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1. Introduction

There is a scientific consensus that human activities are the main driver of climate change, with
many impacts on increasing water temperature and acidification. In the last 100 years, the average sea
surface temperatures have increased by 0.7 °C. Global temperature should continue to increase of
about 1.8 to 4.0 °C by the end of the 21st century (IPCC). Water temperature is the most important
abiotic environmental factor causing physiological changes in aquatic organisms. Therefore, climate
change is a major threat to the economic and ecological sustainability of marine fisheries and
aquaculture.

Bivalves are commonly used as sentinel species for monitoring coastal environments (Romeo et al.
2003). Their worldwide distribution, their sessile nature, their filter-feeding and their ability to
bioaccumulate pollutants make them ideal species for use in investigation. Host defense mechanisms
in bivalve molluscs relies on haemocytes, the circulating cells present in extrapallial fluids, and soluble
effectors in haemolymph. Bivalve haemocytes can perform several functions, including wound repair,
nodule formation, encapsulation, phagocytosis and cytotoxicity (Cheng 1981). The secretion of soluble
factors by haemocytes plays an important role in the immunity of bivalves, indirectly through the
regulation of certain cellular mechanisms and directly through their antimicrobial activities. This
humoral response involves various molecules such as phenoloxidase cascade, lysosomal enzymes and
antimicrobial peptides.

Many studies have reported alterations in immune parameters in various bivalves (oysters, clams,
mussels, etc.) when exposed to sudden changes in temperature. In previous studies, a decrease in the
haemocyte viability was reported in the thick shell mussel Mytilus coruscus (Wu et al. 2016) and in the
green-lipped mussel Perna virdis (Wang et al. 2011) under heat stress. Furthermore, a decrease in
phagocytosis was reported in the hard clam Mercenaria mercenaria (Perrigault et al. 2011), in the
green-lipped mussel Perna viridis (Wang et al. 2011) and in the thick shell mussel M. coruscus (Wu et
al. 2016) after exposure to high temperature. Additionally, Yao et al. (Yao and Somero 2012) reported
a decrease in lysosomal membrane stability in mussels M. galloprovincialis and M. californianus at
high and low acclimation temperatures.

In the present research, we assessed the effects of thermal stress on the immune parameters in the
carpet shell clam, Ruditapes decussatus. Haemolymph samples were incubated at 20 and 30 °C for 24
h. Total haemocyte count (THC), percentage of dead cells (PDC), phenoloxidase (PO), lysozyme
(LYZ), alkaline phosphatase (ALP), esterase (EST), lectin (LCT), and antibacterial (AB) activities
were chosen as biomarkers of heat stress.

2. Material and methods

2.1. Animals

The carpet shell clams, (R. decussatus) 3-3.5 cm shell length were purchased from the Bizerta
shellfish farming (Bizerta, Tunisia) where they are veterinary and microbiologically controlled.
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2.2.  Experimental protocol

Animals were maintained in aerated aquaria at 20 °C and were fed daily, 3 h before changing the
water, with the alga Nannochloripsis (3x108 cells per day per clam). The alga was provided from the
Tunisian Aquaculture Centre (Hergla, Tunisia). Clams were allowed to acclimatise for seven days
before being used in the experiments. About 1 mL of haemolymph was collected per clam from the
anterior adductor muscle with a 2 mL plastic syringe and stored on ice. Samples were incubated at 20
and 30 °C for 24 h. All the experiments were carried out twice. At the end of the experiments, a
volume of 25 pL of haemolymph was mixed immediately with formol then was kept at 4 °C in order
to determine the total haemocyte count (THC). To measure enzymatic activities, 500 pL of
haemolymph were centrifuged (780 x g, 10 min, 4 °C) and the supernatant, corresponding to cell-free
haemolymph, was collected and stored at -20 °C until analysis.

2.3.  Cellular innate immunity

The cellular innate immunity was assessed by calculating the number of free haemocytes and the
percentage of dead cells in the hemolymph using a Malassez cell counter. Briefly, a volume of 25 mL
of haemolymph was mixed with the same volume of formol 6% in order to prevent cell clotting, and
the formol was stained with Trypan blue to detect dead cells. Then, the total haemocyte count (THC)
and dead haemocyte count (DHC) were expressed as the number of haemocytes (x10%) mL™ in the
haemolymph. The percentage of dead cells (PDC) was expressed as follows:

PDC = (DHC/THC)*100

2.4.  Humoral innate immunity

2.4.1. Phenoloxidase activity

Phenoloxidase (PO) activity assay was performed according to the method described by Asokan et
al. (Asokan et al. 1997). Briefly, 50 uL of haemolymph were incubated with the same volume of SDS
(sodium dodecy! sulphate, 1 mg mL™, Sigma) for 5 min at room temperature. To each well were added
50 pL of L-DOPA (3,4-dihydroxyphénylalanine, Sigma) (3 mg mL™ in 0.5 M HCI containing 10 mM
CaCly) as substrate. The decrease of optical density at 490 nm was followed every minute for 15 min
in a plate reader. PO activity was expressed as units, where one unit represents the change in
absorbance min"t mg protein™.

