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ABSTRACT

Organisms can modify and increase their thermal tolerance faster and
more efficiently after a brief exposure to sublethal thermal stress. This
response is called ‘heat hardening’ as it leads to the generation of
phenotypes with increased heat tolerance. The aim of this study was
to investigate the impact of heat hardening on the metabolomic profile
of Mytilus galloprovincialis in order to identify the associated
adjustments of biochemical pathways that might benefit the
mussels’ thermal tolerance. Thus, mussels were exposed
sequentially to two different phases (heat hardening and
acclimation phases). To gain further insight into the possible
mechanisms underlying the metabolic response of the heat-
hardened M. galloprovincialis, metabolomics analysis was
complemented by the estimation of mMRNA expression of
phosphoenolpyruvate carboxykinase (PEPCK), pyruvate kinase
(PK) and alternative oxidase (AOX) implicated in the metabolic
pathways of gluconeogenesis, glycolysis and redox homeostasis,
respectively. Heat-hardened mussels showed evidence of higher
activity of the tricarboxylic acid (TCA) cycle and diversification of
upregulated metabolic pathways, possibly as a mechanism to
increase ATP production and extend survival under heat stress.
Moreover, formate and taurine accumulation provide an antioxidant
and cytoprotective role in mussels during hypoxia and thermal stress.
Overall, the metabolic responses in non-heat-hardened and
heat-hardened mussels underline the upper thermal limits of
M. galloprovincialis, set at 26°C, and are in accordance with the
OCLTT concept. The ability of heat-hardened mussels to undergo a
rapid gain and slow loss of heat tolerance may be an advantageous
strategy for coping with intermittent and often extreme temperatures.

KEY WORDS: Gene expression, Heat hardening, '"H-NMR
spectroscopy, Metabolomics, Metabolic patterns, Mussel

INTRODUCTION

The increase of seawater temperature due to global climate change
represents a major threat to global biodiversity by influencing
marine organisms’ molecular, biochemical and physiological
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organization (Portner, 2002; 2012; 2021; Somero, 2010; 2012,
Portner et al., 2014). Recently observed marine heat waves have
demonstrated the high vulnerability of marine organisms and
ecosystems (from geographical species shifts and widespread
changes in species composition to harmful algal blooms, mass
strandings of mammals and mass mortalities of particular species) to
such extreme climate events (Galli et al., 2017; Ummenhofer and
Meehl, 2017; Frolicher and Laufkétter, 2018; Androulidakis and
Krestenitis, 2022). According to the OCLTT (oxygen- and capacity-
limited thermal tolerance hypothesis), once temperature increases
beyond an organism’s optimum limits, it leads to a mismatch
between oxygen supply and demand in the tissues. This mismatch
can cause a progressive decline in performance, a compensatory
transition from aerobic metabolism to partial anaerobiosis, and
energy deficiency (Portner and Knust, 2007; Portner, 2010; Portner
et al., 2017). These metabolic shifts might lead to energy
reallocation from biomass production (including growth and
reproduction) and activity to basal maintenance, which allows the
temporary survival of the organism under stressful conditions but
negatively affects its fitness (Portner et al., 2007; Portner, 2012).
Extreme (lethal) environmental stress eventually results in an
insufficient energy supply from both aerobic and anaerobic
pathways, and thus even basal metabolic demand cannot be
satisfied, leading to mortality (Portner, 2002; 2012; Sokolova
et al., 2012; Sokolova, 2013).

Repeated stress exposure could create ‘stress memory’, allowing
an organism to respond faster and more efficiently after re-exposure
to similar stress conditions. This can result in phenotypic and
stimulus-dependent plasticity of response traits (Ding et al., 2012;
Hilker et al., 2016). Hence, such plasticity leads to the adjustment of
physiological or developmental phenotype to the environmental
stress (Agrawal, 2001; West-Eberhard, 2003). Regarding thermal
stress, organisms can increase their thermal tolerance during
acclimation to different thermal regimes after a brief exposure to
sublethal temperatures (Bilyk et al., 2012). This response (occurring
immediately after the initial heat stress) is defined as ‘heat
hardening’ and is a rapid beneficial response that improves heat
tolerance, leading to the generation of more resistant phenotypes
(Precht et al., 1973; Bowler, 2005). Heat hardening provides a
quicker (in comparison to acclimation, which may take days) return
to homeostasis, enhanced cell protection and increased survival
by engaging cellular responses at transcriptional and post-
transcriptional levels, such as elevated antioxidant defense, more
efficient electron transfer system (ETS) activity and increased heat
shock response (HSR) (Bowler, 2005; Malmendal et al., 2006;
Aleng et al., 2015; Georgoulis et al., 2021).

Previous studies on the Mediterranean mussel Mytilus
galloprovincialis indicated that warming beyond 24°C initiated
oxidative stress in conjunction with energy misbalance
accompanied by metabolic depression and a shift from aerobic
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towards anaerobic metabolism (Feidantsis et al., 2020). In non-heat-
hardened mussels, acclimation at temperatures beyond 26°C
triggers activation of heat shock proteins (HSPs) and antioxidant
enzymes, and eventually leads to increased mortality (Anestis et al.,
2007, 2010; Feidantsis et al., 2020, 2021a,b; Georgoulis et al.,
2021). In contrast, heat-hardened M. galloprovincialis activate
antioxidant defense when exposed to temperatures beyond 24°C,
enhancing cellular protection and thus increasing survival
(Georgoulis et al., 2021). Given the central role of energy
homeostasis in stress tolerance (Portner, 2002, 2012; Sokolova
et al., 2012; Sokolova, 2013), it is likely that differences in the
cellular stress response induced by heat hardening are associated
with shifts in the cellular energy metabolism of the mussels to
support the energy demand of the stress response and minimize the
stress-induced energy deficiency. However, the metabolic changes
caused by heat hardening and the underlying mechanisms are not
yet fully elucidated and require further investigation.

