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ABSTRACT

A non-protein thiol, glutathione (GSH), presents abundantly in plant and affects the growth
and development of the plants. In this study, the effects of N-acetyl cysteine (NAC), a
precursor of GSH, on manganese (Mn)-induced corn production was evaluated. Different
Mn concentrations (0.2, 1.5 and 3.0 ppm of Mn), with or without 100 uM of NAC, were
arranged as completely randomised design with 5 replicates. Results show that both NAC
and Mn affected plant height and leaf numbers. Treatment of NAC increased Mn-induced
relative water content (RWC), photosynthesis (Pn) and photosynthetically active radiation
(PAR) in leaves of corn plants. In the Mn-treated plants, chlorophyll (Chl) content, Chl
fluorescence (Fm) and quantum yield (Fv/FM) were found significantly higher than the
Mn-untreated plants. In addition, corn plants showed improved yield and cob length in
NAC-treated plants in the presence of Mn. Thus, this study suggests that NAC might
improve some physiological functions of plants to enhance Mn-induced corn production,
with 1.5 ppm of Mn showed the best results.
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INTRODUCTION

Corn (Zea mays L.) is the world’s leading

cereal grain used as a food source for both
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micronutrients’ deficiency reduces plants’
performance and profitability (Fisher,
2008) and therefore, micronutrients play an
important role in controlling plant growth
although plants need a proper balance and
low quantity to optimise yield.

Manganese (Mn), which is one of the
plant’s micronutrients, is involved in plant’s
metabolic functions such as respiration,
photosynthesis, amino acid synthesis and
hormone activation through Indole Acetic
Acid (IAA)-oxidases (Lido et al., 2004;
Ducic & Polle, 2005). It is important that Mn
works as a co-factor for most antioxidant
enzymes (Cakmak et al., 1999). Excessive
Mn concentration in plant tissue affects
enzyme activity, absorption, translocation
and oxidative stress (Ducic & Polle, 2005;
Lei et al., 2007).

On the other hand, glutathione (GSH)
is known as the antioxidant that prevents
the damage of cell caused by free radicals
and peroxides. In plants, GSH is crucial
for biotic and abiotic stress management,
cellular defence and sulphur metabolism
(Noctor et al., 2002). Glutathione functions
as antioxidant, stomatal aperture regulator
and also direct electron donor to peroxide
in reaction that is catalysed by glutathione
peroxidase (Murphy & Zarini, 2002;
Jahan et al., 2011). These features make
glutathione as a multifunctional component
in plant (Jahan et al., 2008, 2014a). A
recent study stated that NAC improves
physiological function and yield of rice
plants (Nozulaidi et al., 2015) and seed
production in Arabidopsis plants (Jahan et
al., 2014a).

Mn can change plant growth, chlorophyll
content and antioxidant activity, whereby
an excess of Mn can reduce root and
shoot elongation in V. faba plant (Fecht-
Christoffers et al., 2003), which are related
to photosynthesis production (Henriques,
2003). Rahmati et al. (2004) reported that
superoxide dismutase and catalase activity
increased in Mn-treated cells. In addition,
excess of Mn increased reactive oxygen
species like superoxide radical, hydrogen
peroxide and hydroxyl radical (Demirevska-
Kepova et al., 2004; Boojar & Goodarzi,
2008). However, the synthesis of non-
enzymatic antioxidants like glutathione
(GSH) can protect the plant cell from the
harmful effect of ROS (Arora et al., 2002).

N-acetyl cysteine (NAC) improves
GSH content in the cells of leaf (Jahan et
al., 2014a). To date, no research has been
conducted on the effects of NAC on Mn-
induced corn production. Therefore, the
focus of this study was to justify whether
NAC induced physiological parameters of
corn plants to enhance Mn-induced corn
production. We showed that GSH increased
Mn-induced corn production.

