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Abstract

This study aimed to evaluate whether silicon application in the nutrient solution is efficient in relieving stress caused by nutrient
deficiency (N, K, Ca, Mg, and S) in the forages BRS Zuri (Panicum maximum) and BRS RB331 Ipypora (Brachiaria ruziziensis
x Brachiaria brizantha). Two experiments were carried out in a greenhouse with both forages, with plants grown in a nutrient
solution in pots filled with washed sand. Treatments were arranged in a completely randomized block design, with five replica-
tions and consisted of complete solution (control) and individual omission of nitrogen, potassium, calcium, magnesium, and
sulfur in the absence (~Si) and presence of silicon (+Si) at a concentration of 2 mmol L™ applied via nutrient solution as
stabilized potassium sodium silicate. The dry mass of the shoot, root, and clump residual material, accumulation and use
efficiency of nutrients, and the description of symptoms of nutritional deficiency were evaluated. Silicon addition in the nutrient
solution favored shoot dry matter production and root dry matter production of both forages, in treatments with K, Ca, and Mg
omission; the same effect was not observed for N and S. We conclude that the application of silicon attenuates the effects of
potassium, calcium, and magnesium deficiency in forages BRS Zuri and BRS RB331 Ipypora, as it increases the accumulated
shoot dry mass, due to the greater efficiency in the use of these nutrients. The beneficial effect of silicon was not important in
forage plants with nitrogen and sulfur deficiency.
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1 Introduction

Cultivation of grasses of the genera Panicum and Brachiaria has
stood out in livestock for their ability to adapt to various envi-
ronmental and management conditions (Monteiro et al. 1995)
due to the high production capacity of good quality leaf dry
matter (Kissmann 1997) if nutrient availability is adequate.
Problems of nutritional deficiency of forage cultivations in
tropical regions, especially macronutrients, occur with high
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frequency due to the low soil fertility (Prado et al. 2011) and
restricted use of fertilizers, harming plant growth.

Silicon is used to reduce different stresses in plants such as
water deficit (Camargo et al. 2019) and arsenic toxicity
(Maghsoudi et al. 2019) and also, increase the availability of
nutrients like P (Wang et al. 2019). Although studies with
forage grasses are scarce in relation to Si, there are beneficial
effects of the element on Brachiaria brizantha plants (Sarto
et al. 2016; Moro et al. 2018). In the literature, there are only
studies restricted to potassium in sorghum (Chen et al. 2016)
and soybean (Miao et al. 2010), nitrogen in rice (Deus et al.
2019), magnesium in corn (Hosseini et al. 2019), sulfur in
barley (Maillard et al. 2018), and manganese in sorghum (de
Oliveira et al. 2019). However, there are some reports that Si
can favor plant growth without necessarily being under stress
(Zia et al. 2017). Therefore, it is the beneficial element that
reduces the deleterious effects of nutrient deficiency if this
deficiency is not very severe.
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The beneficial effects of Si may be related to the replace-
ment of a portion of carbon from organic structures (Cooke
and Leishman 2012) and promotion of lignin and carbohy-
drate crosslinking (Inanaga et al. 1995), collaborating with
leaf cell wall structuring, the organ that concentrates this ele-
ment in grasses (Neu et al. 2017).

The energy cost for the plant to incorporate Si into the
organic chain is relatively low (Neu et al. 2017; Raven
1983; Schaller et al. 2012). In addition, Si may increase chlo-
rophyll content (Xie et al. 2014) and activate enzymes that are
important in plant metabolism (Liu et al. 2009). The sum of
these effects of Si on the plant could benefit the nutritional
metabolism, enhancing nutrient use efficiency for dry matter
production, but it needs to be researched. The possibility of
these benefits of Si increases, especially in plants accumulat-
ing this element, such as forage grasses (Melo et al. 2007)
already demonstrated in previous work with Brachiaria
brizantha (Melo et al. 2010) which are widely cultivated in
the world. Also, Si is considered a nutrient for animals given
its importance in bone formation and connective tissues
(Carlisle 1972), and the ingestion of Si-enriched forage can
contribute to meeting their nutritional requirements.

Therefore, it is hypothesized that Si could alleviate the
effects of N, K, Ca, Mg, and S deficiency due to its contribu-
tion to nutrient use efficiency, favoring the dry matter produc-
tion of two forage grown in a nutrient solution. Thus, this
research may add another beneficial effect to Si, still little
known, if it can alleviate the nutritional deficiency of plants
accumulating the element. The practical implication would
result from the possibility of adding Si to fertilizers to improve
the agronomic efficiency by reducing pasture degradation,
which is common in various regions of the world.

Thus, this study aimed to evaluate the effects of omitting N,
K, Ca, Mg, and S from the nutrient solution in the absence and
presence of silicon on their absorption and use efficiency and
dry matter production of forages BRS Zuri (Panicum
maximum) and BRS RB331 Ipypora (Brachiaria ruziziensis
X Brachiaria brizantha).

2 Material and Methods
2.1 Site Characteristics and Plant Material

Two experiments were carried out from July to November
2018 in a greenhouse at the Sdo Paulo State University
(UNESP/FCAV), Campus of Jaboticabal, Brazil. The forages
used were BRS Zuri (Panicum maximum) and hybrid BRS
RB331 Ipypord (Brachiaria ruziziensis x Brachiaria
brizantha) in the first and second experiments, respectively.
Seeds were sown in trays filled with vermiculite and main-
tained for 20 days. After this period, seedlings were washed in
distilled water, selected, and transplanted to plastic pots

(2 dm®) containing sand, placing one plant per pot. This sand
had a medium texture and was previously decontaminated
with water, 0.1 mol L™ hydrochloric acid solution, and de-
ionized water.

