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Abstract. The pressure response of (plant) cells to
osmotic challenges depends on the reflection coeffi-
cient, o, of osmotically active solutes; it is less than
predicted by the van’t Hoff equation if ¢ < 1. In
Valonia utricularis, o is significantly reduced by in-
ternal (and, to a lesser extent, by external) unstirred
layers, protecting the cytoplasm against vacuolar
osmotic fluctuations. As shown by scanning and
transmission electron microscopy, diffusion-restricted
spaces are formed by innumerable small vacuoles that
are interconnected with each other and with the
central vacuole. They are embedded in networks of
cytoplasmic strands connecting and encircling the
organelles. Unstirred layers are also created in the
central vacuole by an extensive network of acid mu-
copolysaccharide filaments (visualized by alcian blue
staining). Mucopolysaccharides apparently also affect
steady-state turgor by reducing the water activity.
When the effective vacuolar osmotic pressure was
adjusted to that of the bath by perfusion with an
artificial vacuolar sap (AVS), an ‘offset turgor pres-
sure’ of 17 + 5 kPa was recorded.

Consistent with the ultrastructural data, ¢ values
less than unity were calculated from the pressure re-
sponse upon vacuolar addition of KCl or sucrose by
perfusion (oixc) = 0.63 £ 0.13; 05 = 0.58 £ 0.17).
Dilution of AVS yielded slightly higher ok values
(0.73 £ 0.35).

External addition to the artificial sea water
(ASW) indicated that ¢. > o; for these osmotica.
However, even in this case, gegue (0.86 = 0.09) and
gepeg (0.58 £ 0.08) were significantly less than
Oenact (094 £ 0.05) and ook (0.91 £ 0.13), pre-
sumably due to unstirred layers within the 4 um thick
cell wall. Consistent with the low ¢ values, a partial
replacement of NaCl by osmotically equivalent
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amounts of sucrose (ASWg,.), PEG and dextran, re-
spectively, as well as replacement of CI™ by the large
anion MES™ induced an ‘anomalous’ hyposmotic
turgor pressure response followed by the usual
backregulation of pressure. After a 2-day preincu-
bation in ASWy,, significantly lower ¢, values were
obtained both hyperosmotically (genact = 0.78 +
0.14; 0Gesue = 0.72 £ 0.15) and hyposmotically
(0enact = 0.70 £ 0.17; Gesue = 0.63 £ 0.09), prob-
ably due to long-term effects on membrane structure
to be elucidated yet.

The freshwater alga Chara corallina lacked these
apparently closely related structural and biophysical
features of Valonia.

Key words: Pressure probe — Tonoplast — Plasma-
lemma — Folded membrane — Cell wall — Reflec-
tion coefficient

Introduction

Fluxes across biological membranes can be coupled
to nonconjugated as well as conjugated forces. Well-
known examples are the phenomena of swelling and
shrinking of wall-less cells and of turgor pressure
regulation in response to external osmotic pressure
changes in walled cells (Dainty & Ginzburg, 1963;
Zimmermann, 1978, 1989; Gutknecht, Hastings &
Bisson, 1978; Tomos & Wyn Jones, 1988; Chamberlin
& Strange, 1989; Kirst, 1990; Chan & Nelson, 1992;
Kirk, 1997; Shepherd, Beilby & Heslop, 1999; Stento
et al., 2000; Findlay, 2001).

The thermodynamics of irreversible processes
shows (Kedem & Katchalsky, 1958; Katchalsky &
Curran, 1965; House, 1974; Sauer, 1978) that the full
van’t Hoff osmotic pressure (x = ¢RT) is only de-
veloped for ideal semipermeable membranes. For
solute-permeable membranes the osmotic (or hydro-
static) pressure changes are usually less than predicted
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by the van’t Hoff equation. The ratio of the apparent
osmotic (or hydrostatic) pressure response to the os-
motic pressure change calculated from the concen-
tration of the solute is defined as the reflection
coefficient, ¢ (at volume flow equilibrium). Alterna-
tively, o can be defined by ¢ = — L4/L, where L4 is
the osmotic (ultrafiltration) coupling coefficient and
L, the hydraulic conductivity of the membrane barrier
(Dainty & Ginzburg, 1963; Zimmermann & Steudle,
1978). For single cells, the magnitude of ¢ normally
ranges between 0 and 1 depending on the nature of the
solute and the characteristics of the membrane.

For electrolytes the reflection coefficient can at-
tain negative values, e.g., in mosaic membranes made
up of parallel and oppositely charged elements (Ke-
dem & Katachalsky, 1961, 1963). Occurrence of
negative o values means that the membrane exhibits
‘anomalous’ osmosis where volume flow occurs in the
opposite direction to that indicated by the apparent
osmotic pressure gradient.

Reflection coefficients can, in principle, be de-
termined by the measurement of osmotically induced
changes in cell volume (Verkman, 2000; Curry, Sha-
char-Hill & Hill, 2001) or hydrostatic (turgor) pres-
sure (Zimmermann & Steudle, 1974; Zimmermann,
1978). Plant cells, which are stabilized by a cell wall,
generally exhibit regulation of their turgor pressure in
response to osmotic stress because of the high volu-
metric elastic modulus of the wall (for exception, see
Zimmermann & Hiisken, 1979). Changes in turgor
pressure can be monitored very precisely by using the
pressure probe technique (Zimmermann, Ridde &
Steudle, 1969; Zimmermann & Steudle, 1978; Zim-
mermann, 1978). Reflection coefficients can be cal-
culated from pressure relaxation curves, as detailed
elsewhere (Zimmermann & Steudle, 1970).

However, in practice, problems can arise from
unstirred layer effects (and related effects such as
concentration polarization, sweep-away and trans-
port-number effects; see e.g., Dainty & Ginzburg,
1963; Barry & Hope, 1969; House, 1974; Barry &
Diamond, 1984; Verkman & Dix, 1984; Ling, 1987,
Verkman, 2000). Unstirred layers are regions of
poorly mixed solution in which solute transport oc-
curs by diffusion alone. The presence of unstirred
layers can lead to an apparent underestimation of
parameters (including reflection coefficients) because
of the discrepancy between the nominal value of the
concentration gradient between the bathing solution
and the vacuole and the actual concentration gradient
across the membrane (Pohl, Saparov & Antonenko,
1997).

In this communication we demonstrate that un-
stirred layers can lead to a dramatic underestimation
of the reflection coefficients for non-electrolytes, even
for macromolecules, such as PEG, widely used as an
osmolyte by plant physiologists. Under some cir-
cumstances this can lead to ‘anomalous’ turgor
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pressure responses under isosmotic conditions, as
shown here for the giant marine alga Valonia utricu-
laris. Studies have shown (Zimmermann, Steudle &
Lelkes, 1976; Zimmermann & Steudle, 1978; Guggino
& Gutknecht, 1982; Heidecker et al., 2003) that this
species tolerates a relatively large range of salinities
by appropriate adjustment of turgor pressure. Hyp-
erosmotic challenges are managed by formation of
ATP- and pressure-dependent (colocalized) K™ and
CI™ transporters within the plasmalemma, resulting
in KCl and water influx until the original turgor
pressure is restored. Conversely, hyposmotic chal-
lenges are overcome by increased passive KCl efflux
due to an increase of the volumetric elastic modulus
of the cell wall with pressure (Zimmermann & Steu-
dle, 1978). Electrophysiological studies have given
evidence (Wang et al., 1997; Ryser et al., 1999) that
the tonoplast must be multi-folded, leading to a
sponge-like organization of the 5 pm thick cytoplas-
mic layer situated between the large central vacuole
(occupying more than 95% of the cell volume) and
the cell wall.

