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Cycles of heat exposure elevate
metabolic enzyme genes and
alters digestion in mussels

Grace Chan1, Andrew Y. Gracey2, Edwin Solares3,
Beck A. Wehrle1 and Kwasi M. Connor1*

1Department of Ecology and Evolutionary Biology, University of California, Irvine, Irvine,
CA, United States, 2Department of Biological Sciences, University of Southern California,
Los Angeles, CA, United States, 3Department of Evolution and Ecology, University of California, Davis,
Davis, CA, United States
The intertidal sea mussel Mytilus californianus inhabits the Pacific coastline of

North America. As a sessile organism it must cope with daily fluctuations of the

marine and terrestrial environments. Organisms in stressful environments are

commonly faced with energetic trade-offs between somatic and reproductive

growth and stress management. Although, this energetic theory is generally

accepted for mussels as well, the spectrum of mechanisms underlying this

framework have not been widely investigated. In the current study we

hypothesized that mussels acclimated to a cyclical moderately warm aerial

environment would display enhanced transcript abundance of genes related to

metabolism and exhibit resilient digestive enzyme activity (energy acquisition).

Following acclimation to simulated tidal regimes in the laboratory we observed

higher gene-expression of citrate synthase (CS), citrate lyase (ACLY), and

mammalian target of rapamycin (MTOR) in heat stressed mussels. The

expression of CS and MTOR was not elevated under acute thermal stress,

suggestive that repeated stress is required for robust expression of these

genes given that all other environmental variables are constant. We also

observed reduced activity of the digestive enzyme, amylase in heat-shocked

acclimated mussels (a proxy for energy acquisition). Our results suggest that

mussels that settle high on shore not only face the challenge of thermal stress

repair and limited access to food but may also be compromised by reduced

digestive performance. Mussels may have adapted to cyclical energetic stress by

overexpressing particular energy-related genes that canmitigate the disturbance

to energy balance once the abundant transcripts are translated into

functional proteins.
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Introduction

The intertidal sea mussel Mytilus californianus form reef-like

structures along the coastline of eastern Pacific shores from Baja

California to Aleutian Islands of Alaska. These ubiquitous

structures harbor hundreds of associated species and play an

important role within coastal food webs of this region. As a

sessile eurythermal marine ectotherm, M. californianus is exposed

to the aerial environment during low-tide periods making it

susceptible to thermal perturbations of physiological processes

(Hofmann and Somero, 1995; Yao and Somero, 2012). The risk

of environmental perturbation leading to injury or death of

individuals and population decline has risen in recent years due

to increasing average air-temperatures and more frequent extreme

events resulting from global climate change (Helmuth et al., 2011).

The 6th assessment from the Intergovernmental Panel on Climate

Change stated that marine ecosystems have been negatively

impacted by global climate change and environmental stress on

animals will increase in the future. Toward this end, heat waves

have decimated populations of mussels and associated invertebrates

along specific regions of shore, such as high-shore intertidal zones

lining the northwest coast of North America (Harley, 2008). Entire

mussel beds have disappeared (observed in Southern California

Bight), but extreme temperatures that occur acutely may not be the

sole reason for such losses (Smith et al., 2006). Therefore, in order to

finely predict how M. californianus will adjust to a changing

environment, it is imperative to understand how mussels perform

physiologically under aerial heat stress that causes sub-optimal

performance while still allowing for compensatory adjustments to

alleviate its impact (i.e. moderate versus extreme air-temperatures)

—based upon concepts in (Pörtner and Farrell, 2008).

Physiological performance of M. californianus under acute or

extreme temperature conditions in field and laboratory settings is

well documented in the context of cellular physiology, metabolism,

growth, and survival (Evans and Somero, 2010; Lockwood et al.,

2010; Tomanek and Zuzow, 2010; Wang et al., 2018). Evolutionary

processes allow organisms to respond to environmental change over

long timescales, while physiological plasticity is a mechanism that

yields performance over short-term fluctuations. Mussels and other

intertidal bivalves that are acclimatized, acclimated, or acutely

subjected to extreme temperatures display plastic phenotypes

such as valve closure, aerobic metabolic depression, heart failure,

and reduced feeding (Braby and Somero, 2006; Anestis et al., 2010;

Dowd and Somero, 2013; He et al., 2022). At the cellular level,

Mytilus spp. and other intertidal bivalves activate a molecular heat-

shock response (HSR) following the onset of extreme aerial thermal

stress—a function of temperature and time (Lockwood et al., 2010;

Tomanek and Zuzow, 2010). In this context, gene-expression

profiling is a tractable tool to monitor HSR temporally in bivalves

(Gracey et al., 2008; Connor and Gracey, 2020). Genes expressed

during extreme thermal conditions include those that synthesize

heat-shock proteins, chaperonins, anti-apoptosis proteins, and

more (Gracey et al., 2008; Payton et al., 2017; Connor and

Gracey, 2020). The spectrum of heat-shock genes function

together to stabilize proteins during protein-denaturing events

and participate in refolding processes during onset stress and/or
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recovery when optimal environmental conditions return, known

as proteostasis.

