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ABSTRACT

Glycolate and ammonia excretion plus oxygen exchanges were meas-
ured in the light in L-methionine-DL-sulfoximine treated air-grown Chia-
mydomonas reinhardii. At saturating CO2 (between 600 and 700 micro-
liters per liter C02) neither glycolate nor ammonia were excreted,
whereas at the CO2 compensation concentration (<10 microliters per
liter C02) treated alpe excreted both glycolate and ammonia at rates of
37 and 59 nanomoles per minute per milligram chlorophyll, respectively.
From the excretion values we calculate the amount of 02 consumed
through the glycolate pathway. The calculated value was not significantly
different from the component of 02 uptake sensitive to CO2 obtained
from the difference between 02 uptake of the CO2 compensation point
and at saturating CO2. This component was about 40% of stationary 02
uptake measured at the CO2 compensation point. From these data we
conclude that glyoxylate decarboxylation in air-grown Chlamydomonas
represents a minor pathway of metabolism even in conditions where
amino donors are deficient and that processes other than glycolate
pathway are responsible for the 02 uptake insensitive to CO2.

Light-dependent oxygen uptake has been shown to occur both
in higher plants (6, 13, 27) and algae (10, 12, 15, 16, 24). Enzymic
studies on ribulose- 1 ,5-bisphosphate carboxylase (4) and labeling
studies using 1802 (1, 3, 10) led to the evidence that oxygenation
of ribulose- 1,5-bisphosphate and the associated photorespiratory
metabolism of glycolate was involved in this process. Neverthe-
less other mechanisms, like direct photoreduction of oxygen
(Mehler reaction) (21), chlororespiration (2), or mitochondrial
respiration in the light ( 14) could also occur. In unicellular algae,
part of the glycolate synthesized during photorespiration has
been shown to be excreted (10). In higher plants, glycolate is
metabolized through glyoxylate and glycine leading to the pro-
duction of NH3 and CO2 during the mitochondrial conversion
from glycine to serine (7). Photorespiratory ammonia was shown
to be reassimilated via the GS-GOGAT' pathway (19). By using
L-MSO, an inhibitor of GS (25), ammonia production was also
shown to occur in Chlamydomonas (9, 23). From the effects of
light (9), CO2 (9, 23), 02 and INH (23), this production was
attributed to the photorespiratory metabolism of glycolate.
The present study was undertaken to determine the contribu-

tion of the glycolate pathway to the oxygen uptake in the light
in air-grown Chlamydomonas. For this purpose, we measured
oxygen uptake, glycolate, and ammonia release in L-MSO-treated

1 Abbreviations: GS, glutamine synthetase; GOGAT, glutamate syn-
thase; L-MSO, L-methionine-DL-sulfoximine; INH, isonicotinic acid hy-
drazide.

algae both at the CO2 compensation point and saturating CO2
concentrations. From glycolate and ammonia excretion rates we
calculate the amount of oxygen consumed through the glycolate
pathway. Our results will be discussed in relation to the contri-
bution of the different mechanisms for oxygen uptake in the
light and to the existence of a C02-concentrating mechanism in
air-grown algae.

MATERIALS AND METHODS
Chlamydomonas reinhardii (wild type 1 37c) was grown axen-

ically and phototrophically as previously described (23). Air was
bubbled through the culture at a flow rate of about 20 1 h-.
During the exponential phase, cells were harvested by centrifu-
gation and resuspended in the same medium minus NH4+.pH
of the medium was 6.0. Chl concentration was between 20 and
30 gg ml-'. Such high algal concentrations were required to
measure 02 uptake with a sufficient accuracy. We checked that
during these conditions, the incident quantum flux (1000 ,uE-
m2s ', 400-700 nm) saturated photosynthetic CO2 uptake at
saturating C02.
The algal suspension (55 ml) was transferred into a thermo-

