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Plant Phisiology/ Original Article

Silicon in cacao plants 
exposed to UV-B radiation
Abstract – The objective of this work was to evaluate silicon capacity to mitigate 
the damaging effects of UV-B radiation on cacao (Theobroma cacao) plants. 
For the experiment, homogeneous cacao plants produced from seeds collected 
from a clonal population were subjected to the following treatments: UVB- Si-, 
no UV-B exposure and no addition of Si (control); UV-B+ Si-, UV-B exposure 
of 3.0 kJ m-2 per day and no addition of Si; and UV-B+ Si+, UV-B exposure 
of 3.0 kJ m-2 per day and addition of 2.0 mmol L-1 Si. The molybdenum blue 
technique was used to determine Si concentrations. For each selected plant, 
the following were determined: number of leaves; leaf area; root, stem, and 
leaf dry mass; anatomy of fully expanded leaves; gas exchange; chlorophyll 
a fluorescence; total soluble sugar concentrations using ethanol extract; 
and antioxidant enzyme activity. The plants showed a higher leaf and total 
biomass when treated with Si, as well as lower concentrations of chlorophyll, 
carotenoids, anthocyanins, flavonoids, and polyphenols under UV-B radiation. 
Si inhibits the net CO2 assimilation rate and the dark mitochondrial respiration 
rate. Therefore, Si application on cacao plants mitigates the damaging effects 
of UV-B, reduces carbon consumption through cellular respiration, and 
decreases the production of UV-B-absorbing compounds.

Index terms: oxidative stress, photosynthesis, plant anatomy, plant growth, 
ultraviolet radiation.

Silício em plantas de cacau expostas  
à radiação UV-B
Resumo – O objetivo deste trabalho foi avaliar a capacidade do silício em mitigar 
os efeitos nocivos da radiação UV-B em plantas de cacau (Theobroma cacao). 
Para o experimento, plantas homogêneas de cacau produzidas de sementes 
coletadas de uma população clonal foram submetidas aos seguintes tratamentos: 
UV-B- Si-, sem exposição à UV-B e sem adição de Si (controle); UV-B+ Si-, 
exposição à UV-B a 3,0 kJ m-2 por dia e sem adição de Si; e UV-B+ Si+, exposição 
à UV-B a 3,0 kJ m-2 por dia e adição de 2.0 mmol L-1 de Si. Utilizou-se a técnica 
azul de molibdênio para determinar as concentrações de Si. Para cada planta 
selecionada, foram determinados: número de folhas; área foliar; massa seca 
de raízes, caules e folhas; anatomia das folhas totalmente expandidas; trocas 
gasosas; fluorescência da clorofila a; concentrações de açúcares solúveis totais 
com uso de extrato etanólico; e atividade das enzimas antioxidantes. As plantas 
apresentaram maior biomassa foliar e total quando tratadas com Si, bem como 
menores concentrações de clorofila, carotenoides, antocianinas, flavonoides e 
polifenóis sob radiação UV-B. O Si inibe a taxa de assimilação líquida de CO2 
e a taxa de respiração mitocondrial no escuro. Portanto, a aplicação de Si em 
cacaueiros atenua os efeitos nocivos da UV-B, reduz o consumo de carbono pela 
respiração celular e diminui a produção de compostos absorvedores de UV-B.

Termos para indexação: estresse oxidativo, fotossíntese, anatomia vegetal, 
crescimento vegetal, radiação ultravioleta.
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Introduction

The Catongo cacao (Theobroma cacao L.) genotype 
is well-known for the good quality of its seeds, which 
provide the raw material necessary to obtain low-
acidity fine chocolates with a high-quality flavor 
(Bonino, 2013).

Although cacao is usually grown under temporary 
or permanent shading, the cultivation of the crop under 
full sunlight conditions has been expanding (Lennon 
et al., 2021). However, a high exposure to ultraviolet-B 
(UV-B) radiation should be carefully evaluated since, 
depending on its levels, the effects on plant growth can 
be negative (Kakani et al., 2003b; Yao & Liu, 2006) or 
even positive (Cuzzuol et al., 2020). Yao & Liu (2006) 
and Cuzzuol et al. (2020), for example, found that, 
at 14.33 and 4.2 kJ m-2 per day, respectively, UV-B 
radiation inhibited and promoted plant development. 

At the anatomical level, the negative effects of 
UV-B include the thickening of the adaxial epidermis, 
palisade parenchyma, and spongy parenchyma, 
culminating in limb thickness (Verdaguer et al., 2012). 
In addition, UV-B reduces stomatal density in sensitive 
species (Kakani et al., 2003a) and can affect net CO2 
assimilation rate, stomatal conductance, transpiration, 
water-use efficiency (net CO2 assimilation rate/
transpiration), CO2 concentration in intercellular 
air spaces, and the efficiency in trapping excitation 
energy (Fv’/Fm’) of photosystem II (PSII) open reaction 
centers (Yao & Liu, 2006; Cuzzuol et al., 2020).

A few studies have also shown that UV-B affects 
plant cell walls, which represent the largest reservoir of 
carbon in plants and in the biosphere, playing a key role 
in carbon cycling (Schädel et al., 2010). In herbaceous 
species of the Arctic region, Ruhland et al. (2005) 
found that UV-B increased the content of phenolic 
compounds in the cell wall structure of leaf tissues, 
whereas, in the tropical species Paubrasilia echinata 
(Lam.) Gagnon, H.C.Lima & G.P.Lewis, Cuzzuol et al. 
(2020) concluded that UV-B stimulated lignification in 
the leaves. In another study, Messenger et al. (2009) 
highlighted that UV-B drove the aerobic production 
of methane and pectin in plant tissues, resulting in 
cell wall loosening. However, other possible effects of 
UV on lignin and mucilage content are still unknown, 
showing the need for further research on cellular 
tissues.

