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Abstr act. Glycolate and glyoxylate stimulated 100 % to 300 % the rate of oxygen evolution
by Scenedesmus in the light in the absence of added carbon dioxide. This stimulation occurred
either aerobically or anaerobically, and was sensitive to CMU. Aerobic dark respiration was
stimulated 25 % to 100 N% by glycolate. This phenomenon was best demonstrated with
synchronized Scenedesmus at the stage of cell division. For glycolate stimulation of oxygen
evolution, a dark preincubation of 1 minute or less was necessary. In comparative test with
other compounds of metabolism and photosynthesis, the stimulation of oxygen evolution was
greatest by glycolate and glyoxylate. In a proposed scheme glyoxylate serves as a terminal
hydrogen acceptor from NADPH produced by photosynthesis, and it thereby stimulates oxygen
evolution when carbon dioxide is not available. Transformation of glycolate to glyoxylate in
these cells would have to occur in the absence of oxygen.

Similarities between photosynthetic electron trans-
port and glycolate biosynthesis and metabolism have
suggested that the 2 processes may somehow be
directly related (18). Manganese deficiency prefer-
entially inhibits oxygen evolution by algae (10) as
well as glycolate formation by algae (8,17). Glyco-
late formation occurs only in the light (9, 18). This
is in contrast to some compounds of the photosyn-
thetic carbon cycle which are formed in the dark for
short periods of time after illumination ceases (14).
Formation of large amounts of glycolate during
photosynthesis in a high light intensity and high
oxygen atmosphere, suggests that glycolate formation
may be necessary to maintain in a reduced state some
autooxidizable component of the chloroplast.

It has not been possible to evaluate directly the
effect of added glycolate on photosynthesis or O.,
evolution with higher plants because of the immense
activity of glycolate oxidase. More recently we have
realized that respiration of random cultures of several
algae was not stimulated by glycolate and that the
form of glycolate oxidase previously described for
higher plants was not detectable in the green uni-
cellular algae which were examlined (8). Never-
theless algae in the light biosynthesize and excrete
large amounts of glycolate (9, 19), which makes it
difficult to study the effect of added glvcolate.
Alterations upon addition of glycolate could best be
tested when both the photosynthetic production of
glycolate by the algae would be minimum. and when
the algae could absorb the compouind. These con-
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ditions appear optimum with synchronized cultures
at the time of cell division or immediately afterwards
(4,9). In this report we describe the effect from
addition of glycolate to these dividing cells.

Experimental Procedures

.41gae. Stock cultures were obtained from the
University of Indiana collection. Ankistrodesmus
braliiii (Naeg) Collins, number 245, and Scene-
desmuits obliquus (Gaffron D-3), number 393 were
grown in 1 L batches of Medium V of Norris et al.
(13) in 2.8 L low form Fernbach flasks. Cultures
were aerated with 0.1 to 0.2 % CO. in air and shaken
at 60 cycles per min. Illumination of 1100 ft-c was
obtained from Svlvania Gro-lux lamps and the tem-
perature was maintained at 300 + 10. The algal
life cycle wvas maintained at 16 hr light and 8 hr
dark. After each dark period the Scenedesmiius were
diluted 1 to 8 and the Ankistrodesmus 1 to 4. For
experiments algae were harvested by centrifugation
at 10OOg for 5 to 10 min, washed once with a small
amount of distilled water and recentrifuged in gradu-
ated test tubes to meastire cell volume. Usually a
4 % v/v snspension of algae in 0.02 M phosphate
buffer (pH 6.5) was prepared which gave a final
suspension in the assay of 2.7 % cells. All cultures
were examined microscopically before running an
experiment.

