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Abstract

The effect of foliar-applied vanillic acid (VA) on biomass, photosynthesis, oxidative stress, antioxidant enzyme
activities and uptake of chromium (Cr) in maize plants under varying levels of Cr stress was assessed. The experiment
comprised the maize cultivar Malka-2016, three levels of Cr stress (0, 100 and 500 uM), and VA (0, 0.2 and 0.4 mg/L)
applied as a foliar spray. The results showed that Cr stress markedly decreased the physiological and morphological
characteristics including gas exchange attributes, non-enzymatic compounds, and the activities of enzymatic antioxidants.
However, foliar-applied VA significantly increased plant dry weight and improved the gas exchange attributes such as rate of
transpiration, photosynthesis and stomatal conductance of maize plants under stress and non-stress conditions. A positive
influence of VA was also found on the activities of superoxide dismutase, peroxidase and catalase enzymes and the levels of
glycinebetaine and proline. Overall, foliar application of VA significantly enhanced Cr stress tolerance in maize plants by
improving gas exchange attributes and antioxidant defense system.
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Introduction

Chromium (Cr) is a toxic heavy metal that
considerably contaminates most of the agricultural soils
(Hussain et al., 2018). It is released in the environment due
to many human activities such as electroplating and leather
tanning effluents. It is believed to pose a potential threat to
plant germination, photosynthesis, and mineral nutrition,
and cause oxidative stress (Gomes ef al., 2017). Chromium
enters in the food chain through plant roots when exposed
to Cr-stressed soil. It is affected by soil pH, electrical
conductivity and metal competition and plant related
aspects such as plant species, growth conditions and stages
as well as root system (Ertani et al., 2017). Cr stress causes
various hazardous influences on morphological parameters
of plants such as shoot length, root surface area, biomass,
and root hairs (Shahid et al., 2017). Higher concentration of
Cr also causes a decrease in gas exchange attributes like
transpiration rate, photosynthetic rate, water use efficiency
and stomatal conductance as well as chlorophyll contents
(Ma et al., 2016). High concentration of Cr may also result
in ultra-structural changes in plants (Gill et al., 2015a). It
also causes oxidative stress in plants due to high production
of reactive oxygen species (ROS) (Ma et al., 2016). Plants
have their own defense system which comprises both
enzymatic and non-enzymatic antioxidants. But Cr toxicity
alters antioxidant enzyme activities due to which overall
plant growth is severely affected (Chen et al., 2017).

Maize is the third most cultivated grain crop after rice
and wheat (Mal-covska et al., 2014). It is considered as
the most significant staple crop in many countries around
the world (Anon., 2017). Its production in arid and semi-
arid regions is badly affected by various stresses such as
salinity, water scarcity, heat stress, pest invasion and
metal toxicity (Abd-El Majeed et al., 2017). Although
maize is considered as a possible aspirant for

phytoextraction, at high levels of metals including
chromium, its growth and yield are adversely affected
(Rizvi & Khan, 2018).

To cope with Cr toxicity in plants and its increased
uptake, multiple strategies have been employed (Jabeen et
al., 2016). The production of secondary metabolites such as
phenolic compounds play a vital role in plant protective
system against abiotic environmental problems (Keskitalo,
2003). It is believed that phenolic compounds even at very
low concentrations enable plants to produce phenolic
glycoside linkages which might play an efficient role in plant
defense (Kleiner ef al., 1999; Kumar et al., 2020). Vanillic
acid (VA) is a benzoic acid derived phenolic molecule. VA is
an oxidized molecule of vanillin. It is used for flavoring
purposes, as a food additive and a preservative in food
industry. It is obtained from cereals such as whole grains,
fruits, herbs, green tea, beers, wines, and juices (Almeida et
al,, 2016). Moreover, VA has several pharmacological
properties such as anti-inflammatory, antioxidant,
neuroprotective, hepatoprotective and cardioprotective
(Sharma et al., 2020). Bhuyan et al., (2020) stated that
supply of vanillic acid improved the activities of antioxidants
in Cd-stressed rice plants. It has already been reported that
VA significantly improved plant growth and minimized
membrane damage in tomato plants stressed with saline
stress (Parvin et al., 2020). Phenolic compounds may
stimulate protein synthesis and antioxidants even at very low
concentrations (Hegab, 2005). Vanillic acid is one of the
most important phenolics being used as natural antioxidants
(Zhang et al., 2008), and VA has been identified in different
plants such as Chenopodiastrum murale L. (Batish et al.,
2007) and sweet clover (Macias et al., 1999). It was
hypothesized that foliar application of vanillic acid on maize
plants could improve their morphological, physiological, and
biochemical responses to Cr toxicity. Owing to the
importance of phenolic compounds in plant defense under
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stress conditions, the current research was designed to assess
the ameliorating role of vanillic acid on maize plants under
chromium stress.

