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Abstract: Diarrhetic Shellfish Poisoning (DSP) toxicity was revealed in the Mediterranean blue
mussel (Mytilus galloprovincialis) from the Bay of Mali Ston, in the south part of the Eastern Adri-
atic Sea, through the Croatian National Monitoring Programme in the period from January until
June of 2011. A survey of DSP toxicity within the frame of regular controls carried out through
the mouse bioassay (MBA, at the time the official method for DSP toxins) demonstrated that in
some incidents, positive MBA, which manifested by the atypical symptomatology of the animals,
dominated. Additional studies were done to explain the atypical results of the conducted biological
tests at the time. In the current study, the bioaccumulated manganese concentration in the soft tissues
of mussels was measured to investigate its influence on the MBA results. In both DSP negative
and DSP positive samples, which were prepared for the analysis according to the modified US EPA
3052 method, the concentration of the bioaccumulated manganese was performed on the atomic
absorption spectrometer using flame atomic absorption spectroscopy technique. The analysis re-
vealed higher concentration of manganese in 87% of DSP positive samples and the expressed per wet
weight ranged from 0.15 to 5.38 mg kg−1. The mean concentration of manganese for all DSP positive
samples was 1.78 mg kg−1, while for DSP negative samples, it was 48% lower (0.93 mg kg−1). The
highest concentration of manganese in DSP positive samples was measured in February 2011. Since
the low concentrations of lipophilic biotoxins gymnodimines (GYMs) and spirolides (SPXs) were
also detected in the analysed DSP positive samples in the parallel studies, the results obtained in this
study suggest future investigations of the connection between the concentration of manganese and
lipophilic biotoxins.

Keywords: manganese; bioaccumulation; mussel; diarrhetic shellfish poisoning

1. Introduction

Due to their characteristics such as wide geographic distribution, sessile lifestyles,
ease of collection, and accumulation of various environmental contaminants, shellfish are
often used as biological pollution indicators of coastal areas. Shellfish feed on plankton by
filtering seawater and can accumulate many ingredients such as toxins produced by toxic
plankton, trace metals, organic contaminants, or dangerous microorganisms, often without
any changes in their flesh’s appearance, thus becoming the cause of the potential consumer
poisoning [1].

Due to the concerns over shellfish bioaccumulation and possible toxic effects on hu-
mans consuming these organisms, monitoring programmes have been widely established.
Through monitoring programmes, various studies dealing with the accumulation of trace
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metals and marine biotoxins in shellfish have been implemented and carried out paral-
lelly. Some of those studies pointed out the influence of trace metals and algal toxins,
gymnodimines (GYMs), and spirolides (SPXs) on the false-positive results of the mouse
bioassay (MBA) [2–4].

Trace metals can enter the sea from a variety of natural (by breaking rocks, through
soil erosion) and anthropogenic sources (through mines or quarries, or through domestic,
industrial, or agricultural discharges) and be bioaccumulated in aquatic organisms [5,6].

Manganese is present in the seawater in low concentrations, while it is the twelfth most
widespread element of the Earth’s crust. A rough estimate of Mn’s average concentration
in the Earth’s crust is about 1000 mg kg−1 [7]. Various forms of manganese appear in
the seawater, among which the biologically available form is dissolved Mn, which is
absorbed by organisms. In the oxidised form, it has a role in removing several trace
metals like Fe, Co, Ni, and Zn from the seawater [8]. Mn is an essential biological element
used by phytoplankton in photosynthesis and other biological functions [9]. After the
phytoplankton life cycle ends, incorporated Mn sinks toward the sea bottom together with
the dead material [10].

