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Abstract

The aim of the study has been to assess the efficiency of choline-stabilized orthosilic acid (ch-O-
SA; bioavailabile form of silicon) application under increasing intensity of manganese stress on
the chemical composition of plants and yielding of tomato (Lycopersicon esculentum Mill. cv.
Alboney F, and cv. Emotion F)). Plants were grown in rockwool with the application of a
nutrient solution of the following chemical composition (mg dm®): N-NH, 2.2, N-NO, 230,
P 50, K 430, Ca 145, Mg 65, CI 35, S-SO, 120, Fe 2.48, Zn 0.50, Cu 0.07; pH 5.50, EC 3.00 mS
cm. The following manganese levels in the nutrient solution were tested (mg dm®): 9.6 and
19.2. The effect of ch-OSA application (at a concentration of Si equal 0.3 mg dm™ of the nutrient
solution) was investigated at both Mn-levels. The ch-OSA application alleviated Mn toxicity by
increasing the biomass production in the Mn-low variant (+ 8.2% for Alboney F, and 16.8% for
Emotion F,, the differences being significant for Emotion F)), whereas the ch-OSA application in
the Mn-high variant did not influence the plant yielding. All the factors affected the plant
nutrient status and the chemical composition of tomato fruits. The chemical composition of
leaves depended on (means of all the studied combinations): Mn (K, Na) and ch-OSA nutrition
(N, Mg, Na), cultivar (for P, K, Ca, Na), but in the case of fruits significant differences were fo-
und between Mn (N, P, Ca, Mg) and ch-OSA nutrition (N, Mg, Na) and cultivar (N, P). In both
Mn-levels, visual symptoms of manganese toxicity appeared on plants — in the Mn-high variant,
they were observed after 4 weeks, while in the case of the Mn-low variant - after 10 weeks of
exposure to strong Mn-stress. Treatment with ch-OSA at both of the studied Mn levels did not
prevent the development of visual toxicity symptoms on the plants.

Keywords: ch-OSA, silicon, Lycopersicon esculentum Mill., fertigation, manganese, yielding,
leaves, fruits, macronutrients.

dr inz. Tomasz Kleiber, Chair of Plants Nutrition, Poznan University of Life Sciences, Zgorze-
lecka 4, 60-198 Poznan, Poland, e-mail: tkleiber@up.poznan.pl



898

INTRODUCTION

The optimal level of Mn in the nutrient solution used for tomato fertiga-
tion ranges from 0.3 to 0.6 mg dm and could vary from cultivar to cultivar
(KLEIBER et al. 2014). Most of groundwater to a depth of 100 m contains lower
quantities of this micronutrient, while about 5% of water used to prepare
nutrient solutions may contain 1 - 4.5 and even up to 10 mg Mn dm (SAWINIAK
1990). Precision of micro-nutrition significantly affects plant yielding (KLEIBER
et al. 2014).

Silicon is an element which alleviates the Mn-stress of plants (EpSTEIN
1999, Iwasaki, MATSUMURA 1999, SHI et al. 2010) and may significantly change
the nutrient uptake and plant yielding (EpsTEIN 1999, Az1z et al. 2002, JAROSZ
2013). The earliest studies focusing on this problem were conducted on lettu-
ce as a model plant, using e.g. silica sol and choline- stabilized orthosilic acid
(ch-OSA) as sources of Si (KLEIBER 2014a, KLEIBER et al. 2015). Ch-OSA is
known as a bioavailable form of silicon (EUROPEAN FOOD SAFETY
AUTHORITY 2009) and may also be used in human therapy (SPEcTOR et al.
2008): combined ch-OSA treatment with Ca/Vit D3 had a potential beneficial
effect on bone collagen compared to Ca/Vit D3 alone, which suggests that
this treatment is of potential use in osteoporosis.

The aim of the conducted study was to alleviate the effect of choline- sta-
bilized orthosilic acid (ch-OSA; as sources of the bioavailable silicon form)
treatment on tomato grown under varied Mn stress. Research on the allevia-
tion of stress caused by an excessive Mn content in a nutrient solution is of
particular importance in the case of tomato because of its large cultivation
area and high consumption (GUS 2012).

