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Abstract
Boron (B) nutrition can contribute to the conservation of seed quality during storage. Thus, it is crucial to investigate which 
source and amount of B applied to the soil is most suitable to increase the yield and maintain the quality of germination and 
carbohydrate content in soybean seeds during 180 days of storage. The cultivar Bonus 8579 Ipro® was evaluated in a field 
experiment in a 5 × 2 factorial scheme, with five B doses: 0, 1, 2, 4 and 8 kg ha−1, and two sources: boric acid and ulexite, 
arranged in randomized block design with three replicates. After harvest, the B content and accumulation of B in yield and 
seed quality were analyzed. Subsequently, the seeds were stored in a cold chamber at 17 °C and controlled relative humidity 
of 20% for 180 days. Soybean plants responded positively to the boric acid and ulexite with an increase in yield and seed 
quality up to the doses of 3.17 and 3.36 kg ha−1 of B, respectively. Furthermore, both sources potentiated the carbohydrate 
content in the seeds over the storage time. Our findings reveal that the application from 3.2 to 4.0 kg ha−1 of B using boric 
acid maintains high seed germination after 180 days of storage.
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Introduction

Soybean (Glycine max L. Merril) has an essential role in 
agribusiness. When the crop is destined for seed production, 
it is necessary to adopt management techniques that make 
it possible to combine higher yield and seed quality (Coradi 
et al. 2020). Among these techniques, plant nutrition is 
among the needs for producing high-quality seeds since the 
crop demands fertilization with macro and micronutrients.

Soybean plants are sensitive to micronutrient deficiency, 
especially to boron (B) deficiency in the reproductive stage 
(Ross et al. 2006), and this deficiency causes losses in soy-
bean yield (Hamurcu et al. 2019; Pawlowski et al. 2019, 
Mousavi et al. 2020). Mostly, B deficiency occurs in tropical 
soils due to the low content of organic matter, the source of 
the element, and the high leaching rate, because it is a nutri-
ent with high mobility in soils (Tanaka and Fujiwara 2008). 
In this sense, borate fertilization is a common practice in 
modern agriculture (Rodrigues et al. 2019). However, the 
difference between the adequate amount and the excess of 
B is slight, and it is possible to verify the toxic effect of this 
element on the soybean crop when in high concentrations of 
the micronutrient (Bardhan et al. 2017).

In cerrado soils, fertilization with boric acid (H3BO3) as 
a B source is a widely used practice (Rodrigues et al. 2019). 
However, other boron sources such as ulexite, a mixed 
sodium-calcium borate rock (Helvaci and Palmer 2017), 
after increasing solubility, have been efficient in providing 
the micronutrient as observed in soybean, corn (Zea mays 
L.), switchgrass (Panicum virgatum), and wheat (Triticum 
spp.) (Bardhan et al. 2017).
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B also plays an important role in pollen grain germi-
nation, pollen tube growth, and lignin formation, thus 
affecting seed quality, susceptibility to cracking, stiffness, 
water permeability, and resistance to deterioration (Bella-
loui et al. 2017). Furthermore, B helps the seeds acquire 
chemical reserve compounds, such as protein, carbohydrates 
and lipids, hence conferring greater storage resistance and 
increasing vigor and germination (Hussain et al. 2019).

Therefore, in soybean seed production fields, boron nutri-
tion, depending on the source and dose for the mother plant 
crop, could increase yields and still produce high-quality 
seeds. This information will allow a new approach for the 
best use of borate fertilization for quality soybean seed 
production globally, as there are many regions with boron 
deficiency in tropical soils. In this scenario, it is crucial to 
investigate the hypothesis that borate fertilization, contingent 
upon both its source and dosage applied to the soil, enhances 
soybean crop yields significantly while also preserving the 
essential carbohydrate levels crucial for seed quality. Carbo-
hydrates play a pivotal role in both structural integrity and 
energy provision within seeds, ensuring high germination 
rates. Furthermore, even when subjected to adverse storage 
conditions, such as inclement weather, seeds fortified with 
sufficient carbohydrate levels maintain their quality.

This work aimed to evaluate the effect of sources and 
doses of B applied to the soil on nutrition and grain yield, as 
well as the effects of these sources and doses on maintaining 
carbohydrate contents and their influence on soybean seed 
germination rates after 180 days of storage.

