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Abstract

Sabella spallanzanii is a Mediterranean tube-dwelling polychaete living in shallow water. Here we evaluate its ability to respond to
individual and combined treatments of methylmercury exposure and Escherichia coli challenge — two typical stressors of the
eutrophic environment populated by the animal. Methylmercury is one of the most dangerous and toxic pollutants in marine
environments, capable of bioaccumulating and being biomagnified within the food web with consequences for marine organisms.
Here, the enzymatic and immune responses of Sabella spallanzanii have been investigated after exposure to methylmercury, along
with the combined impacts of E. coki infection. Fan worms were subjected to four different treatments: control conditions (buffer
injection); E. coli injection; CH;HgCl exposure combined, or not, with E. coli injection. Electrophoresis was performed to highlight
possible alterations in protein patterns, differentially expressed upon bacterial and pollution challenges. Furthermore, enzymatic
activities related to immune and physiological responses were assessed in whole body extracts. Our findings reveal the impact of
methylmercury on the immunomodulation of S. spallanzanii, particularly in relation to oxidative stress and inflammatory markers.
Each treatment led to a modulation of all the tested enzymatic activities, and the combined responses drastically reduced lysozyme
activity.
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1. Introduction

The polychaete Sabella spallanzanii (Gmelin, 1791)
is a large and benthonic Mediterranean fan worm,
generally observed in shallow and sheltered environ-
ments up to 30 m deep. It inhabits a typical self-built
tube and is characterized by its large spiral feeding
fan that reaches up to 10-15cm in diameter. The
fan, called the branchial crown, is usually protruded
out from the tubes for sieving the water column and
filtering the particulate organic matter and
microorganisms it feeds on. It is considered an eco-
system engineer, able to form dense canopies of
tubes extending to 50cm above the substrate
(Atalah et al. 2019). Indeed, its glandular epithe-
lium secretes mucus in large amounts, and among
its different functions, it is used as glue for the
muddy particles that build up its house-tube. As in
many invertebrates, mucus production also consti-
tutes an important element determining the ability
of many polychaete species to survive in their habitat
(Stabili et al. 2011; Cammarata et al. 2019; Dara
et al. 2022). Reproduction in the Mediterranean
occurs in winter, and the lecitotrophic larvae spend
more than 15days in the pelagic phase, having
a relatively high potential for dispersion
(Giangrande et al. 2000). Its vernacular name, the
Mediterranean fanworm, is indicative of its distribu-
tion along the Mediterranean coast, and it is com-
monly found in sheltered shallow areas with
eutrophic conditions, such as harbors. In the last
few decades, anthropogenic activities have strongly
compromised the integrity of marine ecosystems due
to pollution and the significant increase of many
chemical pollutants, such as toxic metals and metal-
loids (Sumpter et al. 1996).

Sabella spallanzani inhabits eutrophic environ-
ments, like port areas, where it can be subjected to
different kind of pollutants, deriving from human
industrial activities and from sewage discharges,
which can cause higher concentrations of chemicals
and coliform in the water basin. Therefore, this
species can be considered a model to study the
effects of multiple stressors on living organisms.
Marine organisms, benthic animals in particular,
can be potentially exposed to toxic metal pollution
both in their dissolved phase and in sediments
(Wang & Fisher 1999). Even at low concentrations,
these pollutants can induce genetic, biochemical,
physiological, and morphological changes (Zheng
et al. 2019). Methylmercury (MeHg) can adversely
affect organism health via toxic effects that unba-
lance homeostasis and immune functions. In parti-
cular, it blocks enzyme binding sites and interferes
with protein synthesis, as well as the incorporation

of thymidine into DNA (Bastidas & Garcia 2004;
Parisi et al. 2021c; Parrinello et al. 2017). This
could impact the survival ability of several marine
species, reducing their resistance and resilience to
environmental stressors. Alterations of immune
responses are the first indicators of the failure of an
organism’s defenses, with consequent direct effects
on its fitness (Parisi et al. 2017c¢). In regular envir-
onmental conditions, disturbance factors (biologi-
cal, physical, or chemical stressors) can occur
simultaneously, mutually influencing one another.
Indeed, they can exhibit synergistic effects (resulting
in greater negative impacts than the sum of indivi-
dual factors), antagonistic effects (yielding less
impact than the combined sum of single compo-
nents), or, infrequently, no effect on an organism’s
health (Michalak & Chojnacka 2014; Bellante et al.
2016; Cammarata et al. 2019; Parisi et al. 2021a;
Parisi et al. 2021a; Dara et al. 2022; La Corte et al.
2023). The ability of S. spallanzanii to bioaccumu-
late xenobiotics is demonstrated by Bellante et al.
(2016) who showed high Hg concentrations in tube
samples from this animal (~0.811 mg/kg dry mass).
Further works on S. spallanzanii showed its ability to
bioaccumulate arsenic as an anti-predatory strategy,
without compromising its biological functions (Dara
et al. 2022).

Contamination of aquatic ecosystems with toxic
metals (Cr, Ni, Cu, Zn, Cd, Pb, Hg, As) is a major
public health issue because of their persistent accu-
mulation in the environment (Ali et al. 2019). Human
actions such as the combustion of fossil fuels, dis-
charge of household waste and runoff from urban
areas significantly contribute to the introduction of
pollutants into marine ecosystems, resulting in ele-
vated concentrations of contaminants in estuaries
and coastal zones, especially those near large urban
and industrial centers (Bellante et al. 2016). The
toxicity of toxic metals is linked to various action
mechanisms leading to adverse effects such as neuro-
toxicity, hepatotoxicity, and nephrotoxicity (Stohs &
Bagchi 1995). The primary targets are proteins and
enzymes, although toxic metals may also interact with
phospholipids and DNA (Juknys et al. 2012). Among
toxic metals, mercury (Hg) is regarded as a priority
hazardous substance (Reg. EC 2455/2001, ATSDR,
2015;  https://www.atsdr.cdc.gov/spl/accessed  on
13 December 2023), playing an important role in
the anthropogenic pollution of aquatic ecosystems
(Driscoll & McElroy 1997; Nuran Ercal et al. 2001;
Corbitt et al. 2011; Cappello et al. 2016). It has been
clearly established that, due to its ability to bioaccu-
mulate and be biomagnified through the food web, its
high toxicity can affect living organisms at multiple
levels (Cappello et al. 2016).
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The bioaccumulation of mercury in marine organ-
isms, including those used for food consumption,
suggests a risk for biomagnification in humans.
Alho and Vieira (1997) evaluated the contamination
and biomagnification of mercury and other pollu-
tants at different levels, measuring contamination in
sediments, filter-feeder mollusks (clams), and verte-
brates (fish and birds). They found higher mercury
levels in the tissues of piscivorous birds than clam
feeders, confirming the biomagnification of mercury
and its higher content in organisms of higher trophic
levels and encouraging more attention to its
unhealthy effects on humans through seafood, in
particular fish and tuna consumption (Alho &
Vieira 1997; Meédieu et al. 2023; Minamata
Convention on Mercury, 2023; Reg. EC 1881, 2006).

In coastal waters, reactive forms of Hg are present
at higher concentrations (Gworek et al. 2016) com-
pared to the open sea, where Hg concentrations are
estimated to be in the range of 0.5-3.0 ng/L
(Faganeli et al. 2012), and it can be found in both
organic and inorganic forms. Mercury pollution and
its toxicity in aquatic systems is mainly due to its
methylation in sediments to organic methylmercury
(MeHg), which is the most toxic and bioaccumulat-
ing form of Hg in marine species (Sizmur et al.
2013). It is important to investigate its biological
effects on living organisms since this factor may be
responsible for alterations in immune functions of
animals through the accumulation of toxic metals
(Sanchez Uria & Sanz-Medel 1998; Ikingura &
Akagi 1999; Wang & Fisher 1999; Allen & Moore
2004; Bastidas & Garcia 2004; Ipolyi et al. 2004;
Leermakers et al. 2005; Parisi et al. 2017a; Connon
et al. 2012; Chiarelli & Roccheri 2014; Hamza-
Chaffai 2014; Parrinello et al. 2017; Parisi et al.
2019; Parmar et al. 2016; Zheng et al. 2019; La
Corte et al. 2023). During the first responses of
invertebrates to chemical agents or environmental
stressors, enzymatic activity plays a fundamental
role as a diagnostic tool for natural contamination
screening, and it is frequently used as a biochemical
stress marker (Mukherjee et al. 2021; Lusic et al.
2022). Here, we explored glutathione peroxidase
(GPx), lysozyme (LYS), esterase (EST) and alkaline
phosphatase (ALP) enzyme activities. They can be
considered highly effective indicators, playing
a fundamental role in adaptation to extreme envir-
onments and revealing the organism’s responses to
stressful conditions. Indeed, these enzymes play key
roles in processes associated with cellular immunity
and phagocytosis.

Innate immune responses generally produce
cytotoxic radicals, such as reactive oxygen species
(ROS), which can lead to oxidative stress and

cause tissue damage (Gaete et al. 2017).
Antioxidants (such as peroxidase), which readily
scavenge oxygen radicals, are critical to preventing
self-damage (Cerenius et al. 2010) and are often
abundant in areas of tissue injury and pathogen
infection (Halliwell & Gutteridge 2015). LYS func-
tions as a bactericidal enzyme, breaking down the
B-1,4 glycosidic bonds within peptidoglycan, the
main component of both Gram-negative and
Gram-positive bacteria cell walls (Li et al. 2008).
Additionally, in annelids, the presence of LYS has
been detected in mucus, in various tissue types,
and in the coelomic fluid (Marcano et al. 1997;
Stabili et al. 2014, 2019). ALP and EST enzymes
contribute to a deeper comprehension of how ani-
mals adapt and maintain energetic balance under
stressful conditions. These enzymes, involved in
synthesis, hydrolysis reactions and catabolic path-
ways, play a role in different metabolic functions
including digestive, inflammatory and detoxifica-
tion processes (Guardiola et al. 2015; Parisi et al.
2017b).

