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Effect of nanoparticles on the
growth of okra cultivated in soil
affected by rocky desertification

Jiyue Wang'3, Xiaojian Tian3, Shuai Wei, Xiuvhuan Meng?, Nian Chen?, Denghong Shi*** &
Chenggang Liang?™*

This study investigated the influence of various nanoparticles (NPs), including carbon-based NPs,
Al,O,-NPs, SiO,-NPs, and TiO,-NPs, on the growth and physiology of okra plants cultivated in soil
impacted by rocky desertification. The morphological characteristics, photosynthetic parameters,
antioxidant capacity, nutrient uptake of the okra plants, and available nutrient content in the soil
were evaluated. The results demonstrated a significant improvement in the growth, photosynthetic
properties, chlorophyll content, and activities of antioxidant enzymes (catalase, peroxidase, and
superoxide dismutase) in the okra plants treated with NPs compared to the control. Additionally,
the NP-treated plants exhibited enhanced total nitrogen content, and hydrolysis nitrogen content
in soil was also significantly increased, indicating improved nitrogen uptake. Notably, TiO,-NPs
demonstrated the most pronounced effects on plant growth and photosynthetic characteristics,
while TiO,-NPs and SiO,-NPs showed higher antioxidant enhancement compared to other NPs.
These findings suggest the potential of nanoparticles as a promising agricultural solution to address
challenges in regions like Guizhou Province, China.
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In southwestern China, karst rocky desertification is a significant ecological issue that hinders the economic
and social development of the region. This process involves severe soil erosion, extensive exposure of
basement rocks, a drastic decrease in soil productivity, and the formation of a desert-like landscape. The
control of rocky desertification has been identified as a priority in national projects for economic and social
development!. Numerous studies have endeavored to elucidate the causes and environmental ramifications of
soil rocky desertification, providing comprehensive insights into this phenomenon.Wang et al.2., found that
different combinations of basement carbonate rocks contribute to the development of rocky desertification.
In the Shibanqiao catchment of Guanling County, Guizhou Province, they conducted a systematic study on
the impact of land use and land cover changes on soil erosion over the past 40 years. The research utilized
environmental information extracted from lake sediment to analyze the relationship between soil erosion and
rocky desertification. Xiugin et al.?, reported that accelerated soil erosion occurred during the implementation
of ecological engineering between 1990 and 2002. They suggested that future ecological constructions and
engineering projects should prioritize soil erosion prevention and avoid unnecessary soil disturbance. Wang
et al.%, proposed an erosion-creep-collapse mechanism to explain underground soil loss in the karst rocky
desertification of Chengi village, Puding county, Guizhou province. By controlling soil collapse, soil loss can
be effectively prevented. Afforestation of degraded land is a crucial strategy for preventing soil erosion and
promoting ecosystem recovery in rocky desertification areas. Cheng et al.’, studied biomass increment and
carbon accumulation in different aged Z. bungeanum stands, as well as the distribution of carbon stock among
various biomass components and soil depths. Furthermore, Cheng et al.%, analyzed variations in biomass
and nitrogen storage, as well as nitrogen distribution in biomass components and soil depths. These studies
highlight the importance of understanding and managing biomass and nutrient dynamics in combating rocky
desertification. Additionally, Zhao & Hou’, discussed five human-related factors that contribute to soil loss
in rural karst mountainous areas of Guizhou Province. These factors further exacerbate the problem of rocky
desertification. The control of karst rocky desertification is vital for the sustainable development of southwestern
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China, particularly Guizhou Province, a less developed region. Through thorough research and understanding
of the causes and mechanisms of soil erosion and desertification, effective strategies can be implemented to
prevent and mitigate this ecological problem.