Material and methods

Characterizing the experimental area

A field experiment was carried out in the experimental 
area of Santo Antônio farm, municipality of Paraiso das 
Águas—MS (19°0′57″ S and 52°27′57″ O and altitude of 
644 m). According to the Köppen classification (Alvares 
et al. 2013), the region climate is humid tropical (AW), with 
a rainy season in summer and a dry season in winter, with 
mean rainfall of 1627 mm and mean annual temperature of 
22.5 °C. Maximum and minimum temperature and mean 
rainfall throughout the experimental period were recorded 
(Fig. 1). There was a wide variation in mean maximum tem-
perature (44.5 °C ± 6.6 °C) and mean minimum temperature 
(29.7 °C ± 4.1 °C). Average rainfall was 96.1 mm, with the 
lowest intensity on 12/30 (7.9 mm) and the highest on 03/15 
(210.4 mm). Possible periods of heat stress were observed 
during the experimental period since soybean plants develop 
adequately up to 35 °C, while the development is impaired 
at temperatures above 45 °C (Khan et al. 2020).

Experimental research and field studies on plants (either 
cultivated or wild), including the collection of plant mate-
rial, must comply with relevant institutional, national, and 
international guidelines and legislation. No proper permits 
and/or permits are required for the collection of plant or 
seed specimens.

The experimental area consisted of a direct succession 
soybean/pasture management. The soil was classified as 
Neossolo Quartzarênico sandy texture (Souza and Lobato 
2004). The soil was chemically evaluated in the 0–20 cm 
layer, according to the methodology described by Raji 
et al. (2001) presenting the following results: pH (CaCl2): 
5.00; P: 9.80 mg dm−3; K, Ca, Mg, H + Al, CEC (Cation 
Exchange Capacity): 0.14; 1.50; 0.40; 2.30 and 4.34 cmolc 
dm−3, respectively; S, B, Cu, Fe, Mn, Zn: 3.90; 0.14; 0.60; 
40.00; 24.10; 2.50 mg dm−3, respectively. The soil B content 
(Longkumer et al. 2017) was classified as low according to 
Souza and Lobato (Souza and Lobato 2004). A granulomet-
ric evaluation of the soil was also performed according to 
the methodology proposed by Donagema et al. (2011) with 
45% sand, 5% silt, and 50% clay.

Experimental design and experimental plot

The treatments were arranged in a 5 × 2 factorial scheme, 
with five B doses: 0 (Control); 1; 2; 4 and 8 kg ha−1: and two 
sources: boric acid (175 g kg−1 of B, density of 1.43 g cm−3 
and water solubility (20  °C) of 47.2  gL−1) and ulexite 
(100 g kg−1 of B, density of 1.96 g cm−3 and water solubil-
ity (20 °C) of 10.9 gL−1), arranged in randomized block 
design with three repetitions. The experimental plot was 
composed of seven 6-m-long rows spaced at 0.45 m apart, 
with the three 4-m-long central rows constituting the useful 
area, totaling 15.4 m2.

Fig. 1   Rainfall (mm) and maximum and minimum air temperatures 
(ºC) in Paraiso das Águas—MS, Brazil, during the experimental 
period
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Sowing and application of treatments

The experiment involved sowing soybean seeds directly over 
Brachiaria ruziziensis plant remains within a non-till system. 
The seeds were pre-treated with 0.5 g of Fipronil + 0.05 g 
of Pyraclostrobin + 0.45 g of Thiophanate-methyl per kg of 
seed. Sowing was performed on November 24 with the cul-
tivar BONUS 8579 IPRO®, maturity group 7.9 (medium), 
with a recommended density of 13 plants per linear meter. 
After sowing, all treatments were mixed with gypsum and 
500 kg ha−1 was applied manually, evenly distributed on the 
soil surface. Then, with the occurrence of rainfall, there was 
the incorporation into the soil of gypsum and boron. The 
sowing furrow was fertilized with 150 kg ha−1 of monoam-
monium phosphate (N: 11%; P2O5: 52%) and 140 kg ha−1 
of potassium chloride (K2O: 60%), divided into two appli-
cations: the first after sowing and the second 20 days after 
emergence, both plowed into the soil.