The aim of this study was to elucidate the effect
on S. spallanzanii immune responsiveness after indi-
vidual and combined treatments of MeHg exposure
and bacterial challenge.

2. Materials and methods
2.1. Polychaete collection and experimental design

The sampling of adult specimens of S. spallanzanii was
carried out during the spring in a port area (Cala di
Palermo, Italy). After being cleaned of epiphytes, indi-
viduals were kept for acclimatization in tanks filled with
oxygenated filtered seawater at 18 £1°C for a period of
7 days, before proceeding with the experiments, which
were all performed at the same temperature.

The specimens were divided into two groups: six
were maintained in filtered sea water serving as the
control exposure treatment and six were exposed to
methylmercury (CH3;HgCI) dissolved in filtered sea
water (final concentration 10°® M) (Wang & Fisher
1999; Parrinello et al. 2017) under the same
conditions of oxygenated sea water at 18 £1°C, for
4 days. No animals died during the experiments.
Viability was verified by checking the active reaction
of the branchial crown.

Then, three specimens from each tank were inocu-
lated with Tris-Buffered Saline (TBS) buffer
(150 mm NaCl, 10 mm Tris-HCI, pH 7.4), serving
as control treatment specimens for the inoculation,
while the others were injected with 1 x 107 bacteria
Eschericia  coli (ATCC  25,922)  (Chrisope
Technologies, Louisiana, USA) suspended in TBS
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Figure 1. Illustration of the experimental design.

(see below, section 2.2) (Figure 1). The animals were
gently removed from their tube, and injections of
100 pLL of heat-killed E. coli and TBS were made in
the coelom, in the upper part of the abdomen, just
under the thorax to avoid inducing fan autotomy.
Three hours later, the specimens were collected for
subsequent analysis. Experiments and analyses were
done in triplicate. Chemicals and reagents were sup-
plied by Sigma-Aldrich (St. Louis, MO, USA).

2.2. Bacterial suspensions

Escherichia coli bacteria were grown in tryptic soy
broth at 25°C in a Gallenkamp incubator under
continuous shaking (120 rpm) until the bacterial
stationary phase. Heat-killed bacteria (120°C, 1
atm for 20 min) were centrifuged at 6000 X g for
15 min at 4°C, washed in sterile PBS and resus-
pended to achieve 1 x 10° cells/mL. To standardize
the number of cells to use in the experiments, we
used the correlation between the number of cells
assessed by plate count and their absorbance at
600 nm in culture. Heat-killed bacteria were kept
at 4°C until used in the bacterial inoculation.

2.3.  Protein extraction

Tissues from the whole body of S. spallanzanii were
homogenized on ice using a homogenizer (Omni
TH, TH-02) in TBS solution and centrifuged at
20,000 x g for 30 min at 4°C. The supernatant was
gathered and preserved at —20°C until the analyses.
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2.4. Protein concentration

Protein concentration (mg/mlL) in tissue extract
supernatant was measured using the Bradford
method (1976), reading absorbance at 595 nm in
a RAYTO RT-2100C spectrometer (Rayto Life
and Analytical Sciences Co., Ltd, Shenzen,
P. R. China). TBS solution was used as a blank,
and a calibration curve was generated using serial
dilutions of bovine serum albumin (BSA) (Bradford
1976). Prior to conducting enzymatic assays,
extracts were standardized to 0.5 mg/mL.

2.5. SDS-PAGE

Sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE; 10%) was performed to sepa-
rate proteins from S. spallanzanii body extracts
according to the procedure described by (Dara
et al. 2021). The gel was calibrated with molecular
mass markers (S8445 — Sigma-Aldrich, USA). The
electrophoretic run started with 10 min at 60 V, and
then proceeded for 1h at 180V in Tris-Glycine
(Trizma Base 25 mm, Glycine 192mm, 1% w/v
SDS, pH 8.3) buffer under non-denaturing condi-
tions. The gel was stained with Coomassie brilliant
blue and bleached with 10% acetic acid and 40%
methanol in distilled water. The reaction was
stopped with distilled water. The intensity of the
main bands was quantified by densitometry (inte-
grated density value — IDV) using the Image
J software package (http://rsbweb.nih.gov/ij/down
load.html).
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2.6. Enzymatic activities

GPx activity was assessed in triplicate in a 96-well
flat-bottomed plate, using 50 pL. of sample and
100 pL. of TMB (3.3”, 5.5”—tetramethylbenzidine).
The plate was then incubated in the dark for 30 min
at room temperature. The reaction was stopped by
adding 50 uL of 2 M sulfuric acid (H,SO,). The
absorbance (Abs), representing the produced GPx,
was measured at 450 nm using a microplate reader
(RAYTO RT-2100C) and was quantified in U/mg
of protein using the equation U/mg = Abs * V{/CP,
where Vf is the final volume of the well, and CP is
the protein concentration of the sample. TBS was
used as blank.

To evaluate LYS activity in S. spallanzanii pro-
tein extracts, a turbidimetric assay modified for
a microplate reader was used (Sutton et al. 2006).
First, 15 uLL of each sample was added in a 96-well
flat-bottomed plate, followed by incubation with
250 uLL of Micrococcus lysodeicticus (ATCC 4698)
suspension (absorbance at 405nm =0.5-0.7).
Assays were performed in triplicate, and 15 plL of
TBS solution was used for the control. The turbid-
ity difference of Micrococcus lysodeikticus suspension,
measuring the absorbance (at 450 nm) before and
after the incubation of samples (20 min at 37°C),
was used to measure the LYS activity. The defini-
tion of a LYS unit was based on the sample amount
causing a reduction in absorbance by 0.001/min (U
min~'), and U/mL was determined using the for-
mula U/mL=(A abs/min”! *dilution factor*
1000)/enzyme volume in buffer (Sutton et al.
2006).

ALP activity was estimated by incubating 50 pLL
protein extract samples with the same volume of
the substrate 4mm p-nitrophenyl phosphate
diluted in 100 mm ammonium bicarbonate and
1 mm MgCl, (pH 7.8). The enzymatic Kkinetics
were assessed following the method outlined by
Parisi et al. (2021a, 2021b). Briefly, absorbance
was measured at 405 nm at regular intervals, ran-
ging from 5 min to 1 h at 405 nm using a microplate
reader, as described above. A single unit (U) of
activity was defined as the quantity of enzyme
necessary to liberate 1pumol of p-nitrophenol in
1 min.

EST activity was estimated following the method
described by La Corte et al. (2023): an equal
volume of sample was mixed with 0.4 mm p-nitro-
phenyl muyristate substrate +100 mm ammonium
bicarbonate with 0.5% of Triton X-100 (pH 7.8).
The assessment of increased optical density and
activity were conducted in a manner like that used
for ALP.

2.7. Statistical analysis

Enzymatic assay data analyses and processing were
performed by one-way analysis of variance
(ANOVA), utilizing GraphPad Prism Version
8.0.0. to evaluate the interaction and possible sig-
nificance between the treated samples and the con-
trol. The post-hoc test used was the Tukey test. The
differences in data were considered statistically sig-
nificant for * p <.05; ** p<.01 and *** p<.001.

3. Results
3.1. Macroscopic remarks

No deaths occurred during the 4-day experimental
period. All specimens appeared to be free of any
evident morphological or color alterations of the
body, and there was no fanning autotomy in any
treatment. After bacterial inoculation, a yellowish
reaction zone formed in the injection area
(Figure 2) 3 h after the treatment, in line with the
macroscopic observations reported for inoculated
animals by La Corte et al. (2023).

3.2.  GPx activity

GPx activity, assessed in S. spallanzanii on entire
protein extracts, was higher in samples exposed to
the different treatments compared to controls (TBS
injected). A statistically significant increase in enzy-
matic activity was observed for CH3HgCI and the
combined treatment, reaching values over 20 U/mg

Figure 2. Reaction observed around bacterial inoculation (circled
in red in (a) and (b)) 3 h after injection.
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Figure 3. Graphs depicting the enzymatic responses of glutathione peroxidase (GPx) (a), lysozyme (LYS) (b), alkaline phosphatase (ALP)
(c), and esterase (EST) (d) in whole-protein extracts of S. spallanzanii. The data underwent testing for ANOVA; assumptions and
differences among groups were illustrated through one-way ANOVA as mean * standard error of the mean. Lowercase letters denote
statistically significant differences between treatments. Significance was considered for differences between means at p < 0.05.

following exposure to the pollutant (Figure 3(a)).
The multiple comparison Tukey test showed a p
value <.05 between the control group and that
exposed to methylmercury (p =.001), and between
the control group and the group with combined
treatment (p =.02).

3.3. LYS activity

The enzymatic activity of samples showed
a statistically significant increase in specimens trea-
ted with the E. coli injection and in those exposed to
CH;HgCl with respect to the control (TBS)
(Figure 3(b)). In contrast, a significant decrease in
LYS activity occurred following the combined treat-
ment with E. coli + pollutant. The Tukey test high-
lighted significant differences between organisms
injected with E. coi and CH3HgCl+E. col
(p <.0001), and between samples subjected only to
CH;HgCl vs CH3HgCl + E. coli (p<.0001).

