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Abstract: Arsenic (As) contaminates the food chain and decreases agricultural production through 

impairing plants, particularly due to oxidative stress. To better understand the As tolerance 

mechanisms, two contrasting tobacco genotypes: As-sensitive Nicotiana sylvestris and As-tolerant 

N.tabacum, cv. ‘Wisconsin’ were analyzed. The most meaningful differences were found in the 

carbohydrate status, neglected so far in the As context. In the tolerant genotype, contrary to the 

sensitive one, net photosynthesis rates and saccharide levels were unaffected by As exposure. 

Importantly, the total antioxidant capacity was far stronger in the As-tolerant genotype, based on 

higher antioxidants levels (e.g., phenolics, ascorbate, glutathione) and activities and/or appropriate 

localizations of antioxidative enzymes, manifested as reverse root/shoot activities in the selected 

genotypes. Accordingly, malondialdehyde levels, a lipid peroxidation marker, increased only in 

sensitive tobacco, indicating efficient membrane protection in As-tolerant species. We bring new 

evidence of the orchestrated action of a broad spectrum of both antioxidant enzymes and molecules 

essential for As stress coping. For the first time, we propose robust carbohydrate metabolism based 

on undisturbed photosynthesis to be crucial not only for subsidizing C and energy for defense but 

also for participating in direct reactive oxygen species (ROS) quenching. The collected data and 

suggestions can serve as a basis for the selection of plant As phytoremediators or for targeted 

breeding of tolerant crops.  

Keywords: arsenate; arsenic; arsenite; antioxidant; antioxidant enzyme; saccharides; oxidative 

stress; ROS; tolerant and sensitive tobacco  

 

1. Introduction 

Arsenic, a toxic metalloid, is a non-essential element and group I carcinogen. Its accumulation 

in soil and water occurs due to anthropogenic activities and natural processes [1]. It exists in many 

chemical forms with varying degrees of mobility, bioavailability, and toxicity [2]. The proportion of 

individual forms is influenced by soil structural and chemical characteristics and therefore soil 
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characteristics are important for As uptake and distribution within the plant body [3]. Arsenic affects 

basal cellular metabolism [4] and its presence in the environment could hamper plant growth and 

induce a biomass reduction [5–8].  

Arsenic intake by plants can hardly be down regulated because it is often mediated by essential 

element transporters. Under oxidative conditions, arsenate (AsV) prevails in soil and, as a phosphate 

analogue, it enters plant cells via phosphate transporters [9], e.g. AtPht1;1 and AtPht1;4 in Arabidopsis 

[10] or OsPht1;1 in rice [11]. Under reducing conditions, arsenite (AsIII) is dominant and its absorption 

is enabled by nodulin 26-like intrinsic proteins, a class of aquaporins [12]. Due to the chemical 

similarity of arsenite with silicic acid, it can also enter plant cells by Si transporters that have been 

found, e.g. in rice [12]. Once inside the cell, most of AsV is reduced to AsIII as only the trivalent form 

can undergo detoxification. AsV interferes with phosphate metabolism, and AsIII reacts with proteins´ 

sulfhydryl groups (–SH) and thus damages cellular functions [13]. Very frequent negative effects of 

heavy metals, including metalloid arsenic, result in a drop of the photosynthetic rate [14–16]. The 

severity of photosynthetic apparatus damage is related chiefly to the dosage of the arsenic treatment 

and applied As form. In primary photosynthetic reactions, arsenic affects chlorophylls’ and 

carotenoids’ integrity, thus impairing the activity of photosystems’ antenna complexes as well as the 

electron transport chain, which results in reduced ATP and NADPH syntheses and/or increased 

energy dissipation via fluorescence or as heat [17]. The latest studies published mention the negative 

photosynthesis response upon arsenic, e.g., in tobacco-related potato [18] or tomato [16], but also 

unrelated Artemisia annua [14,15] or Ricinus [19]. These results, although often accompanied by data 

showing growth retardation or even plant death, are only rarely combined with carbohydrate status 

determination as also reviewed by Abbas et al. [20] and Kofroňová et al. [21]. However, different 

environmental stresses adversely affect carbohydrate metabolism, thus having a far-reaching impact 

on plants [22,23]. Carbohydrate levels and spectra are of utmost importance for it does not mean only 

the availability of C and an energy source for metabolism support (including the stress one). 

Carbohydrates also function as important indicators of the energy status and plant growth potential 

(i.e., signaling system) and therefore they are very important for data interpretation. 

In the context of arsenic stress, it is important to note that it induces the production of reactive 

oxygen species (ROS) [16,24–26]. To protect themselves, plants have developed sophisticated 

defensive mechanisms, including the action of antioxidant enzymes (superoxide dismutase, catalase, 

peroxidases like ascorbate peroxidase and glutathione-S-transferase) and antioxidant molecules (e.g., 

phenolic compounds, ascorbate, glutathione, and proline) [27]. Among the most important free-

radical quenchers, carbohydrates, particularly sucrose, raffinose family oligosaccharides, or fructans, 

can also eliminate the most reactive ROS, hydroxyl radical (OH.), which cannot be directly quenched 

by antioxidant enzymes [28]. A specific advantage of carbohydrates, versus other antioxidant 

molecules, lies in their ubiquity. Plant antioxidative defense under As stress, including the notion of 

carbohydrate participation, has recently been reviewed by Kofroňová et al. [21]. Carbohydrates, 

besides their ROS quenching capacity, act in stress defense indirectly via the provision of energy and 

carbon sources for defense molecule syntheses, including antioxidant enzymes [29]. Moreover, 

sucrose together with glucose are capable of controlling gene expression connected with stress 

resistance (e.g., [30]). Glucose accumulation alleviates the damaging effects of stress by enhancing 

the production of antioxidants and compounds, which act as osmotica by maintaining the water 

potential inside the cell, pH homeostasis regulator, and reduce membrane permeability during stress 

[31]. Signaling mediated by sucrose appears to be essential for the regulation of anthocyanin synthesis 

[32]. Besides anthocyanin, the synthesis of other antioxidant molecules, e.g., ascorbate or phenolic 

compounds, can also be controlled by sucrose signaling [33]. Saccharides are, besides what has 

already been said, involved in pathways producing NADPH, which is necessary for the activity of 

monodehydroascorbate reductase and glutathione reductase [34], enzymes active in oxidative stress 

defense. Unfortunately, the As effect on carbohydrate status needs further clarification, as not many 

of the studies devoted to the As influence on saccharide metabolism used various plant species, a 

diverse experimental design, or material of different plant ages; moreover, these studies led to 

contradictory results (decreased/increased or even fluctuating saccharide levels, e.g., in rice [35], bean 
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[36], wheat [37], potato [18], or tomato [16]. Importantly, As-tolerant fern Pityrogramma calomelanos 

exhibited relative stable carbohydrate levels upon arsenic stress [38].  

In this study, we tested the following hypothesis: A highly effective multicomponent 

antioxidative system supported by stable carbohydrate metabolism arising from undisturbed 

photosynthesis is the inevitable prerequisite for strong As stress tolerance in plants. To support or 

reject this idea, we performed a complex analysis of the growth characteristics, photosynthesis 

vulnerability, oxidative stress levels, and components of the antioxidant system involved in stress 

buffering in arsenic-exposed sensitive and tolerant tobacco species with a focus on carbohydrates. 

The results indicate that the tolerant genotype exhibits a better ability to alleviate oxidative stress and 

activate antioxidant components at the appropriate location. The tolerance also lies in stable levels of 

carbohydrates, possible ROS quenchers, as well as energy sources for stress amelioration.  

2. Materials and Methods 

2.1. Selection and Cultivation of Plant Material 

Out of seven tobacco genotypes (Nicotiana sylvestris, Nicotiana glutinosa and five cultivars of 

Nicotiana tabacum, cv. La Burley, Samsun, Petit Havana, Bright yellow, Wisconsin, the seeds from 

Institute of Biophysics, the Czech Academy of Sciences), arsenic tolerant/sensitive genotypes were 

selected based on the growth results of one-week-old plant seedlings cultivated in vitro for 14 days 

on 30 and 60 µg l-1 arsenate. N.tabacum cv. Wisconsin (best growing) and N. sylvestris (worst growing) 

were chosen as the tolerant and sensitive genotype, respectively, for further analyses. 

Growth conditions: The seeds were sown on a sterilized horticultural substrate and two-week-

old uniformly sized plantlets were transferred to pots (one plant per pot) with substrate (perlite and 

sand, 1:1). Ten days after transfer, the plants started to be regularly watered with Na2HAsO4.7H2O 

(10 or 30 µg l-1) containing or As-free Hoagland solutions. The experiments were repeated 4 times in 

June and July (2014–2017). Plant analyses were performed after 7 weeks of arsenic exposure with 3–

5 biological replications per treatment. For biomass determination, fresh or freeze-dried roots and 

shoots were used.  

2.2. Arsenic Content Determination 

For the determination of As levels and species, samples of 1 ± 0.1 g of dried and powdered plant 

material were used. First, 10 mL of 0.02 M NH4H2PO4 (pH 6.0) was added and the suspension was 

transferred to a tube. The tubes were fastened to a cross-shaped rotor and turned top-over-bottom at 

2668 x g for 14 h. Then, the suspension was centrifuged for 10 min at 3000 rpm and filtered through 

syringe cellulose-nitrate ester filters (0.22 µm). Individual As compounds were determined by high-

performance liquid chromatography (HPLC 1260 series, Agilent Technologies) equipped with an 

anion-exchange column (PRP-X100, 150 × 4.6 mm with 5µm particles, Hamilton); isocratic elution, 

RT, mobile phase: 0.02 M NH4H2PO4 (pH 6.0), flow rate: 1.5 mL min-1. An element-selective detector 

composed of Agilent inductively coupled plasma mass spectrometry (ICPMS) 7700x equipped with 

a helium collision cell and a quadrupole and outlet was connected with a PEEK capillary (0.125 mm 

i.d.) to the nebulizer of the ICPMS system. The intensity of ions at m/z 75 (75As and 40Ar35Cl) and also 

potential argon chloride (40Ar37Cl) interferences at m/z 77 were monitored. For details, see [39]. 

