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Ecological performance of animals depends on physiological and biochemical processes
that are adjusted to the environment. The responses to hypoxia or anoxia have been
frequently studied in subterranean aquatic organisms in order to find potential adaptations
to restrict oxygen conditions occurring in the underground habitats. However, some previous
studies have compared phylogenetic distant epigean and hypogean species or the epigean
and hypogean populations of the same species due to little chance to compare closely
related epigean and hypogean species. Therefore, in this study, we compared the effects
of exposure to hypoxia, followed by reoxygenation, and increased temperature on oxygen
consumption, potential metabolic activity, and antioxidant activities in closely related epigean
and hypogean species: Niphargus zagrebensis and N. stygius. Oxygen consumption of N.
stygius increased similarly during post-hypoxic recovery at 10 and 20°C (approx. 5-times),
while N. zagrebensis increased its oxygen consumption for 9.7 and 4.4-times at 10 and
20°C, respectively. We observed higher exploitation of metabolic potential for current oxygen
consumption during reoxygenation in N. zagrebensis than N. stygius. Exposure to hypoxia
and subsequent reoxygenation at 20°C increased catalase (CAT) activity in N. stygius, but not
in N. zagrebensis. We observed increased glutathione reductase activity in both Niphargus
species. We concluded that respiratory and antioxidant responses to severe hypoxia and
increased temperature differed between closely related epigean and hypogean Niphargus
species. Hypogean Niphargus species possess physiological and biochemical characteristics
that are advantageous in temperature stable subterranean environments which support
inhabiting of species that have low energetic demands, while epigean Niphargus species can
successfully inhabit specific surface habitats.
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INTRODUCTION

Survival, growth and reproduction of organisms
depend on physiological and biochemical processes
that are adjusted to the environment. Aquatic
arthropods differ in tolerance to hypoxia or anoxia.
Many species, including numerous crustaceans,
exhibit oxygen debts that are repaid upon return to
normoxia, but other invertebrates do not (Herreid,
1980; Ellington, 1983; Zou et al., 1996). Oxygen
debt, i.e., the additional oxygen consumption by
the animal in the recovery period from anaerobic
stress, is generally interpreted as needed in order to
meet the increased energy demands for disposal of
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end products, including oxidation of anaerobic end
products for energy, converting end products into
storage products, such as glycogen, and regenerating
the phosphagen and ATP stores depleted during
severe hypoxia (Herreid, 1980).

Many aquatic subterranean organisms have to
cope with periodic oxygen depletion in their habitats
with sometimes rapid switches from normoxia to
hypoxia or even anoxia. Numerous previous studies
reported that hypogean species are better adapted
to low oxygen content and are better equipped
to remain aerobic under hypoxia than epigean
ones (Hervant et al., 1995, 1996, 1997b, 1998).
Nevertheless, Culver & Poulson (1971) pointed out
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that phylogenetic effects should be taken into account
when comparing the biological responses of epigean
and hypogean species. Unfortunately, there is little
opportunity to compare closely related epigean and
hypogean species. Therefore, an alternative approach
comparing biological traits among epigean and
hypogean populations of the same species has been
used (Biswas, 1991; see review of Malard & Hervant,
1999). For example, the locomotory and ventilatory
activities, oxygen consumption, and the intermediary
and energy metabolism modifications of a spring and
a cave population of the aquatic amphipod crustacean
Gammarus minus Say were investigated in normoxia,
severe hypoxia (P,, <0.03 kPa), and subsequent
recovery to compare the reactions of both populations
to these experimental conditions, and the degree of
adaptation to hypoxia (Hervant et al., 1999a). Despite
their different origins, both populations of G. minus
presented identical responses in all experimental
conditions. Thus, it was assumed that a high resistance
to hypoxia is not general characteristic of hypogean
organisms but is more related to oxygen availability of
particular subterranean habitats (Hervant & Malard,
2019).

In Slovenia, genus Niphargus (Amphipoda, Niphargidae)
is represented by closely related stygobiotic Niphargus
stygius (Schioedte) and semisubterranean Niphargus
zagrebensis S. Karaman that invaded into epigean
waters from the subterranean habitats (Karaman,
2019). Both species are morphologically similar
since N. stygius is not strongly troglomorphic, while
N. zagrebensis is considered as a member of an
epigean species group exhibiting the same degree of a
fictitious troglomorphy (Sket, 2008). This distribution
of species gives us a unique opportunity to compare
the responses of both species to severe hypoxia and
subsequent recovery in normoxia in order to test the
previous findings obtained in distantly related species
or the epigean and hypogean populations of the same
species.

