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Sea cucumbers are soft-bodied marine invertebrates revered for their potent health benefits derived from 
biologically active molecules. However, research has primarily focused on commercially valuable species, 
such as Apostichopus japonicus, leading to their overexploitation as well as neglect of other species that may 
also contain valuable metabolites and nutritional value. This study presents the first untargeted metabolomic 
comparison of two southern African sea cucumber species, Holothuria cinerascens and Pseudocnella 
sykion, using proton nuclear magnetic resonance and ultra-performance liquid chromatography quadrupole 
time-of-flight high-resolution mass spectrometry. These species were selected due to their limited prior study 
and their overlapping habitats along the KwaZulu-Natal coastline. Despite their shared geographical locality, 
they exhibit distinct metabolic profiles. H. cinerascens displayed elevated levels of metabolites involved in 
osmoregulation (betaine), energy and amino acid metabolism (xylose, glucose, alanine, glutamate, glutamine, 
lysine and taurine) and defence metabolites, including the presence of several triterpene glycosides, whereas 
P. sykion notably contained rosmarinic acid and higher proline levels. These differences probably reflect
genetic, ecological and reproductive variations between the species. Even though it provides insights
into sea cucumber metabolism, this study also underscores the challenges in holothurian metabolomics,
including the scarcity of holothurian-specific annotations in metabolite databases and the absence of these
species in the Dictionary of Marine Natural Products. By establishing the baseline metabolic compositions
of these understudied species, this work provides a foundation for targeted metabolomics to elucidate their
metabolic pathways, discover novel bioactive compounds, expand aquaculture practices, foster economic
opportunities and advance sustainable resource management and conservation efforts.

Significance:
This study presents the first metabolomic comparison of H. cinerascens and P. sykion from South Africa. 
Despite their geographic proximity, the species exhibit distinct metabolic profiles. H. cinerascens displayed 
greater metabolic diversity – including a higher potential for triterpene glycosides and osmolytes – suggesting 
increased environmental exposure and stress. Unidentified metabolites, particularly in P. sykion, hint at novel 
bioactive compounds. Overall, the study highlights gaps in holothurian-specific metabolomics and underscores 
the need for compound isolation, fragmentation and pathway analyses. These findings demonstrate the 
metabolic potential of lesser-known species and advocate for expanded research to support drug discovery, 
aquaculture and sustainable marine resource management.

Introduction
Sea cucumbers, which are marine invertebrates of the phylum Echinodermata, are characterised by soft, leathery, 
cylindrical bodies and pentaradial symmetry.1 These organisms inhabit diverse marine environments, with the 
highest abundance and diversity concentrated in the tropical and subtropical Asia-Pacific regions.1-3 Harsh 
environmental conditions have driven the production of unique metabolites in marine species, with echinoderms 
emerging as novel sources of biologically beneficial biomolecules, such as triterpene glycosides, fucosylated 
chondroitin sulfate and bioactive peptides that exhibit a range of therapeutic anti-thrombotic, anti-coagulant, 
anti-microbial, anti-inflammatory, anti-oxidant, anti-hypertensive and wound-healing properties.4-7

The health benefits of sea cucumbers are well recognised, with some species referred to as ‘marine ginseng’, 
and they have been used for centuries in Asian cultures as medicinal ingredients.8-10 Their body walls are often 
dried into a highly valued, nutritionally dense dietary delicacy referred to as ‘Beche-de-Mer’, ‘Trepang’, or 
‘Gamat’.1,2 The growing interest in natural pharmaceutical and nutritional sources has propelled marine alternatives 
to the forefront of scientific research, as they provide safer substitutes for synthetic or terrestrially derived 
components.6,11 However, the commercial demand for sea cucumber products is primarily focused on a few select 
species, such as Apostichopus japonicus and Cucumaria frondosa, leading to overexploitation and endangerment 
despite conservation efforts, catch limits and legal action against poaching.1,2,12,13 Although sustainable cultivation 
practices are being adopted, challenges persist, including high mortality rates in captivity and nutritional and 
metabolic variability, which is influenced by environmental factors and species-specific differences.11,13,14 
Therefore, investigating the metabolic properties of alternative sea cucumber species is crucial to uncovering their 
biochemical and nutritional potential and promoting sustainable resource management.

