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Abstract
In recent years, extreme heat events have occurred worldwide and the ocean temperature has
been rising, causing stress on the photosynthesis and growth of seagrass. Metabolomics enables detection of
metabolic changes under environmental stress. In this study, the photosynthetic physiology and metabolic
changes of the eelgrass Zostera marina L. in response to 48 h exposure to 32°C were investigated. The results
showed that high temperature induced signiﬁcant inhibition of photosynthetic eﬃciency (ΔF/F′m) (23.9%
lower than the control), enhanced respiration (58.3% higher), and decreased carbohydrate decomposition
products and tricarboxylic acid (TCA) cycle intermediate products, indicating that the energy supply of the
eelgrass may be insuﬃcient at high temperature. In addition, high temperature decreased stearic acid and
linoleic acid in eelgrass, suggesting the composition of the membrane system of eelgrass may change at high
temperature and implying that high temperature may cause the membrane system to be unstable.
Keyword: high temperature; eelgrass; photosynthetic response; metabolome

1 INTRODUCTION
Seagrass, which comprises one of the most
abundant and important systems in the coastal
ecosystem, has high primary productivity (Rasheed et
al., 2008; Kim et al., 2013) and forms the basis of a
variety of marine food chains (Connolly et al., 2005;
Lepoint et al., 2006). Seagrass beds greatly increase
the biodiversity of the surrounding environment
(Bertelli and Unsworth, 2014) and contribute to
maintenance of the health and stability of the coastal
environment (Heck et al., 2003; Thangaradjou et al.,
2010). However, seagrass systems are subject to
pressure from human activities such as coastal
development, the import of land-based pollutants to
the ocean, and global climate change (Shin et al.,
2002; Ralph et al., 2007; Waycott et al., 2009; Short et
al., 2011; Jordà et al., 2012). The global seagrass
distribution area has declined since the last century,

and this decline seems to be closely related to
anthropogenic stress (Short and Wyllie-Echeverria,
1996; Boudouresque et al., 2009). Global climate
change, especially the continuous rise of the global
ocean temperature, has harmed the health of seagrass
to a certain extent (Collier et al., 2011; Waycott et al.,
2011), particularly in shallow waters, which are more
heavily impacted by solar radiation and air temperature
(Pedersen et al., 2016), as well as areas close to the
edge of seagrass species’ distributional ranges
(Micheli et al., 2008; Massa et al., 2009). In recent
years, the evidence of the harmful eﬀects of
temperature changes in the distribution and growth of
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seagrass has been increasing. The temperature of the
seagrass ﬁeld at the Great Barrier Reef during low
tide has been as high as 43°C. Collier and Waycott
(2014) measured the eﬀects of short-term hightemperature exposure on the photosynthesis and
growth of four tropical seagrasses and found that it
died within 2–3 at 43°C, indicating that frequent
thermal events of 40°C or higher can aﬀect the
ecological functions of tropical seagrass. Rasheed
and Unsworth (2011) documented the temporal
dynamics of intertidal seagrass on the tropical
northeastern coast of Australia for 16 years and
observed that high temperature is associated with a
low biomass of seagrass in the Carpentaria Bay. In
recent years, the Mediterranean has rapidly warmed,
and ﬁeld monitoring has demonstrated that interannual
variability in Posidonia oceanica shoot mortality was
coupled with seawater warming variability (Marbà
and Duarte, 2010).
Eelgrass (Zostera marina. L), which is one of the
most widely distributed seagrass species in temperate
shallow seas, maintains the health and stability of the
shallow-sea environment (Hasegawa et al., 2008;
Boström et al., 2014). It has an optimum growth
temperature of 13.0–24.0°C (Lee et al., 2007).
Contemporary climate change is characterized by a
continuous increase in the average temperature and
increasing climate variability, such as heat waves,
storms and ﬂoods (Peterson et al., 2013). A ﬁeld study
conducted by Reusch et al. (2005) revealed that a
climate change-related heat wave in central Europe
caused water temperatures to exceed 25°C, resulting
in the death of more than 50% of eelgrass shoots.
When eelgrass is exposed to high water temperature,
the increase in respiration is greater than the increase
in photosynthesis, resulting in a decreased
photosynthesis: respiration ratio (P:R ratio) (Marsh et
al., 1986) and an imbalance between carbon uptake
and carbon consumption (Zimmerman et al., 1989).
This imbalance is also reﬂected by a decrease in sugar
stored in the leaves and rhizomes during periods of
high temperature (Burke et al., 1996).
Metabolites are the end products of gene expression.
Life activities such as signal transduction and energy
transfer are regulated by metabolites (Guy et al.,
2008). Metabonomics can qualitatively and
quantitatively analyze all low-molecular-weight
metabolites of a particular organism or cell in a given
physiological period (Dettmer et al., 2007). The
development of metabolomics provides a reliable
framework for detection of changes in the contents of
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metabolites under environmental stress. Hightemperature is a common stress for plants that can
aﬀect the metabolism of soluble sugars, amino acids,
and organic acids (Guy et al., 2008; Yamakawa and
Hakata, 2010; Ribeiro et al., 2014). For example,
exposure to 26°C for 3–5 weeks was found to change
the contents of sucrose, fructose, and myo-inositol in
Z. marina and Z. noltii (Gu et al., 2012). Moreover,
the accumulation of some metabolites is closely
related to the high-temperature resistance of the
plants. For instance, Ashraf et al. (1994) found that
soluble sugars and proline largely accumulated in
high-temperature-resistant
cotton
(Gossypium
hirsutum), which is conducive to the improvement of
high-temperature resistance of plants. Xu et al. (2013)
investigated the eﬀects of high-temperature stress on
the accumulation of metabolites in the leaves and
roots of two Agrostis species, A. scabra (heatresistant) and A. stolonifera (heat-sensitive), by gas
chromatography-mass spectroscopy (GC-MS) and
found accumulation of organic acids and carbohydrates
in the leaves and accumulation of amino acids,
organic acids, and carbohydrates in the roots.
High temperature can aﬀect the growth and
survival of seagrass. Long-term non-lethal hightemperature exposure also aﬀects seagrass metabolism
and gene expression. However, the response of the
metabolism of seagrass to short-term exposure to a
lethal temperature has not yet been reported.
Therefore, the photosynthesis and metabolomic
response of eelgrass to short-term high-temperature
exposure was investigated in this study with the goal
of providing insight into the likely eﬀects of extreme
heat events on temperate seagrass.

