The combined effect of Arbuscular Mycorrhizal Fungi and Arsenic doses
on Oxidative stress of Leuceana leucocephalain Nursery

Abstract

Arbuscular mycorrhizal fungus (AMF) can shield host plants from the toxicity of ‘\\
arsenic (As). However, there is currently little known about how woody legumes

react to As stress. Antioxidants activity to oxidative stress were evaluated in
Leuceana leucocephalasubjected to various doses of arsenic toxicity. and also
inoculation with arbuscular mycorrhizal fungi (AMF) in order to evaluate'its effect on
protection against oxidative stress and its tolerance after mycorrhizalkinoculation. In
order to evaluate this, MDA, H,0,, APX, CAT, GPX and GR. Exogenous application of
arsenic results in negative effect on growth by increasing the production of Reactive
oxygen species (ROS). While inoculation with Mycorrhizal.fungi an.enhancement in
growth and other characters were noticed. This suggests that the use of these stress-
relieving substances (AMF) may have reduced ‘oxidative. stress in As-stressed

H:eueeana—gleucocephalal seedlings. Accumulation.of-arsenic and phosphorus was

increased by AMF inoculation in Root of seedlings.
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]INTRODUCTION:WI environmental and.biotic stresses trigger a generalized stress

response called an oxidative stress which candamage cell components and cause
their dysfunction(Demidchik, 2015). Oxidative stress is a physiological condition
which refers to "An .imbalance between the generation of oxidants and their
elimination systems, i.e, antioxidants, in favor of oxidants, resulting in disruption of
redox signaling and control and/or molecular damage"(Sies et al., 2017) ,When
electron loss. (oxidation) outweighs electron gain (reduction), chemical (oxidative)

factors" that harms cells and sets off signaling and defensive mechanisms (much like

salinity,-drought, and others)(Ma et al., 2020).In this definition oxidation refers to
the condition in which a species losing electrons, gaining oxygen, or losing hydrogen.
But if one item is oxidized, another must be decreased. Context determines the
outcome and An antioxidant is any substance that, when present at low
concentrations as compared with those of an oxidizable substrate, significantly
delays or prevents the oxidation of that substrate(Halliwell and Poulsen 2006). To
keep the biological redox stable states, antioxidants may operate as oxidant
scavengers(Luo et al., 2020). ROS formation and detoxifying processes coexist,
Because stress factors that directly produce ROS (such as transition metals, UV rays,
or ozone) also drive the production of ROS via NADH oxidases and peroxidases
(Nawkar et al., 2013; Zhang et al., 2010).
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The increased generation of reactive oxygen species (ROS) in plants is one of the
main effects of abiotic and biotic stress(Polle et al., 1993). The intermediates O,
HO™, and H,0, produced by the subsequent reduction of molecular oxygen to H,O
are potentially hazardous since they are more reactive than O, itself(Giannakoula et
al., 2021).However, when under stress, ROS production increases and/or antioxidant
defenses decline, disrupting the natural balance between ROS and antioxidant
defense(Scandalios, 2002).

One of the most important physiological characteristics of plants is photosynthesis,
which is one of several metabolic processes. However, it has been claimed that
different heavy metals have a deleterious effect on it(Shu et al., 2012).nhibition of
photosynthetic activity by heavy metals One of the main effects of stress on plants is
the inhibition of both the light and dark responses of photosynthesis, which:reduces
chlorophyll production and inhibits Calvin cycle activities either. directly or
indirectly(Azab and Hegazy 2020; Kupper et al., 2002). Different types of plants
show different patterns of heavy metal buildup, which, may. affect how
photosynthetic pigments are made. Heavy metal buildupin.plants may interact with
the machinery used for photosynthetic reactions, leading to.a range of harmful
consequences, including photo oxidative damage(Giannakoula et al., 2021).

Ways to determine oxidative stress: There are. three possible methods for
determining oxidative homeostasis and determining if equilibrium was upset and
oxidative stress developed. Since ROS.are unstable, they cannot be used as easily
recognizable markers or stable®adducts. As_.a result, macromolecules that have
undergone oxidation and their derivatives serve as direct identifiers. As typical
indicators of oxidative damage, protein carbonyls, Malondialdehyde produced by
lipid radical oxidation; and. 8-oxo-deoxyguanosine can all be mentioned (Pohanka
2013; Samsel et al.,, 2013;:Yang et al., 2012).Biological samples may easily have
Malondialdehyde and® protein carbonyls measured using spectrophotometry
(Pohanka 2014). There are also chromatography methods for analyzing stress
indicators (Al-Rimawi 2015).

The expression:of antioxidant enzymes—enzymes that can detoxify ROS—occurs
after, theonset of oxidative imbalance. These enzymes may be employed as
indicators, and their abundant presence in plant tissues allows us to infer the
development of oxidative stress. Superoxide dismutase is a typical enzyme with
strong antioxidant properties that may be utilised to detect oxidative stress in plants
(Cui et al., 2015; Jain et al., 2015; Rady and Hemida 2015). Other enzymes that are
expressed when under stress include catalase and peroxidase(Naz et al., 2015).

Massive metal Inactivating enzymes, blocking functional groups of metabolically
significant molecules, replacing or substituting essential elements, and disrupting
membrane integrity are just a few of the physiological processes that can be altered
by phytotoxicity, which is the release of reactive oxygen or nitrogen species in



natural pathways like photosynthesis, the tricarboxylic acid cycle, and the Calvin
cycle(Rascio and Navari-1zzo 2011).

