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EXPECTED IMPACT ON SOCIETY 

 

It is expected that the findings achieved can contribute to the development of 

new practices for the use of silicon in sugarcane production, aiming to improve 

productivity and crop quality. The use of Si allows for a new path of research, enabling 

increased water use efficiency in sugarcane production systems. 



 
 

IMPACTO ESPERADO NA SOCIEDADE 

 

As descobertas desses estudos podem ser usadas para desenvolver práticas 

de manejo mais eficazes para a produção de cana-de-açúcar, com o objetivo de 

melhorar a produtividade e a qualidade do cultivo. O uso do Si permite abrir um novo 

caminho de pesquisa, permitindo aumentar a eficiência de uso de água nos sistemas 

de produção de cana-de-açúcar. 
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“I will pursue everything that God has ever chosen for me 

I will persist, and even in the marks of that pain 

What's reamains, I'll remember 

And fulfill the most beautiful dream that God dreamed of. 

In my place, waiting for a new one to arrive 

I will persist, continue to hope and believe 

And even when the vision is blurred and the heart just cries 

But in the soul, there is certainty of victory”  

(Celina Borges) 
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SILICON ON C:N:P STOEQUIOMETRY AND NUTRITIONAL EFFICIENCY OF 

SUGARCANE GROWN UNDER WATER DEFICIT IN THREE TROPICAL SOILS 

 

 

ABSTRACT 
The benefit of silicon (Si) in the lives of the plants is undeniable, mainly the 
physiological and biochemical benefits, mainly in sugarcane plants in conditions of 
water deficit. However, little was understood about the impact of this beneficial 
element on modifying the homeostatic balance of carbon (C) – nitrogen (N) – 
phosphorus (P) and on the nutritional efficiency of sugarcane plants and whether 
these changes are enough to alter crop dry mass production under different soil 
conditions in the tropics. In order to broaden the understanding of the benefit of Si, 
the present study was carried out, aiming to evaluate the supply of Si, via 
fertirrigation, is sufficient to modify the homeostatic balance of C:N:P and increase 
the nutritional efficiency of sugarcane plants under water deficit in three tropical soils. 
For this, three experiments were carried out with pre-sprouted seedlings of 
sugarcane in three tropical soils (Dystrophic Red Latosol, Eutrophic Red Latosol and 
Quartzarenic) under controlled conditions in a greenhouse in two cycles of 150 days 
(1st cycle and 2nd cycle). Silicon was supplied via fertigation at a concentration of 
1.8 mM every two days using the stabilized sodium silicate source with sorbitol. 
Biological losses caused by water deficit in sugarcane plants are related to the 
homeostatic imbalance of C:N:P, causing reductions in nutrient use efficiency and 
directly impacting dry mass biosynthesis. Silicon becomes a viable agronomic 
alternative in sugarcane crops with water restriction, reducing biological losses due to 
water deficit, modifying the homeostatic balance of C:N:P, improving the efficiency of 
use of these nutrients and improving the plant performance. The use of Si in 
sugarcane cultivation without stress was also efficient in improving plant 
performance, alternating the homeostatic nutritional balance, increasing the 
efficiency of use of C, N and P and increasing the production of dry mass of leaves 
and stems. The responses of sugarcane plants to Si application are limited 
depending on the type of cultivation soil, altering the intensity of responses to the 
benefits of the beneficial element. The strategic use of fertigation with Si in a water 
deficit regime becomes more advantageous in tropical soils with low availability of Si 
in the soil solution, such as the Quartzarenic Neosol. The perspective of the research 
is that Si can contribute to the sustainable cultivation of sugarcane in tropical soils in 
irrigated regions or under a regime of water deficit. 

 
Keywords: Saccharum officinarum L., beneficial element, Si fertigation, homeostatic 
balance of C:N:P, water stress, abiotic stress. 
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SILÍCIO NA ESTEQUIOMETRIA C:N:P E NA EFICIÊNCIA NUTRICIONAL DA 

CANA-DE-AÇÚCAR CULTIVADA SOB DÉFICIT HÍDRICO EM TRÊS SOLOS 

TROPICAIS 

 

 
RESUMO 
O benefício do silício (Si) nas vidas das plantas é incontestável, principalmente os 
benefícios fisiológicos e bioquímicos, principalmente em plantas de cana-de-açúcar 
em condições de déficit hídrico. Entretanto, pouco se compreendia do impacto deste 
elemento benéfico em modificar o equilíbrio homeostático do carbono (C) – 
nitrogênio (N) – fosforo (P) e na eficiência nutricional das plantas de cana-de-açúcar 
e se essas alterações são o suficiente para alterar a produção de massa seca da 
cultura nas diferentes condições de solos nos trópicos. Para ampliar a compreensão 
do benefício do Si, realizou-se o presente estudo, objetivando-se avaliar o 
suprimento do Si, via fertirrigação, é suficiente para modificar o equilíbrio 
homeostático do C:N:P e incrementar a eficiência nutricional de plantas de cana-de-
açúcar em déficit hídrico em três solos tropicais. Para isso, realizou-se a instalação 
de três experimentos com mudas pré-brotadas de cana-de-açúcar em três solos 
tropicais (Latossolo Vermelho Distrófico, Latossolo Vermelho Eutrófico e Neossolo 
Quartzarênicos) em condições controladas em casa de vegetação em dois ciclos de 
150 dias (1º ciclo e 2º ciclo). O silício foi fornecido por via fertirrigação na 
concentração de 1.8 mM a cada dois dias utilizando a fonte de silicato de sódio 
estabilizado com sorbitol. As perdas biológicas causadas pelo déficit hídrico nas 
plantas de cana-de-açúcar estão relacionadas ao desequilíbrio homeostático de 
C:N:P, causando reduções na eficiência de uso de nutrientes e impactando 
diretamente na biossíntese de massa seca. O silício torna-se uma alternativa 
agronômica viável em cultivos de cana-de-açúcar com restrição hídrica, reduzindo as 
perdas biológicas por déficit hídrico, modificando o equilíbrio homeostático de C:N:P, 
melhorando a eficiência de uso desses nutrientes e melhorando o desempenho da 
planta. A utilização de Si no cultivo de cana-de-açúcar sem estresse também se 
mostrou eficiente em melhorar o desempenho das plantas, alternando o equilíbrio 
nutricional homeostático, aumentando a eficiência de uso de C, N e P e aumentando 
a produção de massa seca de folhas e caules. As respostas das plantas de cana-de-
açúcar à aplicação de Si são limitadas dependendo do tipo de solo de cultivo, 
alterando a intensidade das respostas aos benefícios do elemento benéfico. O uso 
estratégico da fertirrigação com Si em regime de déficit hídrico torna-se mais 
vantajoso em solos tropicais com baixa disponibilidade de Si na solução do solo, 
como o Neossolo Quartzarênico. A perspectiva da pesquisa é que o Si pode 
contribuir para o cultivo sustentável da cana-de-açúcar em solos tropicais em 
regiões irrigadas ou sob regime de déficit hídrico. 

 
Palavras-chave: Saccharum officinarum L., elemento benéfico, fertirrigação com Si, 
equilíbrio homeostático de C:N:P, estresse hídrico, estresse abiótico. 
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CHAPTER 1 - Innovative contribution of Si in the mitigation of abiotic stresses 

in plants from the modification of C:N:P homeostasis: a review of 

progress and perspectives1 

 

 

ABSTRACT 
Different environmental stresses have altered C:N:P stoichiometry, resulting in 
biochemical and physiological changes in plants and decreasing crop yield. Silicon 
(Si) is a beneficial element that reduces plant stress, but most studies on this topic 
focus on physiological damage. Notwithstanding, recent studies indicate that 
stressed plants use Si strategically to maintain C:N:P homeostasis, reducing biomass 
loss. This can guarantee the sustainability of agricultural crops worldwide. In this 
scenario, this review addresses a new view on advances in the understanding of the 
impacts of environmental stresses on C:N:P homeostatic balance. It also discusses 
the role of Si in the homeostasis of these nutrients and its consequences in the 
attenuation of the deleterious biological damage of stress. The findings discussed in 
this review reinforce another significant benefit of Si in plants that correlates with 
C:N:P homeostasis, responsible for improving the nutritional efficiency of these vital 
nutrients, increasing crop yield, and mitigating stress. This review also highlights the 
need for further research that addresses the underlying mechanisms of Si in C:N:P 
stoichiometry. 
 
 
Keywords: nutritional stoichiometry; elemental stoichiometry, beneficial element, 
environmental stresses, agricultural sustainability. 

 
1 This chapter corresponds to the article submitted to the journal BMC Plant Biology and is under evaluation for 
publication. 
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Contribuição inovadora do Si na mitigação de estresses abióticos em plantas a 

partir da modificação da homeostase C:N:P: uma revisão dos avanços e 

perspectivas 

 

 

RESUMO 
Diferentes estresses ambientais têm alterado a estequiometria C:N:P, resultando em 
alterações bioquímicas e fisiológicas nas plantas e diminuindo a produtividade das 
culturas. O silício (Si) é um elemento benéfico que reduz o estresse das plantas, 
mas a maioria dos estudos sobre esse tema foca nos danos fisiológicos. No entanto, 
estudos recentes indicam que plantas estressadas usam Si estrategicamente para 
manter a homeostase C:N:P, reduzindo a perda de biomassa. Isso pode garantir a 
sustentabilidade das culturas agrícolas em todo o mundo. Nesse cenário, esta 
revisão aborda uma nova visão sobre os avanços na compreensão dos impactos 
dos estresses ambientais no equilíbrio homeostático C:N:P. Discute também o papel 
do Si na homeostase desses nutrientes e suas consequências na atenuação dos 
danos biológicos deletérios do estresse. Reportou-se nesta revisão reforçam outro 
benefício significativo do Si nas plantas que se correlaciona com a homeostase 
C:N:P, responsável por melhorar a eficiência nutricional desses nutrientes vitais, 
aumentar o rendimento das culturas e mitigar o estresse. Esta revisão também 
destaca a necessidade de mais pesquisas que abordem os mecanismos 
subjacentes do Si na estequiometria C:N:P. 
 
 
Palavras-chave: estequiometria nutricional; estequiometria elementar, elemento 
benéfico, estresses ambientais, sustentabilidade agrícola. 
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1 Introduction 

Climate change has affected crop development and has become more 

frequent on a global scale, reducing crop yield by 51 to 82%, mainly due to abiotic 

stresses (Cooke and Leishman 2016a; Raza et al. 2022a). Crop yield decreases 

from physiological, biochemical, and molecular changes in plants, reflecting changes 

in water relations, uptake and assimilation of nutrients, loss of membrane integrity, 

and osmotic dysregulation (Mir et al. 2022). New reports have shown that abiotic 

stresses also alter the homeostatic balance between carbon (C), nitrogen (N), and 

phosphorus (P) (Hurtado et al. 2020; Rocha et al. 2022b, a), compromising the 

optimal ratio required for nutrient balance (Tian et al. 2019), Previous studies 

evidenced this fact in sugarcane plants cultivated under water stress (Costa et al. 

2022; Oliveira Filho et al. 2021a, b; Teixeira et al. 2020, 2022). Thus, it is pertinent to 

emphasize the importance of C:N:P stoichiometric homeostasis due to its direct 

relationship with relative plant growth (Peng et al. 2011). Stressful conditions lead to 

C:N:P stoichiometric imbalance, disturbing plant metabolism. This affects the 

underlying physiological and genomic mechanisms and the evolutionary processes of 

plants (Urabe et al. 2010). Changes in C:N:P stoichiometry modify the metabolism of 

carbon, responsible for providing a structural basis for plants (Martin et al. 2018); 

nitrogen, a fundamental component for proteins (Yang et al. 2018); and phosphorus, 

responsible for cellular structures such as DNA and RNA components, in addition to 

increasing transpiration and C and N assimilation (Sardans et al. 2012). 

In this scenario, strategies to mitigate stress damage to the nutritional balance 

of plants are important, and silicon (Si) stands as an option. Silicon is uptaked as 

H4SiO4 and accumulates in the leaves due to transpiration flow in the form of 

phytoliths; in this case C may be included (Alexandre et al. 1997). The scientific 

community has studied the importance of Si in plant biology for decades, showing its 

beneficial effects on plants (especially under stressful conditions) (Bansal et al. 

2022a; Kim et al. 2017; Mir et al. 2022; Pavlovic et al. 2021; Raza et al. 2022a; 

Shivaraj et al. 2022) and no risk to the environment even at high doses (Etesami and 

Jeong 2018). However, review studies on Si indicate that this stress attenuating 

function in plants is due to the effect of Si on the physiological mechanisms of plants 
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(Bansal et al. 2022a; Mir et al. 2022; Tian et al. 2019) and little has been reported on 

changes in the elemental stoichiometry of C:N:P. 

The strategy to reduce stress effects correlates with C:N:P homeostasis in 

plants, favoring the adaptive capacity of tolerance (Prado and Silva 2017). The first 

evidence of the role of silicon in elemental stoichiometry appeared in the 1980s 

(Raven 1983). The authors of that study discussed energy costs for SiO2 assimilation 

in relation to other organic structural compounds. They observed that C incorporation 

requires 20 times more energy than SiO2 incorporation for lignin formation, and 10 

times more energy than SiO2 incorporation for polysaccharide formation. However, 

only after the publication of the study of silica uptake in aquatic and wet macrophytes 

(Schoelynck et al. 2010), was the interest of Si researchers rekindled to better 

understand the benefits of Si in C:N:P elemental stoichiometry. 

New studies with Si have unveiled the potential of this element to attenuate 

environmental stresses in agricultural crops, arousing the interest of agronomic use 

(Hurtado et al. 2020; Lata-Tenesaca et al. 2021; Rocha et al. 2021; Teixeira et al. 

2022). The sugarcane crop has been the main object of study regarding the benefit 

of Si in C:N:P stoichiometric homeostasis (Costa et al. 2022; Frazão et al. 2020; 

Oliveira Filho et al. 2021a, b; Souza Júnior et al. 2022; Teixeira et al. 2020, 2022). 

However, researchers have also addressed other agricultural crops such as 

sorghum, sunflower (Hurtado et al. 2020), quinoa (Lata-Tenesaca et al. 2021) and 

forage plants (Hao et al. 2020; Rocha et al. 2021, 2022a). Research with Si has 

advanced a lot in recent years. The Scopus database presents great strides on this 

front, as searches for the terms “silicon and plants” retrieve about 12,000 papers. 

Notwithstanding, searches involving “silicon, plant, stoichiometry, and C:N:P” account 

for about only three dozen studies. Other databases such as the Web of Science 

also reflect this reality. In this scenario, this review proposes to approach a new view 

on the impacts of environmental stresses on C:N:P homeostatic balance. 

Furthermore, it discusses the role of Si in the homeostasis of these nutrients and its 

consequences in the attenuation of the deleterious biological damage of stress. We 

consider not only the restricted effect on elemental C:N:P stoichiometric changes, but 

also its implications on underlying mechanisms and its potential to reduce yield 

losses in agricultural crops, especially those grown under stress. In addition, new 
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approaches will be proposed to guide future research to advance the knowledge of 

this very promising line of research involving Si. 

 

2 Silicon bioavailability in tropical soils and stoichiometric modifications 

in agroecosystems 

2.1 Silicon bioavailability in tropical soils 

The biogeochemistry of silicon (Si) in the soil involves the interaction of silicon 

with the biological, geological, and chemical components of the soil (Carey 2020). 

Silicon is the second most abundant element in the Earth's crust and is found in 

many minerals, including quartz and feldspar (Camargo and Keeping 2021). Silicon 

in soil is found in various forms, including silicate, amorphous silica, and biogenic 

silica (produced by living organisms) (Puppe et al. 2022).  

Silicon is mainly found in soils in the form of silicon dioxide (SiO2), which is 

insoluble in water (Tubaña and Heckman 2015). However, plants can absorb Si in 

the form of silicic acid (Si(OH)4), which is water-soluble and is formed by the 

dissolution of silicon dioxide (Schaller et al. 2021). 

Silicon in the soil solution is found in the form of silicic acid for plant 

absorption, with its concentration in tropical soils ranging from 0.1 to 0.6 mM (Zargar 

et al. 2019). Silicon in soil can be released in a soluble form for plants through 

processes such as silicate dissolution by water and organic acids released by plant 

roots (Schaller et al. 2021). Furthermore, some bacteria can solubilize soil Si, making 

it available for plants (Raturi et al. 2021). 

The availability of Si to plants can also be influenced by soil pH (Tubaña and 

Heckman 2015). In acidic soils, Si can bind to aluminum ions and become 

unavailable to plants, while in alkaline soils, Si can bind to calcium ions and become 

more available (Haynes 2014). 

Plants can affect the Si dynamics in the soil solution through their root activity 

(Katz et al. 2021; Walker et al. 2003). Plant roots release organic compounds that 

can solubilize the Si present in the soil, increasing its concentration in the soil 

solution, such as organic acids and flavonoids (Gobler et al. 2011; Raturi et al. 2021). 

Furthermore, plant roots can absorb the silicon present in the soil solution and use it 

for growth and development. 
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The Si dynamics in the soil solution can also be influenced by the availability 

of other nutrients in the soil (Pavlovic et al. 2021; Sangster et al. 2001). For instance, 

the application of fertilizers containing calcium can increase the complexation of 

silicon with calcium, reducing its concentration in the soil solution (Zhou et al. 2013). 

The availability of Si for plants can also be affected by polymerization, where 

chemical bonds of monosilicic acid are formed, creating longer chains that are 

therefore less easily absorbed by plant roots (Camargo and Keeping 2021). There 

are several factors that can influence the occurrence of polymerization, such as pH, 

Si concentration, soil type, temperature, humidity, time, and the availability of other 

elements in the soil (Schaller et al. 2021). 

Hydrogen ion potential (pH) influences the Si polymerization in soil solution, 

since Si is more soluble at low pH (acidic) (Haynes 2019). In soils with lower pH, the 

Si solubility increases, which means that more Si is available in the soil solution to 

form polymers (Camargo and Keeping 2021). Furthermore, in low pH, the amount of 

hydrogen ions (H+) in the soil solution increases, which can facilitate the formation of 

Si polymers (Tubaña and Heckman 2015). On the other hand, in soils with a more 

alkaline pH, the Si solubility is lower, which means that less Si is available in the soil 

solution to form polymers (Camargo and Keeping 2021). Additionally, at high pH, the 

amount of hydroxide ions (OH-) in the soil solution increases, which can hinder the 

formation of silicon polymers (Haynes 2019).  

Silicon concentration in the soil solution is also a crucial factor that influences 

polymerization. The higher the concentration of silicon in the soil solution, the higher 

the probability of silicon polymer formation (Tombeur et al. 2021a). This occurs 

because Si polymerization occurs when silicon molecules in the soil solution react 

with each other to form polymeric chains (Camargo and Keeping 2021). However, for 

these reactions to occur, it is necessary to have enough Si molecules in the soil 

solution. 

Soil type can also influence Si polymerization due to its composition (Schaller 

et al. 2021). Soils rich in clay and organic matter tend to have a greater capacity for 

Si polymerization (Haynes 2014). Additionally, soils with lower Si concentration in the 

soil solution may decrease the rate of polymerization. 



7 
 

Temperature is one of the main environmental factors that can influence Si 

polymerization in soil solution. The Si polymerization is a chemical reaction that 

involves the formation of bonds between Si molecules, like most chemical reactions, 

and it increases with temperature (Haynes 2014). When the temperature increases, 

the kinetic energy of the molecules in the soil solution increases, which can increase 

the probability of collisions between Si molecules and, therefore, increase the rate of 

polymerization. In addition, the temperature increases can increase the Si solubility in 

the soil solution, which can also increase the rate of polymerization. 

Soil moisture can also influence the Si polymerization in the soil solution in 

several ways (Camargo et al. 2021). The Si polymerization involves the formation of 

bonds between Si molecules, which occur in the presence of water (Camargo and 

Keeping 2021). Therefore, soil moisture can be an important factor for silicon 

polymerization. Additionally, reduced soil moisture can lead to an increase in Si 

concentration in the soil (>2 mmol), initiating the Si polymerization process (Zhu et al. 

2019). Excessive moisture can also lead to Si leaching, which can limit the Si 

availability for polymerization (Bansal et al. 2022b). 

 Finally, some elements can react with Si during the polymerization process, 

forming insoluble compounds that hinder the formation of amorphous or crystalline 

silica, thereby reducing the availability of this beneficial element for plants (Haynes 

2014). Understanding the process of Si polymerization in soils is essential for Si 

management in crop systems, as it reduces the availability of this beneficial element 

for plants and consequently decreases the efficiency of fertilizing agricultural crops. 

 

2.2  Silicon adsorbed processes in tropical soils 

Silicon can also be adsorbed on the surfaces of soil minerals through physical 

and chemical processes (Tubaña and Heckman 2015). Silicon uptake by soil 

minerals is important for its bioavailability to plants and its participation in nutrient 

cycling in agroecosystems (Wu and Ling 2019). Physical processes of Si adsorption 

by minerals are based on the attraction between Si and soil mineral particles, which 

is influenced by the surface charge and the charge of Si in solution (Kou L. et al. 

2015). Silicon can be adsorbed by minerals with negative charges, such as Fe and Al 
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oxides. However, the physical adsorption of Si on minerals can be reversible 

depending on environmental conditions (Malik et al. 2021).  

 The chemical processes of Si adsorption on minerals occur through the 

formation of chemical bonds between Si and minerals, with this adsorption process 

being stronger than physical adsorption and influenced by mineral charges and the 

chemical properties of Si in solution (Liang et al. 2007). The Si can form chemical 

bonds with minerals that have positive charges, such as Fe and Al hydroxides, and 

generally the chemical adsorption process is irreversible.  

The processes of Si adsorption occur on the surface of minerals, being directly 

influenced by the mineral's surface charge, specific surface area, and cation 

exchange capacity (Tubaña and Heckman 2015). Additionally, mineral characteristics 

such as mineralogical composition and geological age can also influence Si uptake 

(Carey 2020). 

The hydrogen ion potential (pH) is also a factor capable of altering the rates of 

Si adsorption by minerals (Linden and Delvaux 2019). Silicon in solution is generally 

found in the form of silicate ions, which can be affected by soil acidity or alkalinity 

(Haynes 2019). n acidic soils, silicon can bind to aluminum and iron, while in alkaline 

soils, silicon can bind to calcium and magnesium (Haynes 2019). 

In summary, the Si adsorption by soil minerals occurs through physical and 

chemical processes that involve the surface of minerals and the Si properties in 

solution. The adsorption of silicon by soil minerals is important for its availability to 

plants and its participation in nutrient cycling. 

 

2.3  Silicon and its interaction in soil nutrient availability 

The relationship between Si and soil nutrient availability is related to its ability 

to alter soil chemistry and influence the solubility and availability of nutrients for 

plants (Pavlovic et al. 2021). Silicon present in the soil can interact with other 

chemical elements, such as aluminum, iron, and phosphorus, altering their 

availability for plants (Haynes 2019). For example, Si can bind to aluminum in the soil 

and form insoluble compounds that reduce the availability of toxic aluminum for 

plants (Tubaña and Heckman 2015). This is particularly important in acidic soils, 

where high concentrations of aluminum can make the soil toxic to many plants. 
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Furthermore, Si can improve the availability of phosphorus in the soil, which is 

an important nutrient for plant growth (Schaller et al. 2019). Silicon can react with 

phosphorus in the soil and form water-soluble compounds that can be absorbed by 

plant roots (Hu et al. 2020a). This is especially important in soils with low availability 

of phosphorus, which can limit plant growth.  

The presence of Si in the soil can also influence the availability of other 

nutrients, such as calcium, magnesium, and potassium, although the exact 

mechanisms are not yet fully understood (Araújo et al. 2022; Silva et al. 2021a; Zhou 

et al. 2013). One of the main ways that silicon increases nutrient availability is 

through improving soil structure (Tubana et al. 2016). Furthermore, Si can influence 

the biological activity of the soil, which can also increase the availability of calcium, 

potassium, and magnesium for plants (Walker et al. 2003). 

 

2.4  The role of silicon in modifying the carbon (C): nitrogen (N): phosphorus 

(P) stoichiometry in the soil-plant system 

Silicon (Si) plays an important role in altering the carbon (C), nitrogen (N), and 

phosphorus (P) stoichiometry in the soil-plant system (Carvalho et al. 2022; Costa et 

al. 2023). Stoichiometry refers to the relationship between different chemical 

elements in an organism or system. The presence of Si in the soil can affect the 

C:N:P ratio in plants, since Si can affect the availability and uptake of nutrients by soil 

organisms, including plants (Ågren and Weih 2020). Studies show that the addition of 

Si to the soil can increase the C:N ratio in plants, while decreasing the C:P ratio 

(Lata-Tenesaca et al. 2021; Teixeira et al. 2022). 

The increase in the C:N ratio in plants can be explained by the fact that silicon 

can affect microbial activity in the soil, reducing the mineralization of organic nitrogen 

and, consequently, reducing the availability of nitrogen for plants (Brucker et al. 

2020). Additionally, silicon can stimulate the synthesis of lignin compounds in plants, 

which are rich in carbon, thereby increasing the C:N ratio (Rivai et al. 2022). On the 

other hand, the decrease in the C:P ratio can be explained by the fact that Si can 

increase the availability of phosphorus for both plants and microorganisms (Brucker 

et al. 2020; Costa et al. 2023), once Si can affect the sorption of phosphorus by the 

soil and reduce the fixation of phosphorus in insoluble forms (Schaller et al. 2019).  
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Silicon also plays an important role in the biogeochemical cycle of carbon (Xia 

et al. 2020). The dissolved Si in the soil can react with atmospheric carbon dioxide to 

form calcium carbonate and silica (Song et al. 2018). This process can remove 

carbon dioxide from the atmosphere, which can help mitigate climate change. 

Silicon can alter the activity of microorganisms involved in the decomposition 

of crop residues in soil (Marxen et al. 2016). The decomposition of organic matter is 

an important process that releases nutrients in the soil, making them available for 

plants. Studies show that the addition of Si can affect the microbial activity in the soil, 

thereby affecting the decomposition of crop residue (Brucker et al. 2020; Marxen et 

al. 2016). 

Silicon causes changes in microbial activity in several ways, such as 

stimulating the growth of beneficial microorganisms and inhibiting the activity of 

pathogenic or low-quality decomposer microorganisms (Islam et al. 2020). 

Furthermore, Si can affect the synthesis of hydrolytic enzymes involved in the 

decomposition of the straw, such as cellulases and ligninases, stimulating the 

degradation of these compounds (Khaleghian et al. 2017). 

In summary, Si can affect the C:N:P ratio in plants through its interactions with 

soil and soil organisms. Understanding these interactions can be important for 

optimizing fertilizer use and improving crop production in agricultural systems. 

However, more research is needed to fully understand these interactions and their 

effects on soil nutrient cycling. 

 

3 Impacts of environmental stresses on carbon (C) : nitrogen (N) : 

phosphorus (P) homeostatic balance 

 

Adverse conditions directly impact crop sustainability, decreasing yield and 

generating negative results in food production (Prado and Silva 2017). Changes in 

C:N:P stoichiometric ratios in plants indicate adverse conditions induced by 

environmental stresses. In this case, plants need to adjust their nutritional 

homeostatic balance to ensure their survival. It is thus necessary to advance in the 

understanding of the impacts of these stoichiometric changes on crop yield. 
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Stressful conditions induce a plant defense response to the detriment of crop 

yield (Teixeira et al. 2022), promoting gene transcription, protein modification and 

turnover, alternative splicing of mRNA precursors, and long-distance protein 

transport (Xu et al. 2022). Some types of stress can also affect soil nutrient 

availability, indicating that the incorporation of these elements in plant tissues 

depends on the soil nutrient ratio (Chen and Chen 2021; Hillebrand et al. 2014). 

Thus, plant nutrient content reflects C:N:P stoichiometry. Under greater nutrient 

availability, plants tend to increase investment in C-rich structures, increasing their 

competitiveness for light. This increases C:N and C:P stoichiometric ratios (Abbas et 

al. 2013), becoming a strategy for plants in natural conditions to increase their 

competitiveness. However, under cultivation conditions, this strategy may become 

uninteresting. This is because the plant increases its energy expenditure to 

incorporate C into organic compounds (Raven 1983), directing metabolic energy 

resources for crop production. If the crop is grown under stress, these stoichiometric 

ratios also change (Huang et al. 2018; Prado and Silva 2017).  

Previous research shows that C:P and N:P stoichiometric ratios in plants may 

indicate photosynthetic C fixation capacity through N and P accumulation (Prado and 

Silva 2017). The N:P ratio also indicates plant nutrient limitation in different adverse 

growing conditions (Zhang et al. 2004). The reduction of C:P and N:P stoichiometric 

ratios in plants under optimal growth conditions indicates that assimilated C is 

directed to growth and energy supply for primary metabolism to the detriment of 

defense mechanisms or antistress systems associated with secondary metabolism 

(Rivas-Ubach et al. 2012). According to some authors, N:P stoichiometric ratios < 14 

indicate N limitations while ratios greater than 14 suggest P limitations (Güsewell 

2004). In turn, other authors mention optimal N:P ratios in the range of 10 to 20 

(Koerselman and Meuleman 1996). 

 Thus, the level of modification of C, N, and P stoichiometric ratios translates 

into different responses in plants and depends on the type and level of stress and the 

species cultivated. Research on this topic is limited to a few stresses, especially the 

abiotic ones involving water, temperature, and salinity. These will be discussed later. 

Water scarcity or excess reduce plant growth, altering the metabolism and 

harming the photosynthetic apparatus of plants, which respond with metabolic and 
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gene expression changes (Mostofa et al. 2018; Seleiman et al. 2021). The latter 

evidence indicates that water deficit also changes C:N:P homeostatic balance (Niu et 

al. 2019; Teixeira et al. 2020).  

A study with “Stylosanthes capitata Vogel” under water deficit indicated a 

reduction in C:N ratio in the leaves and stem, along with an increase in C:P and N:P 

stoichiometric ratios in the leaves (Viciedo et al. 2021). The study evidenced that low 

water supply modifies C:N:P homeostatic balance in plants. A study with Erica 

multiflora grown under drought conditions had similar results, evidencing the increase 

of C:P and N:P stoichiometric ratios. The study showed a negative association 

between stoichiometric changes and plant growth rate (Rivas-Ubach et al. 2012). 

The authors associated the increase in stoichiometric ratios with reductions in sugar 

and amino acid concentrations, in addition to a decrease in metabolic activity. 

