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Arbuscular Mycorrhiza Improves Photosynthesis and Restores Alteration in Sugar Metabolism in Triticum aestivum L. Grown in Arsenic Contaminated Soil
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Contamination of agricultural soil by arsenic (As) is a serious menace to environmental safety and global food security. Symbiotic plant–microbe interaction, such as arbuscular mycorrhiza (AM), is a promising approach to minimize hazards of As contamination in agricultural soil. Even though the potential of AM fungi (AMF) in redeeming As tolerance and improving growth is well recognized, the detailed metabolic and physiological mechanisms behind such beneficial effects are far from being completely unraveled. The present study investigated the ability of an AM fungus, Rhizophagus intraradices, in mitigating As-mediated negative effects on photosynthesis and sugar metabolism in wheat (Triticum aestivum) subjected to three levels of As, viz., 0, 25, and 50 mg As kg–1 of soil, supplied as sodium arsenate. As exposure caused significant decrease in photosynthetic pigments, Hill reaction activity, and gas exchange parameters such as net photosynthetic rate, stomatal conductance, transpiration rate, and intercellular CO2 concentration. In addition, As exposure also altered the activities of starch-hydrolyzing, sucrose-synthesizing, and sucrose-degrading enzymes in leaves. Colonization by R. intraradices not only promoted plant growth but also restored As-mediated impairments in plant physiology. The symbiosis augmented the concentration of photosynthetic pigments, enhanced Hill reaction activity, and improved leaf gas exchange parameters and water use efficiency of T. aestivum even at high dose of 50 mg As kg–1 of soil. Furthermore, inoculation with R. intraradices also restored As-mediated alteration in sugar metabolism by modulating the activities of starch phosphorylase, α-amylase, β-amylase, acid invertase, sucrose synthase, and sucrose-phosphate synthase in leaves. This ensured improved sugar and starch levels in mycorrhizal plants. Overall, the study advocates the potential of R. intraradices in bio-amelioration of As-induced physiological disturbances in wheat plant.
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INTRODUCTION

Environmental arsenic (As) contamination is a global agricultural, environmental, and health issue owing to its highly carcinogenic and toxic nature. As is ingressed into the environment, through natural processes, viz., weathering of As-rich rocks, volcanic activity, or anthropogenic activities, namely mining, unwarranted use of As-based pesticides, and irrigation with groundwater contaminated with As in agriculture (Khalid et al., 2017; Abbas et al., 2018). It is a non-essential metalloid and hence not required in any specific metabolic reactions in plants. Both organic and inorganic species of As are present in nature, with the latter being more mobile and toxic than the organic As species. While arsenate [As(V)] exists in oxidized environment, arsenite [As(III)] dominates in reduced environment (Khalid et al., 2017). Being an analog of inorganic phosphate (Pi), As(V) is transported across plasma membrane through the phosphate transport systems. Thus, it competes and interferes with Pi uptake and metabolism (Stoeva and Bineva, 2003) in plants. Once taken up by the plants, various Pi transporters enable easy movement of As(V) from one cellular compartment to another (Finnegan and Chen, 2012). In doing so, all parts of cellular metabolism get exposed to the toxicant. For instance, it replaces phosphate in ATP and forms an unstable ADP–As complex, thereby leading to interference of energy flow in cells (Meharg, 1994).

As can affect the growth and productivity of plants due to a surfeit of morphological, physiological, and biochemical alterations (Chandrakar et al., 2016; Srivastava et al., 2017). Production of reactive oxygen species (ROS) is one of the most perilous biochemical effects of As at the subcellular level, causing non-repairable damage to various macromolecules, such as lipids, proteins, carbohydrate, and DNA (Talukdar, 2013; Chandrakar et al., 2016).

As is reported to disrupt net photosynthetic rate (Pn) in plants (Gusman et al., 2013), due to disturbances either in the photochemical or biochemical steps or both. Light-harvesting apparatus of plants gets affected by As via reduction of chlorophyll (Chl) concentrations and photosynthetic activity (Anjum et al., 2011; Emamverdian et al., 2015). Rate of CO2 fixation and activity of photosystem (PS) II also get reduced considerably under As exposure (Stoeva and Bineva, 2003). As also negatively influences photochemical efficiency and heat dissipation capacity, thereby upholding changes in gas exchange rate and fluorescence emission (Chandrakar et al., 2016; Debona et al., 2017). These toxic effects of As on photosynthetic parameters of plants are manifested in the forms of diminution in growth, wilting, and violet color development of leaves (Musil et al., 2014).

In addition to disturbing Pn in plants, As has also been demonstrated to influence carbon partitioning and sugar metabolism in plants (Jha and Dubey, 2004; Choudhury et al., 2010; Sil et al., 2019; Majumder et al., 2020). Metabolism of basic carbohydrates such as sugars and starch in plants is deleteriously affected under As stress (Chandrakar et al., 2016). Sucrose and starch, the resultant products of photosynthesis, act as regulators of stress responses and play a principal role in gene expression under abiotic stresses (Rosa et al., 2009). Accumulation of soluble sugars can take place in response to the stress (Gramss, 2012) as a means to cope up with As-mediated oxidative stress with a discrepancy in the contents of reducing sugars (RSs) and non-RSs (NRSs) (Jha and Dubey, 2004). Conversion of NRSs, primarily sucrose, into RSs (hexoses) is generally observed under As stress, indicating the suppression of sucrose synthesis (Jha and Dubey, 2004). Inhibition of starch-degrading enzymes’ activities as a consequence of As-mediated plant toxicity has also been reported (Jha and Dubey, 2004). Considering the aspect that plant directly exposed to As require more energy and carbon molecules to cope with the stress, studies focusing on photosynthesis and sugar metabolism under As stress could help in developing relevant strategies to confer plant tolerance toward As-instigated toxicity.

Among the cereals, wheat (Triticum aestivum L.) is the second most important crop consumed mainly as a source of carbohydrate as well as dietary protein and minerals. It ranks first in terms of global consumption (Food and Agriculture Organization (FAO), 2020). The major concern arising in wheat cultivation is the concurrence of As-contamination area with its cultivated area. For instance, in India, wheat is cultivated under six diverse agro-climatic zones, wherein Indo-Gangetic Plains comprising the two zones form major wheat-cultivating plain (Rasheed et al., 2018). Wheat grains harvested from this region also report high As accumulation resulting from unparalleled As biomagnification. The risks posed by the contaminant from wheat grains, however, do not outweigh the global demand of wheat and its products. Thus, with the increasing global population, production of wheat needs to meet the global demand as well as reduce the toxic content in its nutritional composition. In this context, use of arbuscular mycorrhizal fungi (AMF) in agriculture has been reported to sustainably improve plant’s tolerance to various heavy metal stresses (Sharma et al., 2017; Zhan et al., 2018; Alam et al., 2019; Wu et al., 2020).

Arbuscular mycorrhizal fungi, belonging to the subphylum Glomeromycotina, are the most widespread root symbiotic fungi, reportedly developing mutualistic associations with approximately 80% of terrestrial plants (Smith and Read, 2008). It was reported that colonization by AMF not only improves growth and biomass of wheat plants but also aids the host to surmount As-induced P deficiency and also maintains higher P/As ratio when compared with non-colonized plants (Sharma et al., 2017). In previous study, it was found that AMF colonization can reduce uptake of As and its translocation to wheat grains. Altered mineral status and photosynthetic parameters mediated by AMF in stressed plants as mitigation strategy is also accountable to affect carbohydrate metabolism in plants. In addition, carbon handling is a fundamental aspect of plant–AMF interaction, as a significant fraction of the plant’s photosynthates (sugars) is directed toward AMF (Bago et al., 2000) and thus can alter carbohydrate metabolism. In line with this, studies on the effect of As contamination and AMF inoculation on physiological processes such as photosynthesis and carbohydrate metabolism are restricted to assessment at seedling stage (Jha and Dubey, 2004; Choudhury et al., 2010; Sil et al., 2019). Keeping this in mind, the present study was performed to assess the ability of Rhizophagus intraradices to (i) promote photosynthesis-related activities (pigment concentration, Hill reaction activity, gas exchange parameters, and Chl a fluorescence) and (ii) stimulate the activities of enzymes involved in sucrose and starch metabolism, in wheat plants exposed to three levels of As.



MATERIALS AND METHODS


Plant Material and Fungal Inoculum

Seeds of wheat variety HD-2967 were procured from Agricultural Technology Information Centre, Indian Agricultural Research Institute (IARI), New Delhi, India. R. intraradices (accession number CMCCWep319) inoculum was provided by Center for Mycorrhizal Culture Collection, The Energy and Resources Institute, New Delhi, India. Proliferation of fungal spores was carried out in sterile soil using Sorghum bicolor L. as trap plant (Kapoor et al., 2002). After confirmation of colonization by mycorrhizal fungi (Phillips and Hayman, 1970), the plants were let to dry progressively to stimulate spore formation under shade (INVAM, 2014). The inoculum prepared consisted of finely chopped R. intraradices colonized roots and dried soil containing approximately 120–150 spores 10 g–1 of soil.



Experimental Layout

A pot-based (3 kg soil per pot) experiment was set up in the Botanical Garden, Department of Botany, University of Delhi. Three As levels (0, 25, and 50 mg As kg–1 of soil) and two mycorrhizal treatments [inoculated with R. intraradices (M) and non-mycorrhizal (NM) ones] were the factors under consideration. In total, there were six treatments structured in complete randomized block design.



Soil Treatment and Plant Growth Conditions

Soil was collected from the Botanical Garden (0–15 cm in depth) of the Department of Botany, University of Delhi, and air-dried for use for the experiment. The soil was sieved through 2-mm sieve and was maintained in a 3:1 (v:v) ratio by mixing thoroughly with sand (henceforth termed as soil). Analysis of available nutrients in soil was done prior to As addition at the Division of Soil Science and Agricultural Chemistry, IARI, New Delhi, India. The soil contained adequate levels of N (2,144.82 mg kg–1 of soil), P (1,868.74 mg kg–1 of soil), K (5,703.82 mg kg–1 of soil), Ca (268.27 mg kg–1 of soil), and Mg (103.56 mg kg–1 of soil). The soil was autoclaved at 121°C and 15 psi for 1 h, twice, to eradicate any existing microbes, followed by treatment with three As concentrations, namely, 0, 25, and 50 mg As kg–1 of soil, prepared using sodium arsenate (Na2HAsO4.7H2O). Selection of these As concentrations was based on a previous study done in wheat (Sharma et al., 2017) and concentrations of As reported in agricultural soils of Southeast Asia (Alam and Sattar, 2000; Rahman et al., 2013; Tong et al., 2014; Shrivastava et al., 2017). These soil treatments are hereafter referred to as 0, 25, and 50As. The required quantity of Na2HAsO4.7H2O for the three different As levels was dissolved in distilled water (50 ml) and then mixed with soil thoroughly in plastic trays to ensure homogenous As distribution. The soil was left in trays to equilibrate with recurrent cycles of saturation and air-drying for a period of 1 month and dispensed in pots (Cox and Kovar, 2001). Air-dried soil (100 mg) of each treatment was microwave digested using HNO3 and H2O2. Volume of the digest was made up to 40 ml with Milli-Q water and later filtered using 0.2-μm membrane filter and analyzed for total As, using inductively coupled plasma mass spectrometer (ICP-MS 7900, Agilent Technologies, Japan). The total As in soil of 0, 25, and 50As was 15.2 μg kg–1, 23.6 mg kg–1, and 48.9 mg kg–1, respectively.

