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Abstract

The chemical diversity of scleractinian corals is closely related to their physiological, ecological, and evolutionary
status, and can be influenced by both genetic background and environmental variables. To investigate
intraspecific variation in the metabolites of these corals, the metabolomes of four species (Pocillopora meandrina,
Seriatopora hystrix, Acropora formosa, and Fungia fungites) from the South China Sea were analyzed using
untargeted mass spectrometry-based metabolomics. The results showed that a variety of metabolites, including
amino acids, peptides, lipids, and other small molecules, were differentially distributed among the four species,
leading to their significant separation in principal component analysis and hierarchical clustering plots. The
higher content of storage lipids in branching corals (P. meandrina, S. hystrix, and A. formosa) compared to the
solitary coral (F. fungites) may be due to the high densities of zooxanthellae in their tissues. The high content of
aromatic amino acids in P. meandrina may help the coral protect against ultraviolet damage and promote growth
in shallow seawater, while nitrogen-rich compounds may enable S. hystrix to survive in various challenging
environments. The metabolites enriched in F. fungites, including amino acids, dipeptides, phospholipids, and
other small molecules, may be related to the composition of the coral’s mucus and its life-history, such as its
ability to move freely and live solitarily. Studying the chemical diversity of scleractinian corals not only provides
insight into their environmental adaptation, but also holds potential for the chemotaxonomy of corals and the
discovery of novel bioactive natural products.
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1  Introduction
Coral reefs, which are made up of scleractinian corals, are

among the most biodiverse ecosystems in the marine environ-
ment. However, they have faced significant degradation in re-
cent decades due to global climate change and human disturb-
ance (Hughes et al., 2017; Rocha et al., 2018). This has caused a
shift in the dominant coral species on reefs, from more complex
branching, foliaceous, and massive colonies to simpler massive
ones (Yu et al., 2019), resulting in a simplification of assemblage
structures and a homogenization of reef functions. This shift sug-
gests that different coral species has varying levels of susceptibil-
ity to environmental stress. In general, branching corals with
competitive life-histories are more sensitive to environmental
stress. For example, the high temperatures in Hawaii in 2019 led
to severe bleaching in many Pocillopora meandrina colonies
(Jones et al., 2021), while Acropora formosa, which used to be
found in Weizhou Island, northern South China Sea, has disap-
peared since the 21st century (Yu et al., 2019). However, not all

branching corals are equally sensitive to environmental stress.
Some, like branching Seriatopora hystrix, are able to colonize a
variety of disturbed environments and thrive (Sinniger et al.,
2013). Solitary corals, which live independently, may be at risk of
invasion by colonial neighbors during competition for space or
light on reefs. They may coexist with colonial corals through
chemical communication or behavioral interaction (Quévrain et
al., 2014; Chadwick, 1988). The chemical makeup of scleractini-
an corals, which is influenced by both genetics (Sogin et al., 2014;
Farag et al., 2016; Hayes et al., 2021) and the environment (He
et al., 2014; Farag et al., 2016), may provide insight into their ad-
aptive mechanisms to the surroundings.

Metabolomic profiling can reveal a coral’s resistance, resili-
ence, and function, and is a powerful tool for characterizing and
comparing coral metabolism. Recently, innovative untargeted
metabolomics approaches have been used to explore the chem-
ical diversity of various biosystems (Subbaraj et al., 2019; Tang
and Hatzakis, 2020). For example, metabolomic analysis of differ-  
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ent coral species in the deep sea showed distinct metabolite fin-
gerprints and richness. The unique core ions identified in Callo-
gorgia Delta were found to be diterpenes, which may have biolo-
gically important functions such as deterring predators, prevent-
ing fouling, and exhibiting allelopathy (Vohsen et al., 2019). Mass
spectrometry (MS) is a widely used technique for metabonomic
analysis due to its high sensitivity, resolution, and wide metabol-
ite coverage (Dettmer et al., 2007). Combined with separation
techniques like liquid chromatography (LC), MS allows for the
simultaneous analysis of a range of metabolites with high
throughput (Metz et al., 2007). Metabolic profiling based on
chromatographic fingerprints can provide a deeper understand-
ing of chemical composition. Metabolomics strategies have re-
cently emerged as a way to gain a better understanding of the
physiological (Pei et al., 2022b) and ecological adaptation mech-
anisms of corals to environmental conditions, as well as the dif-
ferentiation of coral species (Hartmann et al., 2017; Farag et al.,
2016).

In this study, we used LC-MS and molecular networking to
explore the metabolomic diversity of four coral species (P. me-
andrina, S. hystrix, A. formosa, and Fungia fungites) with differ-
ent biological characteristics. Multivariate data analysis was used
to identify differential metabolites among the four species, and
global natural product social molecular networking (GNPS)
(Zhao et al., 2022; Wang et al., 2016) was used to identify the
metabolites. The potential physiological functions of these spe-
cies-enriched metabolites were then discussed. As far as we
know, the first time high-throughput untargeted metabolomics
has been used to compare the chemical diversity of multiple cor-
al species with different biological traits, which helps to shed
light on the diversity of corals’ physiological responses to envir-
onmental stressors.

2  Materials and methods

2.1  Sample collection and extraction
On March 15, 2019, P. meandrina (eight colonies), S. hystrix

(four colonies), A. formosa (six colonies), and F. fungites (eleven
colonies) were collected from Panshi Atoll (16°02′−16°05′,
111°45′−111°50′) in the Xisha Islands of the South China Sea
(SCS). The water quality at Panshi Atoll, including salinity, nutri-
ents, and turbidity, has been previously reported in the literature
(Qin et al., 2021). Coral fragments (5 cm × 5 cm) were carefully
collected from colonies or solitary individuals using a hammer
and chisel, taking care to minimize damage to the remaining cor-
al. After collection, the coral samples were immediately placed in
a bucket with seawater and transferred to a −20℃ refrigerator.

Coral tissue was extracted using a previously described meth-
od (Fig. S1) (Pei et al., 2022b). Briefly, coral tissue was removed
from the skeleton using a water toothpick and chilled ultrapure
milli-Q water. Then, 10 mg of lyophilized coral tissue containing
an internal standard (caffeine-D9, 3 μg) was extracted with 0.5 mL
of ice-cold methanol/water (v/v, 7:3). The coral tissue was then
extracted a further two times, and the three supernatants (total
1.5 mL) were combined, filtered through a 0.22 μm nylon syringe
filter, and stored at −80°C until analysis by liquid chromato-
graphy-tandem mass spectrometry (LC-MS/MS).

