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Metabolomics reveals biotic and 
abiotic elicitor effects on the soft 
coral Sarcophyton ehrenbergi 
terpenoid content
Mohamed A. Farag1, Dalia A. Al-Mahdy1, Achim Meyer2, Hildegard Westphal2,3 & Ludger A. 
Wessjohann4

The effects of six biotic and abiotic elicitors, i.e. MeJA (methyl jasmonate), SA (salicylic acid), 
ZnCl2, glutathione and β-glucan BG (fungal elicitor), and wounding, on the secondary metabolite 
accumulation in the soft coral Sarcophyton ehrenbergi were assessed. Upon elicitation, metabolites 
were extracted and analysed by ultra-performance liquid chromatography-mass spectrometry 
(UPLC-MS). Except for MeJA, no differences in photosynthetic efficiency were observed after 
treatments, suggesting the absence of a remarkable stress on primary production. Chemometric 
analyses of UPLC-MS data showed clear segregation of SA and ZnCl2 elicited samples at 24 and 48 h 
post elicitation. Levels of acetylated diterpene and sterol viz., sarcophytonolide I and cholesteryl 
acetate, was increased in ZnCl2 and SA groups, respectively, suggesting an activation of specific acetyl 
transferases. Post elicitation, sarcophytonolide I level increased 132 and 17-folds at 48 h in 0.1 mM 
SA and 1 mM ZnCl2 groups, respectively. Interestingly, decrease in sarcophine, a major diterpene 
was observed only in response to ZnCl2, whereas no change was observed in sesquiterpene content 
following treatments. To the best of our knowledge, this study provides the first documentation for 
elicitation effects on a soft corals secondary metabolome and suggests that SA could be applied to 
increase diterpenoid levels in corals.

Marine invertebrates are well recognized for their novel secondary metabolites composition endowed with a wide 
range of structural diversity and various biological activities. Among them, soft corals constitute an important 
class of marine invertebrates which have sophisticated biochemical as well as physiological mechanisms, enabling 
them to produce elaborate bioactive compounds for purposes such as survival of various stresses, protection 
against predation, competition, or chemical communication in symbiotic relationships1.

Soft corals belonging to genus Sarcophyton (subclass Octocorallia; order Alcyonaceae; family Alcyoniidae)2, 3 
are among the largest biodiversity contributors to many tropical coral habitats including the Red Sea and the Indo 
Pacific region4, 5. A wealth of unique secondary metabolites including diterpenes, sesquiterpenes and sterols have 
been isolated and identified in different soft coral species6, 7. Diterpenes, mainly cembranoids are the most abun-
dant metabolites identified in genus Sarcophyton and they are considered the main chemical defence of corals 
against natural predators8–10. Cembranoids contain a 14-membered macrocyclic skeleton which usually exhibit 
cyclic ether, lactone or furan moieties around the cembrane ring11. From a biomedical perspective, cembranoids 
possess a myriad of biological effects including cytotoxicity12, 13, anti-inflammatory14, neuro-protective15, antimi-
crobial16 and antiviral activities17.

Despite the fact that several diterpenes from Sarcophyton species are promising drugs with potential for bio-
medical applications, such as sarcophine17, sarcophytol18 and sarcophytolide19, the inadequate supply of coral 
biomass as a raw material has delayed the development of these agents. For drug development or production, 
reliance on soft coral reef is not enough to secure industrial demand and it would be as well environmentally 
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destructive to supply drugs by harvesting of soft corals20, 21. As with terrestrial plants, ex-situ culture of soft corals 
affords an alternative for the natural production of soft coral bioactive metabolites. Ex-situ or in vitro cultures 
parameters could be optimized to enhance product levels including culture temperature, light intensity, nutrients 
composition and possibly enabling the manipulation with different biotic and abiotic factors that could maximize 
coral secondary metabolite production22.

Elicitation i.e. treatment of in vitro cultures with biotic and abiotic elicitors, is considered an important tool 
towards enhanced production of desirable products23. Considering that most secondary metabolites are produced 
naturally in response to pathogen defence or stress response, elicitors are external stimuli intended to mimic 
these responses, transiently inducing the accumulation of target metabolites24. Biotic elicitors are derived from 
biological origin such as (signalling or surface) compounds from fungi, bacteria, plant cell wall fragments. In 
contrast, abiotic elicitors include chemical and physical stressors i.e., salts of heavy metals, inorganic and syn-
thetic compounds or even UV-radiation25, 26. One of the most relevant stressors inducing elicitation is wounding, 
whereby e.g. plants can distinguish scratches from the bites of enemies27. Both biotic and abiotic elicitors have 
the potential to enhance the production of terrestrial plant defence related metabolites from almost all chemical 
classes, such as sesquiterpene lactones28, anthocyanins29 and flavonoids30. Methyl jasmonate (MeJA) and salicylic 
acid (SA) are two key signalling molecules known to elicit defence related responses in planta during herbivore 
predation mostly via the production of defence secondary metabolites31. β-Glucan is an oligosaccharide derived 
from cell walls of fungi, while glutathione is a tripeptide required for efficient defence against pathogens and 
redox/electrophile disbalances23.