Mn enters the marine environment through lithogenic dust deposition [11] and lateral
advection from reducing sediments [12]. When none of oxygen or nitrates is present any-
more, dissolved Mn diffuses from anoxic sediments through the sediment microorganism
action [13,14]. It can also enter the marine environment through rivers [15]. Much of the
fluvial Mn sediments, and part of it, is transferred in the marine environment by diffusion
and sediment resuspension [16]. Commonly, smaller particles of sediment (0.5 µm–4 µm)
contain plenty of Mn, which can, because of their small size, reach the open sea [8]. Mn can
enter the sea by the sea ice melting as well as through hydrothermal vents [17].

Seawater is continuously filled with trace metals because of the nearness of the coastal
roads and land runoff inputs, so the trace metal contamination of mussels is also due to
land-based sources of contamination.

During the last decade, several studies on trace metal contamination in blue mussels
from the Croatian area of the Eastern Adriatic Sea were conducted [18,19], and the results
showed that the levels of trace metals were within the range of metal concentrations found
in other low to moderately polluted Adriatic and Mediterranean areas [20–25]. The trace
metal contamination of mussels occurs because of their strong affinity to organic ligands so
that the ions can be easily transported through the cell membranes. Trace metal ions can
bind with the membranes’ transport proteins, thus creating a concentration gradient of free
metal ions through the cell membranes [26].

Particular trace metal in the seawater impacts algae and algal bloom and increases
biotoxins production. Trainer et al. [27] reported that Pseudo-nitzschia spp. as producers of
domoic acid could have a unique ability to accumulate traces of metals such as Fe and Cu,
giving them a competitive advantage over other phytoplankton.

Toxic and potential toxic phytoplankton species produce marine biotoxins that can
cause gastrointestinal syndrome recognised as DSP after consuming contaminated mussels.
DSP’s main toxins are okadaic acid (OA) and dinophysistoxins, DTX1 and DTX2 [28].
These compounds are lipophilic toxins and potent phosphatase inhibitors that can cause
intestinal tract inflammation and diarrhoea in humans [29]. These toxins’ production varies
in different genera of dinoflagellates like Dinophysis and Prorocentrum species [1]. As a part
of the Croatian National Monitoring Programme in 2011, MBA, the official method for
DSP toxins at the time, showed positive results in the Mediterranean blue mussel (Mytilus
galloprovincialis) from the breeding area in the Bay of Mali Ston [30] with consequent
closure of the shellfish farms in the bay, which affected the Croatian mussel industry.
Several studies have been carried out on phytoplankton toxins within the framework of
monitoring programmes and the accumulation of trace metals in bivalve molluscs. Studies
showed that MBA gave false-positive results because of the trace metals content in the
mussels [2,3,31–34].
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This paper aims to reveal whether the positive MBA results in the Bay of Mali Ston
in 2011 have been caused by other compounds that were co-extracted from the mussel
samples. The results of weekly analyses for DSP toxins in mussel samples from the Bay
of Mali Ston did not meet the food control requirements provided by the EU Directive
(Commission Regulation EC No. 853/2004). Performed tests showed rapid-acting toxicity
in experimental animals through the symptoms that were atypical for DSP toxins, which
manifested in neurological signs, convulsions, cramps, and death within a few minutes
to half an hour after the injection. Some animals fully recovered and behaved normally.
This study aimed to investigate the connection of the Mn concentrations in the examined
samples of mussels from the Bay of Mali Ston in 2011 during DSP toxicity with positive
MBA results, which is why the Mn concentration in both DSP positive and DSP negative
mussel samples was measured.

2. Materials and Methods
2.1. Study Area

Seven sampling stations were chosen for this study, of which six were in the Bay of
Mali Ston and one on Mljet island. The Bay of Mali Ston is located on the south of the
Croatian part of the Adriatic coast between the mainland and Pelješac Peninsula in the
Neretva Channel’s vicinity. The bay’s ecological conditions mainly depend on the effects
of the Neretva River, nearby land, and, to a lesser extent, on the open sea. Neretva’s flow
through Croatia is 22 km long, and the mouth of the river is the only actual delta in Croatia,
which covers an area of 12,000 hectares. After extensive land reclamation and cultivation
of that agricultural-rich area, the wetland delta was turned into a rich agricultural area.
The Bay of Mali Ston is 28 km long, and at its widest part, it is 6.1 km wide. The altitude
ranges from 0 to 400 m. Due to the large indentation of the outer and the inner part of the
bay, the coastline’s total length is about 100 km. In more than 80% of the bay, the depth
is between 20 and 29 m. The outer and the middle part of the bay are occasionally under
stronger influence, while the bay’s inner part is under the weaker influence of the river
Neretva’s water, especially during higher river water level and stronger westerly winds.