2.3. Photosynthetic Characteristics Determinations 

Photosynthesis rate and stomatal conductance: The net photosynthetic rate (Pn) and stomatal 

conductance (gs) of intact leaves were determined using an LI-6400 portable gas analyzer (LI-COR, 

Lincoln, NE) at 25°C, 600 µg l-1 of CO2, and relative air humidity adjusted to at least 60%. The 

measured data were collected at 1-min intervals. The protocol of changing irradiation consisted of a 

5-min initial period (at irradiation 200 µmol m-2 s-1) followed by a 10-min dark phase and 

measurements under changing irradiations in the following sequence: 100, 300, 500, 700, 900, 1100, 

and 200 µmol m-2 s-1 (5-min interval for each).  
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Fast fluorescence kinetics was determined on dark-adapted intact leaves (leaves to be measured 

were covered with aluminum foil to ensure full oxidation of photosystem reaction centers for 1 h). 

Using a pocket fluorimeter FluorPen 2 (PSI, Photon system instrument), the rapid onset of 

fluorescence induced by the blue light pulse was measured. The measurements were repeated at 3 

places in the worksheet [40]. The maximum quantum yield of the primary PSII photochemistry was 

calculated as (Fm-Fo)/Fm, where Fm is the maximum value of fluorescence under saturating 

irradiance and Fo is the initial value of the fluorescence. 

Photosynthesis pigment content determination: Cut-outs from leaves with a 5mm diameter were 

plunged in N,N-dimethylformamide to extract the photosynthetic pigments (chlorophyll a and b and 

total carotenoids). The concentration of pigments was than determined spectrophotometrically 

(Evolution 201, programme Thermo insight); absorbances at 480, 647, 664, and 750 nm were followed; 

and pigment contents calculated according to Equations (1), (2), and (3): 

Cha = 11,65 * A664 – 2,69 * A647 (g mL-1), (1) 

Chb = 20,81 * A647 – 4,53 * A664 (g mL-1), (2) 

C(x + c) = (1000 * A480 – 0,89 Ca – 52,02 * Cb) / 245 (g mL-1), (3) 

where Cha is chlorophyll a; Chb is chlorophyll b; and C(x + c) is the total concentration of carotenoids 

(xantophylls and carotens) reported by Wellburn [41]. 

2.4. Oxidative Stress Level Determination 

Reactive oxygen species (ROS) content determination: Roots and leaves (0.1 g) crushed in liquid 

nitrogen were mixed with 0.5 mL of 20 mM phosphate buffer (pH 6.4) and the suspension centrifuged 

at 4000× g (10 min, 4°C). The ROS content was measured as an increase in the fluorescence of 

fluorescein-based dye using a Fluoromax 3 instrument with a Micromax microplate reader (Jobin-

Yvon Horiba, Bensheim, Germany). Detection principle: In the presence of ROS, the non-fluorescent 

2’,7’-dichlorodihydrofluorescein diacetate (H2DCFDA) (Sigma) is cleaved and oxidized to the highly 

fluorescent 2’,7’-dichlorofluorescein (DCF). The excitation and emission wavelengths were set to 485 

and 522 nm with 490SP and 510LP filters, respectively, in [42].  

Malondialdehyde (MDA) level determination was performed spectrophotometrically following 

Hodges et al. [43] with some modifications. Fresh samples from each treatment (0.1 mg) were 

homogenized in 2 mL of 80% ethanol (v/v) and centrifuged at 19,000× g for 20 min at 4°C. The 

obtained supernatant was mixed with 700 µL of 20% TCA (trichloroacetic acid, v/v) containing 0.5% 

TBA (2-thiobarbituric acid) and then heated in boiling water for 30 min, and then cooled rapidly in 

an ice bath. The samples were centrifuged again at 10,000× g for 10 min. The amount of MDA was 

then determined spectrophotometrically (Evolution 201, programme Thermo insight) and calculated 

from the difference of the absorbances at 440, 532, and 600 nm according to Equations (4), (5), and (6): 

C(MDA) = [(A – B)/ ], (4) 

A = [(A532(+TBA) – A600(+TBA)) – (A532 (-TBA) – A600(-TBA))], (5) 

B = [(A440(+TBA) – A600(+TBA)) * 0,0571], (6) 

where:  = corrected extinction coefficient of MDA (157 mM-1 cm-1); A532(+TBA) – A600(+TBA) = absorbance 

of TBA-MDA complexes at 532 nm corrected for non-specific absorbance at 600 nm; and A532 (-TBA) – 

A600(-TBA) = absorbance of compounds in extract-solution without TBA at 532 nm corrected for non-

specific absorbance at 600 nm; [(A440(+TBA) – A600(+TBA)) * 0,0571] = correction for nonspecific TBA-sugar 

complexes according to Hodges et al. [43]. 

2.5. Antioxidant Enzymes Activities 

Protein extraction: Frozen samples (3 g) were ground in liquid nitrogen with 30 mL of phosphate 

buffer (0.1 M potassium phosphate, 5 mM EDTA (ethylenediaminetetraacetic acid), 1% 

polyvinylpolypyrrolidone (w/v), 1% Nonidet P40 (Sigma, Germany), 5 mM dithiothreitol, pH 7.8). 
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The mixture was centrifuged at 24,328× g at 4°C for 30 min. The supernatants were stored at −80°C. 

The antioxidant enzyme activities in the protein extracts were determined by a UV-VIS 

spectrophotometer. The activities were related to the total protein content detected using the 

Bradford method based on bovine serum albumin standard [44] according to the following Equation 

(7):  

�������� �������� = ��
�

��

��(sample)
�

��

��(�����)
�.�(���)

�.�.�(������)
� . 1000� /�(��������), (7) 

where: 
��

��(sample)
 = change in absorbance over time of sample; 

��

��(�����)
 = change in absorbance 

over time of blank;  �(���)  = volume of cuvette; �(������)  = volume of buffer;  ε  = extinction 

coefficient;  �  = optical path length; and  �(��������)  = protein content in sample.Glutathione-S-

transferase (GST) activity measurement: GST activity was determined after the reaction of GST with 

CDNB (1-chloro-2,4-dinitrobenzene) in 0.1 M potassium phosphate buffer, pH 6.4 (reaction mixture: 

1 mM GSH, 1mM CDNB). The change in absorbance at 340 nm per 5 min was measured at 25°C in a 

volume of 190 µL. The enzyme activity was calculated using an extinction coefficient of 9.6 mM-1 cm-

1 [45]. 

Peroxidase (POX) activity measurement: The POX activity in the protein extract was determined 

after the reaction of 100 mM ABTS (2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)) as a 

substrate and 4.5 mM H2O2 in 50mM potassium phosphate buffer (pH 7.0). The change in absorbance 

at 414 nm per 5 min was measured at 25°C in a volume of 200 µL. The enzyme activity was calculated 

using an extinction coefficient of 31.1 mM-1 cm-1 [46].  

Catalase activity measurement: Catalase activity was assayed according to a modified procedure 

of Beers and Sizer [47]. The mixture contained 200 mM H2O2 as a substrate and 100 mM KH2PO4 

buffer (pH 7.0). The decomposition of H2O2 was followed at 240 nm in a volume of 150 µL (extinction 

coefficient of 0.036 mM−1 cm−1).  

Ascorbate peroxidase (APX) measurement: APX was determined by a modified method of Nakano 

and Asada [48]. The reaction mixture contained 55.56 mM KH2PO4 buffer (pH 7.0), 60 mM ascorbate, 

and 3% H2O2 (v/v). APX activity was calculated using an extinction coefficient of 2.8 mM−1 cm−1 at 290 

nm in a volume of 200 µL. 

2.6. Antioxidant Compounds Determinations 

Total phenolic compounds determination: The total phenolic compounds content of the samples was 

determined using the Folin–Ciocalteu method, as described by Singleton et al. [49]. Fresh biomass 

(0.1 mg) from each treatment was homogenized, and the samples were extracted in 4 mL of 10% 

ethanol (v/v). The calibration curve was determined using gallic acid as a standard in the 

concentration range 50 to 500 mg l-1. The results were expressed as gallic acid equivalents 

spectrophotometrically at 750 nm. 

Anthocyanins content determination: Anthocyanins were determined in leaves according to 

Mancinelli et al. [50]. For extraction, approximately 100-mg dry weight samples were boiled with 0.5 

mL acid methanol (pH=1; 0.2 mL concentrated H2SO4, 9.8 mL CH3OH) for 1 min at 85°C. The samples 

were placed in the dark at 4°C. After 24h of extraction, the samples were centrifuged for 10 min and 

supernatants were transferred to fresh tubes. The amounts of anthocyanins were measured 

spectrophotometrically at 530 and 657 nm. The concentrations of anthocyanins were quantified 

according to the formula A530-0.33*A657. 

Glutathione level determination: The glutathione contents were determined according to Griffith 

[51] with some modifications. Samples of approximately 100 mg of fresh mass were homogenized 

and mixed with 100 µL of MiliQ H2O. The oxidized (GSSG) and reduced (GSH) glutathione contents 

were determined using the kit: BIOXYTECH®GSH/GSSG-412TM, Oxis International, Inc. The 

contents of GSH and GSSG were determined using calibration curves and the results were expressed 

in µmol GSH g-1 fresh weight. After NADPH addition, the absorbance was measured for 3 min at 412 

nm, according to the manufacturer’s instructions. 
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Ascorbic acid determination: Root and leaf samples of approximately 40 mg of fresh mass were 

homogenized in liquid nitrogen. Extraction and analysis were performed using an Ascorbic Acid 

Assay Kit II (Sigma-Aldrich) according to the manufacturer’s instructions. Ascorbic acid 

concentration was determined colorimetrically at 593 nm using the Ferric Reducing/Antioxidant and 

Ascorbic Acid (FRASC) assay, where Fe3+ is reduced to Fe2+ by antioxidants present in the sample. 

