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ABSTRACT 
Metabolite Profiling of Red Sea Corals 

Alejandra Ortega 
 

     Looking at the metabolite profile of an organism provides insights into the 

metabolomic state of a cell and hence also into pathways employed. Little is known about 

the metabolites produced by corals and their algal symbionts. In particular, corals from 

the central Red Sea are understudied, but interesting study objects, as they live in one of 

the warmest and most saline environments and can provide clues as to the adjustment of 

corals to environmental change. In this study, we applied gas chromatography – mass 

spectrometry (GC–MS) metabolite profiling to analyze the metabolic profile of four coral 

species and their associated symbionts: Fungia granulosa, Acropora hemprichii, Porites 

lutea, and Pocillopora verrucosa. We identified and quantified 102 compounds among 

primary and secondary metabolites across all samples. F. granulosa and its symbiont 

showed a total of 59 metabolites which were similar to the 51 displayed by P. verrucosa. 

P. lutea and A. hemprichii both harbored 40 compounds in conjunction with their 

respective isolated algae. Comparing across species, 28 metabolites were exclusively 

present in algae, while 38 were exclusive to corals. A principal component and cluster 

analyses revealed that metabolite profiles clustered between corals and algae, but each 

species harbored a distinct catalog of metabolites. The major classes of compounds were 

carbohydrates and amino acids. Taken together, this study provides a first description of 

metabolites of Red Sea corals and their associated symbionts. As expected, the 

metabolites of coral hosts differ from their algal symbionts, but each host and algal 

species harbor a unique set of metabolites. This corroborates that host-symbiont species 
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pairs display a fine-tuned complementary metabolism that provide insights into the 

specific nature of the symbiosis. Our analysis also revealed aquatic pollutants, which 

suggests that metabolite profiling might be used for monitoring pollution levels and 

assessing environmental impact. 
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INTRODUCTION 

 

Although most corals live at an optimal temperature of around 24-29 oC and a salinity 

average of 35±1.0 PSU (Guinotte et al., 2003; Kleypas et al., 1999), there are extreme-

tolerant coral reefs that can survive from 10 to 40 oC and 28 to 60 PSU in sites such as 

the Persian/Arabian Gulf (Wilson et al., 2002). This tolerance depends not just on the 

coral itself but also on its symbiotic associations with both algae and bacterial 

communities, a relationship know as a coral holobiont (Margulis, 1993; Zilber-Rosenberg 

and Rosenberg, 2008). Symbiodinium, the symbiotic alga, supplies a great part of the 

energetic requirements of its host by transferring photosynthetic products (Lajeunesse, 

2001; Muscatine and Porter, 1977). The bacterial community also contributes to the 

coral’s nutritional requirements, translocating assimilated nitrogen and products of 

carbon fixation; in parallel, bacteria benefit the animal's health (reviewed in Davy et al., 

2012; Rosenberg et al., 2007; Weis et al., 2008). Mucus bacteria inhibit colonization and 

growth of pathogens and can also produce antibiotics that prevent infections; 

additionally, they allow the corals to become resistant to specific pathogens after a 

disease (Kim, 2006; Koh, 1997; Reshef et al., 2006). 

The coral holobiont can restructure its association and switch to resistant symbiotic 

partners to adapt and fit better in its environment (Rosenberg et al., 2007; Rosenberg et 

al., 2009). Jones et al. (2008) showed that a population of Acropora millepora changed 

dramatically its Symbiodinium type after a natural bleaching event at the Great Barrier 

Reef, likely increasing the thermal tolerance of the coral population. In an experiment at 

high salinity levels in the Red Sea, Fungia granulosa was visually healthy and its 

photosynthetic efficiency was unaffected, indicating unimpaired host and algal symbiont 
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functioning (van der Merwe et al., 2014); in comparison, its associated microbiome 

displayed drastic changes (Röthig et al., 2016). These results highlight the role of the 

algae and support the evidence that some types are better adapted to high temperature 

environments and are more abundant than the less adapted types (Baker et al., 2004; 

D'Angelo et al., 2015; Howells et al., 2016) .  

      Organisms with similar genomes can show different physiological behavior under 

certain environmental conditions, and a differential synthesis of metabolites could 

indicate a specific biochemical response (Fiehn, 2002; Hill and Roessner, 2013). 

Metabolite profiling can be applied to assess these differences by identification and 

quantification of compounds present at a particular moment (Fiehn, 2002; Kell, 2004; 

Steinfath et al., 2008). Little is known about metabolites produced by corals or their 

symbionts. The metabolite profiling approach can help to illustrate which metabolites are 

produced by Red Sea corals, which live in a warmer and more saline environment in 

comparison with other coral reefs around the world.  

Metabolites can be measured with several techniques, among them high performance 

liquid chromatography (HPLC) and gas chromatography–mass spectrometry (GC–MS) 

(Weckwerth, 2007). Both techniques separate a mixture of different compounds in a 

mobile phase (liquid or gas); then these compounds are fragmented and identified by a 

coupled mass spectrometer (Kell, 2004; Kitson et al., 1996; Knapp, 1979). Although 

liquid chromatography allows a simple sample preparation and does not require 

derivatization of polar or high molecular weight metabolites, GC–MS is the most utilized 

technique. This method is better adapted to the mass spectrometer, resulting in a higher 

resolution and identification; also, it is significantly less expensive (Fox, 2002; Kitson et 
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al., 1996). However, metabolites such as carbohydrates and amino acids should be 

derivatized in a chemical procedure which makes them suitable for the GC analysis 

(Kitson et al., 1996; Knapp, 1979; Scalbert et al., 2009). This process requires two steps: 

the first stabilizes sugars in the open-ring conformation by converting the carbonyl 

groups into their corresponding oximes; the second step replaces each active hydrogen in 

polar functional groups with a trimethylsilyl group (TMS) (Hill and Roessner, 2013; 

Kitson et al., 1996; Knapp, 1979). 

