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ABSTRACT 

Environmental contamination with arsenic (As) is a global environmental, agricultural and health issue due 

to the highly toxic and carcinogenic nature of As. Exposure of plants to As, even at very low concentration, 

can cause many morphological, physiological, and biochemical changes. The recent study on As in the soil-

plant system indicates that As toxicity to plants varies with its speciation in plants (e.g., arsenite, As(III); 

arsenate, As(V)), with the type of plant species, and with other soil factors controlling As accumulation in 

plants. Various plant species have different mechanisms of As(III) or As(V) uptake, toxicity, and 

detoxification. This review highlights different mechanisms responsible for As(III) and As(V) uptake, 

toxicity, and detoxification in plants, at physiological, and biochemical levels and  also the importance of 

the As-induced generation of reactive oxygen species (ROS), as well as their damaging impacts on plants at 

biochemical, genetic, and molecular levels. The role of different enzymatic (superoxide dismutase, catalase, 

catechol peroxidase, and ascorbate peroxidase) and non-enzymatic (proline, hydrogen peroxide, and 

malonaldehyde) substances under As(III/V) stress have been delineated via conceptual models showing As 

translocation and toxicity pathways in plant species.  
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INTRODUCTION 

Arsenic (As) is a metalloid having atomic number 33 and is in the Group V of the periodic table. 

The two stable valence states produced due to electron removal are As(III) or arsenite and As(V) or arsenate 

[1]. There are many countries in the world which are facing the serious problem of groundwater 

contamination by arsenic. Bangladesh has the largest population which is at risk due to arsenic poisoning 

followed by West Bengal in India [2]. Arsenic poisoning is the cause of serious health problems like 

cancers, hyperkeratosis and lungs as well as heart diseases [3]. Similarly in the case of plants also, the 

normal growth and development is severely affected due to higher levels of arsenic in the soil due to which 

various biochemical and physiological disorders are caused [4]. Prolonged use of arsenic contaminated 

ground water for irrigation increases arsenic levels in the soil due to which germination of seeds get 

inhibited. The seed germination percentage is found to decrease to a great extent with the increase in 

concentrations of arsenite and arsenate when compared with control [2]. Both root and shoot lengths of rice 

seedlings decrease with increasing concentration of arsenate [5,6].Plants exposed to arsenic have reduced 

photosynthetic rate [7]. Both stomatal and mesophyll limitations could be the cause of the reduced 
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photosynthetic rate under the condition of stress [8]. When seedlings of rice are exposed to arsenic, the 

toxicity causes alteration in carbohydrate metabolism which results in the buildup of soluble sugars as the 

enzyme activity is altered [8]. Oxidative stress is induced in plants due to exposure to arsenic [9].  

 

 

 

Figure 1 : Possible mechanisms of arsenic uptake in rice plants [31] 

 

[As V : Arsenate, As III : Arsenite, NIP : nodulin-like intrinsic protein, AR : Arsenate reductase, GSH : Glutathione,                      

GSSG : oxidized glutathione (GSH/GSSG), PCs : Phytochelatins, MMA : Monomethylarsonate, DMA: Dimethylarsonate, LSi1 : 

Silicon transporter, LSi2 : Silicon efflux system] 

 

EFFECTS OF ARSENIC APPLICATION 

Application of arsenic causes generation of reactive oxygen species (ROS) which can harm the 

proteins and also the nucleic acids present inside the plants [10]. In the periodic table, both arsenic and 

phosphorus are sharing the same group as both are Group V elements due to which they have common soil 

chemistry [1]. Arsenic and phosphorus have similar electron configuration and chemical properties [6]. As 

arsenate is a chemical analog of phosphate, they compete for the same carriers of uptake and arsenate is 

taken up by the phosphate transporters [2]. In plants, when arsenic is taken up, toxicity is caused to a large 

extent due to which the plants suffer numerous disorders.  
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Figure 2 : Physiological effects due to arsenic toxicity. [32] 