stated (25°C) flask included in a gas circuit. C02-free air was
bubbled through the suspension by means of a glass-frit at a flow
rate of 30 l-h-'. After 2.5 h in the dark in the presence or in the
absence of 0.5 mM L-MSO, the circuit was closed and 2 ml 1802
(98.1% I 0 from CEA Saclay, France) were injected. Light was
switched on 30 min later. The circuit was connected to a mass-
spectrometer (Mat Atlas CH4) through a gas inlet valve (Balzers,
UDV135) and included a metal bellows pump (Metal Bellows
Corp, Sharon, MA), a two-way valve to open or close the circuit,
a water trap (-12°C), and an IR gas analyzer (Hartmann &
Braun, Uras 2). For the experiments carried out at saturating
CO2 concentrations, a peristaltic pump (Gilson, Minipuls 2) was
used to inject CO2. Oxygen uptake and evolution were measured
by continuously recording 602 (m/e = 32), '"02 (m/e = 36), Ar
(m/e = 40). Argon contained in air was used as an internal
standard to correct variations in gas concentration due to mass
spectrometer consumption. Calculations of 02 uptake and evo--
lution were performed as published by Radmer and Kok (24).
GS activity, ammonia concentration in the medium, and Chl

content were determined as in (23). Glycolate excreted in the
medium was measured colorimetrically (5). After filtration, 1 ml
of the culture medium was evapored to dryness and 1 ml of
Calkins reagent (18.5 mg 2,7-dihydroxynaphthalene in 100 ml
concentrated H2S04) was added. After 20 min at 100°C glycolate
was measured at 536 nm. We checked that NH4' ions at the
concentrations present in our experiments did not interfere with
Calkins test. For internal ammonia determination, algae were
harvested by filtration on a glass fiber filter (Whatman GFC).
After extraction using 90% methanol, ammonia was determined
by isotopic dilution. A known quantity of I5NH4C1 was added to
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the sample and final 'IN content was measured as previously
reported (23).

RESULTS

GS inactivation was followed in the darkened algal suspension
treated by L-MSO (0.5 mm final concentration). GS activity was
inhibited 3 h after the addition of the inhibitor (Fig. 1). During
this period, internal ammonia concentration remained constant
and no ammonia was excreted in the medium. After switching
on the light, internal ammonia pool increased up to a stationary
level which was reached after about 1 h. Ammonia excretion
started only 40 min after the beginning of illumination.
Oxygen exchanges were measured at the CO2 compensation

point and at saturating CO2 concentraton (Fig. 2). L-MSO was
found to hive no effect on gas exchanges (data not shown).
Previously, dark respiration was measured for 30 min after the
gas circuit was closed and 1802 injected (Table I). CO2 concen-
tration in the circuit increased to about 600 ,l-1-'
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FIG. 1. GS activity, internal and external ammonia in L-MSO-treated
Chiamydomonas. L-MSO (final concentration, 0.5 mM) was added at
zero time in the dark. Algae were bubbled with C02-free air in the dark.
At the beginning of the light period, the circuit was closed and the
experiment was performed at the CO2 compensation point. (0), GS
relative activity; (O), internal ammonia concentration; (0), ammonia
concentration in the medium.
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FIG. 2. Oxygen exchanges in air-grown Chiamydomonas. Light sym-

bols: experiment carried out at the CO2 compensation point (<10 Al P'I
GO2) (0)1602 concentration; (0)1802 concentration. Dark symbols: ex-

periment carried out at saturating CO2 (600-700 Ml- I' CO2) (U) 1602

concentration; (0) 1802 concentration. 02 concentration was between 23
and 29% 02. Gas exchanges were similar in the presence or in the absence
of L-MSO.

Table I. Ammonia and Glycolate Excretion, Oxygen Exchanges in L-
MSO-treated Chlamydomonas

Measurements were made at the CO2 compensation point (<10 Al-
1-' C02) and at saturating C02 (600-700 Al- 1-' CO2). Values for the
light period were obtained between 1 and 3 h after switching on the light.

CO2 Compensation Saturating
Point CO2

fiAmol min-'-
mg-' Chl±sD

Light 02 uptake 0.72 ± 0.06 (5)8 0.42 ± 0.03 (5)8
Net 02 evolution 0 (5) 1.99 ± 0.12 (5)
Ammonia excre- 0.059 ± 0.004 (3) 0 (2)

tion
Glycolate excretion 0.037 ± 0.002 (3) 0 (2)
Dark 02 uptake 0.22.± 0.04 (5)
aNumber of experiments.

