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Boron is an essential micronutrient for plant growth and the boron content of plants differs greatly, but the mechanism(s)
of its uptake into cells is not known. Boron is present in the soil solution as boric acid and it is in this form that it enters the
roots. We determined the boron permeability coefficient of purified plasma membrane vesicles obtained from squash
(Cucurbita pepo) roots and found it to be 3 3 1027 61.4 3 1028 cm s21, six times higher than the permeability of microsomal
vesicles. Boric acid permeation of the plasma membrane vesicles was partially inhibited (30%–39%) by mercuric chloride and
phloretin, a non-specific channel blocker. The inhibition by mercuric chloride was readily reversible by 2-mercaptoethanol.
The energy of activation for boron transport into the plasma membrane vesicles was 10.2 kcal mol21. Together these data
indicate that boron enters plant cells in part by passive diffusion through the lipid bilayer of the plasma membrane and in
part through proteinaceous channels. Expression of the major intrinsic protein (MIP) PIP1 in Xenopus laevis oocytes resulted
in a 30% increase in the boron permeability of the oocytes. Other MIPs tested (PIP3, MLM1, and GlpF) did not have this
effect. We postulate that certain MIPs, like those that have recently been shown to transport small neutral solutes, may also
be the channels through which boron enters plant cells.

Boron deficiency and toxicity is a widespread and
agriculturally important micronutrient disorder af-
fecting the productivity of cultivated crops in many
parts of the world (Nable and Paull, 1991; Gupta,
1993). Boron deficiency causes inhibition of growth,
death of growing meristems, inhibition in flower de-
velopment, low fruit and seed set, male sterility, seed
abortion or formation of damaged embryos, and mal-
formed fruits (Dell and Huang, 1997). These symp-
toms of boron deficiency are a consequence of two
important features of boron physiology. First, the
specific structural role of boron in the cell wall (Hu
and Brown, 1994; Findeklee and Goldbach, 1996;
Kobayashi et al., 1996; O’Neil et al., 1996; Matoh, 1997)
and second, the limited mobility of boron in the ma-
jority of cultivated plant species (Brown and Shelp,
1997). As a result of these two features, boron has a
critical role in expanding tissues and must be supplied
continually throughout the life of the plant, usually
through the root. For these reasons, an understanding
of the physiology of boron absorption is essential for
alleviating boron deficiency and boron toxicity.

Boron is absorbed from the soil solution by roots
mainly as undissociated boric acid (pKa 5 9.25, 25°C;

Greenwood, 1973; Hu and Brown, 1997; Powers and
Wood, 1997). Boric acid is a weak acid and at phys-
iological pH is in the form of an uncharged small
molecule with a molecular volume of 71.5 Å3, which
is similar to urea (75.3 Å3) and other small nonelec-
trolytes. The mechanism of boron uptake remains a
controversial subject, and there is evidence support-
ing active uptake and passive entry into cells. Despite
the fact that boron uptake is controversial, passive
entry is the most widely accepted mechanism of bo-
ron uptake in higher plants (Nable, 1988; Nable et al.,
1990; Nable and Paull, 1991; Brown and Hu, 1994; Hu
and Brown, 1997; Nable et al., 1997). Boric acid has a
relatively high theoretical membrane permeability
and has an ether-water partition coefficient of 0.035
(Raven, 1980). The calculated permeability of plant
membranes to boric acid based on this coefficient is
8 3 1026 cm s21 (Raven, 1980). This theoretical cal-
culation led Raven (1980) to suggest that the perme-
ability coefficient is high enough to account for the
measured magnitude of boric acid fluxes across plant
membranes. This calculated coefficient has only been
verified in artificial lipid bilayers, not in plant mem-
branes (Dordas, 1999; Dordas and Brown, 2000).

Boron uptake in field conditions differs dramati-
cally between species and even between cultivars of
the same species grown in the same location. Nable
(1988) found that boron concentration and total bo-
ron content in all organs of five barley and six wheat
cultivars differed dramatically even though all were
grown under identical conditions. For example, bar-
ley cultivars “Sahara 3763” and “Schooner” accumu-
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lated 112 and 710 mg boron kg21 dry weight in the
youngest expanded leaf blade, respectively. These
differences in boron uptake cannot be explained
through differences in water use (Passioura, 1977).
The apparent contradiction between in vitro results
that suggest that boron uptake is a passive process,
and the field results that demonstrate significant dif-
ferences among species and genotypes is difficult to
reconcile, but is of fundamental importance to stud-
ies of boron nutrition. Mechanisms that have been
postulated to explain this apparent paradox include
active uptake, exudation of boron complexing com-
pounds into the rhizosphere, species differences in
boron binding compounds such as pectins in the cell
walls, physical barriers in the roots, and species dif-
ferences in membrane permeability (Hu and Brown,
1997). It was concluded that the most likely source of
species differences in boron uptake are due to differ-
ences in membrane permeability to boric acid
(Huang and Graham, 1990; Hu and Brown, 1997).

Differences in the permeability of membranes
could result from differences in lipid composition
(Dordas, 1999; Dordas and Brown, 2000) or from
differences in boric acid-conducting channels. There
is circumstantial evidence to support the hypothesis
that boric acid may be transported through aquapor-
ins or other major intrinsic proteins (MIP). First, a
tight relationship between boron and water uptake
was reported by Bowen (1972). Second, boron uptake
is inhibited by mercurials including pCMBS and phe-
nylmercuric acetate (Bowen, 1972; Wilkinson et al.,
1994). The possibility of boron transport through
aquaporins is further supported by observations from
animal systems in which the transport of water and
nonelectrolytes through channels is well established.
The hypothesis that boron is transported through
membranes in a manner similar to urea and other
nonelectrolytes has not previously been examined.

