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Abstract

Sea cucumbers, important members of the phylum Echinodermata, play a crucial role in
sediment mixing and nutrient cycling on the seafloor. They also hold significant economic
value, particularly in Asian food and pharmaceutical markets. In the Mediterranean
Sea, the harvesting of sea cucumbers has recently intensified, often without regulation,
threatening both species populations and the health of benthic ecosystems. This study
investigated the potential of using fatty acid (FA) profiles as ecological biomarkers to
trace the different origin and feeding ecology of two sea cucumber species, Holothuria polii
and H. tubulosa, collected from ten coastal sites in Italy. A total of 285 individuals were
analyzed through lipid extraction and characterization from their body walls using gas
chromatography (GC-FID and GC-MS). Key fatty acids identified included arachidonic
acid, eicosapentaenoic acid, eicosenoic acid, palmitic acid, palmitoleic acid, stearic acid,
and nervonic acid. Principal Component Analysis (PCA) revealed patterns consistent with
geographic origin, suggesting that FA profiles can reflect site-specific trophic conditions.
The analysis also indicated that sea cucumbers primarily feed on diatoms, bacteria, and
blue-green algae, with notable regional variation. This study is the first to successfully apply
FA-based trophic markers to differentiate Italian populations of these species, providing
insights for ecological monitoring and fishery management.

Keywords: FATM; sea cucumbers; Holothuria polii; Holothuria tubulosa; gas chromatography

1. Introduction
Holothurians, commonly known as sea cucumbers, are marine invertebrates belonging

to the class Holothuroidea within the phylum Echinodermata, and are found exclusively
in marine environments [1]. Characterized by their leathery skin and elongated bodies,
they inhabit a variety of subtidal substrates, from rocky to fine silt sediments, and are most
frequently observed on sandy bottoms in shallow coastal waters. Sea cucumbers serve
important ecological functions: they are key grazers, integral links in benthic food webs,
and dominant components of the abyssal megafauna [2,3]. As deposit feeders, holothurians
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ingest sediment and associated organic material, up to 82 kg annually, including plant
and animal detritus, bacteria, protozoa, and diatoms [4]. Through this feeding activity,
they contribute significantly to the processing of organic matter and sediment mineral-
ization, thus playing a crucial role in nutrient cycling and energy flow within benthic
ecosystems [5–8].

Sea cucumbers have been harvested for centuries in the central Indo-Pacific for hu-
man consumption and continue to be globally exploited. They are primarily consumed
as trepang in Asia—especially in China and Japan—where they are considered luxury
seafood [9–12]. Beyond their culinary value, they are also valued in traditional medicine
for their nutraceutical properties [13] and are increasingly recognized for their pharmaco-
logical potential [4,5,14]. However, soaring global demand and intensified harvesting have
raised serious concerns about the sustainability of many Asian sea cucumber populations,
many of which face imminent risk of collapse [11,15]. As tropical stocks dwindle and
international demand persists, new species are being targeted in non-traditional fishing
regions, including the Mediterranean Sea [7,16–18]. Evidence of overexploitation includes
declining abundances, loss of genetic diversity, and the disappearance of large individuals
from populations, factors known to accelerate local stock collapse [19].

In the Mediterranean, intensive harvesting of holothurian species is relatively recent,
with the exception of Turkey, where sea cucumbers are traditionally consumed [20]. In
Italy, these invertebrates were historically collected only in small quantities, primarily used
as bait in artisanal or recreational fishing, and limited to specific coastal areas. Recently,
however, interest has surged, largely driven by the illegal trade targeting export markets in
Asia, especially from regions such as Sardinia and Apulia [17,21]. In response, since 2018,
the Italian Ministry of Agriculture, Food Sovereignty and Forests (MASAF) has enacted
annual Ministerial Decrees (e.g., Decree No. 156 of 27/02/2018) banning the fishing,
retention on board, and landing of sea cucumbers. These regulatory efforts underscore the
urgent need for reliable biological data to guide future conservation strategies [22]. A total
of 57 sea cucumber species have been reported in the Mediterranean Sea, of which 21 are
likely endemic. Among these, at least six species, Holothuria forskali, H. mammata, H. polii,
H. sanctori, H. tubulosa, and Parastichopus regalis, are currently harvested or are becoming
increasingly attractive due to their accessibility and relative abundance [22].

Fatty acids (FAs) are fundamental lipid components present in all living organisms
and are easily metabolized. In marine animals, they are essential for energy storage, growth,
reproduction, buoyancy, and maintaining membrane integrity under environmental stress
conditions [3,23–25]. Many essential fatty acids (EFAs), particularly polyunsaturated
fatty acids (PUFAs), cannot be synthesized de novo by higher trophic organisms and
must be obtained from dietary sources. These EFAs are incorporated into animal tissues
with minimal modification, making their FA profiles largely diet-dependent [3,26–29].
Because of this, EFAs serve as fatty acid trophic markers (FATM), retaining the biochemical
signatures of primary producers through the food web [25,27,30]. This allows researchers
to infer feeding strategies, prey availability, and ecological interactions, as FA composition
reflects the diet and habitat of organisms [26,31–35]. Specific FAs have been linked to
particular groups, including bacteria [36,37], diatoms and dinoflagellates [25], blue-green
algae [38], zooplankton [39], macroalgae [40,41], and aquatic vascular plants [42], making
them effective in tracing the origins of organic matter in ecosystems. When combined
with stable isotope analysis, FA profiles can also help determine the geographic origin
of marine products [35,43–45]. Since the 1990s, FA-based biomarkers have significantly
improved understanding of food web structures and trophic dynamics [46–48]. However,
FA profiles can be altered by metabolism, environmental conditions, reproductive stages,
and diet, and only relative proportions can usually be measured [3,23]. Despite this, many
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studies confirm the dietary accumulation of FAs in aquatic species, providing insights into
ecological roles and fine-scale variation across seasons, locations, and life stages [30,49–51],
offering long-term dietary data beyond the limits of gut content analysis [30].

This study aims to provide the first insights into the trophic ecology of two of the most
common Mediterranean Sea cucumbers, Holothuria tubulosa (Gmelin, 1788) and Holothuria
polii (Delle Chiaje, 1823), by analyzing their FA profiles across ten sampling locations
spanning several regional Mediterranean basins bordering the Italian peninsula. We char-
acterized their lipid composition and evaluated the utility of selected FATMs, previously
validated in other taxa but not yet investigated in these two species. The primary objective
was to determine whether lipid signatures correspond to the geographic distribution of
the different groups, and to assess the potential for identifying trophic markers specifically
associated with common dietary groups.

2. Materials and Methods
2.1. Sample Collection

Sample collection of wild H. polii and H. tubulosa (Prot. No. 0005606 of 3 September
2020) was carried out in the summer months, from August 2021 to June 2023, from ten
sampling sites (NA: Northern Adriatic Sea, SA: Southern Adriatic Sea, NI: Northern Ionian
Sea, WI: Western Ionian Sea, SA: Sicilian Channel, ST: Southern Tyrrhenian Sea, SS: Sea
of Sardinia, WT: Western Tyrrhenian Sea, NT: Northern Tyrrhenian Sea, LS: Ligurian Sea)
distributed along the coast of Italy (Figure 1). Such sampling sites represented different
basins and covered the maximum spatial extension along the national coasts. Fifteen H.
polii and fifteen H. tubulosa were manually sampled by scuba divers from each site, totaling
285 individuals (H. tubulosa was not found in one site), in a bathymetric range between
10 and 22 m. All samples were adult organisms with an average eviscerated weight (±SD)
of 69.07 ± 18.07 g for H. polii and 128.6 ± 45.8 g for H. tubulosa. All collected samples
were gutted immediately after collection in the field, and the body wall was washed
with seawater and stored in food-grade plastic bags in a field refrigerator (−20 ◦C) for
transportation to the laboratory. The animals were identified following the criteria defined
by Rakaj & Fianchini [22] for the Mediterranean Sea cucumber species. In case of doubtful
assignment, ossicles were extracted from the body wall for further confirmation [52].