2 MATERIAL AND METHOD
Eelgrass was collected from an eelgrass bed
(122°34′04″E, 37°02′32″N) in Sanggou Bay during
the low tide period of June 2016. At this time, the
temperature of the surface water was approximately
16°C, and the eelgrass was in the rapid growth stage.
Eelgrass shoots without obvious damage were
selected and 10-cm diameter PVC core tubes were
used to extract intact plugs of sediment and
associated selected shoots. The plugs were then
transported to the laboratory on ice. Upon arrival in
the laboratory, the epiphytes on the eelgrass shoots
were removed, and the plugs were put in a 16-L
glass cylinder that was placed in a light incubator.
Each glass cylinder contained 3–4 plugs with 9–12
shoots. The eelgrass was cultured at 16°C under a
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12 h:12 h light: dark cycle (L:D), and the canopy
received a light intensity of approximately 135 μmol
quanta/(m2·s).
The water of the eelgrass culture was changed
daily using sea water with a salinity of 30 after
ﬁltration through a 0.45-μm microporous membrane.
After adaption for 2 weeks, eelgrass samples were
randomly divided into two groups, with six glass
cylinders in each group. One group served as a
control, with a culture temperature of 16°C, while the
experimental group was cultured in sea water of 32°C
in an incubator (±0.2°C). A temperature of 32°C was
conﬁrmed to severely inhibit the growth of eelgrass in
7 days in our previous research, while the metabolic
response was unknown (Gao et al., 2017).
2.1 Physiological responses and data analysis
The eelgrass was treated at 32°C or 16°C for 48 h,
after which the eﬀective photosynthetic eﬃciency
was measured, which was represented by the eﬀective
quantum yield ΔF/F′m (achieved under experimental
light conditions, interpreted as photosynthetic
eﬃciency) and maximum yield Fv/Fm (achieved in the
dark, interpreted as photo damage) using a chlorophyll
spectrometric ﬂuorescence measurement device
(Diving PAM, Walz, Germany). To perform the
measurement, two terminal shoots in each glass
cylinder were randomly selected, and the leaf chip
was set at 5–8 cm above the edge of the leaf sheath in
the second youngest leaf of each branch to detect the
ΔF/F′m under light (135 μmol quanta/(m2·s)) and the
Fv/Fm after dark adaptation for 15 min.
After the chlorophyll ﬂuorescence parameters were
measured, three shoots were randomly selected from
each glass cylinder. The rhizomes and roots were
cleaned (removing the substrate and bundling on
small stones) and then placed in a 2 000-mL gas-tight,
transparent chamber. Chambers containing no
seagrass and only seawater were used as controls. The
consumption of dissolved oxygen after a certain
incubation time (90–120 min) in the dark was
measured using a portable probe (Orion 3 Star,
Thermo Scientiﬁc). The dark respirations of the 16°C
and 32°C treatment groups were calculated using the
dissolved oxygen consumption under dark conditions.
At the end of the experiment, the eelgrass in each
group was weighed.
Diﬀerences in the photosynthetic and respiration
rates between the 16°C and 32°C treatment groups
were analyzed by a Student’s t-test at a signiﬁcance of
P<0.05.
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2.2 Metabolic response
2.2.1 Extraction of metabolites from eelgrass shoots
After 48 h of culture, six replicates of 2–3 g of
eelgrass were stored at -80°C until metabolites were
extracted. Metabolite proﬁling was conducted using
GC-time of ﬂight (TOF)-MS (Erban et al., 2007).
Brieﬂy, 200 mg of fresh plant sample was extracted
using 0.8 mL of extraction liquid (methanol:
H2O=3:1 v/v). Ten microliters of adonitol (2 mg/mL
in dH2O) were added as an internal standard. The
material was then homogenized for 4 min at 40 Hz
using a ball mill grinder, after which it was subjected
to ultrasound treatment for 5 min (incubated in ice
water). The homogenization and ultrasound
treatment were repeated, after which samples were
centrifuged at 12 000 r/min and 4°C for 15 min.
Next, 200 μL of supernatant was transferred to a
GC-vial and vacuum concentrated without heat.
Blanks were also prepared using extraction solution,
and then the samples were pooled using mixed
aliquots from each shoot sample. Forty microliters
of methoxyamine hydrochloride (20 mg/mL in
pyridine) were added, after which the sample was
incubated for 30 min at 80°C. The samples were
