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Abstract. The effect of 21 9% O, and 3 9% O, on the CO., exchange of detached wheat
leaves was measured in a closed system with an infrared carbon dioxide analyzer. Temperature
was varied between 2° and 43°, CO, concentration between 0.000 % and 0.050 % and light
intensity between 40 ft-c and 1000 ft-c. In most conditions, the apparent rate of photosynthesis
was inhibited in 21 % O, compared to 3 % O,. The degree of inhibition increased with
increasing temperature and decreasing CO, concentration. Light intensity did not alter the
effect of O, except at light intensities or CO, concentrations near the compensation point.
At high CO., concentrations and low temperature, O, inhibition of apparent photosynthesis

was absent. At 3 9 O,, wheat resembled tropical grasses in possessing a high rate of
photosynthesis, a temperature optimum for photosynthesis above 30°, and a CO, compensation
point of less than 0.0005 9o CO,. The effect of O, on apparent photosynthesis could be
ascribed to a combination of stimulation of CO, production during photosynthesis. and

inhibition of photosynthesis itself.

The apparent rate of photosynthesis. whether it
is measured as CO, assimilation or O, production,
is inhibited by oxygen in many plant species (19, 20).
This inhibition was first demonstrated by Warburg
(21), and it is rapidly reversible by the removal of
0. (17). Measurements of the magnitude of inhibi-
tion are often of the order of 30 to 409 in air,
although wide variations occur, depending on plant
species and environmental conditions.

The degree of inhibition of photosynthesis in-
creases in a non-linear fashion with increasing O,
concentration in higher plants (8). Chlorella (17)
and in isolated chloroplasts (7). Inhibition by O,
is often absent at high CO, concentrations (3). and
is greater at CO. concentrations below atmospheric
(17). In Chiorella at low CO, concentration,
temperature has no effect on the degree of inhibition
of photosynthesis over the range +4° to 23° (17).
Similar results are found with the moss Funaria
between 20° and 30° (19). In wheat, cotton, and
tobacco, however, recent data indicate that inhibition
increases between 30° and 40° (11). Most studies
show that the degree of O, inhibition is not affected
by moderate to saturating light intensities (2,13,
19,22). In several cases, inhibition has been found
to increase with increasing light intensity (19,22).
Little is known about the influence of very low light
intensity.

It is generally accepted that the inhibitory effect
of O, on apparent photosynthesis cannot be ascribed
to a stimulation of dark respiration in the light.
Respiration by leaves in the dark is almost com-
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pletely saturated by about 29 O, (1.8), while the
O, inhibition of photosynthesis is more pronounced
at much higher O. concentrations.

In the present investigation. the effect of ), on
photosynthesis in wheat was examined at different
temperatures, (O, concentrations and light intensi-
ties to determine the magnitude and significance of
the inhibition of photosynthesis.

Materials and Methods

Seeds of Triticum sativum L. were planted in
vermiculite, watered daily. and grown in a growth
room at 2000 ft-c light, 16 hour day. and 21 to
26/18 to 22° day/night temperature. In most ex-
periments, about twenty-five 10 to 14 day-old shoots
were detached, immediately immersed in water, and
recut 5 mm below the node. The cut shoots were
then transferred to a plexiglas chamber. When
intact plants were used, the seeds were planted in a
row so that shoots of the same age could be sealed
into a plexiglas chamber by a rubber gasket coated
with silicone grease. An 860 ml closed system was
used for all of the experiments, and a constant flow
rate of 2 liters per minute was maintained by a gas
pump. The CO, concentration in the gas stream
was measured from 0 te 0.060 9, CO, by a Beckman
215 Infrared Gas Analyzer. To measure O, con-
centration, a Clark oxygen electrode was used with
a Beckman Oxygen Adapter and a millivoltmeter.
O, concentration measurements were accurate to
*+ 1.0 %. Initial O, and CO, concentrations were
adjusted by flushing with N,, or with 21 ¢, O, and
00339 CO, in N,. A thermistor was placed
between 2 leaves in the chamber and temperature
was indicated on a Yellow Springs Company Tele-
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thermometer. Temperature was controlled by plac-
ing the chamber in a freezer and circulating water
through a jacket surrounding the chamber. Illumi-
nation was from a General Electric “Cool Beam”
lamp and the light was passed through 14 cm of
water to remove infrared radiation. Light intensity
in the chamber was varied by changing the position
of the lamp and by interposing sheets of Whatman
No. 1 filter paper. Intensity was measured using a
Gossen “Tri Lux” foot candle meter (Kling Photo
Corporation, New York). An illumination of 1000
ft-c was equivalent to approximately 5.6 X 10* erg
cm™ sec’? between 400 and 700 mp.

