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ABSTRACT
Previous research showed that foliar boron (B) application at flowering or seed-fill growth stages altered seed protein,
oil, and fatty acids. The objective of this research was to investigate the effects of foliar B fertilizer on seed phenolics
(phenol, lignin, and isoflavones) and sugars concentrations. A repeated greenhouse experiment was conducted on soybean [(Glycine max(L.) Merr.)] under watered and water-stressed conditions. Soybean plants were divided into different
sets, and each set was subjected to one of the following treatments: W = plants were watered with no foliar B; WB =
plants were watered and received foliar B; WS = plants were water-stressed with no foliar B; WSB = plants were waterstressed and received foliar B. Foliar B was applied at rate of 0.45 kg/ha twice at flowering and twice at seed-fill stages.
The results showed that total phenol and lignin concentrations were higher in seed collected from water-stressed plants
compared with those collected from watered plants whether B was applied or not. The higher total phenol and lignin
concentration in seed collected of water-stressed plants may be due to B-deficiency in plant tissues. Application of B
resulted in higher concentrations of total seed B and isoflavones under watered and water-stressed plants. Higher cell
wall B was higher in water-stressed plants than in watered plants, having an opposite trend to total B. Application of B
resulted in higher seed sucrose in watered and water-stressed plants, but raffinose and stachyose were significantly
higher under water-stressed plants. The research demonstrated that foliar B fertilizer altered seed phenol, lignin, isoflavones, and sugars, suggesting that B involved in phenolics and sugar metabolism. The higher cell wall B in waterstressed plants than in watered plants supports previous research that B has mainly a structural role. The higher sucrose
resulting from foliar B in watered plants is desirable as sucrose contributes to seed quality. The increase of raffinose and
stachyose concentrations in seed of water-stressed plants is undesirable as raffinose, and especially stachyose may be
involved in water stress/drought tolerance. The current knowledge would help soybean breeders select for higher phenolic compounds and desirable sugars for higher seed qualities under drought conditions.
Keywords: Boron Nutrition; Seed Lignin; Seed Phenolics; Isoflavones; Soybean

1. Introduction
Soybean is a major source for human food and livestock
feed. Soybean seeds contain about 42% protein and
19.5% of oil [1], 33% carbohydrates [2,3], and essential
minerals [4]. Soybean seeds contain saturated fatty acids,
including palmitic acid (C16:0) (10% to 12%) and stearic
acid (C18:0) (2.2% to 7.2%), and unsaturated fatty acids,
including oleic acid (C18:1) (24%), linoleic acid (C18:2)
(54%), and linolenic acid (C18:3) (8.0%) [2,5]. One of
the benefits of soybean seed is that it contains secondary
natural metabolite compounds, including phenolic acid,
*
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lignin, and isoflavones. These compounds are thought to
have multi-health benefits for humans and plants. For
example, isoflavones and phenolics are reported to have
health benefits as antioxidants against heart disease and
cancer [6-9].
Boron (B) is an essential nutrient for plant growth,
development, and productivity [10,11] and crop quality
[12,13]. The role of B in flower, fruit, and seed set [14,
15], seed quality and composition [16], and pollen tube
growth [17] was previously reported. Boron requirements
were higher during flowering and seed set, and B deficiency was shown even when B levels in soils were in
the adequate range [12]. Recently, it was found that foliar
B fertilizer improved seed protein and seed oleic fatty
acid in soybean [16], seed yield and seed quality in alFNS
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falfa [12], and increased fruit set [18]. Boron deficiency
reduces stomatal opening and transpiration [19], induces
plasma membrane solute leakage [20], inhibits meristematic tissue development, resulting in growth inhibition [11] and maintenance of cell wall integrity [21].
Boron also plays a vital role in transport of carbohydrates,
cell wall metabolism [22], permeability and stability of
cell membranes, and phenol metabolism [11].
Phenolics, including lignin and isoflavones have beneficial effects against diseases when plants are attacked by
pathogens [23-25]. Phenolics or polyphenols are synthesized through the shikimate phenylpropanoids flavonoids
pathways, producing monomeric and polymeric phenols
and polyphenols [26,27]. Phenolics such as benzoquinones (C6), phenolic acid (C6-C1), flavonoids and isoflavonoids (C6-C3-C6), and lignins (C6)n, (C6-C3-C6)n
[28,29] are essential for growth, reproduction, and protection of plants against biotic (fungus, bacteria, virus,
and insect infection) or abiotic stresses such as drought
and temperature. The mechanisms of how plants adapt to
environmental changes to use phenols, isoflavones, and
lignin are not understood, especially under drought conditions.
Isoflavones are a class of phenolics and synthesized
through a branch of the phenylpropanoid pathway, and
they belong to a group of compounds called phytoalexins
that have an active role in disease resistance [23]. Isoflavones have antioxidant activities by protecting cells from
oxidative damage and free radicals [30]. Free radicals are
harmful to human health [31] because they oxidize biomolecules in the cell, leading to mutagenic changes, tissue damage, and cell death. Genistein, daidzein, and glycitein are the major soybean isoflavones. The phenylpropanoid pathway is also involved in the synthesis of
other phenolic compounds such as tannins, lignins, lignans, anthocyanins, flavones, flavonols, and the soybean
phytoalexins glyceollins, which are pterocarpans and
possess antimicrobial activities [32]. Amino acid, L-phenylalanine, is the precursor in the pathway, and it is
stripped of its amine group to produce cinnamic acid via
the enzyme phenylalanine ammonia lyase (PAL). Then,
cinnamate 4-hydroxylase (C4H) and 4-coumarate CoA
ligase (4CL) convert cinnamic acid into p-coumaryol
CoA. Chalcone synthase (CHS) is the first critical enzyme for flavonoid synthesis [33]. Chalcone isomerase
(CHI) converts chalcones to flavanones, and chalcone
reductase (CHR) is responsible for daidzein and glycitein
formation. Isoflavone synthase (IFS) catalyzes a 2, 3 aryl
ring migration of flavanones to their corresponding isoflavones [34-36]. In the soybean genome, IFS is present
in two copies, IFS1 and IFS2 differing in a few amino
acids, and they responsible for converting naringenin to
genistein and liquiritigenin to daidzein.
Copyright © 2012 SciRes.

