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ABSTRACT

An infra-red gas analyzer was used to measure rates of photosynthesis
by maize and tobacco leaves in atmospheres containing various partial

pressures of O2 and CO With atmospheres containing 100-300 ppm of CO

2° 2
photosynthesis by maize was fastest in the presence of 21 to 40¥% oxygen but

with more than 300 ppm CO, the maximum rate was obtained in the absence of

2
oxygen. wﬁatever the concentration of CO2 in the atmosphere, photosynthesis
by tobacco leaﬁes was fastest in the'absence of oxygen. Explanations for
these effects were sought by studying_the metabolism by leaves of 140-
labelled 002, glycine, alanine and malate. Production of glycine fro@ CO2
was increased in both maize and tobacco when the concentration of-oxﬁgen

was increased. In light and darkness serine was a major product of
metabolism by maize of [g - 140] glycine; sucrose synthesis from glycine

was light-dependent and required oxygen. Therefore, the C2 pathway is

active in maize as well as in 03~p1ants. Increased concentrations of'oxygen
above L40% decreased photosynthesis by maize and caused Ch acids to accumulate.
The ability of the Calvin cycle to accept carbon from fhe Cq—cycle was
presumably impaired by stimulation of the C2 pathway and inhibition of RuDP

carboxylase by oxygen.

In the presence of lower concentrations of 002, when decreasing>oxyg§n
below about 40% caused a decrease in photosynthesis, there was increased
accumulation of newly assimilated carbon in aspartate. With low concen-
trations of 002, and low oxygen, reductive amination and therefore
availlability of amino donors may be increased. Accumulated aspartate'may
inhibit reactions in the Ch-cycle. Experiments in which ammonium chloride
was supplied to leaves to uncouple photophosphorylation éave.inconclusive

' I
results. Under anaerobic conditions photosynthesis by maize in [j*c] €O,



lead to accumulation of 14C in alanine. In the light, but not in the dark,
maize converted both alanine and malate to sucrose by a mechanism that was

stimulated by oxygen.



CONTENTS

Abstract
Abbreviations
Introduction
Materials and Methods
Results

Discussion
References

Acknowledgements

page. 2

52
8L

158
181

198



ABBREVIATIONS

DCMU - 3- (3, hk-dichlorophenyl) -1, 1- dimethyl urea

HEPES - N-2-hydroxyethylpiperazine-N-2-ethane sulphonic acid
.

IRGA - infra-red gas analyzer

PEP - Phosphoenolpy;uvate

PGA - Phosphoglycerate

RuDP - .ribulose 1, 5 diphosphate

UDPG - uridine diphosphate glucose
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Higher plants are frequently divided into three groups because
differences have been recognized in their photosynthetic metabolism. Maize

(Zea mgzs) and tobacco (Nicotiana tobacum) were used as examples from two

_of these groups. The third group, consisting of succulent plants adapted.

to growing in very dry situations, were not considered. Maize is regarded

as typical of Cu—plants, in which C4 acids are important initial products

of photosynthesis. - Tobacco, on the other hand, is from the group of plants,
often called C3—plaﬁts, in which PGA is the earliest product of photo-~"
synthesis that has been. detected. There are also well recognised differences
in the leaf anatomymbetweén C3— and Ch—plants. The concentraﬁion of oxygen
and carbon dioxide in the atmosphere affect the rate of photosynthesis by
. :

maize and tobacco in different ways and the intention was to define these

differences and investigate their cause.

1. Bifect of O

, on the Rate of Photosynthesis

Warburg (1920) first demonstrated that the unicellular alga, Chlorella
pyrenoidosa, in the presence of high light intensity and higg 002
concentration producéd oxygen at a considerably greater rate in 2% than in

- 100% 02. The apparent rate of 02 evolution: (photosynthesis) was increased

in passing from high to low O This inhibitory effect of high O, on the

2° 2

rate of photosynthesis was subsequently termed "the Warburg effect". This
phenomenon was thougﬁé'not'to be due to an acceleration of normal dark
respiration (Turner, Todd and Brittain, 1956), as no change was detected

in the rate of respiration in the dark when the O, concentration was

2
increased from 2% to 100%. Many of Warburg's observations were subsequently
confirmed by a number of workers including Wassink et al (1938). The

inhibitory effect of high O2 concentration on the rate of photosynthesis

was shown to be reversible by Tamiya and Huzisige (1949).



The rate of photosynthesis in the above experiments was measured as

O2 evolution but McAlister and Myers (1940) also demonstrated the Warburg

effect, using young wheat leaves, by measurement of the inhibition of 002

uptake. Subsequently the effect was found to be widespread throughout the
plant kingdom (Turner, Todd and Brittain, 1956). The early work concerned

~with the inhibitory effect of O, on the rate of photosynthesis was

2
thoroughly reviewed by Turner and Brittain (1962).

BjBrkman (1965) found that the rate of photosynthetic CO, uptake was

greater in 2% O2 than in air, hence the presence of O2 even at 21% inhibited

photosynthesis. The increase in the rate of photosynthesis when the_O2

concentration was decreased from 21% to 2% was rapid and reversible, and-

the rate of dark respiration was little affected by such changes in O2

concentration. These effects were exhibited by all the higher plant species
BjBrkman studied. Forrester, Krotkov and Nelson (1966a) investigated the
effect of O2 concentration on the rate of photosynthesis by leaves of soy-~
bean. ;They confirmed the presence of the Warburg effect and demonstrated
its reversibility. Forrester et al (1966b) found that the rate of

photosynthesis by leaves of maize was also inhibited by increased 02'

concentration, though to a lesser extent than observed in soybean and this
2

reversible. Subsequently the rate of photosynthesis by a number of species

inhibition caused by high 0. concentrations was found to be only partially
of higher plants, including tobacco, was shown to be increased if the 02
concentration in thewatmosphefe was decreased below that in air (Tregunna,
Krotkov and Nelson, 1966; Hesketh, 1967; Poskuta, 1968).Bj8riman (1967)

demonstrated that the overall growth rate of Mimulus cardinalis and

Marchantia polymorpha was enhanced in the presence of a low (4%) 0,

concentration compared to 21% O.; but the overall growth rate of maize was

P

not increased in the presence of 4% 0, compared to 21%. Downes and Hesketh

(1968) éonfirmed that maize and other tropical grasses did not show a



significant enhancement of photosynthesis when the concentration of 02 in

the atmosphere was decreased below 21%, but the rate of photosynthesis by
temperate grasses was increased 23% to 60% if the concentration of 0, in

the atmosphere was decreased from 21% to near 0%.

2. The Interaction between the Effects of Carbon Dioxide and Oxygen

Concentration on the Rate of Photosynthesis

_The magnitude of the Warburg effect was assessed from the rate of

photosynthesis by Chlorella species in media equilibrated with 100% 02 or

21% O, compared with rates in media equilibrated with N, (Wassink et al, -
1938; Tamiya and Huzisige, 1949; Briggs and Whittingham, '1952). In the
presence of relatively high CO2 concentrations there was a marked inhibition
of photosynthesis in 100% 0, compared to 0% 0, but there was no inhibiforyv
effect in 21% 02 compared-to 0% 02. McAlister and Myers (1940) showed that

the rate of CO2 assimilation by wheat leaves in high light and 0.03% CO2

was reduced by 30 to 50% in the presence of 20% O, compared to 0.5% 0,

It was found that the Warburg effect was greater when CO2 was . limiting

(Tamiya and Huzisige, 1949). BjBrkman (1967) demonstrated also that the
‘increase in growth rate of plants grown at 4% O2 compared with 21% 02

, concentration (0.011%5 compared to high CO,
concentration (0.064%) and Jolliffe and Tregunna (1963) concluded from their

was greater at low CO

work using wheat leaves that the inhibition of photosynthesis by'O2 was

greater in the presence of low CO, concentrations. The rate of photo-

2

synthesis by Conocephalum conicum was measured over a range of CO

2
concentrations from O to 600 ppm at low (2%) and high (50%) concentrations

of 0, by Fock, Krotkov and Canvin (1969). The rate of photosynthesis was

directly proportional to the CO, concentration at low CO, concentrations in

2 2

21% 02, whereas this was not so when the O, concentration was 50%.

2

Photosynthesis in 2% O, became saturated at lower CO, concentrations than

2 2
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was the case of photosynthesis in 50% 02. The rate of photosynthesis was

considerably decreased in 50% O2 compared with 21% O2 at all CO. concen-

2

trations measured, the inhibition by 0. was found to be réeversible.

2

Arnon, Allen and Whatley .(1954) demonstrated that CO, fixation by

isolated chloroplasts was inhibited by O. and Gibbs, Ellyard and Latzko

2
(1968), using whole spinach chloroplasts, have since found that the degree

of inhibition by O2 was dependent upon CO2 concentration. The Warburg

effect exhibited by isolated chloroplasts was found to be reversible.

In conclusion, the rate of photosynthesis, whether measured by 02

evolution or CO2 uptake, is inhibited by increased concentrations of 02.

The inhibition is particularly apparent when the concentration of 002 in *

the atmosphere is low. The rate of photosynthesis by many temperate
species, e.g. tobacco, is maximal in atmospheres without 02; the rate of
photosyntheSis'by fropical species, such as maize, is less affected by the
concentration of O2 in the atmosphere. Investigations of the effect of 02,

and the interaction between O2 and C02, onithe rate of photosynthesis was

continued by studies of respiration in the light, photorespiration, and on
" the other hand the effect of the gaseous environment, with regard to 02
and CO2 concentration, on photosynthetic carbon metabolism was studied.

The evidence concerning photorespiration from studies of gaseous exchange,

willibe considered initially.

3. Photorespiration

The term photorespiration is used to describe a process or combination

of processes which involve the evolution of CO, and the consumption of O

2 2

by a green plant during illumination. The investigation of such a process

in the presence of CO_, assimilation and O, evolution by photosynthesis is

2 2
difficult.
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02 consumption by illuminated plants hgs been investigated using the
0 isotope and mass spectrometry; Brown and co-workers were responsible

for much of the early work using this technique. Brown (1953) found no
evidence for a light stimulated O2 uptake during photosynthesis by either
Chlorella or leaves of tobacco. He.concluded that there was no effect of
light on the rate of respiration. Govindjee, Owens and Hoch (1963)
reported that the uptake of[:180:]02 by Chlorella in darkness was inhibited
by low intensity light. However this effect was not observed in Scenedesmus
by Hoch, Owens and Kok (1963); and from the results of inhibitor experiments
it was concluded that two mechanisms of 02 uptake operated during ilium-
ination, one was the normal dark respiratory process which was inhibited by

light and the other a process of O, uptake enhanced by increased light

2

intensity.

Ozbun, Volk and Jackson (1964) reported that the rate of O2 consumption
by leaves of bean was greater at 300 ft candles illumination than in-
darkness and that increasing the light intensity to 1500 ft candles did not
significantly alter the rate of cénsumptiqn. Further work by Ozbun et al
- (1965a; 1965b) confirmed this observation. jThey noted that there was
evolution and uptake of O, at the CO, compelisation point. The rate of O

2 2
uptake by leaves of soybean in the light was inversely related to the CO

2

2

concentration in the atmosphere and was slower than the rate of O2 evolution

(Mulchi, Vqlggndahcksoﬁ;‘j968). I1luminated (1200 ft candles) maize leaves

consumed O2 at rates equal to or exceeding the rate of darkness, even at

the 002 compensation point (Jackson and Volk, 1969).

The measurement of 18O2 uptake by plants has been restricted to the

study of O, exchange in the presence of low concentratiorsof 0

> Thg data

2.
in the light and

discussed pertains therefore to the consumption of 02

darkness by processes having a high affinity for 02.
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002 evolution from the leaves of higher plants during illumination has

been studied by a number of techniques in attempts to distinguish between
it and the 002 consumed by photosynthesis. Investigators have distinguished

between these two processes by studying the CO, exchange immediately

2

upon darkening, the CO, compensation point or CO

5 > evolution into g 002—

free atmosphere. Each of these methods will be considered.

It was demonstrated, by Decker (1955) and subsequently by Tregunna,
Krotkov and Nelson (1961), that when an illuminated leaf of tobacco was

darkened in air there was an immediate burst of CO, evolution, followed by

2

a second burst prior to the attainment of a steady lower rate of 002

evolution due to normal dark respiration. The magnitude of the first burst
of 002 was increased with increased light intensity during the period of
ilijumination. A similar response by leaves of soybean and peperonia was
observed but tﬁe effect was absent when non-chlorophyllous leaves were
used (Tregunna et al ,1964). When leaves of tobacco were supplied wiﬁh

[j4021002 during the light period,.large amounts of'ql}CO2 were evolved

during ‘the first 75 sec of darkness; the 14C02'evolved having a similar
specific activity to the 14CO2 assimilated in the light (Tregunna.jggégL,

1964). It was concluded that the CO. evolved immediately upon darkening

2

was derived from recent products of photosynthesis. There was no burst of

002 evolution when illuminated maize leaves were darkened.

The effect of O2 and 002 concentration on the post-illumination CO?

burst from leaves was investigated. Tregunna et al (1966) repdrted that
the burst from leaves of tobacco was absent in the presence of an atmosphere
containing a low (2%) concentration of 0,., Egle and Fock (1967), using

Conocephalum conicum, reported that the post-illumination burst was

increased with increasing O2 partial pressure in an atmosphere containing

300 ppm COZ' however in the presence of 1200 ppm 002 the outburst of 002
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during the first minute of darkness was absent. The effect of CO2

concentration has been further studied using concentrations of CO2 from

100 ppm to 600 ppm by Fock, Krotkov and Canvin (1969). They showed that

the magnitude of the post-illumination CO, burst was increased when the

2

concentration of CO., present was increased in the range O to 300 ppm

2

during the period of illumination, but with further increases in the

concentration of CO2 the post-illumination burst was decreased.

It has been suggested that the post-illumination burst of CO2 is due
to a photorespiratory process; photosynthesis ceases on darkening but
photorespiration continueé briefly until its substrates, produced during
illumination are consumed (Decker, 1957; Tregumna et al, 1961; ILudwig,
Krotkov and Canvin,1969). Forrester, Krotkov and Nelson (1966b) found that

there was no post-illumination burst of CO, from leaves of maize even in the

2

presence of high concentrations of 0O Recent work by Bjlrkman, Gauhl and

2.
Nobs (1970) and Downton (1970) has shown that plants such as Amaranthus

edulis and Atriplex rosea, which are believed to Have_a photosynthetic
carbon metabolism similar to that of maize, do show a post-illumination burst

of CO, but that it is insensitive to O

> > partial pressure.

Green plants, maintained at constant light intensity and temperature,
in a closed vessel will deplgte the CO, of the enclosed atmosphere only to
a certain limiting concentration of COZ: this concentration of CO2 is termed
the CO2 compensation point. Moss (1962) demonstrated that leaves of maize
and sugarcane had compensation points of less than 10 ppm COZ’ whereas
under .the same experimental éonditions leaves of tobacco, geranium and
orchard grass had compensation points of 60 ppm CO2 or grgater. Subsequent
work has indicated that higher plants can be separated into two groups
depending upon whether they exhibit high or low compensation point
concentrations of'CO2 (El-Sharkawy and Hesketh, 1965; Forrester et al,

1966b; Tregunna and Downton, 1967; Downton and Tregunna, 1968a; Osménd,
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Troughton and Goodchild,, 1969). The CO, compensation points, of plants

. having high C02 compensation point values, were found to be sensitive to
the concentration of O2 present and were increased with increased concen-
trations of 0, from 0% to 100% by volume (Forrester et al, 1966a; Tregunna
and Doﬁnton, 19673 Fock, Krotkov and Canvin, 1969). Forrester et al
(1966b) found that the low CO,, compensation point of leaves of maizé was
insensitive to the presence of increased concentrations of 02, even up to
100% 02.- This was confirmed by Poskuta (1969). Heichel and Musgrave (1969)
reported significant differences in 002 compensation points when they
compared different maize genotypes. However Moss, Willmer and Crookéton
(197?0 determined fhe 002 compensation point values of a large number.of-
maize genotypes, including those studied by Heichel and Musgrave, and they

found that the 002 compensation point values were not significantly

different and were all very low. The CO, compensation points are usually

2
assumed to result from the production of 002 by respiratory processes at a
rate which is equal to the rate of photosynthesis at that particular 002
concentration.

A 002 evolution into a COZ-free atmosphere from green leaves of a

numb er ofvhigher plant species, during illumination, has been demonstrated
by El—Shérkawy and Hesketh (1965), Moss (1966a),El- Sharkawy, Loomis and
Williams (1967), Zelitch and Day (1968) and Hew, Krotkov and Canvin (1969).

The species studied included sunflower, cotton, sugarbeet, oat, tomato

and tobacco. Leaves of maize, sorghum and Amaranthus edulis, however, did

not evolve measureable amounts of 002 into a COZ—free atmosphere in the

light (El-Sharkawy and Hesketh, 1965; El-Sharkawy et al, 1967; Yemm and
Bidwell, 1969; Hew et al, 1969). Troughton (1971), using several techniques,

could not detect any significant CO, evolution in the light from attached

2

leaves of maize.
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Yemm (1969) studied the effect of pretreatment in atmospheres containing
different concentrations of 002 on the subsequent 002 evolutién into COZ~
free air from leaves of barley in light and darkness. He showed that as
the 002 concentration during pretreatment was decreased the rate of 002
evolution in the light was increased but that the_rate of CO2 evolution in
darkness was not appreciazbly altered even after pretreatment in the presence
of very low 002 concentrations. ILudwig et al (1969), using leaves of sun-
flower, showed that during photosynthesis from 355 ppm 002 all the COZ'

evolved was derived from the immediate products of fixation.

The préesence of>high 02 concentrations in atmospheres devoid of 002
was shown to increase the CO2 evolution in the light from leaves of plant
species, including tobacco, (Posﬁuta, Nelson and Krotkov, 1966; Zelitch,
1968; Zelitch and Day, 1968); conversely the presence of low 0, concentrations
in a COa~free atmosphere was shown to inhibit 002 evolution in the light
(Ludwig, Krotkov and Canvin, 1969; Ludwig and Canvin , 1971). Leaves of
maize, however, did not evolve detectable amounts of 002 into atmospheres
devoid of 002 during illumination, even in the presence of high 02 concen-

tration (Zelitch, 1968; Troughton, 1971).

L]

El-Sharkawy, Loomis and Williams (1967) found that leaves of maize

and Amaranthus edulis did evolve 002 into a COZ—free atmosphere in the

light, after supplying a photosynthetic inhibitor, DCMU, to the plants but
the rate of CO2 evoluﬁion in darkness was not affected by the inhibitor.
They suggested, therefore, that these plants do produce 002 during
illumination but that it is re-fixed photosynthetically and not evolfed
from the leaf. Irvine (1970) demonstrated that when a sugarcane or sorghum
plant, which had previously assimilated[:14Q] 002, was placed with an
unlabelled sorghum plant in a closed illuminated chamber, the unlabélled

14 |

plant became ' C labelled. He suggested this was evidence for a photo-

respiratory evolution of CO,.
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Photorespiration has been shown to be a process different from dark

respiration by a number of workers. TUnlike photorespiration, CO, evolution

2
in darkness due to normal mitochondrial: respiration was found to be
insensitive to concentrations of O2 above 2% by volume (Warburg, 1920;
Poskuta, Nelson and Krotkov, 1966; Tregunna, Krotkov and Nelson, 1966;
Forrester, Krotkov and Nelson, 1966a; 1966b; Tregunna and Downton, 1967;
Hew and Krotkov, 1968; Poskuta, 1968; Yemm, 1969). Photorespiration has
also been distinguished from dark reSﬁiration by its different response
to the inhibitors, KCN and DCMU, (Poskuta, Nelson and Krotkov, 1966;
1967) and to teméerature (Hew and Krotkov, 1967). Yemm (1969) showed that
after leaves of barley had photosynthesised in the presence of[:qhdj Co
14

the CO2 released from the leaves into an atmosphere of COZ—free air had

3

a specific activity similar to that of the Eﬁ“c:]coz supplied but when

14002 evolved into

COa—free air was decreased but increased again on re-illumination. These

theileaves were darkened the specific activity of the

results indicated that 002 evolved in the light was produced from recent
products of photosynthesis whilst the substrate of 002 evolution in dark-
- ness was different. The work of Ludwig and Canvin (1971) has indicated
thét the rate of photorespiration during phbtosynthesis in the presence of
21% O2 (3500 ft candles, 25°C) is over three times the steady state rate

of dark respiration by leaves of sunflower.

Higher plants can be separated into two groups onthe basis of the
various measurements described of gaseous exchange between photoéynthesising
leaves and the atmosphere. Photosynthesis by temperate species, such as

tobacco, was increased by the lowering of the concentration of O, in the

2 .
atmosphere below 21% by volume; whereas photosynthesis by tropical species,

e.g. maize, was not significantly greaterin the absence of O2 (Hesketh,
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1967; Forrester et al, 1966b; Downes and Hesketh, 1968). Plant species like
tobacco had qther physiological characteristics in common. Photorespiration

was easily measured by CO, evolution in light, they had high CO, compen-

2

sation points and both of these phenomena were sensitive to O

2

concen-
2

tration. On the other hénd,'with plants like maize and other tropical

species evolution of CO, in the light was not easily detected, the CO

2

compensation points were very low and were insensitive to O

2

5 concentration.

The magnitude of the CO, compensation point has been used therefore as the

2
diagnostic character for distinguishing those plants which behave physio-
logically in a similar way to tobacco and those of the other group which

behave like maize (TpegunnaamdﬁDownton, 1967; Downton and Tregunna, 1968a;

Tregunna, Downton and Jolliffe,1969).

k. The Dicarboxylic Acid Pathway of Photosynthesis.

Species of plants with low CO2 compensation points differ from plants
with high CO, compensation points not only in certain physiological
characteristics but also in their photosynthetic carbon metabolism. The
assimilation of CO2 into compounds wikth three;ca?bdératoms mediated by
ribulose 1;5 diphosphate carboxylase was described by Calvin and co-workers
(Bassham and Calvin, 1957). A survey by N;rris, Norris and Calvin (1955)
showed the carbon réduction cycle, with RuDP carboxylase as the primary
carboxylating enzyme, to be functional in species from nine phyla of plants.
Recent investigations of the photosynthetic carbon metabolism of certain
tropical species, including maize and sugarcane, have demonstrated that these

plants differ from those studied by Calvin et al.

Kortschak, Hartt and Burr (1965) found that the major 140 labelled
photosynthetic products in sugarcane leaves after a brief exposure to[:14C]
002 were dicarboxylic acids with four carbon atoms, namely malate and

aspartate. Previously Calvin and co-workers’had found that malate was an
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early product of E14C] CO2 photosynthesis by Scenedesmus but Bassham et al
(1950) demonstrated that, although pretreatment of Scenedesmus with mélonate
inhibited the formation of[:14C:]malate; it did no; affect the labelling of
the ocandia-c atoms of pﬁésphoglyceric acid. Kortschak et al, however,
showed that, in sugarcane leaves, malonate not only inhibited malic acid
synthesis but decreased the rate of photosynthesis and the synthesis of
phosphoglyceric acid. These results suggested that malic acid was an
essential precursor of phosphoglyceric acid in photosynthesis by sugarcane;
Similar conclusions were reached by Hatch and Slack (1966). Using samples
of sugarcane and‘maize leaves, theyfound that malate and aspartate were

major primary products of[:14c:]00 fixation after brief periods of

2
photosynthesis and that the 14C'was located in the carbon 4 position in
‘these acids. After longer periods of photosynthesis in1:14c:]C02 a larger
proportion of the radioactivity appeared in 3-PGA, hexose mohgphosphates

and sucrose. Hatch and Slack proposed a écheme to account for their
observations in which a three carbon acceptor compound was carboxylated to
produce a four-carbon dicarboxylic acid. The foﬁrth carbon atom of the
dicarboxylic acid was the source of carbon 1 of 3-phosphoglycerate and they
therefore postulated a trans-carboxylationreaction with a two-carbon
acceptor compound. After trans-carboxylation the remaining three carbon
cbmpound was used for resynthesis of the COé acceptor. The four-carbon
dicarboxylic acid, oxaloacetic acid, was formed before malate and aspartéte
in sugarcane, maize and sorghum, and.therefore carboxylation .of phosphoenol-
pyruvate was favoured as-the reaction responsible for primafy 002 |
fixation iﬁ these species (Slack and Hatch, 1967). After photosynthesis

from[:14C:]CO by leaves of maize, Hofstra and Nelson (1969) studied the

2
distribution. of 140 in the products of photosynthesis during a subsequent

period of fixation in the presence of unlabelled CO They found that

5°

sucrose was rapidly labelled with a loss of 140 from aspartate, malate,

glycine and alanine.
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These investigations showed that higher plants could be distinguished
into two groups: those whose Pprimary carboxylating enzyme was RuDP
carboxylase where the first product was a 3-carbon compound (3-PGA) and
those whose first product appeared to be a l4-carbon acid (oxaloacetic acid).