Cells are capable of storing heavy metals. Heavy metals may accumulate rapidly in
both plants and microorganisms, which is advantageous for bioremediation (Fryzova
et al., 2018). However, mycorrhiza and root-colonizing bacteria can greatly improve
the bioavailability of different heavy metal ions for absorption(Singh et al., 2003).

To combat the toxicity of heavy metals, plants have developed a variety of defense
mechanisms. The main defensive tactic entails excluding or attaching the metal to a
cell wall in order to prevent it from entering the cell. Antioxidants from different
classes make up the secondary defense mechanism, which works to counter the
increased ROS generation brought on by metals (Rossato et al., 2012). These
antioxidants are chemicals that defend cells from the harmful effects.of:xenobiotics,
medicines, carcinogens, and damaging radical reactions (either directly or indirectly)
(Pinho and Ladeiro 2012).

(Scandalios 2005) recommended the following «distribution for the primary
antioxidant components: Ascorbate, glutathione, and peroxidase make up 73% of
the contents of the vacuole; 17% of the contents: of chloroplasts (carotenoids, -
tocopherol, ascorbate, ascorbate peroxidase, glutathione, glutathione reductase,
Cu/ZnSOD, monodehydroascorbate radical reductase,and dehydroas), 5% are found
in the cytosol (ascorbate peroxidase, Cuzn-SOD; catalase, peroxidase, glutathione,
ascorbate, glutathione reductase, and:monodehydroascorbate radical reductase);
4% are found in the apoplast (peroxidase. and ascorbate); 1% are found in the
mitochondria (catalase, glutathione, glutathione reductase and
monodehydroascorbate radical reductase) and peroxisomes (catalase; Cu/Zn-SOD).

Plants may overcome the harmful effects of heavy metal exposure in modest doses
by using processes. of “avoidance such translocation, complexation, and
sequestration. However; heavy metals become extremely phytotoxic when there is
an excess of metals in the soil(Singh et al., 2016).

The objective of this research were to examine the consequence of arsenic present
in seil, on:Leuceana leucocephala seedlings in nursery, an important small tree for
forage and fodder purpose. In addition it is also used for green manure, biomass
production and food for humans and pulpwood for paper industry. Arsenic's impact
on the photosynthetic pigments and oxidative stress (H,0,, MDA, enzymatic and
non-enzymatic antioxidants) of seedlings was investigated. It was chosen for this

investigation, because arsenic is a metal that causes cancer, is dangerous even at low

Jharkhand, Uttar Pradesh, West Bengal, Assam, and Chhattisgarh in India along the
rivers. On the other hand, phytomycoremediation is a potential approach to the

plants can depleting the amount of arsenic (a heavy metal) in the environment or its
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hazardous effects also. Many plant species had proven their eligibility to this
technique. Many plant species had established their suitability for this method.

2. Methodology:

2.1. Plant material and Culture: [L.leucocephal seedlings

were cultivatedwith different concentration of Arsenic (0,25,50 and 100 mg/kg soil
As) at nursery of HNB Garhwal University of Srinagar Garhwal Uttarakhand during
2021. Plants were grown in polybags containing sterilized mixture of 1:4 (soil: fine
sand). For mycorrhizal treatment two most available AMF fungi Glomus
macrocarpum and Glomus fasciculatumhad been used to inoculate  seedlings.

through pot culture.

2.2. Chlorophyll and Carotenoids:The leaves were gathered after 90 days of growth
following the application of various arsenic toxicity dosages. Fresh leaf material (10
mg) was inserted in a 2 ml eppendroff tube with warmed DMSO and incubated at
65°C for 30 minutes to estimate the amount of photosynthetic pigment. Using a
spectrophotometer, the absorbance of chlorophyll was measured at 645 and 663
nm, and the total chlorophyll was calculated..At wavelengths of 480 nm and 510 nm,
carotenoids' absorbance was measured(Hiscox.and Israelstam 1979).

2.3. Hydrogen peroxide:10 mg ofdeaf sample was centrifuged at 1000 rpm for 20-25
minutes after being homogenized, with 0.1% TCA. Potassium iodide and 10 mm
phosphate buffer were vigorously. mixed«in with the obtained enzyme. After one
hour of incubation, .the reaction mixture's absorbance at 390 nm was
measured(Velikova,-Yordanov, and Edreva 2000).

2.3. Lipid peroxidation: Ituis measured as MDA, 0.G mg of leaf sample was
homogenized in buffer‘having 0.1 mm EDTA. This homogenate centrifuged at 12000
rpm for 20 minute.20 % TCA (having 0.5% TBA) and once more centrifuged for 10
minutes at'20000rpm. Absorbance was measured at 532 nm and 600nm(Heath and
Packer 1968). The results are shown as umol MDA gt FW.

