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Abstract
The present work provides an insight into the development of biochemical adaptations in mung beans against ozone  (O3) 
toxicity. The study aims to explore the  O3 stress tolerance potential of mung bean genotypes under exogenous application 
of growth regulators. The seeds of twelve mung bean genotypes were grown in plastic pots under controlled conditions in 
the glasshouse. Six treatments, control (ambient ozone level 40–45 ppb), ambient  O3 with ascorbic acid, ambient ozone 
with silicic acid, elevated ozone (120 ppb), elevated  O3 with ascorbic acid (10 mM), and elevated ozone with silicic acid 
(0.1 mM) were applied. The  O3 fumigation was carried out using an  O3 generator. The results revealed that ascorbic acid 
and silicic acid application decreased the number of plants with foliar  O3 injury symptoms in different degrees, i.e., zero, 
first, second, third, and fourth degrees; whereas 0–4 degree symptoms represent, no symptoms, symptoms occupying < 1/4, 
1/4–1/2, 1/2–3/4, and > 3/4 of the total foliage area, respectively. Application of ascorbic acid and silicic acid also prevented 
the plants from the negative effects of  O3 in terms of fresh as well as dry matter production, leaf chlorophyll, carotenoids, 
soluble proteins and ascorbic acid, proline, and malondialdehyde (MDA) contents. Overall, silicic acid application proved 
more effective in reducing the negative effects of  O3 on mung bean genotypes as compared to that of the ascorbic acid. Three 
mung bean genotypes (NM 20–21, NM-2006, and NM-2016) were identified to have a better adaptive mechanism for  O3 
toxicity tolerance and may be good candidates for future variety development programs.

Keywords Antioxidants · Growth regulators · Plant biomass · Tropospheric ozone

Introduction

Global climate change; an essential ecological concern is 
associated with many factors like temperature rise, altera-
tions in precipitation patterns, and rising levels of green-
house gases (Xu et al. 2021). Amongst greenhouse gases, 
the ever-increasing level of tropospheric  O3 is causing 

significant losses in the productivity of crops as compared to 
any other air pollutant (Ren 2021). The highly oxidative gas 
 O3 has established damaging effects on both plant growth 
and human health (Pires et al. 2014; Nuvolone et al. 2018). 
The  O3 concentration has become doubled in the Northern 
Hemisphere since the preindustrial period (Yeung et al. 
2019) and is currently increasing at a rate of 0.5–2% per 
year due to changes in the release of precursor compounds 
from industrial activities (Saunier and Blande 2019). Tropo-
spheric  O3 level is predicted to rise by a further 20% over 
the next 50 years (Prather et al. 2003). Rising  O3 is also a 
hidden danger for food security and is believed to result in 
global yield losses of up to 16% depending upon crop spe-
cies (Sharps et al. 2021).

The problem of climate change linked with rising green-
house gas levels is particularly serious in developing countries 
like Pakistan (Hussain et al. 2020). Moreover,  O3  damage 
is expected to expand more widely and efficiently in densely 
populated areas of Indo-Pakistan (Khan et al. 2016). Studies 
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involving the  O3 effects have mainly been focused on cereals 
and legumes in this (Indo-Pak) region (Tiwari and Agrawal 
2009). Despite the fact that developing countries have a mini-
mum contribution to greenhouse gas emissions, these are 
more threatened by climate change than developed countries. 
Hence, mitigation strategies to combat  O3 pollution are of 
more importance to these regions (Sofia et al. 2020). The miti-
gating strategies may include exploration of adoptive germ-
plasm, increasing tolerance to  O3 pollution, uncovering plant 
tolerance mechanisms, nutrient management in plants under 
global change scenario, and exogenous supply of plant growth-
promoting substances (Iriti et al. 2003; Soares et al. 2019).

Exogenous application of growth regulators to improve 
plant performance under unfavorable conditions has gained 
considerable attention from scientists (Khan et al. 2020). 
Many chemical compounds are known to provide protection 
to plants from  O3 injury (Chaudhary and Rathore 2020). 
These include antioxidants, growth regulators, anti-senes-
cent agents, and pesticides (Daripa et al. 2016). Significant 
progress has been reported regarding the use of protective 
chemicals in reducing the toxic effects of ozone during the 
last 2 decades (Tiwari and Agrawal 2009).

