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Abstract: In agriculture, soil-borne fungal pathogens, especially Fusarium oxysporum strains, are posing a 

serious threat to efforts to achieve global food security. In the search for safer agrochemicals, silica 

nanoparticles (SiO2NPs) have recently been proposed as a new tool to alleviate pathogen damage including 

Fusarium wilt. Hollow mesoporous silica nanoparticles (HMSNs), a unique class of SiO2NPs, have been widely 

accepted as a desired pesticide carrier. However, their role in enhancing the disease resistance and the specific 

mechanism remain unknown. In this study, three sizes of HMSNs (19, 96 and 406 nm as HMSNs–19, HMSNs–

96 and HMSNs–406, respectively) were synthesized and characterized to determine their effects on seed 

germination, seedling growth, and Fusarium oxysporum f. sp. phaseolus (FOP) suppression in cowpea roots by 

foliar spray using phenotypes, fresh biomass and disease progression as indicators. The results revealed that 

three HMSNs exhibited no adverse impacts on seed germination and tended to improve plant growth. Also, 

they exert their FOP suppression with a size- and concentration-dependent manner. HMSNs–406 possessed 

the best control effect at a concentration of 1000 mg/L showing an upto 40.00% decline in the disease severity. 

The Si(OH)4 control was also effective on FOP suppression at a lower concentration of 100 mg/L, whereas its 

higher concentrations exhibited obviously adverse impacts on FOP control, seed germination and plant 

growth. Moreover, we conformed that HMSNs posed their Fusarium wilt suppression in cowpea plant by 

activating SA (salicylic acid)-dependent SAR (systemic acquired resistance) responses rather than directly 

suppressing FOP. A higher level of SA content and elevated expression of its maker genes of PR-1 and PR-5 in 

HMSNs–406 treated cowpea roots provided substantial evidences of this mode of action. Other resistance-

related genes, as well as defense-responsive enzymes, were also involved in the HMSNs-activated SAR 

pathway. Overall, for the first time, our results extended a new role of HMSNs as a potent elicitor to serve as a 

versatile alternative for plant disease protection of low cost, highly efficiency and sustainability. 

Keywords: hollow mesoporous silica nanoparticles; cowpea resistance; Fusarium wilt; salicylic acid; systemic 

acquired resistance 

 

1. Introduction 

Soil-borne fungal pathogens pose a vital threat to global food security causing up to 75% yield 

losses of major crops [1]. Fusarium oxysporum strains, a ubiquitous class of soil-borne pathogens 

ranking fifth in the top 10 plant pathogens of high importance, can infect hundreds of agricultural 

crop species including legume crops [2]. For instance, Fusarium wilt of cowpea (Vigna unguiculata) is 

a severe disease caused by Fusarium oxysporum f. sp. phaseoli (FOP) and Fusarium oxysporum f.sp. 

tracheiphilum [3], which contributes to annual yield losses of 30–100% around the world [4]. FOP was 

isolated as the preponderant species from diseased cowpea plants in China [4]. Chemical approaches 

and cultural practices have long been used to minimize the soil-borne disease outbreak. 

Unfortunately, neither of these strategies give consistent and effective results for Fusarium wilt 
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control, with no detrimental effects on the environment and humans [1]. Thus, it seems urgent to 

develop new sustainable methods for effective control of Fusarium wilt of cowpea and many other 

crops. 

Plants have evolved the innate immunity system that can be activated by both pathogen attack 

and elicitors to fend off potential pathogens. As an especially interesting form of induced resistance, 

systemic acquired resistance (SAR) is characterized by the spread of locally induced disease 

resistance to the whole plant [5]. SAR confers a long-lasting protection mechanism on pathogen-

attacked plants. A key signal molecule of salicylic acid (SA) is responsible for the activation of 

pathogen-related (PR) genes and thus contributes to SAR [5, 6]. SAR can be initiated by using 

resistance-inducing compounds, avoiding application of irreversible genetic modifications or 

fungicides of potential environmental risks [7]. This character makes SAR a promising alternative 

strategy for controlling soil-borne disease including Fusarium wilt [8-10]. 

Nanoagrochemicals, recently, are emerging to improve crop yield and global food security as an 

alternative and complementary tool for the conventional methods of fungicides, biological control, 

and cultural practices [11]. This new strategy is beginning to attract significant attention due to its 

advantages of better efficacy, reduced input, and lower eco-toxicity [11-13]. Silica nanoparticles 

(SiO2NPs) have been a topic of recent interest demonstrating diverse functions as an antimicrobial 

agent to directly restrain the virulence of plant pathogens [14-16], as an elicitor to boost plant innate 

immunity to alleviate abiotic and biotic stresses [7, 9, 17, 18], or as delivery carriers to enhance the 

efficacy of pesticide, micronutrients, and elicitors [9, 19]. SiO2NPs have been proposed as a controlled-

release pool of bioavailable silicon (orthosilicic acid) that can enhance disease resistance without 

negative effects on the growth and yield of plants [7, 9, 12]. El-Shetehy et al. (2021) described the 

potential of SiO2NPs in enhancing the disease resistance of Arabidopsis thaliana against Pseudomonas 

syringae using the SAR manner that is similar to conventional Si products [7]. Rice plants were also 

reported to employ SiO2NPs to decline the incidence of Magnaporthe oryzae by the same manner [12]. 

