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© 2024 Menéndez, Álvarez, Garcia-Vazquez
and Ardura. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

TYPE Original Research

PUBLISHED 14 February 2024

DOI 10.3389/fmars.2024.1333141
Microplastics pollution in
genetically connected
populations of Holothuria
forskali from south Bay of Biscay
Daniel Menéndez1, Almudena Álvarez2,
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Introductio: Sea cucumbers are increasingly demanded as seafood in different

cultures around the world. Holothurians could be potentially exploited in

southern Bay of Biscay (Iberian Cantabrian coast) where they are not fished

yet. Recent studies show relatively high pollution by emerging pollutants like

microplastics (MPs) in the region; perhaps the exposure of holothurians to those

MPs may put them at risk.

Material andmethods:Here we analysed 60 samples ofHolothuria forskali taken

from the west and east of the Cape Peñas transition zone in different seasons.

MPs were quantified from body wall tissue, and mitochondrial DNA sequences

(16S and COI genes) were employed to determine population connectivity and

infer replenishment capacity.

Results: Much higher MPs content in holothurian tissue than in water and

sediments confirmed bioconcentration in this species. Significant differences

between sampling locations were found, holothurian pollution being consistent

with the occurrence of MPs sources like rivers, fishing ports and aquaculture.

Genetic connectivity and no signals of diversity reduction in the most polluted

samples suggest population replenishment capacity in H. forskali in the studied

region. Results for a few samples of H. mammata from the same sampling points

confirmed a higher MPs pollution at the west of Cape Peñas.

Discussion: According to these exploratory results, sea cucumbers seem to

accumulate MPs especially in the western Cantabrian Sea. Further studies are

recommended to understand the possible MPs threat for these

holothurian species.
KEYWORDS

sea cucumbers, microplastics, marine pollution, mitochondrial DNA, population

connectivity, Bay of Biscay
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1 Introduction

Holothurians (Phylum Echinodermata, Class Holothuroidea)

are epibenthic echinoderms, omnivorous non-selective sediment

feeders (Hamel and Mercier, 1998; Hartati et al., 2017). They ingest

the underlying substrate and recover edible materials (detritus, eggs,

phytoplankton, etc.) by filtration, as well as floating plankton (Dar

and Ahmad, 2006). Holothurians have been traditionally exploited

in the central Indo-Pacific since 1700 (Conand, 1990; Purcell, 2014),

and their fisheries are expanding all around the globe (Purcell et al.,

2023). According to FAO (https://www.fao.org/3/cc5230en/

cc5230en.pdf) 57,700 tonnes of wild sea cucumbers were

harvested globally in the decade of 2011-2020. Tropical fisheries

are the largest contributors to global catches (Conand, 2018;

Conand et al., 2022), with 64 species commercialised so far. Sea

cucumber prices are highly variable depending on the species, size,

and origin. Mean price of final dried product is around 500 $/kg in

Chinese retail markets (González-Wangüemert et al., 2018).

Due to the increasing demand from international markets,

together with high price and easy harvesting, new holothurians

markets target new species in temperate waters, such as the

Mediterranean Sea (Antoniadou and Vafidis, 2011; González-

Wangüemert et al., 2014; González-Wangüemert and Godino,

2016). Systematic holothurian fisheries started in Turkey in 1996,

followed by Greece, Spain, France, and Italy, and focus on a few

species (Hamel and Mercier, 2008; González-Wangüemert et al.,

2014). FAO has just started to officially record sea cucumber

landings per country in the Mediterranean fishing area (i.e., FAO

37), where they were previously undocumented (Vafidis and

Chryssanthi, 2023). Currently, FAO recommends size and gear

limitations (https://www.fao.org/3/i1384e/i1384e05a.pdf) that are

followed by different countries. In Turkey, fishery regulation

measures have been implemented since 2007, but due to an

increase of illegal fishing new regulations were brought into force

by the Ministry of Agriculture and Forestry in 2019 (Dereli and

Aydin, 2021). Portuguese legislation about sea cucumber fisheries

includes the species Holothuria forskali, Parastichopus regalis and

Mesothuria intestinalis (Diário da República, 1.a série— N.o 235—

6 de Dezembro de 2010, Annex I), catch being forbidden in

protected areas such as Ria Formosa (South Portugal) (González-

Wangüemert and Godino, 2016). In Spain, sea cucumber fisheries

are established in the Mediterranean area, where more than 10

companies export to China sea cucumbers from different species

(Holothuria tubulosa, H. forskali, H. mammata, and H. arguinensis)

caught from Spanish waters (González-Wangüemert and Godino,

2016) according to the current export policies of fishery products of

the Ministry of Agriculture, Fisheries and Food (https://

www.mapa.gob.es/es/ministerio/servicios/analisis-y-prospectiva/

informecomextanual2022_tcm30-657480_tcm30-507752.pdf). A

recent legislation to control the H. forskali catches has been

published in Galicia (NW Spain), but in the rest of regions sea

cucumbers fisheries are not regulated, illegal catch being suspected

in Andalusia (South Spain) (González-Wangüemert et al., 2018). In

the southern Bay of Biscay, Exploitation of sea cucumbers in this

region has not been explored in depth yet, despite the quantity of
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potential target species: 35 species of the seven orders of class

Holothuroidea have been described from that region (Fernández-

Rodrıǵuez et al., 2019).