Silicic acid is found effective for plant growth and yield 
parameters when applied as a foliar spray at very minute 
quantities (Jardin 2015). It is cost-effective as well as eco-
friendly and may act as a physical barrier for toxic ele-
ments after depositing the cell wall of different plant tissues 
(Muneer and Jeong 2015). Moreover, ascorbic acid is an 
influential antioxidant, which eradicates the stress-induced 
reactive oxygen species (ROS) and is recommended for 
improvement in crop plants, particularly under unfavorable 
environments (Bellini and Tullio 2019).

Mung bean {Vigna radiate (L.) Wilczek} is a preferred 
legume crop across Asia and other continents due to the 
presence of easily digestible proteins (Rani et al. 2018). 
In Pakistan, mung bean is grown on an estimated area of 
127,500 ha. Keeping in view the rising global  O3 concen-
tration, it is time to consider the options for increasing the 
tolerance of crops to this abiotic stress. We need to explore 
or develop crop varieties with high productivity potential, 
suitable for predicted future climate changes. Hence, the 
present study has been conducted to investigate the relative 
performance of mung bean genotypes under rising  O3 levels 
and to find out whether and up to what extent the applied 
silicic acid and ascorbic acid can ameliorate the negative 
effects of  O3 on mung bean plants.

Materials and methods

Seeds of twelve available approved mung beans {Vigna 
radiate (L.) Wilczek} genotypes, NM-28, NM 13–1, 
NM19-19, NM 20–21, NM121-25, NM-51, NM-54, 

NM-92, NM-98, NM-2006, NM-2011, and NM-2016 were 
obtained from Nuclear Institute for Agriculture and Biol-
ogy (NIAB), Faisalabad, Pakistan. The experiment was 
conducted in soil-filled pots under controlled conditions 
of a glasshouse at NIAB Faisalabad with six treatments 
and three replicates. The seed samples were sterilized with 
0.2%  HgCl2 before sowing. The study was conducted in 
a split-plot design with three replications of each experi-
mental unit. After 3 weeks of germination, ascorbic acid 
(10 mM) and silicic acid (0.1 mM) were sprayed with the 
addition of 0.1% tween-20 as surfactant. Tween-20 is a 
nonionic hydrophilic surfactant that helps in the wetting 
of the leaf surface. The aqueous solution applied to the 
leaf surface alone would have fallen off and not adhered 
to the surface, whereas tween-20 helps in spreading the 
spray uniformly and sticking to the surface (Hassan et al. 
2021). The plants were then exposed to elevated  O3 levels 
(120 ppb) using an  O3 generator (AOT-MD-500 model) 
for 4 h per day except for three treatments; control  (O3 
untreated ones), ambient  O3 with ascorbic acid, and ambi-
ent  O3 with silicic acid. The level of  O3 was monitored 
in the glasshouse using an  O3 meter UV photometry  O3 
analyzer (model: 0342e) and was maintained for 15 days 
(Table 4 provided in the supplementary file). Normal air 
was considered a control treatment.

The  O3 damages were measured on the basis of percent 
injury to mature fully enlarged leaves. The foliage injury 
was calculated according to the equation used by Chang 
and Yu (2001) as follows:

where N0, N1, N2, N3, and N4 were the numbers of leaves 
with zero, first, second, third, and fourth degree symptoms 
of ozone injury, respectively; whereas 0–4 degree symptoms 
represent no symptoms, symptoms occupying < 1/4, 1/4–1/2, 
1/2–3/4, and > 3/4 of the total foliage area, respectively. The 
injury was rated by visual estimation. The percentage of 
the injured area on each leaf was recorded according to a 
0–100% scale in 5% increments as adopted by Madkour and 
Laurence (2002).

