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Abstract. The silicon (Si) percentage in the drymatter of plants is between 0.1% and 10%,
and even though its role in the metabolism of plants is not absolutely clear, Si’s positive
effects on plant nutrition and plant protection against both biotic and abiotic stress are
well documented. However, Si is not considered to be an essential element, so it is not
always present in nutrient solutions. In this paper, an experiment was carried out in the
University of Almeria’s greenhouse with hydroponic lettuce, tomato, pepper, melon, and
cucumber plants. A standard nutrient solution was used as a control sample and was
fertigated with Si. During the four-true-leaf seedling stage, various plant growth
parameters were measured, including the dry weight and the wet weight as well as the
foliar surface and the cuticle thickness of both the leaf and the stem. Additionally, in the
lettuce, tomato, and pepper plants, the effect of the use of Si in the nutrient solution on
the protection against the pathogen Botrytis cinerea was determined by measuring the
penetration of the pathogen through the cuticle and the extension of the fungal infection
by using leaf discs. The results suggest that all of the studied parameters, and both the
cuticle thickness and the epidermis thickness, were increased by more than 10% on
average for all of the plants. In the lettuce, tomato, and pepper plants, a beneficial effect
against B. cinerea was observed when the nutrient solution containing Si was used.

Silicon is the second-most abundant ele-
ment in the earth’s crust, and the percentage
of Si in the dry matter of plants is between
0.1% and 10%. This quantity is equivalent to
those of other macronutrients such as calcium
(Ca), magnesium, and phosphorus, and in
some herbaceous plants, Si is present in
levels as high as other inorganic constituents
(Epstein, 1999; Rafi and Epstein, 1999).
After studying the Si content in 500 plant
species, Ma and Takahashi (2002) suggested
a classification based on their Si contents and
Si:Ca ratios (Table 1). However, this classi-
fication is complex. On the one hand, the
groups are somewhat arbitrary, and the Si
concentration may be better considered as
a continuous spectrum (Cooke and Leishman,
2011). On the other hand, there are consider-
able differences among genotypes within the
same species (Deren, 2001; Hodson et al.,
2005; Ma and Takahashi, 2002). In addition,
a given genotype of a plant growing under
different Si concentrations can absorb differ-
ent amounts of Si (Henriet et al., 2006; Ma
and Takahashi, 2002). Thus, even though Si
accumulation is a phylogenetic feature accord-
ing to Guntzer et al. (2012), the availability of

Si determines the amount of Si absorbed by
plants.

Generally, dicotyledons present low Si
concentrations in tissues, on the order of
0.1% by dry weight (Jones and Handreck,
1967). However, plants belonging to the orders
Cucurbitales and Urticales have intermediate
contents (2% to 4%), and the species belonging
to the Commelinaceae, Poaceae, Equisetaceae,
and Cyperaceae families generally have high
Si contents (>4%) (Hodson et al., 2005) with
notable differences in concentration between
them; dryland grasses (such as oats and rye)
have �1% to 3% Si, and the ‘‘wetland’’
Gramineae (paddy-grown rice) and Cypera-
ceae have 10% to 15% or even higher levels of
Si (Jones and Handreck, 1967).

Most Si present in the soil is in an in-
soluble form, so it is not available for plants
(Takahashi and Hino, 1978). In soils, the
prevailing form of Si is monosilicic acid, Si
(OH)4, an unionized form, in solutions with
pH values below 9 (Fig. 1). On average, the
Si concentration in soils is 14 to 20 mg Si/L
(ranging between 3.5 and 40 mg) with a ten-
dency to decrease at high pH values (7) when
large amounts of sesquioxides are present in
soils and anion adsorption is prevalent (Jones
and Handreck, 1965).

Plants absorb Si by their roots in the form
of monosilicic acid [nSi(OH)4], which is
transported through the plant via the xylem

(Epstein, 1999), condenses into solid silica
(Prychid et al., 2003), and is deposited as
amorphous silica, SiO2·nH2O, [referred to as
opal, silica gel, or phytoliths in higher plants
(Richmond and Sussman, 2003)] mainly in the
epidermis and in the sheath cells of vascular
bundles. Solid silica is deposited in cell walls,
cell lumens, the intercellular matrix (Prychid
et al., 2003), and a layer under the wax cuticle
(Kim et al., 2002; Yoshida, 1981). The silica
in silica cells is deposited after the protoplast
is degraded, and silica is deposited to a higher
degree in wounded cells and in older cells
(Blackman and Parry, 1968). Silicon also
can be found in the forms of monosilicic
acid, colloidal silicic acid, or organosilicon
compounds in plant tissues (Datnoff and
Rodrigues, 2005).

