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Application of jasmonic acid boosts 
accelerative effects of silicon addition on rice 
defense against invasion of apple snails 
(Ampullariidae)
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Abstract 

Background  The invasion of apple snails (Pomacea spp.) has a serious negative impact on the yield of aquatic crops, 
including rice, which is a vital food source for more than half of the global population and irreplaceable in maintain‑
ing the global food security of human society. So far, it has been unclear whether jasmonic acid (JA) application can 
enhance the effects of silicon addition on the defense of crops like rice against the invasion of apple snails. Rice plants 
were grown in a greenhouse and subjected to treatments involving the addition of silicon (sodium silicate) and JA 
(methyl jasmonate). Then, in an indoor experiment, apple snails were fed with the leaves of the rice plants that had 
undergone the treatments. Growth and growth-related traits for rice plants and apple snails and defense-related 
mechanic characters for rice plants were measured.

Results  Silicon addition significantly increased rice growth, leading to improved biomass and relative chlorophyll 
content. JA application did not affect the growth of rice plants but increased their foliar nitrogen and carbon con‑
tent disproportionally, leading to a reduced C/N ratio. JA application increased the levels of tannins, total phenolics, 
and flavonoids in rice leaves. Silicon addition increased the tannin, total phenolic, and flavonoid content in rice leaves, 
particularly when supplied with JA. Silicon addition could also enhance the force of fracture in rice leaves. In addition, 
the foliar sulfur and silicon content increased with the addition of silicon, and the combination of silicon addition 
and JA application resulted in the highest foliar silicon content. Both silicon addition and JA application significantly 
decreased weight gain, leaf consumption, relative growth rate, and cellulase activity of apple snails, indicating 
a strong interaction.

Conclusions  Overall, these findings indicated that both silicon addition and JA application enhanced the defense 
of rice against apple snails and impeded the growth of these snails. JA application amplified the impact of silicon 
addition on rice’s defense mechanism. This study provides new insights into controlling biological invasions and their 
impact on crop yield.
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Background
Rice is one of the most important food crops in the world, 
providing sustenance for half of the global population (Li 
et al. 2014). The presence of insect pests poses a signifi-
cant risk to the productivity of agricultural crops (Oerke 
2006), thereby further endangering global food security 
(Bradshaw et  al. 2016). The alien apple snail (Pomacea 
spp.) is a freshwater and amphibious snail native to South 
America (Hayes et  al. 2015). It has been widely spread 
throughout Asia due to multiple introduction events, as 
well as its remarkable reproductive and dispersal capa-
bilities (Byers et  al. 2013; Wang et  al. 2023). As one of 
the world’s most invasive aquatic species, apple snail has 
been found to cause a decrease in macrophyte biomass, 
water quality, and algal production in the invasive range 
(Carlsson et  al. 2004; Carlsson and Lacoursière 2005; 
Fang et  al. 2010), and more seriously, it has adversely 
impacted rice yield (Horgan et al. 2014; Constantine et al. 
2023). The apple snail enjoys consuming rice seedlings 
as its primary food source. In rice fields with seedlings, 
the density of apple snails can reach up to 55 per square 
meter (Zhou et al. 2015). In the rice field ecosystem, the 
apple snails are voracious eaters, capable of feeding con-
tinuously for 24  h (Pan et  al. 2014). Furthermore, apple 
snails often feed on the base of rice plants, leading to the 
destruction of the entire crop (Schnorbach 1995). The 
production of rice in agriculture is significantly decreased 
by the apple snails.

