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Abstract
Main conclusion Our results showed that methylboronic acid is capable of alleviating boron deficiency, enhancing 
plant growth, and is less toxic than boric acid at higher concentrations.

Boron is an essential plant micronutrient and its deficiency occurs in several regions globally, resulting in impaired plant 
growth. Boron fertilization is a common agricultural practice, but the action range of boron is narrow, sharply transitioning 
from deficiency to toxicity. Boric acid (BA) is the most common chemical form used in agriculture. In this work, we describe 
that methylboronic acid (MBA) is capable of alleviating boron deficiency in Arabidopsis. MBA is a boronic acid, but does 
not naturally occur in soils, necessitating synthesis. Other boronic acids have been described as boron competitors in plants, 
inhibiting auxin biosynthesis and root development. MBA is more water-soluble than BA and delivers the same amount of 
boron per molecule. We observed that Arabidopsis seedlings grown in the presence of MBA presented higher numbers of 
lateral roots and greater main root length compared to plants grown in BA. In addition, root hair length and leaf surface area 
were increased using MBA as a boron fertilizer. Finally, MBA was less toxic than BA at high concentrations, producing a 
slight reduction in the main root length but no decrease in total chlorophyll. Our results open a new opportunity to explore 
the use of a synthetic form of boron in agriculture, providing a tool for future research for plant nutrition.
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Introduction

Boron is an essential plant micronutrient and is a structural 
component of the cell wall (Blevins and Lukaszewski 1998). 
Its absence results in zero plant growth as boron is involved 
in all growth processes, including buds, meristems, and 
roots. In addition, flowering and fruit development are very 

sensitive to boron availability. This implies that boron defi-
ciency significantly affects crops, fruits, and forest species 
yield (Camacho-Cristóbal et al. 2008). Given the multiple 
functions of boron in plants, this element has been consid-
ered a main plant micronutrient and its deficiency occurs 
in many soil types throughout the world (Hänsch and Men-
del 2009). One of the fundamental characteristics of boron 
deficiency in agriculture is the inhibition of plant growth 
tissues, especially reproductive structures representing 80% 
of global agricultural products (Shorrocks 1997; Lordkaew 
et al. 2011). Mutant analysis of boron transporters revealed 
several defects in vegetative and inflorescence develop-
ment, comparable to the effects of B deficiency (Chatterjee 
et al. 2014; Durbak et al. 2014). Moreover, boron deficiency 
symptoms include inhibition of primary root growth, root 
swelling, and disorganization of the root apical meristem 
(Dell and Huang 1997). Boron fertilization is a common 
agricultural and silvicultural practice, especially in soils 
deficient in this micronutrient (Goldbach et al. 2001). Boron 
deficiency is transient in many crops and, therefore, difficult 
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to prevent. Treatments to prevent boron deficiency have been 
frequently implemented in many areas of the world, but 
these applications can become toxic due to environmental 
conditions and the narrow range of concentration at which 
boron acts (Paull et al. 1991). There are several products on 
the market that are used for boron fertilization. Plants take 
up this micronutrient from the soil in the chemical form of 
boric acid (BA, Princi et al. 2016). In some crops, boron is 
applied directly on the leaves and flowers; in fact, beginning 
in the mid-1930s, BA was the first product recommended 
for foliar applications. Currently, the main sources of boron 
as raw material in agriculture are Borax  (Na2B407·10H2O), 
sodium octaborate (Na, Solubor),  (Na2B4O7 + Na2B10O16), 
boric acid  (H3BO3), boron frits  (Na2B4), boron ethanola-
mine (liquid), colemanite  (Ca2B6O11), ammonium pent-
aborate  (NH4B5O8), and ulexite  (NaCaB5O6(OH)6) in the 
form of powder or liquid boron (Kot 2008). However, a high 
dose of soluble boron can produce toxic effects on plants, 
especially if boron-containing fertilizer is applied in close 
proximity to the plant or in high concentrations, affecting 
the growth and yield of plants. Depending on the environ-
mental conditions and supplied concentration, commercially 
available boron fertilizers can easily transform deficiency 
into toxicity. Boron fertilizers tend to accumulate in drought 
conditions, becoming toxic to plants due to excess boron in 
soil. Excessive boron has been previously reported to inhibit 
root growth (Aquea et al. 2012), though this inhibition can 
be reversed through overexpression of a boron transporter 
(Miwa et al. 2007).