Recent studies have yielded a better un-
derstanding of the transport, structure, and
function of Si in higher plants (Bauer et al.,
2011; Ma et al., 2011); the role it plays
against a wide range of biotic and abiotic
stress (Balakhnina and Borkowska, 2013;
Van-Bockhaven et al., 2013); and the eco-
logical importance of the biomineralization
of Si by plants (He et al., 2014) and its
possible applications in modern agriculture
(Haynes, 2014). Although the beneficial ef-
fects of Si absorption are different between
species and, in general, can only be observed
under conditions of biotic or abiotic stress, it
is difficult to develop an integral understand-
ing of the biological function of Si and its role
in the plants’ health.

Researching the possible nutritional role of
Si has proven to be challenging due to its
various beneficial effects on monocotyledons
and dicotyledons as well as the subsequent
problems that arise in studies focused solely on
one genetic model (Richmond and Sussman,
2003). Although there are apparent differences
between the beneficial effects caused by Si
in high-accumulator and nonaccumulator
plants, published enzymatic assays and ele-
mental analysis results show that both groups
responded to supplemental Si (Frantz et al.,
2011). In addition, these beneficial effects
manifest at multiple levels, ranging from
physiological changes to altered gene expres-
sion (Khandekar and Leisner, 2011; Li et al.,
2008), at least in the response of plants to
copper toxicity.

Consequently, the beneficial effects of Si
fertilization have the potential to mitigate the
depletion of soil nutrients (Guntzer et al.,
2012), so Si fertilization is an alternative to
the extensive use of N–P–K fertilizers that
could potentially increase plants’ resistance
to diseases, pathogens, (Gurr and Kvedaras,
2010; Van-Bockhaven et al., 2013), viruses
(Zellner et al., 2011), salinity, and hydric
stress (Stamatakis et al., 2003; Zhu and Gong,
2014); increase their tolerance to heavy metals
(Li et al., 2008; Neumann and Zur Nieden,
2001); and improve the quality and efficiency
of plants (Korndorfer and Lepsch, 2001;
Toresano-S�anchez et al., 2010 and 2012).
Additionally, excess Si does not damage plants
(Ma et al., 2001) and is an essential nutrient
of great importance for human biology.
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Furthermore, it has been observed that Si is
necessary for bones, cartilages, and connec-
tive tissues (Biss�e et al., 2005).

Guntzer (2010) concluded that Si fertiliza-
tion is a sustainable alternative to the intensive
use of fertilizers and pesticides.

Recent studies have discussed the possi-
bility of including Si as one of the macronu-
trients necessary for the nutrition of higher
plants (Frantz et al., 2011; Kernan and Marx,
2000). Currently, Si is considered to be
a beneficial rather than an essential nutrient
for plants, and the effects of Si fertigation
have frequently been demonstrated in Si-
accumulator crops such as rice and sugarcane
(Haynes, 2014). Silicon is not considered to be
an essential element according to the classic
criteria of Arnon and Stout (1939) because
many plants can complete their cycles with-
out it (Marschner, 2012), but some authors
disagree with this assertion because it is very
difficult to eliminate Si from the environment
(Epstein, 1999). Silicon has been called ‘‘quasi-
essential’’ or ‘‘semi-essential’’ by certain au-
thors (Epstein, 1999; Ma et al., 2007; Rafi et al.,
1997; Savvas et al., 2009) as well as a ‘‘non-
essential beneficial plant nutrient’’ (Richmond
and Sussman, 2003). It is not normally in-
cluded in the basic composition of standard
nutrient solutions (Arnon and Hoagland,
1940; Cooper, 1996; Hewit, 1966), although
some authors, including Sonneveld and
Straver (1994), consider it a part of the basic
nutrient solutions used for cucumber,
melon, and lettuce plants, especially in soil-
less culture.

The aim of this study is to assess the effect
of adding Si to the nutrient solution used for
fertigating the seedlings of five vegetable
species, in three different families (Solanaceae,
Cucurbitaceae, and Asteraceae) with different
capacities to accumulate Si, and to investi-
gate their vegetative growth, cuticle devel-
opment, and resistance to the illness caused
by B. cinerea.

Materials and Methods

Plant growth conditions and treatments.
Seeds of five horticultural species were sown
on 21 Mar. 2014. The plants were grown in
a greenhouse at Universidad de Almerı́a
(Spain). The temperature in the greenhouse
ranged from 15–22 �C (nighttime low) to 20–
32 �C (daytime high), and there was no
supplemental light. The seeds were sown in
polystyrene trays, and the planting density
was 900 plants per m2. Subsequently, when
the plants developed three true leaves, they
were transplanted to 500-mL pots containing
coconut fibers as a substrate as reported by
Morales and Urrestarazu (2013) and Pozo
et al. (2014). The plants used in the assays to
determine the resistance to the illness caused by
B. cinerea were lettuce, tomato, and pepper.
Additionally, two Cucurbitaceae (melon and
cucumber) were included in these assays to
study the effect of Si on the growth of the
seedlings. More details about the experiment
and the plants are presented in Table 2. The
plants were fertigated once every day with

a standard nutrient solution (–Si) similar to
that used by Sonneveld and Straver (1994), as
shown in Table 3. Half of the plants of each
species were additionally fertigated with a
0.65 mM Si solution (+Si). This solution was
prepared with Tecnosilix� mg SL, a product
supplied by Enlasa Ltd. The solution was
added when the plants developed two true
leaves. For the experiment, the plants were
divided into four groups according to a random-
ized complete block design (Little and Hill,
1978; Petersen, 1994). A total of 34 replicates
were used for each solution and crop: 10
plants were used for the agronomic assess-
ment, 4 were used for measuring the cuticle
thickness in stems and leaves, and 20 plants
corresponding to the three vegetable spe-
cies were classified as low-accumulating
plants.