Metabolomics is an increasingly popular research field with broad applications spanning biomarker discovery, 
disease diagnosis, therapeutic monitoring, geographical determination, nutritional analysis and environmental 
impact studies. Metabolomics aims to identify metabolites involved in an organism’s physiological and metabolic 
responses, which represent the final products of gene expression and provide valuable insights into the complex 
metabolic responses to both internal and external factors.15-17

In South Africa, Holothuria cinerascens is a prominent species within the Holothuriidae family under the Holothuriida 
order, commonly found inhabiting intertidal regions along the warmer eastern coastlines and the Indian Ocean.1,18,19 This 
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shallow-water species is primarily a deposit feeder but can also engage in 
suspension feeding.3,19,20 It is characterised by a thick body wall, which 
ranges in colour from rusty red-brown to purple-black, and can grow to 
an average length of 16 cm.1,3,11 H. cinerascens is suspected to undergo 
asexual reproduction through transverse fission during winter in the southern 
hemisphere or in suboptimal environmental conditions, a trait observed in 
several Aspidochirotids.21 In addition, H. cinerascens is highly sensitive to 
environmental stressors, expelling its internal organs – a process known as 
evisceration – as a defensive mechanism when threatened.1,4

Members of the Dendrochirotida are predominantly located in temperate 
regions, often residing in soft sediment or being attached to hard rock or 
coral surfaces.18 Pseudocnella sykion, commonly known as ‘the black 
sea cucumber’, is a Dendrochirotid species within the Cucumaridae 
family, endemic to the warm tropical waters along the eastern coast of 
South Africa, and it typically nestles within rock crevices along intertidal 
rocky shores.18,22 This suspension-feeding species is relatively small, 
reaching up to 9 cm, with a plump, barrel-shaped body that ranges from 
dark olive-green to black.23,24

Despite the ecological and therapeutic significance of sea cucumbers, 
substantial gaps remain in our understanding of their metabolic profiles.  
H. cinerascens and P. sykion have received little scientific attention beyond 
basic morphology, especially as P. sykion is an endemic species with restricted 
geographical ranges, further limiting available information. This knowledge 
gap is largely due to the scarcity of research into non-commercially valued 
varieties, compounded by limited research resources and infrastructure 
in developing countries such as South Africa. We aimed to bridge 
these gaps by conducting an untargeted metabolomics comparison of  
H. cinerascens and P. sykion from KwaZulu-Natal, South Africa, using 
proton nuclear magnetic resonance (1H-NMR) and ultra-performance liquid 
chromatography quadrupole time-of-flight high-resolution mass spectrometry 
(UPLC-QTOF-HR-MS) techniques. These two species were selected due to 
their limited prior study, their abundance along the KwaZulu-Natal coastline 
and their overlapping habitats, which allow a direct comparison to be made 
to determine whether taxonomy or geographical location plays a greater 
role in metabolite differentiation or similarity. By exploring the metabolic 
profiles of these species, this research highlights the untapped potential of 
non-commercial sea cucumber species and emphasises the importance of 
expanding research efforts to promote sustainable practices, conservation 
and the discovery of novel metabolites with therapeutic applications. 
Moreover, investigating indigenous or endemic sea cucumber species 
could present significant economic opportunities for developing nations, 
fostering income generation and job creation through cultivation, processing, 
exportation and research initiatives involving these species.

