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ABSTRACT

When following the membrane potential of Elodea densa leaf
cells during a dark-light regime and analysing the different
phases of the cycle, the pattern under boron deficiency resem-
bled the one reported to occur after 3-(3,4-dichlorophenyl)-1,1-
dimethylurea application. The potential in the dark slowly de-
creased when transferring Elodea densa leaflets and Helianthus
annuus roots to a B-free medium and increased in the same way
after B was added again. Addition of vanadate to inhibit plasma-
lemma ATPases in part mimicked the effects of B deficiency. It
is suggested that B directly or indirectly affects the formation of
a proton gradient. The effect of B on proton secretion was
observed in various experiments with Daucus carota cell cultures.
The results are discussed with respect to the possible involve-
ment of B in membrane function and transport processes.

One of the very first observations of a reduced ion uptake
under boron deficiency was made by Rehm (15) with Impa-
tiens balsamina. Since that time, in several articles different
authors have suggested a more or less direct involvement of
B in plasmalemma-bound transport processes for higher
plants and diatomaceous species (1, 12, 14, 17, 18, 20). It is
still a matter of controversy whether these differences in net
uptake are the consequence of a reduced active transport
system such as H+-pumping ATPases (14) or of a more or

less general effect on membrane structure (13). The latter
assumption is supported by the fact that in several cases of B
deficiency lower flux rates for the ions K+, Rb+, and H2P04-
were found (4, 17, 18, 20), although a higher net efflux of K+
(23) or no influence on ion fluxes (13) have been observed as

well.
As early as 1945, Lundega'rdh (10) stated that B "increases

the acidity of the surface of the cytoplasma." Tanada (21)
found an effect of B on the electric potential of red-light
irradiated Vigna hypocotyls and observed B-induced differ-
ences with respect to the adhesion of Vigna root tips on

negatively charged surfaces (22). In view ofthese observations,
we started experiments to study the effects of B on the
membrane potential Em, proton secretion, and ferricyanide
reduction. This might help in separating primary and second-
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ary events of B deficiency and lead to a better understanding
of boron's role in plant metabolism.

MATERIALS AND METHODS

Plant Cultivation and Nutrient Solutions

Elodea densa was grown in a 0.1 strength nutrient solution
according to Hoagland and Arnon (7). The B supply as
B(OH)3 was modified as stated in the tables and figures.
Helianthus annus was raised hydroponically in a 0.2 N Hoag-
land solution (see above) for about 6 to 8 weeks after germi-
nation. Suspension-cultured cells ofDaucus carota were raised
as described earlier (4). The B-deficiency treatments were
started either by changing the solution during the potential
measurements or by preincubating plant parts (Elodea),
whole plants (Helianthus), or thoroughly washed cells (Dau-
cus) in an essentially B-free solution. The nutrient solution
employed for the experiments was either a 0.2 strength Hoag-
land solution (Elodea, Helianthus) or a modified Murashige
and Skoog medium (without Fe for ferricyanide reduction to
avoid the formation of blue-colored cyanide-complexes). For
continuously monitoring HW-release of Daucus cells, a sim-
plified solution, containing only 3% (w/v) saccharose, 0.1 mM
CaSO4, and 10 mM K2SO4 was used. To minimize B contam-
ination, highest purity grade chemicals and ultrapure water
(Seradest Up) were used, and the storage of solution in glass-
ware and low quality plastics was avoided throughout. If
required, solutions were treated additionally with the borate-
specific Amberlite IRA 743 ion exchanger (analytical grade,
prewashed in ultrapure water).
K was determined by flame photometry (Elex 6361, Eppen-

dorf) after wet ashing in HNO3/HCl04/H2SO4 (20:2.5:1, v/
v).
Membrane potential was measured by standard electro-