The bay’s hydrophysical and ecological relations are mainly influenced by strong
underwater freshwater sources located in the inner part of the bay. The input of organic
matter from the land is significant for ecological and production relations, and rainwater
and numerous underwater springs. Due to its favourable primary production and hydro-
graphic characteristics, mussels have been farmed in the bay since ancient times. Until
today, the Bay of Mali Ston has been one of the essential areas for shellfish farming in
Croatia. Mljet is located in the archipelago of South Dalmatia. It stretches parallel to the
eastern half of the Pelješac Peninsula, from which the 8 km wide Mljet Channel separates it.
Strong waves, sea currents, and winds have shaped today’s structure of the Mljet’s shores,
which abound in bays, caves, and rocks. In winter, the sea is colder only in deep bays and
in colder periods. The average water temperature in Mali Ston in winter reaches 15 ◦C. In
summer, the sea is warm, and along the coast, in the bays, it is 2–3 ◦C warmer than on the
open sea. In summer, the average water temperature rises to 24 ◦C.

2.2. Mussel Sampling

Samples of Mediterranean blue mussels (Mytilus galloprovincialis) were collected for
the analysis within the Croatian National Monitoring Programme activities on the seven
stations from January to June 2011, as shown in Figure 1. Geographical longitudes and
latitudes of sampling stations are given in Table 1. Samples were collected once a week or
more frequently (but not less than every two days) when MBA showed positive DSP toxicity
testing results. To get the representative sample, 4 kg of mussels were collected. Mussels
were not depurated prior to analysis. The mussels’ entire soft tissues were separated from
the mussel shell together with byssus fibre and weighed before and after the freeze-drying
process to determine the water content in soft tissues. Mean water content (%) in soft
tissues was (mean ± SD) 86.4 ± 1.6.
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Table 1. Longitudes and latitudes of the sampling stations.

Station Name Station Mark on the Map Longitude (N) and Latitude (E) of the Sampling Stations

Mali Ston Cove MZ1 42◦50.69′:17◦42.69′

Banja Cove MZ2 42◦52.16′:17◦40.98′

Bistrina Cove MZ3 42◦52.38′:17◦42.17′

Kanal Usko Cove MZ4 42◦52.94′:17◦38.27′

Sutvid Cove MZ5 42◦54.99′:17◦28.57′

Brijesta Cove MZ6 42◦54.35′:17◦31.01′

Sobra Cove US1 42◦44.73′:17◦36.80′

2.3. Reagents and Standard Solutions

The reagents used in this study included HNO3 (68%, trace analysis grade, Fisher
Scientific UK, Loughborough, UK), HClO4 (65%, trace metal analysis, Fisher Scientific UK),
and H2O2 (30%, Merck, Darmstadt, Germany). The standard solutions were prepared from
the stock standard solution of ultrapure grade by Merck. The stock solution’s preparation
and the dilution of the samples were carried out with deionised water with the Mill-Q Water
Purification System (Merck Millipore, Molsheim, France), which was also used to clean
the glass, plastic, and polytetrafluoroethylene (PTFE) vessels. All glass and plasticware
used for tissue analysis were cleaned with a 5% HNO3 solution for 48 h and washed with
deionised water.