After turning on the light and when no CO2 was injected, the
CO2 compensation concentration (<10 ,ul 11-') was obtained after
about 5 min. During this short period, net 02 evolution was
observed due to CO2 uptake. After that, 1602 evolution was
balanced by 1802 uptake and no net 02 evolution was observed.
02 uptake, calculated from mass spectrometer measurements,
decreased from about 2.3 Amol 02 min-' . mg-' Chl at the begin-
ning of the light-period to a constant rate of 0.7 ,umo1 2 min-'.
mg ' Chl about 1 h later.
When CO2 concentration was maintained in the light at a

saturating level (between 600 and 700 Al. P-1) by continuous
injection ofC02, net 02 evolution was 2.1 Umol 02 * min-'* mg-'
Chl. In this case, 02 uptake decreased from an initial value of
about 1.9 Amol 02 * min' mg-' Chl to 0.4 Mmol 02 * min' *mg'
Chl.

Consequently, increasing CO2 concentrations partially in-
hibited 02 uptake. The CO2 sensitive 02 uptake obtained by the
difference between measurements at the CO2 compensation
point and at saturating CO2 was constant during illumination
(about 0.3 Amol 02* min' . mg-' Chl). The remaining 02 uptake,
insensitive to C02, decreased during the 1st hour of illumination
and kept a constant value afterward.

Figure 3 shows that L-MSO-treated algae excreted glycolate at
the CO2 compensation concentration. Ammonia excretion and
02 exchanges were the same as described in Figures 1 and 2,
respectively. At saturating C02, both glycolate and ammonia
excretion stopped, while 1802 uptake decreased and 1602 evolu-
tion started. In the same conditions, untreated algae did not
excrete a significant amount of glycolate either at the CO2
compensation point or at saturating CO2 (data not shown). Such
an induction of glycolate excretion by L-MSO at subsaturating
CO2 levels was previously observed in Ankistrodesmus (20). It
was interpreted as a protein turnover too slow to sustain the
demand for amino groups for metabolizing all the glycolate
formed when ammonia assimilation is inhibited by L-MSO.

Values of glycolate and ammonia excretion rates are summa-
rized in Table I.

DISCUSSION

The purpose of this work was to determine the contribution
of the photorespiratory carbon oxidation cycle to 02 uptake in
air-grown Chlamydomonas. Because in vitro studies showed that
CO2 can compete with 02 on ribulose-1,5-bisphosphate carbox-
ylase/oxygenase, attempts to identify 02 uptake in higher plants
were mainly based on the dependence of 02 uptake with regard
to CO2 concentration (22). However, CO2 could also possibly
inhibit other 02 uptake processes like Mehler reaction by drain-
ing reductive power from NADPH to reductive carbon cycle
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FIG. 3. Effect Of C02 concentration on02 exchanges, ammonia and

glycolate release in L-MSO-treated Chlam~ydomonas. C02 compensation

concentration (<10 Ml GO2) was reached about 5 min after switching
on the light. After 2.5 h in the light CO2 was injected and kept between

600 and 700 Al.-I'. A: (0), "0Q2concentration; (M), 1602 concentration.

B: (U), glycolate concentration; (0), ammonia concentration.

(n3). A more suitable approach was to calculate metabolic flux

through glycolate pathway from "O labeling kinetics. Such stud-

ies showed in C3 plants that the 02 flux through the glycolate
pathway was close to the 02 uptake rate in the light (3). In C4

plants it was reported that less than 75% Of 02 taken up in the

light was involved in this pathway (1 7).

High C02-grown unicellular algae have been shown to excrete
part of the glycolate they produce during photorespiration (10).

Furthermore, L-MSO-treated algae excrete photorespiratory am-

monia (9, 23). Our results show that air-grown algae, when

treated with L-MSO, excreted both glycolate and ammonia.

Because the photorespiratory carbon oxidation cycle consumes

3.5 02 per ammonia and 1 02 per glycolate synthesized (3), the
amount Of 02 consumed to produce excreted ammonia and

glycolate is:

02 consumed = 3.5 NHl3 excreted + glycolate excreted

Several conditions are required to make sure that this equation

gives a valid measurement of the overall 02 consumed through
the glycolate pathway: (a) intermediary pools must have reached

a stationary level during the measurement. We checked that

ammonia internal concentration was constant during excretion

measurements, but it must be the same for P-glycolate, glycolate,

glyoxylate, and glycine pools. (b) Metabolic intermediates of the

glycolate pathway must not be metabolized by another pathway.

