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The aim of this study was to investigate the potential of silicon (Si) applied to leaves and roots in
controlling common bacterial blight disease caused by Xanthomonas phaseoli pv. phaseoli (Xpp), a
significant bacterial pathogen of beans. Silicon dioxide (SiO2) was applied at concentrations of 30 mM
and 15 mM using two methods: (i) foliar spraying and (ii) root drenching. Phaseolus vulgaris cv. Gina
was grown in a soilless substrate-based system. The application method of SiO: had a significant impact
on disease severity. Foliar applications of SiO: did not influence disease development. However, root
applications reduced disease severity by 44% and 62% at 15 mM and 30 mM doses, respectively,
compared to the Xpp -inoculated control group. SiO: foliar applications had no significant effect on shoot
fresh and dry weight or leaf number (LN) at either dose compared to the negative control (NC). However,
root application of 30 mM SiO: significantly increased LN. Despite these findings, neither application
method nor dose created a notable difference in plant growth parameters under disease pressure. In
conclusion, SiO: must primarily be applied to the root system to exert its disease-suppressing effect. This
positive impact appears to be independent of plant growth parameters. These findings suggest that SiO-
root application holds significant potential for controlling common bean blight caused by Xpp in the
context of sustainable agriculture.
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Introduction

Beans (Phaseolus vulgaris L.) are one of the most
produced legumes globally due to their high nutritional
content and their significant contributions to soil health and
productivity (Duman, 2019). Turkey ranks in the top ten
producers of dry beans and the top five producers of green
beans (FAO, 2023). The production and quality of beans
are negatively impacted by various bacterial, fungal, and
viral pathogens (Nywall, 1989). One of the most crucial
bacterial diseases in bean production areas worldwide and
in Turkey that causes significant economic losses is the
"common bacterial blight disease " caused by
Xanthomonas phaseoli pv. phaseoli (Xpp) (formerly
Xanthomonas axonopodis pv. phaseoli) (Bozkurt, 2009).
The presence of this pathogen has been documented in
various studies conducted in countries with commercial
bean production (Osdaghi, 2014)

The pathogen is prevalent in temperate and tropical
climates, leading to substantial yield losses in bean
cultivation regions (Seattler, 1989; Gilbertson and
Maxwell, 1992). The bacteria enter the plant through
natural openings such as stomata and hydathodes, settling
in the intercellular spaces of leaves and causing the middle

This work is licensed under Creative Commons Attribution 4.0 International License

lamella to dissolve and systemic transmission (Ertekin et
al., 2016). While the pathogen triggers infections in all
above-ground parts of the plant, the symptoms are more
severe in leaves and pods. Leaf symptoms manifest as
wetness within 4 to 10 days post-infection, followed by
necrosis and the appearance of a typical narrow, lemon-
yellow halo around it (Rudolph, 1993; Vidaver, 1993).
Beyond leaf symptoms, the pathogen also causes issues in
stems and fruits, reducing seed germination in severe cases
(Ertekin et al., 2016)

For disease control, cultural measures such as selecting
resistant varieties, using disease-free certified seeds,
disinfecting tools and equipment with various chemicals
(chlorine dioxide, sodium hypochlorite), as well as
removing infected plant residues from fields post-harvest
are typically implemented. Additionally, chemical
applications like foliar and seed spraying with copper
compounds are recommended (Schwartz et al., 2007;
Bozkurt, 2009). However, chemical spraying alone is
inadequate in preventing fruit infections and may not yield
satisfactory results (Opio et al., 1996; Park et al., 1999).
The use of antibiotics has been restricted in several
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countries, and the pathogen's rapid development of
resistance to antibiotics and copper preparations has been
observed (Imriz et al., 2014).

Given these challenges, sustainable approaches that are
environmentally friendly and safe for human health are
necessary. Biocontrol ~with disease agents and
microorganisms shows promise but has limitations in
stability and effectiveness (Tyagi et al., 2024). As part of
the quest for more stable and less externally influenced
applications, silicon applications have gained attention.

