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Abstract
Due to their strong free radical scavenging capacity and antioxidant enzyme-like
properties, cerium oxide nanoparticles (CeO2NPS) have been proven to enhance
plant salt tolerance, but their priming effects and mechanisms on pepper seeds
remain unclear. To reveal the effects of CeO2 NPS seed priming treatment
on germination and seedling growth of pepper under salt stress, the pepper
cultivar (Capsicum annuum) ‘Maoshu 360’ was used as experimental material,
and seven CeO2 NPS concentrations (0, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5 mmol・L-1)
were established, with the non-primed treatment group as control, to investigate
the effects of different concentrations of CeO2NPS priming treatment on pepper
seed germination, seedling biomass, and physiological and biochemical indices
under salt stress. The results showed that: (1) Seeds treated with 0.5 mmol・
L-1 CeO2NPS exhibited significantly increased soluble protein, proline content,
catalase (CAT) activity, reduced ascorbic acid (AsA) content, and AsA/DHA
ratio, while superoxide anion (O2・−) content was significantly decreased; under
salt stress, this treatment resulted in the highest germination rate, germination
potential, germination index, and vigor index. (2) Seedlings from seeds primed
with 0.4 mmol・L-1 CeO2NPS showed the highest fresh weight, dry weight,
and root length under salt stress, with significantly increased soluble protein,
reduced ascorbic acid (AsA) content, and AsA/DHA ratio in the seedlings. In
conclusion, CeO2NPS priming treatment can improve seed germination rate
under salt stress by reducing seed water potential, promoting storage substance
metabolism, and enhancing antioxidant capacity; simultaneously, it can promote
seedling growth under salt stress during the seedling stage by enhancing protein
synthesis and the ascorbate-glutathione cycle (AsA-GSH).
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Abstract
Cerium oxide nanoparticles (CeO2NPs) have demonstrated the capacity to en-
hance plant salt tolerance through their potent free radical scavenging abilities
and antioxidant enzyme-mimetic properties. However, the specific effects and
underlying mechanisms of CeO2NP seed priming in pepper remain unclear. To
elucidate how CeO2NP priming influences pepper germination and seedling de-
velopment under saline conditions, we investigated the pepper variety Capsicum
annuum ‘Maoshu 360’ using seven CeO2NP concentrations (0, 0.05, 0.1, 0.2, 0.3,
0.4, and 0.5 mmol・L−1), with an unprimed control group. Our study examined
the impacts of different priming concentrations on seed germination, seedling
biomass, and various physiological-biochemical parameters under salt stress.
The results revealed: (1) Seeds primed with 0.5 mmol・L−1 CeO2NPs exhibited
significantly elevated levels of soluble protein, proline, catalase (CAT) activity,
reduced ascorbic acid (AsA) content, and AsA/DHA ratio, while showing sig-
nificantly reduced superoxide anion (O2・−) content. Under salt stress, this
treatment achieved the highest germination rate, germination potential, germi-
nation index, and vigor index. (2) Seedlings derived from seeds primed with
0.4 mmol・L−1 CeO2NPs demonstrated maximum fresh weight, dry weight, and
root length under salt stress, with significantly increased soluble protein, AsA
content, and AsA/DHA ratio. In conclusion, CeO2NP seed priming enhances
germination rates under salt stress by reducing seed water potential, promoting
storage substance metabolism, and improving antioxidant capacity. Addition-
ally, priming facilitates seedling growth during the nursery stage by enhancing
protein synthesis and activating the ascorbate-glutathione (AsA-GSH) cycle.

