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Communication

Effect of Osmotic Stress on Carbon Metabolism in
Chlamydomonas reinhardtii'
ACCUMULATION OF GLYCEROL AS AN OSMOREGULATORY SOLUTE
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ABSTRACT

NaCi, KCI, and sucrose at equiosmolar concentrations had similar
inhibitory effects on photosynthetic carbon metabolism by the freshwater
green alga, Chlamydomonas reinhardtii. Inhibitory concentrations of
these solutes altered the products of photosynthetic "4CO2 incorporation,
resulting in reduced incorporation into starch, sugar phosphates, lactate,
and glycolate, but caused an accumulation of glycerol both intracellularly
and in the medium.

saturating for photosynthesis, which resulted in significant label-
ing and excretion of glycolate. Maximal rates of photosynthesis
were determined in 6 mm K-phosphate, pH 7.5, by measuring
the rate of photosynthetic 02 evolution in an 02 electrode after
the addition of 3.3 mm NaHCO3. Sample preparation, glycolate
determination, chromatographic separations, and quantitation
of '4C-labeled metabolites were carried out as previously outlined
(13). Glycerol was determined enzymically with a coupled en-
zyme assay utilizing glycerol kinase (5). Crude extracts of algae
were prepared as described previously (8). Published procedures
were used to measure the activities of glycerol-l-P phosphatase
(12), dihydroxyacetone-P phosphatase (12), glycerol- 1-P dehy-
drogenase (9), and dihydroxyacetone reductase (2). All substrates
and coupling enzymes were from Sigma Chemical Co.

Some species of green algae thrive in saline environments
because of the intracellular accumulation of metabolites which
provide an osmotic balance with the environment. Glycerol is
an important osmoregulatory solute in some halophilic green
algae including Dunaliella, Zooxanthellae, Asteromonas, and
also in several halotolerant species of Chlamydomonas (see Ref.
3 for a review). The accumulation of polyalcohols, sucrose,
mannitol, and glycosides in response to osmotic stress have been
reported in other species of green algae (3). Although this accu-
mulation ofosmoregulatory metabolites is believed to be respon-
sible for halotolerance, it has not been determined whether
species ofgreen algae which are intolerant of high salt conditions
synthesize these compounds in response to osmotic stress. In this
communication, we report the synthesis of glycerol in response
to osmotic stress in the freshwater green alga Chiamydomonas
reinhardtii. The effect of this stress on the distribution of "4C02
into intracellular and excreted photosynthetic and photorespira-
tory products has also been examined.

RESULTS AND DISCUSSION

Chiamydomonas reinhardtii (UTEX 90 from the University
ofTexas at Austin) was grown while being aerated with 5% C02,
harvested, and photosynthetically labeled with H'4CO3 in 6 mM
K-phosphate, pH 7.5, as described previously (13). Salts or
sucrose were added immediately prior to the labeling where
indicated. Under these conditions, CO2 levels were less than
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RESULTS

Effects of Osmotic Stress on Growth and Rates of Photosyn-
thesis. When the cells were incubated in growth medium con-
taining 500 mm sucrose or 250 mM KCI or NaCl during the
logarithmic phase of growth, increase in total cell mass after 5 d
was less than 5% of that of a control culture which had no
additional salts or sucrose added (data not shown). This intoler-
ance of C. reinhardtii growth to osmotic stress is similar to results
reported previously with KCI and NaCl (6, 1 1).
When cells grown in normal medium were exposed to salts or

sucrose, equiosmolar concentrations of KCI, NaCl, or sucrose
had similar inhibitory effects on the rate of photosynthesis as
determined by the rate of photosynthetic 02 evolution at satu-
rating CO2 levels (Fig. 1). Inhibition was observed at greater than
100 mm sucrose or 50 mM KCI or NaCl. The similarity in
inhibition of photosynthesis by these three solutes indicates that
the inhibition was due primarily to the osmotic potential of the
solution. A similar result was obtained by measuring the rates of
"4C02 fixation (data not shown). Inhibition of photosynthesis by
Chlamydomonas has also been observed earlier by mannitol (4).
The extent of inhibition of photosynthesis by varying concentra-
tions of KCI and NaCl are also similar in magnitude to the
concentration dependence for the inhibition of cell growth by
these salts (6, 1 1).

Effect of Osmotic Stress on the Photosynthetic Incorporation
of "4CO2 into Intracellular Metabolites. "4C02 fixation was car-
ried out for 30 min in the presence or absence of 100 mM KC1
or 200 mM sucrose. These concentrations of solutes resulted in
about 65% inhibition of the maximal rate of photosynthesis
measured as 02 evolution (Fig. 1). Chromatographic analysis of
the '4C-labeled products revealed an accumulation of glycerol in
the osmotically stressed cells relative to the other labeled meta-
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FIG. 1. Effect of varying concentrations of solutes on photosynthetic
02 evolution by C. reinhardtii. Maximal rates of 02 evoluation were
measured at varying concentrations of NaCl (x), KCl (E), or sucrose
(0), as described in "Materials and Methods."

Table I. Distribuition of'4C-Labeled Metabolites in the Cellular and
Mediwiin Fractions ofC. reinhardtii after 30 Min '4C02 Fixation
H'4CO3- was added at 0 and 15 min to a concentration of 1 mM.

