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A B S T R A C T

Drought stress is an important abiotic stress to current agriculture around the world, due to its implacable
damage to agriculture crops. Plants adapt these climatic changes by various physiological, biochemical, cellular
and molecular alterations. In present study, we analyzed the physiological, biochemical and cellular responses of
rice seedlings during drought stress. The study emphasized the expression of different genes regulated during the
drought stress. Drought stress revealed a significant reduction in the growth, photosynthetic pigments, proteins,
enhanced proline and antioxidant enzymes activity. Genomic DNA and nuclear fragmentation in leaf tissues
confirm the pronounced overproduction of reactive oxygen species (ROS) during drought stress. Further, the
expression pattern of the antioxidant, transcription factor, programmed cell death and autophagy genes revealed
their role in drought tolerance. The study concludes that drought stress alters the different attributes of the
plants. To avoid stress plants response with enhanced tolerance mechanism with the activation of multiple
factors. Finally, autophagy and PCD both mechanisms co-regulates and increase tolerance against the drought
stress in rice.

1. Introduction

To fulfil the food requirement of a rapidly growing population in
developing countries and overcome the changing environmental
burden on crops for doubling the crop yields in coming years is a pre-
requisite (Tilman et al., 2002). An estimate of the Food and Agriculture
Organization (FAO), the world food production should be increased by
70% till the year 2050 to feed the growing population (Vinet and
Zhedanov, 2010). Rice (Oryza sativa L.) is the primary food source in
developing countries and cultivated in mostly all parts of the world in
different environmental conditions. It is open to a wide range of en-
vironmental stresses, such as salinity, drought, flooding, cold and high
temperature, causing global crop losses every year (Khan et al., 2018;
Das et al., 2018). Drought stress, a manifestation of global climate
change, is the most important and challenging environmental stress
affecting crop productivityin all the crop plants including rice
(Daryanto et al., 2017). Drought stress resulted in inhibition or reduc-
tion of normal physiological process and metabolism due to the absence
or insufficient water availability which eventually cause the death of
the plant. The diverse plant species across climatic regions with severe
drought environment adopted the different morphological, biochemical
and physiological mechanisms to cope up with drought stress (Aroca,
2013; Quan et al., 2016). To combat with drought stress plants

undergoes various metabolic adjustments to regulate physiological and
morphological adaptation (Poonam et al., 2017; Hemalatha and
Francis, 2000). Some important feature of drought stress like reduced
water uptake, higher transpiration rate, stomata closer and excessive
generation of reactive oxygen species (ROS), leads to cell injury with
increased cellular temperature, protein deposition and denaturation
(Tuteja, 2010). Drought enhanced the metabolite production like pro-
line, glycine betaine, soluble carbohydrates and Gamma-aminobutyric
acid (GABA) (Sinha et al., 2018). This causes toxicity and impaired
enzyme activity with reduced photosynthesis, bleaching, curling,
wilting of leaves and ultimately death of the plant.

The physiological and biochemical responses during water stress are
also regulated by a complex gene network (Nautiyal et al., 2013).
Therefore, it is vital to identify the regulatory marker genes of drought.
Several genes involved in cellular metabolism, transport and signal
transduction and cell wall alterations (Lawton and Hemalatha, 2011)
during drought stress (Sinha et al., 2018). Climate change will impact
the fortune of each crop in the coming decades and water consumption
will be one of the main reasons. Since rice is the mostwater-intensive
commodity, the research community need to develop climate-smart
varieties and water-efficient production technologies that consume less
water. Autophagy or self-eating is an intracellular protein degradation
process. It occurs in almost all eukaryotes where cytoplasmic
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constituents transported to vacuoles (yeast and plants). Autophagy
mechanism occurs during normal growth conditions, however mark-
edly induced during nutritional starvation, biotic or abiotic stresses
(Avin-Wittenberg, 2018). Luo et al. (2017) demonstrated that autop-
hagy is rapidly induced by salt stress and required for salt tolerance in
Arabidopsis. Earlier finding clearly reported that ATG18 overexpressing
plants showed enhanced drought tolerance in apple (Sun et al., 2018).

The mechanism of autophagy is well reported in yeast
(Saccharomycescerevisiae) and extensively studied in mammals and hu-
mans. In recent years significant progress has been made in under-
standing the plant autophagy mechanism and their responses to biotic
and abiotic stresses. Although, the critical role of plant autophagy has
been well established in a wide spectrum of biological processes, in-
cluding stress responses. Our understanding of the regulation and ac-
tion mechanisms of plant autophagy is extremely limited. Liu and
Bassham (2010) showed that silencing of TOR gene leads to constitutive
formation of autophagosomes in Arabidopsis. This suggested that TOR is
a negative regulator of autophagy in plants. Furthermore, a NADPH
oxidase inhibitor blocks autophagy induction upon nutrient starvation
and salt stress but not in osmotic stress (Liu et al., 2009). Thus, ROS
may mediate the induction of autophagy during some, but not all, stress
conditions. Zhou et al. (2014) confirmed silencing of tomato WRKY33
genes compromised tomato heat tolerance and reduced heat-induced
ATG gene expression and autophagosome accumulation. However, little
information is available concerning the transcriptional regulation,
programmed cell death and plant autophagy genes in different stress
conditions in rice.

Hence, the current study was undertaken to explore the physiolo-
gical, biochemical, cell biological and molecular responses during
drought stress in rice. In addition, we have analysed the expression of
key genes of programmed cell death, autophagy and transcription fac-
tors involved in molecular mechanism of drought tolerance in rice.

2. Materials and methods

2.1. Plant materials and growth conditions

The seeds of rice (Oryza sativa var. MTU 1010) were procured from
National Seeds Corporation (NSC), Chennai, Tamilnadu, India. The
seeds were washed with sterile distilled water to remove contaminants
and surface sterilized with 1% sodium hypochlorite solution. Sterilized
seeds were soaked in ultra-purified water for 2 days at room tempera-
ture. The germinated seeds were transplanted in 15 cm diameter x 7 cm
height, plastic pots filled with 500 g of red sandy soil. The sterilized
(121 lbs, pressure for 20min) soil (PH 8. 25, EC (ds m−1) 0.55, Texture-
sandy Clay, Organic Carbon - 2.8 kg/ha, N- 24.9 kg/ha, P- 12.5 kg/ha,
K- 6.2 kg/ha; Reed and Martens, 1996)were used for the experiment.
Rice seedlings were irrigated with water for fourteen days and then
drought stress was imposed for holding irrigation for 7 days. While
control seedlings were irrigated continuously. After twenty one days of
sowing fresh leaf tissues from control and drought treatments were
collected, frozen in liquid nitrogen before store in −80 °C and further
used for the experiments.

