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Abstract

Despite reports that boron (B) requirements differ among plant species there is a shortage of critical evidence
to demonstrate unequivocally whether species differ in internal or external B requirements or both. The present
research was conducted to establish the external and internal B requirements of three contrasting species, a woody
dicot (marri), an herbaceous dicot (sunflower) and a monocot (wheat) using B-buffered solution culture. Boron-
buffered solution culture provided satisfactory control of external B concentrations ranging from 0.04 to 30 µM
throughout the 20- (sunflower and wheat) or 40-day (marri) growth period. At low external B concentrations (≤
0.13 µM), the growth of marri and sunflower was severely depressed but by contrast the vegetative growth of wheat
plants was satisfactory and free of B deficiency symptoms. Marri and sunflower plants achieved total maximum
shoot growth at ≥1.2 µM B in solutions while wheat plants did so at ≥ 0.6 µM B. The critical B concentrations
(mg kg−1 dry matter) in the youngest open leaf blades of marri, sunflower and wheat plants were 17.9, 19.7 and
1.2 on 20, 10 and 10 days after transplanting (DAT), respectively. Lower internal and external B requirements of
wheat were matched by a lower uptake rate of B compared to marri and sunflower.

Introduction

Boron is an essential micronutrient for the normal
growth of monocots, dicots, conifers and ferns (Bould
et al., 1984; Shelp, 1993), but B requirements are re-
ported to differ among these groups and also among
plant species within these groups. For example, in
wheat, a B concentration of 3 mg kg−1 dry matter
was reported to be adequate during vegetative stage
(Marten and Westermann, 1991; Reuter et al., 1997).
By contrast, during reproductive growth, pollen ap-
pears to require 8–10 mg kg−1 in order to avoid grain
yield losses from sterility (Rerkasem et al., 1997).
Among the reproductive parts of wheat, the B re-
quirement of the male reproductive organs for pollen
germination was greater than that for female gamete

development (Rerkasem et al., 1997). By contrast, it is
reported that the internal B requirements of dicots are
generally higher than monocots such as wheat both at
vegetative and reproductive stages of growth (Gupta,
1993). Recently, Bell (1997) reported that leaf B con-
centrations of <1 mg B kg−1 dry matter in monocots
such as wheat compared to <10 mg B kg−1 dry matter
in dicots are generally associated with B deficiency
symptoms.

Sunflower is one of the crops most sensitive to B
deficiency and it has poor vegetative growth and seed
set when the growth medium has a limited B supply
(Blamey et al., 1987, 1997). In sunflower, B deficiency
symptoms first become evident on the younger leaves
which have a bronze colour and become hardened,
malformed and necrotic (Blamey et al., 1997). Sun-
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flower roots are also sensitive to B deficiency as they
stop their growth within 6 h after the removal of B
from the growth medium (Dugger, 1983).

Various Eucalyptus tree species also have high B
requirements. The internal B requirements for euca-
lyptus leaves are reported as 12 mg B kg−1 dry matter
(Dell et al., 1995). Poor stem growth and malformed
leaves in plantations of Eucalyptus globulus, Euca-
lyptus grandis and Eucalyptus urophylla were reported
because of B deficiency (Dell and Malajczuk, 1994).
Other common B deficiency symptoms in eucalyptus
include change in pigmentation in the young leaves,
malformed developing leaves with missing sectors at
the margin or within the blade, and yellowing of leaves
which can extend from the leaf margin interveinally
over the whole blade (Dell et al., 1995). Bangash and
Gardiner (1985) also reported that the absence of B
from nutrient solutions resulted in apical bud-dieback
in E. pauciflora and E. viminalis.

Low internal B requirements in cereals compared
to dicots (Loomis and Durst, 1992) have been at-
tributed to differences in their cell wall characterist-
ics (Yamauchi, 1971). However, previously, Tanaka
(1967) reported that the roots of monocots had a lower
capacity to absorb B than the roots of dicots. His
findings of low absorption rate of B by monocots are
consistent with their low internal B requirements. The
cell wall pectin concentration of a plant species may
also control the B uptake rates.

Although previous studies have reported differen-
tial uptake of B by different plant species, inadequate
control of low B concentrations in the growth medium
may lead to incorrect conclusions about the internal
and external B requirements in plants. Boron-buffered
solution culture system provided satisfactory control
of external B concentrations in nutrient solutions for
short-term studies (Asad et al., 1997a) with canola
and seemed an ideal medium in which to compare
the internal and external B requirements of contrasting
species.

The objectives of the present research were to com-
pare the external and internal B requirements of three
plant species (marri, sunflower and wheat) and their
uptake and distribution of B in B-buffered solution
culture. Further the benefits of B-buffered solution
culture system for different plant species will also be
considered.

Material and methods

General procedures for cleaning the B specific resin
have been described by Asad et al. (1997a). For this
experiment, when all B-free triple deionized (TDI)
water had drained from the cleaned resin, a constant
amount of wet resin (24 g) was loaded with 1, 2, 4, 8,
16, 32 and 100% of its B saturation capacity by shak-
ing the resin for 72 h in 1 l of TDI water containing
0.5, 1.0, 2.0, 4.2, 8.3, 16.6 and 51.8 mg B (H3BO3),
respectively. After loading the resin with B in the
above solutions, B-loaded resin was rinsed with B-free
double deionized water (Asad et al., 1997a). One gram
of wet resin was transferred to an acid washed cotton
bag for each 5-l pot. The B sorption capacity of this
batch of resin was 2.16 mg B per g wet resin (Sigma,
1980).

