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ABSTRACT: Boron (B) is an essential element that limits crop productivity and quality in 
tropical regions due to its low availability. Rainfall regime influences B dynamics in soil, which, 
in turn, affects crop responses to B. Tropical soils are considered low in B if concentrations 
are less than 0.20 and 0.60 mg kg–1 for annual and perennial crops, respectively. The B 
availability in soil is governed by the soil’s pH, texture, organic matter (OM) content, cation 
exchange capacity, and source material. Plants’ uptake of B occurs passively, although it 
varies according to its availability in the soil solution. The presence of low- affinity (BOR1 
gene) and high-affinity (NIP5;1 gene) transporters has been characterized. B deficiency can 
impair crop development due to its role in cell metabolism at the molecular, physiological, 
anatomical, and morphological levels. Both B deficiency and toxicity affect plant growth, 
highlighting the importance of monitoring B availability by assessing soil fertility to optimize 
crop performance and quality. Further study should examine the nutritional management of 
economically important crops using B sources with different solubility in water, application 
rates, particle sizes, placement, forms, and timing. The speculation that the range between 
B deficiency and toxicity is narrow may be misunderstood, especially when foliar diagnosis 
is still neglected. This review aims to understand B dynamics in tropical soils, its functions 
in higher plants cultivated in these regions, and how its deficiency and/or toxicity can affect 
agricultural production.
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Boron bioavailability in tropical soil

Boron (B) is essential for complete vegetative and 
reproductive development (Marschner and Rengel, 
2012). A comprehensive understanding of B dynamics at 
the soil-plant interface, along with the intricacies of its 
function in plants, is imperative for formulating effective 
management practices. These practices aim to ensure the 
efficient supply of B to crops, optimizing productivity. 
This is particularly crucial in tropical soils, where the 
natural availability of B is limited, resulting in impaired 
plant development (Mantovani et al., 2013).

Boron is distributed non-uniformly in the 
environment and occurs naturally through various 
sources, such as rocks, sediments, minerals, groundwater, 
and organic matter (OM). Mineral sources of B show low 
susceptibility to weathering, especially tourmaline, the 
most abundant and insoluble form of B (Das and Purkait, 
2020; Malavolta, 1980). Notable natural B sources 
include colemanite (calcium borate), ulexite (calcium 
sodium borate), and borax (sodium borate) minerals 
(Das and Purkait, 2020). The chemical and biological 

reactions within the soil contribute to the solubilization 
of diverse mineralogical species, with those possessing 
higher sodium (Na) concentrations exhibiting heightened 
susceptibility to weathering (Botelho et al., 2022). Once 
solubilized in soil, B acts as a Lewis acid (Peak et al., 2003), 
reacting with water to form boric acid (H3BO3) (Soares et 
al., 2005) due to its tendency to accept electrons.

In tropical soils, B concentrations of 0.20 mg kg–1 
in annual crops and 0.60 mg kg–1 in perennial crops are 
considered low (Cantarella et al., 2022). However, B is 
even lower due to factors such as pH, temperature, OM, 
texture, and the presence of other chemical elements in the 
soil, which is why the B concentration in the soil solution 
is in the order of µg kg–1 (Goldberg, 1997). In the liquid 
fraction of the soil, B can be present as boric acid (H3BO3) 
and borate anion (B(OH)4−). These two forms coexist in 
equilibrium, with the proportion of each dependent on soil 
pH (Shorrocks, 1997; Antoniadis et al., 2013). Consequently, 
the equilibrium between boric acid and borate anions, 
governed by soil pH, is a pivotal factor in determining B 
availability in the soil solution (Zhu et al., 2022):

B(OH)3 + H2O = B(OH)4
− + H+
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Weathering is a primary factor in the formation 
of many tropical soils, which characteristically exhibit 
lower levels of silicates, higher levels of iron and 
aluminum (Al) oxides and hydroxides, and clay minerals 
with a 1:1 structure, such as kaolinite. The majority of 
inorganic colloidal particles resulting from pedogenesis 
possess high surface areas and numerous adsorption 
sites, with a predominance of positive charges. These 
soils are also characterized by lower pH values, where 
B is found predominantly as H3BO3, a weak acid (Soares 
et al., 2005). Substances lacking charge exhibit reduced 
interaction with the colloidal matrix of the soil, thereby 
decreasing the likelihood of absorption by plant roots. 
Consequently, in acidic soils, the absence of charge can 
promote increased leaching of nutrients (Cruz et al., 
1987). This phenomenon underscores the importance of 
proper fertilization management, as the nutrient losses 
through leaching highlight the necessity for strategies to 
mitigate such losses and ensure optimal plant nutrient 
uptake.