Drought effects on growth, photosynthesis, transpiration [37], and crop productivity [38] were previously
reported. However, very little is known about the mechanisms controlling seed phenolic compounds production
under stress environment such as drought or water stress.
Previous research on lignin reported that water deficit
results in a reduction in the amount of ferulic acid, increase of p-coumaric and caffeic acids in the xylem sap
[39], decrease in anionic peroxidase activity, increased
cationic peroxidase activity, increase of free lignin precursors in the xylem sap [39], and increase in the expression of two genes involved in the biosynthesis of lignin:
cinnamoyl-CoA reductase 1 and 2 [40]. The alteration in
these processes leads to the increase of lignin deposition
and cell wall stiffness, and reduced cell wall extensibility
and cell wall expansion. This is an adaptive mechanism
of plants to improve the availability of water, minerals,
sugars, and maintain minimum growth by reducing crop
yield. It was reported that at the early stages of water
stress, plants increased root growth, leading to the induction of proteins involved in morphogenesis such as actin,
α-tubulin, Ran guanosine triphosphatase (GTP-ase), and
carbon and nitrogen metabolism such as isoforms of triose-phosphate isomerase, malate dehydrogenase, αmannosidase, uridine diphosphate (UDP)-sugar pyrophosphorylase, nicotinamide adenine dinucleotide phosphate
(NADP)-malic enzymes, phosphoglucomutase and UDP
glucose-6-phosphate dehydrogenase). However, in the
final stage of water stress, reduction in root growth and
induction of lignin biosynthesis occur by increased expression of caffeoyl CoA 3-O-methyltransferase (CCoAOMT) and a large number of isoenzymes including
class III peroxidases.
It was observed at the early stage of water stress (0 14 d), the activity of some enzymes involved in lignin
biosynthesis increased. Among these enzymes were
phenylalanine ammonia lyase (PAL) and ascorbate peroxidase. This activity decreased gradually as the period
of stress was prolonged. On the other hand, other enzymes such as guaiacol peroxidase, coniferyl alcohol
peroxidase and syringaldazine peroxidase exhibited greater activity during the final stages of stress (14 - 28 d)
[41].
In spite of the role of phenolics in cell structure and
integrity against diseases, its stability under environmental conditions such as water stress and their relationships with B is still not understood. Therefore, the objective of this research was to investigate the effects of foliar B fertilizer and water stress on the concentration of
seed phenol, lignin, isoflavones. Since B has been
thought to have a physiological and biochemical role in
phenolics and carbohydrates metabolism [11], and have a
structural role in cell wall [11,16], seed cell wall boron
FNS
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and seed sugars were also investigated.