The full-strength basal nutrient solution used in
this experiment contained (µM): NH4NO3, 2000;
KNO3, 2800; Ca (NO3)2, 1600; MgSO4, 1000;
KH2PO4, 100; K2HPO4, 100; ZnSO4, 2; MnSO4, 2;
CuSO4, 0.5; Na2MoO4, 0.08; NaCl, 8; and FeEDTA,
40. During the growth period of plants, the nutrient
solutions were not changed. Instead, programmed nu-
trient addition was used (Asher and Blamey, 1987) to
repeatedly add small amounts of all nutrients except
B into each pot. The amount of salts needed was cal-
culated from the dry weight increment of extra plants
harvested at 4–5-day intervals. Optimum shoot nu-
trient concentrations for sunflower and wheat plants
were derived from Weir and Cresswell (1994) and
for marri from Dell et al. (1995). Analytical grade
chemicals were used to make up the nutrient solu-
tions. Triple deionized water was used throughout the
study and for making up the solutions, and was further
purified to remove B by passing drop wise through a
column containing B-specific resin. The macronutri-
ent stock solutions were prepared with B-free water
and further purified by bubbling these solutions with
B-specific resin for 24 h.

Seeds of marri (Corymbia calophylla) were al-
lowed to germinate in water. Seeds started to ger-
minate after 12 days continuous bubbling in aerated
TDI water renewed every 24 h. After germination, the
seedlings were transferred to 0.25 strength basal nu-
trient solution. Thirty-four days after germination, six
seedlings were transferred to 5-l plastic pots lined with
polythene bags containing full strength basal solutions
with B-specific resin in acid washed cotton bags. Sun-
flower (Helianthus annuus cv Hysun 25) and wheat
(Triticum aestivum cv BT-Schomburgk) were germin-
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ated by wrapping them in paper towels moistened with
1000 µM Ca (NO3)2 in the dark at 25◦C for 48 h. Ten
selected seedlings of these plants were transferred to
5-l plastic pots lined with polythene bags containing
full strength nutrient solution with B-specific resin in
acid-washed cotton bags. The pots were randomly dis-
tributed in water baths maintained at 18, 20 and 22◦C
for wheat, marri and sunflower, respectively. Solution
pH was adjusted to 6.0±0.2 every day with 4% H2SO4
or 2% NaOH (both were analytical grade chemicals).
Nutrient solutions in all the pots were continuously
aerated with filtered air. For B analysis in nutrient
solutions, 250-ml samples were collected on Days 0,
20 and 40 from pots containing marri plants, while
they were collected on Days 0, 10 and 20 for sun-
flower and wheat pots. Boron concentrations in solu-
tions were determined by inductively coupled plasma
atomic emission spectrophotometry (ICP-AES) after
concentrating B using the B-specific resin as reported
by Asad et al. (1997b).

Harvest procedure

The number of plants per pot was thinned to four in
the case of marri and eight for sunflower and wheat,
2 days after transplanting (DAT). Plants were harves-
ted at two stages. The first harvest was 20 DAT in
case of marri and 10 DAT in the case of sunflower
and wheat. The second harvest was when marri plants
were 40 DAT and sunflower and wheat plants were 20
DAT. Plants were separated into leaf blades, petioles,
stems and roots for marri and sunflower. Wheat plants
were separated into leaf blades, sheath, remainder of
shoot and roots. Plant samples were dried at 70◦C to
constant weight. Dry weights of the plants were re-
corded at each harvest. The dried plant samples were
finely milled and digested in concentrated nitric acid
at 130◦C for B determination by ICP-AES (Zarci-
nas et al., 1987). The critical internal values of B in
the youngest opened leaves (YOL), YOL+1, YOL+2
and YOL+3 were determined at 90–95% of maximum
shoot dry matter when modeled with the Mitscherlich
equation (Ware et al., 1982). These values are reported
for harvest 1, as they were more or less the same for
harvest 2.

Mean rates of nutrient absorption were calculated
using the formula of Williams (1948) and the root
efficiency was calculated according to Edwards and
Asher (1974). The relative transport rates, defined as
the movement of ions from root to top of plants from

harvest 1 to 2 were calculated using the formula of
Loneragan and Snowball (1969).

Data analysis

All treatments were arranged in a randomized com-
plete block design with four replicates for each harvest
time. The results were analysed by standard analysis
of variance techniques (Gagnon et al., 1984). Signi-
ficant treatment effects were separated with Fisher’s
protected LSD Test at p ≤ 0.05. Analysis of variance
of B concentrations in nutrient solution and plants was
based on log transformed data because of non-normal
distributions of the treatment variances (Gomez et al.,
1994).

Results

On Day 0, B concentration increased from 0.03 to
28.3 µM B in the nutrient solutions with increasing
the loading of B on resin from 1 to 100% of full B
saturation (data not shown). There was no significant
change of B concentrations in nutrient solutions from
Days 0 to 20 (marri) and Days 0 to 10 (sunflower and
wheat) (data not shown). In the case of marri, B con-
centrations decreased from Day 0 to 40, when the resin
was loaded at 16 and 32% of its full saturation (with B
concentration 1.13 and 1.3 µM, respectively, on Day
0). Similarly in pots containing sunflower, solution B
concentration declined where the resin was loaded to
16% of its full saturation capacity (with B concentra-
tion 1.13 µM on Day 0). Thus, the B-specific resin did
not fully maintain the B equilibrium in 16 and 32% of
full B saturation of resin in the case of marri and 16%
of full saturation of resin in the case of sunflower. But
from the results of this experiment it was clear that
B-specific resin continued to supply B over time to
these plant species as their dry weight and B content
increased 3–5-fold from Harvest 1 to 2 (Tables 1 and
2). Thus, the B specific resin generally buffered the B
concentrations in nutrient solutions for 0–20 days with
the fast-growing sunflower and wheat and from 0 to 40
days for the smaller marri.