The movement of water and nonelectrolytes such
as boric acid across biological membranes is of fun-
damental importance for living organisms. Water
crosses biological membranes by diffusion through
the lipid bilayer and through specific channels (e.g.
aquaporins) or non-specific channels (e.g. urea trans-
porter; Agre et al., 1998; Yang and Verkman, 1998;
Chrispeels et al., 1999). Aquaporins are transmem-
brane proteins with six membrane domains and a
molecular mass of 26 to 30 kD. They belong to the MIP
family, which is an ancient family of proteins present
in mammals, amphibians, yeast, bacteria, and plants
(Maurel, 1997; Agre et al., 1998; Chrispeels et al., 1999).

Currently 10 aquaporins have been found in ani-
mal cells, AQP 0 through 9 (Agre et al., 1998), and
three of them (AQP3, AQP7, and AQP9) facilitate the
movement of water, urea, and glycerol (Ishibashi et
al., 1994; Mulders et al., 1995; Echevarria et al., 1996;
Agre et al., 1998; Tsukagushi et al., 1998). AQP9 can
also transport a broad range of neutral solutes such
as water, urea, sorbitol, carbamides, polyols, purines,

and pyrimidines, but not amino acids, cyclic sugars,
Na1, K1, Cl2, and deprotonated monocarboxylates
(Tsukagushi et al., 1998). It was recently suggested
that AQP1 can transport CO2 (Nakhoul et al., 1998;
Prasad et al., 1998).

Plants contain even more expressed MIP genes than
animals and in Arabidopsis 23 expressed MIP genes
were identified (Weig et al., 1997). In plants there are
four major classes of aquaporins: PIP (which are local-
ized in the plasma membrane), TIP (which are found
in the tonoplast), nodulin 26 (which is expressed in
symbiosome membrane), and other nod-like MIPs
(NLMs), recently identified aquaporins with high se-
quence identity to nodulin 26 (Weig et al., 1997). There
are a number of MIP proteins for which the function
still remains unknown (Chrispeels and Maurel, 1994;
Chrispeels et al., 1999). In the plasma membrane,
Hg-sensitive (PIP1, PIP2, and PIP3) and insensitive
(RD28) aquaporins are found (Kammerloher et al.,
1994; Kaldenhoff et al., 1995; Qui et al., 1995; Barone
et al., 1997; Weig et al., 1997). The sensitivity of
aquaporins to Hg is attributed to the presence of Cys
residues, which form a complex with Hg ions that
either block the pore of the channel or change the
conformation of the protein (Barone et al., 1997).

Nodulin 26 is a member of the aquaporin family
expressed at the symbiosome membrane, the structure
that is formed when Rhizobium bacteria infect legume
roots and enclose the nitrogen-fixing bacteroids. It was
shown that nodulin 26 has a high permeability to
water, glycerol, and formamide and is inhibited by
HgCl2. Urea and acetamide were not transported by
nodulin 26 (Rivers et al., 1997; Dean et al., 1999). Also,
two other plant aquaporins, Nt-TIPa and Nt-AQP1,
have been shown, which can transport small neutral
solutes (Biela et al., 1999; Gerbeau et al., 1999).

Macey (1984) proposed that urea is transported by
facilitated diffusion through channels since urea trans-
port is inhibited by mercurials (pCMBS) and other
inhibitors (DIDS and phloretin) and urea analogs. In
many cases it has now been found that the pathway
for urea and water transport is the same (Agre et al.,
1998; Yang and Verkman, 1998). The transport of non-
electrolytes through channels leads us to suggest that
boric acid (also a nonelectrolyte) might be transported
via aquaporins and other channels.

There are several approaches that are used to es-
tablish whether the uptake of nonelectrolytes occurs
as passive permeation through the lipid bilayers or
through channels. One is the inhibition of transport
by inhibitors that either block the channel or bind
with the protein and change the confirmation in such
a way that solutes cannot pass through the channel.
Another approach is through the determination of
the energy of activation (Ea). When the measured Ea
is low, the molecule is predominately transported
through a channel, and when it is high it is predom-
inantly transported through the lipid bilayer (Macey,
1984). Heterologous expression of aquaporins in Xe-
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nopus laevis oocytes has provided evidence for the
permeability of urea, glycerol, and other nonelectro-
lytes through aquaporins (Ishibashi et al., 1994; Mul-
ders et al., 1995; Echevarria et al., 1996; Tsukagushi et
al., 1998). From previous studies by our group (Dor-
das, 1999), it is suggested that boric acid is trans-
ported through Hg-sensitive aquaporins or other Hg-
sensitive channels.

The aim of this study was to determine the perme-
ability of boric acid across plant membranes isolated
from roots and to determine the effects on boric acid
transport of known channel inhibitors such as HgCl2
and phloretin. We also measured the Ea of transport.
To determine whether boric acid may be transported
by MIPs, we tested a number of plant aquaporins
(PIP1, PIP3, and NLM1) and GlpF (glycerol trans-
porter from Escherichia coli) using heterologous ex-
pression in X. laevis oocytes.

RESULTS

To measure the permeability coefficient of nonelec-
trolytes and water consistently we determined the size
of the vesicles obtained from root homogenates, prior
to all measurements. Figure 1 displays representative
dynamic light scattering data obtained by using the
BI-90 particle sizer and provides the size distribution
of the vesicles. There was a single population of ves-
icles with average diameter of 290 nm. The average
diameter was used to calculate the permeability coef-
ficient and the lumen volume. The size of the vesicles
was determined in every experiment and for every
type of membrane vesicle (microsomal, plasma mem-
brane, and plasma membrane-depleted vesicles).