Methods and materials
Ethical statement
At the time of study, the Animal Research Ethics Committee did not require 
ethics clearance for research involving sea cucumbers, as they were 
classified as lower-order marine invertebrates without a definitive spine or 
neural network. Nevertheless, it is essential to note that all procedures related 
to sample collection, handling and processing complied with the regulations 
and guidelines provided by the Animal Research Ethics Committee and the 
South African Department of Forestry, Fisheries and the Environment.

Sample collection and preparation
H. cinerascens and P. sykion specimens were gathered from the 
intertidal rocky shores at Park Rynie, KwaZulu-Natal (30°19′S, 30°44′E) 
during the spring tides in August 2021 and January 2022. The samples 
were promptly frozen, followed by cleaning and dissection. The tissues 
were then frozen in liquid nitrogen, freeze dried, ground into a powder 
and stored at −80 °C until analysis.

NMR analysis
For NMR analysis, 18 samples from each species were prepared by 
adding 50 mg of freeze-dried tissue into 2 mL Eppendorf tubes along with  
600 µL each of deuterated methanol (CH3OH–d4) and a deuterium oxide–
potassium dihydrogen phosphate (D2O–KH2PO4) buffer containing 0.01% 

3-(trimethylsilyl)-propionic acid as an internal standard. The samples 
were sonicated for 15 min followed by 15 min of centrifugation at 12 000 
rpm (10 625 xg). The supernatant was transferred into an NMR tube and 
analysed by performing 32 scans in a 600 MHz NMR spectrometer.

The raw spectral data were pre-processed, including referencing, 
normalisation and baseline correction, using MestReNova (v14.2.2). Binned 
regions spanning 0.04–10.0 ppm at 0.04 ppm widths were generated to 
reduce the spectral intensities in preparation for subsequent multivariate 
analysis. These regions were exported as a CSV database file into SIMCA 
software v17.0.1 (Umetrics, Sweden), which was used to extract chemical 
information related to metabolic composition and differentiation. Prior to 
multivariate analysis, exclusion zones were defined for the peaks of water 
(4.6–5.0 ppm) and methanol (3.28–3.36 ppm) to ensure that these areas 
did not affect the analysis. The data analysis consisted of two steps. First, 
an unsupervised principal component analysis was performed to provide 
an unbiased data comparison, enabling the identification of trend clusters 
and potential data outliers. This was followed by a supervised orthogonal 
partial least squares discriminant analysis (OPLS-DA), which compared 
the chemical data based on predefined class identifiers to uncover further 
trends within the data set. Spectral regions with the most significant impact 
on metabolic differentiation were identified using a covariance scatter 
plot (S-plot), Variable Importance for the Projection (VIP)  score plot and 
contributions loading analyses. The OPLS-DA model was validated through a 
permutation test involving 100 permutations. Compounds were subsequently 
annotated in Chenomx (v9.02) by comparing the differentiated spectral 
regions from the contribution loadings plot with compound databases and 
with results from relevant scientific literature.

UPLC-QTOF-HR-MS
The UPLC-QTOF-HR-MS analysis was conducted on representative samples, 
where metabolites were extracted from approximately 45 mg of freeze-dried 
tissue using 2 mL of cold 70% high-performance liquid chromatography-grade 
methanol. The extraction process involved sonication followed by vortexing 
to ensure thorough homogenisation. Following extraction, insoluble tissue 
material was pelleted by centrifugation, and the resulting supernatant was 
filtered through a Pall acrodisc GHB 0.2-µm syringe filter (13 mm, 0.2 µm) 
equipped with a Teflon plunger head to remove particulates in preparation for 
UPLC analysis.