Growth parameters. Vegetative growth
was measured 40 d after sowing. The plant
height, number of leaves, stem diameter,
and root length, as well as the wet weight of
the roots, stems, and leaves, were deter-
mined. The samples were kept for 72 h in
a forced air laboratory oven at 85 �C to
obtain the dry weight of the roots, stems,
and leaves.

Cuticle thickness. Plants with four true
leaves were used to measure the cuticle in
the leaves and the stems. To measure the
cuticle in the stem, cuts were performed
below the cotyledons and in the middle part
of the third fully developed leaf. The stain-
ing was carried out with safranin, and the
cuts were performed with a microtome. A
microscope was used to measure the cuticle

(Fig. 2). Each leaf and stem was measured
in every replicate and plant in three dif-
ferent spots, and the measurements were
averaged.

Procedure for inoculating B. cinerea. The
isolate of B. cinerea used in all of the
experiments was obtained from an infected
sweet pepper (Capsicum annuum L.) plant in
a commercial greenhouse in Almeria. The
isolate was grown on potato dextrose agar
(PDA) and stored on 9-cm-diameter petri
plates at 7 �C. Mycelial plugs from storage
were used to start the cultures needed to
conduct the experiments. To prepare the
inoculum, spores were harvested from 3- to
4-week-old B. cinerea cultures grown on
PDA in 9-cm-diameter petri plates and
incubated at 22 �C with 12 h of light and
12 h of darkness. Sterile distilled water was
added to each culture plate, and the spores
were dislodged with a rubber policeman.
The spore concentration was determined
with a hemacytometer and adjusted to
106 spores/mL.

Leaves were harvested randomly from
the top one-third of the plants at the first
flowering growth stage. Immediately after
the harvest, the leaves were transported to
the laboratory in a clear plastic bag, and
experiments were performed on the same
day. The surfaces of the leaves were ster-
ilized by immersion in a 10% solution of
commercial bleach (35 g·L–1 sodium hypo-
chlorite) for 5 min in the laboratory. The
leaves were then rinsed in sterile distilled
water and blotted dry in a laminar flow
hood. A 10-mm-diameter tissue disc was

Fig. 1. Silicon (Si) forms for different concentrations and pH values (Marschner, 2012).

Table 2. Dates when the experiments were conducted.

Plant Cultivar Sowing date Sampling date

Lettuce Teresa 21 Mar. 20 Apr.
Tomato Tres cantos 21 Mar. 20 Apr.
Pepper Padua RZ f1 21 Mar. 20 Apr.
Melon Oro-canari 21 Mar. 20 Apr.
Cucumber Bellpuig 21 Mar. 20 Apr.

Table 1. Criteria to distinguish silicon (Si) accumulators from non-accumulators (Ma and Takahashi,
2002).

Classification Si content (dry wt %) Ratio of Si:calcium Transport type

Accumulators >1 >1 Active and passive
Intermediates 0.5–1 0.5–1 Passive
Excluders <0.5 <0.5 Rejective

Table 3. Nutrient solution used in the experiment.

CE dS·m–1 pH

Macronutrients mM Micronutrients mM
NO3

– H2PO4
– SO4

2– K+ Ca2+ Mg2+ Fe Mn Cu Zn B Mo

2.00z 5.8 10.25 1.50 1.75 4.75 5.00 1.51 15 10 0.75 5 30 0.5
zBased on Sonneveld and Straver (1994).
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cut from the internerve space of each leaf
with a cork borer. The leaf discs were
enclosed in 9-cm-diameter petri plates with
three layers of sterilized filter paper and
3 mL of distilled water to maintain 100%
relative humidity. Four leaf discs were put
into each petri plate. The distance between
leaf tissue discs was �1 cm. Half of the
petri plates from each treatment were in-
oculated by dropping 20 mL of B. cinerea
spore suspension (1.56 · 106 spores/mL)
over the leaf disc center with a micropi-
pette. As a result, we had four different
treatments for each species: plants ferti-
gated with Si and inoculated with B. cinerea
(+Si +Bot.), a control sample without ferti-
gation and inoculated with B. cinerea (–Si
+Bot.), a control sample fertigated with Si
and not inoculated (+Si –Bot.), and a control
sample without Si or inoculation (–Si –Bot.).
The inoculation was carried out according
to the ‘‘leaf-disc assay–spore drop inocu-
lation method’’ described by Wegulo and
Vilchez (2007) with some modifications
(no damage on the surfaces of the leaf
discs).

