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ABSTRACT

CARR, N. F. Integrated effects of silicon supply and water availability on the growth of
contrasting common bean genotypes regarding water deficit tolerance: evaluation of root
system, gas exchange, water use efficiency, and carbon isotope discrimination
(5 3C %o). 2023. 75 p. Thesis (Doctorate in Sciences) - Center for Nuclear Energy in
Agriculture of the University of Sao Paulo, Piracicaba, 2023.

This study investigated the role of silicon as a mitigator of water stress in two distinct
genotypes of common bean (Phaseolus vulgaris L.) plants, BAT 477 and IAC carioca 80SH,
known respectively as tolerant and susceptible to water deficit stress. Water stress is a
significant constraint in agriculture, impacting crop productivity and yield. Silicon has been
reported to enhance plant tolerance to various abiotic stresses, including water deficit.
However, its effectiveness in non-accumulator plants, such as common bean, remains
unclear. To clarify the role of silicon in non-accumulator plants, three studies were
conducted. To achieve this goal, the objectives were to evaluate the uptake and kinetics
parameters of silicon by common beans and to determine the impact of silicon on water use
efficiency and physiological responses of the plants under water stress conditions. The
methodology involved assessing silicon uptake through kinetic parameters such as Imax, Km,
and Cnin, as well as analyzing the accumulation pattern of silicon during several phenological
stages of the genotypes analyzed. The susceptible genotype had higher Si levels and Si
accumulation in plants, most of this element was allocated in the leaves, also, showed an
increase in dry plant mass. The tolerant genotype did not accumulate more Si compared to
the susceptible genotype. Furthermore, water use efficiency was analyzed through
physiological parameters related to gas exchange, relative water content, and carbon isotope
discrimination (83C %o), serving as indicators of physiological responses to water stress. The
findings of this research contributed to a better understanding of the role of silicon in
mitigating water stress in common bean, a non-accumulator plant. However, this study also
revealed the need for further extensive foundational research and field studies to assess and
test the behavior of silicon in different scenarios, with a particular focus on non-accumulator

plants, which have received less attention in previous studies.

Keywords: Photosynthetic parameters. Non-accumulator plants. Kinetics. Mitigating water

stress. Plant tolerance.






RESUMO

CARR, N. F. Efeitos integrados do suprimento de silicio e disponibilidade de agua no
crescimento de gendtipos de feijdo contrastantes quanto a tolerancia ao déficit hidrico:
avaliacdo do sistema radicular, das trocas gasosas, eficiéncia de uso de agua e discriminagédo
isotopica de carbono (8 3C %.). 2023. 75 p. Tese (Doutorado em Ciéncias) - Centro de
Energia Nuclear na Agricultura, Universidade de Sdo Paulo, Piracicaba, 2023.

Neste estudo o papel do silicio, foi investigado, como um mitigador do estresse hidrico em
dois gendtipos distintos de plantas de feijao comum (Phaseolus vulgaris L.), BAT 477 e IAC
carioca 80SH, conhecidos, respectivamente, como tolerante e suscetivel ao estresse de déficit
hidrico. As plantas estdo sujeitas a periodos de estresse ambiental durante todo o seu ciclo de
vida. Um desses fatores, a falta de 4gua, pode influir negativamente no desenvolvimento e
na producdo da cultura, reduzindo area foliar e a taxa fotossintética. O silicio é reconhecido
por ser um elemento benéfico que auxilia na mitigacdo de varios estresses abidticos, como o
déficit hidrico. No entanto, pouco se sabe sobre a sua eficacia em plantas ndo acumuladoras,
como o feijoeiro. Para esclarecer o papel do silicio em plantas ndo acumuladoras, foram
conduzidos trés estudos. Os objetivos foram avaliar a os parametros cinéticos de absorcao de
silicio pelo feijoeiro, seu acimulo e, ainda, determinar o impacto do silicio na eficiéncia do
uso da agua e nas respostas fisioldgicas das plantas sob condi¢des de estresse hidrico. A
metodologia envolveu a avaliacdo da absorcdo de silicio por meio de parametros cinéticos
€omo Vmax, Km € Cmin, além da anélise da marcha de absorg&o de silicio durante determinadas
fases fenoldgicas dos gendtipos analisados. O genotipo suscetivel apresentou niveis mais
elevados e acimulo de Si nas plantas, a maior parte desse elemento foi alocada nas folhas,
incrementando a massa seca dessas plantas. O gendtipo tolerante ndo acumulou mais Si em
comparagao com o gen6tipo suscetivel. Alem disso, a eficiéncia do uso da dgua foi analisada
por meio de parametros fisiologicos relacionados a troca gasosa, contetdo relativo de dgua e
discriminagdo isotopica do carbono (83C %), servindo como indicadores de respostas
fisioldgicas ao estresse hidrico. Os resultados desta pesquisa contribuiram para uma melhor
compreensdo do papel do silicio na mitigacdo do estresse hidrico em feijdo comum, uma
planta ndo acumuladora. No entanto, este estudo também revelou a necessidade de mais
pesquisas de base e estudos de campo para avaliar e testar o comportamento do silicio em
diferentes cenarios, com um foco particular em plantas ndo acumuladoras, devido a lacuna
de informacéo que ainda é latente em estudos sobre os beneficios do silicio.

Palavras chave: Parametros fotossintéticos. Plantas ndo acumuladoras. Cinética. Mitigacao

do estresse hidrico. Plantas resilientes.
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Silicon absorption march of common bean plants. a) Si accumulation
(mg) in leaf, stem, root and pod at common bean cv. BAT 477 (tolerant)
genotype as function of the phenological stage. b) Si accumulation (mg)
in leaf, stem, root and pod at common bean cv. IAC carioca 80SH
(susceptible) genotype in function of the phenological stage. c) Si
accumulation (mg) in plants. Bars represent the standard error of the
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Leaf dry matter and plant dry matter by distinct common bean
genotypes. Bars represent the standard error of the mean (n = 4).
Different letters are different statistically, by the test Tukey at

Total number of trifoliolate leaves and foliar area index by distinct
common bean genotypes. Bars represent the standard error of the mean
(n = 4). Different letters are different statistically, by the test Tukey at

Pearson’s correlation among macro and micronutrients (P, K, Ca, Mg,
S, Mn, Fe, Cu, Zn, B and Al), Si leaf concentration (Si.Leaf), Si stem
concentration (Si.Stem), Si root concentration (Si.Root), Si pod dry
mass (Si.Pod), leaf dry mass (L.DM), stem dry mass (S.DM), root dry
mass (R.DM), pod dry mass (P.DM) by distinct common bean genotype
- tolerant to water deficit (BAT 477 genotype) (a) and susceptible to
water deficit (IAC carioca 80SH genotype) (b). Legends represent a
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Heatmap of apparent recovery efficiency (RE%) of macro and
micronutrients by distinct common bean genotypes as function of the
phenological stage. Legends represent the Z-scores demonstrating the
sample mean of each period (V4: third open trifoliolate leaf, R5: pre-
flowering, R7: formation of pods, R8: filling of pods, R9: maturation)

Silicon (Ka) fluorescence intensity at the adaxial face of common bean
leaf (physiological maturation - R9) by X-ray fluorescence
microanalysis (U-XRF). The measurements were made in transversal
lines of the bottom, center and top of the leaf. Legend: Leaf Bottom -
BAT 477 = part near to the petiole (tolerant to water deficit); Leaf
Center - BAT 477 = central part of the leaf; Leaf Top - BAT 477 = the
tip of the leaf. Leaf Bottom - IAC carioca 80SH = part near to the petiole
(susceptible to water deficit); Leaf Center - IAC carioca 80SH = central
part of the leaf; Leaf Top - IAC carioca 80SH = the tip of the



10

Figure 2.7.

Figure 2.8.

Figure 2.9.

Figure 2.10.

Figure 2.11.

Figure 3.1.
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Heatmap of apparent recovery efficiency (RE%) of macro and
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Net CO: assimilation (A) was evaluated in distinct common bean
genotypes, BAT 477 and IAC 80SH, respectively, tolerant and
susceptible to water deficit. Means followed by the same letters are not
significantly different between genotypes at the silicon level (uppercase
letters) and silicon supply at the genotype level (lowercase letters),
according to the Tukey test at a significance level of 5%. Apparent
carboxylation efficiency (A/Ci) was also evaluated and means followed
by the same letters are not significantly different regardless of genotype
(b1) and water supply (b2). Bars represent the standard error of the mean
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1 INTRODUCTION

1.1  Climate change and silicon as an ecologically green fertilizer

With the growing awareness that the world is experiencing climate change, it has
become imperative to transform our approach to food cultivation, industrial development,
and the creation of smarter, energy-efficient cities. (IPCC, 2023). Researchers and scientists
have been playing their roles as protagonists in the search for alternatives that are grounded
in the three pillars of sustainability: economic, social, and environmental (Wang et al., 2021).
Conventional agriculture is considered one of the main vectors in greenhouse gas (GHG)
emissions, accounting for approximately one-third of global emissions (Crippa et al., 2021,
Menegat et al., 2022), and therefore, measures need to be taken (Stetter & Sauer, 2022; IPCC,
2023). According to the Food and Agriculture Organization of the United Nations (FAO,
2017, 2018), climate change is among the greatest challenges that agriculture currently faces
in terms of mitigation and adaptation, requiring innovative approaches to mitigate its adverse
effects.

As presented, climate change represents a serious problem at a global level, affecting
all the population worldwide, including plants and animals. The concern for negative effects,
as well as those that are still unknown, has led to a global race in search of alternatives to
mitigate these effects and change the course of history. Legislators have been developing
regulations aiming for the complete elimination of greenhouse gas emissions. Companies are
developing methodologies and new alternatives to reduce carbon footprints, among other
negative factors. Additionally, agriculture has been striving to develop new good agricultural
practices that improve production in harmony with the increase of the practice of regenerative
agriculture in a sustainable and circular economy.

The impact of climate change on the concentration of CO., which is currently above
400 pmol CO2 mol™ air, is predicted to double by the end of this century. Additionally, the
average temperature is estimated to increase by 0.1-0.4 °C per decade (Vaughan et. al., 2018;
Boris et. al., 2021). Climate change also has other effects, including uneven precipitation
distribution, leading to prolonged drought periods followed by heavy rainfall, as well as
exposing plants to temperature stress and increased ultraviolet (UV) radiation. The uneven
distribution of water and the rising average temperature could facilitate the spread of various

pests and plant diseases.
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1.2 Silicon as an alternative source

Silicon (Si) is the second most abundant element in the Earth's crust and has shown
promising potential as an alternative resource to mitigate the adverse effects of climate
change on crop production. This element is predominantly found in the soil in the form of
silicate or aluminum silicates. Despite its abundance, a significant portion of Si is not easily
accessible to plants. Consequently, the application of Si fertilizers can enhance plant growth
and improve their resistance to various stresses (Hassan et. al., 2018; Krishan et. al., 2020).
However, the effectiveness of silicon fertilization may vary depending on soil and plant-
specific factors, necessitating further research to identify the optimal conditions for Si
application.