Several studies were reported regarding elicitation of terpenes in terrestrial plants, with most reports indicat-
ing that these natural products are rather inducible. Several groups have demonstrated the increased production 
of the diterpenoid Paclitaxel (Taxol™) and other taxanes after elicitation with MeJA in cell cultures of Taxus chin-
ensis and T. baccata32, 33. MeJA was found to mimic fungal elicitation and mechanical wounding in the Norway 
Spruce Picea abies L. Karst via upregulating terpenoid resin biosynthesis34 whereas the polysaccharide fraction 
of yeast extract, Ag+ and Cd2+ were identified as inducers of tanshinone diterpene production in Salvia miltio-
rrhiza35. Meanwhile, very few reports could be traced regarding elicitation of terpenes in soft corals; one study 
stated that decreased levels of UV/visible radiation induced the production of pseudopterosin diterpene glyco-
sides in the gorgonian sea whip Pseudopterogorgia elisabethae36 and another study reported that MeJA induced 
production of fuscol within a dinoflagellate preparation of the coral Eunicea fusca37.

Although different Sarcophyton species were subjected to extensive chemical and biological studies38, to 
our knowledge there are no reports regarding the chemical composition of the corals in response to elicitation 
using large scale untargeted analytical techniques. Metabolomics, defined as the comprehensive profiling of all 
metabolites within a given sample in a particular physiological state, provide a holistic measure of the global 
changes occurring post elicitation. Recent developments in analytical techniques and bioinformatics tools39–41 
have allowed us to monitor metabolites differences among samples in a semi-automated and untargeted manner. 
Metabolomics makes use mostly of coupled techniques which rely first on chromatographic separation of metab-
olites followed by mass spectrometry (MS) or nuclear magnetic resonance (NMR) for detection and or structural 
elucidation of separated peaks. In particular, untargeted ultra-performance liquid chromatography-mass spec-
trometry (UPLC-MS)-based approach is well suited to reveal the effects of elicitation on samples at metabolite 
levels42. Recently, our group has reported the first comparative metabolomics study of 16 Sarcophyton and other 
soft coral species for investigation of their metabolism in the context of genetic diversity i.e. species type and or 
growing habitat i.e. aquarium versus sea38.

In the present work, a large-scale elicitation experiment was performed using Sarcophyton ehrenbergi soft 
coral and five independent potential chemical elicitors: MeJA (methyl jasmonate), SA (salicylic acid), ZnCl2, 
glutathione and β-glucan BG (fungal elicitor), in addition to wounding which can release endogenous elicitors, 
to provide the first insight into biotic and abiotic stress responses associated with natural product pathways in 
soft coral with their associated algae (layout of experimental design is shown in Fig. 1). The selection of elicitors 
was based on previous reports on eliciting animal and plant cell culture system considering that animal coral is 
a holobiont harboring a zooxanthellae inside. Additionally elicitors were categorized as both biotic i.e., β-glucan 
and abiotic i.e., heavy metal. The corals and the harboured symbiotic zooxanthellae (algae) were extracted, and 
analysed using UPLC-MS. Considering the complexity of the dataset and large sample size pool, a total of 72 

Figure 1. Elicitors application and sampling theme used in this study.
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samples, supervised and unsupervised multivariate data analyses were applied to evaluate the effect of elicitors on 
coral metabolism and for samples classification in an untargeted manner.

Results
Effect of elicitation on photosynthesis efficiency and coral/algal symbiosis. The photosynthe-
sis efficiency of S. ehrenbergi with symbiotic zooxanthellae was assessed after treatment with five independent 
chemical elicitors; viz. MeJA, SA, ZnCl2, glutathione and β-glucan, in addition to wounding which can release 
an endogenous elicitor signal. No difference in photochemical quantum efficiency was observed in all elicited 
coral samples, except for samples treated with MeJA which showed slight decrease in comparable pulse amplitude 
modulated measurements (PAM). The results are presented in (Supplementary Fig. S1).