The petri plates were kept in darkness for
12 h at 16–22 �C before incubation. The petri
plates containing the leaf discs were arranged
in a randomized complete block design, and
five replicates were used. Each petri plate
contained four leaf discs. The plates were
kept at 16–22 �C in 12-h alternating periods
of light and darkness. The necrotic area
percentage was estimated 3, 7, and 14 d after
the inoculation.

The WinDIAS 3 image analysis system
(2009) was used to determine two different
parameters: the area of fungal penetration
and the severity. The area of fungal pen-
etration (Fig. 3A-1) was directly measured
by the program, and the severity was
calculated from the percentage of necrotic
area on leaf discs, including in this ne-
crotic tissue the area of fungal penetration,
shown by 1 in Fig. 3A and 3 in Fig. 3D
and E.

The percentage of necrotic tissue on the
leaf discs was obtained by dividing the area
of necrotic tissue by the total area of the leaf
disc and multiplying the result by 100.

Statistical analysis. The obtained data
were subjected to analysis of variance, and
the means were compared by the Tukey’s
test. The confidence intervals considered
were 95% and 99%, and the software pack-
ages used were Statgraphics Centurion�

16.1.15 and Microsoft Office 2010.

Results and Discussion

Vegetative development. Table 4 shows
some of the main plant growth parameters
observed in the experiment. The inclusion of
Si in the nutrient solution used for the
tomato and pepper seedlings caused a posi-
tive effect on all of the vegetative growth
parameters. In the case of lettuce, all of the
parameters except the number of leaves
increased with the addition of Si. The
cucumber plants showed an increase in

Fig. 3. Details of the methodology used for determining the extent of the damage caused by the penetration
of the pathogen. (A) Leaf discs from pepper plants subjected to the four different treatments 3 d after
inoculation (DAI); 1) with silicon (Si) and Botrytis cinerea inoculum (+Si +Bot.); 2) without Si and
with B. cinerea inoculum (–Si +Bot.); 3) without Si and with distilled water without B. cinerea
inoculum (–Si –Bot.); and 4) with Si and with distilled water without B. cinerea inoculum (+Si –Bot.).
(B) Details of discs 1) and 2) that show (d) the surface on which the drop of water containing the
corresponding solutionwas located. (C) Images from discs 1) and 2) after being processed by the image
analysis software for plant diseases, WinDIAS 3; the blue area corresponds to the healthy parts of the
leaf, and the red area corresponds to the part affected by the pathogen. (D) Disc leaf from a lettuce plant
corresponding to the nutrient solution –Si +Bot. for 3, 7, and 14 DAI. (E) Image d after being processed
by the WinDIAS 3 software: 1) area of pathogen penetration, 2) tissue unaffected, and 3) necrotic
tissue; (d) approximate area and initial location of the drop containing the inoculum.

Fig. 2. Methodology used for measuring the cuticle in detail: (A and B) cucumber plant leaves, (C and D)
tomato plant stems.
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the height, root length, and foliar area. The
melon plant was least affected by the addi-
tion of the nutrient solution containing Si, as
only an increase in the stem diameter was
observed.

The wet weights (Table 5) showed similar
trends to the growth parameters, although the
dry weights of the stems and roots were
unaffected by the addition of Si in the lettuce
and cucumber (Table 6). These results sug-
gest that even though the standard nutrient
solutions used for fertigating these vegeta-
bles generally do not include Si as a nutrient
element to be assimilated (Arnon andHoagland
1940; Cooper, 1996; Hewitt, 1966), Si is
beneficial for the growth of lettuce and
Cucurbitaceae such as melons and cucumber,
in agreement with the results of Sonneveld
and Straver (1994). Additionally, Si is not
used in nutrient solutions for Solanaceae,

such as tomatoes and peppers, but the results
of this study point to the convenience of
including Si in the nutrient solution.

In addition, Toresano-S�anchez et al.
(2010) found that the use of Si in the nutrient
solution has beneficial effects on tomato
production. However, Toresano-S�anchez
et al. (2012) did not find a clear correlation
between melon production and the use of Si
in the nutrient solution.

Cuticle thickness. The cuticle thickness
normally ranges between 0.25 and 2 mm
(Esau, 1977; Holloway, 1982), and even
higher values, between 0.5 and 15 mm, have
also been observed (Tafolla-Arellano et al.,
2013). In this study, the values obtained were
2.40 and 11.56 mm for the leaf and stem cuticle,
respectively, in tomato plants (Table 7). In all
of the plants studied, the values obtained
for the stem cuticles were higher than those
obtained for the leaf cuticles. All of the
values fell within the expected intervals
according to Tafolla-Arellano et al. (2013).
A significant or highly significant increase in
the cuticle thickness was observed in all of
the plants as a result of using Si. The in-
creases in cuticle thickness were 14%, 41%,
and 58% in cucumber, melon, and lettuce
leaves, respectively, whereas the cuticle
thickness increased by 10%, 34%, and 55%
in the stems of pepper, melon, and tomato
plants, respectively.

