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ABSTRACT 
Boron is an essential trace element required for the physiological functioning of higher plants, 
considering as a nutritional disorder that adversely affects the metabolism and growth of plants. Boron 
is in many ways unique among plant nutrients; however, it is especially distinguished by the substantial 
differences among species in terms of mobility, the narrow range between deficiency and toxicity, and 
differential inter- and interspecies response to an inadequate supply. Both boron deficiency and toxicity 
may have detrimental effects on yield of various agricultural plants. Deficiency of boron in soil may 
reduce the yield productivity particularly for rice crops through increased panicle sterility; fewer 
productive tillers, shriveled grains, fewer chloroplasts, and lower net assimilate rates along with 
impaired grain cooking quality. Fertilization of boron may solve and improve boron deficiency. Such 
disorder pronounced more in the reproductive phase of plant life, particularly in species in which the 
element is phloem-immobile. Boron is involved in the structural and functional integrity of the cell wall 
and membranes, ion fluxes H+ , K+ , PO4

-3, Rb+ and Ca+2 across the membranes, cell division and 
elongation, nitrogen and carbohydrate metabolism, sugar transport, cytoskeletal proteins, and 
plasmalemma-bound enzymes, nucleic acid, indole acetic acid, polyamines, ascorbic acid, and phenol 
metabolism and transport. . Boron has been associated with one or more of the following processes: 
calcium utilization, cell division, flowering /reproductive phase, water relations, disease resistance, and 
nitrogen (N) metabolism Review examined Boron functions in plants, deficiency and toxicity 
symptoms. Mechanism and transportation of Boron uptake particularly under low boron concentration. 
Several factors may occur for boron deficiency including soil characteristics such as, soil acidity and /
or alkalinity, low organic matter content, and water deficit. The interaction between boron and other 
nutrients such as nitrogen, phosphorus, potassium, and calcium; and the availability and application of 
boron fertilizers.  
 
Keywords:Boron, ion uptake and transport, grafting; bio stimulators, arbuscular mycorrhizal fungi, 

rhizo-bacteria 

 
1. Introduction 

Boron is a rare chemical element on the Earth, which originally formed due to the Big Bang and 
the Stars. Its presence on the Earth’s crust only accounts for 0.001% (10 mg L–1), never in the elemental 
form (Rudnick and Gao, 2005). In the high oxygen environment on Earth, boron fully oxidized to 
borate, which is highly soluble in water. In aquatic environment, it can mainly found in combined 
compounds such as borate and boric acid. Boron was first discovered in 1808 by a British chemist 
Humphry Davy and a French chemist Joseph Louis Gay-Lussac, and then been identified as a chemical 
element in 1824 by Jöns Jacob Berzelius, a Swedish scientist (Davy, 1809). In Mendeleev periodic 
table, the letter B with atomic number 5 symbolizes for boron. Boron is metalloid element, which is 
light but very hard. The molar mass of boron is 10.81. Its electron configuration is 1s22s22p1. Because 
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of having an empty orbital, boron has trend to make bonding with other rich electron elements to form 
different boron compounds. There are two popular allotropes of boron: amorphous form exists in brown 
powder form while crystalline boron is black and extremely hard (Cividini et al., 2009). 

 
1.1. Sources of boron 
Boron released into the environment by both natural processes and anthropic sources. 
 
1.1.1. Natural sources 

Most common naturally occurring boron compounds are borate minerals, which deposited from 
volcanic gases or hot springs near volcanic activities. There are more than 200 minerals in the world 
with two predominant deposits (borax and sassolite), which consist of different compounds of boron 
with sodium, calcium and magnesium, for example, kernite (Na2O.2B2O3.4H2O), colemanite 
(Ca2B6O11.5H2O), ulexite (NaCaB5O9.8H2O), sassolite (H3BO3) and boracite (Mg3B7O13Cl) (Indian 
Bureau of Mines, 2014). Boron can be found in rock, at a concentration of 5 mg L–1 in basalt to 100 
mg.L-1 in sedimentary shale or in soil (10 –20 mg.L–1). 

Moreover, boron can be detected in ambient air (average 20 ng m–3) (Smallwood et al., 1998). 
Boron found naturally in seawater with average value of 4.6 mg.L–1. This value varied substantially 
depending on geography and location of ocean bodies such as in the Mediterranean Sea, the boron 
concentration is as high as 9.6 mg.L–1. The concentration of boron in fresh water is usually from less 
than 0.01 mg.L–1 to 1.5 mg.L–1 depending on the influence of geochemical nature of the drainage area, 
proximity to marine coastal regions. Concentrations in surface and groundwater are generally in the 
order of a few tenths of 1 mg.L–1, in rainwater typically below 10 μg.L–1 but depend on input from 
industrial and municipal effluents Wolska and Bryjak, (2013) Besides, boron is found in plant, animal 
and human bodies as essential element, which is required for structural development. Different crop 
types are suitable with different doses of boron, less than 1.0 mg L–1 for sensitive crops to above 2.0 
mg.L–1 for tolerant crops. For mammalian organism like animal and human, the safe and adequate dose 
for health ranges from 1 to 13 mg.L–1 which is define by World Health Organization (Wolska and 
Bryjak, 2013). 
 
1.1.3. Boron sources from human activities 

During industrial process, a big amount of boron has introduced into environment as a waste. 
Hundreds years ago, boron has been utilized for making glass by Roman or borax clay product by 
Chinese. Nowadays, boron has wider application on many industrial fields. For instance, glass fiber and 
porcelain as two major uses with durability improvement role, medicine, leather processing, adhesive, 
flame retardant, food grain preservation, soap, detergents, cleaners, fertilizer, herbicides, insecticides, 
gems manufacture due to its hardness property, textile industry as decolorizing agent, toothpaste and 
mouth wash solution due to germicidal nature, neutron absorber in nuclear reactor, boron neutron 
capture as an important treatment method for curing some cancers and arthritis (WHO. (2011, 1998). 
Boron appears in surface water as the consequence of the discharge of treated sewage effluent. Its 
concentration varies in different regions, for example, the average value in Europe is smaller than 0.6 
mg L–1, below 0.3 mg.L–1 in Japan, South Africa and South America and below 0.1 mg. L–1 in North 
American waters (Indian Minerals Yearbook, 2015). 
 
1.1.2. Boron and its effect on life development 

Boron known for many years as an essential micronutrient element for the growing process of 
fruits and vegetables. It is vital to plant health due to its role in forming and strengthening cell walls, 
transporting sugar, developing hormone and nutrition balancing with others such as nitrogen, 
phosphorous, calcium and potassium. Therefore, adequate B nutrition is critical for high yields and 
quality of crops. However, it is not easy to control the proper amount of boron for each type of plant 
because the gap between deficiency and excess for this element is very narrow. Boron deficiency 
inhibits plant from the growth of meristematic tissue, cell formation and delays enzymatic reactions 
while boron toxicity shows the signs of yellow tips of leaves, defoliation, spots on fruits, decay and fall 
of unripe fruit. Consequently, these influences result in death of plants (Melnyk et al., 2005; WHO, 
(1998, 2011). So, in agricultural production, boron in irrigation water should not exceed (0.3 –4.0) mg. 
L–1 depending on the crop type and soil characteristic to avoid boron excess problem. To deal with the 
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lack of boron in plant, proper type of fertilizer considered making up the compensation. Different plants 
have different demands of boron for their development. There are three kinds of boron tolerances that 
corresponding to three level of boron sensitivity of plants: sensitive plants: < 1.0 mg.L–1, semi-sensitive 
plants: 1.0 - 2.0 mg.L–1, tolerant plants: > 2.0 mg.L–1 (Tu et al., 2010).  

Numerous researches have indicated the necessary presence of boron in the physical and 
intellectual growth of animals and human even the amount should be provided every day is quite small, 
about 1 to 13 mg according to WHO. Nielsen reported that boron is a dynamic trace element that is 
required for bone development, brain and immune function, energy substrate utilization and micro 
mineral metabolism (Nielsen et al., 1997). It is noted that boron deficiency has negative effects on 
composition and function of many parts of human and animal body. The lack of boron in animals can 
cause the reduction of other minerals absorption such as calcium, copper or nitrogen. Mammalian 
organisms that have excessive boron suffered from problems of cardiovascular, coronary, nervous and 
reproductive systems. It can change blood composition, caused disorder in neurological, physical, 
intellectual development. Particularly, excess of boron is very dangerous for pregnant women as it 
increases the risk of birth pathology. Greater dose of boron (> 500 mg/d) may cause nausea, vomiting, 
weight loss and diarrhea (Wolska and Bryjak, 2013). 
 
1.2. Boron in water production 
1.2.1. Water resources 

Around 97% of the water in the world is in the oceans and approximately, 2%- 2.5% of the water 
is in ice stored in glaciers and polar ice, although global warming is reducing this reservoir of fresh 
water. Hence, of all the water in the world, a mere 0.5%-1% is fresh water available for the needs of all 
plant, animal and human life (Haden et al., 2005; Shiklomanov et al., 1993). The over-exploitation of 
existing fresh water supplies is becoming a problem in many parts of the world. There are many causes 
in which the principal ones known such as population growth, demands for higher living standards, 
growth of both agriculture and industry, and climate change. Globally, the main water consumption 
sectors are irrigation, urban, and manufacturing industry, especially irrigation in agriculture. It becomes 
more and more serious in the countries that already suffered from increasing water shortages such as 
Greece, Spain, and Southern Europe in general and the Middle East and North African (MENA) 
countries (Reid et al., 2010; El-Dessouky and Ettouney, 2002).  

There are ways in which the problem of increasing water shortage can be tackled. The more 
economical use of water by reduction in wastage; the increased recycling of water by both industrial 
and domestic users; by the transfer of water from areas rich in water resources to areas of need - for 
example, the proposed use of a pipeline from Turkey to Israel and the use of canals and rivers in the 
UK to transfer water from one area to another for example the use of the Cotswold Canals as a route 
for water to be pumped from the River Severn to the River Thames. Another way is the production of 
fresh water from brackish and seawater by a process called "desalination". Desalination refers to those 
processes that reduce the quantity of dissolved substances in the water fed to the process. Seawater 
tastes excessively salty and those in normal circumstances it cannot be drunk or used for normal 
domestic purposes such as washing and cooking. However, if this salt content could be reduced, it 
would then be possible to produce water suitable for drinking and other domestic purposes. Nowadays, 
fresh water production is usually managed from seawater or polluted surface water. Consequently, to 
the boron harmful effect, the WHO recommended the value of boron concentration in drinking water 
to be below 0.5 mg L–1 but the value in the guideline has been revised to 2.4 mg.L–1. Although this new 
change seems more relaxed for the drinking water than before, the requirement of 0.5 mg L–1 is still 
kept for irrigation water since the boron demonstrates the herbicidal effect (Wei et al., 2011). As the 
boron can be high in many water resources, for example, in seawater it is around 4.5 mg L–1 Xu and 
Jiang, (2008), water desalination requires high percentage removal for fresh water production. 
 
1.2.2. Boron chemistry in aqueous solution 

In aqueous solution, boron is normally present as boric acid H3BO3 and borate anions (H2BO3 - 
or B (OH) 4-). Boric acid appears predominantly in aquatic environment with pH around 7 or 8. It is a 
water-soluble substance with solubility of 55 g L-1 at 25 ºC. Boric acid acts as a weak Lewis acid due 
to the electron deficiency of boron, thus it tends to combine with one OH- ion to become B (OH) 4 - in 
high pH medium (Wolska and Bryjak, 2013). There is formation of polyborates such as B5O6 (OH) 4 -, 
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B3O3 (OH) 4, B3O3 (OH) 5 2- and B4O5 (OH) 4 2- in solution at high concentration (> 1000 mg L–1) and 
at pH between 6 to 11 (Öztürk and Kavak, 2005). Equilibrium of boric acid and borate (pKa = 9.2) can 
be expressed as follow: 

H3BO3 + H2O B (OH) -4+ H+ 
The pKa values indicates that with pH is smaller than 9.2, boron is mainly as boric acid species 

in the solution and borate ion becomes predominant fraction in alkaline conditions Fig. (1).  
 

 
Fig. 1: Boric acid speciation as a function of pH values 

 
Previous investigations showed that pKa is dependent on ionic strength and temperature of the 

solution. When the ionic strength increased, pKa is decreased due to change in borate ion activity and 
pKa changes from 9.08 to 9.38 as the solution changes from 10 ºC to 50 ºC due to the change in the pK 
of water (pKw) (Hilal et al., 2011; Oo et al., (2012). 
 
1.2.3. As essential nutrients.  

Boron is essential for normal growth and development of plants, including rice (Gupta 1979; 
Dunn et al., 2005). Warington (1933) reported that boron is the essential for plants growth. Boron 
deficiency affects the yield of 132 crops in at least 80 countries (Shorrocks 1997). Low levels of 
available boron in soils gradually reduce crop yield, impair grain quality, and increase the susceptibility 
of crops to diseases Goldbach et al., (2007), Fig. (2and 3). 
 

 
 

Fig. 2: Represents physiological and molecular boron targets. 
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Fig. 3: Models of boron transport pathways. (A) Boron (B) transport across the plasma membrane after 
Maria et al. (2016). 
 

Maria et al. (2016) stated that about ninety percent of boron content in plant is localized in the 
cell wall fraction (Loomis and Durst, 1992; Blewins and Lukaszewski, 1998). Such evidence highlights 
the contribution of B in the organization of cell wall proteins, pectins, and/or precursors during plant 
growth and development (Hu and Brown, 1997). Indeed, in boron -deficient plants, the structural 
abnormalities in the composition of cell wall and middle lamella caused a growth block on the apical 
meristems of root and stem Brown et al., (2002), on the pollen tubes, as well as the fragility in 
developing leaves and petioles (Loomis and Durst, 1992; Shorrocks, 1997; Goldbach, 1997). The boron 
functional role in cell wall organization was first demonstrated after the isolation of a boron–
polysaccharide complex from radish root cell walls on which an RGII polysaccharide was later 
characterized (O’Neil et al., 1996). In particular, RGII was cross-linked by 1:2 borate-diol diesters to 
form the dimeric RGII via cis-diol groups of two apiose residues forming a stable three-dimensional 
network (O’Neil et al., 1996). At the same time, the presence of RGII–B complex in the cell wall of 
another 22 plant species has been demonstrated (Matoh et al., 1996). In absence of B, Fleischer et al. 
(1999) observed wider formation of cell wall holes than normality inside the three-dimensional structure 
because of a lack of dB-RGII, suggesting a new B functional role in the cell wall. The presence of an 
improper pore, in B-deficient cells, may affect physiological important processes such as the 
incorporation and transport of polymers into the wall. 

In this respect, the contribution of B–RGII complexes to the porosity and strength of the cell wall 
has been stated) Dannel et al., (2002). Moreover, O’Neil et al., (2004), using a mur1 Arabidopsis mutant 
characterized by abnormal sugar composition of RGII, defined the importance of B–RGII for the normal 
leaf expansion, at molecular level. Hence, the B requirement was strongly associated to the RGII content 
of the cell walls in different plant species Reid et al., (2004) and a reduced production of pectic 
substances or precursors of the cell wall in plants exposed to B deficiency has been reported (Bonilla et 
al., 2004). Recently, the location and the mechanisms of RGII synthesis and borate cross-linking have 
been clarified through the identification of key enzymes for RGII synthesis and regulators including B 
transporters, which were required for an efficient formation of RGII cross-linking (Funakawa and 
Miwa, 2015) Fig. (4). 

Chormova and Stephen (2015) concluded that certain polycations, including artificial 
polyhistidine and natural extensin, have the ability to chaperone RG-II, manoeuvring this anionic 
polysaccharide domain to favour cross-linking via boron bridges. A role for histidine-rich extensins in 
cell wall assembly is therefore proposed. It is possible that extensins fulfilling this role are located on 
the inner face of the cell wall, ready to chaperone any new RG-II domain as soon as it is secreted into 
the wall. Alternatively, there could be sufficient extensin located inside the Golgi cisternae or Golgi-
derived vesicles to dimerize newly synthesized RG-II domains even before secretion. Since both the 
polyhistidine and the proposed natural chaperone extensin can evidently dissociate from RG-II after 
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having facilitated its dimerization, we propose that these cationic chaperones act catalytically rather 
than stoichiometrically. In future research it will be of great interest to determine the ability of distinct 
isoforms of extensin, and other cationic glycoproteins, to direct the assembly of the wall’s pectic 
network in this way.  

Boron deficiency in organisms lacking in cell walls underlined the essential role of this 
microelement in plant growth and development beyond its role in cell wall (structure La¨uchli, 2002) 
Fig. (5). 
 

 
Fig. 4: Parsley extract rich in numerous wall-modifying enzyme activities fails to dimerism rhamnogalacturonan-
II (RG-II). Monomeric RG-II (a, 18 lM tritiated; b, 20 lM nonradioactive) was incubated in 1.2 mM B(OH)3 at 
20°C in the presence or absence of a wall-enzyme-rich extract from parsley shoots for 0–24 h, then frozen at 80°C. 
Later, (a) 2.4 kBq or (b) 0.8 lg of the RG-II was subjected to polyacrylamide gel electrophoresis. In (b), the gel 
was silver-stained and photographed. In (a), the zones corresponding to monomer and dimer were excised from 
the gel and separately assayed for radioactivity by scintillation counting. The ‘0.1 h’ sample was taken just before 
addition of the parsley extract. 

