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ARTICLE INFO ABSTRACT

Edited by: Dr Yong Liang Mercury (Hg) is a global contaminant resulting of both natural processes and human activities. In aquatic en-
vironments, studies conducted on vertebrates highlighted changes of gene expression or activity of antitoxic and
oxidative enzymes. However, although Hg is a highly toxic compound in aquatic environments, only a few
studies have evaluated the lethal and sublethal effects of inorganic Hg on Gammarus sp. Therefore, this study
aimed at evaluating the effects of inorganic Hg (HgCly) on the expression of 17 genes involved in crucial bio-
logical functions or mechanisms for organisms, namely respiration, osmoregulation, apoptosis, immune and
endocrine system, and antioxidative and antitoxic defence systems. The study was performed in males of the
freshwater amphipod Gammarus pulex exposed to two environmentally relevant concentrations (50 and 500 ng/
L) at two temperature regime fluctuations (16 °C and 20 °C +/-2 °C) for 7 and 21 days. Results showed that
G. pulex mortality was dependent on Hg concentration and temperature; the higher the concentration and
temperature, the higher the mortality rate. In addition, the Integrated Biomarker Response emphasized that
HgCl, toxicity was dependent on the concentration, time and temperature of exposure. Overall, antioxidant and
antitoxic defences, as well as the endocrine and immune systems, were the biological functions most impacted by
Hg exposure (based on the concentration, duration, and temperature tested). Conversely, osmoregulation was the
least affected biological function. The results also demonstrated a possible adaptation of G. pulex after 21 days at
500 ng/L, regardless of the exposure temperature. This study allowed us to show that Hg deregulates many
crucial biological functions after a short exposure, but that during a long exposure, an adaptation phenomenon
could occur, regardless of temperature.
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1. Introduction result in toxic effects on the skin, cardiovascular, pulmonary, urinary,

gastrointestinal, and neurological systems (Kim et al, 2016;

Mercury (Hg) is a global contaminant resulting of both natural pro-
cesses (i.e. erosion) and human activities, such as disposal of electronic
products, pharmaceuticals, textile and paint industries, fossil fuel com-
bustion and mining (Wu et al., 2015; Outridge et al., 2018; Zhang et al.,
2018). Since 1991, Hg has been listed third in the Substance Priority List
published every two years by the Agency for Toxic Substances and
Disease Registry (ATSDR), due to its numerous toxic effects on human
health. The release of anthropogenic Hg is also regulated by the Mina-
mata Convention on Mercury to protect human health and the envi-
ronment from its adverse effects. In fact, long-term exposure to Hg can

Eagles-Smith et al., 2018). As it is widely known that fish is a major
source of Hg in the human diet and that its accumulation poses a high
risk to human health, many toxicological investigations have been
conducted to understand the impact of Hg on aquatic organisms (Rice
et al., 2014), including biomagnification in food webs from different
aquatic environments (McIntyre and Beauchamp, 2007; Chen et al.,
2009; Tom et al., 2010; Kidd et al., 2011; Bisi et al., 2012; Lavoie et al.,
2013; Le et al., 2017).

In aquatic ecosystems, Hg exists in two main forms: inorganic (Hg2+
and Hg") and organic (e.g. methylmercury, MeHg) compounds. Since
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MeHg is considered to be the most toxic form (Hempel et al., 1995),
many studies have focused on its sublethal toxic effects; however,
aquatic organisms are also exposed to inorganic Hg, which accounts for
the majority of total Hg in freshwaters (Watras et al., 1998). For
example, Tsui and Wang (2004) demonstrated in Daphnia magna that
MeHg bioaccumulates more through the food web while inorganic Hg
accumulates more through water uptake, confirming that the toxicity of
inorganic Hg should not be overlooked. In fact, due to its high affinity for
sulfhydryl groups, such as reduced glutathione and N-acetylcysteine,
inorganic Hg has been shown to disturb cellular redox balance in many
in-vitro and rats investigations (Stohs and Bagchi, 1995), mainly by
disturbing antioxidant defenses, promoting the formation of reactive
oxygen species (ROS) (Lund et al., 1993), which is characteristic of
oxidative stress. Similar results have been demonstrated in aquatic
vertebrates (e.g. fish), showing that Hg has an impact on antitoxic and
antioxidant defense systems by modulating the gene expression or ac-
tivity of enzymes such as superoxide dismutase (SOD), catalase (Cat), or
glutathione peroxidase (GPx) (Huang et al., 2010; Monteiro et al., 2010;
Zhen et al., 2014; Naija et al., 2016; Zhang et al., 2016; Lu et al., 2017).
In addition, exposure to Hg can affect many important biological func-
tions such as osmoregulation which controls water and salt balance
through the Na+/K+ATPase pump (Handayani et al., 2020), the im-
mune system by reducing, for example, phagocytosis or immunoglob-
ulin levels in fish (Sanchez-Dardon et al., 1997; Sweet and Zelikoff,
2001), thereby increasing the susceptibility of fish to infectious agents.
Hg also has a high affinity with the thioredoxin system that prevents
oxidative stress, but it is involved in other functions, namely, cell pro-
liferation, control and activity of many transcription factors, and regu-
lation of the cell signaling pathway (Branco and Carvalho, 2019).
Finally, Hg exposure can cause endocrine disruption because it is able to
inhibit many sites on the reproductive axis of fish, including the hypo-
thalamus, pituitary gland and gonads (e.g. reductions in gonad size,
circulating reproductive steroids, gamete production — Crump and
Trudeau, 2009). In addition, although most toxicity studies of Hg in
aquatic invertebrates (e.g. crustaceans) have focused on bio-
accumulation and lethal toxicity, it has been reported that Hg is able to
disturb biological functions similar to those of vertebrates. For example,
Hg disrupts antitoxic and antioxidant defense systems, inducing oxida-
tive stress (Elumalai et al., 2007; MERPD et al., 2010; Zhao et al., 2010;
Singaram et al., 2013; Roos-Munoz et al., 2019), reduces immune system
by decreasing phagocytosis (Kaoud et al., 2011; Singaram et al., 2013),
reduces feeding rate (Bundschuh et al., 2011), or causes DNA damage in
hemocytes and spermatozoa (Di Donato et al., 2016).