2. Materials and Methods
2.1. Growth Conditions
A greenhouse experiment was repeated twice (experiment 1 and experiment 2) in 2010 during the soybean
growing season (March-August). Seed of soybean cultivar AG 4903RR were germinated in flat trays in vermiculite. Uniform size seedlings at about V1 stage were
transplanted into 9.45 L size pots filled with field soil.
The soil was a Dundee silt loam (fine-silty, mixed, active,
thermic Typic Endoqualfs) with pH 6.3, 1.1% organic
matter, a cation exchange capacity of 15 cmol/kg, and
soil textural fractions of 26% sand, 56% silt, and 18%
clay, average B concentration of 0.72 mg·kg−1, and contained an abundant native population of B. japonicum. To
introduce water stress, soil in pots were weighed and
then saturated with dionized water and left to drain and
weighed again to obtain the water field capacity as
measured by soil water sensors inserted in pots [16]. Soil
water potential was measured daily using Soil Moisture
Meter (WaterMark Company, Inc., Wisconsin, USA).
Water stressed plants were kept between −90 and −100
kPa. This represented a moderate to severe water stress
level for soybean under greenhouse conditions. Watered
plants were kept between −15 to −20 kPa (this was considered field capacity for the control plants) [16]. Half of
the plants from each B treatment was watered (W), and
the other half was water-stressed (WS). Treatments were
watered plants with no foliar B (W), watered plants with
foliar B (WB), water stress plants with no foliar B (WS),
and water stress plants with foliar B (WSB). Boron, as
boric acid, of a rate of 0.45 kg·ha−1 was foliar applied
using hand sprayer, and measures to avoid boron drift to
the control plants were taken [16]. Boron was applied at
flowering stage (R1 - R2) at R1 and at R2 and at seed-fill
stage (R5 - R6) at R5 and at R6 [42], or not applied (control). Mature seed were collected at harvest maturity (R8
stage). Plants were considered fully matured when they
reached R8 according to Fehr et al. (1971). Treatments
were arranged in a split plot design with irrigation as a
main block and B treatment as sub-plot. Four replicates
were used for each treatment in each experiment. Each
pot with four individual plants was considered one replicate Greenhouse conditions were about 34˚C ± 9˚C during the day and about 28˚C ± 7˚C at night with a photosynthetic photon flux density (PPFD) of about 800 - 2300
µmol·m−2·s−1, as measured by Quantum Meter (Spectrum
Technology, Inc., Illinois, USA). The range of light intensity reflects a bright, sunny, or cloudy day. The source
of lighting in the greenhouse was a mixture of natural
light, incandescent bulb light (60 W), and cool white
Copyright © 2012 SciRes.
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fluorescent (250 W). Experiment 1 and Experiment 2
were conducted in different greenhouse bays. To be
consistent with the normal photoperiod for soybean
growth and to avoid differences in the day-length between the two experiments, the two experiments were
conducted simultaneously at the same time and during
the normal growing season (from April to September)
of the Early Soybean Production System in the midsouth USA.

2.2. Boron Determination
Boron concentration was measured according to others
[12,16] using the Azomethine-H method [43]. A 1 g
sample of dry seed was ashed at 500˚C for 8 h, extracted
with 20 ml of 2 M HCl at 90˚C for 10 minutes, and then
the extract was filtered. The samples were then transferred to plastic vials. A sample of 2 ml was added to 4
mL of buffer solution (containing 25% ammonium acetate, 1.5% EDTA, and 12.5% acetic acid) and 4 mL of
azomethine-H solution containing 0.45% azomethine-H
and 1% of ascorbic acid [44]. To measure boron concentrations, samples were then read at 420 nm after 45
minutes using a Beckman Coulter DU 800 spectrophotometer (Fullerton, California).
Boron concentration in cell wall was measured according to others [16,21]. Seed samples were homogenized
with an ice cold mortar and pestle in cold water. Then,
the homogenate was centrifuged at 1000 g for 10 minutes,
the residue was washed three times with 10 mL of 80%
ethanol and once with 10 mL of ethanol:chloroform
mixture (1:1, v/v). The residue was then washed with 10
mL of acetone, dried, and ashed. Boron concentration in
cell wall was then measured in ashed samples as previously reported [12,16] using the Azomethine-H method
[43].

2.3. Determination of Lignin in Seed Coat
Lignin concentration in seed coat was measured as previously described [39,45]. Briefly, seeds were immersed
in water for 12 hours, and then seed coat was removed
from the cotyledon. The seed coat was dried for 16 h at
105˚C, and then placed in a desiccator at room temperature to cool. A weight of 250 mg of dry seed coat
was homogenized in 7 mL of 50 mM potassium phosphate buffer at pH 7.0. The mixture was transferred into
a centrifuge tube, and the homogenates were centrifuged
at 1400 g for 10 min. The pellet was washed and then
centrifuged twice with 7 mL phosphate buffer pH 7.0;
3X with 7 mL of 1% (v/v) Triton X-100 in pH 7.0 buffer;
2X with 7 mL of 1 M NaCl in pH 7.0 buffer; 2X with 7
mL distilled water; and 2X with 5 mL acetone. The pellet
was then placed in an oven to dry for 24 h at 60˚C after
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which the pellet was placed into a vacuum desiccator to
cool. The dry matter, which was considered as a proteinfree cell wall fraction, was placed in a centrifuge tube
containing a reaction mixture of 1.2 mL of thioglycolic
acid with 6 mL 2 M HCl. The mixture was then heated
on hot plate at 95˚C for 4 h, then placed at room temperature to cool, and the samples were centrifuged at
1400 g for 5 minutes, and the supernatant was discarded.
The pellet containing the complex lignin-thioglycolic
acid (LTGA) was washed 3X with 7 mL of distilled
water, and the LTGA was extracted by shaking at 30˚C
for 18 h in 6 mL 0.5 M NaOH. The supernatant was
centrifugated at 1400 g for 5 minutes, and then stored.
The pellet was washed again with 3 mL 0.5 M NaOH
and mixed with the supernatant. The combined alkali
extracts were acidified with 1.8 mL concentrated HCl.
The precipitation was obtained at (0˚C for 4 h), and
LTGA was recovered by centrifugation the mixture at
1400 g for 5 minutes and washed 2X with 7 mL of
distilled water. The pellet was dried at 60˚C, dissolved in
10 mL 0.5 M NaOH, and the insoluble material was
removed by centrifugation. Lignin concentrations were
measured by reading the absorbance of the supernatant at
280 nm using a Beckman Coulter DU 800 spectrophotometer (Fullerton, California). Lignin concentrations
were expressed as mg LTGA/g dry weight.

