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ABSTRACT

The natural habitats of Indian catfish (Heteropneustes fossilis) are generally
known for less oxygen and most often polluted water bodies. The present
study was aimed to understand the adaptability in terms of antioxidant
defense mechanism at transcript levels. The study considered key
transcripts such as superoxide dismutase 2 (sod2), catalase (cat), glutathione
peroxidase 4 (gpx4), and heat shock protein 70 (hsp70), heat shock cognate
70 (hsc70), hypoxia inducible factor lalpha (hifla) of the catfish exposed to
a drying mud-bed while dwelling inside mud-peat under semidry conditions
for 15, 30 and 45 days. The study revealed that desiccation stress triggered
complicated oxidative stress. The cat, sod2 and gpx4 and hsp70 mRNA
expressions significantly up-graded in the mud-dwelled fish. Further, mud-
dwelling also resulted in significant increase in the expression of hifla in
gills and muscle of fish after 30 days, suggesting its role as a vital regulator
that carries out important alterations in gene expression under hypoxic
stress. Collectively, the observations suggested that stress condition resulted
in the development of oxidative stress, and H. fossilis was able to respond
through alterations in stress responsive genes to survive semi-dry
conditions.
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INTRODUCTION

The aquatic fauna suffers from a number of environmental stressors and one such stress is the
drying of water bodies. Such physical disturbance may occur naturally and also due to anthropogenic
activities. The drying of water bodies due to seasonal or at any other occasions due to varied climatic
conditions leads to desiccation resulting in hypoxia. Hypoxia can be described as a condition under
which the dissolved oxygen levels decrease below the normal. Oxygen plays an important role in the
physiology of fishes (Hughes, 1973). Surprisingly, some aquatic organisms have adaptation or
physical tolerance against such disturbances. In addition, the low oxygen availability during hypoxia
in fish results in the disruption of energy balance as most of the oxygen consumed is utilized for the
production of ATP (Richards, 2009).

Hypoxia may cause oxidative stress leading to the generation of reactive oxygen species (ROS)
(Duranteau et al., 1998). These are the reactive molecules that result from molecular oxygen and
include hydrogen peroxide and free radicals (superoxide radical, hydroxyl radical, peroxyl radical,
etc.). Overproduction of these molecules leads to deleterious changes and destruction of cellular
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structures causing oxidative stress. However, to combat this oxidative stress the antioxidant defense
system works to regulate the concentrations of these reactive molecules (Baker et al., 2007). In
defense system, superoxide dismutase and catalase enzymes are the primary antioxidant enzymes and
considered the first line of defense against oxidative stress (Pandey et al., 2003). These enzymes are
commonly used as bio-markers to assess the production of ROS (Monteiro et al., 2006). Several other
markers can also be monitored during stress conditions, which include heat shock proteins (hsps)
which are a family of proteins that help in cell function during normal and stress conditions (Parsell
and Lindquist, 1993). This family of proteins includes hsp70 whose expression is induced in response
to stressors. However, other hsps like heat shock cognate70 (hsp70) is expressed constitutively in
unstressed conditions. These proteins play important role as molecular chaperones that are vital for
functioning of proteins (Feder and Hofman, 1999). Hypoxia also involves the expression of certain
transcription factors. One such transcription factor is hypoxia-inducible factor (HIF), which is a
heterodimer. This is an important transcription factor that regulates the expression of genes during
hypoxic conditions (Guan et al., 2014). Several studies suggest that there are three isoforms of hif in
vertebrates which include hif-/a, hif-2a and hif-3a. Each of these regulates different functions and
among these the acute hypoxic response is mainly regulated by hif-7a (Nambu et al., 1996; RytKénen
et al., 2011; RytKonen et al., 2013).

Freshwater catfish, Heteropneustes fossilis, is an air-breathing fish which belongs to
Heteropneustidae family and possesses an elongated body with characteristic dorsoventrally flattened
head (Biswas and Kaviraj, 2002). It is mostly found in muddy and marshy water bodies with low
level dissolved oxygen levels. H. fossilis is mainly distributed throughout Indian sub-continent
(Ahmed et al., 2013). The air-breathing catfish can rely on aerial respiration during low-oxygen
availability in the surrounding water. This capacity of fish is aided by air-sacs present within the body
(Thakur, 1991) and is more resistant to various environmental constraints like ammonia, hypoxia,
desiccation stresses, etc. (Saha and Ratha, 1998; Saha and Ratha, 2007). It naturally goes inside the
mud during dry season and survives well inside. Hence, the present study was designed to understand
the impact of desiccation on this species. The study was aimed to know the impacts of desiccation
and low dissolved oxygen on the adaptability of fish and also help to understand how it is regulated
through transcript expression patterns of the various stress responsive genes.

