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ABSTRACT

Chlorella pyrenoidosa cells grown on 5% C02 excreted gly-
colate when incubated in light with 10 mM bicarbonate, but
excreted no glycolate under the same conditions when they
were maintained on air for 7 hours prior to the assay. Incuba-
tion of 5% C02-grown and air-grown cells with 10 mM iso-
nicotinyl hydrazide or 10 mM a-hydroxypyridinemethane sul-
fonate during the assay stimulated the excretion of glycolate
by C02-grown cells severalfold that of air-grown cells.

Adaptation of C02-grown Chlorella to growth on air did not
affect the levels of glycolate dehydrogenase in the cells and did
not affect the rate of dark oxidation and metabolism of exoge-
neous "4C-glycolate by the cells. These results indicate that the
lack of glycolate excretion by air-grown or air-adapted cells of
Chlorella cannot be explained by a concomitant change in the
level of glycolate dehydrogenase.

Under certain conditions, a number of green algae excrete
a large proportion of photosynthetically fixed CO2 as glycolate
(10, 14, 17-19, 20). In all cases where glycolate excretion has
been found, the cells have been grown on high levels of CO2
(0.2-5%) followed by measurement of glycolate excretion at
lower CO2 levels and higher light intensities. For instance, Watt
and Fogg (21) showed that Chlorella pyrenoidosa cells grown
on air rather than CO2-enriched air failed to excrete glycolate
under assay conditions where high C02-grown cells excreted
large amounts.

Nelson and Tolbert (15) were able to convert Chlamydomo-
nas reinhardtii cells, grown on 1% C02 in air and having a high
rate of glycolate excretion under assay conditions of 6.5 mM
bicarbonate in the light, to cells incapable of excreting glycolate
under these same conditions. This conversion was accomplished
by bubbling the 1% CO2-grown cells with air for 20 hr preced-
ing the measurement of the excretion rate. During the aeration
period, they reported an increase in the level of glycolate-
DCIP2 oxidoreductase activity concomitant with the decrease
in the glycolate excretion rate and suggested that these two
events were causally related. Similarly, Codd et al. (4) have
shown that Chlamydomonas, Euglena, and Chlorella, grown
on 5% CO2, have lower levels of glycolate-DCIP oxidoreduc-
tase than the same algae grown on air alone.

However, Cooksey (5) has demonstrated that the level of the
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2Abbreviations: DCIP: 2,6-dichlorophenolindophenol; INH:
isonicotinyl hydrazide; HPMS: a-hydroxypyridinemethane sulfon-
ate.

enzyme in Chlamydomonas is not regulated solely by CO2 ten-
sion but is partly dependent on the availability of nitrogen to
the cell. Further it has been shown in Euglena that while gly-
colate excretion occurs at all stages of the cell cycle there is
sufficient glycolate dehydrogenase present to oxidize all the
glycolate formed (3). The present study provides evidence that
more glycolate is formed and metabolized in Chlorella main-
tained on high CO2 tension than cells in air and further shows
that no detectable changes in the levels of the enzyme occur
in cells which lose their ability to excrete glycolate.

MATERIALS AND METHODS

Chlorella pyrenoidosa Chick was obtained bacteria-free from
the University of Indiana Culture Collection, Bloomington,
Indiana. Cultures for experimental use were grown axenically
as previously described (13) on the medium of Watt and Fogg
(21) modified as follows. KNO. (0.5 gm/I) replaced urea as the
nitrogen source; 1% ammonium ferric citrate (0.5 ml/l) was
the iron source, and 1.0 ml of Gaffron's minor elements (11)
was the source of micronutrient. Cultures were bubbled with
air or 5% CO2 in air.

For the measurement of the rate of glycolate excretion, cells
were harvested by centrifugation, washed twice with 10 mM
potassium phosphate buffer (pH 8.0), then resuspended in 2.4
ml of the buffer, 0.3 ml of 0.1 M NaHCO., and 0.3 ml of
distilled water or 0.1 M INH (K & K Laboratories Inc., Plain-
view, N.Y.) or 0.1 M HPMS (Aldrich Chemical Co., Milwau-
kee, Wis.) contained in 25-ml Erlenmeyer flasks. The flasks,
each containing 10 to 20 mg dry weight of cells, were then
incubated for 60 min at 28 C and illuminated from the bottom
with photoflood lamps giving a light intensity of 12 klux at
flask level. After incubation the cells were recovered from
the medium by centrifugation at 5OOg for 5 min followed by
further centrifugation of the supernatant at 10,000g for 15 min.
Glycolate in the medium was estimated using the method of
Calkins (1).

