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ABSTRACT

Article History

Rising global temperatures are causing prolonged droughts that reduce rice growth. This
study investigated the impacts of drought stress and the rewatering period on rice's growth
and physiological characteristics (Oryza sativa L.) cv. KHAO DAWK MALI 105 (KDML105), MALI
DAM NONG KHAI 62 (MDNK62) and POKKALI. The 28-day-old rice seedlings of the three
cultivars were cultured under water deficit for 19 days (drought stress period) before
rewatering for 9 days (rewatering period). Growth and physiological features were investigated
at the end of the drought stress and rewatering periods. Drought stress inhibited the growth
of all three cultivars, such as tiller number per clump, leaf size, root length, and biomass, while
shoot length, leaf rolling score, and drought score of leaf increased compared to the control.
All growth features of the three rice cultivars improved after rewatering. The physiological
characteristics of KDML105 and MDNK®62 rice cultivars differed from POKKALI under drought
stress. Chlorophyll a content, total chlorophyll content, Fv'//Fm’, Fv/Fm, and relative water
content of KDML105 and MDNK62 rice cultivars decreased but increased in POKKALI
Electrolyte leakage percentage and MDA content of the three rice cultivars increased
compared to the control group during drought stress and rewatering. Growth and
physiological aspects including the drought tolerance index (DTI) for MDNK62 showed
moderate adaptation to drought stress, while KDML105 exhibited better adaptability
compared to MDNK62 and POKKALI. This research provides important information for rice
growth improvement in regions facing drought challenges.
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INTRODUCTION

The phenomenon of global warming is causing more
frequent extreme weather events which are predicted to
intensify. Rising temperatures, coupled with droughts,
increase water evaporation and disrupt plant reproductive
processes and physiology. The process of photosynthesis,
which plants use to produce nutrients, becomes less
efficient at temperatures above the critical growth
threshold (Matsui et al, 2000; Vargas Zeppetello et al.,
2022; Yaliang et al.,, 2020). Water is a major component of
plant cells that helps to transport dissolved nutrients and
other important substances. Insufficient water causes the
plant roots to probe deeper in search of moisture. A lack
of water around the roots leads to plant dehydration and
death (Hou et al., 2024). Drought affects the growth of rice
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plants at every stage because they are highly sensitive to
water scarcity. Some drought-resistant rice varieties have a
good recovery index from drought, which allows them to
produce a more complete seed yield compared to varieties
with low recovery ability, as observed by shoot length, tiller
number per clump, fresh weight and dry weight of plant,
and fresh seed weight per panicle (Sandeep & Godi, 2023).
After experiencing drought, the ability to maintain good
leaf water potential leads to efficient flower development,
allowing rice to pollinate and produce full, non-flattened
seeds (Farooq et al, 2024). Drought results in stomatal
closure due to decreased turgor pressure within the cells.
The ABA hormone, a compound in the isoprenoid group,
plays a crucial role as a signaling molecule to the guard
cells, influencing stomatal closure to reduce water loss (Liu
et al, 2022). This can be measured through the relative
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water content (RWC) in leaves which determines the water
status of plants. The RWC increases during the early growth
stages and decreases when leaves wilt, reflecting tissue
metabolic activity and serving as a significant index (Dash
et al., 2020; Bharti et al., 2020; Zhang et al., 2024). Stomatal
closure also affects the diffusion of carbon dioxide into the
cells, impacting the rate of photosynthesis and thus food
production )Yang et al, 2020(. Increased temperatures
during drought lead to changes in light reaction in the
thylakoid membranes within chloroplasts. When plants
grow under high-temperature drought stress, the oxygen-
evolving complex proteins may be damaged (Eckardt,
2022(, resulting in the dislodgement of the manganese-
containing reaction center from the photosystem and the
separation of the surrounding light-harvesting complexes
from photosystem IlI. This shift results in slower and less
efficient energy activation which delays electron transfer
and leads to an accumulation of oxygen from water
oxidation reactions that damages cell walls and produces
toxic peroxide compounds in plants. These changes can be
assessed by measuring the levels of malonaldehyde and the
rate of electrolyte leakage in leaves (Taratima et al,, 2022).
Under high-temperature drought, plant cells activate a
mechanism that converts excess light energy into heat
through the action of xanthophylls in photosystem I via
non-photochemical quenching, with violaxanthin converted
to zeaxanthin to absorb excess heat (Sun et al., 2022; Nan
et al,, 2022). The maximum efficiency of photosystem Il is
an indicator of the system’s ability to use light energy to
drive electron transfer which can be determined by
measuring chlorophyll fluorescence (Moustakas et al., 2022;
Wang et al,, 2022a).

KDML105 is a commercially popular rice variety
cultivated in Thailand, with good growth, flowering
characteristics and high yield. However, the leaves dry out
quickly and turn yellow (Rotrujanon et al., 2022). POKKALI
rice has a well-developed root system that can efficiently
absorb nutrients and water from the soil. The stems are
short and strong, making them resistant to high winds and
heavy rainfall. Previous research demonstrated that this
rice variety is tolerant to salinity and drought (Jacob &
Subramannian, 2022). Colored native rice varieties have
received certification from the Department of Rice because
their characteristics make them resilient to environmental
stress (Saleeto et al., 2020.( MDNK62 originated from a
selection process within a mixed population of rice
varieties, incorporating parental lines of black-husked rice
including KDML105, Surin 1, Hom Mali Suko Thai, and
black glutinous rice. This rice variety is not sensitive to
changes in daylight duration; the leaves are green-purple
and stem height reaches Tmeter. The grains are slender
and dark, producing soft sticky rice with a fragrant aroma
and high levels of antioxidants. MDNK62 has excellent
resistance to blast disease during the seedling stage and
yields over 500kg per hectare. It can be cultivated in both
wet and dry seasons. However, information regarding the
influence of education on this lineage's prosperity is still
lacking (Saleeto et al., 2020). This study evaluated the
effects of drought stress on the growth and physiological
performance of the three rice seedlings KDML105,
MDNK62, and POKKALI. Our findings will advance
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knowledge to enhance rice genotypes in future breeding
initiatives for early drought-resistant cultivars.