The UPLC-QTOF-HR-MS analysis was performed using a Waters T3 C18 
column (150 mm × 2.1 mm × 1.8 µm) integrated with a Waters Classic 
UPLC system, coupled to a Waters SYNAPT G1 Mass Spectrometer 
(Waters Corporation, Milford, MA, USA). Initial analyses revealed issues 
of signal saturation and co-elution, prompting the need for subsequent 
experiments to utilise a Waters Premier UPLC paired with a Waters 
SYNAPT XS Mass Spectrometer (Waters Corporation, Milford, MA, USA). 
The UPLC system operated with a column temperature of 60  °C. The 
mobile phase consisted of Solvent A (water with 10 mM formic acid) 
and Solvent B (acetonitrile with 10 mM formic acid). The elution gradient 
began with 100% Solvent A for 1 min, transitioning linearly to 1% Solvent 
A over 16 min, at a flow rate of 0.4 mL/min, with a total runtime of 20 min. 
QTOF-HR-MS was conducted in both positive and negative electrospray 
ionisation modes (ESI+ and ESI–). The capillary voltage was set to 0.6 kV 
and the cone voltage was maintained at 30 V. The source and desolvation 
temperatures were set to 120 °C and 450 °C, respectively, with nitrogen 
(N2) serving as the desolvation gas at a flow rate of 600 L/h. Accurate 
mass calibration was achieved using a LockMass correction with leucine 
enkephalin (100 pg/µL) sampled every 20 s.

Data generated from the UPLC-QTOF-HR-MS analysis was processed 
using the integrated MassLynx 4.2 (SCN 1028) software, ensuring a mass 
accuracy below 1 mDa. Elemental composition analysis was performed 
using the software’s embedded tools, with predefined ranges for carbon 
(C; 1–80), hydrogen (H; 1–200), oxygen (O; 0–35) and sulfur (S; 0–2).  
This approach was tailored to provide a comprehensive evaluation of 
elemental compositions relevant to saponins and other holothurian 
metabolites, while excluding atypical elements, such as chlorine (Cl), 
fluorine (F), phosphorus (P) and nitrogen (N). Monoisotopic mass data 
accounted for both odd and even electron states, with a mass tolerance 
of 3 mDA. A tentative metabolite annotation was achieved by comparing 
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the mass spectral data to online databases, including ChemSpider, 
PubChem, The Dictionary of Marine Natural Products and the NIST 2014 
Mass Spectral Library, along with relevant literature.

Results
The principal component analysis of the 1H-NMR data from body 
tissue extracts of H. cinerascens and P. sykion (Figure 1a) revealed 
closely grouped clusters for both species. However, extracts from  
H. cinerascens demonstrated greater metabolic variability, with samples 
more widely dispersed across the plot. Notably, four H. cinerascens 
samples appeared outside the 95% confidence circle, with ‘HC3’ and 
‘HC6’ appearing as outliers in both the Hotelling’s and DmodX Line 
Plot tests. Overall, the model displayed a high goodness of fit and 
predictability16,25, with R2X = 0.885 and Q2(cum) of 0.787.

The OPLS-DA results (Figure 1b) yielded R2X(cum) = 0.856, R2Y(cum) =  
0.637 and Q2(cum) = 0.592 and demonstrated a complete separation 
between H. cinerascens and P. sykion. Furthermore, H. cinerascens 
displayed a higher intra-species metabolic variability compared to P. sykion,  
as evidenced by the broader level of sample dispersion26 with increased 
vertical dispersion towards the left of the y-axis, whereas the P. sykion 
samples appeared more tightly clustered on the right. The distinct horizontal 
separation underscores strong metabolic differentiation between the 
two species.26 This differs from the overall principal component analysis 
and suggests that taxonomic grouping may play a more significant 
role in the metabolic profile than shared geographical location. One 
possible reason for this could be minor niche segregation, whereby  
H. cinerascens appears more exposed on rock surfaces and buried under 
sand, whilst P. sykion is only found hidden in narrow rock crevices. This may 
influence dietary variation, and the exposure of H. cinerascens to greater 
environmental stress factors may influence metabolic activity in this species, 
which is known to eviscerate under stress. In addition, this metabolic 
distinction may be linked to the possibility of H. cinerascens reproducing 
asexually, which involves metabolic changes in the mutable collagenous 
tissue of the body wall – a process not suspected to occur in P. sykion, 
although further research is warranted. Permutation validation was carried 
out with 100 permutations, confirming model robustness, with the intercepts 
of R2 = (0.0; 0.145) and Q2 = (0.0; −0.269) (Supplementary figure 1).

