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ABSTRACT

In recent years, the application of silicon (Si) in crops, including coffee, has become a common practice. The
objective of this study was to assess the silicon uptake by coffee seedlings and its effects on plant growth, water and
macro and micronutrient uptake. The research was conducted using nutrient solution in agreenhouse at the Departa-
mento de FitotecniadaUniversidade Federal deVicosa, in acompletely randomized design with two treatments (with
and without silicon) and threereplications. Each plot consisted of three plants grown in a800 mL vessel containing the
treatment solutions. At every three days, water consumption, the concentration of OH - and the depletion of Si and K
were assessed in the nutrient solutions. After 33 days, the plants were assessed with regard to their fresh and dry
weight of leaves, roots and stem, shoot height and total length of the plant (shoot and root). Number of leaves and
internodes, and the content and accumulation of silicon, macro, and micronutrients were also determined. The
consumption of water, the amount of potassium uptake and, biomass accumulation were greater in plants grown in
solution without silicon addition. However, the concentration of OH- in the solution and the amount of silicon uptake
weregreater in plantsgrown in solution with added silicon. Silicon accumul ation was greater in leavesthan in stem and
roots. Silicon decreased coffee plant accumulation of phosphorus, potassium, calcium, zinc, copper and iron.
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RESUMO

Crescimento eabsor ¢do denutrientespelo cafeeir o cultivado em solucéo nutritiva
com e sem adicdo desilicio

A adubacdo silicatadado cafeeiro promove alteracdo danutricéo daplanta e de seu crescimento. Assim, adetermi-
nacao daabsorcédo desilicio e suainfluéncianaabsorcdo de macro e micronutrientes pelas plantas sdo essenciais para
avaliar asimplicagdes deste elemento nafisiologiavegetal, bem como no manej o adequado dacultura. O objetivo deste
trabalho foi avaliar a absor¢éo de silicio por plantas de café e seu efeito no crescimento e na absorgéo de outros
nutrientes. A pesguisafoi conduzida em casa de vegetacdo do Departamento de FitotecniadaUniversidade Federal de
Vigosa, em Vigosa, Minas Gerais, Brasil. O delineamento utilizado foi o inteiramente casualizado, com doistratamentos
(com e sem adicdo dessilicio) etrésrepeticdes, cada umadel as composta por trés plantas. Foram retiradas aliquotas, a
cada trés dias, das solucfes nutritivas e avaliadas as quantidades de silicio e potassio absorvidas, bem como o
consumo de &gua por plantas de café, a ém da concentragdo de OH- nasolugéo nutritiva. Ao final de 33 dias, asplantas
foram avaliadas quanto amassa de matériafresca e secade folhas, raizes e caule; altura da parte aérea e comprimento
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total daplanta (parte aéreaeraiz); e nimero de folhas e entrends, sendo determinados osteores e acimulo desilicio
e nutrientes. O consumo de &gua, a quantidade absorvida de potassio e acimulo de biomassa foram maiores nas
plantas em solucdo sem adi¢do de silicio, enquanto a concentracéo de OH- na solucéo e a quantidade absorvida de
silicio foram superiores nas plantas em solucéo com adicao de silicio. O acimulo desilicio foi maior nasfolhasdo que
no cauleeraizes. O silicio diminuiu 0 acimulo defésforo, potassio, célcio, zinco, cobre eferro em mudas de cafeeiro.

Palavras-chave: Coffeaarabical ., nutricdo mineral, acimul o de nutrientes, biomassa.

INTRODUCTION

Si is not considered essential to plant growth, but it
has provided benefitsfor several species(Ma, 2004). This
element isabsorbed by the plant in the form of monosilicic
acid (H,S0,) dong withwater (massflow) and accumulates
mainly in the maximum perspiration areas as polymerized
silicic acid. It promotes the effective control of plant
diseases (Amaral et al., 2008; Guével et al., 2007; Pozzaet
al., 2009) and has been associated with reduced effects of
harmful chemical and physical agents (Zhu et al., 2004,
Maé& Yamaji, 2006). The benefitsof Si can beobservedin
the growth and production of many grasses such asrice,
oats and maize (Wang et al., 2004, Hossain et al., 2007;
Zando Junior et al., 2009) and in some speciesthat are not
grass, such as tomatoes and lettuce (Lana et al. 2003;
Resendeet al ., 2005).

