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ABSTRACT

Concurrent O: evolution, O: uptake, and CO: uptake by illu-
minated maize (Zea mays) leaves were measured using *CO:
and *Q.. Considerable O: uptake occurred during active photo-
synthesis. At CO: compensation, O: uptake increased. Associ-
ated with this increase was a decrease in O: release such that a
stoichiometric exchange of O: occurred. The rate of O: ex-
change at CO: compensation was directly related to O: concen-
tration in the atmosphere at least up to 8% (v/v).

When illuminated maize leaves were exposed to saturating
CO: concentrations containing approximately equal amounts
of *CO; and **CO., the latter was taken up more rapidly, thus
depressing the atom % **C in the atmosphere. Moreover, upon
exposure to CO: containing 96 atom 9, **C, there occurred a
directly measurable eflux of “*CO. from the leaves for at least
15 minutes. During this period an equimolar evolution of **O.
and uptake of *CO: was observed. Thereafter, although the
rate of 0. evolution remained unchanged, the rate of **CO-.
uptake declined markedly, suggesting continual **C enrich-
ment of the photorespiratory substrate.

It is concluded that a finite photorespiratory process occurs
in maize and that the CO: generated thereby is efficiently re-
cycled. Recycling maintains the internal CO: concentration at
a level difficult to detect by most photorespiratory assays.

Maize lacks most of the common external indices of photo-
respiration. Its CO, compensation concentration (I¥) ap-
proaches zero at temperatures less than 30 C (28, 29, 42) and
is unaffected by O. concentration (7, 10); it releases little or
no CO, to CO.-free air (8, 30) or even to CO.-free oxygen (48);
it fails to exhibit a CO, burst upon darkening (6, 10, 42); its
net photosynthetic rate is not stimulated by lowering the am-
bient O, concentration from 21 to 2% (3, 5, 7, 14, 18); and it
does not depress the specific radioactivity of *C during photo-
synthetic CO, fixation (15, 45). The absence of these external
photorespiratory indices can be interpreted in two ways: maize
either lacks photorespiration altogether, or it recycles photo-
respiratory CO. with considerable efficiency.

Several lines of evidence support the latter interpretation.
Maize leaves do contain peroxisomes (41), the organelle com-
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monly associated with photorespiration. In addition, illumi-
nated maize leaves can synthesize the primary photorespiratory
substrate, glycolate (46), and can metabolize it both in light
and darkness (7, 22, 31, 37, 47). Finally, appreciable O, is
taken up by maize leaves when illuminated at I" (19).

In the present report we shall examine the O. exchange
phenomenon (19) in greater detail and shall submit two addi-
tional types of evidence which indicate that maize does in-
deed have an active photorespiratory process.

MATERIALS AND METHODS

General Experimental Procedure. Zea mays varieties NC
222 X NC 83 and Golden Cross Bantam were grown in the
greenhouse and field, respectively. In most experiments two or
three tips (17 cm long) of mature leaves were excised under
water and enclosed in a 940-cm® Plexiglas leaf chamber (43).
After flushing the chamber with N, for 7 to 10 min, we in-
jected predetermined amounts of argon (an internal standard),
"0,, and *CO,. The contained gases were circulated at 50
cm® sec™, and perjodically 0.25-cm® samples were introduced
directly into a mass spectrometer for analysis. Illumination,
provided by a 750-w projection lamp, was filtered through 10
cm of water and measured with a Weston model 756 illumi-
nation meter. The equipment provided air temperature control
at 0.5 C of the values indicated in the figure legends.

The light intensity, 500 to 600 ft-c. used in these experi-
ments provided optimal conditions for measuring steady state
rates. At higher intensities, CO, was depleted too rapidly for
precise measurement. Meidner (28) has reported that the T
of maize leaves was 4 ul/liter or less at 600 ft-c provided the
temperature did not exceed 35 C. Since the air temperatures
in our experiments ranged from 28 to 34 C, we consider the
results reported herein to be typical of maize exhibiting low
T values.

