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Abstract

Coal fly ash (CFA) makes a bulk of the coal comimnstvastes generated from coal-fired
power plants. There are several environmental mpsidue to coal ash spills around the
world and in the United States. Management of CBAdped sites has proven inefficient
resulting in soil infiltration, leaching, and phytaicity. This study assessed the mitigation
strategies for CFA-induced phytotoxicity using bigical [arbuscular mycorrhizal fungi
(AMF)] and chemical [exogenous glutathione (GSHYemts. Indices of phytotoxicity
include seed germination, plant morphometrics,dliperoxidation and genomic double-
stranded DNA (dsDNA) in switchgrass plarRaficum virgatum). Experiments include
laboratory screening (0, 5, 10, 15 and 20% w/w GB#A and greenhouse pot study (0, 7.5
and 15% w/w CFA/soil) culturing switchgrass plamtArmour silt loam soil co-applied with
AMF (Rhizophagus clarus) and GSH. Experiments showed that CFA exposursecha
concentration-dependent increase in seed germmét@ CFA increased seedling growth
while 15 and 20% CFA decreased seedling growthiaghaced leaf chlorosis. Furthermore,
CFA (7.5 and 15%) in the 90-d pot study signifidarfp < 0.05) impaired plant growth,
induced lipid peroxidation and reduced genomic daDMNowever, the incorporation of
AMF or GSH enhanced seed germination, plant groattd/or genomic dsDNA, reduced
lipid peroxidation and prevented leaf chlorosi€iRA-exposed switchgrass plant. This study
demonstrates that AMF and GSH have the potentialitgate CFA-induced phytotoxicity.
These biological and chemical strategies couldubiér harnessed for efficient utilization of
switchgrass plant in the phytoremediation of CFAtaminated soil environment while

simultaneously limiting CFA-induced phytotoxicity.

Keywords: Management strategies; CFA-soil contamination; Gfdhiced phytotoxicity;

Arbusculamycorrhizal fungi; Exogenous glutathione.
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Abbreviations: CFA, coal fly ash; GSH, reduced glutathione; AMFwscular mycorrhizal
fungi; dsDNA, double-stranded deoxyribonucleic aciSL, armour silt loam; PTE,
potentially toxic element; ROS, reactive oxygencsge HSP, heat shock protein; PBMN,
peripheral blood mononuclear; pH, potential hydrogéVA, Tennessee valley authority;
Gly, glyoxalase; MG, methylglyoxal, GST, glutath@f-transferase; GR, glutathione
reductase; GPX, glutathione peroxidase; GSSG, tpiotee disulfide; AsA, ascorbic acid;
H,O,, hydrogen peroxide; PC, phytochelatin; FW, freskight; MDA, malondialdehyde;
MC, moisture content; FL, foliage length; FN, fg@&number; RN, root number; TE, tris
ethylenediaminetetraacetate; EDTA, ethylenediareingcetic acid; HCI, hydrochloric acid;
NaCl, sodium chloride; SDS, sodium dodecyl sulfal€A, trichloroacetic acid; TBA
thiobarbituric acid; ANOVA, analysis of variancelz Sstandard error; LSD, least significant
difference; Ap, plowed surface horizon A; FW, fregbight; LC, leaf chlorosis; SG, stunted

growth; LP, lipid peroxidation.

1 Introduction

Coal fly ash (CFA)-induced toxicities have beenomgd in several studies with
limited information on the potential mitigation ategies. These toxicities include oxidative
stress induction in peripheral blood mononucleaBMR) cells (Dwivedi et al., 2012),
cytotoxicity in the channel catfish ovary cell (Med et al., 2016), growth inhibition in
Lemna (emna minor L.) (Radt et al., 2018), and oxidative DNA damage in Chawer|
cell (Sambandam et al., 2015). Phytotoxicity efettat are due to CFA-soil contamination
and exposure have been attributed to its constitpetentially toxic elements (PTES), e.g.
Cd, Cr, Pb, and As (Radet al., 2018; Singh et al., 2016), most of whioh present in coal

