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RESUMO

PERES, Hugo Gabriel. Associacio de silicio e inocula¢do de fungos micorrizicos
arbusculares em milho-doce submetido a diferentes niveis de reposicdo hidrica.
Orientador: Douglas José Marques. Dissertagdo (Mestrado em Agronomia) — Universidade
Federal de Uberlandia, Uberlandia, 2023.

O estresse de seca afeta processos-chave do metabolismo vegetal, sendo um dos principais
problemas para a seguridade alimentar mundial. Fungos micorrizicos arbusculares (FMA’s) e
Silicio (Si) s@o duas estratégias amplamente reconhecidas por mitigar o estresse de seca em
plantas. Entretanto, ndo ha informagao acerca da sua associa¢ao em plantas de milho-doce.
Levantou-se a hipotese de que a associagdo de FMAs e Si poderia ser uma forma de mitigar o
estresse de seca em milho-doce. Um experimento foi conduzido em casa-de-vegetacdo sob
esquema fatorial triplo (5x2x2), incluindo 5 niveis de reposig¢ao hidrica (40, 60, 80, 100 e 120%
de reposi¢ao da capacidade de campo), dois niveis de inoculacao de FMAs (presenga/+FMA e
auséncia/-FMA) e 2 niveis de fornecimento de Si (presenca/+Si e auséncia/-Si). Foram
avaliados parametros de crescimento, produc¢do, fotossintese (SPAD e Fv/Fm), teor de Si nas
folhas e colonizac¢do micorrizica. A restri¢ao hidrica levou a redugdo do desempenho do milho-
doce. Em condic¢des de estresse de seca severo (40% de reposicdo), a inoculacdo de FMAs
aumentou o crescimento (parte aérea e raiz), € o Si aumentou o indice SPAD. De forma geral,
os FMAs ¢ o Si, isolados ou em associa¢do, aumentaram os indices fotossintéticos SPAD e
FV/Fm. Em plantas em que ndo foi fornecido Si, a inoculagdo dos FMAs aumentou o teor de
Si na planta, mas isto nao foi observado em plantas em que o Si foi fornecido via solo. Em
condicdes de seca severa, a inoculacdo de FMAs e o fornecimento de Si podem ser formas de
mitigar os efeitos deletérios da seca. No entanto, frente a complexidade das intera¢des planta-
Si-FMAs-ambiente, novas pesquisas devem ser conduzidas visando estudar melhor estes

efeitos.

Palavras-chave: Zea mays L.; seca; simbiose; silicato de célcio.



ABSTRACT

PERES, Hugo Gabriel. Association of silicon supply and arbuscular mycorrhizal fungi
inoculation in sweet corn subjected to different water reposition levels. Supervisor:
Douglas Jos¢ Marques. Dissertation (Master’s in Agronomy) — Universidade Federal de
Uberlandia, Uberlandia, 2023.

Drought affects plant key process, being a main constraint for food security worldwide.
Arbuscular mycorrhizal fungi (AMF) and Silicon (Si) are well-known strategies to mitigate
drought stress in plants. However, lacks information regarding it is association in sweet corn
plants. We hypothesized that Si and AMF association could be a potential way to mitigate
drought stress in sweet corn. A greenhouse experiment was conducted under a triple factorial
(5x2x2) scheme, including five water reposition levels (40, 60, 80, 100 and 120% of reposition),
two AMF inoculation levels (presence/+AMF, and absence/-AMF) and two Silicon (Si) supply
levels (presence/+Si and absence/-Si). We evaluated plant growth, yield, photosynthesis
parameters (SPAD, and Fv/Fm), Si content in leaves and mycorrhizal colonization. Water
restriction led to reduction in sweet corn performance. In severe drought stress conditions (40%
of reposition), AMF inoculation improved growth (shoot and root) and Si supply improved
SPAD. Overall, AMF and Si, isolate or in association, increased SPAD and efficiency of PSII.
In non-Si-supplied plants, AMF increased Si content in leaves, but no AMF-mediated uptake
of Si was found in Si-supplied plants. In severe drought conditions, AMF and Si may be
potential ways to mitigate the defective effects of drought. However, in front of the complexity
of AMF-plant-Si-environment interactions, further research needs to be conducted in order to

investigate better these effects.