While some enzymes can resist damage at high temperatures

(e.g. at or above lethal temperatures) (Lockwood and Somero,

2012), critical enzymes negatively affected by extreme thermal

regimes either by destabilization or reduced gene-expression may

include those related to digestion of food particles in the gut —

digestive enzymes. For example, digestive enzyme activity in M.

edulis increases in vitro with temperature to some level of

denaturation then declines (Brock et al., 1986). This is considered

a critical enzymatic condition that can be partially predicted for

proteins through thermal deactivation experiments (Aymard and

Belarbi, 2000). Observations of digestive enzyme activity allows for

perception of energy acquisition strategies in facing environmental

fluctuations (German et al., 2015). Despite its importance for

optimal organismal performance, there are few studies focused on

the effects of moderate aerial warming on digestive enzyme activity.

To this point, a recent laboratory study showed lower carbohydrase

activity (amylase) in mussels acclimated four weeks to low-tide

moderate heat exposure (+9 °C) within a 12hr:12hr low-tide/high-

tide cycle (Pham et al., 2023). However, a field study revealed that

amylase activity in M. californianus was similar across

microhabitats that differed in temperature and food availability

(Connor et al., 2016). Therefore, further studies on environmental

modulation of digestive enzymes in intertidal mussels will enhance

our understanding of the impacts of environmental change on their

long-term ecological success, especially when studied in

conjunction with other phenotypes such as gene-expression.

While the behavior of HSR (protection) and the functional

performance of digestive enzymes (energy acquisition) under

extreme stress is somewhat predictable in mussels (i.e. robust

HSR gene activation and lower digestive enzyme performance)

(Khan et al., 2020), less is known about how these characteristics

vary in intensity and time, to maintain homeostasis under daily

moderate fluctuating environmental conditions (Sokolova et al.,

2012). In this context, populations of M. californianus that reside

high on the shore are subjected to twice-daily tides for weeks at a

time throughout the year. As facultative anaerobes, Mytilus spp.

close their valves for protection from desiccation and predation

leading to reduced tissue oxygen concentrations and activation of

anaerobic metabolic pathways—a low energy production state (De

Zwaan, 1977; Shick et al., 1988; Connor and Gracey, 2012). Hence,

aerial exposure is a complex multi-stressor environmental event

that subjects mussels to functional-hypoxia and thermal

perturbation simultaneously (Helmuth and Hofmann, 2001). To

this end, we previously acclimated mussels to a twice-daily tidal

sequence followed by a low-tide heat-shock (+7 °C), and tissues

were analyzed for respiration metabolites in the current study. This

analysis revealed an upregulation of the anaerobic metabolism

marker, succinate, after low-tide heat-shock while the aerobic

metabolism marker, citrate, was muted (Supplementary Figure 1).

Under mixed semidiurnal tides, mussels can face aerial periods

upwards of 20 hours and experience temperature differences of 20

degrees between water and air temperatures (Zetler and Flick, 1985;

Helmuth and Hofmann, 2001). However, protracted aerial exposure

periods and extremely elevated air temperatures do not typically
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occur simultaneously (Helmuth et al., 2002). Therefore, in this

study we investigated the temporal expression of genes related to

energy maintenance and digestive enzyme activity in mussels

subjected to moderate conditions that occur more readily in

nature than extreme conditions.

During periods of moderately warm air conditions, ectotherms

are predicted to re-direct energy for growth (somatic and

reproductive) toward thermal protection because ATP is required

for both processes (Lindquist and Craig, 1988; Hawkins, 1991;

Feder et al., 1992). For example, reduced growth rates in mussels

acclimated/acclimatized to hot temperatures in laboratory and field

settings have been reported (Fitzgerald-Dehoog et al., 2012; Connor

and Robles, 2015). However, more recent biological theory suggests

that the impact of energy trade-offs can be mitigated by plastic

physiological adjustments (Thaler et al., 2012). In this context,

Mytilus spp. exposed to air during low-tide close their shell-valves

leading to functional hypoxia in the face of elevated air

temperatures (Miller and Dowd, 2019). Within this framework, a

recent microarray gene profiling study showed activated TCA-cycle

related genes in M. californianus acclimated to an extensive day-

time low-tide period combined with a moderate +8 °C heat-shock

(Connor and Gracey, 2020). In a separate study, mussels exposed to

twice-daily tides and constant cool temperature, did not show

robust TCA-cycle expression suggestive that genes related to

energy generation may be triggered by elevated temperatures—

versus exclusively responding to energy demand (Connor and

Gracey, 2011). Analyzed together, these studies revealed that

temperature-cycles modulate metabolic genes temporally.

However, differences in air-exposure periods and acclimation

duration between studies, likely play a role in perceived thermal

effects. Therefore, temporal studies designed to compare control

and treatment groups can provide additional insight into thermal

sensitivity of gene-expression in M. californianus.

In the current study we took a focused control versus treatment

approach to test the ability of heat to trigger metabolic genes and

modulate the digestion of starch by acclimating mussels to two tidal

regimes that differed in temperature during low-tide (+10 °C)

followed by temporal measurements of TCA-cycle related genes

(citrate synthase, mitochondrial (CS) and citrate lyase (ACLY))

(Zaidi et al., 2012), mammalian target of rapamycin (MTOR), and

heat-shock chaperone genes. Enzyme activity of the carbohydrase,

amylase forms within the digestive gland. Citrate synthase,

mitochondrial (CS) is the first enzyme in the TCA-cycle and

serves as an important marker for aerobic metabolism. Citrate

lyase (ACLY) is a key enzyme that links the mitochondria to

fatty-acid synthesis. Mammalian target of rapamycin (MTOR) has

a broad spectrum of functions that act to regulate metabolism.

