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Role of Calcium in the Osmoregulation under

Salt Stress in Dunaliella salina
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Involvement of calcium in signal transduction of salt stress was investigated in 1.7 M NaCl
adapted Dunaliella salina, extremely halotolerant, unicellular green alga. When hyperosmotic
(3.4 M NaCl) or hypoosmotic (0.8 M NaCl) stress was treated, extracellular calcium was
influxed in or intracellular calcium effluxed from D. salina, respectively, and these fluxes were
proportional to the degree of stress. This might indicate indirectly that the change of calcium
level occurred within the cells. In addition, the change of calcium flux was ahead of glycerol
synthesis which has been known as the physiological response tc salt stress. Osmoregulation
was affected by extracellular calcium concentration, and increase of glycerol content as an
osmoticum was inhibited about 50% by treatment of TFP and W-"7 known as calmodulin specific
inhibitors. Furthermore, in the case of the hyperosmotic stressed cells, the amount of 21 kD
and 39 KD protein appeared to be calcium binding protein were increased. Among these, the
39 kD protein was detected only in the hyperosmotic stressed cells. The results obtained in
the present work suggest that the possibility of calcium as a second messenger in the transduc-
tion of salt stress signal exists in the osmoregulation system of D. salira.

Keywords : Dunaliella salina, salt stress, osmoregulation, calcium, calcium-binding protein

All living organism has built-in regulatory me-
chanisms by which they transduce extracelluar sig-
nals into intracelluar events. The biochemical basis
of transduction of extracellular signals has been ex-
tensibly studied in animal cells, where signaling sys-
tems use second messengers such as cCAMP, calcium
and ¢cGMP (Berridge and Irvine, 1984; Rasmussen
and Barett, 1984). In plants, efforts by plant physio-
logists to establish a second messenger role for
cAMP in transducing extracellular signals have not
been successful (Marme, 1982; Veluthambi and Poo-
vaiah, 1984). But the importance of calcium in plant
growth and development, including cell division, cell
elongation, gravitropism, senescence, abscission, en-
zyme secretion and spore germination, has been
known for years and recently enough evidences has
accumulated to suggest that calcium acts as a second
messenger in the transduction of extracelluar signals
in plants (Marme, 1982; Hepler and Wayne, 1985;
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Poovaiah, 1985). Many enzymatic and physiological
processes have been reported to be under the regula-
tory control of calcium. Furthermore, a number of
physiological responses elicited by primary signals
such as light, gravity and hormones can be induced
by manipulating cellular calcium level (Ranjeva et
al., 1984). Therefore it is believed that changes in
cytosolic calcium levels could lead to alterations in
cellular processes which eventually result in a phy-
siological response.

Though, there have been exhausted study on the
mechanism of osmoregulation upon salt stress, it is
not known exactly. The vital mechanisms for main-
taining osmotic equilibrium in living cells are most
easily studied in the extreme cases of halotolerant
or halophilic microorganism. Eucaryotic unicellualr
green algae Dunaliella salina (Volvocales, Chlorophy-
ceae) can adapt to very wide range of salt concentra-
tions (0.5-55 M NaCl) (Brown and Borowitzka,
1974) and thus affords a convenient model system
for investigating the molecular mechanisms of os-
moregulation. D. salina adjust to the external salinity
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by accumulating glycerol as osmolytes and compati-
ble solutes (Ben-Amotz and Avron, 1973). At cons-
tant salinity, the tum over late of glycerol pool is
relatively slow (Goyal et al., 1986). But when subjec-
ted t0 a hypoosmotic or hyperosmotic shock, the
cell reacts, within seconds, like osmometers, swelling
or shirinking, respectively, due to very rapid water
fluxes. This is followed by metabolic phases, which
lasts for about a few hours (Ben-Amotz and Avron,
1973).

Even though the phenomena of glycerol synthesis
or degradation following an osmotic shock has been
well studied, little is known about the way in which
glycerol is metabolized in the cells, and almost no-
thing is known about the signal triggering osmore-
gulation. However, in the golden brown algae Pote-
rioochromonas malhamensis, osmotic regulation is
mainly mediated by fluctuations in the pool size of
isofloridoside and in this case, it was reported that
calcium regulates the synthesis of isofloridoside
(Kauss, 1983). In addition, change of cytosolic cal-
cium level plays a important role in the osmoregula-
tion of the epitherial cells of urinary bladder in ani-
mal (Wong and Chase, 1986). So it is expected that
there is certain relationship between glycerol meta-
bolism under salt stress and signal transduction sys-
tem accompanying change of cytosolic calcium le-
vels in D. salina.

In this communication, we attempt to elucidate
the role of calcium in the signal transduction of os-
moregulation in D. salina.