The mechanisms usually considered to explain the
beneficial effectsof Si arerelated toindirect actions caused
by the deposition of Si in the leaves, resulting in greater
tissue rigidity. The leaves become more erect, favoring
the incidence of light, greater CO, uptake and decreased
excessive perspiration, allowing increased photosynthetic
rate (Hattori et al., 2005; Ma& Yamgji, 2006). Other indirect
effects of Si in the plant include: reduced toxic
accumulation of iron and manganese and other heavy
metals, like aluminum, and increased phosphorus uptake
(Zhu et al., 2004).

In wheat and maize, Si promoted increased plant
resistance to aluminum toxicity by the formation of
auminum silicate and aluminum silicate hydroxide caused
by the release of organic acids in root apex (Kidd et al.,
2001). In leaves, Si can increase the contents of
hemicellulose and lignin, increasing the stiffness of the
cells, asHossain et al., (2007) have observed in oats. Pozza
et al. (2004) have reported changesin coffee plant nutrition
caused by silicon fertilization, increased enzyme activity,
such as peroxidase and polyphenoloxidase and the
presence of phytoalexin, which according to the authors,
suggest the hypothesis that silicon is associated with
plant defense reaction.

The different effects of Si may be associated with the
ability of some plants to accumulate Si in their tissues.

Plants can bedivided into groupsinrelationto their silicon
concentration. The groups include: accumulators, which
contain 10% to 15% silicon oxide, intermediates, with 1%
to 5% silicon oxide content, and non-accumul ators (<0.5%
silicon oxide), with most of the dicotyledons, such asle-
gume species and many tree species (Takahashi et al.,
1990). According to Pozzaet al. (2004), new theorieson
disease resistance encouragement have led some
researchersto study Si in non-accumulator species, such
as the dicotyledons.

Inrice, the presence of Si inits nutrient solution has
atered phosphorus, iron, manganese, boron and calcium
uptake (Silva & Bohnen, 2001). However, also for rice,
Silva& Bohnen (2003) have found that plants exposed to
different levels of Si and Ca are not affected, as far as
nutrient uptake is concerned. Responses in nutrient
uptake changes for plants grown with Si have also been
observed for dicotyledons such as moringa (Moringa
oleifera Lam.; Miranda et al., 2002) and potato (Pulz et
al., 2008). Despite the acknowledged importance of the
effects of Si on nutrient uptake, no alterations on coffee
plants have been found yet.

Determining Si uptake and itsinfluence on coffee plant
absorption of macro and micronutrients is essential for
the approval of management practices that include the
use of Si in crop fertilization. Thus, the objective of this
study wasto assessthe silicon uptake by coffee seedlings
and its effects on plant growth, water and macro and
micronutrient uptake.

MATERIALSAND METHODS

The research was conducted using nutrient solution
in agreenhouse at the Departmento de Fitotecniada Uni-
versidade Federal de Vicosa, using Coffea arabica L.
seedlings, of the Catuai Amarelo variety (yellow cherry).

The experimental design was completely randomized,
with two treatments (concentrations of Si in the nutrient
solution: 0 and 2 mmol L) and three replications, with
three plants per pot.

Newly germinated seedlings were transplanted into
20 L plastic containers, containing the nutrient solution
proposed by Hoagland & Arnon (1950), with half of the
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original ionic strength, and kept under continuous
aeration for 60 days.

After this period, the seedlings were transferred to
polyethylene pots containing 800 mL nutrient solution
previously evaluated for coffee, arranged in three plants
per pot. The treatments applied consisted of complete
nutrient solution with and without Si addition.

The nutrient solution included the following
macronutrients and micronutrients: 3.01 mmol L of N;
0.5 mmol L*of P; 1.61 mmol L*of K; 2.25 mmol L of Ca;
0.935 mmol L*of Mg; 1.75 mmol L™ of S; 45.0 umol L of
Fe; 0.15 umol L*of Cu; 0.65 umol L of Zn; 23.0 wmol L
of B.6.3 wmol L*of Mnand 0.5 wmol L*of Mo.

I'n the nutrient solution containi ng Si, thiselement was
supplied to the concentration of 2 mmol L, with aproduct
called Sili-K®, which has 12.2% of SiO, initscomposition.

The nutrient solutions were continuously aerated and
renewed at every nine days. The pH was adjusted every
threedaysfor thevalueof 5.5+ 0.2, usingHCl 0.1 mol L
or NaOH 0.1 mol L solutions.

In order to verify Si uptake of coffee seedlings, at every
three days, after completing the volume of the pots with
water and correcting the pH, a5 mL aliquot was taken
from the nutrient solution of each pot, and then the Si
concentration of the sample was determined. Si
concentration was determined using the molybdenum blue
colorimetric method at 660 nm (Korndorfer et al., 2004
with modifications), and the concentrations of Si in the
samples were estimated based on the calibration curve
prepared from standard solutions of Si. To confirm coffee
plant nutrient uptake, potassium was used as an indicator,
and its concentration was determined in sampl es collected
every three days, using a flame photometer.