The purity of the plasma membrane-enriched frac-
tion and the other fractions isolated from squash
(Cucurbita pepo) roots was evaluated using the distri-

bution of marker enzymes (Table I). The specific
activity of vanadate sensitive H1-ATPase (a plasma
membrane marker enzyme) was much higher in the
plasma membrane fraction (35.2 6 2.3 mmol substrate
mg21 protein h21) compared with the microsomal
(6.4 6 0.2 mmol substrate mg21 protein h21) and the
plasma membrane depleted vesicles (0.9 6 0.1 mmol
substrate mg21 protein h21). The specific activities of
marker enzymes for mitochondria, endoplasmic re-
ticulum, Golgi, and tonoplast were the lowest in the
plasma membrane fraction followed by the micro-
somal- and plasma membrane-depleted vesicles (Ta-
ble I). These data indicate that the plasma membrane
vesicles are free of contamination with endomem-
brane vesicles. Also, the plasma membrane-depleted
vesicles showed the lowest activity of vanadate-
sensitive H1-ATPase, which suggests that this fraction
had only minimal plasma membrane contamination.

Figure 2 shows the light scattering data obtained
after mixing the microsomal vesicles isolated from
squash roots with 400 mm of boric acid. The initial
decrease in light scattering caused by the efflux of
water when the vesicles were exposed to the higher
external osmolarity is not shown. After the decrease
there was an increase in light scattering caused by the
movement of water and boric acid into the vesicles.
Both curves—the decrease and the increase—can be
described by two single exponential equations with
opposite signs. The first part of the curve (decrease)
represents the osmotic water permeability (Pf) across
squash microsomal vesicles. The water permeability
was examined at greater resolution (Fig. 3) and was
calculated in the presence and absence of HgCl2. The
second part of the curve (Fig. 2) indicates that the
permeability of boric acid has a value of 5.2 3 1028 6
8.8 3 1029 cm s21 (Fig. 2; Table II). The permeability
of urea across microsomal vesicles was also deter-

Figure 1. Profile of the diameter of vesicles iso-
lated from squash roots and used to determine
the permeability of boric acid. The diameter was
determined with dynamic light scattering. The
preparation consisted of a single population of
vesicles allowing accurate measurements of the
permeability.

Permeability of Boric Acid across Membrane Vesicles
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mined as 1.4 3 1028 6 1.5 3 1029 cm s21, which is
28% of the value for boric acid (Table II).

Figure 3 shows the light scattering data obtained
after mixing the vesicles with 200 mm Suc buffer
solution; this was then used to calculate a Pf of water
of 36.9 6 1.4 mm s21. The addition of 0.5 mm of HgCl2
reduced the permeability of boric acid by 33%, in
microsomal vesicles and 57% in plasma membrane
vesicles. Addition of 2-mercaptoethanol resulted in a
complete recovery of uptake (Table II). Hg ions also
reduced the permeability of water by up to 68% and
by up to 42% in microsomal- and plasma membrane-
depleted vesicles, respectively, but not in the case of
plasma membrane vesicles (Table III). In both cases
(water and boric acid transport) there was complete
recovery of permeability after addition of 2-mercapto-
ethanol to the solution (Tables II and III).

Using the method described above the permeabil-
ity of boric acid across plasma membrane vesicles

was determined at 3.9 3 1027 6 1.4 3 1028 cm s21,
which is almost six times higher than with microso-
mal vesicles. With plasma membrane-depleted vesi-
cles, the PH3BO3 was 2.4 3 1028 6 4.6 3 1029 cm s21,
16-fold less than with plasma membrane vesicles.
Also, 250 mm of phloretin, a non-specific channel
blocker, caused an inhibition of boric acid transport
by 39% in plasma membrane vesicles (Table II).

The Ea was calculated from the change in perme-
ability with temperature and was calculated to be
10.2 kcal mol21 (Fig. 4).

The water permeability (Pf) of X. laevis oocytes is
shown in Figure 5. There was an increase in the
permeability of water of up to 7-fold in oocytes ex-
pressing PIP3 and up to 5-fold in the presence of
NLM1. Oocytes injected with PIP1 cRNA had similar
permeability as the water-injected oocytes, indicating
that PIP1 are poor aquaporins in agreement with
previous measurements (Chaumont et al., 2000). The

Figure 2. Change in light scattering intensity of
microsomal vesicles isolated from squash roots
as a result of the exposure to a transmembrane
osmotic gradient following the addition of 400
mM boric acid to the external solution. The sec-
ond part of the curve was fitted into a single
exponential (r2 5 0.99).

Table I. Marker enzyme activities of the microsomal, plasma membrane, and plasma membrane-
depleted fractions isolated from squash roots

The plasma membrane and the plasma membrane-depleted fraction were isolated from the micro-
somal fraction using an aqueous two-phase partitioning system as described in “Materials and Meth-
ods.” Values are specific activity as micromoles of substrate per milligram of protein and are expressed
as mean 6 SE.

Marker Enzyme
Microsomal

Fraction

Plasma
Membrane

Fraction

Plasma Membrane-
Depleted Fraction

mg

Total protein 25.5 6 1.8 4.08 6 0.4 20.2 6 0.8
Vanadate-sensitive H1-ATPase (PMa) 6.40 6 0.2 35.2 6 2.3 0.9 6 0.01
Nitrate-sensitive H1-ATPase (TNb) 1.4 6 0.1 1.2 6 0.2 1.6 6 0.01
UDPase (Golgi bodies) 0.5 6 0.05 NDe 0.6 6 0.1
Cyt c oxidase (MTc) 6.5 6 0.01 NDe 7.5 6 0.6
NADH cyt c reductase (ERd) 14.6 6 0.8 4.1 16.5 6 1.2
a PM, Plasma membrane. b TN, Tonoplast. c MT, Mitochondria membranes. d ER, Endo-

plasmic reticulum. e ND, Not detected.
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Pf of oocytes injected with GlpF cRNA was also very
low and slightly lower than water-injected oocytes.
The average Pf for water-injected oocytes was 12 6
1.9 mm s21. The highest permeability observed with
PIP3 was 86 6 14 mm s21, whereas the permeability
in with NML1 was 64 6 19 mm s21 (Fig. 5).

