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Abstract: Black glutinous rice is a local pigmented rice that
attracts the interest of many people due to its high nutri-
tional value. While cultivating, black glutinous rice may
experience abiotic stresses, such as drought and salinity
threat. Drought and salinity may lead to oxidative stress,
which leads to the overproduction of reactive oxygen spe-
cies (ROS). Moreover, the enzymatic defense mechanism of
black glutinous rice against ROS, which depends on the
stress type and the plant’s growth stages, remains unclear.
This study was performed to determine the defense response
of black glutinous rice to drought (10% PEG) and salinity
(80mM NaCl) stresses at different growth stages (vegetative
[V], reproductive [R], and vegetative+reproductive [V+R]) and
then continued to recover at every growth stage. This study
showed enhanced accumulation of ROS under drought and
salinity stresses, with the reproductive stage presenting the
highest accumulation of hydrogen peroxide and malondial-
dehyde. In contrast, the recovery phase decreased the ROS
accumulation. The antioxidant enzyme activities (catalase
[CAT], ascorbate peroxidase [APX], and peroxidase [POD])
showed different responses between the biochemical and
transcript levels of antioxidant genes (OsCATA, OsAPX,
and OsPOD) during stress and in the recovery phase.
These results indicate the foundation for elucidating the
defense mechanism response of black glutinous rice to
different growth stages and stresses, such as drought
and salinity.
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1 Introduction

The nutritional value of food plants is often improved to
prevent malnutrition and meet the health needs of the
community. Pigmented rice has been widely cultivated as
an alternative food plant that contains highly bioactive com-
pounds [1]. Black glutinous rice is one of the most notable
types of pigmented rice, which contains high amounts of
phenols, flavonoids, and anthocyanins [2]. Cyanidin-3-gluco-
side (C3G) and peonidin-3-glucoside (P3G) are the most abun-
dant anthocyanins in black glutinous rice and are reported
to have antioxidant properties [3]. These natural antioxi-
dants in black glutinous rice provide broader cultivation
opportunities for the food and pharmaceutical industries.

However, stress resistance mechanisms in black gluti-
nous rice remain unclear. Previous studies of black gluti-
nous rice have primarily focused on the bioactive content
and health benefits [2], while its potential role in oxidative
stress has received limited attention. The antioxidant poten-
tial of black glutinous rice, which plays an essential role in
health, is scrutinized regarding its role when plants are
exposed to stressful environments. Drought and salinity
stresses disrupt plant growth and productivity [4]. Drought
stress occurs due to soil surface evaporation and plant tran-
spiration imbalance, followed by low soil moisture content
[5]. Meanwhile, salinity stress occurs due to the accumula-
tion of Na+ and Cl− ions. Excessive Na+ and Cl− ions in saline
soils are toxic to plants, interfering with the absorption of
other essential ions [6].

Drought and salinity stress cause similar symptoms
where plants are unable to absorb water, triggering the
overproduction of reactive oxygen species (ROS) [7]. Plant
responses to stress encourage ROS accumulation as a sig-
naling molecule to activate stress tolerance mechanisms.
However, the overproduction of ROS under extreme
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conditions may cause oxidative damage in plants [8]. Plant
tolerance mechanisms to the overproduction of ROS gen-
erate various enzymatic and non-enzymatic antioxidant
compounds to create a cellular balance. Themain enzymatic
components of the defense system are superoxide dismutase
(SOD), catalase (CAT), ascorbate peroxidase (APX), and per-
oxidase (POD) [9,10]. The conversion of hydrogen peroxide
(H2O2) into water and oxygen is carried out by CAT, POD,
and APX with the involvement of the ascorbate/glutathione
(ASA/GSH) cycle. The conversion of H2O2 by APX occurs in
the ASA/GSH cycle using ascorbic acid as the electron donor.
This reaction produces dehydroascorbic acid (DHA), which is
then reduced to ASA by glutathione (GSH). This mechanism
maintains a dynamic balance between ASA/GSH [11]. Mean-
while, CAT is an enzyme that directly decomposes H2O2 into
water (H2O) and oxygen (O2). Compared to APX, CAT is gen-
erally more effective in converting high concentrations of
H2O2 [12]. Different from CAT, POD can utilize a broad range
of electron donors, including ascorbic acid, phenolic com-
pounds, and other reducing agents. This broad substrate spe-
cificity allows POD to play an important role in multiple
cellular processes, including lignin biosynthesis, cell wall
metabolism, and the regulation of ROS levels [13]. SOD, CAT,
APX, and POD are referred to as antioxidant enzymes and are
regulated in higher plants to maintain cell homeostasis and
several environmental stimuli, including drought and salinity
stresses [14]. Modulating the expression of these enzymes is
also explicitly encoded by genes in rice (Oryza sativa):OsSOD,
OsCAT, OsAPX, and OsPOD [9].

The defense mechanisms against ROS enzymatically
may occur differentially, depending on the stress type,
growth stage, stress duration, and plant variety [15]. The
plant growth stage has different characteristics in stress
response. Unpredictable environmental changes cause dif-
ferent responses in the stress resistance system, including
recurrent stress in one life cycle [16]. Recurrent stress in
plants develops a stress memory response, increasing the
plant tolerance to environmental changes [17].

Plant responses during recovery also need further inves-
tigation, relating to plant adaptation to extremely uncertain
environmental changes [18]. Differences in stress and
recovery responses are essential factors to understand the
mechanisms of black glutinous rice’s resistance to environ-
mental changes. The response of black glutinous rice to oxi-
dative stress has never been studied. Considering the potential
of black glutinous rice cultivation to meet health needs, this
study was performed to determine the defense response of
black glutinous rice to drought and salinity stresses, the
application of stress in different plant growth stages, and
the recovery strategy of black glutinous rice to normal con-
ditions when the stress was removed. This study presents

the biochemical marker analyses of specific antioxidant
enzymes (CAT, APX, and POD), ROS accumulation (H2O2

and malondialdehyde [MDA]), and gene expressions of spe-
cific antioxidant genes (OsCAT, OsAPX, OsPOD) under drought
and salinity stresses at different growth stages.

