH conditions were distinctly different (pH
7.8 and 7.4) and aragonite saturation state was consistently less than 1,
which makes calcification energetically unfavorable, yet clams demon-
strated no difference in cellular energy production in their gill tissue as
determined by ATPase activity, nor in egg size. Low pH impacts on
gametogenic adults are not consistent across invertebrate species and

the realized low pH phenotype is likely determined by species-specific
adaptations and environmental history. Across bivalves, some species,
like the clams in this study, demonstrate little or no effect of low pH on
adult gametogenic maturation (Diaz et al., 2018; Gibbs et al., 2021a),
while others express detrimental effects of low pH on energy metabolism
and/or gametogenesis (Neylan et al., 2024; Zhao et al., 2019). Even
within a species, local adaptation likely plays a role in environmental
response. Manila clam adults in the Washington population may be
adapted to low pH conditions, in contrast to clams from the South China
Sea that showed signs of pH stress across physiological metrics after low
PH exposure (Jiang et al., 2023; X. Xu et al., 2016). Reproduction is an
energy-intensive process (Ginther et al., 2024) and the impact of low pH
stress on the process of gametogenesis depends on how much energy is
diverted to respond to the stress resulting in variation in physiological
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response to low pH based on evolutionary and ecological history.

As mentioned, low pH increased the proportion of male and female
spawners. The trend of a higher proportion of spawners was also
observed in Asian date mussels, although other physiological reactions
to low pH diverged from the Manila clams in this study (Zhao et al.,
2019). A review of impacts of low pH on marine invertebrate repro-
ductive processes reveals that clams in this study diverged in some as-
pects of their low pH response in comparison to other molluscs (Padilla-
Gamino et al., 2022). In most other molluscs studied, low pH impacted
males and females differently and led to a decreased number of
spawners (Padilla-Gamino et al., 2022), neither of which were observed
in this study. Egg quality appears to be robust to low pH across bivalves
(Padilla-Gamino et al., 2022), a trend that was also observed in this
study as egg diameter and lipidomes did not differ by pH treatment. The
impact of low pH on the mechanisms underlying these important
reproductive phenotypes is understudied, hampering our understanding
of how low pH affects the fundamentals of reproduction in marine in-
vertebrates (Padilla-Gamino et al., 2022). No measurements or obser-
vations were taken of sperm so we do not know how low pH may have
affected sperm motility and other functions. Generally, sperm motility
and function are inhibited under low pH conditions across invertebrates
(Eads et al., 2016; Esposito et al., 2020; Shi et al., 2017; Vihtakari et al.,
2013), but since fertilization for these clams occurred in ambient pH
water, it is very likely that the sperm were not affected by parental low
pH exposure.

Exposure to an environment that is within the clam’s established
acclimatory ability may be the key to successful transgenerational
priming. The clam broodstock were likely experimentally exposed to
low pH conditions which are not dissimilar to their habitat, due to their
adult infaunal life history and origin from a low pH estuary (Feely et al.,
2010), resulting in relatively unimpacted adult physiology and repro-
duction. There is evidence in other invertebrates that extreme envi-
ronmental conditions for adults yields larvae that are not well
acclimatized to the same environmental stressors (Griffith and Gobler,
2017; Neylan et al., 2024; Parker et al., 2012; Xu et al., 2024a; Xu et al.,
2024b), or larvae that have variability in resulting phenotypes (Gibbs
et al., 2021a). In some species, a longer period of adult acclimation may
result in no observable effect in larvae (Suckling et al., 2015), or an
extended length of parent exposure to low pH may worsen the impact of
low pH on larvae (Neylan et al., 2024). The balance between negative
and positive transgenerational effects likely lies in the level of timing,
physiological state, and degree of environmental perturbation in par-
ents, and how this translates into offspring provisioning.

4.2. Parental priming improved larval performance at low pH

The highest performing larvae in terms of survival and growth were
those reared in ambient pH water (pH 7.8) whose parents were low pH-
primed. Of the larvae whose parents were low pH-primed, those reared
at low pH were smaller and had more shell abnormalities than larvae
reared at ambient pH (Fig. S8). Bivalve larvae are more sensitive to low
pH than adult life stages (Kroeker et al., 2010) and it is well established
that larval calcification and shell size are impacted by pH (e.g., Frieder
et al., 2017; Gibbs et al., 2021a; Thomsen et al.,, 2017; Timmins-
Schiffman et al., 2013). The difference in shell size between ambient and
low pH-reared larvae appears to increase through 14 days of develop-
ment, as previously observed in geoduck clam (Timmins-Schiffman
et al., 2020). Despite their smaller size, the low pH larvae from low pH-
primed parents survived through day 14 post-fertilization, while low pH
larvae from ambient pH parents did not. The larvae without abnor-
malities at low pH show clear growth through the 14 days the cohort was
followed (Fig. S8). Low pH exposure of invertebrate parents has varying
impacts on larvae, ranging from positive effects on larval and juvenile
survival (Diaz et al., 2018; Gibbs et al., 2021a, 2021b; Palombo et al.,
2023; Parker et al., 2015; Spencer et al., 2020; Thomsen et al., 2017) to
negative (Griffith and Gobler, 2017; Neylan et al., 2024; Venkataraman
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etal., 2019; Xu et al., 2024a; Xu et al., 2024b). Based on these previous
results, since the Manila clam parents were physiologically robust to low
pH and early development of larvae benefitted from parent low pH
priming, it is likely that the larvae from low pH-primed broodstock
would continue to mature and settle at low pH. The long-term benefits of
low pH-priming are less clear. In some species, the beneficial impacts of
low pH-priming may not extend past the F1 generation (Thomsen et al.,
2017), while in others, transgenerational low pH exposure continues to
realize positive growth and survival results in subsequent generations
(Parker et al., 2015). Parent genetics and physiology also play a role in
the transgenerational impacts of low pH (Goncalves et al., 2016;
Thomsen et al., 2017). In an aquaculture setting, the focus is on growth
and survival of the F1 generation, which is clearly improved by priming
in this study and in others.

The Manila clams in this study demonstrate anticipatory maternal
effects (AME) (J. Marshall and Uller, 2007), or the adjustment of
offspring phenotype to maximize offspring fitness in an environment.
When environmental conditions do not result in physiological stress,
there is physiological and energetic flexibility to produce high quality
offspring that will thrive via AME. Molecular signals from the mother via
the egg, such as mRNA or lipids, can mediate broodstock priming AME.

4.3. Exploring mechanisms underlying positive effect of OA priming

There is increasing evidence across bivalve species that parents
dictate larval outcomes by transfer of environmental memory based on
their experienced environment. In cases where parental environmental
exposure results in positive outcomes in the next generation and im-
proves offspring resilience in adverse conditions, elucidating these
molecular mechanisms will benefit commercial and restoration aqua-
culture. Unlocking how and under what circumstances broodstock
priming is realized will have wide-reaching impacts on the industry. To
begin to investigate this we provide insight into shifts in the egg lip-
idome and transcriptome of Manila clam broodstock that will form the
foundation for a more in-depth understanding of broodstock priming.

4.3.1. Lipidomic analysis of eggs

The Manila clam egg lipidome in this study resembled the lipidomes
previously reported in clams and other bivalves (Gibbs et al., 2021b; Xu
et al., 2024a). Most of the lipids detected were triacylglycerides (TGs),
an important storage molecule in marine invertebrate eggs and a source
of energy for developing pelagic larvae (e.g., Frieder et al., 2017; Lau-
dicella et al., 2023; Lee, 1974; Wehrtmann and Graeve, 1998). In marine
invertebrates, many pelagic larvae depend upon maternally provisioned
lipids to successfully complete the larval stage, mature, and settle. Of the
hydrocarbon chains in clam eggs, most had even chain lengths, with C16
and C18 being the most dominant, as has been observed in other lipid
chain analyses of marine invertebrate eggs (Benkendorff et al., 2005;
Laudicella et al., 2023; Lee, 1974; Wehrtmann and Graeve, 1998)
(Fig. S9).