MATERIALS & METHODS

Plant Materials and Drought Stress

KDML105 and POKKALI rice seeds were obtained from
the Faculty of Agriculture, Khon Kaen University, with
MDNK62 obtained from the Rice Research Center, Nong
Khai Province, Thailand. Mature seeds were germinated,
cultured in soil, and watered daily for 1 week before
transferring into 20cm diameter pots with two plants per
pot and cultured for 3 weeks. Each pot contained 3.5kg of
soil. The 28-day-old seedlings were placed under drought
stress for 19 days before rewatering (500mL per pot, once
a day) for 9 days. The control and treatment samples were
performed in five replicates.

Plant Growth

The control and treatment were conducted with pot-
grown plants between July and August 2023 in the
greenhouse at the Department of Biology, Faculty of
Science, Khon Kaen University, Khon Kaen, Thailand. Shoot
length, tiller number per clump, leaf number, leaf size, leaf
rolling score, root length, shoot fresh weight, shoot dry
weight, roots fresh weight, root dry weight, drought score,
and drought recovery score (Beena et al, 2021( were
recorded after the drought stress treatment and
rewatering treatment. Green intensity was measured using
a Konicaminolta SPAD-502 Plus Chlorophyll Meter and
expressed in SPAD units. The drought tolerance index (DTI)
was calculated according to Taratima et al. (2020) (more

than 1 = increase, less than 1 = decrease) as follows:
Stress treatment data

- Nonstress treatment data

Relative Water Content (RWC)

One c¢cm long leaf at the middle part of leaf was used
as initial sample. Fresh weight was recorded and then the
sample was transferred into a test tube containing mL10 of
deionized water. The tube was sealed tightly and exposed
to fluorescent light for 4h. The sample was blotted dry with
tissue paper, and the turgid weight was measured. The
plant material was then oven-dried at 60°C for 24h. Before
dry weight measurement. The RWC was calculated using
the following formula according to Basak et al. (2020):

FW-DW
Relative water content = [%] Fwow’ %

where: FW =Leaf fresh weight, DW =Leaf dry weight,
TW =Turgid weight

Chlorophyll Content and Chlorophyll Fluorescence

Chlorophyll a, chlorophyll b, and total chlorophyll
contents were determined. Mature leaves (30mg) were
crushed in a mortar, then dissolved in mL5 of %80acetone
and kept in the dark for 48h. The supernatant was
measured for absorbance at 645and nm663 wavelengths
with 80% acetone operating as the blank. The following
formulas were utilized to determine the chlorophyll
content based on Vivek et al. (2020):

(12.7Ag63 — 2.69Ag45) X V.
1000 X W

Chlorophyll a (mg g tissue™'=)



(22.9Ag45 — 4.68Aq53) X V

Chlorophyll b (mg g tissue™'=) 1000 X W
(20.2Ag45 + 8.02Ag63) X V
Total chlorophyll (mg g tissue™ =) 000xW

where V =solution volume )ml(and W =leaf weight.

To analyze chlorophyll fluorescence, mature leaves
were determined for both the light-adapted quantum
efficiency of PSIl (Fv//Fm’) and the maximum or dark-
adapted quantum efficiency of PSIl (Fv/Fm) using a
Chlorophyll Fluorometer (Handy PEA).

Malonaldehyde (MDA)

MDA content was measured according to the
technique reported by Heath & Packer (1968). One gram
of fresh and expanded leaf was collected, ground with
mL10 of 9%0.1(wv") trichloroacetic acid (TCA), and then
centrifuged for 5min (14,000rpm). A 2mL aliquot of the
supernatant was then transferred to another test tube and
heated for 25min at 95°C with 9mL of 0.5% (w/v)
thiobarbituric acid (TBA). All reactions were halted by
10min of chilling on ice. The absorbance of the solutions
was measured at 532nm (As3z) and 600nm  (Asoo)
wavelengths with 20% TCA utilized as the blank. MDA was

investigated using the following formula:
(Bss2 — ) X VX Ve

MDA (”mo| gFW’1: ) 155 x Va x FW
where V¢ = Final volume

Ve = Trichloroacetic acid (TCA) volume
V, = Solvent volume

FW = Plant sample fresh weight

Electrolyte Leakage (EL)

The EL measurement followed the method of
Dionisio-Sese & Tobita (1998) as cited in Altaf et al. (2020)
Rice leaves were cut into fragments of approximately 1cm?.
Two pieces were transferred into a test tube containing
mL10 of deionized water at room temperature and kept in
the dark for 24h. Before electrical conductivity
measurement as ECq. The test tubes were autoclaved at
121°C  for 15min before the second conductivity
measurement as EC, at room temperature. Electrolyte
leakage percentages were evaluated using the formula:
Electrolyte leakage = (%) (ECs / EC3) x 100

Statistical Analysis

One-way analysis of variance (ANOVA) was used to
analyze the impacts of irrigation and drought on the
characteristics of the rice varieties, including at least five
replications. Mean value comparisons were analyzed by
Duncan’s multiple range test at a 95% confidence level.
Pearson’s correlation, principal component analysis (PCA)
and hierarchical cluster analysis (HCA) were performed using
Origin 2024 software to examine all the study parameters.