.Viecasurement of 09 Exch(anige. Measurements of
02 exchange at 27° were made on a Gilson Differen-
tial Respirometer, photosynthesis model with photo-
flood lamps which delivered approximately 1000 ft-c
to the algae. Flask contents were 2 ml of the cell
suspension and 0.5 ml of 1I1O or other additions in
the main part of the flask and 0.5 ml of 0.02 M
substrate in the side arm. In most experiments CO.
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was removed by 20 % KOH with a filter paper wick
in the center vell. Wlhein NaHCO, or CO., was

used, the IKOH in the ceniter well was omitted. O.
exchange was also measure(d polarographically using

a Clark oxygen electrode. A 1 % suspension, of
cells in phllosphate buffer was stirred, and illuminated
wvith approximately 1000 ft-c froml 2 photoflood
lighits. rwo cells with electrode-s were used simul-
taneously; 1 recorded the blank and the other con-

tained algae with glvcolate. Resuwtlts obtained witl
the polarograph were quantitatively the same as with
the respirometer. In anaerobic exlperiments the
flasks wrere flushed with prel)urified-l N2. for 20 mIi
in the dark and then the mianomieters were closed

and glycolate was added fromli the side armi. Dark
inicubation was continued for 5 additional mim while

the manometer pressure stabilized, after wxhich timle
the lights were turned onl and 0.. evolution miieasured.

Liglht intensity was varied by neutral density filters
of sheets of exposed film whose abisorp)tion spectra

was constant between 400 an-tid amni.

Results

Stimnulationl. of 0.2 Evoluttion. Additioni of glyco-
late (3.3 ym final concenitrationi ) to a 2.7 % suspen-
SiOI of Secncdesiniu(s (harvested immiiiiediately after
cell division) in 20 m.i phosphate at pH 6.5 stimu-
lated the rate of dark respiration 25 to 100 % as

Measured by oxygen uiptake (fig 1). Upon the
addition of 1000 ft-c of white light. a 100 to 300 %c
stimulationi of oxygen evoluitioll occul-red as colil-
pared to controls withotut substrate. The lengthl of
time that this stimulation continuie(d varied amionog
the algal preparation.s. It usually laste(l 10 to 15

min after which the stimulate(d rate decreased to
abotut 25 % above the controls. With excess glyco-
late (aslprovided by 3.3 MM-_\). the phenomenon was

reproduicible uipoin repeating the dark period fol-
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l IG. 1, Effect of glycolate oni O., evolutionl in lighit
and 02 uptake in the dark by Sccnedcs)mts. Each flask
contained 3 ml of a 2.7 % suspension of synchronized
cells at the stage of cell division in phosphate buffer at
pH 6.5 and + 3.3 X 10- Mr gly,colate.

lowed again by light (fig 1). In fact, during the
second and third dark-light cycle the stimulation of
0., evolution in the light with glycolate became more
pronounced with those preparations in whiclh a weak
initial stimtulatioin hald been observed.

A period of (lark respiration before plhotosyntheisi
was necessary in order to observe the light dependent
'Ltimnu.lation of oxygen evolution. Wllhen the length
of the dark period was varied between 1 nimii and
30 mim the sane aimiount of stimuilation was observed.
Thlus only a shiort (lark period of 1 mmin or less was
necessary to obtain maximum stimulation. These
data indicalte a rapid saturation of the intermediate(s)
involved in this plhenomlena.
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I1JIG. 2. CIML inhliibitioni of glycolate stimulationi of
oxygeni evolution in the light. Experimental conditionls
wvere similar to those in figure 1 except that 6 X 10-6 -M
CNIU was added. glycolate; --- glycolate
+ CIMU......... control- control + CNML.

Effect of Li!jlit Intenisity anid CHIU. In order to
ascertain whether the increasedl oxygen evolution
was due to enhanced phlotosynthetic electron flow
the effect of the inlhibitor of photosynthesis, CWI\U
(3-h-cliloroplieniyl-l1,dimethylltreat), at 6 X 10-6 M
final concentration was tested. As shown in figure
2, the stimiiulatioin of oxygen evoltution b1w glycolate
w-as conmpletely inhibited by CMAU. No inhibition of
the glycolate stimulated dark respiration by CMU at
this concelntrationi was observed. These (lata indicate
thlat the observed stimilulationl in the lighit was dute to
enhlaniced photosynthetic electron flow-.

