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Ferulic Acid: A Novel Inducer of Antioxidant Enzymes
in Wheat (Triticum aestivum L.) Seedlings
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The present study reports the effects of pre-treatment with ferulic acid (FA) on antioxi-
dant response of wheat seedlings. In comparison to hydropriming, 100 and 150 ppm of FA
significantly enhanced seedling growth of wheat at 6th day after germination (DAG).
However, 1000 ppm of FA led to reduction in seedling growth. Roots and shoots of wheat
seedlings pre-treated with 100 ppm of FA showed significant upregulation of peroxidase
(POX), ascorbate peroxidase (APX) activities. Although catalase (CAT) remained unaffected
in the roots, but showed about 2-fold increase in the shoots. Despite of low glutathione
reductase (GR) and high polyphenol oxidase (PPO) activities in the shoots and roots, respec-
tively, ascorbic acid and total phenolic contents also increased at 6th DAG which may be due
to the activation of their biosynthetic pathways in seedlings pre-treated with 100 ppm of FA.
Proline content of wheat seedlings pre-treated with 100 ppm of FA remained unaffected.
Results signify the role of FA pre-treatment in augmenting the antioxidant response of wheat
and thereby suggest that at lower concentrations, it can be used for improving performance
of wheat under various environmental constraints.
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Introduction

Induction of the antioxidant defense system is crucial for imparting resistance against
various abiotic stresses. These abiotic stresses viz. drought, heat, salinity, light etc. cause
accumulation of reactive oxygen species (ROS) such as superoxide radicals (‘O,"), hydro-
gen peroxide (H,0,) and hydroxyl radicals (OH") thereby creating a state of oxidative
stress (Foyer and Noctor 2013). The response of a cultivar to tolerate any kind of abiotic
stress is related with the higher potential of detoxifying enzymes to tackle the stress.
Various enzymes involved in scavenging ROS are superoxide dismutase (SOD), ascor-
bate peroxidase (APX), glutathione reductase (GR), catalase (CAT) and peroxidase
(POX) whereas non-enzymatic antioxidants include glutathione, ascorbic acid, phenols,
proline and carotenoids (Sharma et al. 2012). Upregulation of SOD and CAT activities
was correlated with drought tolerance of wheat (Devi et al. 2012). Therefore the impor-
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tance lies in increasing the endogenous antioxidants, which can alleviate the detrimental
effects of elevated ROS under stressed conditions.

Salicylic acid (SA) is a known inducer of antioxidant enzymes (Ghafiyehsan;j et al.
2013; Kang et al. 2013). However, very little information is available on additional phe-
nolic compounds such as ferulic acid (FA) which has higher antioxidant potential. Ferulic
acid (3-methoxy-4-hydroxycinnamic acid) is the major phenolic acid occurring in the cell
wall of monocots. Guo and Beta (2013) reported that FA is a major phenolic acid in whole
grain cereals. Structurally, FA has an electron donating group on benzene ring (3-methoxy
and 4-hydroxyl) that provides it an additional property of terminating free radical chain
reaction Teixeira et al. (2013). Srinivasan et al. (2007) showed that ability of FA to act as
a strong antioxidant is due to its phenolic nucleus and extended side chain conjugation.
Most of the earlier studies involved spraying the plants with salicylic acid in order to ac-
tivate the antioxidant defense system (Appu and Muthukrishnan 2014). However, seed
priming seems to be more promising technique to produce tolerant plants against various
stresses (Chen and Arora 2013). Moreover, it is highly economic and less labour inten-
sive. Such studies are lacking in wheat which is the second most important cereal crop in
the world. Therefore in this study, we report FA as an inducer of antioxidant system in
wheat.

Materials and Methods

Wheat (PBW 621) seeds were pre-treated with water (control) as well as varying concen-
trations of FA for 14 hours and dried in the incubator at 25+2 °C. Pre-treated seeds were
germinated in plastic cups (250 cm?) filled with 220 cm? of its volume containing un-
treated and well-irrigated soil having pH 8.0, electrical conductivity of 0.12 mmhos cm!
and organic carbon content of 0.51%. Lengths of roots and shoots and biomass of roots,
shoots and endosperms were determined on 6th day after germination (DAG). Dry weight
of different tissues was determined after drying the tissues at 60 °C till the constant weight
was obtained.

Extraction and assays of enzymatic and non-enzymatic antioxidants

Activities of antioxidant enzymes and contents of non-enzymatic antioxidants were deter-
mined in the roots and shoots of wheat seedlings at 6th DAG. Enzymes were extracted at
4 °C and assayed at 25 °C.

