Chapter 6

Boron: A Promising Nutrient for Increasing
Growth and Yield of Plants

Himanshu Bariya, Snehal Bagtharia, and Ashish Patel

Abstract Boron (B) is a vital nutrient for plant growth and metabolism. Lack of B
in plant tissues causes reductions in crop yields, whilst an excess supply of B may
also seriously damage plant tissues and sometimes leads to plant death. Appropriate
amounts of B in plants are crucial for normal growth and it significantly increases
seed germination and seedling growth. Moreover B has positive effects on the
uptake and utilization of other nutrients at the whole plant level and it may improve
nutrient use efficiency (NUE) and nutrient demand and supply (NDS). NUE mainly
reflects efficiency of extraction of mineral nutrients from soil along with their
integration and recycling, whereas NDS nutrient shows how efficiently plant can
fulfil the demand and supply rate of required nutrient at different stages and
conditions of plant life cycle. Despite a substantial existing literature, the under-
standing of B interactions with other nutrients remains unclear.
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Introduction: Boron in the Soil and in the Plant

Boron belongs to the metalloid elements having properties of both metals and
non-metals (Marschner 1995). There is very low abundance of B in nature (Kot
2009) but it is broadly distributed in all the layers of the soil. B abundance range in
rocks averages about 10-20 mg B kg~ '. In sea water it can range from 1 to 10 mg B
kg ' and as far as river is concern the B concentration is about 1/350 that of sea
water (Power and Woods 1997).

Warington (1923) established the requirement of B for plant growth and func-
tioning, and many recent reports suggest an essentiality of B for all vascular plants.
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B deficiency or toxicity affects various metabolic and physiological processes
(Blevins and Lukaszewski 1998; Bolaiios et al. 2004). Less than 10 mg kg~ ' B in
the soil is considered to be a B deficient soil (Woods 1994). Moreover, most of this
B is in a bound form in rocks and is not readily available to plants. Boric acid is the
most common form of B liberated during weathering of rocks (Nable et al. 1997)
and is easily absorbed by plant roots, but this represents only 10 % of the total B in
the soil (Power and Woods 1997).

Soil pH, texture, temperature, and organic matter affect soil B availability;
among these the soil pH is one of the most significant characteristics for B
availability (Goldberg 1997). Boric acid is a very weak acid and when the pH is
below 7, it appears in its undissociated form; at alkaline pH, boric acid dissociates
to form the borate anion:

B (OH); + H,0 <mmmp B(OH), +H' (pKa 9.25)

Therefore, at common soil pH values (5.5-7.5), B exists mainly as soluble
uncharged boric acid (B(OH)3), and in this form B is absorbed by plant roots
(Hu and Brown 1997; Power and Woods 1997; Sathya et al. 2013). In flooded
conditions, B is easily solubilised and leached resulting in a deficiency of B for
growing plants.

A plant requirement for B varies between species and is dependent on the
conditions in which they grow. The B requirement for one plant species may be
toxic or deficient for other species (Blevins and Lukaszewski 1998). There are three
main groups of plants based on B requirements, one consists of graminaceous
species, a second are monocotyledons and a third are dicotyledons and lactifers,
having minimum, moderate and high B demands, respectively (Blevins and
Lukaszewski 1998; Goldbach et al. 2001). It is necessary to study mechanisms of
B uptake and transport, as well as translocation in plant systems, to optimise
agricultural production. For example, B deficiency results in major disorders,
which may decrease plant growth in soil with excess water. Molecular mechanisms
involved in B transport from the soil to root cells and xylem have two different
routes. Transport of B is dependent mainly on its availability and it is mostly
transported into the plant from the soil by passive diffusion, which is possible
when adequate B is available. When B availability is low or under deficiency
conditions, uptake is facilitated by active transport, which requires energy.