2 Materials and methods

2.1 Plant materials and experimental
conditions

This study was performed in the Agrotechnopark Jubung,
UPA Waste Management, and the Integrated Laboratory
University of Jember, East Java, Indonesia. The seeds were
local black glutinous rice provided by the UPA Laboratory,
University of Jember. Homogeneous and healthy seeds were
used as the plant material and grown under the same con-
ditions. The seeds were soaked in water for 24 h and sown
for 20 days (vegetative stage). Then, the seedlings were
transferred to pots containing field soil with pH and nutri-
ents adjusted according to the technical recommendations
for rice crops. Pots were irrigated daily until the maximum
capacity (water saturation) and maintained under green-
house conditions.

The crops were subjected to two different abiotic
stresses (drought and salinity) separately. The experiments
consisted of four treatments with different abiotic stresses
(drought/salinity) (Figure 1). The drought and salinity stress
were artificially induced by polyethylene glycol 6000 (PEG-
600) and NaCl. The concentrations of PEG and NaCl given
were adjusted to natural stress in field conditions, 10% PEG
and 80mM NaCl.

At the V5 vegetative stage, plants were divided into two
groups. The first group was grown under well-watered
(normal) conditions (C and R), whereas the second group
(V and V+R) was treated with 10% PEG or 80mM NaCl for 7
days. After the plants were stressed, the pots were fully
rehydrated and kept well-watered until subsequent expo-
sure to stress in the reproductive stage. This trim lasted for
40 days and reached the reproductive stage. In the repro-
ductive stage before flowering (R1–R2), plants were sub-
jected to 10% PEG or 80mM NaCl in the second group
plants (R and V+R) for 7 days; meanwhile, the other group
plants (C and V) were kept well-watered. The periods
chosen for drought or salinity stress (V5 and R1–R2) were
those in which rice was highly sensitive to abiotic stresses.

The experimental design was completely randomized
in a 2 × 4 factorial scheme, with two types of abiotic
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stresses (drought/salinity) and four experimental conditions
described above. Plant samplings (harvest) for further ana-
lyses were carried out in two instants, at the end of the
stress phase and after 7 days of recovery in every growth
stage (Figure 1). Each treatment consisted of three pots
(replicates) containing three plants per pot (experi-
mental unit).

2.2 Morphological parameters

Morphological parameters, including plant height, number
of tillers, and number of leaves, were measured to deter-
mine the growth response of black glutinous rice to abiotic
stress (drought and salinity) treatment and recovery phase.
These parameters were recorded every 7 days after the
exposure to and recovery phase of treatment.

2.3 Determination of H2O2 and MDA
contents

The H2O2 content was determined based on a previous
study [19]. About 0.5 g of fresh leaves were homogenized
in 5 mL of 0.1% trichloroacetic acid (TCA) and centrifuged
at 12,000 rpm for 15 min. The absorbance was measured at
390 nm. The H2O2 content was calculated in µmol g−1 FW
units.

MDA was carried out based on a previous study [20].
Approximately 0.2 g of fresh leaves were homogenized in
5 mL of 0.1% TCA and 0.5% thiobarbituric acid (TBA). The
mixture was then centrifuged at 12,000 rpm for 15 min. The

supernatant (1 mL) was mixed with 4 mL of 20% TCA and
0.5% TBA. The mixture solution was incubated using a dry
block at 95°C for 30min and then immediately moved to
cold conditions. Measurements were performed at wave-
lengths of 532 and 600 nm. The MDA content was calculated
using a coefficient of 155mM−1 cm−1. The absorbance results
were calculated in µmol g−1 FW units.

2.4 Activity of antioxidant enzymes: CAT,
APX, POD

The enzyme extract was prepared by taking 0.1 g of fresh
leaves and then ground using liquid nitrogen. The sample
was homogenizedwith an extraction buffer of 50mMTris–HCl
(pH 7), 0.1mM EDTA, 1mM β-mercaptoethanol, and 5mM
MgCl2. The solution was centrifuged at 8,000 rpm for 15min
at 4°C. The supernatant was used for further enzymatic ana-
lyses (APX, CAT, and POD).

CAT activity was assessed based on the method reported
in Hadwan and Abed [21]; the enzyme sample was incubated
in a 1mL substrate containing 65mmolmL−1 H2O2 in 60mmolL−1

sodium-potassium phosphate buffer (pH 7.4) at 37°C for 3min,
then the reaction was stopped using ammonium molybdate.
The reaction was performed in four test tubes. These tubes
include a test tube containing the supernatant of the sample,
substrate, and molybdate; a control test tube containing the
supernatant of the sample, distilled water, and molybdate;
a standard test tube containing distilled water, substrate,
and molybdate; and a blank test tube containing distilled
water and molybdate. This method was based on the reaction
of undecomposed H2O2 with ammonium molybdate to pro-
duce a yellowish color with an absorbance measurement at

Figure 1: Experimental design for drought stress treatment in 10% PEG and salinity stress treatment in 80 mMNaCl. The scissors indicate the points at
which the leaves were sampled for further analyses.
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374 nm. The following equation was used to determine CAT
activity:
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where t is the time, S° is the absorbance of the standard
tube, S is the absorbance of the test tube, M is the absor-
bance of control test (correction factor), Vt is the total
volume of reagents in the test tube, and Vs is the volume
of sample.