Ten surface-sterilized (using 1% sodium hypochlorite solution) wheat seeds were sown per pot. Mycorrhizal plants were provided with 20 g of R. intraradices inoculum dispensed at a depth of 2 cm in each pot. NM plants were supplied with 20 ml of soil washing of an equal amount of soil filtered through Whatman No. 1. This guaranteed introduction of microbial populations other than any other propagules, along with an equal amount of autoclaved soil mix to exclude any other variables. Pots were placed outside in open ground at the Botanical Garden, Department of Botany, University of Delhi, under natural conditions (rabi season; 9–16°C), humidity (56–90%), and natural light. Plants were watered to 60% field capacity of soil to avoid drainage of As.



Plant Sampling

Just before the initiation of florets (i.e., 42 days after sowing), six plants from each treatment were harvested along with roots. The plants were washed with water to remove adhering soil particles. Three plants from each treatment were oven dried at 60°C till a constant weight was recorded. The remaining three were used for determining AMF colonization in roots and biochemical estimation in leaves.



Mycorrhizal Colonization and Metal Tolerance Index

Colonization of root cortex by R. intraradices was confirmed after clearing and staining roots with 5% KOH and 0.05% trypan blue in lactoglycerol following the modified protocol of Phillips and Hayman (1970). Percent root colonization was calculated following the gridline intersect method (Giovannetti and Mosse, 1980). For this, one hundred 1 cm root segments were placed in petri dish with gridlines having 1 cm2 boxes. Roots were observed under stereoscope, and horizontal and vertical intersects having mycorrhizal structures were counted. Root colonization was calculated as per the following formula:
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Metal tolerance index (MTI) of wheat to As in soil was determined according to Rabie (2005) using the following formula:
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where plant DW indicates dry weight of plant (roots and shoots) determined after 42 days of sowing.



Concentration of As, Mg, P, and N

Oven-dried leaves were analyzed for their nutrient composition. Leaves (100 mg) were finely ground and sieved through a 0.5-mm sieve. Sieved samples were then subjected to acid digestion in a microwave reaction system (Anton Paar make, model: Multiwave PRO) using concentrated nitric acid. The internal temperature limit of the digester was maintained at 200°C for 30 min. The volume of the digest was made to 40 ml with Milli-Q water and later filtered using 0.2-μm membrane filter and analyzed for the estimation of As and other nutrient concentrations. As and Mg concentrations were quantified using ICP-MS (ICP-MS 7900, Agilent Technologies, Japan). While a concentration of P was quantified following the ammonium molybdate blue method described by Allen (1989), N concentration was measured by CHNS analyzer (Elementar Analysis System, Vario Micro Cube, Germany).



Concentration of Total Protein

The trichloroacetic acid (TCA)–acetone method described by Jia et al. (2019) was used for extraction of total protein. The leaves (100 mg) were ground in liquid nitrogen with pestle and mortar. Five-time volume of TCA/acetone (1:9) was added to the homogenized powder and mixed using a vortex. The mixture was incubated at –20°C for 4 h, followed by centrifugation at 6,000 g for 40 min at 4°C. The supernatant was discarded, and the resultant pellet was washed three times with chilled acetone. The precipitate was air-dried and reconstituted in buffer (1:30, v/v) containing sodium dodecyl sulfate (4%), dithiothreitol (DTT; 100 mM) and Tris–HCl (150 mM; pH 8). The mixture was sonicated (80 W for 10 s, intermittent for 15 s) for 10 cycles and boiled for 5 min. After that, the lysate was re-centrifuged for 40 min at 14,000 g. The resulting supernatant was filtered with 0.22-μm filter, and total protein was estimated following the Bradford (1976) assay using bovine albumin serum as standard.



Photosynthesis


Photosynthetic Pigments

Intact leaf tissues (100 mg) were dipped in 7 ml of dimethyl sulfoxide and heated at 65°C for 30 min to extract photosynthetic pigments (Hiscox and Israelstam, 1979). The extract was then transferred to a graduated tube. With the use of dimethyl sulfoxide, the final volume of the extract was made up to 10 ml. Absorbance of the extract was read at 453, 645, and 663 nm. Concentration of total Chl (T-Chl), Chl a, Chl b, and total carotenoids was calculated using the formula of Arnon (1949).



Hill Reaction Activity

Hill reaction activity was assayed following the protocol of Vishniac (1957). Leaf samples (1 g) were homogenized in 5 ml of sucrose-phosphate buffer (0.5 M of sucrose in 0.05 M of sodium phosphate buffer; pH 6.2). The homogenate was then centrifuged at 1,000 g at 4°C for 10 min. The supernatants collected were re-centrifuged for 15 min at 5,000 g at 4°C. Suspensions of chloroplast were made by dissolving the pellets after centrifugation in 5 ml of sucrose-phosphate buffer; 1 ml of chloroplast suspension was then mixed with 4 ml of sucrose-phosphate buffer and 0.5 ml 2,6-dichlorophenolindophenol (DCPIP) (0.03%). Following this, the reaction sets were kept under bright light (irradiance 800–1,000 μmol m–2 s–1) for 30 min after taking initial absorbance at 610 nm. After discoloration of the reaction mixture, absorbance was again recorded. The differences in the absorbances were estimated, and Hill reaction activity was calculated referring to a standard curve prepared with DCPIP and was expressed as μg DCPIP reduced mg–1 Chl min–1.



Gas Exchange Parameters

Leaf gas exchange parameters such as leaf Pn, transpiration rate (E), stomatal conductance (Gs), and intercellular CO2 concentration (Ci) were analyzed on fully expanded young leaves between 9:00 and 11:00 am on a clear sunny day using a portable infrared gas analyzer (Gas Exchange Fluorescence System, GFS-3000). The analyzer was adjusted for leaf surface area (3.00 cm2), ambient CO2 concentration (ca) (398 ppm), photosynthetic photon flux density (1,000 μmol m–2 s–1), impeller at 7, and relative humidity inside the cuvette maintained at 35%. Water use efficiency (WUE) was calculated by dividing the value of Pn by E.



Chlorophyll a Fluorescence

Chl a fluorescence was also monitored in terms of minimal fluorescence (Fo), potential efficiency of PSII (Fv/Fo), maximum efficiency of PSII (Fv/Fm), and photochemical quenching coefficient (qP), where Fv is variable fluorescence (Fm – Fo), Fo is minimal fluorescence, and Fm is maximal fluorescence on the adaxial leaf surface, using a portable infrared gas analyzer (Gas Exchange Fluorescence System, GFS-3000). For this, leaf was dark adapted for 30 min and later irradiated by a saturating pulse of 2,000 μmol m–2 s–1, sufficient for complete oxidation of the reaction centers.



Sugar Metabolism


Total Soluble Sugar

Concentration of total soluble sugar (TSS) was quantified following the phenol sulfuric acid reagent method (Dubois et al., 1956). Samples were homogenized using 80% ethanol. The extracts were then centrifuged for 20 min at 2,000 rpm. Reaction mixture contained 1 ml of supernatant, 0.05 ml of phenol (5%), and sulfuric acid (98%). The mixtures were then incubated in water bath for 20 min at 30°C. Absorbance was measured at 490 nm. With the use of standard curve of glucose, content of TSS was quantified and expressed as mg g–1 fresh weight (FW).



Reducing Sugar, Non-reducing Sugar, and Reducing Sugar/Non-reducing Sugar Ratio

Concentration of RS was measured following the protocol of Miller (1972). Plant samples (1 g) were extracted in 5 ml of 80% ethanol and later centrifuged at 2,000g for 20 min. The collected supernatants were then mixed with 1% 3,5-dinitrosalicylic acid reagent (0.5 ml) followed by incubation for 5 min in boiling water bath. Absorbance of the mixture was read at 515 nm. Concentration of RS was estimated from a standard curve of glucose and expressed as mg g–1 FW. Quantification of NRS was done by subtracting the values of RS from that of TSS and expressed as mg g–1 FW.



Sucrose-Phosphate Synthase Activity

Sucrose-phosphate synthase (SPS) activity was assessed according to Miron and Schaffer (1991). Plant enzyme extract was prepared using the extraction buffer that contained HEPES–NaOH buffer (50 mM; pH 7.5) containing MgCl2 (5 mM), EDTA (1 mM), DTT (2.5 mM), and Triton X-100 (0.05%; v/v). The extracts were then centrifuged at 4°C at 10,000 rpm for 10 min. The reaction mixture consisted of HEPES–NaOH buffer (50 mM; pH 7.5), MgCl2 (15 mM), fructose-6-phosphate (25 mM), glucose-6-phosphate (25 mM), UDP-glucose (25 mM), and enzyme extract. The mixtures were then incubated at 37°C for 30 min. Termination of the reaction was brought by addition of 30% KOH. Sucrose formed during SPS catalyzed reaction was then estimated, and its activity was expressed as nmol sucrose formed mg–1 protein min–1.



Sucrose Synthase Activity

Activity of SS was estimated following the protocol of Miron and Schaffer (1991). Plant enzyme extract was prepared using HEPES–NaOH buffer (50 mM; pH 7.5) containing MgCl2 (5 mM), EDTA (1 mM), DTT (2.5 mM), and Triton X-100 (0.05%; v/v). The obtained extract was then centrifuged at 4°C at 10,000 rpm for 10 min. Reaction mixture included HEPES–NaOH buffer (50 mM; pH 7.5), MgCl2 (15 mM), fructose (25 mM), UDP-glucose (25 mM), and enzyme extract. The mixture was then incubated at 37°C for 30 min. The reaction was terminated by adding 30% KOH. Sucrose hydrolyzed during SS catalyzed reaction was estimated, and the enzyme activity was expressed as μmol sucrose hydrolyzed mg–1 protein min–1.



Acid Invertase Activity

Activity of acid invertase (AI) was estimated following the method of Borkowska and Szczerha (1991). Plant samples were homogenized in sodium acetate buffer (10 mM; pH 4.6) containing MgCl2 (3.3 mM), EDTA (1 mM), and phenylmethylsulfonyl fluoride (PMSF) (1 mM). Homogenates were then centrifuged for 20 min at 10,000 rpm at 4°C. Assay mixture consisted of sodium acetate buffer (10 mM; pH 4.6), sucrose (0.4 M), and the enzyme extract. The final volume of 1.0 ml was made up. After incubation for 30 min at 30°C, termination of the reaction was brought by addition of Na2HPO4 (0.5 M). Resulting RSs were then estimated by Nelson–Somogyi method (Nelson, 1944), and activity was expressed as μmol sucrose hydrolyzed mg–1 protein min–1.



