Leaf application of silicon in young cacao plants
subjected to water deficit
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Abstract — The objective of this work was to evaluate the physiological and anatomical traits of plants of a
cacao (Theobroma cacao) clone in response to water deficit after leaf application of silicon. A randomized
complete block design was used, with four replicates, in a 2x3 factorial arrangement of two water regimes
(irrigated or nonirrigated) and three silicon concentrations (0.0, 1.5, and 3.0 mg mL"") applied in wettable
Si0, powder. The plants were evaluated 20 days after the irrigation regimes were applied. The use of SiO,
increased the stability of cell membranes and the photochemical efficiency of the plants under water deficit.
The 1.5 mg mL"! concentration of SiO, increased photosynthetic rate, water use efficiency, and carboxylation
efficiency, besides mitigating the effect of oxidative stress. Stomatal density was reduced in nonirrigated plants
under the highest concentration of Si. The 1.5 mg mL" concentration of Si is considered optimal for the
photosynthetic metabolism of young cacao plants under soil water limitation.

Index terms: Theobroma cacao, anatomy, antioxidant enzymes, drought, photochemistry, SiO.,.

Aplicagao foliar de silicio em plantas jovens de cacau
submetidas a deficiéncia hidrica

Resumo — O objetivo deste trabalho foi avaliar as caracteristicas fisioldgicas e anatomicas de plantas de um
clone de cacau (Theobroma cacao) em resposta ao deficit hidrico ap6s a aplicacdo foliar de silicio. Utilizou-se
o delineamento de blocos ao acaso, com quatro repeti¢cdes, em arranjo fatorial 2x3, com dois regimes hidricos
(irrigado e ndo irrigado) e trés concentracdes de silicio (0, 1,5 e 3,0 mg mL") aplicadas como p6 molhavel de
Si0,. As plantas foram avaliadas 20 dias apos a aplicagdo dos regimes de irrigacdo. O uso de SiO, aumentou a
estabilidade das membranas celulares ¢ a eficiéncia fotoquimica das plantas sob deficit hidrico. A concentragéo
de 1,5 mg mL"' de SiO, aumentou a taxa fotossintética, a eficiéncia do uso da agua e a taxa de carboxilagdo,
além de ter mitigado o efeito do estresse oxidativo. A densidade estomatica foi reduzida em plantas nao irrigadas
sob a maior concentragdo de Si. A concentracdo de 1,5 mg mL"' de Si é considerada 6tima para o metabolismo
fotossintético de plantas jovens de cacau sob limitagdo de agua no solo.

Termos para indexacdo: Theobroma cacao, anatomia, enzimas antioxidantes, seca, fotoquimica, SiO,.

Introduction

The current climate change models predict that
limitations in water availability will increase in
frequency and in severity in several regions of the
world (Stocker et al., 2013). Therefore, there is an
increasingly urgent need to reduce the impact of water
restrictions on plant metabolism, particularly related

to the morphophysiological response mechanisms of
plants in drought conditions.

The cacao (Theobroma cacao L.) plant is a tree
species of the Malvaceae family (Souza & Lorenzi,
2005). The seeds are used for the production of
chocolate and in the pharmaceutical and cosmetic
industries. The cacao plant grows in the tropical
climates of Brazil, mainly in the Northeast Region
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and in other areas with low rainfall. However, water
deficit still impairs crop yield of adult cacao plants
and negatively affects the growth of cacao seedlings
(Almeida & Valle, 2010). Furthermore, physiological
responses of cacao are affected when the soil water
content is below 60—70% of the maximum available
soil water capacity (Alvim, 1960). In cacao, the leaf
carbon export rate is sharply reduced with the decline
of water potential between -0.8 and -2.0 MPa, and this
reduction is strictly associated with CO, assimilation
(4) and export capacity, which is strongly reduced
when A4 approaches zero (Almeida & Valle, 2010).