Unsupervised multivariate data analyses of S. ehrenbergi samples in response to elicita-
tion. Sarcophyton ehrenbergi samples with symbiotic zooxanthellae (algae) were extracted after elicitation 
and analysed via UPLC-MS. Some differences in metabolite patterns between S. ehrenbergi coral samples were 
obvious by visual examination of the UPLC-MS chromatograms. Nevertheless, the large dataset generated (72 
samples) from this study prompted us to utilize multivariate data analysis i.e. principal component analysis (PCA) 
and hierarchical cluster analysis (HCA) to classify samples and to identify the effect of potential elicitors on the S. 
ehrenbergi metabolome. Principle component analysis is the most used multivariate data analysis model regarded 
as an unsupervised clustering method that reduces the dimensionality of multivariate data, while preserving 
most of the variance43. A total of 1269 mass signals were extracted from all samples by XCMS software from the 
UPLC–MS data set acquired in positive ionization mode. The main principal component (PC) to differentiate 
between samples, i.e. PC1, accounted for 56% of the variance. The score plot revealed that triplicate measure-
ments from the same sample were found to be reproducible, clustering altogether in the score plot. The score plot 
shows a clear separation between coral samples elicited with 1 mM ZnCl2 and 0.1 and 1 mM SA harvested 48 h 
post elicitation, positioned to the right side along PC1 (positive PC1 values) (Fig. 2A). These were well separated 
from all other elicited coral samples and control groups located to the left along PC1 (negative PC1 values). It 
should be noted that no differentiation could be observed along PC2 between coral samples elicited with differ-
ent concentrations of SA viz. 0.1 and 1 mM. The clustering observed in the PCA score plot can be explained in 
terms of the identified metabolites as revealed from the loading plot (Fig. 2B). Examination of the loading plot 
indicated that the distant clustering of ZnCl2 and SA elicited coral samples was almost exclusively due to mass 
signals m/z 361, 383 and 743 eluted at retention time (Rt) 5.32 corresponding to sarcophytonolide I and assigned 
as [M + H]+, [M + Na]+ and [2 M + Na]+, respectively. Details on metabolites identification strategy has previ-
ously been published38. Hierarchical cluster analysis, similar to PCA, is an unsupervised data analysis method 
that establishes relationships among similar groups of samples allowing for analysis of the results in a fairly easier 
way. The HCA dendrogram showed similar results to those of PCA with clear clustering of Sarcophyton samples 

Figure 2. Principal component analysis (PCA) and hierarchical clustering (HCA) of UPLC-MS extracted 
metabolites from S. ehrenbergi elicited with methyl jasmonate (MeJA), ZnCl2, β-glucan, salicylic acid (SA), 
and glutathione at 0.1 and 1 mM and after wounding, harvested at 0 h (before), 24 h and 48 h post elicitation. 
(A) Score plot of PC1 vs. PC2 scores. (B) Loading plot for PC1 & PC2 contributing metabolites and their 
assignments. The clusters are located at the distinct positions in two-dimensional space described by two 
vectors of principal component 1 (PC1) = 56% and PC2 = 16%. (C) HCA plot. Grey highlighted box in HCA 
cluster denotes for the cluster most distant from the rest, caused by SA elicitation at 24 h and 48 h.
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elicited with 1 mM ZnCl2 and 0.1 and 1 mM SA collected 48 h post elicitation (Fig. 2C). This was evident by being 
clustered most distant from all other elicited coral samples and control groups. Similarly such clustering pattern, 
especially for SA elicited samples, was mainly attributed to MS signals of sarcophytonolide I, m/z 361, as revealed 
from a clustering heat map plot (Supplementary Fig. S2). The effect of increased production of sarcophytono-
lide I was clearly apparent in the comparative, reconstructed ion chromatograms for its m/z 361 comparing SA 
(Supplementary Fig. S3A) and ZnCl2 (Supplementary Fig. S3B) elicited Sarcophyton soft coral samples showing 
enriched peaks at Rt 5.32 min versus non-elicited control sample (Supplementary Fig. S3C, compare background 
signal levels of C vs. B and A). It should be noted that no change was observed in major sesequiterpene peaks 
viz. guaiacophine and calamanene38 in response to any of the treatment suggesting that for no obvious elicitation 
effect on corals sesquiterpenes pool.

Supervised multivariate data analysis of S. ehrenbergi samples in response to elicita-
tion. Having established that elicitation of S. ehrenbergi soft corals with SA and ZnCl2 led to the accumu-
lation of the diterpenoid sarcophytonolide I, orthogonal projection to latent structures-discriminant analysis 
(OPLS-DA) was attempted to compare with the elicitor effect interpretation provided by unsupervised PCA 
and HCA modelling, and to differentiate between ZnCl2 and SA elicited coral samples and non-elicited con-
trols. OPLS-DA is a supervised data analysis method, which analyses data according to a priori class information 
assigned to samples before the analysis; making it a sensitive method for extraction of information on changes/
differences in the metabolite composition among sample classes. Such modelling enables the identification of the 
most relevant variables responsible for the discrimination between two predefined sample groups44. Soft coral 
samples elicited with 1 mM ZnCl2 harvested at 24 h and 48 h post elicitation was modelled against control samples 
using OPLS-DA. The derived score plot showed a clear separation between both samples with a total variance 
(R2 = 0.96) and prediction goodness parameter (Q2 = 0.99) (Fig. 3A). The S-plot obtained by the OPLS-DA model 
was used to identify possible biomarkers responsible for the separation observed in the score plot at a cut-off value 
of P < 0.05 (Fig. 3B). The S-plot results show that ZnCl2 elicited coral samples were enriched in the acetylated 
diterpene “sarcophytonolide I” (m/z/Rt(min) = 743/5.32), as well as a mass signal m/z/Rt (min) = 429/13.78 cor-
responding to cholesteryl acetate. In contrast to sarcophytonolide and cholesteryl acetate, elicited coral sam-
ples showed a decrease of the abundant C20-diterpene(s) sarcophine/ent-sarcophine, with an indicative m/z/Rt 
at 317/3.17. The score plot of the OPLS model derived from modelling SA elicited coral samples at 24 h and 48 h 
versus non-elicited control samples again displays similar trends to those obtained from PCA (Fig. 3C). The 
S-plot shows SA elicited coral samples to be enriched in sarcophytonolide I (Fig. 3D). The structures of terpe-
nes and a sterol showing differential response to ZnCl2 and SA elicitation in S. ehrenbergi are depicted in Fig. 4. 
Interestingly, no change was observed in total sesquiterpene content in response to either elicitors.