Parallel samples with ascorbate oxidase allow measurement of the ascorbate concentration. 

2.7. Carbohydrate Content Determination  

The samples (100-200 mg) were immediately frozen in liquid nitrogen, then freeze-dried, and 

their dry weight was determined. For extraction, the samples were boiled with 0.5 mL of 80% 

methanol (v/v) at 75 °C for 15 min, the solvent was vacuum-evaporated, and the residue was 

resuspended in Milli-Q ultrapure water (Millipore). The content of non-structural soluble 

carbohydrates was determined using high performance liquid chromatography (HPLC, flow rate 0.5 

mL min−1, 80°C) with refractometric detection (refractive index range 1–1.75; refractometer Shodex 

RI-71; Spectra Physics—Newport Corporation, Irvine, CA, USA), column: IEX Ca2+ (Shodex). The 

starch in the pellets after the extraction of soluble carbohydrates was hydrolyzed by α-amylase 

(Fluka, 30U) and amyloglucosidase (Sigma, 60U) in 0.1 M Na-acetate buffer (pH 4.5), and the glucose 

content was measured by HPLC. The data were evaluated using Clarity 7.2 software (DataApex).  

2.8. Statistical Analysis 

Values are presented as means of 5-10 independent biological replications ± standard deviation. 

For comparison of individual arsenic treatments versus the control, one-way analysis of variance 

(ANOVA) and multiple comparison Dunnett’s post-hoc test (two-Sided versus control) (NCSS 9.0 

software, LCC Kaysville) were used. The sample number (n) represents the number of biological 

replicates per treatment. Individual As treatments significantly different from the control were 

marked above the column as *** (p < 0.001), ** (p < 0.01), * (p < 0.05), or (*) (p < 0.1). 

3. Results 

3.1. Arsenic Content and Effect on Biomass Accumulation in Tobacco Roots and Leaves  

Both genotypes accumulated more arsenite than arsenate (Figure 1A–D). Leaf contents of both 

As forms were one order lower than root ones. In Nicotiana sylvestris (SYL) (Figure 1B and D), the leaf 

and root contents of both As forms increased with an increasing medium As concentration. 

Interestingly, in Nicotiana tabacum, cv. Wisconsin (denoted as WIS) roots, arsenite decreased, but the 

arsenate content increased (Figure 1A) with increased As exposure, although in WIS leaves, both As 

forms increased with an increasing As dose (Figure 1C). In all control samples, there was a negligible 

amount of both forms of As.  

The tolerant tobacco WIS grew in the presence of arsenate much better (Figure 1E) than the 

sensitive SYL (Figure 1F). In WIS, there was a decrease of root growth with an increasing As dose, 

though this was only significant for the higher As treatment. On the contrary, in SYL, there was a 

significant reduction of leaf and root growth already at 10 µg l-1 arsenate and a dramatic decrease to 

less than one fifth in the higher arsenic treatment.  
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Figure 1. Arsenic contents and the growth response to arsenic treatments in two contrasting tobacco 

genotypes. (A, C, and E) Tolerant N.t. cv. Wisconsin; (B, D, and F) Sensitive N. sylvestris. 0, 10, and 30 

µg l-1 arsenate concentrations. Bars indicate standard deviations. Stars mean statistically significant 

differences from the control at the level α = 0.1 ((*)), 0.05(*), 0.01 (**), 0.001(***), n = 5. 

3.2. Effect of Arsenic on Photosynthetic Characteristics  

In the tolerant WIS, the net photosynthesis rate response to changing irradiance did not differ 

significantly between control and arsenic treatments (Figure 2A). In the sensitive SYL, however, the 

photosynthesis rate decreased in an As dose-dependent manner; the decline was significant for both 

As doses at irradiances of 500 to 1100 µmol m-2 s-1 (Figure 2B).  

As regards leaf stomata conductance (GS), the tolerant WIS exhibited a slight tendency to 

reduced conductance only under the stronger arsenic treatment at higher irradiances. Sensitive SYL, 

however, exhibited a tendency to decrease at both As treatments, with a drop of 30 µg l-1 at higher 

irradiances (700–1100 µmol photon mˉ² sˉ¹; Figure S1).  

Plastid pigments contents (chlorophylls a and b and carotenoids, Figure 2C and D) decreased 

with an increasing arsenic dose in both genotypes. For sensitive SYL, the decrease was significant 

even at 10 µg l-1 (except for chlorophyll b). In the sensitive SYL, the above-mentioned chlorophyll 

content decrease was accompanied by a decrease in the maximum fluorescence efficiency; at the 

higher As concentration, this was about one half of the control. In the tolerant WIS, however, the 

fluorescence efficiency was not influenced (Figure 2E). 
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Figure 2. Effects of arsenic on the net photosynthesis rate under different irradiances (A,B), pigments 

contents (C,D), and chlorophyll a fluorescence (E) in two contrasting tobacco genotypes (A,C tolerant 

N.tabacum cv.Wisconsin; B,D sensitive N. sylvestris). 0, 10, and 30 µg l-1 arsenate concentrations. Bars 

indicate standard deviations. Stars mean statistically significant differences from control at the level 

α = 0.1 ((*)), 0.05(*), 0.01 (**) or 0.001(***), n = 5. 

3.3. ROS Content and Lipid Peroxidation under Arsenic Exposure 

In As-treated WIS roots and leaves, there was a mild increase in reactive oxygen species (ROS) 

contents, which was only significant at 30 µg l-1 (Figure 3A). In the sensitive SYL, however, there was 

a statistically significant two-fold increase of ROS at the higher As concentration (Figure 3B), both in 

leaves and roots. Further, malondialdehyde (MDA) levels were comparable in As-treated WIS leaves 

and roots (Figure 3C) though the sensitive tobacco SYL exhibited a gradual statistically significant 

increase of MDA with the increasing As treatment (Figure 3D). 
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Figure 3. Effect of arsenic on the ROS (A,B) and malondialdehyde (MDA) (C,D) contents in two 

contrasting tobacco genotypes (A,C tolerant N.tabacum, cv.Wisconsin; B,D sensitive N. sylvestris). 0, 

10, and 30 µg l-1 arsenate treatments. Bars indicate standard deviations. Stars mean statistically 

significant differences from control at the level α = 0.1 ((*)), 0.05(*), 0.01 (**) or 0.001(***), n = 5–9. 

3.4. Effects of Arsenic on Antioxidant Enzymes Activities  

As regards antioxidant enzyme activities, the genotypes under study exhibited different or even 

opposite reactions (Figure 4). In tolerant WIS, ascorbate peroxidase (APX) and glutathione-S-

transferase (GST) had nearly identical responses in the leaves: A dramatic gradual decrease that was 

significant for both arsenate treatments (Figure 4A and C). A similar pattern was also found in WIS 

leaf peroxidase (POX), though this was only significant at 30 µg l-1 (Figure 4G). As regards the 

activities in WIS roots, oppositely, there was a gradual significant increase for APX activity while no 

significant activity changes for GST and POX were found (Figure 4A,C,G). A reverse response was 

exhibited by catalase (CAT), where in WIS leaves, the activities gradually increased with increasing 

As while in roots, they decreased (both significant at 30 µg l-1) (Figure 4E).  

Interestingly, in the leaves and roots of sensitive SYL, quite the opposite pattern was determined 

nearly for all followed enzyme activities (Figure 4B,D,F,H). Increased activities were apparent in the 

SYL leaves for all enzymes except CAT, where, on the contrary, activities gradually decreased (Figure 

4B,D,F,H). Importantly, the changes in APX and GST were statistically significant at higher As 

treatments. For POX and CAT, significant differences were also found at 10 µg l-1. In As-treated SYL 

roots, there was a significant increase in GST and CAT, but no changes in APX and POX activities 

(Figure 4B,D,F,H). 
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Figure 4. Effect of arsenic on the antioxidant enzymes activities in two contrasting tobacco genotypes 

(A,C,E,G tolerant N.tabacum, cv.Wisconsin, B,D,F,H sensitive N. sylvestris). 0, 10, and 30 µg l-1 arsenate 

treatments. APX—ascorbate peroxidase (A,B), GST—glutathione-S-transferase (C,D), CAT—catalase 

(E,F), POX—peroxidase (G,H). Bars indicate standard deviations. Stars mean statistically significant 

differences from control at the level α = 0.1 ((*)), 0.05(*), 0.01 (**) or 0.001(***), n = 5. 

3.5. Effects of Arsenic on Antioxidant Molecules Levels  

The levels of WIS leaf anthocyanins remained stable even under the higher As treatment while 

the sensitive SYL had a sharp decline at 30 µg l-1 (Figure 5A). In the leaves of both genotypes, the total 

phenolic compound contents tended to increase, though this was only significant for SYL and the 

higher As dose (Figure 5B,C). In the roots, however, phenolics significantly increased for both As 

treatments in tolerant WIS, whereas in SYL no response appeared (Figure 5B,C). No prominent 

changes in root proline contents were detected regardless of the As dose or genotype (Figure S2). In 

leaves, however, an increasing trend was found in both genotypes at 30 µg l-1, though a significant 

1.5-fold increase was found only in WIS. 

The ratios between reduced and oxidized glutathione (glutathione:glutathione disulphide; 

GSH:GSSG) showed a trend to gradual decreases in both arsenic treatments and both genotypes 

(Figure 5D,E), significant in WIS leaves and roots, while in SYL, the decrease appeared solely in roots 

of the higher As dose but less pronounced than in tolerant WIS. As regards the total glutathione 

contents in the genotypes under study, in tolerant WIS roots, significantly higher levels were detected 

under both As treatments, though no difference was found in this parameter in WIS leaves. In 
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sensitive SYL, only higher As exposure resulted in a significant increase solely in the leaves (Figure 

S3).  

