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Abstract 14 

Coal fly ash (CFA) makes a bulk of the coal combustion wastes generated from coal-fired 15 

power plants. There are several environmental mishaps due to coal ash spills around the 16 

world and in the United States. Management of CFA-polluted sites has proven inefficient 17 

resulting in soil infiltration, leaching, and phytotoxicity. This study assessed the mitigation 18 

strategies for CFA-induced phytotoxicity using biological [arbuscular mycorrhizal fungi 19 

(AMF)] and chemical [exogenous glutathione (GSH)] agents. Indices of phytotoxicity 20 

include seed germination, plant morphometrics, lipid peroxidation and genomic double-21 

stranded DNA (dsDNA) in switchgrass plant (Panicum virgatum). Experiments include 22 

laboratory screening (0, 5, 10, 15 and 20% w/w CFA/soil) and greenhouse pot study (0, 7.5 23 

and 15% w/w CFA/soil) culturing switchgrass plant in Armour silt loam soil co-applied with 24 

AMF (Rhizophagus clarus) and GSH. Experiments showed that CFA exposure caused a 25 

concentration-dependent increase in seed germination. 10% CFA increased seedling growth 26 

while 15 and 20% CFA decreased seedling growth and induced leaf chlorosis. Furthermore, 27 

CFA (7.5 and 15%) in the 90-d pot study significantly (p < 0.05) impaired plant growth, 28 

induced lipid peroxidation and reduced genomic dsDNA. However, the incorporation of 29 

AMF or GSH enhanced seed germination, plant growth, and/or genomic dsDNA, reduced 30 

lipid peroxidation and prevented leaf chlorosis in CFA-exposed switchgrass plant. This study 31 

demonstrates that AMF and GSH have the potential to mitigate CFA-induced phytotoxicity. 32 

These biological and chemical strategies could be further harnessed for efficient utilization of 33 

switchgrass plant in the phytoremediation of CFA contaminated soil environment while 34 

simultaneously limiting CFA-induced phytotoxicity. 35 

 36 

Keywords: Management strategies; CFA-soil contamination; CFA-induced phytotoxicity; 37 

Arbuscular mycorrhizal fungi; Exogenous glutathione. 38 
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Abbreviations: CFA, coal fly ash; GSH, reduced glutathione; AMF, arbuscular mycorrhizal 39 

fungi; dsDNA, double-stranded deoxyribonucleic acid; ASL, armour silt loam; PTE, 40 

potentially toxic element; ROS, reactive oxygen species; HSP, heat shock protein; PBMN, 41 

peripheral blood mononuclear; pH, potential hydrogen; TVA, Tennessee valley authority; 42 

Gly, glyoxalase; MG, methylglyoxal; GST, glutathione-S-transferase; GR, glutathione 43 

reductase; GPX, glutathione peroxidase; GSSG, glutathione disulfide; AsA, ascorbic acid; 44 

H2O2, hydrogen peroxide; PC, phytochelatin; FW, fresh weight; MDA, malondialdehyde; 45 

MC, moisture content; FL, foliage length; FN, foliage number; RN, root number; TE, tris 46 

ethylenediaminetetraacetate; EDTA, ethylenediaminetetraacetic acid; HCl, hydrochloric acid; 47 

NaCl, sodium chloride; SDS, sodium dodecyl sulfate; TCA, trichloroacetic acid; TBA 48 

thiobarbituric acid; ANOVA, analysis of variance; SE, standard error; LSD, least significant 49 

difference; Ap, plowed surface horizon A; FW, fresh weight; LC, leaf chlorosis; SG, stunted 50 

growth; LP, lipid peroxidation. 51 

 52 

1. Introduction 53 

Coal fly ash (CFA)-induced toxicities have been reported in several studies with 54 

limited information on the potential mitigation strategies. These toxicities include oxidative 55 

stress induction in peripheral blood mononuclear (PBMN) cells (Dwivedi et al., 2012), 56 

cytotoxicity in the channel catfish ovary cell (Medunić et al., 2016), growth inhibition in 57 