B absorbed by roots must be delivered to the xylem for further transport around
the plant. When there is sufficient B availability, absorbed B moves by passive
diffusion involving MIPs channels (Dannel et al. 2002; Miwa and Fujiwara 2010).
In limited or deficient B conditions, transport of B towards the xylem is facilitated
via a specific B transporter (BOR), which is an energy dependent transport process
(Fig. 6.1). Takano et al. (2002) had identified such a transporter of B under limiting
conditions, known as BOR1 in Arabidopsis. Subsequently, BOR1-like genes have
been reported in Eucalyptus (Domingues et al. 2005) and in rice (Nakagawa
et al. 2007). Expression of two genes, NIP5;1 and BORI, are decreased by
transcriptional and post-translational regulation respectively, under sufficient B
supply (Miwa and Fujiwara 2010; Yang et al. 2013).
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Fig. 6.1 Schematic diagram of boron transport from soil to xylem via root tissue. In sufficient B
condition NIP5;1 imports B from the soil to epidermal, cortex and endodermal cells, and BOR
1 exports B from stelar cell (xylem loading)

After loading in the xylem, B is transported to the shoot through the transpiration
stream (Wimmer and Eichert 2013; Bogiani et al. 2014). Transport of B through
phloem was also reported, and such transport differs between species (Brown and
Hu 1996; Brown and Shelp 1997; Ganie et al. 2013). In certain plants, B is
transported and translocated to reproductive and vegetative tissue via the phloem
(Matoh and Ochiai 2005). It is also suggested that there is a formation of a boron-
diol complex involving a sugar alcohol, which acts as the transport molecule
(Brown and Hu 1996; Hu et al. 1997). Transgenic tobacco and rice with enhanced
sorbitol production had a higher ability to transport B through the phloem towards
the plant shoot (Brown et al. 1999; Bellaloui et al. 2003). Plants that produce sugar
alcohols like sorbitol and trehalose, have the ability of B transport via the phloem,
whereas plants without any production of sugar alcohols have no such transport
system (Stangoulis et al. 2001; Takano et al. 2001; Matoh and Ochiai 2005).

Role of Boron in Plant Functioning

Since the beginning of twentieth century, B has been considered to be an important
micronutrient for plant growth, but there are very few records regarding its actual
biochemical role. Deficiency of B is common all over the world, which has an
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important agronomic impact (Gupta 1979). In soils with high percolatory water,
B is easily leached downward in the soil and hence it is not readily available for
plants (Blevins and Lukaszewski 1998). Adequate B nutrition is required for high
production as well as for quality of crops. B deficiency results in biochemical,
metabolic and physiological abnormalities, and causes diverse disease symptoms in
plants and hence adequate supply is a critical challenge for plant nutrition.

In the last 10 years, several roles have been demonstrated for B in plant function,
including as a cell wall component, an involvement in membrane structure and
integrity, and involvement in metabolic process (Bolafios et al. 2004). To date, one
of the most accepted roles of B in plant physiological function is the formation of an
ester with one apiose residue of rhamnogalacturonan II (RG II) in the cell wall
(Kobayashi et al. 1996), which is essential for maintaining cell wall permeability
and also for rigidity (Fleischer et al. 1999; Ryden et al. 2003). Moreover, B
deficiency led to a decrease of gene transcription of various hydrolytic enzymes
such as xyloglucan endotransglucosylase/hydrolases (XTHSs), expansins, pectin
methylesterases, and pectin lyases in Arabidopsis roots (Camacho-Cristobal
et al. 2002). These enzymes play key roles in cell wall loosening, necessary for
cell elongation (Cosgrove 1999). Camacho-Cristobal et al. (2011) suggested an
influence of B in transcriptional level regulation of genes, which are responsible for
cell wall synthesis and its modification.

