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Abstract
Silicon (Si) is known to enhance plant resistance in rice and many other Poaceae plants by priming chemical defence, physi-
ological, and mechanical barriers. However, the impact of soil application of Si on the feeding behaviour of rice Brown 
Planthopper (BPH) under climate change conditions remains unknown. This study aims to investigate the effects of Si on 
BPH feeding behaviour under elevated  CO2 levels (570 ± 25 ppm) and elevated temperature (≃ 3 °C higher than ambient) 
in open-top chambers (OTCs) during the Kharif season of 2019 and 2020. The results of the study showed that honeydew 
excretion by BPH was reduced by Si amendment, indicating reduced feeding by the pest under both ambient and elevated  CO2 
and temperature conditions. The deposition of callose in the sieve tube of rice leaf sheath was identified as one of the main 
reasons, along with silicification, for reduced feeding in response to BPH infestation. Both Si-amended and non-amended 
plants showed a positive response to BPH infestation by depositing callose. In Si-amended plants, BPH infestation induced 
higher expression of the callose synthase-encoding gene (OsGSL1) and lower expression of the gene encoding callose 
hydrolase (Gns5) compared to non-amended plants. The dynamic expression of these two genes indicated higher callose 
deposition in Si-amended plants. The benefits of Si, which include reduced feeding by BPH through callose deposition, 
mechanical barrier via silicification, and positive alteration of photosynthesis-related parameters, suggest its potential as an 
alternative strategy for BPH management under climate change conditions.
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1 Introduction

Rice, Oryza sativa L. (Poaceae), is the world’s most 
important cereal crop, widely cultivated in tropical and 
subtropical countries. It grows widely in India under a 
variety of meteorological conditions, from 8 to 35° N lati-
tudes and from sea level to 3000 m. Rice is the staple food 
for more than half of the world’s population. However, 
biotic and abiotic stresses have an impact on its produc-
tion. Insect pests are the most significant biotic constraint 
to rice production. Each year, biotic factors cause loss of 
more than 52% of the total global rice crop, with insect 
pests accounting for nearly 21% of this loss [1]. More than 
100 insect species attack rice crops, with roughly 20 of 
them being major pests, and one of them is the Brown 
Planthopper (BPH), Nilaparvata lugens (Stal) (Homop-
tera: Delphacidae) [2]. BPH nymphs and adults cause 
damage both directly and indirectly by feeding on phloem 
sap and transmitting virus diseases such as rice grassy 
stunt, and ragged stunt [3]. BPH infestation has hampered 
rice production in Asia in recent years [4-6]. If 100–200 
first-instar BPH nymphs attacked the plant 25 days after 
rice seedling transplanting, the yield would be reduced 
by 40–70% [7]. Furthermore, new research shows that 
rice production, or the agricultural production system, is 
very vulnerable to climate change. The rise in  CO2 and 
temperature may have an immediate impact on food grain 
production as well as an indirect effect on crop pests [8]. 
Climate change has a significant impact on the distribu-
tion and abundance of insects. Populations of N. lugens 
[9], Sitobion avenae [10], and Macrosiphum euphorbiae 
[11] increased with increasing  CO2 compared to ambi-
ent  CO2. The combined effects of high temperatures and 
 CO2 changed plant phenology and pest biology, exacer-
bating the damage caused by Rhopalosiphum maidis and 
M. euphorbiae [12]. Under elevated  CO2 and temperature 
conditions, the developmental period of BPH nymphs 
and the longevity of brachypterous females were short-
ened [13]. Additionally, increased  CO2 affected the bio-
chemical composition of plants as well as the dynamics of 
defensive antioxidant enzymes in response to herbivory 
[14]. In all cases, chemical pesticides were used to regu-
late BPH; however, indiscriminate use of these insecti-
cides has severe harmful impacts on the environment and 
human health. It is critical to manage the BPH popula-
tion through the development of resistant varieties by 
identifying the resistance source from genotypes [6, 15], 
ecological engineering [16], and other such effective and 
ecologically sound alternative methods. One of these pro-
spective solutions for BPH management is Si amendment 
or the external application of a plant-available form of 
Si. According to some recent studies, Si influenced plant 

defence both directly and indirectly, directly by priming 
chemical defence reactions in plants [17], by decreasing 
the digestion efficiency in herbivores [18, 19], by inten-
sifying physiological and mechanical barriers caused by 
amorphous silica deposition in plant tissues [20], and 
indirectly by natural enemy attraction through herbivore 
induced plant volatiles [21, 22]. It also reduced honey-
dew excretion and feeding by depositing callose in phloem 
sieve tubes [23]. However, it is unclear whether Si plays a 
role in the reduction of BPH feeding under climate change 
condition. Thus, in the context of climate change, the cur-
rent study investigated experimentally how BPH damage 
to the rice plant can be reduced using Si amendment.