3.4. ALP activity

Overall, the ALP activity of extracts was significantly
inhibited by the E. coli injection compared to the
control condition and the combined treatment
(Figure 3(c)). The Tukey post-hoc test showed sig-
nificant differences between the E. coli group and
the control group (p =.0446).

3.5. EST activiry

All treatments caused a significant increase of EST
activity in body extracts compared with the control
group (TBS) (Figure 3(d)). The Tukey post-hoc
test evidenced a p<.0001 difference between the
combined treatment vs control group, and vs
E. coli injection. The exposure to methylmercury
showed a p value<.05 vs the control group and
the combined treatment. Again, one-way ANOVA
revealed generally significant differences between
the experimental treatments (p <.0001).
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3.6. SDS-PAGE and integrated density analyses

The electrophoretic analysis revealed evident pro-
tein bands similar among the treatment lines
(Figure 4). In particular, the effect caused by
each treatment was evidenced by the modulation
of certain bands (47, 36, 29 kDa) (Figure 3). The
IDVs measured for these modulated bands were
generally higher in treatments than in controls
(TBS) (Figure 5). For the 47 kDa band
(Figure 5(a)), the highest IDV was observed for
the bacterial injection, whereas it appeared to be
significantly reduced for the exposure to MeHg
and the combined treatments. The IDVs of the
36 kDa bands revealed a similar increase upon
bacterial infection, independently from the pre-
sence of the pollutant, which also induced
a significant rise in values compared to the control
(Figure 5(b)). MeHg exposure greatly affected the
amount of the 29 kDa band (Figure 5(c)), which
was also positively modulated by bacterial infec-
tion. As observed for the 47kDa band, the com-
bined treatment was the least effective on the 29
kDa band, inducing the smallest increase com-
pared to the control.

47 KDa L

36 KDa >
29KDa *

4. Discussion

Since the Minamata Bay poisoning case in the 1960s
(Harada 1995), concerns about Hg pollution and its
impact on the marine environment have been the
driving force behind extensive research activity on
this phenomenon (Bickham et al. 2000). It is possi-
ble to study toxic metals and their potential toxicity
in aquatic environments and on tissues of specific
organisms possessing the specific characteristics of
bioindicators, which can therefore be used as bio-
monitoring  tools for the  marine-coastal
environment.

Hg is mainly accumulated in the sediment, and
S. spallanzanii, as a filter feeder, is in close contact
with resuspended sediment particles that it uses to
build its tube, making it potentially more vulnerable
compared to organisms with predatory behavior
(Brandao et al. 2015). Our results on polychaetes
exposed to MeHg have shown an immunological
response to pollutant exposure. This is consistent
with observations of the effects on other benthic
invertebrates such as sea anemones, ascidians, and
mussels (Cammarata et al. 2007; Parisi et al. 2021c¢;
Parrinello et al. 2017). Indeed, metals like

kDa

<« 65

< 55

<« 36
<« 29

<2

Figure 4. Example of SDS-PAGE (10%) under non-reducing conditions of S. spallanzanii extracts: TBS; E. coli; CH3HgCl; E. coli + CH;
HgCl. The molecular masses (kDa) of markers are displayed on the left (Std). Red arrow heads indicate the protein bands, showing the
main variations in intensity in the different samples. Black arrow heads indicate the molecular mass of the standard protein bands.
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Figure 5. Histograms representing the integrated density values (IDVs) of the bands differently evidenced in the SDS-PAGE analyses in
the control and experimental treatments. (a, b, ¢) Histograms and IDV tables corresponding to the 47, 36 and 29 kDa bands, respectively.
Lowercase letters refer to statistically significant differences between treatments. Significance was attributed to differences between means
at p < .05. The table beneath each graph presents a summary of the enzyme results from the ANOVA.

methylmercury can affect organisms’ homeostasis,
provoking modifications in immune responses and
signaling pathways which could compromise the
performance and fitness of marine species
(Cammarata et al. 2007; Parisi et al. 202lc;
Parrinello et al. 2017; Zheng et al. 2019). This
study investigated the immune responses of
S. spallanzanii, considering the entire body of the
organisms. Fan worms were exposed separately and
simultaneously to chemical and biotic stress to eval-
uate the effects on immune response using validated
biomarkers. Indeed, the multi-biomarker approach
can be useful for identifying which constituents of
complex pollution scenarios are driving physiologi-
cal responses (Diaz-Jaramillo et al. 2011).

Most toxicological studies done on annelids focus
on their physiological and biochemical responses
and seldom depict morphological modification of
the body following pollutant exposure. The delicate
removal of the animals from their tube made it
possible to evaluate any effects deriving from the
various treatments on the body of the polychaetes.
A recent study showed a local reaction after bacterial
injection and exposure to copper sulfate (La Corte
et al. 2023). In our case, TBS-injected worms did
not reveal any swelling or morphological alterations
at the inoculation site. Only the specimens injected
with E. coli showed a visible reaction, with an evi-
dent yellowish bloated area at the injection site. This
is a clear sign of a rapid antimicrobial response to

the bacterial materials inoculated. LPS and heat-
killed bacteria, even if not living cells, have been
widely used as strong elements to trigger the immu-
nological response of marine organisms to study
their immune defensive mechanisms (Bisanti et al.
2024, 2024; Conforto et al. 2021; Parrinello et al.,
2017; Parisi et al., 2015, 2019, 2022). Indeed, lipo-
polysaccharide (LPS), constituent of Gram-negative
bacteria, can trigger immune responses via the toll-
like receptor 4 (TLR4) even isolated or in killed
bacteria (Bisanti et al. 2023; Bisanti et al. 2024a,
2024b; Conforto et al. 2021; Nicolo et al. 2016;
Parisi et al. 2022, 2019, 2015). When the tissues
are damaged by bacteria or injury, swelling is gen-
erated to isolate the pathogens and confine the
infection (Trapani et al. 2016; La Corte et al. 2023).

In this work, all the treatments induced the mod-
ulation of the analyzed enzymes, compared to con-
trol specimens, in particular in the combined
treatment which showed synergistic or antagonistic
effects causing an increase or decrease in activities.
Indeed, previous work on animal filter models has
shown that exposure to mercury can lead to cellular
changes at the cytoskeletal and pseudopod level, and
to a consequent increase in cellular mortality
(Parrinello et al. 2017; Parisi et al. 2021), opening
a new possible observation scenario of multi-stress
phenomena. We believe that the data collected here
allow us to validate the role of S. spallanzanii as
a bioindicator for the aquatic environment, and the
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use of its immune and physiological responses as
biomarkers is suitable for the assessment of exposure
to pollutants.

It is known that environmental stressors due to
chemical agent exposures cause oxidative stress in
marine animals, stimulating the production of ROS
in the subcellular organelles, which are dangerous to
the organism at high concentrations (Gaete et al.
2017). Oxidative stress responses include the anti-
oxidant enzyme GPX, and its activity is recognized
as arising in response to environmental pollutants
(Almeida et al. 2002; Sayeed et al. 2003; Zhang
et al. 2004). Our data show that GPx activity was
significantly stimulated following the treatments,
compared to the control group, in accordance with
Tian et al. (2014) and their studies on another
polychaete species, Perinereis aibuhitensis, in which
activation by lead exposure (another highly toxic
metal) revealed the greatly disruptive capacity of
this pollutant for glutathione-dependent enzymes.
Hg induces oxidative stress by H,O, production,
whereas GPxs are crucial for peroxide removal.
Glutathione contains sulthydryl group (SH-groups)
that play a central role in intracellular Hg sequestra-
tion as the main thiol pool (Colacevich et al. 2011).
Therefore, GPx appears to play a significant role in
the reduction of mercury-induced oxidative stress.
Increases in hepatic GPx activity were also observed
in fishes like the Atlantic salmon (Salmo salar) and
the black bullhead (Iczalurus melas) when exposed to
HgCl, (Berntssen et al. 2003; Elia et al. 2003).

Another factor that participates in protection
against pathogenic agents is LYS. The constitutive
values of this bacteriolytic enzyme observed in con-
trol specimens could reflect the presence of a basal,
functional mechanism that protects the organism
from bacteria living in its environment and controls
their natural microbiome (Marcano et al. 1997;
Cuvillier-Hot et al. 2014). Our data show that
LYS enzymatic activity increases following the bac-
terial inoculum, in line with Marcano et al. (1997)
who reported that the naturally occurring LYS activ-
ity in the coelomic fluid of polychaetas can be
induced by bacterial injection. The highest activity
was registered for specimens exposed to methylmer-
cury alone. Previous studies, carried out with other
invertebrate species, showed an increase in LYS
mRNA expression after toxic metal exposure for
more than 3 days, indicating the occurrence of non-
specific immune responses caused by long-term
exposure (Fang et al. 2013). In contrast to the
results reported by Gagnaire et al. (2007), where
LYS was up-regulated in Crassostrea gigas following
simultaneous exposure to pesticides and bacteria,
the combined treatment (MeHg+ E. col) in our

study led to the inhibition of this enzyme
(Gagnaire et al. 2007). Fang et al. (2013), however,
demonstrated that LYS expression can potentially
decrease on day 5 and be inhibited on day 7 after
bacterial injection and exposure to mercury and
cadmium. The antibacterial activity of coelomic
fluid, associated with L'YS-like substances and indu-
cible humoral molecules, supports coelomocyte
reactions in the annelid defense system. Therefore,
an inhibition of this enzyme following the combined
treatment is probably due to the exposure to MeHg,
which can potentially alter cellular functions, mod-
ifying the immune response of the organisms (Fang
et al. 2013). Reduced ALP activity may be related to
the oxidative damage induced by MeHg, suggesting
that enzyme inhibition is a crucial mechanism
through which mercury elicits harmful effects
(Gaete et al. 2017). The decline in phosphatase
activity may indicate potential cellular dysfunction
and compromised immunity, as indicated by
(Gautam et al. 2020) in a study involving earth-
worms exposed to a metal-polluted soil.

