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Abstract  17 

Arsenic (As)-polluted groundwater constitutes a serious problem for peanut plants, as roots can 18 

accumulate the metalloid in their edible parts. Characterization of stress responses to As may 19 

help to detect potential risks and identify mechanisms of tolerance, being the induction of 20 

oxidative stress a key feature. Fifteen-day old peanut plants were treated with arsenate in order 21 

to characterize the oxidative stress indexes and antioxidant response of the legume under 22 

realistic groundwater doses of the metalloid. Superoxide anion (O2
�−) and hydrogen peroxide 23 

(H2O2) histochemical staining along with the activities of NADPH oxidase, superoxide dismutase 24 

(SOD), catalase (CAT) and thiol (glutathione and thioredoxins) metabolism were determined in 25 

roots. Result showed that at 20 µM H2AsO4
‒, peanut growth was reduced and the root 26 

architecture was altered. O2
�− and H2O2 accumulated at the root epidermis, while lipid 27 

peroxidation, NADPH oxidase, SOD, CAT and glutathione S-transferase (GST) activities 28 

augmented. These variables increased with increasing As concentration (100 µM) while 29 

glutathione reductase (GR) and glutathione peroxidase/peroxiredoxin (GPX/PRX) were 30 

significantly decreased. These findings demonstrated that the metalloid induced physiological 31 

and biochemical alterations, being the NADPH oxidase enzyme implicated in the oxidative burst. 32 

Additionally, the strong induction of GST activity, even at the lowest H2AsO4
‒ doses studied, can 33 

be exploited as suitable biomarker of As toxicity in peanut plants, which may help to detect risks 34 

of As accumulation and select tolerant cultivars. 35 

 36 

Keywords: arsenic; glutathione S-transferase; oxidative stress; peanut   37 
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Abbreviations:  38 

1-chloro-2, 4-dinitrobenzene (CDNB) 39 

3,3-diaminobenzidine (DAB) 40 

Arsenic (As)  41 

Catalase (CAT)  42 

Glutathione (GSH)  43 

Glutathione peroxidase/peroxiredoxin (GPX/PRX) 44 

Glutathione reductase (GR)  45 

Glutathione S-transferase (GST)  46 

Hydrogen peroxide (H2O2)  47 

Nitroblue tetrazolium (NBT) 48 

Potassium iodide (KI) 49 

Superoxide anion (O2
�−)  50 

Superoxide dismutase (SOD) 51 

Thiobarbituric-reactive substances (TBARS)  52 
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1. Introduction 53 

Arsenic (As) is an ubiquitous metalloid present in many ecosystems. The average concentration 54 

of As in the lithosphere ranges between 20 and 30 µM, occupying the position number 52 in the 55 

list of the most abundant elements in nature (Adriano 2001). Arsenate (H2AsO4
−, As(V)) and 56 

arsenite (H2AsO3
−, As(III)) are the prevalent inorganic chemical species, being more toxic than 57 

the organic forms (Mandal and Suzuki 2002; Zhao et al. 2010). These contaminants are 58 

receiving much attention due to human population chronic poisoning caused by drinking water 59 

polluted in several regions of Asia and South America (Zhao et al. 2010). In addition, crop plants 60 

can accumulate large amounts of As in edible parts when irrigated with As-containing water; 61 

acting as the first stage of As distribution in the trophic chain (Smedley and Kinniburgh, 2002). In 62 

Argentina, particularly in Córdoba province, As has become a public health problem due to 63 

numerous cases of human poisoning. Francisca et al. (2006) found that 90% of this region is 64 

affected by groundwater As concentrations that exceeds the maximum allowed level of the 65 

metalloid in drinking water (0.1 µM) (FAO, OMS-OPS, 2007), reaching in some areas up to 20 66 

µM (Cabrera et al. 2005). Peanut is a very important crop in Argentina, specifically in Córdoba, 67 

as it represents approximately 90% of the Argentinean production (Ministry of Agroindustry, 68 

Argentina, 2006). The fruit of this legume is a pod with one to five seeds that develops 69 

underground, in putative intimate contact with soil contaminants. One of the major constraints 70 

that Córdoba province has, given the water scarcity in the area, is that crops require artificial 71 

irrigation by sprinkler systems using groundwater rich in As (Bustingorri and Lavado, 2012; 72 

2014) representing a potential risk for crops. This is aggravated by the deep penetration of plant 73 

roots in soil strata, which is a typical response of plants suffering from drought stress (Sharp and 74 

LeNoble 2002).  75 

Arsenate form (H2AsO4
‒- As(V)) is an analog of phosphate (H2PO4

‒) and it can be easily 76 

absorbed by plant by H2PO4
‒ transporters (Tripathi et al. 2007; Verbruggen et al. 2009). Once 77 

inside the cell, most of H2AsO4
− (As(V)) is reduced to H2AsO3

− (As(III)), by different H2AsO4
—

78 
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reductases (Dhankher et al. 2006; Duan et al. 2007; Sánchez-Bermejo et al. 2014). Therefore, 79 

As is present predominantly in roots and shoots as H2AsO3
−, which binds to sulfhydryl groups of 80 

thiol-rich peptides such as glutathione (GSH) and phytochelatins (PCs) (Pickering et al. 2000). 81 

Although the precise mechanisms of toxicity are not completely understood, plants exposed to 82 

both As species showed substantial redox homeostasis imbalance, with accumulation of reactive 83 

oxygen species (ROS) (Requejo and Tena 2005; Talukdar 2013), and changes in antioxidant 84 

responses (Mylona et al. 1998). It is feasible that the As high affinity for sulfhydryl groups causes 85 

GSH depletion and changes in enzymatic activity that leads to oxidative stress (Hernández et al. 86 

2015). Biomolecules such as lipids, proteins and nucleic acids are principal targets of ROS, 87 

which cause the characteristic oxidative damage symptoms (Verbruggen et al. 2009). Another 88 

source of ROS is constituted by the plasma membrane-associated NADPH oxidase family that 89 

has a low redox potential able to reduce O2 to superoxide anion (O2
�−) (Mitler et al. 2011). 90 

Moreover, under metal(loid)s stress these enzymes are activated increasing ROS accumulation 91 

(Hernández et al. 2015). 92 

Plants possess an effective antioxidant defense system that scavenges ROS accumulated by 93 

aerobic metabolism, and is comprised of antioxidant enzymes and metabolites (Noctor et al. 94 

2012). Superoxide dismutase (SOD) constitutes the first line of defense dismutating O2
�− into 95 

hydrogen peroxide (H2O2), which is then reduced to water and oxygen by ascorbate peroxidase 96 

(APX) and catalase (CAT) (Mishra et al. 2006). These enzymes constitutes the major ROS 97 

scavenging mechanisms of plants (Mittler 2012) and their induction under different metal(loid) 98 

treatments has been demonstrated in several species (Sharma and Dietz, 2009). One of the 99 

most studied antioxidant metabolite essential to cope with the oxidative stress induced by toxic 100 

elements such as Cd, Hg and As is the tripeptide GSH (Li et al. 2006; Bianucci et al. 2012; 101 

Sobrino-Plata et al. 2013). GSH transits from its reduced form (thiol) to its oxidized form (GSSG, 102 

disulfide), keeping a strong reducing environment in the cell which plays an important role in 103 
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preventing excessive oxidation of cellular biomolecules under different stressing conditions 104 

(Jozefczak et al. 2012). Besides, a series of antioxidant enzymes related to GSH metabolism are 105 

involved in the detoxification of free radicals (Foyer and Noctor 2011). Glutathione reductase 106 