RESULTS

Temperature and Average Relative Humidity in the
Greenhouse

During the drought period, the average temperature
in the greenhouse was 39.3°C with 53.8% average relative
humidity, while during the rewatering period, the average
temperature was 36.7°C with 59.3% average relative
humidity (Fig. 1).
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Growth and Physiological Characteristics

After drought stress treatment, the overall growth
performance of the three cultivars dramatically decreased
compared to the control group (Fig. 2) including tiller
number per clump (TNC), leaf width (LW), leaf length (LL),
root length (RL), shoot fresh weight (SFW), shoot dry weight
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Fig. 1: Average daily temperature and relative humidity inside the
greenhouse during the drought and rewatering periods.
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Fig. 2: Adaptation of the three rice cultivars in the vegetative stage after
stress treatment in drought period and following rehydration during the
rewatering period.
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(SDW), root fresh weight (RFW), and root dry weight (RDW)
(Table 1). The shoot length (SL), leaf rolling score (LR), and
drought score of leaf (DSL) of the three rice cultivars
increased compared to the control group during drought
stress (Table 1). However, different growth levels were
observed in the three rice cultivars after rewatering for 9
days (Fig. 2). The three rice cultivars exhibited delayed
growth after rewatering. Some characteristics such as tiller
number per clump (TNC), root length (RL), leaf width (LW),
leaf length (LL), shoot fresh weight (SFW), shoot dry weight
(SDW), root fresh weight (RFW), root dry weight (RDW) and
drought recovery score of leaf (DRSL) decreased, while leaf
rolling (LR) and drought score of leaf (DSL) increased. Shoot
length (SL) of MDNK62 and POKKALI decreased but increased
in KDML105 rice after rewatering for 9 days (Table 1).
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Following drought stress treatment, KDML105 and
MDNK®62 exhibited the same physiological characteristics.
Chlorophyll a content, total chlorophyll content, chlorophyll
fluorescence measurement in light condition (Fv'//Fm’),
chlorophyll fluorescence measurement in dark condition
(Fv/Fm) and relative water content (RWC) decreased while
chlorophyll b (CH B) content, green intensity (SPAD),
electrolyte leakage percentage (EL), and malondialdehyde
(MDA) content increased compared to the control group
(Table 2). For POKKALI rice, Fv'/Fm’, Fv/Fm, and RWC
decreased similarly to KDML105 and MDNK62, but the
values of other characteristics increased. During the
rewatering period, CH A content, CH B content, Total CH
content, SPAD and RWC of MDNK62 and POKKALI
decreased compared to the control group (Table 2).

Table 1: Growth performance of KDML105, MDNK62 and POKKALI rice seedlings after drought stress and rewatering treatment.

Parameter Drought stress Rewatering
KDML105 DTl MDNK62 DTl POKKALI DTl KDML105 DTl MDNK62 DTl POKKALI DTI

TNC cont. 9.00+0.70b 0.56* 13.00+0.37a 0.56* 7.00+0.81c 0.39* 5.00+0.87bc 0.70* 12.00+0.84a  0.50* 7.00+0.40b 0.61*
treat. 5.00+0.31d 7.00+0.37c 3.00+0.25e 4.00+0.37¢ 6.00+0.32b 4.00+0.00c

LC cont. 4.00+0.51a 125 4.00+057a 1.00 4.00£0.51a 1.00 5.00+0.40a 0.80 5.00+0.49a 1.00 5.00+0.20a 1.00
treat. 5.00+0.51a 4.00+0.00a 4.00+0.00a 4.00+0.25a 5.00+0.25a 5.00+0.25a

SL cont. 26.00+2.70ab 1.16 26.20+1.07ab 0.87 21.40+1.50c 117 22.40+1.89d 1.57* 29.00£1.89b 0.82* 30.20+0.66bc  0.85*
treat. 30.20+1.16a 22.80+0.58bc 25.00+0.45bc 35.20+1.39%a 23.80+1.24d 25.80+0.66cd

RL cont. 92.80+3.06b  0.77 71.60+2.42c 0.76 109.20+2.85a  0.82 109.20+2.65b  0.80* 84.00+1.14c  0.77* 127.40+093a 0.53*
treat. 71.00+3.21c 54.20+2.35d 90.00+1.41b 87.60+2.80c 64.40+1.47d 67.60+7.84d

Lw cont. 1.11+0.00b 0.61* 1.17+0.01b 0.50* 1.37+0.04a 0.60* 0.97+0.02c 0.88* 1.16+0.01b  0.82* 1.29+0.01a 0.92*
treat. 0.68+0.04d 0.58+0.01e 0.82+0.06¢ 0.85+0.02d 0.95+0.02¢ 1.18+0.03b

LL cont. 56.80+2.22a 0.82* 44.60+1.03b  0.66* 60.40+3.46a 0.77* 65.40+£1.08b  0.72* 51.00£1.27c 0.79* 79.60+0.68a  0.45*
treat. 46.80+0.37b 29.40+1.81c 46.80+0.86b 47.40+1.12¢ 40.40+0.93d 35.60+4.29d

SFW cont. 26.89+3.57a 0.19* 30.52+1.12a 0.10* 31.20+3.54a 0.20* 20.19+6.22c 0.35* 41.05+3.96b 0.23* 60.94+6.59a  0.13*
treat. 5.18+0.28b 3.08+£0.33b 6.3620.32b 6.99+1.02d 9.34+0.64cd 8.20+1.013cd