Studies have shown that elevated pH levels favor 
the incorporation of the hydroxyl ions into H3BO3, 
thereby increasing the concentration of B(OH)4

– anions 
(Soares et al., 2005). This dynamic equilibrium between 
these two species, influenced by pH (Zhu et al., 2022), 
is crucial for understanding the sorption and desorption 
of B, which contributes to the maintenance of optimal 
B availability in soil solutions (Strawn, 2021). The 
optimal pH range for maximizing B availability in the 
soil solution is reported to be between 7 and 9 (Soares et 
al., 2008). Beyond these values, a competitive dynamic 
emerges between hydroxyl ions and B(OH)4

− anions for 
the positive sites on colloidal particles (Cruz et al., 1987), 
reducing the adsorption of the targeted species.

In tropical soils, attaining pH values greater than 
6 under natural conditions is challenging. Consequently, 
liming is required to raise the pH level in the soil. 
Intriguingly, this process can enhance the levels of 
calcium (Ca2+) and magnesium (Mg2+) in soil, which 
can interact with the bivalent anion B(OH)4

−, leading 
to the precipitation of B. Other processes that reduce 
B bioavailability include B fixation, which can occur 
under both natural conditions and following liming 
application. Additionally, the formation of inner-sphere 
complexes, where B is incorporated into the crystalline 
network of mineral particles under certain conditions, is 
a process that is difficult to reverse (Strawn, 2021).

The decomposition of OM has been demonstrated 
to enhance B soil levels. This augmentation can be 
achieved through two primary mechanisms: the direct 
release of B or the formation of organic surfaces capable 
of interacting with B(OH)4

− ions. Notwithstanding the 
predominant negative charge of OM, it exhibits the 
capacity to adsorb B(OH)4

− through diverse mechanisms, 
encompassing surface interactions or charge variations. 
Furthermore, OM has been observed to produce humic 
compounds and fulvic acids, which have been shown 
to form stable complexes with B, thereby limiting its 

availability for plant uptake (Chaudhary et al., 2005). 
However, in spite of these interactions, OM is associated 
with an increase in B bioavailability, as it has been 
demonstrated to adsorb higher levels of B compared to 
the mineral constituents of soil (Goldberg, 1997).

A global investigation has been conducted into 
the correlation between soil types and B availability 
(Shorrocks, 1997). The following soil conditions have 
been associated with B deficiency: 1) highly weathered 
soils (e.g., Podzols, Acrisols, and Ferralsols); 2) soils 
with fine particles situated on calcareous materials 
(e.g., Calcisols); 3) soils with a predominantly sandy 
texture (e.g., Arenosols); few developed soils (e.g., 
Leptosols); and 4) soils developed from volcanic ash 
(e.g., Andosols). Tropical regions encompass 38 % of 
the global land surface and include significant areas 
across Africa (43 %), South America (28 %), Asia (20 %), 
Australia (5 %), and Central and North America (4 %). 
In these regions, B deficiency frequently occurs due to 
the composition of the parent material and the texture of 
the soil. Notable instances of B deficiency in soil include 
several countries, namely China, India, Sri Lanka, 
Cameroon, Nigeria, Belarus, Estonia, Lithuania, Russia, 
Finland, Sweden, Denmark, Germany, Poland, Brazil, 
Chile, United States, and Canada (Shorrocks, 1997).

For instance, in the tropical country of Brazil, 
70 % of the soils are classified as Ferralsols, Acrisols, 
and Arenosols (Santos et al., 2011). A natural scarcity 
of available B characterizes these soils and are 
predominantly distributed across several states in 
Brazil, including Bahia, Ceará, Goiás, Minas Gerais, 
Pernambuco, Mato Grosso, Mato Grosso do Sul, 
Paraná, Rio Grande do Sul, Santa Catarina, and São 
Paulo (Epstein, 1972). The region’s predominant crops 
include cotton (Gossypium herbaceum L.), coffee (Coffea 
sp.), sugarcane (Saccharum officinarum L.), citrus (Citrus 
sinensis (L.) Osbeck), pine (Pinus elliottii Engelm.), and 
soybean (Glycine max (L.) Merrill).

