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Abstract Carbonic anhydrate is a zinc-containing metalloenzyme and involved in plant
abiotic stress tolerance. In this study, we found that heat stress could induce rice
mature carbonic anhydrate gene over-expression in rice plants. An Escherichia coli
heterologous expression system was performed to identify the function of rice mature
carbonic anhydrate in vitro. By sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE), mature OsCA fusion protein was identified and proved to be
soluble. The results of spot, survival rate, and growth curve assay demonstrated that
the expression of the mature OsCA could enhance the thermo-tolerance of the induced
mature OsCA recombinants in comparison with controls under heat stress. Meanwhile,
compared with controls, the levels of reactive oxygen species in induced mature
OsCA recombinants were apparently low under heat stress, and correspondingly,
activities of the critical antioxidant enzymes including superoxide dismutase, catalase,
and peroxidase in the induced mature OsCA recombinants were significantly in-
creased. Additionally, relative to controls, the activity of the lactate dehydrogenase
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decreased in the induced mature OsCA recombinants under heat stress. Based on these
results, we suggest that mature OsCA protein could confer the E. coli recombinants’ tolerance
to heat stress by a synergistic fashion of increasing the antioxidant enzymes’ activities to reduce
the oxidative damage and maintaining the lactate dehydrogenase (LDH) activity of E. coli.

Keywords Antioxidantenzymes .E.coli .Heat stress .Lactatedehydrogenase .Reactiveoxygen
species . Ricemature carbonic anhydrate

Introduction

Along with the development of industrialization course, carbon dioxide concentration is
increasing, temperature is rising, and the resultant global warming is becoming a seriously
ecological problem. The rise of temperature results in serious impact on global agricultural
production [1]. In rice production, heat stress has been one of the major adverse environmental
factors, which impairs crop plant growth, development, fertility, and quality [2–4]. In response
to this challenge, identifying novel genes related to heat stress and developing thermo-
tolerance-improved crop plants using various genetic approaches will be an alternative
strategy.

Carbonic anhydrase (CA) is a zinc-containing metalloenzyme, catalyzes the revers-
ible interconversion of CO2 and HCO3

− (CO2+H2O←→HCO3
−+H+) [5, 6]. Recently,

some reports have suggested that the expression of plant carbonic anhydrase genes is
linked with multiple stresses [7, 8]. In Pisum sativum, a carbonic anhydrase can retain
40 % activity under 60 °C for 15 min [9]. Cotton carbonic anhydrase can retain 60 %
activity under 55 °C for 20 min [10]. Besides, the activity of carbonic anhydrase is
increased under the stress of ABA and NaCl and drought in pea [11]. The activity of
CA in Oryza sativa is increased under low-salt conditions [12]. The enzyme activity
of recombinant β-carbonic anhydrase from Pennisetum glaucum is stable at 80 °C.
Meanwhile, transcript levels of carbonic anhydrase from P. glaucum were both
upregulated under the treatments of 150 mM NaCl and dehydration [13]. The carbonic
anhydrase isolated from the Dunaliella salina could retain activity under 1.5 M NaCl
[14]. However, until now, there is little information available on the relation between
heat stress and CA genes in rice.

In this study, we isolated a gene-encoded mature β-type carbonic anhydrase
(OsCA-M, GenBank Accession No. U08404.1) which contains 210 amino acid resi-
dues from rice. As a result of the poor information on the relation between heat stress
and the OsCA-M gene, we focused on the thermo-tolerance of OsCA-M. We con-
structed the recombinant plasmids expressing the OsCA mature protein (OsCA-M) in
Escherichia coli. The expressed polypeptide was proved to be soluble. The results of
spot assay, the survival ratios, and the growth curves showed that the expression of
OsCA-M in E. coli enhanced the tolerance of E. coli to heat stress (55 °C). Mean-
while, decreased intracellular reactive oxygen species (ROS) and increased activities
of antioxidant enzymes [superoxide dismutase (SOD), catalase (CAT), and peroxidase
(POD)] were detected in the induced OsCA-M transformants under high temperature
(55 °C). Furthermore, it was demonstrated that, compared with controls, the lactate
dehydrogenase (LDH) activity was less in the induced OsCA-M transformants under
high temperature (55 °C).

