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Abstract  Pyropia yezoensis (red algae) or commonly known as nori, is highly regarded for its 
nutritional benefits and distinct taste, leading to its widespread consumption. The bio-activity and sensory 
characteristics of P. yezoensis are attributed to the metabolites it contains. In this study, identification and 
quantification of the diverse range of metabolites of P. yezoensis and metabolomic analysis were 
conducted using gas chromatography-mass spectrometry (GC-MS). Furthermore, the impact of high 
temperature on its metabolites regulation was also investigated. Due to metabolomic analysis, a diverse 
range of metabolites were identified in P. yezoensis, including lipids, amino acids, carbohydrates, and 
secondary metabolites. Several known bioactive compounds, including alcohol and polyols, amines, 
amino acids-peptides-analogues, beta hydroxy acids and derivatives, carbohydrates and carbohydrate 
conjugates, cholestane steroids, dicarboxylic acid and derivatives, and fatty acids and conjugates were 
detected in abundance, highlighting the nutritional and functional properties of P. yezoensis. Additionally, 
the metabolites composition of P. yezoensis was significantly affected in high temperatures, which led to 
up-regulation of considerable primary metabolites and few were down-regulated, and suggested a 
potential response and adaptation mechanism of P. yezoensis to elevated temperature conditions. This 
research highlighted the metabolomics of P. yezoensis, provided insights into its metabolite composition 
and regulatory responses to high temperature conditions, enhanced our knowledge of the biochemical 
pathways and adaptive mechanisms of P. yezoensis, which can assist the improvement strategies of 
utilization and cultivation to promote this valuable alga in response to fluctuating environmental 
conditions.

Keyword: metabolomics; Pyropia yezoensis; metabolite; gas chromatography-mass spectrometry (GC-
MS); temperature stress

1 INTRODUCTION

Pyropia yezoensis (Ueda) or nori, formerly 
known as Prophyra yezoensis, is a seaweed of 
commercial values (Sutherland et al., 2011). The 
cultivation and harvesting of the gametophyte of P. 
yezoensis is common in East Asia. With an annual 
production exceeding 1 100 000 t in fresh weight 
and an estimated annual value of approximately US 
$1.5 billion, it is a significant seafood resource in 
this region (http://www.fao.org/fishery/statistics/en). 

The cultivation of nori production in 2018 was 
around 1.8 million t, making it the most economically 
significant marine crops globally (Barange, 2018).

The seaweed commonly utilized for making nori 
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(sushi wrap), P. yezoensis, is known for its rich 
nutritional content. These are extensively consumed 
for its rich protein, vitamin, and mineral content 
(Sahoo et al., 2002). It contains 25%–30% protein in 
dry weight, oligosaccharides that benefits to human 
health, and some essential vitamins specially 
vitamin-B12 (Kumar et al., 2021).

Edible marine algae contain a variety of 
components that may provide health benefits (Niwa, 
2010). P. yezoensis is known for its protective 
effects against UV damage and antioxidant 
properties (Toyosaki and Iwabuchi, 2009; Shin et 
al., 2011), anticancer (Choi et al., 2015), anti-
inflammatory (Eitsuka et al., 2004; Isaka et al., 
2015), anti-hypertensive (Hwang et al., 2008), and 
tissue-healing properties (Mohamed et al., 2012). 
Multiple research studies have investigated the 
nutrient composition of fresh P. yezoensis. The 
composition of primary and secondary metabolites 
has been comprehensively analyzed, including 
proteins (Noda, 1993), polysaccharide (Zhang et al., 
2001; Zhou and Ma, 2006), porphyran (Takahashi et 
al., 2000; Hirano et al., 2005), vitamins (Miyamoto 
et al., 2009), and minerals (Qu et al., 2010). Fresh 
P. yezoensis has been found to be rich in proteins, 
sulfated galactan, choline, taurine, inositol, 
eicosapentaenoic acid, and minerals such as zinc, 
copper, manganese, and selenium (Noda, 1993; Qu 
et al., 2010). The concentrations of free amino acids 
in P. yezoensis blades are significantly influenced by 
both the genotype of the seaweed and the 
progression of harvesting (Niwa et al., 2003, 2008).

However, there is currently limited information 
available on how temperature affects the nutrient 
composition of P. yezoensis. High temperatures have 
the potential to disrupt the essential enzymes 
involved in protein synthesis, photosynthesis and 
respiration leading to adverse effects on plant 
growth and development (Larcher, 2003). As a 
result, plants have developed mechanisms to sense 
their surroundings and adapt through cellular, 
developmental, and physiological alterations for the 
enhancement of reproduction and growth practices.

