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Abstract
Background: γ-glutamylcysteine synthetase (γ-GCS) is an important enzyme in the biosynthetic pathway of phytochelatins 
and plays an important role in the detoxification of heavy metals.

Results: The present work assessed the ability of γ-GCS transgenic tobacco plants in detoxifying heavy metal cadmium. A 
γ-GCS cDNA clone was transformed from the highly cadmium-tolerant plant Pakchoi (Brassica chinensis) into tobacco plants 
under the control of the 35S promoter using the Agrobacterium-mediated leaf disk transformation method. The γ-GCS gene 
was successfully transcribed in the transgenic plants, indicated by reverse transcription PCR analysis. To assess heavy metal 
tolerance, 15 transgenic and 10 non-transgenic plants were grown in pot culture system and challenged with 100 μmol/L of cad-
mium. Higher cadmium accumulation was found in the transgenic plants than that in the non-transgenic plants. Moreover, more 
cadmium was accumulated in the roots than in the leaves of the transgenic plants. Analyses of physiological indexes, such as 
malondialdehyde content, peroxidase activity, superoxide dismutase activity, and proline content, revealed that the transgenic 
tobacco plants were superior to non-transgenic tobacco plants in resistant physiological indexes.

Conclusion: These results indicated that the expression of γ-GCS enhanced the cadmium accumulation ability as well as 
resistant physiological indexes of the transgenic tobacco plants.

Abbreviations:
γ-GCS :  Gamma-Glutamylcysteine Synthetase  

GSH :  Glutathione  

MT : Metallothioneins  

PCs : Phytochelatins  

PCS : Phytochelatin Synthase  

SAT :  Serine Acetyltransferase  

OASTL :  O-acetyl-serine (thiol) lyase 

ATP : Adenosine Triphosphate  

Cd : Cadmium  

SA : Salicylic Acid  

JA :  Jasmonic Acid  

ET :  Ethylene  

ABA :  Abscisic acid  

ROS :  Reactive oxygen species  

RT-PCR:  Reverse transcription-polymerase chain reaction  

dNTP :  Deoxynucleotide  

DNA :  Deoxyribonucleic Acid  
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RNA :  Ribonucleic Acid  
PCR :  Polymerase Chain Reaction  
SOD : Superoxyde Dismutase   
NBT : Nitroblue tetrazolium  
POD : Peroxidase  
MDA : Malondialdehyde  
TCA : Trichloroacetic Acid  
EDTA :  Ethylene Diamine Tetraacetic Acid  
ORF :  Open Reading Frame  
cDNA : Complementary DNA  
H2O2 : Hydrogen Peroxide
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Background
Globally, agricultural crops are polluted by industrial 

effluents, which affects crop yield. It is necessary to pay attention 
to the mechanisms of metal tolerance and accumulation of 
agricultural crops. Generally, heavy metals such as cadmium, zinc, 
copper, manganese, and mercury are persistent toxic environmental 
pollutants [1]. The increasing usage of metal products results in 
the subsequent accumulation of toxic metals in the environment, 
which consequently results in serious environmental problems and 
is ultimately hazardous to human life as a result of the accumulation 
of metals in the food chain [2,3]. Hence, to overcome this kind 
of environmental crisis, several researchers have reported various 
techniques for metal remediation in the environment. Among 
the methods, phytoremediation is one of the most effective and 
promising techniques to eliminate heavy metal pollution [4]. 
As accumulators, plants possess superior properties, such as 
the capability of autotrophic plants to produce high biomass 
under low nutrient supply, the capacity to reduce the spread of 
pollutants through water and wind erosion, and wide-spread public 
acceptance. Plants also produce many root exudates that support 
the proliferation of soil microflora that participate in remediation, 
especially in the rhizosphere, as well as specific chelating agents 
that mobilize elements into bioavailable forms [5]. With respect 
to the phytoremediation concept, researchers first selected wild 
plant accumulators, and approximately five hundred species have 
been discovered thus far with the capability to accumulate heavy 
metals, most of which belong to the Brassicaceae family. Although 
have several advantages over conventional physico-chemical 
methods and microorganism remediation, wild plants, which often 
tend to grow slowly and lack the enzymatic mechanism necessary 
for the efficient metabolization of chelated heavy metals, are not 
suitable for cleaning up of contaminants [6]. This has led to the 
idea of modifying plants by the introduction of exogenous gene 

expression, which may play a role in the process of heavy metal 
removal or detoxification. The discovery of more innovative 
catabolic gene transformation technologies is likely important to 
enhance the phytoremediation efficiency of plants [7].

Phytoremediation is a complex process that includes the 
solubilization and mobilization of pollutants in the soil, uptake 
and sequestration into the plant, vascular transport, and tissue 
distribution in leaf tissue, and transport and sequestration in different 
organelles of the plant [8-10]. To increase phytoremediation 
efficiency, the gene expression patterns may only need to target 
certain cellular compartments and organ types such as the 
chloroplast [11], vacuole [12], leaf, and root [13] by means of 
different promoters and targeting signals, or specific responsive 
promoters under inducible conditions. Many small peptides that 
have the general structure of (γ-Glu-Cys) n, known as glutathione 
(GSH), constitute the complete structure of phytochelatin. 
These peptides are capable of efficiently sequestrating multiple 
metal ions in metal-thiolate complexes and play a pivotal role 
in heavy metal detoxification in plants [14]. Unlike transgenic 
plants with recombinant Metallothioneins (MTs), the synthesis 
of Phytochelatins (PCs) contains several enzymatic reactions that 
occur successively through the synthesis of o-acetylserine from 
the basic material. Acetyl CoA is then used to synthesize cysteine 
with H2S in the presence of glutamic acid. Cysteine is catalyzed 
to form γ-glutamine homocysteine, and the following synthesis of 
glutathione requires glutamic acid and glycine bases in addition 
to γ-glutamine homocysteine. The monomer of PCs, GSH, is 
produced by enzymatic reactions, and finally the constitution of 
PCs is catalyzed by Phytochelatin Synthase (PCS). These synthetic 
steps of phytochelatins are catalyzed by SAT, OASTL, γ-GCS, 
GSHS, and PCS, respectively [15]. γ-glutamylcysteine synthetase 
(γ-GCS) is a rate-limiting enzyme in the PC metabolic pathway, 
and it can synthesize γ-glutamylcysteine in the presence of cysteine 
and ATP, as well as provide the precursor for the synthesis of GSH 
[16, 17]. The overexpression of γ-glutamylcysteine synthetase in 
plants results in a higher accumulation of GSH and phytochelatins, 
as well as an enhancement of Cd tolerance and accumulation 
[18, 19]. Overexpression of γ-GCS can also enhance the defense 
response of some signaling molecules such as Salicylic Acid (SA), 
Jasmonic Acid (JA), Ethylene (ET), Abscisic Acid (ABA), and 
Reactive Oxygen Species (ROS) [20]. The same functional results 
have been reported for some other genes in the PC pathway [21-23]. 
It seems that transduction of the exogenous γ-GCS gene in higher 
plants has potential for the remediation of heavy metal pollution in 
the environment. However, studies on the bioremediation of metal 
pollution using transgenic plants are limited. Hence, in this study, 
the γ-GCS gene of Pakchoi (Brassica chinensis) was cloned and 
transformed into tobacco plants. The tolerance and efficiency of 
cadmium accumulation by transgenic and non-transgenic plants 
were determined. Moreover, the physiological properties of the 
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plants, such as the malondialdehyde content, peroxidase activity, 
superoxide dismutase activity, and proline content, were also 
determined, and the putative application of transgenic plants for 
the phytoremediation of heavy metal pollution was successfully 
reported [22].

