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ABSTRACT

Dunaliella parva, a unicellular halophilic alga, was found to
evolve oxygen photosynthetically only in the presence of a high
osmolar concentration. Cell free preparations were obtained
by placing the cells in a medium of low osmolarity. The frag-
ments obtained showed a high photoreducing and photophos-
phorylating activity except for their inability to catalyze all fer-
redoxin dependent photoreactions. Placing the cells in a me-
dium of intermediate osmolarity produced a "chloroplast"
preparation which maintained some capacity for 02 evolution
and C02 fixation, while possessing the ability to catalyze the
photoinduced reduction of ferricyanide. Enzymic and photo-
synthetic reactions of cell-free preparations from D. parva were
inhibited, rather than stimulated, by the salt concentration op-
timal for growth. These results were interpreted as indicating
the existence of a steep NaCl gradient in vivo between the me-
dium and the cell compartments which are not permeable to
salt.

Dunaliella parva, an halophilic unicellular green alga, was
previously shown to lack a rigid cell wall (14). Most of the
alga space is permeable to sucrose or inulin (11) and even to
tris or phosphate (7). During photosynthesis it produces glyc-
erol, which is one of the earliest labeled products (8-10, 21).

This communication will describe an investigation of the
in vivo and the in vitro photosynthetic activities of D. parva.
It will be shown that the high salt concentration required for
in vivo photosynthesis is not manifested by in vitro photosyn-
thetic and other reactions. Furthermore, advantage can be
taken of the bursting of D. parva cells when placed in media of
low osmotic strength to prepare photochemically competent
cell fragments. Finally it will be shown that D. parva appar-
ently lacks the ability to catalyze all ferredoxin-dependent pho-
tochemical reactions.

MATERIALS AND METHODS

Lettuce chloroplasts were prepared as previously described
(3). D. parva was cultured as previously described (7, 15). D.
parva "fragments" were prepared by concentrating the algae
by centrifugation at 15OOg for 10 min at room temperature,
washing once in 1.5 M NaCl, 20 mm Tricine, pH 7.4, followed
by dilution of a sample of the concentrated algae suspended
in NaCl-Tricine in the desired reaction mixture. The resulting
final NaCl concentration was 25 mm. For obtaining "chloro-
plasts," the reaction mixture in addition contained 0.35 M
sorbitol. Chlorophyll was determined by the method of Arnon
(2). NADP, cytochrome c, and ferricyanide reductions were

measured in a Cary 14 recording spectrophotometer equipped
with a scatter attachment, at 350, 550, and 420 nm, respec-
tively. Ferredoxin reduction was measured in an Aminco-
Chance dual-wavelength spectrophotometer as previously de-
scribed (5).
Oxygen evolution or uptake were measured with a Yellow

Springs Instrument Clark type oxygen electrode connected to
a photovolt recorder. ATP formation was assayed as previ-
ously described (3).

Unless otherwise specified, light was provided by a 500 w
projector, filtered through a Baird-Atomic sharp cut-off inter-
ference filter peaking at 640 nm. The intensity of the actinic
light was about 4 x 1 04 ergs cm-2 sec-'.

Ferredoxin of D. parva was isolated from algae containing
25 mg of chlorophyll (about 10 liters of algae culture suspen-
sion). After harvesting, the cells were washed twice with 1.5 M
NaCl, 10 mm tris, pH 7.5, at room temperature. The resulting
pellet was diluted 1/30 with 10 mm tris-HCl. pH 7.5. and al-
lowed to stay for 20 min at 4 C. Broken cells were removed
by centrifugation and NaCl was added to the supernatant up
to a final concentration of 0.2 M. The supematant was passed
through a diethylaminoethyl cellulose column (1 x 15 cm),
washed with 50 ml of 0.11 M NaCl, 0.15 M tris-HCl, pH 7.5.
followed by 50 ml of 0.13 M NaCl, 0.15 M tris-HCl, pH 7.5.
Ferredoxin was eluted with 0.56 M NaCl, 0.3 M tris-HCl, pH
7.5. This fraction showed a typical ferredoxin absorption spec-
trum in the visible region. The quantity isolated amounted to
about /00oo of the total chlorophyll content of the cells used
for isolation.