Besides the immediate harmful effect of anaerobiosis,
an increased production of reactive oxygen species
(ROS) occurs during reoxygenation due to the
recovery of activity of the mitochondrial respiratory
chain (Hervant & Malard, 2019). Due to the damaging
effects of ROS overproduction animals have developed
both non-enzymatic and enzymatic antioxidant
mechanisms. To prevent oxidative stress, animals
developed anti-oxidative enzymes, including catalase
(CAT) and glutathione reductase (GR) (Lushchak et al.,
2001; Lushchak & Bagnyukova, 2006; Issartel et al.,
2009; Lawniczak et al., 2013; Vrankovi¢ et al. 2017).
CAT is a very important enzyme in protecting the cell
from oxidative damage by ROS, and it has one of the
highest turnover numbers of all enzymes. It catalyzes
the decomposition of hydrogen peroxide to water and
oxygen (Zamocky et al., 2008). GR is the enzyme
critical for the reduction of oxidized form of glutathione
(GSSG) responsible for maintaining the supply of
reduced glutathione (GSH) involved in neutralization
of free radicals (Couto et al., 2016). Moreover, oxygen
content has been reported as an environmental factor
that correlated to CAT activity and GSH content in

zebra mussel (Dreissena polymorpha (Pallas)) from
the two ecosystems (Wojtal-Frankiewicz et al., 2017).
Previous study on the groundwater crustacean
Niphargus rhenorhodanensis Schellenberg revealed
an overactivation of superoxide dismutase (SOD) and
glutathione peroxidase (GPx) activities after exposure
to drastic variations in oxygen level compared to the
control group (Lawniczak et al., 2013), but information
about the antioxidant responses of the closely related
epigean Niphargus species is still lacking.

While the basis of hypoxia and temperature as
interlinked stressors in aquatic organisms has been
proven (Portner & Knust, 2007; Poértner, 2010),
increased temperature was also included in the present
study. Because physiological and biochemical rates
of ectothermic organisms are highly temperature-
dependent (Hochachka & Somero, 2002), their
behavioural and ecological performance, and even
fitness, can be influenced by body temperature (Huey
& Kingsolver, 1989). The increase in temperature
stimulates all metabolic processes in accordance
with known thermodynamic principles. For example,
it enhances oxygen consumption and, therefore,
may increase ROS production as side products of
intensified metabolism, resulting in oxidative stress
(Lushchak, 2011). Moreover, higher thermal sensitivity
of hypogean N. stygius than epigean N. zagrebensis
that resulted in increased oxygen consumption as a
consequence of stress response (Sim¢i¢ & Sket, 2019)
could enhance ROS production in subterranean
species at increased temperatures.

An animal’s energy demand is usually quantified
by its metabolic rate. Measurement of the entire
organism’s oxygen consumption gives meaningful
information on metabolic rates. For example, oxygen
consumption has been frequently used in comparative
studies of epigean and hypogean organisms in relation
to different environmental factors (e.g., Culver &
Poulson, 1971; Hervant et al., 1995, 1996, 1997a,b,
1998, 1999a; Issartel et al., 2005; Simcic et al., 2005,
2010; Mezek et al.,, 2010), while measurement of
respiratory electron transport system (ETS) activity
has been used sporadically (Simci¢ et al., 2005,
2010; Mezek et al.,, 2010; Simci¢ & Sket, 2019).
However, measurements of oxygen consumption can
provide information about metabolic intensity under
particular conditions, but the question remains as
to what the measured energy demands mean, with
regard to the whole metabolic capacity, for a single
species. Therefore, ETS activity has been measured to
estimate potential metabolic activity, i.e., the value of
oxygen consumption that would occur if all enzymes
functioned maximally (Muskoé et al., 1995). Moreover,
the ratio between oxygen consumption and potential
metabolic activity (R/ETS ratio) has been frequently
used as an estimator of the exploitation of metabolic
potential for current metabolic activity in relation to
various environmental conditions and reflects the
plasticity and fitness of organisms (e.g., Musko et
al., 1995; Fanslow et al., 2001; Simcic¢ et al., 2005;
Lukancic et al., 2010; Sim¢ic et al., 2015).