APX activity was determined as described in the pre-
vious study [22]. About 50 µL of supernatant was added
with 50 mM phosphate buffer (pH 7), 0.5 mM ascorbic
acid, 0.2 mM EDTA, and 0.2 mM H2O2 at twice the volume
of the supernatant. After incubation for 3 min, the reaction
was initiated by adding H2O2. The enzyme activity was
determined by measuring the decreased absorbance level
at 290 nm due to AsA oxidation over a few minutes. The
APX activity was calculated using the extinction coefficient
of 2.8 mM−1 cm−1, and the activity was expressed as the
number of moles of ascorbate oxidized per min per mg
protein [22].

Determination of POD activity was carried out based
on a modified method of Krishnegowda and Lohith [23] by
adding 4 mgmL−1 4-aminoantipyrine, 50 mgmL−1 phenol
buffer, 0.1 M phosphate buffer, and 0.1 mL 30% H2O2, fol-
lowed by incubation for 10 min at 37°C. The reaction was
measured at 2 and 5 min at 500 nm wavelength and
expressed as mU/mg proteins. POD activity was deter-
mined by the following equation:
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where 12.88 refers to the millimolar extinction coefficient
of the quinoneimine dye, 3 the reaction time, ½ the factor
based on the fact that two molecules of H2O2 form one
molecule of quinoneimine dye, 3.2 the final volume of the

reaction mixture, 0.1 the volume of enzyme solution, Dm
the dilution multiple of enzyme solution, and 0.693 the
exchange coefficient.

2.5 Expression analysis of antioxidant genes
– CAT, APX, and POD

The leaf sample (0.1 g) was ground in liquid nitrogen until
the powdery texture was achieved, which was then homo-
genized in 1 mL AccuZol™, a total RNA isolation reagent.
Then, 200 µL of chloroformwas added to the solution, shaken
vigorously for 15 s, and incubated on ice for 5min. The mix-
ture was centrifuged at 12,000 rpm for 15min at 4°C. The
supernatant was added with an equal volume of isopropyl
alcohol, followed by centrifugation at 12,000 rpm for 10min at
4°C. The supernatant was discarded, and 80% ethanol was
added to the pellet and re-centrifuged at 12,000 rpm for 5min
at 4°C. The pellet was collected and then dissolved in RNAase-
free water. The RNA concentrations were measured from
absorbance at 260 and 280 nm .

Approximately 1 µg of RNA was used for first-strand
cDNA synthesis with the AccuPower® CycleScript™ RT
Premix (dT20) solution reagent kit. Then, DEPC-DW was
added up to 20 µL. cDNA synthesis was carried out on a
PCR machine with the following reaction conditions: primer
annealing at 15–25°C for 30 s, cDNA synthesis at 42–45°C for
4min, followed by a second melting step at 55°C for 30 s for
12 cycles. The reaction was then incubated at 95°C for 5min.
The cDNA product was then amplified using PCR under the
following conditions: 95°C for 5min, 95°C for 30 s, 48.9–52.5°C
for 30 s, 72°C for 1 min for 30 cycles, and 72°C for 5min as the
final elongation. Primers for antioxidant gene expression are
listed in Table 1.

The PCR products were subsequently subjected to elec-
trophoresis on a 1.5% agarose gel and then run at 80 V for
50 min. A 100 bp DNA ladder (PROMEGA) was used as the

Table 1: Primer sequences for antioxidant gene expression analysis

Gene Primer sequence Accession number Molecular weight (bp) References

OsAPX F: GCGAAATACTCCTACGGAAAGA AK100016.1 309 [18]
R: ATTCACATGCCCATCCTTTTAC

OsCATA F: GAAGATTGCGAATAGGCTCAAC D29966.1 305 [18]
R: GTGGCATTAATACGCCAGTACA

OsPOD F: GGGTGCGTTCCCTAATGTCA XM_015773716.1 250 [19]
R: GAAGTTACCCAGGTCGGTGG

Actin F: TCCATCTTGGCATCTCTCAG X16280.1 335 [19]
R: GTACCCGCATCAGGCATCTG
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molecular weight marker, with a 3 μL load. The electrophor-
esis results were then visualized using a gel documentation
system and quantified using ImageJ software as relative
gene expression.

2.6 Statistical analysis

All treatments were arranged in a completely randomized
design with three replications. Data expressed as mean (n =
3) ± standard deviation (SD) were analyzed using analysis
of variance (ANOVA), then continued with Duncan’s mul-
tiple range tests at p < 0.05 if the values presented a statis-
tically significant difference.

3 Results

3.1 Morphological parameters

Morphological characteristics were observed to determine
the effects of drought and salinity stresses on the black
glutinous rice. Table 2 presents that stress plants in the
vegetative stage tend to have lower height growth than
the controls. Similar results were also observed in plants
under recurrent stress (V+R), whereas the stressed plants’
height was relatively lower than the control plants. In con-
trast to the reproductive stage, stressed plants in this stage
tend to be taller than control plants. Morphological charac-
teristics including the number of tillers and leaves were also
observed. The vegetative, reproductive, and recurrent stress
(V+R) stages decrease the number of tillers and leaves in
plants when exposed to drought or salinity stresses.

The effects of recovery from drought and salinity stresses
were also observed in this study (Table 3). The data indicate

that recovered plants experienced an increase in the plant
height, number of tillers, and number of leaves. The morpho-
logical changes in the recovery phase were recorded on the
seventh day of recovery phase in every growth stage treat-
ment. The data continued to be quantified for the relative
growth rate (%) of the stress plant to recovery. The relative
growth rate (%) varied among plants in each treatment and
growth stage. The relative growth rate (%) was measured
from the difference between the final growth value
(recovery) and the initial growth value (stress) and
then divided by the initial growth value (stress).