MATERIALS AND METHODS
Growth condition

Dunaliella salina was grown in media containing
1.7 M NaCl previously described (Pick and Chitlar,
1991). Cultures were grown at 26C under continuous
illumination with white fluorescent lamps at 3,800
lux with axenic air bubbling and maintained at the
logarithmic growth phase.

Treatment of salt stress
Each of hypoosmotic and hyperosmotic shock was

treated by the methods of Pick and Chitlaru (1991).
Typically, hypoosmotic and hyperosmotic condition
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was formed by combining an equal volume of
NaCl-free medium or 5 M NaCl cotaining medium
with 1.7 M NaCl adapied suspension cells, repecti-
vely. This treatment reduced or increased the NaCl
molarity of the medium from the normal of 1.7 M
NaCl to 085 M or 34 M NaCl, respectively.

Measurement of Ca®* flux

Efflux of Ca®"

Ca’* efflux was measured by detecting changes
in “Ca efflux from cells following a hyper or hypoo-
smotic stress. Cells (approx. 2X 107 cells/mL) were
washed with growth medium, then incubated in gro-
wth medium containing “CaCl, (1 pCi/mL) for 20
h at 26C in contiunous light. After the 200 uL of
cell culture was washed with washing buffer I (NaCl
17 M, EGTA 10 mM, potassium phosphate 10 mM,
pH 7.0) three times, salt stress was treated for 15
s. After centrifugation (15,000 rpm), the supernatent
was used to measure radioactivity in liquid scintilla-
tion counter (Packard Tri~Carb 4530).

Influx of Ca®**

We used the method of Pick er al. (1986) with
some modifications. In separate experiments, cells
were treated and incubated described above. For eli-
mination of extracellular Ca’* after salt stress, Do-
wex 50W X8 minicolumn chromatography was per-
formed. After packing 2 mL of the pre-equilibrated
Dowex resin with washing buffer I to 5 mL of dispe-
nsible syringe, and washing with washing buffer II
(glycerol 6.6 M, MOPS 10 mM, pH 7.0), 200 pL of
cell culture under salt stress was loaded and eluted
with 5 mL of washing buffer II, quickly. Radioactivi-
ties of eluates were measured with liquid scintillation
counter (Packard Tri-Carb 4530),

Measurement of glycerol content

Glycerol was determined as follows (Pick and
Chitlaru, 1989); the cells were washed twice in isoto-
nic media. To 200 pb. of the cell culture, 1 mL of
periodate reagent (65 mg of NalQ, in 90 mL D.W.,
10 mL of glacial acetic acid, 7.7 g of ammonium
acetate) and 2.5 mL of acetylacetone reagent (247.5
mL of isopropanol, 2.5 mL of acetylacetone) in order
were added and mixed. The mixtures were incubated
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at 45C for 20 min. Optical density was determined
at 410 nm and compared to calibration standards.

Treatment of TFP and W-7

Cells were prepared described above and preincu-
bated for 2 h at 25 yM of TFP (trifluoperazine) or
50 uM of W-7 ([N-(6-aminohexyl)-5-chloro-1-na-
phthalene sulfonamide), respectively. Then, salt was
treated and glycerol content was measured.

Detection of Ca®"-binding proteins by Autora-
diography

SDS-PAGE (polyacrylamide gel electrophoresis)
was performed using the discontinuous buffer system
of Laemmli (1970) in gels containing 12.5% or 15%
acrylamide. After SDS-PAGE, Elecrophoretic trans-
fer of proteins to nitrocellulose membrane was car-
ried out with an electrophoretic blotting apparatus
(Hoefer TE50X) at 10 V/em for 20 h at 4C. The
nitrocellulose membrane, with proteins transferred
to it, was washed with a solution containing 60 mM
KCl, 5 mM MgCl,, and 10 mM imidazole-HC] buf-
fer (pH 6.5) and then incubated in the same solution
with 1 mCi/L of ¥*CaCl, for 10 min at 25T by the
method of Maruyama et al. (1984). The membrane
was rinsed with 50% ethanol and dried for autora-
diography.

Autoradiographs of “Ca-labelled proteins on the
nitrocellulose membrane were obtaind by exposure
of the dried membrane to Fuji-RX X-ray film for
3-7 d. After the above procedure, the proteins on
the nitrocellulose membrane were then stained with
Amido black 10B solution (0.1% in 45% methanol,
10% acetic acid) to estimate their respective intensi-
tics of bands.

RESULTS AND DISCUSSION

It is well known in plant and animal cells that
extracellular stimuli change cytosolic Ca’* level. In
these cases, the changes of cytosolic Ca™* level are
seemed to be the first event to triggering intracellular
physiological responses. In the cases of role of Ca®t
as a second messenger, it is known that Ca>*" should
satisfy several criteria (Jaffe, 1980; Willianson, 1981).
First, cytosolic Ca®* level should respond to the ext-
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racellular stimuli and the physiological responses fo-
llowed by the change of Ca’" level. Second, artificial
manipulation of Ca’* level should induce the phy-
siological responses. Third, the intracellular Ca**-
sensing mechanism must exist and when it is inhi-
bited, the physiological response should be inhibited.
So, we attempt to elucidate the role of Ca’™ in the
signal transduction of osmoregulation based on
those criteria.