Marri

After 20 days growth in B-buffered nutrient solutions
(Harvest 1), plants at ≤0.08 µM mean B, had small
cotyledons and had produced no new leaves apart from
those present at transplanting. Roots of these plants
were malformed. Some plants at 0.13 µM B produced
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Table 1. Dry weight (mg/plant) of plants after 10 (H1) and 20 (H2) days in case of sunflower and wheat,
and 20 (H1) and 40 (H2) days in the case of marri in solutions treated with boron loaded resin: values
are means of four replicates

Mean boron Leaf blades Petioles Stems Roots

concentrations H1 H2 H1 H2 H1 H2 H1 H2

(µM)

Marri 0.05 —a — — — 8 11 16 42

0.08 — — — — 9 15 37 78

0.13 45 156 2 6 10 47 54 171

0.36 59 221 3 14 14 80 107 275

0.91 77 577 6 20 22 205 114 595

1.24 133 663 10 22 26 289 159 619

28.6 173 924 12 34 34 338 184 1048

Sunflower 0.04 – – – – 7 10 38 134

0.05 – – – – 13 19 57 177

0.16 19 98 4 7 20 315 138 214

0.36 25 133 6 12 30 296 155 212

0.97 94 391 9 22 92 553 154 861

1.20 150 676 18 36 129 814 181 1573

26.4 273 883 19 49 146 981 217 2200

Wheatb 0.04 223 503 9 18 75 56 175 726

0.07 255 670 10 23 94 113 200 904

0.16 259 714 11 24 113 124 175 946

0.36 266 750 10 25 120 122 185 961

1.23 290 805 11 33 121 148 183 1139

1.40 295 822 12 48 119 231 186 1065

28.3 296 836 14 56 133 301 195 1282

LSD

Boron Levels (B) 32∗∗ 90∗∗ 2∗∗ 7∗∗ 13∗∗ 68∗∗ 33∗∗ 200∗∗
Species (S) 21∗∗ 60∗∗ 2∗∗ 4∗∗ 10∗∗ 45∗∗ 22∗∗ 132∗∗
B×S 57∗∗ 160∗∗ 5∗∗ 13∗∗ 28∗∗ 120∗∗ 60∗∗ 351∗∗

∗∗ANOVA, ∗significant at (p ≤ 0.05).
aPlants did not produce these parts
bIn the case of wheat, the petiole category represents leaf sheaths

young leaves but their size was stunted compared to
plants at higher B levels (≥ 1.2 µM). The shape of
leaves in plants at 0.36 and 0.91 µM B was more roun-
ded than elongated. Plants at ≥ 1.24 µM B in solution
had healthy growth of young shoot and the shape of
their leaves were normal. Roots of these plants were
large and healthy as compared to plants at ≤ 1.24 µM
B. After 40 days of growth (Harvest 2), plants at 0.05–
0.08 µM B in solution maintained the growth of their
cotyledons but still did not produce any new young
leaves. Cotyledons of these plants were desiccated
after 40 days growth and their roots remained short.
Plants in 0.13 µM B solutions produced some young
leaves, and whilst the leaves were a healthy looking,

but the size of leaves and tap roots of these plants were
miniature. In 0.36 µM B solutions, plants had small
rounded leaves and slim roots as compared to plants
of 0.91 µM B solutions, which had healthy leaves and
roots. Plants grown at ≥ 1.2 µM B had good growth
throughout the experimental period.

At 20 DAT, maximum dry weight of leaves, peti-
oles, stems and roots was found at ≥ 1.2 µM external
B. At 40 DAT, the maximum dry weight of leaf blades
and petioles was found at 28.6 µM B and at ≥ 1.2 µM
B for the rest of the plant parts (Table 1). Dry weight
of leaf blades, petioles, stems and roots was simil-
arly depressed in plants at 0.13 and 0.36 µM B. At ≤
0.08 µM external B concentration, the dry weight of
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Table 2. Boron concentrations (mg/kg) in various parts of plants after 10 (H1) and 20 (H2) days, in the case of
sunflower and wheat, and 20 (H1) and 40 (H2) days in the case of marri in solutions treated with boron loaded
resin: values are means of four replications.

Mean boron Leaf blades Petioles Stems Roots

concentrations H1 H2 H1 H2 H1 H2 H1 H2

(µM)