Starch Metabolism


Starch Concentration

Starch concentration was estimated following the protocol of McCready et al. (1950). Residual mass collected after centrifugation (for TSS extraction) was dissolved in distilled water. Later, perchloric acid was added and stirred, followed by centrifugation of the mixture for 20 min at 2,000 rpm. Supernatants were collected and then poured in conical flasks. The total volume was later made up to 100 ml with the addition of distilled water. Starch concentration was measured in 1 ml of filtrate following the same procedure as that of TSS. Starch quantity was then estimated in terms of glucose, and the factor 0.9 was used to convert the values of glucose to starch. Starch concentration was expressed in mg g–1 FW.



α-Amylase and β-Amylase Activities

Following the method of Bush et al. (1989), the activity of α-amylase was determined. Plant samples were homogenized in sodium acetate buffer (0.1 M; pH 4.8) containing cysteine (5 μM) and centrifuged for at 10,000 rpm 15 min at 4°C. The obtained supernatants were then heated at 70°C for 5 min in the presence of CaCl2 (3 mM). Reaction mixture consisted of sodium acetate buffer (0.1 M; pH 4.8), soluble starch (1%) in NaCl (0.15 M), and the enzyme extract. The final volume of the reaction mixture was made up to 4 ml and left for incubation at 30°C for 5 min. Termination of reaction was brought by addition of HCl (6 M). Aliquots (1 ml) were then transferred to conical flasks in which 0.5 ml of IKI solution (0.2% I2 in 2% KI) was later added. The final volume was then made up to 25 ml with distilled water. Absorbance was read at 660 nm. Activity of enzyme was expressed as μg of starch hydrolyzed mg–1 protein min–1.

Activity of β-amylase was estimated following the protocol of Bernfeld et al. (1965). The enzyme was extracted from plant samples in phosphate buffer (pH 7.0) that contained NaCl (0.5 M). Starch solution (1 ml) and properly diluted enzyme (1 ml) were pipetted out and incubated at 25°C for 15 min. The reaction was later stopped by adding 2 ml of 3,5-dinitrosalicylic acid reagent. The reaction mixture was then heated in a water bath (60°C) for 5 min. While the tubes were warm, 1 ml of potassium sodium tartrate solution was added, followed by cooling of the mixture under running tap water. The final volume was made up to 10 ml using distilled water. The absorbance was recorded at 570 nm. Activity of the enzyme was expressed as μg of maltose hydrolyzed mg–1 protein min–1.



Starch Phosphorylase Activity

The activity of starch phosphorylase (SP) was determined following the protocol of Dubey and Singh (1999). Plant samples were homogenized in 50 mM of citrate buffer containing EDTA (1 mM; pH 6.0), β-mercaptoethanol (5 mM), and PMSF (1 mM). Homogenized samples were then centrifuged for 20 min at 10,000 rpm at 4°C. Assay mixture was prepared containing citrate buffer (50 mM), soluble starch (5%; w/v), glucose-1-phosphate (0.1 mM), and enzyme extract; and the total volume was made up to 4.0 ml. With the addition of 5% TCA, the reaction was stopped after 10 min. Reaction mixture was then centrifuged, and the phosphorus content in the supernatant was determined following the method of Fiske and Subbarow (1925). Enzyme activity was calculated as nmol of Pi liberated mg–1 protein min–1.



Statistical Analysis

Statistical Package for the Social Sciences Statistics software version 21.0 (SPSS Inc., IBM Corporation, Armonk, NY, United States) was used to analyze the results. Multivariate analysis of variance (MANOVA) was used to evaluate statistical differences among treatments. One-way analysis of variance (ANOVA) was done for comparing the differences between individual means using Tukey’s honestly significant difference (HSD) post hoc test. All the values were represented as means of three biological replicates ± standard deviation (SD).



RESULTS


Root Colonization by Rhizophagus intraradices

Histochemical staining of the roots showed successful colonization of Triticum aestivum roots by R. intraradices. The presence of As in soil increased per cent colonization. However, the extent of increase varied in the two As concentrations. In comparison with 0As, root colonization increased by 10.1 and 4.2% in 25 and 50As, respectively.



Metal Tolerance Index and Concentrations of As, Mg, P, N, and Total Protein

As level, mycorrhizal status, and their interaction significantly affected MTI of wheat plants (Table 1). A significant (p ≤ 0.05) reduction in MTI was observed in response to As amendments in soil. In NM plants, an increase in As level from 25 to 50 mg resulted in a decline of MTI by 38.9%. However, plants colonized by R. intraradices increased MTI by 91.7% at 25As and 131.5% at 50As when compared with their corresponding NM plants (Table 1).


TABLE 1. Arbuscular mycorrhizal colonization; MTI; and concentrations of As, P, Mg, N, and total proteins in leaves of Triticum aestivum in response to Rhizophagus intraradices inoculation (M, mycorrhizal; NM, non-mycorrhizal) and As addition to the soil.
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Two-way ANOVA showed that As additions in soil and R. intraradices inoculation independently as well as interactively affected concentration of As in wheat leaves (Table 1). With increase in As level in soil, there was a concomitant increase in leaf As concentration as substantiated by a 94.1% increase in plants of 50As when compared with that of 25As. Nevertheless, colonization by R. intraradices decreased leaf As concentrations at all As levels with respect to their corresponding NM plants.

Concentration of P declined in wheat leaves in response to presence of As in soil (Table 1). M plants possessed higher P concentration in leaves over NM plants at all As levels. When compared with NM plants, P concentrations increased by 78.1, 30.6, and 87.8% at 0, 25, and 50As, respectively, in M plants. A similar effect was observed on concentrations of other nutrients and total protein. Concentrations of Mg, N, and total protein declined in wheat leaves in response to As stress (Table 1). Colonization by AMF improved the antagonistic effect inflicted by As and increased their concentration significantly when compared with their NM counterparts at all As levels. At 50As, their concentrations were adversely affected, and the ameliorative effect of R. intraradices was evident with 37.5, 24.4, and 30.7% increase in Mg, N, and total protein concentrations, respectively.



Photosynthesis


Photosynthetic Pigments

Presence of As in soil, mycorrhizal status, and interaction of both the factors had significant influence on T-Chl, Chl a, Chl b, total carotenoids, and Chl a/b ratio (Table 2). With an increase in As level in soil, leaves of wheat plants showed decline in concentration of T-Chl, Chl a, Chl b, and total carotenoids. When compared with 0As, plants of 25As treatment showed decline of 34.1, 29.6, 50.0, and 27.4% in concentrations of T-Chl, Chl a, Chl b, and total carotenoid, respectively. A similar but more severe effect was observed on photosynthetic pigments at high As level. Plants grown at 50As showed 56.1, 49.0, 80.0, and 38.35% decline in concentrations of T-Chl, Chl a, Chl b, and total carotenoid, respectively, over plants grown at 0As. Colonization by R. intraradices augmented the concentrations of these photosynthetic pigments at all As levels (Table 2). Chl a/b ratio also increased with increasing As concentration in soil in NM plants. In M plants, the ratio was significantly (p ≤ 0.05) lower than that of NM plants at 25 and 50As. In response to mycorrhizal colonization, the concentration of T-Chl increased by 12.2, 40.7, and 83.3% at 0, 25, and 50As, respectively. Similarly, total carotenoid concentration at the abovementioned As levels increased by 12.3, 26.4, and 33.3%, respectively, in M plants over NM plants.


TABLE 2. Concentrations of total T-Chl, Chl a, Chl b, total carotenoids, and Chl a/b ratio in leaves of Triticum aestivum in response to Rhizophagus intraradices inoculation (M, mycorrhizal; NM, non-mycorrhizal) and As addition to soil.
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Hill Reaction Activity

Hill reaction activity of plant significantly (p ≤ 0.05) decreased with increased As concentration in soil (Figure 1). Colonization by R. intraradices showed increase in the activity at all As levels when compared with NM plants, with a maximum of 40% increase reported at 50As.
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FIGURE 1. Hill reaction activity in leaves of Triticum aestivum in response to Rhizophagus intraradices inoculation (M, mycorrhizal; NM, non-mycorrhizal) and As addition to the soil. Values represent means of three biological replicates ± SD. Different letters represent significant difference at p ≤ 0.05, derived from Tukey’s honestly significant difference (HSD). 0As, 0 mg As kg–1 soil treatment; 25As, 25 mg As kg–1 soil treatment; 50As, 50 mg As kg–1 soil treatment.




Gaseous Exchange

All the gas exchange parameters, except WUE, showed decline with corresponding increase in As concentration in soil (Figure 2). Mycorrhizal colonization assisted wheat plants in maintaining better gaseous exchange when compared with NM plants. At 0As, M plants significantly increased Pn and Ci by 6.0 and 15.9%, respectively, over their NM counterparts. The influence of R. intraradices in improving gaseous exchange was more evident when plants were exposed to low As stress, wherein M plants maintained 55.1, 24.1, 5.7, 2.6, and 46.9% higher Pn, Gs, E, Ci, and WUE, respectively, when compared with NM plants. Likewise, at high As level, the abovementioned parameters increased by 40.9, 45.7, 3.2, 13.3, and 36.5%, respectively, in M plants over their NM counterparts.
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FIGURE 2. Gas exchange parameters (A) net photosynthetic rate, Pn; (B) stomatal conductance, Gs; (C) intercellular CO2 concentration, Ci; (D) transpiration rate, E; and (E) water use efficiency, WUE, of Triticum aestivum in response to Rhizophagus intraradices inoculation (M, mycorrhizal; NM, non-mycorrhizal) and As addition to the soil. Values represent means of three biological replicates ± SD. Different letters represent significant difference at p ≤ 0.05, derived from Tukey’s honestly significant difference (HSD). 0As, 0 mg As kg–1 soil treatment; 25As, 25 mg As kg–1 soil treatment; 50As, 50 mg As kg–1 soil treatment.




Chlorophyll a Fluorescence

While As level, mycorrhizal status, and their interaction showed a significant (p ≤ 0.001) effect on Fo, Fv/Fo, and Fv/Fm, a non-significant effect was reported on qP (Table 3). Exposure to As stress led to decrease of Fo, Fv/Fo, and Fv/Fm in a dose-dependent manner (Figure 3). Colonization by R. intraradices led to an overall increase in Fv/Fm and Fv/Fm as compared with NM plants, although the extent of increase varied with each As level. Contrary to this, R. intraradices colonization decreased Fo at 0As by 7.7%; however, it increased by 22.3 and 70.1% at 25 and 50As, respectively, when compared with NM plants.


TABLE 3. Two-way analysis of variance showing the effect of As level, mycorrhizal status, and their interaction on various physiological attributes of Triticum aestivum.
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FIGURE 3. Chl a fluorescence (A) minimal fluorescence, Fo; (B) potential efficiency of PSII, Fv/Fo; (C) maximum efficiency of PSII, Fv/Fm; and (D) photochemical quenching coefficient, qP, in leaves of Triticum aestivum in response to Rhizophagus intraradices inoculation (M, mycorrhizal; NM, non-mycorrhizal) and As addition to the soil. Values represent means of three biological replicates ± SD. Different letters represent significant difference at p ≤ 0.05, derived from Tukey’s honestly significant difference (HSD). 0As, 0 mg As kg–1 soil treatment; 25As, 25 mg As kg–1 soil treatment; 50As, 50 mg As kg–1 soil treatment.