2.4.2. Lysozyme activity

Lysozyme activity was measured according to the turbidimetric method described by Parry et al.
(Parry et al. 1965)with some modifications. One hundred microlitres of haemolymph were placed in
96-well flat-bottomed plates in triplicate. To each well, 100 pL of freeze-dried Micrococcus
lysodeikticus (0.3 mg mL™?, Sigma) was added as lysozyme substrate and the reduction in absorbance
at 450 nm was measured after 0 and 15 min at 22 °C in a plate reader. One unit of lysozyme activity
was defined as a reduction in absorbance of 0.001 min™t. The units of lysozyme present in
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haemolymph were obtained from a standard curve made with hen egg white lysozyme (HEWL,
Sigma) and the enzymatic activity was expressed as U mg™ proteins.

2.4.3. Alkaline phosphatase activity

Alkaline phosphatase activity was quantified as described by Mansour et al. (Mansour et al. 2017).
Aliquots of 100 pL of haemolymph were mixed with 100 pL of 4 mM p-nitrophenyl liquid phosphate
(Sigma) in 100 mM ammonium bicarbonate buffer containing 1 mM MgCl. (pH 7.8, 30 °C). ALP
activity was determined by recording the increase of OD at 405 nm every minute for 1 h. ALP activity
was expressed as unit mg™ haemolymph proteins, where one unit represents the amount of enzyme
required to release 1 pmol of p-nitrophenol phosphate product in 1 min.

2.4.4. Esterase activity

Esterase activity was measured by mixing an equal volume of haemolymph samples with 0.4 mM
p-nitrophenylmyristate in 200 mM ammonium bicarbonate buffer containing 0.5% Triton X-100 (pH
7.8, 30 °C) as described by Mansour et al. (Mansour et al. 2017). The OD was continuously measured
at 1 min intervals over 3 h at 405 nm in a plate reader. Standard samples without haemolymph were
used as blanks. Esterase activity was expressed as unit mg™* haemolymph proteins, where one unit
represents the amount of enzyme required to release 1 umol of p-nitrophenylmyristate product in 1
min.

2.4.5. Protein determination

The total protein concentration present in the haemolymph was measured spectrophotometrically
by the Bradford method (Bradford 1976) with a reactive agent (BioRad). Bovine serum albumin was
used as standard.

2.4.6. Antibacterial activity

Antibacterial activity was measured as described by (Ordas et al. 2000). A 25 pLvolume of
haemolymph was placed in each well of a 96 well plate. In the control, the haemolymph was
substituted by Tryptone soy broth (TSB, Sigma). A volume of 75 pL of a suspension of Escherichia
coli (ATCC35218) (108 cell mL™ in TSB) was added to each sample, and then the plate was incubated
for 3 h at 18 °C. After that, 100 puL of 3-(4,5-Dimethylthiazol-2-yl) 2,5-diphenyltetrazolium bromide
(MTT) (0.5 mg mL? in TSB) were added to each well. After 15 min in the dark at 18 °C, the
absorbance at 600 nm was measured. All samples were run in triplicate. The anti-bacterial activity
index (BI) was calculated as follows:

Bl=sample ABSesoo/control ABSeoo
2.4.7. Lectin activity

Lectin (LCT) activity in haemolymph samples was determined by the reaction of agglutination
(HA) following the method described by Ordas et al. (Ordas et al. 2000). This activity was measured
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by adding 25 pL of 3% human blood to 25 uL of serially diluted haemolymph in 96-well plates. After
mixing, plates were kept at room temperature for 2 h. Agglutination was determined by the presence or
the absence of a button of blood on the bottom of the well. The agglutination title (inverse of the
highest haemolymph dilution factor) was recorded and expressed as its logz. All samples were run in
duplicate.

2.5.  Statistical analysis

All our results were expressed as mean * standard error (SEM). Data were statistically analysed
using a one-way analysis of variance (ANOVA). Significant differences were determined at the p<0.05
level using Fisher test. Statistical analysis was performed using the software STATISTICA (Statsoft
STATISTICA version 6.1.478.0).