In the soil solution, Si exists as silicic acid (Si[OH]4) at concentrations ranging from
0.1 to 2.0 mM (pH<9), it is part of minerals such as clay, feldspar, granite, quartz, and sand
(Epstein, 1994). This element can be easily absorbed by plant roots in the form of monomeric
or monosilicic acid (H4SiO4) through diffusion, mass flow, or membrane transporters, after
absorption, it is transported via xylem. Due to negligible or very low redistribution, i.e.
redistribution and limited mobility, periodic application of Si is needed. In leaves, it is
deposited as silica (SiO2H.0O) beneath the cuticle, reducing plant transpiration, Si
concentration in plants varies significantly, typically accounting for 0.1% to 10.0% of dry
mass (Liang et al., 2007), the amount is related to the plant's capacity to accumulate Si.
Surprisingly, Si content in plants is equivalent to, or even higher than, major nutrients such
as nitrogen (N), phosphorus (P), and potassium (K) obtained from fertilizers (Epstein and
Bloom, 2005).

Although Si is not considered a nutrient for plants, many authors classify it as
beneficial due to its potential role as a physical barrier, in metabolic, physiological
parameters, enhancing plant tolerance under different abiotic and biotic stresses (Meena et
al., 2014; Hassan et. al., 2018; Zargar et. al., 2019). Beneficial elements are elements that
stimulate growth but are not essential or are only essential for certain plant species or under
specific conditions. This definition applies to sodium (Na), silicon (Si), selenium (Se), and
cobalt (Co) (Pilon-Smits et. al., 2009). Nevertheless, it is anticipated that Si's essentiality for
higher plants will eventually be acknowledged, aligning with the definition of essentiality
proposed by Epstein and Bloom (2005). Additionally, Si is noncorrosive and
environmentally friendly, making Si fertilizers a high-quality choice for ecologically

sustainable agriculture.



1.3 Silicon as a mitigation element to drought

Water stress is one of the major environmental constraints limiting plant growth and
agricultural productivity. Drought induces a range of physiological and biochemical
processes in plants that can reduce crop yields up to 70%, resulting in serious economic
losses.

The beneficial effect of Si on plant water status has been extensively studied in
various plant species subjected to drought stress, the improvements by Si application are
wide. For instance: rice (Oryza sativa L.), wheat (Triticum aestivum L.), maize (Zea mays
L.), soybean (Glycine max L.), tomato (Solanum lycopersicum L.), cucumber (Cucumis
sativus L) and sunflower (Helianthus annuus L) (Bokor et. alt.,, 2021). In general, Si
application was found to increase plant growth, vyield, water use efficiency and

photosynthetic rate.

1.4 Common bean and water stress

The water demand of the common bean plant is influenced by several factors such as
sowing time and location, variety, edaphoclimatic conditions, and developmental stage
(Moreira et al., 1996). The amount of water required by the crop to achieve maximum
productivity varies between 300 and 500 mm (Doorenbos and Kassam, 1979). Due to its low
capacity for recovery after water deficiency and underdeveloped root system, the common
bean plant is considered sensitive to water stress (Guimarées, 1996).

The lack of water can negatively influence the development and production of the
crop, reducing leaf area (Hernandez et al., 2004) and photosynthetic rate (Chaves et al.,
2009). Water deficit can lead to an imbalance between the production of reactive oxygen
species (ROS) and the antioxidant defense system (Monakhova and Chernyad'ev, 2002), thus
impairing biomass development and production.

Increasing plant tolerance to abiotic stresses and improving the quality of agricultural
products while protecting the environment are challenges of modern agriculture (Lavres et
al., 2018). Achieving sustainability in these factors requires decision-making and the use of
technologies, in the form of best agricultural practices, which are developed based on

scientific knowledge.
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The phase of the common bean most vulnerable to water deficiency extends from the
beginning to the full bloom. However, the intensity of the damage caused by water deficiency
will depend on the duration, intensity, frequency, and timing of occurrence. The effects of

drought according to the phenological stage of the common bean (Oliveira et al., 2018):

a. V0: The occurrence of water deficiency before germination will cause the seeds
to rot instead of germinating. The respiration of the cells consumes the
accumulated reserves in the seed, making them susceptible to soil-borne
diseases and preventing germination.

b. V1: If it occurs at this stage, the seedlings (recently germinated plants) may fail
to emerge from the soil, thus reducing the plant population.

C. V2 toV4: Drought at these stages indirectly affects grain productivity due to the
reduction in leaf size and number, which are responsible for plant and root
growth. A plant with a well-developed root system will have greater survival
capacity during dry periods and a higher ability to absorb nutrients from the
soil.

d. R5 to R6: If drought occurs at these stages, it will cause flower abortion and
drop, reducing the number of pods per plant and compromising grain
productivity.

e. R7 to R8: If the period of water deficiency occurs at these stages, it will lead to
the shedding of newly formed pods and adversely affect seed formation,

resulting in a reduction in mass and consequently grain productivity.

15 Indicators of physiological responses to water stress

The use of Si to alleviate biotic and abiotic stresses is already well established (Chen
et al., 1969; Ma et al., 2016; Debona et al., 2017; Frew et al., 2018; Bokor et al., 2021) and
has been garnering interest among researchers to conduct further studies aiming to elucidate
the role of this beneficial element. Due to its associated benefits and various indirect effects,
it stands out for water stress (Gong and Chen, 2012) or mineral toxicity (Kim et al., 2016). It
also strengthens plant defenses against diseases (Polanco et al., 2014) and pest attacks
(Epstein and Bloom, 2006), enhances the photosynthetic rate, and influences crop growth
(Epstein and Bloom, 2006; Kim et al., 2012; Mateos-Naranjo et al., 2015). Si is known to be



the only element that provides resistance to numerous stresses in plants without causing
damage when accumulated in excess (Ma et al., 2002).

Although the mechanisms underlying the beneficial effects of Si are still largely
unknown, the application of external Si may optimize the absorption, transformation, and
transfer of the light energy by under drought stress. In other words, the promotion of
photosynthetic rate and increased activity of photosynthetic enzymes (Shen et al., 2010;
Hosseini et al., 2017). Additionally, silicon is believed to be important in reducing
evaporation and controlling stomatal conductance when it is taken up and deposited in the
leaf cuticle, leading to a decrease in transpiration (Murata and Takahashi, 1991; Gao et al.,
2006; Chen et al., 2018). Consequently, these mechanisms contribute to improving drought
tolerance in plants.

The carbon found in atmospheric CO2 comprises approximately 1.1149% of the
heavier isotope 3C and 98.9% of the isotope *2C. During the process of carbon fixation,
plants demonstrate a preference for the lighter isotope, resulting in a more negative carbon
isotope composition in plant material compared to atmospheric CO2. For instance, in C3
species, the carbon isotope composition of plant material is primarily influenced by
discrimination during carboxylation, a crucial step carried out by the rate-limiting enzyme
Rubisco (ribulose-1,5-bisphosphate carboxylase/oxygenase). These processes are influenced
by various factors, including stomatal regulation of leaf gas exchange and the ratio of
substomatal (Ci) to ambient (Ca) CO2 concentrations (Farquhar et al., 1989).

Additionally, discrimination occurs during the diffusion of CO, from the atmosphere
to the chloroplast (Farquhar et al., 1982). The discrimination factor associated with Rubisco
is approximately 29-30 per mil (%o), while discrimination during CO> diffusion in the air and
the liquid phase is around 4.4 and 1.8%o, respectively. Farquhar et al. (1982) defined carbon
isotope discrimination as A=Rair/Rp—1, where Rair and Rp represent the 13C/*2C ratio in the
atmosphere and the photosynthetic product, respectively.

Changes in 8!3C can arise from alterations in carboxylation efficiency, stomatal
conductance (gs), or both. The isotopic composition of carbon (§*3C) is based on the isotopic
ratio of *C/*2C, which is lower in plant tissue than in the atmosphere. This is a result of
isotopic fractionation during photosynthesis and the isotopic composition of carbon in
biomass, primarily determined by water availability and stomatal limitation (Bowling, 2002).

Therefore, the determination of carbon generally refers to the measurement of the
amount of carbon in a sample. On the other hand, carbon isotope composition (8**C) refers

to the ratio of the stable isotopes of carbon, specifically the ratio of 3C to '2C, in a sample
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relative to a standard. This measurement provides information on the source of the carbon
and the metabolic pathways that the carbon has gone through in the organism. For example,
the $*3C value of a plant can provide information about the photosynthetic pathway it uses,
which can in turn indicate its water-use efficiency and response to environmental conditions.

In this context, with the aim of elucidating the role of Si in non-accumulator plants
and under water deficit, the present study addressed these multidisciplinary questions using
tools such as Si accumulation and Kkinetics parameters, photosynthetic parameter, water use
efficiency and isotopic carbon composition. To achieve this, the common bean (Phaseolus

vulgaris L.) crop was selected due to its short production cycle, making it a model plant.

1.6 Hypothesis

This study raised the following hypothesis:

)} Water deficit susceptible bean plants benefit more from Si supplementation
under water stress conditions compared to tolerant material.

i) Water deficit tolerant material is more efficient in terms of intrinsic water use
efficiency, due to higher Si absorption (Kinetic attributes of absorption),
greater carbon isotope discrimination (i.e., more negative o 13C %o values),

and higher Si accumulation in tissues.

1.7  Objectives

The general objective of this thesis was to assess new methodologies for nutritional
management to reduce abiotic stresses, such as water stress. Thus, three experiments were
designed to test the above-mentioned hypothesis.

1. Kinect analysis for silicon: Silicon absorption in two materials contrasting in
terms of low soil water availability.

2. Silicon content and accumulation: Quantify the total amounts of silicon
absorbed in these materials.

3. Water and silicon use efficiency: Determine the water and Si use efficiencies
in bean genotypes exposed to water deficit.



The specific objectives of this thesis were:

a)

b)

c)

d)

Silicon absorption: Evaluate the kinetic parameters of silicon absorption (Imax,
Km and Cpin).

Phase of highest accumulation: silicon uptake pattern in relation to
phenological development stages in both genotypes.

Water use efficiency: Determine the photosynthetic gas exchange parameters
and the efficiency of water use and relative water content.

Isotopic discrimination: Carbon isotopic discrimination (8C %) in leaves.
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1.8 Structure of the thesis

This thesis rises an introductory text followed by two chapters. First and second
chapter comprises two manuscripts that will be submitted to the Journal of Science and Plant
Nutrition, collection calling for papers: Silicon in Sustainable Agriculture. The first chapter
will be submitted, with the title “Silicon uptake and kinetic parameters in two common bean
genotypes: non-accumulator plants” and the second chapter with the title “Silicon’s role in
enhancing common bean (Phaseolus vulgaris L.) plant resilience: photosynthetic parameters
and carbon isotope discrimination (8*3C %o)”. The original texts were adapted to comply with

institutional format requirements.



2 SILICON UPTAKE AND KINECT PARAMETERS IN TWO COMMON
BEAN GENOTYPES: NON-ACCUMULATOR PLANTS

Abstract

Global warming and climate change are expected to increase with a significant impact on
agricultural crops yields, such as common beans. Common bean is a species of recognized
commercial and social value in Brazil, therefore, researchers and farmers should seek
different strategies, such as varietal, fertilizer, water, and soil crop management in order to
face these climatic change struggles. Silicon (Si) is a beneficial element for plants whose
function is related to plant tolerance increase to abiotic and biotic stresses, such as water
stress - osmotic and drought stresses. Drought susceptible genotype showed higher Si uptake
than the water deficit tolerant genotype, whereas the tolerant genotype showed more uniform
Si-distribution among the plant. Si content of the susceptible genotype were found, mainly,
in the leaves. By comparing genotypes at the 2.0 mmol L Si concentration, the Imax
parameter was 37% higher at the tolerant genotype when compared to the susceptible

genotype (Kinetics parameters).

Keywords: beneficial element, alternative fertilizer, plant tolerance, abiotic stress, silicon.