Several studies in proteomics, physiological and 
genome level analysis have been conducted on the 
impact of temperature on Pyropia. Kayama et al. 
(1985) revealed that the fatty acid composition of 
Pyropia could be influenced by water temperature. 
Choi et al. (2013) found that under high temperature 
conditions, the heat shock protein family of Pyropia 
tenera was primarily produced from its transcripts. 
Xu et al. (2014) studied the comparative proteomic 

analysis of Pyropia haitanensis under high-
temperature stress using liquid chromatography 
tandem mass spectrometry, and their database 
searching indicated the response of algal blades to 
high-temperature stress. They found that nonessential 
metabolic processes and activities of photosynthesis 
were reduced in high temperature.

In this study, the alterations in nutrient composition 
of P. yezoensis due to high-temperature conditions were 
comprehensively analyzed through the application 
of a gas chromatography-mass spectrometry- (GC-
MS-) based metabolomics strategy in conjunction 
with multivariate data analysis. The focus of this 
research was to investigate the nutrient composition 
of P. yezoensis, impact of temperature on these 
nutrients, and regulation of various metabolites in 
response to different temperature exposures in detail.

2 MATERIAL AND METHOD

2.1 Chemical and instrument

The chemicals used in this study were methanol 
(Fisher), water, L-2-chlorophenylalanine (Shanghai 
Hengchuang Biotech), n-hexane (CNW), pyridine 
(aladdin), chloroform (Greagent), BSTFA (TCI), O-
methylhydroxylamine hydrochloride (97%) (Macklin), 
methyl caprylate standard (Dr. Ehrenstorfeh), methyl 
nonanoate (C9:0) standard (NU-chek), methyl 
caprate (C10:0) standard (NU-chek), methyl 
dodecanoate/methyl laurate (C12:0) standard (NU-
chek), methyl tetradecanoate/methyl myristate (C14:
0) standard (NU-chek), methyl cetanoate/methyl 
palmitate (C16:0) standard (Dr. Ehrenstorfeh), 
methyl octadecanoate/methyl stearate (C18:0) 
standard (NU-chek), methyl eicosanoate/methyl 
arachidonate (C20:0) standard (NU-chek), methyl 
dosenoate/methyl behenate (C22:0) standard (NU-
chek), and methyl eicotetradecanoate/methyl lignoate 
(C24:0) standard (NU-chek). The instruments 
included electronic balances (Shanghai Yueping 
Scientific Instrument Co., Ltd.), ultrasonic cleaner 
(Shenzhen Fuyang Technology Group Co., Ltd.), 
vortex oscillator (Shanghai Hannuo Instrument Co., 
Ltd.), fully automatic sample grinder (Shanghai 
Wanbai Biotechnology Co., Ltd.), freeze concentration 
centrifugal dryer (Taicang Huamei Biochemical 
Instrument Factory), high-speed refrigerated 
centrifuge (Shanghai Lu Xiangyi Instrument Co., 
Ltd.), gas bath thermostatic shaker (Shanghai 
Lichen Bangxi Instrument Technology Co., Ltd.), 
vacuum drying oven (Shanghai Huitai Co., Ltd.), 
GC-MS (Agilent), and columns (Agilent).
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2.2 Pyropia yezoensis sample

Samples of P. yezoensis were collected in 
Jianggang cultivating farm located near the shores 
of the Yellow Sea (33.31°N, 120.78°E) in Jiangsu, 
China, and transported using container of 4 °C in 
5 h to the laboratory. The seaweed thalli were rinsed 
in cold freshwater to remove any visible 
contaminants. The thalli of P. yezoensis were 
randomly selected in batches of 20 thalli, with 12 
replicates, and washed with mixtures of ethanol 
(40%–50%) and sodium hypochlorite (1%) to 
remove epiphytic microbiota (Kientz et al., 2011) 
prior to GC-MS for metabolomic analysis. The 
samples were cultured in autoclaved seawater at low 
5 °C (6 samples) and high 25 °C (6 samples) for 10 d 
in 12-h꞉12-h day꞉light scheme, supplemented with 
half strength PES (Provasoli’s enrichment solution) 
medium. After 10 d, the samples were harvested and 
stored at 80 °C by quickly freezing them in liquid 
nitrogen for GC-MS analysis.