The changes of cytosolic Ca®' level under salt
stress

First of all, we examined the changes of cytosolic
Ca’™ level according to salt stress. Despite the subse-
quent discovery of several other second messengers
including cyclic nucleotides, products of inositol li-
pid hydrolysis, and products of tyrosine phosphory-
lation, Ca* " still appears to be a centrally important
activator in almost all cell types. Indeed, a key role
for other messengers is often the modulation of Ca**
fluxes. However, in the case of plants, it is not simple
to measure the cytosolic Ca®* level in direct (Poo-
vaiah et al.,, 1987), we measured the Ca** flux using
®Ca?" istope indirectly.

When hypoosmotic stress was treated, intracellular
Ca’* was effluxed from the cell about 3 times more
than in the control (Fig. 1A). On the other hand,
in the case of hyperosmotic stress, extracellular Ca**
was influxed about 3 times more than in the control
(Fig. 1B). These fluxes were proportional to the deg-
ree of the stress (Fig. 1C and D). This showed that
the salt stress as an extracellular stimuli induced
the changes of cytosolic Ca*™ level. In addition, the
stress led to the highest influx pattern of Ca’* at
10 s and then decreased gradually (Fig. 2). This indi-
cate the rapid change of cytosolic Ca’" level by ext-
racellular stimuli and these results are similar to the
previously reported Ca’"-signaling system (Giloy et
al, 191). In D. salina, the different patterns of cyto-
solic Ca’" level according to the type of stress imply
that a series of signal transduction mechanisms may
exist between the changes of cytosolic Ca®" level
and the regulation of glycerol metabolism since hy-
perosmotic stress caused to synthesis of glycerol and
in contrast, hypoosmotic stress led to degradation
of glycerol (Ben-Amotz and Avron, 1973). Moreover,
the results (Fig. 1C and D) suggest that cells have
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Fig. 1. Effects of osmotic stresses on “Ca*"-flux in D. salina. Cells were preincubated in the control medium contained
*#CaCl2 (1 uCi/mL) for 20 h and were treated with the stress for 15 s, Panel A, effect of hypoosmotic siress on *Ca’*-efflux
from cells; Panel B, effect of hyperosmotic stress on “*Ca’*-influx into cells; Panel C, effect of hypoosmotic stress on
*Ca’' -efflux from cells according to intensity of stress; Panel D, effect of hyperosmotic stress on “Ca’*-influx into cells
according to intensity of stress. Control, 1.7 M NaCl contained medium; Hyper 1, treated to final 34 M NaCl; Hyper
2, final 5.1 M NaCl; Hypo 1, final 0.85 M NaCl; Hypo 2, final 0.56 M NaCl. Detailed mecthods are described in materials

and methods.

a Ca** transporting system (Kubowicz e al., 1982;
Gross and Marme, 1978) which regulate Ca>" flux
by sensing the degree of salt stress. It is still unkown
what mechanism could serve to recognize the degree
of stress.

Changes of glycerol content and cytosolic Ca?*
level by salt stress

D. salina has no cell wall, so volume of cell is
changed by alteration of extracellular osmotic pres-
sure (Ben-Amotz and Avron, 1980). At this time,
glycerol provides mostly the intracellular osmotic
pressure for volume recovery (Ben-Amotz and Av-

ron, 1983). So, we continued experiments to investi-
gate the relation between changes of gylcerol conte-
nts and Ca** flux by salt stress. When hyperosmotic
stress was treated, volumes of cells were recovered
about 4 h and glycerol content was increased about
2 times than in the control (Fig. 3). Also, the change
of Ca** flux was ahead of glycerol synthesis which
has been known as the physiological response to
salt stress (Fig. 2). To examine the effect of extracel-
lular Ca®* on glycerol synthesis according to salt
stress, it was compared that the amounts of glycerol
synthesis during hyperosmotic stress in 2.5 mM
CaCl, contained normal medium and CaCl,~free
medium in time curves, respectively. As a result, gly-
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Fig. 2. Timec-dependent changes of *Ca™ influx and gly-
cerol synthesis during hyperosmotic stress. Isoosmotic con-
trol was rcgarded as 100% and hyperosmotic stress was
treated 1o final 3.4 M NaCl as described in materials and
methods. @—®, “Ca™ influx; O—CO, glycerol synthesis.
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Fig. 3. Effect of cxtracellular calcium on glycerol synthesis
during hyperosmotic stress. Isoosmotic control was regar-
ded as 100% and hyperosmotic stress was trcated to final
3.4 M NaCl as described in materials and methods. O—Q,
calcium contained medium; (0—O, calcium-free medium.