Scanning and transmission electron microscopy
of cells (fixed in the turgescent state) performed in the
present study confirm these structural features of the
vacuole. The vacuolar infoldings are regions ideal for
the development of huge unstirred layers. Staining
with alcian blue additionally shows an extended
network of acid mucopolysaccharides within the
central vacuole, which may also contribute—among
other things—to the formation of unstirred regions in
this compartment. Consistent with these structural
features, it was found that the values of the vacuolar
reflection coefficients of KCI, sucrose and PEG (de-
rived from perfusion of the vacuole with solutions of
appropriate osmotic pressure) were significantly less
than the external reflection coefficients of these osm-
olytes as well as of other sugars and macromolecules.
The external reflection coefficients were generally also
smaller than unity, arising from unstirred layer effects
in the 4 pum thick cell wall and presumably from some
specific interactions of the osmolytes with the wall,
plasmalemma and/or the spongy architecture of the
cytoplasm, as suggested by analogous measurements
on the pond water alga Chara corallina.

Extended internal and external unstirred regions,
as detected here for V. utricularis by using different
methodological approaches, can obviously protect
the cytoplasm of this species against fluctuations of
the osmotic pressure in the vacuole occurring under
natural conditions because equilibration can only be
achieved by slow diffusion processes. Dramatic
membrane infoldings are also seen in cells of higher
plants, e.g., plasmalemma infoldings in transfer cells
due to cell wall ingrowths (Pate & Gunning, 1972;
Lauchli et al., 1976). Furthermore, extracellular mu-
cilage was found in other algae (e.g., Shepherd &
Beilby, 1999 and literature quoted there) as well as in
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the xylem and cells of tall trees rooting in high-sali-
nity water (Zimmermann et al., 1994, 2002). Thus,
unstirred layer effects may have a much more subtle
ecological significance for the water balance of higher
plants than hitherto assumed.

Materials and Methods
PLANT MATERIAL

Valonia utricularis

Cells of V. utricularis (Cladophorales, Chlorophyceae) were col-
lected at Ischia, in the gulf of Naples, Italy, and kept in 40-liter
tanks of Mediterranean sea water (MSW, osmolality n, = 1127
mosmol kg’l, pH 8.1) under a 12 h light/dark regime (2 x 36 W
Fluora lamps, Osram, Munich, Germany) at 16°C. Geometrically
even cells with volumes between 50 and 160 pl were used
throughout the experiments. The cells were clamped in a small
Perspex '™ chamber perfused with artificial sea water (ASW) con-
taining in mm) 545 NaCl, 12 KCl, 11 CaCl, and 10 MgCl, (Merck,
Darmstadt, Germany). The pH was adjusted to 8.1 by addition of
10 mm HEPES/NaOH (Sigma, Deisndorf, Germany). The osmotic
pressure of the buffered ASW was determined cryoscopically to be
1127 mosmol kg~' by using the Osmomat 030 (Gonotec GmbH,
Berlin, Germany). The conductivity was measured to be 51 mS
em™' by using a conductometer (Knick, Berlin, Germany). The
experiments were performed at about 20°C.

Chara corallina

C. corallina was obtained from U. Hansen, Kiel, and cultivated in
40-liter tanks filled with distilled water at room temperature under
a day-light regime. The bottom of the tanks was covered with a
5 cm thick layer of soil. For experiments, Chara cells were bathed in
artificial pond water (APW) containing 1 mm NaCl, 0.1 mm KCl,
0.1 mm CaCl,, 0.1 mm MgCl, and 1 mm HEPES (pH 5.5, osmo-
lality 8 mosmol kg™").

TURGOR PRESSURE RELAXATIONS

The turgor pressure of C. corallina was recorded with the oil-filled
pressure probe at about 20°C, as described in detail elsewhere
(Zimmermann et al., 1969; Zimmermann & Steudle, 1974). The
effect of sucrose on turgor pressure was determined by lowering
first the initial turgor pressure from about 0.5 MPa to about 0.4 to
0.1 MPa by exchange of APW with APW to which 40 to 160
mosmol kg ! NaCl had been added. Then, after establishment of a
new pressure equilibrium, NaCl was replaced isoosmotically by
sucrose and the pressure response was recorded.

The oil-filled cell pressure probe was also used for measure-
ments on cells of V. utricularis. However, in most experiments, the
pressure-controlled perfusion assembly with integrated potential-
measuring setup was used (for details and a schematic representa-
tion of the setup, see Wang et al., 1997). Briefly, the perfusion setup
allows independent control of perfusion flow rate and turgor
pressure and allows the exchange of perfusion solutions without a
pressure shock. It is also possible to adjust any pressure using a
regulator valve and pressure chamber without changing the os-
motic pressure of the bath. Experiments with the oil-filled pressure
probe and the perfusion assembly yielded similar pressure re-
sponses on osmotic stress — at least within the limits of accuracy.
Turgor pressure relaxations were induced by addition of low- or
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high-molecular-weight non-electrolytes and electrolytes to ASW
(and AVS, see below) or by isosmotic substitution of NaCl in the
ASW. Isosmotic replacement of part of the NaCl in the ASW by
non-electrolytes or electrolytes is denoted by subscripts (e.g.,
ASWc.160 means that 160 mosmol kg~! NaCl was replaced by 160
mosmol kg~ sucrose). If not otherwise stated, the osmolality of the
modified ASW media was adjusted to about 1127 mosmol kg '.

For the study of the effect on turgor pressure of sucrose added
to the vacuolar side, the algae were first perfused (at constant
pressure) with artificial vacuolar sap (AVS) containing (in mm) 210
Nacl, 3 CaCl,, 3 MgCl,, 3 phosphate buffer and 420 KC1 (pH 6.3,
1210 mosmol kg~!, perfusion rate 10 pul min~'). After about 60
min, perfusion was stopped. Previous experiments had shown
(Wang et al., 1997) that this perfusion time was sufficient to com-
pletely exchange the vacuolar sap (50 to 160 pul) by AVS. Then, the
perfused cell was subjected to a perfusion regime outlined below, in
order to test the effect of addition of sucrose or of isosmotic re-
placement of KCI by sucrose.

CALCULATION OF VACUOLAR AND EXTERNAL
REFLECTION COEFFICIENTS

The relaxation measurements allow calculation of the external and
internal reflection coefficients of solutes, o, and a;, provided that
the volumetric elastic modulus of the cell wall, ¢, and the initial
vacuolar osmotic pressure, 7o, are known. As shown by Zimmer-
mann and Steudle (1974), the turgor pressure difference, AP, be-
tween the initial and final pressure (AP = P,— Py) is given by Eq. 1:

60 AT
&+ T

AP (1)
where ¢ is the external or internal reflection coefficient (denoted
below as ¢, and g;) and Ar, the corresponding change in osmotic
pressure upon vacuolar or external addition of the osmotically
active solute, ¢ is given by Eq. 2 (Philip, 1958):

Vo
AV;

e=AP; (2)
The volumetric elastic modulus can easily be determined by injec-
tion of volume increments, AV, of increasing amplitude into the
cell and by simultaneous measurement of the corresponding
changes in turgor pressure, AP; (for experimental details, see
Zimmermann & Steudle, 1978). The initial volume of the cell, V,
was determined microscopically and the vacuolar osmotic pressure,
o, for calculation of ¢, was estimated from 7,y = Py + 7.

It has to be noted that the derivation of Eq. 1 is based on the
assumption that the reflection coefficients of the vacuolar ions can
be set to unity. Even though this does not hold true for V. utric-
ularis (see below), the error in the calculation of o, is negligible
because ¢ of marine algae is always much larger than ;.

The vacuolar reflection coefficients a; can also be calculated
from Eq. 3 (Zimmermann & Steudle, 1974):

P Py + oeme (3)
T

i.e., by measuring the equilibrium turgor pressure, Py, and the

osmolality, 7;, cryoscopically in 50 pul of the vacuolar sap extracted

afterwards with a micropipette. This has the advantage that the

measurement of ¢ in an independent experiment is not required.

ELECTRON MICROSCOPY

Optimal contrast of membrane structures was obtained when a
fixation solution was used consisting of ASW that contained ad-
ditionally 2% glutaraldehyde, 0.1 M sodium cacodylate and 2%
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osmium tetroxide (25% glutaraldehyde stock solution purchased
from Merck, Darmstadt, Germany; sodium cacodylate and osmium
tetroxide from Roth, Karlsruhe, Germany; final pH of the fixation
solution: 8.1) for 2 h at room temperature. Alternatively, some cells
were instead exposed to an osmium-free fixation solution (0.1 m
sodium cacodylate and 2.5% glutaraldehyde dissolved in ASW).
After washing with ASW containing 0.1 M sodium cacodylate, all
cells were post-fixed at 47°C for 4 h in a solution made up of ASW
with 0.1 m sodium cacodylate and 2% osmium tetroxide (see Zhang
& Robinson, 1986). The osmolality of all solutions was adjusted to
about 1127 mosmol kg™', corresponding to the osmolality of the
ASW.