Under drought conditions, plant biomass decreases
due to the decreased net photosynthetic rate because
of a reduced stomatal conductance; consequently,
chlorophyll concentration is also reduced. The decrease
in the concentration of photosynthetic pigments causes
impairments in photochemical activity. Moreover,
the water deficit may also cause an imbalance in the
antioxidant defense, which can induce oxidative
stress on proteins, membrane lipids, and other cellular
components (Reddy et al., 2004).

In the quest for technologies to mitigate the effects
of drought on plants, fertilization with silicon (Si) has
shown promise. The addition of Si can increase water
use efficiency by reducing leaf transpiration and water
flow rates in the xylem vessels (Gao et al., 2006),
contributing to better photosynthetic rates (Shen et al.,
2010). These improvements caused by Si deposition
are attributed to this element in the cell wall, more
specifically in the outer wall (Epstein, 1999), where it
gives resistance and hardness (Ma & Yamaji, 2006),
resulting in more erect leaves, besides improving light
interception and favoring photosynthesis. Another
positive effect of the application of Si is its ability to
mitigate the damage caused by oxidative stress on the
plant tissues under drought conditions (Shen et al.,
2010).

The objective of this work was to evaluate the
physiological and anatomical traits of plants of a cacao
(Theobroma cacao) clone in response to water deficit
after leaf application of silicon.

Materials and Methods

The experiments were conducted at the Botany
Department of Universidade Federal do Espirito Santo,
located in the municipality of Vitoria, in the state of
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Espirito Santo, Brazil (20°18'52"S, 40°19'06"W), from
April 2012 to November 2013, in a greenhouse with
50% photosynthetically active radiation intercepted on
the site. The average relative humidity and temperature
were 80% and 28°C, respectively. The experimental
design was a randomized complete block, with four
replicates, in a 2x3 factorial arrangement of two
water regimes (irrigated and nonirrigated) and three
Si concentrations (0.0, 1.5, and 3.0 mg mL"') applied
to the leaves, resulting in a total of 24 plots with ten
plants in each plot.

The experiments used clonal seedlings obtained
from cuttings of the PH-16 cacao clone, with eight
months of age and average height of 60 cm. The plants
were cultivated in 8.0-L polyethylene pots containing
sieved and mixed soil of a clayey-sandy loam-type
substrate with 54 g dm organic matter, pH (CaCl,)
6.1, containing the following atomic concentrations:
16 mmol, dm= H+Al; 36 mmol dm= Ca; 22 mmol dm?
Mg; 0.0 mmol dm Al; 450 mg dm?3 K; 192 mg dm
P (Mehlich-1); and 12 mg dm™ Si (base saturation of
78.5%). Silicon was applied between 8:00 and 9:00
AM (single dose), using a manual sprayer, on both leaf
surfaces (approximately 25 mL per plant) at 15 days
before applying the water stress treatment. The Si
source was a wettable fertilizer powder containing
98% Si0, (Agri Sil, Agrobiologica — Solugdes Naturais
Ltda., Leme, SP, Brazil).

The water deficit treatment was obtained by cutting
out irrigation for a 20-day period. In the irrigated
treatment, the plants received the application of Si and
were subjected to watering every two days, to maintain
the maximum field capacity of the substrate. During
the application of water to the soil of the control plants,
as well as in all treatments, there was no wetting of the
leaves.

All analyses were performed at the end of the
experiment in fully expanded leaves of the second or
third node from the apex of the orthotropic axis of three
plants per block, resulting in 12 plants per treatment.
Portions of the leaf samples were frozen in liquid
nitrogen and stored in an ultra-freezer at -80°C for later
use in biochemical analyses, while the other portions
were fixed in 70% ethanol for the anatomical analysis.

For the anatomical analysis, eight segments of the
middle portions of each leaf blade were used, which
were dehydrated in an ascending ethanol series and
embedded in hydroxyethyl methacrylate (Historesin,
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Leica Biosystems Nussloch GmbH, Heidelberg,
Germany), according to the manufacturer’s
recommendations. The blocks were cut transversely
(10 pm thick) with a rotary microtome and were
stained with toluidine blue (O’Brien et al., 1964).
The following were measured: total thickness of
blades, epidermis of both leaf surfaces, and palisade
and spongy parenchymas. Using an instant adhesive,
stomatal density (number per mm) was also determined
from the abaxial leaf surface using the technique of
epidermal fingerprint on glass slides.