Lemna (Lemna minor L.)  (Radić et al., 2018), and oxidative DNA damage in Chang liver 58 

cell (Sambandam et al., 2015). Phytotoxicity effects that are due to CFA-soil contamination 59 

and exposure have been attributed to its constituent potentially toxic elements (PTEs), e.g. 60 

Cd, Cr, Pb, and As (Radić et al., 2018; Singh et al., 2016), most of which are present in coal 61 

ash spill sites requiring remediation.  62 
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There had been incidences of large coal ash spills around the world, and in the United 63 

States with widespread environmental and economic impact. Amongst the popular coal ash 64 

spills in the United States was the spill by Tennessee Valley Authority (TVA) Kingston 65 

Fossil Plant, Roane County, Tennessee in 2008. The spill resulted in the release of ~5.4 66 

million cubic yards of coal into Swan Pond Embayment, Emory River channel and ~300 67 

acres outside of the plant (USEPA, 2016). More recently, in 2014, was the Duke Energy coal 68 

ash spill which released ~39,000 tons of coal ash from its Dan River Steam Station into the 69 

Dan River in Eden, North Carolina (USEPA, 2017). Coal ash spills result in environmental 70 

contamination and degradation that pose threats to the health and survival of living organisms 71 

including plants and animals inhabiting such fly ash contaminated sites. The PTEs in CFA 72 

such as heavy metals may generate reactive oxygen species (ROS) in exposed organisms 73 

(plants and animals) that may attack and disrupt cellular macromolecules including 74 

deoxyribonucleic acids, lipids, and protein (Awoyemi and Dzantor, 2017a). 75 

Various studies concerning the environmental impact of CFA ranged from soil and 76 

water (surface and groundwater) contamination, to impairment of organisms’ growth and 77 

function (including the productivity and yield of plant crops). For instance, Roy and Joy 78 

(2011) conducted short-term laboratory and field studies on the dose-based effect of CFA on 79 

chemical and microbial properties of laterite cropland soil. They mixed sandy loam soil with 80 

farmyard manure (10% w/w) and amended with fly ash at 5%, 10%, 20%, 40% w/w (50–81 

400 t ha−1). The study showed temporary inhibition of bacteria, fungi and actinomycetes 82 

populations at 5% and 10% CFA doses, but 20% and 40% were harmful coupled with a 83 

decline in soil enzymes at higher doses (Roy and Joy, 2011). In another study by Raja et al. 84 

(2014), ≥0.5 g m−2 day−1 CFA significantly reduced the photosynthesis, stomatal 85 

conductance, transpiration and albedo in rice crops. At higher rates of CFA deposition, all 86 

growth and yield parameters were significantly influenced, and a significant reduction in 87 
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grain yield was recorded, compared to the control treatments when 0.5, 1.0 and 88 

1.5 g m−2 day−1 CFA was dusted (Raja et al., 2014). Moreover, CFA have been reported to 89 

reduce soil enzymatic activities (e.g. dehydrogenase, acid phosphatase, β-glucosidase and 90 

urease), induce lipid peroxidation in plant crops, augment sterility, impair plant morphology 91 

and growth (Singh et al., 2016). 92 

Arbuscular mycorrhizal fungi (AMF) (Firmin et al., 2015) and exogenous reduced 93 

glutathione (GSH) (Hossain et al., 2012) have been suggested to play important roles in 94 

modulating metal-induced toxicity and oxidative stress in plants (Awoyemi and Dzantor, 95 

2017a). Therefore, the main objective of this current study was to assess the protective roles 96 

of AMF (Rhizophagus clarus) and exogenous GSH in mitigating CFA-induced phytotoxicity 97 

in switchgrass (Panicum virgatum), a bioenergy crop plant. Furthermore, to determine the 98 

optimal concentration of the CFA that AMF and GSH co-application would be most efficient 99 

for mitigating CFA-induced phytotoxicity. The indices of toxicity that were assessed include 100 

seed germination, seedling growth, plant morphometrics, genomic double-stranded 101 

deoxyribonucleic acid (dsDNA), chlorosis, and lipid peroxidation.  102 

Acute and chronic phytotoxicity studies were conducted using soil-on-agar technique 103 

under laboratory-controlled condition, and deep-pot experiment modified to allow for 104 

infiltration, in a controlled greenhouse. This study is important because coal fly ash has been 105 

more recently considered as a resource for soil amendment, besides its potential to 106 

contaminate the environment with PTEs. Therefore, providing data on alternative 107 

management strategies for CFA-soil contamination and determining the concentration at 108 

which CFA can be co-applied effectively with AMF and/or GSH would serve as protective 109 

measures in mitigating CFA-induced phytotoxicity. 110 

 111 

2. Materials and Methods 112 
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2.1. Experimental design for seed germination and seedling growth 113 