During fixation in osmium-free fixation solution the algae re-
mained turgescent as revealed by monitoring their turgor pressure
via an inserted cell turgor pressure probe (Zimmermann, 1978).
Fixed cells were dehydrated in a graded ethanol series and then
embedded in Epoxid resin (Serva, Heidelberg, Germany). Ultrathin
sections were made with an ultramicrotome (MT-7000, Ultra,
RMC, Tucson, AZ). The sections were stained with uranyl acetate
and lead citrate (Merck) and then examined on a Zeiss EM 900 and
an EM 10 transmission electron microscope (LEO, Oberkochen).

Perfused cells were prepared for transmission electron micros-
copy using the perfusion assembly to add fixatives both from the
external and the vacuolar side. For vacuolar fixation, a fixation
solution was used based on artificial vacuolar sap containing 2.5%
glutaraldehyde and 0.05 M sodium cacodylate to which 1% tannic
acid (Roth) was added. The osmolality and the pH were adjusted to
about 1200 mosmol kg~' and 6.3, respectively.

For scanning electron microscopy the algae were immersed in
fixation solution and cut into several pieces. The algae were fixed
by using the protocol described above for transmission electron
microscopy or incubated in an ASW-based fixation solution con-
taining 6.25% glutaraldehyde for 24 h at 4°C. The cell pieces were
dehydrated in a graded acetone series, washed with liquid CO, and
and then critical-point dried (CPD 030, Balzers, Liechtenstein). The
dry pieces were mounted on a specimen holder, coated with gold-
palladium (SCD 005, Balzers, Liechtenstein) and observed with a
scanning electron microscope (Zeiss DSM 962, LEO) at 15 kV.

STAINING OF MUCOPOLYSACCHARIDES WITH ALCIAN
BLUE

The presence of acid mucopolysaccharides in the vacuole was
demonstrated by perfusing the alga with an AVS solution that was
adjusted to pH 2.5 and in which alcian blue (Sigma, Deisenhofen)
was dissolved at a concentration of about 0.05%. At this pH,
staining is specific for acid mucopolysaccharides (McCully, 1970).
In other experiments, the pH of the perfusate was adjusted to the
usual value of 6.3. Cells were perfused for at least 1 h at a low rate
(2 pl/min) to minimize damages to the filamentous network in the
vacuole. Subsequently, alcian blue was washed away with dye-free
AVS medium at the same pH.

Results

STRUCTURAL FEATURES OF THE TONOPLAST AND THE
CYTOPLASM

As mentioned above, the multi-folded structure of the
tonoplast of Valonia utricularis (as well as of Ventri-
caria ventricosa) is accompanied by an unusually high
area-specific capacitance of 6.2 - 107> F m~2 for V.
utricularis (Wang et al., 1997) and of 7.1 - 10> Fm >
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for V. ventricosa (Ryser et al., 1999). Scanning electron
microscopy (Fig. 1a) in combination with transmis-
sion electron microscopy' (Fig. 1) provided further
evidence that the peripherally localized vacuolar
spaces together with the central vacuole apparently
form a continuum. The scanning electron micrograph
(Fig. la), showing a view onto the cytoplasm from
the side of the central vacuole, demonstrates that
chloroplasts and nuclei are interconnected by nume-
rous thin cytoplasm strands that surround or some-
times transverse intervening vacuolar spaces, leading
to a spongy appearance of the cytoplasm. The vari-
able size of the peripherally localized vacuolar spaces
is demonstrated on the electron micrograph of an
ultrathin section through the peripheral area of a cell
(Fig. 1b). The continuum of the peripherally localized
vacuolar spaces with the central vacuole is further
supported by vacuolar perfusion experiments with
fixation solutions containing 1% tannic acid. Tannic
acid was visible as electron-dense particles along the
membrane of the central vacuole and also along the
boundaries of the vacuolar spaces (data not shown).
This result can only be explained if the vacuolar
spaces are part of the central vacuole. A closer in-
spection (Fig. 1b) revealed that the cytoplasmic layer
that is in direct contact with the cell wall has at some
sites a thickness of not more than 40 nm (arrow in
Fig. 1b). Nearly all organelles are localized in the seve-
ral micrometer thick cytoplasmic layer containing
vacuolar spaces of variable sizes. There was no evi-
dence for invaginations of the plasmalemma. Even in
the thickened wall regions seen sporadically, the plas-
malemma was closely aligned along the cell wall. A
manuscript showing further details is in preparation.

OFFSET TURGOR PRESSURE IN VALONIA UTRICULARIS

Turgor pressure, P, usually assumed a constant value
of 0.15 £ 0.07 MPa (n = 200) 30 min after insertion
of the perfusion inlet and outlet capillaries into the
vacuole of V. utricularis, indicating that leaks were
completely resealed. Manipulation of the vacuolar sap
by perfusion very frequently resulted in clogging of the
tips of the microcapillaries. Perfusion of the vacuole
with AVS containing alcian blue at pH 2.5 revealed
that a filamentary network of acid mucopolysaccha-
rides existed within the central vacuole (Fig. 2a). This
network remained partly intact during perfusion
with the dye solution (arrows). A similar network
was found when cells were perfused at a pH of 6.3,
corresponding to the value under physiological con-
ditions (Fig. 2b). Blue staining of extracted vacuolar
sap was also observed at a saturating concentration
of alcian blue dissolved in concentrated HCI (pH 1.0).

! Independent of the fixation protocol used, very similar organi-
zation of the cytoplasmic layer was observed
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These mucopolysaccharides apparently contrib-
uted to the equilibrium turgor pressure as shown by
experiments in which the osmolality of the AVS was
matched to the osmolality of ASW by appropriate
reduction of the KCIl concentration to m = 1127
mosmol kg~' (AVS;1»7). Even though An was zero
and the reflection coefficient of KCl (main compo-
nent of AVS) in the perfusion solution was some-
what less than NaCl (main component of ASW) in
the external medium (see below), the turgor pressure
did not vanish. An offset equilibrium pressure of
17 £ 5 kPa (n = 4) remained. A typical experiment
is shown in Fig. 3. For the accurate determination of
the offset turgor pressure it was necessary to lower
the turgor pressure stepwise by subjecting the alga
five times to a perfusion/pressure release regime
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Fig. 1. View onto the cytoplasm from the vacu-
olar side (@) and cross-sectional view of the cy-
toplasm (b) of cells of V. utricularis by scanning
electron microscopy and by transmission electron
microscopy, respectively. Cells were fixed in ar-
tificial sea water. For fixation details and per-
formance, see text. Abbreviations:

C = chloroplasts, CW = cell wall, N = nucle-
us, V' = central vacuole. Asterisks denote vacu-
olar infoldings. Note the innumerable
cytoplasmic strands encircling and interconnect-
ing the chloroplasts and nuclei. The arrow in (b)
marks a site at which the tonoplast approaches
the plasmalemma (cytoplasmic gap between the
membranes about 40 nm).

(as indicated by arrows in Fig. 3). This repetition
was needed because changes in the volume and thus
in the vacuolar osmotic pressure occurred during
perfusion in response to significant changes in turgor
pressure (see Eq. 2).