Plant sensitivity to UV-B has been associated with 
the balance between oxidant activity and antioxidant 

potential (Kataria et al., 2014). Under a long period of 
UV-B exposure, plants produce more reactive oxygen 
species (ROS) such as hydrogen peroxide (H2O2) 
(Kataria et al., 2014), a potent agent of lipid peroxidation 
detected through an increased malondialdehyde (MDA) 
concentration (Asada, 1999). ROS can be presented as 
superoxide radicals (O2

-), hydroxyl radicals (•OH), and 
singlet oxygen (1O2), oxidizing not only lipids, but also 
proteins and nucleic acids (Hideg et al., 2013). In this 
scenario, antioxidant components have been evaluated 
as to plant protection against UV-B oxidant effects 
through non-enzymatic and enzymatic mechanisms 
(Martínez-Lüscher et al., 2015).

Non-enzymatic mechanisms consist of substances 
accumulated on the upper surface of the leaf epidermis, 
acting as UV absorbers and preventing the formation 
of ROS (Hideg et al., 2013), among which flavonoids 
(Ruuhola et al., 2018), anthocyanins, and carotenoids 
stand out (Sankari et al., 2017). Another form of non-
enzymatic defense consists in plants accumulating 
sugars that function as ROS scavengers (Mengarda et 
al., 2012).

Enzymatic antioxidant mechanisms involve the 
activity of superoxide dismutase (SOD, EC 1.15.1.1), 
ascorbate peroxidase (APX, EC 1.11.1.11), catalase 
(CAT, EC 1.11.1.6), and other enzymes (Asada, 1999). 
According to Martinez et al. (2001), SOD is the first 
line of defense against radicals, eliminating O2

-. The 
authors added that this enzymatic activity converts 
hydrogen peroxide into H2O and O2 in the peroxisomes 
through CAT or in the chloroplasts through APX, 
showing how the antioxidant systems play an important 
role in protecting plants against the negative effects of 
oxidative stress.

In a pioneering study with cacao, Zanetti et al. (2016) 
observed that the foliar application of Si mitigated 
UV-B oxidative damages. The mechanism behind this 
mitigation was related to net CO2 assimilation rate, 
water use efficiency, and CO2 concentration in the 
intercellular air spaces. Yaghubi et al. (2016), Zanetti 
et al. (2016), and Feng et al. (2010) concluded that Si 
application also protects plants against different types 
of stresses, such as salinity in strawberry (Fragaria 
× ananassa Duch.), water deficit in cacao, and heavy 
metal contamination in cucumber (Cucumis sativus L.), 
respectively. However, although abundantly present in 
the soil, Si concentration differs among soil types and 
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plant species, occurring mainly in the form of silicates 
(Epstein & Bloom, 2006).

The objective of this work was to evaluate silicon 
capacity to mitigate the damaging effects of UV-B 
radiation on cacao plants.

Materials and Methods

Seminal cacao plants of the Catongo genotype were 
produced using seeds from the same fruit of a clonal 
population, belonging to Comissão Executiva do Plano 
da Lavoura Cacaueira, located in the municipality 
of Linhares, in the state of Espírito Santo, Brazil 
(19º23'48"S, 40º03'42"W). The seeds were germinated 
in plastic trays containing filter paper and water, which 
were kept in a greenhouse under natural temperature, 
humidity, and photoperiod. A 50% black net was used to 
provide shade. The seeds with a visible root protrusion 
on the third day of germination were transferred to 
290 mL polycarbonate tubes containing the Forth 
commercial substrate (Forth Jardim, Cerquilho, SP, 
Brazil) and kept in the LI15 growth chamber (Sheldon 
Manufacturing Inc., Cornelius, Oregon, USA) set to 
a photoperiod of 12 hours, temperature of 27ºC, and 
relative humidity of 60%. Four 32 W white lamps 
(F32T8/SP41/ECO, General Electric, Boston, MA, 
USA) provided 150 µmol m-2 s-1 photosynthetic photon 
flux density (PPFD). Every 15 days, the seedlings 
received 50 mL of the nutrient solution, at pH 6.2, 
proposed by Hoagland & Arnon (1950).

After 55 days, homogeneous plants, with 12±2 cm 
in length and 7±2 leaves, were selected for analysis. 
The experimental design was completely randomized 
with five plants per treatment kept in the same growth 
chamber under the previously described setup. The 
plants were subjected to the following three treatments: 
UV-B- Si-, no UV-B exposure and no addition of Si 
(control); UV-B+ Si-, UV-B exposure of 3.0 kJ m-2 
per day and no addition of Si; and UV-B+ Si+, UV-B 
exposure of 3.0 kJ m-2 per day and addition of 2.0 
mmol L-1 Si. Every 15 days, 50 mL of plain nutrient 
solution with Na2HPO4 were added to UVB- Si- and 
UVB+ Si-, whereas 50 mL of plain nutrient solution 
with 2.0 mmol L-1 Si as Na2SiO3 and H2PO4 were added 
to UVB+ Si+. The aim was to balance the additional 
Na and P among treatments due to the use of Na2SiO3 
(Ming et al., 2012). 