Sea cucumbers play a significant role in the reduction of organic

load in the ecosystems, influencing actively nitrogen and phosphor

cycles while modifying the substrate and the surrounding

environment (Simões et al., 2019). Due to their feeding

behaviour, they introduce environmental pollutants into their

digestive system that can be transposed to other organs, being

therefore bioindicators of environmental pollution (Grossmann,

2014; Zhu et al., 2018; Mohsen et al., 2020; Bulleri et al., 2021;

Marrugo-Negrete et al., 2021). Emerging pollutants like

microplastics (MPs thereafter), i.e., small plastic particles <5mm

(Andrady, 2011), have been found in different holothurian species

worldwide (for example, Plee and Pomory, 2020, in Florida; Iwalaye

et al., 2020, in South Africa, or Tejedor-Junco et al., 2021, in the

Canary Islands). Sea cucumbers have been proposed as suitable

biomarkers of sediment contamination by MPs (Rios-Fuster et al.,

2022; Fagiano et al., 2023), and not only for their non-selective

sediment feeding strategy. Three pathways of MPs uptake are

recognised in the genus Holothuria: by tentacles or direct feeding,

by respiration (respiratory tree) and by the vascular system (access

through madreporite) (Iwalaye et al., 2020).

Plastic particles may produce both chemical and physical

damage to marine organisms when they are ingested, being

considered a risk for natural life (Rochman, 2018). For this

reason, the abundance and composition of MPs in species of

fishing interest are increasingly studied (Daniel et al., 2021). MPs

can affect holothurian species in different ways, such as increased

oxidative stress and altered immune response (Mohsen et al., 2021).

It is important to analyse the exposure of natural populations to

these pollutants to identify potentially vulnerable populations

before starting new exploitations. In the south Bay of Biscay, MPs

containing polymers harmful to health and aquatic life, such as

polyethyleneimine (PEI), polyethylene glycol (PEG), acrylic (PAN/

PAA), polyester aniline derivatives or chloroquine, have been

detected from organisms as diverse as algae (Bilbao-Kareaga et al.,

2023), gastropod and bivalve molluscs (Janssens & Garcia-Vazquez,

2021; Masiá et al., 2022), cnidarians (Janssens & Garcia-Vazquez,

2021) or fish (Menéndez et al., 2022). Holothurians could be equally

polluted in the region, perhaps putting natural populations at risk.

The distribution of MPs pollution in the region is quite patchy

because beaches and organisms are differentially polluted by plastic

and MPs depending on local sources like rivers, fishing ports, and

even malfunctioning wastewater treatment plants (WWTP) (e.g.,

Masiá et al., 2021; Menéndez et al., 2022). Connectivity is essential

for populations to respond to environmental stresses, since when a

population is highly disturbed and disappears from a deme, it can

be replenished with individuals from neighbouring demes (e.g.,

Klingbeil et al., 2022), as happens in top shells on the Cantabrian

coast (e.g., Muñoz-Colmenero et al., 2015). Determining population

connectivity patterns and replenishment levels is critical to

understand the resilience of species (Steinberg et al., 2016), being

essential for marine spatial planning and species management (Carr

et al., 2017). Marine species that spend part of their life cycle as
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planktonic larvae have a high dispersal potential, exhibiting a

weaker genetic structure and higher gene flow than species with

low dispersal potential (Cowen and Paris, 2006; Galarza et al.,

2009). This is the case of holothurians. In other regions, restrictions

to gene flow between relatively distant populations have not been

found in Holothuria poli (Valente et al., 2015), and the West

Mediterranean H. mammata is considered a single panmictic

metapopulation (Borrero-Pérez et al . , 2011). Genetic

differentiation has been found only on a large scale for H. poli

(Gharbi and Said, 2011), H. mammata (Borrero-Pérez et al., 2011)

and H. scabra (Uthicke and Benzie, 2001). However, the gene flow

in marine species can be constrained by physical and ecological

accidents (Hellberg et al., 2002). In the south Bay of Biscay, the

Cape Peñas is a main hydrographic feature located in the middle of

the coastline (Domıńguez-Cuesta et al., 2019) that could represent a

barrier for the connectivity of the species. The connectivity between

sea cucumber populations in this region is still untested, and is

necessary to understand the potential for population replenishment

in cases of environmental disturbances.

The objective of this study was to analyse the potential risk of

contamination by MPs in H. forskali inhabiting the central south

Bay of Biscay, as well as the population connectivity between

differentially polluted zones. A smaller sample of H. mammata

from the same sampling points was also analysed to confirm the

results obtained for H. forskali.

Departure hypotheses are:
Fron
A. For the patchy distribution of MPs in south Bay of Biscay

coast, differences in MPs concentration between sea

cucumbers from relatively close areas are expected

(Masiá et al., 2019; Menéndez et al., 2022). Higher MPs

concentration will occur in zones with more sources

of MPs.

B. The presence of harmful chemicals such as PEI, Polyester,

PEG and PAN is expected in holothurians, as in other

organisms from the study region (Janssens and Garcia-

Vazquez, 2021; Menéndez et al., 2022). For the regional

patchiness, the MPs composition will be different in

different zones.

C. Connectivity between populations of holothurian species is

expected at a short scale (Borrero-Pérez et al., 2011;

Valente et al., 2015); thus signals of genetic depletion in

more polluted areas are not expected.
2 Materials and methods

2.1 Ethic statement

The specimens analysed were collected by professional divers

and anaesthetised with magnesium chloride (MgCl2) at 5% to

prevent animal suffering. The project was approved by the

competent research ethics committee of the Government of

Asturias Principality, General Directorate of Maritime Fisheries,

project code IDI-2018-00201, approval date 5 of February of 2020.
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2.2 Samples and sampling areas

H. forskali adults were sampled from two different points

(Figure 1, Table 1): Palo Verde (Ribadesella) and Cape Blanco (El

Franco), located at East and West, respectively, of the Cape Peñas.