The former group of plants were termed C_-species and the latter 04-

3
species. There is considerable evidence that maize, sugarcane and other
Cu-plants contain much;higher activities of PEP carboxylase tha? the 03-
plants (Slack and Hatch,’1967; Johnson and Hatch, 1968; Osmond, Troughton
and Goodchil§7:1969; Whelan, Benedict and Sackett, 1970; Chen, Brown and
Black, 19713 Waygood, Arya and Pan, 1971). Although the activity of malic
dehydrogenase (malic enzyme) was found to be considerably higher in C;—
plants than in C3-p1ants it was thought_this enzyme probably did not
contribute significantly to the primary fixation of GO, (Slack and Hatch,
1967; Slack, Hatch and Goodchild, 1969). Malate and aspartate were rapidly
formed from oxaloacetate; the conversion to malate being mediated by an
NADP-specific malate dehydrogenase (Hatch and Slack, 1969a). Johnson and
Hatch (1969) supported the suggestion that PEP carboxylase was the enzyme

- responsible for the primary carboxylation reaction and showed that the path
of carbon from the four-carbon dicarboxylic;acids was via PGA and inter-
mediates of the reductive pentose phosphate cycie. They found no evidence
- for a two carbon acceptor compound. Berry, Downton and Tregunnav(1970)
proposed a mechanism to explain the carboxyl transfer from the Cu—aéids to

3-PGA. They.suggested-that CO2 was released from malate by malic enzyme

and re-fixed by Ru.1, 5 DP carboxylase, without loss of CO

> to the atmosphere.

A photosynthetic process for carbon assimilation, such as the Cq—
pathway, depends on regeneration of the carbon acceptdr; There has been
considerable investigation of this aspect of Cq—metabolism and the enzymes

responsible have beenpurifiédand their location in leaf cells studied.
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An.enzyme from Escherichia coli, phosphoenclpyruvate synthetase, was

described b& Cooper and Kornberg (1965) which catalyzed the_conversion of
pyruvate and ATP to phosphoenolpyruvate, AMP and PPi' A similar enzyme

was isolated from leaves of maize, sugércane and sorghum by‘Hatch and Sléck
(1967); no activity was found in extracts of leaves of silverbeet, wheat
.and oat (Ca—plants). Further work by Hatch and Slack (1968) and Johnson
and Hatch (1968) showed that the enzyme was active in the leaves of a
number of Cq-plants and its activity was enhanced during illumination
(Slack, 1968; Hatch and Slack, 1969b). The enzyme catalyzed the reversible
reaction: pyruvate + ATP + drthoPhosphéte—e>phosphopyruvate + AMP_é'
pyrophosphate,and was re-named pyruvate phosphate dikinase (Andrews and
Hatch, 1969). Two other enzymes required to complete a system for
regenerating PEP, adenylate kinase and pyrophosphatase, were also detected
and these together Qith pyruvate phosphate dikinase were located mainly in
the mesophyll cells of Cq—plants (Slack, Hatch and Goodchild, 1969; Hatch,
Slack and Bull, 1969; Slack, 1969; Osmond, Troughton and Goodchild, 1969;
Ghen, Brown and Black, 1971). Chen et al (1971) shoved that pyruvate
phosphate dikinase and adenylate kinase were present fo a greater extent

in Cq—plants than in 03—p1ants.

.

The'distribution of 140.émong the products was not significantly
altered during short—férm photosynthesis in[:1h0:]C02 by increasing the
concentration of carbon dioxide in the atmosphere (0.03% CO to 3.87% co)
or by altering ihe light intensity (1470 to 9100 ft candles) (Hatch,"
Slack-and Johnson, 1967). The preéence of the Cu-dicafboxylic écid path-
way has been established in other speciesof tropical plants by Hatch, Slack
and Johnson® (1967), Osmond (1967), Johnson and Hatch (1968), Chen, Brown
and Black (1971), Usuda, Kanai and Takeuchi (1971), Downton (1971) and

Sch8ch (1971).
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The assimilation of carbon into Cq-dicarboxylic acids in the dark is
a feature of Crassulacean acid metabolism (Walker, 1962) but Kortschak,
Hartt and Burr (1965) and Hatch and Slack (1966) found that the dark rate
of[:140:j002 fixation by sugarcane leaves was very slow, with no incor-

poration of 140 into phosphorylated compounds. Usuda, Kanai and Takeuchi

(1971) studied[:140:]002 assimilation by Amaranthus retroflexus, a Cq—plant,

and found that in this species[:140:]CO fixation in the dark was also

2
slow.

All the leaves of Ch—plants, which have been studied, poésess g well
developed parenchﬁmatous bundle sheath, surrounding the vascular tissue.
The closely packed cells of the bundle sheath were large and contained.a )
dense concentration of chloroplasts (Downton énd Tregunna, 1968a; Bisalputra,
Downton and Tregunna, 1969). The arrangement of cells in the bundle sheaths
has not been observed in the leaves of plants with high compensation poiﬁts
(CB). Even within the same genus the species with low 002 compensation

points, e.g. Atriplex rosea, possessed a distinct buhdle sheath surrounding

the vascular tissue whereas species with high 002 bompensation points e.g.

Atriplex hastata, lacked a distinct bundle sheath (Downton, Bisalputra and

Tregunna, 1969). - '

. Maize,sugarcane and a ﬁumber of other Cq-plants exhibit a distinct
dlmorphlsm in their chloroplast structure (Laetsch, Stetler8¢V11tos 1966 Laetsch
19683 Bachmann, Robertson and Bowen, 1969; Bisulptra et al, 1969) The
larger chloroplasts of the bundle sheath cells were found to possess
parallel separate lamellae extending from one end of the plastid to the
other, with little or no appresion between adjacent lamellae; thus grana .
were absent or present in only very rudimentary form. The chloroplasts of
the mesophyll cells possess the usual arrangement of thylakoids in grana

observed generally in the chloroplasts of higher plants. An accumulation
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of starch ip the chloroplasts of the bundle sheath of maize and sorghum
has been reported (Laetsch, et al, 1966; Laetsch, 1968; Bachmann et al,
1969;Bisalputra£§32;, 1969; Black and Mollenhauer, 1971). The bundle
sheath was found to be surrounded by the larger parenchymatous cells of the
mesophyll. The chloroplasts of these cells were smaller than those of the
bundle sheath and generaily starch grains were few and very small (Downton
and Tregunna, 1968a; Bisalputra et al, 1969). However, this feature was
not common to all plants with bundle sheaths, Downton and Tregunna (1968a)
and Usuda et al (1971) observed large starch grains in“the chloroplasts of

cells of both the mesophyll and bundle sheath cells of Amaranthus retroflexus

L.

‘Downton (1970) suggested that C,-plants can be divided into two
groups by determining whether malate or aspartate was the major product of
short-term photosynthesis. He suggested that the predominant production
of malate e.ge in maize and sugarcane, was correlated with the presence of
énly rudimentary grana in the chloroplasts of the bundle sheath and an

absence of a post-illumination CO

5 burst. Amaranthus edulis, Amaranthus

'retroflexus, Atriplex rosea and Atriplex retroflexus were cited as -examples

of the second group characterised bylthe syéthesis 6£ aspartate as the

. major product of short-term photosynthesis. The plants were further
distinguished by the presence bf grana in the chlor0plésts of the bundle
sheath cells and the présence of a post-illumination CO2 burst that was

insensitive to 02.

Hew and Gibbs (1970) féund no differencesbetween the relative
activities of the photosynthetic electron transport sysﬁems.in chloroplasts
from maize, sorghum and sugarcane (Ch—plants) and the relative activities
of the photosynthetic electron transport systems in chloroplasts from

spinach (Ca—plant).. The ferridoxin of maize has been shown to be similar
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- to that of 03—plants in amino acid composition, iron content, molecular
weight and biological activity (Crawford and Jensen, 1971). There is,
however, evidence that in other respects the photosynthetic electron

transport system of chloroplasts, without grana, in the bundle sheath cells

of C,-plants is modified.
LP t .

The relative activity of photosystem I and photosysteﬁ IT has been
correlated with the.organization of lamellae in the chloroélésts. Hbmanﬁ
and Schmid (1967) and Homann,Schmid and Gaffron (1967), using chloroplasts
- isolated from normal and mutant tobacco plants, suggested that, although
photosystem I waé fully functional in separate lamellae in chloroplasts,
without grana, the compléte photosynthetic electron transport systeﬁ inc;uding
02 evolution by photbsystem IT required the close contact of at leést two
lamellae as found in grana. Woo et al (1970) suggested that the chloro-

plasts of the bundle sheath cells of Sorghum bicolor and Zea mays, which do

not have grana, were either deficient in photosystem II or it was inactive.‘
The chloroplasts of the mesophyll cells had active photosystems I and IT,
as had the chloroplasts from both the bundle sheath and mesophyll cells of

- Atriplex spongiosa, which has chloroplasts with grana in both.fypes of cell.

Anderson, Woo and Boardman (1971) showed that the chloroplasts (wi?hout

grana), from the bundle sheath cells of Sorghum bicolor, were similar in

composition to fragments.of chloroplésts from spinach which were active
only in photosystgm I. They concluded that these chloroplasts from

S. bicolor were deficient in photosystem II but that chloroplasts of-the

cells of the mesophyll had active photosystems I and II. Andefson et al

suggested that the activity of photosystem II was greater in chloroplasts
from the bundle sheath cells of maize compared with those from the bundle
sheath of S. bicolor; Bazzaz and Govindjee (1971) reported that the

chloroplasts from the bundle sheath cells of maize contained up to 50%
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photosystem II activity compared to chloroplasts from the mesophyll cells.
They confirmed that the chloroplasts from the bundle sheath cells were
relatively more active in photosystem I than in photosystem II. The two
photosystems were probably linked in these chloroplasts. Further work by
Anderson, Boardman and Spencer (197&) showed that the rate of non-cyclic
phosphorylation by intact isolated chloroplasts, from thg bundle sheath
cells of maize, was only 11 to 19% of the rate attained by intact chloro~
plasts from the mesophyll cells, though both typesvof chloroplasts were
capable of high rates of cyclic-phosjhorylation. Chang énd Troughton_

- (1972) found that'the ratio of the amount of chlorophyll a to the amount of

chlorophyll b was greater in Ck-plants, e.g. Atriplex spongiosa and Zea mays,

than in CB-plants e.g. Trifolium repens, Vicia faba and Spinacia olercea.

This can be interpreted as evidence for relatively more photosystem I than
photosystem II in Ck-plants, since the light-trap for photosystem I contains

a higher concentration of chlorophyll a than the light-trap for photosystem

IT.-

The quantitativé'and qualitative relationship between the photosystems
‘of the bundle sheath chloroplasts, without grana, énd the chloroplasts‘of
the megophyll cells,-with grana, remains, ho%ever5~a contraversial problem.
Polya and Osmond (1972)“;ep6fted a major deficiency in photosystem II-
dependent electron transport in the chloroplasts of the bundle sheath cells

of Sorghum bicolor and Zéa mays. Recent investigations by Andersen et al

(1972) indicated that the chloroplasts of the bundle sheath cel}s of maize
possessed photosystem II, but these chloroplast preparations had little
cgpacity to photoreduce NADP to water. Andersen et-al, therefbre,
suggested that photosystems I and II ;n these chloroplasts were not linked
for electron flow. On the other hand Smillie et al (1972) studied this
problem and concluded that chloroplasts from the bundle sheath cells of
maize were capable of NADP reduction and that electron tramsport throﬁgh

both photosystems was functional.
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Comparative studies of various enzymes involved in photosynthetic
carbon metabolism have sought to show differences betﬁeen the activities
and location of engzymes extracted from Ch-plants compared to those from
C;-plants. It was reported by Slack and Hatch (i967) and Johnson and
Hatch (1968) that the activity of ribulose 1, 5 diphosphate carboxylase in
maize, sugarcane and other plants possessing the Cu—dicarboxylic acid
pathway, was.considerably less than that found in 03—plants. Further work
by Bjbrkman and Gauhl (1969) indicated that there was no marked difference
in the level of RuDP carboxylase between the two types of plant,. The
activity of RuDP carboxylase was apparently restricted to the chlordélasts
of the bundle sheath cells of Cq-plants (Bjbrkman and Gauhl, 1969; Slack,
Hatch and Goodchild, 1969; Edwards, Lee, Chen and Black, 1970). This
conclusion is, however, contraversial. Baldry, Bucke and Coombs (1971)
'and Bucke and Long (1971) showed that the mesophyll cells, containing
chlorophyll, of sugarcane and maiée did contain RuDP carboxylase. They
suggested that it had been difficult to detect in previous investigations,
because of iﬁactivation by phenolic compounds which were also extracted

from the leavese.

The locat%on of PEP carboxylase in the leaves of C),-plants has been
studied. Slack, Hatch and Goodchild (1969), Edwards et al (1970) and Berry
g}_g}_(1970) repofted that the activity of PEP carboxylase was largely‘
c@nfined to the mesophyll cells. Some PEP carboxylase was extracted from
chloroplasts from spinach leaves by Rosenberg et al (1958). Baldry, Bucke
and Coombs (1969) demonstrated that isclated sugarcane chloroplésts were
capable of 002 assim;lation in the presence of light and PEP. Slack and
Hatch (1967) reported the presence of PEP carboxylase in chloroplasts
from maize, sugarcane and sorghum, and further work by Slack, Hatch and

Goodchild (1969) suggested that the enzyme may be associated with. the
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bounding membrane of thé chloroplast. However Baldry, Bucke and Coombs
(1971) and Bucke and Long (1971) recently suggested that in maize and sugar-
cane PEP carboxylase was in the cytoplasm. Waygood et al (1971) found PEP
carboxylase both in the chloroplasts and supernatant liquid from maize.

The enzyme: may therefore be in the cytoplasm.

Ting (1968) showed that PEP carboxylase from maize roots was inhibited
by L-malate, oxaloacetate and aspartate. Aspartate also inhibited PEP
carboxylase from Salmonella (Maeba and Sanwal, 1969).. Kluge and Osmond .

(1972) have recently reported inhibition of PEP carboxylase from Bryophyllum

tubiflorum and Sedum pracanthum by L-malate and pyruyate. The inhibitory
effect of these compounds on the activity of PEP carboxylase may be of

importance in the control of Cq-metabolism.

Carbqnicrgnhydrase may fulfill an important role in photosyﬁthesis by
mediating the releaée of 002 at the primary carboxylation site. In low
ooncentrations of'Coa, Chlorella grown in high concentrations of co, (5%)
initially photosynthesized more slowly than Chlorella grown in’low
concentrations of co, (Graham and.Whittingham, 1968). This observation
'correlated with the amount of carbonic anhydrase in the cells (ﬁeed and
Graham, 1968). As Chlorella aaapted to cond;tions with a low concentration
of 002, carbonic anhydrase increased markedly, so the carbonic anhydrase
activity appeared to control the rate of photosynthesis. Everson (1969)
reported that inhibition of carbonic anhydrase in chloroplast e?tracté also
caused a significant inhibition of CO, fixation. Carbonic anhydrase
activity may enhance CO2 concentration in the locality of.RuDP carboxylase,
thus facilitating a greater rate of carboxylation. Failure to add
~ carbonic anhydrase may account for the discrepencies between the rate of

carboxylation of RuDP measured in vitro and the rate of photosynfhesis_ig

vivo. Everson and Slack (1968) found:that there was less carbonic anhydrase
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in Cu—plants than in Cj—plants. Chen, Brown and Black (1970) found that
the possession of a low 002 compensation point (characteristic of 04_

plants) was correlated with a low carbonic anhydrase activity; conversely
a high CO2 compensation point was correlated with high carbonic anhydrase

activity. However, Osmond et al (1969) found little difference in the

amounts of carbonic anhydrase in leaves of Atriplex hastata (63—plant) and

A.spongiosa (Cu—plant).

The activities of certain enzymes have been shown to be greéter in
the leaves of Ch-plants than in CB—plants. Relative activities of various
enzymes are different also between mesophyll and bundle.sheath cells of 04_
plants. It is particularly difficult, however, to éxtract 6rganelles and
functional enzyﬁes from Cu—piants, especially the tropicai grasseé; and
Bassham's statement in his review of photosynthesis (1964) may be very

pertinent:

"The failure of attempts to isolate any or sufficient enzyme activity
for a given proposed reaction is not an overwhelming argument against the

occurrence of that reaction in an in vivo metabolic pathway".

The cellular locus of 002 fixation by bq-plants has been studied by

the use of autoradiogfaphy. Moss and Rasmussen (1969) found that after

2 min photosynthesis from[:140:1002 by leaves of maize most of the 140
assimilated was present in the bundle sheath céiﬁs and little in the;
mesophyll éells. Berry, Downton and Tregunna (1970) found that the
distribution of 140, after .6 sec photosynthesis from{:1hc:]COé.by leaves
of Gomphrena globosa (a Cq—plant),/corresponded to the distribution of

chlorophyll i.e. C02 fixation was restricted to cells of the mesophyll -and-
bundle sheath, which surround the vascular bundle. In leaves of maize,
they found that |'C was mostly restricted to the cells of the bundle

sheath. A more detailed study by Bednarz and Rasmussen (1972) showed that,
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after only 10 sec photosynthesis from[:140:1002 by leaves of maize, there
was more 14C present in the cells of the bundle sheath than in the cells of
the mesophyll. These investigations indicated that either 002 fixation by
leaves of malze was largely confined to the cells of the bundle sheath or

that rapid translocation of recent photosynthate occurred from the cells of

the mesophyll to those of the bundle sheath.

5. Effects of 002 andVO2 Concentration on the Products of Photosynthetic

Carbon Metabolism.

Two effects of light on the carbon metabolism of both algae-and higher
plants were recognized.;by Benson and Calvin (1950). ILdght not only
initiated the reaction; of photosynthetic 002 fixation but also inhibited -~
the entry'of photosynthetic products into the tricarboxylic acid cycle.
Glycine and glyﬁollate were rapidly labelled in barley leaves during
photosynfhesié from[:140:]002 and a significant amount of 140 was found in
these compounds after only 5 sec photosynthesis in[:140:1002. Cn darkening
140 in these compounds rapidly disappeared. From subsequent investigations
using algae Calvin and co-workers found that-glycollic acid and glycine'
were products of photosynthesis formed later than the sugar phoséhates
(Buchanan et al, 1952). Bassham et al (1954') observed that[ (] glycollate

. synthesised in Scenedesmus was increased considérably when th.e'CO2 concen-

tration was decreased from 1% to 0.003% in the presence of 21% Oé.

The effect of a chaﬁge in 002 concentration on.carbon metabolism was |
studied in more detail by Wilson and Calvin (1955). The overali rate of
photosynthesis by algae was decreased when the 002 conéentration was
‘.lowered from 1% to 0.03% but the decrease in rate was not immediate and
was not sighificant until the concentration of ribulose 1,5 diphosphate had
fallen. Less sucrdse was synthesised in 0.03% CO2 and'ﬁhere was an

increase in the concentration of glycollic acid. When the 002 concentration
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was increased again to ﬁ% the concentrationof glycollate fell. The effect
of 002 conceﬁtration on the 140 products of photosynthesis in Chlorella
was studied by Whittingham and Pritchard (1963). They observed increased
incorporation of 140.into sugar monophosphates, PGA and sucrose when the
002 concentration was increased from 0.1% to 4.0% by volume. The incor-
porafion into serine, élanine, malate and aspartate was not markedly
affected but incorporation into the two-carbon compounds, glyqollafe and

glycine, was considerably decreased when the CO_ concentration was increased.

2
Graham and Whittingham (1968) found that after 6 min photosynthesis by

Chlorella in[:14d] 002 the % 140 incorporated into glycine, serine and

alanine was considerably greater in the presence of 0.03% 002 than with

L

5% COZ.

Investigations of' the effect of CO2 concentration on the products of

photosynthesis by leaves of higher plants showed that the responses were
-similar to those observed in the unicellular algae.' Tolbert (1958)
reported that during photosynthesis from[:14Q] 002 by leaves of Sedum
alboroseum the % 140 incorporated into glycollate, glycine and serine was

much less in the presence of 4% CO_ compared to 0.03% COZ. Mortimer (1959)

2

found that in several higher plants there was an increased rate of photo-

synthesis when the CO. concentration was raised from 0.03% to 2.0% and that

2
the relative amounts of products were changed. At low 002 concentrations
significant amounts of 14C were incorporated into glycine, serine and

glyceric acid whereas at high CO, concentrations 140 was incorporated

2

predominantely into sucrose.and alanine.

Further investigations into the effect of 002 concentration on
photosynthetic carbon metabolism were concerned with the interaction
between CO2 and O2 concentration. Tolbert and Zill (1956) demonstrated

that during photosynthesis froml. 1'C]CO. by Chlorella some 3 to 10% of

2
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the total ' 'C assimilated was excreted into the suspendiné medium as

glycollate. The magnitude of the glycollate excretion was dependent upon

aerobic conditions and the concentration of HCO.  ions in the mediume.

. 3
Bassham and Kirk (1962) studied the distribution of 1#0 between the products

of photosyntheéis in[:14G] 002 by Chlorella in the presence of either 100%

02 or N2. They found that the 140 incorporated into glycollate and

glycine was markedly increased in the presence of 0. compared to N.. whereas

2 2
the 140 incorporated into ribulose diphosphate, PGA and alanine was less in

O2 than in N2. Whittingham, Coombs and Marker (1967) investigated the

effect of O2 concentration on the distribution of 12+C between the products
of photosynthesis by Chlorella in 0.03%[:14021002 in two ways. Firstly,
during steady state photosynthesis, they found that the synthesis of[judj

glycollate was increased with increased O2 concentration and this.was

associated with a decrease in the size of the sugar phosphate pools and
synthesis of less sucrose. Secondly, during the transition from 21% O2
to 99.7% 02,_there was increased formation of glycollate which was again

accompanied by a decrease in amounts of'sugar phosphétes present.

14

The effect of 100% O, compared to 21% O, on ' 'C in products of

2
, photosynthesis from[:140:]002 by twigs of Balsam fir was investigated by

Maleszewski and Nelson (1968). They found that the presence of high 0,
concentration was associated with decreased 140 in'sugars and increased 140
2

140 in glycine and serine was greater at high O2 concentration but . there

was less 140 in alanine. Similar studies by Fock, Egle, Schaub and

in amino acids; this effect was increased at low CO, concentrations. The

Hilgenberg (1969) of photosynthesis from[:140:1002 by sunflower leaves
~ showed a major shift in the distribution of 140'from carbohydrates to
amino acids with increasing O2 concentration. Leonard and Bidwell (1969)

reported that, whether the concentration of CO, was high or low, the

2
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absence of O, resulted in an increase in PGA and alanine but little change

2
in Calvin cycle intermediates during photosynfhesis by leaves of barley.
They suggested that O2 has an inhibitory effect on the carBoxylation of
ribulose diphosphate. Voskresensksya, Wiil, Grishina and Parnik (1970)
found that, during photosynthesis by leaves of bean in 0.03%C %] co,,

less 140 was incorporated into glycollate and glycine but more into

alanine and carbohydrates in the presence of 0.5% O2 than was the case in
21% 02. Lewanty, Maleszewski and Poskuta (1971) found that less-140 was
incorporated into PGA, alanine, glycine, serine and sﬁgars during photo-
synthesis by leaves of maize i‘rom[:'lL}C-__]CO2 in an atﬁosphere of fOO% O2
compared to 21% 02. The effects of O2 and CO2 concentration on the prbducts
of photosynthetic carbon metabolism by: maize, or other Ch-plants, had beeﬁ
little studied and it was not possible to make any rigorous comparison

with the studies discussed using C,-plants.

3

Photosynthesis by isolated chloroplasts was also influenced by the

concentration of O2 and COa. Glycollic acid was a méjor product of photo—'

synthesis by isolated chloroplasts (Kearney and Tolbert, 1962). Chloro-
plasts fixing 002 in the presence of O2 contained less Ru, 1,5, DP and
triose phosphates but more pentose monophosphates and glycollate than

chloroplasts fixing CO2 in N2 (BEllyard and Gibbs, 1967). VIncorporation of
14

C into glycollate was also dependent upon[:140:]HCOBf concentration.

The maximum[:140:]glycollate production was achiéved under high 02 and very
low HCOB_ concentration. Vandor and Tolbert (1963) confirme@ that

glycollate formation by intact isolated spinach chloroplasts was dependent
on the presence of 02. The concentration of 002 and 0., therefore, affects
the overall rate of photosynthesis and also the distribution of récently
assimilated carbon among the products of photosynthesis. Carbon incorporated
into the two-carbon compounds, glycollic acid and glycine, was increased when

the concentration of O2 in the atmosphere was increased or the concentration

of 002 decreased.
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The most marked effect of increased 0., concentration on carbon

2
metabolism during photosynthesis was, therefore, the production of the
two-carbon compounds, glycollate and glycine. The metabolism of these

compounds has received considerable attention and the studies concerned

with this aspect of photosynthetic carbon metabolism will be considered. .