Silicon's potential is remarkable in this context. Found
in the earth's crust at a 27.7% rate, silicon ranks second
after oxygen in terms of abundance (Kim et al., 2002).
Silicate minerals decomposition transforms silicon into
plant-friendly forms (Temiir, 2016). While accumulating
silicon at rates above 1-5%, certain plants such as rice and
aquatic meadows are considered accumulator plants, others
like tomato, cucumber, corn, barley, and soybean
accumulate it at lower rates of less than 1% (Takahashi et
al., 1990; Savant et al., 1999; Sahebi et al., 2015). Plants
uptake silicon from soil in the form of silicic acid Si(OH)4
through aquaporin-type channels (Nod26-like intrinsic
proteins, NIPs) (Luyckx et al., 2017).

Though Si addition via silicate slags or solutions to
soils or nutrient solutions is common, interest in foliar
applications remains high due to their ease of use (Guével
et al.,, 2007). However, there are conflicting reports
regarding Si absorption by leaves (Liang et al., 2005;
Guével et al., 2007). Yet, some studies confirm the benefits
of specific Si forms in foliar applications, showing positive
effects in controlling powdery mildew in crops like
cucumber, melon, squash, and grapes (Bowen et al., 1992;
Menzies et al., 1992; Rodrigues et al., 2009). In different
forms, silicon has been applied to different parts of plants
such as tomato, melon, wheat, tobacco, cucumber and
cotton and its effectiveness against bacterial diseases has
been investigated. These applications have made positive

contributions to the plant in bacterial disease control, albeit
at different levels (Anjos et al., 2014; Ferreira et al., 2015;
Sakr, 2016;).

In this context, many studies conducted in recent years
have shown that silicon has direct or indirect positive
effects on the development and functions of plants (Savant
et al., 1997; Sahebi et al., 2015; Guerriero et al., 2016;
Luyckx et al., 2017). Studies have shown that Si can
protect plants and increase their development against
abiotic stresses such as excessive heat and drought,
unfavorable climatic conditions, mineral toxicity, and
biotic stresses such as plant diseases and pests (Ma, 2004;
Sahebi et al., 2015; Guerriero et al., 2016; Luyckx et al.,
2017). This shows that Si can be included in
environmentally friendly sustainable practices in disease
control.

In our study, the control potential of Si applied to leaves
and roots against common bean leaf blight disease caused
by Xanthomonas phaseoli pv. phaseoli (Xpp), an important
bacterial leaf pathogen of bean, was investigated.

Materials and Methods

Plant Material and Plant Growth Medium

Bean (Phaseolus vulgaris L.) cv. Gina variety was used
as a plant material in the study. In order to prevent the
natural soil environment from shielding the effect of
externally applied Si, the study was carried out in a soilless
agriculture system. For this purpose, the growing medium
consisted of peat and perlite mixed in a 1/1 ratio. The seeds
planted in 250 ml plastic pots filled with growing medium
were left to develop in the climate chamber at 25+2 °C, 14
hours of light and approximately 50% relative humidity
(Figure 1a). In order to meet the nutrient needs of the
plants, nutrient solution was given regularly throughout the
study (Table 1). The study was terminated 21 days after
pathogen application.

Table 1. Composition of Hoagland nutrient solution used to meet the nutritional needs of plants (Hoagland and Arnon, 1950).

A nutrient solution (%)

B nutrient solution (%) *

Total Nitrogen (N) 10.3 Total Nitrogen (N) 2.1
Ammonium (NH4) 1.6 Nitrate (NO3) 2.1
Nitrate (NO3) 8.7 Potassium Oxide (K20) 11.6
Potassium Oxide (K20) 7.5 Phosphorus Pentoxide (P205) 6.4
Calcium (Ca) 8.6 Magnesium (Mg) 1.6
Iron DTPA (Fe) 0.3 Manganese (Mn) 0.1
Zinc (Zn) 0.01
Boron (B) 0.03
Copper (Cu) 0.003
Molybdenum (Mo) 0.04

