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Summary. The water relations parameters and the osmoregula-
tory response of Eremosphaera viridis were investigated both by
using the pressure probe technique and by analyzing the intracel-
lular pool of osmotically active agents. In the presence of various
concentrations of different salts a biphasic osmoregulatory re-
sponse was recorded, consisting of a rapid decrease in turgor
pressure due to water loss followed by an increase in turgor
pressure to the original turgor pressure value (depending on the
salt). The values of turgor pressure, volumetric elastic modulus
and hydraulic conductivity depended on the composition of the
media. Nonelectrolytes did not cause a turgor recovery after the
initial water efflux. The second phase of turgor regulation in the
presence of salts was characterised by the intracellular accumu-
lation of ions and sugars and required at least 24 hr. Analysis of
the cell sap showed that the increase in the internal osmotic
pressure was mainly achieved by accumulation of sucrose. Addi-
tionally, accumulation of glucose was observed in illuminated
cells in the presence of Rb and K. Electron micrographs sug-
gested that the sucrose was produced by degradation of starch
granules. Turgor pressure recovery after salt stress seemed to be
dependent on temperature and is well correlated with the accord-
ing photosynthetic activity. The data suggest that a temperature-
dependent enzyme which is activated by potassium or rubidium
is involved in the regulatory response.
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Introduction

The ability to regulate and to adjust internal osmotic
pressure and thus turgor pressure (and volume) in
response to salt and water stress has been observed
in many algae and higher plant cells. Some species
are capable of maintaining constant turgor pressure
(or volume) over a large range of salinity, e.g.
Chaetomorpha linum (Steudle & Zimmermann,
1971), Dunaliella parva (Ben Amotz, 1974), Valonia
utricularis (Zimmermann & Steudle, 1974) and Po-
terioochromonas (Kauss, 1967). Experimental evi-
dence is available that the regulation of the internal
osmotic pressure is under direct control of turgor
pressure (or volume) and/or specific ions which are

present in the external medium. Intracellular os-
motic adjustment is achieved by regulation of the
concentration of ions and/or of low molecular
weight organic solutes. The latter appear to occur
mainly in the cytoplasm because of the sensitivity
of enzymes to salts. It is important to emphasize
that both the maintenance of the correct ionic and
solute environment for biochemical activity and the
adjustment of water balance and cellular osmotic
and turgor pressures are equally important for suc-
cessful adaptation. .

Despite the great advances made in the field of
osmoregulation in recent years (Dainty, 1963, 1976;
Levitt, 1972; Hellebust, 1976; Flowers, Troke &
Yeo, 1977; Kauss, 1977; Gutknecht, Hastings &
Bisson, 1978; Zimmermann, 1978; Wyn-Jones,
1984; Kirst, 1983), we are still far from understand-
ing the complicated signal-reaction sequence which
enables cells to maintain normal values for turgor or
volume in conditions of water and salt stress. Vari-
ous mechanisms have been discussed, e.g. activa-
tion of enzymes that convert high and low molecu-
lar weight substances (Kauss, 1973) or change the
transport of osmotically active substances (Bisson
& Kirst, 1980). A more recent idea is that turgor
regulation occurs by pressure detection by electro-
mechanical compression of membranes in conjunc-
tion with changes in the translocation rate of mobile
charges which are linked with ion-specific carrier
systems (Zimmermann, Biichner & Benz, 1981), as
well as the activation of enzymes that convert high
molecular substances into osmotically active ones
of low molecular weight and vice versa (Kauss,
1973).

One of the reasons for the lack of understanding
of this signal chain is almost certainly the fact that
ionic and osmotic regulation of the vacuolar con-
tents has been examined using predominantly bio-
physical techniques. Therefore, giant algal cells
were examined because they have a vacuole which
is directly accessible to measurements with micro-
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Fig. 1. Schematic cross section of a cell of E. viridis with in-
serted microcapillary

electrodes aqd pressure probes. In microscopic
cells the biochemical aspects have been of more
interest to many investigators because of the limita-
tions imposed on the physical methods of measure-
ment by cell size. The apparent differences between
osmoregulation by inorganic ions in giant algal cells
and the regulation by organic compounds in isolated
microscopic and tissue cells may therefore be su-
perficial. These days many authors tend to believe
that both types of regulation are present in every
osmoregulating plant system, but that their respec-
tive contribution to the osmotic relations of the
whole cell depends on the size of the vacuole with
respect to the cytoplasmic compartment.

