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In this study, the eﬀects of the heavy metal cadmium on the stress protein HSP70 are investigated in freshwater
mollusks Biomphalaria glabrata. Adult snails were exposed for 96 h to CdCl2 at concentrations ranging from 0.09
to 0.7 mg L−1 (LC50/96 h=0.34 (0.30–0.37). Time and concentration-dependent increases in the expression of
HSP70 were observed at sub-lethal levels in the immunoblotting assay. Further, an increased survival to a lethal
heat shock was observed in animals pre-exposed to a nonlethal concentration of cadmium, evidencing the
induction of acquired tolerance. The present study demonstrated the inducibility of B. glabrata HSP70 by
cadmium, a relevant environmental contaminant, at non-lethal levels, providing evidences that the assessment of
HSP70 in B. glabrata can be regarded as a suitable biomarker for ecotoxicological studies.

1. Introduction
The heat shock response, ﬁrstly described in drosophila upon
exposure to elevated temperature (Ritossa, 1962), involves the induction of a set of proteins known as stress proteins or heat shock proteins
(HSPs) in response to environmental insults (Lindquist, 1986). Heat
shock proteins can be broadly placed into ﬁve major families according
to their molecular weight, amino acid sequence homologies and
functions and are frequently referred to as HSP100, HSP90, HSP70,
HSP60 and the small HSP stress-proteins. The HSP70 family proteins
diﬀer from other classes of heat shock proteins being one of most highly
conserved, with more than 50% of homology between man, drosophila,
mouse, yeast and bacteria and the ﬁrst to be induced under stress
conditions. It is one of the most widely studied and well deﬁned classes
of HSPs (Lindquist, 1986; Gupta et al., 2010).
At cellular level, HSPs are involved in the maintenance of protein
homeostasis and their role in protecting cells from stress is strongly
suggested by the character of an emergency response, being extremely
rapid and very strong (Parsell and Lindquist, 1993). Although the role
of HSPs at the organismal level is not well established, some studies
suggest the association of aberrant heat shock responses with diseases
including cancer, neurodegenerative disorders, ischemia or hypoxia,
virus infection, inﬂammation and wound healing (Kim et al., 2007).
Exposure to a wide range of physical and chemical stressors proved

to elicit the cellular stress response with increases in HSP70 levels
(Sanders, 1993; Bierkens, 2000; Gupta et al., 2010). Despite the nonspeciﬁc nature of the stress response, heat shock proteins have been
postulated as possible biomarkers in ecotoxicology by their role in the
recovery of damaged proteins, characterizing an initial response that
can be used in protocols to evaluate damage to organisms subjected to
environmental aggressors (Sanders, 1993; Bierkens, 2000). In addition,
HSP70 reﬂects a direct link between exposure and cellular damage, and
its highly conserved nature among diﬀerent species supports its use as
an early marker of environmental stress (Mukhopadhyay et al., 2003).
Studies with organisms from the most diverse phyla proposed the
use of HSPs, especially the HSP70, as biomarkers in ecotoxicology
(Nadeau et al., 2001; Ireland et al., 2004; Bednarek et al., 2016). In
aquatic species, HSP70 has been applied as indicator of alterations and
biological damage, either in natural environment or in laboratory
(Sanders, 1993; Sanders et al., 1995; Williams et al., 1996; Tedengren
et al., 2000; Singer et al., 2005; Radlowska and Pempkowiak, 2002;
Piano et al., 2004; Pruski and Dixon, 2007; Ivanina et al., 2009;
Cantinha et al., 2013; Wali and Balkhi, 2016).
Freshwater snails B. glabrata have been reared in our laboratory for
more than 30 years and data from our former studies showed that this is
a suitable species for studies on biological eﬀects of chemical contaminants (Nakano et al., 2003; Estevam et al., 2006; Tallarico et al.,
2014). In addition to toxicity analysis, endpoints for detection of eﬀects
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0.15, 0.22, 0.33, 0.5 and 0.7 mg L−1 of CdCl2 (purchased from
Sigma Aldrich, C3141) in groups of 10 animals. A control group
with 10 snails was kept in ﬁltered tap water. Animals were placed in
groups of ﬁve in covered glass containers with a capacity of 180 mL
of solution, renewed each 48 h at room temperature of 25 (±2) °C
and fed with fresh lettuce ad libitum. Snails were monitored under
stereoscopy each 24 h and death was conﬁrmed by the absence of
heart beating. Exposure was done in four replicates. The LC50 was
determined and surviving snails had the digestive glands dissected
to the immunochemical analysis of HSP70 expression. Analysis was
done in pools of 3–5 individuals depending on the number of
survivors.
ii) To evaluate the time-response pattern of HSP70 after exposure to
cadmium, four groups of ten individuals were exposed to
0.22 mg L−1 CdCl2 for 96 h at room temperature. For comparison,
ﬁve groups of 10 individuals were submitted to a heat shock of
33 °C in BOD climatic chamber for 120 h. Other ﬁve groups of 10
snails were kept as control immersed in dechlorinated ﬁltered tap
water at room temperature. Digestive glands were dissected to
HSP70 analysis each 24 h until 96 h for the cadmium exposed
groups and until 120 h for the 33 °C exposed groups.
iii) The acquired tolerance study was done with animals pre-exposed to
a non-lethal concentration of cadmium and submitted to a lethal
heat shock. A group of 35 animals exposed to 0.22 mg L−1 CdCl2 for
96 h was submitted to 42 °C in a water-bath; a control group with
35 snails without cadmium pre-exposure was submitted to the
lethal heat. Dead animals were scored each hour until all snails
were dead.