6. The C2 Pathway

It was suggested by Wilson and Calvin (1955) that glycollate was
derived by oxidation of the two-carbon compound which is an intermediate
in the reactions of sugar phosphates catalyzed by transketolase in the
photosynthetic carbon reduction cycle. Calvin et al (1951) showed that
after 15 sec photosynthesis by barley leaves in[:“l*C:lCO2 the glycollate'
was equally labelled in both carbon atoms. A possible precursor of
glycollate was phosphoglycollate which could be derived from the sugar
phosphates of the Calvin cycle. Phosphoglycollate was shoﬁn to be a
product of photosynthesis by Buchanan et al (1952) and Keafney and Tolbert |
(1962). The presence of a specific phosphoglycollate phosphatase infleaves
has been established by Richardson and Tolbert (1961) and Yu, Tolbert and

Orth (1964).

Zelitch (1965) proposed that glycollate arose from a primary carboxy-
lation because the specific activity of the[:qu:]glycollate was higher
than that of the carboxyl group of PGA after photosynthesis by fbbacco
~ leaves in[:140:]002. This result was probably an;artifa;t since Hess and
Tolbert (1966) subsequently reported that carboxyl labelled PGA was the
primary product of photosyﬁthesis in tobacco leaves and that glycolléte,

glycine and serine were secondary. products.

The presence of an enzyme (glycollic acid oxidase) in green leaves

capable of oxidisingo<-hydroxy acids with the concomitant consumption of
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0, was reported by Clagett, Tolbert and Burris (1949). Tolbert and
Burris (1950) suggested that glycollic acid oxidase was associated with
photosynthesis as they demonstrated that it was activated, or formed,
following exposure of plants to light and it was absent in albino plants.
Kenten and Mann (1952) demonstrated that hydrogen peroxide was produced
during the oxidation of glycollic acid or lactic acid. The enzyme was
isolated and purified by Zelitch and Ochoa (1953). Glycollic acid oxidase
catalyzed the oxidation of glycollic acid to glyoxylic, and L-lactic acid
to pyruvic acid with the production of hydrogen peroxide. Various oc-
hydroxysulphonates, shown by Zelitch (1957) to be inhibitors of glycallic

acid oxidase, caused an accumulation in the light of glycollic.acid in

leaves of spinach, bean, tomato and maize (Zelitch, 1958; 1959).

The me%abolism of[:quc:jglycollic acid and related compounds by

detached leavés or leaf disks was studied by Tolbert and Cohan (1953).

The major products of the'mefabolism of[undj glycollate were glycine,
serine and an unknown compound. Evidence was presented by Wang and Hao
(1960) that[:2—1hdj glycine supplied to leaves of wheat was métabolised to
140 sugars. Pritchard, Whittingham and Griffin (1961) studied thg dis-
tribution of 140 between the products of pﬁotosynthesis by Chlorella in
E140:]CO2 in thelpresence'of an inhibitor, isonicotinylvhydrazide. There

was an increase in the amounts of 1#0 in glycollate and glycine but

incorparation of 140 into serine and sugar phosphates was inhibited.

A pathway from glycollate to hexose sugars was proposed by Wang and
Waygood (1962) based on théir isotopic competition experiments using‘wheat
leaves. They found that unlabelled glycollate supplied with[:14d] glycine
or[:140:]serine did not decrease the 140 incorporated inté sﬁéars whereas

the synthesis of[:140:]sugars from[:140:]glycine was decreased by added
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126 serine. When 120 glycine was supplied with[:14d]éerine there was

no decrease in the synthesis of[:140:]sugar. These results suggested a
pathway:

glycollate — . glyoxylaté___f>glycine.___ﬁ;serine_;__5>hexoses

Rabson, Tolbert and Kearney (1962) studied the distribution of G

in phosphoglycerate, glycerate, alanine and serine extracted from the
leéves of several species of plants including maize, after 20 sec photo-
synthesis in[:14CZ]C02. Phosphoglycerate, glycerate and alanine were
predominantely carboxyl labelled but serine was 5uniform1y{vlabelled. These
data showed that serine was synthesised by a different route from the
other C3 compounds studied. Rabson et al also investigated the-:metabolism

14

of ' 'C substrates supplied exégenously to leaves of the same plants. When

[2-140:]g1ycollate was supplied[ZZ, 3;14CZ]serine and[:2,3-1hq:]glycerate
‘were the products. [:3—140:]g1ycerate was synthesised when[:3~140:]serine
was supplied. Theée results were consistent with the synthesis of serine
from glycollate via glycine. It was also observed that[:14C:]sucrose.Qas
synthesised rapidly in wheat leaves from[:1hCZ]glycollate or[i140:]serine

140 in glycerate, phosphoglycerate or

without a prior accumulation of
sugar phosphates. The synthesis of E1L*C] s;mr>ose from E'IL}C:I CO‘2 was
preceeded by a marked incréase in 14C in phosyphoglycerate and sugar
phosphates. Rabson et al suggested that this may indicate two different
sites of sucrose synthesis. Furthef work by Jimenez, Baldwin, Tolbert

and Wood (1962) showed that glyceric acid was an intermédiate in the
conversion of glycine and serine to hexoses. They proposed a pathway where
the synthesis of sucrose from glycollate was cytoplasmic:

photosynthetic carbon-—P glyéollate———a.glycdllate—-_aglyc;ge-——a serine

reduction cycle . glycerate

hexoses
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Study of the metabolism of specifically 1abe11ed[:140:]glycollate, glycine
and serine in wheat leaves by Wang and Burris (1963) supported this path-
way. QGlyceric acid was the major organic acid formed by the metabolism of
glycine and EqLILC] phosphpserine was formed fromE2-1LlLC] glycine,t1—1403
serine and EB—qu'C] serine. The metabolism of E14C] glycine in non-green |
plant tissue was investigated by Sinha and Cossins (1964). The major
products were-found to be serine, gl&oxylate and.COZ. Using various plant
tissues they found that the metabolism of glyoxylate resulted in all cases

in the synthesis of glycine, serine and CO A transaminase capable of

2.
converting glyoxylate to glycine was found by Sinha and Cossins (1965).

Cossins and Sinha (1966) showed that, in the presence of a soluble pfotein
fraction from wheat leaves, two molecules of glycine were converted to one

molecule each of serine and COZ' The conversion had an absolute require-

ment for tetrahydrofolate.

The work of Asada et al (1965) demonstrated that glycine and serine
were synthesised via glycollate and glyoxylate during photosynthesis by
leaves of tobacco and spinach. Ongun and Stocking (1966) confirmed the
presence iﬁltobacco leaves of a pathway synthesising carbohydrates from
glycollate. Miflin, Marker and Whittinghad (1966) found that[:1#c ]
glycollate and[:140:]giycihe supplied exogenously to excised pea leaves
were both metabolised via serine to sucrose. The metabolism of serine to

sucrose but not glycine to serine was light-dependent. During a period'of

photosynthesis in 0.03% COZ’ after photosynthesis in[:qqc:]coz, 140 in

sucrose increased while 14C in glycine and serine decreased (Miflin.gz;gl,
'1966). On the other hand, when photosynthesis inE"L*c] CO, was followed

by photosynthesis in 4% 12CO there was a more rapid loss of 140 from

2
sugar phosphates but 14C in glyciney serine and sucrose did not‘change

1

while 'C in other amtno acids and in the alcohol-insoluble fraction

increased.
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Two pathways for serine biosynthesis in animal tissues were demonstrated
by Walsh and Sallach (1966) one, 'the phosphorylated pathway' involved
reduction of 3-PGA to phosphohydroxypyruvate and its subsequent trans-
amination from L-glutamate to form phosphoserine; the other, the 'nonphosphory-
lated pathway', was by the oxidation of D-glycerate to hydroxypyruvate and
subsequent transamination from L-alanine to form serihe. Cheung, Rosenblum
and Sallach (1968) investigated the amounts of these transaminases, 3-
phosphoglycerate dehydrogenase and D—glycéréte_dehydrogenase in a variety
of plant tissues and suggested that the phosphorylated pathway was of major
importénce~for serine biosynthesis in tissues, such as the apical meristem,
where there was rapid cell proliferation whilst the fnon-phosﬁhorylatéd

pathway' operated in green leaves.

From their studies using isolated chloroplasts, Chang and Tolbert (1965)
suggested the possibility that serine was synthesised from 3-PGA in chloro-_
plﬁsts whilst in the cytoplasm it was by the glycollate pathway. Previous
work using isolated chloroplasts showed that glycollate was possibly
excreted by chloroplasts, and that, although added[:1uc:3glycollate could
not re-enter chloroplasts[:140:]glyoxylate could readily do so (Kearney

and Tolbert, 1962).

Glycollic acid oxidase was thoﬁght by Tolbert and Cohan (1953) and
Delavan and Benson (1958) to be located in the chloroplast. Thompson and
Whittingham (1968), however, showed that glycollic acid éxidase was in
the cytoplasm. Tolbert and co-workers (1971) have since established that
several enzymes of the C2 pathway, namelj glycollate oxidase, hydroxy-
pyruvate reductase, glutamate-glyoxylate aminotransferase, serine-glyoxylate
transferase and catalase are present in organelles called peraxisomes.

The metabolism of glycollate to glycine is, therefore, probably located in

‘the peroxisomes. Frederick and Newcomb (1971) studied the distribution of
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microbodies (peroxisomes) in the leaves of grasses. They found that 03-
species possessed a greater number of peroxisomes than Ch—species. In 04-
species, including maize, electron microscopic investigations have revealed
the presence of a greater number of mitochondria and peroxisomes in the
cells of the bundle sheath than in those of the mesophyll (Laetsch, 1968;
Downton, Bisalput;a and Tregunna, 1969; Osmond, Troughton and Goodchild,
1969; Frederick and Newcomb, 1971; Black and Mollenhauer, 1971; Usuda et al,

1971) .

In animals an eﬁzyme systenm respoqsible for the conversion of glycine
to serine was found to be located in the mitochondria (Sanadi and Bennétt;
1960). Kisaki, Yoshida and Imai (1971b) found that glycine decarboxylase
activity, associated with serine synthesis, was present in mitochondrial-
preparations from spinach leaves, and was thought to be entirely localized
in the mitochondria (Kisaki, Imai and Tolbert, 1971a). Glycine decarboxylase
mediated the cleavagé of glycine producing 002 and NH3. The system was
stimulated by pyridoxal phosphate and NAD, and required tetrahydrofolate
(THFA). it was suggested that decarboxylation of glycine was followed by
the synthesis of serine by hydroxymethjlati?n of a second molecule of
glycine catalyzed by serine hydroxymethyltransferasé. This enzyme was
predominantely located in £he mitochondria but was present also in the
- chloroplasts (Kisaki et al, 1971a). Kisaki et al (1971b) suggestéd'a closée

relationship between the production of CO,, decarboxylation of glycine and

2’
the synthesis of serine catalyzed by thelr nutochondrlal preparatlons from

spinach. Conditions, for example lack of 02, which 1ncreased CO2 evolution

also increased the production of NH and ‘the synthesis of serine. They

3.

~

summarised the reactions as follows:
3

HZN—CH2—COEH+H20+NAD+THFA_—+COE+NH3+THFA-CH20H+NADH2 (1)

- (glycine decarboxylase)
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—CH(NH2)—C02H+T}EFA - (2)

2

H N-CH2--CO2H+THFA-—CH20H-—--—->HO-CH2

Overall reaction:

2H2N-CH2-002H+H20+NAD———9CO +NH +HO—CH2-CH(NH2)—CQ2H+NADH

23 2

Kisaki et al (1971b) suggested that reduction of NAD may be of importance
as a regulatory mechanism in the mitochondrion. Further work concerned
with the synthesis of serine has recently been reported by Bird, Cornelius,
Keys and Whittingham (1972a) who investigated a similar biochemical syétem
to that of Kisakiet al (1971a; 1971b), isoléted from leaves of tobacco.
Here, however, fhe synthesis of serine from glycine was Oafdependent and
3% by volume gave the méximum rate of serine synthesis. Ef%ects of
inhibitors of mitochondrial electron transport on this system showed that
thé reaction required the cytochrome system of the mitochondrion. Bird
et al found that NAD was not required as a cofactor but ADP was, and was
phdsphorylated to give ATP. The free energy change was such that
theoretically 3 molecules of ATP might be formed for each molecule of
serine synthesised. Their work suggests that a function of the C2 pathway
is to effect 1ight-dependent phosphorylation in the mitochondrion. Further
investigations of this reaction by Bird et al (1972b)demonstrated that |

2 molecules of ATP were synthesized with the production of each molecule
of serine. Tolbert (1971) -proposed fhat the C2 pathway involved the flow
of carbon from the chloroplést to the peroxisome and then to the

mitochondriqn.;~?

The site of synthesis of sucrose, the terminal product of the C2
pathway, has been investigated by a number of workers. Non-aqueous
techniques for chloroplast separation produced conflicting results. Heber
and Willenbrink (1964) found that UDPG and sucrose were synthesised

cytoplasmically while Stocking 3}_3}_(1963) found sucrose was formed first
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in the chloroplastse. Bird, Porter and Stocking (1965) studied the
intracellular localisation of the enzymes associated with sucrose synthesis
in tobacco leaves. EFEnzymes needed for the synthesis of UDPG, and the
formation of sucrose and sucrose phosphate from it, were located mainly

within the chloroplast.

The effect of 02 and CO2 concentration on photorespiration and on the
entry and metabolism of carbon via the C2 pathway indicates that the C2
pathway may be the biochemical process responsible for photorespiration.

The synthesis of glycollate is probably O.-dependent and there are at least

2
two 02—dependent reactions in the C2 pathway: the oxidation of glycollic
acid, which is mediated by glycollic acid oxidase and has a low affinity
for 0, (Frigerio and Harbury, 1958) and the synthesis of serine from
glycine by a catalytic system which has a high affinify for 0, (Bird et al,
1972a). The reactions catalyzed by glycollate oxidase and the conversion
of glycine to serine may also be the reactions of the C2 pathway which

2
(1953) showed that hydrogen peroxide, formedeith glyoxylate when glycollaté

account for the CO, evolved during photorespiration. Zelitch and Ochoa

was oxidized by Oé in the presence of glycollic:acid oxidase, can react
non-enzymatically with glyoxylate to yield f;rmate, COé.and-water. However
Tolbert (1971) has established that glycollic acid oxidase and'catalase are
both located in the peroxisoﬁes. " Oxidation of gl&collic acid to glyoxylate
can occur, therefore, in these organelles but because'éufficient catalase is
also present hydrogen peroxide produced in the reaction would be raﬁidly
decomposed and further'non—enzymatic oxidation of glyoxylate to formate and
C0, is unlikely to take place. Kisaki and Tolbert (1970) found that when
Eﬁ-1qc:]g1ycollate or[:1, 2140:]g1yoxylate were supplied to peroxisomes[:140:]

glycine was produced but there wasfhdfoxidation of either compound to COE.

They found that their preparations of chloroplastis were able to oxidize



glyoxylate, but not glycollate, slowly to form CO Halliwell, Leek and

o
Butt (1972) reported decarboxylation of[:1hC:]g1ycoilate and[:1uc:]glyoxylate

with the evolution of 14002 by peroxisome preparations from leaves of

spinach heet. The decarboxylations were inhibited in the presence of N2

but were considered to be insufficient to account for the CO evolution due

2
to photorespiration. Zelitch (1972) has recently found that[:1-1uc:]

glyoxylate can be rapidly decarboxylated by envelope-free chloroplasts from

spinach in the presence oi light and 02. He found that[:1—140:]glycine was
decarboxylated at only 1% of the rate of decarboxylation of[:1—140 i |
glyoxylate by fhese chloroplasf preparations. The metabolism of glycine

to serine is the other reaction of the C2 pafhway which results in the‘

evolution of 002 (Cossins and Sinha, 1966; Kisaki; Yoshida and Imai, 1971b;

Bird et al. 1972a).

The evolution of CO, by photorespiration has been studied from leaves

2
which have been exogenoﬁsly supplied with 1#0 labelled or unlabelled sub-

strates. Sinha and Cossins (1965) found that 14CO was produced when leaves-

b

2
of pea were supplied with[:1hC:]glyoxylate, with the incorporation of 1

into glycine and serine. Moss (1966b) found that potassium glycollate

supplied to detached leaves of tobacco increased the CO, evolution into CO_-

2, 2
free air. Both tobacco and maize leaves evolved 14COa.when supplied with

eithe'rD-mcj glycollate or[" 2-11*03 glycollate (Zelitch, 1966) and with

both species more 14C was released from the[:1-140:]than from tﬁe[ZZ-?hc:]

substrate. Moss (1967) reported. that the metabolism of glycollate supplied
exogenously to the leaves was very much more rapid in tobacco than maize.

The evolution of CO, in the light from leaves of wheat and oat supplied with

2

glycollate was approximately doubled compared with untreated leaves, but

the supply of glycollate to leaves of maize only increased the evolution of

€O, by L5 compared to untreated leaves (Downton and Tregunna, 1968b). The
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increased evolution of 002 from leaves supplied with glycollate was not
observed in the presenceof low O, concentration (2%) (Downton and Tregunna,
1968b). When E1-1403 glycine or glycollate were supplied exogenously to
tobacco leaves' 14002 was evolved more rapidly in the dark than in the

light (Kisaki and Tolbert, 1970). This was because re-fixation of the
14002 by photosynthesis was prevented in the dark while the steps in the
c2 pathway between glycollate and serine were not light-dependent. In
darkness E1403 glycollate, [ 140] glyoxylate andal_ 140] serine were decar-
boxylated more slowly than.[ﬁ—qqc:]glyciné.' Kisaki and Tolbert (1970)‘
found that in the 1ighf[:1—140:]glycine was equally good or better és
substrate for 14002 evolution from disks of tobacco leaf than [ﬁ—j40:]

| glycollate. 14002 was evolved from segments of maize leaf when|:1—140:].
glycine or[:1-140:]glycollate was supplied as substrate and there was a
greater evolution of 002 from [1 -1403 glycine than E1-1I+Cj glycollate.
Intermediates of the C2 pathway.(glycollate, glyoxylate and glycine) have

been shown, therefore, to be substrates for 002 evolution when shpplied

exogenously to samples of leaves from both 03- and Cq~p1ants.'

‘ The effect of inhibitors on photorespiratory 002 evolution and the
C2 pathway has been studied. Zelitch (1958 and 1959) demonstrated that
when glycollic é.c:i.d oxidase was inhibited by oc-hydroxysulphonates glycollic
acid accumulated in the leaves of both tobacco and maizev in the light. He
found that the rate of L__‘mcj 002 uptake by leaves of tobacco was increased
in the presence of o«c-hydroxy-2-pyridinemethanesulphonic acid at 30°C but
there was no increase in the rate of éssimilation by leaves of maize in
the presence of the inhibitor (Zelitch, 196'6). Tolbert and Hess (1966)
found that the 140 incorporated into amino acids was decreased in

Chlamydomonais or Chlorella during photosynthesis from E140:| 002 in the

presence of oc-hydroxysulphonate compounds. The light-dependent CO2
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evolution from leaves of tobacco into COZ-free air was suppressed when the

leaves were supplied with oc-hydroxysulphonate(Moss, 1968; Zelitch, 1968).

Kisaki and Tolbert (1970) showed that in light and darkness the 002

evolution from disks of tobacco leaf supplied with E1-1L+C] glycollate was '
decreased in the presence of oc-hydroxy-2-pyridenemethanesulphonate. When
[:1-1403 glycine was supplied in darkness the CO, evolution was unaffected
by the presence of the inhibifor but in the ligﬁt the presence of oc-hydroxy-

sulphonate  increased the 1400 evolved from E1-14C] glycine. Kisaki and

2
Tolbert suggeste'd that the increased 14002 evolution in the light was due
to the formation of unlabelled glycine and inhibition of the re-fixation
of 14002 by the presence of the inhibitor.

Pritchard, Whittingham and Griffin (1961) found that the presence of
isonicotinylhydrazide (]J\IH) iﬁhibited the conversion of glycine to serine
by Chlorella. During photosynthesis from L '*c7] G0, by Chlorella in the
presence of INH morer__ﬂ'cj glycollate and E140:| glycine were synthesised
in the presence of air or 100% O, than were synthesised in the absence of

2

the inhibitor (Whittingham, Coombs and Marker, 1967). After [:140] 002

assimilation by tobacco leaves in the light; Goldsworthy (1966) found that
the specific activity of 14002 released into a COa-free atmosphere was
decreased when vthe leaves had been previously treated with solutions of
elither oc-hydroxy-2-pyridenemethanesulphonate or INH. Kisaki and Tolbert
(1972) found that when E1-14C] glycine or E’l-m(}] glycollate was supplied

exogenously to disks of leaves of tobacco in the presence of INH, the 1I+CO

2

evolution in light or darkness from either of these substrates was inhibited
compared to that from disks supplied with the 140 substrates in the
absence of the inhibitor. If the immediate substrate of photorespiration
was elther glycollate or glyoxylate INH would not have inhibited 1L!-CO

2

evolution from(:140:] glycollate. Inhibitors of photorespiratory 002 evolution
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in the light, therefore, also inhibit the flow of carbon through inter-

mediates of the C2 pathway.

The investigations of photorespiration have shown that the substrates
of this process became rapidly labelled with 140 during photosynthesis from
E140:]COZ by leaves and that these substrates were soon depleted when the
leaf was darkened (Tregunna et al, 1964; Iudwig et al, 1969; Ludwig and
Canvin, 1971). Glycoilate and glycine were found to be rapidly labelled

. . 14 . 14 L
during photosynthesis from _ C:]002 and to rapidly lose C labelling on
darkening (Benson and Calvin, 1950). The CO, evolution from leaves of

2
140 after 10 min steady state photosynthesis

sunflower was saturated with
in the preseﬁce of 300 ppm[:140:]002 in air, and after a subsequent period
(10 min) of photosynthesis in 12002 the 002 evolved by photorespiration
was almost unlabelled (Atkins, Canvin and Fock, 1971). Atkins et al

'~ suggested that the kinetics of 140 labelling of the substrate of photo-
respiration should be similar. They found that those compounds which
reached isotopic equilibrium after 10 ﬁins of photosynthesis f;om[:140:]
002 and which rapidly lost 140 labelliné in the presence of unlabelled CO

were intermediates of the Calvin cycle, glycine and serine. The flow of

2

L]

carbon through serine accounted for a considerable proportion of the total
carbon assimilated photosjnthetically and it wascﬁ?amégnitudéconsistent
with serine being an intermediate ofa pathway for photorespiration. If
this were the case, and most glycine and serine wefe produced via the c2
pathway from glycollate, it would not be possible for a significant amount
of 002 to .be produced prior to the synthesis of serine by a non-enzyme

oxidation of glycollate as proposed by Zelitch (1966).

The C2 pathway therefore has the following characteristics in common

with photorespiration: it is a light-dependent pathway in that it is
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closely associated with photosynthetic carbon metabolism,it is 0. -dependent

2
and the flow of recently assimilated carbon into intermediates of the C2
pathway is increased in the presence of increased 02 concentrations and
decreased CO2 concentrations. Intermediates of the C2 pathway supplied

exogenously to leaves of both C_- and C,-plants are used as substrates for
_ b

3

CO2 evolution and certain reactions of the pathway, notably the synthesis

of serine from glycine, involve decarboxylation.

For CB—plantg, including tobacco, there is considerable evidence for
the presence of an active C2 pathway metabolism and hence photorespiration.
On the other hand, the decarboxylation of intermediates of the C2 pathway
supplied exogenously to leaves of maize indicated that this pathway may be
functional in.maize and, in addition, enzyme studies indicated that the
enzymes mediating certain reactions of the C2 pathway were present in
leaves of maize (Tolbert et al, 1969; Rehfeld, Randall & Tolbert1970). Hovever
thé_effects of O2 and CO2 concentration on the products of photosynthesis

. by maize, or other Cu—plants, had not been studied when the present work

was initiated.

7. The Interaction of O, with Photoelectron Transporf.

2

The effect of O2 on photosynthesis iﬁvolves not only the 'dark'

~ reactions of carbon metabolism but also the light-dependent reactions which
result in the production of energy (ATP) and reducing power (NADPH). The
phosphorylation of ADP, the reduction of NADP and the oxidation of water

to molecular O2 is effected by a light stimulated electron flow.