Figure 1. Map of the 10 sampled stations of H. polii and H. tubulosa along the Italian coast. NA:
Northern Adriatic Sea, SA: Southern Adriatic Sea, NI: Northern Ionian Sea, WI: Western Ionian Sea,
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SC: Sicilian Channel, ST: Southern Tyrrhenian Sea, SS: Sea of Sardinia, WT: Western Tyrrhenian Sea,
NT: Northern Tyrrhenian Sea, LS: Ligurian Sea.

2.2. Sample Preparation

The samples collected were weighed in the laboratory and stored at −20 ◦C. Com-
pletely frozen samples were freeze-dried at −50 ◦C until total dehydration was achieved
(about 48 h). The central portion of the dried body wall was pulverized by a grater to a fine
powder and used for all the analyses described in the following sections.

2.3. Total Lipid Extraction and GC-FID Analysis

The extraction and transesterification of fatty acid methyl esters (FAMEs) were per-
formed using the method described by Lang et al. [53], selected for its efficiency in con-
serving reagents and minimizing laboratory procedures. For the extraction phase, 0.4 g
of lyophilized sea cucumber powder was transferred into a 15 mL tube and 5 mL of
methanol/toluol 2:1 (v/v) was added to the samples, followed by homogenization with
an RX3 vortex mixer (Velp Scientifica, Usmate, Italy) for 30 s. As an internal standard to
better identify the retention times of samples analyzed weeks and months apart, 150 µL of
methylnonadecanoate C19:0 (10 mg/mL diluted in hexane) was used, chosen as this FA is
present only in trace amounts in Echinodermata. Transesterification of lipid-bound FAs to
their corresponding FAMEs was accomplished by adding 250 µL 2N methanolic potassium
hydroxide [54] after 30 min shaking at 40 ◦C on an Orbital Mixing Chilling/Heating Plate
(Torrey Pines Scientific Instruments, Carlsbad, CA, USA). The FAMEs were finally extracted
two times with 1 mL hexane and 1 mL 1 M NaCl using a mixer. The hexane phases (su-
pernatants) were transferred into a 10 mL graduated tube and reduced to 500 µL under
streaming nitrogen. The samples were maintained at −20 ◦C before being analyzed by gas
chromatography (GC). GC analysis was performed on a GC 6890 N (Agilent Inc., Santa
Clara, CA, USA) instrument. A CP-Sil88 capillary column (Supelco Inc., Bellefonte, PA,
USA) 100 m × 0.25 mm, 0.20 µm film thickness) was used to evaluate the methylated fatty
acid content. Operating conditions were a helium flow rate of 1 mL min−1, flame ionization
detector (FID) (Agilent, Santa Clara, CA, USA) at 300 ◦C, split/splitless injector at 250 ◦C,
and 1 µL injection volume. The column temperature was increased with the following
ramps: from 120 ◦C to 160 ◦C at a rate of 5 ◦C min−1, held for 5 min, from 160 ◦C to 190 ◦C at
a rate of 3 ◦C min−1, held for 20 min, from 190 ◦C to 200 ◦C at a rate of 2 ◦C min−1, held for
10 min, and from 200 ◦C to 220 ◦C at a rate of 2 ◦C min−1, held for 10 min. The FID was set
to 300 ◦C with a hydrogen flow of 60 mL min−1. Tentative peak identification was based on
a comparison of retention times with those obtained for standards (FAME mix37; PUFA-1
Marine Source; PUFA-3, Menhaden Oil, Supelco Inc.—Bellefonte, PA, USA; Mixture BR2
and BR4, Larodan AB—Solna, Sweden) [55]. FAs were expressed as a percentage of the
total FAMEs.

2.4. GC-MS Analysis

In order to confirm the identification of the FAs and to exclude potential contamination
from pollutants (e.g., VOCs, PAHs) or other organic compounds such as steroids, sterols,
and terpenes, a more in-depth investigation was carried out using an Agilent 7890 gas
chromatography-mass spectrometry (GC-MS) system (Agilent Inc, Santa Clara, CA, USA),
using the same chromatographic operating conditions as for the FID-GC (including the
same capillary column). The MS acquisition was performed in a full-scan mode in the m/z
50–450 range with an EI ion source (−70 eV) set at the same temperature as the transfer line
(250 ◦C). By comparing the analytes in the reference standards with those identified in the
samples analyzed, it was possible to determine and identify the unknown compounds in
complex matrices such as those studied. The recognition of unknown analytes was carried
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out with Mass Hunter software 13.0 and using the NIST library (MS Search Software 3.0),
limiting the results accepted to only the data with a match factor over 80%.

2.5. Fatty Acid Trophic Markers (FATM)

As part of the present study, potential primary sources of the sea cucumber diet were
taken into consideration from the existing literature [3,7,16,17,56]. For the identified trophic
categories (diatoms, bacteria, seagrasses, brown algae, red algae, blue-green algae), the
used FATMs are shown in Table 1. The FA biomarkers (specific fatty acids and ratios of
fatty acids) of major potential representative food sources were identified by comparison
with the published literature.

Table 1. FA ratios used by several authors as markers in the aquatic organisms for different food
sources.

Source Biomarker

Diatoms 1 C20:5n-3
Bacteria 2 ∑15:0 + ∑17:0 + C18:1n-7
Seagrasses 3 C18:2n-6 + C18:3n-3
Brown algae 4 C18:1n-9
Red algae 5 C20:5n-3/C20:4n-6 > 10
Blue-green algae 6 C16:1n-7 + C18:1n-7

1 Parrish et al., 2000 [25], Derrien et al., 2017 [43]; 2 Rajendran et al., 1993 [37] Kharlamenko et al., 1995 [36]; 3

Wannigama et al., 1981 [42], Alfaro et al., 2006 [23]; 4 Johns et al., 1979 [40], Alfaro et al., 2006 [23]; 5 Khotimchenko
and Vaskovsky, 1990 [41]; 6 Napolitano, 1999 [38]; Derrien et al., 2017 [43].

2.6. Data Analysis

Principal Component Analysis (PCA) was performed to investigate potential variation
in FA signatures between sites and to identify FAs most responsible for this variation.
Data on fatty acid (expressed as a percentage) were normalized using an arcsine square
root transformation [57]. Out of a total of 53 FAs identified as saturated fatty acids (SFA),
monounsaturated fatty acids (MUFA), and PUFA, 42 were used for the elaborations; ten
FAs were excluded, as they had an average share of <0.2% and peaked at <1.5% across
all individuals, values too low to distinguish signal from background noise. Univariate
differences between proximate composition contents and FAs of the two species were tested
using the Mann–Whitney non-parametric test.

UPGMA (Unweighted Pair Group Method with Arithmetic Mean, with Bray-Curtis
distance) clustering was employed to discern hierarchical relations within the various
sampling sites. The dendrogram assists in visualizing similarities between sites, thereby re-
vealing patterns of relationship among the sites based on the provided data (FA signatures).
Statistical analyses were performed using PAST 4.13 software [58].

