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Marine bivalves are frequently exposed to multiple co-occurring challenges such as
temperature extremes and anthropogenic pollution. These stressors can elicit negative
effects on several biological pathways, including antioxidant and neuroendocrine-
immune (NEI) systems, leading to immune disorders and altered immunocytes
functionality. Since interactive mechanisms of action and resulting outcomes
are still scarcely explored, we examined the single and combined effects of
increased temperature (+5◦C) and cadmium (20 µg/L) in the Mediterranean mussel
Mytilus galloprovincialis. Analyzed parameters included cholinergic system in gills
and hemolymph (acetylcholinesterase activity, AChE), total oxyradical scavenging
capacity in gills and key functional processes in hemocytes, including lysosomal
membrane stability, hemocytes subpopulations ratio, phagocytosis capacity, and
onset of genotoxic damage. Results highlighted interactive inhibition of AChE
activity along to a concomitant increased total oxyradical scavenging capacity,
confirming neuroendocrine-immune system (NEI) disturbance and oxidative pressure. In
hemocytes, lysosomal membrane stability and granulocytes:hyalinocytes ratio revealed
additive effects of stressors, while a consistent reduction of phagocytosis was caused by
temperature stress, with a slightly antagonistic effect of cadmium. Pearson’s correlation
statistics provided either positive or negative relationships between investigated
parameters and stressors, allowing to hypothesize putative mechanism of immune
system functional alterations. The overall results suggest that the occurrence of short-
term events of increased temperature and concomitant metal exposure could elicit
interactive and negative effects on immune system efficiency of marine organisms.

Keywords: multiple stressors, global change, pollution, bivalves, heatwaves, oxidative stress, immunity

INTRODUCTION

Marine bivalves living in coastal areas are currently subjected to multiple co-occurring stressors:
organisms are exposed, among others, to relevant loads of inorganic pollutants deriving from land-
based human activities (e.g., trace metals, EEA, 2019; Bates et al., 2021) and frequent events of
thermal stress caused by ongoing ocean warming and increasing intensity of marine heatwaves
(Oliver et al., 2018, 2019; IPCC, 2019). At the molecular and biological level, these stressors can
interact through complex mechanisms and each stressor may reciprocally alter the susceptibility
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of the organism toward the others (Kroeker et al., 2017),
triggering harsh outcomes at lower levels of biological
organization which climax with mass mortality events with
loss of biodiversity (Giuliani et al., 2013; Seuront et al., 2019;
Sarà et al., 2021). Current knowledge on the interactions
between thermal stress and trace metals on marine ectotherms
biology suggests additive or synergic mechanisms, with thermal
stress enhancing deleterious effects of metals and vice versa:
temperature can trigger metal uptake through increased
metabolism and membranes permeability, while, trace metals
can impair oxygen metabolism and affect thermal tolerance
(Lannig et al., 2008; Sokolova and Lannig, 2008; Lan et al., 2020).

Both trace metals and thermal stress are known to disrupt
bivalves optimal physiological functioning through the inhibition
of defense mechanisms, as the capability to counteract onset of
oxidative conditions and to maintain the functionality of immune
system. Trace metals enhance oxidative pressure through the
impairment of electron transport chains or by catalyzing Fenton-
like and Haber-Weiss reactions, thus increasing intracellular
production of reactive oxygen species (ROS, Regoli and Giuliani,
2014; Benedetti et al., 2021); at the same time, both the
amount and the efficiency of antioxidant defenses can be affected
by trace metals, weakening the capability to scavenge ROS
(Regoli and Principato, 1995; Regoli et al., 1998). Oxidative
unbalance is promoted also by acute temperature elevation
through boosted cellular ROS production caused by increased
metabolic rate and progressive mitochondrial damage during and
after thermal stress (Benedetti et al., 2021). The thresholds and
limits of antioxidant network efficiency are typically influenced
by species-specific, seasonal and ecological history traits. For
instance, after 1 week of exposure to temperature elevation, the
production of reactive oxygen and nitrogen species (ROS and
RNS, respectively) was increased in Crassostrea virginica, but
this was not paralleled by activation of antioxidant defenses
at the higher temperature, suggesting homeostatic responses
limits (Rahman and Rahman, 2021). A similar antioxidants
block was described in Tridacna crocea exposed to acute heat
stress (Zhou et al., 2021). Moreover, Mytilus congeners with
different ecological history and adaptation to thermal stress
showed different proteome responsiveness toward heat stress,
with the less adapted species reducing aerobic metabolism as
a trade-off to compensate the lower levels of chaperones and
antioxidants (Tomanek, 2014). When oxidative pressure is not
properly counteracted by the antioxidants network, the onset of
oxidative damages to lipids, proteins, and DNA is observed in
tissues of marine organisms (Izagirre et al., 2014; Múgica et al.,
2015; Coppola et al., 2017).