Sugar Metabolism


Total Soluble Sugar, Reducing Sugar, and Non-reducing Sugar Concentrations

Two-way ANOVA revealed that As level, mycorrhizal status, and interaction of both these factors significantly affected concentrations of TSS and NRS in wheat leaves. Exposure of plants to As increased concentrations of TSS and RS at both As levels and decreased NRS concentration with increased As level in soil. However, mycorrhizal colonization showed a varied effect on sugar concentrations (Table 4). While mycorrhizal colonization significantly (p ≤ 0.05) increased TSS and NRS concentration at 25 and 50As, RS concentration increased significantly (p ≤ 0.05) at 50As only. In response to mycorrhizal colonization, wheat plants showed increase in TSS concentration by 41.1 and 35.3% at 25 and 50As, respectively, when compared with NM plants. A similar trend was observed in case of NRS. When compared with NM plants, the concentration of NRS increased in M plants by 106.5 and 117.2% at 25 and 50As, respectively. However, a positive effect of R. intraradices colonization on RS concentration was evident only at 50As level, as RS concentration significantly increased by 6.6% in M plants when compared with NM plants exposed to a similar As level.


TABLE 4. Concentrations of TSS, RS, NRS, and NRS/RS ratio in leaves of Triticum aestivum in response to Rhizophagus intraradices inoculation (M, mycorrhizal; NM, non-mycorrhizal) and As addition to the soil.

[image: Table 4]


Sucrose-Phosphate Synthase Activity

With increased concentration of As in soil, the activity of SPS increased significantly (p ≤ 0.05), indicating sensitivity of the enzyme toward As toxicity. When compared with 0As plants, SPS activity increased significantly by 124.7 and 298.9% at 25 and 50As, respectively (Figure 4). Colonization by R. intraradices enhanced the enzyme activity by 16.5, 62.4, and 8.3% at 0, 25, and 50As, respectively, in M plants over their corresponding NM plants.
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FIGURE 4. Activity of sucrose metabolizing enzymes (A) sucrose phosphate synthase, SPS; (B) sucrose synthase, SS; and (C) acid invertase, AI, in leaves of Triticum aestivum in response to Rhizophagus intraradices inoculation (M, mycorrhizal; NM, non-mycorrhizal) and As addition to the soil. Values represent means of three biological replicates ± SD. Different letters represent significant difference at p ≤ 0.05, derived from Tukey’s honestly significant difference (HSD). 0As, 0 mg As kg–1 soil treatment; 25As, 25 mg As kg–1 soil treatment; 50As, 50 mg As kg–1 soil treatment.




Sucrose Synthase and Acid Invertase Activities

Both the activities of SS and AI increased in plants exposed to As in a concentration-dependent manner. At 25As, SS and AI activities of NM plants were enhanced by 35.7 and 25%, respectively, over 0As plants (Figure 4). When compared with 0As level, an increment of 8.9 and 31.0% was observed in SS and AI activities, respectively, in plants grown at 50As. At all As levels, mycorrhizal colonization increased the activities of these enzymes with respect to their NM counterparts. R. intraradices colonization increased SS activity by 27.1 and 8.6% and AI activity by 20.0 and 9.7% at 25 and 50As, respectively, over 0As plants.



Starch Metabolism


Starch Concentration

As stress resulted in decrease in starch concentration with the lowest concentration reported at 50As. The same trend of decline in the concentration was observed upon mycorrhizal colonization at 25 and 50As. Nevertheless, in comparison with their respective NM counterparts, M plants showed significant (p ≤ 0.05) increase in starch concentration by 23.1% at 0As. However, this AMF-mediated increase was non-significant at 25 and 50As (Figure 5).
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FIGURE 5. Concentration of (A) starch and activities of starch metabolizing enzymes; (B) starch phosphorylase, SP; (C) α-amylase, and (D) β-amylase in leaves of Triticum aestivum in response to Rhizophagus intraradices inoculation (M, mycorrhizal; NM, non-mycorrhizal) and As addition to the soil. Values represent means of three biological replicates ± SD. Different letters represent significant difference at p ≤ 0.05, derived from Tukey’s honestly significant difference (HSD). 0As, 0 mg As kg–1 soil treatment; 25As, 25 mg As kg–1 soil treatment; 50As, 50 mg As kg–1 soil treatment.




α-Amylase and β-Amylase Activities

Activities of α- and β-amylase increased in a dose-dependent manner when exposed to low and high concentrations of As. When compared with 0As plants, an increase of 28.6 and 51.4% was observed on α-amylase activity in leaves of NM plants exposed to 25 and 50As, respectively. No influence of R. intraradices on α-amylase activity was reported, as indicated by a non-significant effect of mycorrhizal status on its activity at 0As. However, its activity decreased significantly at 25 and 50As by 26.1 and 35.2%, respectively, in comparison with NM plants (Figure 5). Following a similar trend of α-amylase activity, β-amylase showed increased activity with increased As level. In NM plants, increments of 73.9 and 86.4% were observed over control when plants were exposed to 25 and 50As, respectively. However, the degree of increase in β-amylase activity was less in M plants when compared with NM plant of the same As level.



Starch Phosphorylase Activity

Statistically significant (p ≤ 0.05) increments in SP activity was observed when plants were exposed to As. SP activity increased by 41.5 and 89.9% at 25 and 50As, respectively, when compared with 0As plants. Inoculation with R. intraradices decreased its activity at all As levels when compared with NM plants; nevertheless, with increase in As concentration, its activity increased (Figure 5).



DISCUSSION

Presence of As in soil increased R. intraradices colonization in wheat roots. Higher colonization of wheat roots by R. intraradices in the presence of As suggests the tolerance of R. intraradices to As. This observation is in congruence with higher spore density of R. intraradices in As-contaminated sites over non-contaminated soil reported by Schneider et al. (2013) and Krishnamoorthy et al. (2015). Higher root colonization may be an adaptive strategy of R. intraradices to As in soil.

The findings of the present study showed that colonization of T. aestivum with R. intraradices alleviates the detrimental effects of As stress on the photosynthetic parameters such as pigment concentrations, Hill reaction activity, leaf gaseous exchange, and Chl a fluorescence. The effect of As stress on the above parameters has been studied in several plants, including wheat; however, most of these studies are limited to seedling stage (Chen et al., 2017; Sil et al., 2019; Majumder et al., 2020). While seedlings depend on reserves stored in seed endosperm (Ferreira et al., 2009), mature plants primarily meet their nutritional need through photosynthesis and display a more complex source–sink relationship (Yu et al., 2015). Further, it is known that formation of AM in roots creates a strong carbon sink and thus influence photosynthesis of plants (Gavito et al., 2019). Study on the long-term effect of As on plants and the role of AMF in amelioration of As stress requires assessment on mature plants. To the best of our knowledge, this is the first study to provide evidence for amelioration of As-induced perturbation in carbohydrate metabolism by AMF inoculation.

The physiological and biochemical changes in plants due to As contamination in soil can be attributed to As toxicity, ionic imbalance, and replacement of essential elements with As in various enzymatic reactions (Sharma et al., 2017; Alam et al., 2019). The first and foremost reason for mitigation of As-induced damage in photosynthetic machinery in M plants can be attributed to reduced uptake and translocation of As in leaves of T. aestivum observed in the study and improved antioxidant potential (Sharma et al., 2017).

Roots get directly exposed to As present in the soil that inhibits its growth and proliferation, resulting in compromised nutrient uptake (Alam et al., 2019). Being a structural analog of inorganic P, As(V) is transported across plasma membrane through the phosphate transport systems, where it competes and interferes with P uptake and metabolism (Stoeva and Bineva, 2003). This caused an increase in As and a decrease in P concentrations in leaves of wheat grown in As-contaminated soil in the present study. Further, wheat plants when exposed to As in soil showed decline in concentrations of N and Mg in leaves. The negative effects of As on the uptake of these nutrients can be directly linked to reduced root growth due to alteration in morphological and physiological characteristics of roots by As (Khudsar et al., 2000). A lower N concentration under As stress can also be due to the disturbances in activities as well as affinities of key enzymes involved in N uptake and metabolism (Ghosh et al., 2013; Sil et al., 2019). Decreased concentration of As in M plants over NM plants in the present study substantiates the potential of R. intraradices in mitigating As accumulation in wheat leaves. AMF compensates for the As-mediated root toxicity in plant by providing another route for nutrient uptake by virtue of its extraradical hyphae (Ezawa et al., 2002; Smith and Read, 2008). The extraradical hyphae of AMF ensure access to larger soil volume for acquisition of nutrients (Smith and Read, 2008), augment N assimilation by influencing enzymes of N metabolism (Govindarajulu et al., 2005; Zhu et al., 2016), mobilize immobile nutrients by lowering the pH of rhizosphere (Smith and Read, 2008), and also rapidly transfer Pi as polyphosphate (Ezawa et al., 2002). However, there is no report on transport of As(V) as polyarsenate by an AMF hypha. There are reports that deprivation in concentrations of these nutrients causes closure of reaction centers of PSII, disrupts electron transport chain, and compromises synthesis of photosynthetic pigment that ultimately limits photosynthesis (Singh et al., 2017). An augmentation in concentrations of these nutrients by AMF in present study supports its ameliorative role under As stress.

One of the most consequential responses of plants to As stress is the decline in concentrations of photosynthetic pigments (Gusman et al., 2013; Emamverdian et al., 2015). Concentrations of Chl a, Chl b, and total carotenoids decreased in NM as well as M plants when subjected to As stress. Concentrations of all pigments were significantly higher in M plants than NM plants at each level of As contamination in soil. Increase in concentrations of Chl a and Chl b in M over NM plants has been reported in citrus, cucumber, and chickpea (Li et al., 2013; Chen et al., 2017; Garg and Cheema, 2020). Chl contains tetrapyrrole with Mg in the center and proteins (Fiedor et al., 2008). The decrease in Chl concentrations due to As stress may be due to decrease in the protein, N, and Mg concentrations observed in the present study. The concentration of total proteins was higher in M plants compared with NM plants at all levels of As including control (0As), and this may be attributed to improved N uptake in M plants over NM plants. Kitajima and Hogan (2003) proposed that adjustment of Chl a/b ratio is an integral feature of acclimatization to low N availability. The Chl a/b ratio is expected to increase with decline in N concentrations. Carotenoids are accessory pigments that protect Chl a and Chl b from oxidative damage (Hou et al., 2007). Several studies have related decline in Chl pigments to reduced level of carotenoids (Zhou et al., 2018; Sil et al., 2019; Majumder et al., 2020). Higher concentration of total carotenoids in M than NM plants at all levels of As stress suggests protection of Chl from As-induced oxidative damage.

