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ABSTRACT. Aiming to evaluate the effects of doses silicon and phosphorus on the phosphate nutrition
and production in bean plants, two experiments were conducted in a greenhouse using two soils, Orthic
Quartzarenic Neosol (RQo) and Dystroferric Red Latosol (LVdf). Each soil was subjected to three
incubation sequences: the first with lime to raise the base saturation to 50%, the second with silicic acid, Si
with three doses (0, 240 and 410 and 0, 330 and 560 mg dm?, respectively, for RQo and LVdf) and the
third with basic fertilisation, including phosphorus at four different doses (0, 80, 240 and 410 and 0, 110,
330 and 560 mg dm™ for RQo and LVdf, respectively). The experiment was performed using a completely
randomised 3 x 4 factorial, with four replications. The application of Si did not influence the dry matter
production of the aerial part (APDM) or the grain dry matter (DGM) and P accumulation in the aerial part
of the bean plants, yet the higher doses of Si increased the accumulation of Si in the APDM. The
application of P increased the yield of the APDM and DGM and phosphorus accumulation in the APDM
of the bean plants.

Keywords: Phaseolus vulgaris L., dry matter of the aerial part, productivity, phosphated fertilization, silicon fertilization.

Interagoes silicio-fosforo em solos cultivados com feijoeiro

RESUMO. Com o objetivo de avaliar o efeito de doses de silicio e fésforo sobre a nutri¢io fosfatada e
produgio do feijoeiro, foram conduzidos dois experimentos em casa de vegetagio, utilizando dois solos, um
Neossolo Quartzarénico 6rtico (RQo) e um Latossolo Vermelho distroférrico (LVdf). Cada solo foi
submetido a trés incubacdes sequéncias: a primeira com calcdrio para elevar a saturagio por bases a 50%, a
segunda com 4cido silicico, com trés doses de Si (0, 240 e 410; 0, 330 e 560 mg dm, respectivamente, para
o RQo e LVdf) e a terceira com a fertilizacio bdsica, incluindo o fésforo em quatro doses distintas (0, 80,
240 e 410; 0, 110, 330 e 560 mg dm™, respectivamente, para o0 RQo e LVdf). O experimento foi realizado
utilizando-se esquema fatorial, em delineamento inteiramente casualizado 4 x 3, com quatro repeticoes.
A aplica¢io de Si nio influenciou as producées de MSPA, MSGR ¢ o actimulo de P na parte aérea das
plantas do feijoeiro. A elevacio das doses de Si aplicadas aumentou, de forma significativa, o acimulo de Si
na MSPA. A aplicagio de P incrementou a produgio de MSPA, MSGR e P acumulado na MSPA das
plantas de feijoeiro.

Palavras-chave: Phaseolus vulgaris L., matéria seca da parte aérea, produtividade, adubacio fosfatada, adubagio silicatada.

Introduction

According to Arf (1994), phosphorus (P) is the
nutrient that has the most influence on bean plant
productivity in the majority of Brazilian soils, and,
according to Fageria and Baligar (1996), more than
50% of the areas cultivated with bean are in
P-deficient soils.

The low availability of P in the soils of the
Cerrado region is one of the greatest challenges in
the fertilisation of those soils. In highly weathered
soils, such as Latossolos, the inorganic forms of P
bond to the mineral fraction with a high
energy, and physically and chemically stabilised

organic forms prevail, resulting in a low P content
in the soil solution and, consequently, limiting
agricultural production (NOVAIS; SMYTH,
1999).

There are various factors that interfere with the
availability of P in the soil, including the
environmental factors that control the activity of
microorganisms that immobilise or liberate the
orthophosphate ions, the physiochemical and
mineralogical properties of the soil (SANTOS et al.,
2008) and the silicon-phosphorus interactions
(CARVALHO et al., 2001; TOKURA et al., 2007,
2011).
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The first works on silicon adsorption and/or
silicon-phosphorus interactions in soils dates from
the end of the 20" century (CARVALHO et al.,
2001); therefore, a consensus on some of the aspects
involving the dynamics of these two elements
already exists. The phosphate (H,PO,") and silicate
(H;SiO;) ions are adsorbed by the iron and
aluminium oxides of the clay fraction, with silicate
being able to dislocate the previously adsorbed
phosphate and vice-versa, from the oxidic surfaces.
The chemical similarity of the two anionic forms is
largely responsible for this dynamic (CARVALHO
et al, 2001; HINGSTON et al, 1972
McKEAGUE; CLINE, 1963).