(
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Figure 1. Bean seedlings prepared for applications (a), SiO» suspension (b), application to the root collar by drinking

S - ‘
e ‘”

method (c) and application to the seedlings by pulverization (d), In vitro antagonistic test of SiO2 against Xep (e).
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Bacterial Pathogen and Silicon Application

Xanthomonas phaseoli pv. phaseoli (Xpp), whose
virulence was determined by previous studies, was used as
a pathogen (Akkoprii, 2020). Si in the form of silicon
dioxide (Si0,) was used in the study. Silicon was applied
to the plant in two ways; 1) by spraying on the leaves, ii) by
root drenching. For this purpose, SiO, suspensions were
prepared with sterile distilled water at 30 mM and 15 mM
concentrations (Figure 1b). Applications were made when
the double leaves were fully formed (approximately 12
days after planting). Leaf applications were made with a
hand sprayer so as to completely cover the plant surface
(approximately 4mL) (Figure 1d). In the drinking method,
similar doses were poured into the root collar at 15 mL per
plant (Figure 1c).

A suspension with a density of 108 CFU/mL was
prepared from a 48-hour culture of Xpp grown in King’s-
B medium (KB) ((Peptone 20g/L, K2HPO4 1.5g/L,
MgSO47H20 1.5g/L, Glycerol 10ml/L, Agar 15g/L.)
using a spectrophotometer and 0.01% Tween was added.
The prepared Xpp suspension was applied equally to the
leaves with a hand sprayer 48 hours after SiO, application
to the plants. Only sterile water was sprayed on the leaves
of the plants to which no pathogen inoculation was made.
After the application, the plants were covered with
transparent polyethylene covers for 48 hours and exposed
to high relative humidity and kept in a light-free
environment for the first 24 hours.

Determination of Disease Severity

The symptoms formed by the pathogen 21 days after
Xpp application were evaluated using a 1-5 scale for
disease severity. The 1-5 scale used for this purpose was:
1: No disease symptoms, 2: Necrosis or single spots in 1-
5% of the leaf, 3: Symptoms and necrosis in 6-25% of the
leaf, 4: Symptoms and necrosis in 26-50% of the leaf, 5:
Symptoms and necrosis or leaf death in > 50% of the leaf
(Figure 2) (Akkoprii 2020). The obtained scale values were
converted to disease severity (%) values with the help of
the Thousend Heuberger formula (1). The percentage
effect value was found by the ratio of the difference
between the disease severity value in the application and
the control to the control.

DS (%) =3 ((S x L) / (M x Smax)) x 100 (1)

where in DS: disease severity, S =scale value, L =the
number of plant leaves evaluated in each scale, M =the
total number of plant leaves, and Smax = the highest scale
value

Determination of Plant Development Parameters
The number of plant leaves was determined by
counting on the 21st day when the experiment was

terminated. Bean plants were cut from the soil surface and
their fresh weights were determined by weighing. Then, the
roots were removed, cleaned by washing from the growing
medium materials and dried with blotting papers and
weighed. The plant roots and green parts, whose fresh
weights were determined, were placed in aluminum foil
containers and dried in an oven at 65°C for 48 hours, then
weighed and their dry weights were determined.

In vitro antagonistic Effect Test of Silicon Dioxide
Against Xpp

100ul of Xpp suspension with a density of 10’CFU/mL
was added to KB medium and spread and waited to dry.
After drying, 4 disks were placed on the surface of the
medium at equal distances from each other and 10ul of
silicon dioxide suspension was dropped on them. After 48
hours of incubation, Xpp development was observed
around the disks (Figure le).

Experimental Design and Data Analysis

Each treatment group consisted of three replications,
with a minimum of 15 seedlings used in each replication
(Celik, 2021). Untreated plants served as the negative
control. The study design is presented in Table 2. Studies
were tested at least twice. The obtained data were subjected
to variance analysis with the help of SPSS (SPSS, Inc.
2007) package program and the means were evaluated with
Duncan multiple comparison and Sutudent’s T test.

