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Abstract

Forage cactus has gradually gained economic importance and is a potential alternative for producers in the semiarid
region, as it can be used for various purposes for both humans and animals. However, its cultivation is affected by
several types of insect pests that affect its production, especially the scale insect. Thus, this study aimed to test
the influence of potassium silicate on forage cactus productivity and scale insect infestation. The experimental
design used was randomized blocks in a factorial scheme with repeated measurements over time of 4 x 4 + 1,
corresponding to four concentrations of potassium silicate (0, 5, 9, 18, 28 ml L-1) and four application times
(0,90, 180, 270 days) and an additional control treatment (without silicate application) with four blocks, containing
five plants as the experimental unit. At 365 days after the start of the experiment, the plants of the experimental
plot were used to perform biometric and infestation analyses. Morphoagronomic variables of the palm were
considered, and the level of scale mealybug infestation was also evaluated. There was no significant difference
between the different times of product application. The applications of potassium silicate benefited the forage
palms, especially at a concentration of 28 mL L', which provided greater dry matter productivity (84.78 t ha') and
lower scale mealybug infestation (55.4%). It is concluded that there is evidence that the application of potassium
silicate induces resistance to scale mealybug with a lower level of infestation in the cladodes.
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Resumo

A palma forrageira vem gradualmente adquirindo importancia econdmica, sendo uma alternativa em potencial para
produtores do semiérido, pois pode ser usada para diversos fins tanto para humanos como animais. No entanto,
seu cultivo é acometido por varios tipos de insetos-praga que afetam sua producdo, em especial a cochonilha de
escama. Dessa forma, objetivou-se testar a influéncia do silicato de potassio na produtividade de palma-forrageira
e na infestagao por Cochonilha de Escama. O delineamento experimental utilizado foi em blocos casualizados em
esquema fatorial com medida repetida no tempo de 4 x 4 +1, correspondente a quatro concentragdes de silicato
de potassio (0, 5, 9, 18, 28 ml L') e quatro épocas de aplicagdo (0, 90, 180, 270 dias) e um tratamento adicional
testemunha (sem aplicagdo do silicato) com 4 blocos, contendo 5 plantas como unidade experimental. Aos 365 dias
apos o inicio do experimento, as plantas da parcela experimental foram usadas para a realizacdo das analises
biométricas e de infestagdo. Foram levados em consideragdo variaveis morfoagrondmicas da palma e também foi
avaliado o nivel de infesta¢do da cochonilha da escama. Ndo houve diferenca significativa entre as diferentes épocas
de aplicacdo do produto. As aplicagoes de silicato de potassio beneficiaram as palmas-forrageiras, especialmente
na concentragdo de 28 ml L™, que proporcionou maior produtividade de matéria seca (84,78 t ha™') e com menor
infestacdo por cochonilha da escama (55,4%). Conclui-se que existem evidéncias que a aplicagdo de silicato de
potassio induz resisténcia a cochonilha da escama com menor nivel de infestagdo nos cladddios.

Palavras-Chave: Opuntia spp., Diapis echinocacti, K,SiO,, manejo da palma forrageira, controle de pragas.
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1. Introduction

The genera Opuntia and Nopalea are responsible for
the most commercially cultivated forage palms and the
primary food source for ruminants in the semiarid region
of northeastern Brazil (Bayar et al., 2018; Albuquerque
Junior et al., 2023a). Forage palm has gradually acquired
economic importance, generally cultivated in arid areas
to protect the soil against erosion (Batista et al., 2022;
Albuquerque Junior et al., 2023a). It is an alternative that
can be used for several purposes, and humans and animals
consume its fresh fruit. The rich chemical composition of
the cladodes suggests that they can be exploited to extract
pectin (Kumar et al., 2017). In addition, its industrial and
medicinal products are in high demand in the market
(Bayar et al., 2018; Ramdani et al., 2021; Kumar et al.,
2017. However, like any agricultural crop, forage palm is
damaged by several types of insect pests that can affect
its production, such as ants, caterpillars and grasshoppers,
but the scale insect Diaspis echinocacti (Bouché, 1833)
(Hemiptera; Diaspididae) is the primary harmful agent to
the crop, causing the most significant losses to these plants
in the central producing regions of Brazil (Albuquerque
Junior et al., 2023a; Albuquerque Junior et al., 2023b).