In tolerant WIS, there was a 2.5-fold increase in the ascorbate contents in roots induced by both 

As treatments (significant at p < 0.001). On the contrary, in sensitive SYL, the only change induced by 

As treatment was a gradual decrease in roots, significant at both 10 and 30 µg l-1 (Figure 5F,G). 

However, in the leaves of both genotypes, no changes in ascorbate levels were detected. 

 

Figure 5. Effect of arsenic on anthocyanin (A) and phenolics contents (B,C), GSH/GSSG - glutathione 

forms ratio (D,E), and ascorbate contents (F, G) in two contrasting tobacco genotypes (A,B,D, and F 

tolerant N.tabacum cv.Wisconsin; A,C,E,G sensitive N. sylvestris). 0, 10, and 30 µg l-1 arsenate 

treatments. Bars indicate standard deviations. Stars mean statistically significant differences from 

control at the level α = 0.1 ((*)), 0.05(*), 0.01 (**) or 0.001(***), n = 4–5. 

3.6. Effects of Arsenic on the Carbohydrate Status  

Analysis of the leaf carbohydrate status revealed no differences between control and As-treated 

variants for both genotypes, except for a decrease at 10 µg l-1 As in SYL (Figure 6A,B). Roots, however, 

behaved differently. While the tolerant WIS exhibited no significant changes, the sensitive SYL 

showed a gradual and significant decrease of carbohydrate levels with increasing As stress. On the 

other hand, as opposed to WIS, where starch levels (expressed as glucose units arisen from starch 
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enzymatic splitting) did not change much in both, the roots and leaves (Figure 6C), the sensitive SYL 

starch amounts were unchanged only in the roots (Figure 6D) while in leaves, this increased 

significantly at 10 µg l-1 but dropped dramatically to less than a half at 30 µg l-1 arsenate. 

 

Figure 6. Effects of arsenic on soluble carbohydrate (A, B) and starch (C, D) contents in two 

contrasting tobacco genotypes (A, C tolerant N.tabacum cv. Wisconsin; B, D sensitive N. sylvestris; C, 

D amount of glucose after enzymatic starch degradation). 0, 10, and 30 µg l-1 arsenic treatments. Bars 

indicate standard deviations. Stars mean statistically significant differences from control at the level 

α = 0.1 ((*)), 0.05(*), 0.01 (**), or 0.001(***), n = 10. 

4. Discussion 

Elevated arsenic contents in water and soil in many areas are of serious environmental and 

human health concerns [52]. Most reports demonstrate remarkable As-induced stress symptoms on 

various levels and numerous physiological responses, leading to growth and developmental changes 

in plants [7,8,53].  

4.1. Plant Growth and Photosynthesis Under As Stress 

In our study, arsenic toxicity resulted in an evident biomass reduction in both relatively tolerant 

Nicotiana tabacum cv. Wisconsin (WIS) and sensitive Nicotiana sylvestris (SYL), though the drop was 

much more serious in SYL and observed at a lower arsenic concentration (Figure 1E,F). Both 

genotypes accumulated up to two orders more arsenic in roots than in leaves, mainly as AsIII. Plant 

fitness can be affected by arsenic through interference with photosynthesis [54]. According to 

Chandrakar et al. [55], As toxicity includes reduced growth and biomass accumulation, leaf gas 

exchange, chlorophyll synthesis, and thereby affects the photosynthesis rate. Generally, under arsenic 

treatment, photosynthesis is reduced (e.g., [56–58]). Comparing the course of photosynthesis (Figure 

2A,B), we found that in the tolerant WIS, the net photosynthesis rate did not differ significantly 

between control and As treatments as opposed to sensitive SYL, where it dramatically decreased 

under As. The As-caused decrease of the photosynthesis rate was also reported in sensitive poplar 

[58] or chickpea [59], which may be related to thylakoid membrane damage. MDA accumulation 

indicates membrane damage that also involves chloroplast membranes. Thus, in sensitive SYL, 

higher MDA levels justify the observed lower photosynthetic efficiency. However, in this species, the 

photosynthesis disruption might also be connected with the decrease of chlorophyll a fluorescence 
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appearing at the higher As dose (Figure 2E). In various plant species, heavy metal stresses have often 

been connected with a fluorescence decrease [60]. The decreasing proportion of active reaction 

centers under As treatment can reduce photochemical electron transport, resulting in a decrease of 

the maximum fluorescence efficiency of chlorophyll a [61]. In our study, the maximum fluorescence 

efficiency of the tolerant WIS was not influenced under As, in contrast to sensitive SYL, where a 

significant decrease appeared at 30 µg l-1 arsenate. Photosynthesis might also be disturbed by 

decreased plastid pigments contents, as shown by Mishra et al. [62] in rice, Malik et al. [59] in 

chickpea, and Naeem et al. [14,15] in Artemisia annua. Therefore, we also determined the contents of 

chlorophyll a and b and carotenoids (Figure 2C and D). With an increasing arsenic dose, the pigment 

contents in both genotypes decreased, but for SYL, the decrease was more prominent, and was 

significant even at 10 µg l-1 arsenate. The reduction in chlorophyll contents may have been caused by 

other factors, such as increased chlorophyllase activity or oxidative damage [63]. In this study, the 

impairment of the photosynthetic process induced by As was corroborated by lower sugar levels and 

the more severe growth reduction in sensitive SYL. The limitation of the photosynthesis rate may be 

a consequence of stomatal closure, which was found in rice [64]. We observed more affected stomatal 

conductance in sensitive SYL than in tolerant WIS (Figure S1). Together, we suppose that in SYL, the 

photosynthesis rate reflected stomatal conductivity limitations and a depletion of the photosynthetic 

pigments, resulting in a PSII efficiency decrease. Lowering of the photosynthesis rate in sensitive 

species is in accordance with the findings of Baker [65] or Liu et al. [58]. A decrease in the stomatal 

conductance could reduce water loss in As-treated plants. It has been reported that heavy metals 

affect water flow, thus disturbing the water status [66,67]. Changes in the water flow dynamics could 

be considered an adaptive strategy to regulate metal uptake and translocation, thus avoiding 

accumulation and toxicity. Nevertheless, a metal-induced reduction of water flow has been 

associated with a reduction in radial growth and changes in aquaporins, plasmodesmata, xylem, and 

stomata characteristics [68].  

4.2. Arsenic-Induced ROS Accumulation  

Arsenic is not a redox metal; nevertheless, there is significant evidence that arsenic exposure 

does result in ROS generation in plants [69], involving singlet oxygen (1O2), superoxide radical (O2.-), 

hydrogen peroxide (H2O2), or hydroxyl radical (HO.) production. Cell damage caused by oxidative 

stress is considered to be a major adverse effect of heavy metal exposure [70]. Arsenic exposure led 

to H2O2 accumulation and cell damage by increased lipid peroxidation [25,71,72]. In this study, we 

hypothesized that the plants effectively coping with oxidative stress would thrive better under As 

treatment. Our results (Figure 3A,B) showed that the tolerant WIS exhibited a smaller increase of ROS 

than the sensitive SYL. Tolerant WIS under As stress had a minimum increase of MDA as opposed 

to the sensitive SYL, thus WIS’s membranes were less damaged (Figure 3C,D). Therefore, we can 

assume that the tolerant tobacco had a more effective antioxidant system than the sensitive one. To 

verify this assumption, we determined the antioxidant enzyme activities (Figure 4) of WIS and SYL 

plants.  

4.3. Antioxidant Enzyme Activities as Affected by As Stress 

The enzymes activities varied greatly between genotypes as well as the organs analyzed. In the 

tolerant WIS under As, APX activity increased in roots and decreased in leaves. Sensitive SYL, on the 

other hand, reacted quite differently: Root activity was almost unchanged while leaf activity 

increased (Figure 4A,B). Similar trends were also found for POX with one exception: WIS roots, where 

the increase was not significant (Figure 4G,H). Interestingly, other enzyme activities also differed 

substantially between genotypes. Leaf GST activity exhibited reverse reactions: An increase in SYL 

and decrease in WIS with an increasing As dose. In roots, however, the activity did not change in 

WIS while it increased in SYL. It is possible, therefore, that the tolerant tobacco overcomes the ROS 

burst already in the roots by APX and POX activities while the sensitive tobacco induces these 

antioxidant enzyme systems as late as in leaves. Previous studies on the As effect have also shown 

changes in antioxidant enzymes activities [67]. Generally, plant As exposure mostly enhanced the 
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activities of these enzymes [72] or at least some of them (e.g., [73]). The results of Gupta and Ahmad 

[74] also showed differential responses of the antioxidant enzymes (SOD, CAT, APX) in two 

contrasting rice varieties. They found higher activities in leaves of a tolerant variety. Cakmak [75] 

further proposed that an increase/decrease of CAT and APX activities could be due to substrate 

amounts’ increase or inactivation by protease. These enzymes are responsible for degradation of 

H2O2, a potential source of highly reactive (HO.) and (1O2). Thus, their higher activities are generally 

perceived as plant oxidative stress markers [74]. However, antioxidant enzymes cannot remove the 

most reactive ROS, (HO.). Therefore, determinations of antioxidant molecule levels, e.g., proline and 

soluble phenolic compounds or ascorbate, is necessary to create a more complete picture of the 

scavenging capacity.  

4.4. Antioxidant Molecules Accumulation Resulting from As Stress 

Proline plays a protective role against ROS, e.g., protects membranes and proteins from 

inorganic ions’ adverse effects [76]. A study on rice [77] indicated an enhanced proline content with 

increasing concentrations of arsenic; however, in our As-treated plants, a statistically significant 

difference was found only in WIS leaves at the higher As concentration (Figure S2). The difference 

between our results and that of Saha et al. [77] could stand on species-specific reactions of proline 

upon metal stress as tobacco under cadmium also did not enhance leaf proline levels even after 25 

days of treatment [78]. Phenolic compounds enhance antioxidant enzyme activities and serve as 

antioxidants themselves [55], probably also due to their readiness to chelate metals [27]. In our study, 

the phenolic compound contents tended to increase at both As levels in the leaves of both genotypes. 

