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Seed priming with nanocompounds can potentially enhance seed germina-
tion and tolerance to environmental stress. The study examined the effects of
drought stress induced by PEG-6000 at various levels (0, —0.3, —0.6, and —0.9
MPa) and seed priming with different nano-compounds (zinc oxide, titanium
oxide, or silicon) on the germination, growth, and biochemical and physio-
logical characteristics of stevia. The results showed that drought stress had a
negative impact on most seed germination and growth parameters, while
seed priming with zinc oxide nanoparticles had the highest positive impact.
Different seed priming treatments produced varying outcomes. Drought
stress and seed priming also significantly affected total chlorophyll content,
chlorophyll a and b, and antioxidant enzyme activity (catalase and peroxi-
dase). Under severe drought stress, all the three seed priming combinations
significantly increased total chlorophyll content. Increasing the concentra-
tion of PEG-6000 in the seedling growth medium increased catalase activity.
Non-primed seeds and seeds primed with zinc oxide under severe drought
stress had the highest peroxidase enzyme activity. The Pearson correlation
analysis revealed significant correlations among the measured traits. Lastly,
the stepwise regression analysis identified catalase and peroxidase activities
as the most influential traits related to stevia seed germination percentage.
Seed priming with zinc oxide nanoparticles can enhance stevia seed germina-
tion and growth, particularly under drought stress, by adjusting antioxidant
enzyme activity and increasing photosynthetic pigment content. Moreover,
as a practical outcome, the utilization of priming can serve as an applicable
approach in the production of seedlings for this plant.

Keywords: Antioxidant enzymes, chlorophyll content, nanocompound, PEG-
6000, zinc oxide, stevia
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1 Introduction

pollination (Shahverdi et al., 2017). Consequently, the
plant has a low fertility rate, leading to limited seed

Stevia (Stevia rebaudiana Bertoni) is a popular peren-
nial herb known for its sweet-tasting leaves, used
as a natural sweetener. Stevia has gained signifi-
cant attention recently due to its potential as a sugar
substitute in various food and beverage industries
(Shahverdi et al., 2020; Asmuni and Hakiman, 2020;
Buyuk et al., 2022). Due to its self-incompatible flow-
ers, the plant relies on wind and insects for cross-

germination and growth, ultimately restricting its po-
tential for large-scale cultivation (Gorzi et al., 2018;
Afshari et al., 2020).

The successful cultivation of stevia faces chal-
lenges due to factors like low seed germination
rates and poor seedling establishment, especially
in drought stress conditions. Seed priming, a pre-
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sowing technique, has shown to improve seed germi-
nation and promote plant growth under unfavorable
environmental conditions (Arun et al., 2022; Bhatia
and Gupta, 2022). Scientists have explored various
strategies to counter the negative effects of drought
on seed germination and growth, and the use of
nanomaterials (NMs) has emerged as a promising
approach. Nanomaterials can be applied in small
quantities through seed coating, priming, or foliar
spray to enhance plant tolerance to environmental
stress and improve food quality. Moreover, NMs can
stimulate the production of bioactive compounds in
plants and activate their defense system against abi-
otic and biotic stress by triggering key metabolic ac-
tivities and the accumulation of bioactive compounds
(Gonzalez-Garcia et al., 2022; Nile et al., 2022).

Several research studies have explored how prim-
ing with NMs can affect seed germination indices,
plant growth, and physiological and biochemical pa-
rameters. For example, Behboudi et al. (2018) con-
firmed that the application of SiO, NMs, particularly
at concentrations of 30 and 60 ppm, can alleviate the
negative impacts of drought stress on wheat plants.
Ahmed et al. (2022) reported that the ZnO NMs could
be a promising method, side by side with the released
osmoprotectants and phytohormones, to relieve salt
stress in plants. Another study by Khan et al. (2023)
revealed that Ag NMs effectively improved the mor-
phology, physiology, biochemistry, and gene expres-
sion pattern under salinity, which could be attributed
to positive impacts of Ag NMs on Pennisetum glau-
cum L. These studies demonstrate the potential of
NMs priming to enhance germination parameters
and plant growth and improve tolerance to environ-
mental stress. There is currently a lack of notable
research studies on using NMs for seed priming of
stevia plants under drought stress conditions.

