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Objectives: Fall armyworm (Spodoptera frugiperda) is a polyphagous pest causing economic losses to var-
ious crops. Commonly, chemical pesticides are used to control this pest, but these pesticides have a lot of
side effects. Therefore, alternate environment-friendly method are inevitable for the management of S.
frugiperda. Silicon (Si) supplementation to crop plants develops induced resistance against pests.
Methods: As the crop damage is done by the larval stage of the Fall armyworm, a laboratory experiment
was carried out to investigate the impact of Si on immature stages of S. frugiperda. Treatments consisted
of silicon dioxide (SiO2) and potassium silicate (K2SiO3) with two methods of application (foliar spray and
soil application). No Si was the control treatment.
Results: The current results showed that all Si treatments significantly (p � 0.05) affected the immature
stages of S. frugiperda. The foliar spray of SiO2 caused the highest larval mortality (40.33 ± 3.45 %) com-
pared to K2SiO3 (29.33 ± 3.26 %) and control (4.67 ± 1.03 %). The greatest effect of Si treatments was
observed in the early stages of larvae as insect mortality was significantly higher in 1st (19.67 ± 2.33
%) and 2nd (12.67 ± 1.03 %) instar of larval growth. Similarly, a significantly higher larval mortality
was recorded one day (10.67 ± 2.07 %) and two days (19.67 ± 2.33 %) after hatching. Among Si sources,
larval mortality was affected more in SiO2 than K2SiO3 and control. Meanwhile, the larval mortality
was significantly more affected in Si’s foliar spray (26.67 ± 17.26 %) than soil application (22.89 ± 14.4
6 %). A similar effect was observed in larvae to pupa ratio (59.67 ± 3.45 %), adult fecundity (146.67 ± 18.
36 eggs), and neonate emergence (37.83 ± 4.62 %). In the pupa to adult ratio and adult sex ratio, no sig-
nificant impact of Si sources or application methods was observed.
Conclusions: The current study results showed a significantly negative impact of Si on immature stages of
S. frugiperda. Hence, Si application may diminish S. frugiperda colonization and initial damage in maize
because it can decrease the fecundity of S. frugiperda and significantly increase the mortality of newly
emerging larvae.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The fall armyworm (Spodoptera frugiperda) (J. E. Smith) is a noc-
tuid pest causing considerable economic losses to a number of
plants, but prefers to infest maize crop (Casmuz et al., 2017). Spo-
doptera frugiperda can result in 15 to 73% worldwide economic
losses for maize alone (Guo et al., 2018). Spodoptera frugiperda is
a year-round inhabitant of the Americas’ tropical and subtropical
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regions, and it makes its way quite far northern as temperate North
America every year. S. frugiperda was first reported in Western
Africa in January 2016, and it has spread at an incredible rate since
then. S. frugiperda was reported in other African countries within
two years of entering West Africa (Abrahams et al., 2017,
Stokstad 2017). Subsequently, it moved to the eastern side (Njeru
2017), reaching Asian countries like Thailand, India and Myanmar
in 2018 (Kalleshwaraswamy et al., 2018). S. frugiperda was first
recorded in China in January 2019, and in autumn 2019, it spread
to nearly all of China’s southern regions (Center 2019, Wu et al.,
2019). Maize is cultivated in all provinces of China, making it the
world’s second-largest maize producer (Li et al., 2020). As a result,
if S. frugiperda can regularly reach the main maize growing regions,
Chinese crop output and food security would be jeopardized. S. fru-
giperda danger to China will keep growing as globalization and
connectivity develop due to global trade (Early et al., 2018).

When maize is infested with S. frugiperda, yield losses range
from 15 to 73% (Ranaweera et al., 2021). The annual economic
losses in Ghana and Zambia have reached US$177.3 million and
US$159.3 million, respectively (Abrahams et al., 2017). Collec-
tively, maize, rice, sorghum, and sugarcane, have suffered total
economic crop losses of US$13 billion per annum in sub-Saharan
Africa (Abrahams et al., 2017). Estimation of the potential financial
loss of maize in China caused by S. frugiperda indicates a range
from US$5.4–47 billion per annum (Song et al., 2020).

Spodoptera frugiperda rapid local spread is caused mainly by
natural long-distance movement (Ren et al., 2019). Because of its
strong flight, S. frugiperda is rapidly expanding. It can fly 100 km
in a single night. Furthermore, the S. frugiperda is active all year
and does not hibernate in the winter (Garcia et al., 2018). Even
at temperatures as low as 18�Celsius, S. frugiperda can complete
the development process. These unique characteristics have made
fall armyworm more damaging (Barfield et al., 1978).