Finally, the data presented in this study reveal an
increase in EST activity across the different treat-
ments, with a notable peak observed in the com-
bined challenge compared to the control group.
This surge in activity could be attributed to the
oxidative stress induced by methylmercury, exacer-
bated by the introduction of E. coli. Different stu-
dies, further, provide evidence that EST activity
may be influenced by a wide range of contaminants,
including toxic metals (Guilhermino et al. 1998;
Cajaraville et al. 2000; Bonacci et al. 2004).

The different treatments’ effects on S. spallanzanii
also resulted in different protein patterns, showed by
the electrophoretic analyses, indicating specific
modulation in responses to pathogens after chemical
conditioning. Bacteria inoculum stimulated the pro-
duction of proteins with molecular masses around
47, 36, and 29 kDa. A significant IDV decrease was
observed for bands with molecular mass around 47
and 29 kDa following exposure to MeHg and the
combined treatment. In contrast, the combined
treatment caused the IDV of the 36 KDa band to
increase. Considering the nature of the stimulation
to which the specimens were exposed by the treat-
ment, the modulated bands could be attributed to
proteins linked to host reaction and to immune
response modulation (LLa Corte et al. 2023).
Indeed, the predicted molecular masses are consis-
tent with those of proteins present in annelids typi-
cal of the antibacterial response, such as for lysenin
and fetidin, proteins characterized by hemolytic
activity and antibacterial properties (LLassegues
et al. 1997; Milochau et al. 1997; Yamaji et al.
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1998; Cooper et al. 2001; Kiyokawa et al. 2004;
Bruhn et al. 2006; Schenk & Hoeger 2020).
Fetidin, existing as two isoforms with molecular
masses of 40 and 45 kDa, is released by coelomo-
cytes and represents 20% of coelomic fluid proteins
in Eisenia fetida; the two isoforms represent different
glycosylation states of a 34 kDa peptide, which con-
tains a peroxidase domain (Valembois et al. 1982;
Valillier et al. 1985; Lassegues et al. 1997; Milochau
et al. 1997; Schenk & Hoeger 2020). Lysenin (41
kDa) is synthesized and released into the coelomic
fluid of the earthworm E. ferida by coelomocytes
(Ohta et al. 2000; Opper et al. 2013) and acts as
a pore-forming protein causing cytolysis (Opper
et al. 2013; Bokori-Brown et al. 2016). Another
protein found in the coelomic fluid of Eisenia,
known as eiseniapore (38 kDa), exhibits cytolytic
activity (Lange et al. 1999). A further 42 kDa coe-
lomocyte cytolytic factor 1 (CCF-1), first extracted
from E. ferida (Bilej et al. 1995), has been identified
in various earthworm species belonging to the gen-
era Aporrectodea and Lumbricus, as well as the species
Dendrobaena veneta (Silerova et al. 2006). In the
polychaete Nereis virens, a fibrinolytic serine-
proteinase (29 kDa) has been detected in the coelo-
mic fluid (Zhang et al. 2007). These proteinases are
synthesized and stored within coelomocytes. They
are subsequently released to confront immune chal-
lenges, triggering defensive reactions (Roch et al.
1998).

Data presented here were obtained analyzing
S. spallanzanii  total body protein extracts.
Further studies are necessary to characterize the
proteins modulated in the whole-body extracts
from S. spallanzanii and establish their possible
correspondence with other known annelid cytoly-
tic factors, and will elucidate the bio-marker
modulation related to antioxidant defenses in
cell- and tissue-specific organs (e.g. the fan, the
coelomic fluid, or the coelomic cell type).

5. Conclusion

The data reported here contribute to elucidating the
effects of methylmercury pollution in aquatic habi-
tats and their biological effects on the immune func-
tioning of animals with accumulated toxic metals.
The various alterations in the expression of these
proteins under metal exposures and the influence of
the enzymatic activity here presented may result in
immunosuppression, creating concrete risks for the
species and contributing to the loss of population
biodiversity and alteration of ecosystem equili-
brium. Indeed, the use of sentinel species as bioin-
dicators can reveal anticipatory signals in

monitoring organisms and their environment.
Pollutants might cause toxic effects at different
scales: starting at the molecular level, initiating
a cascade of responses, their action can be effective
on higher levels, ranging from tissue damage to
organism health, up to the population level and,
finally, evolutionary pressure on the entire species,
including extinction. As demonstrated here, the
effect of the pollutants could interfere with the
immunological defense of the organisms, contribut-
ing to the microbiological risks to which organisms
are subjected.

Therefore, it is imperative to reduce the use of
mercury due to the severe risks it poses for aqua-
tic biota, biodiversity, and the health of human
populations that rely on fish as their primary
source of protein. We confirmed that
S. spallanzanii is a useful and reliable bioindicator
in both ecotoxicological and immunological stu-
dies. We showed a modulation of immunoreactiv-
ity that could affect organism health, altering
homeostasis.

In conclusion, our results demonstrate that poly-
chaetes subjected to combined treatment presented
different patterns of enzymatic responses. Bacterial
infections may produce different toxic scenarios in
the presence of methylmercury, confirming the
possible interactions between stressors (biological
and pollutant in our study), as previously
described.

Disclosure statement

No potential conflict of interest was reported by the
author(s).

Credits

Dara, Mariano: conceptualization, data curation,
formal analysis, investigation, methodology, fund-
ing acquisition, writing — original draft, writing —
review and editing; Bertini, Federica: conceptua-
lization, sata curation, formal analysis, investiga-
tion, methodology, writing — original draft,
writing — review and editing; La Corte, Claudia:
conceptualization, data curation, formal analysis,
investigation, methodology, roles/writing — original
draft, writing — review and editing; Bisanti, Luca:
formal analysis, investigation, writing — review and
editing; Staropoli, Mariele: formal analysis,
investigation, writing — review and editing;
Vizioli, Jacopo: formal analysis, investigation,
roles/writing — original draft, writing — review and
editing; Parrinello, Daniela: data curation, fund-
ing acquisition, roles/writing - original draft,



Pollurion and bacterial infection in Sabella spallanzanii 133

writing — review and editing; Cammarata,
Matteo: data curation, funding acquisition, project
administration, supervision, validation, roles/writ-
ing — original draft, writing — review and editing;
Parisi, Maria Giovanna: funding acquisition,
roles/writing — original draft, writing — review and
editing.

Funding

This work was supported by the Fund for University
Research (FFR 2023) of the University of Palermo
(M. Dara, D. Parrinello), Project National
Biodiversity Future Center (NBFC),
CN_00000033, D.D. MUR n. 1034-17/06/2022
granting of financing, CUP [B73C22000790001]
and the Robotics and AI for Socio-Economic
Empowerment Project (RAISE), Spoke 3:
Sustainable technologies for monitoring in Marine
Protected Areas of the Lower Tyrrhenian Sea
(TEC-SOS), CUP [B33C22000700006] (identifi-
cation code: ECS00000035).

ORCID

M. Dara @ http://orcid.org/0000-0002-1122-6131

F. Bertini (@ http://orcid.org/0000-0002-8623-0725
C. La Corte ( http://orcid.org/0000-0002-5816-2657
L. Bisanti @ http://orcid.org/0000-0001-8213-3154
M. Staropoli (» http://orcid.org/0009-0002-4049-6744
J. Vizioli @ http://orcid.org/0000-0002-4310-8033

D. Parrinello
M. Cammarata
M. G. Parisi

http://orcid.org/0000-0001-9224-7737
http://orcid.org/0000-0002-5497-1246
http://orcid.org/0000-0001-5462-0596

References

Alho CJR, Vieira LM. 1997. Fish and wildlife resources in the
pantanal wetlands of Brazil and potential disturbances from
the release of environmental contaminants. Environmental
Toxicology and Chemistry 16(1):71-74. DOI: 10.1002/etc.
5620160107.

Ali H, Khan E, Ilahi I. 2019. Environmental chemistry and
ecotoxicology of hazardous heavy metals: Environmental per-
sistence, toxicity, and bioaccumulation. Journal of Chemistry
2019:1-14. DOI: 10.1155/2019/6730305.

Allen JI, Moore MN. 2004. Environmental prognostics: Is the
current use of biomarkers appropriate for environmental risk
evaluation? Marine Environmental Research 58(2-5):227—
232. DOI: 10.1016/j.marenvres.2004.03.119.

Almeida JA, Diniz YS, Marques SFG, Faine LA, Ribas BO,
Burneiko RC, Novelli ELB. 2002. The use of the oxidative
stress responses as biomarkers in Nile tilapia (Oreochromis
niloticus) exposed to in vivo cadmium contamination.
Environment International 27(8):673-679. DOI: 10.1016/
S0160-4120(01)00127-1.

Atalah J, Floerl O, Pochon X, Townsend M, Tait L, Lohrer AM.
2019. The introduced fanworm, Sabella spallanzanii, alters
soft sediment macrofauna and bacterial communities.

Frontiers in Ecology and Evolution 7:1-12. DOI: 10.3389/
fevo.2019.00481.

Bastidas C, Garcia EM. 2004. Sublethal effects of mercury and
its distribution in the coral porites astreoides. Marine Ecology
Progress Series 267:133-143. DOI: 10.3354/meps267133.