In bivalves, the responsiveness and adaptive mechanisms
toward external stressors stimuli are often regulated through
the neuroendocrine-immune system (NEI), which consists in a
plethora of hormones, neurotransmitters, receptors, and enzymes
playing a fundamental role on immunocompetence, energy
allocation, growth, and locomotion (Liu et al., 2018a). The
cholinergic system is one of the most conserved pathways across
all phyla: the neurotransmitter acetylcholine (ACh), released at
synaptic level and hydrolyzed by acetylcholinesterase (AChE),
has been demonstrated to play an immunomodulatory action

in bivalves species (Shi et al., 2012; Chen et al., 2015; Liu
et al., 2018b; Du et al., 2020). Disturbance of this system, as
AChE inhibition promoted by several environmental stressors
(Solé et al., 2009), could be thus hypothesized to affect
immunocompetence in bivalves.

The cellular-mediated immune function in bivalves is carried
out by hemocytes (Balbi et al., 2021), which are clustered in
two main sub-populations based on their morphotypes and
function: the granulocytes host several granules of lysosomal
origin in the cytoplasm and are mainly involved in phagocytosis,
while the hyalinocytes are involved in tissue repair mechanisms,
hemopoiesis and as precursors of granulocytes (Bouallegui, 2019;
Rey-Campos et al., 2019). Hemocytes functionality is highly
susceptible to external disturbance, as hypoxia, microplastics,
algal toxins, and pharmaceuticals (Gorbi et al., 2013; Avio
et al., 2015; Mezzelani et al., 2018; Andreyeva et al., 2019):
a transcriptomic and functional investigation revealed the
upregulation of antioxidant, stress-response and apoptosis genes
(GST, SOD, HSP70, MRP1, CAS8) linked to reduced phagocytosis
in hemocytes of M. edulis exposed in vitro to Cd (Granger
Joly de Boissel et al., 2017). On the other hand, bivalves
exposed to thermal stress revealed immunological disorders
as altered phagocytosis and hemocytes lysosomal membrane
stability (Hégaret et al., 2003; Wu et al., 2016; Parisi et al., 2017;
Rahman et al., 2019).

In a global scenario of frequent extreme temperature events
and continuous inputs of anthropogenic pollutants, it is crucial
to understand mechanisms of action and reciprocal effects of
these stressors on immunocompetence of marine organisms.
With this aim, the present study investigated the outcomes
of single and combined exposure to acute thermal stress
(+5◦C) and cadmium (20 µg/L) in the Mediterranean mussel
M. galloprovincialis. Despite this species is considered highly
resilient to environmental stressors (Bitter et al., 2019; Gerdol
et al., 2020), its tolerance toward ongoing ocean changes
and multiple co-occurring stressors still needs to be fully
elucidated. In this respect, several biological responses were
investigated including biochemical, cellular, and functional
alterations, as the activity of acetylcholinesterase in hemolymph
and gills, the total oxyradical scavenging capacity in gills,
hemocytes lysosomal membranes stability, subpopulations ratio
(granulocytes:hyalinocytes), phagocytosis activity, and onset of
genotoxic damages in terms of micronuclei frequency. The
overall results were further elaborated to hypothesize putative
mechanisms of cause-effect relationships between stressors
and biological parameters. Results were expected to provide
knowledge on immunological interactive effects of thermal
and chemical stress, and on the mechanisms underlying the
susceptibility of marine species to combined ongoing ocean
changes and anthropogenic pollution.