Marri 0.05 –a – – – 2.3c 5.2d 1.3c 2.1d

0.08 – – – – 4.6c 8.1d 1.9c 2.0d

0.13 5.2d 9.0d 5.5a 7.6b 8.2c 10.1c 4.1c 5.1cd

0.36 10.7d 14.8c 7.5a 12.3a 9.0c 11.7c 4.4b 4.7c

0.91 11.2c 17.7b 8.9a 12.9a 10.4b 15.8b 6.1b 5.5b

1.24 16.7b 19.9ab 9.6a 13.6a 12.4b 17.2b 7.1a 5.9b

28.55 29.2a 26.3a 10.5a 14.8a 18.2a 23.8a 13.4a 13.3a

Sunflower 0.04 – – – – 4.9d 5.7d 5.9c 6.9d

0.05 – – – – 5.2cd 6.3e 6.5c 7.3d

0.16 4.2d 8.3d 4.6b 8.5c 9.6c 13.8c 8.8b 11.0d

0.36 5.6d 13.4c 4.6b 14.1b 11.3cd 16.4bc 10.6b 11.1d

0.97 11.6c 19.0b 4.8b 17.0b 13.1b 18.6b 10.7b 13.3c

1.20 24.6b 21.7b 5.0a 17.0b 15.5b 18.6b 12.3ab 12.7b

26.44 32.1a 30.9a 6.9a 22.0a 21.0a 25.7a 18.4a 20.3a

Wheatb 0.04 0.5e 0.7d 0.3c 0.6e 0.7d 0.6d 1.1a 0.3c

0.07 0.7de 1.0c 0.8c 1.3d 1.3bc 1.0c 1.0a 0.5bc

0.16 0.7de 1.3c 1.8b 1.6cd 1.0cd 1.1c 1.3a 0.5bc

0.36 0.9cd 1.3c 2.1b 2.2c 1.3bc 1.3c 1.1a 0.72bc

1.23 1.3bc 2.1b 2.2b 3.4b 1.6b 1.9b 1.2a 0.7ab

1.40 1.7b 1.9b 2.8b 5.2a 1.8b 2.1b 1.8a 1.9ab

28.33 6.6a 8.1a 4.9a 5.9a 4.2a 3.2a 3.7a 3.9a

aPlants did not produce these parts.
bIn the case the of wheat, the petiole category represents leaf sheaths.
∗Analysis of variance of boron concentrations in plants was based on log transformed scale. In a column, means
followed by a common letter are not significantly different at p < 0.05.

stems and roots was strongly depressed as compared
to adequate B levels.

Boron concentrations in different plant parts in-
creased with increasing B concentrations in nutrient
solutions (Table 2). For example, in leaf blades on
20 DAT, B concentration (mg kg−1) was 11.2, 16.7
and 29.2, and on 40 DAT it was 17.7, 19.9 and 26.3
in plants of 0.91, 1.24 and 28.6 µM B solutions, re-
spectively. The sharp increase in B concentration in
leaf blades from 20 to 40 DAT in plants at ≤ 0.91
µM B solutions was also found in stems and petioles
(Table 2). However, there was no major difference
in B concentrations of roots from one harvest to the
other at various external B levels. In most plant parts,
maximum B concentrations were found in the plants
of 28.5 µM B solutions. Minimum B concentrations

were found in stems and roots at ≤ 0.08 µM external
B concentrations.

The critical B concentrations of youngest opened
leaves (YOL), YOL+1, YOL+2 and YOL+3 of marri,
associated with 90% of maximum shoot growth were
17.9, 16.1, 17.6 and 19.6 mg B kg−1, respectively
(Fig. 1).

Sunflower

Plants at ≤ 0.05 µM mean B concentration produced
only cotyledons and their roots were short and slim.
Plants at 0.16 and 0.36 µM B produced some new
leaves in addition to those present at the time of trans-
planting and their roots were healthy but these plants
were short at this stage as compared to plants at higher
B levels. Plants in 0.97 µM B solutions though produ-
cing the same parts as those of higher B levels were
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Figure 1. The relationship between boron concentrations (mg/kg dry matter) in blades of YOL, YOL+1, YOL+2 and YOL+3 and shoot dry
weight (g/plant) of 20-day-old marri in boron buffered culture solutions.

nevertheless smaller in size. There were no B defi-
ciency symptoms found in shoot and root of plants at
≥ 1.2 µM external B concentration at 10 DAT.

Like marri, sunflower plants grown in low B solu-
tions (≤ 1.2 µM B) did not produce all the plant parts.
Dry weight of different plant parts was significantly (p
≤ 0.05) depressed in plants of < 1.2 µM B solutions
(Table 1). Apart from stems and roots on 10 DAT, the
dry weights of all plant parts at both harvests were
significantly (p ≤ 0.05) higher in plants at 26.4 µM
B solutions. Markedly (p ≤ 0.05) less dry weight in
all plant parts was found in plants of ≤ 0.05 µM B
solutions.

Boron concentrations in different plant parts in-
creased with increasing the external B concentration.
Significantly (p ≤ 0.05) higher B concentrations (mg
kg−1) were found in parts of plants grown with 26.4
µM B except in petioles and roots on 10 DAT where
the B concentrations were unchanged at ≥ 1.2 µm B in
solution (Table 2). Once again like marri, B concentra-
tion in petioles and stems of sunflower increased while
in leaf blades it was decreased from Days 10 to 20 at

maximum external B concentrations (Table 2). How-
ever, B concentration in sunflower roots was nearly the
same from one harvest to the other at various external
B levels.

The critical B concentrations associated with 90%
of maximum shoot growth of sunflower were 19.7,
18.0, 20.1 and 19.9 mg B kg−1 for YOL, YOL+1,
YOL+2 and YOL+3, respectively (Fig. 2).

Wheat

Ten days after transplanting (Harvest 1), no visual
differences resembling B deficiency were observed in
wheat shoots or roots grown at various levels of B.
Previously, Snowball and Robson (1983) also reported
that wheat plants grew quite normally for consider-
able time without added B. However, mild interveinal
chlorosis resembling iron deficiency (Hansen et al.,
1996) was observed in the leaves of plants grown at
0.04 µM B 2 days after transplanting. These symp-
toms disappeared four days after transplanting prob-
ably because of increased phytosiderophore release by
roots and increased iron uptake by wheat plants.
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Figure 2. The relationship between boron concentrations (mg/kg dry matter) in blades of YOL, YOL+1, YOL+2 and YOL+3 and shoot dry
weight (g/plant) of 10-day-old sunflower plants in boron-buffered culture solutions.

