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Summary. Ton compositions (K*, Na*, Mg?*, Ca’*, Cl~, phosphate) of
the euryhaline algae, Platymonas subcordiformis, Chlorella salina, grown in
media with a salinity range from 0.1 to 0.6 M NaCl and of the fresh-water
algae, Ankistrodesmus braunii and Scenedesmus obliquus, were compared. En-
hancement of ion concentrations with increasing salinity in Platymonas was
attributed largely to decreasing cell volume. In both the euryhaline algae,
Na® and — partially — Cl~ content per cell increased significantly with
rising salinity. The contents per cell of the other ions were not affected.
Considering the relevance of ions and mannitol (Platymonas) and proline
(Chlorella) as osmotically active particles, it was found that the ions alone
maintained osmotic balance with low external salinity. With increasing sali-
nity the organic compounds contributed up to 20-30% of the cellular solute
potential. The main cation, K*, was the main contributor to the osmotic
balance; the accumulation of organic compounds as well as of Na*t and
CI™ contributes further to the ability of the algae to adapt to high salinity.
The results confirm the hypothesis of low Cl~ concentrations in nonvacuolate
cells in comparison to vacuolate cells.

Introduction

The scale-bearing microalgae of the genus Platymonas (Prasinophyceae) are
widely distributed in the phytoplankton in coastal waters, estuaries, and tide
pools. Organisms living in these environments must be able to adept to changes
of salt concentrations.

The mannitol content of Platymonas subcordiformis is closely correlated with
the external osmotic pressure (Kirst, 1975b). However, the endogenous mannitol
concentrations proved to be insufficient to maintain the observed osmotic equili-
brium. It is likely that ions also contribute to osmotic homeostasis.

Ochromonas malhamensis, a fresh-water unicellular alga, responds to osmotic
stresses by changing the internal isofloridoside content and the K* concentra-
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tion (Kauss et al., 1975). The relation between osmotic regulation and ion con-
tent was more intensively investigated with coenocytic (giant) and with thalloid
(multicellular) algal cells grown in marine and fresh-water environments as
well (reviews: Hellebust, 1976; Cram, 1976), while investigation of additional
participation of endogenous organic solutes in these species was neglected. It
is generally accepted that these large, walled cells adjust their cellular osmotic
pressure so as to maintain almost constant turgor pressures under various exter-
nal salinities. Which of the main ions—Na*, K¥, and Cl7,—plays a role in
regulating the internal osmotic pressure varies with the species concerned and
also depends on the natural growth habitat (Kesseler, 1965; Bisson and Gut-
knecht, 1975).

The role played by ions in maintaining osmotic balance in Platymonas was
investigated by studying the changes in the ion composition of the algae. Exter-
nal osmotic pressure was varied by changing the NaCl concentration in the
culture media, while the concentrations of the other ions were held constant.
In contrast to the well-investigated giant and multicellular algae, data on ion
content of microalgae are scarce (Gutknecht and Dainty, 1968; Raven, 1976).
Thus for comparison it seemed suitable to investigate a further salt-tolerant
microalga, Chlorella salina (Chlorococcales), and two fresh-water species: Ankis-
trodesmus braunii and Scenedesmus obliguus (both Chlorococcales), well known
from studies on uptake of metabolically important ions such as phosphate
(Simonis and Urbach, 1973).

Materials and Methods

Platymonas subcordiformis Hazen, strain 161-1a from the culture center at Gottingen, West Germany,
and Chlorella salina Kufferath, strain LB 211/25 from the culture center at Cambridge, England,
were cultivated in a medium containing 1000 m! Knop’s solution (Bold, 1942}, 1 ml A-Z solution
(microelements according to Hoagland), 50 ml soil decoct, and sufficient NaCl to give culture
solutions with 0.1, 0.2, 0.3, 0.4, 0.5, or 0.6 M NaCl (Chlorella in 0.2 and 0.5M NaCl only).
The concentrations of the main ions in the media were (in mM): KT 8.20+0.24; Ca%* 7.20+ 0.15;
Mg?* 1.534+0.02; PO3~ 3.50+0.03.

The cultures were illuminated with 12 ‘white’ fluorescent lights (14,000 Ix) in a light-dark regime
of 14:10 h; the temperature of the water bath was 25° C, and the algal suspensions were bubbled
with air +2% CO,.

