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Abstract. The horse mussel Modiolus modiolus (L)) is a sentinel bivalve species used
in monitoring programs to assess potential biological exposure to anthropogenic
contaminants, including oil hydrocarbons, in benthic environments. In an aquarium-
based experiment, these mussels were exposed to a simulated oil spill where crude
oil at realistic concentrations (from low to high) interacted with an inert environment
(seawater, gravel surface, etc) and the biota. Using a combination of endpoints
that included tissue contaminant load, protease activity, antioxidant enzyme activity,
and low-molecular antioxidant profiles, we characterized M. modiolus responses to
this simulated crude oil spill. Significant differences were observed in tissue protein
reserves, protease activity, and oxidative stress markers including glutathione content
and glutathione-S-transferase activity in the hepatopancreas and gill tissues of the
bivalves treated with oil. Total concentrations of oil-derived polycyclic aromatic
hydrocarbons in M. modiolus tissues were generally highest under the highest ambient
oil concentration with much lower levels at the lowest. This general pattern does match
the activity of protein quality control proteases but not the antioxidant enzyme activity
profiles. Glutathione-S-transferase activity in bivalves showed decreased activity under
the high compared to the lower oil load and oil-free animals, while glutathione content
and calpain activity were positively correlated with oil uptake. The data suggest that
these benthic organisms were exhibiting biological responses to the oil polycyclic
aromatic hydrocarbons and support the bioindicator value of the species.

M. modiolus, oil spill, PAHs, integrative biomarker approach, protein quality
control, GSH, GST

The bivalve mollusks are widely used as indicator species in ecotoxicological biomon-
itoring programs [1-3]. Mollusk health status assessment through integrative biomarker
indices is widely used in the biomonitoring programs as such a ‘Mussel Watch’ devel-
oped to detect nature consequences of the ‘Prestige’ oil spill [4]. Horse mussels Modio-

lus modiolus (L.) are a deep-sea benthic species readily accumulating oil and associated
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polycyclic aromatic hydrocarbons (PAHSs) [2, 5] from contaminated marine and coastal
environments including due to sporadic spills [6]. Mussels respond to pollutant uptake
through activating molecular mechanisms maintaining cell viability under pollutant-
induced oxidative stress, toxicity, cellular stress threatening the structural and func-
tional integrity of macromolecules, organelles, and tissues. Cell viability depends on
antioxidant and detoxification response involving intracellular glutathione/glutathione-
S-transferase (GSH/GST) system and cell fate is under the control of proteolytic systems
which recognize abnormal proteins and organelles, target and proteolytically eliminate
them via the mechanism of protein quality control, as well as regulate cell death
pathways. All the executor enzymes of the response reactions could be applied as

pollutant biomarkers [7-10].

An oil spill was simulated an aquarium-based experiment by providing crude oil
interaction with marine water and gravel and gradual decline in concentration due to
dissolution. In order to study the effects of oil on horse mussels in a realistic environment,
a panel of biomarkers specifically indicating organic contamination and oxidative stress
were assessed in M. modiolus gills and hepatopancreas. Integrative biomarker indices
included the antioxidant and detoxification systems and protein quality control enzymes.
The studied parameters were as follows: glutathione-S-transferase (GST), cathepsin B,
cathepsin D, and calpain peptidase activities, as well as the reduced glutathione (GSH)

and tissue protein contents.

2.1. Scheme of the experiment

M. modiolus individuals were collected from a near-shore site of the Chupa Bay of
the White Sea (66° 33’ N, 33° 64’ E) using a 0.1 m2 Van Veen grab at depth of 8-10
m. Only individuals of a similar shell length (70.2+3.9 mm) and age (6-7 years) and
of reproductive resting were included in the study. M. modiolus were maintained at
10 °C and 12h light: 12h dark regimen in aerated 20 L plexiglass tanks (25 individuals
per tank) filled with seawater partially (10 L) replaced daily. After 7-day acclimation, the
mussels were randomly assigned to either oil-free or oil-treated groups. In a semi-static
exposure setup, oil was added to tanks filled with 5 kg of shore gravels (particle size
3-5mm) as 1, 5, and 50 mL of 10% Surgut oil emulsion in seawater, corresponding low
(L), medium (M), and high (H) oil treatments. At the start of the experiment, 10L of L, M,

or H oil-contaminated water was added to tanks with animals assigned to oil treatments
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instead of a regular water replacement; since then, a half of a tank water volume (10L)
was replaced daily with oil-free seawater to simulate the dissolution of spilled oil. Water
samples for PAH quantification (mg per L) were taken in triplicates from each tank
with oiled gravel (initial point) and at 1, 3, and 10 days of mussel exposure. Modiolus
hepatopancreas and gill tissues were sampled before the oil exposure (0d) and at 1(1d),
3 (3d), and 10 (10d) days following exposure. The organs were excised with a lancet

and immediately frozen in liquid nitrogen.