To measure this risk and thus develop a biosecurity plan, it is
essential to figure out some management practices for S. frugi-
perda. As a result, various researchers have mainly engaged in
the development of biopesticides to combat insect pests as part
of insect’s management to prevent crop losses and boost yield
(Idrees et al., 2016, Luo et al., 2018, Ali et al., 2021, Qadir et al.,
2021). On the other hand, farmers have become increasingly reli-
ant on synthetic insecticides to manage S. frugiperda, which is inef-
ficient and detrimental to the environment and natural enemies,
resulting in insecticide resistance (Cai et al., 2017, Gu et al.,
2018). Methomyl, lindane, methyl parathion, and endosulfan are
examples of insecticides that have been used to control S. frugi-
perda and are well-known for being extremely hazardous
(Bateman et al., 2021), with many of these insecticides being pro-
hibited in many states (Humphreys et al., 2008). Furthermore, due
to their toxicity, pesticides are not safe for farmers, and the major-
ity of farmers have no expertise or information on the precautions
to take when applying these pesticides in their fields. As a result, it
is urgently needed to find safe, ecologically friendly, and cost-
effective alternatives to synthetic insecticides for long-term con-
trol of S. frugiperda.

Induced plant resistance is one of the areas that can be used for
the management of S. frugiperda. Resistance of host plants to insect
pests and the chemical elicitors to stimulate host plants’ defences
have become more prevalent in research worldwide (Hamm
et al., 2010). Plant signaling networks regulate most of these
defenses, including plant growth regulators and other modifica-
tions. The plants produce various hormones, and exogenic admin-
istration of a few causes plants to respond to various stresses. They
also affect insect biology, limiting growth and development (Haq
et al., 2021).

Silicon (Si) is the 2nd most prevalent element in soil, accounting
for around a quarter of the earth’s crust (wt/wt) (Acevedo et al.,
2

2022). Even though Si is not considered a compulsory element
for most plants, it has beneficial impacts on plant growth, disease
resistance, and defense mechanisms against insect pests and dis-
eases have been thoroughly reported in various plants.

Foliar spray of Si has been proven to affect plant development,
produce, and Si content in various crops like sugar beet (Artyszak
2018), finger millet (Kim et al., 2017), soybean (Sandhya et al.,
2020), wheat (Sattar et al., 2020), manage pests and other stresses
in Oryza stiva (Rezende et al., 2009, Stout et al., 2009), tomato
(Kedarnath et al., 2016), grape (Shivaraj et al., 2022), cucumber
(Nagaratna et al., 2022) and coffee (Lopes et al., 2013) and induc-
tion of resistance to environmental factors in crops like Triticum
(Sattar et al., 2020) Glycine max (Lee et al., 2010), potato (Pilon
et al., 2014) and rice (Wang et al., 2015). Plant resistance to dis-
eases and insect pests is now well documented, and Si helps to
reduce plant damage inflicted by these pests (Ma 2004).
(Nagaratna et al., 2022) experimented with checking the impact
of silicic acid on biological parameters and fitness of S. frugiperda.
(Pereira et al., 2021) supplemented silicon on maize plants to study
its effect on the colonization of S. frugiperda and the attraction of its
predator. (Assis et al., 2015) evaluated resistance in sunflower
against caterpillars using SiO2. (Gomes et al., 2005) reported that
the application of calcium silicate induced resistance in wheat
against aphids. (Abbasi et al., 2020) carried out a laboratory trial
to check the effect of Si applications on biological parameters
and oviposition of whitefly. (Hou and Han 2010) evaluated the
resistance of rice to Asiatic Rice Borer by applying Si. (Acevedo
et al., 2021) also reviewed the effectiveness of Si in elevating the
resistance of different crops against insect pests.

Ulina et al. (2022) investigated the efficacy of biosilica fertilizer
against FAW incidence and its effect on maize production. (Jeer
et al., 2022) monitored the impact of these Si sources and potas-
sium on total sugars, total phenols, anti-oxidant, and defense
enzymes in wheat stem tissues along with their impact on pink
stem borer damage and yield. (Sousa et al., 2022) characterized
the impact of Si fertilization regarding priming, induced resistance,
and tolerance to FAW in maize’s landrace variety and hybrid. In
another study, the effects of potassium silicate (K2SiO3) on the sur-
vival, development and reproduction of Aphis gossypii Gloverat var-
ious life stages were tested under laboratory conditions. Efficacy of
foliar spraying with K2SiO3 compared to lambda-cyhalothrin (LCH)
against the field strain of A. gossypii third nymphal instar under
greenhouse conditions as well as its impacts on the activity of
antioxidant enzymes were also evaluated (Tawfeek and
Eldesouky 2022).