then trimethylsilylated by adding 60 μL of N-methylN-triﬂuoroacetamide with 1% trimethylchlorosilane,
after which they were incubated for 1 h at 70°C.
Finally, samples were cooled to room temperature
before GC-MS analysis.
2.2.2 GC-MS analysis
GC-TOF-MS analysis was performed using an
Agilent 7890 gas chromatograph system (Agilent
Technologies, USA) coupled with a Pegasus HT
time-of-ﬂight mass spectrometer that was equipped
with a DB-5MS capillary column (30 m×250 μm×
0.25 μm) (Agilent J&W Scientiﬁc, Folsom, CA,
USA). A 1-μL aliquot of the analyte was injected in
splitless mode. The carrier gas was helium, the front
inlet purge ﬂow rate was 3 mL/min, and the gas ﬂow
rate through the column was 1 mL/min. The initial
temperature was 50°C, which was held for 1 min,
then increased at a rate of 10°C/min until it reached
300°C, where it was kept for 14 min. The injection,
transfer line, and ion source temperatures were
280°C, 270°C, and 220°C, respectively. The energy
was set at -70 eV in electron impact mode. In fullscan mode, the mass spectra were recorded with a
scanning range of 50–550 m/z.
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2.2.3 Data analysis, metabolic identiﬁcation, and
pathway analysis
Chroma TOF4.3X software from LECO
Corporation and the LECO-Fiehn Rtx5 database were
used to extract raw peaks, process data baselines,
identify peaks, and integrate peak areas. Peaks were
identiﬁed using the retention time index (RI), and the
RI tolerance was 5000.
The interquartile range denoising method was used
to process metabolites after the peaks were detected.
The internal standard normalization method was
employed for this analysis. Next, the threedimensional data containing the peak number, sample
name, and normalized peak area were analyzed using
the SIMCA14.1 software (MKS Data Analytics
Solutions, Umea, Sweden) to perform principal
component analysis (PCA) and orthogonal projections
to latent structures-discriminant analysis (OPLSDA). Principal component analysis is an unsupervised
data analysis method that can visualize the inherent
clusters between groups, while OPLS-DA is used to
identify the diﬀerences between groups and help
screen metabolites responsible for the classiﬁcation
by eliminating the systematic variants that are not
related to discrimination. To better understand the
model, the score map, the load map, and the variable
importance in the projection were used in combination.
A 7-fold cross-validation was employed to estimate
the robustness and the predictive ability of the model
produced by OPLS-DA. The model quality was
described by the parameters R2Y and Q2, and the
statistical signiﬁcance of R2Y and Q2 were estimated
by response permutation testing. However, in our
experiments, only six replicates in each class were
used to build the model; therefore, the row order in
the dataset was permutated 10 times (Triba et al.,
2015) and the values of the quality parameters were
calculated each time by 7-fold cross-validation
procedures. The data were also analyzed using
Student’s t-tests to identify metabolites that were
signiﬁcantly changed between the control and the
high-temperature treatment (P<0.05). The VIP
(Variable Importance in the Projection) value
(threshold > 1) of the ﬁrst principal component of the
OPLS-DA model and the P-value of the t-test
(P<0.05) were used to identify diﬀerentially expressed
metabolites.
Metabolites were identiﬁed by comparing the
mass-to-charge ratio and the abundance of each
compound to a standard mass chromatogram in
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databases from the National Institute of Standards
and Technology (NIST) and the Wiley registry of
mass spectral data. Peaks with a similarity index of
more than 700 were tentatively identiﬁed as
metabolites, while those with an index of less than
700 were considered unknown metabolites. In
addition, commercial databases, including the Kyoto
Encyclopedia of Genes and Genomes and NIST, were
utilized to search metabolic pathways. The
MetaboAnalyst 3.0 Pathway Analysis module was
used to combine results from the pathway enrichment
analysis with the pathway topology analysis and to
identify the most relevant pathways under the
experimental conditions tested. All metabolites
identiﬁed and discussed in this article were identiﬁed
as Metabolomics Initiative (MSI) Level 2, except for
two substances that were level 4.