Priming with NMs has emerged as a promising
technique to improve seed germination and plant
growth under adverse environmental conditions.
Therefore, this study has been aimed to investigate
into the impact of NMs priming (titanium oxide
(TiO,), silicon (Si), and zinc oxide (ZnO)) on stevia
seed germination, seedling growth, and biochemical
attributes under drought stress conditions.

2 Materials and Methods

2.1 Experimental material

In June 2022, Stevia rebaudiana Bertoni seeds were col-
lected from seed production fields in Firozabad city,
Fars Province, Iran. The seeds were recently matured
and had a mean dry weight of 26.4 + 0.5 mg per 100
seeds. They were free from impurities and had an
8-9% moisture content.
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2.2 Experiment treatments and design

In 2023, a laboratory experiment was conducted at
Mashhad University to assess the impact of NMs
priming on stevia seed germination, as well as
its physiological and biochemical responses under
drought stress conditions. The study employed a
completely randomized design with three replica-
tions, and a factorial experiment was used to eval-
uate the effects of different levels of drought stress (0,
—0.3, —0.6, and —0.9 MPa using PEG-6000) and four
treatments (unprimed seed as control, and priming
with ZnO, TiO,, or Si nanoparticles).

For this experiment, Iranian-made TiO, (150 mg
L) with a purity of 99.9% and an average size of
20-30 nm, as well as a specific surface area of 200
m? g~!, was used. ZnO nanoparticles at a concen-
tration of 10 mg L~! were obtained from Neutrino
Company in Tehran, Iran. Si at a concentration of 20
mg L~! was obtained from a Manvert fertilizer source
in Spain. According to (Shahverdi et al., 2017) and
Shahverdi et al. (2019), the optimal priming time for
stevia seeds is 24 h, and this time frame was used in
the experiment.

To prepare for the experiments, stevia seeds were
disinfected using a combination of 70% ethanol for
one minute and a 20% sodium hypochlorite solution
for 15 minutes. They were then rinsed three times
with sterile distilled water, as described by Shahverdi
et al. (2017). To prepare stevia seeds for germination,
they were sterilized and soaked in a solution with the
desired concentration before being placed in a germi-
nator in dark conditions for 24 hours. The priming so-
lution was made with distilled water. Next, 50 seeds
were placed on Whatman paper in Petri dishes and
treated with different levels of salt water or PEG-6000
to create different osmotic potentials. The amount of
PEG-6000 was calculated using a formula by Michel
and Kaufmann (1973). The Petri dishes were sealed
to prevent evaporation.

s = —(1.18 x 1072) x C — (1.18 x 107%)
x Cy 4 (2.67 x 107%) x CT (1)
+ (839 x1077) x CoT

where, 95, C, and T represent osmotic potential in
bars, the concentration of PEG in g L1 of distilled
water, and temperature in °C, respectively. The con-
trol treatment, which did not induce drought stress,
used distilled water as its baseline with zero potential.

2.3 Seed germination assay

The standard germination test was conducted in a ger-
minator with a temperature of 23 4= 2 °C, 75 + 5% rela-
tive humidity, and a 16-hour light period followed by
8 hours of darkness. Germinated seeds were counted
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daily starting from the second day until germination
was confirmed for three consecutive days (11 days to-
tal) using a criterion of a root length of 2 mm or more.
The abnormal seedlings were also recorded based on
international seed test criteria. After germination, the
length of five normal seedlings from each Petri dish
was measured using a ruler. Several characteristics
were calculated, including germination percentage,
germination rate, mean germination time, mean daily
germination, seedling length, and seedling vigor in-
dex (Maguire, 1962; Abdul-Baki and Anderson, 1973;
A, 2012; Afshari et al., 2020).

Germination percentage (GP) = w (2)
Germination rate (GR) = ZTI:E (3)
Mean germination time (GT, day) = % (4)
Mean daily germination (GD) = élj\"]: ®)
Vigor index (VI) = GP x SL (6)

where, N = sum of germinated seeds at the end of the
experiment, M = total planted seeds, T; = number of
days after germination, D; = the number of day from
the start of the test tothe enumeration of nth, SL =
Seedling length (mm)

24 Measurements of physiological and
biochemical traits of seedlings

Once the germination and growth stages were fin-
ished, samples were taken from the seedlings in each
experimental unit (Petri dish) to measure photosyn-
thetic pigments and the activity of antioxidant en-
zymes (catalase and peroxidase). The samples were
quickly frozen using liquid nitrogen on aluminum
sheets and stored at a temperature of —80 °C for later
analysis of physiological and biochemical traits.