One important step towards elucidating the
mechanism of osmoregulation would be to carry out
combined biophysical and biochemical investiga-
tions of the same species under various conditions
of osmotic stress. Cells of the fresh-water alga Ere-
mosphaera viridis have the right geometric prereq-
uisites for this purpose. Having a mean diameter of
140 um, the cells of this alga are large enough for
the introduction of microelectrodes (for membrane
potential and membrane resistance measurements
with the aid of the single-electrode method and the
charge-pulse technique) (Schefczik, Simonis &
Schiebe, 1983) and pressure probes (for measure-
ments of water relations parameters). At the same
time, the cells are sufficiently small for measure-
ments of the internal conductivity and electrical
properties of the membrane (resistance and capaci-
tance) by means of the electrorotation method
(Arnold et al., 1985), and for biochemical analysis
of the cell sap under osmotic stress so that conclu-
sions can be drawn about the various regulatory
pathways. Simultaneously, investigations by means
of an electron microscope would provide further
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Table 1. Osmotic pressure (I1) and ionic composition of the cul-
ture media

Medium Na* K~ Cl- Ca* [1 (mOsm)
(M) (uM) (uM) (M)

I 0.2 2095 — — 5

I+ Ca 0.2 2095 — 1000 8

11 3755 115 13.2 118.7 1

information about structure and structural changes
under osmotic stress. This information aids the in-
terpretation of measurements obtained with the
pressure probe and microelectrode technique.

In this communication we report on the osmotic
response of cells of E. viridis due to external os-
motic stress, using both the biophysical and bio-
chemical approaches. The results show that—Ilike
marine, litoral and fresh-water algae—E. viridis ex-
hibits a biphasic regulation which consists of a rapid
water transport phase and a subsequent, substan-
tially slower turgor pressure recovery phase. This
regulation exhibits many similarities with the pro-
cesses of osmotic adjustment observed in other spe-
cies; but there are also some remarkable differ-
ences.

Materials and Methods

The chlorococcal peat-bog alga Eremosphaera viridis (strain
71.80 from the algae collection of the Institute of Plant Physiol-
ogy, University of Géttingen) grows to a diameter of up to 170
wpm during its 2 to 4 day cell cycle. The cell nucleus is centrally
suspended in the spherical cells. From the nucleus. thin, some-
times branched cytoplasmic strands radiate out through the large
vacuole and link up with the thin layer of cytoplasm adhering to
the cell wall (see Fig. 1). Only spherical cells that maintained
constant pressure after impalement were used for measure-
ments. The algae were grown in synthetic culture media. These
were either that described by Schigsser (1982 ) with the addition
of vitamins By (0.1 mg/liter) and B, (1 mg/liter) instead of soil-
extract and peptone (medium 1) or that of Smith and Bold (1966),
with the addition of 0.12 mm Ca(NOs), at pH 5.5 (medium II). In
some cases Ca(NOs), (1 mm) was added to medium 1. The osmo-
larity of the media were 5 mOsm (medium I) and 11 mOsm (me-
dium 1I), respectively. The main differences between the media
concerning the contents of Na*, K+, Ca?* and Cl- as well as the
osmotic pressure are given in Table 1. Cells were cultured in an
illuminated thermostat (Fa. Kniese) at 30°C and 140 gE sec™!
m~%in a 16: 8 hr light/dark cycle and agitated with air containing
1% CO,. Unless otherwise stated, experiments on osmoregula-
tion were carried out under these conditions.

DETERMINATION OF CELL VOLUME
IN RELATION TO AGE

A 63% synchronization of tﬁe algae was achieved by diluting a
culture from 9000 cells/ml to 1500 cells/ml. The size distribution
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in the 3 days following the first cell division was determined by
measuring the cell dimensions under the microscope and calcu-
lating the cell volumes of 120 to 130 cells. The maximum error for
the volume determination was only 13%. i.e., fairly small com-
pared to geometrically irregular cells.

PRrRESSURE PROBE TECHNIQUE

Turgor pressure and water relation parameters were measured
by means gf the pressure probe (Zimmermann, Rilde & Steudle,
1969). The cell was fixed at the tip of a suction pipette (Fig. 2). In
spite of the very small cell volume in relation to the volume of the
pressure probe (1: 10,000). it was possible to take measurements
in these small cells because the position of the meniscus in the
capillary tip was chosen as the reference point. In this way, the
compressible volume of the apparatus was limited to that of the
capillary tip. Turgor pressure changes were hydrostatically in-
duced by displacement of the oil/cell sup boundary using the
metal rod mounted in the pressure probe. A more detailed ac-
count of the technique is provided by Huisken, Steudle and Zim-
mermann (1978). The ratio of the insertion area to the total sur-
face was well below the critical value above which correct
measurements of the water relation parameters are not possible
because of leakage (Zimmermann & Hiisken. 1979). We calcu-
lated the internal osmotic pressure (I1,) from the measured turgor
pressure (P) and the cryoscopically determined osmotic pressure
of the external medium (I1,) by assuming that the reflection coeffi-
cients of all solutes are equal to unity:

ﬂ,-=P+H,,. (I)

In the experiments on osmoregulation, at least 10 cells were
measured and averaged for each turgor pressure determination.
The osmotic pressure of the media was determined cryoscopi-
caily with an Osmomat 030 (Gonotec, Berlin, FRG). The volu-
metric elastic modulus &, an inverse measure of the elasticity of
the ceil wall, is defined as follows (Philip, 1958):

e =V -dPldV {2}

where dV is a small volume change and dP the resulting small
pressure change. dP is measured directly with the pressure
probe, and 4V is determined under the microscope from the
advance of the meniscus. In order to determine ¢ at a different
pressure, the osmolarity of the external medium was increased in
stages by the addition of sorbitol. The pressure relaxations are
described by exponential functions. The half-times for water ex-
change between cells and environment (7,,) were calculated
from the gradient, &, of the semi-logarithmic plots of the pressure
relaxations