Resistance to fungal infection. The area
affected by the pathogen is shown in Fig. 4.
This area was significantly smaller in the

three plants 3 d after the inoculation and
remained constant in the case of the lettuce
plants.

The beneficial effects of Si were clearly
observed 3 d after the inoculation of
the affected areas for the three assessed
species.

The presence of a thicker cuticle in
lettuce leaves (58%) is probably related to
the better protection against B. cinerea due
to the presence of Si, compared with cu-
cumber plants (14%), in which the effects
were less significant, or to tomato plants, in
which no significant differences were ob-
served in the leaf cuticle.

Similar results were obtained by Lee et al.
(2004) for Phytophthora capsici infection
in pepper plants. They concluded that the
processes by which Si provides protection
against P. capsici infections and disease de-
velopment are not fully understood, but their
results indicate the involvement of other
mechanisms that form a physical barrier
against fungal penetration.

The severity of the illness caused by B.
cinerea is shown in Fig. 5. Seven days after
the inoculation, the severity of the disease
was reduced significantly in lettuce and
pepper plants that had received a Si solution.
However, 14 d after the inoculation, the
tissue was fully infected, and no differences
were observed.

In the case of the lettuce and pepper
plants, the progression of the disease caused
by B. cinerea is slowed when a nutrient
solution containing Si was used. However,
no clear effects were observed in the tomato
plants.

The results show that fertigating with Si
can be beneficial due to its contribution to
plant growth and the protection it provides
against pathogens such as B. cinerea; this
effect has also been suggested by other
authors, such as Guntzer et al. (2012). In
addition, the results obtained by French-
Monar et al. (2010) show that administering
Si to bell pepper roots can potentially
reduce the severity of the disease caused
by Phytophthora while enhancing plant
growth.

Authors including Chitarra et al. (2013)
reported that the use of Si in hydroponic
lettuce plants significantly reduced the sever-
ity of the diseases caused by important soil-
borne pathogens such as Fusarium oxysporum
f. sp. lactucae, suggesting the possibility of
using this element to improve the efficiency of
soilless crops.

Conclusion

The results show an increase in vegetative
growth greater than 10% in all of the plants
and a significant increase in the thickness of
the plant cuticles.

Additionally, in the case of lettuce
plants, the increase in cuticle thickness
caused by the use of Si in the nutrient
solution provides protection against fungal
penetration by B. cinerea through the cuticle
and slows the progression of the disease

Table 6. Dry weights (g/plant) for the plants with (+Si) and without (–Si) silicon (Si) in the nutrient
solution.

Plant

Root Stem Leaf Total

–Si +Si –Si +Si –Si +Si –Si +Si
Lettuce 0.031 0.031NS 0.013 0.013NS 0.148 0.175** 0.191 0.219*
Tomato 0.078 0.093** 0.218 0.257* 0.408 0.510* 0.705 0.861*
Pepper 0.022 0.034*** 0.049 0.063** 0.103 0.146*** 0.175 0.244**
Melon 0.030 0.032* 0.071 0.080* 0.145 0.150NS 0.244 0.262NS
Cucumber 0.051 0.062NS 0.102 0.105NS 0.158 0.186** 0.310 0.350*

*, **, ***, and NS indicate P # 0.05, P # 0.01, P # 0.001, and no significant difference, respectively.

Table 7. Cuticle thickness (mm) in stem and leaves
for the plants with (+Si) and without (–Si)
silicon (Si) in the nutrient solution.

Plant

Leaf Stem

–Si +Si –Si +Si

Lettuce 2.89 4.58*** nd nd
Tomato 2.79 2.40NS 7.44 11.56**
Pepper nd nd 6.00 6.62**
Melon 2.87 4.07** 5.80 7.82***
Cucumber 4.36 4.98* 7.10 6.82NS

*, **, ***, NS, and nd indicate P# 0.05, P# 0.01,
P # 0.001, no significant difference, and not
determined, respectively.

Table 4. Vegetative growth parameters for the plants with (+Si) and without (–Si) silicon (Si) in the
nutrient solution.