2.4. Extraction of Manganese in Tissue Samples

About 10 g of the homogenised frozen soft tissue was lyophilised with a Lio 5P freeze
dryer (Martin Christ, Osterode am Harz, Germany) and ground to a fine powder in an agate
mortar. To achieve complete digestion of the tissue, the microwave-assisted acid digestion
for trace metal analysis was performed according to the modified US EPA 3052 method.
Approximately 0.25 g of freeze-dried and pulverised mussel soft tissue was weighed into
the PTFE microwave digestion vessel. A mixture of concentrated acids, HNO3, and HClO4
(2:1) was added to samples in PTFE vessels. The vessels were transferred into a microwave
digestion system. A digestion step at 190 ◦C was followed by an acid evaporation step
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on a hotplate. After acid evaporation, a mixture of HNO3 and H2O2 (1:1) was added to
samples in PTFE vessels. Vessels were transferred to a microwave digestion system for the
final digestion step. After cooling down to room temperature, samples were diluted with
Mill-Q water to the final volume of 15 mL.

2.5. Atomic Absorption Spectroscopy (AAS) Analysis

Analysis of Mn concentration in digested mussels’ soft tissues was performed on the
atomic absorption spectrometer (Analyst 800, PerkinElmer, Shelton, CT, USA), using flame
atomic spectroscopy technique.

The quality and accuracy of the applied method were ensured by periodical analysis of
blank samples and spiked samples and by analysis of certified reference material of marine
biota (SRM 2976, freeze-dried mussel’s tissue, NIST, National Institute of Standards and
Technology, Gaithersburg, MD, USA). Measured concentrations of Mn in CRM samples
were within the 95% confidence interval of the assigned certified value. The recovered
concentration (mean % recovery ± SD) was 104.6% ± 4.6%. The detection limit of the
applied analytical method, corresponding to the mean procedural blank value and three
times the standard deviation of the blank measures, was 0.91 mg kg−1 for Mn.

2.6. Data Analysis

To process data in this study, statistical methods (e.g., mean, minimum, and maximum
concentration values, and standard error) were used and the diagrams were made with
Microsoft Excel 2016 and STATISTICA (StatSoft 14, TIBCO Software, Palo Alto, California,
US). The one-way ANOVA in IBM SPSS Statistics 25 was used to support the conclusions
about differences between the mean Mn concentrations in DSP positive and DSP negative
samples, among sampling sites and sampling months.

3. Results
3.1. Spatial Distribution of Manganese during DSP Toxicity

Concentrations of Mn were analysed in 109 samples (16 DSP negative and 93 DSP
positive samples) of blue mussels (M. galloprovincialis) gathered from the farming area in
the Bay of Mali Ston located in the southern Adriatic Sea weekly or more frequently (but
not less than 48 h) if the results of mouse bioassay were positive. Results of analysed Mn
concentrations are presented in Figure 2. Mn concentrations in DSP positive samples were
in the range of 0.15 mg kg−1 to 5.38 mg kg−1. Mean values measured at all control stations,
and 87% of all DSP positive results were in a higher range than the mean value of Mn
concentrations in DSP negative samples. (Figure 2). The mean Mn concentration for all
DSP positive samples was 1.78 mg kg−1, while for the DSP negative samples, it was a 48%
lower (0.93 mg kg−1) value. The highest value of Mn concentration of all DSP positive
samples was 5.38 mg kg−1, and it was measured at the control point MZ6. The lowest value
of Mn concentration of all DSP positive samples was 0.15 mg kg−1, and it was measured at
the control point MZ1. When looking at the mean values of Mn concentrations between
seven stations, the data showed variations. The results of the mean Mn concentrations
ordered from the highest to the lowest value are as follows: MZ3 > MZ2 > MZ6 > MZ4 >
MZ5 > MZ1 > US1 (Table 2).
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Figure 2. The mean values of Mn concentrations ± SE in blue mussels collected at seven stations from January to June 2011.
NEG-DSP negative samples, while others are DSP positive samples. Concentrations of Mn are expressed per wet weight (w
wt). The mean values of Mn concentrations with standard errors (SE) in DSP positive samples for all stations, and the mean
Mn concentration with SE in DSP negative samples are shown on the graph.

