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Editorial on the Research Topic

Impacts of emerging contaminants and their ecotoxicological consequences
Emerging Contaminants (ECs) in aquatic ecosystems have garnered global

environmental concern with the advancement of detection and monitoring technologies.

The increasing number and diversity of ECs have shown multiple impacts on biological

systems, biodiversity, and ecosystem function in aquatic environments. Furthermore,

adverse effects of ECs, particularly those that occur at environmentally relevant

concentrations, may appear only when they co-occur with another stressor. However,

knowledge about these impacts on aquatic species is still limited. Therefore, this Research

Topic focused on exploring the linkages between exposure to emerging contaminants, the

biological responses of aquatic species, and their potential ecological consequences, aiming

to enhance our understanding of these critical environmental challenges.

This Research Topic comprises 10 articles covering several aspects of emerging

contaminants: the impacts and risk assessment of microplastics and nanoparticles, the

toxic mechanisms of PPCPs, and the transfer and amplification of pollutants through the

food chain.

For the impacts of microplastics (MPs) and nanoparticles (NPs), Esterhuizen et al.

investigated the ecotoxicological effects of polystyrene (PS) leachates on Daphnia magna

and Artemia salina. Results showed higher mortality in A. salina exposed to seawater

leachate, and sublethal concentrations triggered elevated antioxidant enzyme activities in

both species. The findings underscored the need for monitoring species-specific impacts of

MPs and their leachates. Inagaki et al. investigated the cytotoxic effects of titanium dioxide

(TiO2) NPs on the benthic foraminifer Ammonia veneta. The results indicated that TiO2-

NPs at ≥ 5ppm could disrupt the foraminiferal detoxification system.

Studies also provide some new evidence that co-exposure to MPs and chemical

contaminants may alter the combined toxicity to aquatic species. Aldraiwish et al.

investigated the multifaceted effects induced by MPs and the statin Lipitor on marine

benthic nematodes. Results showed that PVC or Lipitor alone significantly reduced

nematode abundance, biomass, and diversity, with higher mortality in microvores and

diatom feeders. However, combining PS-MPs with Lipitor attenuated toxicity via physical
frontiersin.org015
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adsorption, minimizing negative impacts. The findings suggested

PS-MPs as a potential remediation tool by reducing Lipitor

bioavailability. Pradit et al. reported the distribution and

ecological risks of MPs and heavy metals in sediments of

Songkhla Lagoon, Thailand. The results suggested that pollution

of MPs and heavy metals exhibited ecological risk factors to both

ecosystems and human health, which highlighted the risk of MP-

heavy metal co-contamination of aquatic ecosystems.

For the impacts of pharmaceuticals and personal care products

(PPCPs), Tao et al. investigated the reproductive consequences of a

life cycle exposure to 2-phenylbenzimidazole-5-sulfonic acid

(PBSA, an organic UV filter) in zebrafish. Results showed that

PBSA exposure could disturb fish reproduction through endocrine-

disrupting effects and transgenerational toxicity, emphasizing the

necessity for environmental regulations on UV filters. Lin et al.

investigated the ecotoxicological effects of quinolone antibiotics

(levofloxacin and norfloxacin) on the marine diatom Skeletonema

costatum, and the results showed that both antibiotics at high

concentrations could inhibit algal growth by impairing

photosynthesis and inducing oxidative stress.

Studies also suggested that the transfer and amplification of

pollutants through the food chain could significantly increase their

ecological risks. Zhang et al. analyzed the contamination of 14 per-

and polyfluoroalkyl substances (PFAS) in the Saunders’s gull (Larus

saundersi) and its food chain in Yellow Sea coastal wetlands. The

results suggested that PFSA could be transferred maternally in L.

saundersi, with bivalves and polychaetes as the primary

contributors to PFAS contamination in food sources. In addition,

Ni et al. reported the transfer of radionuclides and radiation dose

assessment for marine organisms on the eastern coast of Yantai

City. Binder et al. assessed the ecotoxicological impacts of

munitions leakage from WWII shipwrecks in the Belgian North

Sea using caged blue mussels (Mytilus edulis) and fish (Trisopterus

luscus). Multi-biomarker analysis revealed oxidative stress in

mussels and lysosomal membrane destabilization. The findings

highlight subcellular toxicity in mussels and underscore the

ecological risks of historical munitions in marine environments.

Overall, articles in this Research Topic provide some new

insights into the impacts of emerging contaminants and their

ecotoxicological consequences. The findings are crucial for the

environmental risk assessment of these pollutants. Although there

is increasing recognition of the importance of a multi-stressor

approach to aquatic ecosystems, there is still a lack of knowledge

on this topic, especially regarding the ecological consequences of the

combined effects of emerging contaminants and other

environmental stresses. Such studies are still needed to achieve a

more comprehensive understanding of the potent ia l
Frontiers in Marine Science 026
ecotoxicological consequences of long-term exposure to emerging

contaminants on aquatic species worldwide.
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Medicine, Guilin Medical University, Guangxi Zhuang Autonomous Region, Guilin, China
Global attention has been focused on organic UV filters due to their ubiquity and

potential damage to aquatic environment, yet the effects of their life cycle

exposure on fish reproduction remain unknown. In the present study, the

influence of 2-phenylbenzimidazole-5-sulfonic acid (PBSA) exposure on the

reproductive endocrine system of zebrafish was examined, from 6 hours post

fertilization (hpf) until 150 days, at levels that near-environmentally relevant (0 to

20 mg/L). Our results showed that exposure to PBSA at 20 mg/L caused a slight

decrease in the Gonadosomatic Index (GSI) of female zebrafish in the F0

generation. Furthermore, this exposure had a negatively effect on

reproduction, accompanied by delayed oocyte maturation, reduced

cumulative egg production and decreased fertilization rate. Additionally,

offspring embryos displayed reduced egg diameter at 0.75 hpf, delayed

cumulative hatching rate at 60 hpf, and increased deformities rate at 72 hpf,

indicating an adverse transgenerational effect. Moreover, PBSA exposure was

associated with decreased plasma levels of sex hormones of 17b-estradiol (E2)
and 11-ketotestosterone (11-KT), as well as altered the transcriptional profiles of

certain genes in the HPG (hypothalamic–pituitary–gonadal) and liver axis.

Molecular docking (MD) simulations revealed that specific amino acid residues

of PBSA interact with zebrafish estrogen receptors, confirming its

xenoestrogenic properties. Therefore, exposure to PBSA during its life cycle

can disturb fish reproduction through endocrine disruption, thus necessitating

strict environmental regulations for the disposal of UV filters to protect

ecological and public health.

KEYWORDS

2-phenylbenzimidazole-5-sulfonic acid, life cycle exposure, reproductive endocrine
disruption, sex hormones, HPGL axis, transgenerational effects
frontiersin.org017

https://www.frontiersin.org/articles/10.3389/fmars.2023.1283816/full
https://www.frontiersin.org/articles/10.3389/fmars.2023.1283816/full
https://www.frontiersin.org/articles/10.3389/fmars.2023.1283816/full
https://www.frontiersin.org/articles/10.3389/fmars.2023.1283816/full
https://www.frontiersin.org/articles/10.3389/fmars.2023.1283816/full
https://www.frontiersin.org/articles/10.3389/fmars.2023.1283816/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2023.1283816&domain=pdf&date_stamp=2023-11-01
mailto:junyanwmu@163.com
https://doi.org/10.3389/fmars.2023.1283816
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/marine-science#editorial-board
https://www.frontiersin.org/marine-science#editorial-board
https://doi.org/10.3389/fmars.2023.1283816
https://www.frontiersin.org/journals/marine-science


Tao et al. 10.3389/fmars.2023.1283816
1 Introduction

Organic ultraviolet (UV) filters are a type of synthetic chemicals

that are designed to protect from radiation, mainly acting as a

sunscreen to prevent sunburn and skin cancer. They are also

employed in personal care products, such as shampoos and

cosmetics, and in industrial processes, including anti-freezing,

anti-corrosion, and photo-initiator (Carve et al., 2021). Currently,

there are around 55 UV filters approved for usage worldwide

(Shaath, 2016), with an annually production of over 10,000 tons

(Shaath and Shaath, 2005). Reports have indicated that

concentrations of benzophenone-3 (BP3) and 2-ethylhexyl-4-

methoxycinnamate (EHMC), two common organic UV filters,

have been observed in water sources at levels of up to 3,316 µg/L

and 19 µg/L, respectively (Balmer et al., 2005; Mitchelmore et al.,

2019; Downs et al., 2022; Scheele et al., 2023). As a result of their

widespread use, UV filters are released into the environment

through wastewater treatment plants (WWTP) and recreational

activities, raising growing concerns about potential environmental

and human health risks.

In recent years, 2-phenylbenzimidazole-5-sulfonic acid (PBSA)

has been used extensively as an organic UV filter in sunscreens and

has been found in many aquatic habitats. For example, the

concentration of PBSA ranged from 1.3 to 2.3 ng/L in the north-

west Kerch Strain, 1.0 to 170 ng/L in the Baltic Sea, and 4490 ng/L in

Australian WWTPs (Orlikowska et al., 2015; O'Malley et al., 2020).

The highest concentration of PBSA in water was recorded to be over

13 mg/L in outdoor swimming pools in South Bohemia (Grabicova

et al., 2013). Though most UV filters, including PBSA, are present in

the environment at low concentrations, they can still have the

potential biological activity by targeting certain metabolic,

enzymatic or cell signaling pathways (Zhang et al., 2017; Huang

et al., 2020; Wang et al., 2021). However, there is limited

information available on the toxicological effects and associated

risks of PBSA. Only one study showed that exposure to

environmentally relevant concentration of PBSA can activate

certain P450 cytochromes and alter biochemical parameters and

enzyme activities in the fish plasma (Grabicova et al., 2013),

indicating its potential to disrupt endocrine function. Given that

UV filters are now considered as emerging endocrine disrupting

chemicals (EDCs) (Ma et al., 2023; Mustieles et al., 2023; Yan et al.,

2023), it is critical to evaluate the potential reproductive endocrine

disruption effects of life cycle PBSA exposure and its adverse

impacts on the development of offspring in aquatic species.

Zebrafish (Danio rerio) has been identified as a suitable model

for studying the biological effects of EDCs (Guo et al., 2019; Qian

et al., 2020). The hypothalamic-pituitary-gonadal and the liver

(HPGL) axis is responsible for regulating reproduction in fish,

with hormones such as follicle-stimulating hormone (FSH),

luteinizing hormone (LH), 11-ketotestosterone (11-KT), estradiol

(E2) and multiple molecular targets influencing gametogenesis and

maturation (Mo et al., 2021; Yang et al., 2022). Environmental

pollutants that interfere with these hormones in the HPGL axis can

have a negative effect on fish reproductive processes, as any

disruption of the endocrine system is associated with this axis.
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However, the consequences of PBSA exposure on fish reproduction

and the growth of their offspring are still not fully understood.

Recently, structure-based molecular docking (MD) simulation

has been an essential approach for uncovering the molecular

mechanisms and structure-toxicity correlations of toxic

substances (Shi et al., 2023; Wu et al., 2023). PBSA may activate

the steroid hormone pathway via the formation of a ligand-protein

complex with estrogen receptors (era and erb), utilizing the lock-

and-key principle as a mechanism, which provides a novel insight

into the mechanisms of toxicity in vivo. Therefore, the purpose of

this study is to identify the amino acids of steroid hormone

receptors that can interact with PBSA and generate binding sites.

Additionally, it seeks to evaluate the reproductive endocrine

disruption potential of PBSA through cumulative egg production,

fertilization rate, gonad histopathology analysis, plasma sex

hormones levels and expression levels of genes related to the

HPGL axis. Furthermore, it will investigate any adverse

transgenerational effects, such as the diameter of embryo,

cumulative malformation rate and hatching rate in F1 generation,

without continued exposure to PBSA. Finally, it will use in silico

MD technique to forecast the interaction between PBSA and the

estrogen receptors of zebrafish. The results of this study will provide

a better understanding of the endocrine-disrupting effects of PBSA

on reproduction.
2 Materials and methods

2.1 Adult zebrafish maintenance and
spawning

Wild-type AB strain zebrafish were used in this study. Healthy

adult zebrafish were raised in tanks with a temperature of 28 ± 1°C,

a 14:10 light-dark cycle, and a conductivity of 500-1000 mS/cm.

Zebrafish were provided with live Artemia (Jiahong Feed Co., Ltd.,

Tianjin, China) twice daily. The night before spawning, zebrafish

were placed in tanks with a 1:1 sex ratio (6 males and 6 females per

tank). In the morning, light stimulation was used to induce

spawning and the embryos were collected within 30 minutes. The

embryos were then rinsed in a solution of 0.8 g NaCl, 0.04 g KCl,

0.00358 g Na2HPO4, 0.006 g KH2PO4, 0.149 g CaCl2, 0.246 g

MgSO4 7H2O, and 0.35 g NaHCO3, which had been dissolved in

1 liter of ultrapure water (referred to as ‘embryo medium’). Normal

ferti l ized embryos were then selected for subsequent

experimentation under a SZX12 dissecting microscope (SOPTOP,

China), following the established protocol (Kimmel et al., 1995).
2.2 Chemical stock solutions and embryo
exposure protocols

PBSA (2-phenylbenzimidazole-5-sulfonic acid, CAS: 27503-81-

7, 96% purity) was acquired from Sigma-Aldrich. A stock solution

of 200 mg/mL PBSA was prepared in dimethyl sulfoxide (DMSO),

and stored in a cool dark environment (4°C) for further dilution. A
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working solution of PBSA was prepared by diluting the stock

solution to a 10000-fold concentration prior to the experiment.

Initially, 60-80 embryos per dish were cultured in a 90 mm petri

dish with 30 mL of exposure medium from 6 to 120 hours post

fertilization (hpf). Afterwards they were moved to 1 L plastic tanks

with a density of 60 larvae/tank until 1 month old. Finally, they were

kept in glass tanks (30 cm length × 20 cm width × 20 cm height)

with 10-15 fish/tank in 7 L of water until 5 months old, and three

parallel tanks were established for each treatment group.

Throughout the entire period, the zebrafish were exposed to

0.01% DMSO (control), 0.2, 2 and 20 mg/L PBSA. All exposure

solution was renewed daily to maintain a consistent PBSA

concentration during the experiment, and the males and females

were housed separately. For this study, the PBSA concentration of

20 mg/L was chosen based on two primary considerations. Firstly,

PBSA concentrations in water have been reported to be as high as

13 mg/L in outdoor swimming pools a decade ago, which is likely to

have increased due to increased attention to sun protection.

Secondly, the preliminary experiment showed no gross

morphological deformities at a concentration of less than 20 mg/L
in an acute test in adults, and this concentration, which is close to

the environmental background values, had a mortality rate of less

than 5% in an acute test in embryos. Thus, 20 mg/L was decided

upon as the high concentration of PBSA.
2.3 An assessment of growth and
reproduction of F0 and the
development of F1

Ten males and ten females from each treatment group were

randomly chosen, anesthetized with ice, and their body length,

weight, and gonad weight were measured. Subsequently, the

condition factor (CF = 100 × [body weight (g)/total length3

(cm)]) and gonadosomatic index (GSI = 100 × [gonad weight (g)/

body weight (g)]) were calculated in order to evaluate the effect of

PBSA exposure on growth in F0 zebrafish (Tao et al., 2023).

After a 5-month period of exposure, a 1:1 ratio offish was paired

and spawned in corresponding concentrations of exposure

solutions to evaluate the effects of PBSA on reproductive capacity

and transgenerational effects. Every morning, the eggs spawned

were gathered within 30 minutes of the light being switched on and

the cumulative egg number laid in the course of 7 days was

recorded. Twenty fertilized eggs were randomly chosen from each

group to measure the egg diameter at 0.75 hpf. The fertilization rate

of the larvae at 6 hpf, the cumulative hatching rate at 60 and 72 hpf,

and the cumulative malformation rate at 72 hpf were evaluated

using a SOPTOP SZX12 microscope, as described in our previous

article (Sun et al., 2023).
2.4 Gonadal hematoxylin-eosin staining

To investigate the impact of life cycle exposure to PBSA on the

gonads of adult zebrafish, histopathological examination of

the ovaries and testes was performed. Briefly, after anesthetizing
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fixed overnight in 4% paraformaldehyde (Cat. No. P1110, Solarbio,

China) at 4°C. The samples were then dehydrated in graded ethanol

solutions and embedded in paraffin (Cat. Q/YSQN40-91, Shanghai

Huayong Paraffin Co., LTD, China), and sectioned (4 mm).

Following this, the sections were stained with hematoxylin (Cat.

ZLI-9610, Beijing Zhongshan Jinqiao Biotechnology Co., LTD,

China) and eosin (Cat. ZLI-9613, Beijing Zhongshan Jinqiao

Biotechnology Co., LTD, China) and imaged using a Shunyu

EX20 biological microscope (SOPTOP, China). Subsequently, the

digital images acquired were analyzed with Image J (version 1.8.0)

(Schneider et al., 2012) and the proportion of different

developmental stages of germ cells (Ovary: PG, primary growth;

EV, early vitellogenic; MV, midvitellogenic; FG, full growth; Testis:

SPG, spermatogonia; SPC, spermatocytes; SPD, spermatids)

compared to the total germ cell counts were calculated, following

the method described in previous studies (Chen et al., 2022).
2.5 Sex steroid hormone measurement
in plasma

After a 5-month period of PBSA exposure, the zebrafish were

anesthetized with ice and a 3–5 mL blood sample was taken from

each fish’ tail using a heparinized microcapillary tube and

transferred to a 1.5 mL EP tube. This sample was then

centrifuged at 12000 g for 15 minutes at 4°C and the upper layer

plasma was placed in a pre-chilled EP tube and stored at −80°C for

hormone analysis. To prepare the sample for analysis, 10 mL of the

supernatant was diluted to 500 mL with ultrapure water (Cat. R1600,
Solarbio, China), followed by the addition of 2 mL of diethyl ether

used to extract the diluent twice at 2000 g for 30 minutes at 4°C. The

extract was evaporated with the aid of a stream of nitrogen and the

residue was then dissolved in 350 mL of ELISA buffer. Plasma from

five females or males was collected in one tube with three replicates

per treatment group. An enzyme-linked immunosorbent assay

(ELISA) kits (Cayman Chemical, USA) was then employed to

measure the plasma levels of E2 (No. 501890) and 11-KT (No.

582751) according to the manufacturer’s instructions.
2.6 RNA isolation and quantitative
real-time PCR

Samples of brains, gonads and livers from each treatment group

were collected (Supplementary Figure S1), pooled tissues (3 fish/sex

per replicate with 3 replicates) were rinsed two times with ice-cold

PBS and homogenized with 1 mL TRIzol reagent (Life Technology,

USA) using a hand-held grinder (MY-20, Jingxin, China). Total

RNA was then extracted following the manufacturer’s instructions

and quantified and assess for purity using a MultiskanTMFC

(Thermo, USA). The quality and integrity of the RNA were

further verified by measuring the ratio of absorbance value

260:280 between 1.9-2.0 and by 1% agarose gel electrophoresis.

cDNA was synthesized using Revert Aid First Stand cDNA

Synthesis Kit (Thermo, USA). The PCR reaction mixtures were
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composed of 5 mL of TB Green® Permix Ex TaqTM II (Til RNaseH

Plus) (TaKaRa, Japan), 0.4 mL of a 10 mM forward primer, 0.4 mL of

a 10 mM reverse primer, 0.8 mL of cDNA and 3.4 mL of ddH2O. The

PCR was then conducted using the CFX Connect Real-Time PCR

Detection System (Bio-rad, USA). Primers for genes were

synthesized by Sangon Biotech Co., Ltd. (Shanghai, China). Their

sequences are listed in Table 1 and melting curves for all genes are

available in Supplementary Figures S2–S4. The thermal cycling

reaction was carried out following standard protocols, with 30 s at

95°C, followed by 40 cycles of 5 s at 95°C and 30 s at 60°C. mRNA

expression levels were evaluated in three biological replicates for

each treatment group. The housekeeping gene b-actin was

employed as the internal reference gene to normalize the

expression levels of target genes and the fold change was

computed using the 2–DDCT equation as described in our previous

study (Livak and Schmittgen, 2001; Tao et al., 2020).
2.7 Homology modeling and
molecular docking

We utilized the protein models of ERa (PDB ID:6CHW) and

ERb (PDB ID:7XVY) for homologous modeling using Discovery

Studio 2019 software. To identify suitable template proteins, a

BLAST search was conducted in the NCBI protein database to

compare the sequences of ERa and ERb. MODELLER was then

employed to construct the models based on the selected template

proteins. The quality of the models was evaluated using a

Ramachandran plot, with 90% of residues within the allowed

region being the threshold for deeming the model satisfactory

(Chen et al., 2021). Molecular docking was also used to identify

the active sites of small molecules that interact with protein

structures and estimate binding affinity. Cdocker, a semi-flexible

docking mode based on CHARMm, was utilized in this process. The

protein model obtained from homologous modeling was
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dehydrated and the binding pocket was then defined as the

receptor. The 3D structures of BP3 (Benzophenone-3, a typical

UV filter), BPA (Bisphenol A, a typical endocrine disruptor) and

PBSA from the Pubchem database were used as ligands for

molecular docking, which was conducted using the Cdocker

module in Discovery Studio 2019. The evaluation of the result

was based on Cdocker interaction energies, with higher Cdocker

interaction energy indicating greater binding affinity between the

protein and the ligand (Rampogu et al., 2019).
2.8 Statistical analysis

Data analysis was conducted for normality and homogeneity of

variance through the Kolmogorov-Smirnov and Levene’s tests

respectively, using GraphPad Prism 8.0 software (GraphPad Inc.,

USA). Non-paired t-test was utilized to assess the statistical

differences between the control and PBSA-treated group for each

sex. Two-way ANOVA followed by Sidak’s multiple comparisons

test was used for all other datasets in terms of body weight, body

length, CF and GSI. The results were expressed as the mean ±

standard deviation (SD) and statistical significance was set at

P < 0.05.
3 Results

3.1 PBSA caused a female-biased decrease
in GSI value

To evaluate the effects of long-term exposure to PBSA on the

development of fish, we measured the growth index including body

weight, body length, CF and GSI after 5 months of exposure. The

results showed that there were no significant differences in body

weight, body length and CF between the treatment groups and the
TABLE 1 Primer sequence for RT-qPCR in this study.

Gene bank number Gene Forward primer Reverse primer Amplicon

XM_005156973.4 erb CGCTCGGCATGGACAAC CCCATGCGGTGGAGAGTAAT 80 bp

AF349412 era ACTCTCACCCATGTACCCTAAGG CGGGTAGTATCCCACTGAAGC 151 bp

NM_181439.4 gnrh2 GGTCTCACGGCTGGTATCCT TGCCTCGCAGAGCTTCACT 89 bp

NM_182888 gnrh3 TTGGAGGTCAGTCTTTGCCAG CCTCCATTTCACCAACGCTTC 76 bp

NM_205622 lhb GAGACGGTATCGGTGGAAAA AACAGTCGGGCAGGTTAATG 178 bp

AY424303 fshb GTGCAGGACTATGCTGGACA AGCTCCCCAGTCTGTTGTGT 206 bp

NM_205584 17bhsd AATAGAGGGCGCTTGTGAGA TCCAGCACCTTGTCTCCAGG 138 bp

NM_131154 cyp19a1a TCATCGAGGGCTACAACGTG GATCCGAACGGCTGGAAGAA 151 bp

NM_212720.2 cyp11b CTGGGCCACACATCGAGAG AGCGAACGGCAGAAATCC 171 bp

XM_009296387 vtg1 CTCCCGAGTTCATTCAGA ATGACAACTTCACGCAGA 133 bp

NM_001044913.1 vtg2 TACTTTGGGCACTGATGCAA AGACTTCGTGAAGCCCAAGA 152 bp

NM_181601 b-actin AAGCAGGAGTACGATGAGTC TGGAGTCCTCAGATGCATTG 238 bp
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vehicle control group (Figures 1A–C). However, a female-biased

reduction in GSI value was observed in the group exposed to a

concentration of 20 mg/L PBSA (Figure 1D).
3.2 PBSA hindered the development of the
ovary but not the testis

The stages of adult gonadal germ cell development can be used

to assess the condition of the gonads. It is possible that exposure to

PBSA across the lifespan may have an impact on the normal

development of the female zebrafish ovary, we then assessed the

proportion of germ cells at different stages in ovaries or testes.

Histological examination results indicated that PBSA had a gender-

dependent effect on zebrafish germ cells. Specifically, the proportion

of primary growth follicles (PG) in the ovaries was significantly

increased in only 20 mg/L PBSA group, while the proportions of

both mid vitellogenic follicles (MV) and full grown follicles (FG)

were decreased in comparison to the control group (Figures 2A, B,

other groups not shown). In contrast, PBSA had little impact on the

testes (Figures 2C, D). Consequently, we selected the 20 mg/L
exposure concentration for the subsequent experiments.

Moreover, we evaluated the reproductive capability in fish by

measuring the cumulative egg number per female over the seven-

day period and the fertilization rate during spawning. Our results

revealed that PBSA exposure significantly reduced the egg number

and significantly impeded the fertilization rate (Figures 2E, F).
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3.3 PBSA altered morphology index of
offspring embryos

The inhibited gonadal development induced by PBSA might be

related to the development of offspring embryos. To assess the

influence of PBSA on offspring embryos, a study was conducted in

which females exposed to PBSA across their lifespan were mated

with males. Results showed that the egg diameter of the 0.75 hpf F1

embryos was visibly reduced compared to the vehicle control group

(Figures 3A, B). The cumulative hatching rate was delayed at 60 hpf,

but restored at 72 hpf (Figure 3C). However, the malformation rate

was considerably higher at 72 hpf (Figure 3D), with deformities

such as pericardial edema (PE), yolk-sac edema (YSE) and bent

spine (BS) observed in F1 (Supplementary Figure S5).
3.4 PBSA disrupted plasma sex steroid
hormone levels

To investigate the possibility of endocrine disruption and

reproductive dysfunction caused by an imbalance in sex hormones,

we tested the plasma sex hormone levels. Results from ELISA

analyses revealed that the plasma levels of E2 and 11-KT were

significantly decreased in the PBSA exposure group compared to

the control group for both male and female zebrafish (Figures 4A, B).

Notably, the decrease in E2 and 11-KT levels was more pronounced

in females, indicating that PBSA had a greater effect on them.
B

C D

A

FIGURE 1

Effects of life cycle exposure to PBSA on the growth of adult zebrafish. (A, B) Body weight (A) and body length (B) of adult zebrafish after life cycle
exposure to PBSA. (C) Condition factor indices in adult zebrafish. (D) Zebrafish gonadosomatic index. Values plotted are mean ± SEM. *P < 0.05 indicate
significant differences between the control and exposure groups.
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FIGURE 2

Effects of PBSA on reproduction of adult zebrafish. (A) Representative images of ovaries of adult zebrafish stained with hematoxylin-eosin (H&E) (PG,
primary growth follicles; EV, early vitellogenic follicles; MV, midvitellogenic follicles; FG, full grown follicles). (B) Percentage of oocyte in ovaries at
different stages. (C) Representative images of testis of adult zebrafish stained with H&E (SPG, spermatogonia; SPC, spermatocytes; SPD, spermatids). (D)
Percentage of testis cells in testis at different stages. (E) Cumulative egg numbers per female over 7 days after life cycle exposure to PBSA (n = 3 × 3; 3
repeats with 3 female/3 male fish per repeat). (F) Fertilization rate (n = 3 × 3; 3 repeats with 3 female/3 male fish per repeat). Values plotted are mean ±
SD. *P < 0.05, and **P < 0.01 indicate significant differences from the vehicle control.
B
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FIGURE 3

Effects of PBSA on the development of embryos in F1 generation. (A) Representative image of F1 generation embryos at 0.75 hpf, with the red arrow
denoting the egg diameter. (B) Egg diameter of embryos at 0.75 hpf (n = 3 × 20). (C) Cumulative hatching rate of F1 generation embryos at 60 and
72 hpf (n = 3 × 20). (D) Cumulative malformation rate of F1 generation embryos in 72 hpf (n = 3 × 20). Values plotted are mean ± SD. *P < 0.05, and
**P < 0.01 indicate significant differences from the vehicle control.
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3.5 PBSA altered the expression levels of
genes along HPGL axis in zebrafish

We further explored the mechanisms of reproductive

impairment in zebrafish caused by PBSA, by measuring the

expression levels of selected genes along the HPGL axis in the

brain, gonad, and liver of zebrafish after long-term exposure to

PBSA (Supplementary Figure S6). In the brain, the expression levels

of both era and erb were significantly increased in female zebrafish,

whereas era decreased and erb remained unchanged in male

zebrafish. Furthermore, gnrh2 expression was significantly

increased in both female and male zebrafish, while gnrh3, lhb and

fshb expression levels were only increased in female zebrafish, with

fewer transcriptional changes observed in males (Figures 5A, B). In

the ovary, the expression levels of 17bhsd, cyp19a1a and cyp11b

were all significantly decreased in the PBSA exposure group

compared to the control group (Figure 5C). In the testis,

excluding 17bhsd, the expression levels of the cyp19a1a and
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cyp11b were significantly decreased in the treatment group

(Figure 5D). In the liver, vtg1 and vtg2 genes were down-

regulated in females but up-regulated in males (Figures 5E, F),

demonstrating a gender-dependent response to PBSA exposure.
3.6 Molecular docking analysis

A BLAST comparison of protein sequences in the NCBI

database was conducted, which identified sequences with 94.7%

sequence identity and similarity in ERa and ERb respectively, to be

used as templates for homologous modelling. Ramachandran

analysis of the protein structure revealed that the amount of ERa
and ERb residues in the allowed region was 99.5% (Supplementary

Figures S7A, B), indicating that the protein structure was

constructed effectively.

The results of the molecular docking and Cdocker interaction

energy evaluation of three compounds (BP3, BPA, and PBSA) with
B

C D E F

A

FIGURE 5

Effects of life cycle exposure to PBSA on the expression levels of genes in zebrafish brains (A, B), gonads (C, D), and livers (E, F). Values plotted are
mean ± SD. *P < 0.05 and **P < 0.01 indicate significant differences from the vehicle control.
BA

FIGURE 4

Effects of PBSA on the plasma sex steroid hormone levels in adult zebrafish. E2 (A), 11-KT (B). Values plotted are mean ± SD. *P < 0.05, and **P <
0.01 indicate significant differences from the vehicle control.
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both ERa and ERb (as shown in Figures 6A, B; details displayed in

Supplementary Figure S8) indicate that BP3 has an interaction

energy of 32.84 kcal/mol with ERa and 17.69 kcal/mol with ERb.
BPA has an interaction energy of 39 kcal/mol with ERa and 20.43

kcal/mol with ERb, whereas PBSA has an interaction energy of

26.89 kcal/mol with ERa and 12.96 kcal/mol with ERb (Table 2). All
three compounds appear to possess similar binding affinities to ERa
and ERb. Moreover, other significant parameters such as structure,

interacting amino-acid residues number and cdocker energy are

also presented in Table 2.
4 Discussion

This study explored the effects of life cycle exposure to PBSA at

near-environmentally relevant concentrations on the reproductive

potential of zebrafish and the development of their offspring

embryos, as well as the possible underlying mechanisms. The

finding showed that PBSA inhibited oocyte maturation, decreased

the levels of steroid sex hormones in the plasma, reduced fecundity,

and caused malformations and growth inhibition in the F1

generation. The changes in the transcriptional profiles of genes in

the HPGL axis, along with molecular docking results, provide

further insight into the potential mechanisms of PBSA-induced

reproductive endocrine disruption. It is suggested that PBSA

exposure has a detrimental effect on female fertility and the

development of their offspring, which may could lead to a decline

in fish populations.

To investigate the potential impacts of life cycle exposure to

PBSA on the growth and development of zebrafish, we employed a

concentration range (0.2–20 mg/L) that is near-environmentally

relevant. The results indicated that only the highest concentration

of PBSA (20 mg/L) caused a decrease in the GSI of female fish,
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suggesting a potential inhibition of ovarian development and

reproductive dysfunction in female zebrafish. GSI has been used

as an indicator of sexual maturity and reproductive potential in fish

(Huang et al., 2019; Quintaneiro et al., 2019). To further investigate

this, histological analysis of the ovaries was conducted. The results

showed that after exposure to 20 mg/L of PBSA, the proportion of

follicles in the primary growth and early vitellogenic stages was

increased, while the full grown follicle was decrease. This ovary

inhibition could affect the female reproduction since the ovary is the

major reproductive organ for females. Therefore, we evaluated the

cumulative egg number and fertilization rate and found that they

were significantly lower than the control group, indicating that

PBSA is toxic to ovary development and may impede female

reproduction. A similar decrease in ovary development and

fecundity in fish was observed after exposure to benzophenonic

UV filter BP2 and BP3 (Weisbrod et al., 2007; Tao et al., 2023).

Further research is needed to uncover and explore the molecular

mechanism responsible for ovarian inhibition when exposed

to PBSA.

In vertebrates, gonadal development is mainly regulated by the

HPG axis, which can control the levels of sex hormones. GnRH

from the hypothalamus stimulates the pituitary gland to secrete

gonadotropins such as LH and FSH, which then interact with FSH

and LH receptors on the gonads to initiate steroidogenesis and

gametogenesis (Chen et al., 2022). In our study, life cycle exposure

to PBSA was found to decrease the concentration of steroid sex

hormones (11-KT, E2) in the plasma, suggesting a disruption of the

HPG axis. In the brain, the transcription of gnrh2, lhb and fshb
genes was increased in females, possibly as a result of a negative

feedback mechanism to enhance the pituitary’s sensitivity and the

subsequent secretion of higher levels of gonadotrophins to

compensate for the decreased steroid sex hormones after PBSA

treatment. Further investigation is needed to gain better
B

A

FIGURE 6

Binding modes between chemicals (BP3, BPA, and PBSA) and target proteins (ERa and ERb). BP3-ERa, BPA-ERa, PBSA-ERa (A); BP3-ERb, BPA-ERb,
PBSA-ERb (B).
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understanding of this. In the gonad, the transcription of 17bhsd,
cyp19a1a, and cyp11b, which are enzymes responsible for the

conversion of cholesterol to testosterone (T), the transformation

of T to E2, and the transformation of T to 11-KT respectively (Dang

et al., 2015; Yang et al., 2022), were observed to be reduced. This

could be the cause of the decrease in plasma 11-KT and E2 levels

observed in the PBSA treatments. Furthermore, the decrease of E2

in the treatment group could be partially attributed to the

suppression of T. Taken together, the transcription of genes

related to reproduction in the HPG axis was suppressed, resulting

in a decrease in the levels of E2 and 11-KT. This, in turn, may have

hindered gamete maturation and consequently leading to a

diminished reproductive capacity of the adult zebrafish.

The elevated expression levels of steroid receptors (ERa and

ERb) in females indicated a strong xenoestrogenic behavior of

PBSA. To confirm the results, an in silico molecular docking of

zebrafish estrogen receptors was conducted, which revealed that

PBSA had the strongest binding affinity to ERa and ERb, similar to

the typical endocrine disruptors BP3 and BPA. This was in

agreement with a previous study which found that PPCPs had the

strongest binding energies to ERa and Erb (Hamid et al., 2022).

Therefore, in silico MD has determined that PBSA may act as a

xenoestrogen, mimicking the roles of natural ligands and thus

disrupting the normal functioning of the HPGL axis.

Fish follicles secrete estradiol, prompting the liver to create the

vitellogenin (vtg), a yolk protein, and initiating oocyte maturation

and yolk biosynthesis. This yolk is subsequently stored and

processed by the maturing oocyte to supply nourishment for the

progeny, as described by Brion et al. (Brion et al., 2004; Yuan et al.,

2013). The reduction of E2 concentration in the plasma after PBSA

exposure may be partially accountable for the decreased expression

of the vtg1 and vtg2 genes in the livers of females. Taking into

account the fact female zebrafish are responsible for supplying the

majority of nutrients for the F1 generation embryos (Yang et al.,

2022), the inhibition of the vtg1 and vtg2 genes in females could

impede the growth of the ovary and reduce the quality of eggs. As

expected, we did find a reduction in egg diameter, abnormal

cumulative hatching rate and an increase in malformation rate in
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F1 offspring. The same phenomenon was found in zebrafish after

exposure to tribromophenol (TBP) for 120 days at concentrations

of 0, 0.3 and 3.0 mg/L, a significant decrease in vtg1 and vtg2

expression was observed in the liver of female zebrafish, leading to

an increased rate of malformation, reduced survival, and inhibited

growth in their F1 larvae (Deng et al., 2010). Consequently, it can be

assumed that the decreased vtg gene expression and lower plasma

levels of sex hormones in female fish are likely to be responsible for

the impaired fertility and inhibited growth of the F1 generation in

PBSA treated fish. Further investigation is required to determine the

potential molecular mechanism.
5 Conclusion

This study explored the reproductive consequences of a life

cycle exposure to PBSA at near-environmentally relevant

concentrations in zebrafish. Results showed that PBSA inhibited

ovary development, resulting in a decrease in cumulative egg

number and an increase in the proportion of primary growth

follicles. Histological analysis of the gonads, sex hormones and

the expression of HPGL axis related genes, particularly vtg1 and

vtg2, revealed that the reproductive endocrine disruption caused by

PBSA was predominantly female-biased. This reproductive

endocrine disruption caused a decrease in egg diameter at 0.75

hpf, an alteration in cumulative hatching rate at 60 hpf, and an

increase in malformation rate at 72 hpf in the F1 generation. Given

these adverse effects on the reproductive endocrine systems, PBSA

could potentially cause a decrease in fish populations due to

impaired reproductive capacity.
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TABLE 2 Binding energy of molecular docking.

Ligand Structure Interacting amino-acid
residues number

Cdocker energy
(kcal/mol)

Cdocker interaction energy
(kcal/mol)

ERa ERb ERa ERb ERa ERb

BP3 19 7 21.90 6.80 32.84 17.69

BPA 19 7 32.83 14.32 39.00 20.43

PBSA 19 6 9.02 0.29 26.89 12.96
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in the sediment of Songkhla
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risk assessment
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Bioenergy and Renewable Chemicals (CBRC), Faculty of Science, Chulalongkorn University,
Bangkok, Thailand, 4Faculty of Science and Fisheries Technology, Rajamangala University of
Technology Srivijava, Trang, Thailand, 5Faculty of Environmental Management, Prince of Songkla
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Heavy metal and microplastic (MP) contamination of aquatic systems is a major

environmental issue that affects human health globally. Songkhla lagoon, the

largest lagoon in Thailand, also faced with the environmental issues. Here, this

study reported the occurrence of heavy metal and MP in 10 sites of sediment in

the Songkla lagoon. From the microplastic separation, fibers were found at all

stations at 68.24% (15.15 items/g) and fragments were found at 31.76% (7.05

items/g). The highest number of MP particles was found at the area near the

mouth of the lagoon (5.4 items/g). The average concentrations (mg/kg) of heavy

metal at all sites showed the following trend: Mg (732.54 ± 247.04) > Mn (176.74 ±

83.68) > Zn (29.36 ± 39.47) > Cu (12.31 ± 24.58) > Pb (11.07 ± 7.60) > As (5.64 ±

3.30) > Co (2.90 ± 1.38) > Cd (0.22 ± 0.17). Regarding the overall risk assessment

of MPs in lagoon sediment in this study, the risk was categorized as high for the

polymer hazard index. The ecological risk index found Cd and As to have high

ecological risk. High EF values were observed for As and Cd, which indicated

severe enrichment. Based on the Igeo calculation, the majority of sampling

stations were unpolluted to moderately contaminated (Pb, Zn, Mg, and Co).

Furthermore, there was no significant correlation between MPs and heavy

metals, except for Zn (r = 0.697) and Cu (r = 0.61) (both p< 0.05). The results

of this study might provide valuable data to develop conservation policies for

coastal lagoon areas.
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1 Introduction

Contamination of the ocean by plastic is a global concern due to

its negative effects on marine biota. Microplastics (MPs), first

defined by Thompson et al. (2004), are plastic particles smaller

than 5 mm in length. MPs are widespread in the environment and

in living organisms (Browne et al., 2008; Claessens et al., 2011). MPs

tend to accumulate pollutants such as organic pollutants and heavy

metals (Bayo et al., 2018; Liu et al., 2022), mostly on the surface of

seawater because of their density compared to water. This

circumstance may contribute to the interaction between these two

pollutants whereby heavy metal is attached or adsorbed to the MP

surface (Goh et al., 2022). Heavy metals can enter the human body

through various routes of exposure including the gastrointestinal

tract, inhalation, and skin contact (Alia et al., 2020). Sediments in

coastal lagoon ecosystems play an important role as a major site

source and sink for aquatic organisms and also for chemical

substances. Sediments tend to act as reservoirs for heavy metals

in marine environments and release more heavy metals into

seawater when local environmental conditions change, for

instance, due to changes in salinity, pH, and redox potential.

Sediment therefore acts as both a sink and a source of trace

metals (Rajeshkumar et al., 2018). Sediment-associated metals

pose a direct risk to detrital and deposit-feeding benthic

organisms and may also represent long-term sources of

contamination to higher tropic levels (Mendil and Uluözlü, 2007).

The distribution and accumulation of heavy metals is influenced by

sediment texture, mineralogical composition, reduction/oxidation

state, adsorption and desorption processes, and physical transport

(Buccolieri et al., 2006). The changes in sediment oxidation/

reduction state and pH influence the solubility of both metals and

nutrients (Miao et al., 2006). To evaluate the potential heavy metal

concentration of lagoons of the surface sediments is very important

since it represents the current situation. However, sediment in

lagoons or in mangrove areas also acts as a sink for MPs

(Cordova et al., 2021; Pradit et al., 2022). MPs and heavy metals

are typically classified as different types of pollutants, and the

interconnection between them is poorly understood (Goh et al.,

2022). To enhance the properties of plastics during the polymer

production process, heavy metals are mainly used as additives for

colorants, flame-retardants, fillers, and stabilizers. The toxic

component of plastic particles increases when the metal

concentrations in plastic particles are higher than those found in

the water column and the bioavailability of heavy metals adsorbed

to MPs is also at a high level (Holmes et al., 2012). This is likely to

affect aquatic animals and finally influence human health.

Coastal lagoons are widespread along oceanic coasts globally.

Many coastal lagoons are among the most productive aquatic

ecosystems. Lagoons frequently have high nutrient concentrations

due to both riverine fertilizer imports and efficient nutrient

recycling between the sediments and the water column (Baeyens

et al., 2005). Moreover, some lagoons have recently been converted

to receiving reservoirs for various by-products of human activities

such as urbanization, industrialization, and agriculture. These

substances may affect the health of benthic and water column

organisms. Both heavy metals and MPs can build up in the
Frontiers in Marine Science 0219
environment to high levels and can contaminate food chains as a

result. It is therefore crucial to assess the risks posed by MPs and

heavy metals to attain a comprehensive understanding of the

potential dangers associated with the consumption of MPs and

heavy metals by biota. Songkhla Lagoon is the biggest coastal lagoon

in Thailand, with a rich biodiversity, be there have been few studies

on the heavy metals and MPs in this lagoon. Therefore, the

objectives of this study are as follows: 1) to determine the levels

of MPs, heavy metals (As, Cd, Pb, Cu, Zn, Mg, Co, and Mn), and

sediment-related variables (organic matter, grain size, and pH) in

surface sediment; and 2) to assess the potential ecological risk of

MPs and heavy metals in surface sediment.
2 Materials and methods

2.1 Sample collection and preparation

The study area is the lower part of Songkhla Lagoon, a shallow

coastal lagoon that is Asia’s second-largest. This lagoon is located in

southern Thailand between 7°08’ and 7°50’ N and 100°07’ and 100°

37’ E. The lower lagoon is connected to the Gulf of Thailand by a

420 m wide and 9.5 m deep waterway (Sirinawin and

Sompongchaiyakul, 2005). It is the largest natural lagoon in

Thailand, located on the Malay peninsula in southern Thailand.

The complex ecosystem confers Songkhla Lagoon with high

biodiversity, including birds along with a rare freshwater dolphin

population (Irrawaddy dolphins), while also supporting extensive

fisheries. Sediment samples were collected by grab sampling at all 10

stations in the lower part of Songkhla Lagoon in December, 2022

(Figure 1). At each station, three replications were performed.

Thereafter, the sediment was kept in clean plastic zip-lock bags

(around 500 g of wet weight per replicate). Before the experiment,

the sediment samples were separated into two parts. For the first

part, samples were left to dry in an oven at 50°C for approximately

48 h. These sediments were used for analyses of MPs, heavy metals

(As, Cd, Pb, Cu, Zn, Mg, Co, and Mn), and organic matter. The

second part was air-dried and kept for grain size analysis.
2.2 Laboratory analysis

2.2.1 Microplastic analysis
The samples (20 g) were weighed and placed in a beaker. The

sediment was then treated with 200 mL of saturated sodium

chloride (NaCl) and violently agitated with a glass stirrer before

being covered with aluminum foil. The NaCl approach is

commonly used to remove MPs from sediments (Wang et al.,

2020; Chinfak et al., 2021). The sediments in the beaker were left

for 30 min. After this period, 100 ml samples from the beaker were

filtered using filter net (20 μm), and 100 ml of NaCl was added into

the original beaker again, before being left to stand for another 30

min. This step was repeated three times. After the filtering process,

the filter net was rinsed with distilled water and transferred into

another beaker. Then, 10 ml of ferrous sulfate (FeSO4) and

hydrogen peroxide (H2O2) were added to the filtered samples to
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digest the organic matter, before covering with aluminum foil and

placement on a hot plate for about 1 h for the digestion process.