\Vith increasing light intensity there was an in-
crease in the rate of oxygen exvolution 1w the algae
with or- without glvcolate ( table I) The imiano-
metric vcaltues as given are not correctecl for respira-
tion. Values in parenthesis are the suIml of the
measured dark respiration and lighlt dependent oxygen
evoluitioni and indicate the maximumlIll possible rate of
02 evolution in the light. By eitlher set of values
the rate of oxygen exvolution increased with inicreasinlg
light intensitv. hut the stimitulation of oxygen evolti-
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Table r. Effect of Light Inttentsity ont Stimutlation
of 0, Evolutioni

Experimental conditions are outlined in Experimental
Procedure and figure 1. Values are manometric readings
and are the average of 2 flasks. This experiment rep-
resents the maximum rates observed in 4 trials with
different batches of algae. Values in parenthesis are
calculated as the sum of the dark respiration plus the
rate in the liglht.

No With Glycolate
Light glycolate glycolate stimulation

ft-c ml 02, exchage/1lO mii)
0 -24 -35 -11

380 --14 (38) +35 (70) +21 (32)
750 4-29 (53) +54 (89) +25 (36)

tion attributable to glhcolate was nearly constant.
This observation that the stimulation of oxygen
evolution by glycolate was not related to light inten-
sitv between 380 and 750 ft-c indicates that either
the phenomiienia was saturated at a lows light intensity
or that the glycolate effect w,vas a dark reaction.

.A11aerobic Con!ditions. \Vlhenl the cells were made
anaerobic by dark incubation uniider nitrogen, the
stimulati in of oxygen evolutioni in the light by
glvcolate still occurred ( fig 3). Becatuse the cells
w-ere anaerobic for 20 min before addinig the gl+-co-
late and turninig on the lights, the stimulation was
probably Inot linked to aerobic resl)iration. sUclh as
oxidationi of glycolate to glyoxylate by a form of
glycolatC ox idase requiriing oxygen.

Bicarboitate Effect. Addition of 1 ni.\I NaHCO2
to the Sceniedesmuiis cells stimitilated O. evolution in
the light to a mi.aximum valuc. Similar results were
obtained at pH 6.5 in pliGlphate buffer wN-ith an
atmiiospher-e of approximatelV 0.6 % CO., as generated
by a NaIICO,-N\aCO-arsenLte mixture in side arms
of the W'arburg vessels (7,11.1 Stilmulation of O.,
evolution bv glvcolate as described in the previous
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FIG. 3. Stim-nulation of evolution
conditions. Experimiiental conditionis
those in figure 1, except that the flasks
N., for 21) mnii before adding glvcolate.

dark light

/

ilyoxylate /

sections was generally about 50 to 66 % of the
maximum rate obtained with NaHCO3. The stimu-
lation of 02 evolution by NaHCO2 and by glycolate
were not additive. As will be discussed later, the
glycolate stimulation was probably not due to its
prior conversion to CO.). In the presence of suffi-
cient CO. adequate glycolate production by the
cells from photosynthesis may occur, even though
excess glycolate is not *excreted. Thus no further
stimulation from added glycolate would occur.

Dark Respirationi. Glycolate stimulated the rate
of dark respiration with Scenedesmus if the cells
were harvested during the stage of cell division.
Little or no stimulation was observed whein cells
were collected during the other stages. A s shlown
in figure 1, respiration was stimulated 25 to 100 %.
To our knowledge, this is the first report of glycolate
stimiiullating dark respiration by unicellular green
algae.

Table II. Comparisonz of Different Substrates for
Stimulationt of 0, Evolution and Respiration

Data are expressed a ratio of activity with each
substrate as compared with glycolate. Final substrate
concentrations were 3.3 mM and rates were corrected for
controls without added substrates.