In the roots, however, they significantly increased under both As treatments in WIS while SYL 

exhibited only a trend to increase (Figure 5B,C). We propose that phenolics substantially contributed 

to the defense mainly in WIS roots. Similarly, higher production of total phenolics and proline was 

found in the tolerant maize cultivar under arsenic treatment [79]. Among the important phenolic 

antioxidants anthocyanins belong [80], with the ability, besides free radical scavenging, to bind heavy 

metals and detoxify them in vacuoles [81,82]. The antioxidative properties of anthocyanins arise from 

their high reactivity as hydrogen or electron donors, from the ability of the polyphenol-derived 

radicals to stabilize and delocalize the unpaired electron, and from their ability to chelate transition 

metals [83]. In our study, the anthocyanins content exhibited stable levels in the tolerant WIS (Figure 

5A) but dramatically decreased in the sensitive SYL at higher As. Anthocyanins are also an important 

sink of photosynthates, and in SYL, photosynthesis was disturbed at 30 µg l-1. In Coriandrum, a 

decrease of antioxidant contents, including anthocyanins, was found under As treatment, therefore 

Coriandrum is probably a sensitive plant [27]. In tolerant tomato, Kumar et al. [84] found increased 

anthocyanins accompanied by an increase in carotenoids. The authors proposed that through 

anthocyanins and carotenoids, tomato can effectively defend itself [84]. 

Ascorbate is another substance with the ability to improve plant growth and development due 

to its antioxidant property associated with plant resistance to oxidative damage [85] and is an integral 

part of the ascorbate–glutathione cycle. Both ascorbate and glutathione act in a very coordinated 

manner in this cycle and protect cells from oxidative disorders caused by H2O2 [19]. There was a 

marked significant increase in tolerant tobacco roots (Figure 5F). It is evident that this antioxidant 

contributes significantly to the antioxidant defense of tolerant tobacco. Increases in ascorbate content 

were observed, for example, in arsenic-exposed sunflower [15] or rapeseed [86]. These results are also 

consistent with an increase in APX activity in tolerant tobacco as APX utilizes the ascorbate-reducing 

force to decompose H2O2. Oppositely, in the roots of the sensitive genotype, ascorbate gradually 

decreased to about one third of the control in the 30 µg l-1 As treatment (Figure 5G). This decline was 

accompanied by a decrease in APX activity, which may be due to damage to this enzyme and other 

enzymes involved in ascorbate regeneration, such as monodehydroascorbate reductase and 

dehydroascorbate reductase [18]. 

It is known that glutathione plays a major role in protecting cells from arsenic [87] as it can 

directly detoxify ROS through GST activity and provide electrons for the reduction of AsV [88,89]. In 

this study we found a tendency to increase the total glutathione contents in the roots and leaves of 
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both genotypes (Figure S3). However, the GSH:GSSG (reduced glutathione: glutathione disulphide) 

ratio is supposed to be more important than the total glutathione amount [90]. Under oxidative stress, 

the GSH:GSSG ratio usually decreases and this was also observed in our genotypes (Figure 5D,E), 

but more severe in WIS. GSSG accumulation presumably results from the reduction of GSSG by 

glutathione reductase (GR) or even damage of GR by arsenite binding. On the other hand, GSH can 

also be used for phytochelatins synthesis [91]. Similar results in glutathione metabolism were also 

found in rice under As treatment [92]. Interestingly, higher contents of GSSG were found in a tolerant 

genotype Pteris vittata under As than sensitive Pteris ensiformis [93]. Both genotypes had a lower 

GSH:GSSG ratio and the tolerant genotype even less. The authors explained that the tolerant Pteris 

species had a greater reduction power and lower GSH/GSSG ratio, which helps plants in several 

physiological functions, including activation/inactivation of redox-dependent enzymes and 

regeneration of the cellular antioxidants, e.g., ascorbic acid. 

4.5. Carbohydrate Status Under As Stress 

Protection against oxidative stress also includes the action of carbohydrates that can effectively 

quench free radicals [28,94]. Sugars, especially disaccharides (sucrose and trehalose), raffinose family 

oligosaccharides, and fructans participate in ROS elimination under abiotic stresses [95]. In addition, 

soluble sugars and starch play vital roles in osmotic regulation, membrane lipid biosynthesis, as 

sources of C and energy, and signal molecules [31]. The relationship between carbohydrate 

accumulation and enhanced heavy metal tolerance has been reported in some plant species, e.g., 

citruses [96] or rice [97]. The tolerant genotype WIS maintained similar levels of carbohydrates 

(soluble as well as starch) in the roots and leaves regardless of the As treatment (Figure 6), whereas 

the sensitive genotype exhibited a large decrease of sugar contents in the roots, though the root starch 

levels were not influenced. The leaf starch content showed a fluctuating trend in SYL: Starch 

increased under lower As but decreased under a higher As dose. Interestingly, in the roots of the 

tolerant genotype, there was a growing proportion of sucrose with an increasing As concentration 

(Figure 6A,B). Sucrose is the primary carbohydrate; thus, its metabolism is vital to the regulation of 

plant growth and stress responses [98]. As already mentioned, arsenic can bind to enzyme SH groups, 

which also applies, among others, to carbohydrate metabolism enzymes, and thereby can 

significantly affect their functions. Based on our results, we suggest that in the sensitive tobacco, 

carbohydrate metabolism is affected by arsenic treatment, both in the leaves and roots. This is in 

accordance with the results on relative As-sensitive tomato recently obtained by Gupta and Seth [16]. 

On the other hand, the carbohydrate levels of the tolerant genotype were not influenced, which is 

similar to As-tolerant Pityrogramma calomelanos [38]. Moreover, we observed that the tolerant tobacco 

grew relatively well even under high As stress, which we propose is a result of complex and efficient 

activation of a vast range of defense mechanisms, including enzymatic and non-enzymatic ROS 

quenching. 

5. Conclusions 

Study of the characteristics of tolerant versus sensitive plant genotypes can be fruitful for 

clarifying the strategies of the plant response in the face of oxidative stress caused by arsenic, as well 

as to evaluate the extent of the damage caused by an ROS level increase. In our study, we found that 

the growth of tolerant tobacco N.tabacum, cv. ’Wisconsin (WIS) was less affected by an arsenic 

compared to the sensitive Nicotiana sylvestris (SYL) genotype. We propose that this is the result of a 

complex metabolic response, including effective activation of the enzymatic antioxidant system 

connected with enhanced ascorbate peroxidase activity in the most exposed roots together with 

strengthening of the syntheses of antioxidant molecules, particularly ascorbate and phenolic 

compounds. Most importantly, the tolerant WIS exhibited less impaired photosynthetic processes, 

which allowed the carbohydrate balance to be maintained and provided C and energy, beside others, 

for antioxidant system activation, and probably directly involved sugars in ROS quenching. Taken 

together, we propose that the important innate features of As-tolerant plants are mainly an effective 
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root-located antioxidant system, including both enzymatic and non-enzymatic components, and 

robust carbohydrate metabolism. 

We further propose that future studies should concentrate on characterizing features of the 

photosynthetic apparatus or other physiological characteristics that are responsible for the low 

vulnerability of photosynthesis in As-tolerant plants. It will also be of great importance to find out 

whether the proposed conclusions are of general validity in plants or whether there is large variability 

in the mechanisms of tolerance in different plant species that have low susceptibility to As. 

Fulfillment of both the mentioned future tasks is indispensable for the creation of a reliable strategy 

for selection of plants suitable for phytoremediation as well as for breeding of As-tolerant crops. 

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: Effects of 

arsenic on stomatal conductance in two contrasting tobacco genotypes, Figure S2: Effects of arsenic on proline 

contents in two contrasting tobacco genotypes, Figure S3: Effects of arsenic on total glutathione contents in two 

contrasting tobacco genotypes. 

Author Contributions: Conceptualization, P.M. and H.L.; Data curation, M.K.; Funding acquisition, M.K. and 

H.L.; Investigation, M.K.; Methodology, M.K., A.H., J.T., P.S., S.P. and D.P.; Supervision, H.L.; Validation, P.M., 

J.T., P.S., D.P. and H.L.; Writing—original draft, M.K.; Writing—review & editing, P.M. and H.L. All authors 

have read and agreed to the published version of the manuscript. 

Funding: This research was funded by the Grant Agency of Charles University, Czech Republic, grant number 

1018216; and by the Ministry of Education, Youth and Sports of the Czech Republic, grant number LO 1417. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Panda, S.K.; Upadhyay, R.K.; Nath, S. Arsenic stress in plants. J. Agron. Crop Sci. 2010, 196, 161–174, 

doi:10.1111/j.1439-037X.2009.00407.x. 

2. Quaghebeur, M.; Rengel, Z. Arsenic speciation governs arsenic uptake and transport in terrestrial plants. 

Microchim. Acta 2005, 151, 141–152, doi:10.1007/s00604-005-0394-8. 

3. Panuccio, M.R.; Logoteta, B.; Beone, G.M.; Cagnin, M.; Cacco, G. Arsenic uptake and speciation and the 

effects of phosphate nutrition in hydroponically grown kikuyu grass (Pennisetum clandestinum Hochst). 

Environ. Sci. Pollut. Res. 2012, 19, 3046–3053, doi:10.1007/s11356-012-0820-5. 

4. Chakrabarty, D.; Trivedi, P.K.; Misra, P.; Tiwari, M.; Shri, M.; Shukla, D.; Kumar, S.; Rai, A.; Pandey, A.; 

Nigam, D.; et al. Comparative transcriptome analysis of arsenate and arsenite stresses in rice seedlings. 

Chemosphere 2009, 74, 688–702, doi:10.1016/j.chemosphere.2008.09.082. 

5. Finnegan, P.M.; Chen, W. Arsenic toxicity: The effects on plant metabolism. Front. Physiol. 2012, 3, 182, 

doi:10.3389/fphys.2012.00182. 

