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Abstract: Silicon (Si) application is known to enhance plant resistance to diverse pathogens. Therefore,
a greenhouse study was conducted to determine whether Si reduces red crown rot (RCR) of soybean
caused by the soil-borne fungal pathogen Calonectria ilicicola. The soybean cultivar Enrei was grown
in soil mixed with different concentrations of sodium silicate (Na2SiO3) and inoculated with C.
ilicicola (1% w/v). Si application significantly reduced RCR severity and relative fungal growth
in the roots, as per qPCR, at both sampling time points. Notably, the shoot Si content correlated
significantly with RCR severity in the roots. In addition, Si application reduced the accumulation of
malondialdehyde, indicating that the maintenance of cellular membrane integrity is an important
mechanism underlying Si-mediated protection of soybean plants from RCR. Furthermore, Si-treated
plants exhibited improved water and nitrogen uptake and root and shoot growth. Aboveground
biomass and seed yield at harvest increased with increasing Si concentration (0.0–3.0 g Na2SiO3 kg−1

soil). However, further increase in Si concentration (6.0 g Na2SiO3 kg−1 soil) reduced seed yield.
Therefore, Si treatment can be used as an effective strategy to control RCR in soybean.

Keywords: soybean; red crown rot; Calonectria ilicicola; silicon; disease resistance

1. Introduction

Soybean (Glycine max (L.) Merr.) is one of the most economically important agricultural
crops in the world, providing abundant vegetable protein and edible oil for human con-
sumption and animal feed. However, it has recently been estimated that as much as 11–32%
of the global soybean yield is lost annually owing to diseases caused by diverse pathogens
and pests. Among these, the soil-borne fungal pathogen Calonectria ilicicola Boedijin and
Reitsma (anamorph Cylindrocladium parasiticum Crous, Wingfield, and Alfennas) causes
red crown rot (RCR) [1–3]. The disease is characterized by root rot, damping-off of young
seedlings, and early defoliation [4–7], and it is mostly encountered by seedlings grow-
ing in poorly drained soils, with high clay content, and subjected to temporary flooding
and ponding.

RCR is one of the most severe diseases affecting soybean in Japan, because more than
80% of the soybean crops are cultivated in paddy-converted fields [8]. The clayey nature of
these soybean fields is favorable for paddy cultivation, making them prone to short-term
water logging because of poor drainage [9]. It has been estimated that soybean yield losses
from C. ilicicola range from 25 to 30% [10,11] to as high as 50%, especially in a susceptible
cultivar, depending on the occurrence of the environmental conditions that favor fungal
colonization [3].

Thus, it is very important to develop effective methods and new disease manage-
ment strategies that guarantee sustainable long-term soybean production to combat this
pathogen, as neither C. ilicicola-resistant commercial cultivars nor effective fungicides are
currently available in the market [12]. One alternative to chemical control of RCR relies
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on silicon (Si), whose application reportedly decreases the severity of several fungal dis-
eases in economically important crops [13–16]. Although seemingly not essential for plant
growth, Si has been recognized to play a vital role in effectively mitigating various envi-
ronmental stress factors and enhancing plant resistance against both fungal and bacterial
pathogens [16–18].

It has been reported that in soybean, Si may accumulate on the tissue surface or root
cell walls, acting as a physical barrier to prevent pathogen penetration and to render plant
cells less susceptible to enzymatic degradation by fungal pathogens [16,19–21]. Further-
more, Si functions as a signal that induces the production of various chemical defense
agents against pathogens [14,15]. In soybean, Si has been reported to reduce disease
severity caused by Phytophthora sojae (root and stem rot) [22,23], Cercospora sojina (frogeye
leaf spot) [21,24,25], Phakopsora pachyrhizi (Asian soybean rust) [21,26,27], and Peronospora
manshurica (downy mildew) [21] However, little is known about the underlying molecular
mechanisms whereby Si alleviates stress in legumes [20]. Moreover, the possible effects of
Si on RCR in soybean has not been investigated.

The objective of this study was to investigate the effects of Si application on RCR
development in young soybean seedlings. We observed that Si application significantly
reduced RCR incidence and partially rescued plant growth and seed yield in soybean.