The harvested shoots and roots of all subjects were 
washed with tap water, blotted with brown paper towels, 
and dried at 70 °C for 72 h. The dry weight was recorded 
using an electric balance. Chlorophyll a, b, and total chloro-
phyll contents were determined using the method described 
by Arnon (1949). The optical density of acetone extracted 
samples was recorded at 645 and 663 nm using a spectropho-
tometer (Hitachi U-2001, Japan). Total carotenoid contents 
were calculated using the formula of Arnon (1949).

Protein estimation was made by the Bradford method 
(Bradford 1976). The absorbance of Bradford reagent 

Foliage injury % =
(N1 × 1) + (N2 × 2) + (N3 × 3)(N4 × 4)

(N0 + N1 + N2 × +N3 + N4) × 4
× 100
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treated samples was noted at 595 nm using the spectro-
photometer (Hitachi U-2001, Japan). Total soluble sugars 
were measured following the Yemm and Willis (1954) 
method. The ethanolic extracted samples were treated 
with anthrone reagent, boiled and cooled. The absorbance 
was noted at 625 nm using a spectrophotometer (Hitachi 
U-2001, Japan).

MDA contents were calculated following the method of 
Cakmak and Horst (1991). Total phenolic contents (TPC) 
were calculated using the Folin–Ciocalteu reagent with some 
modifications of the Wolfe et al. (2003) method. Ascorbic 
acid was determined using the protocol of Mukherjee and 
Choudhuri (1983). For ascorbic acid estimation, TCA (6%) 
extracted material was treated with 2, 4-dinitrophenyl hydra-
zine (2%) and one drop of 10% thiourea. The mixture was 
boiled in a water bath, cooled and treated with sulfuric acid 
(80%). Absorbance was recorded at 530 nm using a spectro-
photometer (Hitachi U-2001, Japan) with 6% TCA as blank. 
Leaf proline contents were determined following the method 
of Bates et al. (1973). The absorbance of the reaction solu-
tion was taken at 520 nm.

Statistical analysis

The collected data were subjected to statistical analysis to 
test the significance of differences among mean values using 
CoStat software version 6.303. Logarithmic transformations 
were carried out for data normalization, where necessary, 
prior to analysis. The relationships between various analyzed 
variables (Fig. 4) and principal component analysis (Fig. 5) 
were carried out using RStudio software.

Results

The shoot fresh weight value of all mung bean genotypes 
declined significantly under high tropospheric  O3 levels as 
compared to control. Foliar application of ascorbic acid and 
silicic acid significantly improved (P ≤ 0.05) shoot fresh 
weight at ambient  O3 level by 53 and 57%, respectively, 
while these also improved shoot fresh weight by 22 and 
24%, respectively, in elevated  O3 stressed plants as compared 
to  O3 untreated plants. Results indicated that mung bean 
genotypes, NM 20–21, NM 2006, and NM 2016 showed a 
minimum reduction in shoot fresh weight under  O3 stress 
(Fig. 1).

Analysis of variance of data showed that root fresh 
weight of  O3-treated plants decreased in mung bean geno-
types used in the study, but the interaction between  O3 
level, varieties, and treatments was not found significant 
(Table 1). Foliar application of silicic acid and ascor-
bic acid increased root fresh weight up to 54 and 42%, 

respectively, in elevated  O3 stressed plants while 64 and 
62% in  O3 unstressed plants (Fig. 1).

Shoot dry weight and root dry weight of all mung bean 
genotypes were decreased significantly under elevated  O3. 
Foliar application of ascorbic and silicic acid under ele-
vated  O3 levels increased the shoot dry weight (P < 0.01) 
up to 32 and 41%, as compared to untreated plants (50 and 
51%), respectively (Fig. 1). But the interaction between  O3 
level, varieties, and treatments was not found significant 
on root dry weight. The silicic acid foliar application was 
found to be more effective in improving the biomass of 
mung bean genotypes than that of ascorbic acid application.