02 evolutioII 02 uptake
Substrate in light in dark

Activiti ratio (S sitbl)sttratc/lgicola tc

Organiic Acids
Glyoxylate 1.0 1.0
Acetate 0.5 2.5
P-Glycolatc <0.1 <0.1
Lactate 0.2 1.0-1.2
Formate <0.1 0.5-1.0
Glycerate 0.5-0.7 0.5-1.0
3-P-Glycerate 0.5-0.7 0.5-1.0

Amino Acids
L-Serine 0.5 1.0
Glycine 0.5 1.0

Sugars
D-Glucose 0.4 2.0-3.0
D-Ribose 0.2 0.3
D-Fructose 0.2 0.8

Sutbstr-ate Spccificiti' anid Concentration. (AI-co-
late and glvoxvlate wN-ere equallv effective in ,stimlltl-

/Glycolate lating oxygen evolution and respiration (table II).IGlycol tIe In this paper we have referred to the phenonmena as
Zs being caused by glycolate. While the actual effector

-/ iiiight be glvcolate or glyoxvlate the relatively large
No Substrate amIotunits of glycoiate formed in photosynthesis ( 18)

leads uis to consider glycolate of prinmary importance.
Further glvoxvlate could haire been reduced to glvco-
late, since the algae contain both NADH an(d

50 60 70 NADPH glyoxvlate reductase (2). No other or-
ganic substrate has to this date been tested which

under anaerobic stimulated oxygen evolution in the light to the same
w-ere similar to extent as did glycolate and glyoxylate. It w; s pre-
were gassed with sumed that other compounds entered the cells since

they stimulated respiration. Acetate and gtucose

c
a

C.)
x
w

(9
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stimulated dark respirationl better than glycolate or
glvoxvlate, but were less effective than glycolate in
stimulating oxygen evolution. These data indicate
that the glycolate effect was not one of general res-
piration where increased carbon dioxide production
cauised enhanced oxygen evolution rates.

Organic substrates biochemiiically related to glvco-
late suchi as P-glycolate, glycine, serine, glycerate
anid lactate were also less active (table II). Though
not exhaustive this list suggests that the effect of
glycolate or glvoxvlate is rather specific for stimu-
lating oxygen evolution. It is of interest that 3-P-
glvcerate was the second most active effector of
stimulated oxygen evolution. Walker and Hill (20)
have reported that 3-P-glycerate reduces the lag
period for carbon dioxide fixation and oxygen evo-
lution by isolated chloroplasts. In their case 3-P-
glycerate probably resulted in the build up of photo-
synthetic carbon cycle intermediates which had been
lost in the isolation of the plastids.

Stimulation of O., evolution by a suspension of
2.7 % Scencedesmufs cells was maximmill betwveen
10-2 and 10" At final concentration of glycolate. At
10-4 and 10-1 M stimula-ition wVas reduced 10 to 25 %,
and at 1 M glycolate. both dark respiration anld 02
evolution in the light were severely inhibited even
in the presence of NaHCO,.

Coniditionl of the Algae. In order to observe good
stimulation of oxygen evolution and respiration by
glycolate it wvas necessary to use cells at the stage
of division or immediately afterwards. from svn-
chronized cultures of Sceniedesnmus or Anlkistrodes-
nmus. Generally cell division occurred 2 to 6 hr
after the beginning of the dark period. \Vhile some
stimulation of oxygeln evolution has been observed in
a few cases at other stages of cell growthl only the
stage of division or immediately follow-inig gave con-
sistent and reproducible results. Successfuil experi-
ments have not been aclhieved wvith Clilorella, which
were not fully synchronized.

It al)pears that at the stage of cell dixvision alnd
imnmediately afterwards there is sometlhing unlique
abouit the algae that results in the measuirenment of
glvcolate stimulation of oxygen evolution anid res-
piration. Othel- observations indicate that metabolic
changes relating to glvcolate metabolism and photo-
synthesis occur during the stage of cell division.

Clhanig (4) founid glycolate synthesis at this stage to
be millimum11l1 when conmpared to the entire life cycle
of both Scenedesmius and A nkistrodesmus. Exoge-
nously added glycolate is assimilated primarily at
this stage of the life cycle (Nelson and Tolbert un-
published). Senger and Bishop (16) have observed
that, in synchronous cultures of Scenedesmus, photo-
system II drops in efficiency during the stage of
cell division.