Histochemical tests were performed on cross-
sections of fresh and fixed leaves according to the
methods described by Johansen (1940). For detection
of mucilage, an aqueous solution of ruthenium red was
used, in which a positive reaction was indicated by
a pink color. For detection of starch, Lugol’s reagent
was used, and staining was considered positive when a
dark-blue to black color was observed.

Observation and photographic documentation were
performed using a Nikon Eclipse 50i photomicroscope
and the Nikon NIS-Elements microscope imaging
software (Nikon Tec Corporation, Tokyo, Japan).
Quantitative analyses were conducted using the
TSView software, version 6.1.3.2 (Tucsen Imaging
Technology Co. Ltd., Fuzhou, Fujian, China).

Leaf relative water content (RWC) was
calculated, after determining turgid weight (TW),
fresh weight (FW), and dry weight (DW) of two
leaf discs, 1.0 cm in diameter, using the equation:
RWC = 100[(FW - DW)/(TW - DW)] (Barrs, 1968).

The predawn leaf water potential (Yw) was assessed
with a Scholander pressure chamber, model 600 (PMS
Instrument Company, Albany, OR, USA).

For determination of the leaf Si contents, a
colorimetric silicomolybdic acid complex test was
used, indicating Si with a yellow color (Korndorfer
et al., 2004).

Photosynthetic pigments were extracted with
dimethyl sulfoxide, and five leaf discs, 0.5 cm
in diameter, were removed. The disks were then
macerated in the dark with 7.0 mL of the solvent,
at 25°C, for a period of 72 hours and, subsequently,
read in a spectrophotometer. The concentrations of
chlorophyll and carotenoids were calculated according
to the equations proposed by Lichtenthaler & Welburn
(1983).

To verify the stability of the membranes, an
electrolyte leakage technique was implemented using a
conductivity meter, model SX723 (Shanghai San-Xin
Instrumentation, Inc., Shanghai, China), following the
methodology described by Bajji et al. (2001).

The fluorescence transient OJIP emission was
measured between 7:00 and 9:00 AM, using a
portable fluorimeter Pocket PEA (Hansatech
Instruments Ltd., King’s Lynn, Norfolk, UK). Before
evaluation, the leaves were adapted to the dark
for 30 min. The fluorescence emission of the leaves
was induced by a saturating pulse of red light of
3,500 umol photons m?s™'. The JIP measurements were
analyzed as proposed by Strasser et al. (2004). The
following parameters were chosen: density of the active
reaction centers of photosystem II (PSII) (RC/ABS),
conformation term for the primary photochemistry
(ppo/(1 - @py)), conformation term for the reactions
that were not dependent on light beyond the reduced
quinone a (Wo/(1 - ¥,)), conformation term for the
reactions of the reduced intersystem until reduction
of the final electron acceptor of photosystem I (PSI)
(Oro/(1 - Bgy)), and the performance index (potential) for
energy conservation from an exciton until reduction of
the final acceptor of PSI (Plyorar).

Gas exchange measurements were performed on
the same leaves used for the analysis of fluorescence,
between 8:00 and 10:00 AM, with an infrared gas
analyzer, model LI-6400 (LI-COR, Lincoln, NE, USA),
under an irradiance of 1,000 umol photons m? s'. With
the infrared gas analyzer, it was possible to obtain
CO, assimilation (A), transpiration (E), stomatal
conductance (g;), and intercellular concentration of CO,
(C)). From these variables, the instant carboxylation
efficiency (A/C;) and intrinsic water use efficiency
(A/gs) were calculated.