For Fusarium wilt control, foliar spray of SiO2NPs significantly reduced the disease severity of 

Fusarium oxysporum f. sp. niveum in watermelons by modulating stress-related gene expression [9, 10], 

and soil SiO2NPs application also suppressed Fusarium oxysporum greatly in maize [20]. Yet it is also 

not known whether SiO2NPs can enhance the disease suppression of Fusarium wilt in many other 

plants. Of note, much still needs to be understood to elucidate the specific mechanism of SiO2NPs for 

control of Fusarium wilt. 

Hollow mesoporous silica nanoparticles (HMSNs), a unique class of SiO2NPs of large hollow 

cavities and intact porous shells, have been accepted as a desired carrier for controlled pesticide 

delivery due to their robust and low-cost synthesis with tunable physicochemical properties and high 

loading capacity [21-23]. Previous studies can offer insights into the roles of solid core SiO2NPs in 

enhancing the disease resistance of several specific plants at a single diameter scale range [7, 10, 12, 

15, 18]. It remains unclear whether HMSNs can induce disease resistance in crop plants, whether their 

performance is related to the diameter scale and SAR induction. To these ends, in this work, three 

spherical HMSNs of different diameters were synthesized and characterized. Using V. unguiculata as 

the target crop plant, we investigated effects of the three HMSNs on seed germination, seedling 

growth, and Fusarium wilt suppression through foliar treatment. HMSNs of optimal particle size and 

concentration were then determined and foliarly applied to cowpea to explore the supposed SAR 

pathway for Fusarium wilt control in terms of endogenous SA synthesis, resistance-related gene 

expression and variations of defense-responsive enzyme activity. This is the first example known to 

the authors that reveals the role of HMSNs as a valuable plant immunity nano-inducer for Fusarium 

wilt control by means of the SA-modulated SAR pathway. 

2. Results 

2.1. Characterization of hollow mesoporous silica nanoparticles (HMSNs) 

Three HMSNs of different sizes were synthesized to explore their roles in control of cowpea 

Fusarium wilt. Transmission electron microscopy (TEM) was employed to characterize their 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 February 2024                   doi:10.20944/preprints202402.1555.v1



 3 

 

morphologies and size distributions. As shown in Figure 1a-c, representative HMSNs morphologies 

of hollow cavities and intact porous shells were observed from the TEM images of three HMSNs. 

TEM diameter analysis (Figure 1d-f) confirmed that three HMSNs had uniform hollow sphere 

structures with primary particle diameters of 19 ± 3 (HMSNs–19), 96 ± 9 (HMSNs–96) and 406 ± 26 

nm (HMSNs–406), respectively. Hydrodynamic diameters, as well as zeta potentials of three HMSNs 

were also measured with results showing larger sizes compared with the TEM data and surface 

electronegativity (Table S1 ), consistent with previously reported results [7, 9, 10]. Characters of 

narrow particle size distribution of each size-controlled HMSNs (12–28, 70–125, and 350–455 nm, 

respectively), and overall wide range scale of three HMSNs covering the existing application scope 

of SiO2NPs for plant disease control [7, 9, 12, 15, 24], make them desirable materials to elucidate the 

roles of HMSNs for Fusarium wilt control. 

 

Figure 1. HMSNs under investigation. TEM images of (a) HMSNs–406, Scale bar: 1 µm; (b) HMSNs–

96, Scale bar: 200 nm; and (c) HMSNs–19, Scale bar: 500 nm. Particle size distributions of (d) HMSNs–

406, (e) HMSNs–96, and (f) HMSNs–19 based on the TEM image analysis. Averages ± standard 

deviations. 

2.2. Effect of HMSNs on cowpea seed germination and growth 

Previous studies [10, 12, 16] have revealed that SiO2NPs are beneficial to seed germination and 

plant growth within appropriate concentration ranges. Thus, we first explored effects of three 

synthesized HMSNs at different concentrations of 100, 500, 1000 and 1500 mg/L on seed germination 

and growth using germination index (GI), the root and shoot fresh biomass of seedings as the 

indicators. As illustrated in Figure 2a-c, HMSNs–19 were demonstrated to improve seed germination 

at 1000 mg/L with a higher GI value compared with the control treatment while the other two 

HMSNs, as well as HMSNs–19 at other concentrations exhibited no side effects on cowpea seed 

germination. Si(OH)4 treatment, inconsistently, posed a concentration-dependent inhibition of seed 

germination with declining GI values along with the increase of concentrations (Figure 2d). 

