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Abstract
Temperature is a major environmental factor affecting the growth, development, and productivity of Sargassum fusiforme. 
We aimed to assess the metabolic processes and regulatory mechanisms in S. fusiforme during a 7-day high-temperature 
(27 °C and 32 °C) experiment. Changes in chlorophyll content and electrolyte leakage after high-temperature treatment were 
investigated. Metabolic changes in the leaves of S. fusiforme were analysed using gas chromatography–mass spectrometry. 
High temperatures suppressed chlorophyll content and increased electrolyte leakage. Further, a strong modulation of various 
metabolisms was observed: organic acids, amino acids, sugars or sugar alcohols, esters, and amines. These metabolisms 
were significantly enriched in ten pathways under the 27 °C treatment: aminoacyl-tRNA biosynthesis; glycine, serine, and 
threonine metabolism; alanine, aspartate, and glutamate metabolism; valine, leucine, and isoleucine biosynthesis; cyanoamino 
acid metabolism; cysteine and methionine metabolism; arginine and proline metabolism; tyrosine metabolism; citrate cycle 
(TCA cycle); and glucosinolate biosynthesis. The various metabolisms significantly enriched seven pathways under the 32 °C 
treatment, namely, alanine, aspartate, and glutamate metabolism; aminoacyl-tRNA biosynthesis; phenylalanine metabolism; 
tyrosine metabolism; arginine and proline metabolism; nitrogen metabolism; and isoquinoline alkaloid biosynthesis. These 
changes in metabolic pathways may contribute to the tolerance and adaptability of S. fusiforme to high-temperature stress.
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Abbreviations
CDPK  Calcium-dependent protein kinase
EL  Electrolyte leakage
GC–MS  Gas chromatography–mass spectrometry
MAPK  Mitogen-activated protein kinase
(O) PLS-DA  (Orthogonal) partial least squares analysis
PCA  Principal component analysis

ROS  Reactive oxygen species
VIP  Variable important in projection

Introduction

Sargassum fusiforme is a fleshy, juicy, and flavoured 
marine vegetable with high nutritional and medicinal value 
(Schepetkin and Quinn 2006; Pugh and Pasco 2011). It is 
also highly recommended as a healthy longevity food, and is 
a warm temperate subtropical seaweed that mainly grows in 
the Northwest Pacific. It is found in the east of China (from 
the south of the Liaodong Peninsula to the Leizhou Penin-
sula in Guangdong), Japan (south of Hokkaido, from state 
to Kyushu), and the coast of Korea (Zhang et al. 2002). In 
China, where the cultivation area was 2.6% (2482 ha) of the 
entire coastal area for commercial cultivation of seaweeds, 
the total production reached 32,000 tonness per year (fresh 
weight) (Pang et al. 2008). S. fusiforme is largely produced 
in high quality in the Dongtou islands of Zhejiang costal 
area (Zeng 2000).

Temperature is a major environmental factor that affects 
growth, development, and productivity of S. fusiforme. 
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Under natural conditions, S. fusiforme is cultured from Sep-
tember to mid-April or early May of the following year, and 
the growth temperature range of S. fusiforme is wide, from 
5 to 25 °C (Sun et al. 2009). However, in the early seeding 
period (September to October in south China), S. fusiforme 
farms often suffer from consistently high temperatures or the 
well-known “temperature rebound” (a temperature increase 
followed by a dramatic drop). In mid-April or early May, 
the seawater temperature is often higher than the optimal 
temperature. Constant high temperatures can negatively 
affect S. fusiforme by inhibiting growth, development, and 
sexual reproduction (Zou and Gao 2005), thus, leading to a 
substantial reduction in yield. In recent years, high tempera-
tures have markedly affected S. fusiforme cultures and their 
yields. To adapt to global climate changes and maintain high 
yields of S. fusiforme, several heat-resistant strains should 
be selected and extensively cultured in Southern China. 
Therefore, a deep understanding of the high-temperature 
resistance mechanisms of S. fusiforme would establish a 
theoretical foundation for further studies.

In many higher plants, especially in model plants, the 
response mechanisms to high-temperature stress have been 
thoroughly studied, and a variety of mechanisms have been 
summarised. These include maintenance of membrane sta-
bility, feedback inhibition of photosynthesis, scavenging of 
reactive oxygen species (ROS), calcium-dependent protein 
kinase (CDPK) cascade, antioxidants production, induction 
of mitogen-activated protein kinase (MAPK), and accumu-
lation and regulation of compatible solutes (Mittler et al. 
2012; Hasanuzzaman et al. 2013; Driedonks et al. 2015). 
These stress responses can be studied by measuring changes 
in cellular metabolites. A comprehensive study on metabo-
lisms marked by changes in metabolites will help to deter-
mine the key factors that regulate metabolism and increase 
the understanding of how plants respond to various stresses 
(Zhou et al. 2017). Using metabolomics, the effects of stress 
on metabolites abundance have been examined in microal-
gae such as Chlamydomonas reinhardtii (Bolling and Fiehn 
2005; Valledor et al. 2013), Ettlia oleoabundans (Matich 
et al. 2016), Pseudochoricystis ellipsoidea (Ito et al. 2013), 
Chlorella pyrenoidosa (Guo 2016), Chlorella sorokiniana 
(Lu 2012), and in marine microalgae such as Paralia sul-
cata (Yu et al. 2015) and S. fusiforme (Lin 2014). However, 
there are relatively few studies on the mechanism of high-
temperature resistance of algae, especially in S. fusiforme.