Plant

ht
(cm)

Number of
leaves

Stem diam
(mm)

Root length
(cm)

Foliar area
(cm2/plant)

–Si +Si –Si +Si –Si +Si –Si +Si –Si +Si

Lettuce 13.89 15.56* 6.63 6.84NS 2.83 3.16* 12.05 13.44** 88.46 116.55**
Tomato 28.45 34.95** 6.13 6.75* 4.14 4.68* 11.96 13.31** 99.64 140.70**
Pepper 17.97 19.75* 5.59 5.91* 2.15 2.51** 8.09 9.16** 37.17 51.90**
Melon 18.53 19.36NS 3.50 3.53NS 4.37 4.60* 12.83 13.44NS 43.47 46.89NS
Cucumber 17.11 18.68* 3.91 3.94NS 4.30 4.35NS 10.81 12.00** 39.96 49.83**

*, **, and NS indicate P # 0.05, P # 0.01, and no significant difference, respectively.

Table 5.Wet weight (g/plant) for the plants with (+Si) and without (–Si) silicon (Si) in the nutrient solution.

Plant

Root Stem Leaf Total

–Si +Si –Si +Si –Si +Si –Si +Si

Lettuce 0.52 0.58* 0.21 0.26* 2.81 3.8** 3.54 4.64**
Tomato 0.84 0.94* 2.56 3.67** 2.43 3.14** 5.83 7.75**
Pepper 0.19 0.32** 0.66 0.83** 0.75 1.03** 1.60 2.18**
Melon 0.64 0.74* 1.71 1.89* 1.82 1.89NS 4.17 4.52NS
Cucumber 0.80 1.01** 1.70 2.06** 1.42 1.56* 3.92 4.63*

*, **, and NS indicate P # 0.05, P # 0.01, and no significant difference, respectively.

1450 HORTSCIENCE VOL. 50(10) OCTOBER 2015



inside the leaves of lettuce, tomato, and pepper
plants.

It is recommended to use nutrient solu-
tions with a Si concentration of at least 0.65
mM for all of the studied plants.

Literature Cited

Arnon, D.I. and D.R. Hoagland. 1940. Crop pro-
duction in artificial culture solutions and in

soils with special reference to factors influenc-
ing yields and adsorption of inorganic nutri-
ents. Soil Sci. 50:463–484.

Arnon, D.I. and P.R. Stout. 1939. The essentiality
of certain elements in minute quantity for plant
with special reference to cooper. Plant Physiol.
14:709–719.

Balakhnina, T. and A. Borkowska. 2013. Effects
of silicon on plant resistance to environmen-
tal stresses: review. Intl. Agrophys. 27:225–
232.

Bauer, P., R. Elbaum, and I.M. Weiss. 2011.
Calcium and silicon mineralization in land
plants: Transport, structure and function. Plant
Sci. 180:746–756.

Biss�e, E., T. Epting, A. Beil, G. Lindinger, H. Lang,
and H. Wieland. 2005. Reference values for
serum silicon in adults. Anal. Biochem. 337:
130–135.

Blackman, E. and D.W. Parry. 1968. Opaline silica
deposition in rye (Secale cerale L.). Ann. Bot.
(Lond.) 32:199–206.

Fig. 4. Evolution of the area affected by the pathogen over time for each one of the four different treatments used (%). +Si +Bot., –Si +Bot., +Si –Bot., and –Si –Bot.
refer to the nutrient solutions with silicon (Si) and with Botrytis cinerea inoculum, without Si and with B. cinerea inoculum, with Si and without
B. cinerea inoculum, and without Si and without inoculum, respectively. The different letters indicate significant differences for P # 0.05 at same time after
inoculation.

Fig. 5. Evolution of the severity of the disease over time on leaf discs expressed as the percentage of infected area. +Si +Bot., –Si +Bot., +Si –Bot., and –Si –Bot.
refer to the nutrient solutions with silicon (Si) and with Botrytis cinerea inoculum, without Si and with B. cinerea inoculum, with Si and without B. cinerea
inoculum, and without Si and without inoculum, respectively. The different letters indicate significant differences for P# 0.05 at same time after inoculation.

HORTSCIENCE VOL. 50(10) OCTOBER 2015 1451



Chitarra, W., M. Pugliese, G. Gilardi, M.L. Gullino,
and A. Garibaldi. 2013. Effect of silicates and
electrical conductivity on fusariumwilt of hydro-
ponically grown lettuce. Commun. Agr. Appl.
Biol. Sci. 78(3):555–557.

Cooke, J. and M.R. Leishman. 2011. Silicon concentra-
tion and leaf longevity: Is silicon a player in the leaf
dry mass spectrum? Funct. Ecol. 25:1181–1188.

Cooper, A. 1996. The ABC of NFT. Nutrient film
technique, p. 177. Grower Book, London.

Datnoff, L.E. and F.A. Rodrigues. 2005. The role of
silicon in suppressing rice diseases. APSnet Fea-
tures. doi 10.1094/APSnetFeature-2005-0205.

Deren, C.W. 2001. Plant genotype, silicon concen-
tration, and silicon related responses, p. 149–
158. In: L.E. Datnoff, G.H. Snyder, and G.H.
Korndorfer (eds.). Silicon in agriculture. Studies
in plant science. Vol. 8. Elsevier, Amsterdam.

