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Abstract | Rice is the staple food of more than 50% of the world’s population, and water scarcity is threating
its sustainable production. Dry seeded rice (DSR) technology has water and labour saving advantages over
conventional transplanting culture, however, poor crop establishment due to reduced germination in variable
field conditions greatly hampers its large-scale adaption. To address subordinate germination issues, we
investigated the effects of five salicylic acid (SA) concentrations (0, 75,150,225 and 300 ppm) on polyethylene
glycol (PEG) induced drought stress conditions (0,-0.2,-0.4,-0.6 and -0.8 MPa). Highly significant (p < 0.01)
effects of drought, SA and their interactions were observed on seed germination. Interestingly, varying SA
concentrations imparted more pronounced effects under higher osmotic stress levels. Day-wise germination
data indicated that the SA treatments alleviated inhibitory effects of different osmotic stress levels after 2—4
days of stress applications. Under medium to high osmotic stress levels, mean germination time, germination
index and seed vigour index (SVI) of SA primed seeds were better than non-primed seeds. Remarkably,
SVI of all SA concentrations under -0.2 MPa osmotic stress was surprisingly improved as compared with
control and other osmotic stress levels, indicating a ‘drought-escape strategy’in rice seeds under low osmotic
stress level. Overall, our results indicated that seed priming with 225 ppm SA concentration is ideal under
all environments and should be recommended in DSR system to improve early crop establishment and
sustainable production.
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1. Introduction increase in food production to meet the food security

targets by 2050 (Fréna ez al., 2014). Water scarcity or

Rice is one of the most important food
commodities and provides major portion of
daily calories requirement, especially in under-
developed and developing countries (Fukagawa and
Ziska, 2019). The world population is increasing at

an exponential rate, demanding approximately 70%

drought is one of the biggest threats to food security
worldwide and could reduce crop production by
50% (Budak ez al., 2015). Therefore, management of
drought stress is crucial for successfully achieving the
desired production targets. About 77% of the total
cultivated rice is conventionally transplanted globally
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(Rao ez al., 2017). Nevertheless, the flood irrigation
culture requires large amount of water, hence, this
conventional establishment method is no longer
suitable for sustainable rice production. Dry seeded
rice (DSR) technology has emerged as an alternate to
conventional transplanting culture (Liu ez a/., 2015a).
The main advantages of DSR includes resource
conservation (water saving) and economical, making
it more suitable for sustainable rice production (Igbal
etal.,2019,2021). However, DSR confronts with poor
crop establishment due to unequal water distribution
in variable field conditions, which greatly hampers
large-scale adoption of this technology. Thus, an
intervention in current DSR technology is essentially
needed to accelerate its large-scale adoption among
farming community.

Seed germination starts after imbibition with water,
initiation of embryo growth, changes in seed water
content and completes with radicle emergence and
elongation (Ali and Elozeiri, 2017). Among different
abiotic factors which effect seed germination,
temperature, drought, salinity and phytohormones
have been reported to have massive influence on
rice seed germination (Kurniasih ez al, 2013; El-
Mokhtar ez al., 2015; Jan et al., 2015; Liu et al,
2015b; Wei et al., 2015; Zheng et al., 2016). El-
Mokhtar ez al. (2015) studied the response of three
rice cultivars to different salinity stress levels and
reported highly significant effects of salt stress on rice
seed germination. Similarly, Liu ez a/. (2015b) also
reported highly significant effects of high temperature
stress on rice seed germination. Water deficiency or
drought significantly affects germination and seedling
emergence in rice (Hussain ez a/., 2017; Islam ez al.,
2018). Water stress ceases metabolic activities in
seeds, delays germination process and reduces the
biomass production in germinating seeds, ultimately
leading to poor crop establishment. To overcome
these issues, farmers in Asia prefer to pre-treat seed
before sowing to obtain uniform germination in
DSR system (Zheng ez al., 2016). Nevertheless, such
interventions exhibited no beneficial effects under
drought conditions (Matsushima and Sakagami,
2013).