Table 2. The ranges, mean values, and standard errors of Mn concentrations measured on each control station in the DSP
positive samples.

Station Name Station Mark on the
Map

The Concentration Range of Mn
(mg kg−1)

Mean Value of Mn Concentration
(mg kg−1) Standard Error (SE)

Mali Ston Cove MZ1 0.15–2.29 1.57 ± 0.60 0.17
Banja Cove MZ2 0.86–2.86 2.04 ± 0.55 0.16

Bistrina Cove MZ3 0.39–3.85 2.20 ± 1.00 0.25
Kanal Usko Cove MZ4 0.46–3.11 1.69 ± 0.87 0.27

Sutvid Cove MZ5 0.16–3.41 1.59 ± 0,94 0.22
Brijesta Cove MZ6 0.54–5.38 1.78 ± 0.98 0.23
Sobra Cove US1 0.22–2.35 1.22 ± 0.73 0.30

3.2. Temporal Distribution of Manganese during the Period of DSP Shellfish Toxicity

The present study investigated the temporal distribution of Mn concentrations in
DSP positive mussel samples from January to June 2011. In the examined DSP positive
samples of mussels, the highest concentrations of Mn were recorded in the coldest part of
the year (late winter and early spring), which decreased with the arrival of warmer weather
(summer and early fall) (Figure 3). A trend of decreasing Mn concentrations was found in
the analysed samples in the studied period.
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4. Discussion

The results of toxin analyses revealed that the Amnesic Shellfish Poisoning (ASP) tox-
ins (domoic and epi-domoic acid) lay below the limit of detection (LoD) and that all samples
were negative on Paralytic Shellfish Poisoning (PSP) MBA testing. Conducted MBA gave
positive results on DSP toxicity checking. The weekly analyses for DSP toxins did not
meet the food control requirements provided by the European Regulative (853/2004 EC).
Performed tests showed the rapid death of mice through symptoms that were atypical for
DSP toxins. To identify specific lipophilic toxins (OA-okadaic acid; DTXs-dynophysistoxins;
AZA-1, AZA-2, and AZA-3-azaspiracids; YTXs-yessotoxins; GYMs-gymnodimines; and
SPXs-spirolides), shell extracts in methanol were analysed using a tandem method of liquid
chromatography and mass spectrometry (LC-MS/MS) characterised by high specificity
and sensitivity. Analyses detected only low concentrations of GYMs and SPXs (in the range
5–15 µg kg−1), and none of the lipophilic toxins regulated by the EU Directive [32]. The
GYMs and SPXs are classified into a heterogeneous group of marine bio compounds called
cyclic imines [35]. GYMs and SPXs are globally distributed phycotoxins discovered in the
early 1990s and detected in the Croatian mussels for the first time back in 2006 [36]. There
is no clear evidence of their toxicity to humans, although the research on the Caco-2 cells
shows that SPXs could be absorbed in the human intestinal epithelium [37]. GYMs and
SPXs are highly toxic to rodents and constitute a source of false positives in lipophilic toxin
detection by the mouse bioassay [35]. The presence of GYMs and SPXs could have caused
positives in MBA of mussel samples from the Bay of Mali Ston in 2011 [30].

Since other compounds in shellfish tissue, such as metals, can also cause false-positive
MBA, this research focused on measuring Mn’s concentration in both DSP positive and
DSP negative samples to investigate Mn content’s connection with the positive diarrhetic
shellfish poisoning.

The toxicity occurrence started in January 2011 and lasted until mid-summer, with the
maximum number of positive samples in June.