The goals of the present study were to: (i) investigate
the effects of hypoxia exposure and increased
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temperature on respiratory response during post-
hypoxic recovery in closely related epigean and
hypogean species; (ii) estimate the exploitation of
metabolic potential for current metabolic demands
during reoxygenation; (iii) explore the activity of
the antioxidant enzymes displayed by the epigean
and hypogean crustaceans during reoxygenation
after exposure to severe hypoxia at different
temperatures. To reach these goals, we measured
oxygen consumption in normoxia and during
normoxic recovery after exposure to severe hypoxia
in closely related subterranean amphipod N. stygius
and epigean amphipod N. zagrebensis at 10 and
20°C. Moreover, ETS activity was determined to
estimate the ratio between oxygen consumption and
potential metabolic activity (R/ETS ratio). The activity
of two antioxidant enzymes, i.e., catalase (CAT) and
glutathione reductase (GR) was measured in both
Niphargus species.

MATERIALS AND METHODS

Collection and maintenance of animals

Niphargus zagrebensis S. Karaman 1950 (syn. N.
valachicus z., N.elegans z.) is eyeless and only feebly
pigmented semisubterranean species that occurs
in epigean waters where it is mixed with strongly
pigmented epigean species (Karaman, 2019). Our
sample was collected in stagnant or slowly flowing
water in puddles and ditches with loamy bottoms and
rich deposits of fallen leaves in a lowland oak forest
Krakovski gozd at Kostanjevica (mean body mass *
SE: 26.4 £ 3.1 mg wet mass, n = 20). As access to
caves or interstitial water is here mainly absent, N.
zagrebensis is considered as an epigean species in the
present study.

Niphargus stygius (Schioedte 1847) is strongly
stygobiotic species. The sample in this study was
taken from the cave UnsSka koliSevka at Planina
(NE of Postojna, Slovenia) (30.1 = 2.6 mg, n = 20).
The habitats were small puddles of percolated water
in artificially reshaped karst caves (past military
galleries). Specimens of both species used in the study
were males of a similar body mass (t = 1.12, d.f. = 38,
p > 0.05). The mean yearly temperature (i.e., also the
permanent temperature of ground waters) in 2005-
2014 was 10-12°C at Novo mesto (close to Krakovski
gozd) and 9-11°C at Postojna. The mean monthly
temperatures in January and July varied from -1.7 to
1.4°C and 20.5 to 22.8°C in Novo mesto, but from -2.3
to 4.7°C and 18.5 to 22.3°C in Postojna (Statistical
office, 2018).

Specimens were collected using a hand net. They
were stored in plastic bottles and transported to
the laboratory, where they were kept in aquaria in
constant darkness at 10°C (*0.5°C) in a thermo-
regulated chamber for three weeks. Aquaria were
previously filled with chemically controlled (synthetic)
and aerated water that was prepared by adding 2940
mg CaCl x 2 H,0, 1230 mg MgSO, x 7 H,0, 650 mg
NaHCO; and 60 mg KCl into 10 L of bi-distilled water
(ISO standard 6341, 1996). During this period of
acclimation to laboratory conditions, animals were

fed ad libitum with a commercial food (Sera crabs
natural™). Water in aquaria was changed twice a
week.

After acclimation to laboratory conditions,
individuals of each species were transferred into two
aquaria containing synthetic water and food. One
aquarium with experimental animals was kept at
10°C, while the water temperature in second one was
gradually (i.e., 1°C/12 h) increased to 20°C. After 5
days of acclimation to the newly reached temperature,
animals were separately transferred from aquaria into
100 mL beaker containing 50 mL of synthetic water
of adequate temperature, i.e., 10 or 20°C. Animals
were starved for 24 hours before oxygen consumption
measurements were taken.