Bellante A, Piazzese D, Cataldo S, Parisi MG, Cammarata M.
2016. Evaluation and comparison of trace metal accumulation
in different tissues of potential bioindicator organisms:
Macrobenthic filter feeders Styela plicata, Sabella spallanza-
nii, and Mytilus galloprovincialis. Environmental Toxicology
and Chemistry 35(12):3062-3070. DOI: 10.1002/etc.3494.

Berntssen MHG, Aatland A, Handy RD. 2003. Chronic dietary
mercury exposure causes oxidative stress, brain lesions, and
altered behaviour in Atlantic salmon (Salmo salar) parr.
Aquatic Toxicology (Amsterdam, Netherlands) 65(1):55-72.
DOI: 10.1016/S0166-445X(03)00104-8.

Bickham JW, Sandhu S, Hebert PDN, Chikhi L, Athwal R. 2000.
Effects of chemical contaminants on genetic diversity in natural
populations: Implications for biomonitoring and ecotoxicology.
Mutation Research/Reviews in Mutation Research 463
(1):33-51. DOI: 10.1016/S1383-5742(00)00004-1.

Bilej M, Brys L, Beschin A, Lucas R, Vercauteren E,
HanuSova R, De Baetselier P. 1995. Identification of
a cytolytic protein in the coelomic fluid of Eisenia foetida
earthworms. Immunology Letters 45(1-2):123-128. DOLI:
10.1016/0165-2478(94)00248-P.

Bisanti L, La Corte C, Dara M, Bertini F, Parrinello D,
Chemello R, Cammarata M, Parisi MG. 2024. How does
warmer sea water change the sensitivity of a Mediterranean
thermophilic coral after immune-stimulation? Coral Reefs.
DOI: 10.1007/s00338-023-02454-9.

Bisanti L, La Corte C, Dara M, Bertini F, Vizioli J, Parisi MG,
Cammarata M, Parrinello D. 2024. The interplay of TLR-
NF«B signalling pathway and functional immune-related
enzymes in the inflammatory response of Ciona robusta.
Animals 14(15):2169. DOI: 10.3390/anil4152169.

Bokori-Brown M, Martin TG, Naylor CE, Basak AK,
Titball RW, Savva CG. 2016. Cryo-em structure of lysenin
pore elucidates membrane insertion by an aerolysin family
protein. Nature Communications 7(1):1-7. DOI: 10.1038/
ncomms11293.

Bonacci S, Browne MA, Dissanayake A, Hagger JA, Corsi I,
Focardi S, Galloway TS. 2004. Esterase activities in the
bivalve mollusc Adamussium colbecki as a biomarker for pol-
lution monitoring in the Antarctic marine environment.
Marine Pollution Bulletin 49(5-6):445-455. DOI: 10.1016/.
marpolbul.2004.02.033.

Bradford MM. 1976. A rapid and sensitive method for the quan-
titation of microgram quantities of protein utilizing the prin-
ciple of protein-dye binding. Analytical Biochemistry. DOI:
10.1016/0003-2697(76)90527-3.

Brandio F, Cappello T, Raimundo J, Santos MA, Maisano M,
Mauceri A, Pacheco M, Pereira P. 2015. Unravelling the
mechanisms of mercury hepatotoxicity in wild fish (Liza aur-
ata) through a triad approach: Bioaccumulation, metabolomic
profiles and oxidative stress. Metallomics 7(9):1352-1363.
DOI: 10.1039/c5mt00090d.

Bruhn H, Winkelmann J, Andersen C, Andri J, Leippe M. 2006.
Dissection of the mechanisms of cytolytic and antibacterial
activity of lysenin, a defence protein of the annelid Eisenia
fetida. Developmental and Comparative Immunology 30
(7):597-606. DOI: 10.1016/j.dci.2005.09.002.

Cajaraville MP, Bebianno M]J, Blasco ], Porte C, Sarasquete C,
Viarengo A. 2000. The use of biomarkers to assess the
impact of pollution in coastal environments of the Iberian


https://doi.org/10.1002/etc.5620160107
https://doi.org/10.1002/etc.5620160107
https://doi.org/10.1155/2019/6730305
https://doi.org/10.1016/j.marenvres.2004.03.119
https://doi.org/10.1016/S0160-4120(01)00127-1
https://doi.org/10.1016/S0160-4120(01)00127-1
https://doi.org/10.3389/fevo.2019.00481
https://doi.org/10.3389/fevo.2019.00481
https://doi.org/10.3354/meps267133
https://doi.org/10.1002/etc.3494
https://doi.org/10.1016/S0166-445X(03)00104-8
https://doi.org/10.1016/S1383-5742(00)00004-1
https://doi.org/10.1016/0165-2478(94)00248-P
https://doi.org/10.1016/0165-2478(94)00248-P
https://doi.org/10.1007/s00338-023-02454-9
https://doi.org/10.3390/ani14152169
https://doi.org/10.1038/ncomms11293
https://doi.org/10.1038/ncomms11293
https://doi.org/10.1016/j.marpolbul.2004.02.033
https://doi.org/10.1016/j.marpolbul.2004.02.033
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1039/c5mt00090d
https://doi.org/10.1016/j.dci.2005.09.002

134 M. Dara et al.

Peninsula: A practical approach. Science of the Total
Environment 247(2-3):295-311. DOI: 10.1016/S0048-
9697(99)00499-4.

Cammarata M, Benenati G, Dara M, Parisi MG, Piazzese D,
Falco F, Stabili L. 2019. Sabella spallanzanii mucus contain a
galactose-binding lectin able to agglutinate bacteria.
Purification and characterization. Invertebrate Survival
Journal 16:15-24. DOI: 10.25431/1824-307X/isj.v0i0.15-24.

Cammarata M, Parisi MG, Benenati G, Arizza V, Cillari T,
Piazzese D, Gianguzza A, Vazzana M, Vizzini A,
Parrinello N. 2007. In vitro effects of methylmercury on asci-
dian (Styela plicata) immunocyte responses. Applied
Organometallic Chemistry 21(12):1022-1028. DOI: 10.
1002/a0c.1335.

Cappello T, Brandio F, Guilherme S, Santos MA, Maisano M,
Mauceri A, Canario J, Pacheco M, Pereira P. 2016. Insights
into the mechanisms underlying mercury-induced oxidative
stress in gills of wild fish (Liza aurata) combining 1H NMR
metabolomics and conventional biochemical assays. Science
of the Total Environment 548-549:13-24. DOI: 10.1016/j.
scitotenv.2016.01.008.

Cerenius L, Kawabata S, Lee BL, Nonaka M, Soderhill K. 2010.
Proteolytic cascades and their involvement in invertebrate
immunity. Trends in Biochemical Sciences 35(10):575-583.
DOI: 10.1016/j.tibs.2010.04.006.

Chiarelli R, Roccheri MC. 2014. Marine invertebrates as bioin-
dicators of heavy metal pollution. Open Journal of Metal 4
(04):93-106. DOI: 10.4236/0jmetal.2014.44011.

Colacevich A, Sierra M]J, Borghini F, Millan R, Sanchez-
Hernandez JC. 2011. Oxidative stress in earthworms short-
and long-term exposed to highly Hg-contaminated soils.
Journal of Hazardous Material 194:135-143. DOI: 10.1016/
j.jhazmat.2011.07.091.

Conforto E, Vilchez-Gdémez L, Parrinello D, Parisi MG, Esteban
MA, Cammarata M, Guardiola FA. 2021. Role of mucosal
immune response and histopathological study in European eel
(Anguilla anguilla L.) intraperitoneal challenged by Vibrio
anguillarum or tenacibaculum soleae. Fish & Shellfish
Immunology 114(May):330-339. DOI: 10.1016/j.fsi.2021.
05.011.

Connon RE, Geist J, Werner 1. 2012. Effect-based tools for
monitoring and predicting the ecotoxicological effects of che-
micals in the aquatic environment. Sensors (Switzerland) 12
(9):12741-12771. DOI: 10.3390/s120912741.

Cooper EL, Kauschke E, Cossarizza A. 2001. Annelid humoral
immunity: Cell lysis in earthworms. Springer, Boston, MA:
Zoological Institute and Museum University of Department
of Biomedical Sciences, Section of 169-183.

Corbitt ES, Jacob DJ, Holmes CD, Streets DG, Sunderland EM.
2011. Global source-receptor relationships for mercury
deposition under present-day and 2050 emissions scenarios.
Environmental Science & Technology 45(24):10477-10484.
DOI: 10.1021/es202496y.

Cuvillier-Hot V, Boidin-Wichlacz C, Tasiemski A. 2014.
Polychaetes as annelid models to study ecoimmunology of mar-
ine organisms. Journal of Marine Science and Technology
(Taiwan) 22:9-14. DOI: 10.6119/JMST-013-0718-1.

Dara M, Giulianini PG, Manfrin C, Parisi MG, Parrinello D, La
Corte C, Vasta GR, Cammarata M. 2021. F-type lectin from
serum of the Antarctic teleost fish Trematomus bernacchii
(Boulenger, 1902): Purification, structural characterization,
and bacterial agglutinating activity. Comparative Biochemistry
& Physiology: Part B, Biochemistry & Molecular Biology
256:110633. DOI: 10.1016/j.cbpb.2021.110633.

Dara M, Parisi MG, La Corte C, Benenati G, Parrinello D,
Piazzese D, Cammarata M. 2022. Sabella spallanzanii
mucus bacterial agglutinating activity after arsenic exposure.
The equilibrium between predation safety and immune
response stability. Marine Pollution Bulletin 181:113833.
DOI: 10.1016/j.marpolbul.2022.113833.