Materials and Methods
Plant materials and growth conditions

Twelve genotype varieties (A, B, C, …, K and L) of Pakchoi 
(Brassica chinensis) were selected for this experiment. Seeds were 
sown on a plastic plate containing vermiculite, the vermiculite was 
pre-watered, and each plate had one genotype. There was a total of 
12 plates, each of which were covered with plastic film to ensure 
seed germination. The plates were placed in a greenhouse (16/8 
hours of light/dark at 28℃). The plates were irrigated with half-
strength standard Hoagland solution during germination until two 
leaves were observed on each seedling. After 30 days, the seedlings 
were transferred into pot culture for plant propagation and irrigated 
with standard Hoagland solution (pH 6.5). The solution pH was 
adjusted to 6.5 by adding diluted HCl or NaOH. The Hoagland 
solution in the plastic growth containers was renewed every 3 
days. After 15 days of hydroponic culture, the Pakchoi plants were 
transferred into a nutrient solution containing 100 μmol/L of CdCl2 
to induce metal stress. The plants were harvested after 6 days of 
stress culture, and their Cd contents were determined subsequently 
with triplicate measurements for each sample.

Isolation of the cDNA conserved sequence of γ-GCS
Young leaves of genotype K (identified as a Cd-tolerant 

genotype in previous experiments) of B. chinensis were collected 
after 48 h stress and homogenized using liquid nitrogen. Total RNA 
was isolated using TRIZOL Reagent according to the manufacturer’s 
instructions (TaKaRa, Dalian). The RNA was qualified and stored 
at -70℃ until further use. RT-PCR was conducted using a Reverse 
Transcription kit according to the manufacturer’s instructions 
(TaKaRa, Dalian). The two PCR primers were constructed from 
the nucleotide sequence of γ-GCS from other known Brassica 
varieties to amplify the conserved sequence; they were the γ-GCS 
forward primer (5’- TGATTGTTGCGGCGAGTC-3’) and the 
γ-GCS reverse primer (5’- CATTCCTATGCGGTCCTT -3’). The 
reaction contained 2.0 μL of buffer, 0.5 μL of 10 mM dNTP, 1.0 μL 
of 10 nM of each of the forward and reverse primers, 0.2 μL of Taq 
DNA Polymerase (5U), 1.0 μL (10 ng/μL) of template DNA, with 
a total volume of 20 μL in each tube. The reaction conditions were 
94℃ for 5 min, followed by 35 cycles of 94℃ for 50 s, 56℃ for 1 
min, and 72℃ for 1 min). The PCR product was electrophoresed in 
1% agarose gel for 35 min. The target DNA fragment was collected 
using the Gel Extraction Kit (Sangon, Shanghai) and stored at 
-20℃ until further use.

Cloning the full-length sequence of the γ-GCS cDNA
According to the collected cDNA conserved sequence of γ-GCS, 

the full length γ-GCS gene was amplified by using the SMARTTM 
–RACE KIT (Takara, Dalian). Combined with the provided UPM 
primers, the amplification primers of 3’ and 5’ end overall length 
sequences (γ-GCS 3’-GTCGCTGAGGAAATGGGAATCGGTT, 
γ-GCS 5’-ATGCCGAAAGTTGGTTCCC TTGGAC) were 
designed by software Primer 5.0. Experimental procedures followed 
manufacturer’s instructions (Clontch, USA). After obtaining the 3’ 
and 5’ end sequences, Primer 5.0 was utilized to splice the full 
length of γ-GCS genes and to design the primers (γ-GCS-OF 
5’- TTCGGATCCCTTCCTTCTTCCTTCACG-3’, γ-GCS-OR 
5’- CTCGAGCTCTCACAAACTCACACCTTCTT-3’) for the 
amplification of the full length of γ-GCS. Restriction enzyme 
cutting sites BamH I and Sac I were attached to either of the 
primers for restriction digestion in the following experiments.

Construction and expression of the γ-GCS gene in a 
plasmid

Experimental tobacco (Nicotiana tabacum) K326 seeds were 
cultivated on solid MS culture medium (standard) in sterile culture 
bottles. The bacteria used in this experiment are E. coli DH5α and 
Agrobacterium tumefactions EHA105. The plasmid pMD-18-T 
was obtained from the Takara (Dalian) company. The restriction 
enzymes SmaI and SacI were used to digest the pMD-18T-γ-GCS 
and the eukaryotic expression vector pBI121 at 37 ℃ for 16 h. T4 
DNA Ligase (obtained from Takara) was used to clone the γ-GCS 
fragment into pBI121 overnight. The constructed eukaryotic 
expression vectors (Fig. 1) were introduced into Agrobacterium 
tumefaciens strain EHA105.