The permeability of boric acid was assayed in the
presence and absence of MIPs and it was found that
PIP1 significantly increased the permeability of bo-
ron by 30% over the water-injected oocytes (P ,
0.05). The other MIPs tested had no effect (Fig. 6).

DISCUSSION

The mechanism of boric acid movement through
isolated plant membranes has not previously been
determined experimentally. It is generally accepted
that boric acid moves passively through the lipid
bilayer and that the internal complexation of boron is

one of the driving forces of boron uptake (Bellaloui et
al., 1999). The exact rate at which boron moves
through membranes is unknown and the potential
role of channels has not been explored. Identifying the
mechanisms of boron uptake may give us the physi-
ological basis to genetically engineer, select, or man-
age plants to be tolerant either to boron toxicity or to
boron deficiency. For these reasons, an understanding
of the physiology of boric acid absorption and move-
ment across the cell membranes is essential for an
understanding of boron deficiency and boron toxicity.

The evidence presented in this study suggests that
boron uptake occurs through a combination of pas-
sive transport through the lipid bilayers and possibly
channel-mediated transport. The evidence for the
channel-mediated transport comes from the inhibi-
tion of boron transport by HgCl2 and phloretin, the
reversibility of the inhibition by mercaptoethanol, the

Table II. Permeability of boric acid (in centimeters per second) across different membrane vesicles isolated from squash roots using a
stopped-flow device and inhibition by 0.5 mM HgCl2 and 0.25 mM phloretin

Also the permeability coefficient of urea P 5 1.46 3 1028 6 1.5 3 1029 cm s21 was determined in microsomal vesicles. The percent of
inhibition is given in brackets. The experiment was repeated three times and six to eight replicates were used in every treatment. Statistical
significance at the 5% level according to t test.

Type of Membrane
Vesicle Used

Control HgCl2 HgCl2 1 2-Mercaptoethanol Phloretin

Microsomal vesicles 5.29 3 1028 6
8.8 3 1029b

3.56 3 1028 6
5.3 3 1029

(33%)b

4.86 3 1028 6 1.2 3
1029 (8%)

NDa

Plasma membrane
vesicles

3.91 3 1027 6
1.4 3 1028b

1.67 3 1027 6
1.5 3 1028

(57%)b

4.2 3 1027 6 8 3 1028

(0%)
2.38 3 1027 6

5.4 3 1028

(39%)b

Plasma membrane-
depleted vesicles

2.41 3 1028 6
4.6 3 1029

2.26 3 1028 6
3.6 3 1029 (6%)

2.32 3 1028 6 5.6 3
1029 (4%)

NDa

a ND, Not determined. b Statistically significant difference between the control and the HgCl2 and phloretin treatment.

Figure 3. Change in light scattering intensity of
microsomal vesicles isolated from squash roots
as a result of the exposure to a transmembrane
osmotic gradient following the addition of 200
mM Suc to the external solution. The data were
fitted into a single exponential (r2 5 0.97).

Permeability of Boric Acid across Membrane Vesicles
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Ea of boric acid transport, as well as the facilitation of
boric acid transport by PIP1 in X. laevis oocytes.

Permeability of Boric Acid across Plant
Membrane Vesicles

The permeability coefficient of boric acid was
found to be in the range of 3.9 3 1027 6 1.4 3 1028

to 2.4 3 1028 6 4.6 3 1029 cm s21, depending on the
type of the membrane vesicles used. This is much
slower than the predicted permeability coefficient of
1026 cm s21 calculated by Raven (1980) based on the
ether water partition coefficient. Prior to this work
the permeability of boric acid had not been deter-
mined in any plant membrane or in plant cells.

The lower permeability coefficient for boric acid
found in this study compared with the much higher
permeability (by 1–2 orders of magnitude) found in
artificial lipid bilayers (Dordas, 1999; Dordas and
Brown, 2000) and that calculated from the ether-
water coefficient can occur because of the effect of
membrane composition on the membrane properties
and permeability. Sterols are among the major com-
ponents of plant membranes and are known to have

a strong effect on the permeability of water and
nonelectrolytes (Schuler et al., 1991; Lande et al.,
1995). It has been speculated that cholesterol en-
hances membrane mechanical coherence and sup-
presses the passive transmembrane permeability in
eukaryotic plasma membranes (Yeagle, 1985; Mourit-
sen et al., 1995). Plant sterols reduce water perme-
ability to an even greater extent than cholesterol
(Schuler et al., 1991). It is expected that these sterols
will have similar effects in reducing membrane per-
meability for boric acid or other nonelectrolytes.

There was a remarkable difference between the
permeability of boric acid in the different membrane
fractions examined. Plasma membrane vesicles had
the highest permeability (3.9 3 1027 cm s21), fol-
lowed by the microsomal fraction (5.2 3 1028 cm
s21), and the plasma membrane-depleted fraction
(2.4 3 1028 cm s21). The reasons for these differ-
ences are not clear, but we suggest that there are one
or more transporters that facilitate the movement
of boric acid in the plasma membrane and that
these transporters are not present in the plasma
membrane-depleted vesicles. In an alternate man-

Figure 4. Effect of temperature on the perme-
ability of boric acid across plasma membranes
isolated from squash roots. The Ea calculated
from the slope of the curve multiplied by 1.986
as described by Agre et al. (1999) and was
10.239 kcal mol21. The experiment was re-
peated twice and five replications were used in
each treatment.