2.2 Experimental Design and Treatments

The experimental design was a completely randomized de-
sign, with twelve treatments and five replications.
Treatments consisted of complete solution (control) and indi-
vidual omission of nitrogen (—N), potassium (—K), calcium
(—Ca), magnesium (—Mg), and sulfur (=S), in the absence
(=Si) and presence of silicon (+Si) at a concentration of
2 mmol L™" applied via nutrient solution. Silicon source was
sorbitol-stabilized potassium sodium silicate (107 g L™ of Si,
34.7 g L' of K,0, and pH 11.8). Potassium was balanced in
all treatments using solution potassium chloride at
1.0 mol L™,

2.3 Growth Conditions

The complete nutrient solution was that of Hoagland and
Arnon (1950), except for Fe and Mn. Iron and manganese
were applied twice the concentration, as indicated by
Cavalcante et al. (2016). The nutrient solution was prepared
with distilled water and then deionized (due to excess Ca in
the water). Nutrient solution concentration during the first
week of cultivation was maintained with 15% ionic strength
and then increased by 10% every 3 days until reaching 65%,
which was maintained until the end of the experimental peri-
od. The pH value of the solution was maintained at 5.0 £0.2
using HCI or NaOH solution, both at 1.0 mol L. The nutrient
solution was applied in a container placed below the pots.

A standardization cutting was performed at 18 days after
transplanting (DAP) at 10 cm of height in all plants of both
forages to standardize plant height and induce tillering.

Three plant collections were performed during the experi-
mental period. The plants were cut at 15 cm from the pot
surface, to simulate grazing and induce the symptoms of each
omitted nutrient deficiency, this being the defined moment to
perform the collection.

The first collection was performed at 35 DAP for all treat-
ments. On the same date, —N treatments were withdrawn
(without and with Si) being evaluated in these treatments the
root dry mass and residual material of the clump, since they
presented symptoms of the omitted nutrients deficiency. The
second collection of the shoot was carried out at 63 DAP for
the control treatments, —K, —Ca, —Mg, and —S in the two
forages. At this time, the treatments —S and —K (without and
with Si) of BRS RB331 Ipypora and —S (without and with Si)
of the BRS Zuri forage showed the symptoms of the omitted
nutrients deficiency; therefore, these treatments were removed
and evaluated, in addition to the shoot dry mass and also the
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root dry mass and the clump residual dry mass. At 91 DAP,
symptoms of nutrient-omitted deficiency were observed in the
treatments —Ca and —Mg (without and with Si) of the BRS
RB331 Ipypora and —K, —Ca, and —Mg (without and with Si)
of the BRS Zuri forage; therefore, the last collection of the
shoot and root and residual material of the clump dry mass of
these treatments and complete treatments (without and with
Si) were performed. After collection, the plants were divided
into shoot, root, and residual material of clump dry mass. The
accumulated shoot dry matter was obtained from the sum of
the three collections.

2.4 Performed Analyses
2.4.1 Dry Matter Production

The collected vegetative material was washed in running wa-
ter, detergent solution (0.1%), hydrochloric acid solution
(0.3%), and deionized water twice. Subsequently, the plant
material was dried in a forced air ventilation oven (65 +
5 °C) until reaching a constant weight, thus obtaining the
dry matter of each part of the plant.

2.4.2 Chemical Analysis of Samples

Silicon (Si) content was determined in the shoot, root, and
clump residual material, according to the methodology de-
scribed by Korndorfer (2004). The total nitrogen (N), potassi-
um (K), calcium (Ca), magnesium (Mg), and sulfur (S) con-
tents were determined from acid digestion, according to the
method described by Bataglia et al. (1983). From the nutrient
content data (Si and dry matter), the accumulation of each
element was calculated, and then, the use efficiency was cal-
culated by the formula: (shoot dry matter)*/nutrient accumu-
lation in the shoot, as indicated by Siddiqi and Glass (1981).

2.4.3 Visual Analysis of Symptoms

Plants were monitored for nutritional deficiency and recorded
with photos taken during the onset of visual symptoms.

2.5 Statistical Analysis

The data were submitted to a bidirectional analysis of variance
(ANOVA) by the F test (p <0.05) after verifying the homo-
geneity of the variances (Shapiro-Wilk W test). The means of
the procedures with omission of nutrients (without and with
Si) were compared with the complete treatment (without and
with Si) by the Tukey test, with a 5% probability, using the
Sisvar® statistical program (Ferreira 2011).

@ Springer

3 Results
3.1 Experiment 1
3.1.1 Dry Matter

In forage plants BRS Zuri (Panicum maximum) with
omission of N, K, Ca, Mg, and S in the nutrient solu-
tion, a decrease in shoot, root, and residual material of
clump dry mass was observed compared with complete
treatments, regardless of the Si addition (Fig. 1). It is
noted that the order of limitation of forage growth oc-
curred with the omission of N>S>Ca>K>Mg in the
nutrient solution with Si, corresponding to a decrease in
the dry mass production of the accumulated shoot in
relation to the complete treatment equal to 99, 87, 65,
54, and 35%, respectively. Without the application Si,
the order of limitation was N>S>Ca>K>Mg, with
values for the reduction of accumulated dry mass of
99, 86, 66, 61, and 24%, respectively.

It was observed that in plants with N and S deficiency, the
addition of Si in nutrient solution did not affected shoot, root,
and residual material of clump dry mass (Fig. 1 a, b, d, e, and
f).

The addition of Si in plants without deficiency (com-
plete), compared with plants without Si addition, provided
an increase in shoot dry mass of 23, 36, 21, and 30%, for
the first, second, third collection, and accumulated shoots,
respectively. The addition of Si in K deficient plants com-
pared with Si absence provided an increase in the shoot
dry mass of 51, 39, and 39% for the second, third collec-
tion, and accumulated shoots, respectively. The addition
of Si in the deficient of Ca plants compared with Si ab-
sence provided an increase in the shoot dry mass of 25,
38, and 33%, for the first, third collection, and accumu-
lated shoots, respectively. In relation to Mg, the addition
of Si in plants deficient compared with Si absence caused
an increase in the shoot dry mass of 20, 17, and 18%, for
second, third, and accumulated shoots, respectively.

3.1.2 Nutrient Accumulation

Plants grown with omission of N, K, Ca, Mg, and S had a
decrease in the accumulation of these nutrients in shoot, root,
and residual material of clump dry matter in relation to the
complete treatment, regardless of Si addition in the nutrient
solution (Table 1).