MATERIALS AND METHODS

Organisms and Experimental Design
Mussels, M. galloprovincialis (6.15 ± 0.6 shell length), were
collected from an unpolluted area of Central Adriatic Sea
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(Bocchetti and Regoli, 2006). After collection, mussels were
acclimated for 7 days to laboratory conditions in artificial
seawater at local seasonal temperature (20◦C) and salinity 37.
Mussels were then exposed in 20 L tanks (20 organisms each)
for 14 days to clean or Cd-contaminated seawater (20 µg/L)
under two temperature scenarios (control = 20◦C or heat stress,
HS = 25◦C), resulting in four experimental treatments: CTL
(20◦C, no Cd); Cd (20◦C, 20 µg/L Cd); HS (25◦C, no Cd);
HS + Cd (25◦C, 20 µg/L Cd). Thermal stress condition (25◦C)
was chosen to simulate a short-term heatwave scenario based
on past events of marine heatwaves in the Mediterranean sea,1

2 while cadmium concentration was based on environmentally
realistic scenarios of polluted coastal areas (Neff, 2002; Beiras
et al., 2003; Martín-Díaz et al., 2005; AbdAllah and Moustafa,
2007; Süren et al., 2007). During experimental phase, organisms
were fed with a zooplankton mixture for marine filter-feeders
(50–300 µm) 12 h before the water renewal, planned every other
day, when cadmium was re-dosed at nominal concentration.
At the end of the exposure, hemolymph was withdrawn
from the adductor muscle and gills excised: 5 samples were
prepared each constituted by tissues of 4 individuals for every
experimental condition. Collected samples were immediately
used for in vivo analyses (hemocytes lysosomal membrane
stability, granulocytes:hyalinocytes ratio, phagocytosis rate), flash
frozen in liquid nitrogen and stored at −80◦C for measurement
of acetylcholinesterase activity and total oxyradical scavenging
capacity or fixed in Carnoy solution 1:3 acetic acid:methanol for
micronuclei frequency determination.

Acetylcholinestrease Activity in
Hemolymph and Gills
Acetylcholinesterase activity (AChE) was measured in the
hemolymph (supernatant obtained from centrifugation at 3,000 g
for 5 min) and gills (homogenated in TrisHCl 100 mM pH 7.2 and
250 mM sucrose and centrifuged at 10,000 g for 10 min). Enzyme
activity was spectrophotometrically determined through Ellman’s
reaction according to Solé et al. (2009), using acetylthiocholine
and 5,5′-dithiobis (2-nitrobenzoic acid), normalized to protein
concentration, determined according to Lowry method with
bovine serum albumine (BSA) as standard.

Total Oxyradical Scavenging Capacity
Toward Peroxyl and Hydroxyl Radicals in
Gills
The overall capability of cellular antioxidants to neutralize
peroxyl (ROO•) and hydroxyl (HO•) radicals was measured
through the total oxyradical scavenging capacity (TOSC) assay,
by evaluating the inhibition of 0.2 mM α-keto-γ-methiolbutyric
acid (KMBA) oxidation to ethylene gas (Regoli and Winston,
1998; Regoli et al., 2002). Thermal homolysis of 20 mM 2-
2-azo-bis-(2-methylpropionamide)-dihydrochloride (ABAP)
and Fenton reaction of 1.8 µM iron-3.6 µM EDTA plus
180 µM ascorbate in 100 mM phosphate buffer pH 7.4

1http://www.marineheatwaves.org/tracker
2http://t-mednet.org

were used to generate peroxyl (ROO•) and hydroxyl (HO•)
radicals, respectively. Gas-chromatographic analyses were
used to determine ethylene formation at 10 min intervals in
each sample and control reaction and used in the equation:
TOSC = 100−(

∫
SA/

∫
CA × 100), where

∫
SA and

∫
CA are

the integral areas calculated from the ethylene kinetic curve
measured during the reaction, for sample (SA) and control (CA)
reactions, respectively. For each sample, a specific TOSC value
was calculated by normalizing the experimental TOSC to the
relative protein concentration.

Hemocytes Immune Function and
Micronuclei
Aliquots (50 µL) of hemolymph were dispersed on glass slides
and dried for 15 min. Slices were then placed for 15 min
in Baker’s Fixative. After fixation, slides were stained with
Hematoxylin-Eosin, mounted with Eukitt and observed at bright-
field microscope; granulocytes:hyalinocytes ratio was determined
by counting and evaluating at least 200 cells in each sample
(Mezzelani et al., 2018).