RESULTS

Properties of Whole Cells. The absorption spectrum of a
suspension of cells, and of an 80% (v/v) acetone extract of the
cells, is similar to that of other green algae, with chlorophyll
a, chlorophyll b, and carotenoids prominent (18). The light-
induced difference spectrum is again rather typical (22) with
the "520 shift" and cytochrome changes prominent. Figure 1
illustrates the light-induced oxidation of cytochrome f in an
algae suspension containing 1 [LM DCMU. As previously ob-
served for higher plant chloroplasts (5), a clear cytochrome f
spectrum can also be seen under these conditions in D. parva
cells. The ratio of cytochrome f to chlorophyll in these cells
is about 1/800.

Figure 2 illustrates the absolute requirement for a high os-
molarity to maintain photosynthetic oxygen evolution. NaCl,
glucose, or glycine can satisfy this requirement at similar os-
molar concentrations. About 3 osmolar is required for maxi-
mal activity, and no significant inhibition can be observed
until a concentration of 3.0 M NaCl is exceeded. Oxygen evo-
lution was completely inhibited below 0.3 osmolar. Oxygen
evolution in D. parva was fully sensitive to inhibition by
DCMU or n-butyl-3 5-diiodo-4-hydroxy-benzoate. Half maxi-
mal inhibition was observed at 0.2 ,IM and 30 pm., respectively.
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FIG. 1. Light-induced difference spectrum of cytocbrome f of
D. parva. The reaction mixture (3 ml) contained: 1.5 M NaCl, 20
mM Tricine, pH 7.4, 1 uM DCMU, and algae containing 162 /Ag of
chlorophyll. Plotted is the change induced by illumination with
640 nm light (4.5 X 104 ergs cm-2 sec-') measured in an Aminco-
Chance dual-wavelength spectrophotometer with 540 nm serving as
the reference wavelength.
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FIG. 2. Effect of the osmolar concentration of the medium on

02 evolution in whole cells of D. parva. The algae were washed in
NaCl, glucose, or glycine at 3.0 osmolar and then were suspended
in the reaction mixture containing the indicated solution and 20
mm Tricine pH 7.4, at a final concentration of 125 /g chlorophyll/
3 ml.

Properties of Cell Fragments. Whole cells of D. parva can

neither photoreduce ferricyanide nor photophosphorylate (Fig.
3). However, as the osmolarity of the suspension is decreased
the cells burst, and the fragments obtained are competent in
catalyzing the above reactions. Maximal activity was observed
below 0.15 M NaCl.

This unique feature of D. parva enables one to prepare cell
fragments by simply diluting a concentrated sample of the
algae in a reaction mixture whose total osmolarity is below
0.2. Table I illustrates the activity observed with such frag-
ments. It is clear that these fragments show a relatively high
photoreducing and photophosphorylating activity; the activity
being equal or better than that previously observed with prepa-
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rations from green algae (17). The one notable exception was
the photoreduction of NADP in which these particles were es-
sentially inactive. With the addition of 3 pum ferredoxin, which
is sufficient to saturate this photoreduction in higher plant
chloroplasts, essentially no activity could be observed. Much
higher amounts of ferredoxin did elicit a poor reaction, the
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FIG. 3. Photoinduced electron transport and phosphorylation in
D. parva as a function of the external salt concentration. Whole
cells of D. parva were washed in 1.5 M NaCl, 20 mm Tricine, pH
7.4 and then diluted in a reaction mixture containing the indicated
NaCl concentration. For ferricyanide photoreduction the reaction
mixture (3 ml) contained in addition: 25 mm Tricine, pH 7.8, 0.35
mM KsFe(CN)6, and D. parva cells containing 65 ug chlorophyll.
The reaction mixture for PMS phosphorylation contained: 25 mM
Tricine, pH 7.8, 2.5 mm sodium potassium phosphate (containing
3 X 10' cpm IP), 1.3 mM ADP, 35 AM PMS, 4 mm MgC12, and
D. parva containing 30 ,ug of chlorophyll in a total volume of 3 ml.

Ta ble I. Photosynthetic Activities of Fragments of D. parva
The reaction mixture (3 ml) contained 25 mm NaCl, 25 mm Tri-

cine, pH 7.8, and D. parva containing 60 ,g of chlorophyll and the
following additions: for ferricyanide reduction, 0.5 mm K3Fe-
(CN)6; for reduction of NADP from H20, 0.5 mM NADP and
ferredoxin as indicated; for Diquat reduction from H20, 1.2 mm
azide; 50 Mm Diquat; for Diquat reduction from ascorbate and
DCIP, 1.2 mi azide, 50 ,M Diquat, 30gM DCIP, and 3.5 mM ascor-
bate; for reduction of NADP from ascorbate and DCIP, 0.5 mm
NADP, 40 Mm ferredoxin, 3.5 mm ascorbate, and 30 Mm DCIP.
Phosphorylating reaction mixtures contained, in addition, 4 mm
MgCl2, 1.3 mm ADP and 4 mm sodium potassium phosphate, pH
7.8, containing 3 X 106 cpm of 32P. Where indicated 35 AM PMS
was added.