Quantification of metabolites in elicited soft coral samples. Absolute quantification of sarcophy-
tonolide I, cholesteryl acetate and sarcophine/ent-sarcophine, the major metabolites in ZnCl2 and SA elicited S. 
ehrenbergi soft corals collected 24 and 48 h post elicitation is shown in (Fig. 5). In agreement with multivariate 
data analysis results, elicitation with 1 mM ZnCl2 led to a 17-fold increase in sarcophytonolide I content (Fig. 5A) 
reaching a maximum level of 11.5 µg/mg dry coral weight and ca. 3-fold increase in cholesteryl acetate level 
(Fig. 5B). Simultaneously, a 4.7-fold decrease occurred for sarcophine/ent-sarcophine to reach a level of 1.3 µg/

Figue 3. (A) OPLS-DA score plots derived from ZnCl2 (A) and salicylic acid (SA) (C) elicitation experiments, 
each modelled against control. The S-plots from ZnCl2 (B) and salicylic acid (D) show the covariance p[1] 
against the correlation p(cor) [1] of the variables of the discriminating component of the OPLS-DA model. Cut-
off values of P < 0.05 were used; selected variables are highlighted in the S-plot with m/z and retention time in 
minutes and identifications are discussed in the text.
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mg (Fig. 5C). Sarcophytonolide I content showed the most remarkable 132 and 126-fold increase with 0.1 and 
1 mM SA and was induced to maximum values of 92.4 and 88 µg/mg at 48 h post elicitation, respectively (Fig. 5D). 
Interestingly, with ZnCl2 or SA elicitation, significant effects became evident only after 48 h for the decrease in 
sarcophine/ent-sarcophine and increase in sarcophytonolide I (Fig. 5A,C,D), while the membrane compound 
cholesteryl acetate responded more immediately (Fig. 5B).

The effect of elicitation on soft coral harboured zooxanthellae (Symbiodinium) enriched 
extracts. Zooxanthellae harboured within S. ehrenbergi soft coral tissues were isolated from elicited coral 
samples in an attempt to determine the impact of elicitation on the different metabolites. Phylogenetic analysis of 
the harboured zooxanthellae was carried out using internal transcribed spacer of ribosomal DNA (ITS-rDNA) 
sequence and found to match most closely with Symbiodinium sp. AB591706.1 isolated from a Sarcophyton sp. 
from Solomon island with 99% homology (data from NCBI GenBank). Both zooxanthellae-enriched elicited and 
control samples were extracted for metabolites analysis using UPLC-MS under the same conditions used for coral 
tissues then further evaluated using PCA for sample classification. Consistent with soft coral samples, the score 
plot showed distant separation of samples elicited with 1 mM SA collected at 48 h post elicitation with negative 
PC1 score values (Fig. 6A), while examination of the loading plot revealed that mass signals, m/z 361 and 743 
were the discriminatory signals corresponding to sarcophytonolide I (Fig. 6B). Relative quantification of sarco-
phytonolide I in zooxanthellae-enriched samples elicited with 1 mM SA at 48 h showed up to 54-fold increase in 
its content (Fig. 6C). It should be noted that primary metabolites analysis in zooxanthellae fraction revealed for 
enrichment in glucose reaching 22% of total metabolites composition (A) compared to 3% in coral tissue (B) ana-
lysed under same conditions using GC-MS (Supplementary Fig. 4) and confirming that our protocol is efficient 
to isolate zooxanthellae from corals.

Discussion
The effects of five potential chemical elicitors (four organic, one inorganic) and physical induction of endoge-
nous elicitors; viz. MeJA, SA, glutathione, β-glucan, ZnCl2, and wounding on the secondary metabolite profile 

Figure 4. Structures of diterpenes and a sterol showing a marked differential response to SA and ZnCl2 
elicitation in S. ehrenbergi.