2.4. Determination of Total Phenol
Concentration
The concentration of total phenol was measured as
previously described [46] with modification [47] using a
Folin-Ciocalteu assay and gallic acid standard. A weight
of 0.5 g ground seed was extracted twice with 10 mL
acetone/water (50:50, v/v), and then 200 µL seed extract
and 1 mL of Folin-Ciocalteu reagent were mixed. One
mL 20% Na2CO3 aqueous solution was added and made
to 5 ml with distilled water. The color development was
achieved by incubating the mixture for 90 minutes at
room temperature. The concentration of total phenol was
obtained by reading the absorbance at 765 nm using a
Beckman Coulter DU 800 spectrophotometer (Fullerton,
California). The total phenol concentration was expressed as mg GAE per 100 g of sample (mg GAE/100g).

2.5. Isoflavones Analysis
Concentrations of isoflavones daidzein, genistein, and
glycitein were measured similar to those previously
described [48,49] using near-infrared (NIR) reflectance
diode array feed analyzer (Perten, Springfield, IL, USA).
Initial calibration equations were developed by Perten
company and University of Minnesota, using Thermo
Galactic Grams PLS IQ. The concentrations of isoflavoCopyright © 2012 SciRes.

nes were based on dry matter.

2.6. Analysis of Seed Sucrose, Raffinose, and
Stachyose
Concentrations of sucrose, raffinose, and stachyose were
measured in R8 seed. About 25 g seed were ground using
a Laboratory Mill 3600 (Perten, Springfield, IL). Seed
sugar concentrations were conducted using near infrared
reflectance (NIR) according to others [3,50]. Near infrared reflectance was AD 7200 array feed analyzer
(Perten, Springfield, IL). Initial calibrations equations
were developed by the Department of Agronomy and
Plant Genetics, University of Minnesota St Paul, MN,
using Thermo Galactic Grams PLS IQ software, developed by Perten company (Perten, Springfield, IL). Analyses
of sugars were based on seed dry matter.

2.7. Experimental Design and Statistical Analysis
Treatments were arranged in a split plot design with irrigation as a main block and B treatment as sub-plot. The
data were subjected to analysis of variance using Proc
GLM in SAS [51]. Means were separated by Fisher’s
least significant difference test at the 5% level of probability. Since the analysis of variance showed that there
were interactions between the experiment 1 and experiment 2 for the measured variables, the data of each experiment were separately analyzed and presented in experiment 1 and experiment 2.

3. Results
3.1. Seed Phenol, Lignin, Isoflavones, and Boron
The concentrations of total phenol and lignin in seed
grown in WS and WSB were higher than in W and WB
(Table 1). Total B concentration was higher in seed from
W and WB than in seed from WS or WSB (Table 1).
Cell wall boron percentage was higher in WS than in
WSB, WB, or W. The concentration of individual or total
seed isoflavones was higher in W and WB than in WS or
WSB (Table 1). This trend was consistent in experiment
1 and 2 (Tables 1 and 2).
Applying foliar B fertilizer at R5 - R6 resulted in similar trend to those when foliar B was applied at R1 - R2
(Tables 2 and 3). However, the concentration of total B
was higher when foliar B was applied at R5 - R6 than
those when B was applied at R1 - R2. Cell wall B concentration was lower in WB than in W, WS, or WSB
(Table 3). The general trend of the seed components in
experiment 1 was similar to those in experiment 2 (Tables 3 and 4). Applying B at either R1 - R2 or R5 - R6
growth stages did not result in obvious differences in
total phenol, lignin, or isoflavones concentrations.
FNS

Soybean Seed Phenol, Lignin, and Isoflavones and Sugars Composition Altered by Foliar Boron Application
in Soybean under Water Stress

583

Table 1. Experiment 1, effect of foliar boron (B) fertilizer application at R1 - R2 (flowering stage) on total phenol, lignin, total
B, cell wall B, and composition and total isoflavones in soybean seed. Boron was applied at R1 and R2 stages. Lignin was
measured in seed coat. Foliar B treatments were: W = plants were watered with no foliar B; WB = plants were watered and
received foliar B; WS = plants were water-stressed with no foliar B; WSB = plants were water-stressed and received foliar
B(*).
Treatments