Jasmonic acid (JA) is an indispensable hormone in 
plants’ defense against herbivores (Bruinsma et al. 2007; 
Chen et  al. 2011). Plants evolve in different ways to 
defend against herbivores (Zhang et  al. 2010). The JA 
signaling pathway in plants is a crucial defense mecha-
nism activated by wounds or chewing from herbivores 
(Farmer and Ryan 2017). A field experiment showed 
that the common evening primrose (Oenothera biennis) 
increased leaf JA levels after an invasion by Japanese bee-
tle (Popillia japonica) (McArt et al. 2013). Plants treated 
with exogenous JA exhibit the same defensive response 
when damaged by herbivores, resulting in an increase in 
various defensive substances (Wasternack and Parthier 
1997). Feeding herbivores with leaves treated with JA led 
to reduced leaf consumption, decreased relative growth 
rates, and lowered herbivore oviposition-site selection 
(van Dam et  al. 2000; Bruinsma et  al. 2007). However, 
whether JA can serve as a potential natural agent to resist 
invasive herbivores such as apple snails remains unclear.

Wetland ecosystems significantly influence the global 
biogeochemical silicon cycle (Struyf and Conley 2009). 
Wetland plant tissues often contain more than 1% dry 
weight of silicon, which may greatly impact plant nutri-
tion and nutrient cycling (Schoelynck et al. 2010; Schaller 
et  al. 2016). Silicon is abundant in the Earth’s crust and 

is believed to enhance plant growth and resistance to 
biotic and abiotic stresses, especially in grasses (Som-
mer et al. 2006; Reynolds et al. 2016; Song et al. 2020). It 
has been widely reported that silicon plays a significant 
role in plant defense against herbivores. For instance, 
Johnson et  al. (2020) reported a negative relationship 
between the absorption of silicon in soybean leaves and 
the relative growth rate (RGR) of its herbivores. Ace-
vedo et  al. (2021) found that the deposition of silicon 
in non-glandular trichomes can enhance maize plant 
defense against chewing herbivores. Islam et  al. (2022a) 
initially discovered that silicon can aid plants, including 
those with low silicon accumulation, in defending against 
pests using biocontrol methods. Usually, silicon increases 
plant physical defense, making it harder digestible and 
abraded (Massey and Hartley 2009; Hartley et al. 2015). 
Silicon is also capable of activating the plant metabolic 
defense pathways as well as the defense-related genes 
(Shi et al. 2010; Ryalls et al. 2023). Silicon also stimulates 
the release of volatile organic compounds (VOCs), which 
can attract herbivore predators (Kvedaras et al. 2010). JA 
can enhance silicon assimilation in plants, and silicon 
can activate the JA signaling pathway, improving plant 
defense against insects (Ye et al. 2013). However, whether 
the interaction between the two can protect plants from 
invasive herbivores is still unknown.

A greenhouse experiment was conducted to investigate 
the roles of silicon and JA, as well as their interactions, 
in plant defense against invasive herbivores. Individuals 
of apple snails were fed with leaves of different treated 
plants in the laboratory. The plant defense performance 
and growth of snails were measured. We aimed to exam-
ine the potential interaction between silicon and JA in 
enhancing plant defense mechanisms. Specifically, we 
propose the following scientific questions: (1) Can silicon 
help reduce the damage caused by apple snails on rice 
crops? (2) Can JA reduce stress in apple snails feeding on 
rice and interact with silicon?

Materials and methods
Experimental materials
We obtained rice seeds (Jiahe 212A × Zhonghui 7245) 
from the Chinese Academy of Agricultural Sciences for 
our rice cultivation experiments. There are two species 
of apple snail (Pomacea canaliculata and Pomacea mac-
ulata) that are extensively invading in China (Qin et  al. 
2023). However, we did not identify the species of the 
apple snail collected from the river. Apple snails of simi-
lar sizes were collected from a rural river in Hangzhou, 
China (30°32′N, 120°1′E). To acclimatize, we fed the 
apple snails with lettuce (Lactuca sativa) in the labora-
tory for two weeks. We measured the snail feeding met-
rics including weight gain, leaf consumption, RGR and 
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cellulase activity of apple snails. Plant defense primarily 
encompasses physical defense and secondary metabolic 
defense. Physical defense involves the relevant physi-
cal structures and mechanical properties of plants. Sec-
ondary metabolite defense entails the release of diverse 
secondary metabolites. Consequently, the leaf defense 
characteristics of rice in this experiment encompassed 
the force of fracture as well as secondary metabolic 
defenses, such as the concentrations of tannin, flavonoid, 
and total phenolic.