Considering the widespread practice of boron fertilization 
in agriculture and silviculture paired with its known toxic-
ity, low solubility, and complicated handling, new, non-toxic 
alternatives are needed to alleviate boron deficiency.

As a member of the large class of organoborons, boronic 
acids are an alkyl or aryl substituted boric acid derivative 
containing a carbon-boron bond (Bergold and Scouten 
1983). Boronic acids act as Lewis acids, which are chemi-
cal compounds that can accept electrons and are extremely 
important catalysts of certain organic reactions. While 
boronic acids are frequently used in organic chemistry as 
chemical synthesis components and intermediaries predomi-
nant in Suzuki products, their use in plant fertilizers has not 
been reported. Indeed, the boronic acids have been used as 
an alternative to imitate boron depletion conditions (Bassil 
et al. 2004; Matthes and Torres-Ruiz 2016). Boronates con-
tain only one pair of hydroxyl moieties, and unlike borate, 
cannot serve to cross-link two discrete molecules (Liu and 
Scouten 2000). In cultured tobacco (Nicotiana tabacum cv. 
BY-2) cells, addition of boronic acids disrupted cytoplasmic 
strands and cell-to-cell wall detachment (Bassil et al. 2004). 
Matthes and Torres-Ruiz (2016) reported that treatment with 
boronic acid produced the same monopteros phenotype as 
the Arabidopsis rootless pattern. This is caused at least in 

part by phenylboronic acid (PBA)-induced internalization of 
the membrane localized auxin efflux carrier PINFORMED1 
(PIN1) in the early embryo.

With the aim of employing a chemical compound similar 
to BA but not toxic to plants, methylboronic acid (MBA) 
was chosen based on its innocuous effect in human cells 
(Barranco et al. 2009). MBA is a boronic acid related to BA 
in which a methyl group replaces one of the three-hydroxyl 
groups. We proposed that MBA might work as a boron fer-
tilizer due to the chemical similarity between MBA and BA. 
In this work, we evaluated the effect of MBA on the growth 
of roots and leaves in Arabidopsis. We show that MBA alle-
viates boron deficiency in Arabidopsis. In addition, MBA 
enhances plant growth and is less toxic at high concentra-
tions compared to BA. Our findings are limited to leaf and 
root in Arabidopsis, as boron deficiency symptoms were not 
analyzed in additional tissues such as meristems and flowers.

Materials and methods

Plant materials and growth conditions

In all experiments, seeds were surface-sterilized and ger-
minated on an agar-solidified nutrient medium in plastic 
petri dishes. The nutrient medium was based on ½ MT salts 
(Murashige and Tucker 1969), for which concentrations are 
listed in Table S1. The medium was prepared with B-free 
deionized water and without glass. All solutions were pre-
pared in PET plastic bottles and the medium was prepared in 
autoclave-resistance plastic bottles. The distilled water used 
in all the experiments was filtered in a Easypure II  system®, 
obtaining water with an electroconductivity of 0 μs/cm. 
The medium was gelified with Phytagel (5 mg/l; Sigma-
Aldrich®) and the final pH was adjusted to 5.7. The basal 
medium does not contain boron, which is supplemented with 
the different chemical compounds.

Arabidopsis seeds were vernalized at 4 °C for 2 days. 
Petri dishes were positioned vertically in a growth chamber 
(Percival Scientific, Inc.) and kept under controlled environ-
mental conditions at 22 °C with a 16/8 h day/night regime. 
In direct growth experiments, seedlings of Col-0, Ler, and 
C24 ecotypes were grown in plates for 7 days after germina-
tion. In transfer experiments, 5-day-old seedlings of Col-0 
were transferred to the appropriate media (concentrations 
as indicated) and measurements were taken 7- and 14-days 
post-transfer. In each case, progeny from three indepen-
dently grown lines of the same ecotype were used. Three 
biological replicates with at least 30 seedlings were used in 
each experiment. The BA and boronic acids were supplied 
by Sigma-Aldrich® [cat no. B6768 (BA), 165336 (MBA), 
P20009 (PBA), and 325104 (3N-PBA)]. 50 μM of each com-
pound was used in the boron fertilization experiments. In the 
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toxicity experiments, 1, 3, and 5 mM of BA and MBA were 
used. All compounds stocks were prepared in falcon tubes 
with the same water described previously.