Treatment
Metabolite

Control 100 mm KCI 200 mm Sucrose

% total 14C
Cellular Prodlcts
Insoluble 20.1 2.6 2.1
Glycerol 0.2 29.0 54.3
Phosphate esters 32.8 18.1 8.4
Lactate 14.9 5.2 2.8
Glycolate 0.3 0.2 0.4
Glycine + serine 2.2 7.1 6.7
Glutamate 6.0 20.8 9.8
Malate 7.2 6.6 3.5
Alanine 2.2 6.0 1.6
Aspartate 0 0 1.7
Excreted Produicts
Glycerol 0.2 1.7 1.7
Glycolate 13.6 2.9 6.5

Table II. Specific Activity of Glvcolate and Glvcerol Excretedfrom
C. reinhardtii after 60 Min 14CO2 Fixation

Specific Radioactivity
Conditions

Glycolate Glycerol
cpm/nmol

No additions 1040 a
100 mm KCI 1330 284
200 mM KCI 789 110
200 mM Sucrose NDb 313

a None detected. b Not determined because sucrose interfered with
the colorimetric determination of glycolate.

bolic products (Table I). No glycerol accumulation was observed
with no added KCI or sucrose, or with 50 mM KCI or 100 mM
sucrose (not shown). The percentage of the fixed 14C in the
insoluble fraction (starch) was reduced by about 90% and there
was a lower percentage of 14C in sugar phosphates and lactate in
osmotically stressed cells compared to controls. The lactate arose
from the photosynthetic sugar phosphate pools during the brief

period of anaerobiosis encountered when the cells were centri-
fuged into a tightly packed pellet to separate the cells from the
medium (7). These findings indicate that the osmotic stress
caused a diversion of fixed carbon from sugar phosphates and
starch accumulation to enhance the synthesis of glycerol.

Effect of Osmotic Stress on the Excretion of Glycolate and
Glycerol. There was some excretion of "'C-labeled glycerol and
glycolate by osmotically stressed C. reinhardtii cells (Table I).
No other "'C-labeled compounds were observed in the medium.
The levels of excreted glycolate were markedly reduced in os-
motically stressed Cells (Table I). The decreased level of excreted
glycolate in stressed cells was in part balanced by increased
relative intracellular levels of labeled glycine and serine, products
of intracellular glycolate metabolism. We have suggested that
glycolate is excreted when its rate of synthesis exceeds the capac-
ity of glycolate dehydrogenase to metabolize it intracellularly
(14).

Because glycolate is derived from ribulose 1,5-bisP, its specific
radioactivity is indicative ofthe specific radioactivity ofthe sugar
phosphate pools of the reductive photosynthetic carbon cycle
from which it was derived. The specific radioactivity of the
excreted glycolate was considerably higher than the glycerol that
was excreted (Table II). This indicates that there was a significant
contribution of unlabeled metabolite pools to the synthesis of
glycerol.
Only 8% ofthe total glycerol that was synthesized was excreted

from the cells after 30 min of photosynthesis in the presence of
100 mM KCI, although this level increased to 26% after 60 min
(data not shown). Based on previous measurements of internal
cell volume (10), the concentration of glycerol in the cells after
60 min CO2 fixation in 100 mm KCI was about 16 mm, while
the concentration in the medium was 0.064 mm. Thus the
concentration of glycerol in the cells was 250 times that in the
medium. Nevertheless, after 1 h the intracellular glycerol level is
considerably less than is necessary to provide an osmotic balance
to 100 mm KCI extracellularly. When cells were grown with 100
mM KCI for 20 h, an intracellular glycerol concentration of 26
mm was attained.

DISCUSSION

Chlamydomonas reinhardtii growth and photosynthetic rates
are inhibited by moderate concentrations of osmotic substances
in the medium. In response to osmotic stress, an alteration in
carbon metabolism results in a significant accumulation of glyc-
erol, yet these algae are rather intolerant to these conditions of
osmotic stress. By comparison, the halophilic green alga Duna-
liella thrives in media containing 5.5 M NaCl and accumulates
glycerol intracellularly to levels which are nearly isoosmotic with
the surrounding medium (1). The inhibition of growth and
photosynthesis by C. reinhardtii may be because intracellular
glycerol levels did not become equiosmolar with the environ-
ment. At 50 mm KCI or 100 mM sucrose no glycerol was
observed, nor was any inhibition of photosynthesis observed,
indicating that under conditions of mild osmotic stress the cells
are able to compensate in ways other than by glycerol accumu-
lation.
The mechanism by which a change in the osmotic potential

of the medium signals the induction of glycerol biosynthesis is
unclear. The induction of glycerol synthesis after the breakage of
dormancy in yeast spores is due to the cAMP-dependent regu-
lation of glycerol-P phosphatase (9). In Dunaliella glycerol-P
phosphatase was found, but little dihydroxyacetone-P phospha-
tase (12). In crude extracts of C. reinhardtii we detected little
glycerol-l-P phosphatase activity (0.3 tumol h-' - mg-' Chl); how-
ever, a dihydroxyacetone-P phosphatase activity of 2.7 umol-
h-I *mg-' Chl was found. Similar levels ofactivity were observed
in extracts prepared from control or osmotically stressed cells.
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The relative levels of the phosphatases in the extracts indicate
that the primary route of glycerol synthesis from dihydroxyace-
tone-P may-be by the action ofdihydroxyacetone-P phosphatase
and dihydroxyacetone reductase. Similar activities of NADP-
dependent glycerol-P dehydrogenase and dihydroxyacetone re-
ductase were observed (5 tmol * h-' mg-' Chl) in crude extracts;
however, the glycerol-P dehydrogenase activity may have been
in part due to the combined action of dihydroxyacetone-P phos-
phatase and dihydroxyacetone reductase.
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