Mehler (1951a; 1951b) found that, in the absence of other oxidants

or Hill reagents, isolated chloroplasts consumed O He concluded that O

2° 2
was acting as a Hill reagent, accepting electrons from the xeducing,end

of the electron transport system and being converted to HZOZ' Mehler

suggested this reaction might occur in vivo during photosynthesis under
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conditions when CO2 was limiting and at high O_. concentrations. Mehler

2

and Brown (1952) used O., isotopes to confirm the occurrence of the Mehler

2
reaction in chloroplasts. Heber and French (1968) found that, when

catalase was poisoned, O, was consumed by both intact and broken chloro-

2

plasts and this consumption of O, was inhibited by DCMU. They suggested

2

that this was evidence for a functional Mehler reaction in chloroplasts.

The results indicated that O, reacted with the primary reductant of

2
photosystem I and not significantly with the reductant produced by photo

system II. The rate of reduction of PGA and nitrate by isolated chlorc-

plasts was decreased in the presence of N_ compared to air, indicatiné an

2
02 requirement by isolated intact chloroplasts (Heber and French,'1968).-
O2 may react with the electron transport chain at a site near photosystem
I and before the site ferredoxin (Mathieu, 1969). Whitehouse, Ludwig

and Walker (1971), using preparations of isolated chloroplasts, suggested
that the rate of the Mehler reaction was principally limited by the rate
of tranéfer of electrons to molecular 02. The addition of NHucl increaéed

the rate of the Mehler reaction provided that a suitable artificial

electron carrier was present to facilitate electron transport to 02.

Arnon, Allen and Whatley (1954) found %hét photophosphorylation by
isolated chloroplasts was inhibited under anaerobic conditions. Subsequently
Forti and Jagendorf (1961) showed that endogenous photophosphorylation in
the absence of redox dyes was Oé-dependentJ Arnon et al (1961) recognized
_three types of phot0phosbhorylation in &.solated chloroplasts; cyclic,
lnon—cyclic and pseudocyclic phosphorylation. The formation of ATP by
cyclic phosphorylation was effected by a cyclic flow of electrons without

a net change in any exogenous electron donor or acceptor. Non-cyclic

photophosphorylation was the production of ATP with the reduction of a
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Hill reagent or NADP (as EE“EEEE) and the evolution of 02. Pseudocyclic
photophosphorylation was considered to bé a form of cyclic phosphor&lation
except that it was dependent upon the presence of 02. Arnon et al concluded,
however, that "the intervention of oxygen in non-cyclic photophosphorylation
resulted in a loss of biochemically useful energy which would have normally
been used for forming a strong reductant i.e. TPNH". There is, therefore,

evidence that under certain conditions_ig vitro O, can interact with the

2
electron transport system. Heber (1969) presented evidence that Oa’can
interact in vivo Qith photoelectron transport in the leaves of a number of

plaﬁts including spinach. On the other hand, Raven (1970) using

Hydrodictyon africanum, found no evidence that pseudocyclic'phosphorylat;on

was required in vivo for steady-state photosyntheéis.

8. The Effects of NH,Cl and NaCl on Photosynthesis.

The energy and reducing power needed for the incorporation of one
molecule of 002 into carbohydrate was thought by Chen, Brown and Black

(1969) to be 3 molecules of ATP and 2 molecules of NADPH for 03-plants but
5 molecules of ATP and 2 of NADPH in Cq—plants. The conclusion for 04-
plants was based on the theory that carboxylation of PEP and RuDP occur in

sequence in these plants. Chen et al proposed thaﬁ the additional energy

required was supplied by increased cyclic photophosphorylation.

Schlirmann, Buchanan and Arnon (1971) demonstrated the‘importancéiof
the ratio of ATP:NADPH in determining the relative amounts ofﬁqqc.in products'
of photosynthesis by isolated intact cﬁloroplasts from[:1hc:]002. Sugar
phosphates synthesis was increased and phosphoglycerate synthesis decreased
when non-cyclic phosphorylation was inhibited. The inhibition of cyclic
phosphorylation resulted in less synthesis of sugar phosphates and more
synthesis of phosphoglycerate. A high ATP:NADPH ratio probably favoured

the conversion of phoéphoglycerate to carbohydrate.



Environmental factors and inibitors, which may affect the ratio of
ATP:NADPH, might therefore, be expected to affect photosynthetic carbon

metabolism in vivo.

a) Effect of NH4+,on Photoelectron Transport and Photophosphorylation

Krogmann, Jagendorf and Avron (1959) suggested that ammonium ions
acted as very effective uncouplers of photophosphorylation and that the
effect was reversible. Good (1960) reported that ammonia and a nuﬁber of
mono-functional amines increased the rate at which ferricyanide and other
oxidants were reduced by illuminated‘chloroplasts. He suggested that the
activation was caused by the unionized amine. These observations were
confirmed and extended to other nitrogenous basés by Hind and Whittingham
(1963). Hind and Jagendorf (1965) suggested that uncouplers such as
ammonia increased the rate of breakdown of the high energy state, an

intermediate in phot0phosphorylatioﬁ;

b) Cl~ ions in Photoelectron Transport

Chloride ions were considered to be essential to the Oa—evolving

system (Warburg and Llittgens, 1946). Subsequently Bové, Bové, Whaéley and
Arnon (1963) found that éhloride ions were required for photochemical

reactions involving O. evolution. Hind, Nakatani and Izawa (1969) found

2
that non-cyclic electron fléw by broken chlorOplasté, was dependent upon
chloride ions and that the effect was greateraitéfﬁ&épupi;ﬁﬁtw'ammohia. Tﬁey
suggested that the chloride effecf was éssociated closely wifh photosystem
II. Heath and Hind (1969) from their studies of the effect of chloride
ions on fhe fluorescence of isolated chloroplasts suggested that the site
of chloride involvement was on the oxidative or water splitting side of
photosystem II. Treatment of isolated chloroplasts with NaCl can result
in uncoupling (Krogmann et al, 1959). A more detailed study of the

uncoupling effect of anions by Good (1962) indicated that Cl~ ions were
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feeble uncouplers but that their effect could be of greater magnitude

under circumstances where there was an interaction with other anions.

c¢) Effects of Ammonia on Carbon Metabolism

Holm-Hansen; Nishida, Moses and Calvin (1959) found that the addition
of NHACl changed the distribution of 1#0 between products of short-term
photosynthesis by Chlorella in the presence of[:140:]C02. Less 14C was
incorporated into sugar phosphates and more. into amino acids. Hiller and
Whittingham (1964) found that in the presence of NH, C1 1ess[:1hc:]malaté
was formed during photosynthesis by Chlorella from[:140:]002 and the 140
incorporated iﬁto glycoilic acid was decreased. The results were consistent
with the expected decrease in ATP synthesis caused by the presence of NH4Cl.
Hiller (1970) showed that, during photosynthesis from 2%[:140:]C02 by
Chlorella, the presence of 10;2M NH401 decreased synthesis of sﬁcrose,
polysaccharides, PGA, fructose and sedoheptulose monophosphates. Synthesis
of glucose monophosphate and fructose and ribulose diphosphaﬁés was
unaffected. There was a rapid increase in synthesis of amino acids and
tricarboxylic cycle acids, partly accounted for by the decreased synthesis
of the sugar phosphates, but mostly by decreased synthesis'of-sucrosé and
polysaccharides. ﬂiller suggested that NHkbl stimulated the conversion of
PGA to phosphoenélpyruVate'and pyruvic acid, and that it may have a direct

effect on phosphoglyceromutase, enolase or pyruvate kinase in vivo.

Kanazawa, Kirk and Bassham (1970) studied the effects of NH401 on
photosynthetic carbon metabolism by Chlorella in 1.6% Emc]coa. In the
presence of NH461 the synfﬂesis of[:1ACZ]PEP was increased compared to[judj .
3-PGA, but the synthesis of these compounds was reduced by NHACl compared
to untreated cells. The 140 incorporated into pyruvic acid and alanine

o

was increased in the presence of NHQCl whilst the incorporation of = 'C
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into serine was unaffected. There was an increased rate of metabolism of

140 by the tricarboxylic acid cycle with an increase of[:140:]malate,

citrate, glutamate, glutamine and aspartate, and an increased rate of 140
incorporation into lipids. The increased synthesis of[:140:]amino acids
was mostly at the expense of sucrose synthesis. Starch synthesis was
decreased only slightly. The decrease in1:140:Jsucrose synthesis was
apparently due to inhibition of the reaction between UDP-glucose and
fructose-6-phosphate. The rate of conversion of fructose 1,.6 diphosphgte
was also decreased by ammonia. The data supported the suggestion that
ammonia stimulated pyrﬁvate kinase. Miller and Evans (1957) found that

univalent cations, among them NH4+, stimulated phosphorylation of ADP by

PEP catalyzed by pyruvate kinase in vitro.

The effects of ammonia toxicity in higher plants has been studied by
a number of workers. Vines and Wedding (1960) suggested that ammonia
toxicity to plants was fhe result of an interaction of NH4+ with the
electron tranéport system of the mitochondrion and especially its oxidation
of NADH. Matsumoto, Wakiuchi and Takahashi (1968) studied the concentration
of sugars in cucumber leaves during ammonium toxicity and concluded that the
translocation of glucose was inhibited by.Nﬁ4+. Wakiuchi et al (1971)
found that the activity of pyruvate kinase was ihcreased in the leaves of
cucumber plants treated with NHhcl. A further study of Wakiuchi et al
(1972) showed that upon addition of NH401 to cucumber leaves there was an
immediate increase in the rate of respiration followed by a slow return fo

normal rates.

d) Effect of NaCl on Carbon Metabolism.

The requirement for univalent cations for the reaction mediated by
pyruvate kinase was found to be satisfied by NaCl, though the Naf salt

was less effective than the X' salt (Miller and Evans, 1957). NaCl
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increased the activity of malic dehydrogenase from:spinach leaves (Hiatt
and Evans, 1960).Joshi, Dolan, Gee and Saltman (1962) showed that the
distribution of 140 among the products formed by homogenates of spinach
leaves from[:140:]C02 in the dark was similar to that in intact leaves.

The addition of NaCl, however resulted in an increased synthesis ofl:140:]'
amino acids. Hartt (1967) used NaCl to induce water-stress in sugarcane
plants. She found that translocation of photosynthate was decreased but

the photosynthetic metabolism of quc:]COa was not markedly affected. -
Harvey and Gibbs (1970) found that there was a greater retension of products
within isolated chlo}oplasts that were fixing CO

2
was included in the medium. Osmond and Greenway (1972) showed that NaCl

in the light when NaCl

inhibited PEP carboxylase from Cq—plants. PEP carboxylase from C —plant§

3
was not as sensitive to NaCl as the enzyme from Ch—plants and RuDP carboxy-
lase was much less sensitive to NaCl than PEP carbéxylase. The effect of
KC1l on PEP carboxylase activity was similar to that of NaCi. The 140
distribution among the products formed by photosynthesis frqm[:140:]C02 by

Cq-plants was not affected by NaCl; there was no decrease in the amount of

C incorporated into the four-carbon dicarboxylic acids. Winter and

Von Willert (1972) found that Mesembryanthemum crystallinum,, when grown

hydroponically in a saline medium, exhibited CO, uptake in darkness and

2
at the same time malate was synthesised in the leaves. This metabélism

similar to that of Crassulacean plants, was absent in untreated plants.

9. Justification for the Experiments Described in this Thesis.

Light-dependent CO, evolution from leaves of tobacco is easy to

2

measure and its rate is increased by increased concentrations of O2 in the

atmosphere. The rate of apparent photosynthesis is decreased with increased
/ o

concentration of O2 so that the maximum rate of photosynthesis is observed

in atmospheres devoid of O The apparent decrease in the assimilation of

2-
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CO, in the presence of O

> is therefore largely accounted for by the

2

simultaneous loss of CO2 through photorespiration. The evolution of CO

in the light from leaves of maize is difficult to measure even in the

2

presence of high concentrations of O The results of Forrester et al

2.

(1966b) however, show that the presence of increased concentrations of O2 did

decrease the rate of photosynthesis by leaves of maize. The experiments

described aimed to investigate the effects of O, on the rates of photo-

2
synthesis by maize, a Cq—plant, and tobacco, a Cs—plant, and then, having
established the differences in the effects of 02 concentration on the rate

of assimilation of COZ’ to study the differencesinbiochemistry of photo-

synthesis fhat were responsible.'

concentrations, in atmospheres containing

The effect of high and low CO2

different concentrations of 02, on the photosynthetic carbon metabolism by

leaves of maize was studied in greater detail. The metabolism of certain
photosynthetic intermediates was investigated, in light and darkness, by
supplying these compounds exogenously to leaves of maize in the presence of

atmospheres containing different concentrations of 02 and COZ'

The effect of O2 on photosynthesis may not be due éonly to direct effects

on carbon metabdlism since there is also evidence that it can interact with

photoelectron transport. This evidence shows that the concentration of O2

present may influence carbon metabolism by an-effect on photoelectron
transport that.alters the ratio of ATP to NADPH synthesis. There is also
the theoretical possibility that the energy requirement for photosynthesis

may be greater for Cy-plants than C,-plants (Chen et al, 1969). The effect

3

of O2 on the rate of photosynthesis by leaves of maize and tobacco was
investigated therefore, in the presence of NHucl, an uncoupler of photo-
phosphorylation. It was considered possible that Cl~ ions may have an

effect in addition to the effect of the NH4+ ions and similar experiments

were therefore conducted in the presence of NaCl.
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1. Plant Material

Seeds of Zea mays var. Golden Bantam (Caxters Seeds Ltd) were
germinated individually in 3" pots and the plants transferred to 43" pots
after 7 days. The seed was germinated and the plants were grown in a Saxil
growth chamber providing automatic watering, high humidity, a 16 hr. light
period (1900 ft candles) at 28°C; and an 8 hr. dark period at 25°c. After
19 days the plants were transferred from the growth cabinet to a greenhouse
where automatic watering was provided and daylight was supplemented with
fluorescent lighting (16 hr. light period). The minimum temperature was

2500 and the minimum light intensity 1200 ft candles.

A1l samples were cut from the third and fourth leaves of the plants

during the period 19 to 2% days from sowing. Nicotiana tabacum var.

White Burley was grown in a greenhouse in daylight supplemented with
fluorescent lighting, the plants being repotted at intervals; they were in
10" pots when used. The plants were supplied twice a week with a commercial

nutrient solution (Fison's liquinure).

A1l experiments were commenced four hours after the beginning of the
light period in an attempt to standardise‘the leaf material with regard to

the diurnal fluctuations in the physiology and biochemistry of the plant.

2. Measurements of Rates of Photosynthesis in Atmospheres Containing

Different Proportions of Oxygen and Carbon dioxide.

(a) Preparation of gas mixtures

For measurements at zero and 100% oxygen, oxygen-free nitrogeﬁ and
pﬁ}e oxygen were used directly from pressurised cylinders supplied by
British Oxygen Co Ltd. Carbon dioxide-free air was obtained by pumping air

through a drying tower céntaining soda-lime (Carbasorb - B.D.H.).
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FIGURE:1

Apparatus used to measure rates of photosynthesis by samples of maize and

tobacco leaves in atmospheres containing different concentrations of 0,

and COZ.
M
1
41G
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A,B,C, & D, 3-way glass taps; .
E, Gas-cylinders containing (i) 0, (ii) O,-free N, under pressurej
F (1 & 2), Pressure-reducing valves;

G, Flostat;

H, Manometer;

J, Double-walled polythene bags;

K, (i & ii), Diaphragm pumps;

L, Drying-tube containing silica gel;

M, Oxygen analyzer;

N, Infra-red gas analyzer;

P, Drying-tube containing magnesium perchlorate;

Q, Spot lamp;

R, Leaf chamber;

S, Constant-temperature water Bathg

T, Section of rubber tubing.
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A1l other atmospheres used were obtained by mixing oxygen-free
nitrogen and oxygen in polythene bags. The oxygen-free nitrogen and
oxygen cylinders were each connected through a pressure reducing valve set
at 10 1lbs/sq in to a flostat (Flowstat minor supplied by Ge.F.Platon Ltd, -
Wella Road, Basingstoke, Hants.) to provide a consfant gas flow. The
output from the flostat was measured by means of a flow-gpeter and set to
4 1/min. The nitrogen: oxygen mixtures were prepared in large polythene
bags, with double walls each 500 gauge, made Ffrom lay-flat polythene
tubing, 4 feet diameter, supplied byTransatlaqticiPlastiés Ltd. Two of
these bags were connected in the filling system by two 3-way glass vacuum
taps (A and B, Fig. 1). Each bag was evacuated and oxygen-free nitrogen
passed in at 4 1/min for an appropriate time followed by oxygen at 4 l/mih
until the required reiative proportion of the gas was in the bag. An 80%
oxygen: 20% nitrogen mixture was prepared, for example, by passing oxygen
at 4 1/min into the bag for 8 mins follﬁwed by oxygen-free nitrogen at
h'l/min for 2 min. The gases inside the bag were mixed by gentle
manipulation of the walls of the bag. The composition of the prepared
gaé mixture did not alter significantly during the time required to
complete each experiment (2 hr). Mixtures ?f argon and oxygen were
prepared in a similar manner. The oxygen concentration of the gas mixtures
was determined by passing samples through a drying tube (silica gel) and
into a paramagnetic oXygen analyzer (Type OA 150 supplied by Servomex

Controls Ltd. Crowborough, Sussex).

b. Apparafus
The app;ratus is shown in the diagram (Fig 1). The leaf chamber was
a clear perspex box, external dimensions 20.5 x 10'x 3.5 cm, with an '
internal volume of 216 mi. The gas stream was passed into the chamber and
over the leaf surface through inlet and outlet tubes at opposite ends of

the lid. The chamber was maintained at 28°¢ by submersion in a constant
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témperatﬁre water bath, equipped with both heating and refrigeration units,
and was illuminated'at 1950 ft candles by a 250 w reflector spotlamp

(Mazda).

The gas, circulated at 4 1/min by a diaphragm pump (i), was dried before
entering the infra-red gas analyzer by passage through a drying tube
contaiﬁing magnesium perchlorate. The carbon dioxide concentration of the
gaé stream was measured using a 'null balance'! infra-red gas analyzer,
made by Hilger-IRD, Ltd. The instrument was designed to measure carhbon
dioxide concentration in three scale ranges - zero to 100 ppm, zero to'

1000 ppm and zero to 10,000 ppm. It was not possible during the course of
experiments using a closed circuit to change to a more sensitive range

without introducing a volume of carbon dioxide-free air and therefore

changing the composition of the gas mixture (oxygen concentration). The
investigation of the effect on photosynthetic rate of carbon dioxide
concentrations from 6000 ppm to the leaf compensation point was therefore
conducted using separate leaf samples for each of the scale ranges.- A

linear Toa electronic polyrecorder (T.E.M. Sales Ltd, Crgw}ey, Sussex) connected
to the .gas analyzer recorded contimg_o_gs]_.y the Achan;g.e. of carbon dioxide concentration,
Tﬁe diaphram pumps (i and ii) used‘wére the 'Dymax' type supplied by

Charles Austin Ltd. Glass fubing was used whereverﬁpoésible to minimise
diffusion of carbon dioxide; connections were made, with 4" diameter PVC

tubing and Quickfit all-glass joints except for a section 1" long of rubber
tubing (see Fig_ 1) into which injections of gas were made. All vacuum

taps and ground glass joints were made gas-tight usingsilicone high vacuum

grease.

The closed system was tested for leaks by circulating in it carbon-

dioxide~free air; it was judged free of leaks if no diffusion of COP in

from the atmosphere could be detected in 30 min. As a further test, the
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system was partly evacuated and the retension of the vacuum measured using
a simple mercury manometer. The total volume of the closed system including
the leaf-chamber was approximately 600 - 800 ml, the exact volume was

2

determined by measuring the dilution of a known concentration of CO, in a

known volume of N2 which was injected into the closed system.

c. Leaf tissue

éamples of maize leaf consisted of three segments, two cut from the
third and one from the fourth leaf of a 19 - 23 day old plant. The three
segments (total area approximately 100 cma, fresh weight approximately 1g)
were strips of lamina cut from either side of the midrib. For experiments

using tobacco leaves, piéces of lamina having an area of 100 cmz’were ﬁsed.

d. Procedure

The leaf tissue was floated with its ada#ial or dorsal surface in
contact with 20 ml distilled water contained in'the leaf chamber and allowed
to equilibrate for one hour with air flowing through at 4 1/min. The
required carbon dioxide-free oxygen: nitrogen mixture was then passed into
the system (4 1/min pump ii) for one minute through the 3-way taps C and D
(Fig.1) to fill the entire system with the mixture. The system was closed

and pure CO, was injected through the rubber tubing using a syringe and

2

hypodermic needle to give the required CO concentration.in the system.

2
The gas was circulated at 4 1/min by pump (i), (Fig.1) and the rate of
depletion of carbon dioxide measured.. The procedﬁre was then repeated for
various oxygen concentrations. The magnesium perchlorate and the 1"

length of rubber tubing inthe circuit were replaced prior to the introduction:

of each gas mixture.

In further experiments the same procedure was used except that during
the initial one hour equilibration period the leéf sample was floated not
on distilled water but on aqueous solutions of ammonium chloride buffered
with either phosphate buffer or HEPES, sodium chloride or phdsphate buffer,

as shown in Table 1.
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TABLE:1

Solutions Supplied to Samples of Maize and Tobacco Leaves During the First

Hour After Excision

Sample of Leaf Solution on which the sample of leaf was floated

during the first hour after excision

maize 2.56 m M NHLl_Cl in 0.2 M phosphate buffer, pH 7.6
5.12 m M NHLl_Cl in 0.2 M phosphate buffer, pH 7.6

0.2 M phosphate buffer pH 7.6

maize and tobacco 5.12 m M NH,CL in 0.01 M HEPES pH 7.b

5.12 m M NH,C1 in 0.01 M HEPES buffer pH R

maize 10.24 m M NaCl

5.12 m M NaCl

tobacco © 5.12 m M NaCl

This treatment was followed by a further 40 mins during which the
leaf tissue was floated on 20 ml distilled water in the stream of air

flowing at 4 1/min.
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€a Calculatidn of Results
The Toa electronic polyrecorder measured the decrease with time in the

002 concentration intthe closed system. The rate of change of CO, concen-

2

tration at a particular CO2 concentration-was obtained by drawing a tangent

to the line plotted by the recorder at that 002 concentration. The rate of
2

apparent photosynthesis (H]' dm hr_1) at that CO., concentration was

2

calculated from the rate of decrease in 002 by making appropriate allowances
for area of the sample of leaf used and for total volume of the closed

system.

3. Supply of[:140:]002 at 100 ppm in Atmospheres consisting of either

Oa—free Na, 21% 0, or 80% 0,

(a) Apparatus

The apparatus is shown in the diagram, Fig. 2.

(b) Preparation of gas mixtures

The three double-walled polythene bags A, B and C (Fig 2) were similar
to those described previously (see 2(a)). Bag C was filled with either
0,-free N, or 80% 0,: 20% Oé—free N, by the technique described (see
section 2a) and the oxygen concentration measured. The gas stored in this
bag was used to fill bags A ahd B. While bags A and B were being filled
either "% co

to give 100 ppm (bag A) or unlabelled CO. to.give 300 ppm

2 2
(bag B) was evolved into the gas stream. Air mixtures containing either

100 ppm C e C0,, (bag A) or 300 pm 12

co, (bag B) were prepared in a
similar manner except that the COa-free air was drawn in byrpumpii¥ through
two towers containing soda-lime arranged in parallel, without storage in

bag C.

Before filling bags A and B, the COZ-free gas to be used for a

particular leaf sample was passed at 4 1/min for 4 min through flask A and
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FIGURE:2

Apparatus used to supply (1) samples of maize leaves with 100 ppm[:140:1002

in either O.,-free N

5 > 21% 0,, or 80% 0,, and (2) samples of maize and

tobacco leaves with 300 ppm[:140:]002 in atmospheres containing different

concentrations of 02.

J—> r E

K ii

Flask A, Flask containing Nap E14C] €033

Flask B, Flask containing NapCO

Polythene bag A, Containing eltger 100 or 300 ppm[: C:]COZ in the required

mixture of O & N2, 12

B, Containing 300 ppm “CO, in required mixture of 0, & N3
C, Containing COp~free required mixture of 02 & Noj

Syringes contalnlng 50% (v/v) lactic acid;

Leaf chamber (see Fig. 3);

Spot lamp;

(i & ii), Diaphragm pumps;

Drying-tube containing magnesium perchlorate'

Entry for air supply;

(i & ii), 3-way glass taps;

(i & ii), 2-way glass taps;

HRGEHa=EET



FIGURE:3.
g
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A
f B
AN
A. Three-dimensional view of chamber with door removed.

a, entry for water; b, overflow for water;
¢, entry for gas; d, exit for gas.