Experimental design
Plant growth
The rice seeds from the Chinese Academy of Agricul-
tural Sciences were sterilized with alcohol and then 
placed in a well-lit incubator at a temperature of up to 
25 °C. Once the seeds had taken root in the tenth inner 
layer, we transplanted them into 2-L pots containing field 
mud. We conducted the experiment with four treatments 
(Si × JA, Si, JA and Control), each having 12 replicates, 
resulting in a total of 48 rice basins. All the pots are situ-
ated in a greenhouse at the Xiasha Campus (30°32′N, 
120°40′E) of Hangzhou Normal University, Hangzhou, 
Zhejiang, China. Two weeks later, we added silicon to the 
plants, half of the pots were filled with a solution con-
taining 1.5 mM Na2SiO3 and the other half with a solu-
tion containing 3 mM NaCl to ensure that the osmolarity 

was consistent between treatments (Johnson et al. 2021). 
The solution was added every two weeks for the follow-
ing three months. At the end of the experiment, half of 
the plants with Si addition or NaCl addition were further 
supplied with methyl jasmonate (MeJA). The MeJA can 
transform into JA within plants (Browse 2009). The JA 
treatment involved the addition of 1  mM MeJA, which 
had been pre-treated with 0.1% Tween 20 (Ye et al. 2013). 
This solution was then applied to the plant surface above 
the plant roots. The other half of the plants with Si addi-
tion or NaCl addition received a solution containing only 
Tween 20 (Fig. 1). Three days later, we harvested all the 
rice plants and brought them back to the laboratory. 
Then, half of the plants from each treatment group were 
just used to conduct a snail-feeding experiment. The 
remaining materials were utilized to assess biomass and 
other traits.

Feeding experiment
The apple snails were starved for 48 h before the feeding 
experiment. Then, we weighed them as the initial body 
mass. A total of 24 snails with similar physiological condi-
tions were used for experiments, with each correspond-
ing to one rice plant used for feeding trials. Each snail 
was placed in a 1.5 L plastic container along with the cor-
responding rice leaves and observed for a week afterward. 
The rice leaves consumed by snails were supplemented at 

Fig. 1  Schematic diagram of rice treatments in the greenhouse experiment
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any time every day, and the consumption was recorded. At 
the end of the week, we measured the final snail mass and 
the amount of rice leaves they consumed.

Measurements
Plant sample analysis
We measured the relative chlorophyll content of the rice 
plants selected for the index determination. Before har-
vesting the rice plants, the relative chlorophyll content 
(SPAD) was determined by a portable chlorophyll fluo-
rometer (SPAD-502Plus, Konica Minolta, Japan). Three 
well-growing leaves from each plant were chosen to deter-
mine the relative chlorophyll content. The average value 
represented the relative chlorophyll content of the rice 
plant. The Instron 3343, an electronic universal material 
testing machine, was used to measure the force of fracture 
of rice leaves. For the determination of the force of frac-
ture, three leaves of every plant with similar growth status 
were selected. The blade width, thickness, and length were 
measured, along with the force required to tear them from 
the ends. This data was then used to calculate the elastic 
modulus as measured by Johnson et al. (2019). The force of 
fracture of the rice plant was determined by averaging the 
values of the three leaves. The harvested rice plants were 