Oxygen consumption measurement in normoxia
and during post-hypoxic recovery

Oxygen consumption was estimated by the closed
bottle method (Lampert, 1984). First, ground-glass
stoppered bottles were filled with synthetic and
aerated water from the same, well-mixed, container
to measure oxygen consumption in normoxia. The
experimental bottles (n = 5) received animals, while two
bottles served as controls. All bottles were stoppered
and kept in the dark at 10 or 20°C. The concentration
of dissolved oxygen in the experimental and control
bottles was measured with a 4-Channel fiber optic
oxygen meter (PreSens OXY-4, Germany) for the first
time after 30 min, and a second time at the end of the
incubation period (i.e., after 3 h). Oxygen consumption
was expressed as mg O, per g of wet weight (mg O,
g'WW h'l). After normoxia measurements, the same
animals were introduced into experimental bottles
filled with deoxygenated water that was generated by
bubbling pure nitrogen gas. Water replacement was
carried out according to a procedure that ensured
minimal stress for the animals. First, single animal
was gently sucked into a wide glass dropper along
with a minimal volume of water, from where it was
slowly released into a bottle filled with deoxygenated
water. All bottles were stoppered and kept in the dark
at 10 or 20°C. The concentration of dissolved oxygen
in bottles was below 0.3 mg L' during hypoxia. The
selected incubation time for the exposure to hypoxia
was longer than that for normoxia measurement in
order to perceive the consequences of hypoxia in N.
stygius, but also it was short enough to ensure the
survival of all specimens of N. zagrebensis. After 5 h of
incubation, the deoxygenated water in the bottles was
quickly replaced with air saturated water. Animals were
transferred in a small volume of water using a wide glass
dropper, as described above. Oxygen concentration
was measured during post-hypoxic recovery after
15 min, 30 min, 1, 1.5, 2, 3,4, 5, 6, 7, and 8 h at 10
and 20°C.

After oxygen consumption measurements,
animals were placed between two sheets of filter
paper and gently squeezed to remove the water
from their surface. They were then placed on a pre-
weighed piece of aluminium foil and weighed on an
electrobalance (Sartorius BP 210 S) with 0.1 mg
accuracy.
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Procedure before measurements of ETS, CAT and
GR activities

Animals (n = 5) were incubated in deoxygenated
water (oxygen concentration was below 0.3 mg L) for
5 h at 10 or 20°C. At the end of incubation in hypoxic
conditions, the deoxygenated water was replaced with
aerated water according the procedure described above
in “Oxygen consumption measurement in normoxia
and during post-hypoxic recovery” subsection.
After 1 h of post-hypoxic recovery, individuals were
immediately frozen in liquid nitrogen and stored at
-80°C, prior to the preparation of the homogenate
for the measurements of ETS, CAT and GR activities
and determination of protein concentration. For
controls, the individuals of each species (n = 5) were
kept in normoxic conditions at each experimental
temperature and were frozen and stored as described
above.

ETS activity

Respiratory electron transport system (ETS) activity
was measured using the method originally proposed
by Packard (1971) and improved by G.-Téth (1999).
The ETS activity of each animal was determined using
the procedure described in Simci¢ & Sket (2019).
The rate of tetrazolium dye reduction to formazan
was converted to equivalent oxygen as described by
Kenner & Ahmed (1975).

Catalase (CAT) activity

CAT activity was measured according to the method
proposed by Aebi (1984). The procedure used in the
present study was previously described in detail in
Simcic et al. (2015). Enzyme activities were expressed
as enzyme units (U), where one U was defined as the
amount of CAT that degrades one umol of hydrogen
peroxide in 1 min. These results were divided by the
total amount of protein to give the specific CAT activity
per mg protein.

Glutathione reductase (GR) activity

GR activity was determined according to the method
proposed by Carlberg & Mannervik (1985), using the
procedure described in Sim¢éi¢ et al. (2015). One U
was defined as the amount of GR that degrades 1 umol
of NADPH in 1 min. The specific GR activity per mg
protein was calculated.

Protein concentration

Protein concentration was determined using a
commercial Pierce™ BCA protein assay kit (Thermo
Scientific, USA) according to the manufacturer’s
recommendations. Absorbance of the samples was
measured using a Lambda UV /Vis spectrophotometer
(PerkinElmer, USA).

Data analysis

Values are presented as means = SE. The data were
first tested for normality of distributions (Shapiro-Wilk
test) and homogeneity of variances (Levene’s test),
and log transformed when necessary. Body masses
of the two species were compared by Student’s t-test.
The differences between values were investigated

using one-way ANOVAs. When significant differences
in ANOVAs were found, the post hoc Tukey’s test was
performed to find out which means differ significantly.
All statistical analyses were conducted with SPSS
20.0 (SPSS Inc. Chicago, Illinois, USA).