Although not considered essential to plants,
silicon (Si) is an element under study in Brazil,
mainly for rice and sugarcane cultivation
(KORNDORFER et al, 1999; MARCHEZAN
et al, 2004; PRADO; FERNANDES, 2001,
TOKURA et al., 2007, 2011). In contrast, works
related to the use of Si in bean plant culture are rare
in Brazil to date (TEIXEIRA et al., 2008; LIMA
etal,, 2011).

Based on the principle that the application of
silicate can result in the increase of phosphorus
available to plants, as based on the fact that the
silicate anion occupies the adsorption sites of the
phosphate anion, we sought to evaluate the effect of
different Si and P doses on the performance and
accumulation of Si and P in the aerial part of bean
plants cultivated in two soils from the savannah
region under greenhouse conditions.

Material and methods

Samples of two types of soils with variable clay
contents were collected: a Dystroferric Red Latosol
(LVdY) of a very loamy texture and oxidic from the
municipal district of Lavras, Minas Gerais State,
and an Orthic Quartzarenic Neosol (RQo) of a
sandy texture and kaolinitic from the municipal
district of Itutinga, Minas Gerais State. The soils
were collected in the 0-0.20 m layer under native
vegetation. After collection, the soils were air-
dried, broken up and passed through a 5 mm sieve
for the greenhouse experiments. A portion of the
samples was passed through a 2 mm sieve and then
subjected to physical, chemical and mineralogical
analyses.

The  physical  analysis  involved  the
determination of the granulometric composition of
the air-dried soil (ADS) using the pipette method
(DAY, 1965). The chemical analyses included the
pH, sorption complex, organic C and
micronutrients. The availability of P was evaluated
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using the Mehlich-1 extractor (CLAESSEN, 1997)
and ion-exchange resin (RAIJ; FEITOSA, 1980).
The free Fe oxides from the clay fraction were
obtained by dissolution with dithionite-citrate-
bicarbonate (Fed) (MEHRA; JACKSON, 1960).
The less crystalline Fe oxides of the clay fraction
were obtained with ammonium oxalate acid (Feo)
according to Schwertman et al. (1986), and the iron
and aluminium oxides by ADS sulphuric attack
were determined according to Claessen (1997).
In the free clay, the gibbsite and kaolinite contents
were quantified using differential thermal analysis.
The determination of the soluble Si in the soils was
conducted according to the method proposed by
McKeaque and Cline (1963).

The results of the physical, chemical and
mineralogical characterisation of the studied soils
before the application of the treatments are
presented in Table 1.

The experimental design used was entirely
random, arranged in a 4 x 3 factorial, with four
repetitions. The treatments included four P doses
(0, 80, 240 and 410 mg dm™ for RQo; 0, 110, 330
and 560 mg dm™ for LVdf) and three Si doses
(0, 240 and 410 mg dm™ for RQo; 0, 110, 330 and
560 mg dm™ for LVdf).

Two experiments were conducted in a
greenhouse with bean plants, one with RQo and the
other with LVdf. Vases with a soil capacity of 3 dm’
were filled with 2.7 dm’ of soil. The soil samples
were then subjected to three sequential incubations
for a period of 30 days each under humidity
conditions equivalent to 60% of the total pore
volume (TPV) occupied by water (FREIRE et al.,
1980), which was controlled by daily weighing.

Initially, micropulverised calcined dolomitic
limestone (35% CaO and 14% MgO) was applied to
the soils in sufficient quantity to elevate the value of
the base saturation to 70%. After this incubation,
silicic acid was applied in the form of H,SiO, (60%
Si0,) at the doses of 0, 240 and 410 mg dm™ of Si
for RQo and at 0, 330 and 560 mg dm™ of Si for
LVdf, as defined based on the P dose.