Phytosanitary control

Weed control was performed in pre-sowing with applica-
tion of 1.2 kg ha−1 of glyphosate, 1.2 kg ha−1 of 2,4-dichlo-
rophenoxy and 20 g ha−1 carfentrazone ethyl; and in V4 
stage (fourth fully developed trefoil) with application of 
1.6 kg ha−1 of glyphosate. Disease control management was 
performed in a preventive manner with four applications: at 
50 days after sowing (DAS) with 58.45 g ha−1 fluxapyroxad, 
116.55 g ha−1 pyraclostrobin; at 65 DAS with 60 g ha−1 
picoxystrobin and 24 g ha−1 cyproconazole); at 80 DAS 
with 60 g L−1 trifloxystrobin and 70 g ha−1 prothioconazole; 
and at 95 DAS with 75 g ha−1 trifloxystrobin and 32 g ha−1 
cyproconazole.

For pest management at the V6 stage (sixth fully devel-
oped trefoil), methomyl (215 g ha−1) was applied; at the R2 
stage (full flowering), acetamiprid (50 g ha−1) + chlorpyrifos 
(480 g ha−1) + teflubenzuron (22.5 g ha−1) were applied; and 
at the R5 stage (beginning of grain filling), flubendiamide 
(33.6 g ha−1) was applied.

Harvest and yield assessment

The harvest was done at the R9 stage (full maturity), with a 
seed moisture content of 16 ± 2%. Grain yield was evaluated 
after the harvest and the screening of the useful area of each 
plot. Afterward, the seeds were dried naturally sun-dried. 
After drying, the seed moisture was checked with a portable 
Agrologic Al-101® meter. With the moisture corrected to 
13%, the thousand-grain mass was determined. Calculations 

were made to estimate the grain yield after trailing and dis-
counting impurities, with the result expressed in kg ha−1.

B content in soybean seeds

Following harvesting, conducted 135  days after sow-
ing, the B content of the seeds was assessed using the 
method described by Silva (2009). The dried seeds were 
ground in a Willey mill, and then 0.200 g of plant material 
was weighed and digested by drying in a muffle furnace 
at 600 °C for four hours, with one hour for the muffle 
to reach temperature and three hours for carbonization 
of the material. The determination of the B content was 
done by colorimetry through colorimetric reaction with 
azomethine-H, being determined in a spectrophotometer. 
B accumulation in the seeds was calculated as the prod-
uct between the B content in the seeds and the yield, and 
expressed as exported B.

Total soluble carbohydrates and germination 
of soybean seeds after storage

After drying, the seeds were stored in a cold chamber at a 
temperature of 17 °C and humidity of 60% for 180 days, 
and biochemical and physiological evaluations were per-
formed at 0 and 180 days of storage. The determination of 
the total soluble carbohydrate content in soybeans was per-
formed by the method described by DuBois et al. (1956). 
For this, 50 mg of dry seed mass were weighed, previ-
ously ground, placed in 15 mL test tubes, homogenized 
with 5 mL of distilled water, and placed in a water bath 
for 30 min at 100 °C. After the water bath, the test tubes 
were centrifuged in a bench top centrifuge (1000 rpm) 
for 10 min. Subsequently, a 100 µL aliquot of the super-
natant was removed (performing the dilution test) and 
transferred, along with 400 µL of distilled water, to other 
test tubes under vigorous agitation for homogenization by 
the vortex. Finally, 0.5 mL of 5% phenol and 2.5 mL of 
H2SO4 were added to the test tubes under constant stirring. 
After shaking, the tubes were left to stand for 20 min fol-
lowed by spectrophotometric reading at a wavelength of 
490 nm. A glucose standard curve was used to calculate 
the total soluble carbohydrate content and the results were 
expressed as g MS.

For the germination test, four repetitions of 50 seeds 
were used and distributed on two germitest® paper sheets 
moistened with water equivalent to 2.5 times the mass 
of the non-hydrated substrate and kept in a germinator 
at 25 °C. The evaluation of germination was performed 
eight days after the test installation and the results were 
expressed in percentage of normal seedlings. The first 
germination count was performed together with the 
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germination test by computing the average percentage of 
normal seedlings obtained five days after the test (MAPA 
2009).

Statistical analyses

Data were submitted to analysis of variance using the F test. 
For the qualitative factor (B sources), the Tukey test was 
applied to compare means. For the quantitative factor (B 
doses), regression analysis was performed. In both cases, 
5% probability was adopted. Afterward, a principal com-
ponent analysis (PCA) was performed to verify the similar-
ity between treatments, and a heatmap was constructed. All 
analyses were processed by the statistical program Sisvar 
(Ferreira 2014) and R (Team 2018).