2. Materials and Methods
2.1. Plant Growth Conditions and Si Application

The soybean cultivar Enrei was used in the present study. The seeds were pre-
conditioned in a moisture-saturated plastic box for 24–48 h at 25 ◦C before sowing. Four
seeds of uniform shape and size were planted in 1.5 L plastic pots (12 cm × 12 cm × 20 cm)
filled with 1200 g of commercial pre-fertilized, granulated soil (Nippi No. 1, Nippon
Hiryo, Tokyo, Japan). The chemical composition of the soil was as follows: pH: 5.8–
6.5 and EC: 1.2 mS/cm, N: 220 mg kg−1, NH_4̂+: 177 mg kg−1, P: 2775 mg kg−1, K:
220 mg kg−1, and mg: 220 mg kg−1. The top of each pot was covered with a 2-mm layer
of pre-fertilized peaty soil Supermix-A (Sakata Seed Co. Ltd., Yokohama, Japan). One
day before sowing, both the soils used in this study were autoclaved at 120 ◦C for 1 h to
eliminate soil pathogens. Plants were grown in May 2020, in a temperature-adjustable
greenhouse at 25/20 ◦C (day/night), at 50% RH, under natural light conditions. Water was
supplied ad libitum to the container to maintain high soil moisture content until the assay
was completed.

The seeded pots were arranged in a completely randomized design in the greenhouse
to minimize any positional effects, and all experiments were conducted using three repli-
cates, each consisting of four plants per pot. Sodium silicate (Na2SiO3) was used as the
Si source and mixed at concentrations of 0 (control), 0.5, 1.0, 3.0, and 6.0 g kg−1 of soil in
the pots, corresponding to 0, 0.05, 0.1, 0.30, and 0.59 g of elemental Si kg−1 of soil. Plants
grown in control pots were not infected with C. ilicicola and were used as the un-inoculated
control (mock).

2.2. Pathogen Culture and Inoculation

In this study, C. ilicicola isolate UH2-1 was used owing to its high and stable viru-
lence [12]. UH2-1, which was isolated from RCR-diseased soybean roots from Sasayama,
Hyogo, was kindly provided by Dr. Sunao Ochi (Research Center for Agricultural Infor-
mation Technology, NARO, Japan) [12]. Fungal mycelia were grown on potato dextrose
agar (PDA) plates at 25 ◦C for 1–2 weeks or until mycelial growth reached the edges of the
petri plates.

Pathogen inoculation was performed as described previously [12]. Briefly, 5–8 pieces
(≈5-mm cubes) of PDA with vigorous C. ilicicola mycelial growth were placed in a 500 mL
flask containing 200 g of wheat bran–vermiculite medium (wheat bran/vermiculite/water
1:1:3, w/w/v, autoclaved at 120 ◦C for 20 min) and incubated at 26 ◦C for 10–14 d until
fungal mycelia completely covered the medium. This culture was used as the inoculum,
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and an inoculum–soil mixture was prepared using the inoculum with Nippi No. 1 soil at a
concentration of 1% (w/v). The mixture was placed into the previously described plastic
pots (1.5 L), in which four seeds were sown per pot.

2.3. Measurement of Disease Severity and Relative Fungal Growth

Three and six weeks post sowing and inoculation (WPI), the aboveground plant parts
were harvested from the pots. The roots were washed gently under running tap water to
remove the adhering soil, excised at the hypocotyl, blot-dried on a paper towel to remove
excess water, and their fresh weights were measured.

The disease severity on the roots was visually scored based on a six-point scale (0–5)
as described previously [12,28]: 0 = no visible symptom, 1 = small brown necrotic lesions
on the primary root, 2 = brown necrotic lesions extending all over the primary root and
some lateral roots, 3 = ≥ 50% root-loss owing to rot and severe brown necrosis on the
subterranean stem, 4 = approximately 100% roots lost to rot, and 5 = seedling death.
Individual seedlings were considered dead if they had withered and fallen.