Amylase digests starch to glucose and responds more sensitively to

temperature variation than other digestive enzymes in acclimated

M. californianus (Pham et al., 2023). To evaluate differences

between acclimation and acute effects, we also measured gene-

expression of citrate synthase (CS), mTOR (MTOR) and digestive

enzyme activity of amylase in mussels acutely warmed in air. We

predicted that mussels acclimated to a moderate heat + tidal

(8hr:16hr low-tide/high-tide cycle) regime for two weeks would

trigger the expression of TCA-cycle related genes during low-tide
Frontiers in Marine Science 03
versus acclimation to a cool but otherwise identical tidal regime.

Furthermore, we hypothesized that digestive enzyme activity would

not be negatively impacted by the cyclical thermal regime because

its resilience is required to offset the energy demands of thermal

stress recovery, at least within the short-term (see Pham et al. (2023)

for the effects of long-term acclimation). Lastly, we hypothesized

that repeated heat exposure rather than acute perturbations is

essential for enhanced gene-expression of citrate synthase and

homeostasis of amylase enzyme activity.
Materials and methods

Animal collection

Mussels 63.03 ± 0.81 mm in length, 28.54 ± 0.32 mm in width,

and 27.27 ± 0.95 g were collected from a mid-shore microhabitat

within San Buenaventure State Beach in Ventura, CA during low-

tide on 28 January, 2021. Individuals were brought into a laboratory

space at the University of California, Irvine where epibionts were

removed, and left to depurate in a 189L holding tank of 60:40

artificial: gravel filtered seawater within an environmental room set

to 15°C for 24 hrs in constant light conditions. Mussels were then

moved into an intertidal simulation system within the cold room.
Acclimation experiment

The intertidal simulation system consisted of two replicate 3L

tanks and a 178L sump. Water level within the replicate tanks was

controlled by water pumps. Pumps within each tank transferred water

to the sump to create low-tide conditions in the replicate tanks once

per day. A sump-pump filled tanks to commence high-tide. The

sump-pump remained on during high-tide conditions and the

overflow of water supplied to each replicate tank circulated back to

the sump [as described in Pham et al. (2023)]. The replicate tanks and

the sump contained several turbulence water-pumps and air-stones to

maintain gas exchange. The sump included, mechanical filtration, a

protein skimmer, CO2 scrubber, and biological filtration to control for

excess algae, protein abundance, low pH, and high nitrite and

ammonia. The timing of tank component operations was controlled

by a small computer (Neptune Systems; Morgan Hill, CA). Mussels

were fed by adding 3 ml of liquid algae (Live Algae: Filter Feeder

Formula; Algae Research Supply; Carlsbad, CA) to the sump at the

onset of high-tide. For each replicate tank, low-tide began at 9am and

lasted until a 5pm high-tide start. The control tank temperature did

not vary and matched the cold room temperature of 15°C. Heated

tanks were equipped with ceramic lamps that activated during each

low-tide event using a temperature controller (Omega; Norwalk, CT).

The heating event included a ramp period of 1.5°C/hour and a

constant interval at 25°C until high-tide occurred (Figure 1).

Mussels were acclimated to this sequence for 14 days in constant

light rather than a L:D cycle as a means to isolate the effects of

temperature. Following acclimation, mussels were sacrificed to collect

gill, and digestive gland tissues every three hours beginning and

ending at 9am and 9pm, respectively. The harvested tissues were
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stored at -80°C for later use. This design created ten groups: five

groups from the cold (C) tank (9amC, 12pmC, 3pmC, 6pmC, 9pmC)

and five groups from the hot (H) tank (9amH, 12pmH, 3pmH, 6pmH,

9pmH). A total of six mussels were sacrificed at each time point from

each tank (Supplementary Figure 2). Gills and digestive glands were

later used for gene-expression and digestive enzyme activity

analyses respectively.
Transplant experiment

Following acclimation (final high-tide), mussels were

transplanted from the control to the heated tank (N=6) and vice

versa (N=5) while some were left in their original tank (cold N=6,

hot N=4). These mussels were sacrificed after 22 hours (3pm on the

next day) and gill tissues were removed and stored at -80°C. The

gills were used for gene-expression analysis.
Acute heat-shock experiment

A subset of mussels (N=15) was moved directly from the

holding tank into low-tide heat-exposure conditions. Mussels

were equally distributed between three incubators set at 15°C, 18°

C, and 22°C, respectively. Mussels were sacrificed after 2 hours, and

gill and digestive gland tissues were removed and stored at -80°C.

Gills and digestive glands were later used for gene-expression and

digestive enzyme activity analyses, respectively.
Gene-expression

Gill tissue was homogenized in Trizol (Qaigen; Germantown,

MD) and RNA extracted using glass-fiber filters. A total of 1 ug

RNA was used in a reverse transcription reaction (iScript cDNA

Synthesis Kit; BioRad, Richmond, CA) to synthesize cDNA. A 1 ul
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volume of cDNA was used in a qPCR reaction with SYBR green

(iTaq; BioRad) and a Bio-Rad CFX thermocycler. The PCR

program used performed 40 cycles of denaturing (95°C),

annealling (60°C), and extension (72°C). For qPCR reactions, 1 ul

of 5 uM primers for citrate synthase (CS), citrate lyase (ACLY),

mTOR (MTOR), Hsp73 (HSPA8), t-complex protein 1 (TCP1), and

t-complex protein 1 subunit eta (CCT7) genes were used. Tubulin-

alpha (TUBA1A) was used as the reference gene. Primers were

designed using M. californianus annotated expressed sequence tags

(ESTs) (Gracey et al., 2008) (Table 1). The EST sequences were

annotated by alignment with orthologues using BLAST. We

reported the top hit for model organisms (Table 1). A

phylogenetic analysis between M. californianus and the model

organisms was performed (Supplementary Figure 3). Gene-

expression was calculated using the relative quantity method

(2DCt) (target-reference) with bootstrapping (Pfaffl, 2007). For

comparison, we also performed (2DCt-DCt) fold-change method

without bootstrapping but included outlier removal of delta

scores by boxplot (>1.5 IQR) followed by standardization (see

methods of mean-centering and autoscaling in Willems et al.