2.2  MS data collection and pre-processing
The extracts were analyzed on a ThermoTM Q-ExactiveTM

mass spectrometer coupled to a Dionex UltiMate 3000 UHPLC
system. Chromatographic separation was performed at 30℃ us-
ing an ACQUITY CSH C18 column (2.1 mm× 100 mm; 1.7 μm; Wa-

ters, MA, USA) with the parameters listed in Table S1. The mo-
bile phase consisted of a mixture of methanol and water with
0.1% formic acid, which was gradually changed from 5% methan-
ol to 95% methanol over 25 min. The flow rate of the mobile
phase and the injection volume of the coral extracted in LC were
0.2 mL/min and 2 μL, respectively. Mass spectrometry data ac-
quisition was performed in positive electrospray ionization (ESI)
mode with data-dependent acquisition (alternating collection of
full mass spectra from m/z 100 to m/z 1 000 and MS/MS spectra
of the top 10 most intense compounds). Raw files (.raw) were
converted to .mzXML format before chromatographic feature ex-
traction. The mass spectrometry data were organized into two
files in .csv (a two-dimensional data matrix including retention
time, m/z, and peak intensity) and .mgf format (MS/MS spectra)
for feature-based molecular networking (FBMN) analysis using
the open-source MZmine software (v2.51). The data underwent
several stages of preprocessing in Mzmine: spectral filtering (MS
mass detection and MS/MS mass detection), peak detection
(ADAP chromatogram builder for chromatogram building and
local minimum search algorithm for chromatogram deconvolu-
tion), alignment (join aligner algorithm), and normalization
(normalized by the signal intensity of the internal standard, caf-
feine-D9). Detailed parameters can be found in the literature (Pei
et al., 2022b).

2.3  Statistical analysis
Principal component analysis (PCA) and partial least square

discriminant analysis (OPLS-DA) models were used to distin-
guish the four coral species using SIMCA-P (v14.1, Umetrics,
Umea, Sweden). All data were unit variance and Pareto scaled
before PCA and OPLS-DA analysis, respectively. The fitting para-
meter (R2) and the predictive ability parameter (Q2) were used to
evaluate the quality of the models. In addition, sevenfold cross-
validation and 200 random permutations of the class member-
ship variable were performed to assess the predictiveness of the
OPLS model. Potentially distinguishing metabolites among the
four groups were identified based on the variable importance in
the projection (VIP) values obtained from the OPLS-DA model.
Generally, variables with VIP > 1 were considered relevant for
group discrimination, but to strictly screen variables that signific-
antly contribute to the separation of the four groups, the cri-
terion of VIP > 2 was adopted. One-way analysis of variance (AN-
OVA) with Tukey’s post hoc test was applied to compare the sig-
nal intensities of the variables with VIP > 2 among the four coral
species using SPSS statistical analysis (SPSS, Version 23.0). A
p-value < 0.05 was considered statistically significant. Histogram
and box-plot were plotted using Origin 2021, whereas Venn dia-
gram was plotted using Venny 2.1.0 (https://bioinfogp.cnb.csic.
es/tools/venny/index.html).

2.4  Molecular network analysis
FBMN was conducted on the GNPS website (https://gnps.uc-

sd.edu/ProteoSAFe/static/gnps-splash.jsp?redirect=auth).
MS/MS fragment ions were filtered to retain only the top 6 frag-
ment ions within a ±50 Da window across the spectrum, and frag-
ment ions within ±17 Da of the precursor m/z were removed.
Both the precursor ion and MS/MS fragment ion tolerances were
set to 0.02 Da. An edge in the network was created when the co-
sine score was greater than 0.7 and the number of matched peaks
exceeded 2. The maximum size of a molecular family was set to
100 by removing the lowest scoring edges until the molecular
family size was below this threshold. The library spectra were
filtered in the same manner as the input data. The FBMN analys-
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is results were then imported into Cytoscape 3.8.0 software for
visualization. The FBMN job conducted in this study is available
at: https://gnps.ucsd.edu/ProteoSAFe/status.jsp?task=ae3692
556f2649e1904cd23f0b04928c.

2.5  Quality control
Quality control (QC) was conducted throughout the study.

QC samples were prepared by pooling 2 mg of each coral tissue
dry powder and extracted using the same method as the samples.
To monitor instrument stability, QC samples were repeatedly in-
jected five times at the beginning of LC-MS/MS analysis and al-
ternately injected every seven samples. After extracting the meta-
bolite features with MZmine, we only retained metabolites with a
coefficient of variation (CV) < 30% in the QC samples. The max-
imum allowable error for the identification of metabolites using a
Thermo Q-Exactive mass spectrometer was five parts per million.

3  Results

3.1  Ion distribution among four coral species
To compare the chemical diversity of four coral species, eight

P. meandrina, four S. hystrix, six A. formosa, and eleven F.
fungites fragments were extracted for LC-MS/MS-based untar-
geted metabolomics analysis. While untargeted metabolomics
aims to gather as much information as possible about an organ-
ism’s metabolites (Kusano et al., 2015), the metabolite coverage

is restricted by the extraction protocol and detection instrument.
LC-ESI-MS/MS, a common analytical technique for metabolom-
ics analysis (De Vos et al., 2007), is used to characterize polar and
weak polar compounds in organisms. Therefore, a polar solvent
such as methanol/water is often used as the extraction solvent
(Pei et al., 2022a, 2022b). This protocol, which was also used in
this study, has been widely applied in untargeted metabolomics
analysis of coral samples (Hartmann et al., 2017; Williams et al.,
2021; Roach et al., 2021). In this research, a total of 6 784 feature
peaks were extracted from the metabolomics dataset of the four
coral species using MZmine. The numbers of metabolites for
P. meandrina, S. hystrix, A. formosa, and F. fungites were 5 425,
4 721, 4 902, and 5 531, respectively. To examine the distribution
of ions among the coral samples, the frequency of occurrence of
each ion in the parallel coral samples was determined (Fig. 1).
For P. meandrina, for example, 7.7% (420/5 425) of ions were
only detected in one colony, while 38.4% (2 085/5 425) of ions
were present in all eight colonies. Among the metabolites found
in a particular coral species, the ones that were shared by all
samples made up the largest proportion. The remaining meta-
bolites, which were shared by 1 to n–1 (where n is the total num-
ber of samples for that coral species) samples, made up a roughly
equal proportion of the rest.

