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ABSTRACT: The potential of silicon (Si) to control nematodes is often reported in association
with the resistance induction mechanism. The objective of this work was to evaluate the
hypothesis of resistance induction in plants against nematodes through the application of
Si. In vitro experiments were carried out to evaluate the effect of Si and potassium chloride
(KCI) on the hatching and mortality of Meloidogyne paranaensis juveniles. For the purpose of
a greenhouse experiment, tomato plants were used as a model for bifurcated roots, using the
respective control treatments, KCI and distilled water. Ten days after treatment, 2,000 eggs of
M. paranaensis were inoculated. At 55 days post-inoculation, the reproduction factor and number
of nematodes per gram of root were evaluated. Additionally, the tissue nutrient concentration
and gas exchange variables were analyzed. Silicon reduces nematode viability, when in direct
contact with the nematode in in vitro experiments and in bifurcated plants. When plants were
treated with Si on one side of the root, no nematode control was observed on the opposite
corresponding side. Results suggested that Si has a positive effect on the reduction of M.
paranaensis population, but probably induced resistance to nematode only through direct action.

Introduction

Root-knot nematodes are the main phytoparasitic
group of nematodes worldwide, causing extensive losses
in important agricultural crops (Moens et al., 2010).
There are more than 100 Meloidogyne species currently
described but certain species such as M. enterolobii,
M. exigua, M. fallax, M. minor, and M. paranaensis,
previously and even now still neglected, are emerging as
a concern for agriculture (Elling, 2013).

Meloidogyne paranaensis is the most damaging
species to Brazilian coffee growing areas. Losses
may reach 50 % of the coffee yield (Carneiro et al.,
1996). Meloidogyne paranaensis is widespread in coffee
plantations mainly in the state of Parand, which
accounted for approximately 52 % of all root-knot
nematode infestations, varying according to the region
sampled (Carneiro et al., 1996). Although coffee is the
primary host of this species, M. paranaensis has also been
detected in tobacco, tomato and watermelon (Carneiro
et al., 1996).

In this context, the search for alternatives to
control this parasite is essential to the improvement
of field management strategies. Consequently, the
management of the nutritional condition of plants has
become a subject for debate in terms of capacity to induce
resistance to nematodes. Among the more promising
elements is silicon (Si), but there are few reports in the
literature about the capacity of Si to control nematodes.
Previous studies have reported the use of calcium
silicate altering M. javanica reproduction rates (Dutra,
2018). In coffee plants, Si application is responsible for
increases in plant resistance to M. exigua, decreasing the
reproductive rates (Silva et al., 2010). Roldi et al. (2017)
observed significant reductions in the reproduction of
M. paranaensis in coffee plants after treatment with Si.

Sci. Agric. v.78, n.3, e20190039 2021

Keywords: Solanum lycopersicum, management, root-knot nematode

Moreover, Siis reported to have nematicide activity (Jain
and Singh, 2006).

Therefore, it is suggested that the application of
Si could be a promising tool for the management of
nematodes. Nevertheless, the mechanisms involved in
the control of nematodes mediated by Si needed to be
researched. It is proposed that resistance induction is
involved in the plant active defense response after the
application of Si (Ye et al., 2013), but this hypothesis was
not tested for nematode control. Therefore, the objective
of the present work was to evaluate the effect of Si
on M. paranaensis parasitism in tomato plants, herein
used as a suitable host model plant to study nematode
pathogenicity and plant defense responses involved in
this pathosystem.

Materials and Methods

Two in vitro experiments were carried out at
Londrina, in the state of Parana, Brazil (23°21'20.0"
S, 51°09'58.2" W, altitude of 610 m) to evaluate the
effect of the suspension of potassium silicate and
potassium chloride (KCl) under M. paranaensis control.
Potassium silicate was used as the silicon source and
was composed of 12 % soluble potassium oxide (K,O)
and 12 % water soluble silicon, with a density of 1.38
g L-1. Potassium chloride (KCl) was included to isolate
the effect of potassium present in the potassium silicate
used. Dosages used were 0.008 g mL™! (KCl) and 0.041 g
mL! (Si); a third treatment with only distilled water was
used as control.