Boron extraction and determination in soil

There is considerable speculation regarding the 
underlying factors that result in the narrow range 
between B deficiency and toxicity. The limits between 
these extremes are subject to variation based on 
environmental and intrinsic factors specific for each 
crop. In tropical soils with a characteristic acidic pH, B 
is predominantly present as H3BO3, a form that exhibits 
high solubility. In contrast, in alkaline soils with elevated 
pH levels, B exhibits increased adsorption potential, 
reducing plant availability.

Various methodologies exist for extracting 
and determining B in soil, each exhibiting distinct 
advantages. For instance, the hot water and diethylene 
glycol extraction methods (van Raij et al., 2001) have 
been particularly effective. In the context of tropical 
acid soils, a method that employs plastic bags and a 
microwave oven for heating, in conjunction with a 1.25 
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g L–1 barium chloride extractant solution, has been 
proposed (Abreu et al., 1994; Chaves et al., 2006). This 
method, officially employed in Brazil, a tropical country, 
and also known as the “hot water method”, utilizes 
colorimetry, molecular absorption spectrophotometry, 
and plasma atomic absorption spectrometry to determine 
B (ICP-AES) (Abreu et al., 2001).

The available B extracted by hot water has been 
shown to exhibit a higher degree of correlation with the B 
content plants and crop yield (Abreu et al., 2001; Moreira 
et al., 2010), suggesting that a classification system based 
on this method would be a reliable means of discussing 
B deficiency or toxicity in tropical soils. For annual crops, 
the following classes of interpretation for B availability 
in soil, determined by hot water method, in mg kg–1 have 
been established: 0.0-0.2 as low, 0.21-0.6 as medium, 
0.61-1.1 as high, 1.2-3.0 as very high, and > 3.0 as toxic 
(Abreu et al., 2005). However, such classification does not 
exist for B availability in soil, determined by the hot water 
method, for perennial crops, indicating the necessity for 
further research in this field.

Uptake and transport of boron by plants

The most effective method of absorbing B is through 
the roots, with passive mechanisms predominating. 
However, this route can vary depending on the B 
concentration in the solution, potentially resulting in 
expenditures to enhance B absorption. In the soil-plant 
system, plants predominantly absorb H3BO3, with the 
highest concentrations observed at the tips of older leaves 
due to the plant’s transpiration flow (Luo et al., 2024). 
Following absorption by the roots, B becomes mobile in 
the xylem. Upon reaching the plant’s apex, it becomes 
immobilized, primarily within the cell walls, exhibiting 
minimal redistribution (Coskun and White, 2023).

In the context of Eucalyptus (Eucalyptus grandis 
W. Hill) clone seedlings, mass flow has been identified 
as the predominant mechanism of B transport in the 
soil. Diffusion, however, plays a complementary role, 
exhibiting greater relative importance in soils with 
limited B availability and during periods of water deficit 
(Mattiello et al., 2009).

Nutritional disorders resulting from B deficiency 
are prevalent in tropical soils (Rosolem et al., 2001), 
underscoring the significance of effective B management. 
Given the necessity of B fertilization, as OM is the 
predominant source of B in soil (Schmidt et al., 2021), 
addressing B deficiency is crucial for enhancing 
crop productivity. In tropical sandy soils, the low 
concentrations of OM and clay reduce the retention of 
B and lead to higher leaching, which further diminishes 
B availability. This reduced availability of B can 
significantly affect crop productivity (Yermiyahu et al., 
2001). Additionally, the movement of B from the roots to 
the leaves is highly dependent on transpiration, a process 
influenced by environmental factors such as temperature, 
humidity, and soil moisture. These environmental factors 

regulate the long-distance transport of B in the xylem, 
emphasizing the impact of tropical climates on B uptake 
and its subsequent influence on plant growth (Takano et 
al., 2008; Reid, 2014).

Once deposited in the leaves, the remobilization 
and redistribution of B via the phloem is restricted and 
complex, settling in the apoplast. However, in plant 
species that produce sugar alcohols containing cis-
hydroxyls capable of binding to the B-Pyl complex, B 
can move along the polyol flow and be translocated via 
the phloem to the new leaves (Tanaka and Fujiwara, 
2008). The mobility of B in the phloem of certain plants, 
including apples, plums, cherries, and broccoli, has been 
documented. Consequently, the concentration of B in 
leaves of varying ages indicates its mobility (Brown and 
Shelp, 1997).

Plants experiencing B limitation have been 
observed to employ a variety of mechanisms for 
transporting H3BO3, including passive diffusion through 
the lipid bilayer, which has been found to have a high 
permeability coefficient with H3BO3, active transport 
by the BOR transporter, t he first transporter via the 
xylem participating in the distribution of B in the shoots, 
and transport facilitated by the NIP channel, which is 
responsible for H3BO3 absorption (Tanaka and Fujiwara, 
2008; Miwa and Fujiwara, 2010) (Figure 1).