Owing to their unique properties, nanoparticles (NPs) have garnered significant attention in recent research
for applications in agriculture and ecological control. These materials exhibit exceptional characteristics that
make them promising candidates for addressing various challenges in these fields. Biochar nanoparticles have
been studied as a soil amendment for a sandy loam soil, which may play a role in addressing soil degradation
and erosion®. Desert Control, a company specializing in desertification control, has proposed the use of nano-
clay to turn unproductive desert land into fertile soil’. This innovative approach suggested that nanomaterials,
such as nanoclay, may offer a promising solution for soil improvement in arid and semiarid regions. Cecchin
et al.'%, provided a comprehensive review of the application of nanomaterials in soil remediation, discussing
their toxicity to soil microorganisms and the potential for integration with other remediation technologies,
including bioremediation. They proposed the concept of nanobioremediation (NBR), which aims to combine
these two technologies for more effective, efficient, and sustainable remediation outcomes. Hussain et al.!l,
present a comprehensive review of bioremediation techniques for environmental pollutants, highlighting the
integration of nanoparticles. Their analysis illuminated the potential of nanotechnology-based bioremediation as
a sustainable and cost-effective solution for mitigating environmental contamination. NPs possess potential for
enhancing soil quality and facilitating plant growth in regions impacted by desertification'?. However, the effects
of different NPs on plant growth and physiology remain complex and variable. As reported by Kong et al.13,
the impact of NPs on root and shoot development varies significantly depending on the type of nanoparticles,
incubation conditions, and plant species. Our previous studies'* further support this variability, demonstrating
that ALLO,-NPs (ANPs), SiO,-NPs (SNPs) exert positive effects on growth and photosynthetic properties in
okra plants under water deficit conditions. However, TiO,-NPs (TNPs) were found to have detrimental effects,
significantly impairing both growth and photosynthetic performance in okra plants.

Okra, scientifically known as Abelmoschus esculentus, is a vital economic crop recognized for its nutritional
benefits and economic significance. It is abundant in essential vitamins and minerals, particularly dietary fiber,
vitamin C, and folate, thereby making it an excellent component of a healthy diet. The Food and Agriculture
Organization (FAO) reported that global okra production reached approximately 5.2 million tons in 2020,
with India and Nigeria being the primary producers'. Beyond its nutritional advantages, okra significantly
impacts the livelihoods of farmers, particularly in arid regions where it enhances income and food security amid
challenging environmental conditions. Du to its adaptability to harsh, rocky terrains, this warm-season crop
demonstrates remarkable drought resistance, thriving with minimal water, an essential characteristic for areas
with scarce moisture. Additionally, its rapid growth cycle and resilience to high temperatures enable efficient
biomass production, yielding substantial economic and nutritional value. Thus, this study investigated the
influence of NPs on plant growth in soils degraded by rocky desertification, offering new strategies to enhance
crop production in the Karst rocky desertification region of Guizhou Province, China.

Materials and methods

Materials

Soil samples were collected from a low rocky desertification area in Zhanjie Town, Qingzhen County, Guizhou
Province, China (106°39'58.05"E, 26°56'21.13"N). The chemical properties of the soil surrounding the rocky
desertification area are presented in Table 1. Okra seeds, used as the cultivated plant, were obtained from
Guiyang University. The drought-tolerant okra cultivar “Xianzhi” was identified based on its agronomic traits
and physiological and biochemical responses to water deficiency. This cultivar demonstrates significant resilience
under conditions of limited water availability, making it a promising option for cultivation in arid environments.
This study employed four types of NPs, namely carbon-based NPs (CNPs), Al,O,-NPs (ANPs), SiO,-NPs (SNPs)
and TiO,-NPs (TNPs), which were purchased from Beijing Dk nano S&T Ltd, China. Notably, all NPs exhibited
a nearly spherical morphology with an average particle size ranging from 20 to 40 nm.

Parameters Value

pH value 7.18£0.25
Organic matter content (mg/kg) 46.18 £2.05
Total nitrogen content (g/kg) 1.25 £0.45

Hydrolysis nitrogen content (mg/g) 89.03 £7.94

Total phosphorus content (g/kg) 0.83 +0.04

Available phosphorus content (mg/kg) | 5.71 +0.41

Total potassium content (g/kg) 0.93+0.61

Available potassium content (mg/kg) | 21.23 +11.12
Soil respiration (CO, mg g™* h™") 0.12 £0.02

Table 1. Soil chemical properties of soil affected by rocky desertification.
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Methods