ash spill sites requiring remediation.
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There had been incidences of large coal ash spoisnd the world, and in the United
States with widespread environmental and econompact. Amongst the popular coal ash
spills in the United States was the spill by TewseesValley Authority (TVA) Kingston
Fossil Plant, Roane County, Tennessee in 2008.spileresulted in the release of ~5.4
million cubic yards of coal into Swan Pond Embaymdétmory River channel and ~300
acres outside of the plant (USEPA, 2016). Moremtdggein 2014, was the Duke Energy coal
ash spill which released ~39,000 tons of coal asim fits Dan River Steam Station into the
Dan River in Eden, North Carolina (USEPA, 2017)aCash spills result in environmental
contamination and degradation that pose threatsetbealth and survival of living organisms
including plants and animals inhabiting such fly» @®ntaminated sites. The PTEs in CFA
such as heavy metals may generate reactive oxygeties (ROS) in exposed organisms
(plants and animals) that may attack and disruptulae macromolecules including
deoxyribonucleic acids, lipids, and protein (Awoyemnd Dzantor, 2017a).

Various studies concerning the environmental immddCFA ranged from soil and
water (surface and groundwater) contamination,nipairment of organisms’ growth and
function (including the productivity and yield ofapmt crops). For instance, Roy and Joy
(2011) conducted short-term laboratory and fieldlsts on the dose-based effect of CFA on
chemical and microbial properties of laterite cemy soil. They mixed sandy loam soil with
farmyard manure (10% w/w) and amended with fly as®b%, 10%, 20%, 40% w/w (50—
400 t ha'). The study showed temporary inhibition of baetefungi and actinomycetes
populations at 5% and 10% CFA doses, but 20% afd #were harmful coupled with a
decline in soil enzymes at higher doses (Roy and 2@11). In another study by Raja et al.
(2014), =0.5gm?day’ CFA significantly reduced the photosynthesis, sth
conductance, transpiration and albedo in rice crépsigher rates of CFA deposition, all

growth and yield parameters were significantly ueficed, and a significant reduction in
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grain yield was recorded, compared to the contrelatments when 0.5, 1.0 and
1.5 g m?day* CFA was dusted (Raja et al., 2014). Moreover, Gfa&e been reported to
reduce soil enzymatic activities (e.g. dehydrogenasid phosphatasf;glucosidase and

urease), induce lipid peroxidation in plant cragsgment sterility, impair plant morphology
and growth (Singh et al., 2016).

Arbuscular mycorrhizal fungi (AMF) (Firmin et al2015) and exogenous reduced
glutathione (GSH) (Hossain et al., 2012) have bseggested to play important roles in
modulating metal-induced toxicity and oxidativeess in plants (Awoyemi and Dzantor,
2017a). Therefore, the main objective of this aurstudy was to assess the protective roles
of AMF (Rhizophagus clarus) and exogenous GSH in mitigating CFA-induced ptoxicity
in switchgrass Fanicum virgatum), a bioenergy crop plant. Furthermore, to deteentime
optimal concentration of the CFA that AMF and GSHapplication would be most efficient
for mitigating CFA-induced phytotoxicity. The indis of toxicity that were assessed include
seed germination, seedling growth, plant morphaogtr genomic double-stranded
deoxyribonucleic acid (dsDNA), chlorosis, and lipieroxidation.

Acute and chronic phytotoxicity studies were cortddausing soil-on-agar technique
under laboratory-controlled condition, and deep-paperiment modified to allow for
infiltration, in a controlled greenhouse. This stusl important because coal fly ash has been
more recently considered as a resource for soilndment, besides its potential to
contaminate the environment with PTEs. Thereforegviding data on alternative
management strategies for CFA-soil contaminatiod eatermining the concentration at
which CFA can be co-applied effectively with AMFddor GSH would serve as protective

measures in mitigating CFA-induced phytotoxicity.