2.4. Enzymatic antioxidants estimation:Leaf samples were taken, cut into little
pieces, placed in a mortar, and homogenized with 80% methanol. Centrifugation was
then performed for 25 minutes at 15,000 rpm, while adding 0.5M phosphate buffer
and 0.2Mm EDTA, crude extract was produced.Catalase estimated By detecting the
reduction in absorbance at 240 nm in a reaction medium containing 50 mM
potassium phosphate buffer (pH 7.2) and 20 mM H,0,, the activity of CAT was
evaluated in homogenates(Aebi 1984).In accordance with (Nakano and Asada 1981)
descriptions, APOX activity was confirmed right away in fresh extracts. Using a 1 ml
reaction mixture with 20 mM potassium phosphate buffer (pH 7.0), 20 mM hydrogen
peroxide, 0.25 mM ascorbic acid, and 0.2 mM EDTA. Ascorbate underwent hydrogen
peroxide-dependent oxidation, which was followed by a drop in absorbance at 290
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nm.Using (Egley et al., 1983; Sharma et al., 2017) the increase in absorbance
brought on by the oxidation of Guaiacol to tetra Guaiacol at 470 nm was
determined. The reaction mixture included 20mM of pH 7 phosphate buffer. 1 mM
hydrogen peroxide, 0.1 mM EDTA, and 0.05% Guaiacol with enzyme
extract.Glutathionereductaseassay conducted by usingSolution containing enzyme
Extract, 20mM phosphate buffer (pH 7),0.2 mM EDTA, 0.12 NADPH, 0.5mM
glutathione disulphide. The increase in absorbance was measured at 412 nm using
method of(Foyer and Halliwell 1976).

2.5. Data analysis |

3. Results: Concentration influenced the effects of the heavy metal (arsenic) on
plants growth and presence of AMF in soil enhance the growth. However
combination of both significantly increases the growth as compared to control.

For the 0 mg/kg soil arsenic treatment level, there was no arsenic:buildup seen. Non-
mycorrhizal plants treated with 100 mg/kg soil As showed the maximum arsenic
buildup in shoots. Adding mycorrhizal fungi to seedlingstef Leuceana leucocephala
marginally reduces the amount of arsenic in_their shoots: (Figure 1). Glomus
@macrocarpum\inoculated seedlings had the lowest levels of arsenic (3.6, 5.3, and

7.2 mg/g DW), followed by Glomus fasciculatum (4.2, 6.2, and 8.6 mg/g DW) at 25,
50, and 100 mg/kg soil. When comparing the arsenic‘accumulation at a level of 100
mg/kg soil arsenic treatment, Glomus macrocarpum seedlings had a drop of 26.5%
and Glomus fasciculatum seedlings saw a decrease of 6% of Non- Mycorrhizal
seedlings.

Arsenic concentration effects byuincreasing its concentration in the roots of
seedlings when the soil's. arsenic. content rises from 0-100 mg/kg soil. When
compared to uninoculated 'seedlings, AMF colonisation significantly lowered the
content of the arsenic(Figure 1). GlemusG.fasciculatum seedlings (12.97 mg/g DW)
collected the'most root.arsenic, followed by Glomusmacrocarpum (11.97 mg/g DW)
and non-myecorrhizal seedlings (11.6 mg/g DW).

The phosphorus concentration in the shoot and root of Leuceana
leucocephala seedlings was significantly affected (p < 0.01)by arsenic, AMF
treatments and their interactions.Arsenic content in the soil decreases the amount
of phosphorus in seedling leaves. Phosphorus content is increased in AMF-inoculated
plants compared to non-mycorrhizal seedlings. Shoot phosphorus content in Glomus
macrocarpum (7.8 mg/g DW) responded better in mycorrhizal seedlings than Glomus
fasciculatum (7.6 mg/g DW). However, the findings of both mycorrhizal inoculations
for phosphorus content in Leuceana leucocephala seedlings were quite
comparable.At the highest arsenic treatment dose, Glomus fasciculatum (12.79 mg/g
DW) and Glomusmacrocarpum (12.38 mg/g FW) seedlings accumulated the most
phosphorus in their roots.
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Figure 1Effect of As addition levels and AMF treatments on Leuceana leucocephala
seedlings Arsenic and Phosphorus content. The data is shown as mean+SE
(n = 5). According to the Duncan's multiple comparison test, bars with
different lettering indicate significant difference among treatments (p
0.05); where (GM) stands for Glomus macrocarpum, (GF) for Glomus
fasciculatum and (NM) for non-mycorrhizal

The Hydrogen peroxide was significantly affected (p < 0.01) by both treatments (As
and AMF) and their interactions (Table 3). Increasing arsenic toxicity increases the
H,O, content in leaves of Leuceana leucocephala seedlings compared to control (0
mg/kg. soil:As). Both AMF inoculations decrease H,O, content in all arsenic
concentration levels. Whereas Glomus macrocarpum (2.24, 2.8, 4.63 and 6.27
umol/g fw) had lower H,0, content than Glomus fasciculatum (2.8, 5.05, 7.2 and
9.45 umol/g fw) seedlings(Table 1).

Lipid peroxidation (measured as the concentration of MDA) was significantly
accumulated by seedlings exposed to arsenic. For non- mycorrhizal seedlings there is
a 50% (9.03- 13.5 pumol/g fw) increase in MDA accumulation noticed from 0-100
mg/kg soil arsenic. In mycorrhizal seedlings Glomus macrocarpum had lowest
accumulation than Glomus fasciculation and non-mycorrhizal. The MDA
concentration was 17%-34% decreased at all arsenic treatments than non-
mycorrhizal seedlings.
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The enzymatic antioxidants reactions were controlled by concentration of arsenic
toxicity in soil. The lowest catalase concentration was recorded in 0 mg/kg As, non-
mycorrhizal seedlings which was 10.03 mmol H,0,/min/mg protein and highest at
100 mg/kg As with Glomus fasciculatum inoculation, indicating increase in
antioxidant due to stress (Table 2).