Compared with the control, seed germination was significantly inhibited when the concentration of 

Si(OH)4 exceeded 500 mg/L. Besides, three HMSNs also exhibited no adverse impacts on the seeding 

growth showing no significant differences in the root and shoot biomass at the test concentrations 

relative to the controls (Figure 3a-c). However, the root biomass was significantly decreased by 

Si(OH)4 treatment at a concentration exceeding 500 mg/L and the shoot biomass was also significantly 

decreased by Si(OH)4 treatment at a high concentration of 1000 or 1500 mg/L, as compared with those 

of the controls (Figure 3d). Overall, the results indicate that three HMSNs pose no adverse effects on 

both the cowpea seed germination and seeding growth while Si(OH)4 can produce stress effects on 

both the seed germination and seeding growth at higher concentrations exceeding 500 or 1000 mg/L. 
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Figure 2. Effect of HMSNs (a-c) and Si(OH)4 (d) on the germination of cowpea seeds. The 

concentrations were set as 100, 500, 1000 and 1500 mg/L, respectively. The error bars are averages and 

standard deviations of ten replicates. Asterisks (*) represent significant differences as compared with 

the sterile water controls (0 mg/L) using the one-way ANOVA mode for significance testing with 

Dunnett’s multiple comparisons test at P < 0.05. 

 

Figure 3. Effect of HMSNs (a-c) and Si(OH)4 (d) on the cowpea seeding growth. The concentrations 

were set as 100, 500, 1000 and 1500 mg/L, respectively. The error bars are averages and standard 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 February 2024                   doi:10.20944/preprints202402.1555.v1



 5 

 

deviations of ten replicates. Asterisks (*) represent significant differences as compared with the sterile 

water controls (0 mg/L) using the one-way ANOVA mode for significance testing with Dunnett’s 

multiple comparisons test at P < 0.05. 

2.3. Toxicity of HMSNs to Fusarium oxysporum f. sp. phaseolus (FOP) in vitro 

To investigate the direct virulence activity of the three HMSNs against the cowpea wilt pathogen 

FOP, their inhibitory activities were determined on the FOP mycelial growth with results illustrated 

in Figure S1. Phenotypic observations showed that the inhibitory effect of each HMSNs on FOP was 

very weak showing an inhibition ratio less-than 20% at 2000 mg/L. The inhibition of FOP mycelial 

growth is positively correlated with the size and concentration of the HMSNs (Figure S1b). Overall, 

none of the three HMSNs pose a strong inhibitory effect directly on FOP mycelial growth allowing a 

better study to explore the efficacy of HMSNs on enhancing cowpea wilt resistance in vivo. 

2.4. Effect of HMSNs on the disease incidence 

The area-under-the-disease-progress curve (AUDPC) [9, 10] was determined to evaluate the role 

of HMSNs in suppressing Fusarium wilt of cowpea plants. As shown in Figure 4a, HMSNs exert their 

benefits of disease suppression in a concentration- and size-dependent manner. HMSNs–19 were 

observed to have little effect on alleviating the disease incidence at both low and high doses with 

AUDPC values comparable to the infected control. The other two HMSNs, HMSNs–96 and HMSNs–

406, exhibited similar capacities for significantly suppressing the disease incidence at the high 

concentration of 1000 mg/L, but scarcely working on the disease suppression at the low concentration 

of 100 mg/L. The disease progress was reduced by 23.13% and 40.00% for HMSNs–96 and HMSNs–

406 treatment at 1000 mg/L (Figure 4a), respectively. Foliar application of SiO2 nanoparticles of a high 

concentration (1500 mg/L) was also previously described for the suppression of Fusarium wilt of 

watermelon [9]. An opposite effect, however, was observed for the Si(OH)4 treatment with reduced 

disease incidence at the low concentration of 100 mg/L, but a detrimental effect at a higher 

concentration of 1000 mg/L (Figure 4a). This similar concentration-dependent effect of Si(OH)4 was 

also observed on Arabidopsis thaliana infected by Pseudomonas syringae [7]. The difference of HMSNs 

and Si(OH)4 in the appropriate concentration can be attributed to previously described slow release 

effect of HMSNs to generate Si(OH)4 instead of direct interaction [7]. 
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Figure 4. HMSNs enhance the disease resistance in a concentration- and size-dependent manner. (a) 

Effects of HMSNs and Si(OH)4 on the cowpea Fusarium wilt incidence by foliar application using 

AUDPC as the indicator. (b) Phenotypic images of cowpea shoots, longitudinal-cut stems and roots 

by HMSNs–406 (1000 mg/L) or Si(OH)4 (100 mg/L) foliar treatment for 29 days. (c) Changes in the 

shoot and root biomass of cowpea foliarly treated by HMSNs and Si(OH)4 at different concentrations 

of 100 and 1000 mg/L for 29 days. The healthy control represents cowpea plants growing in the 

noninfected soil and treated with water. Other treatments represent cowpea plants growing in the 

infected soil and foliarly treated with water (the infected control), Si(OH)4 or HMSNs–406. The error 

bars are averages and standard deviations of three replicates. Asterisks (*) in (a) and (c) represent 

significant differences as compared with the infected controls using the one-way ANOVA mode for 

significance testing with Dunnett’s multiple comparisons test at P < 0.05. 