(GR) regenerates GSH from GSSG at the expense of NADPH to maintain a high GSH/GSSG 107 

ratio (Gill et al. 2013). Glutathione-S-transferases (GSTs) are a large and diverse group of 108 

enzymes involved in the detoxification of dangerous xenobiotics catalyzing their conjugation with 109 

GSH. Moreover, GSTs can bind GSH with organic peroxides and radicals generated by ROS 110 

attack, which can amplify in a chain reaction the oxidative damage caused by toxic elements, 111 

preventing their reaction with many important biomolecules (Gill and Tuteja 2010). The enzyme 112 

named misleadingly glutathione peroxidase (GPX), a peroxidase able to use GSH and 113 

thioredoxin (TRX), constitutes a special case (Herbette et al., 2002). The particularity is that the 114 

TRX is known to be a more efficient reducing substrate than GSH in certain plant species (Iqbal 115 

et al., 2006). Thus, these enzymes should be considered as peroxiredoxins (PRX) rather than 116 

GPX (Navrot et al., 2006) and are named accordingly in our work as GPX/PRX. 117 

Arsenate and arsenite are highly soluble and stable in water under a wide range of pH and 118 

redox potential conditions. However, under oxidizing environments as occur in many areas of 119 

Córdoba province, the prevalent arsenic form is arsenate (Blarasin et al. 2014). Thus, our 120 

experiments were conducted to characterize oxidative stress indexes and the antioxidant 121 

response of peanut (Arachis hypogaea L.) plants exposed to environmentally realistic As(V) 122 

levels, considering the economic relevance of this legume crop in Córdoba province. This study 123 

will provide information about the mechanisms of toxicity evoked by As(V), which can be used as 124 

bioindexes of putative risks to consumers. Most sensitive stress indexes could be used to select 125 

tolerant cultivars with lower toxic symptoms and able to exclude As from edible parts of the 126 

plants. 127 

2. Material and Methods 128 
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2.1. Plant material and experimental design 129 

Peanut seeds, kindly supplied by “El Carmen S.A.” Córdoba, Argentina, were surface sterilized 130 

following the method previously described by Vincent (1970). Then, they were germinated at 131 

28ºC in Petri dishes on a layer of Whatman Nº1 filter paper and moistened cotton, until the 132 

radicle reached 3-5 cm. Seedlings were transferred to an hydroponic system with Hoagland´s 133 

nutrient solution (Hoagland and Arnon 1950) devoid of As (control) or containing different 134 

concentrations of Na2HAsO4·7H2O. The metalloid doses used are equivalent to those found in 135 

groundwater in Córdoba province (6 and 20 µM) (Cabrera et al., 2005) and a concentration 136 

above those mentioned (100 µM). 137 

Plants were grown in a greenhouse under controlled environment (light intensity of 200 µmol m-2 138 

s-1, 16/8 h day/night cycle, constant temperature of 28ºC and relative humidity of 50%) for 15 139 

days. At harvest, plant length was measured and shoots and roots were used for different 140 

analysis.  141 

 142 

2.2. Root structure and histochemical detection of H2O2 and O2
�− 143 

For anatomical and histological studies, the main root of a fresh peanut plant was cut into 5 mm 144 

length portions, at 1 cm from the root tip as described in Bianucci et al. (2012). The tissues were 145 

cut with a rotary microtome and the samples were stained as described by Johansen (1940) and 146 

O’Brien and Mc Cully (1981). The photomicrographs were taken using an Axiophot Carl Zeiss 147 

microscope (Germany). 148 

In situ localization of superoxide anion (O2
�−) was done incubating freshly roots segments in 1 149 

mM nitroblue tetrazolium (NBT), prepared in 10 mM sodium citrate buffer pH 6, for 8 hours, 150 

following the procedure described by Frahry and Schopfer (2001). H2O2 was visually detected 151 

incubating freshly roots segments in 1 mg mL-1 3,3-diaminobenzidine (DAB) as substrate for 8 152 

hours (Orozco-Cárdenas and Ryan 1999). The roots were observed and photographed under a 153 
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stereoscopic microscope Stemi SV6, Carl Zeiss (Germany), with a digital camera Canon 154 

(China). 155 

 156 

2.3. Plant arsenic concentration 157 

Peanut leaves and roots were dried at 50 ºC for 72 h, homogenized with a mortar and pestle, 158 

and digested under acidic conditions in pressurized chromatographic vials (4 ml capacity) sealed 159 

with polytetrafluoroethylene stoppers. A 0.1 g aliquot of the dried powder was mixed with 1 ml 160 

digestion reagent (H2O:HNO3:H2O2 (5:3:2)) in closed glass vials, using an autoclave 161 

(Presoclave-75 Selecta, Barcelona, Spain) at 120oC and 1.5 atm for 30 min (Sobrino-Plata et al. 162 

2009). The digests were filtered through a PVDF filter and diluted in milli-RO water to 5 ml. As 163 

concentration was measured using inductively coupled plasma mass spectroscopy (ICP-MS) 164 

NexION 300 (Perkin-Elmer Sciex, San Jose, CA, USA). 165 

 166 

 167 

2.4. Stress indexes 168 

NADPH oxidase activity was determined spectrophotometrically by NBT reduction at 560 nm 169 

(Sagi and Fluhr 2001). Roots were homogenized according to Sobrino-Plata et al. (2009) 170 

procedure. The activity was measured in 1 ml reaction buffer containing: 0.02 mg protein extract, 171 

0.5 mg ml-1 NBT, 0.2 mM NADPH, 4 mM CaCl2 and 0.2 mM MgCl2. One unit of NADPH oxidase 172 

was defined as the quantity of enzyme needed to reduced 1 µmol NADPH min-1. 173 

Hydrogen peroxide (H2O2) content was measured spectrophotometrically after reaction of root 174 

extracts with potassium iodure (KI) following the procedure described by Alexieva et al. (2001). 175 

The amount of H2O2 was calculated using a standard calibration curve prepared with known 176 

H2O2 concentrations. 177 

Lipid peroxidation was analyzed in peanut roots by determining the concentration of 178 

thiobarbituric-reactive substances (TBARS) as described by Heath and Packer (1968). TBARS 179 
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were quantified by measuring absorbance at 535 nm, corrected for non-specific turbidity by 180 

subtracting the absorbance at 600 nm, using a UV-visible light spectrophotometer (Spectronic® 181 

Genesys 2, USA).  182 

 183 

2.5. Enzymatic assay 184 

The superoxide dismutase (SOD, EC 1.15.1.1) and catalse (CAT, EC 1.11.1.6) root samples 185 

were obtained by homogenization of roots with an extraction buffer containing 50 mM potassium 186 

phosphate, pH 7.8, 0.5 mM EDTA, insoluble polyvinylpyrrolidone, and 0.5% (v/v) Triton X-100 187 

after centrifugation at 10,000 g for 10 minutes at 4°C. GPX/PRX (EC 1.11.1.9), GR (EC 1.6.4.2) 188 

and GST (EC 2.5.1.18) root samples were obtained by homogenization of roots with an 189 

extraction buffer containing 100 mM potassium phosphate, pH 7.4, 1 mM EDTA after 190 

centrifugation at 10,000 g for 10 minutes at 4°C. The supernatants were used to determine 191 

enzymatic activities. Total protein content was assessed according to Bradford (1976) using 192 

bovine serum albumin as standard. 193 

SOD activity was determined according to Beauchamp and Fridovich (1973) by measuring the 194 

ability of the enzyme extract to inhibit the photochemical reduction of NBT in the presence of 195 

riboflavin. SOD specific activity was determined spectrophotometrically at 560 nm and 196 

expressed as units mg-1 protein. One unit of SOD activity was defined as the amount of enzyme 197 

required to inhibit in a 50% the reduction of NBT. CAT activity was measured using the method 198 

described by Aebi (1984). The assay mixture contained 50 mM phosphate buffer at pH 7.4, 12.5 199 

mM H2O2 and 100 µg protein extract. The reaction was measured by the H2O2 decomposition at 200 