RESULTS

Oxygen consumption in normoxia and during
post-hypoxic recovery

Oxygen consumption during reoxygenation varied
significantly - from 1.16 mg O, g' h'! to 0.12 mg O, g'!
h'in N. zagrebensis (ANOVA, F;4,= 8.61; p <0.001),
and from 0.38 mg O, g! h'! to 0.06 mg O, g! h'! in
N. stygius (ANOVA, Fy.4 = 5.46; p <0.001) at 10°C
(Fig. 1a). Similarly, both species had significantly
increased oxygen consumption after a half an hour
in normoxic recovery period at 10°C when compared
to oxygen consumption in normoxia (Control), but
with different increases. Oxygen consumption was,
compared to the control, nearly 5-times (4.9) higher
in hypogean N. stygius, and almost 10-times (9.7)
higher in epigean N. zagrebensis. After reaching the
maximal value, oxygen consumption of both species
during normoxic recovery period was decreasing for
several hours, until it was similar to the control value
(after 2 h of normoxic recovery in N. stygius and S h
in N. zagrebensis).

Significant variations in oxygen consumption during
reoxygenation were also observed in N. zagrebensis
(ANOVA, Fp44 = 7.36; p <0.001) and N. stygius
(ANOVA, Fp4q = 15.70; p <0.001) at 20°C, where
values ranged from 1.30 mg O, g! h'! to 0.34 mg O,
g!'h'and from 0.76 mg O, g' h't00.13 mg O, g' h'l,
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Fig. 1. Oxygen consumption in normoxia (Cont) and during subsequent
normoxic recovery after severe hypoxia (<0.3 mg O, L'; Hypo)
measured in epigean Niphargus zagrebensis and in hypogean
Niphargus stygius in darkness at 10°C (a) and 20°C (b). Values are
means + SE for n = 5. Full symbols differ significantly from control
(Cont) — p < 0.05 (ANOVA, Tukey’s HSD test).
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respectively (Fig. 1b). Different patterns of subsequent
normoxic recovery after severe hypoxia were observed
at 20°C than at 10°C for N. zagrebensis. N. stygius
had, similarly, the highest oxygen consumption at
0.5 h of recovery period, but N. zagrebensis reached
the highest oxygen consumption after 1 h of recovery.
Oxygen consumption rate increased for 4.6-times
in hypogean N. stygius (0.5 h) and 4.4-times in
epigean N. zagrebensis (1 h). After reaching maximal
value, oxygen consumption of N. stygius decreased
gradually for several hours, but for N. zagrebensis
a steep decrease in oxygen consumption was
observed.

ETS activity

Significant differences in ETS activity between
temperatures and oxygen conditions (i.e., in normoxia
as control and 1 h after post-hypoxic recovery
in normoxia) were observed for N. zagrebensis
(F3.6 = 23.83, p <0.001, Fig. 2a) and N. stygius
(F3.6= 195.16, p <0.001, Fig. 2b). Tukey post hoc
test showed that ETS activity of N. zagrebensis was
similar in normoxia and during post-hypoxic recovery
within each temperature, but it differed significantly
between temperatures, where it was higher at 20°C.
In N. stygius, significant differences were observed
between temperatures and oxygen treatments. Higher
ETS activities were obtained at higher temperature
and during post-hypoxic recovery, respectively.

(a) N. zagrebensis
4 1 O Control M Recovery
= 37 b
@]
b a
EE 1- a
sEm B |
10°C 20°C
(b) N. stygius
uh O Control @ Recovery
T 3
zT
) 2 - d
O n c
g (@]
LE1q L b
Nilian I |
10°C 20°C

Fig. 2. Respiratory electron transport system (ETS) activity in normoxia
(Control) and after 1 h of subsequent normoxic recovery from severe
hypoxia (<0.3 mg O, L") determined in epigean Niphargus zagrebensis
(a) and hypogean Niphargus stygius (b) at 10°C and 20°C. Bars labelled
with different letters differ significantly — p <0.05 (ANOVA, Tukey’s HSD
test). Values are means * SE forn = 5.

R/ETS ratio

The R/ETS ratio was calculated to illustrate
the exploitation of metabolic potential for actual
metabolic activity. N. stygius and N. zagrebensis
had similar R/ETS ratios at 10°C (12 and 13%,
respectively) and at 20°C (8%) in normoxia (Control)
before exposure to hypoxic stress (Fig. 3). During
post-hypoxic recovery at 10°C, the R/ETS ratio of N.
zagrebensis showed an extreme increase in oxygen
consumption and exploitation of metabolic potential
for current metabolic activity at 0.5 h of normoxic
recovery (i.e., 115%), whereas that of N. stygius
increased just up to 40%. At 20°C, maximal value
of R/ETS ratio was 30% for N. stygius and 47% for
N. zagrebensis.
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N
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B N. stygius
80 -
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0 4
Cont 05 1 15 2 3 4 5 6 7 8
Time after hypoxia (h)

Fig. 3. Estimation of the exploitation of electron transport system
(ETS) activity (metabolic potential) for actual metabolic activity (R/
ETS ratio, in percentages) in Niphargus zagrebensis and N. stygius
at 10°C (a) and 20°C (b) in normoxia (Cont) and during normoxic
recovery after severe hypoxia. Mean values of oxygen consumption
rates and ETS activities were used for the calculation of ratios.

