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ABSTRACT

Drought is considered one of the leading abiotic constraints to agricultural crop production globally. Present
study was conducted to assess the effects of different drought treatments (viz. Control, 10% PEG, and 20%
PEG) on seed germination, germination indices, seedling traits, and drought tolerance indices of sesame. Our
results showed that maximum reduction in the studied parameters was observed at higher PEG concentration
(i.e., 20% PEG). As compared to control, the drought treatments viz. 10% and 20% PEG decreased the values
for germination indices, such as germination percentage, coefficient of variation of germination time, germination
index, and seedling vigor index. Similarly, for seedling traits, the values were decreased for root length, shoot
length, root shoot ratio, root fresh weight, shoot fresh weight, root dry weight and shoot dry weight under
10% and 20% PEG treatments significantly in comparison with control. Furthermore, relative to control, the
values for drought tolerance indices, such as germination drought tolerance index, root length drought tolerance
index, shoot length drought tolerance index, total seedling length drought tolerance index, root fresh weight
drought tolerance index, shoot fresh weight drought tolerance index, total fresh weight drought tolerance index,
root dry weight drought tolerance index, shoot dry weight drought tolerance index and total dry weight drought
tolerance index were also reduced under 10% and 20% PEG treatments, respectively. Our results confirms that
drought impact on seed germination and seedling traits could be quantified by using different indices which
can further help to design drought adaptation and mitigation strategies. Based on these results it can be concluded
that germination indices, seedling traits, and drought tolerance indices have great potential to simulate drought
stress impacts on different crop traits thus they should be used in all kinds of stress related studies.
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1 Introduction

Plants are exposed to several biotic and abiotic stresses that may prevent the plants to reach their full
potential performance and threaten their survival [1]. Drought has been regarded as the most crucial and
damaging abiotic constraint for the global crop production [2]. Drought stress adversely affects the plants
due to decreased water availability and increased water losses (through evapotranspiration) as a result of
warmer and drier climate [3]. Moreover, in the future, global climate change is expected to increase the
severity and intensity of drought in different regions (due to decreased precipitation and increased
evapotranspiration) which may further exacerbate the situation by intensifying the competition for water
between crops and people [4]. For instance, recent droughts such as the California Drought (2011–2017)
in California [5] and the Millennium Drought (1997–2009) in Southern Australia [6] are the key evidence
of increased frequency and severity of droughts limiting the water availability. Pakistan is also
experiencing the brunt of changing climate in the form of hydrological reserves shrinkage and droughts
[7]. At present, water availability is reduced to 1,000 m3 per capita which was 5,600 m3 in 1950 [8].
Pakistan has faced the worst drought during 1998–2004 and during this drought period, major crops
showed a decline in their production [9]. The changing climate and increasing drought issues are
expected to induce detrimental effects on the crop’s ecological fitness and reduce crop productivity which
will threaten food security [10]. According to Hussain et al. [11], it is expected that by 2050 wheat, rice,
and maize yield in Pakistan would be reduced by 11%, 0.8%, and 3.3%. Hence, the understanding of
drought impacts on plant growth and development is critical in crop production sciences to sustain crop
productivity for future generations by improving the drought tolerance of plants.

The most common method to examine the plant responses to drought stress is the application of
controlled water deficit conditions in the laboratory or glasshouse [3]. This method of applying controlled
moisture stress dates back to more than the last 50 years, while there is limited information available on
the agreement of best practice to induce water deficit in drought studies [12]. The most commonly used
practices to generate moisture stress are; withholding irrigation to pots [3], using osmotically-active
substances such as polyethylene glycol (PEG) to soil or solution [13], attaching vacuum pumps to pots
[14], reducing water pressure in tubes [15], and adding calculated precise amounts of water to maintain
different field capacity levels in pots [16]. Among these practices, the creation of osmotic potential using
different osmotic substances is considered the more feasible approach to study the drought effects on
germination and stress tolerance. Since PEG has a higher molecular weight among the osmotic
substances used and cannot pass the plant cell wall (especially PEG-6000). Hence, it is widely used to
regulate osmotic potential in germination and drought studies [17].