2.2. Physiological and biochemical analysis

The root and shoot lengths were determined from control and
drought treatment twenty-four days after sowing (DAS). Ten plants
from each replicate were uprooted and measured through a meter scale.

2.3. Total chlorophyll and carotenoids contents

The fresh leaves of rice seedlings (100mg) from the control and
drought treatment were harvested and washed with sterile distilled
water. Leaves were dried and ground in a mortar and pestle by using
80% acetone (Maclachlan and Zalik, 1963). The absorbance of the leaf

extract was measured at A645 and A663 nm for chlorophyll estimation
and at A480 and A510 nm for carotenoid estimation using a bio-spec-
trophotometer (Khan et.al., 2019a) (Shimadzu, Tokyo, Japan).

2.4. Total protein content

The protein content was estimated according to the method de-
scribed by Lowry et al. (1951) in control and drought treatment. The
100mg leaves were ground in 1ml of sterilized distilled water and
filtrate was centrifuged at 5000×g for 10min at 4 °C. In supernatant
equal volume of 10% trichloroacetic acid (TCA) was added and kept for
30min. Further, the pellet was clarified in 1ml of 0.1 N sodium hy-
droxide. The absorbance of the solution was estimated at A740 nm.
Bovine serum albumin (1mg/ml) was used as a standard. The total
protein content was expressed in mg g−1 fresh weight.

2.5. Total proline content

Proline content was quantified according to (Bates et al., 1973).
Leaves tissues were homogenized with 3% sulfosalicylic acid and cen-
trifuged (11500×g). The obtained supernatant was mixed with acid
ninhydrin, phosphoric acid and glacial acetic acid. The mixture was
incubated at 100 °C for 1 h and allowed to cool. Finally, toluene was
added and absorbance was read at 520 nm.

2.6. Antioxidant enzyme assay

The fresh leaves (100mg) were ground in 50mM phosphate buffer
(pH 7.0), in a pre-chilled mortar and pestle, and centrifuged at
12,000×g for 20min at 4 °C. The supernatant was used for antioxidant
enzyme assay (Akther and Hemalatha, 2019).

2.7. Catalase (CAT) activity

Catalase (EC 1.11.1.6) enzyme activity was measured to analyse the
rate of disappearance of H2O2 (Chandlee and Scandalios, 1984). The
3.0 ml reaction mixture contained 50mM phosphate buffer (pH 7.0),
15mM H2O2 and 0.1ml enzyme extract. The decomposition of hy-
drogen peroxide was recorded at absorbance A240 nm. The enzyme
activity was expressed in U min−1 g−1 fresh weight (Khan et al.,
2019b).

2.8. Superoxide dismutase (SOD) activity

SOD (EC 1.15.1.1) activity was assayed by measuring the ability of
the enzyme extract to inhibit the photochemical reduction method of
(Beauchamp and Fridovich, 1971). The reaction mixture (50mM
phosphate buffer (pH 7.0), 0.1 mM EDTA, 13mM methionine, 63mM
nitroblue tetrazolium (NBT), 1.3mM riboflavin, and 0.1 ml enzyme
extract) were taken in 5.0mL test tubes and incubated for 15min under
15W fluorescent lamp at 25 °C. The blank tubes containing a similar
amount of reaction mixture were covered with black cloth and not il-
luminated to light. Following illumination treatment, absorbance was
recorded at A560 nm. One unit of SOD activity was defined as the
amount of enzyme required to inhibit 50% of the photoreduction of
NBT to blue formazan.

2.9. Peroxidase (POX) activity

Peroxidase (EC 1.11.1.7) activity was analysed by method given by
Kumar and khan (1982) and Sánchez et al. (1995). The 2ml reaction
mixture (0.1M phosphate buffer (pH 6.8), 1 mL of 0.01M pyrogallol,
1 mL of 0.5mM H2O2 and 0.5 mL of the enzyme extract) were utilized
to estimating the peroxidase activity. After incubation of 10min at
25 °C the termination was achieved by adding 2.5 N H2SO4. The optical
density of purpurogallin formation was analysed at A420 nm. The unit
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activity was expressed in U mg−1 fresh weight. Where, one unit of the
enzyme activity corresponded to an amount of the enzyme that makes
changes in the absorbance by 0.1min−1 mg−1 protein.

2.10. Cell biological analysis

To analyse the saline stress on nuclear morphology in O. sativa the
leaves were stained with DAPI (4′, 6-diamidino-2-phenylindole)
(Gadjev et al., 2004). Firstly, leaves were washed thoroughly, cut into
small pieces and stained with 0.1mg−1 ml DAPI and incubated for
5min in dark. After incubation leaves were destained in distilled water
and visualized under UV light (Carl Zeiss Axio1 inverted fluorescence
microscope, Germany) by using DAPI filters. To determine the Reactive
Oxygen Species (ROS) generation at cellular level, leaves were stained
with DAB (3, 3′-diaminobezidine). Leaves were infiltrated with DAB for
30min followed by ethanol fixation for 1 h and visualized under visible
light using microscope (Carl Zeiss Axio1 microscope, Germany).

2.11. Molecular analysis

2.11.1. DNA, RNA isolation and real-time PCR expression analysis
Genomic DNA was isolated from leaf tissues using a modified CTAB

(cetyltrimethylammonium bromide) and the size of the DNA was ana-
lysed by agarose gel stained with ethidium bromide.

(Khan et al., 2007). Total RNA was extracted by Trizol reagent
(Invitrogen, CA, USA) following the manufacturer's instructions. Purity
of RNA was estimated at A260/A280. TheRNA was reverse transcribed
into cDNA by reverse transcription PCR using high capacity reverse
transcription kit (Applied biosystems by Thermo Fisher Scientific,
USA).

Advanced Universal SYBR Green Supermix (Biorad) was used for
reaction and PCR was performed in CFX 96 Touch Real-Time Detection
System (Bio-Rad, CA, USA) with the programme recommended by
manufacturer. The normalized gene expression was calculated with the
ΔΔ CT method (Livak and Schmittgen, 2001) and O. Sativa ACTIN1
gene was used as internal control. The primer sequences used in this
study are given in supplemental table 1.