The NMR profiles of H. cinerascens and P. sykion were stacked to 
visualise chemical shift regions responsible for metabolic variation 
(Figure 2a, b). H. cinerascens demonstrated greater metabolic activity 
and potential than P. sykion, with distinctive regions unique to each 
species evident throughout the comparisons. In the 0.0–2.5 ppm region, 
H. cinerascens exhibited higher-intensity peaks, whereas P. sykion 
displayed inconsistent, low peaks. However, P. sykion showed a distinct 
multiplet around 2.7 ppm, which was absent in H. cinerascens. Both 
species displayed differentiated peaks between 3.0 ppm and 4.0 ppm, 
with H. cinerascens showing less distinct peaks at higher concentrations 
than P. sykion. Notable variations were observed at 3.0 ppm, where  
H. cinerascens displayed a multiplet, whereas P. sykion exhibited a singlet 

in most samples. Distinct peaks, probably correlating with glycerol, were 
observed between 3.5 ppm and 3.8 ppm, with greater resolution in P. sykion. 
H. cinerascens contained a singlet at 4.4 ppm and doublets between 4.5 
ppm and 4.6 ppm, which were absent in P. sykion. The abundant peaks 
in the sugar-aliphatic region may relate to holothurin compounds, which 
are known to be abundant in the Holothuria genus. In the aromatic region, 
variations between 5.1 and 5.5 ppm showed no distinct pattern between 
species. Several doublets between 5.9 ppm and 6.2 ppm and a singlet at 
6.8 ppm were more prominent in H. cinerascens. Between 7.9 ppm and 
8.05 ppm, H. cinerascens displayed a multiplet and a doublet, absent in  
P. sykion. In addition, in the 8.0–8.8 ppm region, P. sykion had small peaks 
between 8.15 ppm and 8.35 ppm, whereas H. cinerascens exhibited a 
larger array of peaks between 7.95 ppm and 8.75 ppm. These observations 
suggest significant metabolic differentiation between the two species, 
despite shared geographical location, probably reflecting minor ecological 
distinctions related to habitat preferences and feeding mechanisms, as 
well as genetic factors associated with their distinct taxonomic orders.

Spectral regions influencing separation between H. cinerascens and  
P. sykion were determined using an S-plot and VIP score plot, with 
influential scores identified from both ends of the S-plot and from VIP score 
values ≥1.0 (Figure 3a and 3b). A contribution loadings plot (Figure 3c  
and Supplementary table 1) highlighted the spectral regions contributing 
to metabolic differentiation between the two species. However, due to 
the ‘HC3’ and ‘HC6’  samples being identified as outliers, contribution 
comparisons were repeated excluding these samples. The resulting S-plot 
and VIP score plot are shown in Figure 4a–b, and the contribution loadings 
plot (Figure 4c and Supplementary table 1) identifies the spectral regions 
contributing to metabolic differentiation when these outliers are excluded.

Compound annotation
Compound annotation of the 1H-NMR spectral results was performed by 
comparing spectral bins derived from the S-plots, VIP score plots and 
contribution loadings plots with the Chenomx NMR Suite software, the 
Human Metabolome Database and results from relevant literature. Annotated 
compounds resulting from this analysis are listed in Supplementary table 2.