Keywords: Zea mays L.; drought; symbiosis; calcium silicate.
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1 INTRODUCTION

Global demand for food supply is increasing, considering that Earth's population
recently reached 8 billion people. However, drought is becoming a large problem for crop
production and economy as a result of global climate changes and represents a major constraint
on global food security (BRAS et al., 2021; FAHAD et al., 2017; LIEBER et al., 2022;
NAUMANN et al., 2021). Drought severely inhibits plant growth by affecting key metabolic
processes, such as nutrient acquisition and photosynthesis (SELEIMAN et al., 2021).
Therefore, agricultural practices to counterbalance the drought effects, such as the addition of
nutrients and microbial inoculants that help plants cope with drought should be considered in
crop production to reduce plant stress and crop losses.

Silicon (Si) is a nutrient commonly used for improving plant resistance to drought. This
quasi-essential metalloid is responsible for altering the cell wall composition, turning it more
resistant. The absorption of Si from soil and distribution in plant organs results in amorphous
silica deposition under the leaf cuticle, which comprises an important trait for improving leaf-
atmosphere water relations (LUYCKX et al., 2017; MALIK et al., 2021). Moreover, Si was
also attributed to play roles in photosynthesis and plant antioxidant responses (MALIK et al.,
2021; WANG et al., 2021).

Plants have differences in the capacity to accumulate Si, ranging from less than 0.1%
from up to 10% of dry weight (EPSTEIN, 1999) and the use of Si has been extensively studied
in grasses (Poaceae) because of their high capacity of Si accumulation (PUTRA et al., 2020).
Si beneficial roles are closely related with the plant capacity to accumulate Si (YAN ef al.,
2018). Intense weathering processes in tropical acid soils results in soils with low levels of
available Si to plants (BUOL, 2009; CAMARGO et al., 2013; DE TOMBEUR, 2021). To
bypass this, calcium silicate is applied during crop production as a source of Si and to correct
soil acidity (BIANCHINI; MARQUES, 2019; CAMARGO et al., 2013; MARQUES et al.,
2022).

Microorganisms also help plants to cope with drought and represent sustainable tools
for modulating crop tolerance under stressed conditions (KOUR et al.,, 2022). Arbuscular
mycorrhizal fungi (AMF) are well known to establish the arbuscular mycorrhizal symbiosis
with ca. 72% of plant species (BRUNDRETT; TEDERSOO, 2018). AMF colonize plant root
cortex and extend their hyphae into the soil, forming the extra-radicular mycelium, which

explore the bulk soil for water and nutrients. AMF-plant symbiosis plays several ecological



roles that benefits both the plant host and the soil environment, by improving plant water and
nutrient uptake, promoting plant tolerance to drought and other abiotic and biotic stresses, and
contributing to soil aggregation (GIANINAZZI et al.,2010). Since there is variation in response
of soil and plant variables for each AMF strain, it is interesting to apply a consortium of species
to guarantee the beneficial effects of the inoculum (SHARMA et al., 2009).

The addition of microbial inoculants associated with beneficial nutrients, such as Si and
AMEF, is emerging as a sustainable alternative for mitigate drought stress in crops (VEGA et
al.,2021). The use of Si and mycorrhizal symbiosis as a strategy to mitigate drought stress have
been studied for strawberry (MORADTALAB et al., 2019), rice (DAS et al., 2021), licorice
(HAGHIGHI et al., 2022; HAGHIGHI; SAHARKHIZ, 2022), and Indian mustard
(SRIVASTAVA et al. 2022). 1t is important to highlight that the most pronounced beneficial
effects of Si occur in accumulator plants (YAN ef al., 2018) and all the plants already used to
explore the AMF-Si association as a tool to manage drought stress, with exception of rice, are
not good Si accumulators. Thus, studies with the AMF-Si association should consider Si
accumulating plants as the Poaceae.

Sweet corn (Poaceae) is a special type of maize that is used only for human
consumption. The crop is high input and high value. Although drought is the main abiotic stress
affecting sweet corn (REVILLA et al., 2021), there 1s no report on the effects of the association
of AMF inoculation and Si supply in sweet corn under drought stress. Thus, we hypothesized
that the application of Si and a consortium of six AMF species could be a potential way to
mitigate drought stress in sweet corn. To check the hypothesis, we assessed plant growth traits,
yield, and photosynthesis parameters. Additionally, we assessed arbuscular mycorrhizal

colonization in roots and Si content in leaves.

2 MATERIAL AND METHODS

2.1 Overview of the plant growth experiment

A greenhouse experiment was conducted at the Federal University of Uberlandia (UFU)
in Monte Carmelo, Brazil. From November 24th, 2021, to March 24th, 2022, plants of sweet
corn cv. FT 2015 (single-cross commercial hybrid) were grown in 25-liter pots containing 21.5
kg of soil. On average, the environment inside the greenhouse had a maximum temperature of

38.6 °C (29.8-48.0 °C) and minimum temperature of 18.5 °C (21.4-15.7 °C). Maximum



humidity values were always higher than 80% (80-99%) and minimum humidity ranging from

12-54% (Figure 1).