Themost significant relative plant height growth rate was
found on the recovered vegetative plants from drought stress
(150%), followed by recovered vegetative plants from salinity
stress (58%). The vegetative stage provided the highest relative
growth rate after recovery compared to other growth stages
(R and V+R). The reproductive stage provided the lowest rela-
tive height growth rate, and the height growth rates of control,
drought, and salinity treatments, which were 18, 5, and 0%,
respectively. Meanwhile, the recurrent stress stages (V+R)
slightly increased the relative height growth rate by 9 and
5% at drought and salinity stresses, respectively.

The relative growth rate in the number of tillers was
also observed from stress to recovery (Figure 2). The vege-
tative stage provided a lower growth rate compared to con-
trol after stress exposure, 50 and 33% at drought and salinity
stress, respectively. Different results were observed in the
recurrent stress stage (V+R), where plants were given the
highest number of tillers compared to other stages after
drought and salinity exposure, 40 and 43%, respectively.
Meanwhile, the control plants in the recurrent stress stage
(V+R) showed a slightly increased relative growth rate of
13%. The reproductive stage showed the lowest relative
growth rate in the number of tillers, either in drought 27%
or salinity 7% stress, compared to the vegetative and recur-
rent stages (V+R).

Table 2: Effect of drought and salinity stresses on morphological characteristics of black glutinous rice

Stage of stress Types of stresses Plant height (cm) Number of tillers Number of leaves

Vegetative Control 67.20 ± 0.02cA 3.00 ± 0.03cA 12.00 ± 0.06cA

10% PEG 40.50 ± 0.03cC 2.00 ± 0.06cB 6.00 ± 0.03cC

80 mM NaCl 56.30 ± 0.08bB 3.00 ± 0.04bA 8.00 ± 0.06bB

Reproductive Control 122.30 ± 0.04aC 22.00 ± 0.05aA 88.00 ± 0.01aA

10% PEG 134.10 ± 0.01aB 19.00 ± 0.07aB 69.00 ± 0.04aB

80 mM NaCl 152.10 ± 0.06bB 15.00 ± 0.06aC 62.00 ± 0.03aC

Vegetative + reproductive Control 110.00 ± 0.03bA 8.00 ± 0.05bA 32.00 ± 0.02bA

10% PEG 102.30 ± 0.04bC 5.00 ± 0.03bC 21.00 ± 0.03bC

80 mM NaCl 110.10 ± 0.06cB 7.00 ± 0.06cB 25.00 ± 0.03cB

Note: Lowercase letters compare the simple effects of plant life-stage factors at the same stress level. Capital letters compare the simple effects of
stress factors on the same life stage. Different letters at the same level indicate a significant difference (p < 0.05).
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The relative growth rate in the number of leaves was
also observed as a plant growth parameter from the stress
to the recovery phase. The vegetative stage provided the
highest growth rate in the number of leaves on all stress
exposure: control, drought, and salinity (117, 67, and 56%,
respectively). The recurrent stress stage (V+R) showed a
growth rate in the number of leaves at 16, 24, and 64% at
the control, drought, and salinity treatments. In the repro-
ductive stage, plants tended to have no growth (0%) eleva-
tion in the number of leaves after recovery. Recovered
plants from drought and salinity stresses had fewer leaves.

3.2 H2O2 and MDA contents

Abiotic stress (drought and salinity) causes a higher ROS
accumulation than the unstressed condition (control). As
shown in Figure 3, stress exposure with 10% PEG (drought)

and 80mMNaCl (salinity) resulted in a higher H2O2 content
than the control in the vegetative (V), reproductive (R), and
combination (V+R) stages. The highest accumulation of
H2O2 occurred when plants were exposed to drought and
salinity stresses in the reproductive stage at 63.9 and
69.8 µmol g−1 FW, respectively.

The highest H2O2 accumulation was found in black
glutinous rice plants exposed to recurrent stresses (V+R)
from drought and salinity stresses at 55.9 and 47.2 µmol g−1

FW, respectively. Providing treatment at different plant life
stages with the same stress type resulted in a significant
difference. Meanwhile, different stress exposures applied
to the same growth stage provided insignificantly different
results. This can be interpreted as the H2O2 accumulation
was influenced by the plant growth stage when exposed
to stress. Fundamental differences occurred when plants
were stressed during the reproductive stage. The reproduc-
tive stage had significantly different effects on H2O2

Table 3: Effect of recovery from drought and salinity stresses on morphological characteristics of black glutinous rice

Stage of stress Types of stresses Plant height (cm) Number of tillers Number of leaves

Vegetative Control 116.20 ± 0.06cA 6.00 ± 0.01cA 26.00 ± 0.01cA

10% PEG 101.30 ± 0.01cB 3.00 ± 0.02cC 10.00 ± 0.02cC

80 mM NaCl 88.80 ± 0.42bC 4.00 ± 0.82cB 12.00 ± 3.74cB

Reproductive Control 144.50 ± 0.05aB 25.00 ± 0.06aA 68.00 ± 0.01aA

10% PEG 141.00 ± 0.02aC 15.00 ± 0.05aB 63.00 ± 0.02aB

80 mM NaCl 152.18 ± 0.92aA 14.00 ± 2.58aC 57.00 ± 1.63aC

Vegetative + reproductive Control 121.40 ± 0.02bA 9.00 ± 0.05bB 37.00 ± 0.01bB

10% PEG 112.60 ± 0.02bC 7.00 ± 0.06bC 26.00 ± 0.01bC

80 mM NaCl 115.08 ± 0.08cB 10.00 ± 2.58bA 41.00 ± 0.03bA

Note: Lowercase letters compare the simple effects of plant life-stage factors at the same stress level. Capital letters compare the simple effects of
stress factors on the same life stage. Different letters at the same level indicate a significant difference (p < 0.05).
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accumulation, at 6.3 and 6.9% for drought and salinity
stresses, respectively. Recurrent stress (V+R) increased the
H2O2 accumulation by 6.7 and 5.5% under drought and sali-
nity stresses, respectively.