Fig. 2. Pressure probe and measurement
chamber with suction pipette for the
determination of water transport parameters
of E. viridis

T\n = In2/k. (3)

From T\, it ts possible to calculate the hydraulic conductivity
{Lp) (Dainty, 1963, 1976; Zimmermann & Steudie, 1978)

Lp =V -In2A - T+ II). (4)

V = cell volume; A = cell surface area; ¢ = volumetric elastic
modulus: [1; = osmotic pressure of the cell sap. Lp values were
calculated exclusively from hydrostatically induced water flows.

ELECTRON MICROSCOPY

The algae were fixed for 2 hr at room temperature in 4% glu-
turaldehyde and then for 2 hr in 2% osmium tetroxide at 4°C, in
both cases in 0.1 M phosphate buffer. The samples were dehy-
drated with alcohol and embedded in Spurr’s medium (1969).
After staining with uranyl acetate and lead citrate (Reynolds.
1963), thin sections were cut and examined under a JEM {00 C
electron microscope (Jeol. Japan).

PREPARATION OF CELL EXTRACTS AND ANALYSES

In order to produce cell extracts for ion analysis the algae were
washed five times in double distilled water, shock frozen with
liquid N, and then thawed (Munns et al., 1983). The product was
agitated and then centrifuged 10 min at 4000 X g. If the cell
extract was destined to be analyzed for sugar content, each sam-
ple was first treated for a few minutes with a Potter homogenizer.
it was found that the extraction of cellular contents could be
improved by heating the cells to 100°C before homogenization.
Potassium and sodium were determined with a flame photometer
(M20, Zeiss, Oberkochem, FRG) and chioride with a chloride
titrator (American Instrument Co., Silver Spring, Md.) For the
determination of amino acids, an amino acid analyzer LC 2000
(Biotronik, Maintal-Dornigheim, FRG) was used, and for organic
acids a Tachophor (LKB, Miinchen, FRG). The sugars were
analyzed by the sucrose and glucose test marketed by
Boehringer (Mannheim, FRG). O, evolution during photosynthe-
sis was measured with an oxygen electrode (Oxigraph EO 40,
Gilson Medical Electronies, Kiddleton, Wisc.) in medium con-
taining 0.5 mM KHCO, and under illumination of a slide projec-
tor (Leitz, Wetzlar, FRG). The nitrate and sulfate content were
determined photometrically (Lange & Vejdelek, 1980). Chloro-
phyll content was determined by the method of Nusch and Palme
(1975).
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Fig. 3. Size distribution of a 63% synchronous culture of £. viri-
dis on the first and third day of the cell cycle. The size distribu-
tion of the entire population in medium I on the first and third day
of the development is shown. The curve for the first day exhibits
two distinct maxjma. The first maximum was attributable to the
autospores. These arise by quaternary division of cells and are
therefore smaller than those cells resulting from binary division
which give rise to the second maximum. The lateral shoulder of
the second maximum was caused by the nonsynchronized cells
which were older than one day and therefore larger. The plani-
metrically determined area below the maxima represents 68 and
57% of the total

Results

VOLUME/AGE RELATIONSHIP

To arrive at a clear-cut interpretation of the data on
a cell population of broad size and age distribution it
is important to reveal the cell volume/age relation-
ship. Such measurements are required because 0s-
moregulatory parameters can depend on volume
and/or age which need not necessarily be correl-
ated. For this purpose the size distribution of a cul-
ture that was 63% synchronous was determined
during a three-day cell cycle. In this experiment a
total of 392 cells were measured. Figure 3 shows the
size distribution of the entire population on the first
and third day of the developmental cycle following
partial synchronization. The curve for the first day
has two distinct maxima, with the second maximum
also exhibiting a shoulder. The first maximum was
attributable to the autospores. These arise by qua-
ternary division of a cell and are therefore necessar-
ily smaller than those cells resulting from binary
division: the latter gave rise to the second maxi-
mum. The shoulder of the second maximum is
caused by the nonsynchronized cells which were
older than one day and therefore larger. The plani-
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metrically determined area below the two main
maxima, not taking into account the shoulder of the
second maximum, represents 68% of the total. This
value is in the same range as the proportion of syn-
chronized cells, which was determined by counting
to be 63%. The volume distribution of the third day
of the cell cycle exhibits a distinct shift in the main
maximum, which accounted for 57% of the total
area. The second, smaller maximum could be attrib-
uted to the asynchronous cells. It appears from the
above, that to a good approach the volumes of the
cells can be correlated with their ages. This had the
important consequence that the following investiga-
tions could be carried out on asynchronous cultures
because differences in volume could be interpreted
as being due to differences in age.