Table 1]Effect of Arsenic (As) and AMF [Glomus fasciculatum (GF), Glomus
macrocarpum (GM) and non-mycorrhizal (NM)] on MDA, H,O.and Catalaseon
Leuceana leucocephala seedlings. According to Duncan’s multiple comparison test,
Data is shown as mean+SE (n=5), different lettering Followed by them represents
significant difference among treatments (p 0.05).\
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AMF Arsenic MDA H,0, Catalase
Treatments | Treatments | (umol/g fw) (umol /g fw) (mmolH;0z/min
(mag/kg soil) /mgprotein)
NM 0 10.669+0.16e 3.621+0.058i 10.034+0.106h
25 11.872+0.192d 5.917+0.089f 13.162+0.197g
50 13.8940.224c 8.265£0.124¢ 15.658+0.253e
100 16.469+0.247a | 10.084+0.106a 17.139+0.277d
GF 0 9.403%0.152f 2.81+0.042j 14.586+0.236f
25 11.208+0.118e 5.059+0.082¢ 15.957+0.239%
50 13.295+0.215¢ 7.27+£0.109d 17.214+0.278d
100 15.562+0.233b 9.457+0.153b 20.549+0.308b
GM 0 0.034+0.146f | 2.245+0.034k | | 16.294+0.244e
25 8.854+0.133f 2.882+0.047j 17.674+0.285d
50 10.877+0.163e 4.636+0.049h 19.672+0.207¢
100 13.5940.219c¢ 6.276+0.094e 22.618+0.365a

Table 2]Effect of Arsenic (As) and AMF [Glomus fasciculatum (GF), Glomus
macrocarpum (GM) and non-mycorrhizal (NM)] onAPX, GPX and GR on Leuceana
leucocephala seedlings. According to Duncan’s multiple comparison test, Data is
shown as meanzSE (n=5), different lettering Followed by them represents significant
difference among treatments (p 0.05).\

AME Arsenic APX GPX GR
Treatments | Treatments | (mmol/min/mg | (mmol/min/mg | (mmol/min/mg
(mg/kg soil) protein) protein) protein)
NM 0 1.301+0.021j 0.067+0.001i 0.058+0.001j
25 1.83+0.03h 0.091+0.001h 0.161+0.002¢g
50 2.521+0.038f | 0.107+0.002g 0.222+0.003e
100 3.761+0.056¢ 0.29+0.005¢ 0.312+0.005¢
GF 0 1.621+0.024i 0.091+0.001h 0.087+0.002i
25 2.226+0.036g | 0.118+0.002g 0.191+0.003f
50 2.774+0.042e | 0.224+0.002e 0.27+0.004d
100 4.111+0.043b | 0.327+0.005b 0.367+0.006b
GM 0 1.821+0.019h | 0.117+0.002g 0.122+0.002h
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25 2.507+0.038f 0.2+0.003f 0.231+0.003e

50 3.2+0.052d 0.2560.004d 0.314+0.005¢

100 4.352+0.065a 0.42+0.007a 0.425+0.006a

In fresh leaf material from seedlings of Leuceana leucocephala, which was grown in
arsenic + AMF treatments demonstrated a substantial increase in APX activity. The
content of APX in non-mycorrhizal seedlings increased thrice from 0-100 mg/kg soil
arsenic. Mycorrhizal inoculation causes it to rise even more, with
Glomusmacrocarpum (GM) recording the highest levels. Therefore, at 0, 25, 50, and
100 mg/kg soil As, there was a 40%, 36%, 28%, and 20% increase in GM compared to
non-mycorrhizal seedlings(Table 2).

The GPX activity in non-mycorrhizal seedlings thrice at highest arsenic level (100
mg/kg) than control (0 mg/kg soil As). At the same time mycorrhizal.inoculation
make these responses much more effective highest in Glomus:macrocarpum. Hence
the value of 100, 50,25 and 0 mg/kg soil arsenic compared to non-mycorrhizal was
increased by 44%,134%, 122%,104% respectively(Table 2).

The values of Glutathione reductase are presented in Table 2. The 100 mg/kg and 50
mg/kg arsenic treatment had higher responses of:GR*in non-mycorrhizal seedlings.
However in mycorrhizal seedlings Glomus macrocarpum had highest GR activity than
Glomus fasciculatum and non-mycorrhizal seedlings which showed two fold increase
in their values.

Table 3 Two-way ANOVA analysis of Arsenic addition levels (As), mycorrhizal
treatments (AMF) and their interactions (As x AMF) on biochemical
variables of Leuceana Leucocephalastudied

Leuceanaleucocephala

Parameters Arsenic AMF As x AMF
MDA (umol/g fw) 89.302** 36.16** 1.219**
H,0; (1mol/g fw) 92.715**  46.756** 2.1%*

Catalase (mmolH,0,/min/mg protein) 114.137*%* 130.315** = 2.242**
APX (mmol/min/mg protein) 17.089** 1.905** 0.016**
GPX (mmol/min/mg protein) 0.184** 0.06** 0.0042**
GR (mmol/min/mg protein) 0.208** 0.036** 0.0007**
Arsenic (mg/g DW) 189.3** 7.914** 1.023**
Phosphorus (mg/g DW) 24.975%* 7.598** 0.78**

Root Arsenic (mg/g DW) 300.02** 26.12** 2.91**




Root Phosphorus (mg/g DW) 69.56** 50.62** 0.56**

Where ns, not significant; ** p <0.01, * p <0.05.