MATERIALS AND METHODS

Experimental animals

The stinging catfish (Heteropneustes fossilis) of 15 + 10 g body weight for the present study were
purchased from a local fish farm. Fishes were acclimatized in laboratory for one month at 28 + 2°C
under 12/12 h light and dark photoperiod condition. Fishes were fed with a formulation containing
rice bran and dried fish powder (5% of body weight) every day (Choudhury and Saha, 2012). On
every alternate day the water was changed. No sex differentiation of fish was done during these
studies. Food was withdrawn 24 h before the experiments.

Experimental set up

An artificial mud peat was constructed using a cemented tank. The tank was filled with mud upto 45
cm height and a set of 30 acclimatized catfishes were released into the mud-peat for experimental
period of 15, 30 and 45 days. The mud-peat was maintained by regular sprinkling of water over the
mud to avoid complete drying of mud (Choudhury and Saha, 2012). A different set of 10 fishes served
as control group and was maintained under laboratory conditions. The dissolved oxygen (DO) level
of water in both control and mud-peat conditions were measured after 15, 30 and 45 days using a DO
meter 314 (Systronics). The DO level of water under controlled condition was 7.5, 7.2 and 7.6 ppm
whereas that of mud-peat water was 6.4, 3.6 and 2.8 ppm after 15, 30 and 45 days, respectively. No
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fish mortality was observed during the experimental period. After 15, 30 and 45 days, three fishes
each from control and mud-peat were removed and anesthetized in neutralized 3-aminobenzoic acid
ethyl ester for 5 min. Tissues from liver, kidney, gills and muscle were dissected out, dipped in liquid
nitrogen and stored at -20°C.

RNA extraction and cDNA synthesis

The total RNA was extracted from the tissues of H. fossilis using RNAiso Plus (Takara, Japan)
following the method of Rio et al. (2010). Isolated total RNA was quantified in a Qubit® 3.0
fluorometer (Thermo Fisher Scientific) and further integrity confirmed by electrophoresis on 1%
agarose gel. First strand cDNA was synthesized from 500 ng of total RNA in a total volume of 10 puL
with iScript™ cDNA Synthesis kit (Bio-Rad) following the manufacturer’s protocol. For gPCR
studies, the cDNA samples were diluted 50 times with sterile miliQ water.

Designing of primers

For gPCR amplification, the gene specific primers for sod2, cat, gpx4, hsp70, hsc70 and hifla were
designed using sod2, cat, gpx4, hsp70, hsc70 and hifla species-specific cDNA sequences available in
the NCBI database (accession numbers given below) with the help of primer-BLAST (NCBI) and
the properties were checked using OligoCalculator. The size of amplicons was approximately 160
bp. The specificity of primers was checked by inspecting the PCR amplicons on 1.2% agarose gel.
The details of primer pairs for H. fossilis are as under:

Abbre- Melting  Annealing GenBank
Gene names viation Primer sequences (5>—» 3”) temperature temperature accession
(°C) (°C) number
Superoxide so0d2 F = GAGACCTCACACAGGACTGC F=575 51 MH938563
dismutase 2 R = CCCAGATCACCAACATGCCT R=575
Catalase Cat F = CCGACACAATGACCACAGGA  F=572 49 MH938564
R = AAAGTGGGCCATCTCGTCAG R=574
Heat shock protein hsp70  F = GAATTCATCAGCCTCCGCCA F=577 49 MH938565
70 R = CAAGATCGCATCCAAGCTGC R =56.9
Heat shock cognate hsc70 F=CTTGTCCTCCAGCACTCAGG F=57.6 48 MH938566
70 R = GGTTCCACGGAAGAGGTCAG R=575
Glutathione gpx4 F=TTGGGTCATCCATTGGTCCG F=575 48 MH938567
peroxidase 4 R = GAGACAGCGCTCATCCTCTC R=57.3
Hypoxia inducible hifla F = AACAGACCGTGCCTGAGAAG F=57.2 49 MH938568
factor 1 alpha R = CACAGAGCATGACAGGTGGT R =573
Beta actin p-actin - F = CAGCTGAGCGTGAAATCGTG F=625 50 FJ409641