3. Results

3.1. Drought stress reduced the shoot and root growth

The drought stress showed a significant decrease in growth para-
meters when compared to control plants. Water limitations in rice
seedlings showed a decrease in growth, yellowing and curling of leaves.
Growth parameters including shoot and root lengths showed a sig-
nificant decrease of 55% and 43% respectively as compared to control
(Fig. 1a–b).

3.2. Drought stress affects the pigment system, protein and proline
accumulation

The pigment system such as Chlorophyll a, b, total chlorophyll and
total carotenoids content were reduced in drought condition as com-
pared to control plants (Fig. 2a). Similarly, anthocyanin and total
protein content were also significantly decreased in stressed plants
(Fig. 2b–c). Drought stress severely affects metabolites production. We
observed a significant increase in proline content in drought treatment
as compared to control (Fig. 2d).

3.3. Drought enhanced the activity of antioxidant enzymes

The antioxidant enzymes such as catalase (CAT), peroxidase (POX)
and superoxide dismutase (SOD) showed the significant increase in
enzyme activity during drought stress as compared to control
(Fig. 3a–c).

3.4. Hallmarks of apoptosis observed under drought stress

The staining of rice leaves with DAB showed the excessive genera-
tion of ROS in drought treated leaves. The DAB forms a brown pre-
cipitate with ROS anddeposited in the leaves grown under drought
stress but it did notshow any precipitate in control leaves (Fig. 4a–b).
Drought stress also caused cell injury due to leakage of ions and osmotic
stress and induced the PCD in plants. The DAPI staining of leaves
showed the nuclear fragmentation in drought condition andthe control
leaves showed the intact nuclei with DAPI staining (Fig. 4c–d).

Further, we isolated the genomic DNA from leaf tissues of control
and drought treated rice seedlings. Fig. 5 showed the gel electrophor-
esis of genomic DNA in drought and control plants. The agarose gel did
not showe any fragmentation or DNA laddering in leaves grown under
drought condition.

3.5. Gene expression analysis

The Real-Time PCR analysis showed the differential gene expression
in various genes tested in the study. The genes encoding the antioxidant
enzymes including CAT-1, GPX and SOD have different locations in cell
and showed differential expression. The CAT-1 and SOD showed no
change in drought treatments as compared to control while, GPX
showed significant fold increase during drought (Fig. 6a–c).

The gene BAX Inhibitor-1 (BI-1) responsible for inhibition of Bax
induced cell death showed significant fold increase in expression during
drought stress ascompared to control. Similarly, MAPK1and transcrip-
tion factor WRKY53 gene also showed enhanced fold changes during
drought stress treatment (Fig. 7a). The ATG genes encoding the au-
tophagy-associated protein and involved in autophagy mechanism
during the stress condition showed a differential gene expression. The
autophagy-related genes ATG1, ATG4, ATG6, ATG7, ATG8,ATG9 and
ATG10, showed significant fold increase while ATG3 and ATG13
showed no change in the expression during drought as compared to
control (Fig. 7b).

4. Discussion

Drought or water deficit in the soil causes low water potential; in-
hibit the plant growth and development. Roots play an important role
in the regulation of water uptake. The complex structures of roots
mediate the transport of water and different solutes in plants. The re-
sults of the present study suggested that under limited water avail-
ability the root versus shoot ratio showed more enhancement
(Fig. 1a–b). Roots are less sensitive than the shoots by lower water
deficit (Wu and Cosgrove, 2000). The photosynthetic pigments, viz.
Chlorophyll a, b, total chlorophyll, carotenoids and anthocyanin con-
tents showed significant decline under water deficit (Fig. 2a–b). These
are the major pigments played important role in photosynthesis. The
reduction of chlorophyll pigments under drought stress may lead to
oxidative damage that could be due to photo-oxidation and chlorophyll
degradation. Khaleghi et al. (2012) reported a significant decline in
chlorophyll a, b total chlorophyll content during drought. Thus the
limited chlorophyll and other pigment contents may directly affect the
photosynthetic potential of plants (Akther et al., 2017 ).Water stress
directly affects protein synthesis by inhibiting the protein translation
process in plant tissues. The present study showed a significant reduc-
tion in total protein content (Fig. 2c). Earlier studies showed that high
protein accumulation in drought tolerant genotypes than in the drought
susceptible under water-limited condition (Serraj and Sinclair, 2002).

Proline is an important solute to maintain the osmotic adjustment
and higher proline level is an indicator of drought induced stress (Alam
et al., 2013). The cell maintains itself during dehydration through the
turgor pressure by lowering osmotic potential of cytoplasm through the
accumulation of different inorganic and organic solutes in plants. Our
results showed significant increase in proline level in drought grown
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rice seedlings (Fig. 2d). Earlier studies depicted the critical role of
proline as an osmoprotectant, which maintains the osmoregulation by
preventing water loss or leaf relative water content (Hasegawa et al.,
2000; Ben Ahmed et al., 2011). Earlier it has been reported that proline
accumulation was higher under water deficit condition and enhanced
the tolerance in wheat (Kagarlitskiĭ et al., 2003). Our findings suggested
that proline may function as a stress signalling molecule of drought, a

strong scavenger, source of carbon and nitrogen to cope up with stress
condition.

Further, to get deeper insight of drought induced oxidative stress we
performed the biochemical analysis of antioxidant enzymes. The anti-
oxidant enzymes (CAT, POX and SOD) showed increased enzyme ac-
tivity in drought treatment (Fig. 3a–c). This suggested plants activate
their antioxidant system to scavenge the oxidative stress induced ROS

Fig. 1. Effect of drought stress on (a) shoot length and (b) root length of O. sativa seedlings. Standard errors are mean of three independent experiments.

Fig. 2. Effect of drought stress on (a) Chlorophyll a, b, total chlorophyll and carotenoids (b) total anthocyanin (c)total protein and (d)proline content of O. sativa
seedlings. Standard errors are mean of three independent experiments.
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during drought. Earlier catalase activity during drought stress showed a
significant increase in drought-sensitive varieties of wheat as compared
to tolerant (Simova-Stoilova et al., 2010). SOD activity was also re-
ported higher in Phaseolus vulgaris and Oryza sativa in response to
drought stress (Zlatev et al., 2006). POD activity in wheat genotypes
was recorded increased 50% in tolerant genotypes of wheat as com-
pared to sensitive during water deficient condition (Devi et al., 2012).