Among all the photosynthetic pigments, Chl b concentration was most affected under As stress, followed by Chl a and total carotenoids. An enhancement in Chl a/b ratio in present study indicates higher degradation of Chl b over Chl a in the presence of As. There are reports by Sil et al. (2019) and Majumder et al. (2020) stating higher sensitivity of Chl b over Chl a under As stress. However, the exact mechanism for such differential behavior under As stress needs further investigation. Higher Chl a/b ratio indicates higher distress on thylakoids (Zhou et al., 2018), which reflects a plant’s inadequacy to transfer electron and excitation energy to the PSII core complex (Xu et al., 1995). Dose-dependent increase in Chl a/b ratio in T. aestivum in present study is in line with the reports on maize, wheat, and rice (Dresler et al., 2014; Sil et al., 2019; Majumder et al., 2020). The increase in Chl a/b ratio can be ascribed to As-mediated decrease in photosynthetic pigments and Hill reaction activity (Allakhverdiev et al., 2000; Sil et al., 2019). Low Hill reaction activity in plants results in decline in NADP reduction, phosphorylation inactivation, and CO2 assimilation (Yang et al., 2009). The decline in CO2 assimilation is corroborated in terms of decline in Pn and starch concentration in As-stressed plants observed in this study.

The lower Chl a/b ratio in M plants over NM plants reflects higher efficiency to transfer excitation energy to the PSII core complex, consequently resulting in more CO2 assimilation, higher Pn, and augmented starch concentration in M plants when compared with NM plants. These results show that M plants are superior to NM plants in counterbalancing As-mediated limitation in photosynthetic pigment and Hill reaction activity.

It is well documented that heavy metals affect gas exchange parameters in plants (Tian et al., 2014; Majumder et al., 2020). Contamination of As in soil resulted in reduced Pn and Gs in present study. Normally, RuBisCo (ribulose-1,5-bis-phosphate carboxylase/oxygenase) activity positively affects assimilation of CO2 in plants. The decline in Pn under As stress has been ascribed to inactivation of RuBisCo involved in carbon fixation (Finnegan and Chen, 2012). Additionally, As-mediated P deficiency in present study is also a possible reason for lower Pn under As stress. P is involved in synthesis of ATP and other phosphorylated metabolites of photosynthesis. Deficiency of P has been reported to cause closure of PSII reaction centers and to inhibit transfer of electrons from PSII to PSI (Singh et al., 2017). AMF colonization promotes photosynthesis by increasing RuBisCo carboxylation and RuBP (ribulose-1,5-bis-phosphate) regeneration (Chen et al., 2017), and augmenting P uptake. Rai et al. (2014) showed that the presence of As reduces CO2 assimilation and subsequently decreases CO2 demand that accounts for decline in Gs observed in present study.

Arbuscular mycorrhizal fungi are obligate symbionts that obtain all the carbon needed for their growth and activities from the host plant. Approximately, one-fifth of the carbon fixed as photosynthates is used in sustenance of AM symbiosis (Bago et al., 2000). This increase in carbon demand in combination with higher concentration of photosynthetic pigments, lower Chl a/b ratio, and enhanced Hill reaction activity triggers Pn in M plants, leading to higher stomatal conductance and consequently increasing E and Ci.

Among the two energy harvesting centers in plants, PSII is more sensitive to stress than PSI (Björkman and Demmig, 1987; Stoeva and Bineva, 2003; Iriel et al., 2015). PSII photochemistry is represented by Chl a fluorescence attributes, namely, Fo, Fv/Fo, and Fv/Fm (Zhu et al., 2014). Decline in these features due to As in T. aestivum indicates compromised functionality of PSII, damage to photosynthetic apparatus, and photoinhibition (Stoeva and Bineva, 2003; Wang et al., 2016). Depreciation in PSII efficiency due to As stress has also been reported in Oryza sativa and Glycine max (de Andrade et al., 2015; Piršelová et al., 2016). Nevertheless, colonization of wheat plants by R. intraradices protected PSII reaction center from As-mediated damage. Under As stress, M plants showed lesser decrease in Fv/Fm than did NM plants. It can be inferred that adverse effects of As on photochemistry of PSII of wheat plants can be alleviated by inoculation with R. intraradices, which aid in improving As tolerance.

Sugars generated by photosynthesis, besides serving as substrates in cellular respiration that fuel metabolism, also play a pivotal role in the maintenance of growth, osmotic homeostasis, and membrane stabilization of plant cells (Muller et al., 2011; Bouthour et al., 2012; Sami et al., 2016). On the other hand, starch is the main storage carbohydrate in plants. Under stressful conditions, breakdown of starch results in accumulation of soluble sugars to carry out basal metabolism to sustain plant’s growth and development (Stitt and Zeeman, 2012; Begum et al., 2019; Gupta and Thind, 2019). The increment in concentration of TSS and decline in starch concentration with increase in As stress in the present study is in agreement with the above statements. This is further supported by increase in the activities of the starch-degrading enzymes.

Enhanced concentration of TSS generates a feedback inhibition of Pn (Goldschmidt and Huber, 1992). The limitation in Pn activates remobilization of starch as observed in the present study, as indicated by enhanced activities of starch-hydrolyzing enzymes. Additionally, decline in starch concentration can also be credited to As-mediated restrain on starch synthesizing enzymes as reported by Yadav (2010). Findings of the study indicate that when subjected to As-treated soil, plants sustain basic metabolism by enhancing sugars accumulation, limiting Pn, and augmenting starch degradation. Contrary to this, inoculation of wheat plants with R. intraradices mitigated effects of As on starch-hydrolyzing enzymes, as indicated by enhanced starch concentration as a consequence of decreased activities of starch-degrading enzymes. This can be explained by (i) lower requirement of sugar due to lower intensity of As stress (low As concentration) in M plants and (ii) higher Pn that contributes to sugar requirement under As stress and further reduces starch degradation.

The increase in RS and NRS together contributed to increase in concentrations of TSS in NM and M plants. The increase in TSS and RS concentrations in response to As can be linked to increment in activities of sucrose-metabolizing enzymes and breakdown of starch as indicated by elevated activities of starch-degrading enzymes in the present study. Sucrose-synthesizing enzyme, SPS, is reported to be influenced by abiotic as well as biotic stress conditions (Krause et al., 1998). Increase in activity of SPS at 25 and 50As was also observed in wheat plants under As stress. Soon after its synthesis, sucrose is degraded by sucrose-metabolizing enzymes to produce RS as observed in this study as well. The observed changes are consistent with the report of Choudhury et al. (2010). Increase in AI activity under heavy metal stress facilitates production of hexoses that aid in quenching free radicals and also ensure instigation of ROS metabolism via oxidative pentose phosphate pathway (Peshev et al., 2013). Interestingly, while in the absence of As, the ratio of NRS/RS was higher in NM plants; under increasing As stress, NRS/RS ratio was higher in M plants. This implies that under As stress, RS was synthesized more than NRS in NM plants, and NRS contributed more to the increase in concentration of TSS in M plants. The variations in relative proportion of sugars between NM and M plants can be explained on the basis that while NM plants require RS to scavenge As-induced ROS, M plants are already endowed with high enzymatic and non-enzymatic antioxidants (Sharma et al., 2017). On the other hand, M plants require higher concentration of sucrose (NRS) for long-distance transport to meet the high demand of sugars to maintain AM symbiosis (Ward et al., 1997).



CONCLUSION

As-mediated perturbations in wheat plants resulted in a dose-dependent decline in gas exchange parameters, namely, Pn, Gs, Ci, and E. Apparent decrease in pigment concentration along with Hill reaction activity was also reported under As stress. Several factors contribute to ameliorative effects of AM on photosynthesis such as higher concentration of photosynthetic pigments, favorable Chl a/b ratio, higher Hill reaction activity, and PSII efficiency that ultimately depend upon As concentration in the leaf tissue and uptake of mineral nutrients such as P, N, and Mg. Additionally, increased carbon demand as a result of formation of AM prevents feedback inhibition of photosynthesis due to As-induced reduction of CO2 assimilation. Higher Pn in M plants reduced the need for starch degradation to form sugars. Furthermore, proportion of NRS (sucrose) was higher in M plants that endowed better ability to tolerate As stress. Therefore, deployment of AMF as a biofertilizer in As-contaminated regions to refurbish physiological as well as biochemical impediments in wheat for improved growth is highly suggested.
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ABBREVIATIONS

AI, acid invertase; AMF, arbuscular mycorrhizal fungi; ANOVA, analysis of variance; As(III), arsenite; As(V), arsenate; As, arsenic; CaCl2, calcium chloride; Chl, chlorophyll; Ci, intercellular CO2 concentration; DCPIP, 2,6-dichlorophenolindophenol; DNSA, 3,5-dinitrosalicylic acid; DTT, dithiothreitol; E, transpiration rate; EDTA, ethylenediaminetetraacetic acid; Fo, minimal fluorescence; Fv/Fo, potential of PSII; Gs, stomatal conductance; HSD, honestly significant difference; INVAM, International Culture Collection of (Vesicular) Arbuscular Mycorrhizal Fungi; M, mycorrhizal; MgCl2, magnesium chloride; MTI, metal tolerance index; NM, non-mycorrhizal; NRS, non-reducing sugar; Pi, inorganic phosphate; PMSF, phenylmethylsulfonyl fluoride; Pn, net photosynthetic rate; PS, photosystem; qP, quenching coefficient; ROS, reactive oxygen species; RS, reducing sugar; SP, starch phosphorylase; SPS, sucrose-phosphate synthase; SPSS, Statistical Package for the Social Sciences; SS, sucrose synthase; TCA, trichloroacetic acid; T-Chl, total chlorophyll; TSS, total soluble sugar.


REFERENCES

Abbas, G., Murtaza, B., Bibi, I., Shahid, M., Niazi, N. K., Khan, M. I., et al. (2018). Arsenic uptake, toxicity, detoxification, and speciation in plants: physiological, biochemical, and molecular aspects. Int. J. Environ. Res. Public Health 15, 59–64. doi: 10.3390/ijerph15010059

Alam, M. B., and Sattar, M. A. (2000). Assessment of arsenic contamination in soils and waters in some areas of Bangladesh. Water Sci. Technol. 42, 185–192. doi: 10.2166/wst.2000.0568

Alam, M. Z., McGee, R., Hoque, M., Ahammed, G. J., and Carpenter-Boggs, L. (2019). Effect of arbuscular mycorrhizal fungi, selenium and biochar on photosynthetic pigments and antioxidant enzyme activity under arsenic stress in mung bean (Vignaradiata). Front. Physiol. 10:193. doi: 10.3389/fphys.2019.00193

Allakhverdiev, S. I., Sakamoto, A., Nishiyama, Y., Inaba, M., and Murata, N. (2000). Ionic and osmotic effects of NaCl-induced inactivation of photosystems I and II in Synechococcus sp. Plant Physiol. 123, 1047–1056. doi: 10.1104/pp.123.3.1047

Allen, S. E. (1989). Chemical Analysis of Ecological Materials, 2nd Edn. Oxford: Blackwell Scientific Publications.

Anjum, S. A., Xie, X. Y., Wang, L. C., Saleem, M. F., Man, C., and Lei, W. (2011). Morphological, physiological and biochemical responses of plants to drought stress. Afr. J. Agric. Res. 6, 2026–2032. doi: 10.5897/AJAR10.027

Arnon, D. I. (1949). Copper enzymes in isolated chloroplasts. Polyphenoloxidase in Betavulgaris. Plant Physiol. 24, 1–15. doi: 10.1104/pp.24.1.1

Bago, B., Pfeffer, P. E., and Shachar-Hill, Y. (2000). Carbon metabolism and transport in arbuscular mycorrhizas. Plant Physiol. 124, 949–958.

