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ABSTRACT

This study was planned to determine the dynamics of total phenolic content, polyphenol oxidase and peroxidase activities in wheat
(var. Inqlab-91) infected with Ustilago tritici with the objective to investigate the role of phenolics and related enzymes in host pathogen
interaction. The biochemical analysis was carried out twice, once at grain filling stage when disease emerges and second at crop maturity.
Roots were found most sensitive as considerable increase in both phenolic content and enzymes activity was recorded in early and later
stage of disease development. Conversely in case of infected stem and leaves the enzyme activities were found lower at early disease
stage in comparison to the control. However, the enzyme activities increased in both parts when checked again at crop maturity with an

exception of no increment in peroxidase and cresolase activities in leaves.
Key words: Ustilago tritici, peroxidase activity, phenolics, polyphenol oxidase.

INTRODUCTION

Plantsareknown to produce various stress compounds
when they are exposed to the pathogens (Lavania et al.,
2006; Kim et al., 2008). The accumulation and oxidation
of phenolic compounds, many of which are associated with
defence mechanisms in plants are also known to increase
especially during fungal infections (Gasper et al., 1982).
It is documented that these phenolics have the ability to
form insoluble complexes with proteins and act as enzyme
inhibitors or are oxidized to toxic elements. Mandavia et
al. (1997) discussed the compositional differences between
chickpea plants resistant and susceptible to Fusarium wilt at
pre-infectional stage and at the disease development stages
to elucidate the relationship of phenols to the resistance
mechanisms. An upturn in the activities of phenolics
related enzymes and the accumulation of phenolics has
been correlated with cereals resistance to biotic stresses
(Mohammadi & Kazemi, 2002). Recently several other
associations have been described between phenolics and
the resistance of plants to pathogens in numerous crops
including sorghum (Dicko et al., 2005), pepper (Baysal
et al., 2005), sugarcane (de Armas et al., 2007), banana
(Kavino et al., 2008), chilli (Anand et al., 2009), olives
(Markakis et al., 2010), tomato (Baker et al., 2010) and
chickpea (Sharma et al., 2011).

The defence related genes encode various proteins
including enzymes that are involved in secondary
metabolism, proteins implicating pathogenesis and proteins
controlling other defence related genes (Dixon et al.,
1994). Polyphenol oxidases (PPO) and peroxidases (POX)
are among the most important defence gene products.
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Polyphenol oxidases are nuclear-encoded, plastid-localized
copper metalloenzymes that catalyse the oxygen dependent
oxidation of o-dihydroxyphenols to more toxic o-quinones
(Mayer & Harel, 1991). PPO activity is dormant until it is
released from the thylakoid by any disruptive force including
wounding, senescence and pests or pathogens. Similarly
peroxidases play a central role in the biosynthesis of plant
cell wall components, including lignin, suberin, and cross-
linked extensions that are linked with plant defence responses
to pathogen, particularly to fungi (Almagro et al., 2009).
These enzymes have ubiquitous distribution in plants and
therefore been studied extensively in many plant-pathogen
interactions. Stout et al. (1999) reported that localized
inoculation of tomato leaflets with Pseudomonas syringae
boost PPO activity and leads to a systemic resistance to the
subsequent infection by P. syringae. In 2000, Tyagi et al.
(1998, 2000) observed higher activities of PPO and POX in
wheat infected with Alternaria triticina. They found similar
isozyme pattern of PPO in control and infected plants but in
case of POX an extra band was observed in plants exposed
to the pathogen. Sahoo et al. (2009) showed higher PPO
activity and change in its isozyme pattern in taro inoculated
with Phytophthora colocasiae.

Loose smut is an important seed borne disease
worldwide, in which at flowering, all parts of the head
and grain except the rachis are replaced by black spore
masses of Ustilago tritici. The outcomes of the disease are
low to moderate annual yield losses that are between 15 —
30% (Nielsen & Thomas, 1996). Investigations in disease
physiology may provide in depth understanding of host
pathogen interaction. This study was therefore designed
to biochemically analyse smutted wheat plants at two
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different growth stages in comparison to the healthy ones
to have a better understanding of the mechanism of disease
development and host pathogen interactions.

MATERIAL AND METHODS

Sample collection

Healthy seeds of Triticum aestivum var. Inqlab-91
were obtained from Punjab Seed Certificate Department,
Lahore, Pakistan. The seedlings of this winter wheat variety
were grown in clay pots (25 cm upper diameter, 17 cm
lower diameter, 25 cm in height) placed in an experimental
greenhouse.The soil used for this experiment was sterilized
sandy loam with the following properties: pH 7.8, EC 1.4
mS cm’ organic matter 0.65%, total nitrogen 0.034%,
available potassium 100 ppm and available phosphorus 6.2
ppm, boron 1.06 ppm, manganese 22.8 ppm, iron 10.8 ppm,
copper 1.9 ppm and zinc 1.3 ppm.