MATERIAL AND METHODS

Plant-growing experiments were conducted in 2013-2014 in a greenhouse
of the Department of Plant Nutrition, the Poznan University of Life Sciences.
The aim of this study was to assess the effect of ch-OSA application under
increasing Mn stress on the chemical composition of leaves and fruits and
plant yielding of tomato grown in rockwool. The experiments were esta-
blished using the randomized complete block design in 4 replications. Biolo-
gical pest control was applied. All cultivation measures were performed in
accordance with the current recommendations for tomato growing.

The experiments were conducted on two tomato cultivars (Lycopersicon
esculentum Mill. cv. Alboney F, and cv. Emotion F)), with 3 studied factors:
A — Mn nutrition; B — ch-OSA treatment (source of bioavailable Si); C — cul-
tivar. Seeds were sown to cultivation cups in the 3" decade of March in each
year of the study. After 2-3 weeks, seedlings were transplanted to rockwool
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cubes (10 X 10 X 10 cm). Plants were transplanted to permanent beds in the
first week of May. The experiment was continued until the end of August
each year. Plants, after their transplantation to the permanent site, were
fertigated with a standard nutrient solution of the following chemical compo-
sition (mg dm™®): N-NH, 2.2, N-NO, 230, P 50, K 430, Ca 145, Mg 65, Cl 35,
S-S0, 120, Fe 2.48, Zn 0.50, Cu 0.07, pH 5.50 and EC 3.00 mS cm™. Plants
were grown in standard rockwool (Grodan, 100 x 15 x 7.5 cm, 60 kg m?) at a
stocking of 2.5 plants m2.The following Mn nutrition levels were examined
(mg dm): 9.6 and 19.2 (denoted as Mn-9.6/Mn-low and Mn-19.2/Mn-high).
In each Mn treatment, the effect of ch-OSA application (content of Si equal
0.3 mg dm* of nutrient solution) was investigated. Manganese II sulfate
monohydrate pure pro analisis (MnSO, H,0O, 32.3% Mn) and choline-stabi-
lized orthosilicic acid (ch-OSA; 0.6% Si; Actisil; Yara Poland) were the sour-
ces of the analyzed nutrients. The fertilizer dose in the nutrient solution
depended on the development phase of plants and climatic conditions in the
greenhouse. During the intensive yielding of plants and high temperatures
(June — August) 3.0-3.5 dm? nutrient solution per plant was supplied daily in
15-20 single doses, with 20-30% effusion of drain water from the slabs.

During the plants’ growth and development, material samples were col-
lected to determine the content of N, P, K, Ca, Mg and Na. The index parts
(8*1-9% fully expanded leaves counting from the apex) were collected at
monthly intervals (15.06, 15.07 and 16.08 each year). One bulk sample com-
prised 6 leaves. Every year, in the first decade of August representative
samples of fruits were also collected. In order to determine the total forms of
nitrogen, phosphorus, potassium, calcium, magnesium and sodium, homoge-
nized plant material was digested in concentrated sulphuric acid. After plant
material mineralization, the following determinations were made: total nitro-
gen — by the distillation method acc. to Kjeldahl in a Parnas-Wagner appara-
tus, phosphorus — colorimetrically with ammonium molybdate (acc. to Schil-
lak), potassium, calcium, magnesium and sodium — by atomic absorption
spectrometry method (on a Carl Zeiss Jena apparatus). The results were
processed by Anova and the Duncan test (¢ = 0.05).

RESULTS ANS DISCUSSION

Plant yielding and toxicity symptoms

The optimal level of Mn in the nutrient solution in the case of Alboney
F, ranges from 0.3 to 0.6 mg dm™, while in the case of Emotion F, it equals
0.6 mg dm (KLEIBER et al. 2014). Excessive Mn nutrition caused a significant
reduction of plant yielding and led to chemical problems with the nutrient
status of plants. The plant yielding was found to have been decreasing under
the growing manganese stress (Figure 1). At the Mn-low level for both culti-
vars treated with ch-OSA, an upward trend for fruit yielding was found, but
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Fig. 1. The influence of manganese and choline-stabilized orthosilic acid (ch-OSA) nutrition
on tomato yield (mean from the years 2013-2014, kg plant?)