(2008)). Rescaling was performed with mean standard deviations

of low-tide or high-tide autoscaled expression values (Willems et al.,

2008). The 9am cold group was used as the control. Finally, an effort

to measure gene expression in the digestive gland using homogenate

or pelleted tissue was deployed. However, the preliminary results

revealed discrepancies between the two forms and the effort was

cancelled (Supplementary Figure 4).
Amylase activity

Amylase protocols followed the Somoygi-Nelson method, as

described by German and Bittong (2009). Briefly, digestive gland

tissue was diluted in assay buffer (25 mol maleate and 1 mmol CaCl2
at pH 6.5) and homogenized on ice for 1 min. After centrifugation,

the supernatant was aliquoted and stored in -80°C for later assay
FIGURE 1

Simulated temperature regime. Mussels were placed into either a cold or hot tank. Temperatures were maintained at 15 °C in the cold tank. Air
temps were raised to 25 °C at 1.5 °C/hr during low-tide in the hot tank. Low-tide occurred at 9am and high-tide returned at 5pm.
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use. Sample tubes were made in duplicate by mixing 10 ul of

homogenate with 50 ul assay buffer and 40 ul of 1:10 starch solution

(Sigma Potato Starch) made fresh every time with assay buffer.

Blank samples were made with 90 ul assay buffer and 10 ul

homogenate. Samples were incubated at 20°C (low-tide

temperature between cold and warm experimental tanks) for 30

minutes and the reaction stopped with 20 ul 1 N NaOH. A 200 ul

volume of Reagent A was added and then the samples were boiled

for 10 minutes and cooled on ice. Following incubation, 200 ul of

Reagent B was added and then the samples were vortexed twice after

a 5-min increment [Somoygi-Nelson reagent ingredients are

described in German et al. (2004)]. A total 100 ul of sample was

diluted in 300 ul NanoPure H2O and centrifuged at 8000 rpm for 5

minutes then plated in duplicate in clear-bottom 96 well plates.

Absorbance was read at 650 nm in a microplate reader (BioTek

Synergy H1 Hybrid Reader).
Statistics & analysis

We deployed bootstrapping and randomization techniques to

overcome the lack of a normal distribution in qPCR data and

account for human, run-to-run, and reagent variation (Pfaffl et al.,

2002). Bootstrapping (50 permutations) was performed for all genes

and the randomized Cqs of the target genes were matched with
Frontiers in Marine Science 05
randomized Cqs of the reference gene per group, and RQ was

subsequently determined for each pair. The number of

permutations used allowed for pairs to match at least twice in a

group. Tubulin-alpha (TUBA1A) and target gene Cq scores were

extrapolated to a final data set of n=500. A one-way ANOVA and

Tukey’s (WSD) test was used to compare control vs. heated tanks

between each other and at every time point. Tukey (WSD) test is a

balance between Tukey (HSD) and Newman-Keuls tests. A one-way

ANOVA with Tukey’s (HSD) was used to analyze amylase activity.

For each test, a p-value <0.05 was considered significant.
Results

All of the genes revealed differential expression resulting from a

p<0.05 in each full factorial ANOVA. Similar trends were discovered

using the fold-change method however significant expression of

ACLY was not observed (Supplementary Table 1). Tukey’s test of

citrate synthase (CS) expression revealed that mussels in the 6 pm

hot-group had the highest expression (Figure 2A) and was

significantly different than the 6 pm cold group. It was also distinct

from 9am (C,H), 12pm (C,H), and 3pmC (Figure 2A; Supplemental

Table 1). There was a >2-fold expression difference between the

9amC and 6pmH groups. Gene-expression was suppressed between

9am and 12pm in both tanks but began to rise subsequently. Tukey’s
TABLE 1 Primer sequences and accession numbers for M. californianus.

Gene name Function Forward (5’ – 3’)
Reverse (5’ – 3’)

%
Coverage

e-
value

Species Accession #

t-complex protein 1
(TCP1)

Protein folding Forward:
AGACTGGCATGCAAAGAAGC
Reverse:
TGGCAGCATCAACAACCATG

82.3 9.9e-
105

Danio rerio GE749699.1

t-complex protein 1
subunit eta (CCT7)

Protein folding Forward:
GGAGGCGCAATAGAGATGGA
Reverse:
CACCTTGTGCATGTCTCTGA

78.6 4.8e-
78

Homo sapien ES396291.1

Heat shock protein 73
(HSPA8)

Protein quality control, stress
protection

Forward:
AGACGCCGATATACAGTGGG
Reverse:
CGACAGTACAATGAGGCAGC

80.2 5.7e-
97

Homo sapien ES389649.1

Tubulin-alpha 1A
(TUB1A)