2. Materialsand M ethods



113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

2.1. Experimental design for seed germination aedikng growth

Laboratory screening of switchgrass seeds gerroimatind seedling growth was
conducted using 20% volume/volume (v/v) soil-onfagahnique (Voigt et al., 1997) in 50
mL conical centrifuge tubes (Falcdh Fisher Scientific, Hampton, NH). Armor silt loam
(ASL) soil was treated with five concentrations ©FA, 0 (control), 5, 10, 15 and 20%
weight/weight (w/w) CFA/soil in four replicates. Teeparate aliquots of the CFA/soil
treatments, 3% w/w propagating mixtwearbuscular mycorrhizal fungi (AMFR. clarus,
WV234 (INVAM, Morgantown, WV, USA) was inoculated\ total of four sterilized seeds
of switchgrass (Star Seeds Inc., Osborne, Kansas) aultured in each tube of the CFA
treatment (in four replicates) for 5 d. To anotlpartion of the similar CFA/soil/AMF
treatments, a total of four 5-d old seedlings ailgi germinated in Petri plates was
transplanted and allowed to grow for 21 d. The nendd seedlings that survived the 21-d
exposure period was used to determine seedling thrd®), while percentage seed

germination was calculated as expressed in Eq. 1.

Number of germinated seeds

% seed germination =
Total number of seeds planted

To determine the optimum AMF concentration that | waffficiently support
switchgrass seedling growth, 20% v/v media-on-aégeinique was used. Treatments include
0 and 20% w/w CFA in ASL soil. The experiment wasducted in 50 mL tubes and
replicated with soilless (1:1:1 of peat moss: veutiie: sand) media for comparison. To
separate treatments of the CFA/soil and CFA/sailfesdia, 0, 1, 3 and 5% w/w propagating
mixture of the AMF, R. clarus were inoculated. A total of four 5-d old seedlings
switchgrass was transplanted in each tube of th& @&atment (in five replicates) in the
presence and absence of AMF for 28 d. Seedlindhhgigs measured at days 21 and 28. The
properties of the ASL soil and the CFA used in thiisdy are described in Table 1 (see

supplementary data). The ASL soil is a fine-siltyixed, thermic Ultic Hapludalf collected
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from A horizon with dark brown (10 yr 3/3) coloarrged from 0 to 6 inches in thickness and

belongs to the subgroup typical pedon Ap, i.e. gidwurface horizon A.

2.2. Experimental design for greenhouse mesocasahy st

The pot experiment was conducted according to tethoads described by Awoyemi
and Dzantor (2017a, 2017b). Briefly, the ASL so#sasieved through 2 mm sieve, and ~1.5
kg was transferred into 6-inch deep standard nynsets, treated with 0, 7.5 and 15% w/w
CFA. The second portion of each CFA treatment wagllated with 3% w/w AMFR.
clarus and a third portion was treated with 10% 0.65 mBH3solution (Acros Organics, NJ,
USA) to make a total of nine treatments in fourlicgtes. To each treatment, four 5-week
old switchgrass seedlings which were initially av#d in germination trays containing
potting mix (Farfard #2 mix) were transplanted, @hght growth was monitored for a period
of 90 d. The greenhouse-controlled conditions wheetemperature of 24 °C at daytime, 26
°C at night, and humidity was 80%. At 90 d, plawtre harvested, thoroughly washed with
tap water and fresh weight (FW) was determinedgusimalytical balance (Mettler Toledo,
Scientific Instruments, Columbus, OH). Other planbrphometrics determined include

moisture content (MC), foliage length (FL), foliagember (FN), and root number (RN).

2.3. Measurement of genomic dsDNA

Assay for genomic double strand DNA concentratidsDNA) was carried out
according to the methods of Edwards et al. (19Bigshly weighed (25 mg) plant leaves
were pulverized with 20QL of tris ethylenediaminetetraacetate (TE) buffé® [nM Tris
HCI + 0.1 mM ethylenediaminetetraacetic acid (EDTB) 7.5] to form slurry. The slurry
was mixed 40QuL lysis solution [200 mM Tris-HCI pH 7.5, 250 mM R§ 25 mM EDTA,

0.5% sodium dodecyl sulfate (SDS)] in 1.5 mL miewoiifuge tube, and incubated at 65 °C
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for 5 min. After incubation, 60QL of chloroform was immediately added, gently enfigd