626 Appl Biochem Biotechnol (2015) 176:625–635



Materials and Methods

Materials

The indica rice variety Yuetai (O. sativa L.), which was supplied by our laboratory, was used in
this research. Rice was planted in a growth chamber at 25 °C for 2 weeks in a 16/8-h light
cycle. Fourteen-day-old seedlings were treated at 42 °C for 72 h. The leaves of seedlings were
harvested every 12 h and stored at −80 °C for further analysis.

The E. coli strain BL21 was used as the expression host strain in our study. The vector
pGEX-6P-1 (Invitrogen, USA) with glutathione S-transferase (GST) tag was used to construct
expression cassette.

Expression of OsCA in Rice

Total RNAwas isolated with TRIzol reagent (Invitrogen) and reversely transcribed to single-
strand complementary DNA (cDNA) using the ReverTra Ace transcriptase kit (Toyobo, Japan)
according to the manufacturer’s instructions. The primers for cDNA amplification were
OsCA-M-F1 (5-AACTCATCGTGGTGATTGGC-3) and OsCA-M-R1 (5-CGCATTGGTC
ATCGAAAGG-3). The rice ubiquitin gene was used as an internal standard, and the gene-
specific primers were as follows: sense, 5- CGCAAGAAGAAGTGTGGTCA-3, and anti-
sense, 5- ACGATTGATTTAACCAGTCCATGA-3. The programs of real-time polymerase
chain reaction (RT-PCR) were the following: 1 cycle at 94 °C for 5 min followed by 25 cycles
for 10 s at 94 °C, 10 s at 54 °C, and 10 s at 72 °C and final extension for 5 min at 72 °C. The
RT-PCR products (25 μl) were sized on a 2 % agarose gel. SYBR Green-based real-time
quantitative PCR (qPCR) was performed on the iCycler iQ5 Real-Time PCR Detection System
(Bio-Rad, USA). Reactions were consisted of 1 cycle at 94 °C for 5 min, followed by 35 cycles
at 94 °C for 10 s, 54 °C for 10 s, and 72 °C for 10 s and final extension at 72 °C for 5 min.
Each sample was run in triplicates, and data analysis was performed with the Bio-Rad iCycler
software (version 3.06070).

Expression and Solubility of OsCA-M in E. coli

The complete coding region of the rice CA-M gene was amplified by PCR using rice cDNA
from rice leaves as a template. The primers were 5′-CGGGATCCCGTCTTCGCCGCCCCC
GT-3′ and 5′-CGGGATCCAACTGACGAACTGAACGGAC-3′ (underline indicates a BamHI
site). The sequenced fragment was introduced into the pGEX-6P-1 vector (Invitrogen, USA)
which had been treated with the same restriction enzymes. The recombinant plasmid was also
confirmed by DNA sequencing and named pGEX:OsCA-M. Then, pGEX:OsCA-M vector was
transformed into E. coli BL21 to create BL/OsCA-M. The empty vector of pGEX-6P-1 was
introduced into E. coli to create BL/pGEX-6P-1 as the control.

BL/OsCA-M and BL/pGEX-6P-1 were cultured overnight in a lysogeny broth (LB)
medium containing 50 μg/ml ampicillin and amplified at 37 °C with shaking at 220 rpm
(THZ-C, China). When an optical density at 600 nm (OD600) reached 0.8, the bacterial cultures
of BL/OsCA-M were induced with 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) and
400 μM ZnSO4 for an additional 8 h at 30 °C. Expressed proteins were detected by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), and the bands in gels were
stained with Coomassie brilliant blue. In order to study the solubility of expressed
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heterogeneous polypeptides in recombinant E. coli, the induced bacteria were broken using a
sonication apparatus (Sonics, USA) and then centrifuged at 14,000×g for 30 min at 4 °C. The
supernatant and the pellet which contains inclusion bodies were kept in a hot bath at 100 °C for
10 min, placed on ice for 15 min, and finally separated on 15 % SDS-PAGE. The bacterial
cultures of BL/pGEX-6P-1 were used as the control.