Transverse section of leaf chamber with part of the water bath.

e, door of leaf chamber with handle;
f, walls of water bath;

g, entry for gas;

h, exit for gas;

i, leaf tissue.
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for 2 min at 4 1/min through flask B; bags A and B were ‘evacuated to

remove air. Gas from bag C or CO, free air (24 1) was passed & 1/min

2

through either flask A into bag A or flask B into bag B while CO, was

2
generated by the injection of agueous NaZCO3 solution into 0.3 ml 50%
lactic acid in the appropriate flask. The evolution of carbon'dioxide was
facilitated by warming the flask.tzquc:]NaZCOB supplied by the Radio-
chemical Centre, Amersham (spegific activity 55.5“kﬁ/h mol) was suitably

1200 bgfore usee.

diluted with analar Na2 3

(c) Leaf chamber and leaf tissue

The leaf chamber was a clear perspex box : external dimensions 20 X
10 x 3 cm, with an internal volume of 375ml. The box was submerged in a .
clear perspex water bath 21 x 21 x 21 cm; so that access to the leaf
chamber was through a door in the wall of the water bath (see diagram,

Fig.3).

Samples of maize leaf were similar to those employed for measurements
of photosynthetic rate with the infra-red gas analyzer. One end of each
of the three strips comprising the leaf sample was clamped between two
perspex bars attached to the inside of the QOor of the leaf chamber. (see
PFig 35. A gas tight seal'was made between the door-and the leaf chamber
~ with silicone grease. When inside the leaf chamber the-adaxial surface of
the leafsémplesfm;sin.contaétmdth 20 ml distilled water. The inlet and
outlet,tubes, used f;r circilation of gases through the leaf chamber,
were at either end of the ubpermost surface of the chamber (Fig.}); The
leaf chamber was maintained at a constant temperature,_28oc, by water
circulating continuously through the water bath from the main water-bath.
which was equipped with heating and refrigeration units. .The leaf sample
was illuminated (1950 ft candles) from above by a reflector spotlamp
(Mazda 250 Q). The walls of the water-bath were covered with black paper

to exclude extraneous light.
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(d) Procedure

Thé weighed leaf sample was equilibrated in the leaf chamber for one
hour in the light with air passing throﬁgh at 4 1/min. During this time
the gas mixtures were prepared in bags A and B. After 1h the leaf chamber
was connected through the drying tube to bag B (see Fig.2) and the gas

containing 300 ppm CO. passed through the leaf chamber at 4 1/min for

2
1 min. The leaf chamber was then connected to bag A gas,.containing 100 ppm
Eﬁ4é]C025 which was passed (4 1/min) through the chamber for 5 min. The
leaf sample was withdrawn from the chamber and cut from the clamp with a

razor blade so that it dropped into a 250 ml beaker containing 100 ml

boiling 80% ethanol.

(e) Extraction of Leaf tissue

The leaf tissue was Eoiled for 2 min in 80% ethanol and the -beaker
was then transferred to ice. The tissue was cﬁt into small pieces and
homogenized using a Virtis "45" homogeniser run at full speed for 30 sec;
after a pause of 30 sec, a further period of 30 sec at full speed waé used
to complete homogenization. The homogenate was centrifuged for L min at
1,200 x g. The supernatant liquid was decanted and stored in ice. The
residue was re-extracted by heating in a wa?er-ﬁath with the following
_solutions: 25 ml boiling 80% ethanol for 2 min (twice), 25 ml boiliné
water for 3 min (twice) and 20 ml boiling 50% ethanol for 3 min. . The
suspension was centrifuged (1,200 x g) for b ﬁin between each extraction.
The combined extraéts,‘containing the eﬁhanol/watef solublevmaferial from
the leaf sample, were made up to a total volume of 250 ml with 80% ethanol.
The total 14C content of this extract was measured (see Section 3f); the
remaining ethanol/water soluble extract wés concentrated to small volume.
in a rotary vacuum evaporator at below 35°C and made up to a total volume

of 10 ml with absolute ethanol.
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(£f) Measurement of radioactivity

The total 1k

C content of the ethanol/water soluble fraction was
determined by taking an aliquot of the solution and diluting it suitably.
The diluted solution was dispensed (1 ml) onto pianchets (Stock No. AL-12
Sigma Chemical Co.) and dried under an infra-red lamp (Osram 250w). The "
planchets were washed prior to use, with boiling 60% ethanol to remove
traces of grease, and air dried. Each planchet was prepared, by spreading

on it 0.3 ml 0.01% teepol in 50% ethanol which was dried under an i.r.

lamp, before application of the radioactive sample.

The 140 on each planchet was determined using a gas-flow proportional

counter with an automatic sample changer (Nuclear Chicago Model No. D47).
The carrier gas was 10% methane: 90% argon. The level of 'background’
radiocactivity was determined for each batch of samples using planchets

spread with the teepol solution and dried. The 14C content of a sample

14C solution dried on a planchet was also determined with

of a standard
each group of samples to enable the radioactive content of all samples to

be related to a common standard.

(g) Measurement of fadioactivity of the insoluble residue.

The insoluble residue from the leaf sémples was dried under vécuum in
a desiccator. Portions of the dried residueslﬁere mixed with acid washed
sand in thickened pyrex glass tubes, 5 x 3", and ground with an electriqally
driven glass pestle to a fine powder. This was suspended in 10 ml absolute

ethanol and the radioactivity of 1 ml samples of this suspensioﬁ‘determined

using the proportional gas-flow counter.

4. Supply of[:140:1002 at 5000 ppm in atmospheres consisting of either

Oz-free NZ’ 21% O2 or 80% O2

(a) Apparatus

It was not possible to employ the open circuit technique, described for



FIGURE:4
Apparatus used to supply samples of maize leaves with 5000 ppm[:‘mc:]CO2

in either Oj~free Ny, 21% 0, or 80% O..
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A, Flask containing Na2[214021003;

B, Flgsk containing Na2 12003;

C,(i & ii), Syringes containing 50% v/v lactic acid;
D, Leaf chamber (see Fig. 3);

E, Spot lamp;

F, Drying-tube containing magnesium perchlorate;

G, Entry for air supply;

H, (i, ii & iii), 3-way glass taps;

J, (i & ii) diaphragm pumps;

K, Flask (150 ml);

L, Double-walled gg%yghene bag to contain 300 ppm 12CO in either O -fre

N,, 2% 0, or PH ,2
M, Entry for CO>_free gas supply.
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the supply of[:140:1002 at 100 ppm, when the leaf sample was to be supplied
with[:140:1002 at 5000 ppm, because of the large quantities of radioactive
carbon that would be required. A closed circuit method was therefore used.
The closed system had an internal volume (1050 mi) such that during 5 min
the photosynthetic activity of the leaf sample would not deplete the

carbon dioxide available to a level which would significantly alter the

rate of photosynthesis. The apparatus is shown in the diagram Fig. k4.

(b) Leaf chamber and leaf tissue.
The leaf chamber and leaf tissue samples used were similar to those

used when supplying[:140:1002 at 100 ppm (see section 3c). -

(¢c) Preparation of gas mixtures and Procedure.
Before commencement of the experiment the section of the closed
circuit between the two 3-way taps (i) and (ii) including flask A and the

150 ml flask was filled with the COZ-free gas to be used, by passing it

through at 41/min for 6 min (see Fig. 4). This section was then closed.
The leaf sample was allowed to equilibrate in the leaf chamber for one
hour (see Materials and Methods Section 3d). The double walled polythene

bag was evacuated. The flask B was filled with the CO,-free gas by passing

2
it through at 41/min to waste through tap (iii) for 2 min. The gas was

then allowed to pass into the double walled polythene bag for 6 min (at

41/min). During this time CO_ was generated into the gas stream by

2
injecting into flask B, which contained 0.3 ml 50% lactic acid, sufficient

Na 12CO to make 300 ppm unlabelled CO

2 3

N in 241 of gas in the bag.

After the one hour equilibration period, the leaf chamber was connected

1200 .

thfough the drying tube to the bag containing the gas with 300 ppm . >

This was passed through the leaf chamber, 41/min for 4 min, to waste.
During this time sufficient[:140:]Na2003 (specific activity 1.89rx0i/r+mol)

was injected into flask A which contained 0.3 ml 50% lactic acid, to make
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the final concentration of CO, 5000 ppm in 1050 ml. After 1 min, the e

labelled gas was allowed to pass through tap (ii) into the leaf chamber,
the closed circuit was formed by turning tap (i) and the 'gas circulated at
41/min for 5 min. The leaf sample was then dropped into boiling 80% ethanol

as described above (Section 3d).

(d) Extraction of leaf tissue

The leaf tissue was extracted as described previously (see Section 3e).

(e) Measurement of radiocactivity
The radioactive content of the ethanol/water soluble fraction was
determined as described (see Section 3f). “The total 140 content of the

insoluble residue was determined as described previously (see Section ng.

5. Supply of[:140:1002 at 300 ppm in Atmospheres Containing Different

Proportions of O, to Samples of Maize and Tobacco Leaves Treated with

2
NHhcl and NaCl Respectively.

(a) Apparatus

The apparatus is shown in the diagram Fig. 2.

(b) Preparation of gas mixtures

The gas mixtures were prepared in a similar manner. to that described
previouslykfor the supply.of 106 ppm[:140:]C02 in various atmospheres
(see Section 3b), except that[:1402]002 was suppliedvat 300 ppm in the

required gas mixture.

(c) Leaf chamber and leaf tissue:

The leaf chamber was similar to that used before (see Section 3c and .
Fig.3). The maize sample comprised three strips of leaf tissue as used
previously. The tobacco samples were similar to those used for measurements

of rates of photosynthesis using the infra-red gas analyser (see Section 2c¢).
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The rectangular tobacco leaf samples were held in the perspex clamp of the

leaf chamber door by the margin of the tissue parallel to the shorter axis.

- (a) Pfocedure
Samples of leaves were detached from the plants and allowed to

equilibrate for 1 h, in the leaf chamber in the light, in an atmosphere
of air flowing at 41/min. During this time their adaxial or dorsal surface
was in contact with 20 ml of either a buffered sdiution of NHucl or NaCl in
water. After 1h the solution was removed and the leaf samples allowed to
equilibrate for a further 4O min in contact with 20 ml distilled water.
The apprépriate gas mixture containing 300 ppm 12002 was then allowed to
pass through theleaf chamber at 4t1/minfor one min, followed by[:140:]COé-
(specific activity 3.72,Lc;/¢1m01)at 300 ppm in the same gas mixture
(41/min). After 5 min the leaf sample was killed in boiling ethanol. The

various treatments are summarised in Tables 2 and 3.

TABLE:Z2.

Solutions supplied to samples of maize leaves, supplied with[:140:]002 at

300 ppm in atmospheres confaining different proportions of O2 for 5 min.

Solutions supplied to samples of 1eafvduring the first hour after excision.

0.2 M sodium phosphate ' 5.12 mM ammonium chloride in
buffer, pH 7.6 (control) 0.2 M phosphate buffer pH 7.6
0, concentration of the atmosphere with 300 ppm 140 co,,- (% by volume)
0 0]
38 Lo

76 78
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TABLE:3

Solutions supplied to samples of tobacco leaves provided with[l14CZ]C02 at

200 ppm in atmospheres containing different proportions of 02.

Solutions supplied to samples of leaf during the first hour after excision

distilled water (control) 5«12 mM NaCl
O, concentration of the atmosphere with 300 ppm 14C co, (% by volume)
0 0
28 - 25
76 76

(e) Extraction of the leaf tissue
The leaf tissue was extracted in a similar manner to that described

previously (see Section 3e).

" (£) Measurement of radioactivity
The 14C content of the ethanol/water soluble extract was determined

using the proportional gas-flow counter as described (see Section 3f) .

6. Supply of[2 - 7] glycine, L -[ U - e malic acid and I -Lu - 14c:]
alanine |
(a) Preparation of gas mixtures
The gas mixtures required were prepared and stored under pressure in
metal cylinders, capacity 4.1 litres. The cylinders were cleaned prior to

use by evacuation and refilling with air several times and by heating for

periods in excess of 12 hours at 100°C in a vacuum oven (Townson & Mercer).

The apparatus used when filling the cylinders is shown in the diagram,
Fig. 5. The cylinders and reaction vessel, containing an appropriate weight

of Na., CO, were evacuated using a vacuum pump (Model ISC 80, Edwards High

2 3
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FIGURE:5

12

Apparatus used to fill storage cylinders with 100 or 5000 ppm 002’ or

with 100 ppm L% CO,, in O,-free N, or 2% 0,.

2 2
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Apparatus to provide a continuous flow of’gas at or slightly above

. atmospheric pressure;

Supply of Oa—free N2 or COZ-free air under pressure;

Hypodermic needles;

Serum caps;

Screw clips;

Syringe containing 50% v/v lactic acid;

Reaction vessel contﬁining either an appropriate weight of NaZCO or
aqueous Na [:1 C:]CO3 suitably diluted with AR N32003 injetted
after evacuation;

pressure tubings

Metal gas-storage cylinders.
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Vacuum Ltd) and the screwclips closed. ILactic acid (4 ml 50%) was injected
through a hypodermic needle inserted into the serum cap of the reaction
végsel onto the Na200 . The reaction vessel was warmed to facilitate the
evolution of carbon dioxide and the screwclip partially opened to allow

the gas stream to enter the gas storage cylindefs. Either O,-free N, or

2 2
CO,-free air (special gas mixture supplied by B.0.C. Ltd) from pressurised

2

cylinders was passed through a hypodermic needle insérted through a serum
cap into the reaction véssel. When the pressure inside the cylinders was
equal to that of the outside, the valves on the cylinders were closed. The
cylinders were then filled to 27 1b in—2 from the pressurised B.O.C.
cylinders through the standarde.O.C. pressure reducing valves. The
following gas mixtures were prepared by this method: 0.01% 002 in oﬁygen;
free nitrogen, 0.5% 002 in oxygen-free nitrogen, 0.01% CO2 in carbon

dioxide~free air and 0.5% CO, in carbon dioxide-free air.

2

(b) Solutions of the 14C substrates.

Ca - Mcglycine (specific activity 57 mCi/aM), L ~[U - 1*cJmalic
acid (specific activity 52 mCi/mM) and L -[U - 140:]a1anine
(specific act;vity:-szmei /'mM-)'Qeré suppliéd by the Radioehemical -
Centre, Amersham. Each was made to a suitable vélume in HZO and diluted
‘to 1OPCi/}Lmole by addition of the required amount of un}abelled substréte.

The pHAof each solution was adjusted to 5.5 using a solution. of NaOH or

HCl.

(c) Leaf Samples

Leaf segments, 2 x 1 cm, were cut from'the third leaf of a 19 - 23 day
old maize plant, using a metal template and a razor blade. The segment of
leaf was cut with its longitudinal axis parallel to the midrib, from the
middle regian between the midrib and margin of the leaf where the total

width of this region was 2 cm.
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FIGURE:6
Leaf chamber used when samples of maize leaves were supplied with:
(i) Solutions of 140 substrates EZ—ﬂ}nglycine, EU-1I+C] alanine or

EU—1 40] malate.

(ii) 100 ppm C'e] CO, in either O
B

/I\

2A—free N2 or 21% 02.

A, Entry for gas;

B, Exit for gas;

C, Rubber bung;

D, Perspex block with two slots (each of capacity 0.05ml);

E, Glass tube.
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(d) ZLeaf chambers

Bach leaf chamber (Fig. 6) was a 6 cm Pyrex glass tube, diameter 2.1 cm,
with an internal volume of approximately 15 ml. Gas was passed into the
chamber through a glass side tube near the base and flowed out through a
glass tube in a rubber bung sealing the top of the chamber. The leaf
sample séood with its basal cut end in one of two slots cut in a perspex
bloék which rested on the bottom of the leaf chamber. Each slot held 0.05 ml
of either distilled'water or 14C labelled metabolite;‘ Four leaf chambers
were fastened to the wall of a clear perspex water bath 24 x 14 x 16 cm.ana
were illuminated laterally by two 150 w reflector spotlamps (Atlas) at
1950 ft candles; The water bath was maintained at constant temperature (28°)
by continuous circulation of water from another constant temperature water
bath equipped with heating and refrigeration units. The perspex blocks
were orientated in the leaf chambers so that the slots were at right

angles to the incident light.

During the equilibration period of the leaf tissue air was passed
through the leaf chambers. The flow of air (200 ml/min) was regulated by
controlling the escape of air through a side tube on the output of the pump
with a screw clip, and was measured using a’'600 ml flowmeter (Gapmeter .

supplied G.A. Platon).

(e) Procedure

The samples were cut from the leaf and placed in the leaf chambers with
their basal cut enas in 0.05 ml distilled water-in the slots furthest away
from the incident light. . The abaxial or ventfal surfaces of the leaf were
exposed to the incident light. The seéments of leaf were equilibrated for
one hour with air flowing through each chamber at 200 ml/min. Samples
were then rapidly transferred to the secondnsl$£%which contained 0.05 ml
of substrate solution (H}LCi O.tpmol) and at the same time the atmosphere

in the leaf chamber was changed to a gas mixture from one of the small
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storage cylinders (section 6a). The gas was passed through the leaf
chamber at 200 ml/min. The flow rate was controlled by means of a flostat
(Type MNBL supplied by G.A. Platon). After LO“min the leaf samples were

removed from the leaf chambers and each killed in 10 ml boiling 80% ethanol.

(£) Extraction of leaf tissue

The samples were kept for 2 min in the boiling 80% ethanol after which
each sample was cut into small pieces with scissors and ground using an
electrically driven glass pestle. The sdspension was transferred to a -
15 ml pyrex glass tapered centrifuge tube and centrifuged for 4 min (1200 x g).
The supernatant liquid was decanted, evaporated to reduce its volume, and
then stored in ice. The residue was further extracted by heating it in a
boiling water bath with the following solutions: 5 ml 80% ethanol (2 min),
1 ml distilled water (5 min) and 3 ml 50% ethaﬁol (3 min). The suspension
was centrifuged between each extraction and the supernatant liquids were
combined with the first extract. After evaporation the total volume was

adjusted to 5 ml.

The procedure was repeated so that leaf samples were supplied with
each of the 1#carbon labelled substrates, glycine, alanine and ﬁalic acid
in the présence of each of the gas mixtures, 0.01% 002 in oxygen-free
nitrogen, O.O‘I%'CO2 in_carﬁon dioxide~free air, 6.5% COZ'in oxygen-free
nitrogen and 0.5% 002 in carbon dioxide-free air, dn both light and

darkness.

(g) Measurement of radioactivity
The 1hC content of the ethanol/water soluble fractions was determined

as described previously (see Section 3f).
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2-free N2 or COa-free air to

Samples of Maize Leaf.in the Light for periods of 20, 40, 60, 120,

7. Supply of E1L*c] €O, at 100 ppm in O

300 and 600 seconds

(a) Preparation of gas mixtures

The gas mixtures containing[:1uc:]C02 (19}LCi/}Lmole; 100 ppm) in
Oa-free N2 or COa-free air were prepared and stored under pressure in the
sméll storage cylinders as described previously (see Section 6a). [:140:]
CO2 was generatgd by the action of 1 ml 50% lactic acid on[:1hc:]Na2CO

3 .

switably diluted with ANALAR Na, 12003 (ﬂl*c] Na,CO, 57 mCi/mi supplied by

the Radiochemical Centre; Amersham) .

(b) Leaf chambers and leaf tissue
Six“leaf:qhambers similar to those utilized for the supply of 140
labelled substrates were used (see Section §d and Fig. 6). Pieces of

maize leaf, 2 x 1 cm, were used similar to those described previously (see

Section 6¢).

(¢) Procedure

The leaf samples were allowed to equilibrate for one hour with their
basal cut ends in 0.05 ml'distilledeater with éir passing 170 ml/min
through the leaf chambers.. Carbon dioxide-free.nitrogenlor air was then
allowed to pasé-through the leaf chambers for one min (170 ml/min). The
gas was supplied from pressurised (B.O.C. Itd) cylinders containing oxygen-
free nitrogen or carbon dioxide-free_air, the flow was cbntrolledlby a
pressure reducing valve and flostat. ‘Gas mixtures containing the prepared
[ch:]coa (100 ppm) were passed through the leaf chambers at 170 ml/ﬁin.
The leaf samples were removed from the leaf chambers after various times

20, 40, 60, 120, 300 or 600 sec. and killed in 10 ml boiling 80% ethanol.
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(d) BExtraction of the leaf tissue
The leaf tissue was extracted by the same procedure described in

Section 6f.

(e) Measurement of radioactivity
The 14C content of the ethanol/water soluble fractions was determined
as described previously (see Section 3f) and the‘140 content of the

insoluble residues was determined by total combustion in oxygen (see

Section 8g).

8. Analysis of 140 Products

Separation and identification of 1hC products in the ethanol/water

solﬁble fractions.

(a) Two-dimensional paper chromatography

Aliquots of the ethanol/water soluble fractions were analyzed by two-
dimensional descending paper chromatography. Each sample was applied as a
5 x 0.75 cm streak at a suitable distance from one cormer of a 46 x'57 cm
Whatman N6.4 chromatography paper, and dried without heat in air. The
first solvent was water-saturated phenol and the seéond a mixture of butan-
1-0l, propionic gcid and wéter prepared as éescribed by Benson, Bassham,
Calvin, Goodale, Hass and Stepka (1950). The solvents were not allowed to

reach the edge of the paper. The paper was thoroughly dried in air without

heat.

(b) Auforadiogfaphy

Separated radioactive compounds Qere located on the paper by
autoradiography using 35.6 x 43.2 cm Kodak Crystallex X-ray film. The
paper chromatograms were stapled to the film and kept in an envelope to
exclude light. The time of exposure to the film depended on thequantitj of

radioactivity on the chromatogram.
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(¢) Elution of paper chromatograms
The ra&ioactive areas of paper were cut out and the 14Q compounds
eluted from the papers with distilled water (approx 3 ml collected for.

each piece).

(d) Measurement of radioactivity
Aliquots of the eluates were suitably diluted if necessary and the
14carbon content determined either using a proportional gas flow counter as

previously described (see Section 3f) or using a gas flow counter (Nuclear

Chicago Model No. 470) 98% argon: 2% propane as carrier gas.

The relative positions of the various compoundé.on the fwo-dimensional
chromatograms, with water—safurated phenol as the first solvent and butan-
1-0l: propionic acid: water as'the second solvent, were similar tolthose
reported by Bassham and Calvin (1957) using the same solvents. Therefore
the identification of some compounds was baéed only on the position of the
labelled compound on the two-dimensional chromatogram. In many cases,
however, compounds isqlated by two-dimensional paper chromatography were
eluted from the paper chromatograms and identified by chromatography on

thin layers of cellulose powder.

(e) Identification of 1k

C compounds by thin layer chromatograph&.

The thin layer plates were prepared by spreading a<40< layer of
cellulose (Whatman thin layer Chromedia CC41) on clean glass plates, either
10 x 20 cm or 20 x 20 cm supplied by Shandon Scientific Ltd using a

Shandon spreader and dried in a stream of air.

Samples of eluates were evéporated to dryness over anhydrous CaClé in
a vacuum desiccator and the unknown compound dissolved in a small amount of
water. This solution was applied to the prepared thin layer plate with

suitable authentic marker compounds. The plate was developed using a
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suitable solvent in a standard Shandon thin layer tank. The chromatogram
was dried in air without heat, marked with radioactive ink and exposed to
X-ray film.. The image caused by the radioactive ink was used to align the
autoradiogram and the thin layer chromatogram. The authentic marker’
compound was located by treatment of the chromatogram wiﬁh the approériate_
spray reagent, see Table 3. The unknown compounds identified, and the
solvent systems in which they co-chromatographed, are shown in Table hf”
The identity of sucrose was confirmed by hydrolysis of the sample with
invertase .and identification of the products, glucose and fructose, by =

co-chromatography.

(f) Separation of glycine and serine

The separation of glycine and serine was not always clearly defined .
on two-dimensional ﬁaper chromatograms. Glycine and serine, from such
chromatograms, were eluted together and the eluate evaporated’to dryness.
The residue was dissolved in 0.1 ml distilled water and loaded onto 25.4 x
50.8 cm Whatman No.1 Chromatography paper with authentic glycine and serine
samples as markers. This chromatogram was developed overnigh% by the
descending method -using as solfent a mixture of butan-1-ol, acetone,
diethylamine and water (see Table 4). The radioactive compounds‘w;re
located by autoradiography_and the authentic compounds by ninhydrin spré&
(Table 3). Labelled glycine and serine samples were elufed and the radio-

active content determined as described (see Section 3f).