by inversion (3-5 times) and centrifuged at 100p6t r(~9400 x g) for 2 min. The upper
aqueous phase containing DNA was transferred imeva 2 mL microcentrifuge tube, and
800 uL of isopropyl alcohol was added, mixed gently byeral inversions, incubated for 1 h
at -20 °C and centrifuged at 10000 rpm for 2 mine Bupernatant was discarded, and DNA
pellet was dissolved in 106L of NaCl solution by gentle vortexing. 3QQ of 70% cold
ethanol was added to precipitate DNA (10 min at *2), centrifuged at 10000 rpm for 4
min, and ethanol was discarded. The DNA pellet washed with 70% cold ethanol and
dissolved in 10QuL of sterile deionized water by gentle vortexindosdrbance was read at
260 nm and 280 nm using a high-performance hybridtiimode microplate reader
(Synergy™ H1, BioTek Instruments Inc., Winooski, Vermont, A)SThe genomic dsDNA

concentration was expressed as ng phd DNA purity expressed asgd/Azso

2.4. Measurement of lipid peroxidation

Assay for lipid peroxidation was conducted accaogdia the method of Buege and
Aust (1978) with minor modifications as describeg Awoyemi and Dzantor (2017a).
Briefly, 100 mg freshly weighed plant samples wé@mogenized with 2 mL of 50%
ethanol, in a pre-chilled mortar. The homogenateseveentrifuged at 10000 x g and 4 °C for
10 min to obtain extracts. 1QQ of the plant tissue extract was added with §00f 8.1%
SDS solution and 4 mL of trichloroacetic acid (TGhjobarbituric acid (TBA)-HCI reagent
[15% (w/v) TCA, 0.375% (w/v) TBA and 0.25 N HCI]h€& contents were incubated at 95 °C
for 60 min, cooled and centrifuged at 1600 x gX6rmin at 4 °C. Absorbance was read at
535 nm using a microplate reader, and lipid peratkich was expressed ipM

malondialdehyde (MDA) § fresh weight (FW).
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2.5. Statistical analysis

The results obtained were expressed as mestandard error (SE) and presented in
the form of descriptive graphs created with Micrfodtxcel v16.17 (2018). The data were
subjected to one-way and two-way analysis of vagafANOVA). Where statistical
significance occurred with the ANOVA at p < 0.0®msphoc analysis was performed using
Duncan’s multiple range and Fisher’'s LSD testsepasate the means. The statistical tools
used for inferential analysis include IBM SPSS @22016), Microsoft Excel v16.17 (2018),

and JMP Pro v14.0 (2018).

3. Results
3.1. Switchgrass seed germination and growth ohspknted seedlings in CFA
contaminated ASL soil co-applied with AMF

The results of seed germination and seedling dralibwn in Fig. 1 indicates that
seed germination increased (by 15-35%) in a comggéon-dependent manner with CFA
application. Furthermore, there was an increase@udling growth (by up to 12.5%) in 10%
CFA contaminated soil compared to control, whild%% and 20% CFA, there was a decline
in the seedling growth by 12.5% and 18.75%, resgsgt However, AMF co-application
enhanced both seed germination and seedling gretihincreased concentrations of CFA.
The AMF-induced seed germination enhancement rafiged10% in control soil to 45% in
20% CFA contaminated soil while AMF-induced seegllgrowth enhancement ranged from

1.25% in control soil to 17% in 20% CFA contamirthseil.
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Fig. 1. Seed germination and seedling growth (%} KA contaminated ASL soil co-applied
with AMF. The number of seedlings that survived #fed exposure period was used to

determine seedling growth (%).

3.2.  Switchgrass seedling growth in CFA/soil andAGBilless media co-applied with
AMF

The height of the switchgrass seedlings cultivabedCFA/soil and CFA/soilless
media significantly increased (p < 0.05) temporakyween 21 d and 28 d (Fig. 2). The CFA
at 20% significantly impaired the seedling heigtdmpared to the control. The seedling
height impairment was significantly higher in CFailsthan the CFA/soilless media.
However, there was a concentration-dependent isereaseedling height in CFA/soil and
CFA/soilless media with AMF inoculum (Fig. 2). TB8% CFA caused leaf chlorosis which

was higher in ASL soil than the soilless media@lg see supplementary data).
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Fig. 2. Height (cm) of switchgrass seedlings calidd in CFA contaminated ASL soil and
soilless (1:1:1 of peat moss: vermiculite: sandilimeThe CFA/soil and CFA/soilless media
were co-applied with AMF at varying concentratioDsita with asterisks (*) are significantly

different temporally and/or between treatments (PG5, two-way ANOVA).