Enhanced ROS level induces the oxidative burst of cellular compo-
nents and impaired the redox potential of cellular machinery. Most
common kind of ROS reported in plants is hydrogen peroxide (H2O2).
To analyse the cellular changes induced by ROS during drought, we
stained the cells with DAB that forms brown precipitate with free ra-
dicles such as H2O2 (Fig. 4a–b). Leaves showed darker brown

precipitate at the site of ROS generation in drought leaves. This sug-
gested that drought stress induces more H2O2 production. Results-
agreed with the earlier studies showed the formation of brown pre-
cipitate at the site of H2O2 production in Arabidopsis leaves (Gechev
et al., 2012). Nuclear fragmentation and DNA laddering is a key feature
of PCD in animals and plants both. Results of the present study showed
more fragmented nuclei as compared to control during drought with
DAPI staining (Fig. 4c–d). This suggested that drought stress induces
the nuclear fragmentation as well as PCD. However, genomic DNA
fragmentation analysis by gel electrophoresis in control and drought
treatment did not show any significant fragmentation (Fig. 5). This
suggested possibly, at initial stages drought stress may not degrade the
nucleic acid (DNA/RNA) but severe drought or prolonged exposure may

Fig. 3. Effect of drought stress on antioxidant enzyme (a) CAT (b) POX and (c) SOD activity in O. sativa seedlings. Standard errors are mean of three independent
experiments.

Fig. 4. Leaves of O. sativa were stained with (a–b) DAB to detect accumulation of ROS and (c–d) with DAPI to analyse the nuclear degradation.
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cause the nucleic acid as well as nuclear fragmentation.
Furthermore, to elaborate the understanding of drought tolerance

we analysed the expression of different genes during drought in rice.
The expression of antioxidant genes of rice CAT1, SOD and GPX showed
a differential expression pattern (Fig. 6a–c). CAT1 and SOD was
downregulated while, GPX showed the significant upregulation during
drought (Fig. 6b). This is possibly, due to different subcellular locali-
zation of these enzymatic antioxidant. A number of earlier studies de-
picted the response of these antioxidant gene family to various abiotic
stresses including cold, drought, heat and salinity (Islam et al., 2015;

Yang et al., 2014; Lum et al., 2014).
The mechanism of PCD is a fundamental, active, genetically orga-

nized process to eliminate the cells selectively. In general, PCD and cell
proliferation/elongation regulate the growth and development of plant
tissues. PCD also considered as a defence response against the en-
vironmental stimuli including biotic and abiotic stresses. Drought stress
greatly affects the productivity and yield which restrict the energy
supply and impaired the ROS balance. The prolonged drought leads to
ROS generation, due to reduced CO2 fixation and electrolyte leakage
which eventually leads to PCD (Gechev et al., 2012). It has been studied
that drought induced oxidative stress in rice anthers leading to the PCD
and pollen sterility (Nguyen et al., 2009). To confirm the ROS generated
PCD in drought and correlates it with cellular data we analysed the
expression of BAX inhibitor- 1 (BI-1) gene. Earlier studies highlighted
that BI-1 located in the endoplasmic reticulum (ER) and plays im-
portant role in regulation of cell death (Khan and Hemalatha, 2016) In
our findings we reported that BI-1 genes exhibited upregulation in
drought treatment (Fig. 7a). We suggested BI-1 plays an important role
in drought tolerance by restricting the progression of cell death by in-
hibiting the ROS induced oxidative damage to cells.

Earlier reports also suggested the upregulation of BI-1 gene during
salinity, drought and high temperature in tobacco and displayed
markedly improved tolerance to stresses (Isbat et al., 2009). Similarly,
BI-1 overexpression in Arabidopsis showed the suppression of cell death
induced by BAX, H2O2 and salicylic acid (Kawai-Yamada et al., 2004).
We analysed the expression of MAPK1 gene that showed the significant
up-regulation in drought treated seedlings (Fig. 7a). This suggested that
kinase family have a positive correlation with drought as well PCD and
autophagy induction during drought stress. Earlier findings suggested
that MAPKs play a pivotal role in signal transduction, developmental
processes and in response to various biotic and abiotic stresses (Asai
et al., 2002). The activation of MAPK in response to cold, drought, salt
and heat has been reported earlier in different plant systems (Ichimura
et al., 2002). This highlighted the specific role of kinase family in
drought tolerance.

Further, the transcription factors (TFs) have a prominent role in
abiotic stress tolerance. To investigate the role of TFs during drought
tolerance we investigated the expression of WRKY53 by Real-time PCR.
The WRKY transcription factors (TF) are a family of regulatory proteins
contains 74 and 109 members in Arabidopsis and rice respectively

Fig. 5. Agarose gel electrophoresis of genomic DNA isolated from control and
drought-treated leaves of O. Sativa seedlings.

Fig. 6. Effect of drought stress on (a) CAT-1, (b) GPX and (c) SOD genes showing the relative normalized expression in O. sativa seedlings. ACTIN1 used as an internal
control to normalize the expression.
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(Eulgem and Somssich, 2007). The role of WRKY genes during abiotic
stress has been studied in different plant species. the AtWRKY53 has a
major role in senescence induced cell death (Zentgraf et al., 2010). The
present study showed the higher expression of WRKY53 in drought
treatment (Fig. 7a) and suggesting that WRKY53 has a prominent role
in drought tolerance by senescence induced cell death. Further, to ex-
plore the molecular mechanism of autophagy in depth relationship with
drought tolerance we characterized the various key genes of autophagy
pathway (Khan and Hemalatha, 2015) In the present study, seven au-
tophagy genes showed the up-regulation during the drought stress
(Fig. 7b) while two genes were down regulated. The study suggested
that autophagy genes regulate the drought tolerance differentially.
Earlier studies revealed the specific roles of autophagy genes during
various stresses. The Arabidopsis ATG8f exhibited induced autophagy in
mild salt and osmotic stress. Similarly, AtATG18a defective plants
showed more sensitivity to salt and drought condition as compared to
wild type suggested the role of autophagy in response to these stresses
(Liu et al., 2009). In a recent study has been demonstrated that Heat
Shock Factor A1 (HsfA1a) induces drought tolerance by activating ATG
(ATG10 and ATG18f) genes and inducing autophagy, which may pro-
mote plant survival by degrading ubiquitinated protein aggregates
under drought stress in tomato (Wang et al., 2015).