2.3 Sample preparation

GC-MS technique was used for the analysis of 
metabolomic profiles of P. yezoensis extracts in 
order to assess its metabolic status in response to 
temperature alterations during culture. Twelve 
samples, consisting of six from low temperature 
(LT) 5 °C and six from high temperature (HT) 
25 °C, were chosen for the generation of calibration 
curves and for the purpose of QC (control quality). 
Samples were air-dried first, ground into powder, 
and then each sample of about 60 mg was 
transferred into individual 1.5-mL centrifuge tubes. 
Two small steel balls (7 mm) were added to each 
tube, and then methanol-water solution of 600 μL 
(with a volume ratio of 7꞉3) were added. This 
methanol-water solution contained 4-μg/mL 
concentration of L-2-chlorophenylalanine. After 
adding the methanol-water solution and steel balls, 
the samples were kept at 40 °C for 120 s before 
being ground for 2 min at 60 Hz. Subsequently, 
chloroform concentration of about 120 μL was 
added to each sample, and the samples were 
vigorously vortexed. After vortex, these samples 
were subjected to ultrasound-assisted extraction for 
10 min at room temperature and kept for 10 min at 
4 °C. The samples were centrifuged at 12 000 r/min 
at 4 °C for 10 min. The aliquots of all samples were 
pooled together for the preparation of quality 
control (QC) sample. 150-μL supernatants were 
transferred from each aliquot to sampling glass vial 

and finally, at room temperature, the vials were 
vacuum-dried. After vacuum drying, methoxylamine 
hydrochloride of 80 μL (dissolved in pyridine at a 
concentration of 15 mg/mL) was added to vials. 
Then, the mixture was vortexed vigorously for 2 min 
and incubated at 37 °C for 60 min. At last, a volume 
of 50 μL of N, O-bis(trimethylsilyl)trifluoroacetamide 
(BSTFA) containing 1% trimethylchlorosilane 
(TMCS) and 20 μL of n-hexane were added to the 
mixture. Then, 10 internal standards (C8/C9/C10/
C12/C14/C16/C18/C20/C22/C24, all chloroform 
configurations) were added, vortexed for 2 min and 
derivatized at 70 °C for 60 min. Finally, all the 
samples were equilibrated at room temperature for 
30 min prior to GC-MS analysis.

2.4 GC-MS analysis

2.4.1 Chromatographic and mass spectrometry 
conditions

A DB-5MS capillary column (Agilent) in 
dimension of 30 m×0.25 mm×0.25 μm was utilized 
for GC-MS analysis. The high purity of 99.999% 
helium gas (carrier gas) was employed at flow rate 
of 1.0 mL/min. The inlet temperature for the column 
was set at 260 °C and the injection volume was 1 µL 
with no splitting with a solvent delay of 6.2 min. 
The column heater started and maintained for 
0.5 min at 60 °C, followed by gain in the 
temperature to 125 °C at 8 °C/min. The temperature 
was then raised to 210 °C at the same rate of 8 °C/min, 
followed by a further increase at 15 °C/min to 
270 °C. Finally, the temperature rose at 20 °C/min 
to extent up to 305 °C and kept for 5 min. The 
electron bombardment ion source (EI) was operated 
at 230 °C, while the temperature of quadrupole was 
maintained at 150 °C. The electron energy was set at 
70 eV. The instrument performed quality analysis by 
scanning a range of m/z 50–500 having mode of full 
scan (SCAN) (Zhao et al., 2019).