3. Results
3.1. Fatty Acid Characterization

In this study, 42 FAs were identified for H. polii and H. tubulosa, including 10 SFAs,
6 branched-chain fatty acids (BCFAs), 10 MUFAs, and 17 PUFAs. The FA profiles of both
Holothuria polii and H. tubulosa, expressed as mean percentages (±SD) of total FAMEs
(Tables 2 and 3), indicate that polyunsaturated fatty acids (PUFAs) are the dominant group.
The most abundant PUFAs were arachidonic acid (ARA, C20:4n-6), averaging 21.9 ± 3.6%,
and eicosapentaenoic acid (EPA, C20:5n-3), at 11.8 ± 3.7%. Among monounsaturated fatty
acids (MUFAs), eicosenoic acid (C20:1n-9) was most prevalent (8.9 ± 1.3%), followed by
C23:1n-9 (6.9 ± 1.7%), palmitoleic acid (C16:1n-7; 5.5 ± 2.9%), and nervonic acid (C24:1n-9;
4.9 ± 0.77%). Saturated fatty acids (SFAs) were led by palmitic acid (C16:0; 6.7 ± 2.3%)
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and stearic acid (C18:0; 4.8 ± 1.1%). On average, H. polii presented 26.5 ± 5.0% SFAs,
33.0 ± 1.3% MUFAs, and 40.4 ± 5.7% PUFAs, while H. tubulosa showed similar values:
25.1 ± 3.8% SFAs, 31.5 ± 2.4% MUFAs, and 43.4 ± 5.4% PUFAs. Notably, individuals from
the Northern Adriatic exhibited a reduced SFA content (16.9–20.6%) and an elevated PUFA
fraction (up to 52.5% in H. polii and 50.2% in H. tubulosa), indicating regional variation in
lipid composition.

Table 2. Fatty acid composition (% on total FAMEs) of the body wall of H. polii (n = 15 for each site)
from the study sites along the coast of Italy. SFAs: saturated fatty acids; MUFAs: monounsaturated
fatty acids; PUFAs: polyunsaturated fatty acids.

Fatty Acid
Northern
Adriatic
Sea (NA)

Southern
Adriatic
Sea (SA)

Northern
Ionian

Sea (NI)

Western
Ionian

Sea (WI)

Sicilian
Channel

(SC)

Southern
Tyrrhenian

Sea (ST)

Sea of
Sardinia

(SS)

Western
Tyrrhenian
Sea (WT)

Northern
Tyrrhenian

Sea (NT)

Ligurian
Sea (LS)

iso-C14:0 0.3 ± 0.2 0.5 ± 0.1 0.7 ± 0.2 0.9 ± 0.4 0.9 ± 0.4 0.9 ± 0.1 0.6 ± 0.1 0.7 ± 0.1 0.7 ± 0.2 0.4 ± 0.1
C14:0 1.0 ± 0.6 2.8 ± 0.5 1.6 ± 0.5 2.0 ± 0.5 2.6 ± 0.5 2.2 ± 0.4 2.8 ± 0.4 2.5 ± 0.4 1.6 ± 0.5 1.1 ± 0.4
anteiso-C15:0 0.8 ± 0.7 0.9 ± 0.3 0.9 ± 0.3 1.3 ± 0.5 1.3 ± 0.4 1.0 ± 0.1 0.9 ± 0.2 1.2 ± 0.3 0.9 ± 0.3 0.8 ± 0.2
C15:0 0.4 ± 0.2 0.6 ± 0.1 0.8 ± 0.2 1.1 ± 0.4 1.5 ± 0.5 1.0 ± 0.2 1.2 ± 0.3 1.2 ± 0.3 0.8 ± 0.2 0.4 ± 0.2
iso-C16:0 0.4 ± 0.4 0.8 ± 0.2 0.8 ± 0.2 1.2 ± 0.3 1.2 ± 0.4 1.1 ± 0.1 0.8 ± 0.1 0.9 ± 0.2 0.8 ± 0.2 0.5 ± 0.1
C16:0 3.4 ± 1.6 8.4 ± 1.1 5.2 ± 1.2 7.6 ± 1.6 8.9 ± 1.7 9.4 ± 1.6 10.6 ± 1.8 8.7 ± 1.4 5.2 ± 1.2 3.6 ± 1.0
anteiso-C17:0 0.2 ± 0.2 0.6 ± 0.1 0.0 ± 0.0 0.8 ± 0.2 0.8 ± 0.2 0.7 ± 0.1 0.5 ± 0.1 0.5 ± 0.1 0.0 ± 0.0 0.0 ± 0.0
C17:0 0.6 ± 0.2 0.9 ± 0.2 0.8 ± 0.2 1.0 ± 0.2 1.1 ± 0.2 1.2 ± 0.2 1.1 ± 0.1 1.1 ± 0.1 0.8 ± 0.2 0.2 ± 0.1
iso-C18:0 0.3 ± 0.1 0.4 ± 0 0.1 ± 0.1 0.2 ± 0.1 0.2 ± 0.0 0.1 ± 0.0 0.3 ± 0.0 0.4 ± 0.0 0.1 ± 0.1 0.5 ± 0.1
C18:0 3.1 ± 0.8 6.4 ± 0.9 3.9 ± 0.4 4.4 ± 0.5 4.9 ± 0.5 5.0 ± 0.6 5.9 ± 0.6 5.6 ± 0.7 3.9 ± 0.4 4.1 ± 0.5
iso-C20:0 0.4 ± 0.1 0.3 ± 0.2 0.6 ± 0.1 0.7 ± 0.2 0.6 ± 0.2 0.7 ± 0.1 0.4 ± 0.1 0.4 ± 0.1 0.6 ± 0.1 0.1 ± 0.2
C20:0 2.3 ± 0.3 2.7 ± 0.2 2.4 ± 0.6 2.7 ± 0.2 2.5 ± 0.2 2.6 ± 0.1 2.2 ± 0.3 2.3 ± 0.2 2.4 ± 0.6 2.4 ± 0.1
C21:0 2.2 ± 0.3 2.9 ± 0.1 2.6 ± 0.2 2.6 ± 0.3 2.2 ± 0.4 1.8 ± 0.3 1.3 ± 0.2 1.5 ± 0.2 2.6 ± 0.2 2.2 ± 0.3
C22:0 1.6 ± 0.3 1.2 ± 0.2 2.4 ± 0.4 2.1 ± 0.4 1.8 ± 0.3 1.8 ± 0.3 1.1 ± 0.2 1.6 ± 0.3 2.4 ± 0.4 2.3 ± 0.2
C23:0 0.0 ± 0.0 0.1 ± 0.2 0.2 ± 0.2 0.5 ± 0.2 0.6 ± 0.1 0.5 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.2 ± 0.2 0.6 ± 0.3
C24:0 0.1 ± 0.1 0.0 ± 0.1 0.0 ± 0.0 0.1 ± 0.1 0.3 ± 0.2 0.2 ± 0.2 0.0 ± 0.0 0.3 ± 0.0 0.0 ± 0.0 0.0 ± 0.0