on the reproductive potential were established. Results from the
dominant lethal assay with reference compounds showed that B.
glabrata can absorb chemical contaminants from water and metabolically activate indirect mutagens (Nakano et al., 2003).
Previously, we showed that a sublethal heat treatment could induce
the stress response in freshwater snails Biomphalaria glabrata. Increases
in the expression of HSP70 were observed in digestive glands of adult
snails submitted to mild heating. Further, the same conditioning
treatment increased the survival to a lethal heat shock, suggesting a
protective eﬀect of HSP70 (Cantinha et al., 2013).
The induction of temporary resistance by a nonlethal heat shock
against a lethal heat shock was already described; furthermore, a strong
correlation between the induction of HSPs and thermotolerance was
demonstrated (Lindquist and Craig, 1988). Experimental evidence that
stress proteins are involved in conferring tolerance to environmental
extremes is abundant in both aquatic and nonaquatic species (Sanders,
1993). The stress response has been implicated in acquired tolerance, a
phenomena in which a mild conditioning temperature confers tolerance, at the cellular and organismal levels, to subsequent temperatures
that would otherwise be lethal (Lindquist and Craig, 1988). Thermotolerance induced by heat shock has been studied most extensively and
has been demonstrated in organisms from diverse phyla, including
bacteria, coelenterates, mollusks, echinoderms, ﬁsh, and mammals.
Furthermore, other stressors that induce stress proteins, such as
arsenite, cadmium, and ethanol, also induce thermotolerance
(Sanders, 1993).
In the present study, the heavy metal cadmium, an environmental
relevant chemical, was selected as stressor agent to evaluate the
induction of HSP70 in B. glabrata. Although a relatively rare element,
cadmium is extensively released into the environment mainly by
anthropogenic sources, such as combustion of fossil fuels, iron and
steel manufacturing, electroplating, fabrication of nickel–cadmium
batteries, municipal solid waste burning, and as a by-product of
phosphate fertilizers (Nriagu and Pacyna, 1988; Friberg et al., 1992).
A persistent environmental pro-oxidant, cadmium produces a wide
variety of detrimental eﬀects and being non-degradable, it is accumulated in tissues of exposed organism at relatively low concentrations
(Chandurvelana et al., 2013; Kafel et al., 2014).
The aim of the present study was to evaluate the induction of HSP70
by cadmium at sublethal concentrations. To correlate the stress
response observed at cellular level to an organism level response, the
induction of acquired tolerance by cadmium was assessed.

2.3. Immunochemical assay of HSP70
Mollusks were pressed between two Petri dishes and, under stereoscopy, shell fragments were removed and the digestive gland was
dissected. Tissues were macerated with RIPA buﬀer (25 mM Tris pH
7.5, 150 mM NaCl, 5 mM EDTA, 1% Triton X-100, 0.5% sodium
deoxycholate, 0.1% SDS) supplemented with protease inhibitors (75
U aprotinin, 2 mM PMSF, 5 mM sodium pyrophosphate, 10 mM NaF,
and 5 mM sodium orthovanadate) for protein extraction. One hundred
micrograms of protein were fractionated in a 10% SDS-PAGE. The
prestained protein weight marker Precision Plus Protein™ Kaleidoscope
Standards (161–0375) from BioRad was used. After transference to a
nitrocellulose membrane, HSP70 was detected using an anti-HSP70
serum of Trypanosoma brucei produced in rabbit (1:1000) as primary
antibody and an anti-rabbit IgG conjugated with peroxidase (1:2000) as
secondary antibody. The anti-Tb HSP70 serum was kindly provided by
Dr. James D. Bangs, University of Wisconsin-Madison and the secondary antibody was purchased at Sigma-Aldrich (A6154). The peroxidase
was detected using a chemiluminescent kit from Thermo Scientiﬁc (ECL
Western Blotting Substrate-32106). Epimastigota extract from T. brucei
was employed as positive control to conﬁrm the antibody speciﬁcity.
Scanning densitometry, using ImageJ (Rasband, 2015), was used to
determine the levels of HSP70 expression relative to the standard
sample.

2. Material and methods
2.1. Animals
Pigmented adult, sexually mature, S. mansoni negative B. glabrata
snails with shell diameter average of 14.4 (SE=1.7) mm and aging
between ﬁve to six months were used. The animals were collected from
Barreiro (Belo Horizonte, MG) and reared in the Parasitology
Laboratory of the Butantan Institute for several generations. Mollusks
were maintained in plastic aquaria under controlled environmental
conditions and daily fed with fresh lettuce (Lactuca sativa) ad libitum,
weekly complemented with ﬁsh ration. Filtered tap water was used for
rearing the organisms in laboratory conditions as well as for sample
dilutions during the biological assays. (Tables S1 and S2).