Accumulated Mn concentrations measured in the soft tissue of DSP positive samples
varied between sites. The positions of the sampling points can explain variations among
mean values of Mn concentrations. The top-ranking value of the mean Mn concentration
was measured at the control point MZ3. This control station is strongly indented into the
mainland, and in such areas, sediment is a source of trace metals. Since sea currents at
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this site are weaker, the influence of wind and waves and the dispersion of suspended
particles is reduced, increasing the concentration of Mn. This station is also the closest to
the Split–Dubrovnik road and is exposed to the significant impact of heavy road traffic.
The next point where high mean Mn concentration was measured was MZ2, which is also
drawn deep into the mainland. Due to weaker sea currents, wind, and waves, there is no
scattering of suspended particles, which is why the sediment can increase Mn concentration.
MZ2 is the closest to MZ3 and with the second-highest mean value of Mn concentration
measured. Control points MZ6 and MZ5 are next when looking rank of the mean values of
Mn concentration. These stations are located in the bay’s outer part and are more strongly
influenced by the Neretva river, which flows through agricultural areas carrying drainage
of agricultural land. These points are exposed to a higher load of eroded material from
the land enriched with Mn since they are located opposite Neretva’s mouth. Levels of
Mn measured at these stations are strongly defined by their positions. MZ1 is indented
into the mainland but further away from the Split–Dubrovnik road and its impact. The
mean value of the Mn concentration at MZ4 can also be related to river Neretva’s influence.
The lowest mean value of the concentration of Mn in mussels was detected at the control
station US1 on the island of Mljet, which is furthest from the mainland and least exposed
to the influence of river Neretva. A low impact of terrigenous particles, which are, in
general, rich with Mn, was recorded at this sampling station. Mn in the Bay of Mali Ston
can originate from sediment, the Earth’s crust, or the river Neretva’s discharges. A study
by Maanan [38] pointed to quite elevated Mn concentrations in mussel tissue in stations
close to the mouth of estuaries, while the study of Maanan et al. [39] indicated Mn as an
excellent tracer of continental inputs into aquatic systems produced by breaking up rock
and soils of surrounding watersheds.

When comparing the mean values of Mn concentrations in DSP positive and DSP
negative samples by one-way ANOVA, the significance level was nearly 0.000, which
is below 0.05, and confirms that the mean Mn concentration values of all DSP positive
samples as well as 87% of all DSP positive samples had higher Mn concentrations than the
mean value of all DSP negative samples.

The comparison of Mn concentrations in DSP positive samples among sampling
sites showed the significance value of 0.182, which is higher than 0.05, so there was no
statistically important difference between Mn concentrations among sampling sites.

When w wt contents of Mn measured in the soft tissue of mussels from the Bay of
Mali Ston are converted in dry weight (d wt), they lie in the range from 0.5 to 18.7 mg kg−1

(Table 3).

Table 3. Comparison of Mn concentrations in Mytilus galloprovincialis obtained in this study with
literature data from other regions all over the world (mg kg−1 d wt).

Region Concentration of Mn Reference

Adriatic Sea, Bay of Mali Ston 0.5–18.7 Present study
Adriatic Sea, Montenegro 7.3–85 [40]
Adriatic Sea, Montenegro 6.4–22.2 [41]

Adriatic Sea, Albania 12.3–139.3 [20]
Safi coastal waters, Morocco 7.2–27.5 [38]

El Jadida coast, Morocco 8.7–34.8 [39]
Portonovo, Italy 4.4–16.4 [42]

Black Sea, Romania 12.7–13.6 [43]
Black Sea, Turkey 5.7–22.8 [44]

Aegean Sea, Greece 7.2–25.3 [45]