Figure 1: The sketch diagram of the γ-GCS gene expression vector con-
struction. In order to further verify the result of this vector, restriction sites 
SmaI and SacI were added in this plasmid.
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PCR analysis of transgenic plants
The γ-GCS gene in EHA105 was transformed into tobacco 

plants using the Agrobacterium tumefaciens mediated tobacco 
leaf disc method following Oh et al. [24]. Transgenic tobacco 
plants and wild tobacco plants were placed in greenhouse (16/8 
hours of light/dark at 28℃) and irrigated with standard Hoagland 
solution. After 15 days, these plants were stressed by 100 μmol/L 
of CdCl2. The leaves and roots of tobacco plants were harvested 
after 6 days of stress culture. Genomic DNA was isolated from 
transgenic tobacco according to the method of Edwards et al. [25]. 
PCR amplification was performed under the following conditions: 
94℃ for 5 min, 30 cycles of 94℃ for 50 s, 62℃ for 1 min, and 
72℃ for 1 min. Finally, the PCR products were separated using 
1% agarose gel electrophoresis, and then extracted and stored at 
-18℃ for further use.

Gene expression analysis by semi-quantitative RT-PCR
RNA was extracted from tobacco leaves and reverse 

transcribed into cDNA. A 1-μl cDNA template sample was used 
to amplify the target genes and the actin gene by semi-quantitative 
PCR amplification, and the numbers of cycles were 28 and 26, 
respectively. After the PCR amplification, the amplified RNA gene 
and actin RNA gene samples were mixed and 10 μl of the mixed 
samples were separated by 2.5% agarose gel electrophoresis 
and observed using 2 μl of bromophenol blue as an indicator; 
photographs were documented with gel imaging systems. The one 
gel quantification software was used for density scanning of the 
electrophoretic bands. The contrast and brightness of the target 
genes of γ-GCS and the actin gene bands were analyzed, and the 
transcription level of expression was based on a brightness ratio.

Determination of cadmium content
The metal concentration in the plant tissues was analyzed 

using an atomic absorption spectrophotometer method. In brief, 
a standard cadmium solution was prepared by dissolving 1.000 
g of cadmium in a small amount of hydrochloric acid. Then, 
the solution was diluted in 1% hydrochloric acid made up to 1 
L. To determine the cadmium concentration in the leaf and root 
of the tobacco plant, these tissues were cleaned using water, and 
weighed. An appropriate amount of the tobacco plant was dried in 
an oven at 70℃ overnight. The dried plant materials were ground 
into a powder using a mortar and pestle. Concentrated nitric acid 
(10 ml) was added to 1 g of dried plant samples in a small beaker 
and digested overnight, after which the beaker was carefully laid 
on a heating plate until red-brown nitrogen dioxide gas was no 
longer produced. After the beaker cooled, a small amount of 70% 
perchloric acid was added. The beaker was reheated to evaporate 
the liquid to a smaller volume. Then, the sample solution was 
dissolved in a 50-ml flask that contained a specific volume of 
deionized water. The cadmium concentration in the transgenic and 

non-transgenic tobacco plant tissues was calculated by substitution 
of sample absorptions in a curvilinear equation (y = 0.1769*x + 
0.0118) of a cadmium standard solution, where ‘x’ denotes the 
sample absorption. Cadmium contents were determined with 
triplicate measurements for each sample.

Physiological index of transgenic tobacco plants
Superoxide Dismutase (SOD)

Tobacco leaves (0.5 g) were homogenized using quartz sand 
and 1 ml of ice-cold 0.05 M pH 7.8 phosphate buffer in an ice 
bath. Then, the homogenous enzyme solution was transferred into 
a 5-ml centrifuge tube and made up to a final volume of 5 ml by 
adding phosphate buffer. The enzyme solution was maintained 
at 60Ocin a water bath for 15 min, cooled for several minutes, 
and then centrifuged at 10000 r/min for 20 min, after which the 
enzyme solution of the supernatant was collected for the enzyme 
assay. This step was repeated three times. The NBT photoreduction 
method was used in the SOD assay. The SOD enzyme reaction 
mixture consisted of 5.4 ml of reaction liquid, 0.1 ml of enzyme 
solution, and 0.5 ml of riboflavin. The blank control consisted of 
5.4 ml of reaction liquid, 0.1 ml of distilled water, and 0.5 ml of 
riboflavin. The blank control was kept under dark conditions; the 
other test tubes were kept under 4000 lx light for 20 min. Prior 
to measuring the absorbance of the sample at 560 nm, the initial 
value was adjusted to zero using the blank control. Subsequently, 
the sample absorbance was measured at 560 nm. SOD enzyme 
activity was calculated using the following formula: SOD (U/g 
FW) = (ACK-AE) *VT/Ack/0.5/W/Vs (where VT is the total 
volume of the enzyme solution (ml); VS is the used volume of the 
enzyme solution (ml); W is the fresh weight of the tobacco leaves 
(g); ACK is the absorbance of the buffer solution substitute for the 
enzyme solution; and AE is the absorbance of the sample tubes). 
SOD value was determined with triplicate measurements for each 
sample.

Peroxidase (POD)
Tobacco leaves (0.5 g) were ground into a uniform pulp 

by adding a small amount of quartz sand and 1 ml of 0.05 M 
phosphate buffer (pH 6.0); the homogenate of the enzyme solution 
was transferred into a 5-ml centrifuge tube and phosphate buffer 
was added to a final volume of 5 ml. The enzyme solution was 
centrifuged at 4000 r/min for 15 min and the supernatant was 
collected for the enzyme assay. The experiments were conducted 
in triplicate. The enzyme solution boiled for 5 min was considered 
as the control group. After adding the enzyme solution, the 
reaction mixture was immediately immersed in a water bath at 
34℃ for 3 min, after which the solution was rapidly diluted to 
half concentration. The absorbance was recorded at one-second 
intervals at 470 nm using a colorimeter. The absorbance data were 
recorded five times at the respective intervals. The enzyme activity 
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was determined by analyzing the variation in the absorbance 
between the one-second intervals. One unit of enzyme activity was 
expressed as the variation in the absorbance at 470 nm (0.01) in 
one second. The calculation formula was as follows: Activity of 
peroxidase = ΔA 470*VT/W/VS/0.01/t (VT is the total volume of 
the enzyme solution (ml); VS is the used volume of the enzyme 
solution (ml); W is the fresh weight of the tobacco leaves (g); 
ΔA 470 is the variation in the absorbance between each second; t 
is the reaction time). POD value was determined with triplicate 
measurements for each sample.