2.1 Introduction

The global warming rates and climate changes are expected to increase within the
coming years (Scheelbeek et al., 2018; IPCC, 2023). In the Center-South of Brazil, one of
the most important common bean production regions, the annual precipitation is expected to
decrease significantly by the year of 2050 - rainfall reduction mainly during the summer
(Lobell and Gourdji, 2012; Scheelbeek et al., 2018; IPCC, 2023). Since common bean owns
a high economic and social value in Brazil, management strategies - the use of drought-
tolerant cultivars, the adoption of adequate fertilizer practices and improved water use
efficiency (WUE) - must be adopted to circumvent weather events and enable the production
of this crop in an economically viable way (Heinemann et al., 2017; Massignam et al., 2017).

To increase the plants tolerance to abiotic and biotic stresses and, simultaneously, to

improve grain quality by the implementation of Good Agricultural Practices (GAP) is the
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most challenging goal of modern agriculture (Lavres et al., 2018). Embrace technology is
part of the path to construct sustainability and, also, it could be developed through scientific
knowledge. In this context, the use of beneficial elements in agriculture, such as silicon (Si),
may be a suitable alternative to mitigate abiotic stresses in cultivated plants of economic
interest (Malavolta, 2006; Epstein and Bloom, 2006).

Silicon is considered a beneficial element for plant mineral nutrition (Stout and
Arnon, 1939), being related to the increase of plants tolerance to abiotic and biotic
disturbances, such as chewing insects attack and drought (Esptein, 1999; Gong and Chen,
2012). Silicon is the second most abundant element in the earth’s crust, followed by oxygen
(Epstein, 2009). However, tropical and subtropical soils tend to present around seven-fold
less exchangeable Si in the soil solution when compared to the ones located in the Temperate
Zone (Otsubo and Coutinho, 2001).

In soil solution, Si is found mainly as monosilicic acid (H4SiO4). After being
absorbed by the plant roots, it is transported and deposited intra and/or extracellularly as
insoluble silica (SiO2.nH20) (Ma et al., 2011). In many species, a dense silica layer can be
placed under the cuticle, which contributes to decrease water loss by reducing transpiration
rate (Nwugo and Huerta, 2008). Additionally, this silica layer serves as a mechanical barrier
to pathogen penetration and herbivore attack (Frew et al., 2016; Jeer et al., 2017).

Silicon is recognized as the only element which confers to plants the tolerance to
several kinds of stresses. Beyond that, this element does not cause damage when accumulated
in excess within the plant tissue (Ma et al., 2002). Some authors draw attention to the fact
that silicon, a key element, should diminish the negative effects resulted of water deficit,
since it can improve the activity of the antioxidant system (Ashraf, 2009; Ma et al., 2016)
and increase the photosynthetic rate (Rahman et al., 2015; Kang et al., 2016).

It is well established that Si should be used as a mitigator element of abiotic and biotic
stresses (Debona et al., 2017). Nevertheless, there is no information about Si effects on
improving the WUE in common beans, which is a silicon non-accumulating plant. Therefore,
there is still a lack of information regarding Si absorption mechanisms in common bean
cultivars which are tolerant and resistant to water deficit (Ma et al., 2002; Richmond and
Sussman, 2003).

In this context, our work aims to elucidate Si absorption and its kinetics by drought
tolerant and susceptible common bean cultivars, to fill the lack of information on the use of

Si in non-accumulating plants.
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2.2 Materials and Methods

In order to obtain Si-uptake in common beans (Phaseolus vulgaris L.), two
experiments were conducted in a greenhouse located at the Center for Nuclear Energy in
Agriculture (CENA/USP), in Piracicaba/SP. Both experiments were conducted in the
hydroponic system: (i) silicon absorption march and (ii) silicon absorption kinetics. This
system contains an air pump to maintain the roots well-aerated. Cultivation assay: a couple
of distinct genotypes of common beans were set to germinate in vermiculite until the primary
leaves were completely expanded (V2 - Ferndndez et al., 1986). These seeds are
distinguished by their behavior when exposed in diverse watering regimes. Selected
genotypes were BAT 477 and IAC-carioca 80 SH, tolerant and susceptible to water
deficiency, respectively. Secondly, the seedlings were transferred to plastic pots to grow in
nutrient solution, containing 12 N; 1.0 P; 4.0 K; 4.75 Ca; 1.25 Mg; 1.25 S in mmol L, and
46.27 B; 0.31 Cu; 17.92 Fe; 9.23 Mn; 0.54 Mo; 3.07 Zn; in pmol L (adapted from Hoagland
and Arnon, 1950). The Si-source selected was sodium silicate (Na2SiOs), as well as with the
other elements, the nutrient solution was renewed every seven days. The nutrient solution pH
and electrical conductivity (EC) were monitored weekly, pH was maintained between 5.5 -
6.0. The ambient temperature was maintained between 28° and 30° C since the greenhouse

was equipped with a refrigeration system, the relative humidity of the air was 60 — 65 %.

2.2.1 Silicon absorption march

The seedlings (VV2) were transferred to plastic pots containing 5 L of the nutrient
solution. In order to acclimatize the plants to their new growth environment, the nutrient
solution was diluted at 25% for the first week and then adjusted the strengths to achieve final
concentration (100%). The Si absorption march was obtained through the plant-samples
collected during the plant’s life cycle. Silicon content in samples was determined by the
method proposed by Elliot and Snyder (1991), adapted by Carneiro et al. (2007). Firstly, in
order to draw the Si-uptake according to the phenological phases, five plant-samples were
harvest throughout the complete cycle at: third open trifoliolate leaf (\V4); pre-flowering
(R5); formation of pods (R7); filling of pods (R8) and maturation (R9) (Fernandez et al.,
1986). Subsequently, biometric analyses were conducted, and total leaf was measured using
the foliar area integrator (LI1-3100C; Inc. Lincoln, USA).
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2.2.2  Micropobe X-ray fluorescence spectroscopy (K - XRF)

The first completely expanded trifoliolate leaf of each genotype was collected at the
maturation phase (R9). Then the leaves were dried in a laboratory oven at 60°C as exsiccated,
until they reached constant mass. After dried, X-ray fluorescence line scans were performed
at the bottom, middle, and tip of the central leaflet of each trifoliolate leaf. These three lines
were evaluated to investigate Si accumulation tendencies along the leaf length.

The dried leaves were attached to Kapton® tapes fixed at the top of acrylic sample
holders, which were built to load the samples into the Orbis PC X-ray spectrometer (Orbis
PC, Edax). The X-rays, supplied by a rhodium anode, were shaped by a collimator to provide
a ca. 2 mm wide beam. Operation conditions of tension and current were 30 KV and 400 PA,
respectively. The measurements were performed from ca. 20 mm length lines composed of
16 scanned spots, with a dwell time of 30 seconds. The x-ray fluorescence photons emitted
by the leaf tissue were detected by a 30 mm? silicon drift detector. The Si-Ka net intensity

was obtained with a dead time smaller than 7%.

2.2.3 Silicon absorption kinetics

This analysis was carried out with plants at the stage of the third open trifoliolate leaf
(V4). The assay followed the method proposed by Claassen and Barber (1974), which was
described as a procedure to quantify the depletion of the element presented in the nutrient
solution. The quantification is analyzed by the uptake of the element - in this case silicon-
uptake — by the roots system over time (for 72 hours).

Firstly, the seedlings (VV2) grown in vermiculite as described before, were transferred
to plastic pots containing 0.4 L of nutrient solution with 25% of its ionic strength. The
nutrient solution was complete, and the samples contained distinct Si-concentrations
(NazSi0s3), during the subsequent days the ionic strength was adjusted until it achieves 100%
(Reis and Lavres Junior, 2011; Rabélo et al., 2017). To obtain a better response of Si-
absorption kinetics by common beans, different concentrations were tested, (0.1; 0.5; 1.0; 1.5
e 2.0 mmol L?Y). The plants were arranged in a randomized block design, with four
replications in a factorial arrangement 2 (genotypes) x 5 (Si-concentrations), totaling 40
experimental units.

Plants were grown until the third trifoliolate leaf was open (V4) thereafter, samples

were kept 24 hours with Si-deprivation. The aim was to increase the absorption capacity of
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this ion before the kinetics analysis began “low salt high carbohydrate” (Epstein and Hagen,
1952). After the deprivation period, treatments started, and Si-concentrations were
established.

2.2.4 Kinetics parameters

The analysis is determined by three parameters: maximum influx (Imax), Michaelis-
Menten constant (Km) and minimum Si concentration in the solution, i.e. when the plant
capability of absorption ceases (Cmin). Thereby, kinetic analysis started when the plants were
already 30 minutes in contact with the renewed nutrient solution. The procedure established
was to collect 10 mL of the exhaust solution every 15 minutes during the first two hours. The
total volume of nutrient solution was kept constant by adding deionized water. Secondly, the
exhaust solution was collected every 30 minutes until the fourth hour since the assay began,
and then, 60 minutes in the subsequent six hours. Finally, every 12 hours until the Si
concentration remained constant - 72 hours (Reis and Lavres Junior, 2011).

2.2.5 Chemical analysis

Finally, dry mass of collected parts was carried out, after drying in an oven with
forced-air circulation at 60 °C until constant mass. Chemical analysis was conducted after
wet-digestion of leaf tissue for Kjeldahl-N, and for the other elements the Inductively
Coupled Plasma Optical Emission Spectrometry (ICP-OES) was used.

After all, Si content in the samples was determined by the method proposed by Elliot
and Snyder (1991), adapted by Carneiro et al. (2007). The plants were harvested and dried in
an oven with forced-air circulation at 60 °C until constant mass. For sample preparation, 0.1
g of dry mass was weighted and placed inside of plastic tubes. To proceed, 2 ml of hydrogen
peroxide (H20, — 30% v/v) and 3 ml of sodium hydroxide (NaOH — 25 mol L) were added
to start the wet-digestion. The samples were placed inside a hot bath (£ 90 C°) for 1 h and
then transferred to the autoclave digester for 1 h at 123 °C and 0.15 MPa. Thereafter, to
achieve the total volume of 20 ml, water was added to the samples, and subsequently 1 ml of
the resultant solution was transferred to a new plastic tube. Furthermore, the final volume
was water adjusted to 20 ml, and finally added 1 ml of chloridric acid (1:1 v/v) and 2 ml of
molybdic acid ammonium (5%). After all, the yellowish color was formed, and the results

were read at the absorbance of 410 nm.
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The apparent recovery efficiency (RE) was estimated to identify if there was a difference
between genotypes in using the nutrients applied during the culture cycle. This nutrient use
efficiency was defined by the difference in nutrient uptake in all parts of the plants to the

quantity of nutrient applied.

nutrient accumulation

RE (%) = (1)

nutrient applied

2.2.6 Statistical Analysis

Data were submitted to analysis of variance (ANOVA) at 5% probability. When
ANOVA presented significant results, means were compared using Tukey’s test. The
analyzes were made using Sisvar statistical software (Ferreira, 2011). The results were

expressed as mean + standard error of the mean (SEM).

2.3 Results and Discussion

2.3.1 Silicon absorption march

The tolerant genotype (Figure 2.1b) showed more uniform Si-distribution along the
plant, conversely the Si content from the susceptible genotype (Figure 2.1a) were found
mainly in the leaves. Leaves from the susceptible genotype presented 77% higher Si content
than the tolerant genotype, during the formation of the pods (R7 = 51 days after planting).
The Si absorption march of the susceptible genotype (IAC carioca 80SH) was 27% higher
when compared to the plants from the tolerant genotype (BAT 477) to water deficit (Figure
1).

