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A B S T R A C T

This study investigates the combined effects of waterborne copper exposure and acute temperature change on
oxygen consumption and the oxidative stress biomarkers, glutathione S-transferase (GST) and glutathione per-
oxidase (GPx), in the gills and hepatopancreas of the fiddler crab Minuca rapax. Crabs held at 25 °C were ac-
climated to 0 (control), 50, 250 or 500 μg Cu L−1 for 21 days, and were then subjected to 15, 25 and 35 °C for
24 h. Aerial oxygen consumption rates of crabs in copper free media increased with increasing temperature from
15 to 35 °C, Q10 values reaching ≈3. Crabs exposed to increasing copper concentrations exhibited variable
responses, Q10 values falling to ≈1.5. Copper had no effect on oxygen consumption at 25 °C. However, at 35 °C,
rates decreased in a clear concentration-response manner in the copper exposed crabs, revealing impaired
aerobic capability. At 15 °C, oxygen consumption rates increased with copper concentration, except for a de-
crease at 500 μg Cu L−1. Gill GST activity was ≈2-fold that of the hepatopancreas, while hepatopancreas GPx
activity was 3-fold that of the gills. Gill GST activities were reduced by copper exposure only at 25 °C while
hepatopancreas GST activities were altered by copper at all temperatures. Hepatopancreas GST and GPx ac-
tivities increased in crabs exposed to copper at 35 °C, revealing oxidative stress induction. Hepatopancreas GST
and GPx activities were reduced in copper exposed crabs at 15 °C, suggesting a diminished capability to mitigate
the effects of copper exposure at low temperature. These findings reveal that copper exposure increases oxygen
consumption at low temperatures but decreases consumption at high temperature. Hepatopancreas GPx activ-
ities decreased at low temperature and increased at high temperature. These novel findings demonstrate that the
interaction between copper exposure and temperature should be considered when evaluating biomarker activ-
ities in semi-terrestrial crabs.

1. Introduction

Copper is an essential micronutrient required by all living organisms
for a wide variety of physiological and biochemical processes. This
heavy metal is a cofactor in diverse enzymatic processes but is poten-
tially toxic when encountered in high concentrations (Martins et al.,
2011). Copper occurs naturally at low levels in many aquatic systems,
ranging from<1–30 μg Cu L−1, depending on the geochemical prop-
erties of the particular environment. In areas affected by anthropogenic
activities such as industry, agriculture and ports, copper is found at
higher levels, reaching as high as 200mg Cu L−1 in heavily impacted

areas (Bidone, 2001; USEPA, 2007).
In crustaceans, copper is a natural component of hemocyanin, the

respiratory pigment used in oxygen transport (Rainer and Brouwer,
1993), and also plays a role in the molting cycle and in the synthesis of
metallothioneins (Engel and Brouwer, 1989). The acute toxic action of
waterborne copper primarily affects the gill epithelium, leading to cy-
tological damage, although cellular metabolism can be impaired
(Nonnotte et al., 1993). In aquatic species, essential gill functions like
gas exchange are severely affected causing a marked decrease in oxygen
partial pressure in the hemolymph (Solan and Whiteley, 2016;
Vernberg and Vernberg, 1974).
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Metal-induced stress may limit metabolic energy demand at ele-
vated temperatures, which has important implications for crustaceans
inhabiting polluted estuaries. In general, metal toxicity and oxygen
consumption rates increase at elevated temperatures (Holmstrup et al.,
2010; Depledge, 1984). Various mechanisms are involved in oxidative
stress induction resulting from fluctuations in ambient temperature,
and all metabolic processes are stimulated by increased temperature,
leading to oxidative stress. High temperatures tend to increase diffusion
rate and alter cell membrane permeability, accelerating biochemical
reactions and the rates of subsequent processes that may become un-
coordinated, resulting in metabolic imbalance (Reynolds and Casterlin,
1980; Freire et al., 2011; Spicer and Weber, 1992). Elevated tempera-
ture also affects ionic regulation and exacerbates copper toxicity
(Lemus and Chung, 1999). Changes in membrane permeability and
increased ventilation frequency, which may accelerate copper absorp-
tion, underlie the increased toxicity of copper at higher temperatures
(Gaetke et al., 2014; Sappal et al., 2014). Similarly, reduced tempera-
tures also may induce oxidative stress, weakening the degradation of
reactive oxygen species, and/or enhancing their production (Holmstrup
et al., 2010).

Oxidative stress is an important component of stress responses in
invertebrates exposed to environmental stressors at different temporal
and spatial scales (Freire et al., 2011). Temperature variation alone is
responsible for oxidative stress induction, and increased temperature
stimulates all metabolic processes, increasing oxygen consumption and
energy demand, triggering the production of reactive oxygen species via
secondary metabolic processes (Lushchak, 2011). Sub-optimal water
temperatures (below 12 °C or above 35 °C, Vernberg and Vernberg,
1967) and unsuitable salinities (over 60‰ S, Thurman et al., 2013)
may interact in an antagonistic, additive or synergistic manner with
toxicants, leading to altered tolerance capacities in aquatic crustaceans.
The toxicity of copper as regards osmoregulation and metabolism also
increases synergistically as a function of the interaction among en-
vironmental stressors such as salinity and temperature, both of which
are key drivers of ecological function in estuaries. Thus, the combined
effects of temperature and copper stress constitute an environmentally
relevant challenge for populations of intertidal poikilotherms habiting
polluted environments (Freire et al., 2011).

Fiddler crabs are remarkably tolerant of natural variations in sali-
nity and temperature (Baldwin and Kirschner, 1976, Graszynski and
Bigalke, 1986, Zanders and Rojas, 1996; Faria et al., 2017) but are
sensitive to pollution-induced stress (Zanders and Rojas, 1996;
Capparelli et al., 2016; Capparelli et al., 2019). The mudflat fiddler crab
Minuca rapax (Crustacea, Ocypodidae) is distributed from Florida (USA)
to southern Brazil, including the Gulf of Mexico, the Antilles and Ve-
nezuela, and from Pará to Santa Catarina state in Brazil (Thurman et al.,
2013). This crab is a semi-terrestrial estuarine species associated with
mangroves that lives in direct contact with the sediment into which it
burrows. It is a scavenger and feeds mainly on microscopic algae and
protozoa found on sand grains, and on organic matter brought in on the
high tide (Crane, 1975). Minuca rapax encounters ample daily and
seasonal variations in salinity (Thurman, 2003; Faria et al., 2017) and
temperature (Faria et al., 2017) and resists environmental contamina-
tion (Capparelli et al., 2016, 2017) for which it is an excellent model
species. In the laboratory, M. rapax survives high copper concentrations
(500 μg Cu L−1, Capparelli et al., 2017) and is present in estuaries
highly contaminated by metals and polyaromatic hydrocarbons, such as
the Santos Estuarine System (Capparelli et al., 2019), a critically pol-
luted area in southeastern Brazil. Despite the abundance of M. rapax in
such chronically contaminated regions, and its resistance to high metal
concentrations, the crab does show osmoregulatory and metabolic im-
pairment when exposed experimentally to copper (Capparelli et al.,
2017) and to metal contamination in situ (Capparelli et al., 2016).
Fluctuations in precipitation and salinity also influence the crab's an-
tioxidant responses in addition to those caused by contamination in situ
(Capparelli et al., 2019).