Table 1. Physicochemical properties.

Soil type Sandy clay loam
Sand 46
Clay 32
Silt 22
pH 7.65
EC 2.92dSm’!
SO, 6.59 mmol kg™
Na' 3.8 mmol kg
K" 0.07 mmol kg™
Available Cr** 0.18 mg kg™

Materials and Methods

Soil analysis and growth conditions: The sandy clay
loam soil was used for the present experiment. The
physicochemical characteristics are presented in Table 1.
The characteristics of the soil used for experimentation
were determined following Abbas et al.,, (2017). The
Bouyoucos (1962) hydrometer method was used to
measure soil particle size. However, soil pH, EC, sodium
adsorption ratio (SAR) and soluble ions were analyzed by
using methods of Page ef al., (1982). Bioavailable trace
elements in the soil samples were calculated by extracting
the samples following the method of Soltanpour (1985).
The current experiment was planned to examine the role
of exogenous treatment of vanillic acid in decreasing the
negative effects of chromium stress on maize (cultivar
Malka-2016) plants. This maize cultivar was developed
primarily for high yield, protein, and fiber content (Nawaz
et al., 2019), but its tolerance to various stresses including
Cr stress is not known yet. A completely randomized
study (four replicates of each treatment) was set-up in the
Botanical Garden of the Government College University,
Faisalabad, Pakistan, during February to June, 2019. Each
pot was filled with 8 kg sandy clay loam soil. The seeds
were carefully sown at a rate of eight seeds per pot. After
seed germination, thinning of plants was done to retain
five seedlings per pot. After two-week growth, inorganic
fertilizers were supplied at the rate of 2.14 mg kg of
potassium sulfate, 2.19 mg kg™ of urea and 0.5 mg kg™ of
di-ammonium phosphate in each pot as a source of
potassium, nitrogen and phosphorous, respectively. After
four weeks of growth, varying levels of chromium (0, 100
and 500 pM) stress were applied in the soil medium.
Then, after three weeks of chromium stress, three
different levels of vanillic acid (0, 0.2 and 0.4 mg L)
were sprayed to plant leaves. Vanillic acid was sprayed
four times during the whole experiment. First spray was
done after seven weeks of germination, whereas second,
third and fourth sprays were done after 9, 11, and 13
weeks of germination, respectively. All the times, the
same volume, i.e., 25 mL per plant of each treatment of
vanillic acid were applied to the foliage of plants grown in
each pot by carefully avoiding the addition of VA to the
soil. Then, data were collected for different attributes after
three months and three weeks from the start of the
treatments. The plants harvested and root and shoot dry
weights were accurately measured.
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Chlorophyll contents: Chlorophyll pigments were
estimated following the method of Arnon (1949). The
absorbance of the extract was recorded at 663, 645 and
480 nm.

Determination of free proline: Following Bates et al.,
(1973), 0.5 g leaf sample was ground in 10 mL of 3%
sulfosalicylic acid. The reaction mixture was shaken
vigorously, and its absorbance recorded at 520 nm.

Determination of glycinebetaine: Dry leaves (each
sample 0.5 g) were crushed in 10 mL of 5% toluene and
the mixture was kept overnight at 4°C (Grieve & Grattan,
1983). To 1.0 mL of the supernatant, 2 N sulfuric acid
solution was added. Then, to 0.5 mL of the mixture, 0.2
mL of potassium tri-iodide (KI3) was added. After it, 2.8
mL of ice cooled distilled water and 6 mL of 1, 2
dichloroethane were added to it. Two layers appeared and
lower layer was used to read at 365 nm.

