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Abstract 
 

To explore the plant active oxygen scavenging and photosynthesis function of 2-Cys Prx, a newly discovered member of the 

antioxidant protease family, the tobacco 2-Cys Prx gene was cloned into the plant expression vector prok II. This vector, which 

is controlled by the constitutive strong promoter CaMV35S, was introduced into tobacco by Agrobacteria-mediated 

transformation. The 816-bp open reading frame of tobacco 2-Cys Prx encodes 271 amino acids and showed high homology 

with 2-Cys Prx genes from Solanum lycopersicum, Vitis vinifera, and Populus trichocarpa, indicating 2-Cys Prx gene is highly 

conserved. The active oxygen metabolism and chlorophyll fluorescence response to salt stress were also studied. Under salt 

stress, superoxide dismutase (SOD) activity in tobacco leaves increased, while ascorbate peroxidase (APX) activity decreased. 

Additionally, the donor- and acceptor-side function of photosystem II (PSII) were affected by salt stress to different degrees, 

with the latter significantly more affected than the former. The H2O2 and malondialdehyde content of 2-Cys Prx- overexpression 

tobacco leaves under salt stress were all significantly lower than those of wild-type (CK) leaves. The PSII maximum 

photochemical efficiency (Fv/Fm) and the performance index on absorption basis (PIABS) of 2-Cys Prx- overexpression leaves 

were significantly lower than those of CK leaves under salt stress. Various relative fluorescence intensities of the 2-Cys Prx- 

overexpression plants exhibited significantly lower increases in amplitude than those of CK plants. Thus, 2-Cys Prx increased 

the salt tolerance of PSII function and lowered the PSII light inhibition effect in plants under salt stress, suggesting that 2-Cys 

Prx gene overexpression can alleviate H2O2 buildup and lower the peroxide levels of cytomembrane lipids under salt stress. 

Thus, 2-Cys Prx gene overexpression can protect oxygen-evolving complex function at the donor side of PSII under salt stress 

and improve electron transfer at the acceptor side of PSII. © 2017 Friends Science Publishers 
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Introduction 
 

When a plant is under stress, an excess of electrons may 

accumulate in its photosynthesis electron transport chain. If 

not promptly cleared, these electrons can attack monovalent 

oxygen molecules and form superoxide anions in the 

thylakoid membranes of chloroplasts (Reddy et al., 2004). 

Superoxide dismutase (SOD) within chloroplast stroma and 

the lumen of higher plants can remove H2O2 formed by 

superoxide anions (Hayakawa et al., 1984, 1985); therefore, 

the main reactive oxygen species (ROS) in chloroplasts are 

H2O2, rather than superoxide anions. H2O2 can damage 

DNA, proteins, carbohydrates and lipids in cells and can 

also induce programmed cell death (Liang et al., 2003). In 

addition, H2O2 can generate highly active and extremely 

destructive hydroxyl free radicals through the Haber–Weiss 

reaction catalyzed by iron (Sun et al., 2005). These 

hydroxyl radicals can damage the compositional subunits of 

the oxygen-evolving complex (OEC) and hamper its 

turnover (Henmi et al., 2004). Most ROS in chloroplasts 

under stress are produced by an excess of electrons in the 

photosynthetic electron transport chain, while ROS, in turn, 

hinder the normal transmission of photosynthetic electrons 

through their attack on the electron transporters and 

consequently inhibit normal photosynthesis in plants (Jiao et 

al., 2002; Farooq et al., 2009, 2015). Thus, removing ROS 

in chloroplasts, especially H2O2, is essential for the 

protection of normal photosynthesis from stress. However, 

plants do not have H2O2 scavenger catalase in their 

chloroplasts. In higher plant chloroplasts, H2O2 clearance is 

completed by ascorbate peroxidase (APX) (Asada, 2000; 

Aran et al., 2009). There are typically 10–30 mmol·L-1 of 

APX in the chloroplasts of higher plants (Nakano and 

Asada, 1987), but APX is very sensitive to excessive ROS 

under extreme stress (Dietz et al., 2002). Under high 

ROS level conditions, APX activity is significantly 
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reduced (Dietz, 2003; Santos and Rey, 2006). 

Peroxiredoxin (Prx) is a protein (without metal 

combining subunits) that removes ROS in organisms 

through the oxidation of the conserved cysteine residue (-

Cys) (Pena-Ahumada et al., 2006). Prx exists in a variety of 

organisms (Horling et al., 2001; Jang et al., 2006). In 

eukaryotes, Prx plays a leading role in the removal of ROSc 

(Winterbourn, 2008; Cox et al., 2009). In higher plants, four 

members of the Prx family have been identified: 1-Cys Prx, 

2-Cys Prx, Prx II, and Prx Q. The 2-Cys Prx protein is 

found in chloroplasts though it is encoded by a nuclear gene 

(Baier and Dietz, 1996; Baier et al., 2000). It is specifically 

located in the thylakoid membrane of the chloroplast, and its 

sequence is highly conserved (Bhatt and Tripathi, 2011; 

Baier and Dietz, 1996). In Arabidopsis thaliana, two 

subtypes of 2-Cys Prx have been identified: 2-Cys Prx A 

and 2-Cys Prx B (Brehelin et al., 2003). Under low APX 

activity conditions in plant chloroplasts, 2-Cys Prx plays an 

important role in the oxidation–reduction process, 

specifically in the clearing of H2O2 (Rouhier and Jacquot, 

2002; König et al., 2003). Wood et al. (2003) found that 2-

Cys Prx can regulate H2O2 concentration by transient 

reversible oxidative inactivation, that is, 2-Cys Prx can 

remove H2O2 selectively (Wood et al., 2003). In addition, 2-

Cys Prx can also exist in the form of complexes with high 

molecular weights, in which the proteins are connect as two 

dimers by a Cys83–Cys83 disulfide bond or form a decamer 

consisting of five identical dimmers. They participate in the 

physiological and pathological processes in plants as 

molecular chaperones (Rhee et al., 2007; Lim et al., 2008), 

and the activity of the decamer is often higher than the 

activity of the dimer (Lee et al., 2007; Kang et al., 2012). 