2.4.2 GC-MS and statistical analysis

After pre-treatment of samples completion, the 
samples were sent to Shanghai (OE Biotech. Co., 
Ltd.) in Shanghai, China, for comprehensive GC-
MS analysis. Metabolite content was determined by 
calculating the peak area of the metabolites relative 
to the peak area of the internal standard on the same 
chromatograph. The sustained data was in the form 
of log2 transformation using Microsoft Excel. After 
that, the data matrix was imported for analysis into 
software SIMCA-P (Version 14.0; Umetrics; Umea; 
Sweden) (Wheelock and Wheelock, 2013). The 
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metabolic differences were evaluated using principal 
component analysis (PCA) and (orthogonal) partial 
least-squares-discriminant analysis (OPLS-DA) 
between the LT and HT groups after mean centering 
and unit variance scaling. In the analysis, the 
interpretation of ellipse modeled variance represented 
as Hotelling’s T2 with a 95% confidence interval 
(Aliferis et al., 2013). The models’  quality was 
assessed using R2 and Q2 values, where R2 
quantifies the variation elucidated by the model, 
while Q2 evaluates the model’s predictive capability 
for new data (Mastrangelo et al., 2015). The 
transformed raw data of Pyropia yezoensis metabolites 
heat map illustrating the z-score was constructed 
using statistical computing of R environment (http://
www.r-project.org/). The color scheme of the heat 
map, generated using ggplot2 in R, signifies the z-
score for the metabolites (Park et al., 2018). In the 
context of each variable OPLS-DA modeling, the 
statistics of VIP (Variable Importance in Projection) 
were used to assess the overall contribution. 
Variables meeting the criteria of P<0.05 and VIP>
1.0 were deemed significant and relevant for 
discriminating between groups. Furthermore, the 
regulated metabolites pathways were further identified 
according to KEGG, (http://www.genome.jp/kegg/) 
(Kanehisa and Goto, 2000).

2.5 Metabolic pathway enrichment analysis

The investigation of metabolic pathway 
modifications in the differential samples was carried 
out using pathway enrichment analysis of differential 
metabolites. The pathway enrichment analysis was 
executed utilizing the KEGG ID of the differential 
metabolites using KEGG database, allowing us to 
obtain the results of the metabolic pathway 
enrichment. To identify pathway entries that showed 
a significant enrichment in the differentially 
expressed metabolites relative to the background, 
hypergeometric tests were used and calculated as:

P = 1 -∑i = 0

m - 1
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N represents the total number of metabolites, with n 
denoting the number of differentially expressed 
metabolites within N. Additionally, the metabolites 
numbers annotated to a specific pathway were 
represented by M, while m reflects the number of 
differential metabolites associated to that pathway. 
By setting a threshold of P£0.05, the pathways 

meeting this criterion were deemed significantly 
enriched in the differential metabolites. A lower P 
value suggests a more notable difference in the 
enrichment of the metabolic pathway.

3 RESULT

3.1 Metabolic profiling of P. yezoensis

The effect of temperature on metabolite regulation 
in P. yezoensis was investigated by conducting an 
analysis of comparing two groups of cultures at 
significantly different temperatures, HT (high 
temperature, 25 °C) and LT (low temperature, 5 °C). 
The intensities of compound peaks in the total ion 
chromatography (TIC) plot, derived from GC-MS 
analyses, exhibited significant differences between 
HT and LT conditions. A total of 283 metabolite 
peaks were identified, with a majority of these 
metabolites being linked to primary metabolism 
(Supplementary Table S1). This observation suggests 
that the detected metabolites may provide insights 
into the physiological status of P. yezoensis. The 
metabolites were represented through Average RI, 
Quant mass, HMDB, METLIN, Lipidmaps, PubChem, 
kegg, CAS, and inchikey (Fig.1; Supplementary 
Table S2). These metabolites were classified as Pie-
Class, Pie-Subclass, and Pie-Superclass.

The total number of 283 metabolites found in Pie-
Class were benzene and substituted derivatives, 
carboxylic acids and derivatives, fatty acyls, hydroxy 

Fig.1 Total ion chromatography (TIC)
a. low temperature samples; b. high temperature samples. The intensities 

of compound peaks in the total ion chromatography (TIC) obtained from 

GC-MS analyses.
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acids and derivatives, organonitrogen compounds, 
organooxygen compounds, pyridines and derivatives, 
steroids and steroid derivatives, unclassified, and 
others with a number of 4, 50, 43, 11, 7, 74, 5, 5, 33, 
51 and percentage of 1.41%, 17.67%, 15.19%, 3.89%, 
2.47%, 26.15%, 1.77%, 1.77%, 11.66%, 18.02%, 
respectively.

In Pie-Subclass there were alcohol and polyols, 
amines, amino acids-peptides-analogues, beta 
hydroxy acids and derivatives, Carbohydrates and 
carbohydrate conjugates conjugates, cholestane 
steroids, dicarboxylic acid and derivatives, Fatty acids 
and conjugates, unclassified, and others with number 
of 12, 7, 39, 5, 62, 4, 8, 33, 44, 69, and percentage 
of 4.24%, 2.47%, 13.78%, 1.77%, 21.91%, 1.41%, 
2.83%, 11.66%, 15.55%, 24.38%, respectively.