Nevertheless, the combined effects of temperature change and
copper exposure remain poorly understood in semi-terrestrial estuarine
crustaceans like M. rapax. The present study aimed to investigate the
interaction between temperature change and waterborne copper ex-
posure on oxygen consumption and the oxidative stress biomarkers,
glutathione S-transferase and glutathione peroxidase, in the gills and
hepatopancreas of this sentinel species. Comprehending how tempera-
ture and copper toxicity influence physiological and biochemical re-
sponses is a key factor to consider when using model species to monitor
impacted estuarine regions, especially considering scenarios of global
temperature change and increasing heavy metal contamination. The
present investigation is part of a series of studies designed to better
comprehend the effect of environmental contamination, both in situ and
experimentally, on a key sentinel species from an estuarine ecosystem.

2. Materials and methods

2.1. Crab collection and experimental procedures

Male and female Minuca rapax of 10–12mm carapace width were
collected by hand during the austral winter of 2015 from the margins of
the Itapanhaú River, Bertioga, São Paulo, (23° 50′ 8.35″ S; 46° 9′ 12.29″
W). The crabs were collected directly from the substrate surface or by
digging into their burrows, and were transported to the laboratory in
lots of 20 each in plastic boxes (15×15×6 cm) containing small
sponges moistened with water from the collection site (12‰ salinity).
Mean yearly air temperature measured at three crab collecting sites in
the region was 25.8 °C, ranging from 23 to 29 °C (Capparelli et al.,
2019). The mean summer air temperature for the São Paulo coast is
27 °C (SiMCOSTA database, Brazilian Coastal Monitoring System). For
this reason, 25 °C was chosen as the reference temperature for these
experiments.

Before beginning the experiments, the crabs were acclimated for
three days in the laboratory at room temperature (25 °C, air con-
ditioning) in the same boxes in which they were transported, containing
water from the collection site. The boxes were inclined slightly to
provide access to a dry surface and were cleaned daily when the fiddler
crabs were fed fish food pellets, and the water was replaced.

2.2. Copper exposure

The experimental media consisted of isosmotic artificial seawater
(25‰S, Faria et al., 2017) prepared from distilled water and Instant
Ocean sea salts, containing copper as CuCl2, in concentrations of 0
(control, no copper), 50, 250 or 500 μg Cu L−1. The experimental media
were allowed to stand for 8 h before introducing the crabs.

The exposure assays were conducted at 25 °C under a natural 14 h
light: 10 h dark photoperiod. Ten, 500-mL plastic vessels with tops were
used as test chambers, each containing 50mL of experimental medium
such that the five crabs in each were only partially submerged in a thin
layer (3 mm deep) of solution to enable gill wetting. Every 24 h the
experimental media were replaced and the crabs were checked for
mortality and fed briefly. After 21 days, the crabs were removed from
the experimental chambers and used for oxygen consumption mea-
surements (whole crabs) and enzyme assays (gill and hepatopancreas,
see below for details). No mortality was registered for any copper
concentration during the acclimation period at 25 °C, or during oxygen
consumption measurements at the different temperatures.

2.3. Measurement of oxygen consumption rate

Ten crabs from each experimental group were weighed (Gehaka BG
400 balance, 1.0mg precision), placed individually into acrylic re-
spirometer chambers (153mL in volume, 4.0 cm internal height and
7.0 cm internal diameter) and held during a 24-h adjustment period at
one of three temperatures: 15, 25 (reference temperature) or 35 °C, in a
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constant temperature chamber (Fanem BOD incubator, ± 0.5 °C preci-
sion) under a 14 h light: 10 h dark photoperiod. The respirometers were
coupled by Crystal plastic tubing to a multiplexer manometer and a gas
analyzer (Sable Systems, Las Vegas, NV), and were perfused with a
constant flow of air from a small aquarium pump. Each respirometer
contained a thin layer (3mm deep) of the respective experimental
medium to allow gill wetting.

Oxygen consumption was measured employing an intermittent re-
spirometric technique (Steffensen, 1989). After the 24-h adjustment
period, each respirometer was perfused with air at a standard rate of
flow (180mLmin−1) via the multiplexer manometer leading to the O2

sensor and pump in the gas analyzer, establishing the baseline per-
centage of atmospheric O2 (20.8%). The respirometers containing the
individual crabs were then sealed by closing the respective manometer
stopcocks and remained without airflow for 50min. Airflow was then
resumed and the output from each respirometer pumped to the O2

sensor that monitored the respective percentage of atmospheric O2

present in the air stream. The decrease in this percentage corresponds
to the amount of O2 consumed by each crab in each respirometer during
the sealed phase, compared to the baseline reading.

Two consecutive measurements were performed, one immediately
after the other, for each crab at each temperature, the lowest value
being used to calculate the oxygen consumption rate, as this is most
indicative of the standard metabolic rate. The data were collected using
the Sable Systems Expedata application that enables calculation of the
percentage decrease in oxygen concentration in the air flushed through
each respirometer.

Mass specific oxygen consumption rate was calculated from the
formula:

= × ×

× ×

− −

−

Oxygen consumption rate (mL O ·g ·h )

IA flow rate (mL min )/[100 dry mass (g)

duration of sealed phase (50 min)] 60 min

2
1 1

1

where IA is the integral of the signal (%O2) received from the re-
spirometer provided by the Expedata application; flow rate is the flux of
air (180mLmin−1) through the respirometer during the open phase;
dry mass is the mass (g) of each crab after standard drying for 24 h at
60 °C; duration of the sealed phase is the length of time during which
each respirometer remained sealed (50min). The factor ‘100’ in the
denominator converts the percentage O2 values obtained from the IA
values to volume of O2. The factor ‘60’ transforms the value obtained to
an hourly rate.

2.4. Temperature coefficient (Q10)

The temperature coefficient is a measure of the rate of variation in
chemical or biological systems as a consequence of a 10 °C increase in
temperature (Hoar, 1966). Q10 values were calculated by applying the
equation:

= −Q R R T T( / )^(10/ )10 2 1 2 1

where R1 and R2 are the rates of mass specific oxygen consumption at
temperatures T1 and T2 in degrees Celsius where T2 > T1. Q10 was
calculated using the mean mass-specific oxygen consumption rate of the
10 crabs at each temperature. The Q10 values were calculated for the
range 15–25 °C and the range 25–35 °C.