physiological methods with 3 M KCI-filled glass microelec-
trodes (tip diameter approximately 0.8-1 Am), with the ref-
erence electrode submersed in the surrounding medium. To
minimize noise signal, part of the experiments were per-
formed without continuous circulation of the nutrient solu-
tion. Later experiments with a slightly modified setup did not
reveal any differences when compared to experiments with
flowing solutions. The potential was shunted to a high imped-
ance voltmeter (Keithley 610, >10'4Q) connected to a single
pen chart recorder. Light was supplied by a microscope lamp
with an intensity of 44 AE. m-2 . s-' (400-700 nm) during the
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'light' cycles; during the 'dark' phase, light intensity was <0.01
,uE m-2. s-'. Temperature fluctuations between dark and light
phases were c 1°C under our experimental conditions. Vana-
date was supplied as Na3VO3 in the concentrations indicated
in the tables.

Ferricyanide Reduction

The initial ferricyanide concentration was adjusted to 1 mM
K3Fe(CN)6. An aliquot of about 1.5 to 2.0 g of cells (fresh
weight) was suspended in a 100 mL solution to start the
experiments. Aliquots were taken from the gently stirred
solutions at 30 min intervals and the cells were removed by
filtration through purified cotton wool or several layers of
filter paper (Schleicher & Schull, White Ribbon). Ferricyanide
reduction was monitored photometrically at 420 nm and the
pH was measured by an Orion-Ross semimicro electrode.

Proton Release

In a further set of experiments, proton release was followed
by automatically registering the pH every 5 min in a Solartron
Datalogger. The temperature in these experiments was con-
trolled to about 22 to 24'C, and the cell suspensions were
stirred by bubbling C02-free air through the solutions. Cell
cultures which were used in these experiments have been kept
for 3 to 4 weeks in solutions containing 10 ,M B(OH)3. The
experiments started about 30 to 40 min after separating the
cells from their preculture medium (this time was needed for
rinsing the cells and adjusting the whole device). The experi-
ments were carried out in quadruplicate.

Boron Determination

Where necessary, boron was determined by ICP-plasma
emission spectrometry either directly in the solutions (sensi-
tivity better than 0.1 sg/mL) or after concentration (plus
addition of mannitol to avoid losses caused by evaporation of
boric acid) and wet ashing in covered PTFE crucibles.

Statistics

The influence of B on the membrane potential in different
phases of the dark/light cycles was analyzed statistically for
the parameters indicated in Figure 1 by variance analysis and
Duncan's multiple range test. For all other experiments, treat-
ments were compared by the t-test.

RESULTS

The resting potential in the dark was lowered in the cells of
Helianthus roots (Table I) and Elodea leaflets (Table IIA,
column a) when transferred from 10 ,M B(OH)3 to essentially
B-free media for 20 h. As far as could be recognized, the
potential decreased steadily and recovered slowly to approxi-
mately the same level after adding B again (Table I, data of
Elodea not shown). We were unable to detect major breaks
or rapid changes of the membrane potential as a consequence
of the changes in B supply. The observed potentials of He-
lianthus roots were relatively low, which might be attributed
to the comparatively low concentration of the nutrient solu-

Figure 1. Scheme showing the different phases of the pattern of
membrane potential in E. densa under a dark/light regime as used in
the statistical analysis for Table II. a, 'Resting' potential (dark phase)
(mV); b, lag phase for raising the potential at the beginning of the
light phase (min); c, rate of potential increase in the light (-mV/min);
d, transient hyperpolarization before reaching the 'equilibrium poten-
tial' in the light (-mV); e, equilibrium potential in the light (-mV); f,
transient hyperpolarization at the beginning of the dark phase (-mV);
g, rate of potential decrease in the dark (-mV/min).