∑SFA 16.9 ± 3.6 29.4 ± 1.7 31.8 ± 2.3 29.4 ± 3.9 31.1 ± 4.2 30.3 ± 2.6 29.7 ± 2.6 28.8 ± 2.6 23.0 ± 2.4 19.1 ± 1.9

C14:1n-5 0.2 ± 0.1 0.1 ± 0.1 0.0 ± 0.1 0.2 ± 0.1 0.3 ± 0.1 0.1 ± 0.0 0.1 ± 0.0 0.2 ± 0.0 0.0 ± 0.1 0.6 ± 0.1
C15:1n-5 0.1 ± 0.0 0.3 ± 0.1 0.2 ± 0.1 0.3 ± 0.1 0.2 ± 0.0 0.2 ± 0.1 0.1 ± 0.1 0.1 ± 0.0 0.2 ± 0.1 0.3 ± 0.1
C16:1n-7 3.9 ± 1.6 9.2 ± 2.1 3.4 ± 0.8 4.0 ± 1.0 6.6 ± 1.7 4.2 ± 0.8 10.4 ± 2.2 8.0 ± 1.3 3.4 ± 0.8 3 ± 1.1
C17:1n-7 1.0 ± 0.4 0.1 ± 0.1 0.6 ± 0.1 0.6 ± 0.1 0.7 ± 0.1 0.5 ± 0.1 0.7 ± 0.1 0.8 ± 0.2 0.6 ± 0.1 1.5 ± 0.6
C18:1n-9t 0.2 ± 0.1 0.6 ± 0.2 0.2 ± 0.2 0.3 ± 0.1 0.5 ± 0.1 0.4 ± 0.1 0.4 ± 0.1 0.4 ± 0.1 0.2 ± 0.2 0.4 ± 0.0
C18:1n-9c 2.6 ± 1.0 1.9 ± 0.6 2.3 ± 1.4 1.8 ± 0.2 3.4 ± 1.0 1.9 ± 0.2 1.9 ± 0.2 1.9 ± 0.2 2.3 ± 1.4 1.1 ± 0.3
C18:1n-7 2.7 ± 1.8 2.8 ± 0.4 2.8 ± 0.6 3.7 ± 0.8 3.6 ± 0.7 4.0 ± 0.6 3.7 ± 0.3 3.8 ± 0.3 2.8 ± 0.6 2.1 ± 0.3
C20:1n-9 7.8 ± 1.4 7.5 ± 0.9 9.7 ± 0.7 10.2 ± 1.5 7.6 ± 1.4 9.0 ± 1.1 7.9 ± 1.1 7.9 ± 1.0 9.7 ± 0.7 11.2 ± 0.8
C23:1n-9 7.2 ± 0.7 7.0 ± 2.1 9.2 ± 0.9 5.6 ± 0.6 7.8 ± 1.8 6.9 ± 0.7 4.6 ± 0.4 4.5 ± 0.6 9.2 ± 0.9 7.8 ± 0.9
C24:1n-9 4.9 ± 0.9 5.0 ± 0.8 5.6 ± 0.6 6.0 ± 0.7 5.3 ± 0.7 5.1 ± 0.5 4.8 ± 0.7 4.2 ± 0.9 5.6 ± 0.6 5.7 ± 0.3

∑MUFA 30.5 ± 1.7 34.5 ± 1.8 33.6 ± 1.01 32.5 ± 1.0 35.8 ± 1.8 32.3 ± 1.0 34.5 ± 1.3 31.8 ± 1.0 34.0 ± 1.6 33.7 ± 1.1

C16:2n-4 0.2 ± 0.1 0.1 ± 0.1 0.5 ± 0.1 0.4 ± 0.1 0.3 ± 0.0 0.3 ± 0.1 0.2 ± 0.0 0.1 ± 0.0 0.5 ± 0.1 0.5 ± 0.1
C16:3n-4 0.2 ± 0.1 0.1 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 0.3 ± 0.0 0.2 ± 0.0 0.2 ± 0.0 0.2 ± 0.1 0.1 ± 0.1
C18:2n-6c (LA) 0.5 ± 0.3 0.7 ± 0.1 0.6 ± 0.2 0.6 ± 0.1 0.8 ± 0.1 0.9 ± 0.1 0.8 ± 0.1 0.9 ± 0.1 0.6 ± 0.2 0.3 ± 0.1
C18:2n-4 0.6 ± 0.2 0.0 ± 0.0 0.1 ± 0.1 0.1 ± 0.1 0.1 ± 0 0.2 ± 0.1 0.1 ± 0.1 0.2 ± 0 0.1 ± 0.1 0.3 ± 0.4
C18:3n-6 (GLA) 0.2 ± 0.3 0.1 ± 0.1 0.6 ± 0.6 0.4 ± 0.1 0.3 ± 0.1 0.2 ± 0.1 0.4 ± 0.1 0.3 ± 0.1 0.6 ± 0.6 0.1 ± 0.1
C18:3n-3 (ALA) 1.6 ± 0.2 1.3 ± 0.2 1.2 ± 0.2 1.3 ± 0.2 1.3 ± 0.2 1.6 ± 0.2 1.7 ± 0.2 1.6 ± 0.2 1.2 ± 0.2 1.6 ± 0.2
C18:4n-3 0.8 ± 0.2 0.6 ± 0.1 0.6 ± 0.1 0.6 ± 0.1 0.6 ± 0.1 0.7 ± 0.1 0.5 ± 0.1 0.6 ± 0.1 0.6 ± 0.1 0.6 ± 0.1
C20:2n-6 0.9 ± 0.1 1.0 ± 0.1 1.0 ± 0.1 1.1 ± 0.2 0.9 ± 0.1 1.1 ± 0.1 1.0 ± 0.1 1.0 ± 0.1 1.0 ± 0.1 0.8 ± 0.1
C20:3n-6 1.8 ± 0.2 1.5 ± 0.3 1.8 ± 0.1 1.8 ± 0.2 1.7 ± 0.2 1.7 ± 0.2 1.3 ± 0.2 1.4 ± 0.2 1.8 ± 0.1 1.9 ± 0.1
C20:4n-6 (ARA) 23.0 ± 3.7 16.7 ± 1.6 24.7 ± 1.7 20.5 ± 2.5 17.3 ± 3.4 21.7 ± 1.8 17.1 ± 2.2 19.8 ± 2.1 24.7 ± 1.7 24.2 ± 2.5
C20:4n-3 0.7 ± 0.2 0.0 ± 0.0 0.0 ± 0.1 0.2 ± 0.2 0.3 ± 0 0.1 ± 0.1 0.4 ± 0.1 0.5 ± 0.1 0.0 ± 0.0 0.2 ± 0.1
C22:2n-6 0.3 ± 0.1 0.3 ± 0.1 0.7 ± 0.1 0.5 ± 0.2 0.5 ± 0.1 0.4 ± 0.1 0.3 ± 0 0.4 ± 0.1 0.7 ± 0.1 0.8 ± 0.2
C20:5n-3 (EPA) 19.9 ± 2.0 11.9 ± 1.3 9.4 ± 1.9 9.0 ± 1.7 7.2 ± 2.0 6.2 ± 1.5 10.4 ± 0.9 10.4 ± 1.3 9.4 ± 1.9 14.2 ± 1.4
C22:4n-6 0.5 ± 0.1 0.3 ± 0.1 0.5 ± 0.1 0.5 ± 0.1 0.4 ± 0.1 0.8 ± 0 0.1 ± 0.2 0.5 ± 0.1 0.5 ± 0.1 0.0 ± 0.0
C22:5n-3 (DPA) 0.4 ± 0.1 0.2 ± 0.1 0.4 ± 0.2 0.3 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 0.3 ± 0.1 0.4 ± 0.2 0.7 ± 0.1
C22:6n-3 (DHA) 0.9 ± 0.3 1.2 ± 0.2 0.6 ± 0.2 0.6 ± 0.2 1.0 ± 0.2 0.8 ± 0.1 1.1 ± 0.2 1.0 ± 0.2 0.6 ± 0.2 0.9 ± 0.2