Begum, N., Qin, C., Ahanger, M. A., Raza, S., Khan, M. I., Ahmed, N., et al. (2019). Role of arbuscular mycorrhizal fungi in plant growth regulation: implications in abiotic stress tolerance. Front. Plant Sci. 10:1068. doi: 10.3389/fpls.2019.01068

Bernfeld, P., Berkeley, B. J., and Bieber, R. E. (1965). Reversible dissociation of enzymes at high dilutions and their inhibition by polyanions. Arch. Biochem. Biophys. 111, 31–38.

Björkman, O., and Demmig, B. (1987). Photon yield of O2 evolution and chlorophyll fluorescence characteristics at 77 K among vascular plants of diverse origins. Planta 170, 489–504. doi: 10.1007/BF00402983

Borkowska, B., and Szczerha, J. (1991). Influence of different carbon sources on invertase activity and growth of sour cherry (Prunuscerasus L.) shoot cultures. J. Exp. Bot. 42, 911–915. doi: 10.1023/A:1002160618700

Bouthour, D., Hajjaji-Nasraoui, A., Saafi, L., Gouia, H., and Chaffei-Haouari, C. (2012). Effects of NaCl on growth and activity of enzymes involved in carbon metabolism in leaves of tobacco (Nicotiana rustica). Afric. J. Biotechnol. 11, 12619–12629. doi: 10.5897/AJB11.1103

Bradford, M. M. (1976). A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of protein-dye binding. Anal. Biochem. 72, 248–254. doi: 10.1016/0003-2697(76)90527-3

Bush, D. S., Sticher, L., Van Huystee, R., Wagner, D., and Jones, R. L. (1989). The calcium requirement for stability and enzymatic activity of two isoforms of barley aleurone alpha-amylase. Jio. Biol. Chem. 264, 19392–19398.

Chandrakar, V., Naithani, S. C., and Keshavkant, S. (2016). Arsenic-induced metabolic disturbances and their mitigation mechanisms in crop plants: a review. Biologia 71, 367–377. doi: 10.1515/biolog-2016-0052

Chen, S., Zhao, H., Zou, C., Li, Y., Chen, Y., Wang, Z., et al. (2017). Combined inoculation with multiple arbuscular mycorrhizal fungi improves growth, nutrient uptake and photosynthesis in cucumber seedlings. Front. Microbiol. 8:2516. doi: 10.3389/fmicb.2017.02516

Choudhury, B., Mitra, S., and Biswas, A. K. (2010). Regulation of sugar metabolism in rice (Oryzasativa L.) seedlings under arsenate toxicity and its improvement by phosphate. Physiol. Mol. Biol. Plants 16, 59–68. doi: 10.1007/s12298-010-0008-8

Cox, M. S., and Kovar, J. L. (2001). Soil arsenic effects on canola seedling growth and ion uptake. Commun. Soil Sci. Plan. 32, 107–117.

de Andrade, S. A. L., Domingues, A. P. Jr., and Mazzafera, P. (2015). Photosynthesis is induced in rice plants that associate with arbuscular mycorrhizal fungi and are grown under arsenate and arsenite stress. Chemosphere 134, 141–149. doi: 10.1016/j.chemosphere.2015.04.023

Debona, D., Rodrigues, F. A., and Datnoff, L. E. (2017). Silicon’s role in abiotic and biotic plant stresses. Annu. Rev. Phytopathol. 55, 85–107. doi: 10.1146/annurev-phyto-080516-035312

Dresler, S., Hanaka, A., Bednarek, W., and Maksymiec, W. (2014). Accumulation of low-molecular-weight organic acids in roots and leaf segments of Zeamays plants treated with cadmium and copper. Acta Physiol. Plant 36, 1565–1575. doi: 10.1007/s11738-014-1532-x

Dubey, R. S., and Singh, A. K. (1999). Salinity induces accumulation of soluble sugars and alters the activity of sugar metabolising enzymes in rice plants. Biol. Plant 42, 233–239.

Dubois, M., Gilles, K. A., Hamilton, J. K., Rebers, P. A., and Smith, F. (1956). Colorimetric method for the determination of sugars and related substances. Anal. Chem. 28, 350–356.

Emamverdian, A., Ding, Y., Mokhberdoran, F., and Xie, Y. (2015). Heavy metal stress and some mechanisms of plant defense response. Sci. World J. 2015:756120. doi: 10.1155/2015/756120

Ezawa, T., Smith, S. E., and Smith, F. A. (2002). P metabolism and transport in AM fungi. Plant Soil. 244, 221–230. doi: 10.1023/A:1020258325010

Ferreira, C. D. S., Piedade, M. T. F., Tiné, M. A. S., Rossatto, D. R., Parolin, P., and Buckeridge, M. S. (2009). The role of carbohydrates in seed germination and seedling establishment of Himatanthus sucuuba, an Amazonian tree with populations adapted to flooded and non-flooded conditions. Ann. Bot. 104, 1111–1119.

Fiedor, L., Kania, A., Myśliwa-Kurdziel, B., Orzeł, Ł, and Stochel, G. (2008). Understanding chlorophylls: central magnesium ion and phytyl as structural determinants. (BBA) Bioenergetics 1777, 1491–1500. doi: 10.1016/j.bbabio.2008.09.005

Finnegan, P., and Chen, W. (2012). Arsenic toxicity: the effects on plant metabolism. Front. Physiol. 3:182. doi: 10.3389/fphys.2012.00182

Fiske, C. H., and Subbarow, Y. (1925). The colorimetric determination of phosphorus. J. Biol. Chem. 66, 375–400.

Food and Agriculture Organization (FAO) (2020). FAO Cereal Supply and Demand Brief. [Online]. Rome: FAO.

Garg, N., and Cheema, A. (2020). Relative roles of Arbuscular Mycorrhizae in establishing a correlation between soil properties, carbohydrate utilization and yield in Cicerarietinum L. under As stress. Ecotoxicol. Environ. Saf. 207, 111–196. doi: 10.1016/j.ecoenv.2020.111196

Gavito, M. E., Jakobsen, I., Mikkelsen, T. N., and Mora, F. (2019). Direct evidence for modulation of photosynthesis by an arbuscular mycorrhiza−induced carbon sink strength. New Phytol. 223, 896–907. doi: 10.1111/nph.15806

Ghosh, S., Saha, J., and Biswas, A. K. (2013). Interactive influence of arsenate and selenate on growth and nitrogen 771 metabolism in wheat (Triticum aestivum L.) seedlings. Acta Physiol. Plant 35, 1873–1885.

Giovannetti, M., and Mosse, B. (1980). An evaluation of techniques for measuring vesicular arbuscular mycorrhizal infection in roots. New. Phytol. 84, 489–500.

Goldschmidt, E. E., and Huber, S. C. (1992). Regulation of photosynthesis by end-product accumulation in leaves of plants storing starch, sucrose, and hexose sugars. Plant Physiol. 99, 1443–1448. doi: 10.1104/pp.99.4.1443

Govindarajulu, M., Philip, E., Pfeffer, H., Jin, H., Jehad, A., David, D., et al. (2005). Nitrogen transfer in the arbuscular mycorrhizal symbiosis. Nature 435, 819–823. doi: 10.1038/nature03610

Gramss, G. (2012). Potential contributions of oxidoreductases from alfalfa plants to soil enzymology and biotechnology: a review. J. Nat. Sci. Sustain. Technol. 6, 169–173.

Gupta, N., and Thind, S. K. (2019). Foliar application of glycine betaine alters sugar metabolism of wheat leaves under prolonged field drought stress. Proc. Natl. Acad. Sci. India Sec. B Biol. Sci. 89, 877–884. doi: 10.1007/s40011-018-1000-2

Gusman, G. S., Oliveira, J. A., Farnese, F. S., and Cambraia, J. (2013). Arsenate and arsenite: the toxic effects on photosynthesis and growth of lettuce plants. Acta Physiol. Plant. 35, 1201–1209. doi: 10.1007/s11738-012-1159-8

Hiscox, J. D., and Israelstam, G. F. (1979). A method for the extraction of chlorophyll from leaf tissue without maceration. Can. J. Bot. 57, 1332–1334. doi: 10.1139/b79-163

Hou, W., Chen, X., Song, G., Wang, Q., and Chang, C. C. (2007). Effects of copper and cadmium on heavy metal polluted waterbody restoration by duckweed (Lemnaminor). Plant Physiol. Biochem. 45, 62–69. doi: 10.1016/j.plaphy.2006.12.005

INVAM (2014). International Culture Collection of (Vesicular) Arbuscular Mycorrhizal Fungi. Morgantown, WV: INVAM.

Iriel, A., Dundas, G., Cirelli, A. F., and Lagorio, M. G. (2015). Effect of arsenic on reflectance spectra and chlorophyll fluorescence of aquatic plants. Chemosphere 119, 697–703. doi: 10.1016/j.chemosphere.2014.07.066

Jha, A. B., and Dubey, R. S. (2004). Carbohydrate metabolism in growing rice seedlings under arsenic toxicity. J. Plant Physiol. 161, 867–872. doi: 10.1016/j.jplph.2004.01.004

Jia, T., Wang, J., Chang, W., Fan, X., Sui, X., and Song, F. (2019). Proteomics analysis of E. angustifolia seedlings inoculated with arbuscular mycorrhizal fungi under salt stress. Int. J. Mol. Sci. 20, 788–801. doi: 10.3390/ijms20030788

Kapoor, R., Giri, B., and Mukerji, K. G. (2002). Glomus macrocarpum: a potential bioinoculant to improve essential oil quality and concentration in Dill (Anethumgraveolens L.) and Carum (Trachyspermumammi (Linn.) Sprague). World J. Microb.Biot. 18, 459–463.

Khalid, S., Shahid, M., Niazi, N. K., Rafiq, M., Bakhat, H. F., Imran, M., et al. (2017). Enhancing Cleanup of Environmental Pollutants. Arsenic Behaviour in Soil-Plant System: Biogeochemical Reactions and Chemical Speciation Influences. Berlin: Springer, 97–140.

Khudsar, T., Mahmooduzzafar Soh, W. Y., and Iqbal, M. (2000). Morphological and anatomical variations of Cajanus cajan (Linn.) Huth raised in cadmium-rich soil. J. Plant. Biol. 43, 149–157. doi: 10.1007/BF03030492

Kitajima, K., and Hogan, K. P. (2003). Increases of chlorophyll a/b ratios during acclimation of tropical woody seedlings to nitrogen limitation and high light. Plant Cell Environ. 26, 857–865. doi: 10.1046/j.1365-3040.2003.01017.x

Krause, K. P., Hill, L., Reimholz, R., Hamborg Nielsen, T., Sonnewald, U., and Stitt, M. (1998). Sucrose metabolism in cold-stored potato tubers with decreased expression of sucrose phosphate synthase. Plant Cell Environ. 21, 285–299. doi: 10.1046/j.1365-3040.1998.00271.x

Krishnamoorthy, R., Kim, C. G., Subramanian, P., Kim, K. Y., Selvakumar, G., and Sa, T. M. (2015). Arbuscular mycorrhizal fungi community structure, abundance and species richness changes in soil by different levels of heavy metal and metalloid concentration. PLoS One 10:e0128784. doi: 10.1371/journal.pone.0128784

Li, Y., Ren, B., Ding, L., Shen, Q., Peng, S., and Guo, S. (2013). Does chloroplast size influence photosynthetic nitrogen use efficiency? PLoS One 8:e0062036. doi: 10.1371/journal.pone.0062036

Majumder, B., Das, S., Biswas, S., Mazumdar, A., and Biswas, A. K. (2020). Differential responses of photosynthetic parameters and its influence on carbohydrate metabolism in some contrasting rice (Oryzasativa L.) genotypes under arsenate stress. Ecotoxicology 29, 912–931.