Key for Figures 1 and 2: means marked with different small letters differ significantly;
means marked with different capital letters differ significantly (separately for each factor)

it was significant only in cv. Emotion F,. At the Mn-high level, there was no
significant influence of ch-OSA treatment on yielding. Similar findings were
reported by Iwasaki et al. (2002): the alleviating effect of Si nutrition could
vary depending on the severity of manganese stress. The mean yield of fruits
from cv. Emotion F, was higher than from Alboney F,. Sur et al. (2010) con-
firms that the response of plants under heavy metal stress to Si nutrition
could be cultivar-specific. In terms of the mean of all the combinations, the
treatment with ch-OSA did not differentiate tomato yielding. Typical and
characteristic symptoms of Mn toxicity are brown spots in older leaves,
which may also be followed by chlorosis and necrosis, and the browning of
roots (HorsT, MARSCHNER 1978). Brown spots appear where oxidized Mn and
oxidized phenolic compounds accumulate in the walls of epidermal cells
(HoricucHr 1987, WISSEMEIER, HorsT 1992). The earliest symptoms of Mn-tox-
icity on the plants (midrib browning and browning of leaf blade margins, as
well as necrosis of leaves and decay vertex inflorescences) were manifested
appeared after about 4 weeks of exposure to Mn-19.2. In the case of Mn-9.6,
despite a markedly increased plant yielding for Alboney F, and a significan-
tly increased plant yielding for Emotion F, induced by choline-stabilized or-
thosilicic acid, Mn toxicity symptoms were observed after 10 weeks of expo-
sure. The application of ch-OSA did not prevent visual toxicity symptoms on
the plants at either of the tested Mn-levels.

Silicon is involved in the metabolic or physiological changes in plants
(Liancg 1999). Different forms of this element, e.g. choline-stabilized orthosi-
licic acid and silica sol, may be used to alleviate the Mn stress of plants.
KuEIBER (2014a) proved that an increased ch-OSA concentration in a nutrient
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solution (within range 0.21-0.63 mg Si dm™) significantly improved the yiel-
ding of lettuce grown under strong Mn-stress. Si lowered the apoplastic Mn
concentration in cowpea and may modify the cation binding capacity of the
cell wall (Horst et al. 1999). One possible mechanism occurring between Si
and the metals is the reduction of the activity of toxic metal ions in the me-
dium (HIRADATE et al. 1998). Benefits of silicon actuation have recently been
reported in connection with physiological parameters such as stomatal con-
ductance (GUNEs et al. 2007) or photosynthesis (Sacara 2009). LoBaTo et al.
(2013) stated that an increased Si nutrition under water deficiency caused
positive and significant changes of transpiration rate and the chlorophyll (a,
b and total) content. KLEIBER et al. (2015) observed that higher Si concentra-
tions in a nutrient solution (in the form of silica sol) significantly influenced
plant nutrient status and alleviated the Mn stress as well as stimulating
fresh matter production, RWC (Relative Water Content) and the number of
leaves in lettuce. The response to Si nutrition could vary depending on a
cultivar (LoBaTo et al. 2013). Generally, positive symptoms of Si nutrition
under Mn-stress include an increase in biomass production (MaKsIMOVIC et al.
2007, 2012). Manganese present in Si-treated plants is therefore less avail-
able and for this reason less toxic than in plants not treated with Si (RoGAL-
LA, RoMHELD 2002). Also, other authors observed a similar tendency for im-
proved tomato yielding after Si nutrition (STaMATAKIS et al. 2003,
ToORESANO-SANCHEZ et al. 2012, Jarosz 2014). A similar positive effect of Si
nutrition on growth of horticultural plants under Mn stress was found for
cucumber (RocaLLa, ROMHELD 2002).

Plant chemical composition

The determined content of N, P, K, Ca, Mg and Na was higher in leaves
than in fruits (Tables 1-2, Figure 2). Generally the content of nitrogen in

Table 1

The influence of manganese and choline-stabilized orthosilic acid (ch-OSA) nutrition on the content of N, P, K
in tomato leaves (g kg' DM) and their coefficients of variation (CV, %) mean from the years 2013-2014

