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ABSTRACT 
 

Present study was conducted in the Institute of Biotechnology and Genetic 
Engineering (IBGE), Faculty of Crop Production, University of Agriculture, 
Peshawar, Pakistan during 2013 to find out the response of different mutants 
(cad 2-1 and sir 1-1) of Arabidopsis thaliana impaired in GSH biosynthesis 
under arsenic (As) stress. Results showed that reduced Glutathione level in 
cad2-1 and biosynthetic capacity of the sir1-1 mutants made these plants 
highly sensitive to As applied in the form of sodium arsenate at 100 µM and 200 
µM concentrations. Ten days old seedlings of mutants when exposed to 
sodium arsenate for 14 days were severely affected compared to wild-type 
plants. This was shown in their growth phenotype, reduced root length, 
reduced biomass, reduced chlorophyll contents resulting in pale color of the 
leaves. The seedlings of cad2-1 mutant were found eventually bleached after 12 
days when exposed to 200 µM concentration of sodium arsenate whereas the 
wild-type seedlings were found viable and greenish under the same conditions. 
Experiments on direct germination showed that seeds of cad2-1 mutant were 
unable to germinate in the presence of 100 µM and 200 µM concentrations of 
sodium arsenate unlike wild-type and sir1-1. These results showed that relative 
anthocyanin contents were accumulated approximately thirteen-fold in the 
cad2-1 mutant in 200 µM concentration of sodium arsenate which clearly 
suggest that optimal availability of GSH is critical for the survival of plants 
under As stress.  
 
KEYWORDS: Arabidopsis thaliana; arsenic; detoxification; glutathione; 

phytochelatins, Pakistan.  
 

INTRODUCTION 
 
Contamination of soils with toxic metals like Arsenic (As) is a worldwide 
concern that has serious implications for agricultural lands, environment and 
human health (36). Exposure of crops to toxic elements affects crop 
productivity and nutritional value, and may pose a hazard to consumers. 
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Thus, there is increasing demand for the cleanup of metal-polluted soils. 
GSH is instrumental for detoxification of a wide variety of such toxic elements 
and organic pollutants, as it can be coupled to hundreds of different organic 
molecules and then stored safely in the plant (37). The sensitivity of the GSH 
deficient mutants to As in the model plant Arabidopsis thaliana (family 
Brassicaceae) underpin the importance of GSH and bears great potential for 
phytoremediation of metal polluted soils via transgenic approaches aiming at 
enhanced GSH production especially in Brassicaceae. GSH plants therefore 
can be expected to have wide applicability in phytoremediation in agriculture 
and other areas worldwide. 
 
Arsenic (As) is predominantly available to the plants in the form of arsenate 
(AsV) and arsenite (AsIII). Being an analogue of phosphate, AsV is mainly 
taken up by the plants through phosphate transporters whereas, AsIII is 
transported in the neutral form As(OH)3 through aquaglyceroporins (33). 
Consequently AsV can substitute inorganic phosphate in a number of 
essential cellular processes such as carbon metabolism, nucleic acid 
synthesis and ATP synthesis, which effects on energy homeostasis. This can 
also effect DNA repair and DNA methylation and hence gene expression 
(19). The toxicity of AsIII is largely attributed to its high affinity for binding 
with the sulfhydryl (-SH) groups which ultimately affect many metabolic 
processes like fatty acid metabolism, glucose uptake and GSH production as 
it disrupts protein structure and protein-protein interactions (11).  
 
Plants modulate a number of metabolic pathways to combat arscnic (As) 
stress. Substantial evidences suggested a central role for GSH and PCs in 
detoxification of As (30, 31, 32). In plants, AsV taken up via phosphate 
transporters can be readily reduced to AsIII, which is detoxified via 
complexation with either GSH and PCs or sequestration into vacuole or a 
combination of both (32, 38) since PCs are synthesized from GSH by 
phytochelatin synthase (PCS) may accumulate 10-fold the tissue GSH 
concentration (12, 13) under metal (loid) stress, they therefore, generate a 
strong metabolic sink for GSH (24, 25). Pathways leading to As detoxification 
thus lead to depletion of metabolites like cysteine and GSH, which ultimately 
results into induction of sulfate uptake and assimilation (27, 31).  
 
Present study was conducted on the model plant Arabidopsis thaliana to 
investigate the role of GSH in As detoxification in Arabidopsis. For this 
purpose Arabidopsis mutants having either low levels of GSH such as cad2-1 
(6) or having reduced biosynthesis rates for GSH such as sir1-1 (14) were 
used in this study.  
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MATERIALS AND METHODS 
 
Present study was conducted at the Institute of Biotechnology and Genetic 
Engineering, University of Agriculture, Peshawar, Pakistan during 2013. 
Seeds of Arabidopsis thaliana sir1-1 and cad2-1 mutants were obtained from 
Prof. Dr. Rüdiger Hell, Center for Organismal Studies (COS), University of 
Heidelberg, Germany and Prof. Dr. Andreas Meyer, INRES, University of 
Bonn, Germany, respectively.  
 