Of the 6 784 metabolites, 3 241 are common to the four coral
species, comprising 47.8% of the total number of metabolites and
indicating that these are present in all coral species. There were
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Fig. 1.   Histogram showing the frequencies of the detection of each ion in eight colonies of Pocillopora meandrina (a), four colonies of
Seriatopora hystrix (b), six colonies of Acropora formosa (c), and eleven colonies of Fungia fungites (d). The X-axis represents the total
number of coral colonies detected with the same ion, and the Y-axis represents the number of ions commonly detected in 1 to n (n be-
ing the total sample number for a coral species) coral colonies. The total number of detected ions in P. meandrina, S. hystrix, A. for-
mosa, and F. fungites were 5 425, 4 721, 4 902, and 5 531, respectively.
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192, 284, and 461 metabolites unique to P. meandrina, A. for-
mosa, and F. fungites, respectively, while none were unique to
S. hystrix (Fig. 2a). To compare the chemical diversity between
different coral species, the Shannon-Weiner diversity index was
calculated. The results showed that the Shannon-Weiner indexes
for P. meandrina, S. hystrix, A. formosa, and F. fungites were 8.07,
8.00, 9.03, and 7.89, respectively. There were significant differ-
ences between P. meandrina and A. formosa, P. meandrina and
F. fungites, S. hystrix and A. formosa, and A. formosa and F.
fungites (Fig. 2b).

3.2  Multivariate statistical analysis based on the metabolic profil-
ing
It is believed that the metabolic profiles of different coral spe-

cies are positively correlated with their phylogenetic relation-
ships. To test this hypothesis, multivariate statistical analysis was
performed on a dataset obtained using LC-MS/MS. Both the un-
supervised PCA model and supervised OPLS-DA model showed
that the four coral species were clearly separated in the score
plots (Fig. 3). Additionally, the distance between these species in
the score plots was positively correlated with their phylogenetic
relationships. The coral species belonging to different families
(Pocillopora: P. meandrina and S. hystrix; Acropora: A. formosa;
Fungia: F. fungites) were significantly separated (Fig. 3a and b).
The distance between P. meandrina and S. hystrix was relatively

small compared to the distances between P. meandrina and A.
formosa or P. meandrina and F. fungites. However, P. meandrina
and S. hystrix were still well separated in the PCA and OPLS-DA
plots (Fig. S2). The replicates of each coral species clustered to-
gether, indicating good biological repeatability and close phylo-
genetic relationships. To evaluate the ability of the OPLS-DA
model to distinguish between coral species, seven rounds of
cross-validation and 200 random permutation tests were conduc-
ted. The results showed that the model had good predictability
without overfitting (Fig. S3).

3.3  Screening and identification of differential metabolites among
the four coral species
To identify differential metabolites among the four coral spe-

cies, the VIP values of each metabolite were calculated in the
OPLS-DA model. Two hundred and sixty-five metabolites were
identified as differential with a VIP value greater than 2, with 11
of them being removed due to a p-value less than 0.05. These dif-
ferential metabolites were then searched against LC-MS/MS
databases and the GNPS libraries, resulting in the identification
of 50 metabolites. The remaining unknown differential metabol-
ites were annotated using molecular networking and manual in-
terpretation, with known metabolites serving as “seeds” (Figs S4
and S5). This process led to the annotation of an additional 13
differential metabolites, including dipeptides, phospholipids,
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Fig. 2.   Venn diagram showing the metabolites detected in Pocillopora meandrina, Seriatopora hystrix, Acropora formosa, and Fungia
fungites (a). Shannon-Weiner diversity index of metabolites in the four coral species. (b) Note: *, p<0.05; **, p<0.01; ***, p<0.001.
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formosa and Fungia fungites).
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and other small molecules. In general, compounds with similar
structural backbones will produce similar MS/MS fragmentation
patterns in collision-induced dissociation (CID) spectra and
cluster together in molecular networking. For example, the
dipeptide Glu-Glu (m/z 277.102 5) was linked to two unknown
metabolites with m/z 261.144 and 247.128 3 in the molecular networking
(Fig. 4). Examining their MS/MS spectra showed that the three
parent ions shared common fragment ions, including m/z 130.049 7
and 84.044 8, which were assigned as the glutamate residue and
the decarboxylation group, respectively. This characteristic frag-
mentation pattern indicated that the three metabolites con-
tained a common glutamate residue in their structural backbone.
Additionally, the fragment ions of m/z 261.144 and 247.128 3
showed a constant mass shift of 15.955 Da (O) and 29.974 1 Da
(O2-H2) from the fragment ions of m/z 277.102 5, respectively,
suggesting that the metabolites with m/z 261.144 and 247.128 3
are protonated Glu-Leu and Glu-Val, respectively.

Hierarchical clustering was performed on the intensities of
the extracted features in each sample to analyze the distribution
of 63 differential metabolites in four coral species. It was found
that various metabolites were differently distributed in different
coral species (Fig. 5, Table S2). Fatty acids (FA 20 : 4, FA 22 : 4, FA
20 : 5, FA 22 : 5, FA 22 : 6, 17(S)-HETE, FA 20 : 6) and FAME
(FAME 18 : 1, FAME 20 : 5) were more abundant in branching co-
lonial corals (P. meandrina, S. hystrix, A. formosa) than in the sol-
itary coral (F. fungites). Phospholipids (lyso-PAF C-16, lyso PC(16 :
0), lyso PC(18 : 0)), amino acids (proline, glutamate, asparagine,
glutamine, pyroglutamate, serine, lysine, histidine, aspartate,
methionine, arginine), dipeptides (Glu-Val, Glu-Leu, Glu-Glu),
octopine, and alanopine were more enriched in F. fungites. Aro-

matic amino acids (phenylalanine, 2-hydroxyphenylalanine, tyr-
osine, and tryptophan) were more enriched in P. meandrina and
A. formosa (especially tryptophan). Nitrogen-rich compounds in-
cluding hypoxanthine, 2′-deoxy-guanosine, cytidine, adenosine,
creatine, inosine, guanosine, 2′-deoxyinosine, arginine, g-guan-
idinobutyrate, and thymine were more enriched in S. hystrix. In
addition, hierarchical clustering analysis (HCA) confirmed the
results of the PCA and OPLS-DA models. Specifically, the dis-
tance between species was positively correlated with genetic rela-
tionships. The coral samples from the same species tended to
cluster together preferentially; then the coral species belonging to
the same family clustered together preferentially compared to
coral species belonging to different families.