The metabolism of a holobiont organism is not simply the sum of its parts’ 

metabolisms but an integration of the metabolic activities of each partner into a dynamic 

whole. To understand this entity, it is possible to study the individual partners by taking 

them apart or by using a model organism. Another approach is to study the intact 

symbiont; however, it is problematic to identify some metabolites and determine the 

origin of their synthesis (Yellowlees et al., 2008). 

    In the present work, we applied GC–MS metabolite profiling to analyze four coral 

holobionts: Fungia granulosa, Acropora hemprichii, Porites lutea and Pocillopora 

verrucosa and their respective isolated Symbiodinium spp. It is known that these corals 

have different physiological attributes that make them thermally tolerant or susceptible 

and give them different growth rates (reviewed in Voolstra et al., 2015). 
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MATERIALS AND METHODS 

2.1 Coral sampling 

Four scleractinian corals were collected in August 2016 using SCUBA at Shaab Reef 

(N22.20064, E38.999874, between 2.9 and 4.8 m depth), located on the Saudi Arabian 

coast in the central Red Sea, in front of KAUST. Five branches of approximately 5 cm2 

of Acropora hemprichii, Pocillopora verrucosa and Porites lutea were sampled using a 

hammer and chisel; in the case of Fungia granulosa, small polyps were handled into 

individual bags. After returning to the boat, samples were washed with FSW, enfolded in 

aluminum foil and frozen in liquid nitrogen. Environmental conditions were measured. 

Once in the lab, frozen corals were unwrapped on ice, rinsed with cold dH2O and 

transferred into a bag in which their tissue was blasted off using a pipette barrier tip 

attached to a hose and connected to tap air pressure. A part of the tissue was reserved for 

coral holobiont GC–MS analysis, the rest of the samples were homogenized and 

dinoflagellates were isolated from coral tissue by centrifugation. Samples were frozen at -

80 oC.  

 

2.2 Symbiodinium spp. genotyping 

Algal DNA was extracted from both coral samples and axenic Symbiodinium strain 

SSA01, SSA02, SSA03 (both clade A), SSB, SSB01 (both clade B) and CCMP 2467 

(clade A1) used as references, using the DNeasy Plant Mini Kit according to the 

manufacturer’s instructions (Qiagen). Amplification of the small subunit (SSU) rRNA 

gene was performed by PCR with a reaction mixture of 12.5 μL Qiagen Multiplex Mix, 

0.5 μL of primers ss3z and ss5 (Rowan and Powers, 1991), 30ng DNA template and 
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PCR-grade H2O up to 25 μL of reaction. The PCR thermocycler (Eppendorf) was 

programmed at 32 cycles (15 min at 95oC, 30 s at 94 oC, 90 s at 53 oC, 90 s at 72 oC, and 

30 min at 72 oC). Symbiodinium spp. identification was achieved after enzymatic 

digestion of the amplified regions by using the restriction enzyme TaqI set at 2h 

incubation, following manufacturer’s instructions (Thermo Scientific). Digestions were 

run on 1% agarose gel and compared against 2-log DNA Ladder (New England Biolabs). 

 

2.3 Sample preparation  

On ice, all frozen specimens of both isolated Symbiodinium spp. and coral holobionts 

were combined with cold dH2O up to 5 mL of samples into a 50 mL Falcon tube. 

Subsequently, samples were sonified for 20 min at amplitude 50%, pulse 5s on 5s off, 

and -4 oC, with a 419 tip adapted to an ultrasonic processor (Sonic & Materials Inc.). The 

cell lysate was centrifuged at 7800 rpm for 25 min, the aliquot was transferred into 50 mL 

centrifuge tubes and cold ethanol 100% was added up to 30 mL. The mix was centrifuged 

for 20 min at 12000 rpm, 4 oC, and the aliquot was transferred into a new 50 mL Falcon 

tube. Samples were first frozen and then transferred into a lyophilizer until dry; some 

holes were made on the tubes’ lids.    

Dried samples were weighed and 100 μL of cold dH20 was added. After centrifuging 

in short mode, samples were transferred into 2 mL GC vial with glass insert, and 10 μL of 

hydroxyl benzoic acid (HBA 1 μg/μL) as internal standard (ISTD) was added. The 

solution was dried within a speed vac (Thermo Scientific) at room temperature. Working 

in a flow hood and wearing a double layer of gloves, 100 μL of MOX reagent (2% 

methoxamine HCL in pyridine, Sigma-Aldrich) was added to each vial with a glass 
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syringe. Vials were closed tightly with their Teflon (PTFE) screw caps and placed into a 

preheated bath at 30 oC and incubated for 90 min. Afterward, 100 μL of the derivatization 

reagent MSTFA (N-Methyl-N-(trimethylsilyl) trifluoroacetamide, Sigma-Aldrich) was 

added and the sample solution was closed and heated for 30 min at 37 oC to ensure 

complete derivatization. The vials were ready for GC–MS analysis.  

 

2.4 Calibration standard preparation 

     A calibration curve is required to determine the relationship between a known peak 

amount of an ISTD to estimate unknown concentration of a compound. In this case, D-

Glucose (Sigma-Aldrich) was used at five different concentrations (0.1, 0.5, 1, 5 and 10 

mg/mL) prepared by subsequent dilution of the higher glucose concentration. 100 μL of 

each calibration concentration was transferred into GC vial with glass insert, 10 μL of 

HBA was added and the steps described above for the samples were performed. Parallel, 

two blanks were prepared in a similar way, using 100 μL of dH2O and 100 μL of hexane.  