Among freshwater invertebrate species, Gammarus spp. is a suitable
organism for assessing large-scale pollution risks, as they are widely
distributed throughout the northern hemisphere, and commonly found
in European rivers (Jazdzewski, 1980; Hou and Sket, 2016). The use of
gammarids in ecotoxicology is also due to their central role in aquatic
ecosystems since they are a food source for many organisms (fish, bird)
and play an essential role in the cycle of organic matter (detritivores). In
addition, Gammarus sp. are known to be sensitive to many pollutants and
can easily be used in laboratory and field investigations (Kunz et al.,
2010). Consequently, many ecotoxicological studies have been con-
ducted using Gammarus sp. as a model species for assessing the toxicity
of organic and inorganic pollutants (Gismondi et al., 2017; Gismondi,
2018; Gouveia et al., 2018; Jaegers and Gismondi, 2020; Lebrun and
Gismondi, 2020). However, despite the fact that Hg is a highly toxic
compound in aquatic environments, only a few studies have evaluated
the sublethal effects of inorganic Hg on Gammarus sp. In fact, Costa
(1980) found a decrease in heart pulsation in G. pulex exposed to HgCl,
and Di Donato et al. (2016) observed genotoxicity of HgCly (from 100
ng/L to 1 pg/L) in hemocytes and spermatozoa of Gammarus elvirae.

This study was devoted to assessing the impacts of Hg on the health
of the freshwater amphipod G. pulex. First, we analyzed the effects of
HgCl; on the survival of G. pulex. Then, to obtain an overview of the
effects of Hg on the organism, we analyzed the expression of genes
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mainly involved in several crucial biological mechanisms and functions,
namely respiration (hemocyanin), osmoregulation (Na/K ATPase),
apoptosis (caspase 3), immune system (prophenoloxidase), endocrine
system (molt-inhibiting hormone, ecdysone receptor, farnesoic acid O-
methyltransferase, methyl farnesoate epoxidase), oxidative (gluta-
thione-S-transferase, selenium-dependent glutathione peroxidase, cata-
lase, Cu/Zn superoxide dismutase, Mn superoxide dismutase) and
antitoxic (HSP70, HSP90, thioredoxin, thioredoxin reductase) defense
systems, whose effects of Hg have already been observed in other or-
ganisms (see above). Moreover, as it is now well established that
chemical toxicity can be temperature-dependent (Noyes et al., 2009;
Hooper et al., 2013) and that constant temperature regimes are not
realistic for many aquatic ecosystems, where water temperatures fluc-
tuates daily (Willming and Maul, 2016; Verheyen and Stoks, 2019), the
toxicity of Hg was evaluated at two different temperature (16 °C and
20 °C) subject to a daily fluctuation of +/—2 °C. Finally, to further assess
the toxicity of Hg, dose- and time-dependent toxicity was evaluated by
exposing G. pulex to 50 and 500 ng/L HgCl, for 7 days and 21 days.

2. Materials and methods
2.1. Experimental animals and acclimation

Adult males G. pulex were sampled in the Blanc-Gravier stream
(50°34°60" N and 5°34°60" E, Colonster, Belgium) using a pond net in
November 2019 and February 2020 for experiment I and II, respectively
(see Fig. 1). As the moult stage may be a confounding factor, only males
in the intermoult stage were kept (Trevisan et al., 2014). At each sam-
pling period, gammarids were sorted directly on site using the gnatho-
pod size, which are longer in males than females. The animals were then
transferred to the laboratory where they were maintained for 7 days at
the same temperature as in experiments I and II (16 °C + 2 °C, T; or
20 °C £ 2 °C, Ty - Fig. 1), in large aerated aquaria filled with artificial
freshwater (Rasmussen et al., 2016) according to the US EPA method
(Weber, 1991). These temperatures were chosen to be consistent with
the freshwater temperatures generally measured in spring/autumn
(16 °C) or summer (20 °C) in European rivers, as well as the optimal
metabolic temperature of Gammarus sp. which is about 16 °C. G. pulex
were fed ad libitum with alder leaves, and medium was renewed once.

2.2. Exposure conditions

The study was carried out using 50 and 500 ng/L HgCl,, nominal
concentrations chosen to surround the Environmental Quality Standard
for Hg(II) (70 ng/L- Directive, 2013/39/EU), and a control condition
(artificial freshwater). All exposure conditions were performed in trip-
licate using a thermostatic chamber to adjust the daily fluctuation
temperature (Fig. 1). As only one temperature variation could be used in
the thermostatic chamber at a time, the study was divided into two
experiments: experiment I at 16 °C £+ 2 °C (T;) and experiment II at
20 °C + 2 °C (To).

The contamination was conducted in aquaria whose walls were
previously saturated for five days with corresponding exposure solu-
tions, to avoid Hg adsorption during the gammarids exposure. For each
exposure temperature, three aquaria of 35 G. pulex were exposed to each
HgCl, concentration and the control, for maximum 21 days, with a
photoperiod of 12 h light and 12 h dark. During the exposures, G. pulex
were fed with alder leaves discs and dried chironomids the day before
the medium change, which were renewed every three days. This helped
to limit contamination through food. Besides, to investigate the mor-
tality rate throughout the 21d-exposure and to avoid cannibalism, dead
animals were counted daily and removed from the aquaria.

For both experiments, eight G. pulex were randomly sampled in each
of the three exposure conditions, after 7 and 21 days. Then, gammarids
were individually frozen in liquid nitrogen and stored at —80 °C until
RNA extraction and gene expression analysis.
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Fig. 1. Experimental design of Gammarus pulex exposed for 7 and 21 days to HgCl, 50 and 500 ng/L at two temperature variations (T; 16 °C +2°C; Ty

20°C £2°Q).
2.3. Semi-quantitative real-time polymerase chain reaction (qPCR)

Total RNA from each sample was extracted using the NucleoSpin
RNA kit (Macherey Nagel, Germany). The RNA integrity was verified on
a 1.5% agarose gel electrophoresis and the concentrations were
measured using a NanoDrop ND-1000 spectrometer (NanoDrop, USA).
All A260/280 and A260/230 ratios were between 1.9 and 2.2. Sub-
senquently, reverse transcriptions were performed on 300 ng total RNA
using the RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific)
with random hexamers and following the manufacturer’s protocol.