After the final reading, the crabs were removed from the re-
spirometers, anesthetized in crushed ice and killed by freezing at
−20 °C for 10min. They were then transferred to a drying oven (MA
033, Marconi) at 60 °C for 24 h and allowed to cool quickly in a de-
siccator for subsequent calculation of their dry weights.

2.5. Biochemical biomarkers

Ten different crabs were likewise acclimated to each experimental

medium for 21 days at concentrations of 0 (control), 50, 250 or
500 μg Cu L−1 as above. They were then were held for a 24-h adjust-
ment period at one of three temperatures: 15, 25 (reference) or 35 °C, in
a constant temperature chamber (Fanem BOD incubator, ± 0.5 °C pre-
cision) under a 14 h light: 10 h dark photoperiod. To obtain gill and
hepatopancreas samples for enzyme and protein assays, individual
crabs were cryoanesthetized by cooling on ice for 10min and then
dissected. The anterior and posterior gills and the hepatopancreas were
removed, weighed and immediately frozen at −80 °C until the analyses
were performed. The homogenates were prepared from tissues pooled
from 2 to 3 crabs each.

For the assays, the tissues were gradually thawed on ice, homo-
genized in ice-cold potassium phosphate buffer (0.1M, pH 7.2, 1:5 [w/
v]) and centrifuged at 4 °C (10,000 rpm) for 30min. The supernatants
were divided into three aliquots, according to the analyses conducted
(glutathione S-transferase, glutathione peroxidase, total protein). All
analyses were performed within three weeks of tissue homogenization
and storage in samples that were thawed only once, using a microplate
reader (Biotek-Synergy HT).

Glutathione S-transferase (GST) activity was measured using a
procedure modified from Keen et al. (1976). The reaction mixture
consisted of 1.5mM glutathione (GSH) and 2.0mM 1-chloro-2,4-dini-
trobenzene in 0.1M potassium phosphate buffer (pH 6.5). Increases in
absorbance were measured at 340 nm at 50-second intervals, and en-
zyme activity was calculated using a molar extinction coefficient of
9.6 mM−1 cm−1.

Glutathione peroxidase (GPx) activity was measured using an
adaptation of the method developed by Sies and Masumoto (1996). The
reaction medium consisted of 0.1M sodium phosphate buffer (pH 7.0),
3.08mM sodium azide, 0.308mM NADPH, 3.08mM GSH and
1.54 UmL−1 glutathione reductase to which a hydrogen peroxide so-
lution was added (5mM hydrogen peroxide in 0.1 M sodium phosphate
buffer at pH 7.0). Decreases in absorbance were measured immediately
at 340 nm for 2min, at 50-second intervals. GPx activity was estimated
using the molar extinction coefficient for NADPH (6.22 mM−1 cm−1).

Protein concentration was measured spectrophotometrically at
595 nm (Bradford, 1976), using bovine serum albumin as the standard.

2.6. Statistical analyses

All data are expressed as the mean ± SEM (N). After satisfying
criteria for normality of distribution and homogeneity of variance, the
data sets (oxygen consumption, enzyme activities) were analyzed using
2-way (temperature and copper concentration) or 3-way analyses of
variance (temperature, copper concentration and tissue). Differences
between means within a given parameter were established using the
Student–Newman–Keuls (SNK) post hoc multiple comparisons proce-
dure. A minimum significance level of P=0.05 was employed for all
procedures.

3. Results

3.1. Oxygen consumption rate

Temperature, copper concentration and their interaction all affected
mass specific oxygen consumption rate (2-way ANOVA, P < 0.05).
Oxygen consumption increased with temperature, while the effects of
copper concentration varied. Rates increased markedly at 35 °C and
decreased notably at 15 °C compared to crabs at 25 °C (Fig. 1). Copper
had no effect on oxygen consumption rate at 25 °C. However, at 35 °C
rates decreased significantly by ≈40% in crabs exposed to high [Cu]
(500 μg Cu L−1). At 15 °C, consumption rates increased in crabs exposed
to 50 and 250 μg Cu L−1, but decreased in 500 μg Cu L−1 compared to
unexposed control crabs (Fig. 1).

Q10 values, reflecting metabolic sensitivity, were lower in the
copper exposed crabs (≈1.5) for both temperature intervals compared
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to unexposed controls (≈3.0) (Table 1).

3.2. Biochemical biomarkers

Gill glutathione S-transferase activity was affected by both tem-
perature and copper concentration with an interaction effect for tissue
(3-way ANOVA, P < 0.05), activity being significantly higher in the
gills than in the hepatopancreas. GST activity decreased at both 15 and
35 °C compared to crabs at 25 °C, and also decreased with increasing
[Cu] only in crabs at 25 °C (Fig. 2A). Copper had no effect on gill GST
activity at 15 and 35 °C. In contrast, hepatopancreas GST activity in-
creased at both 15 and 35 °C compared to crabs at 25 °C (Fig. 2B).
Hepatopancreas GST activity also increased markedly with increasing
[Cu] at 25 and 35 °C, but decreased notably at 15 °C (Fig. 2B).

Gill glutathione peroxidase activity was affected by temperature
and copper concentration with an interaction effect for tissue (3-way
ANOVA, P < 0.05), activity being significantly higher in the hepato-
pancreas than in the gills. GPx activity decreased at both 15 and 35 °C
compared to crabs at 25 °C (Fig. 3A). GPx activity decreased in crabs
exposed to 500 μg Cu L−1 at 15 °C, but increased in crabs at 25 and
35 °C. Hepatopancreas GPx activity also decreased at 15 and 35 °C
compared to crabs at 25 °C (Fig. 3B). At 15 and 25 °C, hepatopancreas
GPx activity decreased in 500 μg Cu L−1. At 35 °C, activity increased in
all [Cu].

4. Discussion

Understanding how different species respond physiologically to
environmental contamination within and at their thermal limits is an
important aspect of comparative ecological toxicology. Investigations of
the thermal physiology of the Gelasiminae (formerly Uca, Shih et al.,
2016) have revealed that these crabs show high tolerance of high
temperatures. Their critical thermal limits range from approximately 12
to 35 °C in temperate species (Vernberg and Tashian, 1959; Vernberg
and Costlow, 1966) and from approximately 20 to 41 °C in tropical and
subtropical species (Darnell et al., 2015; Allen et al., 2012; Munguia
et al., 2017; Faria et al., 2017). Thus, the lowest and highest tem-
peratures to which M. rapax, a subtropical species, was exposed in the
present study (15 and 35 °C) lie close to the critical thermal limits of
survival for the species.

Minuca rapax exhibits a metabolic plateau between 20 and 25 °C,

Fig. 1. Oxygen consumption rates (mL O2·g dry weight−1·h−1) of Minuca rapax
exposed to different waterborne copper concentrations (0 [control], 150, 250 or
500 μgCu L−1) for 21 days at 25‰S, and to different temperatures (15, 25
[reference] or 35 °C) for 24 h. Data are the mean ± SEM (N=10).
*Significantly different from crabs at 25 °C in the same [Cu] (P≤ 0.05).
aSignificantly different from control crabs (0 μg Cu L−1) at the same tempera-
ture (P≤ 0.05).