Figure 1 - Environmental conditions inside the greenhouse during the experiment.
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Source: The author.

The experiment was set up in a randomized block design with four replications.
Treatments comprised a complete factorial scheme (2x2x5): 2 levels of Si (with and without Si
supply as soil acidity corrective) x 2 levels of AMF inoculation (with: +AMF and without: -
AMF inoculation) x 5 water reposition levels (40%: severe drought; 60%: moderate drought;

80%: light drought; 100%: field capacity reposition; 120%: light water excess).

2.2 Soil traits and Silicon supply

The soil used to fill the pots correspond to a 0-20cm layer of a Ferralsol (World
Reference Base - FAO), collected in a non-cultivated area, adjacent to native Cerrado
vegetation at Monte Carmelo, Minas Gerais, Brazil (18°32'33.76"S; 47°29'10.65"0O; 799
m.a.s.l.). Soil chemical and textural characterization (Table 1) shows a low natural fertility and
clayey soil with low silt content, typical of Cerrado Biome (BUOL, 2009).

The dose of soil correctives was calculated as recommended by van Raij and Cantarella
(1997) and adapted by Bianchini and Marques (2019) for corn plants. Si was supplied (+Si)
using calcium silicate (CaO: 12%; Si02: 78%; ENV: 86%) as source (0.787 g dm™). This dose
represents a potential supply of 287 mg dm™ of Si (or 5.5 g pot™!). In control pots (-Si), an
equivalent dose (0.714 g dm™) of dolomitic limestone (CaO: 38.5%; MgO: 10.9%; ENV: 95%)



was applied, considering the effective neutralizing values (ENV) of each corrective. After the
application of Silicate and limestone, the pots received water until reach field capacity and were

incubated for 45 days to promote acidity correction reactions before fertilization.

Table 1 - Chemical and textural traits of soil before correction and fertilization.

Chemical' Unit Value
pH in H,O -log [H'] 5.20
pH in CaCl, -log [H'] 4.70
Phosphorus (Melich-1) mg dm™ 5.40
Exchangeable Potassium (K) cmol; dm™ 0.10
Exchangeable Calcium (Ca*") cmolc dm 0.18
Exchangeable Magnesium (Mg*") cmolc dm 0.04
Sulphate (S-SO4%) mg dm 1.00
Exchangeable Aluminium (AI1*") cmolc dm™ 0.26
Potential acidity (H+AI*") cmolc dm™ 2.20
Sum of bases (Ca?" + Mg®" + K*) cmolc dm™ 0.31
Cation exchange capacity (T) cmolc dm™ 2.52
Base saturation (V) % 12.00
Aluminum saturation (m) % 45.00
Organic matter (O.M.) % 1.40
Silicon (Si)! mg dm 8.30
Cupper (Cu) mg dm™ 1.00
Iron (Fe) mg dm 16.00
Boron (B) mg dm 0.13
Manganese (Mn) mg dm™ 7.70
Zinc (Zn) mg dm 0.70
Physical Unit Value
Clay? % 64.50
Sile? % 2.50
Sand? % 33.00
Global density? gcm 1.12

'Determined with CaCl.. 2H.O 0,01 mol L+; ?Determined with the pipette method *Determined in an undisturbed
soil sample.
Source: The author.

Fertilization followed the recommendations of Novais et al. (1991). Two days before
sowing, the base fertilization was mixed in the soil. Three top-dressing fertilizations of

potassium (K) and nitrogen (N) were performed at 10, 20, and 30 days after sowing.

2.3 Arbuscular mycorrhizal fungi inoculum

AMF isolates were obtained at the International Culture Collection of Glomeromycota

(www.furb.br/cicg) at the Universidade Regional de Blumenau (FURB). Inoculum for each



http://www.furb.br/cicg

isolate was obtained by mixing stock cultures (containing spores, hyphae and mycorrhizal root
pieces) with a sterilized substrate of a soil: sand mix (1:1, v/v, pH 6.0), placed in 0.8 Kg plastic
pots and seeded with Sorghum bicolor L. as the host. Pots containing only the sterilized
soil:sand mix were established to obtain appropriate non-mycorrhizal inoculum used in the
plant growth experiment. Before sowing, 12g of AMF inoculum (Table 2) or control were
applied in the depth 5 cm below the seeds.

Table 2 - AMF species with their respective isolate code used to inoculate sweet corn grown
in different water reposition levels and Si supply.