Malondialdehyde (MDA)
Tobacco leaves (0.5 g) were ground into a uniform pulp 

by adding a small amount of quartz sand and 5 ml of 5% TCA, 
followed by centrifugation at 3000 rpm/min for 10 min. Then, two 
ml of the supernatant was collected and added to 2 ml of 0.67% 
TBA, mixed and placed in boiling water for 30 min, after which 
the samples were cooled and centrifuged again. This was repeated 
three times. The absorbance of the supernatant was determined at 
450 nm, 532 nm, and 600 nm. The MDA concentrations of the 
solution and plant tissue were calculated using the following 
formula: A532 – A600 = 155000*C*L; Error correction formula: C/
μmol/L = 6.45(A532 – A600) – 0.56A450 (A450, A532, A600 indicate the 
absorbance at 450 nm, 532 nm, and 600 nm, respectively; C is the 
MDA concentration of the extraction solution; L is the thickness 
of the cuvette). MDA value was determined with triplicate 
measurements for each sample.

Proline
The different plant leaves (0.5 g) were accurately weighed 

for proline analysis. The leaf samples were added to 5 ml of 3% 
sulfosalicylic acid solution in glass tubes. The tubes were heated 
in a boiling water bath for 10 min with frequent shaking. After 
cooling, the samples were filtered into clean test tubes, and this 
filtrate was considered as the proline extract. The extract (2 ml) 
was withdrawn and placed in another clean test tube with a glass 
stopper, and 2 ml of glacial acetic acid and 2 ml of acidic indene 
ninhydrin reagent were added and heated in a boiling water bath 
for 30 min until the solution turned red. Then, 4 ml of toluene 
was added and the solution was shaken for 30 s, placed aside and 
allowed to stand for a moment, and then 10 ml of the upper liquid 
was transferred into centrifuge tubes and centrifuged at 3000 
rpm for 5 min. A straw was used to gently draw the upper red 
proline toluene solution into the cuvette; toluene was used as a 
blank control, and the absorbance value was read at a wavelength 
of 520 nm using a spectrophotometer. A regression equation (or 
the standard curve) was used to calculate the proline content in 
2 ml of the liquid (x μg/2 ml), and then the proline percentage of 
the samples was calculated. The calculation formula is as follows: 
proline content per unit fresh weight sample (μg/g) = X*5/2]/
W/106*100% (X is the proline content in 2 ml of solution; W is 

the fresh weight of the samples). Proline was determined with 
triplicate measurements for each sample.

Glutathione (GSH)
Leaf samples (2.5 g) were placed in a mortar to which 5 ml 

of pre-cooled TCA (4℃; containing 5 mmol/L Na2-EDTA) was 
added, and the samples were ground into a homogenate in an ice 
bath. The samples were centrifuged at 4℃, 12000 rpm, for 20 min 
and the supernatants were collected for determination of the GSH 
content following the method referred to in the Laboratory Manual 
Guidance of Plant Physiology Module [26]. and repeated three 
times. GSH value was determined with triplicate measurements 
for each sample.

Results
Isolation and characterization of full-length γ-GCS 

The full-length nucleotide sequence and the deduced amino 
acid sequence of γ-GCS cloned in our experiment are shown in 
Figure 2. According to the sequence results of the 3’ and 5’ end of 
the γ-GCS gene, combined with the encoded sequence of the target 
gene, and using counting software to splice the nucleotide sequence, 
we obtained a full-length gene with 1838 bp (Figure 2 and Figure 
3) (Genbank accession No. GQ996585). The open reading frame 
of γ-GCS is 1536 bp. Results of the amino acid P-BLAST analysis 
of the γ-GCS gene (Genbank accession No. ACX70134.1) coding 
region showed that there is homology between the cabbage γ-GCS 
gene and other species; the homology with Indian mustard γ-GCS 
(Brassica juncea, Genbank accession number: CAD91713.1) is 
99%, and with Brassica napus γ-GCS (Brassica napus, Genbank 
accession number: CAK24967.1) is 97%. The subtle differences 
in the amino acid sequence maybe due to the differences between 
species within the same genus; the amino acid homology with 
Cruciferous plants, such as Arabidopsis (Arabidopsis Log number: 
CAA71075.1) γ-GCS, was approximately 90%.