Table I. Membrane Potential Difference (-mV) in H. annuus Root
Cells from the Elongation Zone (410-20 mm behind the root tip) as
Influenced by Boron (+B = 3 10-5 M H3B03, -B = without added
B)

Pretreatment Treatment Em AEm
3 d Em 20 h

-mV -mV

+1B 74.5 +B 73.2 15.7
-B 57.5*

-B 56.9*** +B 65.5 13.9
-B 51.6*

Statistically significant between the B treatments at the 5%
and 0.1% level, respectively, according to the t-test.

tion (less than one-fifth-concentrated Hoagland solution) at
the time of sampling for the experiment.
The typical pattern of the membrane potential under a

dark-light regime and the respective changes after transfer to
B deficient conditions are depicted in Figure 2A. In as few as
20 min after removing B, the following changes were observed
(see also Fig. 1): (a) an increased lag phase for the rise of the
potential after turning the light on; (b) a reduced rate of
potential increase after illuminating, especially during the
second part of this phase; (c) a loss of the transient hyperpo-
larization before reaching the equilibrium potential in the
light; (d) a lower depolarization rate toward the resting poten-
tial in the dark. These differences persisted as long as B was
withheld from the nutrient solution. When adding B again, it
took about 18 to 24 h until the shape of the potential curve
equaled the original one (Fig. 2B). Especially, the second
phase of the light-induced increase in Em (Fig. 1, b) recovered
only slowly.

After the addition of Na3VO3 to inhibit plasmalemma-
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bound ATPases, the light-induced increase ofEm was delayed
4--
1| in the +B treatment, but was accelerated under -B conditions
co * D0..=¢ (Table IIA, column b) when compared to the respective

0 U.| .. behavior of the control (+B/without vanadate). The rate of
o) x E i: E o _CD D increase ofEm was significantly lower without B up to 400

0).' E|B 2 cal m t _ _ si *FD zM Na3VO3 (Table IIA, column c). The transient hyperpolar-
co+ _ m0o. cN _ 0° ization preceding the stationary phase of Em in the light was

0CD O
0

a)
uo s qg e almost absent in all -B treatments, and could be completely

suppressed by the addition of vanadate at a concentration of
: X400 ,uM (Table IIA, column d).

3̂o No consistent changes between the B treatments have been
C c. . *@ >c observed for 'light potential' (Fig. 1, e) and transitory hyper-

o. Z., polarization after turning the light off (Fig. 1, f). Compara-
8 tively low levels of vanadate (0.1-0.2 mM) sufficed to equalize

S I + Ci C b_ 8 the depolarization rates at the onset of the dark phase (Fig. 1,
D-|vI0XC||'D| g) for plants grown with or without B (Table IIA, column d).

0cs a) _ O Z 8 In a series of similar experiments we also tested the influ-
LUm§0E|| ence ofan elevated B concentration. There were no differencescc

o
C

E at all between a normal (IQuM) and the I 00-fold (ImM) B
CM,, 00 cm .I concentration (Table IIB; Fig. 2B).

P b 3'_ X O When analyzing the K+ content ofElodea densa incubated
oE C) for 20 h in a one-fifth concentrated Hoagland solution, the

c co m oo 0 r 4- K+ concentration decreased only slightly, statistically not+ ..r. .~:Co C M significant, in the B deficient plants (39.0 mM versus 38.2
cmcmcmcmta) I.a)a)

a, Ej . mM). In Daucus cells, too, the K+ content was only slightlyCu~~~~~~~~~~~~~~~~~,C
00:Q Q S C @ o Qaffected by B deficiency (data not shown).
.000 coPretreatment in B-free solutions for 16 to 17 h decreased

_ c N > oiCiC; Co the proton release of suspension-cultured Daucus cells by over
di _ LOC0>O cM ) .2<#i 2, 50%, whereas it did not affect the rate of ferricyanide reduc-
.~ 8mL0o.LOD -0 .ca) tion (Fig. 3). The first differences between the B treatments

.|I + 0
- were to be seen after about 6 h underour experimentala)~~~~~~~~C

c0o- conditions (these data are not presented here). When using
Z Z' CL U)

i O Qcells precultivated in a solution with lower B concentrations
a,E E_}}}"O > DQ(5 AM, with a maximum of 9-10 g cells per 70 mL nutrient