It was observed in a mutant of Arabidopsis thaliana lacking
seine transhydroxymethylase activity that depletion of amino
donors required for glyoxylate amination may lead to CO2 release
from direct decarboxylation of glyoxylate (26). (c) Ammonia
assimilation must be completely inhibited to make sure that all
of the ammonia produced will be excreted (23).
Oxygen consumption supported by the glycolate pathway and

calculated from our results (Table I) is 0.24 ± 0.016 Mmol 02*

min-'- mg-' Chl. This value is not significantly different from
the C02-sensitive 02 uptake in the light (0.30 ± 0.09 Amol 02.
min-' Chl). This implies that: (a)glyoxylate decarboxylation in
Chlamydomonas represents, if it occurs, a minor pathway of
metabolization even in conditions where amino donors are prob-
ably deficient (as indicated by glycolate excretion). (b) Mehler
reaction and (or) other 02 uptake processes occur at the same
rate in the presence or in the absence of C02.

Consequently, the 02 uptake observed during the light period
can be divided into two components: the one which is inhibited
by high C02 concentration is linked to the photorespiratory
carbon oxidation cycle and leads to glycolate and ammonia
excretion in the presence of L-MSO and the other one which
does not depend on C02 concentration. The latter component is
characterized by an 02 uptake rate which decreased dramatically
during the 1st h ofillumination and stabilized at a constant value
afterward (0.42 Amol 02-min-'.mg-' Chl). The nature of the
process responsible for this 02 uptake remains unknown. Mehler
reactions, chlororespiration, or mitochondrial respiration could
be involved. It is interesting to note that the constant rate of 02
uptake measured after 1 h of illumination (0.42 Amol 02. min-'-
mg-' Chl) is very close to the rate of dark respiration measured
after 3 h of illumination (data not shown).
The C02-sensitive 02 uptake measured in air-grown Chlamy-

domonas (about 15% of net 02 evolution at saturating C02) is
quite low compared to that observed in C3 plants (about 75% of
net 02 evolution at saturating C02) (14). A previous report
attributed this different behavior to the existence of a C02-
concentrating mechanism in air-grown algae (12) which could
increase the internal C02 concentration enough to inhibit the
oxygenation of ribulose-1,5-bisphosphate. However, at the C02
compensation point, the ratio between oxygenation and carbox-
ylation is two (11). So, for a given 02 concentration, internal
C02 at the enzyme level only depends on the kinetic properties
of the ribulose-1,5-bisphosphate carboxylase/oxygenase (see
equation in reference 18). Finally, the C02-concentrating mech-
anism present in air-grown algae results in lowering the measured
external C02 compensation concentration without influence on
internal C02 compensation concentration. A more suitable hy-
pothesis to explain the different behavior observed between algae
and C3 plants would be to consider that in vivo kinetic properties
of the ribulose- 1 ,5-bisphosphate carboxylase/oxygenase are dif-
ferent from that observed in vitro with purified enzymes (18).
For instance, it was recently reported that a large part of the
carboxylase activity in blue-green algae was present in carboxy-
somes (8). Carboxylase activity in these particles, unlike soluble
carboxylase activity, was shown to be insensitive to 02 concen-
tration. The existence of a large part of the carboxylase activity,
under a form insensitive to the presence of 02, could explain the
low C02-sensitive 02 uptake observed in air-grown Chlamydo-
monas.

Acknowledgment-The authors thank Mrs. Arlette le Mouellic for technical
assistance.

LITERATURE CITED

1. ANDREWS TJ, GH LORIMER, NE TOLBERT 1971 Incorporation of molecular
oxygen into glycine and serine during photorespiration in spinach leaves.
Biochemistry 10: 4777-4782

2. BENNOUN P 1982 Evidence for a respiratory chain in the chloroplast. Proc
Nati Acad Sci USA 79: 4352-4356

3. BERRY JA, CB OSMOND, GH LORIMER 1978 Fixatior' of "02 during photores-
piration. Plant Physiol 62: 954-967

4. BowEs G, WL OGREN, RH HAGEMAN 1971 Phosphoglycolate production
catalyzed by ribulose diphosphate carboxylase. Biochem Biophys Res Com-
mun 45: 716-722