Sesame (Sesamum indicum L.) is one of the major conventional oilseed crops, particularly grown in
tropical and subtropical areas of Asia, Africa, and South America [18]. According to FAO [19],
6,549,725 tonnes of sesame was produced globally on an area of 12,821,752 hectares in 2019, and the
top three leading producers were India, Sudan, and China. Sesame seeds have high amounts of oil
ranging from 50%–60% depending on cultivar and environmental conditions [20]. Its oil contains the
important unsaturated fatty acids, i.e., oleic and linolenic acids [21], and antioxidants, i.e., sesamin,
sesamol, and sesamolin [22], which greatly improves the oil quality. Additionally, sesame seeds contain
minerals, i.e., calcium, iron, zinc, and iodine [23], and vitamins, i.e., E, B6, thiamin, riboflavin, niacin,
and folic acid [24], which are highly nutritious for the human diet.

Several factors such as plant species, cultivar, growth stage, and duration or intensity of stress affect the
plant responses to drought [25]. However, seed germination and seedling establishment are the most critical
stages for plants’ life cycle and drought stress at these stages is one of the major limiting factors that restrict
the successful crop establishment [26]. Drought significantly affects the germination indices and seedling
characteristics and severe drought at these stages even leads to total crop failure [27]. Hence,
understanding the plant responses to drought is important for the determination of germination and crop
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establishment under limited water availability. Although sesame is an important oilseed crop, there is very
limited quantitative information about the sesame responses to drought stress during seed germination
and seedling establishment. Thus, a comprehensive study was required to exploit the sesame potential to
drought stress using germination indices, seedling characteristics, and drought tolerance indices.

Measures of drought responses based on germination indices and seedling traits under controlled and
stress conditions have been previously used by researchers to quantify the drought tolerance in different
plant species [28]. Recently, stress tolerance and drought susceptibility indices were reported to be the
most useful indicators to measure the seed germination and seedling development responses to the
drought [29]. Thus, drought responses can effectively be studied using the germination indices, seeding
characteristics, and drought indices in combination. However, there is insufficient knowledge about the
potential use of these indices to study the drought responses in sesame.

Therefore, this experiment was conducted to investigate the effects of PEG-induced drought on
germination indices and seedling characteristics of sesame to verify how drought may limit crop
establishment during the initial plant growth stages. Moreover, drought tolerance indices were also
determined under stress conditions to quantify the drought tolerance of sesame.

2 Material and Methods

2.1 Plant Material and Treatments
This experiment was carried out during the summer season of 2018 in the seed testing laboratory (33°64′

9′′ N, 73°08′19′′ E) of the Agronomy Department, PMAS-Arid Agriculture University Rawalpindi, Pakistan.
The experiment was performed in a controlled growth chamber at 29°C/26°C for 16 h of light and 8 h of dark
periods. Seeds of two sesame cultivars (TS-5 and TS-3) were obtained from Ayub Agriculture Research
Institute (AARI), Faisalabad. Before sowing sesame seeds were surface sterilized using ethanol (75%) for
10-min and then thoroughly rinsed with distilled water. We used eighteen Petri plates and fifteen healthy
sterilized seeds were placed on blotter paper in each Petri plate. For the creation of drought conditions,
PEG-6000 was used. Three drought treatments consisting of control, 10% PEG, and 20% PEG with
corresponding osmotic potentials of 0.0, −0.2, and −0.6 Mpa were used in the experiment. The osmotic
potential was determined using the equation given by Michel et al. [30]. Each Petri plate was served with
a corresponding solution (5 ml) of either control, 10% PEG or 20% PEG drought stress treatment.

2.2 Measurements of Germination Indices
For germination evaluation, an incubation period of 4 days was set. Germination was recorded on each

day from the 4th day of the experiment and the seeds were considered germinated having a radicle length of
2 mm. After the germination evaluation, germination indices viz. germination percentage (GP), Coefficient
of variation of germination time (CVt), germination index (GI), and seedling vigor index (SVI) were
determined according to the International Seed Testing Association (ISTA) protocols [31]. The
description of germination indices calculations is given in Table 1.