After 15 days of Si application, the plants in the 
growth chamber were put on two shelves according 
to the treatments they were subjected to. Those under 
UVB+ Si- and UVB+ Si+ were put on the upper shelf 
in order to be exposed to two G15T8E lamps with an 
emission range of 280–360 nm and peak at 306 nm 
(Sankyo Denki, Kanagawa, Japan), positioned 30 cm 
above the plants; monitoring was carried out weekly 
using the 3414F ultraviolet light meter (Spectrum 
Technologies, Inc., Aurora, Illinois, USA). The plants 
under UVB- Si- were put on the lower shelf, protected 
from UV-B using a foam board.

Over 42 days, the plants exposed to UV radiation 
received 15 min per day of 5.5 μmol m-2 s-1 UV-B 
intensity, corresponding to 3.0 kJ m-2 per day. This 
level was based on that between 2.0 and 12 kJ m-2 per 
day registered during spring in different regions of 
Earth’s surface (Forster et al., 2011); the lower range 
was adopted because cacao is widely cultivated under 
trees, where the exposure to UV-B is lower. Every day, 
water was supplied up to 80% of the field capacity of 
the substrate, based on its mass. This limit was used to 
prevent Si leaching.

At the end of the experiment, photosynthesis, 
Si concentration in the substrate and leaf, growth 
measurement, leaf anatomy, and biochemical traits 
were determined. Photosynthesis was measured on 
fully-expanded apical leaves of the second and third 
nodes. For this, the leaves were removed, frozen, 
lyophilized, and ground for the biochemical analysis 
of pigments, enzymes, and molecules of the primary 
and secondary metabolism. Other leaves were used for 
Si content determination and anatomical analysis.

The modified molybdenum blue technique was used 
to determine Si concentration in substrates and leaves 
(Korndörfer et al., 2004). In the case of substrates, 
the material was oven-dried, at 60ºC, until reaching a 
constant mass. Samples of 10 g of dry substrate were 
then sifted through a 2.0 mm mesh and put in a 500 mL 
beaker, to which 100 mL of 0.5 mol L-1 acetic acid were 
added. The mixture was shaken at 50 rpm for 1 hour 
in the GT-201BD horizontal shaker (Global Trade 
Technology, Jaboticabal, São Paulo, Brazil) and left to 
rest for 12 hours, after which the suspension was filtered 
and left to rest for another 12 hours. Then, a sample of 
10 mL was collected, to which 1.0 mL sulfomolybdic 
solution (75 g L-1) was added. The obtained solution 
was homogenized manually, receiving 2.0 mL oxalic 
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acid (75 g L-1) after 10 min and 10 mL ascorbic acid 
(3.0 g L-1) after 5 min; after each addition, the solution 
was homogenized manually again. The mixture was 
left to rest for 1 hour and, afterwards, analyzed in 
the Genesys 10S UVvis spectrophotometer (Thermo 
Fisher Scientific, Waltham, MA, USA) with an optical 
density at 660 nm. All absorbance measurements were 
carried out using the same spectrophotometer.

To quantify Si content in the leaves, the material 
was washed in deionized water, oven dried at 60ºC, 
and ground in the TE-350 ball mill (TECNAL, 
Piracicaba, SP, Brazil). For each treatment, five 25 
mg samples of the ground material were put in 15 
mL falcon tubes to be digested. The tubes, which 
received 500 µL H2O2 (30 volumes) and 750 µL 
NaOH (500 g L-1), were immersed in a water bath, at 
90ºC, where they were shaken for 1 hour using the 
SL-153/30 magnetic shaker (Solab: Equipamentos 
para Laboratórios, Piracicaba, SP, Brazil), followed 
by autoclaving at 123ºC, under 1.5 atm, for 1 hour in 
the CS-30 equipment (Prismatec Equipamentos, Itu, 
SP, Brazil). A volume of 11.25 mL ultrapure water 
was added to the digested extract, and the mixture 
was left to rest for 12 hours. A 500 µL aliquot of the 
supernatant was mixed with 4.5 mL ultrapure water, 
0.5 mL HCl (1:1), and 0.5 mL ammonium molybdate 
(100 g L-1), to which 0.5 mL oxalic acid (75 g L-1) and 
2.5 mL of ascorbic acid (3.0 g L-1) were added after 
10 and 5 min, respectively. The mixture was left to 
rest for 1 hour and then subjected to an optical density 
reading at 660 nm using the spectrophotometer. The 
standards for the calibration curve (0 to 8.0 mg L-1 Si) 
were prepared using a 1.0 g L-1 Si solution (Merck & 
Co. Inc., Rahway, NJ, USA).

At the end of the experiment, leaf number, leaf area, 
and root, shoot, and leaf dry mass (RDM, SDM, and 
LDM, respectively) were determined. Leaf area was 
measured with the LI-3100 Area Meter imaging scanner 
(LI-COR Biosciences, Lincoln, Nebraska, USA). Dry 
mass was obtained using plant material oven-dried 
at 60ºC until reaching a constant mass. Based on the 
results, specific leaf area (SLA = leaf area/LDM), unit 
leaf area (ULA = leaf area/leaf number), leaf area ratio 
(LAR = leaf area/total dry mass), and the root:shoot 
ratio (RDM/SDM) were calculated according to 
Lambers & Poorter (1992).