For the extraction of the antioxidant enzymes,
200 mg of the leaf tissue were grinded with liquid
nitrogen using a mortar and pestle, then homogenized
in 100 mmol L' (pH 6.8) potassium phosphate buffer
containing 0.1 mmol L' EDTA-Na,, 10 mmol L
ascorbic acid, and polyvinylpolypyrrolidone (PVPP)
1% (W/V). The homogenate was centrifuged at
12,000 g for 15 min at 4°C. The resulting supernatant
was used to assay the catalase (CAT), ascorbate
peroxidase (APX), guaiacol peroxidase (POD), and
polyphenol oxidase (PPO) activities and to quantify
the phenols.
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The CAT activity (E.C. 1.11.1.6) was determined
according to the methodology described by Havir
& McHale (1989) with modifications. The reaction
mixture (2.15 mL) was obtained in 100 mmol L' sodium
phosphate buffer (pH 7.0) with 20 mmol L' H,0,, and
the reaction was started by adding 50 pL of enzyme
extract. The activity was determined by monitoring the
initial rate of disappearance of H,O, at 240 nm, after
30 s, at 28°C. The extinction coefficient of H,O, was
36 mmol L' cm™ (Nakano & Asada, 1981).

The APX activity (EC 1.11.1.11) was determined
according to the methodology of Nakano & Asada
(1981) with modifications. The reaction mixture
(2.5 mL) for APX contained 100 mmol L' sodium
phosphate buffer (pH 7.0) with 10 mmol L' ascorbic
acid and 2.0 mmol L' H,O,. Briefly, the reaction was
started by adding 30 pL of enzyme extract. The oxidation
of H,0,, which was dependent on ascorbic acid, was
measured by the decrease in absorbance at 285 nm, after
3 min, at 28°C. The extinction coefficient for H,O, was
2.8 mmol L' em™ (Nakano & Asada, 1981).

The POD activity (EC 1.11.1.7) was determined
according to the methodology described by Cakmak
et al. (1993) with modifications. The reaction medium
(2.15 mL) consisted of 100 mmol L' sodium phosphate
buffer (pH 7.0) with 20 mmol L guaiacol and
20 mmol L' H,0,. The reaction was started with 50 uL
of enzyme extract. The increase in absorbance due to
guaiacol oxidation was recorded at 470 nm after 2 min
of reaction at 28°C. The H,O, extinction coefficient
was 26.6 mmol L' cm™.

The PPO activity (EC 1.30.3.1) was evaluated
according to Cafial et al. (1988) with some
modifications. The reaction mixture (2.2 mL) consisted
of 0.02 mol L' sodium phosphate buffer (pH 6.8) and
0.2 mol L' catechol. The reaction was started with
20 pL of enzyme extract. The increase in absorbance
was recorded at 420 nm after 2 min of reaction at 28°C.
The total activity for this enzyme was expressed as the
increase in absorbance per minute.

To measure the concentrations of phenolic
compounds in the extracts, the Folin-Ciocalteu reagent
was used with gallic acid calibration, according to
the methodology proposed by Singleton & Rossi
(1965) with modifications. Under stirring, 50 pL of
extract, 1,250 uL of ultrapure water, and 200 pL of
Folin-Ciocalteu reagent were added. After 4 min,
1.0 mL of 15% Na,CO; was added, and the mixture was
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stirred for 2 hours at 25°C. Absorbance was measured
at 760 nm.

The results were subjected to analysis of variance
(Anova), and the mean values were compared by
Tukey’s test, at 5% probability. When there was a
significant effect of the interaction between irrigation
and Si concentration, interaction slicing was performed.
All analyses were carried out using the Assistat
software, version 7.6 beta (Universidade Federal de
Campina Grande, Campina Grande, PB, Brazil).

Results and Discussion

The relative water content did not significantly
differ among treatments, staying at approximately
85% (Table 1). Although higher water contents were
expected in irrigated plants than in nonirrigated ones,
as reported for other species (Shen et al., 2010; Ming
et al., 2012), this was not the case for the cacao tree,
corroborating the results obtained by Almeida et al.
(2002). Starch grains were found in abundance in the
central vein after 20 days of the nonirrigated treatment
(Figure 1 A), but these structures were scarce in the
irrigated plants (Figure 1 B). Regarding other soluble
carbohydrates, the accumulation of starch does not
necessarily facilitate osmoregulation, although the
starch grains can be deployed rapidly to provide soluble
sugars in tissue subjected to water stress (Krasensky &
Jonak, 2012).