2.3 Measurements of Seedling Traits
Measurements of seedling traits were done at the end of the germination evaluations. These

measurements were taken on the 7th day of the experiment. The seedlings traits viz. root length (RL),
shoot length (SL), root shoot ratio (RSR), root fresh weight (RFW), shoot fresh weight (SFW), root dry
weight (RDW), and shoot dry weight (SDW) were recorded. The description of methods used for
seedling trait measurements is given in Table 1.
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Table 1: Description of abbreviations, units, and methodology to determine germination indices, seedling
traits, and drought tolerance indices in sesame

Trait Abbreviation Unit Methodology/Description

Germination Indices

Germination percentage GP % (Number of germinated seeds/total number of seeds) * 100

Coefficient of variation
of germination time

CVt % (Standard error of mean germination time/observation day)
* 100

Germination index GI Day (Number of seeds germinated/days to first count) + … +
(Number of seeds germinated/days to final count)

Seedling vigor index SVI ((Root length + Shoot length) * GP)/100

Seedling Traits

Root length RL cm Length of fresh root in cm

Shoot length SL cm Length of fresh shoot in cm

Root shoot ratio RSR % (RL/SL) * 100

Root fresh weight RFW mg Weight of fresh root in mg

Shoot fresh weight SFW mg Weight of fresh shoot in mg

Root dry weight RDW mg Weight of dry root in mg after drying at 70°C for 24 h

Shoot dry weight SDW mg Weight of dry shoot in mg after drying at 70°C for 24 h

Drought Tolerance Indices

Germination drought
tolerance index

GDTI % (GP under stress conditions/GP under control) * 100

Root length drought
tolerance index

RLDTI % (RL under stress conditions/RL under control) * 100

Shoot length drought
tolerance index

SLDTI % (SL under stress conditions/SL under control) * 100

Total seedling length
drought tolerance index

TSLDTI % (Total seedling length under stress conditions/Total
seedling length under control) * 100

Root fresh weight
drought tolerance index

RFWDTI % (RFW under stress conditions/RFW under control) * 100

Shoot fresh weight
drought tolerance index

SFWDTI % (SFW under stress conditions/SFW under control) * 100

Total fresh weight
drought tolerance index

TFWDTI % (Total fresh weight under stress conditions/total fresh
weight under control) * 100

Root dry weight drought
tolerance index

RDWDTI % (RDW under stress conditions/RDW under control) * 100

Shoot dry weight
drought tolerance index

SDWDTI % (SDW under stress conditions/SDW under control) * 100

Total dry weight drought
tolerance index

TDWDTI % (Total dry weight under stress conditions/total dry weight
under control) * 100
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2.4 Measurements of Drought Tolerance Indices
Drought tolerance indices (DTIs) were calculated at the end of the experiment, after the determination of

germination indices and seedling traits. DTIs were calculated for both the germination indices and seedling
traits, such as GP, RL, SL, TSL (total seedling length), RFW, SFW, TFW (total fresh weight), RDW, SDW,
and TDW (total dry weight). The description of DTIs calculations is given in Table 1.

2.5 Statistical Analysis
Statistical analysis was carried out using Statistix 8.1 Software. Significant differences among cultivars

and drought treatments were determined by using a two-way [ANOVA (Analysis of Variance)] method
combined with the [LSD (Least Significant Difference)] test. The significance of the results was evaluated
at a 5% probability level. Moreover, linear regression analysis was performed to see the relationship
among studied treatments and parameters.

3 Results

3.1 Effects of Drought Stress on Germination Indices
PEG-induced drought stress significantly (P < 0.05) affected the number of germinated seeds and

studied germination indices of sesame cultivars (Table 2). Overall, results revealed that the number of
germinated seeds and drought indices was negatively affected by the increasing percentage of PEG in the
drought treatments (Table 2 and Fig. 1). The maximum number of germinated seeds (5.00, 7.17, 7.67,
and 8.83) were recorded for the control, whereas the minimum number of germinated seeds (0.83, 3.50,
4.00, and 4.50) were observed in the 20% PEG treatment, after 4, 5, 6 and 7 days of germination,
respectively. Overall, the percentage of the number of seeds germinated was reduced by 40% and 83%
after 4 days of germination, 26% and 51% after 5 days of germination, 39% and 48% after 6 days of
germination, and 24% and 49% after 7 days of germination under 10% PEG and 20% PEG treatments,
respectively.