2  Materials and Methods

2.1  Stock Culture of Test Insect

The BPH population was collected from rice fields of ICAR- 
Indian Agricultural Research Institute (IARI), New Delhi 
 (28o38’N latitude,  77o09’E longitude, 228.61 m altitude), 
India. The population was reared on TN1 and Pusa Basmati 
1121 rice varieties in the glasshouse with optimum rearing 
conditions of 27 +  20 C and 75% ± 5% relative humidity 
and 14 h light/10 h dark photoperiod according to Heinrichs 
et al. [24]. Further, all the experiments were carried out by 
using the established population.

2.2  Preparation of Soil and Seedling 
for Transplanting

Si in the form of calcium silicate,  CaSiO3 (≥ 87%  SiO2 and 
12–22% CaO) was used to treat the soil in 3 different con-
centrations viz., 0 g, 0.16 and 0.32 g Si per Kg soil. The 21 
days old Pusa Basmati 1121 seedlings were transplanted in 
pots (25 × 22 cm) filled with Si treated soil after root treat-
ment of 0.2% carbendazim. After transplanting, the pots 
were kept for seedling stabilization before shifting them to 
the Open Top Chamber (OTC) facility.

2.3  Treatments in Open Top Chamber (OTC) Facility

To evaluate the combined effect of elevated  CO2 and Si 
amendments on rice plants and BPH, rice plants were 
exposed to different levels of  CO2 and Si amendments with 
and without inoculation of BPH (denoted as + BPH and 
– BPH) to ascertain the direct and indirect impact of these 
treatments on BPH feeding. This experiment was conducted 
under OTCs, four OTCs were used in the study; two OTCs 
for elevated  CO2 studies and two for ambient  CO2 effect 
studies. In total there were 12 treatments with 5 replications.

Treatments:
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T1: Elevated  CO2 + 0 g Si + BPH
T2: Elevated  CO2 + 0.16 g Si + BPH
T3: Elevated  CO2 + 0.32 g Si + BPH
T4: Elevated  CO2 + 0 g Si – BPH
T5: Elevated  CO2 + 0.16 g Si – BPH
T6: Elevated  CO2 + 0.32 g Si – BPH
T7: Ambient  CO2 + 0 g Si + BPH
T8: Ambient  CO2 + 0.16 g Si + BPH
T9: Ambient  CO2 + 0.32 g Si + BPH
T10: Ambient  CO2 + 0 g Si – BPH
T11: Ambient  CO2 + 0.16 g Si – BPH
T12: Ambient  CO2 + 0.32 g Si – BPH

The climatic conditions prevailed during the experiments 
was as follows, in 2019, the average minimum temperature, 
maximum temperature, and  CO2 concentration were 16.7 °C, 
31.2 °C, and 408.75 ppm, while in 2020, they were 18.4 °C, 
30.6 °C, and 411.65 ppm, respectively.

2.4  Honeydew Excretion Analysis

Honeydew excretion by BPH is correlated with their feed-
ing behaviour. To assess the impact of various treatments 
on BPH feeding behavior, we employed a parafilm sachet 
method [25] to quantify honeydew excretion. We placed 
a single pair of recently emerged female insects within a 
4 × 4 cm parafilm sachet, with the sachet opening attached 
to the stem of 60-day-old rice seedlings. The insects were 
allowed to feed freely on the rice leaf sheath via the sachet 
opening [23]. At 24, 48, 72, and 96 h post-infestation (hpi), 
we removed the insects and weighed the sachets immedi-
ately. The net weight of honeydew was calculated by sub-
tracting the weight of the empty sachet from the final sachet 
weight. We repeated the experiment five times.