Changes in H2O2 content were also observed when the
plants were in the recovery phase. The recovery phase
involved water irrigation that could decrease the H2O2 con-
tent. The most significant decrease in the recovery phase
occurred under recurrent stress (V+R) at 0.2% with 10%
PEG stress. At different growth stages, recovery treatment
for the same stress type showed significantly different
results. In contrast, the results are insignificantly different
at the same life stage and with different types of stresses.
This condition proves that the decreased H2O2 accumula-
tion in the recovery phase is greatly influenced by the
plant’s growth stage, whereas the recovery phase in the
reproductive stage significantly reduced the H2O2 content.

MDA is the final product of lipid peroxidase, which is
an indicator of oxidative stress in plants [19]. Changes in
MDA accumulation in black glutinous rice are shown in
Figure 3. The accumulated MDA content of black glutinous
rice plants in this study was lower than the H2O2 content
but only in 0–9 µmol g−1 FW range. MDA accumulation
after salinity stress obtained significantly different results
in the reproductive stage. In contrast, other treatments
showed insignificantly different results for the same stress
type with different growth stages.

The highest MDA content was found in black glutinous
rice under 10% PEG stress in the reproductive stage (1.02%),
followed by the same stress in the vegetative stage (0.92%).
The MDA content was low in the recurrent stress (V+R).
Changes in MDA content also occurred in the recovery
phase, and a decreased MDA content occurred after the

stress was removed. The most significant decrease occurred
in the recovery phase of 10% PEG in the vegetative stage at
0.58%. In comparison, the lowest decrease occurred in the
recovery phase of 10% PEG in the reproductive stage.

3.3 Activity of antioxidant enzymes: SOD,
CAT, APX, and POD

The highest CAT activity was obtained in black glutinous
rice with 10% PEG stress in the reproductive stage at
174.98 Umg−1 protein. Drought stress (10% PEG) obtained
a higher CAT activity than salinity stress in all treatments
at different growth stages. Drought stress showed signifi-
cantly different results in the reproductive stage compared
to other growth stages.

This condition indicates that drought stress in the
reproductive CAT activity decreased in the recovery phase,
approaching normal conditions in all growth stages and
types of stresses, within an average value of 50.15 Umg−1

protein. This condition means that CAT activity is influ-
enced by environmental stress and activated to defend
plants from non-optimal environmental conditions.

APX is an antioxidant enzyme that catalyzes the con-
version of H2O2 to H2O with ASA assistance. The APX
activity in black glutinous rice is presented in Figure 4,
which presented different results from the CAT activity.
The highest APX activity was achieved in the vegetative
stage exposed to drought stress (5.8 %), followed by the
recurrent stress treatment stage (V+R) at 5.1%. Increased
APX activity under salinity stress was 4.8 and 5% in the
vegetative and recurrent stages (V+R), respectively.
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Figure 3: ROS (H2O2 and MDA) contents in black glutinous rice on drought and salinity exposure and in the recovery phase. Note: Lowercase letters
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APX activity decreased to near-normal conditions with
each type of stress during the recovery phase. The most
significant decrease in APX activity occurred in the vege-
tative stage under drought and salinity stresses at 2.2 and
1.8%, respectively. APX activity in the recovery phase after
drought and salinity stresses was nearly similar to the
unstressed plants (control), as there was no significant
increase of APX activity in the reproductive stage.

When exposed to drought or salinity stresses, POD
activity was beyond normal conditions during all growth
stages. However, the POD activity was lower than that of
other antioxidant enzymes, as evidenced by the results
obtained in mUmg−1 protein. The most significant increase
in POD activity was observed when stressed plants were
found in the reproductive stage. In the reproductive stage,
POD obtained the highest activity after exposed to drought
and salinity stresses at 624.42 and 578.50 mUmg−1 protein,
respectively. Meanwhile, the recovery stage affected the

POD activity, decreasing when recovery occurred. The
most significant decrease in POD activity occurred in the
recovery phase, with recurrent drought stress (V+R) at
1.69%. In the recovery stage of recurrent salinity stress
(V+R), POD activity decreased by 0.08%.

3.4 Expression analysis of antioxidant genes:
CAT, APX, and POD

Molecular analysis was performed to determine the anti-
oxidant gene regulation when plants were exposed to
stress and survived during the recovery phase. The regula-
tion of antioxidant gene expression (OsCATA, OsAPX, and
OsPOD) is shown in Figure 5. The regulation of the mole-
cular level differs from its biochemical level. In general, the
regulation of antioxidant gene expression during recovery is
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higher than the regulation during stress. In contrast, anti-
oxidant activity is higher during stress than during the
recovery phase at the biochemical level.

The OsCATA expression under stress and recovery
conditions was visually observed in DNA band electrophor-
esis, and the relative gene expression was also provided.
The highest OsCAT expression occurred when plants were
exposed to drought stress in the reproductive stage. In

contrast, other growth stages (V and V+R) had no signifi-
cant changes in OsCATA gene expression under stress con-
ditions. The recovery phase showed equal OsCAT expres-
sion in the reproductive and recurrent stress stages after
drought and salinity stress exposure.