Germination indices were also affected by the PEG-induced drought conditions (Fig. 1). Germination
percentage was recorded at 87%, 67% and 45% under control, 10% PEG and 20% PEG treatments,
respectively. As compared to control, germination percentage was reduced by 23% under 10% PEG, and
48% under 20% PEG treatments. The coefficient of variation of germination time was reduced by 29%
under 10% PEG treatment, and 34% under 20% PEG treatment, in comparison with control (Table 2).

Table 2: Effects of PEG-induced drought on the number of germinated seeds and germination indices of
sesame

Particular Cultivar Drought treatments

TS-5 TS-3 LSD Control 10% PEG 20% PEG LSD

Number of
germinated seeds

4 Day 3.22 ± 0.78NS 2.67 ± 0.65 1.31 5.00 ± 0.45a 3.00 ± 0.52b 0.83 ± 0.54c 1.60

5 Day 5.89 ± 0.68a 4.78 ± 0.55b 0.94 7.17 ± 0.48a 5.33 ± 0.49b 3.50 ± 0.43c 1.15

6 Day 6.67 ± 0.69a 5.56 ± 0.58b 1.08 7.67 ± 0.49a 4.67 ± 0.42a 4.00 ± 0.52b 1.32

7 Day 7.33 ± 0.71a 6.00 ± 0.65b 0.88 8.83 ± 0.48a 6.67 ± 0.42b 4.50 ± 0.43c 1.08

Germination
indices

GP 72.22 ± 6.62a 60.00 ± 6.45b 8.50 86.67 ± 4.22a 66.67 ± 4.22b 45.00 ± 4.28c 10.42

CVt 18.43 ± 1.25NS 18.10 ± 1.62 2.47 23.06 ± 0.57a 16.45 ± 1.16b 15.28 ± 1.15b 3.02

GI 1.56 ± 0.17 a 1.28 ± 0.15 b 0.21 1.93 ± 0.11a 1.44 ± 0.09b 0.90 ± 0.11c 0.25

SVI 5.56 ± 1.05 a 4.38 ± 0.87 b 0.46 8.12 ± 0.39a 5.23 ± 0.40b 1.55 ± 0.17c 0.56
Notes: The GP, CVt, GI, SVI, and LSD represent the germination percentage, coefficient of variation of germination time, germination index, seedling
vigor index, and least significant difference, respectively. Means are averaged over three replicates with a ± standard error of the mean. Means with a
different letter in the column varied significantly at P < 0.05.
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However, it suggested that at higher concentration, reduced number of germinated seeds also reduced the
variation in the number of germinated seeds which ultimately decreased the value of the coefficient of
variations (Fig. 1). For germination index, 25% and 53% reduction was noticed under 10% PEG and
20% PEG treatments, respectively, as compared with control. Similarly, seedling vigor index was also
reduced in comparison with control by 36% under 10% PEG, and 81% under 20% PEG treatments.

3.2 Effects of Drought Stress on Seedling Traits
Seedling traits of the sesame were significantly impacted by the drought stress induced by the PEG

application (Figs. 2 and 3). The maximum root length (4.5 cm) was measured in control, which was
followed by the 3.2 cm root length in 10% PEG, and 1.1 cm in 20% PEG treatment. Similarly, maximum
shoot length (4.9 cm) was recorded in control and minimum (2.3 cm) in 20% PEG treatment. Overall,
drought stress reduced the root length by 28% and 76% while the shoot length by 6% and 53% under
10% PEG and 20% PEG treatments, respectively. Furthermore, compared with control, the root shoot
ratio was also reduced by 24% under 10% PEG treatment and 49% under 20% PEG treatment (Table 3).