 

2.5 GC–MS analysis and identification of metabolites 

     Analysis was performed using an Agilent 7890A gas chromatograph. Metabolites 

were separated in a 30 m × 0.250 mm × 0.25 μm DB-5MS Agilent J&W column, using 

helium as a carrier gas. The oven temperature program was set initially at 70°C (5 min), 

raised by 7 °C/min to 300 °C (2 min); post run was held for 2 min at 70 °C. 1μL of 

sample was injected into the GC with split ratio 10:1. Samples were sequenced in random 

order and were analyzed along with several blanks between samples.  
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2.6 Data analysis 

     Metabolite peaks were identified using their mass spectra and contrasting them against 

the database of the National Institute of Standards and Technology (NIST). After 

integrating the peaks’ areas, the data were normalized against the internal standard and 

the samples’ dry weight to adjust for experimental error and changes in instrument 

sensitivity. Kruskal-Wallis tests (p>0.05) were performed to assess statistical differences 

of the identified compounds between samples; metabolite profiling data were subjected to 

principal component analysis (PCA), and then clustered in a dendrogram using the 

Pearson's correlation coefficient. Analyses were performed using the R Programming 

software, including the packages ggplot2, vegan and PMCMR (Team, 2016).  
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RESULTS 

3.1 Symbiodinium spp. genotyping 

When comparing against six reference strains (SSA01 – Clade A, SSA02 – Clade A, 

SSA03 – Clade A, SSB – Clade B, SSB01 – Clade B, and CCMP 2467 – Clade A), the 

RFLP analysis of the small subunit (SSU) rRNA gene identified at least three different 

Symbiodinium types in four coral species analyzed, likely belonging to at least two 

different clades (Table 1, Figure 1). The banding patterns of strain CCMP 2467 were 

similar to those found in Porites lutea, Fungia granulosa, and Pocillopora verrucosa: the 

RFLP profiles showed four distinct bands (running at 0.7, >0.6, ~0.25, 0.1 kb) and two 

less distinct bands (at ~1.0 and 0.9 kb). The fragment patterns of strains SSA0, SSA02, 

and SSA03 were highly similar to each other and resembled those of A. hemprichii and F. 

granulosa. A third symbiont type was present in Acropora hemprichii and Pocillopora 

verrucosa that did not match any of the reference strains. However, the band pattern was 

similar to those of strains SSB and SSB01 (1.0, 0.5, and 0.2 kb); the third band was 

located at ~0.25 kb, in contrast to the other two strains. Porites lutea was the only species 

hosting a single algal type (clade A), while the other hosted at least two Symbiodinium 

types.  

Table 1. Symbiodinium potential clades and number of types present in four Red Sea 
coral species, we also show the reported types of each species.  

Coral species Reported 
types* 

Potential 
Clade A 

Potential 
Clade B Types 

Acropora hemprichii  C, D x x 2 
Fungia granulosa C x  2 
Pocillopora verrucosa A x x 2 
Porites lutea C,D x   1 

* (Ziegler, in press) 
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Figure 1. RFLP profile of SSU rRNA gene identified potential Symbiodinium of two clades in four Red Sea coral species. Bands of 
strains SSA01-03 were similar and we show just strains SSA01 (Ref. SSA01). Strain CCMP 2467 is labelled as Ref. CCMP. SSB and 
SSB01 bands are not shown. 
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3.2 Metabolite profiling 

More than 110 compounds were identified and quantified in all the samples. 

Enantiomer forms of several metabolites which were identified at the same retention time 

were grouped into a single compound (e.g. α-D-Galactopyranose, D-(+)-

Galactopyranose, β-d-Galactopyranose), reducing the list to 102 compounds (Table 2, 

Appendix 2). Several organic compounds were removed from the analysis because they 

were considered latent fingerprints when present in the negative controls (Appendix 1); 

also, inorganic compounds’ peaks were not taken into account after being classified as 

contaminants.  

     Inositol and glycerol were the main metabolites and the ones abundant in all samples, 

while 28 compounds were characteristic of only algae and 38 compounds were found 

only in coral holobiont samples (Table 2). The major classes of compounds were sugars, 

mainly isomers of glucose, followed by amino acids; their biological functions cover a 

broad range including several intermediates in metabolism and biosynthesis pathways, 

antimicrobial activity, potential osmolytes and even compounds of pharmaceutical use 

(Table 3).  
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Table 2. Metabolites identified and quantified (mean ± SE- standard error) in corals and their 
isolated algae symbiont. Values are expressed in ppm (μg/mg); SE ± 0 indicates metabolites 
present in a single colonie per coral species.   