Total phenol
(g/100g)

Lignin
(mg GAE/g)

Total B
(mg/kg)

Cell Wall B
(mg/kg)

Cell wall B
(%)

Daidzein
(µg/g)

Genistein
(µg/g)

Glycitein
(µg/g)

Total isoflavones
(µg/g)

W

5.7 b

4.5 c

43 b

34 b

79 b

743 b

675 b

213 a

1631 b

WB

5.5 b

5.0 b

46 a

37 a

80 b

803 a

865 a

198 a

1866 a

WS

8.9 a

7.5 a

21 d

19 d

90 a

435 d

412 d

133 b

980 d

WSB

7.2 a

7.4 a

29 c

23 c

79 b

542 c

498 c

122 b

1162 c

*

Means within a column followed by the same letter are not significantly different at the 5% level.

Table 2. Experiment 2, effect of foliar boron (B) fertilizer application at R1 - R2 (flowering stage) on total phenol, lignin, total
B, cell wall B, and composition and total isoflavones in soybean seed. Boron was applied at R1 and R2 stages. Lignin was
measured in seed coat. Foliar B treatments were: W = plants were watered with no foliar B; WB = plants were watered and
received foliar B; WS = plants were water-stressed with no foliar B; WSB = plants were water-stressed and received foliar
B(*).
Treatments

Total phenol
(g/100g)

Lignin
(mg GAE/g)

Total B
(mg/kg)

Cell Wall B
(mg/kg)

Cell wall B
(%)

Daidzein
(µg/g)

Genistein
(µg/g)

Glycitein
(µg/g)

Total isoflavones
(µg/g)

W

4.6 c

5.7 d

38 a

25 a

66 c

765 b

854 b

734 b

2353 b

WB

4.1 d

6.3 c

36 a

24 a

67 c

812 a

971 a

882 a

2665 a

WS

8.5 a

9.6 b

17 c

16 c

94 a

436 d

465 d

423 d

1324 d

WSB

7.3 b

10.5 a

25 b

20 b

80 b

557 c

543 c

643 c

1743 c

*

Means within a column followed by the same letter are not significantly different at the 5% level.

Table 3. Experiment 1, effect of foliar boron (B) fertilizer application at R5 - R6 (seed-fill stage) on total phenol, lignin, total
boron (B), cell wall B, and composition and total isoflavones in soybean seed. Lignin was measured in seed coat. Foliar B fertilizer was applied at R5 and R6. Foliar B treatments were: W = plants were watered with no foliar B; WB = plants were watered and received foliar B; WS = plants were water-stressed with no foliar B; WSB = plants were water-stressed and received foliar B(*).
Treatments

Total phenol
(g/100g)

Lignin
(mg GAE/g)

Soluble B
(mg/kg)

Cell Wall B
(mg/kg)

Cell wall B
(%)

Daidzein
(µg/g)

Genistein
(µg/g)

Glycitein
(µg/g)

Total isoflavones
(µg/g)

W

6.7 c

7.6 c

48 a

38 a

79 b

857 b

754 b

265 a

1876 b

WB

6.3 c

6.8 d

49 a

30 b

61 c

984 a

985 a

231 b

2200 a

WS

8.5 a

10.4 b

28 c

89 a

467 d

378 d

114 d

959 d

WSB

7.9 b

11.1 a

33 b

25 c
30 b

91 a

576 c

532 c

156 c

1264 c

*

Means within a column for each water treatment separately followed by the same letter are not significantly different at the 5% level.

Table 4. Experiment 2, effect of foliar boron (B) fertilizer application at R5 - R6 (seed-fill stage) on total phenol, lignin, total
boron (B), cell wall B, and composition and total isoflavones in soybean seed. Lignin was measured in seed coat. Foliar B fertilizer was applied at R5 and R6. Foliar B treatments were: W = plants were watered with no foliar B; WB = plants were watered and received foliar B; WS = plants were water-stressed with no foliar B; WSB = plants were water-stressed and received foliar B(*).
Treatments

Total phenol
(g/100g)

Lignin
(mg GAE/g)

Soluble B
(mg/kg)

Cell Wall B
(mg/kg)

Cell wall B
(%)

Daidzein
(µg/g)

Genistein
(µg/g)

Glycitein
(µg/g)

Total isoflavones
(µg/g)

W

5.4 c

5.4 d

50 a

39 a

78 c

765 b

865 b

234 b

1864 b

WB

4.3 d

6.3 c

52 a

36 b

69 d

848 a

978 a

287 a

2113 a

WS

8.7 a

11.3 a

21 c

17 d

81 b

365 d

310 d

111 c

786 d

WSB

7.5 b

9.3 b

31 b

27 c

87 a

552 c

425 c

104 c

1081 c

*

Means within a column for each water treatment separately followed by the same letter are not significantly different at the 5% level.