Under stress conditions, ROS, especially H2O2 in 

chloroplasts, can not only cause the accumulation of 

peroxidation product malondialdehyde (MDA) in 

chloroplast membranes (Sun et al., 2009), but also attack the 

His residues in D1 protein, thus inhibiting electron transport 

on the photosynthetic electron transport chain, reducing 

photosystem II (PSII) reaction center activity and inhibiting 

photosynthesis (Wei et al., 2004). Therefore, if 2-Cys Prx 

can clear ROS in chloroplasts, then 2-Cys Prx may play a 

role in the protection of PSII electron transport in plants 

under stress? If may play a role, which parts in PS II? What 

kind of role play? Contreras et al. (2010) found that 2-Cys 

Prx expression can be induced by abiotic stress, and 

enhanced 2-Cys Prx expression can effectively improve 

resistance to abiotic stress (Broin et al., 2002; König et al., 

2002). The component of PSII within the chloroplast and 

thylakoid membrane are the most sensitive parts of plants to 

environmental changes; many studies have shown that stress 

affects PSII function (Jiang et al., 2002; Lu and Vonshak, 

2002). However, the mechanism of the salt stress effect of 

2-Cys Prx on PSII photochemical activity is not clear. To 

test the photoprotection effect of 2-Cys Prx in plants under 

stress, 2-Cys Prx was cloned from tobacco, linked to the 

prokII expression vector, and transducted into tobacco 

(Nicotiana tabacum) using Agrobacteria to obtain tobacco 

plants that overexpress 2-Cys Prx. These plants were used 

as experimental materials and compared to wild-type (CK) 

control plants. The differences in ROS metabolism and 

photosynthetic functions of PSII between the 2-Cys Prx- 

overexpression tobacco leaves and CK control under stress 

conditions were studied, and the role of 2-Cys Prx in the 

photoprotection mechanism in plants was explored. 

 

Materials and Methods 
 

Experimental Details and Treatments 

 

Experimental material: Tobacco variety ‘Longjiang 911’ 

was provided by the Tobacco Institute in Mudanjiang City, 

Heilongjiang Province, China. Plant expression vector 

prokII was provided by the State Key Laboratory for Forest 

Genetics and Breeding at State Key Laboratory of Tree 

Genetics and Breeding, Northeast Forestry University, 

Heilongjiang, China. Agrobacteria strain LBA 4404 and 

competent E. coli Trans1-T1 cells were purchased from 

TransGen Biotech (Beijing, China). A reverse transcription 

kit was purchased from Invitrogen (Carlsbad, CA, USA). 

DL2000 DNA Marker and DL15000 DNA Marker were 

purchased from TaKaRa (Shiga, Japan). Taq polymerase, 

Pfu polymerase, and restriction enzymes were purchased 

from Promega (Madison, WI, US). The pJET cloning vector 

was purchased from HaiGene (Manilla, Philippines). T4 

DNA ligase was purchased from GeneCopoeia (Rockville, 

MD, USA). Primer synthesis and sequencing were 

conducted by Beijing Genomics Institute (BGI).  

 

Cloning 2-Cys Prx 

 

The full-length sequence of tobacco 2-Cys Prx obtained 

from the GenBank database (AJ309009.2) was used for 

primer design. Table 1 shows the primer sequences of 2-Cys 

Prx- S and 2-Cys Prx- A used in this study. Tender leaves 

from the top of wild-type tobacco plants were sampled for 

total RNA extraction using the CTAB method (Chang et al., 

1993), and extracted RNA was subjected to reverse 

transcription into cDNA after DNA digestion. The 2-Cys 

Prx- specific primers were used for PCR amplification with 

the synthesized cDNA as template. PCR products were 

separated by 1.0% agarose gel electrophoresis, and the DNA 

fragments were recovered, purified, and linked to the pJET 

cloning vector. The recombinant vector was then 

transformed into competent E. coli Trans1-T1 cells, and 

successfully transformed colonies were selected by 

ampicillin resistance. Single clones were picked, and 2-Cys 

Prx expression was verified by PCR of the bacteria 

colonies. The amplified fragments were sequenced by BGI.  
 

Vector Construction 
 

After the 2-Cys Prx positive clone was confirmed by 

http://www.pnas.org/search?author1=Janine+K%C3%B6nig&sortspec=date&submit=Submit
http://www.pnas.org/search?author1=Janine+K%C3%B6nig&sortspec=date&submit=Submit
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sequencing, primers containing the sequences of XbaI and 

KpnI digestion sites XbaI-2-Cys Prx- S and KpnI -2-Cys 

Prx- A (Table 1) were used for the PCR reaction. A pJET-2-

Cys Prx plasmid was used as the template to obtain the PCR 

product of the 2-Cys Prx gene containing the digestion sites. 

Then the PCR product and the prokⅡ vector were double 

digested by XbaI and KpnI, and the digested DNA 

fragments were recovered after gel electrophoresis using gel 

extraction kits (Omega, Norcross, GA, USA). The 2-Cys 

Prx and vector sequences were ligated, heat activated, and 

transformed to obtain a prokII-2-Cys Prx plasmid. After 

verification by sequencing, the plasmid was introduced into 

Agrobacteria by electroporation to obtain an Agrobacteria 

strain containing the 2-Cys Prx gene. 
 