5. Conclusion

Our study elucidated the effect of drought stress on physiological,
cellular and molecular attributes in rice. Drought stress negatively af-
fected the growth and metabolism of the rice. The higher accumulation
of proline content, generation of ROS through DAB analysis, DNA and
nuclear fragmentation represented the hallmark features of PCD. The
biochemical and molecular studies of antioxidant enzymes showed high
enzymatic activity and differential gene expression suggested that
plants alleviate the drought induced oxidative stress through a strong
scavenging system. The gene expression of MAPK1 depicts the role of
stress responsive signal kinase possibly participate in regulation of PCD
and autophagy pathways during drought stress. The expression of
WRKY53 genes suggested that WRKY gene family or other TFs may be
positive regulators of autophagy and PCD genes during drought toler-
ance. Furthermore, the expression pattern of autophagy genes evi-
denced the role of autophagy in drought tolerance mechanism. Thus,
we proposed that autophagy, is co-regulated with programmed cell

death controlled by strong scavenging system, signalling cascade and
TFs. Furthermore, the study can be elaborated for future research to
identify the PCD and autophagy targets in different plants.
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Mn-SOD Manganese-Superoxide Dismutase
PCD Programmed Cell Death
POX Peroxidase
ROS Reactive Oxygen Species

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bcab.2019.101150.

References

Akther, T., Hemalatha, S., 2019. Mycosilver Nanoparticles: Synthesis, Characterization
and Screening the Efficacy against Plant Pathogenic Fungi, Bionanosci. (in press).

Akther, T., Khan, M.S., Hemalatha, S., 2017. Extraction of flavonoids from various parts
of Couroupita guianensis and its efficacy against pathogenic bacteria. Asian J.
Pharm.Clin.Res. 10 (4).

Fig. 7. Effect of drought stress on the expression of (a) BI-1, MAPK1 and WRKY53 and (b) ATG genes showing the relative normalized expression in O. sativa
seedlings. ACTIN1 used as an internal control to normalize the expression.

M. Khan, et al. Biocatalysis and Agricultural Biotechnology 19 (2019) 101150

7

https://doi.org/10.1016/j.bcab.2019.101150
https://doi.org/10.1016/j.bcab.2019.101150
http://refhub.elsevier.com/S1878-8181(19)30167-7/sref1
http://refhub.elsevier.com/S1878-8181(19)30167-7/sref1
http://refhub.elsevier.com/S1878-8181(19)30167-7/sref2
http://refhub.elsevier.com/S1878-8181(19)30167-7/sref2
http://refhub.elsevier.com/S1878-8181(19)30167-7/sref2


Alam, M.M., Hasanuzzaman, M., Nahar, K., Fujita, M., 2013. Exogenous salicylic acid
ameliorates short-term drought stress in mustard (Brassica juncea L.) seedlings by up-
regulating the antioxidant defense and glyoxalase system. Aust. J. Crop Sci. 7,
1053–1063.

Aroca, R., 2013. Plant Responses to Drought Stress: from Morphological to Molecular
Features, Plant Responses to Drought Stress: from Morphological to Molecular
Features. Springer-Verlag Berlin Heidelberg. https://doi.org/10.1007/978-3-642-
32653-0.

Asai, T., Tena, G., Plotnikova, J., Willmann, M.R., Chiu, W.L., Gomez-Gomez, L., Boller,
T., Ausubel, F.M., Sheen, J., 2002. Map kinase signalling cascade in Arabidopsis in-
nate immunity. Nature 415, 977–983. https://doi.org/10.1038/415977a.

Avin-Wittenberg, T., 2018. Autophagy and its role in plant abiotic stress management.
Plant Cell Environ. 42, 1045–1053. https://doi.org/10.1111/pce.13404.

Bates, L.S., Waldren, R.P., Teare, I.D., 1973. Rapid determination of free proline for
water-stress studies. Plant Soil 39, 205–207. https://doi.org/10.1007/BF00018060.

Beauchamp, C., Fridovich, I., 1971. Superoxide dismutase: improved assays and an assay
applicable to acrylamide gels. Anal. Biochem. 44, 276–287.

Ben Ahmed, C., Magdich, S., Ben Rouina, B., Sensoy, S., Boukhris, M., Ben Abdullah, F.,
2011. Exogenous proline effects on water relations and ions contents in leaves and
roots of young olive. Amino Acids 40, 565–573. https://doi.org/10.1007/s00726-
010-0677-1.

Chandlee, J.M., Scandalios, J.G., 1984. Analysis of variants affecting the catalase devel-
opmental program in maize scutellum. Theor. Appl. Genet. 69, 71–77. https://doi.
org/10.1007/BF00262543.

Daryanto, S., Wang, L., Jacinthe, P.A., 2017. Global synthesis of drought effects on cereal,
legume, tuber and root crops production: a review. Agric. Water Manag. 179, 18–33.
https://doi.org/10.1016/j.agwat.2016.04.022.

Das, G., Rao, G.J.N., Varier, M., Prakash, A., Prasad, D., 2018. Improved Tapaswini
having four BB resistance genes pyramided with six genes/QTLs, resistance/tolerance
to biotic and abiotic stresses in rice. Sci. Rep. 8. https://doi.org/10.1038/s41598-
018-20495-x.

Devi, R., Kaur, N., Gupta, A.K., 2012. Potential of antioxidant enzymes in depicting
drought tolerance of wheat (Triticum aestivum L.). Indian J. Biochem. Biophys. 49,
257–265.

Eulgem, T., Somssich, I.E., 2007. Networks of WRKY transcription factors in defense
signaling. Curr. Opin. Plant Biol. 10, 366–371. https://doi.org/10.1016/j.pbi.2007.
04.020.

Gadjev, I.Z., Hille, J., Gechev, T.S., 2004. An extensive microarray analysis of AAL-toxin-
induced cell death in Arabidopsis thaliana brings new insights into the complexity of
programmed cell death in plants. Cell. Mol. Life Sci. 61, 1185–1197. https://doi.org/
10.1007/s00018-004-4067-2.

Gechev, T.S., Dinakar, C., Benina, M., Toneva, V., Bartels, D., 2012. Molecular mechan-
isms of desiccation tolerance in resurrection plants. Cell. Mol. Life Sci. 69,
3175–3186. https://doi.org/10.1007/s00018-012-1088-0.