Despite various research demonstrating that Si deposition in
plants affects the larvae of S. frugiperda (Nascimento et al., 2014,
Nascimento et al., 2018, Acevedo et al., 2021, Nagaratna et al.,
2022), there is little information on the impact of Si supplementa-
tion on the early phases of insect infestation in the literature. As
maximum crop damage is done by the larval stage of S. frugiperda,
therefore, this study aims to check the effect of SiO2 and K2SiO3

with different application methods on the early stages and the
adult stage, especially female sex ratio and fecundity of S.
frugiperda.
2. Materials and methods

2.1. Experimental site and treatments

The current experiment was conducted in laboratory conditions
at the College of Crop Protection Gansu Agricultural University
Lanzhou, China (36.0915�N, 103.7006�E), 2020–21. The experiment
was conducted in a completely randomized design (CRD) under a
factorial arrangement with three replicates. Treatments consisted
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of Silicon dioxide (SiO2) and Potassium silicate (K2SiO3) applied
with two different methods of application (Foliar spray and soil
application). Water was used as a foliar spray and soil application
in the control treatment.
2.2. Insect materials

Eggs of S. frugiperda were collected from insect colonies main-
tained in the laboratory and kept for hatching in an incubator at
25 �C and 65 % R. H. Newly emerging larvae were transferred into
Petri dishes and were supplied with discs of maize leaves treated
with Si daily till pupation. Newly emerged adults were transferred
to rectangular cages. White sheets were used to cover the cages’
interior walls, which served as oviposition sites. Sterilized cotton
balls soaked in a 15% honey solution were also provided as a food
source in the cages. The sterile cotton balls and white papers were
replaced daily to ensure homogenous egg ages.
2.3. Silicon applications

Maize seeds of the variety Nonghua (农化) 816 were sown in the
plastic pots containing potting soil. Pots were watered daily to
maintain moisture levels. Available studies demonstrate that sili-
con dioxide and potassium silicate have moderate to low acute
toxicity. These pesticides have been placed in Toxicity Category
III for acute oral and dermal effects (Toxicity Category I indicating
the highest degree of toxicity, and IV the lowest). Similarly, an
inhalation study and eye and dermal irritation studies suggest
moderate to low toxicity. Therefore, SiO2 and K2SiO3 were pur-
chased from Shanghai Macklin Biochemical Co., Ltd, Shanghai,
China. 800 ppm concentration solutions were prepared for both
Si compounds by dissolving in water before application. A hand
sprayer was used for foliar Si applications, with the plants’ bases
wrapped with plastic sheets. Drenches were injected into the soil
around the plant’s base in soil application treatments.
2.4. Data collection

The impact of Si was checked on larvae percentage mortality
(from 1st to 6th instar), larvae percentage mortality after one
day, two days, three days, seven days, fifteen days, and total larvae
mortality, larvae to pupa ratio, pupa to adult ratio, adult sex ratio,
total fecundity, eggs development period and subsequent larvae
emergence ratio. Corrected percentage mortality was calculated
using Abbot’s formula. Freshly laid eggs were collected from the
cages and put in clean Petri dishes (diameter, 9 cm). The number
of eggs laid overnight was counted with a microscope’s aid. This
repeated daily until the females died.

Corrected mortality is = [x(c) - x(t)]/x(c).
x (t) is the proportion of the treatment group that survives and x

(c) is the proportion of the control group that survives, both groups
started at the same size.
2.5. Data analysis

The collected data on percentage larval mortality, pupation rate,
adult sex ratio, fecundity and fertility were subjected to analysis of
variance (factorial design up to two-way interaction) to test the
effect of Si application methods and Si sources. All the data were
analyzed using SPSS statistics software (IBM, SPSS Version 19, Uni-
ted States). LSD test at p � 0.05 was used to separate the significant
difference between treatment means. All statistical analyses were
carried out using. GraphPad Prism version 7.00 was used to make
graphs.
3

3. Results

3.1. Percentage mortality of S. Frugiperda larvae (1st to 6th instar)

The current study revealed a significant (P � 0.05) impact of all
the Si applications on the percentage mortality of all larval instars
of S. frugiperda compared to control. Mean percentage mortality in
1st instar larvae was recorded in the foliar spray of SiO2 (21.33 ± 1.
15 %) followed by soil application of SiO2 (18.00 ± 2.00 %) and foliar
spray of K2SiO3 (17.33 ± 1.15 %) (Fig. 1). Among application meth-
ods percentage mortality in 1st instar larvae was significantly
(P � 0.05) higher in SiO2 (19.67 ± 2.34 %) compared to K2SiO3

(15.67 ± 1.96 %) and control (3.67 ± 0.82 %). Moreover, a statisti-
cally (P � 0.05) higher mortality of 1st instar larvae of S. frugiperda
was recorded in foliar sprays (14.22 ± 7.90 %) compared to soil
application (11.77 ± 6.67 %) (Table 1). A similar trend was observed
in the percentage mortality of 2nd instar larvae of S. frugiperda.
Foliar spray of SiO2 resulted in a statistically (P � 0.05) higher mor-
tality (13.33 ± 1.15 %) of 2nd instar larvae, followed by soil appli-
cation of SiO2 (12.00 ± 0.00 %) and foliar spray of K2SiO3