Results and discussion

For the first time, it was demonstrated that borate fertiliza-
tion utilizing both boric acid and ulexite sources effectively 
supplied micronutrient to soybean plants, resulting in their 
content to up to 5.66 and 5.67 kg ha−1 of B, respectively 
(Fig. 2a). The accumulation of B in the seeds (Fig. 2b) 
also exhibited an increase, displaying a quadratic response 
with a maximum point observed with the application of 
4.68–4.74 kg ha−1 of B from boric acid and ulexite, respec-
tively. This phenomenon occurred because at these optimal 
B dose, which were very similar between the sources, there 
was a favorable enhancement in B availability in the soil 
during the crop’s reproductive stage, coupled with sufficient 
water availability during this period (Fig. 1). This facilitated 
B uptake by the roots and subsequent translocation to the 
seeds, driven by the transpiration rate of the organ.

Recent research on the application of B in soil to enhance 
soybean plant productivity has predominantly focused on 
increasing grain yield, with limited attention to its effects on 
seed quality (Freitas et al. 2024, Libório et al. 2014). This 
raises concerns, particularly in regions dedicated to seed 
production, where the quality of the agricultural product is 
paramount. To advance research in this area, it is imperative 
to first ascertain whether the source or dosage of the micro-
nutrient could influence B content in the seeds.

The uptake of B in plants depends on its availability in 
the soil, and B contact with the root occurs through mass 
flow, after which it is transported from the root to all organs, 
including the seeds. Therefore, an increase in B content in 
the seed depends solely on the micronutrient coming from 
the root via the xylem, with no redistribution from leaves 
to seed because B is immobile in the phloem (Prado 2021). 
Thus, enriching seeds with B depends on the transpiration 
rate of this organ and the nutrient availability in the soil, 

which varies with the dose of the micronutrient applied to 
the soil and the source used.

Plants primarily uptake B in the form of boric acid 
(H3BO3) through passive diffusion facilitated by transport 
channels or active transport via specific carriers present in 

Fig. 2   B content a and B accumulation b in soybean seeds grown 
under different sources and doses of B.**—significant at 1% prob-
ability by Tukey's test. Letters compare the two sources at the same 
dose
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the roots. Consequently, at lower concentrations (1 kg ha−1), 
boric acid serves as a preferred source for enhancing B con-
tent and accumulation in plants (Fig. 2a, b) due to its imme-
diate available. Refined boron sources with higher solubil-
ity have shown greater efficacy in increasing B content in 
various crops, including corn, panicum grass, soybean, and 
wheat, as observed by Bardhan et al. (2017). However, treat-
ment with sulfuric acid enhances the solubility of ulexite, 
promoting the formation of boric acid (Küçük and Kocak-
erim 2005), thereby demonstrating comparable efficiency 
to boric acid in supplying micronutrient to soybean, par-
ticularly at concentrations exceeding 2 kg ha−1 (Fig. 2a, b).

Boron plays crucial roles in various physiological and 
metabolic processes within plants, including nitrogen (N) 
and phosphorus (P) metabolism, sugar translocation, carbo-
hydrate metabolism, and absorption of anions and cations 
(Al-Amery et al. 2011). Additionally, B is essential for pol-
len tube development (da Silva Berti et al. 2019) and pollen 
grain growth (Asad et al. 2001), maintenance of cell wall 
stability, meristem growth, and cell membrane permeabil-
ity. Consequently, B deficiency significantly impairs plant 
growth (Lima et al. 2013).

The application of high B doses may lead to toxicity 
symptoms, resulting in reduced accumulation of the element 
in the shoot, as observed in soybean plants by Bardhan et al. 
(2017). Toxicity can also induce a decrease in B content and 
accumulation in soybean seeds (Fig. 2a, b), likely attributed 
to inhibited transport of the element to the seeds, leading to 
higher accumulation of the nutrient in the roots and leaves. 
This phenomenon represents a primary defense mechanism 
of plants against B toxicity (Küçük and Kocakerim 2005; 
Shah et al. 2017).

The increase in applied B concentration led to a quadratic 
increase in seed yield, with the maximum point observed at 
doses of 3.17 and 3.36 kg ha−1 of B for boric acid and ulex-
ite, respectively (Fig. 3). However, a decrease in seed yield 
was observed beyond the maximum point due to the toxic 
effect of B on soybean plants, indicating the crop’s sensitiv-
ity to high B doses, as previously reported in the literature 
(Bardhan et al. 2017; Pawlowski et al. 2019). The higher 
efficiency of boric acid in supplying B to soybean plants 
(Fig. 2a, b) contributed to its better efficiency in increasing 
seed yield at low doses of the element (1 kg ha−1). Addition-
ally, the combination of 0.44 mg kg−1 of B with sulfur (S) 
resulted positively in a yield of 7.3 g pot−1 of soybean seeds 
(Kumar and Sidhu 2013; Oliveira et al. 2020). Conversely, at 
high concentrations, boric acid resulted in higher seed yield 
reduction than ulexite (Fig. 3), possibly due to the higher 
solubility of boric acid.