Anatomic analyses were performed under proper 
phytosanitary conditions using fully expanded leaves 

of the second node from the apex of the orthotropic 
axis. Samples were fixed in formalin-acetic acid-
alcohol as proposed by Johansen (1940), kept in this 
solution for 48 hours, stored in ethyl alcohol 70%, 
and then subjected to increasing concentrations of 
ethanol (70, 90, 95, and 100%) for dehydration. The 
obtained material was embedded in hydroxyethyl 
methacrylate (Leica, Wetzlar, Germany). The resin 
blocks were cross-sectioned at a thickness of 8.0 to 
10 µm using a rotating microtome, starting at the 
median portion of the leaf blade. Adaxial epidermis, 
abaxial epidermis, palisade parenchyma, and spongy 
parenchyma were measured. Stomatal density (number 
of stomata per square millimeter) was calculated from 
abaxial leaf epidermal impressions prepared with 
the Super Bonder instant adhesive (Loctite, Henkel, 
Düsseldorf, Germany) on glass slides. The samples 
were photo-documented using the Nikon Eclipse 
50i photomicroscope and the Nikon NIS-Elements 
imaging software (Nikon Tec Corporation, Tokyo, 
Japan). Quantitative analyzes were conducted with the 
ImageJ1 software (Schneider et al., 2012). 

Using fully expanded leaves of the second and 
third apical node, gas exchange and chlorophyll a 
fluorescence were measured with the LI-6400XT 
infrared gas analyzer coupled with the LI-6400-
02B LED red/blue light source and the LI-6400-40 
fluorometer (LI-COR Biosciences, Lincoln, NE, 
USA). The system was maintained under a constant 
irradiance of 500 μmol m-2 s-1 and 400 µmol mol-1 
CO2, at 27ºC. Net CO2 assimilation rate, stomatal 
conductance, CO2 concentration in the intercellular 
air spaces, transpiration, and water-use efficiency (net 
CO2 assimilation rate/transpiration) were measured 
from 08:00 to 10:00 am. Dark respiration was deducted 
from the photosynthetic curves of light response (net 
CO2 assimilation rate/PPFD) in the photon range of 0 
to 1,500 μmol m-2 s-1, at 27ºC. Curves were normalized 
as proposed by Lobo et al. (2013). The model of the data 
was adjusted using a non-linear regression (minimum 
quadratic difference) solved in the Microsoft Excel 
Solver software (Microsoft Corporation, Redmond, 
WA, USA).

For chlorophyll a fluorescence determination, 
leaves were acclimatized in the dark for 30 min and 
then exposed to a faint red-distant pulse of light 
of 0.03 μmol m-2 s-1 in order to determine the initial 
fluorescence yield in dark-adapted samples (F0). Then, 
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an 8,000 µmol m-2 s-1 saturating light pulse was applied 
for 0.8 s to estimate maximal fluorescence yield (Fm), 
maximum fluorescence in light-adapted samples (Fm’), 
fluorescence yield at the stationary state (Fs), and 
minimum fluorescence in the dark with all reaction 
centers open (F0’). The photochemical extinction 
coefficient was estimated according to DaMatta 
et al. (2002) and Lima et al. (2002), using their 
equations of photochemical [qP = (Fm’-Fs)/(Fm’-F0)] 
and non-photochemical [NPQ = (Fm-Fm’)/(Fm-F0’)]  
extinction. The capture efficiency of excitation 
energy of PSII open reaction centers was determined 
using the following equation of Logan et al. (2007):  
[Fv’/Fm’ = (Fm’-F0’)/Fm’].

Single extracts of five plants per treatment were 
prepared in order to determine chlorophyll content and 
UVB-absorbing compounds. Each extract of 18 mg 
lyophilized leaf tissue was macerated and left in 95% 
ethanol for 24 hours, in the dark, at 8ºC. After ethanol 
extraction, the mixture was centrifuged at 1,450 × g, 
at 4ºC, for 20 min. The supernatant obtained after 
centrifugation was the extract analyzed at 470, 648, 
and 664 nm using the spectrophotometer. The results 
were subjected to the equation of Lichtenthaler & 
Buschmann (2001) in order to determine chlorophyll 
a, chlorophyll b, and carotenoid concentrations. A 
modified Folin-Ciocalteu reaction developed from the 
methodology of Singleton & Rossi (1965) was used to 
determine soluble phenolic compounds. The reaction 
consisted of a mixture of 200 µL ethanolic extract with 
200 μL Folin-Ciocalteu reagent agitated for 4 min at 
25ºC. The mixture received 1.0 mL Na2CO3 (15%) and 
was left to rest for 2 hours. Then, absorbance was read 
at 760 nm. Polyphenol content was determined using 
a standard curve of gallic acid from 0 to 60 μg, and 
the results were expressed in milligrams of gallic acid 
equivalent per gram of dry mass. Flavonoid content 
was estimated by the aluminum chloride colorimetric 
method described by Park et al. (1998), which uses 
a reaction consisting of 500 μL ethanolic extract, 
100 μL aluminum chloride (10%), 100 μL potassium 
acetate (1.0 mol L-1), and 4.3 mL distilled water. After 
homogenization, the mixture was left to react for 30 
min at 25ºC. Then, absorbance was read at 428 nm 
in the spectrophotometer. A standard curve from 0 to 
100 µg mL-1 quercetin was used. Anthocyanin content 
was obtained with a modified method based on the 
methodology of Beggs & Wellmann (1994), in which 

the used reaction consisted of 1.5 mL extract subjected 
to 15 μL HCl (1%) and kept in the dark, at 4ºC, for 24 
hours. Absorbance was read at 535 nm, and the results 
were expressed in A535 per gram of dry mass.