 
 

 
Fig. 5: Illustrates boron translocation in root shoot after Yoshinari et al., (2016) 

 
Many authors have speculated that boron plays a structural role inside the plasma membrane, 

which may explain the large number of boron effects on it. Several studies have shown that boron 
affects the structure and function of the membrane and especially of the plasma membrane, including 
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ion uptake Blewins and Lukaszweski, (1998) and stimulation of ferricyanide-dependent Hþ release 
(Goldbach et al., 1990). On the contrary, B deficiency reduced rubidium (Rbþ) and phosphorus (P) 
uptake in Vicia faba, sunflower, and maize roots, which were restored after B supply (Goldbach, 1984). 
Boron deficiency and excess also inhibited adenosine triphosphate (ATP)-dependent Hþ pumping and 
vanadate-sensitive ATPase activity (Ferrol et al., 1993). In cell suspension of carrot and tomato cells, 
boron reduced the ferricyanideinduced proton release mediated by vanadate suppression, suggesting the 
involvement of a plasma membrane proton (Goldbach et al., 1990). Therefore, boron stabilized the 
membrane molecules with cis-diol groups Bolan˜os et al., (2004), but also regulated its function. 
Recently, B deficiency has been observed to cause a nitrate content decrease in tobacco because of the 
lower net nitrate uptake rate because of root plasma membrane Hþ-ATPase (PMA2) transcript 
reductions (Camacho-Cristo´bal et al., 2008). Moreover, it has been hypothesized that boron may be 
involved in the structure of so-called “membrane rafts”, particularly “lipid rafts”, physiologically active 
membrane fractions with relevant functions in signal transduction and useful as binding sites for 
glucosilfosfatil-inositol proteins Brown et al., (2002) Fig. (6). the “lipid rafts” are characterized by high 
concentrations of glycolipids and glycoproteins, providing a significant number of B complexing sites. 
 

 

Fig. 6: Model of lipid-raft structure and function in biological membranes. (A) Rafts are membrane micro domains 
formed by high concentrations of sphingolipids (dark-brown-headed structures) and cholesterol (red bean-shaped 
structures) immersed in a phospholipid-rich (light-brown-headed structures) environment. Glycolipids and 
sphingomyelin are restricted to the outer leaflet of the bilayer, whereas cholesterol and phospholipids are in both 
leaflets. Note that lipids in the rafts usually have long and saturated fatty acyl chains (red two-legged shapes), 
whereas those in lipids excluded from these microdomains are shorter and unsaturated (green two-legged shapes). 
(B) Principles of selective recruitment of proteins in rafts. Recruitment of membrane proteins in phospholipid-
rich membrane regions takes place through protein-protein interactions. However, in rafts this process takes place 
through interactions between the lipids within the rafts and the transmembrane domain of integral membrane 
proteins (lipid-protein interaction) or the lipid moiety of proteins attached to the membrane by a lipid modification 
(lipid-lipid interaction). The recruitment of cytosolic proteins by proteinprotein interactions through modular 
domains (SH2 domains, SH3 domains, etc.) can take place in both raft and non-raft membranes. Proteins excluded 
from rafts are in yellow; proteins included in rafts are in blue (integral membrane proteins), light brown (GPI-
anchored proteins) or pink (acylated, cytosolically oriented, proteins such as Src family kinases, Ras and 
heterotrimeric G proteins) after Miguel and Jaime (2001). 

 
Miguel and Millán (2001) concluded that combinatorial association of different lipid species 

generates micro heterogeneity in biological membranes. The association of glycosphingolipids with 
cholesterol forms membrane microdomains – lipid rafts – that are involved in specialized pathways of 
protein/lipid transport and signalling. Lipid rafts in cellular are normally dispersed membranes and 
appear to require specialized machinery to reorganize them to operate. Caveolin-1 and MAL are 
members of two different protein families involved in reorganization of lipid rafts for signalling and/or 
intracellular transport in epithelial cells. T cell activation induces a rapid compartmentalization of 
signalling machinery into reorganized rafts that are used as platforms for the assembly of the signalling 
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complex. Stimulatory molecules participate in this process by providing signals that mobilize raft lipids 
and proteins, and remodel the cytoskeleton to the contact site. As in epithelial cells, rafts are used also 
as vesicular carriers for membrane trafficking in T lymphocytes. Furthermore, there are potential 
similarities between the specialized protein machinery underlying raft-mediated processes in T 
lymphocytes and polarized epithelial cells. 

In addition, either these fractions contain sugars such as galactose and mannose or amino acids 
such as serine and tyrosine, which are able to link with boron, under such condition, boron seemed to 
play a specific function in stability, integrity and function of “membrane rafts.” Recently, a 
glycosylinositol phosphorylceramides (GIPCs), the major sphingolipids in lipid rafts, able to form a 
GIPC–B–RGII complex Borner et al., (2005), has been characterized in rose cell culture using thin-
layer chromatography and mass spectrometry approaches (Voxeur and Fry, 2014). They concluded that: 
(1) B played a structural role in plasma membrane; (2) a high B level, disrupting the membrane 
components, was responsible for membrane phytotoxic effect; (3) GIPCs facilitated B-dependent RGII 
dimerization process; and finally (4) GIPC–B–RGII gave, for the first time, the molecular explanation 
of the wall-membrane attachment sites (Voxeur and Fry, 2014). 

Bell ( 1997) reported that boron requirements was vary among plant species and depending on 
several factors such as soil type, soil moisture, pH, boron concentration, soil organic matter, (Welch et 
al., 1991). Boron has been associated with one or more of the following processes: calcium utilization, 
cell division, flowering/reproductive phase, water relations, disease resistance, and nitrogen (N) 
metabolism (Sprague 1951; Goldbach et al., 2007; Ahmad et al., 2009). Boron deficiency in rice 
induces panicle sterility due to poor pollen and another development, failed pollen germination, and 
alters cell wall pectin in pollen tubes (Yang et al., 1999). Symptoms including interveinal chlorosis in 
older leaves and dark brown elliptical spots on affected plant parts. Boron is one of the essential 
nutrients for the optimum growth, development, yield, and quality of crops (Brown, et al., 2002). It 
performs many important functions in plants and is mainly involved in cell wall synthesis and structural 
integration. According to a report, in tobacco (Nicotiana tabacum L.) and squash (Cucurbita pepo L.) 
plants, 95–98% of B is located in the cell walls of leaves (Hu et al., 1994, 1997). The enhanced B 
requirement of young growing tissues proves its critical role primarily in cell division and elongation 
(Huang et al., 2014). B starvation dramatically inhibits root elongation, with deformed flower and fruit 
formation due to impaired cell division in the meristematic region, whereas adequate B supply promotes 
advantageous root development (Gupta et al., 2013). B is involved in phenolic metabolism, and phenol 
accumulation is a typical feature of B-deficient plants (Marschner, 2012).  

B–sugar cis-diol complex formation is important to reducing phenol accumulation. However, 
plants fail to form this complex due to the shifting of the pathway from glycolysis to phosphate under 
B deficiency, resulting in phenolic compound production and accumulation (Mengel and Kirkby, 2001). 
B deficiency activates enzymatic and no enzymatic oxidation by using phenol as substrate, resulting in 
elevated polyphenol oxidase and quinine concentrations, which are hazardous for plant growth and 
development (Hajiboland, et al., 2013). B deficiency may trigger reactive oxygen species generation 
that drastically reduces ascorbic acid and glutathione metabolism (Marschner, 2012). Although B-
deficient leaves of citrus showed antioxidant enzymatic activity against ascorbate, ascorbate peroxidase, 
and superoxide dismutase, they were not strong enough to protect against oxidative damage (Han et al., 
2008). B plays a pivotal role in nitrogen (N) metabolism as it enhances nitrate levels and reduces nitrate 
reductase activity under limited B conditions (Shen et al., 1993).  

A previous study has also highlighted the role of B in rhizobial N fixation, actinomycete 
symbiosis, and cyanophyceae heterocyst formation in leguminous crops Bolanos etal (2004). Based on 
our knowledge, no study has investigated the direct involvement of B in photosynthesis. B deficiency 
affects photosynthesis indirectly by weakening vascular tissues responsible for ion transport Wang, etal 
(2015). Goldbach and Wimmer Goldbach et al. (2007) suggested that the disruption in chloroplast 
membranes, stomatal apparatus, the energy gradient across the membrane, and thylakoid electron 
transport is a major reason for photosynthetic reduction under B-deficient conditions. During pollen 
tube growth and germination, B enhances the chances of fruit setting and improves seed production, 
leading to enhanced crop productivity. An adequate supply of B reduces the incidence of empty grains 
and enhances the yield by up to 5.5% in barley E (Hordeum vulgare L.) El Feky et al. (2012), increases 
spike length and plant pigment content, hinders the chances of sterility in wheat (Triticum aestivum L.) 
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Abdel-Motagally, and El-Zohri, (2016) and improves the quality and shelf life of tomato (Lycopersicon 
esculentum L.) (Salam et al., (2018).  
A previous study found that flowering and seed setting in Arabidopsis thaliana are maintained by over-
expressing efflux B transporter BOR1, which not only increases the yield but also improves the mineral 
transport under B-deficient conditions (Miwa et al., 2006). Boron may influence the availability and 
uptake of plant nutrients from the soil. An apparent increase in the uptake and translocation of P, N, K, 
Zn, Fe, and Cu in leaves, buds, and seeds was noticed after B application in cotton (Ahmed et al., 2011). 
Moreover, B is necessary for the growth of meristematic tissues, pollen germination, cell division 
membrane function, and assimilate partitioning. Residues of RG-II and contributes to a three-
dimensional pectic network (O’Neill et al., 2004) Fig. (7).  
 

 
 
Fig. 7: Proposed two-step dimerization of polyanionic rhamnogalacturonan-II (RG-II) and of chromotropic acid 
as a model. (a) The polyanion, RG-II (n), is proposed to undergo two reactions similar to those shown in (b). 
Owing to the strong negative charge on both RG-II molecules, we propose that the second step will be favoured 
if the RG-II(n) is ionically complexed with a cationic ‘chaperone’. (b) The ionized form of chromotropic acid 
(CTA2) rapidly reacts with neutral trigonal boric acid B(OH)3), giving a (B:CTA)3 complex containing a 
tetrahedral B. This reacts slowly with a second CTA2, despite electrostatic repulsion, to give a relatively stable 
(B :( CTA) 2) 5 complex. After Shao et al., (2000). 

 
2. Absorption and mechanism of boron uptake by plants.  

In the soil, boron is found in the form of boric acid or borate; among all the essential elements, 
the percolation of B is in the form of uncharged molecules instead of ions (Shorrocks, 1997). Boron is 
considered as a highly lipid-bilayer-permeable Ahmed et al., (2011) and intermediate mobile or 
phloem-immobile element depending on the membrane structure and plant species (Zhou et al., (2014). 
Initially, it has been argued that passive diffusion of uncharged boric acid across the lipid bilayer is the 
only mechanism of B transport from roots of vascular plants to aboveground plant parts such as stem 
and leaves (Hu, and Brown, 1994). This assumption was based on the high permeability of the lipid 
bilayer to boric acid, but Dordas and Brown Zhou et al., (2014) later revealed that the permeability of 
the lipid bilayer for boric acid is considerably lower than expected. Under high concentration of boron, 
it is transported through passive diffusion, whereas active transport by the use of a special type of 
protein is achieved under low B supply (Ahmed et al., 2011). Three pathways or mechanisms are 
recognized for the uptake and transport of boron in plants: passive diffusion through plasma membrane; 
facilitated transport via channel proteins, such as the nodulin 26-like intrinsic proteins (NIPs); and high-
affinity active transport reconciled by borate transporters (BOR) persuaded under low B availability 
(Shen et al., 1993; Brown, et al., 2002; Hu and Brown, 1994).  
 
2.1. Boron uptake 

Boron uptake was considered a controversial topic for a long time, inter alia due to various plant 
species, extremely high boron concentrations, and different techniques used in the experiments Hu, H., 
Brown,(1997). Plants take up boron via the roots, predominantly in the form of boric acid. A small, 
soluble, undissociated, and uncharged molecule easily migrates across the lipid bilayers. Boron is the 
only element, which is not taken up from the soil as an ion. In conditions of sufficient supply, the 
element is transported by passive diffusion and without protein catalysis and energy consumption. 
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Because of the cell’s high permeability to boron, characteristic patterns of flux along the transpiration 
stream, and accumulation in the tips of the leaves, passive diffusion was long considered as the only 
mechanism of transport Marschner (1995), Raven, (1980), Nable, (1988). Linear increases in boron 
tissue content following the increase of external boron Nable, (1990), as well as the fact that metabolic 
inhibitors and both low and high temperatures (2– 420C) do not impair the accumulation Brown, (1994), 
seemed to confirm this point of view. It was suggested that the element enters the cell partially via 
passive diffusion through the lipid bilayer, and partially via protein channels, aquaporins, or other 
channels that are Hg-sensitive Dordas et al., (2000) Fig. (8). 
 

 
Fig. 8: Multiple cellular functions of plant aquaporins in mineral nutrition. The figure illustrates the variety of 
transporter functions of aquaporins in various subcellular compartments. The different subclasses of aquaporins 
are identified in different colours. The plasma membrane intrinsic proteins (PIPs) might be involved in the internal 
re-distribution of mineral nutrients by transporting them from the endoplasmic reticulum (ER) to the plasma 
membrane via the Golgi apparatus. Moreover, PIPs also undergo repeated cycles of endocytosis and recycling 
through the early endosome to the multivesicular body/prevacuolar compartments before eventually being 
targeted to the vacuole. PIPs primarily facilitated urea and boric acid transport, while tonoplast intrinsic proteins 
(TIPs) 

 
Several researchers stated that Boric acid channel that belongs to the major intrinsic proteins 

(MIPs), is predominantly expressed in epidermal, cortical, and endodermal cells (Takano, et al., 2006; 
Kato et al., 2009). Under B deficiency, AtNIP 5;1 expression was strongly up-regulated, which is 
critical for efficient B transport into the roots (Takano, et al., 2006). In nip5;1 mutants of Arabidopsis 
thaliana, both root and shoot growth were inhibited under B deficiency Takano etal. (2006), indicating 
that NIP5;1 was essential for the overall B uptake that was required for plant growth and development 
under B limitation. AtNIP6;1, which is homologous to AtNIP5;1, was shown to facilitate the rapid 
penetration of boric acid across the membrane and normal distribution of boric acid in plant tissues, but 
it is completely impermeable to water (Takano, et al.,2008).  

Similarly, the water channel OsNIP3;1 was also found to be a B-inducible channel in rice 
involved in B uptake and distribution (Hanaoka, and Fujiwara, 2007). In barley, the tolerance to 
excessive soil B is controlled by down regulated expression of HvNIP2;1 to reduce B uptake and leaf 
blade B accumulation. Expression of Bot1, a BOR1 ortholog that provides B tolerance to barley, was 
induced to eliminate B from the roots and sensitive tissues (Schnurbusch et al., 2010). HvNIP2;1 is 
essential for B toxicity tolerance in barley in combination with Bot1. AtTIP5;1 plays a critical role in 
the B transport pathway possibly via vacuolar compartmentation, and the over expression of AtTIP5;1 
may facilitate the elimination of B toxicity in plants (Pang et al., 2016). OsPIP1;3, OsPIP2;4, OsPIP2;6, 
and OsPIP2;7, members of the major intrinsic proteins (MIPs) family, were involved in both influx and 
efflux of B transport, and their expressions were strongly upregulated under B toxicity (Mosa, et al., 
2016; Kumar, et al., (2014). Briefly, aquaporins are essential for reducing the accumulation of toxic 
boric acid levels in plant tissues (Bienert, et al., 2011). Aquaporins were involved in B uptake and 
distribution, and PIP, NIP, TIP, and XIP subfamilies have been shown to transport boric acid. Under B 
deficiency, NIPs are essential for efficient B uptake and distribution that is required for plant growth 
and development. Whereas under B toxicity NIPs, TIPs, and PIPs are involved in reducing the 



Middle East J. Agric. Res., 10(1): 117-179, 2021 
EISSN: 2706-7955   ISSN: 2077-4605                                             DOI: 10.36632/mejar/2021.10.1.9  

127 

accumulation of toxic boric acid levels in plant tissues. Manipulation of these aquaporins could be 
highly useful in improving plant tolerance to B deficiency or toxicity. 

The substantial differences among plant species regarding boron mobility make the element 
unique among nutrients. Boron is rapidly and significantly phloem-mobile in species for which polyols 
(e.g., sorbitol, mannitol, dulcitol) are the primary products of photosynthesis. The mobility is due to 
boron’s complexation with polyols. Such species are from Prunus, Malus, and Pyrus genera (prune, 
pear, apple, cherry, almond, plum, peach, apricot), as well as onion, celery, carrot, olive, bean, pea, 
cauliflower, cabbage, asparagus, and coffee. On the other hand, boron has restricted phloem mobility 
in species with sucrose as a primary photosynthetic product. These species (e.g., wheat, barley, walnut) 
represent the majority. Boron moves along the transpiration stream and accumulates at its end. 
Therefore, the concentration of the element is dramatically higher in leaf tips and margins than in the 
rest of the leaf. On the contrary, boron concentration is uniform across the leaves of phloem-mobile 
species. Consistently, comparatively higher boron concentration in older leaves implies restricted 
phloem mobility. A higher concentration in young leaves and fruits indicates significant phloem 
mobility (Brown and Hu, 1996; Stangoulis et al., 2010). The dramatic inter- and interspecies differences 
in plant tissue boron content, as well as in boron tolerance and sensitivity, undermined the passive 
transport hypothesis.  