Estimation of electrolyte leakage (EL), hydrogen
peroxide (H,0,) and malondialdehyde (MDA):
Following Dionisio-Sese & Tobita (1989), the EL,
Velikova et al., (2000), hydrogen peroxide and the
procedure of Cakmak and Horst (1991) were used to
determine the lipid peroxidation (MDA) in the maize leaf
and root samples.

Antioxidant enzyme activities: Fresh leaf (each 0.5 g)
were ground each in 5 mL of potassium phosphate buffer
of pH 7.8, centrifuged, and the supernatant was used for
estimating the activities of antioxidant enzymes. The
method of Giannopolitis & Ries (1977) was adopted to
determine the activity of superoxide dismutase (SOD) and
noted OD at 560 nm. The activities of catalase (CAT) and
peroxidase (POD) were determined as described by
Chance & Macehly (1955).

Gas exchange parameters: The method of Shakoor et
al., (2014) was employed to measure various gas
exchange attributes such as photosynthetic rate,
transpiration rate and stomatal conductance in maize
plants using an Infra-Red Gas Analyzer (LCA-4,
England). The data were recorded at maximum light
intensity during day-time.

Determination of chromium (Cr): For the estimation of
chromium concentration in plant shoots, by digesting the
samples as reported by Rehman ef al., (2015). Then, the
Cr level was estimated using an atomic absorption
spectrophotometer (Shimadzu, Model AA-6300).

Statistical analysis

To work out if different treatments had a significant
effect on various growth and physiological attributes, the
data was subjected to ANOVA using SPSS. The Duncan’s
multiple range test was worked out at p<0.05 to check
significance of different treatments.
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Table 2. Mean squares derived from analysis of variance (ANOVA) of data for growth and some key physio-biochemical
attributes of maize plants subjected to foliar-applied varying levels of vanillic acid under different levels of chromium stress.

Source of variation | df | Root dry weight |Sh00t dry weight| Chl. a | Chl b | Transpiration rate
Chromium stress (Cr) 2 2.617%%* 12.53%%* 4.45%%* 1.67%%* 6.97#4*
Vinillic acid (VA) 2 1.657*** 9.059%** 1.240%*** 0.694*** 2.067***
Crx VA 4 0.0121ns 0.216ns 0.003ns 0.020ns 0.004ns
Error 18 0.028 0.125 0.016 0.018 0.030
Photosynthetic rate Stomatal Root MDA Leaf MDA Root H,0,
conductance
Chromium stress (Cr) 2 147.3%** 3480.1*** 998. 1#** 1348.6%** 10685.0%**
Vinillic acid (VA) 2 53.17%%* 1646.7%** 987.7%** 533.1%%* 7831.7%**
Crx VA 4 1.014ns 115.3ns 8.781ns 27.66*** 91.77ns
Error 18 1.521 66.36 5.29 3.503 93.56
Leaf H,0, Root EL Leaf EL Root proline Leaf proline
Chromium stress (Cr) 2 17125.7%%%* 1617.2%** 606.1*** TT71.1%%* 436.4%**
Vinillic acid (VA) 2 70.98%** 855.6%%* 663.6%** 141.4%** 152.1%%*
Crx VA 4 312.6%** 36.28%* 5.441ns 1.616ns 1.737ns
Error 18 38.26 5.839 3.163 1.720 1.075
.ROOt . 'Leaf . Root catalase Leaf catalase Root peroxidase
glycinebetaine glycinebetaine
Chromium stress (Cr) 2 7001.7%*** 7739.4%+* 2233 3%%* 750.7%** 716.7%%*
Vinillic acid (VA) 2 2750.5%%* 1512.5%** 817.6%*** 860.3*** 195.5%**
Crx VA 4 36.37ns 48.33ns 26.68* 3.017ns 3.15%
Error 18 50.91 55.9 7.302 7.988 0.803
Leaf peroxidase ROOt. superoxide Leaf. superoxide Cr in shoot
dismutase dismutase
Chromium stress (Cr) 2 367.2%** 1233.9%** 3877.14%** 26761.3%**
Vinillic acid (VA) 2 104.4%** 2879.1%*%* 1800.2%*** 3977.1%**
Crx VA 4 1.052ns 34.67ns 44.0** 1032.4%%*
Error 18 1.136 13.69 9.38 7.421
*, kx kxkk= Significant at 0.05, 0.01 and 0.001, levels; ns, Non-significant
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Fig. 1. Effect of foliar-sprayed varying levels of vanillic acid on root dry weight (A), shoot dry weight (B), chlorophyll a (C) and
chlorophyll b (D) in maize (Zea mays L.) plants under different levels of chromium stress (Mean + S.D.).
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Results