Even though water deficit usually leads to a depletion
in starch content, such that there is an accumulation of
soluble sugars in leaves (Basu et al., 2007), the higher
amounts of starch grains in the leaves of cacao plants
can indicate a response to maintain their water content.
Under a more prolonged drought condition, the higher
amount of starch grains observed in the leaves of
plants under water stress may be used as a reserve and,
therefore, increase the production of more osmotically
active sugars through the degradation of the starch
molecule. Almeida et al. (2002) evaluated the effects
of water stress in five-month-old seedlings of eight
cacao genotypes grafted onto the common cacao
variety and found that drought resistance occurred,
at least partially, through osmotic adjustment in most
genotypes and that there was a significant increase in
leaf concentration of K and P during the dehydration
process of some genotypes at ¥, of -1.5 MPa.



Leaf application of silicon

The presence of mucilage in leaf epidermal cells
(Figure 1 C) and of secretory ducts in the cortex
and medulla of the central vein of cacao (Figure 1
D) indicates that the plant is trying to retain water
to maintain its cell turgor and anatomical structure.
There was no change in the thickness of: epidermis
of the adaxial surface, palisade parenchyma, spongy
parenchyma, epidermis of the abaxial surface, or leaf
blade (Table 1). In addition, in both water conditions,
the Si concentration did not affect the anatomy of
the cacao leaves. However, the water potential was
affected by irrigation and Si concentration, although
no significant interaction was observed between these
factors. The water potential was lower in nonirrigated
plants in comparison with irrigated plants, as reported
previously in the literature (Almeida et al., 2002; Bae
et al., 2008).

The application of Si reduced the water potential at
the highest leaf concentration of SiO,, i.e., 3.0 mg mL"'
(Table 1). This response differs from those found in
the literature for other species, in which Si increased
or maintained the leaf water potential (Ming et al.,
2012). In the present study with cacao, the reduction
of the leaf water potential at the highest dosage could
be explained by the possible increase in the internal
concentration of solutes and the stiffening of the
cell wall promoted by the leaf application of Si. It
should be noted that the differences in water potential
observed among these studies may be related to the Si
leaf concentrations used in each one.

The Si leaf content in nonirrigated plants was 62%
lower than that in irrigated plants (Table 1), which can
be attributed to the fact that this mineral nutrient can be
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absorbed by the soil and translocated in the plant along
with the water (Ma et al., 2001). The plants that were
irrigated but that did not receive leaf application of Si had
Si leaf contents above 1%, suggesting that they naturally
accumulate this mineral nutrient (Ma et al., 2001).

The content of photosynthetic pigments did
not change with treatments (Table 1). There is no
consensus in the literature on the effect of Si on the
content of photosynthetic pigments, which may be
related to the intrinsic characteristics of each species as
well as to the different experimental conditions used in
the different studies. For example, in soybean (Glycine
max L.), the leaf application of Si did not alter the
chlorophyll content in nonirrigated plants (Shen et al.,
2010), whereas in rice (Oryza sativa L.), the addition
of 1.50 mmol L' Si in nonirrigated soil increased the
total chlorophyll content (Chen et al., 2011).

The leaf content of total phenols was higher
in nonirrigated plants (Table 1). Furthermore, no
interaction was observed between irrigation and Si
concentration. The accumulation of phenols in leaves
may help to maintain the photosynthetic pigment
content because phenols can filter ultraviolet light,
which can mitigate the detrimental effects of radiation
on chloroplasts and other cell structures (Shen et al.,
2010).

