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In developing seeds, the permeability of the plasma membrane of seed coat parenchyma cells is crucial for the supply of
nutrients to the embryo. Here, we report characteristics of the transport of the organic cation choline and the basic amino
acid l- histidine (His; cation at pH 5, electroneutral at pH 7) into isolated seed coats of pea (Pisum sativum). Supplied at
sub-micromolar concentrations, choline� accumulated in the seed coat tissue 5.1 � 0.8-fold, His� 2.4 � 0.3-fold, and His0

1.3 � 0.2-fold. Taking into consideration that at pH 5 His influxes as a cation but effluxes as a neutral molecule, these
accumulations are in reasonable agreement with (electro) diffusional uptake at the prevailing membrane potential of �55 �
3 mV. At a concentration of 100 mm, choline� and His�, but not His0, depolarized the membrane of the parenchyma cells
and neither of the substrates was accumulated. At this concentration, the relative influx (the ratio of influx and external
concentration, a measure for membrane permeability) of choline and His was approximately 10 �mol g�1 fresh weight
min�1 m�1, similar to that found for neutral amino acids, sucrose, glucose, and mannitol. At lower concentrations, the
relative influx of choline� and His� increased because of increasingly more negative membrane potentials, giving rise to
apparent saturation kinetics. It is suggested that transport of organic cations can proceed by a general, poorly selective pore
in the plasma membrane of seed coat parenchyma cells. This pore is thought to be responsible for the unloading of a range
of solutes that serve as nutrients for the embryo.

During the development of the pea (Pisum sativum)
seed, the embryo receives its nutrients from the sur-
rounding maternal seed coat. These nutrients arrive
in the seed coat mainly through the phloem of three
vascular bundles and are then distributed by cell-to-
cell transport over the seed coat parenchyma (Grusak
and Minchin, 1988; Patrick et al., 1995; Tegeder et al.,
1999). Because embryo and seed coat are symplasmi-
cally isolated from each other, the nutrients have to
be unloaded into the apoplast. This implies the trans-
port of the nutrients across the plasma membrane of
the seed coat parenchyma cells. The mechanism by
which the various nutrients (Suc, amino acids, and
inorganic ions) are released from the parenchyma
cells is still incompletely understood.

The release of sugars and amino acids from the pea
seed coat is biphasic, consisting of a fast and a slow
component (De Jong and Wolswinkel, 1995). It is
most likely that the fast component represents the
efflux across the plasma membrane of seed coat pa-
renchyma cells. The rate constant for the fast compo-
nent in the release of Suc and amino acids amounts to
approximately 1.4 h�1, corresponding to a half-life
time of approximately 0.5 h. For a spherical cell, the
permeability coefficient (P) is related to the half-life
time (t1/2) and the cell radius (r) by P � ln2 � r/3t1/2
(Lanfermeijer et al., 1990). Inasmuch as the diameter

of parenchyma cells in the pea seed coat ranges from
20 to 100 �m, the permeability coefficient for Suc and
amino acids can be roughly estimated to be in the
order of 10�7 cm s�1. For Suc, Glc, mannitol, and
several neutral amino acids, membrane permeabili-
ties have been estimated more precisely in uptake
experiments with 14C-labeled solutes (De Jong et al.,
1996, 1997). Estimated permeability coefficients of all
tested solutes turned out to be in the range 3 � 10�7

to 9 � 10�7 cm s�1, which is at least 105-fold higher
than expected for diffusion through a lipid bilayer. In
addition, it has been found that the efflux of endog-
enous Suc and amino acids (De Jong and Wol-
swinkel, 1995) as well as the influx of exogenously
supplied substrates could be inhibited by
p-chloromercuribenzene sulfonic acid (pCMBS).
Therefore, it has been proposed that the plasma
membrane of seed coat parenchyma cells contains
nonselective, proteinaceous pores that facilitate the
unloading of sugars and amino acids (De Jong et al.,
1996, 1997).