Compound name A. 
hemprichii 

F. 
granulosa 

P. 
verrucosa P. lutea Sym. A. 

hemprichii 
Sym. F. 

granulosa 
Sym. P 

verrucosa 
Sym. P. 

lutea 
Alanine 61 ± 13 8 ± 2 13 ± 4 32 ± 24 - - - - 
Alanyltyrosine 3 ± 0 - - - - - - - 
Albuterol - - - - 292 ± 211 17 ± 0 - - 
Alfa Tocopherol acetate 255 ± 0 0.11 ± 0 2 ± 0 3 ± 3 - - - - 
Allose - - - - 77 ± 0 11 ± 0 195 ± 69 - 
Arachidonic acid - 369 ± 0 - - - 169 ± 9 301 ± 166 10 ± 0 
Arginyl lysyl lysine 15 ± 0 - - - - - - - 
Aspartic acid  - 34 ± 0 - - - - 77 ± 38 75 ± 0 
Aucubin - - - - - - - 38 ± 0 
Benzylquinoline - 1 ± 0 - - - - - - 
Carbamic acid 51 ± 51 - - - - - - - 
Carotenoic acid 2349 ± 841 22 ± 20 - 292 ± 146 759 ± 0 - - - 
Catechol - - - - - - - 271 ± 0 
Cellobiose - - - - - - - 184 ± 0 
Cholesterol - 144 ± 0 - - - 46 ± 12 151 ± 78 104 ± 0 
Cystathionine - 13 ± 0 - - 79 ± 0 - 26 ± 0 - 
Dimethoxycinnamic acid - - 12 ± 0 - - - - - 
Ergostenol acetate - 39 ± 0 - - - - - - 
Erythrotetrofuranose  - - - - - 56 ± 0 - 175 ± 115 
Estratienol - - - - - 208 ± 0 - - 
Ethanimidic acid - 7 ± 4 - - - - - - 
Etidronic acid 10 ± 3 - - - - - - - 
Floridoside - - - 4 ± 0 417 ± 96 33 ± 18 162 ± 85 335 ± 223 
Fructose - - - - 89 ± 36 9 ± 5 43 ± 18 86 ± 29 
Furanopyrrole 
carboxhydrazide - - - - - - - - 

Galactofuranose  - - 4 ± 0 - - - 35 ± 0 - 
Galactofuranuronic acid  90 ± 0 - - - - - - - 
Galactopyranose - 5 ± 3 - 11 ± 5 40 ± 9 9 ± 3 146 ± 59 31 ± 13 
Galactopyranoside  32 ± 26 3 ± 2 3 ± 1 3 ± 0 102 ± 47 11 ± 3 40 ± 17 203 ± 114 
Galactose 32 ± 5 9 ± 4 14 ± 0 - 347 ± 74 35 ± 2 199 ± 87 - 
Gluconic acid - 3 ± 2 - - - - - - 
Glucopyranoside  - 27 ± 9 - - - 14 ± 3 42 ± 7 - 
Glucopyranosiduronic 
acid  - 14 ± 5 - - - 24 ± 20 1 ± 0 - 

Glucose - 32 ± 0 - - 104 ± 38 39 ± 21 59 ± 0 - 
Glutamic acid - 45 ± 0 - - - 18 ± 11 30 ± 0 - 
Glycerol 78 ± 27 12 ± 4 11 ± 2 32 ± 10 521 ± 145 86 ± 47 262 ± 138 294 ± 56 
Glycine 61 ± 26 18 ± 8 13 ± 3 7 ± 3 51 ± 15 56 ± 16 58 ± 19 60 ± 24 
Glycitein - - - 11 ± 0 - - - - 
Hexadecanoic acid 110 ± 0 14 ± 5 48 ± 2 25 ± 19 - - - - 
Hexadecylglycerol - 35 ± 5 - - - 23 ± 8 21 ± 0 - 
Hexanoic acid - - - 5 ± 0 - - - - 
Histidine - - - - - 13 ± 0 - - 
Hydrocinnamic acid - - 6 ± 0 - - - - - 
Ibuprofen 7 ± 0 1 ± 0 - 3 ± 0 - - - - 
Indene 71 ± 0 - - 26 ± 0 - - - - 
Indole - - - 16 ± 0 - - 8 ± 3 - 
Indolizine 7 ± 3 - - - - - - - 
Inositol 70 ± 27 34 ± 19 28 ± 7 14 ± 4 682 ± 184 77 ± 2 280 ± 133 298 ± 163 
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Table 2. Continuation. Metabolites identified and quantified in corals and their isolated algae 
symbiont. 

Compound name A. 
hemprichii 

F. 
granulosa 

P. 
verrucosa P. lutea Sym. A. 

hemprichii 
Sym. F. 

granulosa 
Sym. P 

verrucosa 
Sym. P. 