Calculation of water solubility and boron 
percentage delivered by boronic acids

To obtain the water solubility of the different boronic acids 
(information not reported in the chemical technical sheets 
but necessary to calculate the percentage of boron deliv-
ered), experimental determination of water solubility was 
based upon the maximum solubility before a precipitate 
was observed visually. To do this, a serial concentration of 
boric and boronic acids was prepared in Eppendorf tubes 
with 1 ml of distillated water at 22 °C. The theoretical 
boron percentage of each compound was calculated using 
the chemical forms BA:  H3BO3; MBA:  CH3B(OH)2; PBA: 
 C6H5B(OH)2; and 3N-PBA:  O2NC6H4B(OH)2.

Phenotypic analysis

For root length determinations, the lengths of roots (from 
root tip to hypocotyl base) were measured 7 and 14 days 
after transfer to different mediums. Main and hair roots were 
measured using the National Institutes of Health (United 
States) program ImageJ.

Chlorophyll contents

Seven pools of four Arabidopsis seedlings without roots 
were weighed and transferred to tubes with 1 ml of pure 
acetone. The tubes were incubated at room temperature 
overnight and centrifuged at maximum speed for 5 min, and 
absorbances of supernatants were read at 663 and 645 nm 
using a spectrophotometer (Shimadzu, Kyoto, Japan). 
Total chlorophyll content was calculated and the result was 
expressed as µg/ml/g using the following equation: Chl (a 
+ b) = 7.15 × A663 + 18.71 × A645.

Statistical analysis

Statistical analysis was performed in the Graph Pad Prism 6 
Program. A one-way ANOVA was used for the comparison 
of means, which were considered significantly different at 
P < 0.05.

Results

MBA exhibits higher solubility in water

The boronic acids analyzed in this work are presented in 
Table 1. A schematic diagram of the chemical structure of 

boric acid (BA) and boronic acids is shown in Fig. 1a. Two 
important parameters of a fertilizer critical to its appli-
cation are solubility in water and the quantity of boron 
delivered to the plant; however, these data are not avail-
able in the technical sheets of boronic acids. Percentages 
of boron and water solubility were analyzed for different 
boronic acids (Table 1). Methylboronic acid (MBA) deliv-
ers 16.9% of boron and has higher than 40% w/v solubility 
when dissolved in water at room temperature (22 °C). The 
other boronic acids evaluated, phenylboronic acid (PBA) 
and 3-nitrophenylboronic acid (3N-PBA), deliver a lower 
percentage of boron (8.2 and 6.3, respectively) and a maxi-
mum solubility of 5% w/v in both cases (Table 1). BA, 
the chemical form absorbed by plants, delivers 16.3% of 
boron and has a solubility of 10% w/v. One mole of MBA 
is completely soluble in water, in contrast to BA, PBA 
acid, and 3N-PBA (Fig. 1b).

Table 1  Water solubility (w/v) and boron percentage (w/w) delivered 
by boronic acids

Nomenclature Chemical compound Solubility 
(%) 22 °C

Boron (%)

BA Boric acid < 10 16.3
MBA Methylboronic acid > 40 16.9
PBA Phenylboronic acid < 5 8.2
3-PBA 3-Nitrophenylboronic acid < 5 6.3

Fig. 1  Chemical structure and physical properties of boronic acids. a 
Chemical structure. b Water solubility of 1M of each boronic acid at 
22 °C
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MBA alleviates boron deficiency in plants