Healthy plants were collected twice during the
growing season, once at the age of 100 days after sowing
when the spike was already emerged from the boot and
the grain was in stage of filling, secondly at 140 days after
sowing when the grain reached the physiological maturity.

The inoculum of Ustilago tritici was obtained from
naturally infected plants of wheat to produce infection in
healthy grown seedlings in greenhouse when the heads starts
emerging. The presence of the pathogen was confirmed
visually and microscopically. Plants infected with Ustilago
tritici were also collected at parallel age stages of healthy
plants, when percentage of infected spikes per plant was 40
and 80% respectively. Plant samples separated into leaves,
stem and roots were washed and cut into small pieces of one
inch for analyses.

Estimation of total phenolics

Total phenolics content expressed as milligram per
gram of sample was determined according to Yang et al.
(1997). One gram plant material (roots, stem and leaves)
per replication per treatment was extracted in 50 mL of
95% ethanol. The samples were stored at 0°C for 48 h.
After filtration, the supernatant was used for assaying
total phenolics. Supernatant (1 mL) was mixed with 1 mL
95% ethanol and 5 mL of distilled water. Folin-Ciocalteu
reagent (50%, 0.5 mL) was added to each sample. After 5
min, 1 mL of 5% Na,CO, was added and mixed with vortex
mixer and the reaction mixture was allowed to stand for
60 min in dark. The absorbance was measured at 725 nm
in ultraviolet~visible spectrophotometer. A standard curve
built with different concentrations of catechol was used to
quantify the phenolics, which was expressed as milligram
catechol produced per gram leaf fresh weight (mg/g FW).

Estimation of peroxidase activity (POX)

Peroxidase activity in collected samples was
estimated by spectrophotometric analysis. Guaiacol is a
substrate metabolized by wide array of peroxidases (POX),
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so was selected as marker for general POX activity in our
analyses.

In a cold pestle and mortar, weighed plant material
(1 g) was crushed with phosphate buffer (0.1M; pH 7) in
the ratio of 1:4 (w/v) i.e., 1 g of plant material in 4 mL of
phosphate buffer. The samples were centrifuged at 10,000
rpm for 10 minutes to get the supernatant for estimation of
peroxidase.

Two sets of test tubes were labelled (one for
experimental and one for control). In all test tubes (2 sets) 2.5
mL of phosphate buffer (pH 7.0) and 0.2 mL of enzyme
extract was added. In experimental set, 0.2 mL of 1%
guaiacol solution was added and mixed. Both sets were
left at room temperature for 15-20 minutes. Then 0.1 mL
of 0.3% H,0, was added to all the test tubes and contents
thoroughly mixed.

For the blank 0.2 mL of glass distilled water, 2.5
mL of phosphate buffer (pH 7.0) and 0.1 mL of 0.3% H,0,
was mixed. The absorbance was taken at 470 nm on a
spectrophotometer (L-5000, Germany). Each measurement
was replicated three times to ensure maximum conformity
of results. Optical density of all the test tubes was taken
against this test tube for blank. Formula used to estimate
peroxidase activity was as follows.

0.D of test- O.D of control
0O.D of control x mg of plant material

Units mg! f.w =

Estimation of polyphenol-oxidase activity

The crude enzyme extract was prepared at 4°C
according to the procedure of Valero et al. (1989) with some
modifications. Plant material i.e., root, stem and leaves were
chopped and grinded before preparing enzyme extract.
One gram of grinded material, together with 5 mL of 100
mM phosphate buffer (pH 7.3) containing 10 mM sodium
ascorbate, was homogenized in a blender for 15s, filtered
through four layers of gauze and centrifuged at 10000 rpm
for 30 min. The precipitate was re-extracted for 15 min with
5 mL of 1.5% Triton-X-100, prepared in 100 mM phosphate
buffer (pH 7.3). The final volume of the extract was made
up to 25 mL with phosphate buffer (pH 7.3) and then the
filtrate was centrifuged at 15000 rpm for 1 hour.

An ammonium sulphate fractionation was carried
out and the fraction precipitating between 45 and 95%
saturation was collected and re-dissolved in phosphate
buffer. This was then dialyzed at 4°C in cellulose dialysis
tubing. Following dialysis, this solution was used as an
enzyme source.