The method used for analysis included the extrac-
tion of 0.25 g of fresh tissue using 5 mL of 80% ace-
tone, followed by centrifugation at 11000 revolutions
per minute for 10 minutes. The optical density of
the resulting extract was measured at three different
wavelengths (646.8 nm and 663.2) using a spectropho-
tometer (Perkin Elmer, USA, Lambda 25 model), as
outlined by Lichtenthaler and Buschmann (2001). To-
tal chlorophyll content was determined by adding the
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measured amounts of chlorophyll a and chlorophyll

b.

Chl-a = (1225 X A663.2) - (279 X A646.8) (7)

Chl-b = (21.51 X A646.8) - (5.10 X A663.2) (8)

where, Chl-a and Chl-b represent chlorophyll a and
chlorophyll b content in pg g~! FW, respectively.

To measure peroxidase activity (EC 1.11.1.7),0.2 g
of fresh seedlings were ground in a mortar using lig-
uid nitrogen and mixed with 1 mL of Tris-HCl buffer
(0.05 M, pH =7.5). The resulting mixture was cen-
trifuged for 21 minutes at 13,000 rotations per minute
and 4 °C, and the supernatant was used to measure
enzyme activity. Peroxidase activity was determined
by adding a suitable amount of 28 mM guaiacol, 5
mM H,0,, 25 mM Na-phosphate buffer (pH 6.8), and
the enzyme to the reaction mixture, following the
method described by MacAdam et al. (1992).

The catalase activity (EC.1.11.1.6) was measured
using the method outlined by Maehly (1954). A reac-
tion mixture consisting of 2.5 mL of 0.05 mM sodium
phosphate buffer (pH = 7) and 30 pug of protein was
added to cuvettes. At the time of measurement, 30 puL
of 30% H,O, was added to the reaction mixture, and
the absorbance at 240 nm was recorded spectrophoto-
metrically after 60 seconds at 25 °C. The control group
contained 2.5 mL sodium phosphate buffer and 30
ug of protein. Catalase activity was reported as the
change in absorption per mg of protein per minute.

2.5 Statistical analysis

After confirming the normal distribution of the data
using the Kolmogorov-Smirnov and Shapiro-Wilk
tests, statistical analysis of the studied traits was per-
formed using the Statistical Analysis System (SAS)
software, version 9.2, by SAS Institute in Cary, North
Carolina, USA. Differences among means were deter-
mined using the least significant difference (LSD) test
at a statistical probability level 0.05. Simple correla-
tion and stepwise regression between germination,
physiological, and biochemical traits were performed
using Minitab software version 18. Graphs were gen-
erated using MS Excel.

3 Results

31 Seed germination and

growth characteristics

seedling

The data’s variance analysis revealed that drought
stress and seed priming significantly affected various
seed germination characteristics and seedling growth
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Table 1. ANOVA results for germination and physiological characteristics of Stevia under different levels of

drought stress and priming

SOV Drought (D) Priming (P) DxP Error CV (%)
df 3 3 9 32 -
GP 1760.9** 484.9** 49.63ns 33.66 13.99
GR 24.69** 10.34** 1.33* 0.5 14.28
GT 0.20% 0.21* 0.04ns 0.05 9.27
GD 3.39** 0.85** 0.11ns 0.071 13.73
SL 73.15%* 56.92* 7.51ns 13.87 25.7
SVI 793046.6** 324437.4* 38118.4ns 48832.5 2495
Tot Chl 19.00** 13.75** 6.10** 1.81 10.13
Chl-a 4.84* 5.88** 1.37ns 1.14 13.16
Chl-b 5.99% 3.17ns 3.52ns 1.72 25.52
CAT 0.34** 0.08** 0.006ns 0.007 11.32
POD 333.1** 5.45* 4.28% 1.73 21.95

SOV = source of variation, GP = germination percentage, GR = germination rate, GT = mean germination time
(day), GD = mean daily germination, SL = seedling length (mm), SVI = seedling vigor index, Tot Chl = total
chlorophyll (g g~! FW), Chl-a = chlorophyll a (g g~! FW), and Chl-b = chlorophyll b (ug g~ FW), CAT =
catalase activity (U mg~! protein min~!), POD = peroxidase activity; ~ ns: non-significant;* and **: significant
ata =0.05and 0.01%