Figure 1 – Radial (or short distance) transport of boron (B) from 
soil solution, with epidermis at the top, through plant root, with 
xylem vessels at the bottom. The NIP5;1 gene is expressed in 
epidermis, cortex, and endodermis, or act as an uptake channel 
to B enter into the cytosol. Xylem B loading efflux transporter is 
made by the BOR1 gene, in the stele. EP = epidermis; CO = 
cortex; EN = endodermis; CS = casparian strip; PC = pericycle 
(Figure taken from Tanaka and Fujiwara, 2008 - https://doi.
org/10.1007/s00424-007-0370-8).

https://doi.org/10.1007/s00424-007-0370-8
https://doi.org/10.1007/s00424-007-0370-8
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Functions of boron in plants

Inadequate B availability has been demonstrated 
to exert a detrimental effect on crop yield (Brdar-
Jokanovic, 2020). Consequently, B limits agricultural 
productivity worldwide (Gupta, 1993). The optimal 
amount of B in tissues varies between 30 and 
75 mg kg–1, but the amounts differ considerably 
between plant species (Arunkumar et al., 2018). The 
accumulation of B is associated with the amount 
of pectin in the cell wall, and these values for B 
content are generally higher in dicotyledons than in 
monocotyledons (Blevins, 2009).

Boron plays a multifaceted role in plants’ 
physiological, structural, and hormonal processes. In 
the case of cotton, for instance, B has been observed 
to be involved in several critical processes, including 
carbohydrate metabolism, sugar transport, water 
relations, nitrogen (N) and auxin metabolism, tissue 
development and differentiation, cell wall formation, 
and plant reproduction (Cordeiro et al., 2022). It has 
been demonstrated that B enhances the synthesis 
of cell walls, contributing to the structural integrity 
and functionality of plasma membranes through the 
formation of a borate diol diester bond with apiose 
residues of rhamnogalacturonan II (RG-II). This 
process directly influences cell wall development, 
thereby affecting overall plant development (Bolaños 
et al., 2023; Hu and Brown, 1997). Furthermore, the 
incorporation of B into plant nutrition has been shown 
to enhance their resistance to diseases.

The application of B to maize (Zea mays L.) 
plants has been demonstrated to enhance pollen 
tube length after germination (García-Hernández and 
López, 2005). In addition, research conducted on rice 
(Oryza sativa L.) has indicated that B enhances pollen 
viability (Garg et al., 1979). Conversely, B deficiency 
has been observed to cause damage to the plasma 
membranes of plants, given its role in regulating 
membrane functions and its high concentration in the 
cell wall (Marschner and Rengel, 2012). Research has 
demonstrated that B deficiency impedes the assembly 
of hydroxyproline-rich glycoproteins in the cell wall 
of pollen tubes and contributes to the underdeveloped 
state of anthers and pollen (García-Hernández and 
López, 2005).

Boron deficiency in citrus plants has been shown 
to result in decreased plant growth and increased leaf-
specific weight. This phenomenon can be attributed 
to the functional characteristics of this micronutrient 
(Han et al., 2008). In legumes, such as soybeans and 
beans, in addition to the aforementioned functions, 
the deficiency may affect the cell wall of the 
nodules present in the roots, hindering the work of 
diazotrophic bacteria. This is because the deficiency 
allows oxygen to enter the nodules, leading to low 
efficiency of biological N fixation (Lukaszewski and 
Blevins, 1996).

Molecular responses of boron deficiency and 
toxicity in plants

At the molecular level, B has been shown to play a 
role in various processes, including cell wall synthesis, 
the regulation of gene expression, transport of sugars, 
regulation of the cell cycle, and calcium metabolism 
(Brdar-Jokanovic, 2020). Cultivars exhibit different 
capacities for growth in soils with high B concentrations, 
which is uncommon in tropical regions but can 
occasionally be observed in poorly managed areas, 
where excessive applications of fertilizers containing B 
are made to compensate for the deficiency in soil. Wheat 
(Triticum vulgare Vill.) and barley (Hordeum vulgare L.) 
varieties that demonstrate tolerance to excess of B have 
been identified, exhibiting reduced B concentrations in 
their tissues compared to those classified as sensitive. 
The underlying mechanisms that confer B tolerance 
in these cultivars, leading to reduced B accumulation, 
can be attributed to enhanced B efflux capacity. This 
enhanced efflux is facilitated by the presence of 
transporters that remove B from cells (BOR genes) and/
or the suppression of B entry channels (NIP5 and PIP1 
genes) (Martínez-Cuenca et al., 2015).