SDW cont. 4.58+0.74a 043 5.33+0.21a 0.37 4.85+0.44a 039 542+2.68b 0.31* 9.41+187b  0.20* 21.94+6.66a  0.12*
treat. 1.99+0.18b 1.96+0.16b 1.89+0.05b 1.68+0.16b 1.93+£0.09b 2.66+0.20b

RFW cont. 17.78+5.72a 0.05 15.21+2.27ab 0.08 9.16+1.68b 0.10 5.87+2.58¢c 0.30* 19.80+2.55b 0.10* 29.33x4.14a  0.10*
treat. 0.93+0.14c 1.28+0.12¢ 0.88+0.11c 1.78+0.19¢ 2.05+0.23c 2.97+0.60c

RDW cont. 2.52+0.65a 0.23 2.69+0.22a 0.17 3.21+0.55a 0.13  1.76+0.73c 0.33* 467+057b  0.12* 8.08+1.09a 0.09*
treat. 0.57+0.06b 0.44+0.04b 0.41+0.04b 0.57+0.07c 0.55+0.06¢ 0.70+0.02c

LR cont. 1.00+0.00b 4.80 1.00+0.00b 5.00 1.00+0.00b 5.00 1.00+0.00c 2.00* 1.00+0.00c 1.40* 1.00+0.00c 2.00*
treat. 4.80+0.20a 5.00+£0.00a 5.00£0.00a 2.00+0.00a 1.40£0.25b 2.00+0.00a

DSL cont. 1.00+0.00b 3.80* 0.40+0.25b 8.50* 1.20+0.20b 0.83* 1.00+0.00b 220 1.20+0.20b  2.00 1.20+0.20b 3.00
treat. 3.80+0.37a 3.40+1.12a 1.00£0.00b 2.20+0.20ab 2.40+0.25ab 3.60+1.08a

DRSL cont. - - - 8.60+0.40ab  0.86 9.00+0.00a 0.91 8.60+0.40ab  0.86
treat. - 7.40+0.40b 8.20+0.49ab 7.40+0.40b

Values (Means+SE) bearing different letters in a row differ significantly (*P<0.05). TNC, tiller number/clump; LC,

leaf number/clump; SL, shoot length (cm); RL,

root length (cm); LW, leaf width (cm); LL, leaf length (cm); SFW, shoot fresh weight (g); SDW, shoot dry weight (g); RFW, root fresh weight (g); RDW, root dry weight
(9); LR, leaf rolling; DSL, drought score of leaf; and DRSL, drought recovery score of leaf.

Table 2: Physiological aspects of KDML105, MDNK62 and POKKALI rice seedlings after drought stress and rewatering treatment.

Parameter Drought stress Rewatering
KDML105 DTl MDNK62 DTl POKKALI DTl KDML105 DTl MDNK62 DTl POKKALI DTI

CHA cont. 4.88+0.13a 0.76* 4.6+0.08ab 0.88* 4.13+0.1ab 1.19% 2.92+0.24a 114 3.82+0.52a 0.81 3.690+0.35a 0.74
treat. 3.73+0.41b 4.06+0.43ab 4.91£0.28a 3.33+£0.32a 3.10+0.36a 2.72+0.40a

CHB cont. 1.61+£0.07bc  1.05* 1.49+0.05bc  1.23* 1.25+0.04c 1.90* 0.80+0.06a 115 1.34+0.35a 0.61 1.10+0.13a 0.69
treat. 1.69+0.15bc 1.84£0.16b 2.38+0.27a 0.92+0.12a 0.82+0.13a 0.76+0.13a

Total CH cont. 6.48+0.20ab  0.84* 6.09+0.13ab  0.97* 5.38+0.13b 1.36* 3.35+0.26a 127 4.64+0.78a 0.84 431+043a 0.81
treat. 5.42+0.55b 5.90+0.58b 7.29+0.54a 4.26+0.40a 3.91+0.49a 3.48+0.48a

SPAD cont. 41.06+0.39a 1.04 4224+0.82a 1.03 42.70+1.59a 1.02 36.32+1.15abc 090 39.60+1.87a 0.83 38.08+0.83ab 0.90
treat. 42.9+0.57a 43.56+1.46a 43.68+197a 32.76+0.23c 32.96+1.25¢ 34.36+1.70bc

Fv'/Fm"  cont. 0.77+£0.01a 0.68 0.78+0.071a 0.69 0.79+0.00a 0.91 0.77+0.00b 1.01 0.77+0.00b 1.02 0.74+0.00c 1.04
treat. 0.52+0.08b 0.54+0.11b 0.72+0.02a 0.78+0.00ab 0.79+0.00a 0.77+0.01b

Fv/Fm cont. 0.83+0.01a 0.66* 0.84+0.071a 0.70* 0.82+0.01a 0.91* 0.83+0.071a 1.00 0.83+0.00a 1.01 0.83+0.00a 1.00
treat. 0.55+0.05b 0.59+0.05b 0.75+0.02a 0.83+0.01a 0.84+0.00a 0.83+0.00a

EL cont. 31.98+2.54c 2.64* 23.70+121d  3.62* 36.75+0.82c 2.50* 22.18+1.06a 1.03 20.24+0.76ab  1.04 17.52+1.30b 1.16
treat. 84.33+2.45b 85.72+2.21b 91.90+0.50a 22.79+1.53a 20.96+1.34ab 20.37+0.90ab