then washed and dried. Rice was divided into two parts, 
root and shoot. Next, all the samples were dried in an oven 
at 60  °C until they reached a constant weight. The shoot 
mass and root mass of the rice were then weighed using an 
electronic balance. The samples were ground into a pow-
der and then passed through a 40-mesh sieve. Total phe-
nol content was determined using the method from Cheng 
et  al. (2013). The flavonoid content was then determined 
using the method of Lin et al. (2014). The tannin content 
was then determined using the method from Makkar 
(2003). The silicon content was measured again using the 
method from Kraska and Breitenbeck (2010). Elemental 
Analyzer (vario PYRO cube; Elemental, Germany) was 
utilized to determine leaf carbon, nitrogen, and sulfur con-
tent (Hu et al. 2022). The foliar C/N ratio was calculated by 
the ratio of leaf C to leaf N. Six plants per treatment were 
determined in triplicates.

Snail feeding metrics
We anatomized the snail and separated the stomach 
and intestines from other tissue. Then, we used the DNS 
(3,5-dinitrosalicylic acid) method, as Kim et  al. (2014a) 
described, to measure the cellulase activity of stomach and 
intestine tissues. The relative growth rate (RGR) of apple 

Table 1  Two-way ANOVA analysis for snail feeding metrics, rice foliar elements contents, rice plant growth traits and rice leaf defense 
characteristics in response to Si addition and jasmonic acid (JA) application

The p-values that are less than 0.05 are presented in bold

Response variable df Si Jasmonic acid (JA) Si × JA

F p F p F p

Rice plant growth traits

 Shoot mass 20 58.167 <0.001 0.285 0.599 0.752 0.396

 Root mass 20 66.947 <0.001 2.136 0.159 1.912 0.182

 Total mass 20 67.976 <0.001 0.717 0.407 1.155 0.295

 Relative chlorophyll content 20 28.116 <0.001 1.594 0.221 2.760 0.112

 C/N ratio 20 2.110 0.162 15.301 0.001 3.850 0.064

Rice foliar element contents

 Foliar nitrogen content 20 3.551 0.074 31.961 <0.001 4.815 0.040
 Foliar carbon content 20 2.455 0.133 33.298 <0.001 2.250 0.149

 Foliar sulfur content 20 91.610 <0.001 0.411 0.529 0.044 0.836

 Foliar silicon content 20 142.756 <0.001 1.440 0.244 15.016 0.001
Rice leaf defense characteristics

 Total phenolic content 20 362.118 <0.001 280.887 <0.001 47.888 <0.001
 Force of fracture 20 94.283 <0.001 0.618 0.441 0.007 0.933

 Tannin content 20 19.101 <0.001 40.622 <0.001 1.413 0.248

 Flavonoid content 20 5.784 0.026 13.382 0.002 1.789 0.196

Snail feeding metrics 20

 Relative growth rate 20 20.172 <0.001 19.371 <0.001 5.179 0.034
 Cellulase activity 20 91.537 <0.001 103.458 <0.001 12.840 0.002
 Weight gain 20 13.755 0.001 0.191 0.666 7.561 0.012
 Leaf consumption 20 9.586 0.006 3.744 0.067 6.351 0.020
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snails was calculated using the method developed by John-
son et al. (2021).

Statistical analyses
Plant growth, foliar element content, leaf defense, and snail 
feeding metrics were analyzed with two-way ANOVA for 
silicon addition and JA application. We conducted Dun-
can’s Multiple Range Test to elucidate the significant differ-
ences between various treatment groups in terms of snail 
feeding metrics, rice plant growth traits, rice leaf defense 
characteristics, and rice foliar element contents. We con-
ducted Spearman correlations to examine the relationship 
between snail feeding metrics, rice plant growth traits, rice 
leaf defense characteristics, and rice foliar element con-
tents. All analyses were performed in SPSS 20.0 (Interna-
tional Business Machines Corporation).

RGR (mg mg−1 day−1)=

(

Final mass after feeding− Initial mass before feeding

Initial mass before feeding • days

)

In order to explore the effects of silicon addition and 
JA application on rice leaf defense characteristics and 
the growth of snails, we constructed a structural equa-
tion model. However, the high collinearity excluded some 
indicators from the model. At the same time, in order 
to simplify the equation, we deleted the path whose path 
coefficient is too low. We used the piecewiseSEM package 
(Lefcheck 2016) in R version 4.3.3 (R Core Team 2024) to 
conduct the structural equation model.