Plants were allowed to adjust to experimental
conditions for an initial 30 minute period in air.
No group of plants was used for longer than 3.5
hours or at more than 1 set of conditions. Every
experiment was done with at least 2 different groups
of plants. CO, assimilation rates in the closed
system were calculated from the time intervals re-
quired for the plants to decrease the CO, concen-
tration by 0.005 9,. Rates of photosynthesis given
in this paper are apparent CO, assimilation rates in
all cases. Percent inhibition of photosynthesis by
0. was calculated using the method of Bjorkman
(2). and carbon deficit was calculated using:
C.D. = 12(P,-P,)/44. P, and P.,, represent
apparent photosynthesis rates at 3 = 19, O, and
21 9, O, respectively: 12/44 represents the propor-
tion of carbon in CO..

Results

Effect of Temperature on the Oxygen Inhibition
of Photosynthesis at Normal CO, Concentration.
An initial experiment was carried out to determine
how temperature affected the apparent rate of photo-
synthesis in 21 9, and 3 9 O,. Rates were meas-
ured at 7 temperatures ranging from 2° to 43°.
Light intensity was 1000 ft-c, and the CO, concen-
tration was 0.030 9%. There was no significant
difference between apparent rates of photosynthesis
at 21 9 and 3 % O, below 13° (fig 1). Above this
temperature, however, the rate was always less in
21 9, O, than in 3 9, O,. The temperature optimum
was also different. In 21 9, O,, photosvnthesis was
most rapid between 20° and 26°, while in 3 9, O.,
30° to 36° was optimum. Thus, the inhibitory effect
of oxygen on the apparent rate of photosynthesis in
air is modified by temperature and can be eliminated
by low temperature.

Effect of Temperature and Oxygen Concentration
on the Carbon Dioxide Compensation Point. When
plants are placed in a sealed chamber in the light,
CO, is assimilated until an ambient CO, concen-
tration is reached at which CO, assimilation is in
equilibrium with CO, evolution. This concentration,
the CO, compensation point, is approximately
0.004 9, CO, for most plants and varies with tem-
perature and light intensity (6,23), figure 2 shows
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the effect of temperature and 21 ¢, and 39 O, on
CO, compensation point at 1000 ft-c light. Com-
pensation point increased with increasing tempera-
ture at both O, concentrations. The ratio of com-
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constant between 2° and about 353° and was equiva-
lent to the ratio of the O, concentrations used.
Above 35°, however, the ratio increased rapidly.
This increase corresponded to the sharp increase in
(O, compensation point in 39 O,, and also to the
decrease in the rate of ('O, assimilation in 39 O,
which was seen in figure 1. Tt appears therefore,
that above about 33° the balance between CO.,
assimilation and  CO, production in the light is
altered by a process which is active in 3¢, and
21 9% O..

Effect of Carbon Dioxide Concentration on the
Oxygen Inhibition of Photosynthesis at Different
Temperatures. At temperatures below 13°, it was
evident that CO, compensation point was propor-
tional to O, concentration, but the apparent rate of
photosynthesis at 0.030 9, CO, was not affected by
the O, concentration used. Because of this anomaly,
a thorough study of the changes in O, inhibition at
different CO, concentrations was carried out. Rates
of CO, assimilation in detached wheat plants were
measured at 4 temperatures between 13° and 35°
at (O, concentrations between 0.030 ¢, and the
CO, compensation point.  Light intensity was main-
tained at 1000 ft-c. Results of this study are given
in figures 3 and 4. Above 0.030 ¢, at 13° and above
0.040 % CO, at 19.0°, the 95 9, confidence intervals
overlap indicating that there was no significant
difference between the rates of CO, assimilation at
the two O, concentrations. In all other conditions,
the apparent rate of photosynthesis was less in 21 ¢