Ankistrodesmus braunii Brunnth., strain 202-7¢, and Scenedesmus obliquus Turp., strain 276-3d
(both from the culture center at Gottingen, West Germany) were cultivated under conditions
(see above) similar to those described by Ullrich (1972) and Findenegg (1974). Ion concentrations
in the media were (in mM): dnkistrodesmus: K*8; Na*13; Ca2+0.1; Mg?*1; C1~ O; PO} 4.
Scenedesmus: K+ 5.3; NatO; Ca?* 4.2; Mg?* 1; C170; PO3"1.8.

The cells were harvested in the logarithmic phase of growth usually one day (Ankistrodesmus,
Scenedesmus) and 4 days (Platymonas, Chlorella) after inoculation. They were washed twice by
centrifugation and resuspended in fresh culture solutions. To avoid contamination of the cell walls
of the Chlorococcales and of the theca of Platymonas with ions, the following washing procedure
was usually applied: the cell suspension was spun down, the supernatant discarded, and the pellet -
resuspended and washed for 10 min in the same volume of ice-cold isotonic sucrose solution contain-
ing HCI (0.05N). Two to three additional washes with ice-cold isotonic sucrose solution without
HCl were sufficient to remove HCl and to give reproducible results. Because of possible precipitation
of calcium phosphate (hydroxylapatite) in cell walls and thecae (Frank, 1962), three modifications
of the first step of the washing procedure were tested: (1) sucrose solution with 0.1 N HCI; (2)
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sucrose solution with 0.05 N HCI, followed by a washing with sucrose solution containing 40 mM
EDTA-Na,; (3) sucrose solution with 40 mM EDTA-Na,.

The data presented in this paper were obtained with algae subjected to the first washing
procedure. The other washes tested did not significantly alter the results, When EDTA-Na, was
used, the Na* content was overestimated due to the EDTA-Na, salt, which could not readily
be removed with successive washes in sucrose solution. In particular the values of the Ca2* estimations
remained almost constant after washings with HCI (0.05-0.1 N) containing solutions. However,
if the algae (all species tested) were washed without HCI or solutions with EDTA-Na, only,
the Ca?* concentrations proved to be unusually high, indicating precipitations of calcium carbonate
or calcium phosphate in the cell wall and the theca, respectively {Frank, 1962). The algal pellets
were resuspended in known volumes of bidestilled water (usually 10ml). Aliquots (0.5 ml)
were used for mannitol estimation (Platymonas; Kirst, 1975b). Aliquots (3 ml) were extracted
for 30 min in a water bath at 100°C. After centrifugation, the supernatant of the extract was
diluted and used for determination of ion concentrations: Na* and K* with the flame photometer
(Eppendorf, Hamburg, West Germany); Ca>* and Mg** with the atomic absorption spectrophotom-
eter 448 (Beckman, Munich, West Germany); Cl~ with the chloride titrator (American Instruments
Co. Inc., Silver Spring, Maryland, USA).

Total phosphate content of the cells was determined after digestion of samples (0.5) in a
mixture of equal parts of concentrated H,SO, and 70% HCIO,, neutralization with conc. NH,,
and dilution to a known volume (10 ml). Inorganic phosphate and polyphosphate (together with
organic phosphate compounds) were fractionated from algal cells by the following simplified extrac-
tion: 2 ml samples were treated for 15 min with ice-cold TCA (5% final concentration). After
centrifugation the supernatant contained orthophosphate and acid-soluble stable organic phosphates
(according to Kuhl, 1974). The pellet was hydrolyzed with I ml { N HCY, 100°C, for 7 min, yielding
orthophosphate from polyphosphates and organic phosphates. The extracts (total phosphate, TCA
and HCI extracts) were analyzed for phosphate according to the method of Gerlach and Deuticke
(1963).

Cell counts were made in a hemocytometer; cell volume was determined as described by
Kirst (1977). All measurements have been corrected for extracellular volume (‘inulin-space’).
The nonosmotic volume was not considered.

Preparations of thecae in Plarymonas cultures for analysis were made according to Lewin
(1958). The suspensions of thecae were subjected to the washing and the extraction procedures
described previously for algal cells. The results were calculated on a dry weight basis.