Strain Concentration in inoculum (spores g!)
Gigaspora albida PRN200A 183
Dentiscutata heterogama MGR610A 227
Rhizophagus clarus SCT720A 22
Rhizophagus intraradices SCT736] 152
Acaulospora mellea SCT063B 14
Acaulospora longula PNB101A 144

Total 742 spores g’!

Source: The author.

2.4 Irrigation management

Irrigation was performed self-compensating drippers (Netafim PCJ-CNL. working
pressure range: 70-400 kPa), micro tubes, and stakes. A digital controller with a 1-minute
resolution (RainBird ESP-RZXe) was used to open/close the solenoid valve and turn on/off the
pump system. Before the experiment starts, end-of-line pressure and statistical uniformity
coefficient of system were determined as 220 kPa and 96%, respectively.

Soil water retention curve was obtained from adjustment of physical-hydric data of an
undisturbed sample to van Genutchen (1980) equation (Figure 2A). The field capacity of
tropical soils usually ranges from -6 to -10 kPa (Andrade and Stone 2011). Field capacity of
this soil were estimated at 0.3124 cm3 cm-3 (-8kPa) by a pot-based approach: soil was saturated
at end of day and soil matric potential measured after water percolation with minimum
evapotranspiration (morning of next day).

Application of water reposition treatments started 30 days after sowing, 12 tensiometers

were installed at 15cm depth (soil depth in pots was 30cm) for monitoring soil matric potential
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in all reposition levels: 40% (2), 60% (2), 80% (2), 100% (4), and 120% (2). Matric potential
readings were performed daily, and the critical value adopted for irrigation was -20kPa in the
reference level (100% of reposition). The amount of water applied in 100% reposition
corresponds to field capacity reposition, and the same irrigation time was adopted for all
reposition levels. The reposition levels were achieved by variation of flow rate in pots. as
follows: 40% (2 L h-1 pot-1), 60% (3 L h-1 pot-1), 80% (4 L h-1 pot-1), 100% (5 L h-1 pot-1),
and 120% (6 L h-1 pot-1). Means of matric potential before irrigation were -65, -45, -37, -20,
and -19 kPa for 40, 60, 80, 100, and 120% reposition levels, respectively (Figure 2B).

Figure 2 - Soil water retention curve adjusted by van Genutchen (1980) equation (A) and means of nine
weeks monitoring of soil matric potential (i m) before irrigations in the five water reposition levels (B).

The dotted line represents the matric potential at the field capacity (-8 kPa).
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2.5 Plant growth and sweet corn yield

After the first blooming signal, days to male flowering (DMF) were recorded daily.
Plant height (PH) were measured after tasseling with a tape measure, corresponding from the
distance between the soil level and the top of tassel. Fully expanded ears were harvested and
husks removed. The ears without husks were weighted to obtain yield of fresh-market sweet
corn (YLD). After harvest, we hold irrigation until the soil drying, and the roots were washed
and placed to dry at room temperature for 1 week. Shoots were dried in an oven at 60°C until
reached constant mass. Dry roots and shoots were placed separately ina 0.1 g resolution balance

to obtain root (RDM) and shoot (SDM) dry mass.

2.6 Photosynthesis-related measurements

At 60 days after sowing, Soil Plant Analysis Development (SPAD) index was measured
with a SPAD-502 (Konica Minolta, Japan) chlorophyll meter in three leaves from the middle
third of each plant. Three days after SPAD measurements, chlorophyll fluorescence analysis
was performed on the leaves of each treatment (n=3 for each treatment) using a modulated
fluorescence imaging apparatus. Handy Fluorcam PSI (Photo Systems Instrument, Czech
Republic) to obtain the Fv/Fm (maximum PSII quantum yield in the dark-adapted state, where
Fv = Fm—F0). The maintenance of the integrity of the electron chains and the capacity of the
plants for photosynthesizing were demonstrated after a dark-adapted (30 minutes). Both SPAD
and fluorescence analysis were performed from 8:00 to 10:00 A.M. to avoid environmental

disruptions.

2.7 Silicon analysis in plant tissue

For determination of Si content in plant, leaves were harvested at flowering stage,
washed to remove soil particles, dried, central nervure removed. grinded and sieved (0.5 mm).
Digestion of organic fraction was performed with H202 and NaOH. Silicon content in leaves
[Si] was determined by absorbance readings at 410nm after colorimetric reaction with
molibdate (ELLIOT; SNYDER, 1991; KORNDORFER et al., 2004). Results were expressed
in mg of Si per dry mass (mg g™!).
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2.8 Mycorrhizal colonization

At harvest time, roots were collected in two points (a 2x2cm slice) per pot, distanced 5
cm from stem, at 5 cm depth using a blade of stainless steel. Root samples were washed with
tap water to remove soil particles and kept on falcon tubes containing ethanol (70%) until clear
and staining processes. For clarification, roots were kept in KOH (10%) at room temperature
for 16 h, followed by an additional step at 60°C for 10 min with a renewed solution. Then, fungi
structures within roots were stained with blue ink (Parker™) (VIERHEILIG et al., 1998).
Stained roots were preserved in acid lactoglycerol and the mycorrhizal colonization (%) were

determined by the grid-line intersection method (GIOVANETTI; MOSSE, 1980).