Plant tissue boron content was generally considered to be lower in tolerant species and genotypes 
Bellaloui, (2012), Nable,(1988), Brown, and Shelp, (1997) Rehman, et al., (2006), although exceptions 
were reported Yau et al., (1994), Brdar-Jokanovi´c, et al., (2013). Nevertheless, differences in tolerance 
cannot be explained exclusively by differences in transpiration, because the above would mean that 
tolerant plants have to exhibit seven-fold higher water use efficiency than sensitive plants (Nable et al., 
1997). Higher cell-wall pectin content. Hu, et al., (1996), Matoh (1996), inactivation in the wall or 
cytoplasm Nable et al., (1997), Reid et al., (2009). Separation into the vacuole (Brdar-Jokanovi´c, et 
al., 2013). Wakuta et al., (2020) and cell wall Papadakis, et al., (2018) , redistribution among plant 
organs Nable (1998), blocking the entrance in tolerant genotypes via decreased permeability of root cell 
plasma membranes Nable et al., (1997) Paull et al., (1988), Huang and Graham,(1990), and efflux from 
the roots Reid, (2007) , Sutton, et al., (2007) were hypothesized as possible mechanisms for plant boron 
tolerance. Nevertheless, active transport has to be involved in the tolerance Frommer (2002), Roberts 
(2006). Because passive diffusion is not capable of satisfying plant boron demands under deficiency, 
boric acid channels and borate exporters have to be involved in uptake and translocation to growing 
tissues. Exporters are additionally involved in exclusion in conditions of excessive boron.  

The channels transporting boric acid are of the major intrinsic protein (MIP) family, subfamily 
nodulin 26-like intrinsic proteins (NIPs). The first such channel was identified in Arabidopsis and 
named NIP5;1(Takano et al., 2006). It functions in root cells exposed to boron deprivation and it is 
downregulated if external boron increases (Takano, et al., 2010; Wang, et al., 2017). NIP6;1 is involved 
in boron transfer from the xylem to phloem Tanaka et al., (2008) and NIP7;1 in microsporogenesis (Li 
et al., 2011). Homologous channels were found in barley, maize, and rice (Schnurbusch et al., 2010; 
Shao et al., 2018). Borate transporters (BOR) functioning under boron deficiency were firstly 
determined in Arabidopsis Takano et al., (2006),, Noguchi et al., (1997), (2003), Takano, et al., (2002), 
and its homologues were reported for rice, wheat, maize, and other plant species (Nakagawa et al., 
2007; Shao et al., 2018). Seven BORs in Arabidopsis were identified so far. BOR1 is involved in boron 
transport from roots to the xylem and its translocation to leaves, collaborating with NIP5;1 and NIP6;1, 
respectively. BOR2 supports root growth by participating in crosslinking RGII molecules Miwa, et al., 
(2013), Chormova et al., (2014), whereas BOR4 functions primarily in tolerance to excessive boron via 
exclusion from tissues. BOR4 homologues were found in barley, wheat, and other agricultural plants 
(Sutton, et al., 2007; Miwa et al., 2006; Shao, et al., 2018). In addition to the boron availability in the 
medium, external factors such as CO2 and irradiance affect the function of these proteins (Mishra, et 
al., 2018).  

However, the elucidation of the mechanisms via which plants cope with boron stresses remains a 
difficult task. For example, the proteins involved in the response to boron deficiency in citrus roots 
belong to functional groups related to cell transport, biological regulation and signal transduction, stress 
responses, and other (protein, nucleic acid, carbohydrate and energy, cell wall and cytoskeleton, lipid) 
metabolic processes. The root adaptation to low boron might include up- and down regulation of micro 
RNA involved in decreased respiration, improved ability to scavenge reactive oxygen species, enhanced 
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cell transport, increased lateral root number, improved osmoprotection, and other metabolic reactions 
(Chormova et al., 2014; Lu, et al., 2014).  

In addition, there are many differences between roots and leaves in adaptive mechanisms to low 
boron at the transcriptional level; most of the differentially expressed (2007) fragments related to signal 
transduction and stress defense are down- and upregulated in roots and leaves, respectively (Lu, et al., 
2015). Several genes involved in cell-wall metabolism and transmembrane transport are highly 
regulated under boron deficiency in citrus. Numerous metabolic pathways (lignin biosynthesis, nitrogen 
metabolism, and glycolytic pathway) are affected by stress Chormova et al., (2014), the advanced 
knowledge on the physiological basis of boron uptake and distribution should facilitate the breeding of 
plants tolerant to boron deficiency and excess. Genes with transcript accumulations induced by boron 
deficiency were identified in several studies (Takano et al., 2006;  Shao, et al., 2018). Chormova et al. 
(2014), as well as the first identification of a transcription factor gene induced by low boron (WRKY6), 
involved in normal Arabidopsis root growth under deficiency (Chormova et al., 2014). 
 
2.2- Photosynthesis 

Boron deficiency or toxicity is not directly affected to photosynthesis processes; its deficiency 
may indirectly affect photosynthesis by decreasing the photosynthetic area and altering leaf constituents 
(Dell and Huang 1997; Wang et al., 2007). Several authors Sharma and Ramchandra (1990); Cakmak 
and Römheld (1997); Brown et al., (2002) stated that deficiency of boron may reduce chlorophyll and 
soluble protein contents in the leaves, and resulting loss in photosynthetic enzyme activity obstructs the 
Hill reaction and decreases net photosynthesis. However the exact mechanism is unknown, there is 
evidence that boron deficiency disturbs the electron transport chain (ETC) in the thylakoid membrane, 
causing photo inhibition (Goldbach et al., 2007) Boron deficiency in the leaves substantially reduces 
photosynthetic oxygen evolution (42%), quantum yield, and the efficiency of the photosystem (PSII) 
ETC (Kastori et al., 1995; El-Shintinawy 2000) resulting in diminished photosynthesis (Wang et al., 
2007). By damaging the plant phloem transport, reducing sink capacity, and increasing sugar 
accumulation in the leaves, B deficiency can cause down regulation of photosynthesis (Wimmer and 
Eichert ,2013).  

Boron deficiency reduces the ability of the plant to capture light, which decreases photosynthetic 
activity (Cakmak and Römheld, 1997). Poor leaf expansion under B-deficient conditions indirectly 
hampers photosynthesis (Furlani et al., 2003), because leaves deficient in B have low stomal 
frequencies and smaller stomatal apertures, which both reduce stomatal conductance to CO2 (Sharma 
and Ramchandra, 1990). Moreover, B deficiency disrupts chloroplast structure and the functioning of 
chloroplast thylakoids that restrict CO2 assimilation and lead to substantial reductions in photosynthesis 
(Pandey and Pandey 2008) Fig. (9). 

Boron deficiency may reduce the growth of root and shoot tips and the source/sink capacity of 
plants due to an oversaturation of electron acceptors of PSII or PSI (Goldbach et al., 2007). Ye (2005) 
reported that deficiency of boron gradually induce greater sensitivity of the photosynthetic machinery 
to abiotic stresses, which enhancing chilling-induced photo inhibition in several tropical and subtropical 
plants Huang et al., (2005) as showed in Fig. (9).  

 
2.3. Reproductive growth 

Reproductive was considered as sensitive to boron deficiency as vegetative growth (Dell and 
Huang 1997; Uraguchi and Fujiwara 2011; Rerkasem and Jamjod, 2004). Boron deficiency particularly 
in field crops is considered to reduce grain set more than vegetative growth .Rashid et al., (2002a), 
(2011), rice Rashid et al., (2002a, 2007), and rapeseed Rashid et al., (2002b).  

In fact, in rice, B deficiency reduced straw biomass production more than paddy yield Rashid et 
al., (2002a, 2007). Under deficiency of boron, pollen grains appear empty, shriveled and misshapen, or 
normal but lacking starch reserves (Dell and Huang, 1997). Pollen germination and pollen tube growth 
are impaired under deficient circumstances of boron particularly in case of rice crops (Wang et al., 
2003; Lordkaew et al., 2013). In rice field, deficiency of boron gradually reduce the number of panicle 
as well as poor grain fertility (Rashid et al., 2007; Uraguchi and Fujiwara 2011). Huang et al. (2000) 
observed that a short critical period of microsporogenesis during deficiency of boron retards anther 
development and lowers pollen viability of wheat plants. Furlani et al., (2003) they stated that, under 
low boron available may reduce male fertility primarily by impairing microsporogenesis Boron in 
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pollen cell walls is expected in the form of borate–RG-II complex, which provides a binding site for B 
in plants cell wall (Matoh et al., 1996, 1998). In rice, OsBOR4 is a B transporter with a crucial role in 
reproductive processes, such as pollen germination; under B deficiency, the activity of this gene is 
restricted Tanaka et al., (2013). Lordkaew et al., (2013) they reported that concentration of boron 
exceed 20 mg kg−1 for rice pollen viability and grain set. Several researchers, Blevins and Lukaszewski 
(1998); Huang et al., (2000) stated that at the reproductive stage boron deficiency caused abnormal 
stomata and distorted guard cells Male sterility develops as low as 9 mg boron kg−1 dry weight), while 
the carpel is affected only when boron levels drop < 6 mg kg−1 dry weight (Rerkasem et al., 1997). 

 
 

 
 
Fig. 9: Direct and indirect effects of B deficiency on water relations and photosynthesis of leaves. (A) Alterations 
of the cuticle structure may increase or decrease the permeability for water (1). Guard cells may lose their proper 
functionality resulting in a strong reduction of aperture or even closure and in turn to a stomatal limitation of 
photosynthesis (2). (B) Limited water supply due to limited root growth and/or a reduced hydraulic conductivity 
resulting from xylem damage may induce stomatal closure, also resulting in stomatal limitation of photosynthesis 
(3). (C) B deficiency induced reduction of leaf chlorophyll concentrations or oxidative damage to chloroplasts 
may limit photosynthesis (4).  
The structural damage of the phloem system and/or a reduced demand of sinks may cause an accumulation of 
sugars in less 

 
2.4. Requirements of boron in plant types and parts 
Requirements and responses of plants to boron applied are vary among plant species (Rashid et al., 
2002c). Marschner (1995) reported that Dicots plants have a higher boron content (20 – 70 mg kg−1) 
than monocots (5 – 10 mg kg−1) due to differences in cell wall composition and extensibility due to 
level of pectin (Hu et al., 1996).However grassy have small amounts of pectin monocots in the primary 
cell wall Darvill et al., 1980), and thus require less boron as low as 3 – 10 mg.kg−1 dry weight) (Jones 
et al., 1991) than dicots with more pectin Darvill et al., (1980) and greater tissue boron requirements 
(20–30 mg.kg−1) (Jones et al., 1991). In monocots, including rice, the boron requirements for 
reproductive and vegetative growth is relatively high; for normal pollen and grain development, require 
> 20 mg kg−1 compared to 3 mg kg−1 in the flag leaf (Lordkaew et al., 2013). Below this concentration, 
significant reductions in reproductive and vegetative growth occur (Lordkaew et al., 2013). In Pakistan, 
rice responded positively to 0.5 –1.0 kg B. ha−1 applied at panicle initiation (Shah et al., 2011). 
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3. Factors affecting boron availability in soils 
3.1. Soil acidity and alkalinity 

Soil alkalinity and acidity PH is the most important factors affecting the availability and 
bioavailability of boron in soils. Increasing soil pH, boron becomes less available to plants. Application 
of calcium carbonate (lime) resulting in boron deficiency symptoms in plants. Soluble boron content in 
soils was significantly correlated with the PH soil solution (Berger and Truog, 1945; Elrashidi and 
O’Connor, 1982). Boron uptake by plants at identical water-soluble boron content was greater at lower 
soil solution pH(Wear and Patterson, 1962). Boron adsorption on soils is very dependent on solution 
pH . Boron adsorption by soils increased as a function of solution pH in the ranged between (3 to 9) 
Barrow, (1989); Bingham et al., (1971); Keren et al., (1985a); Lehto, (1995); Mezuman and Keren, 
(1981); Schalscha et al., (1973) and decreased in the range of pH 10 to 11.5 (Goldberg and Glaubig, 
(1986a). Maxima of Boron adsorption significantly correlated with solution pH (Evans, (1987), Okazaki 
and Chao, (1968). 
 
3.2. Soil texture 

Soil texture gradually effect on the mobility and bioavailability in soil, coarse textured soils often 
contain less available boron than fine textured soils, boron deficiency often occurs in plants growing in 
sandy soils Fleming, (1980); Gupta, (1968). Native boron was significantly correlated with soil clay 
content (Elrashidi and O’Connor, (1982). At identical water-soluble boron content, plant boron uptake 
was greatest for the most coarse textured soil (Wear and Patterson, 1962). Adsorbed boron is dependent 
on soil texture, and increases with increasing clay content (Bhatnager et al., 1979; Elrashidi and 
O’Connor, 1982; Mezuman and Keren, 1981; Wild and Mazaheri, 1979). Boron adsorption maxima 
increased with increasing clay content (Biggar and Fireman, 1960; Goldberg and Glaubig, 1986a; 
Nicholaichuk et al., 1988; Singh, 1964). Boron adsorption was significant correlation with content of 
the clay minerals such as kaolinite, montmorillonite, and chlorite. 
 
3.3.Soil moisture 

Soil moisture content is the most important factor that affecting on the mobility of boron, 
availability of Boron gradually decrease as soils dry, which making boron deficiency in plants (Fleming, 
(1980), this due to plants encounter reduced amounts of available boron when extracting moisture from 
lower depths during dry conditions (Fleming, (1980). Diffusivity of boron decreased with decreasing 
water content because drying reduces soil solution mobility and increase the diffusion path length (Scott 
et al., (1975). However, total diffusible boron from repeated extractions was independent of water 
content Sulaiman and Kay, (1972). Adsorbed of boron was independent of variations in soil moisture 
content from 50 to 100 percent of field capacity Gupta, (1968) and increase with decreasing soil water 
content in another (Mezuman and Keren, (1981). Wetting and drying cycles increased the amount of B 
fixation (Biggar and Fireman, 1960). The effect of drying became more pronounced with increasing 
additions of boron. 
 
3.4. Temperature 

Soil temperature is also affect Boron adsorption that increases with increasing soil temperature. 
However, this may be due to an interactive effect of soil temperature with soil moisture since boron 
deficiency is associated with dry summer conditions (Fleming, 1980). Boron adsorption decreased as a 
function of temperature increases in the range of (10 – 40 0C) on soils dominant in crystalline minerals 
(Biggar and Fireman, 1960; Goldberg et al., 1993a; In contrast, boron adsorption slightly increased as 
the temperature of an amorphous soil increased from (10 to 400C) (Bingham et al., 1971). 
 
3.5. Boron adsorbing surfaces in soils 

Aluminium and iron oxides play an important role in boron adsorption behaviour on soils 
(Bingham, et al., 1971; Elrashidi and O’Connor, 1982; Harada and Tamai, 1968). Boron adsorption is 
significantly correlated with the aluminium oxide content in soils (Bingham et al., 1971; Harada and 
Tamai, 1968). Percent iron oxide was a significant variable in multiple regression equations explaining 
the variance in adsorbed boron, soluble and total boron for soils (Elrashidi and O’Connor, 1982).  
Numerous studies have investigated that boron adsorption by various aluminium and iron oxides both 
crystalline and amorphous (Bloesch et al., 1987; Choi and Chen, 1979; de Bussetti et al., 1995; 
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Goldberg and Glaubig 1985, 1988; Goldberg et al., 1993a, 1993b, 1996; Hatcher et al., 1967; Keren 
and Gast, (1983); McPhail et al., 1972; Metwally et al., 1974; Scharrer et al., 1956; Sims and Bingham, 
1967,1968; Su and Suarez, 1995; Toner and Sparks, 1995). Boron adsorption on both crystalline and 
amorphous aluminium and iron oxides increased with increasing pH up to an adsorption maximum at 
pH 6 to 8 for aluminium oxides and pH 7 to 9 for iron oxide (Bloesch et al., 1987; Choi and Chen, 1979; 
Goldberg and Glaubig, 1985; McPhail et al., 1972; Metwally et al., 1974; Scharrer et al., 1956; Sims 
and Bingham, 1968; Su and Suarez, 1995).  