Figure 5. Absolute quantification of major terpenoids and sterols in S. ehrenbergi soft corals 24 h and 48 h post 
elicitation. Sarcophytonolide I (A), cholesteryl acetate (B), sarcophine/ent-sarcophine (C) contents after ZnCl2 
elicitation; and Sarcophytonolide I content (D) in SA elicited corals.
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of Sarcophyton ehrenbergi coral with harboured zooxanthellae was investigated in the current study. The samples 
showed comparable pulse amplitude modulated (PAM) measurements suggesting no major effect of elicitation on 
coral/algal photosynthesis efficiency. Soft corals possess endosymbiotic dinoflagellates of the genus Symbiodinium 
(commonly referred to as zooxanthellae), where the host coral tissue is provided by up to 98% of its metabolic 
needs by accessing photosynthates and maybe also secondary metabolites produced by zooxanthellae45. The 
absence of a remarkable stress response (except for MeJA) in the corals primary production with most applied 
potential elicitors is indicative that the chosen ones may either be inactive in Sarcophyton (i.e. they are not elici-
tors), or they provide selective elicitation, e.g. of certain bioactive secondary metabolites, a property that would 
make the respective elicitors ideal candidates for production of the respective metabolites.

Multivariate data analysis of the metabolites pattern of elicited S. ehrenbergi soft coral samples showed that SA 
and ZnCl2 were successfully able to induce accumulation of defined terpenoids in soft corals. Sarcophytonolide 
I was identified as the discriminatory metabolite responsible for elicitation segregation effect. Sarcophytonolide 
I, is an acetylated cembranoid diterpene having an α,β-unsaturated butyrolactone moiety, previously isolated 
from Sarcophyton latum46 and identified in several other Sarcophyton species. Terpenes are usually acquired or 
de novo biosynthesized by the corals, where they act as chemical defence for the organism against different biotic 
stressors47, 48.

Salicylic acid is a naturally occurring plant hormone and one of the most well characterized stress signaling 
molecules in planta, known to up-regulate defence genes and related enzymes of the secondary metabolic path-
way in response to pathogen attack49. A previous study reporting the ability of SA to induce the biosynthesis of 
the diterpene “fuscol” in isolated dinoflagellates of Eunicea fusca corals37, is in agreement with our current results. 
Salicylic acid has also been shown to elicit the accumulation of secondary metabolites in several terrestrial plants 
viz. artemisinin in Artemisia annua50, triterpene saponin in Quillaja brasiliensis51 and glycyrrhizin in Glycyrrhiza 
glabra52 and extends that now to encompass diterpenes in sea corals. Whether SA is involved in corals protection 
against their predators attack has yet to be examined for both coral aquarium and sea corals.

Metal ions, such as Ca2+, Zn2+, Cu2+ and Ag+ ions are abiotic inorganic elicitors, when added in appropriate 
concentrations, they can act as signalling molecules; triggering secondary metabolites production23. Our results 
for ZnCl2 elicitation of diterpenes in Sarcophyton coral agree with previous reports in which CdCl2 and CuCl2 
induced accumulation of diterpene lactones in Andrographis paniculata suspension culture53. While Zn may act 
as an elicitor, its effects might also be direct, i.e., not transmitted by elicitation. Since Zn is an important cofactor 
of enzymes, its addition to unnatural levels, potentially even increased by biotic accumulation, may increase or 
alter the activity of terpenoid pathway enzymes. It is known that some terpene synthases alter their product spec-
trum depending on the levels of available transition metals54.

In contrast, results of both PCA and HCA analysis demonstrated the failure of MeJA elicitation to increase the 
diterpene content of S. ehrenbergi, although several studies report on its ability to induce terpene biosynthesis in 
both marine and terrestrial organisms31, 37, 55. Such result might be attributed to the decrease in photosynthesis 
efficiency induced by MeJA in soft coral samples at the examined dose. Methyl jasmonate is a well-known inducer 
of terpenes in planta and could inhibit photosynthesis in corals by negatively impacting quantum efficiency of 

Figure 6. Principal component analysis (PCA) of UPLC-MS of zooxanthellae enriched extracts after elicitation 
with 1 mM MeJA, ZnCl2, β-glucan, salicylic acid, glutathione, and wounding, harvested at 0 h (before), 24 h 
and 48 h post elicitation. (A) Score plot of PC1 vs. PC2 scores. (B) Loading plot for PC1 & PC2 contributing 
metabolites and their assignments. The clusters are located at the distinct positions in two-dimensional 
space described by two vectors of principal component 1 (PC1) = 28% and PC2 = 14%. Quantification of 
sarcophytonolide I (C) in zooxanthellae enriched extracts of salicylic acid elicited coral samples at 48 h post 
elicitation.
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photosystem II. The fact that no increase of secondary metabolite production was observed in the current study 
might lie in a special control of MeJA levels or effect in harboured algae. Nevertheless, this is just an early hypoth-
esis which would have to be pursued by comparing metabolomic profiles in zooxanthellate versus azooxanthel-
late corals. Such an approach was applied for identifying symbiosis specific proteins during the natural onset of 
symbiosis using proteomics56. The lack of change in the diterpene content after mechanical wounding is in agree-
ment with previous reports from Pseudopterogorgia elisabethae in which artificial wounding failed to increase 
pseudopterosin diterpene glycoside levels36. However, in plants it was shown that the type of wounding can result 
in different responses, and this needs to be checked in the future27. Glutathione and β-glucan failed to show any 
significant increase in S. ehrenbergi terpenoidal content, i.e. they appear to not be elicitors at all in this species.

