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Introduction: Sea cucumbers are ecologically and economically significant
marine invertebrates, yet the metabolic diversity and bioactive potential of
noncommercialized, endemic species remains poorly understood.

Methods: This study presents the first intra-species metabolomic analysis of
Pseudocnella sykion, a species endemic to the Eastern coast of Southern Africa,
using untargeted 'HNMR metabolomics and full-scan UPLC-QTOF-HR-MS.
Results: The analysis revealed a diverse array of metabolites associated with protein
synthesis, tissue growth, osmoregulation, and energy utilization, with distinct tissue-
specific patterns across the body wall, gonad, and gut/mesentery. The gut/mesentery
tissue showed higher levels of amino acids and energy-related compounds.
UPLCQTOF-HR-MS tentatively identified several metabolites, including triterpene
glycosides and rosmarinic acid, a phenolic compound typically associated with plants.
Online resources, including the Dictionary of Marine Natural Products, contained no
previously recorded compounds for P. sykion.

Discussion: These findings underscore the untapped potential of P. sykion as a
source of novel metabolites and demonstrate the utility of untargeted
metabolomics in generating baseline profiles for underexplored marine species.
The results offer a foundation for future research into bioactivity, environmental
monitoring, and cultivation strategies. While this study provides critical baseline
data, challenges in metabolite identification and extraction underscore the need
for further targeted analyses. Overall, this research enhances our understanding of
the metabolic dynamics of sea cucumbers and advocates for continued
exploration of lesser-known species to support conservation, bioprospecting,
and sustainable aquaculture. It represents a pioneering effort in metabolomic
profiling of Southern African sea cucumber species and lays the groundwork for
future investigations into their metabolic pathways and potential bioactivities.
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Introduction

Metabolomics, a burgeoning field in “omics” research, delves
into the exploration of an organism’s metabolome-an intricate
collection of small chemical compounds that represents the
endpoint of gene expression, offering a direct physiological
snapshot of an organism’s biochemical state (Clish, 2015;
Nalbantoglu, 2019; Tebani and Bekri, 2019; Smith, 2020; Nkobole
and Prinsloo, 2021; Raletsena et al., 2022).

In light of the quest for natural therapeutics, biologically active
metabolites are gaining traction due to their superior efficacy, fewer side
effects, and lower toxicity compared to synthetic drugs (Xu et al,, 2018;
Kellner Filho et al,, 2019; Kamyab et al.,, 2020; Fasakhodi et al., 2021;
More et al,, 2021; Lemes et al., 2022; More et al., 2022). Consequently,
metabolomics has become a pivotal tool with applications spanning the
identification of disease-causing metabolites, drug discovery, precision
medicine, pharmacology, cosmetics, and aquaculture (Clish, 2015; Xu
et al,, 2018; Nalbantoglu, 2019; Tebani and Bekri, 2019; Lemes et al.,
2022; More et al., 2022).

However, the sensitivity of metabolites and high chemical
diversity, shaped by species-specific genetics and environmental
responses, can influence on biological properties and efficacy (Xu
et al., 2017, 2018; Tebani and Bekri, 2019; David and Rostkowski,
2020; Kamyab et al., 2020; Telahigue et al., 2020; Hossain et al.,
2022). This metabolic variability may suggest the presence of novel
or understudied metabolite variations within lesser-studied or
endemic species, accentuating the need to expand metabolomic
research to understand the physiological and metabolic processes of
living organisms.

Marine organisms have garnered global recognition as rich
sources of pharmaceutically beneficial metabolites, owing to their
unique metabolic adaptations to harsh marine environments and
constant exposure to pathogens (Castillo, 2006; Bordbar et al., 2011;
Bahrami et al., 2014a; Honey-Escandon et al., 2015; Khotimchenko,
2018; Telahigue et al,, 2020). Among these, sea cucumbers-soft-
bodied, marine echinoderms found marine environments
worldwide-play vital ecological roles in sediment aeration,
nutrient recycling, maintaining water quality, balancing ocean
acidification, and even acting as hosts to various symbiotes
(Bordbar et al., 2011; Xu et al, 2016; Ayyar and Mistry, 2020;
Iwalaye et al., 2020). They have been consumed for centuries as
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delicacies, referred to as “Beche-de-Mer”, “Gamat” or “Trepang”,
and used as a medicinal ingredient in traditional Asian medicine
(Bordbar et al., 2011; Wen et al,, 2011; Bahrami et al., 2014b;
Purcell, 2014; Wijesinghe et al., 2015; Pangestuti and Arifin, 2018;
Biandolino et al, 2019). Metabolomics has become increasingly
utilized in sea cucumber research due to growing evidence of their
diverse and health-promoting bioactive compounds.

However, despite the significance of sea cucumbers as valuable
reservoirs of bioactive metabolites, current research predominantly
spotlights a handful of commercially important species. Detrimentally,
even with wildlife protection measures, catch restrictions, and legal
efforts to curb poaching, the populations of these high-value species
continue to decline, placing many at risk of extinction should
alternative and sustainable solutions not be implemented (Ayyar and
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Mistry, 2020). Furthermore, structural and chemical variations among
metabolites can significantly modify their bioactivities, and such
differences can demonstrate considerable diversity across species,
often being species-specific, making some compounds useful as
metabolic biomarkers for species identification (Senni et al, 2011;
Wu et al,, 2015; Carvalhal et al., 2019; Grauso et al., 2019; Kamyab et al,,
2020; Kalinin et al., 2021). Nevertheless, the metabolite composition
and bioactive potential of most sea cucumber species remains largely
unexplored, and the ongoing decline of high-value species highlights
the urgent need for expanded investigation into lesser-known and
potentially endemic species. This approach is critical for both
biodiversity conservation and the development of sustainable
bioprospecting solutions.

To date, it is estimated that there are over 1700 extant sea
cucumber species (Pangestuti and Arifin, 2018; Gajdosechova et al.,
2020; Imbs et al,, 2021; Salindeho et al., 2022). Of these, 163 species
from 74 genera, can be found in Southern African waters (Thandar,
2015). The Dendrochirotida represents the largest holothurian
order in this region, comprising 73 species distributed along the
southern coastlines of South Africa, inhabiting both the warm
eastern and cold western waters of the Agulhas and Benguela
water currents, respectively (Thandar, 2015).

Pseudocnella sykion, or the ‘black sea cucumber’, is a highly
endemic species belonging to the family Cucumaridae under the
Dendrochirotida, and can be found along the southern and eastern
coastlines of South Africa, from the Cape Agulhas up to East
London (Thandar, 1987, 2015). P. sykion typically inhabits warm
tropical waters is often observed either exposed at the base of rocks
or wedged between crevices in inter- and subtidal rocky shores
(Thandar, 1987, 2015). At sexual maturity, P. sykion typically
measures between 2.5 — 2.9 cm?® but can grow up to six cm, and
is typically described as dark, olive-green to black, with a plump,
barrel-shaped body (Thandar, 1987; Foster and Hodgson, 1995).
The gonads of P. sykion are described as a group of unbranched
tubules of equal diameter and are present year-round, with seasonal
variation in gonadal tube diameter, oocyte size, and spermatozoa
abundance corresponding to different reproductive stages
(Thandar, 1987; Foster and Hodgson, 1995). Reproductive events
in sea cucumbers, including gonadal growth and spawning, are
generally influenced by environmental factors, with decreasing
seawater temperatures and day length triggering gonadal growth,
whilst warmer temperatures and longer day lengths acting as a
spawning signal. Longer periods of gonadal maturity may also
indicate favorable environmental conditions and sufficient food
supply (Foster and Hodgson, 1995). However, due to an overall
lack of scientific research regarding P. sykion, there is little to no
information regarding its reproductive biology. As with most sea
cucumber species, P. sykion likely follows an annual reproductive
cycles involving a long gametogenesis and maturity phase during
the winter months (March-September in the Southern hemisphere),
followed by spawning in summer (December/January) and brief
resting phase (Foster and Hodgson, 1995). Interestingly, some
Dendrochirotida species are known to brood their young or
exhibit more than one spawning season throughout the year
(Martinez et al., 2020, 2024). However, in the absence of species-
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specific reproductive studies, it remains unclear whether P. sykion
follows such reproductive strategies, and further research is needed
to confirm this possibility.