Figure 2: The PCR amplification result of γ-GCS gene in Brassica rapa 
var. chinensis. Notes: 1) Lane M:DNA Marker 15000; Lane 1-10: The 
full-length of the γ-GCS gene. 2) The DNA templates used in this PCR 
were isolated from ten different Brassica chinensis plants
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Translation of DNAMAN1 (1-1536)
Total amino acid number: 511, MW=57475
Max ORF starts at AA pos 1 (may be DNA pos 1) for 511 AA (1533 bases), MW=57475
CGCGGGGTCTTCCTTCTTCCTTCACGAGATTCAGGAAACACACC
1         ATGGCGTTATTGTCTCAGGCAGGAGGAGCATACACTGTCCCTTCCGGACACGTAAGCTCA
1          M  A  L  L  S  Q  A  G  G  A  Y  T  V  P  S  G  H  V  S  S
61        AAGATCAGGACTACTTCAGTTTCTGGTTGTGTAAGAAATTTGAGGATGAGTGAAGCTTAT
21         K  I  R  T  T  S  V  S  G  C  V  R  N  L  R  M  S  E  A  Y
121       GTTAGCTCCTACTCCAGGACTCTCTCTACCAACTCAAGGAGCAAGAGAGGTCATCAGTTG
41         V  S  S  Y  S  R  T  L  S  T  N  S  R  S  K  R  G  H  Q  L
181       ATTGTTGCGGCAAGTCCTCCTACAGAGGAAGCTGTAGTTGCCACTGAGCCGCTTACGAGA
61         I  V  A  A  S  P  P  T  E  E  A  V  V  A  T  E  P  L  T  R
241       GAGGATCTCATTGCTTATCTTGCCTCCGGATGCAAATCAAAGGACAAATGGAGGATAGGT
81         E  D  L  I  A  Y  L  A  S  G  C  K  S  K  D  K  W  R  I  G
301       ACAGAACATGAGAAGTTTGGTTTTGAGGTTAATACTTTACGTCCTATGAAGTATGAACAA
101        T  E  H  E  K  F  G  F  E  V  N  T  L  R  P  M  K  Y  E  Q
361       ATAGCTGAGCTGCTTAACAGCATCGCCGAGAGGTTTGAATGGGAGAAAGTATTGGAAGGT
121        I  A  E  L  L  N  S  I  A  E  R  F  E  W  E  K  V  L  E  G
421       GACAAGATCATTGGTCTCAAGCAGGGGAAACAAAGCATTTCACTTGAGCCTGGTGGTCAA
141        D  K  I  I  G  L  K  Q  G  K  Q  S  I  S  L  E  P  G  G  Q
481       TTTGAGCTTAGTGGTGCGCCTCTTGAGACTTTGCACCAAACTTGTGCTGAAGTCAACTCA
161        F  E  L  S  G  A  P  L  E  T  L  H  Q  T  C  A  E  V  N  S
541       CATCTTTATCAGGTCAAAGCTGTCGCTGAGGAAATGGGAATCGGTTTCTTAGGAATGGGT
181        H  L  Y  Q  V  K  A  V  A  E  E  M  G  I  G  F  L  G  M  G
601       TTCCAGCCCAAATGGCGTCGTGAGGACATTCCCATCATGCCTAAGGGGAGATACGACATT
201        F  Q  P  K  W  R  R  E  D  I  P  I  M  P  K  G  R  Y  D  I
661       ACGAGAAACTACATGCCGAAAGTTGGTTCCCTTGGACTTGATATGATGCTTCGGACCTGT
221        T  R  N  Y  M  P  K  V  G  S  L  G  L  D  M  M  L  R  T  C
721       ACTGTTCAGGTGAATCTGGATTTTAGCTCAGAAGCTGATATGATCAGGAAGTTTCGTGTT
241        T  V  Q  V  N  L  D  F  S  S  E  A  D  M  I  R  K  F  R  V
781       GGTCTTGCCTTGCAACCTATAGCAACGGCTCTGTTTGCAAATTCCCCTTTCACCGAAGGA
261        G  L  A  L  Q  P  I  A  T  A  L  F  A  N  S  P  F  T  E  G
841       AAGCCAAACGGGTTCCTCAGCATGAGAAGCCATATATGGACAGACACTGACAAGGACCGC
281        K  P  N  G  F  L  S  M  R  S  H  I  W  T  D  T  D  K  D  R
901       ACAGGAATGCTACCGTTTGTTTTCGATGACTCTTTTGGGTTTGAGCAGTATGTTGACTAC
301        T  G  M  L  P  F  V  F  D  D  S  F  G  F  E  Q  Y  V  D  Y
961       GCACTGGATGTTCCTATGTACTTCGCCTACCGAAACAACAAATACGTGGACTGTACTGGA
321        A  L  D  V  P  M  Y  F  A  Y  R  N  N  K  Y  V  D  C  T  G
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1021      ATGACATTTAGGCAATTTTTAGCTGGAAAGCTTCCTTGCCTCCCAGGTGAACTGCCTACA
341        M  T  F  R  Q  F  L  A  G  K  L  P  C  L  P  G  E  L  P  T
1081      TATAATGATTGGGAAAATCATCTGACGACAATATTCCTTGAGGTTCGGTTGAAGAGATAC
361        Y  N  D  W  E  N  H  L  T  T  I  F  L  E  V  R  L  K  R  Y
1141      ATGGAGATGAGAGGCGCTGATGGAGGTCCCTGGAGGAGGTTGTGCGCCCTTCCAGCTTTC
381        M  E  M  R  G  A  D  G  G  P  W  R  R  L  C  A  L  P  A  F
1201      TGGGTGGGTTTGTTCTATGATGAGGACGTTCTCCAAGCTGCCTTGGATCTGACAGCTGAC
401        W  V  G  L  F  Y  D  E  D  V  L  Q  A  A  L  D  L  T  A  D
1261      TGGACTCCAGCAGAAAGAGAGATGCTAAGGAACAAAGTTCCAGTAACTGGTTTAAAGACA
421        W  T  P  A  E  R  E  M  L  R  N  K  V  P  V  T  G  L  K  T
1321      CCGTTTAGAGATGGTTTGTTGAAGCATGTGGCTGAAGATGTCCTGAAACTCGCAACGGAT
441        P  F  R  D  G  L  L  K  H  V  A  E  D  V  L  K  L  A  T  D
1381      GGTCTAGAGCGTAGGGGATACAAGGAAGCTGGTTTCTTGAACGCTCTCACTGAAGTGGTC
461        G  L  E  R  R  G  Y  K  E  A  G  F  L  N  A  L  T  E  V  V
1441      AGAACAGGAGTTACACCGGCGGAGAATCTCTTGGAAATGTACAATGGAGAATGGGGACAA
481        R  T  G  V  T  P  A  E  N  L  L  E  M  Y  N  G  E  W  G  Q
1501      AGCGTAGACCCTGTGTTCCAGGAACTGCTGTACTAA
501        S  V  D  P  V  F  Q  E  L  L  Y  *

AGGTTGACATGAGAACAAGAAGGTGTGAGTTTGTGAAACCTGAAGAACTCAAAGTCTCTCATGAATAAGGTTTTTT-
TATTTGTTGCAATCCGGATTTGAGAACTGATTTTATTTTCTTTTGAAATTTGAAGCTGTGAAAAATAAAAATATGTAC-
TAACGATTTCGATATGGGGAAATCGTCAGGGAAGTTGCAGTGTTTGGATCTTTGAATAAAATTTACCCATTTTTTT-
GAAAAAAAAAAAAAAAAAAAAAAAAAAA

Figure 3: Nucleotide sequence and deduced amino acid sequence of γ-GCS. Start codon and stop codon are indicated by boxes. Primers of γ-GCS -QF 
and γ-GCS -OR are shown using gray boxes.

Generation of γ-GCS transgenic tobacco plants

In order to evaluate the effects of γ-GCS on heavy-metal accumulation, the Pakchoi (Brassica chinensis) γ-GCS cDNA, under 
control of the 35S promoter, was transformed into tobacco plants (Figure 4). The transgenic tobacco seedlings were placed in (16/8 
hours of light/dark at 28Oc) (Figure 5). The tested tobacco line showed amplification of the expected 1536 bp band after PCR using gene-
specific primers (Figure 6). Expression of γ-GCS in transgenic lines was confirmed by semi-quantitative RT-PCR analysis. The results 
showed that the γ-GCS gene was successfully expressed in tobacco plants (Figure 7). 
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Figure 5: Transgenic tobacco plants cultivated in greenhouse. Note: The 
potted tobacco plants were placed in greenhouse (16/8 hours of light/dark 
at 28Oc). During this period, PCR method was applied to select positive 
γ-GCS transgenic tobacco plants. Cadmium stress (100 μmol/L) was ap-
plied to tobacco plants after 15 days. The roots and leaves of tobacco 
plants were harvested separately after 6 days’ stress.