In some experiments the oxygen data have been corrected
to include a minimal estimate of *®O, recycling (19, 20). These
data have been labeled “O, uptake” and “O. release” without
reference to the isotopic species measured. They are, of course,
still minimal estimates of actual O, uptake and O. release (19,
20).

Direct Measurement of CO, Efflux. The primary objective
of the final experiment (Figs. 7 and 8: Table I) was to expose
an illuminated maize leaf to highly enriched *CO, (96 atom %
*C) and to measure at 30-sec intervals thereafter the quantity
of *CO. and of **CO; in the chamber. To accomplish this, we
constructed a rapid sampling device (Fig. 1) and used it in con-
junction with a small chamber (153 cm®) bearing side flask A
(56 cm®). The latter could be quickly incorporated into or iso-
lated from the system by turning a four-way stopcock 90°.

Prior to the experiment a set of sample tubes (Fig. 1) was
filled with boiled, distilled, N.-saturated water. A maize leaf
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FiG. 1. Photosynthesis chamber and rapid sampling device. See text for details.

segment was enclosed in the chamber, and its net photosyn-
thetic capacity was determined at 500 ft-c. After flushing of the
apparatus with N,, appropriate amounts of *Q, and *CO, were
injected into the chamber and side flask, respectively. Rapid
exposure of the leaf to *CO, was accomplished by incorporat-
ing the side flask into the system.

One set of samples was taken at 11- to 15-min intervals, in-
troduced directly into the mass spectrometer through stopcock
E, and analyzed at once. Concurrently, a second set of samples
was taken at 30- to 120-sec intervals and stored in sample
tubes for subsequent analysis. The latter set was taken by
the following procedure. Side flask A was connected to a rapid
sampling device via a length of flexible, stainless steel capillary
tubing, B. This tubing extended through serum cap C and
through the stopcock of a water-filled sample tube. To take a
sample, water was withdrawn rapidly from the sample tube
with the syringe, the water being replaced by gas from the side
flask. After a sample was taken, the capillary tubing was par-
tially withdrawn, the stopcock was closed, and the sample tube
was replaced with another. As each sample tube was removed,
the pressure was quickly equalized by water entering the side
flask via capillary B. This prevented contamination of the fol-
lowing sample by gas which might have remained in the capil-
lary. To avoid contamination of the sample with O,, we con-
tinuously flushed the water surrounding the sample tube with
N. through manifold D. Likewise, the sample tubes were
stored under N.-flushed water until analyzed.

RESULTS

Oxygen Uptake by Maize. The data in Figure 2 are typical
of those of a number of experiments in which illuminated
maize leaves were exposed to 97 atom % *O, at oxygen con-
centrations ranging from 2 to 8% (v/v) and air temperatures
from 28 to 34 C. Significant O, uptake during active CO, fix-
ation was characteristic of maize leaves. Moreover, when

photosynthesis had depleted CO; to T, the rate of O. uptake
was accelerated. Concurrently, the rate of O. evolution de-
clined. As a consequence, there occurred at I' an equimolar ex-
change of oxygen.

Since in high T plants photorespiration is stimulated by O,
it was of interest to examine the effects of increasing O, con-
centration on O, exchange by maize. To accomplish this, we
sequentially exposed illuminated maize leaves at T' to O,
concentrations ranging from 0.14 to 7.82% (v/v). At each
concentration, O, uptake and release were measured for 1.5 to
2.5 hr to provide a valid estimate of the steady state rate. This
is illustrated in Figure 3, where 0.46% O, was used. The slopes
of the linear regression lines were calculated by the least
squares method. These slopes are plotted as a function of oxy-
gen concentration in Figure 4 to portray the over-all increase
in O, exchange as ambient O, increased to 8% (v/v).