Above the maximum, boron adsorption decreased with increasing pH . Boron adsorption was 
greatest on freshly precipitated solids and decreased with aging due to increasing crystallinity (Hatcher 
et al., 1967; Sims and Bingham, 1968). Boron adsorption per gram was greater for aluminium than iron 
oxides (Goldberg and Glaubig, 1985; Scharrer et al., 1956; Sims and Bingham, 1968). This is likely 
due to the higher surface area of aluminium oxides, since adsorption per square meter was similar in 
magnitude for aluminium and iron oxides (Goldberg and Glaubig, 1985). Boron adsorption on oxide 
minerals occurred rapidly, being virtually complete after one day of reaction time (Choi and Chen, 
1979; Scharrer et al., 1956). The mechanism of B adsorption on aluminium and iron oxide minerals is 
considered ligand exchange with reactive surface hydroxyl groups (Goldberg et al., 1993b; McPhail et 
al., 1972; Sims and Bingham, 1968; Su and Suarez, 1995). Ligand exchange with surface hydroxyl 
groups is a mechanism whereby anions become specifically adsorbed on mineral surfaces.  

This specific adsorption produces a shift in the point of zero charge (PZC) of the mineral to a 
more acid pH value. Boron adsorption occurs specifically since it produces a shift in PZC of aluminium 
and iron oxides (Alwitt, 1972; Beyrouty et al., 1984; Blesa et al., 1984; Fricke and Leonhardt, 1950; 
Goldberg et al., 1993b; Su and Suarez, 1995). Specifically, adsorbed ions are held in inner-sphere 
surface complexes that contain no water between the adsorbing ion and the surface functional group. 
Kinetic experiments using pressure jump relaxation indicated that boron adsorbs as an inner-sphere 
surface complex on aluminium oxide via ligand exchange of borate with surface hydroxyl groups 
(Toner and Sparks, 1995). Fourier transform infrared spectroscopic analyses have shown that boron is 
adsorbed via ligand exchange as both B (OH)3 and B(OH) 4 species on amorphous aluminium and iron 
oxide (Su and Suarez, 1995). Boron adsorption on aluminium and iron oxides as a function of pH was 
exothermic, decreasing with increasing temperature from 5 – 40 0C (de Bussetti et al., 1995; Goldberg 
et al., 1993a; Su and Suarez, 1995). This effect was only significant near the adsorption maximum. 
Specific ion adsorption is expected to be exothermic (Helferrich, 1962).  

Boron adsorption on an iron oxide was independent of solution ionic strength; while B adsorption 
on an aluminium oxide decreased with increasing ionic strength (Goldberg et al., 1993b). Competing 
ions such as silicate, sulfate, phosphate, and oxalate decreased the magnitude of boron adsorption on 
oxides (Bloesch et al., 1987; Choi and Chen, 1979; de Bussetti et al., 1995; Goldberg and Glaubig, 
1988; McPhail et al., 1972; Metwally et al., 1974). The effect of competing ions on boron adsorption 
can be slight, in the case of sulfate, or substantial in the case of phosphate (Bloesch et al., 1987; 
Metwally et al., 1974). The ability of competing anions to leach adsorbed B from oxides increased in 
the order: chloride < sulfate arsenate < phosphate (Metwally et al., 1974). Significant silicate adsorption 
produced only a slight decrease in B adsorption by aluminium oxide suggesting that some B sorption 
sites show B preference (Goldberg and Glaubig, 1988). Magnesium hydroxide can remove appreciable 
amounts of B from solution (Rhoades et al., 1970a). Due to magnesium hydroxide coatings, silicate 
minerals containing mainly magnesium in their chemical formulas adsorbed more B than a silicate 
without magnesium in its chemical formula (Rhoades et al., 1970a). The appreciable boron sorption 
capacity of the sand and silt fractions of arid zone soils may result from clusters and coatings of 
magnesium hydroxide on silicate minerals (Rhoades et al., 1970a). 

Clay minerals are important for boron adsorbing surfaces in soils (Brockamp, 1973; Couch and 
Grim, 1968; Fleet, 1965; Goldberg and Glaubig, 1986b; Goldberg et al., 1993a, 1993b, 1996; Harder, 
1961; Hingston, 1964; Jasmund and Lindner, 1973; Keren and Gast, 1981; Keren and Mezuman, 1981; 
Keren and O’Connor, 1982; Keren and Sparks, 1994; Keren and Talpaz, 1984; Keren et al., 1981, 1994; 
Mattigod et al., 1985; Porrenga, 1967; Scharrer et al., 1956; Sims and Bingham, 1967; Singh, 1971). 
Clay minerals exhibit increasing B adsorption with increasing solution pH with adsorption maxima 
occurring at pH 8 to 10 (Hingston, 1964; Mattigod et al., 1985; Scharrer et al., 1956; Sims and Bingham, 
1967); boron adsorption decreases with increasing pH above the maximum (Figure 8). For clay 
minerals, the order of boron adsorption per gram is: kaolinite < montmorillonite < illite (Harder, 1961; 



Middle East J. Agric. Res., 10(1): 117-179, 2021 
EISSN: 2706-7955   ISSN: 2077-4605                                             DOI: 10.36632/mejar/2021.10.1.9  

132 

Hingston, 1964; Jasmund and Lindner, 1973; Keren and Mezuman, 1981; Scharrer et al., 1956; Sims 
and Bingham, 1967). The rate of boron adsorption on clay minerals consists of a fast adsorption reaction 
and a slow fixation reaction. Short-term experiments have shown that boron adsorption reaches 
equilibrium in less than one day (Hingston, 1964; Kerren et al., 1981; Scharrer et al., 1956). Long-term 
experiments have shown that fixation of B increased even after six months of reaction time (Harder, 
1961; Jasmund and Lindner, 1973). Boron adsorption by clay minerals is considered a two-step process. 
Initially, boron adsorbs onto the particle edges, subsequently migrates, and incorporates structurally 
into tetrahedral sites replacing structural silicon and aluminium (Couch and Grim, 1968; Fleet, 1965; 
Harder, 1961).  

The mechanism of the B adsorption step considered ligand exchange with surface hydroxyl 
groups on the clay particle edges (Couch and Grim, 1968; Goldberg et al., 1993b; Keren and Sparks, 
1994; Keren and Talpaz, 1984; Keren et al., 1994). The effect of temperature on B adsorption by clays 
has been investigated (Couch and Grim, 1968; Goldberg et al., 1993a; Harder, 1961; Jasmund and 
Lindner, 1973; Singh, 1971). For a very short reaction time of two hours, B adsorption in the pH range 
of 5.5 – 9.5 decreased with increasing temperature (Goldberg et al., 1993a). Boron adsorption for longer 
reaction times of twelve hours to sixty days increased with increasing temperature (Couch and Grim, 
1968; Jasmund and Lindner, 1973; Singh, 1971).  

These results suggest initial adsorption of boron is exothermic while the subsequent B fixation 
reaction is endothermic. Boron adsorption on clays increased with increasing ionic strength of the 
solution (Couch and Grim, 1968; Fleet, 1965; Goldberg et al., 1993b; Keren and O’Connor, 1982; 
Keren and Sparks, 1994). The ionic strength effect was greater for sodium clay than for calcium clay 
(Keren and O’Connor, 1982) and was greatest around the boron adsorption maximum (Goldberg et al., 
1993b). Decreases in water content decreased boron adsorption on clays (Keren and Mezuman, 1981). 
Wetting and drying cycles increased boron fixation with the greatest increase occurring during the first 
wetting and drying cycle (Keren and Mezuman, 1981). Competing anions affect the magnitude of boron 
adsorption on clays (Brockamp, 1973; Goldberg and Glaubig, 1986b; Goldberg et al., 1996; Jasmund 
and Lindner, 1973). The presence of chloride, nitrate, and sulfate had little effect on boron adsorption 
on clays; the presence of phosphate, however, appreciably reduced boron adsorption (Jasmund and 
Lindner, 1973). The magnitude of boron adsorption on kaolinite was affected slightly while B 
adsorption on montmorillonite was completely unaffected by substantial silicate adsorption suggesting 
that the majority of boron adsorbing sites are specific to boron (Goldberg and Glaubig, 1986b). The 
magnitude of boron adsorption on clay minerals is affected by the exchangeable cation (Keren and Gast, 
1981; Keren and Mezuman, 1981; Keren and O’Connor, 1982; Mattigod et al., 1985). Calcium clays 
adsorbed more boron than sodium and potassium clays (Keren and Gast, 1981; Keren and O’Connor, 
1982; Mattigod et al., 1985). An explanation for this result is that calcium 2:1 clays occur as tactoids 
consisting of several clay particles while the sodium forms exist in solution as single particles (Keren 
and Gast, 1981). In tactoids, the diffuse double layer and negative electric field from the planar surfaces 
is less extensive, making the edge sites of calcium clays more accessible to adsorbing borate anions 
than those of sodium clays (Keren and Gast, 1981).  

An alternative explanation for increased B adsorption in the presence of calcium is the formation 
and adsorption of the calcium borate ion pair (Mattigod et al., 1985). On per gram basis clay minerals, 
adsorb significantly less B than do most oxide minerals. It may be more appropriate to compare B 
adsorption capacity on a surface area basis. However, since B adsorbs on the edges of clay minerals 
and edge surface areas of clays are difficult to determine, this comparison is not readily available. Lime 
content gradually increase boron fixation by soils because it raises the soil solution pH. In addition to 
its effect on soil pH, calcium carbonate also acts as an important boron-adsorbing surface in calcareous 
soils (Elseewi, 1974; Elseewi and Elmalky, 1979; Goldberg and Forster, 1991). Boron adsorption was 
greater on soils having higher calcium carbonate content (Elrashidi and O’Connor, 1982; Elseewi, 
1974). In acid soluble, boron was highly significantly correlated with calcium carbonate content of soils 
(Elseewi and Elmalky, 1979). Retention of boron on calcium carbonate occurs via an adsorption 
mechanism (Ichikuni and Kikuchi, 1972). The mechanism could be exchange with carbonate groups. 
The magnitudes of the boron adsorption maxima for soil samples treated to remove calcium carbonate 
were statistically significantly lower than those for untreated soil samples indicating that calcium 
carbonate acts as an important sink for B adsorption in calcareous soils (Goldberg and Forster, 1991). 
Boron adsorption on reference calcites increased with increasing solution pH from pH 6 to 9, exhibited 
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a maximum at pH 9.5, and decreased with increasing solution pH from pH (10 to 11) (Goldberg and 
Forster, 1991). 

Organic matter is an important soil constituent affecting the availability of boron. Native soil 
boron and hot water-soluble boron were highly significantly correlated with organic carbon content 
(Berger and Truog, 1945; Elrashidi and O’Connor, 1982; Gupta, 1968; Miljkovic et al., 1966). 
Adsorbed boron and boron adsorption maxima were highly significantly correlated with organic carbon 
content (Elrashidi and O’Connor, 1982; Evans, 1987; Harada and Tamai, 1968). Humus extracted from 
a soil retained significant amounts of boron and was considered to play an important role in boron 
adsorption (Parks and White, 1952). Soil organic matter adsorbs more B than mineral soil constituents 
on a weight basis (Gu and Lowe, 1990; Yermiyaho et al., 1988)). Boron adsorption on a mineral soil 
increased with increasing additions of composted organic matter (Yermiyahu et al., 1995).  

The presence of organic material can also occlude B reactive adsorption sites on clays (Gu and 
Lowe, 1992) and soils (Harada and Tamai, 1968; Marzadori et al., 1991). Boron adsorption on an 
organic soil (Huettl, 1976; Lehto, 1995) and composted organic matter increased with increasing pH 
(Yermiyaho et al., 1988). Adsorption on a soil humic acid increased with increasing pH up to a 
maximum near pH 9, and decreased with increasing pH above 9 (Gu and Lowe, 1990, Figure 10). Boron 
adsorption on composted organic matter occurred rapidly, reaching equilibrium after three hours and 
increased with increasing solution ionic strength (Yermiyaho et al., 1988). Ligand exchange is a 
possible mechanism for boron sorption by organic matter (Yermiyaho et al., 1988). Boron–diol 
complexes may form with the break down products of soil organic matter (Parks and White, 1952); 
hydroxy carboxylic acid groups may act in boron sorption on organic matter (Huettl, 1976). The 
formation of these complexes from reaction of borate with polyhydroxy compounds has been observed 
using nuclear magnetic resonance spectroscopy (Coddington and Taylor, 1989). 
 
4. Alleviation of the effects of boron deficiency and toxicity 

The deficiency of boron is generally managed through the application of appropriate boron 
fertilizers. The most commonly used practice is soil fertilization, although foliar application and seed 
priming can be applied as well. The effects of the deficiency on plants can be more or less successfully 
alleviated, depending on the method of choice, time of application, other soil characteristics, 
temperature and humidity, and the species and genotype efficiency of boron uptake and utilization. The 
performance of numerous agricultural plants was improved using boron fertilizers, most importantly in 
terms of yield, but also in terms of quality and certain physiological parameters, e.g., water management 
and chlorophyll content. Given the narrow range between deficiency and toxicity, the dosage of the 
added boron should be carefully adjusted for each application (Güne et al., 2003, Fujiyama et al., 2019). 
Amelioration of the soils containing excess boron can be performed by leaching, adding various 
amendments, or growing tolerant plants. Leaching with boron-deficient water, e.g., river water is 
applied following the successful reclamation of saline soils. The procedure has to be adjusted to physical 
and chemical characteristics of the soil. The impediments regarding boron leaching are a lower rate of 
removal in comparison to salt, possible migration in deeper soil layers and consequential contamination 
of the root zone, the risks of leaching other nutrients, and the risk of boron regeneration from natural 
reserves (Nable et al., 1997; Reeve, et al., 1955; Hossain et al., 2005).  

The relationships between boron and other elements, such as Ca, S, Zn, Si, and Al were used 
either for developing amendments that are intended for soil improvements or for the alleviation of the 
toxic effects on plants (Hossain et al., 2005; Turan et al., 2009). Organic matter, as well as various plant 
growth modulators, was applied in attempts to mitigate excess boron (El-Feky et al., 2009; Esteban et 
al., 2016). Developing and applying cost-effective methods for boron removal from irrigation water 
would solve the problem of the most common anthropogenic source of contamination (Hilal et al., 2011;  
Wolska, et al., 2013). Growth is more sensitive to boron deficiency than shoot growth. The cessation 
of cell division in the apical meristem resulting from boron deficiency inhibits root elongation Fig.(10). 
 
4.1. Agricultural plants and boron 
4.1.1. Boron deficiency 

Under severe deficiency, the root cap disappears, the growth stops, and root tips die out Fig. (11). 
the shoot/root ratio increases, and plants become more susceptible to drought and nutritive imbalances. 
Snowball, and Robson,(1983) described longitudinal splits close to the primary vein of young leaves 
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and leaf margins deformed in shape in wheat; however, these symptoms are rarely seen in the field 
(Rerkasem, and Jamjod (2004). Under severe and prolonged deficiency, the internodes are shortened, 
and necrotic spots appear on leaves. Boron requirements are generally higher during the reproductive 
phase of a plant’s life cycle Fig. (11). 

 

 
Photo 10: Illustrates shoot and root growth of both soybean and canola plants with low and adequate 
of boron 
 

 
Fig. 11: The mechanism of boron uptake and transport in plants under limited B conditions. After 
Dannel, et al., (2002) 
 

Consequently, in field conditions, the yield can be significantly reduced without the appearance 
of visual symptoms of the deficiency (Dell, and Huang, 1997). The critical level for deficiency in the 
vegetative phase is 1 ppm in flag leaves of wheat; however, similar to toxicity, leaf boron concentration 
is not necessarily a reflection of boron utilization efficiency (Asad et al., 2001;Wongmo et al., 2004). 
On the other hand, 7–8 ppm in anthers and 5–6 ppm in carpels result in wheat sterility (Rerkasem 
Jamjod, 1997; Rerkasem et al., 1997). The most common effect of deficiency during the reproductive 
phase is male sterility. If fertilization does occur, seeds may be aborted. Accordingly, the most 
pronounced effect of boron deficiency in, e.g., wheat is a reduced number of seeds per spike (Rerkasem 
et al., 1997) and, in extreme cases, yield can be 100% reduced due to nutrition disorder (Pant et al., 
1998). Genotypes with stable yield in the conditions that reduce yield in other genotypes are regarded 
as having more efficient boron utilization Rerkasem, et al., (2004) Photo (12). 

Wongmo et al. (2004) reported that deficiency of boron gradually; depress grain of wheat, and 
barley. Set of experiments were conducted to compare between five wheat and seven barley genotypes 
at various levels of boron in sand culture and in the field. They observed that, plants grown in sand 
culture treated with boron were with boron levels of from 0 to 10 µM and in the field trails , plants were 
sown in a low level of boron (0.15 mg kg) with three treatments of boron 0 level , 2 t lime ha−1 and 1 
kg B ha−1). In sand culture without added boron , the genotypes ranged in grain set index (GSI) from 0 
to 93% for wheat and 0 to 67% for barley. Boron concentration of the spike and flag leaf at booting in 
wheat and barley correlated (r = 0.8–0.9, P < 0.01) with the effect of boron on GSI. Grain set was the 
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only response, measurable in decreased number of grain spike−1 and grains spikelet−1, to low B in wheat. 
They also noticed that, low level of boron also depressed the number of spikelet spike−1 of barley by 
about 23 to 75% and induced a ‘rat-tail’ symptom of terminal spikelet degeneration, Photo (13). 
 