After this period, the filtering process was continued by filtering

through GF/C filter paper (1.2 μm), and the filter paper was kept in

a Petri dish. After that, all Petri dishes that contained the filter paper

were oven-dried at 50°C. The MP particles were then counted and

visually observed under a stereomicroscope (Olympus, model SZ61)

with a light-emitting diode base. The number of MP particles was

recorded, in addition to their color, shape, and size. MPs were

divided into three groups: smaller than 500 μm, 500–1000 μm, and

larger than 1000 μm. Polymer types of MPs were analyzed using a

Fourier transform infrared spectrophotometer (FTIR, Spotlight

200i; Perkin Elmer). Wavelengths in the analysis ranged from

4000 to 400 cm–1. The obtained spectrum was compared to the

reference library spectrum of each polymer type.

2.2.2 Heavy metal analysis
Analysis of heavy metals (As, Cd, Pb, Cu, Zn, Mg, Co, and Mn)

was carried out by inductively Coupled Plasma Optical Emission

Spectrometer (ICP-OES: Perkin Elmer Optima, model 4300 DV),

followed the AOAC Official Method (AOAC, 2005). Sediment

samples (0.5 g) were placed in a test tube, adding 2 ml of HNO3

(65%, Merck), and digesting in a water bath at 95°C for

approximately 90 min. Then, 0.5 ml of H2O2 (30%, Merck) was

added and digested for around 30 min in the temperature-

controlled water bath, before being allowed to cool at room

temperature and filtered through filter paper. The marine

sediment-certified reference material was MESS-4. The certified

value was within 90% of the analytical value. Three replicates were

used to evaluate the efficiency of the analysis. All compounds used
Frontiers in Marine Science 0320
were of analytical grade and all glassware used in the study was

submerged in nitric acid overnight (3% HNO3, Merck) and then

cleaned three times with Milli-Q deionized water before being used.

2.2.3 Sediment characteristic analysis
2.2.3.1 Organic matter

The Walkey-Black method was used to assess the readily

oxidizable organic matter content of the sediment samples

(Loring and Rantala, 1992). To summarize, dried sediment

samples were sieved via a 0.2 mm nonferrous sieve. The dried

sediment was then transferred to a 500 mL Erlenmeyer flask. The

organic carbon in the sample was then oxidized using 10 mL of 1 N

potassium dichromate. To remove the chlorine, a 20 mL mixture of

H2SO4 and Ag2SO4 was added. After 30 min, the mixture was

diluted with 200 mL of distilled water. As a catalyst, 10 mL of 85%

H3PO4 and 0.2 g of NaF were added. The diphenylamine indicator

was then added.

2.2.3.2 Sediment grain size analysis

The hydrometer approach was used to analyze particle size (Gee

et al., 1986). In brief, around 40 g of air-dried sediment was

transferred to a 600 mL beaker and 100 to 150 mL of distilled

water was added. Then, to remove organic debris, 30% hydrogen

peroxide was continuously applied. The samples were heated on a

hot plate at 90°C for 1 h before being incubated in a 105°C oven for

24 h. The silt was then treated with 100 mL of Calgon 5% and 50 mL

of distilled water. The samples were sieved using a 63 μm sieve. The

filtrate from the sieve was transferred to a 1-L sedimentation

cylinder. A plunger was used to scatter the silt in the cylinder,

and the density and temperature of the sample were determined
FIGURE 1

Map of the study area and locations of the sampling sites.
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using a hydrometer and a thermometer, respectively. The entire

system was allowed to stand for 2 h before the density and

temperature were measured again.

2.2.3.3 pH

Measurements of pH of the surface sediments were performed in

the field with a combined pHmeter (IQ 140 pH). At each station, the

pHmeter was inserted into the sediment and the value was recorded.
2.3 Data processing and statistical analysis

Statistical analysis was used to calculate the minimum,

maximum, mean, and standard deviation using Microsoft Excel.

The differences in the number of MP particles among the stations

were analyzed by the Kruskal–Wallis method. Pearson’s correlation

test was performed to determine the relationships between the

number of MP particles found in sediment and heavy metal, organic

matter, and grain size. A significance level of 0.05 was considered

for all analyses.

2.3.1 Microplastic data analysis
2.3.1.1 Polymer hazard index

We examined both the concentration and the chemical

composition of MPs in surface sediments to assess the possible

hazards of MPs (Xu et al., 2018). The chemical toxicity of certain

MP polymer types was taken into account in order to assess the

environmental impact (Lithner et al., 2011). The following formula

was used to calculate the polymer hazard of MPs (Equation 1):

PHI =oPn� Sn (1)

where PHI is the calculated polymer hazard index caused by

MP, Pn is the percentage of specific polymer types [polyethylene

(PE) score 11; PET score 4] collected at each sampling location, and

Sn is the hazard score of the polymer types of MPs derived from a

previous study (Lithner et al., 2011).

2.3.2 Heavy metal data analysis
2.3.2.1 Enrichment factor

The sediment enrichment factor (EF) is an important index

reflecting the degree of human activity regarding the accumulation

of elements in the environment. It is determined by comparing the

measured values with those of the control area (Han et al., 2023). Fe

is commonly used as a reference element because it is a naturally

abundant element (Al-Wabel et al., 2017). The enrichment factors

of heavy metals were calculated using Equation (2):

EF = (Cn=CFe)Sediment=(Ci=CFe)Background (2)

where (Cn/CFe)Sediment is the ratio of the concentration of metal

in the sample to the concentration of Fe and (Ci/CFe)Background is the

ratio of the concentration of metal in the background to the

concentration of Fe (Bayraklı et al., 2023).

The soil background values of various trace metals in the study

area were not available. Thus, the geochemical background values

from offshore sediments in the Gulf of Thailand from a previous
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study (Taylor and McLennan, 1995) were taken as reference values

in this study. The background concentrations were 12,200 μg/g for

Fe, 12.7 μg/g for Cu, 15 μg/g for Pb, 104 μg/g for Mn, 10 μg/g for Co,

20 μg/g for Ni, 1.5 μg/g for As, 0.098 μg/g for Cd, 71 μg/g for Zn,

and 13,300 μg/g for Mg (Taylor and McLennan, 1995; Shazili et al.,

1999). Ekissi et al. (2021) divided contamination into different

categories based on EF values: no enrichment (EF< 1); minor

enrichment (1 ≤ EF ≤ 3); moderate enrichment (3 ≤ EF ≤ 5);

moderate to severe enrichment (5 ≤ EF ≤ 10); severe enrichment (10

≤ EF ≤ 25); very severe enrichment (25 ≤ EF ≤ 50); and extreme

enrichment (EF > 50) (Ekissi et al., 2021).

2.3.2.2 Geoaccumulation index (Igeo)

The degree of metal contamination or pollution in the marine

environment can be determined using the geoaccumulation index

(Igeo). The Igeo values were calculated as follows (Equation 3):

Igeo = log2Cn=1:5� Bn (3)

where Cn is the element concentration in the sediment sample

and Bn is the trace metal geochemical background concentration.

Due to lithogenic processes in the sediments, the background

matrix correlation factor is 1.5 (Dytłow and Gorka-Kostrubiec,

2021). The geoaccumulation index divides sediment quality into

seven categories: extremely contaminated (Igeo > 5); strongly to

extremely contaminated (4< Igeo ≤ 5); strongly contaminated (3<

Igeo ≤ 4); moderately to strongly contaminated (2< Igeo ≤ 3);

moderately contaminated (1< Igeo ≤2); uncontaminated to

moderately contaminated (0< Igeo< 1); and uncontaminated (Igeo<

0) (Shirani et al., 2020).

2.3.2.3 Ecological risk index (R¡)

The ecological risk index (R¡) was quantified to assess the degree

of potential ecological risks of heavy metals in the surface sediment

of Songkhla Lagoon. Many studies have shown that the presence of

toxic heavy metals can cause different types of health problems

(Tchounwou et al., 2012). The R¡ (Equation 4) was calculated

according to Equation 4 as the sum of Ei (Equation 5) (Sánchez

et al., 2022):

 Ri =on
i=1   Ei   (4)

       Ei =  Ti ·

Ci

 
Co

 

0
BB@

1
CCA   (5)

where R¡ is the sum of the possible ecological risk factors for

elements in sediments, Ei is the potential ecological risk factor for

the elements, and Ti is the toxic response factor for the elements. Ti

values reflect the toxicity of the metals. In accordance with a report

by Hakenson, the following toxic response factors were used: As =

10, Cd = 30, Pb = 5, Cu = 5, and Zn = 1 (Hakanson, 1980). Ci is the

metal concentration of the sediments and Co is the metal

concentration background value. According to the values

obtained, R¡ was classified as follows: low (R¡< 150); moderate

(150 ≤ R¡ ≤ 300); considerable (300 ≤ R¡ ≤ 600); and high (R¡ > 600).
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3 Results and discussion

3.1 Abundance and occurrence of
microplastics in sediment

The numbers of MP particles found at 10 stations in the lower

Songkhla Lagoon are shown in Figure 2. The highest number of

particles was found at station 7 (5.4 items/g), followed by sampling

sties 6 (3.2 items/g), 3 (2.85 items/g), 5 (2.3 items/g), 1 (2.1 items/g),

2 (1.85 items/g), 8 (1.25 items/g), 9 (1.2 items/g), and site 4 (1.05

items/g), while the lowest number was found at site 10 (1.00 items/

g). The differences in the number of MP particles among the

stations were analyzed by the Kruskal–Wallis method, which

found that these differences were significant (p = 0.014). Several

studies of MPs in sediments in different environments in lagoons,

lakes, bays, estuaries, coasts, rivers, beaches, and mangroves have

found lower amounts than in the present study. Studies of MPs in

the Lagoon of Tunisia found 63.8 ± 30.9 items/kg (Wakkaf et al.,

2022), while in China 250.4 ± 92.0 items/kg were found (Wei et al.,

2022), and in the Colombian Caribbean 0–3.1 items/kg were found

(Garcés-Ordóñez et al., 2022). Elsewhere, 54–506 items/kg were

found in the Lake of China (Yuan et al., 2019), while another study

at the same lake found 244 ± 121 items/kg (Tang et al., 2022). In

Thailand, a study on a beach found 0–33 items/kg (Jualaong et al.,

2021) and another study on mangrove sediment found 106–180

items/kg (Pradit et al., 2022).

The size and color of the MPs scattered on the surface of the

sediment are shown in Figure 3. This study only found fiber and

fragment shapes of MPs. Fiber was accumulated in the sediment at

different stations, with statistically significant differences among

them (p< 0.01). In the sediment samples, fibers were found at all

sampling sites, which accounted for 68.24% (15.15 items/g) of the
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total MP particles, while fragments accounted for 31.76% (7.05

items/g). According to Tukey’s HSD grouping, MPs of less than 500

μm were most commonly found among all 10 stations, at a rate of

46.62% (10.35 items/g), followed by those of 500–1000 μm (31.31%,

6.95 items/g) and then those greater than 1000 μm (22.07%, 4.90

items/g). Significant differences in the sizes of MP particles in the

sediment were found (p< 0.01). The colors of the MPs found on the

sediment surface varied. The predominant colors in this study were

black (20.50%, 4.55 items/g), blue (31.53%, 6.70 items/g),

transparent (23.65%, 5.25 items/g), and other (24.32%, 5.7 items/

g). Five polymers were found, namely rayon, PP, polyester, PET,

and copolymer, as shown in Figure 4. In the sediment, polyester and

PP were found to have the same percentage distribution, which was

33.33%, followed by rayon at 16.67%, PET at 11.11%, and

copolymer at 5.56%.

The most widely distributed polymer around the lagoon is

polyester. It is common for polyester to be found in both water

and sediment. This is similar to the findings in previous studies on

MPs in sediment (Alam et al., 2019). Polyester, PET, and PA are

important synthetic fibers used to produce synthetic fabrics such as

clothing and carpets. Therefore, polyester may be derived from the

deterioration of clothing when spun for washing and drying

(Šaravanja et al., 2022; Wei et al., 2022). The accumulation of

MPs in the environment occurs via waterways, followed by the MPs

settling in the sediment over time if left undisturbed. However, in

sediment, PP was found to be distributed at the same rate as

polyester. The density of PP (0.89–0.92 g/cm3) was lower than

that of water. In general, it was distributed more on the water

surface than in the sediment. However, the longevity of this

polymer causes it to accumulate and adhere to bacteria, resulting

in an increase in the density and speed of sedimentation of MPs

(Kershaw et al., 2011). This explains the abundance of PP in
FIGURE 2

Microplastic distribution in the surface sediment at all sampling sites in Songkhla Lagoon.
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sediments, as similarly found in other studies (Yuan et al., 2019;

Wakkaf et al., 2022; Wei et al., 2022). The other polymers found,

rayon, PET, and copolymer, are all based on fibrous substrates,

although fragments were found in smaller proportions. Rayon and

PET fibers may be derived from garments and fishing equipment,

which are made with rayon and PET that then deteriorate and enter

the environment (Neves et al., 2015).
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3.2 Relationship between microplastics,
grain size, pH, and organic matter
in sediment

Data on MPs found in sediment and sediment properties such

as grain size (%clay, %silt, and %sand), organic matter (OM), and

pH are shown in Table 1 and Figures 5, 6. The results show that clay
FIGURE 4

Distribution of microplastic polymers in the surface sediment.
B
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FIGURE 3

Distribution of microplastic characteristics in the surface sediment, classified by (A) shape, (B) size, and (C) color.
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deposits were found at stations 3, 5, 8, 9, and 10. Sand was found at

sampling sites 1, 2, and 7, and silt at site 4. The pH in the sediment

ranged from 7.37 to 9.37. At site 7, the highest amount of organic

matter was found at 4.02%. From all 10 sediment sampling sites, it

was found that site 7 had the highest organic matter value, which

was related to the high MP content in the sediment there. This area

also features a still water source with no tidal circulation. The

sediment found was black and had a foul odor. The organic matter

had completely decomposed into humus and improved the soil

structure. This explanation can be linked to why MPs adhere to soil

constituents since MPs can attach to mucus secreted by bacteria. In

this study, the majority of MPs were less than 500 μm in size. When

there is an abundance of organic matter, an abundance of MPs also

accumulates in the sediment.

In this study, there was no correlation between MP content and

grain size. MP contamination in the soil resulted in a decrease in the

stability of the agglomeration and enzymatic activity in the soil due

to MP infiltration by reducing the absorption of nutrients into

microorganisms and reducing the rate of mineralization in the soil.

MPs would have no effect on the stability of soil cohesion without

increased organic matter (Liang et al., 2021). The greater the MP

contamination, the more difficult it is for soil particles to

agglomerate, especially polyester microfibers (Lehmann et al.,

2019). After analyzing the relationship between the number of

MPs in sediment and sediment properties, no correlation was found

between MPs, grain size, and pH. The number of MP particles

contaminating the sediment was positively correlated with %OM,

according to Pearson’s correlation analysis (r = 0.696, p = 0.025)

(Figure 7). Surface lagoon sediment consists of minerals, organic

matter, and other minor component. Due to MP and organic matter

falling within the same range of density (Tian et al., 2023), MPs and

OM would be deposited in the same condition. These MPs can also

absorb pollutants (i.e., organic, inorganic, POPs, heavy metal) from

sediment or from water on their surfaces. It can be obviously seen

that the problem of MPs and marine wastes has a serious adverse

impact on the environment, on living organisms, and on human

food security as well (Pradit et al., 2020).
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3.3 Concentrations of heavy metals
in sediment

The concentrations of heavy metals (As, Cd, Pb, Cu, Zn, Mg,

Co, and Mn) and their spatial distribution in the study area are

summarized in Table 2. The average concentrations (mg/kg) of the

trace metals are exhibited the following trend: Mg (732.54 ±

247.04) > Mn (176.74 ± 83.68) > Zn (29.36 ± 39.47) > Cu (12.31

± 24.58) > Pb (11.07 ± 7.60) > As (5.64 ± 3.30) > Co (2.90 ± 1.38) >

Cd (0.22 ± 0.17). The data show that Mg had the highest

concentration in the surface sediments, while Cd was minimally

accumulated. Mg is an abundant element in the Earth’s crust and

in sea water, and is transferred from continents to the hydrosphere

via the weathering of rock (Guo et al., 2019). The use of fertilizers

from agriculture increases the concentrations of trace metals,

which can be transferred to the environment and increase

harmful effects on aquatic organisms through runoff from

agricultural soils to water bodies (Naz et al., 2022; Nakamaru

et al., 2023). Moreover, high concentrations of Mn were also found

in the study area. This observation is in line with the work of

Pradit et al., 2010)), who quantified the accumulation of Mn

within the upper part of Songkhla Lagoon in 2010. The lagoon

receives inputs from aquaculture activities such as shrimp farms

and sea bass farms, along with various mining activities (Pradit

et al., 2010). The mean heavy metal content in this study was

compared with that in other coastal sediments around the world.

The average values of As in this study are higher than the mean

level reported in the Arabian Gulf, Saudi Arabia, but lower than in

Chaohu Lake in China (Fang et al., 2022), Brisbane River in

Australia (Duodu et al., 2016), and Badovci Lake in Kosovo

(Malsiu et al., 2020). Moreover, the mean concentrations of Cd,

Pb, Cu, Zn, and Mn were in the same ranges as in other coastal

sediments, such as in the Arabian Gulf of Saudi Arabia, Aqaba,

Saudi Arabia, and Chaohu Lake, China. Although the mean

concentration of As in this study reflects strong contamination,

the concentration of As is still lower than in other countries.

However, it is a concern that all of the monitored heavy metals
TABLE 1 Grain size, organic matter, pH, and the number of microplastic particles found in the sediment at each station.

Sampling site
Grain size

OM (%) pH
MPs in sediment

(items/g)% Clay %Silt %Sand

1 13.47 24.70 61.83 1.03 7.78 2.10

2 10.77 4.49 84.74 0.46 7.37 1.85

3 71.03 34.03 4.94 2.67 7.68 2.85

4 11.15 61.99 26.86 1.90 7.91 1.05

5 46.64 26.75 26.28 2.95 8.07 2.30

6 66.20 30.63 3.18 3.90 9.31 3.20

7 19.64 13.96 66.40 4.02 8.00 5.40

8 43.91 36.84 19.26 1.42 9.21 1.25

9 47.41 47.19 5.40 2.16 9.37 1.20

10 55.10 39.42 5.48 2.15 8.92 1.00
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FIGURE 6

Sand silt clay in surface sediment.
FIGURE 5

Organic matter in surface sediment.
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exceed the sediment quality standard, so regular monitoring of

these variables should be performed.

The spatial distribution of trace metals in surface sediments is

an important factor determining the level of pollution of aquatic
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environments, which can be affected by natural and anthropogenic

factors such as weathering of parent rock, industrial wastewater,

transportation, and agriculture (Dong et al., 2023). It was found that

most of the trace metals had high concentrations at site 7, especially
TABLE 2 Heavy metal concentrations (mg/kg dry weight) in the surface sediment of Songkhla Lagoon.

Sampling sites Metal concentration (mg/kg)

As Cd Pb Cu Zn Mg Co Mn

1 4.10 ± 0.41 0.15 ± 0.02 3.54 ± 0.32 3.28 ± 0.70 19.68 ± 1.32 424.25 ± 52.60 2.45 ± 0.14 141.84 ± 38.18

2 1.52 ± 0.26 0.05 ± 0.01 5.70 ± 1.15 2.37 ± 0.52 9.90 ± 2.39 154.45 ± 41.63 0.66 ± 0.10 113.99 ± 22.71

3 5.30 ± 0.29 0.19 ± 0.01 15.77 ± 0.66 5.98 ± 0.51 20.60 ± 1.06 802.22 ± 13.79 3.10 ± 0.43 138.40 ± 39.51

4 1.34 ± 0.13 0.08 ± 0.01 4.44 ± 0.20 3.31 ± 0.17 18.75 ± 0.78 736.25 ± 28.72 2.23 ± 0.24 208.21 ± 39.88

5 5.86 ± 0.10 0.19 ± 0.01 9.44 ± 1.22 9.92 ± 1.71 22.37 ± 0.88 985.23 ± 14.53 2.25 ± 1.08 124.91 ± 28.15

6 7.46 ± 1.13 0.23 ± 0.04 9.29 ± 2.02 7.44 ± 1.29 19.56 ± 4.26 876.43 ± 52.24 2.57 ± 0.42 223.42 ± 46.14

7 5.13 ± 2.87 0.55 ± 0.35 27.98 ± 12.50 73.91 ± 48.67 129.38 ± 75.73 811.79 ± 118.15 1.97 ± 1.04 71.08 ± 39.19

8 13.04 ± 1.16 0.41 ± 0.05 11.45 ± 2.11 5.32 ± 0.62 18.29 ± 2.08 909.17 ± 38.45 5.34 ± 0.42 369.15 ± 17.55

9 6.31 ± 0.39 0.18 ± 0.01 12.44 ± 0.30 5.91 ± 0.21 16.43 ± 0.50 834.00 ± 18.85 4.15 ± 0.13 193.80 ± 9.90

10 6.37 ± 0.19 0.19 ± 0.02 10.61 ± 0.22 5.71 ± 0.12 18.67 ± 0.98 794.59 ± 6.29 4.23 ± 0.15 182.63 ± 7.76

Mean 5.64 ± 3.30 0.22 ± 0.17 11.07 ± 7.60 12.31 ± 24.58 29.36 ± 39.47 732.54 ± 247.04 2.90 ± 1.38 176.74 ± 83.68

Min 1.20 0.04 3.26 1.84 7.15 104.81 0.56 34.43

Max 13.74 0.92 39.02 124.83 206.55 1001.56 5.82 388.90
FIGURE 7

Correlations between microplastics, grain size, organic matter, and pH.
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Pb, Cu, and Zn. Station 7 is connected to Samrong Canal, which

receives pollutants from Songkhla City, in addition to agricultural

waste from rubber plantations, the parawood industry, and the

seafood processing industry (Pradit et al., 2021). It is thus possible

that high concentrations of metals are derived from these human

activities. This is consistent with previous reports describing how

anthropogenic activities such as wastewater discharge, battery

disposal, transportation, and agricultural activities can affect metal

concentrations (Li et al., 2022; Moldovan et al., 2022). Cu is used as

a wood preservative (Lasota et al., 2019), while the parawood

industry has rapidly expanded in this area (Sompongchaiyakul

and Sirinawin, 2007), indicating that it may be an important

source of Cu contamination in sediment. A high concentration of

Zn was found in soil at a rubbish tip. In addition, the increase in

metal concentrations in outer Songkhla Lagoon may have resulted

from hydrological dynamics, and water velocity in particular.

However, high concentrations of Mg were found at stations 5, 6,

and 7, which are connected to three important canals (U-Tapao,

Phawong, and Samrong). These canals receive municipal waste

from Songkhla and Hat Yai cities. It is possible that, in these highly

productive agricultural areas, ammonium phosphate fertilizers are

widely used (Medina et al., 2009).
3.4 Risk assessment

3.4.1 Microplastic risk assessment
MPs with a small particle size are easily consumed by marine

animals such as zooplankton (Kosore et al., 2018), fish (Klangnurak

and Chunniyom, 2020), and molluscs (Abidli et al., 2019), and have

an impact on the health of marine organisms (Sharma and

Chatterjee, 2017). A risk assessment of MPs in surface sediment

based on PHI, as reported by Ranjani et al. (2021), identified five

hazard levels of MP pollution (Table 3). Based on PHL value, the

overall risk of MPs in lagoon sediment in this study was categorized

as Hazard Level III (high risk). The PHI values calculated in this

study are lower than those previously reported in India (Ranjani

et al., 2021).
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3.4.2 Heavy metal risk assessment
The findings on enrichment factor (EF) and geoaccumulation

index (Igeo) are shown in Table 4. The EF values of trace metals varied

as follows: 4.15–45.89 (mean = 19.06 ± 10.63), 3.63–48.84 (mean =

11.63 ± 9.12), 1.09–13.55 (mean = 3.80 ± 2.58), 0.99–52.04 (mean

= 5.09 ± 10.31), 0.98–15.16 (mean = 2.15 ± 2.93), 0.08–0.38 (mean =

0.28 ± 0.09), 0.48–2.69 (mean = 1.46 ± 0.66), and 1.95–17.50 (mean =

8.80 ± 3.89) for As, Cd, Pb, Cu, Zn, Mg, Co, andMn, respectively. The

average EF value of Mg was lower than 1. These values indicate no

enrichment at the sampling sites. The Co and Zn average

concentrations were in the range of 1–3, indicating minor

enrichment. For Pb, it was found in the range of 3–5, indicating

moderate enrichment. Cu and Mn were in the range of 5–10, which

indicates moderate to severe enrichment. High EF values were

observed for As and Cd in the range of 10–25, which indicates

severe enrichment. According to Zhang and Liu (2002), crustal

materials or natural processes are the primary sources of metal

elements with EF between 0.5 and 1.5, whereas anthropogenic

activities are the primary source of metal elements with EF greater

than 1.5. Based on the Igeo calculation, the majority of sampling

stations were in unpolluted to moderately contaminated regions (Pb,

Zn, Mg, and Co). The average Igeo values of Cu and Mn were in the

range of 1–2,which showed moderate contamination. Cd showed

moderate to strong contamination and As showed strong

contamination. As is typically used to distinguish between natural

and anthropogenic sources of heavy metals because it is a lithogenic
TABLE 3 Pollution load index and polymer hazard index for
microplastic pollution.

PHI Hazard Risk category

0–1 I Minor

1–10 II Medium

10–100 III High

100–1000 IV Danger

>1000 V Extreme danger
TABLE 4 Enrichment factor (EF) and geoaccumulation index (Igeo) value of trace metals.

Metals
Enrichment factor (EF) Geoaccumulation index (Igeo)

Mean S.D. Min Max Mean S.D. Min Max

As 19.06 10.63 4.15 45.89 3.83 2.14 0.83 9.23

Cd 11.63 9.12 3.63 48.84 2.33 1.83 0.73 9.80

Pb 3.80 2.58 1.09 13.55 0.76 0.52 0.22 2.72

Cu 5.09 10.31 0.99 52.04 1.02 2.07 0.20 10.52

Zn 2.15 2.93 0.98 15.16 0.43 0.59 0.20 3.04

Mg 0.28 0.09 0.08 0.38 0.06 0.02 0.02 0.08

Co 1.46 0.66 0.48 2.69 0.29 0.13 0.09 0.54

Mn 8.80 3.89 17.50 1.95 1.77 0.78 0.39 3.51
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metal that enters the soil through the weathering of rocks (Huang

et al., 2020). Human activities, such as agricultural activities, mixed

orchard cultivation, use of fertilizers in agriculture, and rubber

plantations may contribute to heavy metal deposition, resulting in

As content in surface sediment.

The ecological risk index (R¡) values of Pb, Cu, and Zn are 110,

145, and 12, respectively (Figure 8). According to the Hakenson

classification, the potential ecological risk indices of Pb, Cu, and Zn

are less than 150. This is classified as “low risk”, indicating that these

heavy metals will not cause serious damage to the ecology of

Songkhla Lagoon. Meanwhile, high R¡ values were observed for

As (1128) and Cd (2047), being suggestive of high ecological risk.

The main contributors to the R¡ are the most toxic elements, Cd and

As. Cd and As have a long history of accumulation as pollutants and

can represent very serious ecological risk factors to both ecosystems

and human health.
3.5 Relationship between heavy metals
and microplastics

Owing to their connection to additives used or created during the

plastic production process, heavy metals, and persistent organic

pollutants that exist in the environment, MPs, are frequently

referred to as a “cocktail of contaminants” (Rochman, 2015).

Metals such as Zn, Pb, Cr, Co, Cd, and Ti are often used as
Frontiers in Marine Science 1128
pigment-based colorants for inorganic polymers (Massos and

Turner, 2017). It was observed that the areas where MPs were

found most prominently also contained Pb, Cu, and Zn (Figure 9).

The relationship between MPs and heavy metals in sediments from

this study was calculated using Spearman’s rho correlation analysis,

with the results showing that only Zn (r = 0.697) and Cu (r = 0.61)

were strongly positively correlated with MP particle counts (p< 0.05).

This indicates that the highly concentrated MPs in the sediment were

highly contaminated with Zn and Cu, as shown in Figure 10.
3.6 Potential sources of microplastics and
heavy metals

According to the sediment data, the lagoon is considerably

enriched in trace elements. The waste water is discharged into the

river and lagoon. The source of MPs in the lagoon could be from

waste from households, paint offishing boats, and fishing gear (Pradit

et al., 2022). These rivers collect urban waste as well as industrial and

agricultural waste. The potential sources of heavy metal in the

sediment of Songkhla Lagoon (the outer section) include municipal

waste from the large and rapidly expanding cities of Songkhla

province, as well as agricultural and industrial discharges

transported via the U-Taphao canal (Sompongchaiyakul and

Sirinawin, 2007; Pradit et al., 2018). As and Cu are employed in

the parawood business as wood preservatives near to the lagoon
FIGURE 8

Potential ecological risk indices (R¡) of lagoon sediment.
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(Sompongchaiyakul and Sirinawin, 2007). The high levels of As

found in the soils at a rubbish tip indicate that runoff from such

sites into canals, and abandoned mines near the lagoon, may also be

important sources of As (Pradit et al., 2010). Notably, the pH in the

sediment increased at the station near the mouth of the lagoon, which

was probably due to wastewater from houses flowing into the main

rivers. Water from washing clothes with detergent normally has

highly alkaline components, such as OH−, CO3
2−, and HCO3

− ions of

calcium, sodium, magnesium, potassium, and ammonia. These basic

conditions from laundry activities can clearly raise the pH in both

water and sediment (Pradit et al., 2021). If looking at historical data

on heavy metal concentrations in Songkhla Lagoon sediments from

2010 to the present (Table 5), there is a decreasing trend for As and

Pb. For MPs in sediments in the lagoon there have been few studies,

but the concentration of this study seems to indicate more MPs than

the study in 2021. The possible explanation is that the study area in

2021 was in the canal flowing to the lagoon whereas this study area

covered a section of the lagoon itself.
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3.7 Conclusion

This study reports the occurrence of MPs and heavy metals in

the sediment of Songkhla Lagoon, the largest lagoon in Thailand.

The area where MPs particularly accumulate is near the mouth of

the lagoon, possibly derived from the three main rivers flowing into

the lagoon. Risk assessment of MP loading showed that MPs

constitute a minor hazard, whereas the polymer hazard index

indicated a high hazard. The main contributors to the R¡ are the

most toxic elements, Cd and As. Cd and As have a long history of

accumulation as pollutants and can represent very serious

ecological risk factors to both ecosystems and human health. This

study only investigated the lower Songkhla Lagoon area. The

abundance and distribution of MPs and heavy metals in the

lagoon sediment may lead to transfer of toxic chemicals to

marine organisms and humans. The study area should be

expanded to cover the middle and upper parts of the lagoon,

which are the habitat of Irrawaddy dolphins.
FIGURE 9

Heavy metal (mg/kg dry weight) and microplastic (items/g) distribution in the surface sediment of Songkhla Lagoon.
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TABLE 5 The historical information of heavy metal and microplastic concentrations in the sediment of Songkhla Lagoon.

Heavy metals concentrations (mg/kg dry weight) Concentration microplastic (item/kg)

2010 2013 2018 2023 2021 2023
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Ecotoxicological consequences
of polystyrene naturally leached
in pure, fresh, and saltwater:
lethal and nonlethal toxicological
responses in Daphnia magna and
Artemia salina
Maranda Esterhuizen1,2,3,4*, Sang-Ah Lee4,5, Youngsam Kim4,6,
Riikka Järvinen1,4 and Young Jun Kim4,6

1Ecosystems and Environment Research Programme, Faculty of Biological and Environmental
Sciences, University of Helsinki, Lahti, Finland, 2Helsinki Institute of Sustainability Science (HELSUS),
Helsinki, Finland, 3Clayton H. Riddell Faculty of Environment, Earth, and Resources, University of
Manitoba, Winnipeg, MB, Canada, 4Korea Institute of Science and Technology Europe (KIST Europe)
Forschungsgesellschaft GmbH, Joint Laboratory of Applied Ecotoxicology, Environmental Safety
Group, Universität des Saarlandes, Saarbrücken, Germany, 5Faculty of Biotechnology, College of
Applied Life Sciences, Jeju National University, Jeju, Republic of Korea, 6Division of Energy &
Environment Technology, University of Science & Technology, Daejeon, Republic of Korea
Polystyrene is widely used in disposable products and is now a ubiquitous plastic

pollutant in aquatic environments, where it degrades into smaller particles that

leach potentially toxic chemicals. However, knowledge regarding the impacts of

plastic leachates remains limited. This study investigates the lethal and nonlethal

effects of polystyrene leachate on two ecologically significant aquatic organisms,

Daphnia magna (water flea) and Artemia salina (brine shrimp). Polystyrene

leachates were prepared in seawater, freshwater, and sterile, pure water by

incubating the material in each of the media under natural conditions for six

months. D. magna and A. salina were exposed to varying concentrations of the

leachates under controlled laboratory conditions, monitoring their survival, as

well as measuring reactive oxygen species and antioxidant responses as

superoxide dismutase and catalase activity. The data show that A. salina was

more significantly affected with higher mortality observed at lower leachate

concentrations, potentially linked to seawater enhancing the leaching of toxic

additives. Moreover, at non-lethal concentrations, the antioxidative responses

maintained homeostasis in both organisms. Considering the current reported

microplastic concentrations in the aquatics and the adequate antioxidative

response, leachate from plastic potentially does not pose a severe threat to

these organisms. Nevertheless, hydrological characteristics of waterbodies may

cause microplastic hotspots, which could significantly concentrate plastics and

thus their leachates, necessitating action to reduce the current microplastic

pollution level and avoid future surges. This study highlights the ecological

significance of polystyrene pollution, emphasizing the need for more

comprehensive regulatory measures and the development of sustainable

alternatives to polystyrene-based products. The distinct responses of D. magna
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and A. salina imply that the impact of plastic pollution varies among species,

necessitating further research to elucidate broader ecological

consequences. Understanding how polystyrene leachate affects keystone

species provides crucial insights into the overall implications for

aquatic ecosystems.
KEYWORDS

aquatic organisms, planktonic organisms, plastic leachate, microplastic, oxidative
stress, ecotoxicology
1 Introduction

Plastic pollution is a pressing environmental issue that is

garnering merited attention. The growing global distribution of

plastic waste in the environment stems from its widespread use and

improper disposal (Dahlbo et al., 2018; van Velzen et al., 2019).

While studies on the ecotoxicology of plastic and its breakdown

products, such as micro- and nanoplastics, are increasing, and the

impacts are being better understood (Esterhuizen and Kim, 2022;

Samadi et al., 2022), another aspect of this problem, namely the

toxicity of leaching chemicals, is being recognised (Lithner et al.,

2009; Lithner et al., 2012; Pflugmacher et al., 2020).

Plastic items can leach harmful chemicals into their

surroundings (Do et al., 2022). Additives which are not covalently

bound to the polymer matrix and residual monomers could migrate

into the environment from virgin plastics (Crompton, 1979; Araújo

et al., 2002; Lithner et al., 2011; Kwan and Takada, 2016). Over time,

when exposed to environmental factors like sunlight and water,

plastics can break down and release a cocktail of toxic compounds,

including phthalates, bisphenol A (BPA), and polychlorinated

biphenyls (PCBs). These compounds are known as additives and

are applied during the manufacture of plastics depending on the

intended use and properties of the final product (Wiesinger et al.,

2021; Do et al., 2022). They play a crucial role in tailoring plastics

for specific applications by imparting desirable properties or

allowing the retaining of the original plastic properties during

moulding (OECD, 2009; Hahladakis et al., 2018). Regularly used

additives include plasticisers, flame retardants, thermal stabilisers,

photostabilisers, antioxidants, and pigments (Stevens, 1990;

Andrady and Rajapakse, 2016).

Various media have been shown to facilitate leaching, including

sea- and freshwater (Bridson et al., 2021). Release of additives from

plastics was studied by Do et al. (2022). They found that polymer

type, surface characteristics, the environment, and time are the main

factors influencing leaching. Furthermore, biodegradation, thermal

and photodegradation influenced the liberation of additives.

Some additives are known carcinogens, mutagens, and

endocrine disruptors, and thus potentially hazardous to many

organisms (EBC, 2008; Groh et al., 2019). As plastic and

microplastic (MP) pollution has been found globally (Scopetani
0234
et al., 2019; Mammo et al., 2020; Patti et al., 2020; Prabhu et al.,

2022), these leached chemicals can contaminate terrestrial and

aquatic ecosystems and even enter the food chain, with

potentially detrimental effects on the health of both wildlife and

humans. Understanding and addressing this facet of plastic

pollution is essential for mitigating its far-reaching consequences,

especially concerning the toxicity of leachates to native biota.

In addition to intrinsic toxicants that may be liberated, MPs can

adsorb and concentrate persistent organic pollutants (POPs, e.g.,

PCBs and organochlorine pesticides), heavy metals (lead, cadmium,

and mercury), and non-plastic pollutants (e.g., polycyclic aromatic

hydrocarbons (PAHs)) from the surrounding water (Caruso, 2019).

Chemicals that adhere to MP surfaces have been shown to

bioaccumulate in organisms that ingest the fragments (Caruso,

2019). Furthermore, microbial biofilms can develop on MPs in

the environment, releasing metabolites, enzymes, and other

chemicals that have been found to contribute to plastic

degradation and, thus, facilitate leaching (Han et al., 2020;

Sooriyakumar et al., 2022), which may contribute to toxicity.

Even though several s tudies have considered the

ecotoxicological effects of leachates from plastics (reviewed by

Gunaalan et al., 2020), many have used artificial leaching

methods and have not considered the effect of factors such as the

environment, climate fluctuations, and naturally occurring

microbes. Therefore, the present study aimed to investigate the

toxicological effects of natural leachate from polystyrene (PS), one

of the most detected plastics in the environment (Scopetani et al.,

2019; Tian et al., 2023). PS was leached in pure water (MilliQ),

freshwater, and seawater for six months outside under

environmental conditions and the ecotoxicological effects of the

leachate, and dilutions thereof, were investigated in terms of

immobility, oxidative stress, and enzymatic antioxidative defence

response in Daphnia magna (pure and freshwater) and Artemia

salina (seawater) with acute exposure. Many previous studies

regarding MP and leachates were conducted with D. magna

(Samadi et al., 2022), a recognised model bioindicator organism

for evaluating ecotoxicology (Reilly et al., 2023). Likewise, A. salina

has been suggested as a model species for ecotoxicity assessments

(Kalčıḱová et al., 2012; Albarano et al., 2022). The three media were

selected to assess how the properties of a natural media can
frontiersin.org
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influence the toxicity of the leachate, where both fresh- and

seawater contained natural microbes and minerals compared to

sterile MilliQ water which is both deionized and demineralized.

This approach allows the direct comparison of the toxicities of the

obtained PS leachates in the various media on keystone bioindicator

organisms which have not previously been assessed. Thus, the

selection of three distinct media aimed to investigate the impact

of natural media properties on leachate toxicity. Both fresh- and

seawater, rich in natural microbes and minerals, were compared to

sterile MilliQ water, known for its deionized and demineralized

composition. This method facilitates a direct comparison of the

toxicities exhibited by the obtained PS leachates across different

media. The chosen bioindicator organisms, considered keystone

species, have not been previously evaluated under these conditions.
2 Materials and methods

2.1 Bioindicator organism cultivation

D. magna ephippia were supplied by MicroBiotests Inc. (Gent,

Belgium). Hatching was facilitated under 7000 lux light with a 16-to-

8-hour light-to-dark cycle at 20.0 ± 1.0°C in Elendt M4 medium

(OECD, 2004). A population of 15 daphnid individuals was

maintained in 1.5 L Elendt M4 medium in a controlled climate

incubator. Once a day, the daphnids were with Chlorella vulgaris

(~1.5 × 108 cells/mL), purchased from the Culture Collection of Algae

(Cologne University, Essen, Germany), at a density of 0.1 - 0.2 mg C

per individual. Additionally, twice a week, the culture was fed with

yeast, cerophyl, and trout chow at a concentration of 0.5 mL/mL (v/v).

Offspring were removed daily, and the cultural medium was renewed

thrice weekly. The pH and dissolved oxygen content were checked

and maintained according to OECD guidelines (OECD, 2004).

Interlaboratory tests were performed using potassium dichromate

(Sigma-Aldrich, St. Louis, MO, USA) as a reference toxicant. For the

present study, neonates were ≤ 24 hours old.

Artemia cysts were purchased from Great Salt Lake Artemia

(Utah, USA) and hatched in an artificial seawater medium. This

medium was prepared to a salinity of 25 parts per thousand (ppt) by

dissolving sodium chloride (Sigma Aldrich, St. Louis, MO, USA) in

deionized water. To achieve a pH level above 8, sodium bicarbonate

(Sigma Aldrich, St. Louis, MO, USA) was added to the medium. The

incubation was carried out in a temperature-controlled

environment at 25 ± 1°C, with continuous aeration and an

illumination intensity of 3000 lux for 30 hours.
2.2 Consumables

Polystyrene (PS) granules (3-5 mm particle size; product Code:

ST31-GL-000111; LS555533; batch C3586) were purchased from

Goodfellow (Huntingdon, UK) and ground into smaller fragments

employing low-temperature ball milling on a cryomill (Retsch

GmbH, Haan, Germany) maintained between -196°C and -100°C

using liquid nitrogen. A 50 mL cell and a 2 cm diameter steel ball

were used for mechanical cryogenic grinding. A third of the cell was
Frontiers in Marine Science 0335
filled with the plastic material and ground for approximately 30

minutes, with 5 minutes of pre-cooling. The plastic fragments were

separated using a Vibratory Sieve shaker AS 300 Control (Retsch

GmbH, Haan, Germany) via four sieves with mesh sizes of 100, 63,

45, and 25 µm according to ISO 3310-01 (ISO, 2016) and the size

fraction 45 to 63 µm was used for the environmental leaching.

All other consumables were purchased from Sigma Aldrich

unless stated otherwise and were of analytical grade.
2.3 Leachate preparation

Seawater and freshwater were collected from the North Sea,

Knokke-Heist, Belgium (coordinates: 51.359060, 3.306336) and the

Handelsdok Canal in Bruges, Belgium (coordinates: 51.221321,

3.223855), respectively, on the September 9th, 2021, as 100 L grab

samples. The pH of the seawater and freshwater measured as 8.1 and

8.08, respectively. In the seawater sample, the salinity and conductivity

values were 29.52 ppt and 45.79 µs/cm and the media had a turbidity of

0.27. For the freshwater, the measurements were 2.12 ppt for salinity,

40.51 µs/cm for conductivity, and 0.67 for turbidity respectively. The

collected water samples were filtered via vacuum filtration (0.22 mm
pore 19.6 cm2 CA membrane) including a storage Bottle System (Cat.

No. 430758, Corning Inc. Corning, US). PS fragments at a

concentration of 100 g/L were added to each of the filtered waters

(freshwater and seawater), respectively, as well as MilliQ water (pH

7.01) in capped glass vessels (n = 3) and placed outside for six months

at the premises of KIST Europe in Saarbrücken from October 26, 2021,

to April 30, 2022. The chosen PS concentration aligns with previous

studies investigating the toxicity of microplastic (MP) leachates

(Lithner et al., 2009; Lithner et al., 2012). MilliQ water was used to

allow the evaluation of the toxicity of the PS leachate without the

influence of ions, minerals, and microbes. The vessels were uncapped

and aired daily. The leachate was filtered with a 0.45 µm GHP

membrane prior to the exposure experiments to remove all MP. The

seawater leachate had a pH of 7.88, salinity of 22.95 ppt, conductivity of

36.75 µs/cm and turbidity of 3.41. Meanwhile, the freshwater leachate

showed a pH of 7.69, salinity of 2.01, conductivity of 38.61 µs/cm and

turbidity of 1.54, respectively.
2.4 Exposures set up

D. magna neonates (5 organisms per replicate) were exposed to

the PS leachate in MilliQ and freshwater, and A. salina (5 organisms

per replicate) were exposed to the PS leachates in seawater, both at

four concentrations (undiluted (100%), 50%, 25% and 10%) for 48

hours in triplicate. The dilutions were prepared in the organism

cultivation media stipulated in section 2.2. These acute

immobilisation tests were conducted according to the OECD

guideline test no. 202 (OECD, 2004). After 12, 24, and 48 hours,

immobilisation of each treatment replicate was observed and

recorded. Organisms were considered immobile if they did not

move after approximately 15 seconds of gentle stirring. The results

were expressed as percentage mobility over time.
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Based on the initial lethal response toxicity test, an exposure

concentration of 50% dilution for D. magna and 10% for A. salina

was selected. These leachate concentration percentages were

selected based on the highest concentration that did not result in

more than 80% mortality after 24 hours as live organisms were

required to assess the physiological non-lethal effects.