Total soluble sugar concentration was determined 
using the phenol-sulfuric acid method of Dubois et 
al. (1956), at 490 nm, in the spectrophotometer. The 
results were expressed in standard glucose curve from 
0 to 40 µg mL-1 (Merck & Co. Inc., Rahway, NJ, USA). 

Lignin content was determined through the method 
of Santos et al. (2008) using 150 mg dry leaf of each 
plant per treatment. To the analyzed sample, 10 mL 
of 50 mmol L-1 potassium-sodium phosphate buffer, at 
pH 7, were added. The mixture was then centrifuged 
at 2,616 × g for 10 min, and the supernatant was 
discarded. The obtained pellet was washed using a 
sequence of different solutions: three times with 50 
mmol L-1 phosphate buffer, at pH 7; three times with 
Triton buffer, at pH 7 (Thermo Fisher Scientific, 
Waltham, MA, USA); twice with NaCl buffer, at pH 
7; twice with deionized water; and twice with 100% 
acetone. After chemical washing, the pellet was oven 
dried, at 60°C, for 24 hours. The resulting material was 
divided into batches of 50 mg, each receiving 1.2 mL 
thioglycolic acid and 6.0 mL of 2.0 mol L-1 HCl. The 
batches were incubated in a water bath, at 95°C, for 
4 hours, centrifuged and washed with deionized 
water, and, then, each one of them received 7.0 mL 
of 0.5 mol L-1 NaOH. The mixture was incubated, at 
30°C, for 18 hours under constant shaking, after which 
it was centrifuged and the supernatant was reserved. 
The obtained pellet was washed using 3.0 mL of 0.5 
mol L-1 NaOH and centrifuged, receiving the reserved 
supernatant. The material was acidified with 1.8 mL 
HCl and left at 4°C for 12 hours, without shaking, in 
order to precipitate, and, then, washed using deionized 
water and centrifuged. The supernatant was discarded, 
and the centrifuged material was oven-dried, at 60°C, 
for 24 hours. Afterwards, the dried material was 
resuspended using 15 mL of 0.5 mol L-1 NaOH. At the 
concentrations of 0, 10, 20, 30, 40, 50, 100, 200, 300, 
400, and 500 μg μL-1, a lignin solution (Merck & Co. 
Inc., Rahway, NJ, USA) was used to plot the standard 
curve. The final material was analyzed at 280 nm w 
the spectrophotometer.

Mucilage extraction was carried out using 
the methodology of Ghanem et al. (2010), with 
modifications. For each treatment, five fully-expanded 
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leaves of the second and third apical node were 
immersed in absolute ethyl alcohol until complete 
depigmentation. The discolored material was oven-
dried at 50ºC and ground in a ball mill. Then, 3.0 mL 
water were added to 100 mg of the ground material. 
The mixture was subjected to ultrasound, at 35ºC, for 
15 min and, then, kept under constant agitation for 2 
hours, after which it was centrifuged at 1,400 × g for 5 
min. The mucilage-rich supernatant was collected and 
stored at 4ºC. The precipitate was resubjected twice 
to the process of mucilage extraction. The collected 
supernatants were added to 27 mL 95% ethanol, left 
to rest for 24 hours at 4ºC, centrifuged again at 1,400 
× g for 5 min, and then discarded. The mucilage-
rich precipitate was washed three times using 95% 
ethanol, after which it was vacuum-dried and weighed. 
Mucilage content was calculated by subtracting the 
initial weight from the final weight of the sample.

The antioxidant enzymes were extracted by liquid 
nitrogen from a sample of 50 mg lyophilized leaf 
tissue, which was homogenized using 0.1 mmol L-1 
potassium phosphate buffer at pH 6.8, 0.1 mmol L-1 
ethylenediaminetetraacetic acid (EDTANa2), 10 mmol 
L-1 ascorbic acid, and polyvinylpolypyrrolidone 1% 
(w/v). The homogenate was centrifuged at 12,000 × g 
for 15 min at 4ºC. Enzyme activities were determined 
from the supernatant (enzyme extract), whereas 
SOD activity was assessed according to the method 
of Giannopolitis & Ries (1977), in which the used 
reaction consisted of 3.0 mL of 50 mmol L-1 NaH2PO4 
buffer at pH 7.5, 13 mmol L-1 methionine, 2.0 µmol L-1 
riboflavin, 0.1 mmol L-1 EDTANa2, 75 µmol L-1 nitro 
blue tetrazolium, and 50 µL supernatant. The reaction 
occurred in a dark room under a white fluorescent 25 
W lamp, at 25ºC, for 10 min. Enzyme activity was 
defined as the amount of enzyme needed to inhibit 
50% nitro tetrazolium reduction rate at a wavelength 
of 560 nm in the spectrophotometer, and the result was 
expressed in SOD per gram of dry mass. CAT activity 
was determined in the reaction of 100 µL of the 
supernatant added to 2.9 mL of 50 mmol L-1 NaH2PO4 
buffer, at pH 7.0, and 10 mmol L-1 H2O2 (Aebi, 1984). 
The activity of this enzyme was calculated using the 
molar extinction coefficient of 36 L mol-1 cm-1 and 
expressed in µmol of H2O2 per minute per gram of 
dry mass. Absorbance decay was evaluated at 240 nm 
during 3 min at 25ºC. APX activity was determined 
according to the method of Nakano & Asada (1981) 

using a 100 µL aliquot of the enzyme extract, to which 
2.9 mL of 50 mmol L-1 NaH2PO4 buffer at pH 7.0, 0.1 
mmol L-1 EDTA Na2, and 0.5 mmol L-1 ascorbic acid 
were added; the reaction started with the addition of 
0.2 mmol L-1 H2O2. The molar extinction coefficient 
of 2.8 mmol L-1 cm-1 was used, and the results were 
expressed in μmol ascorbate per minute per gram of 
dry mass. Absorbance decay was evaluated at the 
optical absorption of 290 nm for 3 min at 25ºC. 