240 nm. One unit of CAT was defined as the quantity of enzyme needed to degrade 1 mmol of 201 

H2O2. GPX/PRX activity was determined as described by Flohé and Günzler (1984). One ml of 202 

the assay mixture contained 50 ml of protein extract, 0.1 M phosphate buffer at pH 7.4, 0.24U 203 

GR and 10mM GSH. Then, 1.5 mM NADPH and 1.5 mM H2O2 were added. The reaction was 204 
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measured following NADPH oxidation at 340 nm. One unit of GPX/PRX was defined as the 205 

quantity of enzyme needed to produce 1 mmol NADP+ min–1. This assay likely describes 206 

glutathione or glutaredoxin-dependent thiol peroxidase activity since plants do not contain Se-207 

dependent GPX. Thus, plant GPX functions as a TRX-linked thiol peroxidase (Navrot et al. 208 

2006). GR activity of root extracts was determined as described by Sheadle and Bassham 209 

(1977): the reduction of GSSG was followed by the NADPH oxidation at 340 nm. One unit of GR 210 

was defined as the quantity of enzyme needed to reduced 1 µmol NADPH min-1. Finally, GST 211 

activity was assayed according to Habig et al. (1974), by measuring the conjugation of GSH with 212 

1-chloro-2, 4-dinitrobenzene (CDNB) as substrate, which was measured at 340 nm. One unit of 213 

GST was defined as the quantity of enzyme needed to produce 1 µmol conjugated CDNB-GSH 214 

min-1.  215 

 216 

2.6. Analysis of glutathione content 217 

Peanut roots were homogenized in 5 % (w/v) 5-sulfosalicylic acid and centrifuged at 10,000 g for 218 

10 min at 4°C to remove cell debris. The supernatan t was used for measuring the total GSH 219 

equivalents content by the method of Anderson (1985) using baker’s yeast GR. The reaction 220 

was followed at 412 nm and total GSH-Eq was calculated from a standard curve using GSH (0-221 

30 µM). The intracellular GSH-Eq content was expressed as nmol GSH g-1 fresh weight (FW). 222 

 223 

2.7. Statistical analysis 224 

Experiments were conducted in a completely randomised design and repeated three times. The 225 

data were analyzed using ANOVA and Duncan’s test at P<0.05. Prior to the test of significance, 226 

the normality and homogeneity of variance were verified using the modified Shapiro-Wilk and 227 

Levene tests, respectively. 228 

 229 
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3. Results 230 

3.1. Arsenate-induced peanut growth inhibition and root architecture alteration 231 

Arsenic addition caused plant growth alterations as revealed by some morphological features as 232 

the diminution of root volume and altered architecture (Fig. 1). Exposure to 20 µM As(V) led to 233 

limited proliferation of secondary roots (Fig. 1c), while at 100 µM As(V) root growth was severely 234 

inhibited and suffered an evident darkening possibly associated with an induction of oxidative 235 

stress (Fig. 1d). These apparent changes were confirmed by measuring of growth variables. 236 

Peanut root dry weight (DW) was significantly decreased at 6 µM H2AsO4
− however, shoot DW 237 

only showed a reduction at the higher arsenate dose evaluated (100 µM) compared to control. 238 

At 20 µM H2AsO4
− root and shoot length was significantly decreased (Table 1). Roots 239 

accumulated the largest proportion of As(V) in plants, reaching values of two to three orders of 240 

magnitude in compare to shoots (Table 2). At 100 µM As(V), the amount of metalloid in root had 241 

no significant difference with those plants exposed to 20 µM As(V), however, a significant 242 

increase in As concentration of shoot was observed at the higher As concentration tested (Table 243 

2). The histological cuts of roots showed three well-developed tissue systems at the epidermis, 244 

the cortex and the central cylinder (Fig. 2), where we could observe small deposits of unknown 245 

amorphous materials on the cell walls of epidermal cells of plants exposed to 6 µM H2AsO4
− 246 

(Fig. 2b). These deposits were more numerous in roots of plants treated with higher As(V) doses 247 

(20 and 100 µM), where thicker cell walls were also found (Fig. 2c,d). In addition, there were 248 

several epidermal and parenchymal cells of the cortex that suffered disintegration and rupture at 249 

the highest dose indicating acute cellular damage (Fig. 2d).  250 

 251 

 252 

3.2. ROS production and oxidative damage caused by arsenate 253 

Oxidative stress parameters were determined in peanut roots, the organ that accumulated the 254 

largest proportion of As. Supply of 20 µM H2AsO4
− led to the subsequent induction of NADPH 255 
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oxidase activity as the metalloid dose was increased, with the maximum activity at 100 µM (Fig. 256 

3a). The same response was observed in SOD activity (Fig. 3b). In parallel, H2O2 concentration 257 

rose at doses over 20 µM H2AsO4
−, reaching levels approximately 2-fold higher than in control 258 

roots (Fig. 3d). H2O2 content significantly enhanced CAT activity (Fig. 3c). Finally, ROS 259 

production induced to lipid peroxidation (Fig. 3e), which reflects the onset of oxidative damage 260 

caused by the exposure of peanut roots to H2AsO4
−. The accumulation of H2O2 observed in roots 261 

(Fig. 3b) is consistent with the histochemical detection of H2O2 production on peanut roots (Fig. 262 

4). Generation of H2O2 in situ was detected by DAB reaction, and there was a noticeable 263 

accumulation of H2O2 at the epidermis and cortex of plants treated with 20 µM H2AsO4
− (see 264 

arrows in Fig. 4). DAB staining was much stronger when H2AsO4
− concentration augmented to 265 

100 µM with deposits only in the epidermis cells, probably the thickening of the outer tangential 266 

wall did not allow the colorant entrance to the cell (Fig. 4). A similar pattern was observed with 267 

the histochemical staining of superoxide (O2
•‒), which accumulated remarkably at the epidermis 268 

of plants exposed to 6 µM H2AsO4
− (Fig. 5). Interestingly, O2

•‒ was also found in cortex cells of 269 

roots under 20 µM dose, while only epidermis was heavily stained when H2AsO4
− treatment rose 270 

to 100 µM As, possibly as observed in H2O2 detection, at this concentration the epidermis cells 271 

were thick and did not allow the colorant entrance consequently, blue precipitates were not 272 

detected (Fig. 5).  273 
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3.3. Arsenate alters thiol metabolism 274 

The concentration of GSH increased significantly only in peanut plants exposed to 100 275 

µM H2AsO4
− (Fig. 6a). On the other hand, at this As(V) concentration GPX/PRX and GR 276 

enzymatic activities decreased by almost 50% of control plants (Figs. 6b,c). In contrast, GST 277 

activity augmented in a dose-dependent manner from 6 µM H2AsO4
−, reaching values of almost 278 

10-times bigger at the highest dose of H2AsO4
− (Fig. 6d). 279 

 280 

4. Discussion  281 

Peanut is an annual herbaceous legume plant with a remarkable importance as crop for food 282 

uses. Argentina is one of the major peanut producers in the world and 90% of this production is 283 

located in Córdoba province. In this region, there is a serious health problem since 284 

approximately 90% of the groundwater is naturally contaminated with As (Francisca et al., 2006). 285 