Results
Ion Concentration of Platymonas

The ion concentrations of Platymonas changed depending on the external NaCl
concentration (Figs. 1 and 2).

As in many other algae and in higher plants, K* was the cation with
the highest internal concentration. Compared with its external concentration
(8.2 mM), it was accumulated about 14-fold, ie., a concentration of ca.
110-120 mM in algae cells grown in media with lower salinities (0.1-0.3 M
NaCl). With increasing external NaCl concentrations (0.4-0.6 M NaCl), the
K™ concentration of the cells rose to 210 mM (Fig. 1), i.e., an accumulation
of about 25-fold. The Na™ concentrations were always less than the external
concentration but there was a significant increase from 10 mM to 100 mM
as external NaCl was increased from 0.1 to 0.6 M (Fig. 1). Ca®** and Mg?*
concentrations, like that of K*, remained almost constant at low external sali-
nities, showing a slight increase from ca. 50 mM to 75 mM (Ca?*) and 12 mM
to 26 mM (Mg?*) with increasing salinity (Fig. 1).
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Fig. 1. Concentration and content of cations in cells of Platymonas subcordiformis cuitivated in
media with various NaCl concentrations. Means of data from 12 to 20 cultures for each NaCl
concentration, and SDs are indicated. Concentrations of the jons in the media: K* 8.24-0.24 mM;
Ca?* 7.2+0.15mM; Mg?* 1.53+0.02 mM

Fig. 2. A Concentration and content of Cl~ in cells of Platymonas subcordiformis. For further
details see Figure 1. B Ratios of ion concentrations in Platymonas, dependent on the external
NaCl concentration

Considering the absolute ion content per cell (Fig. 1, content in fmol/cell),
the data indicate clearly that K, Ca?* and Mg?* contents were not influenced
by the NaCl concentration of the media, which is in contrast to the Na™
content. Thus the increased concentrations of these cations in relation to increas-
ing external NaCl concentration were due to the decreasing cell volume, the
dependence of which on external osmotic pressure was recently investigated
(Kirst, 1977). However, the increased Na* concentration could not be attributed
solely to the decreased cell volume; there was also an increase in the absolute
content. Hence the increase in the concentration of Na* with increasing salinity
was greater than for other cations, especially K*. The ratio of K*/Na* dropped
from about 10 at 0.1 M NaCl in the medium to ca. 2 at 0.6 NaCl (Fig. 2B).

Although C1~ was the main anion in the media, its concentration in Platy-
monas was fairly low, on the average less than one-tenth of the external concen-
tration (Fig. 2 A). Unlike the cations, the C1~ content (fmol/cell) increased with
increasing NaCl concentration at the lower salinities (0.1-0.4 M NaCl) and
remained constant with further rise of external NaCl (0.4-0.6 M). Therefore
the increase in concentration of Cl~ in Platymonas in media of higher salinities
was largely an effect of volume shrinkage. In cultures grown in low salinities
(0.1-0.4 M NaCl) the increase of Cl~ concentration paralleled that of Na*
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Table 1. Concentration of ions (umol/mg dry weight) in the thecae of Platymonas grown in 0.2
and 0.5 M NaCl medium. External ion concentrations, see Figure 1. Means of measurements from
3 preparations of each salinity

M NaCl Na* K+ Ca?™* Mg?* Cl- P

of medium

0.2 0.082 traces 0.583 0.046 traces 0.03

0.5 0.077 traces 0.528 0.037 traces 0.018

the Na*™/Cl™ ratio was constant at 1.5, which is close to a 1:1 stoichiometry
(Fig. 2B). In higher salinities (0.5 and 0.6 M NaCl), however, the Na*/Cl~
ratio changed to at least 2.5, which is significantly different from a 1:1 stoichio-
metry.

The effect of the salinity on content and concentration of phosphate in
Platymonas was not clear due to the high variability between cells from separate
cultures. The mean values of the content decreased slightly with increasing
NaCl concentration, thus compensating for the effect of volume shrinkage:
phosphate concentration remained constant.