The inocula used were composed of a mix of
M. paranaensis populations, originally obtained from
coffee roots in the state of Parand. Populations were
identified with both o-esterase phenotypes (Carneiro
et al., 2000) and morphological approaches (Hartman
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and Sasser, 1985). These populations are routinely
multiplied on coffee (Coffea arabica L.) cv. Mundo
Novo and tomato (Solanum lycopersicum L.) cv. Santa
Clara under greenhouse conditions. Egg masses were
extracted from tomato roots and incubated under a
Baermann funnel to acquire second-stage juveniles
(J2) of M. paranaensis (Machado et al., 2010). Hatched
juveniles were collected after 24 h and the suspension
was calibrated to 50 juveniles mL' with the use of a
Peters slide, under a light microscope. Additionally, eggs
were collected from tomato roots, which were picked (2
cm), inserted in a lidded pot, and shaken for 1 min in
a hypochlorite solution (0.5 %) to solve the gelatinous
matrix and expose the eggs (Hussey and Barker, 1973).
Subsequently, the suspension obtained was washed and
calibrated to 50 eggs mL~"' with the use of a Peters slide,
under a light microscope.

The experimental unit was composed of glass tubes
12 mm in diameter and 75 mm high, with a volume of
6 mL. Five mL of an aqueous suspension with products
and 1 mL of a suspension containing nematodes were
added to each tube, using a semiautomatic pipette.
The control was composed of tubes containing 5 mL
of distilled water and 1 mL of a suspension containing
nematodes. Tubes were incubated in a BOD (Biochemical
Oxygen Demand) incubator, at 25 °C, for seven days.
Experiments with juveniles were evaluated 24 h after
the installation, by counting the percentage of mobile
and immobile juveniles. Hatching was evaluated seven
days after the installation of experiments, by counting
the number of hatched juveniles in the suspension.

Additionally, one experiment was conducted under
greenhouse conditions at the Instituto Agrondémico do
Parand, from 16 Apr to 09 July 2016, with temperatures
ranging from 16 to 43 °C. Soil used in the experiment
was sterilized (160 °C/ 5 h) and was composed of 34 %
clay, 8 % silt and 58 % sand, with 51.5 mg kg of soluble
silicon. Tomato seedlings from the Santa Clara cv. were
transplanted 15 days after sowing to 500 mL-capacity
plastic pots, containing 400 mL of sterilized soil.
Immediately before the transplanting, the roots and the
stem base of seedlings were cut to separate each half
part of the roots in an individual plastic pot, according
to the bifurcated roots methodology described by Fabry
et al. (2007).

After the transplanting, seedlings were treated
with Si, KCI and distilled water with the following
treatments: T1 = non-bifurcated root, treated with
water, without nematode; T2 (bifurcated root), in which
T2A = one side of the root treated with silicon, with
nematode and T2B = another side of the root treated
with water, without nematode; T3 (bifurcated root), in
which T3A = one side of the root treated with silicon,
without nematode and T3B = another side of the root
treated with water, with nematode; T4 (bifurcated
root), in which T4A = one side of the root treated with
potassium chloride, with nematode and T4B = another
side of the root treated with water, without nematode;
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T5 (bifurcated root), in which T5A = one side of the root
treated with potassium chloride, without nematode and
T5B = another side of the root treated with water, with
nematode; and T6 (bifurcated root), in which T6A =
one side of the root treated with water, with nematode
and T6B = another side of the root treated with water,
(without nematode).

A silicon solution was prepared with 4.82 mL
of Fertisilicio® diluted in 160 mL of water. A second
treatment, containing only potassium chloride (KCl)
at the concentration of 60 % of K,O, was included to
isolate the effect of potassium present in Fertisilicio’.
The solution was prepared with 1.33 g of KClI diluted
in 160 mL of water. Additionally, a third treatment
with only distilled water was used as control. Seedlings
were irrigated daily, over a period of 10 days, with 3
mL of solution containing water, Fertisilicio® or KCI,
in concentrations of 0.041 g/mL (Si) and 0.0083 g mL!
(KCI).

After treatments with Si or KCI, tomato seedlings
were inoculated with a suspension containing 2,000 eggs
of M. paranaensis into the soil in two holes beside the
root system of each half part of the tomato seedlings.
Tomato plants were fertilized once with 3 g per plant of
Osmocote” Plus (15 % N, 9 % P,0,, 12 % K,O, 1 % Mg,
2.3 %S, 0.05 % Cu, 0.45 % Fe, 0.06 % Mn, 0.02 % Mo).
Plants were irrigated daily, according to the climatic
conditions and crop phenology.