cerol synthesis was reduced about 30% in CaCl,-free
medium at 5 h than in the normal medium (Fig.
3). In the absence of external Ca®*, it might be gues-
sed that increase of cytosolic Ca** level by hyperos-
motic stress is less than in the control, since there
is no Ca** influx. Nevertheless, the fact that glycerol
synthesis occured to some degree was guessed that
Ca’* efflux to cytosol from the intracellular organel-
les, that is, vacuole, ER, mitochondria, etc. (Dieter
and Marme, 1980; Buckout, 1983; Schumaker and

ted protein play an important and essential role in
coupling the change of cytosolic Ca** level to phy-
siological responses (Cheung, 1980; Marme, 1982).
It was widely known that Ca’*-bound calmodulin
undergo the conformational change, which caused
active form, then regulate the activity of various enz-
ymes (Klee, 1980; Poovaiah, 1985). To see whether
calmodulin would participate between salt stress re-
lated changes of cytosolic Ca** level and glycerol
metabolism as a osmoregulation, TFP (irifluopera-
zine) and W-7, known as calmodulin antagonists,
were treated. In the previous experiment, the most
reasonable concentrations were 25 uM and 50 uM
of TFP and W-7, respectively (data not shown). Co-
nsquently, TFP and W-7 reduced glycerol synthesis
about 50% at 25 uM and 46% at 50 uM under hype-
rosmotic stress, respectively (Fig. 4). These results su-
ggest that clamodulin maybe involved. Calmodulin
has been implicated in the volume recovery from
osmotic stress in various cell types (Hoffman er al,
1984; Foskett and Spring, 1985). Though it is difficult
to conclude by these results, the calmodulin seems
to take part in the signal transduction mechanism
under salt stress.

Detection of salt stress related Ca®*-binding
proteins

It is widely known that calcium and Ca®*- bin-
ding protein play a very important role in various
cellular metabolism (Poovaiah and Reddy, 1987).
And many reports show that various Ca**-binding
proteins as well as calmodulin also exist in plants
(Graziana er al., 1984). Though the biochemical and
physiological significance of Ca’"-binding proteins
are still unknown in detail, they seem to be related
in the mechanism of signal transduction. In the for-
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Fig. 4. Effects of calmodulin antagonists on glycerol syn-
thesis during hyperosmotic stress. Isoosmotic control was
regarded as 100% and hyperosmotic siress was treated to
final 3.4 M NaCl as described in materials and methods.
O—=0Q, Control; A—A., 25 uM of TFP treatment; [1—C1.
50 M of W-7 treatment.
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Fig. 5. Identification of calcium binding proteins using au-
toradiography on nitrocellulose membrane after SDS-
PAGE. Calmodulin from bovine testis as a positive control
(lane 1), same amounts of soluble proteins of control cells
(lane 2, 3) and of hyperosmotic stressed cells (lanc 4, 3).
The positions of 39 kD and 21 kD calcium binding pro-
teins are indicated by arrowheads top to bottom, respecti-
vely. Molecular size markers are indicated in left side.

ther research of Ca*" signalling system induced by
salt stress in D. salina, salt stress related Ca*"-bin-
ding proteins were investigated using the method of
Maruyama et al. (1984). Ca**-binding proteins were
examined from soluble proteins of 5 h-hyperosmotic
stressed cells and the control cells, respectively. In
there with autoradiogram, we have detected two dif-
ferent Ca’*-binding proteins. Their molecular wei-
ght were 21 kD and 39 kD, respectively. Interestingly,
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MW 21 kD was increased more in intensity in hype-
rosmotic stressed cells, and in contrast. MW 39 kD
was detected only in hyperosmotic stressed cells (Fig.
5). The change of expression pattern of these Ca*"-
binding proteins by salt stress is very interesting.
This means that these proteins can be participated
in signal transduction of salt stress to intracellular
response. In particular, the Ca*"-binding protein of
MW 39 kD might be regarded to relate to salt stress
directly because it was detected only in salt stressed
cells. However it is not certain whether the Ca**-bi-
nding protein of MW 39 kD is newly synthesized
or undergo conformational change to bind calcium.
It is our hope that further characterization of salt
stress related Ca™"-binding proteins will contribute
to the understanding of the signal transduction me-
chanism in response to salt stress in D. salina.

We have preliminary indications suggesting that
salt stress influenced the intracellular change of Ca™
level and osmoregulation was affected by extracellu-
lar Ca’" and calmodulin inhibitors, and Ca2-bin-
ding proteins related to salt stress. The results obtai-
ned in present work suggest that the possibility of
calcium as a second messenger in the signal trans-
duction of salt stress exists in D, salina.
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