(9.33 ± 1.15 %) (Fig. 1). SiO2 resulted in statistically (P � 0.05)
higher mortality (12.67 ± 1.03 %) of 2nd instar larvae compared
to K2SiO3 (9.00 ± 1.09 %) and control (1.00 ± 1.09 %). Among appli-
cation methods, the mean percentage mortality in the foliar spray
and soil application was (7.78 ± 5.69 %) and (7.33 ± 4.79 %), respec-
tively (Table 1). Mean percentage mortality in 3rd instar larvae of S.
frugiperdawas significantly (P� 0.05) affected by all Si applications
compared to control. Mean percentage mortality was (6.00 ± 0.00
%), (5.33 ± 1.15 %), (4.00 ± 0.00 %), (4.00 ± 0.00 %), and
(0.00 ± 0.00 %) recorded in foliar spray of SiO2, soil application of
SiO2, foliar spray of K2SiO3, soil application of K2SiO3, and control
respectively (Fig. 1). Mean percentage mortality in 3rd instar larvae
was significantly (P � 0.05) higher in SiO2 (5.67 ± 0.82 %) compared
to K2SiO3 (4.00 ± 0.00 %) and control (0.00 ± 0.00 %). Whereas no
significant (P � 0.05) difference was observed in the foliar spray
(3.33 ± 2.64 %) and soil application (3.11 ± 2.47 %) on mean per-
centage mortality of 3rd instar larvae of S. frugiperda. In the 4th
instar larvae of S. frugiperda, significantly higher percentage mor-
tality was detected in the foliar spray of SiO2 (2.67 ± 1.15 %) fol-
lowed by drenching application of SiO2 (2.00 ± 0.00 %) and foliar
spray K2SiO3 (1.33 ± 0.00 %). No percentage mortality of 4th instar
larvae was observed in soil application of K2SiO3 and control
(Fig. 1). In the 5th and 6th instar larvae of S. frugiperda, no percent-
age mortality was observed in all the treatments (Table 1). Com-
paratively, a significantly higher percentage of mortality was
observed in 1st instar larvae (19.67 ± 2.33 %), followed by 2nd,
3rd, and 4th instar larvae of S. frugiperda (Fig. 1).
3.2. Percentage mortality of S. Frugiperda larvae after one day, two
days, three days, seven days, fifteen days of emergence, and total
larvae mortality

The Si sources and Si application methods statistically
(P � 0.05) affected larval mortality of S. frugiperda at one day,
two days, three days, seven days, and fifteen days after emergence.
After one day of emergence, foliar spray of SiO2 statistically
(P � 0.05) affected the percentage mortality of S. frugiperda com-
pared to K2SiO3 and control. Statistically (P � 0.05), higher values
of percentage mortality were recorded in foliar sprays of SiO2

(12.00 ± 2.00 %), followed by soil application of SiO2 (9.33 ± 1.15
%) and foliar spray of K2SiO3 (9.33 ± 1.15 %). Minimum percentage
mortality was recorded in control (2.67 ± 1.15 %). Among both
methods of Si application, statistically (P � 0.05) higher mortality
was recorded in SiO2 (10.67 ± 2.06 %) than in K2SiO3 (8.67 ± 1.63
%) and control (2.67 ± 1.03 %). Similarly, higher values of percent-



Fig. 1. Effect of Si on percentage mortality of different instars of S. frugiperda larvae. Means were compared using the LSD test at p � 0.05. Vertical bars indicate SE.

Table 1
Effect of SiO2 and K2SiO3 on percentage mortality of different larval instars of S. frugiperda larvae.

Treatments 1st Instar 2nd Instar 3rd Instar 4th Instar 5th Instar 6th Instar

Silicon Sources
SiO2 19.67 ± 2.34a 12.67 ± 1.03a 5.67 ± 0.82a 2.33 ± 0.82a 0.00 ± 0.00 0.00 ± 0.00
K2SiO3 15.67 ± 1.96b 9.00 ± 1.09b 4.00 ± 0.00b 0.67 ± 1.03b 0.00 ± 0.00 0.00 ± 0.00
Control 3.67 ± 0.82c 1.00 ± 1.09c 0.00 ± 0.00c 0.00 ± 0.00b 0.00 ± 0.00 0.00 ± 0.00
Application Methods
Foliar Application 14.22 ± 7.90a 7.78 ± 5.69a 3.33 ± 2.65a 1.33 ± 1.4a 0.00 ± 0.00 0.00 ± 0.00
Soil Drenching 11.78 ± 6.67b 7.33 ± 4.79a 3.11 ± 2.47a 0.67 ± 1.00b 0.00 ± 0.00 0.00 ± 0.00