Cape Peñas is the main geomorphological feature situated in the

middle of the coastline, where the main component in the coastal

drift (North Atlantic Drift: NAD) goes eastward (Marquina et al.,

2015; Domıńguez-Cuesta et al., 2019), moving water from west to

east. Rivers, fishing activities, and wastewater discharges of large

urban concentrations, are principal contributors to marine MPs

(e.g., Browne, 2015; Lebreton et al., 2018; Masiá et al., 2021; Meijer

et al., 2021; Menéndez et al., 2022). Wastewater treatment plants

(WWTPs) and main rivers in the study region are marked in

Figure 1. Information on the hydrology of the Asturian coast is

published and available on the official website of the Hydrological

Confederation of the Cantabrian Sea (https://www.chcantabrico.es/

organismo/las-cuencas-cantabricas/marco-fisico/hidrologia). The

location of WWTPs in Asturias can be found on https://

consorcioaa.com/saneamiento.

The coordinates of the sampling points, main influencing rivers

and potential MPs sources are presented in Table 1. Cape Blanco is

located 14 km east of the Eo River which is 99 km long and has an

annual average flow of 19.61 m³/s; in addition, the smaller Porcia

River (31 km length, 3.1 m³/s annual mean flow) is 1.6 km west of

Cape Blanco. The WWTP El Franco is 1.11 km west, and the fishing

ports of Viavelez and Tapia are located respectively 1.4 km east and

7.5 km west of Cape Blanco, in addition to the fishing ports of

Figueras and Ribadeo in the Eo estuary. The Eo estuary concentrates

the oyster aquaculture in the region. On the other hand, Palo Verde

is located 4 km east of the Sella River, of 66 km length with annual

average flow of 18.07 m³/s. The fishing port and the WWTP of

Ribadesella are 5 km west of this sampling point (Figure 1). Tourism

visiting beaches and recreational areas occurs in the two zones. From

the data summarised in Table 1, total river discharges and the

number of fishing ports are higher at the west (Cape Blanco) than

at the east (Palo Verde), while the other potential sources of plastic

and MPs are apparently similar in the two locations.

Sampling was done through three consecutive seasons: summer

2020, winter 2021 and spring 2021. Ten adults of Holothuria

forskali were sampled from each sampling point each season

(Table 1), making a total of N = 60 H. forskali individuals. In

spring 2021 10 adults of Holothuria mammata were taken from the

same sampling points and processed as H. forskali, for comparison

of the results with a second species living in the same conditions (N

= 20 H. mammata). Holothurians were identified de visu by experts

of the Asturias Fisheries Research Centre, where they were gutted,

then they were transported to the laboratory of Natural Resources

of the University of Oviedo in clean labelled bags for

further processing.

Samples of water (10L) and sediment (50g) were taken together

with sea cucumbers in winter and spring (Table 1). Water (two

replicates of 5L each, being 10L in total per sampling point each

season) was taken in bottles carefully cleaned with filtered distilled

water. One replicate of 50g of sediment was taken manually with
frontiersin.org
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small glass jars just below or by each sample of holothurians and

stored in the same jars. Unfortunately, environmental samples

could not be taken in summer 2020 for logistic limitations due to

bad weather conditions during the scheduled sampling time.
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2.3 MPs extraction and processing

Water samples were filtered immediately after arrival in the

laboratory through 0.45mm Polyethersulphone (PES) sterile filters

(PALL Corporation®, 47 mm diameter), following the protocol

described by Masiá et al. (2019). One litre was filtered through each

filter to facilitate MPs counting. MPs extraction from sediment was

carried out by flotation, following the protocol described by Besley

et al. (2017). Briefly, 50g of previously dried sediment were added to

200mL of a hypersaline solution (358.9g of NaCl per litre of filtered

distilled water), manually shaken for two minutes three times

(Laglbauer et al., 2014), then left at room temperature for 24

hours. The final solution containing potential MPs was filtered

through 0.45 μm pore PES filters. This step was carried out as

carefully as possible to avoid sand falling over the filter (Menéndez

et al., 2022). Two filters per sample were necessary due to saturation

while filtering.

For holothurians, approximately 10g of edible tissue (body wall

from gutted individuals) were taken longitudinally (mouth-anus

axis, from the inner muscle to the skin) to ensure a reliable

representation of the MPs accumulation along the organism, per

individual. The material was cut with a clean scalpel in a laminar

flow cabinet. Digestion was performed adding 20 mL of H2O2 (30%

v/v) per gram of tissue. This solvent is not expected to degrade or

destroy MPs (Liebezeit and Dubaish, 2012; Riani et al., 2023). The

digestion mixture was stored in a 400 mL glass jar (covered with
TABLE 1 Summary of sampling sites and samples taken by season
(Summer 2020, Winter 2021 and Spring 2021).

Cape Blanco (West) Palo Verde (East)

Coordinates 43.570671, -6.854390 43.460441, -5.013347

Sampling
landscape

Islet Rocky cape with cliffs

Nearby
rivers

Eo, Porcia Sella

Other
MP sources

Eo and El Franco WWTPs,
fishing ports of Tapia, Viavelez,

Figueras, Ribadeo.