Results
Rice growth response to silicon addition and JA application
Silicon addition significantly affected the shoot mass, root 
mass, and total mass of rice; silicon addition tended to pro-
duce a higher mass in rice, JA application did not affect rice 
mass, and there was no interaction between silicon and JA 
(Table  1; Fig.  2a–c). Silicon addition significantly affected 
rice’s relative chlorophyll content while JA had no impact 

Fig. 2  Effects of Si addition and jasmonic acid (JA) application on root mass (a), shoot mass (b), total mass (c) and chlorophyll (d) of rice. Values 
are presented as means ± SE. Bars with different letters indicate significant differences (p < 0.05). The legends Si control refers to no silicon addition 
while Si addition indicates silicon addition
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on it and showed no interaction with silicon (Table  1; 
Fig. 2d). 

Rice foliar elements response to silicon addition and JA 
application
JA application significantly increased the content of foliar 
carbon and nitrogen (Table 1; Fig. 3a, b). Silicon addition 
significantly affected foliar sulfur and silicon (Table 1). Sili-
con addition significantly increased the foliar sulfur con-
tent (Fig. 3c). Silicon content was significantly increased by 
silicon addition and especially supplied with JA (Fig.  3d). 
An interaction effect between silicon addition and JA appli-
cation was observed on foliar nitrogen and silicon content 
(Table 1). The foliar C/N ratio was significantly affected by 
JA application but not silicon addition (Table 1; Fig. 3e).

Effects of silicon addition and JA application on rice 
defense
Tannin content was significantly affected by silicon addi-
tion and JA application, but there were no interactions 
between silicon addition and JA application (Table  1; 
Fig.  4a). Silicon addition significantly increased the 
content of total phenolic, and JA application also sig-
nificantly affected the total phenolic content (Table  1; 
Fig.  4b). The tannin and total phenolic content were 
increased by silicon addition, especially supplied with JA 
(Fig.  4a, b). Silicon addition and JA application signifi-
cantly increased flavonoid content (Table 1; Fig. 4c). The 

force of fracture was only significantly affected by silicon 
addition (Table 1; Fig. 4d). Silicon addition and JA appli-
cation interactively affected the total phenolic content 
(Table 1).

Effects of silicon addition and JA application on snail 
growth
The weight gain and leaf consumption were significantly 
affected by silicon addition, and silicon addition and JA 
application tended to decrease the weight gain and leaf 
consumption (Fig.  5a, b). RGR and cellulase activity of 
apple snails were significantly decreased by silicon addi-
tion and JA application (Fig. 5c, d). Silicon addition and 
JA application interactively affected weight gain, leaf 
consumption, RGR and cellulase activity of snail growth 
(Table 1).

Correlations between snail herbivory and rice response
RGR was significantly correlated with weight gain 
(r = 0.72, p < 0.001), leaf consumption (r = 0.68, p < 0.001), 
cellulase activity (r = 0.86, p < 0.001), force of frac-
ture (r = −0.49, p = 0.015), tannin content (r = −0.60, 
p = 0.002), flavonoid content (r = −0.78, p < 0.001), total 
phenolic content (r = −0.69, p < 0.001) and foliar sili-
con content (r = −0.57, p = 0.004) (Fig.  6). The cellulase 
activity was significantly correlated with force of frac-
ture (r = −0.59, p = 0.003), tannin content (r = −0.80, 