Relative fungal growth was estimated using real-time qPCR. Genomic DNA was
extracted from the roots using MagExtractor (Toyobo, Osaka, Japan) following the man-
ufacturer’s instructions. Each replicate was represented by three roots, and there were
three technical replicates for each treatment, along with three biological replicates (n = 27).
qPCR was performed on a Thermal Cycler Dice Real Time System TP800 (Takara, Tokyo,
Japan) using SYBR premix Ex Taq II (Takara, Tokyo, Japan) with cycles at 95 ◦C for 5 s
(denaturation), 55 ◦C for 20 s (annealing), and 72 ◦C for 20 s (extension). The PCR
primers used are as follows: (1) primers targeting the intergenic spacer region of the
C. ilicicola rDNA: CiIGSF (forward) = 5′-TCCATTGCCTCTATTTATCCTGC-3′ and CiIGSR
(reverse) = 5′-GCGTAAAGATTTTCCAACCCG-3′ [29]; (2) primers for soybean actin gene
11 (Glyma.15G050200): GmActinF (forward) = 5′-GAGCTATGAATTGCCTGATGG-3′) and
GmActinR (reverse) = 5′-CGTTTCATGAATTCCAGTAGC-3′ [30]. Relative fungal growth
was expressed as a C. ilicicola rDNA amplification fold relative to the host actin gene
amplification [12].

2.4. Measurement of Plant Growth Parameters

At harvest, 120 d after planting, leaves, shoots, and roots were separated, and the
total leaf area (TLA), seed yield, and dry weights (DWs) of the aboveground plant parts
were recorded. TLA was measured using the software ImageJ, and seed yield was adjusted
to 14% moisture content. Additionally, the fresh weight (FW) of each part was recorded,
which was followed by oven-drying at 70 ◦C for 7 d to determine the dry weight (DW).

After estimating the disease symptoms at 3 WPI, whole roots were gently washed with
deionized water and stored in 70% ethanol until measurements of root growth parameters.
The root surface area, total root length, and total root tips were measured using an image
analyzer Win-RHIZO REG V 2004 b (Regent Inc., Quebec, QC, Canada).

2.5. Measurement of Leaf Relative Water Content (RWC)

Leaf RWC was determined between 8:30 and 10:00 a.m. at 3 and 6 WPI. Fully expanded
second trifoliate leaves from the top were used to determine the RWC by sampling 12 leaf
discs (diameter: 7 mm). These leaf discs were excised using a loose leaf punch, placed
immediately into a sample bag in an ice box, and their FWs were immediately recorded.
Subsequently, they were placed in distilled water in a closed container and incubated
for 12 h at 4 ◦C in the dark. Then, they were removed from the water, pat-dried using
Kimwipes, and immediately weighed to obtain the turgid weight (TW). The DWs of the
discs were obtained after oven-drying for 7 d at 70 ◦C, and the RWC was determined using
the following equation [31]:

RWC =
Fresh weight (FW)−Dry weight (DW)

Fully turgid weight (TW)−Dry weight (DW)
× 100.
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2.6. Determination of Si and N Content

Shoots were analyzed for Si accumulation and N content at 3 WPI and 6 WPI. After
harvesting, dried shoots were ground to a powder using a high-speed vibrating sample
mill TI-500ET (CMT Col Ltd., Tochigi, Japan) and then dried at 60 ◦C for 24 h. Si content
was determined using a slightly modified procedure of autoclave-induced digestion [32],
whereby 100 mg of leaf powder was mixed with 3 mL of 50% NaOH placed in polypropy-
lene tubes and covered with a loose-fitting plastic cap. The mixture was gently vortexed
and then autoclaved at 121 ◦C for 20 min. The tubes were removed, and the volume was
increased to 50 mL with distilled water. Leaf Si content was determined colorimetrically
as follows: 1 mL aliquot of the mixture was mixed with 30 mL 20% acetic acid, 10 mL
ammonium molybdate solution (54 g L−1, pH 7.0), 5 mL 20% tartaric acid (20 g L−1), and
1 mL reducing solution. The reducing solution was prepared using 4 g sodium sulfite, 0.8 g
1-amino-2-naphthol-4-sulfonic acid, and 50 g sodium bisulfite in 500 mL distilled water.
The absorbance was measured after 5 min at 650 nm using a UV-Vis spectrophotometer
(Genesys 10S UV-Vis, Thermo Scientific, Waltham, MA, USA). A series of Si standards
(0–5 ppm) prepared from a Si standard solution (1000 mg/L, Fluka, Sigma-Aldrich, St.
Louis, MO, USA) were used to generate a regression equation to determine the final leaf Si
content (mg/kg DW).

Total nitrogen (N) content in the shoots was determined using an NC analyzer (SUMI-
GRAPH NCH-22F, Sumika Chemical Analysis Service, Osaka, Japan).