 
EFFECT OF ARSENIC TOXICITY ON MORPHOLOGY AND ANATOMY OF PLANTS 

Exposure to arsenic causes significant reduction in seed germination percentage. Higher the level of 

arsenic to which the seeds are exposed lower is the seed germination percentage. In rice plants, shoot and 

root lengths reduced more and more with increasing concentrations of arsenic treatments [6]. It has been 

found that arsenate is more toxic for the growth of rice root as compared to arsenite [11]. Exposure to 

arsenic significantly inhibits the root and shoots lengths in mung bean seedlings and the growth inhibition 

has more significant in the case of root length as compared to shoot length [8]. With increase in 

concentration of arsenate and arsenite, the lateral roots of soybean seedlings decrease in number and are 

generally found near the beginning of the stem and on arsenic exposure, the roots thicken and darken 

abnormally and the main root apex turns necrotic and slimy [17]. Not only roots but the stems of soybean 

seedlings also turn darker and thicker as compared to the control and the leaf area gets reduced and the 

normal development of leaves may get completely inhibited in some cases [17]. Arsenic toxicity also causes 

reduction in the fresh and dry weights along with biomass of seedlings including root and shoot.  

 

 
Figure 3 :  Effect of different concentrations of arsenate and arsenite on soybean seedlings [17] 

 

The natural anatomical features of the roots of seedlings also get affected due to exposure to arsenic, for 

example, in rice seedlings, arsenic application causes damage of the epidermal cells and aerenchymatous 

cortex which leads to the alteration of shape, disintegration of the tissues and a reduction in length and 

number of root hairs [6].  
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Table 1 : Effects of arsenic on different crop plants 

 

Plant Species Common name Effects due to arsenic exposure References 

Vigna radiata (L.) Wilczek. 

Family - Fabaceae 

Mungbean 

 

Reduction in germination rate, root and shoot 

length, primary leaf area, fresh and dry weights 

and appearance of burning spots in the leaf apex 

along with decrease in photosynthetic pigment 

content  

[2, 8] 

Pteris vittata L. 

 Family - Pteridaceae  

Chinese Brake Fern 

 
Dark brown colouration and necrosis along pinna 

margins  

[4] 

Oryza sativa L. 

Family - Poaceae 

Rice  Reduction in germination percentage, root and 

shoot lengths, damage of root epidermal cells, 

decrease in photosynthetic pigment content   

[5, 6] 

Avena sativa L. 

Family - Poaceae 

Oat  Decrease in chlorophyll and protein content  [7] 

Vigna mungo L. 

Family - Fabaceae 

Black gram 

 

Reduction in root and shoot lengths, fresh and 

dry weights, photosynthetic pigment contents, 

DNA, RNA and soluble protein content  

[12] 

Glycine max L. Merr. 

Family - Fabaceae 

Soybean  Seedling growth is affected, cell death at root 

tips, reduction in cortex area, reduction in 

chlorophyll content   

[17] 

 

EFFECT OF ARSENIC TOXICITY ON PIGMENT CONTENTS OF PLANTS  

Earlier research stated that arsenic causes change in photosynthetic pigments. Arsenic treatments can 

cause significant harm to the photosynthetic machinery of plants such as in black gram [12]. In rice, arsenic 

exposure causes a drastic linear decrease in the levels of total chlorophyll, chlorophyll-a, chlorophyll-b, 

carotene and xanthophyll and also the intensity of chlorophyll fluorescence with increase in concentration 

of arsenic treatments [6].The possible cause for decrease in chlorophyll synthesis could be the generation of 

reactive oxygen species such as superoxide and hydroxyl radicals as well as hydrogen peroxide which can 

damage proteins, nucleic acids and amino acids which are involved in the biosynthetic pathway of 

chlorophyll synthesis [13]. As higher plants produce carbohydrate using chlorophyll-a, decreased growth 

and yield in rice might be due to reduced amount of chlorophyll in rice leaf [6].  