Laboratory screening of switchgrass seeds germination and seedling growth was 114 

conducted using 20% volume/volume (v/v) soil-on-agar technique (Voigt et al., 1997) in 50 115 

mL conical centrifuge tubes (FalconTM, Fisher Scientific, Hampton, NH). Armor silt loam 116 

(ASL) soil was treated with five concentrations of CFA, 0 (control), 5, 10, 15 and 20% 117 

weight/weight (w/w) CFA/soil in four replicates. To separate aliquots of the CFA/soil 118 

treatments, 3% w/w propagating mixture of arbuscular mycorrhizal fungi (AMF), R. clarus, 119 

WV234 (INVAM, Morgantown, WV, USA) was inoculated. A total of four sterilized seeds 120 

of switchgrass (Star Seeds Inc., Osborne, Kansas) was cultured in each tube of the CFA 121 

treatment (in four replicates) for 5 d. To another portion of the similar CFA/soil/AMF 122 

treatments, a total of four 5-d old seedlings initially germinated in Petri plates was 123 

transplanted and allowed to grow for 21 d. The number of seedlings that survived the 21-d 124 

exposure period was used to determine seedling growth (%), while percentage seed 125 

germination was calculated as expressed in Eq. 1. 126 

%	����	����	
��	

 = 	
������	��	����������	�����

�����	������	��	�����	 ������
	!	100 ……………..……(1) 127 

To determine the optimum AMF concentration that will efficiently support 128 

switchgrass seedling growth, 20% v/v media-on-agar technique was used. Treatments include 129 

0 and 20% w/w CFA in ASL soil. The experiment was conducted in 50 mL tubes and 130 

replicated with soilless (1:1:1 of peat moss: vermiculite: sand) media for comparison. To 131 

separate treatments of the CFA/soil and CFA/soilless media, 0, 1, 3 and 5% w/w propagating 132 

mixture of the AMF, R. clarus were inoculated. A total of four 5-d old seedlings of 133 

switchgrass was transplanted in each tube of the CFA treatment (in five replicates) in the 134 

presence and absence of AMF for 28 d. Seedling height was measured at days 21 and 28. The 135 

properties of the ASL soil and the CFA used in this study are described in Table 1 (see 136 

supplementary data). The ASL soil is a fine-silty, mixed, thermic Ultic Hapludalf collected 137 
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from A horizon with dark brown (10 yr 3/3) color, ranged from 0 to 6 inches in thickness and 138 

belongs to the subgroup typical pedon Ap, i.e. plowed surface horizon A. 139 

 140 

2.2. Experimental design for greenhouse mesocosm study 141 

The pot experiment was conducted according to the methods described by Awoyemi 142 

and Dzantor (2017a, 2017b). Briefly, the ASL soil was sieved through 2 mm sieve, and ~1.5 143 

kg was transferred into 6-inch deep standard nursery pots, treated with 0, 7.5 and 15% w/w 144 

CFA. The second portion of each CFA treatment was inoculated with 3% w/w AMF, R. 145 

clarus and a third portion was treated with 10% 0.65 mM GSH solution (Acros Organics, NJ, 146 

USA) to make a total of nine treatments in four replicates. To each treatment, four 5-week 147 

old switchgrass seedlings which were initially cultured in germination trays containing 148 

potting mix (Farfard #2 mix) were transplanted, and plant growth was monitored for a period 149 

of 90 d. The greenhouse-controlled conditions were the temperature of 24 °C at daytime, 26 150 