3. Results and Discussion

3.1.  Cellular innate immunity
3.1.1. Total haemocyte count

Haemocytes are circulating cells involved in bivalve immune defense such as haemocytosis
(increases in circulating haemocyte numbers), phagocytosis of small particles, and encapsulation of
large particles and production of reactive oxygen species. In the current study, the total haemocyte
count (Fig. 1A) was significantly affected by the temperature increase (Fisher test, p=0.0187). THC
was decreased in haemplymph samples kept at 30 °C (5.89 + 0.92 x 10° cell mL™) compared to clams
kept at 20 °C (8.2 = 1.17 x 10° cell mL™). The effect of temperature on haemocyte density has been
widely studied in bivalves. For example, Chen et al. (Chen et al. 2007) appointed to a decrease in THC
in the scallop, Chlamys farreri after an increase in temperature from 17 °C to 28 °C. A similar
decrease in THC was recorded in the clam Ruditapes philippinarum kept at 5 °C and 30 °C compared
with those kept at 15 °C (Munari et al. 2011). On the contrary, an increase in THC was recorded in the
surf clams, Mactraveneri formis, after increasing the temperature from 20 °C to 30 °C (Yu et al. 2009).
Taking into account, our results and those available in the literature, it seems that the effect of
temperature increase on THC can vary among bivalve species.

3.1.2. Cell viability

The percentage of dead haemocytes in haemolymph is frequently used as an indicator of the
physiological state of bivalves. The results for the percentage of dead cells in our study were
surprising. Haemocyte viability was significantly increased by the increase in temperature (Fisher test,
p=0.0025). Indeed, percentage of dead cells was decreased in samples kept at 30 °C (10.38 £ 2.64%)
compared to clams kept at 20 °C (31.73 £ 4.18%) after a 24 h incubation (Fig .1B). By contrast, a
decrease in the haemocyte viability was reported in the thick shell mussel Mytilus coruscus (Wu et al.
2016) and in the green-lipped mussel Perna virdis (Wang et al. 2011) after increasing the temperature.
Furthermore, a decrease in the haemocyte viability was reported in Manila clam R. philippinarum, by
the decrease of temperature from 14 to 8 °C (Paillard et al. 2004). Paillard et al. (Paillard et al. 2004)
explained this decrease of haemocyte viability at the low temperature by low autophagocytic activity,
which is the principle way to eliminate dead haemocytes from circulation (Scro and Ford 1990). Many
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studies have demonstrated the strong effect of temperature on phagocytosis in bivalves. Decreased
phagocytosis after exposure to high temperature was reported in the clam Chamelea gallina (Monari et
al. 2007), in the hard clam Mercenaria mercenaria (Perrigault et al. 2011), in the green-lipped mussel
Perna viridis (Wang et al. 2011) and in the thick shell mussel M. coruscus (Wu et al. 2016). Similar
decreases in phagocytosis activity was also observed in the green mussel P. viridis after haemocytes
exposure to acute temperature challenges (Donaghy and Volety 2011). According to the hypothesis of
Paillard et al. (Paillard et al. 2004), an increase of phagocytosis may explain the increase of haemocyte
viability recorded in our study at the high temperature. Thus, further studies are needed in order to
identify the effect of temperature on the phagocytosis and then on haemocytes viability.

A 10 A a ﬂ 40 + a
= 9 - 35
A | 3 [
- ] b S 30 4

c 7_ é’

é.’:\ 6 - T 3 25 1
%‘é 5 § 2

= ©

ST 41 < 151 b
g 9 & 1] I
= 2 1 £
5 11 g 5
= 5

0 . . § o .
20°C 30°C 20°C 30°C

Fig. 1. Total haemocyte count (A) and percentage of dead cells (B) measured in haemolymph of clam, Ruditapes
decussatus, after 24 h incubation at 20 °C and 30 °C. Data represent the mean + SEM. Different letters denote significant
differences between treatment groups (p < 0.05).