Experimental design

A pot experiment was conducted in a greenhouse at Guiyang University under controlled temperature (25 +2
°C) and humidity (70 +5%), from April to July in 2024. Okra was planted in plastic pots (28.0 cm depth x 26.0
cm diameter) filled with 2 kg of soil with moderate rocky desertification. Prior to sowing, different types of NPs
were added to the soil at the following concentrations: CNPs at 60 mg/kg, ANPs at 60 mg/kg, SNPs at 15 mg/
kg, and TNPs at 60 mg/kg on the basis of our previous study'®. Additionally, 15 g of compound fertilizer (N:
P:K =12:18:1) was applied per treatment before sowing. The direct seeding method was used, with 5-8 seeds
planted per pot. Okra was also planted without NPs as a control. The experiment consisted of five treatments,
each replicated five times, resulting in a total of 25 pots arranged in a completely randomized design.

Determination

Plant growth characteristics were measured after 48 days. Photosynthetic parameters, including photosynthetic
rate (A), transpiration rate (E), intercellular CO, concentration (Ci), stomatal conductance (Gs), vapor pressure
deficit (VPD), leaf temperature (T), relative humidity of leaf chamber (Rh) were determined using a portable
photosynthesis system (GFS-3000, EU). Chlorophyll content was measured with a SPAD-502plus analyzer.
Catalase (CAT), superoxide dismutase (SOD), peroxidase (POD) activity, and malondialdehyde (MDA) content
were determined using kits from Suzhou Grith Biotechnology Co., LTD (China). According to the method of
Chun et al..,, total nitrogen (N), total phosphorus (P), and total potassium (K) in plants were analyzed using
a continuous flow analyzer (Auto Analyzer 3, Germany) and flame spectrometry (Sherwood M425, UK),
respectively. Soil available nutrient content (N, P, K) was measured according to Wang et al.'’, the alkali diffusion
method for nitrogen, colorimetry for phosphorus, and atomic absorption spectroscopy (AAS) for potassium.

Data analysis

All data were presented as mean + standard deviation of triplicate samples and analyzed using one-way analysis of
variance (ANOVA) followed by Duncan’s test in Origin 8.0. The significance of treatment effects was considered
at a P value <0.05. The subordinate function value method'®, was employed to comprehensively evaluate the
drought resistance of okra plants.

Results

The effect of various NPs on growth of okra plant in soil affected by rocky desertification

The morphological characteristics of okra grown in soil affected by rocky desertification were determined, as
shown in Table 2. The okra growth, as indicated by various parameters including blade number (BN), number
of green leaves (GL), maximum blade width per plant (MBW), maximum blade length per plant (MBL), length
of main root (LMR), plant height (PH), stem diameter (SD), fresh weight (FW), dry weight (DW), root-shoot
ratio (RS), was dramatically significantly enhanced by the application of NPs (CNPs, SNPs, TNPs, and ANPs),
compared to the control group. However, no significant differences were observed among the various NP
treatments.

The effect of various NPs on photosynthetic property of okra plant in soil affected by rocky
desertification

As illustrated in Table 3, with the exception of Gs, all other photosynthetic parameters, including net
photosynthetic rate (A), intercellular CO, concentration (Ci), transpiration rate (E), leaf temperature (T), relative
humidity (Rh), and vapor pressure deficit (VPD), exhibited significant increases in NPs-treated okra plants
compared to the control, with the notable exceptions of A and T in okra plants treated with ANPs. Notably, the
okra plants exposed to SNPs exhibited the highest values for A, Ci, E, Gs, and VPD, surpassing the other NP
treatments. Furthermore, as presented in Fig. 1, the leaf chlorophyll content, including total chlorophyll (Chl
t), chlorophyll a (Chl a), and chlorophyll b (Chl b), were significantly enhanced in the NPs-treated okra plants
compared to the control, while the Chl a/b ratio was decreased.