Keywords: cerium oxide nanoparticles, pepper, seed priming, salt stress,
seedling growth

Introduction
Soil salinization represents a major abiotic stress factor limiting crop productiv-
ity, adversely affecting both seed germination and seedling establishment [?, ?].
Salt stress induces excessive accumulation of toxic ions (Na+ and Cl−) within
plant cells, inhibits water absorption [?, ?], and triggers overproduction of re-
active oxygen species (ROS) such as hydrogen peroxide (H2O2) and superoxide
anion (O2・−) [?, ?]. This oxidative damage compromises membrane integrity
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and elicits oxidative stress responses, impairing germination in pepper (Cap-
sicum annuum), Zygophyllum, Chinese cabbage (Brassica rapa) [?, ?, ?, ?] and
hindering normal seedling growth in pepper, Calotropis gigantea, and wheat
(Triticum aestivum) [?, ?, ?, ?], ultimately reducing yield in crops such as rice
(Oryza sativa) [?, ?]. Therefore, investigating methods to improve germination
rates and enhance salt tolerance is crucial for addressing soil salinization and
ensuring food security and agricultural sustainability [?, ?].

Seed priming is an emerging seed treatment technology that addresses salinity
stress by inducing a specific physiological state before germination. Through a
memory effect, primed plants can activate key signaling molecules and transcrip-
tion factors to combat salt stress during growth [?, ?, ?]. Various nanomaterials,
including zinc oxide nanoparticles (ZnONPs), selenium nanoparticles (SeNPs),
and cerium oxide nanoparticles (CeO2NPs), have been employed for seed prim-
ing [?, ?, ?, ?]. Among these, CeO2NPs are particularly promising due to their
exceptional free radical scavenging capacity, which has been widely utilized in
medical and cosmetic applications and more recently in nano-agriculture [?, ?].
CeO2NPs mitigate oxidative stress by mimicking antioxidant enzyme activities
through Ce3+ and Ce4+ redox states, thereby reducing excessive ROS accumu-
lation and enhancing plant stress tolerance. Khan et al. [?, ?] demonstrated
that CeO2NP seed priming improved 𝛼-amylase activity and ROS scavenging
in Brassica rapa seeds, increasing germination under salt stress. At the seedling
stage, priming enhanced salt tolerance by elevating SOD and POD activities and
soluble sugar content, ultimately promoting biomass accumulation. However,
research on CeO2NP seed priming effects on pepper growth and development
under salt stress remains scarce.

Pepper (Capsicum annuum), a solanaceous crop valued for its appetite-
stimulating, digestive, antimicrobial, and insecticidal properties, is widely
cultivated and consumed [?, ?]. China has become the world’s largest producer
of fresh peppers, with a cultivated area of 780,000 hectares and an annual
output of 19 million tons [?, ?]. Pepper fruits contain abundant bioactive
compounds such as capsaicin, offering broad application prospects in food,
pharmaceutical, and cosmetic industries [?, ?].

To explore cultivation techniques and salt tolerance mechanisms in pepper, this
study utilized the ‘Maoshu 360’ variety to investigate: (1) the effects of CeO2NP
seed priming on pepper germination and seedling growth under salt stress; (2)
the optimal CeO2NP concentration for enhancing pepper salt tolerance; and (3)
the potential mechanisms underlying priming-induced salt tolerance.

Materials and Methods
Plant Materials

This experiment was conducted from March to August 2022 at Binhai Agri-
cultural College, Guangdong Ocean University. The test material was pepper
(Capsicum annuum) variety ‘Maoshu 360’.
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Seed Priming Treatment

Following the method of Newkirk et al. [?, ?], cerium oxide nanoparticle
(CeO2NP) solution was synthesized and stored at 4°C. The solution was then
diluted to concentrations of 0, 0.05, 0.1, 0.2, 0.3, 0.4, and 0.5 mmol・L−1

(designated S0, S0.05, S0.1, S0.2, S0.3, S0.4, and S0.5, respectively). The 0
mmol・L−1 solution (S0) served as an osmotic buffer control, consisting of 100
mmol・L−1 TES and 100 mmol・L−1 MgCl2 adjusted to pH 7.5 with HCl.
Approximately 2 g of uniform, plump pepper seeds were placed in beakers
with 10 mL of each CeO2NP solution, sealed, and incubated for 24 h to induce
priming. Seeds were then rinsed with distilled water, blotted dry with filter
paper, and re-dried to initial moisture content.