The genera Opuntia and Nopalea are responsible for
the most commercially cultivated forage palms and the
main food source for ruminants in the semiarid region
of northeastern Brazil (Bayar et al., 2018; Albuquerque
Junior et al., 2023a). Forage palm, cultivated in arid
environments to protect the soil, has gradually acquired
economic importance, as it constitutes an agricultural
alternative that can be used for human and animal
consumption (Batista et al., 2022). The rich chemical
composition of the cladodes suggests that they can be
exploited to extract pectin. In addition, its industrial and
medicinal products are in high demand in the market
(Bayar et al., 2018; Ramdani et al., 2021; Kumar et al.,
2017). However, like any agricultural crop, forage palm is
affected by several insect pests that harm its production,
with the scale insect Diaspis echinocacti (Bouché, 1833)
(Hemiptera; Diaspididae) standing out among these
organisms in the main producing regions of Brazil
(Albuquerque Junior et al., 2023b). Diapis echinocacti causes
direct (sap suction and toxin injections) and indirect (sooty
mold growth on honeydew, reducing photosynthesis)
damage. Its preference for mature cladodes is associated
with lower production of defense metabolites in these
tissues (Lopes et al., 2018; El Aalaoui and Sbaghi, 2023a).
In addition, its high reproductive rate and propensity to
spread rapidly through natural supports (wind, water,
etc.) make the establishment and propagation of the scale
insect much easier than many other species (El Aalaoui
and Sbaghi, 2023b). In conventional agriculture, scale
insect control has been carried out mainly with the use
of chemical insecticides (Goncalves et al., 2020).

However, it is known that chemical insecticides are
often dangerous to many forms of life in the environment
and to humans. To preserve plant productivity and
maintain ecological and sustainable balance, it is vital to
understand the host plant’s resistance and its use in pest
management (Nagaratna et al., 2021). In addition, it is also
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known that chemical insecticides applied to forage cactus
plants can select resistant populations of D. echinocacti,
and can contaminate meat and milk from cattle, goats,
and sheep fed with cladodes of this plant (Ramdani et al.,
2021). Therefore, alternatives to traditional insecticides are
desirable, especially for small-scale forage cactus producers.

Silicon (Si) accounts for ~28% of the Earth’s crust, but
its availability to plants depends on the solubilization
of minerals such as silicates (Zamojska et al., 2018). In
agriculture, the application of soluble Si (e.g., potassium
silicate) has gained relevance due to its dual effects:
improving cellular architecture (via phytolith deposition)
and activating defense pathways against herbivores
(Nagaratna etal., 2021). Silicon, although not essential for
all plants, acts as a beneficial element by: (i) strengthening
the cell wall via phytolith deposition, (ii) modulating
biochemical defense pathways, and (iii) improving tolerance
to water stress (Ma, 2004; Nagaratna et al., 2021).

Silicon increases plant resistance and reduces plant
damage caused by biotic and abiotic factors (Ma, 2004).
Nagaratna et al. (2021) reported that silicon can increase
plant resistance in two ways, the first through physical
resistance and the second through chemical defense.
Some studies demonstrate its effects in pest control in
some species, such as pest and disease control in rice
(Bucket al., 2008; Rezende et al., 2009; Stout et al., 2009),
soybean (Rodrigues et al., 2009; Cruz et al., 2013), coffee
(Lopes et al., 2013), cucumber (Liang et al., 2005a) and
tomato (Kedarnath et al., 2016) and induce resistance to
abiotic stress in crops such as wheat (Sattar et al., 2019)
and potato (Pilon et al., 2014). Although silicon has been
studied in crops such as rice and soybean, its potential
in managing D. echinocacti in forage cactus remains little
explored, especially regarding ideal doses and application
times. Therefore, this study aimed to test the influence of
potassium silicate on forage cactus productivity and scale
insect infestation.