The addition of Si provided an increase in the accumulation
of this element in the shoot, root, and residual material of
clump dry mass in all treatments in relation to the complete
treatment (Table 2). Regarding the shoot dry mass in the first
sampling, the addition of Si provided an increase in Si accu-
mulation of 57, 48, 31, 36, 21, and 49%, in the complete, —N,
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Fig. 1 Shoot dry matter of the forage BRS Zuri (Panicum maximum) in
the first (a), second (b), and third (¢) collection and accumulated shoot dry
matter (d), root dry matter (e), and clump residual dry matter (f) submitted
to the treatments (complete and omitted nutrients) in the absence (-Si) and

—K, —Ca, —Mg, and —S treatments, respectively. In the second
collection, increases of 66, 64, 55, 63, and 84%, were ob-
served for the complete, —K, —Ca, —Mg, and —S treatments,
respectively. In the third collection, increases of 69, 77, 84,
and 66% were observed for —K, —Ca, and — Mg, treatments,
respectively.
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presence of silicon (+Si). Lowercase letters show differences in relation
omitted and complete treatments by the F test. Uppercase letters show
differences between treatments with absence (—Si) and presence of silicon
(+Si) by the F test. Bars represent the standard error of the mean, n=15

3.1.3 Use Efficiency

Nutrient omission decreased nitrogen use efficiency in plants
with N omission, with and without Si addition in the first
collection, reduction that was 50% (Table 3). The efficiency
of using S with the omission of S, with the addition of Si for
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Table 2 Results of Si accumulation in the shoot dry matter in the first,
second, and third collection, dry matter of root, and dry matter residual of
stem of the forage BRS Zuri (Panicum maximum) grown in complete

nutrient solution and omission of N, K, Ca, Mg, and S in the absence
(—Si) and presence of silicon (+Si)

Nutrient ~ Silicon
solution
—Si +Si =Si +Si =Si +Si —Si +Si —Si +Si
First collection Second collection Third collection Dry matter of root Dry matter residual of
stem
(mg pot )
Complete 30.5£3.49 71.6+£3.49 482+4.54 141.9+454 321+£6.00 1042+6.00 19.1+£4.01 31.9+4.01A 26.8+0.97 36.3+£0.97
B A B A B A B B A
-N 64+349% 123+349 - - - - 1.7£4.01 1 40+401% - -
B + A B A
-K 30.84+3.49 452+349 17.6+4.54 493+4547F 17.1£6.00 73.9+6.00 f 2.7+4.01F 19.9+4.01 12.1+0.97 26.0+0.97
B A B A B A B A B A
—Ca 299+349 469+349 372+454 820+454F 250+£6.00 1533+£6.00 88+4.01 60.0+4.01 11.9+0.97 24.5+0.97
B A B A B A B A B TA
-Mg 41.7+349 5284349 322+454 863+4.54% 259+6.00 756+6.00+F 12.7+4.01 43.0+4.01 15.9+097 26.0+0.97
B A B A B A B A B A
-S 25.6+£3.49 504+349 7.0+454 425+4547F - - 52+401 155+4.01 52+£097% 10.6+£0.97
B A B A B A B A

Values are mean =+ standard error

TMean values differing significantly from the complete solution treatment (Tukey test at 5% probability)

Different capital letters within columns show significant differences between treatments at the 5% probability level by Tukey’s test

the first and second collection, reached a reduction of only 24
and 30%, respectively, but without the addition of Si in the
second collection, this reduction was high, reaching 49%.

In the cultivation of plants without omission of nutrients,
note that an addition of nutrient solution increased the effi-
ciency of use of N, Mg, and S in the first collection by 37, 26,
and 30%, respectively and in the second collection by 18, 20,
and 30%, for N, K, and S, respectively and N with a value of
29% in the third collection.

In relation to treatments with omission of nutrients, in the
first collection, the application of Si compared with the ab-
sence promoted an increase in the efficiency of use of the
omitted nutrients in 40, 28, 24, 7.8, and 25%, for the nutrients
N, K, Ca, Mg, and S, respectively. In the second collection,
the addition of Si in plants deficient in relation to its absence
caused an increase in the efficiency of use of the omitted
nutrients by 41, 33, 16, and 49%, for the nutrients K, Ca,
Mg, and S, respectively. In the third collection, the application
of Si in deficient plants compared with its absence caused an
increase of 27, 57, and 52%, in treatments K, Ca, and Mg,
respectively.

3.2 Experiment 2
3.2.1 Dry Matter

The cultivation of the forage BRS RB331 Ipypora
(Brachiaria ruziziensis < Brachiaria brizantha) with

omission of N, K, Ca, Mg, and S in the nutrient solu-
tion showed a decreased production of shoot dry matter
in the different collections, accumulated shoot dry mat-
ter, root, and clump residual material, regardless of Si
addition, in relation to the complete treatment (Fig. 2).
It is noted that the order of limitation of forage growth
occurred with the omission of N>S>K>Ca>Mg in
the nutrient solution with Si, corresponding to a de-
crease in the dry mass production of the accumulated
shoot in relation to the complete treatment equal to 99,
90, 81, 39, and 37%, respectively. Without the applica-
tion, the order of limitation was N>S>K >Ca>Mg,
with values for the reduction of accumulated dry mass
of 99, 87, 81, 27, and 22%, respectively.

Silicon application did not influence the production of
shoot dry matter, accumulated dry matter, root, and clump
residual material in treatments with N and S omission (Fig.
2a, b, d, e, and f).