Copyright © 2012 SciRes.
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3.2. Seed Sucrose, Raffinose, Stachyose, and
Total Sugars
Application of foliar boron at R1 - R2 or R5 - R6 resulted in higher seed sucrose concentration in W and WB
than in WS or WSB (Tables 5-8). However, seed raffinose and stachyose concentrations in W and WB were
lower than in WS or WSB (Tables 5-8). Seed sucrose
was higher in WSB than in WS, but raffinose and stachyose were higher in WS than in WSB. No consis- tency of total sugar concentrations was noticed between
foliar B treatments. This trend was also observed when
foliar B fertilizer was applied at R5-R6, but with noticeable increase in sucrose concentration when foliar B was
applied at R5 - R6 (Tables 7-8). The increase in sucrose
concentration resulted from foliar B at R1-R2 (Tables

Table 7. Experiment 1, effect of foliar boron (B) fertilizer
application at R5 - R6 (seed-fill stage) on seed concentrations of sucrose, raffinose, stachyose, and combined sugars
(sucrose + raffinose + stachyose) in soybean seed. Foliar B
was applied at R5 and R6. Foliar B treatments were: W =
plants were watered with no foliar B; WB = plants were
watered and received foliar B; WS = plants were waterstressed with no foliar B; WSB = plants were water-stressed
and received foliar B(*).
Treatments

Sucrose
(mg/g)

Raffinose
(mg/g)

Stachyose
(mg/g)

Total sugars
(mg/g)

W

55 b

4.6 d

33 d

92.6 b

WB

69 a

6.3 c

36 c

111.3 a

WS

29 d

8.5 a

58 a

95.5 b

WSB

37 c

7.2 b

51 b

95.2 b

*

Table 5. Experiment 1, effect of foliar boron (B) fertilizer
application at R1 - R2 (flowering stage) on seed concentrations of sucrose, raffinose, stachyose, and combined sugars
(sucrose + raffinose + stachyose) in soybean seed. Foliar B
was applied at R1 and R2. Foliar B treatments were: W =
plants were watered with no foliar B; WB = plants were
watered and received foliar B; WS = plants were waterstressed with no foliar B; WSB = plants were water-stressed
and received foliar B(*).
Treatments

Sucrose
(mg/g)

Raffinose
(mg/g)

Stachyose
(mg/g)

Total sugars
(mg/g)

W

47 b

5.7 c

36 d

88.7 b

WB

53 a

6.3 b

39 c

98.3 a

WS

32 d

7.2 a

43 b

82.2 c

WSB

43 c

6.2 b

48 a

97.2 a

Means within a column for each water treatment separately followed by the
same letter are not significantly different at the 5% level.

Table 8. Experiment 2, effect of foliar boron (B) fertilizer
application at R5-R6 (seed-fill stage) on seed concentrations
of sucrose, raffinose, stachyose, and combined sugars (sucrose + raffinose + stachyose) in soybean seed. Foliar B was
applied at R5 and R6. Foliar B treatments were: W = plants
were watered with no foliar B; WB = plants were watered
and received foliar B; WS = plants were water-stressed with
no foliar B; WSB = plants were water-stressed and received
foliar B(*).
Treatments

Sucrose
(mg/g)

Raffinose
(mg/g)

Stachyose
(mg/g)

Total sugars
(mg/g)

W

56 b

4.7 c

31 c

91.7 b

WB

67 a

3.1 d

33 c

103.1 a

WS

26 d

9.8 a

63 a

98.8 a

WSB

33 c

8.5 b

49 b

90.5 b

*

Means within a column for each water treatment separately followed by the
same letter are not significantly different at the 5% level.
*

Table 6. Experiment 2, effect of foliar boron (B) fertilizer
application at R1 - R2 (flowering stage) on seed concentrations of sucrose, raffinose, stachyose, and combined sugars
(sucrose + raffinose + stachyose) in soybean seed. Foliar B
was applied at R1 and R2. Foliar B treatments were: W =
plants were watered with no foliar B; WB = plants were
watered and received foliar B; WS = plants were waterstressed with no foliar B; WSB = plants were water-stressed
and received foliar B(*).
Treatments

Sucrose
(mg/g)

Raffinose
(mg/g)

Stachyose
(mg/g)

Total sugars
(mg/g)

W

41 b

4.3 d

35 d

80.3 c

WB

54 a

5.3 c

39 c

98.3 a

WS

23 d

8.5 a

57 a

88.5 b

WSB

35 c

7.2 b

43 b

85.2 cb

*

Means within a column for each water treatment separately followed by the
same letter are not significantly different at the 5% level.
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Means within a column for each water treatment separately followed by the
same letter are not significantly different at the 5% level.

5-6) or R5 - R6 (Tables 7-8) supports previous findings
that B is involved in carbohydrate metabolism. The opposite trend between sucrose and raffinose and stachyose
in WS and WSB compared with W and WB suggested
that water stress altered the distribution and biosynthesis
of sucrose, raffinose, and stachyose concentrations, and
indicated a possible role of raffinose and stachyose in
water stress tolerance.