Agrobacteria-mediated Transformation and Generation 

of Transgenic Tobacco Plantlets 
 

Agrobacteria were cultured to their logarithmic phase 

(OD600 between 0.4 and 0.5), and then they were used to 

infect tobacco leaves. The tobacco leaves were cultured on 

MS solid medium for 3 days, and then they were transferred 

to selection MS solid medium containing 0.05 mg·L-1 NAA, 

0.5 mg·L-1 6-BA, 50 mg·L-1 kanamycin, and 300 mg·L-1 

cephalosporin. When the adventitious buds grew to about 

1.0 cm long, they were transferred to MS rooting medium 

containing 50 mg·L-1 kanamycin and 300 mg·L-1 

cephalosporin.  
 

Identification of Transgenic Tobacco 
 

Tobacco leaf DNA extracted by the CTAB method 

(Porebski et al., 1997) was used as PCR template, and 

CaMV35S promoter-specific primers were used for the 

PCR reaction (CaMV35S-S and CaMV35S-A primer 

sequences are shown in Table 1). The PCR thermal cycling 

conditions were as follows: 30 s at 94°C for denaturation, 30 

s at 62°C for annealing, and 60 s at 72°C for extension, 

repeated for a total of 35 cycles. PCR products were 

separated by 1.0% agarose gel electrophoresis. The target 

fragment was approximately 800 bp in length. 
 

Treatments 
 

The 2-Cys Prx- positive plants were removed from the 

culture media. The residual culture media was washed off 

from the root surface, and the plants were place into half-

strength Hoagland solution for liquid culture for 20 days 

with 200 μmol·m-2·s-1 of light and temperatures of 25–30°C 

with a 12/12 h (light/dark) photoperiod. Non-transgenic 

tobacco (i.e. CK) was used as control. After culturing for 20 

days, the transgenic and CK tobacco seedlings with 

relatively consistent growth were transferred into half-

strength Hoagland solution containing NaCl concentrations 

of 0, 50, 100 and 200 mmol·L-1 for salt stress treatments. 

Five plants were used in each treatment. The physiological 

and photosynthetic functions of the tobacco seedlings leaves 

were tested after 48 h of salt treatment.  

The Measured Items and Methods 

 

SOD activity was determined using the nitro blue 

tetrazolium (NBT) method. The amount of enzyme 

required to photochemically reduce 50% of NBT in 1 

mL of reaction solution in a 1-h unit of time (1 h) was 

considered one enzymatic activity unit (U), and the 

enzymatic activity units in each g of fresh samples were 

described as U·g-1 (Li and Chen, 1998). APX activity 

was determined using the method by Shen Wenbiao 

(Shen et al., 1996). The enzyme activity units (again, U) 

were defined as the amount of enzyme used to catalyze 

the oxidation of 1 μmol of ascorbic acid in 1 min, and the 

enzyme activity unit in each g of fresh samples was 

described as U·g-1. H2O2 content was determined using the 

method by Lin Zifang (Lin et al., 1988). MDA content was 

determined using the method by Wang (Wang et al., 2003). 

Chlorophyll fluorescence parameter determination was 

assessed using the second to last fully expanded leaf of the 

plant in each treatment, which was selected for dark 

adaptation lasting 0.5 h. A mini modulated handheld 

chlorophyll fluorometer (FluorPen FP 100 max; Photon 

Systems Instruments, Drasov, Czech Republic) was used to 

measure the OJIP curves of leaves under different 

treatments. Each measurement was repeated three times. 

The OJIP curve was assessed under 3000 μmol·m-2·s-1 pulse 

red light, and the recording of the fluorescence signals 

started at 10 μs after exposure and stopped at 1 s after 

exposure, and 105 data points per second were recorded. 

The average values of the fluorescence intensity of the five 

OJIP curves under different treatments at each time point 

were calculated, and OJIP curves using the average values 

were plotted. The time points of 0.01, 0.15, 0.3, 2.0, 30 and 

1000 ms after exposure on the OJIP curve were defined as 

the O, L, K, J, I, and P points, respectively. The O–P, O–J, 

and O–K curves were standardized, and were expressed as 

VO–P, VO–J and VO–K, respectively. The O–P curve was 

standardized as VO–P=(Ft-Fo)/(FM-Fo). The O–J curve was 

standardized as VO–J=(Ft-Fo)/(FJ-Fo). The O–K curve was 

standardized as VO–K=(Ft-Fo)/(FK-Fo). In these formulas, Ft 

represents the fluorescence intensity at each time point. The 

relative fluorescence intensities VJ and VI at points J and I on 

the VO–P curve, the relative fluorescence intensity of VK at 

point K on the VO–J curve and the relative fluorescence 

intensity VL at point L on the VO–K curve were each 

calculated. The differences in the values of the VO–P, VO–J, 

and VO–K curves of tobacco leaves treated at different salt 

Table 1: Sequences of PCR primers 

 
Primer name Sequence (5'-3') 

2-Cys Prx-S 5'-ATGGCTTGCTGCTTCTTCTA-3' 
2-Cys Prx-A 5'-TCATATGGATGCAAAGTATTCTTG-3' 

XbaI-2-Cys Prx-S 5'-GCTCTAGACAATGGCTTGCTGC-3' 

KpnI-2-Cys Prx-A 5'-CGGGGTACCGGTCTCCAGCCTTCCTA-3' 
CaMV35S-S 5'-AGATTAGCCTTTTCAATTTCAGAAAG-3' 

CaMV35S-A 5'-CGTGTTCTCTCCAAATGAAATGAAC-3' 
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concentrations were calculated respectively and the 

differences were expressed as △VO–P, △VO–J and △VO–K, 

respectively. The JIP-test method by Strasser and Srivastava 

(1995) was used to analyze the OJIP curve to obtain the 

chlorophyll fluorescence parameters, which are the PSII 

maximum photochemical efficiency (Fv/Fm), and 

performance index on absorption basis (PIABS).  
 