There was no significant impact of low pH-priming on egg lipids in
this study. When an egg producer is under physiological stress, fewer
lipids may be transferred to eggs since more energy is being spent on
acclimatization and survival. Low pH can have this impact in bivalves,
resulting in lower lipid content in the eggs of low pH-exposed parents.
Total lipid content was not measured in this study, but egg size is
generally considered to be a proxy for maternal investment in eggs and is
likely strongly correlated with egg lipid content. In Manila clams
collected in China, two months of low pH conditioning during a similar
reproductive period to this study resulted in decreased TG in eggs (Xu
etal., 2024b) and detrimental impacts in the larvae (Xu et al., 2024a). In
contrast, total lipids and TGs were higher in eggs of low pH-conditioned
Sydney rock oysters, but unimpacted in Pacific oysters (Gibbs et al.,
2021a, 2021b). The impact on the egg lipidome in the Chinese clams was
reflected in the larval lipidome: larvae from low pH-exposed parents had
lower TG abundance and rapidly used these limited resources when
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exposed to low pH themselves (Xu et al., 2024b). In other studies, low
pH influences on bivalve eggs did not translate to offspring (Gibbs et al.,
2021b; Zhao et al., 2020), once again suggesting evolutionary and
acclimatory differences in transgenerational inheritance. The differing
results between our study and Xu et al. (2024b) may be due to the fact
that clams in the South China Sea do not regularly experience pH as low
as that experienced by clams in Puget Sound (Feely et al., 2010; Zhai
et al., 2014).

The clam egg lipidomes measured in this study were notably unim-
pacted by prolonged maternal exposure to low pH. In Manila clams from
the South China Sea, hundreds of lipids significantly changed abundance
in eggs from clams conditioned to low pH (Xu et al., 2024b); but, as
stated above, those clams may not have been adapted or acclimatized to
low pH conditions. Lipids play essential roles in oocyte and embryonic
development (e.g., Uzbekova et al., 2025), although most of these
research developments are from vertebrates. In mammals, there are
delicate balances among fatty acid quantities and ratios that influence
reproductive success and maturation (McKeegan and Sturmey, 2011).
The amount of docosahexaenoic acid (DHA) in red drum eggs de-
termines larval growth, survival and swimming speed, with results
suggesting that DHA plays an irreversible role in establishing metabolic
capacity in larvae (Perez and Fuiman, 2015). If lipids do play a role in
the transgenerational plasticity that we observed in the clam larvae from
low pH-primed parents, then it must involve exotic lipid species or
extremely subtle quantitative adjustments not detectable by our anal-
ysis. However, it is clear that maternal lipid provisioning of eggs was not
impacted by prolonged low pH exposure, laying a foundation for later
larval developmental success.

4.3.2. Maternal RNAs in low pH-primed eggs

To evaluate the Manila clam egg transcriptome broadly, we first
evaluated the proportion of transcripts derived from the mitochondrial
or nuclear genomes. Transcripts derived from the mitochondrial
genome, which includes 13 protein-coding genes, the 12S and 16S rRNA
and various tRNAs, were abundant with approximately half of the reads
mapping to mitochondrial loci. This is similar to mitochondrial tran-
script abundances reported in eggs of other species including sea urchin
(Cabrera et al., 1983), frogs (Dworkin et al., 1981) and fish (Kleppe
et al., 2012; Ma et al., 2019). The largest proportion of mitochondrial
reads mapped to the 16S ribosomal rRNA. The RNA-Seq libraries
employed Poly(A) retention, which aims to reduce the proportion of
reads mapping to rRNA, yet we found over 70% of the reads mapping to
mitochondrial transcripts are associated with the 16S rRNA locus.
Comparatively, less than 5% poly(A) selected reads mapped to rRNA in
trout eggs (Ma et al., 2019). This could be the result of high AT content
found in many molluscan mitochondrial genomes rendering the rRNA
“sticky” and challenging to purify using poly(A) enrichment (Adema,
2021). Interestingly, we found that low pH-priming had an effect on the
proportion of mitochondrial transcripts. Specifically, low pH-primed
eggs had a smaller proportion of reads mapping to mitochondrial loci.
Regulatory control of maternal RNA processing is complex (Winata and
Korzh, 2018) and it is unclear how the relative proportion of reads
mapping to mitochondrial transcripts would impact the clam embryos.
Complementary proteomic and mitochondrial DNA analyses could help
to shed light on whether these observations are due to translational
control or mitochondrial copy number variation and should be consid-
ered in future work.

To elucidate the mechanisms underpinning the improved growth and
survivorship observed in larvae from primed broodstock, a differential
expression analysis was performed on maternal transcripts. Similar to
the clam egg lipidome, we detected a relatively small shift in gene
expression between primed and ambient clams. Forty-eight genes were
differentially expressed between the two broodstock pH groups, only
0.4% of the entire sequenced egg transcriptome. These genes are from
functional categories such as metabolism, cell cycle and transcriptional
regulation. Even though the number of DEGs is small, these are all
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processes that are important for early embryonic development and their
effect size on embryonic and larval physiology may be relatively large
and play an important role in zygotic genome activation. Other studies
have varying results in the number of DEGs that may explain differences
in offspring performance, with 1904 genes correlated to D-larval
hatching rate in scallops (Pauletto et al., 2017) to 66 DEGs explaining
larval survivorship in zebrafish eggs (Cheung et al., 2019). Subtle
changes in gene expression can have significant impacts on physiology if
they have regulatory functions (e.g., Adrian-Kalchhauser et al., 2018
and references therein) and we propose genes among the 48 DEGs
detected here are instrumental in altering larval phenotype.

The cellular functions of metabolism, cell cycle, transcription and
translation are essential for progression of embryonic/larval develop-
ment and may be sensitive to low pH exposure (Gurr et al., 2022; Harry
and Zakas, 2024; Kim et al., 2020; Waite and Sorte, 2025). The changes
in gene expression in these functional categories suggest that low pH-
exposed Manila clam mothers alter the maternal mRNA in key path-
ways that allow for successful development in an environment that
would otherwise be damaging to calcifying larvae. These changes may
be an example of adaptive plasticity (Gotthard and Nylin, 1995) that
allows for AME and better larval fitness. Low pH impacts organismal
energy balance and changes in metabolic biomarkers are a common part
of the low pH response in larval life stages (e.g., Kelly et al., 2016;
Strader et al., 2020; Stumpp et al., 2011). These differentially expressed
maternal mRNAs may have primed larval metabolic pathways such that
they were better prepared for the metabolic shift necessary to thrive in
low pH conditions. Under low pH metabolic stress, larvae may more
quickly use their maternal lipid reserves (Xu et al., 2024b), but we saw
no evidence of depleted lipids over the 14 days of larval rearing. We did
not observe a change in egg surface area or lipidome between brood-
stock groups, suggesting that the total amount of lipids provisioned
between conditioning treatments were the same. Since the larvae grew
and survived well through day 14 post-fertilization, it is likely that these
maternally-derived transcripts successfully primed the larval metabolic
processes and physiology. Similarly, increased abundance of cell cycle
genes and proteins in eggs are associated with better larval growth and
development in other bivalves (Corporeau et al., 2012; Pauletto et al.,
2017). Zygotes and larvae grow rapidly, mitotically producing new cells
that differentiate into specialized tissues and structures essential for
growth and survival. The improved growth in larvae from low pH-
primed parents may have been supported by changes in expression of
cell cycle genes. Underlying all of these molecular changes would be
regulation of transcription and translation, producing the genes and
proteins necessary to drive forward cellular and organismal growth and
physiological processes. These regulatory pathways are environmentally
sensitive in gonad/gametes and are likely instrumental in transgenera-
tional plasticity. In Eastern oyster (Crassostrea virginica) gonad tissue,
low pH conditioning changed the epigenetic profile of genes in a way
that impacted the overall "transcriptional noise", although few DEGs
were detected (Venkataraman et al., 2024). Gene expression in offspring
of low pH-primed Sydney rock oysters had a different transcriptional
response to low pH than larvae from non-exposed parents (Goncalves
et al., 2016), suggesting different baseline physiology inherited from
primed parents. In round gobies, expression levels of maternal mRNA
involved in transcriptional regulation in early embryos were highly
influenced by maternal environmental experience (Adrian-Kalchhauser
et al., 2018). The authors suggest that this key regulatory change is
likely highly influential for early embryonic development. Further work
on embryonic and larval gene expression leading up to and past the
zygotic genome activation would clarify the role of these environmen-
tally sensitive maternal RNAs in determining later larval phenotype. It is
worth noting, that there may be other contributing factors to the phe-
notypes observed that should be considered moving forward, namely
investigating paternal contributions to offspring as the literature
strongly suggests sex-specific responses to low pH exposure (Kelly et al.,
2016; Lymbery et al., 2019; Padilla-Gamino et al., 2022; Venkataraman
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et al., 2024; Vihtakari et al., 2016).