Other authors observed similar results in sugarcane and first cycle energy 

cane, verifying that water deficit reduced C:N and C:P stoichiometric ratios and 

increased the N:P ratio, decreasing nutrient use efficiency (Teixeira et al. 2022). 

Resprouted sugarcane seedlings also presented a reduction in C:N and C:P 

stoichiometric ratios, which reduced nutrient use efficiency (Teixeira et al. 2020). A 

study carried out in different tropical soils showed that the nutritional stoichiometry 

responses of sugarcane plants can differ from case to case. The authors indicated an 

increase in the N:P stoichiometric ratio in plant stems in Quatzarenic Neosol and 

Eutroferric Red Latosol, while plants grown in Dystrophic Red Latosol showed no 

change in the N:P ratio (Costa et al. 2022). Furthermore, Panicum maximum plants 

grown in Quatzarenic Neosol under water deficit showed a reduction in the C:N 

stoichiometric ratio; however, the C:P ratio did not change in the first cycle (Rocha et 

al. 2022a) and in the regrowth (Rocha et al. 2022b). These results show that edaphic 

attributes can alter the responses of plants under water deficit, modifying the C:N:P 

homeostatic balance and opening a new path for research. 

It is also noteworthy that the alteration of the C:N:P homeostatic balance in 

plants under water deficit usually decreased C:N and C:P ratios and increased the 

N:P stoichiometric ratio. Notwithstanding, the deleterious effects of water deficit do 

not only restrict nutritional stoichiometry (Figure 1), but also reduce C, N, and P use 

efficiency, thus affecting biomass production (Rocha et al. 2021; Teixeira et al. 2020, 
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2022). This evidences the deleterious effects of water deficit on C:N:P homeostatic 

balance. However, studies are restricted to a few species. 

 

Figure 1. Modification of the C:N:P homeostatic balance in plants under water deficit. 

CUE: carbon use efficiency; NUE: nitrogen use efficiency; PUE: phosphorus use 

efficiency. 

Stress from excess water decreased N:C and P:C ratios in the leaves, stems, 

and total biomass of swamp herbaceous plants (Sun et al. 2021). However, the 

authors of that study reported that the species showed changes of different 

intensities depending on their strategy of N and P uptake and their ability to store 

nutrients under stress. 

Climate change has also had an impact on rising global temperatures 

(Jagadish et al. 2021), which can damage nutritional stoichiometry in plants and 

reduce crop yield. This increase in temperature in different ecosystems is increasing 

soil organic C mineralization rates and, consequently, atmospheric CO2 

concentration (Ferreira et al. 2010). Changes in atmospheric CO2 concentrations and 

increasing temperatures alter the respiratory responses of plants at different 

intensities depending on the species (Atkin et al. 2005), affecting C:N:P homeostatic 

balance (Prado and Silva 2017). 

Drought can cause a combined effect of increased soil temperature and water 

deficit, altering soil release and mobility, and consequently modifying plant nutrient 
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uptake rates (Zhang et al. 2019). These changes in soil nutrient dynamics, combined 

with changes in plant respiratory responses, alter C:N:P stoichiometric ratios.  

The increase in warming and drought conditions and the increase in 

atmospheric CO2 concentration have also impacted plant nutrient stoichiometry 

(Rivas-Ubach et al. 2012). The increase in CO2 concentration itself can reduce plant 

transpiration due to increased C uptake, inducing stomatal closure (Pozo et al. 2007; 

Samarakoon and Gifford 1995). 

Thermal stress caused by cold is important in several countries, but its effects 

on C:N:P elemental stoichiometry are still poorly understood, requiring further 

research efforts. 

Cultivation areas with salinity problems are extensive and have increased 

worldwide (Ivushkin et al. 2019; Munir et al. 2022). In arid climate regions, halophytic 

plants tend to reduce C content and increase N content, while P content did not 

change under these conditions (Wang et al. 2015b). The authors of that study 

observed that woody and succulent plants tend to have higher C contents and lower 

N contents when grown in these arid environments, showing that groups of plants 

change their response mechanisms to adapt to adverse conditions. Pastures under 

saline stress showed similar results, in which C content decreased; however, C:N:P 

elemental stoichiometry did not change significantly (Wang et al. 2018). 

Salt stress also affects C:N:P homeostatic balance (Hidri et al. 2019; Wang et 

al. 2015a, 2018) to the point of severely inhibiting plant growth, reducing crop yield 

(Hussain et al. 2016), as sunflower and sorghum.  

A study with sunflower and sorghum indicated that salinization reduces C:N, 

C:P, and N:P stoichiometric ratios, decreasing biomass production (Hurtado et al. 

2020). These alterations occur due to the reduction of C content in plants, as saline 

stress decreases photosynthetic rates, reducing C incorporation (Rios et al. 2017). 

However, a study with Sulla carnosa, a salinity-tolerant species, indicated that salt 

stress increased C:N and C:P stoichiometric ratios and reduced N:P ratio (Hidri et al. 

2019). These results show that plants respond to salt stress adaptations through 

different mechanisms, modifying their balance as a function of their tolerance to 

environmental stresses. Current understanding of stoichiometric nutrient 

modifications in agricultural crops restricts to sorghum and sunflower crops (Hurtado 
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et al. 2020). Notwithstanding, this understanding cannot be extrapolated to other 

crops of great economic interest and, mainly, crops involved in food security. 

Research thus evidences that the impacts of stress on stoichiometric changes 

vary with the species cultivated and with the nature of the stress. However, studies 

on this topic are few. This is worrisome due to the little attention given to the damage 

of these stresses to the stoichiometric homeostasis of nutrients vital for optimal plant 

metabolism and physiological processes. Plants under stress cannot maintain 

nutritional balance, which can be the primary cause of biological damage. Therefore, 

strategies that contribute to reversing or attenuating these effects are fundamental for 

agricultural sustainability. In this sense, one of the strategies without environmental 

risk that can contribute to stoichiometric homeostasis in plants under stress would be 

the use of Si. Notwithstanding, it is important to know and discuss the mechanisms 

involved in this process. 

 

4 Biological role of silicon in carbon (C) : nitrogen (N) : phosphorus (P) 

homeostasis in stressed plants 

 

Plant roots uptake silicon, which is then transported with the transpiration 

current and deposited as hydrated amorphous silica (SiO2.nH2O) in cell walls, filling 

cell lumens and intercellular spaces (Prychid et al. 2003). This element deposited in 

epidermal cell walls forms Si-cuticle double layers and Si-cellulose double layers 

(Kido et al. 2015). Silicon has a direct role in modifying the composition of plant cell 

walls, altering the bonds of noncellulosic polymers and lignin (Głazowska et al. 

2018). This beneficial element improves structural stability during cell expansion and 

division. Its concentration in the cell wall is high, being three times higher than in the 

whole cell (He et al. 2013).  

Organic hydroxyl groups can also be cross-linked with monosilicic acid 

(Williams 2007), ensuring silicon cross-linking in cell walls by the hydroxyl groups of 

polysaccharides such as lignin and tannin (Sheng and Chen 2020). Additionally, 

some authors state that monosilicic acid shares similar chemical properties with 

boron (B), as silicon (Si) belongs to neighboring groups in the periodic table, 

especially when boric acid is converted to tetrahydroxyborate (Sheng and Chen 
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2020). These authors suggest that possible patterns of Si binding to the cell wall 

include the complexation between monosilicic acid and polysaccharide cis-diols or 

lignin phenols due to the similarity of Si-O-C and borate-diol ester bonds in cell walls. 

Other authors proposed that mixed-linkage glucans interact with Si in the cell 

wall and contribute as a deposition template for the beneficial element (Fry et al. 

2008; Kido et al. 2015). In addition, mixed-linkage glucans strengthened the cell wall 

of rice plants in the presence of Si (Kido et al. 2015).  

A study with Brachypodium distachyon showed that under greater availability 

of Si, this beneficial element predominated in the form of phytoliths, with only 9% of 

the element occurring in the form of amorphous Si and cell wall-bound Si. However, 

in plants with low Si supply, the amount of phytoliths decreased in all cell 

components, but polysaccharide-bound Si had priority (Głazowska et al. 2018).  

Raven (1983) also pointed out that silicon has a biological role similar to that 

of lignin in the cell wall. Lignin shares similar characteristics with pyrocatechol, which 

has the ability to form Si-lignin complexes (Sheng and Chen 2020). The literature 

points to a great diversity of polysaccharides and phenolic units of lignin capable of 

interacting and forming Si-sugar and Si-phenol complexes in plant cell walls. 

Therefore, the plant reduces the metabolic pathway for the synthesis of lignin, which 

is a compound that requires high energy expenditure for its synthesis (Schoelynck et 

al. 2010). This mechanism may thus reduce lignin synthesis (Klotzbücher et al. 2018; 

Schaller et al. 2012a; Suzuki et al. 2012).  

Notwithstanding, silicon can activate systems involved in lignin synthesis 

(Hussain et al. 2021b). Evidence indicates that increased uptake of Si applied in the 

form of nanosilica increases foliar lignin content in rice plants (Alvarez et al. 2018). 

The two mechanisms that involve Si and the deposition (or not) of lignin in the cell 

wall are likely to occur simultaneously in the plant, but the intensity of each one 

depends on the species and the element content in the culture medium. One can 

assume that the increase in leaf Si content can decrease lignin synthesis in a given 

species, but at low concentrations of the element the plant activates the lignin 

synthesis pathway. Notwithstanding, this hypothesis requires further research. 

The importance of Si usually stands out, specifically in cell walls to the 

detriment of cell membranes and organelles. This benefit of Si in cell walls is vital for 



17 
 

plants, as these structures not only have the biological role of supporting plant 

growth, but also play the role of a defense barrier against stress (Franck et al. 2018; 

Hématy et al. 2009; Sheng and Chen 2020). 

Silicon supply to plants may attenuate abiotic stresses and mitigate plant 

damage by improving C, N, and P stoichiometric homeostasis from the increase in 

the uptake of these nutrients and in C assimilation. This would increase the use 

efficiency of these nutrients in plant metabolism, improving crop yield. We will discuss 

these factors based on current knowledge.  

4.1 Silicon in improving nitrogen and phosphorus uptake and stoichiometric 

ratios 

 

 The understanding of the beneficial effect of Si on N and P uptake is relatively 

recent, with reports of an increase in N (Gou et al. 2020; Haddad et al. 2018; Wu et 

al. 2017) and P (Greger et al. 2018; Mehrabanjoubani et al. 2015) uptake by plants. 

Under stress conditions, depending on the species and genotype, plants tend 

to change their uptake preference for NO3- and NH4+, modifying the strategy to 

ensure their survival in stressful environments (Esteban et al. 2016). Optimal plant 

growth occurs with 40% of N in the ammoniacal form and the rest in the nitrate form 

(Silva Júnior et al. 2020), but this varies with genotype. Ammonium can accumulate 

in flooded soils and/or irrigated areas and can cause damage from ammonia toxicity. 

According to the literature, Si mitigates ammonia toxicity in plants (Barreto et al. 

2016, 2022; Campos et al. 2016, 2020; Ferreira Barreto et al. 2017; Leal et al. 2021; 

Silva et al. 2020; Silva Júnior et al. 2019; Souza Junior et al. 2021; Viciedo et al. 

2019a). Furthermore, when studying conditions of low availability of N, several 

authors reported an increase in the concentrations of this nutrient in the presence of 

Si. This indicates the synergistic effect of these two elements (Cuong et al. 2017; 

Deus et al. 2020; Mabagala et al. 2020; Mali and Aery 2008; Pati et al. 2016), 

pointing to the attenuation of N deficiency in different crops (Araújo et al. 2022; Sales 

et al. 2021). This effect of Si also reflects crop quality due to the increase in the 

protein content of forage plants (Buchelt et al. 2021) and in plant vitamin C content 

(Garcia Neto et al. 2022; Santos et al. 2022). In quinoa, the role of Si in controlling C 

flux increased N and P concentrations (Lata-Tenesaca et al. 2021).  
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 The synergism between N and Si has to do both with the potential of the 

beneficial element to modify the transcriptional regulation of genes related to N 

uptake (Haddad et al. 2018) and with the improvement of transport of this nutrient by 

plants under stress conditions (Sheng et al. 2018). Studies on Brassica napus plants 

mention the upregulation of genes involved in coding NO3- transporters (BnaNTR2.1; 

BnaNTR1.1), with increased efficiency of NH4+ transporters(Sheng et al. 2018). 

Among the underlying mechanisms of Si in maintaining C:N:P homeostatic balance is 

the improvement of N status in stressed plants. This improvement increases the 

uptake of this nutrient and the efficiency of its transport, thus modifying N metabolism 

in plants. The beneficial effects of Si under nitrogen deficiency in rice plants are due 

to the stoichiometric shift of C with Si and increased lignin synthesis (Deus et al. 

2020). 

 In fact, several reports indicate the beneficial effect of Si in increasing P 

content in stressed plants (Costa et al. 2022; Hu et al. 2020a; Pavlovic et al. 2021). 

Evidence indicates that Si improves P uptake either by increasing the biosynthesis of 

exudates such as malate and citrate, which compete with P for adsorption sites, or by 

forming Al and Fe complexes, increasing P availability in the soil solution (Hu et al. 

2020a; Kostic et al. 2017). Studies also suggest that silicic acid competes with 

phosphates for bonds on mineral surfaces, ensuring greater mobility of P in the soil 

and increasing P availability for plants (Schaller and Puppe 2022). There is a system 

in the soil that feeds itself, indicating a strong interaction between Si and P. Plants 

can increase silicon uptake even in soils with low phosphorus availability (Silva 

Júnior et al. 2019) probably due to the increase in carboxylate release, which induces 

silicon dissolution from Si-containing minerals (Tian et al. 2021).  

 The benefits of Si in the dynamics of N and P uptake by plants by altering 

tissue nutrient contents naturally reflect N:P stoichiometric ratios. 

In plants, the N:P ratio indicates P status, in which ratios greater than 20 

would be limiting for this nutrient, decreasing plant growth (Yan et al. 2017). Silicon 

reduced the biological losses of P deficiency in sorghum plants from the increase in 

P uptake and use efficiency (Silva and Prado 2021). Another study also mentioned 

the positive effect of Si on the regulation of inorganic phosphorus (Pi) transporters in 

wheat plants (TaPHT1;1 and TaPHT1;2) (Kostic et al. 2017). Under conditions of 
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excess P, Si also alters the regulation of transporter genes (OsPHT1;6) in a negative 

way, reducing P uptake by plants (Hu et al. 2018). Furthermore, Si can improve root 

growth by increasing the area of uptake of water and nutrients (Schaller and Puppe 

2022), mainly low-mobility ions such as P. In this context, Si acts directly on P 

balance in the metabolism of plants under stress, improving its uptake by plants and 

reducing the biological damage caused by its lack or excess.  

Some authors reported a decrease in C content and in C:Si ratio in plants from 

an increase in Si (Fernandes et al. 2021; Frazão et al. 2020; Souza Júnior et al. 

2022; Teixeira et al. 2020, 2022). This possibly occurred because plants could 

partially replace carbon compounds with silicon compounds (Schaller et al. 2016), a 

fact that will be discussed later. 

Another study showed the beneficial role of Si in modifying C:N:P 

stoichiometry in Holcus lanatus under N and P nutritional stress. The study 

evidenced the role of this beneficial element in altering the C:Si ratio by reducing Si 

content (Minden et al. 2021). Similar results occurred under saline stress conditions 

(Hurtado et al. 2019), indicating the role of Si in reducing C:N:P homeostatic balance 

loss under stress conditions. However, motivated by the hypothesis that stressful 

conditions reduce C in plants, researchers have criticized the role of Si in 

stoichiometry (Hodson and Guppy 2022). Still, this hypothesis calls for further studies 

since there is evidence of the same effects occurring in plants in the absence of 

stress (Alvarez et al. 2018; Frazão et al. 2020; Souza Júnior et al. 2022). 

Although most studies focus on stressful conditions, some studies address the 

absence of stress, indicating that the role of Si in maintaining C:N:P stoichiometry is 

not restricted to stressful conditions (Frazão et al. 2020; Mantovani et al. 2018; Neu 

et al. 2017; Schaller et al. 2012b; Souza Júnior et al. 2022). Two studies with 

sugarcane assessed the role of Si in reducing C content, improving N and P uptake, 

and changing C:N:P homeostatic balance (Frazão et al. 2020; Souza Júnior et al. 

2022). In orchid plants, increasing doses of Si altered C:N:P stoichiometric ratios 

(Mantovani et al. 2018). The different studies mentioned above took place under 

optimal conditions, in the absence of stress, indicating that the biological role of 

replacing C is not restricted to stressful conditions, but a benefit in plants with 

efficient Si uptake. 
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The recent results revealed that the role of Si in C:N:P stoichiometry reflects 

the improvement of vital physiological processes of plants, improving gas exchange 

and increasing plant defense mechanisms (Carvalho et al. 2022; Frazão et al. 2020; 

Rocha et al. 2022b, a).  

4.2 Silicon in improving carbon assimilation 

 

 The improvement of the photosynthetic apparatus of plants under stress 

conditions has directly impacted gas exchange, reducing damage in C assimilation 

(Bukhari et al. 2021; Moraes et al. 2020; Santos Sarah et al. 2022). 

Silicon has a direct impact on the photosynthetic apparatus of stressed plants, 

ensuring the integrity of chloroplast thylakoids (Feng et al. 2010; Song et al. 2014). 

Several studies have shown a decrease in chlorophyll degradation under stress 

conditions in the presence of Si (Gou et al. 2020; Hussain et al. 2021a; Mustafa et al. 

2021). This occurs due to the activation of defense mechanisms that decreases the 

content of reactive oxygen species (ROS) (Kim et al. 2017; Mostofa et al. 2021) 

responsible for the oxidation of photosynthetic pigments and other organic 

compounds such as membranes. Other authors also evidence the role of Si in 

maintaining redox status and ion homeostasis in plant cells, inducing genes encoding 

enzymes such as peroxidase (Farouk et al. 2020). Furthermore, Si improves the 

efficiency of photosystem II, benefiting chlorophyll a fluorescence (Bari et al. 2020; 

Hu et al. 2020b; Hussain et al. 2021a; Khattab et al. 2021).  

 Silicon has shown its beneficial effect in improving C assimilation by 

maintaining pigment integrity, consequently improving the photosynthetic efficiency of 

stressed plants, which implies stoichiometric modifications of C in C:N:P homeostatic 

balance.  

 A study evidenced that the role of Si in improving C incorporation in plants is 

not restricted to stress conditions, it can also occur in plants grown under optimal 

conditions such as rice plants (Alvarez et al. 2018). In this sense, the authors 

overturn the theory of Hodson and Guppy (2022), that the beneficial effect of Si on 

C:N:P stoichiometry would occur due to stress reducing C incorporation. Alvarez et 

al. (2018) also reported that Si improves C incorporation in plants without stress. 

Moreover, Frazão et al. (2020) observed the same results in sugarcane plants in the 
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absence of stress. These studies evidence that Si reduces C content, especially 

restricted to cell walls, not because of the reduction in C, but probably because of the 

increase of C use efficiency by the plants. 

4.3 Silicon in improving carbon, nitrogen, and phosphorus use efficiency 

 

Some authors reported the role of Si in improving C, N, and P use efficiency 

(CUE, NUE e PUE) (Costa et al. 2022; Neu et al. 2017; Oliveira Filho et al. 2021a, b; 

Parecido et al. 2022). Greater efficiency in the use of C, N, and P in plants directly 

implies the use of nutrients from senescent tissues for the formation of new tissues, 

increasing biomass production (Prado 2021). Under stress conditions, greater 

nutrient use efficiency helps to reduce biomass loss, attenuating biological losses in 

crop yield. 

The presence of Si improved N use efficiency in several studies (Buchelt et al. 

2020; Hurtado et al. 2019; Mohanty et al. 2020; Parecido et al. 2022), indicating the 

role of this beneficial element in improving N status in plants. The role of Si in 

improving N use efficiency may have to do with the increase in amino acid 

biosynthesis, promoting N remobilization by amino acids from reservoirs of vegetative 

organs to reproductive organs such as grains, therefore increasing crop yield 

(Tegeder and Masclaux‐Daubresse 2018). In addition, by increasing the activity of 

enzymes such as nitrate reductase in the N assimilation pathway, Si may favor N 

metabolism (Silva et al. 2021b). Silicon is likely to have a multiple effect on N 

metabolism. However, this statement needs further elucidation. 

Another study also evidenced the benefit of Si in improving nutrient uptake 

and use efficiency in sorghum and sunflower plants, improving nutritional efficiency 

(Hurtado et al. 2019). In wheat plants, silicon improves phosphate nutrition, with a 

possible allocation of P to reproductive organs to the detriment of vegetative organs, 

consequently increasing grain production (Neu et al. 2017) and P use efficiency. This 

is due to Si replacing parts of C compounds (Schaller et al. 2012a), allowing 

allocation of energy resources. 

The presence of Si alters C use efficiency in stressed plants, evidencing the 

role of this beneficial element in modifying C metabolism in plants (Costa et al. 2022; 

Frazão et al. 2020; Souza Júnior et al. 2022) while benefiting plant growth. The 
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benefit of Si stems from the fact that it reduces the demand for C to produce 1 g of 

dry matter, consequently reducing C content (Costa et al. 2022; Neu et al. 2017; 

Rocha et al. 2022b; Schaller et al. 2012b; Souza Júnior et al. 2022; Teixeira et al. 

2020).  

The first author to propose this modification of C allocation patterns by Si was 

Raven (1983). The author reported that the stoichiometry of Si uptake and 

incorporation in cell walls requires only one adenosine triphosphate (ATP), making 

this element more advantageous than lignin and polysaccharides, which require 20 

and 10 times more energy, respectively. This author also calculated that each gram 

of glucose invested in lignin incorporation would be equivalent to incorporating 12.7 g 

of SiO2. Added to this is the fact that although Si incorporation is energetically 

cheaper, metabolically it is less versatile for organic compounds such as lignin 

(Raven 1983). The author emphasizes that the lower versatility correlates with 

disadvantages in relation to the biological functions of organic compounds. These 

include cellular pH regulation, which may impair the regulation of excess H+ or OH-, 

leaving the alternative more expensive in terms of energy due to the loss of OH- by 

cell sheath or other metabolic pathways. Therefore, the process of “trade-offs” of Si 

and C occurs in small scales, not having this total replacement in cell walls, but 

enough to generate a beneficial energy balance for the plants (Figure 2). Added to 

this is the fact that silicon having higher molar mass and density than C would 

increase plant dry matter and thus crop yield (Raven 1983), especially in Si-

accumulating species. Schaller et al. (2012) complement that the increase of Si in 

grasses decreases cellulose content in stabilization tissues (stem) and increases 

cellulose content in tissues of lesser importance for stabilization such as leaves. In 

other words, increases in Si content affect the cellulose/Si ratio in all tissues. 
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Figure 2. Raven’s (1983) principle of Si and C trade-offs in stressed plants. 

 These benefits of Si in C metabolism are likely to occur in plants with or 

without stress. However, under stress conditions, the plant needs to activate defense 

mechanisms to reduce biological damage and ensure its survival in the stressful 

environment (Khare et al. 2020) so it can benefit more from Si. This makes 

interesting the trade-offs of Si and C in stressed plants, as these plants tend to 

reduce metabolic energy in biomass formation, therefore reducing crop yield loss 

(Figure 3). Evidence also points out that plants in more weathered soils with lower 

nutrient availability tend to stimulate Si uptake and increase its concentration in plant 

tissues. This constitutes a strategy to reduce energy costs for certain metabolic 

pathways, as the plant can use the energy balance for other metabolic processes 

such as reproduction (Tombeur et al. 2021b). Increased incorporation of C by gas 

exchange in the presence of Si – discussed earlier – increases C use efficiency. This 

is because Si preserves the integrity of photosynthetic pigments (Feng et al. 2010; 

Song et al. 2014) and improves C assimilation rate in plants (Frazão et al. 2020; 

Teixeira et al. 2020), ensuring greater synthesis of organic compounds and, 

consequently, of dry matter. 
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Silicon usually modifies the dynamics of nutrients from the process of uptake 

and radial transport and by improving nutrient use, decreasing plant biomass loss, 

and ensuring better plant performance (Figure 3). One can thus infer that the origin of 

the benefits of Si in plant physiology, much reported in the literature for many 

species, is due to its effect on the maintenance of C:N:P homeostatic balance. These 

nutrients have a structural function, participating in hundreds of organic compounds 

vital for excellent metabolic performance as well as in crop development and 

productivity, ensuring agricultural sustainability. 

 

Figure 3. Summary of the main mechanisms of Si attenuation to reduce biomass 
losses in plants grown under abiotic stress. 
 

5 Conclusions and perspectives 
 

This research evidenced that stressful cultivation conditions naturally impact 

the nutritional balance of plants, that is, C:N:P stoichiometry. In turn, Si causes the 

opposite effect, improving nutritional performance and crop production, which can 

impact food security. The underlying mechanisms of Si in plant mineral nutrition 

should be considered in most studies that seek to better understand the benefits of 

this element in plant life, whether cultivated with or without abiotic stress. 

Despite the advances in the understanding of Si in C:N:P stoichiometry, 

limitations still occur. This opens the way for further research, in which new 
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approaches are important. Firstly, studies involving the beneficial effects of Si on 

plants at the cellular level are restricted to the cell wall, requiring further research at 

the subcellular level in cell organelles. Secondly, by increasing nutritional efficiency, 

silicon is likely to affect genes associated with C, N, and P metabolism; therefore, 

multidisciplinary studies involving proteomics and plant mineral nutrition are 

important. Thirdly, research is lacking on the optimal concentration of Si available in 

the soil and in the leaf, as well as on the best sources and modes of Si application in 

cultivated plants. This knowledge is even more important for stressed plants, as it 

can potentiate the benefits of silicon in C:N:P stoichiometry. However, these studies 

did not establish a critical level of the element in leaves and soil. Fourthly, it is 

important to evaluate the effects of Si on elemental stoichiometric homeostasis in 

multistress conditions, since it is common to have more than one stress at the same 

time during field cultivation. Fifthly, studies are lacking on species with different 

mechanisms of Si uptake (accumulators and nonaccumulators of Si) and its effects 

on C:N:P homeostasis and, consequently, on stress mitigation. Sixthly, the increase 

in N supply intensifies P limitation and while favoring the dissolution of Si from soil 

phytoliths and its uptake by the plant. This may be a plant strategy to use Si to 

maintain N:P homeostasis without harming plant growth. However, this hypothesis 

needs further validation. Seventhly, there is a need to unravel, in agricultural or 

nonagricultural areas (such as native forests that have greater tolerance to adverse 

climatic conditions), silicon release from soil phytoliths in relation to biogenic silica, 

which consists of hydrated silica (SiO2.nH2O). Further analysis should compare these 

sources for silicon uptake by plants and its benefits in elemental stoichiometric 

homeostasis. 
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CHAPTER 2 - Impact of silicon on carbon, nitrogen, and phosphorus 

stoichiometric homeostasis favors nutrition and stem dry mass 

accumulation in sugarcane cultivated in tropical soils with 

different water regimes2 

 

 

ABSTRACT 
Studies with silicon (Si) in sugarcane indicate a greater response in productivity in 
plants under stress, and the underlying mechanisms of Si in the crop are poorly 
reported. In this context, the benefits of Si in the crop’s stem production are expected 
to occur at the C:N:P stoichiometry level in plant tissues, benefiting plants with and 
without stress. However, the extension of this response may vary in different soils. 
Thus, this research aimed to evaluate if fertigation with Si modifies the C:N:P 
stoichiometry and if it can increase sugarcane’s nutritional efficiency and vegetative 
and productive parameters. Therefore, three experiments were installed using pre-
sprouted seedlings to cultivate sugarcane in tropical soils belonging to the 
Quartzarenic Neosol, Eutrophic Red Latosol, and Dystrophic Red Latosol classes. 
The treatments comprised a 2 × 2 factorial scheme in each soil. The first factor was 
composed without water restriction (water retention = 70%; AWD) and with water 
restriction (water retention = 35%; PWD). The second factor presented Si (sorbitol-
stabilized sodium silicate) concentrations (0 mM and 1.8 mM) arranged in 
randomized blocks with five replications. Fertigation with Si increases the Si and P 
concentration, the C and N efficiency, the C:N ratio, and the dry mass production. 
However, it decreases the C and N concentration and the C:P, C:Si, and N:P ratios in 
sugarcane leaves and stems regardless of the water regime adopted in the three 
tropical soils. Cluster and principal components analysis indicated that the intensity of 
the beneficial effects of Si fertigation on sugarcane plants varies depending on the 
cultivation soil and water conditions. We found that Si can be used in sugarcane with 
and without water stress. It changes the C:N:P homeostasis enough to improve the 
nutritional efficiency of C, P, N, and, consequently, the dry mass accumulation on the 
stems, with variation in the different cultivated soils. 
 
 
Keywords: beneficial element, water deficit, abiotic stress, fertigation with silicon 
(Si), Saccharum officinarum L. 

 
2 This chapter corresponds to the scientific article published in the journal Frontiers in Plant Science 13: 949909, 
2022. 
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Impacto do silício na homeostase estequiométrica de carbono, nitrogênio e 

fósforo favorece a nutrição e o acúmulo de massa seca do colmo em cana-de-

açúcar cultivada em solos tropicais com diferentes regimes hídricos 

 

 

RESUMO 
Estudos com silício (Si) em cana-de-açúcar indicam uma maior resposta na 
produtividade em plantas sob estresse, e os mecanismos subjacentes do Si na 
cultura são pouco relatados. Nesse contexto, espera-se que os benefícios do Si na 
produção de colmos da cultura ocorram ao nível da estequiometria C:N:P nos 
tecidos vegetais, beneficiando plantas com e sem estresse. No entanto, a extensão 
desta resposta pode variar em diferentes solos. Assim, esta pesquisa teve como 
objetivo avaliar se a fertirrigação com Si modifica a estequiometria C:N:P e se pode 
aumentar a eficiência nutricional e os parâmetros vegetativos e produtivos da cana-
de-açúcar. Para tanto, foram instalados três experimentos utilizando mudas pré-
brotadas para o cultivo de cana-de-açúcar em solos tropicais pertencentes às 
classes Neossolo Quartzarênico, Latossolo Vermelho Eutrófico e Latossolo 
Vermelho Distrófico. Os tratamentos foram em esquema fatorial 2 × 2 em cada solo. 
O primeiro fator foi composto sem restrição hídrica (retenção hídrica = 70%; AWD) e 
com restrição hídrica (retenção hídrica = 35%; PWD). O segundo fator apresentou 
concentrações de Si (0 mM e 1,8 mM) arranjadas em blocos casualizados com cinco 
repetições. A fertirrigação com Si aumenta a concentração de Si e P, a eficiência de 
C e N, a relação C:N e a produção de massa seca. No entanto, diminui a 
concentração de C e N e as relações C:P, C:Si e N:P nas folhas e caules da cana-
de-açúcar independentemente do regime hídrico adotado nos três solos tropicais. A 
análise de agrupamento e componentes principais indicou que a intensidade dos 
efeitos benéficos da fertirrigação com Si nas plantas de cana-de-açúcar varia 
dependendo das condições do solo e da água de cultivo. Constatamos que o Si 
pode ser utilizado na cana-de-açúcar com e sem estresse hídrico. Altera a 
homeostase C:N:P o suficiente para melhorar a eficiência nutricional de C, P, N e, 
consequentemente, o acúmulo de massa seca nas hastes, com variação nos 
diferentes solos cultivados. 