Ribadesella and San Jorge
WWTPs, fishing port

of Ribadesella.

Samples

Summer
2020

10 H.f. 10 H.f.

Winter
2021

10 H.f., water, sediment 10 H.f., water, sediment

Spring 2021 10 H.f., 10 H.m., water, sediment
10 H.f., 10 H.m.,
water, sediment
H.f., Holothuria forskali; H.m., Holothuria mammata.
FIGURE 1

Study region in the Cantabrian Sea. Top, location of the sampling area in Europe showing the North Atlantic Drift (NAD) as a white arrow. Bottom,
sampling points (red triangles): Cape Blanco, left (west) and Palo Verde, right (east). Wastewater treatment plants (WWTPs) are marked as blue dots.
Main estuaries (green dots) are, from west to east: Eo, Nalon, Aviles, Villaviciosa and Sella.
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aluminium foil to avoid plastic contamination) at 65°C for 7 days to

ensure that all organic material was digested (modified from Renzi

et al., 2018). Daily shakes were performed. After digestion, the

sample was diluted to 1L with filtered distilled water to facilitate

the filtering process (Menéndez et al., 2022). During the filtration,

the jar was rinsed with filtered distilled water to recover all potential

material stuck in the walls. In total, five 0.45 μm pore PES filters

were used per individual.

Filters were directly observed in a Leica 2000 Stereomicroscope

(40x magnification) in closed and cleaned petri dishes. Only

potential plastic particles smaller than 5 mm length were

considered (Andrady, 2011; Andrady, 2017). MPs were classified

by shape and colour. Shapes were fibres (cylindrical, length at least

3:1 width, continuous colouration), fragments (irregular shapes and

colourations, sharp angles) and beads (spherical, commonly

aggregated in pellets) (Hidalgo-Ruz et al., 2012; Cole, 2016;

Lorenzo-Navarro et al., 2021; Monira et al., 2022). Colours were

recorded as described by other authors; expectations are mostly

black, blue, transparent, and other marginal colours (Abayomi et al.,

2017; Gago et al., 2018; Wang et al., 2019; Ugwu et al., 2021).

For the chemical analysis, 15-20% of the main MPs found,

principally blue and black fibres, were randomly selected

(Uurasjärvi et al., 2021). They were picked from the petri dishes

under laminar flow cabin. μFTIR analysis (Fourier-Transform

Infrared Spectroscopy) was done (FTIR Varian 620-IR and

Varian 670-IR, using a wavelength between 4000 and 500 cm-1

and a germanium glass, Varian 620-IR and Varian 670-IR cm-1), in

the Autonomous University of Madrid. Results with a bibliographic

search score over 60% were used. Polymers were checked in the

ECHA (European Chemicals Agency) website (https://

echa.europa.eu/es/home) for their potential toxicity for the

aquatic life and/or for humans.
2.4 Contamination prevention

To prevent potential contamination from airborne MPs, all

procedures were carried out into a vertical laminar flow cabinet.

Researchers wore cotton lab coats all time. All liquids (reagents,

water, and hypersaline solution) were filtered through 0.2 μm pore

size PES filters. Materials in contact with samples/reagents

(tweezers, vacuum pump recipients, petri dishes, iron plates, glass

jars and aluminium foil) were carefully cleaned with filtered distilled

water following instructions from Lusher et al. (2015). Blanks (n =)

consisting in the digestion reagent were run simultaneously with the

samples to control the contamination during manipulation,

dilution, and filtration. All filters were stored after filtration in

clean petri dishes into a closed paperboard box for, at least, 48 hours

before starting the MPs counting.
2.5 DNA extraction, PCR, and sequencing

For all the individuals, a small piece of longitudinal inner

muscle was taken (approx. 0.5g) for DNA extraction using

Chelex-based protocol (Estoup et al., 1996). In order to increase
Frontiers in Marine Science 05
the PCR success, DNA was previously diluted 1:10 in

bidistilled water.

Two fragments of mitochondrial DNA, cytochrome oxidase I

(COI) and 16S rDNA genes, were analysed. They have been

employed in Valente et al. (2015) to determine the population

genetic structure of Holothuria poli in the Mediterranean Sea.

Within 16S rRNA gene a fragment of 486 base pairs (bp) was

amplified following the modified protocol described by Valente

et al. (2015), using the primers developed by Palumbi (1996): 16Sar-

L 5’-CGCCTGTTTATCAAAAACAT-3’ and 16SB 5’-CTCCGGTT

TGAACTCAGATCA-3’. The PCR protocol was an initial

denaturation at 95°C for 3 min, then 40 cycles of denaturation at

94°C for 20 s, annealing at 45°C for 20s and extension at 72°C for 20

s. Finally, 72°C for 10 min for a final extension.

A fragment of 313 bp within cytochrome oxidase a subunit I

(COI) gene was amplified using Leray et al. (2013) primers

(mICOIintF 5’-GGWACWGGWTGAACWGTWTAYCCYC-3’

and jgHR 5’-TAIACYTCIGGRTGICCRAARAAYCA-3’). PCR

protocol consisted of an initial denaturation at 95°C for 5 min,

followed by 35 cycles of denaturation at 95°C for 15 s, annealing at

46°C for 15 s and extension at 72°C for 10 s, and a final extension at

72°C for 3 min.