This water is used as artificial irrigation of crops or can be directly absorbed by roots. Therefore, 286 

contamination of crops with heavy metals and metalloids constitute not only an agronomic 287 

problem but also a human health issue due the transference along the chain food. The 288 

experiments performed in this manuscript describe the oxidative stress parameters of peanut 289 

plants exposed to As(V) as well as the antioxidant response evoked by the metalloid. The doses 290 

used are equivalent to those found in contaminated groundwater in Córdoba province (Cabrera 291 

et al., 2005) and a concentration above those mentioned. Arsenic is a non-essential element 292 

that is highly toxic even at relatively low concentrations and causes growth inhibition (Stoeva 293 

and Bineva 2003; Sobkowiak and Dekert 2003; Alaoui-Sossé et al. 2004; Finnegan and Chen 294 

2012). In our experiments, the strongest growth inhibitory effect was observed in roots, where 295 

dry weight and length were significantly decreased above 6 and 20 µM H2AsO4
−, respectively. 296 

Reduction in plant growth was also observed in Phaseolus vulgaris, Pisum sativum, Lupinus 297 

albus L. exposed to large doses of As(V) (Liu et al. 2005; Vázquez Reina et al. 2005; 298 

Bundschuh et al. 2012; Talukdar, 2013). Interestingly, at realistic environmental doses of 299 
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H2AsO4
− (above 3 µM) there was also a significant reduction in root growth of pea seedlings, 300 

which matched with inhibition of cell mitosis and cytokinesis (Dho et al. 2010). In fact, As has 301 

potent genotoxic effects that causes aberrant chromosomal arrangement and cell cycle arrest, 302 

resulting in poor root meristematic activity (Wu et al. 2010). Moreover, root growth inhibition 303 

caused by As(V) was associated with the onset of oxidative stress in rice seedlings (Shri et al. 304 

2009). This can explain the darkening of the peanut root system as arsenic doses increased, in 305 

the same manner as there was this blackish response in white lupin roots treated with at 100 µM 306 

As (Vázquez et al. 2008). The evolution of alterations observed in peanut plant is in agreement 307 

with As accumulation trend in roots and shoots. The metalloid content in roots was higher than 308 

in shoots, showing that more than 97% of the As taken up by peanut plants was retained in the 309 

root system. This is a common response of non-hyperaccumulator plants where roots 310 

accumulate the major metalloid concentration (Dhankher et al. 2006; Carbonell-Barrachina et al. 311 

2009; Sobrino-Plata et al. 2013). Probably, this toxic level of contaminant inhibited peanut 312 

growth, metabolism and transport allowing the passage of the metalloid to shoots disrupting the 313 

root protective “barrier” against As(V). It is feasible that the retention of As in roots occurs mainly 314 

at the cell walls of epidermal cells by the formation of an iron plaque as a product of the 315 

oxidation of the ferrous iron to ferric iron, that is precipitated as iron (Fe) onto the root surface, 316 

developing the plaque (Armstrong 1967). This plaque could acts as a barrier to the uptake of 317 

some potentially harmful metals or metalloids (Hansel et al 2002; Liu et al 2004). At the root 318 

endodermis As can be accumulated in vacuoles bound probably with GSH-derived ligands 319 

(Moore et al. 2011). The alterations of root anatomy, morphology and structure observed in 320 

peanut plants also occurred in plants grown with toxic metals like Cd (Vitória et al. 2001; 321 

Rodríguez-Serrano et al. 2006; Groppa et al. 2008; Gallego et al. 2012; Bianucci et al. 2012, 322 

2013). Furthermore, in this work, plants growing with As showed a deposit of unknown material 323 

over the epidermis and cortex cells. Considering that lateral root emergency begins at pericycle 324 

level, the amount of these unknown deposits in roots, that augmented as H2AsO4
− concentration 325 
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increased, could be limiting lateral root development, maintaining an invariable root:shoot ratio 326 

at all H2AsO4
− dose tested, but modifying root architecture. This depends not only on metalloid 327 

toxicity but in probable changes in phytohormone balances, as may occur with cytokinins 328 

(Mohan et al., 2016). Similar deposits were detected in peanut roots under Cd stress (Bianucci 329 

et al. 2012; 2013). Thus, the deposition of a material on peanut epidermis induced by As could 330 

be the response of the dermal tissue preventing H2AsO4
− entrance in the plant. 331 

Previous research demonstrated that As induces generation of ROS leading to oxidative stress 332 

in plants (Hartley-Whitaker et al. 2001; Mascher et al. 2002; Molina et al. 2008; Shri et al. 2009; 333 

Finnegan and Chen 2012). ROS overproduction is the most harmful process that contributes to 334 

cellular damage however, the mechanisms by which As(V) causes the ROS burst are yet 335 

unknown (Sharma 2012). Among different putative sources of ROS production in plants, plasma 336 

membrane NADPH oxidase enzymatic activity constitutes an important one. This plasma 337 

membrane enzyme is involved on O2
.- production which is rapidly disrupted to H2O2, 338 

spontaneously or via enzymatic reactions (Torres and Dangl 2005), and is known to be activated 339 

under metal stress (Hernández et al. 2015). The enzymatic reaction by which O2
.- is disrupted to 340 

H2O2 is catalyzed by SOD, therefore is considered the first enzyme to cope with oxidative stress. 341 

Then, the conversion of H2O2 to H2O is accomplished in peroxisomes by CAT enzyme (Noctor 342 

and Foyer 1998). Several studies demonstrated that SOD and CAT activities are enhanced by 343 

arsenate (Srivastava et al. 2005; 2010; Geng et al. 2006; Singh et al. 2007; Duman et al. 2010; 344 

Rai et al. 2011) as observed in this work. 345 

Our findings revealed that NADPH oxidase was significantly enhanced by metalloid addition 346 

moreover, O2
•‒ was found in cortex cells of peanut roots under 20 µM As(V), while epidermis 347 

was heavily stained when H2AsO4
− treatment rose to 100 µM. The epidermis comprises cells 348 

that are readily exposed to toxic metals and metalloids, and are thought to be the first to respond 349 

to the induced stress (Hernández et al. 2015). Some metal trigger a quick accumulation of ROS 350 

and cell oxidative stress, that can be observed mainly at epidermal cells even after few minutes 351 
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of treatment with Hg and Cd (Ortega-Villasante et al. 2007). All these findings allowed to confirm 352 

that As induced oxidative stress in young peanut plants and not only reduced growth but also 353 

modified the architecture of the root system. Finally, the accumulation of ROS also causes the 354 

induction of lipid peroxidation (Cho and Park 2000; Hartley-Whitaker et al. 2001), which explains 355 

the strong level observed in peanut roots at the highest dose of H2AsO4
−. 356 

GSH is the most abundant intracellular non-protein thiol in all living cells and acts as an 357 

important antioxidant to ameliorate excessive ROS generated by different stresses (Millar et al. 358 

2003; Foyer and Noctor 2005; Shao et al. 2008). This thiol is also involved in several 359 

mechanisms of As detoxification in cells, and has a special interest due its ability to detoxify 360 

xenobiotics and heavy metals by conjugation (Jozefczak et al. 2012). Phytochelatins are the 361 

major ligand of metabolized H2AsO4
−, which forms an array of different As-PCs complexes in 362 

different plant species (Moore et al. 2011), which are synthesized by the condensation of GSH 363 

(Sobrino-Plata et al. 2014). This imposes a demand of GSH to generate sufficient PCs to limit 364 

the amount of toxic As in plant cells, leading to transient GSH accumulation (Hernández et al. 365 