4. Discussion:With the exception of a low number of plant species, practically all
plants in their natural habitat have symbiotic relationships with arbuscular
mycorrhizal fungi, which has a variety of advantages for the host plant. These fungi
improve the plant's nutritional condition and provide it resilience to various biotic
and abiotic challenges, such as salt, heavy metals, and drought(Ortowska et al.,
2012; Spagnoletti et al., 2017).

We have demonstrated that arsenic present in soil inhibited the “mycorrhizal
colonisation of Leuceana leucocephala seedling roots with increasing concentrations
of arsenic, which increased the detrimental effects of arsenic on plant development,
biomass, and oxidative stress. Such detrimental. effects also ‘described by
(Spagnoletti et al., 2017; Yizhu et al., 2020). Currently, the majority of research
point to the AMF's potential to improve plants! ability to tolerate heavy metals. For
example, Alam et al., 2019 found that catalase“and chlorophyll activity was
increased with application of AMF under arsenic stress.compare to control.

Abiotic stressors that prevent plant development have a variety of harmful
consequences on the physiological and biochemical functions of plants, with
photosynthesis being the most:vulnerable(Polle et al., 1993). The persistence of
heavy metals in the soil and water is a.crucial factor in the development of plant
stress(Azab and Hegazy 2020; Pichhode and Nikhil 2016).

The persistence of heavy metals in the soil is a crucial factor in the development of
plant stress (Azab et al., 2020). Plants have developed a variety of defence

Aol 4

mechanisms to.deal with.this form of stress, including efflux pumps, sequestration in
cells and. intracellular compartments, binding of heavy metals into cells, and the
creation of potent ligands like phytochelation. Most plants that are resistant to
heavy metals-avoid the conglomeration of heavy metals in tissues (Bates, 1981).The
oxidative metabolism results in the production of a significant number of distinct
ROS, such+as the superoxide anion (O,), singlet oxygen (;0%), hydrogen peroxide
(H20,), and the hydroxyl radical (OH").

The finding was confirmed by the production of H,0, in our study and its distribution
in leaf tissue, which helped to clarify the photoprotective mechanisms against Pb
and Cu-induced oxidative stress conditions (Jubany et al., 2010).The majority of
research to date indicate that plants exhibit increased levels of antioxidant enzymes
including CAT, APX, GPX, and GR when they are under abiotic stress, and AMF
inoculation also increased these levels. For example,According to Yizhu et al., 2020,
under As (Ill) and As (V) stress, symbiotic relationship between AMF with plant
improves antioxidant activity (CAT).In response to AMF interaction with
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Triticumaestivum under arsenic stress, SOD, GPX, CAT, Carotenoids and Proline
activities increased (Sharma et al., 2017; Zhan et al., 2018; Zhou et al.,
2023).Mycorrhiza showed the ability to boost the efficacy of phyto-detoxification in
heavily As-polluted soils. It would also be feasible to control these helpful critters so
that they have the characteristics needed to be employed for agricultural
remediation through the mechanisms by which AM fungus boost metal absorption
and assist plants in detoxification(Spagnoletti et al., 2017). Arsenic buildup in the
roots of tropical leguminous plants under arsenic stress is accelerated by AMF
inoculation (Rangel et al., 2014).

Additionally, Citrus aurantium L. plants exposed to Pb and Cu showed increased
antioxidant content in their leaves. Our findings imply that these tactics work to
prevent oxidative damage and so safeguard the photosynthetic apparatus. Previous
studies have further demonstrated that plants that respond to-heavy metal stress by
producing large amounts of phenolic chemicals may be, excellent candidates for
phytoremediation (Vidal et al., 2020).Yang et al., 2015 Findings:suggested that AMF
symbiosis protected plants by elevating enzymatic.activity of SOD, APX, GPX and
reduced the Hydrogen peroxide and Malondialdehyde content, this way alleviated
cellular oxidative stress caused by lead (heavy‘metal) stress.-These results suggests
that AMF inoculation is important tool against heavy metal stress.Rangel et al., 2014
suggested that AMF inoculation also .increases the arsenic accumulation in
root.Zhang et al., 2021 Malondialdehyde (MDA), H.O,, and Oye- concentrations
were decreased by AMF inoculation, whereas antioxidative enzyme activities (SOD,
POD, and CAT) were enhanced.in the leaves dnd roots of S. viciifolia.Rahman et al.,
2020 AMF inoculation significantly. induced the biomass, superoxide dismutase and
peroxidase activity, similar pattern were followed by APX, GR and CAT.

5. Reference:

Aebi, Hugo. 1984 " Catalase in Vitro.” Methods in Enzymology. 105:121-26 in.