Twenty days after transplanting (Harvest 2), wheat
plants at all B levels looked similar to each other, ex-
cept the plants in 0.04 µM B solutions. At 0.04 µM
B, plants had slightly reduced size compared to higher
B levels but they continued their growth without any
B deficiency symptoms on 20 DAT. However, their
roots showed significant B deficiency symptoms, as
they were short. Plants grown in solutions at 0.07 and
0.16 µM B, also had reduced root size. Plants at ≥
1.23 µM B had no B deficiency symptoms.

In plants at 0.04 to 1.23 µM B, dry weight of leaf
blades on 10 DAT was increased by increasing solu-
tion B (Table 1). Maximum dry weight of sheath and
stalk on 10 DAT was found at ≥ 0.07 and ≥ 0.16 µM
B, respectively. However, dry weight of wheat roots
was not increased with increasing the B concentration
in solution on 10 DAT.

At 20 DAT, dry weight of leaf blades increased
with B concentration in nutrient solution to 0.16 µM
external B and beyond this B level, there was no differ-
ence found in the dry weight of leaf blades. However,
maximum dry weight of sheath and stem was obtained

in 1.4 µM B on 20 DAT as compared to 0.16 µM B
on 10 DAT. By contrast with its lack of response at
10 DAT, dry weight of wheat root responded towards
increasing B concentrations in nutrient solution at 20
DAT.

Internal B concentration in various parts of wheat
increased with B concentration in nutrient solutions.
Maximum B concentration was found in the leaf
blades of wheat as compared to other plant parts
(Table 2). At 10 DAT, leaf blades, sheath and stem at
28.3 µM external B had maximum B concentrations
(6.6, 4.9 and 4.2 mg B kg−1 dry weight, respectively).

At 20 DAT, leaf blade and stem of wheat plants
maintained the maximum B concentration (8.1 and
3.2 mg B kg−1 dry weight, respectively) in 28.3 µM
B solutions. Maximum B concentration in leaf sheath
and roots was found in ≥ 1.4 and 1.23 µM B solution,
respectively, on 20 DAT (Table 2).

The critical B concentrations of youngest opened
leaves (YOL), YOL+1, YOL+2 and YOL+3 of wheat,
associated with 90% of maximum shoot growth were
1.2, 1.3, 2.1 and 2.1 mg B kg−1, respectively (Fig. 3).
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Figure 3. The relationship between boron concentrations (mg/kg dry matter) in blades of YOL, YOL+1, YOL+2 and YOL+3 and shoot dry
weight (g/plant) of 10-day-old wheat plants in boron-buffered culture solutions.

Boron absorption and root efficiency

Relative uptake rate of B by all three plant species
increased with increasing B concentration in nutrient
solutions (Table 3). Whilst relative B uptake rates in
wheat also increased with increasing solution B, rates
at each solution B levels were only 3–7% of those
in marri and sunflower. The rates of B absorption
(µmol g−1 root dry weight day−1) at which maximum
or near maximum plant dry weight was obtained were
0.96, 0.94 and 0.05 in marri, sunflower and wheat, re-
spectively. Root efficiency (Edwards and Asher, 1974)
declined progressively in all species as solution B con-
centration increased from 0.05 to 28.5 µM (Table 3).
Maximum root efficiency (4.0×100) was found in sun-
flower at 0.13 µM external B concentration. Relative
transport rate to tops also increased with increasing the
B concentrations in nutrient solutions. Maximum rel-
ative transport rates (µmol g−1 root dry weight day−1)
were 0.84, 0.84 and 0.04 for marri, sunflower and
wheat, respectively. Again relative transport rates from
roots to tops for wheat were low when compared with
marri and sunflower.

During the experiment, most of the B added to
pots remained in resin and smaller proportions were

taken up by plants or were present in nutrient solutions
(Table 4). Results of this experiment demonstrated that
the absolute rate of absorption of B by marri plants
exceeded the rate of release of B from resin, causing a
decline in B concentration in solution at 16 and 32%
of full B saturation between 20 and 40 DAT (Table 4).
Daily uptake rate of B (µg pot−1 day−1) by marri
was 0.42 and 0.30 from 0 to 20 and 20 to 40 DAT
in solutions having 16% of full B-saturated resin, re-
spectively (from the calculations of Table 4). From
solutions of 32% of full B saturated resin, the daily
uptake rate of B (µg pot−1 day−1) was 0.57 and 0.35
from 0 to 20 and 20 to 40 DAT, respectively (from the
calculations of Table 4). Again in case of sunflower,
at 16% of full B-saturated resin, B concentration de-
clined significantly (p ≤ 0.05) from Harvest 1 to 2.
This is because B contents in the solution reduced
56.2% from Harvest 1 to 2 (Table 4). Daily uptake of B
(µg pot−1 day−1) by sunflower in 16% of full B satur-
ation resin was 1.14 and 0.81 from 0 to 10 and 10 to 20
DAT, respectively (from the calculations of Table 4).
However, at ≥ 32% of full B-saturated resin solutions,
adequate B was present in nutrient solutions, therefore
B concentration remained constant from 10 to 20 DAT
(Data not shown). The total absorption of B by wheat
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Table 3. Effect of mean boron concentration in solution on boron absorption and root efficiency in boron absorption by plants
grown for 10–20 days in the case of sunflower and wheat and 20–40 days in the case of marri: values are means of four replicates.