For the analysis of the oxidative stress status (reactive oxygen

species (ROS) level) and the antioxidative response analysis

(catalase (CAT) and superoxide dismutase (SOD) activities), 70

neonate D. magna and 200 A. salina per replicate (n =3) were

exposed to each of the specified dilutions of the leachates for 24

hours against a control consisting only of the exposure media.

Thereafter, one-third of the organisms per replicate were collected

for ROS analysis, and the other two-thirds were collected for

enzyme extraction and antioxidant defence analysis.
2.5 Oxidative stress status and
response assays

For the ROS determination, as a measure of the oxidative stress

status, one-third of the mobile daphnids were snap-frozen in liquid

nitrogen and thoroughly homogenised in 1.0 mL phosphate-buffered

saline (PBS), followed by centrifugation at 3,000 × g at 4°C for 10

minutes. Then, 10 mL of supernatant was used to determine the

protein content using a bicinchoninic acid kit (Thermo Fisher

Scientific, Waltham, MA, USA). ROS levels were assessed by

measuring the oxidation product of 2′,7′-dichlorofluorescein
(DCFDA) with excitation and emission spectra at 495 and 529 nm

using the DCFDA/H2DCFDA Cellular ROS Assay Kit (catalogue no.

ab113851; Abcam, Cambridge MA, USA) as per the manufacturer’s

instructions on a high-performance multi-mode microplate reader

(SPARK, TECAN, Switzerland) using 20 mL of supernatant from each

sample. The fluorescence intensities were normalised by the protein

content of each specimen.

For extracting the S9 enzyme fraction, the other two-thirds of

the mobile daphnids were snap-frozen in liquid nitrogen and

homogenised with a micro-pestle in 20 mM potassium phosphate

buffer (pH 7) on ice. Cell debris was removed by centrifugation at

13,000 × g at 4°C for 10 minutes, and the supernatant was used to

assess the enzyme activities. The SOD activity was evaluated using

the SOD Assay Kit (19160-1KT-F; Sigma-Aldrich, St. Louis,

Missouri, USA). CAT (E.C. 1.11.1.6) activity was assayed using

hydrogen peroxide as substrate as per Claiborne (1985) on a Tecan

Infinite 200 Pro Infinite M Nano+ (Tecan GmbH, Grödig, Austria).

Catalase activity was normalised against the protein content,

determined as per Bradford (1976), i.e., enzyme activity was

calculated as nanokatal per milligram protein.
2.6 Statistical analysis

Statistical analysis was performed using IBM® SPSS® Statistics

28.0.0.0 (190) (2021). Descriptive analysis was performed on all

data sets, followed by normality and homogeneity analysis. For the

analysis of percentage survival over time, a repeated measures
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analysis of variance (ANOVA) was performed, followed by

Bonferroni posthoc. One-way ANOVA was performed for the

antioxidant response data followed by Tukey posthoc tests

observing an alpha value of 0.05, indicating statistical significance.
3 Results

D. magna neonates were exposed for 48 h to leachate prepared by

incubating PS fragments in freshwater and pure (MilliQ) water,

respectively, for 6 months in nature. At the same time, A. salina

were exposed to leachate prepared by incubating PS-MP in seawater

for six months. For neonate D. magna, exposed to the PS leachate in
A

B

C

FIGURE 1

Percentage mobile neonate Daphnia magna over a period of 48
hours exposed to four concentrations of PS leachate prepared in (A)
lake water and (B) pure (MilliQ) water. (C) The percentage of mobile
Artemia salina exposed to seawater PS leachate over 48 hours. PS
fragments were leached in the media for six months, and all
microplastic particles were removed prior to exposure. Data points
denote the average mobility of live daphnids and artemia ± standard
deviation (n = 3). Asterisks (*) denote statistical significance
compared to the control (p < 0.05) determined by repeated
measures ANOVA.
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freshwater (Figure 1A), 53.3% fewer neonates were mobile after 48 h

of exposure to the undiluted leachate compared to the control (p =

1.000). At the same time, exposure to the 10%, 25%, and 50%

concentrations of the leachate did not reduce daphnid mobility (p

= 0.001). However, for neonates exposed to PS-leached in pure water

(Figure 1B), mobility was not significantly affected with any of the

concentrations of leachate over the 48 h exposure period (p = 0.596).

A. salina (Figure 1C) mobility was the most severely affected by

the undiluted seawater leachate, with 80.0% of the organisms

remaining mobile after 48 h compared to the control (p < 0.001).

With the 50% and 25% concentrations, the mobility was 53.3% (p <

0.001) and 33.3% (p = 0.001), respectively. However, with 10%

leachate, mobility was not affected (p = 1.000).

To evaluate physiological adverse effects in live, healthy

organisms, the lowest leachate concentration that exhibited

sublethal adverse effects was chosen for further assessment.

Specifically, a concentration of 50% leachate was selected for D.

magna, while for A. salina, a concentration of 10% leachate was

deemed appropriate. The selection was based on the data obtained

in Figure 1.

The cellular ROS concentration relative to the protein content

was not elevated after 48 h of exposure to the 50% dilution of the

freshwater PS-leachate (p = 0.116; Figure 2A). The ROS

concentration in the neonates exposed to the 50% diluted pure

water PS-leachate for 48 h was increased by 24.2% (p = 0.022;

Figure 2A). As for A. salina after 48 h of exposure to the 10%

seawater PS-leached (Figure 2B), the cellular ROS level was

statistically equivalent compared to the control (p = 0.064).

The SOD activity was significantly elevated in neonate daphnids

after 48 h of exposure to both freshwater PS-leachate as well as pure

water PS-leachate compared to the control (Figure 3A). With

exposure to the freshwater PS-leachate, the SOD activity was

increased 104.6% (p = 0.011) and 100.3% with exposure to the

pure water PS leachate (p = 0.0140). The SOD activity in A. salina

(Figure 3B) was statistically equal to that of the control after 48 h of

exposure to the seawater PS leachate (p = 0.479).
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The CAT activities in neonate daphnids were unchanged

relative to the control CAT activity after 48 h of exposure to

freshwater as well as pure water PS-leachate (p = 0.897;

Figure 4A). However, in A. salina (Figure 4B), CAT activity was

significantly increased by 127.9% (p = 0.002).
4 Discussion

The goal of this study was to compare the toxicities of PS

leachates prepared in three distinct media, seawater, freshwater, and

sterile, pure water (MilliQ). These media were selected to represent

the properties of natural water bodies in terms of pH, salinity,

conductivity, and turbidity, compared to sterile, deionized, and

demineralized water. The leachates produced using the various

media resulted in significantly different toxic responses in the

bioindicator organisms tested. Notably, PS leachate in MilliQ

water was significantly less toxic to D. magna compared to PS

leachate in freshwater as is evidenced by the immobilization over

time. The immobile organisms were not swimming after 15 seconds

of agitation. They had all sunken to the bottom of the exposure

vessel and their antennae or feeding apparatus showed no

movement, which could indicate physiological toxicity leading to

death rather than a physical impairment. Additives, which are

mostly bound to the MPs by weak dispersion forces (Zhang and

Chen, 2014), can leach from plastic materials with fragmentation

and degradation accelerating the release of chemicals (Engler,

2012). Since all microplastic fragments were removed before

exposure, only leached chemicals could have contributed to the

observed immobilization, an established indicator of acute toxicity

(OECD, 2004). The additives used in the manufacture of the PS

could not be disclosed by the supplier. Nevertheless, several

common plastic additives (Smith and Taylor, 2002; Samadi et al.,

2022) have been identified as toxic to D. magna and other aquatic

organisms (Thaysen et al., 2018; Schiavo et al., 2021; Song et al.,

2021; Blinova et al., 2023).
A B

FIGURE 2

Relative cellular reactive oxygen species (ROS) (fluorescence/mg/mL protein) levels in (A) neonate Daphnia magna exposed to 50% PS-leachate in
freshwater and pure water as well as (B) Artemia salina exposed to 10% PS-leachate in seawater after 48 (h) Bars represent the average ROS
(fluorescence/mg/mL protein) concentration ± standard deviation (n = 3). Asterisks (*) denote statistical significance compared to the control (p <
0.05) determined by one-way ANOVA and Tukey posthoc.
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In general, D. magna was less susceptible to the PS-leachate.

Only the undiluted PS-leachate in freshwater caused significant

changes in mobility. Lithner et al. (2012) leached plastics from old

electronic products in water for three days at the same

concentration as used in the present study (100 g/L). They found

that after acute exposure (24 h and 48 h) the leachate was non-toxic

to D. magna. Furthermore, in 2009, Lithner (2011) reported that

leachate prepared from PS (100 g/L) did not cause immobilisation

of D. magna. However, as deionized water was used, this result

concurs with our immobilization findings of daphnids exposed to

PS leachate prepared in MilliQ water.

A previous study reported an LD50 of 67 mg/L for 1 mm PS

beads in D. magna (Miloloža et al., 2021). Nevertheless, the PS

concentration used to prepare the leachate in the present study (100

g/L) far exceeds the highest environmental concentrations reported

for PS (Schirinzi et al., 2019; Scopetani et al., 2019; Badylak et al.,

2021) and MP in general. Up to 4650 particles/m3 have been

detected in freshwater and 102,000 particles/m3 in coastal waters

(Wong et al., 2020; Zhang et al., 2020). A conversion from particles

per volume to weight per volume was proposed by Leusch and

Ziajahromi (2021). However, this accounts for the specific uniform

size of reference particles and the density of a specific polymer.

Assuming an average size of 1 µm and the density of PS (1.05 g/

cm3), the environmental concentrations reported may be equivalent
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to several orders of magnitude less than the PS concentration used

in the present study to prepare the leachate. Thus, leachates from

the current level of MP pollution in the environment should not

pose a significant threat to D. magna. Nevertheless, MP hotspots

may form due to water currents, with localized concentrations

exceeding millions of particles per litre (Kane et al., 2020), which

should be considered in the comprehensive risk assessment of MPs

and their leachates in the environment.

A. salina was significantly more affected by the leachate

compared to the D. magna. This may indicate an overall higher

susceptibility, or it could be related to the seawater and associated

microbiota facilitating a larger concentration of toxicants to be

released from the MP. However, in studies comparing the

sensitivities of common bioassay organisms to toxicants, A. salina

was significantly less susceptible compared to D. magna (Minguez

et al., 2014). Furthermore, the study by Wang et al. (2019) showed

that Artemia parthenogenetica was not significantly affected by

exposure to various concentrations of PS-MP in terms of survival,

growth, or development, irrespective of acute or chronic exposure.

In support of this, the study by Sait et al. (2021) demonstrated that

salinity facilitates additive leaching.

Due to the mobility and distribution of MP, it has been

distributed ubiquitously throughout the global marine

environment (Cai et al., 2023; Li et al., 2023; Tian et al., 2023).
A B

FIGURE 4

Catalase (CAT) activity (nkat/mg protein) in (A) neonate Daphnia magna exposed to 50% PS-leachate in freshwater and pure water as well as (B)
Artemia salina exposed to 10% PS-leachate in seawater for 48 (h) Bars represent the average CAT activity ± standard deviation (n = 3). Asterisks (*)
denote statistical significance compared to the control (p < 0.05) determined by one-way ANOVA and Tukey posthoc.
A B

FIGURE 3

Superoxide dismutase (SOD) activity (expressed as percentage inhibition of the coupled reaction) in (A) neonate Daphnia magna exposed to 50% PS-
leachate in freshwater and pure water as well as (B) Artemia salina exposed to 10% PS-leachate in seawater for 48 (h) Bars represent the average
SOD activity ± standard deviation (n = 3). Asterisks (*) denote statistical significance compared to the control (p < 0.05) determined by one-way
ANOVA and Tukey posthoc.
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Furthermore, in a review by Wagner et al. (2014), they stated that

due to specific oceanic hydrology, plastic pollution accumulates in

large oceanic gyres (garbage patches), resulting in more MP than

zooplankton. Considering this concentration of plastic pollution in

oceanic hotspots, together with the significant impact of the

leachate observed on A. salina, the risk of leachate from pollution

in marine environments to zooplankton is of concern and poses a

threat to marine ecosystems.

Microbes, including bacteria, algae, and fungi, are recognized

for their role in facilitating the degradation of plastics through both

enzymatic and nonenzymatic hydrolysis of polymers (Devi et al.,

2016; Amobonye et al., 2021). Even though the collected waters

were filtered through a 0.22 µm filter, removing the majority of

microbes, some may have passed into the leaching media (Hahn,

2004). Consequently, the increased toxicity leading to

immobilization observed with the leachates in fresh- and

seawater, compared to the pure water, could, to some degree, be

attributed to microbial action facilitating degradation and allowing

more toxicants to be liberated from the plastic material.

Furthermore, the potential impact of microbial metabolites, such

as exopolysaccharides, on oxidative stress and, consequently, overall

toxicity should not be underestimated (Kavitake et al., 2022).

Furthermore, POPs, antibiotics, and heavy metals sorb to plastic

debris from the surrounding environment (Liu et al., 2023). Therefore,

as the fresh and seawater were collected from natural sources, POPs

may have been present and could have contributed to increased toxicity

in addition to leached chemicals. Thus, when assessing the risk of MP

and leachate, it is essential to these chemical toxicants and their

potential additive or synergistic effects on the overall toxicity.

One of the most common non-lethal endpoints observed as a

measure of toxicity is oxidative stress and the corresponding

antioxidant responses (consisting of superoxide dismutase (SOD),

glutathione peroxidase (GPx), catalase (CAT), glutathione

reductase(GR), glutathione-S-transferase (GST) and other low

molecular weight scavengers such as glutathione, ascorbate,

vitamin E, b-carotene and proteins) which combat cellular

damage by maintaining the homeostasis of ROS (Yu, 1994).

Elevated ROS, an indication of oxidative stress, was only observed

in daphnids when exposed to the leachate prepared in pure water.

However, this was accompanied by a corresponding increase in the

SOD activity, which catalysis the conversion of ROS to hydrogen

peroxide. Despite CAT not being activated, this daphnid treatment

had the lowest corresponding immortality. Thus, hydrogen

peroxide generated from SOD may have been made innocuous by

other antioxidative enzymes such as peroxidase, glutathione

peroxidase or ascorbate peroxidase (Yu, 1994). In neonates

exposed to the leachate prepared in freshwater, ROS homeostasis

was maintained as is evident by the still lingering elevated SOD

activity. A previous study investigating the effects of PS leachate (50

mg/L) on neonate and adult daphnia found that in neonates ROS

was not elevated and SOD activity was not affected but CAT activity

was suppressed, with no associated mortality. The authors

speculated that the non-enzymatic oxidative stress system may

have been involved in maintaining homeostasis. In contrast to D.

magna’s antioxidant response, the A. salina’s catalase activity was

elevated after 48 h of exposure indicating its involvement in
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maintaining homeostasis and ensuring mobility and survival. This

illustrates the vast differences in species’ response to toxicants.

In conclusion, the physiological data shows that both indicator

organisms’ antioxidant response systems could maintain

homeostasis at low concentrations of the leachate and considering

the currently reported average MP concentrations, leachates from

plastic do not pose a severe threat to these organisms. Nevertheless,

the potential formation of plastic accumulation points, commonly

known as “garbage patches,” raises concerns, as these circumstances

may lead to elevated concentrations of leachates, potentially

resulting in severe adverse effects on native biota, particularly in

saline environments.
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This study investigated the effects of levofloxacin (LEV) and norfloxacin (NOR) on

Skeletonema costatum, focusing on cell growth, chlorophyll a (Chla) content,

maximal quantum yield of PSII (Fv/Fm), protein content, enzyme activities of

superoxide dismutase (SOD), glutathione reductase (GR), and glutathione

peroxidase (GSH-PX), and the membrane lipid peroxidation product

malondialdehyde (MDA) content were conducted to analyze the responses of S.

costatum under LEV and NOR exposure. Cell growth, Chla content, Fv/Fm, protein

content, enzyme activities, and MDA content were assessed to elucidate

physiological changes. Both LEV and NOR inhibited S. costatum growth, except for

10 mg/L NOR, which promoted growth. Algal cells exhibited higher sensitivity to LEV,

with 96h-IC50 values of 14.770 mg/L for LEV and 44.250 mg/L for NOR. Low NOR

concentration (10mg/L) increased Chla content, while high antibiotic concentrations

(>20 mg/L for LEV, >100 mg/L for NOR) decreased Chla content and Fv/Fm,

indicating an impact on photosynthesis. Elevated LEV and NOR levels reduced

protein and MDA content but increased GR, SOD, and GSH activities, indicating

induced oxidative stress. The study provides a comprehensive analysis of LEV and

NOReffects onmarinemicroalgae growth and underlying physiologicalmechanisms,

shedding light on potential ecological risks posed by antibiotics inmarine ecosystems.
KEYWORDS

levofloxacin, norfloxacin, Skeletonema costatum, photosynthesis, antioxidant system
1 Introduction

Antibiotics are extensively employed globally in sectors like animal husbandry,

aquaculture, and human healthcare (Zhang et al., 2023). In natural water bodies, the

transformation of antibiotics mainly occurs through hydrolysis, photolysis, absorption,

adsorption, and biodegradation (Martinez, 2009; Zhang et al., 2020a; Leung et al., 2012).

Organisms are unable to fully absorb antibiotics and approximately 90% of antibiotics

consumed are excreted by humans and livestock in their original or metabolized

form, ultimately entering the environment directly or after wastewater treatment (Huang
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et al., 2020). Existing research has confirmed that Antibiotics present

in the environment may pose a risk to the health of both humans and

animal, as well as ecosystem integrity through the food chain and food

web (Huang et al., 2014). Data on antibiotics reported from 2009 to

2022 indicate that in China, antibiotic concentrations have been

detected at the micrograms per liter (mg/L) level in two-thirds of

marine areas, with overall concentrations ranging from 0.04 to 6,800

ng/L (Gao et al., 2023). Quinolone antibiotics have been detected in

the seas of Bohai, East China, and South China. Ofloxacin (OFX) and

norfloxacin (NOR) are commonly found antibiotics in the Bohai Sea,

with concentrations varying between 3 and 5,100 ng/L, 3and 6,800 ng/

L, respectively (Zou et al., 2011). Additionally, in 2017, the highest

concentration of NOR, reaching a maximum of 1,990 ng/L, was

detected in water samples collected along China’s approximately

18,000 km coastline (Lu et al., 2018).

Levofloxacin (LEV) is the levorotatory enantiomer of OFX and

is used more widely due to its stronger antibacterial properties

compared with OFX. Research on LEV is primarily concentrated

within the medical realm (Liou et al., 2016; White et al., 2019), with

relatively little research on its effects on microalgae (Pan et al., 2009;

Wan et al., 2014). Most research on NOR has focused on clarifying

its short-term toxicity to large Daphnia, freshwater fish, and

freshwater algae (Gonzalez-Pleiter et al., 2013; Liang et al., 2015;

Pan et al., 2017; Xiong et al., 2017a; Eluk et al., 2021), with relatively

less research on the impacts of NOR on marine microalgae

(Aderemi et al., 2018; Dow et al., 2020).

Marine microalgae serve as primary producers within marine

aquatic ecosystems, exerting a profound influence on the system’s

structure and function. The diverse array of microalgae, coupled

with their significant primary productivity, profoundly influences

the dynamics of the entire aquatic ecosystem (Nie et al., 2013; Wan

et al., 2015). Although antibiotics in the marine environment are

typically found at low concentrations, they can still affect certain

highly sensitive aquatic organisms. As antibiotics accumulate, they

may impact the intricate community dynamics within marine

ecosystems. Studies have shown that antibiotics affect the

photosynthetic capability, cellular reproduction, and algae growth

through impeding chloroplast formation, protein synthesis, and

damaging to chlorophyll. As a result, the levels of Chla and maximal

quantum yield of PSII (Fv/Fm) in algal cells are diminished to

varying extents (Pinckney et al., 2013; Liu et al., 2018; Mao et al.,

2021). Low concentrations of antibiotics may stimulate the

expression of genes related to DNA replication, exhibiting a

promotive effect (Jiang et al., 2021). This response may differ

based on the type of antibiotics or the species of microalgae

(Chen and Guo, 2012; Zhang et al., 2021b). The growth and

photosynthesis of algal cells are impacted by antibiotics, leading

to the production of reactive oxygen species (ROS), which in turn

inflict damage upon the cells. During this process, malondialdehyde

(MDA) is produced, and its production directly reflects the cell’s

oxidative stress level (Koussevitzky et al., 2007). To mitigate the

harmful effects caused by ROS, algal cells activate antioxidant

defense systems, comprising superoxide dismutase (SOD),

glutathione reductase (GR) and glutathione peroxidase (GSH-PX)

in the antioxidant enzyme system, as well as MDA in the non-

enzyme system, to jointly eliminate and regulate the overall ROS
Frontiers in Marine Science 0244
level (Teisseire and Guy, 2000; Sun et al., 2017; Liu et al., 2021).

Once ROS is overproduced, it induces oxidative damage, resulting

in protein degradation, DNA damage, and lipid peroxidation,

ultimately leading to algal cell death (Sies, 1997; Wang et al.,

2012; Tang et al., 2016).

S. costatum, a planktonic diatom that is widely distributed in

coastal waters around the world, often representing a dominant

species in coastal areas (Ma et al., 2023). The current study

employed two quinolone antibiotics, LEV and NOR, as target

pollutants to investigate the impact of varying concentrations of

these antibiotics on S. costatum. The biological mechanism of their

effect on S. costatum was clarified through analyzing the growth,

photosystem activity and enzyme activity within algal cells. This

study provides a reference for evaluating the potential ecological

hazard of antibiotics in marine ecosystems.
2 Materials and methods

2.1 Materials and culture condition

Natural seawater was collected from Changzhi Island in

Zhoushan, China (E122°11′03.36″, N29°57′27.13″). After being

filtered using a nitrocellulose membrane (0.45-μm pore size), and

undergoing sterilization via high-pressure steam (120°C, 20 min),

the seawater had a salinity of 27 ± 0.5 and a pH value of 8.10 ± 0.01.

S. costatum was acquired from Shanghai Guangyu Biotechnological

Co., Ltd. (Shanghai, China) and inoculated into a 2,000 mL

Erlenmeyer flask filled with 1,000 mL f/2 (+Si) culture medium.

The culture was performed at a light intensity of 4,000 lx, following

a 12-hour light-on, 12-hour light-off photoperiod, and a constant

temperature of 23 ± 0.1°C. The flask underwent regular shaking

three times daily.

LEV and NOR were acquired from Shanghai Aladdin

Biochemical Technology Co., Ltd. (Shanghai, China). Weighed

0.5g each of LEV and NOR and placed them in separate 50 mL

sterilized beakers. Slowly added 0.1mol/L HCl until LEV and NOR

were completely dissolved. The consumed amounts of 0.1% HCl

were 8 mL and 15 mL, respectively. Transferred the completely

dissolved LEV and NOR to 500 mL volumetric flasks and make up

to the volume with sterilized seawater. This resulted in a mother

liquor concentration of 1g/L. sterilized using the Biosharp vacuum

filtration system (Biosharp Life Sciences, Hefei, Anhui, China), and

then stored in a 4°C refrigerator. Before utilizing the mother liquor

in the experiment, adjusted the pH using 0.1mol/L NaOH.
2.2 Experimental methods

2.2.1 Growth experiment
Cultured microalgae in the logarithmic growth phase growing

in sterilized seawater containing f/2 medium and antibiotics were

added in certain proportions into 2,000 mL Erlenmeyer flasks to

reach a culture volume totaling 1,200 mL. The concentrations of

LEV were 0 (blank control), 5, 10, 20, 40, and 60 mg/L.

Concentrations of LEV exceeding 20 mg/L were classified as the
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high-concentration group. The concentrations of NOR were 0

(blank control), 10, 50, 100, 200, 400 mg/L. Concentrations of

NOR over 100 mg/L were considered the high-concentration group.

Each concentration was tested three times in replicates. The initial

algae density after inoculation was 5×105 cells·mL−1. The cultured

microalgae were sampled 4 h after inoculation on the first day. After

that, the microalgae were sampled regularly every 24 h for 10 days.

The algal cells were enumerated utilizing a plankton counting

chamber (Zhang et al., 2021b), following the inhibition rate (IR,

%) and relative growth rate were calculated. The formula used to

calculate the IR (%) is as follows (Equation 1) :

IR   ( % ) = (1 −
Nt
N0

)� 100%, (1)

where N0 and Nt represent the density of microalgae at the

beg inn ing o f the expe r imen t and a t day t o f the

experiment, respectively.

The equation used to determine the relative growth rate (m) is as
follows (Equation 2) (Zhang et al., 2021b):

μ = (lnXn − lnX(n − 1))=(tn − t(n − 1)   ) (2)

where m denotes the relative growth rate, h−1; Xn represents the cell

density at time tn; and X(n−1) is the cell density at time t(n−1)

(Zhang et al., 2021b).

2.2.2 Measurement of Fv/Fm and Chla
For each sampling, 20 mL of algae suspension was collected

from all treatment groups. Following a 15 min adaptation period,

the Fv/Fm were measured utilizing a hand-held chlorophyll

fluorometer, AquaPen-C AP-C 100 (Photon Systems Instruments,

The Czech Republic). The algae suspension was filtered with a 0.45

mm nitrocellulose membrane. Subsequently, the filtrate was

transferred into a centrifuge tube, followed by the addition of 10

mL of 90% acetone. After incubation at 4°C for 24 hours, the

centrifuge tube underwent centrifugation at 3,000 rpm for 10

minutes. Subsequently, the absorbance of the supernatant was

assessed at wavelengths of 750, 664, 647, and 630 nm, with 90%

acetone serving as the control solution. The Chla content was

quantified utilizing the formula (Equation 3) improved by Jeffrey

and Humphrey in 1975:

rChla = (11:85E664 − 1:54E647 − 0:08E630)� v=(V : L) (3)

where Chla represents the Chla concentration (mg/L); v signifies the
volume of extraction (ml); V represents the actual amount of the

seawater sample (L); L represents the cuvette path length in

centimeters (cm); and E750, E664, E647, and E630 correspond to

the absorbance values at the wavelengths of 750, 664, 647, and 630

nm, respectively.
2.2.3 Measurement of enzyme activity
From each treatment, 50 mL suspension of algae was collected

and subsequently centrifuged at 3,000 rpm for 10 minutes. The

supernatant was removed, and the precipitated cells were

subsequently collected. The protein content, SOD activity, MDA

content, GSH-PX activity, and GR activity were quantified by the
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corresponding reagent kits (A045-2-2 for protein content, A001-1-2

for SOD, A003-1-3 for MDA, A005-1-2 for GSH-PX, and A062-1-1

for GR) purchased from Nanjing Jiancheng Bioengineering

Research Institute (Nanjing, China).
2.3 Data processing

The experimental data were organized and plotted utilizing

Origin 9.2. One-way analysis of variance (ANOVA) was conducted

using SPSS 26.0.0, with statistical significance defined at p< 0.05.

Additionally, GraphPad Prism 9.5.0 software was employed to

determine the 96-h half-maximal inhibitory concentrations

(96h-IC50).
3 Results and analysis

3.1 Effect of antibiotics on
microalgae growth

As the treatment duration and antibiotic concentration

escalated, the growth of algal cells was increasingly suppressed,

showing a clear dose-dependent relationship (Figure 1). In the

presence of LEV, the relative growth rate of S. costatum exhibited a

significant decrease compared to the control group (p< 0.05), with a

gradual decline observed as the antibiotic concentration increased.

During the experimental period, the groups with concentrations

including 5, 10, and 20 mg/L initially exhibited higher growth rates

before gradually decreasing. In all treatment groups, the relative

growth rates became negative after 168 h (Table 1). LEV in all

treatment groups exhibited inhibitory effects at 4 h into the

experiment. The 40 and 60 mg/L groups both showed inhibition

rates exceeding 25%, and the 60 mg/L group displayed significant

inhibition (p< 0.05) with an inhibition rate of 50.1%. At 72 h, the 5

mg/L group stimulated algal cell growth, whereas the groups treated

containing 10 and 20 mg/L exhibited inhibition rates of less than

50%. At 96 h, the 5 mg/L group once again exhibited inhibitory

effects, with an inhibition rate of 39.1%, and the 10 mg/L group had

an inhibition rate of 39.2%. The high-concentration groups showed

significant inhibition (p< 0.05), with inhibition rates of 50.1%,

89.7%, and 93.4% for treatments with 20, 40, and 60 mg/L LEV,

respectively. At 144 h, the 60 mg/L group had an inhibition rate of

96.6%, and thereafter, the inhibition rate remained relatively stable.

After 192 h, the inhibition rates in all treatment groups were greater

than 50% (Figure 1).

Under the influence of NOR, the relative growth rate of S.

costatum exhibited significant differences compared to the control

group (p< 0.05). In the low-treatment groups, growth resumed after

24 h. However, as the treatment duration increased, the relative

growth rates gradually decreased. In groups with treatments

exceeding 100 mg/L, the relative growth rates were either zero or

negative. After 144 h, all treatment groups exhibited

negative relative growth rates (Table 1). At 24 h, the 10 mg/L

concentration promoted the growth of algal cells, the 20 mg/L

group had an inhibition rate of less than 50%, and the other three
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treatment groups all exhibited significant inhibition (p< 0.05). At

96 h, the group treated with 5 mg/L exhibited a negative growth

rate, and the other four treatment groups all exhibited significant

inhibition, with the 50 mg/L group having an inhibition rate of 73%.

The inhibition rates gradually decreased thereafter. The high-

concentration groups had inhibition rates of 99.8%, 99.9%, and

99.8% for 100, 200, and 400 mg/L NOR, respectively, with
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inhibition rates maintaining stability thereafter. At 168 h, the 10

mg/L group showed an increase in the inhibition rate, reaching

23.5% (Figure 2).

LEV exerted stronger inhibitory effects on S. costatum

compared with NOR. When comparing the growth inhibition

rates of the two antibiotics at the same concentration (10 mg/L)

under different culture durations, LEV consistently showed higher
TABLE 1 The relative growth rate of Skeletonema costatum under the influence of different concentrations of antibiotics(m) (h-1).

Antibiotic Concentration
(mg/L)

m
(4h-
24h)

m
(24h-
48h)

m
(48h-
72h)

m
(72h-
96h)

m
(96h-
120h)

m
(120h-
144h)

m
(144h-
168h)

m
(168h-
192h)

m
(192h-
216h)

m
(216h-
240h)

LEV 0 0.005
±0.005*

0.024
±0.002

0.021
±0.002

0.012
±0.002

0.003
±0.004

0.000
±0.001

0.003
±0.005

0.011
±0.004

-0.007
±0.003

-0.003
±0.002

5 0.004
±0.002*

0.025
±0.002

0.027
±0.002

0.001
±0.003

0.007
±0.004

-0.004
±0.001

0.010
±0.005

-0.009
±0.006

0.001
±0.003

-0.010
±0.003

10 0.011
±0.008*

0.018
±0.003

0.027
±0.003

0.006
±0.003

0.008
±0.005

-0.004
±0.002

0.005
±0.002

-0.005
±0.002

-0.001
±0.003

-0.008
±0.006

20 0.004
±0.002*

0.022
±0.002

0.022
±0.003

0.008
±0.003

0.007
±0.004

0.000
±0.003

0.006
±0.003

-0.009
±0.002

-0.002
±0.003

-0.005
±0.002

40 0.005
±0.004*

0.010
±0.004

0.016
±0.003

-0.002
±0.001

0.005
±0.007

-0.006
±0.001

0.007
±0.002

-0.002
±0.002

-0.014
±0.009

-0.013
±0.005

60 0.002
±0.007*

0.013
±0.001

0.008
±0.006

0.002
±0.005

0.010
±0.004

-0.021
±0.001

0.002
±0.002

-0.002
±0.001

-0.003
±0.003

-0.004
±0.003

NOR 0 0.009
±0.002*

0.020
±0.003

0.018
±0.000

0.032
±0.002

0.008
±0.001

0.008
±0.002

-0.006
±0.001

-0.002
±0.001

-0.005
±0.001

-0.001
±0.002

10 0.010
±0.003*

0.020
±0.002

0.019
±0.000

0.031
±0.003

0.008
±0.001

0.011
±0.002

-0.012
±0.001

-0.005
±0.003

-0.002
±0.003

-0.002
±0.002

50 0.011
±0.004*

0.026
±0.003

0.013
±0.001

0.015
±0.002

0.020
±0.002

0.010
±0.001

-0.001
±0.001

-0.004
±0.001

-0.003
±0.001

-0.003
±0.002

100 -0.002
±0.000*

-0.007
±0.004

-0.002
±0.007

-0.002
±0.004

0.000
±0.001

0.001
±0.001

0.000
±0.000

-0.002
±0.001

0.000
±0.001

0.000
±0.002

200 -0.001
±0.000*

-0.011
±0.002

-0.008
±0.003

-0.005
±0.004

-0.009
±0.007

-0.001
±0.009

-0.005
±0.002

-0.001
±0.007

0.001
±0.008

0.000
±0.002

400 -0.003
±0.000*

-0.010
±0.002

0.012
±0.005

-0.005
±0.004

-0.007
±0.004

-0.001
±0.007

-0.007
±0.004

0.000
±0.001

0.000
±0.006

0.000
±0.001
fro
“*”: Compared with the control, there was significant difference (p < 0.05).
BA

FIGURE 1

Effects of LEV and NORon chlorophyll a(Chla) content (A, C) and maximal quantum yield of PS II (Fv/Fm) (B, D) of Skeletonema costatum.
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inhibition rates than NOR. Based on the dose–response curves

obtained through nonlinear fitting for algal cell inhibition rates, the

half-maximal inhibitory concentration (IC50) was calculated. The

96h-IC50 for LEV was 14.770 mg/L, while the 96h-IC50 for NOR

was 44.250 mg/L. Therefore, the order of inhibitory effects of these

two antibiotics on S. costatum was LEV > NOR.
3.2 Effect of antibiotics on the Chla and
Fv/Fm

As the concentration of LEV increased, the Chla content

gradually decreased compared to the control group (Figure 3). At
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24 h, the Chla contents in all treatment groups were lower

compared to the control group, with the 40 mg/L and 60 mg/L

groups showing significantly decreased Chla levels (p< 0.05). After

48 h, the 5 mg/L group showed slightly higher Chla content

compared to the control group, while the groups treated with 10,

20, 40, and 60 mg/L all contained significantly lower Chla contents

(p< 0.05). After 96 h, both the groups treated with 5 mg/L and 10

mg/L showed an upward trend in Chla content, albeit remaining

significantly lower than the control group (p< 0.05). For Fv/Fm, all

treatment groups initially showed an increase followed by a

decreasing trend, resulting in lower Fv/Fm values compared to

the control group. After 24 h, the 20, 40, and 60 mg/L groups all

showed significantly lower Fv/Fm values compared to the control
BA

FIGURE 2

The 96h-IC50 values of LEV (A) and NOR (B) were compared with that of Skeletonema costatum.
B

C

D

A

FIGURE 3

Effects of LEV and NOR on chlorophyll a(Chla) content (A, C) and maximal quantum yield of PSII (Fv/Fm) (B, D) of Skeletonema costatum.
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group (p< 0.05). After 96 h, all groups, except for the 5 mg/L group,

exhibited significantly lower Fv/Fm values compared to the control

group (p< 0.05). At 240 h, The Fv/Fm value for the group exposed to

40 mg/L decreased to 0.003 ± 0.006, and that of the 60 mg/

Ltreatment dropped to zero. The trend observed in Fv/Fm values

after 24 h was consistent with that of Chla content.

Under the influence of NOR, the Chla content exhibited a trend

of enhancement in low concentrations and decrease in high

concentrations (Figure 3). At 24 h, NOR concentrations of 10, 50,

100, and 200 mg/L all had higher Chla content than the control

group. After 24 h, Chla gradually increased in the low-

concentration group, and at 72 h, the group exposed to 10 mg/L

exhibited a markedly elevated Chla content compared to the control

group (p< 0.05). However, at 96 h, the group treated with 50 mg/L

had notably lower Chla content than the untreated group (p< 0.05).

After 72 h, the Chla content in the groups treated with 100, 200, and

400 mg/L gradually decreased. By 96 h, the Chla content in each

group was notably lower compared to the control group (p< 0.05).

At 4 h, At 4 hours, the Fv/Fm values of the groups treated with 200

mg/L and 400 mg/L were notably lower compared to the control

group (p< 0.05). After 24 h, the Fv/Fm in all treatment groups

gradually increased. The groups exposed to 10 mg/L and 50 mg/L

exhibited an initial increase followed by a decreasing trend, with the

10 mg/L group showing relatively small differences compared to the

control. The high concentrations all showed significantly lower

Chla content compared to the control (p< 0.05). After 48 h, the Fv/

Fm initially declined in the groups with NOR concentrations above

100 mg/L, and then gradually increased, with the final Fv/Fm values

being lower than 0.100. At 240 h, the Fv/Fm value decreased to

0.083 ± 0.029 in the 200 mg/L group, dropped to 0 in the 400 mg/L

group, and remained at 0.020 ± 0.020 in the control group.
3.3 Effects of antibiotics on protein content
and enzyme activity

In the group exposed to high concentrations of LEV, the protein

concentration of algal cells, MDA content, and activities of SOD,

GSH-PX, GR were significantly altered compared to the control

group. In both the low concentrations and the control group, only

the MDA content exhibited a significant difference (Figure 4).

Compared to the control, the protein concentration and MDA

content in the low concentrations showed a gradual increase,

surpassing those of the control group. The MDA levels in the

low-concentration group showed a significant increase compared to

those in the control group at 96 h (p< 0.05) and gradually decreased

after reaching the highest value at 120 h. In comparison to the

control group, the high-concentration groups exhibited notably

lower levels of protein concentration and MDA content at 96

hours and 4 hours, respectively (p< 0.05). Compared to the

control, the levels of SOD, GR, GSH-PX in all treatment groups

initially exhibited an increase followed by a subsequent decrease. As

the treatment duration increased, in the low-concentrations the

SOD, GR, and GSH-PX activities gradually became notably lower

compared to high-concentrations. At 48 h, the 10 and 20 mg/L
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groups had significantly higher SOD activity compared to the

control (p< 0.05). In both low-concentration group and the 20

mg/L group, SOD activity peaked at 72 hours before gradually

declining. After 120 h, the SOD activity in both the control group

and the low-concentration group significantly decreased compared

to the high concentrations, reaching significance at 144 h (p< 0.05).

At 96 h, the low concentrations exhibited significantly higher GR

activity compared to the control group (p< 0.05). Similarly, at 120

hours, the high concentrations demonstrated significantly elevated

GR activity relative to the control (p< 0.05). At 4 h, all treatments

exhibited lower GSH-PX compared to the control. However, after

24 h, the GSH-PX activity in all treatments gradually increased, and

in the low concentrations it reached the highest value at 72 h. After

96 h, the GSH-PX activity gradually decreased but remained higher

compared to the control. In the high concentrations, the activity of

GSH-PX peaked at 96 hours, surpassing significantly that of the

control group beyond this time point (p< 0.05).

Compared to the control group, NOR had a significant impact on

the algal cell protein concentration, MDA content, and the activity

levels of SOD, GSH-PX, GR (Figure 5). In the low concentrations,

there was a gradual increase in protein concentration, which became

significantly higher than that of the control group by 168 h (p< 0.05).

In the high-concentration group, the protein concentration exhibited

a significant increase compared to the control group at 24 h (p< 0.05),

but notably decreased relative to the control group after 96 h (p<

0.05). At 240 h, the high-concentration group exhibited a protein

concentration merely one-third of that observed in the control group.

The MDA content in the low concentrations exhibited an initial

increase followed by a subsequent decrease. By 168 h, the MDA

content in the 50 mg/L group was notably higher compared to the

control (p< 0.05). In the high concentrations, the MDA content was

notably lower compared to the control group at 4 h (p< 0.05) and

decreased overall. The activities of SOD, GR, and GSH-PX all initially

increased and then decreased. At 4 h, the SOD activities in the 50 mg/

L group and the high concentrations were significantly elevated

compared to those in the control group (p< 0.05). The GR and

GSH-PX activities of the low-concentration group were notably

elevated compared to those in the control group at 48 h and 72 h,

respectively (p< 0.05). In the high-concentration group, the GR and

GSH-PX levels were elevated compared to those in the control at

120 h and 96 h, respectively (p< 0.05).
4 Discussion

4.1 Influence of LEV and NOR on the S.
costatum growth

Cell density and mean specific growth rate are commonly utilized

metrics for quantifying the growth of microalgae (Qian et al., 2018).

the calculated inhibition rate can indicate the degree to which

microalgae are inhibited under the influence of pollutants (Kurade

et al., 2016). In the current study, NOR had dual impacts on S.

costatum. The 10 mg/L NOR group showed a growth-promoting

effect, while the other treatment groups exhibited varying degrees of
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inhibition. A previous study showed 1 mg/L of enrofloxacin (ENR)

facilitated the growth of Ourococcus multisporus,as well as

Micractinium resseri, but ENR concentrations in excess of 20 mg/L

led to different levels of inhibition on O. multisporus and M. resseri

(Xiong et al., 2017a). For moxifloxacin (MOX) and gatifloxaci (GAT),

after being used in culture for 48 h, MOX concentrations greater than

5 mg/L significantly inhibited Chlamydomonas reinhardtii,

Moreover, the inhibitory effects of both MOX and gatifloxacin

(GAT) increased with prolonged culture duration (Wan et al.,

2022). The presence of antibiotics in marine environments can

have a dual impact on microalgae. On one hand, antibiotics may

stimulate the growth of microalgae, thereby increasing primary

productivity levels. However, on the other hand, they may also

contribute to outbreaks of red tide. This phenomenon highlights

the complex relationship between antibiotics and marine ecosystems,

as they can both enhance and disrupt the delicate balance of primary

productivity in the marine.
Frontiers in Marine Science 0749
Through nonlinear fitting, it was determined that the 96h-IC50

values for LEV and NOR on algal cells were 14.770 mg/L and 44.250

mg/L, respectively. This finding suggested algal cells were more

sensitive to LEV than to NOR. Therefore, algae have varying

sensitivities to different antibiotics. Previous studies have shown

that Pseudokirchneriella subcapitata and Anabaena subcapitata are

more sensitive to LEV than NOR, with A. subcapitata being more

sensitive than P. subcapitata. The median effective concentration

(EC50) values for LEV and NOR in A. subcapitata were 4.8 mg/L

and 5.6 mg/L, respectively (Gonzalez-Pleite et al., 2013). Other

quinolone antibiotics have varying half-maximal inhibitory

concentrations on microalgae. For example, for Selenastrum

capricornutum, ciprofloxacin (CIP) reached EC50 at 11.3 mg/L

(Magdaleno et al., 2015), for Chlorella vulgaris,ENR reached EC50

at EC50 at 124.5 mg/L (Wang et al., 2019a), and the IC50 values were

found to be 5.18 mg/L for Raphidocelis subcapitata and 10.6 mg/L

for Ankistrodesmus fusiformis (Carusso et al., 2018).
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FIGURE 4

Effect of LEV on protein concent and antioxidant system of Skeletonema costatum. Protien concent (A), MDA (B), SOD (C), GR (D) and GSH-PX (E).
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4.2 Impact on the Chla and Fv/Fm

Chlorophyll is essential for capturing light, converting it into

energy, and facilitating energy transfer within plants. The

suppression of algal growth is frequently associated with the

adverse effects of toxic substances on chlorophyll synthesis

(Koussevitzky et al., 2007; Nie et al., 2008). Previous research

have indicated that low-concentration of antibiotics can stimulate

an increase in Chla, whereas high-concentration of antibiotics can

inhibit Chla and reduce the Fv/Fm (Chen et al., 2020a; Li et al.,

2023). Additionally, it has been reported that antibiotics caused the

elevation of photosynthetic pigments in algal cells. For example, 60

mg/L and 100 mg/L of CIP resulted in a 38% and 19% elevation,

respectively, in chlorophyll content in Chlamydomonas cells (Xiong

et al., 2017b). It was also found that quinolone antibiotics inhibited

the photosynthesis of diatoms (Dow et al., 2020). In this study, the
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two antibiotics in the groups exposed to low concentrations caused

the gradual increase of the Chla content of microalgae, with the

Chla content of the 10 mg/L NOR group consistently surpassing

that of the control group after 48 h, while at high concentrations,

both antibiotics significantly inhibited the Chla content. Low doses

of antibiotics increased the Chla levels possibly because the

antibiotics triggered the protective mechanism of algal cells to

remove ROS accumulated in chloroplasts and alter some proteins

in chloroplasts to delay and reduce the damage to photosynthetic

organs (Shinkai et al., 2002; Wan et al., 2014). When antibiotic

concentrations exceed the self-regulation range of algal cells, their

inhibition effect is strengthened, leading to structural damage in the

algal cells. As a result, photosynthesis is negatively affected.

Excessive ROS in algal cell membrane lipids disrupt the structure

of the microalgal chloroplasts and prevent the localization of

chlorophyll, ultimately resulting in the degradation of free
B
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FIGURE 5

Effect of NOR on protein concent and antioxidant system of Skeletonema costatum. Protien concent (A), MDA (B), SOD (C), GR (D) and GSH-PX (E).
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chlorophyll in the chloroplasts, thus inhibiting algal growth and

reducing the chlorophyll content (Liu et al., 2011; Wang

et al., 2019b).