The Si content in leaves, at the susceptible genotype, was 114% greater than in the
roots, which was the next location where Si was placed. Regarding the uniform distribution
in the tolerant genotype, this cultivar presented 58% higher content of Si in leaves than in the

roots (Figure 2.1).
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Figure 2.1. Silicon absorption march of common bean plants. a) Si accumulation (mg) in leaf, stem, root and
pod at common bean cv. BAT 477 (tolerant) genotype as function of the phenological stage.
b) Si accumulation (mg) in leaf, stem, root and pod at common bean cv. IAC carioca 80SH (susceptible)
genotype in function of the phenological stage. ¢) Si accumulation (mg) in plants. Bars represent the standard

error of the mean (n = 4).

The plant dry matter (Figure 2.2) resulting from the susceptible genotype was 53%

higher when compared to the tolerant genotype. The same pattern between the genotypes was

observed at the leaf dry matter result, however the susceptible genotype accumulated more.

As expected, the leaf dry matter decreases near the end of the culture cycle in both genotypes.

Additionally, the total number of trifoliolate leaves and the foliar area index (Figure 2.3)

corroborated the former results, which were 22% and 33% greater, for the susceptible

genotype, 50 days after planting.
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Figure 2.2. Leaf dry matter and plant dry matter by distinct common bean genotypes. Bars represent the

standard error of the mean (n = 4). Different letters are different statistically, by the test Tukey at 5%.
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Figure 2.3. Total number of trifoliolate leaves and foliar area index by distinct common bean genotypes. Bars
represent the standard error of the mean (n = 4). Different letters are different statistically, by the test Tukey at
5%.



2.3.2 Chemical analysis: absorption march

The Pearson’s correlation among the variables performed for the absorption march of
the distinct genotypes were highlighted (Figure 2.4a tolerant genotype and Figure 2.4b
susceptible genotype). As can be observed, the correlation between the potassium (K)
concentration and the Si leaf concentration revealed that there is a close and positive
relationship between these elements (Figure 2.4a). Magnesium (Mg), sulfur (S) and boron
(B) concentration and the Si root and pod concentration such as, Mg and zinc (Zn)
concentration and the Si root concentration revealed that there is a close and positive
relationship between these elements (Figure 2.4a). Turning to the correlation between
phosphorus (P) and Si pod concentration showed that there is a strong and negative

relationship (Figure 2.4a).

As for the correlation between the calcium (Ca), manganese (Mn) and Zn and the Si
root concentration revealed that there is a strong and positive relationship. Regarding the
strong and negative correlation between P and Si pod concentration, and potassium (K) and
Si stem concentration, these results revealed that there is a close and antagonist relationship

between these elements (Figure 2.4Db).
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Figure 2.4. Pearson’s correlation among macro and micronutrients (P, K, Ca, Mg, S, Mn, Fe, Cu, Zn,

B and Al), Si leaf concentration (Si.Leaf), Si stem concentration (Si.Stem), Si root concentration (Si.Root), Si
pod dry mass (Si.Pod), leaf dry mass (L.DM), stem dry mass (S.DM), root dry mass (R.DM), pod dry mass
(P.DM) by distinct common bean genotype - tolerant to water deficit (BAT 477 genotype) (a) and susceptible
to water deficit (IAC carioca 80SH genotype) (b). Legends represent a positive correlation when blue circles
are presented and a negative correlation when red circles are presented. Larger circles and painted with
stronger colors such as, dark blue demonstrate a stronger positive correlation as well as light blue demonstrate
a weaker positive correlation.
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The results of the apparent recovery efficiency (RE) presented at the heatmap
demonstrate a pattern between genotypes, regardless of nutrient accumulation (Figure 2.5).
It is worthy to highlight that the IAC carioca 80SH (susceptible genotype) showed higher
efficiency to use the silicon supply, more than 10% of RE, which corroborates with greater

Si accumulation and dry mass.

BAT 477

o

IAC carioca
80SH

' '
N =

P K Ca Mg S Fe Mn  Cu Zn B Si

Figure 2.5. Heatmap of apparent recovery efficiency (RE%) of macro and micronutrients by distinct common
bean genotypes as function of the phenological stage. Legends represent the Z-scores demonstrating the
sample mean of each period (V4: third open trifoliolate leaf, R5: pre-flowering, R7: formation of pods, R8:

filling of pods, R9: maturation).

2.3.3 Micropobe X-ray fluorescence spectroscopy (K - XRF)

The silicon distribution along the leaf length was investigated through x-ray
fluorescence (XRF) analysis. Therefore, three lines were scanned at each leaf, being the first
line performed at the bottom, the second at the center, and the third at the top of the leaf.

Data show no clear differences regarding the Si distribution along the length nor any
pattern along the width of the leaves, regardless of the genotype (Figure 2.6). A high
horizontally variability can be found for both genotypes along the line scans. Si net intensities
averages 113,61+34,34 and 140,46+£58,50 cps (counts per second) for the tolerant and
susceptible genotypes, respectively. These values suggest a slightly higher Si accumulation

in the leaves of the water deficit susceptible genotype.
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Figure 2.6: Silicon (Ka) fluorescence intensity at the adaxial face of common bean leaf (physiological
maturation - R9) by X-ray fluorescence microanalysis (1-XRF). The measurements were made in transversal
lines of the bottom, center and top of the leaf. Legend: Leaf Bottom - BAT 477 = part near to the petiole
(tolerant to water deficit); Leaf Center - BAT 477 = central part of the leaf; Leaf Top - BAT 477 = the tip of
the leaf. Leaf Bottom - IAC carioca 80SH = part near to the petiole (susceptible to water deficit); Leaf Center
- IAC carioca 80SH = central part of the leaf; Leaf Top - IAC carioca 80SH = the tip of the leaf.

2.3.4 Silicon absorption kinetics

The Si depletion in the nutrient solution had better accommodation at the potential
model (Figure 2.7 and 2.8). Regardless of the genotype and the distinct Si concentration
exposure, the Si presented in the nutrient solution was reduced to half after 6 h of the
beginning of the experiment. The Si concentration presented in the solution remained
constant after 48 h of exposure of the common bean plants to the different Si concentrations,
the Cmin value was estimated at that moment.

The Si depletion in the nutrient solution from the lowest concentration - 0.1 mmol L
1 _ showed a pattern between genotypes, where both Cmin values were 0.070 and 0.066 to
tolerant and susceptible genotypes, respectively (Figure 2.7a-d). Furthermore, the tolerant
genotype (Figure 2.7b-c) presented higher ability to seek the Si element in the nutrient
solution even when the concentration was lower (0.5 and 1.0 mmol L), which presented

81% and 117% higher capability than the susceptible genotype (Figure 2.7e-f).
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Conversely, the standard once kept until the medium concentration, is now changed
to a greater ability to seek the Si by the susceptible genotype (Figure 2.8a-c). The Cnin in the
nutrient solution containing 1.5 mmol L of Si was 246% (Figure 2.8c-d) higher when

compared to the tolerant genotype.
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Figure 2.7. Silicon depletion curves for distinct common bean genotypes as function of different Si
concentrated solutions (a. 0.1 mmol L, b. 0.5 mmol L%, c. 1.0 mmol L! - tolerant genotype; d. 0.1 mmol L,
e. 0.5 mmol L7, f. 1.0 mmol L - susceptible genotype) and time of collection of the nutrient solution
aliquots.



Tolerant genotype Susceptible genotype
1.0 1.0
? -1
Si15mmolL | 5i 1.5 mmol L
1',‘_‘ _I .|
- 08 - [Si] = 1.1180 * 2 ¥ [Si|=7.4776 *t' "% | 08
E R =088 B =099
E
=~ 06 - - 06
&
E %
c 04 - - 0.4
]
&
[ ]
2 02+ Cre 0.2
w [ ]
&‘
0.0 0.0
1.2 1.2
b 1 1
- 1.0 Si2.0mmal L Si20mmol L .
| . - _. _ I i
5 [5i] = 1.0830 * {74 (5] = 2.0836 * {74
£ R? =098 R°=098
E o8- - 0.8
5
E 06 0.6
-
t
1]
£ 04 - 0.4
8
D g2 - 0.2
0.0 0.0

Time (h)

20 40 60
Time (h)

Figure 2.8. Silicon depletion curves for distinct common bean genotypes as function of different Si
concentrated solutions (a. 1.5 mmol L, b. 2.0 mmol L™ - tolerant genotype; ¢. 1.5 mmol L%, d. 2.0 mmol L
- susceptible genotype) and time of collection of the nutrient solution aliquots.

2.3.5 Kinetics parameters
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The highest Imax was observed in the tolerant genotype at the 1.5 mmol L? Si

concentration. The tolerant genotype (BAT 477) presented higher Imax at the 1.5 mmol L Si

concentration, while the higher Imax was observed at the 2.0 mmol L Si concentration to the

susceptible genotype (IAC carioca 80SH). Comparing genotypes, at the 2.0 mmol L Si

concentration, the Imax parameter was 37% higher at the tolerant genotype when compared to

the susceptible genotype.
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Furthermore, the absorptive capacity (a) revealed a slighted difference of pattern
where the higher absorptive capacity for both genotypes were found at the 1.5 mmol L Si
concentration. Notably, the o presented was 60% greater to the tolerant genotype than the

susceptible genotype.

Table 2.1. Kinetic parameters Imax, Km, Cmin and absorptive capacity (o = Imax/Km) estimated
from the Si absorption by distinct common bean genotypes supplied with Si in five crescent

concentration.

Si Imax Km Cmin a
Genotype

mmol Lt umol g FW h! umol L1 pmol L1 -

0.1 0.0196 b 0.1400 c 0.0697 b 0.1400 c

0.5 0.0693 b 0.2900 c 0.0784 b 0.2390 ¢
BAT 477 1.0 0.0717b 0.4500 b 0.1190 b 0.1593 ¢
Genotype

15 0.7450 a 0.6200 a 0.3497 a 1.2016 a

2.0 0.5070 b 0.6400 a 0.2914 a 0.7922 b

0.1 0.1118 ¢ 0.2000 b 0.0657 ¢ 0.5590 ab

0.5 0.0480 c 0.2900 b 0.1423 b 0.1655 ¢
IAC carioca 80SH 1.0 0,2412 b 0.6100 a 0.2586 a 0.3954 b
Genotype

15 0.2180 b 0.2900 b 0.1010 b 0.7517 a

2.0 0.3700 a 0.5600 a 0.3318 a 0.6607 a

2.3.6 Chemical analysis: kinetics

Silicon leaf content (Figure 2.7a) in the susceptible genotype was 42% higher than
the Si content in the tolerant genotype presented at the 2.0 mmol L™ Si concentration.
Furthermore, the results presented by Si plant content (Figure 2.7b) demonstrated 45% and
37% higher Si content at the Si 1.5 and 2.0 mmol L™ concentration, respectively, in the

susceptible genotype, when compared to the tolerant genotype.
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Moreover, the stem leaf content (Figure 2.7d) in the susceptible genotype was 52%
higher than the Si content in the tolerant genotype presented at the 1.5 mmol L? Si
concentration. On the contrary, the stem leaf content (Figure 2.7d) in the tolerant genotype
was 75% higher than the Si content in the susceptible genotype presented at the 0.5 mmol L

1 Si concentration.

a) BAT 477 genotype b) IAC carioca 80SH genotype c) BAT 477 x IAC carioca 80SH
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Figure 2.9. Silicon accumulation in common bean plants as a function of the Si concentration in the nutrient
solution. a) Si accumulation (mg) in leaf, stem and root at common bean BAT 477 genotype. b) Si
accumulation (mg) in leaf, stem and root at common bean IAC carioca 80SH genotype. ¢) Si accumulation

(mg) in plants. Bars represent the standard error of the mean (n = 4).