Means within a column followed by different lower-case letters are significantly different at P � 0.05 (LSD test).
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age mortality after one day of emergence were recorded in the
foliar spray (8.00 ± 4.35 %) compared to soil application
(6.67 ± 3.32 %) of both Si sources. Percentage mortality of fall army-
worm larvae after two days of emergence was (21.33 ± 1.15 %), (18.
00 ± 2.00 %), (17.33 ± 1.15 %), (14.00 ± 0.00 %), and (4.00 ± 0.00 %) in
the foliar spray of SiO2, soil application of SiO2, foliar spray of
K2SiO3, soil application of K2SiO3, and control, respectively. More-
over, the maximum percentage of mortality after two days of
emergence was recorded in SiO2 (19.67 ± 2.33 %) compared to
K2SiO3 (15.67 ± 1.96 %) and control (3.67 ± 0.82 %). Foliar sprays
(14.22 ± 7.90 %) of both Si sources caused a statistically
(P � 0.05) higher mortality than soil application (11.78 ± 6.67 %).
A similar trend of percentage mortality was observed after three
days of emergence in larvae of S. frugiperda. Foliar spray of SiO2

resulted in significantly higher mortality (29.33 ± 1.15 %) than soil
application of SiO2 and K2SiO3 (Fig. 2). Minimum percentage mor-
tality was recorded in control. Among Si sources, the percentage
mortality after three days of emergence was (27.00 ± 2.75 0%) in
SiO2 and (20.67 ± 2.42 %) in K2SiO3 compared to control
(4.67 ± 1.03 %). The percentage of larval mortality was (18.89 ± 11.
09 %) in the foliar spray and (16.00 ± 8.94 %) in soil application of Si
(Table 2). The mortality of S. frugiperda larvae after seven days of
emergence was statistically (P � 0.05) higher in the foliar spray
of SiO2 (40.67 ± 1.15 %) than in soil application of SiO2 (34.67 ± 1.
15 %) and foliar spray of K2SiO3 (29.33 ± 1.15 %) (Fig. 2). Overall, a
higher percentage of mortality was observed in the foliar sprays
(24.88 ± 15.97 %) of Si compared to soil application (21.56 ± 13.3
3 %). A statistically (P � 0.05) higher percentage of mortality was
recorded in SiO2 (37.67 ± 3.44 %) after seven days of larval emer-
gence compared to K2SiO3 (27.33 ± 2.42 %) and control
(4.67 ± 1.03 %) (Table 2). Results indicated that after fifteen days
of emergence, larval mortality was statistically (P � 0.05) affected
by all Si applications compared to untreated control. The maxi-
mum percentage of mortality was recorded in the foliar spray of
SiO2 (43.33 ± 1.15 %), followed by soil application of SiO2 (37.33 ±
1.15 %), foliar spray of K2SiO3 (32.00 ± 2.00 %), and soil application
of K2SiO3 (26.67 ± 1.15 %) (Fig. 2). Among Si sources, the percentage
of mortality was (40.33 ± 3.44 %), (29.33 ± 3.26 %), and (4.67 ± 1.03
4

%) in SiO2, K2SiO3, and control, respectively (Table 2). It can be seen
from Fig. 2 that the total percentage of mortality of S. frugiperda is
similar to the percentage of mortality after fifteen days of
emergence.

3.3. Larvae to pupa and pupa to adult ratio of S. Frugiperda under
different Si applications

Fig. 3 shows the effect of Si applications on larvae to pupa ratio
and pupa to adult ratio of S. frugiperda. The current study showed
that all the Si applications significantly (P � 0.05) affected the lar-
vae to pupa ratio of S. frugiperda. Significantly (P � 0.05) lower val-
ues of larvae to pupa ratio were observed in the larvae fed on maize
leaves treated with SiO2 (59.67 ± 3.44 %) compared to K2SiO3 (70.
67 ± 3.26 %) and control (95.33 ± 1.03 %) (Table 3). The lowest larvae
to pupa ratios were observed in the foliar spray (56.67 ± 1.15 %) of
SiO2, which were significantly (P � 0.05) similar to soil application
of SiO2 (62.67 ± 1.15 %), while larvae to pupa ratios were signifi-
cantly (P � 0.05) lower in the foliar spray of K2SiO3 (68.00 ± 2.00
%) than soil application of K2SiO3 (73.33 ± 1.15 %). Overall, lower lar-
vae to pupa ratios were observed in the foliar spray (73.33 ± 17.26
%) than in Si sources’ soil application (77.11 ± 14.46 %).

In the pupa to adult ratio, Si applications significantly (P � 0.05)
showed lower ratios than control. Pupa to adult ratio in the foliar
spray of SiO2 (89.67 ± 0.57 %) was significantly (P � 0.05) similar
to foliar spray of K2SiO3 (91.67 ± 0.57 %); similarly, soil application
of SiO2 (92.67 ± 0.57 %) was also significantly (P � 0.05) identical to
soil application K2SiO3 (93.33 ± 0.57 %). The pupa to adult ratio in
control was (100.00 ± 0.00 %). Among Si sources, papa to adult
ratios was (91.17 ± 1.72 %), (92.05 ± 1.04 %), and (100.00 ± 0.00
%) in SiO2, K2SiO3, and control, respectively (Table 3).