All gene sequences were obtained from previous works (Gismondi
and Thomé, 2016; Gismondi, 2018) and the primer pairs were designed
using Primer3 Plus software (Untergasser et al., 2007). Two genes were
used as reference genes: ribosomal protein 3 (RSP3) and elongation
factor 1o (EFla) (Table 1). Optimal primer concentrations were evalu-
ated for three concentrations (150, 300, and 600 nM). Dilutions of a
c¢DNA mixture (mixture of 1 pL of each sample) between 1:2 and 1:64
were also tested to estimate the qPCR efficiency of primers. Two no
template controls were performed as negative control to assess external
contamination, resulting from a nonspecific increase of the fluorescence
signal.

After optimization, qPCR analyses were performed with a CFX96
Touch® Real-Time PCR Detection System, using a reactional mixture
containing: 2 pL of diluted cDNA, 5 pL of iTag® Universal SYBR Green
Supermix (BioRad, Netherlands), 2 pL of primer mix 150 nM and 1 pL of
ultrapure water. The qPCR program consisted of 3-min initial denatur-
ation at 95 °C, followed by 40 denaturation cycles at 95 °C for 15s,
annealing/polymerization at 59 °C for 45s. After amplification, a
melting curve of the amplified products (65-95 °C, 0.5 °C/min) was
performed to ensure that no artefact amplification occurred. In addition

to the analyzed samples, a no template control was performed for each
pair primer to ensure the absence of dimer product. The relative tran-
scription expression levels of each gene of interest were calculated using
the 2722 method (Livak and Schmittgen, 2001), considering the PCR
efficiency, and normalized to the respective control condition.

2.4. Integrated biomarker response (IBRv2)

The Integrated Biomarker Response index version 2 (IBRv2) was
calculated as described by Sanchez et al. (2013). For each gene of in-
terest, the mean (X;) relative expression was calculated for the control
group. Then, a log transformation (Y;) was applied to reduce variance,
and calculated as the ratio of individual biomarker data (X;) to Xo: Yi
=log (Xi/Xo). In a next step, Y; was standardized according to the
equation Z; = (Y; - p)/o, where p is the general mean and o the standard
deviation of Y;. Next, a biomarker deviation index (A) was defined as the
difference between the mean of standardized biomarker response (Z;)
and mean of biomarker data of control group (Zo), as follow: A = Z; - Z.
Finally, the IBRv2 was calculated as the sum of the absolute value A for
each biomarker in each HgCl, exposure condition.

2.5. Statistical analysis

For each exposure temperature and time, a heat map using a hier-
archical clustering analysis was performed to explore the relationship
between exposure conditions and variations in gene expressions. Be-
sides, two separate Principal Component Analysis (PCA) were used to
visualize and describe the relationship between gene expression and
exposure condition for each exposure temperature.

Relative gene expressions were expressed as log, of fold changes. The
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Specific primer pairs used for RT-qPCR analyses on Gammarus pulex exposed for 7 and 21 days to HgCl, 50 and 500 ng/L and at two temperature variations.

Biological functions  Genes Primer Efficiency Sequences (5'-3')
Respiration Hemocyanin (Hc) He F 103.1% AAAGGATGAACGAGGGCGAG
Hc R GGAGTTGGTGAACAAGTGTGG
Osmoregulation Na/K ATPase NaKTPase_F 101.3% ATTCTGCGACTACCTCTTGCC
NaKTPase R AGAGAGATGAGACCCACGAAAC
Apoptosis Caspase 3 (Casp3) Casp3_F 103.9% TCTATGAAGCATCCTCGGCG
Casp3_R TTGCAGACCTCACTATCCTCC
Immune system Prophenoloxidase (ProPO) ProPO_F 99.2% TTCCAGCAATACAAGGCGACC
ProPO_R CTGTTCCAGCCAGTGTGAAG
Endocrine system Molt-inhibiting hormone (MIH) MIH_F 98.9% TACTCCGACTGGTACTTCCAC
MIH_R CAAGCAGCTCCGATCTTTGAC
Ecdysteroid receptor (EcR) EcR_F 97.0% GAGGATCTCTGCCTCGTGT
EcR_R GCTGCCGAACTTGCACTGATA
Farnesoic acid O -methyltransferase (Famet) Famet_F 98.4% ACGGCGATACCTTCACTTTCAC
Famet_R TTGACCATCCGCCAATGAAGAC
Methyl farnesoate epoxidase (Cyp15A1) Cyp15A1_F 100.3% CCACCACTTCCGCAACCTC
Cyp15A1_R TCTCTGCCCAGCCAACACC
Antioxidant defences Glutathione-S-transferase (GST) GST_F 100.0% CGAGGAGCTGGAACCCATC
GST_R TACTCAACCCCGCTACCAAAC
Selenium-dependant glutathione peroxidase (SeGPx) SeGPx_F 101.8% CATCAGGAGAACACCACCACC
SeGPx_R GTCCCCGAGAGGCTGAAAG
Catalase (Cat) Cat_F 99.0% CATCCACACACAGAAACGCAAG
Cat R CTCGGTCCGTAAACAGGAAG
Cu/Zn superoxide dismutase (CuSOD) CuSOD_F 98.6% GTGGACCGGATAGCGTACAG
CuSOD_R CGCCGTACAGGGTCACATAG
Mn superoxide dismutase (MnSOD) MnSOD_F 98.9% TGTCTGGGAGCACGCCTAC
MnSOD_R AGCGAGATCATATCTGGCAGC
Antitoxic defences HSP70 HSP70_F 100.4% CAACTATTCCTACCAAGCAGACC
HSP70_R ATTCCAGTAAGCTCAAACTTGCC
HSP90 HSP90_F 97.3% CTGGAGTCATCACCATCATCAC
HSPS0_R TGGGGTCGAGGAGGATGAG
Thioredoxin (THx) THx_F 96.4% GGTCCCTGCAAATTATTGGCTC
THx_R TGACAGATGGAACAGCAGACAC
Thioredoxin reductase (THx-red) THx-red_F 102.8% GATGACCTGTTCTCGCTGCC
THx-red_R GCCACTTTGTTTGCCATTTGCTG
Reference genes Ribosomal small protein 3 RSP3_F 100.6% TGCCCAACACAAACAGGTCA
RSP3_R GCGAATGTCGTCAGCAATGG
Elongation factor la EFla_F 100.1% GTCGCTTGCTGAGTTATCACG
EFla_R GATGAGATGACCGGTGGTGG
dffects on molecular responses were analyzed on logs transformed
normalized relative quantities. For each exposure temperature and time, 100 - [0Oc c
ANOVA tests followed by a Fisher LSD post hoc test was performed to 90 -  [@Hg50 be bc
analyze the Hg exposure effects on molecular responses, as compared to 80 | MHg500 bic
respective control group. All statistical analyses were carried out with < 70 bc ab
the XLSTAT 2019.1.2 Software (Addinsoft, France) and a probability °; 60 ab
value lower than 0.05 was considered significant. % 50 ab 3p
g W aa
3. Results S 30 ¢
20 | 4
3.1. G. pulex mortality 10 ’_L‘
0
The mortality rate of G. pulex exposed to HgCl, was estimated after 7 7 days 21days 7 days 21days
days and 21 days of exposure (Fig. 2). The results showed that mortality 16°C 20°C