Catalase was extracted with 50 mM sodium phosphate buffer (pH 7.5) containing 1%
polyvinyl pyrrolidone (PVP). The extraction buffer for APX was similar to that of CAT
except that additionally it contained 1 mM ascorbate. Catalase (EC 1.11.1.6) and APX
(EC 1.11.1.1) were assayed according to the methods earlier standardized in the lab (Devi
et al. 2012). Glutathione reductase, POX and SOD were extracted and estimated by the
methods earlier described (Devi et al. 2012). Polyphenol oxidase (PPO, EC 1.14.18.1)
was extracted from 200 mg each of roots and shoots with 2 ml of 100 mM sodium phos-

phate buffer (pH 6.8) centrifuged at 10 000xg (Zauberman et al. 1991). Reaction mixture
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contained 100 mM sodium phosphate buffer (pH 6.8), 100 mM 4-methyl catechol and
enzyme extract. Absorbance at 420 nm was recorded at an interval of 1 min up to 3 min.
One unit of enzyme activity was defined 0.01 increase in absorbance. Protein content was
estimated using folin phenol’s reagent (Lowry et al. 1951).

The ascorbate content was determined by the method described by Chugh et al. (2011).
The content of total phenols was determined by the method of Swain and Hills (1959).
The proline content in roots and shoots was determined by adopting methods of Bates et
al. (1973). Hydrogen peroxide content was determined according to the method described
by Alexieva et al. (2001).

Statistical analysis

Growth data has been presented as mean + SD of three samples of 18 seedlings each. It
was statistically analyzed by applying one-way analysis of variance (ANOVA) followed
by post-hoc analysis, the LSD (least significant difference) test. Data for other biochemi-
cal parameters was analysed by using Student’s #-test.

Results
Effect of FA pre-treatment on seedling growth

In comparison to hydroprimed seedlings, pre-treatment with 100 ppm of FA promoted
seedling growth of wheat (Table 1). Pre-treatment with 100 ppm of FA enhanced root and
shoot lengths by about 12% whereas 150 ppm caused an increase of more than 10%.
Fresh weights of shoots increased after exogenous application of 100 and 150 ppm of FA
whereas dry weights remained unaffected (Table 1). However, 1000 ppm of FA decreased
lengths as well as biomass of roots and shoots. Shoot lengths and fresh biomass of seed-
lings pre-treated with 1000 ppm of FA decreased by 20 and 12%, respectively (Table 1).
However, dry weights of endosperms increased in seedlings treated with 1000 ppm of FA
(Table 1). Based upon seedling growth, 100 ppm of FA was chosen for studying the effect
of FA pre-treatment on antioxidant defense system.

Influence of FA pre-treatment on antioxidative enzymes and H,O, content

In comparison to hydroprimed seedlings, SOD activity remained unchanged in FA-treat-
ed seedlings (Table 2). In comparison to water-primed seedlings, although CAT activity
of roots of wheat seedlings pre-treated with 100 ppm of FA remained unaffected but it
increased by about 2-fold in shoots (Table 2). Peroxidase activity in FA-treated seedlings
showed an elevation of about 3.5-fold in the roots and 1.7-fold in the shoots (Table 2). In
comparison to hydro-primed seedlings, 100 ppm of FA-upregulated APX activity of roots
by about 2-fold whereas shoots showed an increase of 1.3-fold (Table 2). Glutathione
reductase activity remained unaffected in the roots of wheat seedlings pre-treated with
100 ppm of FA but downregulated in the shoots. Hydrogen peroxide content decreased by
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Table 1. Effect of pre-treatment with varying concentrations of FA on seedling growth of wheat at 6th DAG

