Silicon
https://doi.org/10.1007/512633-024-03144-z

REVIEW q

Check for
updates

Role of Silicon in Providing Defence Against Insect Herbivory
in Sugarcane Production

Priya’ - Rajinder Kumar'

Received: 18 June 2024 / Accepted: 9 September 2024
© The Author(s), under exclusive licence to Springer Nature B.V. 2024

Abstract

Silicon (Si) is essential to the nutritional status of many monocot and dicot plant species, and it aids them in resisting abiotic
and biotic challenges in various ways. This article explained the progress in exploring silicon-mediated resistance to sugar-
cane insect pests, its role in increasing juice quality attributes and cane production, the silicon status of soil and uptake by
sugarcane plant, and the mechanisms involved. The aim is to determine the influence of different sources of Si application on
the availability of silicon in soil, silicon uptake by plants, silicon effect in minimizing biotic stresses such as defence against
sugarcane insect pest herbivory along with its effect on sugarcane yield in terms of juice and other component traits. There
are two basic modes of action: enhanced physical or mechanical barriers and biochemical or molecular mechanisms that
activate plant defence responses via bitrophic (plant-herbivore) interactions and tritrophic (plant-herbivore-natural enemy)
interactions. By integrating the data reported in this research, a comprehensive understanding of the relationship between
various sources of silicon treatments, increased sugarcane plant resistance and decreased sugarcane insect pest damage

might be attained.
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1 Introduction

Silicon is the second most common element in the Earth's
crust; however, it is usually found as silica (SiO,) or silicates
because of its strong affinity with oxygen and its tendency
to form compounds with other metals [1]. For a long time,
nobody paid much attention to the fact that crops lacked
silicon, and most people assumed that this element wasn't
crucial to plant growth. As mono silicic acid (H,Si0,), sili-
con is taken up by plant roots from the soil, transported via
transpiration to all plant tissues, and finally deposited as
phytoliths in the epidermal cell walls [2].

Silicon is known to accumulate as silica gel (Si0,.nH,0)
in considerable amounts among the members of grass fam-
ily that are localized in particular cell types. Samuels and
Alexander (1969) [3] reported that sugarcane, during its
life span of 12- months accumulates about 380 kg ha™! of
silicon, which is higher than the other nutrients uptake by
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sugarcane from soil. In some parts of the world, sugarcane
(plant growth and development) retorts to silicon fertiliza-
tion have been observed and usage in commercial fields is
common [4].

As the primary source of sugar in human diets, sugarcane
has important economic implications. Environmentally, the
crop is significant because it can be used to make ethanol,
which in turn reduces the need for fossil fuels [5, 6]. Sug-
arcane being a long-duration crop of 10 to 12 months, it
is susceptible to a variety of abiotic and biotic stress [7].
Biotic stress involves the attack of various insect pests such
as borers, phloem feeders and root feeders. Conservative
calculations suggested that sugarcane growers lose roughly
20% of their production, whereas sugar mills lose about 15%
of their sugar production owing to insect pests infestations.
Lepidopterous stem borers are a serious pest of gramina-
ceous crops in most countries. About 50 moth species from
the genera Chilo, Eldana, Sesamia, Diatraea, Scirpophaga,
Eoreuma, Tetramoera and Acigona attack sugarcane around
the world [8, 9]. To assess the monetary loss, many authors
measured the connections between stalk borer damage, sugar
output and quality and also compared various cultivars of
sugarcane. The proportion of bored stalk was reported to
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have a negative association with sugar production, juice
purity, stalk weight, cane and sucrose in sugarcane. For
example, 19.4% and 10.9% of internodes bored by Eoreuma
loftini (Dyar) and Diatraea saccharalis (F.) were reported to
lowered sugar per tonne (95.5 g kg™") of NCo 310 cultivar
and sugar (108 g kg™!) of CP 70-321cultivar, respectively
[10]. However, Goebel and Way (2009) [11] observed a
reduction of sucrose by 21.4 to 50% due to heavy infection
of E. saccharina. Similarly, the reduction of various juice
characteristics has been observed due to infection of differ-
ent borers viz., Chilo infuscatellus), S. excerptalis and C.
auricilius [12] Diatraea tabernella Dyar [13], Tetramoera
schistaceana (Snellen) and C. sacchariphagus (Bojer) [14].
The agronomic traits of sugarcane have a great impact via
infestation of borers i.e., the maximum drop of 26% [11]
in cane weight, 34% [15] and 5.92% [14] reduction in cane
yield.

Numerous papers have been recording Si's ability to
enhance plant tolerance to insect pests in different crops
other than sugarcane. Still, relatively few reviews have
addressed the importance of silicon in sugarcane cultivation
exclusively [4, 16, 17], whereas the most recent review [18]
investigates its role in mitigating biotic and abiotic stresses.
This review focuses on the availability of silicon in soil,
silicon uptake by plants, silicon effect in minimizing biotic
stresses such as defence against sugarcane insect pest her-
bivory (Table 1), increasing juice quality attributes, cane
production and silicon's modes of action in the control of
insect pests (Fig. 1).

2 Silicon in Soil and Plant

On the periodic table of elements, silicon is represented by
the symbol "Si" and has of 28.09 and 14 atomic weight and
atomic number respectively [19]. Silicon has melting and
boiling temperatures of 1,410°C and 2,355°C, respectively
[20]. Jons Jakob Berzelius (1824) was the first to produce
amorphous silicon by combining heated potassium with
silicon tetrafluoride and then purifying the compound by
removing fluorosilicates via repeated rinses [20, 21]. Over-
all, silicon is comparatively inert element that is vital to
animal and plant life [20, 22].

2.1 Silicon in Soil: Soil Silicon Content Response
to External Application of Silicon

Si constitutes 28% of the soil components in the earth's
crust (w/w basis). Orthoquartzite and basalt rocks contain
23-47% Si, but carbonates and limestones contain traces of
this element [23]. In soil, silicon occurs in three forms viz.
solid, liquid and absorbed fraction. A solid fraction consists
of a crystalline form (poorly and microcrystalline forms
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like; opal-CT, allophane, chalcedony, imogolite, secondary
quardz,) amorphous form (lithogenic and pedogenic forms,
for example, silanes, pedogenic oxides, opal-A sphere, sili-
con glass and biogenic form like; phytolithes, microorgan-
ism residues and plant) and poorly and microcrystalline
form includes primary silicates (olivine, feldspar, pyroxene
mica,), secondary silicates (clay minerals) and silicate mate-
rials (quartz, disordered silica). Liquid fraction involves dis-
solved form in soil solution & absorbed fraction consists
of Fe-Si and Al-Si complex and adsorbed to soil particles
(polysilicic acid and mono-silicic, silicon-organic & inor-
ganic compound complexes) [24].

Many factors influence the quantity of mono-silicic acid,
H,Si0, (plant-available silicon) in the soil solution, notably
temperature, pH, water, organic matter and content and par-
ticle size & redox potential influence the solubility of sili-
con-containing minerals [25]. The concentration of H,SiO,
in the soil solution is affected by the adsorption—desorp-
tion processes, which are highly dependent on the soil pH
which influences silicon solubility and mobility [23]. The
highest adsorption of H,SiO, occurs around pH 9-10, while
adsorption is decreased at pH values lower or above these
values [26]. In saline soils, H,SiO, adsorption, polymeriza-
tion and coagulation are all quite high. In soils with a lot
of allophanes, Fe-enriched crystal minerals, and especially
the more reactive multivalent metal hydroxides, the quan-
tity of adsorbed H,SiO, rises. Availability of Si is affected
by the Si uptake rate by plants, weathering rate and silicon
replenishment [27]. The estimated amounts of Si released
into soil solution by granodiorite, amphibolite and feldspar
were, 2.18, 5.57 and 1.35 mmol m2 d-1 SiO,, respectively.
[28]. Though, it is crucial to understand that a number of
factors, such as mineral characteristics, soil solution com-
position, reactions happening inside and outside of mineral
rocks, other existing primary and secondary fractions, and
rhizosphere microorganism communities, influence the
release of Si into a soil solution in an open soil ecosystem.
[29]. The amount of phosphate available soil silicon was
investigated by Priya and Kumar 2023; Priya et al. 2023a;
Priya et al. 2023b [30-32] and reported the drop of silicon
level from 211.50 to 140.02 kg acre™!, 206.17 to 113.88
kg acre™!, 208.49 to 115.02 kg acre™!, 209.82 to 126.94 kg
acre™!, 210.81 to 135.55 kg acre™" in cultivar Co 118, CoPb
95, CoPb 96, CoPb 98 and Co 238 from planting to harvest
respectively this shows the soil silicon level depends upon
the uptake of different cultivar of silicon.