Table III. Permeability of water across (Pf in micromoles per second) different membrane vesicles
isolated from squash root using a stopped-flow device and inhibition by 0.5 mM of HgCl2

The percent of inhibition in the presence of 0.5 mM HgCl2 is shown in parentheses. The experiment
was repeated three times and six to eight replicates were used in every treatment. Statistical significance
at the 5% level according to the Student’s t test.

Type of Membrane Vesicle
Used

Control HgCl2
HgCl2 1

2-Mercaptoethanol

Microsomal vesicles 36.9 6 4.7a 11.7 6 3.1 (68%)a 28.9 6 8.5 (21%)
Plasma membrane vesicles 23.9 6 3 20.6 6 5 (14%) 23.4 6 3.6 (2%)
Plasma membrane-depleted

vesicles
53.9 6 1.1a 31 6 5.8 (42%)a 51.9 6 3.1 (4%)

a Statistically significant difference between the control and the HgCl2 treatment.
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ner, differences in the membrane composition of the
vesicles could be expected to alter boron diffusion.

Effect of Inhibitors on Boric Acid and Water Transport

HgCl2 generally does not affect permeability of
membranes unless proteins are involved. For exam-
ple, HgCl2 does not affect the permeability of water
across liposomes (Zeidel et al., 1992). The inhibition
of boron transport into microsomal vesicles by HgCl2
may indicate a direct binding of Hg ions with the Cys
residue of membrane channels, which results in an
occlusion of the channel pore or changes the confir-
mation of the channel protein (Barone et al., 1997).
The immediate recovery of boric acid and water per-

meability after application of 2-mercaptoethanol fur-
ther indicates that Hg-sensitive channels are in-
volved in the transport of both solutes and possibly
these channels are aquaporins. The reversible inhibi-
tion of water and urea transport with mercurials has
been cited as evidence that uptake is a channel-
mediated process (Macey, 1984). The higher inhibition
of water transport (68%) compared with the inhibition
of boric acid transport (33%) by Hg ions indicates that
not all boric acid transport is channel mediated.

HgCl2 had no effect on the permeability of boric
acid across the plasma membrane depleted vesicles
and had no effect on the water permeability across
the plasma membrane vesicles. The fact that there
was no inhibition of water or boric acid uptake by the

Figure 6. Boron uptake by oocytes injected with
cRNAs from the MIP proteins PIP1, PIP3 (from
maize), NLM1 (from Arabidopsis), and GlpF
(from E. coli) and also injected with water (di-
ethylprocarbonate treated). The experiment was
repeated three times and four replicates were
used in every treatment. Ten oocytes were used
in each replicate. Double asterisk indicates sta-
tistically significant difference between the
water-injected oocytes and the PIP1.

Figure 5. Pf of oocytes injected with cRNA from
the MIP proteins PIP1, PIP3 (from maize), NLM1
(from Arabidopsis), and GlpF (from E. coli) and
also injected with water (diethylprocarbonate
treated). The values of Pf were calculated from
volume changes of individual oocytes when
they were exposed to hypotonic solution. The
experiment was repeated three times and six to
eight replicates were used in every treatment.

Permeability of Boric Acid across Membrane Vesicles
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presence of HgCl2 across these membranes could be
due to the lack of active aquaporins or the fact that
the aquaporins are not Hg sensitive (Maurel et al.,
1997; Niemietz and Tyerman, 1997). These results
suggest that HgCl2-sensitive boric acid-transporting
channels occur mostly in the plasma membrane,
whereas HgCl2-sensitive water channels are located
primarily in plasma membrane-depleted membranes,
which agrees with previous studies (Maurel et al.,
1997; Niemietz and Tyerman, 1997).

Phloretin is a non-specific membrane inhibitor that
has been used extensively in animal studies to inhibit
water, urea, and glycerol transport through aquapor-
ins and other channels (Macey, 1984). Phloretin also
interferes with a number of membrane-associated
processes such as Glc transport (Nelson and Falk,
1993), inhibition of K1 channels (Koh et al., 1994),
protection against electroporation (Deuticke et al.,
1991), and inhibition of translocation of protein ki-
nase C (von Ruecker et al., 1989). It is believed that
phloretin binds with one of the sites on the trans-
porter and inhibits its function (Krupka, 1985). How-
ever, the exact mode of action of phloretin remains
unclear. Phloretin resulted in a 39% inhibition of
boric acid transport, which was marginally less than
the HgCl2-induced inhibition, suggesting that the
majority of the putative plasma membrane-located
boron channels are HgCl2 and phloretin sensitive.

Energy of Activation of Boric Acid Transport

Ea provides information that has been widely used
to help determine the pathway of movement of wa-
ter, urea, and glycerol through membranes. An Ea of
11 to 14 kcal mol21 is considered indicative of solute
movement directly through the lipid bilayer, whereas
an Ea of 4 to 6 kcal mol21 indicates that the solute
moves through channels (Macey, 1984). Although a
low Ea value is strongly predictive of channel-
mediated transport, a high Ea (14 kcal mol21) does not
preclude channel-mediated transport (Reinhardt et al.,
1997; Niemietz and Tyerman, 2000).

In this study we determined an Ea for boric acid
transport across plasma membrane vesicles of 10.2
kcal mol21. This value is similar to values reported
for urea, glycerol, and NH3 transport, and also for
water transport in some plant and animal mem-
branes. It is considered indicative of a combination of
passive lipid diffusion and channel-mediated trans-
port (Macey, 1984; Reinhardt et al., 1997; Niemietz
and Tyerman, 2000). In many studies a much lower
Ea for water was reported, which indicates that
water moves mainly through aquaporins (Maurel et
al., 1997; Rivers et al., 1997; Dean et al., 1999). The
intermediate Ea of boric acid determined here
prompted our investigations of channel-mediated
transport.