The fresh and dry weight of sesame seedlings was significantly (P < 0.05) influenced under drought
caused by the PEG treatments. The highest fresh weight of root (42.02 mg) and shoot (67.72 mg) was
obtained in control while the lowest fresh weight of root (16.00 mg) and shoot (20.50 mg) was measured
under 20% PEG treatment. Similarly, the highest dry weight of root (4.87 mg) and shoot (9.52 mg) was
attained in control whereas the lowest dry weight of root (1.52 mg) and shoot (2.60 mg) was recorded
under 20% PEG treatment. On average, compared to control, the maximum reduction in fresh weight of
root and shoot by 62% and 70%, and dry weight of root and shoot by 69% and 73% was observed under
20% PEG treatment (Table 3).
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Figure 1: Effects of PEG on germination indices and relationship between PEG levels and germination
indices. The GP, CVt, GI, and SVI represent the germination percentage, coefficient of variation of
germination time, germination index, and seedling vigor index, respectively. Means are averaged over
three replicates and means with a different letter varied significantly at P < 0.05
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Figure 2: Effects of PEG on seedling traits and relationship between PEG levels and seedling traits. The RL,
RFW, and RDW represent the root length, root fresh weight, and root dry weight, respectively. Means are
averaged over three replicates and means with a different letter varied significantly at P < 0.05
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Figure 3: Effects of PEG on seedling traits and relationship between PEG levels and seedling traits. The SL,
SFW, and SDW represent the shoot length, shoot fresh weight, and shoot dry weight, respectively. Means are
averaged over three replicates and means with a different letter varied significantly at P < 0.05
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3.3 Effects of Drought Stress on Drought Tolerance Indices
The PEG treatments adversely affected the germination indices and seedling traits that ultimately

impacted the drought tolerance of sesame seedlings (Table 4). Results of this experiment suggested that
the drought tolerance of sesame seedlings is significantly reduced under drought conditions. The mean
GDTI showed a successive decrease from 25% under 10% PEG to a 48% under 20% PEG treatment. The
RLDTI and SLDTI were reduced by 28% and 5% under 10% PEG and by 76% and 53% under 20%
PEG treatment. For TSLDTI, a significant reduction from 16% to 64% was recorded for 10% PEG and
20% PEG treatments, respectively (Fig. 4).

Table 3: Effects of PEG-induced drought on the seedling traits of sesame

Seedling traits Cultivar Drought treatments

TS-5 TS-3 LSD Control 10% PEG 20% PEG LSD

RL (cm) 3.0 ± 0.50a 2.8 ± 0.49b 0.20 4.5 ± 0.14a 3.2 ± 0.08b 1.1 ± 0.06c 0.25

SL (cm) 4.1 ± 0.43NS 3.9 ± 0.41 0.26 4.9 ± 0.16a 4.7 ± 0.13a 2.3 ± 0.06b 0.32

RSR (%) 69.20 ± 6.35NS 67.33 ± 6.88 5.14 90.28 ± 0.29a 68.9 ± 0.17b 45.62 ± 0.11c 6.29

RFW (mg) 31.93 ± 4.02a 30.11 ± 3.81b 1.51 42.02 ± 1.42a 35.05 ± 2.28b 16.00 ± 1.99c 1.85

SFW (mg) 46.07 ± 7.34NS 43.41 ± 6.89 7.76 67.72 ± 0.92a 46.00 ± 0.70b 20.50 ± 0.40c 9.50

RDW (mg) 3.43 ± 0.51a 3.23 ± 0.49b 0.18 4.87 ± 2.79a 3.62 ± 1.87b 1.52 ± 3.10c 0.23

SDW (mg) 6.31 ± 1.18NS 6.08 ± 1.16 1.64 9.52 ± 0.84a 6.47 ± 0.90b 2.60 ± 0.52c 2.01
Notes: The RL, SL, RSR, RFW, SFW, RDW, SDW, and LSD represent the root length, shoot length, root shoot ratio, root fresh weight, shoot fresh
weight, root dry weight, shoot dry weight, and least significant difference, respectively. Means are averaged over three replicates with a ± standard
error of the mean. Means with a different letter in the column varied significantly at P < 0.05.