Mean boron conc. in Relative uptake rate Root efficiencya Relative transport

nutrient solutions µmol g−1 root dry wt. day−1) (×100) (µmol g−1 root dry wt. day−1)

(µM) Marri Sunflower Wheat Marri Sunflower Wheat Marri Sunflower Wheat

0.05 –b – 0.02 – – 0.39 – – 0.01

0.08 – – 0.02 – – 0.23 – – 0.01

0.13 0.43 0.64 0.02 3.24 4.01 0.11 0.27 0.53 0.01

0.36 0.51 0.69 0.03 1.44 1.93 0.08 0.44 0.59 0.02

0.91 0.71 0.74 0.05 0.78 0.77 0.04 0.61 0.68 0.04

1.24 0.96 0.90 0.06 0.78 0.75 0.04 0.83 0.77 0.05

28.5 1.02 0.94 0.07 0.04 0.04 0.01 0.84 0.84 0.05

LSD (p ≤ 0.05) 0.03 0.02 0.15 0.93 0.05 0.19 0.01 0.01 0.01

aRoot efficiency defined as the ratio of the rate of nutrient absorption (µmol g−1 root dry weight day−1) to the external nutrient
concentration (µM) (Edwards and Asher 1974).
bPlants did not produce upper shoot.

Table 4. Comparison between amount of boron loaded in resin, B taken up by plants of three species and amount of B in
nutrient solution.

Species B loaded on B- Boron contents (µg/pot) Total boron Boron contents (µg/pot) in

specific resin as loaded on 1 g absorbed by plants (µg/pot) solution at

% of its satu. wet resin on Day H1 H2 H1 H2

capacity 0

Marri 1 20 0.04 0.15 3.21 2.31

2 40 0.11 0.28 4.61 3.95

4 80 0.55 2.80 7.57 5.95

8 170 1.25 5.67 23.03 14.42

16 350 1.85 16.98 59.46 27.03

32 700 3.77 22.12 76.53 43.24

100 2162 8.25 46.80 1638 1459

Sunflower 1 20 0.26 0.98 2.12 1.46

2 40 0.44 1.41 3.04 2.39

4 80 1.50 7.57 9.51 8.11

8 170 2.15 9.18 21.98 16.22

16 350 3.98 29.53 61.25 34.41

32 700 7.99 50.38 73.83 50.44

100 2162 15.96 98.23 1477 1279

Wheat 1 20 0.36 0.25 3.26 2.29

2 40 0.51 0.56 4.15 3.42

4 80 0.54 1.58 8.97 7.93

8 170 0.62 1.88 18.92 18.74

16 350 0.82 2.88 64.86 63.06

32 700 1.08 4.32 81.08 68.50

100 2162 3.30 13.06 1567 1495

H1 = 10 DAT in case of sunflower and wheat and 20 DAT for marri;
H2 = 20 DAT in case of sunflower and wheat and 40 DAT for marri.
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plants was low compared to marri and sunflower plants
(Table 4). Boron concentrations in nutrient solutions
of wheat plants remained unchanged from Day 0 to 20
(Data not shown).

Shoot: root ratio for dry matter and B content

The ratio of shoot dry matter:root dry matter of
wheat plants increased as external B concentrations
increased from 0.03 to 28.3 µM on 10 DAT and re-
mained the same on 20 DAT (Table 5). The ratio of
shoot dry matter:root dry matter of sunflower plants
increased with increasing the external B concentra-
tions on 10 DAT. In case of marri plants at 0.15 µM B,
shoot:root ratio was close to maximum because low
B severely limited root growth (Table 5). Shoot:root
ratio of marri increased slightly from 20 to 40 DAT
under all B treatments. Shoot:root ratio of dry matter
in sunflower increased over time at low B levels (≤
0.37 µM B) and declined in plants at ≥ 1.13 µM B.

The ratio of B contents in shoot:root increased with
increasing the B concentrations in nutrient solutions at
Harvest 1 in case of all the three plant species marri,
sunflower and wheat (Table 5). The ratio of B con-
tents in shoot:root also increased from Harvest 1 to 2
in marri as compared to sunflower and wheat plants
(Table 5).

Among the three plant species, total shoot and root
dry weight of wheat plants was markedly less respons-
ive to solution B than sunflower and marri (Fig. 4).
The total dry weight of shoot and root of marri and
sunflower increased with increasing B concentration
in nutrient solutions at both Harvest 1 and 2.

Discussion

Boron concentrations in nutrient solutions generally
remained constant in B treatments during the 20- or
40-day period from transplanting to the second harvest
of all three plant species. In nutrient solutions con-
taining wheat, the B concentrations were best buffered
presumably because the B uptake demand was lowest
in this species. Thus B-specific resin generally con-
trolled the B concentrations in nutrient solutions and
these results are in agreement with those of Asad et al.
(1997b).

The present study has demonstrated that plant spe-
cies can differ in both external and internal B require-
ments. In comparison to wheat, a monocot, the two
dicots sunflower and marri had higher external and

internal B requirements. Marri and sunflower were
unable to produce new leaves in nutrient solutions con-
taining ≤ 0.15 µM B. Thus whilst plants maintained
functions in existing tissue they could not produce new
tissue, suggesting that the B requirement for maintain-
ing plant growth was low compared to that for cell
expansion as suggested by Hu and Brown (1994). By
contrast in non-renewed solutions minus B treatments
typically cause rapid apical tissue abortion and plant
death (Blamey et al., 1978).