2015). Therefore, this mechanism may explain the significant increase in GSH concentration 366 

detected in peanut roots exposed to the highest dose of H2AsO4
−. 367 

One of the hypothesized mechanisms of ROS accumulation under metal stress is the inhibition 368 

of antioxidant enzymatic activity (Sharma and Dietz 2009), particularly when stress symptoms 369 

are strong enough (Gratão et al. 2005). In this sense, we found a significant inhibition of 370 

GPX/PRX and GR activities only in plants treated with the higher arsenate dose. As-sensitive B. 371 

juncea genotype TM-4 suffered also from GPX/PRX and GR activity inhibition, upon exposure to 372 

acute toxic conditions (Srivastava et al. 2010). However, contradictory responses were observed 373 

in roots of P. sativum and Oryza sativa L. exposed to Cd and As, respectively, where the 374 

GPX/PRX activity was decreased and GR activity was significantly augmented (Dixit et al. 2001; 375 

Shri et al. 2009; Kumar et al. 2014); implying alterations specific to toxic metal(loid)s. On the 376 

opposite, GST activity rose remarkably at increasing concentrations of H2AsO4
− in peanut-377 
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treated plants. Similar induction of GST activity occurred in Oryza sativa and Prosopis sp. plants 378 

exposed to As (Mokgalaka-Matlala et al. 2009; Tripathi et al. 2012; Singh et al. 2016). GST 379 

comprise a large family of isoenzymes involved in the detoxification of organic peroxides, 380 

radicals and xenobiotics at the expense of GSH, and are induced by Cd and H2AsO4
− (Schröder 381 

et al. 2009). GST deplete GSH cytosolic content directly to reduce H2O2 and to detoxify oxidation 382 

subproducts, promoting oxidizing conditions (Anjum et al. 2012). It is feasible that the pool of 383 

GSH will cover the demand imposed for GST activity and allow peanut plant to grow up to 20 µM 384 

H2AsO4− with minor observable symptoms of toxicity.  385 

Taken together, the results presented in this manuscript revealed that 20 µM As(V) was the 386 

maximum concentration that allowed growth even when induced an overproduction of ROS in 387 

peanut plants with a relative tolerable As accumulation in shoots. Furthermore, root NADPH 388 

oxidase activity and lipid peroxidation contents increased after this As(V) supply, meanwhile 389 

GST enzyme activity was activated at 6 µM H2AsO4−. This phenomenon shows the ability of 390 

peanut GST enzyme to be induced and stimulate free metal binding before any ROS 391 

overproduction or oxidative damage to macromolecules can be detected. In this sense, it is 392 

important to highlight that 20 µM of arsenate supply resembles to As(V) levels found in 393 

contaminated Córdoba groundwater zones. Therefore, this finding contribute to understand how 394 

low doses of As could generate contamination of crops, affecting not only economically the 395 

peanut production but also generating a contamination of the food chain.  396 

 397 

5. Conclusion and perspectives 398 

This is the first report of As(V) impact on peanut plant which demonstrates that physiological and 399 

biochemical alterations are induced by the metalloid being NADPH oxidase enzyme implicated 400 

in the oxidative burst. Furthermore, the most sensitive stress parameter was the GSH related 401 

enzyme GST, which could be used in biotechnological approaches to select cultivars with lower 402 
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toxic symptoms, more tolerant and able to exclude As(V) from edible parts of the plants in order 403 

to reduce As contamination. 404 

 405 

6. Acknowledgments 406 

This research was supported by Secretaría de Ciencia y Técnica de la Universidad Nacional de 407 

Río Cuarto (SECYT-UNRC), Consejo Nacional de Investigaciones Científicas y Técnicas 408 

(CONICET), E. Bianucci and A. Furlan are members of the research career from CONICET. This 409 

work was also funded by the Spanish Ministry of Economy and Competitiveness (Awarded to 410 

L.E. Hernández projects AGL2010-15151, AGL2014-53771-R). Special thanks to Andrés 411 

Bianucci for his assistance with images and Dr. Susana Gallego for constructive comments. 412 

 413 

7. References  414 

Aebi H (1984) Catalase in vitro. Method Enzymol 105:121-126 415 

Adriano DC (2001). Trace elements in terrestrial environments. Biogeochemistry, bioavailability 416 

and risks of metals. Springer-Verlag, New York, 2001 417 

Alaoui-Sosse B, Genet P, Vinit-Dunand F, Taussaint ML, Epran D, Badot PM (2004). Effect of 418 

copper on growth in cucumber plants (Cucumis sativus) and its relationships with 419 

carbohydrate accumulation and changes in ion contents. Plant Sci 166:1213-1218 420 

Alexieva V, Sergiev I, Mapelli S, Karanov E (2001). The effect of drought and ultraviolet radiation 421 

on growth and stress markers in pea and wheat. Plant Cell Environ 24:1337–1344 422 

Anderson ME 1985. Determination of glutathione and glutathione disulfide in biological samples. 423 

Methods Enzymol 113: 548–555 424 

Anjum NA, Ahmad I, Mohmood I, Pacheco M, Duarte AC, Pereira E, Umar S, Ahmad A, Khan 425 

NA, Iqbal M (2012). Modulation of glutathione and its related enzymes in plants’ responses 426 

to toxic metals and metalloids-a review. Environ Exp Bot 75:307-324. 427 

Argentinian Legislation, National law 24,051 428 

http://infoleg.mecon.gov.ar/infolegInternet/anexos/10000-14999/12830/norma.htm, 429 

Accessed July 2015 430 

Armstrong W (1967). Oxidising activity of roots in waterlogged soils. Physiol Plant 20:920–926 431 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

19 

 

Beauchamp C, Fridovich I (1973). Isoenzymes of SOD from wheat germ. Biochim Biophys Acta 432 

317:50–54 433 

Bianucci E, Furlan A, Rivadeneira J, Sobrino-Plata J, Carpena-Ruiz RO, Tordable MC, Fabra A, 434 

Hernández LE, Castro S (2013).  Influence of cadmium on the symbiotic interaction 435 

established between peanut (Arachis hypogaea L.) and sensitive or tolerant bradyrhizobial 436 

strains. J Environ Manage 130:126-134 437 

Bianucci E, Sobrino-Plata J Carpena-Ruiz RO, Tordable MC, Fabra A, Hernández LE, Castro S 438 

(2012). Contribution of phytochelatins to cadmium tolerance in peanut plants. Metallomics 439 

4:1119–24 440 

Blarasin M, Cabrera A, Matteoda E, Aguirre M, Giuliano Albo J, Becher Quinodoz F, Maldonado 441 

L, Felizzia J, Palacio D, Echevarría K, Frontera H. (2014). Aspectos geoquímicos, 442 

isotópicos, contaminación y aptitudes de uso In: Aguas Subterráneas De La Provincia De 443 

Córdoba. Ed: UniRío pp. 83-148 444 

Bradford M (1976). A rapid and sensitive method for the quantitation of microgram quantities of 445 

protein utilizing the principle of protein-dye binding. Anal Biochem 72:248-254 446 

Bundschuh J, Litter MI, Bhattacharya P (2012). Arsenic in Latin America, an unrevealed 447 

continent: Occurrence, health effects and mitigation Sci Total Environ 429, 1  448 

Bustingorri C, Lavado RS (2014). Soybean as affected by high concentrations of arsenic and 449 

fluoride in irrigation water in controlled conditions. Agric. Water Manag 144:134–139 450 

Cabiscol E, Tamarit J, Ros J (2000). Oxidative stress in bacteria and protein damage by reactive 451 

oxygen species. Int Microbiol 3:3-8 452 

Cabrera A, Blarasin M, Matteoda E, Villalba G, Gomez GM (2005). Sitio Argentino de 453 