When comparing concentrations of Mn measured in the soft tissue of mussels from
the Bay of Mali Ston with the literature data on the concentrations of Mn measured in
the soft tissue of mussels from the seas of other parts of the world, it can be seen that the
concentrations of Mn in mussels from the Bay of Mali Ston are relatively low (Table 3).
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Phytoplankton make the autotrophic component of sea plankton. As photosynthetic
organisms, marine phytoplankton species are the primary producers and the basis of
most food chains in these ecosystems. Various factors of either natural or anthropogenic
origin can affect phytoplankton communities, especially in more closed parts of the sea,
such as bays or canals. Some phytoplankton species are producers of marine biotoxins,
and the presence of certain trace metals in the sea may be reflected in enhanced biotoxin
production by increasing biomass and/or increasing toxin production per cell. Rhodes
et al. [4] reported a 25% increase in the dinoflagellate Karenia selliformis, a GYMs producing
microalgae, biomass with the addition of Se to batch cultures. Further increase in biomass
was achieved with the dual addition of Mn and Se.

In the Bay of Mali Ston, the Neretva river’s influence, which flows through an agricul-
tural area, and its inputs of agricultural land and organic matter are of high importance.
Enrichment of estuarine waters with dissolved organic material (DOM) can affect phyto-
plankton communities. Paerl [46], Lewetus [47], Gilbert [48], and Mountfort [49] described
the effect of organic acid additions in enhancing growth and GYMs production in axenic
cultures of Karenia selliformis. Acetate enhanced GYMs by stimulating growth rate (µ,
0.23 days−1), and the large concentration of GYMs per cell (16 pg cell−1 cf. 9.8 pg cell−1 for
the control) suggests a role of acetate in the GYMs biosynthesis. Amending culture with
Mn2+ additions resulted in slightly decreased growth in control cultures and it increased
the GYMs.

As the comparison of Mn concentrations measured in DSP positive and DSP negative
samples of mussels from the Bay of Mali Ston revealed higher Mn concentrations in 87%
of DSP positive samples, it could be assumed that there is a connection between the
measured Mn levels and the occurrence of biotoxins GYMs and SPXs. Mn showed the same
connection with the occurrence of phycotoxins GYMs and SPXs in DSP positive samples of
blue mussels from the Bay of Mali Ston during DSP toxicity episodes in 2011, just as did
Zn, Cu, Cd, and Ni, which showed higher levels in more than 70% of DSP positive samples
as it was reported in the study of Ujević et al. [50].

The possible explanations for the role of Mn in the occurrence of GYMs and SPXs in
analysed DSP positive samples from the Bay of Mali Ston may be that the increase of Mn
content in the seawater could have either affected metabolic pathways in phytoplankton
cells and enhanced the production of marine biotoxins [4], or that when bioaccumulated in
shellfish tissue, it could have facilitated the transport of biotoxins and their accumulation
in shellfish cells [50].

Temporal analysis of Mn concentrations measured in DSP positive samples showed a
seasonal pattern with maximum values observed during the cold period of the year (end
of winter, beginning of spring) and minimum values during the warmer period (summer,
early fall) [51]. Seasonal differences of Mn concentrations in analysed DSP positive samples
can be described with the sinusoid curve [42]. In the studied case, one can assume that
mussels during the warm period bioaccumulate to a lesser degree than during the colder
period. Mn as a trace metal essential for life showed the same seasonal evolution as other
trace metals, which are more involved in biochemical activities and required by biota
for various biochemical processes [45]. Mn concentrations of all DSP positive samples
showed a similar decreasing trend from January to June, which is in accordance with the
seasonal pattern demonstrated in concentrations of Cd, Pb, Zn, Cr, Cu, and Ni investigated
in the first six months of 2011 during DSP toxicity of mussels from the Bay of Mali Ston by
Ujević et al. [50].

When comparing Mn concentrations in DSP positive samples among sampling months
by one-way ANOVA, the significance value was 0.007, which is below 0.05, and confirms
a statistically important difference between the mean values of Mn concentration among
sampling sites.