The aim of our present study was to investigate the impact of heat
hardening on the metabolomic profile of M. galloprovincialis in
order to identify adjustments of biochemical pathways that may
benefit mussels’ thermal tolerance, as previous studies showed that
this species is thermally stressed when exposed to 26-27°C,
resulting in gradually increased mortality (Anestis et al., 2007;
Feidantsis et al., 2020). Although the most extreme heat stress for
intertidal species usually occurs during emersion, it should be
pointed out that ambient sea surface water temperature recorded in
Northern Greece during July—August varies between 27 and 28.5°C
(Feidantsis et al., 2018). Thus, our choice of examining heat stress
under immersion is ecologically realistic.

Metabolomics is a powerful approach that can provide
information about the metabolic responses of an organism to
environmental stressors by rapid, unbiased and simultaneous
measurements of multiple low molecular weight metabolites
(Viant, 2007, 2008). We complemented the metabolomics analysis
by measuring the mRNA expression of pyruvate kinase (PK)
and phosphoenolpyruvate carboxykinase (PEPCK), which are
implicated in the shift from aerobic to anaerobic metabolic
pathways in bivalves (Larade and Storey, 2002). Furthermore, we
explored the possible involvement of alternative oxidase (AOX) in
the mussels’ hardening response by measuring transcript levels
of AOX under different temperature exposure scenarios.
Transcriptional upregulation of AOX is a common response to
stress conditions that promote the excess production of reactive
oxygen species (ROS) in marine bivalves, including high or low
temperatures (Abele et al., 2007; Jacobs and Ballard, 2022). As
redox homeostasis plays an important role in heat hardening
(Georgoulis et al., 2021), investigation of the transcriptional
regulation of AOX upregulation could provide valuable insight
into the role of this key enzyme linking metabolic and redox
regulation in animal mitochondria (Jacobs and Ballard, 2022) in the
heat-hardening response of M. galloprovincialis.

MATERIALS AND METHODS

Animals

As described in Georgoulis et al. (2021), Mytilus galloprovincialis
Lamarck 1819 individuals (mean#s.d.: total mass 25.8244.62 g,
shell length 6.42+0.47 cm, shell width 3.2+0.15 cm) were collected
from mussel aquaculture located in Thermaikos Gulf, Greece, in
late April 2021, when the ambient seawater temperature was
approximately 18°C. Mussels were transferred to the Laboratory of
Animal Physiology, Department of Zoology, School of Biology of
the Aristotle University of Thessaloniki, and kept in tanks with

recirculating aerated natural seawater at 184+0.5°C for 1 week.
Salinity was kept at 34+2.85%o and pH at 8.12+0.05. As explained in
detail below (see ‘Experimental procedures’, ‘Acclimation phase’),
individuals maintained at 18°C throughout the experimental
procedure were used as controls for all experimental conditions.
Mussels were fed daily with 0.5% dry weight cultured microalgae
Tisochrysislutea (CCAP 927/14) per gram total mussel mass.

Experimental procedures

Mussels were exposed sequentially to two different phases (heat-
hardening and acclimation phases) as described previously by
Georgoulis et al. (2021).

Heat-hardening phase

A group of mussels (referred to below as the heat-hardened group,
group H) were exposed to the heat-hardening phase. The
experimental design for heat hardening was based on Hutchison’s
‘repeated—critical thermal maximum’ (CTM) method, with minor
modifications (Hutchison, 1961). Briefly, ~300 randomly selected
mussels, conditioned as stated above in three aquaria each
containing 1001 aerated seawater at 18+0.5°C for 1 week, were
exposed to increasing seawater temperature at a rate of 1.5°C min~!
and then kept at 27°C for 2.5 h. It has been shown that mussels sense
heat stress at 22°C, and cellular stress responses are triggered at
24°C and peak at 30°C (Feidantsis et al., 2020). Therefore, 27°C
was chosen as a potent temperature in which physiological
responses are induced. Thereafter, water temperature decreased to
18°C (at 1.5°C min~') and the mussels were left to recover at 18°C
for 24 h. This heat-stress bout (including the thermal shock and
recovery phase) was repeated 4 times.

Acclimation phase

After the heat-hardening treatments, both non-heat-hardened
(referred to below as the control group, group C, for group H) and
heat-hardened mussels (group H) were transferred to four 500 1tanks
(50-60 individuals from each group per tank, with group C and
group H mussels placed in separate baskets within each tank) with
recirculating aerated natural seawater at 18°C and left to recover for
4 days. Thereafter, water temperature of the three heat-exposure
tanks was increased (1°C h™') to 24, 26 and 28°C. Mussels in the
remaining tank were maintained at 18°C (as this was approximately
the ambient seawater temperature at the time of mussel collection)
and used as controls for both heat-hardened and non-heat-hardened
mussels to evaluate possible temporal effects on the parameters of
interest. All exposure conditions were run in triplicate.

Tissue sampling and water quality monitoring

Individuals (=8 at each time point) from heat-hardened and non-
heat-hardened groups were collected from each tank at 12 h (day 0)
and 1, 3, 5, 10 and 15 days after the target temperature (24, 26 or
28°C) was reached. At 24°C, both heat-hardened and non-heat-
hardened mussels exhibited no mortality, and at 26°C, mortality of
non-heat-hardened heat-hardened mussels reached 50% and 40%,
respectively, by day 15. However, because mortality of non-heat-
hardened mussels was 100% by day 15 at 28°C (in contrast to heat-
hardened mussels, which exhibited 45% mortality on day 15)
(Georgoulis et al., 2021), samplings on day 15 were not carried out.
Thereafter, mussels were dissected, and the mantle was removed,
immediately frozen in liquid nitrogen and stored at —80°C for later
analysis. Physicochemical water parameters were measured daily
including salinity (g 17'), O, (mg 17') and pH (using a Consort
C535, Multiparameter Analyser, Consort bvba, Turnhout,
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Belgium), and concentrations of NH; (ug 17'), NOz (ug 17') and
NO3 (ug 171) using commercial kits (Tetra Werke, Melle, Germany)
(Table 1) (Georgoulis et al., 2021).