R = TCCAGAGAGGATGAGGAGGC R =625

gPCR analysis

To determine the expression pattern and quantify sod2, cat, gpx4, hsp70, hsc70 and hifla mMRNA in
respective tissues of H. fossilis exposed to desiccation stress, relative quantitative RT-PCR was
performed on cDNA produced from total RNA. The relative abundance of mMRNA transcripts, in each
sample, was normalized to the amount of an endogenous gene H. fossilis f-actin. qPCR was
performed with Rotor Gene Q SYBR Green PCR (Qiagen). In a 25 pL reaction volume, 12.5 uL
QuantiNova™ 2x Rotor-Gene SYBR Green PCR Master mix (Qiagen), 1.2 pL of each forward and
reverse primers (10 uM) and 5 uL of cDNA template was used; and gPCR reactions were performed
with thermal cycling conditions as: denaturation at 95°C forl0 min, followed by 45 cycles of
denaturation at 95°C for 15 sec, primer annealing at respective annealing temperatures for 30 sec and
extension at 72°C for 30 sec. The relative expressions of gene transcripts in treated groups were
expressed as the fold change to the control by using the standard 2**“ method (Livakand Schmittgen,
2001; Kubista et al., 2006). The melt curve analysis was performed to check for any non-specific
amplification during qPCR analysis (Supplementary data is available on www.indianjournals.com
website in this particular article).
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Chemicals
RNA.iso Plus (Takara, Japan), Qubit Reagents (Thermo Fisher Scientific), iScript™ cDNA
Synthesis kit (Bio-Rad), QuantiNova™ 2x Rotor-Gene SYBR Green PCR Master mix (Qiagen).

Statistical analysis

Experiments were conducted in triplicates and all the parameters were presented as mean + SEM.
The statistical significance was worked out by one-way ANOVA at 5% significance level, followed
by Tukey’s post-hoc test using SPSS software.

RESULTS AND DISCUSSION

The expression of different mMRNAs was performed by qPCR analysis with the total RNA extracted
from the tissues of mud-dwelled fish after 15, 30 and 45 days in parallel with control tissue. There
was a uniform expression of g-actin in liver, kidney, gills and muscle of both control and mud-
dwelled fish. The changes in the expression patterns of the stress response genes in stinging catfish
H. fossilis on exposure to drying mud bed were demonstrated in the present study. The results clearly
indicated that this air-breathing catfish could survive the desiccation stress through mechanisms that
involve alterations in the expression pattern of different stress responsive genes. It is evident from
different studies that during hypoxic condition there is an increase in the level of ROS (Mustafa et
al., 2012). These reactive molecules are produced as a result of incomplete reduction of molecular
oxygen during respiration (Staples and Buck, 2009). There are several enzymes that constitute the
antioxidant defense system which play important role in detoxifying the ROS (Baker et al., 2007).
Some of the important antioxidant enzymes mostly studied as bio-marker of oxidative stress include
catalase, superoxide dismutase, glutathione peroxidase, etc. In this study, the expression of genes that
encode these enzymes has been studied to evaluate the oxidative responses of H. fossilis under the
given stress condition. Their expression significantly increased in different tissues under different
experimental periods of stress. It can be speculated that desiccation stress may cause an oxidative
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group exposed to 45 days of desiccation as compared to the control group. However, a significant
decrease of 0.65-fold (p<0.001) and 0.95-fold (p<0.001) was observed in its expression in kidney in
the group exposed for 15 and 30 days (Fig. 1). Catalase is mainly responsible for the regulation of
the concentration of hydrogen peroxide (H.0;). H2O- is also produced during hypoxic condition
(Trasvina-Arenas et al., 2013). This enzyme catalyzes decomposition of H,O, to water and oxygen.
Expression of sod2 was significantly increased by 7.97-fold (p<0.05) in liver in the group exposed
for 30 days. A significant increase of 63- and 86-fold (p<0.001) was observed in the kidney of the
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Fig. 2: Relative mRNA expression levels of sod2 in liver, kidney, gills
and muscle of H. fossilis at 15, 30 and 45 days of desiccation
stress. Levels of sod2 transcripts in exposed groups are
expressed as fold changes relative to the control group after
being normalized against g-actin standard. Data shown as mean
+ SE (n=3) of relative concentrations (244 method, Livak et
al., 2001). The values are statistically significant at *p<0.05;
**p<0.01; ***p<0.001 as compared to the control group (one-
way ANOVA).
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Fig. 3: Relative mRNA expression levels of gpx4 in liver, kidney, gills
and muscle of H. fossilis at 15, 30 and 45 days of desiccation
stress. Levels of gpx4 transcripts in exposed groups are expressed
as fold-changes relative to control group after being normalized
against S-actin standard. Data shown as mean + SE (n = 3) of
relative concentrations (2t method, Livaket al., 2001). The
values are statistically significant at *p<0.05; **p<0.01;
***n<0.001 as compared to the control group (one-way ANOVA).