6. Mabrouk, B.; Kaab, S.B.; Rezgui, M.; Majdoub, N.; da Silva, J.A.T.; Kaab, L.B.B. Salicylic acid alleviates 

arsenic and zinc toxicity in the process of reserve mobilization in germinating fenugreek (Trigonella foenum-

graecum L.) seeds. S. Afr. J. Bot. 2019, 124, 235–243, doi:10.1016/j.sajb.2019.05.020. 

7. Kumar, N.; Gautam, A.; Dubey, A.K.; Ranjan, R.; Pandey, A.; Kumari, B.; Singh, G.; Mandotra, S.; Chauhan, 

P.S.; Srikrishna, S.; et al. GABA mediated reduction of arsenite toxicity in rice seedling through modulation 

of fatty acids, stress responsive amino acids and polyamines biosynthesis. Ecotoxicol. Environ. Saf. 2019, 173, 

15–27, doi:10.1016/j.ecoenv.2019.02.017. 

8. Suriyagoda, L.D.B.; Dittert, K.; Lambers, H. Mechanism of arsenic uptake, translocation and plant 

resistance to accumulate arsenic in rice grains. Agric. Ecosyst. Environ. 2018, 253, 23–37, 

doi:10.1016/j.agee.2017.10.017. 

9. Zhao, F.; McGrath, S.P.; Meharg, A.A. Arsenic as a food chain contaminant: Mechanisms of plant uptake 

and metabolism and mitigation strategies. Annu. Rev. Plant Biol. 2010, 61, 535–559, doi:10.1146/annurev-

arplant-042809-112152. 

10. Shin, H.; Shin, H.S.; Dewbre, G.R.; Harrison, M.J. Phosphate transport in Arabidopsis: Pht1;1 and Pht1;4 

play a major role in phosphate acquisition from both low- and high-phosphate environments. Plant J. 2004, 

39, 629–642, doi:10.1111/j.1365-313X.2004.02161.x. 

11. Kamiya, T.; Islam, M.R.; Duan, G.; Uraguchi, S.; Fujiwara, T. Phosphate deficiency signaling pathway is a 

target of arsenate and phosphate transporter OsPT1 is involved in As accumulation in shoots of rice. Soil 

Sci. Plant Nutr. 2013, 59, 580–590, doi:10.1080/00380768.2013.804390. 



Antioxidants 2020, 9, 283 17 of 21 

12. Ma, J.F.; Yamaji, N.; Mitani, N.; Xu, X.-y.; Su, Y.-h.; Mcgrath, S.P.; Zhao, F.-j. Transporters of arsenite in rice 

and their role in arsenic accumulation in rice grain. Proc. Natl. Acad. Sci. USA 2008, 105, 9931–9935.  

13. Hoffmann, M.; Mikutta, C.; Kretzschmar, R. Arsenite binding to sulfhydryl groups in the absence and 

presence of ferrihydrite: A model study. Environ. Sci. Technol. 2014, 48, 3822–3831, doi:10.1021/es405221z. 

14. Naeem, M.; Aftab, T.; Ansari, A.A.; Shabbir, A.; Masroor, M.; Khan, A.; Uddin, M. Arsenic exposure 

modulates physiological attributes and artemisinin biosynthesis in Artemisia annua L. Int. J. Herb. Med. 2019, 

7, 19–26. 

15. Naeem, M.; Nabi, A.; Aftab, T.; Khan, M.M.A. Oligomers of carrageenan regulate functional activities and 

artemisinin production in Artemisia annua L. exposed to arsenic stress. Protoplasma 2019, 

doi:10.1007/s00709-019-01475-y. 

16. Gupta, P.; Seth, C.S. Nitrate supplementation attenuates As(V) toxicity in Solanum lycopersicum L. cv Pusa 

Rohini: Insights into As(V) sub-cellular distribution, photosynthesis, nitrogen assimilation, and DNA 

damage. Plant Physiol. Biochem. 2019, 139, 44–55, doi:10.1016/j.plaphy.2019.03.007. 

17. Gusman, G.S.; Oliveira, J.A.; Farnese, F.S.; Cambraia, J. Arsenate and arsenite: The toxic effects on 

photosynthesis and growth of lettuce plants. Acta Physiol. Plant. 2013, 35, 1201–1209, doi:10.1007/s11738-

012-1159-8. 

18. Shahid, M.A.; Balal, R.M.; Khan, N.; Zotarelli, L.; Liu, G.D.; Sarkhosh, A.; Fernandez-Zapata, J.C.; Martinez 

Nicolas, J.J.; Garcia-Sanchez, F. Selenium impedes cadmium and arsenic toxicity in potato by modulating 

carbohydrate and nitrogen metabolism. Ecotoxicol. Environ. Saf. 2019, 180, 588–599, 

doi:10.1016/j.ecoenv.2019.05.037. 

19. Singh, R.; Jha, A.B.; Misra, A.N.; Sharma, P. Differential responses of growth, photosynthesis, oxidative 

stress, metals accumulation and NRAMP genes in contrasting Ricinus communis genotypes under arsenic 

stress. Environ. Sci. Pollut. Res. 2019, 26, 31166–31177, doi:10.1007/s11356-019-06243-2. 

20. Abbas, G.; Murtaza, B.; Bibi, I.; Shahid, M.; Niazi, N.K.; Khan, M.I.; Amjad, M.; Hussain, M.; Natasha. 

Arsenic uptake, toxicity, detoxification, and speciation in plants: Physiological, biochemical, and molecular 

aspects. Int. J. Environ. Res. Public Health 2018, 15, 59, doi:10.3390/ijerph15010059. 

21. Kofronova, M.; Maskova, P.; Lipavska, H. Two facets of world arsenic problem solution: Crop poisoning 

restriction and enforcement of phytoremediation. Planta 2018, 248, 19–35, doi:10.1007/s00425-018-2906-x. 

22. Dubey, R.S.; Singh, A.K. Salinity induces accumulation of soluble sugars and alters the activity of sugar 

metabolising enzymes in rice plants. Biol. Plant. 1999, 42, 233–239. 

23. Mishra, P.; Dubey, R.S. Effect of aluminium on metabolism of starch and sugars in growing rice seedlings. 

Acta Physiol. Plant. 2008, 30, 265–275, doi:10.1007/s11738-007-0115-5. 

24. Hartley-Whitaker, J.; Ainsworth, G.; Meharg, A.A. Copper- and arsenate-induced oxidative stress in Holcus 

lanatus L. clones with differential sensitivity. Plant Cell Environ. 2001, 24, 713–722, doi:10.1046/j.0016-

8025.2001.00721.x. 

25. Kumari, S.; Khan, A.; Singh, P.; Dwivedi, S.K.; Ojha, K.K.; Srivastava, A. Mitigation of As toxicity in wheat 

by exogenous application of hydroxamate siderophore of Aspergillus origin. Acta Physiol. Plant. 2019, 41, 

107, doi:10.1007/s11738-019-2902-1. 

26. Kumari, A.; Pandey, N.; Pandey-Rai, S. Exogenous salicylic acid-mediated modulation of arsenic stress 

tolerance with enhanced accumulation of secondary metabolites and improved size of glandular trichomes 

in Artemisia annua L. Protoplasma 2018, 255, 139–152, doi:10.1007/s00709-017-1136-6. 

27. Karam, E.A.; Keramat, B.; Asrar, Z.; Mozafari, H. Study of interaction effect between triacontanol and nitric 

oxide on alleviating of oxidative stress arsenic toxicity in coriander seedlings. J. Plant Interact. 2017, 12, 14–

20, doi:10.1080/17429145.2016.1267270. 

28. Matros, A.; Peshev, D.; Peukert, M.; Mock, H.P.; Van Den Ende, W. Sugars as hydroxyl radical scavengers: 

Proof-of-concept by studying the fate of sucralose in Arabidopsis. Plant J. 2015, 82, 822–839, 

doi:10.1111/tpj.12853. 

29. Salerno, G.L.; Curatti, L. Origin of sucrose metabolism in higher plants: When, how and why? Trends Plant 

Sci. 2003, 8, 63–69, doi:10.1016/S1360-1385(02)00029-8. 

30. Ramon, M.; Rolland, F.; Sheen, J. Sugar sensing and signaling. Arabidopsis Book 2008, 6, e0117, 

doi:10.1199/tab.0112.  

31. Siddiqui, H.; Sami, F.; Hayat, S. Glucose: Sweet or bitter effects in plants—A review on current and future 

perspective. Carbohydr. Res. 2020, 487, doi:10.1016/j.carres.2019.107884. 



Antioxidants 2020, 9, 283 18 of 21 

32. Solfanelli, C.; Poggi, A.; Loreti, E.; Alpi, A.; Perata, P. Sucrose-specific induction of the anthocyanin 

biosynthetic pathway in Arabidopsis. Plant Physiol. 2006, 140, 637–646, doi:10.1104/pp.105.072579. 

33. Bolouri-Moghaddam, M.R.; Le Roy, K.; Xiang, L.; Rolland, F.; Van den Ende, W. Sugar signalling and 

antioxidant network connections in plant cells. FEBS J. 2010, 277, 2022–2037, doi:10.1111/j.1742-

4658.2010.07633.x. 

34. Nishikawa, F.; Kato, M.; Hyodo, H.; Ikoma, Y.; Sugiura, M.; Yano, M. Effect of sucrose on ascorbate level 

and expression of genes involved in the ascorbate biosynthesis and recycling pathway in harvested broccoli 

florets. J. Exp. Bot. 2005, 56, 65–72, doi:10.1093/jxb/eri007. 

35. Jha, A.B.; Dubey, R.S. Carbohydrate metabolism in growing rice seedlings under arsenic toxicity. J. Plant 

Physiol. 2004, 161, 867–872, doi:10.1016/j.jplph.2004.01.004. 