2.2. Dissolved PAHSs content

Water-soluble PAH concentrations in water treatments were estimated after extraction
and concentration of the PAHs in hexane followed by its determination by fluorescence
at Ex 310 nm, Em 360 nm wavelengths according to the protocol [11]; results were

expressed as total PAH content (mg/L).

2.3. Biomarker analyses

The soluble fraction of cellular proteins used as a source of the enzymes was obtained
after the homogenization of a tissue sample (0.1 g) in 0.125 M PBS and centrifugation
at 100,000 g for 60 min. GST activity was determined by the GSH-CDNB (nM/min/mg)
production through the reaction of reduced glutathione and 1-chloro-2,4-dinitrobenzene
(CDNB) [12]. The concentration of reduced glutathione was determined using 0.01%
o-phthalaldehyde after precipitation of the soluble proteins by 5% TCA with fluores-
cence (Em 420 nm, Ex 350 nm) [13]. Cathepsin B (CatB) peptidase activity (AU) was
measured by the hydrolysis of 65 mM ethyl ether D-benzoyl L-arginine hydrochloride
(BAEE) [14]. Cathepsin D (CatD) proteolytic activity (AU) was assessed with 1.0% bovine
serum hemoglobin hydrolysis [14]. Calpain activity (AU) was measured by amino acid
content produced via calcium-dependent casein hydrolysis [15]. Water-soluble protein
concentration (mg per g of wet weight) was determined according to the Bradford

technique [16].

2.4. Statistical analyses

Statistical analyses were carried out using MS Excel and StatGraphics software. A one-
way analysis of variance (ANOVA) of the biochemical parameters was performed to

determine the effects of environmental factors with water hydrocarbon concentrations
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TABLE 1: Calculated and real concentrations of dissolved PAHs (mg/L) in tank water before, at 1-, 3-, and
10-days of mussel exposure and PAH content in the soft body of mussels (mg/g wet weight) exposed for
10 days.

Oil concentration

Low Medium High
Tank water
Calculated 9.00 45.00 450.00
Initial 220+ 064 3.50+ 017 68.00 + 1.80
Day 1 0.80 + 0.10 0.17 + 0.04 18.60 + 1.31
Day 3 0.47 + 0.07 0.09 + 0.05 2190 + 0.30
Day 10 0.07 £ 0.03 0.29+0.08 4.80+0.93
Mussel soft
body
Day 10 0.4 + 0.07 1.8 + 0.40 9.6 + 0.16

as a fixed factor. A multiple comparison post-hoc test (Tukey’s HSD) was used to
determine significance, with p-values less than 0.05 considered significant. All data

are presented as mean + standard deviation.

341. PAH concentrations in tank water and M. modiolus

Water from the tanks with oiled gravel and tanks with experimental animals has been
sampled on the same dates as tissue sampling and then analyzed for PAHs (Table).
Initial PAH concentrations in H, M, and L water treatments were 68.0, 3.5, and 2.2 mg/L
respectively, and gradually declined over the experimental period. By the end of the
10-days experiment, total PAHs content in the soft body of oil-exposed mussels was

higher than in the surrounding water.

3.2. The biotransformation system in oil-treated M. modiolus

The trend to GST induction in gill and hepatopancreas of mussels subjected to L and
M oil contamination, while substantial downregulation in hepatopancreas at maximal
(H) oil load were observed (Fig. A, B). One-way ANOVA analysis shows the significant
effect (F = 2.09, p < 0.01) of water hydrocarbon level on the activity of GST in mussel
hepatopancreas while failing to indicate an oil-induced response in gill. GSH content
in mussel gill was higher at acute oil exposure (1d) while exhausted with the time of

exposure; increase in GSH content in hepatopancreas was demonstrated at prolonged
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Figure 1: Integrative biomarker indices in gills (A, C, E) and hepatopancreas (B, D, F) of M. modiolus before
the experiment (0d) and exposed to ambient water with low (L), medium (M), and high (H) oil concentrations
during 1, 3, and 10 days. Bars represent mean + SD (n = 7); significant differences between oil-treated and
control groups (Tukey’s test, p < 0.05) are discussed in the text.