Supervised OPLS-DA analysis of 1 mM ZnCl2 and SA elicited coral samples were modelled against 
(non-elicited) control samples. The results showed that soft coral samples elicited with 1 mM ZnCl2 harvested at 
48 h post elicitation were enriched in the acetylated diterpene, Sarcophytonolide I, in addition to cholesteryl ace-
tate, which already increased after 24 h. At the same time, the content of the otherwise dominant C20-diterpene(s) 
sarcophine/ent-sarcophine decreased, i.e. one of the major metabolites identified in several Sarcophyton species 
is depleted38. This hints at the possibility that the early precursors of the terpenoid pathway are not upregulated, 
but the increase of two major products of elicitation are formed at the expense of sarcophines’ biosynthesis from 
a regulated common precursor.

Salicylic acid elicited coral samples much faster and stronger, giving high (apparently maximum) levels 
already at 24 h for sarcophytonolide I. The significant increase in the levels of acetylated diterpene and sterol viz., 
sarcophytonolide and cholesteryl acetate, suggest an activation of specific acetyl transferases as part of the defence 
response to ZnCl2 and SA. This hypothesis is supported by previous findings in which elicitation of Taxus cuspi-
data with SA was found to increase the content of 10-deacetylbaccatin III-10-O-acetyltransferase (10-DBAT); an 
enzyme that catalyses the formation of baccatin II, and ultimately promoting the production of taxol57. The rela-
tive change in sarcophytonolide I and cholesteryl acetate levels, presumably on the expense of other terpenoids, 
negates a de novo biosynthetic activation in response to elicitation but is likely to involve downstream acetylation 
reaction activation. In brief, these results suggest that SA elicitation is superior to ZnCl2 in eliciting the produc-
tion of sarcophytonolide I without affecting sarcophine content, a major diterpene in corals, ascribed with potent 
anti-cancer effects58.

The analysis of zooxanthellae enriched extracts showed similar results to those obtained from soft corals. 
Whether the increased diterpene is biosynthesized inside corals and then transported to zooxanthellae or made 
wholly or in part by this symbiont has yet to be examined. Generally in planta, diterpenes are biosynthesized via 
the non-mevalonic (deoxyxylulose phosphate) pathway, whereas sterols i.e. cholesterol are formed via the meva-
lonate pathway59. To confirm whether such ascenario occurs in soft corals, acetyl coA isotopomers feeding exper-
iment60 or the addition of terpenoid pathway inhibitors61 could provide insight into the diterpene biosynthesis in 
corals. It should be noted that in corals, several factors complicate such studies considering that corals harbour 
several other organisms including zooxanthellae and micro- organisms that are likely to contribute to the second-
ary metabolic pathways1. Many bacteria and plant chloroplasts utilize the mevalonate-independent deoxyxylulose 
phosphate (DXP) pathway to produce terpenoids62. The study of symbiotic relationships in soft corals is indeed 
multidisciplinary and should involve collaborative research in coral phylogeny, physiology, and biochemistry.

The combination of metabolomic techniques with multivariate data analysis methods is a reliable and 
well-accepted investigative tool that clearly demonstrates the changes that occurred in the soft corals. Our results 
show that manipulation of the terpenoid content of S. ehrenbergi soft coral is feasible, with both quantitative and 
qualitative changes occurring in response to SA and abiotic ZnCl2 elicitation. The present work provides the first 
metabolic evidence for a possible activation/expression of specific acetyltransferases in response to SA or ZnCl2 
elicitation, leading to an increase in acetylated diterpene content. Sarcophytonolide I was the prominent discrim-
inatory biomarker in elicited coral/algal extracts and algal enriched extracts as well. In addition, the data reveal a 
broader effect of ZnCl2, being elicitor or cofactor based, on secondary metabolic pathway changes in corals affect-
ing sterols and diterpenes. In future work, monitoring enzymatic activity or gene expression levels related to the 
biosynthesis of these diterpenes might provide a deeper understanding of its regulation in Sarcophyton soft corals 
in response to elicitation. Moreover, results are not decisive with regards to the biogenetic source of metabolites 
whether from coral polyps or their inside symbionts. Further studies should be pursued with other biotic and abi-
otic elicitors on other coral species to provide more evidence for the role of terpenes in coral defence response and 
whether such induction response for SA is unique for Sarcophyton species or more general in other soft corals.