Tissue extraction

Mantle tissue was extracted using a methanol—chloroform extraction
protocol after Rebelein et al. (2018). As previously reported
(Feidantsis et al., 2020), mantle exhibits higher aerobic capacity and
a more intense physiological stress response compared with
posterior adductor muscle (PAM) and thus was chosen for this
study. The frozen tissue (about 100 mg) was homogenized in 400 pl
ice-cold methanol and 125 ulice-cold Milli-Q water. Centrifugation
(20 s, 2500 g; Kubota Corporation 3520) followed and then 400 pl
ice-cold chloroform and 400 ul ice-cold Milli-Q water were added,
and samples were vortexed for 15 s and incubated on ice for 10 min.
Methanol—chloroform was added to the samples and after
centrifugation (10 min, 3000 g, 4°C; Kubota Corporation 3520)
three phases resulted: the upper methanol layer with the polar
metabolites, the lower chloroform layer with the lipids and a thin
layer of proteins in the middle. The upper layer was transferred to a
new tube and was dried in a vacuum centrifuge at room temperature
overnight. The lower layer was dried in a fume hood at room
temperature. The resulting water-soluble fractions of the samples
containing the metabolites of cytosol were sent to the AWI in
Bremerhaven, where they were dried using a rotational vacuum
concentrator (RVC 2-18 HCI, Martin Christ Gefriertrocknungsanlagen
GmbH, Osterode am Harz, Germany) at room temperature for
metabolomic studies.

Metabolomic profiling based on "H-NMR spectroscopy
Untargeted metabolite profiling based on NMR spectroscopy was
performed similar to Gotze et al. (2020). The NMR spectroscopy
measurements were all performed on a vertical 9.4 T wide bore
magnet operating at 400.13 MHz with Avance III HD electronics
(Bruker GmbH, Bremen, Germany). For this, the dried tissue
extracts were dissolved in deuterated water (D,0) containing 0.05%
trimethylsilyl propionate (TSP, Sigma-Aldrich, St Louis, MO,
USA) as standard with a 1:1 ratio and transferred into 1.7 mm NMR
tubes. The samples were all placed in a 1.7 mm diameter triple-
tuned ('H-'*C—'5N) probe and measured using a classical Call-
Purcell-Meiboom—Gill (Bruker protocol cpmgprld) sequence with
water suppression at room temperature using the following
measurement parameters: acquisition time (AQ) 4.01 s, sweep
width (SW) 8802 Hz (22 ppm), delay (D1) 4 s, dummy scan (DS) 4,
number of scans (ns) 256.

Metabolite profiles and concentrations were determined using
Chenomx NMR suite 8.1 (Chenomx Inc., Edmonton, AB, Canada).
For this purpose, the 'H-NMR spectra were phase and baseline
corrected and set to the chemical shift of the TSP standard
(0.0 ppm). The TSP signal served as line width and concentration
standard (2.3 mmol I7!). Metabolites were identified using their
corresponding NMR signals from the Chenomx database and
profiled to the NMR spectrum of each individual spectrum for

Table 1. Mean values of seawater parameters

quantification. For alanopine and strombine, additional 'H-NMR
measurements were performed on the pure substance (Akos GmbH,
Stuttgart, Germany) and the respective spectra were included in the
Chenomx database for identification and quantification. ATP and
ADP signals were combined and are presented as cumulative
concentrations, as a unidirectional assignment from the 'H-NMR
spectra was not possible.

Gene expression

RNA was extracted from 50 mg of mantle tissue using NucleoZOL
reagent (Macherey-Nagel, Diiren, Germany) following the
manufacturer’s guidelines. Concentration of the total RNA was
estimated in a Q5000 spectrophotometer (Quawell Technology Inc.,
San Jose, CA, USA) and approximately 50 ng RNA was utilized for
cDNA synthesis using the PrimeScript 1st strand cDNA Synthesis
Kit (Takara Bio, Kusatsu, Japan). Quantitative real-time PCR
(qPCR) for PEPCK, PK and AOX cDNA was carried out in an Eco
48 (PCRmax, Cole-Parmer North America, Vernon Hills, IL, USA)
gqPCR cycler, in 10 ul volume reactions using a KAPA SYBR FAST
qPCR Master Mix (2X) kit (KAPA Biosystems, Wilmington, MA,
USA) and primers based on conserved sequences from Mytilus,
Crassostrea and Ruditapes (Table 2). Confirmation of the amplified
product lengths was performed by 1.5% agarose gel electrophoresis.
The qPCR regime was as follows: 95°C for 2 min, followed by
40 cycles of 95°C, 60°C and 72°C for 5, 10 and 20 s, respectively.
Relative quantification was carried out using the actin gene for
reference, as described in our previous study (Georgoulis et al.,
2021).

Statistics

The treatment effects and parameters, i.e. hardening, acclimation
temperature and time, were considered as independent variables and
statistically compared by applying a general linear model (GLM)
ANOVA and a one-way ANOVA that were performed to detect
significant differences at 5% (P<0.05) probability level (SPSS
Scientific Inc. software, version 21). Values are presented as
meanss.d.

Differences in metabolite profiles and concentrations were
analyzed using MetaboAnalyst 5.0 (Chong et al., 2019).
Metabolite concentrations were transformed and scaled to achieve
normalization. Normalized concentrations were tested for
differences using univariate (ANOVA) and multi-variate statistics
[principal component analysis (PCA) and partial least square with
discriminant analysis (PLS-DA)] within MetaboAnalyst. The
models were tested for overfitting using cross-validation and
permutation analysis and SAM (significant analysis of
metabolomics based on F-statistics; the false discovery rate was
set to a delta of 0.2). Heatmaps and dendrograms were generated to
better visualize shifts and changes in metabolite groups.

RESULTS
No time-dependent changes were found in control (18°C) mussels
in any of the measured parameters (metabolites, gene expression) in

Temperature (°C) Salinity (g I"") pH O, (mg I7") NHj3 (mg I=") NO3 (mg I”") NO3 (ug I”")
18°C 18+0.1 33.240.03 8.04+0.02 7.9+0.06 0.2+0.01 0.2+0.01 <12.5
24°C 24+0.3 33.4+0.03 8.03+0.02 7.8+0.07 0.2+0.01 0.3+0.02 14+0.6
26°C 26+0.4 33.3+0.01 8.02+0.01 7.8+0.05 0.2+0.02 0.3+0.01 14+0.3
28°C 28+0.3 33.2+0.04 8.02+0.01 7.8+0.07 0.3+0.02 0.2+0.02 13+0.5

Seawater parameters as measured in all experimental conditions. Values are presented as meanszs.d. (n=10).
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Table 2. Primers used for amplification of the target genes

Primer Amplified product
name Primer sequence (5'-3’) length (bp)

AOXf GGAGAAAGAACGGAGAAGAAATG 299

AOXr CTTTCGTTTTCTGCTTCCTCTA

PKf GACATGRTTTTYGCSTCCTTCA 231

PKr TCATCATCTTCTGKGCVAGGAA

PEPCKf AGATCATGCAYGACCCAATGG 128

PEPCKr CGGAACCAGTTCACATGGAA

mantle tissue of M. galloprovincialis. The thermal response to time-
dependent exposure to elevated temperature (24, 26 and 28°C)
varied significantly between non-heat-hardened (group C) and heat-
hardened (group H) mussels.