2.4. Data analysis
The Piecewise Exponential Estimator, PEXE (Kim and Proschan,
1991) was used to illustrate the survival performances. Since our data is
continuous and the sample size is not large, we have chosen PEXE in the
place of Kaplan-Meier standard estimator, KME. The latter shows a step
graph that looks like a discrete survival function. PEXE can be viewed
as a smoothing function of KME and is a continuous function as should
be a proper estimator.
For the statistical inference about the mortality rates (failure rates
for engineers) we consider exponential probability models in order to
compare these rates. We adopt the Bayesian perspective that indicates

2.2. Experimental design
The study was divided in three sets of experiments to: i) evaluate the
induction of HSP70 by cadmium; ii) set the time-response pattern of the
HSP70 induction; iii) evaluate the induction of acquired tolerance by
cadmium.
i) Snails were exposed for 96 h to nominal concentrations of 0.09,
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Fig. 1. Survival of Biomphalaria glabrata snails exposed for 96 h to CdCl2.
Fig. 2. Acquired tolerance in Biomphalaria glabrata snails challenged with heat shock after
exposure to a sublethal concentration of CdCl2.

the probability of one rate be higher than the others. As prior densities
we use exponentials with rate one and as a consequence all the
posteriors densities are the densities of Gamma Distributions. The
statistics of the analysis is the Total Time on Test that is described in
Barlow (1998). The evidence for the study of signiﬁcance follows the
method described in Pereira et al. (2008). This index is a Bayesian
version of p-values.
For the statistical analysis of the eﬀect of cadmium doses on the
HSP70 expression we draw a graphic using a polynomial model with its
90% bands. The statistics is the standard minimum square estimator.

HSP70 expression relative to the control group values. This increase
was directly proportional to cadmium concentration up to 0.22 mg L−1.
The amount of HSP70 was remarkably low in the group exposed to
0.5 mg L−1 (Fig. 3B).
3.4. Time-response analysis
Snails exposed to the sublethal conditions determined as the best
inducers of HSP70 were assessed for the analysis of HSP70 expression at
selected times. All exposed animals showed a time-dependent increase
in the expression of HSP70 (Fig. 4A).
In snails exposed to 0.22 mg L−1 of CdCl2, HSP70 expression
increased up to 96 h. The animals submitted to the sub lethal
temperature of 33 °C showed a rapid accumulation on HSP70 exhibiting
a peak after 48 h that decreased thereafter up to 120 h (Fig 4B).
Measurements were done related to the induction of HSP70 on the
control group.

3. Results
3.1. CdCl2 toxicity
CdCl2 toxicity was determined by analyzing the survival of animals
exposed for 96 h to increasing concentrations of CdCl2 (Fig. 1) and
LC50/96 h value was determined as 0.34 (0.30−0.37) mg L−1. The
survival was inversely proportional to the concentrations of CdCl2.
Table 1 presents the results of the statistical inference comparing
the concentrations of CdCl2 used for the exposure.

4. Discussion

3.2. Acquired tolerance

We investigated the eﬀects of the heavy metal cadmium on the
stress protein HSP70 in Biomphalaria glabrata. The western blot analysis
showed an increased expression of HSP70 in snails exposed to sublethal
concentrations of cadmium chloride. Moreover, the HSP70 induction by
cadmium could be correlated to an enhanced survival to a lethal heat
shock.
A single immunoreactive band in the expected size range (~70 kDa)
was recorded from digestive gland of both control and stressed snails;
the intensity of this band was stronger in the exposed snails. These data
point out the occurrence of a single HSP70 isoform in B. glabrata
working as housekeeper in normal conditions and overexpressed under
stress.
To date, the existence of diﬀerent constitutive and inducible
isoforms of HSP70 in B. glabrata is not well established. Laursen et al.
(1997) ﬁrstly cloned and characterized an inducible HSP70 gene in the
B. glabrata embryonic (Bge) cell line. Analysis of the predicted amino
acid sequence revealed strongest identity (71–76%) and similarity (83–
85%) with the HSP70s of various organisms including yeast, Schistosoma mansoni, Drosophila, and humans. Northern blot analysis indicated
that the gene was either not constitutively expressed or expressed at
very low levels at the baseline temperature. Nevertheless, in the protein
analysis, a basal expression of HSP70 was observed in cells at control
temperature. Zahoor et al. (2010) also observed a basal expression of
HSP70 in haemocytes of B. glabrata, and Ittiprasert et al. (2009) have
conﬁrmed the constitutive expression of HSP70 by qualitative RT-PCR.
The expression of newly synthesized HSP70 isoforms does not seem
to be a common feature in mollusks submitted to stress. The induction
of stress response is often detected as a signiﬁcant enhancement in the