3.3. Fresh weight and moisture content of switckgraglant cultivated in CFA
contaminated ASL soil co-applied separately with Akhd GSH

There was a significant (p < 0.05) concentratiepahdent decrease in fresh weight
of switchgrass plant exposed to the CFA (Fig. Jwklver, in the presence of co-applied
AMF, fresh weight of switchgrass was significandghanced while this was not the case
with co-applied GSH which had a noticeable but smmificant impact in enhancing the
plant weight. The co-application with AMF or GSH negrevented the plant against CFA-
induced leaf chlorosis. Moisture content in swites$ plant ranged from a minimum of
~52% in 15% CFA to a maximum of ~73% in 7.5% CFAapplied with AMF. The
moisture content was higher with AMF or GSH co-aggilon than with CFA alone at 7.5%

and 15% (Fig. 3).
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Fig. 3. Fresh weight (mg) and moisture content ¢¥o¥witchgrass plant cultivated in CFA
contaminated ASL soil co-applied with AMF or GSHedend: FW — fresh weight, MC —
moisture content. Data with different alphabetssagaificantly different between treatments

(p < 0.05, one-way ANOVA, Duncan multiple range disher’'s LSD tests).

3.4.  Morphometrics (foliage length, foliage numkaerd root number) of switchgrass plant
cultivated in CFA contaminated ASL soil co-applexparately with AMF and GSH

The measured plant morphometrics including folilygth, numbers of foliage and
root of the switchgrass plant were decreased witheased concentration CFA exposure
(Fig. 4) The quality of the plant morphometrics veashanced in CFA-exposed switchgrass
plants cultivated in ASL soil co-applied with AMFhe co-applied GSH had a noticeable but
non-significant impact in mitigating the CFA-indutempairment of switchgrass plant
morphometrics (Fig. 4). CFA-induced leaf chlorogias mitigated in switchgrass plant
cultivated in CFA contaminated ASL soil co-appliadth AMF or GSH (Plate 2, see

supplementary data).
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Fig. 4. Morphometrics of switchgrass plant culteagtin CFA contaminated ASL soil co-
applied with AMF or GSH. Legend: FL - foliage lehgEN — foliage number, and RN — root

number.

3.5. Lipid peroxidation and total genomic dsDNAswitchgrass plant cultivated in CFA
contaminated ASL soil co-applied separately with Ahd GSH

Lipid peroxidation was significantly (p < 0.05) higr in switchgrass plants exposed
to CFA compared to the control (Fig. 5). However;application with AMF significantly
reduced lipid peroxidation in switchgrass plantpased to 7.5 and 15% CFA while co-
application with GSH significantly reduced lipid rpgidation only in switchgrass plant
exposed to 15% CFA (Fig. 5).

Genomic dsDNA was significantly (p < 0.05) decrebiseswitchgrass plants exposed
to CFA compared to the control (Fig. 6). Howeveo;application with AMF enhanced
concentrations of dsDNA in switchgrass plants egdo® 7.5 and 15% CFA while co-
application with GSH enhanced concentrations of MADNn switchgrass plant exposed to

15% CFA (Fig. 6).
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significantly different between treatments (p <5).@ne-way ANOVA, Duncan multiple

range and Fisher’s LSD tests).
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Fig. 6. Genomic dsDNA (ng pl) in switchgrass plant cultivated in CFA contaméthASL

soil co-applied with AMF or GSH. Data with diffetealphabets are significantly different

between treatments (p < 0.05, one-way ANOVA, Duncauitiple range and Fisher's LSD

tests).
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4. Discussion

Environmental contamination from coal ash have icoed to adversely impact
resources including water, soil, plants, and arsmaither direct from mining activities and
indirectly from accidental spills or leaching frastorage sites (Carlson and Adriano, 1993;
Gaji¢ et al., 2018). However, there are studies that ltantinued to explore the potential for
utilization of CFA as a soil amendment for planttigwation but are limited by the phytotoxic
impact of the CFA (Adriano and Weber, 2001). Henee jnvestigated the potential of AMF
(R. clarus) and exogenous GSH for mitigating CFA-induced ptogicity.