Relative Uptake of “CO. and “CO, by Maize. The pattern
of *CO, and *CO, uptake characteristic of illuminated maize
at high CO. concentrations is illustrated in Figure 5. Based on
their relative molar concentrations, *CO, was taken up con-
siderably faster than *CQ,. This caused a continual decline in
the atom % **C from 58 to less than 51 during the 5-hr photo-
synthetic period. An experiment of long duration was selected
to document the intransient nature of this phenomenon.

To show more clearly the approach of each isotopic species
to its compensation concentration, we have replotted the data
beyond 5 hr on an expanded scale in Figure 6. It is apparent
that *CO, approached its compensation point more rapidly
than did *CO.. Six hours after CO. injection the **CO, concen-
tration was essentially zero, within the limits of detection by
the mass spectrometer. At this same time the *CO, concentra-
tion was finite, measurable, and still declining. The precipitous
drop in atom % *C is a natural consequence of the more rapid
approach of *CO. to its compensation concentration.

Carbon Dioxide Evolution by Illuminated Maize. After pre-
treatment with *CO., an illuminated maize leaf was exposed to
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CO, containing 96 atom % *C. This saturated the photosyn-
thetic system with *CO,, thus making possible the measure-
ment of “CO, exiting from the leaf during active photosyn-
thesis. For a period of 15 min the “CO, content of the
chamber increased slowly, while photosynthesis rapidly de-
pleted *CO. (Fig. 7). The rates were 15 and 262 ymoles dm™
hr, respectively. It is of interest to note that *CO, was evolved
from the maize leaf against a “CO, concentration over twice
that in normal air, 2.8 umoles “CO, per chamber.

The over-all patterns of *CO, uptake and *CO, release are
presented in Figure 8. For clarity, only four of the 16 data
points taken during the first 15 min have been plotted. After
the initial period of *CQ, release, there occurred an extended
period during which both *CO, and *CO, were taken up by
the leaf. The decline in atom % *C reflects the more rapid up-
take of CO, than *CQ,, relative to their molar concentrations.

In this experiment, **O, was present both during exposure
of the maize leaf to **CQ, and during the following period at
T. The rates of O. exchange are listed in Table I along with
those for CO.. Little change occurred in **O. evolution until
T was reached; it then decreased markedly from 257 to 54
pmoles dm™ hr™. Likewise, O, uptake remained constant as
long as the CO. supply lasted. Thereafter it increased from 31
to 50 umoles dm™ hr™.

Of special interest is the high rate of “*CO, uptake during the
first 15 min after exposure to the isotope. This rate, 262 umoles
dm™ hr™, was considerably higher than the steady rate of net
CO. fixation during phase I, 191 ymoles dm™ hr™. Moreover,
it exhibited a stoichiometric relationship to the rate of O,
evolution. Although the latter remained constant, the rate of
*CO, uptake declined by 45% during the photosynthetic pe-
riod. Since the decline was not offset by a comparable increase
in *CO, uptake, the *CO, + *CO, uptake/*0, release quotient
dropped from 0.96 to 0.63.

DISCUSSION

Illuminated maize leaves took up considerable O, both dur-
ing active photosynthesis and at T' (Fig. 2). In our experience
the O, uptake rate at I has always exceeded that in the pres-
ence of abundant CO,. Moreover, the uptake of O, at T was
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FiG. 3. Oxygen uptake and release at CO, compensation by excised leaves of maize, NC 222 X NC 83, at 34 C air temperature and 600 ft-c.
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FiG. 7. Changes in concentration of 2CO, and B3CO; in a closed system during the first 15 min after exposure of an illuminated (500 ft-c) leaf
of maize, Golden Cross Bantam, to 1.64S, CO, containing 96 atom ¢}, *C. Air temperature was 28 C and initial O, concentration was 8.29, (v/v).