2.5  Expression of Callose Synthase (OsGSL1) 
and the Callose Hydrolase β‑1,3‑glucanase 
(Gns5) Genes upon BPH Infestation

The callose is a polysaccharide and its synthesis or depo-
sition is coordinated through the expression of the genes 
encoding callose synthase (OsGSL1) and hydrolase (Gns5). 
Induction of callose deposition and metabolism is correlated 
with reduced feeding by BPH. Thus the established correla-
tion of mRNA levels of these with callose deposition was 
used to quantify the callose in Si-treated plants by using 
qRT-PCR. We quantified the relative expression levels of 
OsGSL1 (Accession number AP001389) and Gns5 (Acces-
sion number U72251) genes in Si amended plants that were 
infested at different time intervals under elevated and ambi-
ent  CO2.

The leaf-sheath samples were collected at different time 
point’s viz., 0, 6, 12, 24, 48 hpi and stored immediately at 

− 80 °C. The total RNA was extracted from each sample by 
using Macherey-Nagel DNA, RNA % protein purification 
kit (Germany) following the manufacturer’s instructions. 
For each total RNA sample, 1 µg of RNA was reverse-tran-
scribed to cDNA by the Affinity Script QPCR cDNA syn-
thesis kit (USA). Two reference genes Actin1 and 18 S were 
used for normalization. The OSGSL1 and Gns5 genes were 
synthesized using the methods described by Hao et al. [23]. 
Similarly, the reference genes were synthesized based on the 
protocols outlined in the studies by Du et al. [26] and Kim 
et al. [27]. The details of the primers are given in the S1.

To measure the expression levels of GNS5 and OSGSL1, 
we used the QuantStudio 12 K Flex Real-Time PCR Sys-
tem (Applied Biosystems, USA) and followed the method 
described by Yang et al. [28]. We performed the qPCR in 
triplicate and calculated the average result for each of the 
three biological replicates. We used the 2 − ΔΔCt method 
[29] to determine the relative expression levels of the two 
genes.

2.6  Microscopic Observation of Silica Cells

Scanning electron microscopy (SEM) was used to examine 
the morphology of silica cells on the leaf surface (Tescan-
Vega3, France). A fresh leaf sheath about 0.3–0.5 cm in 
length was collected and cleaned with tissue paper. The leaf 
segment was fixed for 2–3 h at 4 °C with 2.5% (v/v) gluta-
raldehyde in 0.1 M phosphate buffer solution (pH 7.4), and 
then post-fixed for 30 min with 1% (w/v) osmium tetroxide 
in the phosphate buffer solution. Following that, the leaf 
sample was dehydrated in a graded ethanol series [50, 70, 
80, 90, and 100% (v/v)], dried with liquid  CO2, and coated 
with palladium metal before being put into the SEM. SEM 
images (at 300 magnification) were taken to demonstrate the 
differences in silica cells of rice leaves between treatments.

2.7  Histological Observation of Callose Deposition

Yang et al. [27] method was followed to localize callose 
deposition in Si treated and untreated rice plants upon BPH 
infestation. Two pairs of newly emerged adult females were 
confined to a parafilm sachet fastened to the leaf sheath of 
60 days old plant. Leaf-sheath samples were collected at 
24, 48, 72, and 96 hpi from infested ones and those without 
BPH infestation. To determine the number of sieve plates 
with callose deposition, we prepared cross-sections of leaf 
sheath samples and examined them using a fluorescence 
microscope (Zeiss Axio imager.M2m, Germany) follow-
ing the method described by Yang et al. [27]. We identified 
callosic plates as those exhibiting bright blue fluorescence 
[30] and recorded the number of callosic sieve plates from 
30 cross-sections per plant, with 5 plants observed for each 



5814 Silicon (2023) 15:5811–5820

1 3

treatment. Photographs were obtained by using a Leica SP5 
laser scanning confocal microscope.

2.8  Measurement of Photosynthesis and Related 
Parameters

Photosynthesis related parameters viz., photosynthetic 
rate (P), transpiration rate (E), stomatal conductance 
(gs), water use efficiency (WUE), and sub-stomatal  CO2 
concentration (Ci) were measured from the 45 days old 
rice leaf sheath using an infrared gas analyzer (LI6400XT 
portable photosynthesis system, LI-COR, Inc, Nebraska, 
USA). All the observations were recorded between 9 and 
11 AM in 30 replicates for each of the treatments.