UPLC-QTOF-HR-MS analysis (Figure 5 and Supplementary table 3)  
revealed distinct metabolic profiles between H. cinerascens and  
P. sykion. Compound data were derived based on the broad parameters set 
by the MS software, necessitating annotation by referencing generalised 
matches from the available literature and databases. Although numerous 
compounds were tentatively annotated (Supplementary table 3), precise 
confirmation was hindered by the significant degree of isomerism, the 
absence of holothurian-specific MS databases and the limited availability 
of mass spectral data in the current literature, resulting in multiple 
potential matches for many compounds. The Dictionary of Marine 
Natural Products did not contain any information on H. cinerascens and 
P. sykion. Compounds labelled as ‘unknown’ did not correspond to any 
reference spectra, suggesting they may represent novel holothurian- 
or species-specific metabolites. The results corroborate the OPLS-DA 

Figure 1:	 Principal component analysis (PCA-X) results (a) and orthogonal partial least squares discriminant analysis (OPLS-DA) score plot (b) from the 
proton nuclear magnetic resonance (1H-NMR) spectral data showing the metabolic separation between H. cinerascens and P. sykion, based on 18 
replicates per species.
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findings (Figure 1b), with H. cinerascens exhibiting higher metabolite 
diversity than P. sykion, which is consistent with the 1H-NMR findings 
(Figures 2–4 and Supplementary table 2).

Notably, H. cinerascens demonstrated a higher potential for triterpene 
glycosides, with tentative annotations including the following which were not 
detected in P. sykion: holothurin A (arenicolaside A), holothurin B, B3, B4; 
17-hydroxyfuscocineroside B; 25-hydroxyfuscocineroside B and nobiliside 
B, nobiliside II (nobiliside C). H. cinerascens showed the potential for aliphatic 
organosulfates, such as dibutyl sulfate, octyl sulfate and 6-methylheptyl 
sulfate, reaffirming the existence of more robust chemical defence 
mechanisms in H. cinerascens, with many of the identified compounds  
possessing significant biological activities. However, despite the greater 
metabolite diversity in H. cinerascens, some compounds were unique to 
P. sykion, including rosmarinic acid – a phenolic compound commonly 
associated with plants27,28 – alongside several unknown metabolites, 
potentially including novel sulfated triterpene glycosides.

These findings underscore the unique metabolic profiles of both species 
and highlight the considerable potential of H. cinerascens, a ‘low-value’ 
species1, and the little-known, endemic P. sykion to produce bioactive 
metabolites with prospective therapeutic and nutritional applications. 
However, to fully characterise the structural properties and chemical 

identities of these metabolites, further targeted investigations, including 
compound isolation, purification, fragmentation analyses and metabolic 
pathway studies, are required to determine the compound origins – 
whether endogenous or derived from external sources, such as microbial 
interactions or dietary intake. Moreover, evaluating the biological properties 
of their metabolites could inform the feasibility of integrating these species 
into aquaculture systems. Such an approach could provide a sustainable 
source of biological resources for downstream testing and industrial 
applications, promoting the environmentally sustainable utilisation of these 
underexplored species.

Discussion
This study represents the first untargeted metabolomic comparison between 
H. cinerascens and P. sykion, providing novel insights into their metabolic 
profiles. Overall, H. cinerascens exhibited greater metabolite diversity than P. 
sykion (Supplementary table 2), including moderate to low levels of amino 
acids, sugar-type compounds and carboxylic acids, which were largely 
absent or minimal in P. sykion. Betaine, an osmoregulant, was abundant in 
both species but significantly elevated in H. cinerascens. Elevated levels of 
betaine and energy metabolites have been linked to stress responses in sea 
cucumbers exposed to high temperatures, high salinity, hypoxia and skin 
ulceration syndrome.14,29-32 This may indicate potential heat stress and a 

Figure 2:	 Nuclear magnetic resonance (NMR) spectral comparison showing the chemical shift regions within the sugar-aliphatic (a) and aromatic (b) zones 
that differentiate Holothuria cinerascens (HC) and Pseudocnella sykion (PS).
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heightened need for water regulation in H. cinerascens, which is attributable 
to greater sun and ultraviolet exposure compared to P. sykion. Conversely, 
P. sykion demonstrated higher levels of proline and sarcosine, which were 
absent or minimal in H. cinerascens. Other compounds, including ascorbic 
acid, dimethyl sulfone, ethanolamine, glycerol, glycine, malonate and 
mannose, were present in both species at comparable levels.

