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Abstract 

Studies of boron (B) and silicon (Si) synergy in cotton crops have shown promising results; however, the focus 
was on the foliar application of B and Si. Nonetheless, B is an element with little mobility in the plant and its best 
form of application is in the soil. Thus, the objective of this study was to evaluate the synergistic effect of soil applied 
B and foliar applied sSi on fiber quality and crop yield of cotton. For this purpose, a field experiment was carried 
out using cotton cultivar FM 985 GLTP. The soil’s B in the experimental site is classified as low for cotton cultivation. The 
experiment was conducted in a randomized complete-block design, in a 3 × 2 factorial scheme, with three doses of B: 
0.0 kg  ha−1 (deficiency), 2.0 kg  ha−1 (recommended dose), and 4.0 kg  ha−1 (high dose) in the absence and presence 
(920 g  L−1) of Si, with four replications. One week after the  4th application of Si, B and Si leaf content was determined. 
At boll opening, crop yield was estimated, and fiber quality analysis was realized. Boron deficiency reduced cotton 
yield, in 11 and 9%, compared to the application of 2 and 4 kg  ha−1 of B, respectively. The presence of Si, however, 
increased plant yield in 5% in the treatments with 0 and 2 kg  ha−1 of B, respectively. Cotton fiber length and elonga-
tion were not influenced by the B doses and Si presence. Fiber breaking strength was increased in 5% by the presence 
of Si and was not influenced by B deficiency. Micronaire was 8% smaller in the treatment with 0 kg  ha−1 of B and 6% 
smaller in the absence of Si. Short fiber index was 4% greater in the plants of the treatment with 0 kg  ha−1 of B. The 
results of this study reports that the complementation with Si via foliar application increases fiber quality by enhance 
breaking strength and micronaire. In conclusion, the interaction between soil-applied B and foliar-applied Si is benefi-
cial for cotton cultivation, resulting in high cotton yield with better fiber quality.
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Introduction
The availability of sufficient and balanced nutrition 
plays a significant role in influencing cotton yield 
and quality [1–4]. Deficiencies in macro- and micro-
nutrients can negatively impact both vegetative and 
reproductive growth, leading to reduced fiber cotton 
yield [3, 5]. Boron (B) deficiency, in particular, can sig-
nificantly affect cotton yield and fiber quality, since 
B-deficiency is a common problem in cotton-produc-
ing regions, mainly in tropical soils, where B availabil-
ity is impaired due to low contents of organic matter 
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and clay, reducing yield [6] and impairing cotton fiber 
quality [6, 7].

The application of B via soil is a common practice 
in cotton crop cultivation, improving cotton develop-
ment, physiological parameters and fiber yield and 
quality [6, 8–11]. Additionally, B application via soil 
has been recommended for higher yield and pro-
ductivity in cotton crop [12]. In B-deficient soils, 
the application of silicon (Si), via foliar, emerges as 
an innovative strategy, which may have a synergistic 
effect with B, because these elements have similarities 
and are both absorbed in molecular form as boric and 
monosilicic acids, respectively [13, 14]. Preliminary 
studies, under controlled conditions, indicate that Si 
may attenuate B deficiency by acting in the production 
of non-enzymatic antioxidant compounds, reducing 
oxidative stress, and increasing plant biomass produc-
tion [15–17]. Under field conditions, recent studies, 
provide evidence that the application of this beneficial 
element can improve cotton development [18, 19], and 
also assists in increasing cotton fiber yield and quality, 
with higher micronaire, fiber length, tensile strength, 
and a lower percentage of short fibers [7].

Studies about B and Si synergy in cotton crops have 
shown promising results; however, the focus was on 
the foliar application of these elements [7, 15, 16]. 
Nonetheless, B is an element with little mobility in 
the plant and its best form of application is in the soil, 
expanding the crop response [20]. Some studies have 
demonstrated the significance of maximizing the syn-
ergy of these elements by supplementing Si via foliar 
treatment with B via the soil to boost plant uptake [21, 
22]. Therefore, further studies are important to opti-
mize the synergy of these elements using B via the soil 
to increase plant absorption, complementing with Si 
via foliar application, in cotton crops cultivated under 
tropical condition.