However, the application of Si in plants without de-
ficiency (complete) in relation to its absence caused an
increase in the dry mass of the aerial part from 32, 25,
34, and 30% to first, second, third collection, and accu-
mulated dry mass, respectively. In K deficient plants,
the addition of Si in relation to its absence promoted
an increase in the dry mass of the aerial part of Si by
31, 30, and 31%, for the first, second collection, and
accumulated dry mass, respectively. The addition of Si
in plants with Ca deficiency in relation to its presence
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Mg

Results of nutrient use efficiency (N, K, Ca, Mg, and S) in the shoot dry matter in the first collection of the forage BRS Zuri (Panicum maximum) grown in complete nutrient solution and omission
Ca

of N, K, Ca, Mg, and S in the absence (—Si) and presence of silicon (+Si)

Nutrient solution

Table 3

@ Springer

+Si

—Si

+Si

—Si

+Si

—Si

+Si

—Si

+Si

—Si

First collection

(mg pot ')

176 £7.18 A 1511£1164 A 1706+1164 A 1383+1879B 18611879 A 3603+1542B 5179+1542 A
1491+1164 B 2397+1879 A 2950+1542B

192+7.18 A

153+7.18 A

183+446.5B 291+446.5 A

Complete

3929+1542F A

1969+116.4 A 2211+1879B

Element omitted 90+446.5+B 149+446.51 A 138+7.18 B

Second collection

1014+3238 A 605+78.64 B 753+78.64 A 4876+2600 A

13,820£609.2 B 19,870+609.2 A

5833+6523 A 7494+6523 A

6299 +£2600 A

831+32.38B

Complete
Element omitted -

1073+78.64 A 11,731+£2600B 17,574+2600 A 17,440+652.3B 20,869+652.3 A 5334+609.2 1B 10,524+609.2 ¥ A

635+78.64 B

Third collection

1008 +19.70 A 3722 +2871 A 4880+2871 A

17,166 £ 1078 A

15,384 £1078 A

5384+977.6 A 6070+977.6 A

1225+58.10 A 778+19.70 A

875+58.10 B

Complete
Element omitted -

2175+£19.70B 2964+19.70 A 27,189+2871 B 11,697+2871 A 14,236+977.6B 29,521+977.6 A -

Values are mean =+ standard error

TMean values differing significantly from the complete solution treatment (Tukey test at 5% probability)

Different capital letters within columns show significant differences between treatments at the 5% probability level by Tukey’s test

allowed an increase in the dry mass of the aerial part
of 21, 14, 19, and 17%, for the first, third collection,
and accumulated dry mass, respectively. The addition
of Si in plants with Mg deficiency in relation to their
absence promotes an increase in dry mass of the aerial
part of 16, 13, and 14%, for the second, third collec-
tion, and accumulated dry mass, respectively.

3.2.2 Nutrient Accumulation

Omission of N, K, Ca, Mg, and S in forage plants led to a
decreased accumulation of these nutrients in the shoot dry
matter in the first, second, and third collections, accumulated
shoots, roots, and clump residual material (Table 4) when
compared with the complete treatment, regardless of the ad-
dition of Si in the nutrient solution. Note that deficient plants
cause reduction to the shoot dry matter were influenced by
the application of Si first and third collection with an increase
of 71 and 80%, respectively. This effect was observed in
relation to K in the second collection with an increase of
41%.

Si application reflected an increase in the accumulation of
this element in the shoot dry matter, root, and clump residual
material (Table 5). In the first collection of shoot dry matter,
an addition of Si provided an increase in the accumulation of
Siby 67,70, 76,51,43, and 46%, in the complete treatments,
—N, —K, —Ca, —Mg, and —S, respectively. In the second
collection, we found increments of 73, 64, 58, 84, and 69%
for the complete treatments, —K, —Ca, —Mg, and —S. In the
third collection, the Si increments were 75, 55, and 74% in
the complete treatments, —Ca and — Mg, respectively.

3.2.3 Use Efficiency

Only in Mg omission, a decrease in use and efficiency of this
macronutrient was observed in the plant, when compared
with the complete treatment without and with Si, a decrease
of41 and 52%, respectively, result observed only for the first
collection (Table 6).

Addition of Si in the nutrient solution increased the effi-
ciency of use of all nutrients in the first collection of the
complete treatment, providing increases of 28, 35, 69, 26,
and 30% for the elements N, K, Ca, Mg, and S, respectively.
In the second collection, increases were observed only in N
and S, with an increase of 22 and 29%, respectively. In the
third collection, increases were observed in N, K, and S
treatments, corresponding to 30, 43, and 37%, respectively,
showed in increase in the efficiency of use of these nutrients
under its deficiency.

Addition of Si nutrient solution increased the efficiency of
use of N, K, Ca, Mg, and S in the aerial part of the plants in the
treatments where these elements were omitted, a fact that was
observed in all collections. In the first collection, addition of Si
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Fig. 2 Shoot dry matter of the forage BRS RB331 Ipypora (Brachiaria
ruziziensis X Brachiaria brizantha) in the first (a), second (b), and third
(c) collection and accumulated shoot dry matter (d), root dry matter (e),
and clump residual dry matter (f) submitted to the treatments (complete
and omitted nutrients) in the absence (—Si) and presence of silicon (+Si).

compared with treatments without Si promoted an increase in
the use of omitted nutrients by 18, 44, 81, 15, and 23%, for
nutrients N, K, Ca, Mg, and S, respectively. In the second
collection, the addition of Si in the plants deficient in relation
to its absence caused an increase in the efficiency of use of the
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Lowercase letters show differences in relation omitted and complete
treatments by the F test. Uppercase letters show differences between
treatments with absence (—Si) and presence of silicon (+Si) by the F
test. Bars represent the standard error of the mean, n=5

omitted nutrients by 17, 12, and 12%, for K, Ca, and Mg,
respectively. In the third collection, the application of Si in
plants deficient in relation to its absence caused an increase of
52 and 28% in the treatments with omission Ca and Mg,
respectively.