2.9  Statistical Analysis

The experimental data was analysed using statistical anal-
ysis of variance (ANOVA) for completely randomized 
design (CRD) with the assistance of R software [31]. 
Prior to analysis, all data were checked for normality, and 
if necessary, appropriate arcsine and square root transfor-
mation methods were used. Treatment means were distin-
guished using the least significant difference test (LSD) at 
P = 0.05 [32], and GraphPad Prism 9.0 (GraphPad Soft-
ware, Inc., San Diego, CA) was used to create graphs.

3  Results

3.1  Honeydew Excretion by BPH Under Elevated 
and Ambient  CO2

Time-series observation on honeydew excretion revealed a 
significant effect of Si amendment on it. Honeydew excretion 
was found to increase as the BPH feeding duration increased 
until 96hpi and peaked at 72hpi (p < 0.01) (Fig. 1). A similar 
trend was evident with all three doses of Si treatment under 
both elevated and ambient  CO2 conditions (Fig. 1).

3.2  Gene Expression of Callose Synthase 
and Hydrolase

The relative expression of OsGSL1 and Gns5 was meas-
ured using the qRT-PCR technique. Under elevated  CO2, 
the OsGSL1 gene was up regulated in increasing order with 
the BPH feeding duration till 12 hpi. However, later on, the 
expression showed a declining trend in all three doses of Si 
treatment. It was upregulated by 2.11, 3.86, 5.74 times at 6 
hpi and 3.23, 7.42, 9.49 folds, respectively at 12 hpi respec-
tively in 0, 0.16, and 0.32 g Si treatments. However, among 
different Si treatments, 0.32 g Si treatment showed 2.74 
times and 0.16 g Si treatment showed 1.48 times expression 
of OsGSL1 gene compared to 0 g Si treatment at 6 hpi and 
it was 2.93 times with 0.32 g Si and 1.27 times with 0.16 g 
Si at 12 hpi. Thereafter, the expression was less upregulated 
(Fig. 2). Under ambient  CO2, a similar trend of gene expres-
sion between different doses of Si and BPH feeding duration 
was observed.

The expression of the Gns5 gene was upregulated less 
during the early hours of feeding duration. The expression 
was upregulated more after 12 hpi and its expression pat-
tern was almost opposite to the OsGSL1 gene expression. It 
was upregulated by 4.3, 10.04, 11.39 folds, respectively in 
0, 0.16, and 0.32 g Si treatments at 12 hpi. Unlike at 12 hpi, 
the gene was more expressed in 0 g compared to 0.16 g Si 
and 0.32 g Si by 1.56 & 2.10 and 0.87& 2.75 times, respec-
tively at 24 and 48 hpi (Fig. 2). These trends of results under 
elevated  CO2 are almost similar to those under ambient  CO2 
(Fig. 2), indicating that the Gns5 gene expression was influ-
enced by the Si amendment but not by the levels of  CO2.

3.3  Histological Observation on Callose Deposition

The callose deposition in the sieve tube of rice leaf sheath 
in response to BPH feeding was recorded through histologi-
cal observations. The callose deposited on the sieve tube 
was observed to be thickened and emitted strong fluores-
cence through the fluorescent microscope in Si amended 
plants. Also, the feeding duration of BPH influenced the 
number of callose on sieve plates. The number of callose 
deposited on the sieve plate increased from 2.67 to 11 in 

Fig. 1  Honeydew excretion by 
BPH from the rice plant treated 
with 0, 0.16 and 0.32 g Si per 
Kg soil at different time point 
of BPH infestation (24, 48, 72 
and 96 hpi) under elevated and 
ambient  CO2.
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Fig. 2  Relative expression 
levels of callose synthase 
(OSGSL1) and hydrolase (Gns5) 
genes in rice plant treated with 
0, 0.16 and 0.32 g Si per Kg soil 
at different time point of BPH 
infestation (0, 6, 12, 24 and 48 
hpi) under elevated  CO2 with 
Silicon amendment

Fig. 3  Callose deposition in rice leaf sheath in response to silicon amendment with 0, 0.16 and 0.32 g Si per Kg soil at different time point of 
BPH infestation (0, 24, 48, 72 and 96 hpi) under elevated and ambient  CO2 conditions