Major constituent of
microtubules

Forward:
TCCAAGACACGGCAAATACA
Reverse:
TTGAAACCAGTTGGACACCA

98.0 4.8e-
138

Strongylocentrotus
purpuratus

ES735904.1

mTOR (MTOR) Metabolism, growth, protein
phosphorylation

Forward:
TGCACCAGATAGCCTGTGAG
Reverse:
GCCCTATAGAAAGCCCCATC

70.9 1.4e-
91

Rattus norvegicus GFIB01055422.1

Citrate synthase (CS) Oxidative metabolism Forward:
AGGAGGAAATGTCAGTGCTCA
Reverse:
TCCCTACATCCTCTTGCACC

76.89 2e-73 Homo sapiens GE75894.1

Citrate lyase (ACLY) Fatty acid synthesis Forward:
TCCAATTTGTCATCATCGACC
Reverse:
ACCCACCCACCCCTTTTATT

70.63 1e-25 Macaca mulatta GE757469.1
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test revealed that the rise in expression during low-tide in the hot tank

was marginally greater than expression in the cold tank. The mean

expression at 3pm for the cold and hot tanks was 1.91 and 3.31 units,

respectively. The area under curve by trapezoidal method for heat

and cold treated mussels was 14.98 and 10.80 respectively. Citrate

lyase (ACLY) was also differentially expressed (p<0.05) and showed

an upward trend during warming that peaked after high-tide

(Figure 2B). The area under curve by trapezoidal method for hot

and cold treated mussels was 4.53 and 1.59 respectively. There was a

significant difference between hot and cold treatments at 6pm only

(≈3-fold) (p<0.05). The gene-expression of HSPA8 was flat during

low-tide in both tanks, however it was induced >30-fold from 6pm to

9pm in the hot tank, while expression in the cold tank remained low

(Figure 3A). Transcript abundance of chaperonin genes were also

robustly expressed after high-tide (p<0.05) (Figure 3B). Both genes

were expressed ≈10-fold at 6pm. The expression of t-complex protein
Frontiers in Marine Science 06
1 subunit eta (CCT7) was sustained at 9pm and only dropped 1%

while t-complex protein 1 (TCP1) dropped 46%. Similar to the trend

of high-tide activation, mTOR (MTOR) was muted during low-tide

warming and robustly expressed (>5-fold) following high-tide, which

was also significantly higher than expression in the cold tank at that

time (Figure 4).

Mussels subjected to acute heat stress or transplanted, did not

show mean differences in expression of citrate synthase (CS) or

mTOR (MTOR) between the experimental groups p>0.05

(Figures 5A, B). Similar results were found in the analysis of

hsp73 (HSPA8) p>0.05 (Figures 6A, B).

One outlier was removed from the 3pm acclimated hot-group

(identified by boxplot; >1.5 IQR). ANOVA revealed that amylase

activity in at least one group was the significantly lower than all

other groups (Figure 7A) p<0.05. The 9am hot-group was

significantly lower than the 3pm cold-group. In general, amylase
A

B

FIGURE 2

Tidal gene-expression in acclimated mussels. Mussels were acclimated for 15 days in an intertidal system in either a hot or cold regime. (A) Relative
transcript abundance of citrate synthase (CS), and (B) citrate lyase (ACLY) in gill tissue. Values represent means ± 1SE. N=50 permuted values from
original groups containing 6 animals each. Asterisks represent significant differences (p-value<0.05) between the hot and cold acclimated mussels at
the associated time-point.
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activity was lower in the hot acclimated group. Excluding the 3pm

hot-group outlier, the mean value of amylase activity in the hot-

group was 46% lower than that in the cold-group. No variation in

amylase activity occurred between acute heat-shocked groups

following the removal of outliers (Figure 7B).
Discussion

In this study we hypothesized that mussels acclimated to cycles of a

combined moderate aerial-exposure and +10 °C heat-shock (in

constant light) would promote elevated expression of energy-

production and regulation genes in M. californianus. Mytilus

californianus closes its shell valves for protection during low-tide,

leading to hypoxic conditions within its shell-cavity—functional
Frontiers in Marine Science 07
hypoxia (Bayne et al., 1976). Interestingly, we observed citrate

synthase (CS) transcripts increasingly rose during low-tide heat-

stress, however this pattern was less dramatic in mussels subjected to

an isothermal tidal condition. Citrate synthase catalyzes the first step of

the TCA-cycle under aerobic oxidation of acetyl-CoA in mammalian

model systems. As facultative anaerobes, Mytilus spp. turn on

anaerobic metabolic pathways during low-tide functional-hypoxia

(De Zwaan, 1977; Connor and Gracey, 2012) including when faced

with moderate levels of aerial heat simultaneously (Supplementary

Figure 1) (Kluytmans et al., 1978). Hence, it appears that there is an

environmental-physiological mismatch between shell cavity

environmental condition (hypoxic) and the core function of citrate

synthase (CS)—promotion of oxidative respiration. Therefore, the

initiation of citrate synthase (CS) during low-tide functional-hypoxia

may prime mussels for aerobic respiration during high-tide. Although
A

B

FIGURE 3

Tidal gene-expression in acclimated mussels. Mussels were acclimated for 15 days in an intertidal system in either a hot or cold regime. (A) Relative
transcript abundance of heat-shock protein 73 (HSPA8) and (B) t-complex protein 1 (TCP1) and t-complex protein 1 subunit eta (CCT7) in gill tissue.
Values represent means ± 1SE. N=50 permuted values from original groups containing 6 animals each. Asterisks represent significant differences
(p-value<0.05) between the hot and cold acclimated mussels at the associated time-point.
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it is generally assumed that interactions between environment and

gene-expression are characterized as stimuli-response coupling (i.e.