Figure 4: Resistant transgenic tobacco plants. Note: Transgenic tobacco 
plants were obtained by the Agrobacterium tumefaciens mediated tobac-
co leaf disc method, the pictures in this figure represent the process: a. 
Tobacco leaf discs’ pre-culture; b. Co-cultivation of tobacco leaf discs 
and γ-GCS transgenic A. tumefaciens EHA105; c. Using carbenicillin to 
eliminate A. tumefacien and using kanamycin to select transgenic tobacco 
buds; d. Induction of transgenic tobacco buds’ generation; e. Transplant 
transgenic tobacco buds to rooting media; d. Induction of rooting. Culture 
bottles were placed in greenhouse (16/8 hours of light/dark at 28Oc).

Figure 6: Amplification result of γ-GCS genetically modified tobacco. 
Notes: 1) Lane M: DNA Marker 10000; Lane 1: Blank control; Lane 2: 
Wild tobacco control; Lane 3-9: Positive γ-GCS transgenic tobacco PCR 
amplification products.2) The DNA templates of reactions 3 to 9 were 
isolated from different tobacco plants.

Figure 7: Electrophoretogram of RT-PCR detection of γ-GCS in trans-
genic tobacco Note: The RT-PCR result indicates, from the transcriptional 
level, that the γ-GCS gene was not only integrated into tobacco plant, but 
also expressed in tobacco plant.

γ-GCS transgenic tobacco accumulates more Cd than 
wild tobacco plants
The Cd contents of the transgenic tobacco plants and correspond-
ing wild ones were shown in Figure 8. Generally, the expression of 
the γ-GCS gene enhanced the accumulation capability of Cd in to-
bacco plants. In this study (Table 2), the accumulation of Cd in the 
roots and leaves of wild tobacco plants was 20.88 μg/g and 9.95 
μg/g (in dry weight), respectively. The γ-GCS gene-transduced to-
bacco plants accumulated a greater amount of Cd, i.e., 51.38 μg/g 
in the roots and 11.36 μg/g in leaves. Our experimental results that 
the overexpression of the enzymatic synthesis gene in the glutathi-
one synthesis pathway would enhance the accumulation of Cd. In 
addition, our results showed that Cd concentrations in the leaves 
of both wild and transgenic tobacco plants were lower than those 
in the roots.
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γ-GCS 
5ˊ-TACAGGTCCGAAGCATCA-3ˊ

5ˊ-GGAGATACGACATTACGAGAA-3ˊ

Actin 
5ˊ-AAGGGATGCGAGGATGGA-3ˊ

5ˊ-CAAGGAAATCACCGCTTTGG-3ˊ

Table 1: Sequences of gene-specific primers used for RT-PCR.

Samples Cd content 
(ug/g)

5% Significant 
level

1% Significant 
level

1-1 20.88 ± 0.77 b B
1-2 51.38 ± 1.55 a A
2-1 9.95 ± 0.33 c C
2-2 11.36 ± 0.72 c C

*1-1: wild tobacco roots; 1-2: γ-GCS transgenic tobacco roots; 2-1: 
wild tobacco leaves; 2-2: γ-GCS transgenic tobacco leaves. (n=3)

Table 2: Statistical analysis of Cd content in tobacco plants under Cd 
stress (100μmol/L).

Figure 8: Cd content of tobacco plants under Cd stress, i.e., 100 μmol/L 
Cd solution. Notes: 1) 1-1: wild tobacco roots; 1-2: γ-GCS transgenic 
tobacco roots; 2-1: wild tobacco leaves; 2-2: γ-GCS transgenic tobacco 
leaves. 2) Bars denote standard error of the mean (n=3) for the biological 
replicates.

γ-GCS transgenic tobacco shows enhanced resistance of 
physiological indexes
Enzymatic activity 

SOD 

SOD is an active substance in living bodies that can 
eliminate harmful substances in metabolic processes. This enzyme 

can withstand and block the damage caused to cells by oxygen 
free radicals, repair damaged cells, and eliminate radicals that 
cause cell damage. The mechanism of action of SOD is that this 
enzyme catalyzes the following reaction: 2O2-+2H+ → H2O2 + O2. 
The H2O2 is further degraded by other enzymes in vivo. Our results 
(Figure 9 and Table 3) showed that the activity of SOD in the roots 
was relatively low compared with that in the leaves. Transgenic 
tobacco with γ-GCS exhibited an increase in the activity of SOD 
compared with the wild tobacco, i.e., 17.53% and 16.76% in the 
root and leaves, respectively. Because the plants were cultured 
under the same conditions, the expression of an exogenous gene 
is the most obvious factor to be considered when analyzing these 
results. The increase in the activity of the SOD enzyme was mainly 
due to the expression of the transduction gene.

Samples Enzyme activ-
ity (U/g·min)

5% Significant 
level

1% Significant 
level

1-1 93.03 ± 3.79 d D
1-2 109.34 ± 3.88 c C
2-1 154.74 ± 4.38 b B
2-2 180.68 ± 4.58 a A

*1-1: wild tobacco roots; 1-2: γ-GCS transgenic tobacco roots; 2-1: 
wild tobacco leaves; 2-2: γ-GCS transgenic tobacco leaves. (n=3)

Table 3: Statistical analysis of SOD enzyme activity in tobacco plants 
under Cd stress.

Figure 9: SOD enzymatic activity of tobacco plants under Cd stress. 
Notes: 1) 1-1: wild tobacco roots; 1-2: γ-GCS transgenic tobacco roots; 
2-1: wild tobacco leaves; 2-2: γ-GCS transgenic tobacco leaves. 2) Bars 
denote standard error of the mean (n=3) for the biological replicates.