Addition Photoreduc- Photophos-tion phorylation

jsmoles pmoles
electrons/mg ATP/mg

chl hr chl-hr

None 25
Ferricyanide 60 65
PMS 200
Diquat 80 95
Ascorbate + DCIP + Diquat 280 35
NADP (40,Mm ferredoxin) 14 30
NADP (3 ,M ferredoxin) 1
Ascorbate + DCIP + NADP 2
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Table II. Effect of Ferredoxin from Swiss Chard Leaves or from
D. parva Cells, on NADP Photorediuctionz in Lettuce

Chloroplasts, or D. parva Fragments
The reaction mixture (3 ml) contained: 25 mm Tricine, pH 7.8,

0.5 mM NADP, 25 mm NaCl, 3 ,uM Swiss chard ferredoxin, or 0.53
,uM D. parva ferredoxin (prepared as described in "Materials and
Methods"). Lettuce chloroplasts or D. parva fragments contained
30,ug of chlorophyll.

Source of Ferredoxin Lettuce D. parvaChloroplasts Chloroplasts

pj.molcs NADP reducedlmg chl-hr

B. vulgaris var. cicla (Swiss 90 0
chard)

D. parva 22 0
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FIG. 4. 02 evolution, "4CO2 fixation and ferricyanide photore-
duction in "chloroplasts" of D. parva. The reaction mixture (3 ml)
for 02 evolution contained: 0.35 M sorbitol, 50 mM HEPES pH 7.6,
1 mM MgCL2, 1 mM MnCl2, 5 mm NaHCO3, 240 mM NaCl, and D.
parva containing 83 ,Ag of chlorophyll. The reaction mixture for
"4CO2 fixation contained in addition 1.0 Mc "4C-bicarbonate. Assay
for "CO2 fixed was as described (6). The reaction mixture for fer-
ricyanide reduction contained in addition 0.5 mM KYFe(CN)6 and no
NaHCO3.

rate of which increased with the amount of ferredoxin added
up to 40 ,uM. No significant NADPH oxidation was observed
in the dark, and no inhibition of NADP reduction was ob-
served on mixing D. parva fragments with lettuce chloroplasts.
To check whether this inability to photoreduce NADP may be
related to specificity for an endogenous ferredoxin, we isolated
ferredoxin from D. parva cells and tested its ability to substi-
tute for the Swiss chard ferredoxin which was routinely used.
As can be seen (Table II), either ferredoxin was effective in
promoting the photoreduction of NADP in lettuce chloro-
plasts, but neither was effective in promoting the reaction in
D. parva fragments.

D. parva fragments isolated by osmotic bursting, as de-
scribed, were incapable of fixing CO2. We, therefore, tried to
develop a milder treatment, which would permit the entry of
electron acceptors into the cells without destroying its ability
to fix CO,. Figure 4 illustrates that such a situation was ap-

proached when the cells were placed in a solution containing
0.35 M sorbitol. To differentiate these treated cells from the
fragments used previously, they will be termed D. parva

"chloroplasts." Such chloroplasts maintained about 10% of

the cells' ability to evolve 02 and fix CO2, while possessing a
capacity for photoreduction of ferricyanide equal to that of
D. parva fragments. Nevertheless, such chloroplasts were still
totally unable to photoreduce NADP. This unusual inability
of D. parva chloroplasts or fragments will be further described
in a separate communication (6).

Effect of Salt Concentration on in Vitro Activity. As was

earlier noted (Fig. 2), the ability of D. parva cells to perform
photosynthesis was absolutely dependent upon the mainte-
nance of a high osmolarity in the medium. It was of interest,
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FIG. 5. Effect of salt on photoinduced electron flow and phos-
phorylation in fragments of D. parva. Algae suspended in 1.5 M

NaCl, 20 mM Tricine, pH 7.4, were diluted 50-fold in the reaction
mixture (final NaCl concentration 25 mM), and then NaCl was

added up to the indicated concentration. Other conditions as de-
scribed under Table I. Where indicated CCCP was added at 0.8 MM.
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FIG. 6. Effect of salt on the activity of lactate dehydrogenase
and glucose-6-phosphate dehydrogenase in fragments of D. parva.