This study aims to increase the understanding of the 
molecular mechanisms of heat stress of S. fusiforme and 
reveal the global metabolic reaction of S. fusiforme under 
heat stress. We observed and analysed the physiological 
changes of leaves under different high-temperature stress. 
At the same time, we used a gas chromatography–mass 
spectrometry (GC–MS) method to compare the abun-
dances of different metabolites under normal and heat stress 

conditions. Metabolomics is another newly developed omics 
after genomics, transcriptomics and proteomics. The study 
of metabolomics has also become one of the important com-
ponents of systems biology. The research results of metabo-
lomics can reveal the changes of the genome, transcriptome 
and proteome after being affected by genetic or environ-
mental factors, and it is closer to the phenotype of cells or 
organisms, and is thus becoming more and more widely used 
(Fiehn 2002). The data obtained in this study will provide 
important bioinformatic resources for studying the reaction 
mechanism of S. fusiforme under high-temperature stress.

Materials and Methods

Plant Material and Temperature Treatment

The S. fusiforme used in this study was cultivated by Fish-
eries Science and the Technology Research Institute of 
Dongtou District of Wenzhou City in the Zhejiang Prov-
ince of China. We sampled S. fusiforme at maturity in early 
May. Uniform samples (morphology and plant height) were 
screened, impurities were removed, and then the seedlings 
were clamped by 15 cm of 100 polyethylene ropes; each 
rope contained seven seedlings before treatments. S. fusi-
forme seedlings were cultured for 24 h in natural seawater 
and treated at different temperatures (22 °C as control; 27 °C 
and 32 °C as heat stress treatments) for 7 days. Then, the 
leaves near the apical side of the sporophyte of the samples 
were collected at 0, 1, 3, 5, and 7 days during the treatment 
period; metabolite analysis was performed only on the 7th-
day samples. Four replicas were used in each treatment. Sea-
water was replaced every 24 h, and the environmental factors 
during the experiment are presented in Table 1.

Physiological Measurements

The chlorophyll content was measured using a method 
described by De et al. (1994) with minor modifications. A 
total of 0.2 g of leaf tissue was incubated in 2 mL of 90% 
acetone, and quickly ground to shreds. The ground tissue 
was poured into a centrifuge tube, the mortar was washed 
two to three times and then the solution was filled to a final 
volume of 10 mL.

Table 1  Environmental factors during the experiment

Factors Light inten-
sity (μmol/
m2/s)

Photoperiod 
(Day/night)

Salinity (%) CO2 (ppm) pH

Value 151–155 12:12 (06:00–
18:00)

35 450 7.8
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A centrifuge tube containing the extraction solution was 
centrifuged at 4 °C, 10,000 rpm for 10 min, and the super-
natant was absorbed. The resulting solution was meas-
ured on a spectrophotometer (Thermo Fisher Model No. 
GENESYS 10S UV–VIS) at 630 nm, 647 nm, 664 nm, and 
750 nm. Acetone (90%) was used as a control (Control, 
C) and the measurements were repeated three times per 
sample. The chlorophyll content was calculated on a fresh 
weight basis using the equations described by Jeffrey and 
Humphery (1975).

Membrane stability was estimated as electrolyte leakage 
(EL) using the methods described by Blum and Ebercon 
(1981). About 0.2 g of fresh leaf was placed in a tube 
with 15 mL deionised water and then placed on an orbital 
shaker for 15 h. An initial conductance reading was taken 
using a conductivity meter (YSI Incorporated, Yellow 
Springs, OH). Tubes containing the solution were auto-
claved at 120 °C for 20 min to kill all leaf tissue. Tubes 
were placed back on the shaker for an additional 15 h and 
a final conductance reading was taken. Electrolyte leakage 
was calculated as a percentage of initial conductance to 
final conductance, to determine relative damage.

Metabolite Analysis

Sample Preparation

A total of 60 mg of an accurately weighed sample was 
transferred to a 1.5 mL Eppendorf tube. Two small steel 
balls were added to the tube. Then, 360 μL of cold metha-
nol and 40 μL of 2-chloro-l-phenylalanine (0.3 mg/mL) 
dissolved in methanol (internal standard) were added to 
each sample and placed at − 80 °C for 2 min; samples 
were ground at 60 Hz in a lapping machine for 2 min. 
The mixtures were ultrasonicated at room temperature for 
30 min. Then, 200 μL of chloroform was added to the 
samples, the mixtures were vortexed, and 400 μL of water 
was added. Samples were ultrasonicated at room tem-
perature for 30 min and then centrifuged at 12,000 rpm, 
4 °C for 10 min. Two hundred microliters of supernatant 
in a glass vial was dried in a freeze concentration cen-
trifugal dryer, and 80 μL of methoxylamine hydrochloride 
pyridine (15 mg/mL) was subsequently added in a glass 
vial. The resultant mixture was vortexed vigorously for 
2 min and incubated in a concussion incubator at 37 °C for 
90 min. Eighty microliters of N,O-Bis(trimethylsilyl) tri-
fluoro acetamide (BSTFA) with 1% trimethylchlorosilane 
(TMCS) and 20 μL n-hexane was added into the mixture, 
which was vortexed vigorously for 2 min and then deriva-
tised at 70 °C for 60 min. The samples were placed at room 
temperature for 30 min before GC–MS analysis.