Roots Shoots Endosperms
Ferulic acid

(ppm) L(ect:f;h lej:gsﬁt wl_e):g},ht Mo;)/soture L:C ]f;h \xlj;ie;ﬁt wl:irght MoZoture \f::gs;lt wlzght Mo(i)fture
(mg) (mg) content (mg) (mg) content (mg) (mg) content
Hydro-primed | 16.6+0.6 99.1+£3.4 7.5+0.8 92.4+0.8 14.4£0.4 | 136.2+1.7 | 10.6+0.40 | 92.2+0.7 28.2+4.0 5.5+0.3 80.5+2.0
10 17.7£0.8 87.2+6.3 7.1+£0.7 91.9+1.8 15.3£0.2 | 137.2+1.1 | 10.8+0.3 92.1+£0.2 27.5+1.3 5.2+¢0.2 81.1£1.0
30 17.4+0.7 88.1£1.5 7.0£2.2 92.1+1.2 15.0£0.2 | 130.5+£10.1 | 11.1+0.7 91.4+1.1 30.4+7.1 5.7+0.2 81.3+3.1
50 17.0£0.1 95.7£3.5 7.5+£0.3 93.2+0.5 15.3+0.22 | 131.4+£8.8 | 11.7£1.5 91.0£1.5 29.2+6.0 5.9+£0.3 79.8+1.2
70 17.5£0.5 | 104.5£7.4 7.3£0.1 93.4+0.8 15.7£0.1* | 146.8+£5.8 | 11.6+0.3 92.1+£0.8 34.1+£3.6 5.6+0.3 83.6+2.4
100 18.6+1.22 | 110.5£6.3 | 7.0+0.2 93.7+0.4 16.1+£0.32 | 147.248.6* | 11.2+1.3 92.4+0.2 32.3+1.7 5.8+0.3 82.0<£1.9
150 18.4+1.22 | 109.8+1.0° | 7.4+0.4 93.3+1.2 15.9+0.6* | 150.6+5.3* | 11.6+0.9 92.3+0.4 32.6+5.0 5.9+0.2 81.9£2.5
200 17.9+0.8 89.6%8.5 6.2+0.12 93.1+0.5 15.5+0.32 | 133.0+£8.0 | 10.6*1.1 92.0+1.3 | 33.2+0.36 | 5.8+0.1 82.5£2.4
1000 15.9£1.0 | 76.6+4.5% | 6.4+0.52 91.6+0.4 11.5+0.4* | 114.0£8.0* | 9.6+0.8 91.6+0.7 30.8+0.9 | 6.1+£0.9* | 80.1+4.8

LSD (5%) 1.4 10.6 0.8 1.6 0.8 11.9 1.5 1.5 NS 0.6 NS

Values are mean+S.D. of 18 seedlings.
Least significant difference (LSD) at 5% probability level.

aSignificant differences from respective controls (hydro-primed).

NS: Non-significant differences from respective controls (hydro-primed).
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Table 2. Influence of FA pre-treatment on antioxidative defense system in wheat seedlings at 6th DAG

Roots

Shoots

Hydro-primed

100 ppm (FA)

Hydro-primed

100 ppm (FA)

SOD

(units/min/mg protein)* 29.5+2.4 21.4+3.3 11.0+0.4 10.5+1.3
CAT 98.3£8.2 90.0+7.1 33.4+4.7 68.4+9.52
(nkatals of H,0, decomposed/mg protein) e T T T
POX a a
(nkatals of guaiacol oxidised/mg protein) 0-44£0.01 1.6£0.04 9-7£0.9 16.6+1.5
APX
(nkatals of monodehydroascorbate formed/mg 5.0+0.3 10.2+1.12 4.6+0.3 6.1+0.52
protein)
GR 0.6+0.03 0.57+0.05 0.86+0.05 0.62+0.042
(nkatals of NADP formed/mg protein) T ) ) ) ’ ' ’
PPO

+ + a + +
(nkatals of 4-methylcatechol oxidised/mg protein) 34841388 1051.4+42.1 358:4£16.2 29112291
HZOZ a 2
(umoles/FW) 434425 36.0+2.4 53.7+5.5 44.4+2.6
Total phenols . a
(umoles/g FW)** 1013.8+24.2 1614.9+94.7 1552.7+48.2 2338.8+138.1
Proline

=+ +
(nmoles/g FW) 47.6£3.5 39.4+1.4 31.245.5 30.444.1
Ascorbate

=+ +3.02 + +2.32
(nmoles/g FW) 42.3+6.5 85.4+3.0 76.9+£3.4 85.842.3

Values are mean + S.D. of data obtained from triplicate samples.

aDifferences significant in comparison with respective control (hydro-primed) at p > 0.05 (Student’s ¢-test).

*One unit of SOD was described as the amount of enzyme responsible for 50% inhibition of pyrogallol auto-oxidation.

**Expressed as equivalent to gallic acid.
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about 17% in roots and shoots of wheat seedlings pre-treated with 100 ppm of FA. Pre-
treatment with 100 ppm of FA caused an increase in PPO activity of roots whereas it re-
mained unaffected in the shoots.

Effect of FA pre-treatment on non-enzymatic antioxidants

In comparison to water-primed seedlings, 100 ppm of FA increased total phenolic content
of wheat seedlings by more than 50%. Ferulic acid treated wheat seedlings showed an
increase in ascorbate content of roots by about 2-fold in roots and 1.12-fold in shoots. In
comparison to water-primed seedlings, proline content remained unaffected in wheat
seedlings pre-treated with 100 ppm of FA.