For surface sterilization about 20 mg seeds of each line were placed in 
eppendorf tubes and the remaining steps were performed in sterile air 
laminar flow hood. Seeds were first soaked for two minutes in 1 ml sterile 
distilled water and surface sterilized with 500 µl of 70 percent ethanol for 40 
seconds. After removal ethanol, seeds were treated with 15 percent bleach 
(sodium hypochlorite) for 10 minutes. Finally the seeds were washed four 
times with sterile distilled water and dried on sterile filter paper. Seeds of 
each mutant were placed on solidified half strength Hoagland media for 
germination. Plates were wrapped with Parafilm and stored at 4°C for 
vernalization treatment for two days in a refrigerator. After two days, plates 
were shifted to growth chamber, temperature maintained at 22°C with a 
photoperiod of 16 hours light and 8 hours dark. The plates were placed in 
vertical position for seven days and during this period seeds germinated. 
 
To study the effect of arsenate, one week old seedlings of Col-0, sir1-1 and 
cad2-1 were transferred to plates containing sodium arsenate in 0 µM, 100 
µM and 200 µM concentrations for 14 days. In a separate set of experiments 
seeds were directly placed on plates containing 0 µM, 100 µM and 200 µM 
sodium arsenate.  
 
The role of GSH in As detoxification was evaluated by germinating seeds of 
Arabidopsis thaliana wild-type Col-0, sir1-1 and cad2-1 mutants on solidified 
half strength Hoagland media for 10 days. After 10 days the seedlings were 
shifted to plates containing 0 µM, 100 µM and 200 µM concentrations of 
sodium arsenate. 
 
Chlorophyll contents were determined on the basis of light absorption by 80 
percent acetone extracts of chlorophyll as described previously by Mackinney 
(17). After pottering the samples in liquid nitrogen, 700 µl of 80 percent 
acetone was added to the samples to extract chlorophyll for 15 minutes on 
ice. Samples were centrifuged at 18,000 rpm at 4°C for 10 minutes and 
supernatant was transferred to a new eppendorp tube. The left over pellet 
was re-suspended in the same volume of 80 percent acetone and mixed 
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thoroughly. After sedimentation of the cell debris by centrifugation, the 
supernatant was combined with first extraction. In a photometer, OD of the 
extract (against 80% acetone) was determined at 645 nm and 663 nm 
wavelength. Total chlorophyll contents per milligram fresh weight were 
determined according to following equation.  
 

C = Ca + Cb  or  
C = 20.2 OD645 + 8.02 OD663 

 

Where; 
 

 C  = Chlorophyll, 
 Ca = Chlorophyll a 
 Cb = Chlorophyll b. 
 

Anthocyanin contents were determined according to Mita et al. (22). 
Approximately 20 mg seedlings of Col-0, sir1-1, and cad2-1 were ground in 
liquid nitrogen and homogenized in one ml of one percent (v/v) HCl in 
methanol and kept for one day at 4°C. The mixture was centrifuged for 15 
minutes at 13,000 rpm and relative anthocyanin contents of supernatant 
were measured at 530 and 657 nm wavelengths. Relative anthocyanin 
concentration was calculated by using the following formula 
 

Relative anthocyanin concentration = [A530 - (1/4 × A657)] 
 

RESULTS AND DISCUSSION 
 

Effect of As on germination and other growth parameters of thaliana 
 
Exposure of the seedlings to 100 µM and 200 µM concentrations of sodium 
arsenate revealed that cad2-1 and sir1-1 mutants showed higher sensitivity 
to arsenate compared to their wild-type controls (col-0) as indicated by the 
growth phenotype and pale color of the seedlings (Fig. 1). The cad 2-1 
mutant was found sensitive to arsenate at 100 µM concentrations of sodium 
arsenate and this effect was more prominent at 200 µM concentrations. The 
same pattern was observed for sir1-1 although the sensitivity was low as 
compared to cad2-1. The mutant seedlings started to turn pale after one 
week which increased with the passage of time such that after 14 days all of 
the cad2-1 and most of sir1-1 seedlings were completely bleached in 
presence of sodium arsenate. Whereas the col-0 seedlings with retarded 
growth were still viable and green unlike sir1-1 and col-0 seedlings. On the 
other hand the cotyledenous leaves of cad2-1 mutant did not  develop  into  
multiple  leaves stage. 
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                        Cad         Col                                           Sir1         Col 

 
0µM sodium 

                                  Cad         Col                                       Sir1     Col 

 
100µM sodium 

 

                                   Cad         Col                                         Sir1      Col 

 
200µM sodium 

 
Fig. 1. Effect of 0, 100 and 200 µM sodium arsenate on the phenotype of the seedling 

of A. thaliana. 
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In a separate set of experiment, seeds of col-0, sir1-1, and cad2-1 mutants 
were directly plated on plates containing 0 µM, 100 µM and 200 µM sodium 
arsenate to check the germination. These results indicated that cad2-1 
seedlings were not able to germinate even at 100 µM concentration of 
sodium arsenate (Fig. 2). The germination rate of the sir1-1 seedlings was 
also affected at 100 µM and 200 µM concentration however they were able to 
germinate even at 200 µM concentration of sodium arsenate. 
  