Pre-treatment of crop seed with different agents
could improve its germination. Among different
pre-treatment approaches, seed priming is the most
potent approach for improving synchronization
of germination (Hussain ez a/., 2017). In rice, seed

priming improves germination and seedling growth
under abiotic stresses such as chilling, drought and
salinity (Zheng ez al., 2016; Sheteiwy et al., 2017,
Shatpathy ez al., 2018; Sarfraz ez al., 2019; Sharma
and Parikh, 2020). Salicylic acid (SA) is a naturally
occurring phenolic compound which exists in plants
at a very low concentration. This hormone like
compound plays pivotal role in regulating the growth
and development of plants. Earlier evidences also
suggest that SA improves tolerance against biotic
and abiotic stresses (Rivas-san and Plasencia, 2011;
Khan ez al., 2019; Mohamed ez a/., 2020). In rice, SA
promotes seed germination under abiotic stresses
such as salinity, cold and heavy metal stresses (Guo
et al., 2007; Tavares et al., 2014; Wang et al., 2016).
However, effect of seed priming with salicylic acid
(SA) under drought stress is somewhat unclear in
rice. In this study, we investigated effect of different
SA concentrations on rice seed germination under
induced osmotic stress conditions. Furthermore, we
also examined effect of SA concentrations on seed
vigour index.

2. Materials and Methods

2.1 Experiment location and plant material

'This study was conducted under controlled laboratory
condition at Rice Research Institute, Kala Shah Kaku
(RRI, KSK), Pakistan to investigate the effects of
drought and salicylic acid on rice seed germination.
Seed of PK 1121 aromatic (a long grain and short
stature aromatic rice variety) was collected from RRI,
KSK and used for germination experiment.

2.2 Pre-treatments and experiment setup

Homogenous seeds with uniform colour, shape and
size were selected and experiment was carried out
with healthy seeds only. The petri dishes and seeds
were disinfected with 10% Sodium Hypochlorite
(NaOCl, Sigma Aldrich) solution for ten minutes,
and then thoroughly rinsed with distilled water to
remove all chlorine traces. The sterilized seeds were
divided into five sets and separately soaked overnight
in 0 (control), 75,150,225 and 300 ppm SA solutions
(acetylsalicylic acid/Aspirin) at 35 °C, respectively.
Afterwards, hydrated seeds were kept between two
layers of blotting paper for surface drying. Then,
surface dried seeds were transferred to sterilized petri

dishes.
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-0.8 MPa) were prepared by dissolving 118,175,212
and 254 g of polyethylene glycol (PEG) 6000 in 1000
mL of distilled water, respectively. Thirty pre-treated
seeds in each treatment were allowed to germinate on
saturated tissue papers in petri dishes. Each treatment
contained equal volume of different osmotic stress
solutions and distilled water as control treatment.
Factorial completely randomized design (CRD) with
three replications was adopted for experiment setup.
Petri dishes were transferred to a controlled room
(25+3°C; relative humidity 60-70%; 12 hours day
light) and germination data was recorded on daily
basis for five days. A seed was considered to have
germinated, when its radicle elongated by at least 2
mm. For dry weight calculation, roots and shoots of
10 representative seedlings from each treatment were

oven dried at 50 °C for 10 days.

2.3 Calculation of germination parameters

Five germination parameters were calculated as
previously reported in literature. The calculation
methodology for parameters 1 to 4 followed Anaya
et al. (2018) and for parameter 5 Abdul-Baki and
Aderson (1973).

Number of seeds germinated in the day
Germination percentage (GP) = X 100
Total number of seeds

Number of seeds germinated after 5 days
Total germination percentage (TGP) = Totl b Fomed X 100
otal number of seeds

Number of seeds germinated

Mean germination time (MGT) = Dav of —
ay of germination

Germination index (GI) = Number of seeds germinated X Number of days after sowing

Seed Vigour index (SVI)= TGP x Dry weight

2.4 Statistical analyses

Two-way analysis of variance (ANOVA) was
performed to compare means of respective treatments
by using Statistix 10.1. Statistical analyses were
conducted on mean data of three replicates with o <