We next evaluated if boronic acids were capable of sup-
porting plant growth in boron deficiency conditions. To 
evaluate the efficacy of boronic acids, fertilization assays 
were performed to mitigate boron deficiency in Arabidop-
sis plants. Arabidopsis Col-0 seedlings were germinated 
in MT/2 medium and subsequently transferred to MT/2 
medium with different boron sources after 5 days. MT media 
were prepared with B-free deionized water and without glass 
contact at the recommended concentrations, excluding the 
micronutrient boron, as described in the materials and meth-
ods section. Boric acid and boronic acids at a concentration 
of 50 μM in MT/2 medium replaced boron. The quantity 
of boron was chosen based on the recommended concen-
tration present in MS medium. Boron deficiency served as 
a negative control and was defined as the culture medium 
containing all the macronutrients and micronutrients except 
boron. PBA and 3N-PBA impaired the growth of Arabi-
dopsis (Figure S1), but we observed that MBA was capable 
of alleviating boron deficiency. A representative sample is 
shown in Fig. 2. The Arabidopsis Col-0 seedlings grown 
without boron exhibited a phenotype characteristic of boron 
deficiency at 7 (Fig. 2a) and 14 days (Fig. 2d) post-transfer 
(control seedlings). In those plants, we observed a reduction 
in leaf size, inhibition of primary root growth, and alteration 

of root morphology accompanied by an increased number 
of root hairs (hairy phenotype). Those phenotypes are not 
observed in plants grown in the presence of BA (Fig. 2b, e) 
and MBA (Fig. 2c, f), indicating that both compounds alle-
viate boron deficiency. Chlorophyll content is not affected 
by boron deficiency in our experimental condition (data not 
shown). To quantify the effect of boron fertilization by BA 
and MBA, the main and lateral roots were measured and 
compared to plants grown in boron deficiency (Fig. 3). At 
7 days after transfer, the main roots are not statistically dif-
ferent between BA and MBA, but both showed significant 
differences with respect to boron deficiency (Fig. 3a). At 
14 days, the roots of Arabidopsis seedlings grown in MBA 
showed significant differences compared to plants grown 
in BA (Fig. 3a). The same results were observed when the 
lateral roots were counted 14 days after transfer (Fig. 3b). 
The different effects of MBA in comparison to BA are 
even observed in the hair roots and leaf surface (Fig. 4). 
The length of hair roots is over 75% greater in plants grown 
in MBA (Fig. 5a), while leaf surface is almost doubled 
in size compared to BA (Fig. 5b). Together, these results 
suggest that MBA has a beneficial effect compared to an 
equal concentration of BA. Moreover, the result of boron 
deficiency alleviation by MBA was validated using other 
ecotypes. In this case, seeds of Col-0, Ler, and C24 ecotypes 
were directly germinated in MT medium without boron and 

Fig. 2  Boron fertilization assay in deficiency conditions. Arabidop-
sis seedlings were germinated in MT medium and transferred to the 
different growth media (50 μM of each boron source) after 5 days. a 

Boron deficiency at 7 day post-transfer (DPT); b BA fertilization at 
7 DPT; c MBA fertilization at 7 DPT; d boron deficiency 14 DPT; e 
BA fertilization 14 DPT; f MBA fertilization 14 DPT
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50 μM BA or 50 μM MBA. The phenotype was recorded 
7 days post-sowing. Figure S2 illustrates that seedlings 
grown in boron-deficient conditions show inhibited root and 
leaf development, but this phenotype is reverted when BA 
and MBA are incorporated in the medium. Fertilization with 
MBA works in all ecotypes tested. Taken together, these 
results demonstrate that MBA alleviates boron deficiency 
symptoms and enhances plant growth in comparison to BA, 
promoting an increase in roots and leaves.

MBA is less toxic at higher concentrations

One of the key characteristics of boron fertilizers is their 
toxicity at high concentrations. To evaluate if MBA is toxic 
at concentrations that exceed the recommendation, Arabi-
dopsis seedlings were grown in MS medium with three 
different concentrations (1, 3, and 5 mM), and the pheno-
type was recorded 14 days after germination (Fig. 6). As 
expected, increasing the BA concentration from 1 to 5 mM 
severely affected Arabidopsis growth (Fig. 6b–d), inhibiting 
root growth and inducing chlorosis in leaves compared to 
the control (Fig. 6a). In contrast, the effect of higher MBA 
concentration was less severe than BA (Fig. 6e–g). Root 
growth and leaf appearance were similar to the control plants 
grown in 50 μM of BA. To quantify this phenotype, main 
root length and chlorophyll were measured. For both boron 
sources, a concentration of 1 mM inhibited main root length 
by approximately 28% (Fig. 7a), but as BA was increased 