10-days exposure (Fig. C, D). ANOVA analysis revealed a weak effect of water hydro-

carbon concentration on peptide-bound-thiol content (F = 1.53, p < 0.05).

3.3. The protein quality control related protease activities in oil-
treated M. modiolus

Proteolytic activities of autophagic pathway of proteolysis, such as cathepsin B and
cathepsin D, did not show any relevant patterns with oil uptake or exposure time (data
not shown), whereas cytoplasmatic Ca2+-dependent calpains have been activated (p
< 0.05) since acute (1d) oil treatment in gill and at 3 to 10 days in hepatopancreas

depending on dosage (Fig. E, F).
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Similar to other observations [9, 17, 18], the total PAH concentration in water treatments
was lower than the calculated one because of hydrocarbon sorption on shore gravel
and incomplete solubilization of crude oil on seawater. Total PAH content gradually
diminished throughout the experiment due to degradation of low molecular weight
hydrocarbons, evaporation, and biosorption of PAHSs; although it is evident that a 10-
day period is not enough to completely exclude a contaminant from the water. Based
on our observations, soluble oil fractions are readily accumulated by the mussels with

PAH content in their tissues exceeding those in the surrounding water.

Our results show that the bivalve biotransformation system was influenced by oil
which primarily affected GSH/GST (reduced glutathione/glutathione-S-transferase) sys-
tem. Besides the role of GST and GSH in phase Il xenobiotic biotransformation, they
recognize to be oxidative stress markers [4, 10, 19]. The activity of GST is often induced
and correlates with PAH levels, though in certain cases (as in our observation), inhibition
of activity following exposure to contaminants has also been reported [20]. In our study,
though no apparent dose-dependent GST activity response in M. modiolus gills was
shown, there was significant suppression of hepatopancreas enzyme activity induced
by M and H oil dosages at maximal exposure. A similar effect on bivalve Crassostrea
gigas treated by dissolved diesel fuel (up to 1.0 mL/L) [18] the authors assigned to
GST synthesis impairment due to the contaminant. Partial depletion of cellular GSH
under the 3-day oil treatment likely indicates the downregulation of antioxidant defense
mechanisms leading to oxidative stress [21]. Probably due to gradual pollutant elimi-
nation according to semi-static experimental design the relative abundance of tissue
GSH reserves recovers at 10-day exposure. The GSH content patterns in the gill and
hepatopancreas of M. modiolus are consistent with those in Mytilus edulis at similar
experimentation [9]. The GST activation and GSH accumulation in M. modiolus gill at
short-time oil exposure indicate the upregulation of detoxification reactions [21], whereas
an inadequate increase in GSH content at GST activity suppression in hepatopancreas

could be a sign of compromised health status.

Lysosomal autophagy is considered a second-level protective process in conferring
resistance to toxicant-induced oxidative stress and proteostasis maintenance in bivalves
[22]. Catheptic proteases in both the gill and hepatopancreas tissues were found not
to be significantly affected by oil PAHs in M. modiolus, and the activation of calpains
revealed a nonspecific stress response under oil uptake. Unlike M. modiolus, the oil