Mn level ch-OSA Cultivar Term Ccv
(&) B) © June | July | August | mean (%)
N
Alboney F, 35.7 33.6 31.5 33.6 be 5.10
0.6 Emotion F, 28.7 28.0 27.3 28.0a 2.04
+ Alboney F, 38.5 34.7 30.8 34.7 be 9.07
Emotion F, 34.1 34.2 34.6 34.3 be 0.01
Alboney F| 35.0 33.3 31.5 33.3 be 4.30
19.9 Emotion F| 32.9 32.2 31.5 32.2 be 1.77
+ Alboney F 30.1 30.8 31.5 30.8 ab 1.86
Emotion F| 40.6 36.1 31.5 36.1¢c 10.31
mean 34.5 32.8 31.3
Mn-9.6 32.6 A mean ch-OSA-| 3184 mean Alboney F| | 33.1 A
Mean for A -
Mn- 19.2 33.14 forB | ch-OSA+| 34.0 B forC | Emotion F, | 32.6 A
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cont. Table 1

Mn level ch-OSA Cultivar Term Ccv
&) B © June | July | August | mean (%)
P

Alboney F, 7.89 8.35 8.90 8.38a 4.93

06 Emotion F 9.35 10.22 11.00 10.19 ab 6.61

+ Alboney F| 8.67 9.12 9.54 9.11a 3.90

Emotion F| 11.18 11.97 12.70 11.950 5.19

Alboney F| 7.87 10.24 12.60 10.24 ab 18.86

199 Emotion F| 9.80 10.22 10.50 10.17 ab 2.83

+ Alboney F, 6.55 8.57 10.50 8.54 a 18.88

Emotion F, 7.41 8.80 10.30 8.84 a 13.35

mean 8.59 9.69 10.76
Mn-9.6 9.99 A mean ch-OSA-| 975 A mean Alboney F 9.07A
Mean for A - 1
Mn-19.2 9.44 A forB | ch-OSA+| 9.614 for C | Emotion F, | 10.30 B
K

Alboney F| 48.8 48.3 45.3 475 ¢ 3.18

Emotion F| 40.9 42.4 42.6 42.0a 1.83

96 + Alboney F, 46.0 47.5 48.8 474 ¢ 2.43

Emotion F, 48.9 47.5 48.0 48.1¢ 1.19

Alboney F, 48.5 46.3 43.6 46.1 be 4.34

Emotion F 45.0 43.2 42.6 43.6 ab 2.32

19.2 + Alboney F, 474 45.7 43.5 45.5 be 3.51

Emotion F, 40.6 43.1 45.6 43.1 ab 4.72

mean 45.8 45.5 45.0
Mn-9.6 46.3 B mean |ch-OSA-| 449A4 mean Alboney F| | 46.7 B
Mean for A

Mn-19.2 44.6 A forB | ch-OSA+| 46.0A forC | Emotion F, | 44.2 4

Key for Tables 1 and 2: means in columns marked with different small letters differ significantly; means in
columns marked with different capital letters differ significantly (separately for each factor)

leaves was stable for Alboney F,, but it increased with the higher Mn concen-
tration for Emotion F,. The nitrogen content in leaves was influenced by the
ch-OSA treatment, whereas no effect of a cultivar was observed. The most
stable content of nitrogen during the plant growing period was recorded in
Emotion F, at Mn-low treated with ch-OSA (coefficient of variation: CV
0.01%) while the biggest fluctuations were found for the same cultivar at
Mn-high with ch-OSA application (CV 10.31%; Table 1). In most cases, the
coefficient of variation did not exceed 10%. The mean content of nitrogen
from all variants of the studied factors was lower in the last term of sam-
pling (August; -6.48%) than in June. In the case of plants grown at Mn-low
treated and un-treated with ch-OSA (separately in cv.), the N content trend
during the growing season was similar. The N content trend in fruits de-
pended on Mn (higher for Mn-19.2) and Si (higher for ch-OSA+) nutrition as
well as the cultivar (higher content was determined for Alboney F)). The
content of phosphorus in leaves depended significantly on a cultivar. Neither
Mn level nor ch-OSA nutrition influenced the content of this nutrient. The
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Table 2

The influence of manganese and choline-stabilized orthosilic acid ch-OSA nutrition on the content of Ca, Mg,
Na in tomato leaves (g kg DM) and their coefficients of variation (CV, %), mean from the years 2013-2014