The representation in Pie-Superclass were 
benzenoids, lipids and lipid-like molecules, 
Nucleosides, nucleotides, and analogues, organic 
acid and derivatives, organic nitrogen compounds, 
organic oxygen compounds, organoheterocyclic 
compounds, phenylpropanoids and polyketides, 
unclassified, others with number of 7, 58, 7, 70, 7, 
74, 18, 4, 33, 5, and percentage of 2.47%, 20.49%, 
2.47%, 24.73%, 2.47%, 26.15%, 6.36%, 1.41%, 
11.66%, 1.77%, respectively (Fig.2).

3.2 Multivariate statistical analysis of the GC-MS 
data

The relative intensities of the 81 metabolite 
peaks were standardized using internal standards 
and then used for multivariate statistical analyses. 
First, PCA with unsupervised pattern recognition 
was conducted to generate an overview of the 
metabolic patterns within the six samples from each 
group. The analysis revealed that LT and HT 
samples were distinctly separated into different 
groups on the first two principal components, with 
no outliers identified. Additionally, PCA plots were 
created to further examine the similarities and 
differences between the LT and HT samples at each 
time point (Fig.3a).

In addition, we employed OPLS-DA to provide a 
more precise evaluation of the metabolic patterns in 
these samples. OPLS-DA utilizes supervised pattern 
recognition and effectively filters out irrelevant 
orthogonal signals. The OPLS-DA score plot 
exhibited similar overall trends to those seen in the 
PCA model but with more distinct separation 
between LT and HT. This analysis further confirmed 
a clear differentiation between the two temperature 
conditions (Fig.3b). To identify metabolites that 

Fig.2 Pie distribution of metabolites
a. represent Pie-Class separation of metabolites; b. Pie-Subclass; c. Pie-Superclass distribution of all metabolites. Different metabolites were separated by 

different classes shown in different colors.
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exhibited significant differences between pairs of 
P. yezoensis samples, pairwise comparisons were 
conducted using the OPLS-DA model. The OPLS-
DA loading plot depicted noticeable distinctions in 
the metabolome across the samples (Fig.4a). 
Assessing the parameters of the OPLS-DA models 
enabled an evaluation of the model’s fitting quality 
and its predictive capability.

The evaluation of all models indicated a 
satisfactory fit with high predictive power values, as 
evidenced by all R2Y and Q2 values exceeding 0.8. To 
validate the models, permutation tests were conducted. 
The low Q2 intercept values suggested the robustness 
of the models, with Q2 intercept values in the 
permutation plot for the four OPLS-DA models 
remaining below 0.05 after 200 permutations. This 

further affirmed the reliability and accuracy of the 
models in capturing the metabolic differences between 
the P. yezoensis samples (Supplementary Fig.S1).

After model diagnosis, S-plot analyses allowed 
us to identify metabolites that were significantly 
regulated among the samples as shown in Fig.4b. In 
the pairwise comparison between HT and LT 
samples, 60 metabolites were found significantly up-
regulated, while 21 etabolites were down-regulated 
(Supplementary Table S1). Interestingly, the samples 
maintained at a high temperature of 25 °C exhibited 
more noticeable changes in metabolite levels. These 
findings suggest that the distinction between the two 
groups is substantial and trustworthy, underscoring 
the significance and reliability of the observed 
metabolic differences.

Fig.3 PCA (a) and OPLS-DA analysis (b) for detected compounds in low temperature LT (5 °C) and high temperature HT 
(25 °C) samples
Data were transformed by log10. Different temperature groups are indicated by the color (red color represents HT (25 °C) samples and blue color 

represents LT (5 °C) samples). Data presented are from three replicates with three individual experimental repeats.

Fig.4 OPLS-DA loadings and S-plots
a. OPLS-DA loadings plot representing the weights of the relative metabolites derived from OPLS-DA model of low temperature and high temperature 

samples; b. in S-plot the metabolites closer to the upper right and lower left corners indicate a more significant difference.
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3.3 Specific change of metabolites in LT and HT 
samples

To better illustrate the relationship between 
samples and the variations in metabolite expression 
among different samples, we conducted hierarchical 
clustering on the expressions of all significantly 
differentiated metabolites, sorted by VIP rankings. 
This method provided a more intuitive visual 
representation of the metabolic differences between 
the samples. The 81 compounds were classified into 
different groups using the human metabolome database.