Research on barley and wheat has demonstrated 
that tolerant varieties exhibit elevated expression 
of genes such as BOR2, which play a pivotal role 
in sequestering excess B within the vacuole. This 
sequestration within the vacuole renders the B less toxic 
to cellular processes (Miwa et al., 2008; Takano et al., 
2008). The vacuolar sequestration mechanism enables 
the plant to accumulate higher concentrations of B 
without significant disruption to physiological functions. 
In addition to vacuolar compartmentalization, other 
mechanisms of B tolerance have been documented. 
One key mechanism involves morphological changes 
in the roots, including an increase in the concentration 
of reducing sugars, which helps sustain root growth 
even under B toxicity conditions. This process ensures 
continued water and nutrient uptake, aiding plant 
survival in B-rich environments (Aquea et al., 2012; Reid 
and Fitzpatrick, 2009). Another significant mechanism 
involves the role of transcription factors in regulating 
the expression of genes responsive to B stress, thereby 
enhancing the plant’s capacity to tolerate elevated B 
concentrations (Miwa and Fujiwara, 2010; Reid, 2014).

However, the levels of B tolerance exhibited by 
different cultivars cannot be fully explained by the 
accumulation of B in the leaves alone. Studies suggest 
that the role of B in plant metabolism is more intricate, 
involving the stabilization of molecules with cis-diol 
groups, such as RG-II and specific glycoproteins (Brown 
et al., 2002; O’Neill et al., 2004). The involvement of 
B in the structural integrity and function of the cell 
wall and plasma membrane is critical for maintaining 
various physiological processes. For instance, B 
contributes to the cross-linking of pectin in the cell wall, 
which strengthens the wall’s rigidity and regulates ion 
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RG-II pectin. This process that is crucial for maintaining 
cell wall integrity. This weakens cell walls and affects 
various molecular pathways in growth and development, 
particularly in tropical crops such as maize and coffee 
(O’Neill et al., 2004). Furthermore, the genes involved in 
reproductive development exhibit heightened sensitivity 
to B deficiency, often resulting in abnormal floral 
organogenesis and reduced fertility due to impaired 
pollen tube growth and fertilization processes (Aasim 
et al., 2022). These molecular responses are pivotal in 
elucidating the limitations of B availability in tropical 
soils and the development of crop varieties capable of 
better tolerating B-deficient conditions.

Physiological responses of boron deficiency and 
toxicity in plants

Physiologically, B has been demonstrated to influence a 
variety of processes, including the absorption of other 
nutrients, enzyme activity, respiration, photosynthesis, 
transpiration, seed germination, fruit set, and resistance 
to biotic and abiotic stresses (Figure 2) (García-Sánchez 
et al., 2020; Ferreira et al., 2021; Prado, 2021; Mehran 
et al., 2023). The impact of B on plant biology is further 
demonstrated by its capacity to modify the structure 
of the plasma membrane, thereby modulating the 
activity of the H-ATPase of the plasma membrane and, 
consequently, stimulating the absorption of nutrients by 
the root system of the plant (Ferreira et al., 2021; Souza 
et al., 2022).

exchange and nutrient transport (Koshiba et al., 2013). 
Furthermore, B plays a significant role in facilitating 
transport reactions, including the movement of ions, 
metabolites, and hormones across cell membranes 
(Brdar-Jokanovic, 2020; Goldbach et al., 2001). These 
multifaceted roles of B in stabilizing cellular structures 
and supporting membrane functions highlight its 
critical influence on plant growth and stress tolerance, 
underscoring the complexity of B metabolism beyond 
mere accumulation.

Boron deficiency has been shown to trigger 
molecular responses essential for plant survival in 
environments with low B availability. Among the primary 
responses is the downregulation of genes responsible for 
B transport, such as BOR1 and NIP5;1, which hinders 
B uptake and translocation from the roots to the shoots 
(Miwa and Fujiwara, 2010; Takano and Tanaka, 2023). 
This restriction in B transport further exacerbates 
the deficiency, leading to a disruption in cellular 
homeostasis. In response, plants activate antioxidant 
defense pathways, with upregulation of genes coding 
for enzymes like superoxide dismutase (SOD) and 
peroxidase (POD) to mitigate the oxidative stress caused 
by reactive oxygen species (ROS) accumulation under 
B-deficient conditions (Bolaños et al., 2023). These ROS 
scavenging mechanisms are vital for reducing cellular 
damage; however, they are not always sufficient to 
prevent long-term damage in severe B-deficient soils.