Thus, our hypothesis is that the Si via foliar appli-
cation can boost the soil applied B, and significantly 
effected in cultivation of cotton crop under tropical 
conditions. It is expected that foliar-Si in the reproduc-
tive phase of the cotton plant can have a summation 
effect, increasing crop yield and, mainly, fiber quality.

This study investigated the increas in crop yield and 
fiber quality of cotton cultivated with soil-applied B, 
associated to foliar-applied Si. In view of the advance-
ment of cotton cultivation in tropical regions in 
B-deficient soils and the need to improve fiber quality, 
field studies are crucial to prove the synergy between B 
and Si, which enables sustainable cotton cultivation to 
reconcile yield and quality in a balanced way, a major 
challenge for future agriculture.

Materials and methods
The field experiment was carried out during October, 
2019—March, 2020 at Fundação Chapadão in the munic-
ipality of Chapadão do Sul, Mato Grosso do Sul State, 
Brazil (18°41′33″ S and 52°40′45″ W), using cotton cul-
tivar FM 985 GLTP.

The climate of the region is classified as humid tropi-
cal type (Aw), with a rainy season in the summer and a 
dry season in the winter, and an average annual rainfall 
of 1850 mm. The annual temperature ranges from 13 to 
28  °C (daily measurements). Maximum and minimum 
temperature, relative air humidity and rainfall during the 
experimental period were recorded using a thermohy-
drometer (Fig. 1).

The total precipitation obtained during the experiment 
was 983.2 mm, meeting the range of water requirements 
for the cotton crop, which is between 500 a 1500 mm of 
annual rainfall and a relative humidity of around 60%. 
Regarding thermal requirements, both minimum and 
maximum temperatures were within the ideal range for 
the crop, around 15 to 30 °C [23]

The soil in the experimental site was classified as Dys-
trophic Red Latosol [24]. Before the experiment was 
set up, soil sampling was conducted at a depth of 0.00 
to 0.20  m, followed by soil chemical analysis for fertil-
ity purposes [25], presenting the following results: pH 
 (CaCl2): 4.9; P(Res): 74.60  mg   dm−3; organic matter: 
31.80 g   dm−3; K: 133.00 mg  dm−3; Ca: 3.20  cmolc  dm−3; 
Mg: 0.80  cmolc  dm−3; S: 25.50 mg  dm3; H + Al: 5.30  cmolc 
 dm−3; Al: 0.10  cmolc; B: 0.30 mg  dm−3; Cu: 1.20 mg  dm−3; 
Fe: 47 mg  dm−3; Mn: 17.30 mg  dm−3 e Zn: 5.60 mg  dm−3; 
CEC: 9.64  cmolc  dm−3; V (%): 45. The particle size com-
position was also analyzed [26]: 63.0% clay, 29.5% sand, 
and 7.5% silt. It is noteworthy that soil’s B content is clas-
sified as low for cotton cultivation [12].

The area was prepared with soil correction, applying 
1,500  kg   ha−1 of limestone and 700  kg   ha−1 of agricul-
tural gypsum, broadcast without incorporation. After 
the limestone had a chance to react, a pre-seeding fer-
tilization was carried out with 200  kg   ha−1 of KCl (60% 
of K) broadcast. The experiment was sown on October 
10, 2019, and in-row fertilization was performed with 
270  kg   ha−1 of a formulated fertilizer with 11% of N, 
44% of  P2O5 and 3% of S, as topdressing. At 25 days after 
emergence (DAE), it was done 200 kg  ha−1 of urea (45% 
N) broadcast, and at 50 DAE with 350 kg  ha−1 of ammo-
nium sulfate (20% N and 24%S) broadcast.

The experiment was conducted in a randomized com-
plete-block design, in a 3 × 2 factorial scheme, with three 
doses of B: 0.0 kg   ha−1 (deficiency), 2.0 kg   ha−1 (recom-
mended dose - [12]), and 4.0 kg   ha−1 (high dose) in the 
absence and presence (920  g   ha−1) of Si, with four rep-
lications. The B source used was ulexite (100  g   kg−1 of 
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B and solubility in water was 950  g  L−1 at 25  °C). The 
Si source was potassium silicate stabilized with sorbitol 
(SiKE—115 g  L−1 of Si, 113.85 g  L−1 of  K2O, 100 mL  L−1 
of sorbitol and pH 12.0), while K was balanced between 
the different treatments.