Table 1
Temperature coefficients (Q10) for Minuca rapax exposed for 21 days to in-
creasing concentrations of waterborne copper (0 [control], and 150, 250 or
500 μg Cu L−1), and different temperatures (15, 25 [reference] or 35 °C) for
24 h.

[CuCl2] (μg Cu L−1) 0 50 250 500

Temperature range (°C)
15–25 2.9 1.2 1.6 2.0
25–35 2.8 1.5 1.2 1.2

Fig. 2. Glutathione S-transferase (GST) activity in homogenates of gills (A) and
hepatopancreas (B) from Minuca rapax exposed to increasing copper con-
centrations (0 [control], 50, 250 or 500 μg Cu L−1) for 21 days at 25‰S, and
subsequently for 24 h at different temperatures (15, 25 [reference] or 35 °C).
Data are the mean ± SEM (N=7–10). *Significantly different from crabs at
25 °C and same [Cu] (P≤ 0.05). aSignificantly different from control crabs
(0 μg Cu L−1) at the same temperature (P≤ 0.05).
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with oxygen consumption increasing above 30 °C (Vernberg and
Tashian, 1959; Vernberg and Vernberg, 1967). Our findings reveal a
similar pattern for this crab at 25 and 35 °C. However, our data for M.
rapax exposed to high temperature and elevated copper (35 °C and
500 μg Cu L−1), show smaller increases in oxygen consumption rates,
which exhibit an inhibitory dose response relationship, reflected in
their reduced Q10 values (≈1.5), corroborating findings on metal
toxicity at elevated temperatures (Helmuth et al., 2002; Vernberg and
Vernberg, 1972). This metal-induced decrease in oxygen consumption
rate suggests that processes other than structural damage to the gill
epithelia may be the underlying cause, i.e., decreased ventilation, de-
creased gas exchange at the lamellar surface, decreased gas transport to
the tissues, and direct inhibition by copper of cellular respiration
(Spicer and Weber, 1991; Nonnotte et al., 1993). Exposure to a sub-
lethal copper concentration affects the activity of enzymes involved in
glycolysis and in the Krebs cycle, especially in the anterior respiratory
gills of hyper-osmoregulating crabs like M. rapax (Lauer et al., 2012).
Nevertheless, as defense mechanisms against metal contamination are

costly from an energetic point of view in addition inducing gill damage
(Leung et al., 2000), it is unlikely that higher metabolic rates can be
maintained. Minuca rapax exposed to copper thus loses its aerobic ca-
pacity to respond to temperature increase compared to unexposed crabs
at 35 °C. Oxygen consumption is likewise impaired in M. rapax
chronically contaminated in situ when subjected to high temperature
(Capparelli et al., 2016), corroborating our current findings on crabs
exposed experimentally to copper in the laboratory.

At temperatures below 25 °C, oxygen consumption decreases in M.
rapax (Vernberg and Tashian, 1959) as also seen here. Copper had no
effect at 25 °C. However at 15 °C, oxygen consumption increased in
crabs exposed to 50 and 250 μg Cu L−1, and decreased at
500 μg Cu L−1. Increased consumption at intermediate copper con-
centrations may reflect a compensatory mechanism commonly seen at
low metal concentrations, i.e., the hormesis phenomenon, where low
concentrations stimulate a process while high concentrations inhibit it
(Calabrese and Baldwin, 1997). These findings suggest that the effects
of copper on oxygen consumption are exacerbated at higher experi-
mental temperatures. The potential impact of metal contamination on
energy demand by M. rapax both in situ (Capparelli et al., 2016, 2019)
and when exposed experimentally to copper (present study and
Capparelli et al., 2017), depends on the crab's metabolic capability to
adjust to temperature challenge in addition to contamination by
copper.

Antioxidant defense systems may be significantly induced under
challenge from metals or temperature stress, and a relationship between
thermal stress responses and oxidative stress responses has been es-
tablished (Madeira et al., 2013). The increased anti-oxidant capacity of
crab tissues at high temperatures may counteract xenobiotics, reactive
oxygen species (ROS) induced by chemical and environmental stressors,
and oxidative stress levels (Paital and Chainy, 2013, 2010). Critical
temperatures evidently influence metabolic rates, which alone fre-
quently produce oxidative stress. Thus, the activation of anti-oxidant
defenses is an essential constituent of stress responses to oxidative
stress.

It is consensual that changes in GPx activity can result from factors
such as metabolic responses to environmental changes (e. g., tem-
perature and salinity) or exposure to contaminants (Freire et al., 2011;
Paital and Chainy, 2013; Mieiro et al., 2009). GPx catalyzes the oxi-
dation of reduced glutathione (GSH) to GSSG in the process of hydrogen
peroxide reduction. In addition, GPx plays an important role in pro-
tecting cellular membranes from damage due to lipoperoxidation,
owing to its function in terminating radical chain propagation by rapid
reduction to yield further radicals (Adams et al., 1983). GST, in turn, in
addition to its detoxifying function in the metabolism of organic xe-
nobiotics (Freire et al., 2011) is important in the ROS scavenging pro-
cess (Liu et al., 2014), being frequently used as a biochemical bio-
marker of exposure to metal pollution (Walters et al., 2016; Mieiro
et al., 2009; Macfarlane et al., 2006).

The activities of the antioxidant enzymes GST and GPx in the he-
patopancreas of M. rapax exposed to copper show a direct relationship
with temperature. At 15 °C these activities are inhibited and at 35 °C are
increased for nearly all copper concentrations. The crustacean hepato-
pancreas is considered to be the main site of toxicant metabolism and
the biotransformation of ROS (Livingstone, 1998). At the same copper
concentrations, GPx activities in the hepatopancreas were higher than
in the gills at all temperatures, suggesting that the hepatopancreas is
likely a more sensitive tissue (Linhua et al., 2009). Although the pos-
terior gills also detoxify metals (Masui et al., 2002), the activity of the
enzymes evaluated here is induced mainly in the hepatopancreas.