@ Springer



J Soil Sci Plant Nutr (2020) 20:1532-1548

1540

159} s Aoy[n, Aq [0A9] ANjiqeqoid 9,6 U Je SJUSUNEaI) USOM)Iq SOOUAIQIP JUBOHIUTIS MOYS SUWIN[OD UM SI0)9] [eydes juarapgiq

(Anqiqeqoad 956 18 189) AN ) Juduean uonnjos 339[dwos ay) woyy ApueoyIusis SULIIIP SAN[BA UBSIA |

JIOLIO PIEPUE)S F UBAW AIE SAN[BA

V4L0SSFLO
VOSSFSIL

V486 TF6T

V861 FTST

VI6TFISY

VAOUTFEL
VOTTFH6¢

V49c0F8T
V9¢0F89

IS+

V4L0SSFST V4A8I'6FSIE V4E8I6FH9T
d0SSFYLY VSI'6FSPII  d8I'6F0LL
V486 TFPT V4IOUEFTT V4IOIEFST
86 TFTST  VOII'SFIPI  VOIISFLII

- V4IT8TFYL V4I8TFSL
dI161FSIE VISTF609l dI8TFL6S
V4AOUTFIT VEPLTFLOI V4vLTFTHI
d9I'TF60 VPLTFO9TI  dvLTFI08
V4L9€0F9C VATI0OFOT V4III0FECT
d9¢0F ¥y VZI0FYT qazI0FS1

IS— IS+ IS—
SN

Vv TIFLOT 416 TIFI8I
V6Tl FYSEl V6Tl F901
WS JO [enpIsal pewr A1
VEIOSFOIT  dLI0SFET
VIOSF6S9  VIOSFSE9
JO0I wo Jewx \CQ
V4iITyFEIT  dLiITyFLY
VITYF6'61T  dITHF06¢]
:Oﬁoo:.uo U.::,H
V46SYFLTL V46SYFTOT
V6STFCTIL d6STF9TL
UOondI[[0d PUuoISS
V4L80F6S A4 L80FLT
V L80OFS6 q.80F99
(,30d Su)
UONIJ[[0J IS
IS+ IS—
©)

V496 €FS6L
V LE9TF €Y

V 496 €FT0E

VI6eEFSIe

V 88 ICFOICIL

VA9l F v vh
V P91 F6'Er6

V4L I88FETH
VISSFIISI

IS+

P

V496 €FLECl
g LE9CF6'9CE

qd+96¢Fy8

V96 eF 16T

g 88 1CF61S8

a4+ P91 F €9
d vyl FL6VL

V4L I88FVIT
g 188F 6901

V 9S°LTF 96T

V4L6ILFOY

VolU'LFvvy

V STOCF SIS

V SYLIFSTLS

VALIYFISY

VLIYF¥O0l1

IS+

- PONIWIO JUSWA[H

V 9S°LTF €6SC p1dwo)
V L6I'LF6E  PONTHO oWl
V6I'LFTSS ojerdwo)

- PaNIWO JUSWO[g

g STO0CFEEse ajerdwo)

- POPIWO JUSWI[]

4 Sy’ LI FY 60t apR[dwo)

V4LLIPF6'E  ponuo juswolyg
dLIVF969 opdwo)
IS—

uonnjos JUANNN

(1S+) wooI[Is Jo 9ouasaId pue (IS—) 0Udsqe oY) ur § pue ‘SN 8D “ ‘N JO UOISSTWIO pue UOnN[os juatnnu 9[dwod ur umois (vypuv2iiq g x Sisua12iznd g opuqry) eroAd|
1 €€ S¥d 23e10] U} JO WA)S JO [BNPISAT IOPEW AIP PUB )00 JO Ja)eUl AIp ‘UONII[[0D PIIY) PUE ‘pU0d3S ISIIJ AU} Ul Joyew AIp JOOYS ) Ul uone[nundse (S pue ‘S| ‘8D Y ‘N) uaLynu Jo synsay  p3|qe|

pringer

As



1541

J Soil Sci Plant Nutr (2020) 20:1532-1548

1591 s An ], Aq [9A9] AIjiqeqoid 956 oY) e SJUAULAL) USAMIAQ SIIUIQPIP JUBOYIUSIS MOYS SUWN[OD UNPIM SIoNQ] [eyided JuaIdiq
(Anqeqoid 9,6 18 159) Aoyn ] ) Jusunean uonn[os 93o[dwod oY) wo AuedIudis JULIQHIP son[eA UBIALL
JOIIO PIepUE)S F UBOUI AT SON[eA

dI0TI FLLY'IE V 86IEFSH9SE d 86IEFLOTLI - - - -

V 10TI FICS'er PANIWO JUA[H

ATISIFSIONT VCZISIFTITEL  VIOTIFI06S  VIOTIF999r  V86IEFIChy V86IETFLOVE VL I99IFSH8 HL9IIFISY VIFerF1691 d vy T 81l ajerdwio)
UONII[[0d PIY L

V L'SECFOISEl dLBECFOIO0L V LISIFELY'9T dLICIFEIOEL V LLETFSSOLE dLLETFELS6 V 8E6EF0061 d8E6EFITII - -~ PONIWO JUSURT

VL8EEF OISV A LBECFO09SOl  VLIEIFVPOr  VLIEIF6L0V V LLETFTITS V LLETFTIOF V 8E6EFSI9 V 8E6EF8EY V 6S6TFST0I 65 6CF 108 aerdwio)
UONII[[0D PUOIAS

V 88°TPF80EI A 88TYF0001 V4 #971F900C d 49T FTILT  V I'#91 FESLI gIv9lF1ee  V8SIIFSL d8STIFTr  VILCIFE6  dILEIFIL PNIWO JUSWIH

V 88T F¥9¢l d88CchF186 VVOCI+888¢ dv9CI+088C VIVIIF8PI dIvIlFo6by V8SIIFC9 d8SIIF0F VILCIFPS  dILCIFIO aprdwo)

ATSQ Sur)
UOI}OR[[0D ISII]
IS+ IS— IS+ IS— IS+ IS— IS+ IS— IS+ IS—
S SIN ) > N uonn[os JUSLHNN

(1S+) uodI[Is Jo 9oudsard pue (1IS—) 20UISqe oY U § pue ‘SN ‘8D I ‘N JO UOISSIIO pue uonnjos judLnnu
9)01dwiod ur umoid (ypuv2Liq g x sisuaizizn.4 g opuqry) IoAd[ 1y SYd 95810f oY) JO UONID[[0D ISII AU} UI Jd)ew AIp J0OYs Y} Ul (S pue ‘FIAL ‘8D I ‘N) AOUSIONJO oSN JUILNNU JO SYNSIY 9 d|qel

189} S AN, Aq 1A9] K111qeqoid 9,6 o) Je SJUSWEaT) UAM)I] SOOUSIQHIP JUBOHIUSIS MOYS SUWIN[OO UIIIM SIONI] [e3rded JUSISHI
(Amqeqoid 9,6 je 159) Aoyn ) Juounyean uonnjos 93o[dwod ay) wolj APuedIugis SULIQJIP san[eA uedALL