For the amplification of both genes, PCR reactions contained 10

μmol of each primer, 2.5 mM MgCl2, 0.25 mM dNTPs, 1X Buffer

GoTaq Promega, 0.15 ml of GoTaq Polymerase (5u/mL) and 2mL of

diluted DNA, in a total final volume of 20 mL. PCR products were

visualised using 2% agarose gel stained with 10 mg/mL Symple-

Safe™ (2.5 μL, EURx, Gdansk, Poland). Amplicons were sent for

Sanger sequencing at Macrogen Spain, Inc. (Madrid, Spain).

Sequences were edited and trimmed with BioEdit Sequence

Alignment Editor software (Hall, 1999). Finally, the outcome

sequences were checked for correct species and gene identity in the

GenBank database (http://www.ncbi.nlm.nih.gov/genbank/, accessed

in July 2023) using the BLAST algorithm and best match criterion.
2.6 Data analysis

2.6.1 Microplastics
MPs counts were transformed to MPs/g in all the elements

(water, sediment, and holothurian tissue) to make the results

comparable, using a density of 1.025 g/l for Cantabrian Sea water.

First, considering the variables MPs/g for holothurians, season (1, 2

and 3 for the three consecutive seasons), location (0 for east and 1

for west), and species (0 for H. mammata and 1 for H. forskali),

exploratory principal component analysis (PCA) was run to

visualise the relationships between variables. The following

settings were applied: correlation option; variables with r<0.8

pairwise correlation; significant components with >0.7 eigenvalue.

Due to small sample sizes, nonparametric tests were preferred

for comparisons between samples. Chi-squared analyses were

performed to compare samples for the proportion of MPs types

(shape and colour) and composition (chemical), between locations

or seasons for H. forskali and between locations for H. mammata.

For the quantitative variable MPs/g, normality was checked

using Shapiro-Wilk test, and homogeneity of variance using
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Breusch–Pagan test. To test the effect of season (three levels:

summer, winter, spring) and sampling location (two levels: west,

Cape Blanco, and east, Palo Verde sampling points) on H. forskali

means, two-way PERMANOVA analysis was performed, with 9,999

permutations and Euclidean distance. To test the effect of the

location on the H. mammata mean of MP/g, one-way

PERMANOVA was employed with the same settings.

Standard significance level of p<0.05 was adopted. Analyses

were done on free software PAST v.2.17 (Hammer et al., 2001).

2.6.2 Genetic diversity and
population differentiation

Haplotype diversity (Hd), number of haplotypes, exclusive

haplotypes and polymorphic sites were calculated for each sample

using DnaSP software v.6 (Rozas and Rozas, 1995). Relationships

between haplotypes and their geographical distribution were analysed

in haplotype networks constructed with the software Network version

10.2.0.0. (http://www.fluxus-engineering.com) with default settings.

Population genetic differentiation was estimated from FST value

based on haplotype frequencies, and its significance was calculated

by performing 2000 random permutations using ARLEQUIN

software v.3.5.1.3 (Excoffier and Lischer, 2010). The level of

significance adopted was standard p < 0.05.
3 Results

3.1 Microplastic content

Blanks exhibited a mean MPs concentration of 0.0076 ± 0.0079

MPs/g, which was two and even three orders of magnitude lower

than those of sea cucumbers (see below), thus it can be assumed that

no external contamination occurred during the digestion process.

MPs were found from all types of samples, accounting for 1,063

particles in total: 683 from holothurians (Supplementary Table 1),

15 from sediment and 365 from water samples (Supplementary

Table 2). The majority was fibres that represented the 95.7%, 100%,

and 94.2% of all particles in sea cucumbers, sand and

water, respectively.

In general, water had the lowest concentration of particles

(maximum 0.012 ± 0.01 MPs/g in spring), followed by sediment
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(mean 0.05 ± 0.352 MPs/g). Holothurians exhibited much higher

MPs concentrations than environmental samples, being H. forskali

from the west in summer the highest (1.54 ± 1.135 MP/g) (Table 2).

Sediment results were excluded from further analysis due to the

small number of samples taken, with no replicates per location.

According to a higher number of potential MPs sources, MPs

concentration was apparently similar or higher at the west,

especially in holothurians.

The principal component analysis (PCA) scatter plot provides a

visual interpretation of the relationships between the variables

considered (Figure 2). PC1 and PC2 explained the 40% and 37%

of the variance respectively, being the season and location the

factors with higher loads. The diagonal representing MPs

concentration in holothurians was in the second quadrant

together with the location (1 for west and 0 for east,

corresponding to more potential sources of MPs pollution at the

west) that was the closest diagonal. The diagonal representing the

season (1-summer 2020, 2-winter 2021, 3-spring 2021) was in the

quadrant II, opposite to the diagonal representing the species that

was in the quadrant IV. H. forskali and H. mammata were

segregated, with H. mammata concentrated in the quadrant II.

For the two species, individuals sampled from the west (yellow

signs) were clearly separated and above of those sampled from the

east (blue signs), suggesting a strong effect of the location on the

MPs concentration – as expected from a higher number of MPs

sources near the west sampling point.

InH. forskali, that was the main focus of this study, location was

highly significant in the two-way PERMANOVA, unlike the season

that was not significant, nor the interaction (Table 3); this means

that individuals sampled at the west exhibited significantly higher

MPs concentration than those sampled at the east independently of

the season, as seen in Table 2.