2. Material and Methods

The experiment was carried out at Fazenda Riachado,
located in the municipality of Boa Vista (7218'25.7”S and
36°18'1.03"W), situated in the Mesorregion of Agreste
Paraibano and Microregion of Campina Grande and the
Paraiba do Norte River Basin. The property’s headquarters
are approximately 475.0 meters and are 152.6509 km from
the capital. Access is from Campina Grande via highways
BR 230/BR 412.

The climate of the region is ‘Bsh’ hot semiarid, with rain
from January to April, with average annual temperatures
around 24 °C, relative humidity of around 68%, and an
average rainfall of 400 mm per year, with a water deficit
almost all year round (SUDENE, 1996). The work was
implemented in field conditions, the area presents a
Litholic Neosol, presenting low depth, sequenced by
horizons A - C - R, with absence of horizon B, high fertility
when derived from bare or limestone rocks, low water
storage capacity, general stoniness and rockiness and high
susceptibility to erosion (EMBRAPA, 1999).
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2.1. Assay

The scale insect infestation was carried out naturally
in the field. The palm used in the experiment was Orelha
de Elefante Mexicana (Opuntia stricta Haw), the most
widely cultivated in Paraiba. The plantation chosen for
the experiment was 2 years old with a double row system,
with the following measurements (150 cm between double
rows, 30 cm between single rows, and 20 cm between
plants - racks in the planting row), totaling approximately
55 thousand plants/ha. The experiment was conducted
under field conditions, with the following chemical
attributes: pH of 7.5; 132.02 mg dm-3 of P; 392.05 mg
dm-3 of K+; 10.90 cmolc dm-3 of Ca2+; 5.83 cmolc dm-3 of
Mg2+; 0.23 cmolc dm-3 of Na+; 0.10 cmolc dm-3 of H+ +
Al3+; 0.05 cmolc dm-3 of Al3+; sum of bases of 18.96 cmolc
dm-3; 19.06 cmolc dm-3 of cation exchange capacity and
36.64 g kg-1 of organic matter. Mineral fertilization was
not applied in this experiment to reflect the traditional
cultivation practices of forage cactus (Opuntia spp.) in the
Brazilian semiarid region, where the crop is typically grown
in low-input systems on soils with naturally limited fertility.
To evaluate the influence of silicon on forage cactus, the
source potassium silicate (K2 SiO3) was used in 4 doses
with four applications during the year (the product was
applied every quarter, 90 days) plus the absolute control.
The concentrations used in the experiment (Table 1) were
determined based on the product recommendation for
plants with the acid metabolism of Crassulaceans (CAM),
to which O. stricta belongs. The experimental design
used was randomized blocks in a factorial scheme with
repeated measurements in time 4 x 4 +1, corresponding
to four concentrations of potassium silicate (0, 5, 9, 18,
28 ml L-1) and four application times (0 - start of the
experiment, 90, 180, 270 days) and an additional control
treatment (without silicate application) with four blocks,
containing five plants as an experimental unit.

The experimental unit corresponded to one linear
meter of the plantation, which had 10 plants, of which
only five were evaluated. The treatments were applied
throughout the experimental unit with a manual sprayer
with a capacity of 2 liters.

2.2. Variables

At 365 days after the installation of the experiment,
the plants of the experimental plot were used to perform
biometric and infestation analyses. The total number of
infested cladodes was evaluated. Five random rackets from
the experimental plot were used to measure the cladodes’
width, length, and thickness. The fresh biomass of the

the cladodes were fragmented, packed in paper bags, and
kept in a forced circulation oven at 65 °C until constant
dry weight was reached, thus obtaining the dry biomass
of the cladode, these variables were used exclusively to
calculate dry matter productivity, in t ha"', which was
obtained by multiplying the average dry mass weight of
cladodes by the total number of cladodes per plant and
by the number of plants per hectare.