symmetrical response), a study in yeast first-revealed asymmetrical

responses in fluctuating environments—stimulation of physiological

processes in one environment enhances the ability to cope with a

subsequent prevailing condition (Mitchell et al., 2009). To the best of

our knowledge no study has directly tested asymmetrical gene-

expression responses in mussels. Here, we observed a trend of

increasing expression of citrate synthase (CS) that initiated during

low-tide warming until one hour into high-tide after which it

decreased. It is possible that the rate of translation increased, or that

gene-expression decreased during high-tide in response to citrate

synthase protein concentration meeting the energetic demands of

stress-recovery. Similarly, Connor and Gracey (2020) observed that

several TCA-cycle genes (aconitate hydratase, malate dehydrogenase,

succinyl-CoA ligase, isocitrate dehydrogenase) were upregulated

following four weeks of daily warming (+8 °C) combined with

extreme aerial exposure (20 hrs). Although, citrate synthase (CS) was

not rhythmically expressed in that study, the range of its expression was

similar to the other differentially expressed TCA-cycle genes which

were identified as rhythmic rather than stochastic (unpublished data).

It is difficult to compare our findings to other bivalve temporal-

based studies due to the multivariable nature of simulated tides.

Some of the variables that should be considered for comparison

include respiratory state, acclimation time, air-exposure duration,

water-temperature, aerial heat-rate, max-air temperature, sampling

resolution, sampling time-point, L:D cycle, and nutrients. Within

this framework Andrade et al. (2019) subjected M. galloprovincialis

to cycles of air exposure at two isothermal conditions (18 °C and 21°

C) and revealed lower Electron Transport System activity in warmer

acclimated mussels. Nancollas and Todgham, (2022) acclimatedM.

californianus to cycles of heat (6 hr:6 hr, emersion:immersion; +7 °

C heat-shock every daytime low-tide) and found evidence of

lowered anaerobic metabolism in warm versus cold acclimated

mussels. These studies show the complexities of identifying the

molecular underpinnings of energetic homeostasis in Mytilus spp.

through comparative tidal simulations. Nevertheless, elevated

temperature and hypoxia affect the function of mitochondria;

therefore, there may be a link between citrate synthase gene-

expression and environmentally perturbed mitochondria

(Sokolova, 2018). It is important to consider that the regulation

of citrate synthase (CS) gene-expression is not well understood in

animal models (reviewed in Gaster et al., 2012).

In the current study, the observation of elevated expression of

citrate synthase (CS) following acclimation to a more moderate tidal

environment versus extreme conditions, highlights the

environmental sensitivity of this phenotype in mussels. In support

of the notion that acclimation to temperature cycles is required for

elevated citrate synthase (CS) gene-expression, we found that acute

heat-shocks of +3 °C or +7 °C did not enhance expression within the

first two hours post heat-shock, compared to the control group. In

line with our findings, Lesser (2016) revealed elevated citrate synthase

enzyme activity in M. edulis acclimated to daily cycles of aerial heat

(+10 °C). Alternatively, Dowd and Somero (2013) showed no change

in citrate synthase enzyme activity in M. californianus over an acute

tidal regime that also subjected individuals to aerial heat energy (+8 to
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+23 °C). Similarly, a previous report also showed that citrate synthase

enzyme activity in M. galloprovincialis was not affected by acute

moderate heat-shock (Collins et al., 2020). Further support for

acclimation driven expression is shown through our finding that,

cold acclimated mussels did not display enhanced citrate synthase

(CS) gene-expression at 3pm following warming that initiated at 9am.

However, the warm acclimated transplanted mussels also did not

show differential expression at 3pm. This could be correspondent to

more variation in the strength of the response between the beginning

of acclimation versus the later responses. An alternative explanation

is that mussels may have responded (up or down-regulation) to a

slight change in the heating regime due to tank handling. Also, the

sample size in the hot-to-hot group was smaller than all other groups

due to animal loss in the hot tank, possibly limiting the observation of

variation in that group.

The citrate lyase (ACLY) gene-expression pattern observed was

similar to that of citrate synthase (CS). Transcript abundance in warm

acclimated mussels appeared to elevate during low-tide versus no

response in mussels subjected to cool conditions. Additionally,

transcript abundance peaked after onset of submergence suggestive

that heat may have induced the stronger response. In agreement with

this finding, Connor and Gracey (2020) revealed an upregulation of

citrate lyase (ACLY) in aerial-heat acclimatedmussels (see a description

of the study above). Citrate lyase is a key step in de novo fatty-acid

synthesis, which is a reductive set of processes that can occur during

hypoxic or normoxic conditions in mammals (Beckner et al., 2010).

Regardless, a generous supply of electrons and ATP is required for

fatty-acid biosynthesis, both of which may not be accessible during

low-tide aerial-exposure. This model aligns with our finding that peak

expression of citrate lyase (ACLY) occurred during submergence in

coordination with active oxidative phosphorylation. A possible

explanation for initiation of expression during low-tide is that citrate

lyase enzymatically generates oxaloacetate which may participate in

cytosolic steps of the glucose-succinate anaerobic pathway (Tielens

et al., 2002); however, this pathway has not been experimentally

demonstrated in mussels. An additional possibility is that the acetyl-

coA generated from citrate lyase activity can participate in acetylation

of histones (Chypre et al., 2012) in line with previous observations that

the expression of transcription regulatory genes (JUN, FOSL2, and

CEBPE) are upregulated during low-tide periods and further enhanced

when low-tide aerial temperatures rise (Evans and Somero, 2010;

Connor and Gracey, 2011). Importantly, Dunphy et al. (2015)

revealed a marked abundance of palmitic acid, the first product of

fatty-acid synthesis, in mussel Perna canaliculus following heat-stress.