Elevated  O3 levels produced a remarkable decrease 
in chlorophyll a and b contents of mung bean genotypes. 
Results revealed that mung bean variety NM-51 and NM-98 
showed a decrease in chlorophyll a and b contents, respec-
tively. However, foliar application of ascorbic acid and silicic 
acid exhibited more significant improvement (P < 0.001) 
in chlorophyll a and chlorophyll b contents at an ambient 
level in NM-54 and NM-2011varieties, while genotype 
NM- 51 and NM 13–1 showed maximum improvement in 
chlorophyll a and chlorophyll b content under elevated  O3 
level, respectively (Fig. 2). Total chlorophyll contents were 
decreased in mung bean genotypes under a higher level of 
 O3 treatment. Mean values of the attribute in all subjects 
indicated that NM-2016 produced maximum, while NM- 
13–1 produced minimum total chlorophyll contents under  O3 
stress. Foliar application of both growth regulators increased 
significantly (P ≤ 0.001) total chlorophyll contents under  O3 
stress effectively (Fig. 2).

All the mung bean genotypes displayed differential 
responses against elevated  O3 levels regarding carotenoid 
accumulation. Elevated  O3 decreased the carotenoid contents 
in NM 13–1, NM 51, and NM 28, while all other genotypes 
depicted an increase in carotenoid contents. Both growth 
regulators helped to increase (P < 0.01). Carotenoid contents 
(20%) in  O3 stressed and unstressed (43 and 33%) plants 
(Fig. 2). The silicic acid application was found to be more 
effective in improving the pigment contents of mung bean 
genotypes than that of the ascorbic acid application.

Exposure of mung bean plants to elevated  O3 levels 
increased the foliar injury on the upper surface leaves. The 
foliar injury became more severe as plants grew older. Severe 
injury symptoms under elevated  O3 stress were observed in 
the variety NM-51. The foliar injury symptoms in variety 
ranged between 36.45%. Foliar application of both growth 
regulators significantly (P < 0.001) proved to be helpful in 
reducing the  O3-induced injury symptoms. Ascorbic acid 
and silicic acid application resulted in less injury in variety 
NM-92 (18.24%) and NM-2006 (17.33%), respectively, at 
ambient  O3 levels, while NM-2016 (20.48%) and NM-2006 
(20.83%) varieties showed less injury by ascorbic acid and 
silicic acid application under elevated  O3 levels (Table 2).
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Exogenous application of ascorbic acid and silicic acid 
enhanced the soluble protein contents in  O3 treated plants 
as compared to untreated plants (Fig. 3), but the interaction 
between  O3 level, varieties, and treatments was not found 
significant. Total soluble sugar contents decreased by 37% 
under  O3 stress than that of  O3 untreated plants. Ascorbic 
acid and silicic acid foliar application increased significantly 
(P ≤ 0.001) total soluble sugar contents by 33 and 29% in 
plants exposed to elevated  O3 levels, while 56 and 45% in 
ambient  O3 level exposed plants, respectively. Mung bean 
genotype NM-2016 displayed higher total soluble sugar con-
tents, while NM-98 showed lower sugar contents as com-
pared to all other genotypes (Fig. 3).

The elevated level of  O3 impacted the proline content 
in all twelve mung bean varieties. In variety NM- 98, a 
substantial increase due to  O3 pollution was seen. Foliar 
application of ascorbic acid and silicic acid influenced this 
variable, but the interaction between  O3 level, varieties, and 
treatments was not found significant (Fig. 3). MDA con-
tents were increased by19% under  O3 stress conditions. The 
response of all cultivars was different regarding leaf MDA 
contents under  O3 stress with and without foliar application 
of growth regulators, but the interaction between  O3 level, 

varieties, and treatments was not found significant in the 
study (Fig. 3). An increase in total phenolic contents (TPC) 
was recorded in all mung bean genotypes under  O3 stress 
as compared to plants growing in the ambient  O3 environ-
ment. Mung bean variety NM 20–21 showed the maximum 
value for TPC, while NM-51 showed the minimum value of 
TPC, but the effect of foliar application of ascorbic acid and 
silicic acid on TPC contents under elevated  O3 levels was 
not found significant (Table 3). A higher value of ascorbic 
acid was recorded in variety NM-2006 than all other geno-
types. Ascorbic acid contents of plants increased up to 27% 
under  O3 stress as compared to the plants growing under the 
ambient level of  O3; however, foliar application of growth 
regulators significantly (P ≤ 0.01) enhanced the ascorbic 
acid content (Table 3).