increased with time and concentration of exposure. For example, the
exposure to Hg 50 ng/L at 16 °C caused significantly higher mortality
after 21 days of exposure (55.6%) than after 7 days (20%). In addition,
although no significant differences were observed, the mortality rate
tended to be higher for exposure at 20 °C compared to 16 °C, regardless
of the time and condition of exposures (i.e. control or Hg exposures)..

3.2. Hierarchical clustering and PCA analyses

For each temperature and time of exposure, a heat map was created

Fig. 2. Mortality rate (%) of Gammarus pulex exposed for 7 and 21 days to
HgCl, 50 and 500 ng/L at two temperature variations (16°C =+ 2°C;
20°C£2°Q).

using hierarchical clustering to determine the relationship between
exposure condition according to molecular responses (Fig. 3). The
clustering analysis revealed significant grouping depending the expo-
sure time, but similar groupings for both exposure temperatures. After 7
days of exposure, regardless of temperature, G. pulex exposed to HgCl,
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Fig. 3. Heat map of hierarchical clustering of Gammarus pulex exposed for 7 and 21 days to HgCl, 50 and 500 ng/L at two temperature variations (16 °C + 2 °C;

20 °C =+ 2 °C) for each biological mechanism and function.

50 and 500 ng/L were clustered (Fig. 3 A,C); whereas after 21 days of
exposure, G. pulex exposed to HgCly 500 ng/L were grouped with con-
trol group (Fig. 3 B,D).

Principal Component Analysis realized for experiments I and II
confirmed the clustering of exposure conditions and highlighted the
correlation with molecular responses (Fig. 4). PCA obtained for the
exposure at 16 °C revealed grouping by treatment with 31.3% of vari-
ance explained by F; and 24.7% by F,. After the 7d-exposure, control
G. pulex were strongly positively correlated to HSP90, ProPO, Famet and
negatively correlated to HSP70 and Casp3; whereas the opposite result
was observed for the 21d-control group (C-21d). The clustering of
G. pulex exposed for 7d to the two HgCl, concentrations (Hg50-7d and
Hg500-7d) observed on the heat map was confirmed by the super-
position of these two groups on PCA. Besides, these groups were strongly
positively correlated to genes involved in antioxidant and antitoxic de-
fenses (i.e. CuSOD, MnSOD, Cat, THx, THx-red) and endocrine systems
(i.e. MIH, Cyp15A1). This positive correlation was even stronger after 21
days of exposure to 50 ng/L, but completely reversed at 500 ng/L. All
exposure groups were positively correlated to HSP70 and Casp3, and
negatively correlated to HPS90, ProPO and Famet.

Similarly, PCA resulting from the exposure to 20 °C revealed
grouping by treatment with 29.1% of variance explained by F; and

22.8% by Fy. The 7d-control group was positively correlated to
Cypl5A1, GST, THx, and HSP90 while the Hg50-7d and Hg500-7d
groups were both positively correlated to oxidative defense genes (i.e.
Cat and CuSOD) and endocrine system genes (i.e. EcR, MIH). After 21d
of exposure, the control group was positively correlated to HSP70,
Famet and Casp3, all involved in different biological functions. Besides,
the molecular responses of G. pulex exposed to 50 ng/L were highly
positively correlated to Na/K-ATPase, Hc, ProPO and SeGPx genes,
while when exposed to 500 ng/L, positive correlations with Cyp15A1,
GST, THx, and HSP90 genes were observed.

3.3. Molecular responses

To assess the sublethal effects of HgCly, the relative expressions of
several genes involved in different biological functions and mechanisms
were evaluated considering temperature, time and concentrations of
exposure. Although gene expression analysis didn’t reveal specific gene
variations, results revealed that all biological function studied were
significantly impacted by HgCl, exposure (Table 2). Among these,
osmoregulation was the least affected by HgCly, as only G. pulex exposed
for 21 days at 16 °C and Hg 500 ng/L showed a significant variation in
Na/K ATPase expression compared to the respective control. On the
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Fig. 4. Principal Component Analysis (PCA) of Gammarus pulex exposed for 7 and 21 days to HgCl, 50 and 500 ng/L at two temperature variations (16 °C + 2 °C;

20 °C =+ 2 °C) for each biological mechanism and function.

contrary, genes involved in antioxidant and antitoxic defense systems
were the most affected by HgCly exposures. Overall, oxidative defense
genes were between 1.5- to 4.6-fold overexpressed in G. pulex exposed to
HgCl, as compared to control group. Cat gene was the most impacted by
Hg exposure, as its expression was significantly altered under all tem-
perature and exposure conditions (i.e. from 1.5- to 3.5-fold overex-
pressed in all exposure conditions, except for a 1.7-fold under-
expression after 21d of exposure to 50 ng/L at 20 °C). CuSOD and
MnSOD were mainly affected by HgCl, when exposures were carried out
at 16 °C; CuSOD being overexpressed after 21d of exposure (4.6 and 1.9-
fold change, respectively) and MnSOD being mainly overexpressed after
7d of exposure (average 3-fold change). The expression of the GST gene
was from 1.6- to 2-fold overexpressed after 7d of exposure at 16 °C and
no change was measured for the other exposure conditions. On the
contrary, changes in SeGPx expression were mainly measured after 7d of

exposure at 20 °C (Table 2).