group exposed to 15 and 30
days of desiccation,
respectively, as compared to
the control group. Similarly, it
enhanced significantly by 27-,
79.3- and 55.8-fold (p<0.001)
in gills of fish exposed for 15,
30 and 45 days, respectively, as
compared to the control. sod2
expression also increased
significantly by  1.1-fold
(p<0.01) in the muscle of fish
exposed for 30 days as
compared to the control (Fig.
2). The sod2 codes for an
enzyme that detoxifies
superoxide radicals in the
mitochondria during oxidative
phosphorylation. sod2 is the
mitochondrial enzyme that
exist as a homo-tetramer.
Limited supply of oxygen
during respiration may resultin
the excessive production of
ROS that may attack the
mitochondria itself and thus
low ATP production (Paradies
et al., 2002). The gills are chief
respiratory organs of air-
breathing catfish and hence
suffer  significantly  from
oxidative stress (Tripathi et al.,
2013).

Significant  increase in
gpx4 expression with 37.2-fold
(p<0.05) in liver exposed for 15
days, 40.12-fold (p<0.05) in
kidney, 45.0-fold (p<0.001) in
gills and 33.0-fold (p<0.01) in
muscle exposed to 30 days as
compared to the control group.
Its expression significantly
increased by 189.3-, 153.0-,
142.0- and 97.65-fold in liver,
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kidney, gills and muscles, respectively, in the group exposed for 45 days (Fig. 3). In mitochondria,
in absence of catalase the important antioxidant against superoxide anion and H,O, are sod as well
as gpx. However, during oxidative stress the scavenging of H,O; in cytosol is mostly performed by
catalase (Salvi et al., 2007). This indicates that the fish could survive the oxidative stress during
hypoxic condition as glutathione peroxidase4 is an antioxidant enzyme that prevents cells from lipid
peroxidation. Lipid peroxidation occurs when oxygen reacts with lipids, thus forming various reactive
molecules. This enzyme is important as it reduces H.O and lipid peroxides produced during oxidative
stress and thus protecting the cell (Liang et al., 2007).

The present study showed that the DO level of the mud-peat water during 15" day was 6.4 ppm,
which is quite normal for the fishes (Svobodova et al., 1993). Nevertheless, the study shows that the
fishes suffered oxidative stress during 15 days of mud-peat exposure as evident from the expression
levels of antioxidant enzyme transcripts. This oxidative stress can be attributed to the sudden
restriction in feeding, which might have led to the oxidative stress (Pascual et al., 2002). Deprivation
or reduction in feeding results in the production of more reactive oxygen molecules mainly in liver
(Robinson et al., 1997). However, the fish could readapt to the mud-peat conditions and the oxidative
stress experienced during the later experimental period can be attributed to the hypoxic conditions.

We also investigated the hsp70 and hsc70 expression levels in response to desiccation in liver,
kidney, gills and muscle. No significant change in hsc70 expression was observed as compared to the
control. However, a significant decrease of 0.73-fold (p<0.001) in hsc70 expression was observed in
the kidney of fish exposed to 15 days of desiccation (Fig. 4). In contrast, the expression level of hsp70
significantly increased by 2.64-fold (p<0.01) in liver and 2.61-fold (p<0.01) in gills of fish exposed
to desiccation for 45 and 30 days, respectively, as compared to the control. However, hsp70
expression was significantly down-regulated by 0.88-fold (p<0.001) and0.81-fold (p<0.001) in the
muscle of fish exposed to desiccation for 15 and 30 days as compared to the control (Fig. 5). g°PCR
analysis showed up-regulation of hsp70 expression in liver, gills and muscles, indicating that hsp70
responses are sensitiveto low DO exposure. Environmental stress in fishes can be studied using hsps as