Producción Animal. www.produccion-animal.com.ar, Accessed July 2015 454 

Carbonell-Barrachina AA, Burló F, Valero D, López E, Martínez-Romero D, Martínez-Sánchez F 455 

(1999). Arsenic toxicity and accumulation in turnip as affected by arsenic chemical 456 

speciation. J Agric Food Chem 47:2288–2294 457 

Cho UH, Park JO (2000). Mercury-induced oxidative stress in tomato seedlings. Plant Sci 156:1-458 

9 459 

Dhankher OP, Rosen BP, McKinney EC, Meagher RB (2006). Hyperaccumulation of arsenic in 460 

the shoots of Arabidopsis silenced for arsenate reductase (ACR2). Proc Natl Acad Sci USA 461 

103:5413–18 462 

Dho S, Camusso W, Mucciarelli M, Fusconi A (2010). Arsenate toxicity on the apices of Pisum 463 

sativum L. seedling roots: effects on mitotic activity, chromatin integrity and microtubules. 464 

Environ Exp Bot 69:17-23 465 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

20 

 

Dixit V, Pandey V, Shyam R (2001). Differential oxidative responses to cadmium in roots and 466 

leaves of pea (Pisum sativum L cv. Azad). J Exp Bot 52:101-1109 467 

Duan GL, Zhou Y, Tong YP, Mukhopadhyay R, Rosen B.P, Zhu YG (2007). A CDC25 468 

homologue from rice functions as an arsenate reductase. New Phytol 174:311–21 469 

Duman F, Ozturk F, Aydin Z (2010). Biological responses of duckweed (Lemna minor L.) 470 

exposed to the inorganic arsenic species As(III) and As(V): effects of concentration and 471 

duration of exposure. Ecotoxicol 19:983–993 472 

Fett JP, Cambria J, Oliva MA, Jordao CP (1994). Absorption and distribution of cadmium in 473 

water hyacinth plants. J Plant Nutr 17:1219-1230 474 

Finnegan P, Chen W (2012). Arsenic effects on plant metabolism. Front Plant Physiol 3, 1-18 475 

Flohe L, Gunzler W (1984). Assays of glutathione peroxidase. Methods Enzymol 105:114–121 476 

Food and Agricultural Organization of the United Nations (FAO) (2010) http://faostat.fao.org, 477 

Accessed July 2015 478 

Foyer CH, Noctor G (2005). Oxidant and antioxidant signaling in plants: a re- evaluation of the 479 

concept of oxidative stress in a physiological context. Plant Cell Environ 28:1056–1071. 480 

Foyer CH, Noctor G (2005). Redox homeostasis and antioxidant signaling: a metabolic interface 481 

between stress perception and physiological responses. Plant Cell 17:1866–75  482 

Foyer CH, Noctor G (2011). Ascorbate and glutathione: the heart of the redox hub. Plant Physiol 483 

155:2–18  484 

Frahry G, Schopfer P (2001). NADH-stimulated, cyanide-resistant superoxide production in 485 

maize coleoptiles analyzed with a tetrazolium-based assay.  Planta 212:175-183 486 

Francisca FM, Celollada-Verdaguer MP, Carro-Pérez ME (2006). Presented in part at 487 

Conference VIII Congreso Latinoamericano de hidrología subterránea. Distribución espacial 488 

del arsénico en las aguas subterráneas de la provincia de Córdoba, Argentina. Asunción, 489 

Paraguay.  490 

Gallego SM, Pena LB, Barcia RA, Azpilicueta CE, Lannone MF, Rosales EP, Zawoznik MS, 491 

Groppa MD, Benavides MP (2012). Unravelling cadmium toxicity and tolerance in plants: 492 

Insight into regulatory mechanisms. EEB 83: 33–46 493 

Geng CN, Zhu YG, Hu Y, Williams P, Meharg AA (2006). Arsenate causes differential acute 494 

toxicity to two P-deprived genotypes of rice seedlings (Oryza sativa L.). Plant Soil 279:297–495 

306  496 

Gill SS, Tuteja N (2010). Reactive oxygen species and antioxidant machinery in abiotic stress 497 

tolerance in crop plants. Plant Physiol Biochem 48:909-930 498 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

21 

 

Gill SS, Anjum NA, Hasanuzzaman M, Gill R, Trivedi DK, Ahmad I, Pereira E, Tuteja N (2013). 499 

Glutathione and glutathione reductase: a boon in disguise for plant abiotic stress defense 500 

operations. Plant Physiol Biochem 70 204–212 501 

Gratão PL, Polle A, Lea PJ, Azevedo RA (2005). Making the life of heavy metal stressed plants 502 

a little easier. Func Plant Biol 32 481-494 503 

Groppa MD, Zawoznik MS, Tomaro ML, Benavides MP (2008). Inhibition of root growth and 504 

polyamine metabolism in sunflower (Helianthus annuus L) seedlings under cadmium and 505 

copper stress. Biological Trace Element Research 126:246–256 506 

Habig WH, Pabst MJ, Jakoby WB (1974). Glutathione S-transferases: the first enzymatic step in 507 

mercaptric acid formation. The Journal of Biological Chemistry 249:7130-7139 508 

Hansel CM, La Force MJ, Fendorf S, Sutton S (2002) Spatial and temporal association of As 509 

and Fe species on aquatic plant roots. Environ Sci Technol 36:1988–1994 510 

Hartley-Whitaker J, Ainsworth G, Meharg AA (2001). Copper- and arsenate-induced oxidative 511 

stress in Holcus lanatus L. clones with differential sensitivity. Plant Cell Environ 24:713-722 512 

Heath RL, Packer L (1968). Photoperoxidation in isolated chloroplasts. I. Kinetics and 513 

stoichiometry of fatty acid peroxidation. Arch Biochem Biophys 25:189–198 514 

Hernández LE, Sobrino-Plata J, Montero-Palmero MB, Carrasco-Gil S, Flores-Cáceres M L, 515 

Ortega-Villasante C, Escobar C (2015). Contribution of glutathione to the control of cellular 516 

redox homeostasis under toxic metal and metalloid stress. J Exp Bot 66:2901-2911 517 

Hoagland DR, Arnon DI (1950). Water culture method for growing plants without soil. Cal Agr 518 

Exp Sta Circ pp. 347  519 

Iiyama K, Lam TB, Stone BA (1994). Covalent cross-links in the cell wall. Plant Physiol 104:315-520 

320 521 

Johansen D (1940). Plant microtechnique. McGraw-Hill book Inc. New York, USA, pp 523 522 

Jozefczak M, Remans T, Vangronsveld J, Cuypers A (2012). Glutathione is a key player in 523 

metal-induced oxidative stress defenses. Int J Mol Sci 13:3145-3175 524 

Kumar A, Singh RP, Singh PK, Awasthi S, Chakrabarty D, Trivedi PK (2014). Selenium 525 

ameliorates arsenic induced oxidative stress through modulation of antioxidant enzymes 526 

and thiols in rice (Oryza sativa L). Ecotoxicol 23:1153–1163 527 

Li Y, Dankher OP, Carreira L, Smith AP, Meagher RB (2006). The shoot-specific expression of 528 

gamma-glutamylcysteine synthetase directs the long-distance transport of thiol-peptides to 529 

roots conferring tolerance to mercury and arsenic. Plant Physiol 141:288–298 530 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

22 

 

Liu WJ, Zhu YG, Smith FA, Smith SE (2004). Do iron plaque and genotypes affect arsenate 531 

uptake and translocation by rice seedlings (Oryza sativa L.) grown in solution culture? J Exp 532 