lutea 
Isoleucine - 14 ± 10 9 ± 0 - - 28 ± 7 44 ± 11 - 
Ketoisocaproic acid - - 7 ± 0 - - - - - 
Leucine - 56 ± 48 24 ± 0 - - 57 ± 8 110 ± 22 - 
Lidocaine - - - - - 16 ± 0 - 1190 ± 416 
Linoleic acid - 90 ± 0 - - - - - - 
Lysine - 18 ± 11 22 ± 0 - - 20 ± 0 116 ± 40 - 
Mannitol - - - - - - - 58 ± 49 
Mannopyranoside - 6 ± 2 - - 8 ± 0 17 ± 6 24 ± 7 51 ± 0 
Mannose 87 ± 0 1 ± 1 1 ± 0 - 120 ± 25 - 35 ± 12 12 ± 0 
Methionine - - - - - 1 ± 0 - - 
Monoamidomalonic acid - - - - - - - 219 ± 100 
Monolinoleoylglycerol  14 ± 5 2 ± 1 7 ± 2 - - - - - 
Myo-inositol 10 ± 2 4 ± 2 4 ± 1 5 ± 1 58 ± 24 10 ± 3 43 ± 20 58 ± 15 
N-Acetyl Glucosamine  - - - - - 5 ± 0 - - 
N-Methyladrenaline - - - - 43 ± 0 - - - 
Norleucine - 2 ± 1 4 ± 0 - - - 55 ± 0 - 
Norvaline - 7 ± 3 15 ± 0 - 24 ± 0 33 ± 0 70 ± 16 89 ± 0 
Octadecanoic acid 130 ± 0 18 ± 6 41 ± 1 55 ± 42 - - - - 
Octadecatrienoic acid - 3 ± 2 9 ± 3 - - - - - 
Octadecylglycerol  - - - - - - 34 ± 0 - 
Oxalic acid - 21 ± 0 - - - 45 ± 0 69 ± 47 - 
Oxanilic acid - - - - - 26 ± 0 - 120 ± 0 
Oxazepam 5 ± 5 3 ± 2 5 ± 0 6 ± 0 - - - - 
Phenylethanolamine 13 ± 0 20 ± 13 5 ± 1 - 31 ± 0 28 ± 10 28 ± 7 31 ± 16 
Phosphonic acid - 25 ± 0 - - - 13 ± 8 56 ± 13 - 
Phosphoric acid - 9 ± 0 - - - 15 ± 2 32 ± 9 - 
Phosphorimidic acid - - - - - 6 ± 0 - - 
Pinitol 12 ± 0 2 ± 0 - 9 ± 0 16 ± 0 9 ± 0 7 ± 2 16 ± 4 
Prazepam 3 ± 0 - - - - - - - 
Proline - 4 ± 2 - - - 23 ± 10 10 ± 3 - 
Pulchelloside - - - 10 ± 0 - - - - 
Quinomethionate 167 ± 156 0.09 ± 0 2 ± 0 4 ± 0 - - - - 
Ribitol - - - - 38 ± 0 - 10 ± 2 15 ± 0 
Ribonic acid - - - - - 5 ± 2 - - 
Ribose - - - - 109 ± 0 - 47 ± 16 - 
Salsoline - - - - - - 10 ± 0 - 
Secocholesta - 13 ± 0 - - - - - - 
Serine - 10 ± 7 4 ± 0 - 13 ± 0 72 ± 52 41 ± 10 78 ± 38 
Serylphenylalanine 7 ± 0 - - - - - - - 
Sinapic acid 23 ± 16 0.13 ± 0 - 1 ± 1 - - - - 
Sorbitol - 15 ± 0 - - - - - - 
Talopyranose - - - - - - - 80 ± 0 
Talose - - - - - - 33 ± 16 - 
Tetramisole 135 ± 0 - - - - - - - 
Thiocyanic acid 28 ± 0 1 ± 0 - - - - - - 
Thiophen methylamine 11 ± 2 - - - - - - - 
Threonic acid - - - - - - - 35 ± 10 
Threonine - 11 ± 7 7 ± 0 - - 15 ± 3 33 ± 9 68 ± 0 
Tyrosine - 25 ± 0 10 ± 0 - - 13 ± 6 48 ± 17 - 
Uridine - - - - - 25 ± 0 - - 
Ursolic acid 21 ± 8 0.21 - 7 ± 6 - - - - 
Valine - 26 ± 17 - - - 28 ± 6 - - 
Xylofuranose - 3 ± 0 3 ± 0 - - - - - 
Xylose - - - - - 40 ± 0 - - 
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Table 3. Main biological functions associated with most metabolites identified in corals 
and their algae samples. Labels (A) denote Sugar – glucoside and, (B) Sugar - glycoside. 

Class Identified compound Biological function 

Amino acids Alanine Biosynthesis of proteins 1 
Alanyltyrosine Antimicrobial activity 2 

 
Aspartic acid Biosynthesis of proteins 1 

 
Glycine Possible osmolyte in plants, biosynthesis of proteins 1,3 

 
Isoleucine Biosynthesis of proteins 1 

 
Leucine Synthesized by plants, biosynthesis of proteins 1 

 
Lysine Biosynthesis of proteins 1 

 
Methionine  Biosynthesis of proteins 1 

 
Norleucine Substitute of methionine in bacteria 4 

 
Norvaline Unknown 

 
Proline Possible osmolyte in plants 5 

 
Serine Cellular proliferation, biosynthesis of proteins, catalysis enzymes 1,6, 

 
Serylphenylalanine Unknown 

 
Threonine Biosynthesis of proteins 1 

 
Tyrosine Biosynthesis of proteins, precursor in several biochemical pathways 1 

 
Valine Biosynthesis of proteins, precursor in several biochemical pathways 1 

 
Glutamic acid Biosynthesis of proteins, neurotransmitter in vertebrates 1, 7 

 
Arginyllysyllysine Possible cell-signaling effects, intermediate of amino acids 8 

 
Cystathionine Intermediate, methionine's biosynthetic pathway 9 

  Ketoisocaproic acid   Intermediate in the metabolization of leucine 10 

Sugars Erythrotetrofuranose   Unknown 
Galactofuranose   Cell membrane structuring and signaling 11 

 
Galactopyranose Facilitates synthesis of carbohydrates 12 

 
Pinitol Possible osmolyte in plants 13 

 
Talopyranose   Unknown 

 
Xylopyranose Unknown 

 
Galactofuranuronic acid  Derived from galactofuranose (cell membrane structure and signaling) 14, 11 

 
Gluconic acid Glucose oxidation 15 

 
Ribonic acid Intermediate in synthesis of sugar 16 

 
Inositol Cytoskeleton assembly, cell membrane maintenance, lipids catalysis 17 

 
Ribitol   Intermediate in aldose-ketose transformation 18 

 
Sorbitol  Intermediate in synthesis of sugar 16 

 
Talose   Cell-wall component 19 

 
Allose   Inhibitory effect on reactive oxygen species 20 

 
Glucose Main energy source in organism 1 

 
Mannopyranoside A Antimicrobial activity 21 

 
Pulchelloside A Antimicrobial activity 21 

 
Glucopyranoside A Possible function in cell division 23 

 
Glucopyranosiduronic acid A Derived from glucopyranoside (possible function in cell division) 23 