4. Discussion
4.1. Lignin, Phenol, and Boron
The increase of seed phenol and lignin in WS and WSB
than in W or WB when foliar B was applied at R1 - R2
or R5 - R6 indicated that water stress resulted in an increase in seed phenol and lignin concentrations. It was
FNS
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reported that B was associated with the content and metabolism of phenolic compounds [52]. This was explained that the accumulation of phenolic compounds
was due to increased synthesis of phenolic compounds
and inhibition of phenolic compounds use in the cell wall
synthesis in B deficient tissues [53]. Results from leaf
tissue showed that B in WS and WSB was the lowest (18
mg B/kg for WS and 27 mg/kg for WSB) compared with
47 mg/kg for W and 62 mg/kg for WB) (data not shown).
Based on these results, the level of B in leaf tissue in WS
and WSB was below adequate, especially in WS plants.
Therefore, one can predict that both WS and WSB plants
were grown under B deficiency and both phenol and lignin concentrations were expected to be higher, and the
increase in phenol and lignin concentration could be due
to both water stress and B deficiency. It was reported that
B plays a significant role in transport of carbohydrates,
cell wall metabolism [22], permeability and stability of
cell membranes [10], phenol metabolism, and lignin
biosynthesis (11, 54). It was shown that B deficiency
induced plasma membrane solute leakage [20,55], inhibited meristematic tissue development [11], and affected
cell wall integrity [21]. Other researchers found that at
the early stage of water stress (0 - 14 d), the activity of
some enzymes involved in lignin biosynthesis such as
phenyl alanine ammonialyase and ascorbate peroxidase
increased. However, other enzymes such as guaiacol peroxidase, coniferyl alcohol peroxidase and syringal- dazine peroxidase exhibited greater activity during the final
stages of stress (14 - 28 d) [41]. The increase of phenol
and lignin concentrations under water stress may provide
WS and WSB plants with rigidity and resistance against
mechanical damage [56] to protect the root sys- tem
against water stress.
From the biochemical and physiological aspect, the
increase of phenol and lignin concentrations can be discussed in the following manner. Boron has the ability to
form complexes with compounds having cis-diol configurations in the cell wall and plasma membranes, and
plays a crucial role in the maintenance of structural integrity of plasma membranes, possibly to protect plasma
membranes against peroxidative damage by toxic oxygen
species [57]. It is widely accepted that the morphological
and physiological disturbances caused by boron deficiency, in our case resulting from water stress in WS and
WSB, could be associated with formation of complexes
between B and compounds having cis-hydroxly groups
(diols) such as pectin in cell walls, glycoproteins or glycolipids in membranes, and o-diphenols [11]. It was
found that B deficiency resulted in increased phenolic
compounds and polyphenoloxidase activity, leading to
ion leakage, phenols oxidation and generation of reactive
quinones which produce toxic oxygen species leading to
Copyright © 2012 SciRes.
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a peroxidative damage to cell components such as membrane lipids and proteins [57]. Moreover, in B-deficient
tissues, defense capacity of species could be weakened
due to reduced levels of ascorbic acid, SH-compounds,
and H2O2 scavenging enzymes [58,59]. Therefore, the
damaging effect of water stress was due to its effects on
its inhibitory effects on B uptake, transport, and accumulation, resulting in B-deficient plants grown in WS and
WSB.
The other possibility is that B deficiency, resulting
from water stress, increased levels of toxic oxygen species due to impairments in photosynthesis and antioxidative defense systems, leading to a shift in the substrate
flux from glycolysis into the pentose phosphate pathway,
enhancing phenol synthesis [22] and the formation of
borate complexes with some phenolics such caffeic acid.
This borate-complex, resulting from B-caffeic acid, can
block the formation of quinones, facilitating the synthesis
of phenolic alcohols which are the precursors of lignin
biosynthesis [10,54]. Therefore, formation of B-complexes with phenolics would increase both phenol and
lignin concentrations, and this is may be important for
the membrane integrity [57] and cell wall structural support against the damaging effects of water stress.
The increase of total seed B in W and WB compared
to WS and WSB was due to irrigation and foliar B fertilizer. The higher cell wall percentage in WS and WSB
than in W or WB was due to limited available/soluble B
in the cell and to the higher cell wall B fraction due to the
structural role of B. The opposite trend between total B
and cell wall B can be explained by more total boron is
available in the cell, the less cell wall B is used for cell
wall structural support. Since B in WS and WSB plants
was deficient, the B available to the cell for other function such as phenolics and carbohydrate metabolism was
limited. Since the primary function of B is structural,
then the limited available B will be integrated into cell
wall synthesis. Our findings are supported by previous
results [16,21,57,60] in that B has a structural role. Although the involvement of B in phenol and lignin metabolism is supported by previous research [11], the physiological and biochemical mechanisms that control the
relationships between B and phenolics biosynthesis need
further research.