Owing to its endemicity and overall lack of research on sea
cucumbers, especially those found surrounding developing nations,
there is very little known about P. sykion outside of basic
morphology. This knowledge gap paves the way for metabolomic
research to assess the biological value of lesser-known species, like
P. sykion. Such investigations are not only crucial to biodiversity
conservation but also offer potential commercial alternatives to
high-value species at risk of overexploitation. Moreover, expanded
research can open economic pathways for sustainable marine
resource use, particularly in developing nations.

To our knowledge, no previous metabolomic investigations have
been done to assess the intra-species metabolic profile of P. sykion. This
served as the rationale for this study, aimed at carrying out an
untargeted metabolomic analysis on the body wall, gonad, and gut/
mesentery tissues of P. sykion over summer and winter using Proton
Nuclear Magnetic Resonance (*H-NMR) and Ultra Performance Liquid
Chromatography Quadruple Time-of-Flight High-Resolution Mass
Spectrometry (UPLC-QTOF-HR-MS). The results from this study
will provide foundational insights into the metabolite compositions of
this unique, highly neglected endemic species, and contribute to the
global understanding of sea cucumber biology, with implications for
future research, conservation, and cultivation prospects.

Materials and methods
Ethical statement

Lower-order marine invertebrates, such as sea cucumbers, are
not currently subject to ethical clearance requirements according to
the University of KwaZulu-Natal Animal Research Ethics
Committee (AREC) guidelines. Nevertheless, sample collection,
transportation, and handling adhered to recommendations the
Department of Forestry, Fisheries, and the Environment (DFFE)
and the University of KwaZulu-Natal.

Sample collection and storage

Specimens of Pseudocnella sykion were collected by hand-picking
during spring tide from the rocky intertidal region at Park Rynie,
KwaZulu-Natal, South Africa (30° 19’ 246 S; 30° 44" E) in August 2021
(Winter) and January 2022 (Summer). The samples were frozen,
cleaned, and dissected into their body wall (a), gonads (b), and gut/
mesentery tissue (c). Due to the small body size and low tissue mass of
P. sykion, approximately five individuals were pooled to obtain
sufficient material for each investigated replicate. Subsequently, they
were frozen in liquid nitrogen, freeze-dried, and ground into a fine
powder which was stored at -80°C until analysis. Notably, during
dissection, the coelomic fluid appeared blood-red, suggesting potential
factors such as the presence of hemoglobin, stress, or contamination. It
is important to note that Park Rynie is frequently subjected to
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contamination factors, due to sewage outlets and chemical spills,
such as the UPL chemical spills that occurred on 12 July 2021 prior
to the time of sample collection (article: https://mg.co.za/environment/
2021-10-09-sewage-chemical-spills-undermine-environmental-
groups-marine-clean-up-efforts/; https://www.news24.com/news24/
southafrica/news/upl-disaster-initial-tests-found-high-levels-of-
arsenic-from-durbans-chemical-spill-20210909). The impact of
external factors, such as chemical spills or sewage contamination,
on the nutritional profile or physiological responses of this species
warrants further testing.

'H-NMR metabolomic analysis

Tissue-specific analyses were conducted in triplicate across both
summer and winter seasons, with three replicates per tissue type (body
wall (a), gonad (b), and gut/mesentery (c)), yielding nine samples per
season. Aqueous-methanol extraction was conducted using equal
volumes (600 pl) of deuterated methanol (CH;OH - d,) and 0.01%
3-(trimethylsilyl)propionic acid, deuterium oxide-potassium
dihydrogen phosphate (TSP, D,O - KH,PO,) buffer added to 50 mg
of the freeze-dried sample in a 2 ml Eppendorf tube. The solution was
sonicated for 15 minutes, followed by centrifugation for 15 minutes at
12-000 rpm (10-625 xg). The supernatant was carefully extracted and
placed in a labelled NMR tube and analyzed by performing 32 scans on
each sample using a 600 MHz spectrometer.

Spectral data were processed using MestReNova software v14.2.2.
Pre-processing involved referencing to the internal TSP standard,
normalization, and baseline correction. This was followed by
reduction of the spectral intensities into integrated regions (bins) at
0.04 ppm widths between 0.04-10 ppm. Multivariate data analysis was
performed using SIMCA software v17.0.1 (Umetrics, Sweden). Prior to
analysis, the water (4.6 - 5.0 ppm) and methanol peaks (3.28 - 3.36
ppm) were excluded from the data set. Tissue and seasonal variabilities
were assessed out using Principal Component Analysis (PCA) and
Orthogonal Partial Least Square Discriminatory Analysis (OPLS-DA).
Validation of the OPLS-DA models were carried out using the
permutation test with 100 permutations and the Hierarchical Cluster
Analysis (HCA). S-plot, VIP Scores plots, and contribution loadings
plots were then used to determine the chemical shift regions related to
metabolite differentiation between the body tissue extracts and seasons.
Compound annotation was conducted by cross-referencing the
identified NMR spectral bin values with online databases, such as
Chenomx NMR Suite Software (v9.02) and the Human Metabolome
Database (HMDB), alongside published literature.

Ultra-performance liquid chromatography
quadrupole time-of-flight high resolution
mass spectrometry

Full-scan UPLC-QTOF-HR-MS was performed on approximately
40 mg freeze-dried tissue samples, using representatives of each tissue
type-body wall, gonad, and gut/mesentery—collected during summer
and winter. Metabolite extraction was carried out by mixing the
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samples with 2 ml cold 70% HPLC-grade methanol, followed by
sonication and vortexing to ensure complete metabolite dissolution.
Subsequently, the solution was centrifuged, and the supernatant was
carefully collected and filtered using Pall acrodisc GHB filters (13 mm;
0.2-micron) and a glass syringe with a Teflon plunger head before
UPLC analysis.

The UPLC analysis was performed using the Waters Premier
UPLC system (Waters Corporation, Milford, MA, USA). The
separation was achieved on a Waters T3 C18 column (measuring
at 150 mm x 2.1 mm, 1.8 pm) with a column temperature
maintained at 60°C. The mobile phase consisted of two solvents:
Solvent A (water containing 10mM formic acid) and Solvent B
(Acetonitrile containing 10mM formic acid). The gradient program
was set to initiate at 100% solvent A for one minute, followed by a
linear gradient to 1% Solvent A at 16 minutes. The total runtime of
the UPLC analysis was 20 minutes with a flow rate set at 0.4
mL/min.

The UPLC was followed by the Quadruple Time-of-Flight
(QTOF) mass spectrometry analysis conducted using the Waters
SYNAPT XS mass spectrometer (Waters Corporation, Milford,
MA, USA). The instrument operated in both positive and
negative electrospray ionization modes (ESIPos and ESINeg) to
obtain Centroid data. The capillary voltage was set to 0.6 kV and the
cone voltage was set to 30V. The source temperature was
maintained at 120°C, while the desolvation temperature was set
to 450°C. Nitrogen (N,) was used as the desolvation gas with a flow
rate of 600 L/h. For LockMass correction, leucine enkephalin (100
pg/uL) was sampled every 20 seconds to ensure accurate mass data.