 
Aucubin  B Defense against herbivores in plants 24 

 
Galactopyranoside B Facilitates synthesis of carbohydrates 12 

 
Floridoside B Organic osmolyte, starch metabolite, etc. 25 

 
Fructose Carbohydrate and fatty acid synthesis 26 

 
Mannose Glycoprotein biosynthesis, glucolisis 27  

 
Xylofuranose Unknown 

 
N-Acetyl glucosamine  Cytoskeletal compound, component of cell wall in bacteria and fungi 28 

 
Myo-inositol Stereoisomer of Inositol 29 

 
Galactose Rapid conversion from b-d-galactose to UDP-glucose 30 

  Cellobiose A  Carbohydrate oxidation 31 
 Glycerol Main photosynthetic carbon translocated from algae to coral32 
1 (Lehninger et al., 1993) 2 (Meylaers et al., 2003) 3 (Ashraf and Foolad, 2007) 4 (Nediljko Budisa and Pascal Demange, 1995) 5 (Verbruggen and Hermans, 2008) 6 (de Koning et al., 2003) 7 

(Meldrum, 2000) 8 (Wishart et al., 2012) 9 (Ravanel et al., 1995) 10 (Ehling and Reddy, 2015) 11 (Tefsen et al., 2012) 12 (Vic et al., 1996) 13 (Streeter et al., 2001) 14 (Kjolberg and Sverreson, 

1972) 15 (Entner and Doudoroff, 1952) 16 (Robyt, 1998) 17 (Berridge and Irvine, 1984; Nishizuka, 1984) 18 (Ōnishi and Suzuki, 1966) 19 (Gaugler and Gabriel, 1973) 20 (Murata et al., 2003)  
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Table 3. Continuation.  

Class Identified compound Biological function 

Lipids Arachidonic acid Cellular signaling, enzyme regulation, etc. 33 
Octadecylglycerol   Stimulates erythropoiesis in humans 34 

 
Hexadecylglycerol  Inhibits cellular proliferation 35 

 
Cholesterol  Cell membrane maintenance, cell signaling and transport36 

 
Estratienol   Cholesterol derivative 37 

 
Ergostenol acetate Equivalent of cholesterol in fungi and protozoa, precursor of vit. D2 38 

  Secocholesta Unknown. Reported in soft corals and sponges 39 

Drugs Albuterol Selective beta-2-adrenergic agonist 40 
Ibuprofen Anti-inflammatory drug. Reported as environmental contaminant 41 

 
Lidocaine Anesthetic drug. Reported as environmental contaminant 42 

 
Oxazepam Contaminant, alters behavior and feeding rate on fish 43 

 
Prazepam   Pharmaceutical use 43 

 
Salsoline   Pharmaceutical use (antihypertensive agent) 44 

  Tetramisole   Pharmaceutical use (anthelmintic). Reported as contaminant 45 

Others Benzilquinoline Derivative of quinolone (antibiotic resistance) 46 
N-Methyladrenaline  Intermediate in the synthesis of adrenaline 1 

 
Carbamic Acid Intermediate in production of urea 47 

 
Indolizine Antimicrobial, antioxidant, anticancer, etc. 48 

 
Phenylethanolamine Neuromodulator in mammals 49 

 
Catechol   Decrease symptoms of fungal action in plants 50 

 
Histidinoic acid  Unknown 

 

Monoamidomalonic 
acid   Unknown 

 
Glycitein   Possible estrogenic activity 51 

 
Phosphoric acid Pharmaceutical use (tooth whitener), food additive, etc. 52 

 
Tocopherol acetate Vitamin E, antioxidant activity 53 

 
Oxalic acid Pathogenic factor in fungi, resistance to heavy metals in plants 54 

 
Testosterone Promotes protein synthesis, gametogenesis in invertebrates 55 

 
Ursolic acid May induce apoptosis 56 

 
Etidronic acid Inhibits bone resorption in humans 57 

 

Dimethoxycinnamic 
acid Unknown. Cinnamic acid isolated from coffee beans 58 

 
Ethanimidic acid Unknown. Derivative of acetic acid  

 
Hydrocinnamic acid Allelochemical in plants 59 

 
Indene Unknown 

 
Indole Intracellular signal molecule in bacteria, biofilm formation 60 

 
Oxanilic acid   Herbicide, reported as contaminant in aquatic environments 61 

 
Phosphorimidic acid Unknown 

 
Quinomethionate Possible fungicide 62 

 
Thiocyanic acid Unknown 

 
Thiophen methylamine Unknown 

 
Threonic acid   Intermediate of ascorbic acid (vit. C - antioxidant properties) 63 

 
Uridine   Glysolysis pathway of galactose 64 

 
Furanopyrrole Unknown carboxhydrazide 

21 (Aronson et al., 1979) 22 (Modaressi et al., 2009) 23 (Wozniak and Ross, 1983) 24 (Nieminen et al., 2003) 25 (Hoef-Emden, 2014; Karsten et al., 1995; Reed, 2007; Viola et al., 2001) 26 

(McGrane, 2000) 27 (Alton et al., 1998) 28 (Fülöp et al., 2007) 29 (NCBI, 2016a) 30 (NCBI, 2016b) 31 (Westermark and Eriksson, 1974) 32 (Muscatine, 1967) 33 (Needleman et al., 1986) 34 