 
Palavras-chave: elemento benéfico, déficit hídrico, estresse abiótico, fertirrigação 
com silício (Si), Saccharum officinarum L. 
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1 Introduction 
 

In tropical soils, the available silicon (Si) concentration in the soil solution is 

limited mainly by the high degree of weathering, low pH, and high desilication rate 

resulting from intense leaching (Keeping, 2017), even in high Si concentration on the 

ground. Tropical soils are predominantly Oxissol, Ultisols, and Entisols, with a 

predominance of kaolinite in the mineralogical composition (Poppiel et al., 2018) and 

consequently low available Si content (≤20 mg kg–1 of Si) (0.01 M CaCl2 extractor) 

(Haynes, 2014). On the other hand, the levels of available Si can decrease until the 

polymerization process, forming dimers and short linear oligomers (polysilicic acid) 

and evolving to the formation of a silica gel (SiO2 n.H2O), which is unavailable for root 

absorption (Schaller et al., 2021). Silicon mobility is aggravated in sandy textured 

soils, such as Quartzarenic Neosol, so the chemical and physical attributes influence 

the Si dynamics in the soil and its availability to plants. 

Evidence indicates greater Si use from the soil solution by Si-accumulating 

plants, such as sugarcane (Saccharum officinarum L.) (Teixeira et al., 2021, 2022), 

as they have efficient carriers for Si absorption (LSi1, LSi2, and LS6) (Yamaji and 

Jian Feng, 2009). However, studies on this species and most crops focus on plants 

grown under abiotic (Verma et al., 2020b; Sousa Junior et al., 2021; Teixeira et al., 

2021) and biotic stress conditions (Tomaz et al., 2021). There are indications that the 

beneficial element modifies the C:N:P stoichiometry, guaranteeing productivity gains, 

which was observed in forage plants cultivated in Quartzarenic Neosol (Rocha et al., 

2021, 2022) and young sugarcane plants cultivated for only 30 days (Teixeira et al., 

2020) and 80 days (Oliveira Filho et al., 2021). However, it is unknown whether these 

effects could reflect in a later growth stage of the crop’s stems. Although this line of 

investigation is starting in sugarcane, it can be very promising since there may be 

potential for Si to promote changes in the elemental stoichiometry of C, N, and P, 

improving the plant’s nutritional processes. It is possible to consider that the Si in 

plant tissues predominates in the cell wall and has a lower assimilation cost than C 

(Schaller et al., 2012), which could impact the homeostasis of plant structural 

elements and consequently the nutritional efficiency of the plant and the production 

of stems. However, it may also depend on the soil’s Si balance, which needs to be 

better understood before being proven. 
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In sugarcane, water deficit is a limiting factor for growth and development. It 

leads to a productivity drop, which has become more recurrent in recent years 

(Teixeira et al., 2021; Verma et al., 2021). However, Si use can mitigate the 

deleterious effects of this water deficit by acting on biochemical and physiological 

processes already elucidated in the literature (Marchiori et al., 2017; Yan et al., 2018; 

Jain et al., 2019). On the other hand, most research results were obtained using Si in 

the form of calcium silicate, which is characteristically insoluble in water (0.01% at 20 
oC) (Camargo and Keeping, 2021). Therefore, it implies high doses in Entisol and 

Spodosol soils from the United States (McCray and Ji, 2018), Rhodic Hapludox and 

Quartzarenic Neosol soils from Brazil (Camargo et al., 2019, 2021a,2021b), and 

clayey-sandy soils without a defined class from China (Verma et al., 2020a, b). 

Currently, researchers aim to reduce the amount of Si in crops using soluble 

sources via fertigation, favoring ion-root contact, increasing the plant’s Si absorption 

efficiency (Shukla et al., 2018), and providing greater sugarcane productivity (Dingre 

and Gorantiwar, 2021; Singh et al., 2021). This trend is based on the greater 

solubility of the source used, which reduces the risk of Si polymerization in the soil 

since the element concentrations in the solution applied to the soil are lower than the 

limit (3 mM of Si) in which it starts the polymerization process (Schaller et al., 2012). 

In this context, using soluble sources of Si applied via irrigation systems is a 

promising technique, and fertigation can improve the decrease in the polymerization 

rate and crop yield under water deficit conditions. According to Frazão et al. (2020), it 

can even improve sugarcane growth without stress in soilless cultivation using Si 

solution. However, there is a lack of research on these sources. In addition, it is 

essential to better understand Si effects in alleviating water stress, knowing the 

underlying mechanisms involved, since most studies restrict gas exchange 

assessments (Bezerra et al., 2019; Teixeira et al., 2021), and very few studies delve 

deeper into the nutritional study. 

In this scenario, it is pertinent to evaluate two hypotheses: first, that Si applied 

via fertigation is efficient and, after absorbed, is sufficient to modify the stoichiometric 

homeostasis of C, N, and P; and whether it is sufficient to increase nutritional 

efficiency and, consequently, if it would alleviate the losses in the dry mass 

production of leaves and stems of sugarcane cultivated under water deficit, or 
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enhance the dry mass production of leaves and stems in the irrigated crop without 

water deficit, in different types of soil. 

If these hypotheses are accepted, it will be proven for the first time that the Si 

effect via fertigation on the C:N:P elemental stoichiometry is relevant. It favors not 

only the initial growth but also a more advanced stage in sugarcane. In other words, 

until stem production achieving agronomic importance. This finding should 

strengthen the Si agricultural use for the sustainable cultivation of sugarcane in 

tropical soils, in marginal regions with water restriction, and improve production in 

irrigated areas (without water restriction), where the cultivation of both sugarcane 

producing regions is growing in the world. Therefore, this research was carried out to 

evaluate whether Si fertigation can modify the C:N:P stoichiometry and whether this 

can increase nutritional efficiency and, consequently, the biomass production of 

leaves and especially stems of sugarcane cultivated with and without water deficit, 

depending on the soil. 

 

2 Material and methods 

2.1 Experimental areas 

 

The study comprised three experiments with the sugarcane variety RB 962860 

in a greenhouse at the Universidade Estadual Paulista “Júlio Mesquita Filho” 

(UNESP), Jaboticabal Campus, Brazil. The three experiments were independent and 

included three soil types: Quartzarenic Neosol (NQ); Eutrophic Red Latosol (Oxisol) 

(LVe); and Dystrophic Red Latosol (Oxisol) (LVd). The temperature and relative 

humidity inside the greenhouse were recorded using a thermo-hygrometer, showing 

a maximum average temperature of 45.6 ± 1.3°C, minimum of 26.8 ± 2.5°C, and 

relative humidity of 63.1 ± 6.3% (Figure 1). 
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Figure 1. Temperature and relative humidity of the air during the experimental period 
of cultivation with absence (0.0 mM) and presence of fertigated Si (1.8 mM) and two 
water conditions (35 and 70%) in three tropical soils (Quartzarenic Neosol; Eutroferric 
Red Latosol; and Dystrophic Red Latosol). 
 

2.2 Experimental design 

 

The experimental design used in the three experiments was in randomized 

blocks, in a 2 × 2 factorial scheme, with two water conditions: without water 

restriction (water retention = 70%; AWD) and with water restriction (water retention = 

35%; PWD); combined with Si absence (0 mM) and presence (1.8 mM), in five 

repetitions. The experimental plot comprised a pre-sprouted seedling aged 60 days 

after the bud emergence in a 20 L polypropylene pot containing 18 L of soil sample 

during a 150-day cycle. After transplanting, the seedlings were pruned at 0.3 ± 0.02 

m from the soil surface, to avoid water loss. 

 

2.3. Installations of experimental plots 

 

The three experiments carried out the collection of soils from the surface layer 

of a native vegetation area. Then, the soil samples were dried in the open air and 

sieved with sieves (2 mm). Next, chemical analysis was performed for soil fertility 

using the method described by Raij et al. (2001). After that, an analysis of the Si 

concentration was conducted following the method described by Korndorfer et al. 

(2004). Finally, a granulometric analysis was carried out according to the method 
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indicated by Donagema et al. (2011) (Table 1). The used soils presented sandy, 

clayey, and sandy loamy textures in Quartzarenic Neosol, Eutrophic Red Latosol, 

and Dystrophic Red Latosol, respectively. 

 
Table 1. Chemical characteristics of Quartzipsamments (NQ), Eutroferric Red 
Latosol (LVe), and Dystrophic Red Latosol (LVd) 

Soil 
pH MO P S K Ca Mg Al H+Al CTC V m Si Clay Silt Sand 

CaCl2 g dm-3 mg dm-3 -------- mmolc dm-3 -------- % mg kg-1 g kg-1 

NQ 4.3 9 2 6 0.3 3 1 0 16 20.0 21 0 1 50 10 940 

Lve 6.2 8 8 8 1.0 16 5 0 17 38.6 57 0 5 550 240 210 

LVd 5.2 9 20 7 1.2 14 6 0 22 44.2 49 0 3 300 40 660 

pH: CaCl2 by potentiometry; H+Al: SMP buffer by potentiometry; M.O: by spectrophotometry; P: in 
resin by spectrophotometry; S: by turbidimetry; K, Ca, and Mg: atomic absorption spectrometry; Si: 
0.01 mol L-1 calcium chloride.  
 

Soil acidity was corrected 45 days before transplanting, correcting base 

saturation to 60% (PRNT = 125%; CaO: 48%; MgO: 16%). Nutrient supply was 

performed via fertigation from phosphate fertilization 30 days after liming, nitrogen, 

potassium, and nitrogen fertilization of micronutrients in transplanting, and the 

topdressing at 76 days after transplanting N and K. For phosphate fertilization, a 

dose of 90, 70, and 50 P2O5 mg dm–3 was used for Quartzarenic Neosol, Eutrophic 

Red Latosol, and Dystrophic Red Latosol, respectively. The dose used for nitrogen 

fertilization was 15 mg N dm–3 (Urea) and, for K fertilization, 100 mg K2O dm–3 

(potassium chloride). As for the micronutrients, 2 mg B dm–3 (Boric acid) and 5 mg Zn 

dm–3 (zinc sulfate) were used. 

 

2.4 Water retention in the soil   

 

The soil water retention capacity was determined for each soil by filling the 

pots (lysimeters) (20 L) with soil (18 L), with three replications and, later, placing 

them in a water tank filled with water (2/3 of the height of the pots) for a period of 24 

h. Then, the pots were covered with plastic film, drained freely, and their mass was 

measured at 0, 24, 36, 48, 60, and 72 h after saturation. After draining the excess 

water, the water replacement capacity was determined through the difference 

between the wet and dry soil masses. Finally, the treatments’ gravimetric and 



44 
 

 

volumetric moisture, soil density, and gross irrigation depths were calculated 

(Bernardo et al., 2019). 

In each experiment, two lysimeters were installed, one for each level of water 

retention in the soil (35 and 70%). The daily mass variation of the lysimeters was 

measured using load cells (model GL 50; Alfa Instruments Electronics S.A.) with a 

0.57 mm precision. Data were stored in a data logger (CR10X Campbell Sci., Logan 

– United States) by connecting a differential channel multiplexer data acquisition 

system (AM 416 Relay Multiplexer, Campbell Sci., Logan, UT, United States). Data 

logger data were extracted using the PC200W software interface. Every fifteen days, 

the measurement of the masses of the lysimeters was performed using a digital scale 

to adjust possible variations. 

The maintenance of soil moisture retention levels lost by evapotranspiration 

was performed manually every two days for 16–18 h. At 30 days after transplanting, 

the water retention level in the soil was maintained at 70% in all treatments. Then, 

two retention levels (35 and 70%) were installed. The installation of the 35% water 

retention was gradual, first reducing to 50% and, after seven days, to 35% of the 

soil’s water retention capacity. 

 

2.5 Silicon fertigation  

 

Silicon fertigation was performed every two days using a source of sodium-

potassium silicate stabilized with sorbitol at a concentration of 1.8 mM (113.4 g Si L–

1, 18.9 g K2O L–1, 100 mL sorbitol L–1, and pH 11.8) (Frazão et al., 2020). The pH 

value of the silicate solution was adjusted to 6.0 ± 0.5 using HCl 1 mM. Finally, 

potassium balance was performed using KCl fertigation (8.43 mg K L–1) in treatments 

without Si fertigation. 

 

2.6 Analysis 

2.6.1 Biomass partition 

 

At the end of the cultivation cycle, the cut was carried out at 0.1 m from the 

soil surface of the sugarcane’s aerial part. After cutting the plants, the samples were 
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separated into leaves and stems and washed with deionized water, detergent 

solution (0.1% v/v), HCl solution (0.3% v/v), and deionized water, respectively. Then, 

the samples were dried in an oven with forced air circulation (65 ± 5°C) until reaching 

constant mass, and, finally, the leaf dry mass (LDM) and stem dry mass (SDM) were 

determined. 

 

2.6.2 C, N, P, and Si concentrations in leaves and stems 
 

The determinations of C and N concentrations were carried out from the dry 

combustion (1,000°C) of the LDM and SDM using the elemental analyzer (LECO 

truspec CHNS), calibrated with the LECO 502-278 standard (C = 45.0%). The P 

concentration was determined from the nitric-perchloric digestion and the 

spectrophotometer reading (Carmo et al., 2000). The Si concentration was 

determined from the alkaline digestion (H2O2 and NaOH) and the reading of the 

colorimetric reaction with ammonium molybdate using the spectrophotometer 

(Korndorfer et al., 2004). 

 

2.6.3 Stoichiometric ratios and content of C, N, P, and Si 
 

Carbon, Nitrogen, Phosphorus, and Silicon concentrations from leaves and 

stems were used to establish the C:N, C:P, N:P, and C:Si stoichiometric ratios. The 

C, N, P, and Si content were estimated for the leaves and stems from the product of 

the nutrient concentration and the dry mass of the studied organ. 

 

2.6.4 C, N, and P use efficiency 

 

The C, N, and P use efficiencies in leaves and stems were estimated from the 

quotient of the square of dry matter and nutrient content (g of accumulated nutrient) 

(Siddiqi and Glass, 2008). 

𝐶 𝑢𝑠𝑒 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (𝑔ଶ𝑔ିଵ) =
𝐷𝑟𝑦 𝑚𝑎𝑡𝑡𝑒𝑟ଶ

𝐶 𝑐𝑜𝑛𝑡𝑒𝑛𝑡
 (𝐸𝑞. 1) 

𝑁 𝑢𝑠𝑒 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (𝑔ଶ𝑔ିଵ) =
𝐷𝑟𝑦 𝑚𝑎𝑡𝑡𝑒𝑟ଶ

𝑁 𝑐𝑜𝑛𝑡𝑒𝑛𝑡
 (𝐸𝑞. 2) 
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𝑃 𝑢𝑠𝑒 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (𝑔ଶ𝑔ିଵ) =
𝐷𝑟𝑦 𝑚𝑎𝑡𝑡𝑒𝑟ଶ

𝑃 𝑐𝑜𝑛𝑡𝑒𝑛𝑡
 (𝐸𝑞. 3) 

 

2.7 Statistical analysis 

 

Data were submitted to preposition tests (Shapiro–Wilk normality and Levene 

homogeneity) (Royston, 1995; Gastwirth et al., 2009) and, later, analysis of variance 

(p < 0.05) and, when significant, the comparison test of Tukey mean (p < 0.05). In 

addition, a hierarchical cluster analysis was performed using the Euclidean distance 

as the similarity coefficient and the single linkage method as the group connection 

algorithm. Furthermore, principal components analysis (PCA) was performed using 

the correlation matrix. Finally, statistical analyzes were performed using the Python 

programming language (version 3.9.7; Python Software Foundation). 

 

3 Results 

3.1  Carbon, nitrogen, phosphorus, and silicon concentrations 

 

The water deficit did not change the Si concentration in the leaves in the three 

tropical soils in the absence of fertigation with Si. However, there was a decrease in 

the stems of sugarcane plants cultivated in Quartzarenic Neosol and Eutrophic Red 

Latosol (Table 2). Regarding its absence, Si fertigation was efficient in increasing the 

Si concentration in leaves and stems of plants in treatments with water deficit (PWD) 

and without water deficit (AWD) in the three tropical soils (Table 2). 

The C concentration in the leaves increased with the water deficit in 

sugarcane plants without fertigation with Si in Eutrophic Red Latosol. At the same 

time, there was a decrease in the C concentration in the stems in Dystrophic Red 

Latosol under PWD with the absence of fertigation with Si (Table 2). Regarding its 

absence in sugarcane cultivation, Si fertigation decreased the foliar concentration of 

C in PWD in Quartzarenic Neosol and Dystrophic Red Latosol. While in Eutrophic 

Red Latosol, there was no difference (Table 2). On the other hand, under AWD 

conditions, Si fertigation decreased the foliar concentration of C in plants cultivated in 

the three tropical soils (Table 2). In turn, the C concentration in the stems also 
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decreased with Si fertigation only in Dystrophic Red Latosol and in both water 

retention capacities (PWD and AWD) (Table 2). 

 
Table 02. C, N, P, and Si concentrations in the leaves and stems of sugarcane 
cultivated with absence (0.0 mM) and presence of fertigated Si (1.8 mM) and two 
water conditions (without – AWD and with water deficit - PWD) in three tropical soils 
(Quartzarenic Neosol; Eutroferric Red Latosol; and Dystrophic Red Latosol) 

Water condition Si 
Quartzarenic Neosol 

Eutrophic Red 
Latosol 

Dystrophic Red 
Latosol 

Leaf Stem Leaf Stem Leaf Stem 

C (g kg-1) 

PWD 
without 444.55 Aa 410.38 Aa 433.78 Aa 408.62 Aa 437.75 Aa 402.38 Ba 

with 421.12 Ab 407.36 Aa 430.08 Aa 402.58 Ba 426.18 Ab 396.84 Ab 

AWD 
without 442.40 Aa 408.01 Aa 429.58 Ba 411.20 Aa 434.36 Aa 406.04 Aa 

with 418.12 Ab 407.35 Aa 422.00 Bb 410.68 Aa 421.84 Bb 399.20 Ab 

MSD (5%)  7.49 5.57 4.12 6.49 3.95 3.01 

N (g kg-1) 

PWD 
without 5.62 Aa 3.38 Aa 5.06 Ba 7.03 Aa 4.08 Aa 5.58 Aa 

with 5.18 Ab 2.13 Bb 4.56 Bb 4.75 Ab 3.34 Ab 4.93 Aa 

WD 
without 5.86 Aa 2.80 Ba 6.12 Aa 3.62 Ba 3.00 Ba 5.38 Aa 

with 5.12 Ab 2.58 Aa 5.34 Ab 2.78 Bb 2.42 Bb 3.92 Bb 

MSD (5%)  0.31 0.32 0.37 0.47 0.45 0.66 

P (g kg-1) 

PWD 
without 0.42 Bb 0.48 Bb 0.20 Ba 0.14 Aa 0.59 Ba 0.74 Aa 

with 0.51 Ba 0.68 Ba 0.21 Ba 0.16 Aa 0.61 Ba 0.77 Ba 

AWD 
without 0.65 Aa 0.71Aa 0.33 Aa 0.15 Aa 0.66 Ab 0.64 Bb 

with 0.66 Aa 0.75 Aa 0.34 Aa 0.15 Aa 0.76 Aa 0.93 Aa 

MSD (5%)  0.022 0.054 0.024 0.022 0.070 0.058 

Si (g kg-1) 

PWD 
without 2.48 Ab 0.44 Bb 1.26 Ab 0.57 Bb 3.29 Ab 0.52 Ab 

with 7.65 Aa 2.32 Ba 6.90 Ba 4.21 Aa 6.79 Ba 1.63 Ba 

AWD 
without 2.43 Ab 1.42 Ab 3.14 Ab 1.08 Ab 3.16 Ab 0.42 Ab 

with 11.78 Aa 3.26 Aa 12.24 Aa 4.21 Aa 11.22 Aa 2.88 Aa 

MSD (5%)  4.68 0.49 2.50 0.50 1.93 0.28 

* Different uppercase letters indicate differences in water conditions and different lowercase letters indicate 
differences in Si fertigation by Tukey test (p < 0.05); MSD: Minimum significant difference. 
 

The water deficit decreased the N concentration in the plant’s leaves in the 

absence of fertigation with Si in Eutrophic Red Latosol. While in Dystrophic Red 

Latosol, there was an increase in this nutrient’s concentration (Table 2). Regarding 

the stems, there was an increase in the N concentration with the absence of 

fertigation with Si in sugarcane plants cultivated in Quartzarenic Neosol and 
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Eutrophic Red Latosol (Table 2). However, the N concentration in the leaves 

decreased with the Si fertigation regarding its absence in the plants cultivated in two 

water conditions and the three tropical soils (Table 2). In the stem, it was verified that 

the Si fertigation regarding its absence in PWD caused a decrease in the N 

concentration in the stems of plants in the cultures carried out in Eutrophic Red 

Latosol and Dystrophic Red Latosol. However, there were no differences in 

Quartzarenic Neosol. In addition, plants grown in AWD and fertigated with Si 

decreased stem N concentration only in Eutrophic Red Latosol (Table 2). 

Phosphorus concentration in leaves and stems decreased with the water 

deficit in sugarcane plants without Si fertigation in Quartzarenic Neosol and Eutrophic 

Red Latosol. However, there was an increase in the P concentration in Dystrophic 

Red Latosol (Table 2). The increase in the P concentration in leaves and stems was 

observed in PWD fertigated with Si regarding its absence in sugarcane cultivation 

only in Quartzarenic Neosol (Table 2). Meanwhile, there was an increase in the P 

concentration in the leaves and stems of plants under AWD conditions promoted by 

the fertigation of Si, regarding its absence, but only in plants cultivated in Dystrophic 

Red Latosol (Table 2). 

 

3.2  Stoichiometric ratios of C:N, C:P, C:Si, and N:P 

 

The C:N ratio in leaves increased with the water deficit in sugarcane plants 

without Si fertigation in Eutrophic Red Latosol. However, there was a decrease in this 

ratio in plants cultivated in Dystrophic Red Latosol (Figure 2A). Additionally, there 

was a decrease in the C:N ratio in the leaves of plants grown in the absence of 

fertigation with Si in Quartzarenic Neosol and Eutrophic Red Latosol (Figure 2B). On 

the other hand, Si fertigation increased the C:N stoichiometric ratio in the plants’ 

leaves in the two water conditions and the three tropical soils, except for the PWD 

plant grown in Quartzarenic Neosol (Figure 2A). This stoichiometric alteration was 

also observed in stems, with similar behavior in the plant’s leaves, except for PWD in 

Dystrophic Red Latosol cultivation and AWD in Quartzarenic Neosol cultivation 

(Figure 2B). 
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Figure 2. Stoichiometric ratios of C:N (A,B) and C:P (C,D) in leaves and stems of 
sugarcane cultivated with absence (0.0 mM) and presence of fertigated Si (1.8 mM) 
and two water conditions (without—AWD and with water deficit—PWD) in three 
tropical soils (Quartzarenic Neosol; Eutroferric Red Latosol; and Dystrophic Red 
Latosol). WC, water condition; MSD, minimum significant difference; ** and *: 
significant at 1 and 5% probability, respectively; NS = not significant at 5% 
probability. Different uppercase letters indicate differences in water conditions and 
different lowercase letters indicate differences in Si fertigation by Tukey’s test (p < 
0.05). 
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Figure 3. Stoichiometric ratios of C:Si (A,B) and N:P (C,D) in leaves and stems of 
sugarcane cultivated with absence (0.0 mM) and presence of fertigated Si (1.8 mM) 
and two water conditions (without—AWD and with water deficit—PWD) in three 
tropical soils (Quartzarenic Neosol; Eutroferric Red Latosol; and Dystrophic Red 
Latosol). WC, water condition; MSD, minimum significant difference; ** and *: 
significant at 1 and 5% probability, respectively; NS, not significant at 5% probability. 
Different uppercase letters indicate differences in water conditions and different 
lowercase letters indicate differences in Si fertigation by Tukey’s test (p < 0.05). 
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The water deficit increased the C:P ratio in the leaves of plants cultivated in 

the three tropical soils without Si fertigation (Figure 2C). There was also an increase 

and decrease in this ratio in this organ on the crops cultivated in Quartzarenic Neosol 

and Dystrophic Red Latosol, respectively (Figure 2D). Furthermore, Si application 

decreased the C:P stoichiometric ratio in leaves and stems of sugarcane cultivated 

under PWD in Quartzarenic Neosol and under PWD and AWD in Dystrophic Red 

Latosol (Figures 2C, D). 

The water deficit did not change the C:Si ratio in the leaves of sugarcane 

plants without Si fertigation in the three tropical soils (Figure 3A). However, there was 

an increase in the C:Si ratio in Quartzarenic Neosol and a decrease in this ratio in 

Eutrophic Red Latosol and Dystrophic Red Latosol (Figure 3B). Silicon use 

decreased the C:Si stoichiometric ratio in leaves and stems of sugarcane cultivated 

under PWD and AWD in the three tropical soils (Figures 3A,B). 

There was an increase in the N:P ratio in leaves and stems with the water 

deficit in plants without Si fertigation in the three tropical soils (Figures 3C,D), except 

for sugarcane stems cultivated in Dystrophic Red Latosol (Figure 3D). Moreover, 

there was also a decrease in the leaf stoichiometric ratio of N:P in the plant, with the 

fertigation of Si in the two water conditions and two soils (Quartzarenic Neosol and 

Dystrophic Red Latosol) (Figure 3C). This ratio’s stoichiometric ratio in the stem 

decreased in PWD in plants grown in Quartzarenic Neosol and Eutrophic Red 

Latosol. It also decreased in the AWD condition of the culture grown in the two 

Latosols (Figure 3D). 

 

3.3  Si, C, N, and P contents 

 

Water deficit decreased Si content in leaves and stems in sugarcane plants 

without Si fertigation in the three tropical soils, except for plants cultivated in 

Dystrophic Red Latosol (Table 3). Conversely, Si fertigation increased Si content in 

leaves and stems in the two water conditions studied and the three tropical soils 

(Table 3). 

Carbon content in leaves and stems decreased with the water deficit in the 

three tropical soils without Si fertigation (Table 3). Additionally, Si supply increased 
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leaf C content in the PWD plant grown in Eutrophic Red Latosol. However, it 

decreased in the plant grown in Quartzarenic Neosol and Dystrophic Red Latosol 

(Table 3). In AWD, there was an increase in leaf C content by Si fertigation only in 

cultivation with Dystrophic Red Latosol, with no difference in this variable in the other 

soil types (Table 3). The C content in the plant stem increased in PWD fertigated with 

Si in the three tropical soils. In contrast, in AWD, the increase was observed only in 

the cultivation of Quartzarenic Neosol and Eutrophic Red Latosol (Table 3). 

 

Table 03. C, N, P, and Si content in leaves and stems of sugarcane cultivated with 
absence (0.0 mM) and presence of fertigated Si (1.8 mM) and two water conditions 
(with and without water deficit) in three tropical soils (Quartzarenic Neosol; Eutroferric 
Red Latosol; and Dystrophic Red Latosol) 

Water 
condition 

Si Quartzarenic Neosol Eutrophic Red Latosol 
Dystrophic Red 

Latosol 
  Leaf Stem Leaf Stem Leaf Stem 

C (mg per plant) 

PWD 
without 15437 Ba 6503.9 Bb 7506.4 Bb 4461.5 Bb 11396 Ba 5574.2 Bb 

with 15789 Ba 9563.8 Ba 7819.8 Ba 5911.9 Ba 12100 Ba 6070.0 Ba 

AWD 
without 16820 Aa 9899.8 Ab 10255 Aa 6769.8 Ab 15030 Ab 8390.1 Aa 

with 16458 Aa 12567 Aa 10729 Aa 7604.8 Aa 16845 Aa 8674.3 Aa 

MSD (5%) 440.03 1104.14 250.13 310.58 730.53 372.37 

N (mg per plant) 

PWD without 193.36 Ba 53.205 Ba 88.825 Ba 74.606 Aa 102.90 Aa 78.100 Ba 
 with 192.46 Aa 49.854 Ba 83.721 Ba 67.644 Ab 94.725 Aa 75.562 Aa 

APW without 224.42 Aa 67.663 Ab 146.37 Aa 55.626 Ba 102.95 Aa 114.76 Aa 
 with 204.41 Ab 81.817 Aa 138.68 Aa 46.574 Bb 93.494 Aa 85.525 Ab 

MSD (5%) 12.36 9.05 8.63 5.29 11.97 10.15 

P (mg per plant) 

PWD 
without 14.47 Bb 7.579 Bb 3.65 Ba 1.56 Bb 14.85 Bb 10.15 Ba 

with 18.90 Ba 15.69 Ba 3.85 Ba 2.31 Ba 17.43 Ba 11.71 Ba 

AWD 
without 24.68 Aa 17.23 Ab 7.87 Aa 2.44 Aa 22.64 Ab 13.08 Ab 

with 26.11 Aa 22.50 Aa 8.70 Aa 2.95 Aa 30.30 Aa 19.40 Aa 

MSD (5%) 0.98 2.40 0.89 0.56 2.27 1.77 

Si (mg per plant) 

PWD 
without 80.02 Bb 7.02 Bb 47.82 Bb 7.71 Bb 84.20 Ab 7.21 Ab 

with 411.73 Ba 47.77 Ba 167.04 Ba 61.42 Ba 192.61 Ba 24.92 Ba 

AWD 
without 113.21 Ab 28.86 Ab 117.58 Ab 17.69 Ab 118.15 Ab 7.51 Ab 

with 471.12 Aa 91.42 Aa 474.51 Aa 86.0 Aa 467.88 Aa 65.86 Aa 

MSD (5%) 26.60 4.34 25.42 9.44 44.21 4.04 

* Different uppercase letters indicate differences in water conditions and different lowercase letters indicate 
differences in Si fertigation by Tukey test (p < 0.05); MSD: Minimum significant difference. 
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Water deficit also decreased the N content in leaves and stems in sugarcane plants 

without Si fertigation in the three tropical soils, except for stems in plants cultivated in 

Eutrophic Red Latosol and leaves in plants cultivated in Dystrophic Red Latosol 

(Table 3). On the other hand, Si fertigation did not change leaf N content in the two 

water retention capacities in the three tropical soils, except for Quartzarenic Neosol, 

where there was a decrease in N content in PWD (Table 3). Additionally, the N 

content in the stem decreased in PWD fertigated with Si in Eutrophic Red Latosol, 

while in AWD, there was an increase in this variable in Quartzarenic Neosol and a 

decrease in Dystrophic Red Latosol (Table 3). 