2.7. Assessment of the Effects of Si on Fungal Growth

To assess the possible direct effects of Si on the growth of C. ilicicola, five concentrations
of Na2SiO3 (i.e., 0.5, 1, 3, 6, and 10 g L−1), along with the control (only water), were
tested in the laboratory. These solutions were passed through a 0.25 µm Millipore filter,
added individually to sterilized PDA before solidification (at 60 ◦C), which was stirred
continuously with magnetic stirrers to ensure even distribution of Na2SiO3 and then
decanted into sterile 9-cm-diameter petri plates. After solidification, the centers of the
plates were inoculated with 7-mm fungal discs and incubated at 25 ± 1 ◦C. Five plates per
concentration were used for each replicate, and five plates without Si served as the control.
The experiments were conducted using three replicates. Linear growth was recorded at 4,
10, and 14 d after inoculation, and the reduction in linear growth was estimated as follows:

Percentage inhibition =
(C− T)

C
× 100

where C and T are the colony diameters (mm) in the control and test plates, respectively.

2.8. Measurement of Malondialdehyde (MDA) Concentration

Five-day-old soybean seedlings grown on autoclaved soil supplemented with (3 g kg−1

of soil) or without Si were inoculated with 5–10 mg of PDA slurry with C. ilicicola mycelia
onto the tap roots (ca. 1 cm). The inoculated seedlings were placed in a moist plastic box
and incubated in a growth cabinet at 25 ◦C. The PDA slurry was prepared by passing it
through a syringe, and PDA slurry without C. ilicicola mycelia was used as the inoculation
control. The inoculated tap roots were sampled at 0, 1, 2, and 3 days post-inoculation (DPI)
using a clean razor blade, and frozen immediately in liquid nitrogen and stored at −80 ◦C
until used for MDA measurement. MDA content was determined using the thiobarbituric
acid method and a commercial plant MDA detection kit MAK085-1KT (Sigma-Aldrich,
Saint-Quentin Fallavier Cedex, Isère, France). Three biological replicates were used for
each seedling.

2.9. Statistical Analyses

The raw data were used without mathematical transformation in all the statistical
analyses. ANOVA was performed for all measurements using the software STAR 2.0.1
(International Rice Research Institute, Manila, Philippines). The effects of different Si
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concentrations on fungal growth and sampling times were subjected to two-way ANOVA,
and the mean values were compared using Tukey’s honest significant difference (HSD) test
(p < 0.05) in XLSTAT software ver. 2014 (Addinsoft, New York, NY USA). The association
between the visual disease score and plant Si uptake was determined using a simple linear
regression and Pearson correlation analyses (SigmaPlot version 11.0, Systat Software, Inc.,
San Jose, CA, USA).

3. Results
3.1. Effect of Si Application on RCR Development in the Roots

Compared to the un-inoculated control (mock), a remarkable reduction in plant
growth was observed upon infection in the inoculated control plants (0 Si). In contrast, Si
application alleviated the negative effects of C. ilicicola infection on the growth of soybean
plants at both sampling time points (Figure 1A,B). Compared to the inoculated control,
Si application decreased RCR severity in the roots by 17%, 38%, 36%, and 36% at 3 WPI
and by 37%, 29%, 33%, and 34% at 6 WPI, for 0.5, 1.0, 3.0, and 6.0 g Na2SiO3 kg−1 of
soil, respectively (Figure 1C). The rates of decrease of RCR severity were similar for all Si
treatments, and no significant difference was observed at either sampling time point.
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Consistent with RCR severity, qPCR results showed a significant decrease in relative
fungal growth in Si-treated plants by 50%, 34%, 46%, and 51% at 3 WPI and by 84%,
85%, 80%, and 81% at 6 WPI, for 0.5, 1.0, 3.0, and 6.0 g Na2SiO3 kg−1 of soil, respectively
(Figure 1D). The highest decrease in relative fungal growth was observed in plants treated
with 0.5 g Na2SiO3 kg−1 of soil. However, no significant difference in the extent of reduction
of relative fungal growth was detected among Si-treated plants.
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3.2. Correlation Analysis of Si Uptake and C. ilicicola Infection Parameters

Compared to the un-inoculated control (mock), C. ilicicola infection significantly re-
duced Si uptake in the shoots of inoculated control plants (0 Si) by 55% and 49% at 3 and 6
WPI, respectively (Figure 2A). The reduction in Si uptake was restored by Si application
(Figure 2A). The highest Si content (an increase of 34%) was detected in the un-inoculated
control at a concentration of 3.0 g Na2SiO3 kg−1 of soil at 6 WPI. There was no significant
difference in Si uptake among the Si-treated plants at either sampling time point.
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Si uptake in the shoot was negatively correlated with RCR severity in the roots at both
3 WPI (R2 = 0.66, p < 0.001) and 6 WPI (R2 = 0.56, p < 0.001) (Figure 2B).