To probe the permeability of the plasma membrane
of seed coat parenchyma cells for molecules bearing
a positive electrical charge, we investigated the up-
take of the small organic cation choline and the basic
amino acid l-His by pea seed coat tissue. Because the
pKa value of the imidazole group of His is 6.0, the
abundance of the cationic form (His�) decreases from
91% at pH 5 to 9% at pH 7, whereas the abundance of
the electroneutral zwitterionic form (His0) increases
from 9% to 91% (Segel, 1968). Thus, using His as a
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substrate the transport of a molecule in its electro-
neutral or cationic form can be studied in the pH
range 5 to 7. We assessed the extent to which choline
and His can be accumulated in the seed coat tissue,
measured their influxes over a wide concentration
range, and studied their effect on the membrane po-
tential. The results indicate that the cations choline�

and His� are taken up by electrodiffusion through a
general, poorly selective pore. The implication of
these pores for the regulation of assimilate release by
seed coats will be discussed.

RESULTS

Time Course of Uptake and Accumulation of
Choline and L-His

The uptake of choline and l-His by the isolated
seed coat halves was determined at a sub-micromolar
concentration and at 100 mm. His uptake was deter-
mined using incubation medium of either pH 5 or pH
7. Figure 1 shows the time course of uptake of both
substrates during 6 h of incubation.

The time-dependent uptake [U(t)] of a solute by
plant tissue may be described by:

U�t� � Ueq�1 � e�kt� � Ufs (Eq. 1)

where Ueq is the uptake at equilibrium, k is a rate
constant, and Ufs represents the uptake in the free
space. If, per unit of time, a fraction f of the intracel-
lular substrate is converted into molecular species
that cannot leave the cell, Equation 1 has to be trans-
formed into:

U�t� � fUeqt � �1 �
f
k� � Ueq�1 � e�kt� � Ufs (Eq. 2)

Equation 2 was fitted to the data shown in Figure 1
and the resulting parameter values are given in
Table I.

Assuming that pea seed coats contain 80% (w/w)
water, substrate concentrations in the tissue at equi-
librium ([S]in) were computed from Ueq, so that an
estimate could be made of the extent to which the
substrate was accumulated. As can be seen in Table I,
choline and His were not accumulated by seed coat
tissue when present at a concentration of 100 mm in
the incubation medium. When the substrate was ad-
ministered at a sub-micromolar concentration to the
incubation medium, choline accumulated about
5-fold and His� about 2-fold, whereas His0 was not
significantly accumulated in the seed coat tissue.

Concentration Dependence of Initial Influx

The uptake of choline and His was investigated
over a wide concentration range, from �1 �m to 100
or 200 mm. Initial influxes (v) were determined from
the uptake between 5 and 20 min, which was essen-
tially linear with time (Fig. 1). The ratio of initial
influx and external substrate concentration is defined
here as the relative influx, v/[S]. Concentration de-
pendencies of choline and His influx were analyzed
by fitting the equation:

y � � a
1 � 10x�x0� � c (Eq. 3)

Figure 1. Time course of the uptake of choline and L-His by pea seed coats. Uptake was measured when the substrate was
supplied at a submicromolar concentration (A, B, and C) or at a concentration of 100 mM (D, E, and F). His uptake was
measured at pH 5, where approximately 90% of the amino acid is present as the monovalent cation (B and E) and at pH 7
where approximately 90% of His is present as the electroneutral zwitterion (C and F). Curves were drawn using the
parameter values obtained by fitting Equation 2 to the uptake data (Table I). FW, Fresh weight.
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which describes the relative influx (y) as a function of
the logarithm of the external substrate concentration
(x), and where a � c is the maximum relative influx
when the substrate concentration approaches zero, x0
equals log[S] at the inflection point of the sigmoid
part of the curve, and c is the relative influx at an
infinitely high substrate concentration. Parameter
values resulting from fits of Equation 3 are given in
Table II. Omitting the constant c in Equation 3 re-
sulted in poor fits (not shown).

Figure 2A shows the sigmoid relationship between
the relative influx of choline and the logarithm of
the external concentration. The relative influx was
highest at low concentrations, amounting to ap-
proximately 75 �mol g�1 fresh weight min�1 m�1,
and decreased with increasing substrate concentra-
tions until it attained a value of about 10 �mol g�1

fresh weight min�1 m�1 at concentrations above 100
mm. Increasing concentrations of KCl had a similar
effect on choline influx as increasing concentrations
of unlabeled choline (Fig. 2B).