Response of antioxidant enzymes

Hypoxic stress, followed by 1 h of post-hypoxic
recovery in normoxia and increased temperature,
showed significant modification in CAT activity
(F3.16 = 40.84, p <0.001, Fig. 4) and GR activity
(F3.6 = 14.33, p <0.001, Fig. 5) for N. stygius, where
higher activities of CAT and GR were measured in
animals during post-hypoxic recovery in normoxia
compared to control animals at 20°C. Similarly, N.
zagrebensis showed significant variation in CAT activity
(Fs16 = 3.84, p <0.05) and GR activity (F5,, = 3.62,
p <0.05). Tukey post hoc test showed that N.
zagrebensis had significantly higher CAT activity
during normoxic recovery after severe hypoxia at 20°C
than at 10°C. Moreover, GR activity of N. zagrebensis
was higher during subsequent post-hypoxic recovery
compared to the control at 20°C.
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Fig. 4. Catalase (CAT) activity measured in Niphargus zagrebensis (a) and N. stygius (b) at 10 and 20°C in normoxia (Control) and after
1 h of normoxic recovery from severe hypoxia (<0.3 mg O, L"). Bars labelled with different letters differ significantly — p <0.05 (ANOVA,

Tukey’s HSD test). Values are means + SE for n = 5.
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Fig. 5. Glutathion reductase (GR) activity measured in Niphargus zagrebensis (a) and N. stygius (b) at 10 and 20°C in normoxia (Control)
and after 1 h of normoxic recovery from severe hypoxia (<0.3 mg O, L"). Bars labelled with different letters differ significantly — p <0.05

(ANOVA, Tukey’s HSD test). Values are means + SE for n = 5.

DISCUSSION

While oxygen level and temperature have been proven
as interlinked stressors in aquatic organisms (Poértner
& Knust, 2007; Portner, 2010) and, moreover, they
both have significant effects on oxygen consumption
and ROS formation, the interaction of both factors
expectedly resulted in different respiratory and
antioxidant responses to hypoxia-reoxygenation and
increased temperature in epigean and hypogean
Niphargus species, namely N. zagrebensis and N.
stygius. For both species, post-hypoxic recovery
resulted in increased oxygen consumption. The
higher increase of oxygen consumption in epigean
than hypogean species is in accord with the findings
of previous studies, where distantly related epigean
and hypogean species were compared (Hervant et al.,
1995, 1996, 1998). For example, Hervant et al. (1998)
reported that the main explanation for the lower
oxygen debt shown by hypogean organisms is the
lower energetic expenditures noticed during hypoxia,
partly due to a decrease in locomotory and ventilatory
activities. Moreover, oxygen consumption of N. stygius
increased similarly during recovery at 10 and 20°C,
i.e., approximately for five-times of normoxic rates,
but N. zagrebensis increased its oxygen consumption
relatively less at 20°C than at 10°C. However, it is
ecologically very important for organisms to recover
quickly and completely from hypoxic or anoxic stress
when oxygen is once more available (Hervant & Malard,

2019). Previous studies revealed faster replenishment
of ATP levels in hypogean than in epigean species
during post-hypoxic recovery (Hervant et al., 1995,
1996, 1997D).

Moreover, observations of the  hypogean
Stenasellus virei Dollfus, Niphargus virei Chevreux,
N. rhenorhodanensis and the epigean Asellus
aquaticus Linne and Gammarus fossarum Koch
showed that part of the end products was excreted
and part was metabolized (Hervant et al., 1995,
1996, 1997b, 1999b). Excretion is an important
mechanism for the disposal of lactate during aerobic
recovery in epigean species. This is a costly strategy
because of a loss of energy-rich carbon chains. In
contrast, hypogean crustaceans preferentially use
glyconeogenesis to convert lactate into glycogen
stores (Hervant & Malard, 2019). Thus, the gradual
decrease of oxygen consumption in N. stygius
after reaching its maximal value during normoxic
recovery could indicate a subsequent turnover of
the anaerobic end products. But in N. zagrebensis,
the maximal oxygen consumption observed after 0.5
and 1 h of post-hypoxic recovery period at 10°C and
20°C, respectively, is followed by a rapid decrease
at both temperatures. Therefore, it is assumed
that the reason for the quick decrease in oxygen
consumption and relatively low oxygen consumption
in N. zagrebensis at higher temperatures is likely
the excretion of anaerobic end products instead of
being converted, as evidenced by epigean species in
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previous studies (Hervant et al., 1995, 1996, 1997b,
1999D).