4.2. Isoflavones
The increase of individual and total isoflavones under
foliar B application in seed from W and WB plants suggested that both irrigation and B has a stimulatory effect
on isoflavones biosynthesis, and this may suggest a possible involvement of B in isoflavones synthesis. Boron is
involved in several physiological, biochemical, and mo-
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lecular processes such as sugar transport and metabolism,
cell wall structure, lignification, RNA metabolism, phenol metabolism, membrane integrity [61], ascorbate metabolism [58], and oxygen activation [11]. Recent research showed that foliar B fertilizer altered protein, oil,
and fatty acids [16], and B was involved in cell wall integrity and synthesis by formation of boron-pectin complexes [60,62,63] and plasma membrane integrity [57,64,
65]. Whether the involvement of B in isoflavones is direct or indirect remains unclear. From the gene expression aspect, water stress was found to affect the expression of genes. For example, it was found that the expression pattern of these genes were clustered in three categories: 1) genes that were expressed at low level at the
beginning of seed development, peaked at intermediate,
and decreased at the late stages (PAL1, CHS1, CHS2,
CHS3, and CHS4 genes); 2) genes that were expressed at
higher level at early stages, then decreased at the end of
seed maturation (F3H, C4H, CHI1B1, DFR1, CHR, and
4CL genes); and 3) genes that gradually increased their
expression, reaching their maximum expression level by
the late stages (GST24, CHS7, CHS8, IFS1, and IFS2
genes). Transcripts of CHI1A showed a unique expression pattern, and were considered a distinct group. Other
researchers found that synthesis and accumulation of
isoflavones were affected by irrigation, and irrigation
increased isoflavones by 2.5 folds [66,67].
It was concluded that soil moisture increased daidzein,
genistein and total isoflavones, but not glycitein when
water stress was imposed at R6 [68]. Up to 45% increase
of isoflavones was measured under irrigated conditions
versus nonirrigated conditions [67]. In these two experiments cultivars responded differently to irrigation, and in
both experiments an increased expression of PAL, CHS7,
CHS8 and IFS2 temporally coincided with the onset of
embryonic isoflavonoid accumulation [33]. The content
and distribution of isoflavones were found to be altered
by cultivar, tissue type, and growth conditions such as
planting location, crop year, temperature, soil nutrition,
and storage durations [69-71]. Other researchers did not
find differences in isoflavones between irrigated and nonirrigated environments [72], but the discrepancies in the
results were due to uncontrollable natural rainfall [72]
and differences in the effects of environmental factors
[24].

4.3. Sucrose, Raffinose, Stachyose, and Total
Sugars
The increase of sucrose concentration in seed grown in
W and WB compared to those from WS and WSB
indicated that irrigation and B application increased seed
sucrose accumulation. The opposite trend between suCopyright © 2012 SciRes.

crose and raffinose and stachyose, observed in WS and
WSB was previously observed, and the involvement of B
in sugars was previously reported [11]. The relationship
between sugar fractions was also previously reported.
For example, a positive correlation between total sugar
and sucrose and raffinose was found, but no significant
correlation was found for stachyose [2,73,74]. It was also
reported that a positive correlation was found between
sucrose and raffinose, but a negative correlation was found
between sucrose and stachyose [75]. Soybean genotypes
with a unique oligosaccharide profile with higher sucrose
and low raffinose and stachyose were identified in soybean plant introductions [74], but no soybean cultivars
with improved sugar profiles have been released [74].
Our results showed that foliar B fertilizer resulted in
higher seed sucrose under irrigated conditions, but under
water stress conditions, the concentrations of seed sucrose decreased and seed raffinose and stachyose increased. Application of foliar B at either R - R2 or R5 - R6 did
not result in obvious differences in total sugars under
irrigated or non-irrigated conditions, suggesting that B
application under irrigated or non-irrigated may mainly
affect the partitioning of sugars. Although the involvement of B in sugars was previously reported, the mechanisms that control this relationship are not yet understood, and further research is needed to investigate this
relationship.

5. Conclusion
Seed phenol and lignin concentrations were higher under
water-stressed soybean than in those of watered plants
whether foliar B was applied or not, or whether foliar B
was applied at R1 - R2 or at R5 - R6. Foliar B fertilizer
resulted in higher total seed B and isoflavones under
watered and water-stressed plants. Cell wall B had the
opposite trend to that of total B, supporting previous
research that B has a structural role, but a metabolic role
of B cannot be excluded. Foliar B fertilizer application
resulted in an increase of seed sucrose under irrigated
conditions but a decrease in raffinose and stachyose
under water stress conditions, suggesting that water
stress altered the portioning of sugars. Higher seed isoflavones and sucrose are desirable, and have nutritional
benefits to the consumer. Although higher stachyose may
contribute to water stress/drought tolerance, stachyose
has negative effects on the nutritive value of the soy meal
and causes flatulence or diarrhea in nonruminants
because it is indigestible by human and animals.
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