GC Conditions

The derivatised samples were analysed on an Agilent 
7890A gas chromatography system coupled to an Agilent 
5975C MSD system (Agilent, USA). An HP-5MS fused-
silica capillary column (30 m × 0.25 mm × 0.25 μm, Agi-
lent J & W Scientific, Folsom, CA, USA) was utilised to 
separate the derivatives. Helium (> 99.999%) was used 
as the carrier gas at a constant flow rate of 6.0 mL/min 
through the column. The injector temperature was main-
tained at 280 °C. The injection volume was 1 μL by split-
less mode. The initial temperature was 60 °C, ramped to 
125 °C at a rate of 8 °C/min, to 190 °C at a rate of 10 °C/
min, to 210 °C at a rate of 4 °C/min, to 310 °C at a rate of 
20 °C/min, and finally held at 310 °C for 8.5 min.

MS Method

The temperature of the MS quadrupole and ion source 
(electron impact) was set to 150 °C and 230 °C, respec-
tively. The collision energy was 70 eV. Mass data were 
acquired in a full-scan mode (m/z 50–600), and continuous 
sample analysis was carried out in random order to avoid 
the effect caused by the fluctuation of instrument signals.

Data Analysis

The acquired MS data from the GC–MS were analysed by 
ChromaTOF software (v 4.34, LECO, St Joseph, MI), the 
CSV file was obtained with 3D data sets including sam-
ple information, peak names, and peak intensities. After 
internal standards, any known pseudo positive peaks, such 
as peaks caused by noise or column bleed, were removed 
from the data set, and the peaks from the same metabolite 
were carried out and combined. Peak area normalisation 
method was used to normalise the response intensity of 
sample mass peaks, and a normalised data matrix was 
obtained. The integrated data matrix was imported into 
the SIMCA-P+14.0 software package (Umetrics, Umeå, 
Sweden), where the unsupervised principal component 
analysis (PCA) was used to observe the overall distribu-
tion of samples and the stability of the whole analysis 
process; then, the supervised (orthogonal) partial least 
squares analysis [(O) PLS-DA] was used to distinguish 
overall differences in metabolic profiles between groups 
and to find different metabolites in different groups. In 
(O) PLS-DA analysis, a variable important in projection 
(VIP > 1, p < 0.05) was considered as differential vari-
ables. To prevent the model from overfitting, the quality 
of the model was investigated by seven-cycle interactive 
validation and a 200-response sequencing test.
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Bioinformatics Analysis

Kyoto Encyclopedia of Genes and Genomes (KEGG) is 
a database that integrates genomic, chemical, and func-
tional information. Differential metabolite information was 
mapped to the KEGG database, and an enriched KEGG 
pathway was obtained. The different metabolite items were 
listed, and different types of statistical graphs were made. 
The main contents of the analysis of KEGG metabolic path-
ways include metabolic pathway enrichment table, metabolic 
pathway enrichment column, metabolic pathway signifi-
cance analysis, and metabolic pathway map. The p value of 
metabolites was enriched in this pathway, the Holm method 
correction calculation and false discovery rate (FDR) cor-
rection calculation were carried out based on p value, and 
p value or FDR value was selected according to the actual 
needs to determine credibility. The KEGG enrichment 
results can be visualised by a bar diagram, the ten pathways 
with the smallest p value were mapped, and the ordinate was 
the negative logarithm of the E base as the bottom of the p 
value; the greater the value of − log (p value), the higher 
wad the significance of the pathway.

Results

Changes in Physiological Indices of Sargassum 
fusiforme Induced by Heat Stress

Chlorophyll a and Chlorophyll c content declined in all treat-
ments during heat stress (Fig. 1a, b). By 7 days of heat stress, 
chlorophyll a content declined by 29% in the control plants, 
whereas that for 27 °C and 32 °C treatments declined by 37% 
and 42%, respectively. Plants treated with 27 °C exhibited 
significantly higher chlorophyll a content than the control 

plants at 1 day of heat stress; plants treated with 32 °C exhib-
ited significantly higher chlorophyll a content than the con-
trol plants at 1, 3, and 5 days of heat stress. Chlorophyll c 
content declined by 41% in the control plants, and that for 
the 27 °C and 32 °C treatments declined by 52% and 79%, 
respectively. Plants treated with the 27 °C and 32 °C treat-
ments exhibited significantly higher chlorophyll c content 
than the control plants at 1 and 3 days of heat stress.

EL increased in all high-temperature treatments, indi-
cating a loss of membrane stability (Fig. 2). By 7 days of 
heat stress, EL increased to 40.8% and 50.2% in the 27 °C 
and 32 °C treatments, respectively; whereas there was little 
change in the control group (22 °C) from 7 days (20.6%) 
to 0 days (20.4%). Overall, plants treated with the 27 °C 

Fig. 1  Effect of heat stress on the chlorophyll content of Sargassum 
fusiforme leaf. The horizontal axis shows the days of high-temper-
ature treatment (0, 1, 3, 5, and 7  days). Each value represents the 
mean ± standard deviation (SD) of three replicates. Changes to chlo-

rophyll a content (a) and chlorophyll c content (b) during the 7th day 
of 27 °C or 32 °C treatments (22 °C as a control) are shown. Vertical 
bars represent the least significant differences between different treat-
ments at p = 0.05. Different letters represent significant differences

Fig. 2  Effect of heat stress on electrolyte leakage in Sargassum 
fusiforme leaf. The horizontal axis shows the days of high-temper-
ature treatment (0, 1, 3, 5, and 7  days). Each value represents the 
mean ± standard deviation (SD) of three replicates. Vertical bars rep-
resent the least significance difference values between different treat-
ments at p = 0.05. Different letters represent significant differences
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and 32 °C treatments significantly increased EL during the 
7 days of heat stress.