3.4. Effect of Si on the sex ratio of S. Frugiperda

Fig. 4 shows the effect of SiO2 and K2SiO3 and their application
methods on the sex ratio of S. frugiperda. The results revealed no
significant (P = 0.55) impact of Si sources on the male and female
sex ratio. The male sex ratio was (57.78 ± 3.71 %) in SiO2, (59.72



Fig. 2. Effect of SiO2 and K2SiO3 applied with two application methods (Foliar application and soil drenching) on percentage mortality of S. frugiperda larvae after (a) one day,
(b) two days, (c) three days, (d) seven days, (e) fifteen days of emergence, and (f) total larvae mortality. Means were compared using the LSD test at p � 0.05. Vertical bars
indicate SE.

Table 2
Effect of SiO2 and K2SiO3 on percentage mortality of S. frugiperda larvae after one day, two days, three days, seven days, fifteen days of emergence, and total larvae mortality.

Treatments One day Two days Three days Seven days Fifteen days Total mortality

Silicon sources
SiO2 10.67 ± 2.06a 19. 67 ± 2.33a 27 ± 2.75a 37.67 ± 3.45a 40.33 ± 3.44a 40.33 ± 3.44a

K2SiO3 8.67 ± 1.63b 15. 67 ± 1.96b 20.67 ± 2.42b 27.33 ± 2.42b 29.33 ± 3.26b 29.33 ± 3.26b

Control 2.67 ± 1.03c 3.67 ± 0.81c 4.67 ± 1.03c 4.67 ± 1.03c 4.67 ± 1.03c 4.67 ± 1.03c

Application methods
Foliar application 8 ± 4.35a 14.22 ± 7.90a 18.89 ± 11.09a 24.89 ± 15.97a 26. 67 ± 17.26a 26. 67 ± 17.26a

Soil drenching 6.67 ± 3.31a 11.78 ± 6.67b 16 ± 8.94b 21.56 ± 13.33b 22. 89 ± 14.46b 22. 89 ± 14.46b

Means within a column followed by different lower-case letters are significantly different at P � 0.05 (LSD test).

Fig. 3. Effect of SiO2 and K2SiO3 applied with two application methods (Foliar application and soil drenching) on(a) larvae to pupa ratio (%) and (b) pupa to adult ratio (%) of S.
frugiperda. Means were compared using the LSD test at p � 0.05. Vertical bars indicate SE.
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± 4.33 %) in K2SiO3, and (57.92 ± 4.58 %) in control; similarly, the
female sex ratio was (42.22 ± 3.72 %) in SiO2, (40.28 ± 4.33 %) in
K2SiO3, and (42.08 ± 4.58 %) in control. The results also showed
no significant impact of Si application methods on the sex ratio
5

of S. frugiperda adults. The male and female sex ratios in the foliar
spray were (58.80 ± 4.48 %) and (41.20 ± 4.48 %), respectively;
similarly, in soil application, ratios were (58.14 ± 3.86 %) and
(41.86 ± 3.86 %) (Table 3).



Table 3
Effect of SiO2 and K2SiO3 on larvae to pupa ratio (%), pupa to adult ratio (%), male sex ratio (%), and female sex ratio (%) of S. frugiperda.

Treatments Larvae to pupa ratio (%) Pupa to adult ratio (%) Male sex ratio (%) Female sex ratio (%)

Silicon sources
SiO2 59.67 ± 3.45c 91.17 ± 1.72c 57.78 ± 3.72a 42.22 ± 3.71a

K2SiO3 70.67 ± 3.26b 92.5 ± 1.04b 59. 72 ± 4.33a 40.28 ± 4.33a

Control 95.33 ± 1.03a 100 ± 0.0a 57. 92 ± 4.58a 42.08 ± 4.58a

Application methods
Foliar application 73.33 ± 17.26b 93.78 ± 4.76b 58.80 ± 4.48a 41.20 ± 4.48a

Soil drenching 77.11 ± 14.46a 95.33 ± 3.54a 58.14 ± 3.86a 41.86 ± 3.86a

Means within a column followed by different lower-case letters are significantly different at P � 0.05 (LSD test).

Fig. 4. Effect of SiO2 and K2SiO3 applied with two application methods (Foliar application and soil drenching) on(a) male sex ratio (%) and (b) female sex (%) of S. frugiperda.
Means were compared using the LSD test at p � 0.05. Vertical bars indicate SE.
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3.5. Effect of Si on fecundity, eggs development period, and larvae
emergence of S. Frugiperda

Fig. 5 shows the effect of SiO2 and K2SiO3 and their application
methods on total fecundity, egg development period, and larvae
emergence of S. frugiperda. All the Si applications significantly
(P � 0.05) affected the total fecundity of S. frugiperda. A consider-
ably (P � 0.05) lower fecundity was observed in the foliar spray
of SiO2 (130 ± 2.65 eggs), followed by the foliar spray of K2SiO3

(141.67 ± 0.57 eggs), and soil application of SiO2 (163.33 ± 1.53
eggs) and K2SiO3 (168 ± 2.65 eggs). Si application methods also
showed a significant (P � 0.05) impact on the fecundity of S. frugi-
perda. Total fecundity was (154.33 ± 28.28 eggs) in the foliar spray
and (175.00 ± 14.28 eggs) in soil application of Si. Among Si
sources, lower fecundity was observed in SiO2 (146.67 ± 18.35
eggs) compared to K2SiO3 (154.83 ± 14.52 eggs) and untreated con-
trol (192.50 ± 2.88 eggs).