The generated data was processed using MassLynx 4.2 (SCN
1028), with the mass accuracy maintained below 1 mDA. Elemental
composition analysis was performed using the Elemental
Composition software embedded in MassLynx, using predefined
element limits for carbon (C) (1 - 80), hydrogen (H) (1 - 200),
oxygen (O) (0 - 35), and sulphur (S) (0 - 2). Only monoisotopic
mass data was used and both odd and even electron states were
considered with a mass tolerance of 3 mDa. Tentative compound
identification for the metabolites was conducted by comparing the
mass spectral data with online databases, including ChemSpider,
PubChem, The Dictionary of Marine Natural Products, and the
NIST 2014 Mass Spectral Library, along with online databases and
relevant literature.

Results

The 'H-NMR data underwent comprehensive analysis using
SIMCA software v17.0.1, employing both unsupervised Principal
Components Analysis (PCA-X) and supervised Orthogonal Partial
Least Squares Discriminant Analysis (OPLS-DA) to compare the
chemical profiles among the different tissue samples of P. sykion
collected over summer and winter.

Results from the PCA-X (Figure 1A) indicated notable
separation among the body wall, gonad, and gut/mesentery
tissues from P. sykion. The body wall and gut/mesentery tissues
formed distinct, widespread clusters separating away from a central
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cluster of gonadal tissue. This suggests shared similarities between
the gonadal tissue with both the body wall and gut/mesentery
tissues. Notably, one winter sample, “PS_W_3b”, stood out as the
most distinct gonadal sample, aligning closer to the gut/mesentery
cluster. Conversely, the gut/mesentery tissue sample “PS_S_2¢”
appeared as the most differentiated in its class, positioned within
the gonadal tissue cluster and near the “PS_W_1a” body wall
sample. Additionally, a single body wall sample, “PS_W_3a”,
exhibited clear separation, falling outside the 95% interval.
However, this sample was not identified as an outlier according to
the Hotelling’s T2Range Line Plot. The PCA-X model
demonstrated a robust predictive capacity and goodness-of fit, as
evidenced by an R*X(cum) = 0.975 and Q*(cum) = 0.855.

The OPLS-DA score plot (Figure 1B) confirmed the distinct
segregation of body wall and gut/mesentery tissues from the central
gonadal tissue cluster. The “PS_W_3b” gonadal sample remained
segregated from the main gonadal cluster, though now positioned
away from the gut/mesentery tissues. Similarly, the body wall
sample “PS_W_3a” remained outside the 95% confidence interval,
but was not identified as an outlier according to the Hotelling’s
T2Range Line Plot and DModX Line Plot. The model exhibited an
R*X(cum) of 0.933, a goodness of fit R*Y(cum) = 0.544, and a
predictability of Q*(cum) = 0.4, suggesting little significant
variability across the three tissues. Permutation validation
conducted with 100 permutations showed intercepts at R* = (0.0;
0.217) and Q* = (0.0, -0.438) (Supplementary Figure 1). While
distinct segregation was observed between the tissue types, overall
seasonal comparison (Figure 1C) revealed limited seasonal
variability, with slight disparities observed within the body wall
and gut/mesentery tissues. Collectively, these results underscore the
substantial role of body tissue in metabolic variation, with notable
segregation between the body wall and gut/mesentery tissues and
considerable intra-tissue variation. Notably, the gonadal tissue extract
displayed the greatest consistency in metabolic composition and may
share metabolic similarities with both the body wall and gut/
mesentery extracts due to their close proximity.

The NMR spectral comparison of body wall, gonad, and gut/
mesentery tissue extracts from P. sykion (Figures 2A, B) was
conducted to discern the spectral regions contributing to metabolic
variations among these tissues. This analysis revealed distinct areas of
spectral differentiation alongside notable similarities, particularly
between the gonad and gut/mesentery tissues, suggesting a higher
degree of metabolic resemblance and potential compared to the
body wall.

In the sugar-aliphatic region (0.8-1.5 ppm, Figure 2A), the body
wall displayed limited spectral peaks, primarily a minor doublet around
1.5 ppm. In contrast, the gonad and gut/mesentery tissues exhibited a
more complex spectral pattern within this region, including two
partially overlapping triplets around 1.9 ppm, doublets around 1.95,
1.04, and 1.08 ppm, a singlet around 1.1 ppm, a sloping peak around 1.3
ppm, and a doublet around 1.5 ppm. While the gonadal sample
“PS_W_3b” demonstrated the highest concentration within this
region, the gut/mesentery tissues consistently displayed higher
spectral intensity. Between 1.9-2.4 ppm, minimal spectral patterns
were observed in the body wall, whereas the gonad and gut/
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FIGURE 1

A representation of the PCA-X results (A) and OPLS-DA score plots from the *H-NMR comparing the body tissues (B) from P. sykion over summer

and winter (C).

mesentery shared similar spectral peak patterns. Notably, all tissue
samples contained a distinct doublet of quartets around 2.7 ppm,
preceded by a doublet around 2.6 ppm. The pattern at 2.7 ppm could
potentially signify a species- or group-specific metabolic compound or
collection of compounds. Between 3.0 — 4.0 ppm, distinct spectral
patterns were observed among the three tissues, with the body wall
having the lowest abundance and concentration of spectral peaks, the
gonadal tissue exhibiting exhibited moderate intensities, and the gut/
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mesentery tissue displaying the highest abundance and concentrations.
Notable spectral patterns included those corresponding to glycerol (3.5-
3.8 ppm) and betaine (3.26 and 3.84 ppm), observed primarily in the
gonad and gut/mesentery tissues. Additionally, although faintly present
in the gonadal tissue, the gut/mesentery tissue displayed a minor peak
around 4.5 ppm and a doublet at 4.6 ppm.

Within the aromatic region (Figure 2B), the body wall tissue
exhibited only a single peak around 4.8 ppm, also present within the
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FIGURE 2
NMR spectral stack showing the differentiated spectral regions within the sugar-aliphatic (A) and aromatic (B) zones from the various body tissues
from P. sykion. With the letters "a" representing body wall, “b” = gonad, “c” = gut/mesentery tissues, “S" = summer samples, and "W" = winter
samples.

gonad and gut/mesentery tissues. Around 5.2 ppm and 5.4 ppm
both the gonad and gut/mesentery tissues displayed a doublet and a
sloped peak, more pronounced in the gut/mesentery tissue. Between
6.1-6.2 ppm, varying doublets and a singlet at 6.8 ppm were
observed in the gonad and gut/mesentery tissues, with no distinct
pattern differentiating the two. Additionally, between 8.2-8.6 ppm,
the gonad and gut/mesentery tissues exhibited a range of spectral
peaks, absent within the body wall tissue. These findings highlight
metabolic differences among these three body tissues and suggest
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specific spectral patterns associated with distinct metabolic
compounds or processes.