Maximal quantum yield of PSII (Fv/Fm) is a critical indicator of

plant photosynthetic efficiency, particularly under stressful

conditions (Krause, 1988). Processes such as the absorption of

light, transmission of energy, and initiation of primary

photochemical reactions during photosynthesis in microalgae are

closely related to changes in the photosynthetic pigments. Therefore,

the composition and content of photosynthetic pigments directly

determine the efficiency of light energy capture. Under the influence

of two low-concentration antibiotics in this study, the Fv/Fm of

microalgae exhibited an initial increase followed by a subsequent

decrease, whereas the high-concentration group demonstrated

markedly lower Fv/Fm values compared to the control group at the

4 h. This result indicated that with an increase in the duration of

treatment and antibiotic concentration, the damage to the algal cell

photosynthetic system worsened, making normal photosynthesis

impossible. Therefore, under the influence of antibiotics, the Fv/Fm

values of algal cells vary due to factors such as the treatment duration,

antibiotic concentration, and microalgae species (Chen et al., 2020b;

Jia et al., 2023; Li et al., 2023).
4.3 Effects on the protein content and
enzyme activity

The protein content in algal cells increases in response to

external stress to maintain normal cellular growth and metabolic

activities (Hu et al., 2019). MDA serves as the ultimate outcome of

peroxidation reactions. Its concentration can reflect the extent of

microalgae cell membrane damage caused by antibiotics at different

concentrations (Ke et al., 2010). In addition, antibiotic-induced

oxidative stress in microalgae activates various antioxidant defense

systems, such as the SOD and GR of the enzymatic system and the

GSH-PX of the non-enzymatic system, all of which can counteract

and regulate excessive ROS production (Jubany-Marı ́ et al., 2010;
Nie et al., 2013; Guo et al., 2020). Under the influence of low

concentrations of LEV and NOR, the protein content of algae cells

was significantly elevated compared to the control group. However,

exposure to high concentrations resulted in a notable decrease in

protein content relative to the control group. This indicated that

low concentrations of LEV and NOR stimulated S. costatum to

increase protein production. The elevation in protein content could

stem from ae physiological response induced by external stress. This

stimulation prompted the metabolic pathways within microalgae

cells, thereby protecting important cellular components and

biological membranes (Guzmán-Murillo et al., 2007; Hu et al.,

2019). In the current study, as the concentration of both

antibiotics increased, there was a significant decrease in protein

content observed in the high-concentration group. This

phenomenon can be attributed to oxidative damage inflicted

upon microalgal cells, which triggers the excessive production of

reactive oxygen species (ROS) and subsequently leads to protein
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oxidation (Xiong et al., 2021). The trend of MDA content mirrored

that that of protein content, exhibiting a notable rise in MDA levels

in the low-concentration LEV group and a gradual increase in the

50 mg/L NOR group compared to the control group, indicating that

both antibiotics promoted membrane peroxidation. In contrast, the

MDA levels within the high concentrations consistently decreased,

suggesting that irreversible damage had been caused to the algal

cells. Antibiotics induce oxidative damage to algal cells as the

malondialdehyde (MDA) generated by free radicals can cross-link

with proteins, phospholipids, and nucleic acids, thereby disrupting

DNA synthesis (Zhang et al., 2020b; Hena et al., 2021). Under the

respective influence of the t antibiotics, the changes in SOD, GR,

and GSH-PX activities in algal cells all demonstrated a pattern of

initially increasing followed by decreasing. In the high-

concentration group, although there was a decreasing trend with

increasing treatment duration, the SOD, GR, and GSH-PX activities

remained higher compared to both the control and the low-

concentration group. This indicated that as the concentration of

antibiotics rise, the activities of SOD and GR were not sufficient to

clear the accumulated excess ROS in the algae, and GSH-PX was

unable to neutralize the large amount of H2O2 produced under

stress, inducing an increase in antioxidant activity (Das and

Roychoudhury, 2014). The high-concentration group exhibited a

higher level of oxidative stress than the low-concentration group.

Therefore, in combination with the results regarding the protein

and antioxidant systems, both LEV and NOR affected the enzyme

activity of S. costatum, caused oxidative stress to its cells, and

activated its defense system to reduce oxidative damage.

Continuous stress disrupted the algal defense system,

consequently damaging both the structure and function of algal

cells, thereby inhibiting algal growth. This result was consistent with

the behavior of algal cells under the influence of other antibiotics

and pollutants. For instance, the enzyme activities of SOD, GR, and

GSH-PX exhibited significant elevation in Chlorella sp., Microcystis

flosaquae, C. reinhardtii, Scenedesmus obliquus, and Merismopedia

subcapitata under the influence of CIP, sulfamethoxazole (SMZ),

erythromycin (ERY), polystyrene microplastics, aluminum, and

chlorpyrifos (Nie et al., 2013; Wan et al., 2015; Chen et al., 2016;

Ameri et al., 2020; Chen et al., 2020b). In addition, under the

influence of ENR or benzo[a]pyrene, the MDA content decreased in

O. multisporus and Isochrysis zhanjiangensis (Shen et al., 2016;

Xiong et al., 2017a).
5 Conclusion

In this investigation, we explored the impacts of two quinolone

antibiotics, LEV and NOR, on S. costatum. Through an analysis of

their effects on microalgal cell growth, Chla contents, Fv/Fm,

protein content, antioxidant enzyme systems (SOD, GR, and

GSH-PX), and non-enzymatic system (MDA), it was found that

both LEV and NOR inhibited the growth of microalgae, with the

cells being more sensitive to LEV. These antibiotics might affect

photosynthesis through influencing the algal photosynthetic
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system. High doses of LEV and NOR induced significant oxidative

stress in microalgae cells. This study provides a comprehensive

analysis of the impacts of LEV and NOR on marine microalgae

growth and elucidates the underlying physiological mechanisms.

These findings significantly contribute to the assessment of

ecological risks associated with antibiotics in marine

environments, furnishing a theoretical foundation for the

development of environmental monitoring and management

strategies aimed at controlling antibiotic pollution.
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A laboratory experiment with
meiobenthic nematodes
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Sadin Özdemir3, Octavian Pacioglu4, Marian Necula4,
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and Fehmi Boufahja1*
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Riyadh, Saudi Arabia, 2Department of Biology, College of Science, Princess Nourah Bint Abdulrahman
University, Riyadh, Saudi Arabia, 3Food Processing Programme Technical Science Vocational School Mersin
University, Mersin, Türkiye, 4Department of Bioinformatics, National Institute of Research and Development
for Biological Sciences, Bucharest, Romania, 5LR01ES14 Laboratory of Environment Biomonitoring, Coastal
Ecology and Ecotoxicology Unit, Faculty of Sciences of Bizerte, University of Carthage, Zarzouna, Tunisia
Introduction: The current experiment investigated themultifaceted effects induced

by microplastics and the statin Lipitor on marine benthic nematodes.

Methods: The nematodes were exposed to a single polystyrene and polyvinyl

chlorides (both at 1 mg.kg-1 Dry Weight) and two Lipitor concentrations (0.1 and 1

mg.l-1), as well as to a mixture of both types of pollutants, for 30 days.

Results: The results highlighted a significant decrease in the abundance,

individual biomass, and diversity of nematodes directly with the addition of

polyvinyl chlorides and/or Lipitor. These treatments induced a greater mortality

rate among microvores and diatom feeders compared to other feeding types

of nematodes.

Discussion: The nematofauna underwent a strong restructuring phase following

exposure to microplastics and Lipitor when added alone, leading to the

disappearance of sensitive species and their replacement by more tolerant

taxa. The toxicity of Lipitor is attenuated by the physical bonding with

polystyrene when added to a mixture and has no negative effect on marine

nematode species.
KEYWORDS

polystyrene, polyvinyl chloride, Lipitor, meiofauna, ecotoxicity
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1 Introduction

Population growth and urbanization take place in many parts of

the world, often accompanied by the local development of industry

and technological advances, with detrimental effects on the

environment (Avio et al., 2015). Various abiotic components, such

as the atmosphere, water, soil, and sediments become the end

recipients of traditional and emerging pollutants, with a negative

impact on their ecological status (Menchaca et al., 2014).

One of the most widespread types of emergent contaminants of

current concern comprises by- and end products of the plastic

material industry (Abuwatfa et al., 2021). Two common types of

plastics are Polyvinyl chlorides (hereafter PVC) and Polystyrene

(hereafter PS). PVCs comprise cheap, easy-to-shape, and

lightweight plastics. In recent history, the PVCs replaced traditional

materials in various economic domains, but their efficient recycling

remains a major challenge (Zhao et al., 2021). Besides, there are also a

growing number of technical and economic issues associated with

this, hindering progress in this field. The waste recycling technology

improved the polymer market industry, but there is still room for

improvement (Lange, 2021). Various types of common polymers,

such as vinyl, are inherently difficult to recycle and to be transformed

into an environmentally friendly end product. Thiolactones are a

cleavable common additive used in the chemical degradation and

recovery technology of vinyl polymers and produced another well-

known free-radical polymer, polystyrene. PSs of variable molecular

mass (i.e. 20–300 kDa) and randomly incorporated thioester

backbone linkages (i.e. 2.5–55 mol %) are selectively depolymerized

to produce well-defined thiol-terminated fragments (i.e. below 10

kDa). These fragments are suitable for efficient oxidative

depolymerization, which produces recovered PS in good yields (i.e.

80–95%) with similar molecular mass (Wei et al., 2019).

Besides various end products of the plastic industry, another

human activity with a detrimental impact on the environment is the

drug industry. More recently, a particular drug type, called statins

with a more special focus on Lipitor, caught the attention of

specialists (Chow et al., 2010; Jaramillo-Madrid et al., 2020).

Several countries with high development rates experienced during

the past decade the occurrence of obesity and cardiovascular

diseases. The frequency of occurrence of these human issues was

proved to be reduced by Lipitor, a common lipid-modifying statin

drug, which exerts multiple effects on lipoprotein metabolism and

remains up to date the number-one-sold statin of all time.

It is known that large quantities of drugs and microplastics end

up in the benthic marine areas and are transferred back to humans by

bioaccumulation and biomagnification processes. The multifaceted

detrimental effects induced by these xenobiotics on biota remain

largely unknown and are insufficiently documented. In the current

study, we have explored the impact that Lipitor and microplastics

(PVC and PS) have on marine meiofauna, with far-reaching practical

applications. The current bioassay aimed to fill the knowledge gap

about meiofauna because of their lower use as ecological indicators

compared to macrofauna (Borja et al., 2000). The current study

supports, however, that utilizing these tiny organisms could be just as
Frontiers in Marine Science 0255
effective or potentially more beneficial and effective, thanks to their

multi-species responsiveness, abundant availability, and constrained

requirements for sampling (Semprucci et al., 2015). Yet, there

remains an ongoing discussion regarding the possession of

meiobenthic nematodes of traits that distinguish them as one of

the most prosperous multicellular organisms on Earth, thriving in

environments with very difficult circumstances (Sapir, 2021). Indeed,

these worms form the lower part of marine food webs and comprise

very abundant (up to 23 million per m2) and diverse invertebrates

(~9000 species were described based on morphological traits)

(Nemys, 2024). Global species richness of marine nematodes was

even proposed based on the progress of DNA barcoding, being

estimated between ~50,000 and one million or more (Ridall and

Ingels, 2021). Numerous experimental studies have demonstrated

that nematodes have an interesting potential as bioindicative tools in

laboratory bioassays due to several characteristics, particularly their

small size (generally 1–5 mm in length at the adult stage) and brief

lifespans (weeks to months) (Moreno et al., 2011). Numerous studies

made thus it possible to obtain ecotoxicological information that

covers a large sensitivity/tolerance spectrum for nematodes against

stress agents (Hägerbäumer et al., 2015).

The current work aimed to assess the ecotoxicological impact

of three emergent contaminants, two microplastic types (i.e. PVC

and PS) and Lipitor, on meiobenthic nematodes, by using single and

mixture applications. The results obtained will be particularly useful

with the goals of testing if one or both categories of microplastics

could be used as remediators for statins’ contaminated sediments

based on outcomes of treatment combinations.
2 Materials and methods

A graphic representation of steps, experimental design, and type

of analyses are given in Figure 1. Details of all schematic steps are

presented hereafter.
2.1 Collection site and
laboratory processing

Sediments were collected early in the morning (7 A.M.) of

November 27, 2022, at a coastal site (37°15’07.34” N, 9°56’26.75” E)

situated in the upper infralittoral domain of Bizerte Bay, Tunisia.

Such a collection timing was chosen on purpose to avoid the vertical

migration of nematodes to deeper sediment strata away from heat

after sunrise (Wakkaf et al., 2020). The samples were taken from the

upper 5 cm of the sediment layer with the aid of Plexiglass hand

cores (inner diameter of 3.6 cm, section of 10 cm2). Coull and

Chandler (1992) noted that the majority of meiobenthic organisms

are found in the top substrate layers. The collection site was chosen

following the recommendations of Boufahja (2010) and Hedfi et al

(Hedfi et al., 2013, 2021), who classified it as pristine and with a

highly diverse meiofauna community. Four abiotic parameters were

measured at the sediment-water interface: the water depth, which
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was measured with a pendulum, salinity, and temperature,

measured with a Thermo-Salinometer Model WTW LF 196

(Weilheim, Germany) and dissolved oxygen concentrations with a

WTWOxi 330/SET, WTW,Weilheim (Germany) Model Oximeter.

In the laboratory, aliquots of sediment were sieved (63 mmmesh

size) and then dried at 45°C (Buchanan, 1971). Cumulative curves

were plotted afterward to measure the mean grain size of the coarse

fraction (Buchanan, 1971). Additional aliquots, of equal volumes,

were used to quantify the total organic matter content by the mass

loss method (450°C, 6 h) (Fabiano and Danovaro, 1994), and water

content, after drying the sediment at 45°C until constant mass

(Boufahja et al., 2011).
2.2 Sediment contamination and
experimental setup

Following Schratzberger et al. (2004), some of the collected

sediment was made azoic by repeated (three times) freezing (-20°C)

and thawing (12 h/48 h). Following the removal of coarser particles

(small rocks and microalgal debris) by sieving (1 mm), the remaining

sediment was allowed to acclimatize for a week to adapt the meiofauna

to the experimental conditions (darkness, 4°C) (Bellakhal et al., 2023).

Two types of microplastics were considered in this experiment:

polystyrene and polyvinyl chloride. Spheres of PS microplastics

measuring 10 mm in size and with a density of 1.05 g cm−3 were

purchased from PolyScience, Europe (Fluoresbrite YG magnetic

microspheres, Hirschberg an der Bergstraße, Germany, excitation:
Frontiers in Marine Science 0356
441 nm, emission: 486 nm). These microplastics were previously

identified and microscopically described by Weber et al. (2021). A

high molecular weight PVC (MW = 48.000 g. mol−1, 16 mmol of

Cl.g−1, 99%) was also acquired from Fluka. These microplastics

consist of round particles that are smaller than 40 µm in diameter.

The amounts of PVC and PS to be introduced in the

experimental units were chosen based on works of Hedfi et al.

(2022) and Bellakhal et al. (2023), respectively. Based on these

authors, a concentration of 1 mg.kg-1 Dry Weight ‘DW’ of

microplastics will be not ecotoxic for meiobenthic nematodes in

the case of PS, but with no known effect for PVC. The experiment

lasted for 30 days (Essid et al., 2021) after applying eight treatments:

polystyrene (PS: 1 mg.kg-1 DW), Polyvinyl chloride (PVC: 1 mg.kg-1

DW), and Lipitor (L1: 0.1 mg.l-1and L2: 1 mg.l-1), and their mixtures

(PS/L1, PS/L2, PVC/L1, and PVC/L2). The control nematodes were

topped up with only filtered seawater (0.7 µm pore-size Glas

Microfibre GF/F, Whatman, Allouche et al., 2022) without the

addition of Lipitor or microplastics.
2.3 Nematode study

The method of levigation-decantation-sieving (40 mm and 1

mm) was first applied to extract the meiobenthos, following Vitiello

and Dinet (1979). Only the fraction coarser than 40 mm sieve was

kept in 4% neutral formalin, and Rose Bengal (0.2 g.l-1) was added

to better distinguish the pink-colored organisms from inert

background material (Guo et al., 2001). Afterward, the
FIGURE 1

Graphical summary of steps and methodology adopted to experimentally study effects of Polystyrene, Polyvinyl chlorides, and Lipitor on
meiobenthic nematodes.
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meiobenthic nematodes were sorted with the aid of a 50x

stereomicroscope (Wild-M3B type) with the aid of a tiled Dollfus

tank (200 squares of 5 mm2, Hedfi et al., 2022). One hundred

nematodes were then picked from each microcosm (Ishak et al.,

2022) and mounted on microscope slides as described by Seinhorst

(1959). The worms were identified to genus level with a Nikon DS-

Fi2 camera coupled to a Nikon microscope (Image Software NIS

Elements Analysis Version 4.0 Nikon 4.00.07–build 787–64 bit)

based on the generic keys of Platt and Warwick (1983, 1988),

Warwick et al. (1998) and Keppner and Tarjan (Keppner and

Tarjan, 1989, 1991, 1994, 1999). Morphological descriptions of

the species were downloaded from the NeMys database (Nemys,

2024). Four community-based qualitative tools were considered,

namely: the Species number (S), Margalef’s species richness (d),

Shannon-Wiener’s Index (H’), and Pielou’s Evenness (J’).

Two functional traits were distinguished for each nematode

genus (Schratzberger et al., 2007): feeding type and tail shape.

Following Wieser (1953), four trophic groups were separated: the

selective deposit feeders (1A), which are mainly microcores, non-

selective deposit feeders (1B) that consume detritus, the epistratum

feeders (2A) that feed on benthic diatoms, and the omnivores-

carnivores (2B) that prey on smaller meiobenthic invertebrates.

Moreover, four tail shapes were discriminated according to Thistle

et al. (1995): conical (co), clavate/conico-cylindrical (cla),

elongated/filiform (e/f), and short/rounded (s/r).
2.4 Statistical processing

Data were tested for normality (i.e. Kolmogorov-Smirnov test)

and equality of variances (i.e. Bartlett test) to satisfy the normal

distribution and log-transformed afterward when necessary. Six

univariate metrics were measured for each microcosm: abundance,

individual biomass, number of species (S), Margalef’s species richness

(d), Shannon-Weaner index (H’), and Pielou’s evenness (J’). One-way

analysis of variance (ANOVA) and Tukey’s HSD (Honestly

Significant Difference) tests were performed using STATISTICA v.8

software to detect significant global and for multiple comparisons,

respectively. Several multivariate analyses were also performed using

PRIMER v.5 package (Plymouth Routines in Multivariate Ecological

Research) (see Clarke, 1993; Clarke and Glorley, 2001). First, a

similarity matrix was constructed based on single-linkage Bray-

Curtis similarity scores obtained from square-root transformed

nematode abundances. Subsequently, hierarchical cluster analysis
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(hereinafter referred to as CA) and non-metric multidimensional

scaling (hereinafter referred to as nMDS) sorting were applied.

Analysis of similarity (ANOSIM) was necessary to identify

significant taxonomic or functional differences, followed by

SIMPER analysis (SIMilarity PERcentages) to determine the

contribution of taxa or functional groups to ~50% to the average

difference between treatments (Clarke, 1993; Mahmoudi et al., 2005).
3 Results

3.1 Abiotic features of the collection site

In-situ dissolved oxygen concentration was 12.6 mg.l-1 at 50 cm

of water column, whereas the temperature and salinity were 14°C

and 38.4 PSU, respectively. The sediments were coarse (> 63 µm,

87.23 ± 4.11%) and the mean grain size was 0.56 ± 0.09%. Finally,

the total organic matter and water content of sediment were 2.5 ±

0.21% and 36.7 ± 2.19%, respectively.
3.2 Abundance and individual biomass
of nematodes

Table 1 showed significant fluctuations in terms of abundances

and individual biomass of meiobenthic nematodes. Thus, a

maximum of 1239 ± 37 individuals and 2.23 ± 0.11 µg DW

distinguished discernibly nematodes of the control community

UC from those of all the other ones. It should be said that the

maximum differences were found between the assemblage UC and

those exposed to PVC, L1, and L2, for both abundance and

individual biomass (Tukey’s HSD test: p < 0.0001).
3.3 Taxonomic census and community
composition of nematodes

At the end of the bioassay, the free-living marine nematodes

comprised 7 orders, 18 families, 23 genera, and 27 species

(Tables 2, 3). The most diverse families were Xyalidae (S = 6),

Cyatholaimidae (S = 3), Oncholaimidae (S = 2), and

Comesomatidae (S = 2). The remaining 14 families comprised

just one species (Table 2). The control UC was populated by 27

species, whereas the treatments comprised as follows: PS - 22
TABLE 1 Abundance and individual biomass of meiobenthic nematodes exposed to the control treatment (UC) and those enriched with Polystyrene
(PS), polyvinyl chlorides (PVC), Lipitor (L1 and L2), and their mixtures (PS/L1, PS/L2, PVC/L1, and PVC/L2).

Treatments
UC PS PVC L1 L2 PS/L1 PS/L2 PVC/L1

PVC/
L2

Abundance (individuals) 1239 (37) 826 (82)
*

198 (45) **** 221 (51)
****

172 (24)
****

988 (79)
*

817 (64)
*

472 (36)
**

363 (45)
**

Individual biomass (mg
Dry Weight)

2.23 (0.11) 1.25 (0.10)
**

0.68 (0.22) **** 0.44 (0.07) **** 0.33 (0.02)
****

1.05 (0.25)
***

1.03 (0.08)
***

0.81 (0.16)
****

0.90
(0.24)
****
fro
Stars next to values indicate significant differences with controls (Tukey’s HSD test): p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), and p < 0.0001 (****).
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species, PVC - 20 species, L1 - 22 species, L2 - 21 species, PS/L1 - 26

species, PS/L2 - 26 species, PVC/L1 - 25 species, PVC/L2 -

19 species.

In control treatments, the nematofauna was co-dominated (5% ≤,

Engelmann (1978)) by seven taxa, as follows: Metoncholaimus

pristiurus (12 ± 2.40%), Longicyatholaimus longigicaudatus (10.22 ±

1.67%), Marylynnia puncticaudata (6.66 ± 1.33%), Phanoderma sp.

(6 ± 1.3%), Prochromadorella longicaudata (5.7 ± 0.76), M.

steckhoveni (5.55 ± 1.53%), andMicrolaimus honestus (5.11 ± 1.67%).

The changes observed in the nematode diversity in treatments

are graphically representation in Figure 2. The communities

comprising the lower number of species were the treatments

exposed to Polyvinyl chlorides (PVC) and Lipitor (L1 and L2).

The rest of the treatments were associated with higher taxonomic

diversity, statistically not different from controls (Tukey-HSD test:
Frontiers in Marine Science 0558
p-values > 0.05, Figure 2). In contrast, the metrics H’ amd/or d

were significantly lower in PVC, L1, and L2 compared to UC

(Tukey-HSD test: p-values < 0.01, Figure 2). The Pielou’s Evenness

did not differ among treatments (1-ANOVA: p-values =

0.7135, Figure 2).

The Hierarchical Cluster Analysis and the nMDS orientation

based on the Bray-Curtis similarity matrix, revealed at the cutoff

at ~70%, a similar two-dimensional pattern of the nematode

assemblages (Figure 3). The nematofauna was divided into three

groups. The first group belonged to treatments exposed to PVC and

PVC/L2 and was located on the top left of Figure 3. The second

group comprised the nematodes exposed to UC, PS/L1, and PS/L2

and was located at the bottom of Figure 3. The third group was

exposed to PVC/L1, L1, L2, and PS and was located at the top right

of Figure 3. This clustering was also closely supported by the
TABLE 2 Alphabetical listing of nematode taxa from microcosms spiked or not with Polyvinyl chlorides, polystyrene, and/or Lipitor and their
taxonomic nomenclature and classification, feeding types (FG), and tail shapes (TS).

Order Family Genus Species Nomenclature FG TS

Enoplida Tripyloididae Bathylaimus sp. Cobb, 1894 2B co

Desmoscolecida Cyartonematidae Cyartonema germanicum Juario, 1972 1A co

Monhysterida Xyalidae Daptonema fallax (Lorenzen, 1972) Lorenzen, 1977 1B co

Monhysterida Xyalidae Daptonema normandicum (de Man, 1890) Lorenzen, 1977 1B cla

Monhysterida Xyalidae Daptonema trabeculosum Schneider, 1906 1B cla

Enoplida Thoracostomopsidae Enoplolaimus longicaudatus (Southern, 1914) Filipjev, 1921 2B cla

Enoplida Oxystominidae Halalaimus gracilis de Man, 1888 1A e/f

Plectida Leptolaimidae Halaphanolaimus sp. Southern, 1914 1A co

Chromadorida Cyatholaimidae Longicyatholaimus longicaudatus (de Man, 1876) Micoletzky, 1924 2A e/f

Chromadorida Cyatholaimidae Marylynnia puncticaudata Boufahja and Beyrem, 2014 2A e/f

Chromadorida Cyatholaimidae Marylynnia steckhoveni (Wieser, 1954) Hopper, 1977 2A e/f

Enoplida Oncholaimidae Metoncholaimus pristiurus (Zur Strassen, 1894) Filipjev, 1918 2B cla

Desmodorida Microlaimidae Microlaimus honestus de Man, 1922 2A co

Araeolaimida Axonolaimidae Odontophora wieseri Luc and De Coninck, 1959 1B co

Enoplida Oncholaimidae Oncholaimellus calvadocicus de Man, 1890 2B cla

Monhysterida Xyalidae Paramonohystera proteus Wieser, 1956 1B cla

Monhysterida Sphaerolaimidae Parasphaerolaimus paradoxus Ditlevsen, 1918 2B cla

Enoplida Phanodermatidae Phanoderma sp. Bastian, 1865 2A co

Chromadorida Chromadoridae Prochromadorella longicaudata (Kreis, 1929) Lorenzen, 1972 2A co

Araeolaimida Comesomatidae Sabatieria splendens (Hopper, 1967) 1B cla

Araeolaimida Comesomatidae Sabatieria punctata (Kreis, 1924) 1B cla

Desmodorida Desmodoridae Spirinia parasitifera (Bastian, 1865) Gerlach, 1963 2A co

Chromadorida Selachinematidae Synonchiella edax Aissa and Vitiello, 1977 2B co

Enoplida Ironidae Thalassironus britannicus de Man, 1889 2B co

Monhysterida Xyalidae Theristus modicus Wieser, 1956 1B co

Enoplida Enchelidiidae Thoonchus inermis Gerlach, 1953 2B cla

Monhysterida Xyalidae Valvaelaimus maior (Gerlach, 1956) Lorenzen, 1977 1B co
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dissimilarity values, which linked treatments to controls (Table 4).

Overall, based on the ANOSIM outcomes and dissimilarity values

compared to controls (Table 4), the treatments followed the ranking

PS/L2 < PS/L1 < L2 < PS < PVC/L1 < L1 < PVC/L2 < PVC. The
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minimum values of the R-statistics were observed also for PS/L2

(0.889) and PS/L1 (0.926); all the remaining treatments had a value

of 1. SIMPER results (Table 4) supported also the overall nMDS

outcomes, by specifying the contributions of taxa to ~50% of
TABLE 3 Relative abundances (%) of the free-living nematode species identified in the control treatment (UC) and those enriched with Polystyrene
(PS), polyvinyl chlorides (PVC), Lipitor (L1 and L2), and their mixtures (PS/L1, PS/L2, PVC/L1, and PVC/L2).

Treatments UC PS PVC L1 L2 PS/L1 PS/L2 PVC/L1 PVC/L2

Bathylaimus sp. 1.33 (0.66) 6.00 (2.65) 2.00 (0.00) 4.33 (1.53) 4.67 (0.58) 1.00 (0.00) 2.33 (1.53) 2.00 (0.00) 3.00 (1.00)

Cyartonema germanicum 4.66 (1.76) 1.33 (1.53) 5.00 (2.65) 3.67 (1.15) 0.00 (0.00) 2.00 (2.00)

Daptonema fallax 1.11 (0.38) 3.67 (2.52) 3.33 (3.21) 3.00 (2.65) 4.67 (4.16) 1.00 (0.00) 1.67 (0.58) 2.00 (2.00)

Daptonema normandicum 0.44 (0.76) 3.67 (2.31) 0.33 (0.58)

Daptonema trabeculosum 0.88 (0.38) 4.00 (0.00) 9.00 (2.65) 6.33 (0.58) 6.33 (0.58) 4.00 (2.00) 1.33 (0.58) 4.67 (1.15) 5.00 (1.00)

Enoplolaimus longicaudatus 4.44 (2.5) 4.00 (0.00) 10.00 (1.00) 6 (3) 6.67 (1.53) 6.00 (1.00) 2.67 (2.89) 10.33 (2.31) 7.00 (0.00)

Halalaimus gracilis 3.33 (1.76) 7.67
(0.58)

3.00 (0.00)
5.67 (0.58) 5.33 (1.53) 4.33 (3.06)

2.00 (1.00) 4.00 (0.00) 1.67 (1.53)

Longicyatholaimus
longicaudatus

10.22 (1.67) 4.00 (2.65) 3.67 (3.06)
3.67 (2.08) 1.67 (1.53)

8.67 (2.52) 9.00 (3.00) 2.00 (2.00) 1.67 (1.53)

Metoncholaimus pristiurus 12 (2.40) 6.67 (2.31) 7.00 (2.65) 1.00 (1.00)

Marylynnia puncticaudata 6.66 (1.33) 2.00 (1.00) 2.67 (2.08) 2.33 (2.52) 4.67 (2.31) 6.00 (2.65) 5.33 (0.58) 2.33 (2.08) 3.33 (0.58)

Marylynnia steckhoveni 5.55 (1.53) 5.33 (4.04) 4.00 (1.73) 4.67 (1.53) 6.67 (0.58) 5.33 (2.31) 3.67 (0.58) 1.33 (2.31)

Microlaimus honestus 5.11 (1.67) 6.67 (2.31) 2.00 (0.00) 4.33 (0.58) 4.33 (0.58) 1.67 (1.15) 2.00 (1.00) 2.67 (1.15) 2.67 (0.58)

Odontophora wieseri 4.66 (1.15) 1.00 (0.00) 2.67 (2.89) 2.33 (0.58) 2.33 (0.58) 4.67 (2.52) 4.33 (2.08) 2.00 (1.00) 2.33 (0.58)

Oncholaimellus calvadocicus 1.11 (1.38) 5.33 (0.58) 1.00 (0.00) 6.00 (1.73) 8.00 (2.65) 4.00 (1.73) 3.67 (2.08) 6.67 (1.15) 4.67 (1.15)

Halaphanolaimus sp. 4.66 (1.15) 7.33 (0.58) 3.00 (0.00) 5.67 (0.58) 6.67 (1.15) 2.00 (0.00) 3.00 (2.00) 4.00 (0.00) 5.00 (1.00)

Paramonohystera proteus 0.44 (0.76) 5 (2.65) 0.33 (0.58)

Parasphaerolaimus paradoxus 4.88 (3.67) 2.67 (0.58)
1 (1.73) 3.67 (2.08) 3.67 (1.15)

1.67
(1.53) 5.67 (2.52)

Phanoderma sp. 6 (1.33) 3 (3) 2 (3.46) 4.67 (0.58) 5.67 (2.31) 6 (2) 3 (2.65)

Prochromadorella longicaudata 5.77 (0.76) 4.67 (3.06) 5.33
(2.52) 7.33 (2.08)

6.67
(2.31) 5.33 (2.52) 3.67 (1.53)

Synonchiella edax 2.66 (0.66) 7.67
(0.58)

10.67 (0.58)
8.67 (3.21) 6 (1.73) 7.67 (1.15) 10.33 (1.53) 10.67 (2.08) 13.67 (1.15)

Sabatiera splendens 1.55 (1.01) 3.33
(1.53)

6 (3.61)
1 (1.73)

0.67
(1.15) 2 (1.73) 4 (0.00) 3.67 (2.08) 7 (3)

Spirinia parasitifera 3.77 (1.38) 6.33 (0.58) 11.33
(1.15) 6.33 (1.53) 6(1)

7.33
(0.58) 7 (3) 6.33 (1.53) 11.67 (2.52)

Sabatieria punctata 1.55
(1.01)

0.33 (0.58) 5.33 (4.04) 1.33
(0.58)

1.67
(0.58) 1 (1.73) 5 (2.65)

Thalassironus britannicus 3.77 (2.14) 4 (1) 14
(2.65) 7 (1.73) 5.67 (1.53) 5.33 (1.53) 2 (1) 4.67 (0.58) 11 (1)

Theristus modicus 1.55
(1.67)

6 (1)
5 (0.2.65) 4 (1) 1 (0.00) 1.67 (0.58) 6.33 (3.06) 3 (3)

Thoonchus inermis 1.33 (0.66) 2.67
(1.53) 7.67 (1.53) 5 (1.73) 0.33 (0.53) 1 (0.00) 7 (1)

Valvaelaimus maior 0.44 (0.76) 2.67 (2.08) 1.67 (2.89) 1.33 (1.15) 0.33 (0.58) 1.67 (2.08) 4.67 (1.53)

Species number 24.33 (1.53) 21
(1)

19.67 (0.58)
18.67 (1.15) 19.33 (1.15)

24
(0)

25
(1) 21.33 (1.15) 17.33 (0.58)
fr
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dissimilarities among assemblages exposed to PS, PVC, and L and

control treatments, as follows:
Fron
- The first pattern: the abundances of three species were

significantly reduced at PS: L. longicaudatus , M.

puncticaudata, and Odontophora wieseri (Table 4). The

following species were deleted: M. pristiurus, Cyartonema

germanicum, and Parasphaerolaimus paradoxus.

- The second pattern: the abundances of three species were

significantly reduced at PVC: L. longicaudatus, C.

germanicum, and M. puncticaudata (Table 4). The

following species were deleted: M. pristiurus, Phanoderma

sp., P. longicaudata, and M. puncticaudata.

-The third pattern: the abundances of one species were

significantly reduced at L1 and L2: L. longicaudatus

(Table 4). The following species were deleted: M.

pristiurus, C. germanicum, and S. punctata, but the P.

paradoxus in L1 declined and in L2 disappeared.

- The fourth taxonomic pattern was apparent in the remaining

mixtures: PS/L1, PS/L2, PVC/L1, and PVC/L2. M.

pristiurus declined in all mixtures, except for PVC/L2,

from where it disappeared. L. longicaudatus declined in

all treatments.
4 Discussion

The current experiment aimed to assess the separate and combined

effects of PS, PVC, and Lipitor on meiobenthic nematodes. A

comparable magnitude of the negative impact of PVC, L1, and L2

was significantly found on the abundance, individual biomass, and

taxonomic diversity at the end of the current experiment. The

microcosms with the highest concentrations of PVC microplastics

and Lipitor were significantly less populated, and less rich in large
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individuals and species compared to controls and all the rest of the

assemblages. The species L. longicaudatus (2A) and C. germanicum

(1A) appeared to be sensitive, whereas Daptonema trabeculosum (1B)

and Oncholaimellus calvadocicus (2B) were tolerant/opportunistic for

PCV and Lipitor, respectively. The special case of the omnivore-

carnivore M. pristiurus, which appeared extremely sensitive to both

types of pollutants, could be related to the fact that most specimens

collected were juveniles, so at a vulnerable stage of their life.

The suggested sensitivity of nematodes to both Lipitor and PVC

could also be related to the feeding mode, given that the communities

from all treatments comprised a low frequency of epistratum feeders

(or diatom consumers) and microvores. Thus, it was deduced that the

thresholds were reached as low as 1 mg.l-1 of Lipitor and 1 mg.kg-1 of

PVC. The scientific literature on the uptake and toxicity of statins and

PVC by diatoms and microbes seems to support the above findings.

According to Wang et al. (2020), PVC microplastics negatively impact

marine diatoms in a manner that correlates with the dosage, leading to

a decrease in chlorophyll levels, hindering photosynthesis, and causing

harm to algal cells. Moreover, they indicated that PVC microplastics

that have been exposed to UV light are more harmful than new PVC

microplastics, causing harm to the growth and chlorophyll levels of

freshwater algae Chlamydomonas reinhardtii. Overall, it appears that

exposure to microplastics PVC has a detrimental impact on the growth

of freshwater algae by particularly hindering the photosynthesis process

(Wu et al., 2019).

On the other hand, Zhao et al. (2021) mentioned that PVC

microplastics play a crucial role in the transportation and spread of

pathogenic bacteria and resistance genes in sewage, aiding in the

dissemination of antibiotics and heavy metals. Indeed, PVC

microplastics have a detrimental effect on the anaerobic digestion of

waste-activated sludge due to the release of toxic bisphenol-A, resulting

in inhibitory impacts on the processes of hydrolysis-acidification and

methanation (Wei et al., 2019). Moreover, as reported Dai et al. (2020),

this type of microplastics inhibits nitrogen removal and promotes

antibiotic resistance gene propagation.
FIGURE 2

Graphical summary of univariate taxonomic indices of the control microcosms (UC) and those enriched with polystyrene (PS), Polyvinyl chlorides (PVC),
Lipitor (L1 and L2) and their mixtures (PS/L1, PS/L2, PVC/L1, and PVC/L2). d = Margalef’s Species Richness, J’ = Pielou’s evenness, H’ = Shannon-Wiener
index. The stars indicate the significant differences compared to the controls UC (*p < 0.05; **p < 0.01; Tukey’s HSD test, log-transformed data).
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As mentioned above, significant toxicity was also observed after

exposure to Lipitor for both algae (Jaramillo-Madrid et al., 2020)

and microorganisms (Chow et al., 2010; Ting et al., 2016),

suggesting at least a negative indirect impact of statins on

feeding-type nematodes 2A and 1A. Indeed, it is known that

these drugs have antimicrobial effects on a range of oral

microorganisms, such as periodontal pathogens and bacterial

species resistant to viruses and fungi (Ting et al., 2016). Also,

treating diatoms with statins is known to block the enzymes 3-

hydroxy-3-methyl glutaryl CoA reductase and disrupt the

metabolism of isoprenoids, leading to a reduction in total sterol

content (Jaramillo-Madrid et al., 2020).

By the end of the experiment, two feeding groups seem to have

been favored: the non-selective deposit feeders (1B) and omnivore-

carnivores (2B). The explanation could be related to the toxicity of

PVC and Lipitor on sensitive nematodes, mostly appurtenant to

feeding groups made with microvores and epistrate-consumers. The

nematodes 1B and 2B may have ingested detritus comprising corpses

of decomposing prey 1A and 2A. This feeding mode is common for

1B nematodes (Wieser, 1953), and facultative for 2B, the latter

becoming omnivorous if necessary (Moens and Vincx, 1997).
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Another functional aspect is likely to have played an important

role in the current experiment: the tail shape. The worms with

elongated and conical tails were disadvantaged in the presence of

both pollutants (i.e. PVC and Lipitor). It could be hypothesized that

the movements of the elongated morphotype were hampered by the

gluey nature of the organically enriched substrate with

decomposing bodies. The worms with conical caudal shape

proved to be more sensitive to pollution because of their larger

support lateral contact surface and, as a consequence, the lower

jumping potential, associated with the frequency and speediness,

leading overall to longer exposure time to pollution. An additional

potential explanation for such a pattern would also be the possibility

of corpses acting as glue themselves, therefore binding the worms

with higher leaning surfaces in their caudal part (co).

The mixture of polystyrene and Lipitor had a less toxic impact

on meiobenthic nematodes when combined compared to their

individual effects. The abundance, individual biomass, and

taxonomic diversity of nematodes in treatments PS/L1 and PS/L2

were comparable to control. Such an effect could be related to an

antagonist interaction between the two xenobiotics. Particularly, the

nMDS ordination showed different clustering between PVC/L2 and
FIGURE 3

Above: Hierarchical Cluster Analysis (single linkage Bray-Curtis similarity values) of nematode assemblages based on square-root transformed
abundances of species from a nematofauna the control nematode assemblage (UC) and those enriched with polystyrene (PS), Polyvinyl chlorides
(PVC), Lipitor (L1 and L2) and their mixtures (PS/L1, PS/L2, PVC/L1, and PVC/L2) where groups are separated by fixing the cutoff at ~70% of Bray-
Curtis similarity, as shown by the dotted horizontal line. Below: non-metric Multidimensional Scaling (nMDS) 2D plot based on Bray-Curtis similarity.
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PS/L2 groups. The former treatment appears to have had a higher

toxicity on meiobenthic nematodes compared to the latter. Thus, it

could be evoked that the polystyrene was able to neutralize the

toxicity of Lipitor and a plausible explanation for the similarity in

abundances and species richness among PS/L1 and PS/L2

treatments and control, with just 19.5% dissimilarity. Following

the rationale highlighted by Wakkaf et al. (2020) and Hedfi et al.

(2022), the occurrence of aggregates of polystyrene and Lipitor on

sediment particles seems to distance the latter pollutant away from

nematodes (Figure 4). Therefore, these aggregates may comprise the

substrate itself, making it coarser and reducing at least in part the

availability of toxicant compounds for nematodes. This

agglutination may also affect their bioavailability, by reducing the

cuticular uptake rate by nematodes, as naturally larger aggregates

are less efficiently internalized.
Frontiers in Marine Science 0962
Overall, two objectives appeared behind the current work: (1)

determining the threshold related to the exposure to Lipitor, and (2)

testing PS beads as a potential remediation tool for reducing sediment

contamination with statins. However, despite the results found are

promising, it will be very difficult to obtain governmental authorization

to spill microplastics in contaminated areas with Lipitor. As

perspectives, more engineering studies should be designed to give

more details on how and by using which amount and size of

polystyrene particles will be added to contaminated sediments.
5 Conclusion

Meiobenthic nematodes are known to be one the most

abundant and diverse groups of invertebrates from marine
TABLE 4 Analysis of Similarity (ANOSIM) and SIMPER (Similarity Percentage) procedures based on taxonomic composition between the control
nematode assemblage (UC) and those enriched with polystyrene (PS), Polyvinyl chlorides (PVC), Lipitor (L), and their mixtures (PS/L1, PS/L2, PVC/L1,
and PVC/L2).

Comparisons ANOSIM SIMER

R-statistics p-value AD (%) Species

UC vs. PS 1 0.01 31.54 Metoncholaimus pristiurus (13.36%) ø
Cyartonema germanicum (8.24%) ø
Parasphaerolaiums paradoxus (8.06%) ø
Longicyatholaimus longicaudatus (6.34%) –
Marylynnia puncticaudata (5.59%) –
Parmonohystera proteus (5.37%) +
Odontophora wieseri (5.15%) –

UC vs. PVC 1 0.01 40.28 Metoncholaimus pristiurus (10.82%) ø
Phanoderma sp. (7.65%) ø
Prochromdorella longicaudata (7.52%) ø
Marylynnia steckhoveni (7.34%) ø
Daptonema trabeculosum (4.70%) +
Longicyatholamus longicaudatus (5.41%) –
Cyartonema germanicum (4.34%) –
Marylynnia puncticaudata (4.10%) –

UC vs. L1 1 0.01 33.43 Metoncholaimus pristiurs (12.83%) ø
Cyartonma germanicum (7.91%) ø
Phanoderma sp. (6.62%) –
Parasphaerolaimus paradoxus (6.22%) –
Longicyatholaimus longicaudatus (6.19%) –
Marylynnia puncticaudata (5.87%) –
Sabtieria punctata (4.46%) ø

UC vs. L2 1 0.01 31.12 Metoncholaimus pristiurs (13.67%) ø
Cyartonma germanicum (8.42%) ø
Oncholaimellus calvadocicus (5.82%) +
Parasphaerolaimus paradoxus (8.24%) ø
Longicyatholaimus longicaudatus (9.26%) –
Sabtieria punctata (4.76%) ø

UC vs. PS/L1 0.889 0.01 20.02 Metoncholaimus pristiurus (8.21%) -
Parasphaerolaimus paradoxus (4.83%) –
Oncholaimellus calvadocicus (5.34%) +
Halaphanolaimus sp. (5.95%) –
Thoonchus inermis (5.15%) –
Microlaimus honestus (7.33%) –
Longicyatholaimus longicaudatus (4.82%) –
Enoplolaimus longicaudatus (5.77%) –
Theristus modicus (4.33%) –
The values in parentheses indicate the relative contributions of nematode species participating at about 50% of the average dissimilarity between the reference nematofauna and those exposed to
the different treatments. More abundant (+); less abundant (-); steady relative abundance (st); elimination (ø). Average dissimilarity (AD).
Significant differences at p-values < 0.05.
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benthic areas. Despite numerous published studies using these

worms as bioindicators and models in ecotoxicology, no work has

focused up to date on the toxic impact of microplastic and Lipitor

on marine benthic meiofauna. The results of the current

experiment identified important interactions between these

types of xenobiotics and the abundances, individual biomasses,

and taxonomic traits of nematodes, particularly at concentrations

of 1 mg.kg-1 DW of PVC and Lipitor (L1 (0.1 mg.l-1) and L2 (1

mg.l-1). A potential list of sensitive (i.e. 1A and 2A) and tolerant/

opportunistic (i.e. 1B and 2B) taxa for each type of tested

xenobiotic was suggested. However, the nematodes exposed

particularly to PS/L1 and PS/L2 treatments were not

significantly affected. The interactions between Lipitor and

complexing polystyrene can serve as a depollution method to

protect living organisms. It is essential to further explore the link

between both types of contaminants to mitigate the

ecotoxicological risks and for governmental policy purposes.