Results

In vitro Antagonistic Effect Test

In the antagonistic effect test performed by combining
Xaj and SiO; in KB medium, it was determined that both
doses had no antagonistic effect on Xpp (Figure le).

The Disease Suppression Potential of SiO:

In vivo studies conducted in the climate chamber
showed typical symptoms of the disease caused by Xpp.
The first symptoms, light yellow spots, were observed on
the surface of the leaves 10-12 days after inoculation.

It was observed that the application area of SiO; on the
plant made a significant difference on the disease severity.
It was observed that foliar applications of SiO, did not
affect the disease development. On the other hand, it was
observed that root applications suppressed the disease
severity significantly at 15 and 30 mM SiO; doses
compared to only Xpp-applied PC (Table 2). In addition, it
was observed that the application dose of SiO, was also an
important factor in suppressing the disease. Although both
doses caused a decrease in disease severity in root
applications, the 30 mM dose was the most successful
application group with an effectiveness level of 62%
(Table 4).

Table 2. Treatment groups designed according to randomized plots experimental design.

NC PC
SiO215 R Si0; 15 R+Xap
Si0,15 S Si0, 15 S+Xap
Si0230 R Si0, 30 R+Xap
Si0,230 S Si0, 30 S+Xap

* Si0,: Silicon dioxide, 15 and 30: SiO, dose, Xap: Xanthomonas axonopodis pv. phaseoli, R: root, S: Shoot, PC: positive control, NC: Negative Control
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1 = no symptoms

Table 3. Effects of Silicon dioxide (SiO2) applied to leaf and root of bean seedlings at 15 mM and 30 mM doses on shoot
fresh weight, shoot dry weight, Leaf number.

2=1-5%

3 =6-25%

-

4=26-50%
Figure 2. The scale 1-5 used to assess disease severity caused by Xanthomonas phaseoli pv. phaseoli

5=>51%

Groups LN SFW (g) SDW (g)
NC 17.87+£0.99 b 6.38+0.44 bed 0.69+0.10 a
SiO215 R 14.75+1.16 cde 6.81£0.90 b 0.53+0.09 cde
Si0,15 S 14.62+1.76 de 5.60+0.64 cdef 0.544+0.10 cde
Si0230 R 20.25+1.75a 7.80t1.31a 0.79+£0.14 a
Si0,30 S 16.00+2.00 bede 5.85+1.05 bedef 0.58+0.08 bede
PC 16.00£2.00 bede 6.69+1.20 be 0.66+0.14 be
SiOz 15 R+Xap 15.62+1.50 bede 5.91+1.30 bede 0.59+0.14 bede
SiO, 15 S+Xap 15.144+1.77 cde 5.79+0.60 bedef 0.57+0.09 bede

Si0, 30 R+Xap
Si0, 30 S+Xap

16.62+3.15 bed
15.75+£2.49 bede

5.64+1.08 cdef
6.02+0.90 bede

0.56+0.15 bede
0.62+0.14 bed

* Si02: Silicon dioxide, 15 and 30: SiO2 dose, Xap: Xanthomonas axonopodis pv. phaseoli, R: root, S: Shoot, SFW: Shoot fresh weight, SDW: Shoot
dry weight, LN: Leaf number, NC: Negative Control, PC: Positive control (only Xap applied). Values with the same letter in each column are not
signifcantly diferent when followed by the Duncan’s multiple range test at P < 0.05.