36. Sanglard, L.M.V.P.; Detmann, K.C.; Martins, S.C.V.; Teixeira, R.A.; Pereira, L.F.; Sanglard, M.L.; Fernie, 

A.R.; Araújo, W.L.; DaMatta, F.M. The role of silicon in metabolic acclimation of rice plants challenged with 

arsenic. Environ. Exp. Bot. 2016, 123, 22–36, doi:10.1016/j.envexpbot.2015.11.004. 

37. Li, C.x.; Feng, S.l.; Shao, Y.; Jiang, L.n.; Lu, X.y.; Hou, X.l. Effects of arsenic on seed germination and 

physiological activities of wheat seedlings. J. Environ. Sci. 2007, 19, 725–732, doi:10.1016/S1001-

0742(07)60121-1. 

38. Campos, N.V.; Araújo, T.O.; Arcanjo-Silva, S.; Freitas-Silva, L.; Azevedo, A.A.; Nunes-Nesi, A. Arsenic 

hyperaccumulation induces metabolic reprogramming in Pityrogramma calomelanos to reduce oxidative 

stress. Physiol. Plant. 2016, 157, 135–146, doi:10.1111/ppl.12426. 

39. Tremlová, J.; Sehnal, M.; Száková, J.; Goessler, W.; Steiner, O.; Najmanová, J.; Horáková, T.; Tlustoš, P. A 

profile of arsenic species in different vegetables growing in arsenic-contaminated soils. Arch. Agron. Soil 

Sci. 2017, 63, 918–927, doi:10.1080/03650340.2016.1242721. 

40. Strasser, B.J. Donor side capacity of Photosystem II probed by chlorophyll a fluorescence transients. 

Photosynth. Res. 1997, 52, 147–155, doi:10.1023/a:1005896029778. 

41. Wellburn, A.R. The spectral determination of chlorophylls a and b, as well as total carotenoids, using 

various solvents with spectrophotometers of different resolution. J. Plant Physiol. 1994, 144, 307–313, 

doi:10.1016/s0176-1617(11)81192-2. 

42. Kofronova, M.; Hrdinova, A.; Maskova, P.; Soudek, P.; Tremlova, J.; Pinkas, D.; Lipavska, H. Strong 

antioxidant capacity of horseradish hairy root cultures under arsenic stress indicates the possible use of 

Armoracia rusticana plants for phytoremediation. Ecotoxicol. Environ. Saf. 2019, 174, 295–304, 

doi:10.1016/j.ecoenv.2019.02.028. 

43. Hodges, D.M.; Delong, J.M.; Forney, C.F.; Prange, R.K.; Delong, J.M.; Hodges, D.M.; Forney, C.F.; Prange, 

R.K. Improving the thiobarbituric anthocyanin for estimating lipid peroxidation in plant tissues containing 

and other interfering. Planta 1999, 207, 604–611, doi:10.1007/s004250050524. 

44. Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein 

utilizing the principle of protein-dye binding. Anal. Biochem. 1976, 72, 248–254, doi:10.1016/0003-

2697(76)90527-3. 

45. Habig, W.H.; Pabst, M.J.; Jakoby, W.B. Glutathione S-Transferases The first enzymatic step in mercapturic 

acid formation. J. Biol. Chem. 1974, 249, 7130–7139. 

46. Hiner, a.N.; Rodríguez-López, J.N.; Arnao, M.B.; Lloyd Raven, E.; García-Cánovas, F.; Acosta, M. Kinetic 

study of the inactivation of ascorbate peroxidase by hydrogen peroxide. Biochem. J. 2000, 348, 321–328, 

doi:10.1042/0264-6021:3480321. 

47. Beers, R.F.; Sizer, I.W. A spectrophotometric method for measuring the breakdown of hydrogen peroxide 

by catalase. J. Biol. Chem. 1952, 195, 133–140. 

48. Nakano, Y.; Asada, K. Hydrogen peroxide is scavenged by ascorbato specific peroxidase in spinach 

chloroplasts. Plant Cell Physiol. 1987, 22, 867–880, doi:10.1093/oxfordjournals.pcp.a076232. 

49. Singleton, V.L.; Salgues, M.; Zaya, J.; Trousdale, E. Caftaric acid disappearance and conversion to products 

of enzymic oxidation in grape must and wine. Am. J. Enol. Vitic. 1985, 36, 50–56. 

50. Mancinelli, A.L.; Huangyang, C.P.; Lindquist, P.; Anderson, O.R.; Rabino, I. Photocontrol of Anthocyanin 

Synthesis III. The action of streptomycin on the synthesis of chlorophyll and anthocyanin. Plant Physiol. 

1975, 55, 251–257, doi:10.1104/pp.55.2.251. 

51. Griffith, O.W. Determination of glutathione and glutathione disulfide using glutathione reductase and 2-

vinylpyridine. Anal. Biochem. 1980, 106, 207–212, doi:10.1016/0003-2697(80)90139-6. 



Antioxidants 2020, 9, 283 19 of 21 

52. Mishra, S.; Alfeld, M.; Sobotka, R.; Andresen, E.; Falkenberg, G.; Küpper, H. Analysis of sublethal arsenic 

toxicity to Ceratophyllum demersum: Subcellular distribution of arsenic and inhibition of chlorophyll 

biosynthesis. J. Exp. Bot. 2016, 67, 4639–4646, doi:10.1093/jxb/erw238. 

53. Rai, A.N.; Srivastava, S.; Paladi, R.; Suprasanna, P. Calcium supplementation modulates arsenic-induced 

alterations and augments arsenic accumulation in callus cultures of Indian mustard (Brassica juncea (L.) 

Czern.). Protoplasma 2012, 249, 725–736, doi:10.1007/s00709-011-0316-z. 

54. Karimi, N.; Shayesteh, L.S.; Ghasmpour, H.; Alavi, M. Effects of arsenic on growth, photosynthetic activity, 

and accumulation in two new hyperaccumulating populations of Isatis cappadocica desv. J. Plant Growth 

Regul. 2013, 32, 823–830, doi:10.1007/s00344-013-9350-8. 

55. Chandrakar, V.; Dubey, A.; Keshavkant, S. Modulation of antioxidant enzymes by salicylic acid in arsenic 

exposed Glycine max L. J. Soil Sci. Plant Nutr. 2016, 16, 662–676. 

56. Marin, A.R.; Pezeshki, S.R.; Masschelen, P.H.; Choi, H.S. Effect of dimethylarsenic acid (dmaa) on growth, 

tissue arsenic, and photosynthesis of rice plants. J. Plant Nutr. 1993, 16, 865–880, 

doi:10.1080/01904169309364580. 

57. Stoeva, N.; Berova, M.; Zlatev, Z. Physiological response of maize to arsenic contamination. Biol. Plant. 

2003, 47, 449–452. 

58. Liu, Y.; Damaris, R.N.; Yang, P. Proteomics analysis identified a DRT protein involved in arsenic resistance 

in Populus. Plant Cell Rep. 2017, 36, 1855–1869, doi:10.1007/s00299-017-2199-8. 

59. Malik, J.A.; Goel, S.; Sandhir, R.; Nayyar, H. Uptake and distribution of arsenic in chickpea: Effects on seed 

yield and seed composition. Commun. Soil Sci. Plant Anal. 2011, 42, 1728–1738, 

doi:10.1080/00103624.2011.584593. 

60. Zou, J.H.; Yu, K.L.; Zhang, Z.G.; Jiang, W.S.; Liu, D.H. Antioxidant response system and chlorophyll 

fluorescence in chromium (VI)—Treated Zea mays L. seedlings. Acta Biol. Crac. Ser. Bot. 2009, 51, 23–33. 

61. Filek, M.; Kościelniak, J.; Łabanowska, M.; Bednarska, E.; Bidzińska, E. Selenium-induced protection of 

photosynthesis activity in rape (Brassica napus) seedlings subjected to cadmium stress. Fluorescence and 

EPR measurements. Photosynth. Res. 2010, 105, 27–37, doi:10.1007/s11120-010-9551-y. 

62. Mishra, R.K.; Kumar, J.; Srivastava, P.K.; Bashri, G.; Prasad, S.M. PSII photochemistry, oxidative damage 

and anti-oxidative enzymes in arsenate-stressed Oryza sativa L. seedlings. Chem. Ecol. 2017, 33, 34–50, 

doi:10.1080/02757540.2016.1265516. 

63. Tewari, A.; Singh, R.; Singh, N.K.; Rai, U.N. Amelioration of municipal sludge by Pistia stratiotes L.: Role of 

antioxidant enzymes in detoxification of metals. Bioresour. Technol. 2008, 99, 8715–8721, 

doi:10.1016/j.biortech.2008.04.018. 

64. Sanglard, L.M.V.P.; Martins, S.C.V.; Detmann, K.C.; Silva, P.E.M.; Lavinsky, A.O.; Silva, M.M.; Detmann, 

E.; Araújo, W.L.; DaMatta, F.M. Silicon nutrition alleviates the negative impacts of arsenic on the 

photosynthetic apparatus of rice leaves: An analysis of the key limitations of photosynthesis. Physiol. Plant. 

2014, 152, 355–366, doi:10.1111/ppl.12178. 

65. Baker, N.R. Chlorophyll fluorescence: A probe of photosynthesis in vivo. Annu. Rev. Plant Biol. 2008, 59, 

89–113, doi:10.1146/annurev.arplant.59.032607.092759. 

66. Vernay, P.; Gauthier-Moussard, C.; Hitmi, A. Interaction of bioaccumulation of heavy metal chromium 

with water relation, mineral nutrition and photosynthesis in developed leaves of Lolium perenne L. 

Chemosphere 2007, 68, 1563–1575, doi:10.1016/j.chemosphere.2007.02.052. 

67. Stoeva, N.; Berova, M.; Zlatev, Z. Effect of arsenic on some physiological parameters in bean plants. Biol. 

Plant. 2005, 49, 293–296, doi:10.1007/s10535-005-3296-z. 