The experimental plots consisted of four lines with 
11 m spaced at 90 cm, totaling 39.6  m2 as plot area. The 
useful area used for evaluations consisted of two central 
lines of 6 m long, totaling 10.8  m2.

Boron application via the soil was carried out accord-
ing to the treatments in the total area of each plot, manu-
ally and only once, in pre-emergence, using agricultural 
gypsum as filler in the proportion of 500 kg  ha−1. Silicon 
was applied via the leaves with four applications, accord-
ing to the treatments, starting at the B1 reproductive 
stage (one flower bud on the first reproductive branch) 
with intervals of 7–11 days, varying with climatic condi-
tions. The application was carried out with a Herbicat® 
 CO2 pressure sprayer, adjusted for an application rate of 
200 L  ha−1 of spray solution, with a service pressure of 
two bars, under a bar with four nozzles, spaced at 90 cm. 
Meteorological conditions at the time of the application 
were: temperature < 26  °C, relative air humidity > 60%, 
and wind speed < 8  km   h−1, favorable for foliar applica-
tion [20].

Crop phytosanitary management was carried out in 
accordance with technical recommendations [7]. For 
weed control, 3 L  ha−1 of Glyphosate (588  g  L−1) and 
500 mL  ha−1 of Thidiazuron (120 g  L−1) were used. The 
insecticides used were 1.8 L  ha−1 of Abamectin (18  g 
 L−1), 200 g  ha−1 of Acetamiprid (200 g  kg−1), 1.8 L  ha−1 

of Carbosulfan (700 g  L−1), 1.5 L  ha−1 of Spiromesifen 
(240  g  L−1), 2.25 L  ha−1 of Etiprole (200  g  L−1), 1 L 
 ha−1 of Fipronil (250 g  L−1), 100 g  ha−1 of Imidacloprid 
(700 g  L−1), 4.5 L  ha−1 of Malathion (1000 g  L−1), 1.6 L 
 ha−1 of Methomyl (215 g  L−1), 150 mL  ha−1 of Novalu-
ron (100  g  L−1), 300  mL   ha−1 of Pyriproxyfen (100  g 
 L−1), 500 g  ha−1 of Thiodicarb (800 g  kg−1), and 3 L  ha−1 
of the mixture of Beta-cyfluthrin (12.5  g  L−1) + Imida-
cloprid (100  g  L−1). Additionally, growth regulators 
were applied according to the technical recommenda-
tions for each product.

One week after the  4th application of Si, samples were 
collected from 10 leaves per plot  (5th leaf completely 
expanded from the apex). The samples were decontami-
nated and oven dried (65 ± 5  °C) before milling. Then, 
the chemical analysis of the leaves was conducted to 
determine B content. This was done by dry digestion in 
a muffle furnace at 400  °C for three hours, followed by 
a colorimetric reaction with H-Azomethine and subse-
quent colorimetric reading using a spectrophotometer 
[27]. Silicon content was determined by alkaline digestion 
with  H2O2 and NaOH, followed by a colorimetric reac-
tion with ammonium molybdate, and it was determined 
by colorimetric reading using a spectrophotometer [28].

At boll opening, the useful area was harvested, and 
crop yield was estimated by weighing the cotton bolls 
within the useful area (10.8  m2) extrapolating the produc-
tion to 1  ha. After weighing, the samples were submit-
ted to the fiber quality analysis, using the High Volume 
Instrument™ (HVI) in an environment with controlled 
temperature and humidity to measure micronaire, length, 

Fig. 1 Maximum (TMax) and minimum (Tmin) temperature, relative air humidity (RAH) and rainfall at Fundação Chapadão during the experimental 
period
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rupture resistance, short fiber index (SHI), and leaf elon-
gation [29].

The data were submitted to the analysis of variance by 
the F test (p < 0.05) and normality verification (Shapiro–
Wilk W test). The means were compared by the Tukey 
test at a 5% probability level, using the AgroEstat® soft-
ware [30]. The multivariate analysis of canonical variables 
was performed to verify the interrelationship between 
treatments and variables. The statistical analyses were 
performed with free software R using the packages “fac-
toextra”, “gplots” and “pheatmap”.