H2O2 and MDA contents were obtained using samples 
consisting of 40 mg extracts of fresh lyophilized 
leaf tissue of each plant per treatment, ground in 
liquid nitrogen with 2% polyvinylpolypyrrolidone, 
homogenized in 5.0 mL of 0.1% trichloroacetic acid, 
and centrifuged at 10,000 × g, at 4ºC, for 10 min. To 
determine H2O2 content, the method of Alexieva et 
al. (2001) was used, in which 0.4 mL of 100 mmol L-1 
KH2PO4 buffer, at pH 7.0, and 1.6 mL of 1.0 mol L-1 
KI were added to 0.4 mL of the extract supernatant. 
The reaction was performed in the dark for 1 hour. 
A standard curve of 0–250 μmol L-1 H2O2 was 
used. Absorbance rate was read at 390 nm using the 
spectrophotometer. For MDA content determination, 
the method of Buege & Aust (1978) was used, in 
which a 0.5 mL aliquot of the extract supernatant was 
added to the reaction medium of 0.5% 2-thiobarbituric 
acid (w/v) and 10% trichloroacetic acid (w/v). The 
mixture was incubated, at 95ºC, for 30 min, subjected 
to flash freeze using ice in order to stop the reaction, 
and centrifuged at 10,000 × g; absorbance was read 
at 535 nm (A535) and 600 nm (A600). MDA content 
was calculated using the following equation of Du & 
Bramlage (1992): MDA = [(A535-A600)/1.56] × 10-5 
cm-1. The extinction coefficient used was 155 mmol L-1 
L-1 cm-1, and the results were expressed in nmol per 
gram of dry mass.

The assumptions of independence of errors, 
normality of residuals, and homoscedasticity of 
variances of each variable were verified using the 
tests of Durbin-Watson, Shapiro-Wilk, and Bartlett, 
respectively. The assumptions for the one-way analysis 
of variance were met. The F-test, at 5% probability, 
was used. The means of the variables were compared 
by Tukey’s test, also at 5% probability. The R, version 
4.1.1, software (R Core Team, 2021) was used in the 
statistical analyzes, and the package ExpDes.pt, 
version 1.2.2, was installed.
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Results and Discussion

Regarding Si concentration in the leaves and 
substrate, plants subjected to UV-B+ Si+ showed the 
highest values compared with all other treatments 
(Figure 1 A and B), whereas those under UV-B+ Si- 
showed the same Si concentration in the substrate 
(Figure 1 A) as those subjected to UV-B- Si-, but a 
significantly higher Si concentration in the leaves 
(Figure 1 B). The Si concentration in UV-B+ Si+ 
was equivalent to 1.21% (w/w) of the Si added in the 
substrate, indicating that cacao plants responded to 
the application of this element. According to Zanetti et 
al. (2016), concentrations above 1% indicate that plant 
roots are capable of capturing Si. In the present study, 
the results of Si concentration in the substrate and the 
leaves were not related to Si depletion in the substrate 
or to the increase of this element in the leaves of plants 
exposed to UV-B.

As to growth, UV-B reduced number of leaves, 
leaf area, ULA, LDM, LAR, and SLA, with leaf area 
being the most affected, inducing leaf changes such as 
necrosis, distortion, tanning, and abscission of newly 
emerged leaves (Figure 2). However, UV-B and Si did 
not affect RDM, SDM, TDM, and the root:shoot ratio 
(Table 1). Kataria & Guruprasad (2014) also reported 
reductions in leaf area and biomass due to UV-B 
effects in different varieties of Amaranthus tricolor 
L. In the present study, biomass losses decreased with 
the increase in LDM caused by Si application, which 
maintained TDM close to that of that plants that were 
not exposed to UV-B. This was also observed for wheat 
(Triticum aestivum L.) plants under UV-B exposure 
(Yao et al., 2011). 

UV-B and Si did not influence leaf anatomy 
variables (Table 2). Although thickening seems to 
be a mechanism of protection of photosynthetic 
tissues (Verdaguer et al., 2012), under UV-B, only the 
palisade parenchyma and abaxial epidermis showed 
an increased thickness. This is an indicative that 
cacao may have other intrinsic protection mechanisms 
against radiation such as the presence of trichomes 
and mucilage (Nakayama et al., 1996). Contrastingly, 
for white clover (Trifolium repens L.), Hofmann & 
Campbell (2012) did not observe changes in leaf 
thickness under long periods of UV- B exposure.