MDA cont. 0.08+0.01c 140 0.16+0.06a 111 0.10+0.01c 1.55 0.075+0.01bc 1.97* 0.06+0.00b 1.66* 0.07+0.00bc 1.29*
treat. 0.12+0.02bc 0.18+0.04ab 0.16+0.03ab 0.15+0.02a 0.10+0.01c 0.09+0.01bc

RWC cont. 90.77+0.87b 039 103.32+3.25a 033 99.73+1.12ab 031 74.42+4.62ab  0.81 71.98+1.05abc 091 77.82+2.38a 0.87
treat. 35.14+2.08c 33.72+6.37c 30.9+2.09¢c 60.54+2.87d 65.43+1.42cd 68.05+2.65bcd

Values (Means+SE) bearing different letters in a row differ significantly (*P<0.05). CH A, chlorophyll a (mg g tissue™"); CH B, chlorophyll b (mg g tissue™); Total
CH, total chlorophyll (mg g tissue™); SPAD, SPAD unit; Fv'/Fm’, light-adapted quantum efficiency of PSII; Fv/Fm, the dark-adapted quantum efficiency of PSII;
EL, electrolyte leakage percentage (%); MDA, malonaldehyde (umole gFW™"); RWC, relative water content (%); DTI, drought tolerance index.



Drought Tolerance Index (DTI)

The drought tolerance index (DTI) values of the three
rice cultivars were analyzed (Table 1, 2). Findings indicated
that during the drought period, all three rice cultivars
exhibited 12 weak characteristics (TNC, RL, LW, LL, SFW,
SDW, RFW, RDW, LR, EL, MDA, and RWC) and 2 well-
adapted characteristics (CH B and SPAD), while KDML105
had 2 well-adapted DTls (LC and SL) and 4 weak DTIs (CH
A, DSL, Fv'/Fm’, and Fv/Fm). MDNK62 displayed 3 weak
DTls (DSL, Fv/Fm', and Fv/Fm), while POKKALI
demonstrated 3 well-adapted DTIs (SL, CH A, and Total
CH) during the drought period. After rehydration, the three
rice cultivars exhibited 9 sensitive growth and physiological
DTIs (TNC, LW, LL, RL, SFW, LR, EL, MDA, and RWC) and 3
well-adapted DTl (DRSL, Fv//Fm" and Fv/Fm) while
MDNK62 showed 3 susceptible DTIs (SL, RFW, RDW) and
POKKALI exhibited 6 weak DTIs (SL, RL, SFW, SDW, RFW,
and RDW). KDML105 had 4 well-adapted DTIs (SL, CH A,
CH B, and Total CH). However, all rice cultivars had well-
adapted Fv//Fm’ and Fv/Fm, approaching a DTI score of 1
(Table 1, 2).

Pearson’s Correlation, Principal Component Analysis
(PCA) and Hierarchical Cluster Analysis (HCA)

All three rice cultivars displayed negative correlations
between growth parameters TNC, LW, LL, RL, SFW, SDW,
RDW, and drought score of leaf (DSL). All these parameters
were associated with RWC and Fv/Fm and tended to be
positively correlated with Fv'/Fm’ (Fig. 3A-3F). However,
each rice cultivar exhibited unique correlations with
specific parameters. KDML105 showed a positive
correlation between growth (DSL) and physiological traits
(SPAD, EL) in all periods and negative DRSL and LL
correlation while DRSL positively correlated with CH A and
CH B during the rewatering period (Fig. 3A, 3D). MDNK62
demonstrated a positive correlation between growth (DSL

(B)
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and LR) and the physiological trait (EL) during the drought
period and with CH A during the rewatering period. By
contrast, DSL was negatively correlated with Fv'//Fm’ and
Fv/Fm during the drought period and negatively correlated
with SPAD and MDA during the rewatering period (Fig. 3B,
3E). POKKALI exhibited a positive correlation between
growth (LR) and physiological traits (CH A, CH B, Total CH,
EL, and MDA) during the drought period. During the
rewatering period, CH A, CH B, and Total CH were
negatively correlated with DSL while Fv'/Fm’ was positively
correlated with MDA (Fig. 3C, 3F).

PCA was analyzed using correlation coefficients, with
biplots illustrated in Fig. 4A, 4B. The data variability was
accounted for by the three principal components (Table 3),
explaining 100% of the variance. During the drought
period, the first two components, PC1 and PC2, explained
76.20 and 16.70% of the data variance, respectively and
were used to construct a PCA biplot, accounting for
92.90% of the variance. During the rewatering period, the
first two components, PC1 and PC2, explained 75.0 and
17.2% of the data variance, respectively, and were used to
create a PCA biplot, accounting for 92.22% of the variance.
During the drought period (Fig. 4A), PC1 was characterized
by the positive correlation of rice growth (LR) and
physiological traits (SPAD, EL, and MDA) for the three rice
cultivars (MDNK62, KDML105, and POKKALI, respectively),
with SPAD not correlated during the rewatering period.
The parameters TNC, RL, LW, LL, SFW, SDW, RFW, and
RDW positively correlated with physiological traits (RWC)
across all periods. PC2 showed a closer correlation
between LR, DSL, and MDA than KDML105 while EL,
Fv'/Fm’, and Fv/Fm were closer to POKKALI and MDNK62
during the rewatering period (Fig. 4B). Results indicated
that SL was correlated with CH A, CH B, and Total CH, and
most associated with POKKALI during the drought period
but closer to KDML105 during the rehydration period.

