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Increasing Photosynthesis by Inhibiting Photorespiration 
with Glyoxylate 

Abstract. Glyoxylate treatment doubles net photosynthetic carbon dioxide fixation 
by tobacco leaf disks because inhibition of glycolate synthesis by glyoxylate results 
in decreased photorespiration. These observations show that photorespiration can 
be metabolically regulated and suggest that genetic or chemical alteration of pool 
sizes of certain metabolites can produce plants with increased photosynthesis. 
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Abstract. Glyoxylate treatment doubles net photosynthetic carbon dioxide fixation 
by tobacco leaf disks because inhibition of glycolate synthesis by glyoxylate results 
in decreased photorespiration. These observations show that photorespiration can 
be metabolically regulated and suggest that genetic or chemical alteration of pool 
sizes of certain metabolites can produce plants with increased photosynthesis. 

In most crops at least half the COs as- 
similated during photosynthesis is lost 
by photorespiration (1, 2). This rapid 
loss of CO2 diminishes net photosyn- 
thesis and yields (3). The synthesis and 
subsequent oxidation of glycolate 
(CH2OHCOO-) largely account for the 
production of photorespiratory CO2 (3). 
Photorespiration is slow in the few 
photosynthetically efficient crops (4) 
such as maize, sorghum, sugarcane, and 
millet, presumably because the rate of 
glycolate synthesis is slow (5). Net pho- 
tosynthesis is usually greater and crop 
yields are accordingly higher in these 
species (6). 

Glycolate is synthesized early in pho- 
tosynthesis (7) and is oxidized to glyoxy- 
late (CHOCOO-) and further metabo- 
lized by reactions in the glycolate path- 
way of carbohydrate metabolism (8). 
Photorespiratory COz is released during 
one or more steps of the pathway (9). 
Blocking glycolate oxidation with oa-hy- 
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droxysulfonates (10), or glycolate syn- 
thesis with epoxides such as glycidate 
(11), inhibits photorespiration in disks 
cut from leaves of the inefficient species 
tobacco and increases net photosynthe- 
sis at least 50 percent. 

We have sought ways of regulating the 
glycolate pathway that slow glycolate 
synthesis in order to lay a biochemical 
foundation for genetically altering photo- 
respiration (12). Recently, we found that 
glycolate synthesis is inhibited in to- 
bacco leaf disks when they are floated on 
solutions of L-glutamate, L-aspartate, 
phosphoenolpyruvate, or glyoxylate (13, 
14). We describe here the inhibition of 
photorespiration and the doubling of net 
photosynthesis when leaf tissue is 
treated with glyoxylate, an intermediate 
of the glycolate pathway. 

Disks floated on 5 to 25 mM potassium 
glyoxylate (pH 4.6) showed a 1.2- to 2.3- 
fold increase in their net rate of photo- 
synthetic 14CO2 fixation compared with 
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Fig. 1 (left). Effect of glyoxylate concentration on increase in net photosynthetic CO2 fixation in 
tobacco disks. Control rates with water were arbitrarily taken to equal 100 percent. In each 
sample, six 1.6-cm-diameter disks from tobacco leaves (var. 'Havana Seed') whose leaf stomata 
opened well in the light (21) were strung together by a cotton thread and placed in a 75-ml 
Warburg flask containing 1.0 ml of the solution indicated. After 1 hour at 30?C with an irradiance 
of 325 ,ueinstein m-2 sec-' (400 to 700 nm) a continuous stream of 14CO2 (600 ppm) of known 
specific radioactivity was passed through the flask at 250 ml min-' (13). After 5 minutes the 
disks were removed to boiling 20 percent ethanol and homogenized, and the amount of 14C fixed 
was determined. The control rates [micromoles of 14CO2 fixed per gram (fresh weight) per hour] 
were: (.) 60.3, (o) 52.4, (A) 47.0, (U) 34.4, and (O) 38.0. Fig. 2 (right). Inhibition of glycolate 
synthesis in tobacco leaf disks floated on glyoxylate solution. In each sample, six 1.6-cm leaf 
disks were floated in 50-ml beakers on 1.5 ml of either water or the glyoxylate solutions for 1 
hour with an irradiance of 390 /einstein m-2 sec-1 at 30?C. The disks were then washed twice 
with 1.5 ml of water and plunged into boiling 20 percent ethanol either directly (o) or after the 
water had been replaced with 2.5 ml of 10 mM a-hydroxy-2-pyridinemethanesulfonic acid for 3 
minutes (e). After the killed tissue was homogenized, the glycolate fraction was collected by ion 
exchange chromatography on Dowex-1 acetate (5) and assayed colorimetrically (11). 
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disks on water (Fig. 1). The stimulation 
was dependent on glyoxylate concentra- 
tion, and at 15 mM glyoxylate was about 
2.0-fold. For photosynthetic measure- 
ments a CO, concentration of 600 parts 
per million (ppm) was used because half- 
maximal rates of CO2 fixation occurred 
at this concentration with leaf disks (13). 
Glyoxylate treatment could not have 
stimulated CO2 fixation by supplying a 
substrate for some rate-limiting step, be- 
cause the increase in net photosynthesis 
approached 50 g/mole of CO2 per gram 
(fresh weight) per hour (Fig. 1), while 
the rate of metabolism of added 
[I4C]glyoxylate under similar conditions 
was only 1.8 to 1.9 ,rmole g-1 hour-'. 