 

 
 

Fig. 2. Effect of 100 and 200 µM sodium arsenate on the germination of A. thaliana. 
 
 

Exposure of 10 days old seedlings to 100 µM and 200 µM concentrations of 
arsenate significantly reduced the root length of cad2-1 and sir1-1 mutants 
compared to wild-type col-0 seedlings (Fig. 3 A&B). Similarly the total 
biomass of cad2-1 and sir1-1 mutants was also dramatically reduced 
compared to wild-type col-0 seedlings (Fig. 3 C&D). The data of growth 
phenotype and germination showed that cad2-1 mutant was more sensitive 
than sir1-1 as indicated by higher reduction in the biomass of cad2-1 
compared to sir1-1seedlings. However reduction in total biomass of sir1-1 
mutant was still significant compared to col-0 seedlings. 
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Consistent with the phenotypic observation where cad2-1 mutant stopped 
further growth in terms of further leaves development upon exposure to 100 
µM and 200 µM concentration of arsenate, the root growth of the cad2-1 
mutant was also extremely slow at 100 µM concentration of sodium arsenate 
which was completely stopped at 200 µM. Increase in root length of sir1-1 
seedlings compared to col-0 seedlings at 100 µM and 200 µM concentrations 
was significantly lower. 
 

 
Fig. 3. Effect of 0, 100  and  200 µM  sodium  arsenate  on  the  root  length  and  

biomass  of A. thaliana. 
 

Once inside the cell, AsV is rapidly reduced to arsenite (AsIII) by ACR2 
arsenate reductase. AsIII is believed to be toxic due to its high sulphydryl 
reactivity (2, 8, 35). Arsenic, supplied either in the form AsV or AsIII, causes 
oxidative stress, and can deplete reduced GSH; an important cellular 
antioxidant through the formation of AsIII-GSH (AsIII-GS3) and AsIII- induced 
phytochelatin synthesis (35). Since GSH is the precursor of PCs, 
overexpression of the enzymes responsible for GSH production like GSH1 
and GSH2 also leads to higher rates of phytochelatin accumulation under 
metal exposure. Reduced GSH levels in the cadmium sensitive GSH 
deficient mutant cad2-1, and the reduced biosynthesis rate of GSH in the 
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sir1-1 mutant were found to make these plants sensitive to arsenic (14). 
These findings do suggest a role for GSH in arsenate tolerance in 
Arabidopsis as evident from the significantly reduced root length and 
biomass of GSH deficient cad2-1 and sir1-1 mutant compared to col-0. The 
results indicated that AsV strongly affects the germination of seeds and 
subsequent growth of seedlings in general. But genotypes with inadequate 
amounts of GSH were more adversely affected as shown by the lack of 
germination of cad2-1 mutant seeds at 200 µM concentration of sodium 
arsenate (Fig. 2) and reduced germination rates of sir1-1 seeds in the 
presence of AsV. These findings are in line with previous reports where 
significant reduction in root and biomass of Arabidopsis seedling under 
arsenic stress was recorded (15). These changes were attributed to changes 
in antioxidative enzyme, nitric oxide (NO) metabolism, reduction in GSH and 
S-Nitrosoglutathione (GSNO) content by arsenic. Similarly significant 
reduction in roots lengths has been reported in response to arsenate stress 
in Arabidopsis thaliana (1). In fact it has been recently reported that high 
GSH redox and elevated GSH synthesis was mainly responsible for As 
tolerance in the As-tolerant genotype of lentil. In contrast to the As sensitive 
genotype, the As tolerant genotype showed enhanced activities for 
glutathione reductase (GR) and glutathione-S-transferase along with the 
regulation of a number of genes involved in assimilatory sulfate reduction 
pathway, GSH and PCs synthesis under As stress (31). These changes led 
to the effective scavenging of excess reactive oxygen species and prevented 
onset of As-induced oxidative stress and consequent inhibition of root growth 
in As-tolerant genotype. 
 