Diaz-Jaramillo M, Martins A, Gomes V, Bianchini A, Maria ],
Saez K, Barra R. 2011. Science of the total environment
multibiomarker approach at different organization levels in
the estuarine perinereis gualpensis (Polychaeta ; Nereididae)
under chronic and acute pollution conditions. Science of the
Total Environment 410-411:126-135. DOI: 10.1016/j.scito
tenv.2011.09.007.

Driscoll SBK, McElroy AE. 1997. Elimination of
sediment-associated benzo[a]pyrene and its metabolites by
polychaete worms exposed to 3-methylcholanthrene. Aquatic
Toxicology (Amsterdam, Netherlands) 39(1):77-91. DOIL:
10.1016/S0166-445X(96)00850-8.

Elia AC, Galarini R, Taticchi MI, Doérr AJM, Mantilacci L.
2003. Antioxidant responses and bioaccumulation in
Ictalurus melas under mercury exposure. Ecotoxicology &
Environmental Safety 55(2):162-167. DOI: 10.1016/S0147-
6513(02)00123-9.

Faganeli J, Hines ME, Covelli S, Emili A, Giani M. 2012.
Mercury in lagoons: An overview of the importance of the
link between geochemistry and biology. Estuarine, Coastal
and Shelf Science 113:126-132. DOI: 10.1016/j.ecss.2012.
08.021.

Fang Y, Yang H, Liu B, Zhang L. 2013. Transcriptional response
of lysozyme, metallothionein, and superoxide dismutase to
combined exposure to heavy metals and bacteria in Mactra
veneriformis. Comparative Biochemistry and Physiology -
C Toxicology and Pharmacology 157(1):54-62. DOI: 10.
1016/j.cbpc.2012.10.002.

Gaete H, Alvarez M, Lobos G, Soto E, Jara-Gutiérrez C. 2017.
Assessment of oxidative stress and bioaccumulation of the
metals Cu, Fe, Zn, Pb, Cd in the polychaete Perinereis gual-
pensis from estuaries of central Chile. Ecotoxicology and
Environment Safety 145:653-658. DOI: 10.1016/j.ecoenv.
2017.07.073.

Gagnaire B, Gay M, Huvet A, Daniel JY, Saulnier D, Renault T.
2007. Combination of a pesticide exposure and a bacterial
challenge: In vivo effects on immune response of Pacific
oyster, Crassostrea gigas (Thunberg). Aquatic Toxicology
(Amsterdam, Netherlands) 84(1):92-102. DOI: 10.1016/j.
aquatox.2007.06.002.

Gautam A, Ray A, Manna S, Sarkar MP, Ghosh AR, Ray M,
Ray S. 2020. Shift in phagocytosis, lysosomal stability, lyso-
zyme activity, apoptosis and cell cycle profile in the coelomo-
cytes of earthworm of polluted soil near a tannery field of
India. Ecotoxicology and Environment Safety 200:110713.
DOI: 10.1016/j.ecoenv.2020.110713.

Giangrande A, Licciano M, Pagliara P, Gambi MC. 2000.
Gametogenesis and larval development in Sabella spallanzanii
(Polychaeta: Sabellidae) from the Mediterranean Sea. Marine
Biology 136(5):847-861. DOI: 10.1007/s002279900251.

Guardiola FA, Dioguardi M, Parisi MG, Trapani MR,
Meseguer J, Cuesta A, Cammarata M, Esteban MA. 2015.
Evaluation of waterborne exposure to heavy metals in innate
immune defences present on skin mucus of gilthead seabream
(Sparus aurata). Fish & Shellfish Immunology 45
(1):112-123. DOI: 10.1016/j.£51.2015.02.010.

Guilhermino L, Barros P, Silva MC, Soares AMVM. 1998.
Should the use of inhibition of cholinesterases as a specific


https://doi.org/10.1016/S0048-9697(99)00499-4
https://doi.org/10.1016/S0048-9697(99)00499-4
https://doi.org/10.25431/1824-307X/isj.v0i0.15-24
https://doi.org/10.1002/aoc.1335
https://doi.org/10.1002/aoc.1335
https://doi.org/10.1016/j.scitotenv.2016.01.008
https://doi.org/10.1016/j.scitotenv.2016.01.008
https://doi.org/10.1016/j.tibs.2010.04.006
https://doi.org/10.4236/ojmetal.2014.44011
https://doi.org/10.1016/j.jhazmat.2011.07.091
https://doi.org/10.1016/j.jhazmat.2011.07.091
https://doi.org/10.1016/j.fsi.2021.05.011
https://doi.org/10.1016/j.fsi.2021.05.011
https://doi.org/10.3390/s120912741
https://doi.org/10.1021/es202496y
https://doi.org/10.6119/JMST-013-0718-1
https://doi.org/10.1016/j.cbpb.2021.110633
https://doi.org/10.1016/j.marpolbul.2022.113833
https://doi.org/10.1016/j.scitotenv.2011.09.007
https://doi.org/10.1016/j.scitotenv.2011.09.007
https://doi.org/10.1016/S0166-445X(96)00850-8
https://doi.org/10.1016/S0166-445X(96)00850-8
https://doi.org/10.1016/S0147-6513(02)00123-9
https://doi.org/10.1016/S0147-6513(02)00123-9
https://doi.org/10.1016/j.ecss.2012.08.021
https://doi.org/10.1016/j.ecss.2012.08.021
https://doi.org/10.1016/j.cbpc.2012.10.002
https://doi.org/10.1016/j.cbpc.2012.10.002
https://doi.org/10.1016/j.ecoenv.2017.07.073
https://doi.org/10.1016/j.ecoenv.2017.07.073
https://doi.org/10.1016/j.aquatox.2007.06.002
https://doi.org/10.1016/j.aquatox.2007.06.002
https://doi.org/10.1016/j.ecoenv.2020.110713
https://doi.org/10.1007/s002279900251
https://doi.org/10.1016/j.fsi.2015.02.010

Pollurion and bacterial infection in Sabella spallanzanii 135

biomarker for organophosphate and carbamate pesticides be
questioned. Biomarkers 3(2):157-163. DOI: 10.1080/
135475098231318.

Gworek B, Bemowska-Ka O, Kije M, Wrzosek-Jakubowska ]J.
2016. Mercury in marine and oceanic waters — a review.
Water, Air, and Soil Pollution 227(10). DOi: 10.1007/
s11270-016-3060-3.

Halliwell B, Gutteridge JMC. 2015. Free radicals in biology and
medicine. Oxford University Press. DOI: 10.1093/acprof:oso/
9780198717478.001.0001

Hamza-Chaffai A. 2014. Usefulness of bioindicators and biomar-
kers in pollution biomonitoring. International Journal of
Biotechnology for Wellness Industries 3(1):19-26. DOI: 10.
6000/1927-3037.2014.03.01.4.

Harada M. 1995. Haradal995. Critical Reviews in Toxicology 25
(1):1-24. DOI: 10.3109/10408449509089885

Ikingura JR, Akagi H. 1999. Methylmercury production and dis-
tribution in aquatic systems. Science of the Total Environment
234(1-3):109-118. DOI: 10.1016/S0048-9697(99)00116-3.

Ipolyi I, Massanisso P, Sposato S, Fodor P, Morabito R. 2004.
Concentration levels of total and methylmercury in mussel
samples collected along the coasts of Sardinia Island (Italy).
Analytica Chimica Acta 505(1):145-151. DOI: 10.1016/
S0003-2670(03)00174-0.

Juknys R, Vitkauskaité G, Racait¢ M, & Vencloviené J 2012. The
impacts of heavy metals on oxidative stress and growth of
spring barley. Open Life Sciences 7(2):299-306. DOI: 10.
2478/s11535-012-0012-9.

Kiyokawa E, Makino A, Ishii K, Otsuka N, Yamaji-Hasegawa A,
Kobayashi T. 2004. Recognition of sphingomyelin by lysenin
and lysenin-related proteins. Biochemistry 43
(30):9766-9773. DOI: 10.1021/bi049561;.

La Corte C, Dara M, Bertini F, Parrinello D, Piazzese D,
Parisi MG. 2023. Response of Sabella spallanzanii to multiple
stressors. The combined effect of infection and copper
sulphate. Comparative Biochemistry and Physiology, Part C
263:109475. DOI: 10.1016/j.cbpc.2022.109475.

Lange S, Kauschke E, Mohrig W, Cooper EL. 1999. Biochemical
characteristics of Eiseniapore, a pore-forming protein in the
coelomic fluid of earthworms. European Journal of
Biochemistry 262(2):547-556. DOI: 10.1046/j.1432-1327.
1999.00407.x.

Lassegues M, Milochau A, Doignon F, Du Pasquier L,
Valembois P. 1997. Sequence and expression of an
Eisenia-fetida-derived cDNA clone that encodes the 40-kDa
fetidin  antibacterial protein. European Journal of
Biochemistry 246(3):756-762. DOI: 10.1111/5.1432-1033.
1997.00756.x.

Leermakers M, Baeyens W, Quevauviller P, Horvat M. 2005.
Mercury in environmental samples: Speciation, artifacts and
validation. TrAC - Trends in Analytical Chemistry 24
(5):383-393. DOI: 10.1016/j.trac.2004.01.001.

Li H, Parisi MG, Toubiana M, Cammarata M, Roch P. 2008.
Lysozyme gene expression and hemocyte behaviour in the
Mediterranean mussel, Mytilus galloprovincialis, after injec-
tion of various bacteria or temperature stresses. Fish &
Shellfish Immunology 25(1-2):143-152. DOI: 10.1016/j.fsi.
2008.04.001.