Results and discussion
In the leaves, there was no interaction between treat-
ments for the contents of B (Fig.  2a) and Si (Fig.  2b). 
The increment in soil-applied B dose, to 2 and 
4  kg   ha−1, increased the B content in the leaf. The 

adequate content of foliar B in cotton plants is between 
35 and 55 mg  kg−1 of B [11], indicating that the plants 
in this study did not reach toxicity, even with the appli-
cation of the double of the recommended dose for B 
(4 kg  ha−1) (Fig. 2a).

The Si foliar application was efficient to increase leaf 
Si content in cotton plants (Fig.  2b). This result was 
expected, since the source and concentration used did 
not showed the Si polymerization process, and the use 
of sorbitol as stabilizer can significantly increase the effi-
ciency of Si foliar application in cotton [7, 16, 31].

In cotton fibers, there was an interaction between treat-
ments for the contents of B (Fig. 2c) and Si (Fig. 2d). The 
treatments with soil-applied B with Si applied via foliar, 
did not differ due to the increase in soil-applied B dose 
(Fig. 2c). On the other hand, in the treatments with soil-
applied B with no Si applied via foliar, the treatment with 

Fig. 2 Leaf concentration of B (a) and Si (b) and cotton fiber concentration of B (c) and Si (d) cultivated under different doses of B applied 
via soil (D) in the presence and absence of silicon (Si) via foliar application. Small letters differ the B doses, while capital letters differ Si application 
by the Tukey test at 5% probability
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0 kg  ha−1 of B resulted in the lowest micronutrient con-
tent compared to the other treatments with no Si applied 
via foliar. The Si foliar application did not increased the 
fiber B content in plants at 0 kg   ha−1 B, conversely, at 2 
and 4 kg   ha−1 of B, Si foliar application reduced B con-
centration in the cotton fiber (Fig. 2c). For fiber Si con-
tent, the Si foliar application was effective only in the 
plants that received 4 kg  ha−1 of soil applied B (Fig. 2d). 
Both B and Si are important for the formation and devel-
opment of cotton fiber [4, 6, 7, 32]; thus, these results 
suggest that a substitution in the demand for B by Si in 
the cotton fiber may have occurred, but more specific 
studies need to be conducted.

Boron deficiency reduced cotton yield, while appli-
cations of 2 or 4 kg  ha−1 of B via the soil did not show 
a difference (Fig.  3a). The presence of Si, however, 
increased plant yield only in the treatments with 0 and 
2  kg   ha−1 of B (Fig.  3a). Silicon has beneficial effects 
on plants, mainly under stressed conditions [33]. In 
cotton B-deficient plants Si has proven its efficiency 
in mitigating the deleterious effects of B deficiency 
in cotton plants by the reduction of oxidative stress 
and increasing the antioxidant compounds biosyn-
thesis, resulting in greater plant growth and higher 
yields [7, 15, 16]. Nonetheless, Si also have proven that 
can increase development and productivity in cotton 
plants under no induced stress conditions by favoring 
photosynthetic parameters [18, 19].

The qualitative variables of the cotton fiber length (Pol 
– Fig.  3b) and elongation (Elg—Fig.  3c) were not influ-
enced by the B doses and Si presence.

Fiber breaking strength (Str) was increased only by the 
presence of Si and was not influenced by B deficiency 
(Fig. 3d). Silicon plays an important structural role, form-
ing complexes with calluses, tannins, and pectins in addi-
tion to establishing bonds with (1;3, 1;4)-β-D-glucan, 
which contributes to the strengthening of the cell wall 
[34], resulting in higher fiber breaking strength [7].

Micronaire showed an isolated effect of the treatments 
with no interaction between soil-applied B and Si foliar 
application. Micronaire was smaller in the treatment with 
0 kg   ha−1 of B and in the absence of Si (Fig. 3e). Micro-
naire, which is a measure of fiber fineness and maturity, 
is affected by B [4, 35] and Si [7, 36] nutrition. Boron can 
affect the flow of metabolites through the pyrimidine 
synthesis pathway [37], leading to micronaire formation. 
Silicon, is also important for micronaire development 
since it has several functions in cotton fiber development 
and maturity increasing micronaire index on cotton fiber 
[7, 38].