METHODOLOGY
Plant Material and Experimental Design

In this study, a hybrid corn variety of L41
was undertaken as the test crop. Two seeds
were planted onto seedbed in a hole with
a spacing size of 25cm X 75cm. Eight
treatments with 5 replicates were arranged
as completely randomised design. Four Mn
concentrations (0, 0.2, 1.5 and 3.0 ppm of
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Mn) were applied with or without NAC
(0 and 100 uM) as foliar applications in
between 10 am to 12 pm.

Soil and Agronomic Practices

Soil was sandy in texture with 87.2% sand,
7.25% silt and 5.50% clay, soil pH of 5.1,
total organic matter of 1.02%. Meanwhile,
the Sprinkler irrigation method was used to
apply water. Manual weeding method was
also applied. However, insecticide was not
applied.

Determination of Plant Height and Leaf
Number

The plant height was measured from the soil
surface to the longest leaf emerged from
the whorl by using a measuring tape. In
addition, leaf numbers were also counted.

Yield and Yield Parameters

Length and weight of cob were determined
after harvest. The length of corn cob was
measured with a measuring scale and weigh
was also recorded for each treatment.

Determination of Relative Water Content

Fresh weight of leaf (FW) was measured
just after collection from the plants before
taking turgid weight (TW) of the leaf and
after obtaining a full turgidity. Then, the
leaves were dried at 60°C for 24 h in an
oven, followed by measuring leaf dry
weight (DW). Relative water content was
determined as previously described by
Chelah et al. (2011) and Jahan et al. (2013).
Relative Water Content (%) = [(FW-DW) /
(TW-DW)] x 100

FW — Sample fresh weight
TW — Sample turgid weight
DW — Sample dry weight

Determination of Chlorophyll Content in
Leaves

A chlorophyll determining meter SPAD-
502 (Minolta, Japan) was used to acquire
a rapid in-situ estimation of chlorophyll
(Chl) content from the leaf of corn plants
(Khairi et al., 2015a, 2015b). Meanwhile,
the second uppermost collared-leaf was
used to measure the Chl content. Data were
taken in between 11 am to 1 pm to avoid
wetness effects on the leaf surface (Jahan
et al. 2014b). A total of five replicates were
implemented.

Determination of Chlorophyll
Fluorescence Parameters

A portable Chl fluorescence monitoring
meter of Junior-PAM (Walz, Germany) was
used to quantify chlorophyll fluorescence
in the leaves of corn plants (Jahan ef al,,
2014a; Khairi et al., 2015b). The second
uppermost collared-leaf was selected and
data were taken in between 11 am to 1 pm.
The maximum fluorescence level (Fm) and
quantum yields in PS II photochemistry (Fv/
Fm) were recorded.

Determination of Net Photosynthesis Rate
and Photosysthetically Active Radiation

A CI-340 portable photosynthesis meter
(CID Biosciences, Inc.) was used to measure
net photosynthesis rate (Pn) according to
Munirah et al. (2015). A quantum sensor in
the measuring cell was attached to determine
photosysthetically active radiation (PAR)
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data together with Pn data. Data taking
procedures were according to the manual.
Five replicates were implemented.

Statistical Analysis

Data were analysed for the differences in the
mean value among the treatments by using
ANOVA procedure and LSD and T-test
using Minitab-16 and MS Excel software.
Differences at P < 0.05 are considered as
significant.

RESULTS

Effects of the Mn concentrations on plants
height and number of leaves in presence
of NAC

The effect of NAC on plant height was
found to be significant (Fig.1a). Results
indicated that under no NAC, the plant height
increased with increasing Mn concentration,
whereas under NAC, plant height increased
until 0.2 ppm Mn, followed by plateau.
However, plant height was greater at low
concentrations of Mn when Mn was applied
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under no NAC and at high concentration
of Mn, and there was no influence on plant
height both with and without NAC. This
result suggests that NAC increases plant
height. The results further indicated that
leaf number per plant increased with the
increasing Mn concentration under no
NAC, whereas leaf number increased with
the increasing Mn concentration till 1.5
ppm, followed by a decline under NAC.
However, leaf number was higher in the
NAC-treated plants than the NAC-untreated
plants. Taken together, these results suggest
that NAC might affect plant’s morphological
parameters.