 
Photo 12: Illustrates the primordia of barley (cv. BRB 9) at lemma – awn primordium stage showing complete 
spikelet terminal in sufficient B supply (A) compared with abnormal primordia (B–D) in B deficiency (arrows 
showing arrested development of terminal spikelets). Boron deficient barley spike exhibiting the rat-tail symptom, 
in which terminal spikelets had degenerated in to wisps of white papery tissue (E).After Zadok et al., (1974). 

 

 
Photo 13: Illustrates boron depressed the number of spikelet of barley and induced a ‘rat-tail’ symptom 
of terminal spikelet degeneration. 
 

Low level of boron level depressed grain set sometimes also delayed spike emergence and 
depressed the number of spikes plant level of boron, sometimes increased tillering and dry weight of 
straw. They demonstrate that the phenotype of plant response to low boron is more complex in barley 
than wheat and may require different strategies for managing boron nutrition of barley including 
different approaches for selecting boron efficient genotypes. 

Phloem-mobile species rarely experience deficiency, thanks to their ability to retranslocate 
internal boron. Therefore, the increased production of polyols may be an effective strategy for 
improving boron utilization efficiency. This may be achieved through transformation (e.g., tobacco, 
rice), or via the selection of genotypes with high polyol production (Bellaloui and Brown, 1998; Brown 
et al., 1997; Bellaloui et al., 1999; Bellaloui, et al., 2003). There is a wide variation among wheat 
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genotypes in terms of boron utilization efficiency, and it is probably the widest variation of all 
agricultural plants and nutrients. Therefore, breeding for utilization efficiency was proposed as the most 
feasible way to overcome the deficiency problem (Shelp et al., 1995; Soylu et al., 2005; Miwa et al., 
2006; Wongmo et al., 2004; Rerkasem et al., 1997; Rerkasem et al., 1993; Pant et al., 1998; Huang, et 
al., 2000; Jamjod et al., 2004). It was found that boron efficiency in wheat is controlled by two 
independent major loci. Dominant loci (Bod1, Bod2) imply high efficiency; thus, it is believed that the 
standards for utilization efficiency feature the following combinations of loci: Bod1 Bod1, Bod2 Bod2 
(Fang 60, efficient cultivar), bod1bod1 bod2bod2 (Bonza inefficient), and bod1bod1 Bod2 Bod2 (SW 
41, medium efficient), according to Jamjod et al. (2004).  

The utilization efficiency is conditioned by a high capacity for boron transport from roots to 
aboveground plant organs (Huang, et al., 2001; Nachiangmai et al., 2004; Takano et al., 2005). Takano 
et al., (2002) carried out the first identification of the Arabidopsis thaliana membrane protein BOR1 
responsible for loading boron in the xylem and its translocation in conditions of deficiency. The protein 
is homologous to the bicarbonate transporter in animals. A generation of Arabidopsis that is tolerant to 
boron deficiency was produced Miwa et al., (2006), this was achieved via increased BOR1 production 
causing an increased boron translocation from roots to aboveground organs Fig. (14). 
 

 
Fig. 14: GFP imaging of transgenic plants expressing BOR1–GFP. The transgenic line 18, which carries P35S-
BOR1–GFP, was grown for 11 days in the presence of 3µM boric acid. A confocal image of the GFP fluorescence 
in this line superimposed over the differential interference contrast image is shown. Bar 200 µm. After Miwa et 
al., (2006). 

 
Miwa et al., (2006), reported that BOR1–GFP accumulates mainly in the vasculature, the CaMV 

35S RNA promoter is a constitutive promoter that is strongly expressed in vascular tissues (Benfey and 
Chua, 1990). To examine the tissue types in which BOR1 or BOR1– GFP was expressed, the GFP 
fluorescence was observed in the transgenic plants expressing BOR1–GFP. Strong GFP fluorescence 
was observed in the periphery of all root cell types in plants grown in low-B conditions, as reported 
previously Takano et al., (2005a), Fig. (14). In the root tip, GFP fluorescence was detected strongly in 
the meristematic region. More importantly, in the mature portion, GFP was detected predominately in 
vascular tissues. It is likely that high accumulation of BOR1 or BOR1–GFP in the plasma membranes 
of cells surrounding the xylem vessels caused the export of B from the symplast to the stelar apoplasts, 
resulting in increased translocation of B from the roots to the shoots via the xylem under B-limiting 
conditions. 

Yuko et al., (2007), illustrate a model of the role of osBOR1 and AT BOR1 in root under normal 
and boron circumstances, Fig. (15) Shows the cell layers in roots, with the epidermis at the left side and 
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xylem at the right one. Gray boxes indicate the positions of the Casparian strips. In rice, Casparian strips 
are present in both the exodermis and the endodermis, whereas in Arabidopsis, the strips are found only 
in the endodermis. Under normal B conditions, Os BOR1 is not abundantly present, and considering 
the strong Os BOR1 promoter activity in the endodermis, it is likely to be present in endodermis at a 
high abundance. After 3 d of -B treatment, Os BOR1 accumulation is higher overall, particularly in the 
exodermis. The expression pattern in rice corresponds well with the rice root structure; given the 
presence of two Casparian, strip layers and the cell death that occurs in the cortex under submerged 
conditions (represented in cells shown with dotted lines). In Arabidopsis, At BOR1 is responsible for 
xylem loading but not for uptake under -B conditions and is not present under normal conditions. CS, 
Casparian strip; EN, endodermis; CO, cortex; SC, sclerenchyma cells; EX, exodermis; EP, epidermis; 
PC, pericycle; XY, xylem. Based on these findings, we propose a model for the roles of Os BOR1 in B 
transport in rice, in contrast with those of At BOR1 in Arabidopsis Fig. (15). At BOR1 is expressed 
mainly in steles under -B conditions and is essential for the efficient xylem loading of B; under normal 
conditions, however, its accumulation is greatly reduced and xylem loading is likely to be a passive 
process. In rice, Os BOR1 expression was detected in both the exodermis and endodermis under -B 
conditions, and the gene may function in both B uptake and xylem loading.  

Expression in the exodermis may be important for the element to cross the outer Casparian strips, 
as rice submerged in water develops air spaces in cortical cells, which is likely to limit the symplastic 
transport of B to the steles. B is probably transported through the apoplasts in the cortical cells, in the 
roots of paddy rice. Then, B must cross the inner Casparian strip at the endodermis. Os BOR1 in the 
endodermis is likely to be important for the entry of B into the stele for xylem loading to take place. 
Changes in the cell type specificity of the promoter activity are likely to reflect the roles of Os BOR1 
under these conditions. In summary, we demonstrated that Os BOR1 is a plasma membrane–localized 
B transporter that plays a role in both the xylem loading of B and its uptake into roots. At BOR1 is 
required for the efficient xylem loading of B but has not been demonstrated to be involved in boron 
uptake. The cell-type specificity of Os BOR1 expression changes with the boron status of the medium, 
providing an example of a mineral-nutrient transporter whose tissue-specific expression pattern changes 
depending on the nutritional conditions. 
 

 
Fig. 15: Model of the roles of Os BOR1 and At BOR1 in Roots under normal and -B conditions 
After.Yuko et al., (2007). 
 

Rob (2014) Boron is an essential nutrient for plants and has a largely structural role in 
development. Globally, there are large tracts of arable land that are deficient in boron and others where 
plant growth is restricted by high and toxic boron concentrations. Plants have evolved a range of 
strategies to cope with deficiency and excess, and considerable genotypic variation exists in responses 
to variable boron supply. Scope Boron is available to plants as boric acid, a small molecule with a high 
membrane permeability compared to other mineral nutrients Fig. (16). As a result, its uptake and 
distribution in plants can be more difficult to control. He also examines the interconnecting network of 



Middle East J. Agric. Res., 10(1): 117-179, 2021 
EISSN: 2706-7955   ISSN: 2077-4605                                             DOI: 10.36632/mejar/2021.10.1.9  

138 

processes that are employed by plants to try to achieve optimal growth under conditions where the 
boron supply may be low, adequate or potentially toxic.  

Rob (2014) reported that the emerging picture of boron movement in plants is of a complex multi-
layered system designed to optimize the use of boron over a broad range of concentrations. At the 
cellular level, plants can switch the direction of boron flow through the polar expression of membrane 
transporters, while at the whole plant level, integration of xylem and phloem transfer can deliver boron 
to specific tissues dependent on developmental stage. 
 

 
Fig. 16: Schematic diagram for boron transport in plant cells. Key features: 1. In the absence of efflux pumping, 
boron would equilibrate across the plasma membrane by permeation of boric acid directly through the lipid bilayer 
or through aquaporin-type channels. 2. Borate efflux is driven by antiport with H+ using the inwardly directed H+ 
and outwardly directed borate electrochemical gradients. These gradients would progressively diminish with 
increasing external pH, thereby reducing borate efflux. 3. Since both H+ influx and borate efflux would depolarize 
the plasma membrane and acidify the cytoplasm, electro genic proton efflux via the H+ ATPase is necessary to 
maintain the gradients. Metabolic inhibitors would acidify the cytoplasm, reducing the formation of borate, and 
reducing the pH and electrical gradients that drive the co-transport reaction. 4. In the case of polar transport, 
effluxers and channels would be more concentrated on opposite sides of the cell. Dashed lines indicate passive 
membrane fluxes. Solid arrows indicated active transport. After Rob (2014)  

 
The transgenic plants successfully yielded in deficiency conditions that reduced yield- by 100%, 

and they did not exhibit increased sensitivity to excess boron. The transporters that were later identified 
in major agricultural plants represent the basis for further research aimed at breeding or designing 
varieties with improved boron utilization efficiency (Miwa et al., 2006; Yoshinari and Takano, 2017; 
Kato et al., 2009;Yuan, et al., 2017). For example, transgenic tomato lines (cultivar Micro-Tom) with 
improved growth in boron deficiency conditions were designed (Uraguchi et al., 2011). The 
transformation was Agrobacterium-mediated. Tomato is often used as a model of fruit-bearing crops. 
The lines are boron-efficient due to a strong expression of AtBOR1 (Arabidopsis thaliana BOR1). When 
compared to non-transgenic plants, transgenic plants grown in deficiency conditions had higher shoot 
dry weight, as well as shoot and fruit boron concentration. The results of this study imply that transgenic 
crops may be a sustainable solution for boron-deficient areas. Another approach may be marker-assisted 
selection breeding for boron utilization efficiency. The trait is polygenic in most agricultural plants. In 
Brassica napus, e.g., efficiency includes boron uptake, transport, and utilization. (Yuan, et al., 2017; 
Zhang et al., 2014; Yuan, et al., 2017; Zhang, et al. 2014). 
 
4.1.2. Boron toxicity 

Symptoms of boron toxicity differ between species with restricted and significant phloem 
mobility. In phloem-immobile species, boron moves via the xylem and accumulates at the end of the 
transpiration stream. Accordingly, foliar symptoms in barley and wheat include chlorosis and necrosis 
spreading from the leaf tips, with brown lesions that are at first formed on the margins, and then cover 
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much of the leaf surface. The oldest leaves are first affected by the disorder, which further spreads to 
the top of the plant. In severe cases, brown lesions are present at leaf sheaths, stems, spikes, and awns. 
Delayed emergence and delayed foliation, as well as a reduction in stem height, dry matter weight, 
1000-kernel weight, number of spikes per plant, and yield, were reported (Nable, 1988; Paull, et al., 
1988; Rehman et al., 2006; Mahalakshmi, et al., 1995; Yau et al., 1995; Eaton 1944; Cartwright et al., 
1984; Christensen, 1934; Paull et al., (1991). Generally, symptoms are more pronounced and earlier 
exhibited in barley than in wheat (Yau et al., 1994).  

Increasing boron concentration in soil, symptoms are manifested later, and yield is less reduced 
(Brennan, and Adcock, 2004). Excessive boron does not affect leaf area, width, or length (Yau and 
Saxena, 1997). In hydroponic experiment the growth of grown wheat and barley, generally root 
gradually decreased the lateral roots which described by Nable, (1988), FAO (2016) The severity of all 
.boron toxicity symptoms varies among genotypes, e.g., there are those with lower, the same, or higher 
dry matter weight in boron treatments (Torun et al., 2006) Fig.(17 ). 
 

 
Fig. 17: Represents the direction of fluxes of boron into and out of the roots of Sahara as boron toxicity tolerant 
and Clipper as boron toxicity sensitive in barley plants. Leaves from (A) B toxicity-sensitive and (B) B toxicity-
tolerant barley genotypes, showing symptoms of B toxicity. (C) Graphic showing the magnitude and direction of 
fluxes of boron into and out of the roots of Sahara and Clipper barley lines, when there is excessive B outside the 
root. Blue arrows represent passive diffusion of B across root cell membranes (dashed arrow across the 
endodermis and into the stele indicates that diffusion is restricted). Green arrows represent B transport into root 
cells through the aquaporin HvNIP2;1, and red arrows represent active efflux of the borate anion through the 
transporter HvBot1. In this figure, B = neutral boric acid, and B − = borate anion. (D) Diagram illustrating efflux 
of cellular borate anion through the transporter, HvBot1. Neutral boric acid diffuses into the cell, where a higher 
cytoplasmic pH favours formation of the borate anion (pKa for B = 9.24). Borate moves out of the cell, favoured 
by a negative membrane potential difference and an outward concentration gradient  

 
Reduced yield, as well as significant variability among genotypes in terms of both yield reduction 

and visual symptoms of boron toxicity, was observed in wheat and barley (Paull et al., 1988; Cartwright 
et al., 1984; Yau and Saxena 1997; Paull et al., 1990; Yau and Ryan, 2008). Furthermore, there are 
genotypes with stable yields in conditions of elevated soil boron, despite pronounced toxicity symptoms 
and shoot boron concentration (Avci, and Akar, 2005). In maize, tomato, carrot, and alfalfa, excess 
boron decreases emergence (Bañuelos et al., 1999). Young shoot tip cessation; leaf axil gumming, 
brown corky lesions along stems and petioles, and bud abscission were reported for phloem-mobile 
Prunus, Malus, and Pyrus species. In celery, irregular stem shape and deformed young leaves occur as 
symptoms of boron toxicity (Brown, and Shelp, 1997). Dramatically differences in literature data 
concerning plant boron concentrations may be explained by plant species (boron mobility), organ (e.g., 
concentration in wheat flag leaf is about 10-fold higher than in grains Campbell et al., (1993), stage of 
life (older plants contain more boron Moody et al. (1988), treatment boron concentration, genotype, 
and experimental technique (Furlani et al., 2003; Nable et al., 1990; Turan et al., 2018).  

Generally, in wheat, 68% of plant boron is located in the leaves, 16% in roots, 10% in spikes, and 
6% in stems (Subedi et al., 1999). Field trials are under the influence of numerous environmental 
factors; however, the experimental design of the trials performed in controlled conditions also affects 
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boron uptake. Pot size and type, temperature, watering regime, and the intensity of the applied 
treatments are among the factors influencing nutrient uptake in controlled conditions (De Vries, 1980). 
Plants take up a significantly higher quantity of boron in the laboratory than in the open field (Paull et 
al., 1990) Critical barley shoot boron concentration was 30 ppm when grown in the field, while several 
genotypes grown in glasshouses achieved maximum yield at 140 ppm (Cartwright et al., 1986). Critical 
plant boron concentration is that which results in more than 10% reduction of the yield (Brennan, and 
Adcock 2004). The lowest critical shoot boron concentrations suggested for wheat and barley are 10–
16 ppm Mengel and Kirkby (1987), Gupta (1971); however, in another study, they were in the range of 
10–130 ppm. In the trials performed in controlled conditions, the critical shoot boron concentrations 
were 60 ppm Gupta et al., (1976) and 80 ppm Nable 1988; Davis et al., 1978). In another experiment, 
Furlani et al., (2003), wheat genotypes with critical boron concentrations of both 44 and 318 ppm were 
identified. The range of 324–648 ppm was determined in the shoots of durum wheat treated with 
excessive boron (Torun et al., 2006). In the shoots of the field-grown plants, toxic boron concentrations 
were from 10–30 ppm in wheat and barley Gupta et al., (1976), to even 68–323 ppm in barley 
Cartwright et al., (1986). According to the results of another study Brennan, and Adcock (2004), critical 
boron concentrations in barley shoots were 4–76 ppm, and those in the flag leaf were 273 ppm. As a 
species with restricted phloem mobility, barley has dramatically higher (10–50-fold) boron content in 
leaf tips compared to the leaf base, suggesting that leaf concentration depends on the proportion of the 
tip and the remaining leaf parts. Boron accumulation is influenced by transpiration; in conditions of 
increased water use, boron accumulation and its concentration in the leaf tips increase (Nable et al., 
1999). Excessive external boron reduces water transport and transpiration in Arabidopsis, which could 
act as a mechanism of boron tolerance (Macho-Rivero et al., 2018).  