JOII9 PIBPUR)S F UBSW QI8 SIN[EA

V4LT80IF8YE diT8OIFISI V4IWEF6L VIEFLY - - VASLYFSTY disLvFI6l VASTIFTLT dSTIFSVI S—
VZ8OIFLSTI  dT80IFEEY VOreFsTe doreFesl V4L699F 18I d699FTIE V4L8LYFIQIL d8LbFI6l VE8TIFTIT d8TIFOSI SIN-
VZSOIFITIZ dT80IFLS9 VIreF8IS doreFeol V4699F€06 d699FC0r V4ISLYFECLOL  d8LyFISY V4ESTIF6OIT d8TIFS0I eD)—
V4LT80IFTTE diT8OIFECOI VOreFCly doeFvL - - VASLYFYSY dASLYFCLT VASTIFOIT d48TIFCS -
- - V4IOrETrE VIreTFeT - - - - VASTIFOSI dL8TIFSS N-
VI80IF6TSI  dT80IFS8S VOreFTIe dIeFIIl  V699FSLIL d699FL 1y  VSLYFYLSI  d8LYyF9Th  VSTIFSOF d8TIFTEl op1dwo)

Alom Sur)

wo)s Jo [enpisar Jopew A1 1001 Jo 19peW A1 UOI}9J[[09 pAIY [, UOIO[[00 PUOIIS UOMI9[[00 ISII]

IS+ IS— IS+ IS IS+ IS IS+ 1S— IS+ IS—
UOQI[IS  UONN[OS JUSLINN

opuqry) eI0Ad] T¢edy S 95eI0f Y} JO WS JO [ENPISAI J)EW AIp pue )00l JO Iojet AIp ‘UONO[[0d PIY} PUE ‘PUOS ISIJ O} UI IO)eW AIp JOOYS dY} Ul UONE[NUINOOE IS JO S)NSNY

(1S+) uooIyIs jo ooudsaid pue (IS—) 9oudsqe Yy Ul § pue ‘SN ‘D I ‘N JO UOISSIUO pue UonNjos JudLynu 9)o[dwod ul Umoid (nyjunziiq *g x SISuaiziznid 'g

S 3|qeL

pringer

As



1542

J Soil Sci Plant Nutr (2020) 20:1532-1548

4 Discussion
4.1 Complete Nutrient Solution

Silicon (Si) addition in the complete nutrient solution favored
shoot dry matter production of all collections and root dry
matter production of both forages. These effects are possibly
due to the fact that Si contributes to increasing nutrient ab-
sorption, mainly K in the first collection (Table 1); N, K, Ca,
Mg, and S in the second collection; K and Mg in the third
collection for the forage BRS Zuri; and N, K, Ca, Mg, and S in
all collections for BRS RB331 Ipypora (Table 4). The higher
absorption of these nutrients led to an increase in N use effi-
ciency in all collections in treatments with Mg and S omission
in the first collection and K and S in the second collection for
the cultivar BRS Zuri (Table 3), and N, K, Ca, Mg, and S in
the first collection, N and S in the second collection, and N, K,
and S in the third collection for forage BRS RB331 Ipypora
(Table 6), favoring their dry matter production.

The beneficial effects of Si observed in cultivated plants
even without the imposition of nutritional disorders can be
attributed to the energy gain that the element can provide,
especially in plants that accumulate large amounts of Si, such
as Poaceae group (Mitani and Ma 2005). This was because Si
can replace part of the carbon in the formation of some low
energy cost structural compounds (Cooke and Leishman
2012), especially in the cell wall (Melo et al. 2010), being in
grasses the highest concentration in leaf cell walls (Neu et al.
2017), which may enhance the efficiency of nutrient use, fa-
voring biomass production.

Thus, Si addition benefits forage growth even in plants with-
out nutritional deficiency. Other authors have reported similar

Fig. 3 Forage BRS Zuri
(Panicum maximum) grown in
complete nutrient solution with Si
(+Si) and N omission in the
presence of Si (a), complete
nutrient solution without Si (—Si)
and N omission (—N) in the
absence of Si (b) and forage BRS
RB331 Ipypora (Brachiaria
ruziziensis X Brachiaria
brizantha) grown in complete
nutrient solution with Si and N
omission in the presence of Si (c¢),
and complete nutrient solution
without Si and N omission in the
absence of Si (d)

@ Springer
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results on rice cultivation (Zia et al. 2017). Thus, reports that
reinforce the importance of Si only under stress (Chen et al.
2016) should be reviewed, especially in hyperaccumulator plants
of this element, such as forage grasses.

4.2 Nitrogen (N)

Nitrogen deficiency rapidly manifested, this nutrient being the
one that most limited the development, in both forages regard-
less of the presence or absence of Si seen in Fig. 3. The N
omitted in the nutrient solution impaired dry matter produc-
tion due to a low N absorption by plants, inducing the char-
acteristic symptoms of this nutrient, as reported by several
authors in forages (Avalhaes et al. 2009; Prado et al. 2011).

The deficiency symptoms were characterized by an intense
chlorosis, initially in the leaves of the lower part and less
accentuated in the upper part, which happened due to the high
phloem mobility of this nutrient (Prado 2008), and with the
evolution of the symptoms, the chlorotic regions turn necrotic.
The loss of pigmentation in leaves under N deficiency is be-
cause the redistribution process due to proteolysis of the en-
zyme Rubisco and other chloroplast proteins, releasing the N
present in these compounds to meet the demand for new or-
gans (Feller et al. 2008).

Add to that, the fact that the concentration of N in the leaf
tissue directly interferes in the pigments and consequently in
the photosynthetic activity because it is a structural nutrient of
the chlorophyll molecule. This decrease reflects in a reduction
in the photosynthetic rate, in respiration, in the activity of
enzymes associated with photosynthesis (Zhang et al. 2013),
and in the water use efficiency (Akram et al. 2011). All these
effects caused a reduction in the plant dry mass, due to the
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reduction in the amount of soluble proteins, limiting the for-
mation of new tissues in the plant. The beneficial effect of Si
in attenuating the damage caused by N deficiency has been
described in rice plants (Deus et al. 2019), demonstrating that
this beneficial element has the potential to mitigate nutritional
deficiency depending on the level of severity of stress.