Genes involved in antitoxic defenses also showed different patterns
according to exposure time, temperature and HgCl, concentration. After
7d of exposure at 16 °C, both the HSP70 and THx were significantly
overexpressed (average 2.5 and 1.7-fold, respectively) and the HSP90
gene was 3-fold under-expressed, while after 21d of exposure, HSP90
was 1.7-fold overexpressed and THx expression was twice as low.
Conversely, exposure at 20 °C resulted in significant under-expression of
all antitoxic defense genes after 7d of exposure, regardless of HgCly
concentration; while slight over-expressions were measured for HSP90
and THx, after 21d-exposure to 50 and 500 ng/L, respectively.

The results obtained for endocrine system genes showed that MIH
and EcR genes were mainly over-expressed after 7d-exposure at 20 °C
(1.5- to 2-fold changes), while at 16 °C, the variation in expression was
only observed after 21d of exposure (1.5-fold change). Besides, HgCl,
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Relative gene expression (log, fold-change) of each biological function and mechanism of Gammarus pulex exposed for 7 and 21 days to HgCl, 50 and 500 ng/L at two
temperature variations (16°C + 2°C; 20°C £ 2°C). Statistical analyses reveal significant under- or over-expressions compared to the respective control group.

16 °C 20°C
7d 21d 7d 21d

[Hg] (ng/L) 50 500 50 500 50 500 50 500

Endocrine system
MIH 0.8 0.6 -0.8 0.6 1.0
EcR 0.6 0.7 -1.0
Famet -1.2 -0.9 -1.0 0.7 0.9
Cypl15A1 -0.8 -1.0 0.7

Antioxidant defence

GST 0.7 1.0
Se-GPx 07/ 11 0.9 55
Cat 1{0) 0.7 1.8 0.8 0.8 0.8 -1.7 0.8
CuSOD -1.0 272 0.9 1.0
MnSOD 1.6 il7/ 0.6 -1.4 -0.8 0.6

Antitoxic defence
HSP70 13 133 0.8 -0.8 -0.8
HSP90 -1.8 -1.7 0.7 -1.5 -0.8 0.6
THx 0.7 0.8 -1.3 -1.4 0.6
THx-red -0.7 -0.7 -1.4

Immune system

a0 10l o8 | 08 | 15 08

Apoptosis

0o o6 | | | .08 08

Osmoregulation

Na/KATPasel | o7 | |

Respiration

Red: significant over-expression (FC > 1.5, log, > 0.6)
Blue: significant under-expression (FC < 0.6, log, < -0.7)
White: no significant effect on relative gene expression

exposure halved the expressions of Famet and Cyp15A1, except after
21d of exposure at 20 °C where Famet and Cyp15A1 were from 1.6 to
1.9-fold over-expressed.

ProPO gene was primarily over-expressed when G. pulex were
exposed to HgCl, 50 ng/L, except after 7d of exposure at 16 °C where its
expression was under-expressed by both HgCly concentrations.
Conversely, Casp3 gene was from 1.5- to 2-fold over-expressed after 7d
of exposure at 16 °C, but 1.7-fold under-expressed after 21d of exposure
at 20 °C. Finally, Hc over-expression was measured after exposure at
HgCl, 50 ng/L, regardless of the time and temperature of exposure.

3.4. Integrated biomarker responses

All 17 biomarker genes were integrated into star plots for each HgCl,
concentration considering time and temperature of exposure, and IBR
indices were calculated to assess the global toxic effect of HgCl, in each
exposure situation (Fig. 5). The IBR results confirmed that the Hg
toxicity was dependent on the concentration, time and temperature of
exposure. At 16 °C, the IBRygs0p values were higher than the IBRygso
values regardless of the time of exposure, however both the IBRygs50 and
IBRygs00 values were lower after 21d of exposure than after 7d of
exposure. On the contrary, at 20 °C, the IBRyg500 values were lower than
the IBRygso values regardless of the time of exposure. Moreover, the
IBRpgso values were similar after both exposure times, while a lower

IBRpgs00 Value was estimated after 21d of exposure compared to the 7d-
exposure.

4. Discussion
4.1. Mortality and sub-lethal effects of Hg

The present work focused on assessing of the toxicity of inorganic Hg
(HgCly) in the freshwater amphipod G. pulex, by measuring the relative
expression of several genes involved in seven biological mechanisms and
functions, e.g. respiration, osmoregulation, apoptosis, immune system,
endocrine system, and antitoxic and antioxidant defense systems. In
addition, the effects of Hg were evaluated at two exposure times (7 days
and 21 days) and at two different temperatures subject to daily fluctu-
ations (16 °C + 2 °C and 20 °C + 2 °C).

4.1.1. Mortality

Although statistical analysis did not reveal any significant differ-
ences, the results showed that mortality tended to increase with expo-
sure temperature and Hg concentration. Indeed, it is not surprising to
highlight the effect of temperature on mortality (i.e. a higher mortality
rate in the control group exposed to 20 °C than in the group exposed to
16 °C), as it is well established that the survival rate of ectothermic
organisms is affected by temperature (Issartel et al., 2005; Maazouzi
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Fig. 5. Radar plots and Integrated Biomarker Response (IBR) of Gammarus pulex exposed for 7 and 21 days to HgCl, 50 and 500 ng/L at two temperature variation

(16°C+£2°C; 20°C £ 2°C).

et al., 2011). This result could be related to the decrease in oxygen
concentration when temperature increases, which leads crustaceans to
hyperventilate (Hervant et al., 1997; Wijnhoven et al., 2003; Maazouzi
etal., 2011), which represents a significant energy cost (Foucreau et al.,
2014). In addition, it has also been shown that the oxygen consumption
of crustaceans increases with increasing temperature (Issartel et al.,
2005; Gonzalez et al., 2010; Maazouzi et al., 2011), which probably
leads to an increase in the production of reactive oxygen species, known
to be harmful to the organism. Nevertheless, the high mortality
measured in the control groups remains surprising, considering that all
precautions were taken according to the US EPA method (food, synthetic
water,. - Weber, 1991). Although no hypothesis could be put forward to
explain this result, it is consistent with the mortality measured by Henry
etal. (2017) in their control groups of G. pulex, exposed according to the
same experimental protocol (e.g. acclimatization, feeding, synthetic
water, renewal). Indeed, after 8 days of exposure (maximum exposure
time of their study), the authors measured mortality of about 20% and
30% at 15 °C and 20 °C, respectively.