T T T ~T T T T T T T
| X 95% C.l. OF THE MEAN
— x===x 21% O,
= aofe——e 3% O
= | L
@ 4o}
o 50
o L L
~ 5 + -
o 20
T o L
~
O ot F L
= /l/ / (/
— rf rF/ b
/ /
0 lox—1 L 1 1 1 (1 L 1 1 1
L + + -
= L e e
< 4ol 259 °C .. - |3azc et
a e b .
- T .
L - n L e 4
od —oeXT 4 -
R e L A
O 1 s N e
= i / X r /- P
< * / | R e 4
-3 3°or i 3 X
= / .
= : SV ]
0 20 g7 3 a
L - 3 .
n ¥ g
P2 L / - / 4
/ B
~ 'O 8 ,x o , <
O / /
O /7 /
A 1 1 L 1 L i 1 1 1

000 00 002 003 004 005 OO0 001 Q02 003 Q04 005

CO, CONCENTRATION (%)

Iie. 3. Effect of CO, concentration. O, concentra-
tion, and temperature on the apparent ratc of photo-
synthesis in 1000 ft-c light.

PHYSIOLOGY

100} o « i

90

T
o,
1

8Ot :

7OF

PER CENT INHIBITIOMN
n W H (o) D
o o o Cl) Cl)
T T T

o
T

1 1
OO 40

TEMPERATURE (C°)

Fro. 4. Effect of temperature on the percent inhi-
bition of apparent photosynthesis by oxygen at different
CO,, concentrations in 1000 ft-¢ light.

0.. Measurements made with intact plants at 13°
and 34° showed a response to O, and CO, concen-
tration identical to the response of detached leaves.

Percent inhibition of apparent photosynthesis by
O, is given in figure 4. The data were calculated
from the values shown in figure 3. 100 ¢, inhibition
of apparent photosynthesis was equivalent to CO,
compensation point in 21 9, O,. It is clear that the
degree of inhibition increased with increasing tem-
perature. Except where the CO, concentration ap-
proached compensation point, the increase in inhibi-
tion appeared to be linear with the same slope at
all CO, concentrations. Also, at any 1 tempera-
ture, the percent inhibition decreased in a non-linear
fashion with increasing CO, concentration. O, in-
hibition of apparent photosynthesis is therefore most
pronounced at high temperature and low CO, con-
centration.

Effect of Light Intensity. In addition to these
studies at 1000 ft-c, the O, effect was also measured
at 400 ft-c and 40 ft-c. Observations were made
at 14° and 34° and at CO, concentration from
0.005 % to 0.050 9. (CO, compensation point was
elevated at low light intensity resulting in an increase
in percent inhibition at CO, concentrations near
compensation. Otherwise, light intensity did not
significantly alter the magnitude of the O, effect.

Carbon Deficit. Percent inhibition is a relative
measure of the O, effect and does not indicate
changes in the quantity of carbon assimilated. Table
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Table I. Effect of Temperaturc, CO, Concentration,
and Light Intensity on Carbon Deficit Caused by
O, in Detached Wheat Leaves

Temp CO,, conc Light intensity =~ Carbon deficit
° % ft-c  mg C 1 g fr wi?
13 0.030 1000 —0.051
13 0.015 1000 1.99
13 0.030 400 0.23!
13 0.015 400 1.81
34 0.030 1000 5.13
34 0.015 1000 4.76
34 0.030 400 3.98
34 0.015 400 4.14

1 Not significantly different from zero.

I shows the difference in carbon gain between 3 9,
‘O, and 219 O, in various environmental condi-
tions. It is apparent that high temperature greatly
increases the carbon deficit. The effects of CO.,
concentration and light intensity are smaller and
irregular. Thus, the inhibition of apparent photo-
syvnthesis by 21 9, O, can substantially reduce photo-
synthetic productivity in wheat, particularly at high
temperatures.