Analyses of root tissues for quantification of both
macro- and micronutrients were carried out: i) before the
application of Si and KClI; ii) after the application of Si
and KCI but immediately before the inoculation; and iii)
55 days after inoculation (DAI). Samples were composed
of five roots of each treatment at each evaluation
date. Roots were washed in tap water and sent to the
laboratory responsible for soil analyses. Macronutrients
(N, P K, Ca, Mg, S, Na) and micronutrients (B, Cu, Fe,
Mn, Mb, Zn, Al, Ni, Si) were quantified in the samples.

Physiological analyses of plants were also carried
out at 55 DAI. Measurements were taken using an
infrared gas analyzer, from 08h30 to 11h30. Data were
collected in leaves from the upper third of plants, one
leaf per plant, 5 plants per treatment. Data collected
were: photosynthetic rate (A, pmol CO, m~s™'), stomatal
conductance, (gs, mmol H,0 m™ s™'), transpiration (E,
mmol H,0 m~s™'), CO, internal concentration (Ci, mmol
H,0 m™ s7!), and leaf temperature (Tf, °C). The instant
efficiency in water use (EiUA, A/gs), extrinsic efficiency
in water use (EeUA, A/E) and instant efficiency of
carboxylation (EiC, A/Ci) were calculated from data
obtained.

The reproduction of M. paranaensis was evaluated
55 DAI. Pots were immersed in a bucket containing 4 L
of water to separate roots from soil. Roots were washed
with tap water, dried on absorbent paper and the fresh
weight determined. The half parts of each root system
were then separately processed for nematode extraction
by blender in a solution of 1 % NaOCI (Boneti and Ferraz,
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1981). The final nematode population was determined
by counting the number of eggs and juveniles with the
assistance of a Peters slide. Finally, the reproductive
factor (RF = Final Population/ Initial Population)
(Oostenbrink, 1966) and the number of nematodes per
gram of roots (Nema/g) was calculated.

In vitro experiments were arranged in a completely
randomized design, with three treatments (distilled
water, Si and KCl) and ten replicates per treatment; a
greenhouse experiment was also arranged in a completely
randomized design, with six treatments and ten replicates
per treatment. Data from the in vitro experiment were
analyzed using the Agricolae package in R 2.15.2 (R
Core Team, 2015) and means were compared by Scott-
Knott test (p < 0.05). Data from greenhouse experiment
were analyzed by Shapiro Wilk test (normality) and FR
and Nema/g were In(x + 1) transformed prior to one-way
analysis of variance (ANOVA). Later, treatments were
separated by Fisher's least significance difference (LSD,
p < 0.05), using the Agricolae package (Mendiburu,
2015). Next, data obtained in the physiological analyses
were studied using multivariate techniques. To acquire
the data, hierarchical clustering analysis (Ward's
method), based on a principal component analysis (PCA)
obtained a priori, was performed using average values
for each variable provided by the R 2.15.2 software
program (R Development Core Team, 2015).

Results and Discussion

It was evident that Si showed a direct effect on
nematodes, since after 24 h in contact with juveniles,
mobility was reduced 98.81 % (Experiment 1) and
98.75 % (Experiment 2), whereas in the treatment
with KCI, the viability of juveniles was higher than
that observed in the treatment with distilled water. In
relation to hatching of juveniles (Table 1), at seven days
in contact with the treatments, no significant difference
was observed between Si and KCl in Experiment 1.
However, when compared with distilled water, both
treatments reduced the hatching of juveniles. In
Experiment 2, Si reduced the hatching of juveniles,
but KCl did not show this effect, contrary to our
observations in Experiment 1.

Table 1 - Percentage of immobile juveniles (% JIM) after 24 h in
contact with silicon (Si) and KCl and percentage of juvenile
hatching of Meloidogyne paranaensis after seven days in contact
with the products. In vitro experiment.

Experiment 1 Experiment 2
Hatching! % JIm2 Hatching! % JIM?
Si 12.40b 98.81 a 12.00 b 98.75 a
KCl 14.75 b 11.01c¢ 24.24 a 8.56 ¢
Distilled water 2143 a 17.50 b 31.39a 23.09b

Si = potassium silicate; KCI = potassium chloride; Values are percentages;
%Each value represents the mean of 10 replicates. Values followed by the
same letter in column did not differ statistically by Least Significant Difference
test (p < 0.05).