McCready, R. M., Guggolz, J., Silviera, V., and Owens, H. S. (1950). Determination of starch and amylose in vegetables. Anal.. Chem. 22, 1156–1158.

Meharg, A. A. (1994). Integrated tolerance mechanisms: constitutive and adaptive plant responses to elevated metal concentrations in the environment. Plant Cell Environ. 17, 989–993. doi: 10.1111/j.1365-3040.1994.tb02032.x

Miller, G. L. (1972). Use of dinitrosalicylic acid reagent for determination of reducing sugars. Anal. Chem. 31, 426–428.

Miron, D., and Schaffer, A. A. (1991). Sucrose phosphate synthase, sucrose synthase, and invertase activities in developing fruit of Lycopersiconesculentum Mill. and the sucrose accumulating LycopersiconhirsutumHumb. andBonpl. Plant Physiol. 95, 623–627. doi: 10.1104/pp.95.2.623

Muller, B., Pantin, F., Génard, M., Turc, O., Freixes, S., Piques, M., et al. (2011). Water deficits uncouple growth from photosynthesis, increase C content, and modify the relationships between C and growth in sink organs. J. Exp. Bot. 62, 1715–1729. doi: 10.1093/jxb/erq438

Musil, S., Matous̆ek, T., Currier, J. M., Styìblo, M., and Dĕdina, J. (2014). Speciation analysis of arsenic by selective hydride generation-cryotrapping-atomic fluorescence spectrometry with flame-in-gas-shield atomizer: achieving extremely low detection limits with inexpensive instrumentation. Anal. Chem. 86, 10422–10428. doi: 10.1021/ac502931k

Nelson, N. (1944). A photometric adaptation of the somogyis method for the determination of reducing sugar. Anal. Chem. 31, 426–428.

Peshev, D., Vergauwen, R., Moglia, A., Hideg, É, and Van den Ende, W. (2013). Towards understanding vacuolar antioxidant mechanisms: a role for fructans? J. Exp. Bot. 64, 1025–1038. doi: 10.1093/jxb/ers377

Phillips, J. M., and Hayman, D. S. (1970). Improved procedures for clearing roots and staining parasitic and vesicular-arbuscular mycorrhizal fungi for rapid assessment of infection. Trans. Brit. Mycol. Soc. 55, 158–168.

Piršelová, B., Kuna, R., Lukáč, P., and Havrlentová, M. (2016). Effect of cadmium on growth, photosynthetic pigments, iron and cadmium accumulation of Faba Bean (Viciafaba cv. Aštar). Agriculture (Polnohospodárstvo) 62, 72–79. doi: 10.1515/agri-2016-0008

Rabie, G. H. (2005). Contribution of arbuscular mycorrhizal fungus to red kidney and wheat plants tolerance grown in heavy metal-polluted soil. Afr. J. Biotechnol. 4, 332–345.

Rahman, M. M., Asaduzzaman, M., and Naidu, R. (2013). Consumption of arsenic and other elements from vegetables and drinking water from an arsenic-contaminated area of Bangladesh. J. Hazard. Mater. 262, 1056–1063. doi: 10.1016/j.jhazmat.2012.06.045

Rai, R., Pandey, S., Shrivastava, A. K., and Pandey Rai, S. (2014). Enhanced photosynthesis and carbon metabolism favor arsenic tolerance in Artemisia annua, a medicinal plant as revealed by homology-based proteomics. Int. J. Proteom. 2014, 2014–2035. doi: 10.1155/2014/163962

Rasheed, H., Kay, P., Slack, R., and Gong, Y. Y. (2018). Arsenic species in wheat, raw and cooked rice: exposure and associated health implications. Sci. Total Environ. 634, 366–373.

Rosa, M., Hilal, M., González, J. A., and Prado, F. E. (2009). Low-temperature effect on enzyme activities involved in sucrose–starch partitioning in salt-stressed and salt-acclimated cotyledons of quinoa (ChenopodiumquinoaWilld.) seedlings. Plant Physiol. Biochem. 47, 300–307. doi: 10.1016/j.plaphy.2008.12.001

Sami, F., Yusuf, M., Faizan, M., Faraz, A., and Hayat, S. (2016). Role of sugars under abiotic stress. Plant Physiol. Biochem. 109, 54–61. doi: 10.1016/j.plaphy.2016.09.005

Schneider, J., Sturmer, S. L., Guilherme, L. R., de Souza Moreira, F. M., and Soares, C. R. (2013). Arbuscular mycorrhizal fungi in arsenic-contaminated areas in Brazil. J. Hazard Mater. 262, 1105–1115.

Sharma, S., Anand, G., Singh, N., and Kapoor, R. (2017). Arbuscular mycorrhiza augments arsenic tolerance in wheat (Triticumaestivum L.) by strengthening antioxidant defense system and thiol metabolism. Front. Plant Sci. 8:906. doi: 10.3389/fpls.2017.00906

Shrivastava, A., Barla, A., Singh, S., Mandraha, S., and Bose, S. (2017). Arsenic contamination in agricultural soils of Bengal deltaic region of West Bengal and its higher assimilation in monsoon rice. J. Hazard. Mater. 324, 526–534. doi: 10.1016/j.jhazmat.2016.11.022

Sil, P., Das, P., Biswas, S., Mazumdar, A., and Biswas, A. K. (2019). Modulation of photosynthetic parameters, sugar metabolism, polyamine and ion contents by silicon amendments in wheat (Triticumaestivum L.) seedlings exposed to arsenic. Environ. Sci. Pollut. Res. 26, 13630–13648. doi: 10.1007/s11356-019-04896-7

Singh, S. K., Reddy, V. R., Fleisher, D. H., and Timlin, D. J. (2017). Relationship between photosynthetic pigments and chlorophyll fluorescence in soybean under varying phosphorus nutrition at ambient and elevated CO2. Photosynthetica 55, 421–433. doi: 10.1007/s11099-016-0657-0

Smith, S. E., and Read, D. J. (2008). Mycorrhizal Symbiosis. San Diego, CA: Academic Press.

Srivastava, S., Sinha, P., and Sharma, Y. K. (2017). Status of photosynthetic pigments, lipid peroxidation and anti-oxidative enzymes in Vigna mungo in presence of arsenic. J. Plant Nutr. 40, 298–306. doi: 10.1080/01904167.2016.1240189

Stitt, M., and Zeeman, S. C. (2012). Starch turnover: pathways, regulation and role in growth. Curr. Opin. Plant Biol. 15, 282–292. doi: 10.1016/j.pbi.2012.03.016

Stoeva, N., and Bineva, T. (2003). Oxidative changes and photosynthesis in oat plants grown in As-contaminated soil. Bulg. J. Plant Physiol. 29, 87–95.

Talukdar, D. (2013). Arsenic-induced changes in growth and antioxidant metabolism of fenugreek. Russ. J. Plant Physiol. 60, 652–660. doi: 10.1134/S1021443713050130

Tian, T., Ali, B., Qin, Y., Malik, Z., Gill, R. A., Ali, S., et al. (2014). Alleviation of lead toxicity by 5-aminolevulinic acid is related to elevated growth, photosynthesis, and suppressed ultrastructural damages in oilseed rape. BioMed. Res. Intl. 2014:530642. doi: 10.1155/2014/530642

Tong, J., Guo, H., and Wei, C. (2014). Arsenic contamination of the soil–wheat system irrigated with high arsenic groundwater in the Hetao Basin, Inner Mongolia, China. Sci. Total Environ. 496, 479–487. doi: 10.1016/j.scitotenv.2014.07.073

Vishniac, W. (1957). “Methods for the study of Hill reaction,” in Methodsin Enzymology, Vol. 4, eds S. F. S. F. Colowick and N. O. Kaplan (New York, NY: Academic Press), 324.

Wang, J., Lu, W., Tong, Y., and Yang, Q. (2016). Leaf morphology, photosynthetic performance, chlorophyll fluorescence, stomatal development of lettuce (Lactucasativa L.) exposed to different ratios of red light to blue light. Front. Plant Sci. 7:250. doi: 10.3389/fpls.2016.00250

Ward, J. M., Kühn, C., Tegeder, M., and Frommer, W. B. (1997). Sucrose Transport in Higher Plants. In International Review of Cytology, Vol. 178. Cambridge, MA: Academic Press, 41–71.

Wu, J. T., Wang, L., Zhao, L., Huang, X. C., and Ma, F. (2020). Arbuscular mycorrhizal fungi effect growth and photosynthesis of Phragmitesaustralis (Cav.) Trin ex. Steudel under copper stress. Plant Biol. 22, 62–69. doi: 10.1111/plb.13039

Xu, Q., Paulsen, A. Q., Guikema, J. A., and Paulsen, G. M. (1995). Functional and ultrastructural injury to photosynthesis in wheat by high temperature during maturation. Environ. Exp. Bot. 35, 43–54. doi: 10.1016/0098-8472(94)00030-9

Yadav, S. K. (2010). Heavy metals toxicity in plants: an overview on the role of glutathione and phytochelatins in heavy metal stress tolerance of plants. S. Afr. J. Bot. 76, 167–179.

Yang, C. W., Xu, H. H., Wang, L. L., Liu, J., Shi, D. C., and Wang, D. L. (2009). Comparative effects of salt-stress and alkali-stress on the growth, photosynthesis, solute accumulation, and ion balance of barley plants. Photosynthetica 47, 79–86. doi: 10.1007/s11099-009-0013-8

Yu, S. M., Lo, S. F., and Ho, T. H. D. (2015). Source–sink communication: regulated by hormone, nutrient, and stress cross-signaling. Trends Plant Sci. 20, 844–857.