Fig. 3  Effects of Si addition and jasmonic acid (JA) application on carbon content (a), nitrogen content (b), sulfur content (c), silicon content (d) 
and C/N radio (e) of rice leaves. Values are presented as means ± SE. Bars with different letters indicate significant differences (p < 0.05)
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p < 0.001), flavonoid content (r = −0.74, p < 0.001), total 
phenolic content (r = −0.81, p < 0.001), and foliar silicon 
content (r = −0.73, p < 0.001) (Fig.  6). The foliar silicon 
was significantly correlated with tannin content (r = 0.62, 
p = 0.001), flavonoid content (r = 0.55, p = 0.005), total 
phenolic content (r = 0.79, p < 0.001), force of fracture 
(r = 0.74, p < 0.001), total mass (r = 0.81, p < 0.001), relative 
chlorophyll content (r = 0.74, p < 0.001), and foliar sulfur 
content (r = 0.73, p < 0.001) (Fig. 6).

Effects of silicon addition and JA application on rice 
and apple snails
The combined effects of silicon addition and JA 
application jointly explained 80% of the variation 
in foliar silicon content. Silicon addition (standard-
ized path coefficient β = 0.893, p < 0.001) showed a 
positive effect on the foliar silicon content (Fig.  7). 
Silicon addition (β = 0.957, p < 0.001) showed a posi-
tive effect on the force of fracture. The application 
of JA (β = 0.217, p = 0.223) and foliar silicon content 

(β = 0.949, p = 0.022) showed a positive effect on tan-
nin content (Fig.  7). Foliar silicon content (β = −0.363, 
p = 0.153), tannin content (β = −0.445, p = 0.002), flavo-
noid content (β = −0.278, p = 0.022), and force of frac-
ture (β = −0.281, p = 0.193) had a negative effect on the 
cellulase activity of apple snails (Fig. 7). Both JA appli-
cation (β = −0.457, p = 0.023) and foliar silicon con-
tent (β = −0.518, p = 0.151) had a negative effect on the 
weight gain of apple snails (Fig. 7).

Discussion
Rice is a common model plant used to study the inter-
action between plants and silicon (Cooke and Leish-
man 2016). There is no doubt that silicon plays a crucial 
role in the growth of rice and significantly increases 
its biomass (Tavakkoli et  al. 2011). Previous studies 
have demonstrated that the addition of silicon signifi-
cantly impacts plants’ ability to defend against insects 
(Hou and Han 2010; Acevedo et al. 2021). We observed 
significant effects of silicon addition on leaf defense 

Fig. 4  Effects of Si addition and jasmonic acid (JA) application on tannin content (a), total phenolic content (b), flavonoid content (c) and force 
of fracture (d) of rice leaves. Values are presented as means ± SE. Bars with different letters indicate significant differences (p < 0.05)
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characteristics and JA application on the secondary 
metabolites of rice leaves. In addition, the addition 
of silicon and JA has a negative effect on snail feed-
ing metrics, and there is a strong interaction between 
them. Silicon addition and JA application show excel-
lent results in rice defense against apple snails.

Effects of silicon addition and JA application on rice 
growth
Many studies focused on the effects of silicon addition 
on plant growth, but there is no consistent conclusion. 
Different species have different sensitivities to silicon, 
and the impact of silicon addition on plant growth var-
ies significantly among different plant species (Soininen 
et  al. 2013). Our results are in line with the findings of 
Meharg and Meharg (2015) that silicon addition signifi-
cantly promotes the growth of rice. In our experiment, 
silicon addition enhances the relative chlorophyll content 
of rice, directly promoting plant growth performance. 
Moreover, silicon addition can increase the utilization 
of nitrogen, which plays a crucial role in plant growth 

(Cuong et al. 2017). The sulfur and silicon content in rice 
leaves significantly increased with silicon supply, as sulfur 
is essential for plant growth (Bloem et al. 2007). In addi-
tion, enhancing the force of fracture in plants by using 
silicon can increase the rigidity of plant stems, enabling 
them to support more biomass mechanically (Liang et al. 
2013). Although JA application has no effect on rice bio-
mass, it increases rice leaves’ nitrogen and carbon con-
tent. JA application caused a decrease in the C/N ratio of 
rice leaves, indicating increased vegetative growth (Lin 
and Chang 2017). The addition of silicon enhances rice 
growth, leading to increased biomass. JA application also 
boosts rice growth, but short application durations do 
not correspond to increased biomass in our study. This 
may be caused by the fact that the JA application time is 
too short, and the effect of JA is not evident.