4  Discussion
Coral species vary in their susceptibility to environmental

stress. The chemical diversity that results from genetic diversity is
an important factor in an organism’s ability to adapt and survive.
Studying the metabolomic diversity among coral species can
provide important insights into the interactions between coral
and their environment. The four coral species in this study, P.
meandrina and A. formosa, are characterized by fast growth rates
and high efficiency at competing for resources in productive en-
vironments and are considered to have a “competitive” life-his-
tory strategy. S. hystrix, on the other hand, is characterized by fast
growth and opportunism in competing for resources in unfavor-
able environments and is considered to have a “weedy” life-his-
tory strategy F. fungites, with its slow growth rate and high toler-
ance to chronic stress or variable environments, is considered to
have a “stress-tolerant” life-history strategy (Darling et al., 2012).
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Different coral species adapt to their environment in a variety of
ways.

Metabolites in organisms can be divided into primary and
secondary metabolites, with primary metabolites making up the
majority. Primary metabolites, such as amino acids, nucleotides,
polysaccharides, and lipids, are essential for the growth and re-
production of organisms and can be found in all coral individu-
als, regardless of species or individual differences. However, their
levels may vary among individuals, which makes metabolic pro-
filing a useful tool for identifying coral species (Hayes et al.,
2021). Differential metabolites found in different coral species
may be important for their physiological, ecological, and evolu-
tionary status.

Fungia fungites is a solitary coral species that is able to move
freely. To protect itself from environmental stressors like sedi-
mentation, desiccation, UV radiation, and temperature changes,
it secretes a large amount of mucus (Han et al., 2020; Drollet et
al., 1993; Brown and Bythell, 2005). Since mucus is rich in pro-

tein and carbohydrate polymers but lacks lipids (Stabili et al.,
2014; Hadaidi et al., 2019), the extract from F. fungites has high
levels of amino acids and peptides but low levels of fatty acids
and FAME. Peptides have a variety of biological functions, such
as anti-inflammatory/antioxidant, antibacterial, antiviral, de-
fense, and others (Schmidt et al., 2019). PAFs are also immune
factors that play a role in resistance to interspecies competition
(d’Auriac et al., 2018). The high content of peptides and lyso-
PAFs in F. fungites may help it survive on reefs dominated by
various colonial coral species and planktons, similar to the func-
tion of nematocysts (Karabulut et al., 2022). Octopine and alan-
opine (Murphy and Richmond, 2016) are two metabolites in-
volved in the anaerobic metabolism of organisms. As F. fungites
moves freely on the seafloor, it may encounter various obstacles
and threatening organisms, and anaerobic metabolism may be
an alternative pathway for F. fungites to adjust its energy meta-
bolism in case of emergency

Aromatic amino acids contain a benzene ring in their mo-
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Fig. 5.   HCA of the 63 differential metabolites in Pocillopora meandrina, Seriatopora hystrix, Acropora formosa and Fungia fungites.
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lecular structure and have the ability to absorb ultraviolet light
due to their π-conjugated structure, which helps protect organ-
isms from UV damage. Pocillopora meandrina and A. formosa,
which have a “competitive” life-history strategy and are gener-
ally found in shallow, high-light environments, may use aromat-
ic amino acids to absorb excess energy and protect themselves
from UV damage, similar to the function of mycosporine-like
amino acids (Shinzato et al., 2011; Rosic and Dove, 2011). Aro-
matic amino acids also serve as building blocks for proteins and
as precursors to many primary and specialized metabolites
(Shinzato et al., 2011; Rosic and Dove, 2011). Derivatives of aro-
matic amino acids have diverse functions in organisms, ranging
from the formation of photosynthetic electron carriers to the syn-
thesis of natural products with biological activities (Maeda and
Dudareva, 2012). For example, phenylalanine is a precursor to
lignin, anthocyanins, flavonoids, isoflavonoids, and tannins (Hou
et al., 2022; Maeda and Dudareva, 2012); tyrosine is a precursor
for quinones, betalains, isoquinoline alkaloids, and lignin (Lynch
and Dudareva, 2020); and tryptophan participates in the synthes-
is of auxin, alkaloids, indole-glucosinolates, and phytoalexins
(Lynch and Dudareva, 2020). Plants direct about 30% of photo-
synthetically fixed carbon towards aromatic amino acid forma-
tion to support growth, development, reproduction, defense, and
environmental responses (Dudareva, 2015). For example, the
downregulation of aromatic amino acid biosynthesis in the coral
endosymbiont Cladocopium goreaui can suppress its reproduc-
tion (Tang et al., 2022). In summary, the high content of aromatic
amino acids in P. meandrina and A. formosa may contribute to
their fast growth rate in ideal environments by improving re-
source utilization efficiency (Darling et al., 2012).

The high levels of nitrogen-rich compounds in S. hystrix may
be related to its habitat. Seriatopora hystrix has a “weedy” life-
history strategy (Pei et al., 2022a), which allows it to survive by
colonizing a variety of disturbed environments, such as heavily
fished reefs or shallow back reef lagoons. These stressful or vari-
able environments may result in specific physiological and ecolo-
gical adaptations. Previous research has shown that scleractini-
an corals can turn to planktonic diazotrophs to help with bleach-
ing recovery by incorporating more nitrogen (Meunier et al.,
2019). Marcelino et al. also found that S. hystrix has a relatively
high abundance of diazotrophs (Marcelino et al., 2017). There-
fore, it is likely that S. hystrix uses diazotrophs to synthesize more
nitrogen-rich compounds in order to cope with unfavorable en-
vironments.