FiG. 8. Changes in concentration of 2CO, and *CO, in a closed system containing an excised leaf of maize, Golden Cross Bantam, illuminated
at 500 ft-c and exposed initially to 1.64¢; CO, and 8.29, O, (v/v) in a 28 C environment.

dependent on O, concentration at least up to 8% (Fig. 4). The
biphasic nature of the dependency of O, exchange on ambient
O. concentration (Fig. 4) suggests the possibility of two sepa-
rate processes involving O, uptake, one of which is saturated
at about 2% O, whereas the other is linearly related to O, con-
centration at least to 8% O,.

The O, exchange phenomena in maize are similar to those
reported previously for Phaseolus vulgaris and Glycine max
(32, 35, 36), both of which are high T species. As in maize, O,
uptake was stimulated upon transition to T" and was directly
related to O, concentration. It is of considerable interest that
in G. max at least half of the O, exchange at T' was associated
with a concurrent release and refixation of CO. (32). This
conclusion was derived from experiments in which O, exchange
was measured first at T and then during a period in which the

circulating gas stream was scrubbed with alkali to remove CO..
Comparable experiments with maize have not been conducted.
Hence, it is not yet possible to estimate what fraction of the
O, exchange of maize is associated with CO, recycling.

It is conceivable that O, uptake by illuminated maize may
be attributed in part to oxidation of photosynthetically re-
duced ferredoxin or other intermediates at the reducing side
of photosystem I (20) without concomitant photorespiratory
CO, generation. This can be considered a Mehler reaction
(26, 27) in which O, substitutes for NADP as the terminal elec-
tron acceptor during photophosphorylation (11, 23). Such a
reaction occurs in fragmented spinach chloroplasts in which
an equimolar exchange of O, is accompanied by ATP synthesis
(24, 33). Since the photophosphorylation occurs during trans-
fer of electrons from H,O to O, this process has been called
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Table 1. Oxygen and Carbon Dioxide Exchange by Illuminated
Maize

Rates of 12CO, and 13CO, uptake and release (negative sign),
160, release, and 180, uptake by an excised leaf (0.57 dm?) of maize,
Golden Cross Bantam, during pretreatment with 2CO, (phase I),
after exposure to CO, containing 96 atom ¢ 3C (phase II), and
at CO, compensation (phase III). Illumination was 500 ft-c and
air temperature was 28 C.

. Time after Average?:\o\;erage N . L BCO. 1O. 50,

g min : umoles dm== hir=1
I —-60-0 1.36 ° 2.0 ; 191 . 245 1
1 0-15 | 1.64 8.4 —15.0 262 257 ...
15-43 1.14 9.1 -5.8t012.3 196 257 31
43-69 ‘0.80 9.8 19.2 142 257 31

! ! i

111 ‘ 69-155 i 10.2 54 50

! Jsotope not present.

“oxygen-linked noncyclic photophosphorylation™ (1). Its im-
portance may lie in providing sufficient ATP, in addition to
that produced during NADP synthesis, to convert CO, to the
level of carbohydrate (13, 16, 36).

Heber (13) has proposed that the relative transfer of elec-
trons to NADP and O. during photosynthesis is regulated by
the NADPH/NADP ratio. As this ratio is increased, by a
shortage of either ATP or CO,, additional ATP is synthesized
by electron transfer to O,. Thus, electron transfer to O. likely
occurs only when NADP is limiting. The higher affinity of re-
duced ferredoxin for NADP than for O, (1) lends credence to
this concept.