Regarding MPs types in H. forskali (n = 530 particles in total),

most of them were mainly black and blue fibres, fragments being

much less abundant (Supplementary Table 1). Chi-squared test

comparing the seasonal profiles was not significant for the east

(c²=12.01; 8 d.f.; p=0.15 > 0.05, not significant) nor for the west

location (c²=12.47; 8 d.f.; p=0.13). Pooling together the seasonal

samples of each location, the difference between east and west

locations was highly significant (c²=19.75; 4 d.f.; p=0.0006), with a

higher proportion of fragments and black fibres at the west
TABLE 2 Mean concentration (standard deviation in parentheses) of MPs in the different samples studied by season, species (or species associated)
and location.

Summer Winter Spring

East West East West East West

Water nd nd 0.005 (0.003) 0.008 (0.004) 0.012 (0.01) 0.011 (0.009)

Sediment* By H. forskali nd nd 0.08 0.08 0 0.02

By H. mammata nd nd nd nd 0.04 0.08

Holothurians H. forskali 0.618 (0.359) 1.54 (1.135) 0.636 (0.378) 0.941 (0.609) 0.559 (0.279) 0.953 (0.609)

H. mammata nd nd nd nd 0.611 (0.325) 0.952 (0.405)
Results are given in MPs/g for sea cucumbers and sand, MPs/individual for sea cucumbers and MPs/L for water as measurement unit. For sediment there is not standard deviation because it was
only one replicate per site and by species. nd, no data available.
* means there is not standard deviation because of the number of replicates.
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(Figure 3, first and third columns at left). The MPs types obtained

from water samples (n = 365, sampled in winter and spring; fifth

and seventh columns in Figure 3) were not significantly different

between locations (c²=1.38; 4 d.f.; p=0.84).

For the composition of the 151 MPs analysed from all the

samples (the two holothurian species and water from the west and

east locations), 18.8% were natural compounds, such as cotton and

cellulose; the rest were plastics and other substances

(Supplementary Table 3). The most abundant material was Rayon

(45%) followed by Polyethyleneimine cellulose - PEI (15%),

Polyester (9.7%), Polyethylene terephthalate - PET (5.8%),

Polyacrylonitrile - PAN (2.6%), Nylon (1.3%), Polyethylene glycol

- PEG (0.65%) and Urethane Alkid (0.65%) (Supplementary

Table 3). The hazardousness of the compounds was checked in

the ECHA website (http://echa.europe.eu). Four of them are

recognised as harmful for aquatic life and/or the human health:

PEI, Polyester, PAN, and PEG that summed a total of 42 particles

(27.8% of the total). These compounds were expected in the second

departure hypothesis.

Focusing on the artificial compounds found in H. forskali

(Figure 3, second and fourth columns; Supplementary Table 3),

the clear difference between east and west found for the quantity

and types of MPs was not found for particles composition. The

profile was relatively similar at east and west, with a relatively high

proportion of rayon followed by PEI and polyester and no

significant differences among the two locations (c²=4.53; 3 d.f.;

p=0.21). For the water the difference between west and east samples

was also not significant (c²=3.82; 3 d.f.; p=0.28). PEI particles were
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not found in water samples taken at the east (Figure 3, column at

right), but this was not enough for statistical significance, being

probably due to small sample size (= sampling effect, with only 17

artificial particles in east water sample; Supplementary Table 3).

In the second species considered, H. mammata, the results were

similar to those found in H. forskali although the number of MPs

detected was much smaller (n = 160 particles), because sampling for

this species was done only in the spring. As shown in Table 2, the

individuals sampled from the west location exhibited more MPs

than those sampled at the east (means 0.952 with SD 0.405, versus

0.611 with SD 0.325, respectively). As inH. forskali, the difference of

means was statistically significant (one-way PERMANOVA with

9,999 permutations gives a total sum of squares of 3.005 and within-

group sum of squares of 2.423, F = 4.324, p = 0.047).

InH. mammata’s profile by type of MPs (Figure 4), the majority

of particles were also black and blue fibres. As in H. forskali,

fragments were more abundant at the west and transparent fibres

at the east; however, the proportion of black and blue fibres was

quite similar and the difference between west and east locations was

not significant (c² = 3.10; 4 d.f.; p=0.54). For the composition, in H.

mammata from the west two particles were PAN, which is a

harmful substance according to the ECHA. This substance was

not found in H. forskali. The composition profile of west and east

locations looked quite different (Figure 4, second and fourth

columns), but the difference was not significant (c² = 4.64; 4 d.f.;

p=0.33); in this case samples sizes were very small, since only 10 and

12 particles from west and east location respectively were analysed

with FT-IR.
TABLE 3 Two-way PERMANOVA (9,999 permutations) testing the effect of the factors “Season” and “Location” on the variation of MPs concentration
in Holothuria forskali (d.f. = degrees of freedom).

Factor Sum of squares d.f. Mean square F p

Season 1.263 2 0.632 1.592 0.211

Location 4.380 1 4.380 11.037 0.0005

Interaction 1.113 2 0.556 1.402 0.259

Residual 21.432 54 0.397

Total 28.189 59
Significant factor marked in bold.
FIGURE 2

PCA scatter plot representing the relationships between the MPs concentration in holothurians (MPs/g) and the other variables considered: location,
season, and species.
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3.2 Genetic diversity and estimated
population connectivity

Not all the individuals could be genetically analysed, possibly

due to procedural issues. In total 72 sea cucumbers were successfully

sequenced for the 16S rRNA gene, and 56 for COI gene. After

editing the sequences, alignments of equal length were obtained for

the two genes and species: 321 and 373 bp for 16S in H. forskali and

H. mammata, respectively; and 237 and 313 bp for COI in H.

forskali and H. mammata, respectively. BLAST analysis of the DNA

sequences obtained confirmed the species visually assigned in all the

cases (H. forskali or H. mammata), with more than 99% of identity

for both genes. The sequences obtained were submitted to

GenBank, where they are available with the accession numbers

OR681936-OR681967 and OR682161-OR682170 for 16S gene, and

OR681876-OR681886 and OR690923-OR690929 for COI gene.
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3.2.1 Genetic diversity
For the gene 16S a total of 32 haplotypes among 54 individuals of