Agronomy 2021, 11, 899 7 of 12

MDA, the most abundant product of aldehydic lipid breakdown, indicates the level
of stress and injury to cellular membranes. We found that C. ilicicola infection increased
MDA accumulation at the early stages (1–3 DPI), which was significantly suppressed by Si
treatment (3.0 g L−1).

3.3. Effect of Si Application on Growth of Infected Plants

As shown in Table 1, ANOVA of growth parameters revealed significant differences
(p < 0.001) among Si concentrations, sampling time points, and their interaction. Plant
growth parameters, including plant height, leaf area, shoot and root FW, and shoot DW,
were significantly higher in Si-treated plants than those in the inoculated control plants (0
Si) at both sampling time points (Figure 3).

Table 1. ANOVA of the effects of Si concentration and sampling time point on plant growth and disease severity of
infected plants.

Source of Variation df
p-Values

Plant Height Leaf Area Shoot FW Root FW Shoot DW DS

Silicon (Si) concentration 4 0.0001 0.0002 0.0000 0.0000 0.0003 0.0000
Sampling time point (T) 1 0.0000 0.0000 0.0000 0.0000 0.0000 0.0024

Si × T 4 0.0250 0.0025 0.0016 0.0027 0.0034 0.0041Agronomy 2021, 11, x FOR PEER REVIEW 9 of 14 
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for 3 WPI, uppercase for 6 WPI) indicate significant differences among treatments (p < 0.05), as per
Tukey’s HSD test.
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Leaf growth was markedly reduced in inoculated control plants by 68% and 64% at 3
and 6 WPI, respectively, whereas Si application restored leaf growth to 12–32% at 3 WPI
and 29–36% at 6 WPI, when compared to un-inoculated controls (Figure 3A). Similarly,
Si application restored the plant height of inoculated control plants from 37% and 45%
to 11–20% and 7–20% (Figure 3B), shoot FW from 65% and 66% to 18–37% and 6–21%
(Figure 3C), and shoot DW from 66% and 61% to <5% and 23–36% (Figure 3D) at 3 and 6
WPI, respectively, when compared to the un-inoculated control plants.

Moreover, RCR notably reduced leaf RWC in inoculated control plants by 13% and
24% at 3 and 6 WPI, respectively (Figure 3E). In contrast, leaves of the Si-treated plants
maintained a high RWC at both sampling time points, and no significant differences were
observed among Si concentrations.

Similarly, RCR significantly (p < 0.05) reduced N uptake in the shoots of soybean
plants by 56% and 54% at 3 and 6 WPI, respectively (Figure 3F); however, N uptake was
greatly restored by most Si concentrations tested.

Root growth parameters were also significantly (p < 0.05) reduced in response to RCR;
FWs decreased by 63% and 68%, surface area decreased by 25% and 64%, total length
decreased by 43% and 64%, and total tip number decreased by 31% and 71% at 3 and 6
WPI, respectively (Figure 4). However, again, root growth parameters, except for total tip
number, were effectively restored by Si treatment (Figure 4).
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3.4. Effect of Si Application on Seed Yield

Infection with RCR significantly reduced the aboveground DW by 64% and seed yield
by 79% in the inoculated control compared to the un-inoculated control (Figure 5). The
reduction in aboveground DW and seed yield were markedly alleviated by Si application
to 20–41% and 17–73%, respectively. Moreover, both parameters increased with increasing
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Si concentration from 0.5 to 3.0 g Na2SiO3 kg−1 soil; however, the corresponding values
decreased with application of 6 g Na2SiO3 kg−1 soil.
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Figure 5. Aboveground DW (ABG dry weight) and seed yield of soybean plants (n = 12). Different
letters (lowercase for 3 WPI, uppercase for 6 WPI) at each sampling time point indicate significant
difference (p < 0.05), as per Tukey’s HSD test.