Phagocytosis assay was performed by dispersing 50 µL of
hemolymph on glass slides and allowing cells adhesion for
15 min at 4◦C in a dark chamber. After adhesion, 50 µL
of Fluorescein-labeled Zymosan A solution (Bioparticles—
Invitrogen, 2.7× 106 particles/mL) were added to each slide and
samples were incubated for 2 h at 4◦C in a dark room. After
washing and fixation in Baker’s Fixative, slides were observed
at fluorescence microscope counting the percentage of positive
cells (those that internalized at least 3 fluorescent Zymosan
particles) on a total of at least 300 cells for each sample
(Gorbi et al., 2013).

TABLE 1 | Two-way ANOVA results.

Parameter Cd-exposure Temperature Cd-exposure ×

Temperature

AchE HL F (1, 12) = 0.787 F(1, 12) = 11.82 F (1, 12) = 0.002

p = 0.392 p = 0.005 (**) p = 0.963

AchE gills F(1, 12) = 9.251 F(1, 12) = 14.56 F (1, 12) = 1.337

p = 0.01 (*) p = 0.002 (**) p = 0.270

TOSC ROO• F (1, 12) = 0.688 F(1, 12) = 20.14 F (1, 12) = 2.430

p = 0.423 p = 0.0007 (***) p = 0.145

TOSC HO• F (1, 12) = 0.644 F(1, 12) = 28.97 F(1, 12) = 19.32

p = 0.423 p = 0.0002 (***) p = 0.0009 (***)

Gra:Hya F(1, 12) = 22.03 F(1, 12) = 22.52 F(1, 12) = 4.821

p = 0.0005 (***) p = 0.0005 (***) p = 0.047 (*)

Phagocytosis F(1, 12) = 12.36 F(1, 12) = 92.27 F (1, 12) = 0.012

p = 0.004 (**) p < 0.0001 (***) p = 0.914

LMS F (1, 12) = 4.669 F(1, 12) = 9.136 F (1, 12) = 0.925

p = 0.052 p = 0.011 (*) p = 0.355

Micronuclei
frequency

F(1, 12) = 4.8 F (1, 12) = 1.2 F (1, 12) = 0.00
p = 0.048 (*) p = 0.294 p = 1

For each tested factor (Cd-exposure, Temperature) and interaction (Cd-exposure×
Temperature), F-value (and degrees of freedom) and p-value are given for analyzed
parameters. Bold values indicate significant effect of factor or interaction (*p < 0.05;
**p < 0.01; ***p < 0.001).
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The lysosomal membrane stability was assessed by
the neutral red retention time assay (Gorbi et al., 2013).
Hemolymph aliquots (50 µL) were dispersed on glass slides
with 50 µL of Neutral Red working solution (2 µl/ml filtered
seawater from a stock solution of 20 mg neutral red dye
dissolved in 1 ml of dimethyl sulfoxide) and examined every
20 min to count the cells that had released the dye from
lysosomes to the cytosol. Results are expressed as the time (in
minutes) at which 50% of examined cells had Neutral Red in
the cytosol.

The frequency of micronuclei was evaluated on 50 µL
hemolymph aliquots previously fixed in Carnoy solution (1:3
acetic acid, methanol), placed on glass slides and stained
with DAPI (4′,6-diamidino-2-phenylindole, 100 ng/mL). In
each sample, 2000 cells were observed and the frequency of
micronuclei determined, as the number of round structures
clearly separated from the main nucleus and smaller than 1/3 of
this on the total cells count (Regoli et al., 2014).

Statistical Analyses
All statistical analyses were performed using RStudio (version
1.2.5033). Two-way analysis of variance (ANOVA) was applied
to test the hypothesis that Cd-exposure, heat stress and their

FIGURE 1 | Acetylcholinesterase activity in hemolymph (A) and gills (B) of
exposed mussels. Values are given as nmol/min/mg of protein,
mean ± standard deviation, n = 4. Letters are used to highlight significant
differences between group of means, CTL, Control; Cd, Cadmium exposure;
HS, heat stress; HS + Cd, Cadmium exposure under heat stress.

interaction had no significant effect on analyzed parameters.
F- and p-values are shown in Table 1. Normal distribution
and homogeneity of variances were checked through Shapiro-
Wilk and Levene tests, respectively; significant differences
among treatments were highlighted through Tukey HSD
post hoc (p < 0.05).

Pearson correlation analyses were conducted on whole dataset
of biological parameters, including Cd exposure and temperature
as potential explanatory variables. Principal components analysis
was applied to visualize relationships between treatments and
contribution of variables to separation.