3.2. Humoral innate immunity

3.2.1. Phenoloxidase activity

The phenoloxidase system plays a very important role in host defense mechanisms in invertebrates
(Munoz et al. 2006), participating in the encapsulation and melanisation of foreign bodies (Soderhall
and Cerenius 1998). Also, it exists in bivalve molluscs such as Mytilus edulis (Coles and Pipe 1994),
Mytilus galloprovincialis (Carballal et al. 1997, Carballal et al. 1997), Crassostrea gigas (Gagnaire et
al. 2004) and R. decussatus (Mufioz et al. 2006). In the present study, the phenoloxidase activity was
sligntly influenced by the increase in temperature exposure (Fisher test, p>0.05) (Fig. 2A). There was
a tendency for this activity to increase in clams kept at 30 °C (0.243 + 0.054 U mg™ protein) compared
to clams kept at 20 °C (0.147 + 0.040 U mg™ protein). Few studies have investigated the effect of
temperature on the phenoloxidase activity. In freshwater crayfish Pacifastacus leniusculus and Astacus
astacus the phenoloxidase activity was not affected by thermal stress (Jiravanichpaisal et al. 2004).
Taking into account, our results and those available in the literature, it seems that temperature increase
did not influence the phenoloxidase activity in the clam Ruditapes decussatus.
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Fig. 2. Phenoloxidase (A), lysozyme (B), alkaline phosphatase (C), esterase (D), lectin (E) and antibacterial (F) activities
measured in haemolymph of clam, Ruditapes decussatus, after 24 h incubation at 20 °C and 30 °C. Data represent the mean
+ SEM. Different letters denote significant differences between treatment groups (p < 0.05).

3.2.2. Lysozyme activity

The release of lysosomal hydrolytic enzymes is an important part of the extracellular killing of
bacteria through the hydrolysis of components of bacterial cell walls (Canesi et al. 2002, Monari et al.
2007). Lysozyme is an bacteriolytic agents acting against several species of Gram-positive and Gram-
negative bacteria; it is synthesized in bivalve haemocytes and subsequently secreted into haemolymph
during phagocytosis (Cheng et al. 1975). In this study, lysozyme activity was measured in cell-free
haemolymph to assess possible negative consequences of temperature on enzyme release by
haemocytes. In the current study, lysozyme activity was not affected by the increase in temperature
(Fisher test, p>0.05) (Fig. 2B). Data concerning effects of temperature on lysozyme activity in bivalves
are contradictory. For example, Munari et al. (Munari et al. 2011) reported that temperature did not
influence the lysozyme activity in the clam Ruditapes philippinarum. However, exposure to high
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temperature induced an increase of lysozyme secretion from haemocytes into haemolymph in M.
galloprovincialis (Matozzo et al. 2012) and an increase of lysozyme activity in the Yesso scallop,
Patinopecten yessoensis (Jiang et al. 2016). In the opposite, Wu et al. (Wu et al. 2016) reported a
decrease of the lysosomal content at high temperature in the thick shell mussel Mytilus coruscus,
which was explained by reduction in host defense mechanisms under thermal stress. Similar results
were found in the green-lipped mussel Perna viridis (Wang et al. 2011). Both results of the present
study and those available in the literature suggest that lysozyme activity can vary among bivalve
species. Our observations indicated that high temperature did not influence the lysozyme activity in the
clam Ruditapes decussatus.

3.2.3. Alkaline phosphatase activity

The alkaline phosphatase (ALP) is a lysosomal enzyme acting on the cell membrane to control
trans-membrane transit dynamics (Sarkar 1992) and in the process of mineralisation of the molluscan
shell (Gaume et al. 2011). In our in vitro experiments, alkaline phosphatase activity was significantly
affected by the temperature, where it was decreased in haemolymph maintained at 30 °C. In our in
vitro experiments, haemocyte alkaline phosphatase activity was significantly affected by the
temperature (Fisher, p<0.001) after a 24 h incubation (Fig. 2C). Indeed, this activity was lower in the
haemolymph samples incubated at 30°C (12.368 + 2.536 U mg™ protein) compared to those incubated
at 20°C (54.537 + 6.748 U mg* protein). Contrarily to what observed in the present study, AKP
activity was increased in the thick shelled mussel Mytilus coruscus when the temperature increased
from 25 to 30 °C (Hu et al. 2015). Our observations indicated that thermal stress influenced the
alkaline phosphatase activity in the clam Ruditapes decussatus. This variation in ALP activity in
haemolymph may be explained by a decrease in secretion in order to reduce energy expenditure
(Matozzo et al. 2012) and the decrease in the total haemocyte count.