In this context, elevated heat can disrupt the integrity of phospholipid

containing cellular membranes in bivalves requiring reestablishment

though fatty-acid synthesis during recovery (Zhang and Dong, 2021;

Zhang et al., 2023).
Stress marker activity

This study also investigated the effects of the simulated tidal

environment on HSR. As expected, chaperone gene-expression was

robustly elevated under warm conditions, similarly to previous

studies of heat-shock responses in intertidal bivalves exposed to
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warm air or water in laboratory settings (Lockwood et al., 2010;

Connor and Gracey, 2011; Zhang et al., 2012). Unique to the

current study, is the observation that peak abundance of heat-

shock protein 73 (HSPA8) occurred hours after maximum aerial

temperature was reached and during submergence. It is important

to note that Connor and Gracey (2020) observed non-rhythmic

expression of HSP-70B (reannotated here as HSPA8) in mussels

acclimated to lengthy low-tide periods combined with a daily +8 °C

daytime heat-shock. Although the authors did not observe

rhythmicity in HSPA8 gene-expression, transcript abundance

oscillated over the two-day time course (unpublished data). In

line with the current study, Gracey et al. (2008) observed that

HSPA8 was higher in field mussels residing in a warmer high-shore

environment compared to mussels situated low on the shore. The

initiation of expression occurred on day two of a three-day time

course in response to increasingly longer aerial exposure times as

semidiurnal tides transitioned to mixed semidiurnal tides

coinciding with shifting air temperatures. Heat-shock protein 73

(HSPA8) also responds to acute temperature stress, however peak

expression may occur hours after exposure to heat-shock

(Lockwood et al., 2010; Connor and Gracey, 2011; O’Brien et al.,

2021). In line with this reasoning, we did not find differential

expression of (HSPA8) in acutely shocked mussels. These

previous studies suggest that its expression is triggered by a range

of complex environmental variables. Interestingly, the expression of

chaperonins t-complex protein 1 (TCP1) and t-complex protein 1

subunit eta (CCT7) was relatively maintained over the course of

low-tide heat-stress but peaked during high-tide. A possible

explanation for this finding is that chaperonins play an important

role in folding newly synthesized proteins requiring its constant

expression across stressful environmental conditions that may

induce protein turnover. These findings are in line with the
FIGURE 4

Tidal gene-expression of mTOR (MTOR) in gill of acclimated mussels. Mussels were acclimated for 15 days in an intertidal system in either a hot or
cold regime. Values represent means ± 1SE. N=50 permuted values from original groups containing 6 animals each. Asterisks represent significant
differences (p-value<0.05) between the hot and cold acclimated mussels at the associated time-point.
A

B

FIGURE 5

Acute-heat gene-expression and effects of transplanting in gill.
(A) Gene expression of citrate synthase (CS) and mTOR (MTOR);
mussels from a benign subtidal laboratory environment were
subjected to acute thermal stress. N=50 permuted values from
original groups containing 5 animals each. (B) Mussels were
transplanted back to their original treatment or across treatments.
N=50 permuted values from original groups containing 4-6 animals
each (see materials and methods). Boxplots represent the interquartile
range and the whiskers represent 1.5* the interquartile range.
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general understanding that some components of HSR are

pronounced during stress, while others are more important for

heat-shock recovery (Connor and Gracey, 2020).

Mammalian target of rapamycin (MTOR) is a regulator of a

compendium of molecular processes within cells, including stress

management. Autophagy is a conserved molecular pathway that leads

to the degradation of damaged organelles and proteins within

lysosomes during stress. Phosphorylated mTOR complexes halt

autophagy and promotes growth. In line with the inference that

heat stress can lead to cellular damage and a possible change in the

balance between anabolic and catabolic pathways, we observed higher

expression ofMTOR in warm acclimated mussels. The mTOR stress

response is not well studied in molluscs, however it is important to

highlight findings in Sforzini et al. (2018) that revealed

dephosphorylation and inactivation of mTOR complexes in

chemically stressed mussels leading to increased autophagy and

reduced growth activity. While no previous study has focused on

the gene-expression of mTOR in M. californianus under aerial-

warming, a field-based microarray study of acclimatized mussels

revealed expression of autophagy and protein turnover-related genes

during thermal stress (Gracey et al., 2008). However, it is important
Frontiers in Marine Science 10
to note thatMTOR was not a target gene on the microarray platform

used in that study. Finally, previous studies showed upregulation of

MTOR orthologues under heat stress in aerial and submerged

conditions in oyster (Clark et al., 2013; He et al., 2023) and shrimp

(Liang et al., 2020), highlighting the importance of its role in

regulation of metabolism in marine invertebrate models.
Digestion

In this study we asked whether mussels possess strategies to

mitigate energetic stress related to ATP demands, generated from

heat recovery, through resilience of digestive enzyme activity.