The survival to a lethal heat shock was increased in the animals preexposed to a non-lethal concentration of cadmium (Fig. 2). Snails preexposed to 0.22 mg L−1 CdCl2 survived one hour longer to the 42 °C
temperature than the non-exposed ones. Using the exponential distribution, we calculate the evidence of the pre-exposed mortality rate
(frpre=0.01) be higher than the control rate (frc=0.02): e-value=0.1144.
3.3. Eﬀects of CdCl2 on HSP70
HSP70 expression was evaluated by western blot analysis in
digestive glands of snails exposed to diﬀerent CdCl2 concentrations
(Fig. 3A). A basal expression was detected in control animals and a
greater amount of HSP70 in protein extracts after exposure to cadmium
was observed. Induction of the protein was observed as increases in the
Table 1
Comparison among the concentrations of CdCl2 tested in Biomphalaria glabrata
snails.
Dose comparison

Signiﬁcance for failure rates
(e-values)

Fr
Fr
Fr
Fr
Fr

0.000639538
0.041728335
0.002390802
0.106764531
0.179149403

0.7 > Fr 0.5
0.5 > Fr 0.33
0.33 > Fr 0.22
0.22 > Fr 0.15
0.15 > Fr 0.09
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Fig. 3. Western blotting analysis of HSP70 in digestive glands of B. glabrata exposed to CdCl2. Snails were exposed for 4 days to water (control) and diﬀerent CdCl2 concentrations (0.09–
0.5 mg kg−1). A.Western blotting. B. Levels of HSP70 induction on Biomphalaria glabrata snails exposed to CdCl2.

100% of lethality was obtained. The concentration of 0.34 (0.30–
0.37) mg L−1 was determined as the LC50 to adult snails exposed to
CdCl2 for 96 h.
Non-lethal concentrations of CdCl2 (0.09–0.22 mg L−1) caused a
dose-dependent increase in HSP70. To our knowledge, there is no data
on the induction of HSP70 by cadmium in snails from Biomphalaria
genus. Nevertheless, the sensitivity of B. glabrata was comparable to
other aquatic organisms. Our results are in agreement with previous
ﬁndings on the expression of HSP70 performed with standard immunoblotting techniques in other mollusk species at similar exposure levels.
From the literature, oysters Ostrea edulis exposed to a range of 0.1–
0.5 mg L−1 for 7 days of cadmium showed a dose-dependent enhancement of the HSP70 expression (Piano et al., 2004). Singer et al. (2005)

expression of constitutive proteins of the 70-kDa family, as in Mytilus
galloprovincialis, Tapes philippinarum, and Scapharca inaequivalvis (Piano
et al., 2004). A mixture of constitutive and inducible HSP70 isoforms
can also be observed, as in the mussels M. edulis (Tedengren et al.,
2000; Radlowska and Pempkowiak, 2002; Pruski and Dixon, 2007) and
Dreissena polymorpha (Singer et al., 2005).
To evaluate the induction of HSP70 by cadmium in the present
study, a dose-response curve was established to set a range of non-lethal
concentrations, since toxicity of CdCl2 is well documented in B. glabrata
(Allah et al., 2003; Ansaldo et al., 2006). Concentrations ranged from
0.09 to 0.7 mg L−1 to include non-lethal and 100% lethal levels. No
increase in the mortality compared to the background levels was
observed at concentrations up to 0.22 mg L−1; with 0.7 mg L−1,

Fig. 4. Western blotting analysis of HSP70 time-dependent induction on Biomphalaria glabrata snails exposed to 0.22 mg L−1 of CdCl2, and 33 °C. A. Western blotting. B. Levels of HSP70
induction on Biomphalaria glabrata snails exposed to CdCl2 and heat, expressed as arbitrary units of HSP70 induction related to the control group.
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cantly increased survival to the lethal heat shock.
The induction of HSPs as a critical factor in increasing the survival
to a lethal stress is experimentally supported. In experiments measuring
the rate of thermotolerance development, it closely parallels the rate of
HSP accummulation. Moreover, the decay of thermotolerance when
cells are returned to normal temperature, parallels the degradation of
HSPs. Tolerance can also be induced by other types of conditioning
treatments. These have in common the property of inducing HSPs.
Exposure to ethanol, hypoxia, and heavy metal ions are commonly
employed. Such treatments do not induce heat-shock proteins in all
organisms, but when they do, they also induce thermotolerance
(Lindquist and Craig, 1988).
Our results showing an increased survival to a lethal heat
shock in animals pre-exposed to a sub-lethal concentration of cadmium
corroborate this hypothesis and reinforce the relationships between
contaminant exposure, organismal stress and stress protein accumulation.