POD 
POD is an important plant enzyme that scavenges active 
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oxygen; it plays an important role in plants in the degradation of 
H2O2 and other peroxides into harmless substances such as H2O 
and O2 to maintain a low level of reactive oxygen, which protects 
the cell membrane structure and thereby improves plant resistance 
to adverse conditions, stresses and diseases. As shown in Figure 10 
and Table 4, the POD enzyme activities of the transgenic tobacco 
plants were higher than those of wild tobacco. Compared with 
wild tobacco, the increase in the POD activities in the roots and 
leaves of the γ-GCS transgenic tobacco was 32.36% and 52.28%, 
respectively.

Samples Enzyme activ-
ity (U/g·min)

5% Significant 
level

1% Significant 
level

1-1 112.03 ± 3.35 d D
1-2 148.29 ± 6.11 c C
2-1 202.34 ± 6.39 b B
2-2 308.78 ± 8.87 a A

*1-1: wild tobacco roots; 1-2: γ-GCS transgenic tobacco roots; 2-1: 
wild tobacco leaves; 2-2: γ-GCS transgenic tobacco leaves. (n=3)

Table 4: Statistical analysis of POD enzyme activity in tobacco plants 
under Cd stress.

Figure 10: POD enzymatic activity of tobacco plants under Cd stress. 
Notes: 1) 1-1: wild tobacco roots; 1-2: γ-GCS transgenic tobacco roots; 
2-1: wild tobacco leaves; 2-2: γ-GCS transgenic tobacco leaves. 2) Bars 
denote standard error of the mean (n=3) for the biological replicates.

MDA 
MDA is a product that is produced when plant organs un-

dergo senescence or are subjected to stress conditions that lead to 
membrane lipid peroxidation. MDA is usually used as an indicator 
of lipid peroxidation to determine the degree of cell membrane 
response to lipid oxidation and stress conditions. The experimental 

results (Figure 11 and Table 5) show that both the roots and leaves 
of transgenic tobacco plants had relatively higher concentrations 
of MDA. Although the amount of MDA produced in root produced 
was small, it was enhanced by the transduction of the γ-GCS gene. 
there was 36.28% more MDA in the γ-GCS transgenic tobacco 
root than that in wild tobacco root. While in the leaves, the MDA 
content in γ-GCS transgenic tobacco surpass that in wild tobacco 
by 11.92%.

Samples Content 
(μmol/g)

5% Significant 
level

1% Significant 
level

1-1 3.28 ± 0.12 d D
1-2 4.47 ± 0.37 c C
2-1 7.13 ± 0.37 b B
2-2 7.98 ± 0.28 a A

*1-1: wild tobacco roots; 1-2: γ-GCS transgenic tobacco roots; 2-1: 
wild tobacco leaves; 2-2: γ-GCS transgenic tobacco leaves. (n=3)

Table 5: Statistical analysis of MDA content in tobacco plants under Cd 
stress.

Figure 11: Results the MDA concentration in tobacco plants under Cd 
stress. Notes: 1) 1-1: wild tobacco roots; 1-2: γ-GCS transgenic tobacco 
roots; 2-1: wild tobacco leaves; 2-2: γ-GCS transgenic tobacco leaves. 
2) Bars denote standard error of the mean (n=3) for the biological repli-
cates.

Proline
Proline is one component of plant protein that can dissoci-

ate and become widespread in plant tissue. Under stress condi-
tions such as drought and salinity, many plants accumulate a large 
amount of proline. The proline accumulated in plant bodies can 
play a role in cytoplasm osmotic adjustment, as well as a criti-
cal role in stabilizing the structure of biological macromolecules, 
reducing the acidity of cells, alleviating ammonia poisoning as 
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well as regulating the cellular oxidation reduction potential, and so 
on. The proline content (Fig. 12 and Table 6) in our experiments 
showed that the transgenic tobacco γ-GCS gene was enhanced by 
the expression of proline. The proline content in wild tobacco was 
2.74 μmol/g in the root and 53.98 μmol/g in the leaves compared 
with 3.07 μmol/g and 79.72 μmol/g in the roots and leaves, respec-
tively, of γ-GCS transgenic tobacco plants. The transgenic tobacco 
plants accumulated more proline in the both roots (12.04%) and 
leaves (47.68%) when compared with the wild tobacco plants.

Samples Concentration
(μmol/g)

5% Significant 
level

1% Signifi-
cant level

1-1 2.74 ± 0.08 c C
1-2 3.07 ± 0.22 c C
2-1 53.98 ± 0.79 b B
2-2 79.72 ± 1.57 a A

*1-1: wild tobacco roots; 1-2: γ-GCS transgenic tobacco roots; 2-1: 
wild tobacco leaves; 2-2: γ-GCS transgenic tobacco leaves. (n=3)

Table 6: Statistical analysis of proline content in tobacco plants under 
Cd stress.

Figure 12: Results of the proline content in tobacco plants under Cd stress. 
Notes: 1) 1-1: wild tobacco roots; 1-2: γ-GCS transgenic tobacco roots; 
2-1: wild tobacco leaves; 2-2: γ-GCS transgenic tobacco leaves. 2) Bars 
denote standard error of the mean (n=3) for the biological replicates.

Glutathione (GSH) 

The GSH measured in the roots and leaves of the transgenic and 
wild tobacco plants is shown in Fig. 13 and Table 7. The GSH con-
tent in the transgenic tobacco plants was higher than that measured 
in the wild tobacco plants, in both roots and leaves. The GSH in 
the roots and leaves of the γ-GCS transgenic tobacco plants was 

13.41% and 29.45% higher, respectively, than that in wild plants. 
GSH is a substrate of PCs, and influences the amount of PCs for-
mation. PCs can reduce the Cd toxicity of plants through chelation 
in the form of Cd2+, and thereby play an important role in heavy 
metal detoxification. The results in this study showed that under 
Cd2+ stress, the γ-GCS gene-transduced tobacco plants had higher 
GSH contents compared with the wild tobacco plants. This sug-
gests that the exogenous genes were expressed in tobacco plants, 
which enhanced the synthesis of GSH and led to a greater amount 
of PCs and a higher accumulation of the heavy metal.

Samples Concentration(μmol/g) 5% Signifi-
cant level

1% Signifi-
cant level

1-1 35.86 ± 1.67 b B
1-2 40.67 ± 1.84 a A
2-1 20.64 ± 1.15 d D
2-2 26.72 ± 1.16 c C

*1-1: wild tobacco roots; 1-2: γ-GCS transgenic tobacco roots; 2-1: 
wild tobacco leaves; 2-2: γ-GCS transgenic tobacco leaves. (n=3).