Mnlevel | ch-OSA | (i o Term cv
@) ® June | July August | mean )
Ca
Alboney F, 23.6 28.5 30.4 275a 10.51
. Emotion F| 25.1 28.6 32.5 28.7a 10.50
Alboney F, 21.4 28.2 37.4 29.0 a 22.64
i Emotion F 40.0 37.3 38.1 38.4b 2.95
Alboney F, 30.7 31.9 33.6 32.1 ab 3.63
19.2 Emotion F 23.7 33.0 45.8 34.1ab 26.47
. Alboney F, 26.7 31.3 32.2 30.1 ab 8.08
Emotion F| 37.6 38.5 39.2 38.4b 1.67
mean 28.6 32.2 36.1
Mean Mn-9.6 30.8 A mean ch-OSA - 30.6 A mean Alboney F| | 29.7 A
forA | Mn-19.2 33.8 A forB | ch-0SA+| 3394 forC | Emotion F, | 34.8 B
Mg
Alboney F| 7.81 7.51 7.97 7.76 a 2.46
Emotion F| 8.29 7.68 7.06 7.68 a 6.54
96 . Alboney F| 9.16 7.92 6.74 794 a 12.45
Emotion F, 11.66 9.21 6.97 9.28 ab 20.64
Alboney F, 7.60 7.74 7.59 7.64 a 0.87
199 Emotion F 6.92 7.53 7.92 7.46 a 5.52
. Alboney F, 8.71 9.11 9.52 9.11 adb 3.63
Emotion F 11.65 10.35 8.76 10.25 b 11.53
mean 8.98 8.38 7.82
Mean Mn-9.6 8.14 A mean ch-OSA - 7.63 A mean Alboney F| | 8.10 A
for A Mn-19.2 8.63 A forB | ch-OSA+| 9.15B forC | Emotion F, | 8.67 A
Na
Alboney F| 0.17 0.18 0.20 0.19a 7.52
Emotion F| 0.15 0.18 0.21 0.18 a 15.72
96 . Alboney F| 0.23 0.23 0.22 0.23 ab 2.16
Emotion F 0.35 0.32 0.29 0.32 be 8.60
Alboney F| 0.19 0.18 0.16 0.18 a 7.71
19.2 Emotion F 0.17 0.20 0.23 0.20 a 12.00
. Alboney F| 0.19 0.22 0.26 0.22 ab 13.96
Emotion F| 0.27 0.41 0.54 0.41c¢ 27.73
mean 0.17 0.18 0.20
Mean Mn-9.6 022 A mean ch-OSA - 0.184 mean Alboney F, | 0.20 A
forA | Mn-19.2 0.25 B forB | ch-0SA+ | 0.29B forC | EmotionF, | 0.28 B

recorded coefficients of variation in the case of phosphorus varied from 2.83
to 18.88% (respectively for Emotion F, at Mn-high and Alboney F, at the
same Mn-level treated with ch-OSA). In most cases, the coefficient of varia-
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Fig. 2. The influence of manganese and choline-stabilized orthosilic acid (ch-OSA)
nutrition on macronutrient and sodium content in tomato fruits
(mean from the years 2013-2014, g kg DM)

tion did not exceed 10%. During the plant growing period, the mean content
of P in leaves increased by about 25.3% (from June to August). A similar
trend was found in every combination. In fruits, the mean P content varied,
depending on the Mn-level and cultivar. At the low-Mn variant, ch-OSA ap-
plication caused a significant increase in the fruit P content, but a reverse
trend was determined in the Mn-high variant. At the Mn-low combination,
ch-OSA application caused a significant increase in the content of potassium
in cv. Emotion F, (both in leaves and fruits), while in the case of Alboney F,
the above treatment decreased the K content in fruits. In the Mn-high vari-
ant, the content of potassium in leaves was stable, but decreased significant-
ly in fruits of cv. Emotion F, under the ch-OSA treatment. For mean values,
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a significant influence of the Mn-level and cultivar was found in the case of
the K content in leaves, but the effect on the fruit K content was non-signif-
icant. Generally, the content of potassium in leaves was stable comparing
with N and P — the coefficient of variation ranged from 1.19 to 4.72% (for
Emotion F, at Mn-low/ch-OSA+ and Mn-high treated with ch-OSA). The
mean content of K in the subsequent months was similar (Table 1).