Uptake and oxidation of "4C-glycolate by intact cells was de-
termined by the methods of Miller et al. (13). The activity of
glycolate-DCIP oxidoreductase was measured in crude ho-
mogenates in the presence of DCIP by determination of gly-
oxylate formation as described by Grodzinski and Colman (8).
The crude enzyme preparation was made by the method of
Nelson and Tolbert (16).

RESULTS AND DISCUSSION

Glycolate Excretion. Chlorella cells grown on 5% CO2 in air
excreted large amounts of glycolate into the surrounding
medium when harvested from the growth culture and incubated
in light with bicarbonate (Fig. 1). However, 5% CO2-grown
Chlorella lost this characteristic over 4 to 7 hr when the growth
culture was put on air-bubbling (Fig. 2). This finding agrees
with the results of Nelson and Tolbert (15). Cells grown on
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FIG. 1. Effect of 10 mM INH and 10 iM HPMS on the rate of
glycolate excretion by Chlorella grown on 5% C02 or on air.
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FIG. 2. Time course of the change in glycolate excretion rate of
cells of a Chliorella culture, grown on 5% C02, after half of the cul-
ture was transferred to air (0) while the other half was maintained
on 5% C02 (0).

Table 1. Effect of Isoniicotiniyl Hydrazide oi tlhe Rate of Gly-
colate Excretiont by Air-growni Chlorella c/irinig

Adaptationi to 5% CO2 in air

Glycolate excreted
Time on 5O't CO2

Control INII (10 m^r

hr |AgIrI g drYc w /- c

4 0.05 2.5
14 0.05 2.5
33 1.1 6.8
70 3.8 17.3

air rather than 5% CO2 in air did not excrete glycolate when
harvested and resuspended in 10 mm bicarbonate in the light
(Fig. 1). Cells grown on air could be converted to cells having a
high rate of glycolate excretion by bubbling the growth culture
with 5% CO2 in air, but the conversion took considerably longer
than the 5% CO2 to air conversion (Table I).
The presence of INH during the assay stimulated the ex-

cretion of glycolate by both 5% CO2-grown and air-grown cells
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(Fig. 1). It has been well established that INH greatly stimulates
the rate of glycolate excretion by Chlorella cells grown on 4%
CO2 in air (17). Nelson and Tolbert (15) have shown that INH
also stimulates glycolate excretion by air-grown Chlatnydoino-
nas and have used this observation to suggest that lack of
glycolate excretion by air-grown cells is not due to lack of
formation of glycolate, but no comparison was made with the
effect of INH on 5% CO2-grown cells. The increase in glycolate
excretion in 5% C02-grown Chorella caused by INH was con-
siderably greater than that in air-grown cells (Fig. 1.) Similarly,
HPMS caused an increase in excretion by 5% C02-grown
Chlorella greater than that in air-grown cells presumably due to
the inhibition of further metabolism of glycolate (Fig. 1).
HPMS is an inhibitor of glycolate-oxidizing enzymes of both
higher plants (23) and algae (8) and has been shown to stimu-
late glycolate excretion in algae (2, 3, 6, 12). These results
support the finding that air-grown cells produce glycolate

Table 11. ActivitY of g/ycolate-DCIP oxidoredaictase
in cells of Chlorella

Enzymic activity was measured in extracts of cells grown on
5%, CO2 and in cells of the same culture 12 hr after half of the
culture had been transferred to air and the other half maintained
on 5'3 CO2. Enzyme activities were estimated by determining
glyoxylate phenylhydrazone formation at 324 nm after incubating
the cell extract (approximately 0.25 mg of protein) with 60 ,umoles
potassium glycolate, 0.2,umole DCIP, in 0.1 M potassium phos-
phate buffer, pH 8.6, to a final volume of 3.0 ml at 28 C for 15 min.

Glycolate-DCIP oxidoreductase Activity
Time after Transfer

5"'c CO2 Air 5i, CO2 Air

hr Morales glioxylate formiied Mm?oles glvo)xvlale form;edmjfln pfl?g proteite in 109 cells

0 3.95 - 9.90

12 3.47 3.67 8.99 8.63
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FIG. 3. Rate of dark oxidation of "4C-glycolate to '4CO2 by
aliquots (1.35 x 10 cells) of a 5% CO2-grown Clilorella culture taken
at various times after transfer of one half of the culture to air
(A- --A) while maintaining the other on 5% CO2 (A A) as
a control. Growth rates of that portion of the culture transfered to
air (Q---O) and that maintained on 5% C02 (0 *) are
shown above. The washed cells were incubated in 4.0 ml of 20
mm potassium phosphate buffer, pH 5.5, containing 1.8 uc glycolic
acid-1-10C (0.19 ,Amole), and 100 ,umoles of potassium glycolate for
1 hr at 28 C in the dark. 14CO2 released was trapped in 20% KOH
and assayed as described previously (13).
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GLYCOLATE EXCRETION IN CHLORELLA

while not excreting it (15), but also show that 5% CO2-grown
cells produce considerably more glycolate than is excreted and
in tact do metabolize more glycolate than cells grown only in
air. This is inconsistent with the concept that the activity of an
enzyme of further glycolate metabolism, e.g. glycolate-DCIP
oxidoreductase limits the utilization of glycolate in the cell and
is the cause of massive glycolate excretion (15).