Statistical Analysis 
 

The statistical analysis of enzyme activities and chlorophyll 

fluorescence parameters was performed using Excel 

(Microsoft, Redmond, WA, USA) and SPSS (version 22.0; 

IBM Corp., Armonk, NY, USA). A one-way analysis of 

variance and subsequent least significant difference 

procedures were used to compare the differences between 

different treatments.  
 

Results 
 

Cloning and Sequence Analysis of 2-Cys Prx 
 

In this study shows that the full length open reading frame 

of the tobacco 2-Cys Prx gene was 816 bp, encoding 271 

amino acids (Fig. 1‒2). A comparison of the gene sequence 

of tobacco 2-Cys Prx with other gene sequences in the 

NCBI database, showed amino acid sequence homology as 

high as 90% between the tobacco 2-Cys Prx gene sequence 

and the 2-Cys Prx gene in tomato (Solanum lycopersicum) 

and the homologies with grape (Vitis vinifera) and Populus 

trichocarpa were as high as 81%. 
 

Acquisition and Verification of 2-Cys Prx Transgenic 

Plant 
 

The CaMV35S-prokII-2-Cys Prx expression vector was 

obtained by insertion of 2-Cys Prx into the CaMV35S-

prokⅡ vector (Fig. 3). The expression vector was 

electroporated into Agrobacteria-4404 after sequence 

verification and then introduced into tobacco by 

Agrobacteria-mediated transformation. After 2 weeks of 

differentiation and selection, the resistant buds started to 

appear at the edges of the tobacco leaves. When the plantlets 

grew to 1.0 cm in length, they were transferred to rooting 

medium. A total of 42 plantlets were obtained. 

The transgenic tobacco plants were texted by PCR 

using CaMV35S strong promoter-specific primers, and a 

total of 32 plants showed the expected 800-bp PCR 

fragment. The non-transgenic control did not show the PCR 

fragment (partial results are shown in Fig. 4). The results 

showed that the 2-Cys Prx overexpression vector had been 

successfully transformed into tobacco plants.  
 

Effect of Salt Stress on SOD and APX Activities in 2-Cys 

Prx-overexpression Tobacco 
 

This is shows that as salt concentration increased the 

SOD activity of tobacco seedling leaves increased, 

while APX activity decreased (Fig. 5). At salt on 

centration of 0 and 50 mmol·L-1, the SOD activities in the 

leaves of 2-Cys Prx-overexpression and CK tobacco plants 

were nearly the same, but when the salt concentration 

reached 100 mmol·L-1, the SOD activities in the leaves of 

the two types of plants significantly increased. When salt 

concentrations were 100 and 200 mmol·L-1, the SOD 

activities in the leaves of 2-Cys Prx- overexpression tobacco 

plants were 9.26% (P > 0.05) and 5.84% (P > 0.05) lower 

than those of CK leaves, respectively, but the difference 

between these decreases were not statistically significant. 

The APX activities in the two types of tobacco leaves were 

 
 

Fig. 1: Nicotiana tabacum 2-Cys Prx gene sequence and 

amino acid sequence alignment 

  1 atggcttgctctgcttcttctacagcacttctttcttccaaccca 

          M  A  C  S  A  S  S  T  A  L  L  S  S  N  P  

    46 aaagcagcttccatttcccccaaatcctcctttcaagctcccatt 

        K  A   A  S  I  S  P  K  S  S  F  Q  A  P  I  

    91 tctcaatgtttatctgtaccttcctctttcaatgggctccgtaat 

       S  Q  C  L  S  V  P  S  S  F  N  G  L  R  N  

   136 tgcaagccttttgtttctcgtgtagcccgttccctctctactcgc 

       C  K  P  F  V  S  R  V  A  R  S  L  S  T  R  

   181 gttgctcaatcccaacgccgtcgtttcgttgttcgtgcctctagt 

       V  A  Q  S  Q  R  R  R  F  V  V  R  A  S  S  

   226 gaacttccacttgttggaaatcaagcgccagactttgaggctgaa 

        E  L  P  L  V  G  N  Q  A  P  D  F  E  A  E  

   271 gctgtttttgatcaagaattcatcaaggttaaactatctgagtac 

       A  V  F  D  Q  E  F  I  K  V  K  L  S  E  Y  

   316 attgggaagaagtatgtcattctctttttctacccactagacttt 

       I  G  K  K  Y  V  I  L  F  F  Y  P  L  D  F  

   361 acatttgtttgcccaacagagatcactgctttcagtgaccgttat 

        T  F  V  C  P  T  E  I  T  A  F  S  D  R  Y  

   406 ggagaatttgaaaagttgaacacagaaatattgggtgtttccgta 

        G  E  F  E  K  L  N  T  E  I  L  G  V  S  V  

   451 gacagtgtgttctcccaccttgcctgggtccaaaccgaaagaaag 

        D  S  V  F  S  H  L  A  W  V  Q   T  E   R  K  

   496 tctggtgggctaggtgatttgaactatccattaatttctgacgtg 

       S  G  G  L  G  D  L  N  Y  P  L  I  S  D  V  

   541 accaagtcaatttcaaaatcatacaatgtactgatccccgatcag 

        T  K  S   I  S  K  S  Y  N  V  L  I   P  D  Q  

   586 ggaattgcattgagaggacttttcatcattgacaaggaaggagtt 

        G  I  A  L  R   G  L  F  I  I  D   K  E  G   V  

   631 attcagcattcaaccattaacaatcttggaattggtcggagtgtt 

        I  Q  H  S  T  I  N  N  L  G   I  G  R   S  V  

   676 gatgaaacattgagaactcttcaggcattgcaatacgttcaggat 

        D  E  T  L  R  T  L  Q  A  L  Q  Y  V  Q  D  

   721 aacccggatgaagtgtgcccagctggatggaagcctggggagaaa 

        N  P  D   E  V  C  P  A   G  W  K  P   G  E   K  

   766 tccatgaagcctgaccccaagggtagcaaagaatactttgcatcc 

        S  M  K  P  D  P   K  G   S  K   E  Y  F  A  S  

   811 atatga 816     

         I  *  
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significantly reduced when the salt concentration was 

increased to 100 mmol·L-1, but the differences in APX 

activities between the 2-Cys Prx-overexpression and CK 

tobacco leaves under different salt concentrations were not 

significant.  
 