JA application can increase the silicon content of rice 
with silicon addition
The role of silicon enhances plants’ resistance to herbi-
vores in three ways: through physical defense, secondary 

Fig. 5  Effects of Si addition and jasmonic acid (JA) application on weight gain (a), leaf consumption (b), relative growth rate (RGR) (c) and cellulase 
activity (d) of apple snails. Values are means ± SE. Bars with different letters indicate significant differences (p < 0.05)
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metabolite defense, and the release of VOCs (Ma 2004; 
Ye et al. 2013; Liu et al. 2017). Our results indicated that 
adding silicon significantly improved the force of frac-
ture, whereas JA application had no effect. This may lead 
to herbivores taking longer to feed, thereby decreasing 
the risk of predators grazing the leaves. Previous research 
has indicated that the deposition of silicon in plant cell 
walls and its covalent crosslinking with hemicelluloses 
result in improved cell mechanical properties, and this 
process also leads to an increase in lignin and phyto-
alexin production (Sun et  al. 2010; He et  al. 2015; Kido 
et  al. 2015). Feeding herbivores with high-silicon plant 
can cause their mouthparts to wear off, which limits their 
nutrient uptake (Massey et al. 2006; Massey and Hartley 
2009).

Silicon is recognized for its ability to boost plants’ 
ability to defend themselves against insect attacks. Our 

results suggest that silicon addition leads to increased 
levels of tannin, total phenolic, and flavonoid in rice 
leaves, especially when combined with JA application. It 
has been confirmed that silicon can trigger the JA sign-
aling pathways associated with herbivore infestation and 
plant damage (Kim et al. 2014b). Moreover, the addition 
of silicon in our study enhanced sulfur uptake in rice. 
Sulfur is an essential element necessary for the growth 
and development of higher plants (Aziz et al. 2016). Sul-
fur-containing compounds are commonly found in plants 
and play a crucial role in plant defense against herbivores 
(Broekaert et  al. 1995; Falk et  al. 2007). Plants supplied 
with JA exhibit similar effect when infested by herbi-
vores. Additionally, silicon interacts with JA and is closely 
related to JA signaling pathways, promoting the accumu-
lation of JA, and JA application enhances the plant uptake 
of silicon (Ye et al. 2013). JA application has no effect on 

Fig. 6  Spearman analysis of the correlations between the snail feeding metrics (i.e., relative growth rate (RGR), weight gain, leaf consumption, 
and cellulase activity), rice plant growth traits (i.e., root mass, shoot mass, total mass, relative chlorophyll content, and C/N ratio), rice leaf defense 
characteristics (i.e., tannin content, total phenolic content, flavonoid content, and force of fracture), and rice foliar element contents (i.e., foliar 
nitrogen content, foliar carbon content, foliar sulfur content and foliar silicon content). The color red indicates a positive correlation, while the color 
blue indicates a negative correlation. The intensity of the color shading represents the magnitude of the correlation coefficient. The size 
of the circular color block represents the strength and significance of the correlation coefficient. Numbers indicate the correlation coefficient. 
*p < 0.05, **p < 0.01, ***p < 0.001
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fracture force, while silicon addition and JA application 
significantly increase rice leaves’ tannin, total phenolic, 
and flavonoid content. These metabolites exhibit the 
highest level in rice leaves with silicon addition and JA 
application. Supplementing rice with silicon and JA can 
enhance its defense against herbivores and improve the 
efficacy of each other.