RESULTS

Acetylcholinesterase Activity in
Hemolymph and Gills
AChE activity was significantly reduced in hemolymph by
increased temperature (Table 1, F = 11.82, p < 0.01) with a
synergistic effect observed during co-exposure to temperature
and cadmium (Figure 1A, HS + Cd vs. CTL). Temperature
(Table 1, F = 14.56, p < 0.01) significantly affected AChE activity

FIGURE 2 | Total oxyradical scavenging capacity toward peroxyl (TOSC
ROO•, A) and hydroxyl (TOSC HO•, B) radicals in gills of exposed organisms.
Values are given as TOSC units/mg of proteins, mean ± standard deviation,
n = 4. Letters are used to highlight significant differences between group of
means, CTL, Control; Cd, Cadmium exposure; HS, heat stress; HS + Cd,
Cadmium exposure under heat stress.
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FIGURE 3 | Hemocytes functional analyses of exposed mussels. Granulocytes:hyalinocytes ratio (A), phagocytosis rate (B), lysosomal membrane stability (C), and
micronuclei frequency (D). Values are given as mean ± standard deviation, n = 4. Letters are used to highlight significant differences between group of means, CTL,
Control; Cd, Cadmium exposure; HS, heat stress; HS + Cd, Cadmium exposure under heat stress.

also in the gills (Figure 1B), but in this tissue co-exposure with
Cd slightly softened this effect.

Total Oxyradical Scavenging Capacity in
Gills
Temperature significantly affected TOSC ROO• in gills
(Figure 2A and Table 1, F = 20.14, p < 0.001) with no additional
modulation during co-exposure with Cd. An increased capability
to counteract HO• was observed in organisms exposed to Cd
and higher temperature, both alone and in combination, with
significant interaction of stressors (Figure 2B and Table 1,
F = 19.32, p < 0.001).

Immune Parameters and Micronuclei
Frequency in Hemocytes
Cd-exposure significantly affected granulocytes:hyalinocytes
ratio, but an antagonistic effect of temperature in co-
exposed organisms revealed synergistic interaction of stressors
(Figure 3A and Table 1, F = 4.821, p < 0.05). Two-way
analysis of variance revealed a significant modulation of
temperature on phagocytosis rate (Figure 3B and Table 1,
F = 92.27, p < 0.001) which was lowered in HS treated
organisms either with or without Cd. Lysosomal membrane

stability was reduced by both Cd and higher temperature
with a cumulative significant effect in co-exposed organisms
(Figure 3C). Cd-exposure increased MN frequency (Figure 3D
and Table 1, F = 4.8, p < 0.05), with no significant differences
between treatments.

Correlation and Principal Components
Analysis
Correlation analyses (Figure 4) revealed that temperature
scenario was negatively correlated with immune parameters
as phagocytosis (R = −0.89), granulocytes:hyalinocytes ratio
(R = −0.61), lysosomal membrane stability (R = −0.58) and
with acetylcholinesterase activity in both gills and hemolymph
(R = −0.63 and R = −0.69, respectively). At the same time,
a positive relationship was observed between temperature and
both TOSC ROO• (R = 0.76) and TOSC HO• (R = 0.69).
Conversely, Cd-exposure was positively related only with AChE
activity in gills (R = 0.5), granulocytes:hyalinocytes ratio (R = 0.6)
and micronuclei frequency (R = 0.52). Among biological
parameters, phagocytosis was negatively correlated with TOSC
ROO• (R = −0.7) and TOSC HO• (R = −0.68), while positively
correlated with granulocytes:hyalinocytes ratio (R = 0.77) and
AChE activity in gills (R = 0.7); TOSC ROO• and TOSC HO•
were negatively correlated with lysosomal membrane stability
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FIGURE 4 | Pearson correlation heatmap showing correlation coefficients—blue and red indicate positive and negative correlation, respectively. Only significant
correlations (p < 0.05) are shown.

(R = −0.55 and R = −0.51, respectively). Other relevant
correlations were found between TOSC ROO• and AChE activity
in hemolymph and in gills (R = −0.62 and R = −0.54,
respectively), TOSC ROO• and TOSC HO• (R = 0.82), and
between AChE activity in gills and granulocytes:hyalinocytes
(R = 0.73).