(g) Determination of the total Lt

C content of ethanol/water insoluble
residues by combustion.
Schgniger oxygen combustion flasks, 500 ml (Quickfit and Quartz Ltd)
were fitted with platinum baskets made from 25.4 mm squares of 0.025 mm
platinum foil (B.D.H.) suspended from the glass hook inside the glass
stoppers by.platinum wire (S.W.G. 26, O.§6 mm diameter). A weighed sample

of the dry residue (approximately 2 mg) was wrapped in a 2 cm square of
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Greens no. 105 lens tissue together with a iength of cotton thread (1.5 cm
long), which had been soaked in a 20% aqueous solution of potassium nitrate
and thoroughly dried. The wrapped sample was placed in the platinum
basket. The combustion flask, containing 10 ml 0.2N caustic soda solution,
was filled with pure oxygen. The cotton thread was ignited and the
stopper, wifh the sample, placed quickly in the flask. The samples were
completely combusted. The flasks were.shaken for 30 min by an electrically
driven shaker to ensure that all the[:140:1002 formed was absorbed in the
NaOH solution. The 140 content of the solution was then determined using
a Packard tri-carb liquid scintiliation spectrometer. 1 mi aliquots were
used with 10 ml toluene scintillation fluid with Tritén X 100 Z:i by
volume. The scintillation fluid (Patterson and Grezne, 1965) contained
0.4% w/v PPO (2, 5-diphenyloxazole) and 0.1% dimethyl-POPOP (1, 4 bis-

2 - (b - methyl - 5 - phenyloxazolyl) - benzene) in ANALAR toluene
(Triton X 100, PPO and dimethyl - POPOP scintillation grade supplied by

Packard).

The efficiency of combustion was determined by combusting known
amounts of[:140:]fructose adsorbed on 1 cm squares of Whatman No.1 paper.

The recovery of 140 was found to be 100%.



TABIE:3

Location Réagents for Paper and Thin-layer Chromatography

Compounds Detected

Amino acids

Organic acids

Sugars

Phosphate compounds

Location Reagent

Indane trione hydrate (ninhydrin) 0.1% w/v in absolute ethanol. After spraying, the
chfomatogram was heated (80 - 100°C) for a few minutes.

0.1% w/v bromocresol green in 99.5% ethanol. After addition of N NaOH until the colour
of the bromocresol green solution was blue-green, the solution was diluted 1:4 with
acetone (Smith, 1960).

1% aniline and 1% diphenylamine in 10:1 v/v acetone: 85% phosphﬁric acid. After
spraying, the chromatogram was heated (95 - 100°C) for a few minutes. (Smith, 1960).
60%'perchlofic acid: N HCl: .4% ammonium molybdate: water, 5:10:25?60 v/v. The

chromatogram was dried and exposed to ultra-violet light for 5 min (Dawson et al, 1959).

g



TABLE: 4

Solvents used for the identification of the compounds shown below by thin-layer chromatography.

Solvent Proportions Reference Compound Identified
mixed

n-propyl acetate: 90% formic acid: 1M:5:3° ~ Bieleski and Young sucrose, sugar phosphates, malate,

water (twice) (1963) glycerate, 3-PGA, glycollate, citrate,
phosphoeﬁol pyruvatee.

propan-1-ol: ammonia (s.g. 0.880) 6:3:1 Bieleski and Young malate, glycerate, sugar phosphates
:water (1963)

butan-1-ol: acetic acid: water 74:19:50 Benson et al (1950) | malate.

ethanol: 1M ammonium acetate, pH 7.5 7.5:3 Paladini and Leloir | 3-PGA, citrate

(1952)

butan-1-ol: acetone: diethylamine: 10:10:2:5 Von Arx and Neher aspartate, glycine, serine, threonine,
vater (1963) alanine

propan=-2-0l: 100% formic acid: L0:2:10, Von Arx and Neher glutamate, glycine, serine, alanine,
water | (1963) aspartate.

water-saturated phenol (with"3% 75:25 Von Arx and Neher glycine, serine, threonine, aspartate

aqueous ammonia in equilibrium with (41963) glutamate

the gas phase)

£Q
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RESULTS

Rates of Photosynthesis by Samples of Maize and Tobacco Leaves in Gas

Mixtures Containihg Different Proportions of Oxygen and Carbon Dioxide

1. Preliminary Experiments

2. Measurements of Rates of Photosynthesis by Samples of Maize

Leaf.
. (a) Measurements from 10,000 ppm to the COz_compensation
point.
(b) Measurements from 1000 ppm to the 002 compensation point.

(¢c) Measurements from 100 ppm to the CO, compensation point.

2
3. Measurenents of Rates of Photosynthésis by Samples of
Tobacco Leaves, (Measurements from 1000 ppm to 002

compensation point).

Rates of Photosynthesis by Samples of Maize and Tobacco Leaves Treated

with Solutions of NHHCl or NaCl, in Gas Mixtures Containing Different

Proportions of Oxygen and Carbon Dioxide. (Measurements from 1000 ppm

to the CO,, compensation point).

1. Preliminary Experiments.

2. Maize Leaves .
(a) Leaf samples treated with solutions of NH401 in

‘ phosphate buffer during the first hour after excision.
(b) Leaf samples treated with solutions of NH,Cl in HEBES
‘buffer during the first hour after excision.

3; Tobacéo‘Leaves.
Samples of leaf treated with solutions of NH4C1 in HEPES
buffer. |

k., Rates of Photosynthesis by Samples of Maize and Tobacco
Leaves treated with NaCl During the First‘Hour after

Excision.
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(a) Maize Leaves

(b) Tobacco Leaves

III. Incorporation of 140 into Ethanol/H.0~Soluble Products During 5 min

Photosynthesis by Maize and Tobacco Leaves in Atmospheres Containing

300 ppm [:"L*c] co,

IV. Total Carbon Assimilated and the Distribution of 140 between Products

of 5 min Photosynthesis by Samples of Maize Leaves in 100 or 5000 ppm

Eﬂuc:]COZ in Atmospheres of either O,-free N,, 21% 0, or 802 0,-

1. Total Carbon Assimilated.
2. Distribution of 14C Between Products Extracted from Maize

Leaf After 5 min Photosynthesis inlzqaCZICOZ.

1%

Ve .. C in Various Compounds Formed by Samples of Maize Leaf During 5 min

Photosynthesis in Atmospheres Containing[:qu:lcOa.

VI. Photosynthesis by Segments of Maize Leaf in Oa-free N2 or Air Containing

100 ppm E1L*cj CO,-

1. Total Carbon Assimilated.

2. Amounts of 14C in Various Compoﬁnds Extracted with Ethanol
and H20 Following Photosynthesis in Atmospheres Containing
100 ppm L3 CO,.

VII. Total Carbon Assimilated and Amounts of 14C in Products of 5 min

Photosynthesis by Maize Leaves treafed with 5.12 mM Solutions of

NH401 in 0.2 M Phosphate Buffer or 0.2 M Phosphate Buffer.
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VIII. Total Carbon Assimilated and Amounts of 140 in Products of 5 min

Photosynthesis by Tobacco Leaves treated with 5.12 mM Solutions of

NaCl or Distilled Water.

IX. Metabolism of [ U ~ 140] Malate by Maize Leaf.

140 Products formed in the Light.

140 Products formed in the Dark.

Differences in Metabolism of[ U - 140] Malate in Light and Darkness.

X. Metabolism of[ U - 140:] Alanine by Maize Leaf.

140. Products Formed in the LiéhtL

140 Products Formed in the Dark.

Differences in[_U - 1“0:]Alanine Metabolism in Light and Darkness.

XI. Metabolism of [ 2 - 140:]Glycine by Maize Leaf.

140 Products Formed in the Light.

140 Products Formed in the Dark.

Differences in the Metabolism of [2 - 14Q]Glycine in Light and

Darknessa
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I. Rates of Photosynthesis by Samples of Maize and Tobacco Leaves in Gas

Mixtures Containing Different Proportions of Oxygen and Carbon Dioxide

1« Preliminary Experiments.

Changes in the rate of photosynthesis were investigated after the
leaves had been detached from the plant. Samples were kept in the leaf
chamber for one hour in a stream of air. After this the rates of photo-
synthesis were measured (see Materials and Methods 2) continuously for L
hours. Although the rates of photosynthesis with 600, 300 and 400 i)pm'CO2
in 21% O2 decreased with time, the decrease was not appreciable for the
first two hours after equilibration in air. Subsequént measurements were

made therefore between 1 and 3 hours after the leaves were detached from.

the plants.

Experiments were also conducted to determine whether the inhibition
of photosynthesis by atmospheres containing 100% 02 was reversible. Samples
of maize leaf were equilibrated for 1 hour in air and the rates of-photo-

synthesis with 600, 300 and 100 ppm CO were measured in air. The

2
measurements were repeated with 002 in an atmosphere of 400% O., and thén
again with CO2 in air. Rates of photosynt@esis in 100% 02 were always less
than rates in air, and the rates of photosynthesis in air following .
measuremeﬁts in 100% 02 were lower than the rates in air before exposure

of samples of leaf to 100% 02. Therefore the effect of high oxygen
concentration on the rate of photosynthesis was not reversible and it was
not possible to randomise the orderin which atmospheres containing different
concentrations of 02 were supplied during an experiment. The gas mixtures
were therefore used in a sequence in which the O2 concentration was
increased so that photosynthetic rate in 100% O2 was the last measurement
made. It was found, following such a sequence, that if measurements were
repeated the rate of photosynthesis in air was always less than the rate

measured before exposure to atmospheres of high O, concentration.

20
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2. Measurements of Rates of Photosynthesis by Samples of Maize
Leaf.
The CO2 compensation point of samples of maize leaf was near zero and
was independent of the ambient 02 concentration.
(a) Measurements from 10,000 ppm to the CO2 compensation
point.
Rates of photosynthesis by samples of maize leaf were not significantly
affected by CO2 concentration in the range 1000 to 6000 ppm but, with this

range of OO2 concentration, rates were decreased by 35 to 40% if the 02.

concentration in the atmospheres was increased from O to 100% (Fig.7).

(b) Measurements from 1000 ppm to the CO2 compensation point.

Rates of photosynthesis at 600, 300 and 100 ppmn CO2 in different gas

mixtures are shown in Fig.8. Increased CO2 concentration from 100 ppm to
600 ppm increased the rate of photosynthesis about 3 times. The actual
rates for different leaf samples varied, presumably because of the inherent
variability of the plant material. For any particular sample rates were
higher in air than in an atmosphere of N2’ but with increasing 02 concen-
 tration above 50% the rate of photosynthesis decreased'and in 100% O2 was
always less than in either air ér N2. The increased rate of carbon fixation
in air compared to N2 was greater at low 002 concentrations (less than

300 ppm COZ)' Decreased photosynthesis in N., compared with -air, was not

2

caused by a contaminent in the N2 gas because similar results (Fig.9) were

obtained when N2 in the gas mixtures was replaced by argon.

(¢) Measurements from 100 ppm 002 to the 002 compensation

point.x
Rates of photosynthesis at 60, 30 and 10 ppm 002 responded to increased

O, concentration in the same manner as rates at 600, 300 and 100 ppm CO

2 2°

The rates of photosynthesis were less in pure N2 and at high 02 concentrations
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than they were with 21 to 40% 0, in the atmosphere. At very low CO2

concentrations, below 30 ppm, the effect was small.

3. Measurements of Rates of Photosynthesis by Samples of

Tobacco Leaves (Measurements from 1000 ppm to CO2 compensation

point).

The CO2 compensation point of samples of tobacco leaf was 120 ppm at
21% O2 and was increased when the atmosphere cont?ined more 02 (at 100%

0, the CO, compensation point value was 380 ppm).

Photosynthesis by samples of tobacco leaves was increased when the
concentration of CO2 was increased in the range 300 to 700 ppm, at these

concentrations of 002 the rate of photosynthesis was greatest when the

atmosphere contained no oxygen (Fig.10).
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FIGURE:7
Rates of Photosynthesis by Maize Leaves at 6000 ppm, 3000 ppm and 1000 ppm

002 in Atmospheres Containing Different Concentrations of O
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The rates of photosynthesis by samples of maize leaves, A——— and
Bemoem , were measured on different occasions at 6000 ppm (4), 3000 ppm (4)
and 1000 ppm (o) 002 in the presencé of different concentrations of O‘2
using an I.R.G.A. The light intensity was 1950 ft candles and the

o
temperature was 28 C.



FIGURE:8

Rates of Photosynthesis by Maize Leaves at 600, 300 and 100 ppm Cozbin

Atmospheres Containing Different Concentrations of oé.
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FIGURE:9
Rates of Photosynthesis by Maize Leaves at 600, 300 and 100 ppm 002 in

Atmospheres Containing Different Concentrations of O..
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The rafes of photosynthesis by samples of maize leaves, A---- and B——,
were measured on different occasions at 600 ppm (0), 300 ppm (A) and

> in‘the presénce of different concentrations of O2 in érgon
using an IRGA. The light intensity was 1950 ft candles and the temperature

100 ppm (o) CO

was 28°C.



FIGURE: 10 : 93

Rates of Photosynthesis by Tobacco Leaves at 700, 600 and 300 ppm €O, in
Atmospheres Containing Different Concentrations of 02.
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The rate of photosynthesis by samples of tobacco leaves were measured at
700 ppm (W), 600 ppm (o) and 300 ppm (A) CO, in the presence of different
concentrations of O2 using an IRGA. The light intensity was 1950 ft candles

and the temperature was 28°c.
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IT. Rates of Photosynthesis by Samples of Maize and Tobacco Leaves Treated

with Solutions of NHQCl or NaCl, in Gas Mixtures Containing Different

Proportions of Oxygen and Carbon Dioxide (Measurements from 1000 ppm

to the CO, compensation point).

1 ‘Preliminary Experiments

Following treatment with NH401 solution for 1 hr steady rates of
photosynthesis, while the leaf sample was floated on distilled water, were
not attained for 40 min. After this time rates of photosynfhesis in air or
N2 ﬁere almost constant for 120 min. Similar conclusions were reached after
treatment of samples with solutions of NH4C1 in phosphéte buffer. 1In the
following experiments, therefore, the rates of photosynthesis were measured
during the 2 hr subsequent to treatment of samples of leaf in the salt

solutions and equilibration for 4O min floating on distilled water.

2. Maize Leaves.
(a) Leaf samples treated with solutions of NH4Cl in

phosphate buffer during the first hour after excision.

The effects of 2.56 or 5.12 mM NH&Cl in 0.2 M phosphate buffer on
rates of photosynthesis of samples of maize leaves are shown in Fig.11.
Rates of photosynthesis after treatment'of samples of ieaf with phosphate
buffer (control) responded as‘described previously to the concentration of
CO2 and O2 in the atmosphere (see Fig.8), namely the rate of photosynthesis
was less in N, or 80% O, than in 21% to L40% 0,- Rates of photosynthesis
of samples treated with 2.56 mM Nthl in phosphate buffer responded in a
similar manner to the control samples. Following treatments with 5.12 mM
NH401 in phosphate buffer the rate of photosynthesis in N2 was not less

than the rate in 21% to L40% oxygen.
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(b) Leaf Samples treated with solutions of NH,C1 in HEPES
buffer during the first hour after excision.

The rates of phofosynthesis by samples of maize leaves treated with
solutions of 0.01 M HEPES or 5.12 mM NHucl in 0.01 M HEPES are shown in
Fig.12. The rate of photosynthesis in Oa—free N2 relgtive to that in
atmospheres containing 21 to 40% O2 was greatest when the samples of leaf

were treated in HEPES buffer containing 5.12 mM NHqcl.

3. Tobacco Leaves

Samples of leaf treated with solutions of NH401 in HEPES buffer

during the first hour after excision.

The rates of photosynthesis by samples of tobacco leaves treated wifh
solutiors of 5.12 mM NHucl in HEPES huffer are shown in Fig.13. The rates
decreased with increased O2 concentration in the atmosphere in a similar

manner to the response described previously (Fig.10) for untreated samples.

Photosynthesis was most rapid in NZ.

4. TRates of Photosynthesis by Samples of Maize and Tobacco
Leaves.Treated with NaCl During the First Hour after Excision.
The object of these experiments was to determine whether NaCl had the

same effectson rates of photosynthesis as NH,C1.

(a) Maize Leaves.
No significant effects were observed of NaCl on rates of photosynthesis
by samples of maize leaf in atmospheres containing various concentrations

of €O, and O, (Fig.14).

(b) Tobacco Leaves.

The effect of 5.12 mM NaCl on the rates of photosynthesis of samples

2
to that of untreated samples of leaffrom maize. The rates were less in

of tobacco leaves was to make the response to 0. in the atmosphere similar

N, than in air and least in atmospheres containing 100% 0, see Fig.1k.



FIGURE:11

Rates of Photosynthesis by Maize Leaves Treated with Solutions of NHACl

in Phosphate Buffer (pH 7.6) During the first Hour After Excision.
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The rates of photosynthesis by samples of maize leaves were measured at

600 ppm (&), 300 ppm (®) and 100 ppm (T) CO in the presence of different

2
concentrations of 02. The samples were floated during the first hour

after excision on the followipg solutions: 0.2 M phosphate buffer (..ceces.),
2.15 mM NHMCl solution in 0.2 M phosphafe buffer (————-- ) or 5.12 mM NHucl
in 0.2 M phosphate buffer (————). .The light intensity was 1950 ft

candles and the temperature was 28°¢c.
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FIGURE:12

Rates of Photosynthesis by Maize Leaves Treated with Solutions of NH, C1

in HEPES Buffer (pH 7.4) During the First Hour after Excision.
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The rates of photosynthesis by samples of maize leaves were measured at

600 ppm (m), 300 ppm (&) and 100 ppm (@) CO2 invthe presence of different
concentrations of O2 using an I.R.G.A. The samples were floated during the B
first hour after excision on either 0.01 M éolutiOn of HEPES buffer‘( —————

or 5.12 mM solution of NH,Cl in 0.01 M HEPES buffer (———). The light

intensity was 1950 ft candles and the temperature was 28%¢.
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FIGURE:13

Rates of Photosynthesis by Tobacco Leaves Treated with Solutions of NHqcl

in HEPES Buffer, pH 7.4, During the First Hour After Excision.
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Rates of photosynthesis by samples of tobacco leaf were measured at 600 ppm
( =——m ) and 300 ppm (A—aA) CO, in the presence of different
concentrations of O2 using an I.R.G.A. The samplesvwere floated on a
solution of 5.12 mM NHQCl in 0.01 M HEPES buffer during the first hour

after excision. The light intensity was 1950 ft candles and the temperature

was 28°C.
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FIGURE: 14

Rates of Photosynthesis by Maize and Tobacco Leaves Treated with Solutions
of NaCl During the First Hour After Excision.
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The rates of photosynthesis by samples of tobacco leaf were‘measured at

0, concentration (% by volume)

600 ppm (@—m) and 400 ppm (e—®) CO, in the presence of different

concentrations of O2 using an I.R.G.A. Before making the measurements the

samples were floated on a solution of 5.12 mM NaCl during the first hour
after excision. Samples of maize leaves were floated either on a solution
of 10.2 mM NaCl (~---) or a solution of 5.12 mM NaCl (.....) during the
first hour after excision. Rates of phétosynthesis of these samples were

then measured at 600 ppm (Q), 300 ppm (A) and 100 ppm (¥) CO, in the

presence of different concentrations of O The light intensity was 1950 ft

2.

candles and the temperature was 28°C.
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ITI. Incorporation of 1#0 into Ethanol/Hao—Soluble Products During 5 min

Photosynthesis by Maize and Tobacco Leaves in Atmospheres Containing

300 ppm Eﬁcj CO,,.

The effects of 0, concentration on the distribution of 1k0 among the

soluble products of photosynthesis by samples of maize and tobacco leaves

14

is shown in Table 5. There was a decrease in the proportion of ' C

incorporated into sucrose with increased O, concentration; this effect was

2

most marked in the samples of tobacco leaves. The % 14C incorporated into
glycine and serine was considerably greater in tobacco than in maizej there
was more 140 in serine than in glycine in tobacco with all gas mixtures;

W . o
conversely there was more C in glycine than in serine in maize samples

except in the presence of an atmosphere devoid of O In maize and tobacco

2.
more[:140:]glycine was formed in the atmospheres containing O2 than where

O2 was absent. More 140 was incorporated into glutamic acid in atmospheres

of Oz-free N2 and 39% 02 by maize than by tobacco leaf but there was no

significant difference in the amount of 1hC in glutamic acid between
maize and tobacco samples at 76% 02. The amount of 140 incorporated into
glyceric acid was greater in tobacco than maize and, in both, the amount was

increased with increasing O2 concentration. *

More 140 was incorporated into alanine in maize than in tobacco leaf,
and[:140:]alanine was markedly decreased in the sample of maize leaf when

the O2 content of the atmosphere was increased to 76%. Malic and aspartic
l

acids were much nore labélled in maize than in tobacco leaves in all

11

treatments. The % of soluble ' C in phosphate esters was greater in

samples of tobacco leaf than in samples of maize leaf except in the presence

of a high O concentration (76%) when the reverse was true.

2
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TABLE:5

Label (140) in Various Compounds in Leaf Tissue from Maize or Tobacco Plants

Following Photosynthe.éis for 5 min in Atmospheres Containing[:ﬂ}C] 002.

" Leaf Maize Tobacco

Pretreatment 0.2M phosphate buffer distilled water

O, concentration O,-free 38% 0, 76% 0, oe-free 28% 0, 76% 0,
of atmosphere N, N,
Product (140 in the various products as a % of total 4
in the extract)

sucrose 28.40 23.92 23.19 38.36 28.35 17.30
glycine 0.002  2.70  3.7%  0.60  5.78  7.72
serine 0.4k 2.10 0.59 5.06  12.69 15.h40
glyceric acid 0.08 0.26 0.52  0.16 0.97  3.38
glutamic acid 136 248 1.09 - 0.41 1.1 1.8
alanine ‘ 6.78 6.80 1.77 1.26 0.95 0.85
malic acid 9.97 9.12 1%.68 0468 1.77 1.38
aspartic acid 7.5k 9.82 8.%7 2.19 1.1é 1.69

phosphate esters 21.07  23.87 31.74 28.19  26.27 19.45
other compounds 0.27 0.58 - 0.37 1.28 3.17 3.98

loss 24.10 18.48 16.82 21.81 17.79 27.37

The light intensity was 'i950 ft candles, temperature 2800, and the specific
7

activity of the CO, 3.72 P.Ci/}Lmol. The proportion of 0‘2

was 300 ppm.

in the atmosphere

was varied as shown and the concentration ofE1L+C] 002
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IV. Total Carbon Assimilated and the Distribution of 140 between Products

of 5 min Photosynthesis by Samples of Maize Leaves in 100 or 5000 ppm

[74021002 in Atmospheres of either O,-free N,, 21% O, or 80% O,.

2’

Leaf samples were maintained at 28°C and 1950 ft candles with 100 ppm
14 A 14 .
e €0, (6.2§Ci/ p mol) or 5000 ppm[C ""¢JCO, (1.89uCi/ [ mol) (see

Materials and Methods sections 3, 4 and 8).

1. Total Carbon Assimilated
The total carbon assimilated by samples of maize leaf during 5 min
photosynthesis is shown in Table 6. At 100 ppm 002 less carbon was

assimilated in an atmosphere consisting of N, than in an atmosphere with

2
21% O, and least in an atmosphere with 80% O,. ' This confirms the results,

described previously, when an I.R.G.A. was used to determine rates of
photosynthesis. (see Results section I.2(b)). The results obtained at

5000 ppm CO., may be anomalous to the extent that the greatest uptake of

2

CO2 was found when the atmosphere contained thé highest concentration of

0 The total carbon assimilated was increased by increasing the CO

2
concentration from 100 ppm to 5000 ppm and the 140 incorporated into the

2.

ethanol/HZO soluble fractions constituted the major proportion of the total

carbon assimilated.

2. Distribution of 140 Between ?roducts Extracfed from Maize
Leaf After 5 min Photosynthesis in‘[:'mC] C0,-
The total carbon fixed and the 140 in compounds extracted by ethanol
and water were deférmined in atmospheres consisting of eithér 100, ppm.

':'40:100‘2 (6-2|LCi/ Hmol) or 5000 ppm[1l+CjCOZ (1.89}LCi/ b mol) in O -

2
free N, or 21% 0, (Experiment A). Subsequently the experiment was repeated
‘and additional determinations of the total carbon fixed and the distribution

14

of 'C in the ethanol/H20 soluble fraction were carried out in atmospheres
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TABLE: 6
Total Carbon Assimilated by Samples of Maize Leaves During 5 min of
Photosynthesis in Atmospheres Containing[:1hc:]002 and the Distribution

Between the Bthanol Soluble and Ethanol Insoluble Fractions.