2.2 Silicon in Sugarcane Plant: Uptake
and Response to Silicon

Plants absorb silicon from the soil solution as H,SiO,, which
is usually present in quantities ranging from 0.1 to 0.6 mM at
most agricultural soil pH values [33]. Plants can be classified
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Table 1 Sugarcane plant—insect associations on which the role of silicon in decreasing pest preference and growth rates with different sources of
silicon has been observed

Insect pest

Species of insect pest

Source of silicon

References

Borers

Phloem feeders

Root feeders

African sugarcane borer, Eldana saccharina
Walker (Lepidoptera: Pyralidae)

Diatraea saccharalis Fabricius (Lepidoptera:

Crambidae)

Stalk borer, Sesamia spp. (Lepidoptera:
Noctuidae)

Stalk borer, Eldana saccharina Walker
(Lepidoptera: Pyralidae)

Stalk borer, Eldana saccharina Walker
(Lepidoptera:Pyralidae) and sugar-
cane thrip, Fulmekiola serrata Kobus
(Thysanoptera: Thripidae)

Stalk borer, Sesamia spp. (Lepidoptera:
Noctuidae)

Sugarcane borer, Diatraea saccharalis Fab-
ricius (Lepidoptera: Crambidae)

Stalk borer, Diatraea tabernella Dyar (Lepi-
doptera: Pyralidae)

Sugarcance borer, Chilo sacchariphagus
Bojer (Crambidae: Lepidoptera)

Stalk borer, Sesamia spp. (Lepidoptera:
Noctuidae)

Top borer, Scirpophaga nivella intacta Snel-
len (Lepidoptera: Pyralidae)

Sugarcane early shoot borer, Chilo infusca-
tellus Snellen (Crambidae: Lepidoptera)
Sugarcane top borer, Scirpophaga excerpta-

lis Walker (Crambidae: Lepidoptera)

Early shoot borer, Chilo infuscatellus Snel-
len (Crambidae: Lepidoptera)

Top borer, Scirpophaga excerptalis Walker
(Crambidae: Lepidoptera)

Stalk borer, Chilo auricilius Dudgeon
(Crambidae: Lepidoptera)

Spittlebug, Mahanarva fimbriolata Stél
(Hemiptera: Cercopidae)

Sugarcane yellow mite, Oligonychus sac-
chari (Acari: Tetranychidae)

Leathopper, Pyrilla perpusilla Walker
(Hemiptera: Lophopidae)

Yellow mite, Oligonychus sacchari (Acari:
Tetranychidae)

Greyback canegrub, Dermolepida albohir-
tum (Coleoptera: Scarabaeidae)

Calcium silicate (CaSiO;)

Calcium silicate (CaSiOj)

Calcium silicate (Ca,SiO,) (soluble
Si0,>20%)

Slagment® (13.0% total Si), Calmasil®
(9.85% Si)

Agrisil (potassium silicate), potassium
silicate formulation and Silamol (silicon-
based formulation)

Agrisil (potassium silicate, 28% silicic acid,
potassium salt and potassium as silicate,
Potassium silicate formulation (17.3%
silicon with 13.5% potassium as silicate
and Silamol, a silicon-based formulation
(17.5% silicon)

Silicic acid solution (Si0,.XH,0)

Granular silicon (Tecnosilix 250 kg/ha) and
liquid silicon

Silicon fertilizer (SiO, 31.71%, CaO
20.02%, MgO 12.33%)

Silicon (Ca,SiO,) (powder formulation;
soluble SiO, >20%

Bagasse furnace ash

Bagasse ash, rice husk ash, sodium metasili-
cate and calcium silicate

Straw compost, Sugarcane leaf compost,
corn leaf compost and inorganic Si ferti-
lizer (Silica; SiO,)

50% Silicon material, Rice husk ash and
Bagasse ash

50% Silicon material, Rice husk ash and
Bagasse ash

50% Silicon material, Rice husk ash and
Bagasse ash

Potassium silicate (K,SiO5)

Agrisil (potassium silicate), potassium
silicate formulation and Silamol (silicon-
based formulation)

Calcium silicate

AB Yellow ® (Silicic acid)

Soluble silicon in the form of NaSiO; 9H,0

Keeping and Meyer (2002);
Kvedaras et al. (2007); Keep-
ing et al. (2009)

White and White (2013)

Nikpay et al. (2015b)

Keeping et al. (2013)

Keeping et al. (2014)

Nikpay et al. (2015a)

Vilela et al. (2014)

Atencio et al. (2019)

Lin et al. (2021)

Nickpay (2016)

Saeroji and Sunaryo (2010)
Indhumathi et al. (2019)

Rahardjo et al. (2020)

Priya and Kumar (2023)
Priya et al. (2023a)
Priya et al. (2023b)
Korndorfer et al. (2011)

Nikpay and Nejadian (2014)

Indhumathi et al. (2018)
Nikpay and Laane (2020)

Frew et al. (2017)
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based on their shoot silicon content into accumulators with
more than 1.5% silicon like crops in the Poaceae family,
such as rice (Oryza sativa L.) and sugarcane (Saccharum
officinarum L.), sugarcane is typical silicon accumulating
graminaceous species can actively absorb silicon from the
soil, these plants have many silicon transporters, passive
(Neutral) plants 0.5-1.5% silicon like wheat and oat, rejec-
tive plants less than 0.5% silicon plants like tomato and clo-
ver [4]. They cannot absorb silicon in their tissues due to a
lack of silicon transporters [34, 35].
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However, for most plants, silicon has not proved as a
beneficial element [36, 37]. Silicon uptake by the roots,
transferred to the shoot via xylem vessels and accumulated
as a double epidermal silica coating on the cell walls, at
least in rice, strengthening the plant structure. The amount
of silicon transporters in the roots and shoots, which facili-
tate the absorption progression through the membranes of
root cells, was related to the fact that the quantity of silicon
uptake by the active mechanism was frequently more than
that expected based on mass flow. This study characterized
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and demonstrated the active, passive, and rejective methods
by which plants take up silicon [38].

Less than 1% of plant Si is soluble in ionic form or col-
loidal or associated with organic molecules; the majority of
plant Si is opaline [39]. Additionally, sugarcane is observed
as a Si accumulator plant even though the majority of plant
species are capable of absorbing Si [40]. The levels of Si
that sugarcane absorbs in the field, which vary depending
on the soil texture, amount of Si applied and age of plant are
still mostly unknown. However, some of the studies demon-
strated that in clay soil the amendment of silicate fertilizer
@ 1.6 tha™' [41], 12 tha™' [42] and 14 t ha™' [43] to 18
(plant cane + 1 ratoon) and 14 months old sugarcane plants
able to uptake Si 215, 207 and 408 kg ha~', respectively.
While without application of Si to a variable clay [3, 44—46]
and medium [47] texture soil for plant age of 2nd ratoon,
variable and 36 (plant cane + 2 ratoons) months reported to
have an uptake of Si varied from 86, 200- 379 and 406 kg
ha~! respectively.

3 Role of Silicon in Sugarcane Insect Pest
Management

In contrast to dicotyledonous plants like soybeans, cotton
and some vegetables (such as cucurbits, and tomatoes), mon-
ocotyledonous plants like wheat, rice, maize and sugarcane
actively absorb and accumulate silicon [48]. Plants absorb
silicon by transpiration (passive uptake), which transfers
monosilicic acid from the roots to the shoots, where it is
deposited as plant silica [49]. However, the focus of this
review is on silicon as a crop protection agent in sugarcane
ecosystems.

Several researchers investigated whether silicon-based
fertilizer applications might alter insect-eating habits,
thereby influencing life-history parameters such as devel-
opment time, fecundity and reproductive success rate. There
are different types of silicon sources used to protect against
the sugarcane insect pest viz., Calcium silicate (CaSiO;),
bagasse furnace ash, Slagment® (13.0% total Si), Calmasil®
(9.85% Si), silicic acid, potassium silicate, etc. Growing data
from the published work suggests that nutrients like nitrogen
and Si have significant roles in how susceptible and resistant
the cultivars of sugarcane crops towards the stalk borer dam-
age. The susceptible varieties showed more benefits from the
application of silicon than the resistant varieties as Keeping
and Meyer (2002) [50] evaluated a decrease of 19.8% in
mass and 24.4% in the length of African sugarcane borer,
Eldana saccharina Walker and stalk bore respectively with
the application of Ca,SiO,. Similarly, the borer-resistant
(N33) cultivar showed a higher percentage of the weight of
total epidermal silicon (both in silicon treated and untreated)
compared with the borer-susceptible (N11) cultivar (Keeping