Therefore, Si addition to the nutrient solution in nitrogen-
deficient forage plants did not increase N accumulation
(Tables 1 and 4), although it increased N use efficiency
(Tables 3 and 6), which was not sufficient to influence growth
and attenuates the severe symptoms of this macronutrient de-
ficiency (Fig. 3).

It is evident that either Si was not efficient in mitigating
very severe N and S deficiencies, suggesting that in new re-
search, it is important to supply 20 to 30% of the indication by
Hoagland and Arnon’s solution (1950) to induce moderate
use.

4.3 Potassium (K)

Potassium omission decreased biomass production (Figs. 1
and 2), being the third macronutrient that most limited the
growth of both forages, impairing their physiological func-
tion, since K is strongly linked to regulation in stomatal open-
ing, loading of photoassimilates in the phloem, maintenance
of the membrane potential, in the synthesis of nucleic acids,
carbohydrates and proteins and, mainly, in the activation of
more than 60 enzymes (Prado 2008; Mak et al. 2014).

K deficiency caused marginal chlorosis in the older leaves,
followed by necrosis, demonstrating the high phloem mobility
that this nutrient presents (Prado 2008). Marginal chlorosis
due to K deficiency is due to a drop in protein synthesis,
causing the accumulation of putrescine polyamine, which in
high concentrations accentuates cellular imbalance and mar-
ginal necrosis of plant tissues (Pathak et al. 2014).

However, the addition of Si in the culture solution reduced
the damage caused by this nutritional deficiency. This benefi-
cial effect of Si on biomass production is due to increased
nutrient uptake, especially Ca and Mg in the second collection
and Mg in the third collection for the forage BRS Zuri, as well
as N and Mg in the first collection and N, K, Ca, and Mg in the
second collection for BRS RB331 Ipypord. Moreover, plants
with K omission that received Si showed an increase in nutri-
ent use efficiency as a function of forage and collection. An
increase in K use efficiency was observed in all collections of
both forages and also other nutrients, such as N and S for BRS
Zuri (Table 3) and N for BRS RB331 Ipypora (Table 6) prob-
ably due to the fact that the role of K* in the osmotic function
can be partially replaced by other cations, such as Mg”*, Na*,
or Ca?* (Winkler and Zotz 2010), which contributed to a
higher dry matter production of these forages. Similar effects
in mitigating the effects of K deficiency have also been

reported in soybean (Miao et al. 2010) and sorghum plants
(Chen et al. 2016).

The Si supply increased the efficiency of the use of K
probably due to the role that the beneficial element plays in
improving the metabolism of plants, favoring an increase in
chlorophyll levels and photosynthetic rates (Chen et al. 2016),
mainly by activating enzymes involved in secondary defense
metabolism, such as superoxide dismutase, catalase, and
ascorbate peroxidase, which reduce the accumulation of reac-
tive oxygen species and inhibit the degradation of photosyn-
thetic pigments (de Oliveira et al. 2019; Liu et al. 2009). Adds
up, to this is the fact that Si increases the efficient use of water
(Gao et al. 2005) which is impaired in K deficient plants
(Prado 2008), benefiting the plant’s metabolism. Therefore,
relief of K deficiency with the use of Si was evidenced visu-
ally due to a decrease in severity of deficiency symptoms of
this macronutrient (Fig. 4).

4.4 Calcium (Ca)

Calcium deficiency impaired dry matter production in both
forages, regardless of the Si in the nutrient solution, being
the fourth macronutrient that most limited the development
of forages. Ca deficiency (Fig. 5) showed very similar symp-
toms in both varieties, especially young leaves tearing, a fact
also reported by Avalhaes et al. (2009), who evaluated mac-
ronutrient omission in elephant grass (Pennisetum purpureum
Shum cv. Mott) grown in the nutrient solution.

This nutritional disorder occurred because calcium
forms calcium pectates in the cell wall, responsible for cell
structure, one of the damages caused by the deficiency of
this macronutrient is the less expansion and lack of firm-
ness of the cell wall, which is governed by the bonds of
Ca*™ to the pectates (Hepler and Winship 2010; Malavolta
et al. 1997). Si supply in the nutrient solution in plants
under Ca deficiency decreased the effects of stress caused
by Ca suppression, reflecting an increase of shoot dry mat-
ter production of both forages (Figs. 1 and 2) and root dry
matter production in the forage BRS Zuri (Fig. 1). In ad-
dition, Ca deficient plants that receive Si in the nutrient
solution presented an increase in Ca use efficiency in all
collections of both forage, which contributed to a higher
dry matter production.

Ca deficient forages showed the benefit of element, espe-
cially due to the increased use efficiency of Ca because it was
the only deficient element in the nutrient solution. This effect
possibly occurred because Si structurally assists in cell wall
components, in which Ca is involved in its formation. Reports
have indicated that Si forms complexes with structural cell
polymers, such as pectin and callose (Boylston et al. 1990)
and crosslinking with lignins and carbohydrates via associa-
tions with phenolic acids or aromatic rings (Inanaga et al.
1995), collaborating with the structuring of the cell wall. In

@ Springer
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Fig.4 Forage BRS Zuri (Panicum maximum) grown in complete nutrient
solution with Si (+Si) and K omission in the presence of Si (a), complete
nutrient solution without Si (—Si) and K omission (—K) in the absence of
Si (b), forage BRS RB331 Ipypora (Brachiaria ruziziensis x Brachiaria

addition, plants that received Si had a reduction in lipid per-
oxidation due to the lower accumulation of reactive oxygen
species (de Oliveira et al. 2019); it also decreases as activities
of enzymes that degrade the cell wall while preserving its
integrity (Kochanova et al. 2014).