CcoIC_ U) 1<L - solution, changed weekly), cells responded more rapidly (Fig.
Ei c c Co 4), although they did not show any signs of a beginning B

cuno....~ ~CD deficiency. Here, significant differences between the B treat-
aC C+ 4ED ments became apparent in as few as 50 minutes after the start

Co ofthe experiment (i.e. about 1.5 h after transfer to B-deficient
6 "n a) a) ° or -sufficient conditions). The external B concentration in the
t E cu* B oO+Btreatments did not vary noticeably during the time course
_ )_ a!azaz ~ Dl Qnx L|?of the experiment; the data are thus omitted.
cu Q 0 c LO .C0 LO m

6

.c *~~~~~~00LC~~~~~DISCUSSION
+oE LO Lo B deficiency lowers the resting potential during the darkE e CD 4(JCD 0LU .s 3 >c phase, in both Helianthus roots and Elodea leaf cells. It is not

0
-.&za) m S X clear whether this is directly related to an influence of B on

X ., m 5: vm D > Li E Co proton-pumping plasmalemma ATPase activities, as rela-
;3~ E C CDC)Co E_ tively high levels of vanadate were needed to supress this

coEO cmN Oe _ _ 2 > 0 effect. As our nutrient solutions contained phosphate, the
LU V *0 uptake of vanadate might have been somewhat restricted. In
t.~S Q i B a crude membrane vesicle preparation, Pollard et al. (14)

c cmm cm cmc .CD observed a stimulation ofATPase activity by B. It should be
+ 0)10f -CD6.0 + 8 c0 CO LO m ) Cl taken into consideration, however, that the effect of B might

.- S | OE13alsobe an indirect one (see below).
||8 Oo|° From experiments with Elodea (9) or Ricciafluitans (3), it

0 _ was concluded that the dark potential is probably due mainly
->-> _ t X + OCtoan unequal distribution of K+ between cell (vacuole) and
3 .-:a)external medium. Although a flux equilibrium can be as-
I- .n
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I ALight off

Figure 2. Pattem of membrane potential in E. densa under dark/light
cycles as influenced by the supply of boron (-B = supplying a B-free
solution, +B = 10 AM B; 100 x +B = 1 mm B); the beginning of the
respective treatments is indicated by the boldface arrows in each
panel; the 'dark potential' of the different curves is written next to
the lightface arrows. A, Em at the change from +B (top curve) to -B
(center curve) and after 97 h of -B treatment (bottom curve). B, Em
when changing from -B to +B (after 143 h -B treatment, top curve)
and recovery of the Em pattern (center two curves, after 25 and 69 h
+B, respectively). Bottom curve, Em at 1 mm B as B(OH).

sumed only in Elodea and not in roots, their vacuolar K+
concentration may be calculated according to the Nernst
equation, provided K+ is the main ionic species responsible
for the equilibrium potential. The K+ concentration would
thus be 37.8 mM with B and 15.8 mm without B. In contrast,
in most of our experiments the actual K+ concentration in
the plants was only marginally affected, at least during the
earlier phases of B deficiency. Thus, the observed potential
differences must have been caused by other ions. As our

medium contained only traces of Na+ and Cl- in the Elodea
medium, the most likely candidate for this effect is H+, besides

Figure 3. Femrcyanide reduction (red, O, U) and proton secretion (0,

0, A\, A), by D. carota cell suspensions as influenced by B nutrition;

the figure shows the average net proton release in two independent

experiments (E, A, 0, 0). Open symbols (A, 0, 0) = -B treatment,

without added B; solid symbols (A,*, U) = +B treatment, 100 M

B(OH)3.