Effects of NAC on Mn-induced RWC and
Net Photosynthesis Rate

The effect of NAC on RWC was significant
(Fig.2a). Results showed that RWC was
greater in NAC treated plants than those
of NAC-untreated plants. Under no NAC,
RWC increased with the increasing Mn
concentration, whereas with NAC, the
RWC was higher in Mn applied plant
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Fig.1: Effects of NAC on Mn-induced plant height (a) and leaf numbers (b) of corn plants.
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than the control. In addition, there was no
significant difference in RWC amongst
the Mn concentrations (Fig.2a; closed
bars). This result suggests that NAC might
increase RWC in the leaves of corn plants.
Net Pn rate and PAR in the leaves of corn
plants were determined under different Mn
conditions with or without NAC existence
(Fig.2b). Manganese increased Pn rate in
the leaves of corn plants than that of Mn-
untreated plants (Fig.2b; closed round).
In addition, a similar effect of NAC on Pn
rate in leaves was observed (Fig.2b; open
round). NAC treatment, on the other hand,
significantly increased Pn rate, regardless
of the Mn treatment. We also measured
photosynthetically active radiation which
supports Pn data that Pn and PAR might
interdependent (Fig.2b; bar graph). This
result suggests that NAC enhances Pn
rate and PAR in the leaves of corn plants
irrespective of the Mn treatment.
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Effects of NAC on Mn-induced
Chlorophyll Content and Chlorophyll
Florescence

The Chl content in the leaves of corn plants
was estimated to justify if NAC application
affected Mn-induced Chl content in the
leaves. Mn-treated plants accumulated
higher Chl content than that of the Mn-
untreated plants (Fig.3a; open bars). In
addition, the Chl contents in the leaves of
different Mn-treated plants were similar. In
contrast, NAC treatment increased the Chl
content in the Mn-untreated plant but not in
the Mn-treated plants except 3 ppm of Mn
condition (Fig.3a; closed bars), under which
the Chl content increased significantly. The
chlorophyll fluorescence data (Fig.3b) and
quantum yield in photosystem II (Fig.3c)
were shown comparable to the chlorophyll
content data. This result implies that NAC
affects light related reaction in plants which
further infers that NAC functions on light-
dependent energy production in plants
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Fig.2: Effects of NAC on different concentrations of Mn-induced RWC (a) and photosynthesis rate (b) in

the leaves of corn plants.
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Fig.3:Effects of NAC on Mn-induced Chl content (a),
leaves of corn plants.

during photosynthesis. Taken together, these
results support that NAC might increase
Chl content in the leaves of corn plants but
the mechanism in this phenomenon is still
unknown.

Effects of NAC on Mn-induced Yield of
Corn Plants

Results indicated that grain yield was
greater in the NAC applied plants than
non-NAC applied plant under any doses of
Mn (Fig.4a). The results further revealed
that under NAC, grain yield increased

514

Chl florescence (b), and quantum yield (c) in the

with the increasing Mn concentration till
1.5 ppm, followed by a decline; under no
NAC, however, the grain yield increased
with the increasing Mn concentration. In
case of the length of corn cob, Mn-treated
plants showed longer cob than that of the
Mn-untreated plants (Fig.4b; open bars).
Additionally, the presence of NAC hastens
the size of cob (Fig.4b; closed bars). This
result suggests that NAC treatment might
increase corn production regardless of Mn
application.
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Fig.4: Effects of NAC on Mn-induced yield (a) and cob length (b) of corn plants