A

Alam, Mohammad Zahangeer, Rebecca McGee, Md. Anamul Hoque, Golam Jalal
Ahammed, and Lynne Carpenter-Boggs. 2019. “Effect of Arbuscular
Mycarrhizal Fungi, Selenium and Biochar on Photosynthetic Pigments and
Antioxidant Enzyme Activity under Arsenic Stress in Mung Bean
(VignaRadiata).” Frontiers in Physiology 10:193. doi:
10.3389/fphys.2019.00193

Al-Rimawi, Fuad. 2015. “Development and Validation of a Simple Reversed-Phase
HPLC-UV Method for Determination of Malondialdehyde in Olive Oil.” Journal
of the American Oil Chemists’ Society 92(7):933-37. doi: 10.1007/s11746-
015-2664-x.

10

\ Field Code Changed




Azab, Ehab, and Ahmad K. Hegazy. 2020. “Monitoring the Efficiency of Rhazya
Strictal. Plants in Phytoremediation of Heavy Metal-Contaminated Soil.”
Plants 9(9):1057.

Cui, Lijie, Qiang Huang, Bin Yan, Yao Wang, Zhongyin Qian, Jingxian Pan, and Guoyin
Kai. 2015. “Molecular Cloning and Expression Analysis of a Cu/Zn SOD Gene
(BcCSD1) from Brassica Campestris Ssp. Chinensis.” Food Chemistry 186:306—
11.

Demidchik, Vadim. 2015. “Mechanisms of Oxidative Stress in Plants: From Classical
Chemistry to Cell Biology.” Environmental and Experimental Botany 109:212—
28. doi: 10.1016/j.envexpbot.2014.06.021.

Egley, G. H., R. N. Paul, K. C. Vaughn, and S. O. Duke. 1983. “Role of Peroxidase in the
Development of Water-Impermeable Seed Coats in Sida Spinesa.L.” Planta
157(3):224-32. doi: 10.1007/BF00405186.

Foyer, Christine H., and Barry Halliwell. 1976. “The Presence of Glutathione and
Glutathione Reductase in Chloroplasts: A RProposed-Role in Ascorbic Acid
Metabolism.” Planta 133(1):21-25. doi: 10.1007/BF00386001.

Fryzova, Radka, Miroslav Pohanka, Pavla Martinkova, Hana Cihlarova, Martin
Brtnicky, Jan Hladky, and Jindrich'Kynicky. 2018. “Oxidative Stress and Heavy
Metals in Plants.” Reviews of Environmental Contamination and Toxicology
Volume 245:129-56.

Giannakoula, Anastasia, loannis Therios, and Christos Chatzissawvidis. 2021. “Effect
of Lead and Copper on Photosynthetic Apparatus in Citrus (Citrus Aurantium
L.) Plants. The-Role. of Antioxidants in Oxidative Damage as a Response to
Heavy Metal Stress.” Plants 10(1):155. doi: 10.3390/plants10010155.

Halliwell, Barry B:; and Henrik E. Poulsen. 2006. “Oxidative Stress.” Pp. 1-4 in
Cigarette Smoke and Oxidative Stress, edited by B. B. Halliwell and H. E.
Poulsen, Berlin, Heidelberg: Springer.

Heath, Robert L., and Lester Packer. 1968. “Photoperoxidation in Isolated
Chloroplasts: 1. Kinetics and Stoichiometry of Fatty Acid Peroxidation.”
Archives of Biochemistry and Biophysics 125(1):189-98. doi: 10.1016/0003-
9861(68)90654-1.

Hiscox, J. D., and G. F. Israelstam. 1979. “A Method for the Extraction of Chlorophyll
from Leaf Tissue without Maceration.” Canadian Journal of Botany
57(12):1332-34. doi: 10.1139/b79-163.

Jain, Radha, A. Chandra, Visha K. Venugopalan, and S. Solomon. 2015. “Physiological
Changes and Expression of SOD and P5CS Genes in Response to Water Deficit
in Sugarcane.” Sugar Tech 17(3):276-82. doi: 10.1007/s12355-014-0317-2.

11



Jubany-Mari, T.; Munné-Bosch, S.; Alegre, L. 2010.“Redox regulation of water stress
responses in field-grown plants. Role of hydrogen peroxide and
ascorbate.”Plant Physiol. Biochem. 48:351-358.

Kiipper, Hendrik, Ivan Setlik, Eva Setlikova, Naila Ferimazova, Martin Spiller, and
Frithjof C. Kupper. 2003. “Copper-Induced Inhibition of Photosynthesis:
Limiting Steps of in Vivo Copper Chlorophyll Formation in
ScenedesmusQuadricauda.” Functional Plant Biology 30(12):1187-96.

Kupper, Hendrik, Ivan Setlik, Martin Spiller, Frithjof C. Kiipper, and Ondiej Prasil.
2002. “Heavy Metal-Induced Inhibition of Photosynthesis: Targets of in Vivo
Heavy Metal Chlorophyll Formationl1.” Journal of Phycology 38(3):429-41.

Luo, Jiao, Kevin Mills, Saskia le Cessie, Raymond Noordam, and Diana.van Heemst.
2020. “Ageing, Age-Related Diseases and Oxidative Stress: What.to.Do Next?”
Ageing Research Reviews 57:100982. doi: 10.1016/j,arr.2019.100982.

Ma, Ying, Maria Celeste Dias, and Helena Freitas. 2020. Droughtiand Salinity Stress
Responses and Microbe-Induced Tolerance in Plants.” Frontiers in Plant
Science 11.