3.2.4. Esterase activity

Esterase plays an important role in the immunological defense in mussels, hydrolyzing a number of
choline esters, including acetylcholine (Pretti and Cognetti-Varriale 2001). In bivalves, esterase
activity was inhibited by neurotoxic compounds (Ozreti¢ and Krajnovié-Ozreti¢ 1992, Tsangaris et al.
2008), heavy metals (Najimi et al. 1997) and PAHs (Gagnaire et al. 2006). Therefore, esterase is
considered a useful biomarker of pollution. In our experimental conditions, esterase activity was not
significantly influenced by the temperature increase (Fisher test, p>0.05) (Fig. 2D), but was slightly
higher in haemolymph samples maintained at 30 °C (5.885 + 1.590 U mg protein) compared to those
maintained at 20 °C (4.422 + 0.186 U mg™ protein). In previous study, the esterase activity decreased
in the green-lipped mussel P. viridis (Wang et al. 2011), in the thick shelled mussel M. coruscus (Wu
et al. 2016) and in the Pacific oyster C. gigas (Gagnaire et al. 2006) under high temperatures. Our in
vitro experimentations indicated that esterase was insusceptible to high temperature in the carpet shell
clam Ruditapes decussatus after haemolymph samples were exposed to such stress.

3.2.6. Lectin activity

Lectin activity plays a crucial role in eliminating potential pathogens in marine invertebrates such
as bacteria and parasites (Chu 1988). In the present study, the increase in temperature had a significant
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effect on the agglutinating activity (Fig. 2E), which was significantly higher (Fisher test, p=0.045) in
the haemolymph samples incubated at 30 °C (2.70 £ 0.33) than in those incubated at 20 °C (1.67 £
0.17). No previous study has investigated the effect of temperature on the agglutinating activity.
Nevertheless, Ahmad et al. (Ahmad et al. 2011) reported a reduction in plasma agglutination in the
bivalve Scrobicularia plana environmentally exposed to mercury. Moreover, Chikalovets et al.
(Chikalovets et al. 2010) revealed significant changes in lectin activity in the mussel Mytilus trossulus
after exposure to cadmium, detergent and diesel fuel which depend on the contaminant concentration
or the time of exposure. This finding has been explained by the adaptive compensatory processes that
occur in mollusks subjected to intoxication. Thus, the variations in the level of lectin activity under
thermal stress revealed in our study may be explained by a compensatory or adaptative response.

3.2.5. Antibacterial activity

In the current study, antibacterial activity (Fig. 2F) was significantly affected by the increase in
temperature (Fisher test, p=0.014). It was significantly higher in haemolymph incubated at 30 °C
(0.669 = 0.031) than in haemolymph incubated at 20 °C (0.540 = 0.034). In these in vitro
experimentations, we obtained a significant increase of antibacterial activities under thermal stress. By
contrast, exposure to high temperature depressed the antibacterial activity in the abalone, Haliotis
rubra (Dang et al. 2012). The increase in the antibacterial activity reported in our experimental
conditions may be connected with the increase in the lectin activity.

3.2. Pearson’s correlation coefficients

Pearson’s correlation coefficients between the biomarkers studied are shown in Table 1. A
correlation coefficient higher than 0.5 was considered as significant at P < 0.05. In our experimental
conditions, total haemocyte count was negatively correlated with phenoloxidase activity (r = -0.719)
and positively correlated with alkaline phosphatase activity (r = 0.776). Moreover, antibacterial
activity was negatively correlated with alkaline phosphatase activity (r = -0.828) and total haemocyte
count (r = -0.747) and lectin activity was positively correlated with esterase activity (r = 0.665).

Table 1 Pearson’s correlation coefficients (r) of the immune-related parameters studied. Table legend: PO:
phenoloxidase; LYZ: lysozyme; ALP: alkaline phosphatase; EST: esterase; LCT: lectin activity; AB: antibacterial activity;
THC: total haemocyte count; and PDC: percentage of dead haemocytes.

PO LYZ ALP EST THC PDC AB LCT

PO 1

LYz -0321 1

ALP -0.290 0.016 1

EST -0.334 0.238 -0324 1

THC -0.719 0.116 0.776 -0133 1

PDC -0.276 -0.363 0.370 0.314 0.199 1

AB 0.385 0.053 -0.828  0.372 -0.747  -0193 1

LCT -0.050 0.311 -0.474  0.665 -0.447  0.027 0.475 1
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4. Conclusions

Overall, this study indicates that temperature increase can affect some defense parameters in the
carpet shell clam Ruditapes decussatus. Our results show a decrease in total haemocyte count and
alkaline phosphatase activity under thermal stress. Moreover, high temperature decreased the
percentage of dead haemocytes pointing out an increase of phagocytosis. Furthermore, the present
study shows an increase in lectin under thermal stress probably due to a compensatory or adaptative
response. Further research is necessary to clarify effects of the acclimation temperature in in vivo
experiments in clams and possible protective effects of clams after in vivo challenge to pathogenic
bacteria.
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