The concentrations of chlorophyll a, chlorophyll b, 
carotenoids, anthocyanins, flavonoids, and polyphenols 
were lower in plants subjected to treatments UV-B+ Si+ 

and UV-B- Si- (Table 3). Although UV-B has degrading 
effects on chloroplast pigments (Kakani et al., 2003b), 
the higher concentrations found in UV-B+ Si- plants 
can be interpreted as an acclimation response to this 
radiation, as observed in Arabidopsis thaliana Schur 
(Biswas & Jansen, 2012). When compared with plants 
solely exposed to radiation (UVB+ Si-), cacao plants 
subjected to UV-B+ Si+ had lower concentrations of 
chlorophyll a, chlorophyll b, and carotenoids. This 
finding suggests that Si application increases plant 

Figure 1. Effect of ultraviolet-B (UV-B) radiation and silicon 
on Si concentration in the substrate (A) and leaves (B) of 
plants of the Catongo cacao (Theobroma cacao) genotype. 
Equal letters do not differ by Tukey’s test, at 5%probability. 
Bars represent the standard error of the mean (n = 5). UV-
B-, 0.0 kJ m-2 per day; UV-B+, 3.0 kJ m-2 per day; Si-, 0.0 
mmoL-1; Si+, 2.0 mmoL-1; and DM, dry matter.
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tolerance to UV-B, allowing of the maintenance 
of chlorophyll and carotenoid concentrations at 
levels found in non-exposed plants, reflecting in the 
conservation of photosystems and photosynthesis 
rates.

Under UV-B+ Si-, cacao leaves showed high 
concentrations of UV-B-absorbing compounds, such 
as polyphenols, flavonoids, and anthocyanins, as also 
reported by Kakani et al. (2003b). These substances 
are considered the first barrier to UV-B penetration, 
functioning as protective screens and preventing 
damage to chloroplasts and other UV-B sensitive 
organelles (Yao et al., 2011). Studies investigating 
the behavior of soybean [Glycine max (L.) Merr.] and 
wheat exposed to UV-B verified that Si reduced the 

concentration of UVB-absorbing compounds, which 
could indicate that the plant is under less stress and, 
therefore, saving energy (Yao et al., 2011).

Net CO2 assimilation rate, stomatal conductance, 
and transpiration increased in the UV-B+ Si- 
treatment, explaining the lower water-use efficiency in 
plants under UV-B- Si-, which also presented a higher 
CO2 concentration in intercellular air spaces and dark 
mitochondrial respiration rate (Figure 3). However, in 
the literature, few UV-B effects are positive, such as 
the stimulation of net CO2 assimilation rate, whereas 
most of them are harmful to photosystems, decreasing 
photosynthesis (Kataria & Guruprasad, 2014). Plants 
exposed to UV-B showed higher values of stomatal 
conductance, indicating that this variable is responsible 

Figure 2. Effects of ultraviolet-B (UV-B) radiation on plants of the Catongo cacao (Theobroma cacao) genotype when not 
treated with silicon, showing: necrosis and leaf distortion (A), abscission of newly emerged leaves (B), and change in the 
number of stipules (C). UV-B-, 0.0 kJ m-2 per day; and UV-B+, 3.0 kJ m-2 per day. Bars measure 2.0 cm in A and B and 
1.0 cm in C. Photos by Leonardo Valandro Zanetti.

Table 1. Effect of ultraviolet-B (UV-B) radiation and silicon on growth variables of plants of the Catongo cacao (Theobroma 
cacao) genotype(1).

Variable UV-B- Si- UV-B+ Si- UV-B+ Si+ p-value
Leaf number (LN) 6.8a 5.4a 5.2a 0.040892
Leaf area (LA, cm2) 297.46a 194.66b 196.66b 0.001199
Unit leaf area (ULA, cm2) 44.13a 36.93b 35.90b 0.005369
Root dry mass (RDM, g) 0.608 0.640 0.655 0.66329
Shoot dry mass (SDM, g) 0.666 0.735 0.755 0.18736
Leaf dry mass (LDM, g) 0.695a 0.460b 0.503b 0.002531
Total dry mass (TDM, g) 1.969 1.835 1.913 0.37702
Root:shoot ratio (R:S, g g-1) 0.45334 0.53436 0.52108 0.1835
Leaf area ratio (LAR, cm2 g-1) 151.033a 106.1486b 102.8979b 0.0009155
Specific leaf area (SLA, cm2 g-1) 428.34a 421.66ab 391.17b 0.040753

(1)Means (n = 5) followed by equal letters do not differ by Tukey’s test, at 5% probability. (2)UV-B-, 0.0 kJ m-2 per day; UV-B+, 3.0 kJ m-2 per day; Si-, 0.0 
mmoL-1; and Si+, 2.0 mmoL-1.
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for the greater absorption of CO2. Contrastingly, plants 
not exposed to UV-B presented a reduced stomatal 
conductance, which, consequently, reduced net CO2 
assimilation rate and transpiration. However, these 
interactions between Si and UV-B on CO2 assimilation 
were not observed for soybean and wheat plants (Yao 
et al., 2011). For grapevine (Vitis vinifera L.), Marínez-
Lüscher et al. (2015) found a higher dark mitochondrial 
respiration rate under UV-B exposure, which is a 
common response of plants subjected to such growing 
conditions. An easier respiration of plants exposed to 
UV-B due to Si application implies a lower cost with 
photoassimilates, i.e., repairing damage to cellular 
components and UV-B defense substances.