Interestingly, we observed lower amylase activity in mussels

challenged to daily but not acute heat stress. Therefore, chronic

moderate temperatures may negatively impact mussels’ ability to

digest starch and disrupt their energetic balance. There is an

energetic trade-off between growth (somatic and reproductive)

and protection in most organisms (Zera and Harshman, 2001). In

line with this concept, mussels subjected to elevated temperatures

grow slower than mussels in cool habitats (Fitzgerald-Dehoog et al.,
A

B

FIGURE 6

Acute-heat gene-expression and effects of transplanting in gill. (A) Gene expression of heat-shock protein 73 (HSPA8); mussels from a benign subtidal
laboratory environment were subjected to acute thermal stress. N=50 permuted values from original groups containing 5 animals each. (B) Mussels were
transplanted back to their original treatment or across treatments. N=50 permuted values from original groups containing 6 animals each. Boxplots
represent the interquartile range, and the whiskers represent 1.5* the interquartile range.
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2012; Connor and Robles, 2015). However, empirical evidence for

the mechanisms supporting these findings are minimal (Petes et al.,

2007). Assuming the existence of functional trade-offs in mussels, it

is logical to assume that reduced ability to take advantage of

ingested food particles due to lowered digestion performance may

impact trade-offs in a variety of ways during heat-stress and lead to

reduce growth. Within this prism, Albentosa et al. (2012) showed a

positive correlation between growth and digestive enzyme activity,

including amylase. Also, Fitzgerald-Dehoog et al. (2012) found that

growth can be recovered/mitigated by increased food presentation

in heat-stressed mussels (Fitzgerald-Dehoog et al., 2012).

Importantly, Petes et al. (2007), reported a trade-off between

protection of gametes from heat related oxidative stress and the

impairment of energy available for gonadal growth. These results

are in line with a recent report which showed a decrease in amylase

activity inM. californianus subjected to (12hr:12hr tides and +9 °C),

supporting the inference that elevated temperature has a negative

effect on the acquisition of fuel that modulates total available energy.

There is a range of possibilities for the observed reduced

digestive enzyme activity in warm acclimated mussels. Gene-

expression of amylase may have been reduced during aerial
Frontiers in Marine Science 11
warming. To this end, amylase protein levels are associated with

gene-expression in oysters (Huvet et al., 2003) and bivalves

subjected to elevated heat show reduced total mRNA levels

(Lesser, 2016; Feidantsis et al., 2020). Elevated heat may have

initiated denaturing of amylase; however, a thermal activation

study for M. californianus has not been conducted at this time.

Rather, Brock et al. (1986) found that the breakpoint temperature of

amylase in M. edulis is 24°C. Furthermore, Mytilus spp. digest

extra- and intracellularly, and possess an extensive endolysosomal

system comprised of heterolysosomes and residual bodies to digest

food within the digestive gland. Previous studies revealed that

membrane stability of lysosomes within the digestive gland is

disturbed following heat-stress (Moore, 1976; Tremblay and

Pellerin-Massicotte, 1997). It is also noteworthy that there is a

relationship between lysosomal stability and growth (Bayne et al.,

1979). Heat exposure can modulate valve gape in mussels which in

turn can affect feeding and digestion (Anestis et al., 2007). However,

we did not assess valve-gape in the current study. Finally, filtration

rate is positively correlated with intake, and May et al. (2021)

showed a decrease of filtration rates in M. californianus following

acute heat-shock in mussels acclimated to combined high-food

concentrations and extreme aerial heat (30 °C).
Conclusion

Mytilus californianus is an ecological engineer established along

the western coasts of North America. Understanding its physiology

is crucial for predicting its future success under a changing climate.

As a sessile species, its energetics is modulated by the prevailing

environment. The intertidal environment is energetically stressful,

due to bouts of aerial heat, functional hypoxia, and limited periods

of feeding. Thus, energy acquired from the environment must be

distributed in a manner that firstly promotes maintenance and

survival, and secondarily committed to somatic and reproductive

growth. It is possible that M. californianus may ameliorate these

heat trade-offs by upregulating genes that provide energy and

minimize the negative effects of heat stress on overall energy

balance. Simultaneously, energy balance may be challenged due to

reduced digestive enzyme activity and the ability to acquire

nutrients (e.g., glucose). We do not know what mechanisms drive

the thermally responsive genes in mussels though evidence from

eukaryotic studies suggest temperature sensitive transcription

factors bind to DNA binding motifs upstream of gene promoter

regions. Transcription factors known to integrate environmental

fluctuations and gene-expression in mammals include HIF1, heat-

shock factors and clock proteins. Gene and protein expression

studies revealed that these transcription factors are modulated or

adapted to cyclic heat and tides in bivalves (Buckley et al., 2001;

Kawabe and Yokoyama, 2012; Chapman et al., 2020) and other

invertebrates (O’Neill et al., 2015; Schnytzer et al., 2018).

Chromatin immunoprecipitation studies are required to identify

which genes are targets of these transcription factors. Finally,

further work is needed to explore whether protein abundance of

energy-generating genes is elevated following aerial warming
A

B

FIGURE 7

Amylase activity in acclimated or acute heat-shocked mussels.
(A) Mussels were acclimated for 15 days within an intertidal
simulation system. Digestive glands were removed following
acclimation and enzyme activity measured (N=6). (B) Mussels
submerged in a cool environment (15 °C) were subjected to acute
thermal shocks (N=5). Digestive gland was collected after the
shocks and enzyme activity measured. Letters represent
homogenized groups revealed by Tukey’s test. Boxplots represent
the interquartile range, and the whiskers represent 1.5*the
interquartile range.
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acclimation. Also, measurements of these markers under several

variations of the acute heat shock regime could help to better

understand differences between acute and acclimation physiology

in bivalves.
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