Effects of High Temperature on Metabolites 
of Sargassum fusiforme

The results of metabolic profiling of plants under heat stress 
were presented. A total of 31 metabolites were significantly 
changed in the leaves of S. fusiforme exposed to 27 °C heat 
stress compared with control; this treatment caused an 
increase in 5 metabolites and a decrease in 26 metabolites, 
9 of which were organic acids, 8 were amino acids, 4 were 
sugars or sugar alcohols, and 10 were other metabolites 
(Table 2). When plants were treated with 32 °C heat stress, 
80 metabolites were significantly changed (22 metabolites 
increased and 58 metabolites decreased), 20 of which were 

organic acids, 20 were amino acids, 10 were sugars or sugar 
alcohols, 4 were esters, 5 were amines, and 21 were other 
metabolites ( Table 3). Heat stress treatment (27 °C and 
32 °C) caused a decrease in 14 metabolites (phenylacetal-
dehyde, 2-ketobutyric acid, p-benzoquinone, dibenzofuran, 
2-hydroxypyridine, 5-methoxytryptamine, aspartic acid, 
lyxonic acid, 1,4-lactone, alpha-d-glucosamine 1-phosphate, 
tyramine, glucose-6-phosphate, cytidine-monophosphate 
degrprod, dioctyl phthalate, and trehalose), and an increase 
in tryptophan. 

Metabolic Pathways are Affected After Different 
Heat Stress Temperatures

The identified metabolites were taken as the background set 
to conduct an enrichment analysis of KEGG pathways, and 

Table 2  Changes in metabolites 
after 7 days of 27 °C heat stress

Values are presented as fold change. Statistical differences were determined using ANOVA

Biochemical name 27 ℃/22 ℃

Fold change p value

1 Phenylacetaldehyde 0.827593713 0.047108094
2 Dithioerythritol 0.782233796 0.037297017
3 2-Ketobutyric acid 0.665696279 0.001641054
4 p-Benzoquinone 0.842638091 0.014219341
5 Dibenzofuran 0.883545051 0.039668375
6 2-Hydroxypyridine 0.899740004 0.027441284
7 5-Methoxytryptamine 0.861183116 0.031863637
8 Lactic acid 0.404266528 0.0373786
9 Valine 1.319544433 0.020618942
10 Cycloleucine 1.57817101 0.028969493
11 Isoleucine 1.698973746 0.030844573
12 2-Butyne-1,4-diol 0.764552773 0.017872731
13 Fumaric acid 0.830241788 0.000200865
14 Serine 0.717861741 0.016024559
15 2′-Deoxycytidine 5′-triphosphate degr prod 1.480049662 0.003627154
16 Aspartic acid 0.696278848 0.001853042
17 Oxoproline 0.785953948 0.025920722
18 Glutamic acid 0.705690784 0.002945717
19 Ribitol 0.619770071 0.00072712
20 Aconitic Acid 0.055744046 0.000395327
21 Lyxonic acid, 1,4-lactone 0.761178004 0.031289783
22 Galactonic acid 0.835666723 0.009874668
23 Citric acid 0.329292964 0.000581038
24 Alpha-d-glucosamine 1-phosphate 0.376717669 0.003736038
25 Tyramine 0.584025477 0.037841716
26 Tryptophan 1.350523164 0.034829479
27 Creatine degr 0.80561462 0.003474224
28 Glucose-6-phosphate 0.746950661 0.017295581
29 Cytidine-monophosphate degr prod 0.474099945 9.64377E-05
30 Dioctyl phthalate 0.390583684 0.000564833
31 Trehalose 0.60407212 0.01603825
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the abundant pathways in the differential expression metabo-
lite group were determined using a Fisher exact test. After 
analysing the set of 31 differentially expressed metabolites 
under the 27 °C treatment and comparing them with the 
control group (22 °C treatment), 34 associated KEGG sig-
nalling/metabolic pathways were extracted (Table 4), among 
which ten pathways were significantly enriched and obtained 
by KEGG pathway enrichment analysis (Figs. 3, 5). These 
ten enriched pathways were: 1 aminoacyl-tRNA biosynthe-
sis, 2 glycine, serine, and threonine metabolism, 3 alanine, 
aspartate, and glutamate metabolism, 4 valine, leucine, and 
isoleucine biosynthesis, 5 cyanoamino acid metabolism, 6 
cysteine and methionine metabolism, 7 arginine and proline 
metabolism, 8 tyrosine metabolism, 9 citrate cycle (TCA 
cycle), and 10 glucosinolate biosynthesis. Analysing the set 
of 80 differentially expressed metabolites under the 32 °C 
treatment (compared with the control group), we extracted 
38 associated KEGG signalling/metabolic pathways, 
among which 7 of the significantly enriched pathways were 
obtained by the KEGG pathway enrichment analysis, and 
the first 10 metabolic pathways were present in an enrich-
ment map of metabolic pathways of S. fusiform (Figs. 4, 5). 
These included alanine, aspartate, and glutamate metabo-
lism, aminoacyl-tRNA biosynthesis, phenylalanine metabo-
lism, tyrosine metabolism, arginine and proline metabolism, 
nitrogen metabolism, isoquinoline alkaloid biosynthesis, 
phenylalanine, tyrosine and tryptophan biosynthesis, and 
carbon fixation in photosynthetic organisms. After differ-
ent temperature treatments (27 °C and 32 °C), 29 metabolic 
pathways remained constant and, of the first 10 metabolic 
pathways, 4 were the same.