WATER RELATION PARAMETERS

The turgor pressure of Eremosphaera viridis was 6—
12 bar immediately after introduction of the probe
and remained constant over several hours. Mea-
surements from cells of different sizes (i.e., differ-
ent ages) showed that there was obviously no corre-
lation between cell volume and cell turgor pressure.
However, turgor pressure was influenced by the
composition of the media in which the cells were
cultured. Cells cultured in medium I containing nei-
ther Na* nor Ca?* ions exhibited the lowest steady-
state turgor pressure values with a mean of 7.6 bar.
Cells cultured in Ca**-enriched medium I or in me-
dium II (containing both Na* and Ca** ions) exhib-
ited turgor pressures that were about 2 bar higher
(9.3 and 9.6 bar, respectively).

The increase of turgor pressures due to these
culture media corresponded to an increase in the
values of the volumetric elastic moduli. The ¢ val-
ues for cells from medium I were 203 + 93 bar (22
measurements); from the same medium with cal-
cium, 244 = 75 bar (21 measurements); and from the
Na-containing medium II, 355 = 107 bar (33 mea-
surements). The values show that the presence of
sodium in the culture medium has a pronounced
influence on the elasticity of the cell wall. Following
the progressive reduction in turgor pressure after
the addition of sorbitol to the external medium and
the establishment of the new quasi-stationary turgor
pressure, it was found that ¢ is pressure dependent,
as is the case in giant algae and in some higher plant
cells (¢f. Zimmermann, 1978). In the pressure range
of about 0.5 to 5 bar there is a direct proportionality
to turgor pressure, whereas above about 6 bar &
seems to be independent of pressure. Two typical
curves are shown in Fig. 4. By replacing the initial
external medium it was possible to bring the cells
back to their original pressure within seconds, so
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Fig. 4. Dependence of the volumetric elastic modulus (g) on
turgor pressure ( P) in a single cell of E. viridis; {cell volume: 1.15
nl; cell surface area: 53 x 1073 mm?). The turgor pressure of the
cells was lowered by adding appropriate amounts of sorbitol to
the medium

that irreversible changes in the cells due to a reduc-
tion in turgor pressure could be excluded. It is inter-
esting that ¢ is also dependent on cell volume or age
(Fig. 5). When the volume of cells cultured in the
same medium doubled in size, the value for ¢ in-
creased from 200 to 400 bar measured at constant
turgor pressure. Investigations with the electron mi-
croscope showed (Fig. 6) that the cell wall of old
cells had more layers than those of younger cells
{e.g. a mother celi wall had 13 layers with a mean
thickness of 0.5 wm whereas the cell wall of one of
its autospores had only S layers and was 0.2 um
thick).

As can be seen from Table 2, Ty; and Lp are
strongly correlated with the composition of the cul-
ture media. In the presence of sodium, which is
contained in medium II, Lp decreases significantly.
Expeniments carried out at the initial turgor pres-
sure, showed no significant differences between
endosmotic and exosmotic Ty, or Lp (¢ test: confi-
dence interval of >0.95 for 16 measurements). This
means there is no polarity of water transport such
as has been observed in other plants [e.g. Chara
australis (Kiyosawa & Tazawa, 1977)]. No correla-
tion of Lp with turgor pressure or with the osmotic
concentration of the external solution could be
found (Fig. 7) when the turgor pressure was re-
duced by addition of sorbitol.
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Fig. 5. Dependence of the volumetric elastic modulus () on the
volume (V) of cells of E, viridis. For the evaluation of the data a
total of 18 cells have been investigated

Table 2. Half-time of water transport (T,;) and hydraulic con-
ductivity (Lp) of E. viridis in different media

Medium T2 (sec) Lp (x10~%cm - sec™! - bar™!)
1 0.84 = 0.17 (16) 7.34 = 0.23 {15)
I+ Ca 0.50 = 0.11 (9) 6.16 = 2.30 (9)
I 1.23 = 0.36 (17) 3.72 = 1.84 (I7)

OSMOREGULATORY RESPONSE

In osmoregulatory systems the rapid water trans-
port phase is followed—after a quasi-stationary tur-
gor pressure has been established—by a second
phase. In this phase the original turgor pressure is
nearly restored by changes of the internal osmotic
pressure, independent of the nature of the osmoti-
cum used in the external medium. Adaptation of
internal osmotic pressure and turgor pressure dur-
ing this very slow phase is normally achieved by
transport of ions and/or by intracellular build-up or
breakdown of osmotically active organic com-
pounds.