Facilitation of Boric Acid Transport by PIP1 in
X. laevis Oocytes

The stimulation of boron uptake in the presence of
the MIP, PIP1, further demonstrates that channels
may play an important role in boron transport. MIPs
have been identified and described in many different
organisms, including plants, and some of these MIPs,
the aquaporins, are involved in transmembrane wa-
ter transport (Agre et al., 1998; Chrispeels et al.,
1999). Of the plant MIPs, nodulin 26, NtTIPa, and
NtAQP1 are known to transport nonelectrolytes such
as glycerol and formamide (Rivers et al., 1997; Biela
et al., 1999; Dean et al., 1999; Gerbeau et al., 1999).
Several of the animal MIPs also show nonelectrolyte
transport (AQP3, AQP7, and AQP9; Agre et al., 1998).
In the present study we tested the hypothesis that
plant MIPs can transport boric acid. The evidence
provided in this study supports the hypothesis that
at least one plant MIP (PIP1) can facilitate boric acid
transport across membranes. The apparent role of
PIP1 (which is plasma membrane-localized) in boric
acid transport is consistent with the plasma
membrane-specific inhibition of boric acid transport
by HgCl2 and phloretin and the measured Ea.

Over the past 30 years there has been significant
discussion as to the mechanism of boron uptake. The
most widely accepted mechanism of uptake is pas-
sive uptake, since boron transport is not affected by
metabolic inhibitors, temperature, or anoxia, and the
kinetics are linear over a wide concentration range
(Bingham et al., 1970; Thellier et al., 1979; Brown and
Hu, 1994; Hu and Brown, 1997). In the present study
we provide evidence that boron can be taken up
through facilitated diffusion via a MIP (PIP1). The
increase in uptake seen here by PIP1 expression is
relatively low, but significant (30%); however, only
one of three distinct PIP1 genes found in Arabidopsis
was tested, the expression system used, though di-
agnostically useful, is crude, and there are many
other aquaporins or MIPs that remain to be assayed.
Several of these aquaporins are in the MIP family and
have a similar structure to PIP1, though their sub-
strate has not been identified (Weig et al., 1997;
Chrispeels et al., 1999; Chaumont et al., 2000). In
animal systems aquaporins increase the uptake of
urea and glycerol transport in X. laevis sp. oocytes by
up to 4- to 5-fold compared with the water-injected
oocytes (Agre et al., 1998). It is feasible, therefore,
that additional aquaporins and nonelectrolyte chan-
nels may also transport boric acid.

PIP1 has many similarities with other reported
aquaporins: 57% sequence identity with AQP1 and a
82% sequence identity with PIP3 (determined using
BLAST software). PIP1 is a highly abundant protein
expressed in roots in Arabidopsis (Kaldenhoff et al.,
1995; Weig et al., 1997). In Arabidopsis there are three
PIP1 genes (PIP1a, PIP1b, and PIP1c), and these re-
main to be tested. In addition, other NLM proteins
need to be tested, since nodulin 26 has been shown to
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transport glycerol and formamide and to a smaller
degree urea (Rivers et al., 1997; Dean et al., 1999). In
our experiments we found that NLM1 does not show
any detectable transport of boric acid. Despite the
fact that mercurials are the most widely used inhib-
itors for water transport through Hg-sensitive aqua-
porins, it is possible that the inhibition of boric acid
transport by Hg ions is due to the inhibition of boric
acid transport through other nonaquaporin channels.

Passive uptake directly through lipid bilayers and
by facilitated diffusion through channels is clearly
one of the mechanisms of boron uptake, given the
relatively high boron permeability across artificial
and plant membranes (Dordas and Brown, 2000) and
the results presented here. Nevertheless, there is a
need to continue research on boron uptake to deter-
mine why there are very significant genotypic differ-
ences in boron uptake. If genotype differences in
boron uptake are the result of solely passive pro-
cesses, this would imply that genotype differences in
membrane composition (which would affect diffu-
sion coefficients) or differences in the presence of
boron channels are common and significant. This
hypothesis has not been tested.

The study described here is an important step in
trying to understand the mechanism of boron trans-
port through biological membranes. Further study of
the basis of the genotypic differences in boron uptake
and determination of the mechanisms of uptake un-
der different environmental conditions and under
different levels of external boron concentrations are
clearly needed. There is also a need to determine
whether other channels, such as urea transporters
and other non-specific channels can transport boric
acid. The demonstration here that boron can be trans-
ported through PIP1 is the first example of mediated
boron transport in any biological system.

In conclusion, boron transport (when supplied at
normal soil solution boron concentration) through
plant membranes occurs through both passive lipid
diffusion and also through aquaporins or other Hg-
sensitive channels. More research is needed to charac-
terize nonelectrolyte transport through aquaporins
and to determine how the expression of different aqua-
porins and the membrane permeability varies between
cultivars, species, and environmental conditions.

MATERIALS AND METHODS

Production of Seedlings

Squash (Cucurbita pepo cv spacemiser) seeds were moist-
ened for 2 to 3 h in Petri dishes with double deionized water.
After 2 to 3 h the excess water was drained from the Petri
dishes and the dishes were closed and covered with alumi-
num foil. The Petri dishes were placed in a growth chamber
at 25°C for 2 d to germinate. After germination uniform
seedlings were transferred to containers having one-fourth-
strength Hoagland solution (with the pH adjusted to 5.8
with KOH; Hoagland and Arnon, 1950). Boron concentra-

tion was 50 mm. The plants were grown in growth chambers
with 16 h of light and 8 h of dark and temperatures of 25°C
and 18°C during day and night, respectively. Humidity was
maintained near 75% during the day and night and the light
source was 1,000 W high pressure mercury and 1,000 W high
pressure sodium S52 lamps with a photosynthetic photon
flux density of about 300 mmol m22 s21.