Phosphorus content in leaves and stems of plants was reduced with the water 

deficit in sugarcane without Si fertigation (Table 3). Furthermore, leaf P content was 

increased in the plant with Si fertigation in PWD in Quartzarenic Neosol and 

Dystrophic Red Latosol, and in AWD in Dystrophic Red Latosol (Table 3). Moreover, 

the P content in the stem was increased as a function of Si fertigation in the plant 

cultivated in PWD in Dystrophic Red Latosol and Quartzarenic Neosol, and in AWD 

in Dystrophic Red Latosol (Table 3). 

 

3.4  Carbon, nitrogen, and phosphorus use efficiency and biomass partition 

 

The water deficit reduced the C use efficiency in the leaves and stems of 

plants grown in the three tropical soils without Si fertigation (Figures 4A, B). 

Additionally, the C use efficiency in the leaves (Figure 4) and in the stems (Figure 4), 

and the N use efficiency in the stems (Figure 4), were increased in the plant with Si 

fertigation in the two water conditions, and the three tropical soils (Figures 4A, B). 

The N use efficiency decreased with the water deficit in sugarcane plants 

without Si fertigation in the three tropical soils, except for leaves cultivated in 

Quartzarenic Neosol and Eutrophic Red Latosol (Figures 4C,D). Silicon fertigation 

also increased the efficiency of N foliar use in plants cultivated in the two water 

conditions and the three evaluated soils, except for Eutrophic Red Latosol cultivated 

in PWD (Figure 4C). 
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Figure 4. Use efficiencies of Carbon (A,B) and Nitrogen (C,D) in leaves and stems of 
sugarcane cultivated with absence (0.0 mM) and presence of fertigated Si (1.8 mM) 
and two water conditions (without—AWD and with water deficit—PWD) in three 
tropical soils (Quartzarenic Neosol; Eutroferric Red Latosol; and Dystrophic Red 
Latosol. CUE, C use efficiency; NUE, N use efficiency; WC, water condition; MSD, 
minimum significant difference; ** and *: significant at 1 and 5% probability, 
respectively; NS, not significant at 5% probability. Different uppercase letters indicate 
differences in water conditions and different lowercase letters indicate differences in 
Si fertigation by Tukey’s test (p < 0.05). 
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Figure 5. Phosphorus use efficiencies (A,B) and dry mass partition (C,D) in leaves 
and stems of sugarcane cultivated with absence (0.0 mM) and presence of fertigated 
Si (1.8 mM) and two water conditions (without—AWD and with water deficit—PWD) 
in three tropical soils (Quartzarenic Neosol; Eutroferric Red Latosol; and Dystrophic 
Red Latosol). PUE, P use efficiency; WC, water condition; MSD, Minimum significant 
difference; ** and *: significant at 1 and 5% probability, respectively; NS, not 
significant at 5% probability. Different uppercase letters indicate differences in water 
conditions and different lowercase letters indicate differences in Si fertigation by 
Tukey’s test (p < 0.05). 
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Water deficit increased P use efficiency in sugarcane plants without Si 

fertigation in Quartzarenic Neosol. However, there was decreased P use efficiency in 

stems in Eutrophic Red Latosol and Dystrophic Red Latosol (Figure 5A). In PWD, 

there was a decrease in the P use efficiency in leaves in sugarcane fertigated with Si 

and cultivated in Quartzarenic Neosol. At the same time, there were no differences in 

this variable in plants cultivated in other soils (Figure 5A). Finally, in the stem, the P 

use efficiency increased in the plant cultivated in AWD condition in Quartzarenic 

Neosol. However, this variable did not differ in the other soils (Figure 5B). 

The water deficit also decreased dry mass in leaves and stems in the three 

tropical soils cultivated without Si fertigation (Figures 5C, D). Additionally, leaf dry 

mass production increased in plants cultivated with Si fertigation in both water 

conditions and the studied soils (Figure 5C). There was also an increase in dry mass 

production regarding the plant stem using Si fertigation in both water conditions, 

except for the AWD plant cultivated in Dystrophic Red Latosol, where there was no 

effect of Si application for this variable (Figure 5D). 

 

3.5  Hierarchical cluster analysis 

The hierarchical cluster analysis for leaves indicated that under water 

restriction conditions, without Si fertigation, there was greater dissimilarity from the 

other conditions evaluated in Quartzarenic Neosol. On the other hand, in Eutrophic 

Red Latosol, two groups were formed, dividing the two water conditions. In 

Dystrophic Red Latosol, the greatest dissimilarity was observed in the AWD 

treatment with Si fertigation (Figures 6A, C, E). 

There were similar groups in leaves and stems for response variables, 

however, with a difference in the groups’ composition for tropical soils. For 

Quartzarenic Neosol, two groups were formed in leaves and stems: the first group 

comprised the subgroup of N and C concentrations and the C:Si ratio; and the 

second group comprised the P use efficiency and the C:P and N:P ratios. The 

second group also comprised two subgroups: the first subgroup comprising the 

content of C, N, P, the dry mass production, and the P concentration; and the second 

subgroup comprising the C:N ratio, the efficiency of C and N use, and the Si 
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concentration and content, except for the P use efficiency, which was grouped in the 

second group in stems (Figures 6A,B). 
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Figure 6. Heat map of hierarchical clustering of variables of concentrations and 
accumulations of C, N, P, and Si, stoichiometric ratios of C:N:P:Si, use efficiencies of 
C, N, and P, and dry mass partition in the leaf (A,C,E) and in the stem (B,D,F) of 
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sugarcane cultivated with absence (0.0 mM) and presence of fertigated Si (1.8 mM) 
and two water conditions (without—AWD and with water deficit—PWD) in three 
tropical soils (Quartzarenic Neosol; Eutroferric Red Latosol; and Dystrophic Red 
Latosol). 
 

In Eutrophic Red Latosol, there were two groups for leaves and stems: the first 

group indicated greater similarity between the C:N, C:P, and N:P ratios, the P use 

efficiency, and the C concentration; the second group comprised two subgroups, one 

with the N concentration and the C:Si ratio, and the second with the P and Si 

concentrations and the C, N, P, and Si contents, due to the C and N use efficiency 

and the dry mass production. However, there was a change in the C:N stoichiometric 

ratio and the P use efficiency for the second group in stems (Figures 6C,D). For 

Dystrophic Red Latosol, the hierarchical grouping analysis of the variables in leaves 

showed the formation of two groups: the first group indicated greater similarity of the 

Si concentration and content with the dry mass production, C, N, and P use 

efficiency, the P concentration, C and P content, and the C:N stoichiometric ratio; the 

second group comprised the C:P, N:P, and C:Si ratios and the C and N 

concentrations. However, there was a change in the P use efficiency for the first 

group in stems (Figures 6E, F). 

The hierarchical cluster analysis indicated a greater dry mass production 

similarity with AWD treatment fertilized with Si in leaves and stems in the three 

tropical soils. It also found that Si fertigation in PWD showed similar results under 

AWD conditions in leaves and stems in Quartzarenic Neosol, and stems in Eutrophic 

Red Latosol (Figure 6). The C and N use efficiency and the P and Si concentration 

and content are highly related to the AWD treatment with Si fertigation on leaves and 

stems in the three tropical soils (Figure 6). 

The stoichiometric ratios C:Si, C:P, and N:P are inversely proportional to the 

dry mass production, which showed high similarity with AWD treatment fertigated 

with Si in leaves and stems in tropical soils (Figure 6). The P use efficiency in the 

leaves is inversely related to the AWD treatment fertigated with Si in the three tropical 

soils due to the increase in foliar P concentration (Figure 6). On the other hand, the P 

use efficiency and concentration in stems showed high similarity with AWD treatment 

fertigated with Si (Figure 6C). 
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3.6  Principal component analysis 

 

Principal component analysis (PCA) in leaves and stems explained 99.3 and 

92.4, 98.6 and 98.2, and 98.1 and 96.9% of the variable responses of sugarcane 

cultivated in Quartzarenic Neosol, Eutrophic Red Latosol, and Dystrophic Red 

Latosol, respectively (Figure 6). In the stem, PCA explained 92.4, 98.2, and 96.9% of 

the response variables of sugarcane cultivated in Quartzarenic Neosol, Eutrophic 

Red Latosol, and Dystrophic Red Latosol, respectively (Figure 7). Given the 

importance of stems in crop productivity, we will highlight the PCA analysis in this 

organ. 

In sugarcane cultivation in Quartzarenic Neosol, the C concentration is 

associated with the PWD treatment without Si fertigation and the C:N ratio with the 

PWD treatment with Si fertigation (Figure 7B). The N use efficiency, the Si 

concentration, and the C, P, and Si content were associated with the two water 

treatments fertigated with Si, and the C and P use efficiency, the N content, and the 

dry mass production were associated with AWD treatment fertigated with Si (Figure 

7B). In addition, PCA indicated that the increase in the C:Si, C:P, and N:P 

stoichiometric ratios and the N concentration are associated with treatments that 

were not fertigated with Si in the two water conditions studied (Figure 7B). 
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Figure 7. Principal component analysis of the variables of concentrations and 
accumulations of C, N, P, and Si, stoichiometric ratios of C:N:P:Si, use efficiencies of 
C, N, and P, and dry mass partition in the leaf (A,C,E) and in the stem (B,D,F) of 
sugarcane cultivated with absence (0.0 mM) and presence of fertigated Si (1.8 mM) 
and two water conditions (without—AWD and with water deficit—PWD) in three 
tropical soils (Quartzarenic Neosol; Eutroferric Red Latosol; and Dystrophic Red 
Latosol). CUE, C use efficiency; NUE, N use efficiency; PUE, P efficiency use. 
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For Eutrophic Red Latosol, there was an association of the C:Si and C:P 

stoichiometric ratios with the treatments not fertigated with Si in the two water 

conditions studied, while the Si and P concentration and the Si content are 

associated with the fertigated treatments in the two water conditions (Figure 7D). 

Furthermore, carbon concentration was associated with PWD treatment without Si 

fertigation, and the N:P ratio and N concentration and content were associated with 

PWD treatment without Si fertigation (Figure 7D). Moreover, there was an association 

between the C, N, and P use efficiency, the C:N ratio, the C and P content, and the 

dry mass production with the AWD treatment fertigated with Si (Figure 7D). 

For the sugarcane stem cultivated in Dystrophic Red Latosol, PCA indicated 

an association of increased N concentration and C:Si, N:P, and C:P stoichiometric 

ratios with treatments without Si fertigation. However, N use efficiency, P and Si 

concentration, P and Si content, and the C:N stoichiometric ratio were associated 

with treatments fertigated with Si in both water conditions (Figure 7F). Carbon and 

Nitrogen concentrations and P use efficiency were associated with PWD treatment 

without Si fertigation, and C use efficiency, C content, and dry mass production were 

associated with AWD treatment (Figure 7F). 

 

4 Discussion 

 

There is a predominance of studies regarding water deficit in sugarcane crops 

without Si supply. They have reported losses in crop productivity, which is generally 

explained by damage to the plant’s physiological aspects (Bezerra et al., 2019; 

Camargo et al., 2019; Teixeira et al., 2021). These water deficit losses in the 

production of sugarcane stems were also verified in the three soils studied. However, 

we found that the water deficit caused these losses because there was a change in 

the C:N, C:P, and N:P stoichiometric ratios, which varied according to the plant’s 

organ and soil. These effects on these ratios resulted in a decrease in the use 

efficiencies of C and N in leaves and C and N in stems in Eutrophic Red Latosol and 

Quartzarenic Neosol. Furthermore, there was a reduction in the C and N use 

efficiency in leaves and stems in Dystrophic Red Latosol (Figures 2–4), which 

explains the decrease in the production of sugarcane stems. Therefore, the 
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underlying damage of water deficit is associated with the instability of stoichiometric 

homeostasis, which causes a decrease in nutritional efficiency and, consequently, in 

the production of stems. It is not only restricted to losses in gas exchange, as 

reported by other authors (Marchiori et al., 2017; Bezerra et al., 2019; Camargo et 

al., 2019; Teixeira et al., 2021). Our results present implications for researchers who 

study biological damage from water deficit in sugarcane and other species that 

normally neglect stoichiometric nutrient homeostasis assessments. These facts make 

it difficult to better understand the nutritional component of crop productivity. Thus, 

further research is required. 

Silicon use is a known alternative to alleviate the water deficit in sugarcane 

crops, but this may depend on the crop’s ability to absorb this element. This fact 

favors sugarcane because it is classified as a plant that accumulates Si, having 

specific transporters in the roots and high efficiency in absorbing this beneficial 

element (Wang et al., 2021). Additionally, Si is absorbed by LSi influx channels and 

transported to other tissues and organs by efflux channels, and the cooperative influx 

and efflux system regulates plant accumulation patterns (Trejo-Téllez et al., 2022). 

However, soil mineralogy can alter the availability of Si in the soil solution, with 

greater adsorption of monosilicic acid to the mineral’s hematite, goethite, magnetite, 

lepidocrocite, akaganeite, feroxyhyte, ferrihydrite and amorphous iron hydroxide, 

predominant in tropical soils (Dietzel, 2002; Schaller et al., 2021). Under these 

conditions, the availability of Si in the soil solution is low, reducing plant uptake and, 

consequently, its benefits (Schaller et al., 2021). 

In order to ensure adequate silicate nutrition for the crop, most studies have 

evaluated its effects on stem production using Si in solid form with sources of very 

low solubility in water (calcium silicate), implying the use of the element in high doses 

(Camargo et al., 2017, 2019, 2020; Clemente et al., 2019). However, there were 

doubts whether fertigation with Si in concentrations diluted with soluble sources. In 

other words, using relatively low doses could efficiently increase the element’s 

uptake by the plant. This study answered this question because we showed that 

fertigation with Si at a concentration of 1.8 mM in both water conditions efficiently 

increased the element’s content in the plant, that is, its uptake (Tables 2, 3). This 

finding should change the philosophy of supplying Si in the sugarcane crop for 
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fertigation because using soluble sources through well-diluted Si solutions can 

reduce the amount of the element applied and directly impact the best cost 

ratio/benefit of using Si in agriculture. 

It is important to highlight that the soil’s water condition also influenced the Si 

fertigation efficiency. It led to a higher content of the element in the leaves and stems 

of plants without water deficit. In other words, plants under water restriction 

presented a loss in Si uptake (Tables 2, 3). The lower soil water availability can 

decrease the Si content in the root (Shukla et al., 2018). Furthermore, the decrease 

in the soil’s water content causes an effect on the Si concentration in the soil 

solution, which can reach a Si concentration above 3 mM, resulting in possible 

polymerization of part of this element, with a consequent decrease in the availability 

in the soil for plant absorption (Schaller et al., 2021). However, even under water 

deficit regarding the control plants, there was the absorption of Si in the plants, a fact 

also verified in other studies on young sugarcane plants (Teixeira et al., 2021), a 

necessary condition for the element to benefit the plant. 

The Si supply in the soil can also positively affect the nutrients uptake, 

especially P in sugarcane in the stem production phase. However, these effects are 

almost unknown when the beneficial element is supplied via fertigation in different 

soil water regimes. The presence of Si in the soil can compete for binding sites in 

minerals, decreasing P uptake, consequently increasing this nutrient’s availability for 

plants (Schaller et al., 2019). Phosphorus is highly adsorbed in tropical soils, 

resulting in its low availability for plants (Hanyabui et al., 2020). However, Si has 

increased this nutrient’s mobility in soils. 

An interesting Si effect was observed regarding P absorption in the plant. The 

nutrient content in the leaves and stems promoted by the Si supply increased in 

plants cultivated in both water regimes, especially in Dystrophic Red Latosol and 

Quartzarenic Neosol (Table 2). This result evidenced the synergistic effect of Si 

increasing P uptake, which was also observed in sugarcane (Teixeira et al., 2020) 

and quinoa (Lata-Tenesaca et al., 2021). It can be explained by the fact that Si can 

regulate the expression of P transporting genes associated with the increase in the 

exudation rate of organic acids by the plant responsible for improving the P uptake 

and availability in the soil (Kostic et al., 2017). 



64 
 

 

The initial underlying benefit of Si on plant life may be involved in modifying 

the C:N:P stoichiometry, as there was previous evidence in a short-term study in the 

tillering phase in the sugarcane crop (Teixeira et al., 2020). However, there was a 

lack of information regarding the crop production phase. This gap was filled because 

in this study, in the sugarcane stem formation phase, the Si supply, by increasing the 

content in the plant, also modified the C:N:P stoichiometry in both water regimes. It 

was evidenced by the fact that there was a decrease in C and N concentrations in 

the leaves, except for C in PWR in Eutrophic Red Latosol, and an increase in Si 

concentrations. These facts contributed to the decrease of the C:P, C:Si, and N:P 

stoichiometric ratios, and at the same time, there was an increase in the C:N 

stoichiometric ratio (Figure 2). These results reinforce the Si’s ability to modify these 

nutrients’ homeostatic balance (Viciedo et al., 2019). 

Thus, we found that the stoichiometric changes seen from the C:P, C:N, C:Si, 

and N:P ratios promoted by Si fertigation in the two water conditions, except for the 

C:P ratios in Eutrophic Red Latosol, which had higher Si content, and, in AWD 

condition, in Quartzarenic Neosol, were sufficient to increase the C, N, and P 

nutritional efficiency (Figures 4, 5). It increased the ability of sugarcane plants to use 

nutrients in their metabolism (Prado, 2021), as stoichiometric modifications alter 

ecological interactions due to the role of these nutrients in the plant’s biological and 

biochemical functions (Prado and Silva, 2017). 

The Si role in sugarcane production is an important topic verified by many 

authors (Camargo et al., 2017, 2019, 2021b; Marchiori et al., 2017; Bezerra et al., 

2019). However, there was a lack of greater understanding of the underlying 

mechanisms that allow a better understanding of the stoichiometric and nutritional 

components in the plant’s response, not just under stress but also without stress. 

Our study showed for the first time that fertigation with Si in sugarcane without 

stress was responsible for gains in leaf biomass, which reflected in stems in 

sugarcane plants cultivated in Quartzarenic Neosol and Eutrophic Red Latosol, 

except in Dystrophic Red Latosol (Figure 5D). This result confirms that plant 

responses change depending on the cultivated soil. The absence of an increase in 

stem dry mass in Dystrophic Red Oxisol may be more related to lower Si absorption 

than the other evaluated tropical soils. There was lower Si content in the stems with a 
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28 and 23% reduction compared to the cultivated plants Quartzarenic Neosol and 

Eutrophic Red Latosol, respectively (Table 3). The lack of response in this soil may 

be associated with a high P concentration (Table 1), with high adsorption of this 

nutrient occurring in highly weathered tropical soils, such as the Eutroferric Red 

Latosol. In the soil, Si can compete with phosphate compounds for binding sites on 

minerals, thus reducing the concentration of the beneficial element in the soil solution 

(Schaller et al., 2021) and reducing plant uptake. This fact can be observed by the P 

content in the plants between the two Latosols, which have greater P fixing powers, 

and it is not recommended to compare to Quartzarenic Neosol due to their lower 

capacity to fix P (low amount of clay) (Table 3). On the other hand, our study clarifies 

the possible mechanisms through which Si acts on sugarcane cultivated even without 

water deficit, indicating the establishment of a new C:N:P homeostatic balance 

responsible for increasing the nutrient use efficiency and providing higher dry mass 

biosynthesis. Overall, this is confirmed by multivariate analysis (PCA and hierarchical 

clustering), indicating a high similarity of dry mass production with Si fertigation in 

plants without stress, and an association with increased C and N use efficiency, the 

C, N, and P contents, and the decrease of the C:P, C:Si, and N:P stoichiometric 

ratios (Figures 6, 7). 

According to the multivariate analysis, under water deficit, there was 

something similar indicating a strong relationship between the C use efficiency and 

the dry mass production in leaves and stems in the three tropical soils studied 

associated with fertigation with Si. It revealed that Si increases C use efficiency to 

increase dry mass biosynthesis in plants. This effect is probably due to the plant’s 

metabolic economy strategy since C needs 10 to 20 times more energy than Si to be 

incorporated into the organic skeleton. A 1% increase in Si in the biomass 

composition promotes a C decrease from 1.3 to 5.9% (Xia et al., 2020). 

It should be noted that, for the first time, using soluble sources via fertigation 

with Si is also proven efficient in mitigating the damage caused by the water deficit 

regime in different soils (Figure 5), which is similar to studies using high Si doses 

incorporated into the soil (Camargo et al., 2017, 2021b; Clemente et al., 2019). 

However, most studies with this element do not compare the differences in plant 

response between soils since they study only one soil. 
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Our studies indicated a difference in the response of plants to the Si supply in 

different soils. Such effects reinforce that using the fertigation strategy with Si in a 

water deficit regime is more beneficial in tropical soils with low Si availability in the 

soil solution, such as Quartzarenic Neosol. The cluster analysis also confirmed the 

soil type effect on sugarcane cultivation, indicating that in Quartzarenic Neosol and 

Eutrophic Red Latosol, there were similar responses for Si fertigation for the 

variables evaluated in the stem, as it reduced the biomass losses with water deficit. 

Meanwhile, plants cultivated in Dystrophic Red Latosol were different. Our results 

show that dry mass production in the stem under water deficit conditions was 

associated with an increase in the Si concentration and content and a decrease in 

the C:Si and C:P stoichiometric ratios, especially in sugarcane plants grown in 

Quartzarenic Neosol and Eutrophic Red Latosol (Figure 6). It indicates that the lower 

Si absorption, compared to plants grown in another soil (Table 3), was not enough to 

change these stoichiometric ratios and express the high level of benefits. This 

differential Si response in sugarcane in different soils indicates the importance of 

edaphic characteristics in Si management in agricultural systems, such as 

mineralogical composition, texture, Fe and Al oxide contents, and organic matter, 

which are factors that can alter the success of Si fertigation and the highest stem 

yield (Camargo and Keeping, 2021).  

Considering the results, it was clear that the first hypothesis can be accepted 

since Si, after fertigation application and uptake, is sufficient to modify C, N, and P 

stoichiometric homeostasis in leaves and stems. However, the second hypothesis 

tested can be partially accepted. Although Si induced stoichiometric modification, it 

was sufficient to increase nutritional efficiency and alleviate the losses in dry mass 

production of leaves and stems of sugarcane cultivated under water deficit. It also 

increases dry mass production of leaves and stems in the irrigated crop without water 

deficit, but it did not occur in all soils. In Dystrophic Red Latosol, Si benefits were 

limited to increasing stem production, especially in crops without water deficit. 

Therefore, Si use is not indicated in this soil type in properly irrigated sugarcane 

areas.  

Our discovery enables adequate Si use, via fertigation, to increase the 

productivity of the sugarcane crop under water stress and without stress, depending 
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on the cultivated soil, allowing a better understanding of the underlying Si 

mechanisms involved. 

 

5 Conclusion  

 

The biological losses caused by water deficit in sugarcane plants are related 

to the homeostatic imbalance of C:N:P, causing reductions in nutrient use efficiencies 

and directly impacting dry mass biosynthesis. Silicon becomes a viable agronomic 

alternative in sugarcane crops with water restrictions, reducing the biological losses 

of water deficit, modifying the homeostatic balance of C:N:P, improving the use 

efficiency of these nutrients, and improving plant performance. Using Si in sugarcane 

cultivation without water stress also proved to be efficient in improving plant 

performance, alternating homeostatic nutritional balance, increasing the C, N, and P 

use efficiencies, and increasing the dry mass production of leaves and stems. 

The responses of sugarcane plants to Si application are limited depending on 

the type of cultivation soil, altering the intensity of responses to the benefits of the 

beneficial element. The strategic use of Si fertigation in a water deficit regime 

becomes more advantageous in tropical soils with low availability of Si in the soil 

solution, such as Quartzarenic Neosol. The research perspective is that Si can 

contribute to the sustainable cultivation of sugarcane in tropical soils in irrigated 

regions or under a water deficit regime. 
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CHAPTER 3 - New approaches to the effects of silicon on sugarcane ratoon 

under irrigation in Quartzipsamments, Eutrophic Red Oxisol, and 

Dystrophic Red Oxisol3 
 

 

ABSTRACT 
Background: C:N:P homeostasis in plants guarantees optimal concentrations of 
these nutrients in plant metabolism, however, one of the causes to the effects of 
deficit irrigation is the loss of C:N:P homeostasis in leaves and stems, causing a 
reduction in the growth of sugarcane. Being able to measure the impact of water 
deficit on C:N:P homeostasis in plants from the stoichiometric ratios of the 
concentrations of these nutrients in leaves and stems. This loss causes a decrease 
in nutritional efficiency, but can be mitigated with the use of silicon. Silicon favors the 
homeostasis of these nutrients and crop productivity. The magnitude of this benefit 
depends on the absorption of Si by the plant and Si availability in the soil, which 
varies with the type of soil used. Thus, this study aims to evaluate whether the 
application of Si via fertigation is efficient in increasing the absorption of Si and 
whether it is capable of modifying the homeostatic balance of C:N:P of the plant, 
causing an increase in nutritional efficiency and consequently in the production of 
biomass in leaves and stems of sugarcane ratoon cultivated with deficient and 
adequate irrigations in different tropical soils.  
Results: Water deficit caused biological losses in the concentrations and 
accumulations of C, N, and P, and reduced the nutrients use efficiency and biomass 
production of sugarcane plants cultivated in three tropical soils because of 
disturbances in the stoichiometric homeostasis of C:N:P. The application of Si 
increased the concentration and accumulation of Si, C, N, and P and their use 
efficiency and reduced the biological damage caused by water deficit due to the 
modification of homeostatic balance of C:N:P, thus ensuring sustainability of the 
production of sugarcane biomass in tropical soils. However, the intensity of 
attenuation of such deleterious effects stood out in plants cultivated in Eutrophic Red 
Oxisols. Si contributed biologically by improving the performance of sugarcane 
ratoon with an adequate irrigation due to the optimization of stoichiometric ratios of 
C:N:P; increased the accumulation and the use efficiency of C, N, and P, and 
promoted production gains in biomass of sugarcane in three tropical soils. 
Conclusion: Our study shows that fertigation with Si can mitigate the deleterious 
effects of deficient irrigation or potentiate the beneficial effects using an adequate 
irrigation system due to the induction of a new stoichiometric homeostasis of C:N:P, 
which in turn improves the nutritional efficiency and production biomass of sugarcane 
cultivated in tropical soils. 
 
Keywords: beneficial element, Saccharum officinarum L., homeostatic balance of 
C:N:P, tropical soils, fertigation with Si. 

 
3 This chapter corresponds to the scientific article published in the journal BMC Plant Biology 23: 949909, 2022. 
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Novas abordagens para os efeitos do silicon na soqueira de cana-de-açúcar 

sob irrigação em Neossolo Quartzarênico, Latossolo Vermelho Eutrófico e 

Latossolo Vermelho Distrófico 

 

 

RESUMO  
Antecedentes: A homeostase C:N:P nas plantas garante concentrações ótimos 
desses nutrientes no metabolismo vegetal, porém, uma das causas para os efeitos 
da irrigação deficitária é a perda da homeostase C:N:P nas folhas e caules, 
causando uma redução no crescimento da cana-de-açúcar. Sendo capaz de medir o 
impacto do déficit hídrico na homeostase C:N:P em plantas a partir das razões 
estequiométricas das concentrações desses nutrientes nas folhas e caules. Essa 
perda causa diminuição da eficiência nutricional, mas pode ser amenizada com o 
uso do silício. O silício favorece a homeostase desses nutrientes e a produtividade 
das culturas. A magnitude desse benefício depende da absorção de Si pela planta e 
da disponibilidade de Si no solo, que varia com o tipo de solo utilizado. Assim, este 
estudo tem como objetivo avaliar se a aplicação de Si via fertirrigação é eficiente em 
aumentar a absorção de Si e se é capaz de modificar o balanço homeostático de 
C:N:P da planta, ocasionando um aumento na eficiência nutricional e 
consequentemente na produção de biomassa em folhas e caules de soca de cana-
de-açúcar cultivada com irrigações deficientes e adequadas em diferentes solos 
tropicais. 
Resultados: A deficiência hídrica causou perdas biológicas nas concentrações e 
acúmulos de C, N e P e reduziu a eficiência de uso de nutrientes e a produção de 
biomassa de plantas de cana-de-açúcar cultivadas em três solos tropicais devido a 
distúrbios na homeostase estequiométrica de C:N:P . A aplicação de Si aumentou a 
concentração e acúmulo de Si, C, N e P e sua eficiência de uso e reduziu os danos 
biológicos causados pelo déficit hídrico devido à modificação do equilíbrio 
homeostático de C:N:P, garantindo assim a sustentabilidade do produção de 
biomassa de cana-de-açúcar em solos tropicais. No entanto, a intensidade de 
atenuação desses efeitos deletérios se destacou em plantas cultivadas em 
Latossolos Vermelhos Eutróficos. O Si contribuiu biologicamente melhorando o 
desempenho da soqueira de cana-de-açúcar com irrigação adequada devido à 
otimização das relações estequiométricas de C:N:P; aumentou o acúmulo e a 
eficiência de uso de C, N e P e promoveu ganhos de produção em biomassa de 
cana-de-açúcar em três solos tropicais. 
Conclusão: Nosso estudo mostra que a fertirrigação com Si pode atenuar os efeitos 
deletérios da irrigação deficiente ou potencializar os efeitos benéficos com um 
sistema de irrigação adequado devido à indução de uma nova homeostase 
estequiométrica de C:N:P, que por sua vez melhora a eficiência nutricional da cana-
de-açúcar cultivada em solos tropicais. 
 