et al. (2009). While Kvedaras et al. (2007) [51] reported that
there was an increase in the silicon content in the stalks of
all cultivars of sugarcane they studied. The resistant cultivar
treated with silicon has a significant reduction in damage to
the stalk by borers and reduces borer growth rate, especially
at internode sites. Even though the internode had the hardest
rind, silicon did not affect hardness at any of the sites. The
preferred entry point for E. saccharina was the leaf bud on
the sugarcane stalk due to the observation that the higher
accumulation of silicon was restricted to the epidermis of the
root band and internode, and no such evidence was reported
in the case of the leaf bud with the help of X-ray mapping.
So, silicon provides mechanical resistance for the penetra-
tion of the E. saccharina into the sugarcane stalk [52]. The
response of sugarcane to calcium silicate fertilization in pro-
viding defence against stalk borers, Sesamia spp as stud-
ied by (Nikpay et al. 2015b) [53] suggested a reduction in
the percentage of boring internodes, length of borer tunnel
(mm), percentage of stalk damaged, number of larvae and
pupae per 100 stalks and the number of exit holes in the
susceptible variety CP69-1062. Another study of Ca,SiO,
amendment in the potting medium reported an influence
on the sugarcane borer Diatraea saccharalis resistance in
sugarcane [54]. The experiment was conducted in a green-
house condition using sugarcane borer susceptible (HoCP
96-540) and resistant genotypes (L. 99-226). They found
that when Ca,SiO, was added to the potting media, bored
internodes in the susceptible variety HoOCP 96540 and the
resistant variety L. 99-226 were decreased by 45 and 40%,
respectively. The larvae recovered after 14 days of eating on
Ca,SiO,-supplemented plants and weighed 130% less than
those fed on Ca,SiO, deficient plants. Tunnelling within the
stalk was also decreased by around 25% after Ca,SiO, was
added. This research suggests that feeding sugarcane with
Ca,Si0, may likely boost resistance to the sugarcane borer,
but more research, particularly field studies is needed to con-
firm these findings. Slagment® as a silicon source applied
@ 8 tons ha™! can significantly increase soil, stalk and leaf
silicon content, but leaf silicon levels were rarely exceeded
by 0.5%. In all three crops (planted crop, first ratoon and
second ratoon), there was a reduction in % stalks borer and
also reduced stalk length borer in the second ratoon crop.
Significant decreases in stalk damage and sucrose loss might
be achieved in susceptible cultivars in low-silicon soils by
utilizing materials that release silicon slowly and have more
than 0.8% of silicon [55]. The authors such as Keeping et al.
(2014) [56] and Nikpay et al. (2015a) [57] focused on the
association of potassium silicate as silicon sources in provid-
ing borers resistance against E. saccharina and Sesamia spp.
Nikpay et al. (2015a) [57] tested silicon formulations (potas-
sium silicate) on sugarcane stalk borers, finding foliar spray
at 1.5 L ha™! improved biological control and significant
differences in borer damage and quality parameters.
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The impact of silicic acid solution treatment on sugarcane
resistance to Diatraea saccharalis found that silicon deposi-
tion increased in susceptible cultivars, but the concentration
remained consistent. Also, the silicon treatment thickened
the cuticle and formed crystals on leaf stomata [58].

Silicon and nitrogen have been reported to respond
to changes in fertilizers and soil constituents for defence
against insect pests. The impact of silicon in reducing plant
nitrogen content and stalk borer, E. saccharina but no impact
was found in the case of infestation of sugarcane thrip, Ful-
mekiola serrata Kobus (Thysanoptera: Thripidae) and also
reported that silicon has a greater impact on the susceptible
cultivars of sugarcane (N27) as compared to the resistant
cultivars (N33) of sugarcane. The distinct ways that silicon
affects thrips and stalk borer demonstrate that the mechani-
cal and biochemical components of silicon-mediated insect
herbivore resistance in sugarcane are well-developed in the
stalk tissues that E. saccharina targets, but poorly developed
in the developing leaf spindles where F. serrata was discov-
ered [56]. Similarly, the consequences of silicon and nitro-
gen on Diatraea tabernella Dyar (Lepidoptera: Pyralidae)
in sugarcane. They utilised two silicon and nitrogen-based
products applied at two rates for borer infestation and found
that silicon-based fertilizer lowered internode borer (% IB)
by up to 50%, proving silicon's involvement in damage miti-
gation. The damage level increased from 5.2% IB (untreated
control plots with 110 kg N ha™!) to 6.9% IB (treatment
with the maximum dosage of 210 kg N ha™!) when high
nitrogen doses were used [59]. The use of silicon fertilizer
(8i0, 31.71%, Ca0 20.02%, MgO 12.33%) @ 562.5 kg/hm?
may have the best benefits for Chilo sacchariphagus Bojer
control in terms of reducing the rate of dead heart at sowing,
bored internode rate and adult emergence rate at developed
stage [60].

In addition to enhancing the soil's organic matter, both inor-
ganic and organic sources have been utilised as Si sources to
increase the soil's silicon content for the purpose of boost-
ing insect resistance. Organic sources such as rice husk ash,
bagasse furnace ash etc. The number of top borers, Scir-
pophaga nivella intacta larvae successfully boring into the
leaf spindle was 20.7% lower and 19.2% fewer larvae pierced
into the growth point and internodes with the application of
bagasse furnace ash @ 40, 80 and 120t ha~!. Also, the length
of bored tunnels was reported to be reduced as compared to the
control with 120 t ha™! treatment. Therefore, it was proposed
that using 120 t ha™' bagasse furnace ash with 7.97% silicon
concentration improved the resistance toward top borer inci-
dence among susceptible sugarcane varieties [61]. The amend-
ment of Ca,Si0, @ 500 and 1000 kg ha™! led to lower mean
damage of 4.87% and 4.63% respectively and was analogous
to bagasse ash @ 1000 kg ha~!+SSB (silicon solubilizing
bacteria) @ 2 kg ha™! and 500 kg ha™!+SSB @ 2 kg ha™!
with 4.99% and 5.28% subsequently sodium metasilicate @
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1000 and 500 kg ha™! with 7.14 and 7.13% [62]. Comparing
organic silica fertilizer (compost) and inorganic silica ferti-
lizer indicated that they have the same effect, and rice straw
compost was the most effective in providing resistance against
sugarcane top borer (S. excerptalis) in sugarcane resistance
[63]. While in the most recent studies, the comparison of rice
husk ash, bagasse ash and inorganic Si sources suggested that
the higher sugarcane borers viz., early shoot borer, Chilo infiss-
catellus [30], top borer, Scirpophaga excerptalis [31] and stalk
borer, Chilo auricilius [32] resistance was provided by silicon
material (50% Si) followed by rice husk ash and bagasse ash
treated various sugarcane cultivars. Silicon material (50% Si)
has been found to reduce the maximum incidence of early
shoot borer by 40.86% [30], top borer by 37.62% [31], and
stalk borer by 39.56% [32].

There are few studies involving the effect of silicon appli-
cation on resistance to the phloem feeders in sugarcane as
compared to the borers. Sugarcane cultivar ‘SP79-1011 have
high silicon content in its leaves and has the shortest female
longevity and high nymphal mortality of Mahanarva fim-
briolata with the application of potassium silicate (K,SiO3).
Although silicon did not affect the egg viability, fecundity
and pre-oviposition period of the cultivar used [64]. For the
management of sugarcane yellow mites, Oligonychus sac-
chari silicon-based fertilizers and formulations were used
which resulted in a reduction of the population of mites in
all the varieties of sugarcane (CP57-614, CP48-103, SP70-
1143 and CP69-1062,) as compared to the control, where
the number of mites in all varieties was ranging between
9.17 and 14.02 after 40 days of application [65]. Likewise,
the population of sugarcane leathopper, Pyrilla perpusilla
had been reduced by the application of calcium silicate
with a minimum of @1000 kg ha™! followed by @ 500 kg
ha~! and a maximum in control [66]. The foliar applica-
tion was also found to be effective against O. sacchari in
sugarcane. The treatment of four sprays @ 0.5, 1, 1 and 1 L
ha~! demonstrated substantial effects on the mite population
and leaf dryness [67]. Both roots and shoots have the abil-
ity to defend themselves from insect attacks. Interestingly,
the comparative growth rate of the greyback canegrub, a
sugarcane root-feeding insect, can be significantly reduced
by high Si concentrations in the roots due to the applica-
tion of soluble silicon in the form of NaSiO; 9H,0 [68].
So, Si might be used with other management measures in
sugarcane-integrated pest management (IPM).

4 Influence of Silicon Application on Juice
Quality Traits

In addition to enhancing sugarcane's resistance to insect
pests, Si acted as an enzyme regulator in sugar formation,
storage and retention in the sugarcane plant. Alexander et al.



Silicon

concluded in 1968 that within the plant, Si seems to play
the role of an equilibrium protector, acting as a buffer of
enzyme activity to assist the plant in maintaining normal
enzyme activity against factors that may act to disrupt it.
It has been demonstrated that this role involves preserving
green foliar tissue against the action of desiccants, protect-
ing photosynthetic activity, inhibiting phosphatases that may
destroy organic phosphates directly involved in sugar syn-
thesis, suppressing amylase activity to prevent starch accu-
mulation and subsequent competition for organic phosphate
reserves, and inhibiting invertase activity to stop excessive
sucrose inversion in pre-harvest and post-harvest stages [16].
Different authors have identified various cane juice qual-
ity characteristics influenced by the application of different
types of Si sources in varied forms. Some of the examples
are discussed here.