The results obtained in the current study encourage the use of

polystyrene for cleaning subtidal marine areas of Lipitor and

statins in general, due to its strong adsorbent and electro-

magnetic power, but also lightness, which makes the collection

of contaminated microplastic particles floating on the water easier.
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4Department of Marine and Earth Sciences, Marine Works Japan Ltd, Yokosuka, Japan, 5Kochi
Institute for Core Sample Research, X-Star, JAMSTEC, Nankoku, Japan, 6Marine Core Research
Institute, Kochi University, Nankoku, Japan
The increase discharge of titanium dioxide (TiO2) nanoparticles, derived from

engineered material waste, exerts a detrimental impact on both the marine

ecosystem and public health. The cytotoxicity of TiO2 nanoparticles on marine

organisms should be imperatively understood to tackle the urgent concern for

the well-being of marine life. Various concentrations of TiO2 nanoparticles have

proven to reach fatal levels in aquatic organisms, requiring a deeper exploration

of cytotoxicity. Notably, certain benthic foraminifers, such as Ammonia veneta,

have been identified as capable of incorporating TiO2 nanoparticles into vesicles.

However, these organisms exhibit a detoxification mechanism through

exocytosis, as indicated by previous transcriptomic inferences. This presents

the advantage of assessing the tolerance of foraminifers to TiO2 nanoparticles as

pollutants and investigating the long-term effects of cytotoxicity. In this study, we

scrutinized the distribution of TiO2 nanoparticles within cells and the growth

rates of individuals in seawater media containing 1, 5, 10, and 50 ppm TiO2

nanoparticles, comparing the results with a control group over a 5-week period,

utilizing A. veneta stain. Transmission electron microscopy observations

consistently revealed high concentrations of TiO2 nanoparticles in vesicles, and

their expulsion from cells was evident even with exposure to 5 ppm TiO2

nanoparticles. Under the control and 1 ppm TiO2 conditions, foraminifers

increased their cell volume by adding a calcification chamber to their tests

every 1 or 2 days. However, the 5-week culturing experiments demonstrated that

foraminifers gradually ceased growing under 5 ppm TiO2 nanoparticle exposure

and exhibited no growth at > 10 ppm concentrations, despite an ample food

supply. Consequently, these findings with A. veneta suggest that the foraminiferal

detoxification system could be disrupted by concentrations exceeding 5 ppm of

TiO2 nanoparticles. The toxic effect of TiO2 nanoparticles on meiofauna, such as

benthic foraminifers, have been poorly understood, though these organisms play

an important role in the marine ecosystem. Environmental accumulation of TiO2
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nanoparticles on the coast has already exceeded twenty times more than

foraminiferal detoxification level. Future studies focusing on toxic mechanism

of TiO2 nanoparticles are crucial to prevent the breakdown of the marine

ecosystem through accelerating discharge of TiO2 nanoparticles into the ocean.
KEYWORDS

cytotoxicity, detoxification, foraminifera, TiO2 NPs, fatal level
1 Introduction

Titanium dioxide nanoparticles (TiO2 NPs) stand as the second

most widely employed engineered nanomaterial globally, owing to

their advantageous physicochemical properties, notably their

photocatalytic capability for the oxidative decomposition of

organic matter (Zheng and Nowack, 2021). In recent years, these

nanoparticles have found application in sunscreen filters, replacing

oxybenzone and octinoxate, to safeguard marine ecosystems

(Ammendolia et al., 2022). The escalating demand for TiO2 NPs

has led to the discharge of manufacturing waste into the

environment–specifically, soil and groundwater–eventually

culminating in the ocean as the ultimate repository. NPs

commonly form aggregates in water and sink down to the bottom

(Boxall et al., 2007). Indeed, the accumulation of TiO2 NPs on

European coasts was projected to reach up to 123 ppm in 2020, and

the current trend indicates an acceleration (Sun et al., 2016; Zheng

and Nowack, 2021). This accumulation in the marine environment

raises concerns due to its toxicity to aquatic organisms (Moore,

2006; Farré et al., 2009; Delay and Frimmel, 2012; Matranga and

Corsi, 2012). Particularly, aggregated nanoparticles are accumulated

in the sediments and interacted with sediment-dwelling organisms

due to their low mobility (Farré et al., 2009). Experimental studies

have previously demonstrated the toxicity of TiO2 NPs to aquatic

organisms, particularly microalgae and macroorganisms (Menard

et al., 2011; Minetto et al., 2014; Luo et al., 2020). These studies have

assessed the toxic effects through cell stress assays, revealing a

Median Effect Concentration (EC50) of 35.3 ppm for algae and a

Median Lethal Concentration (LC50) of 5.5–20000 ppm for

Daphnia magna. Given the observed variability in lethal effects

among organisms in exposure experiments with viability

examinations, it becomes imperative to extend studies to benthos,

encompassing not only macro or microfauna but also benthic

foraminifers, to comprehensively understand the impact of TiO2

NPs on marine ecosystems.

Benthic foraminifers, ubiquitous unicellular meiofauna on the

seafloor, particularly in coastal areas (Culver and Buzas, 1999),

serve as biomonitoring targets to assess the effects of NPs on marine

environments (Ciacci et al., 2019). Foraminifers construct a test

using calcium carbonate, sediment particles, or an organic

membrane (Goldstein, 1999), with the test growing larger by
0267
adding chambers . Recent studies uti l iz ing single-cel l

transcriptome analysis and cellular observations from a time-

course experiment with the benthic foraminifers Ammonia

species exposed to 1 ppm TiO2 NPs for 24 hours have elucidated

the cytotoxic mechanism of TiO2 NPs (Ciacci et al., 2019; Ishitani

et al., 2023). Transcriptome analysis with Ammonia veneta

successfully unveiled the metabolic pathway associated with TiO2

NPs toxicity and its time-series changes (Ishitani et al., 2023).

Foraminifers demonstrated phagocytosis of TiO2 NPs into their

cells, manifesting stress indicators such as the production of reactive

oxygen species (ROS) and peroxidized lipids. Intriguingly, they

exhibited detoxification, wherein aggregated TiO2 NPs were

encapsulated in ceramide and expelled as waste within 24 hours.

This unique detoxification system enables foraminifers to survive in

polluted environments, though the long-term cytotoxicity remains

unknown. Furthermore, the limitation of TiO2 NPs concentration

that regulates foraminiferal growth or lethality has been never

examined. In the other experiments with unicellular diatom, their

EC50 and LC50 are ~10 and ~70 ppm of TiO2 NPs, which are ~20–

30 nm in diameter (Hartmann et al., 2010; Clément et al., 2013).

Understanding such limitation becomes crucial in light of the rapid

accumulation of TiO2 NPs in marine environments in recent times.

In this study, we investigated the threshold limits of TiO2 NPs

concentrations for the survival of the benthic foraminifer A.

veneta. The foraminifer was cultured for five weeks with

exposures to 1, 5, 10, and 50 ppm TiO2 NPs, and the potential

for long-term survival was assessed based on individual growth

rates, evaluated through the increased number of chambers, and

the distribution of intracellular TiO2 NPs. Our investigations

suggest that foraminiferal growth is gradually inhibited in rising

of TiO2 NPs concentration most likely due to the breakdown

of detoxification.
2 Materials and methods

2.1 TiO2 NPs – source, characterization,
and preparation

AEROXIDE®TiO2, a mixture of rutile and anatase crystals with

a nominal diameter of 25 nm (Evonik, Germany), was utilized in the
frontiersin.org
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present study. The stock suspension (1000 mg/L) of TiO2 NPs was

prepared using AEROXIDE®TiO2 powder in Milli-Q water and

sonicated using an NR-50M ultrasonic homogenizer (Microtec,

Japan) at 50 W for 60 min with 2 s on/off cycles placed in ice to

prevent aggregation. Stock suspensions were shielded from light

and stored at -20°C. For each experiment, the thawed stock

suspension was similarly sonicated for approximately 60 min to

disperse the TiO2 particles, which tend to clump due to their

cohesive nature, bringing them to a particle size of 25 nm. The

resulting dispersion was diluted with artificial sea water (ASW),

which was filtered through a 0.2µm mesh membrane filter

(ADVANTEC®, Japan) of 35ppt Coral Pro Salt (Red Sea, USA)

in Milli-Q water, according to the experimental conditions.
2.2 Culture experiments of foraminiferal
strain Ammonia veneta

The study employed specimens derived from the culture strain

A. veneta (Ishitani et al., 2023), which has been maintained in ASW

at 23°C under a 12:12 hour light/dark cycle with weekly feedings of

fresh Dunaliella salina (NIES-2257). This species forms a calcium

carbonate test, which is sequentially increased by the maturity phase

prior to reproduction. Adult (ca. 10 chambers) specimens of A.

veneta showing reticulopodia extension and activity were randomly

selected from subcultures, and three individuals were transferred to

each petri dish (Aznor Petri Dish j55 × 17 mm Azwan, Japan)

containing 10 mL of either TiO2 NPs seawater medium or ASW

(control). For each medium condition, three replicated petri dishes

were prepared and incubated at 23°C under a 12:12 h light/dark

cycle for five weeks. All cultures per experiment were run in parallel.

Four different experimental conditions were set for TiO2 NPs

concentrations, as well as the frequency of medium changes, feeding

frequency, and amount of food (Table 1). In both culture experiments

1 and 2, TiO2 NPs seawater media were set up at 1, 10, and 50 ppm, in

addition to the control. The frequency of medium changes differed

between culture experiments 1 and 2: once a week in Experiment 1

and twice a week in Experiment 2. At each time, 80 µL of food was

added to each petri dish. In culture experiment 3, TiO2 NPs seawater

media were set up at 1, 5, and 10 ppm, in addition to the control, with

weekly medium changes and with feeding 40 µL of food and increased

feeding to a total of 80 µL per week through addition of 20 µL food

every few days. Culture experiment 4 involved TiO2 NPs seawater

media at 5 and 10 ppm, in addition to the control, with weekly

medium changes with 80 µL of food and increased feeding to a total of
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160 µL per week through addition of 40 µL food every few days. In

experiments 2 and 4, the number of feedings and the amount of food

were increased to keep double the amount of fresh D. salina in the

petri dishes per week (Table 1).

At the beginning of culture experiments, we photographed each

individual using an inverted research microscope (IX73 Olympus,

Japan) with a microscope digital camera (DS-Ri2 Nikon Japan) and

assigned an individual identification number. We photographed

each of all studied individual weekly to check for signs of life or

death, regarding the observations: extension and movement of

reticulopodia and the movement of the individual to escape from

light emission of the inverted microscope for a few minutes.

Specimens, which lacked these three observation points, were

categorized as dead. Individual growth was evaluated by the

number of chamber increases from the previous week.

We firstly tested normality and variances for total numbers of

increased chambers for five weeks at each culture experimental

condition with Kolmogorov-Smirnov and F test in R v.4.0.2 (R Core

Team, 2021), respectively. According to the normality and

variances, we conducted the Student-t and Man-Whitney-U tests

in R v.4.0.2. The p values of multiple comparisons were adjusted

with the Bonferroni correction.
2.3 Culture experiment of Dunaliella salina

We independently conducted a culture experiment of D. salina,

a food source for foraminifers, to examine cell divisions in TiO2 NPs

seawater medium. We prepared seven replicates for each of the 10

mL culture media with 1, 5, and 10 ppm TiO2 NPs and ASW

(control) in petri dishes and added 80 µL of D. salina to each of the

28 dishes. During the 6-day culture experiments under the same

conditions as foraminiferal experiments, we examined the cell

density of D. salina in each of the four different media daily. All

10 mL medium was transferred into a 15 mL centrifuge tube, and

the petri dish was rinsed with 3 mL ASW to recover all remaining

cells. After centrifugation at 3,300 rpm for 10 min at 23°C using a

micro high-speed centrifuge (CF 16RX II Hitachi, Japan), the pellet

of D. salina and TiO2 NPs was suspended with 30 µL of ASW and

transferred to a 1.5 ml tube. We immediately added 0.5% xanthan

gum solution to a final concentration of 0.01% to inhibit the

motility of D. salina. Three replicates were made, each of which

was mounted with 10 µL of cell suspension to a cell counter (AS

ONE, Japan). Following the manufacturer’s protocol of the cell

counter, we counted the number of cells derived from the control
TABLE 1 Conditions of foraminiferal culture experiments.

TiO2 NPs
concentration
(ppm)

Frequency of medium
change (per week)

Frequency of
feeding (per week)

Feeding volume
for each time
(µL)

Total volume of
food per week (µL)

Experiment 1 1, 10, 50 1 1 80 80

Experiment 2 1, 10, 50 2 2 80, 80 160

Experiment 3 1, 5, 10 1 3 40, 20, 20 80

Experiment 4 5, 10 1 3 80, 40, 40 160
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and 1 ppm samples using a stereomicroscope (SMZ18 Nikon,

Japan) equipped with an inclined-angle lens tube. As TiO2 NPs

aggregations in the 5 and 10 ppm overlapped on D. salina and

avoided observation, we captured the autofluorescence of D. salina

with a digital camera (DS-Ri2 Nikon, Japan) using fluorescence

observation (U-HGLGPS Olympus Japan, Excitation filter: BP530-

550, Barrier filter: BA575IF) equipped with an inverted research

microscope (IX73 Olympus, Japan) and counted the cell numbers.
2.4 Scanning electron microscope
observation of foraminiferal tests

We used six specimens: two for control and four for the 10 ppm

TiO2 NPs treatment. Two out of four 10 ppm TiO2 NPs treated

specimens formed a new chamber during the culture experiment,

while the other two showed no growth. Each test was cleaned with a

brush in water and dried in air. These tests were placed on carbon

tape and glued to a stage where carbon deposition was performed

with the carbon coater (JEE-420 JEOL, Japan). The surface structure

and element analysis of foraminiferal tests were conducted with a

field emission SEM equipped with an energy dispersive X-ray

spectrometer (EF-SEM-EDS) (JSM-6500F JEOL, Japan).
2.5 Transmission electron microscope
observation of cells

Ammonia veneta specimens, cultured in the 5 ppm TiO2 NPs

medium, were fixed with 2.5% glutaraldehyde in filtered artificial

sea water (FASW) for longer than 24 hours at 4°C. The fixed

specimens were embedded in 1% aqueous agarose and then

decalcified with 0.2% EGTA in 0.81 mol/L aqueous sucrose

solution (pH 7.0) for several days. The specimens were rinsed

with FASW, then postfixed with 2% osmium tetroxide in FASW

for 2 hours at 4°C, dehydrated in a graded ethanol series, and

embedded in epoxy resin (Quetol 651). Ultrathin sections (100 nm

for observation and 200 nm for analysis) were cut using a diamond

knife on an Ultracut S ultramicrotome (Leica Reichert, Germany),

stained with 2% aqueous uranyl acetate and lead staining solution

(0.3% lead nitrate and 0.3% lead acetate), and examined using TEM

equipped with an energy dispersive X-ray spectrometer (TEM-EDS)

(FEI Tecnai G2 20, USA) operated at 200 kV. Elemental mapping

was performed in scanning TEM (STEM) mode.
3 Results

3.1 Cell observation and viability of
Ammonia veneta

Living specimens of A. veneta are filled with cytoplasm inside

the test and extend fine reticulopodia radially from the aperture and

pores of the test to capture food particles in their surroundings

(Figure 1). In 1 ppm TiO2 NPs seawater medium, TiO2 NPs

aggregate up to ~2 µm within 24 hours and accumulate with
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other wastes on the bottom (Ishitani et al., 2023). TiO2 NPs is

aggregating faster in high TiO2 NPs concentration: over 1 µm in

hydrodynamic diameter within 1 hour in 5 and 10 ppm TiO2 NPs

seawater and over 15 µm in 50 ppm TiO2 NPs seawater (Morelli

et al., 2018; Reyes et al., 2021; Palmeira-Pinto et al., 2023). These

aggregates visibly settled at the bottom of the petri dish as brownish

substances during the culture experiment with TiO2 NPs seawater

media (Figure 1). However, these depositions were not observed in

the surrounding areas of living A. veneta, particularly around the

reticulopodia extensions (Figure 1). At the onset of the culture

experiment, all studied specimens extended fine reticulopodia. In

the control and 1 ppm TiO2 NPs seawater medium, specimens

showed reticulopodia activity and also added new chambers and

grew cytoplasm, which typically filled the interior of the test. Under

TiO2 NPs seawater media concentrations greater than 10 ppm,

reticulopodia were retracted, and cytoplasm continuously shrank

(Figures 2A–D). After reduction of cytoplasm, any reticulopodia

activity and movement of specimens were not observed. In these

conditions, aggregations containing TiO2 NPs were observed

around foraminiferal specimens.

Holes appeared on the surface of the tests in some specimens

exposed to TiO2 NPs seawater media concentrations higher than 10

ppm (Figure 3). After a 5-week experiment, additional holes were

observed on the umbilical side of the test.
3.2 Foraminifera culture experiments

In Experiment 1, control specimens increased by an average

of ~2 chambers every week, reaching a total of ~9 chambers over

five weeks (Figure 4A; Supplementary Table S1). One out of nine
FIGURE 1

Living Ammonia veneta specimen in 10 ppm TiO2 medium. The dark
part is cytoplasm inside the test. Fine fibrous reticulopodia, as
shown by black arrows, are extended from the cytoplasm in all
directions. The brown substance is an aggregation of TiO2 NPs.
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control specimens reproduced in the third week. By the end of the

5-week experiment, three specimens had reproduced clones,

forming an average of ~20 chambers during their entire lifespan.

In the 1 ppm TiO2 treatment, eight out of nine specimens increased

by ~1 chamber per week, although five specimens died after 3 and 5

weeks, respectively. In the 10 ppm TiO2 treatment, six out of nine

specimens increased by ~1 chamber per week, but all specimens

ceased growth by the third week and died by the fourth week. In the

50 ppm TiO2 treatment, only one specimen increased by 1 chamber

in the first week, but all specimens died by the fourth week. The

total number of increased chambers over the 5-week experiment

showed a significant difference between the control specimens and

the 10 and 50 ppm TiO2 treated specimens (Figure 4B).

In Experiments 2, all specimens, both in the control and the 1

ppm TiO2 treatment, increased by 6–8 chambers over 5 weeks
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(Figure 5A; Supplementary Table S1). During the experiment, four

and five specimens reproduced clones in the control and the 1 ppm

TiO2 treatment, respectively. However, in both the 10 and 50 ppm

TiO2 treatments, all specimens showed no growth and died by

the fourth week. The total number of increased chambers over the

5-week experiment was the same between the control and the

1 ppm TiO2 treated specimens, but there were significant

differences between the controls and the 10 and 50 ppm TiO2

treatments (Figure 5B).

In Experiment 3, all specimens, both in the control and the 1 ppm

TiO2 treatment, increased by ~8 chambers over 5 weeks (Figure 6A;

Supplementary Table S1). During this experiment, one specimen

reproduced clones in each of the control and the 1 ppm TiO2

treatments, but some specimens died. In the 5 ppm TiO2 treatment,

three out of nine specimens increased by ~1 chamber per week, but all

had stopped growing and died by the third week. In the 10 ppm TiO2

treatment, all individuals showed no growth and died by the third

week. The total number of increased chambers over the 5-week

experiment was the same between the control and the 1 ppm TiO2

treated specimens, but there were significant differences between the

controls and the 5 and 10 ppm TiO2 treatments (Figure 6B).

In Experiment 4, eight out of nine control specimens increased

by ~8 chambers over 5 weeks (Figure 7A; Supplementary Table S1).

At the end of the experiment, three specimens reproduced clones.

In the 5 ppm TiO2 treatment, four out of nine specimens increased

by ~1 chamber per week, but they stopped growing by the third

week and all died by the fifth week. In the 10 ppm TiO2 treatment,

only two specimens increased by one chamber in the first week, but

all individuals died by the third week. The total number of increased

chambers over the 5-week experiment showed significant

differences between the controls and the 5 and 10 ppm TiO2

treatments, as well as those of Experiment 3 (Figure 7B).
3.3 Surface structure of Ammonia
veneta test

Morphological differences between control and 10 ppm TiO2

treated specimens were observed on the surface of the tests, but
FIGURE 3

Light microscopy image of the umbilical side of an Ammonia veneta
specimen exposed to 50 ppm TiO2 medium for five weeks. Three
big holes were opened on the surface of the test, as shown by the
black arrows.
B C DA

FIGURE 2

Light microscopy images of an Ammonia veneta specimen exposed to 10 ppm TiO2 medium for four weeks. (A) Reticulopodia were extended from
the cytoplasm at the onset of experiment. (B) There were no reticulopodia, and cytoplasm was reduced after a week. (C) Cytoplasm was retracted
from the previous week. (D) Cytoplasm completely shrank in the fourth week.
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A B

FIGURE 5

The number of increased chambers in the culture experiment 2. The manner of plots is the same as the in Figure 4.
BA

FIGURE 4

The number of increased chambers in culture experiment 1. Blue, yellow, red, and purple colors show the control, 1 ppm, 10 ppm, and 50 ppm TiO2

treatments, respectively. (A) The average of additional numbers of chambers every week during the 5-week experiment. Crosses indicate dead
specimen and squares show clonal reproduction. (B) Box plot of the number of increased chambers for five weeks. Asterisks show significant
differences (p < 0.0125 with the Bonferroni correction).
A B

FIGURE 6

The number of increased chambers in the culture experiment 3. Green color indicates the 5 ppm TiO2 treatment. The other manners of plots are
same as Figure 4. The control data for the first week was absent.
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A B

FIGURE 7

The number of increased chambers in culture experiment 4. Blue, green, and red show the control, 5 ppm, and 10 ppm TiO2 treatments,
respectively. The other manners of plots are the same as in Figure 4. Significant differences are p < 0.0167 with the Bonferroni correction.
B

C D
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FIGURE 8

SEM images and EDS elemental map. (A) SEM image of the control specimen. (B) The surface test structure of the control specimen. (C) SEM image
of a specimen cultured in 10 ppm TiO2 seawater medium. (D) The surface test structure of the 10 ppm TiO2 treated specimen. (E) SEM image
around a last chamber, which was formed during a culture experiment in 10 ppm TiO2 medium. (F) EDS elemental map showed the distribution of
titanium on the surface of the test (E).
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pores were clearly opened on both specimens (Figures 8A–D;

Supplementary Figure S1). The test surface was smooth on

control specimens but slightly rough on 10 ppm TiO2 treated

specimens (Figures 8B, D). Moreover, some adhesive materials

were observed on the test surface of TiO2 treated specimens, even

when cleaned with brushes. These adhesive materials were often

observed from the 10 ppm TiO2 treated specimens, which showed no

growth during the culture experiment (Supplementary Figure S1).

The SEM-EDS mapping showed a trace amount of titanium from

adhesive materials and on the surface of the test but not covering the

aperture and pores of the test (Figures 8E, F).
3.4 Increase of Dunaliella salina cell density

Time-series changes in D. salina cell density were recorded for

each culture condition, including control and 1, 5, and 10 ppm TiO2

seawater media, over a 6-day period. In the control, D. salina cell

density continuously increased for four days, reaching a stationary

phase thereafter (Figure 9). Over the 6-day experiment, the cell

density was approximately 10 times higher than the initial density.

In the 1 ppm TiO2 seawater medium, cell density started a slow

increase by the second day, significantly rising afterward and

reaching a level comparable to the control by the fifth day.

However, in the 5 and 10 ppm TiO2 seawater media, cell

densities slightly increased but remained at 2000 cells/mL

throughout the experiment. By the end of the experiment, cell

densities in the 5 and 10 ppm TiO2 seawater media were less than

half of those in the control and the 1 ppm seawater medium.
3.5 TiO2 NPs in Ammonia veneta cell

Angular-shaped grains with distinct contours were observed in

vesicles distributed in the latest three chambers by TEM

observations (Figures 10A–C; Supplementary Figure S2). These
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grains, several tens of nanometers in size, exhibited a darker

contrast than the surrounding organics and resin, indicating a

heavier and more electronically dense element. STEM-EDS

analysis detected titanium X-ray peaks from these angular grains

(Figures 10D–F), but no titanium peaks were detected from the

background (Figures 10G, H). Additionally, STEM-EDS mapping

identified abundant titanium-bearing grains in the vesicles, each

tens of nanometers in size (Figures 11A, B).

Aggregates of angular grains covered with light-contrast

materials were found along the cell, relevant to the surface of the

decalcified test (Figure 12A). STEM-EDS analysis detected titanium

X-ray peaks from these grains, as well as those in vesicles

(Figure 12B), while no titanium peaks were detected from the

background (Figure 12C).
4 Discussion

We successfully demonstrated the viability of the clonally

reproduced strain of the foraminifer based on the activity of the

reticulopodia and chamber formation under microscopic

observation (Figures 1–3). Ammonia veneta mostly survived for

the first three weeks under TiO2 NPs-containing media, even at

high TiO2 NPs concentrations exceeding 10 ppm (Figures 4–7).

TiO2 NPs did not physically impede the extension of reticulopodia

by covering the pores and aperture on the test, as shown by the SEM

image (Figures 8C, D). Few TiO2 NPs were observed in the adhesive

materials and on the test surface of 10 ppm-treated specimens

(Figures 8E, F). The adhesive materials were often found on the

shell surface of the 10 ppm-treated specimens, which stopped

reticulopodia activity in the early stage of culture experiments

and had no growth of chamber (Supplementary Figure S1).

Aggregated TiO2 NPs might be attached to the shell surface,

when reticulopodia did not extend covering over the shell.

Although TiO2 NPs did not physically prevent the extension of

reticulopodia, specimens in high concentrations of TiO2 medium

over 5 ppm exhibited no extended reticulopodia and shrunk

cytoplasm without chamber formation, leading to their demise

(Figures 2, 4–7). The control and 1 ppm TiO2 treated specimens

showed a gradual increase in chambers up to ~20 in total until the

reproduction stage. The methods for counting new chambers in

addition to reticulopodia activity have been validated to estimate

foraminiferal viability and health in response to anthropogenic

pollution (Ben-Eliahu et al., 2020; Losada Ros et al., 2020). Our

observation based on the test and cytoplasm including reticulopodia

is consistent with the trend of chamber increase over time and is

useful for estimating the viability and health of foraminifers.

All four foraminiferal culture experiments showed that the

control specimens increased by ~8 chambers and grew into

maturity from the young form with ~10 chambers during five

weeks (Figures 4–7). The specimens exposed to 1 ppm TiO2

medium showed a slightly low growth rate in Experiment 1,

though there was no significant difference from the controls

(Figure 4B). When we modified feeding frequency and amount of

food in Experiments 2 and 3, the growth rate in 1 ppm TiO2

treatment was the same as the controls, and some specimens
FIGURE 9

The average of Dunaliella salina cell density every day for the 6-day
experiment. Blue, yellow, green, and red colors show the control, 1
ppm, 5 ppm, and 10 ppm TiO2 treatments, respectively.
frontiersin.org

https://doi.org/10.3389/fmars.2024.1381247
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Inagaki et al. 10.3389/fmars.2024.1381247
reproduced clones (Figures 5B, 6B). The foraminiferal life cycle has

been maintained under a 1 ppm TiO2 NPs-contained condition, in

congruence with the long-term culturing experiment of the

previous study (Ishitani et al., 2023). However, the specimens

exposed to high TiO2 NPs concentrations greater than 10 ppm

died without growth for four weeks, despite increases of feeding

frequency and food volume (Figures 4–7). This indicates that 10
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ppm TiO2 NPs concentration is fatal for foraminifers. Furthermore,

we found hole-opening on the test surface of specimens exposed to

10 and 50 ppm TiO2 media during the experiments (Figure 3). It is

though that foraminifers melt their own tests under conditions of

strong stress (Buzas-Stephens and Buzas, 2005), suggesting that

high TiO2 NPs concentrations lead foraminifers to strong stress

conditions and cell death.
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FIGURE 10

Sectioning images and EDS qualitative spectra of the vesicle, which was placed in the second last chamber of Ammonia veneta cultured in a 5 ppm
TiO2 seawater medium. The images are contrast-inverted transmission electron micrographs for better visualization of microstructure. (A) Heavier
and electronic dense grains in dark color were distributed in the vesicle. Orange squares correspond to (B, C). Red circles show the spots for EDS
analysis. (B, C) Heavier and electronic dense grains were ~50 nm in size with an angular shape. (D–H) Qualitative spectra of EDS analysis at each of
the five spots shown in (A). (D–F) are associated with small angular grains, (G) shows an electronic dense body, and (H) places the cytosol as
a background.
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In Experiment 3, most specimens stopped growing in 5 ppm

TiO2 medium during the 5-week experiments (Figure 6A). This is

possibly caused by a lack of food, D. salina. The culture experiment

with D. salina in TiO2 media showed that the cell densities of D.

salina in the 5 and 10 ppm TiO2 media were lower than half of those

in the control and the 1 ppm TiO2 medium for six days (Figure 9).

This result has indicated that the feeding volume in Experiment 3

could not be enough for foraminiferal specimens. However, A.

veneta specimens stopped growing in 5 ppm TiO2 medium, even

though we increased food volume in Experiment 4 (Figure 7A).

Therefore, feeding is not a direct cause to prevent growth of
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foraminifers. The growth of some microalgae is suppressed in

media with metallic NPs as well as TiO2 NPs because of

physicochemical effects such as inhibition of photosynthesis by

packed TiO2 NPs aggregation and oxidative stress, which damage

the cell membrane (Chen et al., 2012; Li et al., 2015; Wang et al.,

2016; Ghazaei and Shariati, 2020). The studied specimens have

extended reticulopodia at any concentration of TiO2 treatments and

seem to take surroundings including TiO2 NPs via protoplasmic

streaming of reticulopodia without organismal selection (Figure 1).

TEM observation of A. veneta cells derived from 5 ppm TiO2

treatment congruently demonstrates uptake of TiO2 NPs into
BA

FIGURE 11

Sectioning images and EDS elemental map of the vesicle, which placed in the second last chamber of Ammonia veneta cultured in 5 ppm TiO2

seawater medium. (A) Contrast-inverted TEM image of vesicle. (B) Distribution of titanium with green color by the EDS elemental map in the same
area of the TEM image.
B

C

A

FIGURE 12

Sectioning images and EDS qualitative spectra of expelled materials placed outside of the decalcified test. (A) Contrast-inverted TEM images. The
structure of the pore, as shown by the black arrows, remained. Electronically dense grains were distributed near the pore. Circles show the spot of
EDS analysis. (B, C) Qualitative spectra of EDS analysis at the spot shown in (A). (B) is associated with a small angular grain, and (C) is a background.
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vesicles (Figures 10A–C, 12B). These specimens could take TiO2

NPs via phagocytosis because of fast aggregation of TiO2 NPs in

high concentrations more than 5 ppm (Morelli et al., 2018; Reyes

et al., 2021; Palmeira-Pinto et al., 2023). This is congruent with the

previous transcriptomic study, which estimated uptake of TiO2 NPs

via endocytosis or phagocytosis based on the metabolic pathway in

1 ppm TiO2 treatment (Ishitani et al., 2023). This previous study

showed that captured TiO2 NPs induce the Fenton reaction in

vesicles, resulting in ROS production, though such TiO2 NPs are

encapsulated in ceramide and these capsules are expelled from the

cell as mucus after 24 hours (Ishitani et al., 2023). The light-contrast

materials, including titanium, around the test could be leftovers of

waste excreted by foraminifers (Figure 12B). These observations

suggest that the foraminiferal metabolic system is acting even in

high concentrations of TiO2 NPs at least 5 ppm condition. This

could be caused by two possibilities: a) ROS production is

accelerated due to regulation of genes related to stress or releasing

toxic substances, and b) overexpression of genes related to releasing

toxic substances inhibits cell growth leading to cell death. Future

studies will be required to examine the functional changes of

detoxification under high TiO2 NPs concentration environments.

The lethal level of our studied organism, A. veneta, is lower than

that of microalgae such as green algae and diatoms and those of

microorganisms, whose EC50 and LC50 were applicable at

concentrations higher than 10 ppm TiO2 NPs (Menard et al.,

2011; Minetto et al., 2014). Our results suggest that the previous

examination for EC50 and LC50 could be underestimated than the

actual effect of TiO2 NPs concentration on marine organisms. The

previous studies have used different types of TiO2 NPs: rutile and

anatase types with different size ranging from ~10 to ~100 nm. Such

material specificity provides different surface charge and other

physical characteristics leading to various toxicities reported as

cell death by rutile type, while cell necrosis and cell membrane

damage by anatase type (Kose et al., 2020). It is still unclear what

processes in the metabolic system are affected by the physical

characteristics of TiO2 NPs leading to toxicity. Our study,

conducted with same type and size of TiO2 NPs as those of the

transcriptome study (Ishitani et al., 2023), presented that

foraminiferal detoxification is possibly disturbed by overdose (> 5

ppm) of TiO2 NPs. Toxic mechanisms are likely changed

associating with concentration of nanoparticles shown by this

study, as well as size of nanoparticles. Understanding of both

cellular and metabolic mechanisms is important to unveil toxic

effects of nanoparticles on various organisms in sets of nanoparticle

types. The concentration around 5 ppm of TiO2 NPs, a limit of

foraminiferal detoxification, is much lower than ~120 ppm

potentially accumulated on European coasts (Sun et al., 2016;

Zheng and Nowack, 2021), though nanoparticle pollution has

been invisibly but certainly spread out over marine environment.

Considering sedimentation of nanoparticles after aggregation,

benthic fauna is dominantly exposed to pollutants. Long-term

experiments are crucial to examine an extended cytotoxicity of

marine organisms including meiofauna as happen in nature. These

studies will help to estimate toxic tolerance of marine organisms to

nanoparticles for sustaining marine ecosystem under a harmful

impact of nanoparticles pollution.
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5 Conclusions

This study succeeded to conduct long-term culture experiments

based on the exposure of a marine foraminiferal strain, A. veneta, to

1, 5, 10, and 50 ppm TiO2 NPs. This species had been known to

have a detoxification mechanism for TiO2 NPs by the previous

transcriptome analysis. Our TEM observations showed that these

foraminifers took TiO2 NPs into vesicles and ejected some of them

even at 5 ppm TiO2 NPs exposure. However, foraminifers stopped

growing in the early stage of 5-week culture experiments under 5

ppm TiO2 NPs exposure despite the availability of food. These

findings indicate that the foraminiferal detoxification system could

be disrupted by over 5 ppm TiO2 NPs. The demand for TiO2 NPs

has grown and their concentration is estimated at up to 120 ppm

around the European coast nowadays. Such acceleration of

discharging TiO2 NPs to the ocean could moderate the

foraminiferal detoxification ability leading a breakdown of marine

ecosystem, because meio-benthos such as foraminifers play an

important role for marine food chain. Future studies will be

required to examine toxic mechanisms of various marine

organisms, for understanding an effect of nanoparticles to the

entire marine ecosystem including meiofauna.
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Trophic transfer of PFAS
potentially threatens vulnerable
Saunders's gull (Larus saundersi)
via the food chain in the coastal
wetlands of the Yellow
Sea, China
Dini Zhang1,2†, Wei Liu1,2,3*†, Yu Xin4, Xiaoshou Liu3,
Zhenhua Zhang1,2 and Yan Liu1,2*

1State Environmental Protection Key Laboratory of Biodiversity and Biosafety, Ministry of Ecology and
Environment of China, Nanjing, China, 2Nanjing Institute of Environmental Sciences, Ministry of
Ecology and Environment of China, Nanjing, China, 3Institute of Evolution and Marine Biodiversity,
Ocean University of China, Qingdao, China, 4Department of Ecological Monitoring, Nantong
Environmental Monitoring Centre of Jiangsu Province, Nantong, China
Perfluoroalkyl and polyfluoroalkyl substances (PFAS) have been extensively

documented as posing significant health risks to human populations. However,

there is a lack of research of their impact on endangered species, which significantly

affects the effectiveness of conservation efforts and maintenance of these

populations. In this study, we examined the levels of PFAS pollution in adults and

juveniles of the vulnerable Saunders’s gull (Larus saundersi), along with their various

food sources using ultra high-performance liquid chromatography-tandem mass

spectrometry and Ecopath model. Long-chain PFAS, predominantly composed of

perfluorooctanoic acid (accounting for 51.4% of the total), were identified as the

main pollutants in the gull, its food, and the environment. Saunders’s gulls showed

significant bioaccumulation and magnification of PFAS, with contamination levels

significantly above those recorded in other species. Mean PFAS levels between

juveniles (904.26 ng/g wet weight) and adults (407.40 ng/g wet weight) revealed a

significant disparity, indicating that PFAS pollution may severely threaten these birds.

Among the food sources analyzed, bivalves and polychaetes emerged as the primary

contributors to PFAS contamination in Saunders’s gulls, with high transfer efficiency.

The fundamental cause of PFAS pollution in benthic organisms and the gulls appears

to be baseline environmental pollution, which was highly consistent across all

examined pollutant types. Moreover, chemical plants close to breeding areas may

cause severe environmental pollution, threatening organisms at various trophic

levels through the food web. We suggest enhancing the pollution monitoring of

important biological habitats for timely prediction and early warning of chemical

risks. Additionally, ecological restoration of key habitats should be strengthened to

ensure the effectiveness of biodiversity conservation.
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shorebirds, food web, PFAS, pollution, threatened species
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1 Introduction

As portrayed in Rachel Carson’s book Silent Spring, large

amounts of chemical pollutants deposited in the environment

seriously threaten ecosystem health and human well-being, while

precipitating a sharp decline in biodiversity (Jaureguiberry et al.,

2022; Sylvester et al., 2023). Some emerging pollutants such as

persistent organic pollutants have been detected in many terrestrial

or aquatic organisms, including the common dolphins (Delphinus

delphi), Cod (Gadus morhua) and white-tailed sea eagles

(Haliaeetus albicilla), which have significantly hindered the

effectiveness of biodiversity conservation efforts (Kannan et al.,

2002; Falandysz et al., 2007). Hence, Target 7 of the Kunming-

Montreal Global Biodiversity Framework was established to

mitigate pollution risks and minimize the adverse impact of

pollution from all sources to levels that are not detrimental to

biodiversity and ecosystem functions and services, taking into

account their cumulative effects, by 2030 (https://www.cbd.int/

doc/c/e6d3/cd1d/daf663719a03902a9b116c34/cop-15-l-25-en.pdf).

The Stockholm Convention entered into force in 2004 with the aim

of reducing or eliminating persistent organic pollutant emissions

and protecting human health and the environment from these

p o l l u t a n t s ( h t t p s : / / c hm . p o p s . i n t / Th eCon v e n t i o n /

ConferenceoftheParties/ReportsandDecisions/tabid/208/ctl/

Download/mid/6863/Default.aspx?id=101&ObjID=7671). In spite

of these multiple and ambitious international agreements that have

been established over several decades, the degradation of

ecosystems and the consequent decline in biodiversity persist,

with some instances even showing an acceleration.

PFAS are emerging pollutants of considerable relevance with

characteristics of biotoxicity, environmental persistence, and

bioaccumulation (Evich et al., 2022). PFAS are anthropogenic

substances that contain high-energy carbon-fluorine covalent

bonds (C-F), which have been produced and widely used in

industrial and civilian applications, including the production of

clothing, blankets, and electroplating, for over 50 years (Dickman

and Aga, 2022). Recent studies and reports have found that PFAS

are widespread in drinking water, air, soil, foods, food packaging

materials, wild organisms, and has a potential risk of

biomagnification in the food chain (Wee and Aris, 2023). The

existence of PFAS in organisms is of particular concern given the

demonstrated harmful effects to health, including impacts on the

reproductive system and immune function (Bach et al., 2015; Stein

et al., 2016).In addition to humans, many endangered wildlife

species suffer from PFAS contamination. Cui et al. (2019)

presented the initial findings regarding the presence of PFAS in
Abbreviations: PFAS, perfluoroalkyl and polyfluoroalkyl substances; PFCAs,

perfluorocarboxylic acids; PFSAs, perfluoroalkanesulfonic acids; PFBA,

perfluorobutanoic acid; PFBS, perfluoro-1-butane sulfonic acid; PFDA,

perluorodecanoic acid; PFDoDA, perfluorododecanoic acid; PFDS, perfluoro-1-

decanesulfonate; PFHpA, perfluoroheptanoic acid; PFHxA, perfluorohexanoic

acid; PFHxS, perfluoro-1-hexane sulfonic acid; PFNA, perfluorononanoic acid;

PFOS, perfluorooctanesulfonic acid; PFPeA, perfluoro-n-pentanoic acid;

PFUnDA, perfluoroundecanoic acid; PFOA, perfluorooctanoic acid; PFTeDA,

perfluorotetradecanoic acid.
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the blood and dietary sources of two endangered primate species,

the golden snub-nosed monkey (Rhinopithecus roxellana) and

Francois’ leaf monkey (Trachypithecus francoisi). Since PFAS are

enriched in living organisms through the food chain or food web,

species at higher trophic levels will have higher levels of

contamination, representing a threat to wildlife survival and

population continuation. Most current PFAS exposure research

has focused on some special taxa such as seabirds and raptors

(Colomer-Vidal et al., 2022; Sun et al., 2022), as important indicator

species of environmental change, whereas related studies on

shorebirds that are highly dependent on wetland habitats are

rather limited (Ma et al., 2022). Given that environmental

pollution is one of the most important drivers of the rapid

decline of shorebird populations, lack of knowledge of the current

status of their PFAS occurrence is not conducive to the conservation

of endangered species such as Eurynorhynchus pygmeus, Larus

saundersi, and Tringa guttifer (Murray et al., 2018; Ma et al.,

2023). For example, concentrations of Perfluorooctane sulfonate

(PFOS) in the whole eggs of herring gulls (Larus argentatus) from

two coastal areas in northern Norway were found to have increased

significantly by a factor of nearly two between 1983 and 2003, which

then leveled off in 2003 (Verreault et al., 2007). Charadrius

alexandrinus in China are widely exposed to the pollution stress

from PFAS, and PFAS concentrations in adult and juvenile birds

have reached dangerous levels (Sun et al., 2023). Thus, there is a

huge gap concerning the biodiversity conservation and pollution

abatement of threatened and vulnerable shorebirds.

Chemical pollution, especially PFAS pollution, has received

relatively less attention as a contributing factor to global

biodiversity loss compared to other factors (Sonne et al., 2023).

China’s chemical industry has been the largest in the world in view

of revenue since 2011, especially mainly distributed in some coastal

provinces, such as Jiangsu and Shandong (Chen and Reniers, 2020).

Due to these sites of chemical industry usually were selected in the

undeveloped area with extensive natural habitats, it would

formulate a nonnegligible threat on biodiversity and ecosystem

health. Not addressing these pollution effects may significantly

compromise the effectiveness of biodiversity conservation efforts.

Therefore, to fill this gap, we focused on the endangered shorebird

species Saunders’s gull (Larus saundersi) in the wetland along the

coast of Jiangsu, and analyzed the transfer of PFAS from substrates

to foods and to birds to explore the threat of these pollutants from

the adult to juvenile stage. The vast wetland along the coast of

Jiangsu supports a large flock of migratory, wintering, and breeding

birds with abundant food and suitable habitats. Some endangered

bird species are highly dependent on this coastal mudflat, including

the spoon-billed sandpiper, Nordmann’s greenshank, and the

black-faced spoonbill (Yang et al., 2020). Saunders’s gull (Larus

saundersi) is classified as “vulnerable” on the International Union

for Conservation of Nature (IUCN) Red List (https://

www.iuCnredlist.org/species/22694436/132551327), which fed

mainly on small fish, crustaceans, and polychaete worms (https://

birdsoftheworld.org/bow/species/saugul2/cur/introduction), breeds

in eastern mainland China, and sporadically at sites on the south-

west coast of South Korea. Saunders’s gull faces endangerment due

to habitat loss primarily caused by the diminishing stretches of
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common seepweed habitat in the study area and adjacent regions

(Jiang et al., 2010). This study area thus plays a vital role in the

migration, breeding, and conservation of Saunders’s gull.

The results would serve as a theoretical foundation for bird

protection and pollution abatement in the biodiversity hotspot.