Tissue x tissue pairwise comparisons

The tissue-to-tissue pairwise OPLS-DA comparisons shed light on
the metabolic variability among the body wall vs gonad (Figure 3A),
body wall vs gut/mesentery (Figure 3B), and gonad vs gut/mesentery
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(Figure 3C) tissues from P. sykion. These analyses complemented the
insights gained from the NMR spectral stack (Figure 2) and were used
to identify specific spectral regions contributing to the observed
metabolic differences. The models exhibited varying levels of
robustness and predictability, with the body wall vs gonad showing
an R?X(cum) = 0.904, R*Y(cum) = 0.533, and Q*(cum) = -0.291, the
body wall vs gut/mesentery comparison with an R*X(cum) = 0.958,
R*Y(cum) = 0.782, and Q*(cum) = 0.677, and the gonad vs gut/
mesentery comparison with an R*X(cum) = 091, R*Y(cum) = 0.591,
and Q*(cum) values = 0.517. Permutation validation tests further
supported the reliability of these models (Supplementary Figure 2).

S-plots and VIP scores plots were generated for each significant
pairwise tissue comparison to identify the influential spectral
regions contributing to segregation between body wall vs gut/
mesentery (Figure 4), and gonad vs gut/mesentery (Figure 5)
tissue extracts. Additionally, contribution loadings plots were
used to visualize the regions of spectral variability (Figures 4C,
5C). Detailed descriptions of the influential 'H-NMR spectral
regions associated with P. sykion tissue comparisons are provided
in Supplementary Table 1.

'H-NMR compound annotation

The annotated binned regions derived from the contribution
loadings plots were cross-referenced with online databases,
including Chenomx, HMDB, and NP_MRD, as well as published
literature. The untargeted metabolomics comparison among the
body wall, gonadal, and gut/mesentery tissues of P. sykion revealed
distinct differences in metabolite composition across and within the
three tissues, as illustrated in Tables 1 and 2, respectively.

Notably, the gonadal and gut/mesentery tissues exhibited a
higher metabolic potential compared to the body wall.
Specifically, the gonad and gut/mesentery tissues displayed
moderate levels of malonate and alanine in comparison to the
body wall. Moreover, the gonadal tissue demonstrated higher levels
of malate, butyrate, aspartate, betaine, lysine, and leucine compared
to the body wall or gut/mesentery tissues. In contrast, the gut/
mesentery tissue showcased elevated levels of D-xylose, D-glucose,
mannose, glycerol, methylmalonate, pyruvate, glycine, proline,
taurine, glutamate, ascorbic acid, dimethyl sulfone, ethanolamine,
and sarcosine. Overall, the results suggest distinct metabolic profiles
and functional roles across the different tissue types in P. sykion.

Seasonal comparisons within body tissues

Body wall

The results of the PCA-X analysis on the body wall tissue
extracts of P. sykion across summer and winter (Figure 6) did not
reveal significant seasonal variation. The model proved robust, as
evidenced by an R*X = 0.957 and Q*(cum) = 0.83.

Although seasonal variation was minimal, NMR spectral stacks
(Figures 7A, B) were generated to assess metabolic composition
within the body wall tissues within the sugar-aliphatic (Figure 7A)
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and the aromatic (Figure 7B) spectral regions. In the aliphatic
region spanning 0.8-2.2 ppm (Figure 7A), small undefined spectral
peaks were observed, with a notable doublet more pronounced in
the summer body wall samples at 1.5 ppm. A multiplet around 2.4
ppm was evident, albeit less distinct in the “PS_S_la” and
“PS_W_1a” samples. Notably, a doublet peak at 2.6 ppm and a
distinct multiplet pattern at 2.7 ppm were observed, particularly
prominent and in higher concentration within the summer body
wall samples. Additionally, an array of peaks between 3.0 and 4.0
ppm was noted, with varying peak intensities across seasons, with
“PS_W_3a” showing the highest overall concentration.
Furthermore, two singlets between 4.8-5.0 ppm were observed,
with no additional peaks evident within the aromatic region.
Overall, the body wall tissues of P. sykion exhibited minimal
metabolite potential and negligible seasonal variability, as
indicated by the NMR spectral analysis.

Gonad

The analysis of gonadal tissues from P. sykion revealed subtle
seasonal distinctions, as depicted in Figure 8. The PCA-X results
(Figure 8A) proved robust, with an R*X(cum) of 0.959 and a Q?
(cum) of 0.877. Notably, the winter sample “PS_W_3b” stood out as
distinctly different from the rest of the gonadal tissues, while the
summer “PS_S_1b” and winter “PS_W_1b” samples appeared
closer to each other, suggesting an overlap in metabolic
composition between seasons. Further insights were provided by
the OPLS-DA (Figure 8B), which emphasized the seasonal
separation within the gonadal tissues, with the exception of the
“1b” summer and winter samples. Notably, greater variability was
observed within the winter samples, particularly due to the
pronounced separation of the “W_3b” sample. The model
demonstrated a high goodness of fit but with limited predictive
power, supported by an R*X(cum) = 0.958, R*Y(cum) = 0.659, and
Q*(cum) = 0.297. To validate these findings, permutation plot and
hierarchical cluster analysis (HCA) were conducted, with the
permutation plot having intercepts at R* = (0.0; 0.805) and Q* =
(0.0; 0.131) (Supplementary Figures 3A, B).

NMR spectral analysis of the gonadal tissues (Figure 9)
provided insights into the spectral regions distinguishing between
summer and winter gonadal samples. In the sugar-aliphatic
(Figure 9A), notable spectral similarities were observed between
0.8-1.5 ppm, with the winter “PS_W_3b” sample displaying
significantly higher spectral intensities within this region.
Additionally, distinct patterns were noted in the 3.0 to 4.0 ppm
region, with the “PS_S_3b” summer sample exhibiting significantly
higher spectral intensities, likely corresponding to a glycerol
pattern, and with all samples displaying substantial singlets
around 3.26 and 3.85 ppm, potentially associated with betaine. In
the aromatic region (Figure 9B), the samples exhibited singlets
around 4.9 and 5.2 ppm, likely related to sugar monosaccharides.
Despite there being a high degree of similarity between the summer
and winter samples, minor peak and concentration differences can
be observed in the spectral patterns.

The S-plot and VIP scores plot (Figures 10A, B) further
elucidated the spectral regions responsible for the seasonal
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FIGURE 3

OPLS-DA score plots from the *H-NMR spectral data showing the body wall vs gonad (A), body wall vs gut/mesentery (B), and gonad vs gut/

mesentery (C) body tissue comparison in P. sykion.

separation of the gonadal samples from P. sykion. Influential
scores were identified from both ends of the S-plot and in VIP
scores > 1.0. The contribution loadings plot (Figure 10C)
identified positively associated regions corresponding with the
winter samples at 0.04, 0.88, 0.92, 0.96, 1.2, 1.24, 1.28, 1.32, 1.36,
1.6,2.04,2.28,2.44,2.72, 2.84, 3.2, 3.24, 3.48, 3.68, 3.72, 3.88, 4.32,
4.36, 4.4, 4.44, 4.48, 4.52, 4.56, 5.04, 5.36, and 5.4 ppm, and to a

lesser extent, the 0.84, 1, 1.04, 1.64, 1.96, 2, 2.08, 2.12, 2.16, 2.24,
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2.36, 2.68,2.76, 2.8, 2.88, 3.16, 3.44, 3.8, 3.84, 3.92, 4.04, 4.08, 4.12,
4.16, 4.2, 4.24, 4.28, 5.08, and 5.12 ppm regions. Negatively
associated regions corresponded with the spectral bins at 2.4,
3.52, 3.56, 3.64, and 3.76 ppm.

Analysis of the contribution values, in comparison with online
databases Chenomx and HMDB revealed notable fluctuations in
metabolite levels. Chemical shift regions correlating with certain
metabolites, such as malate, aspartate, butyrate, leucine, glutamate,
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S-plot (A), VIP score plot (B), and contribution loadings plot (C) showing differentiating *H-NMR spectral regions between the body wall and gut/
mesentery tissue from P. sykion. Bars above the X-axis (C) showing regions positively associated with the gut/mesentery tissue.