BN GL MBL (cm) | MBW (cm) | LMR (cm) | PH (cm) SD (mm) FW (g) DW (g) RS

CK

3.57+0.53b | 1.57 £0.53b | 3.70 £0.38b | 2.94+0.48b | 8.86 £1.4a |16.94+1.88b | 1.55+0.24b | 1.06 +0.15b | 0.24 £0.02b | 0.20 £0.04a

CNPs

5.14+0.69a | 2.71 £0.76a | 5.50 £0.54a | 5.36 +0.43a | 8.07 £0.77a | 22.7 +1.85a | 2.88 +0.31a | 3.31 £0.65a | 0.42 +0.08a | 0.19 +£0.02a

SNPs

5.14+0.38a | 3.00+0.58a | 5.79 £0.64a | 5.17£0.59a | 6.83 +1.15a | 25.14 £2.47a | 2.73 £0.23a | 3.18 £0.45a | 0.39 £0.06a | 0.22 +0.07a

TNPs

529 £0.95a | 2.57 +0.79a | 5.57 £0.24a | 529 +£0.38a | 7.70 £1.09a | 24.56 £1.43a | 2.8 £0.55a | 3.48 £0.52a | 0.41 £0.05a | 0.28 +0.12a

ANPs

5.14+0.38a | 2.71 £0.49a | 5.41 £0.75a | 4.77 £0.78a | 8.16 £2.59a | 22.24 £2.72a | 2.73 £0.33a | 3.21 £0.69a | 0.37 £0.08a | 0.22 +0.04a

Table 2. Phenotypic traits of okra plant treated with various NPs. Illustration, BN: blade number, GL: number
of green leaves, MBW: maximum blade width per plant, MBL: maximum blade length per plant, LMR: length
of main root, PH: plant height, SD: stem diameter, FW: fresh weight, DW: dry weight, RS: root-shoot ratio.
Different lowercase letters showed the significant differences among treatments at p < 0.05. The same below
unless particularly stated.
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A Ci E Gs T Rh VPD
T (umol/m?/s) | (umol/mol) (mmol/m?/s) | (mmol/mZ2es) | (°C) (%) (kPa)

CK 3.16+0.16b | 327.29+14.25d | 0.43 £0.01c 449.62 £7.05a | 23.16 £0.37c | 53.98 £0.05¢c | 13.04 £0.74c

CNPs | 4.02+0.06a |323.16+3.46d |0.76+0.01b |445.93 +6.55a | 25.49 +0.01a | 54.30 £0.09b | 18.13 +0.39b

SNPs | 4.18 £0.06a |475.41+26.35a | 1.29 £0.03a | 444.49 £3.73a | 24.78 £0.01b | 54.24 £0.38b | 46.62 +4.24a

TNPs | 4.13 £0.12a | 375.37 £6.73¢ 1.18 £0.05a | 463.42+5.39a | 25.29 +0.11a | 55.06 £0.03a | 16.07 +0.01b

ANPs | 0.89 +£0.72c | 437.73 £21.62b | 0.83+0.13b | 442.58 +2.65a | 23.16 +0.37c | 54.62 +0.10b | 17.33 +0.20b

Table 3. Photosynthetic parameters of okra plant treated with various NPs. Illustration, A:photosynthetic rate,
E:transpiration rate. Ci: intercellular CO, concentration, Gs: stomatal conductance, T: leaf temperature, Rh:
relative humidity of leaf chamber, VPD: vapor pressure deficit.
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Fig. 1. The leaf chlorophyll contents of okra plant treated with various NPs. A: total chlorophyll (Chl t),
chlorophyll a (Chl a), and chlorophyll b (Chl b), B: Chl a/b ratio.

The effect of various NPs on antioxidative activity and nutrient uptake of okra plant in soil
affected by rocky desertification

The antioxidative activity of okra plants is presented in Fig. 2. The activities of CAT, POD, and SOD in okra
plants exposed to NPs were significantly improved compared to the control group. Specifically, the POD activity
of okra plants treated with CNPs was significantly higher than those treated with other NPs. No significant
differences in MDA content were identified among all treatments and the control. According to Fig. 3, total N
of okra plant were both observably increased by NPs compared to the control, while total P and K of that were
observably decreased. Similarly, no significant differences were observed among the various NPs.

The effect of various NPs on available nutrition content of soil affected by rocky
desertification region

As shown in Fig. 4, the analysis of soil nutrient availability revealed that the levels of hydrolysis N were generally
higher in the soils exposed to NPs compared to the control group. However, the available K content in the NP-
treated soils was significantly lower than the control, except for ANPs treatment. No substantial differences were
found in the available P content across the various NP treatments and the control.