The silicon amendments also show positive interactions
with applied N, P and K fertilizers [4, 25, 49]. It was found
that in plants under salt stress, adding potassium and silicon
boosted their concentrations and lowered Nat accumulation
considerably, as well as cane yield and juice characteristics
(Pol (% sucrose in juice), Brix (% soluble solids in juice),
commercial cane sugar (CCS) and recovery of sugar in both
the cultivars improved considerably. In both sugarcane geno-
types, potassium alone or in combination with silicon was
shown to be more efficient than silicon alone in alleviating
salt stress for the majority of growth metrics [69]. Different
cultivars respond differently towards the Si in altering the
juice quality characteristics like study of five commercial
varieties of sugarcane to evaluate the efficacy of silicon for-
mulations on quality parameters (% Pol, % Brix, % purity,
% refined sugar) of sugarcane juice demonstrated that there
were no significant differences between silicon treatments
and control for all quality parameters except % refined sugar
(which increased significantly) in the case of variety CP48-
103, although silicon treatments increased the quantity of
assessed characteristics. Except for % brix, the results of all
quality parameters for cultivar CP69-1062 showed a signifi-
cant difference from the control. Compared to the control,
the SP70-1143 variety indicated a significant difference in
% refined sugar and the rest of the measured quality fac-
tors were non-significant. The % pol indicated a signifi-
cant difference between silicon treatments and the control
group in IRC99-01 variety and other quality parameters
were non-significant. The CP57-614 variety showed a non-
significant difference in % brix and a significant difference
in all other measured factors was reported [57]. Accord-
ing to Nikpay et al. (2015b) [53] 800 kg ha~! of calcium
silicate was adequate to enhance the percentage of polarity
(Pol;16.4%), Brix (18.9%), refined sugar (0.1%) and purity
(86.9%) of cultivar, CP69-1062 stalks. When compared to
the control, 800 kg/ha with calcium silicate considerably
enhanced purity (87.6%) and % of refined sugar (11.1%) in

the cultivar IRC99-01. Furthermore, plants treatment with
orthosilicic acid granules had increased juice purity, sucrose
% juice, Brix, juice extraction, CCS % juice, ratio of sucrose
to reducing sugar (S/R ratio) and sucrose phosphate syn-
thase (SPS) activity. CCS increased by 15.2-31.8%, with
orthosilicic granules @ 80 kg/ha therapy showing the larg-
est rise of 31.8% compared to silicon untreated plants [70].
The combined effect of Si treatments and biocontrol agents
also adds positive to cane juice quality i.e., silicon amend-
ment along with 2,500 parasites was sufficient to increase
Pol (18.82%), Brix (20.7%), Purity (90.9%) and refined sugar
(11.77%) [71]. Similarly, along with reducing the population
of O. sacchari and enhancing biocontrol by its predatory
beetle, Stethorus gilvifrons, the foliar application of silicic
acid when compared to control reported to had greater pol
percentages (18.9 and 18.5%), brix amount (20.4 and 20.6)
and purity percentages (89.5 and 90.4%) in variety CP57-
614 and CP48-103, respectively [67]. The enhancing effect
of biostimulant @ 3 L/ha along with Si application @ 200
kg/ha on juice quality parameters showed a rise in Brix and
Pol values of 21.60% and 19.46%, respectively, as well as
this treatment, demonstrated the greatest increase in sugar
production of 28.53% [72]. Commercial cane sugar (CCS)
is a crucial industrial component that shows how to esti-
mate the amount of sucrose that can be recovered from cane
sugar output, which affects cane yield and quality. The most
recent studies investigated the rise in CCS (%) resulting from
the rise in other juice quality parameters viz., brix % juice,
sucrose % juice, purity % and pol% cane with application of
rice husk ash, bagasse ash and inorganic Si sources in differ-
ent cultivars of sugarcane. The maximum rise of CCS% was
reported with silicon material 50% followed by rice husk ash
and bagasse ash [30-32].

5 Influence of Silicon Application on Cane
Yield and Component Traits

The silicon has a considerable effect on the various cane
yield and component traits. Various authors investigated the
role of silicon sources on these parameters.

Elawad et al. (1982) [73] investigated the importance of
silicon in sugarcane development. They reported that in both
plant and ratoon crops, silicate minerals enhanced number
of millable stalks, plant height, stem diameter and cane and
sugar yields. The supplement of 15 metric tons/ha of sili-
cate minerals boosted plant crop cane and sugar yields by
68 & 79%, respectively and ratoon crop yields by 125 and
129%. role of silicate source and rate in sugarcane growth
and yield. The amendment with bagasse furnace ash @ 120
t ha™! at the time of sowing increased diameter, height and
stalk population which resulted in augmentation of the cane
yield by 39.89% [61]. The application of orthosilicic acid
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granules @ 40 kg ha™! showed maximum shoot popula-
tion, specific leaf weight, and total dry matter accumulation
along with enhanced height, girth and yield of the canes.
A recent study evaluated that among the inorganic 50%
silicon material, bagasse ash and rice husk ash, inorganic
silicon improved the % germination, single cane weight,
stalk diameter, stalk length, number of millable canes, and
ultimate sugarcane yield. The maximin rise of yield had
been reported in cultivar CoPb 95 (371.96 q acre™") [30] fol-
lowed by CoPb 98 (360.55 q acre™!) [32], CoPb 96 (361.26
q acre™") [30], Co 238 (350.39 q acre™") [31] and Co 118
(311.24 q acre™ ) [30].

6 Mode of Action of Silicon in Defence
Against Insect Herbivory

There is strong evidence that high quantities of silica present
in many plants, especially grasses, exert broad antiherbivore
impacts on both invertebrates and vertebrates [51, 74-77].
Two important defensive mechanisms owing to silicon treat-
ment for the management insect pest damage have been
explained in the literature: physical and biochemical [48,
78, 79]. Physical defence is linked to a buildup of absorbed
silicon in the epidermal tissue, which acts as a mechanical
barrier in the cells of the leaf epidermis, increasing hard-
ness and limiting digestibility. The increased synthesis of
defensive enzymes and phenolic compounds is linked to
soluble silicon being implicated in triggering biochemical
defence against insect pest assault. Furthermore, silicon can
trigger both types of defensive systems by reducing digest-
ibility, increasing roughness of plant tissues and increasing
the formation and storage of lignin, peroxidases, phenolics
and chitinases [48, 78, 79].

6.1 Physical Defence

The amount of silica deposition in the plant reflected differ-
ent physical defence mechanisms as reported by Agarwal
(1969) [80] that sugarcane clones having maximum silica
cells in the wax band of the inter-node were subjected to
significantly lower sugarcane scale, Melanaspis glomerata
(Green) (Homoptera: Coccidae) infestation rates. Simi-
lar results have been observed by Barker (1989) [81]. The
author found that feeding intensity correlated with oviposi-
tion preferences, with the number of feeding marks on these
plants accounting for 29-86% of the difference in egg counts
per plant. Likewise, the number of eggs deposited on the
plants have negative correlation with the density of inter-
costal silica deposits (including trichomes) on the abaxial
surface of the grass sheaths. This study proved a causal asso-
ciation between silicification and oviposition preference via
a pot experiment. Increasing silica absorption and deposition
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reduced egg-laying on two ryegrass varieties. The quantity
and location of intercostal silica deposits and trichomes on
the sheath appeared to be linked to the dispersion of eggs
in different grasses. Chu and Horng (1991) [82] findings
suggested that excessive silica deposition causes leaves to
become hard and abrasive and may be related to borer resist-
ance was supported by the application of calcium silicate
slag to corn plants, which increased the stem resistance to
the Asian corn borer, O. furnacalis and decreased pest con-
sumption of the leaves.

Miller et al. (1960) [83] studied the relationship of silicon
and the resistance development in the wheat plant against
Hessian fly, Phytophaga destructor Say and they found that
the resistance varieties to Hessian fly possess a significant
amount of silica uniformly deposited on the surface of the
leaf sheath in the form of rod-shaped arranged in dispersed
rows and concluded that this may be one of the factors
responsible for the development of resistance among certain
cultivars of wheat plants.

Kvedaras et al. (2007) [51] observed the presence of silica
bodies dispersed across the pseudostem in resistant sugar-
cane cultivars provided greater protection against the Afri-
can sugarcane borer, E. saccharina Walker (Lepidoptera:
Pyralidae) than those deposited in distinct rows in suscep-
tible cultivars. The authors also found the number of larvae
reduced with even slight increases in plant silicon fertiliza-
tion. Similarly, the scanning electron microscope images of
different sugarcane cultivars viz., CoPb 95, CoPb 96, Co
238 and Co 118 depicted enhancement of epidermal silicon
deposition as phytoliths in Si-treated plants with the external
application of Si in soil at the time of planting of sugarcane
provides higher resistance toward early shoot borer C. infus-
catellus [30], top borer, S. excerptalis [31] and stalk borer,
C. auricilius [32].