To determine plant water consumption, the experimen-
tal units were weighed every three days, and the water
consumed was restored up to the initial weight of each
experimental unit. Datafor water loss by evaporation was
obtained by loss of water in potsthat had no plants. Such
loss was taken into account in the calculation of water
consumption in each experimental unit.

The concentration of OH-in the nutrient solutionswith
and without Si was determined indirectly by pH
measurement, using the potentiometric method. Thus, from

the pH values obtained, pOH values for solutions were
found, and OH- concentrations were then determined.

At 33 days of cultivation, the plants were harvested
and oven dried at a 60° C until they reached a constant
weight to determine the dry matter. Plantswere assessed
with regard to their fresh and dry weight (stem, root, and
leaf), shoot height and total length of the plant (shoot
and root) in centimeters. Number of leavesand internodes,
and the uptake of Si, content and accumulation of silicon,
macro, and micronutrientsin leaves, stem and roots were
also determined. Si contents were determined by atomic
absorption spectrophotometry, according to the
procedure described by Korndorfer et al. (2004). N, P K,
Ca, Mg, Zn, Cu, Feand Mn contentsin the plants of each
treatment were determined according to the method
describedin EMBRAPA (1997).

Datawere submitted to analysisof variance, and means
were compared by F test at 5% probability. Regression
equationsfor quantitative factorswere estimated with the
aid of the computer software SAEG 9.0 (Euclydes, 2007).

RESULTSAND DISCUSSION

Both the solution with Si and without Si addition had
thiselement present intheir composition (Table 1). Coffee
seedlings absorbed more Si when it was added to the
solution. According to Hattori et al. (2005), although Si is
an abundant element in nature, itsavailability to plantsin
soil solution is usually low, thus its uptake is reduced,
especially for dicotyledons. However, Mitani & Ma(2005)
have found increased absorption of Si in tomato plants
subjected to greater concentrations of thiselement, which
in this study was also confirmed for coffee.

Plantsgrown in solution without Si had greater uptake
of K (Table 1). Such difference may be related to plant
perspiration rate, since, in treatment without Si, plants
had greater water uptake and that the uptake of K follows
the perspiration flow. According to Ma& Yamaji (2006), Si
is associated with several indirect effects, including the
reduction of transpiration, which may explain the greater
consumption of water of plantsthat did not receive Si.

OH- concentration in the solutions was greater where
Si was added (Table 1). The differencein concentration
of OH-isafunction of the differential rate of cation and

Table 1. Total water consumption, total amount of Si and K absorbed by coffee plants cultivated in a nutrient solution with and

without Si addition, and median concentration of OH in solution

Variables With Si Without Si Difference
Water consumption (mL) 148.900 236.700 87.800*
Absorption of Si (mg) 0.072 0.007 0.065*
Absorption of K (mg) 10.404 12.937 2.533*
Concentration of OH""(mg) 0.094 0.055 0.039*

* Significant to 5% by the F test.
** Samples taken every each three days
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anion absorption, sincethe extrusion or intrusion of H* is
related to the balance of positive and negative charges of
theionsabsorbed. In general, there was agreater nutrient
uptake by plants grown without Si, except for the Mn
accumulated by the leaves, and especialy by the stem
(Table?2).

The Si content was significantly higher in leaves and
roots of plantsgrownin solutioninwhich it wasadded Si
and accumulation of Si was significantly higher only in
the leaves (Table 2) of the plants grown in this solution.

According to Oliveira & Castro (2002) and Lana et al.
(2003), the accumulation of Si ishigher in regionswhere
water islost through perspiration, i.e. the leaf epidermis
near the guard cells of stomata. Similar results to those
found for coffee in this work were found by Luz et al.
(2006) for lettuce. The authors, however, found no
significant effect on the content of Si in the roots.
Coffee plants were efficient in absorbing Si provided
and move it from roots to shoots at the end of 33 days
(initial period of growth), afact also observed in the early