The higher content of storage lipids (FA, FAME) in branching
corals (P. meandrina, S. hystrix, and A. formosa) compared to the
solitary coral (F. fungites) may be related to the density of zoox-
anthellae. While the density of zooxanthellae based on unit area
is similar for Pocilloporidae, Acroporidae, and Fungiidae (Qin
et al., 2019), the tissue thickness of branching coral is generally
significantly lower than that of massive coral (Qin et al., 2020),
resulting in a higher density of zooxanthellae based on tissue
weight in P. meandrina, S. hystrix, and A. formosa compared to F.
fungites. It is well known that coral hosts and symbiotic zooxan-
thellae have a mutually beneficial relationship. The coral host
provides inorganic nutrients to the zooxanthellae for photosyn-
thesis, while the zooxanthellae offer photosynthates to the coral
host to support growth, respiration, reproduction, and biocalci-
fication (Kopp et al., 2015). A reduction in the density of zooxan-
thellae will lead to a decrease in the rate at which photosynthates
are translocated to the coral host. Therefore, we infer that the
high density of zooxanthellae in branching corals is responsible
for the high storage lipid content of coral holobiont, which pro-
motes their fast growth (Oku et al., 2002). As previously reported,

bleaching results in the loss of symbionts from the coral host,
along with a reduction in both storage and structural lipids (Im-
bs and Yakovleva, 2012; Yamashiro et al., 2005).

5  Conclusions
In summary, untargeted mass spectrometry-based metabolo-

mics was used to analyze the chemical diversity of P. meandrina,
S. hystrix, A. formosa, and F. fungites. A variety of metabolites, in-
cluding amino acids, peptides, lipids, and other small molecules,
were differentially distributed among the four coral species. The
unique metabolites that were particularly enriched in a specific
coral species were believed to play a vital role in its physiological
and ecological status. For example, aromatic amino acids en-
riched in P. meandrina and A. formosa were thought to help alle-
viate UV damage and promote coral growth. Nitrogen-rich com-
pounds were thought to help S. hystrix withstand environmental
stress. The special metabolites in F. fungites were believed to be
related to the composition of mucus and the species’ life-history
traits. Investigating the chemical diversity of scleractinian corals
provides a biological indication of environmental adaptation and
can serve as a potential tool for the chemotaxonomy of sclerac-
tinian corals in future research. Combining untargeted meta-
bolomics with molecular networking also helps to discover novel
coral-based natural products with potential physiological and
pharmacological activity.

References 

  Brown B E, Bythell J C. 2005. Perspectives on mucus secretion in reef
corals. Marine Ecology Progress Series, 296: 291–309, doi: 10.
3354/meps296291

  Chadwick N E. 1988. Competition and locomotion in a free-living
fungiid coral. Journal of Experimental Marine Biology and Eco-
logy, 123(3): 189–200, doi: 10.1016/0022-0981(88)90041-X

  Darling E S, Alvarez-Filip L, Oliver T A, et al. 2012. Evaluating life-his-
tory strategies of reef corals from species traits. Ecology Letters,
15(12): 1378–1386, doi: 10.1111/j.1461-0248.2012.01861.x

  d'Auriac I G, Quinn R A, Maughan H, et al. 2018. Before platelets: the
production of platelet-activating factor during growth and
stress in a basal marine organism. Proceedings of the Royal So-
ciety B: Biological Sciences, 285(1884): 20181307, doi: 10.1098/
rspb.2018.1307

  De Vos R C, Moco S, Lommen A, et al. 2007. Untargeted large-scale
plant metabolomics using liquid chromatography coupled to
mass spectrometry. Nature Protocols, 2(4): 778–791, doi: 10.
1038/nprot.2007.95

  Dettmer K, Aronov P A, Hammock B D. 2007. Mass spectrometry-
based metabolomics. Mass Spectrometry Reviews, 26(1): 51–78,
doi: 10.1002/mas.20108

  Drollet J H, Glaziou P, Martin P M V. 1993. A study of mucus from the
solitary coral Fungia fungites (Scleractinia: Fungiidae) in rela-
tion to photobiological UV adaptation. Marine Biology, 115(2):
263–266, doi: 10.1007/BF00346343

  Dudareva N. 2015. Aromatic amino acid network: biosynthesis, regu-
lation and transport. The FASEB Journal, 29(S1): 103.2

  Farag M A, Porzel A, Al-Hammady M A, et al. 2016. Soft corals biod-
iversity in the Egyptian Red Sea: a comparative MS and NMR
metabolomics approach of wild and aquarium grown species.
Journal of Proteome Research, 15(4): 1274–1287, doi: 10.1021/
acs.jproteome.6b00002

  Hadaidi G, Gegner H M, Ziegler M, et al. 2019. Carbohydrate com-
position of mucus from scleractinian corals from the central
Red Sea. Coral Reefs, 38(1): 21–27, doi: 10.1007/s00338-018-
01758-5

  Han Minwei, Zhang Ruijie, Yu Kefu, et al. 2020. Polycyclic aromatic
hydrocarbons (PAHs) in corals of the South China Sea: occur-
rence, distribution, bioaccumulation, and considerable role of

  Pei Jiying et al. Acta Oceanol. Sin., 2023, Vol. 42, No. 11, P. 127–135 133

https://doi.org/10.3354/meps296291
https://doi.org/10.3354/meps296291
https://doi.org/10.1016/0022-0981(88)90041-X
https://doi.org/10.1016/0022-0981(88)90041-X
https://doi.org/10.1016/0022-0981(88)90041-X
https://doi.org/10.1016/0022-0981(88)90041-X
https://doi.org/10.1016/0022-0981(88)90041-X
https://doi.org/10.1111/j.1461-0248.2012.01861.x
https://doi.org/10.1111/j.1461-0248.2012.01861.x
https://doi.org/10.1111/j.1461-0248.2012.01861.x
https://doi.org/10.1098/rspb.2018.1307
https://doi.org/10.1098/rspb.2018.1307
https://doi.org/10.1038/nprot.2007.95
https://doi.org/10.1038/nprot.2007.95
https://doi.org/10.1002/mas.20108
https://doi.org/10.1007/BF00346343
https://doi.org/10.1021/acs.jproteome.6b00002
https://doi.org/10.1021/acs.jproteome.6b00002
https://doi.org/10.1007/s00338-018-01758-5
https://doi.org/10.1007/s00338-018-01758-5
https://doi.org/10.1007/s00338-018-01758-5
https://doi.org/10.1007/s00338-018-01758-5
https://doi.org/10.1007/s00338-018-01758-5
https://doi.org/10.1007/s00338-018-01758-5
https://doi.org/10.1007/s00338-018-01758-5


coral mucus. Journal of Hazardous Materials, 384: 121299, doi:
10.1016/j.jhazmat.2019.121299

