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a b s t r a c t

Animals in many aquatic ecosystems must cope with changing environmental parameters, such as tem-
perature, oxygen availability or pH. We have investigated the molecular responses to acidification in the
gills and body of zebrafish (Danio rerio) by means of quantitative real-time PCR. Expression levels of typ-
ical stress genes and genes for antioxidant defense were strongly enhanced in gills, and to lesser extents
in the body, suggesting that acidification leads to oxidative stress. Surprisingly, the globins were found to
be among the most prominent stress–responsive proteins in our study. Myoglobin showed the strongest
response of all investigated genes in the gills, as confirmed by Western blotting. These findings agree with
the role of globins in oxidative energy metabolism, but may also hint at a specific function in antioxida-
tive defense.

� 2013 Elsevier Inc. All rights reserved.

1. Introduction

Freshwater ecosystems are the habitat for about one third of the
global vertebrate diversity [1]. Many freshwater environments suf-
fer from multiple stressors like seasonal or spatial fluctuations of
temperature, oxygen, or pH [2]. On the global scale, acidification
is an acute problem of many freshwater ecosystems, mainly arising
from anthropogenic activities [3,4]. Acidification has already re-
sulted in reductions of fish stocks in several freshwater systems
[4]. The low buffering capacity of fish blood, due to a low bicarbon-
ate concentration, makes fishes particularly sensitive to acidificat-
ion [5]. The pH of the extracellular fluid is mainly adjusted by the
highly energy consuming efflux of H+ and HCO3

� along with Na+

and Cl� influxes over the gill epithelium [5]. The gills are a multi-
functional organ and the main side that is affected by fluctuations
in the aquatic environment [5,6].

The disturbance of the cellular homeostasis typically leads to a
stress response, which is triggered by defective macromolecules
[7]. This defense reaction is essential for a temporary increase of
stress tolerance and the protection of the cellular homeostasis.
Although our knowledge about universality in the response to dif-
ferent stressor is still incomplete, it is well known that certain
parts of the cellular stress response, such as molecular chaperones,
antioxidants or apoptosis enzymes, are inducible by a broad range
of environmental challenges [7,8].

It has been demonstrated in several fish species that the accli-
mation to environmental stressors like pollution lead to an in-
crease in the production of reactive oxygen species (ROS), mainly
arising from the respiratory chain [9,10]. ROS are highly reactive
molecules that participate in several signalling pathways [11].
Excessive ROS production, however, interferes with the redox state
and leads to oxidative stress, which causes damage of DNA, pro-
tein, and membranes [12]. ROS defence is mainly accomplished
by superoxide dismutases, catalases, and glutathione peroxidases
[13]. Recently, it has been suggested that globins are also involved
in ROS defence [14–17]. These small metallo-proteins play an
important role in respiration, but may also have other functions.
In addition to hemoglobin and myoglobin (Mb), neuroglobin
(Ngb) [18], cytoglobin (Cygb) [19] and globin X (GbX) [20] are
known in teleost fish.

The objective of this study was to characterize the impact of
environmental acidification on the fish gills. We focused on se-
lected stress-responsive genes. In addition to the evaluation typical
stress genes, specific attention was devoted to the globins. The
understanding of the molecular mechanisms that are involved in
a specific stress response shed light on the basis of stress tolerance
in fish species and the specific role of globins.

2. Materials and methods

2.1. Experimental design

An inbred strain of zebrafish Danio rerio (Hamilton, 1822)
(Cypriniformes) was obtained from the Max-Planck Institute for
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Developmental Biology (Dr. Brigitte Walderich, Tübingen, Ger-
many). Fishes were kept in 50 l aquaria at 24–26 �C with 12.5 h/
11.5 h day/night light cycles. Fish were fed daily with Artemia sp.
and fasted 24 h prior to the experiments. During treatment, the
zebrafish fasted and the water was renewed every 24 h. For acidi-
fication experiments, tap water was buffered with 1 mM 2-mor-
pholinoethansulfonic acid and adjusted to pH 4.0 with HCl.
Groups of male fishes (n = 4) were exposed to acidification (24,
72 and 120 h) in 6 l tanks. The experiments were repeated three
times and a total of twelve specimens were used for each period.
After treatment, gill arches of each group (n = 4) were pooled.
Tap water (mean pH 7.4 ± 0.19) served as a control and experi-
ments were performed in parallel in separate tanks.

2.2. RNA extraction

Zebrafish were anaesthetized on ice and the gills arches of each
fish were removed. Gill arches and the remaining carcasses were
rinsed in sterile PBS. For each single experiment, a pool of gill pairs
from four individuals was used. Tissue samples were grinded to a
fine powder with liquid nitrogen using a mortar and pestle. Extrac-
tion of total RNA was performed with peqGOLD Trifast™ (Peqlab,
Erlangen, Germany) according to the manufacturer’s instruction.
Total RNA was purified with the RNeasy� Mini kit (Qiagen, Hilden,
Germany), including an on-column digestion with RNase-free
DNase (Qiagen). The quality and integrity of total RNA was as-
sessed spectrometrically and by gel electrophoresis.