Seed Germination Assay

Both primed and unprimed control (CK) seeds were placed in standard germi-
nation boxes (10 cm × 10 cm × 5 cm) containing 5 mL of 100 mmol・L−1 NaCl
solution to simulate salt stress. Germination was conducted in a light incubator
at 25°C, with 60 seeds per treatment and three replicates.

Seedling Growth Assessment

Primed and unprimed seeds were sown in nursery trays containing a vermiculite-
coconut coir mixture. Each tray received 50 germinated seeds (5 × 10 arrange-
ment) and was irrigated with 100 mmol・L−1 NaCl solution to maintain salt
stress conditions. Seedlings were grown at room temperature until the two-leaf-
and-one-heart stage, when samples were collected for physiological measure-
ments.

Germination Indices

Germination was defined as radicle emergence exceeding 2 mm. Daily germina-
tion counts were recorded until no further germination occurred. Germination
potential (GP), germination rate (GR), germination index (GI), and vigor index
(VI) were calculated according to Gammoudi et al. [?, ?]:

• Germination Potential (GP) = (Number of germinated seeds within
3 days / Total seeds) × 100%

• Germination Rate (GR) = (Total germinated seeds at experiment end
/ Total seeds) × 100%

• Germination Index (GI) = Σ(Ni/ti)
• Vigor Index (VI) = GP × (Shoot height + Root length)

where Ni represents the number of germinated seeds on day i, and ti is the time
from experiment start to day i.
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Growth Parameters

At the two-leaf-and-one-heart stage, uniform seedlings were selected and whole
plants were harvested. After washing and drying, shoot height and root length
were measured with vernier calipers, fresh weight was determined with an elec-
tronic balance, and samples were oven-dried at 105°C for 30 min, then at 80°C
to constant weight for dry weight measurement.

Physiological and Biochemical Analysis

Primed seeds and two-leaf-stage seedlings were sampled for physiological analy-
sis. Malondialdehyde (MDA) content (nmol・g−1) was determined by the thio-
barbituric acid method [?, ?]. Superoxide anion (O2・−) content (µmol・g−1) was
measured according to Schneider & Schlegel [?, ?]. Soluble sugar content (mg・
g−1) was assayed by anthrone colorimetry [?, ?], and soluble protein content
(mg・g−1) by Coomassie brilliant blue staining [?, ?]. Reduced ascorbic acid
(AsA) and dehydroascorbic acid (DHA) contents (nmol・g−1) were determined
by the method of Wang et al. [?, ?]. Ascorbate peroxidase (APX) activity [U・
(g・min)−1] was measured according to Nakano & Asada [?, ?]. Superoxide dis-
mutase (SOD), catalase (CAT), and peroxidase (POD) activities (U・g−1) were
assayed using commercial kits (Solarbio). Proline content (µg・g−1) was also
determined using a kit (Solarbio).

Statistical Analysis

Experimental data were processed using SPSS 26.0 statistical software, with
figures prepared in Excel. Significance was assessed at P < 0.05.

Results
Effects of CeO2NP Seed Priming on Pepper Seed Germination Under
Salt Stress

The germination performance of primed versus unprimed pepper seeds under
salt stress is presented in Table 1 . All CeO2NP priming treatments enhanced
pepper seed germination under saline conditions. The S0.5 treatment (0.5 mmol・
L−1) achieved the highest germination rate, increasing by 34.59% compared to
the unprimed control, with a germination potential 12 times greater than the
control. CeO2NP priming significantly improved the germination index (GI)
across all concentrations. Both GI and vigor index (VI) were enhanced under
salt stress, with the S0.5 treatment reaching peak values (increasing by 399.57
and 7.84, respectively, compared to the control).