The Pearson’s correlation among the variables performed for the Si kinetics
absorption of the distinct genotypes were highlighted (Figure 8a tolerant genotype and Figure
8b susceptible genotype). As observed, the correlation between the P concentration and the
Si stem concentration, and Fe concentration and the Si root concentration revealed that there
is a lighter and negative relationship between these elements. In addition, the correlation
between Mn and Si stem concentration showed that there is a stronger and negative
relationship (Figure 8a).

As for the correlation between variables evaluated to the susceptible genotype, none

of them showed close relationship to the Si concentration in the plant (Figure 8b).
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Figure 2.10. Pearson’s correlation among macro and micronutrients (P, K, Ca, Mg, S, Fe, Mn, Cu, Zn and B),
Si leaf concentration (Si.Leaf), Si stem concentration (Si.Stem), Si root concentration (Si.Root), leaf dry mass
(L.DM), stem dry mass (S.DM), root dry mass (R.DM), root length (Root.L), plant height (Height) and area
leaf index (IAF) by distinct common bean genotype - a. tolerant to water deficit (BAT 477 genotype) and b.
susceptible to water deficit (IAC carioca 80SH genotype). Legends represent a positive correlation when blue
circles are presented and a negative correlation when red circles are presented. Larger circles and painted with

stronger colors such as, dark blue demonstrate a stronger positive correlation as well as light blue demonstrate

a weaker positive correlation.
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Figure 2.11. Heatmap of apparent recovery efficiency (RE%) of macro and micronutrients by distinct
common bean genotypes as function of the Si concentration in the nutrient solution. Legends represent the Z-

scores demonstrating the sample mean of each concentration (mmol L%).
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Our results tend to clarify the path to elucidate Si beneficial effects in non-
accumulating plants. Since the common bean crop has a significant economic and social
impact in Brazil, in order to keep its higher yield, the use of beneficial elements is considered
a Good Agriculture Practice (GAP) strategy.

Needless to say, the susceptible genotype’s intensity in absorbing Si and allocating
this element inside the leaves was higher than expected - susceptible genotypes presented
77% higher Si content than the tolerant genotype. In addition, this data shows that this non-
accumulating plant has the capacity of absorbing this beneficial element which could be used
as a tool to diminish the transpiration rate during a dry period (Nwugo and Huerta, 2008). It
is well-known that in many regions worldwide, precipitation has become less uniform and
more intense, also, because of the advent of increasing temperatures, evapotranspiration
tends to get higher (Konapala et al., 2020).

Regardless of the genotype the beneficial element was absorbed and accumulated in
its different parts, being a sustainable strategy to mitigate biotic and abiotic stresses,
unconcerned of the crop’s classification, considered as a Si accumulating plant or not.
Broadly speaking, through the past few decades, the use of silicon as a stress mitigator has
been studied, mainly, as a valid strategy to alleviate the harm that could affect grass plants,
known as accumulator plants.

Nowadays, several studies have been developed with the purpose to improve the
knowledge considering Si absorption and efficiency in non-accumulating plants. For
instance, Si supplementation in soybean plants improved cell wall thickness of the nodules
(Marschner et al., 1990; Kumar et al., 2017). Moreover, silicon is proven to mitigate stresses,
such as salinity and water deficit, of Sesbania aculeata plants, by increasing the strengths of
root nodulation and nitrogen fixation in the presence of this element. In addition, in this
study, data showed that Si was absorbed and accumulated at higher rates when the plant was
under stress and, on the contrary, less absorbed when in the absence of the stress (Kurdali et
al., 2013). Also, in tomato (Solanum lycopersicum L.), under water deficit stress, silicon
addition improved the energy redistribution in PSII reaction center, as well as the biomass of
the seedlings (Zhang et al., 2018).

Throughout the Si absorption kinetics and its parameters experiment, in this work,
each genotype showed distinct threshold and affinity. Regardless of the genotype evaluated,
the Si depletion curves built throughout the 72 hours highlighted how quickly the element
was absorbed. Taken together and bringing our results to light, the same observations were

made, proving that the common bean also absorbed and accumulated Si all over its tissue.
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Interestingly noted that even between varieties of the same non-accumulating species, Si
uptake can be demonstrated in a different approach, hence efficiently absorbed, and
distributed.

2.4 Conclusions

In a sustainable and agronomical point of view, silicon can be considered and wild
used as a tool to diminish the transpiration rate, to help in the rigidity of the plant, to improve
plant biomass and yield, and, also, to potentiate the defense enzymes-system of the plants. It
is well-known that climate change directly affects our plantations and that sustainable
strategies must be adopted in order to mitigate these negative impacts.

This study allowed us to draw some conclusions about the Si accumulation and
kinectis parameters. Both genotypes were more efficient in utilizing Si when subjected to a
lower dose (0.1 mmol L), indicating a high-affinity system for both genotypes. At
intermediate doses, the susceptible genotype indicated the activation of a Si exclusion
system, which changed with increasing doses. When supplied with 2 mmol L™, the genotype
started to increase the Si content.

Finally, to summarize through the perspective of the silicon absorption march the: (i)
susceptible genotype: had higher Si levels and Si accumulation in plants, most of this element
was allocated in the leaves, also showed an increase in dry plant mass; (ii) tolerant genotype:
did not accumulate more Si compared to the susceptible genotype. From the perspective of
kinetic analysis, the highlighted points were that: (i) both genotypes were more efficient in
Si utilization when subjected to a lower dose of 0.1 mmol L™'; (ii) at the lowest dose, the Kn
was lower compared to the constant value at other doses, indicating a high-affinity system
for both genotypes; (iii) at intermediate doses, the susceptible genotype indicates the
activation of a Si exclusion system, which changes with increasing dose; (iv) supplied with
2 mmol L™, the genotype began to increase its Si content.

These data elucidate Si absorption and kinetics by drought tolerant and susceptible
common bean varieties presenting the effectiveness of this useful element even in plants that

are considered non-accumulating.



3 SILICON’S ROLE IN ENHANCING COMMON BEAN (Phaseolus vulgaris L.)
PLANT RESILIENCE: PHOTOSYNTHETIC PARAMETERS AND CARBON
ISOTOPE DISCRIMINATION (8%C %)

Abstract

The growing awareness of climate change has prompted a need to rethink our approach to
food cultivation, industrial development, and the creation of sustainable cities (IPCC, 2023).
The concentration of CO2 in the atmosphere, currently exceeding 400 umol CO2 mol™ air, is
projected to double by the end of this century (Vaughan et al., 2018; Boris et al., 2021). To
address these challenges, researchers and producers are focusing on developing new
technologies and sustainable strategies. Climate change has disrupted precipitation patterns,
leading to prolonged droughts and intense rainfall events. This irregular distribution of water,
coupled with rising temperatures, can negatively impact in photosynthetic rates, water use
efficiency, dry mass, and grain productivity. Silicon (Si) has emerged as a valuable element
in enhancing plant tolerance to these adverse conditions by regulating stomatal conductance,
thus reducing water loss through transpiration. In this study, the common bean (Phaseolus
vulgaris L.), a non-accumulator plant sensitive to water stress, was selected as the model
plant. The experiment induced drought during the V4 phenological stage and continued until
pod formation (R7), affecting leaf size and number, root growth, and ultimately grain
productivity. Parameters such as photosynthetic efficiency, water use efficiency, and carbon
isotope discrimination (8*3C %o) were analyzed as physiological indicators of water stress
response. This research contributes to the existing knowledge on Si's role in enhancing plant
resilience to biotic stresses by studying these physiological responses, by non-accumulator

plants.

Keywords: Phaseolus vulgaris L, silicon, water stress, fertilizer, leaf gas exchange.

3.1 Introduction

The awareness of climate change, that the world is experiencing, is growing. It has
become imperative to transform our approach to food cultivation, industrial development,
and the creation of smarter, energy-efficient cities. (IPCC, 2023). The impact of climate

change on the concentration of CO,, which is currently above 400 pmol CO2 mol™ air, is
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predicted to double by the end of this century (Vaughan et al., 2018; Boris et al., 2021).
Researchers and producers have been striving to develop new technologies focused on good
agricultural practices that improve production in harmony with the increase of the practice
of regenerative agriculture in a sustainable and circular economy. Afterall, higher yields can
improve farmers' living income, which is one of the three pillars that sustainability is based
on.

Climate change also affects precipitation distribution, leading to prolonged drought
periods followed by heavy rainfall. This uneven distribution of water and the rising average
temperature could facilitate the spread of various pests and plant diseases, besides affecting
grain productivity, dry mass, photosynthetic rates, and water use efficiency. In addition, long
periods of drought or depending on the intensity of the negative effects could damage the
plant for the whole cycle.

Silicon (Si) has been found to improve the tolerance, it strengthens plant cell walls,
enhances root development, and regulates stomatal conductance, reducing water loss through
transpiration. This improved stress tolerance allows plants to better withstand adverse
climatic conditions and maintain productivity even under challenging environments. This
beneficial element is the second most abundant in the Earth's crust and is predominantly
found in the soil in the form of silicate or aluminum silicates. Despite its abundance, a
significant portion of Si is not easily accessible to plants.

This element can be easily absorbed by plant roots in the form of monomeric or
monosilicic acid (H4SiO4) through diffusion, mass flow, or membrane transporters, after
absorption, it is transported via xylem. Due to a very low redistribution, periodic application
of Si is needed. In the leaves, it is deposited as silica (SiO2H-0) beneath the cuticle, reducing
plant transpiration, Si concentration in plants varies significantly, among 0.1% to 10.0% of
dry mass (Liang et al., 2007). Although Si is not considered a nutrient for plants, it is a
beneficial element due to its potential role as a physical barrier, in metabolic and
physiological parameters, enhancing plant tolerance under different abiotic and biotic
stresses (Meena et al., 2014; Hassan et. al., 2018; Zargar et. al., 2019).

Drought induces a range of physiological and biochemical processes in plants that
can reduce crop yields up to 70%, resulting in serious economic losses (IPCC, 2023). The
common bean is considered sensitive to water stress due to its low capacity for recovery after
water deficiency and underdeveloped root system (Doorenbos and Kassam, 1979;

Guimaraes, 1996). Water deficit can negatively and vastly influence the development of the
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crop, reducing leaf area (Herndndez et al., 2004) and photosynthetic rate (Chaves et al.,
2009), consequently, reducing yield.

In this context, at this work the plant selected was the common bean (Phaseolus
vulgaris L.), a non-accumulator plant and sensible to water stress, such as a drought
condition, which was initiated at the V4 phenological stage. This is the stage where high
intensity drought indirectly affects grain productivity due to the reduction in leaf size and
number, which are responsible for plant and root growth. A plant with a well-developed root
system will have greater survival capacity during dry periods and a higher ability to absorb
nutrients from the soil. Additionally, the drought condition was kept until the phenological
stage of pod formation (R7). Which could lead to the shedding of newly formed pods and
adversely affect seed formation, resulting in a reduction in mass and, consequently, grain
productivity.