At low concentrations, the relative influx of
His� amounted to approximately 20 �mol g�1 fresh
weight min�1 m�1, which is about 4-fold less than
that of choline (Fig. 2C). However, at high concen-
trations the relative influxes of His� and choline
were essentially the same. It is interesting that the
relative influx of His0 decreased only slightly with
increasing substrate concentrations, from 12.5 to
10 �mol g�1 fresh weight min�1 m�1. Hence, the
influx of His at low concentrations decreased when
the pH of the incubation medium was raised from 5
to 7. In contrast, the influxes of choline and the

neutral amino acid l-Val were essentially constant in
this pH range (Fig. 3).

Effect of Carbonylcyanide m-Chlorophenylhydrazone
(CCCP) and pCMBS

Previous work has shown that efflux of endoge-
nous sugars and amino acids from pea seed coats, as
well as the influx of exogenously supplied substrates,
was not influenced by CCCP, whereas it could be
partially inhibited by pCMBS (De Jong and Wol-
swinkel, 1995; De Jong et al., 1996, 1997). This is also
true for the influx of choline and His. Addition of 10
�m CCCP had neither an effect on the uptake of
choline� nor on the uptake of neutral and cationic
His (Fig. 4A). The sulfhydryl reagent pCMBS sup-
plied at a concentration of 2.5 mm inhibited the in-
fluxes of Val, His0, His�, Lys�, and choline� when
the substrates were supplied at concentrations �1
�m. At high substrate concentrations (100 mm),
pCMBS still inhibited the uptake of electrically neutral
solutes, including His0, but had no effect on the influx
of the organic cations choline�, His�, and Lys� (Fig.
4B). The membrane potential of seed coat parenchyma
cells was not affected by the presence of 2.5 mm
pCMBS in the incubation solution (not shown).

Effect of Choline, His, and KCl on the Membrane
Potential of Seed Coat Parenchyma Cells

From 13 impalements of seed coat parenchyma
cells, an average membrane potential of �55 � 3 mV
was determined. In some experiments, dye injection

Table I. Parameters describing the time course of uptake of choline and L-His by seed coat halves

The equation U(t) � fUeqt � (1 � f/k)Ueq(1 � e�Kt) � Ufs was fitted to the uptake data shown in Fig. 1. The parameter Ueq represents the
amount of substrate in the seed coat tissue at equilibrium and f is the fraction of intracellular substrate assumed to be converted per unit of time
into immobile molecular species. The concentration of substrate in the tissue, [S]in, was calculated from Ueq assuming that pea seed coats contain
80% of tissue water.

Substrate
External

Concentration,
[S]out

Ueq k f Ufs

Accumulation
Ratio,

[S]in/[S]out

nM pmol g�1 fresh wt h�1 pmol g�1 fresh wt

Choline 228 940 � 150 2.1 � 0.6 0.10 � 0.06 246 � 35 5.1 � 0.8
L-His�, pH 5 21 40 � 5 1.1 � 0.2 0.02 � 0.04 6.4 � 0.7 2.4 � 0.3
L-His0, pH 7 27 28 � 5 1.4 � 0.3 0.20 � 0.07 3.1 � 0.4 1.3 � 0.2

mM �mol g�1 fresh wt �mol g�1 fresh wt

Choline 100 44 � 2 1.9 � 0.2 0.04 � 0.01 13.3 � 1.2 0.55 � 0.02
L-His�, pH 5 100 57 � 3 1.5 � 0.1 0.05 � 0.01 8.3 � 0.4 0.71 � 0.04
L-His0, pH 7 100 72 � 7 1.1 � 0.2 0.03 � 0.04 6.4 � 0.6 0.90 � 0.09

Table II. Parameters describing the concentration dependence of the influx of choline and L-His into pea seed coat tissue

The equation y � a/(1 � 10x�x0) � c was fitted to data of the concentration dependency of the influx shown in Figure 2.

Substrate a x0 c

�mol g�1 fresh wt min�1 M�1 log M �mol g�1 fresh wt min�1 M�1

Choline 67.0 � 5.4 �2.67 � 0.14 9.6 � 0.1
L-His�, pH 5 11.4 � 1.0 �1.77 � 0.15 10.1 � 0.7
L-His0, pH 7 2.3 � 0.2 �2.37 � 0.53 10.2 � 0.03
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by iontophoresis was used to ascertain the proper
impalement of a seed coat parenchyma cell (not
shown).