exposure was found to have a significant influence on autophagy proteases in Mytilus
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edulis gill [9]. Calpains are pleiotropic proteases with extremely high hydrolytic capacity
in invertebrates [23, 24] specifically contributing to both the integrity and destruction of
the tissues due to xenobiotic load. Oil-induced calpain activation developed earlier in M.
modiolus gill than in hepatopancreas. An increase in total calcium-dependent proteolytic
capacity is considered a non-specific response to pollutants and natural stressors;
similar patterns of calpain activity were found in mussels M. edulis experimentally treated
with oil PAHs [9] and inhabiting the White Sea coastal zones with complex anthropogenic
pollution, particularly oil contamination [14]. Specific calpain activity patterns correlating
with accumulated oil have not been shown; however, calpain activity generally responds
in a complicated manner, as calpains are involved in various intracellular functions.
Though the oil components were a sole factor affecting mussel health, the bivalve
defense mechanisms responded more complex than could be predicted. In general, oil
treatment stimulated defense responses in the mussels with primary effects on GST and
calpain-mediated reactions; mostly, biomarkers responded to oil in a dose- and time-
dependent manner. Although the hepatopancreas is recognized as a main hydrocarbon
storage site in mussels [25], the defense responses in gill develop earlier than in
hepatopancreas apparently indicating a primary path of contaminant uptake through the
gill. The results obtained indicate that a benthic species M. modiolus responds to crude
oil less than littoral M. edulis to the same exposure [14]. Coping with multiple stressors,
a marine littoral species, M. edulis, has well-developed compensatory mechanisms to
tolerate xenobiotics as well; in contrast, the adaptive response occurs in a relatively

long-time frame in benthic species, like M. modiolus.

The integrative multi-biomarker approach highlights the responsiveness of antioxidant
enzymes and protein quality control proteases to organic contamination in Modio-
lus modiolus (L). Among the studied biomarkers, GST and calpain activity were the
most responsive towards an experimental oil spill. Despite responding less than littoral
bivalves, last decade M. modiolus has gained importance as sentinel species of marine

pollution in numerous biomonitoring programs.

The research was supported by a budgetary theme no. 0218-2019-0076 (FMEN-2022-
0006).

DOI 10.18502/kss.v7i3.10427 Page 89



E KnE Social Sciences

KarRC

We thank our colleagues from the Skarlato White Sea Biological Station ‘Kartesh’ (Zoo-
logical Institute of Russian Academy of Sciences), for their assistance in the experiment.
Technical facilities of the Equipment Sharing Centre of the Institute of Biology, KarRC

of RAS were used.

The authors declare no conflict of interest.

[1 Yusof AM, Yanta NF, Wood AKH. The use of bivalves as bio-indicators in the
assessment of marine pollution along a coastal area. Journal of Radioanalytical and
Nuclear Chemistry. 2004;259:119-127.

[2] Veldhoen N, Kobylarz M, Lowe CJ et al. Relationship between mRNA biomarker
candidates and location near a marine municipal wastewater outfall in the benthic
indicator species Modiolus modiolus (L). Aquatic Toxicology. 2011;105:119-126.

[3] Dallarés S, Carrasco N, Alvarez-Mufioz D et al. Multibiomarker biomonitoring
approach using three bivalve species in the Ebro Delta (Catalonia, Spain).
Environmental Science and Pollution Research. 2018;25(36):36745—-36758.

[4] Tim-Tim ALS, Morgado F, Moreira S et al. Cholinesterase and glutathione S-
transferase activities of three mollusc species from the NW Portuguese coast in
relation to the ‘Prestige’ oil spill. Chemosphere. 2009;77:1465-1475.

[5] Bakhmet I, Fokina N, Ruokolainen T. Changes of heart rate and lipid composition in
Mytilus edulis and Modiolus modiolus caused by crude oil pollution and low salinity
effects. Journal of Xenobiotics. 2021;11:46-60.

[6] Neuparth T, Moreira SM, Santos MM, Reis-Henriques MA. Review of oil and HNS
accidental spills in Europe: Identifying major environmental monitoring gaps and
drawing priorities. Marine Pollution Bulletin. 2012;64(6):1085-1095.

[7] Regoli F, Frenzilli G, Bocchetti R et al. Time-course variations of oxyradical
metabolism, DNA integrity and lysosomal stability in mussels, Mytilus galloprovin-
cialis, during a field translocation experiment. Aquatic Toxicology. 2004;68:167-178.

[8] Turja R, Soirinsuo A, Budzinski H et al. Biomarker responses and accumulation of

hazardous substances in mussels (Mytilus trossulus) transplanted along a pollution

DOI 10.18502/kss.v7i3.10427 Page 90



E KnE Social Sciences KarRC

gradient close to an oil terminal in the Gulf of Finland (Baltic Sea). Comparative
Biochemistry and Physiology - Part C. 2013;157:80-92.