Plant growth: The results showed that increasing
concentration of chromium stress progressively reduced
plant growth of the maize plants. The highest decrease in
the above-mentioned parameters was noticed under 500
uM of chromium. Exogenous application of vanillic acid
significantly improved shoot and root dry weights of all
maize plants. The ameliorative effect of 0.4 mg L™ VA on
these growth attributes was considerably higher than that
of 0.2 mg L' (Fig. 1; Table 2).

Assessment of chlorophyll pigments: Imposition of
chromium (0, 100 and 500 uM) stress significantly reduced
chlorophyll contents (chl. a and b) of maize cultivar Malka-
2016 (Fig. 1; Table 2). However, the results showed that
foliar-applied wvanillic acid significantly improved the
chlorophyll contents in both metal stressed and non-stressed
plants. Exogenous application of vanillic acid markedly
increased chl. a and chl. b contents in the maize plants grown
under metal stress or non-stress regimes.

Assessment of gas exchange parameters: Of different gas
exchange attributes, net photosynthetic rate, transpiration
rate and stomatal conductance decreased considerably due
to imposition of chromium stress (0, 100 and 500 uM). The
results revealed that highest decrease in the above-
mentioned attributes was noticed at 500 uM of chromium.
However, vanillic acid spray significantly improved the
above-mentioned photosynthetic attributes in the maize
plants under both stress and control conditions. A marked
ameliorative effect of vanillic acid on all gas exchange
characteristics was found at 0.4 mg L™ of foliar application
treatment (Fig. 2; Table 2).

Effect of vanillic acid on EL, MDA and H,0,:
Accumulation of MDA, as an indicator of lipid
peroxidation, in leaf and root tissues increased markedly
due to imposition of different levels of chromium stress
(0, 100 and 500 pM). However, foliar-applied different
concentrations of vanillic acid significantly reduced both
leaf and root MDA contents in the maize plants (Fig. 3).
The ameliorative effect of vanillic acid was observed to
be considerably high when applied as 0.4 mg L. Foliar-
applied VA also significantly suppressed MDA in the
maize plants exposed to Cr-stress. H,O, and EL enhanced
markedly in the maize plants due to imposition of
chromium stress. However, vanillic acid as foliar spray
significantly decreased both biochemical attributes in the
maize plants under chromium stress.

Effect of vanillic acid on proline contents and
glycinebetaine: The results showed that glycinebetaine
and proline contents increased promisingly in the maize
plants due to the imposition of chromium stress.
However, a further increase was observed in their
concentrations by foliar-sprayed vanillic acid to the maize
plants grown under both control and stress conditions. A
considerably high increase in both organic chemicals was
noticed at the highest level of chromium (500 pM) and
vanillic acid (0.4 mg L) with respect to those in the
control plants (Fig. 4; Table 2).
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Fig. 2. Effect of foliar-sprayed varying levels of vanillic acid on
transpiration rate (A), photosynthetic rate (B) and stomatal
conductance (C) in maize (Zea mays L.) plants under different
levels of chromium stress (Mean = S.D.).
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Fig. 3. Effect of foliar-sprayed varying levels of vanillic acid on root malondialdehyde (A), shoot malondialdehyde (B), root hydrogen
peroxide (C), shoot hydrogen peroxide (D), root electrolyte leakage (E) and shoot electrolyte leakage (F) in maize (Zea mays L.)
plants under different levels of chromium stress (Mean + S.D.).
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Fig. 4. Effect of foliar-sprayed varying levels of vanillic acid on root proline (A), shoot proline (B), root glycinebetaine (C) and shoot
glycinebetaine (D) in maize (Zea mays L.) plants under different levels of chromium stress (Mean + S.D.).