Plant biomass was also monitored in the greenhouse as another means of assessing the overall 

health of plants under diseased and healthy conditions with results shown in Figure 4c. Cowpea 

growth was inhibited after being transplanted in the FOP infected soil for 29 days, with the fresh 

biomass of shoots and roots decreased by 14.63% and 20.78%, respectively. An overall trend of 

HMSNs was observed to promote the growth of cowpea plants showing increased fresh biomass of 

shoots and roots relative to the infected control plants. The three HMSNs significantly enhanced the 

cowpea shoot and/ or root biomass at a concentration of 100 mg/L as compared to the infected control, 

but did not affect disease incidence. This similar character was also previously observed for sulfur 

nanoparticles in tomato Fusarium wilt control [25]. Of note, treatment with a concentration of 1000 

mg/L of HMSNs–406 led to significant increases of both cowpea shoot and root biomass by 31.02% 

and 87.67% relative to the infected control, respectively. HMSNs–96 of a concentration of 1000 mg/L 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 February 2024                   doi:10.20944/preprints202402.1555.v1



 7 

 

only significantly improved the fresh biomass of cowpea roots. Si(OH)4 of a high concentration of 

1000 mg/L significantly lowered the fresh biomass of shoots, Whereas its lower concentration of 100 

mg/L improved the cowpea shoot and root biomass. This result may attribute to high-dose Si(OH)4 

induced stress to plant [7]. Phenotypic images of cowpea shoots, longitudinal-cut stems and roots 

were presented in Figure 4b under HMSNs–406 (1000 mg/L) or Si(OH)4 (100 mg/L) treatment. Taken 

together, HMSNs–406 of a concentration of 1000 mg/L can be an optimal candidate for cowpea 

Fusarium wilt control since their both significant disease suppression and plant growth 

improvement. 

2.5. Effect of foliar HMSNs–406 application on cowpea root salicylic acid (SA) content 

Since the findings that HMSNs–406 posed no obvious direct toxicity on FOP (Figure S1), whereas 

foliar HMSNs–406 treatment could significantly suppress the FOP incidence present in the roots 

(Figure 4a), we considered this role as a kind of induced resistance of systemic acquired resistance 

(SAR) characterized by the spread of locally induced disease resistance to the whole plant [5, 7, 12]. 

The plant hormone SA plays a core regulatory role in plant SAR as a key signaling compound [5, 7, 

12]. Recent findings have revealed that the protective effect of SiO2NPs is mediated through activation 

of SA-dependent plant immune responses called SAR [7, 12]. Thus, we measured SA content in 

cowpea roots to identify the primary pathway of SAR induction by HMSNs–406. As shown in Figure 

5a, foliar application of HMSNs–406 (1000 mg/L) and Si(OH)4 (100 mg/L) increased SA content in 

cowpea roots by 4.3 and 3.4 folds, respectively, compared with the infected control. These findings 

indicate that the SAR activation in cowpea by HMSNs–406 or Si(OH)4 application is clearly SA 

dependent. 

 

Figure 5. HMSNs–406 induce Fusarium wilt resistance based on SA-dependent SAR pathway in 

cowpea. (a) Changes in salicylic acid (SA) content in cowpea roots infected by FOP. (b-c) RT-qPCR 

analysis of the gene expression of the SAR-related genes PR-1 (b), PR-5 (c) and NPR-1 (d) in cowpea 

roots. Root samples were collected 29 days after FOP infection. EF1b was used as the reference gene. 

The healthy control represents cowpea plants growing in the noninfected soil and treated with water. 
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Other treatments represent cowpea plants growing in the infected soil and foliarly treated with water 

(the infected control), Si(OH)4 (100 mg/L) or HMSNs–406 (1000 mg/L). The error bars are averages and 

standard deviations of three replicates. Asterisks (*) represent significant differences as compared 

with the infected controls using the one-way ANOVA mode for significance testing with Dunnett’s 

multiple comparisons test at P < 0.05. 

2.6. Gene expression changes after HMSNs–406 exposure 

Pathogenesis-related (PR) genes including PR-1 and PR-5 are commonly used as markers for 

salicylic acid-mediated activation of SAR [7, 26]. To further support SA dependent SAR induced by 

foliar treated HMSNs–406, we next quantified the expression of PR-1 and PR-5 in FOP infected 

cowpea roots. Similar to treatment with Si(OH)4 (100 mg/L), treatment with HMSNs-406 (1000 mg/L) 

resulted in 1.97- and 9.38-fold increases of PR-1 (Figure 5b) and PR-5 (Figure 5c) in the transcript 

abundance, respectively, relative to the infected control. Non-expressed pathogen-related gene 1 

(NPR-1) have been reported to be a receptor for salicylic acid and positively regulate the expression 

of PR genes [26]. Thus, NPR-1 expression was also measured to clarify whether this upstream gene 

participated in the HMSNs-406 activated SAR. HMSNs–406 (1000 mg/L) exposure boosted the 

expression level of NPR-1 by 1.62 folds in the cowpea roots compared with the infected control, so 

did the Si(OH)4 (100 mg/L) exposure by 1.76 folds (Figure 5d). Phenylalanine ammonia lyase gene 

(PAL), an antioxidant defence-related enzyme gene, is also associated with the response to pathogen-

induced stress [25, 27]. In cowpea infected roots, there was significant upregulation of PAL (8.54 folds) 

with HMSNs–406 foliar exposure (Figure S2), consistent with those reported previously [25, 27]. 