Overall, our work on PFAS pollution in bird habitats can provide

not only a scientific basis for the protection of important

bird species and data support for the transfer of PFAS in the

food chain, but can further offer a reference to facilitate

evaluations of the pollution and inform strategies for appropriate

habitat management.
2 Material and methods

2.1 Sample collection

In the breeding period (April to August) of 2022, eight fresh

carcasses of Saunders’s gull (hereinafter “gull”) were collected on

the coast of Xiaoyangkou in Nantong, Jiangsu, China, where there

was a chemical plant nearby (Figure 1), including five adult

individuals and three juvenile individuals. Highly putrefied

carcasses were discarded because of the potential environmental

pollution. We dissected these carcasses to obtain chest muscle

samples. To determine the content of PFAS in the food of the
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gull, sediment samples and three types of macrobenthos were

collected in these gridded sampling sites in April 2022 (Figure 1),

including clamworm (Perinereis nuntia), bivalve (Meretrix

meretrix), and shrimp (Acetes chinensis). Macrofauna were

collected from 9 sampling sites (Figure 1). In the selected sites,

the coastal habitat was quantitatively sampled four times each to the

sediment depth of 30 cm using a quadrat (25 cm × 25 cm). A 0.5-

mm mesh was utilized to sieve the invertebrate samples in the

foraging area, including clamworms, bivalves, shrimps, and

sediment samples. All samples underwent lyophilization,

homogenization, and storage at −20°C until analysis. Sample

collection adhered to national ethical guidelines (Animal

management regulations, Order No. 2 of the State Science and

Technology Commission, China, 1988), and the collection of

carcass samples due to natural causes was given its approval by

Jiangsu Wildlife Protection Station (Approval [2017] No. 14).
2.2 Sample pretreatment and analysis

Samples underwent extraction procedures according to the

methods outlined by Wang et al. (2021), which are elaborated in

detail in the supplementary information (refer to Supplementary

Figure S1). The solutions were centrifuged for 3 minutes at 10000

rpm and filtered through a 0.22 mm membrane as a final step before
FIGURE 1

Location of study area and sampling point in the Yellow Sea mudflat.
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being analyzed using ultra high-performance liquid chromatography

(UHPLC)-tandem mass spectrometry (MS/MS). Target PFAS tested

encompassed perfluorobutanoic acid (PFBA), perfluoro-n-pentanoic

acid (PFPeA), perfluorohexanoic acid (PFHxA), perfluoroheptanoic

acid (PFHpA), perfluorooctanoic acid (PFOA), perfluorononanoic acid

(PFNA), perluorodecanoic acid (PFDA), perfluoroundecanoic

acid (PFUnDA), perfluorododecanoic acid (PFDoDA),

perfluorotetradecanoic acid (PFTeDA), perfluoro-1-butane sulfonic

acid (PFBS), perfluoro-1-hexane sulfonic acid (PFHxS),

perfluorooctanesulfonic acid (PFOS) and perfluoro-1-decanesulfonate

(PFDS). The four chemical compounds (PFBA, PFPeA, PFHxA, PFBS)

were classified into the short-chain group based on their carbon

content, while the remaining compounds belonged to the long-chain

category. The UHPLC-ESIMS/MS conditions and instrument

parameters are provided in Supplementary Table S1. The native and

mass-labeled PFAS standards used in this study were consistent with

those utilized in a prior study (Wang et al., 2021). Multi-reaction

monitoring mode was used for quantitative analysis, and

Supplementary Table S2 lists the ideal MS/MS parameters for the 14

PFAS along with nine surrogate standards. Acquisition and processing

of quantitative data from samples and internal calibration standards

were made easier by the Analyst software (AB SCIEX, v1.6).
2.3 Quality assurance and control

Prior to use, all laboratory equipment and solvents underwent

testing to prevent contamination. To minimize potential laboratory

background pollution, two extraction blanks were processed for

each batch, yielding undetectable levels of PFAS. The LOQs were

assessed as 10 times the standard deviation of the blank samples

fortified at 10 ng/g w.w (Wang et al., 2021). The limit of detection

(LOD) and the limit of quantification (LOQ) in samples were 0.01-

0.05 ng/g and 0.03-0.15 ng/g respectively. Recovery (RE) was

calculated for each analyte using the ratio between the actual

calculated values of matrix spike sample and spiked values of

samples according to the formula: RE % = (actual calculated

values/piked values) × 100%. Matrix spike recovery was

performed with 3 ng/g contamination levels for five sample

matrix from the reference site. Matrix spike recoveries of target

compounds ranged from 72.98% to 121.63% for five sample matrix

with the relative standard deviation (RSD) values ranged between

0.79% to 19.96% (Supplementary Table S3).
2.4 Data analysis

Statistical analyses were conducted for PFAS compounds with

detection frequencies exceeding 50%; in cases where the PFAS

concentration was less than the LOQ, the value of LOQ/2 was

utilized in the calculations. T-tests were employed to compare

concentrations between juvenile and adult gull group, with

statistical significance set at p < 0.05. Statistical analyses,
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including principal components and visualizations of the results

were performed using SPSS 22 (IBM Co, Armonk, NY, USA),

OriginPro 2023b (Origin Lab Corporation), and R software.

According to previous research on Saunders’s gull (Wang et al.,

2017), the isotope values from sediment samples, invertebrate, and

bird samples were acquired. The biomass data of invertebrates and

birds in the study area were obtained from Wang et al. (2019)

(Supplementary Table S4). We employed the Ecopath model within

Ecopath with Ecosim (EwE model) (Christensen andWalters, 2004)

and followed the methodology outlined by Walters and Christensen

(2018) to integrate biomass, contaminant concentrations, and

production (on a logarithmic scale) as chemical tracers of the

food web structure. The EwE model uses a series of linear

equations to describe the balance of energy flow or material flow

in each functional group of the ecosystem, and makes the whole

ecosystem reach equilibrium by establishing a food web, so as to

obtain a static equilibrium model of the ecosystem at a given time,

and the basic equations used to balance each functional group are:

Bi(
P
B
)iEEi −oj(

Q
B
)jDCji − Yi − BAi − Ei = 0

where: for functional group i, P is its production; B is its biomass

(which can be expressed in terms of wet weight, dry weight, energy,

nutrient content such as C, N); EE is its Ecotrophic Efficiency (EE),

which is usually less than 1; Q is the proportion of food consumed by

the predator; and); EE is its ecotrophic efficiency (EE), which is

usually less than 1; Q is the proportion of food consumed by the

predator; and BAi is the bioaccumulation rate of functional group i;

DC is an n x m food matrix (where n is the number of predators and

m is the number of baits) describing the predator-prey relationship

between functional groups; DCji is the proportion of bait i in the diet

of predator j; Yi is the amount of catch; Ei is the net migration rate

(emigration minus immigration; in the present model, all functional

groups live in the same ecosystem and Ei is 0).

According to the principle of functional group setting in the

model, sediment samples, shrimp, clam, bivalve and Saunders’ gull

were classified into five ecological functional groups in this study.

According to the analysis of structure and energy flow among 20

functional groups in the study area (Wang et al., 2019), we obtained

the biomass (B), P/B coefficient, Q/B coefficient of each functional

group in this study and other parameters (Supplementary Table S4).

The ecological trophic conversion efficiency (EE) refers to the

conversion efficiency of the production volume of the functional

group, which is a more difficult parameter to obtain, and the model

set it as an unknown parameter, which was derived from other

parameters by debugging the model. Based on the previous research

on the diet of Saunders’ gull on the coast of the Yellow Sea (Wang

et al., 2017), the food composition matrix from prey (sediment

samples, shrimp, clam, bivalve) to predator (Saunders’s gull) was

obtained (Supplementary Table S5). After inputting these

model parameters, the fractional trophic level was generated,

integrating energy flow and food composition, as well as the

ecotrophic efficiency.
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3 Results

3.1 Detection rate and concentrations
of PFAS

The results of testing 14 PFAS in five samples showed that

PFOA, PFBA, PFUnDA, PFDA, PFNA, PFOS, and PFHxS had

higher detection rates than the remaining PFAS tested (57.17–

100%). The organisms exhibited varying concentrations of PFAS

compounds, with PFOA being the most prevalent at 51.4% (mean

proportion) of the total PFAS concentration, followed by PFBA

(16%), PFOS (15.2%), PFUnDA (5.4%), PFNA (4.6%), PFDA

(2.6%), and PFDoDA (1.4%). Lower detection rates (2.22−42%)

were found for PEDoDA, PFHpA, PETeDA, PFPeA, PFHxA, PFBS,

and PFDS. The average detection frequency of long-chain PFAS

(50.35%) was higher than that of short-chain PFAS (32%).
3.2 Differentiation of PFAS between adults
and juveniles

All 14 PFAS detected in the juvenile (n = 3) and adult (n = 5)

gull chest muscle are presented in Figure 2; Supplementary Table

S6; the concentrations of only PFBS and PFDS were below the LOD

of the analytical method. In comparison to adult gulls (mean:

407.40 ng/g ww), juvenile gulls exhibited significantly higher

concentrations of total PFAS levels in their chest muscles (mean:

904.26 ng/g ww), highlighting a notable disparity. Additionally, the

levels of total PFSA in the chest muscles of juvenile gulls (mean:

399.49 ng/g ww) were markedly elevated compared to those in

adults (mean: 18.90 ng/g ww; p < 0.05). The differences in the levels

of PFUnDA, PFDA, PFDoDA, and PFOS between the two groups
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were significant (p < 0.05), with concentration ranges of 41.47–

134.75, 23.62–82.32, 10.59–31.60, and 187.49–732.05 ng/g ww,

respectively, in juvenile gulls, and not detected–6.31, not

detected–8.07, not detected–13.18, and 0.62–57.78 ng/g ww,

respectively, in adult gulls.
3.3 Comparison of PFAS in gulls and
their food

PFAS concentrations varied across the organisms collected from

the mudflat in the Yellow Sea, ranging from 9.42 ng/g ww (shrimp)

to 593.72 ng/g ww (gull chest muscle). Total concentrations of PFAS

in the samples followed the sequence gull > clamworm > bivalve >

shrimp (refer to Supplementary Table S7; Figure 3), potentially

indicative of variations in their bioaccumulative capacities,

environmental surroundings, physiology, and dietary preferences.

Regardless of taxa, PFOA, PFBA, and PFOS emerged as the

predominant substances detected in the organisms. Their

respective concentration ranges were 0.47–677.44, not detected–

517.70, and 23.5–682 ng/g ww. Notably, the highest levels of PFAS

residues were found in the chest muscle of gulls (ranging from

11.82–677.44 ng/g ww). Previous studies with sampling locations

distributed in coastal wetlands such as the North Pacific and Arctic

Ocean detected a PFOS content in bird muscles in the range of 0.8-

65.8 ng/g, which is much lower than the range detected in the present

study (Supplementary Table S8).

The sediment samples exhibited total PFAS concentrations

ranging from 0.05 to 9.10 ng/g, aligning closely with earlier

findings in the Yellow Sea (Zhong et al., 2021), yet notably lower

than the levels detected in organisms. Only PFOA, PFBA, and PFOS

were above the LOD among the analyzed PFAS at the
FIGURE 2

Concentrations of ∑PFCAs, ∑PFSAs and ∑PFAS in chest muscle from juvenile and adult. * indicated p < 0.05. Juvenile gull (n=3) and adult
gull (n=5).
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concentrations of PFOA (0.92 ng/g), PFOS (0.44 ng/g) and PFBA

(0.27 ng/g), respectively (Supplementary Table S7).
3.4 Trophic transfer and bioaccumulation
of PFAS

The Sankey diagram revealed the correlation among different

creatures, the type and characteristic of PFAS (Figure 4A). The types

of PAFS in gulls was more abundant than sediment and invertebrates.

Most of PFAS existing in gulls and invertebrates were clustered into

long-chain group, and only five types of short-chain PFAS were

detected. A principal component analysis was used to assess the

connections between the 14 PFAS response signals and five different

kinds of samples (Figure 4B). The combined contribution rate of the

first two principal components (PC1 and PC2) to the total variation

in PFAS levels was 63.11% (Supplementary Table S7), which was

highly reliable for explaining the composition of PFAS. Meanwhile,

PFNA, PFOA, PFDA, PFHpA, PFDoDA, PFUnDA, PFOS had

higher contribution for grouping and describing the PFAS in the

study area (Supplementary Figure S2; Figure 4B). PFBS and PFDS

were negatively correlated with PC1 and PC2, indicating that these

two indicators were not detected or had lower detection values in

each group. Other 12 indicators were positively correlated with these

two components. The bivalve, shrimp, and sediment groups showed

good intragroup repeatability and high similarity in the sample data,

whereas the gull group was more dispersed and differed from the

other clusters, consistent with the results shown in Supplementary

Table S8.

The predicted trophic and bioaccumulation networks for

Saunders’s gulls are shown in Supplementary Table S4 and

visually displayed in Figure 5. According to the analysis of the

biomass networks, the model grouped the nutrient flows of the
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system into seven frictional trophic levels (Figure 5A). The energy

flow pathways for black-billed gulls were dominated by a grazing

food chain, i.e. sediment-shellfish-shrimp-Saunders’s gulls, or

sediment-shellfish-Saunders’s gulls (Figure 5A). Mussels and

clams are the main food sources for black-billed gulls. Similar to

the energy transfer, PFAS showed similar transfer characteristics in

the food chain of Saunders’s gulls. The most prevalent groups in

terms of fluxes and biomass are those that occupy lower trophic

levels. Trophic levels and biomass values showed a negative

correlation. In comparison, as trophic levels increased, so did the

bioaccumulation values of PFAS. As a result, a biomagnification

phenomenon was observed, as the network plot illustrates

(Figure 5B). Notably, the estimated PFAS values in clamworm

were higher than those in the other food sources for the gull.
4 Discussion

4.1 PFAS concentrations and composition
profiles in organisms and the sediment

This results showed that the highest levels of PFAS (11.82–

677.44 ng/g) were detected in the gull muscle, which were higher

than those previously reported for other seabird species elsewhere

(Supplementary Table S9) (Olivero-Verbel et al., 2006; Haukås

et al., 2007; Chu et al., 2015; Chen et al., 2018; Robuck et al.,

2021). The main detected species of PFAS in endangered gulls in

China’s offshore regions were PFOA (Juvenile mean = 234.19 ng/g;

Adult mean = 144.11 ng/g) and PFOS (Juvenile mean = 398.03 ng/g;

Adult mean = 16.13 ng/g), which is aligning with our research

outcomes. Previous reports indicated the lowest visible adverse

effect level of PFOS was 100 ng/g of egg weight (Molina et al.,

2006). Furthermore, a significant reduction in hatchability was
FIGURE 3

Box plot of concentrations of ∑PFCAs, ∑PFSAs and ∑PFAS in Saunders's gull (n=8), clamworm, bivalve, shrimp and sediment samples.
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observed in chicken (Gallus domesticus) embryos injected with 0.1

mg of PFOS per gram of egg, a concentration representative of

environmentally relevant exposures (Molina et al., 2006).

In addition, the alternative PFBA was also detected at high

concentrations, in line with the shifting trend in the production and

use of PFAS in the coastal cities of eastern China from the

traditional long-chain PFAS to the newer short-chain PFAS

(Mahoney et al., 2022). The detection of high concentrations of

PFOS, PFOA and PFBA in all samples can be attributed to the

persistent nature of these compounds and their elevated

environmental concentrations. This underscores the significant

biomagnification potential of PFAS. The concentration pattern of

PFAS in target species can be influenced by various biological

factors such as size/age, feeding ecology, migration, and

biotransformation. Accumulation of PFAS in seabirds may stem

from compound retention; however, this phenomenon may also

arise from the ability of PFAS to biotransform and eliminate other

less persistent nature (Haukås et al., 2007).
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4.2 Differences in PFAS enrichment levels
between juvenile and adult gulls

In this study, it was observed that total PFAS muscle

concentrations were significantly higher in juvenile gulls

compared to adult gulls, particularly for long-chain PFAS such as

c11-PFUnDA, c10-PFDA, c12-PFDoDA, and c8-PFOS. The toxic

effects of PFOS and/or PFOA in juveniles may surpass those

observed in adults, potentially leading to oxidative stress,

disruptions in endocrine and metabolic processes, reduced

hatching success or weight gain, and even mortality (Costantini

et al., 2019). Some prior investigations have examined potential

differences in PFAS concentrations between juvenile and adult

animals. For instance, Buytaert et al. (2023) found no discernible

difference in PFAS plasma concentrations between juvenile and

adult great tits. Conversely, in mallards (Anas platyrhynchos), PFOS

concentrations were observed to increase with age (Newsted et al.,

2006). Bustnes et al. (2013) reported a positive correlation between
FIGURE 4

The Sankey diagram of PFAS at different trophic levels (A). The left pink circle represents the concentration of PFAS in different sectors in (A). In the
Sanger plot, Color lines and numbers represent the flow between different parts. The size of the histogram of different components indicates the
percentage of concentration and the value (%) represents the proportion associated with each measure. Principal component analysis (PCA)-based
correlation biplots of pollutant concentrations (14 PFAS) in samples (B). The closer the straight line of arrows in the figure is to the outer circle, the
larger the impact of the factor. The bluer and darker the color of the straight line, the greater the contribution of the factor. The size of the circle
indicates the relative concentration of PFAS in individuals of that species. Saunder’s gull (n=8), clamworm (n=5), bivalve (n=5), shrimp (n=6) and
sediment (n=9).
FIGURE 5

Estimated networks of trophic level and energy flow of Saunders’s gull biomass (A) and PFAS bioaccumulation (B). Nodes represent functional
groups with size proportional to the biomass content (t/km2) (A) or PFAS concentration (ng/g) (B). Lines depict feeding connections, illustrating the
flow of biomass (A) and contaminants (B) from prey to predator. (A, B) have the same fractional thermodynamic level, indicated by the left number.
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PFAS levels and age in goshawks (Accipiter gentilis) and white-

tailed eagle (Haliaeetus albicilla) nestlings, with PFOS plasma

concentrations showing a marked increase over time.

Furthermore, Dauwe et al. found that, given the mobility and

wide rang of adult great tits, they may cover a greater region

around the source of pollution and may be negatively impacted

by local PFOS contamination, as suggested by the high levels of

PFOS found in them. Great tit nestlings mostly eat food that has

been obtained nearby the nesting site, therefore the PFOS

concentrations in the nestlings more closely represent local

pollution than the concentrations detected in the adults (Dauwe

et al., 2007). Nevertheless, the limited sample size in our study

constrains our ability to make definitive conclusions regarding these

age-related differences. In addition, Ricolfi et al. (2024) found

through meta-analysis that wild birds exhibit maternal to

offspring transfer of perfluorinated compounds, and found that

the concentration of PFAS in offspring was 41% higher than that in

the mother. In this study, the total concentration of PFAS in

juvenile birds was more than 50% higher than that in adult birds,

indicating the possibility of maternal metastasis.
4.3 Transfer of PFAS in the food chain

Previous research has found that organisms higher in the food

chain contain significantly higher concentrations of PFAS than

those lower in the food chain, indicating the biomagnification

effects of PFAS (Evich et al., 2022). Huang et al. (2022) conducted

research to examine the presence and transfer dynamics of PFOS

and short-chain PFBA within a typical terrestrial food chain,

focusing on the plant-pika-eagle ecosystem in the Nam Co Basin

of the Tibetan Plateau. Their findings revealed varying

concentrations of PFOS and PFBA across different components of

the food chain, showcasing a notable biomagnification trend.

Grønnestad et al. (2019) conducted a study to analyze the

presence, distribution, and biomagnification tendencies of PFOS

in the soil, earthworms (Eisenia fetida), and voles (Myodes

glareolus) within a ski resort situated in Wittenham. The results

showed that the biomagnification factor of PFOS was greater than 1,

but the concentration levels at higher trophic levels (such as top

predators) might be much higher (Grønnestad et al., 2019). Ali et al.

(2021) conducted a study to explore how PFAS uptake and fate are

influenced by both abiotic factors (water, snow, sediment) and

biotic factors (zooplankton, benthos, fish, crabs, gulls) in the marine

ecosystem of an Arctic fjord near Longyearbyen (Svalbard, Arctic

Norway). The concentration of PFAS increased with the trophic

level from plankton to polychaetes, crabs, fish liver, and seagull liver

(Ali et al., 2021).

Wetlands play a crucial role in ecosystem equilibrium,

biodiversity conservation, and the preservation of endangered

species. PFAS can have significant impacts on high ecological

niche predators through bio-magnification, which may indirectly

affect other species through the food chain. Saunders’s gull, as the

species of focus selected for this study, is an important component

of the wetland ecosystem, and the accumulation of PFAS in its body

may have a knock-on effect on the entire ecosystem. For example, as
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a bio-indicator species, the health and reproductive status of gulls

can reflect the overall “health” of the marine environment (Rajpar

et al., 2018). Therefore, this pollution may not only affect the gulls

themselves but also other species in the ecosystem where they

are located.

Our results indicate that the concentrations of PFAS in the

pectoral muscles of gulls are much higher than those in their food

sources (clamworm, shrimp, and shellfish) and sediment in their

habitats. This difference may be related to biological amplification,

where the concentration of pollutants in organisms increases with

the increase of nutrient levels in the food chain. As a high trophic

level organism, the accumulation level of PFAS in gulls is

particularly noteworthy. These findings reveal the transmission

pathways of PFAS in the food chain and their accumulation

characteristics in different ecological environments (Routti et al.,

2015). In addition, the physiological characteristics and lifestyle

habits of different biological species may also have an impact on the

accumulation of PFAS (Ding et al., 2020).

The distribution of PFAS in environmental matrices is also

influenced by various factors, including biological species, habitat

characteristics, and pollution sources. For example, the distribution

of PFAS in wetland ecosystems may be related to local industrial

activities and pollution discharge (Zhong et al., 2021). This finding

emphasizes the importance of gaining an in-depth understanding of

the distribution patterns of PFAS in different environmental

matrices, especially in developing effective environmental

protection and pollution prevention strategies.

Overall, this study provides an important perspective for

understanding the behavior of PFAS in the food chain and

different environmental matrices. This is of great significance for

evaluating the potential impact of PFAS on biodiversity and

developing effective management measures for PFAS pollution. In

addition, this work also provides a scientific basis for future

environmental monitoring and ecological risk assessment.
4.4 Policy implications and
habitat management

Based on this study, we identified several environmental

problems in the coastal areas of China, including a high number of

chemical enterprise parks along the coast, the lack of effective

treatment measures for PFAS, and the low concern for PFAS in

organisms (especially endangered species). Therefore, drawing from

the findings of this study, we suggest the following recommendations.

First, formulation and improvement of relevant regulations are

necessary. It is crucial to strengthen the development and

refinement of legal frameworks, particularly those pertaining to

environmental protection in specific areas. This includes integrating

international conventions such as the Stockholm Convention to

establish stricter and more detailed environmental regulations that

cater to the unique environmental issues and ecological

characteristics of the local region. For instance, specific provisions

should be made at the local level for the protection of coastal

wetlands, establishment of industrial emission standards, and

regulation of pollutants. Moreover, these regulations should be
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routinely updated to address evolving environmental challenges

and emerging contaminants.

Second, there is a need for timely monitoring of factory

hazardous waste discharges. Strengthening the surveillance of

discharge points at chemical plants is a vital strategy for

controlling environmental pollution. This approach should

encompass not only traditional chemical monitoring methods but

also biological monitoring techniques such as using benthic

organisms and birds as bio-indicators to assess environmental

health. Biological monitoring offers direct insights into how

pollution impacts ecosystems, aiding in the identification and

tracking of pollution sources. Additionally, this enhances

transparency in the discharge practices of chemical factories and

raises public awareness about environmental pollution.

Third, further exploration and implementation of innovative

environmental management technologies are required. By

combining membrane technology and bioremediation, we can

effectively filter and isolate pollutants, thereby naturally reducing

the concentration of contaminants in the environment. These

technologies are versatile, as they are applicable not only to water

purification but also to soil remediation and air purification

(Giorno, 2022), playing a crucial role in diminishing toxic

substances in the environment. The development of

bioremediation techniques is particularly vital for use in areas of

critical biodiversity. These methods can minimize secondary

pollution during the treatment process and offer significant

means for managing pollution in protected areas and heritage sites.

Finally, the management of wetland protected areas and

research on new types of pollutants will need to be strengthened.

In particular, the scientific and systematic nature of wetland

protected area management should be strengthened. This includes

comprehensive research on wetland ecosystems and the

development and implementation of scientific management plans

to balance urbanization and ecological protection. To further our

understanding of the effects of these contaminants, more study

should be done on novel pollutant classes including PFAS. At the

same time, public awareness of environmental protection and

biodiversity conservation should be raised through public

education and publicity campaigns to promote the participation

of the whole society in environmental protection.
5 Conclusion

In this study, we detected the levels of 14 PFAS in Saunders’s

gull and food chain samples collected from the Yellow Sea beach

wetlands adjacent to the chemical plant. The concentrations of

PFAS in gulls were greater than those previously reported for other

local shore birds and varied considerably among individuals. The

total PFSA level was significantly higher in the muscles of juvenile

gulls than in adult gulls, suggesting that PFSA are transferred

maternally and re-exposed through food after hatching. Total

PFSA concentrations in all biological samples gradually increased

when moving up the food chain, confirming PFSA food chain

amplification. Long-chain PFOA, PFOS, and short-chain PFBA
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emerged as the primary substances found across multiple

organisms, confirming the environmental persistence of long-

chain PFAS and signaling a gradual transition in China’s PFAS

production towards short-chain alternatives. It is important to

acknowledge that we collected a limited sample size of Saunders’s

gull and did not establish a toxicity reference value or lowest visible

adverse effect level for the gull muscle, which could potentially

constrain the interpretation of individual toxicity or biological/

ecological impacts. Consequently, additional studies should be

conducted to map these thresholds.
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A study on the transfer of
radionuclides and of the
resulting radiation dose
assessment for marine organisms
on the eastern coast of
Yantai city
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Jianda Ji1, Dekun Huang1 and Tao Yu1

1Third Institute of Oceanography, Ministry of Natural Resources, Xiamen, China, 2Radiation
Environment Supervision Station of Fujian Province, Fuzhou, China
Oceans are repositories of radionuclides. Radionuclides are transferred

through the food chain and cause ionizing radiation hazards for marine

organisms. In this study, the transfer characteristics of 226Ra, 40K, 14C, 3H,
137Cs and 90Sr in organisms at different trophic levels in the eastern coast of

Yantai city were investigated. The risk of ionizing radiation to organisms was

assessed using the ERICA Tool 2.0. The results show no significant changes in

the concentration of any of the nuclides in the coastal area compared to the

preoperation period of the nuclear power plant. The transfer factor of 137Cs,
40K, 226Ra, 14C, 90Sr and 3H at the different trophic levels of marine organisms

were 2.09, 1.29, 1.17, 1.15, 1.06 and 0.74, respectively. The dose rates of ionizing

radiation to organisms from six radionuclides ranged from 32.02 nGy·h-1 to

195.49 nGy·h-1 and had a mean value of 102.86 ± 57.30 nGy·h-1. The main

artificial radionuclides (14C, 3H, 90Sr, 137Cs) released by nuclear power plants in

the study area produced negligible radiation doses to marine organisms.

However, other artificial radionuclides present in the effluents of nuclear

power plants (99Tc, 110mAg and 131I) as well as other natural radionuclides

(includes 210Po, 210Pb, etc) were not included, and further evaluation of these

is recommended.
KEYWORDS

radionuclides, amplification effects, biotrophic level, ionizing radiation, ERICA tool
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1 Introduction

The assessment of the exposure of biota to radiation is part of

the environment protection system (Maystrenko and Rybak, 2022).

Preventing or reducing the frequency of deleterious radiation effects

to a level where they would have a negligible impact on the

maintenance of biological diversity, the conservation of species, or

the health and status of natural habitats, communities and

ecosystems is one of the objectives of the International

Commission on Radiological Protection (ICRP) (ICRP, 2008).

Oceans are repositories of both naturally occurring and

anthropogenic radionuclides (Qiao et al., 2023). Radionuclides

present in the marine environment can be transferred in

organisms through food chains. The organisms are themselves

exposed internally to radiation from radionuclides that have been

taken up from the environment and externally to radiation in their

habitat (UNSCEAR, 2011). The direct hazards from ionizing

radiation have been found to manifest at different levels of

organization, from the subcellular level and individual organisms

to populations and ecosystems (Sazykina and Kryshev, 2003;

Garnier-Laplace et al., 2004). Radiation damage to genetic

material can result in far-ranging disasters through genetic

variation (ICRP, 1991; UNSCEAR, 2012). A comprehensive

understanding of the behavior of radionuclides in the ocean and

their radiological impact on the environment is of utmost

importance (Lee et al., 2023). Therefore, it is essential to study

the transfer of radionuclides in marine organisms and to conduct

risk assessments to aid in the protection of marine wildlife and

human health.

The large variety of species and radionuclides in the ocean, as well

as the different behavior of organisms toward these radionuclides,

contribute to multiple combinations of radionuclide transfer in

marine organisms. This exacerbates many difficulties in accurately

assessing the radiation risk to living species from radionuclides in

marine environments (Beaugelin-Seiller et al., 2019). The

identification of key radionuclides based on their potential

contribution to the radiation dose to marine organisms is one of

the key steps in assessing biological radiation risk. 226Ra and 40K are

the naturally occurring radionuclides that show the highest specific

activity in living organisms (Arogunjo et al., 2009; Lima et al., 2005).
14C and 3H are the two artificial radionuclides that contribute the

most to the total radiation dose that affects wildlife during normal

operation of a nuclear power plant (Beaugelin-Seiller et al., 2019;

IAEA, 2021; Tani and Ishikawa, 2023). 137Cs and 90Sr are important

artificial radionuclides released from nuclear power plants, and they

easily accumulate in organisms (Konovalenko et al., 2016;

Pinder et al., 2016). Therefore, 226Ra, 40K, 14C, 3H, 137Cs, and 90Sr

were used as radionuclides of interest in this research.

The general approach to assessing radiation doses to organisms

consists on constructing assessment models, including equilibrium

and dynamic models. The former applies to chronic exposures

under normal conditions, while the latter is more suitable for acute

exposures under accidental conditions (Vives I Batlle et al., 2016).

The Environmental Risk from Ionizing Contaminants: Assessment

and Management (ERICA) Tool, developed by the EU, is an

assessment model based on equilibrium conditions (Brown et al.,
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2016). In reality, there is no instantaneous equilibrium of

radionuclides between organisms and environmental media.

Therefore, the dynamic assessment model under accident

conditions is close to the real situation. Current models related to

dynamic assessment include the BURN-POSEIDON method

(Lepicard et al., 2004), the ANL method (Vives I Batlle et al.,

2016), the D-DAT method (Vives I Batlle et al., 2008), the

ECOMOD method (Sazykina, 2000), the IRSN method (Fiévet

et al., 2006), the NRPA method (Brown et al., 2004), and the

multicompartment kinetic–allometric (MCKA) model (Bezhenar

et al., 2021). The results calculated by the models tend to differ due

to the different models and the model parameters, as well as

influences from the uncertainties of the parameters being used

(Vives I Batlle et al., 2016).

Food chains (webs) are the support of material cycles and

energy flows in biological communities and ecosystems and are

important mediators of the impacts of marine pollutants on

ecosystems (Liu, 2013). Most radionuclides enter the biocenosis

from lower levels of the food chain, including those of autotrophic

organisms and bacteria, and then move with food to higher levels of

the food chain (Fisher et al., 2000; Wang et al., 1996). The trophic

level (TL) reflects an organism’s position in an ecosystem’s food

chain/food web and can be used to indicate the energy consumption

level of a species, as well as the ability of a particular population to

assimilate energy (Bo, 2005). In recent years, it has been recognized

that the changes of biological trophic level are influenced by a

combination of biotic and abiotic factors (Zhang and Tang, 2004).

The study of trophic levels has become an important indicator of

the marine environment for assessing and monitoring ecosystem

dynamics, biodiversity change and fisheries sustainability (Aydin

et al., 2003; Pauly et al., 2001). The accumulation of radionuclides in

marine organisms, which is similar to that of metal pollutants, is a

complex and dynamic process that is determined by a combination

of biological and environmental factors in the habitat and by the

nature of the nuclide (Fakhri et al., 2022; Ishii et al., 2020; Suk et al.,

2019). Kasamatsu and Ishikawa (1997) analyzed stomach contents

of fish samples together with 137Cs concentrations in the stomach

contents and demonstrated that the 137Cs concentration in preys of

predators increased with their trophic levels (Kasamatsu and

Ishikawa, 1997). Currently, carbon and nitrogen isotope

components have been widely used to analyze the trophic levels

and food sources of marine organisms to identify and determine the

processes by which heavy metals or organic pollutants accumulate

and flow in biological populations or food chains (Chouvelon et al.,

2019; Gao et al., 2021; Liu et al., 2019). However, carbon and

nitrogen isotope analysis techniques have not been reported in

marine radioactivity studies.

To study the transfer properties of these six radionuclides (3H,
226Ra, 40K, 14C, 137Cs, and 90Sr) at the different trophic levels, and to

assess the contribution of the major artificial radionuclides released

from the Haiyang nuclear power plant on the radiation dose to

marine species, the following studies were carried out in the

surrounding 30km sea area of the Haiyang Nuclear Power Plant.

First, the impact of Haiyang nuclear power plant operations on the

marine environment was investigated in November 2022 by

measuring radionuclide activity concentrations in the
frontiersin.org

https://doi.org/10.3389/fmars.2024.1377411
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Ni et al. 10.3389/fmars.2024.1377411
environment and in organisms. Second, through the analysis of

carbon and nitrogen isotope contents in organisms, the transfer

features of radionuclides in organisms at different trophic levels

were investigated. Third, multivariate statistical analyses were

performed to determine the correlation between different

radionuclide activities in the organism and the trophic level of the

organism. Finally, the radiation dose to organisms at different

trophic levels in the marine environment was assessed with the

ERICA Tool.
2 Materials and methods

2.1 Sampling and analysis

2.1.1 Sample collection
The Haiyang Nuclear Power Plant is located in Yantai city on

the Yellow Sea coast of China’s Jiaodong Peninsula. It is surrounded

by the sea on three sides. The commercial operation of the 2

AP1000 nuclear units in the plant started in October 2018 and

January 2019 and have been in operation for more than 4 years. In

November 2022, 18 sampling stations were deployed evenly along

the direction of the tidal field within the 30 km sea area of the

Nuclear Power Plant (Figure 1). A pump was used to collect 60 liters

of surface seawater into plastic drums at each sampling station. The

seawater was acidified to a pH less than 2 with 8 mol/L nitric acid
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and sealed. A 3-kg sample of marine surface sediment was collected

with a Peterson grab dredge (sampling volume 5 L, opening area 15

cm × 30 cm) at each sampling station and stored frozen in

polyethylene bags. Nine species of marine organisms were

collected from small fishing boats at port terminals near the

nuclear power plant (Table 1). These fishing boats were limited

by power constraints and they could only catch organisms within

30km of the nuclear power plant which is consistent with the range

of our survey stations. For each biological sample, 5 to 10 kg of fresh

sample was collected and frozen for preservation. Finally, the

samples were sent to the laboratory for further processing.

2.1.2 Sample processing and analysis
2.1.2.1 Sample processing

Seawater samples were decanted in the laboratory for 2-3 days,

and the clear liquid was drawn off with a siphon. Afterward, the
137Cs, 226Ra, 40K, 90Sr, 3H, and 14C content in seawater were

determined according to relevant national or industrial standards.

Briefly, the 137Cs in the seawater was first adsorbed with ammonium

phosphomolybdate (AMP) and then precipitated. Second, clear

seawater was aspirated by siphoning, and the AMP after

adsorption of 137Cs was filtered and collected (Third Institute Of

Oceanography, 2018). 226Ra was processed by coprecipitation with

barium sulfate. Afterward, the barium sulfate precipitates were

combined with the AMP precipitates and ashed in a muffle

furnace at 450°C. The ash samples were compacted and sealed in
FIGURE 1

Location of the study area and distribution of sampling stations.
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aF75 mm×75-mm cylindrical plastic sample box for 30 days before

measurement (Third Institute Of Oceanography, 2018). 3H content

in the seawater was measured by an ultralow-background liquid

scintillation counter (Environment, 2020). First, 1 L of seawater was

removed and distilled to reduce the conductivity, after which the

solution was electrolytically concentrated. Second, 8 mL of sample

was mixed with 12 mL of a liquid scintillation cocktail in a plastic

vial. Third, the resulting solution was stored in an LSC sample

holder for 12 hours in the dark before counting (Feng et al., 2020).
90Sr content in the seawater was measured by the di(2-ethylhexyl)

phosphoric acid (HDEHP) extraction-b counting method (Third

Institute Of Oceanography, 2018). First, a total of 2.00 ml of 100

mg/ml Sr(NO3)2, 1.00 ml of 20 mg/ml Y(NO3)2, 60 g of NH4Cl and

400 g of Na2CO3 were added to 40 L of seawater and then stirred for

30 minutes. Second, the precipitate was filtered, and then 10 mol/L

HNO3 was used to dissolve the precipitate. The solution was

extracted twice using 50 ml of 10% di(2-ethylhexyl) phosphoric

acid (HDEHP), and the organic phase was re-extracted twice using

20 ml of 10 mol/l HNO3. Third, a total of 5 ml of C2H2O4 was added

to form a saturated solution, and the solution was adjusted to

pH=1.5–2.0 using a 6 mol/L NH3H2O solution and 2 mol/L HNO3.

Finally, the YC2O4 sediment was produced. The YC2O4 was filtered

and placed into an a/b counter to determine the activity of 90Y. The

activity of 90Sr was then calculated from the 90Y data. 14C in

seawater was measured by a wet oxidation-ultralow background

liquid scintillation counter (China, 2019). First, 20 L of seawater was

removed and placed in a four-necked flask. FeSO4, H2O2 and

K2S2O8 were added, and the flask was subsequently heated.

Second, N2 gas was passed through one side of the flask, and the

other side was dried with H2SO4. The dried gas was then absorbed

with NaOH solution. Third, 8 mL of CO2 absorption solution was

mixed with 12 mL of a liquid scintillation cocktail in a plastic vial.

Finally, the resulting solution was stored in an LSC sample holder

for 12 hours in the dark before counting. A total of 1.5 L of filtered

seawater was pipetted into the measuring cassette, and the cassette
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was subsequently placed on the gamma energy spectrometer to

measure 40K (Commission, 2018).

Sediment samples were removed from gravel, larger plant and

animal debris, then sequentially dried, ground, and finally sieved

through an 80 mesh nylon sieve with a cover. Then, a 300-g

prepared sediment sample was compacted and sealed in a F75

mm×75 mm cylindrical plastic sample box for 30 days before

measurement. The activity of 226Ra was determined based on the

gamma ray of 214Pb (351.92keV) and 214Bi (609.31keV). 40K and
137Cs radionuclides activity were determined directly from their

respective emission at 1460.81keV and 661.65keV. The activity

concentrations were determined by taking into account the net area

of the photopeak, the gamma-ray emission probability, the absolute

peak efficiency, and the mass of the sample (Patra et al., 2014; Yang

et al., 2015). 90Sr in the sediment was also measured by the HDEHP

extraction-b counting method, and the sample was counted using

the gas-flow proportional alpha/beta counting system (Third

Institute Of Oceanography, 2018).

The marine organism samples were dried to constant weight at

60°C in a drum dryer. The pulverized dried biological samples were

ashed in a muffle furnace at 450°C for 24-40 hours. The ashed

biosamples were then stored in sealed boxes (100 g per sample) for 30

days before analysis (China, 2020). The HDEHP extraction-b
counting method and an a/b counter were used for 90Sr analysis

(Third Institute Of Oceanography, 2018). A total of 100 g of dried

biological sample was weighed, ground into powder form and

subsequently placed in a combustion device for slow combustion.

The water vapor and CO2 generated after combustion were collected.

The subsequent steps were the same as those for monitoring 3H and
14C in water samples (Environment, 2020; Lin et al., 2020).

2.1.2.2 Radionuclide measurement

The 137Cs, 40K, and 226Ra activities were measured using a high-

purity germanium g spectrometer (Canberra GR4021, 40% relative

efficiency). The following characteristic g-ray peaks were selected to
TABLE 1 Information on samples of marine organisms.

Organisms Length(cm) Width(cm) Height(cm) Weight(g) Habitat

Anomiostrea coraliophila – bivalve mollusks 3.52 ± 0.23 1.85 ± 0.20 2.3 ± 0.14 32.3 ± 0.32 In the Sediment

Loligo beka– Beka squid – cephalopod mollusk 6.89 ± 0.27 1.57 ± 0.07 1.51 ± 0.05 7.89 ± 0.21
In the Water

Octopus variabilis - cephalopod mollusk 14.52 ± 0.23 3.34 ± 0.21 3.27 ± 0.18 27.84 ± 0.48

Pleuronichthys cornutus - Osteichthyes - Chordata 13.32 ± 0.19 6.55 ± 0.23 2.11 ± 0.08 78.56 ± 0.78

On the
Sediment-surface

Cynoglossus semilaevis - Osteichthyes - Chordata 10.05 ± 0.18 3.01 ± 0.05 0.32 ± 0.05 14.89 ± 0.36

Lepidotrigla micropterus - Osteichthyes - Chordata 15.67 ± 0.36 3.02 ± 0.25 3.17 ± 0.12 34.28 ± 0.63

Saurida elongata - Osteichthyes - Chordata 21.82 ± 0.29 3.67 ± 0.11 3.89 ± 0.13 64.69 ± 0.64

Trachypenaeus curvirostris -
Crustacea–Arthropoda

7.02 ± 0.17 1.02 ± 0.03 1.01 ± 0.02 5.02 ± 0.18

Squilla oratoria- Crustacea–Arthropoda 14.03 ± 0.21 2.51 ± 0.14 1.89 ± 0.12 32.21 ± 0.37
For each organism, 10 samples were taken randomly. The length, width, height and weight of the sample torsos were measured using Vernier calipers and a balance. The mean and standard
deviation were then calculated separately.
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calculate the 226Ra (295.21, 351.92, 609.31 keV), 40K (1,460.8 keV),

and 137Cs (661.7 keV) activities. To ensure that the data results met

the quality control requirements, the instrumentation used in this

study was used within the validity period of the calibration.

Moreover, the standard materials were analyzed simultaneously

with the sample for quality control. The point sources of 60Co

(Laboratoire Etalons d’Activite, No-50321), 137Cs (Laboratoire

Etalons d’Activite, No-50585), and 242Am (Laboratoire Etalons

d’Activite, No-50236) were used for the instrumental scales before

the measurements. 3H and 14C were measured by an ultralow-

background liquid scintillation counter (LSC, Quantulus 1220,

PerkinElmer). The efficiency of the LSC was measured by

preparing standard sources in the same form as the samples to be

measured using 3H standard solution (Physikalisch-Technische

Bundesanstalt, 2005-1439) and 14C standard solution (Physikalisch-

Technische Bundesanstalt, 2013-1055). 90Sr was counted using the

gas-flow proportional alpha/beta counting system (Ortec MPC-

9604). The counting efficiency was measured by using the 90Sr-90Y

standard reagent (National Institute of Metrology China, Beijing,

China). In addition, the testing programs in this study were approved

by inspection and testing organizations. Three replicate

measurements were analyzed for each sample.
2.1.2.3 Carbon and nitrogen isotope detection in
biological samples

The dorsal fin muscles of fish, abdominal muscles of

crustaceans, tentacle muscles of cephalopods, and closed shell

muscles of shellfish were rinsed and freeze-dried in a freeze-dryer

(SP Scientific FM 25EL). The tissues were then ground into powder

in an agate mortar using a pestle. The biological powder was

decarbonized and degreased with hydrochloric acid and

degreasing solution. After drying, 0.1 mg and 0.5 mg of the

sample powder were fed into a stable isotope ratio mass

spectrometer (Thermo Fisher Mat 253). The power was turned

on, and the samples were combusted at high temperatures to

produce CO2 or N2, which was detected and analyzed by an

elemental analyzer (Flash 2000HT) and a mass spectrometer (Mat

253) detector inside the instrument. The instrument provides an

abundance ratio of 13C/12C or 15N/14N in the sample. The carbon

and nitrogen stable isotope ratios (d) in the sample were calculated

as in Equation 1 (Yichen, 2021).

d(‰ ) =
RSamples − RStandard

RStandard

� �
� 1000 (1)

where Rsamples represent the ratios of carbon and nitrogen

isotopes (13C/12C or 15N/14N) in the measured samples. Rstandard

is the internationally recognized standard carbon isotope ratio and

standard atmospheric nitrogen (N2) isotope ratio. d13C values were

determined with an accuracy of ±0.1‰. d15N values were

determined with an accuracy of ±0.2‰. To improve the stability

of the instrument and the credibility of the data and to ensure that

the results met the quality control requirements, one additional

standard sample was added for calibration after every three samples

were measured. Furthermore, three biological replicates were

analyzed for each sample.
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2.2 Data processing analysis

2.2.1 Bioconcentration factors
The bioaccumulation factor is the specific activity of an element

or radionuclide in biological tissue relative to its concentration in

the environment. For aquatic ecosystems, most approaches

calculate CRwo-media using water, as shown in Equation 2

(IAEA, 2014):

CRwo−media =

Concentration   per   unit  mass   of   organism   (Bq=kg · wet  weight)

Concentration   per   unit   volume   of   sea  water   (Bq=L)

(2)

where CRwo-media represents the bioaccumulation factor in

aquatic ecosystems. In this study, CRwo-media represents the

concentration of radionuclides in the whole organism to that in

the filtered water.

2.2.2 Biological trophic level calculations
In this study, trophic levels were calculated using the carbon

and nitrogen stable isotope contents of collected biological samples.