Moreover, boron is easily leached from the leaves by rain (Reid, and Fitzpatrick 2009; Reid, and 
Fitzpatrick 2009). Therefore, universal critical boron concentrations are almost impossible to define. 
The generally accepted opinion is that tolerant barley and wheat genotypes have lower boron 
concentration in all organs, regardless of the type of the experiment and soil or nutrient solution boron 
concentrations (Bellaloui and Brown, 1998; Paull, et al., 1988; Rehman et al., 2006; Ghaffari et al., 
2015). However, concentration variability of boron in shoot of barley, bread, and durum wheat 
genotypes tolerant to excess boron was reported (Yau, et al., 1994). Therefore, some genotypes take up 
or translocate less boron, and some genotypes tolerate higher tissue boron concentration. For example, 
70 durum wheat genotypes were examined, and tolerant and sensitive genotypes with high and low 
shoot boron concentrations, respectively, were identified (Torun, et al., 2006). In a laboratory trial that 
included 40 bread wheat genotypes screened for boron tolerance at a seedling stage, no relationship was 
found between parameters of tolerance and plant boron concentration (Brdar-Jokanovi´c et al., 2013) . 
On the other hand, the tolerant genotypes had comparatively higher boron content that was explained 
by reduced uptake of all nutrients including boron in the sensitive genotypes. Evidently, the type of the 
experiment, treatment strength, boron measurement units, genotype, growth stage, and plant organ 
affect optimal and critical boron concentration in agricultural plants. Several authors attempted to 
investigate a possible connection between the geographical origin of genotypes and boron tolerance. 
Wheat cultivars originating from India, Japan, and Afghanistan are mostly tolerant (Moody et al., 
(1988), similar to barley and durum wheat from Iran, Afghanistan, Syria, Pakistan, and Turkey (Yau, 
et al., 1995; Ferreyra et al., 1997). However, in the group of bread wheat genotypes from Argentina, 
Turkey, and Iraq, the authors recorded significant variation in terms of boron tolerance. The greatest 
variability was identified in Italian varieties. Wheat genotypes from Australia, US, Canada, Egypt, and 
northwest Europe proved to be susceptible Moody, et al., (1988), as well as the Russian Yau, et al., 
(1994) and European barley genotypes Yau, (2002). Maize, carrot, tomato, and alfalfa germplasm 
originating from Chile proved to be more tolerant to boron than the North American germplasm 
(Bañuelos et al., 1999).  

Among the genotypes of various origins, the difference in B tolerance might be explained by an 
edaphic adaptation, i.e., most often-unintended selection toward boron tolerance in breeding centers 
located in the regions with an excess soil boron problem. Several examples confirm this point of view. 
Growth and yield in several genotypes of 42 agricultural plants in the trial set in northern Chile were 
examined (Ferreyra, et al., 1997). Agricultural land in the region was irrigated with saline water 
containing high boron for centuries. Local varieties yielded significantly better than expected in such 
conditions. Boron tolerance was investigated in field-grown wheat’s of different origin Kalayci et al., 
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(1998), Brdar-Jokanovi´c, et al., (2017), and local cultivars (Turkey and Serbia, respectively) were 
distinguished as the most adapted to the nutrition disorder. Two Syrian local populations were tested, 
one commonly grown in a semi-arid region prone to boron toxicity and another from the region with 
higher precipitation. As expected, the first was tolerant and the second susceptible to excess boron (Yau, 
2002).  

Out of 45 Australian wheat genotypes tested for utilization efficiency, 44 were inefficient 
(Rerkasem, and Jamjod, 1997). Similarly, the International Maize and Wheat Improvement Center 
(CIMMYT) germplasm is generally inefficient, especially durum wheat. Out of 1108 lines of barley, 
triticale, bread, and durum wheat, about three-quarters are susceptible to boron deficiency (Rerkasem, 
et al., 2004). However, in spite of the toxicity problem in Australia, the majority of wheat are susceptible 
to excessive boron. This was explained by the narrow genetic variability of the starting material used 
in breeding. The medium-tolerant cultivar Federation is often in the pedigree of Australian cultivars 
(Moody et al., 1988). Paull research group Paull, et al., (1988), Paull et al., (1991), Paull et al., (1990) 
performed the first research aimed at investigating the genetics of boron tolerance in wheat, when at 
least three unlinked major genes acting in an additive manner were identified. The loci were located on 
chromosomes 4AL, 7BL, and 7DL. The 7B locus (Bo1) was extensively investigated as it represents 
the source of boron tolerance in the majority of Australian wheat varieties (Reid, 2007; Schnurbusch, 
et al., 2010; Pallotta et al., 2014; Emebiri, et al., 2015). Considering the narrow range between boron 
toxicity and deficiency, the costs and constraints related to boron fertilization and amelioration of 
boron-excessive soils.  
 
5- Interaction of boron with other nutrients 

Boron interacts with other mineral elements present in soil Bonilla et al., (2004), Tariq and Mott 
(2007) Fig. (18). Hence, the availability of boron to plants is influenced by the concentrations of other 
nutrient elements in the growing media. Boron is thought to have a favorable influence on the 
absorption of cations particularly calcium, to have retarding influence on the absorption of 
anions and to have an essential part in carbohydrate and nitrogen metabolism (Batey, 1971). 
 

 
Fig. 18: Illustrates interaction of boric acid with vicinal diol of sugar. 

 
The above quote aptly introduces the main theme of the present review. Boron is of course, one 

of the recognized micronutrients for plant growth. The response of crops to boron not only varies with 
plant species, and environmental conditions, but also its excess/deficiency may affect the availability 
and uptake of the other plant nutrients Fig. (19). 
 

 
Fig. 19: Represents the Interaction of nutrients as described in Plant Nutrient Interaction Mulders Chart 
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In the literature, quantitative information on the relationships between boron and other nutrients 
is neither common nor always clearly reported. An account of the few studies conducted on the behavior 
of nutrients with regard to boron supply of for various crops growing in different growth media is given 
in the various sections of the present review. 
 
5-1 Plant aspects 

Boron appears to play a significant role in nutrient transport by plant membranes (Tanada, 1983). 
Some authors have concluded that B supply may influence, as a regulator or inhibitor, the accumulation 
and utilization of other plant nutrients (Alvarez-Tinaut et al., 1979 a,b). Because excessive amount of 
boron may interfere with metabolic processes, thereby affecting the uptake of other nutrients by plants 
(Corey and Schulte, 1973). On the other hand, boron deficiency may also reduce the levels of plant 
nutrients (Carpena-Artes and Carpena-Ruiz, 1987). Generally, it can be concluded from the findings of 
these investigators that boron is involved in physiological and biochemical processes inside the plant 
cell, altering the concentration and translocation of nutrients. 

Singh et al. (1990) reported that high levels of applied B had an antagonistic effect on the uptake 
of nutrients in wheat plants. In contrast, a synergistic effect was also reported due to excess boron supply 
on the uptake of nutrients by tomato plants (Carpena-Artes and Carpena-Ruiz, 1987). However, there 
is a lack of agreement among investigators with regard to the specific effect of boron on the behavior 
of any given element, present either in the nutrient substrate or in the plants. Some studies suggest that 
B effects are related to all the cation and anion values in plant. Wallace and Bear (1949) stated that 
increase B uptake resulted in decrease cation-anion equivalent ratios in the leaves and increase in the 
roots of alfalfa plants. Similarly, Valmis and Ulrich (1971) observed that with increasing the 
concentrations of B in the nutrient solution the cation-anion values decreases in the leaves of sugar beet. 
These results suggest that the boron effect is related to the type of ions or valence of ions in the plants. 
Moreover, a further strand in soil B research has been the use of nutrient ratios, rather than simple 
amounts of individual elements in yield analysis. Shear et al., (1946) and Wallace and Bear (1949) 
reported that a high ratio of Ca+K/Mg and Ca+Mg/K in plants is associated with B toxicity, but high 
K+Mg/Ca ratio has little influence on B toxicity. Similarly, Leece (1978) reported that in the presence 
of B, P/Zn, Fe/Zn, Cu/Zn and Mn/Zn ratios increased in maize crop. However, these results suggest that 
B may be indirectly involved in the nutrient balance of plants, causing either improvement or reduction 
of plant growth and production. 

 
5.2. Soil aspects: 

Lal and Rao (1954) reported that boron serves to regulate the accumulation of ions even from 
nutrient solutions. Similarly, Santra et al., (1989) reported that B not only functions within the plant but 
also in the nutrient medium, thereby affecting the intake of nutrients. These results suggest that B may 
also serve to regulate or retard the availability of ions from soils. Bartlett and Picarelli (1973) observed 
that applied boron along with lime lowered the Al and Mn concentration largely than with lime alone 
of acid soil. Moreover, Belvins (1995) reported that higher than normal levels of B would alleviate Al 
toxicity, specifically by increasing the root growth of plants. These studies show that boron may help 
in the amelioration of soil acidity and counteract the Al toxicity in acid soils. In the literature, there is 
considerable disagreement between those who have worked with plants grown in soils and those who 
used sand or solution culture techniques. In sand culture studies, Mozafar (1989) reported that with 
increasing B levels the concentration of plant nutrients were changed in the leaves as well as in the roots 
of maize plants. While, in soil studies, Miller and Smith (1977) reported that applied boron did not 
consistently affect the concentration of elements in tips, upper and lower leaves, upper and lower stem 
of alfalfa plants. It is clear from the reported conflicting statements of the investigators, that B effects 
on the behavior of nutrients vary depending on crop species or genotypes, plant part analyzed, various 
growth stages and the use of different types of growth media. 

 
5.3. Nutrient behavior in relation to boron supply 

The effects of boron deficiency, sufficiency and toxicity on the mineral nutrient content of plants 
are not well established. The results of investigations of these relationships appear to be conflicting, but 
the differences observed are probably the result of the various worker’s using different crop species 
(Lombin and Bates, 1982 and varieties Mozafar, 1989). Similarly, the use of solution Wallace et al., 
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(1977); Gomez-Rodriguez et al., (1981) or sand culture techniques Smith and Reuther, (1951); Mc 
Ilrath et al., (1960) and various soils Singh and Sinha, (1976); Agbenin, (1990), analysis of different 
plant parts Miller and Smith, (1977); Singh and Singh, 1984), at different growth stages Carpena-Artes 
and Carpena-Ruiz, (1987). Since B is related to many physiological and biochemical processes are 
likely to affect the utilization of other plant nutrients. Therefore, one might expect the relationship 
between B and other nutrients utilization to be very complex. In the literature, quantitative information 
on the effect of boron on the availability and uptake of other nutrients is scarcely found. Even when 
information is available, reasons are by no means clear, that no physiological and chemical mechanisms 
were proposed. This review deals with the few studies and are presented as examples of cases where 
boron had an effect on the availability and uptake of other plant nutrients. For example, Parks et al., 
(1944) were the first researchers who reported that with graded boron levels the concentrations of NH4-
N, NO3-N, Org-N, P, K, Ca, Mg, Na, Zn, Cu, Fe, Mn, Mo and B were altered in the tomato leaflets as 
much as several times. In addition, they stated that boron supply had specific effects and the trends 
found were completely dissimilar with respect to different elements. Later on Steinburg et al., (1955) 
found that in the absence of boron, the concentrations of N, K, Ca, Mg, Na, Cu and Mn in tobacco 
leaves were increased and the concentrations of P, Fe and Al were decreased as compared to plants fed 
with a B adequate nutrient solution. Baker and Cook (1959) reported that P, K and Mg were higher and 
Ca was lower in severely B deficient alfalfa plant than healthy ones, perhaps due to the dilution effect, 
which occurred in healthy plants. McIlrath et al., (1960) found that with increasing boron the 
concentrations of Cu, Fe, Mn, Mo and B were increased in perennial fodder grass, but the reverse trend 
occurred in the case of uptake and ash content for these micronutrients except B.  

Tolgyesi and Kozma (1974) reported that Cu and K contents showed a highly significant positive 
correlation, while Ca and Mg contents showed a negative correlation with B contents of 98 grasses at 
the flowering stage. Touchton and Boswell (1975) observed that P, K, Ca, Mg, Na, Zn, Cu, Fe, Mn, Mo 
and Al concentrations varied slightly with location, but were not affected by the method or rate of boron 
application. Only boron concentration in tissue was significantly increased with regard to method, rate 
and location. Wallace et al., (1977) observed the phytotoxicity and some interactions due to increased 
concentration of Zn, Cu, Fe and Mn in the leaves, stem and roots of bush bean plants with increasing B 
in nutrient solution. But contradictory results were reported by Leece (1978) He observed that with high 
level of applied B the concentrations of N, P, K, Ca, Zn, Cu, Fe and Mn (not Mg) in maize crop were 
depressed. The reverse results were obtained where no boron was applied. Aduayi (1978) reported that 
with increasing boron supply in soil resulted in the decrease of leaf N and P in tomato, suggesting B 
antagonism. The contrary was the case with a boron effect on leaf K, Ca, Mg and Na.  

Yadav and Manchanda (1979) noted that with an increase in the boron content of soil, tissue Ca 
and Mg concentration in wheat and gram crops significantly decreased, whereas N, P and K contents 
were significantly increased. Alvarez-Tinaut et al., (1979 a & b) reported that both the B deficiency and 
excess significantly stimulated the uptake and translocation of N, P, Ca, Mg, Zn, Mn, Fe but not K and 
Cu in hydroponically grown tomato Fig. (20). 

 
Fig. 20: Represents boron function in plants 
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After a year Alvarez-Tinaut et al., (1980) again reported that with differential supply of boron in 
nutrient solution the concentration of Fe, Mn, P and Ca in shoots and roots of tomato increased and 
boron reduced the translocation of Mn, enhanced P and Fe and Ca remained unchanged. Downton and 
Hawker (1980) reported that with added boron to nutrient solution the concentration of N, P, Ca, Mg 
and B was decreased, K increased, while Na remained unaffected in lamina, stem and roots of cabernet 
sauvignon vine plants. Gomez-Rodriguez et al., (1981) found a highly significant inverse correlation 
between B and Mn concentration in the leaves of sunflower, while Cu, Fe and Zn concentrations were 
not changed by different boron levels in nutrient solution. Similarly, Dave and Kannan (1981) observed 
that a marked reduction in Fe and Mn adsorption but an increase in Zn uptake was recorded in bean 
plants raised in a B deficient medium. The transport of Fe, Mn and Zn was increased in the trifoliate 
leaves, while that in shoots was reduced. Moreover, they suggested that B is involved in the 
physiological processes controlling the uptake and transport of Fe, Mn and Zn Fig. (21). 
 

 
 
Fig. 21: Uptake mechanism of zinc, boron and manganese from soil to plant. Plant uptakes Zn as Zn 2+, B as B 
(OH)3 and Mn as Mn 2+ from soil solution. Uptake of these micronutrients is influenced by physical and chemical 
properties of the soil .Plant uptakes of Zn via ZIP transporters, boron movement occur through BOR transporter 
facilitated by NIP5;1 channels, and Mn via membrane transporters IRT1, NRAMP1 and YS1, YSL6 through 
symplastic (cell to cell) and apoplastic pathway (movement via extra-cellular spaces). 
(I) Using these transporters, Zn, B and Mn enter into epidermis and then cortex.  
(II) To enter the xylem, Zn, B, Mn must pass through Casparian strip. ZIP transporter, NIP 5;1 and YSL2 have 

role in the mobilization of these nutrients from cortex to endodermis and then pericycle.  
(III) Casparian strip present in endodermis obstruct the uptake of nutrients directly from root apoplast.  
(IV) Xylem loading of Zn, B and Mn takes place via HMA pumps, BOR1 and ZIP2, respectively. (V) ZIP, YSL 

and YS/YSL 

 
Lombin and Bates (1982) found that with increasing boron levels, the uptake of K, Mn, Zn, Cu, 

Mo and B increased by alfalfa, peanut and soybean crops but had no apparent effect on the uptake of 
Ca and Mg in all crops Fig. (22).  

Ceylan and Cakmak, (2017) reported that boron plays an important role in plant cell walls, root 
growth and nutrient uptake. With low boron supply, reduced cell wall stability rapidly diminishes root 
elongation, leading to significant root growth reduction. Low B supply also reduces the activity of 
enzymatic systems directly responsible for K uptake Fig. (23). 

Singh and Singh (1983) they observed varying of boron levels significantly increased the 
concentrations of N, P, K, Na and B and decreased the Ca and Mg concentration in lentil plants reported 
similar detrimental effect of B on the uptake of Ca and Mg.  
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Fig. 22: Illustrates the depletion of potassium element from growth medium after 28-days-old of canola 
plants grown with low and adequate boron supply. After Ceylan and Cakmak, (2017). 
 