Western Blot Analysis

For Western blotting, an equal amount of proteins were loaded per lane, separated on a 15 %
SDS-PAGE, and transferred onto a PVDF membrane (Amersham). Detection of the GST-
OsCA-M fusion protein was done using an anti-GST monoclonal antibody followed by
horseradish peroxidase-conjugated secondary antibody goat anti-rabbit IgG, and the signals
were detected with a SuperSignal West Pico Assay Kit (Thermo, USA).

Spot Assay and Survival Ratio Determination of Recombinant E. coli Under Heat
Stress

To assay the heat tolerance of E. coli recombinants, the non-induced and induced cultures of
BL/OsCA-M and BL/pGEX-6P-1 were adjusted to OD600=0.8 in a spectrophotometer and
exposed to 55 °C for 45 min. The cultures were diluted serially (1:10, 1:100, 1:1000, and
1:10,000). Five microliters of each sample and 100 μl of the 100-fold diluted samples were
spotted onto LB plates, respectively, to incubate overnight at 37 °C for 1 day. The colony
number on each plate was recorded to determine the survival ratio [15]. All of the experiments
were repeated three times.

In addition, to test the growth of E. coli cells, the non-induced and induced cultures of BL/
OsCA-M and BL/pGEX-6P-1 were adjusted to OD600=0.4 in a spectrophotometer and
exposed to 55 °C for 45 min. Then, the cultures were grown at 37 °C with shaking at
220 rpm, and the OD600 was monitored at 0, 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, and 5 h.

Measurement of Intracellular Oxidation Levels

The oxidant-sensitive probe, 6-chloromethyl-2′,7′-dichlorodihydrofluorescein diacetate acetyl
ester (CM-H2DCFDA) was utilized to measure the intracellular oxidation levels in E. coli.
After being treated at 55 °C for 45 min, the ROS of the recombinant cells were measured with
a GENMED bacterial reactive oxygen species fluorometric assay kit (GENMED Scientifics
Inc., USA) according to the manufacturer’s instructions. Relative fluorescence units (RFU)
reflect the content of ROS. Time courses of ROS in the E. coli cells were measured using the
fluorescence intensity of CM-H2DCFDA excited at 490 nm and sent out at 530 nm.

Enzymatic Activity Assay

The non-induced and induced cultures of BL/OsCA-M and BL/pGEX-6P-1 were treated at
55 °C for 45 min and measured for SOD, CAT, POD, and lactate dehydrogenase activity. The
activities of SOD, CAT, and POD were measured using an enzyme assay kit (Naniing
Jiancheng Bioengineering Institute, China). The activity of LDH in E. coli was measured
in vivo using a GENMED bacterial lactate dehydrogenase assay kit (GENMED Scientifics
Inc., USA). All procedures were carried out according to the manufacturer’s instructions.
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Statistical Analysis

All experimental data are represented as the mean over three independent replicates. The
values shown in the tables and figures represent means±SD of triplicate. Statistical signifi-
cance is determined as P≤0.05.

Results

Expression of OsCA-M Gene Is Induced by Heat Stress

The full-length cDNA of 1148 bp encodes a protein containing a chloroplast transit peptide of
63 amino acid residues and a mature protein of 210 amino acid residues (Electronic Supple-
mentary Material Fig. S1). It is known that the chloroplast transit peptide is for protein
localization, so we removed the transit peptide from the full-length OsCA to study the OsCA
mature protein (OsCA-M). RT-PCR and real-time quantitative PCR were employed to analyze
the expression patterns of OsCA-M under heat stress (Fig. 1). At 42 °C for 72 h, OsCA-M
mRNA revealed different expression patterns under different times (Fig. 1a). The expression
levels of OsCA-M were increased by 3.3-fold and 3.1-fold at the 24 and 36 h time points,
respectively, but no any remarkable change occurred at other time points (Fig. 1b). These
results implied that OsCA-M was an early-induced gene in response to heat stress.