D-xylose, and methylmalonate, were more abundant in winter,
while others like pyruvate, were more abundant in summer.

Gut/mesentery tissue

Similar to the body wall comparison, the results of the PCA-X on
the gut/mesentery seasonal tissue from P. sykion (Figure 11) indicated
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no significant seasonal variation within this tissue. However, there was
greater dispersal within the summer tissue samples, whereas the winter
samples clustered near the center along with one summer replicate,
“PS_S_1¢”. Despite the lack of clear seasonal distinction, the model
demonstrated a high level of predictability and robustness, with R*X =
0.933 and Q*(cum) = 0.791. This observation could be attributed to the
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ecological niche of P. sykion, being wedged into rock crevices and
consistently exposed to the same types of organic and fecal matter
produced by the surrounding organisms, P. sykion likely experiences a
relatively stable dietary environment, which could lead to a more
consistent metabolic profile within the gut/mesentery tissues across
seasons. The minor variations in the summer samples may be related to
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natural dietary and metabolic fluctuations but do not appear significant
enough to create a clear seasonal separation.

The NMR spectral data from the summer and winter gut/
mesentery tissues of P. sykion were stacked to compare the spectral
patterns within the sugar-aliphatic (Figure 12A) and aromatic
(Figure 12B) regions. The results revealed significant spectral
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TABLE 1 *H-NMR chemical shift regions corresponding to the metabolite annotations from P. Sykion.

'H-NMR Chenomx Human Reference
Metabolite chemical (ppm) metabolome chemical Literature
shifts (ppm) database shift (ppm)
X 1.47 1.5 1.47 1.47 (Tikunov et al., 2010; Sundekilde et al., 2013;
Alanine
3.76 3.8 3.77 3.77 Mdlalose et al., 2022)
3.44
. 3.70 37 3.73
Ascorbic .
R 3.74 3.8 (Bhinderwala et al., 2024)
acid/Ascorbate
4.05 4.0 4.03
4.52 4.5 4.72
2.66 2.7 2.66 2.69
(Tikunov et al., 2010; Akhtar et al., 2021;
Aspartate 2.79 2.8 2.80 2.82
Mdlalose et al., 2022)
3.88 3.9 3.89 3.89
3.25 3.3 3.25 3.25
i Tik 1., 2010; Oh L, 201
Betaine 184 39 380 380 (Tikunov et al., 2010; Oh et al., 2018)
323 3.2 3.23
3.38 34 3.39
3.40 34 3.40
3.45 35 3.46
348 35
3.52 35 3.52 3.52
3.70 3.7 3.73
D-Glucose (Tikunov et al., 2010)
3.72 3.7 3.72
3.75 3.8 3.81
3.82 3.8 3.82
3.83 3.8
3.88 39 4.03 3.88
4.64 4.6 4.63
5.21 5.2 5.21 5.22
Dimethyl
wmety 3.16 31 3.14 3.14 (Zolkeflee et al., 2024)
sulfone
32
321 33
3.31 34
342 35
3.48 3.6 352 3.68-3.72
: : 3.68 o
3.60 3.6
D-Xylose 261 37 3.68 (Sun et al., 2008; Sehlakgwe et al., 2020)
3.66 3.7 387 4.07-4.10
3.69 3.7 4.08-4.11
X : 4.29-4.
3.88 39 400 9-4.33
4.52 4.6 4.43-4.46
4.63
5.19 52 4.78
. 3.13 3.1 3.13 3.15 X X
Ethanolamine 181 18 181 183 (Sundekilde et al., 2013; Xing et al., 2024)
2.03 2.0 2.06 2.08
2.13 2.1 2.11
Glutamate 237 2.3 2.32 2.34 (Tikunov et al., 2010)
241 24 2.36
3.76 3.8 3.75 3.74
343
3.53 3.6 3.60
1 1 54 Akhtar et al., 2021
Glycerol 161 16 161 35 ( ar et al )
3.62
3.71 3.8 3.85
Glveine 355 36 355 157 (Tikunov et al., 2010; Sundekilde et al., 2013;
4 : : : : Sehlakgwe et al., 2020)
0.84 0.9 0.94 0.94
Leucine 0.86 1.0 0.96 0.96 (Tikunov et al., 2010)
1.71 1.7 1.70 1.66

(Continued)
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TABLE 1 Continued

10.3389/fmars.2025.1609951

IH-NMR Chenomx Human Reference
Metabolite chemical (ppm) metabolome chemical Literature
shifts (ppm) database shift (ppm)
1.7 1.71
1.7 2.12
3.72 3.7 3.72 3.71
143 1.4
1.50 1.5 1.43 1.46
1.71 1.7 1.72 1.70
Lysine 1.87 1.9 1.90 1.89 (Mdlalose et al., 2022)
191 1.9 2.12
3.00 3.0 3.01 3.01
3.75 3.8 3.74 3.74
R 2.34 24 2.35
Malic
X 2.67 2.7 2.67 (Akhtar et al., 2021)
acid/malate
4.30 4.3 4.29 4.29
Maloni
aonie 3.13 31 311 311 (Sundekilde et al,, 2013)
acid/malonate
34 3.38
3.37 3.6 3.46
3.56 3.7
3.65 3.7
3.72 37 371
3.75 3.8 3.74
3.80 3.8 3.80 3.81
Mannose (Yu et al,, 2024)
3.84 3.8 3.82 3.82
3.86 3.9
3.90 39
3.92 3.9
393 3.9 4.74
4.90 4.9 3.99 491
5.18 52 5.21 5.45
1.24 1.2 1.23
Methylmalonate 118 12 116 1.21 (Bhinderwala et al., 2024; Xing et al., 2024)
2.0 1.99
1.99 2.0 1.47 2.06
2.03 2.1 1.75 2.33
i (Nkobole and Prinsloo, 2021; Mdlalose
Proline 2.05 2.3 2.20 3.33
et al., 2022)
2.34 33 2.99 3.40
3.32 34 3.40
4.12 4.1 3.57 4.12
Pyruvate 2.36 2.4 2.36 2.40 (Zolkeflee et al., 2024)
2.72 2.7 273 2.7
Sarcosine ’ ’ 3.60 : (Fasakhodi et al., 2021)
3.60 3.6 3.6
3.78
3.25 35 3.25 3.27
Taurine 342 34 341 343 (Sundekilde et al., 2013)

similarities between the two seasons, with the slightly higher
spectral intensities observed in the summer “S_3¢” sample.
Several commonalities were identified between the seasonal
samples, including the presence of a multiplet at 2.7 ppm and
doublet around 2.6 ppm, previously observed in both the body wall
and gonadal tissues. Spectral patterns between 3.0 and 4.0 ppm were
shared by both summer and winter samples, and appeared to be
related to glycerol and betaine. Although these spectral peaks
appeared with higher intensities in the summer “S_3c¢” sample,
they remained consistent across the winter samples. Additionally, a
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low multiplet around 4.45 ppm and a doublet around 4.6 ppm,
likely related to sugar-type compounds, were also observed.

In the high sugar-aromatic region (Figure 12B), the samples
exhibited similar spectral peaks. However, at around 5.4 ppm, the
winter samples displayed a spectral peak that was only present in
one of the summer samples, “S_3c”. Doublets observed between
6.0-6.15 ppm were of higher intensity within the “S_3¢” summer
sample but were more consistent in the winter samples. Although a
distinct singlet appeared at 6.8 ppm, it had greater intensity within
the winter samples. In the 8.1 and 8.6 ppm region, all samples
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TABLE 2 'H-NMR metabolite comparisons between and within the body wall, gonad, and gut/mesentery tissue from P. Sykion.