16 biomarkers (Iwama et al., 1998).
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Fig. 4: Relative mRNA expression levels of hsc70 in liver, \hile dwelling inside the mud-
Kidney, gills and muscle of H. fossilis at 15, 30 and 45 peat, the fishes get exposed to
days of desiccation stress. Levels of hsc70 transcripts in - ammonia stress that may lead to
exposed groups are expressed as fold changes relative to  5ccumulation of ammonia in
the gonérol grou;r)] after being normaliz(ed aga;insft ,B-Iactin various tissues (Chew and Ip
standard. Data shown as mean + SE (n = 3) of relative ; ’
concentrations (224" method, Livak et al., 2001). The 2014). When exposed to air, H.
values are statistically significant at *p<0.05; **p<0.01;
***p<0.001 as compared to the control group (one-way
ANOVA).

fossilis may suffer oxidative
stress as a consequence of
ammonia stress (Paital, 2013).
Further, when exposed to air there
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of desiccation stress. Levels of hsp70 transcripts in exposed
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6: Relative mRNA expression levels of hifla in liver,
kidney, gills and muscle of H. fossilis at 15, 30 and 45 days
of desiccation stress. Levels of Aifia transcripts in exposed
groups are expressed as fold changes relative to the control
group after being normalized against g-actin standard. Data
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method, Livak et al., 2001). The values are statistically
significant at *p<0.05; **p<0.01; ***p<0.001 as compared to
the control group (one-way ANOVA).
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could be an increased buildup of
ammonia in various tissues of H.
fossilis as reported by Ratha et
al. (1995).

The air-breathing catfish
might survive this stress through
increased expression of hsp70
proteins and these proteins
might prevent the denaturation
and misfolding of cellular
proteins.  Surprisingly,  no
significant increase or decrease
was observed in the levels of
hsc70 mRNA transcripts in
various tissues as compared to
the controls in the study. hsc70
is normally expressed in all
tissues  during  unstressed
conditions and thus maintains
the normal cellular homeostasis.
It has been reported that
ammonia stress in mud eel
causes induction of hsp70 gene
and no significant changes in the
expression of hsc70 (Hangzo et
al., 2017).

In addition, the expression
of hifia mRNA in liver, kidney,
gills and muscle of mud-
dwelled fish was significantly
up-regulated. Its expression was
significantly increased by 2.71-
fold (p<0.05) in kidney, 74-fold
(p<0.001) in gills and 66.78-fold
(p<0.001) in the muscle of fish
exposed to the desiccation for 30
days. The fish exposed to
desiccation stress for 45 days
also showed increased
expression of xifla by 3.72-fold
(p<0.01) in liver, 4.91-fold
(p<0.01) in kidney and 9.02-fold
(p<0.05) in muscle (Fig. 6). The
up-regulation of Ziflo may be

attributed to low oxygenation in these tissues. HIF is a heterodimer consisting HIF1a and HIF1p.
Among the two, B subunit is similar to aryl hydrocarbon nuclear translocator (ARNT) and a-subunit
is exclusive for HIF-1 (Rissanen et al., 2006). The HIF1a subunit stability is mainly responsible for
the regulation of HIF function for oxygen sensitivity (Huang et al., 1996).

During hypoxia, transcription factors play a vital role in the induction of transcription of several
genes that are engaged in glycolysis, vasodilation, cell proliferation, transport of glucose, erythro-
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poiesis as well as angiogenesis that may increase abruptly and thus curtail the damaging effects of
oxygen deprivation at cellular levels. This increase of hypoxia-induced gene expression is promoted
by HIF-1(Semenza, 1998; Wenger, 2002). All these events may help in promoting blood supply and
oxygenation of the tissues. In hypoxic condition, the a subunit translocates into the nucleus and binds
with ARNT forming the dimer, which then binds to the hypoxia-responsive elements (HRE) either in
promoter or enhancer region of the corresponding genes (Lando et al., 2002). Therefore, it is
necessary to determine whether the expression of Zifia would serve as a regulator in different
physiological adjustments against the desiccation stress and is important for enhancement in
adaptability and survivability of this air-breathing stinging catfish in such condition.