Lusic J, Cvitkovi¢ I, Despalatovi¢ M, Zunec A, Zuljevi¢ A. 2022.
Mediterranean fanworm, Sabella spallanzanii (Gmelin, 1791),
as a potential biomonitor of trace metal pollution in the mar-
ine environment. Chemosphere 287:132123. DOI: 10.1016/j.
chemosphere.2021.132123.

Marcano L, Nusetti O, Rodriguez-Grau J, Bricefio J, Vilas ]J.
1997. Coelomic fluid lysozyme activity induction in the

polychaete Eurythoe complanata as a biomarker of heavy
metal toxicity. Bulletin of Environmental Contamination and
Toxicology 59(1):22-28. DOI: 10.1007/s001289900438.

Médieu A, Point D, Sonke JE, Angot H, Allain V, Bodin N,
Adams DH, Bignert A, Streets DG, Buchanan PB,
Heimbiirger-Boavida LE, Pethybridge H, Gillikin DP,
Ménard F, Choy CA, Itai T, Bustamante P, Dhurmeea Z,
Ferriss BE, Bourles B, Habasque ], Verheyden A,
Munaron JM, Laffont L, Gauthier O, Lorrain A. 2023.
Stable tuna mercury concentrations since 1971 illustrate mar-
ine inertia and the need for strong emission reductions under
the minamata convention. Environmental Science &
Technology Letters 11(3):250-258. DOI: 10.1021/acs.
estlett.3c00949.

Michalak I, Chojnacka K. 2014. Effluent Biomonitoring. Wexler,
P.B.T.-E. of T. Third E. (Ed.). Encyclopedia of toxicology.
Elsevier: Oxford. pp. 312-315. DOI: 10.1016/B978-0-12-
386454-3.01008-3.

Milochau A, Lassegues M, Valembois P. 1997. Purification,
characterization and activities of two hemolytic and antibac-
terial proteins from coelomic fluid of the annelid Eisenia
fetida andrei. Biochimica et Biophysica Acta (BBA) -
Protein Structure and Molecular Enzymology 1337
(1):123-132. DOI: 10.1016/S0167-4838(96)00160-4.

Mukherjee S, Gautam A, Pal K, Karmakar P, Ray M, Ray S.
2021. Copper oxide nanoparticle and copper sulfate induced
impairment of innate immune parameters in a common
Indian sponge. Journal of Hazardous Materials Letters
2:100036. DOI: 10.1016/j.hazl.2021.100036.

Nuran Ercal BSP, Hande Gurer-Orhan BSP, Nukhet Aykin-
Burns BSP. 2001. Toxic metals and oxidative stress part I:
Mechanisms involved in metal induced oxidative damage.
Current Topics in Medicinal Chemistry 1(6):529-539. DOLI:
10.2174/1568026013394831.

Ohta N, Shioda S, Sekizawa Y, Nakai Y, Kobayashi H. 2000.
Sites of expression of mRNA for lysenin, a protein isolated
from the coelomic fluid of the earthworm Eisenia foetida. Cell
and Tissue Research 302(2):263-270. DOI: 10.1007/
$004410000284.

Opper B, Bognar A, Heidt D, Németh P, Engelmann P. 2013.
Revising lysenin expression of earthworm coelomocytes.
Developmental and comparative immunology 39
(3):214-218. DOI: 10.1016/j.dci.2012.11.006.

Parisi MG, Baranzini N, Dara M, La Corte C, Vizioli J,
Cammarata M. 2022. AIF-1 and RNASET?2 are involved in
the inflammatory response in the Mediterranean mussel myti-
lus galloprovincialis following vibrio infection. Fish &
Shellfish Immunology 127(June):109-118. DOI: 10.1016/;.
£51.2022.06.010.

Parisi MG, Benenati G, Cammarata M. 2015. Sea bass dicen-
trarchus labrax (L.) bacterial infection and confinement stress
acts on F-type lectin (DIFBL) serum modulation. Journal of
Fish Diseases 38(11):967-976. DOI: 10.1111/jfd.12309.

Parisi MG, Cammarata I, Cammarata M, Censi V. 2017a. Rare
earths, zirconium and hafnium distribution in coastal areas: The
example of Sabella spallanzanii (Gmelin, 1791). Chemosphere
185:268-276. DOI: 10.1016/j.chemosphere.2017.07.023.

Parisi MG, Giacoletti A, Mandaglio C, Cammarata M, Sar G.
2021a. The entangled multi-level responses of Mytilus gallo-
provincialis (Lamarck, 1819) to environmental stressors as
detected by an integrated approach 168. Marine
Environmental Research 168:105292. DOI: 10.1016/j.mar
envres.2021.105292.

Parisi MG, Grimaldi A, Baranzini N, La Corte C, Dara M,
Parrinello D, Cammarata M. 2021b. Mesoglea extracellular


https://doi.org/10.1080/135475098231318
https://doi.org/10.1080/135475098231318
https://doi.org/10.1007/s11270-016-3060-3
https://doi.org/10.1007/s11270-016-3060-3
https://doi.org/10.1093/acprof:oso/9780198717478.001.0001
https://doi.org/10.1093/acprof:oso/9780198717478.001.0001
https://doi.org/10.6000/1927-3037.2014.03.01.4
https://doi.org/10.6000/1927-3037.2014.03.01.4
https://doi.org/10.3109/10408449509089885
https://doi.org/10.1016/S0048-9697(99)00116-3
https://doi.org/10.1016/S0003-2670(03)00174-0
https://doi.org/10.1016/S0003-2670(03)00174-0
https://doi.org/10.2478/s11535-012-0012-9
https://doi.org/10.2478/s11535-012-0012-9
https://doi.org/10.1021/bi049561j
https://doi.org/10.1016/j.cbpc.2022.109475
https://doi.org/10.1046/j.1432-1327.1999.00407.x
https://doi.org/10.1046/j.1432-1327.1999.00407.x
https://doi.org/10.1111/j.1432-1033.1997.00756.x
https://doi.org/10.1111/j.1432-1033.1997.00756.x
https://doi.org/10.1016/j.trac.2004.01.001
https://doi.org/10.1016/j.fsi.2008.04.001
https://doi.org/10.1016/j.fsi.2008.04.001
https://doi.org/10.1016/j.chemosphere.2021.132123
https://doi.org/10.1016/j.chemosphere.2021.132123
https://doi.org/10.1007/s001289900438
https://doi.org/10.1021/acs.estlett.3c00949
https://doi.org/10.1021/acs.estlett.3c00949
https://doi.org/10.1016/B978-0-12-386454-3.01008-3
https://doi.org/10.1016/B978-0-12-386454-3.01008-3
https://doi.org/10.1016/S0167-4838(96)00160-4
https://doi.org/10.1016/j.hazl.2021.100036
https://doi.org/10.2174/1568026013394831
https://doi.org/10.2174/1568026013394831
https://doi.org/10.1007/s004410000284
https://doi.org/10.1007/s004410000284
https://doi.org/10.1016/j.dci.2012.11.006
https://doi.org/10.1016/j.fsi.2022.06.010
https://doi.org/10.1016/j.fsi.2022.06.010
https://doi.org/10.1111/jfd.12309
https://doi.org/10.1016/j.chemosphere.2017.07.023
https://doi.org/10.1016/j.marenvres.2021.105292
https://doi.org/10.1016/j.marenvres.2021.105292

136 M. Dara et al.

matrix reorganization during regenerative process in anemo-
nia viridis (Forskél, 1775). International Journal of Molecular
Sciences 22(11):22. DOI: 10.3390/ijms22115971.

Parisi MG, Lentini A, Cammarata M. 2017b. Seasonal changes
in morpho-functional aspects of two Anemonia sulcata
(Pennant, 1777) wild populations. Marine Biodiversity 47
(2):561-573. DOI: 10.1007/s12526-017-0695-2.

Parisi MG, Maisano M, Cappello T, Oliva S, Mauceri A,
Toubiana M, Cammarata M. 2019. Responses of marine
mussel Mytilus galloprovincialis (Bivalvia: Mytilidae) after
infection with the pathogen Vibrio splendidus. Comparative
Biochemistry and Physiology Part - C: Toxicology and
Pharmacology 221:1-9. DOI: 10.1016/j.cbpc.2019.03.005.

Parisi MG, Mauro M, Sara G, Cammarata M. 2017c.
Temperature increases, hypoxia, and changes in food avail-
ability affect immunological biomarkers in the marine mussel
Mytilus galloprovincialis. Journal of Comparative Physiology
B 187(8):1117-1126. DOI: 10.1007/s00360-017-1089-2.

Parisi MG, Pirrera J, La Corte C, Dara M, Parrinello D,
Cammarata M. 2021c. Effects of organic mercury on
Mytilus  galloprovincialis ~ hemocyte  function  and
morphology. Journal of Comparative Physiology B 191
(1):143-158. DOI: 10.1007/s00360-020-01306-0.

Parmar TK, Rawtani D, Agrawal YK. 2016. Bioindicators: The
natural indicator of environmental pollution. Frontiers in Life
Science 9(2):110-118. DOI: 10.1080/21553769.2016.1162753.

Parrinello D, Bellante A, Parisi MG, Sanfratello MA,
Indelicato S, Piazzese D, Cammarata M. 2017. The ascidian
Styela plicata hemocytes as a potential biomarker of marine
pollution: In vitro effects of seawater and organic mercury.
Ecotoxicology and Environment Safety 136:126-134. DOI:
10.1016/j.ecoenv.2016.11.001.