Epstein, E. 1999. Silicon. Annu. Rev. Plant Phys-
iol. Plant Mol. Biol. 50:641–664.

Esau, K. 1977. Anatomy of seed plants. 2nd ed.
Wiley, New York.

Frantz, J.M., S. Khandekar, and S. Leisner. 2011.
Silicon differentially influences copper toxicity re-
sponse in silicon-accumulator and non-accumulator
species. J. Amer. Soc. Hort. Sci. 136:329–338.

French-Monar, R.D., F.A. Rodrigues, G.H. Kornd€orfer,
and L.E. Datnoff. 2010. Silicon suppresses Phy-
tophthora blight development on bell pepper. J.
Phytopathol. 158(7–8):554–560.

Guntzer, F. 2010. Impact de la culture intensive de
cereales sur les stocks de silice biodisponible
dans les sols europ�eens. PhD thesis, Aix-Marseille
University.

Guntzer, F., C. Keller, and J.D. Meunier. 2012.
Benefits of plant silicon for crops: A review.
Agron. Sustain. Dev. 32:201–213.

Gurr, G.M. and O.L. Kvedaras. 2010. Synergizing
biological control: Scope for sterile insect
technique, induced plant defences and cultural
techniques to enhance natural enemy impact.
Biol. Control 52:198–207.

Haynes, R.J. 2014. A contemporary overview of
silicon availability in agricultural soils. J. Plant
Nutr. Soil Sci. 177:831–844.

He, H., E.J. Veneklaas, J. Kuo, and H. Lambers.
2014. Physiological and ecological signifi-
cance of biomineralizaion in plants. Trends
Plant Sci. 19(3):166–174.

Henriet, C., X. Draye, I. Oppitz, R. Swennen, and
B. Delvaux. 2006. Effects, distribution and
uptake of silicon in banana (Musa spp.) under
controlled conditions. Plant Soil 287:359–374.

Hewitt, E.J. 1966. Sand and water culture methods
used in the study of plant nutrition. 2nd ed.
Tech. Comm. 22. East Malling. Kent.

Hodson, M.J., P.J. White, A. Mead, and M.R.
Broadley. 2005. Phylogenetic variation in the
silicon composition of plants. Ann. Bot. (Lond.)
96:1027–1046.

Holloway, P.J. 1982. The chemical constitution of
plant cuticles, p. 45–86. In: D.F. Cutler, K.L.
Alvin, and C.E. Price (eds.). The plant cuticle.
Academic Press, London, UK.

Jones, L.H.P. and K.A. Handreck. 1965. Studies of
silica in the oat plant III. Uptake of silica from soil
by the plant. Plant Soil 23:79–96.

Jones, L.H.P. and K.A. Handreck. 1967. Silica in
soils, plants and animals. Adv. Agron. 19:
107–149.

Kernan, M. and D.H. Marx. 2000. Plant Health
Care Inc. Technical Bulletin. no 38 12/04/
00.

Khandekar, S. and S. Leisner. 2011. Soluble silicon
modulates expression of Arabidopsis thaliana
genes involved in copper stress. J. Plant Phys-
iol. 168:699–705.

Kim, S.G., K.W. Kim, E.W. Park, and D. Choi.
2002. Silicon-induced cell wall fortification of
rice leaves: A possible cellular mechanism of
enhanced host resistance to blast. Phytopathol-
ogy 92(10):1095–1103.

Korndorfer, G.H. and I. Lepsch. 2001. Effect of
silicon on plant growth and crop yield, p. 133–
147. In: L. Datonoff, G. Korndorfer, and G.
Synder (eds.). Silicon in agriculture. Elsevier
Sci., New York.

Lee, J.S., S.T. Seol, T.C. Wang, H.I. Jang, D.H.
Pae, and L.M. Engle. 2004. Effect of potassium
silicate amendments in hydroponic nutrient
solution on the suppressing of Phytophthora
blight (Phytophthora capsici) in pepper. Plant
Pathol. J. 20:277–282.

Li, J., S.M. Leisner, and J.M. Frantz. 2008. Alle-
viation of copper toxicity in Arabidopsis thali-
ana by silicon addition to hydroponic solutions.
J. Amer. Soc. Hort. Sci. 133:670–677.

Little, T.M. and F.J. Hill. 1978. Agricultural
experimentation: Design and analysis. Wiley,
New York, NY.

Ma, J.F., Y. Miyake, and E. Takahashi. 2001.
Silicons as a beneficialelement for crop plants,
p. 17–39. In: L. Datonoff, G. Korndorfer, and
G. Synder (eds.). Silicon in agriculture. Elsevier
Science, New York.

Ma, J.F. and E. Takahashi. 2002. Soil, fertiliser,
and plant silicon research in Japan. Elsevier,
Amsterdam.

Ma, J.F., N. Yamaji, and N. Mitani-Ueno. 2011.
Transport of silicon from roots to panicles in
plants. Proc. Jpn. Acad. Ser. B Phys. Biol. Sci.
87:377–385journal.