°C at night, and humidity was 80%. At 90 d, plants were harvested, thoroughly washed with 151 

tap water and fresh weight (FW) was determined using analytical balance (Mettler Toledo, 152 

Scientific Instruments, Columbus, OH). Other plant morphometrics determined include 153 

moisture content (MC), foliage length (FL), foliage number (FN), and root number (RN). 154 

 155 

2.3.  Measurement of genomic dsDNA 156 

Assay for genomic double strand DNA concentration (dsDNA) was carried out 157 

according to the methods of Edwards et al. (1991). Freshly weighed (25 mg) plant leaves 158 

were pulverized with 200 µL of tris ethylenediaminetetraacetate (TE) buffer [10 mM Tris 159 

HCl + 0.1 mM ethylenediaminetetraacetic acid (EDTA); pH 7.5] to form slurry. The slurry 160 

was mixed 400 µL lysis solution [200 mM Tris-HCl pH 7.5, 250 mM NaCl, 25 mM EDTA, 161 

0.5% sodium dodecyl sulfate (SDS)] in 1.5 mL microcentrifuge tube, and incubated at 65 °C 162 
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for 5 min. After incubation, 600 µL of chloroform was immediately added, gently emulsified 163 

by inversion (3-5 times) and centrifuged at 10000 rpm (~9400 x g) for 2 min. The upper 164 

aqueous phase containing DNA was transferred into a new 2 mL microcentrifuge tube, and 165 

800 µL of isopropyl alcohol was added, mixed gently by several inversions, incubated for 1 h 166 

at -20 °C and centrifuged at 10000 rpm for 2 min. The supernatant was discarded, and DNA 167 

pellet was dissolved in 100 µL of NaCl solution by gentle vortexing. 300 µL of 70% cold 168 

ethanol was added to precipitate DNA (10 min at -20 °C), centrifuged at 10000 rpm for 4 169 

min, and ethanol was discarded. The DNA pellet was washed with 70% cold ethanol and 170 

dissolved in 100 µL of sterile deionized water by gentle vortexing. Absorbance was read at 171 

260 nm and 280 nm using a high-performance hybrid multi-mode microplate reader 172 

(SynergyTM H1, BioTek Instruments Inc., Winooski, Vermont, USA). The genomic dsDNA 173 

concentration was expressed as ng µL-1 and DNA purity expressed as A260/A280. 174 

 175 

2.4.  Measurement of lipid peroxidation 176 

Assay for lipid peroxidation was conducted according to the method of Buege and 177 

Aust (1978) with minor modifications as described by Awoyemi and Dzantor (2017a). 178 

Briefly, 100 mg freshly weighed plant samples were homogenized with 2 mL of 50% 179 

ethanol, in a pre-chilled mortar. The homogenates were centrifuged at 10000 x g and 4 °C for 180 

10 min to obtain extracts. 100 µL of the plant tissue extract was added with 100 µL of 8.1% 181 

SDS solution and 4 mL of trichloroacetic acid (TCA)-thiobarbituric acid (TBA)-HCl reagent 182 

[15% (w/v) TCA, 0.375% (w/v) TBA and 0.25 N HCl]. The contents were incubated at 95 °C 183 

for 60 min, cooled and centrifuged at 1600 x g for 10 min at 4 °C. Absorbance was read at 184 

535 nm using a microplate reader, and lipid peroxidation was expressed in µM 185 

malondialdehyde (MDA) g-1 fresh weight (FW). 186 

 187 



 9

2.5. Statistical analysis 188 

The results obtained were expressed as mean ± standard error (SE) and presented in 189 

the form of descriptive graphs created with Microsoft Excel v16.17 (2018). The data were 190 

subjected to one-way and two-way analysis of variance (ANOVA). Where statistical 191 

significance occurred with the ANOVA at p < 0.05, post-hoc analysis was performed using 192 