Hepatopancreas GST and GPx activities were particularly elevated
in M. rapax exposed to copper at 35 °C. Since higher enzyme activity
implies augmented detoxification capacity (Pinho et al., 2005), this
finding indicates induction of oxidative stress owing to the combined
effects of copper and high temperature, likely due to enhanced ROS
production as a consequence of intensified aerobic metabolism at high

Fig. 3. Glutathione peroxidase (GPx) activity in homogenates of gills (A) and
hepatopancreas (B) of Minuca rapax exposed to increasing copper concentra-
tions (0 [control] and 50, 250 or 500 μg Cu L−1) for 21 days at 25‰S, and
subsequently for 24 h at different temperatures (15, 25 [reference] or 35 °C).
Data are the mean ± SEM (N=7–10). *Significantly different from crabs at
25 °C and same [Cu] (P≤ 0.05). aSignificantly different from control crabs
(0 μg Cu L−1) at the same temperature (P≤ 0.05).
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temperature (Rajagopal et al., 2005). Copper exposure potentiates this
effect to a point at which the crabs are unable to increase oxygen
consumption. Further, copper is a cofactor for GST and GPx enzyme
activities, and can bind to reduced glutathione (GSH), decreasing the
amount of substrate for GST and GPx, further reducing their activities
(Elumalai et al., 2002; Martín-Díaz et al., 2007, 2008). This may explain
the reduced activities seen at 15 °C in the high copper concentration
(500 μg Cu L−1). In contrast, increased activity may result from the
synthesis of more enzyme in response to stress caused by exposure to
elevated temperature and copper.

At 25 °C, a temperature corresponding to a metabolic plateau
(Vernberg and Tashian, 1959), oxygen consumption by M. rapax was
not affected by copper exposure. However at this temperature, GST and
GPx activities in the gills were generally more responsive than at 15 and
35 °C. GST activity was inhibited in the gills and stimulated in the he-
patopancreas, while GPx activity was inhibited at lower copper con-
centrations in the gills and inhibited or stimulated in the hepatopan-
creas. The effect of copper exposure and temperature on GPx and GST
activity in the gills was more evident at 25 °C; in the hepatopancreas the
effect was clearly seen at all temperatures. Apparently, in the hepato-
pancreas, copper exposure causes enzyme inhibition at low temperature
(15 °C) but activation at higher temperatures. Since the solubility of
oxygen is higher at lower temperatures, the responses of some anti-
oxidant system pathways will correlate inversely with temperature
(Vinagre et al., 2016). Our findings suggest that GST and GPx responses
are generally greatest at high temperature and copper concentrations,
and lowest under highest stress conditions (for example, 50 to
500 μg Cu L−1 at 15 °C). High temperatures (25 and 35 °C) seem to in-
crease enzyme activities synergistically with copper exposure, possibly
underlying the decreased oxygen consumption seen at 35 °C.

Minuca rapax is abundant in areas chronically affected by metal
contamination, and survives high copper concentrations on laboratory
exposure. We conclude that exposure to copper decreases the aerobic
regulatory capability of M. rapax at high temperatures and, in contrast,
decreases aerobic regulatory capability at low temperatures, likely re-
lated to the inhibition of GST and GPX activities at low temperatures
and activation at high temperature particularly in the hepatopancreas.
The gills apparently are more stimulated at 25 °C and in the highest
copper concentrations. This suggests elevated copper toxicity at both
low and high temperatures. These findings are relevant to global cli-
mate change scenarios, since under long-term temperature increase, M.
rapax may be unable to respond to contamination-induced stress.

Compliance with ethical standards

Declaration of Competing Interest

All authors declare that they have no conflict of interest with any
governmental agency or commercial entity.

Ethical approval

Specimens of Minuca rapax were collected under permit #29594–1/
2013 issued by the Instituto Brasileiro do Meio Ambiente e dos Recursos
Naturais Renováveis to JCM. All applicable international, national, and
institutional guidelines for the care and use of animals in research were
followed during the undertaking of this investigation.

Acknowledgements

This investigation received financial support from the Fundação de
Amparo à Pesquisa do Estado de São Paulo (FAPESP #2011/22537-0 to
JCM), and from which MVC received a doctoral scholarship (FAPESP
#2011/08065-9). JCM (CNPq #300662/2009-2) and DMA (CNPq
#308649/2011) received Excellence in Research scholarships from the
Conselho Nacional de Desenvolvimento Científico e Tecnológico. This

study is part of a doctoral dissertation submitted by MVC to the grad-
uate program in Comparative Biology, FFCLRP/USP and received ad-
ditional support from the Coordenação de Aperfeiçoamento de Pessoal
de Nível Superior (CAPES, 33002029031P8, finance code 001). We
thank Susie Keiko for technical assistance, and students from the Núcleo
de Estudos em Poluição e Ecotoxicologia Aquática (NEPEA/UNESP) for
assistance with crab collections and experiments.

References

Adams, J.D., Lauterburg, B.H., Mitchell, J.R., 1983. Plasma glutathione and glutathione
disulfide in the rat: regulation and response to oxidative stress. J. Pharmacol. Exp.
Ther. 227 (3), 749–754.

Allen, B.J., Rodgers, B., Tuan, Y., Levinton, J.S., 2012. Size-dependent temperature and
desiccation constraints on performance capacity: Implications for sexual selection in
a fiddler crab. J. Exp. Mar. Biol. Ecol. 438, 93e99.

Baldwin, G.F., Kirschner, L.B., 1976. Sodium and chloride regulation in Uca adapted to
175 percent sea-water. Physiol. Zool. 49, 158–171.

Bidone, F.A., 2001. Organizer. Resíduos sólidos provenientes de coletas especiais:
eliminação e valorização. Associação Brasileira de Engenharia Sanitária e Ambiental -
ABES, Rio de Janeiro, Brasil.

Bradford, M.M., 1976. Rapid and Sensitive Method for the Quantitation of Microgram
Quantities of Protein Utilizing the Principle of Protein-Dye Binding. Anal. Biochem.
72, 248–254. https://doi.org/10.1016/0003-2697(76)90527-3.

Calabrese, E.J., Baldwin, L.A., 1997. The dose determines the stimulation (and poison):
development of a chemical hormesis database. Int. J. Toxicol. 16, 545–559.

Capparelli, M.V., Abessa, D.M., McNamara, J.C., 2016. Effects of metal contamination in
situ on osmoregulation and oxygen consumption in the mudflat fiddler crab Uca
rapax (Ocypodidae, Brachyura). Comp. Biochem. Physiol. C Toxicol. Pharmacol.
185–186, 102–111. https://doi.org/10.1016/j.cbpc.2016.03.004.

Capparelli, M.V., McNamara, J.C., Grosell, M., 2017. Effects of waterborne copper de-
livered under two different exposure and salinity regimes on osmotic and ionic reg-
ulation in the mudflat fiddler crab, Minuca rapax (Ocypodidae, Brachyura).
Ecotoxicol. Environ. Saf. 143, 201–209. https://doi.org/10.1016/j.ecoenv.2017.05.
042.

Capparelli, M.V., Gusso-Choueri, P.K., Abessa, D.M. de S., McNamara, J.C., 2019.
Seasonal environmental parameters influence biochemical responses of the fiddler
crab Minuca rapax to contamination in situ. Comp. Biochem. Physiol. C: Toxicol.
Pharmacol. 216, 93–100. https://doi.org/10.1016/j.cbpc.2018.11.012.

Crane, J., 1975. Fiddler Crabs of the World. Ocypodidae: Genus Uca. Princeton University
Press, New Jersey (736p).