Overall, seven of the ten distinct metabolic pathways 
enriched after 27 °C treatment were related to amino acid 
metabolism, and some amino acid metabolisms were pro-
moted by heat stress, such as valine, leucine and isoleucine 
biosynthesis metabolic pathways (Supplementary Fig. 1). 
In this pathway, l-valine and l-isoleucine contents were all 
increased. The other three distinct metabolic pathways were 
aminoacyl-tRNA biosynthesis (Supplementary Fig. 2), TCA 
cycle (Supplementary Fig. 3), and glucosinolate biosynthe-
sis (Supplementary Fig. 4). In the aminoacyl-tRNA biosyn-
thesis pathway, l-glutamate, l-aspartate, and l-serine were 
all down-regulated, which resulted in the down-regulation of 
l-glutamyl-tRNA, l-aspartyl-tRNA, and l-selenocysteinyl-
tRNA, whereas up-regulation of l-valine, l-isoleucine, and 
l-tryptophan resulted in the up-regulation of l-valyl-tRNA, 
l-valyl-tRNA, and l-isoleucyl-tRNA. In the TCA cycle path-
way, citrate and fumarate contents were all decreased. In the 
glucosinolate biosynthesis pathway, l-valine, l-isoleucine, 
and l-tryptophan contents were all increased.

After the 32 °C treatment, five of the seven distinct 
metabolic pathways were related to amino acid metabo-
lism, and four of them were the same distinct metabolic 

Table 3  Changes in some of metabolites after 7 days of 32  °C heat 
stress

Values are presented as fold-change. Statistical differences were 
determined using ANOVA

Biochemical name 32 ℃/22 ℃

Fold change p value

1 Succinate semialdehyde 0.098428421 1.71381E−05
2 Phenylacetaldehyde 0.078198302 1.31902E−06
3 Hippuric acid 4.968594801 0.002100073
4 p-Benzoquinone 0.113402247 8.25369E−07
5 alpha-Ecdysone 0.101269584 2.10044E−06
6 Dibenzofuran 0.098718289 1.0828E−06
7 5-Methoxytryptamine 0.13039521 1.87913E−06
8 6-Hydroxy caproic acid trimer 0.245653755 0.001496423
9 Maleamate 0.097065358 2.97308E−05
10 Aminomalonic acid 0.122427543 7.57865E−05
11 2′-Deoxyadenosine 0.108648076 0.00021884
12 3-Hydroxybutyric acid 0.078737344 0.000148843
13 Norleucine 0.099778016 6.20616E−05
14 N-Methyl-dl-alanine 0.126934371 3.54115E−06
15 Gallic acid 4.171900074 1.49437E−05
16 5,6-Dihydrouracil 0.169601259 9.37789E−06
17 TES 0.216089423 1.17539E−07
18 4-Vinylphenol dimer 0.146443004 0.000467353
19 Proline 1.775393171 0.001859855
20 Pyrogallol 0.133357555 2.65245E−05
21 Conduritol b epoxide 0.279066861 0.021565532
22 Picolinic acid 0.053497433 0.022312967
23 Dehydroabietic acid 0.150633192 7.92077E−05
24 Phytol 0.081482497 2.01848E−06
25 Hydroxyurea 2.012748335 0.003605979
26 N-alpha-acetyl-l-ornithine 0.127677422 2.98888E−08
27 Glutamine 2.622104607 3.39275E−06
28 l-Malic acid 3.707595903 0.02458147
29 Lyxonic acid, 1,4-lactone 0.22208206 3.65751E−05
30 Tyramine 0.238661173 6.38416E−06
31 d-Arabitol 1.750053419 0.017258368
32 Tyrosine 2.182224279 0.000794339
33 Mannitol 0.493432255 2.45065E−05
34 Tryptophan 2.590075347 0.000121041
35 S-carboxymethylcysteine 4.941894381 0.005808036
36 Creatine degr 0.504572934 2.44881E−06
37 Glucose-6-phosphate 0.6715014 0.000363446
38 Phloroglucinol 0.425478901 1.60063E−05
39 Cytidine-monophosphate degr 

prod
0.217127096 9.63826E−07

40 Dioctyl phthalate 0.428620438 0.002380598
41 Trehalose 0.492794937 0.001854084
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pathways observed under the 27 °C treatment. These are 
aminoacyl-tRNA biosynthesis; alanine, aspartate, and 
glutamate metabolism; arginine and proline metabolism; 
and tyrosine metabolic pathways in alanine, aspartate, and 
glutamate metabolic pathway (Supplementary Fig. 5). 
l-asparagine, l-glutamate, and l-glutamine increased 

in the arginine and proline metabolic pathway (Supple-
mentary Fig. 6), and l-glutamine, proline, and 5-amin-
opentanoate accumulated. The different amino acid met-
abolic pathways compared in the 27 °C treatment were 
from the phenylalanine metabolic pathway (Supplemen-
tary Fig.  7). In the phenylalanine metabolic pathway, 

Table 4  Enrichment of 
metabolic pathways in 
Sargassum fusiform after 
different temperature treatment