Isolation of Membrane Vesicles

Plant roots were harvested, washed briefly in deionized
water, blotted, placed inside plastic bags, and stored on ice.
One hundred grams of roots (fresh biomass) were weighed
and homogenized for 3 3 30 s with 300 mL of the ho-
mogenization buffer containing 0.33 m Suc, 50 mm HEPES
[4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid]-KOH,
pH 7.5, 5 mm EDTA, 5 mm dithiothreitol (DTT), 5 mm
ascorbate, 0.5 mm phenylmethylsulfonyl fluoride, 0.2%
(w/v) bovine serum albumin (protease free), 0.2% (w/v)
casein (enzymatic hydrolyzate, boiled for 10 min), and 0.6%
(w/v) insoluble polyvinylpyrrolidone using a commercial
blender (Waring, East Windsor, NJ; Larsson et al., 1994). The
plant tissue was then filtered through four layers of cheese-
cloth. The filtrate was then centrifuged at 10,000g for 10 min
to pellet the mitochondria and plastid fractions. The super-
natant was then collected and centrifuged at 50,000g for 2 h.
The pellet, which consisted of the microsomal membranes,
was resuspended in 10 mL of resuspension buffer containing
0.33 m Suc, 5 mm potassium phosphate, pH 7.8, 5 mm KCl,
1 mm DTT, and 0.1 mm EDTA. Nine grams of the microso-
mal suspension was added to a 27-g two-phase partitioning
system containing 6.2% (w/w) polyethylene glycol, 6.2%
(w/w) dextran T-500 (Pharmacia, Buckinghamshire, UK),
0.33 m Suc, 5 mm potassium phosphate buffer (pH 7.8), 5 mm
KCl, 1 mm DTT, and 0.1 mm EDTA. The two-phase parti-
tioning system was repeated two times at 4°C. The lower
phase of the first stage was re-extracted with fresh upper
phase. The upper phase of the third partitioning was recov-
ered, diluted at least four times with the resuspension
buffer, and centrifuged at 120,000g for 40 min to obtain
plasma membrane-rich pellets. The same procedure was
performed with the re-extracted upper phase. The lower
phase was then diluted at least 10-fold with the resuspen-
sion buffer solution and centrifuged at 120,000g for 40 min to
obtain the microsomal vesicles without plasma membrane
vesicles.

Before the permeability measurements were conducted,
the vesicles were washed and centrifuged three times with
the buffer (50 mm K2SO4 and 10 mm PIPES [1,4-piper-
azinediethanesulfonic acid]-KOH, pH 7) that was also used
in the measurements of permeability coefficients. All the
procedures were carried out at 4°C or on ice, and the
vesicle suspension was stored at 280°C until use. The
storage of membrane vesicles can have a dramatic effect on
the transport properties of the vesicles. To minimize any
damaging effects from the storage of the vesicles we used
the vesicles that were thawed only once. Moreover the
permeability coefficients of boric acid and water from
freshly prepared vesicles were compared with the perme-
ability of stored vesicles and no statistical significant dif-
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ference in permeability of boric acid and water between the
two types of vesicles was observed.

Marker enzyme activities were vanadate-sensitive H1-
ATPase for the plasma membrane, nitrate-sensitive H1-
ATPase for the tonoplast, Triton X-100-stimulated UDPase
for Golgi bodies, Cyt c oxidase for mitochondria, and
NADH Cyt c reductase for endoplasmic reticulum (Widell
and Larsson, 1990). Protein content was determined ac-
cording to Bradford (1976) using bovine serum albumin as
a standard.

Measurements of the Permeability Coefficient of
Water and Boric Acid in Different Fractions: Stopped-
Flow Measurements

The stopped-flow measurements were made in a stopped-
flow apparatus that was manufactured according to
Colowick and Kaplan (1960) and tested using the method of
Tonomara et al. (1978). The dead time was 24 msec. Osmotic
water permeability was measured by recording the time
course of light scattering at 465 nm. The size of the vesicles
was determined before and after mixing to ensure that rapid
mixing did not lead to vesicle rupture or consecutive fusion.
The permeability coefficient of boric acid and other nonelec-
trolytes, such as urea, and Pf for water were determined
using the method described previously (Verkman et al.,
1985; Van Heeswijk and van Os, 1986; Ye and Verkman,
1989; De Gier, 1993) from the change of liposome volume
caused by the transmembrane osmotic gradient.

Scattered light at 465 nm was recorded in an OLIS-RSM
rapid kinetics spectrophotometer (OLIS, Athens, GA) at a
90o angle. All measurements were performed at room tem-
perature except for those determining the Ea. Equal vol-
umes of vesicle suspensions, which were prepared as de-
scribed previously, with concentrations of protein of 0.5 to
1.5 mg/mL for microsomal and plasma membrane-
depleted vesicles, and 0.1 to 0.4 mg/mL for the plasma
membrane vesicles, were mixed with buffer containing 400
mm boric acid, 200 mm Suc, and 400 mm urea (for boric acid,
water, and urea measurements, respectively). For the deter-
mination of Pf Suc was used to induce an outward osmotic
gradient. The observed time course change in light scatter-
ing corresponded to the time course change in volume of the
vesicles and the curve was fitted to a single exponential
curve (Verkman et al., 1985; Van Heeswijk and van Os,
1986). The permeability coefficient was calculated as follows:

Pf 5 kVo/~VwADC! 5 kr/~3VwDC! (1)

where k is the time constant of the exponential curve, Vw is
the molar volume of water (18 cm23 mol21), Vo is the
internal volume of the vesicles, A is the surface area of the
vesicles, r is the radius of the vesicles, and DC is the
osmotic gradient.

The permeability coefficient for boric acid and urea was
determined according to Verkman et al. (1985) and Paula et
al. (1996).

Psolute 5 kr/3 (2)

where k is the time constant and r is the radius of the
vesicles.