exposed zebra mussels Dreissena polymorpha to cadmium at higher
exposure levels – 0.5 mg L−1 for up to 10 weeks – detecting induction
of HSP70. Pruski and Dixon (2007) found elevated HSP70 levels in
edible mussels at exposure conditions similar to that used in our study –
0.2 mg L−1 of CdCl2 for 4 days. Conversely, induction of HSP70 at
lower levels of cadmium was observed in other mollusks. Exposure for
18–0.020 mg L−1 of cadmium caused an increase in HSP70 expression
in Baltic Sea mussels Mytilus edulis (Tedengren et al., 2000). Ivanina
et al. (2009) observed increased expression of HSP69 in oysters
Crassostrea virginica with 50 µg/L of CdCl2; however, the response was
detected after a long term exposure of 45–50 days.
Increased levels of HSP70 in response to cadmium treatment have
been described for several non-mollusk species, including Physcia
adscendens (lichen), Chironomus tentans and Spodoptera exigua (insects),
Paracentrotus lividus (sea urchin), Pimephales promelas, Oncorhynchus
mykiss, and Tanichthys albonubes (ﬁsh) (Sanders et al., 1995; Williams
et al., 1996; Geraci et al., 2004; Lee at al, 2006; Rustichelli et al., 2008;
Jing et al., 2013; Kafel et al., 2014).
Other HSPs have also showed to be induced by cadmium as well as
by heat shock. The transcription and expression of small heat shock
proteins (sHSPs) HSP23, HSP24, HSP27 and HSP34, HSP40, HSP60 and
HSP90 were increased in mollusks, insects and corals treated with these
stressors (Park et al., 2015; Li et al., 2016; Seveso et al., 2016; MartinFolgar and Martinez-Guitarte, 2017; Martínez-Paz et al., 2017).
The time course of HSP70 expression in B. glabrata exposed to
cadmium was evaluated in the present study to identify the time
window of the maximum stress response. The exposure to cadmium
was performed concurrently with heat shock, used here as a reference
stressor. Samples from the animals exposed to cadmium and those
exposed to heat were blotted together, and a continuous exposure
protocol was chosen to allow the accumulation of HSP70 at levels to be
detected at the immunoblotting and the response was assessed at 24 h
intervals. A time-dependent increase in HSP70 levels occurred in
all exposed snails. After the nonlethal heat shock of 33 °C, HSP70
expression reached the highest level at 48 h and decreased thereafter
without, however, resuming baseline levels. Likewise, stress proteins
from oysters Crassostrea gigas and C. virginica peaked two days
following a sublethal heat shock; control levels were reached after
14 days (Jackson et al., 2011). Also in C. virginica, Ivanina et al. (2009)
observed the strongest induction of heat shock proteins after 48 h of
recovery from heat shock. Following the exposure of B. glabrata
to cadmium, the highest level of HSP70 was detected after 96 h.
However, to determine the time for maximum induction of HSP70
and recovering of background levels, analysis of further time points is
needed. Nonetheless, our data are in agreement with the study of
Singer et al. (2005) with the zebra mussel Dreissena polymorpha. The
eﬀect of cadmium on HSP70 levels was recorded for 10 weeks and a
weak induction of HSP70 was observed in the ﬁrst 2–3 weeks; the
maximum HSP70 concentrations were detected at day 39. In contrast,
Radlowska and Pempkowiak (2002) found elevated HSP70 concentrations already after 2 days following exposure of Mytilus edulis to
cadmium. Similarly, Piano et al. (2004) observed increased HSP70
levels in gill and digestive gland of Ostrea edulis after 7 days of exposure
to cadmium.
To test for the hypothesis that the accumulation of HSP70 induced
by cadmium could elicit a response at organism level, we assessed the
occurrence of acquired tolerance. Previously, we have observed the
occurrence of thermotolerance in B. glabrata and the possible involvement of HSP70 in the process (Cantinha et al., 2013). In the present
study, we aimed to verify if a sublethal exposure to cadmium would
induce a protective eﬀect against a lethal heat shock.
Snails were pre-exposed to cadmium and then submitted to a lethal
heat shock. The 0.22 mg L−1 concentration was selected with basis in
the dose-response curve of cadmium as the nonlethal concentration that
exhibited the greatest eﬀect on the expression of HSP70. The analysis of
survival showed that animals pre-exposed to cadmium had a signiﬁ-