The current study results showed no significant impact of Si
sources (P = 0.20) or Si application methods (P = 1.00) on the
Fig. 5. Effect of SiO2 and K2SiO3 applied with two application methods (Foliar applicatio
(c) larvae emergence (%) of S. frugiperda. Means were compared using the LSD test at p

6

egg development period of S. frugiperda. The egg’s development
periods were (3.83 ± 0.41 days), (3.33 ± 0.52 days), and (3.83 ±
0.41 days) in SiO2, K2SiO3, and control, respectively. Similarly,
the egg development period in the foliar spray and soil applica-
tion was (3.67 ± 0.5 days) and (3.67 ± 0.5 days), respectively
(Table 4).

Fig. 5 showed the impact of SiO2 and K2SiO3 and their appli-
cation methods on larvae emergence of S. frugiperda. The larvae
emergence was significantly (P � 0.05) lower in soil application
of SiO2 (25.46 ± 1.35 %), followed by the foliar spray of SiO2 (26.
13 ± 1.06 %) and foliar spray of K2SiO3 (31.4 ± 1.51 %). No sig-
nificant impact (P = 0.74) of Si application methods was
observed on the percentage larvae emergence of S. frugiperda.
The percentage of larvae emergence was (50.18 ± 32.22 %) and
(49.91 ± 32.12 %) in the foliar spray and soil application of Si,
respectively. Moreover, among Si sources, the percentage of lar-
vae emergence was significantly (P � 0.05) lower in SiO2 (25.7
9 ± 1.15 %) compared to K2SiO3 (31.57 ± 1.39 %) and control
(92.76 ± 1.85 %) (Table 4).
n and soil drenching) on (a) egg-laying (n), (b) eggs development period (days), and
� 0.05. Vertical bars indicate SE.



Table 4
Effect of SiO2 and K2SiO3 on egg-laying (n), egg development period (days), and larvae
emergence (%) of S. frugiperda.

Treatments Egg-laying (n) Egg development
(days)

Larvae
emergence (%)

Silicon sources
SiO2 146.67 ± 18.36c 3.83 ± 0.41a 37.83 ± 4.62c

K2SiO3 154.83 ± 14.52b 3.33 ± 0.51a 49.0 ± 5.17b

Control 192.5 ± 2.88a 3.83 ± 0.40a 178.67 ± 4.27a

Application methods
Foliar application 154.33 ± 28.28b 3.67 ± 0.50a 85.56 ± 69.53b

Soil drenching 175 ± 14.28a 3.67 ± 0.50a 91.44 ± 66.18a

Means within a column followed by different lower-case letters are significantly
different at P � 0.05 (LSD test).
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4. Discussion

Our findings revealed that Si treatments increased the mortality
of S. frugiperda larvae compared to controls (No silicon). Reduced
digestibleness or poor nutritional value of Si supplemented plants
could reason for reduced survival of newly emerging larvae (Lee
et al., 2003; Hall et al., 2019). The poorer digestibility of Si supple-
mented plants may be attributed to the plant tissue’s increased
abrasiveness or improved plant defenses due to the synergistic
effects with the pathways influenced by jasmonic acid (Massey
and Hartley 2009, Reynolds et al., 2016, Haq et al., 2021). These
findings show that early infestation is less likely in the plants sup-
plemented with Si than in non-supplemented maize plants. A sim-
ilar impact of Si application on S. frugiperda larvae has been
reported by (Pereira et al., 2021), who demonstrated the larval
mortality of S. frugiperda feeding on Si supplemented differently
from those on non-supplemented plants. After 48 h of being fed,
they observed that larval mortality was about six times higher
on plants receiving Si applications than plants with no Si.

Jeer et al. (2022) reported that plant stem borer damage was
significantly reduced (66% over control) in wheat plots treated
with K and Si when compared with untreated control (T1) and
insecticidal check (T6). Both, K and Si treated plots recorded lower
pink stem borer damage than control, while soil applied Si had sig-
nificant influence in reducing Plant stem borer damage. (Nagaratna
et al., 2022) observed a substantial effect of Si and plant growth
regulators on larval survival, with the foliar Si application and Gib-
berellic acid resulting in the lowest (70 %) larval survival. All treat-
ments were statistically different from the control, with a
maximum larval survival rate of 90%. They further speculated that
the detrimental effect of exogenic Si on S. frugiperda larval growth
could be due to Si deposition in the cell walls of the plants, which
improved the stiffness of leaves and increased the synthesis of sec-
ondary defensive chemicals such as tannins and phenols. For treat-
ments in which plants were supplied with silicon, a reduction in
the total number of aphids was observed after two and three days
(Gomes et al., 2008). At 72 h, leaves of plants that received silicon
application were less colonized by aphids. The treatment with
aphid pre-infestation and silicon fertilization had the lowest rate
of aphid population increase, while the control had the highest rate
of population increase. Si is usually applied to the soil or sprayed
on the plant leaves in agricultural systems (Reynolds et al.,
2016). The physical barrier made on the leaf surface, pH effects
and changes in osmotic pressure have been attributed to Si-
protecting effects via foliar spray (Liang et al., 2005). Foliar applied
Si reduced the number of immature and adult of thrips on peanuts
plants and enhanced crop yields (Dalastra et al., 2011). After Si
sprays, an increase in Si content in leaf tissues of Glycine max
was linked to a reduction in the severity of Phakopsora pachyrhizi
(Rodrigues et al., 2009). Increased leaf Si concentration was simi-
7