Table 2. Content and accumulation of Si, macro and micronutrients in leaves, stems and roots of coffee plants grown in nutrient

solution with and without Si addition, over 33 days

Content Accumulation
. Treatment Treatment
Nutrients Plant parts — . . — . .
With Si Without Si With Si Without Si
- Difference - Difference
gkg* mg plant?
Leaves 5.00 1.83 3.17* 7.17 3.22 3.95*
Si Stem 1.00 1.40 0.40 0.34 0.61 0.27m
Roots 6.17 213 4.04* 2.58 1.16 1.42
Leaves 31.07 28.53 2.54m 44.58 49.82 5.24ms
N Stem 16.11 18.41 2.30™ 5.54 8.04 2.50™
Roots 22.55 22.09 0.46" 9.57 12.73 3.16™
Leaves 1.69 1.99 0.30™ 242 3.47 1.05*
P Stem 1.62 1.96 0.34" 0.56 0.88 0.32*
Roots 291 5.80 2.89% 127 3.37 2.10™
L eaves 25.81 26.21 0.40™ 37.11 45.79 8.68™
K Stem 25.14 25.94 0.80™ 8.71 11.62 2.91*
Roots 34.75 33.95 0.80™ 14.62 19.39 4.77*
L eaves 13.16 11.73 1.43™ 18.70 20.56 1.86™
Ca Stem 4.99 4.90 0.09% 1.73 2.19 0.46*
Roots 6.56 10.79 4,23 2.84 6.27 3.43™
Leaves 3.28 3.43 0.15™ 4,70 6.02 1.32
Mg Stem 2.48 2.69 0.21m 0.86 1.22 0.36"™
Roots 6.39 6.37 0.02 2.72 3.68 0.96"™
Leaves 1.60 1.59 0.01m 2.30 2.78 0.48™
S Stem 1.44 1.70 0.26"™ 0.50 0.76 0.26"™
Roots 6.09 5.04 1.05™ 252 2.88 0.36"™
mg kg? mg plant?
Leaves 11.624 11.523 0.101" 0.017 0.020 0.003™
Zn Stem 15.736 16.159 0.423 0.005 0.007 0.002
Roots 22.470 32.961 10.491* 0.010 0.019 0.009*
Leaves 2919 12.220 9.301* 0.004 0.022 0.018*
Cu Stem 1.765 4.684 2.919 0.001 0.002 0.001"
Roots 8.826 8.418 0.408™ 0.004 0.005 0.001"
Leaves 135.629 68.565 67.064* 0.192 0.120 0.072
Mn Stem 72.494 35.320 37.174* 0.025 0.016 0.009*
Roots 234.291 156.424 77.867™ 0.098 0.089 0.009
L eaves 114.394 107.727 6.667™ 0.162 0.188 0.026m
Fe Stem 68.636 62.424 6.212 0.024 0.028 0.004"s
Roots 1268.485 1279.091 10.606" 0.534 0.733 0.199*

* Significant to 5% by the F test, ™: not significant.
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growth of amonocotyledon such aswheat and rye (Jarvis,
1987), and eucalyptus, woody dicotyledon (Carvalho et
al., 2003). However, for eucalyptus, Carvalho et al. (2003)
found greater retention of Si in therootsinstead of shoots
after 60 days. This behavior would possibly occur in
coffee plantsif the experimental period were greater, since
for dicotyledonsit iscommon to find higher accumulation
of Si intheroots.

According to Mitani & Ma (2005), non-accumulators
species, such as tomatoes, have a lower number of Si
carriers from the apoplast to the symplast and a defect in
the Si carriers from cortical cells to the xylem, which
explainsthe higher concentration of Si in theroot system
rather than in the shoot.

According to the classification proposed by
Takahashi et al. (1990) and Marschner (1995), and in the
experimental conditions of this study, coffee may be
classified asaspeciesthat does not accumulate Si, because
coffee plants have in their tissues mean levels ranging
from 1.8t0 4.1 g kg in plants grown with and without Si,
respectively (Table 2). These results are similar to those
found by Carvalho et al. (2003) in eucalyptus seedlings.
These authors have concluded that although responsive
to Si, eucalyptus cannot be considered an accumul ator
species, as most dicotyledons can.

Macronutrient contentsin plantswere not significantly
affected by Si supply (Table 2). This was not true for
micronutrients. For Zn content in roots, Cu in leaves and
Mn in leaves and stem, there was significant difference
among treatments. The contents of Znin rootsand Cuin
|leaves were greater in the treatment without Si addition,
and Mn content was greater in plants grown in nutrient
solution with Si addition (Table 2). Resultsfound for Mn
can be considered an effect of concentration, once the
growth (greater amount of dry and fresh matter) of coffee
plantswas|ower in thetreatment with Si. For the contents
of Znand Cu, the same did not occur, given that thelevels
of these nutrients were higher in the treatments without
Si (sametreatment when there was greater plant growth).