The third incubation (basic fertilisation) was
identical in the two soils, with the exception of P
(the factor under study), and corresponded to the
following nutrient contents in the form of salts p.a.
in mg dm™ of soil: 100 of N; 150 of K; 62 of S; 0.81
of B; 1.3 of Cu; 5.0 of Zn; 3.6 of Mn; 1.6 of Fe and
0.15 of Mo. The nutrients were applied in a solution
form and mixed into the soil for a higher
uniformity. The sources used were as follows:
K;SO,; (NH,),HPO,; NH,NO;; KH,PO,; HiPO,;
MnSO,.2H,0; CuSO,.5H,0; (NH,);MO,0,,4H,0;
ZnS0O,.7H,O; FeSO,7H,0O and H,BO,. In the
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RQo soil, the doses of P were 0, 80, 240 and 410 mg
dm; for LVdf, the doses of P were 0, 110, 330 and
560 mg dm™ (Table 2), as defined by the remaining
P (ALVAREZ et al., 2000).

Table 1. Principal chemical, physical and mineralogical
properties of soil samples collected from the 0 to 0.20 m layer,
before treatment application.

Soils
Treatments RQo Lvdf
pH in water 5.0 4.8
Al (cmol, dm™) 0.9 1.1
Ca™? (cmol, dm™) 0.4 0.4
Mg** (cmol, dm™) 0.1 0.2
K*(mg dm™) 23.0 30.0
H* + AP*(cmol, dm™) 45 9.5
P-Mehlich-1 (mg dm™) 6.8 1.1
P-resin (mg dm™) 5.4 12.9
B (mg dm™) 0.3 0.4
Cu (mg dm™) 1.0 2.1
Fe (mg dm™) 60.2 173.1
Mn (mg dm?) 6.4 114
Zn (mg dm™) 0.1 0.1
SB (cmol, dm™) 0.6 0.7
t (cmol.dm™) 1.5 1.7
CEC (cmol_ dm™) 5.1 10.2
V (%) 11.8 6.9
m (%) 60.0 61.1
OM (dagkg™) 1.7 3.9
Si (mg dm™) 13 6.2
Coarse sand (g kg™) 470.0 110.0
Fine sand (g kg™) 460.0 60.0
Silt (g kg™) 0.0 110.0
Clay (gkg™) 70.0 720.0
SiO, (gkg™) 30.6 153.0
ALO; (gkg™) 35.8 262.0
Fe,0; (gkg) 11.0 237.0
TiO, (gkg’) 47 202.0
P,0O; (gkg") 0.0 1.4
Fe, (gkg™) 2.0 138.8
Fe, (g kg™ 0.1 2.8
Kt (gkg™) 778.0 160.0
Gb (gkg™") 59.0 310.0
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After the incubation period of the soils with the
treatments in the greenhouse, soil subsamples of
each experimental unit (vases) were collected for the
analytical determinations (Table 2).

Planting was performed 30 days after the last
incubation. Five bean seceds per vase were sown
using an identical procedure for the two soils. After
20 days, the plants were thinned, leaving two bean
plant plants per vase. The vases were maintained
with the humidity at 60% of the TPV (FREIRE
et al., 1980) through the daily weighing of the vases
and the addition of deionised water. The cultivar of
the bean plant used was ESAL 168.

Cover fertilisation with N and K were conducted
differently according to the growth of the plants.
The treatments in each soil that resulted in normal
plant growth then received 200 and 170 mg dm™ of
N and K, respectively, parcelled out in seven
applications, in addition to the application of 20 mg
of sulphur. The treatments in which the plants
presented lower growth received coverings that were
proportionally lower, 180 and 120 mg dm™ of N and
K, respectively, thus avoiding excessive application
of the nutrients.