Hasegawa, P.M., Bressan, R.A., Zhu, J.-K., Bohnert, H.J., 2000. Plant cellular and mole-
cular responses to high salinity. Annu. Rev. Plant Physiol. Plant Mol. Biol. 51,
463–499.

Hemalatha, S., Francis, K., 2000. Lead inhibition of paddy leaf nitrate reductase. J.
Environ. Biol. 21 (4), 355–357.

Ichimura, K., Shinozaki, K., Tena, G., 2002. Mitogen-activated protein kinase cascades in
plants: a new nomenclature. Trends Plant Sci. 7, 301–308.

Isbat, M., Zeba, N., Kim, S.R., Hong, C.B., 2009. A BAX inhibitor-1 gene in Capsicum
annuum is induced under various abiotic stresses and endows multi-tolerance in
transgenic tobacco. J. Plant Physiol. 166, 1685–1693. https://doi.org/10.1016/j.
jplph.2009.04.017.

Islam, T., Manna, M., Kaul, T., Pandey, S., Reddy, C.S., Reddy, M.K., 2015. Genome-wide
dissection of Arabidopsis and rice for the identification and expression analysis of
glutathione peroxidases reveals their stress-specific and overlapping response pat-
terns. Plant Mol. Biol. Rep. 33, 1413–1427. https://doi.org/10.1007/s11105-014-
0846-6.

Kagarlitskiĭ, A.I., Snegach, V.F., Dzhunusov, E.D., 2003. [Treatment of acute potassium
permanganate poisoning children]. Zdr. Kirg. 47–48. https://doi.org/10.1023/
A:1022867030790.

Kawai-Yamada, M., Ohori, Y., Uchimiya, H., 2004. Dissection of Arabidopsis Bax in-
hibitor-1 suppressing Bax-, hydrogen peroxide-, and salicylic acid-induced cell death.
Plant Cell 16, 21–32. https://doi.org/10.1105/tpc.014613.

Khaleghi, E., Arzani, K., Barzegar, N., 2012. Evaluation of chlorophyll content and
chlorophyll fluorescence parameters and relationships between chlorophyll a, b and
chlorophyll content index under water stress in olea europaea cv dezful. J. Biol.
Biomol. Agric. bio Technol. Eng. 29, 145–165. https://doi.org/10.1111/j.1559-1816.
1999.tb01379.x.

Khan, M.S., Hemalatha, S., 2015. Autophagy: molecular insight and role in plant pro-
grammed cell death and defense mechanism. Int. Res. J. Biol. Sci. 4 (2), 78–83.

Khan, M.S., Hemalatha, S., 2016. Biochemical and molecular changes induced by salinity
stress in Oryza sativa L. Acta Physiol. Plant. 38 (7), 1–9.

Khan, S., Qureshi, M.I., Kamaluddin, T.A., M, z. A., 2007. Protocol for isolation of
genomic DNA from dry and fresh roots of medicinal plants Suitable for Rapid and
Restriction Digestion. Afr. J. Biotechnol. 6, 175–178. https://doi.org/10.3329/jsr.
v1i3.2385.

Khan, M.S., Pandey, M.K., Hemalatha, S., 2018. Comparative studies on the role of or-
ganic biostimulant in resistant and susceptible cultivars of rice grown under saline
stress. J.Crop Sci. Biotech. 21, 459.

Khan, M.S., Akther, T., Mubarakali, D., Hemalatha, S., 2019a. An investigation of salicylic
acid to alleviate the saline stress in rice crop. Biocat. Agri. Biotech. https://doi.org/
10.1016/j.bcab.2019.101027 (in press).

Khan, M.S., Uandai, S.B., Hemalatha, S., 2019b. Anthracnose disease diagnosis by image
processing, support vector machine and correlation with pigments. J. Plant Pathol (in

press).
Kumar, K.B., Khan, P.A., 1982. Peroxidase and polyphenol oxidase in excised ragi

(Eleusine coracana cv. PR 202) leaves during senescence. Indian J. Exp. Bot 20,
412–416.

Lawton, M., Hemalatha, S., 2011. Part III. Plant cell wall genetics. Cell wall genomics in
the recombinogenic moss Physcomitrella patens. In: Buckeridge, M. (Ed.), The Routes
to Cellulosic Ethanol. Springer, New York USA978-0-387-92739-8, Book Title:
Routes to Cellulosic Ethanol Edited by Buckeridge, Marcos Silveira & Goldman,
Gustavo H .

Liu, Y., Bassham, D.C., 2010. TOR is a negative regulator of autophagy in Arabidopsis
thaliana. PLoS One 5. https://doi.org/10.1371/journal.pone.0011883.

Liu, Y., Xiong, Y., Bassham, D.C., 2009. Autophagy is required for tolerance of drought
and salt stress in plants. Autophagy 5, 954–963.

Livak, K.J., Schmittgen, T.D., 2001. Analysis of relative gene expression data using real-
time quantitative PCR and the 2−ΔΔCT method. Methods 25, 402–408. https://doi.
org/10.1006/meth.2001.1262.

Lowry, O.H., Rosebrough, N.J., Farr, A.L., Randall, R.J., 1951. Protein measurement with
the Folin phenol reagent. J. Biol. Chem. 193, 265–275.

Lum, M.S., Hanafi, M.M., Akmar, A.S.N., 2014. Effect of drought stress on growth, proline
and antioxidant enzyme activities of upland rice. J. Anim. Plant Sci. 24, 1487–1493.

Luo, L., Zhang, P., Zhu, R., Fu, J., Su, J., Zheng, J., Wang, Z., Wang, D., Gong, Q., 2017.
Autophagy is rapidly induced by salt stress and is required for salt tolerance in
Arabidopsis. Front. Plant Sci. 8, 1459. https://doi.org/10.3389/fpls.2017.01459.

Maclachlan, S., Zalik, S., 1963. Plastid structure, chlorophyll concentration, and free
amino acid composition of a chlorophyll mutant of barley. Can. J. Bot. 41,
1053–1062. https://doi.org/10.1139/b63-088.

Nautiyal, C.S., Srivastava, S., Chauhan, P.S., Seem, K., Mishra, A., Sopory, S.K., 2013.
Plant growth-promoting bacteria Bacillus amyloliquefaciens NBRISN13 modulates
gene expression profile of leaf and rhizosphere community in rice during salt stress.
Plant Physiol. Biochem. 66, 1–7. https://doi.org/10.1016/j.plaphy.2013.01.020.