A Pearson’s correlation graph was also developed to 
depict a relationship between various growth and physio-
biochemical parameters of different mung bean varieties 
under elevated  O3 using the foliar application of ascorbic 
acid and silicic acid (Fig. 4). Leaf injury was positively 
correlated with each other but negatively correlated with 
all other morphological and physiological attributes in 
mung bean varieties. Although MDA contents were also 

Fig. 1  Effect of ascorbic acid and silicic acid on shoot fresh weight 
(a), shoot dry weight (b), root fresh weight (c), and root dry weight 
(d) of mung bean varieties under elevated  O3 levels. T0 = ambient 

 O3 level 40–45  ppb, T1 = ambient  O3 + ascorbic acid, T2 = ambient 
 O3 + silicic acid, T3 = elevated  O3 level 120  ppb, T4 = elevated  O3 
level + ascorbic acid, T5 = elevated  O3 level + silicic acid
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negatively correlated with plant growth and biomass, pho-
tosynthetic efficiency positively correlated with leaf injury 
and soluble protein. This relationship depicted a close con-
nection between plant growth and composition in mung 
bean varieties under  O3 stress conditions.

The loading plots of PCA to illustrate the effect of  O3 
toxicity under the application of ascorbic acid and silicic 
acid in various varieties of mung beans are presented in 
Fig. 5. In the whole database, Dim1 and Dim2 exhibited 
maximum contribution and occupy more than 61% of all 

Fig. 2  Effect of ascorbic acid and silicic acid on chlorophyll a (a), 
chlorophyll b (b), total chlorophyll (c), and carotenoids content (d) of 
mung bean varieties under elevated  O3 levels. T0 = ambient   O3 level 

40–45 ppb, T1 = ambient  O3 + ascorbic acid, T2 = ambient  O3 + silicic 
acid, T3 = elevated  O3 level 120 ppb, T4 = elevated  O3 level + ascor-
bic acid, T5 = elevated  O3 level + silicic acid

Table 2  Foliar injury percentage of tested mung bean (Vigna radiata (L.) Wilczek) varieties after 120 ppb  O3 exposure

(%) Foliar injury

Varieties Ambient  O3 Ambient 
 O3 + ascorbic 
acid

Ambient  O3 + silicic acid Elevated  O3 (120 ppb) Elevated 
 O3 + ascor-
bic acid