Many research reports suggested roles of B in plasma membrane transport
processes, and in membrane integrity by cross-linking the membrane molecules
containing hydroxlated ligands such as glycoproteins and glycolipids (Goldbach
et al. 2001; Wimmer et al. 2009). The membrane potential in Daucus carota is
changed under limited B (Blaser-Grill et al. 1989) and activity of the proton-
pumping ATPase was reduced in Helianthus annuus roots (Ferrol and Donaire
1992). Similarly, it has been reported that B deficiency alters plasma membrane
permeability for ions and other solutes (Wang et al. 1999; Carmen Rodriguez
Hernandez et al. 2013). The impact of B on ion fluxes can be mediated by direct
or indirect effects of B on plasma membrane-bound proton-pumping ATPase
(Cara et al. 2002). The activity of the K* stimulated ATPase in B-deficient maize
roots was considerably lower than in control plants (Pollard et al. 1977). These
results indicated that the action of B could be associated with membrane com-
ponents. It is still unclear whether B directly interacts with membrane proteins or
indirectly modifies membrane properties with subsequent changes in enzymatic
activities.

The literature indicates possible roles of B in several other metabolic func-
tions. For instance, it has been shown that B deficiency causes qualitative and
quantitative changes in phenol metabolism (Pandey and Archana 2012; Hajiboland
et al. 2013). Additionally B deficiency affects nitrogen metabolism (Bolafios
et al. 1994). B-deficient plants showed lower nitrate reductase activity and enhanced
amounts of nitrate; these observations strongly suggest a role of B in the de
novo synthesis of the nitrate reductase protein or facilitation of nitrate absorption
(Ruiz et al. 1998).
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Effect of B on Photosynthesis

Photosynthesis is a complex series of reactions that culminate in the reduction of
carbon dioxide. The effect of B nutrition on photosynthetic processes has been
rarely studied. Decreases in B supply reduce soluble proteins and chlorophyll in
leaves, which are important constituents for Hill reactions and photosynthesis
(Mukhopdhyaya et al. 2013).

There was no direct involvement of B on rate of photosynthesis, but from recent
research it is evident that B has a positive effect on photosynthesis under normal
(optimum) level. Moreover, there are reports of increases in chlorophyll pigment
and carotenoids by foliar spraying of B leading to increases in photosynthetic rate
(Thurzo et al. 2010). Ganie et al. (2013) also showed that net photosynthetic rate
was increased due to increases in plant light harvesting pigments such as chloro-
phyll and carotene in the leaves.

B deficiency negatively affects photosynthesis by decreasing photosynthetic
oxygen evolution rates and hence the efficiency of photosystem II (Kastori
et al. 1995; El-Shintinawy 1999). Photosynthetic rate (P,) drastically decreased in
cotton plants when grown in B deficient soil (Zhao and Oosterhuis 2002). It was
reported that inhibition of photosynthesis was a result of reduced Hill reactions and
low intercellular CO, concentrations (Sharma and Ramchandra 1990). Some exper-
imental evidence indicated close relationships between gas exchange parameters
and B deficiency, implying that these parameters were possibly affected by external
B supply and in turn prejudiced growth. Previous studies, under B deficiency,
supported a change in photosynthetic enzyme activities that were undoubtedly
involved in a decrease in P, (Sharma and Ramchandra 1990). B deficiency was
followed by reduction in the leaf stomatal conductance (g,) and rate of photosyn-
thesis (Huang et al. 2005; Han et al. 2008). Related declines in plant g, at B
deficiency were initiated by high oxidative damage in leaves (Huang et al. 2005).
Moreover, low g, also decreases E (Han et al. 2008). It was advocated that the
presence of free hexoses can elicit regulation of the Calvin cycle and, hence, can
obstruct P, (Han et al. 2008). A diminution in pigments under B deficiency was
shown for citrus (Han et al. 2008). The synthesis of unnecessary starch possibly
disrupts chloroplast structure, leading to poorer CO, assimilation and decreased
chlorophyll content (Han et al. 2008). It is likely that B deficiency caused changes
in chloroplast structure, which eventually affected pigment content (Pandey and
Pandey 2008). B deficiency may also affect photosynthetic responses by the
modifications in the structure and function of chloroplast thylakoids.