2.9 Statistical analysis

In order to check the assumptions of analysis of variance (ANOVA), data was submitted
to Levene, Kolmogorov-Smirnov/Lilliefors, and Tukey tests for homogeneity of variances,
normality of residuals, and additivity of treatments and blocks, respectively (0=0.01). Then, a
three-way ANOVA (0=0.05) was applied to check simple factor and interactive effects.

Significant differences in means of AMF and Si factors were also checked with Tukey
HSD test and when suitable, regression analysis was used to study effects of water reposition
(0=0.05). When triple interaction detected, means were clustered with Scott-Knott test
(0=0.05). In case of violation of any assumption, data (x) were transformed to log (x) to run
ANOVA, but original data (means and standard deviations) are shown in figures. In addition,

principal components analysis (PCA) was performed with standardized data.

3 RESULTS

3.1 Agronomic assessments

Drought stress reduced most of the agronomic parameters evaluated, with exception to
days to male flowering. Overall, plants inoculated with AMF were significantly higher
(p=0.049) than non-inoculated plants (data not shown). For shoot dry mass, a significant

interaction was found between AMF and water reposition. Except for the 80% reposition level
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(p=0.125), AMF inoculation promoted higher shoot dry mass, reaching the highest promotion
in 40% reposition level (56% in comparison to the non-inoculated plants). For 60, 100, and
120% water reposition levels, the relative increase promoted by inoculation were 18, 14, and
19%, respectively. Taking the 40% (severe drought) and the 100% (control) reposition levels
as references, drought stress reduced 79.8% of shoot biomass in non-inoculated plants versus

72.3% in inoculated plants (Figure 3A).

AMEF inoculation also promoted significant increases in root growth, but only in severe
drought (40% of reposition). In this situation, the root system of inoculated plants accumulated
56% more biomass than non-inoculated plants (Figures 3B and 4). Considering 40 and 100%
reposition levels, a pattern very similar to shoots was observed in roots: drought stress reduced

80.4% of root biomass in non-inoculated plants versus 72.5% in inoculated plants.

Water restriction led to a 7-days delay in male flowering, comparing the severe
restriction in relation to well-watered plants. A quadratic polynomial regression fitted well to
data, indicating that 100 and 120% reposition levels were similar for this trait (Figure 5A). In
either presence (+Si) or absence (-Si) of Si supply, AMF-inoculated plants presented higher
yields on average in severe drought stress (40% of water reposition). However, no statistical
differences were detected (p-si=0.39 and p+si=0.08). In optimal water reposition conditions
(100%), AMF inoculation in plants with no Si supply stands out in relation to other treatments,
being the only plants in this water condition capable of filling the second ear completely (data
not shown). Plants in light water excess (120%) also were able to fill the second ear completely,

being similar to -Si+AMF plants with 100% reposition (Figure 5B).
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Figure 3 - Effect of water reposition levels and AMF inoculation in shoot (A) and root (B) dry weight
of sweet corn plants. Means in a same water reposition level followed by different lowercase leters differ
by Tukey HSD test (p<0.05).
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Figure 4 - Root system of sweet corn plants subjected to severe drought stress (40% of water reposition).
From left to right: control (-Si-AMF), Si-supplied (+Si-AMF), AMF inoculated (-Si+AMF), and
association of Si supply and AMF inoculation (+Si+AMF)
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Source: The author.
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Figure 5 - Days to male flowering affected by water reposition levels (A) and fresh market yield of
sweet corn subjected to different water reposition levels, Si supply and AMF inoculation (B). **
indicates significance of regression term (p<0.01). Means followed by different letter belong to different
cluster according with Scott-Knott test (p<0.05)
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3.2 Silicon content in plant