The use of Si to alleviate biotic and abiotic stresses is already well established (Chen
et al., 1969; Ma et al., 2016; Debona et al., 2017; Frew et al., 2018; Bokor et al., 2021) and
has been garnering interest among researchers to conduct further studies aiming to elucidate
the role of this beneficial element. The §'*C value is influenced by isotopic effects during
diffusion from the atmosphere to the chloroplasts and during carboxylation reactions. These
processes are influenced by various factors, including stomatal regulation of leaf gas
exchange and the ratio of substomatal (Ci) to ambient (Ca) CO- concentrations (Farquhar et
al., 1989). Changes in 8*3C can arise from alterations in carboxylation efficiency, stomatal
conductance (gs), or both. The isotopic composition of carbon (8*3C) is based on the isotopic
ratio of 13C/*2C, which is lower in plant tissue than in the atmosphere (Farquhar et al., 1989).

To determine the impact of silicon on non-accumulator plants, such as common beans
under water deficit, indicators of physiological responses to water stress were analyzed.
Whereby, photosynthetic parameters, water use efficiency and carbon isotope discrimination
(81C %o).

3.2 Material and Methods
3.21 Local

Common bean (Phaseolus vulgaris L.) plants from two distinct genotypes: IAC
carioca 80SH (water deficit susceptible), and BAT 477 (water deficit tolerant), were
cultivated in 5L pots, filled with a Red-Yellow Latosol (Oxisol; Embrapa, 2006), in



48

greenhouse conditions in the Center for Nuclear Energy in Agriculture, Piracicaba-SP,

Brazil.

3.2.2 Soil physical and chemical characteristics

The soil employed in this experiment was collected from the surface layer (0 —
20 cm) in the rural area of Itatinga-SP (22°43° 31” S e 47° 38’ 57” W). The soil was sandy
and presented the following chemical characteristics: pH (CaClz) 4.2; organic matter:
59 dm=3, P (resin) 2 mg dm, K 0.3 mmolc dm, Ca* mmolc dm=, Mg* mmolc dm=, H + Al
25 mmolc dm, Al 3 mmolc dm3, CTC 27 mmol. dm=3, S 6 mg dm=. Soil correction was
carried out 30 days prior to seeding, using calcium carbonate (CaCOs) and magnesium
carbonate (MgCO:s) in a 3:1 proportion. The dose was determined aiming at achieving 60%

of base saturation.

3.2.3 Treatments

The experiment consisted of a randomized blocks design under a triple factorial
scheme, with 2 genotypes (IAC carioca 80SH and BAT 477) x 2 water regimes (water deficit
and adequate water supply) x 2 silicon (Si) conditions (absent and adequate Si supply), and

7 repetitions, totalizing 8 treatments and 56 experimental units (Table 3.1).

Table 3.1. Treatments description

Treatment Genotype Si supply Water supply
T1 IAC carioca 80SH Adequate Deficit

T2 IAC carioca 80SH Adequate Adequate
T3 IAC carioca 80SH Absent Deficit

T4 IAC carioca 80SH Absent Adequate
T5 BAT 477 Adequate Deficit

T6 BAT 477 Adequate Adequate
T7 BAT 477 Absent Deficit

T8 BAT 477 Absent Adequate
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The cultivars were chosen to investigate the responses from a water deficit tolerant
(BAT 477) and a water deficit susceptible one (IAC carioca 80SH). Adequate Si supply was
determined as a soil Si concentration of 200 mg dm, supplied with sodium silicate. The
water deficit was induced by reducing the water supply to 40% of soil field capacity from the

V4 phenological stage on.

3.2.4 Cultivation essay

Sodium silicate was incorporated into the soil 30 days after liming, aiming at
achieving a Si concentration of 200 mg dm= in the Si adequate supply treatments. This
referred Si concentration was determined according to the results obtained in the absorption
march (chapter 1), as well as the values found by Mayumi et al. (2016) and Mayumi et al.
(2018). After Si incorporation, five common bean seeds were placed in each pot for
germination, however, eleven days later, thinning was made to maintain only two plants per
pot.

All treatments were sustained under adequate irrigation (soil moisture at 80% of field
capacity) until V4 phenological stage, then, water stress was initiated in treatments T1, T3,
T5 and T7, by keeping soil moisture at 40% of field capacity until harvest. The relative soil
water content was controlled during the experiment through weighting the pots daily and

adjusting the weight to the wanting field capacity.

3.2.5 Photosynthetic parameters

Leaf gas exchanges were determined using a portable infrared gas analyzer
(LI-6400XT, LI-COR, Inc. Lincoln NE, USA), on completely expanded mature trifoliums.
Throughout the assay, there were two moments when the analysis was carried out: (i) first
flower emission (R5) and (ii) pod formation (R7), both measurements were held in clear days
among 09h30 am and 10h30 am. The parameters evaluated were, net CO> assimilation
(A, pmol m2 s71), stomatal conductance (gs, mol m™2 s™), transpiration (E, mmol m2s™?),
intercellular CO2 concentration (Ci, pmol mol ™), and instantaneous water-use efficiency —
which was calculated as the ratio between A and E - (WUE, umol CO2 mmol H20). The light
absorption (0.84) (Schreiber et al., 1998) exposed to a photosynthetic photon flux density

(PPFD) of 1000 umol m2 s™*. During the measurements, the ambient CO, concentration
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(inside the chamber) was adjusted to 400 pmol mol %, vapor pressure deficit based on leaf
temperature was 2.07 KPa and relative humidity was 50% (Schreiber et al., 1998;
Lichtenthaler et al., 2007; Baker, 2008).

Table 3.2: Air temperature and humidity during the leaf gas exchange evaluations

Air Leaf Air
temperature (°C) temperature (°C) humidity (%)
R5 25.7 27.0 49.8
R7 30.9 30.0 57.9

Note: R5 and R7 is the description of the phenological stage where: first flower emission - R5; and
during the pod formation - R7.

3.2.6 Biometrical analysis

At R8/R9 phenological stage, the plants were harvested and dried in an oven with
forced-air circulation at 60°C until reach constant mass. Then, the samples were weighted to
determine plant dry mass.

3.2.7 Silicon and Nitrogen Chemical analysis

Si content was determined by the method proposed by Elliot and Snyder (1991),
adapted by Carneiro et al. (2007). The common bean leaves were harvested at R8 stage, then,
they were dried in an oven with forced-air circulation at 60 °C until constant mass. For sample
preparation, 0.1 g of dry mass was weighted and placed inside of plastic tubes. To proceed,
2 ml of hydrogen peroxide (H202 — 30% v/v) and 3 ml of sodium hydroxide (NaOH —
25 mol L) were added to start the wet-digestion. The samples were placed inside a hot bath
(£ 90 °C) for 1 h and then transferred to the autoclave digester for 1 h at 123 °C and
0.15 MPa. Thereafter, to achieve the total volume of 20 ml, water was added to the samples,
and subsequently 1 ml of the resultant solution was transferred to a new plastic tube.
Furthermore, the final volume was water adjusted to 20 ml, and finally added 1 ml of
chloridric acid (1:1 v/v) and 2 ml of molybdic acid ammonium (5%). After all, the yellowish

color was formed, and the results were read at the absorbance of 410 nm.



Leaves’ samples were dried in an oven with forced-air circulation at 60 °C until
constant mass. The material was analyzed for %N in automated mass spectrometer coupled
to an ANCA-GSL N analyzer (Sercon Co.,UK). The total N concentrations were calculated
according to the method of Barrie et al. (1995).

3.2.8 Isotopic composition of 8'3C in leaves tissue

The isotopic composition of carbon (83C %o) and carbon abundance was determined
in the leaves of the common bean plants. The leaves were dried in an oven with forced-air
circulation at 60 °C until constant mass therefore ground. The carbon abundance was
performed using an ANCA-GSL mass spectrometer (Hydra 20-20 SERCON Co., Crewe,
GBR) coupled with an automatic carbon analyzer, following the methodology described by
Barrie and Prosser (1996). The 8*3C values were calculated using the equation (Farquhar,
1982):

313C (%o) = [(Rsample / Rstandard) — 1] x 1000

Where R is the ratio of 13C/*2C, and the reference material used is the VVienna Pee Dee
Belemnite (VPDB) with a value of 0.01117960 (Craig, 1957).

3.2.9 Statistical analysis

Data were submitted to analysis of variance (ANOVA) at 5% probability. When
ANOVA presented significant results, means were compared using Tukey’s test. The
analyzes were made using Sisvar statistical software (Ferreira, 2011). The results were

expressed as mean = standard error of the mean (SEM).

3.3 Results and Discussion

3.3.1 Photosynthetic parameters
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3.3.1.1 First flower emission (R5)
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Figure 3.1: Net CO; assimilation (A) was evaluated in distinct common bean genotypes, BAT 477 and IAC
carioca 80SH, respectively, tolerant and susceptible to water deficit. Means followed by the same letters are
not significantly different between genotypes at the silicon level (uppercase letters) and silicon supply at the
genotype level (lowercase letters), according to the Tukey test at a significance level of 5%. Apparent
carboxylation efficiency (A/C;) was also evaluated and means followed by the same letters are not
significantly different regardless of genotype (b1) and water supply (b2). Bars represent the standard error of
the mean (n = 3).

Our results on net CO> assimilation (A) by the leaves of common beans (Figure 3.1.a)
were influenced by the genotype and external supply, while the water condition treatment
did not have an impact on the results. The differences between genotypes were only
highlighted when silicon (Si) was supplied. As shown, BAT 477 exhibited a 46.5% higher
net CO2 assimilation compared to IAC carioca 80SH under the same Si-fed treatment.
Furthermore, when comparing the same genotype at different Si levels, BAT 477
demonstrated a 44.9% greater net CO assimilation when Si was supplied compared to when
it was not.

Examining the results of the apparent carboxylation efficiency (A/Ci) (Figure 3.1.b),
which represents the ratio of net CO> assimilation to leaf intercellular CO2 concentration, no
interaction was observed among the three factors evaluated in this research. However,
differences were found between genotype and water supply. When comparing the mean
apparent carboxylation efficiency (Figure 3.1.b1) of BAT 477 and IAC carioca 80SH,
regardless of water or Si supply, an increase in efficiency of 20% was observed in BAT 477.

Furthermore, analyzing the results regarding water regime (Figure 3.1.b2), it can be



concluded that irrespective of Si supply or genotype characteristics, the A/Ci outcomes were
20% higher in the water deficit treatment compared to well-watered common beans.

It is imperative to recognize that the water-deficit regime treatment was initiated 10
days prior to this analysis. Therefore, it may be the reason behind this unexpected result. The
literature highlights that a decrease in the ratio between A/C;i is expected when multiple
factors are established, such as plants grown under water stress and its severity, the duration
of the stress, the growth stage, and genetics. Water deficit induces various physiological
disruptions, including a decrease in stomatal conductance and faces water stress often
encounter a limitation in gas exchange due to stomatal closure, which regulates water loss

but hampers carbon assimilation (Chaves et al., 2002; Chai et al., 2016).
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Figure 3.2: Transpiration (E) was evaluated in distinct common bean genotypes, BAT 477 and IAC
carioca 80SH, respectively, tolerant and susceptible to water deficit. (a) Means followed by the same letters
are not significantly different between genotypes at the silicon level (uppercase letters) and silicon supply at

the genotype level (lowercase letters), according to the Tukey test at a significance level of 5%. (b) Means
followed by the same letters are not significantly different between genotypes at the water level (uppercase
letters) and water supply at the genotype level (lowercase letters), according to the Tukey test at a significance
level of 5%. Bars represent the standard error of the mean (n = 3).