Fig. 4  Callose deposition in rice 
leaf sheath tissues obtained with 
a confocal microscope. Bright 
blue fluorescence indicates 
the induced callose in the Si 
amended plant in response to 
BPH feeding. The white arrow 
marks on A indicates the single 
callose (scale bar = 25 μm) and 
white arrow marks on image B 
indicates the presence of num-
ber of callose in the sieve tube 
of the rice leaf sheath (scale bar 
= 100 μm)
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0.32 g Si treated plants compared to 9.6 and 8.3 in 0.16 g 
and 0 g Si treated plants, respectively (Fig. 3). The callose 
deposition increased from 0 to 48 hpi and later it showed a 
declining trend both under elevated and ambient  CO2. How-
ever, the number of callose was observed to be considerably 
more under elevated  CO2 plants than ambient  CO2 plants 
(Fig. 4). It indicated Si amendment significantly increased 
the callose deposition in rice plants during the early period 
of BPH feeding than later as a means of protection against 
the biotic stress. Silicification: Morphological observation 
of leaf sheath by scanning electron microscope showed the 
distribution of silica bodies (Fig. 5). The density and size of 
the silica bodies increased with increase in Si application.

3.4  Effect of Si Amendment 
on Photosynthesis‑Related Parameters 
with BPH Infestation Under Elevated 
and Ambient  CO2

Photosynthesis-related parameters of all the treatment plants 
were computed after measurement by IRGA and the analysis 
revealed significant differences with Si amendment and BPH 
infestation under elevated and ambient  CO2. Under elevated 
 CO2 with BPH infestation, photosynthetic rate and WUE 
significantly increased with Si amendment. It increased by 
24.26% and 6.88%, respectively in 0.32 g Si treatment com-
pared to 0 g Si and in 0.16 g Si treatment, photosynthetic 
rate and WUE increased by 14.46% and 2.19%, respectively. 
However, transpiration rate (E), intercellular  CO2 concentra-
tion (Ci), stomatal conductance (gs) decreased in Si-treated 
plants. These parameters decreased by 15.8%, 26.16%, 
23.76% in 0.32 g Si treatment compared to 0 g Si and by 

10.30%, 15.94% and 18.18% respectively in 0.16 g Si treat-
ment (Table 1).

Under ambient  CO2 with BPH infestation, photosynthetic 
rate and WUE significantly increased with Si amendment by 
3.63% and 46.4%, in 0.32 g Si treatment compared to 0 g Si 
and by 4.7% and 55.08%, respectively in 0.16 g Si treatment. 
However, transpiration rate (E), intercellular  CO2 concentra-
tion (Ci), stomatal conductance (gs) decreased in Si-treated 
plants by 21.62%, 32.83%, and 14.09% in 0.32 g Si treat-
ment compared to 0 g Si and by 14.70% (increased), 30.94% 
(decreased) and 6.91% (decreased) respectively, in 0.16 g.

Under elevated  CO2 without BPH infestation, photo-
synthetic rate and WUE significantly increased with Si 
amendment by 26.15% and 0.80%, respectively in 0.32 g 
Si treatment compared to 0 g Si and, by 14.52% and 8.18%, 
respectively in 0.16 g Si treatment. However, transpira-
tion rate (E), intercellular  CO2 concentration (Ci), stomatal 
conductance (gs) decreased in Si treated plants by 15.9%, 
15.7%, 30.08% in 0.32 g Si treatment compare to 0 g Si, by 
4.26%, 18.87% and 10.12% respectively, in 0.16 g Si treat-
ment (Table 1).

Under ambient  CO2 without BPH infestation, photo-
synthetic rate and WUE significantly increased with Si 
amendment by 52.43% and 11.11%, respectively in 0.32 g 
Si treatment compared to 0 g Si and, by 6.04% (increased) 
and 14.43% (decreased), respectively in 0.16 g Si treatment. 
However, transpiration rate (E), intercellular  CO2 concen-
tration (Ci), and stomatal conductance (gs) decreased in Si-
treated plants, by 18.09%, 15.88%, 14.26% in 0.32 g Si treat-
ment compare to 0 g Si and by 7.62% (decreased), 20.43% 
(increased) and 7.4% (decreased) respectively, in 0.16 g Si 
treatment (Table 1).