Table 4. Severity of common leaf blight disease caused by Xanthomonas phaseoli pv. phaseoli (Xpp) on bean seedlings

treated with 15 and 30 mM SiO;

The common leaf blight disease severity of Bean

(a) Root % efficacy Shoot T-test
PC (Xpp) 22.00+£2.73 a 22.00+2.73

Si 15 12.31+0.90 b 44 15.91£2.71 ns
Si 30 8.37£1.89 b 62 20.40+2.89 *

P (0.05) * ns

Effect of Silicon Dioxide Dose and Application Area
on Plant Development

It was observed that SiO, application regions and
pathogen applications had significant effects on Leaf
number (LN), Shoot Fresh Weight (FWW) and Shoot Dry
Weight (FWW) (Table 3). Foliar applications of SiO2, at
both tested doses, did not significantly affect Leaf Number
(LN) compared to the negative control (NC). No
significant effect of SiO, on Leaf Number (LN) of foliar
applications was observed in both doses compared to the
negative control (NC). On the other hand, it was
determined that 30 mM root application increased LN
significantly and this effect was statistically significant.
However, it was observed that both application sites and
doses did not create a significant difference in Leaf
Number (LN) under disease pressure.

It was observed that the application site and dose of
Si02 created significant differences on shoot fresh weight.
Both doses of foliar application did not cause any positive
increase. In the root drenching method, while the 15nm
dose provided a significant increase compared to foliar
applications, the 30mM application was the application
that provided the highest increase in green parts compared
to all applications. Under disease pressure, the application
dose and site did not show any effect.

It was observed that both doses of SiO, applied to the
leaves and 15 mM soil application reduced the shoot dry
weight. On the other hand, 30 mM SiO; applied to the roots
did not cause a decrease and was in the same group as NK.
It was determined that there was no difference according to
the SiO, dose and application site under disease pressure.

Discussion

In the intensive agricultural production process, disease
control is essential but traditional chemical control
methods can pose risks to the environment and human
health. In sustainable agriculture practices, biological
control offers promising results but faces challenges in
widespread adoption. In this respect, the existence of
environmentally friendly and sustainable agents that are
less affected by external factors or whose effectiveness will
not change significantly is important. In this context,
Silicon has an important potential both in terms of direct
use and in terms of usage opportunities together with other
application methods. In our study, the effect of different
doses and application methods of SiO; in the control of
common leaf blight, an important bean disease, was
investigated.
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The application method of SiO changed its effect on
“bean common leaf blight” disease. It was observed that 15
and 30 mM SiO; application to leaves did not have a
suppressive effect on the disease. However, some studies
have obtained opposite results. Under natural conditions,
Si is taken up from the soil through the roots (Sahebi et al.,
2015; Guerriero et al., 2016). However, it has been shown
that different forms of Si can also be taken up from the
upper plant parts (Conceigdo et al., 2014). Monosilicic acid
or orthosilicic acid (H4Si04) are the forms of Si absorbed
by plant roots (Sahebi et al., 2015).

However, concentration of Si differs in the shoots and
roots, and this extensive variation in different plant tissues
is related to differences in the mechanisms of Si uptake and
transportation (Sahebi et al., 2015). Inoculated leaves on
plants applied the Si-amended nutrient solution or foliar
sprays of more 17.0 mM Si developed fewer powdery
mildew colonies than those on control plants (Menzies et
al., 1992). Also, foliar spraying with 17 mM Si (potassium
silicate) and the yeasts, separately or in combination,
reduced the severity of the disease and protected seedlings
and plants (Conceigdo et al., 2014). However, it has been
reported that concentrations of 17 mM Si in the form of
potassium silicate were used for these studies and that this
far exceeded the standard doses in root applications.
Therefore, in these experiments it was not clear whether
the observed prophylactic effects of foliar sprays were the
result of Si, which has been reported to be effective against
powdery mildew, or simply the high concentration of
potassium salt (Horst et al, 1992; Reuveni et al., 1995). We
also did not observe any suppressive effects of Si in the
form of SiO; used in our study (15 and 30 mM), although
we applied it at a high concentration of 30 mM.

In addition, in our study, it was determined that SiO»
had no antagonistic effect on Xpp under in vitro conditions.
This finding shows that SiO; applied to the leaf surface and
Xpp do not interact at least in an antagonistic way.
However, the lack of an effect on the disease may also
indicate that SiO; is not taken up via the leaves. Because
the disease suppression effect was observed in root
applications. In addition, this finding is supported by the
fact that no effect of Si on the leaf application on the
number of leaves, shoot freshness and dry weight was
observed.