Season higher in:

Metabolite Higher in: Estimated levels

Body wall (BW) Gonad Gut/Mesentery
Alanine Gonad=Gut>BW Moderate-low, minimal in BW Low-Even - N/A Even w
Malonate Gonad=Gut>BW Moderate Even Even w
Aspartate Gonad>BW=Gut Moderate-low - minimal in BW and Gut Low Even - N/A w Low-Even - N/A
Malate Gonad>BW=Gut Low - Body wall and gut minimal Low-Even w Low-Even
Taurine Gut>BW=Gonad Moderate-low, minimal in Gonad and BW Low-Even Low-Even Even
Mannose Gut>BW=Gonad Moderate in Gut, minimal in Gonad and BW Low-Even Low-Even Even
Glutamate Gut>BW=Gonad Moderate Low-Even w S
Betaine Gonad>Gut>BW Moderate — Gonad slightly higher than gut, BW lowest S Even Even
Leucine Gonad>Gut>BW Low - minimal in BW and Gut Low Even - N/A w Low-Even
Lysine Gonad>Gut>BW Moderate-low in Gonad, Low in Gut, minimal in BW (N/A) Low S - N/A Even Low-Even
Ascorbic acid Gut>Gonad>BW Moderate in gut, low in Gonad, minimal in BW Low-Even Low-Even Even
Dimethyl sulfone Gut>Gonad>BW Moderate in gut, low in Gonad and BW Low-Even Even Even
D-Xylose Gut>Gonad>BW Moderate in gut and gonad, low in BW Low-Even w Even
Ethanolamine Gut>Gonad>BW Moderate in Gut, low in Gonad, minimal in BW Low-Even - N/A Even S
Glycerol Gut>Gonad>BW Moderate in gut and gonad, low in BW Low-Even Even S
Glycine Gut>Gonad>BW Moderate in Gut, minimal in gonad and BW Low-Even - N/A Even S
Methylmalonate Gut>Gonad>BW Moderate-low in gut, low in gonad, minimal in BW Low-Even - N/A w w
Proline Gut>Gonad>BW Moderate in Gut, low in Gonad and BW Low W Low-Even Even
Pyruvate Gut>Gonad>BW Moderate-low in Gut, low in Gonad and BW Low-Even S Even
Sarcosine Gut>Gonad>BW Moderate-low in Gut, low in Gonad and BW Low-Even - N/A Low-Even Even
D-Glucose Gut>Gonad>BW Moderate in Gut, Low in Gonad and BW Low S - N/A Low-Even N

(“S” = summer; “W” = winter; “BW” = Body Wall).

displayed distinctive spectral peaks, but there were no discernible
patterns that distinguished them between seasons or samples.
Overall, the results correlate with the PCA-X analysis (Figure 11)
and suggest a high degree of metabolic similarity between the
summer and winter gut/mesentery tissues. This indicates that the
metabolic composition of the gut/mesentery tissue remains
relatively consistent across seasons, possibly reflecting the stability
of the ecological niche and dietary sources of P. sykion.

Despite the lack of overall significant seasonal variability, the
results showed slight fluctuations in some metabolites within the
gut/mesentery tissue. Alanine, malonate, and methylmalonate
appeared with slightly higher peaks in winter, while glutamate,
ethanolamine, glycerol, glycine, and D-glucose were higher in
summer. These findings suggest that metabolic processes, dietary
composition, or food abundance may fluctuate slightly, albeit not
necessarily significantly, across seasons. However, further
investigations need to be undertaken to assess the extent of
metabolic composition based on environmental fluctuations.

Overall, the gonadal and gut/mesentery tissues of P. sykion
exhibited greater metabolic potential and metabolite diversity

Frontiers in Marine Science

compared to the body wall tissue. The gonadal tissue showed a
predilection for amino acids, whereas the gut/mesentery tissue
displayed a broader spectrum of metabolites, encompassing sugars,
amino acids, and organic acids. Seasonal variations were observed, with
winter gonadal and summer gut/mesentery tissues favoring a higher
metabolite composition and potential. These findings provide insights
into the metabolite dynamics of sea cucumbers in response to seasonal
changes, underscoring the importance of considering tissue-specific and
environmental influences in metabolomic studies. Seasonal differences
in metabolite levels suggest potential adaptations of P. sykion to
environmental changes, which could have implications for its
ecological role and overall health, especially given the environmental
changes such as sewage contamination and chemical spills faced by the
study area, Park Rynie. Such environmental conditions may impact the
nutritional quality, bioactive potential, and health of the species. Further
research into the functional significance of these metabolic changes and
compositions is warranted to gain a deeper understanding of the
physiological mechanisms underlying these patterns. This could help
elucidate the biological potential of P. sykion and assess its suitability for
sustainable cultivation and natural drug discovery for human use.
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FIGURE 6

Representation of the PCA-X score plot results from the *H-NMR spectral data showing the body wall tissue comparison between P. sykion over

summer and winter.

UPLC-QTOF-HR-MS analysis

The metabolic composition of P. sykion was investigated through
UPLC-QTOF-HR-MS analysis (Supplementary Figure 4), focusing
on three body tissues collected during summer and winter. This
analytical technique enables the calculation of empirical formulas via
accurate mass measurements of small molecules. However, the
precise identification of these compounds is reliant upon access to
reference standards, up-to-date mass spectral databases and
comprehensive raw data from literature. The lack of holothurian-
specific databases posed a significant challenge, as reliance on
broader, non-holothurian databases may have affected the accuracy
and confidence in compound identification. The Dictionary of
Marine Natural Products do not have any compounds listed for P.
sykion, highlighting the novelty of metabolomic investigations on
this species.

Supplementary Table 2 summarizes the tentative metabolite
profiles identified in the tissues of P. sykion, including details on
observed and monoisotopic masses, retention times, and calculated
empirical formulas. The analysis revealed that while metabolites
were present in both summer and winter samples, summer
specimens exhibited a greater metabolite diversity. Notably, the
gonad and gut/mesentery tissues demonstrated higher metabolic
potential compared to the body wall, aligning with the 'H-NMR
findings (Figure 2; Table 2).

Among the compounds tentatively identified was rosmarinic acid, a
phenolic compound typically associated with plants; although its
presence has also been recorded in Holothuria forskali (Telahigue
et al, 2020). Additionally, the results suggest that P. sykion has the
potential for several triterpene glycosides, including scabrasides A and
D, holothurin Al, and A4, 24-dehydroechinoside A, fuscocineroside B,
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and 17-dehydroxyholothurin A (fuscocineroside C). Several detected
compounds could not be assigned specific names or classes due to
insufficient reference spectra. These unidentified compounds may be
unique to holothurians or specific to this species, potentially indicating
novel bioactive molecules. However, it is also possible that some of these
compounds, such as rosmarinic acid, may have originated from dietary
consumption of organic matter, such as phytoplankton or microalgae.
As this is an untargeted analysis with the aim of providing a baseline
metabolic profile for P. sykion, there is an inherent degree of uncertainty
in metabolite confirmation. The mass spectral data were obtained using
broad parameters set within the MS software, while some compound
identifications were based on generalized matches with mass spectral
databases; thus, these may not accurately reflect the true compound
conformations present in the samples. Additionally, uncertainties in
metabolite characterization reported in the literature further
complicated metabolite annotation. Interestingly, P. sykion exhibits a
high potential for metabolite isomers, underscoring the need to expand
holothurian research to better understand the metabolic complexity of
these organisms. Consequently, further targeted analyses and
compound isolation studies employing fragmentation analyses are
warranted to comprehensively elucidate the compound structures and
their biological properties.