Treatment
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In accordance with the results, we can infer that
Si and KCI had a direct effect on nematodes, since both
were responsible for a more than 50 % reduction in
juvenile hatching. Moreover, the observed mortality
rate of juveniles higher than 98 % in treatments with Si
corroborates this assertive. Comparing the results of the
in vitro test with previous reports about the effect of Si on
nematode control, there is correspondence with Mattei
and Dias-Arieira (2015), which observed a reduction in
the hatching of M. javanica when treated with silicate
products such as potassium silicate (10% K,O and 10%
Si), a compost of 17.43% silicon dioxide (SiO,), 20.56%
aluminum oxide (ALO,), 9.82% sulphur and 1.31%
calcium oxide (CaO) and Ca metasilicate (CaSiO,,
composed of 52% SiO,, 44% CaO, 0.3% MgO and 0.2%
Fe,O,). However, for M. paranaensis, there has been no
information until now about the effect of Si on its control.

In relation to the Si and K concentration in plants,
the treatment with Si did not result in an increase in
its concentration, in comparison with other treatments
(Figure 1). Concentrations of these elements was higher
in the non-bifurcated roots treatment (T1). Additionally,
roots showed a lower concentration of Si in the
beginning, increasing in concentration in the second
evaluation, whereas the concentration of K was similar
throughout the experimental period. Huang et al. (2011)
affirmed that non-accumulating plants, such as tomato
and coffee, concentrate the major part of Si in the roots
compared with the shoots, which could explain the
increase in Si content in tomato roots throughout the
experimental period.
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Figure 1 — Chemical analysis of radicular tissues (Silicon = Si and
potassium = K) in three evaluation times: 0 days before treatments;
10 days after treatments and before inoculation; 55 days after the
inoculation of Meloidogyne paranaensis. A = Si concentration; B
= K concentration.
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In relation to the physiological aspects of plants,
in general, the parasitism of M. paranaensis did not
interfere in the photosynthesis of tomato plants, not in
the transpiration, stomatal conductance, internal CO,
concentration, water use efficiency, leaf temperature
and internal carboxylation efficiency processes (data
not shown). Principal component analysis based on
physiological parameters showed that 61 % of the
total variation was associated with the first component
(Figure 2). The PCA cluster analysis (Ward) allowed
for the separation of treatments into two distinct and
well-defined groups: i) treatments T1, T3A, and T3B; ii)
all other treatments. The clustering of treatments with
indirect application of Si with T1, our standard without
nematode, could indicate that, although the presence of
M. paranaensis on one side of roots, and the application of
Si on another side compensated for the stress caused by
the nematode in the plant. A number of reports indicate
that Si partially preserves the photosynthetic capacity
of plants infected by pathogens (Debona et al., 2017).
When Si was applied together with M. paranaensis, its
absorption by roots could have been impaired so this
effect was lower, since T2A and T2B clustered separately
from the group of T1.

As regards plant development, differences were
observed in the fresh root weight (FRW] between
the treatments, which differentiated poorly between
themselves (Table 2). T4A was the treatment with the
lowest value for FRW.

Height

5 10 15 20 25

L | | | |
T

T3A/B

T2AB

T5A/B

T4A/B

T6A/B

Figure 2 - Dendrogram illustrating the dissimilarity between
treatments obtained by the Ward algorithm, based on Euclidean
distance, calculated from the average of physiological processes
of tomato plants inoculated with Meloidogyne paranaensis and
treated or not with silicon and potassium chloride.
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Roots treated directly with Si (T2A) or KCI (T4A)
allowed for lower nematode multiplication. In both
cases, nematode reproduction was reduced by more than
50 %, based on reproduction factor (RF). The number of
nematodes per gram of roots (Nema/g) exhibited similar
results, with the lowest value recorded for T2A (2,566
Nema/g). Debona et al. (2017) reported that insoluble
silica can be found in the roots, but its content is higher
beneath the cuticle and in the plant cell walls. The
deposition of Si in plant cell walls acts as a physical
barrier to avoid the penetration of plant pests and
pathogens (Debona et al., 2017) and this accumulation
could explain the lower number of nematodes in roots
treated directly with Si, although we did not evaluate
the penetration rate in each case.

In certain reports, the effect of Si on total cumulative
fecundity and the intrinsic rate of increase of aphids, as
Myzus persicae in plants of Zinnia elegans treated with
Si was observed (Ranger et al., 2009). For nematodes,
there are no reports on the effect of Si on the fecundity
of females, but this could be evaluated in future studies
in order to better explain the lower multiplication rates
observed in plants treated with Si, as in the present
work. Moreover, effects on the epidemiological process
of plant diseases had been reported as a delay in the
incubation period or the latent period, as reported by
Cacique et al. (2013) for Pyricularia oryzae causing blast

Table 2 - Fresh root weight (FRW) of tomato plants (cv. Santa Clara),
with or without the application of silicon or potassium chloride,
reproduction factor (RF) and number of nematodes per gram
of roots (Nema/g) of Meloidogyne paranaensis under different
treatments, 55 days after inoculation.