As for the effect of temperature, the mortality rate was influenced by
the Hg exposure concentration because the higher the Hg concentration,
the higher the mortality rate (although no significant difference was
demonstrated). Similar results were observed in the amphipod Hyalella
azteca (Borgmann et al., 1993) or the crab Eriocheir sinensis (Zhao et al.,
2010). These results are probably related to the dose-dependent bio-
accumulation of Hg in organisms, and thus to possible sublethal toxic
effects caused by Hg as observed in other organisms (e.g. oxidative
stress, DNA damage - Ali et al, 2000; Di Donato et al., 2016;
Roos-Munoz et al., 2019).

Finally, regardless of the Hg concentration, the mortality rate was
higher at 20 °C than at 16 °C, which is consistent with previous studies
on Gammarus sp. considering the influence of temperature on the
toxicity of other trace elements. For example, mortality of G. pulex
exposed to copper, zinc or lead was greater at 25 °C than at 15 °C (Bat

et al., 2000). A similar result was observed in Gammarus fossarum
exposed to cadmium and arsenic at 5, 10 and 15 °C (Vellinger et al.,
2012). Increasing temperature is known to increase activity and oxygen
consumption in G. pulex (Maazouzi et al., 2011), which could therefore
be responsible for increased production of reactive oxygen species,
leading to toxicity and mortality. In addition, it has been observed that
an increase in temperature leads to an increased accumulation of Hg in
Nile tilapia, Oreochromis niloticus (Waheed et al., 2020), and that Hg can
interact with mitochondria, causing the production of hydrogen
peroxide (Lund et al., 1993). Therefore, it can be assumed that the
highest mortality of G. pulex observed at 20 °C is the consequence of
both high oxygen consumption and high Hg accumulation, both of
which cause significant production of ROS, which are harmful to or-
ganisms. This also corroborates the findings of Heit and Fingerman
(1977) who found that Hg toxicity in crayfish was less pronounced
during cold periods than during warm periods, probably due to a lower
metabolism.

4.1.2. Antioxidant and antitoxic defense system-related genes

The sublethal effects of Hg on antioxidant enzyme genes were
investigated after 7 days and 21 days of exposure at both temperatures.
In general, a gene overexpression was observed under several condi-
tions, suggesting that oxidative stress occurred during Hg exposure.
Among the antioxidant enzymes, Cat was the most over-expressed,
considering all experimental conditions. Cat is an enzyme common to
almost all living organisms, known to breakdown hydrogen peroxide
(H,05) into oxygen and water, and therefore protects the cell from
oxidative stress (Kirkman et al., 1987). Its overexpression in Hg condi-
tions, compared to control, suggests a HoO5 production (Lund et al.,
1993). Although this result is consistent with the increase of catalase
activity in the hepatopancreas of the crab E. sinensis exposed to Hg
0.01 mg/L (Zhao et al., 2010), it is in contrast to the fact that HgCl,
caused a significant depletion of catalase activity in the crab Scylla



M.S. de Melo et al.

serrata exposed to Hg 1 and 10 ug/L (Singaram et al., 2013) or in mouse
liver (Sharma et al., 2007). The assumption of ROS production under
HgCl, exposure is accentuated with the increase in both SOD genes,
mainly at 16 °C. SOD are the first line of cellular defense against ROS
toxicity, and similar results has been observed in flounder, zebrafish, or
crab exposed to Hg (Huang et al., 2010; Zhang et al., 2016; Ren et al.,
2019). MnSOD was the first form of SOD to show overexpression (from
7d of exposure at 16 °C), probably due to its localization in the mito-
chondria which are the main site of ROS production, compared to
CuSOD localized in the cytosol and mainly overexpressed after 21d of
exposure at 16 °C.

SeGPx was up-regulated in G. pulex exposed to Hg, mainly after 7d of
exposure at 20 °C. SeGPx activity accounts for most of the total GPx
activity in Gammarids (i.e. ~80% - Sroda and Cossu-Leguille, 2011) and
plays an important role in protecting membranes from lipoperoxidation
by stopping the radical chain propagation. Indeed, GPx decomposes
hydrogen peroxide into water by using glutathione as substrate (van der
Oost et al., 2003), which corroborates the high affinity of HgCl, to
sulfhydryl groups such as glutathione (Stohs and Bagchi, 1995). An in-
crease in GPx activity or mRNA expression has also been observed in
other organisms exposed to HgCly such as aquatic vertebrates (Monteiro
et al., 2010; Naija et al., 2016; Zhang et al., 2016; Ren et al., 2019) or
invertebrates (Zhao et al., 2010; Rabeh et al., 2019). However, an
over-expression of SeGPx remains surprising considering that the ac-
tivity of SeGPx depends of the Se concentration in organisms, and that
this could be reduced, because in vertebrates, Se is known to prevent Hg
toxicity by complexing to form insoluble and less toxic HgSe (Watanabe,
2002). Finally, the overexpression of GST, especially at 7 days of
exposure at 16 °C, supports the hypothesis of activation of detoxification
processes. It is well known that GST intervenes mainly in phase II
detoxification of organic compounds, transforming them into com-
pounds that are more soluble in water and easier to eliminate. However,
previous investigations have shown an increase in GST activity in
several crustaceans exposed to Hg (Elumalai et al., 2007; Yamuna et al.,
2012; Singaram et al., 2013), suggesting that increased GST in organ-
isms exposed to Hg may be an adaptive response to oxidative stress.

The thioredoxin system (thioredoxin - THx, thioredoxin reductase -
THx-red) is involved in the maintenance of redox homeostasis, but also
plays a key role in several essential biological functions such as DNA
synthesis and cell proliferation, angiogenesis, control and activity of
many transcription factors, cells protection against apoptosis and
regulation of the cell signalling pathway (Lu and Holmgren, 2014).
Exposure to HgCl, mainly resulted in THx and THx-red under-expression
in G. pulex, which could be explained by the interaction between Hg and
the thioredoxin system. This finding is corroborated by Branco et al.,
(2012, 2014) who observed an inhibition of THx-red activity in HepG2
cells and in Diplodus cervinus exposed to HgCl,. Besides, this inhibition
and THx under-expression could explain the concomitant THx
under-expression which is the substrate of the enzyme. Since the thio-
redoxin system is upstream of many important pathways (e.g. protein
repair and folding, DNA synthesis, apoptosis, HyO5 reduction - Holmg-
ren, 1989; Zhang et al., 1997; Branco and Carvalho, 2019), inhibition or
under-expression of THx and THx-red may be a major step in the toxic
effects of xenobiotics, such as Hg, and could probably be related to the
high mortality of G. pulex observed in exposure conditions (20 °C
compared to 16 °C).