However, our other application method, which is the
application to the roots by drenching the root collar, was
successful in suppressing the disease. However, here too,
the dose of SiO, affected the suppression rate. It was
determined that 15 mM suppressed the disease by 42% and
30 mM by 60%. Similarly, Ferreira et al., (2015)
determined that the disease suppression ability increased
with increasing Si dose. In addition, Seebold et al., (2000)
observed that the Si application rate was related to the
capacity to reduce the severity of “neck and leaf blasts”
disease in both susceptible and partially resistant rice
varieties. In addition, it was determined that increasing the
Si content in the plant body was related to the decrease in
disease occurrence (Sahebi et al 2015).

Si is taken up by plants as "silicic acid" (Si(OH)4)
through  "aquaporin" type channels (Nod26-like
endogenous proteins, NIPs) (Luyckx et al 2017). Si taken
up by roots is immobile, therefore it can be transported to

the upper parts of the plant by transpiration (Sahebi et al
2015; Luyckx et al 2017). Si can move from root to leaf by
causing silicate polymerization in the intercellular spaces
and can also accumulate in the epidermal cell walls of
leaves and xylems (Samuels et al., 1991; Fawe et al., 2001;
Kim et al., 2002). It is stated that Si accumulates in cell
walls and provides protection by forming a physical barrier
(Sahebi et al 2015; Luyckx et al 2017). In addition, it can
also create a barrier against pathogen penetration by
increasing the activities of peroxidase, polyphenoloxidase,
phenylalanine ammonialase and lipoxygenase enzymes in
plants (Chérif et al., 1994; Fauteux et al., 2005; Cai et al.,
2008; Shetty et al., 2011; Polanco et al., 2012). This is
thought to prevent or reduce pathogen penetration.

Andrade et al. (2013) reported that foliar application of
Si in different forms significantly suppressed bacterial spot
disease caused by Pseudomonas syringae pv. tomato and
activated defense enzymes. Shetty et al., (2011) reported
that 3.6 mM silicon (Sit+) application reduced the disease
severity caused by powdery mildew by 46% and increased
the concentration of key enzymes in phenylpropanoid
synthesis (phenylalanine ammonia lyase, cinnamyl alcohol
dehydrogenase and chalcone synthase). Also, Si is reported
to strengthen the cell wall and regulate plant hormone
content or activity (Luyckx et al., 2017).

Studies have shown that Si increases the dry weight of
plants, preserves leaf thickness and root freshness, and
increases the amount of chlorophyll in leaves and the
activities of some photosynthetic enzymes (Adaita and
Besford, 1986). It has also been determined that it has
positive contributions to increasing the number of
secondary branches, panicles, spikelets, root shoots and
leaves; seed filling, outer shell formation and seed quality
(Bradbury & Ahmad 1990; Savant et al., 1997; Sahebi et
al., 2015). Silicon accumulates especially under the leaf
cuticle layer, allowing the leaves to stand more upright,
increasing  photosynthetic activity and improving
transpiration. In addition, it has been reported that it
increases the plant's resistance to lodging by strengthening
the stability of the plant stem (Liang et al., 2007). However,
in our study, it was observed that SiO, applications did not
provide a significant increase in chlorophyll and biomass
parameters. The 30 mM SiO, application to root
significantly increased the number of leaves compared to
negative control group. However, this application did not
cause any change in the other observed parameters. In fact,
growth parameters decreased in some groups. Similar
findings were observed in wheat by Guével et al (2007); Si
application, either through the roots or the leaves, did not
increase plant growth.

Conclusion

As a result, it was concluded that SiO, application is
mainly required to the root system to show its effect. It was
also determined that this effect may be independent of
plant growth parameters. These data suggest that SiO; root
application can be used in the control of common bean
blight caused by Xpp and has the potential to be used singly
or with other application methods for sustainable disease
control. However, more detailed and extensive studies are
needed on this subject with different Si forms.
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