H. forskali, and 10 haplotypes among 18 individuals of H. mammata,

were detected (Table 4). For COI gene, the number of haplotypes

found was 11 haplotypes among 36 H. forskali individuals, and 7

haplotypes among 20 H. mammata individuals (Table 4). High

haplotype diversity was found for the two genes in the two species,

ranking from 0.96 for 16S gene in H. forskali to 0.75 for COI gene in

H. mammata. The haplotype diversity was higher for H. forskali for

both markers. Many exclusive haplotypes (unique of a location) were

found, especially in H. forskali. In H. forskali the number of

haplotypes was similar for the west and the east locations, being

respectively 20 and 19 for 16S gene, and 6 and 8 for COI gene; thus,

signals of depleted diversity were not found with the present data.

In the case of H. mammata diversity was somewhat lower,

especially in the east location: the number of haplotypes was 8 in the
FIGURE 4

Composition of particles found from H. mammata (Hm) samples in west and east sampling points.
FIGURE 3

Profile of microplastics found from Holothuria forskali (Hf) and water samples in this study, for type (shape and colour) and chemical composition.
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west and 4 in the east location for 16S gene; 6 in the west and 4 in

the east location for COI gene (Table 4). As for MPs, the results

obtained for H. mammata must be taken with caution due to small

sample sizes (18 and 20 individuals, for 16S and COI

genes, respectively).

3.2.2 Population differentiation
Pairwise FST results did not show any significant difference

between regions in H. forskali for any gene (Table 4), thus

limitations to gene flow and connectivity were not found with

these genes. In contrast, the two H. mammata samples exhibited

significant FST suggesting gene flow restrictions for both genes
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(Table 4). Again, these results should be taken with caution due

to small sample sizes for this species.

Parsimony haplotype networks for both genes are shown in

Figure 5. They were consistent with lack of differentiation between

the two locations, the haplotypes with the higher frequencies being all

shared among locations (Figure 5). The networks exhibited irregular

shapes, quite similar in the two species with many singletons and

exclusive haplotypes and generally more complex for 16S than for

COI gene, according to the relative diversity of these two genes in this

study. Differences between west and east locations were not evident in

these networks for H. mammata, suggesting that the observed FST
significance could be simply due to small sample sizes.
A

B D

C

FIGURE 5

Parsimony haplotype networks for 16S and COI genes in H. forskali and H. mammata. (A) H. forskali- 16S; (B) H. mammata-16S; (C) H. forskali-COI;
(D) H. mammata-COI. East location: blue, West location: yellow. The size of the circle is proportional to the number of individuals with
each haplotype.
TABLE 4 Genetic diversity of 16S rRNA and COI genes for H. forskali and H. mammata in the two sampling locations considered in this study.

Gene Species N h Hd FST p-value N Shared h Exclusive h

16S

Holothuria forskali 54 32 0.96 0.001 0.387
West 27

7
13

East 27 12

Holothuria mammata 18 10 0.85 0.158 0.009*
West 9

2
6

East 9 2

COI

Holothuria forskali 36 11 0.77 -0.032 0.919
West 13

3
3

East 23 5

Holothuria mammata 20 7 0.75 0.198 0.018*
West 10

3
3

East 10 1
N, number of individuals analysed; h, number of haplotypes; Hd, Haplotype diversity. Significant FST values are in bold marked with an asterisk. h, Haplotypes; Hd, haplotype diversity;
N, sample size.
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4 Discussion

To the best of our knowledge, this is the first study on MPs

content and population connectivity of Holothuria forskali in the

Bay of Biscay. The results obtained were consistent with previous

studies from Greece and Italy reporting MPs in this species (Seary

et al., 2013; Deudero and Alomar, 2015). Supporting Hypothesis 1,

the level of MPs pollution was higher in the west, where more MPs

sources occur, than in the east. Fishing and aquaculture, more

concentrated near the west location, are important sources of MPs

marine pollution (Xue et al., 2020; Chen et al., 2021) and would

explain at least partially the observed difference. In this region,

Masiá et al. (2021) reported a higher abundance of macro- and

microplastics in beaches near ports and areas with intense fishing

activity. Greater river discharge at the west would also explain a

higher MPs pollution, since rivers are well known MPs sources

(Campanale et al., 2020; Lestari et al., 2020). These MPs would

accumulate in holothurians, which are sentinels of MPs pollution

(Rios-Fuster et al., 2022; Fagiano et al., 2023).

From the perspective of the potential consumption of these

holothurians - if they are harvested in a future – the MPs

concentrations found in our study were considerably higher than

those published in other studies. For example, Mohsen et al. (2023)

found an average of 0.081 MPs/g in Apostichopus japonicus

commercialised in Chinese markets, which is about ten times

smaller than that found in our study on the Cantabrian Sea.

Relatively high MPs concentrations have been found in other

marine species from the same coast (in comparison with other

regions), for example in mussels suggesting problematic

accumulation of MPs in the area.