Effects of CeO2NP Priming on Pepper Seedling Growth Under Salt
Stress

Seedling growth data for primed versus unprimed treatments under salt stress
are shown in Table 2 . Appropriate CeO2NP priming concentrations promoted
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pepper seedling growth under saline conditions. The S0.4 treatment (0.4 mmol・
L−1) produced seedlings with maximum fresh weight, dry weight, and root
length, significantly exceeding the unprimed control by 35.75%, 135.33%, and
35.48%, respectively. However, shoot height was significantly lower than the
control, indicating that priming substantially promoted root system develop-
ment.

Effects of CeO2NP Seed Priming on Oxidative Stress Responses in
Pepper Seeds

Analysis of superoxide anion and malondialdehyde (MDA) contents in primed
versus unprimed seeds (Figure 1 [Figure 1: see original paper]) revealed that
the S0.5 treatment significantly reduced superoxide anion content by 68.54%
compared to the control, though MDA content increased by 21.74% (a non-
significant difference). Antioxidant enzyme activity data (Table 3 ) showed that
S0.5 treatment significantly increased CAT activity by 54.06% while decreasing
POD and APX activities by 44.56% and 59.98%, respectively, compared to the
control. Regarding antioxidant substances (Table 3), S0.5 treatment elevated
AsA content by 8.89% and significantly increased the AsA/DHA ratio by 78.81%
relative to the control.

Effects of CeO2NP Seed Priming on Soluble Protein, Proline, and
Soluble Sugar Contents in Pepper Seeds

As shown in Table 4 , the S0.5 treatment significantly increased soluble protein
and proline contents by 119.62% and 114.50%, respectively, compared to the
unprimed control, while soluble sugar content showed no significant difference.

Effects of CeO2NP Priming on Soluble Protein, Proline, and Soluble
Sugar Contents in Pepper Seedlings Under Salt Stress

Under salt stress, seedlings from primed seeds exhibited altered metabolite pro-
files (Table 5 ). The S0.4 treatment significantly increased soluble protein con-
tent by 20.51% compared to the control, while proline and soluble sugar contents
decreased significantly by 75.02% and 41.16%, respectively.

Effects of CeO2NP Priming on Oxidative Stress in Pepper Seedlings
Under Salt Stress

Antioxidant enzyme activity data for salt-stressed seedlings (Table 6 ) indicated
that the S0.4 treatment significantly reduced CAT, POD, APX, and SOD ac-
tivities by 84.92%, 13.58%, 41.33%, and 61.79%, respectively, compared to the
control. MDA content in S0.4-treated seedlings decreased by 20.38% relative
to the control. AsA content and the AsA/DHA ratio in S0.4-treated seedlings
(Figure 2 [Figure 2: see original paper]) were significantly elevated by 111.04%
and 273.77%, respectively.
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Discussion
Mechanisms of CeO2NP Seed Priming Effects on Pepper Seed Ger-
mination Under Salt Stress

Salt stress disrupts cellular ionic and redox homeostasis through osmotic effects,
leading to excessive ROS accumulation that causes lipid peroxidation, protein
oxidation, and membrane damage, ultimately inhibiting seed germination [?, ?].
Consequently, employing ROS-scavenging agents for seed priming represents a
promising research direction. Studies have demonstrated that CeO2NPs can fa-
cilitate seed germination under abiotic stress by scavenging ROS and enhancing
the antioxidant enzyme system [?, ?].