The maximum vegetative growth of marri and
sunflower was obtained at ≥ 1.2 µM external B con-
centrations (Table 1). However, present research found
that 90% of maximum vegetative growth of wheat is
achievable with minimum external B concentration of
0.6 µM, from Harvests 1-2. By comparison, Chapman
et al. (1997) obtained 80% of maximum wheat yield
at 0.16 µM B in flowing solution culture. The current
findings and those of Chapman et al. (1997) suggest
that dicots have higher external B requirements as
compared to cereals at vegetative growth stage.

With the development of B-buffered solution cul-
ture system it is also possible to determine the critical
external and internal B concentrations in different
plant species. Critical external B concentrations of
three plant species determined in B-buffered solution
culture system were 1.2, 1.2 and 0.6 µM in case of
marri, sunflower and wheat, respectively (data not
shown). The critical external B concentration for 22-
day-old canola was 0.5–0.6 µM in B-buffered solution
culture (Asad et al., 1997b). In flowing solution cul-
ture experiments, 3 µM B was routinely maintained
for optimal growth of a variety of plant species (Alva
et al., 1986; Asher and Loneragan, 1967; Bell et
al., 1989) as compared to 46 µM in conventional
solution culture experiments (Asher, 1977; Hoag-
land and Arnon, 1950). From these findings it may
be concluded that B-buffered solution culture system
maintained B concentrations at low B concentrations
comparable to those of soil solutions (Nable et al.,
1997) as B concentration reported in soil solution
ranges from as low as 1 to as high as 1000 µM (Aitken
et al., 1987; Romero and Aguilar, 1986).

The critical internal B concentration is determined
by a relationship between shoot dry matter and B con-
centration in a plant part (Bell, 1997). In conventional
solution cultures where there is a significant decline
in external B supply over time this approach gener-
ates critical concentrations that may not reflect the
functional B requirement (Bell, 1997). However, Bell
(1997) concluded that the establishment of a critical
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Table 5. Effect of loading B-specific resin to increasing percentages of B-saturation
on shoot: root ratio for dry matter and for boron contents in marri, sunflower and
wheat: values are means of four replicates.

Species B Conc. on Shoot:root ratio

Day ‘0’ (µM)

Dry weight B Contents

Day 10 Day 20∗ Day 10 Day 20∗

Marri 0.04 –b – – –

0.07 – – – –

0.15 1.05 1.22 1.47 2.21

0.37 0.71 1.15 1.65 3.39

1.13 0.93 1.35 1.66 4.19

1.30 1.07 1.57 2.35 5.06

28.3 1.19 1.24 2.35 2.36

Sunflower 0.04 – – – –

0.06 – – – –

0.15 0.31 1.96 0.24 2.21

0.37 0.39 2.08 0.31 2.89

1.13 1.27 1.12 1.42 1.58

1.30 1.64 0.97 2.59 1.52

28.3 2.02 0.87 3.00 1.20

Wheat 0.03 1.76 0.79 0.87 1.82

0.06 1.80 0.89 1.55 1.80

0.15 2.18 0.91 1.38 2.33

0.37 2.14 0.93 2.05 1.72

1.13 2.31 0.87 2.71 2.62

1.30 2.29 1.03 2.24 1.14

28.3 2.27 0.93 3.57 1.61

LSD (p ≤ 0.05) 0.4 0.4 0.7 1.4

∗Marri was harvested at day 20 and 40.
bPlants did not produce upper shoots.

concentration from the relationship between shoot dry
matter and leaf B concentration can still be a valid ap-
proach for establishing a critical value for B deficiency
provided precautions are in place to prevent a rapid de-
cline in B supply during plant growth. Boron-buffered
solution culture provides such a system where external
B concentrations can be controlled. The selection of
plant parts for plant analysis can significantly influ-
ence the critical nutrient concentrations (Reuter and
Robinson, 1997), since the distribution and concentra-
tion of a nutrient in different plant parts varies with nu-
trient mobility and physiological age of the plant part
(Marschner, 1995). For B analysis we consider young
and immature leaves, as they are more sensitive to the
decreasing supply of phloem-immobile nutrient. How-
ever, critical B concentrations for plant analysis have

been mostly estimated by correlating shoot dry matter
with B concentrations in whole shoots, composites of
young and mature leaves or recently matured leaves
in agricultural crops and pasture species (Rashid et al.,
1994; Reuter and Robinson, 1997). For current studies
we estimated the critical B concentrations of youngest
opened leaves (YOL), YOL+1, YOL+2 and YOL+3.

The critical B concentrations of youngest opened
leaves (YOL), YOL+1, YOL+2 and YOL+3 of marri,
associated with 90% of maximum shoot growth were
17.9, 16.1, 17.6 and 19.6 mg B kg−1, respectively
(Fig. 1). Recently, Boardman et al. (1997) reported
13–30 mg B kg−1 as adequate B in the youngest ma-
ture leaf at juvenile growth stage of various species
of eucalyptus. Our values are in the range of previous
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Figure 4. Dry weight of total shoot and root of marri, sunflower and wheat in nutrient solutions treated with B-specific resin loaded to different
percentages of boron saturation. Vertical bars indicate LSD (p≤0.05) of the seven treatments for both shoot and root.

findings with considering the difference between the
types of plant samples used.