In nonirrigated plants, electrolyte leakage was
reduced with the application of Si (Table 2). These
results reinforce the positive effect of Si on the
stabilization and structural maintenance of the plasma
membrane in nonirrigated plants, which reduces
the loss of soluble solids and contributes to osmotic
adjustment (Ming et al., 2012).

Table 1. Effects of water supply and Si concentration on the thickness of the epidermis of the adaxial surface (AD), the
palisade parenchyma (PP), the spongy parenchyma (SP), the epidermis of the abaxial surface (AB), and the leaf blade (LB),
as well as relative water content (RWC), water potential (‘,,), Si content, photosynthetic pigments, and total phenolics in the

leaves of cacao (Theobroma cacao)®.

Treatment AD PP SP AB LB RWC Y, Si  Chloro- Chloro- Total Carote- Phenols?®
phylla phyll 5 chlorophyll noids

(um) (%) (-MPa) (%)  -eeeececcees (mg g dry matter)---s--------- (hgg")
Irrigated 19.43» 3561 64.62*  9.41" 128.89 84.14~ 0.36a 1.07a 4.94~ 1.0l 8.06™ 2.93m 10.18b
Nonirrigated 18.82 34.61 59.08 9.70 122.50  84.79 0.85b  0.66b 545 1.07 8.90 3.21 14.08a
0.0 mg mL' SiO, 1822  33.03= 5837  9.18 119.05™ 86.23*  0.50a  0.99= 5.00=  1.03 8.16™ 3.07 9.88b
1.5 mgmL'SiO, 20.04 35.93 62.06 9.75 128.02  84.84 0.59ab  1.05 5.18 1.03 8.45 3.03 12.94a
3.0mgmL"'SiO, 19.13 36.37 65.12 9.72 130.02  82.31 0.72b  0.91 5.41 1.06 8.83 3.10 13.56a

(OMeans followed by equal letters, in the columns, do not differ significantly by Tukey’s test, at 5% probability. “Nonsignificant. ®pg gallic acid per g fresh

weight.
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Because the fluorescence emission of chlorophyll a is
dependent on membrane structures, such as thylakoids
(that allow a more stable anchoring of photosynthetic
pigments), the greater the thylakoid structure is, the
better the stabilization of the photosystems will be
in the membranous structure of the chloroplasts.
Therefore, in nonirrigated plants, Si application, which
contributes to the stabilization of the membranes of
nonirrigated plants, changes fluorescence emission
(Table 2). The application with the concentration of
1.5 mg mL"' Si increased RC/ABS in the nonirrigated
plants. This result indicates that the density of the active
reaction centers is based on the amount of chlorophyll.
Consequently, a decrease in this value indicates an
increase in the size of the antenna system needed to
supply each reaction center (Strasser et al., 2004).

The electron flow beyond Qs- up to the final
electron acceptors of PSI was not affected because
Yo/(1 - W) and Oro/(1 - Oro) showed no significant
differences. These parameters contributed to a greater

Figure 1. Cross-sections of the leaf blades of cacao
(Theobroma cacao) subjected to histochemical testing.
Ruthenium red reagent was used to indicate the accumulation
of mucilage in the epidermal cells (A) and in the secretory
canals of the central vein (B), whereas Lugol’s staining
indicated the presence of starch grains (black color) in
the irrigated (C) and in the nonirrigated plants (D). ME,
mucilaginous epidermis; ST, stomata; VB, vascular bundle;
PP, palisade parenchyma; SP, spongy parenchyma; and MC,
mucilage canal. Scale bar = 100 um.
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oPy/(1 - @Py) and Plora. in the nonirrigated plants
subjected to a concentration of 1.5 mg mL" Si; the
latter is considered the most sensitive parameter of the
JIP test (Mehta et al., 2010). Without Si application,
the Plrorar of the nonirrigated plants did not differ
significantly from that of the irrigated plants, showing
that cacao plants under water deficit have a high
energy gain (ATP and NADPH). Under limiting
root water conditions, the cacao plants that received
1.5 mg L' had higher values for Pligra, showing
that Si improves the photochemical efficiency of the
species. An improvement in photochemical efficiency
with Si application was also reported for other species
subjected to water deficit (Xu & Xu, 2005; Chen et al.,
2011).