2.3. Data analysis

Different generalized models were programmed taking
into account a factorial structure with the inclusion of an
additional factor. The data on length, width, and thickness
of the rackets were treated with a Gaussian model with an
identity link function. At the same time, the productivity
variable was analyzed with a Gamma model. The R means
function (R Core Team, 2025) was used to calculate the
estimated marginal means (EMMs) for factors specified
in the model and the generated combinations of the
factors. Additionally, comparisons were made through
contrasts between the possible combinations, including
the additional control factor.

A Supervised Decision Tree Machine Learning model
was adopted to classify the Silicon application levels
based on morphological characteristics, productivity and
infestation of the rackets. 70% of the data were reserved
for model training, while 30% of the data were reserved for
validation. The following initial numbers of nodes (called
classes here) were used: 2 classes (Presence and Absence of
Silicon), 5 classes (Control and Silicon Doses) and 21 classes
(Control, Silicon Doses within each application epoch). To
compare the best number of nodes for classification of
this data set, the following metrics were used: Accuracy,
Misinformation Rate and Kappa.

3. Results

Thefactors ApplicationTime(P,, ., =0.2131; P,

iy =0-5843;
=0.5106) or Dose (P]ength =0.8828; P, = 0.8471;
= 0.1671), interaction Application Time vs Dose
engen = 0-4626; Py, =0.8841; P =0.9625), and the
contrasts applied taking into account the combination of
the interaction of the combined treatments vs additional
factor revealed no significant difference (P, = 0.9982;
Pg =0.5746; P ., =0.06485) for the variables Length,
Width and Thickness of the Racket (Figures 1, 2 and 3). For
the dry matter productivity variable (Figure 4), there was

an effect of the dose (P, =0.001013) and no effect

P

Thickness

Thickness

productivity

cladodes was determined on a digital scale. Subsequently,  of the application time (P, = 0-944291).
Table 1. Concentrations of fertilizer used in the experiment.
Concentrations (ml L")
Potassium silicate 0 5 9 18 28
Concentrations (L ha)
Potassium silicate 0 1 1.8 3.6 5.6
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31 32 33 34 35 36
Length (cm)
Figure 1. Contrasts for the variable palm racket length as a function of different doses of Potassium Silicate: D05, D09, D18 and D28 and

the application period: API, APII, APIIl and APIV and the additional factor Control. Means do not differ from each other due to the overlap
of the Confidence Intervals (95% CI) generated by the Gaussian generalized linear model with identity link function.

31 32 33 34 35 36
Width (cm)
Figure 2. Contrasts for the width of the palm racket as a function of different doses of Potassium Silicate: D05, D09, D18, and D28,

and the application period: API, APII, APII, and APIV, and the additional factor Control. Means do not differ due to the overlap of the
Confidence Intervals (95% CI) generated by the generalized linear Gaussian model with identity link function.
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Figure 3. Contrasts for palm racket thickness as a function of different doses of Potassium Silicate: D05, D09, D18 and D28 and application
time: API, APII, APIIl and APIV and the additional control factor. Means do not differ from each other due to the overlap of the Confidence
Intervals (95% CI) generated by the Gaussian generalized linear model with identity link function.

Furthermore, there was an increase in productivity of ~ The behavior that best describes the relationship between
the adopted treatments, regardless of the application time  silicon dose and dry matter productivity is given by the
and dose, in relation to the control (P, =0.01623).  following cubic function y = exp (-0.0054x> - 0.0019x? -

productivity
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0.0177x +0.0154). A sigmoidal response clearly describes
dry matter productivity, presenting stabilization points
between 5 and 18 mL/L doses, and an increasing trend in
this variable between 18 and 28 mL/L.