Roch P, Ville P, Cooper EL. 1998. Characterization of a 14 kDA
plant-related serine protease inhibitor and regulation of cyto-
toxic activity in earthworm coelomic fluid. Developmental
and comparative immunology 22(1):1-12. DOI: 10.1016/
S0145-305X(97)00047-5.

Sanchez Uria JE, Sanz-Medel A. 1998. Inorganic and methyl-
mercury speciation in environmental samples. Talanta 47
(3):509-524. DOI: 10.1016/S0039-9140(98)00116-7.

Sayeed I, Parvez S, Pandey S, Bin-Hafeez B, Haque R,
Raisuddin S. 2003. Oxidative stress biomarkers of exposure
to deltamethrin in freshwater fish, Channa punctatus Bloch.
Ecotoxicology & Environmental Safety 56(2):295-301. DOI:
10.1016/S0147-6513(03)00009-5.

Schenk S, Hoeger U. 2020. Annelid Coelomic Fluid Proteins. In:
Hoeger U, Harris JR, editors. Vertebrate and Invertebrate
Respiratory Proteins, Lipoproteins and Other Body Fluid
Proteins. Cham: Springer International Publishing. pp.
1-34. DOI:10.1007/978-3-030-41769-71.

Silerova M, Prochazkova P, Joskové R, Josens G, Beschin A, De
Baetselier P, Bilej M. 2006. Comparative study of the
CCF-like pattern recognition protein in different Lumbricid
species. Developmental and comparative immunology 30
(9):765-771. DOI: 10.1016/j.dci.2005.11.002.

Sizmur T, Canario J, Gerwing TG, Mallory ML, O’Driscoll NJ.
2013. Mercury and methylmercury bioaccumulation by poly-
chaete worms is governed by both feeding ecology and mer-
cury bioavailability in coastal mudflats. Environmental
Pollution 176:18-25. DOI: 10.1016/j.envpol.2013.01.008.

Stabili L, Licciano M, Giangrande A, Gerardi C, De Pascali SA,
Fanizzi FP. 2019. First insight on the mucus of the annelid
myxicola infundibulum (polychaeta, sabellidae) as a potential
prospect for drug discovery. Marine Drugs 17(7):1-16. DOI:
10.3390/md17070396.

Stabili L, Schirosi R, Di Benedetto A, Merendino A, Villanova L,
Giangrande A. 2011. First insights into the biochemistry of
Sabella spallanzanii (Annelida: Polychaeta) mucus: a potentially
unexplored resource for applicative purposes. Journal of the
Marine Biological Association of the United Kingdom 91
(1):199-208. DOI: 10.1017/S0025315410001013.

Stabili L, Schirosi R, Licciano M, Giangrande A. 2014. Role of
Myzxicola infundibulum (Polychaeta, Annelida) mucus: From
bacterial control to nutritional home site. Journal of
Experimental Marine Biology and Ecology 461:344-349.
DOI: 10.1016/j.jembe.2014.09.005.

Stohs SJ, Bagchi D. 1995. Oxidative mechanisms in the toxicity
of metal ions. Free Radical Biology and Medicine 18
(2):321-336. DOI: 10.1016/0891-5849(94)00159-H.

Sumpter JP, Jobling S, Tyler CR. 1996. Oestrogenic substances
in the aquatic environment and their potential impact on
animals, particularly fish. In: Toxicology of Aquatic
Pollution. Cambridge University Press. pp. 205-224. DOI:
10.1017/CB0O9780511735516.011.

Sutton ], Balfry S, Higgs D, Huang CH, Skura B. 2006. Impact
of iron-catalyzed dietary lipid peroxidation on growth perfor-
mance, general health and flesh proximate and fatty acid
composition of Atlantic salmon (Salmo salar L.) reared in
seawater. Aquaculture 257(1-4):534-557. DOI: 10.1016/;.
aquaculture.2006.03.013.

Tian Y, Liu H, Wang Q, Zhou ], Tang X. 2014. Acute and
chronic toxic effects of Pb2+ on polychaete Perinereis aibuhi-
tensis: Morphological changes and responses of the antioxi-
dant system. Journal of Environmental Sciences
26:1681-1688. DOI: 10.1016/j.jes.2014.06.008.

Trapani MR, Parisi MG, Parrinello D, Sanfratello MA,
Benenati G, Palla F, Cammarata M. 2016. Specific inflam-
matory response of Anemonia sulcata (Cnidaria) after bacter-
ial injection causes tissue reaction and enzymatic activity
alteration. Journal of invertebrate pathology 135:15-21.
DOI: 10.1016/j.jip.2016.01.010.

Vaillier J, Cadoret MA, Roch P, Valembois P. 1985. Protein
analysis of earthworm coelomic fluid. III. Isolation and char-
acterization of several bacteriostatic molecules from Eisenia
fetida andrei. Developmental and comparative immunology 9
(1):11-20. DOI: 10.1016/0145-305X(85)90055-2.

Valembois P, Roch P, Lassegues M, Davant N. 1982. Bacteriostatic
activity of a chloragogen cell secretion. Pedobiolgia 24
(1):191-195. DOI: 10.1016/S0031-4056(23)05881-X.

Wang WX, Fisher NS. 1999. Assimilation efficiencies of chemical
contaminants in aquatic invertebrates: A  synthesis.
Environmental Toxicology and Chemistry 18:2034-2045. DOIL:
10.1897/1551-5028(1999)018<2034:AEOCCI>2.3.CO;2.

Yamaji A, Sekizawa Y, Emoto K, Sakuraba H, Inoue K,
Kobayashi H, Umeda M. 1998. Lysenin, a novel
sphingomyelin-specific binding protein. Journal of Biological
Chemistry 273(9):5300-5306. DOI: 10.1074/jbc.273.9.5300.

Zhang J, Shen H, Wang X, Wu J, Xue Y. 2004. Effects of chronic
exposure of 2,4-dichlorophenol on the antioxidant system in
liver of freshwater fish Carassius auratus. Chemosphere 55
(2):167-174. DOI: 10.1016/j.chemosphere.2003.10.048.

Zhang Y, Cui J, Zhang R, Wang Y, Hong M. 2007. A novel fibrino-
Iytic serine protease from the polychaete Nereis (Neanthes) virens
(Sars): Purification and characterization. Biochimie 89
(1):93-103. DOI: 10.1016/j.biochi.2006.07.023.

Zheng N, Wang S, Dong W, Hua X, Song X, Chu Q, Hou S. 2019.
The Toxicological Effects of Mercury Exposure in Marine Fish.
Bulletin of Environmental Contamination and Toxicology 102
(5):714-720. DOI: 10.1007/s00128-019-02593-2.


https://doi.org/10.3390/ijms22115971
https://doi.org/10.1007/s12526-017-0695-2
https://doi.org/10.1016/j.cbpc.2019.03.005
https://doi.org/10.1007/s00360-017-1089-2
https://doi.org/10.1007/s00360-020-01306-0
https://doi.org/10.1080/21553769.2016.1162753
https://doi.org/10.1016/j.ecoenv.2016.11.001
https://doi.org/10.1016/j.ecoenv.2016.11.001
https://doi.org/10.1016/S0145-305X(97)00047-5
https://doi.org/10.1016/S0145-305X(97)00047-5
https://doi.org/10.1016/S0039-9140(98)00116-7
https://doi.org/10.1016/S0147-6513(03)00009-5
https://doi.org/10.1016/S0147-6513(03)00009-5
https://doi.org/10.1007/978-3-030-41769-71
https://doi.org/10.1016/j.dci.2005.11.002
https://doi.org/10.1016/j.envpol.2013.01.008
https://doi.org/10.3390/md17070396
https://doi.org/10.3390/md17070396
https://doi.org/10.1017/S0025315410001013
https://doi.org/10.1016/j.jembe.2014.09.005
https://doi.org/10.1016/0891-5849(94)00159-H
https://doi.org/10.1017/CBO9780511735516.011
https://doi.org/10.1017/CBO9780511735516.011
https://doi.org/10.1016/j.aquaculture.2006.03.013
https://doi.org/10.1016/j.aquaculture.2006.03.013
https://doi.org/10.1016/j.jes.2014.06.008
https://doi.org/10.1016/j.jip.2016.01.010
https://doi.org/10.1016/0145-305X(85)90055-2
https://doi.org/10.1016/S0031-4056(23)05881-X
https://doi.org/10.1897/1551-5028(1999)018%3C2034:AEOCCI%3E2.3.CO;2
https://doi.org/10.1897/1551-5028(1999)018%3C2034:AEOCCI%3E2.3.CO;2
https://doi.org/10.1074/jbc.273.9.5300
https://doi.org/10.1016/j.chemosphere.2003.10.048
https://doi.org/10.1016/j.biochi.2006.07.023
https://doi.org/10.1007/s00128-019-02593-2

	Abstract
	1.  Introduction
	2.  Materials and methods
	2.1.  Polychaete collection and experimental design
	2.2.  Bacterial suspensions
	2.3.  Protein extraction
	2.4.  Protein concentration
	2.5.  SDS-PAGE
	2.6.  Enzymatic activities
	2.7.  Statistical analysis

	3.  Results
	3.1.  Macroscopic remarks
	3.2.  GPx activity
	3.3.  LYS activity
	3.4.  ALP activity
	3.5.  EST activity
	3.6.  SDS-PAGE and integrated density analyses

	4.  Discussion
	5.  Conclusion
	Disclosure statement
	Credits
	Funding
	References