The calcium content in leaves in the Mn-low variant significantly in-
creased for Emotion F, after ch-OSA application to the nutrient solution used
for plant fertigation, but the other determined changes were non-significant
(Table 2). In turn, in the case of fruits, a significant upward trend was found
after ch-OSA in cv. Alboney F, in the Mn-low variant (Figure 2). At the Mn-
high level, ch-OSA+ caused a significant reduction in the content of Ca in cv.
Emotion F,. In terms of the mean values, the cultivar’s Ca content in leaves
changed, but a significant impact of the Mn-level was observed in fruits. The
coefficient of variation (CV) ranged from 1.67 to 26.47 (for cv. Emotion F, at
Mn-high, treated and un-treated with ch-OSA). Generally, the content of
calcium in leaves increased during the plant growing period (mean about
26.2%; except cv. Emotion at Mn-low treated with ch-OSA, where the content
of Ca decreased). The mean content of magnesium in leaves was significantly
higher under the application of choline-stabilized orthosilic acid. At Mn-high,
in cv. Emotion F, treated with ch-OSA as a source of Si the Mg status of
leaves improved significantly. In fruits, both Mn and ch-OSA nutrition sig-
nificantly influenced the content of magnesium. For the Mn-high variant, a
significant decrease of the Mg content in both cultivars was observed in ch-
OSA-treated plants. The most stable content of magnesium was recorded in
Alboney F, at Mn-high un-treated with ch-OSA (CV 0.87%), while the high-
est fluctuations (CV 20.64%) were found for cv. Emotion F, at Mn-low with
ch-OSA application. Nonetheless, in most cases, the coefficient of variation
did not exceed 10%. The mean content of Mg during the growing season de-
creased by about 14.8%, although some discrepancies were found (Alboney
F,: at Mn-low untreated with ch-OSA and Mn-high untreated/treated with
ch-OSA; Emotion F, at Mn-high ch-OSA-). The treatment of plants with ch-
OSA caused a significant upward trend for the sodium content in leaves and
fruits of cv. Emotion F, (both in Mn-low and Mn-high). The content of Na in
leaves was significantly influenced by all the studied factors, while in fruits
it was only modified by ch-OSA application. The recorded coefficients of vari-
ation (CV) of the Na content were highly varied: from 2.16% (Alboney F, at
Mn-low treated with ch-OSA) to 27.73% (Emotion F, at Mn-high treated with
ch-OSA). The mean content of sodium in leaves increased by about 15%,
from 0.17 to 0.20 g kg' DM (June — August), except Alboney F /Emotion F,
at Mn-low treated with ch-OSA, Alboney F, at Mn-high untreated with ch-
OSA).

The research results showed a significant influence of manganese and
ch-OSA (as a source of silicon) nutrition on the chemical composition of
leaves. Silicon promotes modifications of nitrogen metabolism (WATANABE et
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al. 2001). In studies conducted with a fertilizer containing choline-stabilized
orthosilic acid as a source of Si, KLEIBER (2014a) reported significant changes
of macro- and micronutrient content in aerial parts of lettuce grown under
Mn-stress: a downward trend for N (for 0.21 and 0.63 mg Si dm™®), an up-
ward trend for P (for 0.42 and 0.63 mg Si dm), K (for 0.21 and 0.42 mg Si
dm?), Ca (for all the Si-treatments) and Mg (only for 0.21 mg Si dm), while
no significant changes were observed in the Na content when compared with
the control. LEE et al. (2000) claimed that Si addition to the nutrient solution
had a positive effect on the P uptake. The content of Si in the plant root zone
significantly influenced the potassium content in leaves (Jarosz 2013), which
was also detected in oour experiments, albeit only in cv. Emotion F, grown in
the Mn-low variant. Silicon treatment may increase the Ca concentration in
plant tissues and hence restore membrane integrity (Kava et al. 2006). Sili-
con also significantly improves RWC. Potassium and sodium are important
nutrients in the osmotic adjustment of plants. In the current study, signifi-
cant changes in the content of those nutrients (especially sodium) were found
in combinations including ch-OSA application. Kava et al. (2006) reported
that under drought stress Si nutrition may result in an improved supply of
potassium. Aziz et al. (2002) found a decrease in the content of N and K in
plants with a simultaneous increase in the content of Ca and Mg in plants
under Si nutrition. Silicon nutrition has a limited effect on calcium concen-
trations in plants (Lianc 1999), but the actual response could vary from cul-
tivar to cultivar. Many authors found a decrease in the content of calcium in
plants under increasing Si nutrition (Ma, TarkaHAsHI 1993, EpsTEIN 1999,
CHEN et al. 2011, Jarosz 2013). In the current study, the Na content was
found to increase under ch-OSA application, whereas some authors (MaTOH
et al. 1986, Lianc 1999) found an opposite trend for the sodium content. Ma-
ToH et al. (1986) reported also a positive influence of Si on dry matter pro-
duction in salinity stressed plants.