The bioavailability of Mn in the Bay of Mali Ston is highly dependent on seasonal
and meteorological characteristics and the fluvial discharges of the Neretva. Depending
on the metabolic rate of mussels, Mn can be accumulated in the soft tissue, especially in
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combination with the shallowness of the coastal area in the bay and concentration, as well
as the physical and chemical forms of Mn present in the seawater and the intense influence
of nutrients, winds, and waves. The results of temporal analyses of Mn concentrations
demonstrated the same trend that was noticed by authors who studied seasonal changes
in metal contents in the soft tissue of mussels, genus Mytilus, in moderate climates of the
Northern Hemisphere [51–54].

5. Conclusions

Analysis of Mn concentration in DSP positive and DSP negative mussels revealed
a higher concentration of Mn in the significant number (87%) of DSP positive samples
compared to the mean value of Mn concentrations of DSP negative samples. This study
suggests that a higher concentration of Mn in DSP positive samples may be connected to
the occurrence of GYMs and SPXs and it calls out for future studies to get detailed insights
towards understanding physiological interactions of Mn and lipophilic biotoxins. As we
witness climate changes and the input of nutrient pollutants on a global level, this type of
research is particularly important, especially given that the input of some micronutrients,
such as trace metals (Cu, Zn, Ni, Co, Mn) and their concentrations in the habitats of some
microalgae, are crucial for their toxicity.
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Mytilus galloprovincialis during episodes of diarrhetic shellfish poisoning (DSP) in the NE Adriatic Sea in 2006. Molecules 2011, 16,
888–899. [CrossRef] [PubMed]

37. Espina, B.; Otero, P.; Louzao, M.C.; Alfonso, A.; Botana, L.M. 13-Desmethyl spirolide-c and 13,19-didesmethyl spirolide-c
trans-epithelial permeabilities: Human intestinal permeability modelling. Toxycology 2011, 287, 69–75. [CrossRef] [PubMed]

http://doi.org/10.1098/rsta.2016.0190
http://www.ncbi.nlm.nih.gov/pubmed/29035268
http://doi.org/10.1098/rsta.2016.0246
http://doi.org/10.1029/2011JC007434
http://doi.org/10.1016/j.marchem.2007.06.001
http://doi.org/10.1016/j.marchem.2006.03.005
http://doi.org/10.1098/rsta.2015.0287
http://www.ncbi.nlm.nih.gov/pubmed/29035253
http://doi.org/10.1016/j.gca.2011.02.011
http://doi.org/10.1016/j.foodchem.2013.09.045
http://www.ncbi.nlm.nih.gov/pubmed/24176332
http://doi.org/10.1016/j.foodchem.2007.09.011
http://doi.org/10.1007/s10661-006-9278-6
http://www.ncbi.nlm.nih.gov/pubmed/16917686
http://doi.org/10.2298/JSC110420095S
http://doi.org/10.2298/ABS1201265M
http://doi.org/10.1155/2019/6730305
http://doi.org/10.1021/cr00021a011
http://doi.org/10.1007/BF02523835
http://www.ncbi.nlm.nih.gov/pubmed/8784745
http://doi.org/10.2331/suisan.50.1413
http://doi.org/10.1002/etc.5620100305
http://doi.org/10.1002/nt.2620020511
http://doi.org/10.1021/ac900144r
http://www.ncbi.nlm.nih.gov/pubmed/19278248
http://doi.org/10.3390/molecules16010888
http://www.ncbi.nlm.nih.gov/pubmed/21258296
http://doi.org/10.1016/j.tox.2011.06.003
http://www.ncbi.nlm.nih.gov/pubmed/21689715


J. Mar. Sci. Eng. 2021, 9, 451 12 of 12

38. Maanan, M. Heavy metals concentrations in marine molluscs from the Moroccan coastal region. Environ. Pollut. 2007, 153,
176–183. [CrossRef]

39. Maanan, M.; Zourarah, B.; Carruesco, C.; Aajjane, A.; Naud, J. Distribution of heavy metals in Sidi Moussa lagoon sediments
(Atlantic Moroccan Coast). J. Afr. Earth Sci. 2004, 39, 473–483. [CrossRef]
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