Darnell, M.Z., Nicholson, H.S., Munguia, P., 2015. Thermal ecology of the fiddler crab
Uca panacea: Thermal constraints and organismal responses. J. Therm. Biol. 52,
157e165.

Depledge, M.H., 1984. Disruption of circulatory and respiratory activity in shore crabs
(Carcinus maenas (L)) exposed to heavy metal pollution. Comp. Biochem. Physiol. C
78, 445–459. https://doi.org/10.1016/0742-8413(84)90113-0.

Elumalai, M., Antunes, C., Guilhermino, L., 2002. Effects of Single Metals and their
Mixtures on Selected Enzymes of Carcinus Maenas. Water Air Soil Pollut. 141 (273).
https://doi.org/10.1023/A:1021352212089.

Engel, David W., Brouwer, M., 1989. Metallothionein and metallothionein-like proteins:
physiological importance. In: Brouwer, M., Carr, W.E.S., Ellington, W.R., Engel, D.W.,
Gleeson, R.A., Korsgaard, B., Moerland, T.S., Mustafa, T., Prior, D.J., Sidell, B.D.,
Srivastava, K.C., Trapido-Rosenthal, H.G., Weber, R.E., Wiseman, R.W. (Eds.),
Advances in Comparative and Environmental Physiology. Springer, Berlin,
Heidelberg, pp. 53–75. https://doi.org/10.1007/978-3-642-74510-2_3.

Faria, S.C., Faleiros, R.O., Brayner, F.A., Alves, L.C., Bianchini, A., Romero, C., Buranelli,
R.C., Mantelatto, F.L., McNamara, J.C., 2017. Macroevolution of thermal tolerance in
intertidal crabs from Neotropical provinces: a phylogenetic comparative evaluation
of critical limits. Ecol. Evol. 7, 3167–3176. https://doi.org/10.1002/ece3.2741.

Freire, C.A., Welker, A.F., Storey, J.M., Storey, K.B., Hermes-Lima, M., 2011. Oxidative
stress in estuarine and intertidal environments (temperate and tropical). In: Oxidative
Stress in Aquatic Ecosystems. John Wiley & Sons, Ltd., pp. 41–57. https://doi.org/10.
1002/9781444345988.ch3.

Gaetke, L.M., Chow-Johnson, H.S., Chow, C.K., 2014. Copper: toxicological relevance and
mechanisms. Arch. Toxicol. 88, 1929–1938. https://doi.org/10.1007/s00204-014-
1355.

Graszynski, K., Bigalke, T., 1986. Osmoregulation and ion transport in the extremely
euryhaline fiddler crabs Uca pugilator and Uca tangeri (Ocypodidae). Zool. Beitr.
(NF) 30, 339–358.

Helmuth, B., Harley, C.D.G., Halpin, P.M., O'Donnell, M., Hofmann, G.E., Blanchette,
C.A., 2002. Climate change and latitudinal patterns of intertidal thermal stress.
Science 298, 1015–1017. https://doi.org/10.1126/science.1076814.

Hoar, W.S., 1966. General and comparative physiology. Prentice-Hall, Englewood Cliffs,
New Jersey.

Holmstrup, M., Bindesbøl, A.-M., Oostingh, G.J., Duschl, A., Scheil, V., Köhler, H.-R.,
Loureiro, S., Soares, A.M.V.M., Ferreira, A.L.G., Kienle, C., Gerhardt, A., Laskowski,
R., Kramarz, P.E., Bayley, M., Svendsen, C., Spurgeon, D.J., 2010. Interactions be-
tween effects of environmental chemicals and natural stressors: a review. Sci. Total
Environ. 408, 3746–3762. https://doi.org/10.1016/j.scitotenv.2009.10.067.

Keen, J.H., Habig, W.H., Jakoby, W.B., 1976. Mechanism for the several activities of the
glutathione-S-transferase. J. Biol. Chem. 251 (20), 6183–6188.

Lauer, M.M., De Oliveira, C., Yano, N., Bianchini, A., 2012. Copper effects on key

M.V. Capparelli, et al. Comparative Biochemistry and Physiology, Part C 223 (2019) 35–41

40

http://refhub.elsevier.com/S1532-0456(19)30064-X/rf2060
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf2060
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf2060
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf2035
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf2035
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf2035
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf0005
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf0005
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf0010
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf0010
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf0010
https://doi.org/10.1016/0003-2697(76)90527-3
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf0020
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf0020
https://doi.org/10.1016/j.cbpc.2016.03.004
https://doi.org/10.1016/j.ecoenv.2017.05.042
https://doi.org/10.1016/j.ecoenv.2017.05.042
https://doi.org/10.1016/j.cbpc.2018.11.012
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf0040
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf0040
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf2025
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf2025
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf2025
https://doi.org/10.1016/0742-8413(84)90113-0
https://doi.org/10.1023/A:1021352212089
https://doi.org/10.1007/978-3-642-74510-2_3
https://doi.org/10.1002/ece3.2741
https://doi.org/10.1002/9781444345988.ch3
https://doi.org/10.1002/9781444345988.ch3
https://doi.org/10.1007/s00204-014-1355
https://doi.org/10.1007/s00204-014-1355
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf0070
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf0070
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf0070
https://doi.org/10.1126/science.1076814
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf2005
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf2005
https://doi.org/10.1016/j.scitotenv.2009.10.067
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf2010
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf2010


metabolic enzymes and mitochondrial membrane potential in gills of the estuarine
crab Neohelice granulata at different salinities. Comp. Biochem. Physiol., Part C:
Toxicol. Pharmacol. 156 (3–4), 140–147. https://doi.org/10.1016/j.cbpc.2012.08.
001. (November).

Lemus, M.J., Chung, K.S., 1999. Effect of temperature on copper toxicity, accumulation
and purification in tropical fish juveniles Petenia kraussii (Pisces: Cichlidae). Caribb.
J. Sci. 35, 64–69.

Leung, Taylor, Furness, 2000. Temperature-dependent physiological responses of the
Dogwhelk Nucella lapillus to cadmium exposure. J. Mar. Biol. Assoc. UK 80 (4).
https://doi.org/10.1017/S0025315400002472.

Linhua, H.A.O., Zhenyu, W.A.N.G., Baoshan, X.I.N.G., 2009. Effect of sub-acute exposure
to TiO2 nanoparticles on oxidative stress and histopathological changes in Juvenile
Carp (Cyprinus carpio). J. Environ. Sci. 21 (10), 1459–1466.

Liu, X., Beyrend-Dur, D., Dur, G., Ban, S., 2014. Effects of temperature on life history
traits of Eodiaptomus japonicus (Copepoda: Calanoida) from Lake Biwa (Japan).
Limnology 15, 85–97. https://doi.org/10.1007/s10201-013-0417-9.