Rewatering period | Drought period

KDML 105

MDNK 62

" POKKALI

Fig. 3: Pearson’s correlation analysis among growth and physiological parameters of the three rice cultivars. (A) KDML105, (B) MDNK62, and (C) POKKALI
under drought period and (D) KDML105, (E) MDNK62, and (F) POKKALI under the rewatering period.
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Table 3: Loading variables, variance, cumulative and eigenvalues from PCA analysis of growth and physiological parameters of KDML105 seedlings after heat stress.

Parameter Drought period Rewatering period

PC1 PC2 PC3 PC1 PC2 PC3
1. Tiller number/clump 0.242 -0.127 -0.077 0.243 -0.022 -0.124
2. Leaf number/clump 0.150 -0.299 0.467 0.222 0.012 -0.328
3. Shoot length (cm) -0.081 0.167 0.732 0.041 0.506 0.029
4. Root length (cm) 0.249 0.057 0.003 0.232 -0.015 0.254
5. Leaf width (cm) 0.249 -0.002 0.088 0.227 -0.099 -0.259
6. Leaf length (cm) 0.241 -0.012 0.215 0.223 -0.059 0.315
7. Shoot fresh weight (g) 0.250 0.001 0.036 0.244 -0.062 0.043
8. Shoot dry weight (g) 0.250 -0.032 0.012 0.244 -0.070 0.034
9. Root fresh weight (g) 0.250 -0.002 -0.053 0.245 -0.046 -0.019
10. Root dry weight (g) 0.248 -0.060 -0.008 0.246 -0.037 0.002
11. Leaf rolling -0.250 0.022 0.031 -0.220 0.210 -0.138
12. Drought score of leaf -0.196 -0.305 -0.201 -0.237 0.119 -0.097
13. Drought recovery score of leaf - - - -0.179 -0.343 0.122
14. Chlorophyll a (mg g tissue™) 0.100 0.485 -0.099 0.187 0.315 0.165
15. Chlorophyll b (mg g tissue™") -0.188 0.353 -0.007 0.204 0.284 -0.078
16. Total chlorophyll (mg g tissue™) -0.030 0.528 -0.069 0.119 0.442 0.121
17. SPAD Unit -0.242 -0.106 0.127 0.236 -0.050 -0.208
18. Fv'/Fm’ 0.230 0.209 0.015 -0.239 -0.018 -0.179
19. Fv/Fm 0.228 0.217 -0.017 -0.161 -0.158 0.530
20. Electrolyte leakage (%) -0.249 -0.010 -0.056 -0.211 -0.035 -0.393
21. Malonaldehyde (umole gFW-") -0.219 0.149 0.325 -0.205 0.250 0.199
22. Relative water content (%) 0.249 -0.051 -0.001 0.208 -0.274 0.027
Variance (%) 76.172 16.736 7.092 75.002 17.228 7.770
CV (%) 76.172 92.908 100 75.002 92.230 100.000
Eigenvalue 15.996 3.515 1.489 16.500 3.790 1.709

Abbreviations: Fv'/Fm’, light-adapted quantum efficiency of PSII; Fv/Fm, dark-adapted quantum efficiency of PSII.
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Fig. 4: PCA biplots for PC1, PC2 and PC3 showing the relationships between
KDML105, MDNK62 and POKKALI growth and physiological parameters
recorded during the drought period (A) and rewatering period (B). TNC,
tiller number/clump; LC, leaf number/clump; SL, shoot length (cm); RL, root
length (cm); LW, leaf width (cm); LL, leaf length (cm); SFW, shoot fresh
weight (g); SDW, shoot dry weight (g); RFW, root fresh weight (g); RDW,
root dry weight (g); LR, leaf rolling; DSL, drought score of leaf; and DRSL,
drought recovery score of leaf; CH A, chlorophyll a (mg g tissue™"); CH B,
chlorophyll b (mg g tissue™); Total CH, total chlorophyll (mg g tissue™);
SPAD, SPAD unit; Fv'/Fm’, light-adapted quantum efficiency of PSII; Fv/Fm,
dark-adapted quantum efficiency of PSII; EL, electrolyte leakage percentage
(%); MDA, malonaldehyde (umole gFW™"); RWC, relative water content (%).

Hierarchical cluster analysis (HCA) and the heatmap
were analyzed to explain the overview that the three rice
tillering clusters depended on growth and physiological
DTl of drought stress and rewatering (Fig. 5). The HCA
results were consistent with PCA analysis. Six rice cultivar
groups were identified by four clusters of parameters.
Cluster Il (KDML105 d and MDNK62 d) had similar
components, whereas Cluster IV (DTl of POKKALI d)
displayed  better clustering characteristics  during
dehydration compared to rehydration. Cluster | (DTl of
MDNK62 r and POKKALI r) shared similar components.
Conversely, Cluster 11 (KDML105 r) exhibited growth
development and physiological characteristics, with better
clustering during rehydration.

Heatmap with clusterized characteristic of three rices

M
DTI of POKKALI d l 1

DTI of KDML 105 d

DTI of MDNK 62 d

- DTI of KDML 105 r 0

DTI of MDNK 62 1
DTI of POKKALI r

HO 18101

Fig. 5: Hierarchical cluster analysis and a heatmap explaining the DTl of
KDML105, MDNK62 and POKKALI tillering during drought (d) and
rewatering (r) periods. TNG, tiller number/clump; LC, leaf number/clump; SL,
shoot length (cm); RL, root length (cm); LW, leaf width (cm); LL, leaf length
(cm); SFW, shoot fresh weight (g); SDW, shoot dry weight (g); RFW, root
fresh weight (g); RDW, root dry weight (g); LR, leaf rolling; DSL, drought
score of leaf; and DRSL, drought recovery score of leaf.; CH A, chlorophyll a
(mg g tissue™); CH B, chlorophyll b (mg g tissue™); Total CH, total
chlorophyll (mg g tissue™"); SPAD, SPAD unit; Fv//Fm’, light-adapted
quantum efficiency of PSII; Fv/Fm, dark-adapted quantum efficiency of PSII;
EL, electrolyte leakage percentage (%); MDA, malonaldehyde (umole gFwW-");
RWC, relative water content (%).