Our findings indicate that the S0.5 treatment was most effective for pepper
seed priming, accelerating germination speed and improving overall germina-
tion under salt stress. Notably, the S0 control treatment (containing MgCl2)
also substantially improved germination compared to the unprimed control,
likely because MgCl2 has been used as an inorganic priming agent to promote
sugar beet seed germination [?, ?]. The slightly elevated MDA content in S0.5-
treated seeds suggests that CeO2NP priming may partially perturb oxidative
stress balance, potentially due to nanoparticle toxicity. However, the signif-
icant reduction in superoxide anion content, coupled with increased proline,
soluble protein, CAT activity, AsA content, and AsA/DHA ratio, demonstrates
that CeO2NP priming actively modulates seed physiological processes. Proline
accumulation helps stabilize cytoplasmic osmotic balance, protects cells from
oxidative damage, and supports stress-related protein synthesis [?, ?, ?]. This
synergizes with enhanced CAT activity and the AsA-GSH cycle to scavenge
excess ROS, maintain redox homeostasis, and reduce lipid peroxidation during
germination, thereby preserving membrane integrity and facilitating successful
seedling establishment. The significantly higher germination rates confirm that
the beneficial effects of CeO2NP priming outweigh potential toxicity, suggesting
that pepper seeds possess protective mechanisms to adapt to CeO2NP exposure.
These results align with Khan et al. [?, ?], who reported that 0.1 mmol・L−1

CeO2NP priming improved Brassica rapa germination under salt stress, indi-
cating that CeO2NP seed priming generally benefits stress tolerance, though
optimal concentrations vary among species.

Effects of CeO2NP Priming on Pepper Seedling Growth and Physi-
ology Under Salt Stress

Salt stress inhibits plant growth by disrupting antioxidant system establish-
ment and suppressing protein synthesis [?, ?, ?]. CeO2NPs have been shown
to promote plant growth and development [?, ?]. In our study, seedlings from
S0.4-primed seeds exhibited maximum fresh weight, dry weight, and root length
under salt stress, significantly surpassing the unprimed control. This demon-
strates that optimal CeO2NP priming concentrations enhance pepper seedling
growth in saline conditions, consistent with Khan et al. [?, ?] who reported sim-
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ilar benefits in Brassica rapa seedlings primed with 0.1 mmol・L−1 CeO2NPs.
Furthermore, S0.4-treated seedlings outperformed the S0 control (MgCl2) in
these parameters, indicating that CeO2NP priming is more effective than MgCl2
alone.

MDA accumulation serves as an indicator of salt stress-induced oxidative dam-
age [?, ?]. The reduced MDA content in S0.4-treated seedlings suggests that
CeO2NP priming mitigates lipid peroxidation in pepper seedlings under salt
stress. The concurrent decrease in CAT, SOD, POD, and APX activities may
be attributed to the intrinsic antioxidant enzyme-mimetic activity of CeO2NPs,
which possess unique Ce3+/Ce4+ redox cycling capabilities that directly scav-
enge ROS [?, ?].

AsA functions as a non-enzymatic antioxidant that directly scavenges ROS and
participates in the AsA-GSH cycle alongside reduced glutathione (GSH) [?, ?].
The AsA/DHA ratio reflects AsA-GSH cycle efficiency and serves as a valuable
indicator of antioxidant capacity and stress tolerance [?, ?]. Our results show
that S0.4 treatment significantly increased AsA content and the AsA/DHA ratio
in salt-stressed seedlings, indicating that CeO2NP priming enhances the AsA-
GSH cycle to maintain oxidative stress balance. This finding parallels Gohari
et al. [?, ?], who reported that foliar CeO2NP application on grapevine (Vitis
vinifera) under 75 mmol・L−1 NaCl stress promoted the AsA-GSH cycle, reduced
ROS content, and alleviated oxidative damage.

Conclusion
(1) All tested CeO2NP concentrations improved pepper seed germination

under salt stress, with 0.5 mmol・L−1 being optimal. (2) Appropriate
CeO2NP seed priming concentrations promoted root growth and biomass
accumulation in salt-stressed seedlings, with 0.4 mmol・L−1 showing
the best performance. (3) CeO2NP seed priming enhanced germination
by activating germination-related enzymes and increasing metabolic
products, while improving seedling salt tolerance through a memory
effect that elevated antioxidant content, promoted the AsA-GSH cycle,
reduced lipid peroxidation, and mitigated oxidative stress. CeO2NPs
demonstrate potential as a nanoscale priming agent to enhance plant
growth and development under saline conditions.
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