5. Conclusion
The results obtained in the present study with a relevant environmental contaminant, the heavy metal cadmium, demonstrates the
potential applicability of the HSP70 analysis in Biomphalaria glabrata
as a biomarker for freshwater environmental monitoring. Snails could
detect cadmium at sublethal levels through increases in HSP70 expression. This species has been used in our studies as a model in the
assessment of freshwater contamination through the analysis of toxicity, genotoxicity and mutagenicity (Nakano et al., 2003; Estevam
et al., 2006; Tallarico et al., 2014). By including the analysis of HSP70
induction, a general stress response, to the assessment protocol, a more
eﬀective monitoring strategy is expected to be achieved.
Funding
This work was supported by the Coordenação de Aperfeiçoamento
de Pessoal de Nivel Superior (CAPES).
Acknowledgments
The authors would like to thank Dr. James D. Bangs, who gently
provided the primary antiserum used in the experiments.
Appendix A. Supporting information
Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.ecoenv.2017.02.026.
References
Allah, A.T.A., Wanas, M.Q.S., Thompson, S.N., 2003. Dissolved heavy metals, lead,
cadmium and mercury, accumulate in the body of the schistosome vector
Biomphalaria glabrata (Gastropoda: Pulmonata). J. Molluscan Stud. 69, 35–41. http://
dx.doi.org/10.1093/mollus/69.1.35.
Ansaldo, M., Nahabedian, D.E., Brown, E.H., Agote, M., Ansay, C.V., Verrengia Guerrero,
N.R., Wider, E.A., 2006. Potential use of glycogen level as biomarker of chemical
stress in Biomphalaria glabrata. Toxicology 224, 119–127. http://dx.doi.org/10.1016/
j.tox.2006.04.037.
Barlow, R.E., 1998. Engineering Reliability. ASA-SIAM, Philadelphia.
Bednarek, A., Sawadro, M., Babczynska, A., 2016. Modulation of the response to stress
factors of Xerolycosa nemoralis (Lycosidae) spiders living in contaminated
environments. Ecotoxicol. Environ. Saf. 131, 1–6. http://dx.doi.org/10.1016/j.
ecoenv.2016.04.027.
Bierkens, J.G.E.A., 2000. Applications and pitfalls of stress-proteins in biomonitoring.
Toxicology 153, 61–72. http://dx.doi.org/10.1016/S0300-483X(00)00304-8.
Cantinha, R.S., Borrely, S.I., Oguiura, N., Polpo, A., Pereira, C.A.B., Nakano, E., 2013.
Thermotolerance and induction of HSP70 in Biomphalaria glabrata (Say, 1818).
Greener J. Cell. Anim. Biol. 1, 1–7. http://dx.doi.org/10.15580/GJCAB.
Chandurvelana, R., Marsdena, I.D., Gawb, S., Glovera, C.N., 2013. Biochemical biomarker
responses of green-lipped mussel, Perna canaliculus, to acute and subchronic
waterborne cadmium toxicity. Aquat. Toxicol. 140–141, 303–313. http://dx.doi.org/
10.1016/j.aquatox.2013.06.015.