Organisms fractionate carbon and nitrogen stable isotopes through

processes such as ingestion, absorption, and metabolism. In general,

the ratio of d15 N in organisms increases by 2.5‰ to 5‰ from one

trophic level to the next. The d15N ratio was used to calculate the

trophic level (TL) of the organisms as shown in Equation 3

(Peterson and Fry, 1987):

TL =
d 15Nsample − d 15Nbaseline

Dd 15N

" #
+ 1 (3)

where d15Nsample is the N isotope ratio in the measured sample

and d15Nbaseline represents N isotope baseline values. Nitrogen

isotope measurements from mussel bodies (6.05‰) were used as

the baseline in this study (Deling et al., 2005). Dd15N is the N stable

isotope enrichment factor (2.5‰) in the common food web of the

Yellow-Bo Sea in China (Qu et al., 2016).

2.2.3 Magnification factors for radionuclides at
the different trophic levels

The cumulative magnification or dissolution of radionuclides in

the food web is expressed as a magnification factor, TMF (trophic

magnification factor), which is calculated as shown in Equations 4

and 5 (Borga et al., 2012).

Log10Cm = b(TL) + a (4)

TMF = 10b (5)

where Cm is the specific activity of radionuclides measured in

the organism, TL is the biological trophic level, b is the slope of the

linear regression equation between Log10 (radionuclide-specific

activity) and the trophic level (TL), and a is an intercept. TMF is

the magnification factor for radionuclides at the trophic level. A

TMF > 1 indicates that there is a magnification effect of the

radionuclide at the trophic level.
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2.2.4 Radiation dose to marine biological species
In this study, the ERICA tool developed by the European Union

and the default parameters (radionuclide weighting factors and

radiation dose conversion factors) were used to conduct the

biological radiation dose assessment. The size (length, width and

height) and weight of the investigated biological species were

entered into the ERICA Tool 2.0 to construct the assessment

model. In the process of calculating the biological radiation dose,

the 3H, 226Ra, 40K, 14C, 137Cs and 90Sr concentrations in seawater

entered into the ERICA Tool were the average of 18 survey stations.

The 226Ra, 40K, 137Cs and 90Sr concentrations in sediment entered

were also averaged over 18 stations, and the default Kd of the

ERICA tool was used to calculate the 3H and 14C concentrations of

the sediments. Concentrations of six radionuclides in organisms

were used as monitoring results.

2.2.5 Data statistics and analysis
One-way analysis of variance (ANOVA) was performed to

analyze radionuclide bioaccumulation factors in different species

using SPSS Statistics 26 to determine the significance of

radionuclide bioaccumulation factors among species (Liu, 2013).

Multifactor redundancy analysis of radionuclide mass activities in

organisms and their relation with ash mass to fresh mass of

organisms and trophic levels was performed using Origin 2021

(Yichen, 2021). The bioaccumulation and transfer of different types

of radionuclides in organisms and their correlation with ash mass to

fresh mass of organisms and biological trophic level were

subsequently examined (Yichen, 2021). Origin 2021 was used to

fit trophic magnification factors for radionuclides at different

biological trophic levels to investigate the radionuclide transfer in

marine organisms.
3 Results and discussion

3.1 Results for radionuclides in
the seawater

The radionuclide data for the study area are shown in

Supplementary Tables 1 and 2. The statistical analysis results are

shown in Tables 2, 3 and Figure 2. There were no significant

differences in 226Ra, 40K, 90Sr, or 3H at the 18 stations. The YT2,
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YT7 and YT8 stations had higher 137Cs activity in seawater than did

the other stations. 14C was below the detection limit (1 mBq/L) in

the seawater at stations YT10 and YT13. The average activity

concentrations of radionuclides in seawater were in the following

order: 40K (9.99 ± 0.48 Bq/L) > 3H (0.66 ± 0.20 Bq/L) > 226Ra (9.30 ±

2.31 mBq/L) >14C (5.03 ± 1.53 mBq/L) > 90Sr (1.56 ± 0.17 mBq/L) >
137Cs (1.16 ± 0.39 mBq/L).

The activity concentrations of nuclides were at the same level as

those in sea areas affected by discharges from nuclear power plants

in China, such as the Changjiang nuclear power marine area,

Tianwan nuclear power marine area, Yangjiang nuclear power

marine area, and Fuqing nuclear power marine area (Shouxin

et al., 2022; Xue et al., 2013). Compared to those in 1995-2009,

the levels of 137Cs and 90Sr in seawater in the study area decreased

(Haiyun et al., 2010). This was probably because 137Cs and 90Sr

originate mainly from early nuclear explosion tests. As the nuclides

decay, the activity concentrations of the residual components in the

seawater gradually decrease. Compared with the radionuclide levels

in the sea area before the operation of the nuclear power plant in

2010-2012, there were no significant changes in 40K, 226Ra, 137Cs or
3H in seawater, and 90Sr was reduced (Xue et al., 2013).
3.2 Results for radionuclides in
the sediments

The results of radionuclide detection in the sediments of the sea

area are shown in Table 3, and the statistical analysis is shown in

Figure 2. The 226Ra, 40K, and 137Cs concentrations at stations YT1

and YT2 were lower than those at the other stations. These differences

are probably because of the coarser sediment grain sizes at stations

near the river mouth. Moreover, the 90Sr concentrations in the

sediments were not significantly different. The average activities of

radionuclides in the sediments were in the following order: 40K

(650.44 ± 68.85 Bq/kg-dry) > 226Ra (27.04 ± 4.66 Bq/kg-dry) >
137Cs (1.34 ± 0.51 Bq/kg-dry) > 90Sr (0.38 ± 0.15 Bq/kg-dry).

Compared with the radionuclide levels in the period from 2010

to 2012, the levels of 40K, 226Ra, 137Cs, and 90Sr in the sediment did

not change significantly and were at the same level as those in other

nuclear power sea areas in China, including Daya Bay NPP,

Changjiang NPP, and Tianwan NPP (Guiyuan et al., 2019;

Konghua et al., 2005; Shouxin et al., 2022; Weirong et al., 2020).
TABLE 2 Results for radionuclides in seawater during different periods in the study area.

Time
Statistical
items

226Ra 40K(Bq/L) 137Cs 90Sr 3H(Bq/L) 14C Data sources

2022
min.–max. 5.92-13.41 9.2-11 0.63-2.25 1.22-1.85 0.37-1.15 ≦8.2

This research
mean ± SD 9.30 ± 2.31 9.99 ± 0.48 1.16 ± 0.39 1.56 ± 0.17 0.66 ± 0.20 5.03 ± 1.53

2010-2012 min.–max. 5.3-8.8 8.05-12.80 0.64-2.86 2.49-6.68 0.29-0.75 1.2-5.1
(Shouxin et al., 2022;
Xue et al., 2013)

1995-2009
mean ± SD np np 0.01-7.1 0.3-16.1 np np

(Haiyun et al., 2010)
mean np np 2.5 1.9 np np
np, No data provided.
(mBq/L).
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The 40K activity in the sediments of the investigated area is slightly

greater than the global average (412 Bq/kg-dry) for marine areas.

However, it is similar to that in the east coast region of Cyprus

(628.1 Bq/kg-dry), Brazil (coast of Rio de Janeiro, 678 Bq/kg-dry),

the Aqaba Gulf (641.1 Bq/kg-dry) and the Bay of Bengal (684.4 Bq/

kg-dry) (Al-Mur and Gad, 2022; Al-Trabulsy et al., 2011; De

Carvalho et al., 2016). The specific activity of 226Ra in sediments

near the Haiyang Nuclear Power Plant is comparable to that in

Tuban, southern coast of Albania (23 Bq/kg-dry) and Brazil (coast

of Rio de Janeiro, 24 Bq/kg-dry) (Aryanti et al., 2021; De Carvalho

et al., 2016; Tsabaris et al., 2007), and it is also similar to the world

average (32 Bq/kg-dry) (UNSCEAR, 2000). However, the activity of

these radionuclides is lower than the value of natural radionuclide

activity in various marine areas worldwide, such as close to the

Mawan coal-fired power plant (CFPP) in Shenzhen (204 Bq/kg-dry)

(Liu et al., 2015). According to the statistical analysis in Figure 2, the

specific activities of the natural radionuclides 40K and 226Ra in the

sediments near stations YT1 and YT2 were significantly lower than

those at the other stations. These differences are probably because of

the coarser sediment grain sizes at stations near the river mouth.
3.3 Radionuclides in organisms

The results for radionuclides in organisms are shown in

Supplementary Table 3. The 226Ra, 40K, 137Cs, 90Sr, 14C, and 3H

activities in marine organisms ranged from 0.04 to 0.98 Bq/kg-fresh,

43.1 to 132 Bq/kg-fresh, 0.01 to 0.03 Bq/kg-fresh, 0.02 to 0.20 Bq/

kg-fresh, 14.37 to 30.65 Bq/kg-fresh, and 0.41 to 2.21 Bq/kg-fresh,

respectively. The mean specific activities of the radionuclides in
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organisms are as follows: 40K (74.58 Bq·kg-1·wet) >14C (22.90 Bq·kg-

1·wet) >3H (1.05 Bq·kg-1·wet) >226Ra (0.33 Bq·kg-1·wet) >90Sr (0.08

Bq·kg-1·wet) >137Cs (0.02 Bq·kg-1·wet). The specific activities of 40K,
226Ra, 90Sr, and 137Cs in the organisms in the sea area of this study

were within the same range as those in the sea areas of the Fuqing

NPP, Ningde NPP, and Yangjiang NPP in China and were not

significantly different (Li et al., 2021; Sun et al., 2021). There are two

chemical forms of 3H in the ocean (tritiated water and tritiated

organic molecules). Tritiated water combines with organic

compounds through photosynthesis by primary producers to

form organically bound tritium (OBT), which can accumulate in

organisms higher up in the food chain (Lin et al., 2020). Tritiated

water accounts for a large portion of the dose in the short term, and

OBT accounts for a large portion of the dose in the longer term

(IAEA, 2014). Therefore, this study measured the OBT activity of

the examined organisms. The specific activity of OBT in organisms

was comparable to that in organisms inhabiting waters adjacent to

the Fangchenggang nuclear power plant and slightly greater than

that in the nearshore waters of Zhejiang (Lin et al., 2020). However,

it was lower than that in the English Channel (Fievet et al., 2013).
3.4 Carbon and nitrogen isotope contents
of organisms and at different trophic levels

The results of the carbon and nitrogen isotope detection in marine

organisms and calculations for different trophic levels in this study are

shown in Supplementary Table A3 and in Figure 3. The d13C content of

the organisms ranged from -14.4‰ to -19.34‰, with a total span of

4.94‰ and a mean value of (-17.18 ± 1.43)‰. The d15N content of the
TABLE 3 Results for radionuclides in sediments during different periods in the study area (Bq/kg-dry).

Time Statistical items 226Ra 40K 137Cs 90Sr Data sources

2022
min.–max. 13.6-32.9 447-763 ≦1.91 0.12-0.64 This research

mean ± SD 27.04 ± 4.66 650.44 ± 68.85 1.34 ± 0.51 0.38 ± 0.15

2010-2012 min.–max. 29.9-36.8 660-746 1.4-3.3 0.08-0.58
(Shouxin

et al., 2022)
FIGURE 2

Statistical analysis of radionuclides activity concentrations in seawater and sediments.
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organisms ranged from 8.48‰ to 12.89‰, with a total span of 4.41‰

and a mean value of 11.44 ± 1.46‰. The carbon and nitrogen isotope

contents of the organisms were the similar as those reported in previous

investigations and studies in this marine area (Huaiyu et al., 2021;

Yichen, 2021). The d13C contents of the different living species in

descending order were as follows: Loligo beka > Octopus variabilis >

Cynoglossus semilaevis > Squilla oratoria > Anomiostrea coraliophila >

Saurida elongata > Lepidotrigla micropterus > Trachypenaeus curvirostris

> Pleuronichthys cornutus. The d15N content in the organisms, in

descending order, was as follows: Saurida elongata > Squilla oratoria >

Loligo beka > Cynoglossus semilaevis > Lepidotrigla micropterus >

Octopus variabilis > Trachypenaeus curvirostris > Pleuronichthys

cornutus > Anomiostrea coraliophila. The order of carbon and

nitrogen isotope contents among living species showed some variability.

The trophic level range of the organisms in this study ranged

from 1.97 to 3.74, with a total span of 1.77 and a mean value of 3.16

± 0.59. The results were similar to the coastal waters of Jiangsu

Province in 2017 (1.52 ~ 4.28) and Xiaoqing River Estuary adjacent

sea area in 2020 (1.65 ~ 3.54) in 2017 (Chuanxin et al., 2022; Nan

et al., 2022). It has been shown that if the difference in stable carbon

isotopes between 2 species in the same ecosystem is less than

0.60‰, the two species are not in a predatory relationship and

may be at the same trophic level. When stable carbon isotopes are

greater than 1.5‰, it is also assumed that the two species are not

predatory but rather that at least 1 trophic level exists between them

(Yukun, 2016). The total span of d13C in the nine marine organisms

in this study was 4.94‰, indicating they belonged to multiple

trophic levels, which is consistent with their known trophic levels.
3.5 Bioconcentration factor and
multivariate statistical analysis

The radionuclide concentration factors of marine organisms are

shown in Table 4. As 226Ra and 40K are natural radionuclides, they
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are in dynamic equilibrium in the marine environment and in

organisms. The average concentration factors of 226Ra and 40K in

mollusks, fish and crustaceans in the study area were 4.86 and 4.89,

24.73 and 10.5, and 100.54 and 5.31, respectively. These findings

showed that these organisms have a certain bioconcentration effect

on the above radionuclides. The concentration factors of 226Ra in

fish and mollusks were consistent with the IAEA report (IAEA,

2004, 2014). However, crustaceans had a lower concentration factor

for 226Ra than that reported by the IAEA (IAEA, 2004, 2014). 3H,
14C, 90Sr and 137Cs might not reach equilibrium in the study area

due to the discharge of nuclear power plants, and the concentration

factors of these nuclides in organisms might also not reach

equilibrium either. Therefore, the bioconcentration factor

coefficients for 14C, 90Sr and 137Cs in organisms were somewhat

different from those in the IAEA report. However, due to the high

mobility of 3H in water, 3H can quickly reach equilibrium in

organisms (IAEA, 2014). The concentration factor of 3H in

organisms was the same as that reported by IAEA.

The results from the one-way ANOVA showed that the

significance levels for radionuclide bioaccumulation factors

among species of 226Ra and 40K were 0.0001 and 0.015,

respectively, showing there was a significant difference in

bioaccumulation factors for these radionuclides between the

different species. The significance levels for 137Cs, 14C, and 3H

were 0.32, 0.06, 0.08, and 0.80, respectively, between the different

species, showing the differences were not significant.

Multivariate statistical analyses (MSAs) were performed to

analyze the correlation of the radionuclides with respect to the

ash-to-fresh weight ratio and trophic level of the organisms, and the

results are shown in Figure 4. The cumulative inertia of the two

constraint axes reached 91.38%, which meant that the variability of

radionuclides in organisms can be well explained by ash mass to

fresh mass of organisms and the trophic level. As shown in Figure 4,
40K, 137Cs, 14C, and 90Sr were strongly positively correlated with the

biological trophic level and ash mass to fresh mass of organisms,
FIGURE 3

Results for carbon and nitrogen isotope distributions in marine organisms.
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with correlation sizes changing in the following order:
40K>90Sr>137Cs> 14C. This may be because K and C are the major

elements of biological proteins, and Cs and K belong to the same

group in the periodic system. They have similar chemical properties

related to easy absorption by living organisms (Pentreath, 2019).

The 226Ra and 90Sr concentrations in the organisms were strongly

correlated and strongly positively correlated with ash mass to fresh

mass of organisms. This may be because Ca is one of the main

elements of organism bones, and Ra and Sr belong to the same

group in the periodic system as Ca and both are osteophilic.

Correlation analysis of the biological species revealed that Octopus

variabilis and Loligo beka were strongly correlated. Lepidotrigla
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micropterus and Saurida elongata were more strongly correlated,

and Trachypenaeus curvirostris and Squilla oratoria were even more

strongly correlated. This was consistent with the morphological

structures. and physiological habits of organisms.
3.6 Cumulative transfer of radionuclides at
the different trophic levels of
marine organisms

Referring to the methodology of Gao et al. in 2021 (Gao et al.,

2021), the trophic magnification factors (TMFs) for different types of
FIGURE 4

Multivariate statistical analysis of radionuclides versus biological carbon and nitrogen content and ash mass to fresh mass of organisms.
TABLE 4 Bioconcentration factor (CRwo-water) for wildlife groups in marine ecosystems (Bq/kg, fresh weight whole organism: Bq/L water, min–max,
mean ± SD).

Species Statistical items 137Cs 226Ra 40K 3H 14C 90Sr

Mollusks:

min–max 4.31-9.48 4.30-7.53 4.31-5.58 0.94-1.62 2856.86-4833 14.1-29.49

mean ± sd 6.32 ± 2.77 4.86 ± 0.65 4.89 ± 0.65 1.33 ± 0.35 3703.11 ± 1018.14 20.73 ± 7.91

IAEA-2004
(Recommended value)

60 100 np 1.0 20000 10

IAEA-2014
(Geometric mean)

35 47 np np np 110

Fish:
benthic feeding

min–max 7.76-28.45 13.98-44.09 7.06-13.21 0.62-2.82 4648.11-6093.44 20.51-62.18

mean ± sd 19.18 ± 8.89 24.73 ± 13.37 10.50 ± 2.58 1.60 ± 1.01 5364.81 ± 782.41 44.55 ± 18.99

IAEA-2004
(Recommended value)

100 100 np 1 20000 3

IAEA-2014
(Geometric mean)

31 75 np 1.0 np 7.4

Crustaceans

min–max 20.69-23.28 95.7-105.38 4.75-5.87 0.65-3.33 4000-4401.59 103.21-125

mean ± sd 21.99 ± 1.83 100.54 ± 6.84 5.31 ± 0.79 2.00 ± 1.90 4200.8 ± 283.97 114.11 ± 15.41

IAEA-2004
(Recommended value)

50 100 np 1 20000 5

IAEA
(Geometric mean)

21 73 np 1.0 np 45

TMF 2.09 1.17 1.29 0.74 1.15 1.06
np, No data provided.
frontiersin.org

https://doi.org/10.3389/fmars.2024.1377411
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Ni et al. 10.3389/fmars.2024.1377411
radionuclides at different biological trophic levels were fitted. The

fitting results are shown in Supplementary Figure 1, and the results

from the magnification factor (TMF) calculation are shown in

Supplementary Table 4. The TMF for 3H was less than 1.0,

indicating that the increase in trophic level has a diluting effect on

the activity of 3H. This result was similar to that for the heavy metals

Co, Mn, Cd, Cu, and Zn in trophic level accumulation transfer in

marine organisms (Bezhenar et al., 2021; Zheng et al., 2023). TMFs

greater than 1.0 for 137Cs, 226Ra, 40K, 14C, and 90Sr suggested

amplification of these radionuclides through the trophic levels of

marine organisms. This result was similar to the transfer of the heavy

metals Hg and Cr at marine trophic levels (Liu et al., 2019). The

magnitudes of the cumulative transfer coefficients of radionuclides

through the trophic levels of marine organisms were in the following

order: 137Cs (2.09) > 40K (1.29) > 14C (1.15) > 226Ra (1.17) > 90Sr

(1.06) > 3H (0.74). There is a wide variety of marine organisms, and

the study is only based on radionuclide detections in nine different

marine organisms. It is recommended that more detection data be

used in the future to further optimize the fitting results. Using

assimilation efficiency simulations, Bezhenar et al. (2021) calculated

that concentrations of 137Cs increase with trophic level of marine

organisms (Bezhenar et al., 2021). The magnification factor for 137Cs

in the present study was equal to that used (TMF= 2.0) by Kasamatsu

and Ishikawa (1997), who analyzed the concentration of 137Cs in the

stomach and gastric contents of fish (Kasamatsu and Ishikawa, 1997).

The differences in the cumulative delivery of radionuclides at

differentmarine trophic levels may be related to the feeding ecology of

the different species and the variability in uptake efficiency by the

digestive system (Konovalenko et al., 2016; Nakata and Sugisaki,

2015).When radionuclides are highly concentrated in prey organisms

and when the intestinal transfer coefficient of the radionuclide to the

predator is high, then the predator organisms are enriched in

radionuclides mainly through the digestive absorption pathway

(Carvalho, 2018). In addition, differences in the physicochemical

properties of nuclides influence the mechanism of internal

stabilization regulation of bioconcentrated radionuclides (Fowler

and Carvalho, 1985). Some radioisotopes are chemically similar to

certain life-essential elements, such as 137Cs and K, 90Sr, 226Ra, and

Ca; therefore, they may be passed through the food chain once they

are enriched in organisms (Rainbow, 1998). Equilibrium between

tissue free water tritium and water is achieved in less than a day due to

regulation of the water balance by respiration and osmoregulatory

processes; thus, the differences in tritium in organisms are mainly due

to differences in organically bound tritium (OBT) (Calmon and

Garnier-Laplace, 2001). This is because OBT levels in aquatic biota

are affected by a combination of different physicochemical forms of

organic tritium present in the ecosystem, different uptake pathways

and different transfer rates (Ferreira et al., 2023).
3.7 Assessment of radiation dose to
marine species

The dose rates of ionizing radiation to the sampled organisms by

the six radionuclides (3H, 226Ra, 40K, 14C, 137Cs and 90Sr) ranged from

32.02 nGy/h to 195.49 nGy/h, with a mean value of 102.86 ± 57.30
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nGy/h. The dose rates to organisms from the six radionuclides in this

study were about two orders of magnitude below the recommended

value by ERICA tool (10 mGy/h). The ionizing radiation risk quotient

was in the range of 0.003 to 0.019. The results of the assessment

indicated that the ionizing radiation hazard to organisms from the

investigated radionuclides were negligible. Trachypenaeus curvirostris,

Squilla oratoria and Pleuronichthys cornutus received the highest

doses of ionizing radiation. The doses of ionizing radiation to

organisms from artificial radionuclides (14C, 3H, 90Sr, 137Cs) ranged

from 0.45-1.08 nGy/h, with an average value of 0.86 ± 0.19 nGy/h.
226Ra and 40K produced approximately 99.16% of the total dose of

ionizing radiation to organisms from these six radionuclides.

Many studies have been carried out on the assessment of

radiation doses from radionuclides to marine organisms (Al-Mur

and Gad, 2022; Keum et al., 2013). Based on monitoring data from

Daya Bay from 2011–2017, Yue Yu et al. (2023) showed that the total

dose rates of 137Cs, 90Sr, 40K, 226Ra, 232Th, 238U, and 210Po to the

marine ecosystem of Daya Bay ranged from 230.5 to 853.9 nGy/h.
210Po, 226Ra, and 232Th were the main dose contributors. 137Cs and
90Sr accounted for approximately 0.01%-0.06% of the total radiation

dose (Yu et al., 2023). Jiang Sun et al. (2021) showed that the total

radiation dose rates of 210Po, 210Pb, 137Cs, 90Sr, 238U, 226Ra, and 40K

to 12 marine organisms in the sea areas of the Fuqing NPP and

Ningde NPP ranged from 37 to 1531 nGy/h. The dose contributions

of 137Cs and 90Sr were <0.13% (Sun et al., 2021), and it’s similar to

the results of the present study (0.03%~0.35%). A large contribution

to the radiation dose received by marine fauna comes frommembers

of the naturally occurring uranium series that accumulate in the

body, especially polonium, such as 210Po (Carvalho, 1988; Cherry

et al., 1994). Compared with the results from the above studies, the

radiation doses generated by artificial radionuclides in this study

were similar. Therefore, the proportion of radiation doses to

organisms from the four artificial radionuclides (14C, 3H, 90Sr,
137Cs) would be further reduced if other natural radionuclides

(including 210Po, 210Pb, 238U) were accounted for in the study area.
4 Conclusions

The activity concentrations of radionuclides (3H, 226Ra, 40K, 14C,
137Cs and 90Sr) in both the environment and organisms did not

change significantly compared to those in the preoperational period.

Mollusks, fish and crustaceans showed bioaccumulative effects on
137Cs, 226Ra, 40K, 14C, 3H, and 90Sr. The bioaccumulation factors for
137Cs, 226Ra, and 40K in mollusks, fish, and crustaceans were different.

This showed that there is some variability in the uptake of these three

nuclides by different biological species. The results from the

magnification factor (TMF) calculation in Supplementary Table A.4

showed that 3H dilution occurred with increasing trophic level. 137Cs,
226Ra, 40K, 14C, and 90Sr had amplification effects through the trophic

levels. The cumulative magnification factors of radionuclides at the

different trophic levels are in the following order: 137Cs (2.09) >40K

(1.29) >14C (1.15) >226Ra (1.17) >90Sr (1.06) >3H (0.74).

The dose rates of ionizing radiation from six radionuclides, 3H,
226Ra, 40K, 14C, 137Cs and 90Sr, ranged from 32.02 nGy-h-1 to 195.49

nGy-h-1, with a mean value of 102.86 ± 57.30 nGy-h-1 for different
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species in the study area. The dose rates to organisms from the six

radionuclides in this study were about two orders of magnitude

below the standard limit of radiation dose (10 mGy/h). Compared to

the biological radiation dose from natural radionuclides (226Ra,
40K), the percentage of radiation dose rate (0.84%) from the main

artificial radionuclides (14C, 3H, 90Sr, 137Cs) released by the nuclear

power plant in the marine environment was negligible in our study.
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Biological effects of munition left
on sunken war ships in the North
Sea: a multi-biomarker study
using caged blue mussels and
fish caught at WWII wreck sites
at the Belgian coast
Franziska Isabell Binder1,2, Lillian Tabea Hannah Bünning3,
Jennifer Susanne Strehse3, Sven Van Haelst4,
Maarten De Rijcke4, Edmund Maser3 and Matthias Brenner2*

1Institute for Chemistry and Biology of the Marine Environment (ICBM), Oldenburg, Germany,
2Department of Ecological Chemistry, Alfred Wegener Institute Helmholtz Centre for Polar and
Marine Research, Bremerhaven, Germany, 3Institute of Toxicology and Pharmacology for Natural
Scientists, University Medical School Schleswig-Holstein, Kiel, Germany, 4Flanders Marine Institute
(VLIZ), Oostende, Belgium
The environmental risks associated with dumped munitions, unexploded

ordnance (UXO) and sunken war ships is gaining more and more attention

nowadays, since these warfare materials may start leaking, posing a threat to

marine wildlife. This study aims to assess the effects of pollution by explosives for

marine fauna associated with sunken war ships still loaded with munitions at the

time of sinking. For this purpose, transplanted blue mussels (Mytilus edulis) and

passive samplers were exposed for several weeks on two WWII warship wrecks

(HMS Basilisk and V1302, formerly named John Mahn) to detect leakage of

explosives and to characterize the effects of those substances on mussel health.

In addition, fish (Trisopterus luscus) dwelling at V1302 were caught and

investigated following the same approach as used with the mussels. The

hazardous potential of dissolved explosives was assessed using multi-

biomarker analysis, which includes the enzyme activity of catalase (CAT),

glutathione S-transferase (GST) and acetylcholinesterase (AChE), as well as

histochemical biomarkers like lysosomal membrane stability (LMS), lipofuscin

(LIPF), neutral lipids (NL) and glycogen (GLY) as an indicator of mussel’s energy

reserve. Chemical analysis of passive samplers as well as mussel and fish tissue

indicated leakage of explosives at both wrecks and a subsequent uptake by

exposed organisms. The leakage of explosives was correlated with membrane

impairments and signs of oxidative stress measured in exposed mussels and fish.
KEYWORDS

multi-biomarker approach, enzyme activity, dissolved TNT, biological effects,
warship wrecks
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GRAPHICAL ABSTRACT
Highlights
Fron
• Investigated wrecks are leaking energetic compounds from

corroding munition.

• Blue mussels and fish take up energetic compounds.

• Concentrations of munition compounds are in the order of

nanograms per gram tissue.

• Mussels respond to concentrations of dissolved explosive

showing signs of oxidative stress.
1 Introduction

Since World War I (WWI) the production of conventional

munitions and chemical warfare agents (CWA) increased

significantly (Bełdowski et al., 2014), as well as their entry into

marine waters (Beddington and Kinloch, 2005). There were two

main ways of how warfare materials got into the oceans: (1) By war

activities including training, mine laying, failed detonations,

emergency launches and sunken wrecks loaded with warfare

materials (Böttcher et al., 2011) and (2) by intentional dumping

operations especially after World War II (WWII) (Böttcher et al.,

2011; HELCOM, 2013), chosen as fast and cheap method of

demilitarization (HELCOM, 2013).

Throughout WWII, the world experienced the single, largest

loss of shipping in any period of time (Gilbert, 2005). For instance,

in the East Asian Pacific alone more than 3,800 vessels were sunk

during WWII, and it is likely that many of these ships were still
tiers in Marine Science 02103
loaded with munitions at the time of sinking (Monfils et al., 2006).

Also the North Sea was a so-called watery grave for many ships

(Bellamy, 1991). Data from the German Maritime Agency,

Hamburg record approx. 120 military shipwrecks (Grassel et al.,

2021) from WWI and II within the German Exclusive Economic

Zones (EEZ) alone. In the Belgian part of the North Sea (BPNS)

there are 140 known and identified wrecks that were sunk during

war activities. About one hundred of these shipwrecks may still

contain munitions (Deutsches Schifffahrtsmuseum, n.d).

Shipwrecks may pose severe risks to the aquatic environment

due to their remaining fuel, their cargo or both. Especially military

wrecks may contain considerable amounts of munition shells,

mines, depth charges and other explosives, as well as chemical

warfare agents (Gilbert, 2005). Hence, shipwrecks are of particular

importance for environmental risk assessments. For the present

study two identified wrecks, the HMS Basilisk and the V1302

formerly named John Mahn, were selected. Main reasons for

selection were the confirmation of remaining munitions onboard,

the existence of archive information regarding the type of munition

and the accessibility of the wrecks for scientific divers. Further

information about the ships and their sinking scenarios are

provided in the supplement of this study (chapter S.1 and

Supplementary Figure S1).

Lost or dumped underwater munitions of the World Wars still

endanger the marine environment and human health nowadays.

This threat can be divided into three categories: (1) risk of

spontaneous detonation and the spreading of unexploded

material e.g. during underwater works or when washed onshore
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(Appel et al., 2019; Beddington and Kinloch, 2005; Böttcher et al.,

2011); (2) direct physical contact with toxic chemicals or munitions

and the resulting health risks (Beddington and Kinloch, 2005) and

(3) contamination of the marine environment by leaking chemicals

through corroded munition shells (Appel et al., 2018; Beck et al.,

2019; Beddington and Kinloch, 2005; Böttcher et al., 2011; Strehse

et al., 2017). Since both CWAs and explosives are bio-available for

organisms (Beck et al., 2022; Höher et al., 2019; Schuster et al., 2021;

Strehse et al., 2017) there is also a risk that the released chemicals

enter the marine food web (Böttcher et al., 2011; Ek et al., 2006,

2008; Maser and Strehse, 2021).

One of the most commonly used explosives is the nitroaromatic

compound 2,4,6-trinitrotoluene (TNT) (Juhasz and Naidu, 2007;

Lotufo et al., 2013). TNT and other munition constituents are

known to be metabolized in the marine environment: The main

metabolic pathway of TNT is the reduction to 2-amino-4,6-

dinitrotoluol (2-ADNT) and 4-amino-2,6-dinitrotoluol (4-ADNT)

via biotic processes, mainly by bacteria or enzymes of or within

marine organisms (Beck et al., 2018; Juhasz and Naidu, 2007).

During the manufacturing of TNT, several other nitroaromatic

compounds are created as by-products. Most of them get removed

or destroyed by the purification processes but some of them remain

as contaminants in the munitions (Wellington and Mitchell, 1991).

This includes 2,4-dinitrotoluene (2,4-DNT) and 1,3-dinitrobenzene

(1,3-DNB), which are only slowly biodegradable (Wexler, 2014).

The chemical structure of the mentioned explosives is shown

in Figure 1.

TNT, its metabolites 2-ADNT and 4-ADNT, as well as the

impurities 2,4-DNT and 1,3-DNB all cause adverse health effects,

and are harmful to the aquatic environment (Wexler, 2014). The

toxic effects of TNT and other explosives have been shown in

several studies using different toxicological endpoints (e.g. Nipper

et al., 2001, 2009). However, there is still a scientific controversy

whether TNT is more or less toxic than its metabolites (Sims and

Steevens, 2008).

To assess the effects of pollutants, mussels have often been used

as test organisms (Strehse and Maser, 2020). Blue mussels have

several properties which make them suitable bioindicators as

summarized by Beyer et al. (2017) and Farrington and Quinn

(1973) (e.g. potential of bioconcentrating chemicals, robust

organisms, abundant in all world oceans, common prey species,

represent the environmental conditions of a specific area due to

sessile lifestyle, can be easily transplanted) Mussels, especially
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Mytilus spp., are well established bioindicators which have

already been used to monitor dissolved energetic compounds

(Strehse et al., 2017) or to detect effects of dumped CWAs

(Lastumäki et al., 2020).

In addition to mussels, fish have also been used as bioindicators,

because these organisms fulfil the general requirements of a

bioindicator as reviewed by Kuklina et al. (2013): they are

ecologically relevant because they play an important role in the

marine food web, they are generally sensitive to stressors, and fish

have a wide distribution, etc. Fish are also known to bioaccumulate

toxic substances (de Andrade et al., 2003) and may be especially

suitable to assess the toxic effects of TNT, as it has been shown that

they are sensitive to TNT exposure with LC50-values ranging from

0.8 to 3.7 mg/L (Talmage et al., 1999). For the present study, pout

(Trisopterus luscus) was chosen as fish model, since the species is

known to live around hard substrates like reef structures, stones and

wrecks (Mallefet et al., 2007; Zintzen et al., 2006).

TNT and its metabolites are suspected to cause oxidative stress

in cells and tissues of exposed organisms (Adomako-Bonsu et al.,

2024). In addition, pre-investigations at the wreck sites revealed low

exposure concentrations for dissolved TNT. Therefore, biomarkers

were chosen which proved already their response to dissolved TNT

in lab studies (Schuster et al., 2021) and are capable to function as

early warning markers, showing their effects or endpoints on sub-

cellular or cellular levels. Further, preference was given to

biomarker which can be applied using both fish and mussels as

bioindicators. At the conclusion, for the present study the following

biomarkers were selected: Lysosomal membrane stability (LMS),

enzyme activity of Catalase (CAT), glutathione S-transferase (GST)

and acetylcholinesterase (AChE), as well as the biomarkers

lipofuscin (LIPF), neutral lipids (NL) and glycogen (GLY).

Further information about the biomarkers is available in the

Supplementary Material (chapter S.2).

The aim of the present study was to assess the hazard potential

of pollution by explosives and its ecological effects on exposed fauna

at two World War II shipwrecks located near the Belgian coast, the

British Destroyer HMS Basilisk and the patrol boat V1302. The

objectives were to determine (1) whether the selected shipwrecks

emit hazardous energetic compounds and, if so, (2) whether this

contamination affects the health condition of the transplanted

mussels of the species Mytilus edulis and the health of caught fish

(Trisopterus luscus) by using a multi-biomarker approach including

enzyme activities.
FIGURE 1

Chemical structure of selected explosives. (1) 2,4,6-trinitrotoluene (TNT), (2) 2-amino-4,6-dinitrotoluene (2-ADNT), (3) 4-amino-2,6-dinitrotoluene
(4-ADNT), (4) 2,4-dinitrotoluene (2,4-DNT) and (5) 1,3-dinitrobenzene (1,3-DNB).
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2 Material and methods

2.1 Study areas

Subjects of the present study were the two wrecks V1302

(formally named John Mahn) and the HMS Basilisk (also known

as H11), as well as the wind park Belwind which served as a

reference area. All three stations are located in the Belgian part of

the North Sea (BPNS), in front of the Belgian coast near the cities

Nieuwpoort, Ostend and Zeebrugge (Figures 2, 3).

The BPNS is criss-crossed by several sandbanks (Figure 3). The

current in this area can be highly variable due to the tidal cycles, but

two main currents can be identified: Near the coast there is a north-

easterly current coming from the English Channel into the North

Sea. The other current flows further away from the coast in south

south-westerly direction parallel to the Westhinder Bank (Maes

et al., 2005). Within the BPNS there is a tidal range from

approximately 2 to 5 m, with the highest tidal action near the

English Channel (Sündermann and Pohlmann, 2011).

The two wrecks are located in different geographical and

hydrographical locations. HMS Basilisk lies in 10 m depth at

51° 8′ 16″ N, 2° 35′ 6″ E, on the Trapegeer sandbank in front of

the Belgian coast (Figure 3). The seabed near the shore consists

mostly of fine sand (Maes et al., 2005). The front part of the wreck

was separated from the main part close to the engine room and lies

to port side (Figure 4).

The V1302 lies approx. 37 km northwest of Zeebrugge at

51° 28′ 42″ N; 2° 43′ 18″E (Figure 3) in 35 meter depth (Gröner

et al., 1993; Lettens, 2002). The wreck is positioned on its keel with a

slight slope to starboard side (25°) in east-west direction (Figure 5).

Below the former water line close to the bridge a big hole from one

of the bomb impacts is visible. Depth charges can be found on the
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stern. The wreck is entangled with nets, trawls and fishing lines

(Lettens, 2002).

The offshore wind park Belwind is located in the BPNS on top of

the Bligh Bank (51° 39′ 36″N, 2° 48′ 0″ E) and is one of several wind
farms operated by Parkwind. It covers a surface area of 17 km2 and

is located 46 km off the coast of Zeebrugge (Figure 3). Water depth

at the site is between 20 and 37 m. The wind farm contains 56

turbines at distances of 500 to 650 m and has been operating since

2010 (Belwind, 2017; BOP, n.d).
2.2 Experimental design

The investigation was conducted during two cruises of the RV

Simon Stevin: One cruise in 2019 (labelled as SS1019) to both

wrecks, and a second in 2020 (labelled as SS0720) to the V1302,

during which the main investigation took place. The cruise SS1019

served as test for the feasibility of the experimental setup and to

investigate whether any leakage of explosive chemicals occurs at one

of the wrecks. For the main investigation the V1302 was chosen

because the wreck is easier to access by divers, since it is further

outside the tidal zone and the water is less turbid. During the main

experiment, mussels were exposed and fish were caught to

determine any potential biological effects as a response to the

exposure with dissolved explosives from the wreck. A tabular

overview about the experimental setup can be seen in Table 1.

Mussels (Mytilus edulis) for transplantation on the wrecks were

collected by divers from pylons at the reference area Belwind from

approx. 10 m depth. Collected mussels were measured and only

mussels with a shell length of 6 to 8 cm were kept for the

experiment. Nylon net bags were filled with mussels and a set of

two passive samplers (Chemcatcher®) to detect energetic
FIGURE 2

Southern part of the North Sea including the economic zones. The area enclosed by green lines represent the Southern Bight. The white shaded
area marked with “B” represents the Belgian economic zone (Maes et al., 2005 modified).
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compounds during the exposure. The use of passive samplers allows

a qualitative detection of energetic compounds within the water

column as well as the estimation of their ratio. Transplantation and

retrieval of the mussels were conducted by scientific divers.
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Mussels at the HMS Basilisk were placed at 8 m depth. Due to

this wreck’s deeper location, mussels at the V1302 were placed at 30

m depth. During both field experiments passive samplers were also

installed at the reference site Belwind. In addition, reference mussels
FIGURE 3

Map of the Belgian coast. Positions of the shipwrecks John Mahn/V1302 and HMS Basilisk are indicated by red dots. The wind park reference area
Belwind is indicated by windmills. The colour code represents depth in m below mean lower low water spring tides (MLLWS) (Mathys,
2009 modified).
FIGURE 4

Multibeam image of HMS Basilisk including the location where mussels were transplanted in 2019.
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were also obtained from the pylons at 10 m depth at the end of

the experiments.

During the field experiment in 2019 (cruise SS1019) mussels

were exposed at both wrecks: For each wreck one site was chosen

close to munition items where mussels were exposed for 3 months

(from August until October) together with passive samplers.

The main experiment was conducted in 2020 (cruise SS0720).

Here, only the V1302 was investigated, and the mussel nets were

placed along the entire length of the wreck (Figure 5). The different

stations were labelled A360, A361, A362 and A363. At each station

30 mussels (20 mussel for biomarker analysis, 3 for chemical

analysis and the rest as reserve) were exposed for 4 months (from

March 13th 2020 until July 30th 2020).
2.3 Mussel and fish sampling, dissection,
and morphometric measurements

After the exposure phase mussels were collected and directly

processed in the wet lab of the research vessel. Shell length was

measured using a Vernier calliper (± 0.1 mm). Total wet weight and

shell wet weight were determined using a laboratory scale to

calculate the condition index (CI) (Equation 1).

CI = (weight of soft body ½g�=weight of shell½g�) ∗ 100 (1)

To prepare the dissection of mussels, the posterior adductor

muscle was first cut. Then gill, mantle and digestive gland tissue
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were dissected and transferred to cryo-vials. Tissues were snap

frozen in liquid nitrogen and stored in nitrogen vapour on board.

Back on land, samples were kept at -80°C until further processing.

20 mussels per station were used for biomarker analysis. Three

additional mussels per station were used for the chemical analysis of

tissues. For chemical tissue analysis the whole soft body was used,

which were also snap frozen and subsequently stored at -20°C. Since

more than half of the mussels at station A363 had died, only 9

mussels were available for biomarker analysis, and 1 mussel for

chemical tissue analysis.

Pouting (T. luscus) were caught directly above the wreck at slack

water using commercially available sports fishing gear. Twenty

specimens of a length above 25 cm were caught at the wreck and

the reference site. Caught fish were processed directly on board.

Fish were weighed (wet weight), the total length measured and

anesthetized by a blow on the head, followed by decapitation prior

to the subsequent dissection. The bile was collected by puncture of

the gall bladder with needles (0.15 mm × 35 mm) and disposable

syringes (1 mL) and transferred into a cryo-vial before snap frozen

in liquid nitrogen. In addition, fish livers were investigated

macroscopically for nodules and tumours. Pieces of liver were

dissected for anti-oxidative-defence measurement and cryo-

sectioning, placed in cryo-vials and snap frozen as described

above. Another piece of liver was placed in aluminium foil and

frozen at -20°C for chemical analysis. Finally, approx. 20 g of skin

free muscle tissue from the fish’s filet was dissected and stored in a

15 mL Falcon tube kept at -20°C for chemical analysis. The
TABLE 1 Tabular overview about the experimental setup.

Kind of investigation Year (cruise) Study area Samples Analysis

Test
2019

(SS1019)

• HMS Basilisk
• V1302
• Belwind

• Mussels
• Passive samplers

• Chemical analysis

Main Investigation
2020

(SS0720)

• V1302
• Belwind

• Mussels
• Fish
• Passive samplers

• Chemical analysis
• Histochemical biomarker
• Biochemical biomarker
FIGURE 5

Multibeam image of munitions onboard the V1302 and the locations for the transplanted mussels (A360-A363).
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biometric data were used to determine the Fulton’s condition factor

(K) as an indicator of the general fish fitness status (Equation 2).

K = (total weight½g�=length ½cm�3) ∗ 100 (2)
2.4 Chemical analysis

The preparation of passive samplers as well as chemical analyses

by GC-MS/MS were performed according to Bünning et al. (2021)

and Maser et al. (2023). In brief: The PES and HLB membranes of

the passive samplers were freeze-dried separately, extracted with

acetonitrile, and the extracts were analyzed using GC-MS/MS,

consisting of a TSQ 8000 Evo mass spectrometer and a Trace

1310 gas chromatograph with a TG-5MS Amine column (15 m *

0.25 mm * 0.25 μm) (Thermo Fisher Scientific Inc., Waltham, MA,

USA). Mussels and fish muscle were freeze-dried, ground, extracted

with ACN, purified using 3 mL SPE columns, eluted with ACN, and

also analyzed using GC-MS/MS. The bile samples were incubated

with glucuronidase for 20 hours, extracted using 1 mL SPE

columns, eluted with ACN, and analyzed using GC-MS/MS. All

measurements were performed with splitless injections and

quantified using external calibration curves.

Detailed descriptions of the methodology, instrument

parameters and detection limits used for the GC-MS/MS

measurements of the samples from the V1302 are published in

Maser et al. (2023). Sample preparation and analysis of the samples

from the HMS Basilisk and the reference site are carried out in the

same way as described in Maser et al. (2023).
2.5 Biomarker analysis

2.5.1 Biochemical biomarkers
2.5.1.1 Homogenisation of mussel digestive gland, mussel
gill tissue and fish liver

Homogenisation of mussel digestive gland tissue and fish liver

was conducted using a modified version of the method described by

Ahvo (2020a). Samples were individually homogenised in 100 mM

potassium phosphate buffer with a pH of 7.0. Mussel digestive gland

tissue was diluted at a ratio of 1:10 (tissue in mg, buffer in μL) in 2 mL

vials for soft tissue homogenisation and kept on ice. Samples of fish

liver were diluted in a ratio of 1:20 (tissue in mg, buffer in μL).