As expected, sweet corn accumulated more Si per dry mass when it was supplied to soil
via acidity corrective (p<0.001). In non-inoculated plants, was observed a concentration about
0.7% of dry weight in non-Si-supplied conditions versus 2.5% in Si-supplied plants. AMF
inoculation improved the Si concentration in leaves, but only when no Si was supplied
(p<0.001), being the concentration 124% higher if compared with non-inoculated plants (Figure
6A).
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Figure 6 - Interaction between Si supply and AMF inoculation in: A) Si content of leaves (mg g™'); B)
Mycorrhizal colonization (% of root segments); C) Maximum photochemical efficiency of photosystem
II (Fv/Fm); D) Soil plant analysis development (SPAD) index; E) interaction between water reposition
and Si supply for SPAD. Uppercase letters compare pairwise columns (AMF effect) and lowercase
letters compare columns with same color or different dot styles (Si effect) by Tukey HSD test (p<0.05).
ns: non-significant. * and ** indicates significance of regression term by #-test at p<<0.05 and p<0.01,
respectively.
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3.3 Mycorrhizal colonization

An interactive effect was observed for AMF inoculation and Si supply (p=0.0225).
Considerable colonization was observed even in non-inoculated plants. However, very high
rates of colonization (p<0.001) were observed in inoculated plants, which presented 36 and
57% more colonization in relation to non-inoculated plants with or without Si supply,
respectively (Figure 6B). Si supply had no effect (p=0.334) in colonization of non-inoculated
plants but reduced (p=0.0226) colonization in inoculated plants by 7% (Figure 6B). Curiously,

water reposition levels did not affect mycorrhizal colonization (p=0.188).
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3.4 Photosynthesis

SPAD measurements showed significant interactions (p<0.01) between Si and water
reposition and between Si and FMA. Overall, AMF and Si increased about of four SPAD units.
in association or isolated (Figure 6C). Analyzing Si and water interaction, Si supplied plants
had an increase of almost 10 SPAD units in 40% reposition (»p<0.0001), but no significant
differences were detected in other water reposition levels. Regression analysis showed linear
and quadratic patterns of +Si and —Si plants, respectively (Figure 6E). Chlorophyll fluorescence
analysis revealed a pattern similar to SPAD for Si*AMEF interaction, with an increase in
quantum yield of PSII photochemistry (Fv/Fm), regardless of isolated or in association (Figure

6D).

3.5 Principal components analysis (PCA)

The PCA showed the relationships among plant variables and the association with the
treatments of drought levels. The two first principal components (PC1 and PC2) explained
77.63% of total variance. Positive and strong correlations were detected between the PC1 and
the most of response variables, with exception of days to male flowering, which presented a
strong negative correlation. Weakest correlations with the first PC were observed for
Mycorrhizal colonization, Si content, and Fv/Fm, but these variables showed the strongest
correlations with PC2 (Figure 8A).

In treatments scatterplot (Figure 8B), treatments with AMF inoculation were positively
associated with root colonization, Si content, SPAD and Fv/Fm values. Treatments with Si
supply and no inoculation (+Si/-AMF) presented intermediated values of these variables, while
there is a reduction gradient in these variables from the highest to the lowest level of water
reposition when neither Si and AMF (-Si/-AMF) was applied. Severe drought stress without
any treatment (40% -Si-AMF) was the most divergent from others, indicating the potential of
severe drought mitigation by AMF and Si, alone or in an association. Considering the plant
growth (yield, shoot and root dry mass), the first principal component clearly shows that the

main driver is the water reposition level, independently of Si and AMF application. The 120%
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water reposition level was associated with the highest values and 40% was associated with the

lowest plant growth values.

Figure 7 - Principal components analysis (PCA): correlation of variables with the PCs (A) and
scatterplot of treatments (B). DMF: Days to male flowering; SDM: Shoot dry mass; RDM: Root dry
mass; YLD: Yield; PH: Plant height; SPAD: Soil plant analysis development index; Si: Si content in
leaves; MYC: Arbuscular mycorrhizal colonization of roots; Fv/Fm: maximum photochemical
efficiency of PSII. Dots with 40, 60, 80, 100, and 120 indicate treatments with the percentage of water
reposition levels. AMF: treatments with arbuscular mycorrhizal fungi inoculation; Si: silicon supply
treatments.
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4 DISCUSSION

This is the first report on the association between Si and AMF aiming to mitigate
drought stress on a C4 plant. In addition, this is the first study using an inoculum containing
more than one AMF strain in association with Silicon in drought stress conditions. Water
restriction affected sweet corn growth, cycle duration, fresh yield and photosynthesis. Our
results indicate beneficial effects of AMF on growth (root and shoot) and Si on SPAD index in
plants subjected to severe drought stress. In well-watered conditions, AMF increased sweet
corn yield and shoot growth. Overall, both AMF and Si, alone or in association, resulted in
improved photosynthesis (SPAD and Fv/Fm).