Subordinate function analysis

The application of NPs have been found to enhance the resistance abilities of okra plants grown in soil affected
by rocky desertification. Analysis of the morphological properties (Table 4) and photosynthetic physiological
indices (Table 5) indicated that the TNPs had the most significant promoting effect compared to other NPs.
Furthermore, the biochemical indices (Table 6), such as antioxidant activity and N/P/K nutrient content, also
showed that both TNPs and SNPs had the best promoting effect on the resistance abilities of okra plants in this
challenging soil environment.

Discussion

This studies have indicated that the application of NPs, including CNPs, SNPs, TNPs, and ATPs can significantly
improve the growth of okra plant in soil affected by rocky desertification. Similar studies have been reported
in Dracocephalum moldavica®® and broad bean?. NPs improve soil physicochemical properties, increasing
porosity, water-holding capacity, and nutrient availability, which facilitates root development and nutrient
uptake, as reflected in elevated hydrolysis N (soil) and total N (plant) levels. However, the specific mechanisms
vary among NP types and warrant further investigation to clarify interactions between NPs, soil, and plant

responses under these conditions®!.
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Fig. 2. The antioxidant ability of okra plant treated with various NPs.A:Catalase (CAT), B:Superoxide
dismutase (SOD), C:Peroxidase (POD), D: Malondialdehyde (MDA).
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Fig. 3. The nutrient content of okra plant treated with various NPs. A:Total nitrogen (N), B:Total phosphorus
(P), C: Total potassium (K).

In this work, NPs has been shown to enhance the photosynthetic capacity and chlorophyll content of okra
plants under conditions of rocky desertification. Previous studies, such as that by Venkatachalam et al.?, on
cotton plants (Gossypium hirsutum L.), have reported similar findings. The improved photosynthetic efficiency
associated with NPs application can be attributed to the enhanced activity of the Rubisco enzyme, which plays
a crucial role in carbon dioxide absorption and photosynthesis?*. The unique properties of NPs, including their
high surface area-to-volume ratio and increased reactivity, may contribute to improved nutrient availability
and uptake by the plants, ultimately leading to enhanced photosynthetic performance and chlorophyll
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Fig. 4. The available nutrient content of soil A: available N, B: available P, C: available K.

Function values of indicators

MB MBW | RL PH |SD FW | DW
T BN |GL |L(cm) | (cm) | (cm) | (cm) | (mm) | (g) |(g) | RS | Sum | Order

CK 0.00 | 0.00 | 0.00 0.00 1.00 | 0.00 |0.00 0.00 | 0.00 | 0.11 |0.11 |4
CNPs | 0.91 | 0.80 | 0.86 1.00 0.61 [0.70 | 1.00 0.93 | 1.00 | 0.00 | 0.78 |2
SNPs | 0.91 | 1.00 | 1.00 0.92 0.00 |1.00 |0.89 0.88 | 0.83 | 0.33 |0.78 |2
TNPs | 1.00 | 0.70 | 0.89 0.97 0.43 [0.93 |0.94 1.00 | 0.94 | 1.00 [0.88 |1
ANPs | 0.91 | 0.80 | 0.82 0.76 0.66 |0.65 |0.89 0.89 10.72 | 0.33 |0.74 |3

Table 4. Function values of phenotypic characteristics of okra plant treated with various NPs.

Function values of indicators
Tleaf | Rh | E VPD | Gs A Ci Chlt Chla Chlb Chla/b

T (°C) | (%) | (mmol/m?/s) | (kPa) | (mmol/m?s) | (umol/m?/s) | (umol/mol) | (mg/g EW) | (mg/gEW) | (mg/g EW) | ratio Sum | Order

CK  [0.00 |0.95 |0.00 0.00 |0.34 0.69 0.03 0.00 0.00 0.00 100 025 |5

CNPs | 1.00 |0.97 |0.38 015 |0.16 0.95 0.00 0.59 0.78 0.52 023|054 |3

SNPs [0.70 | 0.96 | 1.00 1.00 | 0.09 1.00 1.00 0.66 0.65 0.66 014 |071 |2

TNPs (091 |1.00 | 0.87 0.09 | 1.00 0.98 0.34 0.92 0.96 0.90 003 [073 |1

ANPs | 0.00 |0.98 | 0.47 0.13 | 0.00 0.00 0.75 1.00 1.00 1.00 0.00 | 052 |4
Table 5. Function values of photosynthetic physiological indexes of okra plant treated with various NPs.