Discussion

Pseudocnella sykion is an endemic sea cucumber species found
along the Eastern Coast of Southern Africa and remains relatively
unknown due to limited academic attention. This study represents
the first untargeted "H-NMR metabolomics and full-scan UPLC-
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FIGURE 7

NMR spectral stack highlighting the chemical shift regions within the sugar-aliphatic (A) and aromatic (B) regions from the body wall tissue

comparison from P. sykion between summer and winter.

QTOF-HR-MS analysis on P. sykion, aiming to establish a baseline
metabolic profile and determine metabolic variability between three
body tissues (body wall, gonad, and gut/mesentery) across seasonal
(summer and winter) changes. The results displayed slight seasonal
and tissue distinctions, with gonad and gut/mesentery tissue
extracts displaying greater metabolic potential compared to the
body wall. Seasonal variation was most prominent in the gonadal
tissue extract, which exhibited elevated metabolic activity in winter.
Although the gut/mesentery tissue extract did not show significant
seasonal separation (Figure 11), certain compounds were more
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abundant in summer, potentially reflecting improved food
availability during this period.

Body wall extracts exhibited low metabolite concentrations,
which remained relatively stable across seasons. This may suggest
limited environmental stress or metabolic variability within this
tissue. Notably, malonate and betaine were detected at moderate
concentrations, with betaine-an osmoregulatory compound-
showing higher levels in summer.

Reproductive mechanisms influenced by seasonal fluctuations
and environmental cues likely contribute to tissue-specific
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PCA-X (A) and OPLS-DA score plot (B) from the *H-NMR showing the seasonal separation of gonadal tissue samples from P. sykion.

metabolic variability in sea cucumbers (Ru et al., 2017; Cheng et al.,
2021; Jiang et al., 2021). Many sea cucumber species exhibit species-
specific seasonal reproductive cycles, which may account for
observed gonadal metabolite differences (Foster and Hodgson,
1995; Dolmatov, 2014; Dominguez-Godino et al., 2015;
Madduppa et al,, 2017; Jiang et al,, 2021). In this study, gonadal
tissue extracts of P. sykion displayed a slight increase in several
metabolites during winter, including aspartate, leucine, and
glutamate, malate, D-xylose, and methylmalonate. Conversely,
pyruvate levels were elevated in summer, potentially indicating
increased energy mobilization likely linked to reproductive
activity, such as spawning. Notably, D-xylose-a major component
of triterpene glycosides which are known to have roles in
reproduction and oogenesis (Kalinin et al., 2005; Bahrami et al.,
2014a; Bahrami et al., 2014b; Kalinin et al., 2015; Bahrami et al,,
2018; Puspitasari et al,, 2021)-was also higher during winter,
suggesting potential reproductive activity or recovery during
this season.

Complementary UPLC-QTOF-HR-MS analyses (Supplementary
Table 2; Supplementary Figure 4) revealed high levels of tentatively
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identified compounds in the gonad and gut/mesentery tissue extracts,
including scabrasides A and D, holothurin Al, and A4, 24-
dehydroechinoside A, fuscocineroside B, and 17-dehydroxyholothurin
A (fuscocineroside C). The potential presence of these triterpene
glycosides across both seasons and in association with reproductive
tissues suggests potential roles in reproductive physiology, supporting
the possibility of dual spawning or extended recovery phases, which
have been observed within other Dendrochirotid species (Foster and
Hodgson, 1995; Hamel and Mercier, 1996; Peters-Didier et al., 2018).
However, due to limited biological data on P. sykion, including its
reproductive biology, further investigations are warranted to confirm
these patterns and clarify the relationship between reproductive
mechanisms and metabolic variation. Such insights could inform
optimal strategies for sustainable cultivation while enhancing the
production of beneficial metabolites. Additionally, the tentative
identifications, which were based on literature and compound
databases, also face challenges related to compound ambiguity and
the high occurrence of isomers among the identified compounds,
underscoring the need for further targeted analyses involving,
employing compound isolation and fragmentation to accurately
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NMR spectral stack identifying the differentiated chemical shift regions within the sugar-aliphatic (A) and aromatic (B) regions from the gonadal

tissue comparison from P. sykion between summer and winter.

determine the complete structures and biological functions of these
metabolites within P. sykion.

Triterpene glycosides can serve as species biomarkers, with
variations in holostane triterpenoids used to resolve taxonomic
discrepancies in Cucumaria species (Kalinin et al., 2015; Xu et al,
2018). P. sykion, initially classified as Cucumaria sykion before
taxonomic re-evaluation (Thandar, 1987), may share metabolic
similarities with other Cucumaria species. However, due to
limited research on the Cucumariidae family, further targeted
investigations of triterpene glycosides within P. sykion are
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warranted using alternative solvents and analytical techniques to
validate their structures and explore their nutritional and
pharmacological potential. Such studies could also contribute to
reassessing or validating the taxonomic classification of this species.

The gut/mesentery tissue exhibited the highest abundance of
many identified metabolites (Table 1), including amino acids and
compounds associated with energy metabolism and resource
acquisition. These include glycine, glutamate, taurine, proline,
sarcosine, ethanolamine, ascorbic acid, dimethyl sulfone, glycerol,
methylmalonate, pyruvate, mannose, D-xylose, and D-glucose,
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indicating diverse physiological functions and possible accumulation
of dietary compounds. Several of these compounds, such as glycine,
taurine, proline, sarcosine, and glycerol can act as osmolytes, assisting
marine organisms in regulating cellular osmotic pressure in high
salinity marine environments, while also serving as antioxidant,
protein stabilizing, and cytoprotective agents (Kinne, 1993; Yancey
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et al,, 2002; Yancey, 2005; McParland et al., 2021). Their presence and
higher relative abundance within the gut/mesentery tissue raises
questions about endogenous synthesis versus dietary or
microbial origin.

The detection of rosmarinic acid from the UPLC-QTOF-HR-MS
was particularly interesting. Rosmarinic acid is a complex polyphenolic
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compound with potent bioactive properties commonly found in
terrestrial plant species, especially those from the Boraginaceae
family and Rosmarinus officinalis from the Lamiaceae family
(Kamatou et al., 2010; Shekarchi et al., 2012; Elufioye and
Habtemariam, 2019; Nadeem et al.,, 2019). Given its wide range of
biological activities, including anti-inflammatory, anti-microbial, and
anti-carcinogenic properties, the identification of rosmarinic acid,
along with triterpene glycosides tentatively identified from the
UPLC-QTOF-HR-MS (Supplementary Table 2) highlights the
biological potential of P. sykion metabolites (Li et al., 2013; Honey-
Escandon et al., 2015; Janakiram et al., 2015; Khotimchenko, 2018;
Salindeho et al., 2022; Puspitasari et al., 2023).

However, although rosmarinic acid has been previously
identified in H. forskali (Telahigue et al., 2020), its presence in P.
sykion is noteworthy given its strong association with plant species,
raising questions about compound origin. Sea cucumbers, including
P. sykion, are known to feed on detritus, microalgae, phytoplankton,
and other organic matter present either in the sediment or
suspended in the water column, depending on whether they are
deposit or suspension feeders (Foster and Hodgson, 1995; Xu et al.,
2016). Being a suspension feeder and often found wedged under
rocks along with other marine species, P. sykion may be exposed to a
higher abundance of organic plant or fecal matter as a food source,
particularly during high tide when water levels are elevated. The
strong association of rosmarinic acid with plants, along with the
uncertainty of several compounds identified in the UPLC-QTOF-
HR-MS (Supplementary Table 2), warrants further investigation.