Alterations in the membrane potential at increasing
concentrations of choline and His in the bathing so-

lution were recorded using a perfusion system. Ad-
dition of choline� (Fig. 5A), potassium chloride (Fig.
5B), or His� (Fig. 5C) at concentrations above 1 mm
depolarized the membrane. However, when using
the pH 7 medium, His at a concentration as high as
100 mm did not result in depolarization (Fig. 5, D and
E). Changing the pH of the bathing solution from 7 to
5 had no appreciable effect on the membrane poten-
tial (Fig. 5E).

DISCUSSION

Uptake Mechanism

Analysis of uptake versus time curves allowed the
estimation of substrate concentrations in pea seed
coat tissue at equilibrium. When supplied at a high
concentration (100 mm) to the incubation medium,
the equilibrium concentrations of choline, cationic
His, and neutral His in the seed coat were deter-
mined at 44, 57, and 72 mm, respectively (Table I).
Similar uptakes were measured for the neutral sol-
utes Suc, mannitol, Glc, and l-Val (De Jong et al.,
1996, 1997). All solutes tested attained, on average, a
concentration of approximately 60 mm in the seed
coat tissue when their concentration in the outer
solution was 100 mm. This may indicate that the seed
coat symplast is only partially accessible to exog-
enously supplied substrates. From the observation
that the organic cations choline� and His�, when
supplied at high concentrations, attained approxi-
mately the same internal concentrations as neutral
solutes it may be concluded that the membrane po-
tential was zero. This is in line with the electrophys-
iological experiments showing membrane depolar-
ization at high concentrations of choline� or His�

(Fig. 5).

Figure 3. Influence of the pH of the incubation medium on the
relative influxes of L-Val, choline, and L-His. The substrate concen-
trations in the medium were: L-Val, 90 nM; choline, 200 nM; and
L-His, 40 nM. Each bar represents the mean value � SE of at least three
measurements. For each solute, bars with different letters were sig-
nificantly different by the Tamhane’s T2 test (P � 0.05) following
ANOVA. FW, Fresh weight.

Figure 2. Concentration dependence of the relative influx, v/[S], of
choline and L-His. The osmolarity of the incubation medium was
adjusted to 400 mM by adding different amounts of mannitol. Data
points represent mean values � SE from three to 30 measurements.
The curves drawn were calculated from the parameters in Table II. A,
Choline in incubation medium, pH 5.5. B, Effect of increasing con-
centrations of KCl on the relative influx of choline supplied at a
concentration of 202 nM. C, L-His in incubation medium with pH5
(F) or pH7 (f). FW, Fresh weight.

Uptake of Organic Cations by Pea Seed Coats

Plant Physiol. Vol. 126, 2001 1691



When choline was supplied at a sub-micromolar
concentration, its concentration in the seed coat tis-
sue at equilibrium was calculated to be 5.1- � 0.8-fold
higher than the external concentration (Table I). This
accumulation is expected at a membrane potential of
�41 � 0.4 mV, which agrees reasonably with the
measured membrane potential of �55 � 3 mV.

The lower accumulation of His (2.4-fold) can be
understood considering the difference in external
and internal pH. At an external pH 5, His will be
taken up in its cationic form that, on arrival in the
symplast (pH is approximately 7), will be converted
into the electroneutral zwitterion. As a consequence,
the membrane potential will affect the influx, but not
the efflux, of His.

Several models have been proposed that describe
the relation between ion flux and membrane poten-
tial (Smith, 1973). According to the Goldman model
(Goldman, 1943; Nobel, 1991; Sha et al., 1996) the rate
constants for influx and efflux of a monovalent cation
are given by:

kinflux �
u � k0

eu � 1
(Eq. 4)

kefflux �
u � k0

1 � e�u (Eq. 5)

in which u � EmF/RT (where Em is the membrane
potential and F, R, and T have their usual meaning),
and k0 is the rate constant for transport of the cation
at zero membrane potential. The Kimizuka-Koketsu
equation (Kimizuka and Koketsu, 1964; Sanders et
al., 1984; Borst-Pauwels, 1993) alternatively has been
used. This model predicts fluxes of monovalent cations
to depend on the membrane potential according to:

kinflux � e�u/ 2 � k0 (Eq. 6)

kefflux � eu/2 � k0 (Eq. 7)