Duncan’s multiple range and Fisher’s LSD tests to separate the means. The statistical tools 193 

used for inferential analysis include IBM SPSS v20.0 (2016), Microsoft Excel v16.17 (2018), 194 

and JMP Pro v14.0 (2018). 195 

 196 

3. Results 197 

3.1. Switchgrass seed germination and growth of transplanted seedlings in CFA 198 

contaminated ASL soil co-applied with AMF 199 

 The results of seed germination and seedling growth shown in Fig. 1 indicates that 200 

seed germination increased (by 15-35%) in a concentration-dependent manner with CFA 201 

application. Furthermore, there was an increase in seedling growth (by up to 12.5%) in 10% 202 

CFA contaminated soil compared to control, while at 15% and 20% CFA, there was a decline 203 

in the seedling growth by 12.5% and 18.75%, respectively. However, AMF co-application 204 

enhanced both seed germination and seedling growth with increased concentrations of CFA. 205 

The AMF-induced seed germination enhancement ranged from 10% in control soil to 45% in 206 

20% CFA contaminated soil while AMF-induced seedling growth enhancement ranged from 207 

1.25% in control soil to 17% in 20% CFA contaminated soil. 208 

 209 
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 210 

Fig. 1. Seed germination and seedling growth (%) in CFA contaminated ASL soil co-applied 211 

with AMF. The number of seedlings that survived the 21-d exposure period was used to 212 

determine seedling growth (%). 213 

 214 

3.2. Switchgrass seedling growth in CFA/soil and CFA/soilless media co-applied with 215 

AMF  216 

 The height of the switchgrass seedlings cultivated on CFA/soil and CFA/soilless 217 

media significantly increased (p < 0.05) temporally between 21 d and 28 d (Fig. 2). The CFA 218 

at 20% significantly impaired the seedling height, compared to the control. The seedling 219 

height impairment was significantly higher in CFA/soil than the CFA/soilless media. 220 

However, there was a concentration-dependent increase in seedling height in CFA/soil and 221 

CFA/soilless media with AMF inoculum (Fig. 2). The 20% CFA caused leaf chlorosis which 222 

was higher in ASL soil than the soilless media (Plate 1, see supplementary data). 223 
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 225 

Fig. 2. Height (cm) of switchgrass seedlings cultivated in CFA contaminated ASL soil and 226 

soilless (1:1:1 of peat moss: vermiculite: sand) media. The CFA/soil and CFA/soilless media 227 

were co-applied with AMF at varying concentrations. Data with asterisks (*) are significantly 228 

different temporally and/or between treatments (p < 0.05, two-way ANOVA). 229 

 230 

3.3. Fresh weight and moisture content of switchgrass plant cultivated in CFA 231 

contaminated ASL soil co-applied separately with AMF and GSH 232 

 There was a significant (p < 0.05) concentration-dependent decrease in fresh weight 233 

of switchgrass plant exposed to the CFA (Fig. 3). However, in the presence of co-applied 234 

AMF, fresh weight of switchgrass was significantly enhanced while this was not the case 235 

with co-applied GSH which had a noticeable but non-significant impact in enhancing the 236 

plant weight. The co-application with AMF or GSH were prevented the plant against CFA-237 

induced leaf chlorosis. Moisture content in switchgrass plant ranged from a minimum of 238 

~52% in 15% CFA to a maximum of ~73% in 7.5% CFA co-applied with AMF. The 239 

moisture content was higher with AMF or GSH co-application than with CFA alone at 7.5% 240 

and 15% (Fig. 3). 241 
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 243 

Fig. 3. Fresh weight (mg) and moisture content (%) of switchgrass plant cultivated in CFA 244 

contaminated ASL soil co-applied with AMF or GSH. Legend: FW – fresh weight, MC – 245 

moisture content. Data with different alphabets are significantly different between treatments 246 

(p < 0.05, one-way ANOVA, Duncan multiple range and Fisher’s LSD tests). 247 

 248 

3.4. Morphometrics (foliage length, foliage number, and root number) of switchgrass plant 249 

cultivated in CFA contaminated ASL soil co-applied separately with AMF and GSH 250 

 The measured plant morphometrics including foliage length, numbers of foliage and 251 

root of the switchgrass plant were decreased with increased concentration CFA exposure 252 