DISCUSSION

Glutathione functions on sulphur
metabolism, growth, development, cell
defense and redox signalling. In specific,
GSH scavenges ROS and detoxify toxic
chemicals (Noctor & Foyer, 1998; Blum et
al., 2007). Ascorbate-GSH cycle regulates
glutathione level (Halliwell & Asada
pathway), and it is likely that alteration
of GSH contents may result in adjustment
of plant’s metabolic function, as well as
plant’s growth and development (Jahan et
al.,2008,2011; Nozulaidi ez al., 2015). This
current study reveals that NAC application
increased corn yield through regulation of
Mn-induced physiological parameters of
corn plants.

Manganese and NAC treatments
increased plant height and leaf number
(Fig.1), whereby it was observed that plant’s
height and leaf numbers are regulated by
GSH and Mn. A previous study stated
that NAC application improved plant
physiological parameters of Arabidopsis
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plants (Jahan et al., 2014a) and rice plants
(Nozulaidi et al., 2015). This may be due
to the effects of increasing GSH content
in leaves (Jahan et al., 2014a) and GSH
derivatives synthesised phytochelatins (Rea
et al., 2004) with micronutrients, including
Mn which improves plants’ physiological
parameters.

In addition, increment of RWC
and photosynthetic parameters (Fig.2)
implied that Mn might modulate plants’
physiological parameters, whereas NAC
might enhance Mn-induced enzymatic
activity. Chlorophyll, which is a green
pigment common to all photosynthetic cells,
absorbs light for phosphorylation process
and transfers electrons from photosystem
II into the photosystem I (Purves et al.,
1997), suggesting that Chl content increased
in the NAC-treated plants (Fig.3a). During
the photosynthesis process, light energy
uses chloroplastic Chl content and changes
it into chemical energy which is stored as
sugar bond (Barber, 2006). In this study,
Fm values were up in the Mn-treated and
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NAC-treated plants than the Mn- and
NAC-untreated plants, involving that GSH
induced by NAC treatment, might cause
energy transfer from PSII to PSI (Jahan
et al., 2014a) and control physiological
parameters (Fig.2). GSH biosynthesis
regulates rosette leaves production (Ogawa
et al., 2004) and flowering time in chl-1
Arabidopsis mutants (Jahan ef al., 2014a).
Plant growth and flowering are influenced
by nutrient availability, temperature and
light intensity (Bernier et al., 1993). In
addition, these results suggest that NAC
treatment might regulate plant physiological
parameters, the finding which is supported
by Jahan et al. (2014a). In this context, this
study has shown that NAC controlled the
Chl content and Chl fluorescence in the
leaves of corn plants (Fig.3). Jiang et al.
(2010) showed that glutathione modulates
the development of Arabidopsis plants,
which is similar to the finding of Jahan et
al. (2014a) that the deficient in GSH content
reduced leaf development and plant growth.
These results support this study.

Cellular GSH have important
consequences in the cell through modification
of metabolic functions associated with
GSH-regulated functions (Noctor et al.,
2002). Glutathione can enzymatically and
non-enzymatically react in cells (Hwang &
Lee, 2006). In more specific, GSH deficient
in plants reduces water movement in plants
(Jahan et al., 2014a), which indicates that
NAC may enhance water absorption from
soil and induce RWC in leaf (Fig.2a). In
addition, Mn application also induces

RWC, which may be due to some enzyme
activities. Therefore, there may be a positive
effect that NAC modulates some extent
of physiological functions in plants in the
presence of Mn application so that the
yield and cob weight increased in Mn- and
NAC-treated plants (Fig.4). Taken together,
1.5 ppm of Mn showed the best results in
regards to NAC application.

In conclusion, NAC might regulate
corn yield through enhancing physiological
functions and the functional activity of some
enzymes in plants which are to be elucidated
in the future research. Application of NAC
with Mn as a foliar spray would be benefited
the farmers by achieving higher yields.
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