  Hartmann A C, Petras D, Quinn R A, et al. 2017. Meta-mass shift
chemical profiling of metabolomes from coral reefs. Proceed-
ings of the National Academy of Sciences of the United States of
America, 114(44): 11685–11690

  Hayes J M, Abdul-Rahman N H, Gerdes M J, et al. 2021. Coral genus
differentiation based on direct analysis in real time-high resolu-
tion mass spectrometry-derived chemical fingerprints. Analyt-
ical Chemistry, 93(46): 15306–15314, doi: 10.1021/acs.anal-
chem.1c02519

  He Qing, Sun Ruiqi, Liu Huijuan, et al. 2014. NMR-based metabolo-
mic analysis of spatial variation in soft corals. Marine Drugs,
12(4): 1876–1890, doi: 10.3390/md12041876

  Hou Dan, Lu Haiwen, Zhao Zhongyu, et al. 2022. Integrative tran-
scriptomic and metabolomic data provide insights into gene
networks associated with lignification in postharvest Lei bam-
boo shoots under low temperature. Food Chemistry, 368:
130822, doi: 10.1016/j.foodchem.2021.130822

  Hughes T P, Kerry J T, Álvarez-Noriega M, et al. 2017. Global warm-
ing and recurrent mass bleaching of corals. Nature, 543(7645):
373–377, doi: 10.1038/nature21707

  Imbs A B, Yakovleva I M. 2012. Dynamics of lipid and fatty acid com-
position of shallow-water corals under thermal stress: an exper-
imental approach. Coral Reefs, 31(1): 41–53, doi: 10.1007/
s00338-011-0817-4

  Jones R N, Brush E G, Dilley E R, et al. 2021. Autumn coral bleaching
in Hawai’i. Marine Ecology Progress Series, 675: 199–205, doi:
10.3354/meps13837

  Karabulut A, McClain M, Rubinstein B, et al. 2022. The architecture
and operating mechanism of a cnidarian stinging organelle.
Nature Communications, 13(1): 3494, doi: 10.1038/s41467-022-
31090-0

  Kopp C, Domart-Coulon I, Escrig S, et al. 2015. Subcellular investiga-
tion of photosynthesis-driven carbon assimilation in the symbi-
otic reef coral Pocillopora damicornis. mBio, 6(1): e02299–14

  Kusano M, Yang Zhigang, Okazaki Y, et al. 2015. Using metabolomic
approaches to explore chemical diversity in rice. Molecular
Plant, 8(1): 58–67, doi: 10.1016/j.molp.2014.11.010

  Lynch J H, Dudareva N. 2020. Aromatic amino acids: a complex net-
work ripe for future exploration. Trends in Plant Science, 25(7):
670–681, doi: 10.1016/j.tplants.2020.02.005

  Maeda H, Dudareva N. 2012. The shikimate pathway and aromatic
amino acid biosynthesis in plants. Annual Review of Plant Bio-
logy, 63: 73–105, doi: 10.1146/annurev-arplant-042811-105439

  Marcelino V R, Morrow K M, van Oppen M J H, et al. 2017. Diversity
and stability of coral endolithic microbial communities at a nat-
urally high pCO2 reef. Molecular Ecology, 26(19): 5344–5357,
doi: 10.1111/mec.14268

  Metz T O, Zhang Qibin, Page J S, et al. 2007. Future of liquid chroma-
tography-mass spectrometry in metabolic profiling and meta-
bolomic studies for biomarker discovery. Biomarkers in Medi-
cine, 1(1): 159–185, doi: 10.2217/17520363.1.1.159

  Meunier V, Bonnet S, Pernice M, et al. 2019. Bleaching forces coral’s
heterotrophy on diazotrophs and Synechococcus. The ISME
Journal, 13(11): 2882–2886, doi: 10.1038/s41396-019-0456-2

  Murphy J W A, Richmond R H. 2016. Changes to coral health and
metabolic activity under oxygen deprivation. Peerj, 4: e1956,
doi: 10.7717/peerj.1956

  Oku H, Yamashiro H, Onaga K, et al. 2002. Lipid distribution in
branching coral Montipora digitata. Fisheries Science, 68(3):
517–522, doi: 10.1046/j.1444-2906.2002.00456.x

  Pei Jiying, Chen Shiguo, Yu Kefu, et al. 2022a. Metabolomics charac-
terization of scleractinia corals with different life-history
strategies: a case study about Pocillopora meandrina and Seri-
atopora hystrix in the South China Sea. Metabolites, 12(11):
1079, doi: 10.3390/metabo12111079

  Pei Jiying, Yu Wenfeng, Zhang Jingjing, et al. 2022b. Mass spectro-
metry-based metabolomic signatures of coral bleaching under

thermal stress. Analytical and Bioanalytical Chemistry, 414(26):
7635–7646, doi: 10.1007/s00216-022-04294-y

  Qin Zhenjun, Yu Kefu, Chen Biao, et al. 2019. Diversity of Symbiod-
iniaceae in 15 coral species from the southern South China Sea:
potential relationship with coral thermal adaptability. Fronti-
ers in Microbiology, 10: 2343, doi: 10.3389/fmicb.2019.02343

  Qin Zhenjun, Yu Kefu, Chen Shuchang, et al. 2021. Microbiome of
juvenile corals in the outer reef slope and lagoon of the South
China Sea: insight into coral acclimatization to extreme thermal
environments. Environmental Microbiology, 23(8): 4389–4404,
doi: 10.1111/1462-2920.15624

  Qin Zhenjun, Yu Kefu, Liang Yanting, et al. 2020. Latitudinal vari-
ation in reef coral tissue thickness in the South China Sea: po-
tential linkage with coral tolerance to environmental stress. Sci-
ence of The Total Environment, 711: 134610, doi: 10.1016/j.
scitotenv.2019.134610

  Quévrain E, Domart-Coulon I, Bourguet-Kondracki M L. 2014. Mar-
ine natural products–chemical defense/chemical communica-
tion in sponges and corals. In: Osbourn A, Goss R J, Carter G T,
eds. Natural Products: Discourse, Diversity, and Design.
Hoboken: Wiley-Blackwell, 39–66