4.3.3. Molecular signals underlie parental priming effects

Manila clam parents, and other marine bivalves, transfer a wide
range of molecules to their eggs and offspring and it is likely that some
combination of these transferred molecules underlie observed trans-
generational plasticity due to broodstock priming. In this study’s results,
we do not have a clear understanding of how mRNA or lipids play a role
in this maternal transfer of environmental memory, but the observed
subtle differences lay the groundwork for further exploration into
mechanisms underlying broodstock priming. Given the variability in
transgenerational response to low pH across studies of marine bivalves,
it may be possible that specific mechanisms of transfer vary by species.
Molecular mechanisms likely include some combination of epigenetic
factors, mRNA, proteins and lipids. In bivalves, DNA methylation pat-
terns are sensitive to low pH (Lim et al., 2021; Putnam et al., 2022;
Venkataraman et al.,, 2022, 2024) and environmentally sensitive
epigenetic marks can be heritable (X. Wang et al., 2023). In Eastern
oyster gonad tissue, there were few changes in gene expression between
low pH-exposed and control adults, similar to the current study; how-
ever, there were broadscale shifts in gonad DNA methylation and tran-
scriptional variation (Venkataraman et al., 2024), suggesting that the
mechanism of maternal effects may be highly influenced at the epige-
netic level. Inheritance of maternal proteins and mRNA can determine
quality of bivalve offspring (Corporeau et al., 2012; Pauletto et al.,
2017), and it is likely that some species/populations of bivalves see
changes in oocyte gene and protein expression under low pH conditions,
although this is understudied. Egg lipidome shifts in response to low pH
can be inherited by the next generation of larvae, likely impacting larval
performance (Xu et al., 2024b). Bivalve gonad microbiomes are sensitive
to low pH and can be inherited by offspring (Scanes et al., 2023;
Unzueta-Martinez et al., 2022). Microbiomes and their hosts interact
biochemically, exchange metabolites that can alter host and microbe
physiology. Synthesis of these different streams of evidence for under-
standing the mechanisms of broodstock priming that improves resilience
can help us identify species and populations that can thrive in low pH
conditions and that can be potentially leveraged to introduce greater
resilience into wide-ranging aquaculture programs.

5. Conclusions

The clear phenotypic difference in larvae from broodstock held at
low pH points to an environmental signal that is transferred from parent
to offspring that underlies a physiological change. Female invertebrates
provision their eggs with many molecular resources - lipids, maternal
RNAs, proteins, immune defense molecules, etc. (Chille et al., 2021;
Corporeau et al., 2012; Lee, 1974; Pauletto et al., 2017; L. Wang et al.,
2015; Xu et al., 2024b) - and the inheritance of a phenotype is likely
complex, involving multiple molecular pathways. In this study, some
combination of these inherited molecules leads to a robust phenotypic
response to low pH in larvae when Manila clam broodstock are exposed
to low pH. These results are promising for the local aquaculture industry
and hatcheries that have struggled with low pH-related production
roadblocks. Bivalve hatcheries in the Northeast Pacific are already
broadly implementing ocean acidification mitigation measures and
there is cautious interest in broodstock priming as an additional tool
(Lewis-Smith et al., 2025). Notably, growers reported that they would be
more likely to implement broodstock priming if there was documented
evidence of its benefits (Lewis-Smith et al., 2025). If growers have the
capability to lower, control, and monitor pCO2/pH during broodstock
conditioning, they would be able to implement the type of parental
priming described here. We would caution growers to ensure that their
bivalves are from a species and population that would benefit from low
pH priming as not all studies in this domain have yielded positive im-
pacts on offspring (see Section 4.2). Our results contribute to the
growing body of research on the mechanistic understanding of parental
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priming and positive carryover effects.
Data and code repository and DOI

NCBI (transcriptomics): NCBI SRA : PRJINA1289209

Panorama (lipidomics): https://panoramaweb.org/wAKAD2.url
reviewer351 @proteinms.net
https://github.com/emmats/Clam-OA-priming.

CRediT authorship contribution statement

Emma Timmins-Schiffman: Writing — original draft, Visualization,
Formal analysis, Data curation. Larken Root: Writing — original draft,
Investigation, Formal analysis. Ryan Crim: Writing — review & editing,
Methodology, Investigation, Conceptualization. Mollie A. Middleton:
Writing — review & editing, Investigation, Formal analysis. Megan M.
Ewing: Writing — original draft, Visualization, Formal analysis. Jacob
Winnikoff: Writing — review & editing, Visualization, Formal analysis.
Gracelyn Ham: Writing — review & editing, Investigation. Giles Goetz:
Writing - review & editing, Formal analysis. Steven Roberts: Writing —
original draft, Funding acquisition, Conceptualization. Mackenzie R.
Gavery: Writing — review & editing, Writing — original draft, Supervi-
sion, Project administration, Methodology, Investigation, Funding
acquisition, Formal analysis, Data curation, Conceptualization.

Funding Sources

This work was supported in part by the National Oceanic and At-
mospheric Administration’s Ocean Acidification Program (grant
#NRDD21408) to MG; a grant from Washington Sea Grant, University of
Washington, pursuant to National Oceanic and Atmospheric Adminis-
tration Award No. NA140AR4170078 to SBR; and funding from
Washington Ocean Acidification Center provided salary support for ETS.
The views expressed herein are those of the author(s) and do not
necessarily reflect the views of NOAA or any of its sub-agencies.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

We would like to acknowledge and thank the Puget Sound Restora-
tion Fund hatchery staff for providing animal husbandry support, Alexa
Romersa for guidance on Manila clam spawning protocols, Mike Riffle
for statistical support and Aster Earls for generating the map of the
experimental area. Laura Zelter and Brian Pratt assisted with creating
the portal for sharing the lipidomics data. Danijel Djukovic performed
the lipidomics mass spectrometry.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.aquaculture.2025.743388.

Data availability
All data are available in public repositories (e.g. NCBI, GitHub, etc)

References

Adema, C.M., 2021. Sticky problems: extraction of nucleic acids from molluscs. Philos.
Trans. R. Soc. B 376 (1825), 20200162. https://doi.org/10.1098/rstb.2020.0162.

Adrian-Kalchhauser, 1., Walser, J.-C., Schwaiger, M., Burkhardt-Holm, P., 2018. RNA
sequencing of early round goby embryos reveals that maternal experiences can shape


https://panoramaweb.org/wAKAD2.url
mailto:reviewer351@proteinms.net
https://github.com/emmats/Clam-OA-priming
https://doi.org/10.1016/j.aquaculture.2025.743388
https://doi.org/10.1016/j.aquaculture.2025.743388
https://doi.org/10.1098/rstb.2020.0162

E. Timmins-Schiffman et al.

the maternal RNA contribution in a wild vertebrate. BMC Evol. Biol. 18 (1), 34.
https://doi.org/10.1186/s12862-018-1132-2.

Altschul, S.F., Gish, W., Miller, W., Myers, E.W., Lipman, D.J., 1990. Basic local
alignment search tool. J. Mol. Biol. 215 (3), 403-410. https://doi.org/10.1016/
S0022-2836(05)80360-2.

Barton, A., Waldbusser, G.G., Feely, R.A., Weisberg, S.B., Newton, J.A., Hales, B.,
Cudd, S., Eudeline, B., Langdon, C.J., Jefferds, L., King, T., Suhrbier, A.,
McLaughlin, K., 2015. Impacts of coastal acidification on the Pacific Northwest
Shellfish industry and adaptation strategies implemented in response. Oceanography
28 (2), 146-159.

Benjamini, Y., Hochberg, Y., 1995. Controlling the false discovery rate: a practical and
powerful approach to multiple testing. J. R. Stat. Soc. Ser. B Methodol. 57 (1),
289-300. https://doi.org/10.1111/j.2517-6161.1995.tb02031.x.

Benkendorff, K., Davis, A.R., Rogers, C.N., Bremner, J.B., 2005. Free fatty acids and
sterols in the benthic spawn of aquatic molluscs, and their associated antimicrobial
properties. J. Exp. Mar. Biol. Ecol. 316 (1), 29-44. https://doi.org/10.1016/j.
jembe.2004.10.001.

Bianchini, A., Wood, C.M., 2003. Mechanism of acute silver toxicity in Daphnia magna.
Environ. Toxicol. Chem. 22 (6), 1361-1367. https://doi.org/10.1002/
etc.5620220624.

Cabrera, C.V., Jacobs, H.T., Posakony, J.W., Grula, J.W., Roberts, J.W., Britten, R.J.,
Davidson, E.H., 1983. Transcripts of three mitochondrial genes in the RNA of sea
urchin eggs and embryos. Dev. Biol. 97 (2), 500-505. https://doi.org/10.1016/
0012-1606(83)90107-0.

Chan, C.Y., Wang, W.-X., 2018. A lipidomic approach to understand copper resilience in
oyster Crassostrea hongkongensis. Aquat. Toxicol. 204, 160-170. https://doi.org/
10.1016/j.aquatox.2018.09.011.