Table 2. Effects of drought stress levels and priming on seed germination and seedling growth characteristics

of stevia

Treatments GP GT GD SL SVI
Drought stress (MPa)

0 (as control) 49.5+8.1a 239+0.12bc 2.274+038a 15.724+3.77a 787.474267.86 ab
-0.3 49.3+102a  2.37+£0.26c  2.3+048a 16.67+5.06a  836.67+£356.52 a
—0.6 43.17+8.07b 2.57+0.17ab 2.03+0.33b 14.56+3.57a  636.23+220.11b
-09 23.83+5.87c  2.63+0.37a 1.17+0.24c 11.024+3.09b  268.43+£120.11c
LSD (p<0.05) 4.82 0.19 0.22 3.09 183.7
Priming

TiO, 34.17£11.83¢c  2.65+0.33a  1.63+£0.5c 14.98+449a  543.784296.18 b
Si 42.33+11.78b  2.42+02bc 1.96+£0.55b 14.874+3.53a  646.514+257.33 b
ZnO 49.5+13.57a  2.35+£024c 228+0.61a 16.65=4.05a  856.791+399.68 a
Control (untreated seed)  39.83+12.49b 2554+0.21ab  1.9+£055b 11.46+4.17b  481.72427541b
LSD (p=<0.05) 4.82 0.19 0.22 3.09 183.7

GP = germination percentage, GR = germination rate, GT = mean germination time (day), GD = mean daily

germination, SL = seedling length (mm), SVI = seedling vigor index;

Means followed by the same letter in

each column are not significantly different according to the LSD test at a 5% level of significance

parameters, such as the percentage and rate of ger-
mination, mean germination time, mean daily ger-
mination, seedling length, and seedling vigor index.
Furthermore, a significant interaction effect between
drought stress and priming on germination rate was
observed at a probability level of 5% (Table 1).

Drought stress reduced the average values of most
seed germination and seedling growth parameters
(except for the mean germination time). The com-
parison of means for the data related to the drought

stress treatment revealed that the highest germination
percentage (49.5%), mean daily germination (2.27),
seedling length (15.72 mm), and seedling vigor in-
dex (787.47) were related to free drought stress condi-
tions. Furthermore, the results showed that the par-
tial drought stress (—0.3 MPa) had the highest mean
values for the mentioned traits. An increase in os-
motic potential due to drought severity significantly
reduced the germination percentage, mean daily ger-
mination, seedling length, and seedling vigor index.
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This reduction was 51.8%, 48.4%, 29.8%, and 65.9%,
respectively, at a drought level of —0.9 MPa compared
to the control treatment (no drought stress). Drought
stress increased in the mean germination time, with
the highest value for this trait (2.63 days) observed at
the highest level of drought stress (—0.9 MPa) and the
lowest mean value recorded for the control treatment
and partial drought stress (—0.3 MPa) (Table 2).

Different results were obtained regarding the seed
priming treatments, with some combinations lead-
ing to an increase and others leading to a decrease
in the mean values of the traits compared to the non-
primed treatment. Seed priming with ZnO led to
the highest mean values for the germination percent-
age (49.5%), mean daily germination (2.28), seedling
length (16.65 mm), and seedling vigor index (856.7),
with an increase of 19.5%, 16.6%, 31.1%, and 43.7%,
respectively, compared to the control treatment (non-
primed). Seed priming with TiO, significantly re-
duced the mean values of germination percentage
and mean daily germination compared to the control
treatment. In contrast, seed priming with Si did not
result in a significant difference in the mean values
of germination percentage, mean daily germination,
and seedling vigor index compared to the control
treatment (Table 2).

In the comparison of the mean interaction effect
of drought stress on seed priming, the highest seed
germination rate under a drought stress level of —0.3
MPa was observed with seed priming using ZnO,
with a mean of 8.32 seeds per day. This result showed
a 33.1% increase compared to the control treatment.
Conversely, seed priming with TiO, under severe
drought stress conditions (—0.9 Mpa) resulted in the
lowest mean seed germination rate of 2.05 seeds per
day. The findings revealed that the application of Si
and ZnO under high levels of drought stress (—0.6
and —0.9 MPa) resulted in a significant increase in
the mean seed germination rate compared to the non-
primed treatment (Fig. 1).