Short fiber index (SFI) presented an isolated effect of 
B and was greater in the plants of the treatment with 
0  kg   ha−1 of B (Fig.  3f ). Boron plays a crucial role in 

the biosynthesis of essential components of cotton fib-
ers such as cellulose, hemicellulose, pectin, and lignin 
[34], and B-deficiency negatively affects fiber com-
pounds production and quality what can increasing 
the SFI [6].

The principal component analysis (PCA) indicated 
a greater association between SFI and treatments with 
0 kg  ha−1 of B in the absence and presence of Si (Fig. 4). 
As previously mentioned, B plays an important role in 
the synthesis of components that increase cotton fiber 
quality [7], and its deficiency is associated to an increase 
in SFI [6]. The treatment with 0 kg  ha−1 of B also showed 
a greater association with Str in the presence of Si, high-
lighting the importance of Si to increase the fiber struc-
tural components, contributing to cell strengthening and, 
consequently, to greater Str.

Elg showed low contribution to explain the compo-
nents analyzed by PCA and was consistent with the 
results observed in the univariate analysis, indicating that 
Elg is not negatively influenced by B deficiency or posi-
tively affected by Si foliar application.

Pol is a measure of fiber length, while Elg represents the 
fiber elongation capacity. The results of this study indi-
cate that these variables are not negatively influenced by 
B deficiency or positively affected by Si foliar application.

Pol and the B content in the fiber showed a greater 
association with the treatment with 2 kg  ha−1 of B in the 
absence and presence of Si (Fig. 3b).

The leaf Si content was associated to the treatment 
with 4 kg   ha−1 in the presence of Si, while yield, Mic, 
and the B content in the leaf and Si in the fiber were 
more associated to the treatment with 4 kg  ha−1 in the 
absence and presence of Si. The increase in B uptake, 
indicated by the B content in the leaf, and the greater 
presence of Si in the fiber increased yield and fiber 
quality of the cotton plant. This result indicates a sum-
mation effect in these treatments. These variables are 
inverse to the SFI, demonstrating that the increases of 
the leaf content of B and the Si content in the cotton 
fiber are related to the reduction of this derogatory 
variable of the fiber.

The results of this study support the hypothesis that 
soil-applied B increases cotton yield and fiber quality. In 
addition, the complementation with Si via foliar applica-
tion increases fiber quality by enhance breaking strength 
and micronaire. In conclusion, the interaction between 
soil-applied B and foliar-applied Si is beneficial for cotton 
cultivation, resulting in high cotton yield with better fiber 
quality (Fig. 5).

This innovative and promising approach represents 
a crucial strategy to promote sustainability of tropi-
cal agriculture in B-deficient soils. The pioneering 
results demonstrated in this scientific note highlight 
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Fig. 3 Yield (a), fiber length (Pol) (b), elongation capacity (Elg) (c), breaking strength (Str) (d), micronaire (Mic) (e, f) and short fiber index (SFI) (g) 
in cotton fiber cultivated under different doses of B applied via soil (D) in the presence and absence of silicon (Si) via foliar application. Small letters 
differ B doses, while capital letters differ application of Si by the Tukey test at 5% probability
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Fig. 4 The principal component analysis (PCA) of yield, leaf B content, leaf Si content, B fiber content, Si fiber content, fiber length (Pol), fiber 
elongation capacity (Elg), breaking strength (Str), micronaire (Mic), and short fiber index (SFI) of cotton cultivated under different concentrations 
of B (0, 2, and 4 kg  ha−1) applied via the soil in the presence (+ Si) and absence (-Si) of silicon (Si) applied via the leaves

Fig. 5 Diagram highlighting the main effects of the application of boron (B) via soil and silicon (Si) in the leaves. The results show an increase 
in the content of B in the leaf and Si in the leaves and in the fiber, leading to an increase in cotton yield, in cotton fiber micronaire and breaking 
strength and a reduction in the short fiber index
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the importance of prioritizing studies on different cul-
tivars and specifically investigating deposition and 
biosilicification processes involving Si and B in cell 
wall components, mainly in cotton fibers, for a better 
understanding of this synergy.
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