Table 4: Effects of PEG-induced drought on drought tolerance indices of sesame

Drought tolerance
indices

Cultivar Drought treatments

TS-5 TS-3 LSD 10% PEG 20% PEG LSD

GDTI (%) 66.1 ± 6.31NS 61.1 ± 6.67 16.3 75.4 ± 3.75a 51.9 ± 4.19b 16.3

RLDTI (%) 48.8 ± 10.75NS 47.1 ± 11.12 6.9 72.1 ± 2.55a 23.9 ± 0.76b 6.9

SLDTI (%) 72.4 ± 11.28NS 69.6 ± 10.22 8.9 94.6 ± 2.98a 47.4 ± 1.17b 8.9

TSLDTI (%) 61.1 ± 10.98NS 59.0 ± 10.56 6.4 83.9 ± 2.31a 36.2 ± 0.59b 6.4

RFWDTI (%) 59.9 ± 9.82NS 61.8 ± 10.85 5.8 83.6 ± 2.63a 38.1 ± 0.17b 5.8

SFWDTI (%) 49.4 ± 9.32NS 49.9 ± 9.48 15.0 68.2 ± 2.71a 31.0 ± 5.57b 15.0

TFWDTI (%) 53.4 ± 9.29NS 54.4 ± 9.73 8.2 74.1 ± 2.38a 33.6 ± 3.34b 8.2

RDWDTI (%) 53.3 ± 9.96NS 51.8 ± 9.60 7.0 74.1 ± 1.98a 31.0 ± 1.55b 7.0

SDWDTI (%) 48.7 ± 9.64NS 46.3 ± 9.84 20.8 66.5 ± 3.17a 28.5 ± 5.95b 20.8

TDWDTI (%) 50.2 ± 9.48NS 48.4 ± 9.58 13.1 69.5 ± 1.70a 29.1 ± 3.96b 13.1
Notes: The GDTI, RLDTI, SLDTI, TSLDTI, RFWDTI, SFWDTI, TFWDTI, RDWDTI, SDWDTI, TDWDTI, and LSD represent the germination
drought tolerance index, root length drought tolerance index, shoot length drought tolerance index, total shoot length drought tolerance index, root
fresh weight drought tolerance index, shoot fresh weight drought tolerance index, total fresh weight drought tolerance index, root dry weight drought
tolerance index, shoot dry weight drought tolerance index, total dry weight drought tolerance index and least significant difference, respectively.
Means are averaged over three replicates with a ± standard error of the mean. Means with a different letter in the column varied significantly at
P < 0.05.
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Drought tolerance for fresh weight and dry weight production of sesame was also influenced by the
drought treatments. For fresh weight drought tolerance indices, RFWDTI and SFWDTI showed the 16%
and 32% reduction under 10% PEG while 62% and 69% under 20% PEG treatment. However, TFWDTI
has decreased by 26% and 66% under 10% PEG and 20% PEG treatments, respectively. Likewise,
drought tolerance of sesame for dry weight of seedling was also affected under PEG application. The
RDWDTI was declined by 26% and 69% whereas SDWDTI decreased by 34% and 72% under 10%
PEG and 20% PEG treatments, respectively. Furthermore, TDWDTI decreased by 31% under 10% PEG
and 71% under 20% PEG treatment (Fig. 4).

4 Discussion

Drought is a potent abiotic stress that causes significant reductions in plant growth which results in
substantial yield losses among different crops [32]. Several studies showed that the PEG has been widely
used to simulate the drought impacts, especially on seed germination [17]. Germination is the critical
period during the life cycle of plants, and it is controlled by several factors especially hormones, light,
temperature, and moisture availability [33]. However, water availability is the most limiting factor in the
germination of seeds and the growth of plants. During the period of germination, drought adversely
affects the metabolic processes which reduce seed germination and ultimately delay the seedling
establishment [34]. Low water potential under drought conditions is the most dominant factor inhibiting
the process of seed germination [35]. Furthermore, a significant decrease in the germination
characteristics was observed when the seeds were exposed to drought conditions. Significant reduction in
germination percentage and germination indices was recorded under the drought condition that could be
due to the reduced metabolic processes viz. synthesis of hydrolytic enzymes, hydrolysis of food material,
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Figure 4: Effects of PEG on drought tolerance indices under different PEG levels, as compared with control
(considering 100%). The GDTI, RLDTI, SLDTI, TSLDTI, RFWDTI, SFWDTI, TFWDTI, RDWDTI,
SDWDTI, and TDWDTI represent the germination drought tolerance index, root length drought tolerance
index, shoot length drought tolerance index, total shoot length drought tolerance index, root fresh weight
drought tolerance index, shoot fresh weight drought tolerance index, total fresh weight drought tolerance
index, root dry weight drought tolerance index, shoot dry weight drought tolerance index, and total dry
weight drought tolerance index, respectively. Means are averaged over three replicates and means with a
different letter varied significantly at P < 0.05
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radicle protrusion, and cell division and elongation [36–38]. Similar findings were reported in several studies
where PEG-induced drought reduced the germination characteristics of different plants [39–42].
Furthermore, the seedling vigor index was also affected by different PEG concentrations. The possible
reason for this decrease was dryness and reduced osmotic potential which affected the germination
percentage and length of radicle and plumule [43]. Results of this study were consistent with the earlier
reported trends of germination indices under drought conditions caused by PEG [17].