If the product of O, uptake by maize is H.O., as in the
Mehler reaction (26), then a mechanism must exist for H,O,
removal. The process of photorespiration may play a dominant
role in this mechanism. Coombs and Whittingham (4) have
suggested that the H,O, produced by transfer of electrons from
reduced ferredoxin to O, oxidizes a two carbon precursor of
glycolate. Alternatively, Ogren and Bowes (34) have proposed
that O, concurrently inhibits photosynthesis and stimulates
photorespiration by oxidation of ribulose diphosphate to 3-
phosphoglycerate and phosphoglycolate (see Ref. 12). Both
proposals indicate that the production of glycolate, a photo-
respiratory substrate, is directly linked to O, uptake by the
chloroplast. Subsequent metabolism of glycolate to serine, via
glyoxylate and glycine, is considered to be the source of photo-
respiratory CO, (22). To the extent that these reactions occur
in maize, O, uptake may indeed reflect photorespiratory ac-
tivity. If so, the lack of external indices of photorespiration
must be attributed to a very efficient recycling of photorespira-
tory CO,. This likely occurs in part through the unique cellu-
lar arrangement (17, 38) characteristic of maize and other low
T plants. The presence of high concentrations of phospho-
pyruvate carboxylase in the mesophyll cells of maize (2, 39, 40)
and the strong affinity of this enzyme for CO. (9, 25, 44) sug-
gest that these cells are able to maintain their internal CO, con-
centration near zero. Under these conditions, most methods
for detecting photorespiration would indicate its absence, for
they depend on the maintenance of an internal CO, level sig-
nificantly above zero. A low internal CO, level could account
for the nearly equimolar uptake of *CO, and *CO. by maize
exposed to low (atmospheric) CO, levels (15, 45). Under these
conditions the diffusion of each CO, species would be directly
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proportional to its atmospheric concentration if its internal
concentration were essentially nil.

Accepting this as a working hypothesis, we reasoned that if
the photosynthetic capacity of maize were saturated by expo-
sure to a high level of CO, containing appreciable **C, photo-
respiration, if active, should significantly increase the internal
*CO,/*CO; ratio relative to that in the atmosphere. The re-
sultant decrease in the “*CO, concentration gradient would de-
press *CO, diffusion into the leaf compared to *CO,, thereby
lowering the atom % *C of the atmospheric CO. during photo-
synthesis. This did in fact occur (Fig. 5), and the change in
atom % *C diminished with time, probably reflecting increas-
ing enrichment of the photorespiratory substrate with *C.
However, the continued decline in atom % *C throughout the
5-hr period and the slower approach of *CO. to its compensa-
tion concentration (Fig. 6) both indicate that a considerable
fraction of the photorespiratory substrate was derived from
endogenous sources. An alternate explanation, the existence of
a large pool of glycolate, seems unlikely, since glycolate ac-
cumulates in higher plants only in the presence of an inhibitor
of glycolic acid oxidase (46).

In experiments of the type reported in Figure 5, both *CO.
and *CO, diffused into the leaf because both were present in
high concentration. Assuming that the slower rate of *CO.,
uptake truly reflects an active photorespiratory process, we
hypothesized that an actual **CO, efflux from the leaf might be
measured during active photosynthesis if a leaf were exposed
rapidly to nearly pure *CO,. Under these conditions the photo-
synthetic capacity would be saturated with *CO,, and photo-
respiration would increase the internal *CO. concentration.
To the extent that this concentration exceeded that in the at-
mosphere, *CO:, diffusion from the leaf would occur.

Carbon dioxide containing 96 atom % *C was utilized in
the experiment reported in Figures 7 and 8. Although the
*CQ, concentration was over twice that found in air, “CO,
diffused from the leaf at a measurable rate for 15 min. After
this time the *CO./*CO. ratio had so increased that both spe-
cies diffused into the leaf. Enrichment of the photorespiratory
substrate with **C likely accelerated this occurrence.

The physical evolution of CO. from an illuminated maize
leaf during photosynthesis provides conclusive evidence that a
photorespiratory process does exist in this species. It may re-
flect CO, release via one or several pathways, such as the
glycolate pathway, the citric acid cycle, or the decarboxyla-
tion of malate, a possible CO; carrier from mesophyll to bundle
sheath cells (6, 21). A valid estimate of the over-all rate of CO,
release cannot yet be made, for the extent of internal recycling
is unknown. Thus the value reported in Table I, 15 pmoles of
CO, dm™ hr?, must be considered to be minimal under the
conditions employed. Perhaps the rate of *O, uptake meas-
ured during the latter part of phase II, 30 umoles dm™ hr™,
provides a more realistic estimate of photorespiratory activity.
However, it should be emphasized that a stoichiometry be-
tween O, uptake and CO. generation has not yet been demon-
strated for illuminated maize.