As expected in Hypothesis 2, the type and composition of those

MPs was consistent with that reported for other organisms and

water from the Cantabrian Sea (La Daana et al., 2017; Masiá et al.,

2022; Menéndez et al., 2022), dominated by black and blue fibres

while the particles of other colours are relatively scarce. The types of

MPs were significantly different in the two locations, according to

Hypothesis 2 and the patchiness found in the region in previous

studies (Masiá et al., 2019; Masiá et al., 2021). However, Hypothesis

2 was not totally accomplished, since the expected difference in

holothurians MPs composition between these locations was not

found. Higher sample sizes analysed with FT-IR would increase the

statistical power of this observational study, but perhaps the

composition is not so different because the ultimate sources of

pollution (single use plastics, fishing materials, industrial wastes,

microbeads in cleaners and cosmetics etc.) are relatively similar

across the region, as they are in other marine waters (Frias et al.,

2016; Bråte et al., 2018; Zhang et al., 2019; Wu et al., 2020).

A (relative) novelty of this study was finding much higher MPs

concentration in the holothurians than in the water samples. This is

the first evidence of bioaccumulation of MPs in the edible tissue of

sea cucumbers of the genus Holothuria. The presence of MPs in the

body wall suggests they were translocated from the gut, or from the

respiratory system as seen in other species (Brennecke et al., 2015;

Jovanović et al., 2018; Elizalde-Velázquez et al., 2020).

Bioaccumulation in sediment feeders is not strange. Fagiano et al.
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(2023) found that marine sediments hold two-fold microplastics

than sea surface waters and are dominated by fibers.

Bioconcentration of MPs is supported by previous studies in

marine invertebrates (Sfriso et al., 2020; Álvarez-Ruiz et al., 2021;

Kuehr et al., 2022). In the case of sea cucumbers, bioconcentration

has been hypothesised by other authors (Iwalaye et al., 2020;

Lombardo et al., 2022; Martines et al., 2023) and confirmed in the

genus Apostichopus (Mohsen et al., 2022). H. forskali was also

proposed as a bioindicator of MPs pollution (Rios-Fuster et al.,

2022; Fagiano et al., 2023); however, these studies focused on MPs

ingestion analysing the gastrointestinal tract, so direct comparisons

with our results are not reliable. From our results, Holothuria joins

the list of genera that bioaccumulate MPs in tissues other than

the gut.

For the third hypothesis, it was apparently accomplished for H.

forskali, or at least we found no evidences of lack of connectivity

from our data. The connectivity inferred in this study for H. forskali

is supported by its long planktonic larval duration (Ivy & Giraspy,

2006), which favours the panmixia and suggests the capacity to

recover from population disturbance through recruitment from

other areas (Valente et al., 2015). For H. mammata, although FST
was significant, very small sample sizes prevent robust conclusions

about connectivity. Historically, H. mammata has been described

only in the Mediterranean Sea, the southern Portuguese coast and

the Azores Islands (Mercier and Hamel, 2013). Recent eastwards

dispersion along the Cantabrian basin could explain some

differences in new colonised areas; however, H. mammata’s

haplotype networks relatively similar to those of H. forskali would

suggest a similar connectivity. Moreover, the occurrence of shared

haplotypes might indicate that gene flow between populations is

happening in H. mammata. This is consistent with Valente et al.

(2015) and Gharbi and Said (2011) results for Mediterranean H.

poli, where population genetic structure can be detected only in

some cases at longer distances. Interestingly and pointing at a good

capacity of population replenishment, the level of diversity was not

lower in the more polluted deme at west. On the contrary, it was

similar or higher that the diversity found at the cleaner east location

in the case of H. mammata. This result would point at a good

recovery capacity of Holothuria populations in case of

environmental disturbances, as it happens for other marine

organisms of high larval dispersal capacity (e.g., Muñoz-

Colmenero et al., 2015; Klingbeil et al., 2022).

The preliminary genetic results obtained in this study point to

greater haplotypic diversity of the 16S gene than that of the COI

gene, for the two species and in the two locations examined (see

Table 4 above). It is generally assumed that the 16S gene is highly

conserved evolutionarily, more than COI (Jo et al., 2016). However,

a few other studies show a higher Hd in 16S than in COI in

holothurians and other marine invertebrates (Borrero-Pérez et al.,

2011; Soliman et al., 2016 in H. mammata and H. edulis

respectively). This issue has not been discussed in depth yet and

here we cannot give a proper explanation for this observation. It

would deserve further exploration with many more data and other

species, to understand the evolutionary patterns of these genes in

marine invertebrates.
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5 Conclusions

The species Holothuria forskali, as well as H. mammata, are able

to bioaccumulate MPs in edible tissues. In South Bay of Biscay

samples, H. forskali exhibits a higher concentration of MPs in the

west that in the east of Cape Peñas, according to the respective

number ofMPs sources in each area. Differences in the distribution of

MPs types were found between sites, supporting previously observed

patchiness of MPs pollution along the coast. Toxic compounds such

as PEI, Polyester, PEG, and PAN, also found from other species and

water on this coast, were confirmed in these holothurians. High

diversity at mitochondrial genes and low FST values suggest

population connectivity and replenishment capacity between

polluted and unpolluted demes in H. forskali. Similar diversity

results suggest a similar situation for H. mammata, although these

results should be taken with caution due to limited sample size.
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Presence of micr oplastics and antimicrobial-resistant bacteria in sea cucumbers
under different anthropogenic influences in Gran Canaria (Canary Islands, Spain).
Mar. Biol. Res. 17 (7-8), 537–544. doi: 10.1080/17451000.2021.1990960
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