Elevated  O3 + silicic acid

NM-28 34.3 ± 1.23d 28.6 ± 0.30e 23.41 ± 0.39f 81.56 ± 1.49a 73.45 ± 0.78b 66.46 ± 1.07c
NM 13–1 36.96 ± 0.90d 22.01 ± 1.58f 27.48 ± 0.30e 84.74 ± 0.70a 64.54 ± 0.33c 77.43 ± 1.09b
NM 19–19 30.49 ± 1.50d 24.4 ± 1.20e 21.08 ± 1.07f 65.23 ± 1.37a 57.13 ± 1.90b 46.40 ± 1.29c
NM 20–21 26.92 ± 1.18d 20.88 ± 1.055e 18.85 ± 0.95f 35.65 ± 0.70a 32.41 ± 1.96b 27.85 ± 1.07c
NM 121–25 28.31 ± 0.85d 19.94 ± 0.75f 21.92 ± 1.18e 61.81 ± 0.66a 42.62 ± 1.08c 55.40 ± 1.13b
NM-51 40.91 ± 1.24d 32.81 ± 1.15e 27.42 ± 1.63f 86.87 ± 1.13a 73.49 ± 1.60b 61.73 ± 1.22c
NM-54 30.62 ± 1.58d 25.65 ± 0.66e 21.75 ± 1.12f 64.91 ± 0.53a 56.64 ± 1.39b 41.64 ± 1.09c
NM-92 27.41 ± 1.37d 21.96 ± 0.87e 17.79 ± 0.82f 59.07 ± 0.96a 44.29 ± 1.26b 35.78 ± 1.03c
NM-98 42.76 ± 0.99d 31.12 ± 1.64e 25.83 ± 1.31f 83.63 ± 1.21a 78.31 ± 1.54b 59.683 ± 5.61c
NM-2006 22.11 ± 0.88d 16.92 ± 1.35f 19.92 ± 1.66e 31.94 ± 0.88a 20.64 ± 1.14c 25.85 ± 0.54b
NM-2011 28.12 ± 1.17d 19.24 ± 0.52f 22.99 ± 0.85e 59.83 ± 1.39a 33.66 ± 1.08c 46.68 ± 0.97b
NM-2016 21.8 ± 1.22c 18.72 ± 1.57e 16.36 ± 1.91f 28.27 ± 1.25a 23.63 ± 0.41b 19.94 ± 0.11d
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databases. Among which, Dim1 exhibits 43.7%, and Dim2 
exhibits 17.1%. All studied parameters were distributed suc-
cessfully in the database, which is giving a clear indication 
that  O3 stress causes a significant effect on the growth and 
physiology of all mung bean varieties. From the results, it 
can be indicated that leaf injuries are positively correlated; 
malondialdehyde, total protein, and soluble protein contents 
were almost neutral in the database, and shoot fresh weight, 
shoot dry weight, total soluble sugar, ascorbic acid content, 
root fresh weight, root dry weight, total chlorophyll content, 
and carotenoid content are negatively correlated with other 
studied attributes in the whole database.

Discussion

The significant reduction in shoot and root fresh and dry 
matter under elevated  O3 was recorded during the present 
investigation and it could be related to altered partitioning 
of assimilates among different plant parts (Ghosh et al. 
2020) due to a decrease in photosynthesis and carbon 
allocation (Emberson et al. 2018). The positive effects of 
silicic acid on plant growth and biomass production could 
be due to the involvement of silicon in cell division and 

elongation processes as well as in improvements in pho-
tosynthesis and light interception (Farooq et al. 2015). 
Moreover, the role of ascorbic acid as a cofactor of diox-
ygenases during the biosynthesis of auxins (IAA) and 
gibberellins (GA) had been documented (Mahmood and 
Dunwell 2020). Hence, enhanced plant growth in terms of 
biomass production as observed during the present study 
could be due to stimulation of IAA and GA synthesis by 
exogenous ascorbic acid supply, which in turn increased 
plant biomass production.

Pigment determination results of the current study 
indicated that chlorophyll and carotenoid contents were 
decreased under  O3 stress in all mung bean genotypes. The 
decrease in chlorophyll and carotenoid contents under higher 
 O3 levels is due to damage to mesophyll cells (Maamar et al. 
2015; Fatima et al. 2019). Our results also indicated the 
positive effects of ascorbic acid application on chlorophyll 
and carotenoids contents are due to the scavenging of reac-
tive oxygen species (ROS) in leaves either by reducing their 
diffusion or increasing their detoxification under  O3 stress 
(Akram et al. 2017). Similarly, the silicic acid application 
was more effective in enhancing chlorophyll and carotenoid 
contents as recorded during the current investigation and the 
same has been reported by Maghsoudi et al. (2015).

Fig. 3  Effect of ascorbic acid and silicic acid on total soluble pro-
tein (a), total soluble sugars (b), proline (c), and MDA content (d) of 
mung bean varieties under elevated  O3 leveld. T0 = ambient  O3 level 