For both models, the ratio of the internal and the
external concentration of the ion at equilibrium is
given by:

	S
in

	S
out
�

kinflux

kefflux
� e�u (Eq. 8)

which is equivalent to the Nernst equation. However,
for His at an external pH 5, the accumulation ratio at
equilibrium should be written as:

Figure 4. Effect of CCCP (A) and pCMBS (B) on
the relative influxes (white bars) as a percentage
of the relative uptake rates measured without
CCCP or pCMBS in the medium (black bars).
The substrates were supplied to the incubation
medium at a sub-micromolar concentration and
at 100 mM. Seed coat halves were pre-incubated
for 15 min in incubation medium with 2.5 mM

pCMBS, and then transferred to medium con-
taining both substrate and pCMBS. Each bar
represents the mean value � SE of at least three
measurements. The asterisks indicate a signifi-
cant decrease of the relative influx as compared
to the control (without CCCP or pCMBS) at a
95% confidence interval as tested by the Stu-
dent’s t test.
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	histidine0
in

	histidine � 
out
�

kinflux

k0
(Eq. 9)

which is equal to e�u/2 in the Kimizuka-Koketsu
model and to u/(eu � 1) in the Goldman model. At
the prevailing membrane potential of �55 mV, the
predicted accumulation ratios for His are then 2.9
and 2.4, respectively, which compares favorably with
the experimental value of 2.4 � 0.3 (Table I).

Therefore, the extent to which choline� and His�

were accumulated in seed coat tissue seems to be
determined solely by the membrane potential. No
indications were found that their transport is ener-
gized by ATP hydrolysis or by ion gradients. These
substrates apparently are transported across the cell
membrane of seed coat parenchyma cells by a
uniport mechanism.

Influx Kinetics

The relative influx, v/[S], is a measure of the mem-
brane permeability. If the specific plasma membrane
area for the tissue is known, v/[S] can be recalculated
into a permeability coefficient. The relative influx of
choline� and His� decreased with increasing sub-
strate concentrations, approaching a limiting value at
approximately 100 mm (Fig. 2; Table II).

The concentration dependence of the influx con-
formed to Equation 3. It may be noted that the sig-
moid part of Equation 3 is nothing other than the
Michaelis-Menten equation in disguise. Two inter-
pretations may apply. The substrates may be taken
up by two independent transport routes, one show-
ing saturation kinetics, the other a linear kinetic;
alternatively, the cations may be taken up by an
electrodiffusional mechanism. Thus the constant c in
Equation 3 may represent the permeability of the cell
membrane for the cation (at zero membrane poten-
tial), which is approached at high external substrate
concentrations. The increase in relative influx at
lower substrate concentrations may then result from
an increasingly more negative membrane potential.
This interpretation accounts for the observed accu-
mulation of choline and His (Fig. 1) as well as for the
depolarizing effect of high concentrations of choline
and His� (Fig. 5). In addition, it offers a simple
explanation for the inhibiting effect of increasing K�

concentrations on the influx of choline� (Fig. 2B).
The 2.4-fold increase in the relative influx of His�

when the membrane hyperpolarized from 0 to �55
mV is also in agreement with an electrodiffusional
uptake mechanism because Equations 4 and 6 predict
an increase of 2.4- and 2.9-fold, respectively. In
contrast, the relative influx of choline� increased
about 7-fold (Table II), and that for Lys� 5.7-fold (De
Jong et al., 1997). We cannot offer a ready explanation
for the different behavior of the three cations. It
should be kept in mind that, though seemingly sim-
ple, the flow of ions through a membrane pore is a

Figure 5. Effects of various concentrations of choline, potassium
chloride, and L-His in the bathing solution on the membrane poten-
tial of seed coat parenchyma cells. A slice of seed coat tissue was
mounted in a chamber through which various solutions were per-
fused. A, Perfusion of incubation medium, pH5.5, supplied with
various concentrations of choline as indicated. B, Perfusion of incu-
bation medium, pH5.5, supplied with various concentrations of KCl.
C, Perfusion of incubation medium, pH 5, with various concentra-
tions of L-His as indicated. D, Perfusion of incubation medium, pH7,
supplied with various concentrations of L-His. E, Perfusion of incu-
bation medium, pH7, or incubation medium, pH 5, with or without
100 mM L-His. All traces shown are from a single, representative
experiment and the data points present the mean values � SE of at
least five determinations.
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very complex phenomenon (Zambrowicz and Co-
lombini, 1993).