5-

1-

EL 32

50 100 150 ;m )n)

Figure 4. Proton release by suspension-cultured carrot cells per g
of fresh weight as influenced by the B supply (as in Fig. 3); *, **, ***

show the differences to be significant according to the t-test at the
5, 1, and 0.1% level, respectively.

the possible effect ofB on anion uptake (4, 18). This assump-
tion is supported by the fact that B-deficient cells show a

significantly lower net proton release (Figs. 3 and 4). The
difference is about in the same order of magnitude as the one
observed in Em. Lack ofresponse ofthe ferricyanide reduction
to B deficiency for up to 1 d stands against a participation of
plasmalemma-bound redoxpumps in this B-influenced pro-
ton excretion (Fig. 3)., although the B effect was more pro-
nounced in the presence of ferricyanide (Fig. 3) or when Fe
was omitted from the nutrient solution (Fig. 4). Results of
preliminary experiments with the pH stat method revealed
that B deficiency increased the proton uptake independently
from the accompanying anion within 2 h after starting the
deficiency treatment (our unpublished results). It is also note-
worthy, that the equilibrium-pH (i.e. where proton release
equals proton uptake) in our experiments was higher for B-
deficient cells (see e.g. Fig. 4). This was independent from the
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experimental conditions, i.e. even when there was no stimu-
lation of net proton release (our unpublished results).
B(OH)3 may in part exert effects comparable to other easily

permeating weak (organic) acids (11, 16), presumably by
lowering the cytoplasmatic pH. As boric acid has a high ether
partition coefficient, it passes lipophilic layers quite easily. At
the higher internal pH it may react either with OH- or

hydroxylic groups, forming a borate anion or a negatively
charged borate ester, thus lowering the cytosolic pH, which
in turn may affect proton uptake and release, and transport
processes linked to H+-movement. Other than with the supply
of weak organic acids, the effects of B deprivation and resup-
ply are relatively slow, which may be due to the binding
characteristics of boric acid/borate to the various ligands in
cell wall, plasmalemma, and probably other cellular compart-
ments. It can be excluded that the observed difference in
proton release is based on a direct stoichiometric reaction of
boric acid in the cells with a concomitant release of protons
liberated by borate formation, as the difference between the
treatments with respect to the protons released was 5 to 6.
l0` mol H+ g-' (fresh weight), whereas the total supply of B
amounted to about 5. 10-6 mol B(OH)3 g- (fresh weight),
and the B concentration of the nutrient solution did not vary
significantly during the time course of the experiment (data
not shown). It is noteworthy that in our experiments the effect
of B on the proton extrusion was especially pronounced in
Fe-free solutions, i.e. conditions where H+ extrusion is known
to be highly stimulated, at least in Fe-efficient species (19).
The mechanism(s) by which B may influence membrane

potential and proton movement through membranes are still
subject to speculations. It was hypothesized that B(OH)3
increases the electron transport rate in phytochrome-mediated
reactions (22). In agreement with these assumptions, there is
a striking similarity in the pattern of the membrane potential
under dark/light regimes between B-deficient Elodea and the
ones that have been treated with DCMU, an inhibitor of
electron transport (2).

In actually running pH stat experiments with auxin-heter-
otrophic cell cultures, we found that the effect of B on net
proton release as well as proton uptake was strictly dependent
on the presence of auxins (our unpublished results). Besides
boron's influence on peroxidase/IAA-oxidase activities (5, 6),
a similar interaction between auxins and B has been found
for the rooting ofmung bean cuttings (8). B may either affect
the cellular distribution of auxins (6) or even somehow regu-
late their action. The effects ofB deficiency on Em and proton
release are in agreement with earlier observations ofa reduced
phosphate efflux (4). It is very likely, that these differences
will influence the distribution of substances like acidic plant
growth regulators (e.g. auxins) as well.

Experiments are under way to further examine boron's
influence on mechanisms related to proton movement in
membranes such as membrane resistance, cytosolic pH, anion
uptake, and auxin metabolism.
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