As shown in Fig. 3, such changes in 7;, were
particularly pronounced after the first perfusion step
because the turgor pressure decreased by about 0.08
MPa upon release of the clamped pressure. The
equilibrium pressure decreased further, but signifi-
cantly less when the vacuole was perfused a second
time by AVS;1»7 (Fig. 3). A final pressure value was
reached after the fourth clamp. Occasionally, a fur-
ther, but very small decrease in pressure (by a few
kPa; see Fig. 3) was recorded after the following
perfusion step. Such small pressure changes were
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Fig. 2. Filament network of acid mucopolysaccharides in the
central vacuole of cells of the marine alga V. utricularis (arrows).
The algae were incubated in artificial sea water (ASW; pH = 8.1,
osmotic pressure m, = 1127 mosmol kg~ corresponding to 2.82
MPa) and perfused with artificial vacuolar sap (AVS; ©; = 1210
mosmol kg™'; ‘IC’ = inlet capillary; ‘OC’ = outlet capillary) in
which alcian blue was dissolved at a saturating concentration of
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about 0.05% for at least 1 h. For specific staining of acid muco-
polysaccharides, the perfusion medium was adjusted to pH 2.5 (cell
shown in a). In other experiments, the pH was kept at the usual
value of 6.3 (cell shown in b). After staining, the vacuole was again
perfused with dye-free AVS at the same pH to wash away the
residual dye solution.

Fig. 3. Determination of the offset turgor pres-
sure apparently arising from the gel-like vacuolar
compounds. The alga was successively perfused
with AVS while simultaneously clamping the
turgor pressure. In contrast to the experiment of
Fig. 2, the osmolality of AVS was matched here
to the osmolality of ASW by appropriate change
of KCI. Between two pressure clamps (indicated
by arrows) the pressure was released, resulting in
a relaxation of the turgor pressure to a new lower
steady-state value. Note that the turgor pressure
changes decreased with increasing number of
clamps until a final value of 0.03 MPa was
reached after the fourth clamp. The very small
turgor pressure change observed after the fifth

0.00 }+———
0o 1 2

clamp is an artifact (for details, see text).
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Fig. 4. A typical biphasic hyperosmotic turgor
pressure response of a V. utricularis cell induced
by addition of 46 mosmol kg~ NaCl and 49
mosmol kg’l sucrose, respectively, to ASW

(pH = 8.1, m, = 2.83 MPa). The initial turgor
pressure, Py, relaxed to P,;,; subsequently, turgor
pressure upregulation occurred. Inset: half-loga-
rithmic plot of the data of the first phase of the
regulation, which can be attributed to water ex-
change (NaCl: 7y = 5.1 min and sucrose: 7; = 8.5
min). The second, very slow regulation phase is
related to ion shifting (for details, see text).
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frequently observed when the perfusion setup was
switched on and can, therefore, be neglected.

From these and other experiments it appears that
an offset turgor pressure exists in V. utricularis that is
obviously generated by the vacuolar mucopolysac-
charides. Support for this explanation was found by
similar experiments on the pond water alga Chara
corallina (data not shown). The vacuole of this species
did not contain mucopolysaccharides as demon-
strated by injection of alcian blue solution. Consis-
tently, no offset turgor pressure could be recorded
when the osmotic pressure of the external medium
was matched to the osmotic pressure of the vacuole.

ErrecTs oF EXTERNAL SOLUTES ON TURGOR
PRESSURE RELAXATION

Hyperosmotic Conditions

In the first set of experiments, turgor pressure relax-
ations of the algae were studied under hyperosmotic
conditions. A typical example is shown in Fig. 4. The
hyperosmotic turgor pressure relaxation was induced
by replacement of ASW (pH = 8.1, osmotic pres-
sure, 7. = 1131 mosmol kg~' = 2.83 MPa) by
ASW + 46 mosmol kg~' NaCl (n, = 1177 mosmol
kg~' = 2.94 MPa). The down-relaxation phase of
the turgor pressure regulation process could be fitted
by a single exponential curve. From the half-loga-
rithmic plot of the data (see inset of Fig. 4) the time
constant, 7;, was determined to be 5.1 min (average
value 9.4 + 3.6 min; n = 17); a quasi-stationary
value, PpinNacl, Was reached after about 40 min.
These values were in very good agreement with the
literature (Zimmermann et al., 1969), thus indicating
that this phase of turgor pressure relaxation was
solely due to an outwardly directed net water flow.

The water exchange phase was followed by a very
slow, but continuous upregulation of turgor pressure
(Fig. 4) mediated apparently by ion transport (Zim-
mermann et al., 1969; Heidecker et al., 2003). Rough
approximation of the upregulation phase by an ex-
ponential curve (not shown) yielded a value of
7, = 420 min for the time constant. The average
value was determined to be 336 + 148 min (n = 7).
The large standard deviations of the time constants
indicated that the cell-to-cell variation in the time
course of the pressure upregulation was quite con-
siderable. Even after 2 days, reestablishment of the
original turgor pressure could only be recorded in a
few cases. This was in contrast to findings observed
for nonimpaled cells. Insertion of the pressure probe
into these cells after 2 d of incubation in the hyper-
osmotic medium demonstrated that the original tur-
gor pressure was nearly restored (data not shown; see
also below). Impalement of the cells with microcap-
illaries apparently limited the long-term regulatory
functions of the algae. We also found that (irrevers-
ible) changes of the uniform distribution of chlo-
roplasts occurred after about 20 h under these
conditions. In contrast, short-term osmotic manipu-
lations were always reversible (see e.g., Fig. 5).
From the turgor pressure relaxation in Fig. 4 the
reflection coefficient of NaCl was calculated to be
Oenacl = 0.93 by using Eq. 1 (¢ = 22.6 MPa;
o = 2.98 MPa). A comparable value was found for
KClI (6ekc1 = 0.91). A similar biphasic hyperosmotic
response was observed when the ASW was replaced
by ASW + 49 mosmol kg~' sucrose (m. = 2.95
MPa). Calculations of g4, from the half-logarithmic
plot of the downrelaxation phase (inset of Fig. 4)
yielded a value of 0.83 using appropriate values for ¢
and m;. This value was apparently less than the
corresponding value for NaCl and significantly
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Table 1. Summary of internal and external reflection coefficients (o; and g, respectively) measured on Valonia utricularis for different

osmotica under various conditions

Osmotica Reflection Coefficients
Preincubation in ASW Preincubation in ASW medium
containing sucrose (ASWyc.230)
Hyperosmotic Hyposmotic Hyperosmotic Hyposmotic
o; Oe o; Oe Oe Oe
KCl 0.63 + 0.13 (4) 091 £+ 0.13 (5) 0.73 £ 0.35(3) n.d. n.d. n.d.
Sucrose 0.58 + 0.17 (4) 0.86 + 0.09 (6) n.d. n.d. 0.72 £+ 0.15 (6) 0.63 £+ 0.09 (5)
NacCl n.d. 0.94 £+ 0.05 (12) n.d. 0.86 + 0.09 (9) 0.78 £+ 0.14 (6) 0.70 £ 0.17 (5)
PEG6000 n.d. 0.58 + 0.08 (4) n.d. n.d. n.d. n.d.

The values were calculated from the pressure response to osmotic challenges. In parentheses, the number of experiments.

smaller than unity quoted in the literature for bio-
logical membranes including V. utricularis (Stein,
1967, Zimmermann & Steudle, 1970; Berestovsky,
Ternovsky & Kataev, 2001). On average, genact and
Oesuc Were 0.94 and 0.86, respectively (see also Table
1), indicating strongly that sucrose apparently has a
lower reflection coefficient than NaCl. This finding
was confirmed by experiments on individual cells
subjected to ASW + NaCl followed by an ASW +
sucrose regime. In the experiment of Fig. 5, ASW
(1135.6 mosmol kg~' = 2.839 MPa) was replaced
first by ASW + NaCl (1178.2 mosmol kg™ '; Az, =
0.1065 MPa, arrow). After reaching a quasi-station-
ary turgor pressure, the alga was exposed again to
ASW (arrow) and then to ASW + sucrose (1176.8
mosmol kgfl; An, = 0.1030 MPa; double-headed
arrow). Subsequent replacement by ASW resulted in
the restoration of the original turgor pressure, indi-
cating again that the turgor pressure changes were

reversible. From the turgor pressure relaxation curves
OeNnact and oggye Were calculated to be 1.00 and 0.76,
respectively. Similar measurements on six different
algae yielded an average g, value of 0.86 + 0.09 for
sucrose and 0.94 + 0.05 for NaCl (n = 12; see also
Table 1). Analogous measurements with PEG 6000
yielded a value of g.pgg = 0.58 £ 0.08 (n = 4).