Effect of Salt Stress on H2O2 and MDA Contents in 2-

Cys Prx- overexpression Tobacco 
 

As salt concentrations increased, the H2O2 and MDA 

contents of both control and experimental plants 

increased (Fig. 6). When the salt concentration was 0 

mmol·L-1, H2O2 and MDA contents of the 2-Cys Prx 

overexpression leaves were slightly lower than those of CK 

leaves, but the differences were not significant. When the 

salt concentration increased to 50 mmol·L-1, H2O2 and 

MDA contents in CK leaves increased 26.97% (P < 0.05) 

and 63.77% (P < 0.05), respectively, but the H2O2 and 

MDA contents of the 2-Cys Prx-overexpression leaves 

showed no significant changes. As the salt concentrations 

increased further, the H2O2 and MDA contents of the two 

types of tobacco leaves increased significantly, but when 

salt concentrations were 100 and 200 mmol·L-1, the H2O2 

contents of the 2-Cys Prx overexpression leaves were 

45.00% (P < 0.05) and 38.94% (P < 0.05) lower than those 

of the CK leaves, respectively, and the MDA contents were 

32.50% (P < 0.05) and 26.15% (P < 0.05) lower. 
 

Effect of Salt Stress on the OJIP curve in 2-Cys Prx- 

overexpression Tobacco Leaves 
 

Under different salt stress conditions, the relative 

fluorescence intensities at point O of the OJIP curve of CK 

tobacco leaves were all significantly increased compared 

with those plants not in a salt stress condition (Fig. 7). The 

relative fluorescence intensities at point P under salt 

concentrations of 100 and 200 mmol·L-1 were significantly 

 
 

Fig. 2: Alignment of Nicotiana tabacum 2-Cys Prx (Nt 2-

Cys Prx) protein sequence with the protein sequences of 

Solanum lycopersicum 2-Cys Prx (Sl 2-Cys Prx), Vitis 

vinifera 2-Cys Prx (Vv 2-Cys Prx), and Populus 

trichocarpa 2-Cys Prx (Pt 2-Cys Prx) 
 

 
 

Fig. 3: The construction map of 35S:: prokⅡ::2- Cys Prx 

and the test of the expression vector of prokⅡ::2-Cys Prx 
Note: M: DNA maker DL15000; 1: The test product of the expression 

vector of prokⅡ::2-Cys Prx 

 

 
 

Fig. 4: PCR identification of transgenic tobacco plants 
The lanes contained the following samples: M, DL2000 DNA marker; 

CK+, 35S::prokⅡ::2-Cys Prx plasmid; CK-, wild-type tobacco; 1-5, 2-Cys 

Prx-overexpression tobacco line 

 
 

Fig. 5: Effect of salt stress on the superoxide dismutase (A) 

and ascorbate peroxidase activities (B) in leaves of CK and 

2-Cys Prx-overexpression tobacco plants. Data in the 

figures are means ± S.E., Bar graphs depict mean ± SE, 

values followed by different small letters mean significant 

difference (p<0.05) 
than those of the CK leaves, respectively. The differences were all 

statistically significant 

 

 
 

Fig. 6: Effect of salt stress on the H2O2 (A) and 

malondialdehyde MDA (B) contents in leaves of CK and 

2-Cys-Prx overexpression tobacco plants. Bar graphs 

depict mean ± SE, values followed by different small 

letters mean significant difference (p<0.05) 
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decreased, and at 200 mmol·L-1 salt stress, the extent of 

the decrease in the relative fluorescence intensity at 

point P was significantly larger than those under the 

100 mmol·L-1 salt stress treatment, that is, with 

increasing salt concentrations, the OJIP curves of the 

tobacco leaves were flatter. Under salt stress conditions, 

the relative fluorescence intensities in the leaves of 2-

Cys Prx- overexpression tobacco at point O on the OJIP 

curve were also significantly increased, but there were 

no significant differences among salt concentration 

treatments, and the relative fluorescence intensities at point 

P showed no significant changes compared to those under 

no salt stress, but the relative fluorescence intensities at 

points J and I were significantly increased. 

Effect of Salt Stress on Fv/Fm and PIABS in 2-Cys Prx- 

overexpression Tobacco 

 

Increased salt concentration significantly decreased both 

Fv/Fm and PIABS in both experimental and CK tobacco 

seedlings, but the extent of decrease in the 2-Cys Prx- 

overexpression tobacco was significantly smaller than that 

in CK tobacco (Fig. 8). As salt concentrations increased, the 

differences between the two types of tobaccos increased 

gradually. When salt concentrations were 0 and 50 

mmol·L-1, there were no significant differences in Fv/Fm 

values between the experimental and control plants, but 

when the salt concentrations were 100 and 200 mmol·L-1, 

the Fv/Fm values in the leaves of the 2-Cys Prx- 

overexpression plants were 12.88% (P > 0.05) and 49.83% 

(P < 0.05) higher than those in the leaves of CK plants, 

respectively. In addition, when the salt concentration was 

increased to 200 mmol·L-1, the PIABS values in the leaves of 

2-Cys Prx- overexpression plants were 2.64 times those in 

the leaves of CK plants. 
 