As expected, higher ETS activities were obtained
at a higher temperature in both species, while
differences between species were observed in response
to hypoxic stress, where N. stygius had higher ETS
activity after exposure to hypoxic stress compared to
controls, but N. zagrebensis did not. Le Moullac et al.
(2007) reported that 20 days of hypoxia significantly
increased the activity of ETS in the oyster Crassostrea
gigas (Thunberg). The authors assumed that the
stimulation of the ETS activity, observed in molluscs,
was linked to the up-regulation of some genes of the
respiratory chain, as was previously observed in anoxia
tolerant vertebrates (Krivoruchko & Storey, 2015).
Many species have developed mechanisms that allow
them to compensate for periods of low oxygen. These
mechanisms improve oxygen delivery to tissues and/
or to increase ATP production by oxygen-independent
means (e.g., glycolysis) to compensate for the reduced
ATP output by oxygen-dependent pathways in the
mitochondria (Krivoruchko & Storey, 2015). Hervant
et al. (1999b) reported that the metabolic response
of N. virei during post-hypoxic recovery mainly
exhibited the characteristics of vertebrates, where a
strategy of lactate removal was quite different from
that observed in epigean crustaceans, favouring
lactate supported gluco-and glyconeogenesis and
rapid glycogen replenishment instead of rapid lactate
removal via oxidative pathways. Thus, it seems that
hypoxic tolerant N. stygius exhibited stimulation of
ETS activity during hypoxic stress in order to provide
sufficient ATP production, while N. zagrebensis was
incapable of increasing its metabolic potential.

The ratio between oxygen consumption and ETS
activity (R/ETS) is an important index of organisms’
metabolism (Musko et al., 1995; Fanslow et al., 2001;
Simcic et al., 2005; Lukancic et al., 2010; Simcic et
al., 2015; Sim¢i¢ & Sket, 2019). The values of the
present study, measured in normoxic conditions
before exposure to severe hypoxia, are in agreement
with those of Sim¢ic et al. (2005) reported for hypogean
Niphargus species, where exploitation of metabolic
potential ranged from 12 to 20% in N. krameri and
two populations of N. stygius. It seems that closely
related epigean and hypogean Niphargus species in
normoxia possess a similar ratio, while a distantly
related epigean species, namely Gammarus fossarum,
used a higher percentage (i.e., 40%) of metabolic
potential for actual metabolic activity (Simcic¢ et al.,
2005). Lower exploitation of metabolic potential is an
advantage in variable environments, where organisms
could immediately use the existing enzyme machinery
for increased metabolic activity during recovery under
favourable conditions (Fanslow et al., 2001; Simci¢ et
al., 2005; Zagar et al., 2015). Moreover, the relatively
low ratio (i.e., 9%) of Nereis virens was explained by
its low activity and intermittent exposure to anoxic
conditions (Cammen et al., 1990). Stimulated ETS
activity under severe hypoxia in N. stygius, observed
in the present study, probably additionally supported
quick and efficient post-hypoxic recovery. Thus, the
exploitation of metabolic potential in N. stygius, which

increased up to 40% at 10°C, was a metabolically
more favourable condition than the high R/ETS ratio
in N. zagrebensis at 10°C which indicated exploitation
of the whole metabolic potential. A similar pattern
with higher exploitation of metabolic potential in N.
zagrebensis than N. stygius was also observed at
20°C. Lower exploitation of metabolic potential at
20°C than at 10°C is in accord with the results of the
previous studies, where R/ETS ratio decreased with
increasing temperature due to different response of
oxygen consumption and ETS activity to temperature
change (Bamstedt, 1980; Musko et al., 1995; Simcic
& Brancelj, 1997; Siméi¢, 2005; Simci¢ & Sket,
2019). Furthermore, relatively lower R/ETS ratios in
N. stygius exhibited at the end of the recovery period
than they were displayed in normoxia before exposure
to hypoxia (Control) indicated on lower energetic
expenditures.