Bot 55: 1707–1713 533 

Liu Y, Zhu YG, Chen BD, Christie P, Li XL (2005). Yield and arsenate uptake of arbuscular 534 

mycorrhizal tomato colonized by Glomus mosseae BEG167 in As spiked soil under 535 

glasshouse conditions. Environ Int 31 867–873 536 

Mandal B, Suzuki K 2002. Arsenic round the world: a review. Talanta 58:201-235 537 

Mascher R, Lippmann B, Holzinger S, Bergmann H (2002). Arsenate toxicity: effects on 538 

oxidative stress response molecules and enzymes in red clover plants. Plant Sci 163:961–539 

969 540 

Metzger L, Fouchault I, Glad C, Prost R, Tepfer D (1992). Estimation of cadmium availability 541 

using transformed roots. Plant and Soil 143:249-57 542 

Ministry of Agroindustry, Argentina. 2006. https://datos.magyp.gob.ar/. Accessed July 2016. 543 

Millar AH, Mittova V, Kiddle G (2003). Control of ascorbate synthesis by respiration and its 544 

implications for stress responses. Plant Physiol 133:443–447 545 

Mokgalaka-MatlalaNS, Flores-Tavizón E, Castillo-Michel H, Peralta-Videa JR, Gardea-546 

Torresdey JL (2009). Arsenic tolerance in mesquite (Prosopis sp.): low molecular weight 547 

thiols synthesis and glutathione activity in response to arsenic. Plant Physiol Biochem 548 

47:822–826 549 

Molina AS, Nievas C, Chaca MVP., Garibotto F, González U, Marsa SM, Luna C, Giménez MS, 550 

Zirulnik F (2008). Cadmium induced oxidative damage and antioxidantive defense 551 

mechanisms in Vigna mungo L. Plant Growth Reg 56:285-295. 552 

Moore KL, Schröder M., Wu Z, Martin BG, Hawes CR, McGrath SP, Hawkesford MJ, Ma JF, 553 

Fang-Jie Zhao FJ, Grovenor CR (2011). High-resolution secondary ion mass spectrometry 554 

reveals the contrasting subcellular distribution of arsenic and silicon in rice roots. Plant 555 

Physiol 156:913-924 556 

Mylona PV, Polidoros AN, Scandalios JG (1998). Modulation of antioxidant responses by 557 

arsenic in maize. Free Radic Biol Med 25:576–85 558 

Noctor G, Mhamdi A, Chaouch S, Han Y, Neukermans J, Marquez-Garcia B, Queval G, Foyer 559 

CH (2012). Glutathione in plants: an integrated overview. Plant Cell Environ 35:454–84  560 

O´Brien P, Mc Cully ME (1981). In: The study of plant structure: principles and selected 561 

Methods, Termorphi Pty. Ltd., Melbourne, Australia, 10, 339 562 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

23 

 

Orozco-Cárdenas M, Ryan C (1999). Hydrogen peroxide is generated systemically in plant 563 

leaves by wounding and systemin via the octadecanoid pathway. Proc Natl Acad Sci 564 

96:6553–6557 565 

Ortega-Villasante C, Hernández LE, Rellán-Álvarez R, Del Campo FF, Carpena-Ruiz RO (2007). 566 

Rapid alteration of cellular redox homeostasis upon exposure to cadmium and mercury in 567 

alfalfa seedlings. New Phytol 176:96-107 568 

Pickering IJ, Prince RC, George MJ, Smith RD, George GN, Salt DE (2000). Reduction and 569 

coordination of arsenic in Indian mustard. Plant Physiol 122:1171–77 570 

Rai A, Tripathi P, Dwivedi S, Dubey S, Shri M, Kumar S, Tripathi PK, Dave R, Kumar A, Singh 571 

R, Adhikari B, Bag M, Tripathi RD, Trivedi PK, Chakrabarty D, Tuli R (2011). Arsenic 572 

tolerances in rice (Oryza sativa) have a predominant role in transcriptional regulation of a 573 

set of genes including sulphur assimilation pathway and antioxidant system. Chem 82:986-574 

995 575 

Requejo R, Tena M (2005). Proteome analysis of maize roots reveals that oxidative stress is a 576 

main contributing factor to plant arsenic toxicity. Phytochem 66:1519–28 577 

Rodríguez-Serrano M, Romero-puertas MC, Zabalza ANA, Corpas FJ (2006). Cadmium effect 578 

on oxidative metabolism of pea (Pisum sativum L.) roots. Imaging of reactive oxygen 579 

species and nitric oxide accumulation in vivo. Plant Cell Environ 29:1532–1544  580 

Sagi M, Fluhr R (2001). Superoxide production by plant homologues of the gp91(phox) NADPH 581 

oxidase. Modulation of activity by calcium and by tobacco mosaic virus infection. Plant 582 

Physiol 126:1281–90 583 

Sánchez-Bermejo E, Castrillo G, Del Llano B, Navarro C, Zarco-Fernández S, Martinez-Herrera 584 

DJ, Leo-del Puerto Y, Muñoz R, Cámara C, Paz-Ares J, Alonso-Blanco C, Leyva A (2014). 585 

Natural variation in arsenate tolerance identifies an arsenate reductase in Arabidopsis 586 

thaliana. Nature Comm 5:4617 587 

Schröder P, Lyubenova L, Huber C (2009). Do heavy metals and metalloids influence the 588 

detoxification of organic xenobiotics in plants? Environ Sci Poll Res 16:795-804 589 

Shao HB, Chu LY, Lu ZH, Kang CM (2008). Primary antioxidant free radical scavenging and 590 

redox signaling pathways in higher plant cells. Int J Biol Sci 4:8–14 591 

Sharma I (2012). Arsenic induced oxidative stress in plants. Biologia (Bratisl). 67:447–453  592 

Sharma SS, Dietz KJ (2009). The relationship between metal toxicity and cellular redox 593 

imbalance. Trends Plant Sci 14:43-50 594 

Sharp RE, LeNoble ME (2002). ABA, ethylene and the control of shoot and root growth under 595 

water stress. J Exp Bot 53:33–37 596 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

24 

 

Sheadle M, Bassham J (1977). Chloroplast glutathione reductase. Plant Physiology 59:1011-597 

1012 598 

Shri M, Kumar S, Chakrabarty D, Trivedi PK, Mallick S, Misra P, Shukla D, Mishra S, Srivastava 599 

S, Tripathi RD, Tuli R (2009). Effect of arsenic on growth, oxidative stress, and antioxidant 600 

system in rice seedlings. Ecotoxicol Environ Saf 72:1102-1110 601 

Singh S, Parihar P, Singh R, Singh VP, Prasad SM (2016). Heavy Metal Tolerance in Plants: 602 

Role of Transcriptomics, Proteomics, Metabolomics, and Ionomics. Front Plant Sci 86:1143 603 

Singh HP, Batish DR, Kohlo RK, Arora K (2007). Arsenic-induced root growth inhibition in mung 604 

bean (Phaseolus aureus Roxb.) is due to oxidative stress resulting from enhanced lipid 605 

peroxidation. Plant Growth Regul 53:65–73 606 

Smedley PL, Kinniburgh DG (2002). A review of the source, behaviour, and distribution of 607 

arsenic in natural waters. Appl Geochem 17517-568 608 

Sobkowiak R, Deckert J (2003). Cadmium-induced change in growth and cell cycle gene 609 

expression in suspension-culture cells of soybean. Plant Physiol Biochem 41:767-772 610 

Sobrino-Plata J, Herrero J, Carrasco-Gil S, Pérez-Sanz A, Lobo C, Escobar C, Millán R, 611 