∑PUFA 52.5 ± 4.4 36.0 ± 2.1 34.7 ± 2.5 38.1 ± 3.5 33.0 ± 4.5 37.4 ± 2.8 35.77 ± 2.7 39.4 ± 2.4 43.0 ± 2.9 47.19 ± 2.1

total n-6 27.2 ± 3.6 20.6 ± 1.8 18.0 ± 2.6 25.3 ± 2.6 21.8 ± 3.4 26.9 ± 1.8 21.0 ± 2.2 24.4 ± 2.3 29.9 ± 1.9 28.11 ± 2.6
total n-3 24.3 ± 1.8 15.1 ± 1.5 16.2 ± 1.3 11.9 ± 1.7 10.6 ± 1.7 9.6 ± 1.2 14.3 ± 0.7 14.5 ± 1.2 12.2 ± 1.8 18.13 ± 1.6
n3/n6 0.9 ± 0.1 0.7 ± 0.1 0.9 ± 0.2 0.5 ± 0.1 0.5 ± 0.1 0.4 ± 0.0 0.7 ± 0.0 0.6 ± 0.1 0.4 ± 0.1 0.65 ± 0.1

PCA conducted separately for each species revealed that the first two principal com-
ponents explained a high percentage of total variance (67.4% for H. polii and 72.7% for
H. tubulosa).
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Table 3. Fatty acid composition (% on total FAMEs) of the body wall of H. tubulosa (n = 15 for each site)
from the study sites along the coast of Italy. SFAs: saturated fatty acids; MUFAs: monounsaturated
fatty acids; PUFAs: polyunsaturated fatty acids.

Fatty Acid
Northern
Adriatic
Sea (NA)

Southern
Adriatic
Sea (SA)

Northern
Ionian

Sea (NI)

Sicilian
Channel

(SC)

Southern
Tyrrhenian

Sea (ST)

Sea of
Sardinia

(SS)

Western
Tyrrhenian
Sea (WT)

Northern
Tyrrhenian

Sea (NT)

Ligurian
Sea (LS)

iso-C14:0 0.3 ± 0.1 0.4 ± 0.1 0.5 ± 0.1 0.4 ± 0.2 0.5 ± 0.1 0.6 ± 0.1 0.8 ± 0.4 0.4 ± 0.2 0.4 ± 0.1
C14:0 2.2 ± 1.3 3.4 ± 0.4 2.7 ± 0.6 1.3 ± 0.7 1.8 ± 0.5 2.0 ± 0.5 2.3 ± 0.5 0.9 ± 0.4 1.8 ± 0.7
anteiso-C15:0 0.7 ± 0.2 0.8 ± 0.1 0.6 ± 0.2 0.6 ± 0.1 0.7 ± 0.2 0.7 ± 0.2 1.2 ± 0.4 0.6 ± 0.3 1.1 ± 0.3
C15:0 0.4 ± 0.2 0.6 ± 0.1 0.6 ± 0.1 0.6 ± 0.2 1.0 ± 0.4 0.7 ± 0.2 1.1 ± 0.3 0.5 ± 0.2 0.7 ± 0.2
iso-C16:0 0.5 ± 0.2 0.6 ± 0.1 0.7 ± 0.1 0.6 ± 0.2 0.7 ± 0.2 0.7 ± 0.1 1.0 ± 0.3 0.5 ± 0.2 0.5 ± 0.2
C16:0 4.6 ± 1.6 10.2 ± 1.3 8.3 ± 1.6 5.1 ± 2.8 7.2 ± 1.6 7.2 ± 2.2 7.6 ± 1.6 2.9 ± 1.0 5.5 ± 1.9
anteiso-C17:0 0.3 ± 0.1 0.6 ± 0.1 0.5 ± 0.1 0.4 ± 0.2 0.6 ± 0.1 0.4 ± 0.1 0.5 ± 0.3 0.4 ± 0.1 0.0 ± 0.0
C17:0 0.6 ± 0.1 0.8 ± 0.1 0.8 ± 0.1 0.8 ± 0.2 1.0 ± 0.1 0.9 ± 0.1 1.1 ± 0.1 0.7 ± 0.1 0.3 ± 0.2
iso-C18:0 0.3 ± 0.1 0.3 ± 0.1 0.2 ± 0.1 0.2 ± 0.3 0.1 ± 0.0 0.4 ± 0.1 0.4 ± 0.1 0.0 ± 0.0 0.4 ± 0.1
C18:0 4.2 ± 1.0 7.4 ± 1.0 6.0 ± 0.7 3.8 ± 0.6 4.4 ± 0.4 5.0 ± 0.6 4.9 ± 0.7 3.4 ± 0.3 5.3 ± 0.8
iso-C20:0 0.6 ± 0.2 0.2 ± 0.1 0.1 ± 0.1 0.6 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 0.6 ± 0.2 0.5 ± 0 0.2 ± 0.1
C20:0 2.3 ± 0.2 2.5 ± 0.3 3.1 ± 0.3 2.9 ± 0.2 3.0 ± 0.2 2.7 ± 0.4 2.3 ± 0.7 2.8 ± 0.1 2.7 ± 0.2
C21:0 1.9 ± 0.2 2.7 ± 0.5 2.8 ± 0.3 2.6 ± 0.5 2.5 ± 0.5 2.0 ± 0.4 1.7 ± 0.3 2.7 ± 0.2 1.8 ± 0.3
C22:0 1.4 ± 0.4 1.0 ± 0.2 1.5 ± 0.2 2.4 ± 0.6 2.1 ± 0.3 1.8 ± 0.4 1.8 ± 0.3 2.7 ± 0.2 2.0 ± 0.5
C23:0 0.0 ± 0.1 0.3 ± 0.1 0.4 ± 0.1 0.2 ± 0.1 0.5 ± 0.1 0.1 ± 0.2 0.0 ± 0.0 0.1 ± 0.2 0.3 ± 0.2
C24:0 0.2 ± 0.1 0.0 ± 0.0 0.2 ± 0.1 0.1 ± 0.1 0.1 ± 0.1 0.1 ± 0.1 0.2 ± 0.1 0.1 ± 0.1 0.0 ± 0.0

∑SFA 20.6 ± 4.2 31.8 ± 2.3 29.0 ± 2.8 22.7 ± 3.9 26.3 ± 2.7 25.3 ± 2.5 27.5 ± 3.6 19.32 ± 2.7 23.15 ± 3.4

C14:1n-5 0.3 ± 0.1 0.1 ± 0.0 0.2 ± 0.0 0.2 ± 0.1 0.2 ± 0.0 0.1 ± 0.0 0.2 ± 0.0 0.1 ± 0.1 0.6 ± 0.2
C15:1n-5 0.1 ± 0.0 0.2 ± 0.0 0.0 ± 0.0 0.2 ± 0.0 0.2 ± 0.0 0.2 ± 0.0 0.1 ± 0.0 0.2 ± 0.0 0.2 ± 0.1
C16:1n-7 5.5 ± 1.7 12.2 ± 2.6 8.2 ± 2.3 2.2 ± 1.5 3.6 ± 1.1 6.4 ± 1.8 5.7 ± 1.4 1.8 ± 0.7 4.5 ± 1.8
C17:1n-7 0.8 ± 0.2 0.1 ± 0.0 0.1 ± 0 0.8 ± 0.3 0.5 ± 0.1 0.7 ± 0.1 0.6 ± 0.1 0.5 ± 0.1 1.5 ± 0.5
C18:1n-9t 0.4 ± 0.2 0.8 ± 0.1 0.4 ± 0.1 0.3 ± 0.1 0.2 ± 0.1 0.3 ± 0.1 0.3 ± 0.0 0.3 ± 0.4 0.3 ± 0.1
C18:1n-9c 1.6 ± 0.4 2.4 ± 1.3 2.2 ± 0.6 1.6 ± 0.4 1.8 ± 0.3 1.4 ± 0.2 1.4 ± 0.1 1.4 ± 0.3 1.4 ± 0.2
C18:1n-7 2.7 ± 0.4 2.9 ± 0.2 2.9 ± 0.6 2.3 ± 0.5 2.4 ± 0.4 3.2 ± 0.4 3.9 ± 1.0 1.9 ± 0.5 2.6 ± 0.6
C20:1n-9 6.7 ± 1.1 6.0 ± 1.0 8.7 ± 1.4 10.4 ± 1.5 9.7 ± 1.2 9.4 ± 1.1 8.1 ± 1.1 10.6 ± 1.1 9.1 ± 1.2
C23:1n-9 7.6 ± 0.8 5.2 ± 1.1 8.7 ± 1.8 7.8 ± 1.2 6.5 ± 0.6 5.1 ± 0.4 4.7 ± 0.5 9.9 ± 1.0 6.0 ± 1.4
C24:1n-9 3.6 ± 0.5 3.6 ± 0.5 5.6 ± 0.8 5.7 ± 1.1 4.9 ± 0.4 4.8 ± 1.0 3.4 ± 0.4 5.1 ± 0.5 4.3 ± 0.6