For other the parameters, such as
conductance, transpiration and internal

stomatal
CO,

Table 2. Average density values of the active reaction
centers of photosystem II (RC/ABS), the conformation term
for the primary photochemistry, the conformation term for
the reactions that are not dependent on light beyond the
reduced quinone a, the conformation term for the reactions
of the reduced intersystem of the final electron acceptor
of photosystem I, and the performance index (potential)
for energy conservation from an exciton until reduction of
the final acceptor of PSI (Plrorar) in the leaves of cacao
(Theobroma cacao)®.

Treatment Concentrations of SiO, (mg mL™")

0.0 1.5 3.0

Electrical conductivity (uS)
Irrigated 10.63bA 9.60aA 10.54aA
Nonirrigated 19.52aA 9.59aB 11.06aB
RC/ABS
Irrigated 1.99aA 1.84bA 1.98aA
Nonirrigated 1.61bB 2.15aA 1.86aAB
Primary photochemistry [@p,/(1 - @p,)]
Irrigated 3.42aA 3.32bA 3.48aA
Nonirrigated 3.34aB 3.96aA 3.42aAB
Reduced quinone a [W/(1 - ¥y)]
Irrigated 0.42m 0.32 0.39
Nonirrigated 0.30 0.45 0.39
Final electron acceptor of photosystem I [Oro/(1 - Sro)]
Irrigated 0.90™ 0.91 0.93
Nonirrigated 1.20 0.93 1.10
Plrorac

Trrigated 2.30aA 1.62bA 2.30aA
Nonirrigated 1.74aB 3.21aA 2.72aAB

(ODMeans followed by equal letters, lowercase between water supply treat-
ments and uppercase between Si concentration treatments, do not differ by
Tukey’s test, at 5% probability. “Nonsignificant.



Leaf application of silicon in young cacao plants 221

concentration, there was no interaction between
irrigation and Si concentration (Table 3). Compared
with the irrigated plants, the nonirrigated ones
showed lower stomatal conductance and transpiration.
Moreover, the internal CO, concentration was higher
in nonirrigated plants. The reduction in the stomatal
aperture in plants under water deficit reduced
transpiration and contributed to the increase in internal
carbon concentration. This was possibly caused by
the photorespiratory activity of plants in drought
conditions (Singh et al., 2011) or by the impairment of
water-dependent enzyme reactions associated with the
Calvin-Benson cycle.

Regarding Si concentrations, differences were
only observed between the concentrations of 1.5 and
3.0 mg mL"! for the parameters stomatal conductance
and transpiration; the concentration of 3.0 mg mL"!
showed the lowest values for both of these parameters
(Table 3). The 3.0 mg mL" concentration decreased
stomatal conductance, reducing transpiration due to
the formation of a thick layer of Si on the leaf surface
that hindered the gas diffusion process. Trenholm et al.
(2004) suggested that silicate crystals are deposited on

near or equal to those of irrigated plants without the
application of Si (Table 4). The application of Si during
water deficit decreased the CAT activity, suggesting that
this enzyme can diminish the photorespiratory activity
(Shen et al., 2010). The highest PPO enzyme activity
may have acted as a sink for the additional light energy
not used in the photochemical reaction. Therefore, it is
expected that higher PPO activity can increase stress
tolerance by reducing the photooxidation damage. In
the present study, the plants under water deficit without
Si showed low PPO activity in their leaves.