Principal components analysis provided a two-dimensional
pattern explaining 71% of total variance (Figure 5): a clear
separation occurred along Dim1 (50.3%) between organisms
maintained at control temperature (CTL and Cd) and
those at higher temperature (HS and HS + Cd): the main
parameters contributing to this separation along Dim1
were TOSC ROO•, phagocytosis, TOSC HO•, and AChE
in gills. A further discrimination was revealed along Dim2
(20.7%), especially between organisms exposed at higher
temperature alone (HS) or with Cd (HS + Cd), mainly due
to micronuclei frequency, lysosomal membrane stability and
granulocytes:hyalinocytes ratio.

Correlation coefficients of significant relationships (p < 0.05)
were used to hypothesize putative cascade of relationships among
tested stressors and investigated biological parameters (Figure 6),
with the aim of providing a visual overview of results and
discussed hypotheses.

DISCUSSION

Marine organisms are challenged by multiple co-occurring
stressors that interact through complex mechanisms on key
biological processes, including immune system competence.
The present investigation provides insights on the sensitivity
of the Mediterranean mussel M. galloprovincialis revealing the
responsiveness and possible interactions between antioxidant,
cholinergic and immune systems under combined conditions
of thermal stress and cadmium exposure, allowing to provide
putative cause-effect mechanisms.

Our study revealed a certain responsiveness of the cholinergic
system toward tested stressors: increased temperature lowered
acetylcholinesterase activity in both hemolymph and gills,
with different tissue responsiveness to additional stressors.
In hemolymph, additive negative effects were observed for
temperature and cadmium, while in the gills the effect of
temperature was stronger than that of cadmium. Despite the
mechanisms of cholinergic reduction by temperature increase
are still to be clarified, previous studies showed the possibility
for AChE to be inactivated above the optimal thermal range:
our results are in accordance with the negative relationship
between temperature and acetylcholinesterase activity described
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FIGURE 5 | Graphical representation of principal component analysis. CTL, Control; Cd, Cadmium (20 µg/L) at control temperature; HS, heat stress (25◦C);
HS + Cd, heat stress (25◦C) + cadmium (20 µg/L)—each variable contribution to the separation is represented by arrows.

for M. galloprovincialis and M. arenaria (Greco et al., 2011; Kamel
et al., 2012). On the other hand, several classes of pollutants have
been shown to alter AChE activity, including organophosphorus
and carbamate pesticides which directly interact with the active
site of the enzyme, or trace metals exposure which also provoke
AChE activity inhibition in marine organisms (Lehtonen and
Leiniö, 2003; Bonacci et al., 2008; Attig et al., 2010).

The cellular innate immune response showed a consistent
sensitivity in terms of both subpopulations composition
and their functionality, with stressor-dependent effects. Cd-
exposure increased the granulocytes:hyalinocytes ratio at control
temperature, without a parallel variation of phagocytosis activity:
this suggests either a decrease of hyalinocytes subpopulation
or a lower phagocytosis efficiency of granulocytes, main
actors of this defense mechanisms (Andreyeva et al., 2019).
Conversely, phagocytosis, but not granulocytes:hyalinocytes
ratio, was consistently weakened in organisms exposed at higher
temperature, allowing to hypothesize a temperature-mediated
mechanism on granulocytes function, as already described in
C. virginica and M. coruscus subjected to 1-week thermal stress
(Hégaret et al., 2003; Wu et al., 2016).

Given the negative correlation observed between temperature
and both phagocytosis and acetylcholinesterase activity, and the
positive relationship between branchial AChE and phagocytosis,