3 RESULT
3.1 Photochemical eﬃciency ΔF/F′m, maximum
yield Fv/Fm and dark respiration
The high-temperature stress aﬀected the
photochemical eﬃciency (ΔF/F′m). When compared
with the control, the ΔF/F′m of eelgrass was
signiﬁcantly decreased to 0.35 (Fig.1a) after hightemperature treatment for 48 h, which was about
23.9% lower than the control. Although no signiﬁcant
decrease in the maximum yield Fv/Fm was detected
(Fig.1b), high-temperature aﬀected the dark
respiration rate. When compared with the control at
16°C, high-temperature treatment for 48 h increased
the net respiration rate to 2.66 mg O2/(g FW·h)
(Fig.1c), which was 58.3% higher than the control.
3.2 Metabolic changes in eelgrass in response to
heat stress
The volcanic plot, which is illustrated in Fig.2,
provides a rapid display of metabolic changes based
on the fold changes and t-tests of groups of 16°C and
32°C. A general decrease in metabolites was observed
in response to high temperature.
For multivariate analysis of the eﬀects of
temperature on the metabolome of Z. marina,
exploratory unsupervised PCA analysis was
conducted to identify the natural relationships
between the two groups. No obvious clustering was
found between the two groups in the PCA; therefore,
further analysis was conducted by OPLS-DA using
temperature as a classiﬁer. The samples were better
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Fig.1 ΔF/F′m (a), Fv/Fm (b) and dark respiration (c) of eelgrass after 48 h at diﬀerent temperatures
Error bars represent the standard deviation (SD).
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Fig.2 Volcano plot of eelgrass in response to high temperature
The dashed lines represent a P-value of 0.05 (y-axis) and a fold change of 2 (x-axis).