Additional insight can be gained by an examination of the
oxygen exchange data (Table I). The constancy of *O, evolu-
tion attests to the constancy of noncyclic electron transport,
i.e., the generation of reductant. In contrast, the over-all up-
take of CO, from the atmosphere declined significantly during
the course of the experiment. That the biochemical capacity
of the leaf was sufficient to utilize all the reductant for CO.
fixation is evident from the stoichiometry of O, release and
*CQO, uptake during the first 15 min of phase II. Thereafter,
it appeared that internal recycling of **CO. depressed *CO,
uptake from the atmosphere. Note that the increase in *CO,
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uptake was much less than the decline in *CO, uptake. Thus
the total uptake of CO, from the atmosphere exhibited a sub-
stantial decline, 91 umoles dm™ hr”, providing yet another
estimate of photorespiratory CO, production and recycling.

In summary, the oxygen-dependent O. uptake by maize, the
discrimination against *COQ,, and the demonstration of an
actual *CQ, efflux during active photosynthesis lead us to con-
clude that there occurs in maize a finite photorespiratory proc-
ess which is ordinarily masked by the high efficiency with
which photorespiratory CO; is recycled.

LITERATURE CITED

1. Arvox, D. 1., H. Y. TstiyimMoro, aAxp B. D. McSwaix, 1967. Ferredoxin and
photosynthetic phosphorylation. Nature 214 : 562-566.

2. BERRY, J. A., W. J. S. DownToN, AND E. B. TREGUNNA. 1970. The photo-
svnthetic carbon metabolism of Zea mays and Gomphrena globosa: the
location of the CO: fixation and carboxyl transfer reactions. Can. J. Bot.
48: 777-786.

3. Brir, T. A. 1969. Photosynthetic efficiencies and photorespiration in Calvin
cycle and Cs-dicarboxylic acid plants. Crop Sei. 9: 726-729.

4. Coomss, J. axp C. P. WHITTINGHAM. 1966. The mechanism of inhibition of
photosynthesis by high partial pressures of oxygen in Chlorella. Proc. Roy.
Soc. London B Biol. Sci. 164 : 511-520.

DowxEs, R. W. axp J. D. HESKETH. 1968. Enhanced photosynthesis at low
oxygen concentrations: differential response of temperate and tropical
grasses. Planta 78: 79-84.

. DowxToN, W. J. 8. 1970. Preferential C:-dicarboxylic acid synthesis, the post-
illumination COz burst, carboxyl transfer step, and grana configurations in

plants with Cs-photosynthesis. Can. J. Bot. 48: 1795-1800.

. DowxToN, W. J. 8. anD E. B. TREGUNNA. 1968. Photorespiration and glycolate
metabolism: a re-examination and correlation of some previous studies.
Plant Physiol. 43: 923-929.

EL-SHAREAWY, M. A. aAND J. HESKETH. 1965. Photosynthesis among species
in relation to characteristics of leaf anatomy and CO: diffusion resistances.
Crop Sci. 5: 517-521.

EveRsox, R. G. anp C. R. SrAck. 1968. Distribution of carbonic anhydrase in
relation to the Cs4 pathway of photosynthesis. Phytochemistry 7: 581-584.
10. ForresTER, M. L., G. KrotrOV, AND C. D. NELSON. 1966. Effect of oxygen
on photosynthesis, photorespiration and respiration in detached leaves. II.

Corn and other monocotyledons. Plant Physiol. 41: 428-431.

11. Forti, G. AND A. T. JAGENDORF. 1961. Photosynthetic phosphorylation in the
absence of redox dyes: oxygen and ascorbate effects. Biochim. Biophys. Acta
54: 322-330.