The data on cultures from 0.2 and 0.5 M NaCl media are presented in
Table 3. The results for algae in the other salinities were of the same order.
The concentration of total phosphate from 100 to 120 mM was distributed
approximately equally between the TCA fraction (about 60 mM, most of the
orthophosphate), and the hydrolysate with HCl (about 50 mM, most of the
polyphosphate and the stable organic phosphate; see *“Materials and Methods ).
This distribution was independent of the external salinity.

Ion Content of the Thecae

The theca, the cell ‘envelope’ of Platymonas, consists of galactose, arabinose,
and galacturonic acid {Lewin, 1958 ; Gooday, 1971). The counterion of galacturo-
nic acid is Ca** (Manton et al., 1973). To ascertain the contributions of CaZ?*
and other ions to the composition of the theca, preparations of thecae were
tested, and the results are summarized in Table 1. The Ca?* content of the
theca was 2-3% (w/w). This is in good agreement with the value of 9.5%
(w/w), which was based on the simplifying assumption that the theca consists
of galacturonic acid only. Na*, Mg®*, and phosphate were also detected in
measurable amounts: the Na* and Mg?* contents were less then 0.2% and
the phosphate content was about 0.3% (w/w) of the theca. The concentrations
of the other ions, K* and Cl~, were too low to be estimated with the methods
used here.

Chlorella salina

As a further example of a euryhaline unicellular alga, Chlorella salina was
also investigated. It was cultivated under conditions identical to those used
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Table 2. Concentration (mM) and content (fmol/cell) of ions in Chiorella salina cells, grown in
0.2 and 0.5 M NaCl medium and in two fresh-water species, Ankistrodesmus braunii and Scenedesmus
obliguus. External concentrations of the ions are in parentheses and given with values of the
internal concentrations

Species Na* K* Ca** Mg?* Ccl-
fmol mM  fmol mM fmol mM  fmol mM fmol mM
cell cell cell cell cell
Chiorella salina 2.6 6.5 23.7 692 122 28.6 4.9 9.4 4.5 9.3
+0.6 +13 +38 +6 +14 +42 +1.3 £25 +1 +2.5
(0.2 M NacCl) (200) (8.2) (7.5) (1.53) (200)
Chlorella salina 5.0 124 18.1 51 7.8 233 49 8.0 4.4 13
+0.6 +2.9 42 +9 +1.8 +53 +1.7 +08 +0.6 +3
(0.5 M NacCl) (500) (8.2) (7.5) (1.53) (500)
Ankistrodesmus 0.9 5.1 6.9 36.1 0.8 4.9 1.3 7.6 0.3 1.7
braunii +0.08 +04 +£1.1 +68 +0.1 +0.7 +02 05 40.09 +£03
fresh-water (13) ®) 0.1 (1.0) ()
Scenedesmus 0.4 32 109 91 04 3.6 1.7 9.1 0.24 2.1
obliquus +0.01 +02 +14 +12 4009 +05 +05 =+1 +0.04 +0.3
fresh-water (=) (5.3) (4.2) (L.O) (0)

for Platymonas. The ion composition is given in Table 2. In contrast to Platy-
monas, Chlorella possesses a proper cell wall; thus changes in cell volume and
of ion concentration with differing external salinity were smaller than those
observed in Platymonas. In both salinities tested the ion composition did not
change greatly. The content and the concentration of the main cation K*
were lowered slightly with increasing salinity. The same was true for Ca®*
and Mg2™".

However, the differences between the two cultures (0.2 and 0.5 M NaCl)
were not significant. In contrast the increase of Na* was significant while
Cl~ remained almost constant.

The phosphate composition (Table 3) was similar to that described for Plazy-
monas. The total phosphate concentration of about 130 mM was distributed
equally between the TCA and the HCI fractions.

Fresh-Water Algae

The ionic compositions of the two fresh-water species, Ankistrodesmus and
Scenedesmus, were very similar, although the external ion concentrations of
the fresh-water media differed (Tables 2 and 3). Ca?*, Mg?*, and Cl~ concentra-
tions were identical. Na* concentration  was higher in Anistrodesmus, perhaps
due to the external Na* concentration, while K* concentration in Scenedesmus
exceeded that of Ankistrodesmus. The composition of phosphate and phosphate
compounds was more uniform (Table 3). In general the total phosphate content
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Table 3. Concentration (mM) and content (fmol/cell) of phosphate in Platymonas and Chlorella
cells, grown in 0.2 and 0.5 M NaCl, respectively, Ankisirodesmus and Scenedesmus