Metabolites

In total, 46 (plus two unassigned) metabolites were assigned in
mantle tissue of M. galloprovincialis independent of groups. The
levels of aspartate (a substrate for anaerobic fermentation) and those
of the metabolic intermediates and end products of this fermentation
(alanine, fumarate and succinate) were increased when group C
mussels were exposed to either of the three elevated temperatures
compared with 18°C (Fig. 1). Compared with the group C mussels,
the group H mussels exhibited a quicker and higher increase in
aspartate concentration, throughout the 15 days of exposure
regardless of temperature (Figs 1A and 2). Alanine levels peaked
in the first (1-5) days of exposure in both group C and group H
mussels (Fig. 1B) and decreased after 10—15 days of exposure in the
group C mussels at 24 and 28°C (Figs 1B and 2). However, in the

A Aspartate B

group H mussels, alanine continued to increase throughout the
exposure, reaching significantly higher levels compared with the
non-hardened mussels (specifically on day 15 at 24°C and the day
10 at 28°C). Regarding fumarate and succinate, exposure to elevated
temperature led to their strong accumulation in group C mussels
throughout the exposure (except for a decrease back to the baseline
after 15 days at 26°C) (Figs 1C,D and 2). In contrast, succinate and
fumarate concentrations were lower in the group H mussels relative
to their group C counterparts, and were generally similar to or lower
than the baseline levels found in mussels kept at the control
temperature of 18°C (Fig. 1C,D).

Elevated temperatures (24, 26 and 28°C) differentially modulated
the concentrations of alanopine, lactate, strombine and taurine in the
group H and group C mussels (Fig. 3). Specifically, at 24°C,
alanopine concentration showed an initial decrease below baseline
levels (obtained at 18°C) and returned to the baseline after 15 days
of exposure (Fig. 3A). However, in group H mussels exposed to
24°C, alanopine levels increased after 10-15 days of exposure
(Figs 3A and 2). Similarly, in the group H mussels at 26 and 28°C,
alanopine concentration peaked after 1-5days of exposure,
reaching considerably higher levels compared with those of their
group C counterparts. Alanopine levels subsequently decreased in
both group C and group H, reaching levels similar to or lower than
the baseline after 10—15 days (Fig. 3A).

Lactate levels were found to be higher in the group H mussels
compared with the group C ones at all experimental temperatures.
Specifically, while lactate levels of group C mussels showed an
increase until day 5 of exposure at 24°C, and thereafter a decrease
until day 15, group H individuals exhibited a steady increase until
day 15 of exposure (Fig. 3B). Similarly, at 26 and 28°C, group H
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Fig. 1. Changes in aspartate, alanine, fumarate and succinate levels in mantel from heat-hardened and non-heat-hardened Mytilus
galloprovincialis exposed to different temperatures. (A) Aspartate, (B) alanine, (C) fumarate and (D) succinate levels in the mantle of heat-hardened
(group H) and non-heat-hardened (group C) mussels when exposed to 24°C (top row), 26°C (middle row) and 28°C (bottom row) compared with the control
at 18°C, sampled at 12 h (day 0) and 1, 5, 10 and 15 days, as indicated. Values are meansis.d., n=8 preparations from different animals. *P<0.05 compared
with 18°C-acclimated (control) mussels, ¥P<0.05 compared with non-heat-hardened (group C) mussels.
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Fig. 2. Trends of metabolite accumulation in non-heat-hardened and
heat-hardened mussels exposed to different temperatures.

mussels showed higher lactate levels compared with group C
individuals (Figs 3B and 2). In contrast to the above, strombine
concentration in both group C and group H mussels exposed to 24
and 28°C remained similar to that of 18°C. However, at 26°C, both
groups displayed a slight increase after day 5 of exposure, with
group H mussels exhibiting higher levels compared with group C
mussels (Figs 3C and 2). At all elevated temperatures, taurine
concentration increased on day 1 of exposure, with a peak until day
5 and then decreased until day 15 in group C and group H mussels.
Nevertheless, group H mussels showed slightly higher levels
compared with group C mussels (Figs 3D and 2).

Acetate and formate concentrations were higher in the group C
mussels than in their group H counterparts in all tested elevated
temperatures (24, 26 and 28°C) (Fig. 4). Interestingly, acetate and
formate levels in the group H mussels were below the 18°C levels
throughout the exposure, whereas in the group C mussels, acetate
and formate levels were elevated above the 18°C baseline (except
for a transient decline of acetate during the first 5 days at 24°C)
(Figs 4 and 2).

The summed concentration of high-energy phosphates
(ATP+ADP) decreased in both group C and group H when
mussels were exposed at all elevated temperatures. However, a
stronger decrease in group C compared with group H was observed
throughout the experimental exposure (Fig. 5A). Inosine
concentrations were elevated in group H mussels exposed to the

elevated temperatures compared those in group C, which remained
similar to those in the 18°C-acclimated mussels (Fig. 5B).
Hypoxanthine levels in the mantle tissue of group C M.
galloprovincialis were significantly affected by exposure to
elevated temperatures. However, only on day 5 of exposure was
the most significant change observed — levels peaked at 24°C and
decreased at 26 and 28°C. In contrast, hypoxanthine levels in the
group H mussels exposed to all elevated temperatures decreased
over time, with levels lower than in those exposed to 18°C (Fig. 5C).