Both catecholase and cresolase activities were
measured  spectrophotometrically according to the
procedure described by Sanchez-Ferrer et al. (1988), with
slight modifications. Catecholase activity was measured
using 30 mM 4-methyl catechol (4MC) as substrate, made
up in 10 mM sodium acetate buffer (pH 4.5). Three-mL 100
mM phosphate buffer (pH 7.3) was added to ImL crude
enzyme extract and 1 mL substrate was added at zero time.
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The change in absorbance at 400 nm was recorded in a
Utech-5300 UV, USA, spectrophotometer.

Cresolase activity was measured in the same
way, except that 4-methyl phenol (p-cresol) was used as
substrate, made up in 10 mM phosphate buffer (pH 7.0).
Enzyme activity was represented as change in absorbance
at 400 nm/g of tissue weight per minute (A A400 g"' min™).

Duncan’s multiple range test (at p <0.05) were
performed using COSTAT program to analyze statistical
differences and to discriminate between means of five
replicates in each treatment (Steel &Torrie, 1981).

RESULTS AND DISCUSSION

The infection-induced accumulation of phenolic
acids in various parts of wheat plant infected with Ustilago
tritici was investigated. Phenolic content showed to have
different orientation of changes in various parts of crop
plant. In roots, at early stage of infection the total phenolic
content was found 97.8% higher in healthy plants in contrast
to the diseased ones. However, with the development of
disease, roots had a higher increase in phenolics when
compared to leaves and stem. The diseased roots showed
161.8% increment over healthy roots when checked at 140
days after sowing. Stem portion had about 56% increase
in phenolic content in infected plants in comparison to the
healthy ones. This difference decreased to nearly 34%, when
checked again at 140 days of wheat age. In case of leaves, at
ecarly stage of disease there was insignificant difference in
phenolic content of healthy and infected plants of Inqlab-91.
In the later stage of analyses the phenolics level increased
in both healthy and diseased leaves highly significantly,
however the amount in diseased leaved was found 31.75%
to be lower to that of healthy ones (Figure 1).

Plantsare known to produce various stress compounds
when they are exposed to pathogens. Phenolics are known
to be involved in plant-pathogen interactions (Nicholson &
Hammerschmidt, 1992; Agrios, 1997). In the present study,
total phenolic content of wheat plants infected with Ustilago
tritici changed as infection progressed. Although the fungal
infection appears on aerial parts of the plant, the roots were
found to be the most sensitive plant part for the production or
accumulation of phenolic compounds. Dean & Kuc (1985)
stated that plant defence responses can be activated at site
or distantly from the point of pathogen attack. In 2002,
Siranidou et al. (2002) reported a serial increase in free
phenolics in glumes, lemmas and paleas of wheat cultivars
after inoculation with Fusarium culmorum. Several changes
in the metabolism of the diseased plant accompany the
increase in respiration after infection. Increased respiration
in diseased plants is also known to be accompanied by
an increased activation of the pentose pathway, which is
the main source of phenolic compounds (Agrios, 1997).
A gradual increase in phenolics with advancement in
infection therefore provides intimation for the activation
of pentose pathway in infected plants. The present study
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also revealed an increase in total phenolic content following
the progress of the disease. These results are in agreement
with previous published investigation results. For example,
de Armas et al. (2007) reported a significant enhancement
in hydrocinnamic and hydrobenzoic acids in sugarcane
infected with smut. Similarly Sahoo et al. (2009) studied
the biochemical changes in Colocasia esculenta attacked
by Phytophthora colocasiae. They reported an increment
of 68 — 11.5% in phenolics tested in different genotypes
of C. esculenta after inoculation with P. colocasiae. It is
documented that the mechanical strength increases after
the deposition of phenolics in plant cell walls, whereas
apoplastic solute conductance and water permeability
decrease hence providing resistance against pathogens.

The peroxidase activity was assayed in presence
of artificial hydrogen donor, guaiacol. Variation in POX
activity was observed in various parts of the wheat plant. The
level of POX activity increases both in healthy and diseased
plants as disease progressed with crop age. However
difference in enzyme activity of diseased and healthy plants
reduced as the crop moves towards physiological maturity.
Overall results indicate that the orientation of POX activity
changes differs in various plant parts differing in sensitivity
to fungal infection. Roots appeared first with the increase in
POX activity up to 22% in diseased plants in comparison
to the healthy ones at 100 days of crop age. As the disease
progressed the POX activity in leaves of diseased plants also
increased about 11.8%, whereas insignificant variation was
observed in stem at this stage (Figure 2). The POX activity
in healthy stems was 36.36% higher than in the diseased
stems at early stage, this difference reduced to 9.1% when
POX activity increased in diseased stems at 140 days of
crop maturity.