Discussion

In comparison to hydro-primed seedlings, pre-treatment with 100 and 150 ppm of FA
promoted seedling growth of wheat accompanied by an increase in fresh weights of
shoots but their dry weights remained unaffected. Azooz (2009) positively correlated the
increased water contents with ameliorative and growth promoting effects of phenolics.
Increase in seedling growth due to exogenous SA was correlated with enhanced cell divi-
sion within apical meristems (Shakirova et al. 2003). Higher concentration of FA (1000
ppm) inhibited seedling growth which was reflected by decrease in shoot length and bio-
mass of roots and shoots (Table 1). These results are in harmony with Kovacik et al.
(2009) who explained that high doses of SA led to sharp increase in soluble phenolics and
lignin accumulation and thereby inhibition of growth. Based upon seedling growth, 100
ppm of FA was chosen for studying the effect of FA pre-treatment on antioxidant defense
system.

Influence of FA pre-treatment on antioxidative enzymes and H,O, content

Superoxide dismutase activity remained unaffected in FA-treated seedlings. In contrast to
this, an increase in SOD activity has been reported in maize plants treated with cinnamic
acid (Singh et al. 2013). Although cinnamic acid is not a phenolic acid but, both com-
pounds share one group, i.e. propenoic acid. NADPH oxidases could play the role in
conversion of superoxide anion into H,O, (Li et al. 2011). Increase in CAT activity of
shoots after pre-treatment with lower concentration of FA is positively correlated with
lesser endogenous H,O, content. Similarly, Wan et al. (2014) observed an increase in
CAT activity of cucumber seedlings pre-treated with caffeic acid under control as well as
stressed conditions. Enhanced POX activity was also observed in maize plants pre-treated
with SA (Saruhan et al. 2012). Scrutiny of present results showed that FA at lower con-
centrations induced CAT and POX activities which can protect plants by reducing toxic
levels of H,0, produced during cell metabolism. Ferulic acid upregulated APX activity in
the roots and shoots of wheat seedlings. In contrast to this, Shi and Zhu (2008) found
decreased APX activity on application of SA in cucumber plants. Glutathione reductase

Cereal Research Communications 43, 2015



400 SHARMA et al.: Ferulic Acid Promotes Antioxidant Response in Wheat

activity was downregulated in the shoots of FA-treated seedlings. Khan et al. (2010) also
observed a decrease in GR activity of mungbean seedlings treated with 138 ppm of SA.
Increase in CAT, POX and APX activities was positively correlated with decrease in H,O,
content of FA-treated seedlings. It was also documented earlier that H,0, content of egg-
plants decreased significantly on treatment with SA (Chen et al. 2011).

Pre-treatment with 100 ppm of FA increased PPO activity of roots. Polyphenol oxi-
dase catalyses the oxidation of polyphenols into quinones using molecular oxygen as an
electron acceptor. War et al. (2011) also reported upregulation of PPO activity in ground-
nut seedlings treated with SA. Wheat seedlings primed with 100 ppm of FA showed in-
creased total phenolic content. Singh et al. (2010) reported an increase in the levels of
polyphenols after exogenous use of 50, 100 and 150 ppm of FA in pea leaves. Correlation
between phenols and PPO activity revealed that enhanced phenolic content could be at-
tributed to increased activity of phenylalanine-ammonia lyase (PAL) which catalyses the
first committed step of Phenyl propanoid pathway.

Increase in ascorbate levels was also reported in SA-treated eggplants grown under
under control and stressed conditions (Chen et al. 2011). Correlation between ascorbate
content and APX activity suggests that FA induced increase in ascorbate content might be
due to higher activities of enzymes involved in its biosynthesis. Wan et al. (2014) ob-
served elevated levels of ascorbate content due to upregulation of monodehydroascorbate
reductase (MDHAR) and dehydroascorbate reductase (DHAR) in cucumber seedlings
pre-treated with caffeic acid. Proline content remained unaffected in wheat seedlings pre-
treated with 100 ppm of FA. Ghafiyehsanj et al. (2013) observed that 200 and 400 ppm of
SA did not affect proline content of wheat under controlled conditions. However, in con-
trast to this Gautam and Singh (2009) found that application of SA decreased proline
content in maize seedlings.

Pre-treatment with 100 ppm of FA promoted seedling growth of wheat by upregulating
CAT, POX and APX activities, accompanied by decrease in H,0, content. Although pre-
treatment with 100 ppm of FA caused downregulation of GR in the shoots and upregula-
tion of PPO in the roots, but ascorbate and total phenolic contents increased significantly.
This might be due to the activation of the enzymes involved in de novo synthesis of these
compounds. A perusal of results showed that lower concentrations of FA can be used for
pre-treatment of seeds to promote the antioxidant response so that plants can be protected
against various upcoming environmental constraints. Therefore in addition to SA, FA
could also act as a novel inducer of stress responsive genes.
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