Gene expression

Heat-hardened mussels exposed to 24 and 26°C exhibited an
increased expression of all three studied genes (Fig. 6). The mRNA
levels of PEPCK peaked early (12 h) during the exposure and
declined afterwards (Fig. 6B), whereas PK transcript levels
remained elevated until day 3 (24°C) and day 5 (26°C) (Fig. 6A).
In contrast, in the group C mussels exposed to 24 and 26°C, PK
transcript levels remained low and mostly below the 18°C baseline,
and a transient modest increase in PEPCK transcript levels was
exhibited at 24°C (days 3-5) and 26°C (day 1) (Fig. 6A,B).
Regarding exposure at 28°C, the transcript levels of both PK and
PEPCK were similar to or below the 18°C baseline in the group C
mussels (Fig. 6A,B). However, PK transcript levels were initially
(12-24 h) elevated in the group H mussels, returning to baseline
later during the exposure (Fig. 6A). Moreover, PEPCK mRNA
levels showed an irregular pattern with modest increases after days 1
and 10 in group H (Fig. 6B).

Transcript levels of AOX were noticeably elevated above the
respective 18°C baseline in the group H mussels at all studied
elevated temperatures (except for day 10 at 28°C), whereas in their
group C counterparts, no induction (or even suppression) of the
AOX transcripts was observed (Fig. 6C).

Multivariate analyses of metabolite profiles
The heatmaps in Fig. 7 (top) show the differences in the
metabolome shifts between group C and group H mussels as well
as between the different exposure temperatures. At 24°C, three
groups of metabolites, showing correlated patterns of change, were
identified based on the dendrograms. The first group included
metabolites which increased toward the end of exposure in the group
C mussels (acetate, formate, fumarate, succinate and hypoxanthine).
The second group included metabolites more abundant during the
mid- to late-exposure period in the hardened mussels (adenylates,
taurine, aspartate and inosine) and the third group included those
peaking early in the exposure in the group C mussels and later in the
group H ones (alanine, alanopine, strombine and lactate) (Fig. 7A).
At 26°C, acetate, formate, fumarate, succinate and hypoxanthine
showed correlated patterns with higher enrichment in group C,
similar to what was found at 24°C (Fig. 7B). Other studied
metabolites peaked during early (adenylates, taurine, aspartate,
inosine, alanine and alanopine) or late (lactate and strombine)
exposure at 26°C in the group H mussels and remained generally
low in the group C ones (Fig. 7B). At 28°C, the comparison
between differently treated mussels revealed a group of metabolites
(mainly inosine, adenylates, lactate, alanine, aspartate and
strombine) that were relatively more enriched in the group H
mussels, and a second group (mainly hypoxanthine, taurine,
fumarate, succinate, alanopine, acetate and fumarate) with higher
levels in the group C mussels (Fig. 7C).

A PCA analysis was applied to statistically define differences in
metabolite responses studied herein. According to the results for
different acclimation temperatures (24, 26 and 28°C), it seems that
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Fig. 3. Changes in alanopine, lactate, strombine and taurine levels in mantle of H- and C-group mussels exposed to different temperatures.
(A) Alanopine, (B) lactate, (C) strombine and (D) taurine levels following exposure to 24°C (top row), 26°C (middle row) and 28°C (bottom row) compared with
the control at 18°C. Values are meanszs.d., n=8 preparations from different animals. *P<0.05 compared with 18°C-acclimated (control) mussels, ¥P<0.05

compared with group C mussels.

in most of the cases, group H individuals were diverted in different
clusters from both control and group C individuals (Fig. 7, bottom).
Specifically, at 24°C, PC1 explained 32.2% of the variance, while
PC2 explained 14.9% (Fig. 7A). At 26°C, PC1 explained 30.1% of
the variance, while PC2 explained 14.7% (Fig. 7B). Lastly, at 28°C,
PC1 explained 25.8% of the variance, while PC2 explained 13.7%.

Interactions between variables

Table 3 exhibits the overall effect of all variables and their
interactions. All variables (hardening, acclimation temperature and
time) and their interactions (hardeningxacclimation temperature,
and hardeningxtime) were statistically significant.

DISCUSSION

Temperature-dependent metabolic shifts and the effects of
heat hardening

According to the OCLTT hypothesis, the range of the optimal
thermal window is determined by the organism’s ability to sustain
oxygen needs for aerobic metabolism so that activation of anaerobic
metabolism resulting from respiratory limitations may indicate the
limits of the thermal window for sustainable metabolic performance
of an organism (Portner, 2010, 2021; Portner et al., 2017). During
the first stage of anaerobiosis in mussels, aspartate and alanine are
particularly important, with alanine being an early biomarker of
anaerobosis produced in the cytosol from aspartate and potentially
protecting the cell from hypoxic damage (Eymann et al., 2020;
Chen et al., 2021). Other end products of early anaerobiosis in
marine bivalves include opines (such as alanopine and strombine)
and lactate (Sato et al., 1993). Opines are typically produced during
functional anaerobiosis characterized by high ATP turnover (such as
during intensive muscle contraction), whereas lactate production is

generally slow and less important in marine mollusks than
alternative anaerobic pathways (Sato et al., 1993). At a later stage,
the anaerobic metabolism transitions to succinate and acetate
production in the mitochondria, which provides higher ATP yield
per unit substrate compared with the alanine-, opine- and lactate-
generating pathways (Hochachka and Mustafa, 1972; Bayne, 2017).
This metabolic flexibility allows facultative anaerobes such as
mussels to fine-tune the cellular ATP production depending on the
tissue’s energy demand and oxygen supply.