To this end, cells of E. viridis were subjected to
solutions of increasing concentrations of NaCl
which had all been brought to the same total os-
motic value with sorbitol (Table 3). After a rapid
decline in turgor pressure due to the water transport
phase a subsequent increase in cell turgor pressure
was observed, depending on the external NaCl con-
centration. This increase in turgor pressure had a
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Fig. 6. Electron micrograph of a cell wall of an autospore (cw1) and of a mother cell (¢w2) of E. viridis. Note that the mother cell wall
has 13 layers with a mean thickness of 0.5 um whereas the cell wall of one of its autospores has only § layers. Magnification: 60,000x
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Fig. 7. Dependence of the hydraulic conductivity (Lp) of the cell
membrane of E. viridis on turgor pressure (P). As in Fig. 5 the
turgor pressure had been decreased by addition of sorbitol to the
medium. The shaded area shows values measured on algae that
had grown in medium 1I; the unshaded area shows values of
algae from medium [

time constant of some hours, but did not reach the
initial turgor pressure value within 25 hr. However,
when isosmotic concentrations of sorbitol or su-
crose were added in the absence of ions, no such

Table 3. Turgor pressure of E. viridis before (P), at the begin-
ning (P,) and after 25 hr incubation (Ps) in media of the same
osmotic pressure but different NaCl concentrations®

Medium P (bar) P, (bar) Pys (bar)
(mm)
125 NaCl 8.6 0.8 3sx14 58+ 1.0
75 NaCi
+93 Sorbit 8.6+038 3514 52 1.1
25 NaCl
+ 188 Sorbit 8.6 +0.8 35214 Ax 14
230 Sorbit 8.6 +0.8 3514 1.2+ 1.0

@ Each value represents 10 measurements.

rise in turgor pressure was detected (Table 3). The
quasi-stationary turgor pressure (P,), which was ¢s-
tablished within a few seconds at the end of the
water transport phase, remained nearly constant
over the entire measuring period of 48 hr. A concen-
tration-dependent increase in turgor pressure was
also observed when various concentrations of salts
were added to the external medium without adjust-
ing the osmotic pressure of the solutions to the
same value with sorbitol.

Experiments in addition to those with NaCl
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Table 4. Initial turgor pressure (P,). turgor pressure at the end of the water transport phase (P,). turgor
pressure after 24 hr salt-incubation (Ps;) and sugar content of the algae at 30

Salt Conc. P, P, P P increase Sucr. Sucr. Gluc Gluc
(mMm) (bar) (bar) {bar) (bar) (mm) (mMm) (mM) (mM)
NaCl 0 9.2 9.2 9.2 — S — 7 —
25 8.2 8.1 9.2 I 9 4 8 |
75 9.2 6.0 7.9 1.9 15 10 8 I
125 9.2 3.5 6.7 3.2 23 18 13 6
175 9.2 1.3 5.4 4.1 19 14 14 7
D: 125 9.2 3.5 5.5 2.0 14 9 8 |
LiCl 0 8.6 8.6 8.6 — 7 — 1 —
25 8.6 7.5 7.9 0.4 13 6 1 0
75 8.6 5.4 7.9 2.5 22 15 ] 4
125 8.6 2.9 6.3 34 27 20 3 2
175 8.6 0.7 4.7 4.0 29 22 ! 0
D: 125 8.6 2.9 5.7 2.8 22 15 0 0
KCl 0 8.7 8.7 8.7 — 3 — 3 —
25 8.7 7.6 8.5 0.9 9 6 4 !
75 8.7 5.5 7.4 1.9 14 11 9 6
125 8.7 3.0 5.6 2.6 23 20 13 10
175 8.7 0.8 7.3 8.1 35 32 2 18
D: 125 8.7 3.0 3.6 0.6 23 20 4 !
RbClI 0 8.6 8.6 8.6 7 — 4 —
25 8.6 7.5 7.2 0 10 3 4 1]
75 8.6 5.4 8.0 2.6 15 8 3 1
125 8.6 2.9 10.3 7.4 29 2 8 4
175 8.6 0.7 5.9 5.2 36 29 17 13
225 8.6 -1.6 4.4 6.0 3] 24 25 21
D: 125 8.6 2.9 4.9 2.0 13 6 2 0
CsCl 0 9.0 9.0 9.0 0 16 — 6 —
25 9.0 7.9 8.1 0.2 18 2 s 0
75 9.0 5.6 6.7 1.1 28 12 3 0
175 9.0 1.1 3.1 2.0 4] 25 0 0
CaCl, 0 10.6 10.6 10.6 0 5 -— 5 —
10 10.6 9.4 0.8 I.4 29 24 {4 9
50 10.6 7.2 9.4 2.2 31 26 21 16
100 10.6 3.8 5.2 1.4 38 33 19 14
D: 50 10.6 7.2 8.2 1.0 — — — _

* The lines preceded by D: give the values of the measurements in the dark.

were also performed with increasing concentrations
of LiCl, KCI, RbCl, CsCl, and CaCl,. These also
brought about a concentration-dependent increase
in turgor pressure after the establishment of the
quasi-stationary turgor pressure, P, (Table 4). The
addition of KCI and RbCI resulted in final pres-
sures, 25 hr after the end of the water transport
phase, which were very close to the original pres-
sure or even exceeded it. In the experiments with
high NaCl and LiCl concentrations the original tur-
gor pressure was not re-established within this pe-
riod of time, although the internal osmotic pressure
increased again by about 3 bar. The same applies to
CsCl and CaCl,, which both induced an increase in
the internal osmotic pressure of about 2 bar. We can
assume that the original turgor pressure may be

completely re-established after more than 24 hr in
the case of higher salt concentrations. However, it
was not possible to demonstrate this experimentally
because the algae became progressively more dam-
aged with increasing salt concentration so that an
insufficient number of cells were available for the
experiments.