The reaction mixture for lactate dehydrogenase contained: 25 mM
Tricine, pH 7.4, 4 mm MgCl2, 0.2 mM pyruvate, 40 AM NADH,
D. parva containing 40 ,g of chlorophyll, and NaCl at the indi-
cated concentration. The reaction mixture for glucose-6-phosphate
dehydrogenase contained: 25 mM Tricine, pH 7.4, 4 mm MgCl2, 1.0
mM glucose-6-phosphate, 50 AM NADP, D. parva containing 40 Ag
of chlorophyll, and NaCl at the indicated concentration. Activity
was continuously monitored in a Cary 14 spectrophotometer at 340
nm. One hundred percent activity refers to: 15 Mimoles NADP re-

duced per mg chl per hr or to 10 Mmoles of NADH oxidized per

mg chl per hr.
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therefore, to test whether some of its in vitro activities would
also show a dependence upon the osmolarity of the medium.

Figure 5 illustrates that most of the photoreactions catalyzed
by D. parva fragments were either unaffected or inhibited
rather than stimulated by high osmolarity in a manner similar
to that described for higher plant chloroplasts (16). The only
exception was the reaction from ascorbate + DCIP to Diquat,'
and even in that case most of the effect seemed to be due to an
uncoupling effect since it disappeared on addition of the un-
coupler CCCP. This reaction was previously shown to be
highly stimulated by treatments such as sonication or deter-
gent treatment (13, 19).

Figure 6 illustrates that the activity of soluble enzymes not
bound to the cell membrane, such as lactate dehydrogenase or
glucose-6-P dehydrogenase, was also severely inhibited rather
than stimulated by the salt concentrations required for cell
growth. Thus, it seems that the inside of these cells most proba-
bly maintains a considerably lower salt concentration than that
present in the surrounding medium.

DISCUSSION

D. parva was previously shown to require NaCl for growth
and for photosynthetic glycerol production (8). These results,
together with the observation that most of the cell volume con-
tains a high NaCl concentration (11, 12), implies some essen-
tial role for NaCl in these algae. Our observations that glucose
and glycine can replace NaCl for 0a evolution indicates that at
least for this function the major requirement is an osmotic
one. The interpretation that NaCl freely permeates the cell
membrane (12) is in contrast to our observations on the in-
hibition by NaCl of enzymic and photosynthetic reactions.
These results point to the existence of compartments within
the cell which are not permeable to salt. This should result in
the formation of steep NaCl gradients between the medium
and such compartments.
The photochemical activities of D. parva cells, the absorp-

tion spectrum, the light-induced difference spectrum, and the
sensitivity to electron transport inhibitors are typical of green
algae and of higher plant chloroplasts. However, the special
characteristics of D. parva make it possible to utilize the ef-
fect of osmolarity changes for preparing subcellular particles
capable of catalyzing photosynthetic reactions. A decrease in
the osmotic concentration of the medium made the algae per-
meable to electron mediators and acceptors while maintaining
some of its ability to evolve 02 while fixing CO2. This interme-
diate state produces an algal preparation which is very similar
to the so-called "whole chloroplasts" isolated from higher
plants (20). A further decrease in the osmolarity resulted in
bursting of the cells and inhibition of 02 evolution coupled
with CO2 fixation.
The observation that D. parva fragments can catalyze the

photoreduction of viologens of a low redox potential such as
Diquat with water at the electron donor indicates that both
photosystem II and photosystem I are active in this prepara-

1 Abbreviations: CCCP: carbonyl cyanide m-chlorophenylhydra-
zone; Diquat: 1, 1'-ethylene-2,2'-dipyridylium dibromide; PMS:
phenazine methosulfate.

tion. Other results show the activity of each photosystem sepa-
rately. However, they lack the ability to photoreduce NADP.
This might be due to one of the following reasons: (a) on
breakage of the cell an essential unknown component is re-
leased, or destroyed. This component is most probably located
between photosystem I and ferredoxin (see also [6], and may
be identical with "ferredoxin-reducing substance" or similar ac-
tive species [23]). (b) CO2 assimilation in D. parva utilizes di-
rectly the reducing power of the unknown reduced component
produced by photosystem I (4).
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