Expression and Solubility of OsCA-M Fusion Proteins in E. coli

Cell pellets and soluble cell extracts of BL/OsCA-M were analyzed after induction. The
predicted molecular mass of OsCA-M protein was 22.8 kDa. Coomassie blue staining revealed
that a 48.8-kDa band (22.8 kDa of OsCA-M plus 26 kDa of GST) was observed in the cell
pellets and soluble cell extracts from a GST-OsCA-M recombinant (Fig. 2a). The expression of
GST-OsCA-M was further confirmed by Western blot (Fig. 2b). It was implied that the
expressed GST-OsCA-M protein was soluble.

Fig. 1 Analysis of the expression patterns of OsCA-M gene in rice (Oryza sativa. L) seedlings by RT-PCR (a)
and qRT-PCR (b) under high temperature. All values are expressed relative to the gene expression observed in
wild-type plants (1 unit). Endogenous ubiquitin was used as a control. All experiments were performed in
triplicate. ***P<0.001
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Expression of OsCA-MGene in E. coli Improves the Cell Survival Ratio Under Heat
Stress

To determine the function ofOsCA-M gene in heat stress, we analyzed the growth of the OsCA-M
transformants ofE. coli at 55 °C. The spot and growth curve assay showed that the growth levels of
non-induced and induced cultures of BL/pGEX-6P-1 and BL/OsCA-M recombinants were similar
at 37 °C. When treated with 55 °C, the non-induced cultures of BL/pGEX-6P-1 and BL/OsCA-M
grew slowly or almost had no growth. However, the induced cultures of BL/pGEX-6P-1 and BL/
OsCA-Mgrew normally and the growth of the inducedBL/OsCA-M transformants was better than
that of the induced BL/pGEX-6P-1 transformants (Fig. 3). This result (Table 1) revealed that the
cell survival ratio of the induced culture of BL/OsCA-M transformants was about 13.4-fold higher
than that of the induced culture of BL/pGEX-6P-1 transformants at 55 °C for 45 min.

Expression of OsCA-M Reduces ROS Under Heat Stress

Heat stress could cause oxidative stress to release ROS; thereby, we detected the change
tendency of ROS expressed in RFU. The change of RFU is consistent with ROS. Time courses
of RFU showed that the ROS of BL/pGEX-6P-1 and BL/OsCA-M did not show an obvious
difference between non-induced and induced cultures at 37 °C (Fig. 4). When the cells were
subjected to 55 °C, the ROS was induced in cultures of BL/OsCA-M and BL/pGEX-6P-1
transformants. The induced BL/OsCA-M bacteria had the lowest ROS level, and the induced
BL/pGEX-6P-1 bacteria had moderate ROS level, while the non-induced cultures of BL/
OsCA-M and BL/pGEX-6P-1 had high ROS level (Fig. 4).

Enzymatic Activity of Antioxidative System in E. coli Under Heat Stress

It is well known that excessive ROS is harmful to bacteria, and antioxidant enzymes play an
important role for preventing the ROS accumulation. SOD, CAT, and POD are the three main

Fig. 2 Expression of OsCA-M in E. coli was analyzed by SDS-PAGE (a) and Western blot (b). M molecular
marker; line 1 total protein extracts of BL/pGEX-6P-1 without IPTG induction; line 2 total protein extracts of
BL/pGEX-6P-1 with IPTG induction; line 3 total protein extracts of BL/OsCA-M without IPTG induction; line 4
inclusion bodies of BL/OsCA-M with IPTG induction; line 5 supernatant of BL/OsCA-M with IPTG induction.
The antibody is a GST antibody
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types of antioxidant enzymes. Thus, we measured the enzymatic activities of SOD, CAT, and
POD. As shown in Table 2, in the non-induced and induced cultures of BL/pGEX-6P-1 and
BL/OsCA-M recombinants, the activities of these three enzymes were almost similar at 37 °C.
However, when the cells were subjected to 55 °C, the activities of SOD, CAT, and POD were
increased both in non-induced and induced cultures of BL/OsCA-M and BL/pGEX-6P-1
transformants. Moreover, we also observed that relative to the non-induced cultures of BL/
OsCA-M and BL/pGEX-6P-1 transformants, the activities of these three enzymes in the