The increase in net photosynthesis 
caused by glyoxylate results from an in- 
hibition of photorespiratory CO2 release. 
Photorespiration was measured as the 
ratio of previously fixed 14CO2 evolved 
into a stream of C02-free air in the light 
over that in the dark (10). The ratio was 
decreased from 4.4 for disks floated on 
water to 1.9 for disks on glyoxylate (10 
mM, pH 4.6, for 60 minutes). Although 
the rate of 14C02 release in the dark re- 
mained unchanged throughout the treat- 
ment, the rate in the light was decreased 
by 57 percent. Thus the glyoxylate treat- 
ment inhibited only the light-dependent 
component of respiration (that is, photo- 
respiration). 

The inhibition of photorespiration by 
glyoxylate is associated with a decrease 
in glycolate synthesis. The synthesis was 
determined by measuring glycolate ac- 
cumulation during a 3-minute exposure 
to a-hydroxy-2-pyridinemethanesulfonic 
acid, a potent inhibitor of glycolate oxi- 
dase in leaf disks (2). Floating disks in 
the light on glyoxylate solution for 1 hour 
without sulfonate causes a 40 to 60 per- 
cent increase in the low steady-state con- 
centration of glycolate normally in the 
tissue (Fig. 2). This small increase in the 
glycolate pool, which may result from 
the rapid activities of reduced nicotin- 
amide-adenine dinucleotide (or reduced 
nicotinamide-adenine dinucleotide phos- 
phate) glyoxylate reductases (5, 15), was 
subtracted from the glycolate accumula- 
tion in the presence of sulfonate. The 
rate of glycolate accumulation in the 
presence of the sulfonate was inhibited 
20 to 80 percent, depending on glyoxy- 
late concentration (Fig. 2). At 15 mM 
glyoxylate, glycolate synthesis was in- 
hibited about 50 percent [equivalent to at 
least 50 ,tmole of CO2 fixed per gram 
(fresh weight) per hour]. 

The inhibition of glycolate synthesis in 
disks caused by 20 mM potassium 
glyoxylate (pH 4.6) can be reversed by 
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replacing the glyoxylate solution with 
water. Inhibition is partially reversed af- 
ter 1 hour and fully reversed after 2 
hours. Floating disks for 1 hour on 20 
mM glyoxylate increased the glyoxylate 
concentration in the tissue from 0.61 to 
0.87 Amole g-1 (16). After the glyoxylate 
had been replaced by water for 1 hour 
the concentration fell to 0.66 umole g-1, 
and after 2 hours it was back to 0.59 
ttmole g-1. The glyoxylate concentration 
in control disks floated on water through- 
out the experiment remained constant. 
Whereas these values are based on the 
glyoxylate contained in the whole tissue, 
glycolate synthesis and elevated glyoxy- 
late concentration may be compart- 
mentalized. 

The reestablishment of rapid glycolate 
synthesis after the glyoxylate solution is 
replaced with water differs from the pro- 
longed inhibition caused by glutamate, 
which is not reversed even 4 hours after 
glutamate is replaced with water (13). 
The differences in the reversibility of 
their inhibitory effects and in the magni- 
tude of their increase in net photosynthe- 
sis suggest that glutamate and glyoxylate 
inhibit glycolate synthesis by different 
mechanisms. Because glyoxylate is the 
first product of glycolate metabolism, it 
may inhibit glycolate synthesis in vivo 
by a feedback mechanism early in the 
pathway to block photorespiration. Al- 
ternatively, a metabolic product of 
glyoxylate may be regulating glycolate 
synthesis. 

Unlike the effect on intact leaf tissue, 
glyoxylate is a potent inhibitor of photo- 
synthetic 14CO2 fixation by spinach 
chloroplasts isolated and assayed as in 
(17); half-maximal inhibition occurred 
with 25 /xM glyoxylate. The inhibition 
may result from the ability of glyoxylate 
to remove photosynthetically produced 
NADPH by the glyoxylate reductase re- 
action (15, 18). Glyoxylate (10 mM) had 
no effect, however, on the rate of 14CO2 
fixation by purified spinach ribulose 
diphosphate carboxylase, assayed as de- 
scribed in (19), and did not alter the inhi- 
bition of this activity by 100 percent 02 
(Warburg effect). Glyoxylate, therefore, 
is not inhibiting glycolate synthesis by 
acting directly on the oxygenase activity 
of ribulose diphosphate carboxylase, a 
possible source of glycolate (20). Other 
reactions may be responsible for glyco- 
late synthesis (1, 6). 

Since glyoxylate treatment under 
these conditions can stimulate net photo- 
synthesis by a factor of 2.0, CO2 assimi- 
lation is not limited by the activity of 
ribulose diphosphate carboxylase or 
photosynthetic electron transport and 

adenosine triphosphate production, but 
rather by the partitioning of photosyn- 
thate between the carbon reduction (Cal- 
vin) cycle and the glycolate pathway. By 
specifically inhibiting glycolate produc- 
tion with an intermediate of the glycolate 
pathway, albeit one that is readily me- 
tabolized to other compounds, one can 
double the photosynthetic rate. This 
demonstrates that at least 50 percent of 
the carbon fixed is lost through photores- 
piration. 

Our knowledge that altering the pool 
size of common metabolites can increase 
photosynthesis by inhibiting glycolate 
synthesis and photorespiration suggests 
that chemical or genetic regulation of 
such compounds can produce plants 
with higher rates of photosynthesis. Mu- 
tant plant cells may be selected for slow- 
er glycolate synthesis and photorespira- 
tion (6, 12), perhaps by changing their 
concentrations of glyoxylate or gluta- 
mate. Plants derived from such cultures 
may convert solar to chemical energy 
more efficiently with a consequent in- 
crease in yield. 

DAVID J. OLIVER 
ISRAEL ZELITCH 

Department of Biochemistry, 
Connecticut Agricultural Experiment 
Station, New Haven 06504 
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