CO2 concentration 100 ppm ‘ 5000 ppm

O2 concentration 0 21 8o 0 21 8o

(% by volume)

Experiment “A B A B A B A B A B AB

(carbon assimilated expressed as g atoms of carbon /g
fresh wt leaf tissue)

Total carbon 6.51 10.09 7.50 12.58.~8.70 31.90 19.99 17.36 19.77
uptake

22.56

Total carbon
incorporated .
into ethanol/ 6.23 9.70 7.24 12.00-8.30 30.35 18.90 15.80 18.90-.
H20 soluble .
fraction

21.60

Total carbon
incorporated . . '
into ethanol/ 0.28 0.39 0.26 . 0.58-0.k 1.55 1.09 1.56 0.87
Ho0 insoluble ' ' '
fraction

0.96

' Atmospheres contained different proportions of 02 as shown with 100 ppm

CO, labelled with "L*c, 6.2 JJ.Ci/‘.Lmol or 5000 ppm CO, labelled with 11*0,

1.89F.Ci/}Lmol.\ The light intensity was 1950 ft candles and the temperature

was 28°¢.
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TABLE:7

1l -
C Products Extracted with Ethanol and Water After 5 min Photosynthesis

by Samples of Maigze heaf.j

(IO2 concentration 100 ppm 5000 ppm 5000 ppm
02 concentration 21 ’ 21 ' 0

(% by volume)

Experiment A B A B A - B
Chromatogram a b c d.’ e f g h 3 k 1

Product (140 in the various compounds expressed as a % of the
total soluble 1*g) :

sucrose 28.7 29.8 29.0 29.6 32.1 32.8 27.0 27.0 40.8 42#_#',’3446 33.5.".
glycine + serine - - 3.5 3.5 2.15 1.9 2.0 1.8 0.6 ‘o.slo.'6 0.k
glutamic acid 0.6 - 0.6 ; 12 - 0.9 - 1.3 - 1.1
malic acid Lo 4.6 5.5 5.2 9.8 9.5 8'.1‘ 8.0 7.7 7.3 5.0 5.3
aspartic acid 4.9 5.0 6.0 6.2 7.4 7.7 11.0 11.0 4.2 - 2.8 2.9
hexose + heptose 16.9 - 15.0 16.2 9.0 - 7.6 7.110.0 - 8.9 8.0
monophosphates .
A

Atmospheres contained 21% 0, with 100 ppm Cbz labelled with C, 6.2 P ci/

,J.mol or 5000 ppm GO2

0,-free N, contained 5000 ppm CO, with labelled with |

The light intensity was 1950 ft candles and the temperature was 28°¢.

labelled with 140, ’1.89‘.L01/Hmol. Atmospheres of

AC, 1.89 fCi/ pmol.

a and b were duplicate chromatograms (0.1 ml samples) of the EtoH/Hao
soluble fraction )extracted from samples of maize leaf suppliedwi’ch 100 ppm
C'™ C0, in 21% 0,, Bxperiment A. Likewise chromatograms ¢ and d, e and f
and g and h were used to separate compounds in 0.7 ml of the extracts from
samples of maize leaf supplied with atmospheres of which the composition is

shown above.
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consisting of either 100 ppm[:140:1002 or 5000 ppm[:140:]002 in 80% O,-

More results of the latter experiment (Experiment B) are presented later

(see Tables 8 and 9). The reproducibility of the results was determined

in two ways (see Table 7):

(1) Two aliquots of the same extract were fractioned by 2-dimensional
1%

paper chromatography and the ' C content of a selected number of the

compounds that separated was determined.

(2) The ™

C content of a selected number of compounds found in experiment
A was compared with the 140 content of the same compounds labelled under

similar conditions in experiment B.

14

Reproducibility of results was satisfactory when comparing the ~C
in compounds from the same'ffaction separated on different chromatograms.
Although, under similar conditions, there was a considerable difference in

the total 14

C in the EtOH/HZO—soluble fractions in experiments A and B
(Table 6) the relative distribution of 140 between the compounds in the
fractions compared in Table 7 was similar. It was considered therefore

that the reproducibility of results was adequate for a comparison of the

relative distribution of the 140 assimilated between products of photosynthesis.

Distribution of carbon assimilated between the products of photosynthesis.
The calculated amounts of carbon assimilated into various products of

. photosynthesis is shown in Table 8, and the distribution of 140 expressed

as a % of the total 140 in the EtOH/H20 soluble fraction is shown in Table 9

(Experiment B).

1. Sucrose
More carbon was incorporated into sucrose in 5000 ppm 002 than in

100 ppm CO the increase was approximately proportional to the increased

o5
rate of photosynthesis at the higher 002 concentration. At 100.ppm 002,
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incorporation into sucrose was greater in air than in either N., or 80% 02.

2

At 5000 ppm CO. the greatest assimilation into sucrose was in an atmospﬁere

2
of N2. The amount of new carbon in sucrose after photosynthesis in
atmospheres containing different 02 and 002 concentrations therefore
reflected the overall rate of photosynthesis. The % of the total carbon

assimilated that was found in sucrose was similar following photosynthesis

in atmospheres with either 100 or 5000 ppm 002.

2. Glycine and Serine
The 140 incorporated into glycine plushserine was increased with
increased 0. concentration at both high and low CO

2 2

less glycine and serine were formed when atmosphereé contained 5000 ppm CO

concentrations, but

2.
"When glycine and serine were separated (see Table 10) a different response

was seen between 140 entering these compounds depending on changes in 02

concentration in the atmosphere containing 100 ppm CO Glycine synthesis

2.
was increased with increasing O2 concentration but most carbon entered
serine in air; a similar response to that of the overall rate of -

photosynthesis. With 5000 ppm CO2 both compounds increased with increased

02 concentration in the atmosphere. The incorporation of carbon into

glycine was greater than into serine in atmpspheres containing 0.; in N2

21

more serine than glycine was formed.
A

3. Glutamic acid
More carbon was incorporated into glutamic acid in atmospheres

containing 5000 ppm CO. than in atmospheres containing 100 ppm CO The

2.

amount of carbon entering glutamic acid reflected the trend in the overall

2

rate of photosynthesis i.e. with 100 ppm CO, most incorporation into

2
glutamic acid was in an atmosphere of air, whilst at 5000 ppn 002 most 140

was incorporated into glutamic acid in an atmosphere of Oa-free NZ'
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L, @lyceric acid

At low CO2 1&0 incorporation into glyceric acid, like that into

glycine and serine, was increased at increased 0, concentrations. In

2

atmospheres of N2 or air more glyceric acid was formed with 5000 ppm than

with 100 ppm C02, but in 80% O. the reverse was true.

2

5. Threonine

In atmospheres containing 100 ppm CO, the incorporation of C into

2

threonine was increased with increased O2 concentrations; at 5000 ppm CO-2

the most synthesis of threonine took place with 21% O2 present (Table 8).

6. Alanine
There was a greater incorporation of C into alanine in atmospheres

with 5000 than with 100 ppm CO. and a marked decrease in synthesis of

2
alanine was observed with 5000 ppm CO2 in 80% 02. At 100 ppm C02'm05£

alanine was formed in Oa—free N2 and least in 80% O2 (Tables 8 and 9).

7. Malic acid

The incorporation into malic acid was increased in atmospheres of

2
of malic acid was also greater in air'cdntaining 5000 ppm 002 than in N2

80% 0, containing 100 ppm CO, or 5000 ppm CO, (Tables 8 and 9). Synthesis

containing 5000 ppm COE' At 100 ppm there was no significant increase in

malic acid in air compared with N, (Table 9).

8. Aspartic acid

In atmospheres containing 100 ppm CO

5 the incorporation of carbon into

aspartic acid was greatest in N2; conversely, in atmospheres containing

5000 ppm CO, more carbon was incorporated into aspartic acid when the

2

concentration of O2 in the atmosphere was increased (Tables 8 and 9).

9. Citric acid

1, R . s
C incorporation into citric acid was somewhat increased at the higher
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CO2 concentration but was not significantly affected by the 02

concentration in the atmosphere (Table 8).

10. 3-phosphoglyceric acid. 3 PGA.

Changes in the concentration of 002 and O, in the atmosphere had

2

little effect on incorporation of carbon into 3-phosphoglyceric acid.

11. Phosphoenolpyruvate

At 100 ppm CO, the incorporation of 140 into phosphoenolpyruvate was

2

increased by increased O, concentration; at 5000 ppm incorporation into

2

phosphoenolpyruvate was greatest in N, and least in 21% 0, (Table 8).

2

12. Phosphate esters and Sugar phosphates

With the low concentration of CO, in the atmosphere the synthesis of

2

triose and pentose phosphates decreased with increased O, concentration,

2

but with 5000 ppm CO, in the atmosphere no clear trend was seen (Tables 8

2

and 9). The hexose and heptose monophosphates together with sucrose,
malic, aspartic and 3-phosphoglyceric acids accounted for approximately 60%
of the carbon assimilated (Table 9). The synthesis of sugar diphosphates

was influenced by O, concentration at low CO2 and increased with increased

2

0, at high CO, (Tables 8 and 9). .
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Summary of Results

Compounds the synthesis of which responsed to changes in 0., and CO2

2
concentration in a similar manner to the rate of photosynthesis.
sucrose

glutamic acid

serine (in presence of 100 ppm 002)

Compounds into which more carbon-was incorporated as the O

2
concentration was increased at 100 ppn COZ'
glycine mélic acid
glyceric acid glycollic acid
threonine phosphoenolpyrivate )

Compounds into which less carbon was incorporated as the 02

concentration was increased at 100 ppm 002.
alanine
aspartic acid

triose and pentose phosphates

Only two compounds were found to have an inverse relafionship with the rate

#

of photosynthesis at 100 ppm CO, i.e. less formed in air than in N2 and

2

- 80% 0,, these were fumaric acid and an unknown compound.

Compounds into which more carbon was incorporated as the O2 concentration
was increased at 5000 ppm COZ'

glycine plus serine hexose and heptose monophosphates

aspartic acid glycollic acid

malic acid 3-phosphoglyceric ac¢id.

Compounds into which less carbon was incorporated as the O2

concentration was increased at 5000 ppm COZ'
sucrose

alanine

glyceric acid
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TABLE:8
Amount of Carbon Incorporated into Various Compounds in Maize.Leaf During

5 min Photosynthesis (1950 ft candles, 28°C)
CO2 concentration 100 ppm 5000 ppm

O2 concentration 0 21 80 0] 21 8o

(% by volume)

Product (carbon in the various compounds aspg atoms
C/g fresh wt)

sucrose 2.45 3.38 2.13 6.57 . 5.59 - 570
glycine + serine 0.09 0.3 0.38 0.08 0.43 0.52
glutamic acid 6.03' 0.07 0.04 0.15 0.19  0.16
glyceric acid 0.001 0.006 0.01 0.01 | 0.62 0.008
threonine 0.007 0.02 0.06 0.07 0.18  0.07
alanine 0.30 0.09  0.04%  1.32 1.35  0.19
malic acid 0.50 0.6 1.05 0.96 1.69 k.01
aspartic acid 1.56 0.70 0.46 0.54 2.29 2.69
citric acid 0.03 0.03 0.04 0.20 0.19 0.13
fumarate + 0.02 0.02  0.17 0.08 0.03 0.1k
glycollate
phosphenolpyruvate 0.02  0.03 0.0 0.21  0.03  0.10
3-PaA .02 1.25  0.86 1.2 1.80  1.95
triose + pentose 0.23 0.16  0.12 0.2+ 0.18  0.32
phosphates '
hexose + heptose 1.23 1.77 1.28 1.71 1.59 L. Lo
phosphates
sugar diphosphates 0.16 - 0.13 0.08 0.22 0.25  0.60
unknown compounds 0.0h4 0.0k4 0.08 0.05 0.12 0.12
insoluble 0.38 0.27 0.11 0.22 0.10 0.11
polysaccharides

Atmospheres contained different proportions of O, as shown witn 100 ppm

>
CO,, labelled with e, 6.2 1£Ci/ . mol or 5000 ppm CO, labelled with e,

1.89 . Ci / (. mol.
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TABLE:9
Label (140) in Various Compounds in Maize Leaf During 5 min Photosynthesis

(1950 ft candles, 28°C).

CO2 concentration 100 ppm 5000 ppm
0, concentration 0 21 80 o] 21 80
(% by volume)
Product (140 in the various compounds as a % of total
soluble 1%C)
sucrose - 25,00 29.00 24.50 34.00 27.00 24.00
glycine + serine 1.01 3.50 4L.4o 0.60 2.00 2.55
glutamic acid 0.32 0.60 0.40, 1.10 0.90 0.80
glyceric acid 0.01 0.05 0.14 0.06 0.08 0.04
~ alanine 3410 0.80 0.38 6.80 6.50 0.90 °
malic acid : 5.20 5.50 12.00 k.96 | 8.10 19.00
aspartic acid 16.00 6.00 5.20 2.80 11.00 13.00
3-PGA 10.40 10.60 9.90 7.30 8.60 9.40
triose + pentose 2.26 1.40 1.26 1.28  0.85 1.07
-~ phosphates
hexose + heptose 12.50 15.00 15;00 | 8.90 7.50 11.00
phosphates '
sugar diphosphates 1.60 1.10 0.90  1.10 1.20 1.50
other compounds 4.811 3.72  L.48 421 3.21 3.21
loss | 1739 22.73 20. 44 26.89 22.96 13.58

Atmospheres contained different proportions of O2 as shown, with 100 ppm

CO. labelled with ¥ labelled with ''c,

2
1.89}; Cci /P. mol.

C, 6.12}LCL/an1 or 5000 ppm co,
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TABLE:10

1

Carbon Incorporated into Glycine and Serine in Maize Leaves during 5 min

Photosynthesis. (1950 ft candles, 28°¢)

Concentration 100 5000
of 002 ppm
Atmosphere N2 21% O2 80% O2 N2 _21% O2 80% O2

?40 as a percentage of the total 14C in the EtOH/HZO

soluble extracte.
Total glycine 1.00 3.50 4.bo 0.60 2.00 2.50

plus serine

Glycine 0.20 1.60 2.30 0.06 0.70 0.90

Serine 0.40 0.98 0.24 0.20 0.50 0.60

Atmospheres contained different proportions of oxygen and nitrogen with

100 ppm CO_ labelled with 140 (6.2}LCi/'F_mol) or 5000 ppm CO, labelled

2 2

with %o (1.89pCi/ p mol).
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V. 14C in Various Compounds Formed by Samples of Maize Leaf During 5 min

Photosynthesis in Atmospheres Containing[:140:]002.

The samples of leaf were supplied with 100, 300 or 5000 ppm E“*c] co,

in gas mixtures containing different proportions of O, for 5 min (1950 ft

2
candles, 2800); see Table:11. The samples of leaf supplied with 300 ppm

[.JIb'CZ]CO2 had been floated on 0.2 M phosphate buffer for the first hour

after excision; the O, concentration in atmospheres with 300 ppm CO., were

2
different from those with 100 ppm and 5000 ppm CO

2

o In spité of these-

differences in treatment the amounts of 140 in various compounds in samples

> are intermediate between those in samples

supplied with 100 ppm and 5000 ppm COZ'

supplied with 300 ppm CO

Sucrose, alanine, malate, aspartate and the phosphate esters contained

at least 60% of the total soluble 140 extracted from samples of maize

leaves treated with the gas mixtures containing[:14CZ]C02. The % 140 in
sucrose following photosynthesis in Oz—free N2 was increased with increasing
CO, concentration in the atmosphere. In the presence of 0, however

2 2

increased incorporation into sucrose with increased CO, concentration was

2

not observed. Following pHotosynthesis in atmospheres containing O, less

2
14 . .
concentration was high.

C was found in glycine and serine when the CO

2
The % 140 incorporated into alanine was least in atmospheres containing .
100 ppm CO2 whatever the O2 concentration. At any 002 concentration[:1ud]
malate was greatest in the presence of high O, concentrations (76% or 80%).

2

Under anaerobic conditions the % 14C present inaSpartéte;was decreased with

increased CO2 concentration; in the presence of Oé the reverse was true.

In the presence of N, or 21% and 38% 0, the % 140 in phosphate esters was

decreased with high (5000 ppm) CO,; but in the presence of a high 0

X

concentration there was little effect of CO

2

5 concentration.



TABLE: 11
140 in Various Compounds Following Photosynthesis by Samples of Maize Leaves in Gas Mixtures Containing 100 ppm, 300 ppm

or 5000 ppm[:140:]002 (1950 ft candles, 28°C).

0., concentration

2 0 0 0 21 38 21 80 76 80
(%-by volume) '
CO2 concentration :
\ 100 300 5000 100 300 5000 100 200 5000

(ppm) : . .
Product ’ (140 in the various compounds extracted expressed as % of total soluble 140)
sucrose 25.00 28.540 34.00 ©29.00 - 23.92 27.00 24.50 23.19 24.00
glycine + serine 1.00 0.4k . 0.60 3.50 4.80 2.00 k.bo L.30 2.50
alanine 3.10 6.78 6.80 0.80 6.80 6.50 0.38 1.77 0.90
malic acid . 5.20 9.97 4,96 5.50 9.12 8.10 12.00 11.68 19.00
aspartic acid 16.00 7.54 2.80 6.00 9.82 11.00 5.20  8.57 13.00
phosphate esters 27.85 28.19 - -19.58 28.35 26.27 18.45 27.40 19.45 23.43
other compounds ° 21.85 18.68 31.26 26.85 19.27 26.95 26.12 31,04 17.53

I

Atmospherescontained different proportions of 0, as shown above with 100 ppm CO, labelled with 1 c, 6.2Fc14m01

200 ppm<002 labelled with14?;3;22H9}{#g@qyor5000ppm CO, labelled with 14C,.1.89 Pci/P_mol,

hil
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VI Photosynthesis by Segments of Maize Leaf in Oz—free N2 or Air Containing

100 ppm[_ e :]co‘2

In earlier experiments analyses were made after photosynthesis for 5

min atmospheres containing[:140:]002. Differences were described in amounts

o

of ~'C in various compounds depending on the composition of the atmosphere.'

containing[:140:]002. The object of the experiment described now was to
éhow to what extent some of the differences observed were cgused by
differences in the pool-size of photosynthesis intermediates rather ‘than
rates of photosynthesis. The segments of maize leaf Qere supplied with
100 ppm[:140:]002 (specific activity 18.98pCi/ﬁLmol) in air or 0,~free N,
for 20, 40, 60, 120, 300 or 660 sec in the light (1950 ft candles; 28°C)

(see Materials and Methods Sections 7 and 8).

1. Total Carbon Assimilated
Total carbon assimilated, '*C in compounds soluble in ethanol and water
and the 140 in insoluble compounds are shown in Tables 12 and 13. Most of
the 140 assimilated was present in the soluble fractions. The rate at which
Eﬂhc:]COZ was assimilated was greater in air than in 0,-free N,. This

confirms conclusions reached from gas exchange measurements made using an’

I.R.G.A. see Fig. 8.

2. Amounts of 140 in:Various Compounds Ektracfed with Ethanol
and Hao Following Photosynthesis in Atmospheres Containing
100 ppm [11*03 Co,-

The 140 incorporated into various compounds soluble in ethanol and wafer
after exposure of samples of leaf to[:140:]002 for periods of 20, 40, 60,
120, 300 or 660 sec are shown in Table 14 and Fig 15 in the presence of
02—free N2 and in Table 15 and Fig 16 in the presence of air, expressed as

ng atoms of carbon/2 en’ leaf.
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The carbon incorporation into malic plus aspartic acids was greater in

air than in O,-free N, (Figs 15 and 16) and appeared to have saturated

after 300 to 660 sec. After 20 sec these acids containéd over 60% of the
C incorporated,,140 in malic acid decreased with increased exposure to
C"L*c:] Co,, after 300 sec in both air and O,

this was the only compound constituting a major proportion of the total

-free N, (see Tables 14 and 15); .

soluble 14C which showed this trend. In the presence of air or Oa—free N2

the 14C present in aspartic acid was usually greater than that present in

malic acid.

After 600 sec exposure to[:14C:]002 in the presence of air or Oa—ffee

N, sucrose contained the greatest amount of 140 (Tables 14 and 15) and there

was no indication that 140 incorporation was saturated (Figs 15 and 16).
[:14CZ]sucrose was present after only a 20 sec exposure to[:14c:]C02 in the

presence of either Oa—free N2 or air. After 20 sec photosynthesis in the

presende of Oa—free N2 the 14C incorporated into sucrose exceeded that

present in either glycine, serine or alanine (Table 14). In the presence
of air however more 140 was present in alanine than sucrose after 20 sec

photosynthesis (Table 15).

The carbon incorporation into glycine plus serine was greater in the

presence of air than in O_~free N, (Figs 15 and 16). The 140 present in

2

glycine plus serine was saturated after 300 sec photosynthesis in the

presence of O_-free N2 (Fig 15); in the presence of air there was no

2

indication that 140 incorporation into these amino-acids had saturated after
660 sec photosynthesis. The amount of[zqqc:]glycine vas generally greater ’

than[:140:]serine in the presence of either Oa-free N2 or air.

The 14C assimilated into alanine increased with increased duration of

exposure to[:’mCZ]CO2 up to at least 660 sec in the presence of either 02—

free N, or air (Tables 14 and 15). The pool of alanine accessible to recently
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assimilated carbon was not therefore saturated after 5 min photosynthesis
in[___140:JCO2 (Figs 15 and 16). The carbon incorporated into alanine after
660 sec exposure to[:140:1002 was markedly greater in the presence of N2

than air (Tables 14 and 15).

The amount of[:140:]glyceric acid was generally greater in the presence
of air than of 02—free N2 and in the presence of air the incorporation of
140 into glyceric acid was saturated after 120 sec photosynthesis. In the
presence of O,-free N, or air the carbon assimilated into glutamic acid
increased with increased time of exposure to[:140:]002; there was no
indication therefore that carbon incorporation into this compound had
saturated after 120 sec ﬁhotosynthesis. After 660 sec photOSynthesié there
was more 140 in glutamic acid in the presence of air than O2

the exception of samples exposed for 20 sec only the 1AC incorporated into

-free N2. With

sugar phosphates including PGA was greater in the preéence of air than 02-

free N2. These compounds were a major proportion of the total carbon

assimilated even after only 20 sec exposure (see Tables 14 and 15).
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TABLE:12

Total Carbon Assimilated by Segments of Maize Leaf in an Atmosphere of 02-

free N Containing[:14c:]002 for Various Periods of Time.

2
Time (sec) 20 ko 60 120 300 600
Carbon Assimilated (expressed as ng atoms of C/Zcrn2 leaf tissue)
Total Carbon 6.513 13.05 20.10 50.16 94.37 304,79

Carbon present in

EtOH/HZO soluble 6.500 13.00 20.00 50.00 90.00 306.00
fraction |

Carbon present in

EtOH/H,0 insoluble  0.013 0.05  0.10 0.16 4,37 k.79

fraction

I

Atmospheres of O_~free N, containing 100 ppm CO2 labelled with 1 c, 18.98

2 2
(LCi,/ |t mol were supplied to segments of maize leaf (1 x 2 cm) for various
periods of time as shown gbove. The light intensity was 1950 ft candles

and the temperature was 28°C.
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TABIE:13

The Total Carbon Assimilated by Segments' of Maize Leaf in an Atmosphere of

Air Containing[:140:]00 for Various Periods of Time.

2
Time (sec) 20 Lo 60 120 300 660 -
Carbon Assimilated (expressed as ng atoms of C/2 cn® leaf tissue)
Total carbon - 1751 31.54 126.20 200.70 513.60

Carbon present in

EtOH/HEO soluble 8.00 17.50  31.50 . 126.00 200.00 510.00
fraction

Carbon present in

EtOH/HEO insoluble - 0.01 0.04 0.18 0.72 3.56

fraction

Atmospheres of 21% O, containing 100 ppm 002 labelled with 14C, 18.98Fc1/}Lmol

were supplied to segments of maize leaf (1 x 2 cm) for various periods of
time as shown above. The light intensity was 1950 ft candles and the

temperature was 28%.
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TABLE: 14

Carbon Incorporated into Various Compounds in Segments of Maize Leaf During
Photosynthesis in Atmospheres Containing 100 ppm[:140:1002 (specific activity

18.98rLCi/erol) in Oa-free N,.