Fig. 3 The OsCA-M gene increases E. coli resistance to heat shock. a Spot assay of the E. coli cells harboring
either the BL/OsCA-M or BL/pGEX-6P-1 vector. The E. coli cultures were adjusted to OD600=0.8 and treated
with high temperature at 55 °C for 45 min and then returned to normal growth conditions. Five microliters of the
serially diluted (10-fold, 100-fold, 1000-fold, 10,000-fold) bacterial suspensions were spotted onto the LB plates.
Spot assay at 37 °C was the control. b Growth curves of the E. coli cells harboring either the BL/OsCA-M or BL/
pGEX-6P-1 vector were measured at 37 °C (left) or at 55 °C (right). The induced E. coli cultures were adjusted to
OD600=0.4 and treated with high temperature at 55 °C for 45 min and then returned to normal growth conditions,
and the OD600 was monitored; 37 °C was the normal temperature as the control. The data are the averages±
standard deviations of the three independent experiments

Table 1 Clone number and survival ratio of recombinant E. coli cells under heat stress

Character Strain −IPTG +IPTG

37 °C 55 °C 37 °C 55 °C

Clone number BL/pGEX-6P-1 >1000 0 >1000 1–10

BL/OsCA-M >1000 0 >1000 400–500

Survival ratio (%) BL/pGEX-6P-1 100 0 100 1.48±0.32

BL/OsCA-M 100 0 100 21.27±2.34***

The E. coli cells were subjected to 55 °C for 45 min, and 100 μl of each sample which was diluted (1:100) was
spread on LB plates with 1 mM IPTG and then returned to normal growth conditions. Survival ratio was
calculated according to the following formula: survival ratio= (colony number of treatment/
colony number of CK)×100%. Survival ratio at 37 °C was the control

***P<0.001, significant differences between treatments
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induced cultures were all increased at 55 °C. Meanwhile, in the induced cultures, the SOD,
CAT, and POD activities of the BL/OsCA-M increased at 18.7, 109, and 3.0 % compared with
that of the induced BL/pGEX-6P-1 transformants at 55 °C, respectively (Table 2).

Expression of OsCA-M Protects LDH Activity Under Heat Stress

Lactate dehydrogenase, which is an enzyme found in animals, plants, and prokaryotes, is
known to be a marker of injuries and is important for organisms. It has been reported that the
activity of this enzyme increases under the condition of oxidative stress, so the thermo-
protective action of OsCA-M on LDH activity was measured. We found that there were no
significant differences on LDH activities between non-induced and induced cultures of BL/
pGEX-6P-1 and BL/OsCA-M at 37 °C (Table 3). However, when the cells were subjected to

Fig. 4 The dose of ROS of the E. coli cells harboring either the BL/OsCA-M or BL/pGEX-6P-1 vector was
measured at 37 °C (a) or 55 °C (b). The induced E. coli cultures were adjusted to OD600=0.8 and treated with
high temperature at 55 °C for 45 min, and the relative fluorescence units (RFU) were monitored; 37 °C was the
normal temperature as the control. The data are the averages±standard deviations of the three independent
experiments

Table 2 The activities of SOD, CAT, and POD of recombinant E. coli cells under heat stress

Activities Strain −IPTG +IPTG

37 °C 55 °C 37 °C 55 °C

SOD BL/pGEX-6P-1 182.58±16.83 229.07±27.68 166.42±25.72 293.1±34.93

BL/pGEX-6P-1-OsCA 173.27±14.72 ns 243.03±35.13 ns 168.51±26.57 ns 347.89±13.28*

CAT BL/pGEX-6P-1 35.61±6.34 92.17±5.46 38.91±2.86 231±15.46

BL/pGEX-6P-1-OsCA 40.03±5.64 ns 93.26±4.12 ns 41.28±6.65 ns 483.25±6.22***

POD BL/pGEX-6P-1 30.94±2.22 40.17±4.07 29.5±1.8 44.5±3.5

BL/pGEX-6P-1-OsCA 30.11±2.22 ns 43.67±2.57 ns 29.33±4.25 ns 45.83±3.06 ns

The E. coli cells were subjected to 55 °C for 45 min. The E. coli cells subjected to 37 °C served as the control
(CK)

ns no significance

*P<0.05; ***P<0.001
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55 °C, the LDH activities were both upregulated in non-induced and induced cultures of BL/
OsCA-M and BL/pGEX-6P-1 transformants. The upregulation levels of LDH in the non-
induced cultures of BL/OsCA-M and BL/pGEX-6P-1 transformants were both higher than
those in the induced cultures of them. Furthermore, in the induced cultures, the LDH activity
of the BL/OsCA-M decreased at 37.2 % compared with that of the induced BL/pGEX-6P-1
transformants (Table 3).