12. GoopMaN. M., A. A. BENSON, AND M. CaLviN. 1955, Fractionation of phos-
phates from Scenedesmus by anion exchange. J. Amer. Chem. Soec. 77: 4257-
4261,

13. HEBER, U. 1969. Conformational changes of chloroplasts induced by illumina-
tion of leaves in vivo. Biochim. Biophys. Acta 180: 302-319,

14. HEskETH, J. 1967. Enhancement of photosynthetic CO2 assimilation in the
absence of oxygen, as dependent upon species and temperature. Planta 76:
371-374.

15. Hew, C. 8., G. KRoTEOV, AND D, T. Caxvix, 1969, Determination of the rate
of COz evolution by green leaves in light. Plant Physiol. 44 : 662-670.

16. HocH, G., O. V. H. OWENs, AND B. KoK. 1963. Photosynthesis and respiration.
Arch. Biochem. Biophys. 101: 171-180.

17. HopGE, A. J., J. D. McLEAN, aND F. V. MERCER. 1955. Ultrastructure of the
lamellae and grana in the chloroplasts of Zea mays L. J. Cell Biol. 1: 605-
614.

18. HOFSTRA, G. aAND J. D. HESKETH. 1969. Effects of temperature on the gas ex-
change of leaves in the light and dark. Planta 85: 228-237.

19. Jacksox, W. A. axp R. J. VoLK. 1969. Oxygen uptake by illuminated maize.
Nature 222: 269-271.

20. Jacksox, W. A. axp R. J. VoLk. 1970. Photorespiration. Annu. Rev. Plant
Physiol. 21: 385432,

21. Jouxsox, H. S. axp M. D. Harca. 1970. Properties and regulation of leaf
nicotinamide-adenine dinucleotide phosphate-malate dehydrogenase and
‘malic’ enzyme in plants with the Ci-dicarboxylic acid pathway of photo-
synthesis. Biochem. J. 119: 273-280.

o

=3

<~

d

hd

PHOTORESPIRATION IN MAIZE

223

22. Kisaxki, T. axp N, E. ToLBERT. 1970. Glycine as a substrate for photorespira-
tion. Plant Cell Physiol. 11: 247-258.

23. KraLL, A, R. axp E. R. Bass. 1962. Oxygen dependency of in viro photo-
phosphorylation. Nature 196: 791-792.

24. KraLL, A. R, N. E. Goop, axp B. C. MayxE. 1961. Cyclic and non-cyclic
photophosphorylation in chloroplasts distinguished by use of labeled oxygen.
Plant Physiol. 36: 44-47.

25. MarUYAMSA, H., R. L. EasTERDAY, H. C. CHANG, AND M. D. LaNE. 1966. The
enzymatic carboxylation of phosphoenolpyruvate. I. Purification and prop-
erties of phosphoenolpyruvate carboxylase. J. Biol. Chem. 241: 2405-2412.

26. MEHLER, A. H. 1951. Studies on the reactions of illuminated chloroplasts. II.
Stimulation and inhibition of the reaction with molecular oxygen. Arch.
Biochem. Biophys. 34: 339-351.

27. MEHLER, A, H. axp A. H. BrowN. 1952. Studies on reactions of illuminated
chloroplasts. III. Simultaneous photoproduction and consumption of oxygen
studied with oxygen isotopes. Arch. Biochem. Biophys. 38 : 365-370.

28. MEIDNER, H. 1962. The minimum intercellular-space COz-concentration @I
of maize leaves and its influence on stomatal movements. J. Exp. Bot. 13:
284-293.

29. Moss, D. N. 1962. The limiting carbon dioxide concentration for photosynthe-
sis. Nature 193: 587,

30. Moss, D. N. 1966. Respiration of leaves in light and darkness. Crop Sci. 6:
351-354.

31. Moss, D. N. 1967. High activity of the glycolic acid oxidase system in to-
bacco leaves. Plant Physiol. 42: 1463-1464.