In this study, the germination of the switchgraseds was enhanced with CFA
exposure (concentration dependent) when compartx toontrol ASL soil that contained no
CFA. The percentage increase in seed germinatlative to control are 15%, 20%, 35% and
35%, respectively, in 5%, 10%, 15% and 20% CFA/AsRils. The higher rates of CFA-
induced seed germination have been reported inr ciuglies as described in the review
article by Yunusa et al. (2012). Previous field exments carried out by Swamy et al. (2010)
revealed that fly ash applied to soil at the rdt& ton/hectare increased germination, shoot
height, leaf number, root number, root length, namif bulbs, peroxidase activity and cell
division process. Our study showed that the gravfttine transplanted switchgrass seedlings
in CFA contaminated ASL soil compared to the cdntroreased with 10% CFA while there
was a decline in seedling growth at 15% and 20% .Gkeiditionally, the phytotoxic effects
of CFA were higher in the ASL soil than in the B8k media indicating that besides CFA
type, properties and concentrations, the media typg account for variations in the CFA-
induced phytotoxicity and/or beneficial agricultueffects.

Results from several studies have revealed thdtasbaapplication to soil increased
crop biomass and yields (He et al., 2017; Schomegfgal., 2018). The enhancement of seed

germination and seedling growth induced by lowercemtrations of CFA may be due to its
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339

desirable agricultural properties including minesd@ments composition and water holding
capacity (Carlson and Adriano, 1993; Tsadilas, 20Ebr instance, Dash et al. (2015)
reported a favorable increase in the growthCapsicum annuum cultivated in 5% fly ash
amended soil. However, the potentially toxic eletegPTES) in CFA including boron and
heavy metals (Awoyemi and Adeleke, 2017) may actdoin CFA-induced phytotoxicity
and impaired seedling growth at higher concentnsticof CFA exposure. Higher
concentrations of CFA have resulted in impairedaghoof rice Oryza sativa L.) exposed to
50% CFA (Singh et al., 2016) amsdbstantially lowered the germination counts ofgiass
(Adriano and Weber, 2001 a study conducted by Bilski et al. (2011), tle@entrations
of CFA in growth media higher than 40% were noteatd sustain seedling growth after
initial germination, for canolaBfassica campestris), rapeseedBrassica napus), alfalfa
(Medicago sativa), and perennial ryegrasisaflium perenne). From our study, a concentration
of up to 20% CFA having alkaline and liming progem the ASL soil (Awoyemi and
Dzantor, 2017a, 2017b) would be adequate to enhainseed germination while only up to
10% would support seedling growth and survival.

CFA-induced phytotoxicity in switchgrass plants slsown in this study was
concentration dependent. CFA reduced plant growidghage length, fresh weight, and
moisture content. Similarly, CFA reduced the comaions of intact genomic dsDNA,
caused leaf chlorosis, and increased lipid peroxidan CFA-exposed switchgrass plants.
This is in contrast with the CFA-induced enhancemancrop productivity reported in
several studies (Pandey et al., 2009). Dash €R@l5) reported that the application of fly
ash up to 5% favors the growth Gf annuum while at concentrations beyond 10%, growth
was impaired due to the accumulation of heavy raepaésent in fly ash. A significant
decrease in the productivity of rice crops expose&0% CFA coupled with a significant

increase in lipid peroxidation was reported by 8irg al. (2016). The phytotoxic effects
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364

induced by CFA may be attributed to its constituehEs (Adriano and Weber, 2001; Radi
et al., 2018). Additionally, CFA-induced reductiohgenomic dsDNA in switchgrass plants
may be due to DNA damage associated potentiallly #ieé oxidative attack by PTEs in the
CFA (Dwivedi et al., 2012; Sambandam et al., 2015).

Soil inoculation with AMF can protect plants againsetal induced toxicity (Firmin
et al., 2015) and oxidative stress (Awoyemi andrid@g 2017a). The protective mechanisms
exhibited by AMF include: binding metals to cell lyaorganic matter or mycelium and
sequestering them in their vacuole or other ordesgHall, 2002; Huang et al., 2005);
releasing heat shock protein (HSP) and GSH (Hilaethr et al., 2007); allocation plasticity,
proteome changes, and metabolic shift (Aloui et &011); increased uptake of
macronutrients e.g. phosphorus, nitrogen, and sulpfde Andrade and da Silveira, 2008);
phytostabilization of potentially toxic trace elemtgolluted soils by sequestration (Garg and
Chandel, 2011); increasing root and shoot growtlol{dnmadi et al., 2011); changing
mycorrhizosphere pH (Bano and Ashfaq, 2013; Shiwakuet al., 2011); increasing the
activities of antioxidant enzymes (Awoyemi and Dan 2017a); decrease in lipid
peroxidation and electrolyte leakage (Garg and Aggh 2012).