Effect on Reproductive Growth

According to Loomis and Durst (1992) B is essential for generative growth. Boron
is involved in metabolism of carbohydrates and phenolic acids, which are crucial
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for growth of pollen tubes. Decreases in crop propagative yield or seed/fruit quality
in low B soils can be due to diminished reproductive development early or late in
the flowering/fruiting cycle. It has often been seen that reproductive growth, mainly
flowering, fruit and seed set and seed yield, is particularly sensitive to B deficiency
compared to asexual growth (e.g. Woodbridge et al. 1971; Dear and Lipsett 1987;
Noppakoonwong et al. 1997). Likewise, substantial yield decreases can arise
without expression of indications of deficiency during prior somatic growth. B
also plays an important role in synthesis and metabolism of nucleic acids (Hundt
et al. 1970).

As described above, B is responsible for enhancing chlorophyll content and rate
of photosynthesis (P,), as well as inducing dry matter production in plants, and
therefore may result both in enhancing flowering and also the transport of photo-
synthetic products to reproductive stages, ultimately leading to yield improvement
(Du Ying Qiong et al. 1999).

Factors influencing the impact of a low external B supply on sexual reproduc-
tion in flowering plants are likely to include: the capacity of roots to obtain B
from soil (Hu and Brown 1997); the mobility of B in the phloem (Brown and
Shelp 1997); the relative sink size in floral parts for photosynthate; the capacity to
redistribute B from vegetative tissues to reproductive organs; the rate of transpi-
ration by floral organs; the functional necessity for B in reproductive tissues;
and the distribution and richness of B-binding compounds in the apoplastic
pathway between the vein endings and the most distal floral tissue. The B
requirement for flowering is indicated by the sensitivity of pollen development
to low B and the generally high concentrations of B that occur in reproductive
parts of the flower. Under conditions of low external B supply, levels in
the anthers and pistils do not decline to the low levels measured in leaves.
B concentrations are higher in the stamen than in the pistil. The physiological
roles for B in sexual reproduction have yet to be fully defined and there is a need
for experimentation in this area.

Many of the studies that have been undertaken do not give definitive informa-
tion as to whether plants were critically deficient in B at the time of flowering, or
the B status of floral tissues was not determined at the time of impairment in
cellular development/function, or cell structure and metabolism were examined
long after the primary effect of B took place. An example is the observation that B
deficiency results in male sterility, a condition that can be induced by deficiencies
in other nutrients (e.g. Mn, Cu) or unfavourable environmental conditions
(e.g. water deficit, high/low temperature). These observations reveal nothing
about the processes that are being affected by low B supply and do not enable
us to conclude whether the effect of low B supply on male sterility is a direct or
indirect event. As root function is greatly impaired in severely B-deficient plants
in containers and this can impact on whole plant physiology, the requirement of
pollen development for B should be studied under conditions of controlled
external supply.
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Flowering Response

There is no evidence that B deficiency prevents initiation of or delays floral develop-
ment. When plants are grown without B or are transferred into B-free nutrient solutions
in pot experiments, the apical meristems may abort and therefore flowers do not
develop, as shown for peach (Prunus persica; Kamali and Childers 1970). However,
under field conditions, where B deficiency stresses occur more gradually, plants may
have time to adapt to deficiency. For example, in peanut (Arachis hypogaea), the
flowering period was extended in B-deficient plants (Harris and Brolman 1966),
resulting in low-B plants producing as many flowers as B-adequate plants. In species
where the flowers occur in compact inflorescences, and these are terminal on the stem
(e.g. sunflower, wheat), low B has a greater impact on reproduction because the plant
has less ability to modulate reproductive growth than species with axillary inflores-
cences and indeterminate growth. The first group of plants is more prone to pollen
sterility under low B than the latter group of plants. Experiments on wheat by Li
etal. (1978), suggested that absorbed B was transported from soil to floret and spikelet
organs, which resulted in accumulation of B in seeds. Finally, low B can result in plants
being functionally male sterile (e.g. wheat, Li et al. 1978; rice, Garg et al. 1979;
barley, Simojoki 1972), although cases of female sterility have been reported
(e.g. maize, Vaughan 1977; avocado, Coetzer and Robbertse 1987). The external B
supply does not appear to alter the frequency of unisexual flowers, although some
workers have attempted unsuccessfully to do this by applying B sprays (Singh 1994).