Methods
Soft coral material. The soft coral Sarcophyton of the family Alcyoniidae is the most common genus along 
several sea coasts S. ehrenbergi soft corals were propagated in the aquarium facility of the Leibniz Centre for 
Tropical Marine Ecology, Bremen, Germany. Corals were kept at 26 °C in a 2500 L recirculation system with 50 cm 
distance between coral nubbins and a blue/white combination of two 39 W fluorescence light bulbs38.

Chemicals and reagents. Solvents used were (LC–MS grade) grade purchased from Baker (The 
Netherlands), milliQ water was used for LC analysis. Sarcophine standard was purchased from AG Scientific, San 
Diego, CA (St. Louis, MO, USA). Chromoband C18 (500 mg, 3 mL) cartridge from Macherey and Nagel (Düren, 
Germany). All biotic and abiotic elicitors were purchased from Sigma Aldrich (St. Louis, MO, USA).

Elicitation. For elicitation, corals were placed in small glass jars of an average volume of 600 mL with a close 
lid through which a teflon tube provided aeration to corals. Elicitors were prepared in deionized water at a stock 
solution of 100 mM and further diluted in coral glass tanks to a concentration of 0.1 and 1 mM. Wounding was 
made by making two cuts into top coral heads i.e., polyp zone, of ca. 2 cm length and 0.5 cm depth using sterile 



www.nature.com/scientificreports/

8Scientific RepoRts | 7: 648  | DOI:10.1038/s41598-017-00527-8

scalpels. The remaining flask was used as control by the addition of the same volume of sterile deionized water 
kept at 28 ± 1 °C, with a 12 h photoperiod. Corals were harvested at zero time and after 24 h and 48 h post elicita-
tion, and the harvested corals were kept at −80 °C until further analysis. Corals were treated with each elicitor in 
triplicates by eliciting three independent corals placed in three different glass jars (Supplementary Fig. S1).

Pulse amplitude modulation (PAM) fluorometry measurements. Photosystem II (PSII) photo-
chemical efficiency was measured with a PAM-2500 portable chlorophyll fluorimeter (Walz, Germany) on three 
random nubbins per coral fragment. The steady state (effective) quantum yield of chlorophyll fluorescence, Y(II), 
in PSII, was calculated as Fm′-Fo′/Fm′, where Fo′, Fm′ are the steady-state and maximum yields of chlorophyll 
fluorescence measured under ambient light, respectively63.

Soft coral extraction procedure and sample preparation for UPLC-MS analyses. Soft coral 
extraction followed the protocol described in a previous report38 with few modifications. Approximately 20 mg 
tissue from powdered freeze-dried soft coral tissues were ground with a pestle in a mortar under liquid nitrogen. 
The powder was then homogenized with 1.0 mL 100% ethanol containing 5 µg/ml umbelliferone (as internal 
standard for UPLC-MS) using an ultrasonic bath for 20 min. Extracts were then centrifuged at 12000 g for 5 min 
to remove debris. For UPLC-MS analyses, 500 µL were aliquoted and filtered through 22 µm filter. A volume of 
3 µL were used for UPLC-MS analysis. For each specimen, 3 biological replicates were extracted and analysed in 
parallel under the same conditions.

Zooxanthellae samples preparation for UPLC-MS analysis. Zooxanthellae harboured within the 
coral tissues were isolated by scrapping the coral head using a liquid nitrogen dipped blade. The scraped-off 
liquid was collected and lyophilized and the dried pellet was extracted as for corals. 10 mg of these powdered 
freeze-dried zooxanthellae were homogenized with 1.0 mL 100% ethanol containing 5 µg/mL umbelliferone using 
an ultrasonic bath for 20 min. The zooxanthellae extracts were then centrifuged at 12000 g for 5 min to remove 
debris, and filtered through 22 µm filter. The filtrate was diluted with a three-fold volume of 100% ethanol and 
then used for UPLC-MS analysis. For each specimen, 3 biological replicates were extracted and analysed in par-
allel under the same conditions.

DNA extraction and PCR analyses of ITS-rDNA: Symbiodinium (zooxanthellae). To iden-
tify Symbiodinium (zooxanthellae) species harboured inside Sarcophyton coral, gene sequences analysis was 
attempted following a previously described protocol64. Briefly, soft coral head was cut into small pieces of 
approximately 20 mg, and treated with 20 mL proteinase K in 180 mL ALT buffer for 4–6 h at 56 °C. Then, total 
genomic DNA was extracted from each specimen using a spin-column DNeasy Animal DNA Extraction kit fol-
lowing the manufacturer’s protocol (QIAGEN, Tokyo, Japan). The internal transcribed spacer of ribosomal DNA 
(ITS-rDNA) was amplified using zooxanthellae-specific zITSf (5′-CCGGTGAATTATTCGGACTGACGCAGT-
3′). The purified PCR-amplified DNA fragments were cloned into the pCR2.1 vector of the TOPO TA Cloning Kit 
(Invitrogen, Carlsbad, CA, USA) and sequenced using an ABI PRISM Big Dye Terminator cycle sequencing kit 
Ver. 3.1 (Applied Biosystems, Foster City, CA).