The theory of the apparent saturation kinetics of
non-mediated, passive permeation of cations is well
documented (Smith, 1973; Borst-Pauwels, 1993), but
it has received little attention from experimental
workers. Kochian and Lucas (1982), for example,
found the concentration dependence of K� influx
into maize roots to conform to a Michaelis-Menten
term and a linear term, but did not discuss the effect
of the increasing potassium concentration on the
membrane potential.

A General, Poorly Selective Pore

An important result of the present work is that the
plasma membrane of seed coat parenchyma cells has
approximately the same permeabilities for small or-
ganic cations as for neutral organic solutes. At zero
membrane potential, the “permeabilities” (expressed
in �mol g�1 fresh weight min�1 m�1) for choline�,
His�, and His0 were 9.6, 10.1, and 10.2, respectively
(Table II), as compared with “permeabilities” for Suc
(6.3), Glc (4.8), mannitol (5.1), and several neutral
amino acids (8.7–15.3) determined in previous stud-
ies (De Jong et al., 1996, 1997). These results favor the
hypothesis that the organic cations share the same
transport route as the neutral solutes. This is sup-
ported by the observation that, like for neutral sol-
utes, the influx of choline� and His� was not affected
by the protonophore CCCP, whereas the organic
mercurial pCMBS inhibited the influx partially, at
least when the cationic substrates were supplied at
concentrations �1 �m. This inhibition cannot be at-
tributed to membrane depolarization because
pCMBS did not alter the membrane potential (data
not shown). The uptake of the cations added at 100
mm was not affected by pCMBS, possibly because the
binding between the sulphydryl reagent and the pro-
tein is prevented at high ionic strength.

The finding that the plasma membrane of seed coat
parenchyma cells has similar permeabilities for sug-
ars, amino acids, and organic cations supports our
hypothesis that seed coat unloading is accomplished
by poorly selective pores in the plasma membrane.
Extrapolation of the membrane permeability as cal-
culated from uptake experiments to the in vivo un-
loading process is reasonable because the accumula-
tion of the organic cations accords with the Nernst
equation and its derivatives (Table I; Eqs. 8 and 9).
The pathway enabling solutes to cross the seed coat
parenchyma membrane therefore can be taken as
bidirectional symmetric with the electrochemical gra-
dient as the single determining factor for the direc-
tion of transport.

The interesting possibility comes up that even in-
organic ions may be released from seed coat paren-
chyma cells through these pores. Potassium, the pre-
dominant cation in seed coats, is present in similar
quantities as Suc, the predominant organic solute. It

is significant that K� and Suc are released from le-
gume seed coats at comparable rates (Wolswinkel et
al., 1992; Walker et al., 1995, 2000). Outward-
rectifying K� channels have been identified in seed
coat parenchyma cells of Vicia faba, but it was con-
cluded that their conductances were insufficient to
explain the observed K� effluxes (Zhang et al., 1997).
Poorly selective pores therefore may constitute an
additional route for efflux of K� ions. Because the
membrane of seed coat parenchyma cells depolarized
at high salt concentrations (Fig. 5), these pores should
have some degree of preference for cations over an-
ions, and may be responsible, at least partially, for
the moderate negative membrane potential (K� dif-
fusion potential) of seed coat parenchyma cells. Al-
though an H�-ATPase (proton pump) is present in
the plasma membrane of seed coat parenchyma cells
(Harrington et al., 1997; De Jong and Borstlap, 2000),
its contribution to the membrane potential is proba-
bly limited (Walker et al., 1995).

Regulation of Assimilate Efflux

Patrick developed the “Turgor Homeostat” model
(Fig. 6A) for the regulation of assimilate efflux from
the seed coat (Patrick, 1994; for review, see Patrick
and Offler, 1995). Uptake of assimilates by the em-
bryo in situ will result in an immediate decrease in
the osmolarity of the apoplastic solution. As a con-
sequence, the seed coat parenchyma cells will take up
water from the apoplast and cell turgor will increase.
According to the “Turgor Homeostat” model, an in-
crease in turgor that exceeds a certain set point value
will emit an “error signal” resulting in an increase of
assimilate efflux.