Cheung, C.T., Nguyen, T., Le Cam, A., Patinote, A., Journot, L., Reynes, C., Bobe, J.,
2019. What makes a bad egg? Egg transcriptome reveals dysregulation of
translational machinery and novel fertility genes important for fertilization. BMC
Genomics 20 (1), 584. https://doi.org/10.1186/512864-019-5930-8.

Chille, E., Strand, E., Neder, M., Schmidt, V., Sherman, M., Mass, T., Putnam, H., 2021.
Developmental series of gene expression clarifies maternal mRNA provisioning and
maternal-to-zygotic transition in a reef-building coral. BMC Genomics 22 (1), 815.
https://doi.org/10.1186/5s12864-021-08114-y.

Cooley, S.R., Cheney, J.E., Kelly, R.P., Allison, E.H., 2017. Ocean acidification and
Pacific oyster larval failures in the Pacific Northwest United States. In: Global
Change in Marine Systems. Routledge.

Corporeau, C., Vanderplancke, G., Boulais, M., Suquet, M., Quéré, C., Boudry, P.,
Huvet, A., Madec, S., 2012. Proteomic identification of quality factors for oocytes in
the Pacific oyster Crassostrea gigas. J. Proteome 75 (18), 5554-5563. https://doi.org/
10.1016/j.jprot.2012.07.040.

Diaz, R., Lardies, M.A., Tapia, F.J., Tarifeno, E., Vargas, C.A., 2018. Transgenerational
effects of pCO2-driven ocean acidification on adult mussels mytilus chilensis
modulate physiological response to multiple stressors in Larvae. Front. Physiol. 9.
https://doi.org/10.3389/fphys.2018.01349.

Dickson, A.G., Sabine, C.L., Christian, J.R., 2007. Guide to Best Practices for Ocean CO2
Measurements.

Drummond, L., Mulcahy, M., Culloty, S., 2006. The reproductive biology of the Manila
clam, Ruditapes philippinarum, from the North-West of Ireland. Aquaculture 254 (1),
326-340. https://doi.org/10.1016/j.aquaculture.2005.10.052.

Dworkin, M.B., Dworkin-Rastl, E., 1990. Functions of maternal mRNA in early
development. Mol. Reprod. Dev. 26 (3), 261-297. https://doi.org/10.1002/
mrd.1080260310.

Dworkin, M.B., Kay, B.K., Hershey, J.W.B., Dawid, I.B., 1981. Mitochondrial RNAs are
abundant in the poly(A)+RNA population of early frog embryos. Dev. Biol. 86 (2),
502-504. https://doi.org/10.1016,/0012-1606(81)90208-6.

Eads, A.R., Kennington, W.J., Evans, J.P., 2016. Interactive effects of ocean warming and
acidification on sperm motility and fertilization in the mussel Mytilus
galloprovincialis. Mar. Ecol. Prog. Ser. 562, 101-111. https://doi.org/10.3354/
meps11944.

Esposito, M.C., Boni, R., Cuccaro, A., Tosti, E., Gallo, A., 2020. Sperm motility
impairment in free spawning invertebrates under near-future level of ocean
acidification: uncovering the mechanism. Front. Mar. Sci. 6. https://doi.org/
10.3389/fmars.2019.00794.

Feely, R.A., Alin, S.R., Newton, J., Sabine, C.L., Warner, M., Devol, A., Krembs, C.,
Maloy, C., 2010. The combined effects of ocean acidification, mixing, and respiration
on pH and carbonate saturation in an urbanized estuary. Estuar. Coast. Shelf Sci. 88
(4), 442-449. https://doi.org/10.1016/j.ecss.2010.05.004.

Frieder, C.A., Applebaum, S.L., Pan, T.-C.F., Hedgecock, D., Manahan, D.T., 2017.
Metabolic cost of calcification in bivalve larvae under experimental ocean
acidification. ICES J. Mar. Sci. 74 (4), 941-954. https://doi.org/10.1093/icesjms/
fsw213.

Fruttero, L.L., Leyria, J., Canavoso, L.E., 2017. Lipids in insect oocytes: from the storage
pathways to their multiple functions. In: Kloc, M. (Ed.), Oocytes: Maternal
Information and Functions. Springer International Publishing, pp. 403-434. https://
doi.org/10.1007/978-3-319-60855-6_18.

Gattuso, J.-P., Epitalon, J.-M., Lavigne, H., Orr, J., 2021. seacarb: Seawater Carbonate
Chemistry. R Package Version 3.3.0. http://CRAN.R-project.org/package=seacarb.

Gavery, M.R., Roberts, S.B., 2017. Epigenetic considerations in aquaculture. PeerJ 5,
e4147. https://doi.org/10.7717 /peerj.4147.

George, M.N., Cattau, O., Middleton, M.A., Lawson, D., Vadopalas, B., Gavery, M.,
Roberts, S.B., 2023. Triploid Pacific oysters exhibit stress response dysregulation and
elevated mortality following heatwaves. Glob. Chang. Biol. 29 (24), 6969-6987.
https://doi.org/10.1111/gcb.16880.

14

Aquaculture 613 (2026) 743388

Gibbs, M.C., Parker, L.M., Scanes, E., Byrne, M., O’Connor, W.A., Ross, P.M., 2021a.
Adult exposure to ocean acidification and warming leads to limited beneficial
responses for oyster larvae. ICES J. Mar. Sci. 78 (6), 2017-2030. https://doi.org/
10.1093/icesjms/fsab071.

Gibbs, M.C., Parker, L.M., Scanes, E., Byrne, M., O’Connor, W.A., Ross, P.M., 2021b.
Adult exposure to ocean acidification and warming remains beneficial for oyster
larvae following starvation. ICES J. Mar. Sci. 78 (5), 1587-1598. https://doi.org/
10.1093/icesjms/fsab066.

Ginther, S.C., Cameron, H., White, C.R., Marshall, D.J., 2024. Metabolic loads and the
costs of metazoan reproduction. Science 384 (6697), 763-767. https://doi.org/
10.1126/science.adk6772.

Goncalves, P., Anderson, K., Thompson, E.L., Melwani, A., Parker, L.M., Ross, P.M.,
Raftos, D.A., 2016. Rapid transcriptional acclimation following transgenerational
exposure of oysters to ocean acidification. Mol. Ecol. 25 (19), 4836-4849. https://
doi.org/10.1111/mec.13808.

Gotthard, K., Nylin, S., 1995. Adaptive plasticity and plasticity as an adaptation: a
selective review of plasticity in animal morphology and life history. Oikos 74 (1),
3-17. https://doi.org/10.2307/3545669.

Green, T.J., Helbig, K., Speck, P., Raftos, D.A., 2016. Primed for success: oyster parents
treated with poly(I:C) produce offspring with enhanced protection against Ostreid
herpesvirus type I infection. Mol. Immunol. 78, 113-120. https://doi.org/10.1016/j.
molimm.2016.09.002.

Griffith, A.W., Gobler, C.J., 2017. Transgenerational exposure of North Atlantic bivalves
to ocean acidification renders offspring more vulnerable to low pH and additional
stressors. Sci. Rep. 7 (1), 11394. https://doi.org/10.1038/s41598-017-11442-3.

Guurr, S.J., Trigg, S.A., Vadopalas, B., Roberts, S.B., Putnam, H.M., 2022. Acclimatory
gene expression of primed clams enhances robustness to elevated pCO2. Mol. Ecol.
31 (19), 5005-5023. https://doi.org/10.1111/mec.16644.

Harry, N.D., Zakas, C., 2024. The role of heterochronic gene expression and regulatory
architecture in early developmental divergence. eLife 13, RP93062. https://doi.org/
10.7554/eLife.93062.

Helm, M.M., Bourne, N., Lovatelli, A., 2004 (comp./ed.). Hatchery Culture of Bivalves. A
Practical Manual. FAO Fisheries Technical Paper. No. 471. Rome, FAO, p. 177.

Hilborn, R., Banobi, J., Hall, S.J., Pucylowski, T., Walsworth, T.E., 2018. The
environmental cost of animal source foods. Front. Ecol. Environ. 16 (6), 329-335.
https://doi.org/10.1002/fee.1822.

Huang, D.W., Sherman, B.T., Lempicki, R.A., 2009a. Systematic and integrative analysis
of large gene lists using DAVID bioinformatics resources. Nat. Protoc. 4 (1), 44-57.
https://doi.org/10.1038/nprot.2008.211.