32. MuwcHy, C. L., R. J. VOoLK, AND W. A. JACKSON. 1971. Oxygen exchange of
illuminated leaves at carbon dioxide compensation. In: M. D. Hatch, C. B.
Osmond, and R. O. Slatyer, eds., Photosynthesis and Photorespiration.
John Wiley Interscience, New York. pp. 35-50.

33. Naramoro, T., D. W. KROGMANN, AND B. MAYNE. 1960. Oxygen exchange
catalyzed by phosphorylating chloroplasts. J. Biol. Chem. 235: 1843-1845.

34. OGreN, W. L. axp G. Bowes. 1971. Ribulose diphosphate carboxylation regu-
lates soybean photorespiration. Nature New Biol. 230 : 159-160.

35. OzBUN, J. L., R. J. VOLK, AND W. A. JacksoN. 1964. Effects of light and dark-
ness on gaseous exchange of bean leaves. Plant Physiol. 39 : 523-527.

36. OzBUY, J. L., R. J. VOLK, AND W. A. Jacksox. 1965. Effects of potassium de-
ficiency on photosynthesis, respiration and the utilization of photosynthetic
reductant by immature bean leaves. Crop Sei. 5: 69-75.

37. RassoN, R., N. E. TOLBERT, aAND P. C. KEARNEY. 1962. Formation of serine
and glyceric acid by the glycolate pathway. Arch. Biochem. Biophys. 95:
154-163.

38. RHOADES, M. M. AND A. CARVALHO. 1944, The function and structure of the
parenchyma sheath plastids of the maize leaf. Bull. Torrey Bot. Club 71:
335-346.

39. Srack, C. R. axp M. D. Hartcs. 1967, Comparative studies on the activity of
carboxylases and other enzymes in relation to the new pathway of photo-
synthetic carbon dioxide fixation in tropical grasses. Biochem. J. 103: 660-
665.

40. Stack, C. R., M. D. Harcy, axp D. J. GoopcHiLp. 1969. Distribution of en-
zymes in mesophyll and parenchyma-sheath chloroplasts of maize leaves in
relation to the Ci-dicarboxylic acid pathway of photosynthesis. Biochem.
J. 114: 489-498,

41. ToLBERT, N. E., A, OEsER, R. K. Yamazaxr, R. H. HAGEMAN, anp T. KISAKI.
1969. A survey of plants for peroxisomes. Plant Physiol. 44 : 135-147,

42. TREGUNN4, E. B., G. Krorkov, axp C. D. NELsoN. 1964. Further evidence on
tlsze effects of light on respiration during photosynthesis. Can. J. Bot. 42:
989-997,

43. VoLk, R. J. axp W. A. Jacksov. 1964, Mass spectrometric measurement of
Photosynthesis and respiration in leaves. Crop Sci. 4: 45-48.

44. WALKER, D. A. avp J. M. A. Brown. 1957. Physiological studies on acid
metabolism. 5. Effects of carbon dioxide concentration of phosphoenolpy-
ruvic carboxylase activity. Biochem. J. 67: 79-83.

45. YEuM, E. W. axp R. G. S. BiowELL. 1969, Carbon dioxide exchanges in leaves.
I. Discrimination between 14CO2 and 2COz in photosynthesis, Plant Physiol.
44: 1328-1334.

46. ZevircH, 1. 1958. The role of glycolic acid oxidase in the respiration of leaves.
J. Biol. Chem. 233: 1299-1303.

47. ZeLitcH, 1. 1966. Increased rate of net photosynthetic carbon dioxide uptake
caused by the inhibition of glycolate oxidase. Plant Physiol. 41: 1623-1631.

48. ZELr1CH, 1. 1968. Investigations of photorespiration with a sensitive 1C-assay.
Plant Physiol. 43: 1829-1837.