Higher plant growth caused by AMF inoculation is a well-established knowledge in
diverse conditions, including under drought (CHENG et al., 2021). Those effects may come
from the higher nutrient and water uptake from the soil explored by the external hyphae (MA
et al., 2022; FALL et al., 2022). Improved root growth increases tolerance to drought and
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mineral stresses, due to an increase in soil volume explored by the plant. Promotion of root
growth is particularly interesting if we consider medium to long-term response in agriculture
systems with non-tillage practices. In addition to increasing soil organic fraction after
decomposition and promote nutrient cycling, root growth results in soil decompaction, called
as “bio-tillage” (JABRO et al., 2021; ZHANG et al., 2021).

SPAD index and photosystem II indicator (Fv/Fm ratio) suggest that the application of
Si and AMF reduces plant stress and improves N and photosynthesis efficiency. SPAD is a
quick and non-destructive way to access nitrogen (N) content in corn leaves (RHEZALI,
AISSAOUI, 2021). In field conditions, Si supply was previous reported to increase SPAD index
of maize leaves both ideal and late (drought prone environment) sowing dates (ASADPOUR et
al.,2020). Several AMF are also reported to increase N content in corn plants (MA et al., 2022).

Chlorophyll fluorescence analysis is one of the most reliable ways to evaluate the
photosynthesis phenomena. The Fv/Fm ratio is a powerful and sensitive indicator of
photoinhibition and other kinds of injuries caused in the PSII reaction centers (BRESTIC;
ZIVCAK, 2013; KALAJl et al., 2016). A healthy leaf, regardless of plant species, show values
close to 0.8 for the Fv/Fm, and the reduction indicates that a proportion of PSII reaction centers
are damaged (BJORKMAN; DEMMING, 1987). The drought stress effects on photosynthesis
typically start with stomatal effects culminating in metabolic changes in a severe or long-lasting
drought (JEDMOWSKI et al., 2013; KALAIJI ef al., 2016). At the end, the drought stress can
be associated with enhanced photoprotective function, increasing the resistance of the PSII to
water deficit (CHAVES et al.,, 2009; LAURIANO et al., 2006).

Even with the impressive photosynthesis efficiency of C4 metabolism in high light and
temperatures resulting from morphoanatomical adaptation, which avoids photorespiration, C4
species presents higher susceptibility to photoinhibition when subjected to drought (GUIDI et
al.,2019). Here, we showed two sustainable alternatives (Si and AMF) to overcome the drought
stress, since the treatments improved those important photosynthetic parameters.

The Si may have a crucial role in drought tolerance through amorphous silica deposition
under the cuticle, which is an essential characteristic for enhancing leaf-atmosphere water
interactions (LUYCKX et al., 2017; MALIK et al., 2021). Si was also thought to be involved
in photosynthesis and the reactions of plants' antioxidants (MALIK et al., 2021; WANG et al,,
2021). Si content in leaves of Si-supplied plants (2.5%) was similar to the findings of Boer ef
al (2018) for grain corn hybrids P30F53YH and DKB310PRO2, which presented 3.1 and 2.7%
of Si in leaves. respectively. Both hybrids presented higher Si contents than FT 2015 in non-

supplied conditions (about 2%). Si content in leaves of non-Si supplied plants (0.72%) was
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similar to those reported by Andrade et al. (2014) for two grain corn hybrids: Coodetec 384
(0.73%), and Pioneer BG7065H (0.53%). However, no data regarding Si content in soil are
shown for both studies.

Overall, AMF resulted in improved Si content in leaves, but only when no Si was
supplied. This is not the first report of enhanced acquisition of Si by AMF-corn. Kothari ef al.
(1990) owns the first report on increased Si uptake by corn plants grown in alkaline soil in
response to AMF inoculation (Glomus mosseae). Using three AMF species (G. etunicatum. G.
diaphanum and G. intraradices) and four soil types (2 acid and 2 alkaline), Clark; Zeto (1996;
2000) showed that AMF-maize symbiosis can increase corn Si content when grown in acid
soils, but the intensity of Si acquisition is clearly affected by AMF species and soil type.Frew
et al. (2017) evaluated the Si content of sugarcane in low and high Si soils using a commercial
inoculum (G. etunicatum. G. coronatum. G. intraradices. and G. mosseae) and native AMF
from respective soil. Both AMFs (commercial and native) increased Si content in roots, but
only in low Si soil; shoot Si content was unaffected by AMF inoculation in both soils. In
alkaline soil, G. versiforme was found to be more efficient to help tomato plants accumulate Si
than Funneliformis mosseae and A. delicata. This study also revealed that different AMFs affect
Si dynamics in soil, probably by differences in secretion (JU et al., 2021). The differential
composition of compounds in the rhizosphere of citrus was previously reported as a drought
alleviation mechanism by AMF (CHENG et al., 2022). Improved Si uptake in low-Si soil by
AMF-plants could result in enhanced bioavailability of Si for plants at the medium-long term
since phytoliths are a main bioavailable Si source (DE TOMBEUR et al., 2021).