Huang, D.W., Sherman, B.T., Zheng, X., Yang, J., Imamichi, T., Stephens, R., Lempicki, R.
A., 2009b. Extracting biological meaning from large gene lists with DAVID. Curr.
Protoc. Bioinformatics 27 (1). https://doi.org/10.1002/0471250953.bi1311s27,
13.11.1-13.11.13.

Imbs, A.B., Ermolenko, E.V., Grigorchuk, V.P., Sikorskaya, T.V., Velansky, P.V., 2021.
Current progress in lipidomics of marine invertebrates. Marine Drugs 19 (12).
https://doi.org/10.3390/md19120660. Article 12.

Jiang, X., Li, Y., Xu, Y., Luo, X., Liu, Y., Zhao, L., 2023. Sex-specific responses of Ruditapes
philippinarum to ocean acidification following gonadal maturation. Mar. Environ.
Res. 192, 106235. https://doi.org/10.1016/j.marenvres.2023.106235.

Kelly, M.W., Padilla-Gamino, J.L., Hofmann, G.E., 2016. High pCO2 affects body size, but
not gene expression in larvae of the California mussel (Mytilus californianus). ICES J.
Mar. Sci. 73 (3), 962-969. https://doi.org/10.1093/icesjms/fsv184.

Khan, R., Jiang, X., Hameed, U., Shi, Q., 2021. Role of Lipid Metabolism and Signaling in
Mammalian Oocyte Maturation, Quality, and Acquisition of Competence. Front. Cell
Dev. Biol. 9. https://doi.org/10.3389/fcell.2021.639704.

Kim, C.-H., Kim, E.J., Seo, C., Nam, Y.K., 2020. Transcriptome analysis of maternal gene
transcripts in unfertilized eggs of misgurnus anguillicaudatus and Identification of
immune-related maternal genes. Int. J. Mol. Sci. 21 (11). https://doi.org/10.3390/
ijms21113872. Article 11.

Kite-Powell, H.L., Rubino, Michael C., Morehead, B., 2013. The future of U.S. seafood
supply. Aquac. Econ. Manag. 17 (3), 228-250. https://doi.org/10.1080/
13657305.2013.812691.

Kleppe, L., Edvardsen, R.B., Kuhl, H., Malde, K., Furmanek, T., Drivenes, @.,
Reinhardt, R., Taranger, G.L., Wargelius, A., 2012. Maternal 3’UTRs: from egg to
onset of zygotic transcription in Atlantic cod. BMC Genomics 13 (1), 443. https://
doi.org/10.1186/1471-2164-13-443.

Kolde, R., 2019. _pheatmap: Pretty Heatmaps_. R package version 1.0.12. https://CRAN.
R-project.org/package=pheatmap.

Kroeker, K.J., Kordas, R.L., Crim, R.N., Singh, G.G., 2010. Meta-analysis reveals negative
yet variable effects of ocean acidification on marine organisms. Ecol. Lett. 13 (11),
1419-1434. https://doi.org/10.1111/j.1461-0248.2010.01518.x.

Laudicella, V.A., Carboni, S., Whitfield, P.D., Doherty, M.K., Hughes, A.D., 2023. Sexual
dimorphism in the gonad lipidome of blue mussels (Mytilus sp.): New insights from a
global lipidomics approach. Comp. Biochem. Physiol. Part D 48, 101150. https://
doi.org/10.1016/j.cbd.2023.101150.

Lee, R.F., 1974. Lipid composition of the copepod Calanus hyperboreas from the Arctic
Ocean. Changes with depth and season. Mar. Biol. 26 (4), 313-318. https://doi.org/
10.1007/BF00391515.

Leinbach, S.E., Speare, K.E., Rossin, A.M., Holstein, D.M., Strader, M.E., 2021. Energetic
and reproductive costs of coral recovery in divergent bleaching responses. Sci. Rep.
11 (1), 23546. https://doi.org/10.1038/541598-021-02807-w.

Lewis-Smith, C., Norman, K., Root, L., Crim, R., Roberts, S., Gavery, M., 2025. Navigating
ocean acidification in shellfish aquaculture: Stakeholder perspectives of developing
strategies in the U.S. Pacific Region. Aquac. Rep. 42, 102858. https://doi.org/
10.1016/j.aqrep.2025.102858.


https://doi.org/10.1186/s12862-018-1132-2
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1016/S0022-2836(05)80360-2
http://refhub.elsevier.com/S0044-8486(25)01274-8/rf0020
http://refhub.elsevier.com/S0044-8486(25)01274-8/rf0020
http://refhub.elsevier.com/S0044-8486(25)01274-8/rf0020
http://refhub.elsevier.com/S0044-8486(25)01274-8/rf0020
http://refhub.elsevier.com/S0044-8486(25)01274-8/rf0020
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1016/j.jembe.2004.10.001
https://doi.org/10.1016/j.jembe.2004.10.001
https://doi.org/10.1002/etc.5620220624
https://doi.org/10.1002/etc.5620220624
https://doi.org/10.1016/0012-1606(83)90107-0
https://doi.org/10.1016/0012-1606(83)90107-0
https://doi.org/10.1016/j.aquatox.2018.09.011
https://doi.org/10.1016/j.aquatox.2018.09.011
https://doi.org/10.1186/s12864-019-5930-8
https://doi.org/10.1186/s12864-021-08114-y
http://refhub.elsevier.com/S0044-8486(25)01274-8/rf0060
http://refhub.elsevier.com/S0044-8486(25)01274-8/rf0060
http://refhub.elsevier.com/S0044-8486(25)01274-8/rf0060
https://doi.org/10.1016/j.jprot.2012.07.040
https://doi.org/10.1016/j.jprot.2012.07.040
https://doi.org/10.3389/fphys.2018.01349
http://refhub.elsevier.com/S0044-8486(25)01274-8/rf0075
http://refhub.elsevier.com/S0044-8486(25)01274-8/rf0075
https://doi.org/10.1016/j.aquaculture.2005.10.052
https://doi.org/10.1002/mrd.1080260310
https://doi.org/10.1002/mrd.1080260310
https://doi.org/10.1016/0012-1606(81)90208-6
https://doi.org/10.3354/meps11944
https://doi.org/10.3354/meps11944
https://doi.org/10.3389/fmars.2019.00794
https://doi.org/10.3389/fmars.2019.00794
https://doi.org/10.1016/j.ecss.2010.05.004
https://doi.org/10.1093/icesjms/fsw213
https://doi.org/10.1093/icesjms/fsw213
https://doi.org/10.1007/978-3-319-60855-6_18
https://doi.org/10.1007/978-3-319-60855-6_18
http://CRAN.R-project.org/package=seacarb
https://doi.org/10.7717/peerj.4147
https://doi.org/10.1111/gcb.16880
https://doi.org/10.1093/icesjms/fsab071
https://doi.org/10.1093/icesjms/fsab071
https://doi.org/10.1093/icesjms/fsab066
https://doi.org/10.1093/icesjms/fsab066
https://doi.org/10.1126/science.adk6772
https://doi.org/10.1126/science.adk6772
https://doi.org/10.1111/mec.13808
https://doi.org/10.1111/mec.13808
https://doi.org/10.2307/3545669
https://doi.org/10.1016/j.molimm.2016.09.002
https://doi.org/10.1016/j.molimm.2016.09.002
https://doi.org/10.1038/s41598-017-11442-3
https://doi.org/10.1111/mec.16644
https://doi.org/10.7554/eLife.93062
https://doi.org/10.7554/eLife.93062
http://refhub.elsevier.com/S0044-8486(25)01274-8/rf0180
http://refhub.elsevier.com/S0044-8486(25)01274-8/rf0180
https://doi.org/10.1002/fee.1822
https://doi.org/10.1038/nprot.2008.211
https://doi.org/10.1002/0471250953.bi1311s27
https://doi.org/10.3390/md19120660
https://doi.org/10.1016/j.marenvres.2023.106235
https://doi.org/10.1093/icesjms/fsv184
https://doi.org/10.3389/fcell.2021.639704
https://doi.org/10.3390/ijms21113872
https://doi.org/10.3390/ijms21113872
https://doi.org/10.1080/13657305.2013.812691
https://doi.org/10.1080/13657305.2013.812691
https://doi.org/10.1186/1471-2164-13-443
https://doi.org/10.1186/1471-2164-13-443
https://CRAN.R-project.org/package=pheatmap
https://CRAN.R-project.org/package=pheatmap
https://doi.org/10.1111/j.1461-0248.2010.01518.x
https://doi.org/10.1016/j.cbd.2023.101150
https://doi.org/10.1016/j.cbd.2023.101150
https://doi.org/10.1007/BF00391515
https://doi.org/10.1007/BF00391515
https://doi.org/10.1038/s41598-021-02807-w
https://doi.org/10.1016/j.aqrep.2025.102858
https://doi.org/10.1016/j.aqrep.2025.102858

E. Timmins-Schiffman et al.

Lim, Y.-K., Cheung, K., Dang, X., Roberts, S.B., Wang, X., Thiyagarajan, V., 2021. DNA
methylation changes in response to ocean acidification at the time of larval
metamorphosis in the edible oyster, Crassostrea hongkongensis. Mar. Environ. Res.
163, 105214. https://doi.org/10.1016/j.marenvres.2020.105214.