If the cells were incubated in Na,SOy, the tur-
gor pressure no longer changed after the end of the
water transport phase, which suggests that Na,SO,
does not enter the cell.

The increase in turgor pressure observed in E.
viridis may be due to a metabolically dependent up-
take of ions and/or to a metabolically dependent
synthesis of osmotically active substances, which is
triggered by ions but not by nonelectrolytes (sug-
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Fig. 8. (a) Dependence of the intracellular sugar concentration on the RbCl concentration in the medium. Cells had been incubated for
24 hr prior to determination of the different sugars. The dashed line represents the numeric addition of sucrose and glucose concentra-
tions. The dots denoted by D give the concentrations of glucose (Dg) and sucrose (Ds) after incubation at 125 mm RbCl in the dark. (h)
Dependence of the internal osmotic pressure (as calculated from the turgor pressure and the osmolarity of the external medium) on the
RbCI concentration. At low concentrations there is a linear correlation between the internal osmotic pressure and external RbCl
concentration. Above ca. 100 mm RbCl the internal osmotic pressure reaches a saturation value of about 15 bar. The value denoted by
D! represents the internal osmotic pressure in the dark. Each value (mean * sp) represents 10 measurements

ars). For this reason the Na*-, K* and Cl~ contents
of the algae were determined under various condi-
tions of osmotic stress.

Under normal culture conditions the internal
K* concentration was 90-110 mm. If the algae were
incubated in 125 mm KClI, the internal K* concen-
tration increased by a maximum of 18% at high ex-
ternal K* concentrations. This corresponds to an
osmotic pressure increase of about 0.5 bar, i.e., the
K™ concentration remained relatively constant. The
Na* content increased from 2 to a maximum of 40
mM with increasing external NaCl concentration up
to 125 mm. This corresponds to an increase in the
internal osmotic pressure of almost 1 bar, which
does not explain the observed increase in the inter-
nal osmotic pressure.

The Cl- content of the cells was normally 1-5
mM. With increasing external NaCl concentration,
the chloride content of the cells increased to a maxi-
mum of 10 mm. No changes were observed in the
nitrate, sulphate and phosphate contents of NaCl-
treated algae and their controls.

These results show that the increase in turgor
pressure after the water transport phase under con-
ditions of salt stress can only partly be explained by
the uptake of ions, and that the production of an
osmotically active organic substance has to be con-
sidered as a possibility. An examination of cell ex-
tracts from algae incubated in the presence of vari-
ous concentrations of NaCl and their controls
revealed no differences in the contents of amino
organic acids after 24 hr. The presence of SH-deriv-
atives could also be excluded. Analysis (trimethyl

derivation followed by gas chromatography)
showed that the production of glycerol could be
ruled out. The occurrence of isofloridosides would
also have been detected by gas chromatography.
(They would have split into glycerol and sugar after
being heated in HCI.)

In the algae treated with chloride salts, on the
other hand, there was a marked increase in the
sugar content. It was found that cells treated with
LiCl, NaCl and CaCl; formed sucrose almost exclu-
sively and only very little, if any, glucose, while the
KCi-, RbCl~ and CsCl-incubated cells showed a
marked accumulation of glucose in addition to su-
crose, provided that light had been supplied (Table
4). The sugar content could be related qualitatively
to the increase in the internal osmotic pressure (Fig.
8a,b). It was not possible to establish a quantitative
relationship between sugar accumulation and the in-

" crease in turgor pressure measured with the pres-
sure probe. If we take into account that the nonos-
motic volume of the cells is of the order of 25% (as
calculated from the geometrical dimensions of a me-
dian cross section of the alga) an extraction rate of
about 78 + 13% can be estimated.

In order to provide further evidence for the as-
sumption that there is metabolic involvement in the
observed reactions of the algae to osmotic stress,
experiments were carried out at different tempera-
tures and at the same external NaCl concentrations
(Fig. 9). Surprisingly, it was found that the turgor
recovery after 24 hr was significantly more pro-
nounced at low temperature (10°C) than at 30°C.
This reaction cannot be attributed to different inter-
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Fig. 9. Determination of the turgor pressure of E. viridis at the
beginning (¢ = 0) and after 24 hr (+ = 24) of NaCl incubation (125
mm) at temperatures of 10 and 30°C, respectively. Values (mean
+ sp) were calculated from at least 10 different measurements

nal ion Concentrations since the ionic content re-
mained constant at 10 and 30°C. After incubation
with KCI at 10°C the algae exhibited in the second
regulation phase a marked increase in internal os-
motic pressure of about 7 bar as calculated from the
turgor pressure (Fig. 10) even at low KCl concen-
trations (15-20 mm). At these concentrations, tur-
gor pressure was found to have a linear relation
with the external KCl concentration, which was not
the case above 50 mMm. At 30°C the turgor response
was quite different: at low concentrations the in-
crease in pressure was very small, increasing more
when the external concentration exceeded 100 mm
KCl. The proportion of internal sucrose and glucose
concentrations behaved in a corresponding manner.
When the cells were incubated with NaCl, on the
other hand, the internal osmotic pressure increased
graduaily with the external concentration both at 10
and 30°C.