During hypoxia and subsequent reoxygenation
increased ROS levels are expected to activate
antioxidant defenses (Hermes-Lima et al., 2015). The
results of the present study showed a higher activity
of antioxidant enzyme CAT in N. stygius during post-
hypoxic recovery than it was in control at 20°C.
These results are in accord with the findings of the
previous studies on crustaceans where increased CAT
activities in hypoxia and reoxygenation were reported
(Gorokhova et al., 2010, 2013; Trasvina-Arenas et al.,
2013). Moreover, increased GR activity that catalyzes
the reduction of GSSG to GSH was observed in both
Niphargus species during post-hypoxic recovery at
20°C. Nevertheless, hypogean N. stygius had, under
hypoxia and subsequent reoxygenation, increased
activity of the primary antioxidant enzyme, i.e., CAT,
while epigean N. zagrebensis did not. Lawniczak et al.
(2013) similarly reported the increased GPx activity
in subterranean amphipod N. rhenorhodanensis after
24 h exposure to anoxia. If the antioxidant potential
is high enough, ROS level returns to the initial
level before oxidative stress could occur. However,
when the efficiency of the antioxidant system does
not counterbalance enhanced ROS production, the
presence of excess ROS in cells causes oxidative
damage of lipids, proteins, and nucleic acids
(Lushchak et al., 2001). Thus, lower CAT activity in N.
zagrebensis than N. stygius at 20°C indicates a lower
response to hypoxia in former species. Consequently,
it is assumed that a decline in ETS activity of N.
zagrebensis at 20°C could be caused by a less efficient
antioxidant defense that resulted in the oxidative
damages of cellular structures. However, to test this
assumption, some parameters of oxidative damage,
e.g., lipid peroxidation or protein carbonylation, ought
to be measured.

In this study, we observed higher activities of CAT
and GR during post-hypoxic recovery in comparison
to controls at 20°C, but not at 10°C. Bagnyukova
et al. (2007) claimed that the activities of primary
antioxidant enzymes — superoxide dismutase (SOD)
and CAT - were unaffected in organs of goldfish
Carassius auratus, whereas glutathione-dependent
enzymes, such as also GR, were elevated after more
prolonged exposure to high temperature. In the
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present study, the exposure of organisms of both
Niphargus species solely to higher temperatures did
not increase CAT nor GR activities, whereas combined
effects of high temperature and hypoxia with
subsequent normoxic recovery resulted in increased
CAT and GR activities of both species. As reported by
Vinagre et al. (2012), an oxidative stress response is
not directly correlated to temperature. It is lowest at
the optimal temperature, and it increases outside this
species’ upper and lower optimum thermal limits. In
addition, as 10°C is an average habitat temperature
of both species and a permanent one for N. stygius,
a higher temperature (i.e., 20°C) likely contributes to
overall environmental stress. This explanation is in
agreement with the reports of Gorokhova et al. (2013),
who found that co-exposure of amphipod Monoporeia
affinis (Lindstrom) to both fluctuating hypoxia and
contaminants caused greater increase in antioxidants
and lipid peroxidation, and slowed recovery from
hypoxia as indicated by CAT and glutathione redox
state (GSH/GSSG ratio). We, therefore, assumed that
temperature-stable subterranean habitats represent
an advantage for hypogean animals that have to face
frequent exposure to variable oxygen concentrations.

In conclusion, closely related epigean and hypogean
Niphargus species have, in fact, similar oxygen
consumption in normoxia, but they respond differently
to exposure to environmental stressors, such as
severe hypoxia and increased temperature. Thus, as
reported previously by Hervant et al. (1998), the lower
energetic expenditures noticed during hypoxia due
to a decrease in locomotory and ventilatory activities
contributed to lower oxygen debt in hypogean species.
Moreover, the consistent respiratory response of
N. stygius to hypoxia at 10 and 20°C, i.e., gradual
decreasing of oxygen consumption during repayment
of oxygen debt as a result of metabolization of
anaerobic end products, and enhanced antioxidant
enzyme activities after exposure to severe hypoxia
and higher temperature, are probably related
to some physiological and biochemical traits of
stygobitic species that enable N. stygius to cope
successfully with specific conditions in subterranean
environments. However, a high resistance to hypoxia,
followed by the activation of antioxidant defenses
during reoxygenation, is not universally found in
subterranean species (e.g., Issartel et al., 2009).
Thus, additional studies on the mechanisms involved
in hypoxia tolerance of different groundwater animals
are needed to improve understanding of adaptation to
restrict oxygen conditions.
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