If nutrients are released from seed coat paren-
chyma cells by poorly selective pores, their uptake
from the apoplast by the embryo will spontaneously
result in an increased efflux from the seed coat. The
net efflux of any nutrient will then simply be “con-
trolled” by the rate at which it is subsequently taken
up by the embryo. Hence, a “Supply follows De-
mand” model would apply for the regulation of as-
similate efflux from the seed coat (Fig. 6B). The two
models need not be exclusive, as it could be envis-
aged that the poorly selective pores are responsive to
cell turgor. In this respect, it is noteworthy that an
increase in cell turgor enhances the Suc efflux as well
as the efflux of K� ions from seed coats (Wolswinkel
et al., 1992; Walker et al., 1995), suggesting that these
solutes are released from seed coat parenchyma cells
by the same turgor-responsive pore.

MATERIALS AND METHODS

Plant Material

Pea (Pisum sativum L. cv Marzia; Nunhems Zaden bv,
Haelen, The Netherlands) plants were grown according to
De Jong and Wolswinkel (1995), except that no flowers
were removed during development. At the end of the seed

van Dongen et al.

1694 Plant Physiol. Vol. 126, 2001



filling stage, when embryos had a relative water content of
about 60% (w/w), seeds were removed from the pod and
seed coat halves were isolated according to De Jong et al.
(1996).

Uptake Experiments

Uptake experiments were carried out as described by De
Jong et al. (1996). Ten isolated seed coat halves were incu-

bated in 5 mL of incubation medium {0.5 mm CaCl2 and 2
mm MES (2-[N-morpholino]-ethanesulfonic acid) adjusted
to pH 5.5 (unless stated otherwise) with KOHl and as much
mannitol as needed to give all incubation media an overall
solute concentration of 400 mm} supplied with unlabeled
substrate at the concentrations indicated, together with
approximately 370 Bq mL�1 14C-labeled substrate. Specific
activities were as follows: l-His, 12.1 GBq mmol�1; choline,
2.0 GBq mmol�1; l-Lys, 11.2 GBq mmol�1; and l-Val, 10.5
GBq mmol�1. CCCP was used at a concentration of 10 �m.
In experiments with pCMBS, seed coat halves were prein-
cubated for 15 min in the presence of 2.5 mm pCMBS and
subsequently transferred to incubation medium containing
the labeled substrate and 2.5 mm pCMBS. Incubation of the
seed coats took place in a reciprocating water bath at 25°C.

Uptake was terminated by decanting the incubation so-
lution followed by rinsing the seed coats three times with
demineralized water and carefully blotting the seed coats
with a soft tissue to remove adhering water. This took
about 1 min. Radioactivity taken up by the seed coat halves
was determined by scintillation counting after destruction
of the tissue in 1 mL of a 1:1 mixture of 50% (v/v) H2O2 and
30% (v/v) HClO4. Initial influxes were calculated from the
uptake between 5 and 20 min of incubation and expressed
on a fresh weight basis.

Substrate concentrations in the seed coat parenchyma
cells were estimated by assuming that the water content of
a seed coat is 80% (w/w; Lanfermeijer et al., 1992). Curve
fitting was carried out using SigmaPlot-4.0 (Jandel Scien-
tific, San Rafael, CA). Reciprocals of the variance were used
as weighting factors.

Electrophysiology and Iontophoresis

Membrane potentials of seed coat parenchyma cells were
recorded in various bathing solutions using a gravity
driven perfusion system (Blatt, 1991). Perfusate was
drained from the perfusion chamber into a waste beaker
via a cotton thread. The perfusion chamber was placed
under a binocular (SV8, Zeiss, Oberkochen, Germany). A
tangential slice of 2- to 3-mm thickness was cut from the
lateral side of a seed of which the embryo had a relative
water content of about 60% (w/w). This slice was fixed to
the bottom of the perfusion chamber with a little droplet of
Secure Adhesive (B-400, Factor II Inc., Lakeside, AZ). After
perfusing the incubation medium for 0.5 h, the remaining
slice of the cotyledon was removed from the seed coat.