Sea cucumbers are osmoconformers, with many of the annotated 
compounds recognised as ‘compatible osmolytes’ – compounds that 
stabilise protein structures and maintain osmotic balance under stress or 
high salinity environments.3,29,30,33 Several of these compounds – including 
sugars, organic acids and choline derivatives – are also referred to as 
natural deep eutectic solvents.34,35 Natural deep eutectic solvents can form 
stable liquids at room temperature without water when combined in specific 

ratios, helping to maintain water balance during drought, temperature 
fluctuations and high salinity.34,35 The higher abundance of these osmolytes 
in H. cinerascens may reflect a greater reliance on natural deep eutectic 
solvents  to prevent desiccation in shallow, sun-exposed habitats. These 
findings underscore the adaptability of sea cucumbers to their harsh 
environments and highlight the potential of their metabolites for therapeutic 
and protective applications in drug discovery, agriculture and pharmacology.

In addition to osmotic regulation, feeding strategies and dietary variation 
could also lead to compositional changes in the metabolome.36-38  
P. sykion is a suspension feeder that relies on water submersion to feed 
from the water column, whereas H. cinerascens combines deposit 
and suspension feeding, potentially accessing a broader, more varied 
diet.1,3,19,20 Therefore, it is probable that H. cinerascens consumes more 

Figure 3:	 S-plot (a), VIP score plot (b) and contribution loadings plot (c) showing the proton nuclear magnetic resonance (1H-NMR) spectral regions 
positively associated with H. cinerascens that contribute to the clustering and separation of the tissue extracts between H. cinerascens and  
P. sykion. Bars above the x-axis represent chemical shift regions positively associated with H. cinerascens.
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detritus and sediment-based nutrients, whereas P. sykion is probably 
more exposed to organic faecal matter, phytoplankton or algae from the 
surrounding organisms in the rock crevices.

Genetic factors further influence metabolic differentiation, with  
H. cinerascens and P. sykion belonging to genetically distinct taxonomic 
orders, Holothuriida and Dendrochirotida.18 Genetic factors significantly 
drive metabolic variations by modulating gene expression in response 
to internal and external signals.5,11,39-41 For example, H. cinerascens 
undergoes evisceration triggered by heat stress, predation or handling – a 
process absent in P. sykion.4,21 Reproductive strategies can also influence 
metabolic variability among sea cucumber species.21,40,41 Although both 
species are capable of sexual reproduction, H. cinerascens may also be 
capable of reproducing asexually through transverse fission, which is a 

process that involves metabolic changes that rearrange internal organs 
and facilitate enzymatic interactions that lead to constriction of the body 
wall.21,40 Prior to fission, the organism ceases feeding, potentially inducing 
metabolic changes through nutrient and energy restriction.21 These factors 
illustrate how genetic and physiological mechanisms may contribute to 
metabolic variability, warranting further investigations to elucidate the 
complete metabolic structures within these species and the physiological 
mechanisms and pathways involved in their production and utilisation.

Notably, H. cinerascens demonstrated higher levels of xylose and glucose  
(Figure 2 and Supplementary table 2), probably contributing to triterpene 
glycosides, as these compounds are major constituents of triterpene 
glycosides, with xylose typically forming the first monosaccharide in 
the carbohydrate chain.6,42,43 Numerous studies have highlighted the role 