The first mature leaves at the tip of the bean
plant branch were collected at the onset of flowering
(MALAVOLTA et al., 1997) from each vase, and the
whole plants were harvested at the physiological
maturation of the grains by cutting the plants at
ground level. The vegetable matter was dried in a
forced-air oven at a temperature between 65 and
70°C and ground in Willey-type mill.

Table 2. Soil characteristics after soil acidity correction, basic fertilizing and treatment applications.

Attributes
Treatments' Soil pH K Ca Mg Al H+AIl CEC m \% P-resin Si
mgdm® e mmol_ dm” ——-eeee- el Y% --=-- --mgdm” --

P1Sil RQo 5.4 119 1.9 1.1 0.2 2.4 5.7 5.7 57.9 13.9 2.6
P1Si2 RQo 5.4 118 2.0 1.0 0.1 23 5.7 2.9 59.6 13.6 6.7
P1Si3 RQo 5.3 121 1.8 1.3 0.2 2.4 5.8 5.5 58.6 14.2 8.0
P2sil RQo 5.4 117 1.8 12 0.2 2.4 5.7 3.6 57.9 275 2.6
P2Si2 RQo 5.2 117 1.8 12 0.2 25 5.7 3.7 56.1 272 6.3

P2Si3 RQo 5.3 114 1.8 1.0 0.2 2.6 5.6 6.2 53.6 28.8 8.6
P3sSil RQo 5.3 112 1.7 12 0.2 2.7 5.8 6.1 53.4 73.4 2.8
P3Si2 RQo 5.1 113 1.7 1.1 0.2 2.9 6.0 6.1 51.7 733 6.1

P3Si3 RQo 5.1 122 1.9 0.9 0.2 3.0 6.1 6.1 50.8 76.0 6.4
P4sil RQo 5.2 112 1.8 1.1 0.2 2.9 6.1 5.9 525 113.4 39
P4Si2 RQo 5.2 111 1.6 12 0.2 3.0 6.2 5.9 51.6 113.7 6.8
P4Si3 RQo 5.2 114 1.8 1.2 0.1 32 6.5 2.9 50.8 124.4 5.8
P1Sil Lvdf 5.2 126 33 2.1 0.1 4.0 9.8 1.7 59.2 11.2 6.7
P1Si2 Lvdf 5.2 128 3.4 22 0.1 4.0 9.8 1.7 59.2 11.5 19.9
P1Si3 Lvdf 5.2 123 33 2.1 0.1 3.7 9.5 1.7 61.1 11.5 27.8
P2sil Lvdf 5.3 130 33 22 0.1 3.7 9.9 1.6 62.6 245 6.6
P2Si2 Lvdf 5.2 121 33 22 0.1 43 10.2 1.7 57.8 27.8 20.6
P2Si3 Lvdf 5.1 124 3.4 2.0 0.2 4.5 10.3 33 56.3 25.4 273
P3sil Lvdf 5.3 129 3.1 2.1 0.1 4.2 9.7 1.8 56.7 81.8 8,0
P3Si2 Lvdf 5.1 134 3.4 22 0.1 5.0 11.0 1.6 54.5 83.4 229
P3Si3 Lvdf 5.2 131 33 2.0 0.1 4.5 10.2 1.7 55.9 81.0 25.4
P4sil Lvdf 5.3 129 33 22 0.1 4.7 10.5 1.7 55.2 126.1 13.9
P4Si2 Lvdf 5.1 135 3.4 2.4 0.1 5.6 11.7 1.6 52.1 131.4 18.8
P4Si3 Lvdf 5.1 135 3.4 2.1 0.1 5.4 11.2 1.7 51.8 127.8 25.2

'P1S1: zero dose of P and Si and so on.
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The total P content was determined through the
mineralisation with nitric-perchloric  digestion
(MALAVOLTA et al., 1997), and the extracts were
measured using colorimetry (BRAGA; DEFELIPO,
1974). The Si content was determined by the
method proposed by Eliott and Snyder (1991).

The dry matter of the aerial part (APDM) and
grains (DGM) were determined in the plants
harvested at the end of the growth cycle.

The P and Si accumulated in the aerial part were
calculated by multiplying the aerial part dry mass
value by the content of P or Si and dividing this
value by 1,000.