68. Vezza, M.E.; Llanes, A.; Travaglia, C.; Agostini, E.; Talano, M.A. Arsenic stress effects on root water 

absorption in soybean plants: Physiological and morphological aspects. Plant Physiol. Biochem. 2018, 123, 8–

17, doi:10.1016/j.plaphy.2017.11.020. 

69. Ismail, G.S.M. Protective role of nitric oxide against arsenic-induced damages in germinating mung bean 

seeds. Acta Physiol. Plant. 2012, 34, 1303–1311, doi:10.1007/s11738-012-0927-9. 

70. Meharg, A.A.; Hartley-Whitaker, J. Arsenic uptake and metabolism in arsenic resistant and nonresistant 

plant species. New Phytol. 2002, 154, 29–43, doi:10.1046/j.1469-8137.2002.00363.x. 

71. Singh, H.P.; Batish, D.R.; Kohli, R.K.; Arora, K. Arsenic-induced root growth inhibition in mung bean 

(Phaseolus aureus Roxb.) is due to oxidative stress resulting from enhanced lipid peroxidation. Plant Growth 

Regul. 2007, 53, 65–73, doi:10.1007/s10725-007-9205-z. 



Antioxidants 2020, 9, 283 20 of 21 

72. Armendariz, A.L.; Talano, M.A.; Travaglia, C.; Reinoso, H.; Wevar Oller, A.L.; Agostini, E. Arsenic toxicity 

in soybean seedlings and their attenuation mechanisms. Plant Physiol. Biochem. 2016, 98, 119–127, 

doi:10.1016/j.plaphy.2015.11.021. 

73. Ghosh, S.; Shaw, A.K.; Azahar, I.; Adhikari, S.; Jana, S.; Roy, S.; Kundu, A.; Sherpa, A.R.; Hossain, Z. 

Arsenate (AsV) stress response in maize (Zea mays L.). Environ. Exp. Bot. 2016, 130 53–67, 

doi:10.1016/j.envexpbot.2016.05.003. 

74. Gupta, M.; Ahmad, M.A. Arsenate induced differential response in rice genotypes. Ecotoxicol. Environ. Saf. 

2014, 107, 46–54, doi:10.1016/j.ecoenv.2014.04.030. 

75. Cakmak, I. Tansley Review No.111: Possible roles of zinc in protecting plant cells from damage by reactive 

oxygen species. New Phytol. 2000, 146, 185–205. 

76. Pavlík, M.; Pavlíková, D.; Staszková, L.; Neuberg, M.; Kaliszová, R.; Száková, J.; Tlustoš, P. The effect of 

arsenic contamination on amino acids metabolism in Spinacia oleracea L. Ecotoxicol. Environ. Saf. 2010, 73, 

1309–1313, doi:10.1016/j.ecoenv.2010.07.008. 

77. Saha, J.; Majumder, B.; Mumtaz, B.; Biswas, A.K. Arsenic-induced oxidative stress and thiol metabolism in 

two cultivars of rice and its possible reversal by phosphate. Acta Physiol. Plant. 2017, 39, 263, 

doi:10.1007/s11738-017-2562-y. 

78. Iannone, M.F.; Groppa, M.D.; Benavides, M.P. Cadmium induces different biochemical responses in wild 

type and catalase-deficient tobacco plants. Environ. Exp. Bot. 2015, 109, 201–211, 

doi:10.1016/j.envexpbot.2014.07.008. 

79. Anjum, S.A.; Tanveer, M.; Hussain, S.; Shahzad, B.; Ashraf, U.; Fahad, S.; Hassan, W.; Jan, S.; Khan, I.; 

Saleem, M.F.; et al. Osmoregulation and antioxidant production in maize under combined cadmium and 

arsenic stress. Environ. Sci. Pollut. Res. 2016, 23, 11864–11875, doi:10.1007/s11356-016-6382-1. 

80. Juszczuk, I.M.; Wiktorowska, A.; Malusá, E.; Rychter, A.M. Changes in the concentration of phenolic 

compounds and exudation induced by phosphate deficiency in bean plants (Phaseolus vulgaris L.). Plant Soil 

2004, 267, 41–49, doi:10.1007/s11104-005-2569-9. 

81. Dai, L.P.; Xiong, Z.T.; Huang, Y.; Li, M.J. Cadmium-induced changes in pigments, total phenolics, and 

phenylalanine ammonia-lyase activity in fronds of Azolla imbricata. Environ. Toxicol. 2006, 21, 505–512, 

doi:10.1002/tox.20212. 

82. Kumar, A.; Prasad, M.N.V.; Sytar, O. Lead toxicity, defense strategies and associated indicative biomarkers 

in Talinum triangulare grown hydroponically. Chemosphere 2012, 89, 1056–1065, 

doi:10.1016/j.chemosphere.2012.05.070. 

83. Duan, G.L.; Zhou, Y.; Tong, Y.P.; Mukhopadhyay, R.; Rosen, B.P.; Zhu, Y.G. A CDC25 homologue from 

rice functions as an arsenate reductase. New Phytol. 2007, 174, 311–321, doi:10.1111/j.1469-8137.2007.02009.x. 

84. Kumar, A.; Pal, L.; Agrawal, V. Glutathione and citric acid modulates lead- and arsenic-induced 

phytotoxicity and genotoxicity responses in two cultivars of Solanum lycopersicum L. Acta Physiol. Plant. 

2017, 39, 151, doi:10.1007/s11738-017-2448-z. 

85. Noctor, G.; Foyer, C.H. Ascorbate and glutathionE: Keeping active oxygen under control. Annu. Rev. Plant 

Physiol. Plant Mol. Biol. 1998, 49, 249–279, doi:10.1146/annurev.arplant.49.1.249. 

86. Farooq, M.A.; Islam, F.; Ali, B.; Najeeb, U.; Mao, B.; Gill, R.A.; Yan, G.; Siddique, K.H.M.; Zhou, W. Arsenic 

toxicity in plants: Cellular and molecular mechanisms of its transport and metabolism. Environ. Exp. Bot. 

2016, 132, 42–52, doi:10.1016/j.envexpbot.2016.08.004. 

87. Mylona, P.V.; Polidoros, A.N.; Scandalios, J.G. Modulation of antioxidant responses by arsenic in maize. 

Free Radic. Biol. Med. 1998, 25, 576–585, doi:10.1016/S0891-5849(98)00090-2. 

88. Ellis, D.R.; Gumaelius, L.; Indriolo, E.; Pickering, I.J.; Banks, J.A.; Salt, D.E. A novel arsenate reductase from 

the arsenic hyperaccumulating fern pteris vittata. Plant Physiol. 2006, 141, 1544–1554, 

doi:10.1104/pp.106.084079. 

89. Sharma, I. Arsenic induced oxidative stress in plants. Biologia 2012, 67, 447–453, doi:10.2478/s11756-012-

0024-y. 

90. Yeung, E.C.; Belmonte, M.F.; Tu, L.T.T.; Stasolla, C. Glutathione modulation of in vitro development. Cell. 

Dev. Biol. Plant 2005, 41, 584–590, doi:10.1079/IVP2005683. 

91. Xiang, C.B.; Werner, B.L.; Christensen, E.M.; Oliver, D.J. The biological functions of glutathione revisited 

in Arabidopsis transgenic plants with altered glutathione levels. Plant Physiol. 2001, 126, 564–574, 

doi:10.1104/pp.126.2.564. 



Antioxidants 2020, 9, 283 21 of 21 

92. Singh, A.P.; Dixit, G.; Kumar, A.; Mishra, S.; Singh, P.K.; Dwivedi, S.; Trivedi, P.K.; Chakrabarty, D.; 

Mallick, S.; Pandey, V.; et al. Nitric oxide alleviated arsenic toxicity by modulation of antioxidants and thiol 

metabolism in rice (Oryza sativa L.). Front. Plant Sci. 2016, 6, 1272, doi:10.3389/fpls.2015.01272. 

93. Singh, N.; Ma, L.Q.; Srivastava, M.; Rathinasabapathi, B. Metabolic adaptations to arsenic-induced 

oxidative stress in Pteris vittata L. and Pteris ensiformis L. Plant Sci. 2006, 170, 274–282, 

doi:10.1016/j.plantsci.2005.08.013. 

94. Van Den Ende, W.; Valluru, R. Sucrose, sucrosyl oligosaccharides, and oxidative stress: Scavenging and 

salvaging? J. Exp. Bot. 2009, 60, 9–18, doi:10.1093/jxb/ern297. 

95. Trouvelot, S.; Héloir, M.-C.; Poinssot, B.T.; Gauthier, A.; Paris, F.; Guillier, C.; Combier, M.; Trdá, L.; Daire, 

X.; Adrian, M. Carbohydrates in plant immunity and plant protection: Roles and potential application as 

foliar sprays. Front. Plant Sci. 2014, 5, 592, doi:10.3389/fpls.2014.00592. 

96. Jiang, H.X.; Yang, L.T.; Qi, Y.P.; Lu, Y.B.; Huang, Z.R.; Chen, L.S. Root iTRAQ protein profile analysis of 

two Citrus species differing in aluminum-tolerance in response to long-term aluminum-toxicity. BMC 

Genom. 2015, 16, 949, doi:10.1186/s12864-015-2133-9. 

97. Wang, Z.Q.; Xu, X.Y.; Gong, Q.Q.; Xie, C.; Fan, W.; Yang, J.L.; Lin, Q.S.; Zheng, S.J. Root proteome of rice 

studied by iTRAQ provides integrated insight into aluminum stress tolerance mechanisms in plants. J. 

Proteom. 2014, 98, 189–205, doi:10.1016/j.jprot.2013.12.023. 

98. Richard, B.; Rivoal, J.; Spiteri, A.; Pradet, A. Anaerobic stress induces the transcription and tranlslation of 

sucrose synthase in rice. Plant Physiol. 1991, 95, 669–674. 

 

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access 

article distributed under the terms and conditions of the Creative Commons Attribution 

(CC BY) license (http://creativecommons.org/licenses/by/4.0/). 

 