The plants treated with B in the form of boric acid 
achieved a maximum seed yield of 5168.885 kg ha−1 with 
B content in the seeds of 58.33 g  kg−1. Soybean plants 
treated with B in the form of ulexite also reached maximum 

yield (5063.396 kg ha−1) with B content in the seeds of 
54.38 g kg−1. These results, unprecedented for the soybean 
seed cultivar Bonus 8579 ipro® indicate the optimal con-
centration of the micronutrient in the seeds for both boric 
acid and ulexite. These values are closely align with the opti-
mum leaf B content (54.82 g kg−1 of B) in soybean plants 
reported by Gomes et al. (2017), obtained at the dose of 
3.51 kg ha−1 of B. Additionally, they surpass the B content 
reported by Rigo et al. (2018) in soybean seeds of various 
cultivar and in seeds of species such as Camelina sativa 
(2.0 kg ha−1), as found in a study by Khan et al. (2016). 
Thus, it can be inferred that the cultivar Bonus 8579 Ipro® 
exhibits improved seed quality after adequate fertilization 
with B in the form of boric acid or ulexite, resulting in seeds 
with higher B content.

Boron has been extensively studied in various crops due 
to its ability to enhance two key components of grain crop 
productivity: increasing grain number and dry mass (Dell, 
Huang 1997; Prado 2021). However, its residual effects on 
soybean seeds after storage remain poorly understood.

Both sources maintain carbohydrate content (Fig. 4b) and 
increase soybean seed germination (Fig. 4d) after 180 days 
of storage with quadratic adjustment. The maximum point 
is observed at dose of 5.6 and 4.04 kg ha−1 for boric acid, 
and at 3.64 and 3.30 kg ha−1, for ulexite. Boron plays a cru-
cial role in carbohydrate metabolism, stimulating specific 
metabolic pathways and enhancing carbohydrate transport, 
consequently increasing accumulation in storage organs such 
as seeds (Nejad and Etesami 2020).

No difference was observed between the sources and 
doses in the carbohydrate content of soybean seeds at 0 days 
of storage (Fig. 4a). However, the application of B in the 
form of ulexite showed a greater increase in carbohydrate 

Fig. 3   Yield of soybean seeds grown under doses (D) and sources (S) 
of B. **—significant at 1% probability by Tukey test. Letters com-
pare the two sources at the same dose
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content in seeds after 180 days of storage (Fig. 4b), com-
pared to boric acid, particularly at concentrations of 1 and 
2 kg ha−1. There was no difference between sources for this 
variable at the concentration of 4 kg ha−1. At the highest 
concentration studied (8 kg ha−1), boric acid exhibited the 
highest soluble carbohydrate content in the seeds. Carbohy-
drates serve a signaling function, regulating the expression 
of various genes involved in the metabolic processes of plant 
growth, development, and defense (Zhao et al. 2015; Agu-
irre et al. 2018; Yang et al. 2019). Consequently, the stress 
condition induced by high B concentration during cultiva-
tion and seed production stages (Fig. 3) has been observed 
to maintain carbohydrate production and sustained soluble 
carbohydrate content in soybeans even after 180 days of stor-
age (Fig. 4b).

At the onset of the storage period (0 days of storage), 
immediately following seed harvesting, no significant dif-
ference was observed in the germination of soybean seeds 

among the various dosage of B applied in the form of ulex-
ite. This indicates that ulexite, even at higher concentration, 
does not impair soybean seed germination. Conversely, B 
applied in the form of boric acid increased germination up 
to the concentration of 3.5 kg ha−1 (Fig. 4c). After 180 days 
of storage, an increase in the B application rate up to 4.0 and 
3.3 kg ha−1, in the form of boric acid and ulexite, respec-
tively, resulted in enhanced seed germination.

While many studies on B in plants. Focus on its deficien-
cies to demonstrate its benefits in seed production, there is 
a notable lack of understanding regarding its effects under 
conditions of toxicity in the mother plant and its repercus-
sions on newly harvested or long-term stored seeds. In vas-
cular plants, boron toxicity has been shown to induce various 
physiological changes, including alterations in chlorophyll 
levels and photosynthetic rates in leaves, reduction in root 
cell division, metabolic disturbances, and decreased lignin 
and suberin levels (Reid 2007).