The reflection coefficients of sucrose and NaCl
decreased significantly when cells were pre-equili-
brated for 2 d in ASW,.»30. The average o, values
deduced from 6 pressure relaxation curves (induced
by addition of about 40 mosmol kg~' NaCl or su-
crose) were 0.78 £ 0.14 for NaCl and 0.72 £ 0.15
for sucrose (Table 1).

Hyposmotic Conditions

Turgor pressure response was also biphasic when the
algae were subjected to ASW with reduced NaCl
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Fig. 6. A typical ‘hyposmotic’ turgor pressure
response of a V. utricularis cell induced by isos-
motic replacement of ASW (z. = 2.83 MPa) by
ASW in which an osmotically equivalent NaCl
- concentration was replaced by sucrose (i.e.,
_AneNacl =+ Anesuc; ASWsuc.227)- Note that the
turgor pressure increased exponentially from
0.127 MPa to 0.169 MPa (corresponding to
APpax = 0.042 MPa). The time constant was
77 = 3.3 min, indicating that this phase was
controlled by water shifting. Water exchange was

followed by a slow backward regulation of turgor
pressure towards values significantly below the
original value. Inset: Response of turgor pressure
determined on individual cells of V. utricularis
after transfer from ASW in ASWyc 200

(me = 2.83 MPa). Note that in this case turgor
pressure regulation consisted of three phases. The
first two phases are qualitatively identical to the
data measured for a single cell. The onset of the

0.20 +
| 03{"
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third phase, which results in the restoration of the
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concentrations. The osmotic pressure was adjusted to
final osmolalities of 2.67 MPa to 2.75 MPa by dilu-
tion with distilled water. From the exponential turgor
pressure relaxation and subsequent downregulation
(data not shown) t; and 1, were calculated to be
8.1 £ 43 min (n = 14)and 301 £ 166 min (n = 8),
respectively. These values agreed well with the time
constants of hyperosmotic turgor pressure regulation.

Calculations of the reflection coefficient of NaCl
from the water exchange phase yielded an average
value of 0.86 = 0.09 (n = 9). This value was signif-
icantly smaller than under hyperosmotic conditions
(Table 1). However, consistent with hyperosmotic
regulation, the reflection coefficient of NaCl de-
creased further when cells were pre-equilibrated in
ASWg,c.227 for 2 d. Such cells also allowed the de-
termination of o, for sucrose because hyposmolality
could be induced by removal of an equivalent amount
of sucrose (or NaCl) from the medium. The average
o, values (n = 5) of the pre-incubated cells were
0.70 £ 0.17 for NaCl and 0.63 + 0.09 for sucrose.
These values are also smaller than under hyperos-
motic conditions (Table 1).

Isosmotic Conditions

An ‘anomalous’ turgor pressure regulation was in-
duced when an osmotically equivalent concentration
of NaCl in the ASW was replaced by sucrose (i.e.,
—ATtenact = T ATesue). A typical example out of 44
experiments is shown in Fig. 6. As indicated in the
figure, ASW was exchanged against ASWy,. 2y7 after
about 100 min. Despite isosmolality, the turgor
pressure increased exponentially from 0.127 MPa to
0.169 MPa (APpnax = 0.042 MPa) with a time con-
stant of 7; = 3.3 min (average value 5.1 £ 2.7 min;

6 original value, is not seen during ‘hyposmotic’
turgor pressure relaxation because of problems
arising from long-term impalement (see text).

n = 23). These values corresponded to the water
exchange time. However, in contrast to hyper- and
hyposmotic conditions, the downregulation was al-
most linear (Fig. 6), resulting in pressure values that
were significantly lower than the original turgor
pressure. Turgor pressure measurements on individ-
ual (non-impaled) cells incubated in isosmotic
ASWgc.200 confirmed the above results (see inset of
Fig. 6), but they also showed that after the downre-
gulation of the turgor pressure below the initial value
of 0.25 MPa, upregulation occurred with restoration
of the original value after about 1 d.

The magnitude of the first (‘hyposmotic’) re-
sponse depended on the sucrose concentration in
ASW.. A plot of the AP values versus Ameg,e
yielded a straight line (Fig. 7). This is expected
because of APmax = - (_GeNaCI : ATCeNaCl t Oesuc
ATlesue) = (GeNaCl — Oesuc) ATlesue. Thus, it is evident
that the slope of 0.053 (regression coefficient
r = 0.89) of the straight line must be equal to the
difference in the two reflection coefficients and that
Oesuc Must be smaller than o n,c. The effect of isos-
motic ASWy,. on the turgor pressure was pH-de-
pendent (data not shown). When the pH was lowered
to 4.5, the ‘hyposmotic’ turgor pressure response
decreased significantly (e.g., 0.011 MPa in the case of
1.05 MPa sucrose [not shown] instead of 0.039 MPa at
pH 8.1, see Fig. 7).

Isosmotic replacement of NaCl in ASW
(pH = 8.1) by mannitol, glucose, sorbitol, trehalose,
PEG (MW about 1000 Da), dextran (MW = 4000
Da to 6000 Da) as well as by NaMES yielded similar
results as with sucrose (Fig. 7), although their re-
flection coefficients should be o, = 1. When PEG of
a molecular weight of 2000 Da or 6000 Da was used,
the ‘hyposmotic’ response of turgor pressure was
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even more pronounced (Fig. 7). Calculations showed
that the average o. value of PEG 6000 was
0.58 + 0.08 (n = 4). This value could also be de-
duced from hyperosmotic experiments in which the
same alga was subjected to repeated regimes of
ASW + NaCl and ASW + PEG (data not shown).

In contrast to the above solutes, isosmotic sub-
stitution of NaCl by KCI, Na-gluconate, acetamide,
glycine and urea did not result in a turgor pressure
increase. In these cases there was a slight, very slow
turgor pressure decrease or no change (data not
shown). Consistently, no hyperosmotic turgor regu-
lation was observed upon addition of these solutes to
ASW, indicating that the apparent ¢, values of these
solutes must be comparable to genaci-

ErFECTS OF EXTERNAL SUCROSE ON THE TURGOR
PRESSURE OF CHARA CORALLINA

At first glance, the pond water alga C. corallina shows
a similar ‘anomalous’ turgor pressure response under
isosmotic conditions as the marine alga V. utricularis.
However, a closer inspection of the data shows no-
table differences between the two species. A typical
turgor pressure relaxation recording out of 22 ex-
periments is shown in Fig. 8. As mentioned in Ma-
terials and Methods, demonstration of the effect
required that the original turgor pressure of about
0.47 MPa was pre-lowered to 0.1 MPa by addition of
APW + 160 mosmol kg~' NaCl (not shown). Con-
sistent with the literature (Tyerman & Steudle, 1984),
the exponential downrelaxation of the turgor pres-
sure by water exchange occurred with a relaxation
time of T = 20.8 s; the final pressure, Py, was reached
after about 150 s. In contrast to V. utricularis, but in
agreement with the literature (Kamiya & Tazawa,
1956; Bisson et al., 1995), subsequent upregulation of
turgor pressure due to solute exchange did not occur.
As indicated in Fig. 8, when the NaCl in the saline

APW was replaced by an osmotically equivalent
concentration of sucrose, a ‘hypoosmotic’ pressure
response was recorded that increased linearly with
increasing sucrose concentration (see inset of Fig. 8).
The slope of the straight line (r = 0.94) was
with 0.091 significantly larger than in the case of
V. utricularis, suggesting that ., was apparently
much smaller than o.y,c;. However, in contrast to
V. utricularis, pressure relaxed very rapidly back to
the original value. This finding demonstrates very
clearly that g, must be equal to g.nact for cells of
C. corallina. Delayed equilibration between the bulk
solution and the cell wall obviously prevents the in-
stantaneous development of the full osmotic pressure
of sucrose close to the membrane barrier. The much
larger time constant of downrelaxation of turgor
pressure in V. utricularis suggests that, apart from
unstirred layer effects, other interferences of the or-
ganic osmolytes with the wall-membrane barrier of
this alga must occur.