separated on the score map of OPLA-DA (Fig.3) and
the parameters obtained by 7-fold cross-validation
were R2Y=0.995 and Q2=0.657, PCV-ANOVA=0.07. After
10 row permutations of the dataset with 7-fold of
cross-validation each time (Triba et al., 2015), 10 Q2
values were obtained and determined to be stable,
with a mean of Q2=0.729 (SD=0.03) and PCV-ANOVA=
0.035 (SD=0.012). The model’s good predictability
was further validated by a permutation test with
R2Y=0.982 and Q2=0.024 2. Based on the VIP value
from the OPLA-DA mode and substances’ similarity,

14 diﬀerential metabolites with similarity >700 and
VIP>1 were identiﬁed as signiﬁcantly changed
metabolites, of which 12 were known and two were
unknown (Table 1). These signiﬁcantly changed
metabolites in eelgrass shoots were involved in sugar
metabolism, the citric acid cycle and metabolism of
amino acids and were summarized in a simpliﬁed
metabolic map (Fig.4).
3.3 Metabolic pathway analysis
Metabolic pathway analysis of the 12 screened
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Fig.4 Mapping of relative concentrations of metabolites that were found to change in response to high temperature in the
known pathways of metabolism of sugar, the citric acid cycle and metabolism of amino acids
Eelgrass was cultured at 16°C (blue columns) or at 32°C (red columns). Data shown are the means ± standard errors of six biological replicates.
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diﬀerential metabolites was conducted using
MetaboAnalyst 3.0, and the metabolic pathways that
changed in response to high-temperature treatment
(impact >0.1 and raw P<0.05) were linoleic acid
metabolism and the citrate acid cycle (TCA cycle)
(Fig.5).