The studied variables were subjected to variance
analysis using the SISVAR statistical analyses
programme (FERREIRA, 2003). When significant, a
regression analysis was conducted as a function of
the P and Si doses applied.

Results and discussion

The application of P significantly influenced
(p < 0.01) the dry matter production of the aerial
part (APDM), the grain dry matter (DGM) and the
P and Si accumulation in the APDM of the bean
plants, yet there was no interaction among the
factors in any variable studied in the soils under
study (Table 3). These results corroborate those of
Crusciol et al. (2005), which was expected because
the initial P content of the soils was low (Table 1).
P is essential to plant metabolism because it
participates in the transfer of cell energy, respiration
and photosynthesis and also in the formation of
coenzymes.

Table 3. Analysis of variance for aerial part dry matter production
(APDM), dry grain production (DGM), accumulated phosphorus
in APDM (P-APDM) and silicon accumulated in APDM (Si-
APDM) of bean grown in RQo and LVdf soils, as a function of
the application of increasing doses of calcium silicate and
phosphate.

Factor APDM DGM P-APDM  Si-APDM
Orthic Quartzarenic Neosol (RQo)
P doses ok ok ok ok
Si doses ns ns ns Fok
PxSi ns ns ns ns
C.V. (%) 9.31 10.06 15.39 16.56
Dystroferric Red Latosol (LVdf)

P doses Fok Hok ok Hok
Si doses ns ns ns dok
PxSi ns ns ns ns
C.V. (%) 13.14 20.89 10.36 11.21

**and ns: represent the level of significance to 1% and the non-significant effect by the
F test, respectively.

In the soils that did not receive phosphate
fertiliser (control treatment), the plants presented
metabolic alterations characterised by the visual
symptoms of P deficiency, presenting lower leaves
with a pale green colouration and upper with intense
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blue-green colouration in addition to a general
reduced plant growth, thus corroborating Rosolem
and Marubayashi (1994). According, plants display
hindered growth with limitations in the availability
of P (KIMANI; DERERA, 2009).

The APDM production data as a function of the
applied P dose were better adjusted by the quadratic
and linear equations for RQo and LVdf, respectively
(Figure 1A and B). Utilising soils with very low to
low P contents (Table 1), it was expected that the
phosphate fertilisation would promote significant
increases in the APDM production. According to
Malavolta et al. (1997), a significant response of the
plant is common in soils with severe deficiencies in
a particular nutrient, P in this case, when the
nutrient is applied as fertiliser.

The grain production response showed the same
behaviour as the APDM, which was quadratic as a
function of the doses of the P applied to RQo, the
maximum dry grain matter production being
estimated at 19.38 g vase™ at the dose of 423.5 kg P
(Figure 1C). In the LVdf soil, the DGM production
increased linearly with the increase in the P dose
(Figure 1D). According to Fageria et al. (2003), P in
bean plant culture is the main productivity
determinant, contributing to increases in the aerial
part dry matter production and increases in the
number of pods and grain mass.

The accumulation of P in the APDM was
significant only for the phosphorus factor (Table 3).
The linear equations were those that were better
adjusted to the data of accumulated P in the APDM
as a function of the P dose in the soils under study
(Figure 2A and B). An increase in the P dose
promoted a higher availability of that nutrient to the
soil, resulting in a higher absorption and
incorporation of P in the biomass, thus
corroborating the report of Santos et al. (2011).

The accumulation of Si in the aerial part of the
bean plant was adjusted to the linear and quadratic
regression for RQo and LVdf, respectively (Figure
3A and B). A similar result was obtained by
Carvalho et al. (2001) who revealed that a higher
soluble Si content was obtained in the treatments
that received P when compared to the treatments
without its application. This fact can be explained by
the reciprocal sorption principle because P occupies
the same adsorption sites as Si and has a higher
affinity with colloids, being able to dislocate the
adsorbed Si easily (CAMARGO et al, 2005,
CARNEIRO et al., 2006), thus contributing to the
higher Si availability (Table 2) and absorption by the
bean plants. For the LVdf soil (Figure 3B), the
decrease in the Si accumulated in the aerial part of
the plants at the highest P dose is probably due to
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the dilution effect. That is, the increase in the
APDM production (Figure 1B) diluted the amount
of Si in the plant, inducing a lower content in the
plant tissue (PRADO, 2008). Alternatively, the P
may have altered the silicon dynamics in the plant,
which may reduce its absorption by the roots and
the translocation by the root to the aerial part
(ARAUJO; MACHADO, 2006).