Liu, Z., Zhao, M., Wang, X., Li, C., Liu, Z., Shen, X., Zhou, D., 2022. Investigation of
oyster Crassostrea gigas lipid profile from three sea areas of China based on non-
targeted lipidomics for their geographic region traceability. Food Chem. 386,
132748. https://doi.org/10.1016/j.foodchem.2022.132748.

Love, M., Huber, W., Anders, S., 2014. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol. 15 (12), 550. https://doi.
org/10.1186/513059-014-0550-8.

Lymbery, R.A., Kennington, W.J., Cornwall, C.E., Evans, J.P., 2019. Ocean acidification
during prefertilization chemical communication affects sperm success. Ecol. Evol. 9
(21), 12302-12310. https://doi.org/10.1002/ece3.5720.

Ma, H., Martin, K., Dixon, D., Hernandez, A.G., Weber, G.M., 2019. Transcriptome
analysis of egg viability in rainbow trout, Oncorhynchus mykiss. BMC Genomics 20
(1), 319. https://doi.org/10.1186/5s12864-019-5690-5.

MacLean, B., Tomazela, D.M., Shulman, N., Chambers, M., Finney, G.L., Frewen, B.,
Kern, R., Tabb, D.L., Liebler, D.C., MacCoss, M.J., 2010. Skyline: An open source
document editor for creating and analyzing targeted proteomics experiments.
Bioinformatics 26 (7), 966-968. https://doi.org/10.1093/bioinformatics/btq054.

Marshall, J.D., Uller, T., 2007. When is a maternal effect adaptive? Oikos 116 (12),
1957-1963. https://doi.org/10.1111/j.2007.0030-1299.16203.x.

McCormick, S.D., 1993. Methods for nonlethal gill biopsy and measurement of Na+, K+-
ATPase activity. Can. J. Fish. Aquat. Sci. 50 (3), 656-658. https://doi.org/10.1139/
f93-075.

McKeegan, P.J., Sturmey, R.G., 2011. The role of fatty acids in oocyte and early embryo
development. Reprod. Fertil. Dev. 24 (1), 59-67. https://doi.org/10.1071/
RD11907.

Mostafa, S., Nader, N., Machaca, K., 2022. Lipid signaling during gamete maturation.
Front. Cell Dev. Biol. 10. https://doi.org/10.3389/fcell.2022.814876.

Neylan, I.P., Swezey, D.S., Boles, S.E., Gross, J.A,, Sih, A., Stachowicz, J.J., 2024. Within-
and transgenerational stress legacy effects of ocean acidification on red abalone
(Haliotis rufescens) growth and survival. Glob. Chang. Biol. 30 (1), e17048. https://
doi.org/10.1111/gcb.17048.

Oksanen, J., Simpson, G., Blanchet, F., Kindt, R., Legendre, P., Minchin, P., O’Hara, R.,
Solymos, P., Stevens, M., Szoecs, E., Wagner, H., Barbour, M., Bedward, M.,
Bolker, B., Borcard, D., Carvalho, G., Chirico, M., De Caceres, M., Durand, S.,
Evangelista, H., FitzJohn, R., Friendly, M., Furneaux, B., Hannigan, G., Hill, M.,
Lahti, L., McGlinn, D., Ouellette, M., Ribeiro Cunha, E., Smith, T., Stier, A., Ter
Braak, C., Weedon, J., 2024. _vegan: Community Ecology Package_. R Package
Version 2.6-8. https://CRAN.R-project.org/package=vegan.

Padilla-Gamino, J.L., Alma, L., Spencer, L.H., Venkataraman, Y.R., Wessler, L., 2022.
Ocean acidification does not overlook sex: review of understudied effects and
implications of low pH on marine invertebrate sexual reproduction. Front. Mar. Sci.
9. https://doi.org/10.3389/fmars.2022.977754.

Palombo, C., Chiarore, A., Ciscato, M., Asnicar, D., Mirasole, A., Fabbrizzi, E.,

Teixidd, N., Munari, M., 2023. Thanks mum. Maternal effects in response to ocean
acidification of sea urchin larvae at different ecologically relevant temperatures.
Mar. Pollut. Bull. 188, 114700. https://doi.org/10.1016/j.marpolbul.2023.114700.

Parker, L.M., Ross, P.M., O’Connor, W.A., Borysko, L., Raftos, D.A., Portner, H.-O., 2012.
Adult exposure influences offspring response to ocean acidification in oysters. Glob.
Chang. Biol. 18 (1), 82-92. https://doi.org/10.1111/j.1365-2486.2011.02520.x.

Parker, L.M., O’Connor, W.A., Raftos, D.A., Portner, H.-O., Ross, P.M., 2015. Persistence
of positive carryover effects in the oyster, saccostrea glomerata, following
transgenerational exposure to ocean acidification. PLoS One 10 (7), e0132276.
https://doi.org/10.1371/journal.pone.0132276.

Pauletto, M., Milan, M., Huvet, A., Corporeau, C., Suquet, M., Planas, J.V., Moreira, R.,
Figueras, A., Novoa, B., Patarnello, T., Bargelloni, L., 2017. Transcriptomic features
of Pecten maximus oocyte quality and maturation. PLoS One 12 (3), e0172805.
https://doi.org/10.1371/journal.pone.0172805.

Perez, K.O., Fuiman, L.A., 2015. Maternal diet and larval diet influence survival skills of
larval red drum Sciaenops ocellatus. J. Fish Biol. 86 (4), 1286-1304. https://doi.
org/10.1111/jb.12637.

Peterson, R.A., 2021. Finding optimal normalizing transformations via bestNormalize.
R J. 13 (1), 310-329. https://doi.org/10.32614/RJ-2021-041.

Pinheiro, J., Bates, D., 2000. Mixed-Effects Models in S and S-PLUS. Springer Science &
Business Media.

Pinheiro, J., Bates, D., R Core Team, 2024. _nlme: Linear and Nonlinear Mixed Effects
Models_. R Package Version 3.1-166. https://CRAN.R-project.org/package=nlme.

Putnam, H.M., Trigg, S.A., White, S.J., Spencer, L.H., Vadopalas, B., Natarajan, A.,
Hetzel, J., Jaeger, E., Soohoo, J., Gallardo-Escarate, C., Goetz, F.W., Roberts, S.B.,
2022. Dynamic DNA methylation contributes to carryover effects and beneficial
acclimatization in geoduck clams, 2022.06.24.497506 bioRxiv. https://doi.org/
10.1101/2022.06.24.497506.

Ritchie, M.E., Phipson, B., Wu, D., Hu, Y., Law, C.W., Shi, W., Smyth, G.K., 2015. Limma
powers differential expression analyses for RNA-sequencing and microarray studies.
Nucleic Acids Res. 43 (7), e47.

Scanes, E., Ross, P.M., Seymour, J.R., Siboni, N., Dove, M.C., O’Connor, W.A., Dittes, C.,
Parker, L.M., 2023. Transgenerational transfer of the microbiome is altered by ocean
acidification in oyster larvae. Aquaculture 565, 739153. https://doi.org/10.1016/j.
aquaculture.2022.739153.

Sharma, V., Eckels, J., Taylor, G.K., Shulman, N.J., Stergachis, A.B., Joyner, S.A., Yan, P.,
Whiteaker, J.R., Halusa, G.N., Schilling, B., Gibson, B.W., Colangelo, C.M.,
Paulovich, A.G., Carr, S.A., Jaffe, J.D., MacCoss, M.J., MacLean, B., 2014. Panorama:

15

Aquaculture 613 (2026) 743388

a targeted proteomics knowledge base. J. Proteome Res. 13 (9), 4205-4210. https://
doi.org/10.1021/pr5006636.

Sharma, V., Eckels, J., Schilling, B., Ludwig, C., Jaffe, J.D., MacCoss, M.J., MacLean, B.,
2018. Panorama public: a public repository for quantitative data sets processed in
skyline*. Mol. Cell. Proteomics 17 (6), 1239-1244. https://doi.org/10.1074/mcp.
RA117.000543.