In order to elucidate the process involved in
supplying energy for the production of sugars, the
photosynthetic rate of oxygen evolution was mea-
sured during incubation with increasing concentra-
tions of KCl at 10 and 30°C. It was found that photo-
synthetic production of oxygen correlated well
with the pressure curves. At 10°C it increased rap-
idly even at low concentrations, whereas at 30°C an
increase in oxygen production was only observed
above an external KCI concentration of 100 mmMm
(Fig. 11a,b). The respiration remained unchanged.

Discussion

The results presented here show that in comparison
with other fresh-water algae, Eremosphaera viridis
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Fig. 10. Dependence of the turgor pressure of E. viridis on in-
creasing KCl concentration of the incubation medium. Cells
have been investigated at temperatures of 10°C (@) and 30°C (O),
respectively. The mean value of 10 measurements on different
cells has been determined at a given KCl concentration to evalu-
ate the curve

exhibits significant differences in its osmotic pres-
sure regulation while at the same time sharing many
of the fundamental regulatory processes. As could
be further shown by electron microscopy. the rise in
e with increasing volume could be related to the
progressive increase in the number of cell wall lay-
ers. However, we cannot exclude the possible influ-
ence of the so-called ‘‘stress-hardening effect”
(Steudle, 1980). In spite of the very wide range of
cell volumes, the absolute values for ¢ of about 200
to 400 bar at normal turgor pressure are in the same
range as for most fresh-water algae. In the pressure
range under investigation, reported values vary be-
tween 22 and 496 bar. Gerdenitsch (1979) found
similar & values of 82 to 499 bar for E. viridis on the
basis of pressure volume curves. These were also
measured at reduced turgor, but without taking into
account the pressure dependence of s. In the stud-
ies presented here, measurements of ¢ at different
turgor pressure values show that it is strongly pres-
sure dependent below 5 bar. It is also interesting to
note that ¢ measured at a given volume and turgor
was changed significantly when the growth medium
was altered. The media differed in their Na* and K*
content and slightly in their salinity (2 or 5 mm). The
addition of Na* to the medium led to the formation
of a thick layer of mucus around the cells, which
indicates a change in metabolic activity. Investiga-
tions showed that, as in the case of Halicystis par-
vula and Acetabularia mediterranea (Biichner &
Zimmermann, 1982), calcium ions have no causal
effect on the elasticity of the cell wall. The increase
in the absolute value of ¢ in E. viridis can therefore
be attributed to the specific effect of low NaCl con-
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Fig. 11. Photosynthetic O, production of E. viridis after 24 hr incubation in media with increasing KCl concentration at different
temperatures (a: 10°C; b: 30°C). It should be noted that the oxygen release occurs in parallel with the internal osmotic pressure of the

cells (see Fig. 10)

centrations. Investigations have shown that Na*
ions are to some extent taken up by the cell and that
cells grown in media containing NaCl exhibit, on
average, a 50% increase in volume, which is proba-
bly due to the prolonged generation time. With a
value of 2 to 12 X 107® - c¢m - sec™! - bar™! the
hydraulic conductivity is in the same range as that
of Lamprothamnium [4 to 19 x 107% - cm - sec™! -
bar™! (Wendler & Zimmermann, 1985)]. Although
the half-time for water exchange is very short (0.5
to 1.5 sec), Lp is relatively low. The reason for this
is the small surface area/volume ratio of this spheri-
cal alga compared to that of the cylindrical inter-
nodal cells of the Characeans. It could be further
shown for the first time that the water permeability
of the cell membrane may be changed by the culture
conditions. NaCl reduces the value for Lp by a fac-
tor 2. These resuilts demonstrate that the water
transport parameters of these algae will change sig-
nificantly even under minor salt stress. E. viridis is
capable of re-establishing near-normal turgor pres-
sure within 24 hr after water loss when the osmotic
pressure of the medium is changed by salts (Table
4). The addition of equivalent amounts of nonelec-
trolytes did not lead to a renewed increase in the
internal osmotic pressure after the initial rapid loss
of water, at least not within the 24 to 48 hr period of
investigation. The absence of a biphasic turgor re-
sponse to changes in the external osmotic pressure
in the presence of nonelectrolytes excludes a true
osmoregulation process. Tazawa (1961) reports that
in N. flexilis the regulation of the vacuolar osmotic
pressure is induced only by the addition of ions to