Effect of B on Nutrient Use Efficiency, Demand and Supply

Nutrient use efficiency (NUE) may be expressed as productivity of the plant per
content of applied nutrients. Enhancement of NUE is vital for improvement of crop
production in marginal lands with poor nutrient availability. NUE for plants is
reliant on the ability to efficiently take up nutrients from the soil, but also on
translocation, storage and usage within the plant, and on the environment (North
et al. 2009). NUE is largely dependent on nutrient availability in the soil or applied
medium. Nutrient demand and supply (NDS) is how efficiently the plant can fulfil
the demand and supply rate for required nutrients at different stages and conditions
of plant growth and development. Under limiting conditions of nutrients, plants
showed decreases in nutrient uptake compared to sufficient nutrient conditions
(preserving the nutrition for future demand).

Large variations in defining nutrient efficient plants and methods used in calcu-
lating nutrient use efficiency, makes it difficult to compare results of different
studies. The effort to measure yield response to an applied nutrient is further
confounded by other factors, such as variable soil fertility levels, climatic condi-
tions, crop rotations, and changes in production practices that affect nutrient use
efficiency (Stewart et al. 2005). In simple terms, efficiency is the ratio of output
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Fig. 6.2 Mulder’s chart shows some of the interactions between plant nutrients. Interaction: A
decrease in availability to the plant of a nutrient by the action of another nutrient (see direction of
arrow). Stimulation: An increase in the need for a nutrient by the plant because of the increase in
the level of another nutrient (dotted line)

(economic yield) to input (fertilisers) for a process or complex system (Crop
Science Society of America 1992).

Plant nutrients rarely work in isolation. Interactions among nutrients are impor-
tant because a deficiency of one restricts the uptake and use of another. Figure 6.2
shows interactions of major plant nutrients with each other (Khan Towhid Osman
2013). Numerous studies have demonstrated that interactions between B and other
nutrients, primarily N, P and K, impact crop yields and nutrient efficiency.

For example, for experiments carried out in our research group on groundnut it was
evident that uptake of almost all macro and micronutrients by straw and seeds showed
a linear relationship (p < 0.05) among the different nutrients, which were absorbed by
roots. B at a level of 1 kg ha ' resulted in significant uptake of macro and
micronutrients from soil to seed and straw. Data strongly support improvement of
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NUE as well as NDS in groundnut at 1.0 kg ha~' B supply. Other levels of B treatment
did not significantly increase the uptake of nutrients in groundnut. The same trend of
nutrient uptake by plants at different levels of applied B has also been reported by
Nadia et al. (2006) and 200 ppm B sprayed on groundnut plant showed an increase in
uptake of N, P, K and Fe, Mn and Zn. The highest value of yield and yield components
were received from the plant treated with 200 ppm B (Nadia et al. 2006). Leaf
venation, xylem stream, and transpiration are the primarily factors involved in the
accumulation of B in leaves (Oertli and Richardson 1970; Shelp and Shattuck 1987).

These results are similar to the observations of Mcllrath et al. (1960). It has been
suggested that selected nutrients in the soil have antagonist and/or synergistic effect
on the uptake of other nutrients by roots of developing plants (Malvi 2011). More-
over, B interactions, either synergistic and/or antagonistic, may affect plant nutrition
under both deficiencies as well as in toxic conditions (Tariq and Mott 2007).

Deficiency, sufficiency and toxicity of B may exert an effect on mineral nutrient
content of plants but such an interaction has not been well studied or reported. The
results of many reports in this direction are conflicting, which may be due to
different experimental systems with different crop plants and varieties (Lombin
and Bates 1982; Mozafar 1989). B is directly or indirectly involved in many
physiological and biochemical processes and may affect other plant nutrients
(Bolafios et al. 2004). Therefore, one might expect relationships between B and
other nutrient utilization to be very complex. Examples of effects of B on avail-
ability and uptake of plant nutrients other than B are described below.