Nguyen, G.N., Hailstones, D.L., Wilkes, M., Sutton, B.G., 2009. Drought-induced oxidative
conditions in rice anthers leading to a programmed cell death and pollen abortion. J.
Agron. Crop Sci. 195, 157–164. https://doi.org/10.1111/j.1439-037X.2008.00357.x.

Poonam, Ahmad, S., Kumar, N., Chakraborty, P., Kothari, R., 2017. Plant growth under
stress conditions: boon or bane. In: Plant Adaptation Strategies in Changing
Environment, . https://doi.org/10.1007/978-981-10-6744-0_12.

Quan, W., Liu, X., Wang, H., Chan, Z., 2016. Comparative physiological and transcrip-
tional analyses of two contrasting drought tolerant alfalfa varieties. Front. Plant Sci.
6, 1256. https://doi.org/10.3389/fpls.2015.01256.

Reed, S., Martens, D., 1996. Methods of Soil Analysis Part 3—Chemical Methods. Methods
Soil Anal. Part 3—Chemical Methods. https://doi.org/10.2136/sssabookser5.3.
frontmatter.

Sánchez, M., Revilla, G., Zarra, I., 1995. Changes in peroxidase activity associated with
cell walls during pine hypocotyl growth. Ann. Bot 75, 415–419. https://doi.org/10.
1006/anbo.1995.1039.

Serraj, R., Sinclair, T.R., 2002. Osmolyte accumulation: can it really help increase crop
yield under drought conditions? Plant Cell Environ. 25, 333–341. https://doi.org/10.
1046/j.1365-3040.2002.00754.x.

Simova-Stoilova, L., Vaseva, I., Grigorova, B., Demirevska, K., Feller, U., 2010. Proteolytic
activity and cysteine protease expression in wheat leaves under severe soil drought
and recovery. Plant Physiol. Biochem. 48, 200–206. https://doi.org/10.1016/j.
plaphy.2009.11.003.

Sinha, R., Pal, A.K., Singh, A.K., 2018. Physiological, biochemical and molecular re-
sponses of lentil (Lens culinaris Medik.) genotypes under drought stress. Indian J.
Plant Physiol. 23, 772–784. https://doi.org/10.1007/s40502-018-0411-7.

Sun, X., Wang, P., Jia, X., Huo, L., Che, R., Ma, F., 2018. Improvement of drought tol-
erance by overexpressing MdATG18a is mediated by modified antioxidant system and
activated autophagy in transgenic apple. Plant Biotechnol. J. 16, 545–557. https://
doi.org/10.1111/pbi.12794.

Tilman, D., Cassman, K.G., Matson, P.A., Naylor, R., Polasky, S., 2002. Agricultural sus-
tainability and intensive production practices. Nature 418, 671–677. https://doi.org/
10.1038/nature01014.

Tuteja, N., 2010. Cold, salinity, and drought stress. In: Plant Stress Biology: from
Genomics to Systems Biology, . https://doi.org/10.1002/9783527628964.ch7.

Vinet, L., Zhedanov, A., 2010. A “missing” family of classical orthogonal polynomials.
Insights from an Expert Meet. FAO. Popul. Dev. Rev. 837–839. https://doi.org/10.
1088/1751-8113/44/8/085201.

Wang, Y., Cai, S., Yin, L., Shi, K., Xia, X., Zhou, Y., Yu, J., Zhou, J., 2015. Tomato HsfA1a
plays a critical role in plant drought tolerance by activating ATG genes and inducing
autophagy. Autophagy 11, 2033–2047. https://doi.org/10.1080/15548627.2015.
1098798.

Wu, Y., Cosgrove, D.J., 2000. Adaptation of roots to low water potentials by changes in
cell wall extensibility and cell wall proteins. J. Exp. Bot. 51, 1543–1553. https://doi.
org/10.1093/jexbot/51.350.1543.

Yang, P.M., Huang, Q.C., Qin, G.Y., Zhao, S.P., Zhou, J.G., 2014. Different drought-stress
responses in photosynthesis and reactive oxygen metabolism between autotetraploid
and diploid rice. Photosynthetica 52, 193–202. https://doi.org/10.1007/s11099-
014-0020-2.

Zentgraf, U., Laun, T., Miao, Y., 2010. The complex regulation of WRKY53 during leaf
senescence of Arabidopsis thaliana. Eur. J. Cell Biol. 89, 133–137. https://doi.org/
10.1016/J.EJCB.2009.10.014.

Zhou, J., Wang, J., Yu, J.-Q., Chen, Z., 2014. Role and regulation of autophagy in heat
stress responses of tomato plants. Front. Plant Sci. 5, 174. https://doi.org/10.3389/
fpls.2014.00174.

Zlatev, Z.S., Lidon, F.C., Ramalho, J.C., Yordanov, I.T., 2006. Comparison of resistance to
drought of three bean cultivars. Biol. Plant. 5, 174. https://doi.org/10.1007/s10535-
006-0054-9.