is possible to hypothesize that the effects of temperature on
immune system are mediated through the combined disturbance
of neuroendocrine and immune system, as summarized in
Figure 6. Indeed, the cholinergic system is part of the
neuroendocrine-immune regulatory network and thus plays a
fundamental role in immunoregulation processes in bivalves
(Liu et al., 2018b). Thermal stress is known to cause incorrect
proteins folding and is thus likely that the lower AChE activity
may be, at least partially, due to temperature-mediated damage
to proteins. The consequences of the inhibition of AChE
activity, resulting in excess accumulation of ACh, may not
be limited to impairment of neurotransmission. It has been
recently demonstrated that incubation with the neurotransmitter
ACh significantly reduced hemocytes phagocytosis in Tegillarca
granosa by disrupting Ca2+ homeostasis and altering NF-κB
signaling pathway (Du et al., 2020); conversely, incubation
of Chlamys farreri hemocytes with immune-stimulants LPS
and TNF-α up-regulated the expression of AChE mRNA
(Shi et al., 2012). Overall, available literature suggests that
ACh turnover influences a prompt immune response in
bivalves: according to this, our results allow to hypothesize
that thermal stress may disturb mussels NEI by affecting
neurotransmitters metabolism, thus representing a threat for
mussels pathogens response.
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FIGURE 6 | Schematic overview of putative cascade of effects among tested stressors (blue squares) and biological parameters (green squares) based on significant
(p < 0.05) correlation coefficient (Pearson correlation analysis) and discussed hypotheses. Solid red lines represent significant negative correlations, while dotted blue
lines represent significant positive correlations; arrows direction is based on putative cause-effect relationships. AChE HL, acetylcholinesterase activity in
hemolymph; AChE Gills, acetylcholinesterase activity in gills; Phagocytosis, hemocytes phagocytosis rate; GRA-HYA, granulocytes on hyalinocytes ratio; LMS,
hemocytes lysosomal membrane stability; MN, hemocytes micronuclei frequency; TOSC ROO•, total oxyradical scavenging capacity toward ROO• in gills; TOSC
HO•, total oxyradical scavenging capacity toward HO• in gills; Temperature, exposure temperature scenario; Cd, cadmium exposure.

Nonetheless, hemocytes showed a reduced lysosomal
membrane integrity following the combined action of
temperature stress and cadmium exposure, revealing additive
negative effects of multiple stressors on such cellular organelles
(Figure 6). Lysosomes are fundamental for granulocytes
phagocytosis (Pipe, 1990; Cajaraville and Pal, 1995; Pipe
et al., 1997), and lysosomal membrane destabilization has
been previously addressed in several marine bivalves as a
marker of disturbance by thermal stress (Marigómez et al.,
2017; Parisi et al., 2017), metals (Regoli, 1992; Calisi et al.,
2008), and combined effects of these stressors (Izagirre et al.,
2014). Mechanisms underlying this sensitivity can involve
either membrane disruption caused by oxidative stress or
Ca2+, caspase-3, p38-MAPK, and JNK signaling pathways
(Canesi et al., 2007; Yao and Somero, 2012). The activation
of these pathways has been even suggested to be involved in
micronuclei formation (Decordier et al., 2005), which in our
study increased in all experimental treatments, particularly in
Cd-exposed organisms (Figure 6). Micronuclei formation may
be promoted by pro-oxidative challenge triggered by tested
stressors either directly, with an increased ROS production, or
indirectly, affecting antioxidant defenses efficiency (Regoli and
Giuliani, 2014; Benedetti et al., 2021). In our study, exposure
at higher temperature was significantly related to an increased
capability to counteract peroxyl radical, with no additional
effect of cadmium-exposure (Figure 6); on the other hand,
hydroxyl radical scavenging capacity was subjected to synergistic
interactions between temperature and cadmium, despite a

stronger modulation by thermal stress was further highlighted.
These results suggest an increased demand to maintain the
oxyradical metabolism in M. galloprovincialis, confirming the
pro-oxidant nature of investigated stressors. A similar trend
of increased antioxidant defenses in M. galloprovincialis was
highlighted in the same temperature range by Rahman et al.
(2019), but in that study this was coupled with an increased
phagocytosis activity in hemocytes. Conversely, in our study,
mussels appeared to counteract the onset of thermal oxidative
challenge by enhancing the total oxyradical scavenging capacity
toward both ROO• and HO• which however, did not prevent
the loss of hemocytes lysosomal membranes stability (LMS), thus
indicating a greater level of oxidative disfunction that may have
contributed to a lower phagocytosis activity (Figure 6).

The two-dimensional pattern provided by principal
components analysis confirmed synergistic effects of investigated
stressors, with clear divergence between Cd-exposed and non-
exposed organisms (along Dimension 2) further enhanced at
higher temperature (HS and HS + Cd) compared to control
temperature scenario (CTL and Cd).

On the whole, results highlighted synergistic-stress
mechanisms on the co-occurring alteration of NEI and activation
of antioxidant system in M. galloprovincialis exposed to thermal
stress and cadmium. Putative cross-talk between NEI and
antioxidant system suggests that complex mechanisms modulate
organisms physiological functions. Immune efficiency of M.
galloprovincialis might be highly susceptible under short-term
extreme temperature events and contaminants exposure,
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but field observations and more in-depth assessments through
novel molecular approaches are needed to fully enlighten
compensation mechanisms and long-term susceptibility.
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