Boron has been demonstrated significantly impact 
cell wall formation, as it impairs the cross-linking of 

Figure 2 – Symptoms of boron (B) toxicity and deficiency in plants (Figure adapted from García-Sánchez et al., 2020 - https://doi.org/10.1016/j.
jhazmat.2020.122713).

https://doi.org/10.1016/j.jhazmat.2020.122713
https://doi.org/10.1016/j.jhazmat.2020.122713
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Several studies have investigated the impacts 
of B on plant growth and development, along with the 
mechanisms involved in the absorption, transport, and 
metabolism of this micronutrient (Hu and Brown, 1997; 
Takano et al., 2008; Reid, 2014; Aftab et al., 2022). 
Stress caused by B deficiency, a prevalent abiotic stress 
factor in tropical and subtropical soils, has been shown 
to impact the growth and development of citrus plant, 
including the trifoliate orange tree (Poncirus trifoliata L. 
Raf.), a significant citrus rootstock. In this species, long 
non-coding RNAs have been identified as regulators of 
metabolism and signal transduction of plant hormones, 
contributing to a tolerance mechanism against this stress 
(Zhou et al., 2019).

Boron deficiency has been observed to alter the 
vascular tissues of coffee trees, potentially resulting 
in the reduction of thickness in the xylem walls. This 
phenomenon has been shown to manifest in a decline 
in the number of stomata on the leaves, exhibiting 
malformations. Furthermore, the coffee tree’s root system 
may undergo reduction, which has been observed to lead 
to an increase in flower abortion, thereby compromising 
fruit formation, and reducing crop productivity (Rosolem 
and Leite, 2007; Souza et al., 2022).

The most evident indication of B deficiency is a 
reduction in root growth (García-Sánchez et al., 2020). 
B deficiency has been shown to induce changes in 
root morphology, which can impact the synthesis of 
indoleacetic acid within the root, the translocation of 
sugars, the metabolism of carbohydrates, and the synthesis 
of nucleic acids. These changes can lead to an increase in 
the leaf/root ratio or a thickening of the root cell wall. This 
phenomenon is attributed to the accumulation of cellulose, 
amino acids, phenols, and lignin (Mesquita et al., 2016). 
The interruption of root growth observed in conditions 
of B deficiency results from inhibition of DNA synthesis, 
due to pyrimidine base deficits (Blevins and Lukaszewski, 
1998). This can lead to a complete inhibition of nutrient 
absorption and transportation. In addition, a decline 
in antioxidant enzymes, such as SOD, POD, catalase 
(CAT), and ascorbate peroxidase, along with a decrease 
in the photosynthetic rate, transpiration rate, stomatal 
conductance, leaf gas exchange, and intercellular CO2, has 
been documented (Wimmer and Eichert, 2013).

However, excessive B accumulation has been shown 
to induce a range of physiological disturbances in plants. 
Initial symptoms include chlorosis and necrosis at the 
leaf tips and margins due to cellular damage (Aquea et 
al., 2012). High B concentrations have been demonstrated 
to disrupt membrane integrity, leading to increased ion 
leakage and altered permeability, which hampers nutrient 
uptake and transport (Reid, 2014). This disruption in 
cellular homeostasis has been shown to induce oxidative 
stress due to the overproduction of ROS, which in turn 
causes damage to lipids, proteins, and DNA (Ardic et al., 
2009).

In response to B toxicity, plants often upregulate 
antioxidant defenses, such as SOD and CAT activities. 

However, these defenses are sometimes insufficient 
to fully counteract the damage. B toxicity also impairs 
photosynthesis by affecting chlorophyll content and 
stomatal conductance, which reduces overall growth and 
productivity (Choudhary et al., 2020). In severe cases, B 
toxicity interferes with root development, diminishing 
root biomass and function and further compromising 
water and nutrient absorption (Riaz et al., 2022). This 
broad impact underscores the importance of balancing B 
levels to maintain plant health and productivity, given its 
role in various physiological processes and its potential 
for inducing stress under both deficiency and excess 
conditions.