Time constants of the biphasic response in turgor
pressure of C. corallina showed quite a large vari-
ability that could not be correlated with the sucrose
concentration. Pooling of the data yielded average
values for 7; of 59 = 3.4 s (n = 15) and for 1, of
25.9 + 20.5 s (n = 13). Despite the large variations,
it is obvious that pressure downrelaxation occurred
with a time constant in the range measured for water
exchange upon NaCl treatment (see above and be-
low). Pressure uprelaxation was apparently also in-
duced by water inflow, but was much faster than
expected from the time constant of water exchange.
This could be due to (variable) concentration effects
between the two membranes arranged in series, in-
duced by the sucrose treatment. Such effects can lead
to a polarity in water transport (i.e., the hydraulic
conductivity for endosmotic flow is larger than for
exosmotic flow and thus t; < 1,), provided that the
reflection coefficients of the two membranes of the
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Fig. 8. A typical ‘hyposmotic’ turgor pressure

. response of a cell of the pond water alga Chara
corallina induced by sucrose under isosmotic
conditions. Experimental conditions were identical
to those in Fig. 6 except that the original turgor
pressure of 0.47 MPa was lowered to about 0.1
MPa by addition of 0.40 MPa NaCl to the artifi-

cial pond water (APW; n, = 0.02 MPa). Note
that the alga responded with an increase in turgor
pressure (APy.x = 0.034 MPa) due to water
exchange (see text), but that (in contrast to

V. utricularis) the pressure relaxed back to the
original, pre-set value with a similar time constant.
Inset: plot of AP« as a function of the osmotic
pressure component arising from sucrose in
APW + NaCl. Data points were fitted by linear

regression (r = 0.94). The dimensionless slope of
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composite barrier are different, (see Kedem &
Katchalsky, 1963; Tazawa & Kiyosawa, 1973; Zim-
mermann & Steudle, 1974, 1978). Consistent with
this explanation, subsequent replacement of APW +
168 mosmol kg~' sucrose by APW resulted in the
complete reestablishment of the original turgor
pressure of 0.47 MPa, whereby the time constant was
again in the range of the time constant for water
outflow (23.4 £ 6.5s; n = 10).

EFFECTS OF VACUOLAR SOLUTES ON TURGOR
PRESSURE RELAXATION OF V. UTRICULARIS

The vacuolar reflection coefficients of electrolytes and
non-electrolytes, a;, of V. utricularis were determined
from turgor pressure relaxations induced by perfus-
ing the vacuole with media of various osmolality
while keeping the osmolality of the ASW constant.
Under these conditions, cell wall effects are excluded,
but the full impact of the multiply-folded tonoplast
on the determination of the reflection coefficients
should be seen.

Hyperosmotic Conditions

A representative hyperosmotic experiment performed
on a perfused V. utricularis cell is shown in Fig. 9.
Perfusion intervals are marked with arrows in the
figure. After perfusion with AVS ,ps and release of
the pressure clamp of 0.120 MPa, the pressure relaxed
exponentially to a new quasi-stationary turgor pres-
sure value of 0.133 MPa. Subsequently the cell was
clamped to this pressure value for 1 h. During this
clamp, AVS was replaced by perfusing the vacuole
with AVS to which 62 mosmol kg~' (=0.155 MPa)
KCIl was added. After the release of the clamp, the
typical biphasic turgor pressure response was ob-
served. The exponential turgor pressure increase

1
700  the straight line was 0.091. Some of the data points
represent mean values (n = 3 £ sD).

(ry = 10.7 min) was followed by an exponential
downregulation (1, = 209 min). On average, the time
constants of the two phases were 7; = 11.1 + 2.5
min (n = 8) and 17, = 247 + 36 min (n = 4), re-
spectively. Both time constants are in the range
measured for turgor pressure relaxation and sub-
sequent regulation induced externally.

By using the relevant parameters, the reflection
coefficient of KCl was calculated to be oxc =
0.63 £ 0.13 (n = 4). A similar hyperosmotic re-
sponse was observed when the AVS was replaced by
AVS to which 42 mosmol kg~' sucrose (Ar; = 0.105
MPa) was added. Calculation of oy, yielded a value
of 0.58 £ 0.17 (n = 4). It is evident that g >
Oisuc, Dut that the absolute values of the reflection
coefficients of both solutes were considerably lower
than those determined from external osmotic ma-
nipulations (see also Fig. 5) even though interference
of the solutes with the cell wall was eliminated.

Hyposmotic Conditions

After equilibration with AVS (mp = 1210 mosmol
kg™"), the cell was subjected to the same perfusion/
clamp regime as in Fig. 9 except that AVS with re-
duced KCI concentration (osmolality range
Tio = 1120 to 1170 mosmol kg~ ") was used. The time
constant of the turgor pressure relaxation was similar
(ry = 8.7 £ 49 min; n = §8) to the corresponding
value measured under hyperosmotic conditions.
However, no subsequent upregulation was observed.
The reflection coefficient oixcy (0.73 £ 0.35; n = 3)
was larger than the ‘hyperosmotic’ value (Table 1).

Isosmotic Conditions

Using the same initial perfusion regime, but replacing
various amounts of KCI by isosmotic concentrations
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Fig. 10. A typical ‘hyposmotic’ turgor pressure response of a per-
fused V. utricularis cell induced by isosmotic replacement of AVS
(1210 mosmol kg~') by AVS in which an osmotically equivalent
KCl concentration was replaced by sucrose (i.e., —Amixc =
+ ATtisuc; AVSguc.380). The same perfusion/clamp regime was used as
described in Fig. 9 except that turgor pressure was clamped for a
third time (triple-headed arrows) to Py. During this clamp, the cell
was perfused with AVS before the pressure was released again. The

of sucrose (osmolality range m;, = 32 to 720 mosmol
kg™") an exponential ‘hyposmotic’ response was ob-
served upon release of the clamped pressure (Fig. 10).
A new steady-state pressure, Py, was reached after 1
h; the time constant of the relaxation process was
71 = 11.9 min (mean value 7, = 14.3 £ 7.8 min;
n = 5) and thus in agreement with the water ex-
change data in Figs. 5 and 9. In contrast to ‘true’
hyposmotic conditions, subsequent upregulation of
the pressure was not observed when the sucrose

pressure relaxed back to the original value with a time constant of
71 = 9.6 min, i.e., by water exchange. Inset: Plot of the AP
values as a function of the osmotic pressure component arising
from sucrose in AVS (filled squares). Data points were fitted by
linear regression (r = 0.75). The absolute value of the dimension-
less slope of the straight line was —0.048. Empty circles (O) rep-
resent the mean AP, values (n = 4 + sp) recorded when
vacuolar KCI was replaced by 0.81 MPa PEG 6000.

concentration was larger than 40 mosmol kg~ ' (as in
Fig. 10, perfusion with AVSq,c 350). This was not due
to irreversible damage of the cells, as shown by
clamping of Prand perfusion with AVS (triple-headed
arrows). Upon release of the clamp, the original tur-
gor pressure was reestablished within 1; = 9.6 min
(mean value 7; = 149 £ 9.3 min; n = 3).

As in the case of external manipulation of the
medium (Fig. 6), the vacuolar ‘hyposmotic’ response
depended on the sucrose concentration (inset of Fig.



M. Heidecker et al.: Structural Peculiarities and Turgor Pressure

10). Despite the large scatter of the data, a linear
function between the ‘hyposmotic’ response and su-
crose seemed to exist. The scatter of the data prob-
ably resulted from the relatively slow exchange rate of
AVS with sucrose-containing AVS. The slope of the
straight line (r = 0.75) had a similar magnitude
(—0.048) as the slope of the straight line in Fig. 7 for
externally replaced sucrose. The absolute value of the
slope of the straight line corresponding to oixci —
gisuc Was calculated to be 0.05, indicating that even
for vacuolar manipulations oixci > Ojsuc-

Isosmotic replacement of vacuolar KCl by PEG
6000 resulted also in a ‘hyposmotic’ response (inset in
Fig. 10). Because of viscosity problems and of the
limits of accuracy only a concentration of 0.81 MPa
could be tested. The induced pressure change seemed
to be smaller than under external replacement con-
ditions and more comparable to that of sucrose
(oipeG = 0.56).