Figure 4:	 S-plot (a), VIP score plot (b) and contribution loadings plot (c) excluding the ‘HC3’ and ‘HC6’ samples, showing the proton nuclear magnetic 
resonance (1H-NMR) spectral regions positively associated with H. cinerascens that contribute to the clustering and separation of the tissue 
extracts between H. cinerascens and P. sykion. Bars above the x-axis represent chemical shift regions positively associated with H. cinerascens.
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of saponins in holothurian reproductive and defence mechanisms, with 
species more exposed to harsh environmental conditions possessing higher 
concentrations of saponins.4-7,10,42 These patterns were corroborated by the 
UPLC-QTOF-HR-MS analysis, highlighting the higher metabolic activity 
and the potential bioactive or therapeutic potential within H. cinerascens  
(Supplementary table 3). Although H. cinerascens displayed a greater overall 
potential for bioactive metabolites, the presence of rosmarinic acid in P. sykion 
is noteworthy, as rosmarinic acid is known to possess various anti-cancer, 
anti-tumour, anti-inflammatory, anti-microbial, anti-viral and anti-oxidant 
properties.27,28 Although rosmarinic acid has been found in H. forskali7, further 
studies are needed to determine whether this metabolite originates from  
P. sykion or the potential plant, faecal or detritus-based material it consumes.

Overall, the observed metabolite differences suggest that taxonomic, 
dietary and niche-specific factors may be stronger drivers of metabolic 
variation despite close geographical proximity. Untargeted 1H-NMR and 
UPLC-QTOF-HR-MS metabolomics have proved valuable for establishing 
unbiased baseline comparisons between the investigated species, but 
limitations remain in the structural elucidation of metabolic compounds, 
particularly in situations with overlapping spectral peaks.15,17,44 In addition, 
the scarcity of holothurian-specific data among the existing literature and 
databases has  limited the identification of compounds due to a lack of 
reference material. These constraints highlight the need for further targeted 
investigations employing compound isolation and fragmentation techniques 
with the potential addition of reference species, alternative metabolomics 
techniques and solvents. Such efforts are imperative so that we can 
fully understand the biochemical pathways and structural composition 

of compounds within sea cucumbers and learn how environmental or 
physiological factors may influence these metabolic differences.

Future investigations should also explore stress responses and mitigation 
strategies in cultivation systems, as these could inform aquaculture practices 
aimed at improving the health, nutritional value and survivability of sea 
cucumbers in artificial environments. Expanding metabolomic research into 
indigenous sea cucumbers holds promise for discovering novel bioactive 
metabolites and broadening commercial and pharmaceutical utilisation, 
while also opening up economic pathways in third-world countries. 
However, this must be balanced with sustainable resource management 
to avoid the exploitation patterns already observed in high-value species.

Conclusion
Understanding the metabolome of the sea cucumber and its biological 
potential is essential for expanding species utilisation and promoting the 
sustainable use of marine resources. Investigating indigenous or endemic 
holothurian species offers economic opportunities, particularly in developing 
nations, by supporting income generation and employment through 
cultivation, processing, exportation and natural product research. This 
study reveals metabolic variations between H. cinerascens and P. sykion, 
providing insights into their physiological adaptations. By establishing 
baseline metabolic profiles for these species, this research contributes to 
a broader understanding of marine diversity and the potential applications 
of sea cucumber research. Key metabolites involved in osmoregulation, 
energy metabolism and defence mechanisms lay the foundation for 
further exploration of their biochemical pathways, functional roles and 
potential benefits for human health. Although this study marks a significant 

Figure 5:	 Representative ultra-performance liquid chromatography quadrupole time-of-flight high-resolution mass spectrometry (UPLC-QTOF-HR-MS) 
chromatograms highlighting the metabolic profile differences between Holothuria cineastes (‘HC’) (a) and Pseudocnella sykion (‘PS’) (b).
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advancement in marine metabolomics, addressing limitations, such as 
sample size, employing complementary metabolomics techniques for 
structural elucidation and examining stress responses in cultivation settings 
are essential so that we can fully understand the holothurian metabolome and 
enhance commercial viability. Expanding research efforts hold promise for 
improving conservation strategies and integrating a wider range of species 
into aquaculture and commercial use, while prioritising sustainable practices 
to alleviate pressure on high-value species and preserve marine biodiversity.
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