 
Palavras-chave: elemento benéfico, Saccharum officinarum L., equilíbrio 
homeostático de C:N:P, solos tropicais, fertirrigação com Si. 
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1 Introduction  

 

The use of irrigation systems has expanded in recent years aiming the 

cultivation of sugarcane. The main objective is to increase sugarcane productive 

potential, as irrigation systems increase the nutritional efficiency of fertilization, 

favoring physiological and biochemical processes and consequently the growth and 

development of the crop (Verma et al. 2021). Thus, the scientific area of irrigated 

agriculture has gained significant momentum since the beginning of the 21st century 

(Wrachien et al. 2021). This includes studies on sugarcane (Duden et al. 2021) 

because of the lengthening of water deficit periods during the crop growth cycle 

resulting from the after effects of climate change (Gunarathna et al. 2018).  

In parallel, the availability of “fresh” water suitable for irrigated systems has 

suffered a considerable decrease in recent years. However, the water demand for 

irrigation is expected to increase by 11% by 2050, which results in a greater 

challenge for many regions that live under water restrictions (Wrachien et al. 2021). 

In addition, the fact that many irrigated systems depend on electricity and their high 

costs in energy have led to increases in expenditure in recent years (Raza et al. 

2022b).  

This scenario indicates an urgent need for new approaches that can enhance 

the viability of irrigated sugarcane systems by increasing the production of stalks in 

crop areas with adequate irrigation or areas with deficient irrigation due to water 

scarcity. In the countryside, marginal regions with water deficit problems may reach 

35% of the soil's water retention capacity (Wrachien et al. 2021) and cause a 

significant decrease in crop productivity. And these effects can be aggravated in soils 

with low water retention capacity, such as Quartzipsamments. For this reason, 

understanding the water deficit in different soils becomes important, especially to 

understand tropical soils, such as latosol and Quartzipsamments. 

Thus, water deficit is the main abiotic stress factor limiting sugarcane 

production worldwide, as it forms a strong relationship between growth rate and 

optimal soil moisture regimes (Carneiro et al. 2020; Surendran et al. 2016). This 

indicates that sugarcane crops are responsive to irrigation and at the same time 

tolerant to lack of water (Dias and Sentelhas 2019). The biological damages of water 
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deficit to sugarcane are known, especially in the physiological processes of plants 

(Bezerra et al. 2019; Camargo et al. 2017; Teixeira et al. 2021b, a). However, other 

biological damages have recently been reported due to changes in the homeostatic 

balance of C:N:P (Oliveira Filho et al. 2021b; Teixeira et al. 2020). 

A known and sustainable alternative to attenuate stress in crops is the 

beneficial element Si. It may also affect plants without stress (Carvalho et al. 2022; 

Cooke and Leishman 2016b; Souza Júnior et al. 2022). An advantage of this element 

is its relatively low cost compared to nutrients present in conventional fertilizers (Feng 

2000). It also poses no risk to the environment (Bokor et al. 2021). Studies carried 

out on Si in sugarcane crops attest to its benefits to plants grown under water deficit; 

these studies reported mainly the effect of Si on the water losses reduction, that is, 

transpiration (Bezerra et al. 2019; Camargo et al. 2019). However, there is recent 

evidence that Si may affect nutritional components that are vital to the growth and 

development of sugarcane crops (Prado 2021).  

The first studies evaluating the relationships of Si in plant nutrition specifically 

considering the stoichiometry of C:N:P in sugarcane were carried out by our research 

group (Genplant) at Universidade Estadual Paulista (São Paulo, Brazil). The starting 

point was studies evaluating the beneficial effects of Si on elemental stoichiometry at 

the initial growth phase of pre-sprouted seedlings in sugarcane cultivated up to 30 

days (Teixeira et al. 2020) and up to 80 days (Oliveira Filho et al. 2021b) in water 

deficit and in plants grown without stress for 90 days (Frazão et al. 2020) and 125 

days (Souza Júnior et al. 2022). However, these studies were carried out using 

soilless cultivation in sand and nutrient solution, or in only one type of soil 

(Quartzipsamments). Thus, it is clear that this line of investigation is just beginning, 

and that there is a need for further works that aim to consolidate yet another benefit 

of Si which is still little explored. Therefore, considering that the Si absorption 

process is governed by several factors, such as genetics (cultivars) and availability of 

Si in the soil (Prado 2021), it is possible that the effects of this beneficial element on 

plant elemental stoichiometry may be affected by soil types. 

Tropical soils, despite having a high total Si content due to desilication 

process, have a relatively low available Si content in them (0.5 mol L-1 acetic acid 

extractor), reaching 5.4 mg dm-3 in Red Yellow Oxisol, 6.7 mg dm-3 in Dark Red 
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Oxisol, and 2.7 mg dm-3 in Quartzipsamments (Korndörfer et al. 1999). Thus, strong 

crop responses to Si application are expected, especially in soils with a Si content 

below the critical level, that is, 15 mg dm-3 of Si (0.5 mol L-1 acetic acid extractor) 

(Haynes 2014) or 6-8 mg kg-1 (extractor in CaCl2 0.01 mol L-1) (Korndörfer et al. 

1999). However, soil types differ in mineralogical composition, texture, Fe and Al 

oxide contents, and organic matter (Camargo and Keeping 2021). These elements 

govern the availability of Si in the soil, which justifies the importance of studies 

considering different soils. These studies could be carried out with sugarcane ratoon, 

that is, the sprouting of the plant after the first cut or growth cycle. Information about 

Si at this crop stage is even scarcer. 

Considering the above and given the need for a better understanding of the 

harmful underlying effects of water deficit especially in sugarcane ratoon, the ability 

of Si to reverse this stress and even improve the plant's stress-free response may be 

a new approach to study the benefits of Si in this species at the ratoon stage. For 

this, it is pertinent to test the following hypotheses: (i) initially verify whether 

sugarcane ratoon, without Si application, is sensitive to irrigation deficit due to 

disturbances in the stoichiometric homeostasis of C:N:P, leading to losses in the use 

efficiency of these nutrients and consequently contributing to the productivity of 

ratoon cultivated in three tropical soils; if this is confirmed, (ii) whether the use of Si 

can modify this element’s stoichiometry and mitigate the damage caused by water 

deficit by improving the nutritional efficiency of these nutrients, affecting the 

productivity of ratoon cultivated under deficient irrigation, and also (iii) consider 

adequate irrigation in three tropical soils. 

This research evaluates these hypotheses with the objective of assessing 

whether the application of Si via fertigation is efficient in increasing the absorption of 

Si and whether it is capable of modifying the homeostatic balance of C:N:P of the 

plant, causing an increase in nutritional efficiency and consequently in the production 

of biomass in leaves and stalks of sugarcane ratoon cultivated with inadequate and 

adequate irrigation in different tropical soils. 
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2 Results 

2.1  C, N, P and Si concentrations 

 

Fertigation with Si increased the concentration of Si in sugarcane leaves and 

stems in the absence (AWD) and in the presence of water deficit (PWD) in 

Quartzipsamments, Eutrophic Red Oxisols, and Dystrophic Red Oxisols (Table 1). 

Water deficit, in turn, reduced the efficiency of Si fertigation compared to the 

condition of absence of water deficit, however, the absorbed Si was sufficient to 

increase the beneficial element concentration in leaves and stems of sugarcane 

plants cultivated in three tropical soils. In addition, plants that did not receive Si via 

fertigation, water deficit decreased the ability of plants to absorb Si from the soil, 

leading to a decrease in the concentration of Si in leaves of sugarcane plants 

cultivated in Eutrophic Red Oxisols and Dystrophic Red Oxisols, while stems where 

only affected in plants grown in Eutrophic Red Oxisols (Table 1). 

Carbon concentration in leaves and stems decreased in plants grown in 

Eutrophic Red Oxisols and in stems of plants grown in Dystrophic Red Oxisols in 

PWD and in the absence of Si fertigation (Table 1). Also, there was a decrease in C 

concentrations in leaves under the two water conditions studied in 

Quartzipsamments fertigated with Si; in Dystrophic Red Oxisols, there was a 

decrease only in the absence of water deficit (AWD); and in Eutrophic Red Oxisols, 

the treatments did not affect C concentration in leaves (Table 1). In stems, fertigation 

with Si decreased the concentration of C under both water conditions studied here in 

sugarcane cultivated in Dystrophic Red Oxisols; in Quartzipsamments, there was a 

decrease in C concentration only in AWD; and in Eutrophic Red Oxisols, the C 

concentration in stems decreased in the presence of water deficit (PWD) (Table 1). 

Water deficit increased the N concentration in stems of sugarcane plants 

cultivated in the three tropical soils studied here in the absence of Si application. 

There was a similar response in leaves of plants cultivated in Eutrophic Red Oxisols. 

However, there was also a decrease in N concentration in leaves of plants grown in 

Dystrophic Red Oxisols in the absence of Si application (Table 1). Fertigation with Si 

also decreased the concentration of N in leaves and stems of plants under AWD and 
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PWD in sugarcane cultivated in the three tropical soils. However, there was a 

decrease only in AWD in Dystrophic Red Oxisols (Table 1). 

Water deficit decreased P concentration in leaves and stems of plants without 

Si fertigation in all three tropical soils (Table 1). On the other hand, P concentration in 

leaves and stems increased in the two water conditions (AWD and PWD) in plants 

with Si fertigation in crops in the three tropical soils (Table 1). 

Table 01. C, N, P, and Si concentrations in leaves and stems of sugarcane plants in 
two water deficit conditions (presence: 35%, and absence: 70% of water retention) 
combined with absence (0.0 mmol L-1) and presence of fertigated Si (1.8 mmol L-1) in 
three tropical soils (Quartzarenic Neosol; Eutroferric Red Latosol; and Dystrophic 
Red Latosol) 

Water deficit Si 
Quartzipsamments 

Eutrophic Red 
Oxisols 

Dystrophic Red 
Oxisols 

leaf Stem leaf stem leaf stem 

C (g kg-1) 

Presence 
without 437.27 Aa 413.52 Aa 437.35 Aa 425.81 Aa 428.55 Aa 422.71 Aa 

with 422.63 Ab 408.22 Aa 433.72 Aa 413.88 Ab 426.70 Aa 416.62 Ab 

Absence 
without 430.78 Aa 416.71 Aa 417.14 Ba 413.31 Ba 432.04 Aa 416.20 Ba 

with 417.98 Ab 406.6 Ab 416.77 Ba 414.39 Aa 419.92 Bb 411.59 Bb 

N (g kg-1) 

Presence 
without 4.37 Aa 3.67 Aa 8.89 Aa 5.17 Aa 6.25 Ba 4.22 Aa 

with 3.53 Bb 3.15 Ab 7.76 Ab 4.47 Ab 6.01 Aa 3.84 Aa 

Absence 
without 4.50 Aa 2.87 Ba 4.80 Ba 3.06 Ba 6.93 Aa 3.10 Ba 

with 4.05 Ab 2.48 Bb 4.26 Bb 2.53 Bb 5.33 Bb 2.52 Bb 

P (g kg-1) 

Presence 
Without 0.55 Bb 0.58 Bb 0.23 Bb 0.41 Bb 0.68 Bb 0.99 Bb 

With 0.63 Aa 0.62 Ba 0.27 Ba 0.48 Ba 0.71 Ba 1.12 Ba 

Absence 
Without 0.61 Aa 0.68 Ab 0.33 Ab 0.48 Ab 0.75 Ab 1.15 Ab 

with 0.64 Aa 0.71 Aa 0.38 Aa 0.54 Aa 0.85 Aa 1.42 Aa 

Si (g kg-1) 

Presence 
Without 2.81 Ab 1.97 Ab 3.64 Bb 3.13 Bb 3.44 Bb 2.36 Ab 

With 10.00 Ba 4.19 Ba 9.18 Ba 4.77 Ba 8.06 Ba 5.64 Ba 

Absence 
Without 3.41 Ab 2.41 Ab 5.55 Ab 5.66 Ab 4.85 Ab 3.41 Ab 

With 17.91 Aa 7.53 Aa 19.42 Aa 13.63 Aa 12.67 Aa 8.39 Aa 
Different uppercase letters indicate differences in water deficit and different lowercase letters indicate 
differences in Si fertigation by Tukey test (p < 0.05). 

 

2.2 Stoichiometric ratios of C:N, C:P, C:Si, and N:P 

Water deficit reduced the stoichiometric C:N ratio in leaves of sugarcane 

plants cultivated in Eutrophic Red Oxisols in the absence of Si application, and there 

was a similar decrease response in the C:N ratio in stems in all three soils of tropical 
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regions (Fig. 1a and 1b). On the other hand, the application of Si via fertigation 

promoted an increase in the stoichiometric ratio C:N of leaves in PWD in 

Quartzipsamments and Eutrophic Red Oxisols, while it did not differ in Dystrophic 

Red Oxisols (Fig. 1a). For the stoichiometric ratio C:N in stems, there was also an 

increase promoted by Si fertigation in AWD (Fig. 1b). 

The C:P ratio in leaves and stems increased in the presence of water deficit in 

sugarcane plants grown in the absence of Si fertigation in all three tropical soils (Fig. 

1c and 1d). Furthermore, there was a decrease in the C:P ratio of leaves and stems 

of plants with Si fertigation in the two water conditions studied in all three tropical 

soils (Fig. 1c and 1d). 

Water deficit also caused an increase in the C:Si ratio in leaves and stems in 

plants in the absence of fertigation with Si in Eutrophic Red Oxisols and Dystrophic 

Red Oxisols (Fig. 2a and 2b). On the other hand, there was a decrease in the C:Si 

stoichiometric ratio in leaves and stems of sugarcane fertigated with Si in the two 

water conditions studied here in the three tropical soils (Fig. 2a and 2b). 

 The stoichiometric ratio of N:P in leaves and stems also increased in the 

presence of water deficit in the absence of Si application in all three tropical soils 

(Fig. 2c and 2d). Meanwhile, there was a decrease in the stoichiometric ratio of N:P 

in leaves and stems in the presence of fertigation with Si in sugarcane plants in the 

two water conditions studied here in all three tropical soils (Fig. 2c and 2d). 
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Figure 1. Stoichiometric ratios of C:N (a, b) and C:P (c, d) in leaves and stems of 
sugarcane plants in two water deficit conditions (presence: 35%, and absence: 70% 
of water retention) combined with absence (0.0 mmol L-1) and presence of fertigated 
Si (1.8 mmol L-1) in three tropical soils (Quartzarenic Neosol; Eutroferric Red Latosol; 
and Dystrophic Red Latosol). WR: water retention capacity; ** and *: significant at 1% 
and 5% probability, respectively; NS = not significant at 5% probability. Different 
uppercase letters indicate differences in water deficit and different lowercase letters 
indicate differences in Si fertigation by Tukey test (p < 0.05). 
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Figure 2. Stoichiometric ratios of C:Si (a, b) and N:P (c, d) in leaves and stems of 
sugarcane plants under two water deficit conditions (presence: 35%, and absence: 
70% of water retention) combined with absence (0.0 mmol L-1) and presence of 
fertigated Si (1.8 mmol L-1) in three tropical soils (Quartzarenic Neosol; Eutroferric 
Red Latosol; and Dystrophic Red Latosol). ** and *: significant at 1% and 5% 
probability, respectively; NS = not significant at 5% probability. Different uppercase 
letters indicate differences in water deficit and different lowercase letters indicate 
differences in Si fertigation by Tukey test (p < 0.05). 
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2.3 Si, C, N, and P contents 

  

Water deficit reduced the Si content in leaves and stems in plants without Si 

application in the three tropical soils (Table 2). Meanwhile, fertigation with Si 

increased the Si content in leaves and stems of sugarcane in the two water 

conditions studied here in the three tropical soils (Table 2). 

C content decreased in leaves and stems in plants under PWD, irrespective of 

Si supply. in different tropical soils (Table 2). On the other hand, fertigation with Si 

increased the C content in leaves and stems of plants in the two water conditions in 

all three tropical soils. However, plants grown in Quartzipsamments and Dystrophic 

Red Oxisols showed an increase in C content in leaves only under PWD and in 

stems only under PWD in Quartzipsamments and Eutrophic Red Oxisols (Table 2). 

The water deficit caused a reduction in N contents in leaves and stems, in the 

absence of Si supply, in sugarcane cultivated in Quartzipsamments and in Dystrophic 

Red Oxisols, while in Eutrophic Red Oxisols a reduction in N content was observed 

only in the stem (Table 2). On the other hand, the N content in leaves of sugarcane 

fertigated with Si increased in PWD in Quartzipsamments and in AWD in Dystrophic 

Red Oxisols, but, it did not differ in Eutrophic Red Oxisols (Table 2). For stems, there 

was an increase in N content in sugarcane fertigated with Si under PWD in 

Quartzipsamments and Eutrophic Red Oxisols, however, there was no response in 

Dystrophic Red Oxisols (Table 2). 

Water deficit caused a reduction of P content in leaves and stems in 

sugarcane plants with and without Si application in all three tropical soils (Table 2). 

The supply of Si increased P content in sugarcane leaves in the two water conditions 

(AWD and PWD) in the three tropical soils (Table 2). On the other hand, the P 

content in stems increased with Si fertigation in both water conditions (AWD and 

PWD); however, in Quartzipsamments there was an increase only in PWD (Table 2). 
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Table 02. C, N, P, and Si content in leaves and stem of sugarcane plants in two 
water deficit conditions (presence: 35%, and absence: 70% of water retention) 
combined with absence (0.0 mmol L-1) and presence of fertigated Si (1.8 mmol L-1) in 
three tropical soils (Quartzarenic Neosol; Eutroferric Red Latosol; and Dystrophic 
Red Latosol) 

Water deficit Si 
Quartzipsamments Eutrophic Red Oxisols Dystrophic Red Oxisols 

Leaf Stem leaf Stem leaf stem 

C (mg per plant) 

Presence 
without 7013.7 Bb 1772.8 Bb 3783.3 Bb 514.4 Bb 8339.7 Bb 1850.2 Bb 

with 9722.6 Ba 2669.5 Ba 4431.1 Ba 1129.2 Ba 8909.7 Ba 2125.1 Ba 

Absence 
without 12234.0 Aa 4577.5 Aa 5522.8 Ab 1571.7 Aa 11377.0 Aa 3520.7 Ab 

with 12443.0 Aa 5099.8 Aa 6644.0 Aa 1906.2 Aa 11642.0 Aa 3865.6 Aa 

N (mg per plant) 

Presence 
without 69.87 Bb 15.72 Bb 77.14 Aa 6.24 Bb 122.66 Ba 17.72 Ba 

with 87.96 Ba 20.56 Ba 77.25 Aa 12.19 Aa 126.36 Ba 19.61 Ba 

Absence 
without 122.52 Aa 31.56 Aa 55.44 Ba 11.29 Aa 171.65 Aa 29.05 Aa 

with 119.00 Aa 30.31 Aa 63.82 Ba 11.70 Aa 161.20 Ab 23.89 Aa 

P (mg per plant) 

Presence 
without 8.78 Bb 2.59 Bb 2.00 Bb 0.49 Bb 13.17 Bb 4.33 Bb 

with 15.05 Ba 4.07 Ba 2.59 Ba 1.31 Ba 14.79 Ba 6.27 Ba 

Absence 
without 17.44 Ab 7.49 Aa 4.19 Ab 1.68 Ab 19.37 Ab 10.01 Ab 

with 19.28 Aa 8.91 Aa 6.07 Aa 2.51 Aa 23.34 Aa 13.26 Aa 

Si (mg per plant) 

Presence 
without 50.81 Bb 8.76 Bb 31.44 Bb 4.67 Bb 67.20 Bb 10.37 Bb 

with 242.51 Ba 24.87 Ba 95.53 Ba 12.43 Ba 168.06 Ba 28.58 Ba 

Absence 
without 96.79 Ab 28.60 Ab 66.94 Ab 21.55 Ab 144.02 Ab 26.93 Ab 

with 534.00 Aa 94.40 Aa 299.06 Aa 63.01 Aa 346.45 Aa 79.48 Aa 
Different uppercase letters indicate differences in water deficit and different lowercase letters indicate 
differences in Si fertigation by Tukey test (p < 0.05). 
 

2.4  C, N, and P use efficiency and biomass partition  

  

The reduction in C use efficiency in leaves and stems of plants occurred in the 

absence of Si fertigation in all three tropical soils (Fig. 3a and 3b). The application of 

Si via fertigation increased the efficiency of C use in leaves and stems of plants in the 

two water conditions studied here in the three soils (Fig. 3a and 3b). 



100 
 

 

C
U

E
 le

af
 (

g 
g-1

)

0.00

0.02

0.04

0.06

0.08

C
U

E
 s

te
m

 (
g 

g-1
)

0.00

0.01

0.02

0.03

0.04

- Si + Si

N
U

E
 le

af
 (

g 
g-1

)

0

2

4

6

8

10

Water deficit
A B

N
U

E
 s

te
m

 (
g 

g-1
)

0

3

6

Water deficit
A B

Water deficit
A B

a)

b)

c)

d)

Presence Absence Presence Absence Presence Absence

Quartzipsamments Eutrophic red oxisols Dystrophic red oxisols

Bb

Ba

Aa
Ab

Bb
Ba

Ab
Aa

Bb
Ba

Ab Aa

Bb

Ba

Ab

Aa

Bb
Ba

Ab
Aa Bb

Ba

Ab
Aa

Bb

Aa Ab

Aa

Bb Ba

Ab

Aa

Bb
Ba

Ab

Aa

Bb

Ba

Ab

Aa

Bb
Ba

Ab

Aa
Bb

Ba

Ab

Aa

WR** |  Si** | WR x Si** WR** |  Si** | WR x Sins

WR** |  Si** | WR x Sins

WR** |  Si** | WR x Sins

WR** |  Si** | WR x Si* WR** |  Si** | WR x Sins WR** |  Si** | WR x Sins

WR** |  Si** | WR x Sins

WR** |  Si** | WR x Sins

WR** |  Si** | WR x Si**

WR** |  Si** | WR x Si** WR** |  Si** | WR x Sins

 

Figure 3. Efficiency use of carbon (a, b) and nitrogen (c, d) in leaves and stems of 
sugarcane plants in two water deficit conditions (presence: 35%, and absence: 70% 
of water retention) combined with absence (0.0 mmol L-1) and presence of fertigated 
Si (1.8 mmol L-1) in three tropical soils (Quartzarenic Neosol; Eutroferric Red Latosol; 
and Dystrophic Red Latosol). ** and *: significant at 1% and 5% probability, 
respectively; NS = not significant at 5% probability. Different uppercase letters 
indicate differences in water deficit and different lowercase letters indicate 
differences in Si fertigation by Tukey test (p < 0.05). 
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Figure 4. Phosphorus use efficiencies (a, b) and dry mass partition (c, d) in leaves 
and stems of sugarcane plants in two water deficit conditions (presence: 35%, and 
absence: 70% of water retention) combined with absence (0.0 mmol L-1) and 
presence of fertigated Si (1.8 mmol L-1) in three tropical soils (Quartzarenic Neosol; 
Eutroferric Red Latosol; and Dystrophic Red Latosol). ** and *: significant at 1% and 
5% probability, respectively; NS = not significant at 5% probability. Different 
uppercase letters indicate differences in water deficit and different lowercase letters 
indicate differences in Si fertigation by Tukey test (p < 0.05). 
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Water deficit also induced a reduction in N use efficiency in leaves and stems 

in plants without Si fertigation in the three tropical soils (Fig. 3c and 3d). This 

increase in efficiency also occurred for N use efficiency in leaves and stems in 

sugarcane fertigated with Si in the two water conditions studied in the three tropical 

soils (Fig. 3c and 3d). 

 The efficiency of P use in leaves and stems also decreased in the PWD in 

sugarcane without Si fertigation in different tropical soils (Fig. 4a and 4b). In PWD, 

there was an increase in the efficiency of P use in leaves in sugarcane fertigated with 

Si in Quartzipsamments. However, there was no difference in Eutrophic Red Oxisols 

and Dystrophic Red Oxisols (Fig. 4a). For stems, there was also an increase in the 

efficiency of P use in sugarcane fertigated with Si in PWD in Quartzipsamments and 

Eutrophic Red Oxisols; however, there were no responses in plants grown in 

Dystrophic Red Oxisols (Fig. 4b). 

Water deficit caused a reduction in the production of dry mass in leaves and 

stems in plants without Si application in all three tropical soils. On the other hand, the 

production of dry mass by leaves and stems increased with Si fertigation in the two 

water conditions studied here in the three tropical soils (Fig. 4c and 4d).  

 

2.5  Multivariate analyses 

2.5.1 Hierarchical cluster analysis 

The hierarchical cluster analysis of leaves indicated that under PWD 

conditions without Si fertigation there was a greater dissimilarity from the other 

conditions evaluated in Quartzipsamments, while in Dystrophic Red Oxisols there 

was a greater dissimilarity in AWD with Si fertigation and in Eutrophic Red Oxisols. 

Two groups were formed related to the two water conditions (Fig. 5). For response 

variables, there were similar responses for the three soils as for leaves and stems, 

indicating the formation of two groups, the first group formed by concentrations of C 

and N and the stoichiometric ratios C:P, C:Si, and N:P, and the second group formed 

by the concentrations of P and Si, stoichiometric ratio C:N, contents of C, N, P, and 

Si, efficiency of use of C, N, and P and dry mass. However, the efficiency of P use in 

leaves was found for the first group rather than for the second group in Eutrophic 

Red Oxisols (Fig. 5). 
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Figure 5. Heat map of hierarchical clustering of variables of concentrations and 
accumulations of C, N, P, and Si, stoichiometric ratios of C:N:P:Si, use efficiency of 
C, N, and P and dry mass partition in leaves (a, c, e) and stems (b, d, f) of sugarcane 
plants in two water deficit conditions (presence: 35%, and absence: 70% of water 
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retention) combined with absence (0.0 mmol L-1) and presence of fertigated Si (1.8 
mmol L-1) in three tropical soils (Quartzarenic Neosol; Eutroferric Red Latosol; and 
Dystrophic Red Latosol). CUE: C use efficiency; NUE: N use efficiency; PUE: P use 
efficiency. 
 
 In Quartzipsamments, cluster analysis indicated an association of similarity of 

Si and P concentrations, C, P, and Si contents, C, N, and P use efficiencies, and dry 

mass in AWD fertigated with Si in leaves and stems, while the stoichiometric ratios of 

N:P, C:P, and C:Si and the concentration of C were associated with PWD without Si 

fertigation in leaves and stems (Fig. 5a and 5b). Furthermore, N concentration and 

content were associated with AWD without Si fertigation in leaves and stems (Fig. 5a 

and 5b). 

For Eutrophic Red Oxisols, the cluster analysis indicated a greater similarity of 

P and Si concentrations, C, P, and Si contents, C and N efficiencies, and dry mass to 

AWD fertigated with Si in leaves (Fig. 5c), while in stems there was a greater 

association of P and Si concentrations, C, P, and Si contents, C, N, and P use 

efficiencies, C:N stoichiometric ratio, and dry mass to AWD fertigated with Si (Fig. 

5d). For PWD without Si fertigation, there was a greater association of C 

concentration and C:P and N:P stoichiometric ratios in leaves and C and N 

concentrations, C:P stoichiometric ratios, and C:Si and N:P in stems (Fig. 5c and 5d). 

Furthermore, the P use efficiency and the C:N ratio were associated with PWD 

fertigated with Si and the concentration, and the content of N and C:Si ratio were 

associated with AWD without Si fertigation in leaves (Fig. 5c). 

In AWD fertigated with Si in Dystrophic Red Oxisols, there was an association 

with P and Si concentrations, C, P, and Si contents, C and N use efficiencies, C:N 

stoichiometric ratio, and dry mass in leaves and stems (Fig. 5e and 5f). For AWD 

without Si fertigation, there was an association between N and C concentrations, N 

content, and P use efficiency in leaves, while in stems there was an association 

between P use efficiency and N content (Fig. 5e and 5f). Finally, for PWD without Si 

fertigation, the stoichiometric ratios C:P, C:Si, and C:Si in leaves and the 

concentrations of C and N and the stoichiometric ratios C:P, C:Si, and C were 

associated with Si in stems (Fig. 5e and 5f). 
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2.5.2 Principal component analysis 

 

 Principal component analyses (PCA) of leaves explained 95.4, 97.0, and 

99.3% of the variable responses of sugarcane cultivated in Quartzipsamments, 

Eutrophic Red Oxisols, and Dystrophic Red Oxisols, respectively (Fig. 6). For stems, 

the PCA explained 98.6, 98.0, and 97.6% in cultivation on Quartzipsamments, 

Eutrophic Red Oxisols, and Dystrophic Red Oxisols (Fig. 6). 

In Quartzipsamments, the PCA of leaves indicated an association of C and N 

concentrations and stoichiometric ratios C:P, C:Si, and N:P to AWD and PWD 

without Si fertigation and C and N contents to AWD with absence and presence of Si 

fertigation, while P content, C and N use efficiency, and dry mass production 

associated with Si fertigation in AWD (Fig. 6a). Also, P and Si concentrations, Si 

content, and dry C:N ratio associated with Si fertigation in both water conditions (Fig. 

6a). For stem, the PCA indicated an association of C and N concentrations to AWD 

and PWD without Si fertigation and the stoichiometric ratios C:P, C:Si, and N:P to 

PWD without Si fertigation. The stoichiometric ratios C:P, C:Si, and N:P, Si 

concentration and content, and C:N ratio associated with AWD and PWD with Si 

fertigation (Fig. 6b). Furthermore, C, N, and P contents, C, N and P use efficiencies, 

P concentration, C:N ratio, and dry mass associated with AWD with the absence and 

presence of fertigation with Si (Fig. 6b). 

For Eutrophic Red Oxisols, regarding the response variables in leaves, C and 

N concentrations and the N:P ratio associated with PWD with the absence and 

presence of fertigation with Si, and the N content associated with PWD fertigated 

with Si, while the stoichiometric ratio C:Si associated with the two water conditions 

with the absence of fertigation with Si (Fig. 6c). It also showed that the highest 

concentration and content of Si associated with AWD fertigated with Si, and that the 

C:P ratio associated with PWD without Si fertigation (Fig. 6c). Additionally, P 

concentration, C and P contents, C, N, and P use efficiency, C:N ratio, and dry mass 

production associated with AWD with the absence and presence of Si fertigation (Fig. 

6c). In stems, the PCA showed association of C:P, N:P, and C:P ratios and N 

concentration to PWD with the absence and presence of fertigation with Si, and the 

concentration of Si, P and Si contents, and the C:N ratio associated in AWD with Si 
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fertigation (Fig. 6d). Also, the PCA showed that the highest C concentration 

associated with PWD without fertigation with Si, and the highest N content 

associated with AWD fertigated with Si (Fig. 6d). Furthermore, P concentration, C 

content, C, N, and P use efficiency, and dry mass associated with AWD with the 

absence and presence of fertigation with Si (Fig. 6d). 