The highest OsAPX expression was found in plants that
were exposed to salinity and drought stresses in the repro-
ductive stage. Low levels of APX expression were under
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Figure 5: (a) Gene expression of CAT, APX, and POD electrophoresis bands under stress and in the recovery phase. Note: (1) vegetative control, (2)
vegetative 10% PEG, (3) vegetative 80 mM NaCl, (4) reproductive control, (5) reproductive 10% PEG, (6) reproductive 80 mM NaCl, (7) vegetative +
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Antioxidant responses of black glutinous rice under drought and salinity stresses  9



control in all growth stages. The recovery stage showed
OsAPX expression in the reproductive and recurrent stress
stages. However,OsAPX expression was absent in the recovery
phase from drought stress under (V+R) conditions.

OsPOD expression was observed under stress and in
the recovery phase in black glutinous rice. The highest
OsPOD expression was observed in plants that were exposed
to recurrent salinity and drought stresses in the reproductive
stage. In contrast, the low expression of OsPODwas observed
in the vegetative stage under control and drought stresses.
Black glutinous rice that entered the recovery phase after
stress exposure expressed OsPOD at almost the same level
under all control and recovery phases in all growth stages.
However, OsPOD expression was lower in the reproductive
stage than in other growth stages (V and V+R).

4 Discussion

4.1 Morphological parameters

Drought and salinity stresses in the reproductive stage
influenced the higher plant height among control plants.
The increase of the plant height in this stage was a plant
adaptation to stress by the drought tolerance mechanism.
This mechanism included cellular adjustments, morpholo-
gical adaptation, ROS regulation, molecular signaling, and
resistance-related gene expressions [24]. Increased plant
height under stress in the reproductive stage is related to
increased H2O2 accumulation. Accumulation of H2O2 could
increase cell division in the vegetative stage and modulate
cell expansion in the reproductive stage through signal
transmission [25]. According to previous study [26], H2O2

may act as a signal molecule under biotic or abiotic stress.
H2O2 may increase PME (pectin methylesterase) activity in
cell walls, thereby increasing the induction of pectin synth-
esis for cell expansion. Cell expansion occurs to balance the
integrity of the cell wall in an attempt to survive extreme
environmental changes. The regulation of cell expansion in
specific organs may occur when plants are stressed but is
often achieved at the expense of other growth organs of the
plant or by reducing plant biomass [27].

The recovery process is crucial as it determines whether
a plant adapts to environmental stress by resuming growth
[18]. Plant growth in this study was evaluated from the rela-
tive growth rate of stressed plants in the recovery phase. The
results showed that the vegetative stage obtained the highest
significant growth rate in plant height among the other
growth stages. This condition means that the vegetative stage

has better morphological growth restoration capabilities for
plant height. Plants in various growth stages have different
recovery capabilities due to different responses and vulner-
abilities to environmental stress [28]. The vegetative stage has
good morphology recovery capabilities due to its composition
of relatively young plant cells. Therefore, vegetative plants
can easily resume their growth with more massive cell differ-
entiation and elongation than reproductive plants [29].

The relative growth rate in the number of tillers and
leaves differed in each growth stage. The vegetative stage
obtained the lowest relative growth rate in the number of
tillers compared to other growth stages. In the vegetative
phase, the plant response is greater in plant height and
number of leaves. The reproductive stage had the lowest
relative growth rate in height growth, number of tillers,
and number of leaves. This condition indicates that the
reproductive stage is more vulnerable to stress, based on
a lower morphological recovery response than other growth
stages [30]. The reproductive stage tends to have a slower
recovery than the vegetative stage because it has more
energy reserves in the form of carbohydrates stored in
the roots and other tissues, allowing them to respond
more effectively to stress promoting recovery. Meanwhile,
in the reproductive stage, the plant uses much of its stored
energy for reproduction, leaving fewer reserves available
for recovery [31]. The recurrent stress stage (V+R) tended to
recover better than the reproductive stage, which was
caused by the plant’s ability to survive through memory
metabolic processes, affecting the plant's response to the
new stress exposure potential [17].

4.2 H2O2 and MDA contents

Drought and salinity stresses promote ROS accumulation
in plant cells. H2O2 is one of the most stable types of ROS,
and it quickly passes through membranes to transmit sig-
nals between cells [32]. Accumulation of H2O2 at high levels
may cause cell damage [33]. The reproductive stage accu-
mulated the highest amount of H2O2 when plants were
exposed to stress. This shows that the reproductive stage
is sensitive to environmental stress, based on H2O2 as a
stress biomarker [34]. Water and nutrition availability
are necessary in the flowering (reproductive) stage [15].
A decrease in H2O2 content occurred when stress was
relieved (recovery phase). Accumulation of H2O2 is a bio-
marker for stressed plants. In contrast, the degression of
H2O2 indicates that the stress was removed [35]. The vege-
tative stage showed the lowest H2O2 content compared to
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other growth stages, suggesting that the vegetative stage
has good capacity for recovery.

MDA is a secondary lipid peroxidation product that
indicates cell damage levels due to stress. Plants with a
low MDA content present a tolerance to stress [36]. Lipid
peroxidation is formed by taking electrons from unsatu-
rated fats (PUFA), which contain reactive hydrogen atoms
in plant cells. This mechanism indicates plant cell oxidative
damage [37]. The MDA content in cells can be detected
using TBA, a reactive compound to MDA, marked red as
the end product of the reaction. The redder the color of the
mixture produced, the greater the MDA accumulation [38].
High amounts of MDA accumulation indicate the magni-
tude of cellular damage due to abiotic stress [37,38].