3.2 Biochemical and physiological at-
tributes of seedlings

Based on the analysis of variance (Table 1), it was
found that drought stress had a significant effect on
the total chlorophyll, chlorophyll a and b, as well
as the activity of antioxidant enzymes catalase and
peroxidase. Moreover, seed priming significantly
affected the total chlorophyll and chlorophyll a, as
well as the activity of antioxidant enzymes. The total
chlorophyll content and peroxidase enzyme activity
significantly interacted with drought stress and seed
priming.

The drought stress levels of zero and —0.3 MPa
had the highest content of chlorophyll a (8.81 and
8.3 ug g~ ! FW, respectively) and chlorophyll b (5.38
and 5.97 pg g~ ! FW, respectively). According to the
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results, drought stress reduced the mean values of
chlorophyll a and b. In particular, the treatment with
—0.9 MPa of drought stress decreased 15.48% and
20.4% in chlorophyll a and b, respectively, compared
to the control treatment (Table 3).

Priming the seeds with TiO,, Si, and ZnO NMs
led to a rise in chlorophyll a and b content compared
to the non-primed treatment. However, there was no
notable distinction between the various seed priming
combinations in relation to these two characteristics
(chlorophyll a and b) (Table 3). As shown in Fig. 2,
the highest total chlorophyll content was observed in
seed priming with ZnO under non-drought stress con-
ditions (16.87 ug g~ ! FW), indicating a 27.1% increase
compared to the control treatment. Additionally, un-
der a drought stress level of —0.3 MPa, the use of TiO,
and Si treatments also resulted in the highest mean
values of this characteristic. Under severe drought
stress conditions (—0.9 MPa), seed priming with all
three tested combinations significantly increased total
chlorophyll content. The lowest mean value of this
characteristic was obtained in the non-primed treat-
ment under severe drought stress conditions (8.54 ng
g 1 FW).

Increasing the concentration of PEG-6000 in the
seedling growth medium resulted in a significant
increase in the activity of the antioxidant enzyme
catalase. The highest activity was observed under a
drought stress level of -0.9 MPa (0.92 U mg ! protein
min~ 1), showing a 42.3% increase compared to the
control treatment (Table 3). Furthermore, the com-
parison between different seed priming treatments
showed that the use of ZnO and TiO, resulted in an
increase and decrease in the catalase enzyme activity,
respectively, compared to the non-primed treatment.
In other words, the highest activity of the catalase
enzyme was observed in the ZnO treatment (0.84 U
mg~! protein min~!), while the lowest activity was
associated with the TiO2 treatment (0.63 U mg~! pro-
tein min~1) (Table 3).

In the comparison of mean values for the interac-
tion between drought stress and seed priming, the
highest peroxidase enzyme activity was observed in
non-primed seeds and seeds primed with ZnO un-
der the highest drought stress level (15.31 and 15.84
U mg~! protein min~!, respectively). In contrast,
the lowest activity of this enzyme was observed in
all four seed priming treatments under non-drought
stress conditions and at a drought stress level of —0.3
MPa (Fig. 3).

3.3 Correlation coefficients

The results of Pearson correlation analysis between
germination, growth, biochemical, and physiologi-
cal traits revealed significant positive and negative
correlations (Table 4). For instance, the germination
percentage exhibited a significant negative correlation
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Figure 1. Germination rate of stevia seeds under different drought levels (D1: 0, D2: —0.3, D3: —0.6, and D4:
—0.9 MPa) and seed priming treatments (P1: TiO,, P2: Si, P3: ZnO, P4: non-primed seed as a control)
(different letters in each factor indicate significant differences according to LSD test at p<0.05)

Table 3. Effects of drought stress levels and priming on seedling biochemical and physiological attributes of

stevia

Treatments Chl-a Chl-b CAT
Drought stress (MPa)

0 (as control) 8.81+1.32a 5.384+1.87 ab 0.534+0.08 d
—-0.3 8.3+0.99 a 597+152a 0.69+0.12 ¢
—-0.6 8.17+0.67 ab 4.96+1.08 ab 0.82+0.12b
—-09 728+1.7b 4.29+1.35b 0.92+0.12 a
LSD (p<0.05) 0.89 1.09 0.06
Priming