For YOL, YOL+1, YOL+2 and YOL+3 of sun-
flower, the critical B concentrations associated with
90% of maximum shoot growth were 19.7, 18.0, 20.1
and 19.9 mg B kg−1, respectively (Fig. 2). Previ-
ous studies of Stoyanov (1985; cited in Blamey et
al., 1987) reported critical B concentrations of 26 mg
kg−1in top mature leaves of sunflower. Our values of
critical B concentrations in various young leaves for
sunflower plants grown in B-buffered solution culture
were lower but not by a large margin. Thus, the present
estimates are in reasonable agreement with those of
previous findings considering the difference between
the types of plant samples used. Recently, Cakmak et
al. (1995) reported that for preventing potassium leak-
age from young expanding leaves, sunflower needs
16–17 mg B kg−1 which also supports the present es-
timates. The reason for this inconsistency of present
and previous estimates of internal B concentrations
may also be related to the fact that highest external B
concentrations used in this study was 28.6 µM which
considered not to be enough to produce the maximum
shoot dry weight under the given conditions. In other
studies the external B concentrations were used range

from 50 to 250 µM for sunflower (Cakmak et al.,
1995; Dannel et al., 1997).

The critical B concentrations in the leaf blades of
wheat ranged from 1.2 to 2.1 mg kg−1 dry matter
(Fig. 3). The critical B concentration in whole shoot of
wheat was 2.6 mg kg−1 dry matter (data not shown).
These values are comparable to those of Reuter et al.
(1997), who reported that for wheat plants during ve-
getative stage, a B concentration of 3 mg kg−1 dry
matter was considered to be adequate. In the present
study, we found 1.2 mg B kg−1dry matter as the
critical B level in YOL of wheat. For the youngest
emerged leaf blade of wheat, a tentative critical B con-
centration reported by Huang et al. (1996) was 1 mg B
kg−1dry matter in solution culture medium, where B
was applied by programmed nutrient addition (Asher
and Edwards, 1983). Results of the present experiment
are comparable with those of previous studies, where
the B concentrations were controlled by other means.

The previous studies of Shelp et al. (1995) reported
that the distribution of absorbed B takes place within
plants to sink organs that do not readily transpire. In
the present experiment, we found that marri and sun-
flower plants in nutrient solution with < 0.08 µM B
did not die and maintained growth and leaf functions
despite severe B deficiency (based on daily observa-
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tion of the plants in the glasshouse). Similar findings
were also found in canola (Asad et al., 1999) where
canola plants did not die at ≤ 0.41 µM B and con-
tinued to grow despite severe B deficiency. Indeed
relative growth rate of marri, sunflower (in the present
experiment; Data not shown) and canola (Asad et al.,
1999) was 1 to 7 g 100 g−1 day−1, after 40, 20 and
55 days of growth with minimum external B concen-
trations ranging from 0.04 to 0.07 µM. These findings
may suggest that low rates of B uptake maintain meta-
bolic function in existing tissues and the continued
carbon fixation allows continued dry matter accumu-
lation. Recent studies of Oertli (1993) and Shelp et
al. (1995) found that B is redistributed from stems
to other parts of plants under B-deficient conditions.
However, redistribution of B via the phloem if it did
occur at low external B concentration was not suffi-
cient to support the new tissue growth in the present
and previous studies of Asad et al., (1999).

Boron distribution in various plant parts was dif-
ferent in three plant species. Boron concentrations in
various plant parts of dicots increased with increased
B supply in nutrient solutions (data not show, cal-
culated from Table 3). However, at low external B
concentration, B uptake occurred at a rate exceeding
the increase in B supply in solution, whereas at high
external B concentrations the opposite occurred. Sim-
ilar findings are also reported by Shelp (1988) that
tissue B levels increased with increasing B in nutri-
ent solution in broccoli. Blamey et al. (1997) also
reported an increase in B concentration in the young-
est mature leaf blades of sunflower with increase in B
supply from 0 to 800 mg pot−1. The present invest-
igations also found an increase in B concentrations in
marri, sunflower and wheat with increase in external
B concentration in nutrient solutions (Table 2).

The relative uptake rates (µmole g−1 root dry wt.
day−1) of all three plant species increased with in-
creasing the B concentrations in nutrient solutions.
The relative uptake rate of B by marri and sunflower
was 15- and 13-fold higher than wheat at 28.3 µM
external B concentrations (Table 3). These findings
supported the view that relative uptake rate of B by
dicots is significantly higher than cereal as previously
suggested by Chapman et al. (1997). The relative up-
take rate of summer-grown canola was 2-, 2.2- and
31- fold higher than marri, sunflower and wheat when
plants were 20–22 days old (Table 3; Asad et al.,
1999). As compared to sunflower and marri, the re-
lative uptake rate of B was higher in canola but its
internal demand for B (8–10 mg B kg−1 dry weight;

Huang et al., 1996) was lower (17.9–19.6 and 19.7–
19.9 mg B kg−1 dry matter, respectively, Figs. 1 and
2). Canola has a high shoot:root ratio and this may
explain why a high relative B uptake rate is required
to satisfy B demands of the plant despite its lower
internal and external B requirements than the other
dicots (Table 5; Asad et al., 1999). By contrast, in
wheat, relative uptake rate of B was low because of
both low internal demand for B and low B absorption
capacity (Tanaka, 1967).

In summary, the present results confirm that B-
buffered solution culture system can be used to study
plant B nutrition in short term studies of 10–20 days
before the solution must be replaced. The present
research demonstrated that external and internal B re-
quirements are different in different plant species and
supported the previous suggestions that dicots have
higher B requirements than cereals because both in-
ternal and external B requirements were higher. Marri
and sunflower survived but did not produce new leaves
at ≤ 0.08 µM B, whereas wheat achieved > 70% of
maximum growth. The three plant species were differ-
ent in their internal and external B requirements. The
critical B concentration of YOL of marri (20 DAT),
sunflower (10 DAT) and wheat (10 DAT) was 17.9,
19.7 and 1.2 mg kg−1 dry matter at 1.2, 1.2 and 0.6
µM external B solutions, respectively.
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