Discussion

Carboln dioxide acts as the natural electron ac-
ceptor for the NADPH produced by photosystem I.
As melntioned its presence in the medium greatl-
enhanced oxygen evolution and completely eliminated
the glycolate stimulation. Nitrate has also been
show-n to accept electrons from photosynthesis aind
to stimulate oxygen evolution in the absence of
carboni dioxide (5). Glyoxylate has been shown to
enhance electron flow in isolated spinach chloroplasts
by servingl as an electron acceptor for NADPH (1).
as catalyzed by glyoxylate reductase. With glycolate
and g]vcolate oxidase a cyclic process could occur
that would stimulate electron flow in the absence of
CO_. This M\{ehler type of reaction (11). as shown
in figure 4 with O2 as terminal electron acceptor,
wotuld not enhance net oxygen evolution, however,
since glycolate oxidase would utilize an equivalelnt
amotunit of oxygen for each glyoxalate produced. A
cyclic process such as this has been suggested for
Chorella by Buitt and Peel (3) and for higher plants
bv Asada et al. (1) and Zelitch alnd \Valker (22).

WVhile the explanation given in the previous
paragraplh could account for the data observed for
glvoxvlate with the algae which hav-e no glycolate
oxidase, it will not account for the data observed
witlh glvcolate. The observation, that the stimuila-
tion of oxygeen evolution by glycolate occuirs under
anaerobic conditions, indicates that oxygen is not
necessary for the formation of the active species, if
it were glyoxylate. TIhe presence of an enzyme
linking the oxidation of glvcolate to glvoxvlate with
oxygen has not been observed in algae (8). Previous
worik indicates that glycolate metabolism occurs an-
aerobically in Scenedesmulls (15). Produicts of the

2 H20 K| NADP+

Photosynthetic

F>gt Glycolote OIdase

_ . l. O i ase

02
(X)

Electron Transport Ne6uuTcse (dehydrogenase)

H20 + 020 l\= NADPH + H+ Glyoxylate H2C
(XH

ATP
FIG. 4. A proposed scheme to account for glycolate stimulation of oxvgen evolution.

I02+H20
Catalase

2

12)
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glycolate pathway, glveine. serine, and P-glycerate,
were produced during dark anaerobic glycolate-14C
assimilation (15). Thus it appears that glycolate
oxidation mav occur in Scenedesnmus, but that it is
not necessarily linked to oxygen. For this reason, it
is probable that glycolate is oxidized anaerobicallv in

these cells to glyoxylate, which in turn is reduced
by NADPH produced photosyntheticallv, thereby
stimulating oxygen evolution. In the oxidation of
glycolate, the ultimate, hydrogen acceptor in lieu of
oxygen is not known. Some time ago Kolesnikov
et al. (12) indicated that quinones could act as

acceptors for glycolate oxidation to glvoxvlate.
Such an oxidation might effect the oxidation reduc-
tion level of quinones in the photosynthetic electron
transport chain, and therefore indirectly rates of
oxygen evoluition.

Labeling data of Schou et al. (15) indicates that
glycol,.te passes through the glycolate pathway and
into the Krebs cycle when experiments were done
aerobically. Therefore glycolate stimulation of dark
respiration is most likely due to enhanced mitochon-
drial respiration. Respiration in the dark was stimu-
lated equally by both glycolate or glyoxylate (table
II). If glvcolate oxidation to glyoxylate involved
oxyg,en uptake an enhanced rate of ox gen uptake
over glyoxvlate would have been expected. but this
was not observed.

The importance of these phenomena in nature
has not been evaluated. Glvcolate concentrations in
natural waters have been determined to be in the
range of 0.1 mg to 1.0 mg/liter (6). WNhile this
concentration is below the amount used in this in-
vestigation, an extremely high algae concentration
of 2.7 % was used. Reabsorption of excreted glyco-
late can occur in natural populations of algae in the
light (6). Thus the possibility exists that glycolate
under conditions of low CO, occurring in nature
might stimntlate oxygen evolution. This process
would give the cells a method of making ATP by a

non-cyclic process when no other natural electron
acceptor was available.
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