These compounds included primary metabolites: 
lipids and derivatives (9), amino acids and derivatives 
(11), carbohydrates and derivatives (21), alcohols 
and polyols (2), amines (1), short-chain hydroxy 
acids and derivatives (1), pyrimidines and pyrimidine 

derivatives (1), gamma-keto acids and derivatives 
(1), non-metal phosphates (1), dicarboxylic acids 
and derivatives (3), tricarboxylic acids and 
derivatives (1), miscellaneous metallic oxoanionic 
compounds (1), carboxylic acids (1); and secondary 
metabolites: furanones (1), pyrrole carboxylic acids 
and derivatives (1), phenylpropanoids and polyketides 
(2), pyridinecarboxylic acids and derivatives (2), 
beta hydroxy acids and derivatives (1), delta 
valerolactones (1), medium-chain hydroxy acids and 
derivatives (2), benzenoids (2), alpha hydroxy acids 
and derivatives (2), and others (13) (Fig.5; 
Supplementary Table S3).

A larger number of differentially accumulated 
metabolites were detected in the HT samples (60) 
compared to the LT samples (21) (Fig.5a; 

Fig.5  Heatmap analysis of metabolites regulation
The heatmap of 81 compounds of interest and their classification in both LT (5 °C) and HT (25 °C). Red and blue colors represent the increased or reduced 

accumulation of metabolites, respectively.
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Supplementary Fig.S2). Specifically, 60 compounds 
exhibited significant changes in accumulation and 
were up-regulated in P. yezoensis samples 
maintained at a high temperature of 25 °C. In 
contrast, 21 compounds were down-regulated in HT, 
with significantly higher accumulation observed in 
samples maintained at LT. At high temperatures, 
multiple metabolites were found to be up-regulated, 
suggesting that P. yezoensis utilized these 
compounds for defensive purposes in response to 
harsh environmental conditions.

A volcano diagram analysis was conducted to 
assess the number of compounds that exhibited 
significant accumulation or reduction (P<0.05 and 
log2(FC) >1 or <1) in P. yezoensis samples 
maintained at HT and LT after 10 d. In most cases, 
the number of compounds that significantly 
accumulated was higher than those that reduced in 
accumulation. In HT samples, a greater number of 
metabolites that were deferentially changed in relative 
abundance was observed (60 were accumulated and 
21 were reduced in abundance) (Fig.6). This 
indicated a notable initial response and metabolic 
alterations in P. yezoensis when exposed to high 
temperatures. The incorporation of VIP values in the 
volcano map of metabolites displayed metabolites 
with significant differences, identified through 
screening, represented by red and blue dots.

3.4 Specific change of pathways

The biological pathways significantly impacted 
by high temperatures were identified using the 
KEGG database in conjunction with Metaboanalyst 
5.0. In Fig.7, the metabolites accumulated in both 
LT and HT samples from the list of 81 important 
compounds are shown to have a statistically 
significant (P<0.05) and high impact on these 
pathways. The analysis revealed that the ABC 
transporters, galactose metabolism, and pentose and 
glucuronate interconversions pathways were 
prominently up-regulated in P. yezoensis samples 
exposed to high temperatures.

Subsequently, the KEGG pathway database was 
utilized to identify the relationships among 
compounds within these metabolic pathways. We 
identified that 41 out of the 81 compounds were 
associated with different metabolic pathways within 
the KEGG database (Supplementary Table S3). The 
common pathways observed in both up-regulated 
and down-regulated metabolites were ABC 
transporters and Galactose metabolism. Most of the 
metabolites in the ABC transporters, such as 
maltose, l-lysine, d-xylose, sucrose, putrescine, and 
glucose were strongly accumulated while sorbitol, 
melibiose and phosphoric acid were down-regulated 
in high temperature samples. Similarly, the 
metabolites in galactose metabolism, such as D-
galactose, sucrose, glucose and galactonic acid were 
up-regulated while sorbitol and melibiose were 
down-regulated in treated samples. Apart from the 
ABC transporters and galactose metabolism, the 
metabolites belonging to other pathways also showed 
up-regulation and down-regulation due to high 
temperature. In addition, the up-regulated metabolites 
belonging to glycolysis/gluconeogenesis were 
arbutin and glucose while fructose 1,6-bisphosphate 
down-regulated in treated samples.