40–45 ppb, T1 = ambient  O3 + ascorbic acid, T2 = ambient  O3 + silicic 
acid, T3 = elevated  O3 level 120 ppb, T4 = elevated  O3  level + ascor-
bic acid, T5 = elevated  O3 level + silicic acid
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Fig. 4  Relationship between different variables of mung bean varie-
ties under elevated  O3 with application of ascorbic acid and silicic 
acid. Different abbreviations used are as follows: SFW, shoot fresh 
weight; SDW, shoot dry weight; TSS, total soluble sugar; AsA, ascor-
bic acid contents; RFW, root fresh weight; RDW, root dry weight; 
TC, total chlorophyll content; Carot, carotenoid content; L (1–5), 
leaves with 1–5% injury; L (2–25), leaves with 2–25% injury; L 
(>25), leaves with more than 25% injury; MDA, malondialdehyde 
content; SP, soluble protein

Fig. 5  Loading plots of principal component analysis (PCA) on vari-
ous attributes (morphological and physiological)of different varieties 
of mung bean under elevated  O3 with foliar application of ascorbic 
acid and silicic acid. Different abbreviations are as follows: SFW, 
shoot fresh weight; SDW, shoot dry weight; TSS, total soluble sugar; 
AsA, ascorbic acid contents; RFW, root fresh weight; RDW, root dry 
weight; TC, total chlorophyll content; Carot, carotenoid content; L 
(1–5), leaves with 1–5% injury; L (2–25), leaves with 2–25% injury; 
L (>25), leaves with more than 25% injury; MDA, malondialdehyde 
content; SP, soluble protein
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The foliar injury symptoms due to excessive tropospheric 
 O3 as recorded during the current experiment had also been 
reported by Leung et al. (2020). The results of the present 
investigation also indicated purple or brown stipples, necro-
sis, tip or margin burns, and abscission of leaves due to 
elevated  O3 levels (Feng et al. 2014). Visible foliar injury 
symptoms (chlorosis) could be due to the breakdown of chlo-
rophyll molecules as elevated  O3 induced oxidative burst in 
leaves and excessive accumulation of ROS leading to leaf 
chlorosis and necrosis (Sharps et al. 2021). Palisade meso-
phyll cells are the principal target of  O3 damage, according to 
studies. Furthermore, palisade cells in plants exposed to  O3 
were substantially shorter than those in plants kept in filtered 
air. The presence of clusters of necrotized and collapsed cells 
in which only the remains of the organelles could be seen was 
verified by ultrastructural studies of mesophyll. Programmed 
cell death and other necrosis had occurred in some of the 
cells that formed the lesion. The aberrant growth of enlarged 
thylakoids was the most evident change produced by pro-
longed  O3 exposure, as measured in (Faoro and Iriti 2005; 
Faoro and Iriti 2009). The protective role of ascorbic acid for 
photosynthetic pigments and other cellular components from 
oxidative damage as evident from the results of the current 
experiment is due to its detoxification capacity of ROS pro-
duced under  O3 stress (Ardebili et al. 2015). Moreover, the 
silicic acid foliar application also increased the activities and 
accumulation of ROS detoxifying enzymes and antioxidants 
(Moradtalab et al. 2018) and hence prevented the plants from 
negative effects of elevated  O3 in terms of foliar injury.

A decrease in total soluble sugar contents of mug beans 
growing under elevated  O3 levels is likely to be the effect 
of ozone on photosynthesis, carbohydrates distribution, and 
gas exchange (Grulke and Heath 2020), which decreases the 
overall metabolic turnover in the cell. Moreover, Sanches et al. 
(2019) reported a decrease in carbohydrates of potato leaves 
at a concentration of 60 ppb  O3 due to the damage to the 
outer membrane of the cell. The positive effects of the applied 
growth regulators as recorded during the present study had 
also been reported by other researchers. For instance, Coskun 
et al. (2016) reported that silicic acid applications resulted 
in higher soluble sugar content in plants. Likewise, Mekki 
et al. (2015) reported that ascorbic acid application increased 
the total soluble sugars that might be due to the significant 
increase in photosynthetic pigments, which are reflected in the 
photosynthesis process and led to increases in sugar contents.