Effect of Salt Stress on the Standardized O-P Curve of 

2-Cys Prx- overexpression Plants 
 

According to the standardized OJIP curves under different 

salt concentrations, the relative variable fluorescence at 

points J and I (VJ and VI, respectively) in leaves of tobacco 

plants at salt concentrations of 50, 100 and 200 mmol·L-1 

were all significantly increased compared to those at a salt 

concentration of 0 mmol·L-1 (Fig. 9). Moreover, the 

variation amplitude of VJ was significantly larger than that 

of VI. The VJ and VI values in the leaves of CK tobacco 

plants increased with salt concentration. However, although 

the VJ and VI values in the leaves of 2-Cys Prx- 

overexpressing tobacco were significantly increased at salt 

concentrations of 50, 100 and 200 mmol·L-1 compared to 

the VJ and VI values at the 0 mmol·L-1 salt concentration, the 

differences among the three different salt treatments were 

relatively small. 

At a salt concentration of 200 mmol·L-1, the value of 

VJ in 2-Cys Prx- overexpression tobacco was 18.54% 

(P<0.05) lower than that of CK plants, but when the salt 

concentrations were 0, 50 and 100 mmol·L-1, the VJ values 

showed no significant differences between the two types of 

tobacco (Fig. 10). The VI values of 2-Cys Prx- 

overexpression tobacco at salt concentrations of 0, 50, 100, 

and 200 mmol·L-1 were 4.72% (P < 0.05), 7.47% (P< 0.05), 

8.93% (P < 0.05), and 8.64% (P < 0.05) lower than the VI 

values of CK plants, respectively, and the differences were 

all statistically significant. 
 

Effect of Salt Stress on the Standardized O-J curve in 2-

Cys Prx- overexpression Tobacco 
 

The relative variable fluorescence at 0.3 ms of point K 

(VK) on the standardized O-J curves significantly differed 

among different salt concentration treatments (Fig. 11). 

 
 

Fig. 7: Effect of salt stress on the chlorophyll a 

fluorescence transient (i.e., the OJIP curve) in CK and 2-

Cys Prx-overexpression tobaccos 

 

 
 

Fig. 8: Effect of salt stress on Fv/Fm (A) and PI ABS (B) in 

leaves of CK and 2-Cys Prx-overexpression tobacco plants. 

Bar graphs depict mean ± SE, values followed by different 

small letters mean significant difference (p<0.05) 

 

0

0.2

0.4

0.6

0.8

1

0 50 100 200

NaCl concentration (mmol•L
–1

)

F
v
/F

m

CK 2-Cys Prx

a
bc

c

d

a
ab bc bc

A

0

0.3

0.6

0.9

1.2

1.5

0 50 100 200

NaCl concentration (mmol•L
–1

)

P
I

A
B

S

CK 2-Cys Prx

a

bc

cd
d

a

b bc bcd

B



 

Improving Stress Tolerance in Tobacco Using Clone / Int. J. Agric. Biol., Vol. 00, No. 0, 201x 

 741 

With the salt concentration increases, the VK values in 

tobacco leaves showed obvious increasing trends, but 

the extent of the VK increase in 2-Cys Prx- 

overexpression tobacco was significantly lower than 

that in CK tobacco. Quantitative analysis showed (Fig. 

12) that, at salt concentrations of 50, 100, and 200 

mmol·L-1, the VK values of the 2-Cys Prx- 

overexpression tobacco were 5.62% (P<0.05), 8.96% 

(P<0.05), and 13.71% (P < 0.05) lower than those of 

the CK leaves, respectively, and the differences were all 

statistically significant. With the increase in salt 

concentrations, the differences between the two types of 

tobaccos were more obvious.  

Effect of Salt Stress on the Standardized O–K curve in 

2-Cys Prx- overexpression Tobacco 

 

The relative variable fluorescence of point L at 0.15ms (VL) 

on the standardized O–K curve significantly differed under 

different salt concentration treatments (Fig. 13). As salt 

concentration increased, the VL values significantly 

increased, but the extent of the increase in 2-Cys Prx- 

overexpression tobacco were significantly smaller than 

those of CK tobacco. Quantitative analysis showed that 

 
 
Fig. 9: Effect of salt stress on chlorophyll a 

fluorescence transients (i.e., OJIP curves). The OJIP 

curves were normalized between Fo to FP using the 

equation Vt = (Ft - Fo)/(FP - Fo) and then subtracting 

the kinetics estimated from CK plants (at a NaCl 

concentration of 0 mmol·L-1) from the kinetics of 

different salt stress treatments (i.e., △V O–P = VO–P (salt) - 

VO–P (CK)) in CK and 2-Cys Prx-overexpression tobacco 

 

 

 
Fig. 10: Effect of salt stress on V J (A) and VI (B) in 

CK and 2-Cys Prx-overexpression tobacco. Bar graphs 

depict mean ± SE, values followed by different small 

letters mean significant difference (p<0.05) 
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Fig. 11: Effect of salt stress on chlorophyll a fluorescence 

transients (at O–J) were normalized between Fo to FJ, as 

determined by using the equation Vt = (Ft - Fo)/(FJ - Fo) 

and then subtracting the kinetics estimated from CK plants 

(at a NaCl concentration of 0 mmol·L-1) from the kinetics 

under different salt concentration treatments (i.e., △V O–J = 

VO–J (salt) - VO–J (CK)) in CK and 2-Cys Prx-overexpression 

tobacco 

 

 
 

Fig. 12: Effect of salt stress on VK in CK and 2-Cys Prx-

overexpression tobacco. Bar graphs depict mean ± SE, 

values followed by different small letters mean significant 

difference (p<0.05) 
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(Fig. 14), at salt concentrations of 50, 100 and 200 

mmol·L-1, the VL values in 2-Cys Prx overexpression 

tobacco were 2.74% (P > 0.05), 5.77% (P > 0.05) and 

10.86% (P < 0.05) lower than those of CK tobacco, 

respectively. However, the differences between the 

experimental and control tobacco plants were statistically 

significant only at a salt concentration of 200 mmol·L-1. 