Transpiration (E) is another important photosynthetic parameter that should be
evaluated, especially in research involving water stress. Our transpiration results (Figure
3.2.a) exhibited a similar pattern to the net CO> assimilation results (Figure 3.1.a), except for
the BAT 477 genotype in the non-Si level. Firstly, when comparing the transpiration rate in
the Si-fed level, BAT 477 showed a 102.3% higher rate compared to the results of the same
genotype in the non-Si level. Secondly, when comparing the two genotypes in the Si-fed
level, BAT 477 exhibited a 71.5% higher transpiration rate than IAC carioca 80SH. However,
in the non-Si supply level, BAT 477 had a transpiration rate 31.3% lower than that of IAC

carioca 80SH. Finally, when analyzing the different results of transpiration among genotypes
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in the water level (Figure 3.2.b), it was observed that BAT 477 exhibited a 17.4% higher
transpiration rate in the water deficit treatment compared to the well-watered treatment.
Furthermore, when comparing the genotypes in the water deficit level, BAT 477 displayed a

significantly higher transpiration rate of 37.5% compared to the rate of IAC carioca 80SH.
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Figure 3.3: Stomatal conductance (gs) and leaf intercellular CO, concentration (C;) were measured in
distinct common bean genotypes, BAT 477 and IAC carioca 80SH, known for their tolerance and
susceptibility to water deficit, respectively. Means followed by the same letters were not significantly
different between (a) genotypes in each silicon and water supply level, (b) silicon in each water condition and
genotypes, and (c) water regime in silicon supply and genotype levels, as determined by the Tukey test at a
significance level of 5%. Bars represent the standard error of the mean (n = 3).

Our results on stomatal conductance (gs) and leaf intercellular CO2 concentration (Cj)
showed a significant triple interaction, indicating that the combination of water, silicon, and
genotype directly affects the behavior of common bean plants. In terms of stomatal
conductance, BAT 477 exhibited exceptional performance in the Si-fed water deficit
condition (Figure 3.3.a). For instance, its stomatal opening efficiency was 133.3% higher
than that of IAC carioca 80SH, and the leaf intercellular CO concentration was 47.8% higher
(Figure 3.3.al1). When considering Si supply in the water deficit and genotype levels (Figure
3.3.b and bl), BAT 477 showed 133.3% and 53.1% higher efficiency in gs and G,
respectively, compared to BAT 477 without external Si supply in the water deficit condition.
Finally, from the perspective of water condition, the BAT 477 plants supplied with Si (Figure



3.3.cand c1) exhibited 100% and 9.3% higher efficiency in gs and Ci, respectively, compared
to the same genotype grown under well-watered conditions.

Continuing with the BAT 477 genotype and Si-fed, when considering the well-
watered condition (Figure 3.3.a and al), it is noteworthy that there was a 16.7% increase in
gs and a 16.3% increase in Ci compared to the IAC carioca 80SH. Furthermore, in the Si-fed
level under well-watered conditions (Figure 3.3.b and bl), the BAT 477 genotype showed a

75% increase in gs and a 46.7% increase in Ci compared to the level without external Si

supply.
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Figure 3.4: Instantaneous water use efficiency (WUE) was evaluated in distinct common bean
genotypes, BAT 477 and IAC carioca 80SH, known for their tolerance and susceptibility to water deficit,
respectively. No significant differences were found between genotypes in each silicon and water supply level
(a), silicon in each water condition and genotypes (b), and water regime in silicon supply and genotype levels
(c), as determined by the Tukey test at a significance level of 5%. Bars represent the standard error of the
mean (n = 3).

Our results revealed a significant triple interaction between the ratio of net CO;
assimilation (A) and transpiration (E), which is commonly referred to as Instantaneous water
use efficiency ((WUE). Firstly, in the treatment without Si supply and in the well-watered
level (Figure 3.4.a), BAT 477 exhibited a 73.2% higher efficiency in water use compared to
IAC carioca 80SH. Conversely, IAC carioca 80SH showed better performance in WUE
results in the Si-fed level within the well-watered condition and in the water deficit condition,
with increases of 16.5% and 17.5% respectively, compared to BAT 477.

Secondly, considering the perspective of Si supply (Figure 3.4.b), BAT 477 exhibited
a 42.3% higher iWUE in the well-watered condition when supplied with Si compared to the
treatment without external Si. Furthermore, in the absence of Si supply and under water

deficit conditions, this genotype demonstrated a 35.4% increase in {WUE compared
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to the Si-fed treatment. On the other hand, IAC carioca 80SH showed greater efficiency, with
a 41.7% increase in jWUE, in the Si-fed and well-watered condition compared to the
treatment without Si supply. Lastly, from the viewpoint of water conditions, IAC carioca
80SH in the non-Si-fed level exhibited a 52.6% higher i\WUE in the water deficit treatment
compared to the well-watered treatment.

3.3.1.2 Pod formation (R7)
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Figure 3.5: Net CO; assimilation (A) (a) and transpiration (E) by distinct common bean genotypes,
BAT 477 and IAC carioca 80SH, respectively, tolerant and susceptible to water deficit. Means followed by
the same letters are not significantly different between (a) genotypes in each silicon and water supply level,
(b) silicon supply in each water condition and genotypes, and (c) in water regime in silicon supply and
genotype levels, as determined by the test Tukey at 5% significance. Bars represent the standard error of the
mean (n = 3).

Our results showed a triple interaction between net CO assimilation (A) and
transpiration (E) rates (Figure 3.5). These results were obtained after a longer period of water
deficit compared to the initial leaf exchange analysis at the R5 stage. Firstly, when evaluating
the genotypes without Si supply under water deficit conditions (Figure 3.5a and al), the IAC
carioca 80SH exhibited a 30.6% higher net CO2 assimilation rate than the BAT 477, while
the transpiration rate did not show significant differences between the genotypes.



Moreover, in the well-watered level without Si supply, the IAC carioca 80SH
displayed a 30.1% increase in net CO> assimilation and a 21.7% increase in transpiration
rates compared to the BAT 477. Additionally, the IAC carioca 80SH demonstrated a higher
instantaneous water use efficiency ((WUE) than the BAT 477 under water stress conditions
and in the well-watered level. Specifically, the IWUE was 42.1% and 20.3% higher,
respectively, regardless of Si supply. Furthermore, the IAC carioca 80SH showed a 64%
higher efficiency compared to the well-watered regime of the IAC carioca 80SH, regardless
of Si supply (Figure 3.6a).

On the contrary, when considering the perspective of the BAT 477 genotype, the net
CO. assimilation and transpiration rates in the Si-fed and well-watered level were,
respectively, 38.7% and 83% higher than those of the IAC carioca 80SH (Figure 3.5a and
al). Additionally, the instantaneous water use efficiency of the BAT 477 genotype under
water deficit conditions was 43.3% higher than the response in the well-watered level (Figure
3.6a). It is important to note that the BAT 477 exhibited a higher transpiration rate, 41.8%,
in the Si-fed and water deficit level compared to the IAC carioca 80SH. However, no
difference in carbon assimilation was observed between the genotypes, indicating a lack of
efficiency in net CO> assimilation of the BAT 477 genotype under water stress conditions,
even with Si supply (Figure 3.5a and al).

Secondly, when evaluating these rates from the perspective of Si supply under
different water conditions and genotype levels, it can be confirmed that an increase in rates
was observed when plants were treated without Si supply. For example, under water stress
conditions, the BAT 477 exhibited 13.8% higher net CO. assimilation compared to the Si-
fed plants. Similarly, under the same circumstances, the IAC carioca 80SH showed a
performance in net CO> assimilation and transpiration that was 40.5% and 33.1% higher,
respectively, when the same genotype was grown without Si supply. Furthermore, under the
well-watered level and without Si supply, the IAC carioca 80SH demonstrated even higher
rates of net CO; assimilation and transpiration, reaching 82.7% and 108.3%, respectively
(Figure 3.5b and bl).

Finally, to analyze the results from the perspective of water conditions in the Si supply
and genotype levels (Figure 3.5¢ and cl), a greater response in net CO assimilation was
observed in the water deficit condition in the IAC carioca 80SH, which showed a 20.3%
increase, despite a decrease of 50.6% in the transpiration rate. It is expected to have a
decrease in the rates of gas exchange as plants tend to close their stomata for longer periods

to prevent water loss. It is worth noting that regardless of the genotype, there was an increase
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of 65.7% in instantaneous water use efficiency (Figure 3.6b) in the water deficit plants
compared to the well-watered condition. This result may indicate a mechanism of tolerance
to water stress conditions, which can assist the plants during prolonged periods of stress
(Soureshjani et al., 2019; Franca et al., 2020).

Likewise, in line with these results, plants under water stress also exhibited a decrease
of 13.2% in instantaneous water use efficiency when subjected to Si supply compared to the
level without Si (Figure 3.6b). This finding challenges our hypothesis, as Si is known for its
ability to alleviate water stress (Chen et al., 1969; Ma et al., 2016; Debona et al., 2017;
Soureshjani et al., 2019; Franga et al., 2020). BAT 477 under water deficit conditions showed
a net CO; assimilation rate that was 19.6% higher than the well-watered condition in the
absence of Si supply. Conversely, the same plants exhibited a 23.7% lower transpiration rate
than the well-watered ones (Figure 3.5¢c and c1). Additionally, regardless of the genotype,
plants grown under water deficit with Si supply displayed a higher instantaneous water use
efficiency of 39.1% compared to the well-watered condition.
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Figure 3.6: Instantaneous water use efficiency ((WUE) was assessed in distinct common bean
genotypes, BAT 477 and IAC carioca 80SH, which are respectively tolerant and susceptible to water deficit.
(a) Means followed by the same letters are not significantly different: between genotypes in the water
condition level (upper case letters) and water regime in the genotype level (lower case letters); and (b)
between water conditions in the silicon level (upper case letters) and within the same water regime in the
silicon level (lower case letters), as determined by the Tukey test at a significance level of 5%. Bars represent
the standard error of the mean (n = 3).

Our results for stomatal conductance (gs) and leaf intercellular CO2 concentration (Cj)
revealed a significant triple interaction among the factors investigated in this study.
Analyzing the stomatal conductance results of plants that were exposed to the variables for a

longer period, we observed a distinct pattern compared to the initial analyses. From the



perspective of BAT 477, plants grown under Si supply and in the well-watered level exhibited
higher stomatal conductance and leaf intercellular CO2 concentration (Figure 7a and al), with
values 340% and 7.1% higher than those of IAC carioca 80SH, respectively. Furthermore,
there was a 69.2% increase in gs in the water condition level (Figure 3.7c). It is noteworthy
that the results for BAT 477 showed a 214.3% increase in gs and a 52.1% increase in C;
(Figure 3.7a and al) compared to the initial analysis of photosynthetic parameters (Figure
3.3a and al) conducted in this research.

The BAT 477 genotype demonstrated a 24.9% higher efficiency in increasing the
intercellular carbon concentration in the leaf (Figure 3.7a), even when grown under a water
and Si-deficient treatment, compared to IAC carioca 80SH. Conversely, when comparing
IAC carioca 80SH to itself, there was a 48.1% increase in efficiency when supplied with Si

under water stress conditions compared to when grown without Si (Figure 3.7b).
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Figure 3.7: Stomatal conductance (gs) and leaf intercellular CO, concentration (C;) were evaluated in
distinct common bean genotypes, BAT 477 and IAC carioca 80SH, which are tolerant and susceptible to
water deficit, respectively. Means followed by the same letters are not significantly different between: (a)

genotypes in each silicon and water supply level, (b) silicon in each water condition and genotype level, and
(c) water regime in silicon supply and genotype levels, according to the Tukey test at a significance level of
5%. Bars represent the standard error of the mean (n = 3).