Discussion

The data presented above indicate that the inhibi-
tion of apparent photosynthesis by O, in vyoung
wheat shoots increases with increasing temperature
and decreasing CO, concentration. Light intensity
has no effect except at the compensation point. In
air, the inhibition is insignificant below 13°. These
results extend and are in accord with previous studies
using higher plants (2,8,11,13). A similar effect
of CO, concentration has been observed in the alga
Chlorella (17) and in the moss Funaria (19). In
Chlorella and Funaria however, the O, effect was
not temperature sensitive and the influence of light
intensity varied.

The CO, compensation point results confirm
earlier studies which demonstrated that CO, com-
pensation point is directly proportional to O, con-
centration (8, 18). Above 35° in wheat, however,
this relationship was disturbed in a way which can
be ascribed to either a decrease in the true rate of
photosynthesis or tc an increase in the rate of CO,
production in the light. Whether one or both of
these alternatives occurred cannot be concluded from
the results obtained.

Many tropical grasses (10), such as corn, have
very high rates of apparent CO, assimilation (11,
16) and CO, compensation points less than 0.0005 9
CO, (5,15). Most other plants, like wheat, nor-
mally have lower apparent rates of photosynthesis
and CO, compensation points of about 0.004 9, CO..
It is interesting to note how wheat resembles tropical
grasses when the O, concentration is low. At 39
0O,, the rate of CO, assimilation approaches that of

corn (11), and the CO, compensation point is de-
creased to close to 0.0005 9, CO,. Also, it was
observed in the present study (fig 1) that the
optimum temperature for photosynthesis increased
from 20-26° to 30-36° when the O. concentra-
tion was decreased from 219 to 3 9. Murata,
Ivama, and Honma (16) have previously found that
the optimum temperature for apparent photosynthesis
in wheat and most forage crops was 10 to 23°, while
in tropical grasses photosynthesis was most rapid
at 25 to 40°. At low O, concentration, therefore,
gas exchange in wheat was comparable to that in
tropical grasses with respect to CO, compensation
point, rate of photosynthesis, and optimum tempera-
ture for photosynthesis. While CO, fixation in
wheat and most other species seems to occur by the
Calvin cycle (4), a different carboxylation pathway
has been demonstrated in tropical grasses (9, 10).
It will be interesting to know whether the carboxyla-
tion pathway in wheat is altered at low O, con-
centration.

Several suggestions have been advanced con-
cerning the manner in which O, inhibits apparent
photosynthesis (19), and one possibility which is
receiving much current attention is that of photo-
respiration. Recent evidence has indicated that CO,
production during photosynthesis differs in magni-
tude and mechanism from dark respiration (14,18,
23). In particular, photorespiration is enhanced by
much higher O, concentrations than are required to
saturate dark respiration. O,-stimulated photores-
piration could depress the apparent rate of photo-
svnthesis through competition for the CO, acceptor
or a precursor of it, and by the production of CO.,
in the light.

Figure 2 and previous studies of CO, compensa-
tion (8,18) demonstrate that either photosynthesis
is inversely proportional or photorespiration is di-
rectly proportional to O, concentration, or there is
a mixed effect. In figure 3, the response of photo-
synthesis to CO, concentrations just above compen-
sation is similar in 3 9% and 21 9, O,. From these
observations it can be concluded that at CO, con-
centrations near the compensation point, the major
portion of the O, effect is on photorespiration and
not on true photosynthesis.

In conditions where CO, does mnot limit the
apparent rate of photosynthesis, the absence of an
O, effect may indicate an absence of photorespiration.
It is possible, however, that at CO, saturation, photo-
respiration will not influence the apparent rate of
photosynthesis. This situation would occur if photo-
respiration oxidizes an intermediate between the
CO, fixation step and the limiting step of photo-
synthesis. These considerations are interesting in
the light of recent evidence demonstrating that the
substrate of photorespiration is a very early photo-
synthetic product (12). At high CO. concentra-
tions, therefore, the absence of an O, effect does not
necessarily establish the absence of photorespiration.
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