Shi, W., Zhao, Xinguo, Han, Yu, Guo, Cheng, Liu, Saixi, Su, Wenhao, Wang, Yichen,
Zha, Shanjie, Chai, Xueliang, Fu, Wandong, Yang, Huicheng, Liu, G., 2017. Effects of
reduced pH and elevated pCO2 on sperm motility and fertilisation success in blood
clam, Tegillarca granosa. N. Z. J. Mar. Freshw. Res. 51 (4), 543-554. https://doi.
org/10.1080,/00288330.2017.1296006.

Spencer, L.H., Venkataraman, Y.R., Crim, R., Ryan, S., Horwith, M.J., Roberts, S.B.,
2020. Carryover effects of temperature and pCO2 across multiple Olympia oyster
populations. Ecol. Appl. 30 (3), e02060. https://doi.org/10.1002/eap.2060.

Strader, M.E., Wong, J.M., Hofmann, G.E., 2020. Ocean acidification promotes broad
transcriptomic responses in marine metazoans: a literature survey. Front. Zool. 17
(1), 7. https://doi.org/10.1186/s12983-020-0350-9.

Stumpp, M., Dupont, S., Thorndyke, M.C., Melzner, F., 2011. CO2 induced seawater
acidification impacts sea urchin larval development II: GENE expression patterns in
pluteus larvae. Comp. Biochem. Physiol. A Mol. Integr. Physiol. 160 (3), 320-330.
https://doi.org/10.1016/j.cbpa.2011.06.023.

Su, B., Bettcher, L.F., Hsieh, W.-Y., Hornburg, D., Pearson, M.J., Blomberg, N., Giera, M.,
Snyder, M.P., Raftery, D., Bensinger, S.J., Williams, K.J., 2021. A DMS shotgun
lipidomics workflow application to facilitate high-throughput, comprehensive
lipidomics. J. Am. Soc. Mass Spectrom. 32 (11), 2655-2663. https://doi.org/
10.1021/jasms.1c00203.

Suckling, C.C., Clark, M.S., Richard, J., Morley, S.A., Thorne, M.A.S., Harper, E.M.,
Peck, L.S., 2015. Adult acclimation to combined temperature and pH stressors
significantly enhances reproductive outcomes compared to short-term exposures.

J. Anim. Ecol. 84 (3), 773-784. https://doi.org/10.1111/1365-2656.12316.

Tadros, W., Lipshitz, H.D., 2009. The maternal-to-zygotic transition: a play in two acts.
Development (Cambridge, England) 136 (18), 3033-3042. https://doi.org/10.1242/
dev.033183.

Thomsen, J., Stapp, L.S., Haynert, K., Schade, H., Danelli, M., Lannig, G., Wegner, K.M.,
Melzner, F., 2017. Naturally acidified habitat selects for ocean acidification-tolerant
mussels. Sci. Adv. 3 (4), e1602411. https://doi.org/10.1126/sciadv.1602411.

Timmins-Schiffman, E., O’Donnell, M.J., Friedman, C.S., Roberts, S.B., 2013. Elevated
pCO2 causes developmental delay in early larval Pacific oysters, Crassostrea gigas.
Mar. Biol. 160 (8), 1973-1982. https://doi.org/10.1007/500227-012-2055-x.

Timmins-Schiffman, E., Guzman, J.M., Elliott Thompson, R., Vadopalas, B., Eudeline, B.,
Roberts, S.B., 2020. Dynamic response in the larval geoduck (Panopea generosa)
proteome to elevated pCO2. Ecol. Evol. 10 (1), 185-197. https://doi.org/10.1002/
ece3.5885.

Unzueta-Martinez, A., Scanes, E., Parker, L.M., Ross, P.M., O’Connor, W., Bowen, J.L.,
2022. Microbiomes of the Sydney Rock Oyster are acquired through both vertical
and horizontal transmission. Anim. Microbiome 4 (1), 32. https://doi.org/10.1186/
$42523-022-00186-9.

Uzbekova, S., Bertevello, P.S., Dalbies-Tran, R., Elis, S., Labas, V., Monget, P., Teixeira-
Gomes, A.-P., 2025. Metabolic Exchanges between the Oocyte and its Environment:
Focus on Lipids. Retrieved June 4, 2025, from. https://www.publish.csiro.au/r
d/RD21249.

Venables, W.N., Ripley, B.D., 2002. Modern Applied Statistics with S, Fourth edition.
Springer, New York. ISBN 0-387-95457-0.

Venkataraman, Y.R., Spencer, L.H., Roberts, S.B., 2019. Larval response to parental low
pH exposure in the Pacific Oyster Crassostrea gigas. J. Shellfish Res. 38 (3), 743-750.
https://doi.org/10.2983/035.038.0325.

Venkataraman, Y.R., White, S.J., Roberts, S.B., 2022. Differential DNA methylation in
Pacific oyster reproductive tissue in response to ocean acidification. BMC Genomics
23 (1), 556. https://doi.org/10.1186/512864-022-08781-5.

Venkataraman, Y.R., Huffmyer, A.S., White, S.J., Downey-Wall, A., Ashey, J., Becker, D.
M., Bengtsson, Z., Putnam, H.M., Strand, E., Rodriguez-Casariego, J.A.,
Wanamaker, S.A., Lotterhos, K.E., Roberts, S.B., 2024. DNA methylation correlates
with transcriptional noise in response to elevated pCO2 in the eastern oyster
(Crassostrea virginica). Environ. Epigenet. 10 (1), dvae018. https://doi.org/
10.1093/eep/dvae018.

Vihtakari, M., Hendriks, L.E., Holding, J., Renaud, P.E., Duarte, C.M., Havenhand, J.N.,
2013. Effects of ocean acidification and warming on sperm activity and early life
stages of the mediterranean mussel (Mytilus galloprovincialis). Water 5 (4). https://
doi.org/10.3390/w5041890. Article 4.

Vihtakari, M., Havenhand, J., Renaud, P.E., Hendriks, L.E., 2016. Variable individual-
and population- level responses to ocean acidification. Front. Mar. Sci. 3. https://
doi.org/10.3389/fmars.2016.00051.

Waite, H.R., Sorte, C.J.B., 2025. Characteristics of positive parental effects under
exposure to climate change in marine invertebrates. Aquat. Ecol. 59 (2), 509-521.
https://doi.org/10.1007/s10452-025-10177-y.

Wang, L., Yue, F., Song, X., Song, L., 2015. Maternal immune transfer in mollusc. Dev.
Comp. Immunol. 48 (2), 354-359. https://doi.org/10.1016/j.dci.2014.05.010.
Wang, X., Cong, R., Li, A., Wang, W., Zhang, G., Li, L., 2023. Transgenerational effects of
intertidal environment on physiological phenotypes and DNA methylation in Pacific

oysters. Sci. Total Environ. 871, 162112. https://doi.org/10.1016/j.
scitotenv.2023.162112.

Washington Sea Grant, 2015. Shellfish aquaculture in Washington State. In: Final Report
to the Washington State Legislature, p. 84.

Wehrtmann, 1.S., Graeve, M., 1998. Lipid composition and utilization in developing eggs
of two tropical marine caridean shrimps (Decapoda: Caridea: Alpheidae,