larly linked to reduced defoliating insect harm in potatoes
(Aparecida De Assis et al., 2012).

The current study results indicated that the pupa to adult ratio
was significantly similar in all Si treatments but different from the
control. Similar findings are reported by Mondego et al. (2018),
who stated that the survival rate of the pupa developed from larvae
fed with Si treated maize leaves was 92.5 %, which supports the
current study results. The current results agree with the results
of Nagaratna et al. (2022), who stated that the mean survival per-
centage of S. frugiperda pupa was 87 % with Si applications. The
current study showed no significant impact of Si applications on
the sex ratio of S. frugiperda. These results are supported by
(Nagaratna et al., 2022), who observed the substantial impacts of
Si and plant growth regulators on adult parameters of S. frugiperda
except for the sex ratio. Similar results are described by
Nascimento et al. (2018). They stated that Si application signifi-
cantly affected all adult parameters of S. frugiperda except the
sex ratio. Thabet et al. (2020) checked the effect of silica nanopar-
ticles on population parameters and American serpentine leaf
miner gene expression. They also stated that th sex ratio was not
significantly different among SiO2NP concentrations.

The silicon effect is most noticeable in insect fertility. The
observed drop in fertility in this study shows a negative impact
of Si treatments, which could result in lower insect population
density and, as a result, less potential for plant damage. In the cur-
rent study, a lower fecundity and fertility were observed in the
adults derived from larvae fed on Si-treated plants compared to
control. Silicon has been shown to diminish the reproduction of
S. frugiperda on maize plants in the past (Alvarenga et al., 2017).
Nagaratna et al. (2022) stated that the foliar spray Si decreased
the fecundity of S. frugiperda up to 57.36%. Silicon treatment of rice
plants also lowered egg-laying and viability in S. frugiperda (He
et al., 2015, Nascimento et al., 2018). Adult of S. frugiperda devel-
oped from larvae fed on plants treated with Si also deposited fewer
eggs (Silva et al., 2014). Silicon also induced resistance against
green peach aphids in potatoes by lowering female fertility
(Gomes et al., 2008). In the current study, the negative effect of sil-
icon on fecundity and fertility could be due to silicon deposition in
plants, which can activate and boost the synthesis of defense
metabolites (Tatagiba et al., 2014). High Si content in leaf tissue
could inhibit the larvae from consuming enough nutrients and
water (Nagaratna et al., 2022), and S. frugiperda’s fitness was
affected due to the physiological alterations. As a result, Si’s sub-
lethal effect on S. frugiperda growth could limit the species’ repro-
duction rate. On the plants treated with foliar and soil treatments
of Si, a lower number of eggs on the first and second days of egg-
laying were observed. In addition, compared to control, soil appli-
cation reduced egg viability by 50% on the first and second days of
egg-laying (Nascimento et al., 2018). Tawfeek and Eldesouky
(2022) reported that Treatments with K2SiO3 significantly reduced
the longevity of adult aphids, as the values were 15.45 days (LC10),
14.82 days (LC25), 11.23 days (LC50), and 17.69 days (control). Com-
pared to the control, Si treatment dramatically lowered the intrin-
sic rate of rising, the finite rate of increase, and the net
reproduction rate of Nilaparvata lugens. The high Si treatment sig-
nificantly shortened the mean generation time compared to the
control. The time it took for the population to double in Si modified
treatments was longer than in control treatments (Yang et al.,
2017).

5. Conclusion

According to our findings, Si foliar spray to maize was as effec-
tive as soil drenching in increasing resistance against S. frugiperda.
However, it is unknown if the resistant impacts of foliar application
of Si would endure the same results as soil-applied Silicon. Because
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it reduces fecundity by S. frugiperda and reduces the survival rate of
newly emerging larvae, our findings suggest that Si treatment may
diminish adoption and early damage by S. frugiperda in crops. Fur-
thermore, larvae that survive on Si-treated plants are likely to
become adults with poor fertility. These impacts of Si applications
on the biology and behaviour of S. frugiperda could help minimize
this serious pest’s population.
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