Discussion

Recently, many plant genes related to stresses were introduced into E. coli and these genes
conferred stress tolerances of the host cells [2, 16, 17]. It is indicated that some protective
mechanisms might be common in prokaryote and eukaryote under stress conditions [18].

It is reported that the expression of CA has been linked with stress resistance in plants
[11–13]. However, it is still unknown whether OsCA could contribute to protect organisms
from heat stress. In the present study, a mature β-type rice carbonic anhydrase gene (OsCA-M)
was induced in rice when rice plants were treated with heat stress. It was implied that OsCA-M
was possibly an early-induced gene in response to heat stress (Fig. 1). On the other side, the
spot, survival rate, and growth curve assay (Fig. 3, Table 1) strongly suggested that the
expression OsCA-M protein could not only promote the normal growth of host cells but also
contribute to thermo-tolerance of the host cells. Thus, we consider that OsCA-M-expressing
transformants have more rapid recovery compared with non-expressing control transformants
and the improved growth performance of E. coli was due to the function of the OsCA-M
protein.

As we known, heat stress has been found to increase oxidative damage in the microbial cell
and affect the microbial cell survival [19, 20]. Here, we found that the treatment of 55 °C to
E. coli cells for 45 min clearly induced ROS generation and oxidative stress compared with
normal temperature (Fig. 4), and it was consistent with previous reports [21, 22]. However, the
ROS of E. coli transformants harboring the OsCA gene was much lower than that of the
control transformants at 55 °C (Fig. 4). It means that the expression of OsCA can reduce ROS
content in E. coli to protect the microbial cell from oxidative damage under heat stress.
Meanwhile, heat stress induced the activities of antioxidant enzymes (SOD, CAT, and POD)
of E. coli cells in our study (Table 2) and the activities of the antioxidant enzymes of E. coli
transformants harboring the OsCA-M gene were all higher than those of the control
transformants (Table 2). The antioxidant enzymes may serve as the frontline of defense against

Table 3 The activities of LDH of recombinant E. coli cells under heat stress

Activities Strain −IPTG +IPTG

37 °C 55 °C 37 °C 55 °C

LDH BL/pGEX-6P-1 1.62±0.22 7.07±0.76 1.63±0.14 5.92±0.54

BL/OsCA-M 1.56±0.15 ns 7.27±0.99 ns 1.85±0.1 ns 3.72±0.61*

The E. coli cells were subjected to 55 °C for 45 min. The E. coli cells subjected to 37 °C served as the control
(CK)

ns no significance

*P<0.05
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oxidative stress by preventing the ROS accumulation. Antioxidant enzymes could lead to
protection yeast and bacteria from lethal heat shock [23, 24]. The results of ROS and
antioxidant enzymes strongly suggested that ectopic expression of OsCA-M could reduce
ROS content by inducing and increasing antioxidant enzymes’ activities to protect the
microbial cell from oxidative damage under heat stress. Besides, we also found that, at
55 °C, the LDH activity of E. coli transformants harboring the OsCA-M gene was lower than
that of control transformants (Table 3). It was known that excessive ROS could cause damage
to tissue and LDH was released during tissue damage; our results also showed that the change
of LDH activity was consistent with the change of ROS (Table 3, Fig. 4). It was also implied
that the OsCA-M protein could reduce ROS accumulation to protect LDH activity to some
extent in vivo under high-temperature stress.

In conclusion, our results showed that the OsCA-M protein could provide protective
functions for the host cells’ survival under heat stress by a synergistic fashion of increasing
the antioxidant enzymes’ activities to reduce the oxidative damage and regulate the LDH
activity of E. coli. Our results established a basis for further research on the rice carbonic
anhydrase to help crop plant to have heat tolerance and provided a potential method to improve
the thermo-tolerance of rice by over-expressing OsCA-M in rice.
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