3.5. Effect of Si on the Growth of C. ilicicola

The direct effect of different concentrations of Si on the growth of C. ilicicola are shown
in Figure 6. As can be seen, Si concentrations up to 3 g L−1 did not show any inhibitory
effect on the growth of C. ilicicola; indeed, a low concentration of 0.5 g L−1 actually increased
fungal growth by 2.9% and 3.9% after 10 and 14 d, respectively (Table 2). Thus, at sub-
toxic concentrations, Si seemingly acted as a nutrient supplement and promoted mycelial
growth. However, a significant (p < 0.05) reduction in fungal growth was observed at Si
concentrations from 6 to 10 g L−1; with a >50% inhibition of linear growth being observed
at 10 g L−1, whereas the 6 g L−1 treatment had a moderate effect. Furthermore, ANOVA
results (Table 2) showed a significant effect (p < 0.001) of Si concentration on the growth of
C. ilicicola.
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Table 2. In vitro inhibition of the growth of Calonectria ilicicola at different concentrations of Na2SiO3.

Treatments (Na2SiO3 g L−1)
Percent Inhibition

4 Days 10 Days 14 Days

0.5 −2.25 −2.89 −3.89
1 2.01 7.27 0.00
3 10.10 8.17 0.00
6 32.22 18.19 12.45

10 79.23 67.88 57.25

ANOVA p-value

Source of variation 4 days 10 days 14 days

Si concentration 0.0000 0.0001 0.00001

4. Discussion

Despite the need for effective methods to control RCR in soybean, no resistant cultivars
or effective fungicides have been developed to date. Previous studies have shown that
Si application, as a prophylactic measure, effectively increases disease resistance in many
plant species [13,17]. However, few studies have investigated whether Si can increase host
resistance in legumes, such as soybean [20]. Therefore, in this study, we showed for the
first time that the application of Na2SiO3 to the soil increased Si uptake in soybean plants,
subsequently increasing resistance to RCR. These results highlight the effects of Si on RCR
incidence, presenting a new, promising, and environmentally sustainable strategy for the
control of soybean RCR.

We observed that C. ilicicola infection significantly reduced the uptake of Si, which
was restored by Si supplementation to the soil (Figure 2A). Moreover, Si content in the
shoots was negatively correlated with RCR severity in the roots (Figure 2B). These results
are consistent with the positive role of Si in disease resistance in a wide range of plant
species [16,20]. We also found a significant accumulation of MDA upon C. ilicicola infection
at the early stages of infection (1–3 DPI), which was suppressed by pretreatment with Si
(Figure 2C). MDA is a well-known universal biomarker of lipid peroxidation of cellular
membranes caused by reactive oxygen species (ROS) [16,24,33]. These results indicate that
maintenance of ROS homeostasis and the integrity of cellular membranes are important
underlying mechanisms of Si-mediated resistance in soybean plants against C. ilicicola.
Furthermore, Si concentration ≤ 3 g L−1 had no direct inhibitory effect on C. ilicicola
growth (Figure 6 and Table 2), whereas a low Si concentration (0.5 g L−1) in fact promoted
the growth of C. ilicicola (Table 2). These observations suggest a priming effect of Si for
enhanced resistance in soybean against RCR, unlike the direct inhibition of fungal growth
in the soil.

A typical disease symptom of RCR is the loss of lateral roots [34], leading to a decrease
in leaf RWC and plant wilting [35]. In this study, Si application significantly alleviated the
root damage caused by C. ilicicola infection (Figure 1), as indicated by the significant restora-
tion of root surface area, total root length, and root biomass, compared to the inoculated
control plants (Figure 4). Leaf RWC and N uptake were also significantly restored upon
Si application (Figure 3E). Overall, the protective effects of Si on the roots likely helped
soybean plants to maintain, to a large extent, water (Figure 3E) and mineral nutrient uptake
(Figure 3F), thereby maintaining plant growth and seed yield (Figures 3 and 4). Seed yield
(Figure 5) increased with increasing Si concentration up to 3.0 g Na2SiO3 kg−1, soil but it
decreased at an Si concentration higher than 6 g Na2SiO3 kg−1 soil, defining the range of Si
concentration (0.5–3.0 g Na2SiO3 kg−1 of soil) for the effective control of RCR in soybean.

5. Conclusions

Despite extensive efforts, to date, no effective agricultural practices have been estab-
lished to control the soybean RCR. The results reported herein showed that Si application
might provide an effective and sustainable solution to this problem. However, the best
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possible use of Si for soybean red crown rot control warrants further study to thoroughly
elucidate the molecular mechanisms underlying Si-mediated crop protection against soy-
bean RCR.
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