DISCUSSION

This study investigated the responses of KDML105,
MDNK62, and POKKALI to drought stress and rewatering
under greenhouse conditions. Adverse impacts were seen
in growth and physiological characteristics. The drought
tolerance index (DTI) as a measure of growth performance
decreased by less than 1 point. Results were consistent Xu
et al. (2021) who reported that rice seedlings stressed by
drought showed decreased germination rate, tiller number
per clump, and pale yellow seedlings that died. Leaf size,
root length, fresh and dry weight of plants and roots also
decreased (Bhandari et al., 2023). The MDNK®62 rice variety
produced smaller seedlings than the other rice cultivars
but had more clumps and was more vulnerable to harm
from the sun and extreme heat. The highest DTl of SFW
and SDW were recorded throughout the drought
treatment. KDML105 rice had higher DTI for SFW and
SDW, indicating that leaves with higher fresh and dry
weights were more likely to survive during drought. Their
robust structure made them more resilient to harm from
drought stress and water loss) Bhandari et al, 2023;
Sandeep & Godi, 2023(. During the rewatering period, all
three rice cultivars showed increased DTI of LW, especially
POKKALI rice. This rice variety is known for its ability to
withstand drought and salinity due to its broad stem base,
narrow dark green and slender leaves with a waxy coating
YJacob & Subramannian, 2022(. POKKALI rice had a higher
DTl of LW than the other cultivars, but the DTl of LL
decreased significantly during the rewatering period. As a
result, the DTl of SFW and SDW during this period were
less than MDNK62 and KDML105 rice, which better
maintained the DTI of LL. During the rewatering stage,
KDML105 rice had a higher DTl of SL than the other
cultivars. These traits resulted in greater leaf surface area,
enhancing photosynthesis to produce energy and
repairing drought-damaged tissues faster than the other
rice varieties (Bhandari et al., 2023).

Reduced photosynthesis results in shorter root length
)Karim et al, 2024(. In our experiment, the root length
index of all three rice cultivars declined during the dry
spell. During the rewatering phase, the root length index of
POKKALI rice decreased more than MDNK62 and KDML105
rice because the roots of POKKALI rice are extensive and
deep )Jacob & Subramannian, 2022(. Compared to the
other two rice cultivars, POKKALI rice showed greater root
growth when drought stress was experienced. However,
when the temperature inside the greenhouse rises, the
roots may become heat-stressed and the cells lose more
water )Xu et al, 2021; McBrayer et al,, 2022; Karim et al.,
2024(. Damaged tissue undergoes decomposition during
rewatering, causing a reduction in water absorption
efficiency and disrupting water transport within cells from
the roots to various parts of the rice plant (Panda et al.,
2021; Pamuta et al., 2022(. Therefore, the DTl of RFW and
RDW in this study decreased. These results concurred with
Karim et al. (2024) who studied the comparative
characteristics of Moroberekan rice and MR 297 rice. They
found that the drought-affected rice group had shorter
roots, which led to a decrease in root fresh and dry weight.
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During the rewatering phase, KDML105 showed increased
DTIs of RL, RFW, and RDW. Results suggested that KDML
105 rice had greater root development capacity than the
other two cultivars during the rewatering phase after
growing through a drought. Furthermore, each of the
three rice cultivars showed decreased leaf rolling ability
according to the DTl of LR recorded between the droughts
and rewatering periods. This indicated adaptation to
reduce water loss from the leaves when exposed to
drought stress and the leaves expanded when water
returned )Cal et al, 2019; Latif et al., 2023(. The leaves of
KDML105 and MDNK62 recovered from drought more
quickly than POKKALI, as evidenced by the high DTI of DSL
during the drought stress period that decreased during the
rewatering period.

Zhang et al. (2024) found that the Crop Water Stress
Index (CWSI), maximum quantum efficiency of
photosystem Il (Fv/Fm), and SPAD values were closely
related to photosynthetic efficiency and the proficiency of
plants to adapt under drought conditions. Cultivars with
increased SPAD and Fv/Fm values, along with lower CWSI,
were more likely to show better adaptation to drought.
This concurred with the high leaf greenness intensity
(SPAD unit) of the three rice cultivars under drought stress
but was not consistent with the Fv/Fm and Fv'/Fm’ values
that decreased during the drought period. Lv et al. (2024)
reported that drought priming maintained the SPAD value
at the seedling stage to mid-tuber expansion stage of
potato, improved the photosynthetic performance, and
enhanced the drought tolerance. During drought, water
evaporates from rice leaves as they grow to their full
potential. The mesophyll cells are consequently closer
together. As a result, the distribution of chlorophyll within
the chloroplasts is unequal, which impacts the leaf green
intensity value. Previous studies reported that the
microstructure of plants undergoes various changes when
exposed to drought stress such as destruction of the
thylakoid membrane, increasing plastoglobulin size and
number, swollen grana, disorganized thylakoid membrane
system, wider space within the thylakoid and decreased
length-to-width ratio and chloroplasts area (Hu et al.,
2023). These factors lead to a slowdown in plant growth
and cause some plants to have higher levels of chlorophyll
in their leaves. Taratima et al. (2022) also reported that the
leaf greenness value was related to chlorophyll a,
chlorophyll b, and total chlorophyll content. In our
experiment, POKKALI rice outperformed the other cultivars
in terms of DTIs of CH A and Total CH during the drought
stress phase; however, these values dropped during the
rewatering phase. Although all three rice varieties had
insignificant DTls for total chlorophyll, chlorophyll a, and
chlorophyll b, the increase in the DTI of KDML105 rice was
noteworthy. The DTl of CH A, CH B, and Total CH of
KDML105 and MDNK62 decreased, resulting in lower DTI
of chlorophyll fluorescence. This proved that drought
stress impacted the function of photosystem Il (PSlI).
Drought may damage the oxygen-producing Oxygen
Evolving Complex (OEC), the reaction center of water
splitting, reducing electron transporting efficiency to PSII.
Excess oxygen from this reaction then combines with