UPLC-PDA-MS analysis. High resolution UPLC-MS analysis conditions adopted were previously 
described38. Chromatographic separation was performed on an Acquity UPLC system (Waters) equipped with a 
HSS T3 column (100 × 1.0 mm, particle size 1.8 µm; Waters). The analysis was carried out using a binary gradient 
elution system at a flow rate of 150 µL min−1: 0 to 1 min, isocratic 95% A (water/formic acid, 99.9/0.1 [v/v]), 5% B 
(acetonitrile/formic acid, 99.9/0.1 [v/v]); 1 to 16 min, linear from 5 to 95% B; 16 to 18 min then isocratic 95% B; 18 
to 20 min, and finally, isocratic 5% B. Detection range of eluted compounds was from m/z 100 to 1000 in positive 
ion mode, obtained using the following instrument settings: nebulizer gas, nitrogen, 1.6 bar; dry gas, nitrogen, 6 
liters min−1, 190 °C; capillary, −5500 V; in-source CID energy, 0 V; hexapole RF, 100 Vpp; quadrupole ion energy, 
5 eV; collision gas, argon; collision energy, 10 eV; collision RF 200/400 Vpp (timing 50/50); transfer time, 70 µs; 
prepulse storage, 5 µs; pulser frequency, 10 kHz; spectra rate, 3 Hz.

MS data processing for multivariate analysis: PCA, HCA and OPLS. Relative quantification and 
comparison of Sarcophyton and their harboured zooxanthellae metabolic profiles after UPLC-MS was performed 
using XCMS data analysis software under R 2.9.2 environment, which can be downloaded for free as an R pack-
age from the Metlin Metabolite Database65. Native UPLC-MS files from Xcalibur 1.4 (Thermo Fisher Scientific, 
Inc., Waltham, MA) were firstly converted into netCDF files using the File Converter tool. Files were arranged in 
one folder that was set as the file source. Peaks were subsequently extracted using XCMS under R 2.9.2 environ-
ment with signal-to-noise ratio set at 4. After peak extraction and grouping, nonlinear retention time correction 
of peaks was accomplished in two iterative cycles with descending bandwidth (bw). This was accomplished by 
manually decreasing the bw parameter (from 5 to 2 s) with a signal to noise set at 3. The resulting peak list was 
further processed using the Microsoft Excel software (Microsoft, Redmond, WA), where the ion features were 
normalized to the total integrated area (1,000) per sample and then Pareto scaled prior to principal component 
analysis. This provides similar weights for all the variables. PCA was then performed on the MS-scaled data to 
visualize general clustering, trends, and outliers among all samples on the scores plot. Script used for UPLC-MS 
files data processing using XCMS is detailed for in a “supplementary text material”. R packages (PCA methods & 
Heatplus), were used for PCA & HCA analyses. The software can be downloaded freely as an R package from the 
Metlin Metabolite Database under R 2.9.2 environment. OPLS-DA was performed with the program SIMCA-P 
Version 13.0 (Umetrics, Umeå, Sweden).

http://S1
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Absolute quantification of metabolites via UPLC-MS. Sarcophytonolide I, cholesteryl acetate and 
sarcophine/ent-sarcophine were quantified from the calibration curves of sarcophine, detected using mass spec-
trometer. Standard calibration curves were conducted for the standard prepared at 1, 10, 100 and 1000 µg/ml 
and used for absolute quantification of targeted diterpenes. Quantification assays were carried out in triplicates. 
Recovery percentages for sarcohpine added prior to the extraction of coral samples was 92% with a limit of detec-
tion (LOD) and limit of quantification (LOQ) of 1.02 and 3.42 µg/ml, respectively.

GC-MS analysis of silylated primary metabolites. For analysis of primary metabolites (viz. amino 
acids, organicacids, and sugars), 100 μL of 50% aqueous extract (prepared by extracting 100 mg of zooxanthellae 
or coral tissue in 5 ml 50% MeOH with sonication for 30 min followed by centrifugation) was evaporated under 
nitrogen till dryness. For derivatization, 150 μL of N-methyl- N-(trimethylsilyl)-trifluoroacetamide (MSTFA) 
was then added and incubated at 60 °C for 45 min. The samples were equilibrated at 28 °C and subsequently ana-
lyzed using GCMS. Silylated derivatives were separated on a Rtx-5MS (30 m length, 0.25 mm inner diameter, and 
0.25 μm film) column. Injections were made in a (1:1) split mode and the GC was operated under the following 
conditions: injector 280 °C, column oven 80 °C for 2 min, then programmed at a rate of 5 °C/min to 315 °C, kept 
at 315 °C for 12 min. He carrier gas at 1 mL min−1. The transfer line and ion–source temperatures were adjusted 
at 280 and 180 °C, respectively. The mass spectrometer was operated in the electron ionization mode at 70 eV. The 
scan range was set at 50–650 m/z.
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