Morphological responses of boron deficiency and 
toxicity in plants

Morphologically, B affects the architecture of the plant, 
the formation of roots, leaves, and flowers, as well as the 
fruit’s size, shape, and quality. An excess or deficiency 
of B can negatively affect plant growth and productivity. 
B deficiency can also produce damage that negatively 
influences crop production and quality. In citrus 
orchards, B deficiency is a prevalent issue on a global 
scale, often coinciding with limited soil B availability and 
environmental stressors, such as drought or excessive 
rainfall (Ferreira et al., 2021).

Boron deficiency in soil has been demonstrated 
to inhibit root growth in pumpkin (Cucurbita pepo L.) 
seedlings. However, the supply of B has been shown to 
facilitate the resumption of expected growth in these 
seedlings. In addition, B-deficient seedlings have been 
observed to exhibit changes in their reproductive organs, 
which can affect fruiting and flowering. These alterations 
include wrinkled anthers, ruptured pollen tubes, and 
damaged flower buds (Zhou et al., 2014).

Boron deficiency has been identified as the most 
limiting nutritional disorder related to micronutrients 
in cotton (Gossypium hirsutum L.). This condition has 
been shown to result in substantial productivity losses, 
underscoring the potential for nutritional disorders related 
to B deficiency to adversely impact cotton yield and fiber 
quality (Souza Junior et al., 2023). Consequently, plants 
exhibit a greater demand for B during the reproductive 
phase than the vegetative phase (Prado, 2021).

In plants exposed to B excess, the most prevalent 
symptom is the presence of burns, which manifest as 
chlorotic and/or necrotic spots, often observed on the 
margins and tips of mature leaves. In contrast to the 
leaves, no visible symptoms develop in the roots, given 
the relatively lower concentration of B, even in soils with 
high B levels. The characteristic symptoms are not evident 
in species where B is re-translocated through the phloem. 
In such cases, dead apical shoots, abscission of young 
shoots, and lesions manifesting as dry, brown spots on 
the side of stems and petioles has been observed. Grafting 
has emerged as a prevalent technique to circumvent B 
toxicity (Sarafi et al., 2017; Simón-Grao et al., 2018).
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Boron interaction with other nutrients

The interaction between B and N has implications for 
B availability. Elevated concentrations of N in the soil 
and plant leaves have been observed to result in B 
deficiency in the plant leaves (Long and Peng, 2023). 
The influence of B on the absorption and distribution of 
N varies according to the N source. Ammonium salt and 
nitrate are vital sources of inorganic N. Plants excrete 
protons while absorbing ammonium salt, leading to a 
reduced pH in the rhizosphere, and B exists mainly in 
the form of B(OH)3 in the rhizosphere soil. The pH of the 
rhizosphere increases when plants absorb nitrate, and 
the B in the rhizosphere soil is converted primarily into 
B(OH)4

− (Gerendas et al., 1997). Consequently, plants 
absorb less B when nitrate is the N source than when 
ammonium salt is the N source (Long and Peng, 2023).

Research on tomatoes and maize indicates 
an antagonistic relationship between B absorption 
and phosphorous (P) absorption. This competitive 
relationship may be attributed to the same absorption 
and transport system of phosphate and borate (Kaya et 
al., 2009; Günes and Alpaslan, 2000). Furthermore, B 
deficiency has been observed to exacerbate the adverse 
effects of P deficiency and excess on physiological 
processes, including a decline in biomass and 
ribonuclease activity (Chatterjee et al.,1990).

Some studies have demonstrated that the 
potassium (K) concentration in citrus trees has been 
observed to increase in response to the application of B 
to the soil (Mattos Junior et al., 2024). This phenomenon 
is likely attributable to the role of K in maintaining the 
charge balance within root cells (Shabala et al., 2016). 
A correlation has been observed between the retention 
of K by citrus plants nourished with B and the increase 
in the activity of the ATPase enzyme that modulates the 
H+ of the plasma membrane. This finding underscores 
the significance of B for plant nutrition (Ferreira et al., 
2021).

The Ca-B ratio is a standard metric for evaluating 
the abundance of B in plants, and the optimal Ca-B 
ratio for the growth of different plants varies due to 
intraspecific and interspecific differences in nutritional 
requirements. The Ca-B interaction may closely 
correlate with cell wall-related physiological processes, 
given the vital roles of Ca and B jointly stabilizing 
and maintaining cell wall structure and function. 
Furthermore, B deficiency has been demonstrated to 
alter the intracellular concentration of Ca2+ and affect the 
expression of genes related to Ca2+ signal transduction. 
This suggests that the influence of B on Ca2+ signal 
transduction may be an important manifestation of the 
Ca-B interaction (González-Fontes et al., 2014).