6.1.1 Mandibular Wear

The silicon impact is indefinite due to the replacement of
mandibles at each moult. Increased mandible wear, on the
other hand, caused larvae fed on silicon-rich plants to moult
earlier than usual, which might be linked to lower body
weight in insect pests. Numerous studies, as mentioned in
Table 2, have found increased mandible wear among lepi-
dopteran larvae fed on silicon-rich plant cultivars in differ-
ent crops including sugarcane [48, 78, 79]. A few studies
of mandibular wear in the case of sugarcane borers are
available viz., SEM images reveal slight mandibular wear
as reported by Kvedaras et al. (2009) [84] in E. saccharina
larvae. In addition, recent mandibular studies reported the
decrease in the length of right as well as left mandibles along
with reduction in width at the base of early shoot borer C.
infuscatellus [30], top borer, S. excerptalis [31] and stalk
borer, C. auricilius mandibles [32] as compared to control.
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Table 2 Role of silicon in increased mandibular wear in sugarcane and other crops

Host plant/ Artificial diets Insect References

Significant mandible damage

Rice Stem-borer, C. supressalis Djamin and Pathak (1967)
Rice Yellow stem borer, Jeer et al. (2018)

Artificial diets containing
silicon at elevated concentra-
tions

Corn

Grass species
Maize
Sugarcane

Slight mandible damage

Sugarcane

Penncross creeping bentgrass

Scirpophaga incertulas (Walker)
(Lepidoptera: Crambidae)

Leaf rice roller,
C. medinalis (larvae)

Fall armyworm,

S. frugiperda

S. exempta

True armyworm, Pseudeletia unipuncta Haworth (Lepidoptera: Noctuidae)
Early shoot borer, Chilo infuscatellus Snellen (Crambidae: Lepidoptera)
Top borer, Scirpophaga excerptalis Walker (Crambidae: Lepidoptera)
Stalk borer, Chilo auricilius Dudgeon (Crambidae: Lepidoptera)

Slight mandible wear in

E. saccharina larvae

Black cutworm,

Agrotis ipsilon Hufnagel (Lepidoptera: Noctuidae) and the root-feeding

Ramachandran and Khan, (1991)

Goussain et al. (2002)

Massey and Hartley (2009)
Moise et al. (2019)

Priya and Kumar (2023)
Priya et al. (2023a)

Priya et al. (2023b)

Kvedaras et al. (2009)

Redmond and Potter (2006)

masked chafer grubs,
Cyclocephala spp.

6.2 Biochemical Defence

Higher expression of defensive enzymes like, phenylalanine
ammonia-lyase and polyphenoloxidase, peroxidase in leaves,
as well as increased synthesis of defensive compounds such
as phenols, tannins and lignin, may be induced by soluble
silicon in plant tissue. The quality of phloem sap may be
harmed as a result of biochemical changes caused by sili-
con absorption and pest insect growth requirements may be
affected [48, 78, 79].

One of the sustainable methods to effectively reduce
insect pest populations is to utilise plant resistance inducers.
Si not only serves as a physical deterrent, but it also helps
plants recover from insect attacks by increasing their natural
chemical defences. Silicon is an abiotic stressor that triggers
the production of defence chemicals through the activation
of phytohormone pathways [85]. Defence mechanisms in
plants are extremely complex and can change depending on
the eating habits of their insect predators [86].

Ethylene, salicylic acid (SA) and jasmonic acid (JA)
are all common phytohormones that play important roles
in a plant's defence mechanisms and are triggered by the
unique signal characteristics of various plant invaders [87].
It has been believed that JA's role in defence regulation is
directed at insects that feed on cellular content and tissue
[88]. As a defence mechanism against insects that feed on
the phloem, plants use the SA and JA signals [89]. There is
growing evidence that Si enhances insect resistance through

a mechanism including a substantial interaction between Si
and JA against insects. The host plant may also be ready to
fight insect pests as a result of Si-induced resistance. The
effect of silicon could be on bitrophic (plant-herbivore)
interactions or tritrophic (plant-herbivore -natural enemy)
interactions. Although the biochemical route of action of
silicon in protecting sugarcane against insect pests is not
well understood and significance of metabolic defence in
mitigating the damage caused by insects requires additional
study. The path for future inquiry in sugarcane crop may be
outlined by studies conducted on other crops.

6.2.1 Silicon in Bitrophic (plant-herbivore) Interactions

Si-induced resistance could potentially be expressed by
preparing the host plant for insect pest invasion [90]. The
process of preparing and sensitizing a plant's defences to be
quicker and more effective against future herbivorous insect
is called as Priming [91].

It is unknown how silicon interacts with the lignin
production process in cell walls. So, the recent study
conducted by [92] evaluated the interaction of SiO,
with the peroxidase-catalyzed polymerization of a lignin
monomer into the lignin model compound in an in vitro
condition by simulating the circumstances of lignin for-
mation's final stage. They showed silicon was attached
to the final polymer and the structure of Si-DHP (dehy-
drogenative polymer) varied from pure DHP, according
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to FTIR and fluorescence spectroscopy and microscopy.
As reported by fluorescence spectroscopy, silicon limits
the development of bigger lignin fragments, as indicated
by HPLC-DAD (high-performance liquid chromatogra-
phy with diode array detection), by binding to dimmers
generated during DHP synthesis. This polymer's struc-
tural alterations were connected to the altered proportion
of distinct MW (molecular weight) fractions. They also
found that silicon did not affect the enzyme that catalyzed
DHP production. Except for 6 mM silicon, HRP (horse-
radish peroxidase) activity increased in the presence of
silicon. This might imply that the combination produced
with silicon and small oligomers stimulates the enzyme
while inhibiting the production of big fragments.

Silicon improved wheat defensive mechanisms against
the greenbug aphid by increasing the activities of defen-
sive enzymes peroxidase (POX), polyphenoloxidase
(PPO), and phenylalanine ammonia lyase (PAL), as
reported by [93], who investigated the effect of silicon
and previous aphid infection on the induction of resist-
ance to this pest in wheat plants. Biochemical research
indicates that plants benefit more from silicon treatment
prior to an aphid invasion.

Ranger et al. (2009) [94] reported that on plants of
Zinnia elegans treated with silicon, there were decreases
in total cumulative fecundity and the intrinsic rate
of increase of the green peach aphid, Myzus persicae.
These decreases were linked to higher levels of p-cou-
maroylquinic acid and 5-caffeoylquinic acid, rutin in sil-
icon-supplied Z. elegans plants compared to non-supplied
Z. elegans plants.

Ye et al. (2013) [95] investigated silicon treated rice
plant and feed by C. medinalis, the amounts of transcripts
for defence marker genes, jasmonate (JA) accumulation,
PPO and POX activity along with the level of a trypsin
protease inhibitor rose. Silicon was unable to boost resist-
ance to this insect in plants whose genes associated with
JA production or sensing were silenced, indicating that JA
is vital in providing resistance against leaf borer in rice. JA
signaling was disrupted, demonstrating a substantial rela-
tionship between JA-mediated insect herbivore responses
and silicon accumulation, as well as JA's encouragement
of silicon accumulation.

The study conducted by Han et al. (2016) [96] showed
that plants receiving silicon were pre-programmed to
increase antioxidant metabolism and defensive systems
in response to pest invasion. Rice plants infected with
the leaf folder, Crnaphalocrocis medinalis in a silicon-
amended soil had increased catalase (CAT), phenylala-
nine ammonia-lyase (PAL), peroxidase (POX), polyphenol
oxidase (PPO) and superoxide dismutase (SOD) activity
and lower malondialdehyde (MDA) levels than plants in
a nonamended soil.
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6.2.2 Silicon in Tritrophic (plant-herbivore-natural enemy)
Interactions

The secondary metabolites produced by plants are crucial in
their interactions with natural enemies and other insect pests.
Volatile emissions from plants can be either constitutive
or produced in response to stressors. Herbivore-triggered
defence reactions always involve volatiles, regardless of
emission method [97]. In tritrophic systems, plants gener-
ate chemical substances in response to insect-caused damage
in the form of HIPVs. These chemicals can serve as either
direct insect attractants or repellents, and can therefore be
exploited as host-finding cues by insect-eating parasitoids
and predators [98] (Fig. 1). Enhanced synthesis of plant
hormones such as jasmonate and salicylate might be linked
to increased plant resilience as a result of silicon treatment.
Many plants generate hormones that attract helpful natural
enemies into silicon treated plants when they are injured
by insect pests [78, 79]. When cucumber plants attacked
by Helicoverpa armigera larvae were treated with potas-
sium silicate, they attracted more adults of the predator
Dicranolaius bellulus than cucumber plants not treated with
silicon [99]. In sugarcane crop silicon did not affect C. flavi-
pes parasitism of the sugarcane borer or the morphometric
characteristics of this parasitoid but enhanced the biologi-
cal control as the length of tunnels bored by D. saccharalis
was decreased by 43% when silicate was added to IACSP
96-2042 (susceptible variety). With silicon treatment, the
tunnel length in the resistant cultivar (IACSP 96-3060)
did not alter. The treatments did not affect the sugarcane
borer's fresh mass or larval body size [100]. Similarly, an
increase in parasitism of Epiricania melanoleuca (Fletcher)
on sugarcane leathopper, Pyrilla perpusilla Walker with the
application of calcium silicate, maximum @ 1000 kg per ha
followed by @ 500 kg ha™! and minimum in control. Fur-
thermore, no effect on the population of predatory beetles,
Stethorus sp. as biocontrol agent for management of sugar-
cane yellow mite, Oligonychus sacchari has been reported
by Nikpay and Nejadian (2014) [65] and Nikpay and Laane
(2020) [67].