Species Protat Prca Pha
fmol mM fmol mM fmol Mm
cell cell cell
Platymonas 73+27 117+31 3947 63+16 34+5 54412
subcordiformis
(0.2 M NaCl) (3.9)
Platymonas 61+19 93+123 32+8 60+ 18 2316 48+ 16
subcordiformis
(0.5 M NacCl) (3.5)
Chlorella saling 57+8 142 +28 2644 64+11 2545 61+11
(0.2 M NacCl) (3.9
C. salina 48+9 129 +30 27+4 75+ 13 24+3 65+ 14
(0.5 M NacCl) (3.5)
Ankistrodesmus 11+1.8 72+6 1.3+0.4 8.6+1.4 6.5+1.7 43345
braunii
(fresh-water) {4.0)
Scenedesmus obliquus 142+2.5  63+18 09+0.15 74+1.7 6+1.2 49.5+8.6
(fresh-water) (1.8)

Pui total phosphate content after digestion in H,SO,/HCIO,; Prca=TCA extract of algal cells,
containing most of the orthophosphate; Py, =hydrolysate of algal cells with 1 N HCI after TCA
extraction, containing most of the polyphosphate. External phosphate concentrations are indicated
in parentheses with P, data

was lower compared with that of the marine species. This was attributed to
a concentration of about 8 mM phosphate in the TCA fraction, which is much
less than that found in Platymonas and Chlorella salina. The phosphate concen-
tration of the hydrolysate, however, was similar to the concentration of the
euryhaline monocells.

Discussion
Comparison of the Ion Composition

[t is assumed that Platymonas and Chlorella were osmotically adapted to their
environment because of the constant growth rates in the range of 0.1 to 0.6 M
NaCl in the media tested (Kirst, 1975a). As was to be expected, the marine
and the fresh-water species differed in their ion compositions. As already em-
phasized, in Platymonas the increase in ion concentration was accounted for
largely by the shrinkage of the cell volume, caused by the decrease in water
potential with increasing external NaCl concentration. This is in contrast to
the walled cells of Chlorella salina, which exhibited more constant ion concentra-
tions when cultures grown in low and high saline media were compared (Table 2).
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In both species the increased Na* concentration was also due to an accumulation
of Na* per cell. With low salt conditions (0.1 and 0.2 M NaCl), however,
the NaCl concentration did not exceed Na* concentrations found in fresh-water
algae, Ankistrodesmus and in Scenedesmus, although the external Na* concentra-
tion, even in ‘low’ saline media, is much higher than that in fresh-water (Table 2).
Chiorella pyrenoidosa had the ability to exchange internal K* for Na* in the
absence of external K* (Shieh and Barber, 1971; Barber and Shieh, 1973).
These ions appear to compete for the same carrier, whose external site has
a three or four times higher affinity for K* over Na*. The observed increase
in cell Na® as K*/Na™ in the medium decreased in Platymonas and Chlorella
salina could be explained if these algae possess a similar carrier.

Some giant-celled and thalloid marine algae are known to respond to changes
in external salinity by large changes in their ionic composition. The K* concen-
tration is greatly affected in Valonia (Gutknecht, 1968) and in Chaetomorpha
(Kesseler, 1964; Zimmermann and Steudle, 1971), where a turgor pressure-
controlled K+ -ion pump system regulates the ion uptake. In Codium, Cl-concen-
tration seems to be regulated in response to external osmotic pressure, while
K* concentration appears to be affected solely by external K™ concentration
(Bisson and Gutknecht, 1975). In the experiments reported here, the external
K* concentration in the medium was constant throughout; the K* content
of the cells did not change (Platymonas: Fig. 1, Chlorella: Table 2). These algae
thus behave similarly to Codium.

Of course the vacuolated cells of the giant and thalloid algae cannot be
compared directly with the unicellular microalgae. Considering the ion composi-
tion of various unicellular algae, the data of which are summarized from the
literature in Table 4, no clear distinction can be made between marine or fresh-
water species concerning K* concentration. Values for other ions are too scarce
to take into account.