Pathway name 27 ℃/22 ℃ (p value) 32 ℃/22 ℃ (p value)

Aminoacyl-tRNA biosynthesis  + (4.63E-04)  + (4.51E−04)
Glycine, serine and threonine metabolism  + (0.0010888)  + (0.14365)
Alanine, aspartate and glutamate metabolism  + (0.0047176)  + (2.33E−05)
Valine, leucine and isoleucine biosynthesis  + (0.0076361)  + (0.69538)
Cyanoamino acid metabolism  + (0.012751)  + (0.3934)
Cysteine and methionine metabolism  + (0.016156)  + (0.44965)
Arginine and proline metabolism  + (0.021837)  + (0.023263)
Tyrosine metabolism  + (0.033115)  + (0.0066354)
Citrate cycle (TCA cycle)  + (0.040326)  + (0.22056)
Glucosinolate biosynthesis  + (0.054286)  + (0.7026)
Isoquinoline alkaloid biosynthesis  + (0.0941)  + (0.025742)
Valine, leucine and isoleucine degradation  + (0.10392)
Indole alkaloid biosynthesis  + (0.10894)  + (0.27211)
Phenylalanine metabolism  + (0.12355)  + (0.0039315)
Lysine biosynthesis  + (0.15208)  + (0.36508)
Methane metabolism  + (0.16601)
beta-Alanine metabolism  + (0.17973)  + (0.095567)
Nicotinate and nicotinamide metabolism  + (0.17973)  + (0.42048)
Sulphur metabolism  + (0.17973)
Sphingolipid metabolism  + (0.19323)
Pantothenate and CoA biosynthesis  + (0.20652)  + (0.47112)
Propanoate metabolism  + (0.2196)  + (0.49478)
Nitrogen metabolism  + (0.2196)  + (0.025605)
Glyoxylate and dicarboxylate metabolism  + (0.24514)  + (0.17139)
Butanoate metabolism  + (0.25761)  + (0.18759)
Phenylalanine, tyrosine and tryptophan biosynthesis  + (0.29386)  + (0.062059)
Pyruvate metabolism  + (0.29386)  + (0.61641)
Carbon fixation in photosynthetic organisms  + (0.29386)  + (0.062059)
Inositol phosphate metabolism  + (0.32842)  + (0.66592)
Glycolysis or Gluconeogenesis  + (0.33958)
Glutathione metabolism  + (0.35056)  + (0.32105)
Tryptophan metabolism  + (0.36137)  + (0.70914)
Porphyrin and chlorophyll metabolism  + (0.38247)  + (0.73485)
Starch and sucrose metabolism  + (0.39277)  + (0.74686)
Ubiquinone and other terpenoid-quinone biosynthesis  + (0.077672)
Tropane, piperidine and pyridine alkaloid biosynthesis  + (0.3045)
Glycerolipid metabolism  + (0.44637)
Pyrimidine metabolism  + (0.50893)
Histidine metabolism  + (0.5174)
Selenoamino acid metabolism  + (0.57946)
Phenylpropanoid biosynthesis  + (0.60246)
Galactose metabolism  + (0.69538)
Purine metabolism  + (0.76554)
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phenylacetaldehyde and fumarate were down-regulated, 
and l-tyrosine, l-phenylalanine, hippurate, trans-4-hy-
droxycinnamate, and 3-hydroxyphenylacetate were up-
regulated. The remaining two metabolisms of the seven 
distinct metabolic pathways were nitrogen metabolism 
(Supplementary Fig. 8) and isoquinoline alkaloid bio-
synthesis (Supplementary Fig. 9) metabolic pathways. 
l-Glutamine and l-glutamate were up-regulated in the 
nitrogen metabolic pathway; l-tyrosine and 4-coumarate 
were up-regulated, and tyramine was down-regulated in 
the isoquinoline alkaloid biosynthesis metabolic pathway.

Discussion

Effects of Heat Stress on Physiological Indexes 
of Sargassum fusiform

Chlorophyll reflects the photosynthetic capacity of leaves. 
The relative water content of plant leaves can partly reflect 
plant stress resistance. Unchanged membrane function is 
the key to maintaining photosynthesis and respiration 
(Lu and Uuo 2003; Xu et al. 2004). Leaf relative EL can 

Fig. 3  Enrichment map of 
the metabolic pathways of 
Sargassum fusiform after the 
27 °C treatment. The selected 
signalling pathways are shown 
in the abscissa, and the negative 
logarithms of the p values at 
the base of E are shown in the 
ordinate. The greater the value 
of − log (p value), the more 
significant was the pathway

Fig. 4  Enrichment map of 
the metabolic pathways of 
Sargassum fusiform after the 
32 °C treatment. The selected 
signal pathways are shown in 
the abscissa, and the negative 
logarithms of the p values at 
the base of E are shown in the 
ordinate. The greater the value 
of − log (p value), the more 
significant was the pathway
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indicate the damage degree of the leaf membrane struc-
ture, and it can be used as one of the evaluation indicators 
of plant heat tolerance levels (Zhao et al. 2013). Under 
high-temperature treatments, the EL of leaf increased. 
It can be seen that continuous high temperatures caused 
damage to the membrane structure of S. fusiform leaves, 
thus increasing EL. Continued high temperatures caused 
chlorophyll deformation and destruction of thylakoid 
lamellar structure, resulting in a decrease in chlorophyll 
content. In this study, under high-temperature stress, chlo-
rophyll a and chlorophyll c content in the leaves of S. fusi-
forme decreased significantly (the higher the temperature, 
the more obvious the effect), which was consistent with the 
result of Fei et al. (2018). The degree of damage caused 
by high-temperature stress to S. fusiforme may be closely 
related to the different accumulation of metabolites, which 
will be discussed in detail below.