 

Discussion 
 

In this study, the tobacco 2-Cys Prx gene was cloned and 

found to have amino acid sequence homologies as high as 

90% with sequences from other species (Fig. 2). This 

indicates that 2-Cys Prx is highly conserved. Plant 

expression vector 35S-prokⅡ-2Cys Prx containing the 35S 

promoter was then constructed and transducted into tobacco. 

Molecular verification and physiological testing was then 

conducted on the 2Cys Prx-overexpression tobacco. 

Kim et al. (2013) transferred the 2-Cys Prx gene from 

rice (Oryza sativa) into Saccharomyces cerevisiae and 

found that the heterologous expression of 2-Cys Prx in S. 

cerevisiae increased the oxidation–reduction balance in S. 

cerevisiae 40°C, indicating that 2-Cys Prx effectively 

regulates the reactive oxygen balance in organisms. H2O2 in 

plant cells is the intermediate product in the process of water 

splitting and oxygen liberation. When the function of the 

water splitting complex is suppressed, H2O2 is generated. 

When the function of the water splitting complex is normal, 

most H2O2 molecules are produced by the dismutation effect 

of SOD (Zhu et al., 2007). In chloroplasts, H2O2 produces 

hydroxyl radical (OH) through the Haber–Weiss reaction, 

which causes peroxidation in the lipid of the chloroplast 

membrane, thereby increasing levels of the peroxidation 

product MDA in the chloroplast membrane (Jiang et al., 

1994). Therefore, the removal of H2O2 from chloroplasts is 

an important part of relieving oxidation stress in plants. 

Jiang (2011) indicated that enhanced 2-Cys Prx expression 

could significantly improve the germination rate and 

seedling antioxidant level of transgenic tobacco under salt 

stress. Additionally, overexpression of the peroxide protein 

(PreQ) gene in corn (Zea mays) could increase plant 

resistance to fungi and enhance anti-oxidation ability 

(Kiba et al., 2005). In our study, as salt concentration 

increased, SOD activities in the cells also increased, and 

H2O2 produced by superoxide anion dismutation 

increased, but at the same time, APX activity, which can 

remove H2O2, decreased significantly. The excess of 

H2O2 increased MDA content in tobacco leaf 

membranes, and the cells suffered serious oxidative stress 

(Fig. 5; Fig. 6). However, when there were no significant 

differences in the SOD and APX activities between the CK 

and 2-Cys Prx- overexpression tobaccos, the H2O2 and 

MDA contents of 2-Cys Prx- overexpression tobacco were 

significantly lower than those of CK tobacco. Especially 

under the high salt stress condition that induced large 

decreases in APX activity, the differences in H2O2 and 

MDA contents were more pronounced, indicating that under 

severe stress, overexpression of 2-Cys Prx can effectively 

alleviate H2O2 and reduce membrane lipid peroxidation 

levels. 

The reduced photosynthesis of plants under salt 

stress is related to salt-induced ROS imbalance in plant 

cells (Yang et al., 2007; Assaha et al., 2015). The activities 

of plant ribulose-1,5- diphosphate carboxylase (i.e., 

RuBisCo) and the regeneration rate of ribulose-1,5- 

diphosphate (i.e., RuBP) are decreased under salt stress (Vu 

 
 

Fig. 13: Effect of salt stress on chlorophyll a fluorescence 

transients (O–K), which were normalized between Fo and 

FK using the equation Vt = (Ft - Fo)/(FK - Fo) and 

subsequently subtracting the kinetics estimated from CK 

plants (at a NaCl concentration of 0 mmol·L-1) from the 

kinetics at different concentration salt stress (△VO–K = VO–K 

(salt) - VO–K(CK)) in CK and 2-Cys Prx-overexpression 

tobacco 
 

 
 

Fig. 14: Effect of salt stress on V L in CK and 2-Cys Prx-

overexpression tobacco. Bar graphs depict mean ± SE, 

values followed by different small letters mean significant 

difference (p<0.05) 
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et al., 1987), and the dark reaction process of photosynthesis 

is also suppressed, which reduces the ability to assimilate 

ATP and NADPH. This creates feedback inhibition on the 

electron transfer in the photosynthetic electron transport 

chain, resulting in the accumulation of excess electrons and 

generation of ROS (Zhang et al., 2012a). Studies have 

found that 2-Cys Prx mainly occurs on the thylakoid 

membrane (König et al., 2002, 2003). Through western blot 

analysis of the plant thylakoid membrane, Meenakumari et 

al. (2009) found that 2-Cys Prx and PSII are closely 

associated (Meenakumari et al., 2009). Baier and Dietz 

(1999) found that inhibition of 2-Cys Prx expression 

significantly reduced photosynthesis in Arabidopsis 

thaliana (Baier and Dietz, 1996; Nelson and Shem, 2004). 