Our present study shows that the pattern of metabolic changes in
the non-heat-hardened mussels exposed to 24°C is consistent with
the activation of cytosolic anaerobiosis (with accumulation of
alanine, lactate and strombine) during the first 5 days of exposure,
and transition to succinate- and acetate-producing anaerobiosis at a
later (15 days) stage. The observed increase in fumarate (a precursor
of anaerobic succinate production), succinate and acetate
concentrations  indicates insufficient oxygen supply to
mitochondria and the onset of anaerobic metabolism in these
thermally stressed mussels (Zurburg and Zwaan, 1981; Zandee
et al., 1985; Haider et al., 2020). This metabolic response is in line
with the oxygen consumption in M. galloprovincialis, which also
follows two phases during exposure to 24°C, initially increasing by
day 5 and then decreasing by 10% until day 30 of exposure (Isani
et al., 1995). Taken together, our present data and earlier published
research (Isani et al., 1995) indicate suppression of aerobic
metabolism and increasing reliance on anaerobiosis during
prolonged exposure to 24°C in naive (non-hardened) mussels.
This hypothesis is supported by our findings of transcriptional
changes in non-hardened mussels exposed to 24°C with an
upregulation of PEPCK (which channels glycolytic product
towards anaerobic succinate production) after 3-5 days and
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(B) formate levels following exposure to 24°C (top row), 26°C (middle row)
and 28°C (bottom row) compared with the control at 18°C. Values are
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suppression of the mRNA levels of PK (an aerobic marker enzyme)
during prolonged exposure (Anestis et al., 2007, 2010). These
transcriptional alterations might result in a lower ratio of
PK/PEPCK activities and a shift to succinate accumulation in
M. galloprovincialis during prolonged exposure to 24°C (Anestis
et al., 2007, 2010). Similarly, Le Moullac et al. (2007) showed a
switch at the PEP branchpoint (on day 10) from the aerobic to the
anaerobic pathway of ATP production in the muscle of Crassostrea
gigas, leading to the induction of PEPCK activity and succinate
accumulation during prolonged hypoxia.

In the heat-hardened mussels, the transition to anaerobiosis at 24°C
was delayed relative to that in the naive (non-heat-hardened) mussels.
Thus, heat-hardened M. galloprovincialis showed evidence of
cytosolic anaerobiosis (indicated by accumulation of alanine and
lactate) only after prolonged (15 days) exposure, and no evidence of
fumarate, succinate or acetate accumulation. Both PK and PEPCK
were transcriptionally upregulated during the early period (12 h to
3 days), indicating overall upregulation of aerobic and anaerobic
metabolic pathways in this group when exposed to 24°C. This
metabolic response is in accordance with the findings of Dunphy et al.
(2018), who found no increase of succinate in heat-hardened mussel
Perna canaliculus. They suggested that the delayed upregulation of
succinate production in heat-hardened mussels might be due to more
robust aerobic pathways and/or the delayed switch to anaerobiosis
(Dunphy et al., 2018).

At 26°C, the metabolic pattern showed evidence of an earlier
onset of anaerobic metabolism in the naive (non-heat-hardened)
mussels compared with those kept at 24°C. Thus, tissue levels of
fumarate, succinate and acetate increased after 1 day of exposure at
26°C and continued increasing until day 10. This was accompanied
by an earlier increase in PEPCK transcript at day 1 compared with
controls at 26°C. After prolonged (15 days) exposure, tissue levels
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Fig. 5. Changes in ATP+ADP, inosine and hypoxanthine levels in the mantle of H- and C-group mussels exposed to different temperatures.

(A) ATP+ADP, (B) inosine and (C) hypoxanthine levels following exposure to 24°C (top row), 26°C (middle row) and 28°C (bottom row) compared with the
control at 18°C. Values are meansts.d., n=8 preparations from different animals. *P<0.05 compared with 18°C-acclimated (control) mussels, ¥P<0.05
compared with group C mussels. (D) The salvage purine pathway responsible for ATP and hypoxanthine interplay in group H and group C mussels. IMP,
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Fig. 6. Changes in PK, PEPCK and AOX mRNA levels in the mantle of H- and C-group mussels exposed to different temperatures. (A) PK,
(B) PEPCK and (C) AOX relative gene expression following exposure to 24°C (left), 26°C (middle) and 28°C (right) compared with the control at 18°C,
sampled at 12 h (day 0) and 1, 3, 5 and 10 days. Values are meansts.d., n=8 preparations from different animals. *P<0.05 compared with 18°C-acclimated

(control) mussels, ¥P<0.05 compared with group C mussels.

of fumarate and succinate (but not acetate) declined, possibly
indicating mitochondrial damage. Interestingly, the end products of
fast glycolytic pathways showed either transient (i.e. opines) or
continuous (i.e. lactate) increase throughout the exposure to 26°C in
the non-hardened mussels. This indicates activation of opine and
lactate dehydrogenases, underlining a more active metabolic rate.
The apparently elevated ATP turnover is in line with the initiation of
HSP expression, a highly energy-demanding process, which was
observed in the mantle of M. galloprovincialis at 26°C (Anestis
et al., 2007). In the heat-hardened mussels exposed to 26°C, the
transition to mitochondrial anaerobiosis was delayed relative to that
in naive mussels, similar to the pattern found at 24°C. Thus, this
group showed no evidence of deviation of the metabolic flux
towards succinate or acetate production during prolonged exposure
to 26°C, despite an early transient increase in PEPCK mRNA levels
(12 h to 3 days). Elevation of alanine, strombine and lactate levels
indicated higher metabolic demand during the early stages of 26°C
exposure that was later downregulated and/or compensated for by
aerobic metabolism. This notion is supported by the finding of
consistently elevated PK mRNA expression in the heat-hardened
mussels throughout the exposure to 26°C.

Similar to 26°C, exposure to 28°C led to a sequential activation of
cytosolic and later mitochondrial anaerobiosis, which was
maintained in the naive mussels throughout the thermal stress
exposure, and mitigation of this anaerobiosis activation in the heat-
hardened mussels. This shows that 28°C does not appear to result in
a metabolic collapse at the cellular level in M. galloprovincialis,
even though our earlier study revealed severe energy deficiency and

a negative scope for growth (SFG) in M. galloprovincialis after
30 days at 28°C (Anestis et al., 2010). This discrepancy might be
explained by the decreased feeding rate and assimilation efficiency
of mussels as that can suppress energy intake and contribute to
mortality of around 50% after 30 days at 28°C (Anestis et al., 2007,
2010). Notably, expression of PK mRNA increased during the first
days of exposure at 28°C in the heat-hardened mussels, but unlike
24 or 26°C, this increase could not be sustained at 28°C, indicating
limits for aerobic metabolic compensation at this extreme
temperature.