For the PCA of response variables in leaves of sugarcane cultivated in 

Dystrophic Red Oxisols, there was an association between the concentrations of N 

and C and the stoichiometric ratios of C:P, C:Si, and N:P to PWD and AWD in the 

absence of Si fertigation. Also, the concentration and content of Si and the C:N ratio 

also associated with the two water conditions, however with the presence of Si 

fertigation (Fig. 6e). It also showed that C, N, and P use efficiencies, C, N, and P 

contents, P concentration, and dry mass production associated with AWD in the 

absence and presence of Si fertigation (Fig. 6e). The PCA of stem response 

variables indicated an association of the stoichiometric ratios N:P, C:P, C:Si and the 

concentration of C to PWD in the absence of fertigation with Si; it also indicated an 

association of the concentration of N to PWD in the absence and presence of Si 

fertigation (Fig. 6f). The PCA of stem response variables also evidenced an 

association of P and Si concentrations and Si content to AWD in the presence of Si 

fertigation, and the association of N content and P use efficiency associated to AWD 

in the absence of Si fertigation (Fig. 6f). Moreover, C and N use efficiency, C and P 

contents, and other above dry mass also associated with AWD in the absence and 

presence of Si fertigation (Fig. 6f). 
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Figure 6. Principal component analysis of variables related to concentrations and 
accumulations of C, N, P, and Si, stoichiometric ratios of C:N:P:Si, use efficiency of 
C, N, and P and dry mass partition in leaves (a, c, e) and stems (b, d, f) of sugarcane 
plants in two water deficit conditions (presence: 35%, and deficit: 70% of water 
retention) combined with absence (0.0 mmol L-1) and presence of fertigated Si (1.8 
mmol L-1) in three tropical soils (Quartzarenic Neosol; Eutroferric Red Latosol; and 
Dystrophic Red Latosol). CUE: C use efficiency; NUE: N use efficiency; PUE: P use 
efficiency.  
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3 Discussion 

3.1  Biological damages of water deficit to sugarcane ratoon without Si supply 

  

Losses by water deficit in sugarcane crops have already been related to the 

increase in water loss in tissues, which induces oxidative stress and decreases 

photosynthetic rates (Bezerra et al. 2019). However, recent studies have shown 

nutritional damage especially in the homeostasis of nutrients with a vital structural 

function for plant growth (Oliveira Filho et al. 2021b; Teixeira et al. 2020). 

In this research, we showed that water deficit changes the homeostatic 

balance of C:N:P, which occurs due to the decrease in the C:N ratio in stems and the 

increase in the stoichiometric ratios C:P and N:P in leaves and in stems in three 

tropical soils (Fig. 1 and 2). Additionally, water deficit reduced the stoichiometric ratio 

C:N in leaves of sugarcane plants cultivated in Eutrophic Red Oxisols and decreased 

the stoichiometric ratio C:Si in sugarcane plants cultivated in Eutrophic Red Oxisols 

and Dystrophic Red Oxisols. In regrowth of Panicum maximum, there was also a loss 

in the stoichiometric ratio C:N, reducing the concentration of C and causing instability 

in the metabolism of the culture (Rocha et al. 2022a). However, it was verified in 

plants of the first cycle of Panicum maximum, that the impact of the water deficit may 

not alter the C:N stoichiometry ratio, as observed for the cultivar Masai, while for the 

BRS Zuri cultivar, the C:N ratio was change (Rocha et al. 2022b). These facts show 

that the impacts of the water deficit can change depending on the cultivar in the first 

cycle, however, in the second cycle (stubs or regrowth), this tolerance is lost. The 

results of our research reinforce that the deficit impacts are more severe in stumps, 

directly impacting C:N:P homeostasis. 

These alterations in the homeostatic balance of C:N:P caused by water deficit 

result in direct implications to the concentrations of these elements, causing a clear 

decrease in the C, N, and P contents of the plant (Tables 1 and 2). This decrease in 

N and P absorption in most of the studied soils (Table 2) and a deficient water regime 

possibly happens due to the mobility of nutrients in the soil, which reduces their 

diffusion until reaching the surface of roots and their entry into the plant (Ahanger et 

al. 2016). Water deficit also induces a reduction in the transport of nutrients from 

plant roots to shoots due to a decrease in the transpiration rate, which changes the 
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efficiency of transporters (Silva et al. 2011). In addition, water deficit, by decreasing 

the redistribution of nutrients in plants, impairs the internal cycling of nutrients 

(Gerloff and Gabelman 1983), aggravating the homeostatic balance C:N:P, and 

causes direct effects on the reduction in the use efficiency of C, N, and P (Fig. 3 and 

4). This results in losses of dry mass in leaves and in stems in all three tropical soils 

studied (Fig. 4c and 4d). 

Therefore, our results prove that the disturbances caused by water deficit in 

relation to the plant that receives an adequate irrigation have a strong nutritional 

component that causes an imbalance of C:N:P, impairing nutritional efficiency and 

consequently contributing to productive loss of sugarcane crops. It is quite clear that 

the loss of elementary stoichiometric homeostasis of sugarcane caused by water 

deficit paves the way for future specific studies on proteomics involving the cycling of 

the nutrients C, N, and P seeking to better understand the underlying effects of water 

stress on this species. 

 

3.2  Biological contribution of Si in sugarcane ratoon with deficient irrigation 

 

Studies with application of Si via fertigation in sugarcane crops with deficient 

irrigation are restricted (Costa et al. 2022; Oliveira Filho et al. 2021a, b; Teixeira et al. 

2020, 2022). This raises concerns, as it may decrease the absorption of Si 

depending on the soil and restrict its biological benefits in the plant. 

This problem did not occur in this study, as we showed that fertigation with Si 

in sugarcane plants, in relation to its absence, is efficient in increasing the 

concentration and content of Si in leaves and stems in all three tropical soils even 

with irrigation deficit (Tables 1 and 2). This is because sugarcane plants have 

efficient Si transporters (Wang et al. 2021). 

 Such increases in Si content in sugarcane plants due to fertigation with Si in 

relation to the absence of Si application are sufficient to reduce the nutritional 

imbalance water deficit causes. This occurs because the use of Si increases the C:N 

stoichiometric ratio in leaves of plants grown in Quartzipsamments and Eutrophic 

Red Oxisols and decreases the C:P, C:Si, and N:P ratio in leaves and stems in all 

three tropical soils (Fig. 1 and 2). These changes in C:P:N stoichiometry induce a 
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new homeostatic equilibrium, tending to reestablish stoichiometric relationships 

similar as those of sugarcane plants grown in an adequate water regime. 

 The induction of a new homeostatic balance of C:N:P caused by Si under 

water deficit conditions also occurs in 30-day pre-sprouted seedlings (Teixeira et al. 

2020), and 90-days (Oliveira Filho et al. 2021a), 150-days (Costa et al. 2022) and 

160-days (Teixeira et al. 2022) sugarcane plants. The induction of a new C:N:P 

homeostasis is not only restricted in sugarcane plants, but has also been observed in 

forage (Rocha et al. 2022b, a), quinoa (Lata-Tenesaca et al. 2021), wheat (Neu et al. 

2017), sorghum and sunflower (Carvalho et al. 2022; Hurtado et al. 2020). This helps 

to consolidate another benefit of Si in the cultivation of sugarcane that also occurs in 

sugarcane ratoons, but it is not restricted only to this crop. At this crop stage, little is 

known about the effects of homeostatic changes in C:N:P in sugarcane and mainly 

its implications to the production of biomass in stalks in different tropical soils. In this 

scenario, stoichiometric modifications change ecological interactions due to stress, 

but the supply of Si is effective to contribute to reverse this stress, maintaining 

optimized biological and biochemical functions of nutrients in agroecosystems (Prado 

and Silva 2017). 

 This stoichiometric homeostasis caused by Si generated another benefit to the 

supply of Si in sugarcane crops with water deficit, as it increased the contents of C, 

N, and P in sugarcane plants cultivated in all three tropical soils (Table 2). Si 

positively affects N and P nutrition, increasing the efficiency of NH4+ transporters 

(OsAMT), stimulating NO3- expression (BnaNTR2.1), increasing gene expression 

related to inorganic phosphorus (Pi) uptake and upregulating the gene coding of Pi 

transporters (TaPHT1;1 and TaPHT1;2) (Pavlovic et al. 2021). Furthermore, there 

are several reports that under conditions of low N availability, there was an increase 

in the concentrations of this nutrient in the presence of Si, indicating the synergistic 

effect of the two elements (Cuong et al. 2017; Deus et al. 2020; Mabagala et al. 

2020; Mali and Aery 2008; Pati et al. 2016). In quinoa, it was shown that Si's role in 

controlling the C flux modified N and P concentrations, increasing the concentrations 

of these nutrients (Lata-Tenesaca et al. 2021). Moreover, this homeostasis promoted 

by Si also increased the use efficiency of these nutrients in leaves and stems in the 

three soils studied, except for P in Dystrophic Red Oxisols (Fig. 3). Thus, it is 
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possible that the stoichiometric change, such as the decrease in the C/Si ratio, as 

mentioned above, due to the absorption of Si by the crop under deficient irrigation, 

may contribute to explain the increase in the use efficiency of C. This is because, 

according to Kim et al. (2007)(Kim et al. 2007), plants can employ strategies of using 

Si to replace C in the cell wall, providing lignin-like structural strength. 

The biological role of Si in replacing C in cell walls also contributes to 

changing the metabolism of N and P, as there is an improvement in the 

photosynthetic apparatus, consequently increasing the photosynthetic rate of plants, 

reducing the concentration of C and increasing the concentrations of N and P 

(Frazão et al. 2020). Possibly, there is a multiple effect of Si on N metabolism, but not 

yet fully elucidated. New studies understanding the mechanisms of Si in the 

modification of N metabolism are still necessary, mainly of the implication of Si in the 

homeostasis of nutrients, not knowing until now, the proportions of modification of 

this beneficial element in the metabolism of nutrients and its implications in the 

sustainability of agricultural systems. 

The beneficial interaction of P and Si is possible to occur in two ways of acting 

resulting in the improvement of the metabolism of P, being the improvement of the 

efficiency of absorption and the increase of the efficiency of use by the tissues 

(Pavlovic et al. 2021). In fact, several reports are found in the literature on stressed 

plants the beneficial effect of Si in increasing the P concentration (Costa et al. 2022; 

Hu et al. 2020a). Evidence indicated that Si improves the absorption of P by 

increasing the biosynthesis of exudates, such as malate and citrate, which have the 

role of competing with P for adsorption sites or, even, forming complexes of Al and 

Fe, increasing the availability of P in the soil solution (Hu et al. 2020a; Kostic et al. 

2017). 

The results indicate the importance of C, N, and P homeostasis in reaching a 

stabilization to optimize the metabolism of these nutrients and, consequently, 

increase the capacity of plants to convert nutrients into biomass (Prado 2021). This 

fact was confirmed here since the using Si in plants under water deficit promoted an 

increase in the biomass content of leaves and stems in all three soils studied. 

Thus, it is evident that Si can attenuate the water deficit in sugarcane in the 

studied soils. However, as multivariate analysis showed, it was possible to detect 
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additional information showing that the level of such mitigation was more intense in 

one type of soil than in the others (Fig. 5). The response in terms of stem production 

of the crop grown under water deficit that received Si was similar as that of plants 

with an adequate irrigation (in the absence of Si), but this only occurred in Eutrophic 

Red Oxisols. In other words, in the other soils, Si did not induce such a high 

performance in plants. This result highlights the agronomic importance of using Si in 

sugarcane cultivation in Eutrophic Red Oxisols, indicating that it is possible to 

completely reverse the decreases in productivity by cultivating with irrigation deficit by 

equaling an adequate irrigation. This indicates that the efficiency of silicate 

fertilization is influenced by soil type, showing the importance of considering the 

mineralogical composition, texture, contents of Fe and Al oxides, and soil organic 

matter (Camargo and Keeping 2021), in addition to the levels of available Si in the 

soil. The intensity of the beneficial effects of Si under water deficit changes according 

to edaphic characteristics. Consequently, the intensity of modification of the 

homeostatic balance C:N:P increased, especially the C:N ratio of 9, 18, and 4% for 

Quartzipsamments, Eutrophic Red Oxisols, and Dystrophic Red Oxisols, respectively 

(Fig. 1 and 2). This greater intensity of modification of this stoichiometric ratio in 

Eutrophic Red Oxisols may have contributed to the greater benefit of Si in 

attenuating the deleterious effects of water deficit. 

It was clear that our results are sufficient to confirm the second hypothesis, 

i.e., the results indicate that the using Si can modify the stoichiometry of C:N:P and 

mitigate the damage caused by water deficit by improving the nutritional efficiency of 

these nutrients, which in turn affects the productivity of sugarcane ratoon cultivated 

with deficient irrigation in the three soils studied. It is possible that the impact of Si on 

nutritional stoichiometry is driven by two paths, the first being the increase in the 

efficiency of nutrient use and, the second, the activation of physiological mechanisms 

that increase the efficiency of nutrient absorption, however, this needs to be proven. 

Therefore, this research shows concrete indications that contribute to the 

sustainability of sugarcane cultivation in irrigated systems with water deficit by using 

Si, exerting an environmental implication due to the decrease in water use. This is 

important, as the water demand for irrigated systems is expected to increase in the 
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coming years (Wrachien et al. 2021), in addition to the costs, especially of electric 

energy (Raza et al. 2022b). 

 

3.3  Biological contribution of Si in improving the performance of sugarcane 

ratoon with adequate irrigation 

  

Fertigation with Si in an adequate water regime, in relation to its absence, 

improved Si absorption and increased the concentration and contents of Si in leaves 

and stems of sugarcane plants cultivated in the three tropical soils (Tables 1 and 2). 

The greater absorption of Si by sugarcane plants occurs because of a greater 

transpiration. Consequently, the mass flow of nutrients increased due to a greater 

availability of water in the soil (Cramer et al. 2009). The higher water supply to plants 

that received Si in relation to its absence allowed increasing the Si content in leaves 

by 5.5, 4.5, and 3.0 times in plants grown in Quartzipsamments, Eutrophic Red 

Oxisols, and Dystrophic Red Oxisols, respectively (Table 2). This indicates a greater 

recovery of Si applied to plants grown in Quartzipsamments in relation to the other 

soils possibly due to the lower adsorption of anionic Si in this soil, although Si may be 

more mobile in this soil, especially in water regimes more voluminous than the one 

studied, that is, 70% of the water retention capacity. 

 The greater efficiency of Si fertigation resulted in the alteration of the 

homeostatic balance C:N:P, which was evidenced with the increase in the C:N ratio 

only in stems, which in turn indicates a lower demand of C per unit of N, i.e., a 

preliminarily better use of N in the metabolism of stress-free plants. In addition, the 

use of Si caused a decrease in C:P, C:Si, and N:P ratios in leaves and stems of 

sugarcane plants cultivated with adequate irrigation in the three tropical soils. This 

may indicate a greater demand of metabolism of P and Si (Fig. 1 and 2). 

Therefore, the results prove these beneficial effects of Si in sugarcane plants 

with adequate irrigation because causing a homeostasis of C:N:P directly promotes 

an increase in the use efficiency of these nutrients. The effects of a greater efficiency 

in the use of N and P contribute to increase the performance of their metabolic 

functions that are involved with the composition of vital organic compounds for 

physiological processes (Prado 2021), thus contributing to increase the use efficiency 
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of C. Changes in the primary metabolism of plants caused by Si may induce a 

greater redistribution of amino acids to the draining tissues and increase the use 

efficiency of N (Detmann et al. 2012a, b) and the use efficiency of P (Teixeira et al. 

2020). 

In addition, noteworthy was an increase in the use efficiency of C also 

associated with a decrease in the stoichiometric ratio C:Si. This may occur because 

there are reports that Si can replace C in organic compounds with low metabolic 

costs if compared to that of C, generating ten to 20 times less metabolic energy for 

incorporation into organic molecules (Xia et al. 2020). In plants grown under stress, 

this can also occur, as indicated above, but in plants without stress there is a 

tendency for this energy balance to be directed towards the synthesis of biomass and 

consequently in crop productivity. This is due to the optimization of C metabolism, 

which increases theproduction of organic compounds, including C skeletons and 

structural nutrients such as N and P (Viciedo et al. 2019b). Therefore, the findings 

prove the importance of Si in the nutrition of stress-free sugarcane plants grown in 

different tropical soils. This reinforces the finding that Si is important not only to 

plants under stress, but also to plants under no stress (Cooke and Leishman 2016b; 

Frazão et al. 2020). Our research contributes to the thesis that this occurs due to Si 

role in C, N, and P homeostasis, which is little reported in the literature. 

The better performance of plants induced by fertigation with Si and by favoring 

nutritional efficiency of C, N, and P directly reflects on the synthesis of biomass of 

leaves and stems, as observed in the three tropical soils studied here (Fig. 4c and 

4d). The PCA analysis reinforces that dry mass biosynthesis is completely related to 

increased C use efficiency in the three tropical soils cultivated with adequate 

irrigation (Fig. 6). 

The benefit of Si in improving nutrient uptake and use efficiency was also 

evidenced in sorghum and sunflower plants, resulting in improved nutritional 

efficiency (Hurtado et al. 2019). In wheat plants, it evidenced the role of Si in 

promoting the improvement of P nutrition, proposing a possible allocation of P to the 

reproductive organs to the detriment of the vegetative organs, consequently, 

increasing grain production (Neu et al. 2017), consequently increasing the efficiency 
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of P use. This is due to Si replacing parts of the C compounds (Schaller et al. 2012a), 

allowing allocation of energy resources. 

The results of this research allow us to accept the third hypothesis, since the 

use of Si in sugarcane plants cultivated using adequate irrigation by increasing the 

element content in the plant is enough to modify the stoichiometric ratio C:N:P, thus 

increasing the efficiency of metabolism in increasing the use efficiency of C, N, and P 

and consequently the production of sugarcane biomass. 

In general, deficient irrigation with no Si supply causes biological damage to 

sugarcane ratoons because Si can induce the loss of stoichiometric C:N:P 

homeostasis, which is responsible for reducing the use efficiency of these nutrients in 

sugarcane ratoon cultivated in all three tropical soils. However, it is possible to 

cultivate sugarcane under deficient irrigation because the use of fertigation with Si 

can mitigate losses, as it stabilizes the stoichiometric ratio C:N:P in a way that 

increases the efficiency of nutrient use and sustains the production of dry mass of 

sugarcane ratoon. However, the type of cultivation soil affects the intensity of Si 

benefits. In addition, these Si benefits repeated in plants with adequate irrigation, 

indicating that the effects of Si also happen in non-stressed plants. 

Our finding, i.e., identifying that Si modulates the stoichiometric homeostasis 

of C:N:P, which directly interferes with the nutritional efficiency of these nutrients in 

sugarcane ratoon cultivated in different tropical soils, opens new paths for a 

sustainable cultivation of sugarcane under different water regimes. Therefore, this 

finding should greatly increase the use of Si in sugarcane crops, producing global 

implications, as it will be useful in many regions with a regular precipitation or 

irrigated areas and in regions with irregular precipitation or irrigated areas with low 

water availability. 

 

4 Methods 

4.1  Experimental area and weather conditions 

Three experiments were carried out in a greenhouse at São Paulo State 

University Júlio Mesquita Filho (UNESP), Jaboticabal (Brazil), using the variety RB 

962860 of sugarcane in three tropical soils: Quartzipsamments (NQ), Eutrophic Red 

Oxisol (LVe), and Dystrophic Red Oxisol (LVd). During the conduction of the study, 
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meteorological data, maximum temperature (48.4 ± 5.1 ºC), minimum temperature 

(27.4 ± 3.4 ºC), and relative air humidity (55.7 ± 9.2 %) at the site of the experiments 

were monitored daily using a thermo-hygrometer (Figure 7). 
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Figure 7. Air temperature and relative humidity during the experimental period. 

 

4.2  Experimental design and installation 

The treatments were arranged in a 2 × 2 factorial design in randomized blocks. 

There were three experiments with two water conditions, with deficient and adequate 

irrigation corresponding to 35 and 70% of the soil water retention capacity, combined 

with the absence (0.0 mmol L−1) and the presence of Si (1.8 mmol L−1) applied via 

fertigation in five replications. The experimental plot was characterized by pre-

sprouted sugarcane seedlings at 60 days of age, after sprout emergence, in 

polypyrene pots with a volume of 20 L, filled with 18 L of soil sample. Sugarcane 

seedlings of the RB 962869 variety were purchased from a certified commercial plant 

nursery. The pre-sprouted seedlings, during production and throughout their growth, 

did not receive Si application. After transplanting, plants were pruned at 0.3 ± 0.02 m 

from the soil surface. The experiment was carried out in two cultivation cycles (plant 

cane and ratoon cane), of 150 days each. At the end of the first cultivation cycle, the 

plants were cut at 0.1 m from the soil surface; later, in the second cycle of cultivation, 

they were cut again after the new sprouting of plants (15 days after the cut). 
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 Soil chemical analysis was performed before transplantation to characterize 

the chemical attributes (Raij et al. 2001), particle size (Donagema et al. 2011), and 

determination of the Si concentration (Korndorfer et al. 2004) (Table 3). Soil texture 

was characterized as sandy, loamy, and sandy loamy in Quartzipsamments, 

Eutrophic Red Oxisol, and Dystrophic Red Oxisol, respectively. Subsequently, liming 

was performed 45 days before transplantation using the base saturation method 

(V%), seeking to correct the saturation to 60% (PRNT = 125%, CaO: 48%; MgO: 

16%) (Raij et al. 2001). After 30 days of soil incubation, phosphate fertilization was 

carried out; during transplantation, nitrogen, potassium, and micronutrient fertilization 

were applied through fertigation, with N (urea – 45% N), K (potassium chloride – 60% 

K2O), and micronutrient fertilization (boric acid – 17% B - and zinc sulfate – 56% de 

Zn) in the second cycle after cutting the stems of the first crop cycle. Cover N and K 

fertilization were also performed 76 days after transplantation in the first cycle and 76 

days after cutting the stems in the second cultivation cycle. 

Table 3. Chemical characteristics of Quartzipsamments (NQ), Eutroferric Red 
Oxisols (LVe) and Dystrophic Red Oxisols (LVd) 

Soil 
pH OM P S K Ca Mg Al H+Al CEC V m Si clay silt sand 

CaCl2 g dm-3 mg dm-3 ---------- mmolc dm-3 ---------- % mg kg-1 g kg-1 

NQ 4.3 9 2 6 0.3 3 1 0 16 20.0 21 0 1 50 10 940 

Lve 6.2 8 8 8 1.0 16 5 0 17 38.6 57 0 5 550 240 210 

LVd 5.2 9 20 7 1.2 14 6 0 22 44.2 49 0 3 300 40 660 

CEC: Cation exchange capacity; V: base saturation; m: aluminum saturation; pH: CaCl2 by 
potentiometry; H+Al: SMP buffer by potentiometry; O.M.: organic matter by spectrophotometry; P: in 
resin by spectrophotometry; S: by turbidimetry; K, Ca and Mg: atomic absorption spectrometry; Si: 
0.01 M calcium chloride. 

 

4.3  Irrigation management 

To determine the soil water retention capacity, lysimeters (20-L pots) were 

used with a soil sample (18 L) in three replications for each experiment and placed in 

a 250-L water tank filled with water up to 2/3 of the height of lysimeters for a period of 

24 h. The surface of lysimeters were insulated with plastic film. After a period of 24 h, 

the lysimeters were freely drained, and their masses were evaluated at 0, 24, 36, 48, 

60, and 72 h to determine water replacement capacity by the difference in wet and 

dry soil masses. Subsequently, the gravimetric and volumetric moistures were 

estimated, as well as soil density and gross irrigation depths of the treatments 

(Bernardo et al. 2019). Then, two lysimeters were installed in each experiment with 



118 
 

 

two levels of water retention (35 and 70% of the retention capacity). The mass was 

measured daily using load cells (model GL 50; Alfa Instrumentos Eletrônicos SA). 

Data were stored in a datalogger (CR10X Campbell Sci., Logan – USA). The 

datalogger data were extracted using the PC200W software, maintaining the soil 

moisture retention levels stable manually every two days for a period of 6 to 18 h. 

The water retention level was kept at 70% of the water retention capacity in 

the two treatments after transplantation. Water deficit began at 30 days with a 

reduction of the retention capacity to 50% and, after seven days, to 35%. 

Subsequently, the measurement of masses of lysimeters was performed every two 

weeks using a digital scale and, whenever necessary, adjusted for possible 

variations in mass. 

 

4.4  Fertirrigation with silicon 

The application of Si was carried out via fertigation with an interval of two days 

using sodium and potassium silicate stabilized with sorbitol at a concentration of 0.0 

and 1.8 mmol L-1 (113.4 g L-1 of Si, 18.9 g L-1 of K2O, 100 mL L-1 of sorbitol, and pH = 

11.8). The pH of the solution was adjusted to 6.0 ± 0.5 using a HCl solution (1 mmol 

L-1) and a NaOH solution (1 mmol L-1). Potassium balancing was performed in 

experimental plots without fertigation with Si (0.0 mmol L-1), adding KCl in the 

fertigation solution (8.43 mg L-1 of K). To determine the amount of solution with Si in 

the irrigation, the amount of water lost by evapotranspiration was measured in an 

interval of two days. To avoid a greater supply of Si in treatments with no water 

deficit, the amount of replacement of water loss through evapotranspiration in 

treatments with water deficit was used as a reference, adjusting this amount to a 

concentration of 1.8 mmol L-1. Therefore, the replacement of water required by 

evapotranspiration in the water deficit treatments was carried out entirely by the 

solution with Si, while the treatments in the absence of water deficit were 

reconstituted by the solution with Si and deionized water. 

 

4.5  Experimental evaluations 

After 150 days of sugarcane plant sprouting, a cut was carried out 0.1 m from 

the soil surface of plant shoots, separating it into leaves and stems. The samples 
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were washed under running water, detergent solution (0.1% v/v), HCl solution (0.3% 

v/v), and deionized water. Then, they were dried in a forced air circulation oven (65 ± 

5 ºC) until constant mass. Then, the dry mass of leaves (MSF) and stems (MSC) 

were determined. Subsequently, the determination of C, N, P, and Si concentrations 

in MSF and MSC samples was carried out. The determination of C and N were 

calculated from the dry combustion (1000 ºC) in an elemental analyzer (LECO 

truspec CHNS) calibrated with the standard LECO 502-278 (C = 45.00%). The 

determination of P was carried out from the nitric-perchloric digestion and the reading 

was performed by colorimetry (ammonium metavanadate method) (Carmo et al. 

2000). Finally, Si was determined from alkaline digestion and the reading was 

conducted by colorimetry with ammonium molybdate (Korndorfer et al. 2004). 

The stoichiometric ratios of leaves and stems were calculated from the 

quotient of the concentrations of C:N, C:P, N:P, and C:Si and the contents of C, N, P, 

and Si were estimated from the product of the element concentration and the dry 

mass. Finally, the use efficiency of C, N, and P were calculated by the ratio of the 

square of the dry mass and the nutrient content (Siddiqi and Glass 2008). 

 

4.6  Data processing and statistical analysis 

Data processing was performed using the Python programming language (v. 

3.9.7; Python Software Foundation). Tixon outliers test was performed, when outliers 

were found, the value was eliminated, and the new value was estimated by the 

technique of partial derivatives. Subsequently, normality (Royston 1995) and 

homogeneity tests (Gastwirth et al. 2009) were performed. After preposition tests, an 

analysis of variance was performed (p < 0.05). When significant, results were 

submitted to Tukey test (p < 0.05). Multivariable analyses of hierarchical clusters 

were conducted and principal components analysis (PCA) was performed. The 

cluster analysis was based on the similarity coefficient of the Euclidean distance and 

the connection of the group by the single linkage method. The PCA was determined 

by the matrix of correlation. 