Johnson et al. (2022) investigated the reciprocal effects of AMF colonization and Si
accumulation in Brachypodium distachyon (Poaceae). To check this, two contrasting genotypes
regarding Si accumulation (wild-type/high Si-accumulator; Bdlsil-1/low Si-accumulator) were
submitted to AMF inoculation and five doses of Si supply. It was found that AMF did not have
any effect on Si accumulation in leaves, but Si accumulation reduced AMF colonization in
wild-type plants. Thus, they proposed that AMF contribution to Si uptake by plants that
inherently have a high capacity to accumulate Si due to transporters, like corn (MITANI ef al.,
2009) and other Poaceae, is weaker and more context dependent.

In agreement with Johnson et al. (2022), we also verified that Si accumulation reduced
AMF colonization, but on a lower scale than the previous report. Suppression in root
colonization by AMF Si-supplied plants may occur due to decrease in the C:Si stoichiometry
(FRAZAO et al., 2020), since AMF acquires C from plants. Another possible mechanism is the

mechanical barrier resulting from Si accumulation in cell walls, which probably decreased the
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fungi penetration. Sweet corn presents some alleles that lacks some C metabolism enzymes
present in grain corn, thus resulting in sugar accumulation in grains instead of starch (REVILLA
et al., 2021). Because of C metabolism differences, a different behavior of Si-AMF-plant
interaction may occur in grain corn, requiring further studies to establish better these effects.

Regarding Si accumulation by inoculated plants, we observed a different pattern than
Johnson et al. (2022), since AMF inoculated plants presented more Si content than non-
inoculated plants, indicating that probably exists the context dependency suggested by these
authors for AMF-mediated Si accumulation in Poaceae. A main factor affecting AMF-
mediated Si uptake that may explains these differences is soil pH (CLARK; ZETO, 1996;
2000), since the soil used by Johnson et al. (2022) presents pH 7.4 and the soil used here is acid
(pH = 5.2) and, even with soil correctives, is not expected to reach an alkaline pH.

Considering the set of findings and the literature studies, a model of interaction among
plant-AMF-Si is suggested (Figure 8). The plant growing in low Si soil allows higher
mycorrhizal colonization when selected AMF isolates are inoculated (Figure 6B). The higher
mycorrhizal colonization provided by the inoculum results in greater Si uptake by plants (Figure
6A). The higher Si content in comparison to the uninoculated, in turn, leads to lower stress.
which is indicated by the photosynthetic parameters (Figures 6C and 3). On the other hand, the
application of Si in the soil also results in higher drought tolerance by plants. Therefore,
inoculation of plants with selected AMF and with an appropriate Si content supplied through
application results in higher drought tolerance and, consequently, improved plant growth under
water stress (Figure 3).

However, the findings encompass extremely intricate phenomena of plant-Si-AMF-
environment interactions affected by several factors. Thus, to further understand these
consequences, additional research must be done. Future studies should consider variations in Si
and AMF inoculum dosages, plant genotype, AMF strains, and Si sources. In addition, the
molecular regulation between plant-Si-AMF can be discovered using molecular techniques like

metagenomic, transcriptome, and metabolome analysis.

Figure 8 - Model suggested for sweet corn-AMF-Si interactions in drought stress conditions: extremely

intricate phenomena
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5 CONCLUSIONS

Si supply and specially AMF inoculation showed to be potential strategies to improve
the resilience of sweet corn plants under stress conditions. In severely stressed plants, the
strategies seem to be more effective than in light stress levels to promote plant growth and
physiological tolerance to stress. However, further studies need to be conducted in order to
investigate better these effects. Future research should consider variations in plant genotype, Si
and AMF inoculum doses, as well as AMF strains and Si sources. Molecular approaches such
as metagenomic, transcriptome, and metabolome can aid to reveal the molecular interaction
among plant-Si-AMF.

A comparison of our findings with previous reports clearly shows the high complexity
of plant-Si-AMF-environment interactions, which are strongly affected by several factors, such
as soil traits, and plant, and fungi genotypes. Thus, to unravel the basis of these complex
interactions and guarantee crop resilience under stressed conditions, mycologists, crop, and soil
scientists, as well as breeders and geneticists, should join forces to result in significant

knowledge that can be applied to agricultural systems.
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