Fig. 4   Total soluble sugar a, b and germination c, d in soybean seeds grown under different doses (D) and two sources (S) of B after 0 and 
180 days of storage. **—significant at 1% probability by Tukey test. Letters compare the two sources at the same dose



Acta Physiologiae Plantarum (2024) 46:69	 Page 7 of 9  69

Krudnak et al. (2013) reported that boron levels exceed-
ing 11.3 kg ha−1 negatively impacted boron absorption, pol-
len viability, and sunflower seed formation. In soybeans, it is 
important to note that B toxicity was observed at the high-
est concentration studied (8 kg ha−1), resulting in decreased 
grain yield (Fig. 3), carbohydrate content (Fig. 4a), and seed 
germination (Fig. 4b) after 180 days of storage. Boron toxic-
ity leads to various losses in plant growth, primarily attrib-
uted to oxidative stress, as observed in pea (Pisum sativum) 
and oilseed rape (Brassica napus), and changes in B trans-
port, stimulating the biosynthesis of chelating compounds 
such as polyols and phenols (Landi et al. 2019). Addition-
ally, the storage period of seeds also contributes to increase 
the embryo deterioration due to elevate oxidative stress, as 
seen in cotton seeds (Foel et al. 2003). In this context, car-
bohydrates play a crucial role in attracting and neutralizing 
reactive oxygen species by balancing them with the HO-C-H 
group and stabilizing cell osmotic potential (Pommerrenig 
et al. 2018). Thus, adequate borate nutrition enhances carbo-
hydrate production and maintenance, resulting in increased 
seed germination rates after 180 days of storage at appro-
priate concentrations (Fig. 4b). Conversely, the application 
of high amounts of B (8 kg ha−1) impaired germination by 
reducing carbohydrate content and consequently diminish-
ing the seed resistance to stress during the storage period.

To comprehend the interrelation and impact of the varia-
ble evaluated for different sources and doses of B, multivari-
ate analysis was conducted (Fig. 5). PCA reveals the exist-
ence of two groups of treatments with similarities. Group 
1 comprises the control (absence of boron application) and 
the treatments of boric acid at 8 kg ha−1 and ulexite at 1 and 

8 kg ha−1. This group exhibited the lowest means for the 
evaluated variables (see the bottom of Fig. 5B). On the other 
hand, group 2 includes the treatments boric acid at doses of 
1, 2 and 4 kg ha−1 and ulexite at doses of 2 and 4 kg ha−1. 
This group stood out by obtaining the highest averages for 
the variables evaluated.

These findings support the hypotheses that the boric acid 
and ulexite sources, particularly those contained in cluster 2 
(Fig. 5), are effective in increasing the content and accumu-
lation of B in soybean seeds. This promotes the maintenance 
of carbohydrates in the seeds and enhances the germination 
rate after 180 days of storage.

Future perspectives suggest that new research should 
explore the effects of boron management in the mother 
plant on the quality of stored seeds in other grain crops. This 
endeavor aims to enhance understanding of seed nutrition 
and quality, with global implications given the prevalence of 
seed-producing fields across various countries. The practical 
significance of this research is substantial, as high-quality 
seeds with elevated vigor are less prone to mortality and 
reduction in plant popular during cultivation, thereby miti-
gating loses in crop productivity.

Conclusion

In conclusion, the study demonstrates the effectiveness of 
borate fertilization, using both boric acid and ulexite sources, 
in supplying micronutrients to soybean plants, resulting in 
significant B accumulation in seeds. This accumulation 
exhibits a quadratic response, suggesting an optimal dosage 

Fig. 5   Principal component analysis (A) and heatmap (B) to verify the similarity between the boron sources (AB boric acid and UL ulexite) at 
the different doses applied
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of 3.2 and 4.0 kg ha−1, for boric acid and ulexite, respec-
tively, for enhancing both seed yield and quality parameter. 
Future research should delve into the influence of boron 
management on seed quality in other grain crops, contribut-
ing to a deeper understanding of seed nutrition and qual-
ity, ultimately enhancing crop productivity and resilience 
to environmental stressors during cultivation. Additionally, 
exploring the residual effects of boron on stored seeds could 
further elucidate its role in maintaining seed quality over 
time, with potential global implications for agriculture.
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