7 Conclusion

The key objective of current review is to deliver in-depth
knowledge concerning the function of Si in providing
defence against insect herbivory in sugarcane production.
The sugarcane has been classified as a silicon-accumulating
plant known to deposited considerable amounts of silicon as
silica gel. As detailed in this review, Si plays a crucial role in
enhancing plants' direct and indirect defences against several
insect pests through two basic modes of action: enhanced
physical or mechanical barriers and biochemical or
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molecular mechanisms that activate plant defence responses
via bitrophic (plant-herbivore) interactions and tritrophic
(plant-herbivore-natural enemy) interactions. Relevant
research has been done on variety of sugarcane cultivars
to demonstrate the effect of different silicon sources, both
inorganic and organic, along with their role in enhancing
the juice quality characteristics, yield, and component traits.
Though, there is a lack of understanding of the detailed
mode of action and transporters involved in the uptake of
Si in sugarcane, as has been described in other crops like
rice. Considering all the points, the conclusion of the cur-
rent review revealed that plants use both Si-based resistance
mechanisms together, not just one at a time. Instead, they use
a combination of physical, chemical, and biochemical mech-
anisms to protect themselves from insect pests. However,
extensive research on Si in sugarcane plants is still limited.

Author Contributions P collected the research papers. RK wrote the
original draft.

Data Availability No datasets were generated or analysed during the
current study.

Declarations

Ethics Approval Both the authors state that all the ethical standards
required for the preparation and publication have been complied with.

Consent to Participate The authors have given their consent for par-
ticipation.

Consent for Publication Both the authors of this paper consent for pub-
lishing manuscript, tables and figure in this journal.

Competing Interests The authors declare no competing interests.

References

1. MaJF (2005) Plant root responses to three abundant soil miner-
als: silicon, aluminium and iron. Crit Rev Plant Sci 24:267-281

2. Sangster AG, Hodson MJ, Tubb HJ (2001) Silicon deposition in
higher plants. In: Datnoff LE, Snyder GH, Korndorfer GH (eds)
Silicon in Agricul. New York, Elsevier, pp:85-113

3. Samuels G, Alexander AG (1969) Influence of variable manga-
nese and silicon on the nutrition, sugar production, and enzyme
activity of immature sugarcane. J Agric Univ P R 53:14-27

4. Savant NK, Korndorfer GH, Datnoff LE, Snyder GH (1999) Sili-
con nutrition and sugarcane production: a review. J Plant Nutr
22:1853-1903

5. Boaretto LF, Carvalho G, Borgo L, Creste L, Landell MGA,
Mazzafera P, Azevedo RA (2014) Water stress reveals differen-
tial antioxidant responses of tolerant and non-tolerant sugarcane
genotypes. Plant Physiol Biochem 74:165-175. https://doi.org/
10.1016/j.plaphy.2013.11.016

6. Ferreira THS, Tsunada MS, Bassi D, Aratjo P, Mattiello
L, Guidelli GV, Righetto GL, Gongalves VR, Lakshmanan
P, Menossi M (2017) Sugarcane water stress tolerance

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

mechanisms and its implications on developing biotechnology
solutions. Front Plant Sci 8:1-18. https://doi.org/10.3389/fpls.
2017.01077

. Nair NV (2011) The challenges and opportunities in sugarcane

agriculture. Cooperative Sugar 42:43-52

Long WH, Hensley SD (1972) Insect pests of sugar cane. Annu
Rev Entomol 17:149-176

Kfir R, Overholt WA, Khan ZR, Polaszek A (2002) Biology and
management of economically important lepidopteran cereal stem
borers in Africa. Annu Rev Entomol 47:701-731

. Legaspi JC, Legaspi BC Jr, Irvine JE, Johnson JA, Meagher RL

Jr, Rozeft NO (1999) Stalkborer damage on yield and quality of
sugarcane in Lower Rio Grande Valley of Texas. ] Econ Entomol
92:228-234

Goebel FR, Way M (2009) Crop losses due to two sugarcane stem
borers in Réunion and South Africa. Sugarcane Int 27:107-111
Kumar R, Sanghera GS, Tyagi V, Kashyap L, Singh RP, Sharma
B (2017) Impact of borers incidence on yield and quality param-
eters in Sugarcane (Saccharum spp. Hybrid). Ann Plant Prot Sci
25:1-5

Atencio R, Goebel FR, Milian JP, Rodriguez M, Fernandez L
(2017) Yield loss in sugarcane due to Diatraea tabernella Dyar
(Lepidoptera: Crambidae) in Panama. Sugar Tech 19:579-583
Wen-Feng L, Xiao-Yan W, Ying-Kun H, Rong-Yue Z, Yin J,
Luo ZM, Hong-Li S (2018) Loss of cane and sugar yield due to
damage by Tetramoera schistaceana (Snellen) and Chilo sac-
chariphagus (Bojer) in the cane-growing regions of China. Pak
J Zool 50:265-271

Goebel FR, Achadian E, Mcguire P (2014) The economic impact
of sugarcane moth borers in Indonesia. Sugar Tech 16:405-410
Meyer JH, Keeping MG (2000) Review of research into the role
of silicon for sugarcane production. Proc S Agr Sug Technol Ass
74:29-40

Meyer JH, Keeping MG (2001) Past, present and future research
of the role of silicon for sugarcane in southern Africa. In: L E
Datnoff G H Snyder and G H Korndorfer (eds) Studies in Plant
Sci, Elsevier, pp 257-275

Majumdar S, Prakash NB (2020) An overview on the potential of
silicon in promoting defence against biotic and abiotic stresses in
sugarcane. J Soil Sci Plant Nutri 20:1969-1998. https://doi.org/
10.1007/s42729-020-00269-z

Graham RR, Cragg LH (1960) The carbon family. In: Holt, Rine-
hart, and Winston (eds.) The Essentials of Chem, New York, NY,
pp 408-423

Weast RC, Shelby SM, Hodgeman CD (1964) Handbook of
Chemistry and Physics, 45" edition. The Chemical Rubber Co,
Cleveland, OH, p B-134-B135

Snyder GH (2001) Methods for silicon analysis in plants, soils,
and fertilizers. In: L E Dantoft GH Snyder and GH Korndorfer
(eds) Silicon in Agricul, Elsevier, Amsterdam, Netherlands, pp
185-196

Williams RJ (1986) Introduction to silicon chemistry and bio-
chemistry. In: Biochem S (ed) Evered D and O’Connor M. John
Wiley and Sons, Chichester, Sussex, UK, pp 24-39

McKeague JA, Cline MG (1963) Silica in soil solutions: I. The
form and concentration of dissolved silica in aqueous extracts of
some soils. Can J Soil Sci 43:70-82

Islam W, Tayyab M, Khalil F, Hua Z, Huang Z, Chen HY (2020)
Silicon-mediated plant defense against pathogens and insect
pests. Pestic Biochem Phys 168:104641. https://doi.org/10.
1016/j.pestbp.2020.10464 1

Savant NK, Snyder GH, Datnoff LE (1996) Silicon management
and sustainable rice production. Adv Agron 58:151-199
Brown TH, Mahler RL (1988) Relationships between solu-
ble silica and plow pans in palouse silt loam soilsl. Soil Sci
145:359-364

@ Springer


https://doi.org/10.1016/j.plaphy.2013.11.016
https://doi.org/10.1016/j.plaphy.2013.11.016
https://doi.org/10.3389/fpls.2017.01077
https://doi.org/10.3389/fpls.2017.01077
https://doi.org/10.1007/s42729-020-00269-z
https://doi.org/10.1007/s42729-020-00269-z
https://doi.org/10.1016/j.pestbp.2020.104641
https://doi.org/10.1016/j.pestbp.2020.104641

Silicon

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

LiZ, Unzué-Belmonte D, Cornelis JT, Linden CV, Struyf E, Ron-
sse F, Delvaux B (2019) Effects of phytolithic rice-straw biochar,
soil buffering capacity and pH on silicon bioavailability. Plant
Soil 438:187-203. https://doi.org/10.1007/s11104-019-04013-0
Swaddle TW (2001) Silicate complexes of aluminum (III) in
aqueous systems. Coord Chem Rev 219-221:665-686. https://
doi.org/10.1016/S0010-8545(01)00362-9

Hogan B, McDermott F, Schmidt O (2019) Release of plant-
available silicon from various silicon-rich amendments into soil
solutions and leachates. J Soils Sediments 19:1272-1285. https://
doi.org/10.1007/s11368-018-2165-2

Priya KR (2023) Silicon quantification in sugarcane plants
mediated defence against early shoot borer, Chilo infuscatellus
and its effect on larval mandibles, yield and quality attributing
parameters. Silicon 15:4775-4793. https://doi.org/10.1007/
$12633-023-02345-2

Priya KR, Singh D (2023) Silicon uptake and accumulation
in sugarcane for resistance against top borer Scirpophaga
excerptalis Walker and its influence on larval mandibles. Silicon
15:5997-6013. https://doi.org/10.1007/s12633-023-02479-3
Priya KR, Bhatt R, Kashyap L, Shera PS (2023) Silicon reten-
tion in soil and sugarcane cultivar and its impact on stalk borer
(Chilo auricilius Dudgeon), yield and quality indices in North-
west India. SILICON 15:6551-6566. https://doi.org/10.1007/
$12633-023-02508-1