Zhan, F., Li, B., Jiang, M., Yue, X., He, Y., Xia, Y., et al. (2018). Arbuscular mycorrhizal fungi enhance antioxidant defense in the leaves and the retention of heavy metals in the roots of maize. Environ. Sci. Pollut. Res. Int. 25, 24338–24347. doi: 10.1007/s11356-018-2487-z

Zhou, X., Sun, C., Zhu, P., and Liu, F. (2018). Effects of antimony stress on photosynthesis and growth of Acoruscalamus. Front. Plant Sci. 9:579. doi: 10.3389/fpls.2018.00579

Zhu, X. Q., Wang, C. Y., Chen, H., and Tang, M. (2014). Effects of arbuscular mycorrhizal fungi on photosynthesis, carbon content, and calorific value of black locust seedlings. Photosynthetica 52, 247–252. doi: 10.1007/s11099-014-0031-z

Zhu, X., Song, F., Liu, S., and Liu, F. (2016). Arbuscular mycorrhiza improve growth, nitrogen uptake, and nitrogen use efficiency in wheat grown under elevated CO2. Mycorrhiza 26, 133–140. doi: 10.1007/s00572-015-0654-3


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Gupta, Thokchom and Kapoor. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Arbuscular Mycorrhiza Improves Photosynthesis and Restores Alteration in Sugar Metabolism in Triticum aestivum L. Grown in Arsenic Contaminated Soil



		INTRODUCTION



		MATERIALS AND METHODS



		Plant Material and Fungal Inoculum



		Experimental Layout



		Soil Treatment and Plant Growth Conditions



		Plant Sampling



		Mycorrhizal Colonization and Metal Tolerance Index



		Concentration of As, Mg, P, and N



		Concentration of Total Protein



		Photosynthesis



		Photosynthetic Pigments



		Hill Reaction Activity



		Gas Exchange Parameters



		Chlorophyll a Fluorescence







		Sugar Metabolism



		Total Soluble Sugar



		Reducing Sugar, Non-reducing Sugar, and Reducing Sugar/Non-reducing Sugar Ratio



		Sucrose-Phosphate Synthase Activity



		Sucrose Synthase Activity



		Acid Invertase Activity







		Starch Metabolism



		Starch Concentration



		α-Amylase and β-Amylase Activities



		Starch Phosphorylase Activity







		Statistical Analysis







		RESULTS



		Root Colonization by Rhizophagus intraradices



		Metal Tolerance Index and Concentrations of As, Mg, P, N, and Total Protein



		Photosynthesis



		Photosynthetic Pigments



		Hill Reaction Activity



		Gaseous Exchange



		Chlorophyll a Fluorescence







		Sugar Metabolism



		Total Soluble Sugar, Reducing Sugar, and Non-reducing Sugar Concentrations



		Sucrose-Phosphate Synthase Activity



		Sucrose Synthase and Acid Invertase Activities







		Starch Metabolism



		Starch Concentration



		α-Amylase and β-Amylase Activities



		Starch Phosphorylase Activity











		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		REFERENCES

















OPS/images/cover.jpg
frontiers
In Plant Science

Arbuscular Mycorrhizalmproves
Photosynthesis and Restores
Alteration in Sugar Metabolism
in Triticum aestivum L. Grown
in Arsenic Contaminated Soil





OPS/images/fpls-12-640379-g005.jpg
=NM

U
r T T T T T T T 1
O 1n O 1N O 1N O 1n O
< N N AN H -
(-urwr urajoxd
1-3w pajeIaqI] I Jo jowu
©
o)
! T T T T T T 1
© © 9 9 9 © © o
< &N O 0 O I
i i i
MA (-8 3w

25As 50As

OAs

25As 50As

0As

As added, mg kg™! soil

As added, mg kg™! soil

(m]

(8]

a,b

r
o (o] o~ 0 < o
o~

r-ulw uiszoud

25As 50As

OAs

1-8w pazAjoupAy asoljew jo 3r

n < on (o] i
S o ©o o o
r-ulw uraroud
1-8w pazAjoupAy yauess jo 8r

1
o

25As 50As

OAs

As added, mg kg™! soil

As added, mg kg™! soil









OPS/images/fpls-12-640379-t001.jpg
As level (mg AMF status Mycorrhizal MTI (%) As (g g1 P(mgg! Mg (mg g~ N (mg g1 Total protein
As kg~ soil) colonization DW) DW) DW) DW) (mg g-' FW)
(%)

0 NM - 0.48 £ 0.01e 3.24 £+ 0.08b 5.46 + 0.002d 44.56 + 0.98b 112.54 £ 1.45b
M 56.00 £+ 1.00¢c - 0.04 £ 0.01f 5.77 £0.14a 6.95 + 0.003a 52.63 +£ 0.97a 119.99 + 2.56a

25 NM - 59.82 + 6.95¢ 12.54 + 1.36¢ 215+ 0.12d 5.05 £ 0.004e 38.46 + 0.61d 80.72 + 1.06e
M 61.66 + 1.53a 114.67 + 10.35a 7.12 +£1.05d 2.81 £0.07c 6.70 £ 0.10b 41.30 +£ 0.91¢ 92.78 £+ 2.50c

50 NM - 36.50 + 4.95d 24.35 £ 0.77a 1.48 £0.09e 4.37 + 0.001f 27.76 &£ 1.15f 67.72 4+ 2.93f
M 58.33 £+ 0.58b 84.49 + 5.48b 14.07 £ 0.11b 2.78 £ 0.05¢ 6.01 £+ 0.004¢c 34.53 + 0.60e 88.50 £+ 1.96d

Significance As
AMF
As x AMF

ek

Values represent means of three biological replicates + SD. Different letters within the column represent significant difference among the treatments at p < 0.05,
derived from Tukey HSD.
*and *** represent significance at p < 0.05 and p < 0.001, respectively, derived from two-way ANOVA.
As, arsenic; AMF, arbuscular mycorrhizal fungi; Mg, magnesium,; MTI, metal tolerance index; N, nitrogen; P, phosphorus; HSD, honestly significant difference.





OPS/images/fpls-12-640379-t002.jpg
As level (mg As kg—1 soil) AMF status T-Chl (mgg~!'FW) Chla(mgg~!FW) Chib(mgg-'FW) Chla/bratio Total carotenoids (mg g~ FW)

0 NM 2.05 £ 0.04b 1.55 £ 0.07a,b 0.50 & 0.02a 3.09 £ 0.31c 0.73 & 0.06a
M 2.30 & 0.05a 1.72 £ 0.09a 0.568 & 0.04a 2.98 & 0.40c 0.82 & 0.09a

25 NM 1.36 £ 0.06¢ 1.09 + 0.06¢ 0.25 4+ 0.01c 4.29 £ 0.34b 0.563 4 0.03d
M 1.90 £0.17b 1.561 4+ 0.02b 0.39 & 0.006b 3.83 £ 0.12b,c 0.67 +£0.07b

50 NM 0.90 £ 0.09d 0.79 £ 0.08d 0.10+0.01d 7.32 &+ 0.36a 0.45 & 0.05e
M 1.65 +£0.11¢ 1.26 + 0.04c 0.38 + 0.07b 3.31 &£ 0.54b,c 0.60 & 0.02¢c

Significance

As P

AMF -

As x AMF .

Values represent means of three biological replicates + SD. Different letters within the column represent significant difference among the treatments at p < 0.05,
derived from Tukey HSD.

**and ** represent significance at p < 0.07 and p < 0.001, respectively, derived from two-way ANOVA.

As, arsenic; AMF, arbuscular mycorrhizal fungus; T-Chl, total chlorophyll; Chl a, chiorophyil a; Chl b, chlorophyll b; HSD, honestly significant difference.





OPS/images/fpls-12-640379-t003.jpg
Parameter As level AMF status As x AMF

Hill reaction activity o e i
Pn
E N ns
Gs . ok
Ci . ok
WUE sk
6 o -
E/ES o -
Fv/Fm -
qP ns ns ns
SPS ok ok
ss sork
Al
Starch *
) *
a-Amylase . o
B-Amylase * ns

*p < 0.05; “p < 0.01 *p < 0.001; ns, not significant.

As, arsenic; AMF, arbuscular mycorrhizal fungi; Pn, net photosynthetic rate; E,
transpiration rate; Gs, stomatal conductance; Ci, intercellular CO» concentration;
WUE, water use efficiency; Fo, minimal fluorescence, Fv/Fo, potential efficiency of
PSII; Fv/Fm, maximum efficiency of PSII; gF, photochemical quenching coefficient;
SPS, sucrose-phosphate synthase; SS, sucrose synthase; Al, acid invertase; SR
starch phosphorylase.





OPS/images/logo.jpg
' frontiers
in Plant Science





OPS/images/fpls-12-640379-t004.jpg
As level (mg As kg~ soil)

0

25

50
Significance As

AMF
As x AMF

AMF status

NM
M
NM
M
NM
M

TSS (mg g~ FW)

8.59 £ 0.17d
9.74 £0.77d
13.20 £ 1.12¢
18.62 +£0.12b
20.54 £0.47b
27.79:+2.70a

RS (mg g~ FW)

3.27 £ 0.33d
4.04 £+ 0.56d
8.72+0.17¢c
9.39 & 0.46¢
16.13 £ 0.37b
17.20 £ 0.23a

Hokk

Hokk

ns

NRS (mg g~ FW)

5.32 & 0.49b
5.69 &+ 0.41b
447 £112b
9.23 & 0.34a
4.41 £+ 0.68b
9.68 + 1.24a

NRS/RS ratio

1.62
1.40
0.51
0.98
0.27
0.55

Values represent means of three biological replicates + SD. Different letters within the columns represent significant difference among the treatments at p < 0.05,

derived from Tukey HSD.

*** represent significance at p < 0.05, p < 0.01, and p < 0.001, respectively, derived from two-way ANOVA.

ns, not significant.

As, arsenic; AMF, arbuscular mycorrhizal fungus; NRS, non-reducing sugars; RSS, reducing sugar; TSS, total soluble sugars; HSD, honestly significant difference.





OPS/images/fpls-12-640379-g003.jpg
Fuo/Frn

600

450 A

u® 300 -
150 ~
0 _

0.8 -

0.6 -
0.4 A
0.2 A

0 A

25As 50As
As added, mg kg'! soil

25As 50As
As added, mg kg™ soil

Fv/ FO

qP

11

0.9

0.8

B NM

0As 25As 50As

As added, mg kg™ soil

OAs 25As 50As
As added, mg kg soil





OPS/images/fpls-12-640379-e000.jpg
: 5 oo No. of roots colonized
Mycorrhizal colonization(%) = ——————————— x 100
Total no. of roots





OPS/images/fpls-12-640379-g004.jpg
B NM

=
| |
s ) © < <
£ z 2
< n = g 5
2 'S
i w2
_Oc i
= o v 2 z
n o0 < en s
< g \n g &
A= . o
(] ..m -G’
o] Q
= s}
s kS
175} lnFUvI b 175} «n
< " < < < Mun
=
<
e o ©
T T T T
r T T T 1 o] (o] 0 <
o, & - o - i o o
_urua
udoxd [ Sw wEro 9S0I0NS [oWu EH enoud I LA
: P J I m -Sw pazAjoIipAy osorons [owr © -dur pasA[oIpAy asozons jown

<

As added, mg kg! soil





OPS/images/fpls-12-640379-g001.jpg
" NM
=M

jum Aydioryo
(-3 paonpar JidDJ Sn

50As

25As

0As

As added, mg kg™! soil





OPS/images/fpls-12-640379-g002.jpg
umol (CO,) m2 s2

N
o

—
9}

[
[«

S W

B B NM
=M

0As 25As S0As 0As 25As 50As

As added, mg kg soil As added, mg kg! soil

D
8 -
6 - a
o b
E 4
o
g
g
2 .
O .
0As 25As 50As 0As 25As 50As

As added, mg kg soil As added, mg kg soil

E

umol

0As 25As 50As

As added, mg kg™! soil





OPS/images/fpls-12-640379-e001.jpg
MTI (%) =

Plant DW (3¢ parti
Plant DW (is control soil)