Stomatal density was greater in cacao plants
under water deficit and lower in plants treated with
3.0 mg mL' Si (Table 4). Lower stomatal density

Table 4. Photosynthesis (A), intrinsic water use efficiency
(A/gy), instant carboxylation efficiency (A/C;), catalase
(CAT) activity, ascorbate peroxidase (APX) activity, guaiacol
peroxidase (POD) activity, polyphenol oxidase (PPO)
activity, and stomatal density of cacao (Theobroma cacao)
leaves as affected by water supply and Si concentration®.

epidermal cells to form a barrier that can reduce water  Treatment Concentrations of SiO, (mg mL")
loss through the cuticle. 0.0 1.5 3.0
In nonirrigated plants, the concentration of A (umol CO, m?s™)
1.5 mg mL" provided the best photosynthesis rate,  [rrigated 4.28aA 4.282A 4.10aA
water use efficiency, and carboxylation efficiency — Nonimigated 1.626B e ?'éj)bA o) 11308
. .. . . . (LMo mol
(Table 4), which is in agreement with other studies . s ’ ’

i o ) Trrigated 70.29aA 62.41aA 70.32aA
reporting the positive effects of Si on gas exchange  \iisated 39.51bB 79 522A 12.43bB
(Shen et al., 2010; Ming et al., 2012). A/Ci (mol air m? s

Considering the CAT, APX,POD, and PPO activities,  Irigated 0.0138aA 0.0136aA 0.0133aA
the application of 1.5 mg mL-' Si on nonirrigated cacao ~ Nonirrigated 0.0048bB 0.0078bA 0.0033bB
plants proved to be beneficial, as it resulted in values CAT (umol min" g fresh weight)

Trrigated 0.67bA 0.72aA 0.20bB
Nonirrigated 1.00aA 0.38bB 0.94aA
APX (umol min' g fresh weight)
. . Trrigated 2.11aA 1.40bB 0.98bB
Table 3. Effects of water supply and Si concentration on e .
.. . Nonirrigated 0.66bC 2.02aA 1.42aB
stomatal conductance (g;), transpiration (E), and internal - -
CO, concentration (Ci) in the leaves of cacao (Theob POD (pmol min” g fresh weight)
C rati 1) 1In av cac eooroma

0 Trrigated 0.72bB 1.09aA 0.39bC
cacao)®. Nonirrigated 1.07aA 0.19bC 0.65aB
Treatment 2 E G PPO (UA min™ g! fresh weight)

(mol H,0 m? s™) (mmol H,O m?s™) (umol CO,mol™) Trrigated 9.59aA 8.90aA 10.52aA
Irrigated 0.047a 1.68a 238b Nonirrigated 5.90bB 10.45aA 7.20bB
Nonirrigated 0.013b 0.46b 244a Number of stomata per millimeter
0.0 mg mL"' SiO, 0.029ab 1.06ab 242rs Irrigated 890bA. 881bA 890aA
1.5mgmL'Si0,  0.034a 1.23a 239 Nonirrigated 976aA 948aA 858aB
3.0mgmL" Si0,  0.025b 0.93b 243

(OMeans followed by equal letters, in the columns, do not differ significan-
tly by Tukey’s test, at 5% probability. “Nonsignificant.

(UMeans followed by equal letters, lowercase between water supply
treatments and uppercase between Si concentration treatments, do not differ
by Tukey’s test, at 5% probability. *Nonsignificant.
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can interfere with water transport regulation and
reduce gas exchange efficiency, which may reduce
the photosynthetic rate and the intrinsic water use
efficiency, whereas greater stomatal density can be a
result of reduced leaf expansion, which can be caused by
reduced turgor pressure under limited water conditions.
Studies have shown that environmental factors, such
as light, can regulate the development of the stomata
(Nadeau & Sack, 2002). According to Luz (2006), the
presence of a Si layer on leaf surfaces can change light
reflectivity. Therefore, higher concentrations of Si,
such as that of 3.0 mg mL"', suggest the presence of a
thicker layer of Si on leaf surfaces, which would affect
the transmittance of light, reducing the formation of
stomata and their density in the leaves.

Conclusions

1. Leaf application of silicon (SiO,) improves the
tolerance of cacao (Theobroma cacao) plants to water
deficit.

2. The concentration of 1.5 mg mL' SiO, is
considered optimal in increasing photosynthetic rate,
water use efficiency, and carboxylation efficiency,
besides mitigating the effect of oxidative stress.
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