The chemical composition of fruit harvested from plants of the Si treat-
ment with a standard level of manganese in the nutrient solution (0.54 mg
dm?) showed similar levels of elements to those in the control, except for
manganese (JARosz 2014). KLEIBER (2014b) found similar nitrogen content in
tomato fruits stressed by an increasing intensity of manganese nutrition (9.6
and 19.2 mg dm? of nutrient solution) and a similar trend for the phosphorus
content, although the concentrations determined by this author were two-fold
higher. Jarosz (2013) showed a positive influence of Si (in the form of silica
sol) manifested by a decreasing N content in cucumber fruits. The K content
in fruit determined in the present study was similar to that found by KLEIBER
(2014b). The content of K and Ca in cucumber fruits varied depending on a
Si concentration in the root zone of plants (Jarosz 2013). It is known that
increased Mn nutrition causes a significant reduction of Ca and Mg levels in
tomato fruits (KLEIBER 2014b).

Notably, the response of the two tomato cultivars in the Mn-low variant
was a varied, with a positive influence of ch-OSA application to the nutrient
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solution on plant yielding. In the case of cv. Emotion F , the application of Si
significantly increased the content of N, K, Ca and Na in leaves when com-
pared with the un-treated plants. Simultaneously, an upward trend was
found for N, P, K and Na in tomato fruits, which coincided with the stable
levels of Ca and Mg. The response of cv. Alboney F, was different, with no
changes of N, P, K, Ca, Mg and Na levels in leaves and an increasing con-
tent of P and Ca, decreasing content of N and K and no significant changes
of Mg and Na levels in tomato fruits. The chemical composition of tomato
leaves depended on (means for all the studied combinations): Mn (K, Na) and
ch-OSA nutrition (N, Mg, Na), cultivar (for P, K, Ca, Na). In the case of
fruits, significant differences were found between Mn (N, P, Ca, Mg) and ch-
OSA nutrition (N, Mg, Na) and cultivar (N, P). The coefficients of variation
(CV) of nutrients in leaves ranged from (in %): N 0.01-10.31; P 2.83-18.88; K
1.19-3.72; Ca 1.67-26.47; Mg 0.87-20.64; Na 2.16-27.73. A coefficient of varia-
tion in the range of 0-20% indicates low diversity, while in the range of 20-
40% suggests average variation between the sampling dates. In many cases,
the variability of the nutrients should be considered to be low. Given all the
factors, greater variability (CV) was demonstrated in the case of cv. Emotion
F, than cv. Alboney F,. Also the increasing Mn nutrition and ch-OSA appli-
cation caused higher variability.

CONCLUSIONS

1. The increasing manganese nutrition and tomato cultivar significantly
influenced plant yielding.

2. The response of tomato plants to the application of choline-stabilized
orthosilic acid (ch-OSA) as a bioavailable form of silicon varied: ch-OSA tre-
atment improved plant yielding at Mn-low (significant for cv. Emotion F))
but did not influence the yielding of either cultivar at Mn-high level.

3. All the experimental factors affected the plant nutrient status and
chemical composition of tomato fruits.

4. The treatment with ch-OSA increased the N and Na content and
decreased the Mg content, while Mn nutrition significantly increased the
content of N and decreased the content of P, Ca and Mg in tomato fruits.

A significantly higher content of N and P in fruits was determined for cv.
Alboney F,.

5. The chemical composition of leaves depends on (means of all the stu-
died combinations): Mn (K, Na) and ch-OSA nutrition (N, Mg, Na) and culti-
var (for P, K, Ca, Na).

6. The ccoefficients of variation (CV) of the nutrients in leaves ran-
ged from (in %): N 0.01-10.31; P 2.83-18.88; K 1.19-3.72; Ca 1.67-26.47,;
Mg 0.87-20.64; Na 2.16-27.73.
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7. Despite the improved yielding of plants treated with ch-OSA in the
Mn-low variant, visual symptoms of manganese toxicity appeared on
the plants. Visual symptoms were also noticed in the Mn-high variant.
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