Therefore, if 2-Cys Prx scavenges ROS, then 

overexpression of 2-Cys Prx in tobacco could effectively 

protect PSII reaction center function under salt stress. To 

investigate this model, this study used the chlorophyll 

fluorescence analysis technique to examine changes in 

photosynthetic apparatus function in tobacco leaves under 

salt stress. As salt concentrations increased, the OJIP curves 

in both experimental and control tobacco leaves showed 

obvious changes. The values of Fv/Fm and PIABS decreased 

in young leaves from both types of plants, but the extent of 

the decrease in 2-Cys Prx- overexpression tobacco plants 

was significantly smaller than that in the CK tobacco plants, 

that is, the overexpression of 2-Cys Prx significantly 

alleviated the extent of photoinhibition of PSII under salt 

stress. To further examine the mechanism for the differences 

in the PSII reaction center activities, OJIP curves of the 

tobacco leaves under different salt concentration treatments 

were also examined. As the chlorophyll fluorescence 

increased from the initial fluorescence up to the maximum 

fluorescence (that is, from O point to P point), there were 

two distinctly notable points, J and I. Point J reflects the 

accumulation of QA
-, and point I reflects the accumulation 

of QB
-. In other words, the increase in the relative variable 

fluorescence at point J (i.e., VJ) indicates a blockage of the 

electron transfer from the primary electron acceptor QA to 

the secondary electron acceptors QB at the electron transfer 

acceptor side (Xia et al., 2004; Chen et al., 2005); 

meanwhile, the increase in the relative variable fluorescence 

at point I (i.e., VI) indicates a blockage of electron transfer 

from QB to PQ (Ohad and Hirschberg, 1992; Kiba et al., 

2005). In this study, as salt concentrations increased, the 

values of VJ and VI significantly increased, indicating that 

salt stress inhibits electron transfer at the PSII acceptor side 

in both types of tobacco plants. However, the values of VJ 

and VI in 2-Cys Prx- overexpression tobacco across all salt 

concentrations were lower than those of CK tobacco. In 

other words, under salt stress, the electron transfer rate at the 

PSII acceptor side in 2-Cys Prx overexpression tobacco 

were significantly higher than those of CK tobacco. 

Nishiyama et al. (2011) demonstrated that ROS can inhibit 

PSII repair by inhibiting D1 protein synthesis, resulting in a 

decrease in PSII activity and, thus, more excess excitation 

energy is produced, thereby inducing more ROS and 

creating a harmful positive feedback loop (Nishiyama et al., 

2011). The secondary electron acceptor QB in the 

photosynthetic electron transport chain is mainly attached to 

D1 proteins and functions in electronic transmission (Jiang, 

2011; Zhang et al., 2013b); therefore, the relative increase 

of PSII acceptor side electron transfer in the 2-Cys Prx- 

overexpression tobacco may be caused by the effective 

protection of D1 protein under stress, but this finding 

requires further verification.  

To analyze the effect of the oxygen-evolving complex 

(OEC) on the PSII donor side in different salt treatments 

and to exclude the influence of the PSII acceptor side, the 

O–J portion of the OJIP curve was standardized. An 

increase in the relative variable fluorescence at point K, 

corresponding to 0.3 ms (VK) on the standardized O–J 

curve, was related to the inhibition of PSII electron donor 

side activity, especially the activity of the OEC (Li et al., 

2009). The values of VK showed obvious increasing trends 

in the tobacco leaves, but the increase in VK values was 

significantly lower than the increase in VJ and VI values. In 

other words, the salt stress damage to the acceptor side was 

significantly higher than the salt stress damage to the donor 

side, in agreement with previous findings (Zhang et al., 

2013a). The increase in VK values in the 2-Cys Prx- 

overexpression tobacco was significantly lower than that in 

CK tobacco, and the VK values in the 2-Cys Prx- 

overexpression tobacco was significantly lower than those 

in CK tobacco at various salt concentrations, indicating that 

salt stress can lower OEC activity. Bertamini and 

Nedunchezhian found that OEC activity was reduced by 

the stress induced degradation of the 33-kDa hydrolyzing 

protein complex or the failed efficient connection between 

OEC and PSII (Bertamini and Nedunchezhian, 2000). 

Alternatively, this may be caused by the degradation of the 

OEC core component Psa0 protein. However, under salt 

stress, especially under high salt concentrations, the 

damage to the OEC in 2-Cys Prx- overexpression tobacco 

was significantly less severe than the damage to the CK 

tobacco. Under stress, the OEC damage resulted in 

incomplete water splitting and H2O2 production. This may 

be one of the causes of the increase of H2O2 in tobacco 

leaves under salt stress (Fig. 6). However, the H2O2 content 
in 2-Cys Prx- overexpression tobacco was significantly 

lower than that in CK tobacco. In addition to effectively 

removing H2O2 in cells, 2-Cys Prx overexpression can also 

effectively reduce damage to the OEC under salt stress. 

This is one of the main reasons that 2-Cys Prx- 

overexpression tobacco showed relatively less oxidation 

damage under salt stress. ROS generated under stress in 

plant cells can directly lead to the destruction of the 

thylakoid membrane structure. Photosynthetic electron 

transporters are attached to the thylakoid membrane; 

damage to the thylakoid membrane thus further reduces 

electron transfer capacity. Therefore, stability of the 

thylakoid membrane structures ensures the activity of the 

http://www.pnas.org/search?author1=Janine+K%C3%B6nig&sortspec=date&submit=Submit
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optical system. The increase in the relative variable 

fluorescence at point L (i.e., VL) on the standardized O–K 

curve is a reliable indicator of thylakoid membrane damage 

(Zhang et al., 2012b; Ye et al., 2013). As salt concentration 

increases, the VL values of tobacco leaves significantly 

increased, but the extent of the increase in VL values in 2-

Cys Prx- overexpression tobacco was significantly lower 

than those of CK tobacco. This indicates that under salt 

stress, 2-Cys Prx overexpression can increase the stability 

of the thylakoid membrane structures, and these results are 

consistent with its effect on electron transfer at both the 

donor and acceptor side of PSII.  

 

Conclusion 
 

Under salt stress-induced low-APX activity conditions, 

overexpression of 2-Cys Prx can effectively remove excess 

H2O2 from tobacco cells. This not only reduces the 

degree of cell membrane peroxidation, but also 

alleviates the degree of inhibition of the PSII reaction 

center under salt stress. 
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