Conclusion: The results revealed that H. fossilis, an air-breathing catfish, on exposure to different
periods of desiccation stress resulted in the alteration of different stress response gene expression.
These physiological alterations might be correlated with its capacity to tolerate the hypoxic stress in
the drying mud-bed condition.

Acknowledgements: The authors are thankful to the Head, Department of Zoology, UGC SAP,
Bioinformatics Infrastructure facility, (DBT) Gauhati University, Guwahati, Assam (India) for
providing the necessary facilities for conducting the study. We also acknowledge Bioinformatics
Infrastructure Facility, DST, SERB, GOI, New Delhi (India) for providing the financial support.

Ethical statement: The study was approved by the Institutional Animal Ethics Committee (IAEC)
of Gauhati University, Guwahati, India. All methods involving animals were carried out in
accordance with relevant guidelines and regulations.

Conflict of interest: The authors declare no conflict of interest.

REFERENCES

Ahmed, M., Kundu, G., Al-Mamun, M., Sarkar, S., Akter, M., and Khan, M. 2013. Chromium (V1)
induced acute toxicity and genotoxicity in freshwater stinging catfish, Heteropneustes fossilis.
Ecotoxicology and Environmental Safety, 92: 64-70.

Baker, P.J., Costanzo, J.P. and Lee, R.E. 2007. Oxidative stress and antioxidant capacity of a
terrestrially hibernating hatching turtle. Journal of Comparative Physiology B, 177(8): 875-883.

Biswas, B. and Kaviraj, A. 2002. Size dependent tolerance of Indian catfish Heteropneustes fossilis
(Bloch) to toxicity of cadmium and composted vegetation. Bulletin of Environmental
Contamination and Toxicology, 68: 37-42.

Chew, S.F. and Ip, Y.K. 2014. Excretory nitrogen metabolism and defence against ammonia toxicity
in air-breathing fishes. Journal of Fish Biology, 84: 603-638.

Choudhury, M.G. and Saha, N. 2012. Expression of inducible nitric oxide synthase and nitric oxide
production in the mud-dwelled air-breathing Singhi catfish, Heteropneustes fossilis under
condition of water shortage. Nitric Oxide, 27: 219-227.

Duranteau, J., Chandel, N.S., Kulisz, A., Shao, Z. and Schumacker, P.T. 1998. Intracellular signaling
by reactive oxygen species during hypoxia in cardiomyocytes. The Journal of Biological
Chemistry, 273: 11619-11624.

Feder, M.E. and Hofmann, G.E. 1999. Heat-shock proteins, molecular chaperones, and the stress
response: Evolutionary and ecological physiology. Annual Review of Physiology, 61: 243-282.

Gornati, R., Papis, E. and Rimoldi, S. 2004. Rearing density influences the expression of stress-
related genes in sea bass (Dicentrarchus labrax, L.). Gene, 341: 111-118.



182 Anuradha Kalita and Manas Das

Guan, L., Chi, W., Xiao, W., Chen, L. and He, S. 2014. Analysis of hypoxia-inducible factor alpha
polyploidization reveals adaptation to Tibetan plateau in the evolution of schizothoracine fish.
BMC Evolutionary Biology, 14: 192.

Hangzo, H., Banerjee, B., Saha, S. and Saha, N. 2017. Ammonia stress under high environmental
ammonia induces Hsp70 and Hsp90 in the mud eel, Monopterus cuchia. Fish Physiology and
Biochemistry, 43: 77-88.

Huang, L.E., Arany, Z., Livingston, D.M. and Bunn, H.F. 1996. Activation of hypoxia-inducible
transcription factor depends primarily upon redox-sensitive stabilization of its alpha subunit.
Journal of Biological Chemistry, 271: 32253-32259.

Hughes, G.M. 1973. Respiratory responses to hypoxia in fish. American Zoologist, 13: 475-489.

Iwama, G.K., Thomas, P.T., Forsyth, R.B. and Vijayan, M.M. 1998. Heat shock protein expression
in fish. Reviews in Fish Biology and Fisheries, 8: 35-56.

Kalmar, B., and Greensmith, L. 2009. Induction of heat shock proteins for protection against
oxidative stress. Advanced Drug Delivery Reviews, 61: 310-318.