Silicon addition and JA application interactively affected 
snail‑feeding metrics
Previous research findings have indicated that the appli-
cation of silicon and JA can remarkably inhibit the 
growth of herbivores (Ryalls et  al. 2023). Silicon and JA 
increased the release of VOCs, disrupting the ability of 
herbivores to recognize host plants (Kvedaras et al. 2010). 
Silicon addition and JA application led to an increase in 
superoxide dismutase (SOD), peroxidase (POD) and cat-
alase (CAT), which can protect plants from reactive oxy-
gen species while reactive oxygen species directly cause 
damage to herbivores (Shi et al. 2010; He et al. 2011). Sili-
con addition and JA application significantly increased 
the production of a variety of secondary metabolisms 

(Hall et  al. 2019). Some of the secondary metabolisms 
produced by plants can be harmful to herbivores (Rani 
and Pratyusha 2014). The content of phenols in food 
decreased the growth of the apple snail (Qiu et al. 2011). 
In our results, there is a negative correlation between the 
total phenolic content in rice leaves and the RGR, cellu-
lase activity, and weight gain of apple snails. Silicon addi-
tion significantly increased the silicon content in plants, 
resulting in improved physical defense mechanisms 
(Schurt et al. 2012). Herbivores show an aversion to high-
silicon plants (Islam et  al. 2022b). In addition, silicon 
addition increases the production of protease inhibitors 
in plants, which can inhibit the protease activity of her-
bivores (Ye et  al. 2013). We consistently observed that 
feeding on rice leaves supplemented with silicon sig-
nificantly reduces the cellulase activity of apple snails, 
especially when combined with JA application. Silicon 
deposits in plant cell walls serve as physical barriers to 
block the destruction caused by herbivores (Hartley et al. 
2015). Biological silicon present in the diet of herbivores 
can lead to increased wear of their mouthparts (Massey 
and Hartley 2009). Feeding on high-silicon plants hinders 

Fig. 7  The effects of Si addition and jasmonic acid (JA) application on rice’s leaf resistance characteristics, leaf element content, and the weight 
gain and cellulase activity of apple snails were analyzed using a structural equation model. Red and green arrows represent significant positive 
and negative pathways, respectively, and ***p < 0.001; **p < 0.01; *p < 0.05, while red and green dash lines represent positive and negative pathways 
but non-significant, respectively. R2 represents the proportion of variance that is explained by each dependent variable in the model. The model’s 
Fisher’s C is 16.205, with a p-value of 0.094. The AIC value is 335.543
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herbivore digestion, limiting their acquisition of essen-
tial carbon and nitrogen for growth (Massey and Hartley 
2009). Silicon addition and JA application significantly 
decreased the growth of apple snails and leaf consump-
tion. The application of JA enhanced the plants’ absorp-
tion of silicon, which improved their defense against 
apple snails. According to the structural equation model, 
the addition of silicon enhanced the mechanical strength 
of rice leaves and affected the growth of the snail. At the 
same time, silicon addition also increased the silicon con-
tent of rice leaves. The increased silicon content in the 
leaves led to higher levels of secondary metabolites in rice 
leaves, which, in turn, negatively affected snail cellulase 
activity and weight gain. On the other hand, JA treatment 
directly increased the levels of secondary metabolites in 
rice leaves, which in turn affected the growth of the apple 
snail.

Conclusions
Although JA application did not impact rice growth 
directly, it significantly enhanced the defense of rice 
against apple snails. Furthermore, JA application 
enhanced the positive effects of silicon addition on rice 
defense against apple snails. Silicon addition and JA 
application significantly reduced leaf consumption of 
apple snails, leading to a decrease in their RGR. This 
means that silicon addition and JA application simulta-
neously could reduce the biomass loss of rice due to the 
herbivory of invasive snails. Therefore, combined appli-
cation of silicon and JA could be a way to increase the 
yield of rice and decline the performance of the inva-
sive apple snails at least in rice ecosystems.
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