Parks et al. (1944) were the first researchers who reported that with graded B
levels, the concentrations of NH4-N, NOs-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-fold. In
addition, they stated that B supply had specific effects, and the trends found were
completely dissimilar with respect to different elements. In the absence of B, 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 (Steinburg et al. 1955).

Baker and Cook (1959) reported that P, K and Mg were higher and Ca was lower
in severely B deficient alfalfa plants compared to healthy plants, perhaps due to the
dilution effect which occurred in the healthy plants. In increasing B conditions, the
concentration of Cu, Fe, Mn, Mo, and B were increasing in perennial fodder grass,
but the reverse trend occurred in the case of uptake and ash content for
micronutrients accept B (Mcllarth et al. 1960). Cu and K content in grass showed
highly significant positive correlations, while Ca and Mg contents showed negative
correlations with B contents for 98 grasses at the flowering stage when grown in
increasing B nutrition (Tolgyesi and Kozma 1974). 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 B application.
Only the B concentration in tissues was significantly increased with regard to
method rate and location. Increasing B nutrition enhanced phytotoxicity and
some interactions among nutrients due to increased concentrations of Zn, Cu, Fe
and Mn in the leaves, stem and roots of bush bean plants (Wallace et al. 1977). But
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contradictory results were reported by Leece (1978), who observed that with high
levels 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 when no B was
applied. Increasing B supply in soil resulted in the decrease of leaf N and P in
tomato, suggesting B antagonism. The contrary was the case with a B effect on
leaf K, Ca, Mg and Na (Aduayi 1978). Yadav and Manchanda (1979) noted that
with an increase in the B content of soil, Ca and Mg concentration in wheat and
Gramineae crops significantly decreased, whereas N, P and K contents were
significantly increased.

Moreover, with differential supply of B in nutrient solution, the concentration of
Fe, Mn, P and Ca in the shoots and roots of tomato increased, and B reduced the
translocation of Mn, P and Fe whilst Ca remained unchanged (Alvarez-Tinaut
et al. 1980). Addition of B in the nutrient solution decreased the absorption of N,
P Ca, Mg and B, induced K accumulation, while Na remained unaffected in lamina
stem and roots of Cabernet sauvignon wine plants (Downton and Hawker 1980).
Gomez-Rodriguez et al. (1981) found a highly significant inverse correlation
between B and Mn concentrations in leaves of sunflower, while Cu, Fe and Zn
concentrations were not changed by different B levels in the nutrient solution.
Marked reductions in Fe and Mn adsorption, but an increase in Zn uptake were
recorded in bean plants grown in B deficient medium. The transport of Fe, Mn and
Zn was increased in the trifoliate leaves, while that in shoots was reduced. It appears
that, B is involved in the physiological processes controlling uptake and transport of
nutrients like Mn, Fe and Zn (Dave and Kannan 1981).