Comparing data reported in this paper and in Table 4 with those reviewed
for giant and thalloid algal cells (Gutknecht and Dainty, 1968; Raven, 1975;
1976), the generalization is justified that the C1~ concentration of microalgae
is very low. This is true for nonvacuolate cells while the C1~ content of vacuolate
cells is similar to or even exceeds that of the medium. (The following definition
is used here: ‘Nonvacuolate’ cells possess no large vacuole, but little ones
distributed in the cell, especially in hypotonic medium; ‘vacuolate’ cells possess
a large central vacuole filling the main part of the cell volume.) The uniceliular
Noctiluca milaris exhibits a large vacuole, and the Cl™ concentration is close
to the external Cl~ concentration (Table 4) while the cells of a thalloid marine
red alga, Porphyra perforata, with no central vacuole, were found to contain
81 mM Cl- compared with 590 mM in the medium (Eppley, 1958). This is
consistent with the finding that in vacuolate algal cells the net influx of Cl™
is, on the average, about 43 to 85 times that of nonvacuolate cells (Raven,
1975).

Further interactions of ion uptake and external ion concentration are de-
scribed for phosphate. Despite the large variability, the results reported here
indicate clearly that the TCA-soluble fraction, i.e., orthophosphate and/or solu-
ble organic phosphate compounds, is higher in marine than in fresh-water species



Table 4. Concentrations of ions in unicellular alga species. External concentrations are in parentheses

Species Concentration (mM) Reference
Na* K* Ca’t  Mg?* CI° Phosphate
total TCA HCl
Cyanophyceae
Anacystis 4.6 149 2.8 Dewar and
nidulans Barber (1973,
(fresh-water) (12.7) (20.5) 0.2) 1974)
Dinophyceae
Amphidinium 29-39 Humphrey
carteri (1973)2
(marine) (0.07-0.65)
Nocticula 487.3 24.1 6.6 2.9 500 Nawata and
miliaris Sibaoka (1976)
(vacuolar sap)  (440) (8.0) 9.5) (48.2) (510)
(marine) .
Chrysophyceae
Ochromonas 10.6-30.2 Kauss et al.
malhamensis (1975)
(fresh water) (0.18%5)
Bacillariophyceae
Cyclotella 120-270 Liu and
cryptica Heilebust
(marine) (1-12) (1976)
C. meneghiniana 11-19 9-16 Schobert
(marine) (225-525) (260-560) (1974)
Cylindrotheca 29-39 Humphrey
closterium (1973)*
(marine) (0.07-0.65)
Phaeodactylum 140 Overnell
tricornutum (1975)
(marine) 6.7)
Chlorophyceae
Ankistrodesmus 98-145 Ullrich (1972)®
braunii
(fresh-water) )]
Chlamydomonas 180-300  30-80 70 Okamoto and
spec. (halophil) (1710) (V] (1710) Suzuki (1964)
Chlorella 4.3 142 Shieh and
pyrenoidosa 4.0) 3.0) Barber (1971),
(fresh-water) 1.1 108 1.3 Barber (1968)
(1.0) (6.5) (1.0)
100-125  6-10 Jeanjean (1976)*
M
Scenedesrus 1825 62-65 Erdei and
obtusiusculus Cseh
(fresh-water) ()] 6.1) (1971)
S. spec. 0.8-3.2 Kylin (1966)2
(fresh-water) (1.0)

a

Data are recalculated and related to concentration (mM)
Dry weight =20% fresh weight —unless other values were given in the literature cited
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(Table 3). In the fresh-water red alga Porphyridium aerugineum and in the marine
red alga Porphyridium cruentum the phosphate uptake is enhanced by Na‘
(Ullrich-Eberius and Yingchol, 1974). In the marine species the increase is
up to 100 times the rate in the presence of K*. The ecologic significance
of making traces of phosphate available for algae in the presence of high Na*
concentrations is pointed out by Ullrich-Eberius and Yingchol (1974).