For the variable scale infestation in palm rackets
(Figure 5), there was an effect of the dose (P, ..., = 0-03366)
and no effect of the application time (P, ;... = 0.93934).
In addition, there was an increase in productivity of the
adopted treatments, regardless of the application time
and dose, in relation to the control (P, ..., = 0.000645).
There was a growing reduction in the silicon dose
versus palm racket infestation relationship, described
by the quasibinomial logistic model y = exp(-0.43055+-

100
80
60 o

40

Productivity (tons per hectare)

20

0.09613x)/1+exp(-0.43055+-0.09613x). The variability
in this variable for practically all doses was also clearly
expressed, which justified adopting the binomial model
with overdispersion. Regarding the Decision Tree model,
which aimed to classify the different classes of silicon
application based on morphoagronomic characteristics
and scale insect infestation, the confusion matrix revealed
an accuracy above 90% and a non-information rate index
above 95%, demonstrating good overall performance and
high agreement between predictions and observations
(Table 2). The analysis by class showed high sensitivity and
specificity, only when the silicon application and control
classes were categorized, there was a very low performance

Dose (mL/L)

Figure 4. Relationship between Potassium Silicate Dose (mL/L) and Dry Matter Productivity (tons per hectare) of palm. Points reflect
the original data, while the dashed and colored lines represent the mean data, and Confidence Intervals (95% CI) are generated by the
generalized linear model of the Gamma type with a log link function.

100%

75% S

50%

Infestation

25%

0%

Dose (mL/L)

Figure 5. Relationship between Potassium Silicate Dose (mL/L) and Scale Insect Infestation on Palm Racket. Points reflect the original
data, while the dashed and colored lines are the mean probability and Confidence Intervals (95% CI) generated by the generalized linear

model of the quasibinomial type with logit link function.

Table 2. Performance metrics of the decision tree model for categorizing different numbers of initial classes.

Performance metrics 2 Classes 5 Classes 21 Classes
Accuracy 0.9524 0.1429 0.0476
95% CI 0.7618 - 0.9988 0.0305 - 0.3634 0.0012 - 0.2382
Non information rate 0.9524 0.381 0.1429

Braz. ]. Biol., 2025, vol. 85, €297990
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in the classification of doses or when the classes were
separated within the doses and application times.

4. Discussion

Potassium silicate applications benefited forage palms,
especially at a concentration of 28 mL L', which provided
higher dry matter productivity (84.78 t ha') and lower
scale insect infestation (55.4%). After absorption by the
plant, silicon is deposited mainly at the border of the
cell membrane and cell wall (i.e., the apoplast), which is
the site of interactions between receptors and effectors
of pests and pathogens. Once deposited in the apoplast
of plants, silicon polymerizes in the extracellular spaces
of the walls of epidermal cells of plant tissues and xylem
vessels, forming a double cuticle-silica layer (Kaur and
Greger, 2019; Islam et al., 2020). In addition to silicon,
adequate potassium (K) levels supplied by potassium
silicate play a crucial role in enhancing plant resistance
to pests. Potassium regulates enzymatic functions
and overall metabolism, promotes the synthesis of
high-molecular-weight structural compounds (proteins,
starch, and cellulose), and reduces soluble sugars and other
low-molecular-weight compounds that favor infections
and infestations. Moreover, K increases the production
of phenols and other defensive compounds, decreases
pest attractiveness, and can enhance pest mortality,
strengthening the plant’s natural defense mechanisms
(Wang et al., 2013).

This leads to hardening of plant tissues, delaying insect
penetration into host tissues and thus increasing the
duration of insect exposure to natural enemies (Alhousari
and Greger, 2018). Therefore, silicon accumulated in
the apoplastic space can disrupt insect feeding styles
and released effectors, since the effectors are trapped
in the silicon matrix and therefore insects are unable
to recognize the plant as a suitable host, thus reducing
infestations in different plant species and different insect
pests (Coskun et al., 2019; Singh et al., 2020). Furthermore,
it is known that silicon addition can increase plant
defense through physical, molecular and/or biochemical
mechanisms.