(Fig. 4) The quality of the plant morphometrics was enhanced in CFA-exposed switchgrass 253 

plants cultivated in ASL soil co-applied with AMF. The co-applied GSH had a noticeable but 254 

non-significant impact in mitigating the CFA-induced impairment of switchgrass plant 255 

morphometrics (Fig. 4). CFA-induced leaf chlorosis was mitigated in switchgrass plant 256 

cultivated in CFA contaminated ASL soil co-applied with AMF or GSH (Plate 2, see 257 

supplementary data). 258 
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 260 

Fig. 4. Morphometrics of switchgrass plant cultivated in CFA contaminated ASL soil co-261 

applied with AMF or GSH. Legend: FL - foliage length, FN – foliage number, and RN – root 262 

number. 263 

 264 

3.5. Lipid peroxidation and total genomic dsDNA in switchgrass plant cultivated in CFA 265 

contaminated ASL soil co-applied separately with AMF and GSH 266 

Lipid peroxidation was significantly (p < 0.05) higher in switchgrass plants exposed 267 

to CFA compared to the control (Fig. 5). However, co-application with AMF significantly 268 

reduced lipid peroxidation in switchgrass plants exposed to 7.5 and 15% CFA while co-269 

application with GSH significantly reduced lipid peroxidation only in switchgrass plant 270 

exposed to 15% CFA (Fig. 5). 271 

Genomic dsDNA was significantly (p < 0.05) decreased in switchgrass plants exposed 272 

to CFA compared to the control (Fig. 6). However, co-application with AMF enhanced 273 

concentrations of dsDNA in switchgrass plants exposed to 7.5 and 15% CFA while co-274 

application with GSH enhanced concentrations of dsDNA in switchgrass plant exposed to 275 

15% CFA (Fig. 6). 276 
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 278 

Fig. 5. Lipid peroxidation (µM MDA g-1 FW) in switchgrass plant cultivated in CFA 279 

contaminated ASL soil co-applied with AMF or GSH. Data with different alphabets are 280 

significantly different between treatments (p < 0.05, one-way ANOVA, Duncan multiple 281 

range and Fisher’s LSD tests). 282 

 283 

 284 

Fig. 6. Genomic dsDNA (ng µL-1) in switchgrass plant cultivated in CFA contaminated ASL 285 

soil co-applied with AMF or GSH. Data with different alphabets are significantly different 286 

between treatments (p < 0.05, one-way ANOVA, Duncan multiple range and Fisher’s LSD 287 

tests). 288 
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4. Discussion 290 

Environmental contamination from coal ash have continued to adversely impact 291 

resources including water, soil, plants, and animals, either direct from mining activities and 292 

indirectly from accidental spills or leaching from storage sites (Carlson and Adriano, 1993; 293 

Gajić et al., 2018). However, there are studies that have continued to explore the potential for 294 

utilization of CFA as a soil amendment for plant cultivation but are limited by the phytotoxic 295 

impact of the CFA (Adriano and Weber, 2001). Hence, we investigated the potential of AMF 296 

(R. clarus) and exogenous GSH for mitigating CFA-induced phytotoxicity. 297 

In this study, the germination of the switchgrass seeds was enhanced with CFA 298 

exposure (concentration dependent) when compared to the control ASL soil that contained no 299 

CFA. The percentage increase in seed germination relative to control are 15%, 20%, 35% and 300 

35%, respectively, in 5%, 10%, 15% and 20% CFA/ASL soils. The higher rates of CFA-301 

induced seed germination have been reported in other studies as described in the review 302 

article by Yunusa et al. (2012). Previous field experiments carried out by Swamy et al. (2010) 303 

revealed that fly ash applied to soil at the rate of 5 ton/hectare increased germination, shoot 304 

height, leaf number, root number, root length, number of bulbs, peroxidase activity and cell 305 

division process. Our study showed that the growth of the transplanted switchgrass seedlings 306 

in CFA contaminated ASL soil compared to the control increased with 10% CFA while there 307 

was a decline in seedling growth at 15% and 20% CFA. Additionally, the phytotoxic effects 308 

of CFA were higher in the ASL soil than in the soilless media indicating that besides CFA 309 

type, properties and concentrations, the media type may account for variations in the CFA-310 