4 DISCUSSION
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5
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Fig.3 Score plot of OPLS-DA model applied to the control
and eelgrass shoots exposed to 32°C for 48 h
The quality factors for the model were R2Y=0.995, Q2=0.729 and
PCV-ANOVA=0.035.

The response of eelgrass to short-term hightemperature exposure was reﬂected in decreased
photosynthesis, characterized by ΔF/F′m (Fig.1a), and
enhanced respiration. Under high-temperature, the
respiration of eelgrass increased (Fig.1c); therefore,
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Table 1 Signiﬁcantly changed metabolites of eelgrass shoots following 48 h of exposure to 32℃
Peak

Similarity

R.T.

m/z

VIP

P-value

Fold change

MSI level

Succinic acid

948

12.924

147

2.418

0.001

0.119

2

Threonine

939

13.878

219

1.366

0.002

2.793

2

Unknown

790

9.726

72

1.696

0.003

0.551

4

Isoleucine

938

12.707

158

1.962

0.005

0.591

2

Linoleic acid

757

22.863

67

2.053

0.011

3.662

2

Glutamic acid

879

16.801

246

1.817

0.014

1.711

2

L-malic acid

931

15.231

327

1.676

0.016

1.468

2

Fructose-6-phosphate

805

23.562

315

1.756

0.018

1.938

2

β-Alanine

753

14.486

174

1.649

0.019

1.906

2

Glucose-6-phosphate

922

23.680

387

1.763

0.023

1.943

2

Fumaric acid

938

13.419

245

1.603

0.025

2.226

2

Galactose

956

20.024

205

1.645

0.035

0.359

2

Unknown

706

23.859

387

1.640

0.035

1.805

4

Stearic acid

871

23.123

117

1.279

0.041

1.813

2

The fold changes were calculated using log2 transformed data (32℃ exposure/control at 16℃). Similarity, comparison between compounds and the standard
mass chromatogram; R.T.: retention time; VIP: variable importance in projection of the ﬁrst principal component in the OPLA-DA model; MSI level:
metabolomics initiative level.
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Fig.5 Pathway analysis graphic summary
The high temperature response metabolic pathways with raw P<0.05 and impact score >0.1 are indicated by red columns.
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the energy consumption should have accelerated.
Fructose-6-phosphate and glucose-6-phosphate were
found to decrease in response to high-temperature,
which may have reﬂected the upregulated downstream
reactions in the glycolytic pathway. This has also
been found in the responses of metabolites of castor
seedlings to high temperatures (Ribeiro et al., 2014).
Carbohydrates play an important role in plant growth
and coping stress. Most plants accumulate soluble
sugar at high temperatures to stabilize their energy
supply and membrane function, as well as to regulate
gene expression and signal transduction (Kaplan et
al., 2004; Wahid et al., 2007; Guy et al., 2008). The
accumulation of galactose in eelgrass at high
temperature is the same response as that of the leaves
of Coﬀea arabica L. to high temperature (dos Santos
et al., 2011). Galactose and other sugars can be used
as substrates for a variety of intermediate metabolites
to participate in oxidative cross-linking at high
temperatures (Seifert and Roberts, 2007). However,
unlike in the present study, the major changes in the
metabolic products of eelgrass caused by high
temperature in the previous study by Gu et al. (2012)
were in the levels of sucrose and fructose. This
diﬀerence was likely because the temperature in our
experiments was 32°C, which is higher than the
temperature of 26°C in the long-term heat stress
experiments conducted by Gu et al.
An important response of eelgrass to high
temperatures is the changes in the intermediate
metabolites of the TCA cycle (Fig.5). The
accumulation of succinic acid and the decreases in
malic acid and fumaric acid may reﬂect the insuﬃcient
mitochondrial activities of eelgrass when faced with
greater energy demand. High temperature can inhibit
photosynthesis and enhance the respiration of
eelgrass, gradually causing an imbalance in energy
supply. In our previous study, severe growth stagnation
was found after seven days of high-temperature
exposure. Therefore, it is possible that hightemperature treatment for 48 h led to an insuﬃcient
energy supply based on the general decrease in
metabolites.
Notably, isoleucine in eelgrass increased in
response to high temperatures, which has also been
observed in other plants exposed to high temperatures.
Kaplan et al. (2004) reported an increase in isoleucine
concentration in Arabidopsis thaliana in response to
heat shock, and the accumulation of isoleucine was
also found in spring wheat and castor seedlings under
high-temperature stress (Behl et al., 1991; Ribeiro et
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al., 2014). Because of its unsubstituted aliphatic side
chains and branched alkyl groups, isoleucine is one of
the most hydrophobic of the 20 standard amino acids.
This amino acid is usually located at the core of the
protein, where it plays an important role in determining
the structure of the globular protein as well as the
interactions between membrane proteins and
phospholipid bilayers in the transmembrane domain.
In plants, isoleucine often conducts anabolism with
threonine and methionine as the precursors (Joshi et
al., 2010). Under high-temperature conditions, the
concentration of threonine decreased and the
concentration of isoleucine increased, indicating that
isoleucine synthesis was enhanced. It has been
proposed that accumulated free branched amino
acids, including isoleucine, can be used as substrates
for the synthesis of stress-induced proteins and as
signaling molecules in the regulation of gene
expression (Nambara et al., 1998). Thus, these free
branched amino acids accumulate in plants in response
to abiotic stresses and coordinate with other reactions
to deal with adverse environmental conditions
(Simon-sarkadi et al., 2006). The accumulation of
isoleucine in eelgrass should be closely related to
other molecular changes in response to hightemperature stress. However, this study focused on
metabolites, and the information obtained is relatively
limited.
Another notable change in the metabolites of
eelgrass was the reductions in stearic acid and linoleic
acid. The destruction of plant membrane integrity by
high-temperature stress is an important cause of
impaired cell function (Paulsen, 1994; Marcum,
1998). High temperatures often cause degeneration of
proteins in the lipid bilayer of the biomembrane or
increases in unsaturated fatty acids, resulting in more
membrane ﬂuidity and increased membrane
permeability (Savchenko et al., 2002). Although no
biological thermometer is evident in plants, it has
been suggested that the change in membrane ﬂuidity
is critical to the perception of high temperature and
the coordinate adjustment of gene expression (Wahid
et al., 2007). Several reports suggest that increased
concentrations of saturated fatty acids can favor
photosynthesis and growth in Arabidopsis thaliana
and rice (Murakami et al., 2000; Sohn and Back,
2007). An investigation of the lipid composition and
saturation of the membrane in three cultivars of
creeping bentgrass (Agrostis stolonifera) showed that
the high-temperature-resistant cultivar had a higher
level of saturated fatty acids, and all three cultivars
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showed decreased triene fatty acids, elevated diene
fatty acids, and increased membrane saturation under
high-temperature stress (Larkindale and Huang,
2004). Similarly, in genetically modiﬁed tomato
(Lycopersicon esculentum Mill), the increased degree
of fatty acids saturation was correlated with hightemperature resistance (Liu et al., 2010). The decrease
of saturated stearic acid and non-saturated linoleic
acid in eelgrass indicates that high temperature may
have changed the fuludity of the membrane, which
implies that the stability of the membrane system was
damaged by high temperature. However, the
metabolites detected in this study were limited, and
the changes in the concentrations of other lipids in the
membrane were not determined. Therefore, further
comprehensive investigations of the response of the
lipid composition of eelgrass to high temperatures are
warranted.

5 CONCLUSION
After short-term exposure to a lethal temperature
of 32℃, eelgrass showed decreased photosynthetic
activity and increased respiration, with signiﬁcant
reductions in the products involved in glucose
metabolism and the TCA cycle, suggesting insuﬃcient
energy supply. Isoleucine can be used as a substrate
for the synthesis of stress-induced proteins and act as
a signaling molecule for regulating gene expression.
Therefore, we propose that the reduction in threonine
and the accumulation of isoleucine are closely related
to other molecular changes in response to hightemperature stress. The decreases in stearic acid and
linoleic acid observed in response to high temperature
suggest an increase in membrane ﬂuidity, which may
also imply the destruction of membrane function at a
lethal temperature.

6 DATA AVAILABILITY STATEMENT
All data generated and/or analyzed during this
study are included in this published article.
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