Kubista, M., Andrade, J., Bengtsson, M., Forootan, A., Jonak, J., Lind, K., Sindelka, R., Sjoback, R.,
Sjogreen, B., Strombom, L., Stahlberg, A. and Zoric, N. 2006. The real-time polymerase chain
reaction. Molecular Aspects of Medicine, 27: 95-125.

Lando, D., Peet, D.J., Gorman, J.J., Whelan, D.A., Whitelaw, M.L. and Bruick, R.K. 2002. FIH-1 is
an asparaginyl hydroxylase enzyme that regulates the transcriptional activity of hypoxia-
inducible factor. Genes and Development, 16: 1466-1471.

Lefevre, S., Huong, do T.T., Wang, T., Phuong, N.T. and Bayley, M. 2011. Hypoxia tolerance and
partitioning of bimodal respiration in the stripped catfish (Pangasianodon hypopthalamus).
Comparative Biochemistry and Physiology A, 158(2): 207-214.

Liang, H., Remmen, H.V., Frolich, V., Leichleiter, J., Richardson, A. and Ran, Q. 2007. Gpx4
protects mitochondrial ATP generation against oxidative damage. Biochemical and Biophysical
Research Communications, 365(4): 893-898.

Livak, K.J. and Schmittgen, T.D. 2001. Analysis of relative gene expression data using real-time
quantitative PCR and the 2-AACT method. Methods, 25(4): 402-408.

Monteiro, D.A., Almeida, J.A., Rantin, F.T. and Kalinin, A.L. 2006. Oxidative stress biomarkers in
the freshwater characid fish, Bryconcephalus, exposed to organophosphorus insecticide
Folisuper 600 (methyl parathion). Comparative Biochemistry and Physiology, 143C: 141-149.

Mustafa, S.A., Davies, S.J. and Jha, A.N. 2012. Determination of hypoxia and dietary copper
mediated sub-lethal toxicity in carp, Cyprinus carpio, at different levels of biological
organization. Chemosphere, 87: 413-422.

Nambu, J.R., Chen, W., Hu, S. and Crews, S.T. 1996. The drosophila melanogaster similar HLH-
PAS gene encodes a protein related to human hypoxia-inducible factor 1 alpha and drosophila
single-minded. Gene, 172(2): 249-254.

Paital, B. 2013. Antioxidant and oxidative stress parameters in brain of Heteropneustes fossilis under
air exposure condition; role of mitochondrial electron transport chain. Ecotoxicology and
Environmental Safety, 95: 69-77.

Pandey, S., Parvez, S., Sayeed, I., Haque, R., Bin-Hafeez, B. and Raisuddin, S. 2003. Biomarkers of
oxidative stress: A comparative study of river Yamuna fish Wallago attu (Bl. & Schn.). Science
of the Total Environment, 309; 105-115.

Paradies, G., Petrosillo, G., Pistolese, M. and Ruggiero, F.M. 2002. Reactive oxygen species affect
mitochondrial electron transport complex | activity through oxidative cardiolipin damage. Gene,
286: 135-141.

Parsell, D.A. and Lindquist, S. 1993. The function of heat-shock proteins in stress tolerance:
Degradation and reactivation of damaged proteins. Annual Review of Genetics, 27: 437-496.

Pascual, P., Pedrajas, J.R., Toribio, F., Lo™ pez-Barea, J. and Peinado, J. 2003. Effect of food
deprivation on oxidative stress biomarkers in fish (Sparus aurata). Chemico-Biological
Interactions, 145: 191-199.


https://www.ncbi.nlm.nih.gov/pubmed/?term=Huong%20do%20TT%5BAuthor%5D&cauthor=true&cauthor_uid=21056112
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wang%20T%5BAuthor%5D&cauthor=true&cauthor_uid=21056112
https://www.ncbi.nlm.nih.gov/pubmed/?term=Phuong%20NT%5BAuthor%5D&cauthor=true&cauthor_uid=21056112
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bayley%20M%5BAuthor%5D&cauthor=true&cauthor_uid=21056112

Expression of stress response genes in stinging catfish 183

Ratha, B.K., Saha, N., Rana, R.K. and Choudhury, B. 1995. Evolutionary significance of metabolic
detoxification of ammonia to urea in an ammoniotelic freshwater teleost, Heteropneustes fossilis
during temporary water deprivation. Evolutionary Biology, 8: 107-117.