The presence of higher PEG concentrations, during the seedling growth, inhibits the developmental
processes and negatively affects the seedling traits. At all the studied stress levels, root length, shoot
length, root shoot ratio, root and shoot fresh and dry weight were decreased due to drought exposure.
Similar observations were reported in earlier investigations by Radhouane [44], where the seedling traits
were adversely affected under drought conditions due to reduced osmotic potential. Plants’ root system
plays a significant role in water and nutrient uptake as well as strongly associated with drought tolerance
[45]. Several studies suggested that a well-established root system shows a strong drought resistance in
plants [46–48]. However, changes in seedling characteristics such as root length, root biomass, root
volume, and root surface areas greatly depend on plant type, drought intensity, and duration [49,50]. In
this experiment, root and shoot length showed a significant reduction, suggesting that under 10% PEG
and 20% PEG, sesame seedling growth was inhibited. The possible reason for this reduction in root and
shoot length might be due to the impeded cell division and elongation resulting in some sort of
tuberization and lignification which ultimately slowed down the plant growth process under the stressed
environment [51]. Likewise, the fresh and dry weight of root and shoot of sesame seedling progressively
decreased with increasing PEG concentration. Based on our results, maximum fresh and dry weight was
obtained at control and minimum at 20% PEG treatment (Table 3). Results of this experiment were in
line with earlier findings where the fresh and dry weight of seedlings were reduced due to the declined
water potential, however, the extent of reduction was greater in shoot than the roots [52,53]. Similar
results were reported for other crops under water stress conditions and seedlings had reduced root and
shoot length as well as fresh and dry biomass [17,41]. This decrease could be due to the damage caused
to meristem cells of root and shoot by drought which disrupted the cell division and elongation process.
Moreover, another possible reason might be that lowered water absorption by cells under drought
conditions decreased the turgor pressure of cells which accelerated the growth retardation [3].

In this experiment, the drought tolerance of sesame was significantly reduced under the studied drought
treatments. Furthermore, we also noted that different levels of drought stress significantly reduced the
drought tolerance of seedling traits. However, the highest reduction in drought tolerance for all the
studied parameters was observed under 20% PEG application. The reason for this decline may be
ascribed to the reduced water potential which negatively impacts the germination process and seedling
growth [29]. Another possible reason might be due to the reduced activity of enzymes involved in the
germination and seedling establishment process due to drought stress. Muscolo et al. [54] reported that
under PEG application, the activity of enzymes involved in the germination process (viz. α-amylase, β-
amylase, and α-glucosidase) was reduced. Luo et al. [55] summarized in their work that stress enhances
the reactive oxygen species accumulation through transcription of NADPH oxidase genes which leads to
the mediation in plant developmental processes. Similarly, drought and ABA crosstalk during diverse
biological pathways, also including seed germination and seedling establishment [56]. Our results further
confirmed that PEG application adversely affects the drought tolerance characteristics of different plants
[21,35,41]. Thus, these indices could be considered as the best criterion to evaluate the drought stress
tolerance in different crops.
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5 Conclusion

This study provided evidence that drought can significantly impact the seed germination process,
seedling establishment, and drought tolerance of sesame that may result in a poor crop stand or even lead
to crop failure under extreme drought conditions. Moreover, this study also revealed that germination and
drought tolerance indices can be considered as best indicators to study the drought effects on plants.
Therefore, it is concluded that these indices could be used for the evaluation of drought tolerance in
different crops. To the best of our knowledge, this study is the first to provide comprehensive information
on germination indices, seedling traits, and drought tolerance indices under the drought conditions in
sesame crop.
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