Since PCs synthesized from GSH by phytochelatin synthase (PCS) (34) are 
the key players like GSH itself for basal As tolerance (5, 6, 35), its deficiency 
therefore leads to As hypersensitivity in Arabidopsis thaliana (11). Attempts 
to enhance arsenic tolerance via overexpression of pytochelatin synthase 
(AtPCS1) from Arabidopsis have been successful as these plants 
accumulated twenty to hundred times more biomass than wild-type and 
tolerated concentration of arsenic that killed wild-type plants (16). Reduction 
in biomass, roots and shoot length of wheat seedlings under As exposure in 
wheat and lentil (28, 31) suggest that the response of crop plants to arsenic 
exposure is not different from the model plants. 
 

Effect of sodium arsenate on chlorophyll content and anthocyanin 
production  
 

To know about the effect of sodium arsenate treatment on chlorophyll 
contents of seedlings, 10 days old seedlings were transferred to solidified 
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half Hoagland medium plates containing 0 µM, 100 µM and 200 µM of 
sodium arsenate for additional 14 days. For determination of total chlorophyll 
contents seedlings from each category were pooled to get enough material 
for extraction due to low weight of seedlings especially the mutant lines under 
arsenic stress. Phenotypically mutant lines were much paler than wild-type 
seedlings in the presence of sodium arsenate. Total chlorophyll contents of 
col-0 seedlings were also reduced but the reduction was less pronounced 
compared to mutant lines (Fig. 4 A). Total chlorophyll contents of all the 
seedlings were high on control plates compared to seedlings on 100 µM and 
200 µM sodium arsenate containing plates. At 100 µM concentration of 
sodium arsenate, chlorophyll for cad2-1 was much lower than wild-type col-0 
followed by sir1-1 (Fig. 4 A). 
 

 
 
Fig. 4. Effect of sodium arsenate on chlorophyll content and anthocyanin production 

of col-0, cade2-1 and sir1-1 
 

Anthocyanins for col-0, cad2-1 and sir1-1 seedlings of control (0 µM), 100 
and 200 µM sodium arsenate plates were also determined. Relative 
anthocyanin for col-0, sir1-1 and cad2-1 seedlings exposed to 100 and 200 
µM sodium arsenate containing half strength Hoagland medium was high 
compared to control seedlings (Fig. 4 B). There was marginal accumulation 
of relative anthocyanin contents at 100 µM concentration of sodium arsenate 
for the wild-type and mutant seedlings. However, approximately three-fold 
increase in the relative anthocyanin contents was observed for col-0 and sir1-
1 seedlings at 200 µM concentration of sodium arsenate, whereas, in cad2-1 
seedlings the increase was more than thirteen-fold at 200 µM concentration 
of arsenate.   
 
The reduced chlorophyll content observed for mutant lines cad2-1 and sir1-1 
compared to wild-type col-0 at 100 µM and 200 µM sodium arsenate 
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concentration may be attributed to the low level of GSH in mutant lines to 
detoxify reactive oxygen species that are supposed to be produced and 
damage chlorophyll under As stress. Decrease in chlorophyll as well as GSH 
content has been observed in red clover plant under As stress (18), again 
supporting the hypothesis that GSH pools are depleted under these 
conditions thereby not leaving enough GSH pools counteract disturbances in 
redox homeostasis. This is also corroborated by the findings that many 
genes involved in response to oxidative stress are induced by arsenate 
stress in the plants (1). In lines to our findings, reduction in chlorophyll 
content by arsenate has also been reported in studies conducted on different 
plants (20, 23).  
 
Anthocyanin which are produced by plants in response to various kinds of 
stresses accumulated at higher sodium arsenate (200 µM) concentrations 
specifically in cad2-1 line compared to wild-type and control plates. This 
suggested that arsenic stress also leads to anthocyanin production in plants. 
The increased production of anthocyanin in response to arsenic stress has 
been reported in the previous studies (3, 4). High level of anthocyanins under 
copper and cadmium stress in Arabidopsis (29) and under heavy metals 
stress in Zea mays (26) suggest that anthocyanin production seems to be a 
common feature of the plants under different kinds of stresses.  
 

CONCLUSION 
 
Findings of this study suggest that reduced levels of GSH make the plants 
highly sensitive to arsenate as indicated by the increased sensitivity of the 
GSH impaired cad2-1 and sir1-1 mutants towards arsenate treatment  in 
Arabidopsis thaliana. This further supports the hypothesis that the tripeptide 
GSH along with PCs play a central role in As detoxification. The sensitivity of 
the GSH deficient mutants to As in the model plant Arabidopsis thaliana 
(family Brassicaceae) underpin the importance of GSH and bears great 
potential for phytoremediation of metal polluted soils via transgenic 
approaches aiming at enhanced GSH production especially in Brassicaceae. 
GSH plants therefore can be expected to have wide applicability in 
phytoremediation in agriculture and other areas worldwide.  
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