Livingstone, D.R., 1998. The fate of organic xenobiotics in aquatic ecosystems: quanti-
tative and qualitative differences in biotransformation by invertebrates and fish.
Comp. Biochem. Physiol. A Mol. Integr. Physiol. 120, 43–49. https://doi.org/10.
1016/S1095-6433(98)10008-9.

Lushchak, V.I., 2011. Environmentally induced oxidative stress in aquatic animals. Aquat.
Toxicol. 101, 13–30. https://doi.org/10.1016/j.aquatox.2010.10.006.

MacFarlane, G.R., Schreider, M., McLennan, B., 2006. Biomarkers of heavy metal con-
tamination in the red fingered marsh crab, Parasesarma erythodactyla. Arch.
Environ. Contam. Toxicol. 51 (4), 584–593.

Madeira, D., Narciso, L., Cabral, H.N., Vinagre, C., Diniz, M.S., 2013. Influence of tem-
perature in thermal and oxidative stress responses in estuarine fish. Comp. Biochem.
Physiol. A Mol. Integr. Physiol. 166, 237–243. https://doi.org/10.1016/j.cbpa.2013.
06.008.

Martín-Díaz, M.L., Blasco, J., Sales, D., DelValls, T.A., 2007. Biomarkers study for sedi-
ment quality assessment in Spanish ports using the crab Carcinus maenas and the
clam Ruditapes philippinarum. Arch. Environ. Contam. Toxicol. 53, 66–77.

Martín-Díaz, M.L., Blasco, J., Sales, D., DelValls, T.A., 2008. Field validation of a battery
of biomarkers to assess sediment quality in Spanish ports. Environ. Pollut. 151,
631–640.

Martins, C.D.M.G., Barcarolli, I.F., de Menezes, E.J., Giacomin, M.M., Wood, C.M.,
Bianchini, A., 2011. Acute toxicity, accumulation and tissue distribution of copper in
the blue crab Callinectes sapidus acclimated to different salinities: in vivo and in vitro
studies. Aquat. Toxicol. 101, 88–99. https://doi.org/10.1016/j.aquatox.2010.09.
005.

Masui, D.C., Furriel, R.P.M., McNamara, J.C., Mantelatto, F.L.M., Leone, F.A., 2002.
Modulation by ammonium ions of gill microsomal (Na+,K+)-ATPase in the swim-
ming crab Callinectes danae: a possible mechanism for regulation of ammonia ex-
cretion. Comp. Biochem. Physiol. C: Toxicol. Pharmacol. 132, 471–482. https://doi.
org/10.1016/S1532-0456(02)00110-2.

Mieiro, C.L., Pacheco, M., Pereira, M.E., Duarte, A.C., 2009. Mercury distribution in key
tissues of fish (Liza aurata) inhabiting a contaminated estuary—implications for
human and ecosystem health risk assessment. J. Environ. Monit. 11 (5), 1004–1012.

Munguia, P., Backwell, P.R.Y., Darnell, M.Z., 2017. Thermal constraints on microhabitat
selection and mating opportunities. Anim. Behav. 123, 259–265. https://doi.org/10.
1016/j.anbehav.2016.11.004.

Nonnotte, G., Maxime, V., Truchot, J.P., Williot, P., Peyraud, C., 1993. Respiratory re-
sponses to progressive ambient hypoxia in the sturgeon, Acipenser baeri. Respir.
Physiol. 91, 71–82. https://doi.org/10.1016/0034-5687(93)90090-W.

Paital, B., Chainy, G.B.N., 2010. Antioxidant defenses and oxidative stress parameters in
tissues of mud crab (Scylla serrata) with reference to changing salinity. Comp.
Biochem. Physiol. C: Toxicol. Pharmacol. 151, 142–151. https://doi.org/10.1016/j.
cbpc.2009.09.007.

Paital, B., Chainy, G.B.N., 2013. Seasonal variability of antioxidant biomarkers in mud
crabs (Scylla serrata). Ecotoxicol. Environ. Saf. 87, 33–41. https://doi.org/10.1016/j.
ecoenv.2012.10.006.

Pinho, G.L., da Rosa, C.M., Maciel, F.E., Bianchini, A., Yunes, J.S., Proença, L.A.,
Monserrat, J.M., 2005. Antioxidant responses and oxidative stress after microcystin
exposure in the hepatopancreas of an estuarine crab species. Ecotoxicol. Environ. Saf.
61 (3), 353–360.

Rainer, J., Brouwer, M., 1993. Hemocyanin synthesis in the blue crab callinectes sapidus.

Comp. Biochem. Physiol. B: Comp. Biochem. 104, 69–73. https://doi.org/10.1016/
0305-0491(93)90339-7.

Rajagopal, S., van der Velde, G., Jansen, J., van der Gaag, M., Atsma, G., Janssen-
Mommen, J.P., Polman, H., Jenner, H.A., 2005. Thermal tolerance of the invasive
oyster Crassostrea gigas: feasibility of heat treatment as an antifouling option. Water
Res. 39 (18), 4335–4342.

Reynolds, W.W., Casterlin, M.E., 1980. The role of temperature in the environmental
physiology of fishes. In: Ali, M.A. (Ed.), Environmental Physiology of Fishes, NATO
Advanced Study Institutes Series. Springer US, Boston, MA, pp. 497–518. https://doi.
org/10.1007/978-1-4899-3659-2_19.

Sappal, R., MacDonald, N., Fast, M., Stevens, D., Kibenge, F., Siah, A., Kamunde, C., 2014.
Interactions of copper and thermal stress on mitochondrial bioenergetics in rainbow
trout, Oncorhynchus mykiss. Aquat. Toxicol. 157, 10–20. https://doi.org/10.1016/j.
aquatox.2014.09.007.

Shih, H.-T., Ng, P.K.L., Davie, P.J.F., Schubart, C.D., Türkay, M., Jones, D., Liu, M.-Y.,
2016. Systematics of the family Ocypodidae Rafinesque, 1815 (Crustacea:
Brachyura), based on phylogenetic relationships, with a reorganization of subfamily
rankings and a review of the taxonomic status of Uca Leach, 1814, sensu lato and its
subgenera. Raffles Bull. Zool. 37.

Sies, H., Masumoto, H., 1996. Ebselen as a glutathione peroxidase mimic and as a sca-
venger of peroxynitrite. In: Sies, H. (Ed.), Advances in Pharmacology. Academic
Press, pp. 229–246. https://doi.org/10.1016/S1054-3589(08)60986-2.

SiMCOSTA database, 2016. Brazilian Coast Monitoring System. http://www.Simcosta.
Furg.Br/Home.

Solan, M., Whiteley, N., 2016. Stressors in the Marine Environment: Physiological and
Ecological Responses; Societal Implications. Oxford University Press.

Spicer, J.I., Weber, R.E., 1991. Respiratory impairment in crustaceans and molluscs due
to exposure to heavy metals. Comp. Biochem. Physiol. C Comp. Pharmacol. 100,
339e342. https://doi.org/10.1016/0742-8413(91)90005-E.