M. Khan, et al. Biocatalysis and Agricultural Biotechnology 19 (2019) 101150

8

http://refhub.elsevier.com/S1878-8181(19)30167-7/sref1a
http://refhub.elsevier.com/S1878-8181(19)30167-7/sref1a
http://refhub.elsevier.com/S1878-8181(19)30167-7/sref1a
http://refhub.elsevier.com/S1878-8181(19)30167-7/sref1a
https://doi.org/10.1007/978-3-642-32653-0
https://doi.org/10.1007/978-3-642-32653-0
https://doi.org/10.1038/415977a
https://doi.org/10.1111/pce.13404
https://doi.org/10.1007/BF00018060
http://refhub.elsevier.com/S1878-8181(19)30167-7/sref7
http://refhub.elsevier.com/S1878-8181(19)30167-7/sref7
https://doi.org/10.1007/s00726-010-0677-1
https://doi.org/10.1007/s00726-010-0677-1
https://doi.org/10.1007/BF00262543
https://doi.org/10.1007/BF00262543
https://doi.org/10.1016/j.agwat.2016.04.022
https://doi.org/10.1038/s41598-018-20495-x
https://doi.org/10.1038/s41598-018-20495-x
http://refhub.elsevier.com/S1878-8181(19)30167-7/sref10
http://refhub.elsevier.com/S1878-8181(19)30167-7/sref10
http://refhub.elsevier.com/S1878-8181(19)30167-7/sref10
https://doi.org/10.1016/j.pbi.2007.04.020
https://doi.org/10.1016/j.pbi.2007.04.020
https://doi.org/10.1007/s00018-004-4067-2
https://doi.org/10.1007/s00018-004-4067-2
https://doi.org/10.1007/s00018-012-1088-0
http://refhub.elsevier.com/S1878-8181(19)30167-7/sref4a
http://refhub.elsevier.com/S1878-8181(19)30167-7/sref4a
http://refhub.elsevier.com/S1878-8181(19)30167-7/sref4a
http://refhub.elsevier.com/S1878-8181(19)30167-7/sref14
http://refhub.elsevier.com/S1878-8181(19)30167-7/sref14
http://refhub.elsevier.com/S1878-8181(19)30167-7/sref15
http://refhub.elsevier.com/S1878-8181(19)30167-7/sref15
https://doi.org/10.1016/j.jplph.2009.04.017
https://doi.org/10.1016/j.jplph.2009.04.017
https://doi.org/10.1007/s11105-014-0846-6
https://doi.org/10.1007/s11105-014-0846-6
https://doi.org/10.1023/A:1022867030790
https://doi.org/10.1023/A:1022867030790
https://doi.org/10.1105/tpc.014613
https://doi.org/10.1111/j.1559-1816.1999.tb01379.x
https://doi.org/10.1111/j.1559-1816.1999.tb01379.x
http://refhub.elsevier.com/S1878-8181(19)30167-7/sref21
http://refhub.elsevier.com/S1878-8181(19)30167-7/sref21
http://refhub.elsevier.com/S1878-8181(19)30167-7/sref22
http://refhub.elsevier.com/S1878-8181(19)30167-7/sref22
https://doi.org/10.3329/jsr.v1i3.2385
https://doi.org/10.3329/jsr.v1i3.2385
http://refhub.elsevier.com/S1878-8181(19)30167-7/sref24
http://refhub.elsevier.com/S1878-8181(19)30167-7/sref24
http://refhub.elsevier.com/S1878-8181(19)30167-7/sref24
https://doi.org/10.1016/j.bcab.2019.101027
https://doi.org/10.1016/j.bcab.2019.101027
http://refhub.elsevier.com/S1878-8181(19)30167-7/sref26
http://refhub.elsevier.com/S1878-8181(19)30167-7/sref26
http://refhub.elsevier.com/S1878-8181(19)30167-7/sref26
http://refhub.elsevier.com/S1878-8181(19)30167-7/sref5a
http://refhub.elsevier.com/S1878-8181(19)30167-7/sref5a
http://refhub.elsevier.com/S1878-8181(19)30167-7/sref5a
http://refhub.elsevier.com/S1878-8181(19)30167-7/sref27
http://refhub.elsevier.com/S1878-8181(19)30167-7/sref27
http://refhub.elsevier.com/S1878-8181(19)30167-7/sref27
http://refhub.elsevier.com/S1878-8181(19)30167-7/sref27
http://refhub.elsevier.com/S1878-8181(19)30167-7/sref27
https://doi.org/10.1371/journal.pone.0011883
http://refhub.elsevier.com/S1878-8181(19)30167-7/sref29
http://refhub.elsevier.com/S1878-8181(19)30167-7/sref29
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1006/meth.2001.1262
http://refhub.elsevier.com/S1878-8181(19)30167-7/sref6a
http://refhub.elsevier.com/S1878-8181(19)30167-7/sref6a
http://refhub.elsevier.com/S1878-8181(19)30167-7/sref31
http://refhub.elsevier.com/S1878-8181(19)30167-7/sref31
https://doi.org/10.3389/fpls.2017.01459
https://doi.org/10.1139/b63-088
https://doi.org/10.1016/j.plaphy.2013.01.020
https://doi.org/10.1111/j.1439-037X.2008.00357.x
https://doi.org/10.1007/978-981-10-6744-0_12
https://doi.org/10.3389/fpls.2015.01256
https://doi.org/10.2136/sssabookser5.3.frontmatter
https://doi.org/10.2136/sssabookser5.3.frontmatter
https://doi.org/10.1006/anbo.1995.1039
https://doi.org/10.1006/anbo.1995.1039
https://doi.org/10.1046/j.1365-3040.2002.00754.x
https://doi.org/10.1046/j.1365-3040.2002.00754.x
https://doi.org/10.1016/j.plaphy.2009.11.003
https://doi.org/10.1016/j.plaphy.2009.11.003
https://doi.org/10.1007/s40502-018-0411-7
https://doi.org/10.1111/pbi.12794
https://doi.org/10.1111/pbi.12794
https://doi.org/10.1038/nature01014
https://doi.org/10.1038/nature01014
https://doi.org/10.1002/9783527628964.ch7
https://doi.org/10.1088/1751-8113/44/8/085201
https://doi.org/10.1088/1751-8113/44/8/085201
https://doi.org/10.1080/15548627.2015.1098798
https://doi.org/10.1080/15548627.2015.1098798
https://doi.org/10.1093/jexbot/51.350.1543
https://doi.org/10.1093/jexbot/51.350.1543
https://doi.org/10.1007/s11099-014-0020-2
https://doi.org/10.1007/s11099-014-0020-2
https://doi.org/10.1016/J.EJCB.2009.10.014
https://doi.org/10.1016/J.EJCB.2009.10.014
https://doi.org/10.3389/fpls.2014.00174
https://doi.org/10.3389/fpls.2014.00174
https://doi.org/10.1007/s10535-006-0054-9
https://doi.org/10.1007/s10535-006-0054-9

	Detection of biochemical and molecular changes in Oryza sativa L during drought stress
	Introduction
	Materials and methods
	Plant materials and growth conditions
	Physiological and biochemical analysis
	Total chlorophyll and carotenoids contents
	Total protein content
	Total proline content
	Antioxidant enzyme assay
	Catalase (CAT) activity
	Superoxide dismutase (SOD) activity
	Peroxidase (POX) activity
	Cell biological analysis
	Molecular analysis
	DNA, RNA isolation and real-time PCR expression analysis


	Results
	Drought stress reduced the shoot and root growth
	Drought stress affects the pigment system, protein and proline accumulation
	Drought enhanced the activity of antioxidant enzymes
	Hallmarks of apoptosis observed under drought stress
	Gene expression analysis

	Discussion
	Conclusion
	Conflicts of interest
	Acknowledgment
	Abbreviations
	Supplementary data
	References