Silva& Bohnen (2001), whileworking with rice grown
in nutrient solution with Si, found reduced phosphorus
contents in the roots when in the presence of Si.
Responses in the alteration of nutrient content in plants
grown in the presence of Si have also been found for
dicotyledons, such asmoringa(Mirandaet al., 2002) and
potato (Pulz et al., 2008). Silva& Bohnen (2003) found no
influence of Si in macro and micronutrientscontentinrice
grown under different concentrations of Si and Ca.

There was a higher accumulation of nutrients in the
treatment without Si supply for P (leaf and stem), K (stem
and roots), Ca(stem), Zn (roots), Cu (leaves), Fe (roots),
and only for Mn (stem) in the treatment with Si supply
(Table 2), resulting in greater plant growth (greater fresh
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and dry weight and total height and shoot) (Table 3). These
dataindicate that the addition of Si causesareductionin
coffee plant nutrient uptake with a consequent reduction
in plant growth. Reduction in growth rate, as well asin
nutrients, accumulation may also be associated with
reduced water consumption, i.e., when perspiration rate
isreduced, thereisalso areduction in water consumption
and obviously, a reduction in nutrient uptake, once
nutrient uptake has adirect relationship with water uptake.

Accordingly, plants grown in solution with no Si
addition were more efficient in the use of nutrients, given
that the concept of nutritional efficiency includesthe pro-
cesses by which plants absorb, accumulate, and use their
nutrientsto produce dry matter under adequate or adverse
nutrition conditions. According to Pozza et al. (2009)
balanced nutrition with Si can reduce susceptibility to
water stress and change the rhizosphere pH of plants,
which occurred in this study. Even without having
established physiological and nutritional function, studies
indicatethat Si affectsthe nutritional statusof cropssuch
as coffee (Santos Botelho et al, 2005), which was evident
in this work. Pozza et al. (2009) when studying three
varieties of coffee for Si effects, found that Si affected
nutrient uptake, as well as the nutrient use efficiency of
plant.

All the results for plant growth variables were
significant, which indicates that the presence of Si in the
nutrient sol ution was associated with anegative influence
on such characteristics, except for the number of leaves
and internodes (Table 3).

Both fresh and dry matter of stem, roots and leaves,
were greater when the plants were grown in solution
without Si (Table 3). These results are a consequence of
the higher water consumption of plants, which led to
greater plant growth. By reducing the stomatal aperture
(Oliveira & Castro 2002), Si decreases the perspiration
rate, with consequent reduction in water consumption
(Takahashi et al., 1990), which could explain the higher
fresh weight in plants grown in solution without Si.

Total plant height and shoot height behaved similarly
to coffee plant mass accumulation (Table 3). Resultsfound
inthiswork for the growth in height of plantsgrown with
Si are contrary to those observed for other crops, such as
rice (Zando Janior et al., 2009) and potato (Pulz et al.,
2008), inwhich Si has positively influenced their growth.

Regarding the number of leaves and internodes, there
was no difference among treatments (Table 3). These
results occurred because the ontogeny of plants is
governed mainly by genetic factors. Even considering so,
if the experimental conditions had been maintained for a
longer period of time, the response of plants with regard
to such characteristics could have arguably been
different.
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Table 3. Fresh and dry matter weight of stem, root and leaves, total plant height, shoot height, number of leaves and internodes of

coffee plants grown in nutrient solution with and without silicon, at the end of 33 days

Variables With Si Without Si Difference

Stem fresh weight (g plant™) 1.39 1.79 0.4*
Stem dry weight (g plant™) 0.35 0.45 0.1*
Root fresh weight (g plant™) 3.30 4.32 1.02*
Root dry weight (g plant™) 0.43 0.57 0.14*
Leaf fresh weight (g plant™) 5.70 7.12 1.42*
Leaf dry weight (g plant?) 1.44 1.75 0.31*
Total plant height (cm) 43.33 49.00 5.67*
Shoot height (cm) 16.44 18.00 1.56*
Number of leaves per plant 15.00 15.56 0.56"
Number of internodes per plant 6.33 6.78 0.45™

* Significant to 5% by the F test, "™: not significant.

CONCLUSION

Young coffee plants have low Si uptake rate, which
preferably accumulatesin leaves.

In a nutrient solution, supplementation with silicon,
in the absence of stress conditions, encourages the
reduction of water consumption, of potassium uptake, and
of coffee plant total weight.

When coffee plants are grown in a nutrient solution
supplemented with silicon, thereislower accumulation of
phosphorus, potassium, calcium, zinc, copper and iron.
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