These findings indicate that HMSNs–406, similar to Si(OH)4, can activate SA-dependent defence 

reactions by SAR in FOP infected cowpea plants. 

2.7. Changes in defence-related enzyme activity 

We further investigated the effects of HMSNs–406 on the levels of disease-related enzymes in 

cowpea roots to characterize the impact on cowpea SAR. As shown in Figure 6, FOP significantly 

increased the peroxidase (POD) activity by 2.22 folds in cowpea roots. The POD activity in the foliar 

HMSNs–406 treated cowpea roots was significantly decreased by 59.81% as compared with the 

infected control. Also, Si(OH)4 treatment led to a POD activity decline of 83.23%. This is likely because 

POD was reverted to the level of the healthy control after the suppression of pathogen activity and 

damage by HMSNs–406 and Si(OH)4 application [25, 27]. The change trends in the activity of the 

other two antioxidant enzymes, PAL and PPO (polyphenol oxidase), were similar to those for POD 

in FOP-infected roots, despite lesser difference magnitude between the treatments (Figure 6). 

 

Figure 6. HMSNs–406 induced changes in the activity of disease-related enzymes of (a) peroxidase 

(POD), (b) phenylalanine ammonia lyase (PAL) and (c) polyphenol oxidase (PPO) in cowpea roots 

infected by FOP. Root samples were collected 29 days after FOP infection. The healthy control 

represents cowpea plants growing in the noninfected soil and foliarly treated with water. Other 

treatments represent cowpea plants growing in the infected soil and foliarly treated with water (the 

infected control), Si(OH)4 (100 mg/L) or HMSNs–406 (1000 mg/L). The error bars are averages and 

standard deviations of three replicates. Asterisks (*) represent significant differences as compared 

with the infected controls using the one-way ANOVA mode for significance testing with Dunnett’s 

multiple comparisons test at P < 0.05. 
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3. Discussion 

HMSNs exert their Fusarium wilt suppression in cowpea plants with a size- and concentration-

dependent manner. SiO2NPs have been a hot topic of recent interest as an emerging alternative for 

plant disease protection [14, 15, 17]. However, their character difference in size, shape, surface 

chemistry, etc. resulted in differences in findings on the effects and mechanisms in alleviating 

pathogen stress [15-17]. Particle size, a core character determining many unique properties of 

nanoparticles, can affect the role of SiO2NPs in plant disease control, yet scarce information is 

available due to different target pathogens and host plants used in previous studies [15]. SiO2NPs of 

the size range 30–60 nm was proved to reduce Fusarium wilt severity in watermelon [9, 10]. Other 

size ranges of 5–100 nm were also reported to enhance disease resistance in multiple plants [15, 18, 

28]. SiO2NPs of the size exceeding 100 nm, however, is rarely discussed, although they can also 

transfer in plants via leaves with size up to 300 nm [29-31]. HMSNs are a unique class of SiO2NPs that 

widely accepted as a desired pesticide carrier. It is also not known whether HMSNs can induce 

resistance in plants, and whether their performance will be size dependent. Thus, in this study, three 

sizes (19, 96, and 406 nm) of HMSNs were synthesized and characterized to determine their roles in 

suppressing FOP infection in cowpea by foliar application using indicators of phenotypes, fresh 

biomass and disease progression. The results showed that the protective effect of HMSNs was 

positively related their concentrations and particle sizes, where the 406-nm sized HMSNs (HMSNs–

406) were the best at 1000 mg/L for cowpea Fusarium wilt control through foliar spray, with upto 

40.00% reduced disease incidence (Figure 4a) and enhanced biomass of cowpea shoots and roots 

(Figure 4c). This optimal concentration of HMSNs is within the expected range described in previous 

studies [7, 9]. Interestingly, HMSNs of larger size exhibited a better capacity for Fusarium wilt 

suppression in cowpea. This seems to be contradictory to the general knowledge of high efficacy 

retained by smaller nanoparticles [32, 33]. El-Shetehy et al. (2021) proposed a mode of action of leaf-

applied SiO2NPs: SiO2NPs can enter into the spongy mesophyll space via the stomata to activate plant 

immunity responses probably by slow release of Si(OH)4, closure of the stomata, and interaction with 

their adjacent plant cells [7]. Thus, we can deduce that variances in both size-related dissolution rate 

of HMSNs in the leaf tissue and interactions of intact HMSNs with mesophyll cells may explain the 

size effect. The specific mechanisms need to be elucidated in follow-up studies. 