Heat-shock proteins (HSPs), such as HSP70 and HSP90, have
important roles in countering toxic effects on cell’s proteins, including
chaperoning proteins during synthesis, folding, assembly, and degra-
dation. Their role is linked to the proteasome to remove non-functional
proteins, and avoid adverse effects (Santoro, 2000; Reeg et al., 2016).
Oxidative stress caused by HgCl, exposure in G. pulex can lead to protein
misfolding compared to their native conformation, resulting in an in-
crease of HSP70 as observed in the present study. Similar variations in
HSP70 were observed in several organisms exposed to HgCly. For
example, over-expressions were measured in O. niloticus (Waheed et al.,
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2020), Pelteobagrus fulvidraco (Sun et al., 2018), Folsomia candida (Liu
et al., 2010) or Mytilus galloprovincialis (Franzellitti and Fabbri, 2005)
but no change was observed in the copepod Pseudodiaptomus annandalei
(Bai and Wang, 2020). In contrast, HSP90 was mainly under-expressed
suggesting induction of apoptosis due to its direct or indirect role in
caspase activation (Lanneau et al., 2008). This assumption is corrobo-
rated by the concomitant over-expression of Casp3, known to be
involved in the apoptosis pathway, being the last molecule activated
before cell nucleus disruption (Porter and Janicke, 1999), which is also
consistent with the overexpression of genes related to the antitoxic and
antioxidant defence system (GST, Cat, MnSOD, THx). Finally, after a
longer time of exposure, HSP70, HSP90 and the THx system genes were
less modulated in the two temperatures tested, suggesting an adaptive
response of G. pulex.

4.1.3. Endocrine system related genes

Although Hg toxicity on the endocrine system has already been
observed in aquatic vertebrates (e.g. pro-adipogenic properties in
rainbow trout preadipocytes — (Tinant et al., 2020); inhibition of aro-
matase activity -  (Hinfray et al, 2006); decreased
gonadotropin-releasing hormone in beluga and zebrafish - Gharaei et al.,
2010; Richter et al., 2011), no studies have been conducted to assess the
impact of Hg on the endocrine system of invertebrates such as crusta-
ceans. However, Weis (1978) and Callahan and Weis (1983) observed
that Hg delayed limb regeneration and ecdysis in three crab species, Uca
pugilator, U. pugnax and U. minax, suggesting that Hg also has an impact
on the endocrine system related to molting and growth of crustaceans.
These studies support our findings showing over-expression of the
molt-inhibition hormone (MIH) which control the release of ecdysteroid
hormones (Hyne, 2011). However, it is surprising that over-expression
of the ecdysteroid receptor (EcR) was also measured. This could be
explained by an induction of ecdysteroid synthesis (e.g. 20-hydroxyec-
dysone, 20HE) early in exposure (no change observed at 7 days)
which could lead to feedback control of 20HE (Gismondi, 2018) and
thus to an increase of MIH and EcR after a long exposure (21 days).
Similarly, the observed delay in limb regeneration (Weis, 1978) could be
a consequence of the under-expression of Famet and Cyp15A1, both of
which are enzymes involved in the methylfarnesoate pathway, the
growth hormone of crustaceans (Hyne, 2011). Consequently, changes in
the expressions of genes involved in the ecdysteroids and methyl-
farnesoate pathways in G. pulex exposed to Hg suggest that Hg may
interact with endocrine organs (i.e. X-organ, Y-organ or mandibular
organ — Hyne, 2011), resulting in a disruption of molting, known to be
related to amphipod reproduction and growth, and thus having a po-
tential adverse effect on population fitness.

4.1.4. Other genes

The present study evaluated the Hg effect on the Na/K ATPase,
ProPO and Hc genes, involved in osmoregulation, the immune system
and respiration, respectively. The Hg toxicity to the invertebrate im-
mune system has already been observed in several studies (Sauvé et al.,
2002; Gagnaire et al., 2004; Sreenivasula Reddy et al., 2011). For
instance, in crustaceans, Kaoud and Singaram et al., (2011, 2013) both
observed a decrease in phagocytosis activity in the decapod Macro-
brachium rosenbergii and the crab S. serrata, respectively, after Hg
exposure.

Besides, the ProPO cascade, comprising the inactive form (ProPO)
and the active form (phenoloxidase, PO), is a general defense system
that provides immunity against pathogens found in many organisms
(Cerenius and Soderhall, 2004). Singaram et al. (2013) have pointed out
that Hg caused an increase in PO activity in S. serrata, which contrasts
with our results showing an under-expression of ProPO after 7 days of
exposure. This discrepancy could be due to the fact that S. serrata was
exposed for a longer time (14 days) to Hg, but therefore could be related
to the increase in PO activity, observed by Singaram et al. (2013), and to
the over-expression of ProPO measured in our study after a longer
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exposure period (21 days). However, over- or under-expression of the
ProPO gene does not mean that Hg decreases or increases the effec-
tiveness of G. pulex’s immune system, but only indicates that immune
system maintenance is impaired. Only the evaluation of the activity of
PO would give more information on the effect of Hg on the effectiveness
of the immune system of G. pulex.

The ubiquitous Na/K ATPase plays a key role in organisms, mainly in
osmoregulation but also in maintaining resting potential, transport, and
regulation of cellular volume. It is also a signal transducer/integrator for
regulating ROS, as well as intracellular calcium. Many studies have
demonstrated the inhibition of Na/K ATPase in aquatic organisms
exposed to Hg (Bouquegneau, 1977; Verma et al., 1983; Jagoe et al.,
1996; Poopal et al., 2013), due to binding of Hg to a protein-specific
cysteine (Wang and Horisberger, 1996; Bhattacharya et al., 1997).
However, no significant change in Na/K ATPase gene expression was
observed in G. pulex, under any exposure condition, suggesting that
there is no change in pump activity. This could likely be explained by a
very low concentration of Hg impacting the Na/K ATPase system, as
observed in the crab E. sinensis, where no effect was measured on Na/K
ATPase activity in organisms exposed at Hg concentrations below
0.01 mg/L (Zhao et al., 2011).