Fig. 5  Scanning Electron Microscope (SEM) pictures of silica bodies and silica cells on the leaf sheath of rice plant treated with silicon at the 
rate 0 g (A), 0.16 g (B), and 0.32 g (C) per kg soil
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4  Discussion

The rise in atmospheric  CO2 level and the temperature has 
an immediate impact on food grain production as well as an 
indirect effect on crop pests [8]. Generally, an increase in 
atmospheric  CO2 increases the C:N ratio of the rice plant 
foliage, and as a result, the pest increases the consumption 
under elevated  CO2 to compensate for lower nitrogen in 
plant foliage. As a result, the Si amendment can be used 
as a potential alternative management practice to reduce 
pest damage under elevated  CO2 levels. From the previous 
studies [28, 33] it is evident that the Si amendment impairs 
the sucking behaviour of BPH in rice, that was tested in 
the present study under elevated and ambient  CO2 condi-
tion. Our results also confirmed the results of Yang et al. 
[28] that Si amendment reduced the honeydew excretion, 
indicating reduced feeding by BPH. Honeydew excretion 
increased as the BPH infestation duration increased. Com-
paratively, slightly higher honeydew excretion was observed 
under elevated  CO2 compared to the ambient  CO2. However, 
honeydew excretion was found significantly lower at higher 
doses of Si compared to the lower dose or no Si treatment. 

The plant physiological modification behind the reduced 
honeydew excretion and feeding was studied at the molecu-
lar level in separate experiments. The callose deposition in 
the sieve tube of rice leaf sheath in response to BPH feed-
ing was recorded through histological observations. The 
callose deposition responded positively to BPH infestation 
in plants both with and without Si amendment and more 
callosic sieve plates were noticed in the BPH-infested plants 
than uninfested plants. The lower honeydew excretion at dif-
ferent BPH infestation durations that corresponded to higher 
callose deposition in the sieve tubes of rice plants indicated 
about the probable relationship between callose deposition 
and reduction in BPH feeding. In resistant rice varieties clos-
ing or occlusion of phloem sap by callose deposition in sieve 
tubes in response to the BPH infestation has already been 
demonstrated [23], indicating that the Si amendment might 
have played a role in reducing BPH feeding. Unlike silici-
fication, callose deposition is an induced defense by the Si-
treated plants. The deposition of callose, a polysaccharide, 
is regulated by the expression of genes encoding callose 
synthase (OsGSL1) and callose hydrolase (Gns5) [23]. Our 
study found that BPH infestation induced high expression 

Table 1  Effect of elevated  CO2 and Silicon amendment on photosynthesis and related parameters in rice (IRGA analysis)

Treatment Photosynthetic 
rate (P)
(µmol  CO2  m− 2  s− 1)

Transpiration rate (E)
(mmol  H2O  m− 2  s− 1)

Water use efficiency 
(WUE)
(mmol  CO2  mol− 1 
 H2O)

Intercellular  CO2 
concentration (Ci)
(mmol  CO2  m− 2  s− 1)

Stomatal conductance 
(gs)
(mmol  H2O m − 2 s − 1)