The resistance of cowpea roots to the FOP through foliar HMSNs treatment attributes to the SA-

dependent SAR pathway. Currently, three modes of action of direct restraint [14], resistance 

induction [7, 12, 18] and the two cooperation [34] have been involved in the functions of SiO2NPs on 

plant disease control. Induction of resistance is the most commonly reported mechanism of SiO2NPs 

[15] that was also demonstrated to be suitable for HMSNs in this study since HMSNs reduced the 

FOP severity in cowpea plants, but exhibited no direct toxic effect on FOP in vitro. Salicylic acid (SA) 

is a key plant hormone for plant immunity mediation including SAR. Previous studies have found 

that SiO2NPs induced plant resistance to several pathogens largely rely on SA signaling since not 

only the enhanced level of SA content [12, 18], but also the upregulation of SA-responsive genes [7, 

12]. Our results revealed that foliar spray of HMSNs, a unique type of SiO2NPs of 406 nm, enhanced 

cowpea resistance to FOP at 1000 mg/L through SA-activated SAR as well, showing higher SA content 

and expression levels of SA marker genes of PR-1 and PR-5 in FOP infected cowpea roots (Figure 5). 

El-Shetehy et al. (2021) found that SiO2NPs can induce plant SAR between local leaves and systemic 

leaves in A. thaliana, while Du et al. (2022) described the role of SiO2NPs on stimulating rice SAR 

spreading from roots to leaves [12]. In this study, we further extended the SAR range to that foliar 

application could enhance cowpea root leaves resistance to FOP. 

HMSNs have great potential to be developed as a new type of green pesticide for plant disease 

protection. As a desired nanocarrier, HMSNs have been widely used to develop various delivery 

vehicles of pesticides, nutrients, and biomacromolecules of functional proteins and nucleic acids, to 

improve their efficacy [21-23]. Previous studies, however, mainly focused on the exceptional 

properties of HMSNs as nanocarriers. In this study, for the first time, we demonstrated the potential 

of HMSNs as a nanoscaled elicitor to enhance Fusarium wilt resistance in cowpea plants with the 

appropriate size and concentration. Moreover, our results also confirmed that HMSNs proved to be 
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safer for the plant compared with direct Si(OH)4 application since HMSNs had no adverse effects on 

cowpea seed germination (Figure 2) and plant growth (Figure 3) consist consistent with previous 

studies in other crops [7, 9, 12, 18]. We also found that the mechanism of HMSNs was involved in 

activating SA-dependent SAR that can not only avoid either application of irreversible genetic 

modifications or fungicides of potential environmental risks [7] but also remove the space limitation 

of pesticide application. Combining our results and results of previous studies, a new type of versatile 

pesticide based on HMSNs can be developed to achieve the synergistic interaction of smart delivery 

and resistance induction for plant disease control efficiently. 

4. Materials and Methods 

4.1. Materials 

Tetraethyl silicate (TEOS, 99%), cetyltrimethylammonium bromide (CTAB, 98%), Pluronic®F-108 

(14600 Da), homotrimethylbenzene (TMB, 98%), potassium silicate (Si(OH)4-28%), and 

dimethyldimethoxysilane (MSDS, 98%) were purchased from Shanghai Aladdin Biochemical 

Technology Co., Ltd (China). Anhydrous ethanol (99%), sodium carbonate (Na2CO3, 98%), 

hydrochloric acid (37 w%) and aqueous ammonia solution (25–28 wt%) were obtained from Sun 

Chemical Technology Co., Ltd. (Shanghai, China). Spray adjuvant Mairun was purchased from 

BeijingGrand AgroChem Co., Ltd. (China). All other chemicals were commercially analytical grade 

products, unless otherwise specified. Dialysis bags (MWCO=14000 Da) were purchased from Beijing 

Solarbio Science & Technology Co., Ltd. (China). 

The target pathogenic fungus of Fusarium oxysporum f. sp. phaseolus (FOP) in this work was 

isolated from infected cowpea plant roots collected from Ledong area of Hainan Province of China, 

and stored in our laboratory. This FOP strain was activated on PDA (potato dextrose agar) plates for 

three times prior to use. 

The cowpea cultivar Fengjiang1, widely cultivated in southern China, was selected as the target 

plant for the FOP suppression test. The potting soil mix was prepared by mixing a growth media of 

pindstrup plus with equal weight of cultivated soil collected from the cowpea field. 

4.2. Synthesis of hollow mesoporous silica nanoparticles (HMSNs) 

Two of 406 nm and 96 nm sized HMSNs were synthesized according to a previously published 

Na2CO3 etching method [35] with some modifications. Solid core SiO2 spheres of 250 nm (sSiO2–250) 

and 50 nm (sSiO2–50) were first synthesized following modified Stӧ ber methods [35, 36] by varying 

the inputs of TEOS, ultrapure water, anhydrous ethanol and NH3-H2O, as well as the reaction 

temperature and time. 406 nm sized HMSNs (HMSNs–406) were then prepared suing sSiO2–250 as 

the core on which a layer of mesoporous CTAB-templated shell formed followed by selective etching 

off the core sSiO2 and removal of the CTAB surfactant successively. 96 nm sized HMSNs (HMSNs–

96) were also obtained according to the same procedure. The detailed procedures for synthesis of 

HMSNs–406 and HMSNs–96 can be seen in the Supplementary Materials. 