Nakano, Yoshiyuki, and Kozi Asada. 1981. “Hydrogen:Peroxide Is Scavenged by
Ascorbate-Specific Peroxidase . in. Spinach Chloroplasts.” Plant and Cell
Physiology 22(5):867-80. doi:10.1093/oxfordjournals.pcp.a076232.

Nawkar, Ganesh M., Punyakishore, Maibam, Jung Hoon Park, Vaidurya Pratap Sahi,
Sang Yeol Lee, and Chang Ho Kang. 2013. “UV-Induced Cell Death in Plants.”
International  Journal* of Molecular Sciences 14(1):1608-28. doi:
10.3390/ijms14011608.

Naz, Fatima Salva, Mohammad Yusuf, Tanveer A. Khan, Qazi Fariduddin, and Aqil
Ahmad. 2015. “Low Level of Selenium Increases the Efficacy of 24-
Epibrassinolide through Altered Physiological and Biochemical Traits of
Brassica Juncea Plants.” Food Chemistry 185:441-48.

Ortowska; Elzbieta, Barbara Godzik, and Katarzyna Turnau. 2012. “Effect of Different
Arbuscular Mycorrhizal Fungal Isolates on Growth and Arsenic Accumulation
in. Plantago Lanceolata L.” Environmental Pollution (Barking, Essex: 1987)
168:121-30. doi: 10.1016/j.envpol.2012.04.026.

Pichhode, Mohnish, and Kumar Nikhil. 2016. Effect of Heavy Metals on Plants: An
Overview.

Pinho, S6nia, and Bruno Ladeiro. 2012. “Phytotoxicity by Lead as Heavy Metal Focus
on Oxidative  Stress.” Journal of Botany 2012:1-10. doi:
10.1155/2012/369572.

12



Pohanka, M. 2014. “Caffeine Alters Oxidative Homeostasis in the Body of BALB/c
Mice.” Bratislavske Lekarske Listy 115(11):699-703. doi:
10.4149/bl1_2014_135.

Pohanka, Miroslav. 2013. “Role of Oxidative Stress in Infectious Diseases. A Review.”
Folia Microbiologica 58(6):503-13. doi: 10.1007/s12223-013-0239-5.

Polle, A., T. Pfirrmann, S. Chakrabarti, and H. Rennenberg. 1993. “The Effects of
Enhanced Ozone and Enhanced Carbon Dioxide Concentrations on Biomass,
Pigments and Antioxidative Enzymes in Spruce Needles (Picea Abies L.).”
Plant, Cell & Environment 16(3):311-16. doi: 10.1111/j.1365-
3040.1993.th00874.x.

Rady, Mostafa M., and Khaulood A. Hemida. 2015. “Modulation of.CadmiumiToxicity
and Enhancing Cadmium-Tolerance in Wheat Seedlings by -Exogenous
Application of Polyamines.” Ecotoxicology and® Environmental Safety
119:178-85. doi: 10.1016/j.ecoenv.2015.05.008.

Rahman, Saeed-ur-, Muhammad Khalid, Sadaf-llyas Kayani, and Kexuan Tang. 2020.
“The Ameliorative Effects of Exogenous Inoculation of Piriformospora Indica
on Molecular, Biochemical and Physiological Parameters of Artemisia Annua
L. under Arsenic Stress Condition.” Ecotoxicology.and Environmental Safety
206:111202. doi: 10.1016/j.ecoenv.2020.111202.

Rangel, Wesley de Melo, Jerusa Schneider, Enio Tarso de Souza Costa, Claudio
Roberto Fonséca Sousa Seares, Luizi/Roberto Guimardes Guilherme, and
Fatima Maria de Souza Moreira. 2014. “Phytoprotective Effect of Arbuscular
Mycorrhizal Fungi Species Against Arsenic Toxicity in Tropical Leguminous
Species.” International Journal of Phytoremediation 16(7-8):840-58. doi:
10.1080/15226514.201.3.856852.

Rascio, Nicoletta, andFlavia Navari-lzzo. 2011. “Heavy Metal Hyperaccumulating
Plants: How and Why Do They Do It? And What Makes Them so Interesting?”
Plant Seience 180(2):169-81. doi: 10.1016/j.plantsci.2010.08.016.

Rossato, ‘Liana Veronica, Fernando Teixeira Nicoloso, Jilia Gomes Farias, Denise

A oy T T, Y Iy S e LAy N .

Cargnelluti, Luciane Almeri Tabaldi, Fabiane Goldschmidt Antes, Valderi Luiz
Dressler, Vera Maria Morsch, and Maria Rosa Chitolina Schetinger. 2012.
“Effects of Lead on the Growth, Lead Accumulation and Physiological
Responses of Pluchea Sagittalis.” Ecotoxicology 21:111-23.

Samsel, Monika, Krystyna Dzierzbicka, and Piotr Trzonkowski. 2013. “Adenosine, Its
Analogues and Conjugates.” Postepy Higieny i Medycyny Doswiadczalnej
67:1189-1203. doi: 10.5604/17322693.1078588.

Scandalios, J. G. 2005. “Oxidative Stress: Molecular Perception and Transduction of

Signals Triggering Antioxidant Gene Defenses.” Brazilian Journal of Medical
and Biological Research 38:995-1014.