In the present study, the highest MDA accumulation
was obtained from the reproductive plants exposed to
drought stress, followed by vegetative plants under drought
stress. Drought stress using 10% PEG is more reactive in
oxidizing lipids [39]. PEG was administered to simulate
drought stress, which could accumulate in cell membranes
and damage lipids’ double bonds quicker than the salt. The
reproductive stage is a critical period for plants in terms of
their water needs. In this stage, lack of water will affect the
formation of panicles and rice grains, the main factors for
yield production [15]. Furthermore, the vegetative stage also
accumulates high amounts of MDA, a critical period for high
amounts of water to form subsequent plant organs, such as
leaves and tillers [40]. On the other hand, the lowest MDA
accumulation was obtained in the recurrent stress stage
(V+R), both in drought and salinity stress, which showed
no MDA elevation under drought and salinity stress com-
pared to the control plants. This result suggests a memory
effect from the first drought/salinity experience. Plants experi-
encing recurrent drought or salinity stress would show more
active mechanisms of stress tolerance [17]. According to Fleta-
Soriano and Munné-Bosch [41], plant responses to recurrent
stress differ from those in single-stage stress. Plants experien-
cing recurrent stress improve inducible responses to stress, a
process known as “primability” to subsequent stress, in which
a first stress experience may prime the plant for an improved
response to upcoming new potential stressful events [16].

Decreased MDA content occurred when the stress was
relieved (recovery phase). The lowest MDA content occurred
in vegetative plants under drought stress. This indicates that
vegetative plants can recover faster than reproductive plants,
and MDA accumulation remained high even after stress
removal. Stress removal (recovery) explains the plant’s toler-
ance to stress by its ability to regrowth [18]. In this condition,
the reproductive stage is highly susceptible to stress. In con-
trast, the vegetative stage is relatively more tolerant to stress
due to good recovery ability.

4.3 CAT, APX, and POD activities

The antioxidant activity induced by PEG and NaCl was eval-
uated, and this study reported the physiological changes in
rice plants. A study by Bhattacharjee et al. [42] found
enzyme activity higher at 10% PEG than control. High con-
centrations of PEG can cause significant decreases in mor-
phology, and a study by Sagar et al. [43] at 20% PEG resulted
in 0% growth in plants, and they even died immediately
when stress was applied. Therefore, 10% PEG was chosen
as the most suitable concentration to create artificial
drought stress in this study. Also, for salinity stress,
80 mM NaCl (equal to 8 dS m−1) was chosen as the most
suitable concentration to evaluate the morphological changes
and antioxidant enzyme activity in rice, as declined enzyme
activity with more increased NaCl concentrations and pro-
longed salt stress were found [44].

CAT is an enzymatic antioxidant that directly catalyzes
H2O2 into H2O and O2 without requiring a substrate. The
results showed that CAT activity was higher in the drought-
exposed plants in the reproductive stage. The high CAT
activity is related to the high accumulation of H2O2. Thus,
the higher the H2O2 accumulation, the more the CAT
activity in breaking down H2O2 [45]. CAT activity increased
when stress was present in every growth stage, and it
decreased to normal conditions when the stress was removed
(recovery). Thus, the upregulation of CAT is a survival condi-
tion against oxidative stress in plants.

APX catalyzes H2O2 to H2O using ASA as a specific elec-
tron donor. The results showed that APX activity increased
when plants were exposed to stress, with the highest level
obtained from the vegetative stage under drought stress,
followed by the recurrent stress stage (V+R). Salinity stress
also increased the APX activity when plants were in vegeta-
tive and recurrent (V+R) stages. The reproductive stage
showed no elevation level of APX activity. This may cause
the CAT to carry out the H2O2 breakdown, so the H2O2 break-
down in the vegetative and recurrent (V+R) stages was max-
imized by APX. APX activity occurred in the Asa-GSH cycle,
known as the Asada-Haliwell cycle, the primary antioxidant
defense pathway in detoxifying H2O2. Non-enzymatic anti-
oxidants such as AsA and GSH were also present [6]. AsA
and GSH are the most abundant soluble antioxidants in
higher plants that play an important role as electron donors
and capture ROS directly through the AsA-GSH cycle [6]. The
abundance of AsA and GSH in plants was considered a
reason for the high activity of APX compared to CAT.

APX activity decreased in the recovery phase, indicating
that APX is very responsive to environmental changes.
However, APX activity was still relatively high during the
recovery treatment from drought and salinity stresses in the
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vegetative and recurrent (V+R) stages despite the decrease
in their activity. APX activity during recovery was decreased
than CAT activity, which could be close to the normal level
when stress was removed. This was suggested to be due to
high APX activity when stress occurred, and their regulation
increased by twofold above control. Therefore, the decreased
APX activity in the recovery phase of 7 days has not yet
reached the normal level. The rate at which an enzyme's
activity is upregulated or downregulated may vary and is
not universal due to the differences in cultivar, organ, plant
growth, and growing conditions [46].

The POD activity increased when plants were under
drought and salinity stresses. In reproductive plants, the
POD reached the highest activity, followed by the vegeta-
tive plants under drought and salinity stresses. This condi-
tion presents that the reproductive and vegetative stages
are the most reactive stages where POD activity changed.
The vegetative and reproductive stages are highly suscep-
tible to water and nutritional needs [29], so if the environ-
ment is suboptimal, plants will regulate their defense
system [34]. However, POD activity is lower than other
antioxidant enzymes (CAT and APX), likely due to H2O2

detoxification being maximized by CAT during stress.
Recovery has an impact on decreasing the POD activity

as well as on the activity of other antioxidant enzymes.
This condition is also influenced by the fact that ROS no
longer accumulates in high amounts, so plants have no
need to regulate enzymatic antioxidants and maintain
the cellular balance. POD activity is still visible even at
low levels in non-stressed conditions, which may play a
role in various plant physiological processes, such as cell
wall metabolism [47], auxin metabolism [48], and lignifica-
tion [49].