induced phytotoxicity and/or beneficial agricultural effects.  311 

Results from several studies have revealed that coal ash application to soil increased 312 

crop biomass and yields (He et al., 2017; Schönegger et al., 2018). The enhancement of seed 313 

germination and seedling growth induced by lower concentrations of CFA may be due to its 314 
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desirable agricultural properties including mineral elements composition and water holding 315 

capacity (Carlson and Adriano, 1993; Tsadilas, 2014). For instance, Dash et al. (2015) 316 

reported a favorable increase in the growth of Capsicum annuum cultivated in 5% fly ash 317 

amended soil. However, the potentially toxic elements (PTEs) in CFA including boron and 318 

heavy metals (Awoyemi and Adeleke, 2017) may account for CFA-induced phytotoxicity 319 

and impaired seedling growth at higher concentrations of CFA exposure. Higher 320 

concentrations of CFA have resulted in impaired growth of rice (Oryza sativa L.) exposed to 321 

50% CFA (Singh et al., 2016) and substantially lowered the germination counts of turfgrass 322 

(Adriano and Weber, 2001). In a study conducted by Bilski et al. (2011), the concentrations 323 

of CFA in growth media higher than 40% were not able to sustain seedling growth after 324 

initial germination, for canola (Brassica campestris), rapeseed (Brassica napus), alfalfa 325 

(Medicago sativa), and perennial ryegrass (Lolium perenne). From our study, a concentration 326 

of up to 20% CFA having alkaline and liming property in the ASL soil (Awoyemi and 327 

Dzantor, 2017a, 2017b) would be adequate to enhance of seed germination while only up to 328 

10% would support seedling growth and survival. 329 

CFA-induced phytotoxicity in switchgrass plants as shown in this study was 330 

concentration dependent. CFA reduced plant growth, foliage length, fresh weight, and 331 

moisture content. Similarly, CFA reduced the concentrations of intact genomic dsDNA, 332 

caused leaf chlorosis, and increased lipid peroxidation in CFA-exposed switchgrass plants. 333 

This is in contrast with the CFA-induced enhancement of crop productivity reported in 334 

several studies (Pandey et al., 2009). Dash et al. (2015) reported that the application of fly 335 

ash up to 5% favors the growth of C. annuum while at concentrations beyond 10%, growth 336 

was impaired due to the accumulation of heavy metals present in fly ash. A significant 337 

decrease in the productivity of rice crops exposed to 50% CFA coupled with a significant 338 

increase in lipid peroxidation was reported by Singh et al. (2016). The phytotoxic effects 339 
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induced by CFA may be attributed to its constituent PTEs (Adriano and Weber, 2001; Radić 340 

et al., 2018). Additionally, CFA-induced reduction of genomic dsDNA in switchgrass plants 341 

may be due to DNA damage associated potentially with the oxidative attack by PTEs in the 342 

CFA (Dwivedi et al., 2012; Sambandam et al., 2015). 343 

Soil inoculation with AMF can protect plants against metal induced toxicity (Firmin 344 

et al., 2015) and oxidative stress (Awoyemi and Dzantor, 2017a). The protective mechanisms 345 

exhibited by AMF include: binding metals to cell wall, organic matter or mycelium and 346 

sequestering them in their vacuole or other organelles (Hall, 2002; Huang et al., 2005); 347 

releasing heat shock protein (HSP) and GSH (Hildebrandt et al., 2007); allocation plasticity, 348 

proteome changes, and metabolic shift (Aloui et al., 2011);  increased uptake of 349 

macronutrients e.g. phosphorus, nitrogen, and sulphur  (de Andrade and da Silveira, 2008); 350 

phytostabilization of potentially toxic trace element-polluted soils by sequestration (Garg and 351 