A z-score plot clearly represented the regulation 
of the top 20 metabolites between low and high 
temperature samples (Supplementary Fig.S3). The 
metabolites of different pathways showed either 
accumulation or reduction, indicating a complex 
regulatory system in response to high temperature. 
In ABC transporter the metabolites putrescine, 
maltose, D-xylose, glucose, L-lysine were up-
regulated in HT samples while down-regulated in 
LT and metabolites sorbitol, melibiose were down-
regulated in HT samples while up-regulated in LT 
(Fig.8a & b). In galactose metabolism the 
metabolites, D-galactose, D-galactonate, glucose, 
sucrose were up-regulated in HT samples while 

Fig.6 Volcano diagram analysis for metabolites regulation
The abscissa is the log2(FC) value of the two groups and the ordinate is 

-lg(P value). Each dot represents a differential metabolite where the red 

dot is the significantly up-regulated differential metabolite (P<0.05, VIP>

1 and FC>1) in HT group, the blue dot is the significantly down-regulated 

differential metabolite (P<0.05, VIP>1 and FC<1) in LT group and the 

gray dots represent the metabolites that were not significantly 

differentiated.
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down-regulated in LT and metabolites sorbitol, 
melibiose were down-regulated in HT samples 
while up-regulated in LT (Fig.9a & b).

4 DISCUSSION

Pyropia yezoensis, commonly known as nori, is a 
red alga that plays a vital role for its nutritional 
benefits and distinctive flavor in the industries of 
food (Murayama et al., 2020). The presence of 
metabolites in P. yezoensis is responsible for its 
bioactive properties and sensory attributes, making 
it a desirable ingredient in diverse culinary 
applications (Pereira, 2023). It is crucial to 
understand the composition and regulation of these 
metabolites in order to fully harness the potential 
benefits of P. yezoensis (de Sousa Santos Hempel et 
al., 2023; Patwary, 2023).

The non-targeted metabolomic analysis carried 
out in this study using GC-MS provided in-depth 
insights into the wide array of metabolites present in 
P. yezoensis. The analysis revealed a complex 
metabolite profile, encompassing various chemical 
classes like lipids, amino acids, carbohydrates, and 
secondary metabolites. This comprehensive profiling 
identified several bioactive compounds, including 
alcohol and polyols, amines, amino acids-peptides-
analogues, beta hydroxy acids and derivatives, 

carbohydrates and carbohydrate conjugates, cholestane 
steroids, dicarboxylic acid and derivatives, fatty 
acids and conjugates, which contribute to the 
nutritional and functional properties of P. yezoensis.

In a recent study conducted by Iizasa et al. 
(2023), the importance of lipid content in P. 
yezoensis was highlighted and it was suggested that 
the fatty liver condition caused by obesity could be 
alleviated through the use of susabinori lipids (SNL) 
rich in eicosapentaenoic acid (EPA). Our findings 
also showed that lipid accumulation in HT samples 
was higher than LT, underscoring the nutritional and 
pharmaceutical value of P. yezoensis when expose to 
high temperature.

According to different literatures, P. yezoensis 
having economic importance primarily cultivated 
in East Asian countries, typically grows in 
temperatures lower than 18 °C. However, several 
mutant strains of P. yezoensis with high temperature 
tolerance have been developed, enabling it to thrive 
in conditions exceeding 20 °C. The fluctuation in 
temperature, specifically raised temperatures from 
18 °C to 23 °C and 24 °C, has been shown to 
prevent the development of P. yezoensis germlings 
and lead to decomposition of distributed blades, 
resulting in a significant decrease in production 
(Zhang et al., 2011; Ding et al., 2016; Shin et al., 
2018). This study also examined the effects of high 

Fig.7 Metabolites pathways
a. significant enrichment pathway analysis of metabolites that showed up-regulation; b. the pathways that were down-regulated in the samples. The y-axis 

(-lg(P)) indicates the P value of the pathway enrichment analysis, represented by the bubble colors (darker color means more significant enrichment). The 

x-axis is the impact factor of topological analysis, represented by the bubble sizes (bigger bubble means a higher impact).
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Fig.8 ABC transporter
a. regulation of different metabolites were observed in ABC transporter. The differential metabolic pathways were visualized using the KEGG pathway 

mapper function, with the differential metabolites colored and displayed based on their up- and down-regulation status. In the pathway diagram, small 

circles represent metabolites, with up-regulated metabolites shown in red and down-regulated metabolites in blue; b. the regulated metabolites from ABC 

transporter were separately represented from both samples groups. Red indicates the high temperature samples while blue shows low temperature samples.