∑MUFA 29.2 ± 1.4 33.6 ± 1.0 37.0 ± 1.2 31.5 ± 2.1 30.0 ± 1.0 31.6 ± 1.9 28.5 ± 1.1 31.8 ± 1.0 30.5 ± 1.2

C16:2n-4 0.1 ± 0.0 0.1 ± 0.0 0.2 ± 0.1 0.4 ± 0.2 0.4 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 0.5 ± 0.1 0.6 ± 0.1
C16:3n-4 0.2 ± 0.1 0.1 ± 0.0 0.1 ± 0.0 0.2 ± 0.1 0.2 ± 0 0.2 ± 0.1 0.3 ± 0.1 0.2 ± 0.1 0.2 ± 0.1
C18:2n-6c (LA) 0.5 ± 0.1 1.0 ± 0.5 1.0 ± 0.4 0.6 ± 0.5 1.2 ± 0.4 0.6 ± 0.2 0.7 ± 0.1 0.3 ± 0.1 0.5 ± 0.3
C18:2n-4 0.1 ± 0.1 0.0 ± 0.0 0 ± 0.0 0.2 ± 0.1 0.0 ± 0.0 0.6 ± 0.3 0.1 ± 0.1 0.2 ± 0.0 0.3 ± 0.2
C18:3n-6 (GLA) 0.3 ± 0.1 0.1 ± 0.1 0.1 ± 0 0.3 ± 0.2 0.1 ± 0.1 0.3 ± 0.1 0.2 ± 0.1 0.4 ± 0.0 0.1 ± 0.1
C18:3n-3 (ALA) 1.3 ± 0.1 1.1 ± 0.1 1.4 ± 0.3 1.4 ± 0.2 1.5 ± 0.2 1.6 ± 0.2 1.4 ± 0.1 1.1 ± 0.2 1.6 ± 0.1
C18:4n-3 1.0 ± 0.2 0.7 ± 0.1 0.7 ± 0.1 0.7 ± 0.1 0.6 ± 0.1 0.8 ± 0.2 0.9 ± 0.1 0.7 ± 0.1 0.8 ± 0.1
C20:2n-6 1.0 ± 0.1 1.1 ± 0.1 1.4 ± 0.2 1.3 ± 0.2 1.3 ± 0.1 1.3 ± 0.2 1.2 ± 0.1 1.2 ± 0.1 0.8 ± 0.2
C20:3n-6 1.2 ± 0.1 1 ± 0.1 1.2 ± 0.2 1.2 ± 0.2 1.1 ± 0.1 1.2 ± 0.2 1.1 ± 0.1 1.3 ± 0.1 1.5 ± 0.1
C20:4n-6 (ARA) 20.2 ± 3.9 14.2 ± 2.8 18.8 ± 2.8 26.3 ± 2.2 24.6 ± 1.8 22.8 ± 2.8 24.5 ± 3.2 28.6 ± 2.5 21.9 ± 3.1
C20:4n-3 0.5 ± 0.2 0.0 ± 0.0 0.0 ± 0.0 0.3 ± 0.1 0.2 ± 0.1 0.3 ± 0.2 0.3 ± 0.1 0.1 ± 0.2 0.0 ± 0.0
C22:2n-6 0.4 ± 0.1 0.3 ± 0.1 0.3 ± 0.1 0.8 ± 0.3 0.5 ± 0.1 0.4 ± 0.1 0.5 ± 0.1 0.7 ± 0.1 0.6 ± 0.2
C20:5n-3 (EPA) 20.6 ± 2.0 12.8 ± 1.2 7.0 ± 1.3 10.6 ± 2.6 10.3 ± 2 11.6 ± 0.9 10.9 ± 1.0 12.0 ± 2.2 15.5 ± 1.1
C22:4n-6 0.4 ± 0.1 0.3 ± 0.1 0.4 ± 0.2 0.5 ± 0.1 0.7 ± 0.1 0.0 ± 0.0 0.4 ± 0.1 0.5 ± 0.1 0.0 ± 0.0
C22:5n-3 (DPA) 0.6 ± 0.3 0.3 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 0.3 ± 0.1 0.4 ± 0.4 0.3 ± 0.2
C22:6n-3 (DHA) 1.8 ± 0.9 1.3 ± 0.1 1.1 ± 0.3 0.5 ± 0.2 0.7 ± 0.1 0.9 ± 0.2 1.0 ± 0.2 0.5 ± 0.2 1.5 ± 0.4

∑PUFA 50.2 ± 4.2 34.6 ± 2.5 33.9 ± 3.4 45.8 ± 4.0 43.7 ± 3.2 43.1 ± 2.9 44.0 ± 3.9 48.8 ± 3.5 46.4 ± 2.9

total n-6 23.9 ± 4.1 18.0 ± 2.6 23.2 ± 2.7 31.2 ± 2.3 29.6 ± 1.9 26.6 ± 2.6 28.7 ± 3.4 33.1 ± 2.57 25.5 ± 2.8
total n-3 25.8 ± 2.2 16.2 ± 1.3 10.4 ± 0.9 13.7 ± 2.4 13.5 ± 1.7 15.1 ± 1.0 14.8 ± 1.0 14.8 ± 2.0 19.7 ± 1.2
n3/n6 1.1 ± 0.3 0.9 ± 0.2 0.4 ± 0.0 0.4 ± 0.1 0.5 ± 0.0 0.6 ± 0.1 0.5 ± 0.1 0.4 ± 0.1 0.8 ± 0.1

3.1.1. Holothuria polii

In H. polii, PC1 accounted for 46.7% of the variance, with palmitic acid C16:0 (loading
plot value: 0.47), eicosapentaenoic acid (EPA), C20:5n-3 (loading plot value: 0.40), and
palmitoleic acid C16:1n-7 (loading plot value: 0.38) making the most substantial contri-
butions. PC2 explained 20.7% of the variance, with C20:5n-3 (loading plot value: 0.55)
and C16:1n-7 (loading plot value: 0.45) displaying significant loadings. Consequently,
the distribution in the first and third quadrants was predominantly influenced by high
relative values of the EPA (C20:5n-3). The palmitoleic acid (C16:1n-7) mostly determined
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the distribution of the second quadrant, whereas the arrangement of the observations in the
fourth quadrant was dictated mainly by elevated values of the arachidonic acid C20:4n-6
(Figure 2A).

Figure 2. (A) Principal Component Analysis of the fatty acid composition of Holothuria polii from the
ten sampling sites of the study. (B) Dendrogram distance of groups, calculated on the average value
of the FAs that contribute the most to the PCA variance (NA: Northern Adriatic Sea, SA: Southern
Adriatic Sea, NI: Northern Ionian Sea, WI: Western Ionian Sea, SC: Sicilian Channel, ST: Southern
Tyrrhenian Sea, SS: Sea of Sardinia, WT: Western Tyrrhenian Sea, NT: Northern Tyrrhenian Sea, LS:
Ligurian Sea).