HMSNs of 19 nm size (HMSNs–19) were prepared according to a previously reported method 

[37] using Pluronic®F-108 as the template, and tetraethoxysilane as a silica source under acidic 

conditions. The detailed synthetic procedure can be found in the Supplementary Materials. 

4.3. Transmission electron microscopy (TEM) observation 

Prior to TEM observation, each HMSNs sample was diluted to 1 mg/mL in ethanol and sonicated 

for 15 min to ensure dispersity. Afterward, 2 µL of the suspension was dropped onto a carbon coated 

copper grid (200 mesh, Beijing Zhongjingkeyi Technology Co., Ltd, China) and air-dried overnight. 

The morphology of three HMSNs were then observed with a JEOL JEM-2100 instrument (Tokyo, 

Japan) at an accelerating voltage of 120 kV. To determine the size of the HMSNs, the images were 

analysed using ImageJ [38] (https://imagej.nih.gov/ij/) and the diameters of at least 500 randomly 

selected nanoparticles were measured. 
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4.4. Dynamic light scattering (DLS) and zeta potential measurements 

To measure the hydrodynamic diameters and surface potentials of three HMSNs, Each 

nanoparticle sample was suspended in water at 0.5 mg/mL and sonicated for 15 min to ensure 

uniform dispersion. A Malvern Instrument of Zetasizer Nano ZS90 (Worcestershire, UK) was then 

used for DLS and zeta potential measurements. 

4.5. Monitoring seed germination and seedling growth after HMSNs treatment 

Cowpea seeds were soaked into a 75% ethanol-water solution (v/v) for 5-min surface sterilization 

and washed with sterile water fully to remove the surface alcohol. Then six of the sterilized seeds 

were set into a 9-cm petri dish with a piece of filter paper (9 cm in diameter) immersed in 10 mL of 

HMSNs suspension at a given concentration of 100, 500, 1000 or 1500 mg/L. Sterile water was used as 

the blank control. Each treatment was repeated ten times. All the cowpea seeds were incubated under 

identical conditions (28 ± 1°C, 75 ± 10% relative humidity, and a12:12 light/dark photoperiod). Seeds 

began to sprout at 12 hours after treatment and were counted every 2 hours for 24 hours during which 

over 80% of seeds sprouted in the control groups. The germination index (GI) of cowpea was 

calculated by the equation (1) [39] as followed: 

Germination index = ∑Gt/Dt (1) 

where Gt represents the number of germinations on the hour, and Dt represents the number of 

germination hour. 

The root and shoot fresh biomass of seedlings was also measured after 7 days of treatment. 

4.6. Mycelial growth inhibition test 

The agar dilution method [40] was used to determine the direct mycelial growth inhibition of 

three synthesized HMSNs against F. oxysporum f. sp. phaseoli (FOP) at concentrations of 100, 1000 and 

2000 mg/L. The details for this experiment can be found in the Supplementary Materials. 

4.7. Pot experiments 

Pot experiments were carried out according to the previously described processes [9, 25] with 

some modifications. FOP was inoculated into Potato Dextrose Liquid Medium (PDB) for 7 days at 

25°C and 120 rpm. Afterwards, FOP conidia were harvested by filtration through three layers of 

sterile gauze followed by centrifugation (3000 g, 5 min). The precipitated conidia were re-suspended 

in sterile water and diluted to 1×106 conidia/mL. Then the conidia suspension was mixed with the 

potting soil mix to prepare the infected soil (1×106 conidia/g dry soil). The potting soil mix supplied 

with sterile water was used as the noninfected soil. 

Cowpea seeds were soaked in sterile water for 24 h for pre-germination and then planted in the 

noninfected soils. When the plants reached the three- to four-leaf stage, seedlings of uniform size 

were transplanted in the infected soil for foliar nanoparticle exposure. The HMSNs dispersions for 

foliar spray were prepared by adding 0.1% of Pluronic®F-108 and 0.1% of Mairun as dispersive 

adhesives to make the final concentrations of 100 and 1000 mg/L. 5 mL of a HMSNs dispersion was 

sprayed on the leaf surface of each seedling and this treatment was repeated twice at 5-d intervals 

after the first application. The infected controls, as well as the healthy controls in the uninfected soil, 

were similarly established by spraying with distilled water supplied with the same amounts of 

dispersive adhesives. Foliarly spraying a potassium silicate solution of identical concentration to 

HMSNs on the seedlings in the infected soil served as the Si(OH)4 treatments. Each treatment 

contained 12 seedlings and was repeated for three times. All the pots were set in a greenhouse for the 

duration of the study. 