Lombin and Bates (1982) found that with increasing B levels, the uptake of K,
Mn, Zn, Cu, Mo and B was increased in alfalfa, peanut and soybean crops, but had
no apparent effect on that uptake of Ca ad Mg in all crops. Similar detrimental
effects of B on the uptake of Ca and Mg were reported by Singh and Singh (1983),
who observed varying B level significantly increased the concentration of N, P, K,
Na and B and decreased Ca and Mg concentrations in lentil plants. Applied B
increased the N, P, K, Na and B content but decrease Ca and Mg contents of barley
crops, whilst uptake of N, P, Na and B in grain and straw significantly increased,
and K uptake remained unaffected (Singh and Singh 1983). Francois (1986)
reported that with increasing B in the soil solution the concentration of B, P, K
and Mg tended to increase in tomato leaves, whilst Ca and Na showed inconsistence
trends. Studies on the chemical composition of radish, using sand culture tech-
niques, indicated that Ca and P concentrations decreased significantly and K, Mg
and Na remained unchanged with the increasing B levels (Francois 1986). Morsey
and Taha (1986) reported that applied soil B and foliar application 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 the effect of soil B on the uptake
of N, P, K, Ca, Zn, Cu, Fe and Mn by a groundnut crop. Interestingly they outlined
the mechanisms of action for some nutrients in relation to the B effect: for example,
B increased an uptake and could be responsible for a favourable effect on nodula-
tion. A positive effect of B and P uptake, which altered the permeability of plasma
lemma at the root surface, resulted in increased P absorption. Uptake of K increased
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because of their mutual synergistic relationship, but Ca decreased due to antago-
nistic effect. Uptake of Fe and Cu were positively correlated, while Mn and Zn
negatively correlated with applied B. The deficient state of B resulted in decreased
the leaf N, P, Ca, Mg, Fe, Cu, Zn and B in tomato. On the other hand, excess B
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 (Carpena-Artes and
Carpena-Ruiz 1987).

B toxicity had no consistent effects on the tissue concentration of P, K, Ca, Mg,
Zn, Cu, Fe and Mn for five barley and six wheat cultivars grown in nutrient solution
and no interactions were found among B nutrients and cultivars (Nable 1989).
Higher levels of applied B significantly depressed the N and enhanced P and K
contents in three cuttings of Trifolium alexandrinum (berseem; Pal et al. 1989).
Singh et al. (1990) reported that the concentration of P, Mg and Zn in wheat
increased and Ca, K, Cu, Fe and Mn decreased with increasing B in soil. On the
other hand, an increasing supply of B significantly decreases the uptake of P, K, Ca,
Mg and Mn, while that of Zn, Cu and Fe increased. They concluded that high levels
of applied B had an antagonistic effect on the uptake of nutrients and this could be
due to the toxic effect of B on root cells, resulting in impaired nutrient absorption
processes. Alvarez-Tinaut (1990) found positive correlations between B and Fe and
Cu contents of sunflower, suggesting that B could indirectly affect catalase activity
via Fe and Cu. Positive correlations between Zn and B also indicated that B could
indirectly affect the enzyme through modification of the Zn content. Concentra-
tions, total uptake and ratios of certain nutrients in radish top and root change with
differential B supply to nutrient solution (Tariq 1997). However, this study also
suggested that changes occurring were mainly due to the B effect and partially due
to antagonism between Ca and B. It is clear from the reported literature, that B
interactions, either synergism or/and antagonism, can affect plant nutrition under
both deficiency and toxicity conditions.

With increasing B supply in nutrient medium, leaf content of P became high
(usually younger leaves shows higher P concentration) and there was a minor
decrease in K, Ca and Mg compared to the average concentration for leaves (Furlani
et al. 2003).

Yang and Gu (2004) demonstrated the effect of B on Al toxicity for soybean
seedlings. They showed that high supply of B was found to induce Al toxicity by
significantly increasing growth parameters including root length at 2 mM, and fresh
weight at 5 mM Al for two different cultivars. Similar results have been described
by Hossain and Hossain (2004), who confirmed the relationship of B with Al. The
ratio between Ca and B in the plant is sometimes used to identify B deficiency. In
one study, the supply of Ca and B to four maize cultivars considerably improved
shoot dry matter production (Kanwal et al. 2008).