The time course of the change in light scattering gave
two single exponential curves with opposite signs. The first
one was very fast and corresponded to the loss of water
from the vesicles, whereas the second phase, which had an
opposite sign, corresponded to the movement of the non-
electrolyte into the vesicles. When an isomolar solution
(equal to the osmotic potential of the vesicle lumen) was
injected, there was no time-dependent change in light scat-
tering, demonstrating that artifacts that can occur in
stopped-flow experiments were not present. Six to eight
replications were used to determine the permeability coef-
ficient for water, boric acid, and urea. The experiment was
repeated three times and in every experiment more than
two batches of vesicles were used.

Effect of Inhibitors on Boric Acid Permeability

To determine the effect of inhibitors on boric acid trans-
port, 0.5 mm HgCl2 and 250 mm phloretin were used. Vesi-
cles in both cases were incubated for at least 10 min with the
inhibitor and the uptake of boron was then performed using
the stopped-flow device as described previously. After the
measurements in the presence of HgCl2 were completed,
2-mercaptoethanol was added into the vesicle suspension
and incubated for 10 min to reverse the effect of Hg ions. The
experiment was repeated three times and in every experi-
ment more than two batches of vesicles were used.

Ea

The permeability coefficient was determined at 10°C,
18°C, 25°C, and 30°C and the Arrhenius plot was made to
determine the Ea according to Agre et al. (1999). For this
experiment we used six replications and the experiment
was repeated twice.

Vesicle Size

The size of the vesicles was determined with dynamic
light scattering, using a BI-90 particle sizer (Brookhaven
Instruments Corporation, Holtsville, NY). The instrument
was calibrated following the instructions of the manufac-
turer to give the absolute dimensions of the vesicles.

Heterologous Expression of MIP Protein in
Xenopus laevis Oocytes

In Vitro cRNA Synthesis

The following MIPs were tested: NLM1 (from Arabidop-
sis), PIP1 and PIP3 (from maize), and GlpF (from Esche-
richia coli; Maurel et al., 1993; Weig et al., 1997; Chaumont
et al., 1998; Chaumont et al., 2000). The preparation of the
constructs was described previously (Preston et al., 1992;
Maurel et al., 1993; Weig et al., 1997; Chaumont et al., 1998;
Chaumont et al., 2000). E. coli having the appropriate con-
struct were grown in Luria-Bertani media overnight and
the plasmid DNA was isolated using a plasmid purification
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kit (Qiagen, Santa Clara, CA) following the instructions of
the manufacturer. The plasmid DNA was linearized using
the appropriate enzyme and then the cRNAs encoding
PIP1, PIP3, NLM1, and GlpF were synthesized using T3
RNA polymerase and purified as described previously
(Preston et al., 1992).

Oocyte Isolation

Oocytes were extracted by standard procedures from
adult Xenopus laevis (Zhang and Verkman, 1991). After-
ward the oocytes were treated with collagenase (type 1a
[Sigma]; 0.2% in Barth’s buffer without Ca and gentamy-
cin) at room temperature for 2 h with gentle agitation to
remove follicular cell layers. The oocytes were washed five
times with Barth’s buffer, then selected according to size
and developmental stage. Only large and full-grown oo-
cytes at stages 5 and 6 were selected for the injection. The
diameter of the oocytes was 1.2 to 1.3 mm. The oocytes
were stored in Barth’s buffer [88 mm NaCl, 1 mm KCl, 0.82
mm MgSO4, 0.33 mm Ca(NO3)2, 0.41 mm CaCl2, 2.4 mm
NaHCO3, 10 mm HEPES-KOH, pH 7.4, and 50 mg/mL
gentamycin; osmolarity 5 200 mosmolal]. Oocytes were
stored at 18°C for 1 d until the injection of cRNA. Fifty
nanoliters of in vitro cRNA transcripts (1ng/nL) or 50 nL of
diethyl pyrocarbonate-treated water was injected into the
oocytes and the oocytes were stored at 18°C with daily
buffer changes for 2 d.

Osmotic Water Permeability Measurement

Two days after the injection the osmotic water perme-
ability was measured as the swelling of the oocytes in
response to imposition of an osmotic gradient. Individual
oocytes were taken from Barth’s buffer (200 mosmol) and
placed in a glass chamber with continuous circulation of
hypo-osmotic Barth’s buffer diluted 1:5 to a final osmolar-
ity of 40 mosmol. All measurements were performed at
room temperature. Oocytes were viewed under a micro-
scope (Nikon, Tokyo) using Scion Image software to cap-
ture and record the change of volume of individual oo-
cytes. Changes in cell volume were recorded by taking
pictures every 5 s for 1.5 min. The Pf was calculated ac-
cording to Zhang and Verkman (1991):

Pf 5 Vo@d~V/Vo!/dt#/@SVw~Osmin 2 Osmout!# (3)

where Vo is the initial volume of the oocyte (9 3 1024

cm23), S is the initial oocyte surface area (0.045 cm2), Vw is
the molar volume of water (18 cm3 mol 21), Osmin is the
osmolarity inside the oocyte (200 mosmolal), and Osmout is
the osmolarity outside the oocyte (40 mosmolal). Five to six
individual oocytes were used for each determination.

Determination of Cellular Boron Content

In each of the following, boron uptake was detected by
counting boron content of oocytes at time 0 and at the
completion of the uptake period. After the incubation the
oocytes were rapidly rinsed four times in ice-cold Barth’s

buffer. The oocytes were lysed with a pestle in HNO3 and
the supernatant was analyzed for boron with inductively
coupled plasma mass spectrometry according to Nyomora
et al. (1997).

Statistical Analysis

Results are reported in the form of means 6 se of at least
three independent experiments. Significant differences be-
tween treatments were calculated by using the Student’s t
test.
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