Spicer, J.I., Weber, R.E., 1992. Respiratory impairment by water-borne copper and zinc in
the edible crab Cancer pagurus (L.) (Crustacea: Decapoda) during hypoxic exposure.
Mar. Biol. 112, 429–435. https://doi.org/10.1007/BF00356288.

Steffensen, J.J., 1989. Some errors in respirometry of aquatic breathers — how to avoid
and correct for them. Fish Physiol. Biochem. 6, 49–59.

Thurman, CL., 2003. Osmoregulation by six species of fiddler crabs (Uca) from the
Mississippi delta area in the northern Gulf of Mexico. J. Exp. Mar. Biol. Ecol. 291 (2),
233–253. https://doi.org/10.1016/S0022-0981(03)00138-2.

Thurman, C.L., Faria, S.C., McNamara, J.C., 2013. The distribution of fiddler crabs (Uca)
along the coast of Brazil: implications for biogeography of the western Atlantic
Ocean. Mar. Biodivers. Rec. 6, 1–21.

USEPA, 2007. Nanotechnology White Paper. Science Policy Council. United States
Environmental Protection Agency (EPA100B-07001).

Vernberg, F.J., Costlow Jr, J.D., 1966. Handedness in fiddler crabs. Crustaceana 11 (1),
61–64.

Vernberg, F.J., Tashian, R.E., 1959. Studies on the physiological variation between tro-
pical and temperature zone fiddler crabs of the genus Uca. II. Oxygen consumption of
whole organisms. Biol. Bull. 117, 163–184.

Vernberg, F.J., Vernberg, W.B., 1967. Thermal lethal limits of southern hemisphere Uca
crabs: studies on the physiological variation between tropical and temperate zone
fiddler crabs of the genus Uca. IX. Oikos 18, 118–123.

Vernberg, W.B., Vernberg, F.J., 1972. The synergistic effects of temperature, salinity, and
mercury on survival and metabolism of the adult fiddler crab, Uca pugilator. Fish.
Bull. 70 (2).

Vernberg, F.J., Vernberg, W.B., 1974. Pollution and Physiology of Marine Organisms.
Academic Press, New York (492 pp).

Vinagre, C., Leal, I., Mendonça, V., Madeira, D., Narciso, L., Diniz, M.S., Flores, A.A.V.,
2016. Vulnerability to climate warming and acclimation capacity of tropical and
temperate coastal organisms. Ecol. Indic. 62, 317–327. https://doi.org/10.1016/j.
ecolind.2015.11.010.

Walters, C.R., Cheng, P., Pool, E., Somerset, V., 2016. Effect of temperature on oxidative
stress parameters and enzyme activity in tissues of Cape River crab (Potamanautes
perlatus) following exposure to silver nanoparticles (AgNP). J. Toxicol. Environ.
Health A 79 (2), 61–70. https://doi.org/10.1080/15287394.2015.1106357.

Zanders, I.P., Rojas, W.E., 1996. Salinity effects on cadmium accumulation in various
tissues of the tropical fiddler crab Uca rapax. Environ. Pollut. 94, 293–299. https://
doi.org/10.1016/S0269-7491(96)00095-4.

M.V. Capparelli, et al. Comparative Biochemistry and Physiology, Part C 223 (2019) 35–41

41

https://doi.org/10.1016/j.cbpc.2012.08.001
https://doi.org/10.1016/j.cbpc.2012.08.001
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf0085
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf0085
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf0085
https://doi.org/10.1017/S0025315400002472
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf2080
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf2080
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf2080
https://doi.org/10.1007/s10201-013-0417-9
https://doi.org/10.1016/S1095-6433(98)10008-9
https://doi.org/10.1016/S1095-6433(98)10008-9
https://doi.org/10.1016/j.aquatox.2010.10.006
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf2075
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf2075
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf2075
https://doi.org/10.1016/j.cbpa.2013.06.008
https://doi.org/10.1016/j.cbpa.2013.06.008
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf2100
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf2100
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf2100
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf2105
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf2105
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf2105
https://doi.org/10.1016/j.aquatox.2010.09.005
https://doi.org/10.1016/j.aquatox.2010.09.005
https://doi.org/10.1016/S1532-0456(02)00110-2
https://doi.org/10.1016/S1532-0456(02)00110-2
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf2055
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf2055
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf2055
https://doi.org/10.1016/j.anbehav.2016.11.004
https://doi.org/10.1016/j.anbehav.2016.11.004
https://doi.org/10.1016/0034-5687(93)90090-W
https://doi.org/10.1016/j.cbpc.2009.09.007
https://doi.org/10.1016/j.cbpc.2009.09.007
https://doi.org/10.1016/j.ecoenv.2012.10.006
https://doi.org/10.1016/j.ecoenv.2012.10.006
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf2085
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf2085
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf2085
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf2085
https://doi.org/10.1016/0305-0491(93)90339-7
https://doi.org/10.1016/0305-0491(93)90339-7
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf2090
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf2090
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf2090
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf2090
https://doi.org/10.1007/978-1-4899-3659-2_19
https://doi.org/10.1007/978-1-4899-3659-2_19
https://doi.org/10.1016/j.aquatox.2014.09.007
https://doi.org/10.1016/j.aquatox.2014.09.007
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf0145
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf0145
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf0145
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf0145
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf0145
https://doi.org/10.1016/S1054-3589(08)60986-2
http://www.Simcosta.Furg.Br/Home
http://www.Simcosta.Furg.Br/Home
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf0160
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf0160
https://doi.org/10.1016/0742-8413(91)90005-E
https://doi.org/10.1007/BF00356288
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf0170
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf0170
https://doi.org/10.1016/S0022-0981(03)00138-2
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf0175
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf0175
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf0175
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf0180
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf0180
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf2020
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf2020
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf0185
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf0185
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf0185
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf0190
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf0190
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf0190
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf0195
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf0195
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf0195
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf0200
http://refhub.elsevier.com/S1532-0456(19)30064-X/rf0200
https://doi.org/10.1016/j.ecolind.2015.11.010
https://doi.org/10.1016/j.ecolind.2015.11.010
https://doi.org/10.1080/15287394.2015.1106357
https://doi.org/10.1016/S0269-7491(96)00095-4
https://doi.org/10.1016/S0269-7491(96)00095-4

	Combined effects of temperature and copper on oxygen consumption and antioxidant responses in the mudflat fiddler crab Minuca rapax (Brachyura, Ocypodidae)
	Introduction
	Materials and methods
	Crab collection and experimental procedures
	Copper exposure
	Measurement of oxygen consumption rate
	Temperature coefficient (Q10)
	Biochemical biomarkers
	Statistical analyses

	Results
	Oxygen consumption rate
	Biochemical biomarkers

	Discussion
	Compliance with ethical standards
	Declaration of Competing Interest
	Ethical approval

	Acknowledgements
	References