The concentration and content of Ca®*, which plays an important role
in the regulation of cell permeability, were higher in the marine species. However,
the question arises of whether Ca?™ is distributed more in the cell wall and
the theca, respectively, or in the cytoplasm. A comparison between Ankistrodes-
mus and Scenedesmus (similar cell wall composition: Chlorococcales) indicates
an almost equal Ca?* concentration, although external Ca?* concentrations
of the media differed remarkably (Table 2). Thus it is suggested for Chlorella
that the high Ca®* values were not due to the higher external concentration
or to precipitations in the cell wall (which would be removed by the washes —see
Materials and Methods) but represented internal concentrations. In Platymonas
a great part of the measured Ca®* is located in the theca (Table 1; Gooday,
1971; Manton et al., 1973). Because of the impossibility of estimating the fraction
of Ca%™ in the theca and in the cell, no decision could be made for a correction
of the Ca%?* concentration given in Figure 1. On the other hand it would be
sufficient as a first approximation to assume that the Ca’* concentration of
Chlorella is similar to the real internal Ca?* concentration of Platymonas because
of the similar cell size and the identical conditions of cultivation. Thus the
Ca?" concentration of Platymonas would be about 30 mM, increasing with
decreasing cell volume, and the remaining 20 mM would be due to the theca.
The measurable amounts of Na' and Mg?** in the theca may be attributed
to Donnan forces arising from fixed negative charges of the galacturonic acid
and other compounds of the theca. These effects are small, especially for univa-
lent ions, in solutions of high ionic strength (sea water); therefore K* could
not be detected in the theca, while the detection of Na* can be explained
by the high external concentration.

Calculation of the Osmotic Balance

It is generally accepted that ions are not equally distributed over the cell but
are accumulated in certain compartments, e.g., Mg?* as a component of chloro-
phyll and distributed in the matrix of the chloroplasts, phosphate as a metaboli-
cally important ion is combined with organic compounds in cell organelles
or stored as polyphosphate in special vacuoles. Thus, when considering ions
as osmotically active particles K*, Na*, and Cl~ will contribute significantly
to osmotic equilibrium while Ca?*, Mg**, and phosphate will do so to a
limited extent only. Estimation of the nonosmotic volume, including starch
grains, cell wall (theca), oil vacuoles, etc., should quantify the restricted
distribution of these ions. Although the nonosmotic compartments obviously
contain ions, the concentrations are assumed to be low compared to those
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in the cytoplasm and hence can be neglected for a first approach. The nonosmotic
volume of Platymonas proved to be constant in the range of 0.1 to 0.6 M
NaCl in the media (Kirst, 1977). The percentage, however, increases from 45%
to about 80% of the total cell volume with increasing salinity due to the shrinkage
of the cells. Having this in mind, an appraisal can be made of whether external
and internal osmolarity is balanced. As already described, the mannitol content
of Platymonas is related to external osmotic pressure. In algal cells grown
in 0.1 and 0.2 M NaCl media, the mannitol concentration is about 6 to § mM
(Kirst, 1975b); this is low compared to internal ion concentrations. Calculated
on a precentage basis, mannitol contributes about 5% of the osmotically active
particles, i.e., in low salinity environments, the internal ions explain osmotic
adaptation. However, with increasing salinity, the percentage of mannitol in-
creases to at least 20-30% of the osmotically active particles (0.5 and 0.6 M
NacCl).

In Chlorella salina the proline level is affected by the external salinity, rising
from ca. 6 mM (0.2 M NaCl medium) to about 30 mM (0.5 NaCl medium)
(Treichel and Kirst, unpublished results). This is consistent with findings of
Hellebust (Chlorella sp., marine; 1976) and of Setter and Greenway (Chlorella
vulgaris, salt tolerant strain; private communication). Concerning the participa-
tion of proline to osmotic equilibrium the same is true as was described previ-
ously for mannitol in Platymonas.

Without any doubt, K™ is the main osmotically active solute in both Platy-
monas and Chlorella because of its high internal concentration. K* and associated
anions (whose natures remain unclear; phosphate and proteins may contribute
to balancing the charges) constitute the basic solute components of the cell;
changes in endogenous organic compounds such as mannitol and proline, and
in ions such as Na* and C1™ reflect the ability of the algae to adapt to higher
salinities. Further investigations of the behavior of the ion concentrations and
mannitol content of Platymonas after osmotic shocks support this suggestion.
In addition there is evidence in the literature that polyols like glycerol and
mannitol as well as proline work as protective agents for enzymes exposed
to high ion concentrations in the cytoplasm of halophytes (Borowitzka and
Brown, 1974).
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