different components within the cell to form free radicals
(Reactive Oxygen Species: ROS), which have the potential
to cause injury to cells (Eckardt, 2022; Moustakas et al.,
2022; Yan et al, 2023) (Fig. 6). KDML105 and MDNK62
returned to similar growth as the control group as well as
POKKALI when they were rehydrated after experiencing
drought. The pigmentation in the three rice cultivars was a
light-harvesting complex consisting of chlorophyll a,
chlorophyll b, and carotenoids in the thylakoid membrane.
This operates with the water splitting reaction center and
provides electrons to the light system even though there
are some changes in the structure and size of the antenna
)Eckardt, 2022(. MDNKG62 rice has anthocyanin in vacuoles
that reduces the amount of heat dissipation from light
reactions occurring within the mesophyll cells) Dabravolski
& lsayenkov, 2023; Khusnutdinov et al., 2021; Li &
Ahammed, 2023) (Fig. 6). These characteristics can cause
excessive oxygen from water oxidation, leading to the
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periods, with an increase in the DTI of EL inside the cells.
This also affects the mechanism of the cell membrane
recovery during rehydration, through the accumulation of
proline, sugar alcohols or other sugar types (Ngcala et al,,
2020; Taratima et al., 2022; Zahra et al,, 2022) (Fig. 6).
Despite experiencing a scarcity of water throughout
the experiment, all three cultivars sustained leaf conditions
comparable to the control group throughout the
rewatering period. In all three rice cultivars, the DTI of RWC
values increased and approached level 1. These results
concurred with Wang et al. (2022b) who found that relative
leaf water content (RWC) negatively correlated with
malondialdehyde (MDA) during drought and rewatering
periods in rice. As drought worsened, RWC decreased
while MDA, a marker of oxidative stress, increased. Water-
saving and drought-resistant rice (HY73) showed better
photosynthetic recovery and lower MDA levels compared
to drought-sensitive rice (HHZ). HY73 exhibited higher

peroxidation of many unsaturated fatty acids peroxidase (POD) activity and proline levels, while
(Polyunsaturated fatty acids: PUFA (Mackon et al., 2021) antioxidant enzymes and photosynthetic parameters
(Fig. 6). For all three rice cultivars, the DTl of MDA was recovered fully after rewatering, highlighting key
higher than 1 during both the drought and rewatering physiological traits aiding drought tolerance in HY73.
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The Pearson correlation and principal component
analysis confirmed that water dehydration in rice caused
an increase in leaf dryness factor or drought score of leaf
(DSL) resulting in the reduction of growth parameters
(TNC, LW, LL, RL, SFW, SDW, and RDW) and physiological
traits (RWC, Fv//Fm', and Fv/Fm) in all three rice cultivars.
Drought and high temperatures in greenhouses cause
water to evaporate from pots, affecting plant growth. Plant
roots then produce more abscisic acid to control the
opening and closing of stomata under drought stress
conditions) Karim et al., 2024; Santosh Kumar et al.,, 2021).

Drought-tolerant plants can also retain water by
enlarging the size of vessels. This reduces the water
potential and pressure in the phloem, resulting in the
accumulation of various substances in the form of crystals
or vesicles within plant cells (Dabravolski & Isayenkov,
2023). Sarma et al. (2023) found that at the beginning of
rice growth, the relative water content in leaves was higher
but decreased when the leaves withered. This indicated that
various activities occur in cells such as increased electrolyte
leakage and malondialdehyde content (Fig. 6). Hierarchical
cluster analysis confirmed that KDML105 exhibited lower
values of several parameters under drought stress but had
higher cell rejuvenation efficiency compared to MDNK62
and POKKALI, which had comparable growth and
physiological activities after rehydration.

Conclusion

This study examined the physiological responses of
KDML105, MDNK62 and POKKALI to drought stress under
greenhouse conditions. The results demonstrated that
MDNK62 exhibited moderate potential adaptation to
drought stress and also the rewatering period. KDML105
rice showed the highest sensitivity to drought stress
compared to the other cultivars but exhibited better
growth and physiological characteristics during the
rewatering period than MDNK62 and POKKALI by
dominant adaptation of shoot length (SL), leaf rolling (LR),
leaf per clump (LC), chlorophyll a (CH A), chlorophyll b (CH
B), total chlorophyll (Total CH), light (Fv//Fm’) and dark
(Fv/Fm) adapted quantum efficiency of PSII characteristics.
Our results can be used as foundational data to develop
rice varieties or cultivars that are suitable for regions facing
current and future drought challenges.
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