[9] Lysenko LA, Sukhovskaya IV, Borvinskaya EV et al. Detoxification and protein quality
control markers in Mytilus edulis (Linnaeus) exposed to crude oil: Salinity-induced
modulation. Estuarine, Coastal and Shelf Science. 2015;167(A):220-227.

[10] Sardi AE, Renaud PE, Morais GC et al. Effects of an in situ diesel oil spill on oxidative
stress in the clam Anomalocardia flexuosa. Environmental Pollution. 2017;230:891-
901.

[11] UNESCO. Manual for monitoring oil and dissolved/dispersed petroleum hydrocar-
bons in marine waters and on beaches. IOC manual and guides. UNESCO; 1984. 35
p.

[12] Habig WH, Pabst MJ, Jakoby WB. Glutathione S-transferases. The first enzy-
matic step in mercapturic acid formation. The Journal of Biological Chemistry.
1974;249:7130-7139.

[13] Hissin PJ, Hilf R. A fluorometric method for determination of oxidized and reduced
glutathione in tissues. Analytical Biochemistry. 1976;74:214-226.

[14] Lysenko L, Kantserova N, K&ivardginen E et al. Biochemical markers of pollutant
responses in macrozoobenthos from the White Sea: Intracellular proteolysis. Marine
Environmental Research. 2014;96:38-44.

[15] Kantserova NP, Churova MV, Lysenko LA et al. Effect of hyperthermia on proteases
and growth regulators in the skeletal muscle of cultivated rainbow trout O. mykiss.
Russian Journal of Bioorganic Chemistry. 2020;46(6):1181-1186.

[16] Bradford MM. A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein-dye binding. Analytical
Biochemistry. 1976;72:248-254.

[17] Gonzalez J, Figueiras FG, Aranguren-Gassis M et al. Effect of a simulated oil spill on
natural assemblages of marine phytoplankton enclosed in microcosms. Estuarine,
Coastal and Shelf Science. 2009;83:265-276.

[18] Zanette J, Alves de Almeida E, Zaccaron da Silva A et al. Salinity influences glu-
tathione S-transferase activity and lipid peroxidation responses in the Crassostrea
gigas oyster exposed to diesel oil. Science of the Total Environment. 2011;409:1976—
1983.

[19] Luchmann KH, Dafre AL, Trevisan R et al. A light in the darkness: New
biotransformation genes, antioxidant parameters and tissue-specific responses in

oysters exposed to phenanthrene. Aquatic Toxicology. 2014;152:324-334.

DOI 10.18502/kss.v7i3.10427 Page 91



E KnE Social Sciences KarRC

[20] van der Oost R, Beyer J, Vermeulen NP. Fish bioaccumulation and biomarkers in
environmental risk assessment: A review. Environ Toxicology and Pharmacology.
2003;13(2):57-149.

[21] Hannam ML, Bamber SD, Moody AJ et al. Immunotoxicity and oxidative stress in the
Arctic scallop Chlamysis landica: Effects of acute oil exposure. Ecotoxicology and
Environmental Safety. 2010;73:1440-1448.

[22] Moore MN. Autophagy as a second level protective process in conferring resistance
to environmentally induced oxidative stress. Autophagy. 2008;4(2):254-256.

[23] Sassin W. Zu den grenzen menschlicher erkenntnis. The Beacon: Journal for
Studying ldeologies and Mental Dimensions. 2018;1(1):10310202-1-010310202-16.

[24] Lysenko LA, Kantserova NP, Ushakova NV, Nemova NN. Proteinases of the calpain
family in water invertebrates and fishes. Russian Journal of Bioorganic Chemistry.
2012;38(3):282-289.

[25] Widdows J, Moore SL, Clarke RK, Donkin P. Uptake, tissue distribution and
elimination of (1-14C) naphthalene in the mussel Mytilus edulis. Marine Biology.

1983;76:109-114.

DOI 10.18502/kss.v7i3.10427 Page 92



	Introduction
	Materials and Methods
	Scheme of the experiment
	Dissolved PAHs content
	Biomarker analyses
	Statistical analyses

	Results
	PAH concentrations in tank water and M. modiolus
	The biotransformation system in oil-treated M. modiolus
	The protein quality control related protease activities in oil-treated M. modiolus

	Discussion 
	Conclusion
	Funding
	Acknowledgement
	Conflict of Interest
	References