0.05 probability level.
3. Results and Discussion

3.1 Effect of drought and 84 on total seed germination

To investigate possible effects of drought and SA
treatments on germination, we pre-treated rice seeds
with different concentrations of SA and then allowed
these to germinate under different osmotic stress levels.
Highly significant effects of drought, SA and their
interactions were observed on total seed germination
(Table 1). In absence of SA, seed germination was
significantly reduced with an increase in osmotic
stress level, whereas increasing SA concentration had

non-significant effects on germination (Figure 1).
Interestingly, varying SA concentrations imparted
more pronounced effects under higher osmotic stress
levels. For example, under -0.6 MPa osmotic stress,
all SA treatments showed 90-100% germination as
compared to 70% germination in control treatment
(Figure 2). Similarly, 75 ppm and 225 ppm SA
treatments also showed higher germination i.e. 93%
and 97%, respectively under -0.8 MPa osmotic stress
than respective control treatments (70%). Whereas,
less pronounced effects of different SA concentrations
were observed under lower osmotic stress conditions
(-0.2 and -0.4 MPa). Overall, 225 ppm SA treatment
showed best results under control and all osmotic
stress conditions (Figure 1). Likewise, 75 ppm SA
treatment demonstrated good results under medium
to high stress conditions, whereas 150 ppm SA
treatments showed better germination under -0.6
MPa osmotic stress. These results strongly suggest a
potential role for SA in germination enhancement
under water deficient conditions.

Table 1: ANOVA table summarizing two-way effect
of treatments on total germination percentage of
rice seeds.

Source of variation Degreeof  Mean sum of

freedom square
Drought 4 834.953**
Salicylic Acid 4 297.653*
Drought x Salicylic Acid 16 219.445
Error 48 0.963

** Highly significant at p < 0.01.
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Figure 1: Total germination under drought and

salicylic acid treatments.

Coloured bars indicate total germination percentage in rice seeds
at 25 = 3 °C after five days of respective treatment application.
Bars with different alphabets at their top are statistically
significant (p < 0.05) from each other. Data are means (+
standard error) of three replicates.
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Figure 2: Effects of drought and salicylic acid

treatments on total seed germination.

Rice seeds were primed with respective SA concentrations and
kept overnight at 35 °C. Then hydrated seeds were allowed to
germinate at 25 * 3 °C in darkness under different osmotic stress
levels. The picture was taken at the end of experiment after five
days of sowing.

3.2 Effect of SA on germination process under water
deficient conditions

To determine at which time point significant
differences occur between germination of SA treated
and non-treated seeds, we collected germination data

from all osmotic stress and control treatments on
daily basis and generated germination speed curve
using line graphs (Figure 3). Under normal condition,
germination started after 1 day (3%) and reached
maximum after 4™ day (100%) in control treatment
(Figure 3A). In SA treatments, germination also
started after 1 day (0-3%) but reached maximum (97-
100%) after 5 day. Interestingly, germination rate was
lower in all SA treatments after 2*, 3 and 4™ day as
compared with control treatment. Under osmotic stress
conditions, germination was delayed and significantly
reduced (p < 0.01) with an increase in the stress level
(Figure 3B). Significant reductions were observed
after 2—4 days among germination rates of different
osmotic stress treatments. These results indicate
that 2", 3 and 4™ days are critical for germination
process, as during this period any differences
due to favourable or harmful conditions become
more apparent between experimental treatments.
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Figure 3: Daily germination under drought and salicylic acid treatments.
Daily germination percentage of rice seeds in different concentrations of SA (A), drought (B) and their interactive treatments (C-F)
at 25 + 3 °C in darkness. Data are means (% * S.E) of three replicates.
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Figure 4: Effect of SA concentrations on mean germination time and germination index at different

osmotic stress levels.

Mean germination time (A) and germination index (B) of rice seeds after five days of drought, SA and their interactive treatments.

Data are means (% * S.E) of three replicates.