Effect of vanillic acid on antioxidant enzyme activities:
Imposition of chromium stress significantly decreased the
activities of SOD, POD and CAT in the maize plants (Fig.
5). However, exogenously applied vanillic acid as a foliar
spray significantly accelerated the activities of all three
enzymes in both metal-stressed and non-stressed maize
plants. A maximal ameliorative effect of vanillic acid was
observed on the activities of these enzymes at 0.4 mg L™
of foliar treatment.

Assessment of chromium (Cr) concentration:
Chromium (Cr) concentration in maize plant leaves
increased significantly due to imposition of chromium (0,
100 and 500 pM) stress. The high Cr in the leaves was
noticed at 500 uM of Cr stress. However, exogenous
application of wvanillic acid suppressed the tissue Cr
concentration. The ameliorative effect of vanillic acid on
tissue Cr concentration was considerably high at 0.4 mg
L' of VA (Fig. 6; Table 2).

Discussion
In the recent study, shoot and root dry weights of

maize plants decreased under chromium (Cr) stress (Fig.
1). Cr stress causes a marked decline in plant growth as

observed in rice (Shahid et al., 2017), wheat (Ali et al.,
2015a), and mung bean (Jabeen et al., 2016) plants.
Suppression in plant dry weight could be due to low
nutrient uptake as observed in rice (Shahid et al., 2017)
under Cr toxicity. High levels of Cr may cause ultra-
structural changes in leaves due to which plant growth
could be adversely affected (Gill ez al., 2015b). However,
in the current study, foliar application of vanillic acid as a
growth regulator to Cr-stressed maize plants considerably
lessened the toxic effects of chromium. The role of
vanillic acid as a natural antioxidant in plants under
various stress conditions has been reported in different
studies, e.g., Cd stress (Bhuyan et al., 2020), and salt
stress (Parvin et al., 2020).

The current study also revealed that chlorophyll
contents such as chlorophyll @ and » as well as gas
exchange attributes such as transpiration rate,
photosynthetic  activities and stomatal conductance
decreased significantly in maize plants under Cr toxicity.
Corresponding findings reported under Cr stress in
various crops such as V. radiata (Jabeen et al., 2016), H.
annuus (Farid et al., 2017), and T. aestivum (Ali et al.,
2015b). These are in agreement with the results of another
study where chlorophyll contents were shown to be
declined in wheat plants with increasing concentration of
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lead in the growth medium (Lamhamdi et al., 2013).
Chlorophyll plays an important role in plant
photosynthesis. Decrease in chlorophyll pigments might
result in decline in photosynthetic rate in plants under
chromium toxicity (Ali et al., 2015b). However, the
present study showed that VA considerably suppressed the
toxic effects of Cr stressed maize plants. It was found that
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phenolic compounds such as caffeic acid, ferulic acid and
vanillic acid used as allelochemicals, play a direct role in
growth, survival, and self-defense of plants (Chon et al.,
2005), as observed in Chenopodium murale and tomato
(Ghareib et al., 2010). It has also been reported that foliar
application of low concentration of vanillic acid increased
chlorophyll in rice (Xuan & Khang, 2018).

704
60 -
50 -
40 -

N

20

CAT in leaves
(umol min-1 mg-1 protein)

1
—

10

35

w)

30

25

20

POD in leaves
(umol min-1 mg-1 protein)

15

10

100

T

60 1 d il

SOD in leaves
(umol min-1 mg! protein)
o

100 500
Cr Concentration (uM)

Fig. 5. Foliar application of varying levels of vanillic acid boosts the activities of catalase (CAT) in root (A) and shoot (B), peroxidase
(POD) in root (C) and shoot (D) and superoxide dismutase (SOD) in root (E) and shoot (F) in maize (Zea mays L.) plant under

different levels of chromium stress (Mean + S.D.).
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Fig. 6. Effect of foliar-sprayed varying levels of vanillic acid on
shoot chromium concentration in maize (Zea mays L.) plants
under different levels of chromium stress (Mean £ S.D.).