Effects of Heat Stress on Metabolites and Metabolic 
Pathways of Sargassum fusiform

Metabolites play an important role in plant growth and 
development. In addition to primary metabolism, these 
metabolites can also act on plants in terms of signal trans-
duction to aid in defence mechanisms or plant tolerance. 
In this study, we studied survival or tolerance mechanisms 
against heat stress, and the metabolite changes of S. fusiform 
under different high-temperature stress conditions.

Amino Acid Metabolism Under Different High 
Temperatures

Amino acids play an important role in plant growth and 
metabolism. Amino acids are not only able to synthesise 
proteins, but also the precursors of many plant responses to 

Fig. 5  Scheme of metabolites abundance during 27 °C and 32 °C treatment. The metabolites marked in red are determined to be up-regulated in 
our experiments, whereas those marked in blue are down-regulated metabolites
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abiotic stress-related metabolites (Less and Galili, 2008). In 
this study, the contents of valine and isoleucine increased 
significantly after the 27 °C treatment, and the metabolic 
pathways (valine, leucine, and isoleucine biosynthesis) 
were also significantly affected. Valine may act as a primary 
metabolite and produce more secondary metabolites to pro-
tect plant tissues from high-temperature stress (Zhao et al. 
2015). The increase of valine content after stress has been 
reported under many adverse conditions (Kaplan et al. 2004; 
Oliver et al. 2011). Isoleucine can enter the TCA cycle and 
contribute to the redox potential to help maintain respiratory 
rate (Kirma et al. 2012), and it also plays a role in the jas-
monate signal (Staswick and Tiraki 2004). Increased isoleu-
cine may also increase heat resistance by helping to maintain 
signalling pathways or TCA cycle activity. However, in our 
study, the TCA cycle was inhibited, and fumarate and citrate 
were decreased in the TCA cycle.

Abiotic stress usually leads to protein degradation within 
the cell, resulting in the accumulation of ammonium (Gil-
bert et al. 1998). It has been reported that different forms 
or subtypes of glutamate are often accumulated as stress-
responsive substances in plants under different stress envi-
ronments (Semel et al. 2007). In this study, the glutamate 
content increased, and the glutamate metabolic pathway was 
significantly enhanced after the 32 °C treatment. Glutamic 
acid is a precursor of many other amino acids (Beale et al. 
1975). Additionally, glutamic acid plays an important role 
in nitrogen metabolism and chlorophyll biosynthesis (Forde 
and Lea 2007). The increase in glutamate can improve heat 
resistance and nitrogen binding to other cellular molecules; 
it also indicates that the maintenance and accumulation of 
glutamic acid contributes to better adaptation and toler-
ance of S. fusiform to high-temperature stress. Under abi-
otic stresses, elevated levels of amides, especially aspara-
gine and glutamine, can reabsorb the released free amino 
acids to reduce the toxic effect of ammonia salts on plants 
(Good and Zaplachinski 1994; Díaz et al. 2005). On the 
other hand, asparagine is synthesised by glutamine, and both 
metabolites work by regulating the storage and transport of 
nitrogen. Consistently, high accumulation of asparagine was 
related to stress treatment of wheat leaves (Lea et al. 2007). 
In this study, both asparagine and glutamine were signifi-
cantly increased after the 32 °C treatment, results consistent 
with the research reported by Diaz et al. (2005). Obviously, 
asparagine is highly accumulated in plants as proline levels 
increase. The regulation of asparagine in these plants may 
suggest a biological mechanism by which plants maintain 
osmotic function (Lea et al. 2007).

Phenylalanine is a precursor of secondary metabolites 
such as plant antitoxins, alkaloids, lignin, and flavonoids. 
Increasing phenylalanine levels can increase the synthesis of 
secondary metabolites, which play an important role in regu-
lating plant heat tolerance. Yamakawa and Hakata (2010) 

found that the accumulation of phenylalanine in rice grains 
increased under high temperatures. In this study, phenylala-
nine content increased significantly, and the phenylalanine 
metabolic pathway was promoted after the 32 °C treatment. 
Accumulation of phenylalanine is beneficial for increased 
production of heat-related secondary metabolites, thus mak-
ing S. fusiform more heat resistant.

A sulphur-containing amino acid, S-carboxymethyl 
cinnamic acid, was detected in this study, and its content 
increased significantly after the 32 °C treatment. Cysteine 
is not only a basic amino acid for protein synthesis, but it 
can also be used to synthesise glutathione from glycine and 
glutamate. Glutathione is an important active substance in 
plants against oxidative damage. Some defensive organic 
compounds (such as metallothionein) and active centre 
sulphur elements in coenzymes are directly or indirectly 
derived from cysteine (Wahid and Close 2007). Consistently 
high levels of cysteine in S. fusiform may be related to the 
synthesis of glutathione for the enhancement of antioxidant 
activity.

Proline is a non-protein and stress-related amino acid (Liu 
et al. 2013). Proline plays many roles in the plant defence 
system as an energy bank, subcellular structure stabiliser, 
osmotic regulator, free radical scavenger, and stress signal 
molecule (Nanjo et al. 1999). In this study, proline con-
tent and the proline metabolic pathway were significantly 
increased after the 32 °C treatment, which are consistent 
with the results of Zhao and Li (2001).