Treatment! FRW? RF? Nema/g?
Tl 1581 a - -
T2A 11.45 bed 18.17 b* 2,566 b
T2B 12.40 abc - -
T3A 9.78 cd - -
T3B 10.83 bed 4231 a 6,094 a
T4A 8.87d 1761b 3,085b
T4B 9.77 cd - -
T5A 10.48 bed - -
T5B 13.29 ab 37.13a 5,806 a
T6A 11.62 bed 36.76 a 5,626 a
T6B 11.81 bed -

1T1 = non-bifurcated root, treated with water, without nematode; T2 (bifurcated
root), in which T2A = one side of the root treated with silicon, with nematode
and T2B = another side of the root treated with water, without nematode;
T3 (bifurcated root), in which T3A = one side of the root treated with silicon,
without nematode and T3B = another side of the root treated with water, with
nematode; T4 (bifurcated root), in which T4A = one side of the root treated
with potassium chloride, with nematode and T4B = another side of the root
treated with water, without nematode; T5 (bifurcated root), in which T5A = one
side of the root treated with potassium chloride, without nematode and T5B =
another side of the root treated with water, with nematode; and T6 (bifurcated
root), in which T6A = one side of the root treated with water, with nematode
and T6B = another side of the root treated with water, without nematode).
2Each value represents the mean of 10 replicates. Mean values followed by the
same letter in columns did not differ according to Least Significant Difference
test (p < 0.05).
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rice disease. Studies regarding the development of the
biological cycle of nematodes in plants amended with Si
could provide information about this possible effect also
on nematodes.

Treatments in which Si and KCl were applied
indirectly in the roots (T3B and T5B) did not affect
nematode reproduction, since RF values were
statistically equal to the standard treatment, with only
distilled water and inoculated with the nematode (T6A).
Indeed, the high values obtained for RF and Nemal/g
in this standard treated only with water confirmed
the viability of inocula and the adequate experimental
conditions. Considering the rates of reduction in the
nematode population (42 %) observed when the roots
were directly treated with Si in relation to the standard,
we can suggest a direct effect of this element, as was
also shown in the in vitro experiments.

Several reports have shown a reduction in the
nematode population of the root-knot nematodes in the
presence of silicates. Coffee plants inoculated with M.
paranaensis and M. exigua treated with silicates showed
a lower amount of galls, eggs and juveniles (Roldi et
al., 2017; Silva et al., 2010). In coffee, Si application is
associated with the increase in biochemical responses
that intensifies the resistance to M. exigua through the
reduction in its reproductive capacity (Silva et al., 2010).
However, there is no information in the published
papers about the mechanism by which Si actuates the
nematode control, beit through direct action or induction
of resistance mechanisms.

In our study, the reduction in the M. paranaensis
population observed in the presence of Si under
greenhouse conditions may be explained by the capacity
of this element to kill nematodes or by the reduction
in the motility of juveniles, which could reduce the
number of penetrated juveniles and, consequently, their
multiplication (Santos et al., 2013). Silva et al. (2010)
affirmed that Si affects the nematode parasitism and
potentializes certain biochemical defense mechanisms.
However, the greenhouse experiment reported herein
reinforces the possibility of exclusion of the hypothesis
of resistance induction due to Si application. Tests using
bifurcated roots are based on the principle that to generate
systemic acquired resistance or systemic induced
resistance, the mechanism must be systemic. Thus, the
reaction unleashed by the interaction of an elicitor on one
side of roots must be observed on the opposite side (Fabry
et al., 2007). In the greenhouse experiment, the effect
observed was the contrary, i.e., the control was obtained
exclusively in the treatments with the direct application
of Si.

Based on these observations, we can conclude
that the application of products with Si or even with
K is a promising tool for managing M. paranaensis in
an integrated nematode management system. However,
studies on the biochemical mechanisms involved and
the detailed effect on nematodes are needed as are
studies on the use of Si in coffee growing areas to control
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M. paranaensis in order to evaluate better dosages and
time of application, as well as better silicate sources
to improve nematode control. As nutrients, Si and K
could become important tools to growers, acting on the
nutritional aspect of plants and reduction in nematode
populations in the field, which reduces costs and
improves yield quality.
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