  Roach T N F, Dilworth J, Christian M H, et al. 2021. Metabolomic sig-
natures of coral bleaching history. Nature Ecology & Evolution,
5(4): 495–503

  Rocha L A, Pinheiro H T, Shepherd B, et al. 2018. Mesophotic coral
ecosystems are threatened and ecologically distinct from shal-
low water reefs. Science, 361(6399): 281–284, doi: 10.1126/sci-
ence.aaq1614

  Rosic N N, Dove S. 2011. Mycosporine-like amino acids from coral
dinoflagellates. Applied and Environmental Microbiology,
77(24): 8478–8486, doi: 10.1128/AEM.05870-11

  Schmidt C A, Daly N L, Wilson D T. 2019. Coral venom toxins. Fronti-
ers in Ecology and Evolution, 7: 320, doi: 10.3389/fevo.2019.
00320

  Shinzato C, Shoguchi E, Kawashima T, et al. 2011. Using the Acro-
pora digitifera genome to understand coral responses to envir-
onmental change. Nature, 476(7360): 320–323, doi: 10.1038/
nature10249

  Sinniger F, Morita M, Harii S. 2013. “Locally extinct” coral species
Seriatopora hystrix found at upper mesophotic depths in Ok-
inawa. Coral Reefs, 32(1): 153, doi: 10.1007/s00338-012-0973-1

  Sogin E M, Anderson P, Williams P, et al. 2014. Application of 1H-
NMR metabolomic profiling for reef-building corals. PLoS One,
9(10): e111274, doi: 10.1371/journal.pone.0111274

  Stabili L, Schirosi R, Licciano M, et al. 2014. Role of Myxicola in-
fundibulum (Polychaeta, Annelida) mucus: from bacterial con-
trol to nutritional home site. Journal of Experimental Marine
Biology and Ecology, 461: 344–349, doi: 10.1016/j.jembe.2014.
09.005

  Subbaraj A K, Huege J, Fraser K, et al. 2019. A large-scale metabolo-
mics study to harness chemical diversity and explore biochem-
ical mechanisms in ryegrass. Communications Biology, 2: 87,
doi: 10.1038/s42003-019-0289-6

  Tang Fenfen, Hatzakis E. 2020. NMR-based analysis of pomegranate
juice using untargeted metabolomics coupled with nested and
quantitative approaches. Analytical Chemistry, 92(16): 11177–
11185, doi: 10.1021/acs.analchem.0c01553

  Tang Jia, Cai Wenqi, Yan Zhicong, et al. 2022. Interactive effects of
acidification and copper exposure on the reproduction and
metabolism of coral endosymbiont Cladocopium goreaui. Mar-
ine Pollution Bulletin, 177: 113508, doi: 10.1016/j.marpolbul.
2022.113508

  Vohsen S A, Fisher C R, Baums I B. 2019. Metabolomic richness and
fingerprints of deep-sea coral species and populations. Meta-
bolomics, 15(3): 34, doi: 10.1007/s11306-019-1500-y

  Wang Mingxun, Carver J J, Phelan V V, et al. 2016. Sharing and com-
munity curation of mass spectrometry data with Global Natur-
al Products Social Molecular Networking. Nature Biotechno-
logy, 34(8): 828–837, doi: 10.1038/nbt.3597