22

Ecotoxicology and Environmental Safety 140 (2017) 18–23

R. da Silva Cantinha et al.

Chaperones 6, 153–163. http://dx.doi.org/10.1379/1466-1268(2001)
006<0153:EFHAAB>2.0.CO;2.
Nakano, E., Watanabe, L.C., Ohlweiler, F.P., Pereira, C.A.B., Kawano, T., 2003.
Establishment of the dominant lethal test in the freshwater mollusk Biomphalaria
glabrata (Say, 1818). Mutat. Res. 536, 145–154. http://dx.doi.org/10.1016/S13835718(03)00042-1.
Nriagu, J.O., Pacyna, J.M., 1988. Quantitative assessment of world-wide contamination
of air, water and soils by trace metals. Nature 333, 134–139. http://dx.doi.org/10.
1038/333134a0.
Park, K., Lee, J.S., Kang, J.C., Kim, J.W., Kwak, I.S., 2015. Cascading eﬀects from the
survival to physiological activities and gene expression of heat shock protein 90 on
the abalone Haliotis discus hannai responding to continuous thermal stress. Fish.
Shellﬁsh Immun. 42, 233–240. http://dx.doi.org/10.1016/j.fsi.2014.10.036.
Parsell, D.A., Lindquist, S., 1993. The function of heat-shock proteins in stress tolerance:
degradation and reactivation of damaged proteins. Annu. Rev. Genet. 27, 437–496.
http://dx.doi.org/10.1146/annurev.ge.27.120193.002253.
Pereira, C.A.B., Stern, J.M., Wechsler, S., 2008. Can a signiﬁcance test be genuinely
Bayesian? Bayesian Anal. 3, 79–100. http://dx.doi.org/10.1214/08-BA303.
Piano, A., Valbonesi, P., Fabbri, E., 2004. Expression of cytoprotective proteins, heat
shock protein 70 and metallothioneins, in tissues of Ostrea edulis exposed to heat and
heavy metals. Cell Stress Chaperones 9, 134–142. http://dx.doi.org/10.1379/483.1.
Pruski, A.M., Dixon, D.R., 2007. Heat shock protein expression pattern (HSP70) in the
hydrothermal vent mussel Bathymodiolus azoricus. Mar. Environ. Res. 64, 209–224.
http://dx.doi.org/10.1016/j.marenvres.2007.01.003.
Radlowska, M., Pempkowiak, J., 2002. Stress-70 as indicator of heavy metals
accumulation in blue mussel Mytilus edulis. Environ. Int. 27, 605–608. http://dx.doi.
org/10.1016/S0160-4120(01)00117-9.
Rasband, W.S., 2015. 1997–2012. ImageJ, U. S. National Institutes of Health, Bethesda,
Maryland, USA. Available at: < http://imagej.nih.gov/ij/ > last accessed 31
December.
Ritossa, F., 1962. A new puﬃng pattern induced by temperature shock and DNP in
Drosophila. Cell. Mol. Life Sci. 18, 571–573. http://dx.doi.org/10.1007/
BF02172188.
Rustichelli, C., Visioli, G., Kostecka, D., Vurro, E., Di Toppi, L.S., Marmiroli, N., 2008.
Proteomic analysis in the lichen Physcia adscendens exposed to cadmium stress.
Environ. Pollut. 156, 1121–1127. http://dx.doi.org/10.1016/j.envpol.2008.04.010.
Sanders, B., 1993. Stress proteins in aquatic organisms: an environmental perspective.
Crit. Rev. Toxicol. 23, 49–75. http://dx.doi.org/10.3109/10408449309104074.
Sanders, B.M., Nguyen, J., Martin, L.S., Howe, S.R., Coventry, S., 1995. Induction and
subcellular localization of two major stress proteins in response to copper in the
fathead minnow Pimephales promelas. Comp. Biochem. Phys. C 12, 335–343. http://
dx.doi.org/10.1016/0742-8413(95)02029-2.
Seveso, D., Montano, S., Strona, G., Orlandi, I., Galli, P., Vai, M., 2016. HSP60 expression
proﬁles in the reef-building coral Seriatopora caliendrum subjected to heat and cold
shock regimes. Mar. Environ. Res. 119, 1–11. http://dx.doi.org/10.1016/j.
marenvres.2016.05.007.
Singer, C., Zimmermann, S., Sures, B., 2005. Induction of heat shock proteins (hsp70) in
the zebra mussel (Dreissena polymorpha) following exposure to platinum group of
metals (platinum, palladium and rhodium): comparison with lead and cadmium
exposures. Aquat. Toxicol. 76, 65–75. http://dx.doi.org/10.1016/j.aquatox.2005.07.
004.
Tallarico, L.F., Borrely, S.I., Hamada, N., Grazeﬀe, V.S., Ohlweiler, F.P., Okazaki, K.,
Granatelli, A.T., Pereira, I.W., Pereira, C.A.B., Nakano, E., 2014. Developmental
toxicity, acute toxicity and mutagenicity testing in freshwater snails Biomphalaria
glabrata (Mollusca: gastropoda) exposed to chromium and water samples. Ecotoxicol.
Environ. Saf. 110, 208–215. http://dx.doi.org/10.1016/j.ecoenv.2014.09.005.
Tedengren, M., Olsson, B., Reimer, O., Brown, D.C., Bradley, B.P., 2000. Heat
pretreatment increases cadmium resistance and HSP70 levels in Baltic sea mussels.
Aquat. Toxicol. 48, 1–12. http://dx.doi.org/10.1016/S0166-445X(99)00030-2.
Wali, A., Balkhi, M.H., 2016. Heat shock proteins, importance and expression in ﬁshes.
Eur. J. Biotechnol. Biosci. 4, 29–35.
Williams, J.H., Petersen, N.S., Young, P.A., Stansbury, M.A., Farag, A.M., Bergman, H.L.,
1996. Accumulation of hsp70 in juvenile and adult rainbow trout gill exposed to
metal-contaminated water and/or diet. Environ. Toxicol. Chem. 15, 1324–1328.
http://dx.doi.org/10.1002/etc.5620150810.
Zahoor, Z., Davies, A.J., Kirk, R.S., Rollinson, D., Walker, A.J., 2010. Larval excretorysecretory products from the parasite Schistosoma mansoni modulates HSP70 protein
expression in defence cell of its snail host, Biomphalaria glabrata. Cell Stress
Chaperones 15, 639–650. http://dx.doi.org/10.1007/s12192-010-0176-z.