Fig. 3  Quantification of boron fertilization assay. a Quantification of 
main root length of plants grown in boron deficiency and media sup-
plemented with BA or MBA. b Quantification of lateral root number 
of plants grown in boron deficiency and media supplemented with 
BA or MBA. Different letters show significant differences. P < 0.05

Fig. 4  Phenotypic observations of plants grown in different sources of boron. a–c Magnification of root. d–f Magnification of shoot. a, d Boron 
deficiency; b, e BA fertilization 7 DPT; c, e MBA fertilization 7 days. Scale bars represent 1 cm
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to 3 mM and 5 mM, main root growth was inhibited by 55 
and 80%, respectively. In contrast, higher concentrations of 
MBA (3 and 5 mM) had no additional detrimental effect on 
main root growth (Fig. 7a). In regards to total chlorophyll, 
increasing BA concentration significantly reduced total chlo-
rophyll content, while this effect was less pronounced with 
increasing MBA concentration (Fig. 7b). Arabidopsis plants 
grown in higher doses of MBA contained almost the same 
amount of chlorophyll as plants grown in control conditions. 
These results indicate that higher concentrations of MBA are 
less toxic than BA.

Discussion

Some boronic acids have been reported to act as boron com-
petitors (Bassil et al. 2004) and induce phenotypes identical 
to monopteros mutants (Matthes and Torres-Ruiz 2017). In 
Arabidopsis, the boronic acids 4-biphenylboronic acid and 
4-phenoxyphenylboronic acid inhibit auxin biosynthesis, 
reduce endogenous IAA content, and inhibit primary root 
elongation and lateral root formation (Kakei et al. 2015). 
In this work, we report that the boronic acid MBA does not 

act as boron competitor and is instead capable of alleviating 
boron deficiency and enhancing plant growth while demon-
strating lower toxicity compared to the common fertilizer 
BA. Our findings are restricted to leaves and roots, as we 
did not evaluate deficiency symptoms in other Arabidopsis 
tissues such as meristems and flowers. Why does MBA not 
induce boron deficiency like other boronic acids? It is pos-
sible that MBA performs a functional role not yet described 
in plants. Methylation of proteins, DNA, RNA, sugars, and 
plant hormones is critically important for modulation and 
regulation of different processes, developmental changes, 
and cell signalling (Staudacher 2012). For example, methyl 
jasmonate (MeJA) is derived from jasmonic acid and is 
involved in various plant functions from the morphological 
to the molecular level (Ueda and Saniewski 2006). MeJA 
is considered an important plant hormone that can medi-
ate intra- and inter-plant communications, modulating plant 
defense responses, including antioxidant systems (Waster-
nack and Hause 2013). Similar evidence has been reported 
for methylsalicylate (Vlot et al. 2008), indole-3-acetic acid 
methyl ester (Li et al. 2008), and methyl gibberellins (Var-
banova et al. 2007). One hypothesis is that MBA could be an 
important intermediate in the signalling of boron in plants, 
whose presence has not yet been established. To date, the 
best-described function of boron is its structural role in the 
cell wall (O’Neill et al. 2004). Nonetheless, boron seems 
to exert different effects on very diverse processes in vas-
cular plants, including root elongation, sugar translocation, 
carbohydrate metabolism, nucleic acid synthesis, and pol-
len tube growth (Blevins and Lukaszewski 1998). Some 
have hypothesized that boron exerts its primary function 
not only through stabilizing molecules containing cis-diol 
groups (Bolaños et al. 2004; Uluisik et al. 2018), but also 
as a cellular signal capable of interacting with transcription 
factors, which would explain why diverse physiological pro-
cesses are affected when vascular plants experience boron 
deficiency (González-Fontes et al. 2008). The use of MBA 
could help to evaluate this hypothesis and elucidate the sig-
nalling pathway behind boron physiology.

Borate is required for cross-linking of the pectic polysac-
charide rhamnogalacturonan II (RG-II) and is consequently 
essential for the maintenance of cell wall structure (O’Neill 
et al. 2004). How plants grown in MBA survive is an impor-
tant issue that emerges from this work and further experi-
ments using the Arabidopsis mutant murus1 (O’Neill et al. 
2001) could function to clarify this point.