(Mangold, 1972) 35 (Reynolds et al., 2000) 36 (Incardona and Eaton, 2000) 37 (Leung, 2015) 38 (Dupont et al., 2012; Feeney et al., 2014) 39 (Madaio et al., 1990) 40 (Bronsky et al., 1987) 41 

(Santos et al., 2007; Tauxe-Wuersch et al., 2005) 42 (Rúa-Gómez and Püttmann, 2012) 43 (Brodin et al., 2013; Lopez et al., 2015) 44 (Borg et al., 1980) 45 (Snow et al., 2016) 46 (Jacoby, 2005) 47   

(Meessen and Petersen, 1996) 48 (Lins, 1980) 50 (Karakas et al., 2011) 49 (Retig and Chet, 1974) 50 (Song et al., 1999) 51 (Schrödter et al., 2008) 52 (Yang and McClements, 2013) 53 (Godoy et 

al., 1990; Zheng et al., 1998) 54 (Twan et al., 2006) 58 (Wang, X. et al., 2011) 55 (Dunn et al., 1994) 56 (Nagy et al., 2011) 57 (Williamson et al., 1992) 58 (Lee and Lee, 2010) 59 (Kalkhoff et al., 

1998) 60 (Carter et al., 1983) 61 (Bendich et al., 1986) 62 (Berg et al., 2002) 
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The stacked chart in Figure 2 shows metabolites present in at least half of the samples 

and how they contribute to the overall metabolite profiling per sample; Figure 3 

highlights sugars and amino acids. A principal components analysis was applied to 

generate an overview of the 102 compounds and no outliers were found; coral samples 

and algae clustered separated in their own group (Fig. 4A). To determine similarity of the 

samples, a hierarchical paired group clustering was undertaken using the Pearson's 

correlation coefficient (Cophen. Corr. = 0.9461) (Fig. 4B). As in the PCA analysis, most 

of the isolated algae clustered together. According to the Kruskal-Wallis tests, there were 

significant differences (p<0.05) in all the metabolites’ concentrations between samples. 
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Figure 2. Stacked chart of metabolites (ppm μg/mg) present in more than half of the Red Sea corals and their isolated algae symbiont 
samples. 
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Figure 3. Heat map of carbohydrates (A) and amino acids (B) concentrations (ppm μg/mg) present in the coral samples and isolated 
dinoflagellates.   
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Figure 4. Cluster analysis of the metabolite composition. (a) Principal component analysis and (b) hierarchical clustering of Pearson's 
correlation coefficien
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DISCUSSION 

     The metabolomics approach is gaining popularity in many fields of biology, being 

applied to assess not just metabolite profiles but also to identify physiological responses 

of organisms under particular conditions by the metabolites they produce, and when 

complemented with other fields of research such as genomics, transcriptomics or 

proteomics (Bundy et al., 2009; Viant et al., 2008). To our knowledge, there are few 

metabolite studies on soft corals and the cnidarian-model organism Aiptasia sp., using a 

gas chromatography – mass spectrometry approach, and they are focused on a particular 

group or individual targeted metabolites (Hillyer et al., 2016; Tarrant, Ann M. et al., 

2003). Plants are the main living organisms analyzed with this technique in the literature, 

and there are well-known methods for extraction, derivatization and GC–MS analysis 

(Gomez-Gonzalez et al., 2010; Hill and Roessner, 2013). A huge number of studies 

evaluated the metabolite composition of marine algae using nuclear magnetic resonance, 

HPLC or GC–MS (Colomb et al., 2008; Flodin and Whitfield, 1999; Goulard et al., 2001; 

Ikekawa et al., 1968; Simon-Colin et al., 2002) and some of them are dedicated to 

Symbiodinium spp., either to evaluate differences between strains or to find out how they 

are modifying metabolites’ composition in response to specific treatments (Chen et al., 

2015; Gordon and Leggat, 2010; Klueter et al., 2015; Wang, L.-H. et al., 2015; Weng et 

al., 2014). This study generated a catalog of metabolites within four coral holobionts, 

allowing us to compare their presence across corals and algae. It also provided a method 

for extracting primary and secondary metabolites in a single GC–MS analysis, and 

reported the presence of environmental pollutants that are being bioaccumulated in 

corals’ tissue.  
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     However, the robustness of the GC–MS method is counterproductive in the sense that 

it also reveals contaminant compounds and demands a manual removal of these 

molecules from data by contrasting against the controls. Kitson et al. (1996) showed a list 

of common contaminants observed in chromatograms after TMS derivatization and 

Croxton (2006) identified amino acids and lipids in latent fingerprint residue samples, 

which can be easily confused with compounds present in the sample. Despite repeating 

the process and careful handling, we got the same contamination after testing new blanks 

and samples with new ISTD; we left out of the analysis several compounds. The injection 

septum could be our possible source of contamination. Among the sugars that we found 

in our corals, there are some intermediate compounds that can catalyze or metabolize into 

glycerol. This metabolite was highly concentrated in all the coral samples and was also 

present in the blanks. It is well known that this sugar is the primary photosynthetic carbon 

translocated from the dinoflagellate to its host (Muscatine, 1967), and Symbiodinium 

induced its synthesis when exposed to high salinity conditions (Suescún-Bolívar et al., 

2012; Suescún-Bolívar et al., 2016). For these reasons, we kept glycerol in the analysis, 

despite the fact that we could not determine how much came from endogenous sources 

and how much is latent fingerprint.  