 

 
Fig. 23: Illustrates fructoborate anion structure and their metabolism in enzymatic system 

 

John et al., (2019) reported that SBEs are mono- or bis-sugar–borate esters that include one or 
two monosaccharide molecules connected to a B atom, Active SBEs within plants are fructose borate 
and glucose borate esters, bis-sucrose borate esters, sugar alcohol borate esters (sorbitol, mannitol), and 
pectic polysaccharide borate esters (RG-II), using liquid- and solid-state 11B and 13C nuclear magnetic 
resonance (NMR) spectroscopy, the fructoborate anion structure was defined .The stable esters of BA 
are complexes in which BA forms a connection between two carbohydrate molecules, e.g., fructose-B-
fructose. FB, an anion complex of composition (C6H10O6)2B the SBEs are favorable for many 
physiological functions when compared to inorganic boron derivatives such as boric acid / borax. This 
is likely attributable to the tendency of organic boron compounds to remain in their organic form thereby 
conferring benefits such as coenzyme or cofactor activities and /or anti-inflammatory effects that 
subsequently impart the clinically relevant benefits that have been reported by Donoiu et al., (2018).  
Similarly, Singh and Singh (1984) reported that application of boron gradually increased the 
concentration of N, P, K, Na and B contents; however, Ca and Mg contents decreased in barley crop. 
On the other hand, the uptake of N, P, Na and B by grain and straw significantly increased, whereas 
uptake of potassium was unaffected. Francois (1984) stated that increasing boron in soil solution 
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stimulate the concentration of B, P, K and Mg in tomato leaf, while Ca and Na showed inconsistent 
trend. Francois (1986) demonstrated that the effect of boron on chemical composition of radish, in sand 
culture, he found that Ca and P concentrations decreased significantly however, both K, Mg and Na 
remained unchanged. Morsey and Taha (1986) reported that application of boron in both soil application 
and foliar treatments gradually increased the concentration and uptake of N, P, K, Mn and B in both 
shoots and roots of sugar plants. Patel and Golakia (1986) demonstrated that application of boron 
stimulate the uptake of N, P, K, Ca, Zn, Cu, Fe and Mn by a groundnut crop. Boron increment nitrogen 
uptake and could be responsible for a favorable effect on nodulation. A positive effect of B on P uptake, 
which altered the permeability of plasmalemma at the root surface, resulted in increased P absorption. 
Uptake of potassium increased due to their mutual synergistic relationship, whereas Ca gradually 
decreased due to antagonistic effect. Uptake of Fe and Cu were positively correlated, while Mn and Zn 
negatively correlated with applied boron. Similarly, was noticed by El-Fattah and Agwah (1987), they 
observed that the tip burn percentage was negatively correlated with Ca and positively with N, P, K, Fe 
and Cu concentrations in the leaves of lettuce plants .  

Carpena-Artes and Carpena-Ruiz (1987) reported that the deficient states of boron decreased the 
leaf N, P, Ca, Mg, Fe, Cu, Zn and B in tomato. On the other hand, increasing boron gradually increased 
the concentration of nutrients with greater significance for K, Mg and Fe, followed by Ca and Mn and 
in smaller quantity Cu and Zn. Nable (1989) noticed that boron toxicity had no consistent effects on the 
tissue concentration of P, K, Ca, Mg, Zn, Cu, Fe and Mn of five barley and six wheat cultivars grown 
in nutrient solution and no interactions were found among boron, nutrients and cultivars. Pal et al., 
(1989) observed that higher levels of applied boron depressed significantly on N and gradually 
enhanced both P and K contents in the three cuttings of berseem crop. Concentration of P, Mg and Zn 
in wheat increased and Ca, K, Cu, Fe and Mn decreased with increasing boron in soil as reported by 
Singh et al., (1990). On the other hand, increasing boron supply significantly decreased the uptake of 
P, K, Ca, Mg and Mn while that of Zn, Cu however, Fe increased. They concluded that high levels of 
applied boron had an antagonistic effect on the uptake of nutrients and this could be due to the toxic 
effects of boron in root, resulting in an impaired nutrient absorption process.  

Alvarez-Tinaut (1990) found that a positive correlations between B and Fe and Cu contents in 
sunflower plants, suggesting that boron could indirectly affect catalase activity through Fe and Cu. 
Positive correlation between Zn and B indicate that boron could indirectly affect the enzyme through 
modification of the Zn content. Tyksinski (1993) reported the antagonism between B and Zn, Cu and 
Mo and synergism between B and Mn, Fe in lettuce leaves, grown under differential micronutrients 
fertilization. Tariq (1997) reported that the concentration, total and ratios uptake of certain nutrients in 
tops and roots of radish plants were considerably changed with differential applied of boron to nutrient 
solution, suggesting changes occurred in the nutrients response were mainly due to boron that gradually 
effect due to antagonism between Ca and B. It is clear that boron interactions, either synergism or an 
antagonism, can affect plant nutrition under both deficiency and toxicity conditions. There are clear 
differences observed and contradictions in plant nutrient response with regard to boron supply, which 
must be due to the use of different growth media, crop species and varieties and environmental 
conditions. Therefore, one might expect that the effect of boron on the nutrient elements to be very 
complex which need further detail investigations. 
 
6. Functional relationship with other plant nutrients  

In addition, the general functions of B, it is important to review the functions of boron in relation 
to other plant nutrients. Lal and Rao (1954) stated that a physiological effect of boron is as a carrier of 
essential elements. A brief description of some elements that have functional relations to boron are as 
follows. 
 
6.1. Nitrogen 

Bonilla et al., (1980) observed that boron deficiency and toxicity resulted in more NO3-N 
accumulation in the sap of sugar beet due to the decrease in the activity of the N-Rase enzyme, 
suggesting a specific effect of boron on N-Rase activity. Similarly, Shen et al., (1993) reported the N-
Rase activity in rape plants was markedly increased with increasing N with B than without added boron. 
Teresa et al., (2020) reported that under non-saline conditions, excess B, accompanied by a slight 
increase of NR activity, thus confirming the positive effect of this nutrient on the metabolism of N in 
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amylacea maize, stimulates nitrate transport from roots to leaves. The maintenance of nitrate levels in 
the root indicates that low salinity level (150 mM) does not affect nitrate uptake, but it does affect its 
transport from roots to the aerial parts. The restricted flux of nitrate to photosynthetic organs due to the 
stomatal closure observed only at high salinity conditions (430 mM NaCl) affects leaf NR activity and 
would promote the GS inhibition. Our study confirms previous findings in the sense that GS2 is the 
isoenzymes primarily down regulated by salinity. Meanwhile, GS1 accumulation in maize is stimulated 
in response to salinity, taking over a pivotal role in salt-stressed plants. Thus, these results are in line 
with a proposed role of GS1 culminating in the production of Gln + Glu as precursors of other amino 
acids for transamination reactions, mainly for the synthesis of Pro. Under low salinity level, boron has 
also a positive effect on amylacea nitrogen metabolism, stimulating amino acid and protein synthesis; 
however, boron is not maintained under high saline conditions, probably because structural damages 
and a low flux of nitrate to the aerial parts were occurring at high salinity levels. 

Mishra and Scott (2016), they stated that Boron deficiency and toxicity affect many aspects of 
plant C and N relations Fig. (24 ). The analysis indicates that photosynthesis is an early and sensitive 
target for both boron deficiency and toxicity, with many aspects of both light and CO2-fixation reactions 
(membrane and soluble phases, respectively) affected by boron stress, though there is no evidence for 
direct interaction of boron with C (or N)-relations enzymes. The multifaceted effects of boron stress on 
photosynthesis are likely caused initially by metabolic imbalances in B, which might then affect ATP 
or NAD (P) H metabolism, rather than caused by general oxidative damage to proteins or membranes. 
Decreases in photosynthesis with boron stress typically exceed those for plant growth, indicating that 
photosynthesis is not necessarily the primary limitation to growth under boron stress Fig. (24). 

Nevertheless, decreases in photosynthesis should ultimately cause decreases in available ATP, 
NADPH, and carbon skeletons, which can be temporarily compensated for by depleting C-stores or 
decreasing C allocation to storage, defense, etc. In addition, it is likely that boron stress (especially B 
deficiency) also decreases mitochondrial respiration, via impacts on several glycolytic and Krebs cycle 
enzymes. Decreases in photosynthesis and respiration with boron stress may cause compensatory 
increases in the activity of the oxidative pentose phosphate pathway (PPP). Alterations in source-sink 
metabolism likely explain why boron stress typically affects the composition and size of soluble 
carbohydrate pools. Lastly, it appears that phloem tissue is damaged by both boron deficiency and 
toxicity. Hence, boron stress, especially chronic and long-term, is likely to affect the synthesis and 
subsequent translocation of C to non-photosynthetic tissues (e.g., roots). Importantly, excluding 
photosynthesis, predictions of effects of boron stress on C relations are based on only a few studies, 
indicating that additional research is needed to complete our understanding of how boron deficiency vs. 
toxicity affects C relations (e.g., especially predictions regarding respiration, PPP, and translocation).  

In the case of boron stress and N relations, available results suggest that B deficiency likely 
decreases NO3- uptake and assimilation, but effects on NH4 + uptake and increases NH4 + recycling, 
perhaps because N uptake decreases. It appears that B deficiency decreases xylem hydraulic 
conductivity, which might affect the long distance transport of nutrients from roots to shoots. Both 
boron deficiency and toxicity typically affect the composition of the amino-acid pool, as well as the 
concentration of N and Ca in plant tissues. Importantly, fewer studies have investigated impacts of 
boron stress on N, compared to C, relations, and most of this research has focused on B deficiency. 
Hence, excluding nitrate reductase activity, our understanding of how boron stress impacts N relations 
is woefully incomplete, and much additional research is needed to complete our understanding of boron 
-stress effects on N relations and to test the validity of the predictions that we have made here. As plant 
C and N relations are intimately interrelated, so too will be the effects of boron stress on C and N. For 
example, N uptake and assimilation are energetically very expensive Buchanan et al., (2000), Lambers 
et al., (2008), so root growth and N uptake will be decreased by reductions in photosynthesis, 
translocation of C from leaves to roots, or root respiration.  
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Fig. 24: Summary model of the effects of B deficiency (d) and toxicity (t) on plant carbon (C) and nitrogen (N) 
relations. Increase¼up arrow, decrease¼down arrow, up arrow or down arrow¼open triangle, question 
mark¼unknown. After Mishra and Scott (2016). 

 
The uptake of NO3 - and NH4 + is regulated partly by the pool sizes of hexoses and amino acids, 

which are affected by metabolic demand and the balance between supply (photosynthesis) and demand 
(growth, respiration) (Buchanan et al., 2000; Lambers et al., 2008,).  

The availability of soil N (NO3
-, NH4 +, amino acids, etc.) for uptake by plants is determined 

largely by microbial activity (i.e., mineralization), which is highly dependent on the input of plant C to 
soil via exudation, root turnover, and litter Lambers et al., (2008), but the effects of B stress on plant C 
loss to soil have not been examined. Moreover, photosynthetic enzymes and chlorophyll are N costly 
and dependent on organic N provided by the acquisition of N by roots, followed by its assimilation. In 
closing, we note that nearly all boron stress research to date has been conducted under greenhouse or 
growth-chamber conditions, yet plant performance in the field does not always mirror that under 
controlled conditions. Therefore, we strongly advocate that future research efforts on boron deficiency 
and toxicity include field components when possible. We also note that little boron research has 
examined wild species, boron effects on plant-soil links, or Eco physiological aspects of boron nutrition, 
so these are potentially fertile areas for future research. 

Generally, N has a negative interaction with B (Jones et al. 1963); therefore, N application helps 
to reduce boron toxicity Chapman and Vaselow (1955), but its beneficial effect depends on the plant 
species and N rate. Under greenhouse conditions, the application of N significantly decreased boron 
toxicity in rice Koohkan and Maftoun (2015). Another study indicated that N concentration alleviates 
the severity of boron toxicity symptoms Gupta et al., (1973). Adding N fertilizers to N-deficient soils 
substantially decreases B concentration of boot stage tissue of cereals that helps in mitigating its toxicity 
problem (Gupta et al., 1973). However, increasing N application may increase the intensity of 
deficiency symptoms Tanaka (1967). Boron availability in soil solution increases because nitrates 
inhibit B sorption with Fe and Al oxides Abbas et al., (2013). Moreover, crop biomass improved when 
N was applied with boron Smithson and Heathcote (1976). Boron has a narrow margin between deficit 
and toxicity Matula (2009). In the recent years, B toxicity has attracted increasing interest because 
irrigation water can be one of the most important contributors to high levels of soil boron 
Chatzissavvidis, Therios, and Antonopoulou (2007). 
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Boron toxicity and deficiency may result in a significant reduction of yield, prominent necrotic 
spots with brownish leaf tips Photo(25),(26) and depressed vegetative growth. Plant species vary 
considerably in their requirement for boron and in their capacity for uptake of this microelement Tariq 
and Mott (2007). However, boron deficiency in crops is more widespread than deficiency for any other 
element Rodrigues et al., (2011). Boron availability to plants is controlled by various soil parameters 
such as pH Fig. ( ), structure, moisture, temperature, organic matter, clay minerals, and sesquioxides 
Tsadilas et al., (1994); Matula (2009). The interaction of N with B is of great significance because both 
elements are quite mobile in the soil environment. Many experiments confirmed that N applications at 
large rates led to decreased B uptake by plants but there have been contradictions about the effect of N 
on B deficiency Lou et al., (2003); Willet, et al., (1985). 

(Rev Bras Cienc Solo et al., 2016). They reported that to assess the mobility of each nutrient in 
the soil, it is important to determine the frequency and forms of soil fertilizers to be applied in order to 
increase the efficiency of nutrient utilization by plants as well as to avoid leaching losses, which may 
contaminate the subsoil and underground waters. In addition, B has the highest vertical mobility in the 
profile Oliveira Neto et al., (2009); Souza et al., (2012) because at the pH values normally found in 
soils this nutrient is predominantly found in the soil solution as H3BO3

0. This neutral form is 
chemisorbed with less intensity to soil solid components than its anionic form (H4BO− 4). Consequently, 
a significant fraction of soil applied B remains in the soil solution, available for plant uptake, but also 
susceptible to leaching Pavan and Correa, (1988); Silva et al., (1995); Rosolem and Bíscaro, (2007); 
Oliveira Neto et al., (2009). Besides occurring in the soil as an anion, the chemisorption of B increases 
with decreased soil acidity Soares et al., (2005); Rosolem and Bíscaro, (2007) up to pH values near 9.0 
Communar and Keren, (2006) Fig. (27). 

 
6.2. Phosphorus 

Pollard et al., (1977) found that boron deficiency in corn and broad beans reduced the capacity 
for the absorption of phosphate, due to the reduced ATPase activity, which could be rapidly restored by 
the addition of B. Guilherme et al., (2020) reported that Boron (B) affects plasma membrane (PM) 
integrity and consequently modulates the P-type PM H+ -ATPase activity creating a driving force for 
nutrient influx at the root level Fig. (28). Because citrus rootstocks respond differently to B supply, they 
hypothesized that PM H+ -ATPase activity of varieties contrasting in horticultural traits would affect 
nutrient uptake by trees. Sweet orange (Citrus sinensis) trees grafted onto Rangpur lime (RL; Citrus 
limonia) or Swingle citrumelo (SW; Citrus paradisi × Poncirus trifoliata) were grown in nutrition 
solution with four B concentrations (0, 46, 230 and 460 μM B, as H3BO3) up to 7 days of treatment 
imposition after plant adaptation into the hydroponic condition. SW exhibited higher B absorption, leaf 
B and enzyme activity than RL. The highest enzyme activity was achieved with 230 μM of B 1 day 
after treatment imposition (ATI), whereas B excess impaired the PM H+ -ATPase in all periods 
evaluated. Absorption of mineral nutrients correlated with PM H+ -ATPase activity, with greater 
nutrient uptake per root unit in SW compared to RL. Leaf and root nutrient concentrations were 
equivalent to amounts absorbed and enzyme activity, with greater increments exhibited by trees grafted 
onto SW compared to RL. Effects of B supply on PM H+ -ATPase activity explain distinct nutrient 
uptake patterns by trees, what supports fine-tuning fertilization guidelines of citrus taking into account 
rootstock varieties. 

The evidence suggested that B functions in the regulation of plant membranes and that the 
ATPase is a possible component of transport processes. The possible mechanisms, whereby this control 
is exercised, include direct interaction of B with polyhydroxy components of the membrane and the 
elevation of endogenous levels of auxins. Chatterjee et al., (1990) observed that P deficiency i.e., 
(soluble protein, DNA, activity of ribonuclease and increase activities of peroxidase, acid phosphatase 
and polyphenol oxidase) were intsified by a combined deficiency of B and P. On the other hand, a 
combined excess of B and P. aggravated decrease in (starch, sugar content, DNA, RNA and activity of 
ribonuclease). 

The association of B with phosphorus (P) is less clear (Gupta, 1979). Borate resembles phosphate 
in its physiological and biochemical actions. Like P, borates are components of physiologically active 
esters and form polyhydroxyl compounds with some organic complexes (Bergmann, 1992).  
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Photo 25: Illustrates some boron toxicity in some plants 
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Photo 26: Illustrates some boron deficiency in some plants 
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Fig. 27: Illustrates the effect of soil pH on the mobility and availability of nutrient elements 

 
 

 
Fig. 28: Diagram of boron (B) affecting plasma membrane (PM) integrity and consequently modulates 
the P-type PM H+ -ATPase activity creating a driving force for nutrient influx at the root level 
 

However, the uptake and transport of B into plants is interrelated with P uptake (Günes and 
Alpaslan, 2000). Under B-deficient conditions, the rate of phosphate uptake decreases but is restored 
upon B application (Robertson and Loughman (1974). Phosphorus deficiency symptoms become more 
severe under B-deficient conditions (Chatterjee et al., 1990). Like N, P is helpful in alleviating the toxic 
effects of B in calcareous soils. In calcareous soils, where B levels become toxic in P deficiency 
situations, the addition of P helps to decrease B toxicity (Günes and Alpaslan, 2000). 
 
6.3. Potassium 

The nature of the complex relationship between B and potassium (K) is unclear (Samet et al., 
2015). Shorrocks (1990) reported that effects of B and membrane permeability could lead to association 
between B and K. The stimulation of K accumulation by the ATPase proton pump which may account 
for positive correlations between K and B. 