For MBA to be utilized by plants, it must be transported 
from the roots to the shoots. Passive diffusion of BA is 
thought to satisfy plant demand for boron, together with 
channels of the major intrinsic protein (MIP) family and 
the BOR family of borate exporters (Yoshinari and Takano 
2017). Whether MBA uses the same mechanism of uptake 

Fig. 5  Quantification of phenotypic observations of plants grown in 
different sources of boron. a Length of hair roots. b Leaf surface. Dif-
ferent letters show significant differences. P < 0.05
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and mobilization as BA will be subject of subsequent 
research.

Matthes and Torres-Ruiz (2017) demonstrated that the 
boronic acid PBA stabilizes the transporter BOR1 in the 
plasma membrane. It is not known if MBA exerts the same 
effect on the stability of BOR1, in which case the plant could 
uptake any trace of boron in the medium. The use of BOR1 
GFP-fusion proteins would be very valuable to evaluate the 
effect of MBA on the stability of this protein.

Several reports have demonstrated the toxicity of BA in 
plants, revealing an array of physiological processes to be 
altered by excess boron. These effects include disruption 
of cell wall development; metabolic disruption by binding 
to the ribose moieties of ATP, NADH, and NADPH; and 
inhibition of cell division and elongation (Stangoulis and 
Reid 2002; Reid et al. 2004). However, specific mechanisms 
related to boron toxicity are still unclear (Princi et al. 2016). 
BA reversibly hydrolyzes to the borate ion. Both BA and 
borate are capable of forming complexes with a wide variety 
of biological compounds with two hydroxyl groups in the 
cis-configuration (Brown et al. 2002). Based on this chemi-
cal characteristic, boron toxicity has been proposed to be 
caused by (1) alteration of cell wall structure; (2) metabolic 
disruption by binding to the ribose moieties of molecules 

such as adenosine triphosphate (ATP), nicotinamide adenine 
dinucleotide, (reduced form) (NADH), or nicotinamide ade-
nine dinucleotide phosphate, (reduced form) (NADPH); and 
(3) disruption of cell division and development by binding 
to ribose, either as the free sugar or within RNA (Reid et al. 
2004). Our results demonstrate that MBA is less toxic in 
plants at higher concentrations compared to BA (Figs. 6, 7). 
Bassil et al. (2004) showed that tobacco cells treated with 
MBA were not distinguished from untreated or boron-treated 
cells and did not exhibit any visible cellular disruption even 
when treated for prolonged periods (1 day) and higher con-
centrations (1 mM). The chemical structure of MBA differs 
from that of BA in that one of the three-hydroxyl groups 
of BA is substituted with a methyl group (Fig. 1a). In this 
case, MBA cannot cross-link and interfere with the function 
of other molecules, as does BA. The same phenomenon is 
observed in human cells (Barranco et al. 2009). BA inhibits 
the proliferation of DU-145 prostate cancer cells, while the 
same cancer cells treated with different concentrations of 
MBA proliferate equally to untreated controls. Thus, mam-
malian cells can distinguish between BA and its synthetic 
analog MBA and exhibit graded concentration-dependent 
responses (Barranco et al. 2009).

Fig. 6  Evaluation of toxicity of different concentrations of BA 
and MBA. Arabidopsis seedlings were germinated in MS medium 
with different BA and MBA concentrations and the phenotype was 

recorded after 14 days: a control 0.1 mM BA, b 1 mM BA, c 3 mM 
BA, d 5 mM BA, e 1 mM MBA, f 3 mM MBA, and g 5 mM MBA
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Boronic acids have shown considerable utility as chro-
matographic reagents for the analysis of bifunctional com-
pounds (Poole and Zlatkis 1980) and for the preparative 
separation of cis–trans diols (Brown and Zweifel 1962). 
Boronic acids have also been used as protecting agents 
in the synthesis of carbohydrates (Ferrier 1978) and as 
intermediates to other organoboranes (Matteson and Sadhu 
1983). MBA does not naturally occur in soil and requires 
synthesis as borate esters (Hall 2011). Boronic acids (par-
ticularly MBA) possess unique characteristics that have 
made them compounds of great interest to the chemical 
and pharmaceutical industries in recent years. This work 
opens a new opportunity to explore the use of a synthetic 
form of boron in agricultural applications, providing a tool 
for future research in plant nutrition and fertilization.
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