2.3. Molecular cloning and sequencing

Reverse transcription reactions were performed with pooled
RNA of each group resulting in three cDNA samples from each acid-
ification period (24, 72, and 120 h). cDNA was synthesized using
SuperScript™ III RT (Invitrogen, Karlsruhe, Germany) and oligo-
(dT)18 oligonucleotide primers according to the manufacturer’s
protocol. Coding sequence fragments (80–200 bp) of each gene of
interest were amplified using gene specific primers (Supplemental
Table 1). After cloning into pGEM–T easy (Promega, Mannheim,
Germany), the cDNA fragments were sequenced by a commercial
service (GATC Biotech, Konstanz, Germany).

2.4. Quantitative real-time RT-PCR

Quantitative real-time RT-PCR (qRT-PCR) experiments were
carried out on an ABI 7300 Real-Time PCR System with the ABI
Power SYBR Green Master Mix (Applied Biosystems, Darmstadt,
Germany) employing a two step protocol. For each PCR reaction,
we used cDNA equivalent to 37.5 ng total RNA. To avoid amplifica-
tion of genomic DNA we used intron-spanning oligonucleotides
(10 lm) constructed on sequences withdrawn from NCBI and
ENSEMBL databases (Supplemental Table 1). Quantification was
performed using a standard cycling protocol (95 �C 10 min, 95 �C
15 s, 60 �C 15 s; 72 �C 30 s). Primer specificity was checked by a
dissociation curves analysis with a temperature range of 60–
95 �C. Seventeen putatively stress regulated genes and two poten-
tial reference genes were investigated. The PCR reactions with each
cDNA were performed as technical triplicates resulting in nine data
points for each gene in each period (24, 72, and 120 h). Standard
curve reactions using recombinant plasmids as templates were
run as duplicates.

2.5. Analyses of expression data

The qRT-PCR data were first evaluated by ABI 7300 Sequence
Detection Software 1.3.1 (Applied Biosystems). Amplification
efficiency was determined by the slope of the standard curve.

Evaluation of expression levels was performed using the DDCT
method [21] and further analysed with IBM SPSS Statistics 20. Nine
data points (three biological � three technical replicates) were
used for comparison of mRNA levels between acidification and
control experiments. The distribution of variables and the equality
of variances were determined using the Kolmogorov–Smirnoff test
and Levene’s test. In case of homogenic variances, one-way ANOVA
followed by Dunnett’s t-test was applied, in the case of heterogene-
ity a one-way ANOVA using the Games-Howell correction for post
hoc analysis was performed (n = 9; d.f. = 36; P < 0.05).

2.6. Protein extraction and Western blotting

Protein levels of Mb and Ngb in gills was determined by Wes-
tern blotting. Acidification experiments were run as described
above. We pooled the gill pairs of three individuals from each
experimental condition. Whole gill arches were homogenized by
sonication in 20 mM HEPES, pH 7.0, with Complete™ protease
inhibitor (Roche Diagnostic, Mannheim, Germany). After centrifu-
gation, the supernatants were collected and protein concentrations
were determined by the BCA method [22]. 30 lg of whole protein
extract from each treatment was separated on a 13% SDS–PAGE
and transferred on a PVDF membrane using the semidry method.
The membrane was blocked with 2% bovine serum albumin in
TBS for 1 h and subsequently incubated in blocking solution con-
taining diluted primary antibody (1:500 D. rerio anti-Mb rabbit
antiserum or 1:20 D. rerio anti-Ngb rabbit antiserum [23]). Detec-
tion was performed using a horseradish-peroxidase-conjugated
mouse anti-rabbit antibody (1:10,000) (Dianova, Hamburg, Ger-
many) in combination with the chemiluminescent AceGlow™ (Peq-
lab). The images were scanned and imported into the ImageJ 1.46r
(http://imagej.nih.gov/ij/). Protein levels were estimated by analy-
ses of grey values. For statistical evaluation, all acidification treat-
ments were pooled. Significance levels were estimated by
Student’s T-test.

3. Results

3.1. Effects of environmental acidification on mRNA levels in zebrafish

We monitored the response to acidification employing genes that
mirror different cellular functions (Supplemental Table 2). Groups of
four male fishes were challenged with pH 4 for 24, 72 or 120 h; three
independent experiments were performed (n = 3). We investigated
the effects on the gills, which are the first target organs of environ-
mental acidification, as well as the impact on the remaining bodies.
Differences between groups were analysed by ANOVA. Two putative
reference genes (Actb, Rplp0) were tested, the mRNA levels of Rplp0
were not affected by the experimental conditions and used as refer-
ence. Most of the other investigated genes respond to the acid envi-
ronment of pH 4 with enhanced mRNA levels in the gills (Fig. 1), but
also in the remaining fish tissues (Fig. 2).

The molecular chaperones (Hsp70, Hsp90a, Ppia) showed a rapid
increase in gills. All three chaperones displayed a similar pattern of
expression changes, with the strongest response after 24 h (up to
7.6-fold for Hsp70). In the fish bodies, the response was less pro-
nounced, with Ppia showing the strongest increase of mRNA levels
(Fig. 1A). The levels of Parp and Top2, two enzymes which are in-
volved in DNA repair, had divergent responses. While Top2 mRNA
were strongly elevated for all the periods in both the gills and
bodies (Figs. 1B and 2B), Parp mRNA levels did not change in the
gills, and were mildly elevated in the bodies only at 72 h (3.1-fold).
We also tested two genes putatively involved in apoptosis. The lev-
els of Casp3, which plays a key role in the control of apoptosis [24],
were significantly enhanced in the gills after 72 and 120 h (Fig. 1C).
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