The linear equation was better adjusted to the
accumulation data of Si in the aerial part as a
function of the Si dose applied to the soils (Figure
4A and B). Although the bean plant is not
considered an  Si  accumulator  (JONES;
HANDRECK, 1967), this culture absorbed a large
amount of Si; it is probable that the response of the
plant to the Si application was due to the form of Si

12
10 - A
g -
6 -
49 y = 3,817 + 0,0295**x - 4E-05**x?
2 R?=0,98
0 \ \ \ \ )
0 100 200 300 400 500

APDM, g vase™

y =1,7452 + 0,0847**x - 0,0001**x?
R?=0,98
0 \ \ \ \ \
0 100 200 300 400 500

DGM, g vase™
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in the soil, H,SiO,. According to Van der Vorn
(1980), for most dicotyledonous species, the
absorption of Si can be passive or metabolically
controlled, depending on the Si content in the soil.
The higher P availability as a function of the Si
fertilisation was expected in this work, as one of the
effects of Si on plant growth can be associated with
the interactions of this element with the P in the soil
and in the plant (MARQUES et al., 2004). Within
this context, the Si retention on the absorbing
surfaces of the minerals, previous to the P
application, appears promising for increasing the P
availability (TOKURA et al., 2011) in such soils as
those of the Cerrado region, which are characterised

by intense silica and base removal processes from
the soil profile (MARQUIES et al., 2004).

14
12 B

2 ) y = 4,4572 + 0,0156*x
2 _
5 R? =0,97
0 T T T T T ]
0O 100 200 300 400 500 600
25

20
15

10
y =2,8518 + 0,0352**x

R2=0,96
0 T T T T T 1

0 _ 100 200 300 400 500 600

P doses, mg dm™®

Figure 1. Aecrial part dry matter (APDM) and grain dry matter production (DGM) of bean plants, as a function of the P doses applied in
the RQo (A and C) and LVdf (B and D) soils. (**significant to 1% by the t test).
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S R2=0,99
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Figure 2. Phosphorous accumulated in aerial part of bean plants, as a function of the P doses applied in the RQo (A) and LVdf (B) soils.

(**significant to 1% by the t test).
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y = 35,125 + 0,0905*
R?=0,98
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2001 B
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Figure 3. Silicon accumulated in aerial part of bean plants, as a function of the P doses applied in the RQo (A) and LVdf (B) soils.

(** significant to 1% by the t test).
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Figure 4. Silicon accumulated in aerial part of bean plants, as a function of the Si doses applied in the RQo (B) and LVdf (A) soils. (**

significant to 1% by the t test).

The adsorption speed of Si in oxidic soils is high
(MCKEAQUE; CLINE, 1963), and it is, therefore,
predicted that large amounts of Si (410 and
560 mg dm™ for RQo and LVdf, respectively) can be
adsorbed, minimising the fixation of P. However,
this behaviour was not observed in the bean plants
because of the high doses of Si in the soils under
study and did not provide APDM or DGM
production increases or P accumulation in the aerial
part (Table 3), at the expense of the higher
bioavailability of P in the soil.

Conclusion

The application of Si, with doses set according to
the remaining P, did not influence the production of
the APDM and DGM or P accumulation in the
aerial part dry matter of bean plants grown in RQo
and LVdf soils.

The increasing doses of Si significantly increased
the Si accumulation in the APDM, regardless of the
soil type.

P application increased the APDM and DGM
production and the accumulated P in the APDM of
bean plants grown in RQo and LVdf soils.
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