Knight CT, Kinrade SD (2001) A primer on the aqueous chemis-
try of silicon. In: Datnoff LE, Snyder GH, Korndorfer GH (eds)
Silicon in Agri. Elsevier, pp 57-84

Ma JF, Goto S, Tamai K, Ichii M (2001) Role of root hairs
and lateral roots in silicon uptake by rice. Plant Physiol
127:1773-1780

Ma JF, Yamaji N (2015) A cooperative system of silicon trans-
port in plants. Trends Plant Sci 20:435-442

Tubana BS, Heckman JR (2015) Silicon in Soils and Plants. In:
Rodrigues FA, Datnoff LE (eds) 2015 Silicon and Plant Diseases.
Springer International Publishing, Switzerland, pp 7-51
Somner M, Kaczorek D, Kuzyakov Y, Breuer J (2006) Silicon
pools and fluxes in soils and landscapes-a review. J Plant Nutr
Soil Sci 169:310-329. https://doi.org/10.1002/jpIn.200521981
Cornelis JT, Titeux H, Ranger J, Delvaux B (2011) Identifica-
tion and distribution of the readily soluble silicon pool in a tem-
perate forest soil below three distinct tree species. Plant Soil
342:369-378

Yoshida S, Onishi A, Kitagishi K (1962) Histochemistry of sili-
con in rice plant: ITI. The presence of cuticle-silica double layer
in the epidermal tissue. Soil Sci Plant Nutr 8:1-5. https://doi.org/
10.1080/00380768.1962.10430982

Epstein E (2009) Silicon: its manifold roles in plants. Ann Appl
Biol 155:155-160. https://doi.org/10.1111/j.1744-7348.2009.
00343.x

Khalid RA, Silva JA, Fox RL (1978) Residual effects of calcium
silicate in tropical soils: I. Fate of applied silicon during five
years cropping. Soil Sci Soc Am J 42:89-97. https://doi.org/10.
2136/ss52j1978.03615995004200010020x

Ayres AS (1966) Calcium silicate slag as a growth stimulant for
sugarcane on low-silicon soils. Soil Sci 101:216-227

Ross L, Nababsing P, Cheong WY (1974) Residual effect of cal-
cium silicate applied to sugarcane soils. Proc Int Congress Soc
Sugarcane Technol 15:539-542

Berthelsen S, Noble AD, Garside AL (1999) An assessment of
soil and plant levels in north Queensland. Proc Aust Soc Sugar
Cane Technol 21:92-100

Crusciol CAC, Arruda DP, Fernandes AM, Antonangelo JA,
Alleoni JRF, FernandesDM MJM (2018) Evaluation of soil
extractants for silicon availability for sugarcane. J Plant Nutr
41:2241-2255. https://doi.org/10.1080/01904167.2018.1500590

@ Springer

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Thangavelus S, Rao KC (2002) Uptake of silicon in sugar-
cane genetic stocks and its association with the uptake of other
nutrients and cane and sugar yield. Indian Sugar 51:859-864

Camargo MS, Korndorfer GH, Foltran DE, Henrique CM, Ros-
setto R (2010) Silicon uptake, yield and Diatraea sacchara-
lis incidence in sugarcane cultivars. Bragantia 69:937-944.
https://doi.org/10.1590/S0006-87052010000400020

Liang Y, Nikolic M, Belanger R, Gong H, Song A (2015) Sili-
con and insect pest resistance. In: Liang Y et al (eds) Silicon
in Agriculture, from Theory to Practice. Springer, Dordrecht,
pp 197-207

Jones L, Handreck K (1967) Silica in soils, plants, and animals.
Adv Agron 19:107-149

Keeping MG, Meyer JH (2002) Calcium silicate enhances
resistance of sugarcane to the African stalk borer Eldana sac-
charina Walker (Lepidoptera: Pyralidae). Agric For Entomol
4:265-274

Kvedaras OL, Keeping MG, Goebel FR, Byrne MJ (2007) Larval
performance of the pyralid borer Eldana saccharina Walker and
stalk damage in sugarcane: influence of plant silicon, cultivar and
feeding site. Int J Pest Manag 53:183-194

Keeping MG, Kvedaras OL, Bruton AG (2009) Epidermal sili-
con in sugarcane: cultivar differences and role in resistance to
sugarcane borer Eldana saccharina. Environ Exp Bot 66:54-60
Nikpay A, Soleyman-Nejadian E, Goldasteh S, Farazmand H
(2015) Response of sugarcane and sugarcane stalk borers Sesa-
mia spp. (Lepidoptera: Noctuidae) to calcium silicate fertiliza-
tion. Neotrop Entomol 44:498-503

White W, White P (2013) Sugarcane borer resistance in sugar-
cane as affected by silicon applications in potting medium. J] Am
Soc Sugarcane Tech 33:38-54

Keeping MG, Meyer JH, Sewpersad C (2013) Soil silicon amend-
ments increase resistance of sugarcane to stalk borer Eldana sac-
charina Walker (Lepidoptera: Pyralidae) under field conditions.
Plant Soil 363:297-318

Keeping MG, Miles N, Sewpersad C (2014) Silicon reduces
impact of plant nitrogen in promoting stalk borer (Eldana sac-
charina) but not sugarcane thrips (Fulmekiola serrate) infesta-
tions in sugarcane. Frontiers in Plant Sci. https://doi.org/10.3389/
fpls.2014.00289

Nikpay A, Nejadian ES, Goldasteh S, Farazmand H (2015) Effi-
cacy of silicon formulations on sugarcane stalk borers, quality
characteristics and parasitism rate on five commercial varieties.
Proc Natl Acad Sci India Sect B Biol Sci 87:289-297

Vilela M, Moraes JC, Alves E, Santos-Cividanes TM, Santos FA
(2014) Induced resistance to Diatraea saccharalis (Lepidoptera:
Crambidae) via silicon application in sugarcane. Rev Colomb
Entomol 40:44-48

Atencio R, Goebel FR, Guerra A (2019) Effect of silicon and
nitrogen on Diatraea tabernella Dyar in sugarcane in Panama.
Sugar Tech 21:113-121

LinZ, Zhang H, Luo J, Gao S, Yao J, Xu L (2021) Effect of sili-
con fertilizer on sugarcane production and its resistance to stalk
borer. Chinese J Tropi Crops 42:1071-1079

Saeroji S, Sunaryo GH (2010) The effect of bagasse furnace ash
application on sugarcane resistance to top borer Scirpophaga
nivella intacta Snellen (Lepidoptera: Pyralidae). Proc Int Soc
Sugar Cane Technol 27:1-6

Indhumathi VS, Chandramani P, Jayaraj J, Chinniah C, Mahen-
dran PP, Kumutha K (2019) Effect of silicon sources against
sugarcane early shoot borer Chilo infuscatellus Snellen. Indian J
Entomol 81:206-209

Rahardjo BT, Achadian EM, Taufiqurrahman AF, Hidayat MR
(2020) Silica fertilizer (Si) enhances sugarcane resistance to the
sugarcane Top borer Scirpophaga excerptalis Walker. J Agric
Sci 43:37-42


https://doi.org/10.1007/s11104-019-04013-0
https://doi.org/10.1016/S0010-8545(01)00362-9
https://doi.org/10.1016/S0010-8545(01)00362-9
https://doi.org/10.1007/s11368-018-2165-2
https://doi.org/10.1007/s11368-018-2165-2
https://doi.org/10.1007/s12633-023-02345-2
https://doi.org/10.1007/s12633-023-02345-2
https://doi.org/10.1007/s12633-023-02479-3
https://doi.org/10.1007/s12633-023-02508-1
https://doi.org/10.1007/s12633-023-02508-1
https://doi.org/10.1002/jpln.200521981
https://doi.org/10.1080/00380768.1962.10430982
https://doi.org/10.1080/00380768.1962.10430982
https://doi.org/10.1111/j.1744-7348.2009.00343.x
https://doi.org/10.1111/j.1744-7348.2009.00343.x
https://doi.org/10.2136/sssaj1978.03615995004200010020x
https://doi.org/10.2136/sssaj1978.03615995004200010020x
https://doi.org/10.1080/01904167.2018.1500590
https://doi.org/10.1590/S0006-87052010000400020
https://doi.org/10.3389/fpls.2014.00289
https://doi.org/10.3389/fpls.2014.00289

Silicon

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Korndorfer AP, Grisoto E, Vendramim JD (2011) Induction of
insect plant resistance to the spittlebug Mahanarva fimbriolata
Stal (Hemiptera: Cercopidae) in sugarcane by silicon applica-
tion. Neotrop Entomol 40:387-392

Nikpay A, Nejadian ES (2014) Field applications of silicon-
based fertilizers against sugarcane yellow mite Oligonychus
sacchari. Sugar Tech 16:319-324