Elevated  CO2 + 0 g 
Si + BPH

20.44 ± 0.68 cd 7.45 ± 0.27bcde 3.05 ± 0.08b 218.08 ± 0.65ab 258.55 ± 3.52d

Elevated  CO2 + 0.16 g 
Si + BPH

22.19 ± 0.67c 6.99 ± 0.34de 3.19 ± 0.10a 191.58 ± 0.34d 240.93 ± 7.86e

Elevated  CO2 + 0.32 g 
Si + BPH

25.40 ± 0.67ab 6.27 ± 0.34e 3.26 ± 0.03a 161.03 ± 1.12f 197.11 ± 3.14 g

Elevated  CO2 + 0 g Si 
- BPH

20.38 ± 0.48 cd 7.48 ± 0.27bcde 2.49 ± 0.03c 214.17 ± 0.13bc 318.28 ± 5.82b

Elevated  CO2 + 0.16 g 
Si - BPH

22.45 ± 0.61bc 6.57 ± 0.10de 2.32 ± 0.06d 222.54 ± 0.89a 247.28 ± 2.14e

Elevated  CO2 + 0.32 g 
Si - BPH

25.71 ± 0.75a 6.29 ± 0.38e 2.51 ± 0.05c 180.54 ± 0.71e 222.25 ± 5.53f

Ambient  CO2 + 0 g 
Si + BPH

12.66 ± 0.71e 9.25 ± 0.17a 1.25 ± 0.03 h 216.75 ± 0.12abc 346.90 ± 10.12a

Ambient  CO2 + 0.16 g 
Si + BPH

12.53 ± 0.85e 8.50 ± 0.33ab 1.18 ± 0.01 h 210.81 ± 1.71c 320.22 ± 8.71b

Ambient  CO2 + 0.32 g 
Si + BPH

13.12 ± 0.57e 7.25 ± 0.42cde 1.83 ± 0.10e 145.57 ± 2.13 g 298.08 ± 6.21c

Ambient  CO2 + 0 g Si 
- BPH

13.12 ± 0.23e 9.55 ± 0.48a 1.44 ± 0.11 g 192.18 ± 0.67d 353.28 ± 6.45a

Ambient  CO2 + 0.16 g 
Si - BPH

18.86 ± 0.64d 8.39 ± 0.60abc 1.87 ± 0.01e 133.43 ± 0.34 h 327.14 ± 7.10b

Ambient  CO2 + 0.32 g 
Si - BPH

20.00 ± 0.54 cd 7.75 ± 0.67bcd 1.60 ± 0.03f 160.69 ± 0.55f 302.90 ± 4.13c

F-value 45.41 20.52 159.9 633.99 577.52
P-value < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
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of OsGSL1 and low expression of Gns5 in plants treated 
with Si, compared to those without Si amendment. This led 
to greater callose deposition in Si-treated plants, resulting 
in reduced feeding and lower honeydew excretion by BPH, 
compared to Si-untreated plants [28, 33]. However, after the 
initial infestation period (24 and 48 hpi), both genes’ expres-
sion decreased in both Si-treated and untreated plants, and 
the number of callosic sieve plates tended to decline from 
72 hpi onwards. This dynamic expression of OsGSL1 and 
Gns5 genes, and the accumulation of callose, is a response to 
herbivore stress. Previous research suggests that prolonged 
callose deposition can adversely affect plant physiology and 
development, making its short-lived deposition under herbi-
vore stress conditions beneficial [28].

Soil application of Si and uptake of available Si by plant 
significantly alters the physiology of the plant and also the 
nutrient composition of soil and plant tissue [34]. In this 
study, we found that Si amendment significantly increased 
the photosynthetic rate and WUE and decreased transpira-
tion rate (E), intercellular  CO2 concentration (Ci), and sto-
matal conductance (gs) in rice plants, both under elevated 
and ambient  CO2 conditions, with and without BPH infesta-
tion. This increase in photosynthesis might be attributed to 
the enhanced activity of antioxidant enzymes, RuBP car-
boxylase, and an increase in chlorophyll content, as reported 
previously [35]. Our results are in line with other studies 
that have found that Si application can increase the net pho-
tosynthesis rate in various crops, such as wheat [36, 37], 
sorghum [38], and soybean [39]. The lowest transpiration 
rate observed in Si-treated plants could be due to decreased 
stomatal activity. It has been suggested that Si plays an 
important role in decreasing the transpiration rate, which 
helps to protect the moisture content of the plants [40]. Si 
application has also been found to significantly decrease 
transpiration and increase WUE in wheat [41] and maize 
[42] plants. However, in contrast to previous reports in other 
crops [37], our study found that Si application significantly 
decreased stomatal conductance. The Si amendment also 
enhanced the accumulation of Si in plant tissues, with higher 
doses resulting in higher accumulation levels under ambient 
and elevated  CO2 conditions.

5  Conclusion

Si amendment increased the accumulation of silica cells 
on leaf sheath, expression of resistance-inducing genes, 
increased the callose deposition, and reduced honeydew 
excretion or the pest feeding. It also altered the photosyn-
thetic parameters in a beneficial way, modified the soil’s 
nutrient composition, and increased the available form of 
major and minor nutrients including Si. All these results 
revealed the implication of the Si application as a potential 

alternative strategy to combat rice BPH under both elevated 
and ambient  CO2 and temperature.

Supplementary Information The online version contains supplemen-
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