Peroxidases has been implicated in a number of
diverse phenomena observed in plants i.e., liginfication,
suberization, cell elongation, growth and regulation of cell
wall biosynthesis and plasticity, which diversified during
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FIGURE 1 - Total phenolic content (mg/g) in healthy and
diseased samples of wheat at stage-I (100-days old) and stage-II
(140-days old). Vertical bars show standard error of means of five
replicates.
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FIGURE 2 - Peroxidase activity (AA,, nm min™' g plant sample)
of healthy and disease wheat plants at stage-1 (100-days old) and
stage-11 (140-days old). Vertical bars show standard error of means
of five replicates.

disease period (Chanda & Singh, 1997). This enzyme is also
known to produce a toxic environment for the pathogens
through the production of oxidative burst (Passardi et al.,
2005). Maximum peroxidase activity was found in roots of
infected plants in comparison to the healthy ones at both
phases of disease development. Khairullin et al. (2000)
also reported an elevated level of anionic isoenzymes of
peroxidase in basel zone of wheat roots infected with stinking
smut. As the products of various reactions of peroxidases
are known to stop the pathogen growth especially fungi
in host, the data depicts the role of various plant parts in
localizing infection (Sharma et al., 2006). Earlier studies
also confirmed the role of peroxidases in resistance of crops
like wheat against fungal pathogens (Seevers et al., 1971;
Southern & Deverall, 1990).

The differential behaviour of polyphenol oxidases
in healthy and diseased wheat plants were found quite
similar to that of peroxidase activity. Both catecholase and
cresolase activities were lower in diseased stem and leaves
at 100 days of plant age. However, roots showed significant
increase in both enzyme activities. With increase in plant age
the enzyme activity in diseased parts significantly increased
especially in roots and leaves when compared to that of
the healthy ones. In diseased stems catecholase activity
increased significantly at 140 days of crop age creating a
33.3% difference from healthy ones. On the other hand the
cresolase activity was almost similar in both healthy and
diseased stems at this plant age (Figures 3 & 4).

Polyphenol oxidase (tyrosinase) is a bifunctional,
copper-containing oxidase having both catecholase and
cresolase activity (Malmstrom & Rydén, 1968). This
enzyme had increased levels with the onset and progress
of disease. The relative increase in different plant parts
was also found to be quite similar to that of reported in
peroxidases. Previous studies show that the peroxidases
and polyphenol oxidases may act synergistically, because
polyphenol oxidases may promote peroxidase activity by
generating H,O, from the oxidation of phenolic compounds
(Richard-Forget & Gaulliard 1997). Inactivation of pathogen
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enzymes by quinines produced by these enzymes results in
unavailability of plant proteins to pathogens as nutrients
(Wuyts et al., 2006). Maximum increase in the enzyme
was found in roots of diseased plants, showing that roots
may show the first biochemical symptoms of parasitism.
Mohammadi & Kazemi (2002) reported rise in levels of
phenolics and related enzymes and correlated them with the
resistance of cereals against biotic stresses. In a recent study
Chandra et al. (2007) confirmed a decline in infection by
Rizoctonia solani with an increase in activity of poly phenol
oxidases.

Defence responses can be detected locally at the
infection site within seconds of inoculation (Allan et al.,
2001) or may be observed systemically over a period of
days (Whitham et al., 2003; Love et al., 2005; Shah, 2009).
In the present study the roots of infected plants showed the
most obvious response as maximum increase in phenolics
and related enzymes in the diseased roots. This was perhaps
because the loose smut disease is seed borne and after seed
germination the fungus forms a systemic infection and when
plant starts heading the fungus penetrates the head tissues
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FIGURE 3 - Catecholase activity (AA,, nm min’ g' plant
sample) of healthy and disease wheat plants at stage-I (100-days
old) and stage-II (140-days old). Vertical bars show standard error
of means of five replicates.
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FIGURE 4 - Cresolase activity (AA,  nm min" g plant sample)
of healthy and disease wheat plants at stage-1 (100-days old) and
stage-11 (140-days old). Vertical bars show standard error of means

of five replicates.
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and develops symptoms. Inducible defence mechanism is
reported in plants that are activated in the distal plant organs
in response to a local infection, usually of leaves with a
pathogen (Vlot et al., 2008). Communication between the
pest colonised organ and rest of the plant is imperative for
the activation of systemic defences.

In case of both diseased and healthy stem total
phenolic content and most of the studied enzymes were
recorded to be decreased in older aged plants. Previous
workers have also documented decrease in phenols and
related enzymes in later developmental stages of crops like
wheat (Tyagi et al., 1998).

The present study demonstrated a progressive
increase in defence compounds and related enzymes in
wheat plants infected with Ustilago tritici. The roots of the
diseased plants appeared to have more robust biochemical
changes than leaves and stems of the same plant.
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