Certain groups of sea cucumbers exhibited distinct characteristics from others. Sea
cucumbers from the Ligurian Sea were notably isolated in the negative extreme of the PC1
axis, without any overlaps with other sites. Similarly, the Northern Adriatic group showed
clear isolation, occupying the third quadrant. Sea cucumbers from the Southern Adriatic
Sea tended to populate the second quadrant of the graph, partially overlapping with the
two groups from the Sardinian sites (WT and SS). The remaining groups (NT, NI, WI, ST,
and SC) exhibited significant overlap in the first and fourth quadrants, with a scattered
dispersion. The UPGMA dendrogram, employing the intra-group averages of the 42 FAs
loadings considered in the PCA (Figure 2B), underlined the geographic distribution of the
samples collected. Notably, the clustering confirmed the highest similarity between the
samples from WT and SS (similarity: 0.959), collected along Sardinia Island. Sea cucumbers
from SA and NI, which are geographically close (collected in the Apulia region), exhibited
a relatively high similarity (0.932). It is noteworthy that Sicilian samples (SC, WI, and
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ST) clustered together with a high similarity index (0.945 and 0.957). Finally, the lowest
similarity indexes were recorded for samples collected from the LS and NA sites, and the
ones from NT, which formed an isolated branch.

3.1.2. Holothuria tubulosa

In H. tubulosa, PC1 explained 51.1% of the variance, with heavy loading from palmi-
toleic acid C16:1n-7 (loading plot value: 0.59), arachidonic acid C20:4n-6 (loading plot
value: 0.40), and palmitic acid C16:0 (loading plot value: 0.37); PC2 explained 21.7% of the
variance, with mainly the contribution from EPA C20:5n-3 (loading plot value: 0.64) driving
the distribution, followed by C24:1n-9 (loading plot value: 0.22). Palmitic acid (C16:0)
and C22:6n3 (DHA) drove the variance in the first and second quadrants, respectively
(Figure 3A). Sea cucumbers from NA are distinct from others, occupying the negative
portion of the PC2 axis across the second and third quadrants, as are the Ligurian and two
Sardinian sites (SS and WT), the latter largely overlapping with each other. All the remain-
ing groupings (except SA, isolated at the positive portion of PC1, and NI secluded in the
first quadrant) are partially overlapped, with a scattered dispersion within the polygons.

Figure 3. (A) Principal Component Analysis of the fatty acid composition of Holothuria tubulosa from
nine of the ten sampling sites of the study. (B) The dendrogram distance of groups, calculated on the
average value of the FAs that contribute the most to the PCA variance. (NA: Northern Adriatic Sea,
SA: Southern Adriatic Sea, NI: Northern Ionian Sea, SC: Sicilian Channel, ST: Southern Tyrrhenian
Sea, SS: Sea of Sardinia, WT: Western Tyrrhenian Sea, NT: Northern Tyrrhenian Sea, LS: Ligurian Sea).
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The UPGMA dendrogram for this species also underlined the geographic pattern of
the samples collected (Figure 3B). The high similarity between the cucumbers from the
sampling sites in Sardinia (WT and SS) is evident (0.947). Sea cucumbers from the SA and
NI sites clustered together (similarity 0.92). It is noteworthy that the Sicilian SC samples
were more clustered with NT (0.95) than the other Sicilian site (ST). Finally, the lowest
similarity index (0.890) was recorded for samples from the Northern Adriatic Sea.

3.2. Trophic Biomarkers

Figure 4 presents histograms illustrating the composition of six fatty acid trophic mark-
ers (FATMs), representing potential food sources, in the body walls of two sea cucumber
species (15 specimens each) across all sampling sites. These visualizations highlight the
potential dominance of specific dietary components within their respective trophic niches.

 

Figure 4. Composition of biomarkers (ratio or percent ± SD) for potential food sources in H. polii
(above) and H. tubulosa (below) samples divided by sampling sites (NA: Northern Adriatic Sea, SA:
Southern Adriatic Sea, NI: Northern Ionian Sea, WI: Western Ionian Sea (available for H. polii only),
SA: Sicilian Channel, ST: Southern Tyrrhenian Sea, SS: Sea of Sardinia, WT: Western Tyrrhenian Sea,
NT: Northern Tyrrhenian Sea, LS: Ligurian Sea).

The analysis of the relative abundances of FATM revealed both differences and sim-
ilarities between the two sea cucumber species (Holothuria polii and Holothuria tubulosa)
across the various sampling sites. Diatoms emerged as one of the main trophic sources
for both species, with particularly high values recorded at the NA, LS, and NT sites. In
H. polii, NA and LS showed a dominant and consistent contribution of diatom-derived
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markers, while a similar trend was observed in H. tubulosa, especially at the same locations,
with percentages in some cases exceeding 20%. Blue-green algae generally represented
the second most abundant group. In H. polii, however, sites SC and SS showed higher
contributions from blue-green algae compared to other sources, making them the dominant
dietary component in these cases. In H. tubulosa, site NI displayed a strong dominance of
this source, suggesting spatial variation in the trophic role of this group. Bacterial markers
represented the third most important group overall. In H. polii, at sites WI, SC, and ST, the
bacterial contribution was comparable to that of diatoms and cyanobacteria, indicating
potential trophic plasticity in response to locally available resources. In contrast, H. tubulosa
showed a consistently lower bacterial contribution across all sites, never reaching the levels
observed for the other two major trophic groups. Seagrasses and brown algae were less
represented in the diet of both species, suggesting a secondary trophic role. However, at
site NI in H. polii, the contribution of brown algae was noticeably higher, representing the
third most important trophic source. Red algae showed a mean value of less than 10 for
both species and at all sites, reflecting the negligible importance of this dietary source.