4.4 Relative expressions of CAT, APX, and POD

The expression of antioxidant-related genes was observed
visually through the electrophoresis bands, whereas the
band’s thickness indicates the target gene’s expression
level [50]. The DNA bands were then processed quantita-
tively using ImageJ software as a relative gene expression.
Relative gene expression was based on the ratio of target
versus housekeeping genes [51], in which actin was used as
a housekeeping gene in this study.

The target genes related to antioxidants in this study were
OsCAT, OsAPX, and OsPOD, which provided the highest rela-
tive gene expression levels under drought and salinity stresses
in the reproductive stage. The upregulation of OsCATA and
OsPOD was associated with its protein level regulation [41],

where CAT and POD activities were increased under drought
and salinity stresses in the reproductive stage. This condition
shows that the increased transcription levels of OsCATA and
OsPOD encoded the CAT and POD proteins in the reproductive
plants, a sensitive growth stage to environmental stress [42].
CAT is found in peroxisomes and is indispensable for decom-
posing H2O2 during stress [52]. This agreed with the results in
H2O2 accumulation, which was higher during stress in the
reproductive stage. The upregulated OsCATA encoded CAT
activity to detoxify high accumulation of H2O2 in peroxisomes
turn into H2O and O2. CAT consists of a small family in rice
presented by the genes OsCATA, OsCATB, and OsCATC [53].
They were in different locations and had specific functions.
OsCATA is located in photosynthetic tissues, whereas OsCATB
is related to vascular tissues, and the OsCATC is exhibited
in seeds and reproductive tissues [54]. Under high salinity,
OsCATA andOsCATCwere themost responsive to saline stress
[55]. The expressional level of OsCATA was also strongly
enhanced in the leaves due to drought treatment in the tol-
erant genotype [56]. Thus, it could be stated thatOsCATA is the
stress-responsive member of CAT. Under drought and salinity
stresses, a study by Refli and Purwestri [57] observed an
increase in CAT expression, which was higher under drought
stress than under salinity stress, similar to this study. This
indicated that detoxification of H2O2 producedwasmore effec-
tive under drought than under salinity stress. Detoxification of
H2O2 is also facilitated by OsPOD, which encodes POD activity.
This study presents an increased expression of OsPOD under
salinity and drought stresses in the reproductive stage, as it
decomposes H2O2 [54]. The increase of OsPODwas lower com-
pared toOsCATA andOsAPX in the reproductive stage. Similar
findings byMehmood et al. [58] showed thatOsPOD continued
to express low levels during stress, and a suggestion by Abo-
gadallah [59] stated that POD may not be sufficient to control
H2O2 levels compared to CAT and APX.

The ASA/GSH cycle, an efficient antioxidant system in
the detoxification of H2O2, involves APX, MDHAR, DHAR,
and GR for enzymes. The cycle maintains the proper ratio
between reduced and oxidized ASA and GSH, which is
useful for proper ROS scavenging in plant cells [60]. APX
is the main enzyme in the ASA/GSH cycle, encoded by the
transcript level of OsAPX. The increase of the expression
level in OsAPX should increase its enzyme activity. How-
ever, this study presented a different result between the
expression level of OsAPX and its APX activity during stress
in the reproductive stage. APX activity remained low under
stress and in the reproductive stage. This may suggest that
OsCATAmainly facilitates the detoxification of H2O2 as it is
correlated with the increased level of OsCATA and CAT
activity due to stress in the reproductive stage. A study
by Vighi et al. [55] reported that the increased expression
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of OsAPX did not affect the enzyme activity, especially
in the tolerant genotype. This may be suggested by the
absence of reduced ascorbate in the activation of APX
[61]. This indicates that APX expression is regulated at
the post-translational modification level during protein
synthesis, which may result in differences between gene
expression and enzyme activity [62]. Similarly, the findings
of Nounjan et al. [63] stated that the increase in transcript
levels of genes encoding antioxidant enzymes did not
always coincide in most cases of enzyme levels. This may
result from a higher enzyme turnover of H2O2 inactivation.

Transcription levels of OsCAT, OsAPX, and OsPOD
increased in stress conditions. However, increased expres-
sion of OsCAT, OsAPX, and OsPOD also occurred in the
recovery phase. In the recovery phase, the expression of
antioxidant-related genes was regulated at the post-tran-
scriptional level. Post-transcriptional levels were active
in small-scale responses to temporary stress and in the
recovery stage to normal conditions [64]. The transcript
level may be expressed in the recovery phase, as found
in the study by Bian and Jiang [52], which reported the
expression of CAT, APX, and POD during recovery. The
antioxidant gene remains expressed in the recovery phase
for several important reasons. Yeung et al. [18] suggested
that the expression of APX and CAT during recovery may
continue to counteract the damage caused by ROS and
restore cellular balance. Similar to Mehmood et al. [58],
CAT and POD help modulate the inflammatory response
and prevent excessive ROS from causing additional tissue
damage during recovery.

5 Conclusions

The tolerance capability of black glutinous rice to abiotic
stress can be evaluated from the plant's ability to recover
after the stress is removed. Stressed plants in the vegeta-
tive stage and recurrent stress (V+R) have better recovery
abilities than in the reproductive stage. The regulation of
black glutinous rice resistance at the protein and enzymatic
levels varies among each treatment stage. Specifically, CAT
and POD show high activity in the reproductive stage, while
APX activity is more pronounced in the vegetative and
recurrent stress stages (V+R). Additionally, regulation at
the molecular level also shows different relative expression
results between stress and recovery conditions. These differ-
ences occur due to gene expression factors, such as tran-
scription, post-transcription, and post-translation, creating a
unique pattern in the molecular and biochemical responses
of black glutinous rice to abiotic stress. In conclusion, this

work underlines the defense responses of black glutinous
rice under oxidative stress in different growth and recur-
rent stress stages, in which this information is beneficial for
broader cultivation on suboptimal lands.
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