TiO, 8.46+1.26 a 5.81+1.39 a 0.63+0.15 ¢
Si 8.76+0.85 a 49+1.6ab 0.76+0.15b
ZnO 82+1.34a 5.28+1.85 ab 0.84+0.21 a
Control (untreated seed) 7.15+1.3b 4.62+1.27 b 0.744+0.17b
LSD (p<0.05) 0.89 1.09 0.06

Chl-a = chlorophyll a (ug g~! FW), and Chl-b = chlorophyll b (ug g~! FW), CAT = catalase activity (U mg~!

protein min~1);

to the LSD test at a 5% level

Means followed by the same letter in each column are not significantly different according
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Figure 2. Total chlorophyll content of stevia seeds under different drought levels (D1: 0, D2: —0.3, D3: —0.6,
and D4: —0.9 MPa) and seed priming treatments (P1: TiO,, P2: Si, P3: ZnO, P4: non-primed seed as a
control) (different letters in each factor indicate significant differences according to LSD test at p<0.05)
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Figure 3. Peroxidase activity of stevia seeds under different drought levels (D1: 0, D2: —0.3, D3: —0.6, and D4:
—0.9 MPa) and seed priming treatments (P1: TiO,, P2: Si, P3: ZnO, P4: non-primed seed as a control)
(different letters in each factor indicate significant differences according to LSD test at p<0.05)
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with the mean germination time (—0.72) and the activ-
ity of antioxidant enzymes catalase (—0.43) and per-
oxidase (—0.80) while showing a significant positive
correlation with the other of the measured traits. Con-
versely, the activity of antioxidant enzymes showed a
significant negative correlation with the germination,
growth, and biochemical characteristics, unlike the
chlorophyll content of the seedlings (Table 4).

3.4 Stepwise regression

To determine the most influential biochemical and
physiological attributes related to stevia seed germi-
nation percentage, a stepwise regression analysis was
performed, and the results are presented in Table 5.
The investigation revealed that the regression model
included two traits, namely catalase and peroxidase
activities, which together explained 71.99% of the
variability in seed germination percentage.

4 Discussion

This research aims at assess the performance of var-
ious germination and growth indicators, as well as
biochemical and physiological parameters of stevia
seedlings exposed to drought stress caused by PEG-
6000 and seed priming with nano compounds such as
Zn0, TiO,, and Si. According to the findings, elevated
levels of drought stress (—0.6 and —0.9 MPa) resulted
in a considerable reduction in the germination per-
centage, germination rate, mean daily germination,
and seedling vigor index. Despite this, mild drought
stress levels (—0.3 MPa) did not adversely affect the
germination and seedling growth parameters. They
even caused an improvement in some traits, such as
the seedling length and the seedling vigor index. Se-
vere drought stress can have adverse effects on seed
germination and seedling growth due to factors such
as delayed or reduced germination rates, damage to
the seedling structure, reduced root and shoot length,
reduced water and nutrient availability, disrupted cel-
lular processes and accumulation of reactive oxygen
species (Marthandan et al., 2020; Afshari et al., 2022).

Seed germination is a process that relies heavily
on water availability. However, drought stress can
impede the absorption of water by seeds, leading
to inhibited germination even when other growth
conditions are favorable. This can also cause a de-
crease in seedling vigor and hinder germination by
reducing water intake (Gorzi et al., 2018; Wahab et al.,
2022). During the early stages of crop development,
drought stress can negatively affect the establishment
of a stand due to decreased seed germination. In
studies conducted on Stevia, exposure to drought
stress resulted in poor seedling germination (Gorzi
et al., 2018; Afshari et al., 2022). According to Jain
et al. (2019), drought stress has reduced the germi-
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nation rate. This is because PEG molecules impede
oxygen flow through the cell membranes, disrupting
the oxygen supply to the radicals.

The findings indicated that treating seeds with
NMs like ZnO and Si through priming enhanced seed
germination parameters and seedling growth in con-
trast to the untreated control. Studies have demon-
strated that treating wheat (Rai-Kalal and Jajoo, 2021),
rice (Anwar et al., 2021), and stevia (Shahverdi et al.,
2017; Afshari et al., 2022) with nutrient solutions
during priming can enhance seed germination and
seedling vigor.