Vacuolar Reflection Coefficient of KCI Derived from
Water Relation Parameters under Steady-state
Conditions

In contrast to sucrose and PEG, isosmotic exchange
of KCI by NaCl did not induce a turgor pressure
change in perfused cells (data not shown), indicating
that the o; values of both electrolytes were identical.
Because of this and the knowledge of o.xcy, the in-
ternal reflection coefficient of KCI can also be cal-
culated from the equilibrium turgor pressure and the
internal osmotic pressure of cells kept in ASW. By
using Eq. 3, o) was determined to be 0.90 + 0.02
(m = 15). When cells were incubated for 2 d in
ASWg,c.230, the values for turgor and osmotic pres-
sure of the vacuolar sap were similar to those in
ASW, indicating that both ¢, and ¢; were unaltered.
A comparison of these data with the results obtained
from internally- and externally-induced turgor pres-
sure relaxations (see above) shows (1) that 2 d ex-
posure to sucrose has apparently no effect on gk,
(2) that the o;x ¢ values were significantly higher than
those derived from turgor pressure manipulation and
(3) that they were comparable to those of the external
reflections coefficients o.nac) and oex -

Discussion

Reflection coefficients, o, have been used for deter-
mining whether a common water-solute transporting
pathway exists. Values of ¢ between zero and one
have been taken as evidence for coupling between
water and solute flow (Kedem & Katchalsky, 1958;
Katchalsky & Curran, 1965). In the theory of Kedem
& Katchalsky (1958), the mechanism of osmotic
water flow is not specified but is assumed to be
identical to that for pressure-driven flow. If diffusive
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and hydraulic (viscous) flow components are in-
volved, ¢ < 1 does not necessarily imply water-
solute interactions in permeable aqueous channels.
Indeed, the osmotic features of water channels such
as aquaporins (Kaldenhoff & Eckert, 1999), which
are impermeable to most small solutes, can be ex-
plained by changes in the mechanism of water flow in
regions either accessible or inaccessible to solute,
created by a varying cross-section of the channel
(Curry et al., 2001).

There is still no clear-cut evidence that aqua-
porins exist or are temporarily expressed during tur-
gor pressure regulation in Valonia utricularis or other
pond and marine algae. However, measurements of
the diffusional permeability, Py (cm s™') and of the
hydraulic conductivity, L, on cells of V. utricularis
have shown (Gutknecht, 1968) that Py = L,RT/V,,
(R = gas constant, T = temperature and V, =
partial molar volume of water). This agreement sug-
gests that water flow through the entire wall-mem-
brane barrier is diffusional and that any hydraulic
component is negligible. From this point of view the
concept of Kedem & Katchalsky (1958) modified by
Zimmermann & Steudle (1974) for derivation of re-
flection coefficients and other water relation para-
meters from turgor pressure relaxations can be
applied to V. utricularis.

Determination of reflection coefficients for giant
alga cells (as well as for cells and tissues of higher
plants) with the pressure probe circumvents the
method-dependent artifacts found with adherent and
suspended animal cells (Toon & Solomon, 1996;
Verkman, 2000). However, the principal challenges in
the calculation of accurate ¢ values for algae, plant
cells and tissues from turgor pressure relaxation
curves are to define the effective surface area of the
serial membrane barriers to water transport, and to
determine the effects of unstirred layers on the mea-
sured water fluxes. Unstirred layer effects and surface
are not independent of each other (Richardson, Licko
& Bartoli, 1973; House, 1974; Barry & Diamond,
1984; Verkman & Dix, 1984; Verkman, 2000). The
effect of an unstirred layer surrounding a smooth
spherical membrane increases as the cell radius in-
creases. If the exchange area of water and solute is
greatly increased by membrane infolding, unstirred
layer effects increase and become difficult to quantify.
A theoretical analysis of flows through folded mem-
brane has shown (Richardson et al., 1973) that, close
to osmotic equilibrium, water flow can increase by
several times the increase in area while salt flow only
increases by a fraction of it.

The calculations of vacuolar and external reflec-
tion coefficients for V. utricularis (and for Chara
corallina) from turgor pressure relaxation experi-
ments reported above were made on the basis of the
equations derived by Zimmermann & Steudle (1974)
in the light of the thermodynamics of irreversible
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processes (Katchalsky & Curran, 1965). The analysis
is based (among other things) on the assumptions
that the surface area of the serially arranged tono-
plast and plasmalemma are planar (allowing the two
membranes to be treated as a single barrier) and that
intravacuolar and extracellular unstirred layer effects
are negligible.

The data presented here demonstrate that the
assumptions may be valid for C. corallina. In the
pond water alga the cytoplasm layer is clearly sepa-
rated from the tonoplast and the plasmalemma
(Franceschi & Lucas, 1980). Both membranes are
planar. The alga displays an extensive cytoplasmic
streaming (Kamiya, 1986) that stirs its cytoplasm by
moving water, solutes and organelles around. Be-
cause of frictional and hydraulic coupling, the layer
at the inner surface of the central vacuole is pre-
sumably also stirred to some extent (as is known from
cell electrorotation; Fuhr, Zimmermann & Shirley,
1996). We found no indications that the vacuolar sap
contained mucilage or related compounds. The va-
cuolar sap can apparently be treated as a ‘dilute’
solution. Only the cell wall of C. corallina must be
considered a compartment in which unstirred layers
occur. As demonstrated here by pressure probe
measurements, water inflows of varying magnitude
could be induced by isosmotic exchange of appro-
priate concentrations of NaCl against sucrose (Fig.
8). This finding could lead to the interpretation that
Oesuc < Oenacl- However, the pressure responses were
only transient and apparently resulted from slow
diffusion of the sucrose into the wall (effects that were
ignored by Berestovsky et al. [2001] in their work on
isolated walls of C. corallina). Within about 50 s the
original turgor pressure was restored by water out-
flow. As already mentioned above, this can be taken
as evidence that sucrose in the bulk solution has ap-
parently equilibrated with the cell wall and that .,
is nearer unity and equal to genacl, as expected if
small unstirred layer effects under steady-state con-
ditions are taken into account (Dainty & Ginzburg,
1963; Barry & Hope, 1969). Thus, we can conclude
that intra- as well as extracellular unstirred layers are
of secondary importance in this giant pond water
alga.

However, the assumptions are not valid for the
marine alga V. utricularis, which apparently favors
the strategy of preventing convection and restricting
diffusion by generating huge intracellular unstirred
layers in addition to the extracellular ones linked to
the cell wall. Clearly, the mucilage network seen in
V. utricularis (Fig. 2) creates unstirred layer effects in
the huge central vacuole, which occupies more than
95% of the cell volume. Due to the negative charges
of the mucopolysaccharides, water exists as polarized
multilayers extending far beyond the one or two
layers of water molecules conventionally considered
(see, e.g., Clegg, 1982; Barry & Diamond, 1984; Esch
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et al., 1999). The cation-exchanging mucopolysac-
charide filaments are apparently one adaptation of V.
utricularis to the fluctuating vacuolar ion concentra-
tions (e.g., of Ca?") resulting from moderate natural
osmotic changes in sea water. The vacuolar muco-
polysaccharides may also act as scaffolding to stabi-
lize the tonoplast and delay complete turgor pressure
loss as they decrease the chemical activity of water
(equivalent to a turgor pressure of about 17 kPa as
measured by the pressure probe).

Surprisingly, no extracellular mucilage could be
found for cells of V. utricularis, unlike for the salt-
tolerant alga Lamprothamnium papulosum (Shepherd
& Beilby, 1999; see also the literature quoted there).
In contrast to V. utricularis, this alga inhabits estu-
aries and coastal pools where the salinity is extremely
variable. As in the case of C. corallina, the cell inte-
rior is stirred relatively well by cytoplasmic stream-
ing. L. papulosum forms external mucilage, enhancing
external unstirred layer effects, to delay the full im-
pact of ambient ion fluctuations on membrane and
cytoplasmic processes. Such external mucilage layers
are apparently unnecessary for the cells of V. utricu-
laris because the unstirred layer region is ‘displaced’
into the cytoplasm by multiple infoldings of the to-
noplast and the resulting spongy architecture of the
cytoplasm (Fig. 1). The innumerable tonoplast in-
foldings (approaching to within 40 nm of the plas-
malemma and surrounding the cytoplasmic strands)
form a continuum ideal for creating extended un-
stirred layers. The vacuolar reflection coefficients
calculated for sucrose and PEG from turgor pressure
relaxations (i, oiprg = 0.58) were even lower
than that for KCI (oixc1 = 0.63 under hyperosmotic
conditions and g;xc; = 0.73 under hyposmotic con-
ditions). When ogixc; was determined from steady-
state measurements, its value increased to 0.91 as
expected because unstirred layer effects are greatest
for rapid water movement through extended, poorly
stirred compartments (see above).