Glass microelectrodes were made from borosilicate cap-
illaries with an inner filament (GC100TF-10, Clark Electro-
medical Instruments, Reading, UK) using a vertical elec-
trode puller (P-30, Sutter Instruments Inc., Novato, CA).
Electrodes were backfilled with 1 m KCl and clamped in a
microelectrode holder-Ag/AgCl-halfcell (MEH1SF, WPI
Inc., Sarasota, FL). Only electrodes with a resistance of
about 20 M� were used. The electrode was connected to a
high-input impedance amplifier (610C, Keithley, Cleve-
land; or an Intra 767 electrometer, WPI Inc.). The output
was continuously recorded with a chart recorder (B10 8
multi-range; Kipp and Zonen, Delft, The Netherlands). A

Figure 6. Models for the regulation of the efflux of assimilates from
seed coat parenchyma cells of legume seeds. Assimilates (S) arrive in
the seed coat by way of sieve tubes in the vascular strands, and are
finally taken up by the embryo. Uptake of the main assimilates (Suc
and amino acids) by cotyledonary cells, in particular the transfer cells
constituting the epidermis, is envisaged to occur by proton symport-
ers, though it may be effected partly by a transport pathway with a
linear kinetic (Lanfermeijer et al., 1990, 1991). The models apply to
the seed filling stage, where the fluid endosperm has disappeared,
and Suc released from the seed coat cells is not hydrolyzed by cell
wall invertase (Weber et al., 1997). A, The Turgor Homeostat model
(Patrick, 1994, 1997; Patrick and Offler, 1995). A decrease in the
solute concentration in the apoplast will lead to an increase in cell
turgor (�p), which in turn increases the activity of a transporter (t)
responsible for the efflux of assimilates. Thus, the efflux of assimilates
is thought to be indirectly controlled by the total concentration of
solutes in the apoplast via a hypothetical turgor homeostat operating
in the seed coat parenchyma cells. Turgor could affect the activity of
the transporter directly or by a signaling cascade. B, The Supply
follows Demand model. The efflux of assimilates from seed coat
parenchyma cells occurs through poorly selective pores (p) in the
plasma membrane. Transport of substrates through these pores has a
diffusional kinetic. For any substrate the net efflux will be propor-
tional to the concentration gradient across the plasma membrane of
the seed coat parenchyma cells. In the quasi-steady state, the net
efflux of assimilates from the seed coat parenchyma cells will be
equal to their net influx into the cotyledonary cells. A decrease in
substrate concentration in the apoplast will enhance its net efflux
from the seed coat parenchyma cells as dictated by the law of mass
action. Hence, the supply (net efflux) of any nutrient by the seed coat
parenchyma cells will be determined by the demand (net influx) of
the cotyledonary cells.
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reference electrode (DRIREF-2, WPI Inc.) was placed in the
medium at the inlet side of the perfusion chamber. The
measurement electrode was impaled into a seed coat pa-
renchyma cell with a micromanipulator (MMO-204, Nar-
ishige, Tokyo). Perfusion solutions were changed when
stable membrane potentials were recorded.

Dye injection was used to check whether the measured
electrical potentials were real transmembrane potential dif-
ferences. Iontophoretic injections were performed under an
epifluorescence microscope (Olympus BH2-RFL equipped
with a dichroic mirror [U {DM-400 � l-240}], an excitation
filter combination [IF49 � EY 455], and a barrier filter [Y
495], Olympus Optical Co. Europa, Hamburg, Germany)
with hand-cut tangential slices of pea seed coat tissue in
incubation medium. The tip of a glass electrode was back-
filled with about 5 nL of 1% (w/v) Lucifer Yellow CH and
potassium salt (Molecular Probes Inc., Eugene, OR). The
rest of the electrode was filled with 3 m KCl. The electrical
resistance of the electrodes used was between 30 and 50
M�. The electrode was impaled in a seed coat parenchyma
cell and after recording a stable potential, Lucifer Yellow
CH was ejected using a Dagan 2400 extra cellular pream-
plifier current pump system (Dagan Corp., Minneapolis).
The intermittent current pulse of �15 nA lasted no more
than 10 s.
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