Reduced glutathione (GSH) is a low molecular weigigeptide {-L-glutamyl-L-
cysteinyl-glycine) which plays a key role as a moveymatic antioxidant in plant defense
system against environmental stressors (Hossah,e2010). It functions in the antioxidant
defense and glyoxalase (Gly) systems by directlyl andirectly controlling ROS,
methylglyoxal (MG) and their reaction products (Hais et al., 2012). Studies have shown
that in addition to detoxification, complexationhetation, and compartmentalization of
metals, GSH by itself and its metabolizing enzymetably glutathione-S-transferase (GST),
glutathione peroxidase (GPX), glutathione reduct&), Gly | and Gly I, protect against

ROS- and MG-induced damage (Hossain et al., 20&3H functions with ascorbic acid
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(AsA) via the AsA-GSH cycle to control 8, (Foyer and Noctor, 2005) and it is synthesized
into phytochelatin (PC) which complexes metals (Blet al.,, 2007). GSH-glutathione
disulfide (GSSG) redox couple buffers cellular hostasis and control signaling systems
including the activation of genes that encodes G8H AsA related enzymes (Gill et al.,
2013). The extent to which AMF and GSH can modei@EA-induced phytotoxicity
depends of several factors including the conceatratf GSH or AMF, species of AMF,
plant type, the prevailing rhizosphere or plantdibons (Emamverdian et al., 2015).

The results of this current study showed that thegplication of CFA-contaminated
ASL soil with AMF or GSH played notable roles in tigating the CFA-induced
phytotoxicity in switchgrass plant. The AMR clarus used in this study enhanced plant
growth, increased foliage and root number, redulieid peroxidation, prevented leaf
chlorosis, and enhanced the concentration of irgaobmic dsDNA. Similarly, exogenous
GSH application mitigated CFA-induced phytotoxicijowever, the mitigation potential of
GSH compared to AMF was limited by the CFA concatitn. This requires further studies
to identify the optimum GSH concentration that viié most effective for mitigating CFA-
induced phytotoxicity at varying exposure conceitres to CFA. There are several studies
that have reported the potential of AMF (Firminagét 2015; Garg and Singh, 2018) and/or
exogenous GSH (Chen et al., 2010; Wei et al., 20t0jnitigate phytotoxicity induced by
exposures to PTEs in single exposure bioassays.etAmwin reality, the environment is
exposed to a mixture of contaminants. Thereforeessng the mitigation potential of AMF
and GSH against the phytotoxicity induced by a aommhant mixture such as CFA at

environmentally-relevant concentrations make thigys very significant.

5. Conclusion
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This study investigated biological (arbuscular myizal fungi, R. clarus) and
chemical (exogenous glutathione) methods to meigatd/or manage coal fly ash-induced
phytotoxicity in coal fly ash contaminated soil. SRés showed a concentration-dependent
increase in phytotoxicity of coal fly ash againgtitshgrass plant impairing plant growth,
inducing chlorosis and lipid peroxidation. Howeveo;application withR. clarus mitigated
the coal fly ash-induced phytotoxicity, enhancedanpl growth and prevented lipid
peroxidation and chlorosis. Co-applicationRofclarus (3-5%) with coal fly ash (up to 15%)
in Armour silt loam soil is recommended for effisianitigation of phytotoxicity. Whereas,
the phytotoxicity mitigation potential of exogenbuapplied glutathione was limited by the
concentration of the coal fly ash. Further studiesrequired to optimize these biological and
chemical phytotoxicity mitigation strategies foreus the management and phytoremediation
of coal fly ash polluted environments. Also, assegshe joint effects ofR. clarus and
glutathione in mitigating coal fly ash-induced pbtgixicity may be necessary to empirically

determine if these two agents have synergisticesfe
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