EFFECT OF ARSENIC TOXICITY ON CARBOHYDRATE METABOLISM  

Arsenic exposure results in the build-up of sugars in the plant tissue with increase in reducing, non-

reducing and total sugar content [12]. Previously it has been found in rice seedlings that the increase in 

levels of reducing sugars was more as compared to non-reducing sugars [14]. From previous research on 

black gram seedlings, it has been found that along with increasing sugar content starch contents also 

increases with elevated concentration of arsenic [12]. Alpha-amylase is an enzyme that degrades starch by 

causing its hydrolysis and it has been found that the alpha-amylase decreases with increase in concentration 

of arsenic [2,12]. According to available data on rice seedlings, arsenic toxicity results in significant 

increase in the activity of an enzyme viz., starch phosphorylase in both roots as well as shoots of the 

seedlings but the rate of  increase was more in case of roots as compared to shoots [14]. It has also been 

found that when rice is exposed to arsenic, activities of sucrose-degrading enzymes, acid invertase and 

sucrose synthase increase but the activity of sucrose-synthesizing enzyme viz.,sucrose phosphate synthase 

become decreases [14].  
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EFFECT OF ARSENIC TOXICITY ON ACTIVITY OF ANTIOXIDANT ENZYME  

In hyperaccumulator plant species, arsenic exposure increases the antioxidant mechanism, both 

enzymatic as well as non-enzymatic due to which it is detoxified and as a result arsenic accumulation occurs 

in the tissue [15,16]. On contrary non-hyperaccumulator plant species exhibited cellular damage in cell 

tissues with increased lipid peroxidation, build-up of hydrogen peroxide and the upregulation of some 

scavenging enzymes due to the oxidative stress caused by arsenic [9]. Reactive oxygen species (ROS) that 

are produced in plants when they are exposed to inorganic arsenic become harmful for the proteins and 

nucleic acids present inside the plant tissue. Enhanced enzymatic and non-enzymatic antioxidants 

machinery play a vital role as a defensive response to mitigate the effect of reactive oxygen species [6]. 

 
Figure 4 : Plant antioxidant potential .[6,9] 

 

 
Figure 5 : ROS-scavenging pathway.[15,16] 

[SF - stromal factor: PS1 - photosystem I; GR - glutathione reductase; APX - ascorbate peroxidase, GPX -glutathione peroxidase; 

SOD-superoxide dismutase; CAT-catalase; MDHAR – monodehydroascorbatereductase; DHAR - dehydroascorbate reductase [21] ] 
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It has been found that superoxide dismutase is responsible for providing the first line of defense 

against reactive oxygen species and cellular injury caused by environmental stresses as it is a major 

superoxide scavenger [21]. The function of superoxide dismutase is to catalyze the dismutation of 

superoxide free radicals into oxygen and hydrogen peroxide [18]. According to previous report, lettuce 

plants treated with both arsenate and arsenite showed an increase in the activity of superoxide dismutase 

[19]. When rice seedlings are exposed to arsenic, the activity of superoxide dismutase has been found to 

increase [6]. It has been observed that the activity of superoxide dismutase increases due to arsenic toxicity 

in arsenic hyperaccumulator and sensitive a fern Pteris vittata. [15] and in maize [20]. An increase in the 

activity of superoxide dismutase due to exposure to arsenic is indicative of increased rate of dismutation of 

superoxide into hydrogen peroxide [22].  

Ascorbate peroxidase being a member of ascorbic acid-glutathione cycle plays an important role in 

the elimination of harmful hydrogen peroxide from the plant tissue [18]. In plant cells, ascorbate has been 

find out to be the most important substrate for the reduction of hydrogen peroxide which causes 

detoxification as ascorbate peroxidase causes reduction of hydrogen peroxide to water by using two 

molecules of ascorbate along with which two molecules of monodehydroascorbate are generated [23]. It has 

been reported that upregulation of ascorbate peroxidase occurs in rice seedling [24], mung bean [22], maize 

[25] and other beans [26]. Ascorbate peroxidase activity can decrease at a very high concentration of arsenic 

[22] as arsenic causes damage to the ultrastructure of chloroplasts [4] and as the location of ascorbate 

peroxidase is in the chloroplasts, any damage to the chloroplasts results in alteration in the activity of 

ascorbate peroxidase [22].  

Catalase, which is a heme-containing tetrameric protein is very well known for being a hydrogen 

peroxide splitting enzyme [6]. The function of catalase is to detoxify the excess hydrogen peroxide which is 

produced due to the activity of superoxide dismutase but it has been found that the activity of catalase 

decreases significantly on arsenic exposure which indicates that the catalase is not at all involved in defense 

against arsenic toxicity [22]. 