In our study, accumulation of some other amino acids 
such as hippuric acid, tryptophan, 3-cyanoalanine, oxopro-
line, and tyrosine was detected, however, there are few stud-
ies on the relationship between these amino acids and high-
temperature tolerance in plants, which require further study.

Organic Acid Metabolism Under Different High 
Temperatures

In this study, nine organic acids were significantly altered 
under the 27 °C treatment; they were 2-ketobutyric acid, 
lactic acid, fumaric acid, aconitic acid, galactonic acid, citric 
acid, alpha-d-glucosamine-1-phosphate, creatine, and glu-
cose-6-phosphate. However, the contents of these organic 
acids all decreased significantly. Under the 32 °C treatment, 
20 organic acids changed significantly. Out of these, five 
organic acids were significantly increased; they were gallic 
acid, 1-malic acid, c, 5-aminovaleric acid, and 4-hydroxycin-
namic acid. As an intermediate product of the TCA cycle, 
malic acid accumulation may reflect high mitochondrial 
activity, thus facilitating the formation of more reductants 
or providing a carbon skeleton for amino acid biosynthesis 
(Vasquez et al. 2008). Moreover, 1-malic acid content was 
increased after 7 days in the 32 °C treatment, but the TCA 
metabolic pathway was not changed significantly. Gallic acid 
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is a type of secondary metabolite in plants. It exists in gall-
nut, tea, gall, and other plants as a free acid or as an ester, 
and it acts as a free radical scavenger (Matito et al. 2003). 
However, little is known about the relationship between gal-
lic acid, 3-hydroxyphenylacetic acid, 5-aminovaleric acid, 
4-hydroxycinnamic acid, and plant heat stress.

Sugar and Sugar Alcohol Metabolism Under 
Different High Temperatures

Sugars play an important role in plant growth and adaptation 
to stress. Sugars not only provide energy for direct synthe-
sis of other compounds, but also stabilise cell membranes 
(Hoekstra et al. 1991, 2001), regulate gene expression (Koch 
1996), and participate in the signal system of carbohydrate 
sensing Zeng (2000). Furthermore, it has been reported that 
carbohydrates may be signal molecules of metabolic regula-
tion (Gibson 2005). After high-temperature stress, fructose 
(Rizhsky et al. 2004), glucose, and sucrose (Kaplan et al. 
2004) content in Arabidopsis thaliana and the sucrose con-
tent in barley (Mac and Duffus 1988) and rice Yamakawa 
and Hakata 2010) increased significantly. In this study, 
sedoheptulose content increased significantly after 7 days 
of the 32 °C treatment. Because of the significant correla-
tion between the accumulation of sugars and heat tolerance 
in plants (Wahid and Close 2007), the increase in this sugar 
may help to enhance heat tolerance of S. fusiform.

Sugar alcohols are hydrated carbohydrates. Through 
water-like hydroxyl groups, they can form hydration layers 
around macromolecules to protect them (Schobert 1977). 
Sugar alcohols are not only closely involved in carbon 
transport and storage, cryoprotection, boron transport, and 
energy transfer, but they are also involved in osmotic regu-
lation and inhibition of ROS (Brown and Hu 1996). In this 
study, dithioerythritol, 2-butyne-1,4-diol, and ribitol con-
tents changed significantly after 7 days of the 27 °C treat-
ment, and 1,5-anhydroglucitol, glycerol, 2-butyne-1,4-diol, 
phytol, threitol, 1-hexadecanol, d-arabitol, and mannitol 
contents changed significantly after 7 days of the 32 °C 
treatment. When treated with high temperatures, d-arabitol 
was increased, and other sugar alcohols were decreased. It 
was speculated that d-arabitol might be a sugar alcohol that 
resists high-temperature stress in S. fusiform.

Conclusion

Our study indicated that heat stress suppressed chlorophyll 
content and increased EL. A total of 31 metabolites were 
significantly changed in the leaves of S. fusiforme exposed 
to 27 °C heat stress compared with control, and 80 metab-
olites were significantly changed when plants were treated 
with 32 °C heat stress. Further, a strong modulation of 

various metabolisms was observed: organic acids, amino 
acids, sugars or sugar alcohols, esters, and amines. These 
metabolisms were significantly enriched in ten pathways 
under the 27 °C treatment: aminoacyl-tRNA biosynthe-
sis; glycine, serine, and threonine metabolism; alanine, 
aspartate, and glutamate metabolism; valine, leucine, and 
isoleucine biosynthesis; cyanoamino acid metabolism; 
cysteine and methionine metabolism; arginine and pro-
line metabolism; tyrosine metabolism; citrate cycle (TCA 
cycle); and glucosinolate biosynthesis. The various metab-
olisms significantly enriched seven pathways under the 
32 °C treatment, namely, alanine, aspartate, and glutamate 
metabolism; aminoacyl-tRNA biosynthesis; phenylala-
nine metabolism; tyrosine metabolism; arginine and pro-
line metabolism; nitrogen metabolism; and isoquinoline 
alkaloid biosynthesis. These changes in metabolic path-
ways may contribute to the tolerance and adaptability of 
S. fusiforme to high-temperature stress. This information 
will be useful to identify metabolites that may be incor-
porated into chemical products for alleviating heat stress 
and provide knowledge for the breeding of S. fusiforme 
thermotolerance cultivars.
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