Function values of indicators
CAT POD SOD | MDA N P K
T (umol/mim/g) | (min/g) | (U/g) | (nmol/g) | (g/kg) | (g/kg) | (g/kg) | Sum | Order
CK | 0.00 0.00 0.00 | 0.50 0.00 |1.00 |1.00 |036 |4
CNPs | 0.69 1.00 0.85 | 0.00 098 040 [0.02 |0.56 |2
SNPs | 1.00 043 0.64 | 1.00 094 037 [000 |0.62 |1
TNPs | 0.94 0.50 100|032 098 054 [0.02 |062 |1
ANPs | 1.00 0.50 0.61 |0.41 100 [0.00 |020 [053 |3
Table 6. Function values of biochemical indexes of okra plant treated with various NPs.
synthesis?*. Therefore, the observed increase in total N contents in okra plants may have a positive impact on
photosynthesis. Photosynthesis is influenced by the specific leaf nitrogen content, which is partly related to the
partitioning of nitrogen in photosynthetic enzymes, pigment content, and the size, number, and composition
of chloroplasts®. Previous studies have reported a linear increase in photosynthesis with the increase in leaf
N content in sugarcane?®. Additionally, N stimulates leaf growth through the synthesis of proteins involved in
cell growth, cell division, and cell wall and cytoskeleton synthesis, thereby increasing the photosynthetic area®’.
Furthermore, the studies of Ye et al.?, have revealed that N plays a substantial role in plant responses and
tolerance to abiotic stresses, including its involvement in physiological and biochemical mechanisms related
to photosynthesis, osmoprotection, stomatal regulation, water-nutrient absorption, nutrient translocation,
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and enzyme activation. Under abiotic stress conditions, the observed decrease in the Chl a/b ratio induced by
nanomaterial treatments can be attributed to stress-induced alterations in chlorophyll metabolism. Specifically,
chlorophyll a is more susceptible to degradation under stress due to increased oxidative stress and the activity
of chlorophyll-degrading enzymes, such as chlorophyllase. This selective degradation leads to a reduction in the
Chl a/b ratio. Furthermore, under stress, plants may downregulate the synthesis of chlorophyll a to reduce the
risk of photodamage to the photosynthetic apparatus, while maintaining or even increasing chlorophyll b levels
to adjust light-harvesting efficiency. This adjustment can help plants optimize photosynthesis under suboptimal
conditions.

The application of NPs has shown promising results in improving total N content of okra plants and
hydrolysis N content in soil. However, the observed decrease in total P and K content suggested that the effects
of NPs on plant nutrient absorption are not uniform across different nutrients. The underlying mechanism
behind this phenomenon can be attributed to the unique properties and interactions of NPs with the soil and
plant systems. NPs, due to their high surface-to-volume ratio and enhanced reactivity, can potentially alter the
availability, mobility, and uptake efficiency of various nutrients in the soil?®. In the case of nitrogen, NPs may
have facilitated their increased solubility, bioavailability, and subsequent absorption by the okra plants, leading
to the observed higher concentrations. On the other hand, the decrease in phosphorus and potassium content
could be related to the complex interactions between NPs, soil properties, and phosphorus dynamics*’. NPs may
have influenced the adsorption, precipitation, or immobilization of phosphorus and and potassium in the soil,
thereby reducing its accessibility and uptake by the plants. This was also supported by a significant reduction
in soil available K content. Additionally, NPs may have altered the soil’s pH, redox conditions, or the activities
of soil microorganisms, which can indirectly affect the availability and utilization of phosphorus by the plants
(Sembada & Lenggoro’!.