Estevam, E.C., Nakano, E., Kawano, T., Pereira, C.A.B., Amancio, F.F., Melo, A.M.M.A.,
2006. Dominant lethal eﬀects of 2,4-D in Biomphalaria glabrata. Mutat. Res. 611,
83–88. http://dx.doi.org/10.1016/j.mrgentox.2006.07.001.
Friberg, L., Elinder, C.G., Kjellström, T., 1992. Cadmium. Environmental Health Criteria
134, World Health Organization, Geneva.
Geraci, F., Pinsino, A., Turturici, G., Savona, R., Giudice, G., Sconzo, G., 2004. Nickel,
lead, and cadmium induce diﬀerential cellular responses in sea urchin embryos by
activating the synthesis of diﬀerent Hsp70s. Biochem. Biophys. Res. Commun. 322,
873–877. http://dx.doi.org/10.1016/j.bbrc.2004.08.005.
Gupta, S.C., Sharma, A., Mishra, M., Mishra, R.K., Chowdhuri, D.K., 2010. Heat shock
proteins in toxicology: how close and how far? Life Sci. 86, 377–384. http://dx.doi.
org/10.1016/j.lfs.2009.12.015.
Ireland, H.E., Harding, S.J., Bonwick, M.J., Smith, C.J., Williams, J.H.H., 2004.
Evaluation of heat shock protein 70 as a biomarker of environmental stress in Fucus
serratus and Lemna minor. Biomarkers 9, 139–155. http://dx.doi.org/10.1080/
13547500410001732610.
Ittiprasert, W., Nene, R., Miller, A., Raghavan, N., Lewis, F., Hodgson, J., Knight, M.,
2009. Schistosoma mansoni infection of juvenile Biomphalaria glabrat a induces a
diﬀerential stress response between resistant and susceptible snails. Exp. Parasitol.
123, 203–211. http://dx.doi.org/10.1016/j.exppara.2009.07.015.
Ivanina, A.V., Taylor, C., Sokolova, I.M., 2009. Eﬀects of elevated temperature and
cadmium exposure on stress protein response in eastern oysters Crassostrea virginica
(Gmelin). Aquat. Toxicol. 91, 245–254. http://dx.doi.org/10.1016/j.aquatox.2008.
11.016.
Jackson, S.A., Uhlinger, K.R., Clegg, J.S., 2011. Duration of induced thermal tolerance
and tissue-speciﬁc expression of hsp/hsc70 in the eastern oyster, Crassostrea virginica
and the paciﬁc oyster, Crassostrea gigas. Aquaculture 317, 168–174. http://dx.doi.
org/10.1016/j.aquaculture.2011.04.004.
Jing, J., Liu, H., Chen, H., Hu, S., Xiao, S., Ma, K., 2013. Acute eﬀect of copper and
cadmium exposure on the expression of heat shock protein 70 in the Cyprinidae ﬁsh
Tanichthys albonubes. Chemosphere 91, 1113–1122. http://dx.doi.org/10.1016/j.
chemosphere.2013.01.014.
Kafel, A., Katarzyna, R., Szulińska, E., Zawisza-Raszka, A., Pigula, M., 2014. The eﬀects of
cadmium or zinc multigenerational exposure on metal tolerance of Spodoptera exigua
(Lepidoptera: Noctuidae). Environ. Sci. Pollut. Res. 21, 4705–4715. http://dx.doi.
org/10.1007/s11356-013-2409-z.
Kim, H.J., Hwang, N.R., Lee, K.J., 2007. Heat shock responses for understanding diseases
of protein denaturation. Mol. Cells 23, 123–131.
Kim, J.S., Proschan, F., 1991. Piecewise exponential estimator of the survivor function.
IEEE Trans. Reliab. 40, 134–139. http://dx.doi.org/10.1016/j.spl.2010.08.019.
Laursen, J.R., Liu, H., Wu, X.J., Yoshino, T.P., 1997. Heat shock response in a molluscan
cell line: characterization of the response and cloning of an inducible HSP70 cDNA. J.
Invertebr. Pathol. 70, 226–233. http://dx.doi.org/10.1006/jipa.1997.4686.
Lee, S.M., Lee, S.B., Park, C.H., Choi, J., 2006. Expression of heat shock protein and
hemoglobin genes in Chironomus tentans (Diptera, chironomidae) larvae exposed to
various environmental pollutants: a potential biomarker of freshwater monitoring.
Chemosphere 65, 1074–1081. http://dx.doi.org/10.1016/j.chemosphere.2006.02.
042.
Li, J., Zhang, Y., Liu, Y., Zhang, Y., Shu, X., Ziniu, Y., 2016. Co-expression of heat shock
protein (HSP) 40 and HSP70 in Pinctada martensii response to thermal, low salinity
and bacterial challenges. Fish. Shellﬁsh Immun. 48, 239–243. http://dx.doi.org/10.
1016/j.fsi.2015.11.038.
Lindquist, S., 1986. The heat shock response. Annu. Rev. Biochem. 55, 1151–1191.
http://dx.doi.org/10.1146/annurev.bi.55.070186.005443.
Lindquist, S., Craig, E.A., 1988. The heat shock proteins. Annu. Rev. Genet. 22, 631–677.
http://dx.doi.org/10.1146/annurev.ge.22.120188.003215.
Martín-Folgar, R., Martínez-Guitarte, J.L., 2017. Cadmium alters the expression of small
heat shock protein genes in the aquatic midge Chironomus riparius. Chemosphere 169,
485–492. http://dx.doi.org/10.1016/j.chemosphere.2016.11.067.
Martínez-Paz, P., Morales, M., Sanchez-Argüello, P., Morcillo, G., Martínez-Guitarte, J.L.,
2017. Cadmium in vivo exposure alters stress response and endocrine-related genes
in the freshwater snail Physa acuta. New biomarker genes in a new model organism.
Environ. Pollut. B 220, 1488–1497. http://dx.doi.org/10.1016/j.envpol.2016.10.
012.
Mukhopadhyay, I., Nazir, A., Saxena, D.K., Chowdhuri, D.K., 2003. Heat shock response:
hsp70 in environmental monitoring. J. Biochem. Mol. Toxicol. 17, 249–254. http://
dx.doi.org/10.1002/jbt.10086.
Nadeau, D., Corneau, S., Plante, I., Morrow, G., Tanguay, R.M., 2001. Evolution for Hsp70
as a biomarker of eﬀect of pollutants on the earthworm Lumbricus terrestris. Cell Stress

23