 

 

 



120 
 

 

5 References 

 

Abbas M, Ebeling A, Oelmann Y, Ptacnik R, Roscher C, Weigelt A, Weisser WW, 
Wilcke W, Hillebrand H (2013) Biodiversity effects on plant stoichiometry. PLoS 
One 8:e58179. https://doi.org/10.1371/journal.pone.0058179 

Ågren GI, Weih M (2020) Multi-dimensional plant element stoichiometry—looking 
beyond carbon, nitrogen, and phosphorus. Front Plant Sci 11:. 
https://doi.org/10.3389/fpls.2020.00023 

Ahanger MA, Morad-Talab N, Abd-Allah EF, Ahmad P, Hajiboland R (2016) Plant 
growth under drought stress. In: Ahmad P (ed) Water Stress and Crop Plants. 
John Wiley & Sons, Ltd, Chichester, UK, pp 649–668 

Alexandre A, Meunier J-D, Colin F, Koud J-M (1997) Plant impact on the 
biogeochemical cycle of silicon and related weathering processes. Geochim 
Cosmochim Acta 61:677–682. https://doi.org/10.1016/S0016-7037(97)00001-X 

Alvarez R de CF, Prado R de M, Felisberto G, Deus ACF, Oliveira RLL de (2018) 
Effects of soluble silicate and nanosilica application on rice nutrition in an Oxisol. 
Pedosphere 28:597–606. https://doi.org/10.1016/S1002-0160(18)60035-9 

Araújo WBS, Teixeira GCM, de Mello Prado R, Rocha AMS (2022) Silicon mitigates 
nutritional stress of nitrogen, phosphorus, and calcium deficiency in two forages 
plants. Sci Rep 12:6611. https://doi.org/10.1038/s41598-022-10615-z 

Atkin OK, Bruhn D, Hurry VM, Tjoelker MG (2005) The hot and the cold: unravelling 
the variable response of plant respiration to temperature. Functional Plant 
Biology 32:87. https://doi.org/10.1071/FP03176 

Bansal K, Hooda V, Verma N, Kharewal T, Tehri N, Dhull V, Gahlaut A (2022a) 
Stress alleviation and crop improvement using silicon nanoparticles in 
agriculture: a review. Silicon. https://doi.org/10.1007/s12633-022-01755-y 

Bansal K, Hooda V, Verma N, Kharewal T, Tehri N, Dhull V, Gahlaut A (2022b) 
Stress alleviation and crop improvement using silicon nanoparticles in 
agriculture: a review. Silicon. https://doi.org/10.1007/s12633-022-01755-y 

Bari MA, Prity SA, Das U, Akther MS, Sajib SA, Reza MA, Kabir AH (2020) Silicon 
induces phytochelatin and ROS scavengers facilitating cadmium detoxification in 
rice. Plant Biol 22:472–479. https://doi.org/10.1111/PLB.13090 

Barreto RF, Prado R de M, Lúcio JCB, López-Díaz I, Carrera E, Carvalho RF (2022) 
Ammonium toxicity alleviation by silicon is dependent on cytokinins in tomato cv. 
micro-tom. J Plant Growth Regul 41:417–428. https://doi.org/10.1007/s00344-
021-10314-5 



121 
 

 

Barreto RF, Prado RM, Leal AJF, Troleis MJB, Junior GBS, Monteiro CC, Santos 
LCN, Carvalho RF (2016) Mitigation of ammonium toxicity by silicon in tomato 
depends on the ammonium concentration. Acta Agric Scand B Soil Plant Sci 
66:483–488. https://doi.org/10.1080/09064710.2016.1178324 

Bernardo S, Mantovani EC, Silva DD da, Soares AA (2019) Manual de Irrigação, 9th 
edn. Editora UFV, Viçosa 

Bezerra BKL, Lima GPP, dos Reis AR, Silva M de A, Camargo MS (2019) 
Physiological and biochemical impacts of silicon against water deficit in 
sugarcane. Acta Physiol Plant 41:1–12. https://doi.org/10.1007/S11738-019-
2980-0/FIGURES/3 

Bokor B, Santos CS, Kostoláni D, Machado J, da Silva MN, Carvalho SMP, Vaculík 
M, Vasconcelos MW (2021) Mitigation of climate change and environmental 
hazards in plants: Potential role of the beneficial metalloid silicon. J Hazard 
Mater 416:126193. https://doi.org/10.1016/j.jhazmat.2021.126193 

Brucker E, Kernchen S, Spohn M (2020) Release of phosphorus and silicon from 
minerals by soil microorganisms depends on the availability of organic carbon. 
Soil Biol Biochem 143:107737. https://doi.org/10.1016/j.soilbio.2020.107737 

Buchelt AC, Prado R de M, Caione G, de Almeida Carneiro M, Litter FA (2021) 
Effects of silicon fertigation on dry matter production and crude protein contents 
of a pasture. J Soil Sci Plant Nutr 21:3402–3413. https://doi.org/10.1007/s42729-
021-00615-9 

Buchelt AC, Teixeira GCM, Oliveira KS, Rocha AMS, de Mello Prado R, Caione G 
(2020) Silicon contribution via nutrient solution in forage plants to mitigate 
nitrogen, potassium, calcium, magnesium, and sulfur deficiency. J Soil Sci Plant 
Nutr 20:1532–1548. https://doi.org/10.1007/s42729-020-00245-7 

Bukhari MA, Ahmad Z, Ashraf MY, Afzal M, Nawaz F, Nafees M, Jatoi WN, Malghani 
NA, Shah AN, Manan A (2021) Silicon mitigates drought stress in wheat 
(Triticum aestivum L.) through improving photosynthetic pigments, biochemical 
and yield characters. Silicon 13:4757–4772. https://doi.org/10.1007/s12633-020-
00797-4 

Camargo MS, Bezerra BKL, Holanda LA, Oliveira AL, Vitti AC, Silva MA (2019) 
Silicon fertilization improves physiological responses in sugarcane cultivars 
grown under water deficit. Journal of Soil Science and Plant Nutrition 2019 19:1 
19:81–91. https://doi.org/10.1007/S42729-019-0012-1 

Camargo MS, Bezerra BKL, Vitti AC, Silva MA, Oliveira AL (2017) Silicon fertilization 
reduces the deleterious effects of water deficit in sugarcane. J Soil Sci Plant Nutr 
17:99–111. https://doi.org/10.4067/S0718-95162017005000008 



122 
 

 

Camargo MS, Keeping MG (2021) Silicon in sugarcane: Availability in soil, 
fertilization, and uptake. Silicon 2021 13:10 13:3691–3701. 
https://doi.org/10.1007/S12633-020-00935-Y 

Camargo MS, Rocha G, Baltieri GJ (2021) Silicate fertilization in sugarcane: Silicon 
availability, uptake, and recovery index over two consecutive cycles. Journal of 
Soil Science and Plant Nutrition 2021 21:3 21:2403–2411. 
https://doi.org/10.1007/S42729-021-00531-Y 

Campos CNS, Prado R de M, Caione G, Lima Neto AJ atilde o de, Mingotte FLC 
(2016) Silicon and excess ammonium and nitrate in cucumber plants. Afr J Agric 
Res 11:276–283. https://doi.org/10.5897/AJAR2015.10221 

Campos CNS, Silva Júnior GB da, Prado R de M, David CHO de, Souza Junior JP 
de, Teodoro PE (2020) Silicon mitigates ammonium toxicity in plants. Agron J 
112:635–647. https://doi.org/10.1002/agj2.20069 

Carey J (2020) Soil age alters the global silicon cycle. Science (1979) 369:1161–
1162. https://doi.org/10.1126/science.abd9425 

Carmo CAF do, Araújo WS de, Bernardi AC de C, Saldanha MFC (2000) Métodos de 
análise de tecidos vegetais utilizados na Embrapa Solos. Rio de Janeiro 

Carneiro LF, Oliveira RA de, Weber H, Daros E, Berton GS, Rodrigues FV (2020) 
Alternative sugarcane production for conservation of sandy soils: sugarcane 
straw, intercropping and nitrogen. Ciência e Agrotecnologia 44:. 
https://doi.org/10.1590/1413-7054202044009920 

Carvalho JS de, Frazão JJ, de Mello Prado R, de Souza Júnior JP, Costa MG (2022) 
Silicon modifies C:N:P stoichiometry and improves the physiological efficiency 
and dry matter mass production of sorghum grown under nutritional sufficiency. 
Sci Rep 12:16082. https://doi.org/10.1038/s41598-022-20662-1 

Chen X, Chen HYH (2021) Plant mixture balances terrestrial ecosystem C:N:P 
stoichiometry. Nat Commun 12:4562. https://doi.org/10.1038/s41467-021-24889-
w 

Cooke J, Leishman MR (2016a) Consistent alleviation of abiotic stress with silicon 
addition: a meta‐analysis. Funct Ecol 30:1340–1357. 
https://doi.org/10.1111/1365-2435.12713 

Cooke J, Leishman MR (2016b) Consistent alleviation of abiotic stress with silicon 
addition: a meta‐analysis. Funct Ecol 30:1340–1357. 
https://doi.org/10.1111/1365-2435.12713 

Costa MG, dos Santos Sarah MM, de Mello Prado R, Palaretti LF, de Cássia Piccolo 
M, de Souza Júnior JP (2022) Impact of Si on C, N, and P stoichiometric 



123 
 

 

homeostasis favors nutrition and stem dry mass accumulation in sugarcane 
cultivated in tropical soils with different water regimes. Front Plant Sci 
13:949909. https://doi.org/10.3389/fpls.2022.949909 

Costa MG, Prado R de M, Santos Sarah MM, Palaretti LF, Piccolo M de C, Souza 
Júnior JP (2023) New approaches to the effects of Si on sugarcane ratoon under 
irrigation in Quartzipsamments, Eutrophic Red Oxisol, and Dystrophic Red 
Oxisol. BMC Plant Biol 23:51. https://doi.org/10.1186/s12870-023-04077-2 

Cramer MD, Hawkins H-J, Verboom GA (2009) The importance of nutritional 
regulation of plant water flux. Oecologia 161:15–24. 
https://doi.org/10.1007/s00442-009-1364-3 

Cuong TX, Ullah H, Datta A, Hanh TC (2017) Effects of silicon-based fertilizer on 
growth, yield and nutrient uptake of rice in tropical zone of Vietnam. Rice Sci 
24:283–290. https://doi.org/10.1016/j.rsci.2017.06.002 

Detmann K, Araújo W, Martins S, Fernie AR, Damatta F, Detmann KC, Araújo WL, 
Martins SC v, Damatta FM (2012a) Metabolic alterations triggered by silicon 
nutrition: Is there a signaling role for silicon? https://doi.org/104161/psb22523 
8:71–74. https://doi.org/10.4161/PSB.22523 

Detmann KC, Araújo WL, Martins SCV, Sanglard LMVP, Reis J v., Detmann E, 
Rodrigues FÁ, Nunes-Nesi A, Fernie AR, Damatta FM (2012b) Silicon nutrition 
increases grain yield, which, in turn, exerts a feed-forward stimulation of 
photosynthetic rates via enhanced mesophyll conductance and alters primary 
metabolism in rice. New Phytologist 196:752–762. 
https://doi.org/10.1111/J.1469-8137.2012.04299.X 

Deus ACF, Prado R de M, Alvarez R de CF, Oliveira RLL de, Felisberto G (2020) 
Role of silicon and salicylic acid in the mitigation of nitrogen deficiency stress in 
rice plants. Silicon 12:997–1005. https://doi.org/10.1007/s12633-019-00195-5 

Dias HB, Sentelhas PC (2019) Dimensioning the impact of irrigation on sugarcane 
yield in Brazil. Sugar Tech 21:29–37. https://doi.org/10.1007/s12355-018-0619-x 

Donagema GK, Campos DVB, Calderano SB, Teixeira WG, Viana JHM (2011) 
Manual de métodos de análise de solo. Embrapa Solos, Rio de Janeiro 

Duden AS, Verweij PA, Kraak YV, van Beek LPH, Wanders N, Karssenberg DJ, 
Sutanudjaja EH, van der Hilst F (2021) Hydrological impacts of ethanol-driven 
sugarcane expansion in Brazil. J Environ Manage 282:111942. 
https://doi.org/10.1016/j.jenvman.2021.111942 

Esteban R, Ariz I, Cruz C, Moran JF (2016) Review: Mechanisms of ammonium 
toxicity and the quest for tolerance. Plant Science 248:92–101. 
https://doi.org/10.1016/J.PLANTSCI.2016.04.008 



124 
 

 

Etesami H, Jeong BR (2018) Silicon (Si): Review and future prospects on the action 
mechanisms in alleviating biotic and abiotic stresses in plants. Ecotoxicol 
Environ Saf 147:881–896. https://doi.org/10.1016/j.ecoenv.2017.09.063 

Farouk S, Elhindi KM, Alotaibi MA (2020) Silicon supplementation mitigates salinity 
stress on Ocimum basilicum L. via improving water balance, ion homeostasis, 
and antioxidant defense system. Ecotoxicol Environ Saf 206:111396. 
https://doi.org/10.1016/j.ecoenv.2020.111396 

Felisberto G, Prado R de M, Oliveira RLL de, Felisberto PA de C (2021) Are 
nanosilica, potassium silicate and new soluble sources of silicon effective for 
silicon foliar application to soybean and rice plants? Silicon 13:3217–3228. 
https://doi.org/10.1007/s12633-020-00668-y 

Feng J, Shi Q, Wang X, Wei M, Yang F, Xu H (2010) Silicon supplementation 
ameliorated the inhibition of photosynthesis and nitrate metabolism by cadmium 
(Cd) toxicity in Cucumis sativus L. Sci Hortic 123:521–530. 
https://doi.org/10.1016/J.SCIENTA.2009.10.013 

Feng YQ (2000) Siliceous fertilizer to become a new fertilizer product in expansion of 
agriculture in China. J Chem Fert Ind 27:9–11 

Fernandes S, Silva GP da, Prado RDM, Rossatto DR (2021) Association of root and 
leaf silicon application decreases the C/Si ratio, increasing carbon gain and dry 
mass production in peanut plants. Commun Soil Sci Plant Anal 52:2349–2357. 
https://doi.org/10.1080/00103624.2021.1928168 

Ferreira Barreto R, Schiavon Júnior AA, Maggio MA, de Mello Prado R (2017) Silicon 
alleviates ammonium toxicity in cauliflower and in broccoli. Sci Hortic 225:743–
750. https://doi.org/10.1016/j.scienta.2017.08.014 

Ferreira V, Gonçalves AL, Godbold DL, Canhoto C (2010) Effect of increased 
atmospheric CO2 on the performance of an aquatic detritivore through changes 
in water temperature and litter quality. Glob Chang Biol 16:3284–3296. 
https://doi.org/10.1111/j.1365-2486.2009.02153.x 

Franck CM, Westermann J, Boisson-Dernier A (2018) Plant malectin-like receptor 
kinases: From cell wall integrity to immunity and beyond. Annu Rev Plant Biol 
69:301–328. https://doi.org/10.1146/annurev-arplant-042817-040557 

Frazão JJ, Prado R de M, Souza Júnior JP, Rossatto DR (2020) Silicon changes 
C:N:P stoichiometry of sugarcane and its consequences for photosynthesis, 
biomass partitioning and plant growth. Scientific Reports 2020 10:1 10:1–10. 
https://doi.org/10.1038/s41598-020-69310-6 

Fry SC, Nesselrode BHWA, Miller JG, Mewburn BR (2008) Mixed‐linkage 
(1→3,1→4)‐β‐ <scp>d</scp> ‐glucan is a major hemicellulose of Equisetum 



125 
 

 

(horsetail) cell walls. New Phytologist 179:104–115. 
https://doi.org/10.1111/j.1469-8137.2008.02435.x 

Garcia Neto J, Prado R de M, de Souza Júnior JP, Silva SLO, Farias TP, de Souza 
JZ (2022) Silicon leaf spraying increases biofortification production, ascorbate 
content and decreases water loss post-harvest from land cress and chicory 
leaves. J Plant Nutr 45:1283–1290. 
https://doi.org/10.1080/01904167.2021.2003390 

Gastwirth JL, Gel YR, Miao W (2009) The impact of levene’s test of equality of 
variances on statistical theory and practice. Statistical Science 24:343–360. 
https://doi.org/doi.org/10.1214/09-STS301 

Gerloff GC, Gabelman WH (1983) Genetic basis of inorganic plant nutrition. In: 
Springer (ed) Encyclopedia of plant physiology. New series. pp 453–480 

Głazowska S, Baldwin L, Mravec J, Bukh C, Hansen TH, Jensen MM, Fangel JU, 
Willats WGT, Glasius M, Felby C, Schjoerring JK (2018) The impact of silicon on 
cell wall composition and enzymatic saccharification of Brachypodium 
distachyon. Biotechnol Biofuels 11:171. https://doi.org/10.1186/s13068-018-
1166-0 

Gobler CJ, Berry DL, Dyhrman ST, et al (2011) Niche of harmful alga Aureococcus 
anophagefferens revealed through ecogenomics. Proceedings of the National 
Academy of Sciences 108:4352–4357. https://doi.org/10.1073/pnas.1016106108 

Gou T, Yang L, Hu W, Chen X, Zhu Y, Guo J, Gong H (2020) Silicon improves the 
growth of cucumber under excess nitrate stress by enhancing nitrogen 
assimilation and chlorophyll synthesis. Plant Physiology and Biochemistry 
152:53–61. https://doi.org/10.1016/j.plaphy.2020.04.031 

Greger M, Landberg T, Vaculík M (2018) Silicon influences soil availability and 
accumulation of mineral nutrients in various plant species. Plants 7:41. 
https://doi.org/10.3390/plants7020041 

Gunarathna M, Sakai K, Nakandakari T, Momii K, Onodera T, Kaneshiro H, Uehara 
H, Wakasugi K (2018) Optimized subsurface irrigation system: The future of 
sugarcane irrigation. Water (Basel) 10:314. https://doi.org/10.3390/w10030314 

Güsewell S (2004) N : P ratios in terrestrial plants: variation and functional 
significance. New Phytologist 164:243–266. https://doi.org/10.1111/j.1469-
8137.2004.01192.x 

Haddad C, Arkoun M, Jamois F, Schwarzenberg A, Yvin J-C, Etienne P, Laîné P 
(2018) Silicon promotes growth of Brassica napus L. and delays leaf 
senescence Induced by nitrogen starvation. Front Plant Sci 9:. 
https://doi.org/10.3389/fpls.2018.00516 



126 
 

 

Hao Q, Yang S, Song Z, Li Z, Ding F, Yu C, Hu G, Liu H (2020) Silicon affects plant 
stoichiometry and accumulation of C, N, and P in grasslands. Front Plant Sci 11:. 
https://doi.org/10.3389/fpls.2020.01304 

Haynes RJ (2014) A contemporary overview of silicon availability in agricultural soils. 
Journal of Plant Nutrition and Soil Science 177:831–844. 
https://doi.org/10.1002/JPLN.201400202 

Haynes RJ (2019) What effect does liming have on silicon availability in agricultural 
soils? Geoderma 337:375–383. https://doi.org/10.1016/j.geoderma.2018.09.026 

He C, Wang L, Liu J, Liu X, Li X, Ma J, Lin Y, Xu F (2013) Evidence for ‘silicon’ within 
the cell walls of suspension‐cultured rice cells. New Phytologist 200:700–709. 
https://doi.org/10.1111/nph.12401 

Hématy K, Cherk C, Somerville S (2009) Host–pathogen warfare at the plant cell 
wall. Curr Opin Plant Biol 12:406–413. https://doi.org/10.1016/j.pbi.2009.06.007 

Hidri R, Metoui-Ben Mahmoud O, Debez A, Abdelly C, Barea J-M, Azcon R (2019) 
Modulation of C:N:P stoichiometry is involved in the effectiveness of a PGPR 
and AM fungus in increasing salt stress tolerance of Sulla carnosa Tunisian 
provenances. Applied Soil Ecology 143:161–172. 
https://doi.org/10.1016/j.apsoil.2019.06.014 

Hillebrand H, Cowles JM, Lewandowska A, van de Waal DB, Plum C (2014) Think 
ratio! A stoichiometric view on biodiversity–ecosystem functioning research. 
Basic Appl Ecol 15:465–474. https://doi.org/10.1016/j.baae.2014.06.003 

Hodson MJ, Guppy CN (2022) Some thoughts on silicon and carbon trade-offs in 
plants. Plant Soil. https://doi.org/10.1007/s11104-022-05394-5 

Hu AY, Che J, Shao JF, Yokosho K, Zhao XQ, Shen RF, Ma JF (2018) Silicon 
accumulated in the shoots results in down-regulation of phosphorus transporter 
gene expression and decrease of phosphorus  uptake in rice. Plant Soil 
423:317–325. https://doi.org/10.1007/s11104-017-3512-6 

Hu AY, Xu SN, Qin DN, Li W, Zhao XQ (2020a) Role of silicon in mediating 
phosphorus imbalance in plants. Plants 10:51. 
https://doi.org/10.3390/plants10010051 

Hu J, Li Y, Jeong BR (2020b) Silicon alleviates temperature stresses in poinsettia by 
regulating stomata, photosynthesis, and oxidative damages. Agronomy 2020, 
Vol 10, Page 1419 10:1419. https://doi.org/10.3390/AGRONOMY10091419 

Huang J, Wang P, Niu Y, Yu H, Ma F, Xiao G, Xu X (2018) Changes in C:N:P 
stoichiometry modify N and P conservation strategies of a desert steppe species 



127 
 

 

Glycyrrhiza uralensis. Sci Rep 8:12668. https://doi.org/10.1038/s41598-018-
30324-w 

Hurtado AC, Chiconato DA, Prado R de M, Sousa Junior G da S, Felisberto G (2019) 
Silicon attenuates sodium toxicity by improving nutritional efficiency in sorghum 
and sunflower plants. Plant Physiology and Biochemistry 142:224–233. 
https://doi.org/10.1016/j.plaphy.2019.07.010 

Hurtado AC, Chiconato DA, Prado R de M, Sousa Junior G da S, Olivera Viciedo D, 
Piccolo M de C (2020) Silicon application induces changes C:N:P stoichiometry 
and enhances stoichiometric homeostasis of sorghum and sunflower plants 
under salt stress. Saudi J Biol Sci 27:3711–3719. 
https://doi.org/10.1016/J.SJBS.2020.08.017 

Hussain MI, Lyra D-A, Farooq M, Nikoloudakis N, Khalid N (2016) Salt and drought 
stresses in safflower: a review. Agron Sustain Dev 36:4. 
https://doi.org/10.1007/s13593-015-0344-8 

Hussain S, Mumtaz M, Manzoor S, Shuxian L, Ahmed I, Skalicky M, Brestic M, 
Rastogi A, Ulhassan Z, Shafiq I, Allakhverdiev SI, Khurshid H, Yang W, Liu W 
(2021a) Foliar application of silicon improves growth of soybean by enhancing 
carbon metabolism under shading conditions. Plant Physiology and Biochemistry 
159:43–52. https://doi.org/10.1016/j.plaphy.2020.11.053 

Hussain S, Shuxian L, Mumtaz M, et al (2021b) Foliar application of silicon improves 
stem strength under low light stress by regulating lignin biosynthesis genes in 
soybean (Glycine max (L.) Merr.). J Hazard Mater 401:123256. 
https://doi.org/10.1016/j.jhazmat.2020.123256 

Islam W, Tayyab M, Khalil F, Hua Z, Huang Z, Chen HYH (2020) Silicon-mediated 
plant defense against pathogens and insect pests. Pestic Biochem Physiol 
168:104641. https://doi.org/10.1016/j.pestbp.2020.104641 

Ivushkin K, Bartholomeus H, Bregt AK, Pulatov A, Kempen B, de Sousa L (2019) 
Global mapping of soil salinity change. Remote Sens Environ 231:111260. 
https://doi.org/10.1016/j.rse.2019.111260 

Jagadish SVK, Way DA, Sharkey TD (2021) Plant heat stress: Concepts directing 
future research. Plant Cell Environ 44:1992–2005. 
https://doi.org/10.1111/pce.14050 

Katz O, Puppe D, Kaczorek D, Prakash NB, Schaller J (2021) Silicon in the soil–plant 
continuum: Intricate feedback mechanisms within ecosystems. Plants 10:652. 
https://doi.org/10.3390/plants10040652 



128 
 

 

Khaleghian H, Molaverdi M, Karimi K (2017) Silica Removal from Rice Straw To 
Improve its Hydrolysis and Ethanol Production. Ind Eng Chem Res 56:9793–
9798. https://doi.org/10.1021/acs.iecr.7b02830 

Khare S, Singh NB, Singh A, Hussain I, Niharika K, Yadav V, Bano C, Yadav RK, 
Amist N (2020) Plant secondary metabolites synthesis and their regulations 
under biotic and abiotic constraints. Journal of Plant Biology 63:203–216. 
https://doi.org/10.1007/s12374-020-09245-7 

Khattab H, Alatawi A, Abdulmajeed A, Emam M, Hassan H (2021) Roles of Si and 
SiNPs in improving thermotolerance of wheat photosynthetic machinery via 
upregulation of PsbH, PsbB and PsbD genes encoding PSII core proteins. 
Horticulturae 2021, Vol 7, Page 16 7:16. 
https://doi.org/10.3390/HORTICULTURAE7020016 

Kido N, Yokoyama R, Yamamoto T, Furukawa J, Iwai H, Satoh S, Nishitani K (2015) 
The matrix polysaccharide (1;3,1;4)-β-D-Glucan is involved in silicon-dependent 
strengthening of rice cell wall. Plant Cell Physiol 56:1679–1679. 
https://doi.org/10.1093/pcp/pcv099 

Kim SG, Kim KW, Park EW, Choi D (2007) Silicon-induced cell wall fortification of 
rice leaves: A possible cellular mechanism of enhanced host resistance to blast. 
http://dx.doi.org/101094/PHYTO200292101095 92:1095–1103. 
https://doi.org/10.1094/PHYTO.2002.92.10.1095 

Kim Y-H, Khan AL, Waqas M, Lee I-J (2017) Silicon Regulates Antioxidant Activities 
of Crop Plants under Abiotic-Induced Oxidative Stress: A Review. Front Plant Sci 
8:. https://doi.org/10.3389/fpls.2017.00510 

Klotzbücher T, Klotzbücher A, Kaiser K, Vetterlein D, Jahn R, Mikutta R (2018) 
Variable silicon accumulation in plants affects terrestrial carbon cycling by 
controlling lignin synthesis. Glob Chang Biol 24:e183–e189. 
https://doi.org/10.1111/gcb.13845 

Koerselman W, Meuleman AFM (1996) The vegetation N:P ratio: a new tool to detect 
the nature of nutrient limitation. J Appl Ecol 33:1441. 
https://doi.org/10.2307/2404783 

Korndörfer GH, Coelho NM, Snyder GH, Mizutani CT (1999) Avaliação de métodos 
de extração de silício em solos cultivados com arroz de sequeiro. Rev Bras 
Cienc Solo 23:101–106. https://doi.org/10.1590/S0100-06831999000100013 

Korndorfer GH, Pereira HS, Nolla A (2004) Análise de silício: solo, planta e 
fertilizante. Universidade Federal de Uberlândia, Uberlândia 



129 
 

 

Kostic L, Nikolic N, Bosnic D, Samardzic J, Nikolic M (2017) Silicon increases 
phosphorus (P) uptake by wheat under low P acid soil conditions. Plant Soil 
419:447–455. https://doi.org/10.1007/S11104-017-3364-0/FIGURES/4 

Kou L., Sun M., Fu R., Wang W., Peng X. (2015) Influence of Soil Properties on 
Silicon Adsorption by Soils in Chinese Tea Plantations. Plos One 10:e0131230 

Lata-Tenesaca LF, Mello Prado R, Cássia Piccolo M, Silva DL, Silva JLF (2021) 
Silicon modifies C:N:P stoichiometry, and increases nutrient use efficiency and 
productivity of quinoa. Scientific Reports 2021 11:1 11:1–9. 
https://doi.org/10.1038/s41598-021-89416-9 

Leal AJF, Barreto RF, Mello Prado R, Silva Junior GB, Barreto CF, Santos LCN dos, 
Campos CNS (2021) Silicon attenuates abiotic stress caused by ammonium 
toxicity but not nitrogen deficiency in cotton plants. J Agron Crop Sci 207:774–
781. https://doi.org/10.1111/jac.12499 

Liang Y, Sun W, Zhu Y-G, Christie P (2007) Mechanisms of silicon-mediated 
alleviation of abiotic stresses in higher plants: A review. Environmental Pollution 
147:422–428. https://doi.org/10.1016/j.envpol.2006.06.008 

Linden C vander, Delvaux B (2019) The weathering stage of tropical soils affects the 
soil-plant cycle of silicon, but depending on land use. Geoderma 351:209–220. 
https://doi.org/10.1016/j.geoderma.2019.05.033 

Lu X, Qin Z, Lambers H, Tang S, Kaal J, Hou E, Kuang Y (2021) Nitrogen addition 
increases aboveground silicon and phytolith concentrations in understory plants 
of a tropical forest. Plant Soil. https://doi.org/10.1007/s11104-021-05236-w 

Mabagala FS, Geng YH, Cao GJ, Wang LC, Wang M, Zhang ML (2020) Effect of 
silicon on crop yield, and nitrogen use efficiency applied under straw return 
treatments. Appl Ecol Environ Res 18:5577–5590. 
https://doi.org/10.15666/aeer/1804_55775590 

Mali M, Aery and NC (2008) Silicon effects on nodule growth, dry‐matter production, 
and mineral nutrition of cowpea ( Vigna unguiculata ). Journal of Plant Nutrition 
and Soil Science 171:835–840. https://doi.org/10.1002/jpln.200700362 

Malik MA, Wani AH, Mir SH, Rehman IU, Tahir I, Ahmad P, Rashid I (2021) 
Elucidating the role of silicon in drought stress tolerance in plants. Plant 
Physiology and Biochemistry 165:187–195. 
https://doi.org/10.1016/j.plaphy.2021.04.021 

Mantovani C, Prado R de M, Pivetta KFL (2018) Silicon foliar application on nutrition 
and growth of Phalaenopsis and Dendrobium orchids. Sci Hortic 241:83–92. 
https://doi.org/10.1016/j.scienta.2018.06.088 



130 
 

 

Martin AR, Doraisami M, Thomas SC (2018) Global patterns in wood carbon 
concentration across the world’s trees and forests. Nat Geosci 11:915–920. 
https://doi.org/10.1038/s41561-018-0246-x 

Marxen A, Klotzbücher T, Jahn R, Kaiser K, Nguyen VS, Schmidt A, Schädler M, 
Vetterlein D (2016) Interaction between silicon cycling and straw decomposition 
in a silicon deficient rice production system. Plant Soil 398:153–163. 
https://doi.org/10.1007/s11104-015-2645-8 

Mehrabanjoubani P, Abdolzadeh A, Sadeghipour HR, Aghdasi M (2015) Silicon 
affects transcellular and apoplastic uptake of some nutrients in plants. 
Pedosphere 25:192–201. https://doi.org/10.1016/S1002-0160(15)60004-2 

Minden V, Schaller J, Olde Venterink H (2021) Plants increase silicon content as a 
response to nitrogen or phosphorus limitation: a case study with Holcus lanatus. 
Plant Soil 462:95–108. https://doi.org/10.1007/s11104-020-04667-1 

Mir RA, Bhat BA, Yousuf H, Islam ST, Raza A, Rizvi MA, Charagh S, Albaqami M, 
Sofi PA, Zargar SM (2022) Multidimensional role of silicon to activate resilient 
plant growth and to mitigate abiotic stress. Front Plant Sci 13:. 
https://doi.org/10.3389/fpls.2022.819658 

Mohanty S, Nayak AK, Swain CK, Dhal B, Kumar A, Tripathi R, Shahid M, Lal B, 
Gautam P, Dash GK, Swain P (2020) Silicon enhances yield and nitrogen use 
efficiency of tropical low land rice. Agron J 112:758–771. 
https://doi.org/10.1002/agj2.20087 

Moraes DHM de, Mesquita M, Magalhães Bueno A, Flores RA, Oliveira HFE de, 
Lima FSR de, Prado R de M, Battisti R (2020) Combined effects of induced 
water deficit and foliar application of silicon on the gas exchange of tomatoes for 
processing. Agronomy 10:1715. https://doi.org/10.3390/agronomy10111715 

Mostofa MG, Ghosh A, Li Z-G, Siddiqui MdN, Fujita M, Tran L-SP (2018) 
Methylglyoxal – a signaling molecule in plant abiotic stress responses. Free 
Radic Biol Med 122:96–109. 
https://doi.org/10.1016/j.freeradbiomed.2018.03.009 

Mostofa MG, Rahman MdM, Ansary MdMU, Keya SS, Abdelrahman M, Miah MdG, 
Phan Tran L-S (2021) Silicon in mitigation of abiotic stress-induced oxidative 
damage in plants. Crit Rev Biotechnol 41:918–934. 
https://doi.org/10.1080/07388551.2021.1892582 