Interestingly, despite significant accumulation of alanine during
the early period of thermal stress exposure, there was no depletion of
aspartate in the naive or heat-hardened mussels at any of the studied
elevated temperatures. In fact, tissue levels of aspartate increased in
the thermally stressed mussels, particularly in those that were heat
hardened prior to the elevated temperature exposures. In marine
mollusks including mussels and oysters, aspartate is commonly
used as an energy fuel during environmental stress, resulting in
alanine accumulation (Haider et al., 2020; Hu et al., 2022).
Therefore, elevated levels of aspartate stored in the mantle tissue of
the heat-hardened mussels might contribute to their improved
performance during thermal stress as this amino acid serves as an
important substrate for anaerobic ATP production through succinate
pathway as well as via gluconeogenesis.

An intriguing and unexpected observation of the present study
was the accumulation of formate during thermal stress in the non-
hardened mussels. The physiological role of formate and the
metabolic pathways that it is involved in are unknown in marine

8

)
(@)}
9
je
(2]
©
-+
c
Q
£
—
()
o
x
NN
Y
(©)
‘©
c
—
>
(®)
-_




RESEARCH ARTICLE

Journal of Experimental Biology (2022) 225, jeb244795. doi:10.1242/jeb.244795

Class Class
IZ
1

Acetate
Formate 0

Fumarate

Cday 15

Alanopine pH 7.5
Alanine

Lactate

| Strombine pH 7.5

Hday 15
day
Cdays
Cday 10
Cday 15
1
H day 1
H day

=
e § 8 3
E

Hday
Hday
c

2 Class
18°C

Acetate Hday 1

1 W Hdays

Hypoxanthine H day 10

. \

Formate

H day 15

Cday1

Cdays

Fumarate . Mcayn

Lactate Cday 15
2

Strombine pH 7.5

Succinate

-- Alanopine pH 7.5

Acetate

Aspartate
Adenylates
Inosine
Alanopine pH 7.5 Formate
Taurine.

Cday1
Cdays
C day 10

=
e § § 3
: z 8

Cday15

o

Scores plot Scores plot Scores plot
018°C 4 64
o Hday 1
o Hday 10
6 S p 4]
E 2
Ocezi 15 @ ° o )
4 Cdays [ 6w 2
- ° o = o ° ~ o ® St 5
3\’- * O ;t [S) goo e b 04 &° o C :
I 24 o . hs R A° ° o >0 80 o A
o © 9 L gy N -2 o o S N 2| p 9
&) © O ° O o
[ ° g0 o @ o
o © o o P ofsc 4| o
© .og o Q® o° -4 ngzim 1 oHday1 o
° o o © Hday 15 © Hday 10
-2 & © Hday5 - Hday s
Cday 1 —6 4 ©Hday
-6 © Cday 10 ©Cday1
Cday 15 Cday 10
n Cday5 _g| ocdys
-4 -2 0 2 4 6 -4 -2 0 2 4 6 -4 -2 0 2 4
PC1(32.2%) PC1 (30.1%) PC1(25.8%)

Fig. 7. Summary of the change in metabolites in the mantle of H- and C-group mussels exposed to different temperatures. Top: heatmaps depicting
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mollusks and, to the best of our knowledge, no published research
reports  stress-induced formate accumulation in mollusks. In
mammals, formate is a precursor for the de novo synthesis of
purine and deoxythymidine nucleotides and is therefore indirectly
involved in energy metabolism by promoting the synthesis of
adenine nucleotides (Oizel et al., 2020). Moreover, formate is
involved in the regulation of the host-microbiome interactions in
mammals as a byproduct of anaerobic fermentation of bacteria
populating the gut microbiome (Pietzke et al., 2020). Formate
participates in the synthesis of NADPH and contributes to the
reduction of fumarate to succinate, biological reactions that ensure
the survival of the microbe in an oxidative milieu (Appanna et al.,
2014; Thomas et al., 2016). Tomanek and Zuzow (2010) have shown
that metabolic patterns during thermal stress are involved in the
putative switch from NADH- to NADPH-producing pathways in
mussels. The present metabolomic analysis showed that the pattern
of formate and acetate changes during the exposure of mussels at the
elevated temperatures coincides well with that of fumarate and
succinate. It is not known whether formate accumulation provides an
antioxidant role in mussels during hypoxia and thermal stress. We
hypothesize that such a mechanism might have been evolutionarily

Table 3. Results of general linear model ANOVA analyses

Variable df. TypellSS F P

Hardening 2 0.146 6.789  0.004*

Acclimation temperature 2 0.174 6.673  0.009*

Time 2 0.456 3.675 0.035*

HardeningxAcclimation 4 0.178 5.782 0.014*
temperature

HardeningxTime 4 0.286 4.889 0.022*

*Statistically significant effect.

conserved in facultative anaerobes such as mussels. However, the
importance of formate as a substitute for NADH in environments
where the tricarboxylic acid (TCA) cycle and oxidative
phosphorylation are ineffective needs further investigation.

Interestingly, thermal stress also led to the accumulation of taurine,
particularly in the heat-hardened mussels. In the naive (non-hardened)
mussels, taurine accumulation was transient at all studied temperatures,
returning to baseline after 10-15 days of exposure. In the heat-
hardened mussels, higher levels of taurine were accumulated and this
increase was sustained throughout the 15 day exposure at 24°C, but
transient at 26 and 28°C. Taurine is an important metabolite supporting
mitochondrial function and minimizing ROS production in eukaryotic
organisms from yeast to mammals (Jong et al., 2021). It stabilizes
proteins and phospholipid membranes (Huxtable, 1992; Williams and
Somero, 1996) and the mitochondrial electron transport chain, acting
like an antioxidant (Jong et al., 2012). In marine mollusks, taurine
enhances oxidative phosphorylation in the mitochondria and improves
mitochondrial coupling efficiency (Sokolov and Sokolova, 2019).
Furthermore, the ability to maintain high levels of taurine was
associated with improved hypoxia survival in marine mollusks,
whereas depletion of taurine correlated with higher sensitivity to
hypoxia (Haider et al., 2020). Taurine also accumulates in response to
thermal stress and serves as an endogenous thermoprotectant in
mussels (Gleason et al., 2017). Thus, taurine enrichment in the heat-
hardened mussels might support proteome and membrane integrity
and enhance aerobic metabolism, thereby contributing to the
thermotolerant phenotype of this group.