Indhumathi VS, Chandramani P, Jayaraj J, Chinniah C, Mahen-
dran PP, Kumutha K (2018) Impact of silicon on sugarcane
leathopper, Pyrilla perpusilla Walker by enhancing para-
sitism of Epiricania melanoleuca (Fletcher). Biol Control
32:155-159

Nikpay A, Laane HM (2020) Foliar amendment of silicic acid
on population of yellow mite, Oligonychus sacchari (Acari:
Tetranychidae) and its predatory beetle, Stethorus gilvifrons
(Col.: Coccinellidae) on two sugarcane commercial varieties.
Persian J Acarol 9:57-66

Frew A, Powel JR, Hiltpold I, Allsopp PG, Sallam N, Johnson
SN (2017) Host plant colonisation by arbuscular mycorrhizal
fungi stimulates immune function whereas high root silicon
concentrations diminish growth in a soil-dwelling herbivore.
Soil Biol Biochem 112:117-126

Ashraf M, Ahmad R, Afzal M, Tahir MA, Kanwal S, Magsood
MA (2009) Potassium and silicon improve yield and juice qual-
ity in sugarcane (Saccharum officinarum L.) under salt stress.
J Agron Crop Sci 195:284-291

Jain R, Singh SP, Singh A, Singh S, Tripathi P, Kishor R, Gaur
A, Neeru J, Solomon S (2017) Changes in growth, yield, juice
quality and biochemical attributes of sugarcane in response to
orthosilicic acid granules. Sugar Tech 19:300-304

Nickpay A (2016) Improving biological control of stalk borers
in sugarcane by applying silicon as a soil amendment. J Plant
Prot Res 56:394-401

Anggraeni LW, Pratama AF, Putri PH (2022) Effect of biostim-
ulant and silica application on sugarcane (Saccharum offici-
narum L.) production. In IOP Conference Series: Earth and
Environmental Science. IOP Publishing, vol 974. Pandawa
Agri Indonesia, Banelanlor Street, Banyuwangi, 68461, Indo-
nesia, pp 012077

Elawad SH, Gascho GJ, Street JJ (1982) Response of Sugar-
cane to Silicate Source and Rate. I Growth and yield Agron J
74:481-484

McNaughton SJ, Tarrants JL (1983) Grass leaf silicification-
natural selection for an inducible defense against herbivores.
Proc National Acad Sci USA 80:790-791

Goussain MM, Prado E, Moraes JC (2005) Effect of silicon
applied to wheat plants on the biology and probing behaviour
of the greenbug Schizaphis graminum (Rond.) (Hemiptera:
Aphididae). Neotrop Entomol 34:807-813

Massey FP, Ennos AR, Hartley SE (2006) Silica in grasses as
defence against insect herbivores: contrasting effects on foli-
vores and phloem feeder. J Anim Ecol 75:595-603

Teaford MF, Lucas PW, Ungar PS, Glander KE (2006) Mechan-
ical defenses in leaves eaten by Costa Rican howling monkeys
(Alouatta palliata). Am J Phys Anthropol 129:99-104
Reynolds OL, Keeping MG, Meyer JH (2009) Silicon-aug-
mented resistance of plants to herbivorous insects: a review.
Ann Appl Biol 155:171-186

Reynolds OL, Padula MP, Zeng R, Gurr GM (2016) Silicon:
potential to promote direct and indirect effects on plant defense
against arthropod pests in agriculture. Front Plant Sci 744:1-13
Agarwal RA (1969) Morphological characteristics of sugarcane
and insect resistance. I: Wilde J] D E and Schoonhoven L M
(ed) Proc 2nd International Symp Insect and host plant, vol 12,
Wageningen, Netherlands, pp 767-776

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Barker GM (1989) Grass host preferences of Listronotus
bonariensis (Coleoptera: Curculionidae). J Econ Entomol
82:1807-1816

Chu YI, Horng SB (1991) Infestation and reproduction of
Asia corn borer on slag-treated corn plants. Chin J Entomol
11:19-24

Miller BS, Robinson RJ, Johnson JA, Jones ET, Ponnaiya BWX
(1960) Studies on the relation between silica in wheat plants
and resistance to Hessian fly. ] Econ Entomol 53:995-999
Kvedaras OL, Byrne MJ, Coombes NE, Keeping MG (2009)
Influence of plant silicon and sugarcane cultivar on mandibular
wear in the stalk borer Eldana saccharina. Agric For Entomol
11:301-306

Fauteux F, Rémus-Borel W, Menzies JG, Bélanger RR (2005)
Silicon and plant disease resistance against pathogenic fungi.
FEMS Microbiol Lett 249:1-6

Ali JG, Agrawal AA (2012) Specialist versus generalist insect
herbivores and plant defence. Trends Plant Sci 17:293-302
De Vos M, Van Oosten VR, Van Poecke RMP, Van Pelt JA,
Pozo MJ (2005) Signal signature and transcriptome changes
of Arabidopsis during pathogen and insect attack. Mol Plant
Microbe Interact 18:923-937

Kindt F, Joosten NN, Peters D, Tjallingii WF (2003) Charac-
terisation of the feeding behaviour of western flower thrips
in terms of electrical penetration graph (EPG) waveforms. J
Insect Physiol 49:183-191

Moran PJ, Thompson GA (2001) Molecular responses to aphid
feeding in Arabidopsis in relation to plant defence pathways.
Plant Physiol 125:1074-1085

Liu J, Zhu J, Zhang P, Han L, Reynolds OL, Zeng R, Wu J,
Shao Y, You M, Gurr GM (2017) Silicon supplementation
alters the composition of herbivore induced plant volatiles and
enhances attraction of parasitoids to infested rice plants. Front
Plant Sci 19(8):1265. https://doi.org/10.3389/fpls.2017.01265
Pappas ML, Broekgaarden C, Broufas GD, Kant MR, Mes-
selink GJ, Steppuhn A, Wickersf F, van Dam NM (2017)
Induced plant defences in biological control of arthropod pests:
A double-edged sword. Pest Manag Sci 73:1780-1788
Radoti¢ K, Djikanovi¢ D, Kalauzi A, Tanasijevi¢ G,
Maksimovié¢ V, Maksimovié¢ JD (2022) Influence of silicon on
polymerization process during lignin synthesis. Implications
for cell wall properties. Int J Biol Macromol 198:168-174
Gomes FB, Moraes JCD, Santos CDD, Goussain MM (2005)
Resistance induction in wheat plants by silicon and aphids.
Scientia Agricola 62:547-551

Ranger CM, Singh AP, Frantz JM, Caiias L, Locke JC, Red-
ing ME, Vorsa N (2009) Influence of silicon on resistance of
Zinnia elegans to Myzus persicae (Hemiptera: Aphididae).
Environ Entomol 38:129-136

Ye M, Song Y, Long J, Wang R, Baerson SR, Pan Z, Zhu-
Salzmand K, Xieb J, Caib K, Luo S, Zeng R (2013) Priming
of jasmonate-mediated antiherbivore defense responses in rice
by silicon. Proc Natl Acad Sci 110:3631-3639

Han Y, Li P, Gong S, Yang L, Wen L, Hou M (2016) Defense
responses in rice induced by silicon amendment against infes-
tation by the leaf folder Cnaphalocrocis medinalis. PLoS ONE
11:e0153918. https://doi.org/10.1371/journal.pone.0153918
Dicke M, Baldwin IT (2010) The evolutionary context for
herbivore-induced plant volatiles: Beyond the “cry for help.”
Trends Plant Sci 15:167-175

Oudenhove LV, Mailleret L, Fauvergue X (2017) Infochemical
use and dietary specialization in parasitoids: a meta-analysis.
Ecol Evol 7:4804-4811

Kvedaras OL, An M, Choi YS, Gurr GM (2010) Sili-
con enhances natural enemy attraction and biological

@ Springer


https://doi.org/10.3389/fpls.2017.01265
https://doi.org/10.1371/journal.pone.0153918

Silicon

control through induced plant defences. Bull Entomol Res
100:367-371

100. Santos-Cividanes TM, Cividanes FJ, Garcia JC, Vilela M,
Moraes JC, Barbosa JC (2022) Silicon induces resistance to
Diatraea saccharalis in sugarcane and it is compatible with the
biological control agent Cotesia flavipes. J Pest Sci 95:783-795

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.



	Role of Silicon in Providing Defence Against Insect Herbivory in Sugarcane Production
	Abstract
	1 Introduction
	2 Silicon in Soil and Plant
	2.1 Silicon in Soil: Soil Silicon Content Response to External Application of Silicon
	2.2 Silicon in Sugarcane Plant: Uptake and Response to Silicon

	3 Role of Silicon in Sugarcane Insect Pest Management
	4 Influence of Silicon Application on Juice Quality Traits
	5 Influence of Silicon Application on Cane Yield and Component Traits
	6 Mode of Action of Silicon in Defence Against Insect Herbivory
	6.1 Physical Defence
	6.1.1 Mandibular Wear

	6.2 Biochemical Defence
	6.2.1 Silicon in Bitrophic (plant-herbivore) Interactions
	6.2.2 Silicon in Tritrophic (plant-herbivore–natural enemy) Interactions


	7 Conclusion
	References