In general, ZnO priming was found to be the most
effective. These results align with several other stud-
ies that reported increased and quicker seed germi-
nation and synchronized emergence of primed seeds
in crop species (Rai-Kalal and Jajoo, 2021; Afshari
et al., 2022). Among metal oxide nanoparticles, ZnO
has garnered the attention of numerous researchers
due to their exceptional photocatalytic and photo-
oxidizing capabilities against chemical and biological
species (Salem and Awwad, 2022). ZnO and zinc sul-
phates (ZnSO,.H,O or ZnSO,.7H,0) are commonly
utilized as Zn fertilizers to address Zn deficiency in
plants. However, their use as fertilizers is limited be-
cause of their low solubility in soil, which results in
limited Zn availability to plants Lateef et al. (2016).
Due to their higher reactivity, ZnO nanoparticles can
overcome this limitation by providing a more sol-
uble and available form of Zn to plants. Studies
have shown that priming seeds with ZnO nanopar-
ticles can increase the zinc content in primed seeds,
thus contributing to better seed germination, seedling
growth, and yield (Rameshraddy et al., 2017; Rai-
Kalal and Jajoo, 2021). The increase in the seed germi-
nation parameters observed in NMs seeds can be ex-
plained by the influence of Zn, which triggers various
biochemical changes in the seeds that are essential
for initiating the germination process. These changes
include breaking dormancy, hydrolyzing or metabo-
lizing inhibitors, facilitating imbibition, and activat-
ing enzymes (Samad et al., 2014; Rai-Kalal and Jajoo,
2021). Previous studies have shown that Zn is es-
sential for metabolizing carbohydrates and proteins,
resulting in improved and synchronized germination
of seeds treated with ZnO NMs. Adding Zn to the
priming solution enhances emergence and growth of
seedlings, which may be attributed to its involvement
in the early stages of coleoptile and radicle develop-
ment (Ozturk et al., 2006).

The presence of ZnO NMs can increase the
seedling length due to the role of Zn in promoting
the biosynthesis of hormones like auxins and gib-
berellins, which are essential for seed growth (Mishra
et al., 2023). Zn also plays a significant role in carbo-
hydrate and protein metabolism, resulting in better
and synchronized germination of seeds primed with
ZnO NMs (Rai-Kalal and Jajoo, 2021). The addition
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Table 4. Correlation coefficients among seed germination, seedling growth, biochemical and physiological
characteristics of Stevia under drought stress and priming treatments

GP GR GT GD SL SVI TotChl Chl-a Chl-b CAT
GR 0.97**
MGT -0.72** —0.81**
MDG  0.99* 0.97**  —0.71**
SL 0.71** 0.68**  —0.57** 0.69**
SVI 0.93** 0.92**  —0.73** 0.92* 0.89**
TChl 0.46* 0.42* —0.29ns 0.46% 0.72** 0.59**
Chl-a  047* 043* —0.36** 0.45* 0.66** 0.58** 0.84**
Chl-b  0.34* 0.31* —0.16ns 0.34* 0.58** 0.44* 0.88** 0.48*
CAT -043*  —-0.35* 0.17ns  —043* —-041* —-042* —-0.64* —-0.54* —0.56**
POD -0.80** —0.72** 0.48* —-0.80* —0.67** —-076** —-0.70* —-0.70* —0.53** 0.80**

ns: non-significant, * and **: significant at & = 0.05 and 0.01%, GP: germination percentage, GR: germination rate,
GT: mean germination time, GD: mean daily germination, SL: seedling length, SVI: seedling vigor index, Tot Chl:
total chlorophyll, Chl-a: chlorophyll a, Chl-b: chlorophyll b, CAT: catalase activity, and POD: peroxidase activity

Table 5. Stepwise regression for stevia seed germination percentage as a dependent variable and other seedling
biochemical and physiological attributes as independent variables

Term Coef SE Coeff T-value P-value
Constant 30.39 9.86 3.08 0.009
CAT (X7) 413 16.6 2.49 0.027
POD (X») —-3.262 0.5903.08 —5.52 0

R%(adj) = 71.99%
Y = 30.39 +41.3(X;) — 3.262(X3)

CAT = catalase activity, POD = peroxidase activity

of Zn to the priming solution promotes emergence
and growth of seedlings by aiding in the early de-
velopment of coleoptile and radicle (Rehman et al.,
2021).