Chandel, 2011); increasing root and shoot growth (Mohammadi et al., 2011); changing 352 

mycorrhizosphere pH (Bano and Ashfaq, 2013; Shivakumar et al., 2011); increasing the 353 

activities of antioxidant enzymes (Awoyemi and Dzantor, 2017a); decrease in lipid 354 

peroxidation and electrolyte leakage (Garg and Aggarwal, 2012). 355 

Reduced glutathione (GSH) is a low molecular weight tripeptide (γ-L-glutamyl-L-356 

cysteinyl-glycine) which plays a key role as a non-enzymatic antioxidant in plant defense 357 

system against environmental stressors (Hossain et al., 2010). It functions in the antioxidant 358 

defense and glyoxalase (Gly) systems by directly and indirectly controlling ROS, 359 

methylglyoxal (MG) and their reaction products (Hossain et al., 2012). Studies have shown 360 

that in addition to detoxification, complexation, chelation, and compartmentalization of 361 

metals, GSH by itself and its metabolizing enzymes notably glutathione-S-transferase (GST), 362 

glutathione peroxidase (GPX), glutathione reductase (GR), Gly I and Gly II, protect against 363 

ROS- and MG-induced damage (Hossain et al., 2012). GSH functions with ascorbic acid 364 
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(AsA) via the AsA-GSH cycle to control H2O2 (Foyer and Noctor, 2005) and it is synthesized 365 

into phytochelatin (PC) which complexes metals (Blum et al., 2007). GSH-glutathione 366 

disulfide (GSSG) redox couple buffers cellular homeostasis and control signaling systems 367 

including the activation of genes that encodes GSH and AsA related enzymes (Gill et al., 368 

2013). The extent to which AMF and GSH can moderate CFA-induced phytotoxicity 369 

depends of several factors including the concentration of GSH or AMF, species of AMF, 370 

plant type, the prevailing rhizosphere or plant conditions (Emamverdian et al., 2015).  371 

The results of this current study showed that the co-application of CFA-contaminated 372 

ASL soil with AMF or GSH played notable roles in mitigating the CFA-induced 373 

phytotoxicity in switchgrass plant. The AMF, R. clarus used in this study enhanced plant 374 

growth, increased foliage and root number, reduced lipid peroxidation, prevented leaf 375 

chlorosis, and enhanced the concentration of intact genomic dsDNA. Similarly, exogenous 376 

GSH application mitigated CFA-induced phytotoxicity. However, the mitigation potential of 377 

GSH compared to AMF was limited by the CFA concentration. This requires further studies 378 

to identify the optimum GSH concentration that will be most effective for mitigating CFA-379 

induced phytotoxicity at varying exposure concentrations to CFA. There are several studies 380 

that have reported the potential of AMF (Firmin et al., 2015; Garg and Singh, 2018) and/or 381 

exogenous GSH (Chen et al., 2010; Wei et al., 2010)  to mitigate phytotoxicity induced by 382 

exposures to PTEs in single exposure bioassays. However, in reality, the environment is 383 

exposed to a mixture of contaminants. Therefore, assessing the mitigation potential of AMF 384 

and GSH against the phytotoxicity induced by a contaminant mixture such as CFA at 385 

environmentally-relevant concentrations make this study very significant. 386 

 387 

5. Conclusion 388 
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This study investigated biological (arbuscular mycorrhizal fungi, R. clarus) and 389 

chemical (exogenous glutathione) methods to mitigate and/or manage coal fly ash-induced 390 

phytotoxicity in coal fly ash contaminated soil. Results showed a concentration-dependent 391 

increase in phytotoxicity of coal fly ash against switchgrass plant impairing plant growth, 392 

inducing chlorosis and lipid peroxidation. However, co-application with R. clarus mitigated 393 

the coal fly ash-induced phytotoxicity, enhanced plant growth and prevented lipid 394 

peroxidation and chlorosis. Co-application of R. clarus (3-5%) with coal fly ash (up to 15%) 395 

in Armour silt loam soil is recommended for efficient mitigation of phytotoxicity. Whereas, 396 

the phytotoxicity mitigation potential of exogenously applied glutathione was limited by the 397 

concentration of the coal fly ash. Further studies are required to optimize these biological and 398 

chemical phytotoxicity mitigation strategies for use in the management and phytoremediation 399 

of coal fly ash polluted environments. Also, assessing the joint effects of R. clarus and 400 

glutathione in mitigating coal fly ash-induced phytotoxicity may be necessary to empirically 401 

determine if these two agents have synergistic effects. 402 
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