the external medium. However, in this alga the os-
motic pressure is predominantly regulated by the
transport of ions (mainly K ions) and not by the
synthesis of low molecular weight substances as in
E. viridis. Despite this these two algae show the
same ion specificity in their osmotic response. As
with E. viridis KCl is more effective for the re-
establishment of the original turgor pressure than
NaCl or CaCl,, which has no effect at all in N.
flexilis. In the presence of KCI both N. flexilis and
E. viridis may under certain conditions exhibit an
over-reaction, i.e., the original turgor pressure is
exceeded. The dependence of the osmotic reaction
on the concentration of the specific salt is also char-
acteristic of the two algae. In both species salt-
induced osmoregulation was also found to be light-
dependent. It is interesting to note that a difference
in the behavior of illuminated or nonilluminated E.
viridis cells was only found in the case of KCl, RbCl
or CaCl, addition. The salts NaCl, LiCl and CsCl,
on the other hand, only caused a minor light effect
on the internal osmotic pressure. In Nitella a light-
induced increase in the internal osmotic pressure in
the presence of KCl has been observed by Tazawa
(1961). In Tazawa’s work Li*, Rb* and Cs* salts
were not investigated.

Incubation in salt solution induced the accumu-
lation of sucrose in E. viridis irrespective of any
illumination. Miiller and Wegmann (1978) reported
the same behavior from Dunaliella tertiolecta. The
sucrose is a secondary product of the starch break-
down. Under salt stress the starch grains in E. vi-
ridis became smaller (Fig. 12a and b). Breakdown
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Fig. 12. Phase contrast light micrograph of chloroplasts of E. viridis. As can be seen. the chloroplasts are extended by large starch
grains when the cells had been grown in the light under normal culture conditions («). However, the starch grains in the chloroplasts are
markedly smaller after incubation in NaCl under the same light conditions ()
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of starch could occur via the maltose catalyzed by
B-amylases. This could explain why the level of glu-
cose in the dark was always very low under condi-
tions of stress. The glucose measured in E. viridis
was accumulated only in conditions of light and un-
der normal culture conditions stored as starch or
used as an energy source. An enzyme in the starch
breakdown pathway is a-glucan-phosphorylase
(Steup & Melkonian, 1981). This enzyme cannot
use maltose as a substrate. Therefore synthesis of
starch from glucose and breakdown of starch which
finally leads to sucrose formation are completely
separated. Our investigations show that glucose ac-
cumulation is only triggered by Rb*, K* and Ca*",
whereas Na* has little effect and Li* and Cs™ none
at all. Usually Rb* can substitute for K* as an en-
zyme activator, whereas Na* shows only reduced
activation and Li* none at all. This pattern of ionic
effects seems to be valid for the results presented
here, in which K* and Rb* show responses that are
not elicited by Na* and Li*. If it is assumed that the
binding of ions to enzymes depends on their hydra-
tation enthalpy, one should expect that the binding
properties of Cs* are similar to those of K* or Rb*.
However, our results suggest a mechanism similar
to that described by Benz (1978) for the binding of
ions to ion carriers. According to this mechanism,
the selectivity of the binding is determined by the
selectivity of the binding port. In the case reported
here Rb* seems to have the highest selectivity.
Lowering the temperature to 10°C seems to In-
crease the affinity of the ions to the enzyme, as also
reported by Benz and Liuger (1976) for the binding
of alkali ions to valinomycine.

At 30°C the osmoregulatory activity of the cells
increases with increasing salt concentration. How-
ever, Tables 3 and 4 show that the cells do not react
to changes in the osmolarity but rather to changes in
the concentration of the specific ions in the media.
Each of the four solutions used in the experiment
had the same osmolarity but the reaction of the cells
was different and clearly only dependent on the
ionic content. In other words, the formation of os-
motically active substances in E. viridis is not due
to common sense osmoregulatory activity but
results from changes in the ionic content of the ex-
ternal medium. Such ionic effects are also observed
in the photosynthetic processes of the alga. Mea-
surements of photosynthetic O, production as a
function of the external K* concentration revealed
a weak dependence at 30°C, whereas at 10°C a
marked increase was observed even at low K* con-
centrations. We summarize by stating that, for a
fresh-water algae, E. viridis exhibits a remarkable
tolerance to salt in experiments, although the natu-
ral biotope of this alga has only a very low salinity.

N. Frey et al.: lavestigations on Eremasphaera virtdis

The capacity for osmotic adaptation (maintenance
of turgor pressure or volume) must therefore be an
inherent property of cells. This ability must be
closely linked with specific membrane transport
systems and intracellular enzymes required per se
for the maintenance of cellular and membrane func-
tions. E. viridis is a most suitable cell for investi-
gations of this effect (as pointed out in the intro-
duction). The elucidation of the signal-response
sequence in this model system should provide infor-
mation applicable to the mechanisms of turgor pres-
sure (or volume) regulation in other algae and plant
cells. An interesting starting point for further inves-
tigations could be the long-term behavior of the
osmoregulatory processes as well as ion-specific
interactions during the activation of regulatory
processes and their kinetics.
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