Homogenisation of mussel gill tissue was conducted as described by

Ahvo (2020d) using a 20 mM sodium phosphate buffer with a pH of

7.0. Buffer used for gill tissue was freshly mixed with 0.1% Triton-

X100 on each day. Tissue samples of gill were diluted at a ratio of 1:3

(tissue in mg, buffer in μL) in 2 mL vials for soft tissue

homogenisation and kept on ice. Homogenisation of tissue samples

was executed using the precellys lysing kit Tissue homogenizing CK

Mix (Cat.: P000918-LYSK0-A) and the Precellys® 24 homogenizer

(Bertin Technology) by 5000 rpm, 2 x 15 sec with 15 sec break

between shakings. To keep temperature at 4°C during

homogenisation, a Cryolys® (Bertin Technology) was used and (re)
Frontiers in Marine Science 07108
filled with liquid nitrogen. Samples were then centrifuged with an

Eppendorf centrifuge 5430R for 20 min at 4°C at 10000 g.

Supernatants were transferred into 1.5 mL Eppendorf tubes and

kept on ice until subsequent enzyme analysis.

Enzyme activity measurements for catalase (CAT) and

glutathioneS-transferase (GST) activity were conducted using 96-

well UV microplates. Acetylcholinesterase (AChE) activity was

measured by using non-UV 96-well microplates. Measurements

were done with a microplate reader (Infinite 200, TECAN) and

analysed with i-control software 2.0. The volume of supernatants,

reaction buffer and reagents in the wells for photometric

measurements were adjusted to the used tissue samples in the

present study. Samples were measured direct ly after

homogenisation. Leftover extracts were frozen at -20°C for the

determination of total proteins. Enzyme activity was adjusted to

protein concentration in samples according to Bradford (1976).

Protein analyses were conducted using the same microplate reader

and non-UV 96-well microplates.
2.5.1.2 Catalase activity

Catalase (CAT) activity was determined by measuring the

decrease in absorbance at 240 nm. The used method was based

on Claiborne (1985/2018) and modified for mussel and fish tissue

by Ahvo (2020b). CAT activity was measured with a final

concentration of 10 mM H2O2.
2.5.1.3 Glutathione S-transferase activity

Glutathione S-transferase (GST) activity was measured using

the method based on Habig et al. (1974) and modified for mussel

and fish samples by Ahvo (2020c). GST was measured at 340 nm

as increase in absorbance when adding a mixture of GSH

(glutathione), CDNB (1-chloro-2,4 dinitrobenzene) and

Dulbecco’s buffer with a final concentration of 2 mM GSH and

1 mM CDNB.
2.5.1.4 Acetylcholinesterase activity

The method used for determining acetylcholinesterase (AChE)

activity was based on Bocquené and Galgani (1998) and modified by

Ahvo (2020d) for microplates. AChE was measured as increase in

absorbance at 412 nm in a mixture containing 0.57 mM DTNB

(5,5’-dithiobis 2-nitrobenzoic acid) and 2.86 mM ACTC

(acetylthiocholine) in phosphate buffer.

2.5.1.5 Determination of proteins in extract and
calculation of activity per protein

Enzyme activity was determined as activity per protein

(Equations 3–5). To do so total protein content in extracts were

defined according to Bradford (1976) using a bovine serum albumin

standard (BSA, Sigma A-6003). Protein analyses were executed by

measuring the absorbance at 590 nm. Enzyme activity per protein

[U/mg protein] was calculated using the following formulas (used

molar coefficients e: H2O2: 43,6 M-1cm-1, CDNB: 9.6 M−1 cm−1,

DTNB: 1.36 * 104 M−1 cm−1):
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Activity in extract :  

½  Uml  � =
−slope ½ 1

min� ∗  vol well½mL�
 molar coefficient e ½ 1

(mol
L ) ∗ cm

� ∗  d½cm� ∗  vol sample½mL�
(3)

Activity per fresh weight :  

½ U
g : fw :� = activity in extract ½ UmL� ∗   vol homo−buffer ½mL�

  fresh weight ½g :  fw :�  
(4)

Activity per protein :  

½ U
mg   protein� =

  activity in extract ½ UmL�  
protein content ½mg=mL�

(5)
2.5.2 Histochemical biomarkers
2.5.2.1 Tissue preparation for histochemical biomarkers

For determination of sex and gonad status of mussels, as well as

for lysosomal membrane stability (LMS) and histochemical

biomarker analysis, cryostat sections were prepared by gluing

(Thermo Scientific™ Richard-Allan Scientific™ Neg-50™) frozen

samples of mussel digestive gland and mantel on pre-frozen

aluminium chucks for cryostat sectioning (three samples on one

chuck). Tissue sections of 10 μm were obtained using a cryotome

(Thermo Scientific™, Cryo Star NX70) with chamber/knife

temperature of -25/-23°C. Per chuck a duplicate section was

made. The sections were stored at -80°C until further processing

for LMS, lipofuscin, glycogen, and neutral lipid staining (only

digestive gland tissue) as well as for sex and gonad status

determination (digestive gland and mantel tissue). Sections for

LMS analysis were stored for a maximum of 24 h by -20°C

before treatment.

2.5.2.2 Determination of sex and gonad status

Cryostat sections of mussel digestive gland and mantel were

stained with Gill’s Hematoxylin and counterstained using an

Eosine-Phloxin solution (HE method) as described e.g. in Brenner

et al. (2014). First, cryo-sections were fixed 5 min in Baker’s

Formalin, rinsed with Milli-Q water for 1-2 min and stained in

Gill’s Hematoxylin for 15 sec. Sections were then counterstained in

Eosine-Phloxin solution for 30 sec. Finally, the stained samples were

dipped 6 times in 80% ethanol and dried briefly before mounted

with Euparal.
2.5.2.3 Lysosomal membrane stability

The lysosomal membrane stability test was performed according

to Moore et al. (2004). First, serial cryostat sections were treated at

37°C for increasing time intervals (2 to 50 min) using a mixture of 0.1

M citrate buffer with a pH of 4.5 and containing 3% NaCl to

destabilize the membrane. Subsequently section incubation took

place for 15 min at 37°C in a solution containing Naphthol AS-BI

Nacetyl b-D-glucosamide (Sigma) dissolved in 2-methoxy ethanol

and low-viscosity polypeptide (Polypep, Sigma) dissolved in 0.1 M

citrate buffer, pH 4.5 with 3% NaCl. Then sections were treated with

Fast Violet B (Sigma) dissolved in 0.1 phosphate buffer with a pH of

7.4 to alter a post-coupling reaction resulting in a violet colour
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change. After 10 min samples were rinsed with running tap water

and fixed in Baker’s Formalin. Finally, slides dried overnight in the

dark at room temperature and were than mounted with Kaiser’s

glycerine-gelatine.

2.5.2.4 Glycogen

The glycogen (GLY) content was used to assess mussel fitness

and nutritional status. To determine GLY quantities, duplicate

sections were stained using the Perjod-Acid-Schiff-Method (PAS)

based on Culling (1974). Duplicate sections were fixed 10 min in

Carnoy’s fixative rinsed with Milli-Q water, placed in 1% periodic

acid, and again rinsed in Milli-Q water. Sections were then stained

for 5 min in Schiff’s reagent and rinsed with Milli-Q water again.

Stained sections were rinsed in a series of different ethanol solutions

(50%, 70%, 80%, 96%, 100%) for 1 min each and cleaned with

Appliclear until no more colours arises in the water. After a short

period of drying, the stained sections were mounted with Permount.

2.5.2.5 Lipofuscin

Lipofuscin (LIPF) accumulation in the lysosomes served as

indicator for oxidative stress and was determined using the

Schmorl’s reaction after Pearse (1985), and modified by Brenner

et al. (2014). Duplicate cryostat sections were fixed for 15 min in 4%

Baker’s formalin, rinsed in Milli-Q water and then stained in a 1%

hydrous ferric chloride/potassium ferricyanide (1:1) solution.

Afterwards, stained sections were washed in 1% acetic acid for

2 min and rinsed under tap water for 10 min. Finally, sections were

rinsed 3 times in Milli-Q water and mounted with Euparal after a

short drying period.

2.5.2.6 Neutral lipids

The accumulation of neutral lipids (NL) was determined using

the Oil-Red-O method (ORO) after Lillie and Ashburn (1943)

modified by Brenner et al. (2014). First, duplicated sections were

fixed in Baker’s formalin for 15 min, and dipped 15 times in Milli-Q

water, followed by washing in 60% Triethylphosphate for 1 min.

Afterwards, the sections were stained for 15 min in Oil-Red-O

solution containing 1% Oil Red O and 60% Triethylphosphate

(solution was pre-cooked for 5 min and filtered hot and cold once)

and rinsed again for 30 sec in 60% Triethylphosphate. Finally, the

stained sections were rinsed with Milli-Q water, dried and mounted

using Kaiser’s glycerine-gelatine.

2.5.2.7 Microscopic image analyses

To determine lysosomal membrane stability as well as the

lipofuscin, glycogen, and neutral lipid amount in the digestive

gland of mussel tissue, a computer assisted image analysis

program (camera: MRc, ZEISS; software: AxioVision SE64 Rel.

4.9, ZEISS) combined with a light microscope (Zeiss, Axioskop) at

400-fold magnification were used. For each staining method and

sample, three black and white pictures were taken and analysed (3

measurements per individual).

To assess the lysosomal membrane stability the staining

intensity of lysosomes was measured. The time needed for
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destabilisation of the membrane is reflected by the maximal staining

intensity in the lysosomes represented by a “peak”. In general two

peaks are present which represent different membrane properties of

two sub-populations of lysosomes (Moore et al., 2004). The earlier

the peaks occur, the more unstable the membrane was which

indicates pre-damage. To determine the labilisation period only

the first peak is used (Moore et al., 2004).

For lipofuscin and neutral lipids, image analysis was conducted

on selected areas of the image, using the microscope-camera

system described above. Suitable areas for image analyses were

areas with intact tissue and visible tubules. Within this selected

image the areas containing the respective staining was chosen. For

glycogen the entire images were analysed because tubules were hard

to identify.

Sex and gonadal status were determined using the same light

microscope and camera like described earlier at 100-fold

magnification. Gonadal status was separated into 3 categories

according to Brenner et al. (2014): (1) Recovering (non-

discriminable), (2) premature (discriminable) and (3) mature

gonads (discriminable). Pictures showing examples of the different

categories are given in Supplementary Figure S2 in the supplementary

chapter S.3. Numbers of individuals assigned to a specific category

were counted and displayed as percentages.
2.6 Statistics

Data was arranged using Microsoft Excel 365, and visualized as

well as analysed using R (Version 4.1.0, The R Foundation for

Statistical Computing). Data is mostly presented as boxplot. A

boxplot visualises the data distribution using quantiles including the

median, minimum and maximum values and also outliers. The
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Shapiro-Wilk test and Levene’s test were used to test the data for

normal distribution and homogeneity of variance. To determine

significant differences between the mussel stations a one-way

ANOVA was performed, and the Tukey Test was applied as post

hoc test when data was normally distributed and showed homogeneity

in variances. If this was not the case the Kruskal-Wallis ANOVA and

the Dunn’s Test were used as non-parametric alternatives. Fish

samples were tested with the independent t-test when data were

normally distributed and homogenic in variances. As non-parametric

alternative the Mann–Whitney U-test was used. Significant levels

were set to p< 0.05, p< 0.005 and p< 0.0005. In each graphic,

significance levels of wreck station compared to the reference are

displayed with stars (p< 0.05 = *, p< 0.005 = ** and p< 0.0005 = ***).
3 Results

3.1 Cruise 2019 – chemical analysis

For the cruise in 2019 passive samplers, TNT, 4-ADNT and 2-

ADNT were targeted (Figure 6). Results revealed the presence of

explosives at both the V1302/John Mahn (JM) and theHMS Basilisk

(BA) in the order of ng per sampler. The passive samplers at V1302

had a higher total concentration of explosives (JM: Average

concentration of 22.5 ng/sampler. BA: Average concentration of

16.5 ng/sampler). In general, TNT was found at the highest

concentration (JM S1: 8.2 ng/sampler, JM S2: 15.1 ng/sampler,

BA S1: 5.2 ng/sampler, BA S2: 7.9 ng/sampler), followed by 2-

ADNT (JM S1: 5.2 ng/sampler, JM S2: 6.8 ng/sampler, BA S1: 3.1

ng/sampler, BA S2: 9.1 ng/sampler) and 4-ADNT (JM S1: 4.5 ng/

sampler, JM S2: 5.2 ng/sampler, BA S1: 2.5 ng/sampler, BA S2: 5.2

ng/sampler).
FIGURE 6

Energetic compounds detected in passive samplers during the exposure phase in 2019. Targeted chemicals were TNT (2,4,6-trinitrotoluene), 4-
ADNT (4-amino-2,6-dinitrotoluene) and 2-ADNT (2-amino-4,6-dinitrotoluene). JM = V1302/John Mahn, BA = HMS Basilisk.
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3.2 Cruise 2020

3.2.1 Chemical analysis
Concentration of energetic compounds measured within

passive samplers at the different stations revealed the presence of

explosive chemicals within the water column in the order of ng per

sampler (Table 2). Dissolved explosives were not only detected

at the wreck sites of the V1302 (average explosive concentration

28.6 ng/sampler. A361: 25.4 ng/sampler, A362: 50.7 ng/sampler,

A363: 9.6 ng/sampler) but also at the reference site (average

explosive concentration: 16.1 ng/sampler). Except for station

A362, TNT concentrations were highest at the exposure locations.

The highest TNT concentration was detected at station A361 with

19.1 ng/sampler, followed by A362 with 17.3 ng/sampler, the

reference area with 8.7 ng/sampler and the lowest concentration

was found at A363 with 7.6 ng/sampler. At station A362, 1,3-DNB

showed the highest concentration (28.7 ng/sampler), whereas this

chemical was not detectable at the other stations. For station A360,

no data were available because the passive samplers vanished during

the exposure. It should be noted here that passive sampler data give

only a rough indication on the leakage of explosives from

corroding munitions.

The concentrations of explosives in freeze-dried mussel tissues

were an order of magnitude lower relative to the concentrations

found in the passive samplers (Table 2). The overall amount of

energetic compounds within mussel tissue was similar at the

different stations at the V1302 wreck site (Table 2). The highest

amount of energetic compounds was measured in mussels collected

at station A362 with 5.1 ng/g dry weight (d. w.) followed by A360

(4.7 ng/g d. w.), A361 (4.3 ng/g d. w) and A363 (2.3 ng/g d. w.).

Results from the reference site are not available as no samples were

taken for chemical analysis. At all stations, TNT concentration was

consistently highest (A360: 2.9 ng/g d. w., A361: 1.9 ng/g d. w.,

A362: 2.9 ng/g d. w., A363: 1.2 ng/g d. w.). Concentration of other

chemicals were comparable with a level of< 1 ng/g d. w.
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3.2.2 Biomarker studies at the V1302 using blue
mussels
3.2.2.1 Condition index

Condition indices (CI) of mussels at the wreck and the reference

area did not show significant differences (p = 0.117), although the

CI of mussels at the reference site was generally slightly lower (72.08

± 21.78) compared to the CI of the wreck (88.63 ± 26.78) (Figure 7).

CI of mussels collected at the wreck were similar (A360: 83.26 ±

24.1, A361: 91.45 ± 26.2, A362: 91.81 ± 27.74, A362: 87.48 ± 33.89).

3.2.2.2 Glycogen content

Glycogen (GLY) contents in the mussel digestive gland cells were

similar between the different stations except for station A362
TABLE 2 Mussel and passive sampler chemical analysis of the 2020 cruise to V1302 (Maser et al., 2023).

Mussel sample 1,3-DNB
[ng/g d.w.]

2,4-DNT
[ng/g d.w.]

TNT
[ng/g d.w.]

4-ADNT
[ng/g d.w.]

2-ADNT
[ng/g d.w.]

A360 0.6 <LOD 2.9 0.7 0.5

A361 0.9 <LOD 1.9 0.5 1.0

A362 0.8 <LOD 2.9 0.7 0.7

A363 0.6 <LOD 1.2 0.3 0.5

Passive Sampler 1,3-DNB
[ng/PS]

2,4-DNT
[ng/PS]

TNT
[ng/PS]

4-ADNT [ng/PS] 2-ADNT [ng/PS]

Belwind (ref. site) <LOD <LOD 8.7 5.0 2.4

A361* 0.6 0.3 19.1 2.7 2.7

A362** 28.7 1.7 17.3 1.4 1.6

A363*** <LOD <LOD 7.6 1.2 0.8
*A361 Only 1 PS on the position. Both membranes were intact.
**A362: PS 1 approx. 25% of the membrane area was missing. PS 2 had no membrane left at all.
***A363: In one PS the membrane was completely missing, in the other only the pinched edge of both membranes was present, rest was missing.
LOD was in the order of fg/μL.
FIGURE 7

Condition index of mussel from the cruise in 2020. Ref = Reference
area Belwind, A360-A363 = Stations at the wreck V1302, [·]
statistical outlier. Differences between the groups were not
significant (p< 0.05).
frontiersin.org

https://doi.org/10.3389/fmars.2025.1456409
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Binder et al. 10.3389/fmars.2025.1456409
(Figure 8): Station A362 had a GLY level of 19 ± 3.52% whereas the

other stations had a similar GLY level of 13.02 up to 13.96% (A360:

13.36 ± 1.69%, A361: 13.06 ± 1.74%, A363: 13.02 ± 1.46%, Ref: 13.96

± 1.83%). Mussels at station A362 showed significant higher values

than at station A360 (p = 0.011) and A361 (p = 0.013).

3.2.2.3 Gonad status

Gonad status between the stations showed no significant

differences (Figure 9). Most of the mussels were immature or

recovering (45 to 65%), followed by premature (22 to 40%) and

mature (5 to 33%). In general, half of the collected mussels had
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differentiable gonads (premature + mature) while the other half of

mussel individuals could not be determined sexually.

3.2.2.4 Biochemical biomarkers

Catalase (CAT) activity was higher in mussel tissue of the wreck

sites (average: 25.72 ± 9.24 U/mg protein) in comparison to the

reference area (20.74 ± 7.87 U/mg protein) but only station A361

showed significance over the reference (p = 0.017) with an activity

of 29.79 ± 9.87 U/mg protein (Figure 10a).

Activity of glutathione S-transferase (GST) was generally lower

than CAT activity. GST activity showed similar levels for mussels at

wreck sites (average: 6.16 ± 3.63 U/mg protein) and the reference site

(7 ± 3.76 U/mg protein) (Figure 10b). Activity levels were ranging

from 5.36 ± 4.23 U/mg protein (A360) up to 7.16 ± 4.09 U/mg

protein (A363) with no significances.

Acetylcholinesterase (AChE) activity was in general one

dimension lower than CAT and GST activity (Figure 10c). It

must be noted that AChE activity was measured in gill tissue and

not in digestive gland as the other enzymes. AChE in mussel tissue

of the wreck sites had only slightly lower activity (average of all

wreck stations: 17.16 ± 8.53 mU/mg protein) compared to the

reference (19.53 ± 13.14 mU/mg protein). Station A360 had the

lowest activity with 14.67 ± 7.11 mU/mg protein. However,

differences were not significant.

3.2.2.5 Histochemical biomarkers

Results of the lysosomal membrane stability (LMS) analysis

showed a similar pattern for peak 1 and 2 (Figure 11). For both,

the peaks of the reference mussels occurred significantly later than

compared to wreck mussels. The first peak of LMS in reference

mussels andmussels from station A362 occurred mainly after 20min,

whereas mussels of the other stations showed the first peak between

10 and 15 min. Also, for the second peak reference mussels and

mussels from station A362 showed a later response with a peak

after 40 min compared to the other station which had a peak after 35

min. Furthermore, both peaks showed significant differences between

the stations (first peak: Ref vs A360: p< 0.0005, Ref vs A361: p< 0.005,

Ref vs A363: p< 0.05, A360 vs A362: p< 0.005, A361 vs A362: p<

0.005, A362 vs A363: p = 0.04; Second peak: Ref vs A360: p< 0.005,

Ref vs A361: p< 0.0005, Ref vs A363: p< 0.005 A361 vs A362:

p = 0.01).

Lipofuscin (LIPF) level in digestive gland cells was measured

between 8 and 12.5% with significant differences between stations

(p< 0.0005) (Figure 12a). Significant differences were detected

between reference and A361 (p = 0.033) as well as between

reference and A362 (p< 0.0005). Further, differences with

statistical significance could also be detected between station

A360 and A361 (p = 0.006), A362 (p< 0.0005) and A363 (p =

0.031). The highest LIPF content in average could be detected in

mussels from the station A360 (12.53 ± 0.65%) and from the

reference (12.20 ± 1.10%). The lowest content was found in

mussels from station A362 (8.63 ± (0.75%).

Neutral lipid (NL) content in mussel tissue was slightly lower in

mussels of the reference (2.63 ± 1.42) compared to wreck mussels

(average of wreck: 5.54 ± 1.43%). (Figure 12b). Significant
FIGURE 9

Gonad status of mussels [%] from the cruise in 2020. Ref =
Reference area Belwind, A360-A363 = Stations at the wreck V1302.
FIGURE 8

Glycogen content [%] in digestive gland tissue of mussels from the
cruise in 2020. Ref = Reference area Belwind, A360-A363 = Stations
at the wreck V1302, [·] statistical outlier. Differences between the
groups were not significant (p< 0.05).
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differences were detected for reference compared with station A360

(p = 0.0006), A361(p = 0.0015) and A362 (p = 0.014).

3.2.3 Exposed fish
Fish liver samples were taken from both the V1302 wreck and

the reference site to assess the biomarker response within these

tissues according to the exposure to dissolved TNT and its

metabolites deriving from corroding munition onboard the wreck.

However, the fat content of the liver samples was relatively high.

Hence, samples remained soft and smeary even after being stored at

-80°C, making it impossible to cut and process the samples with a

cryotome. Therefore, no LMS and histochemical biomarker analysis

could be conducted. The remaining tissues were used for the

assessment of enzyme activities (see below).

3.2.3.1 Chemical analysis

Chemical analysis of the fish filets revealed the presence of TNT

and its degradation products within fish (Table 3). The average

detected TNT concentration was 4.2 ng/g d.w. Two individuals
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showed a clearly higher concentration, up to 3 times higher than

average (12.8 and 10.3 ng/g d.w.). The lowest TNT concentration was

1.7 ng/g d.w. In general, the average detected TNT concentration was

4 times higher than the degradation products 4-ADNT and 2-ADNT,

whereas 2-ADNT was slightly higher than 4-ADNT (average

2-ADNT: 1.6 ng/g d.w. 4-ADNT: 1.1 ng/g d.w.). 2-ADNT

concentrations ranged from 0.7 up to 2.1 ng/g d.w. and 4-ADNT

ranged from 0.9 up to 3.2 ng/g d.w. 1,3-DNB and 2,4-DNT were

mostly beneath the limit of detection. 1,3-DNB (0.2 ng/g d.w.) and

2,4-DNT (0.6 ng/g d.w.) were only detected in the filet with the highest

TNT concentration. 2,4-DNT could also be detected in one additional

filet with a concentration of 1.1 ng/g d.w. The fish bile contained

only very low concentrations of 2-ANDT (up to 0.5 ng/g d.w.) and

4-ADNT (up to 0.6 ng/g d.w.) whereas TNT could not be detected.
3.2.3.2 Fulton’s condition factor

The condition factor (K) between caught fish at the reference

site (1.49 ± 0.26) and at the V1302 wreck (1.54 ± 0.17) showed no

significant differences.
FIGURE 10

Enzyme activity in digestive gland (dark grey) and gill tissue (light grey) of mussels in 2020: (a) Catalase (CAT) activity (U/mg protein). (b) Glutathione S-
transferase (GST) activity (U/mg protein). (c) Acetylcholinesterase (AChE) activity (mU/mg protein). Ref = Reference area Belwind, A360 – A363 = Stations
at V1302, [·] statistical outlier. Significant differences to the reference are displayed with stars (p< 0.05 = *).
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3.2.3.3 Biochemical biomarkers

Catalase (CAT) activity in fish liver were very similar between

the fish caught at the reference area (165 ± 78.85 U/mg protein in

average) and the wreck site (165.1 ± 62.52 U/mg protein in average)
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(Figure 13a). Therefore, no significant differences could be detected

between the stations. The glutathione S-transferase (GST) activity

also showed no significant differences between the reference and

wreck sites (Figure 13b), even though the fish caught at the wreck
FIGURE 11

Boxplots of lysosomal membrane stability (LMS) of peak 1 (a) and peak 2 (b) in cells of mussel digestive gland tissue from the cruise in 2020.
Ref = Reference area Belwind, A360 – A363 = Stations at V1302, [·] statistical outlier. Significant differences to the reference are displayed with stars
(p< 0.05 = *, p< 0.005 = ** and p< 0.0005 = ***).
FIGURE 12

Histochemical biomarkers determined in tissue cells of digestive gland in mussels in 2020. Ref = Reference area at Belwind, A360 – A363 = Stations
at V1302, [·] statistical outlier. Significant Differences to the reference are displayed with stars (p< 0.05 = *, p< 0.005 = ** and p< 0.0005 = ***) Used
biomarkers were (a) lipofuscin content (LIPF) and (b) neutral lipids (NL).
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had a general higher enzyme activity (110.41 ± 51.98 U/mg protein

in average) than the reference fish (87.77 ± 40.33 U/mg protein

in average).
4 Discussion

Wrecks can be a source of many pollutants depending of their

cargo, armament and the vessel’s propulsion. The wrecks

investigated for this study were coal or fuel-oil driven. To keep

the engine running also lubricants and smears sometimes based on

mineral oil derivates were used. In addition, steel ships were
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protected against sea water driven corrosion by covering the hull

with lead containing coatings. Finally, the ships were loaded with

munition filled with toxic explosives. Thus, making the wrecks a

point source of a pollutant mixtures most probably unique for a

specific wreck. For remaining munition investigations using archive

information and battle reports were done to estimate amount of

munition still on the wrecks at least until the time of sinking.

Further, in case of V1302 andHMS Basilisk the remaining munition

was visually confirmed by divers. Overall, munition is assumed to

be the prominent source of pollutants on the investigated wrecks,

knowing, that other pollutants my add to the responses of

biomarker analysed for this study.
TABLE 3 Chemical analysis of fish filet samples and bile caught during the 2020 cruise at V1302 (Maser et al., 2023).

Filet 1,3-DNB [ng/g d.w.] 2,4-DNT [ng/g d.w.] TNT [ng/g d.w.] 4-ADNT [ng/g d.w.] 2-ADNT [ng/g d.w.]

Filet 1 <LOD <LOD 4.8 0.7 0.9

Filet 2 0.2 0.6 12.8 1.8 3.2

Filet 3 <LOD <LOD 3.8 0.9 1.4

Filet 4 <LOD <LOD 6.8 2.1 2.6

Filet 5 <LOD 1.1 5.6 1.4 1.8

Filet 6 <LOD <LOD 10.3 1.9 2.8

Filet 7 <LOD <LOD 5.4 1.4 2.0

Filet 8 <LOD <LOD 5.0 1.1 1.5

Filet 9 <LOD <LOD 4.0 0.8 1.2

Filet 10 <LOD <LOD 4.7 1.1 1.5

Filet 11 <LOD <LOD 4.3 1.3 1.9

Filet 12 <LOD <LOD 3.6 1.1 1.7

Filet 13 <LOD <LOD 4.0 1.1 2.0

Filet 14 <LOD <LOD 3.6 1.0 1.7

Filet 15 <LOD <LOD 2.6 0.9 1.4

Filet 16 <LOD <LOD 2.3 0.8 1.1

Filet 17 <LOD <LOD 2.6 0.9 1.4

Filet 18 <LOD <LOD 1.8 0.7 1.1

Filet 19 <LOD <LOD 2.0 0.8 1.2

Filet 20 <LOD <LOD 1.9 0.7 0.9

Filet 21 <LOD <LOD 2.0 0.9 1.2

Filet 22 <LOD <LOD 1.8 0.8 1.1

Filet 23 <LOD <LOD 1.7 0.9 1.0

Bile 1,3-DNB [ng/mL] 2,4-DNT [ng/mL] TNT [ng/mL] 4-ADNT
[ng/mL]

2-ADNT
[ng/mL]

Bile 18 <LOD <LOD <LOD <LOD <LOD

Bile 20 <LOD <LOD <LOD 0.6 0.5

Bile Pool 1* <LOD <LOD <LOD 0.4 0.4
*Contains 32 μL bile of fish 5 and 53 μL of fish 6.
LOD was in the order of fg/μL.
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It is well established that explosives are taken up, metabolized

and accumulated in marine organisms of different types (Ballentine

et al., 2015; Lotufo et al., 2009; Rosen and Lotufo, 2007b). Several

studies have shown that exposure to explosives poses a threat to a

variety of marine species. For instance, Nipper et al. (2001) showed

negative effects of TNT, tetryl and hexogen on different marine

species like algae, polychaetes, opossum shrimps and redfish, with a

lowest effective concentration ranging from 0.26 to 7.6 mg/L. It is

also known that exposure to munition compounds has varying

degrees of effects on different life stages. Rosen and Lotufo (2007a),

for instance, showed a higher sensitivity of juvenile mussels

(Mytilus galloprovincialis) against exposure to explosives

compared to adults. Exposure can also trigger a change in

behaviour as reported by Schuster et al. (2021). They found

higher numbers of mussels with closed valves when Baltic blue

mussels of the Mytilus family were exposed to higher TNT

concentrations. They also reported effects of TNT exposure on

different stress biomarkers. Most of the available studies are

laboratory experiments using concentrations of munitions

compounds that are much higher than those found in the

environment. Knowledge about effects of dissolved explosives

under field conditions is still scarce, but studies are now being

published that show a response of organisms and benthic

communities to dissolved explosives from dump and wreck sites

of conventional munitions (Van Landuyt et al., 2022; Vedenin

et al., 2023).

To assess the environmental risks of sunken warships and their

cargo, two research expeditions to preselected wrecks were

conducted, one in October 2019 (SS1019) and one in July 2020

(SS0720). The aim of the cruise SS1019 was to determine if the

wrecks exhibit leakage of chemicals, and whether the exposure setup

and sampling methods were suitable for the planned experiments. It
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turned out that both wrecks showed leakage of dissolved explosives.

The V1302 was finally selected as the main research site in 2020,

because the wreck site of the HMS Basilisk is under strong tidal

influence. This results in high current velocities and turbid water,

restricting the diver-based operations necessary to transplant and

retrieve the mussels.

Due to the relatively short exposure time of 4 months possible

responses of mussels were expected to be on low organisational

levels, e.g. on subcellular, cellular and tissue levels. Therefore, the

present study used several biomarkers which are known for

potential alternation at low concentrations of pollutants. This

includes histochemical biomarkers and the measurements of the

energy status as well as the assessment of enzyme activities of the

Anti-Ox-Defence-System. The same biomarker approach was then

used to assess also the fish caught at the wreck and reference area.
4.1 Bioavailability of warfare chemical
substances in the marine environment

Chemical analyses revealed leakage of explosives at the V1302

and HMS Basilisk as well as uptake by transplanted mussels and

wild fish. Traces of explosives could be detected within the water

and sediment, as well as mussel and fish tissue (for results of water

and sediment samples, see Maser et al. (2023). Detected explosives

within the various samples were on the order of ng per unit. This fits

with the usually detected concentrations of munition compounds

within environmental samples which is on the order of ng/L or

μg/kg as reviewed by Beck et al. (2018). Recent studies already

showed the potential of explosive leakage through corroded

munition shells. For instance, Strehse et al. (2017) detected

leakage of munition compounds at a bulk of explosives and Appel
FIGURE 13

Enzyme activity in liver tissue of fish in 2020 at V1302: (a) Catalase (CAT) and (b) glutathione S-transferase (GST) activity. Ref, reference; Wr, wreck;
[·] statistical outlier. Differences between the groups were not significant (p< 0.05).
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et al. (2018) near a pile of corroded mines in Kiel Bight, Baltic Sea.

Both studies used transplanted mussels for assessing the leakage.

Dissolved TNT leaking out of the munition shells can be

metabolised, mainly by bacteria (Juhasz and Naidu, 2007; Rosen

and Lotufo, 2007b) or by enzymes within the marine biota (Koske

et al., 2020). Munition compounds as well as their metabolites are

taken up and further metabolized by mussels (e.g. Appel et al., 2018;

Schuster et al., 2021; Strehse et al., 2017). For instance, Appel et al.

(2018) and Strehse et al. (2017) could detect explosive

concentrations within mussel tissue in the order of ng/g mussel

tissue. This is in accordance with the findings of the present study

where mussel tissue also contained explosive concentrations in the

order of ng/g mussel tissue. It is known that M. edulis contains

several enzyme systems like cytochrome P-450 monooxygenase

which may play a role in TNT metabolism (Livingstone and Pipe,

1992). Lab exposure experiments using blue mussels provided

further evidence for the ability of mussels to metabolise TNT,

since after the exposure to dissolved TNT mostly TNT metabolites

were found in the investigated mussel tissues (Schuster et al., 2021).
4.2 Comparability of physiological status of
mussel individuals

Species reproduction is an energy consuming and stressful

process. Mussels also invest a lot of energy into their gametes and

into spawning (Mredul et al., 2024). Individuals which have recently

spawned are most probably not comparable, regarding their energy

and stress level, to individuals that are still developing their gonads.

To ensure that mussels used in the experiments were in a similar

physical condition, the gonad status was determined. Further, also

the condition index of all investigated mussels was tested for

differences. As result no significant differences between mussel

from the two different sites were detectable, suggesting that site

specific geo- and hydrographical conditions did not influence

mussel condition.

Mussels transplanted to the V1302 and HMS Basilisk were first

collected from the reference area and pre-sorted according to their

size before caged and transplanted. After the exposure mantle tissue

of all exposed specimen was analysed for the gonad status. The

results show that mussels from the different exposure stations of

the V1302 and from the reference site were in a comparable

physiological state as indicated by a similar gonad status.

Approximately, half of the mussels had mature/premature gonads

and the other half were still developing, which fits with the seasonal

time of mussel sampling. The general spawning period of Mytilus

edulis extends from April until the end of June and in Autumn

gonads begin to build up again (Sprung, 1983).
4.3 Effects of leaked explosives on mussels
and fish

Leaked munition compounds show a slow dissolution (Beck

et al., 2018) and are usually found in ng/L concentrations in the
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aquatic environment (Beck et al., 2019; Kammann et al., 2024;

Koske et al., 2020). It has therefore been suggested that those

compounds are unlikely to cause acute toxicity or even lethal

effects in organisms living at or in the vicinity from munition

dumping sites (Beck et al., 2018, 2019). This appears to be true for

the present study. Lethal concentrations of dissolved TNT are in the

range of mg/L for many marine organisms, but at the two wreck

sites investigated here measured concentrations in the water

column were in the range of ng/L. This means that the caged

mussels were exposed to concentrations of dissolved TNT reflecting

a chronic toxicity level.

To measure the effects of chronic toxicity a multi-biomarker

approach focussing on early warning marker on sub-cellular and

cellular levels was used. Enzymes of the Anti-Ox-Defence system,

such as catalase (CAT) and glutathione S-transferase (GST) were

tested in both exposed fish and mussels. In mussels, CAT activity

tended to be higher in individuals exposed at the wreck site.

However, there was only a single, low significant difference

detected for one wreck station (A361) relative to the reference site.

This is in line with findings from Schuster et al. (2021) who

conducted an exposure experiment under laboratory conditions in

which mussels (Mytilus spp.) were exposed for 96 h to 10 mg TNT/L

(acute exposure experiment) and 21 d to 2.5 mg TNT/L (chronic

exposure). In this study, the authors could not detect significant

increased CAT activity during the acute exposure. During the

chronic exposure experiment CAT activity was only increased in

gill tissue but not in the digestive gland. It has been suggested that

CAT activity in gill tissue is more sensitive to environmental

pollutants than other tissues due to their physiological role in

respiration (Regoli and Principato, 1995). For future studies, it

might be of interest to detect CAT activity in mussel gills as well.

GST activity in mussels of the present study was similar between

wreck stations and the reference area and showed no significant

differences. This is in line with another study conducted by Höher

et al. (2019) who exposed M. trossulus for 96 h hours to CWA’s in

the order of μg/L in a lab-controlled experiment. In this study the

chemical concentration used was too low to trigger GST adaptation.

TNT exposure has previously been shown to increase GST activity

in mussels, as reported by Schuster et al. (2021). The authors could

detect a significant increase of GST activity in the chronic exposure

experiment in mussels exposed to 1.25 and 2.5 mg/L TNT.

Combined, these studies suggest that the exposure concentrations

of dissolved TNT in our study were too low to induce significant

GST activity.

Results of the neurotoxic biomarker acetylcholinesterase

(AChE) exhibited a lower activity in mussel tissue of the wreck

sites than those found in the reference area. In general, a lowered

AChE activity is a sign of reaction to pollution, but the differences in

AChE activity were not significant. This finding matches the results

found by Lastumäki et al. (2020) and Schuster et al. (2021). Both,

the field experiment conducted by Lastumäki et al. (2020) and the

two laboratory experiments conducted by Schuster et al. (2021) did

not reveal a significant increase in AChE when mussels were

exposed to munition compounds. Further, it is suggested that

AChE inhibition and the alteration of antioxidant enzymes like
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CAT are reversely correlated as reviewed by Lionetto et al. (2011).

However, this phenomenon could not be observed in the

present study.

Results of the lysosome membrane stability (LMS) in mussels

show a clear pattern. Membrane stability was significantly higher in

cells of the digestive gland tissue at the reference site than at all

exposed mussels except for station A362. This is true for both peak 1

and 2. A possible explanation is that labialisation of membranes is

caused by oxyradicals, developed due to the presence of TNT and its

metabolites within the cells. Other studies showed that low LMS

values are negatively correlated with high values of neutral lipids

(NL) and lipofuscin (LIPF) (Krishnakumar et al., 1994, 1997;

Lastumäki et al., 2020). In the present study, the results showed

an increase in NL in tissue of wreck mussels but a decrease in LIPF.

LIPF content in wreck mussels were generally lower compared to

reference mussels, but only two stations showed significant differences

(A361 and A362). In addition, the significant level of station A361 was

only on low level. In general, a downregulation of biomarkers could

indicate a bell-shaped response (Regoli, 2000; Viarengo et al., 2007). If

that would be the case for our data, then LIPF of all wreck stations

should be significant lower compared to the reference and CAT

activity should show a significant negative correlation to LIPF. Since

these trends were not observed, a bell-shaped response seems

unlikely. However, the exposure concentration might be too low to

trigger a response. For instance, Lastumäki et al. (2020) conducted a

field experiment with transplanted mussels (Mytilus trossulus) were

mussels were exposed 2.5 month at dumping sites of chemical warfare

agents (CWA) in the Baltic Sea. The concentrations of munition

compounds found in mussel tissue was on the order of ng/L and they

could not detect an increase in LIPF content either. In contrast, an

increase in LIPF content can be observed whenmussels are exposed to

high TNT concentrations (10 mg/L conducted over 96 h), as shown

by the laboratory exposure experiment conducted by Schuster

et al. (2021).

An accumulation of NL in digestive gland cells of mussels is

associated with stress induced by toxic chemicals indicating

lipidosis (Krishnakumar et al., 1994; Lowe, 1988; Viarengo et al.,

2007). In the present study significantly higher NL levels were found

in wreck mussels compared to the reference. Accordingly, Schuster

et al. (2021) could detect an increase in NL when mussels were

exposed to higher TNT concentration up to 2.5 mg/L during the

chronic exposure experiment. In the present study the detected

explosive concentrations at the sampling sites were only on the

order of ng/L, but there is still an effect visible. It should, however,

be noted that the highest NL content was not necessarily found at

stations were mussels had the highest TNT concentration in

their tissues.

Glycogen (GLY) is the primary energy reserve in most bivalves

(Patterson et al., 1999). The GLY storage is affected by various

environmental factors including chemical pollution which induces

stress in the organisms. This often leads to an increased metabolism

and a reduced GLY storage. Therefore, in the present study a lower

amount of GLY was expected in mussels located near to munition

due to the increased energy requirements caused by increased stress.
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However, this could not be observed. All stations showed a similar

GLY level with exception of station A362 which had an increased

GLY content compared to the other wreck stations A360 and A363

but not to the reference site. Schuster et al. (2021) also, could not

detect a decrease in GLY of digestive gland cells when mussels were

exposed to TNT, despite using a much higher concentration than

what was detected at the wreck stations of the present study. Even

though some of the tested biomarkers in the present study showed a

response to chemical pollution, the effects were not prominent

enough to change the energy storage of mussels. This is also true for

the individual level, since the Condition Index CI did not differ

between mussels exposed at the wrecks site and those from the

reference. However, considering the available literature, this seems

to be plausible given the low exposure concentrations and the

relatively short time of exposure.

In addition to the mussel caging experiment, wild fish were also

caught at the wreck and reference sites and tested for biomarker

responses. Fish samples showed no significant alteration in Fulton’s

Condition Factor (K) and enzyme activity when exposed to

dissolved explosives at the wreck site compared to the reference

area. Only GST activity showed an increasing trend in fish from the

wreck site, although the difference was not statistically significant.

In contrast, Ek et al. (2005) already proofed that TNT can have an

influence on GST activity in fish: They could detect a significant

higher GST activity in fish (Oncorhynchus mykiss) intraperitoneally

injected with TNT when compared to a control. Della Torre et al.

(2008) also found increased GST activity in European eel (Anguilla

anguilla) when exposed to higher TNT concentrations in a

laboratory experiment. Further, Niemikoski et al. (2020) could

detect a significant change in CAT and GST activity in Atlantic

cod (Gadus morhua) from chemical munition dumpsites in the

Baltic Sea when exposed to CWAs. However, the test organisms

used in those studies were exposed to higher concentrations of

munition compounds (lab studies) or to different chemicals

(Niemikoski et al., 2020).

The acute and chronic toxicity of TNT and its metabolites has,

nevertheless, already been reported for many fish species by older

studies like those reviewed by Talmage et al. (1999). Recent studies

also proved that fish take up TNT (Maser et al., 2023) and CWA

(Niemikoski et al., 2020). While Koske et al. (2020) and Kammann

et al. (2024) found munition compounds in the bile of common dab

(Limanda limanda, L.) living near dump sites in the North and

Baltic Sea, Maser et al. (2023) and Maser et al. (in press) could even

show that TNT and it’s metabolites occurred in the edible part

(fillet) of fish (pouting; Trisopterus luscus) living at a wreck site in

the Belgian North Sea, as well as in flounders (Platichthys flesus)

caught in the German North Sea at the coast of Lower

Saxony, respectively.

Overall, the comparison of the biomarker results of the present

study with findings of former studies is difficult, since most existing

knowledge is derived from laboratory studies, where higher

concentrations of explosives were used or different chemicals

like CWAs were applied. For instance, in comparison with

Schuster et al. (2021), there is a difference in exposure
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concentration of ng/L detected in the present study whereas

Schuster et al. (2021) used mg/L in the laboratory experiment

with mussels. Even though they used much higher explosive

concentration, not all biomarkers were significantly increased

during exposure to higher TNT concentration. The same is true

for fish. Studies referring to the enzyme activity as a response to

higher TNT exposure concentrations used much higher

concentrations of explosives then the present study (Della Torre

et al., 2008; Ek et al., 2005).

Another problem regarding the assessment of the biomarker

results is the fact that also traces of dissolved TNT were found at the

reference site. Concentrations measured in the passive sampler

from the reference site are lower than those from two wrecks

stations (A361 & A362) but comparable to the values measured

at A360. As the area has been cleared of lost explosives before the

construction phase of the windmill farm, we had assumed that no

TNT would be present at this site. At a true reference area, however,

the background concentrations of the target chemical used as

exposure agent should of course be zero or close to zero. In our

study, the tested biomarkers have probably also responded to the

TNT traces at the reference site levelling the expected responses

between exposure and reference sites. Future studies should put

more effort in pre-investigations of the planned reference area, to

make sure that the area is free of dissolved explosives.

In addition, there is increasing evidence of sublethal and

chronic effects of marine organisms when exposed to munition

compounds, especially for immobile organisms living in or on the

sediment (Juhasz and Naidu, 2007; Lotufo et al., 2013; Talmage

et al., 1999). Those chronic effects can manifest in various forms,

including reduced growth and reproduction, impaired

development, and damage to the nervous, immune and blood

systems (Gong et al., 2007). However, such investigations would

need extended exposure times. Alternatively, histological

investigations of organs, such as the liver of long-living non-

migrating fish could help to assess chronic effects of low

concentrated chemicals, such as dissolved explosives.
5 Conclusion

Results of the present study proved the leakage of energetic

chemicals at the wrecks of HMS Basilisk and the V1302/John Mahn,

as well as the uptake of those compounds by investigated mussels

and fish. In mussels, the leakage of explosives is correlated with

membrane impairments of cell organelles and signs of oxidative

stress. However, in fish no correlation between uptake of explosives

and biomarker response could be detected. If responses of a

biomarker occurred, they were restricted to the sub-cellular and

cellular levels. No effects on the individual level were visible.

However, as corrosion of munition shells and the leakage of

explosives proceeds, the situation may worsen, since more TNT

will get dissolved. Therefore, further monitoring is recommended.
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