     The metabolite profiling of both Fungia granulosa and its isolated symbiont showed a 

total of 59 metabolites. This value contrasts with the 40 obtained in the overall A. 

hemprichii and P. lutea samples. Pocillopora verrucosa displayed 51 metabolites. All 

corals came from the same reef and we assumed that they were exposed to the same 

environmental conditions, though they are known to have different physiological 

attributes (Voolstra et al., 2015). It is known that corals can host more than one algal type 
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(Lajeunesse, 2001, 2002, 2005), and these algae can show distinctive metabolite profiles 

(Klueter et al., 2015). All the corals except P. lutea hosted more than one algal genotype, 

and all of them except A. hemprichii potentially shared the same type, which seems to be 

an alga from clade A (Fig. 1). Although this coral and its symbiont presented a low 

concentration of amino acids in comparison with the other corals, we could not associate 

this production level as a consequence of a different algal symbiont, since this alga was 

also present in two of the F. granulosa colonies. Likewise, algae metabolic profiles 

clustered together suggesting its phylogeny as a similarity factor. The same result was 

obtained for the holobiont profiles. 

    The metabolites’ analysis also revealed the presence of some molecules originated 

from microbes, such as N-acetyl glucosamide, ergostenol acetate and indole (Dupont et 

al., 2012; Feeney et al., 2014; Fülöp et al., 2007; Lee and Lee, 2010). 

     On the other hand, there was a noticeably high concentration of both carbohydrates 

and amino acids in the isolated Symbiodinium spp. in contrast with the coral samples 

(Fig. 3). Nevertheless, when sugars were present in the holobiont sample their 

concentration was higher in its algae, but this did not always happen with the amino 

acids. These results corroborate that the dinoflagellate is producing some photosynthetic 

carbohydrates and possibly is translocating small amounts of them to its host.  

Inositol, glycerol, galactose and galactopyranoside seem to be playing key metabolic 

roles due to their presence in all corals; but to our knowledge, there are no studies 

focused on their role in these organisms. Inositol and its major stereoisomer, myo-

inositol, are well known for their function in eukaryotic cells, and one of their most 

studied roles is in calcium signaling and osmoregulation in plants (Berridge and Irvine, 
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1984; Chatterjee and Majumder, 2010; Loewus and Loewus, 1983; Loewus and Murthy, 

2000; Nakanishi et al., 1989; Nelson et al., 1999; Thurston et al., 1989). Galactose and its 

clyclic isomers α- and β-galactopyranoside can be rapidly converted to glucose 

(Gitzelmann, 2000; Holden et al., 2003), and these molecules may constitute the main 

carbohydrate storage source for the corals.   

Glucosides and glycosides were carbohydrate groups of interest present in our samples 

(table 2). These sugars are bound to another functional group and can be a mechanism 

that living organisms use to store chemicals, which would subsequently be used for 

hydrolysis (Brito-Arias, 2007).  

A surprising result was the discovery of pharmaceutical compounds in the coral tissue. 

Medicaments, such as ibuprofen or tetramisole, are widely reported as aquatic pollutants 

and can alter the behavior of marine organisms (Brodin et al., 2013; Kalkhoff et al., 1998; 

Lopez et al., 2015; Rúa-Gómez and Püttmann, 2012; Santos et al., 2007; Snow et al., 

2016; Tauxe-Wuersch et al., 2005). Some studies have also reported the corals’ uptake of 

synthetic androgens and estrogens from the water column, incorporating them into their 

metabolism, which affect their physiology and growth rates (Atkinson et al., 2003; 

Tarrant, A. et al., 2001; Tarrant, A. M. et al., 2004; Tarrant, Ann M. et al., 2003). This 

discovery highlights the anthropogenic effect on Red Sea coral reefs, and it is the first 

report of this kind of bioaccumulation.  
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CONCLUSIONS 

The here-presented study provides a first glimpse into the metabolites associated with 

Red Sea corals and their associated symbionts. By applying GC–MS analysis, this study 

generates the first metabolite profile on corals and their isolated symbiont, which 

includes both primary and secondary metabolites. Our study corroborates the 

translocation of endogenous metabolites by the symbiont to the coral, and reveals some 

metabolites that are potentially being accumulated as storage compounds that can be 

easily used when the cell needs them. Overall, metabolite profiles of coral hosts and algal 

symbionts were more similar to each other, underlining that a distinct animal host and 

algal symbiont metabolite signature exists. At the same time, each coral and algae had 

unique metabolites that might complement the set of metabolites present in the associated 

coral host, respectively algal symbiont. Importantly, this research calls attention to the 

bioaccumulation of water pollutants into the coral tissue. Metabolite typing might provide 

an avenue to environmental monitoring in order to estimate the effect of these 

contaminants on reef animals.  
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APPENDICES 
 

Appendix 1. Possible latent fingerprint compound and some contaminants found in most 
of the samples. Several peaks of the same compound could be identified at different 
retention times.  

Compound Retention time 
Acetamide Multiple peaks 
Acetate Multiple peaks 
Androstane (3α,5α)- 33.782 
Arsane 19.262 
Arsenous acid Multiple peaks 
Arsenous acid 21.126 
Caproic acid Multiple peaks 
Carbamic acid Multiple peaks 
Cinnamic acid 32.759 
Cyclobarbital Multiple peaks 
Cycloheptatrien-1-one 2,4,6- 18.871 
Cyclotrisiloxane 21.436 
Dithia-10-oxaspiro[5.13]nonadec-14-yn-11-one, 9-pentyl-17- 1,5- 33.114 
Heptamethyltrisiloxane 30.555 
Hydroxy-2-aminohexanoic acid 35.6 
Nonamethyl-3-tetrasiloxane 12.024 
Pyrazol-5-ol Multiple peaks 
Pyridinecarboxylic acid 2- 13.132 
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