13

{ Formatted: Italian (Italy)




Sharma, Surbhi, Garima Anand, Neeraja Singh, and Rupam Kapoor. 2017.
“Arbuscular Mycorrhiza Augments Arsenic Tolerance in Wheat (Triticum
Aestivum L.) by Strengthening Antioxidant Defense System and Thiol
Metabolism.” Frontiers in Plant Science 8:906. doi: 10.3389/fpls.2017.00906.

Shu, Xiao, LiYan Yin, QuanFa Zhang, and WeiBo Wang. 2012. “Effect of Pb Toxicity on
Leaf Growth, Antioxidant Enzyme Activities, and Photosynthesis in Cuttings
and Seedlings of Jatropha Curcas L.” Environmental Science and Pollution
Research 19:893-902.

Sies, Helmut, Carsten Berndt, and Dean P. Jones. 2017. “Oxidative Stress.” Annual
Review of Biochemistry 86(1):715-48. doi: 10.1146/annurev-biochem-
061516-045037.

Singh, O. V., S. Labana, Gunjan Pandey, R. Budhiraja, and R. K. Jain: 2003.
“Phytoremediation: An Overview of Metallic lon Decontamination from Soil.”
Applied Microbiology and Biotechnology 61:405-12.

Singh, Samiksha, Parul Parihar, Rachana Singh, Vijay P. Singh, and Sheo M. Prasad.
2016. “Heavy Metal Tolerance in Plants; Role of Transcriptomics, Proteomics,
Metabolomics, and lonomics.” Frontiers in Plant Science 6:1143. doi:
10.3389/fpls.2015.01143.

Spagnoletti, Federico, Marcelo Carmona, Natalia E. Tobar Gémez, Viviana Chiocchio,
and Radl S. Lavado. 2017. “Arbuscular. Mycorrhiza Reduces the Negative
Effects of M. Phaseolina on, Soybean Plants in Arsenic-Contaminated Soils.”
Applied Soil Ecology 121:41-47. doi: 10.1016/j.aps0il.2017.09.019.

Velikova, V., I. Yordanov; and “A. Edreva. 2000. “Oxidative Stress and Some
Antioxidant. Systems=in Acid Rain-Treated Bean Plants: Protective Role of
Exogenous Polyamines.” Plant Science 151(1):59-66. doi: 10.1016/S0168-
9452(99)00197-1.

Yang, Lin,, Jia-Hou:-Chen, Tong Xu, Ai-Shen Zhou, and Hong-Kun Yang. 2012. “Rice
Protein:Improves Oxidative Stress by Regulating Glutathione Metabolism and
Attenuating Oxidative Damage to Lipids and Proteins in Rats.” Life Sciences
91(11):389-94. doi: 10.1016/j.1fs.2012.08.003.

Yang, Yurong, Xiaozhen Han, Yan Liang, Amit Ghosh, Jie Chen, and Ming Tang. 2015.
“The Combined Effects of Arbuscular Mycorrhizal Fungi (AMF) and Lead (Pb)
Stress on Pb Accumulation, Plant Growth Parameters, Photosynthesis, and
Antioxidant Enzymes in Robinia Pseudoacacia L.” PLOS ONE 10(12):e0145726.
doi: 10.1371/journal.pone.0145726.

Yizhu, Liu, Muhammad Imtiaz, Allah Ditta, Muhammad Shahid Rizwan, Muhammad
Ashraf, Sajid Mehmood, Omar Aziz, Fathia Mubeen, Muhammad Ali, Nosheen
Noor Elahi, Raina ljaz, Sha Lele, Cao Shuang, and Shuxin Tu. 2020. “Response
of Growth, Antioxidant Enzymes and Root Exudates Production towards As

14

{ Formatted: Italian (Italy)




Stress in Pteris Vittata and in Astragalus Sinicus Colonized by Arbuscular
Mycorrhizal Fungi.” Environmental Science and Pollution Research
27(2):2340-52. doi: 10.1007/511356-019-06785-5.

Zhan, Fangdong, Bo Li, Ming Jiang, Xianrong Yue, Yongmei He, Yunsheng Xia, and
Youshan Wang. 2018. “Arbuscular Mycorrhizal Fungi Enhance Antioxidant
Defense in the Leaves and the Retention of Heavy Metals in the Roots of
Maize.” Environmental Science and Pollution Research 25(24):24338-47. doi:
10.1007/s11356-018-2487-z.

Zhang, Hongxiao, Fenqin Zhang, Yan Xia, Guiping Wang, and Zhenguo Shen. 2010.
“Excess Copper Induces Production of Hydrogen Peroxide in‘the Leaf of
Elsholtzia Haichowensis through Apoplastic and Symplastic CuZn-Superoxide
Dismutase.” Journal of Hazardous Materials 178(1):834-43. doi:
10.1016/j.jhazmat.2010.02.014.

Zhou, Hong-Yin, Fu-Zhao Nian, Bao-Dong Chen, Yong-Guan Zhu;.Xian-Reng Yue, Nai-
Ming Zhang, and Yun-Sheng Xia. 2023. “Synergistic Reduction of Arsenic
Uptake and Alleviation of Leaf Arsenic Toxicity in Maize (Zea Mays L.) by
Arbuscular Mycorrhizal Fungi (AMF) and:Exagenous Iron through Antioxidant
Activity.” Journal of Fungi 9(6):677. doi: 10.3390/j0f9060677.

15