https://doi.org/10.1016/j.marenvres.2020.105214
https://doi.org/10.1016/j.foodchem.2022.132748
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1002/ece3.5720
https://doi.org/10.1186/s12864-019-5690-5
https://doi.org/10.1093/bioinformatics/btq054
https://doi.org/10.1111/j.2007.0030-1299.16203.x
https://doi.org/10.1139/f93-075
https://doi.org/10.1139/f93-075
https://doi.org/10.1071/RD11907
https://doi.org/10.1071/RD11907
https://doi.org/10.3389/fcell.2022.814876
https://doi.org/10.1111/gcb.17048
https://doi.org/10.1111/gcb.17048
https://CRAN.R-project.org/package=vegan
https://doi.org/10.3389/fmars.2022.977754
https://doi.org/10.1016/j.marpolbul.2023.114700
https://doi.org/10.1111/j.1365-2486.2011.02520.x
https://doi.org/10.1371/journal.pone.0132276
https://doi.org/10.1371/journal.pone.0172805
https://doi.org/10.1111/jfb.12637
https://doi.org/10.1111/jfb.12637
https://doi.org/10.32614/RJ-2021-041
http://refhub.elsevier.com/S0044-8486(25)01274-8/rf0360
http://refhub.elsevier.com/S0044-8486(25)01274-8/rf0360
https://CRAN.R-project.org/package=nlme
https://doi.org/10.1101/2022.06.24.497506
https://doi.org/10.1101/2022.06.24.497506
http://refhub.elsevier.com/S0044-8486(25)01274-8/rf0375
http://refhub.elsevier.com/S0044-8486(25)01274-8/rf0375
http://refhub.elsevier.com/S0044-8486(25)01274-8/rf0375
https://doi.org/10.1016/j.aquaculture.2022.739153
https://doi.org/10.1016/j.aquaculture.2022.739153
https://doi.org/10.1021/pr5006636
https://doi.org/10.1021/pr5006636
https://doi.org/10.1074/mcp.RA117.000543
https://doi.org/10.1074/mcp.RA117.000543
https://doi.org/10.1080/00288330.2017.1296006
https://doi.org/10.1080/00288330.2017.1296006
https://doi.org/10.1002/eap.2060
https://doi.org/10.1186/s12983-020-0350-9
https://doi.org/10.1016/j.cbpa.2011.06.023
https://doi.org/10.1021/jasms.1c00203
https://doi.org/10.1021/jasms.1c00203
https://doi.org/10.1111/1365-2656.12316
https://doi.org/10.1242/dev.033183
https://doi.org/10.1242/dev.033183
https://doi.org/10.1126/sciadv.1602411
https://doi.org/10.1007/s00227-012-2055-x
https://doi.org/10.1002/ece3.5885
https://doi.org/10.1002/ece3.5885
https://doi.org/10.1186/s42523-022-00186-9
https://doi.org/10.1186/s42523-022-00186-9
https://www.publish.csiro.au/rd/RD21249
https://www.publish.csiro.au/rd/RD21249
http://refhub.elsevier.com/S0044-8486(25)01274-8/rf0460
http://refhub.elsevier.com/S0044-8486(25)01274-8/rf0460
https://doi.org/10.2983/035.038.0325
https://doi.org/10.1186/s12864-022-08781-5
https://doi.org/10.1093/eep/dvae018
https://doi.org/10.1093/eep/dvae018
https://doi.org/10.3390/w5041890
https://doi.org/10.3390/w5041890
https://doi.org/10.3389/fmars.2016.00051
https://doi.org/10.3389/fmars.2016.00051
https://doi.org/10.1007/s10452-025-10177-y
https://doi.org/10.1016/j.dci.2014.05.010
https://doi.org/10.1016/j.scitotenv.2023.162112
https://doi.org/10.1016/j.scitotenv.2023.162112
http://refhub.elsevier.com/S0044-8486(25)01274-8/rf0505
http://refhub.elsevier.com/S0044-8486(25)01274-8/rf0505

E. Timmins-Schiffman et al.

Palaemonidae). Comp. Biochem. Physiol. B: Biochem. Mol. Biol. 121 (4), 457-463.
https://doi.org/10.1016/50305-0491(98)10141-4.

Winata, C.L., Korzh, V., 2018. The translational regulation of maternal mRNAs in time
and space. FEBS Lett. 592 (17), 3007-3023. https://doi.org/10.1002/1873-
3468.13183.

Xu, X., Yang, F., Zhao, L., Yan, X., 2016. Seawater acidification affects the physiological
energetics and spawning capacity of the Manila clam Ruditapes philippinarum during
gonadal maturation. Comp. Biochem. Physiol. A Mol. Integr. Physiol. 196, 20-29.
https://doi.org/10.1016/j.cbpa.2016.02.014.

Xu, Y., Luo, X., Masanja, F., Deng, Y., Zhao, L., 2024a. Transcriptomic insights into
cessation of clam embryonic development following transgenerational exposure to
ocean acidity extreme. Mar. Environ. Res. 198, 106561. https://doi.org/10.1016/].
marenvres.2024.106561.

Xu, Y., Lyu, S., Luo, X., Masanja, F., Deng, Y., Zhao, L., 2024b. Elucidating maternal
provisioning for bivalve larvae under ocean acidity extreme events. Mar. Environ.
Res. 202, 106752. https://doi.org/10.1016/j.marenvres.2024.106752.

Zagalsky, P.F., Cheesman, D.F., Ceccaldi, H.J., 1967. Studies on carotenoid-containing
lipoproteins isolated from the eggs and ovaries of certain marine invertebrates.
Comp. Biochem. Physiol. 22 (3), 851-871. https://doi.org/10.1016/0010-406X(67)
90777-3.

16

Aquaculture 613 (2026) 743388

Zaugg, W.S., 1982. A simplified preparation for adenosine triphosphatase determination
in gill tissue. Can. J. Fish. Aquat. Sci. 39 (1), 215-217. https://doi.org/10.1139/82-
027.

Zhai, W.-D., Zheng, N., Huo, C., Xu, Y., Zhao, H.-D., Li, Y.-W., Zang, K.-P., Wang, J.-Y.,
Xu, X.-M., 2014. Subsurface pH and carbonate saturation state of aragonite on the
Chinese side of the North Yellow Sea: seasonal variations and controls.
Biogeosciences 11 (4), 1103-1123. https://doi.org/10.5194/bg-11-1103-2014.

Zhao, L., Schone, B.R., Mertz-Kraus, R., Yang, F., 2017. Sodium provides unique insights
into transgenerational effects of ocean acidification on bivalve shell formation. Sci.
Total Environ. 577, 360-366. https://doi.org/10.1016/j.scitotenv.2016.10.200.

Zhao, L., Yang, F., Milano, S., Han, T., Walliser, E.O., Schone, B.R., 2018.
Transgenerational acclimation to seawater acidification in the Manila clam Ruditapes
philippinarum: Preferential uptake of metabolic carbon. Sci. Total Environ. 627,
95-103. https://doi.org/10.1016/j.scitotenv.2018.01.225.

Zhao, L., Liu, B., An, W., Deng, Y., Lu, Y., Liu, B., Wang, L., Cong, Y., Sun, X., 2019.
Assessing the impact of elevated pCO2 within and across generations in a highly
invasive fouling mussel (Musculista senhousia). Sci. Total Environ. 689, 322-331.
https://doi.org/10.1016/j.scitotenv.2019.06.466.

Zhao, L., Ly, Y., Yang, F., Liang, J., Deng, Y., 2020. Transgenerational biochemical effects
of seawater acidification on the Manila clam (Ruditapes philippinarum). Sci. Total
Environ. 710, 136420. https://doi.org/10.1016/j.scitotenv.2019.136420.


https://doi.org/10.1016/S0305-0491(98)10141-4
https://doi.org/10.1002/1873-3468.13183
https://doi.org/10.1002/1873-3468.13183
https://doi.org/10.1016/j.cbpa.2016.02.014
https://doi.org/10.1016/j.marenvres.2024.106561
https://doi.org/10.1016/j.marenvres.2024.106561
https://doi.org/10.1016/j.marenvres.2024.106752
https://doi.org/10.1016/0010-406X(67)90777-3
https://doi.org/10.1016/0010-406X(67)90777-3
https://doi.org/10.1139/f82-027
https://doi.org/10.1139/f82-027
https://doi.org/10.5194/bg-11-1103-2014
https://doi.org/10.1016/j.scitotenv.2016.10.200
https://doi.org/10.1016/j.scitotenv.2018.01.225
https://doi.org/10.1016/j.scitotenv.2019.06.466
https://doi.org/10.1016/j.scitotenv.2019.136420

	Mothers know best: Maternal signaling boosts larval resilience under ocean acidification conditions
	1 Introduction
	2 Materials and methods
	2.1 Experimental set up
	2.2 Seawater chemistry
	2.3 Broodstock
	2.3.1 Reproductive maturation assessment
	2.3.2 Gill ATPase activity
	2.3.3 Condition index
	2.3.4 Spawning and fertilization
	2.3.5 Egg size
	2.3.6 Egg lipidomics
	2.3.7 Egg transcriptomics

	2.4 Larvae
	2.4.1 Larval rearing and sampling
	2.4.2 Morphometrics
	2.4.3 Survival


	3 Results
	3.1 Seawater chemistry
	3.2 Broodstock
	3.2.1 Reproductive maturation
	3.2.2 Gill ATPase
	3.2.3 Body condition index
	3.2.4 Spawning
	3.2.5 Egg size
	3.2.6 Egg lipidomics
	3.2.7 Egg transcriptomics

	3.3 Larval development

	4 Discussion
	4.1 Adult broodstock clams were minimally impacted by low pH
	4.2 Parental priming improved larval performance at low pH
	4.3 Exploring mechanisms underlying positive effect of OA priming
	4.3.1 Lipidomic analysis of eggs
	4.3.2 Maternal RNAs in low pH-primed eggs
	4.3.3 Molecular signals underlie parental priming effects


	5 Conclusions
	Data and code repository and DOI
	CRediT authorship contribution statement
	Funding Sources
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	Data availability
	References