Hemocyanin (Hc), on the other hand, is the protein necessary for
oxygen transport in arthropods and mollusks (Bellelli et al., 1985). To
date, studies conducted on crustaceans have shown that Hg reduces
oxygen consumption, as shown in shrimp Pandalus borealis (St-Amand
et al., 1999), Farfantepenaeus brasiliensis (Barbieri et al., 2005) and
Exopalaemon carinicauda (Zhang et al., 2017), and the crab U. annulipus
and U. triangularis (Devi and Rao, 1989); probably because it can elim-
inate copper atoms from the active site of Hc, which is essential for
oxygen transport (Bellelli et al., 1985). However, the increases in Hc
gene expression observed in our study could be explained by an increase
in protein synthesis as an adaptation mechanism of G. pulex to
compensate for the possible commitment in oxygen consumption.

4.2. Influence of temperature and time of exposure on Hg toxicity

It has been well known for many decades that an increase in tem-
perature can influence the susceptibility of organisms exposed to con-
taminants, such as Hg, either by altering bioaccumulation or by
influencing the biochemical performance of organisms (Heugens et al.,
2001; Sokolova and Lannig, 2008). In general, it has often been observed
than an increase in temperature leads to higher accumulation of Hg in
exposed organisms (Tsui and Wang, 2004; Dijkstra et al., 2013; Pack
et al., 2014; Waheed et al., 2020). However, it cannot be concluded that
the increase accumulation of Hg has led to higher effects, as detoxifi-
cation and excretion processes may also have been stimulated (Cairns
et al.,, 1975). Our IBR data revealed that an increase in temperature
resulted in higher Hg toxicity at the lowest concentration (50 ng/L), but
the opposite was observed at the highest concentration (500 ng/L),
regardless of the time of exposure. G. pulex exposed to Hg for 7 days to
20 °C showed similar patterns of antioxidant defence gene expression as
G. pulex exposed to 16 °C, suggesting that increased temperature didn’t
increase oxidative stress caused by Hg. This finding is in agreement with
Freitas et al. (2017) who observed similar antioxidant capacities in
M. galloprovincialis exposed to Hg at 17 °C and 20 °C, but disagrees with
Verlecar et al. (2007) who showed that temperature increase amplified
oxidative damage caused by Hg in Perna viridis. The absence of higher
Hg effects after a 7days exposure at 20 °C, compared to 16 °C for the
highest concentration, was also evidenced by the generalised
under-expression of all genes related to the antitoxic defence system
(HSP, THx) and apoptosis, which is however surprising considering that
heat stress is known to induce HSP. Nevertheless, over-expression of
immune and antioxidant system genes (Cat, SeGPx), enzymes respon-
sible for the conversion of HoO3 to water and oxygen, was observed in
the same experimental group. Our results could be explained by the
period of maintenance of G. pulex in the laboratory at 20 °C after
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sampling, as it has been shown that a period of acclimatization can
reduce thermal sensitivity and improve tolerance to heat stress (Sem-
sar-kazerouni and Verberk, 2018).

In addition, studies conducted in bivalves have observed that an
increase in exposure temperature resulted in a loss of metabolic and
biochemical functions, as well as a decrease in the electron transport
system activity preventing the bioaccumulation of Hg and thus reducing
the effects of Hg (Coppola et al., 2017, 2018; Morosetti et al., 2020).
However, this does not appear to be the case in our study, as it cannot be
ignored that exposure to Hg at 20 °C resulted in higher mortality of
G. pulex than at 16 °C. The IBR results also revealed that 21d-exposure
has less effect than 7d-exposure, at both temperatures. Additionally,
induction of all genes, except THx, was observed for G. pulex exposed to
the lowest Hg concentration (50 ng/L) for 21 days at 16 °C, compared to
the same temperature group exposed for 7 days, which may explain the
lower IBR values. However, since higher mortality rates were observed
at 21 days, these findings may be the consequence of gene expression
analysis performed on the still alive organisms that may be the most
resistant and/or adapted amphipods. This would also likely explain the
overlap between these individuals and those in the control group in the
PCA analysis, attesting a weak effect of Hg. Indeed, many studies have
shown a weakening of individuals exposed over the long term or during
repeated toxic pressures (Russo et al., 2018). Nevertheless, the acqui-
sition of tolerance or adaptation to pesticides through physiological
acclimatization or genetic adaptation has also been observed (Becker
and Liess, 2015, 2017; Weston et al., 2013). In the present study, genetic
adaptation is the least possible hypothesis since the exposure was only
carried out for 21 days, which is too short for the appearance of a mu-
tation, but it cannot be excluded that the individuals remaining alive at
the end of exposure (and used for gene expression) already possessed
genetics favourable to resist pollutants. A physiological adaptation
leading to better tolerance seems the most likely hypothesis, but further
analysis (e.g. antitoxic defence enzyme activities or Na/K ATPase pump)
is needed to confirm this hypothesis.

5. Conclusion

The novelty presented herein contributes to the knowledge of the
lethal and sublethal effects of environmental relevant inorganic Hg
concentrations on freshwater amphipods at two temperatures. Our re-
sults showed that higher exposure temperatures increased G. pulex
mortality. Moreover, a higher temperature resulted in an increase in the
Integrated Biomarker Response values for G. pulex exposed to 50 ng/L
HgCl, for 7 and 21 days, but not to those exposed to 500 ng/L, sug-
gesting possible adaptation of G. pulex, especially after 21 days of
exposure.

Overall, genes related to antioxidant and antitoxic defence system, as
well as genes of the endocrine and immune system genes were more
affected by exposure, regardless of the concentration, time and tem-
perature tested. In contrast, osmoregulation was the least affected bio-
logical function. Other genes, involved in respiration and apoptosis were
also over-expressed after exposure. Finally, the present study confirms
the importance of using combined biomarkers to identify the harmful
effects of low concentrations of Hg in different biological functions of
this widely distributed amphipod. Nonetheless, it would be interesting
to evaluate the expression of genes as a function of the specific tissue in
order to deepen this study and the understanding of the effects of Hg,
since genes are not expressed identically depending on the tissue under
consideration.
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