Hernández LE (2013). Specific stress responses to cadmium, arsenic and mercury appear 612 

in the metallophyte Silene vulgaris when grown hydroponically. RSC Adv 3:4736-4744 613 

Sobrino-Plata J, Ortega-Villasante C, Flores-Cáceres ML, Escobar C, Del Campo FF, 614 

Hernández LE (2009). Differential alterations of antioxidant defenses as bioindicators of 615 

mercury and cadmium toxicity in alfalfa. Chem 77 946-54. 616 

Sobrino-Plata J, Meyssen D, Cuypers A, Escobar C, Hernández LE (2014). Glutathione is a key 617 

antioxidant metabolite to cope with mercury and cadmium stress. Plant Soil 377:369–381  618 

Srivastava M, Ma LQ, Singh N, Singh S (2005). Antioxidant responses of hyper-accumulator and 619 

sensitive fern species to arsenic. J Exp Bot 56:1335–1342 620 

Srivastava S, Srivastava AK, Suprasanna P, D’souza SF (2010). “Comparative antioxidant 621 

profiling of tolerant and sensitive varieties of Brassica juncea L. to arsenate and arsenite 622 

exposure,” B Environ Contam Tox 84:342–346 623 

Stoeva N, Bineva T (2003). Oxidative changes and photosynthesis in Oat plants grown in As 624 

contaminated soil. Bulg J Plant Phsiol 29:87–95 625 

Talukdar D (2013). Arsenic-induced oxidative stress in the common bean legume, Phaseolus 626 

vulgaris L. seedlings and its amelioration by exogenous nitric oxide. Physiol Mol Biol Plants 627 

19:69-79 628 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

25 

 

Tamás L, Mistrík I, Huttová J, Halusková L, Valentovicová K, Zelinová V (2010). Role of reactive 629 

oxygen species-generating enzymes and hydrogen peroxide during cadmium, mercury and 630 

osmotic stresses in barley root tip. Planta 231:221–31 631 

Torres MA, Dangl JL (2005). Functions of the respiratory burst oxidase in biotic interactions, 632 

abiotic stress and development. Curr Opin Plant Biol 8:397-403 633 

Tripathi P, Dwivedi S, Mishra A, Kumar A, Dave R, Srivastava S, Shukla MK, Srivastava PK, 634 

Chakrabarty D, Trivedi PK, Tripathi RD (2012). Arsenic accumulation in native plants of 635 

West Bengal, India: Prospects for phytoremediation but concerns with the use of medicinal 636 

plants. Environ Monit Assess 184:2617–2631 637 

Tripathi RD, Srivastava S, Mishra S, Singh N, Tuli R, Gupta DK, Maathuis FJ (2007). Arsenic 638 

hazards: strategies for tolerance and remediation by plants. Trends Biotech 25:158-165 639 

Vázquez S, Esteban E, Carpena RO (2008). Evolution of arsenate toxicity in nodulated white 640 

lupine in a long-term culture. J Agric Food Chem 56:8580–8587 641 

Vázquez-Reina S, Esteban E, Goldsbrough P (2005). Arsenate-induced phytochelatins in white 642 

lupin: influence of phosphate status. Physiol Planta 124:41-49 643 

Verbruggen N, Hermans C, Schat H (2009). Mechanisms to cope with arsenic or cadmium 644 

excess in plants. Curr Op Plant Biol 12:364-372 645 

Vincent J (1970). A manual for the practical study of root-nodule bacteria. In: IBP Blackwell 646 

Scientific Publications, Oxford 647 

Vitória AP, Lea PJ, Azevedo RA (2001). Antioxidant enzyme responses to cadmium in radish 648 

tissue. Phytochem 57:701–710 649 

Vogeli-Lange R, Wagner GJ (1990). Subcellular localization of cadmium and cadmium binding 650 

peptides in tobacco leaves: Implication of a transport function for cadmium binding peptides. 651 

Plant Physiol 92:1086-1093 652 

Wu L, Yi H, Yi M (2010). Assessment of arsenic toxicity using Allium/Vicia root tip micronucleus 653 

assays. J Haz Mat 176:952-956 654 

Zhao FJ, McGrath SP, Meharg AA (2010). Arsenic as a food chain contaminant: mechanisms of 655 

plant uptake and metabolism and mitigation strategies. Ann Rev Plant Biol 61:535-559 656 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

Fig. 1. Alteration of plant architecture of peanut plants treated with different concentrations 

of arsenate (µM): (a) 0 (control), (b) 6, (c) 20 and (d) 100.  

 

Fig. 2. Cross section of peanut root treated with (a) 0 (Control), (b) 6, (c) 20, and (d) 100 

µM arsenate. c: cortex, e: epidermis, en: endodermis, ma: unknown material 

 

Fig. 3. Effects of arsenate exposure on root (a) NADPH oxidase activity, (b) SOD activity, 

(c) CAT activity, (d) hydrogen peroxide concentration, (e) lipid peroxidation. Data represent 

the mean ± SE (n =10). Different letters denote significant statistical differences (P < 0.05) 

according to Duncan´s test. 

 

Fig. 4. Distribution of hydrogen peroxide in peanut root sections treated with 0 (control), 6, 

20 and 100 µM arsenate. The arrows indicate the dark deposits resulting from the reaction 

of H2O2 with DAB. 

 

Fig. 5. Distribution of superoxide radical in peanut root sections treated with 0 (control), 6, 

20 and 100 µM arsenate. The arrows indicate reduced formazan blue deposits caused by 

the reduction of NBT with O2
�−. 

 

Fig. 6.  Changes in GSH content and thiol-related enzyme activities in peanut roots in 

response to 0 (control), 6, 20 and 100 µM arsenate. (a) Total GHS-Eq concentration, (b) 

GPX/PRX activity, (c) GR activity, and (d) GST activity. Data represent the mean ± SE (n 

=10). Different letters indicate significant statistical differences (P < 0.05) according to 

Duncan´s test. 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 

Table 1. Penaut plant growth treated with different doses of arsenate.  

   

As addition 
(µM) 

Shoot Dry 
weight (g) 

Root Dry weight 
(g) 

Shoot  Length 
(cm) 

Root  Length 
(cm) 

0 0.38 ± 0.02B 0.14 ± 0.01C 9.46 ± 0.20C 13.44 ± 0.57C 

6 0.41 ± 0.01B 0.11 ± 0.00B 9.65 ± 0.28C 12.13 ± 0.34C 

20 0.37 ± 0.01B 0.09 ± 0.01B 8.38 ± 0.26B 10.20 ± 0.28B 

100 0.14 ± 0.01A 0.05 ± 0.01A 5.04 ± 0.32A 6.15 ± 0.36A 

 

 

Data represent the mean ± SE (n =10). Different superscript letters indicate significant 
statistical di�erences between treatments (P <0.05) according to the Duncan’s test. 
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Table 2. Concentration of As in peanut plants treated with different doses of 
arsenate.  

As treatments As concentration (µg g-1 dry weight) 

(µM) Shoot Root 

6 0.28 ± 0.05B 149.40 ± 25.87B 

20 0.66 ± 0.12B 520.20 ± 40.45A 

100 7.80 ± 0.62A 538.60 ± 84.79A 

 

 

Data represent the mean ± SE (n =10). Different superscript letters indicate significant 
statistical di�erences between treatments (P <0.05) according to the Duncan’s test. 
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AsO4H2
- treatments (µM) 
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Highlights  

This is the first report showing the effect of arsenic on peanut plant in hydroponics 

Root histological structure modification and damage to macromolecules are induced by As 

Glutathione S-Transferase exhibits a remarkable increase upon exposure to As  

GST activity is proposed as a suitable biomarker of peanut arsenic contamination  

 

 

 