134 Pei Jiying et al. Acta Oceanol. Sin., 2023, Vol. 42, No. 11, P. 127–135  

https://doi.org/10.1016/j.jhazmat.2019.121299
https://doi.org/10.1021/acs.analchem.1c02519
https://doi.org/10.1021/acs.analchem.1c02519
https://doi.org/10.1021/acs.analchem.1c02519
https://doi.org/10.3390/md12041876
https://doi.org/10.1016/j.foodchem.2021.130822
https://doi.org/10.1038/nature21707
https://doi.org/10.1007/s00338-011-0817-4
https://doi.org/10.1007/s00338-011-0817-4
https://doi.org/10.1007/s00338-011-0817-4
https://doi.org/10.1007/s00338-011-0817-4
https://doi.org/10.1007/s00338-011-0817-4
https://doi.org/10.1007/s00338-011-0817-4
https://doi.org/10.1007/s00338-011-0817-4
https://doi.org/10.1007/s00338-011-0817-4
https://doi.org/10.3354/meps13837
https://doi.org/10.1038/s41467-022-31090-0
https://doi.org/10.1038/s41467-022-31090-0
https://doi.org/10.1038/s41467-022-31090-0
https://doi.org/10.1038/s41467-022-31090-0
https://doi.org/10.1038/s41467-022-31090-0
https://doi.org/10.1038/s41467-022-31090-0
https://doi.org/10.1038/s41467-022-31090-0
https://doi.org/10.1016/j.molp.2014.11.010
https://doi.org/10.1016/j.tplants.2020.02.005
https://doi.org/10.1146/annurev-arplant-042811-105439
https://doi.org/10.1146/annurev-arplant-042811-105439
https://doi.org/10.1146/annurev-arplant-042811-105439
https://doi.org/10.1146/annurev-arplant-042811-105439
https://doi.org/10.1146/annurev-arplant-042811-105439
https://doi.org/10.1146/annurev-arplant-042811-105439
https://doi.org/10.1146/annurev-arplant-042811-105439
https://doi.org/10.1111/mec.14268
https://doi.org/10.2217/17520363.1.1.159
https://doi.org/10.1038/s41396-019-0456-2
https://doi.org/10.1038/s41396-019-0456-2
https://doi.org/10.1038/s41396-019-0456-2
https://doi.org/10.1038/s41396-019-0456-2
https://doi.org/10.1038/s41396-019-0456-2
https://doi.org/10.1038/s41396-019-0456-2
https://doi.org/10.1038/s41396-019-0456-2
https://doi.org/10.7717/peerj.1956
https://doi.org/10.1046/j.1444-2906.2002.00456.x
https://doi.org/10.1046/j.1444-2906.2002.00456.x
https://doi.org/10.1046/j.1444-2906.2002.00456.x
https://doi.org/10.3390/metabo12111079
https://doi.org/10.1007/s00216-022-04294-y
https://doi.org/10.1007/s00216-022-04294-y
https://doi.org/10.1007/s00216-022-04294-y
https://doi.org/10.1007/s00216-022-04294-y
https://doi.org/10.1007/s00216-022-04294-y
https://doi.org/10.1007/s00216-022-04294-y
https://doi.org/10.1007/s00216-022-04294-y
https://doi.org/10.3389/fmicb.2019.02343
https://doi.org/10.1111/1462-2920.15624
https://doi.org/10.1111/1462-2920.15624
https://doi.org/10.1111/1462-2920.15624
https://doi.org/10.1016/j.scitotenv.2019.134610
https://doi.org/10.1016/j.scitotenv.2019.134610
https://doi.org/10.1126/science.aaq1614
https://doi.org/10.1126/science.aaq1614
https://doi.org/10.1126/science.aaq1614
https://doi.org/10.1128/AEM.05870-11
https://doi.org/10.1128/AEM.05870-11
https://doi.org/10.1128/AEM.05870-11
https://doi.org/10.3389/fevo.2019.00320
https://doi.org/10.3389/fevo.2019.00320
https://doi.org/10.1038/nature10249
https://doi.org/10.1038/nature10249
https://doi.org/10.1007/s00338-012-0973-1
https://doi.org/10.1007/s00338-012-0973-1
https://doi.org/10.1007/s00338-012-0973-1
https://doi.org/10.1007/s00338-012-0973-1
https://doi.org/10.1007/s00338-012-0973-1
https://doi.org/10.1007/s00338-012-0973-1
https://doi.org/10.1007/s00338-012-0973-1
https://doi.org/10.1371/journal.pone.0111274
https://doi.org/10.1016/j.jembe.2014.09.005
https://doi.org/10.1016/j.jembe.2014.09.005
https://doi.org/10.1038/s42003-019-0289-6
https://doi.org/10.1038/s42003-019-0289-6
https://doi.org/10.1038/s42003-019-0289-6
https://doi.org/10.1038/s42003-019-0289-6
https://doi.org/10.1038/s42003-019-0289-6
https://doi.org/10.1038/s42003-019-0289-6
https://doi.org/10.1038/s42003-019-0289-6
https://doi.org/10.1021/acs.analchem.0c01553
https://doi.org/10.1016/j.marpolbul.2022.113508
https://doi.org/10.1016/j.marpolbul.2022.113508
https://doi.org/10.1007/s11306-019-1500-y
https://doi.org/10.1007/s11306-019-1500-y
https://doi.org/10.1007/s11306-019-1500-y
https://doi.org/10.1007/s11306-019-1500-y
https://doi.org/10.1007/s11306-019-1500-y
https://doi.org/10.1007/s11306-019-1500-y
https://doi.org/10.1007/s11306-019-1500-y
https://doi.org/10.1038/nbt.3597


  Williams A, Chiles E N, Conetta D, et al. 2021. Metabolomic shifts as-
sociated with heat stress in coral holobionts. Science Advances,
7(1): eabd4210, doi: 10.1126/sciadv.abd4210

  Yamashiro H, Oku H, Onaga K. 2005. Effect of bleaching on lipid con-
tent and composition of Okinawan corals. Fisheries Science,
71(2): 448–453, doi: 10.1111/j.1444-2906.2005.00983.x

  Yu Wanjun, Wang Wenhuan, Yu Kefu, et al. 2019. Rapid decline of a
relatively high latitude coral assemblage at Weizhou Island,

northern South China Sea. Biodiversity and Conservation,

28(14): 3925–3949, doi: 10.1007/s10531-019-01858-w

  Zhao Xiaoyan, E Hengchao, Dong Hui, et al. 2022. Combination of

untargeted metabolomics approach and molecular networking

analysis to identify unique natural components in wild

Morchella sp. by UPLC-Q-TOF-MS. Food Chemistry, 366:

130642, doi: 10.1016/j.foodchem.2021.130642

Supplementary information:

　　Fig. S1. Workflow diagram for exploring the chemical diversity of Pocillopora meandrina, Seriatopora hystrix, Acropora for-
mosa, and Fungia fungites.

　　Fig. S2. PCA (a) and OPLS-DA (b) plots for differentiating Pocillopora meandrina and Seriatopora hystrix.
　　Fig. S3. Permutation test (n = 200 times) of the OPLS-DA models for distinguishing the four coral species (a), Pocillopora me-

andrina and Seriatopora hystrix (b).
　　Fig. S4. Overview of the molecular networking of all the metabolites in the four coral species.
　　Fig. S5. Molecular networking of phospholipid family (a); mass spectra of phospholipids (b) and the corresponding box dia-

grams of the signal intensities among the four coral species (c).
　　Table S1. Liquid chromatography conditions for separations.
　　Table S2. Parameters about the 63 differential metabolites among the four coral species.
　　The supplementary information is available online at https://doi.org/10.1007/s13131-023-2173-y and www. aosocean.com.

The supplementary information is published as submitted, without typesetting or editing. The responsibility for scientific accuracy
and content remains entirely with the authors.

  Pei Jiying et al. Acta Oceanol. Sin., 2023, Vol. 42, No. 11, P. 127–135 135

https://doi.org/10.1126/sciadv.abd4210
https://doi.org/10.1111/j.1444-2906.2005.00983.x
https://doi.org/10.1111/j.1444-2906.2005.00983.x
https://doi.org/10.1111/j.1444-2906.2005.00983.x
https://doi.org/10.1007/s10531-019-01858-w
https://doi.org/10.1007/s10531-019-01858-w
https://doi.org/10.1007/s10531-019-01858-w
https://doi.org/10.1007/s10531-019-01858-w
https://doi.org/10.1007/s10531-019-01858-w
https://doi.org/10.1007/s10531-019-01858-w
https://doi.org/10.1007/s10531-019-01858-w
https://doi.org/10.1016/j.foodchem.2021.130642
https://doi.org/10.1007/s13131-023-2173-y
https://doi.org/10.1007/s13131-023-2173-y
https://doi.org/10.1007/s13131-023-2173-y
https://doi.org/10.1007/s13131-023-2173-y
https://doi.org/10.1007/s13131-023-2173-y
https://doi.org/10.1007/s13131-023-2173-y
https://doi.org/10.1007/s13131-023-2173-y
www. aosocean.com

	References