The combination of SA treatments with osmotic
stress levels imparted beneficial effects on germination
process. Under low osmotic stress level (-0.2 MPa),
all SA treatments showed high germination rates
after 1-4 days than respective control treatment
(Figure 3C). Under medium osmotic stress levels
(-0.4-0.6 MPa), at least two SA treatments (225
ppm and 300 ppm) showed enhanced germination
during 2-4 days as compared to respective control
treatments (Figure 3D and 3E). Similarly, under high
osmotic stress level (-0.8 MPa), 75 ppm and 225 ppm
SA treatments resulted in improved germination
during 2-5 days as compared with control treatment
(Figure 3F). Remarkably, all SA treatments exhibited
highly significant beneficial effects on germination
process after 2-5 days under -0.6 MPa osmotic stress.
Likewise, 75 ppm and 225 ppm SA treatments also
demonstrated highly significant effects under -0.8
MPa osmotic stress. These results strongly indicate
that beneficial effects of SA treatments alleviated
inhibitory eftects of different osmotic stress levels
after 2—4 days of stress applications.

3.3 Effect of SA on mean germination time and
germination index

Increase in osmotic stress levels delayed the
germination process, as MGT and GI were increased
and decreased, respectively. Under normal conditions,
control treatment had lowest MGT (2.57 days)
and reached maximum (3.48 days) under -0.8 MPa
osmotic stress (Figure 4A). All SA treatments
exhibited higher MGT in absence of osmotic stress
as compared with control treatment. Whereas, under
stress conditions, three SA treatments (75 ppm, 225
ppm and 300 ppm) showed less MGT as compared

to respective control treatments. Interestingly, MGT
for 225 ppm and 300 ppm SA treatments were
significantly lower than control treatments under all
stress levels. Furthermore, MGT ranged between 2—4
days during control and stress treatments. In contrast
to MGT, GI demonstrated decreasing trend with an
increase in osmotic stress levels (Figure 4B). Under
normal conditions, control treatment had high GI
than all SA treatments. Under -0.2 MPa and -0.6
MPa osmotic stresses, all SA treatments exhibited
higher GI than respective controls. Likewise, under
all stress conditions, 75 ppm, 225 ppm and 300 ppm
SA treatments showed higher GI as compared to
respective controls. Collectively, these results strongly
support our data and indicate advantageous influence
of SA treatments on germination process under
stressful conditions.

3.4 Effect of drought and SA treatments on seed vigour
index

To examine physiological effects of drought and
SA treatments on SVI, we also recorded dry matter
weight data from 10 representative seedlings as
mentioned in material and method section. The
SVI first significantly increased and then decreased
as compared to control with an increase in osmotic
stress levels (Figure 5). Under normal conditions,
300 ppm SA treatment exhibited higher SVI than
control treatment. Likewise, 225 ppm SA treatment
also showed comparable SVI with control treatment.
Interestingly, under all osmotic stress levels, 75 ppm,
225 ppm and 300 ppm SA treatments demonstrated
significantly high or comparable SVI when compared
with respective controls. Whereas, at medium to

high osmotic stress levels (-0.6 MPa and -0.8 MPa),
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all SA treatments showed significantly higher SVI
than controls (Figure 5). All these results collectively
indicate a strong beneficial effect of SA treatments
on seed germination process and crop establishment
under water deficient environments.

HOppm SA  ®75ppm SA 150 ppm SA  E225ppm SA  H300 ppm SA
5
a
c b
4 Py c
H f [ el
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<3 i [t ] -i-
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¥ | I
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Figure 5: Effect of drought and salicylic acid

treatments on seed vigour index.

Coloured bars indicate seed vigour index value of rice seeds at
respective treatments. Bars with different alphabets on their top
are statistically significant (p < 0.05) from each other. Data are
means (+ S.E) of three replicates.

New interventions in DSR system are required for
enhancement of seed germination and early plant
growth to ensure rice production on sustainable basis.
'The beneficial effects of SA in biotic and abiotic stress
tolerance in crop plants have been well documented.
In this study, we investigated possible eftects of SA on
rice seed germination under induced drought stress
conditions.

Germination process starts after changes in seed water
contents and completes with radicle elongation (Ali
and Elozeiri, 2017). During germination, drought
stress causes reduction in water availability and
subsequently reduces germination indices (Islam ez
al.,2018). In this study, germination was also reduced
significantly with an increase in water stress level
(Figures 1 and 2). In presence of SA, germination was
significantly improved under medium to high drought
conditions. However, no significant differences in
germination indices occurred between control and
SA treatments in absence of water stress. These
results are in accordance with Anaya ez a/. (2018) and
indicate that inhibitory effects of drought stress on
germination indices are reversed by SA treatments.
'Thus, a clear evidence between SA based seed priming
and germination enhancement under drought stress
have been established in rice which could address
poor crop establishment issues in DSR system.