Sucrose concentration did not differ due to different 
UV-B levels and Si addition. Plants subjected to UVB+ 
Si+ or UVB+ Si- showed the highest values of total sugar, 
reducing sugars, and lignin, whereas those under UV-
B+ Si+ presented a discreet increase in these variables 
and the highest mucilage concentrations (Table 4). 
Therefore, cacao leaves exposed to UV-B and treated 
or not with Si showed significant high concentrations 
of total sugars and reducing sugars, agreeing with 

the higher photosynthesis rates of the species. These 
concentrations also suggest cacao has a better osmotic 
adjustment (Kang et al., 2016), confirming the greater 
water-use efficiency observed in UVB+ Si+ when 
compared with the other treatments. Although there 
are no known reports in the literature on UV-B and Si 
increasing sugar content, Zhu et al. (2015) found that 
Si increased sucrose concentrations, suggesting gene 
expression and physiological adaptation. 

Plants exposed to UV-B showed a higher lignin 
concentration, which acts as a barrier to radiation when 
accumulated in the leaf epidermis (Wong et al., 2022), 
indicating a defense response to this type of radiation. 
Regarding Si application, studies have shown that this 
element may be associated with a lignin-carbohydrate 
complex in epidermal cell walls of sorghum [Sorghum 
bicolor (L.) Moench] plants (Rivai et al., 2022). 
However, for cacao, Si had no influence on lignin 
deposition and on epidermis thickness. Under UV-
B+ Si-, cacao leaves showed lower levels of mucilage, 
which protects the internal leaf structures against 
excessive radiation (Zanetti et al., 2016), indicating a 
loss of their initial defense. In this sense, Si combined 

Table 3. Effects of ultraviolet-B (UV-B) radiation and silicon on chlorophyll contents and UV-B-absorbent compounds 
(carotenoids, anthocyanins, flavonoids, and polyphenols) in leaves of plants of the Catongo cacao (Theobroma cacao) 
genotype(1).

Variable UV-B- Si- UV-B+ Si- UV-B+ Si+ p-value
Chlorophyll a (mg g-1 DM) 2.95b 4.83a 3.66b 0.0016784
Chlorophyll b (mg g-1 DM) 0.91b 1.48a 1.01b 0.0016347
Carotenoids (mg g-1 DM) 0.77b 1.23a 0.87b 0.00089117
Anthocyanins (A535 nm g-1 DM) 3.14b 5.27a 3.36b 0.00019462
Flavonoids (mg quercetin per gram of DM) 72.41b 113.70a 68.72b 2.3761e-05
Polyphenols (mg gallic acid per gram of DM) 30.67b 45.44a 27.58b 0.00033382
(1)Means (n = 5) followed by equal letters do not differ by Tukey’s test, at 5% probability. UV-B-, 0.0 kJ m-2 per day; UV-B+, 3.0 kJ m-2 per day; Si-, 0.0 
mmoL-1; Si+, 2.0 mmoL-1; and DM, dry matter.

Table 2. Effects of ultraviolet-B (UV-B) radiation and silicon on leaf anatomy variables of plants of the Catongo cacao 
(Theobroma cacao) genotype(1).

Variable UV-B- Si- UV-B+ Si- UV-B+ Si+ p-value
Adaxial epidermis thickness (µm) 19.71 19.97 19.45 0.83561
Abaxial epidermis thickness (µm) 12.81 12.50 13.08 0.46359
Palisade parenchyma thickness (µm) 25.54 28.68 28.09 0.13817
Spongy parenchyma thickness (µm) 21.99 21.04 18.94 0.21619
Blade thickness (µm) 80.06 82.20 79.25 0.58756
Stomatal density (no per mm2) 333.37 364.01 371.82 0.53327

(1)Means (n = 5) followed by equal letters do not differ by Tukey’s test, at 5% probability. UV-B-, 0.0 kJ m-2 per day; UV-B+, 3.0 kJ m-2 per day; Si-, 0.0 
mmoL-1; and Si+, 2.0 mmoL-1.
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with UV-B was beneficial for cacao plants, increasing 
leaf mucilage concentration.

SOD and CAT activities were higher in plants 
subjected to UV-B+ Si+, but did not differ significantly 
from those exposed to UV-B+ Si-. Moreover, APX, 
H2O2, and MDA concentrations did not show any 
alterations for different UV-B and Si levels (Table 5). 
Hideg et al. (2013) and Kataria et al. (2014) concluded 
that UV-B promoted a greater activity of SOD and 

CAT enzymes, a common mechanism to cope with 
UV-B in several plants. The higher concentration of 
H2O2 observed in the leaves of plants subjected to UV-
B- Si+ indicate the role of this element as a defense-
stimulating agent. Sewelam et al. (2014) highlighted 
that H2O2 is an important signaling molecule in plants, 
mediating several physiological and biochemical 
processes in plant cells.

Figure 3. Effects of ultraviolet-B (UV-B) radiation and silicon on gas-exchange variables of plants of the Catongo cacao 
(Theobroma cacao) genotype, showing: A, net CO2 assimilation rate (A); B, stomatal conductance (gs); C, transpiration (E); 
D, CO2 concentration in intercellular air spaces (Ci); E, water-use efficiency (A/gs); and F, dark mitochondrial respiration 
rate (Rd). Equal letters do not differ by Tukey’s test, at 5% probability. Bars represent the standard error of the mean (n = 5). 
UV-B-, 0.0 kJ m-2 per day; UV-B+, 3.0 kJ m-2 per day; Si-, 0.0 mmoL-1; and Si+, 2.0 mmoL-1.
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Conclusion
In cacao (Theobroma cacao) plants, silicon 

application mitigates the damaging effects of UV-
B, decreases the production of UVB-absorbing 
compounds, and reduces carbon consumption through 
cellular respiration, promoting energy saving.
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