Boron may enhance stomatal opening by affecting K+ efflux of guard cells in epidermal strips 
Roth-Bejerano and Itai (1981). At low B levels, an increase in K fertilization may accentuate B 
deficiency symptoms. However, under high B supply, high rates of K may increase the uptake of B 
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Huang and Snapp (2009). Accentuated B deficiency and toxicity symptoms by high K application might 
be due to the effect of K on cell permeability that is controlled by B Gupta (1979). Potassium indirectly 
influences B availability due to its effect on Ca absorption, because Ca clays adsorbed more B than K 
clays Mattigod et al., (1985). Nonetheless, excessive B application augmented both B and K 
concentrations in rice plants Kumar et al., (1981), because optimal B level increases K permeability in 
cell membrane Schon et al., (1990). Under severe B deficiency, the net efflux from leaves was 35-fold 
higher for K+, 45-fold higher for sucrose, and 7-fold higher for phenolics and amino acids than those 
that were nondeficient in B (Cakmak and Römheld, 1997). Furthermore, B application increases the B 
and K concentrations, as observed in rice Kumar et al., (1981). 
 

 
Photo 29: Illustrates changes in subcellular structure and cell wall under two different boron treatments (CK: 10 
mM B ,B: 0 mM B). Explanation of plate (I, II, III, IV: TEM micrographs of root cell; V: cell wall thickness; VI: 
cell wall extraction ratio; CW, cell wall; MC, mitochondrion). Bars represent means of four replicates _SD. 
Different letters in each group indicate significant differences at the 5% probability level. Cell wall extraction 
ratio % = Dry weight of cell wall materials (g)/Dry weight of roots used for cell wall extraction (g) _ 100%. 
Different letters (a, b) indicate the significant difference using the T-test (n = 6, P < 0.05) between the two different 
boron treatments. After Wu et al., (2017). 

 

 
Photo 30: Illustrates growth of trifoliate orange roots under different boron treatments (CK: 10 µM B; - B: 0 µM 
B). (a) Control plant: normal healthy root growth with longer main and lateral roots; (b) boron-deficient roots: 
stunted root growth with thickened root tips and fewer lateral roots.After Wu et al., (2017) 
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6.4. Calcium 
Regarding the similarity of B functions to other plant nutrients, Ca-B relationship is outstanding. 

Both elements play an important role in cell wall metabolism and are required for auxin transport 
process (Dela-Fuente et al., 1986). Boron deficiency induces abnormal changes in the metabolism of 
the cell wall. 

After Wu, et al., (2017) Boron is a micronutrient indispensable for citrus and B deficiency causes 
a considerable loss of productivity. They investigated the alteration in pectin characteristics and the 
architecture of cell wall components in trifoliate orange Poncirus trifoliata (L.) Raf. Roots under B 
starvation. Results showed that boron deficient roots resulted in a significant enlargement of root tips 
and an obvious decrease in cell wall B and uronic acid content in Na2CO3 soluble pectin compared with 
B-adequate roots Photo. (31). Meanwhile, they showed a decrease of 2-keto-3-deoxyoctanoic acid in 
CDTA-soluble and Na2CO3 soluble pectin in cell walls, while the degree of methylation (DM) of CDTA 
soluble pectin was significantly increased under B deficiency. Using transmission electron microscope 
(TEM) micrographs of plant subjected to low boron showed a distinct thickening of the cell walls, with 
the thickness 1.82 times greater than that of control plant roots. Fourier-transform infrared spectroscopy 
(FTIR) examination showed that deficient of boron resulted in the changed of hydrogen bonding 
between protein and carbohydrates (cellulose and hemicellulose). The FTIR spectra exhibited a 
destroyed protein structure and accumulation of wax and cellulose in the cell walls under B starvation 
Fig. (31).  

 

 
Fig. 31: FTIR spectral analysis of changes in the composition and structure of cell walls with different boron 
treatments (CK: 10 µM B; - B: 0 µM B). With OMNIC 32, software and then patterns were exported using Origin 
8.6. The 13C-NMR data were analyzed with Topspin 3.2 and then plotted with Adobe Illustrator CS5. The data 
were statistically analyzed by SAS 9.1.3 software. Unless otherwise noted, results were presented as mean _ SD 
of six replicates. Significant differences (P < 0.05) among treatments were determined by Tukey test and 
significant differences (P < 0.05) within each group were indicated by different lower case letters (a, b). After Wu 
et al., (2017). 

 
The 13C nuclear magnetic resonance (13C-NMR) spectra showed that B starvation changed the 

organic carbon structure of cell walls, and enhanced the contents of amino acid, cellulose, phenols, and 
lignin in the cell wall. Swelling and weakened structural integrity of cell walls, which induced by 
alteration on the network of pectin and cell wall components and structure in B-deficient roots, could 
be a major cause of occurrence of the rapid interruption of growth and significantly enlarged root tips 
in trifoliate orange roots under B-insufficient condition. However, in tomato B deficiency slightly 
increased Ca uptake but inhibited Ca translocation to the upper leaves (Yamauchi et al., 1986). Boron 
tends to keep Ca in a soluble form within the plant, thesis effects are probably on a tissue basis rather 
than on a cellular basis (Wallace, 1961). The results of Ramon et al., (1990) also suggested that boron 
deficiency has a specific effect on Ca translocation and incorporation into an insoluble form i.e. as cell 
wall components. It is well known that the toxic effects of boron may reduce or prevented by Ca addition 
to soils.  

These phenomena have been ascribed to both reactions with in soil and to metabolic processes in 
plants (Kabata-Pendias and Pendias, 1992). Chatterjee et al., (1987) studied the metabolic changes 
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associated with B-Ca interaction in maize and found when both Boron and Calcium were deficient 
together the activity of starch, phosphorylase, ribonuclease and polyphenol oxidase markedly increased, 
suggesting that the deficiency of both elements was associated to metabolic changes in maize plants. 
Calcium (Ca) as a component of lime affects B availability (Eck and Campbell, (1962). A positive 
relationship between B and Ca is well established (Tisdale et al., 1985; Bonilla et al., 2004). In alkaline 
and excessively limed soils, free Ca ions restrict B availability and protect plants from the toxic effect 
of excess B (Tisdale et al., 1985). Calcium reduces the availability of boron, possibly due to the 
formation of a calcium metaborate complex in soil (Sillanpaa 1972). Ca2+ ions help in maintaining the 
integrity of the cell wall due to its role in B-diester bonds in the pectate layer (Matoh and Kobayashi, 
1998). The ratio between Ca and B in leaf tissue is used as a parameter for assessing boron status in 
crops (Tisdale et al., 1985). 
 
6.5. Copper  

Functions of boron are complete different from other metabolic micronutrients, but there is some 
evidence that boron may be involved in the life of plants. Brown (1979) reported that boron stressed 
plants had a higher oxidase activity than boron sufficient plants. Adams et al., (1975) reported that 
accumulation is to be a factor in Copper deficiency particularly chrysanthemums, that prevented bud 
initiation. 

 
6.6. Zinc 

Boron deficiency rendered Zn inactive in maize plant Leece (1978), possibly due to the 
accumulation of IAA excess some form of feedback inhibition along its pathway of synthesis, which in 
turn leads to maize inactivation in some unspecified manner. Pilipenko and Solovieva (1979), stated 
that Zn uptake was gradually decreased in boron deficient in bean plants. Zinc distribution in different 
organs corresponded to the ATPase activity localized in cell walls for both roots and stems. 

 
6.7. Iron 

Wallace, (1961) stated that boron may be concerned with the oxidation-reduction equilibrium in 
cells such oxidation-reduction processes arise when metals acting in electron transfer systems change 
their valance. Cook and Millar (1940) showed that in the absence of boron the possibly of Fe became 
fixed in the different parts of sugar beet and spinach plants as relatively insoluble and non-movable 
forms, perhaps as ferric ion. The evidence indicates that boron may be involved in changing the valence 
of Fe. 

 
6.8. Molybdenum 

Bonilla et al. (1980) studied the effect of boron deficiency and toxicity on the N metabolism of 
sugar beet and found Mo and N-Rase activity in leaf decreased, while NO3-N in the sap, K and B in 
the leaf increased with increasing B supply. The authors suggested that the low level of Mo and increase 
in NO3-N and K were probably related to reduced N-Rase activity and K-NO3 synergism (Abou seeda 
et al., 2020). In general, B functions in relation to other plant nutrients has led to the conclusion of some 
investigators (Tanada, 1983 and Mozafar, 1989) that B plays a role in the integrity and function of plant 
membranes. However, the information regarding the physiological relationships of B with certain plant 
nutrients such as Mg, Na and Mn is very scarce. 

 
6.9. Nutrient interactions 

It is evident from the literature that the boron supply and uptake brings a shift in the internal 
physiological balance amongst certain nutrients, which result in secondary changes and alteration in the 
absorption and accumulation of other ions. The interactions of P-Mg and Ca-Mg in tomato plants were 
caused by varying boron supply in a sand culture study conducted by Parks et al., (1944). They suggest 
that boron may be a component of one or more interactions or that complex interactions involving more 
than two elements may exists. Their statement suggests that B is involved in the interaction of other 
plant nutrients, although the nature and mechanisms of these interactions are not very clear. Patel and 
Mehta (1966) found interaction between Mg and P, which led to them draw a conclusion that the effect 
of B on P content may be indirect and may be due to a primary effect on Mg content, which is considered 
a carrier of P, because the increase or decrease in Mg content at different boron levels ran parallel with 
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P content and showed a highly significant correlation (r = + 0.95) with one another. Ohki (1975) 
reported that the concentration of Mn in leaf blade of cotton was increased with low and high B in the 
substrate, while the concentrations of Cu, Fe and Zn drastically reduced due to the interaction of Mn 
with these micronutrients. Alvarez-Tinaut et al., (1980) found significantly positive correlation between 
Fe-P, Ca-P and P, Fe and Ca and suggested that boron could govern the differential absorption of these 
nutrients through a large or small nutrient absorption and distribution. Oyewole and Aduayi (1992) 
found negative and non-significant correlations between leaf N and Ca, leaf Mg and Ca, leaf P and Ca 
and leaf K and Ca and concluded that these relationships were obtained when leaf N and P decreased 
and leaf K, Ca, Mg and Na increased with increasing B levels in soil. It can be concluded from the 
literature review that boron play a role in the nutrient interactions within plant, but it is still not clear 
whether boron is directly or indirectly involved in the interaction of certain nutrients, however the nature 
of these complex interactions are still obscure. 

 
6.10. Cation-anion balance 

Evidence suggests that boron effects are related to all the cation and anion values in the plants. 
Probably, Rehm (1937) was the first pioneer in the determination of cation-anion balance in plants with 
regard to boron supply. He found that the addition of boron to the nutrient medium increased the intake 
of cations and retarded the intake of anions in (Impatiens L. balsaminaceae) as compared with cultures 
lacking B. Similarly the work of Wallace and Bear (1949) indicated that increased boron uptake resulted 
in decreasing cation-anion equivalent ratios in the leaves and in roots, but a complication of the ratios 
in the stem of alfalfa. The tendency for the cation-anion equivalent ratios of the whole plant to be 
constant suggesting that the differences was found in the of the various plant parts. This was confirmed 
about twenty years later by Valmis and Ulrich (1971) ,reported that with increasing boron levels in the 
nutrient solution the sum of total cation and anion decreased in the mature blades of sugar beet, indicated 
that high boron levels reduced the cation-anion values, presumably due to the dilution effect. However, 
this early work does not appear to have been followed up in times that are more recent. The evidence 
suggests that the deficiency or excess of boron not only affects the relative values of individual 
elements, but it also affects the balance among certain nutrient elements within plants, causing either 
an increase or decrease of production. 

 
6.11. Nutrients ratio: 

Balance ratios among the essential elements in plant are one of the most important criteria in plant 
nutrition and if this balance becomes upset due to the variation of any essential element, the crop yield 
is sometimes considerably reduced and sometimes shows nutrient disorder symptoms. A long time ago, 
Shear et al., (1946) reported that both B deficiency and toxicity are consistently associated with an 
unbalanced ratio between B and K, Ca and Mg in plants. They found high ratios of Ca+K/Mg and 
Ca+Mg/K resulting in B toxicity, but high ratio of K+Mg/Ca had little effect on the appearance of B 
toxicity. Wallace and Bear (1949) showed that an extreme boron deficiency increased the Ca+Mg/K 
and K+Mg/Ca ratios and decreased the Ca+Mg/K ratio in the tops of alfalfa as compared to boron 
toxicity, indicating a close association of these cations with B. Kelly and Gabelman (1960) found 
significantly positive correlation between black rot, in beet roots and Ca+Mg/K and Ca+Mg+Na/K 
ratios. The ratios between K/Ca and K/Mg were equalized with added boron , whereas the ratios of 
Ca+Mg/K were gradually decreased in both with and without boron applied Woodruff et al., (1960). 
Singh and Sinha (1976) they stated that increasing boron fertilization, the ratios of K/Ca in wheat and 
cauliflower plants significantly decreased, due to decreasing in K and/or increasing Ca content in plants. 
However, besides the interrelationships of boron with the bases ratios, there is an association found 
between boron with the ratio of micronutrients in plants. Leece (1978) stated that reducing Zn 
concentration, were gradually increase the ratios of P/Zn, Fe/Zn, Cu/Zn and Mn/Zn, because of boron 
may produce large increases , indicating that boron is involved in balancing of nutrient ratios 
particularly Zn in maize. Subsequently, (Alvarez-Tinuat et al., 1980; FAO 2016). The ratio of Mn/Fe 
in the shoots of tomato plants gradually decreased by increasing boron levels, reaching its minimal 
value at that boron level producing the maximum yield. It is evident from the literature that the 
deficiency or excess of boron may affect the other nutrients ratio in plants, indicated that boron takes 
part in the mechanisms of the nutrients absorption and transport of other nutrient-elements. 
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7. Agronomic approaches 
Various agronomic approaches are useful for improving the boron status of plants. While the 

effect of tillage on B in different rice-based production systems has not been reported, it is known that 
organic matter decomposition and soil aeration help in the release of adsorbed B (Mahler et al., 1985). 
Crop rotations are recommended for improving different soil properties, such as organic matter content, 
and better cation exchange capacity that influences the availability of boron (Mahler et al., 1985). 
Organic manures offer plant nutrients including micronutrients by altering the biological, chemical, and 
physical properties of soils (Eghball et al., (2004). Application 0f organic matter gradually stimulate 
the mobility and availability of native elements in soil, (Marschner 1995; Sharma et al., 1999). 
Increasing adsorption and retention may reduce the leaching losses of native boron in soil (Sharma et 
al., 2006). The application of boron plus (coated urea) improve plant growth and enhance nitrogen use 
efficiency (Goodwin 2017; Shivay et al., 2017). Boron-coated urea fertilizer stimulate and improves 
nitrogen uptake in cereals (Singh, 2013). Moreover, boric acid or other boron containing compounds 
act as urease inhibitors that reduces urea volatilization (Goodwin, 2017). Developing of boron-coated 
urea fertilizers is a promising option for farmers to apply boron to the soil with the N fertilizer with 
minimal additional investment (Shivay et al., 2017). The application of micronutrients (e.g., boron), 
with organic or poultry manure, substantially improves soil fertility status and enhances the efficiency 
of applied nutrients (Bhuiyan 1994; Saleem et al., 2013). 
 
8. Summary 

Boron is unique among plant nutrients; however, it is especially distinguished by the substantial 
differences among species in terms of mobility, the narrow range between deficiency and toxicity, and 
differential inter- and intraspecies response to an inadequate supply. Deficiency and toxicity have 
detrimental effects on yield production of agricultural plants. Moreover, to fertilization, growing 
varieties that are efficient in boron utilization were proposed to solve problems related to boron 
deficiency. The effects of this nutrition disorder are more pronounced in the reproductive. Both 
transgenic and marker-assisted selection breeding approaches may be effective strategies to improve 
crops’ boron utilization efficiency. Toxicity is much more difficult to ameliorate; therefore, growing 
tolerant crops may be the only sustainable solution. Vast intraspecies genetic variability, together with 
novel findings on the mechanisms of boron toxicity tolerance, should facilitate breeding varieties with 
satisfactory yields in boron excessive soils. Boron deficiency may occur due to several factors including 
soil conditions, e.g., high pH, low organic matter content, and water deficit. Several research indicate 
that extreme deficient or toxic levels of boron may be responsible for secondary effects because of the 
reduction in plant growth and resulting in change of nutrients uptake due to direct or indirect interactions 
of boron with other plant nutrients. However, the interactions of boron with other plant nutrients are 
highly complex and the effects can be antagonistic or synergistic depending on plant species and 
varieties. Environmental factors may cause boron deficiency even in the presence of significant 
quantities of boron. Boron fertilization in some cases helps to increase crop productivity by reducing 
yield losses, therefore, boron fertilization is highly cost-effective, can be encourage to include boron in 
fertilization programs. Moreover, application of boron either soil or foliar should be included to improve 
particularly in low land soil when grown under aerobic conditions. Comprehensive research is needed 
for accumulation and distribution of boron using several resources.  
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