Table 2 : Effect on enzyme activities in different crop plants due to arsenic application 

 

Plant Species Common 

name 

Arsenic 

concentration 

Changes in enzymeactivities due 

toarsenic application 

References 

Vigna radiata (L.) Wilczek. 

Family - Fabaceae 

Mungbean 

 

5, 10, 20 μM sodium 

arsenate 

Amylase activity decreases with 

increase in concentration of 

sodium arsenate. 

[2] 

Oryza sativa L. 

 Family - Poaceae 

Rice 20,  50,  100  μM 

sodium arsenate 

Superoxide dismutase and 

ascorbic acid oxidase activities 

increase but catalase and catechol 

peroxidase activities decrease. 

[6] 

Avena sativa L. 

Family - Poaceae 

Oat Water  solution  of 

H3AsO4  at 

concentrations of  40, 

80, 160 mg (As) kg-1 

dry soil 

Peroxidase activity increase.  [7] 

Glycine max L. Merr. 

Family - Fabaceae 

Soybean 25, 50, 100, 200 μM 

concentrations of 

sodium arsenate or 

arsenite 

Activities of total peroxidases 

and superoxide dismutase 
increase. 

[17] 
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Catechol peroxidase is an active oxygen scavenging enzyme which degrades hydrogen peroxide with the 

oxidation of a reducing co-substrate and it has been found that the activity of catechol peroxidase decreases 

on application of arsenic so it has been concluded that due to the decreased activities of the enzymes such as 

catalase and catechol peroxidase, the level of hydrogen peroxide increases in the arsenic treated seedlings 

resulting in toxicity [6].  

Ascorbic acid oxidase is an enzyme that contains copper and is located in the cytoplasm and cell wall 

fractions and the function of this enzyme is to oxidize ascorbic acid in the presence of oxygen resulting in 

the production of dehydroascorbic acid and water [6]. Ascorbic acid oxidase acts as a stress marker enzyme 

and moderate stress stimulates its activity i.e., when moderate oxidative stress is applied, this enzyme 

becomes active and protects the cells of the plants. It has already been found that in case of rice seedlings, 

the activity of the enzyme called ascorbic acid oxidase initially increases with increase in concentrations of 

arsenic treatment but gets degenerated at an extreme level of arsenic toxicity [6]. 

 

EFFECT OF ARSENIC TOXICITY ON MARKERS OF OXIDATIVE STRESS  

The amino acid called proline functions as a cytoplasmic osmoticum and provides the protection to 

the protein against denaturation [27]. The proline content can function as stress marker and can indicate the 

oxidative damage caused due to arsenic toxicity as it has been found that the proline content in rice 

seedlings increases on exposure to arsenic [6].  

Malondialdehyde, being a good indicator of oxidative damage, is produced during membrane lipid 

peroxidation due to the decomposition of polyunsaturated fatty acid [28]. It has been noted that 

malondialdehyde content increases in rice seedlings with application of arsenic (6) which is indicative of 

membrane damage caused by peroxidation leading to increased production of reactive oxygen species that 

ultimately results in oxidative stress [29,15].   

Due to arsenic contamination, the level of hydrogen peroxide in rice seedlings has been found to 

increase [6]. Earlier studies have shown that during abiotic stress, hydrogen peroxide functions as signaling 

molecule and have a dual role in the defense mechanism of the plant [30]. In another study, the increased 

hydrogen peroxide level in mung bean seedlings on exposure to arsenic appears to act as a signaling 

molecule that causes an enhancement in the plant defense response [22]. Hydrogen peroxide at low 

concentrations may help with tolerance against stress but at high concentrations, it leads to cellular damage 

resulting in cell death [30].  

CONCLUSION 

From this review, it has been concluded that not only to humans, arsenic causes great damage to a wide 

range of crop plants also. When plants are exposed to arsenic, they suffer from stress and numerous 

disorders. The normal germination rate, anatomical configuration, growth and metabolism of seedlings get 

highly affected. The photosynthetic machinery of the seedlings also damaged due to arsenic toxicity as 

levels of pigments like chlorophyll, carotene and xanthophyll become drastically reduced. On exposure of 

different inorganic form of arsenic, the normal carbohydrate metabolism of the plants also get affected 

along with changes in the antioxidant enzyme activities and causes oxidative damage to the plants. 
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