This study demonstrated that applying NPs to soil degraded by rocky desertification enhanced antioxidant
enzyme activity of okra plants, thereby protecting plant from stress-induced damage. This protective effect
is likely attributed to the detoxification of reactive oxygen species (ROS), which accumulate in karst rocky
desertification areas®’. The increased activity of antioxidant enzymes, such as SOD, CAT, and APX, suggested
that NPs application promoted efficient ROS scavenging. These findings align with previous research indicating
that NPs can improve cell membrane integrity, leading to enhanced antioxidant enzyme activity and stress
tolerance®**. The enhanced antioxidant enzyme activities display a critical role in improving plant resistance
to the adverse stresses associated with rocky desertification®. The significantly enhanced activity of okra POD
treated with CNPs compared to other NPs can be attributed to the unique physicochemical properties of CNPs.
CNPs exhibit high surface areas, biocompatibility, and the ability to modulate enzyme conformation through
non-covalent interactions. These features may stabilize the enzyme’s active site and enhance its catalytic efficiency.
Furthermore, CNPs’ ability to act as electron transfer mediators could facilitate the redox reactions catalyzed by
POD, potentially increasing its activity. In contrast, other NPs, such as metal-oxide nanoparticles(ANPs), may
induce structural perturbations or aggregation, leading to reduced enzymatic activity. Studies have demonstrated
that the interaction between enzymes and CNPs can lead to improved stability and catalytic performance under
various conditions®®. However, NPs did not alter the MDA activity in plants, suggesting that environmental
stressors such as drought and nutrient deficiency in rocky desertification soil imposed greater stress on okra.
Consequently, the promotional effects of NPs were limited, which may also be dose-dependent.

The existing literature suggested that NPs primarily enhance plant growth, physiological parameters,
productivity, and nutritional value by modulating various intrinsic signaling pathways. These pathways include
chlorophyll biosynthesis, carbohydrate metabolism, antioxidant machinery, and hormone synthesis, ultimately
leading to improved plant growth and yield®”. NPs exhibit antioxidant properties, scavenging ROS and reducing
oxidative stress induced by abiotic stress. They also enhance the activity of antioxidant enzymes, contributing
to a robust antioxidant defense system. Furthermore, NPs aid in osmotic adjustment, maintain cell membrane
integrity, and modulate plant hormone signaling pathways, thereby promoting stress tolerance in plants®®. While
the specific mechanisms may vary depending on nanoparticle characteristics, plant species, stress type, and
dosage, further research is necessary to fully elucidate the precise molecular pathways involved in the stress
mitigation properties of NPs. Nonetheless, the existing evidence indicated that NPs have the potential to enhance
plant growth, productivity, and resilience in the face of abiotic stress>.

It is worth noting that different nanoparticles recorded lack of significant differences in improving plant
growth. One plausible explanation is that the fundamental mechanisms by which nanoparticles influence
plant growth are not entirely dependent on their specific material composition. Instead, they may share
common pathways, such as the ability to penetrate plant cells, alter membrane permeability, or modulate ion
transport?®. Additionally, the size and surface charge of nanoparticles, which are critical determinants of their
bioavailability and interaction with plant cells, may play a moresignificant role than their material composition
in driving growth responses. Another factor could be the experimental conditions, such as the concentration
of nanoparticles applied, the duration of exposure, and the plant species used, which may obscure material-
specific effects. Furthermore, it is possible that the responses of plants to nanoparticles are governed by complex
cellular and molecular processes, including hormonal regulation and stress responses, which may override the
subtle differences in nanoparticle properties*!. While this phenomenon underscores the potential universality of
nanoparticle-induced plant growth promotion, it also raises questions about the long-term implications and the
mechanisms that drive these effects?2. Nanoparticles possess the ability to enhance nutrient transport, improve
soil quality, and increase crop yields. However, their persistence and accumulation in the environment pose
ecological risks. Notably, the risk assessment of their impact on soil microbial populations emerges as a critical
priority for future research.
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Conclusion

The findings of our study indicate that the use of nanoparticles can greatly improve the growth of okra in soil
affected by rocky desertification. Nanoparticles can enhance photosynthetic efficiency, nitrogen absorption,
and antioxidant enzyme activity in plants, thereby resulting in improved growth outcomes and enhanced
stress tolerance. This research highlights the potential of nanomaterials as an effective solution for agricultural
production in rocky desertification areas of Guizhou Province, China.

Data availability
All data analysed during this study are included in this published article and supplementary information file.
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