B is responsible for changes in other nutrients in soil-plant interactions (Tariq
and Mott 2006). They also showed optimum productivity of radish plants at 0.5 mg
17" B supply. Toxic effects confirmed by significant productivity decreases were
found at increased levels of B supply. The amount of B, Zn and Cu in plants was
increased and amount of Fe, Mn and Mo were reduced. Except B, the net uptake of
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all microelements decreased with increasing levels of B in the nutrient supply, and
exerted close connection to the growth response of radish plants. Moreover, Zn/Cu
ratio increased and ratio of Mn/Fe and Mn/Zn decreased, while Fe/Cu exerted
unpredictable trend with increasing B levels. Inoculation with biofertilisers (Rhi-
zobium strains) alone or combined with different levels of B increased significantly
the uptake of N, P, K, Fe, Mn, Zn and B by shoot and seeds of peanut in both
seasons as compared with the corresponding treatments without biofertilisers. The
highest values of N, P, K, Fe and Mn uptake by straw and seeds of peanut plants
were obtained by using (200 ppm of B + Rhizobium spp.) in two successive seasons,
while the highest values of Zn and B uptake by straw and seeds in both seasons were
obtained by using (300 ppm of B + inoculation with Rhizobium; Nadia et al. 2006).
B interactions (synergism and/or antagonism) can affect plant nutrition under both
deficient and toxic levels (Tariq and Mott 2007).

There is no significant effect on the residual Fe in the soil when using B fertiliser.
Results suggest that Zn and B fertilisers had no role in the changes of residual Fe
and Mn in the soil relative to the normal levels, and other factors are operative on
the accumulation of residual Fe and Mn in the soil relative to its normal levels. The
effect of Zn and B interaction on the residual Fe and Mn in the soil was insignificant
(Aref 2010).

Our findings showed that different level of B applied to the groundnut plant
affect uptake of nutrients in an irregular fashion. Interactions between nutrients and
applied B indicted uptake of N, P, K, Mg, Mn, Zn and Fe are indirectly dependent
on increasing supply of B resulting in increasing NUE and NDS, but at a certain
level. Our recent observations suggested that at 1 kg ha~' B level, NUE of
groundnut plant was higher in terms of absorption of mineral nutrients compared
to the 0.5 kg ha~' B level. At the 2.0 kg ha~' B level, groundnut varieties showed
decreases in nutrients uptake capacity, resulting in decreases in NUE. Increases in
supply of nutrients may affect nutrient uptake capacity of plants, which was
confirmed when levels of absorbed macro- and micronutrients in groundnut plants
at 2.0 kg ha~' B supply were determined. At 0.5 and 1.0 kg ha~' B, NDS in
groundnut plants was higher. NDS was improved in both varieties of groundnut at
1.0 kg ha™' B supply. Higher levels of B might be exerting antagonist effects on
uptake of nutrients, which might be affecting NUE and NDS to groundnut plants.
Observations of nutrient uptake capacity of groundnut plants in all three conditions
(limiting, sufficient and toxic) strongly suggested that 1.0 kg ha~' B improved NUE
and NDS in groundnut plants. Despite substantial literature, the mechanism of B
interaction with other nutrients still remains unclear and needs more investigation
in terms of improvement in NUE and NDS. NUE is usually studied for only one
nutrient and improving NUE for any one nutrient may affect the NUE of other
nutrients; this is still a question of interest.
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Concluding Remarks

Boron is a crucial element for normal development and growth of plants. This
chapter highlights the positive effects of boron on crops and also describes the
interaction of B with the uptake of other nutrients. It further highlights the
importance of understanding the mechanisms of B action in plants and
determining the molecular mechanisms of plant responses to toxicity and
deficiency of B, to allow improvement of crops for tolerance to both condi-
tions. Deficient or toxic amounts of B may both have adverse effect on plants
and alter the uptake of other nutrients by direct or indirect interactions.
Increasing supply of B may result in increasing nutrient use efficiency
(NUE) and nutrient demand and supply (NDS). Alternatively higher levels
of B may exert antagonist effects on uptake of nutrients, negatively affecting
NUE and NDS. The mechanism underlying the B interaction with other
nutrients still remains unclear and requires further investigation. NUE is
studied typically for only one nutrient at a time and improving NUE for any
one nutrient almost certainly affects the NUE of other nutrients. However, the
interactions of B with other plant elements are complex and may exert
antagonistic or synergistic effects, which may be specific for species, growth
medium and different environments.
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