The dietary composition and food availability can be influenced
by various factors, including environmental conditions, seasonal
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changes, and water quality. Additionally, the energy requirements
and feeding rates of sea cucumbers can be affected by reproductive
seasons and fluctuating water temperatures. Increased food
consumption typically occurs during warmer seasons and
spawning periods, while decreased food intake may occur during
unfavorable environmental conditions, such as lower temperatures,
reduced food availability or periods of hibernation or reproductive
dormancy. In addition, water pollution poses a significant threat to
the food and water quality of sea cucumber habitats, particularly in
shallow coastal regions where sea cucumbers may be more
susceptible to contamination from sewage outlets, industrial
releases, and chemical spills during extreme weather events
(Dupont et al., 2010; Sicuro et al., 2012; Pangestuti and Arifin,
2018; Gajdosechova et al., 2020). Consequently, the metabolic
composition within tissues, particularly within the gut tissue, can
vary significantly based on seasonal changes, food availability and
composition, water quality, and proximity to pollution sources
(Sicuro et al.,, 2012; Pangestuti and Arifin, 2018; Biandolino et al.,
2019; Ahmed et al,, 2023). For instance, the study site, Park Rynie, is
known to have an active sewage outlet and experienced a chemical
spill along the coastline shortly before the time of sample collection.
This may explain the potential presence of lauryl sulphate, a
surfactant commonly used in household practices and wastewater
treatment (Jonander et al., 2022). However, these events are often
located further offshore and unlikely to have significantly impacted
the intertidal sampling site outside of high tide or extreme weather
events. Further environmental studies need to be conducted to
confirm the presence of this compound in the surrounding
environment and the impact of external factors and potential
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FIGURE 12

NMR spectral stack comparing the spectral regions within the sugar-aliphatic (A) and aromatic (B) regions from the gut/mesentery tissues from

P. sykion between summer and winter.

contaminants on the metabolite profile of marine organisms. Due to
the endemic nature of P. sykion and the absence of research on this
species, comparative references are currently unavailable. Therefore,
it is crucial that future research focuses on investigating the structures
of the detected compounds and ascertain whether they are
endogenously produced by the sea cucumber or exogenously
acquired through dietary consumption or microbial activity. This
exploration is essential to fully understand the metabolic dynamics
and potential bioactive properties of P. sykion.
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Metabolites play crucial roles in mediating the organism’s
response to environmental stressors, facilitating adaptation to
temperature changes and exposure to pollutants (Xu et al, 2017;
Pangestuti and Arifin, 2018; Xu et al.,, 2018; David and Rostkowski,
2020). The findings of this study highlight the metabolic potential
exhibited by P. sykion, particularly in compounds crucial for protein
synthesis, tissue growth and regeneration, osmoregulation, and energy
utilization. While specific research on the metabolites of lesser-known
sea cucumbers remain limited, their known roles in other organisms
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suggest their importance in the metabolic activities and survival of
these marine organisms. Overall, the metabolic diversity and
complexity of sea cucumbers underscore the need for further
research to fully understand the metabolic origins and functions of
these compounds. Such investigations are crucial for understanding
the ecological roles and nutritional potential of sea cucumbers and to
provide essential information to aid in conservation and resource
management efforts aimed at preserving these marine organisms and
their habitats, and to assist in improving aquaculture integration of
alternative species to encourage sustainable resource use.

Additionally, these findings underscore the significance of
employing untargeted "H-NMR and UPLC-QTOF-HR-MS as robust
tools for exploring the metabolic diversity and complexity of sea
cucumbers. This approach not only allows for the comprehensive
exploration of the metabolome, but also serves to monitor an
organisms’ health status and environmental conditions (Xu et al,
2016; Sehlakgwe et al,, 2020). Moreover, these results shed light on
the biological potential of endemic sea cucumber species, highlighting
the need to broaden research endeavors aimed at unravelling the
metabolic compositions, functional roles, and potential bioactive
properties of lesser-studied sea cucumber species. In contrast to
targeted metabolomics approaches, untargeted analysis offers an
unbiased view of the metabolome, enabling the identification of a
broad range of metabolites, including those that may be previously
unknown or unexpected (Nalbantoglu, 2019; David and Rostkowski,
2020; Nkobole and Prinsloo, 2021), such as the presence of glycerol and
dimethyl sulfone in this study.

However, despite the advantages afforded by untargeted
metabolomics, several limitations were encountered in this study that
need to be considered for future research endeavors. To enhance the
robustness and reproducibility of findings, future research should
prioritize increasing the sample size. Additionally, careful
consideration should be given to the selection of extraction solvents
and analysis methods because the vast variability in chemical structures,
polarities, and chemical properties of metabolites may impact the
accuracy and comprehensiveness of the metabolic profile obtained
(Wang et al., 2010; Nalbantoglu, 2019; David and Rostkowski, 2020;
Hossain et al., 2022). Furthermore, the identification of metabolites in
this study relied on comparisons with existing literature and databases,
which may not be comprehensive or entirely accurate for sea cucumber
metabolites. This limitation is especially significant given the
uncertainties surrounding compound confirmations in the literature
and the high likelihood of isomers-compounds sharing the same
empirical formula but differing in structural configurations—within the
results. Consequently, certain metabolites remain unidentified due to
the absence of reference spectra and the inherent complexity of
untargeted NMR spectra, which often display overlapping peaks.
The use of targeted analysis techniques can be used to target specific
compounds and obtain mass spectral fragmentation data for each
compound, allowing the use of software tools to attempt to match mass
spectra with proposed structure. Moving forward, future research
endeavors should aim to isolate and purify novel/unidentified
compounds to conduct targeted investigations to refine the
identification metabolites, elucidate their metabolic pathways and
functional roles within P. sykion, and assess their potential utility for
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isolation, commercial exploitation, nutritional supplementation, and
pharmaceutical applications. Moreover, endeavors to ascertain the
nutritional potential of lesser-studied species could be used to
validate the feasibility of sustainable cultivation of this species.

Conclusion

In conclusion, this study underscores the significance of untargeted
"H-NMR and UPLC-QTOF-HR-MS as powerful tools to provide
insights into the metabolic diversity and complexity of sea
cucumbers. The findings shed light on the metabolic potential of P.
sykion and emphasize the need for further research to elucidate the
metabolic compositions, functional roles, and potential bioactive
properties of under-investigated, endemic sea cucumber species.
However, while untargeted metabolomics provides an overview of
the metabolome, limitations exist in metabolite identification due to the
complexity of metabolic compounds, the efficacy of the selected solvent
in metabolite extraction, and the lack of comprehensive holothurian
metabolite databases, highlighting areas for improvement in future
research. By addressing these limitations and incorporating a wider
range of extraction solvents and analysis techniques, we can deepen our
understanding of the sea cucumber metabolome and their potential for
commercial, nutritional, and pharmaceutical purposes. Ultimately, this
research paves the way for further exploration into the metabolic
dynamics of sea cucumbers to comprehend their intricate biochemical
mechanisms, ecological roles, and physiological adaptations. This
information will aid in improving conservation and sustainable
cultivation practices by exploring sea cucumbers as valuable marine
resources with diverse applications in industry and medicine.
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