4.5 Magnesium (Mg)

It was evident that the omission of Mg decreased the produc-
tion of biomass in both forages. This occurred because an
omission of Mg is harmful to plants, due to the physiological
role that is presented in the enzyme and in the chemical com-
position of chlorophyll (Prado 2008), where about 10 to 20%
of the Mg present in the plant is linked to these pigments. This
way, low amounts of this element can promote the degrada-
tion of chlorophyll molecules in older leaves, being
translocated to newer tissues (Verbruggen and Hermans
2013), inducing visual symptoms that seriously affect the in-
ternal chloride in older leaves (Fig. 6), similar to what has
already been described by Prado et al. (2011) in Tanzania
grass grown in nutrient solution. However, Si application to
the nutrient solution mitigated the effects caused by nutritional
stress due to Mg deficiency since there was an increase in
shoot biomass production in the third collection in the forage
BRS Zuri (Fig. 1) and first and second collections in the forage

@ Springer

Complete
- Si

brizantha) grown in complete nutrient solution with Si and K omission in
the presence of Si (¢), and complete nutrient solution without Si and K
omission in the absence of Si (d)

BRS RB331 Ipypora (Fig. 2). The benefit provided by Si
addition to the nutrient solution in Mg deficient plants did
not occur by increasing its absorption (Tables 1 and 4), but
by increasing the use efficiency of this macronutrient in all
collections of both forages (Tables 3 and 6), which reflected in
higher forage dry matter production.

In addition, Si use may have contributed to mitigating Mg
deficiency stress due to the indirect association of this benefi-
cial element in increasing chlorophyll content (Xie et al. 2014)
and photosynthetic rates (Chen et al. 2016; Zuccarini 2008),
which can contribute to a better use efficiency of Mg absorbed
and converted into dry matter production. This effect of Si was
visually evidenced, as there was relief from the severity of
symptoms of nutritional deficiency (Fig. 6). Hosseini et al.
(2019) found that Si application to corn plants exposed to
Mg deficiency regulated primary metabolites and increased
the levels of phytohormones (cytokines), which maintain
growth and development of plants with deficiency of this
nutrient.

4.6 Sulfur (S)

Sulfur was the second nutrient to present deficiency symp-
toms after its omission in both forages. The omission of this
element in the nutrient solution caused a decrease in the values
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Fig.5 Forage BRS Zuri (Panicum maximum) grown in complete nutrient
solution with Si (+Si) and Ca omission in the presence of Si (a), complete
nutrient solution without Si (—=Si) and Ca omission (—Ca) in the absence of
Si (b), forage BRS RB331 Ipypord (Brachiaria ruziziensis * Brachiaria

Fig.6 Forage BRS Zuri (Panicum maximun) grown in complete nutrient
solution with Si (+Si) and Mg omission in the presence of Si (a), complete
nutrient solution without Si (—Si) and Mg omission (—Mg) in the absence
of Si (b), forage BRS RB331 Ipypora (Brachiaria ruziziensis x

Complete
- Si

brizantha) grown in complete nutrient solution with Si and Ca omission
in the presence of Si (¢), and complete nutrient solution without Si and Ca
omission in the absence of Si (d)

—

(il 7 / A
Complete -Mg
-Si [N - Si e

1 e YAVA s

Brachiaria brizantha) grown in complete nutrient solution with Si and
Mg omission in the presence of Si (¢), and complete nutrient solution
without Si and Mg omission in the absence of Si (d)
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of all studied variables in both forages when compared with
the complete treatment. This result is related to the function of
this nutrient in the plant, being part of important organic com-
pounds such as cystine, cysteine, and methionine and all pro-
teins, also having enzymatic and structural functions (Prado
2008).

Si addition to the solution did not interfere with the
reported physiological damage in plants grown under S
omission in both forages, as the deficiency of this mac-
ronutrient occurred drastically, and there was no time
for Si to exert its physiological effects and alleviate this
nutritional disorder. Also, Si addition to the nutrient
solution did not increase nutrient accumulation in S de-
ficient forage plants (Tables 1 and 4). However, it in-
creased S use efficiency in all collections of both for-
ages Tables (3 and 6), but it was not enough to increase
forage dry matter production and also did not alleviate
the severity of the symptoms of deficiency of this nu-
trient (Fig. 7). This unprecedented finding indicates that
it was not important to mitigate the effects of S defi-
ciency, possibly because this nutrient is especially asso-
ciated with the constitution of essential amino acids
guaranteeing protein synthesis and the fact that there
are no reports that Si would have effects on this meta-
bolic pathway.

The results of this study confirm the hypothesis only for K,
Ca, and Mg, indicating that their deficiency in forages can be
alleviated with Si supply. The practical implication of these
unpublished data extends the benefits of Si in plant nutrition

i -S Complete
e +Si +Si . =

Fig.7 Forage BRS Zuri (Panicum maximum) grown in complete nutrient
solution with Si (+Si) and S omission in the presence of Si (a), complete
nutrient solution without Si (—Si) and S omission (—S) in the absence of Si
(b), forage BRS RB331 Ipypord (Brachiaria ruziziensis % Brachiaria

@ Springer

and opens the possibility of its use in forages. This practice
can strengthen the sustainability of these species because they
are cultivated in soils with low natural fertility or insufficient
fertilization. In addition, Si enrichment in forages is an addi-
tional effect on animal production, as it is considered essential
for its metabolism (Carlisle 1972).

It is pertinent to emphasize the need for further studies
evaluating the effects of Si on forage plants with non-severe
N and S deficiency and to expand these studies for other
forage species. In addition, it is important to deepen studies
that may indicate the biological role of Si on a biochemical
level and the efficiency of carbon use in plants with nutritional
deficiency.

5 Conclusions

We conclude that the application of silicon attenuates the ef-
fects of potassium, calcium, and magnesium deficiency in
forages BRS Zuri and BRS RB331 Ipypora, as it increases
the accumulated shoot dry mass, due to the greater efficiency
in the use of these nutrients.

The beneficial effect of silicon was not important in forage
plants with nitrogen and sulfur deficiency.

The supply of Si in solution (fertigation) may be a new
strategy in forages in the Poaceae group, for being Si accumu-
lator and for attenuating a nutritional deficiency that benefits
the production of fodder.

Complete

e RS L

brizantha) grown in complete nutrient solution with Si and S omission
in the presence of Si (¢), and complete nutrient solution without Si and S
omission in the absence of Si (d)
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