Munir N, Hasnain M, Roessner U, Abideen Z (2022) Strategies in improving plant 
salinity resistance and use of salinity resistant plants for economic sustainability. 
Crit Rev Environ Sci Technol 52:2150–2196. 
https://doi.org/10.1080/10643389.2021.1877033 



131 
 

 

Mustafa T, Sattar A, Sher A, Ul-Allah S, Ijaz M, Irfan M, Butt M, Cheema M (2021) 
Exogenous application of silicon improves the performance of wheat under 
terminal heat stress by triggering physio-biochemical mechanisms. Scientific 
Reports 2021 11:1 11:1–12. https://doi.org/10.1038/s41598-021-02594-4 

Neu S, Schaller J, Dudel EG (2017) Silicon availability modifies nutrient use 
efficiency and content, C:N:P stoichiometry, and productivity of winter wheat 
(Triticum aestivum L.). Scientific Reports 2017 7:1 7:1–8. 
https://doi.org/10.1038/srep40829 

Niu D, Zhang C, Ma P, Fu H, Elser JJ (2019) Responses of leaf C:N:P stoichiometry 
to water supply in the desert shrub Zygophyllum xanthoxylum. Plant Biol 21:82–
88. https://doi.org/10.1111/plb.12897 

Oliveira Filho ASB, Prado R de M, Teixeira GCM, Rocha AMS, Souza Junior JP, 
Cássia Piccolo M, Rocha JR (2021a) Silicon attenuates the effects of water 
deficit in sugarcane by modifying physiological aspects and C:N:P stoichiometry 
and its use efficiency. Agric Water Manag 255:107006. 
https://doi.org/10.1016/J.AGWAT.2021.107006 

Oliveira Filho ASBP, Teixeira GCM, Cássia Piccolo M, Rocha AMS (2021b) Water 
deficit modifies C:N:P stoichiometry affecting sugarcane and energy cane yield 
and its relationships with silicon supply. Scientific Reports 2021 11:1 11:1–10. 
https://doi.org/10.1038/s41598-021-00441-0 

Parecido RJ, Soratto RP, Guidorizzi FVC, Perdoná MJ, Gitari HI (2022) Soil 
application of silicon enhances initial growth and nitrogen use efficiency of 
Arabica coffee plants. J Plant Nutr 45:1061–1071. 
https://doi.org/10.1080/01904167.2021.2006707 

Pati S, Pal B, Badole S, Hazra GC, Mandal B (2016) Effect of silicon fertilization on 
growth, yield, and nutrient uptake of rice. Commun Soil Sci Plant Anal 47:284–
290. https://doi.org/10.1080/00103624.2015.1122797 

Pavlovic J, Kostic L, Bosnic P, Kirkby EA, Nikolic M (2021) Interactions of silicon sith 
essential and beneficial elements in plants. Front Plant Sci 12:1224. 
https://doi.org/10.3389/FPLS.2021.697592/BIBTEX 

Peng Y, Niklas KJ, Sun S (2011) The relationship between relative growth rate and 
whole-plant C : N : P stoichiometry in plant seedlings grown under nutrient-
enriched conditions. Journal of Plant Ecology 4:147–156. 
https://doi.org/10.1093/jpe/rtq026 

Pozo A del, Pérez P, Gutiérrez D, Alonso A, Morcuende R, Martínez-Carrasco R 
(2007) Gas exchange acclimation to elevated CO2 in upper-sunlit and lower-
shaded canopy leaves in relation to nitrogen acquisition and partitioning in wheat 



132 
 

 

grown in field chambers. Environ Exp Bot 59:371–380. 
https://doi.org/10.1016/j.envexpbot.2006.04.009 

Prado R de M, Silva GP da (2017) Ecological response to global change: changes in 
C:N:P stoichiometry in environmental adaptations of plants. Plant Ecology - 
Traditional Approaches to Recent Trends. 
https://doi.org/10.5772/INTECHOPEN.69246 

Prado RM (2021) Mineral nutrition of tropical plants, Springer Cham. Springer 
International Publishing 

Prychid CJ, Rudall PJ& GM, Rudall PJ, Gregory M (2003) Systematics and biology of 
silica bodies in monocotyledons. Bot Rev 69:377–440 

Puppe D, Kaczorek D, Schaller J (2022) Biological impacts on silicon availability and 
cycling in agricultural plant-soil systems. In: Silicon and Nano-silicon in 
Environmental Stress Management and Crop Quality Improvement. Elsevier, pp 
309–324 

Raij B van, Andrade JC de, Cantarella H, Quaggio JA (2001) Análise química para 
avaliação da fertilidade de solos tropicais. Instituto Agronômico de Campinas, 
Campinas 

Raturi G, Sharma Y, Rana V, Thakral V, Myaka B, Salvi P, Singh M, Dhar H, 
Deshmukh R (2021) Exploration of silicate solubilizing bacteria for sustainable 
agriculture and silicon biogeochemical cycle. Plant Physiology and Biochemistry 
166:827–838. https://doi.org/10.1016/j.plaphy.2021.06.039 

Raven JA (1983) The transport and function of silicon in plants. Biological Reviews 
58:179–207. https://doi.org/10.1111/j.1469-185X.1983.tb00385.x 

Raza A, Tabassum J, Zahid Z, Charagh S, Bashir S, Barmukh R, Khan RSA, 
Barbosa F, Zhang C, Chen H, Zhuang W, Varshney RK (2022a) Advances in 
“Omics” approaches for improving toxic metals/metalloids tolerance in plants. 
Front Plant Sci 12:. https://doi.org/10.3389/fpls.2021.794373 

Raza F, Tamoor M, Miran S, Arif W, Kiren T, Amjad W, Hussain MI, Lee G-H (2022b) 
The socio-economic impact of using photovoltaic (PV) energy for high-efficiency 
irrigation systems: A case study. Energies (Basel) 15:1198. 
https://doi.org/10.3390/en15031198 

Rios JJ, Martínez-Ballesta MC, Ruiz JM, Blasco B, Carvajal M (2017) Silicon-
mediated improvement in plant salinity tolerance: The role of aquaporins. Front 
Plant Sci 8:. https://doi.org/10.3389/fpls.2017.00948 

Rivai RR, Miyamoto T, Awano T, Yoshinaga A, Chen S, Sugiyama J, Tobimatsu Y, 
Umezawa T, Kobayashi M (2022) Limiting silicon supply alters lignin content and 



133 
 

 

structures of sorghum seedling cell walls. Plant Science 321:111325. 
https://doi.org/10.1016/j.plantsci.2022.111325 

Rivas-Ubach A, Sardans J, Pérez-Trujillo M, Estiarte M, Peñuelas J (2012) Strong 
relationship between elemental stoichiometry and metabolome in plants. 
Proceedings of the National Academy of Sciences 109:4181–4186. 
https://doi.org/10.1073/pnas.1116092109 

Rocha JR, de Mello Prado R, de Cássia Piccolo M (2022a) New outcomes on how 
silicon enables the cultivation of Panicum maximum in soil with water restriction. 
Sci Rep 12:1897. https://doi.org/10.1038/s41598-022-05927-z 

Rocha JR, Prado R de M, Piccolo M de C (2022b) Mitigation of water deficit in two 
cultivars of Panicum maximum by the application of silicon. Water Air Soil Pollut 
233:63. https://doi.org/10.1007/s11270-022-05539-3 

Rocha JR, Prado RM, Teixeira GCM, de Oliveira Filho ASB (2021) Si fertigation 
attenuates water stress in forages by modifying carbon stoichiometry, favouring 
physiological aspects. J Agron Crop Sci 207:631–643. 
https://doi.org/10.1111/JAC.12479 

Royston P (1995) Remark AS R94: A remark on algorithm AS 181: The W-test for 
normality. Journal of the Royal Statistical Society 44:547–551 

Sales AC, Campos CNS, de Souza Junior JP, da Silva DL, Oliveira KS, de Mello 
Prado R, Teodoro LPR, Teodoro PE (2021) Silicon mitigates nutritional stress in 
quinoa (Chenopodium quinoa Willd.). Sci Rep 11:14665. 
https://doi.org/10.1038/s41598-021-94287-1 

Samarakoon AB, Gifford RM (1995) Soil water content under plants at high CO2 
concentration and interactions with the direct CO2 effects: A species 
comparison. J Biogeogr 22:193. https://doi.org/10.2307/2845910 

Sangster AG, Hodson MJ, Tubb HJ (2001) Silicon deposition in higher plants. pp 85–
113 

Santos MMM dos, Silva GP da, Prado R de M, Pinsetta Junior JS, Mattiuz B-H, 
Braun H (2022) Biofortification of tomato with stabilized alkaline silicate and 
silicic acid, nanosilica, and potassium silicate via leaf increased ascorbic acid 
content and fruit firmness. J Plant Nutr 45:896–903. 
https://doi.org/10.1080/01904167.2021.1994599 

Santos Sarah MM, Prado R de M, Teixeira GCM, Souza Júnior JP, Medeiros RLS, 
Barreto RF (2022) Silicon supplied via roots or leaves relieves potassium 
deficiency in maize plants. Silicon 14:773–782. https://doi.org/10.1007/s12633-
020-00908-1 



134 
 

 

Sardans J, Rivas-Ubach A, Peñuelas J (2012) The C:N:P stoichiometry of organisms 
and ecosystems in a changing world: A review and perspectives. Perspect Plant 
Ecol Evol Syst 14:33–47. https://doi.org/10.1016/j.ppees.2011.08.002 

Schaller J, Brackhage C, Dudel EG (2012a) Silicon availability changes structural 
carbon ratio and phenol content of grasses. Environ Exp Bot 77:283–287. 
https://doi.org/10.1016/J.ENVEXPBOT.2011.12.009 

Schaller J, Brackhage C, Gessner MO, Bäuker E, Gert Dudel E (2012b) Silicon 
supply modifies C:N:P stoichiometry and growth of Phragmites australis. Plant 
Biol (Stuttg) 14:392–396. https://doi.org/10.1111/J.1438-8677.2011.00537.X 

Schaller J, Faucherre S, Joss H, Obst M, Goeckede M, Planer-Friedrich B, Peiffer S, 
Gilfedder B, Elberling B (2019) Silicon increases the phosphorus availability of 
Arctic soils. Sci Rep 9:449. https://doi.org/10.1038/s41598-018-37104-6 

Schaller J, Puppe D (2022) Silicon biogeochemistry in terrestrial ecosystems. In: 
Prado R de M (ed) Benefits of silicon in plant nutrition, Springer Nature 

Schaller J, Puppe D, Kaczorek D, Ellerbrock R, Sommer M (2021) Silicon Cycling in 
Soils Revisited. Plants 2021, Vol 10, Page 295 10:295. 
https://doi.org/10.3390/PLANTS10020295 

Schaller J, Schoelynck J, Struyf E, Meire P (2016) Silicon affects nutrient content and 
ratios of wetland plants. Silicon 8:479–485. https://doi.org/10.1007/s12633-015-
9302-y 

Schoelynck J, Bal K, Backx H, Okruszko T, Meire P, Struyf E (2010) Silica uptake in 
aquatic and wetland macrophytes: a strategic choice between silica, lignin and 
cellulose? New Phytologist 186:385–391. https://doi.org/10.1111/j.1469-
8137.2009.03176.x 

Seleiman MF, Al-Suhaibani N, Ali N, Akmal M, Alotaibi M, Refay Y, Dindaroglu T, 
Abdul-Wajid HH, Battaglia ML (2021) Drought stress impacts on plants and 
different approaches to alleviate its adverse effects. Plants 10:259. 
https://doi.org/10.3390/plants10020259 

Sheng H, Chen S (2020) Plant silicon-cell wall complexes: Identification, model of 
covalent bond formation and biofunction. Plant Physiology and Biochemistry 
155:13–19. https://doi.org/10.1016/j.plaphy.2020.07.020 

Sheng H, Ma J, Pu J, Wang L (2018) Cell wall-bound silicon optimizes ammonium 
uptake and metabolism in rice cells. Ann Bot 122:303–313. 
https://doi.org/10.1093/AOB/MCY068 

Shivaraj SM, Mandlik R, Bhat JA, Raturi G, Elbaum R, Alexander L, Tripathi DK, 
Deshmukh R, Sonah H (2022) Outstanding questions on the beneficial role of 



135 
 

 

silicon in crop plants. Plant Cell Physiol 63:4–18. 
https://doi.org/10.1093/pcp/pcab145 

Siddiqi MY, Glass ADM (2008) Utilization index: A modified approach to the 
estimation and comparison of nutrient utilization efficiency in plants. 
https://doi.org/101080/01904168109362919 4:289–302. 
https://doi.org/10.1080/01904168109362919 

Silva BS, Prado R de M, Hurtado AC, Andrade RA de, Silva GP da (2020) Ammonia 
toxicity affect cations uptake and growth in papaya plants inclusive with silicon  
addition. Acta Biolo Colomb 25:345–353. 
https://doi.org/10.15446/abc.v25n3.79490 

Silva DL da, Prado R de M, Tenesaca LFL, Silva JLF da, Mattiuz B-H (2021a) Silicon 
attenuates calcium deficiency by increasing ascorbic acid content, growth and 
quality of cabbage leaves. Sci Rep 11:1770. https://doi.org/10.1038/s41598-020-
80934-6 

Silva ES da, Prado R de M, Soares A de AVL, Almeida HJ, Santos DMM (2021b) 
Response of corn seedlings (Zea mays L.) to different concentrations of nitrogen 
in absence and presence of silicon. Silicon 13:813–818. 
https://doi.org/10.1007/s12633-020-00480-8 

Silva JLF da, Prado R de M (2021) Elucidating the action mechanisms of silicon in 
the mitigation of phosphorus deficiency and enhancement of its response in 
sorghum plants. J Plant Nutr 44:2572–2582. 
https://doi.org/10.1080/01904167.2021.1918155 

Silva EC, Nogueira RJMC, Silva MA, Albuquerque MB (2011) Drought stress and 
plant nutrition. Plant stress 5:32–41 

Silva Júnior GB da, Prado R de M, Silva SLO, Campos CNS, Castellanos LG, Santos 
LCN dos, Barreto RF, Teodoro PE (2020) Nitrogen concentrations and 
proportions of ammonium and nitrate in the nutrition and growth of yellow 
passion fruit seedlings. J Plant Nutr 43:2533–2547. 
https://doi.org/10.1080/01904167.2020.1783299 

Silva Júnior GB da, Prado RM, Campos CidNS, Agostinho FB, Silva SLO, Santos 
LCN, González LC (2019) Silicon mitigates ammonium toxicity in yellow 
passionfruit seedlings. Chil J Agric Res 79:425–434. 
https://doi.org/10.4067/S0718-58392019000300425 

Song A, Li P, Fan F, Li Z, Liang Y (2014) The effect of silicon on photosynthesis and 
expression of its relevant genes in rice (Oryza sativa L.) under high-zinc stress. 
PLoS One 9:e113782. https://doi.org/10.1371/JOURNAL.PONE.0113782 



136 
 

 

Song Z, Liu C, Müller K, Yang X, Wu Y, Wang H (2018) Silicon regulation of soil 
organic carbon stabilization and its potential to mitigate climate change. Earth 
Sci Rev 185:463–475. https://doi.org/10.1016/j.earscirev.2018.06.020 

Souza Junior JP de, Prado R de M, Morais T chagas B de, Frazão JJ, Santos Sarah 
MM dos, Oliveira KR de, Paula RC de (2021) Silicon fertigation and salicylic acid 
foliar spraying mitigate ammonium deficiency and toxicity in Eucalyptus spp. 
clonal seedlings. PLoS One 16:e0250436. 
https://doi.org/10.1371/journal.pone.0250436 

Souza Júnior JP, Oliveira TL, Mello Prado R, Oliveira KR, Soares MB (2022) 
Analyzing the role of silicon in leaf C:N:P stoichiometry and its effects on 
nutritional efficiency and dry weight production in two sugarcane cultivars. J Soil 
Sci Plant Nutr 22:2687–2694. https://doi.org/10.1007/s42729-022-00836-6 

Sun W, Shi F, Chen H, Zhang Y, Guo Y, Mao R (2021) Relationship between relative 
growth rate and C:N:P stoichiometry for the marsh herbaceous plants under 
water-level stress conditions. Glob Ecol Conserv 25:e01416. 
https://doi.org/10.1016/j.gecco.2020.e01416 

Surendran U, Jayakumar M, Marimuthu S (2016) Low cost drip irrigation: Impact on 
sugarcane yield, water and energy saving in semiarid tropical agro ecosystem in 
India. Science of The Total Environment 573:1430–1440. 
https://doi.org/10.1016/j.scitotenv.2016.07.144 

Suzuki S, Ma JF, Yamamoto N, Hattori T, Sakamoto M, Umezawa T (2012) Silicon 
deficiency promotes lignin accumulation in rice. Plant Biotechnology 29:391–
394. https://doi.org/10.5511/plantbiotechnology.12.0416a 

Tegeder M, Masclaux‐Daubresse C (2018) Source and sink mechanisms of nitrogen 
transport and use. New Phytologist 217:35–53. 
https://doi.org/10.1111/nph.14876 

Teixeira GCM, Prado R de M, Rocha AMS, Piccolo M de C (2022) Silicon as a 
sustainable option to increase biomass with less water by inducing 
carbon:nitrogen:phosphorus stoichiometric homeostasis in sugarcane and 
energy cane. Front Plant Sci 13:826512. 
https://doi.org/10.3389/fpls.2022.826512 

Teixeira GCM, Prado R de M, Rocha AMS, Silveira Sousa Junior G da, Gratão PL 
(2021a) Beneficial effect of silicon applied through fertigation attenuates damage 
caused by water deficit in sugarcane. J Plant Growth Regul 41:1–16. 
https://doi.org/10.1007/S00344-021-10510-3/FIGURES/10 

Teixeira GCM, Prado RM, Rocha AMS (2021b) Low absorption of silicon via foliar in 
comparison to root application has an immediate antioxidant effect in mitigating 



137 
 

 

water deficit damage in sugarcane. J Agron Crop Sci 00:1–10. 
https://doi.org/10.1111/JAC.12511 

Teixeira GCM, Prado RM, Rocha AMS, Cássia Piccolo M (2020) Root- and foliar-
applied silicon modifies C: N: P ratio and increases the nutritional efficiency of 
pre-sprouted sugarcane seedlings under water deficit. PLoS One 15:e0240847. 
https://doi.org/10.1371/JOURNAL.PONE.0240847 

Tian D, Reich PB, Chen HYH, Xiang Y, Luo Y, Shen Y, Meng C, Han W, Niu S 
(2019) Global changes alter plant multi‐element stoichiometric coupling. New 
Phytologist 221:807–817. https://doi.org/10.1111/nph.15428 

Tian Q, Lu P, Ma P, Zhou H, Yang M, Zhai X, Chen M, Wang H, Li W, Bai W, 
Lambers H, Zhang W (2021) Processes at the soil–root interface determine the 
different responses of nutrient limitation and metal toxicity in forbs and grasses 
to nitrogen enrichment. Journal of Ecology 109:927–938. 
https://doi.org/10.1111/1365-2745.13519 

Tombeur F de, Roux P, Cornelis J-T (2021a) Silicon dynamics through the lens of 
soil-plant-animal interactions: perspectives for agricultural practices. Plant Soil 
467:1–28. https://doi.org/10.1007/s11104-021-05076-8 

Tombeur F, Laliberté E, Lambers H, Faucon M, Zemunik G, Turner BL, Cornelis J, 
Mahy G (2021b) A shift from phenol to silica‐based leaf defences during 
long‐term soil and ecosystem development. Ecol Lett 24:984–995. 
https://doi.org/10.1111/ele.13713 

Tubana BS, Babu T, Datnoff LE (2016) A Review of Silicon in Soils and Plants and 
Its Role in US Agriculture. Soil Sci 181:393–411. 
https://doi.org/10.1097/SS.0000000000000179 

Tubaña BS, Heckman JR (2015) Silicon in soils and plants. In: Silicon and Plant 
Diseases. Springer International Publishing, Cham, pp 7–51 

Urabe J, Naeem S, Raubenheimer D, Elser JJ (2010) The evolution of biological 
stoichiometry under global change. Oikos 119:737–740. 
https://doi.org/10.1111/j.1600-0706.2009.18596.x 

Verma KK, Song X-P, Tian D-D, Singh M, Verma CL, Rajput VD, Singh RK, Sharma 
A, Singh P, Malviya MK, Li Y-R (2021) Investigation of defensive role of silicon 
during drought stress induced by irrigation capacity in sugarcane: physiological 
and biochemical characteristics. ACS Omega 6:19811–19821. 
https://doi.org/10.1021/acsomega.1c02519 

Viciedo DO, de Mello Prado R, Lizcano Toledo R, dos Santos LCN, Calero Hurtado 
A, Nedd LLT, Castellanos Gonzalez L (2019a) Silicon supplementation alleviates 



138 
 

 

ammonium toxicity in sugar beet (Beta vulgaris L.). J Soil Sci Plant Nutr 19:413–
419. https://doi.org/10.1007/s42729-019-00043-w 

Viciedo DO, Prado R de M, Martinez CA, Habermann E, Piccolo M de C, Hurtado 
AC, Barreto RF, Calzada KP (2021) Changes in soil water availability and air-
temperature impact biomass allocation and C:N:P stoichiometry in different 
organs of Stylosanthes capitata Vogel. J Environ Manage 278:111540. 
https://doi.org/10.1016/j.jenvman.2020.111540 

Viciedo DO, Prado RM, Martínez CA, Habermann E, Piccolo M de C (2019b) Short-
term warming and water stress affect Panicum maximum Jacq. stoichiometric 
homeostasis and biomass production. Science of The Total Environment 
681:267–274. https://doi.org/10.1016/J.SCITOTENV.2019.05.108 

Walker TS, Bais HP, Grotewold E, Vivanco JM (2003) Root Exudation and 
Rhizosphere Biology. Plant Physiol 132:44–51. 
https://doi.org/10.1104/pp.102.019661 

Wang L, Zhao G, Li M, Zhang M, Zhang L, Zhang X, An L, Xu S (2015a) C:N:P 
stoichiometry and leaf traits of Halophytes in an arid saline environment, 
northwest China. PLoS One 10: e0119935. 
https://doi.org/10.1371/journal.pone.0119935 

Wang M, Wang R, Mur LAJ, Ruan J, Shen Q, Guo S (2021) Functions of silicon in 
plant drought stress responses. Hortic Res 8:254. 
https://doi.org/10.1038/S41438-021-00681-1/6491157 

Wang XG, Wuyunna, Busso CA, Song YT, Zhang FJ, Huo GW (2018) Responses of 
C:N:P stoichiometry of plants from a Hulunbuir grassland to salt stress, drought 
and nitrogen addition. Phyton (B Aires) 87:123–132 

Wang Z, Lu J, Yang M, Yang H, Zhang Q (2015b) Stoichiometric characteristics of 
carbon, nitrogen, and phosphorus in leaves of differently aged lucerne 
(Medicago sativa) stands. Front Plant Sci 6:1062. 
https://doi.org/10.3389/fpls.2015.01062 

Williams RJP (2007) Introduction to silicon chemistry and biochemistry. pp 24–39 

Wrachien D, Schultz B, Goli MB (2021) Impacts of population growth and climate 
change on food production and irrigation and drainage needs: A world‐wide view 
*. Irrigation and Drainage 70:981–995. https://doi.org/10.1002/ird.2597 

Wu H, Ling H-Q (2019) FIT-Binding Proteins and Their Functions in the Regulation of 
Fe Homeostasis. Front Plant Sci 10:. https://doi.org/10.3389/fpls.2019.00844 

Wu X, Yu Y, Baerson SR, Song Y, Liang G, Ding C, Niu J, Pan Z, Zeng R (2017) 
Interactions between nitrogen and silicon in rice and their effects on resistance 



139 
 

 

toward the brown planthopper Nilaparvata lugens. Front Plant Sci 8:28. 
https://doi.org/10.3389/FPLS.2017.00028/BIBTEX 

Xia S, Song Z, van Zwieten L, Guo L, Yu C, Hartley IP, Wang H (2020) Silicon 
accumulation controls carbon cycle in wetlands through modifying nutrients 
stoichiometry and lignin synthesis of Phragmites australis. Environ Exp Bot 
175:104058. https://doi.org/10.1016/J.ENVEXPBOT.2020.104058 

Xu X, Yuan L, Xie Q (2022) The circadian clock ticks in plant stress responses. 
Stress Biology. https://doi.org/10.1007/s44154-022-00040-7 

Yan Z, Tian D, Han W, Tang Z, Fang J (2017) An assessment on the uncertainty of 
the nitrogen to phosphorus ratio as a threshold for nutrient limitation in plants. 
Ann Bot 120:937–942. https://doi.org/10.1093/aob/mcx106 

Yang Y, Liu B-R, An S-S (2018) Ecological stoichiometry in leaves, roots, litters and 
soil among different plant communities in a desertified region of Northern China. 
Catena (Amst) 166:328–338. https://doi.org/10.1016/j.catena.2018.04.018 

Zargar SM, Mahajan R, Bhat JA, Nazir M, Deshmukh R (2019) Role of silicon in plant 
stress tolerance: opportunities to achieve a sustainable cropping system. 3 
Biotech 9:73. https://doi.org/10.1007/s13205-019-1613-z 

Zhang L-X, Bai Y-F, Han X-G (2004) Differential responses of N:P stoichiometry of 
Leymus chinensis and Carex korshinskyi to N additions in a steppe ecosystem in 
Nei Mongol. J Integr Plant Biol 46:259–270 

Zhang Q, Zhou J, Li X, Yang Z, Zheng Y, Wang J, Lin W, Xie J, Chen Y, Yang Y 
(2019) Are the combined effects of warming and drought on foliar C:N:P:K 
stoichiometry in a subtropical forest greater than their individual effects? For Ecol 
Manage 448:256–266. https://doi.org/10.1016/j.foreco.2019.06.021 

Zhou W, Zhu Y, Jin J (2013) Calcium fertilizer application reduces silicon 
concentration in rice (Oryza sativa L.) grains by decreasing silicon availability in 
soil. Plant Soil 369:59–67 

Zhu Y-X, Gong H-J, Yin J-L (2019) Role of silicon in mediating salt tolerance in 
plants: A review. Plants 8:147. https://doi.org/10.3390/plants8060147 

  



140 
 

 

CHAPTER 4 – Final considerations 
 

Understanding the silicon (Si) effects on sugarcane cultivation under different 

soil and water conditions can improve crop yield, thus enhancing food security in the 

face of climate change. The first chapter of this dissertation aimed to elucidate the 

mechanisms by which Si modifies plant responses to abiotic stress, highlighting the 

beneficial role of this element in modifying C, N, and P homeostasis, improving 

nutrient use efficiency, and reducing yield losses under adverse conditions. The 

second chapter focused on nutrient homeostasis of C, N, and P, as well as leaf and 

stem dry mass accumulation in tropical soils with different water regimes. This study 

revealed that Si addition improved nutrient homeostasis and leaf and stem dry mass 

accumulation, especially in soils with lower water availability. The third chapter 

focused on the stoichiometric modifications of C, N, and P and the yield of sugarcane 

regrowth in soils with different textures and fertilities under different water regimes. It 

was found that Si addition increased sugarcane regrowth biomass production in all 

soils studied, but the effects were more pronounced in soils with low fertility and 

sandy textures. Together, these studies suggest that Si addition can be beneficial for 

sugarcane production under adverse conditions, including soils with low fertility and 

limited water regimes. These results may have important implications for sustainable 

agriculture and food security in regions that depend on sugarcane production. 

The study of Si use in sugarcane production reveals it as a multi-stress 

mitigator, reducing damages caused by water deficit in all three tropical soils and 

also capable of reducing damages caused by harvesting. The results of the third 

chapter of this dissertation show that sugarcane ratoon plants benefit from Si 

application in the absence of water deficit, modifying C, N, and P homeostasis, 

increasing nutrient use efficiency, and boosting leaf and stem biomass production in 

all three tropical soils. In this scenario, Si use may contribute to sugarcane regrowth, 

potentially increasing the longevity of sugarcane fields, but this needs to be 

confirmed. 

The use of Si in consecutive sugarcane cycles can also modify plant tolerance 

over time, especially in regions with low water availability. Additionally, the 

continuous use of Si in crops contributes to increasing the amount of available Si in 
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tropical soils, making the benefits of Si more evident in subsequent cycles of this 

crop.   

The use of Si can improve the yield and profitability of sugarcane production 

under different soil and water conditions. The results of our study can help producers 

identify the conditions in which Si application is most beneficial. Additionally, further 

studies are needed to investigate whether silicon application can improve the quality 

of sugarcane by increasing sucrose content and crop profitability, as well as whether 

it can enhance plant resistance to diseases and pests, promoting more sustainable 

cultivation practices. 

Studies on the effect of Si on sugarcane production under different soil and 

water conditions provide a solid foundation for future research. There are several 

future perspectives for the present studies, which include understanding the 

molecular mechanisms underlying the effect of silicon on sugarcane, including how 

silicon affects plant metabolism. Future studies can use advanced molecular biology 

techniques to identify the genes involved in the sugarcane response to silicon. 

Another important aspect to advance in understanding water stress is the 

identification of sugarcane varieties that are more resistant to this stress associated 

with the use of Si, which can significantly reduce the deleterious effects of water 

deficit and can be an important area for future research. Additionally, further studies 

are needed to test different cultivars and recommend the application of the element 

in more responsive cultivars. 

The findings of these studies can be used to develop more effective 

management practices for sugarcane production, with the aim of improving crop yield 

and quality. The use of Si opens up a new path of research, allowing for increased 

water use efficiency in sugarcane production systems, highlighting the need for 

further studies to indicate the amount of water that can be saved with the use of Si. 

The innovative practice of Si use via fertigation will allow for a reduction in water use 

for sugarcane production, maximizing the efficient use of this resource and ensuring 

greater sustainability of production systems. 

 Future studies can evaluate the effectiveness of adding silicon to different soil 

types and climatic conditions to adopt the practice of silicate application in more 

promising situations.  
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Therefore, there are many future perspectives for studies on the effect of 

silicon on sugarcane production in a more sustainable way, which reduces 

environmental impact and promotes the production of healthy and high-quality food.
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Appendix 1. Experimental units arranged in the greenhouse prior to sugarcane seedling 
transplanting (a), sugarcane seedlings after sugarcane transplanting (b, c, d). 

(a) (b) 

(c) (d) 