High-energy phosphates and purine metabolism

Thermal stress led to the depletion of high-energy phosphates (ATP
and ADP) in the mussels, with a stronger decrease found with
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increasing exposure temperatures. This indicates energy deficiency
at the cellular level and is consistent with the notion of the mismatch
between energy demand and supply in thermally stressed mussels.
In the heat-hardened mussels, the tissue levels of high-energy
phosphates were partially protected during the thermal stress, and
the depletion was consistently less than in their naive counterparts,
particularly at the less extreme temperatures (24 and 26°C). This
finding indicates that the metabolic shifts caused by heat hardening
ensure the more efficient maintenance of the cellular energy balance
in the mussels.

A potential mechanism contributing to the ATP replenishment
under the thermally induced hypoxia in the mussels might involve
the purine salvage pathway. The depletion of the adenylated pool
during thermally induced hypoxemia results in an accumulation of
inosine and hypoxanthine (DeWall et al., 1971). Further oxidation
of hypoxanthine by xanthine oxidase can cause oxidative damage as
a result of the generation of superoxide (Quinlan et al., 1997,
Gutteridge and Halliwell, 2000; Rodrigues et al., 2014). Our results
showed increased levels of inosine but no accumulation of
hypoxanthine in the non-hardened mussels during the first days of
exposure to 24°C. At 26 and 28°C, this pattern was reversed with
little inosine accumulation and high levels of hypoxanthine,
indicating a higher flux towards hypoxanthine production. In
contrast, in the heat-hardened mussels, inosine levels increased at all
elevated temperatures, while the levels of hypoxanthine were

suppressed below the baseline. This might indicate inhibition of the
purine breakdown pathway in the heat-hardened mussels, which
may be beneficial for heat tolerance and hypoxia survival. Haider
et al. (2020) also reported an increase in the levels of all the purine
metabolism intermediates, including AMP, adenosine and inosine
during prolonged hypoxia in mussels. Adenosine and inosine
have protective roles in the cells (Ralevic, and Burnstock, 1998),
can provide an alternative source of energy under glucose
deficiency, and delay accumulation of NADH" and HY,
preventing inhibition of glycolysis and the Krebs cycle (Hasko
et al., 2004). Furthermore, hypoxic rabbit kidney cells treated with
adenosine or inosine exhibited elevated cellular ATP levels (Weinberg
and Humes, 1986; Takeo et al., 1988; Haun et al., 1996; Mandel et al.,
1998), most likely as a result of ATP generation via the purine salvage
pathway (Szokodi, 2005; Frenguelli, 2019). Our findings suggest that
a similar pathway operates in the heat-hardened mussels (Fig. 5D) but
its activity and contribution to the ATP balance requires further
investigation.

AOX as a potential regulator of redox homeostasis during
thermal stress and hardening

Exposure to the moderately elevated temperatures (24°C) led to a slight
upregulation of AOX expression in the naive (non-heat-hardened)
mussels, in line with the putative shift from NADH- to NADPH-
producing pathways and reduction of ROS production under hypoxia.
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This response was mitigated or reversed during exposure to 26 or
28°C. Notably, heat hardening enhanced transcriptional upregulation
in the mussels, and this response was sustained throughout the entire
exposure at all temperatures except for the last time point (10 days) at
28°C. AOX is found in most animal phyla including hypoxia-tolerant
marine bivalves (McDonald et al., 2009) and is induced by stressors
including toxins, hypoxia, nutrient deficiency, temperature,
desiccation and pathogen attack (Jacobs and Ballard, 2022). AOX
protects anaerobic mitochondria from respiratory poisoning by
hydrogen sulfidle and prevents mitochondrial —membrane
hyperpolarization and concomitant ROS production by diverting
electrons away from the classical phosphorylation sites at complexes
I and IV during metabolic shutdown (Abele et al., 2007). High AOX
activity combined with the suppression of the pathways channeling
electrons to ubiquinone (Sokolov et al., 2019) might minimize electron
leak from highly reduced electron carriers and thus suppress
mitochondrial ROS production during hypoxia-reoxygenation stress
(Adzigbli et al., 2022). Similar to our results, Sussarellu et al. (2012)
reported up-regulation of the AOX mRNA which becomes the main
electron transport route under anoxic conditions in C. gigas. The
beneficial role of AOX in mussels under metabolic depression is also
evidenced by transcriptional suppression of AOX in the mussels
exposed to 26°C, when they exhibit reactivation of metabolic rate
(Anestis et al., 2007). Respirometry using inhibitors showed that AOX
accounted for a greatly increased proportion of the electron flow to
oxygen in C. gigas during post-hypoxic recovery (Sussarellu et al.,
2012). This may reflect a mechanism to minimize the burst of ROS
production that is associated with re-oxygenation (Storey, 1996).
Taken together, these findings point to an important role of AOX in
regulating the cellular redox balance during stress-induced metabolic
shifts in mollusks, and show that stimulation of AOX expression might
contribute to the thermotolerant phenotype caused by heat hardening.

Conclusions

Exposure of M. galloprovincialis to elevated temperatures resulted
in metabolic disturbances including shifts in multiple essential
metabolic pathways, which were largely mitigated in mussels that
experienced heat hardening prior to thermal stress exposure (Fig. 8).
Overall, the observed metabolic responses of heat-hardened mussels
may indicate higher activity of the TCA cycle in order to increase
their ATP production as much as possible and prolong their survival
until environmental conditions return to optimum. Furthermore,
observed low concentrations of fumarate and succinate and the
accumulation of end products of alanopine, lactate and strombine
indicate increased oxidative capacities via the corresponding
anaerobic pathways in order to supplement the energy supply. At
severe thermal stress (28°C), the maintenance of lactate levels with a
concomitant progressive accumulation of succinate underlies the
initiation of metabolic depression after the first 3-5 days of
exposure. Overall, the metabolic responses in non-heat-hardened
and heat-hardened mussels underline the upper thermal limits of
M. galloprovincialis, set at 26°C (Anestis et al., 2007), and are in
accordance with the OCLTT concept. The ability of heat-hardened
mussels to undergo a rapid gain and slow loss of heat tolerance may
be an advantageous strategy for coping with intermittent and often
extreme temperatures (Moyen et al., 2020).
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