Glycolate oxidation. The activity of glycolate-DCIP oxido-
reductase was assayed in cells grown on 5% CO2, the culture
was divided, and while one-half was maintained on 5% C02,
the other half was transferred to air. After 12 hr under these
conditions, the activity of the enzyme in the cells of the two
cultures was again determined (Table II). These data indicate
that even after 12 hr on air, when massive glycolate excretion
can no longer be observed (Fig. 2), there are no marked dif-
ferences between the level of the glycolate-oxidizing enzyme
in air-grown and 5% C02-grown cells. In all these assays the
initial rate of reaction was proportional to protein concentra-
tion. Similar to other studies (3-5, 15), these determinations
necessitated the use of an artificial electron acceptor, a proce-
dure which may not accurately reflect the in vivo activity of
this enzyme. Although the natural hydrogen acceptor for this
reaction is not known (4, 9, 16), the use of artificial electron
acceptors indicates little difference in the activity of this en-
zyme in response to CO, concentration.

In order to obtain some measure of the in vivo activity of
this enzyme, the ability of whole cells to oxidize exogenous
glycolate to CO2 in the dark was examined. Similar to blue-
green algae (13), Chlorella oxidized most of the supplied "C-
glycolate to "CO2 in the dark and this oxidation was inhibited
by the addition of 10 mm HPMS to the cells. The rate of
glycolate oxidation by cells of a culture grown on 5% CO2 was
determined and then subsequently determined periodically for
a further 12 hr after half of the culture had been transferred
to air. At low concentrations of carrier glycolate, over 90% of
the "C-glycolate taken up by the cells was oxidized to "CO2 in
the dark. In these experiments a high concentration of carrier
was used so that the rate of oxidation not the rate of uptake
by the cells would be the limiting rate and under these condi-
tions only 50 to 60% of the "C-glycolate taken up by the cells
was oxidized to "CO2- Over a period of 12 hr after the transfer
of cells to air, the rate of glycolate oxidation did not change
markedly and did not differ significantly from that of cells
maintained on 5% CO2 (Fig. 3). In addition, the rate of uptake
and incorporation of radioactivity from "C-glycolate by cells
remained relatively constant over this same 12-hr period, both
in cells maintained on 5% CO2 and those adapted to air. The
rate of growth of the culture during the course of this experi-
ment was similar to that normally observed in log phase cul-
tures of this alga. Such a constant growth rate over this period
indicates that nutrient supply was adequate and that the in-
ability to observe a change in enzyme levels (Table II) or in
rates of glycolate oxidation (Fig. 3) is not due to nitrogen
limitation (5).
The data indicate that the oxidation of glycolate is not

affected by changes in the concentration of CO2 supplied to the
algae, and that in cells grown either on high or low CO2 more
glycolate is being metabolized by the cells than is being ex-
creted. Since algal cells when maintained at the same CO2
concentration under which they were grown excrete little
glycolate (17, 18, 21), excretion appears to be a temporary
phenomenon occurring after a transfer of cells from a high to
low CO2 concentration. Excretion may therefore result from a
concomitant change in the rate-limiting step of the reductive
pentose cycle causing an increase in the rate of glycolate syn-

thesis due to the breakdown of a glycolate precursor (22).
Cessation of excretion would then occur when the pool of
glycolate precursor had been depleted. Alternatively, excretion
may be due to a lack of available CO2 for photosynthesis,
since it has been demonstrated that carbonic anhydrase forma-
tion is suppressed in Chlorella and Chlamydomonas grown on
5% CO2 and after transfer of these cells to 0.03% CO2 photo-
synthesis is inhibited for 90 min (7). These conditions would
favor the formation of excessive amounts of glycolate and the
induction of carbonic anhydrase would cause a subsequent
decrease of glycolate formation and the cessation of excretion.

While changes in levels of glycolate-DCIP oxidoreductase
occur in response to changing C02 levels (4, 15), these
changes, especially those reported for Chlorella, are not of a
sufficient magnitude to account for the cessation of glycolate
excretion. The control of glycolate excretion in Chlorella may
be due to CO2 concentration, not by a direct effect on glycolate-
DCIP oxidoreductase, but by its effect on enzymes which
directly or indirectly control the synthesis of glycolate.
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