In addition, in the results of apparent carboxylation efficiency (A/Ci), BAT 477
exhibited 26.3% higher efficiency at the Si-fed level compared to the level without Si supply,

regardless of the water condition (Figure 3.8a). Conversely, regardless of the Si supply in the

well-watered level, BAT 477 results decreased by 38.9% compared to the average under
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water deficit (Figure 3.8b). It is interesting to note that, regardless of the genotype, the A/C;
results of the plants grown under Si supply were 30.3% higher when these plants were under
water stress conditions compared to well-watered conditions (Figure 3.8c). In contrast, plants
grown in a well-watered regime without Si addition exhibited 36.4% higher A/C; results than

those grown with Si supply (Figure 3.8c).
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Evaluating from the perspective of the treatment without Si addition, the genotype

IAC carioca 80SH demonstrated 53.9% higher A/C; efficiency compared to BAT 477.

Furthermore, when comparing the 1AC carioca 80SH genotype at the Si level, the plants
treated without Si exhibited 97.4% higher A/C; efficiency than those treated with Si (Figure
3.8a). The results followed similar patterns to the previous findings when evaluated at the

water regime level in each genotype and under each Si condition (Figure 3.8b and c). In other

words, the genotype IAC carioca 80SH, when subjected to water stress conditions, exhibited

a 73.2% higher efficiency compared to those grown under normal water conditions.
Additionally, it displayed a 42% higher efficiency than BAT 477 under water stress

conditions (Figure 3.8b).
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Figure 3.8: Apparent carboxylation efficiency - A/C; was evaluated in distinct common bean
genotypes, BAT 477 and IAC carioca 80SH, respectively, tolerant and susceptible to water deficit.

silicon level, while lowercase letters indicate no significant difference in silicon supply at the genotype level;
(b) Uppercase letters indicate no significant difference between genotypes at the water condition level, while
lowercase letters indicate no significant difference within the same water regime level for each genotype; and

(c) Uppercase letters indicate no significant difference between water conditions at the silicon level,

while lowercase letters indicate no significant difference within the same water regime level for silicon
supply, according to the Tukey test at a significance level of 5%. Bars represent the standard error of the mean

(n=23).
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3.3.1.3 Silicon accumulation
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Figure 3.9: Silicon accumulation was assessed in distinct common bean genotypes, BAT 477 and
IAC carioca 80SH, respectively, tolerant and susceptible to water deficit. Means followed by the same
uppercase letters are not significantly different between genotypes at the silicon level, while lowercase letters
indicate no significant difference in silicon supply at the genotype level, as determined by the Tukey test at a
significance level of 5%. Error bars represent the standard error of the mean (n = 3). Subtitle for p-value: G =
genotype;
W = water; and Si = silicon.

The variable water did not significantly influence Si accumulation. However, the
variable genotype played a significant role in determining Si accumulation. For example, the
IAC carioca 80SH genotype accumulated 42.1% more Si than the BAT 477 genotype in the
Si-fed level. Furthermore, the mean Si accumulation in the IAC carioca 80SH genotype
without external Si addition was 143.7% lower than the mean accumulation in the same
genotype under Si-fed conditions, regardless of the water condition (Figure 3.9).

Finally, regardless of the common bean genotype or water supply regime, the average
Si accumulation in the Si-fed treatment was 122.2% higher than the mean accumulation in
plants without Si supply. It is worth highlighting that both genotypes were able to absorb and

accumulate some silicon, even without external silicon input (Figure 3.9).
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Figure 3.10: Foliar nitrogen (N) concentration and accumulation were evaluated in distinct common
bean genotypes, BAT 477 and IAC carioca 80SH, respectively, tolerant and susceptible to water deficit.
Means followed by the same letters are not significantly different between: (a) genotypes in each silicon and
water supply level, (b) silicon in each water condition and genotype level, and (c) water regime in silicon
supply and genotype levels, according to the Tukey test at a significance level of 5%. Bars represent the
standard error of the mean (n = 3).

Our results for N concentration and accumulation in leaves revealed a significant
triple interaction among the factors investigated in this study, as well as a consistent pattern.
The concentration and accumulation of N were, respectively, 38.5% and 29.4% higher in
IAC carioca 80SH than in BAT 477 when under adequate water regime and in the presence
of Si (Figure 3.10a and al). When evaluated from the perspective of plants grown in the
presence of Si (Figure 3.10b and b1) at the adequate water level, IAC carioca 80SH exhibited,
respectively, 27.8% and 22.6% higher concentration and accumulation of N compared to the
tolerant genotype.

On the other hand, when evaluated based on the presence or absence of water, the Si-
fed IAC carioca 80SH exhibited higher N concentration and accumulation, respectively, by
14.4% and 15.3% under water deficit compared to the adequate water regime (Figure 3.10c
e cl). Furthermore, it is worth noting and remembering that the Si accumulation in these
same plants was 42.4% higher than that observed in BAT 477 (Figure 3.9). In other words,
IAC carioca 80SH showed similar results for Si and N under water deficit. The literature

suggests that plants under stress, in the presence of Si, tend to absorb more Si and exhibit a
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behavior closer to normal due to the beneficial effects of this element (Ma et al., 2001; Zargar
et al., 2019; Ramirez-Olivera et al., 2021).

The BAT 477 genotype plants grown under water stress conditions showed,
respectively, 31.2% and 23.7% higher nitrogen concentration and accumulation when in the
presence of silicon compared to without the external addition of the element (Figure 3.10b
and bl). Furthermore, when evaluated according to the presence or absence of water, the
genotype grown under Si-fed conditions exhibited, respectively, 56.4% and 53.9% higher
nitrogen concentration and accumulation in plants under water deficit compared to well-
watered plants (Figure 3.10c and c1).

However, a result that draws much attention is the higher nitrogen concentration and
accumulation in IAC carioca 80SH under water stress conditions and without external Si
addition. In the 1AC carioca 80SH genotype, the nitrogen concentration and accumulation
were higher, respectively, by 26.9% and 30.7% when the plants were under water deficit and
without external Si presence compared to BAT 477 (Figure 3.10a and al). A similar result is
observed from the perspective of water conditions, where the IAC carioca 80SH genotype
without Si presence exhibited 39.6% and 54.9% higher nitrogen concentration and
accumulation when under water stress compared to well-irrigated conditions (Figure 3.10c
and cl).
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Figure 3.11: The total dry mass of distinct common bean genotypes, BAT 477 and IAC carioca
80SH, respectively tolerant and susceptible to water deficit, was evaluated. Means followed by the same
letters are not significantly different: by water condition at the genotype level (uppercase letters) and between
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genotypes at the same water regime level (lowercase letters), according to the Tukey test at a significance
level of 5%. Bars represent the standard error of the mean (n = 4).

The dry mass results showed a double interaction at the level of water regime and
observed genotype, with the presence or absence of Si being irrelevant. However, it is
possible to evaluate the performance of the genotypes under different water conditions, even
by observing their photosynthetic expression and the accumulation of N and Si. The BAT
477 genotype plants grown under adequate water regime accumulated 7.6% more dry mass
compared to plants grown under water stress. Additionally, when comparing BAT 477 to
IAC carioca 80SH, both under an adequate water regime, BAT 477 accumulated 15.4% more
dry mass. On the other hand, observing the performance of the IAC carioca 80SH genotype,
the plants grown under water stress accumulated 7.6% more dry mass than the plants grown

under adequate water regime (Figure 3.11).
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Figure 3.12: Leaf carbon §*3C (%o) of distinct common bean genotypes, BAT 477 and IAC carioca
80SH, respectively tolerant and susceptible to water deficit, was evaluated. Means followed by the same
letters are not significantly different, according to the Tukey test at a significance level of 5%. Bars represent
the standard error of the mean (n = 3).

Regardless of the genotype or Si supply, the result for isotopic composition of carbon
(813C %o) at the water deficit level was the highest 4.1% when compared to the well-watered
condition (Figure 3.12). In situations of water stress or limited water availability, the uptake

of CO2 will be restricted, leading to a decrease in the leaf intercellular CO2 concentration to
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atmospheric carbon ratio and an increase in 8'C in the plant. Carbon-13 is heavier than
carbon-12, which is one of the reasons for its lower absorption by plants, 13C is present in
the atmosphere at 1.1%, while 12C is at 98.9%, with isotopic discrimination being the ratio
between 13C and 12C. Also, Rubisco is the most efficient enzyme in discriminating carbon;
therefore, the more negative the 13C value, the greater the discrimination by photosynthetic
carboxylation enzymes and the more efficient water usage. Therefore, this is an excellent
parameter to assess the plant's response when subjected to water stress, particularly in
evaluating the potential for greater tolerance to water scarcity (Farquhar and Richards, 1984;
Mateus et al., 2021).

34 Conclusions

Notwithstanding, our research aimed to validate the use of silicon as a stress mitigator
for water deficit in the non-accumulator plant, common bean. The results presented in this
work showed that common bean plants can absorb and accumulate the beneficial element,
silicon. The mean & *C %o values under normal water conditions exhibited a greater negative
deviation compared to plants exposed to water stress, characterized by stomatal closure. The
13C to 2C ratio serves as a valuable tool for evaluating water stress levels and identifying
stress-tolerant genotypes. In summary, plants that do not naturally accumulate silicon (Si)
demonstrated an accumulation of this beneficial element within their tissues, predominantly
in the leaves, when provided with Si supplementation. Our findings do not align with the
existing literature regarding the impact of Si on enhancing photosynthesis and Water Use
Efficiency (WUE).

Despite the results found in this study not being relevant for confirming the use of
silicon in common beans as an element that improves water use efficiency ((WUE) under
water stress or increases the photosynthetic rate even when the plant is under stress, it is
worth highlighting that, as mentioned during this research, other studies have found
affirmative results, contrasting with our own findings. Nevertheless, we have discovered

some positive insights that warrant further investigation.



4 FINAL REMARKS AND OUTLOOK

The utilization of silicon in agriculture as an alternative means to mitigate climate
change holds significant promise. Its capacity to enhance stress tolerance, resist diseases and
pests, improve nutrient uptake efficiency, and sequester carbon makes it a valuable tool in
promoting sustainable and resilient agricultural systems. However, additional research is
required to optimize silicon application methods, determine crop-specific responses, and
evaluate its long-term effects on soil and ecosystem dynamics.

As the world faces the challenges of climate change and the need for sustainable
agriculture, the integration of silicon into farming practices can contribute to building
resilient food systems and mitigating the negative impacts of a changing climate. This study
allowed us to draw some conclusions about the Si accumulation and Kkinectis
parameters. both genotypes were more efficient in utilizing Si when subjected to a lower dose
(0.1 mmol L), indicating a high-affinity system for both genotypes. At intermediate doses,
the susceptible genotype indicated the activation of a Si exclusion system, which changed
with increasing doses. When supplied with 2 mmol L, the genotype started to increase the
Si content.

The susceptible genotype showed a higher silicon concentration and accumulation in
plants, as well as an increase in dry mass. Most of the absorbed and accumulated silicon in
the susceptible genotype was found in the leaves. The tolerant genotype did not accumulate
more silicon and was not more efficient in fertilizer utilization.

Data from the study to validate the use of silicon as a stress mitigator for water deficit
in the non-accumulator plant, common bean, highlighted the urgency and necessity for
further research to elucidate Si pathways and its role as a mitigator in non-accumulator plants.

Nevertheless, these findings provide valuable insights that warrant additional investigation.
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