The increasing trend of soluble proteins in mung beans 
growing under elevated  O3 levels as observed during the 
current study had also been reported in other crops such as 
soybean (Ahsan et al. 2010). The silicic acid foliar applica-
tion further enhanced the protein contents, which may be the 
result of a reduction in oxidative damage of cells caused by 
higher  O3 levels as compared to ambient conditions (Ma and 
Takahashi 2002). In addition, protein contents had also been 

steadily increased by exogenous application of ascorbic acid 
that might be due to increased nitrogen; the building block 
of protein synthesis (Ejaz et al. 2012).

The level of  O3 exposure has been demonstrated to cor-
relate with MDA concentration, which measures the condi-
tion and integrity of a membrane by measuring the degree 
of lipid peroxidation. Furthermore,  O3 treated plants had 
higher MDA levels, demonstrating that the status of mem-
brane lipid peroxidation is related to the level of  O3 exposure 
in plants (Iglesias et al. 2006). MDA may harm plant cells by 
covalently altering the thiol groups of peptides and interact-
ing with other biological components. Moreover, most non-
enzymatic lipid peroxidation products initially accumulate 
within membranes and can disrupt the selective permeability 
of the lipid bilayer (Sattler et al. 2006). The effectiveness of 
the exogenous application of ascorbic acid in decreasing the 
MDA content under  O3 stress as recorded during the current 
investigation is due to its enhancing membrane characteris-
tics ability and antioxidative potential (Elkeilsh et al. 2019). 
Similarly, silicon application had been reported to reduce 
MDA contents by decreasing the plasma membrane perme-
ability of leaf cells (Hasanuzzaman et al. 2020) and hence 
can protect the plants from the damaging effects of  O3 as 
indicated by the results of the present study.

Proline levels in  O3  contaminated mung bean leaves 
increased considerably in the current study because proline 
helps to stabilize subcellular structures (e.g., membranes and 
proteins), scavenge free radicals, and buffer cellular redox 
potential under stress circumstances (Ashraf and Foolad 2007). 
However, Hemmati et al. (2018) observed that the application 
of ascorbic acid-induced tolerance to stress reduced the reac-
tive oxygen species by increasing antioxidant enzyme activity. 
Silicon foliar application increased proline levels in plants as 
compared to those treated with  O3 stress because proline is 
considered a biochemical indicator of stress and an osmotic 
regulator (Mauad et al. 2016). The enhancement in total phe-
nolic contents in mung bean genotypes due to  O3 stress pointed 
toward a link between increased phenolic content and impaired 
growth. It had been suggested that the allocation of carbon 
in  O3 exposed plants was changed toward the formation of 
phenolics (Wang et al. 2018). Furthermore, phenolics also act 
as antioxidants and show protective properties against ROS 
(Phuyal et al. 2020). The increase in total phenolics due to 
foliarly applied ascorbic could be explained by the fact that 
ascorbic acid activates some kind of gene regulatory mecha-
nism to stimulate the functioning of nonenzymatic antioxi-
dants (Halimeh et al. 2013). Similarly, silicon application had 
been found to improve secondary metabolism by promoting 
the formation of phenolic compounds and structural functions 
(Filha et al. 2011).

The results obtained from the present study establish dif-
ferential responses of all twelve mung bean genotypes with 
the foliar application of two different growth regulators under 
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high  O3 levels (120 ppb). Four genotypes of mung bean (NM 
28, NM 13–1, NM-51, and NM-98) were found to be sensitive; 
five genotypes (NM 19–19, NM 121–25, NM-54, NM-92, and 
NM-2011) were moderately sensitive, while three genotypes 
(NM 20–21, NM-2006, and NM-2016) tolerated  O3 stress. 
Foliar application of ascorbic acid and silicic acid remuner-
ated the negative effects of  O3 pollution by restructuring the 
metabolic flux in terms of reduced visible injury, growth main-
tenance, and an upturn of antioxidant profile. The application 
of 0.1 mM silicic acid was found to be more operative than 
10 mM ascorbic acid in reducing the negative effects of  O3 
damage in the subject genotypes of mung bean. The  O3 stress 
tolerance behavior of the signposted genotypes (NM 20–21, 
NM-2006, and NM-2016) may be explored at a molecular 
level in the future and could be used as blood in varietal devel-
opment programs of mung beans in the country.
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