5. CALKINS VP 1943 Microdetermination of glycolic and oxalic acids. Ind Eng
Chem Anal Ed 15: 762-763

6. CANVIN DT, JA BERRY, MR BADGER, H FOCK, CB OSMOND 1980 Oxygen
exchanges in leaves in the light. Plant Physiol 66: 302-307

283



284 PELTIER AN

7. CHoLLET R, WL OGREN 1975 Regulation of photorespiration in C3 and C4
species. Bot Rev 41: 137-179

8. COLEMAN JR, JR SEEMANN, JA BERRY 1981 RuBP carboxylase in carboxy-
somes of blue-green algae. Carnegie Inst Wash Year Book 81: 83-87

9. CULLIMORE JV, AP SIMS 1980 An association between photorespiration and
protein catabolism: studies with Chlamydomonas. Planta 150: 392-396

10. DiMoN B, R GERSTER 1976 Incorporation d'oxygene dans le glycolate excrete
a la lumiere par Euglena gracilis. CR Acad Sci Paris 283: 507-5 10

11. FARQUHAR GD, S VON CAEMMERER, JA BERRY 1980. A biochemical model of
photosynthetic CO2 assimilation in leaves of C3 species. Planta 149: 78-90

12. FOCK H, DT CANVIN, CB OSMOND 1981 Oxygen gas exchange in air-grown
Chlamydomonas. In G Akoyunoglou, ed, Photosynthesis, Vol 4. Philadel-
phia, pp 677-682

13. GERBAUD A, M ANDRE 1979 Photosynthesis and photorespiration in whole
plants of wheat. Plant Physiol 64: 735-738

14. GERBAUD A, M ANDRE 1980 Effect of CO2. 02 and light on photosynthesis
and photorespiration in wheat. Plant Physiol 66: 1032-1036

15. GLIDEWELL SM, JA RAVEN 1976 Photorespiration: Ribulose diphosphate
oxygenase or hydrogen peroxide? J Exp Bot 27: 200-204

16. HocH G, OVH OWENS, B KOK 1963 Photosynthesis and respiration. Arch
Biochem Biophys 101: 171-180

17. JOLIvET-TOURNIER P. R GERSTER 1984 Incorporation of oxygen into glycolate,
glycine and seine during photorespiration in maize leaves. Plant Physiol 74:
108-111

ID2 THIBAULT Plant Physiol. Vol. 77, 1985

18. JORDAN DB, WL OGREN 1981 Species variation in the specificity of ribulose
biphosphate carboxylase/oxygenase. Nature 291: 513-515

19. KEYS Al, JF BIRD, MJ CORNELIUS, PJ LEA, RM WALLSGROVE, BJ MIFLIN
1978 Photorespiratory nitrogen cycle. Nature 275: 741-743

20. LARSSON M, CM LARSSON, WR ULLRICH 1982 Regulation by amino acids of
photorespiratory ammonia and glycolate release from Ankistrodesmus in the
presence of methionine sulfoximine. Plant Physiol 70: 1637-1640

21. MEHLER AH 1951 Studies on the reaction of illuminated chloroplasts. II
Stimulation and inhibition of the reaction with molecular oxygen. Arch
Biochem Biophys 34: 339-351

22. OSMOND CB 1981 Photorespiration and photoinhibition. Biochim Biophys
Acta 639: 77-98

23. PELTIER G, P THIBAULT 1983 Ammonia exchange and photorespiration in
Chlamydomonas. Plant Physiol 71: 888-892

24. RADMER RJ, B KOK 1976 Photoreduction of 02 primes and replaces CO2
assimilation. Plant Physiol 58: 336-340

25. RoNzIO RA, WB ROWE, A MEISTER 1969 Studies on the mechanism of
inhibition ofglutamine synthetase by methionine sulfoximine. Biochemistry
8: 1066-1075

26. SOMERVILLE CR, WL OGREN 1981 Photorespiration-deficient mutants of
Arabidopsis thaliana lacking mitochondrial seine transhydroxymethylase
activity. Plant Physiol 67: 666-671

27. VOLK RJ, WA JACKSON 1972 Photorespiratory phenomena in maize. Plant
Physiol 49: 218-223