Very low, ‘short-term’ o;x 1 values make a great
deal of sense because cytoplasm and vacuole osmotic
pressure of V. utricularis can be unbalanced during
turgor adaptation upon (externally induced) fluctua-
tions in vacuolar salt concentration without gener-
ating a hydrostatic pressure differential across the
tonoplast. Similarly, the structured (bound) water in
the cytoplasmic strands (Clegg, 1982) may equally
contribute to a delayed equilibration of the osmotic
pressure in both compartments during turgor pres-
sure regulation.

The effect of external unstirred layers bound to
the cell wall on the ‘short-term’ reflection coefficients
of KCI and NaCl of V. utricularis are much less
(0eckc1 = 0.91 and 6enact = 0.94; Table 1), but they
are apparently not negligible, as was seen when or-
ganic osmolytes were applied. From the increase in
turgor pressure observed when NaCl was replaced
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isosmotically by an equivalent concentration of an
organic osmolyte (Figs. 6 and 7), we can conclude
that urea, acetamide and glycine (MW between 59
and 75 Da) have reflection coefficients similar to
those of NaCl %, whereas sucrose and trehalose (MW
342 Da) assumed smaller ¢ values (around 0.86) and
PEG 6000, an even much smaller value (0.58). This
seems to suggest that size-exclusion effects of the wall
are exclusively responsible for limitation of permea-
tion through the cell wall. However, the finding that
MES (MW 195 Da), but not gluconate (MW 196 Da)
evoked a turgor pressure increase when used for re-
placement of isosmolar concentrations of CI~ showed
that charge and/or steric effects must also be in-
volved.

Interestingly, in contrast to C. corallina, equili-
bration between the bulk solution containing sucrose
and the wall did apparently not occur. Downregula-
tion of the turgor pressure was considerably slower
than expected from the water exchange time constant.
The time scale was more in the range recorded for
turgor pressure regulations under hyposmotic con-
ditions (even though the ‘isosmotic’ kinetics were
more linear than exponential; see Fig. 6). This sug-
gests that the decrease in turgor pressure was
achieved mainly by efflux of vacuolar KClI, increasing
the solute concentration at the wall/plasmalemma
interface.

Severe restriction of diffusion of sucrose (and,
probably, the other organic osmolytes) in the cell wall
of V. utricularis, but not of C. corallina is probably
due to differences in the crystallographic structures of
the cell wall. High-resolution atomic force micros-
copy as well as infrared and electron diffraction
studies of the wall of V. macrophysa and Ventricaria
ventricosa (closely related with Valonia, both be-
longing to the Cladophorales) have shown (Hieta
et al., 1994; Sugiyama & Okano, 1990; Sugiyama,
Harada & Saiki, 1987; Baker et al., 1997) that each
microfibril consists of more than thousand perfectly
arranged cellulose chains oriented in a parallel fash-
ion. Therefore, these algae are widely accepted as the
source of a native cellulose I standard, having the
highest known crystallinity.

Evidence that the peculiar cell wall structure of
Valonia significantly limits permeation of solutes is
given by the experiments in which isosmotic re-
placement of NaCl by sucrose was performed at pH
4.5. Under these conditions the pressure response was
much smaller and backregulation faster than at pH
8.1, apparently because of a reduction of unstirred

2 Zimmermann and Steudle (1970) reported much lower o values
for these organic osmolytes compared to those measured here. The
reason for this is, that these authors determined the reflection
coefficient on cells bathed in solutions containing very low con-
centrations of NaCl. This probably alters membrane properties,
but yields ¢ values unaffected by high salt concentrations.
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layer effects due to the well-known effect of low pH
on wall loosening (Cleland, 1971).

The low external and vacuolar ¢ values of
V. utricularis can be explained by the effects of the
unstirred layers related to the cell wall and the spongy
architecture of the cytoplasm. However, effects aris-
ing from changes of the salt concentration or specific
interactions of the organic osmolytes with the mem-
branes cannot be completely excluded. Interactions
of sucrose and other sugars (particularly of trehalose)
with membranes are well-known (Crowe & Crowe,
1984, 2000; Koynova et al., 1997; Mussauer et al.,
2001). These kosmotropic substances (water structure
makers) favor—among other things—the formation
of hexagonal phases (Hy;) in lipid bilayers resulting in
an increase of water conductance. Similar modula-
tions of the lipid phase are also known from PEG-
(and dextran-) induced cell-to-cell fusion (Arnold
et al., 1985). Thus, such effects may also partly be
responsible for the very small external (and also
vacuolar) ‘short-term’ ¢ values of PEG (Table 1) and
of dextran, even though long-term effects appear to
be more likely. Consistent with this, preliminary ul-
trastructural studies on cells subjected to long-term
sucrose exposure indicate changes in the organization
of the cytoplasm (our unpublished data). Support for
long-term effects of sucrose are also given by the
finding reported here that 2 d pre-incubation of algae
in solutions containing sucrose resulted in lower g,
values for NaCl and sucrose when deduced from
turgor pressure relaxations (0.78 £ 0.14 and
0.72 £ 0.15, respectively). Despite this, recovery of
the original turgor pressure apparently occurred in
these cells, as suggested by the experiments under
isosmotic conditions shown in the inset of Fig. 6. This
could be taken as evidence that sucrose interacts with
the plasmalemma and/or the cytoplasmic strands (in
the long term) by increasing the hydraulic conduc-
tivity of the membranes.

To sum up, Verkman (2000) has recently rejec-
ted the concept of reflection coefficients and man-
dates reconsiderations because of method-dependent
artifacts, unstirred layer effects and the presence of
aquaporins (excluding solute transport). In the light
of the considerations given above, we feel that, at
least for plant cells, the determination of ‘long-term’
and ‘short-term’ reflection coefficients of solutes is
obviously quite useful, provided that organic osmo-
lytes are used to which the biomembrane is usually
impermeable on a short time scale. When values
lower than unity are found, this does not necessarily
give information only about water-solute coupling.
On this point we agree with Verkman (2000) and
Curry et al. (2001). However, as shown here, lowered
o values can point to large unstirred layer effects
arising from peculiar structures of the membranes
and/or from the walls. Thus, measurements of ¢
values can complement simultaneous ultrastructural
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studies (which are not always free of artifacts). If the
ultrastructure of a cell does not explain ¢ values in
terms of unstirred layers, it is clear that we have to
consider aquaporin effects as described by Curry et
al. (2001) or found very recently by us for roots of
higher plants. Split-root experiments showed (Schu-
lze, Wegner, Binder, Sattelmacher, Haase, Kalden-
hoff & Zimmermann, unpublished data) that
ammonium and nitrate suppress and enhance, re-
spectively, aquaporin expression, thus changing the
hydraulic conductivity of the membrane barriers and,
in turn, the reflection coefficients.

Even in cases where interpretation of ¢ values
smaller than unity is not as straightforward as for
V. utricularis, their knowledge is important in order
to predict the direction and magnitude of the pressure
response and regulation upon osmotic challenges.
Otherwise, when ignoring reflection -coefficients,
pressure responses may be considered as anomalous,
as shown here for isosmotic replacement pressure of
Nacl by sucrose both for a marine and a pond water
alga. Such effects must be kept in mind when salinity
or other osmotic pressure experiments are performed
on higher plants, provided that the data obtained
here can be extrapolated. This seems to be the case
for glycophytes (see Schneider, Zhu & Zimmermann,
1997).
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