Table 7: Statistical analysis of GSH content in tobacco plants under Cd 
stress.

Figure 13: GSH contents of transgenic and non-transgenic tobacco plants 
under Cd stress. Notes: 1) 1-1: wild tobacco roots; 1-2: γ-GCS transgenic 
tobacco roots; 2-1: wild tobacco leaves; 2-2: γ-GCS transgenic tobacco 
leaves. 2) Bars denote standard error of the mean (n=3) for the biological 
replicates.

Discussion
Plants develop many defense mechanisms to resist heavy 

metal stress, one of which is dependent on cysteine-rich peptides, 
mainly phytochelatins and metallothioneins [27]. These peptides 
can combine with many types of heavy metals to achieve the 
function of detoxification [28, 29]. PC synthase is a key enzyme 
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in the biosynthetic pathway; The activity of PC synthase has been 
known for many years, but its gene was not isolated until 1999 
when three research groups cloned the gene of PC synthase of 
Arabidopsis, wheat, and fission yeast [30]. Since phytochelatin 
synthase was cloned, it has aroused the attention of researchers 
[28, 31-33]; some researchers have used the PC synthase gene 
to genetically modify plants for improved heavy metal pollution 
remediation of the environment. Overexpression of the Arabidopsis 
gene AtPCS1 in tobacco enhanced tobacco seedling resistance to 
Cd and increased Cd accumulation by twofold compared with wild 
species [23]. Expression of the AtPCS1 gene in E. coli improved 
the survival rate under cadmium and arsenic stress, and increased 
the Cd and arsenic contents in E. coli by 20- and 50-fold [33, 34], 
respectively. 

Resistance testing is an important indicator and is a promising 
measurement of the anti-reversal mechanism of transgenic tobacco. 
Through the determination and analysis of the physiological and 
biochemical indicators of tobacco, this method can be used to 
ascertain the anti-heavy metal capacity of transgenic tobacco. 
Heavy metals can directly or indirectly lead to the formation of 
reactive oxygen in plants, which lead to an increase in free radicals 
that affect membrane lipid oxidation, proteins, pigments, enzymes, 
nucleic acids, and may even result in plant death. SOD is an active 
substance in plants that can eliminate harmful substances produced 
during metabolic processes [35, 36]. This enzyme can withstand 
and block the damage caused to cells by oxygen free radicals, 
repair damaged cells, and eliminate the radicals that cause cell 
damage. POD is another important plant enzyme that scavenges 
active oxygen. This enzyme plays an important role in plants in the 
degradation of H2O2 and other peroxides into harmless substances 
such as H2O and O2 to maintain a low level of reactive oxygen, 
which protects the cell membrane structure and thereby improves 
plant resistance to adverse conditions, stresses, and diseases [36, 
37]. Proline is an important stress response material. From a plant 
physiology perspective, when plants are stressed, they produce 
a certain response [38], and the final product of membrane lipid 
oxidation is MDA. MDA, which combines with the plasma 
membrane, amino acids, proteins, unsaturated fatty acids and 
other biological macromolecules, prevents the synthesis of lipids 
and the destruction of the membrane structure [39]. Therefore, 
on the one hand, membrane lipid peroxidation can cause DNA 
damage and change the transport of RNA from the nucleus to the 
cytoplasm, but on the other hand, can also affect cell membrane 
structure and function. Therefore, the MDA content is an indicator 
of lipid oxidation strength [40]. Plants growing in natural soil that 
accumulate a Cd content of more than 100 mg/kg (dry weight) 
are referred to as Cd hyperaccumulators. Studies have shown that 
plants of the Brassicaceae family can accumulate Cd in their roots 
and aerial parts. Thlaspi caerulescens is a Cd hyperaccumulator 
of the Brassicaceae family; it can accumulate as much as 1140 
mg/kg of Cd in its aboveground components under the stress of 

200 μmol/L of Cd2+ [41,42]. Brassica juncea L. can accumulate 
200 to 1200 mg/kg of Cd under the stress of 25 μmol/L of Cd 
[43]. Many other studies have come to the same conclusions, i.e., 
that cabbage, especially the aerial parts, has an excellent ability 
to accumulate Cd under Cd2+ stress. The Cd concentration in the 
cabbage body is related to the concentration of PC and GSH. 
The hyper-accumulation of Cd in cabbage is consistent with 
the acceleration of PC synthesis induction, indicating that the 
synthesis of PCs is very important for Cd hyper-accumulators. 
On the other hand, the increase in PC synthesis due to Cd stress 
would accelerate the enrichment of GSH in the cell. However, 
under a high Cd concentration of 200 μmol/L, PCs seem to be 
saturated by Cd, while the GSH concentration declines, and the 
amount of in vivo accumulation of Cd in cabbage exceeds its Cd 
detoxification capacity [44]. In the biosynthetic pathway of the 
roots, the concentration of PCs under Cd stress is related to the 
biosynthetic pathway. 

Conclusion
Our experimental results showed that the γ-GCS transgenic 
tobacco plants demonstrated a superior ability with respect to 
cadmium stress resistance and accumulation, and there was a 
relative high accumulation of cadmium in the roots compared with 
that in the leaves. The results indicate that the transduction of the 
exogenous resistance gene γ-GCS enhanced the Cd2+ resistance and 
accumulation of plants, and is a potential remediation method for 
heavy metal pollution. Based on this experiment, further studies 
should be conducted. Firstly, the selection range of materials should 
be expanded and the determination of the physiological indicators 
should be improved by systematically measuring the physiological 
responses of plants under heavy metal stress. Screening of plant 
germplasm resources and in-depth analyses of the physiological 
and biochemical indicators in different plant genotypes should 
be conducted to obtain better and more heavy metal resistance-
related plant materials. Secondly, the cloning of other genes in the 
PC synthesis and MT metabolic pathways should be completed. 
In addition, an in-depth study of their mechanisms of action 
is required to provide a good foundation to enrich and improve 
the PC metabolic pathways. Thirdly, a cabbage Cd-stress cDNA 
library should be constructed to provide materials for the further 
study of cabbage heavy metal resistance. Fourthly, the numerous 
existing wild-type Chinese cabbage germplasm resources, or the 
relevant gene deletion cabbage germplasm resources should be 
obtained using appropriate techniques.
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