Increasing evidences have suggested that drought
stress delays the germination process (Pandey and
Shukla, 2015) and 2—4 days after sowing are most
critical of radicle elongation (Rice Knowledge Bank,
2021; Ella ez al., 2011) because any differences in
germination indices due to experimental conditions
are more clear during this period. This hypothesis
prompted us to investigate drought and SA effects
on daily germination rates. Here, germination was
delayed in presence of water stress and absence of
SA treatments, whereas maximum germination was
achieved after 4 days in control treatment (Figure
3A and 3B). In drought, SA and their interactive
treatments, germination differences were more
prominent after 2—4 days (Figure 3A-F and 4A).
These results strongly suggest that 2—4 days after
sowing are critical and a quick germination report
is available after this period which could help in
subsequent decision making, if poor germination is
observed.

Recentstudies have reported droughtand SA mediated
regulation of growth and development in crop plants.
Chen e al.(2020) showed that drought stress intensity
significantly effects rice seedlings growth as compared
with drought duration. Similarly, Sohag ez a/. (2020)
demonstrated that exogenous hydrogen peroxide
(H,O,) and SA applications significantly improve
rice seedlings growth under drought conditions. In
this research, varying SA concentrations also had
significant effects on SVI (Figure 5). Under medium
to high osmotic stress levels, SVI of SA treated seeds
was at par than non-treated seeds. Interestingly, SVI
of all treatments under -0.2 MPa osmotic stress was
surprisingly improved as compared with control and
other osmotic stress levels. The unexpected increase
in SVI might indicate a ‘drought-escape strategy’ in
rice seeds under low osmotic stress level. This kind
of escape strategy is also reported during different
abiotic stresses such as chilling, drought, salinity
and high temperature in crop plants (Franks, 2011;
Kooyers, 2015; Gull ez al., 2019). Collectively, these
results demonstrate a positive effect of SA on seed
germination and seedlings health and provide new
insights into drought response mechanism at early
growth stage.

Different SA concentrations impart dissimilar effects
on germination indices under varying stress levels and
a lack of harmony exists in literature regarding ideal
dose of SA for optimal plant growth under normal
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and stress conditions (Tavares ez a/., 2014; Shatpathy
et al.,2018; Ahmed ef a/., 2020). In absence of stress,
SA reveals non-significant effects on germination
(Figure 2). On the contrary, it gives optimal results
under stressful conditions. However, change in SA
concentration is often linked with arbitrary change
in germination indices, thus making it very difficult
to identify an optimal dose which equally performs
under changing environments. In this study, we
identified osmotic stress level specific SA doses for
germination improvement. Seed priming with 225
ppm SA exhibited significantly high germination
indices under all osmotic stress levels and it also
showed non-significant difference when compared
with control treatment (Figures 2, 3, 4 and 5).
Similarly, 75 ppm SA treatment demonstrated
high germination under medium to high osmotic
stress levels and 150 ppm SA treatments showed
best results under medium osmotic stress level.
Collectively, these results indicate that seed priming
with 225 ppm SA concentration is ideal under
all environments and should be recommended in
DSR system to improve crop establishment and
sustainable production.

Conclusion and Recommendations

Cumulative results of this study demonstrated
inhibitory eftects of induced drought stress on rice
seed germination. However, pre-treatment of seed
with different SA concentrations alleviated inhibitory
effects of drought stress. Varying SA concentrations
had beneficial effects on seed germination process
and seedlings vigour index. Overall, 225 ppm SA
concentration demonstrated better germination
indices under all stress and respective control
treatments. Based on the results presented in this
study, pre-treatment of rice seed with 225 ppm
SA concentration is recommended for enhanced
germination and early crop establishment in DSR
system.

Novelty Statement

To address poor germination issues in DSR system, we
investigated the beneficial effects of seed priming with
salicylic acid under induced drought stress conditions.
Results demonstrated that 225 ppm concentration
of SA was ideal and should be recommended for
enhanced germination under DSR system.
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