4. Discussion
This study investigated the fatty acid (FA) profiles of two Holothuria species (H. tubulosa

and H. polii) collected from ten sampling sites along the Italian coastline, encompassing a to-
tal of 42 fatty acids. The two species exhibited remarkably similar FA profile patterns, likely
reflecting their co-occurrence in overlapping geographical areas and suggesting that they
occupy comparable trophic niches [7,59,60]. Principal Component Analysis (PCA) revealed
clearer clustering of individuals from certain sites, specifically NA, LS, NT and ST for H.
polii and NA, LS, SA, and NI for H. tubulosa, based on their FA compositions. While this
clustering partially corresponded with geographical proximity, it is more likely attributed
to shared dietary resources across these locations. The PCA, an unsupervised multivariate
statistical analysis, explained a high total variance for both species (67.4% for H. polii and
72.7% for H. tubulosa), which is notable given the complexity of the ecological context. The
loadings of individual fatty acids highlighted those that most strongly contribute to either
a similar trophic ecology (cluster overlap) or divergent trophic patterns (cluster separation).
To further understand their biological significance, these fatty acids were analyzed using
FATMs, which group them according to established studies in marine ecology. Although
all sampling sites were selected from sandy substrates within seagrass-dominated habitats
(mainly Posidonia oceanica and/or Cymodocea nodosa biocoenoses), site-specific differences in
FA profiles were primarily driven by specific fatty acids or FA groups, especially polyun-
saturated fatty acids (PUFAs), which are not synthesized by primary consumers [45,50].
Environmental variability, differences in local food availability, and ecological conditions
likely contributed to the observed spatial patterns in FA composition. Most holothurians
are epibenthic surface deposit feeders that consume fresh benthic microalgae and detritus
from the upper sediment layers [22,61]. They accumulate dietary PUFAs, particularly
when benthic microalgae and fresh phytodetritus are available, which are essential for key
physiological processes including reproduction and growth [61]. Accordingly, the high
proportions of PUFAs found in both species reflect their dependence on such high-quality
dietary inputs. Lipid biomarker analysis revealed that diatoms and blue-green algae were
the primary dietary sources for both sea cucumber species, followed by smaller contribu-
tions from bacteria and minimal inputs from seagrasses and brown macroalgae [6,56,62].
Considering the limitations of the index defined by Khotimchenko and Vaskovsky [41]
as a FATM for red algae, the results suggest that this group does not represent a trophic
source for the studied species at the investigated sites. This finding is further supported
by the low abundance of this phylum observed during the sampling phase. These dietary
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signatures exhibited some spatial variability, likely reflecting differences in the composition
and structure of local food webs. Diatoms, in particular, were consistently prominent
dietary components, which is likely attributable to their ecological ubiquity and high nutri-
tional value. This pattern corroborates previous research demonstrating the dominance of
diatoms within epiphytic assemblages associated with Posidonia australis [63–65]. Although
sea cucumbers are known to consume detritus composed of decomposing seagrass leaves
and rhizomes, the fatty acid (FA) profiles suggest a stronger assimilation of diatom-derived
biomarkers than of compounds originating directly from seagrasses. This supports the
hypothesis that selective assimilation occurs during digestion, whereby sea cucumbers
preferentially retain more nutritious or bioavailable components such as diatoms [66,67].
Blue-green algae biomarkers, while generally lower in abundance than diatom markers,
were consistently detected across both species and sites, suggesting that cyanobacteria
also contribute meaningfully to their diet. Their persistence across samples highlights
their potential role as a supplementary but reliable dietary component, especially in areas
where cyanobacterial biofilms are abundant. Moreover, the consistently elevated levels of
bacterial lipid markers in both species indicate that bacteria from decaying sedimentary
organic matter are also a vital dietary resource. These findings reinforce the important
ecological role of holothurians in benthic nutrient recycling and sediment bioturbation [67].
Additional factors likely contributing to variability in dietary FA availability across sites
include sedimentological and geochemical characteristics, as well as spatial differences
in periphyton communities. These variables can influence both the type and abundance
of available food sources, ultimately shaping the FA composition in sea cucumber tissues
at a local scale. However, further explanations for these variations can be found in sea-
sonal dietary shifts documented in other regions [3,20]. Studies conducted in China on FA
biomarkers have demonstrated that the primary food sources of the sea cucumber Aposti-
chopus japonicus vary markedly throughout the year [68,69]. In January, the diet is mainly
composed of diatoms, dinoflagellates or protozoans, brown algae, and bacteria. By March,
diatoms, flagellates or protozoans, and green microalgae become more prominent, with
green microalgae dominating in June. During July, bacteria and chlorophytes constitute
the primary food sources, while in August and September bacteria become the dominant
component. From October through November, brown algae and bacteria together represent
a significant part of the dietary intake [3]. These findings highlight the importance of
sampling period, as temporal shifts in diet can strongly influence FA profiles. In the present
study, sampling was conducted during the summer months, from June to September, a
time window that likely encompasses seasonal subtle yet detectable dietary shifts in sea
cucumbers. This underscores the importance of accounting for temporal variations when
analyzing FA profiles and understanding ecological dynamics. Among sea cucumber
species, PUFAs consistently emerge as the most dominant FA class, typically accounting
for 20% to 60% of total fatty acids [3,70]. This trend is supported by the present study, in
which PUFA concentrations ranged from 33.0 ± 4.5% to 52.5 ± 4.4%, indicating substantial
variability across samples. Previous studies have suggested a link between PUFA variation
and environmental salinity, with PUFA levels reportedly increasing under high salinity
conditions while saturated fatty acid (SFA) concentrations decline. This shift has been
interpreted as a cellular adaptation aimed at preserving membrane bilayer fluidity and
enhancing cell motility in response to osmotic stress [71]. However, the relevance of this
mechanism to our findings is limited. Despite observing site-specific variation in PUFA
content across our sampling locations, salinity levels remained relatively stable during
the sampling period, ranging around 38.0 ± 1.0 ppt in both the North and South Adriatic
Sea, based on Practical Salinity Scale values from Copernicus data [72]. Therefore, the
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observed PUFA variability in this study cannot be attributed solely to salinity differences,
as environmental fluctuations were minimal.

Fatty acid composition is shaped by a complex interplay of endogenous and exogenous
factors. Endogenous factors include genetically regulated physiological processes such as
growth, ontogenetic development, and annual reproductive cycles. In contrast, exogenous
influences encompass environmental variables (such as temperature, light, salinity, and
depth) as well as dietary components like food availability, feeding strategies, and diet
quality [30,73,74]. The interaction of these internal and external factors makes it difficult to
attribute inter- or intraspecific differences in FA profiles to a single cause [3]. Nonetheless,
certain biochemical patterns appear to be conserved across holothurian species. These
include consistently high levels of key FAs such as arachidonic acid (C20:4n-6, ARA),
eicosapentaenoic acid (C20:5n-3, EPA), docosahexaenoic acid (C22:6n-3, DHA), C23:1n-9,
palmitic acid (C16:0), oleic acid (C18:1), and palmitoleic acid (C16:1n-7), along with notable
amounts of branched-chain fatty acids including iso-C15:0, iso-C17:0, and anteiso-C17:0 [3].
Our results align with this general profile, confirming the abundant presence of ARA, EPA,
C16:0, C16:1n-7, and C23:1n-9. The latter, in particular, is recognized as a chemotaxonomic
marker specific to holothurians [2,3]. Additionally, our analysis revealed relatively high
levels of C18:0, C24:1n-9, and C20:1n-9, supporting findings from previous studies [66,75].
Conversely, docosahexaenoic acid (DHA) was found in relatively low concentrations
compared to values reported in the literature. Given that DHA is a well-established fatty
acid trophic marker (FATM) for dinoflagellates [23,30], this finding may reflect a limited
presence or reduced dietary contribution of dinoflagellates during the summer sampling
period, when primary productivity and species composition in the water column may
differ from other seasons.

5. Conclusions
This study introduces the use of fatty acids to clarify the trophic ecology of H. polii

and H. tubulosa along the Italian coasts, revealing their primary dependence on diatoms,
cyanobacteria, and bacteria, with clear ecological and geographic differentiation. Through
robust sampling and GC-FID/MS profiling, supported by both qualitative and quantitative
analyses, we identified distinct fatty acid signatures. While not exhaustive, these findings
establish fatty acids as effective markers for population-level dietary ecology and provide
valuable insights for conservation and management. Fatty acid biomarkers have the poten-
tial to serve as powerful tools for linking feeding ecology with sea cucumber conservation
efforts, through the identification and protection of vital habitats, enhancement of restock-
ing success, and development of ecosystem-based management plans aimed at maintaining
healthy benthic ecosystems. To strengthen and expand this work, future research should
incorporate compound-specific stable isotope analysis (CSIA) of fatty acids, an increasingly
refined tool for tracing nutrient and energy flow in aquatic ecosystems, alongside con-
trolled feeding experiments to quantify trophic discrimination and better understand sea
cucumber metabolism. Additionally, broader temporal and spatial monitoring (including
multiple seasons, life stages, and sampling sites) as well as focusing on different classes
and molecular species level of lipids, will help capture ontogenetic and environmental
variability. Together, these approaches will deepen our understanding of trophic dynamics
in sea cucumbers, among the most relevant species of the benthic coastal communities.
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