To be continued
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Fig.9 Galactose metabolism
a. regulation of different metabolites were observed in Galactose metabolism. The differential metabolic pathways were visualized using the KEGG 

pathway mapper function, with the differential metabolites colored and displayed based on their up- and down-regulation status. In the pathway diagram, 

small circles represent metabolites, with up-regulated metabolites shown in red and down-regulated metabolites in blue; b. the regulated metabolites from 

Galactose metabolism were separately represented from both samples groups. Red indicates the high temperature samples while blue shows low 

temperature samples.

Fig.8 Continued

To be continued
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temperature stress but the focus was to investigate 
the regulation of metabolites in P. yezoensis when 
the temperature exceeds than normal. According to 
the cloning and transcriptomic analyses of (Chen et 
al., 2015), the degrading impacts of abiotic factors 
(high temperature) determined sHSPs (small heat-
shock proteins) synthesis in Pyropia. High 
temperature stress has been found to trigger changes 
in the levels of different metabolites, suggesting a 
potential response and adaptation mechanism of 
P. yezoensis to stressful environmental conditions. 
Our findings revealed that some metabolites 
decreased in concentration while many of them 
increased in response to high temperature stress.

The recent research of temperature stress on 
another red algae P. haitanensis energy metabolism, 
revealed significant expression of its associated genes 
that enhance carbohydrate metabolism (Wang et al., 
2018). The citrate cycle, responsible for oxidizing 
respiratory substrates to drive ATP synthesis, has a 
substantial impact on a plant’s ability to resist 
abiotic stresses (Mailloux et al., 2007; Sweetlove et 
al., 2010). As different compounds and secondary 
metabolites and their respective pathways were up-

regulated in HT samples of P. yezoensis in our study 
suggests the defensive mechanism of this algae 
against abiotic temperature stress.

The previous studies highlighted that over-
expression of ABC transporter and their respective 
genes involved in the response of different 
environmental stresses (Chen et al., 2018; Dahuja et 
al., 2021). The tolerance of U. prolifera to 
temperature stress revealed that the metabolic shifts 
involved in the pathways of galactose metabolism, 
starch/sucrose, and alanine/aspartate/glutamate 
respectively (He et al., 2018). In this study, different 
pathways up- and down-regulation were highlighted 
in response of HT and LT temperature in which 
ABC transporters and Galactose metabolism were 
the common pathways (Fig.7). These findings have 
important implications as they offer valuable 
insights into the biochemical pathways and adaptive 
responses of P. yezoensis, revealing how this alga is 
able to cope with environmental stress. Understanding 
the metabolite composition and regulatory mechanisms 
in P. yezoensis for high temperature conditions 
response. These practices can provide valuable 
insights for the development of strategies aimed at 

Fig.9 Continued
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enhancing its cultivation and utilization in variable 
environmental stress. This knowledge can be 
harnessed to optimize the production processes of 
P. yezoensis while assure its nutritional quality and 
functional characteristics.

This research enhances the current understanding 
of the metabolomics of P. yezoensis and underscores 
the significance of environmental variables in 
comprehending the bioactivity and adaptability of 
this valuable red alga. Subsequent investigations in this 
field may give rise to novel strategies for improving 
the cultivation, nutritional content, and functional 
characteristics of P. yezoensis, thereby offering 
advantages to both the food industry and consumers.

5 CONCLUSION

In conclusion, our study uncovered the diverse 
range of metabolites present in Pyropia yezoensis 
and their dynamic response to high temperature 
stress. Through advanced analytical techniques and 
statistical analysis, we discovered various metabolites 
that perform a critical role in P. yezoensis’  
adaptation to high temperature. The significant 
differences in metabolite profiles between HT and 
LT samples emphasize the profound impact of high 
temperature on biochemical composition and up-
regulation of various metabolites in P. yezoensis. 
Our findings revealed the activation of key 
biochemical pathways and adaptive responses in 
P. yezoensis under high temperature conditions, 
providing valuable insights into its growth and 
development. Highlighting the complex interaction 
between P. yezoensis and its environment, this study 
revealed insights to exploit the biochemical 
diversity of P. yezoensis when expose to high 
temperature conditions. The study revealed that 
Pyropia yezoensis contains different nutritional 
components regulated by high temperature. 
Research on the mutant development of P. yezoensis 
holds prospect for enhancing traits related to stress 
tolerance, growth rate, nutritional values, and yield 
in this valuable seaweed species.
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