The current research findings indicate a signifi-
cant reduction in photosynthetic pigments, such as
chlorophyll a, b, and total, when seedlings are sub-
jected to drought stress. Previous studies conducted
by other researchers have reported a decline in the
level of photosynthetic pigments in stevia seedlings
under drought stress conditions (Gorzi et al., 2018; Af-
shari et al., 2022). Parveen et al. (2019) reported that
Zea mays L. exposed to drought stress experienced
a decrease in their photosynthetic pigments. This
was attributed to excessive production of ROS, ineffi-
cient nutrient uptake by the plants, and disruptions
in enzyme activities at the cellular level.

Furthermore, the research results indicated that
seed priming, specifically under severe drought stress
conditions (—0.9 MPa), increased the average total
chlorophyll content. Seed priming with Si had an
increasingly positive impact on the total chlorophyll
content, both under stress and non-stress conditions
(Fig. 2). In accordance with the results of this research,

previous studies have reported an increase in the pho-
tosynthetic pigment content in seed priming of vari-
ous plants under different stress conditions. For in-
stance, seed priming of Lathyrus odoratus L. under
salinity stress (El-Serafy et al., 2021), Triticum aestivum
L. under salinity stress (Mushtaq et al., 2017), Med-
icago sativa L. under alkaline stress (Liu et al., 2018),
and Zea mays L. under drought stress (Parveen et al.,
2019) have all shown positive effects on the photo-
synthetic pigment content. Similar to the results of
the present study, the application of Si treatments im-
proved seed germination in Lathyrus (El-Serafy et al.,
2021). Related research discovered that Si played a
vital role in the physiological process of seed germina-
tion in Glycyrrhiza uralensis when subjected to saline
conditions (Zhang et al., 2015).

Under stress conditions, Si can improve photo-
synthetic activity by reducing ion toxicity and reac-
tive oxygen species (ROS) content (Manzoor et al.,
2022). Si also helps maintain various photosynthe-
sis aspects, including stomatal conductance, transpi-
ration, membrane permeability, net photosynthesis,
and chlorophyll levels (El-Serafy et al., 2021). Fur-
thermore, Si can decrease leaf curvature angle and
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increase leaf flatness, which allows for greater light
interception and more photosynthetic pigments. As a
result, seedlings can accumulate more carbohydrates
and dry matter (Ning et al., 2020).

The findings indicated that the activity of antiox-
idant enzymes, specifically catalase and peroxidase,
increased due to drought stress. The results of the
current study were consistent with similar findings
previously reported (Parveen et al., 2019). A complex
antioxidant defense system consisting of enzymatic
(peroxidase and catalase) and non-enzymatic antioxi-
dants significantly removes ROS (Dumanovic et al.,
2021).

The observed results could be explained by the im-
provement of seedling vigor and the strengthening of
the antioxidant defense system induced by seed prim-
ing. Additionally, seed priming with ZnO may have
reduced oxidative damage in the primed seedlings.
Based on stepwise regression results, the effect of
enzymatic activity, specifically catalase, and peroxi-
dase, on the seed germination percentage was more
significant than that of photosynthetic pigment con-
tent. Severe drought stress conditions caused certain
NDMs to reduce the activity of antioxidant enzymes,
while others caused an increase in activity. ZnO was
identified as the most effective priming compound
based on its level of antioxidant enzyme activity. An
increase in superoxide dismutase, catalase, and per-
oxidase activities was observed in rice plants derived
from ZnO NMs-primed seeds (Mazhar et al., 2022).

5 Conclusion

The study found that different types of nano-
compounds resulted in either an increase or decrease
in certain traits compared to the control treatment
(unprimed seed). Overall, priming seeds with ZnO
nanoparticles yielded more favorable outcomes re-
garding seed germination, seedling growth, and bio-
chemical and physiological characteristics than other
treatments. This was attributed to the adjustment of
antioxidant enzyme activity levels and increased pho-
tosynthetic pigment content, particularly under se-
vere drought stress conditions, which helped mitigate
the adverse effects of increased PEG levels. For ob-
taining more reliable results and exploring additional
physiological and biochemical effects (including the
effects of these compounds on the levels of medici-
nal metabolites in this plant), conducting this study
under diverse environmental conditions is suggested.
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