The hydrogen peroxide, electrolyte leakage and
malondialdehyde increased in Cr-stressed maize plants.
The H,0, (hydrogen peroxide), EL (electrolyte leakage)
and MDA (malondialdehyde) concentrations gradually
increased in both roots and shoot of the maize plants with
increase in external Cr levels. This increase might have
been due to overproduction of reactive oxygen species
(Shahid et al., 2017) under chromium stress. In stressed
plant cells, lipid peroxidation is believed to occur
frequently, which may cause severe injury to cells. MDA,
an aldehydic compound, is formed by stress-induced lipid
peroxidation (Liu et al., 2015; Davey et al., 2005). The
lower concentration of MDA contents generally shows less
damage to the cells under stress conditions (Lu et al.,
2008). The results of our research exhibit that foliar-applied
vanillic acid (a phenolic compound) improved tolerance
level of the maize plants under chromium stress by
reducing the MDA levels. It is imperative to note that
vanillic acid application also lowered down the MDA
levels in non-stressed maize plants. Thus, supplementation
of vanillic acid could be beneficial for improving oxidative
stress and hence growth of plants under stress and non-
stress conditions. Among secondary metabolites, phenolic
compounds belong to a very important class possessing
anti-oxidative properties such as inhibition of lipid
peroxidation in plants (Xuan & Khang, 2018).

An antioxidative enzyme system in plants generally
consists of SOD, POD, CAT, APX etc. to overcome
abiotic stresses by decreasing oxidative stress in plants
(Damanik et al., 2010; Anandan et al., 2012). Basically,
plants with high activation of antioxidants are believed to
be able to considerably resist to stressful environments
(Liu et al., 2010). However, our study exhibits that foliar
application of wvanillic acid increased the antioxidant
enzyme activities under Cr-stressed and non-stressed
conditions. The osmoprotectants like glycinebetaine play
an effective role in plant defense system under stress
conditions. In the present study, GB contents also
increased with increasing concentration of Cr metal.
Similar to our findings, GB content was found to be
increased in  barley (Nakamura et al., 2001,
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Muharramnejad et al., 2015) under drought stress.
However, exogenous application of vanillic acid increased
the concentration of glycinebetaine contents in the maize
plants under chromium toxicity. The present study also
shows that proline contents considerably increased in
maize plants subjected to Cr stress. Analogous to our
results, proline contents were reported to accumulate in
oil-palm tree under water scarcity (Cao et al., 2011).
However, foliar spray of vanillic acid further increased
the concentration of proline contents in the metal stressed
as well as non-stressed maize plants, in the present study.

The current study clearly reflects that translocation of
Cr from the rooting medium to leaves increased with high
soil Cr. Similar results have been reported previously in
different plants, e.g., tobacco (Bukhari et al., 2015), and
mustard (Gill et al., 2015c) plants. Foliar application of
vanillic acid considerably reduced the transport of Cr from
root to shoot of the maize plants in the current study. As a
result, the deteriorating effects of chromium was reduced to
some extent with the application of vanillic acid.

Vanillic acid treatment not only improved the growth
and key physio-biochemical parameters of Cr-stressed maize
plants, it also improved these attributes in the control (non-
stressed) plants. Thus, it can be inferred that vanillic acid
application can be beneficial to improve growth of plants
exposed to metal stress conditions as well as those growing
under normal non-stressed conditions. Such a chemical with
dual benefit could be beneficial for farmers.

Conclusion

The present study concluded that Cr contamination in
soil medium could impair the morphological,
physiological, and biochemical parameters of maize plants.
Our findings revealed that increasing concentration of Cr
stress in soil progressively increased the accumulation of
Cr that caused suppression in overall growth (shoot and
root dry weight) of maize plants. However, exogenous
spray of vanillic acid as a growth regulator markedly
improved all the physiological, morphological, and
biochemical processes in both the metal stressed and non-
stressed maize plants. Furthermore, vanillic acid also
improved anti-oxidative enzyme properties thereby
decreasing the chromium-induced oxidative stress.
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