Rissanen, E., Tranberg, H.K., Sollid, J., Nilsson, G.E. and Nikinmaa, M. 2006. Temperature regulates
hypoxia-inducible factor-1 (HIF-1) in a poikilothermic vertebrate, crucian carp (Carassius
carassius). The Journal of Experimental Biology, 209: 994-1003.

Richards, J.G. 2009. Chapter 10 metabolic and molecular responses of fish to hypoxia. Hypoxia Fish
Physiology, 27: 443-485.

Rio, D.C., Ares, M. Jr., Hannon, G.J. and Nilsen, T.W. 2010. Purification of RNA using TRIzol (TRI
reagent). Cold Spring Harbor Protocols, 10(6). [http://doi: 10.1101/pdb.prot543932].

Robinson, M.K., Rustum, R.R., Chambers, E.A., Rounds, J.D., Wilmore, D.W. and Jacobs, D.O.
1997. Starvation enhances hepatic free radical release following endotoxemia. Journal of
Surgical Research, 69: 325-330.

RytKonen, K.T., Akbarzadeh, A., Miandare, H.K., Kamei, H., Duan, C.M., Leder, E.H., Williams,
T.A. and Nikinmaa, M. 2013. Subfunctionalization of cyprinid hypoxia-inducible factors for
roles in development and oxygen sensing. Evolution, 67(3): 873-882.

RytKdnen, K. T., Williams, T.A., Renshaw, G.M., Primmer, C.R. and Nikinmaa, M. 2011. Molecular
evolution of the metazoan PHD-HIF oxygen-sensing system. Molecular Biology and Evolution,
28(6): 1913-1926.

Saha, N. and Ratha, B.K. 1998. Ureogenesis in Indian air-breathing teleosts: Adaptation to
environmental constraints. Comparative Biochemistry and Physiology A, 120: 195-208.

Saha, N. and Ratha, B.K. 2007. Functional ureogenesis and adaptation to ammonia metabolism in
Indian freshwater air-breathing catfishes. Fish Physiology and Biochemistry, 33: 283-295.
Salvi, M., Battaglia, V., Brunati, A.M., Rocca, N.L., Tibaldi, E., Pietrangeli, P., Marcocci, L.,
Mondovi, B., Rossi, C.A. and Toninello, A. 2007. Catalase takes part in rat liver mitochondria

oxidative stress defense. The Journal of Biological Chemistry, 282(33): 24407-24415.

Semenza, G.L. 1998. Hypoxia-inducible factor 1: Master regulator of O, homeostasis. Current
Opinion in Genetics and Development, 8: 588-594.

Staples, J.F. and Buck, L.T. 2009. Matching cellular metabolic supply and demand in energy-stressed
animals. Comparative Biochemistry and Physiology A, 153: 95-105.

Svobodovd, Z., Lloyd, R., Machova, J., and Vyukusova, B. 1993. Water Quality and Fish Health
EIFAC Technical Paper 54. FAO, Rome, Italy.

Thakur, N.K. 1991. Possibilities and problems of catfish culture in India. Journal of Inland Fisheries
Society of India, 23(2): 80-90.

Trasvifa-Arenas, C.H., Garcia-Triana, A., Peregrino-Uriarte, A.B. and Yepiz-Plascencia, G. 2013.
White shrimp Litopenaeus vannamei catalase: Gene structure, expression and activity under
hypoxia and reoxygenation. Comparative Biochemistry and Physiology Part B: Biochemistry
and Molecular Biology, 164: 44-52.

Tripathi, R.K., Mohindra, V., Singh, A., Kumar, R., Mishra, R.M. and Jena, J.K. 2013. Physiological
responses to acute experimental hypoxia in the air-breathing Indian catfish, Clarias batrachus
(Linnaeus, 1758). Journal of Biosciences, 38: 373-383.

Wang, J., Wei, Y., Li, X,, Cao, H., Xu, M. and Dai, J. 2007. The identification of heat shock protein
genes in goldfish (Carassius auratus) and their expression in a complex environment in
Gaobeidian Lake, Beijing, China. Comparative Biochemistry and Physiology Part C:
Toxicology, 145: 350-362.

Wenger, R.H. 2002. Cellular adaptation to hypoxia: O.-sensing protein hydroxylases, hypoxia-
inducible transcription factors, and Oj-regulated gene expression. Federation of American
Societies for Experimental Biology Journal, 16: 1151-1162.