The cowpea plants were evaluated for the severity of Fusarium wilt at 14, 21, and 29 days of 

post-transplanting in the infected soil, using a 0 to 4 scale monitoring both the external leaf and 

internal vascular symptoms modified from previous studies [41, 42, 43]. The detailed grading 

standards can be seen in the Table S2. The disease progress on the cowpea plants was exhibited by 
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the area-under-the-disease-progress curve (AUDPC) of the cumulative severity ratings plotted as a 

function of time [10, 44]. AUDPC was calculated using the previously described trapezoid rule 

(equation 2) [10, 44]: 

AUDPC = 
∑[𝑌𝑖+𝑌(𝑖+1)]

2×(𝑡(𝑖+1)−𝑡𝑖)
 (2) 

where, in this equation, Yi and Y(i+1) are the disease severity ratings at the time of ti and its adjacent 

time interval for rating, repectively. 

After 29 days, the pot experiments were terminated and the root and shoot fresh biomass were 

determined. 

4.8. Salicylic acid (SA) Measurement 

Cowpea plants were exposed to 1000 mg/L of HMSNs–406 by foliar application according to the 

procedure as described for pot experiments. Potassium silicate and water were used as the Si(OH)4 

control and blank control, respectively. The plant roots of different treatments were collected at 29 

days of post-transplanting in the infected soil and stored in triplicate at –80ºC for subsequent tests of 

salicylic acid content, RNA extraction and enzyme activity. Quantitative determination of overall SA 

of free and conjugated forms in cowpea roots was performed according to a previously described 

ultra-performance liquid chromatography (UPLC) method [45, 46] using a Rigol L3000 UPLC (Bejing, 

China) with fluorescence detection. The detailed extraction procedures of free and hydrolysable SA, 

as well as the detecting parameters and quantitative method for UPLC fluorescence detection, can be 

found in the Supplementary Materials. 

4.9. Gene expression variations 

Quantitative real-time PCR (qRT-PCR) assay was employed to monitor changes in the 

expression of select resistance-related genes after HMSNs treatment. Cowpea roots collected for SA 

measurement were also used for total RNA extraction to observe resistance-related gene expression 

variations. After being grounded in liquid nitrogen, 150 mg of plant tissue homogenates were 

collected for total RNA extraction using a TaKaRa MiniBEST Plant RNA Extraction Kit (Dalian, 

China). The concentration and quality of the extracted RNA samples were assessed using a Thermo 

Scientific Nanodrop Lite Spectrophotometer (Wilmington, USA). The cDNA was synthesized from 

the extracted RNA samples using a QuantiTect Reverse Transcription kit (Qiagen, Germany). The 

eukaryotic elongation factor gene of EF1b was used as the internal control. The optimal primers for 

gene amplification and PCR programs are present in Table S3 and S4, respectively. qRT-PCR was then 

performed on a Bio-Rad CFX96 Touch Real-Time PCR Detection System (Hercules, USA) using SYBR 

Green as the fluorescent intercalating dye. The relative expression of genes was calculated by the 2-

ΔΔCt method. 

4.10. Defense-responsive enzyme activity measurement 

Three defense-responsive enzymes of phenylalanine ammonia lyase (PAL), peroxidase (POD) 

and polyphenol oxidase (PPO) were selected as the target enzymes and their activities were 

determined according to the instructions of relevant commercial assay kits from Beijing Solarbio 

technology Co., Ltd. (China). Three replicates were performed for each experiment. 

4.11. Statistical analysis 

Data are represented as mean ± standard deviation. In the experiments involving cowpea plants, 

one-way ANOVA was carried out by SPSS 23.0 software (SPSS Inc., USA) to test for statistical 

significance (P < 0.05) for comparing the response of plants treated with different HMSNs. 
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5. Conclusions 

In the present study, we conformed the role of HMSNs in enhancing cowpea resistance to F. 

oxysporum f. sp. phaseoli with a size- and concentration-dependent manner by foliar application. The 

resistance mechanism induced by HMSNs attributes to the SA-dependent SAR that can be used as a 

promising alternative strategy for plant disease control. As a desired carrier extensively discussed 

previously, our results revealed the new function of HMSNs as an emerging elicitor without adverse 

effects on plant growth and yield to extend their application as versatile alternative for plant disease 

protection of low cost, highly efficiency and sustainability. 

Supplementary Materials: The following supporting information can be downloaded at: 

www.mdpi.com/xxx/s1, Figure S1: Toxicity of three HMSNs to Fusarium oxysporum f. sp. phaseolus (FOP) in vitro; 

Figure S2: RT-qPCR analysis of the gene expression of an antioxidant defence-related enzyme gene PAL in 

cowpea roots; Table S1: Zeta potential, PDI, and average particle size of three HMSNs; Table S2: Standards of 

disease severity grading for Fusarium wilt in cowpea plant; Table S3: Primers for qRT-PCR assay; Table S4: 

Amplification program for qRT-PCR assay. 
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