Ma, J.F., N. Yamaji, N.Mitani, K. Tamai, S. Konishi,
T. Fujiwara, M. Katsuhara, and M. Yano. 2007.
An efflux trasporter of silicon in rice. Nature
448:209–212.

Marschner, P. 2012. Marschner’s mineral nutrition
of higher plants. 3rd ed. Academic Press,
Waltham, MA.

Morales, I. and M. Urrestarazu. 2013. Thermogra-
phy study of moderate electrical conductivity
and nutrient solution distribution system effects
on grafted tomato soilless culture. HortScience
48:1508–1512.

Neumann, D. and U. Zur Nieden. 2001. Silicon and
heavy metal tolerance of higher plants. Phyto-
chemistry 56:685–692.

Petersen, R.G. 1994. Agricultural field experi-
ments. Marcel Dekker, New York, NY.

Pozo, J., J.E. �Alvaro, I. Morales, J. Requena, P.C.
Mazuela, and M. Urrestarazu. 2014. A new
local sustainable inorganic material for soilless
culture in spain: Granulated volcanic rock.
HortScience 49:1537–1541.

Prychid, C.J., P.J. Rudall, and M. Gregory. 2003.
Systematics and biology of silica bodies in
monocotyledons. Bot. Rev. 69:377–440.

Rafi, M.M. and E. Epstein. 1999. Silicon absorp-
tion by wheat (Triticum aestivum L.). Plant Soil
211:223–230.

Rafi, M.M., E. Epstein, and R.H. Falk. 1997.
Silicon deprivation causes physical abnormal-
ities in wheat (Triticum aestivum L.). J. Plant
Physiol. 151:497–501.

Richmond, K.E. and M. Sussman. 2003. Got
silicon? The non-essential beneficial plant nu-
trient. Curr. Opin. Plant Biol. 6:268–272.

Savvas, D., D. Giotis, E. Chatzieustratiou, M. Bakea,
and G. Patakioutas. 2009. Silicon supply in soil-
less cultivations of zucchini alleviates stress
induced by salinity and powdery mildew infec-
tions. Environ. Expt. Bot. 65:11–17.

Sonneveld, C. and N.B. Straver. 1994. Nutrient
solution for vegetables and flowers grown in
water or substrates. Voedingspolossingen glas-
tijnbouw 8:1–33.

Stamatakis, A., N. Papadantonakis, N. Lydakis-
Simantiris, P. Kefalas, and D. Savvas. 2003.
Effects of silicon and salinity on fruit yield and
quality of tomato grown hydroponically. Acta
Hort. 609:141–147.

Tafolla-Arellano, J.C., A. Gonz�alez-Le�on, M.E.
Tiznado-Hern�andez, L.Z. Lorenzo-Zacarı́as
Garcı́a, and R. B�aez-Sa~nudo. 2013. Compo-
sition, physiology and biosyntheis of plant
cuticle. Revista Fitotecnia Mexicana 36(1):
3–12.

Takahashi, E. and K. Hino. 1978. Silica uptake
by rice plant with special reference to the forms
of dissolved silica. J. Sci. Soil Manure 49:357–
360.

Toresano-S�anchez, F., M. Dı́az-P�erez, F. Di�anez-
Martı́nez, and F. Camacho-Ferre. 2010. Effect
of the application of monosilicic acido on the
production and quality of triploid watermelon.
J. Plant Nutr. 33(10):1411–1421.

Toresano-S�anchez, F., A. Valverde-Garcı́a, and
F. Camacho-Ferre. 2012. Effect of the applica-
tion of silicon hydroxide on yield and quality of
cherry tomato. J. Plant Nutr. 35(4):567–590.

Van Bockhaven, J., D. De Vleesschauwer, and
M. H€ofte. 2013. Towards establishing broad-
spectrum disease resistance inplants: Silicon
leads the way. J. Expt. Bot. 64(5):1281–
1293.

Wegulo, S.N. and M. Vilchez. 2007. Evaluation of
lisianthus cultivars for resistance to Botrytis
cinerea. Plant Dis. 91:997–1001.

WinDias 3. 2009. WD3 - WinDIAS Leaf Image.
Analysis System. Delta-T Devices Cambridge,
UK.

Yoshida, S. 1981. Fundamentals of rice crop
science. International Rice Research Institute,
Los Ba~nos, Laguna, Philippines.

Zellner, W., J. Frantz, and S. Leisner. 2011. Silicon
delays tobacco ringspot virus systemic symp-
toms in Nicotiana tabacum. J. Plant Physiol.
168:1866–1869.

Zhu, Y. and H. Gong. 2014. Beneficial effects of
silicon on salt and drought tolerance in plants.
Agron. Sustain. Dev. 34(2):455–472.

1452 HORTSCIENCE VOL. 50(10) OCTOBER 2015