This study observed that forage cacti benefited from
applying potassium silicate, especially at a dose of 28 ml L™,
which was mainly reflected in increased dry matter
productivity and reduced scale insect infestation. Some
studies have proven this mechanism, as demonstrated by
Kim et al. (2002), who reported that the penetration of
Pyricularia grisea into rice leaves is hindered and delayed
due to this double layer. Similarly, spraying potassium
silicate (K,SiO,) at a rate of 17 mmol L' Si on grapevine
seedlings resulted in a significant reduction in the
penetration rate of Uncinula necator due to the formation
of a Si layer on the leaf cuticle. The polymerization of
K,SiO, on the surfaces of melon, cucumber, and pumpkin
leaves was also studied by Liang et al. (2005b), and
Menzies et al. (1992), who found that the penetration of
Sphaerotheca fuliginea was reduced due to this physical
barrier. In addition to hardening of plant tissues, silicon
also causes the formation of phytoliths (deposition of
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Si02 as biogenic opals) that promote the strengthening
of the cell wall. The abrasiveness of silicified plant tissues
causes wear on the mouthparts of insects and reduces
palatability and digestibility, causing a reduction in the
growth and development of herbivores (Alhousari and
Greger, 2018; Islam et al., 2020).

Similar to scale insects, silicon accumulation in plants
decreased the performance of other herbivores such as leaf
beetles, bees, weevils, stem borers, and true bugs (Barnes
and Giliomee, 1992; King et al., 1998; Roitberg et al., 2005;
Kvedaras et al., 2009). Si-supplemented plants show
the formation of silicified microstructures that present
different patterns and are distributed in various plant
tissues (Cooke and Leishman, 2011; Kumar et al., 2017).
The role of mechanical defense in plants against damage
caused by insects is reinforced in other more recent studies
(Dorairaj and Ismail, 2017; Yang et al., 2017; Alhousari
and Greger, 2018).

Our results confirm some studies that obtained
increased yield with applications of different forms of
silicon in other species, such as apple trees (Wang et al.,
2016; Soppelsa et al., 2018; Swierczynski et al., 2022), fig
trees (Hussien and Kassem, 2021), pumpkin (Salim et al.,
2021), peach trees (Abidi et al., 2023), sorghum (Abdeen
and Mancy, 2018) and corn (Gomaa et al., 2021). However,
it is essential to emphasize that the effect of potassium
silicate on plant productivity may vary according to abiotic
conditions and the different susceptibilities of each species
to the supply of this element in the form of spraying on
the aerial part (Swierczynski et al., 2022). Information on
how this element acts to increase plant productivity is
still uncertain. It is speculated that gains in productivity
are associated with subtle changes in metabolic activity
such as photosynthesis and respiration, as well as the
optimization of the supply, use and absorption of nutrients
by plants, resulting in increases in mass, whether under
normal conditions or biotic or abiotic stress conditions
(Gomaa et al., 2021; Swierczyaski et al., 2022).

The increase in dry biomass caused by potassium
silicate can be attributed to several reasons, since silicon
acts at various points in the plant, one of which may be
related to improved nitrogen assimilation, since plants
that received applications of potassium silicate at a higher
dosage of 28 ml L' may have accumulated a greater
amount of this nutrient, providing a synergistic effect,
leading to the accumulation of biomass in the palms and
consequently increasing both green and dry productivity
(Garg et al., 2020).

5. Conclusions

The timing of potassium silicate application does not
affect plant growth or insect infestation.

A potassium silicate concentration of 28 ml L' provides
higher dry matter productivity (t/ha) and lower insect
infestation rates.

There is evidence that the application of potassium
silicate induces resistance to scale insects with a lower
level of infestation in the cladodes.
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Data Availability Statement

The research data analyzed in this study are not publicly
available by any means.
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