The application of B fertilizers to a variety of 
plants has been shown to greatly mitigate the symptoms 
of Al toxicity, including inhibited root growth, blocked 
photosynthesis, and impaired activity of relevant 
enzymes (Riaz et al., 2022). This process has been 

observed to reduce Al accumulation in the cell wall 
and Al uptake, thereby alleviating Al toxicity. Different 
mechanisms of alleviation of Al toxicity by B have been 
observed in other plants. For instance, the application of 
B fertilizers to Z. mays, Cucumis sativus L., and P. trifoliata 
have been shown to mitigate Al-induced oxidative stress 
(Taylor and Macfie, 1994; Riaz et al., 2022).

Boron in the soil, recommendations, and boron 
fertilization

Soil analysis for micronutrients serves as a tool to guide 
fertilization and should be used with specific information 
about the species or varieties cultivated (Cantarella et 
al., 2022). In tropical regions, such as Brazil, where 
soils are highly weathered and have low levels of OM, 
the lack of B can be visible in plants (Prado, 2021). 
The interpretation of B availability classes, employing 
hot water as an extractant, in the soil for annual 
crops differs from those for perennial crops, as do the 
recommendations for Cerrado soils (Table 1) (Sousa and 
Lobato, 2004; Cantarella et al., 2022).

The recommendations for fertilization with B 
for crops cultivated in tropical soils exhibit variability 
according to the cultivar. Some studies have indicated 
that the recommendations for B fertilization are 
frequently expressed within a relatively narrow 
range between deficiency and toxicity. However, 
it is noteworthy that the ranges for certain other 
micronutrients (Table 2), such as copper (Cu) and 
manganese (Mn), are even more limited in scope, 
with their ranges between deficiency and toxicity 
being particularly constricted. For instance, research 
has demonstrated that Cu deficiency or excess can 

Table 1 – Interpretations of boron (B) availability according to the 
regional bulletins of Brazil.

Concentration Cerrado
(Brazilian Savanna)1

Annual 
species2

Perennial 
species2

--------------------------- B (mg kg–1) --------------------------- 
Low 0-0.30 0-0.20 < 0.60
Medium 0.30-0.50 0.21-0.60 0.60-1.00
High > 0.50 > 0.60 > 1.00
1Sousa and Lobato (2004). 2Cantarella et al. (2022).

Table 2 – Boron (B), copper (Cu), and zinc (Zn) acceptable ranges 
in leaves of different crops in tropical soils.

Crop B Cu Zn
-------------- mg kg–1 --------------

Gossypium hirsutum Cotton 40-60 5-25 25-100
Oryza sativa Rice 4-25 3-25 10-50
Musa spp. Banana 10-25 7-20 15-30
Coffea arabica Coffee 60-100 10-20 20-40
Saccharum spp. Sugarcane 5-15 5-15 10-30
Eucalyptus grandis Eucalyptus 25-50 3.5-5.5 15-25
Zea mays Maize 7-17 6-15 20-50
Glycine max Soybean 21-55 10-30 20-50
Source: Cantarella et al. (2022).
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have a substantial impact on crop yield, underscoring 
the necessity for precise micronutrient management 
(Franco et al., 2023; Mattos Junior et al., 2024). Similarly, 
studies have demonstrated that Mn toxicity can occur at 
relatively low levels in certain soil types (Skórka et al., 
2023; Wang et al., 2023). These examples underscore the 
complexity of micronutrient management in agriculture 
and the need for careful consideration of soil and crop-
specific factors in fertilization practices.

Boron levels that fall below the established limits 
should be interpreted as indicative of B deficiency. 
Conversely, levels exceeding the specified range’s upper 
limit suggests B sufficiency but not an excess that would 
compromise productivity. Therefore, B fertilizer is 
strongly recommended for the predominant Brazilian 
crops (Table 3) (Cantarella et al., 2022).

Final remarks

The positive impact of B on plant growth is well-
documented, particularly in contexts where the soil 
environment is characterized by optimal B levels. B’s 
absorption and transport mechanisms from the soil to 
the roots and subsequently to the leaves are pivotal for 
understanding B’s structural and hormonal significance 
and economic importance in tropical and subtropical 
agricultural regions. Moreover, B plays a crucial role in 
plant-pathogen interaction, enhancing plant resistance 
to diseases and pests. However, the effect of B on plants 
is subject to variation depending on the type of plant, 
stage of development, dose applied, and environmental 
conditions. Therefore, it is imperative to study the 
response of plants to B under different conditions to 
optimize the use of this micronutrient in agriculture.
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