Time of exposure to

20 Lo €0 - 120 300 600
L1l+C:l CO2 (sec)

Product (carbon from CO2 in various compounds expressed as
ng atoms of C/2 cm® leaf)

sucrose - 0.07 0.61 1.35 4.58 13.33 106.1

glycine 0.02 0.05 0.06 0.10 0.85 )

serine 0.01 0.0k 0.05 0.06 0.98 ; .1.5?

glutamic acid 0.03 0.05 0.06 0.41 0.90 1.65
 glyceric acid 0.01 0.0k 0.0k 0.06 1.05 0.17

alanine 0.04 0.12 0.37 - 2.32 h1.44

malic acid 0.94 2.72 2.90 6.46 18.77 17.75

aspartic acid 1.73 1.45  3.24  15.05 - 28.08

citric + fumaric 0.0% 0.08  0.09 0.24 0.51 0.74

acids
glycollic acid 0.0001  0.03  0.12 0.24 0.75 0.91
erythronic + 0.001 0.0k 0.06 . 0.20 | L.66 3;10

oc-ketoglutaric acids

phosphoenol pyruvate 0.02 0.05 0.0k O."18 1.2k 0.59
sugar phosphates + 1.00 - 2.56 L.56 10.27 - 52.71

PGA . ‘
unknown compounds 0.02 0.01 0.06 0.13 1.46 0.73
origin 141 L.70 6.26 10.42 23.14 39.05
other compounds 1.27 0.50 0.74 1.60 - . 5.h2

The light intensity was 1950 ft candles and temperature was 28°¢.
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TABLE: 15
Carbon Incorporated into Various Compounds in Segments of Maize Leaf During
Photosynthesis in Atmospheres Containing 100 ppm[:14c:]002 (specific activity

1838Pﬁ/Fmﬂ)inAnu

Time of exposure

20 Lo 60 120 300 660
to T co,, (sec)

Product (Carbon from 002 in various compounds expressed as

ng atoms of C/2 e leaf)

sucrose : 0.01 0.06 0.76 k.5 37.45  199.7

glycine 0.004 . 0.03 0.24 L .89 9.30 34.55
serine 0.009  0.02  0.10  0.69  3.45  16.38
glutamic acid 0.01 . 0.02 0.10  1.03 0.88 3.68
glyceric acid 0.01 0.06 0.03  0.18 0.31 0.22
alanine 0.02 G.10 0.40 3.37 10.81 23.71
malic acid 1.06 3.40 2.86  17.51 43,87 33.92
aspartic acid 1.06 - 14,33 36.46 41298 58.77
citric + fumaric 0.01 0.05 0.10 0.32 0.36 1.16

acids

glycollic acid 0.003 0.007  0.05 0.15 0.07 0.2h
erythronic + 0.00k 0.02 0.08  0.35 1.00 k.10

o-ketoglutaric acids

phosphoenol pyruvate 0.02 0.04 0.05 0.21 0.25 1.94

sugar phosphates + -y 0.59 3.55 5.38  31.2h4 L8. 40" 109.30
PGA

unknown compounds 0.009 0.02 0.19  0.80 1.k2 3.26

origin 1.02 1.68 6.45 4.8 0.06 5.00

other compounds L. 16 8.4k 0.38 3.37 0.39 L

The light intensity was 1950 ft candles and temperature was 28°C.
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FIGURE:15

Carbon Incorporated into Various Compounds in Segments of Maize Leaf

.. 1 . o
during Photosynthesis in Atmospheres Containing 100 ppm[ uC] CO2 (specific

activity 18.98 F.Ci/’_l,mol) in Oa-free N,,.

Carbon Assimilated (Log,10 ng atoms carbon/2 cm2x100)

Time (min) -
Carbon assimilated into sucrose ( ® ), aspartate plus malate ( v ),
alanine ( ® ) and glycine plus serine ( A ) during various periods of

s 14 : . .
photosynthesis from[_ 'c_] COZ' The light intensity was 1950 ft candles

and the temperature was 28°C.
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FIGURE:16

Carbon Incorporated into Various Compounds in Segments of Maize Leaf

During Photosynthesis in Atmospheres Containing 100 ppm E']L}C :]CO2 (specific

activity 18.98 j-Ci/pmol) in Air.
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~VII Total Carbon Assimilated and Amounts of 140 in Products of 5 min

Photosynthesis by Maize Leaves treated with 5.12 mM Solutions of

NHucl in 0.2 M Phosphate Buffer or 0.2 M Phosphate Buffer

Samples of maize leaves were treated with the sélution of NHucl in .
phosphate buffer or with phosphate buffer as above for 1 hr after excision.
After a'further Lo min floating on water samples that had been treated with
NH;,C1 in phosphate buffer were supplied with 300 ppm[:140:]002 (3.72HCi/'

H,mol) in 02—free N2; 429 0, or 78% 0, and those treated wifh phosphate

buffer supplied with 300 pme‘IuC]COa (3.72}1.Ci/ }Lmol) in O -free N2,

2
38% 0, or 76% O2 (see Materials and Methods Sections 5 and 8).

The total carbon assimilated by the samples of maize leaf is shown in
Table 16. The total 140 in soluble products decreased with increasihg O2
concentration when leaf samples were treated with buffer containing NHucl
(Table 16). Total carbon éssimilated by the control samples was not as
expected from the I.R.G.A. measurements (Fig. 11); most carbon was

incorporated when O_ was absent from the atmosphere.

2

Distribution of 140 among products of 5 min photosynthesis by samples
of maize leaves is shown in Tables 17 and “18. Results are expressed as pg
atoms of C/g fresh wt in Table 17 and in Table 18 the 140 in each compound

is expressed as a % of the total 140 incorporated into the fraction.

1. Sucrose

The % of total 140 incorporated into sucrose was decreased when the 02

concentration was increased especially in samples treated with NHhCl

(Table 18).

2. Glycine and Serine
More carbon was incofporated into glycine plus serine in. control

samples when the O, concentration was highest but iﬁ samples treated with

2

NHACl most carbon was incorporated into glycine and serine when the
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atmosphere contained 42% 0, (Table 17). Glycine and serine were separated
and the % 140 incorporated into each is shown in Table 19. There was more
C in glycine than in serine after photosynthesis in atmospheres containing

02. When photosynthesis took place in an atmosphere without O more 14C

2

was present in serine than in glycine.

3. Glutamic écid

Less[ﬂc] glutamate was formed by samples of leaves treated with NH,Cl
than by control samples (Tables 17 and 18). Both treated énd CAntrol
samples contained most[:140:]glutamate after photosynthesis in the atmosphere

containing the intermediate O

, concentration (Table 18).

L, Glyceric acid
The carbon incorporated into glycer%c acid was increased with increasing
O% concentration whether or not samples of leaves had been treated with

NH, C1 (Tables 17 and 18). Less glyceric acid was synthesised in samples of

leaves which had been treated with NHhcl (Table 17).

5. Alanine

With increased O2 concentration in the atmosphere both- control samples

and those treated with NH401vincorporated‘less carbon into alanine. There -
was less 140 in alanine in samples of leaves treated with NHQCl than in

the controls (Tables 17 and 18).

6. Malic acid
In samples of leaves treated with NHQCl the 140 incorporated into

malic acid was increased when O, concentration in the atmosphere was .

2

increased. In the control samples most 140 was incorporated into malic .

acid in the atmosphere with the highest concentration of O2 and least in

the atmosphere with the intermediate O, concentration (Tables 17 and 18).

2
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7. Aspartic acid

In samples of leaf treated with NHacl[:140:]aspartate synthesis was
decreased with increased O, concentration (Tables 17 and 18) but the
AC

effect was less in magnitude than that observed in alanine. The 1 in

aspartic acid in the control samples was not greatly affected by'the 02
concentration of the atmosphere but the greatest incorporation into aspartic

acid was in 38% 0, (Table 18).

8. Phosphate esters
The % of soluble 140 incorporated into phsophate esters (Table 18)
was decreased with increased 02 in the atmosphere in the control samples.

14

In samples of leaves treated with NH401 the % of soluble C found in
phosphate esters was very high after photosynthesis in the atmosphere

containing 78% 02.
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_TABLE:16

Carbon Assimilated by Samples of Maize Leaf During 5 mins of Photosynthesis

in Atmospheres Containing C 1 40 ] 002.

Pretreatment 5.12 mM NHL+Cl in 0.2 M 0.2 M phosphate buffer

phosphate buffer

02 concentration 0 Lo 75 0 38 76

(% by volume)

(carbon assimilated expressed as I3 atoms of

.carbon/g fresh wt leaf tissue)
Carbon incorporated

into ethanol/H20 - 10.2 8.4 6.3 11.l_+ 9.0 10.9

soluble fraction

Samples of leaf were floated on either 5.12 mM NHl+Cl in 0.2 M ph0sphatebu‘ffer
(pH 7.6) or on 0.2M phosphate buffer (pH 7.6) during the first hour after excision,
Subsequently atmospheres containing different progortions 6f 02-, as shown with 300 p;
co, Lebelled with 140, 3.72pci/pmol. The light intensit-&' was1950 £t

’

candles and the temperature. was 28°C.
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TABLE: 17

Total Amounts of Carbon Incorporated into Compounds Soluble in Ethanol and
Water During 5 min Photosynthesis by Samples of Maize Leaf in Atmospheres

Containing 300 ppm[:140:]002 (3.72PCi/}Lmol) and Different Concentrations

of 02.
Solution used to 5.12 mM NH4Cl in 0.2 M phosphate buffer
pretreat samples 0.2 M phosphate buffer (control)

O2 concentration Oa-free N, Loy O2 78% 0, Oa—free N, 38%,02 76% O2

Product (carbon in the various products aspgatoms C/g fresh wt)
sucrose 2.99 1.75 0.86 3.09 1.88 2.28
glycine + serine 0.08 0.31 0.18 0.05 0.37 - 0.b42
glutamic acid 0.08 0.08  0.03 0.15 © 0.19 0.1
glyceric acid 0.01 0.01  0.02 0.008  0.02  0.05
alanine 0.59 0.25 0.06 0.74 0.53 0.17
malic acid 0.74 0.99  1.21 1.08 0.72  1.415
aspartic acid 0.79 0.74 0.39 0.82 0.77 0.84
phosphate esters 2.88  1.75  3.33 2:13 1.79  3.04
glycollic acid 0.0006  0.003 0.005  0.0003  0.003 0.009
unknown compounds  0.02  0.13 0.06 0.01 - 0.0k 0.02

Samples of leaf were floated on 5.12 mM NH401 in 0.2 M phosphate buffer
or on 0.2 M phosphate buffer during the first hour after excision. The

light intensity was 1950 ft candles and the temperature 28%.
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C Incorporated into Compounds Soluble in Ethanol and Water During 5 min

Photosynthesis by Samples of Maize Leaf in Atmospheres Containing 300 ppm

L14C] co, (3.7P,Ci/ jt mol) and Different Concentrations of Oxygen.

Solution used to
pretreat samples
O2 concentratiop
Product

sucrose

glycine + serine
glutamic acid
glyceric acid
alanine

malic acid
aspartic acid
phosphate esters
other compounds

loss

5.12 mM NH4Cl in

0.2 M phosphate buffer

O.,~free N

2
(1

the extract)

30.43
0.80
0.79
0.09
6.05
755
8.06

29.75
0.21

16927

5 L% 0, 78% 0,

21.0k
-3.80
1.02
0.18
2.96
11.91
8.95
21.97
0.55

27.62

2

13.91 28.40
2.90 0.4k
0.41 1.36
0.31 0.08
0.96  6.78

19.55 9.97
6.29 7.5k

54.53 | 28.19
.12 1.28
0.02"

15.96

O.-free N

(control)

23.92
4.80
2.48
0.26
6.80
9.12
9.82

26.27

3.17

13.36

19.45

0.2 M phosphate buffer

o 38% 0, 76% 0,

C in the various products as a % of tota1~140 in

23.19
k.30
1.09
0.52
1.77

11.68
8.57

3.98
25.45

Samples of leaf were floated on 5.12 mM NH401 in 0.2 M phosphate buffer

or -on 0.2 M phosphate buffer during the first hour after excision. The

light intensity was 1950 ft candles and the temperature was 28%¢..
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TABLE:19

Label (140) in Glycine and Serine in Maize Leaf During 5 min Photosynthesis

. - 1 ' .
in Atmospheres Containing 300 ppm[_ 40:]002 (3.72F£h./ F,mol) and Different

Concentrations of 02.

Solution used to 5.12 mM NH401 in 0.2 M phosphate buffer"
pretreat samples 0.2 M phosphate buffer (control)
O, concentration’ 0,-free N, k2% 0, 78% 0, O,-free N, 38% 0, 76% 0,

(14

Product C-in the products as a % of total g in the extract)

glycine 0.3k 2.66 2.50 0.002 2.70 3.74

serine Ok 1«11, 0.50 0.4k 2.10 0.59
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VIII Total Carbon Assimilated and Amounts of 140 in Products of 5 min

Photosynthesis by Tobacco Leaves treated with 5.12 mM Solutions of

NaCl or Distilled Water.

For 1 hr after excision samples of tobacco leaf were floated on a
solution of NaCl or distilled water as above; after a further 40 min
floating on distilled water the samples were supplied with 300 ppm[:140:]

002 (3.7apc5/ p mol) in 0-free N., 25% o2 or 28% 02, or 76% o2 (see

27
Materials and Methods Sections 5 and 8).

The total carbon assimilated by samples of tobacco leaf during 5 min_
photosynthesis is shown in Table:20. The total carbon incorporated into
the ethanol soluble fraction was greatest in the absence of 02. Measure-
ments of rates of photosynthesis using an I.R.G.A. (see Fig. 14) showed that
the rates for samples of tobacco leaf which had been pretreated with NaCl
were greatest in the presence of approximately 25% 02; This effect was
not demonstrated by the measurement of[:140:1002 uptake; however the
carbon incorporated by samples of tobacco leaf which had been pretreated

with NaCl, in the absence of 0O, was much decreased compared to the control

2

sample.

The interpretation of this experiment is difficult, therefore because
of differences between samples of leaf which were not due entirely to the
different treatments given. In Table:21 the carbon incorporéted into
various compounds separated from the ethanol and watér soluble extract is
expressedaS}Qgatomsofcarbon/g fresh wt of leaf and iﬁ Table:22 results are
expressed as a % of the total 140 present in the EtOH/Hao-soluble fréctiop;
Most of the carbon assimilated was present in sucrose,‘PGA, hexose and
heptose monbphOSPhates and the sugar diphosphates. Little effect of

14

pretreatment was found upon the % of ' 'C in sucrose after 5 min photosynthesis

in[:quc:]COZ in Oz—free N2 or in 25%/28% 02 but in 76% 02 pretreatment with
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TABLE:20

Carbon Assimilated by Samples of Tobacco Leaf During 5 mins of Photosynthesis

in Atmospheres Containing [1'c] co,

Pretreatment 5.12 mM NaCl distilled water

0, concentration 0 25 80 0 28 80

(% by volume)

(carbon assimilated expressed as -8 atoms of

carbon/g fresh wt leaf tissue)

Carbon
incorporated into 5.1 k5 . 1.5 16.0 k3 2.9
ethanol/HZO soluble

fraetion

Samples of leaf were floated on 5.12 mM NaCl or distilled water during

the first hour after excision. Subsequently atmospheres containing

different proportions of 02, as shown, ,were supblied with 300 ppm CO

140, 3.72}L0i/}k»mol. The light intensity was 1950 ft

2
labelled with

candles and the temperature was 28°C.
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NaCl resulted in decreased incorporation of carbon into sucrose with an

increase of the % of 140 present in phosphate esters (Table 22).

The total carbon incorporated into sucrose (Table 21) was decreased by

pretreatment in solutions of NaCl compatred to H,.O especially when

2
photosynthesis wi&h[:140:]002 was in an atmosphere of 024free Na.;,The
carbon incorporated into serine exceeded that into glycine in all samples;
synthesis of glycine, serine, glutamic dcid and glyceric acid was increased
in the presence of increased O2 concentration. Pretreatment with NaCl-
solution caused a decrease compared to control leaf, pretreated in H.O, in

2
1hC from[:1h0:]002 incorporated into glycine; this trend

the proportion of
was greatest where photosynthesis took place in an atmosphere containing.
76% 02. More of the 140 metabolized appeared in aspartic acid in samples‘
of leaf prefreated with NaCl solution'than in samples pretreated with water.
In the presence of O2 the 140 incorporated into malic acid was.less in the
salt treated samples than in the control saﬁples (Table 22).~ The carbon
incorporated into triose and pentose phosphates was decreased with an

2

increase in O_ concentration from O to 76% (Table ZQ) especially in those
samples pretreated with NaCi solution.
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TABLE: 21
The Amounts of Carbon Incorporated into Products of Photosynthesis by

Tobacco Leaf.

Pretreatment Solution 5.12 mM NaCl distilled water
(control)
02 concentration 0 25 76 0 28 76

(% by volume)
Product (carbon incorporated into the various compounds

expressed és;Lg atoms of C/g fresh wt)

sucrose 1.82 0.87 0.10 5.25 0.83 0.39
glycine 0.03 0.20 0.13 0.08 0.17 0.18
serine 0.25  0.h2 0.20 0.69 0.37 = 0.35
glutamic acid 0.02 0.11 0.02 0.06  0.03 0.03
glyceric acid 0.003  0.05 0.0k 0.02  0.05. 0.08
alanine 0.07 0.0k 0.01 0.17  0.03 0.0k
malic acid 0.0k 0.03 0.009 0.09  0.05 0.03
aspartic acid 0.16 0.10 0.045  0.30  0.03 0.0k
citric acid 0.04 0.0k 0.0k 0.11  _0.02__ 0.0%
glycollic acid 0.003 0.009 0.93 0.02 VO.005 0.007
triose phosphates 0.02 0.02 0.006 Q.OS 0.01 0.01
pentose phosphates 0.0k4 0.02 0.01 0.46 0.02 . 0.0k

3 PGA + hexose and
heptose phosphates + 0.98 0.73 - 0.32 3.32 0.74 0.39
sugar diphosphates '

unknown compounds 0.06  0.15 0.06 0.17  0.05 0.07

Samples of leaf were ﬁloated on 5.12 mM NaCl solution or distilled water
.during the first hour after excision and then supplied for 5 min with
atmospheres containing 300 ppm CO, labelled with The, 3.72p0/ pmol in 0=
free N5, 25 or 28% 0, or 76% 0,- The light intensity was.1950 ft candles

and the temperature was 28°C.
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TABLE:22

The Amounts of 14C in Various Compounds After Photosynthesis by Tobacco

Leaf.
Pretreatment Solution 5.12 mM NaCl distilled water
(control)
02 concentration 0 25 76 0 28 76
(% by volume)
Product (140 in the various compounds expressed as a % of
total soluble 'C) |
sucrose hz.42 26.04 7.90 38.36 28.35 . 17.30
glycine 0.79 6.03 10.08 0.60 5.78' 7.72
serine 6.05 = 12.45 15.39 5.06 12.69 15.40°
glutamic acid 0.46 0.90 1.27 0.41 1e14 - '1.48
glyceric acid 0.07 1.53 3.01 0.16  0.97 3.38
alanine ~ 1.68 1.21, 0.79 1.26  0.95 0.85
malic acid 0.95 0.80 0.73 0.68 1.77 ’1;38
aspartic acid 3.70 | 2.98 3.48 2.19 1.12 1.69
triose phosphates 0.60 0.45 0.50 0°58,<__°'%?_A 'ugjﬂg
pentose phosphates 1.06 0.58 0.74. 3.36 0.56 1.46

3.PGA _+ hexose and

heptose phosphates + 23;36 21.73 2h.26  24.25 25.26  17.5h
sugar diphosphates

other compounds 1,22 3.66 . 5.98 1.28  3.17 3.98

Loss 16.64% . 22.74  23.87  21.81  17.79  27.37

Samples of leaf were floated on 5.12 mM NaCl solution or distilled water:

during the first hour after excision and then supplied for 5 min with

14

atmospheres containing 300 ppm CO, labelled with " 'C, 3.72)LCi/'F.mol in

0.~free N

5 5 25% or 28% 02 or 76%.02. The light intensity was 1950 fi

candles and the temperature was 28°C.
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“IX. Metabolism of [T ~ 1G] Malate by Maize Leaf

Samples of maize leaf lamina, 2 cm2, were supplied with[ U - 14@]
malate (4 W.Ci, 0.4 jLmol in 0.05 ml) for 40 min in the light (1950 ft

candles) or in darkness in atmospheres of Oa—free N2 or air containing .

the temperature was 28°C (see Materials and Methods

29
Sections 6 and 8). The 140 compounds extracted after supplying the

5000 ppm or 100 ppm CO

labelled substrate in the light are shown in Table 23, the 1“0 in the
o 1

various compounds being expressed as a % of the total soluble " C, and in

Table 25 the 140 content of the extracted compounds is expressed as d.p.m.
14

X 10—3/cm2 leaf tissue. In Table 24 the ' 'C in the various compounds

extracted after supply of the labelled substrate in darkness is shown

expressed as a % of the total soluble 140 and the 140 content of the

extracted compounds expressed as d.p.m. X 10_3/01'112 leaf tissue is shown in

Table 26.

The total ''C extracted in ethanol and water from samples of maize
leaf supplied with[ U - 17C] malate in light and darkness is shown in
Tables 23 and 24. FExcept with samples of leaf kept in a}: qogﬁaining

5000 ppm 002

than in Oy-free N,. In the light the totall 1"cJmolate absorbed was

greatest in samples in atmospheres containing 100 ppm 002. In the dark

more malate was taken up in light than in darkness and in air

the concentration of CO, had little effect.

2

140 Products formed in the Light.

The amounts of 140 in individual compounds extracted from éegments of
maize leaf are shown in'Tables 23 and 25. The major product of[:U - 14d]
malate metabolism iq the light was sucrose. A greater proportién of
absorbed malate was converted to sucrose in air than in nitrogen (Table 23)

especially in the presence of a low GO, concentration (100 ppm) (Table 25).
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_The 140 incorporated into glycine and serine at low 002 was -greater when

2--free N2. These

amino acids were almost equally labelled after supply of[ U - 14@]malate

malate was supplied in air than when it was supplied in O

(Tables 23 and 25). More 140 was incorporated into alanine in Na.than in

air especially with 100 ppm CO The synthesis of[:1#c:]aspartate from -

5
(v - 14@] malate was greater in the absence of 0, with 100 ppm CO, but
this was not true in the presence of 5000 ppm COZ' More glutamine was

L

formed from[T _ C_]malate in aerobic than in anaerobic conditions. The
formation of[:140:]g1utamate was greater in the presence of 5000 ppm COZ
than in the presence of 100 ppm‘COZ. More phosphate ester compounds were

synthesised from melate in the presence of low co, (100 ppm) than high

002 (5000 ppm).

140 Products Formed in the Dark..

The amounts of 140 in compounds from segments of maize leaf supplied
with[U - ¢ malate in the dark are shown in Tables 2k and 26. No

sucrose was synthesised from[_U - 14C:]malate in the dark and in anaerobic

1k

conditions the metabolism of malate was severely limited. The ' C

incorporated into glycine and serine was greater in air than in N2 and- —

under aerobic conditions the synthesis of glycine and serine was greater

at low CO, (100 ppm). Conversely in Oa-frée N, the syntheéis of these

compounds was greater at high €O, (5000 ppm). In the presence of N, there

was a greater synthesis of glycine frqm[:U - 14C:]malate than serine,

however the reverse was true in the presence of air. Alanine, aspartate
and glutamate were major products of LU - 14@] malate metabolism in air;
more aspartate and glutamafe were formed in the presence of 5000 ppm.CO2
compared with 100 ppm 002. Glutamine synthesis was little affected by the.

gaseous environment except in air containing 5000 ppm CO., where most was

2

formed from[ U - 14C:]ma1ate. The greater aerobic synthesis of amino acids

(including threonine Table 26) and amides from[ U - 1§QB malate was
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écéompanied by synthesis of acids of the Krebs cycle. For ekample more
succinate + citrate and fumarate were present when malate was supplied in

air than when it was supplied in O2

~free N, (see Table 26).
Differences in Metabolism of (U - ''C]Malate in Light and
Darkness.

The 140 content of compounds extracted from'segments_of maize leaf
supplied with[ U - 140:]malate in the light and dark may be compared in
Tables 23 and 24; Synthésis of sucrose was light-dependent. Glycine and
serine were formed from malate both in the light and in the dark and more
of each was formed under aerobic than under anaerobic conditions with

100 pprt CO Alanine synthesis was greater in O

Py 2-free N2 than in air 1n..
the light but greater in air than in N2 in the dark. The 140 incorporated
into aspartate was markedly greater in the presence of O, in the dark and. .

2

constituted one of the major products of malate metabolism. Under anaerobic
conditions there was a much greater synthesis of[:140:]aspartate-in the
light than the dark. Aspartate synthesis in the light therefore was less

Oz—dependent than in the dark. The production of[:14Q]glutamate from

malate was primarily affected by O2 concentration in darkness vhereas the

concentration of 002 was a greater influenée iﬁ the light. In both light

and darkness the synthesis of glutamine was greater in the presence of

air than in the presence of N The metabolism of[:U - 14C:]malate to

>
Krebs cycle acids, fumarate, succinate and citfate was greater in the dark

than the light especiélly under aerobic conditions (Tables 25 and 26).
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TABLE:23
Metabolism of [U - 140:]Malate in the Light by Segments of Maize Leaf in

Atmospheres Containing Different Concentrations of 02.

CO2 Concentration 100 ppm | 5000 ppm
O2 Concentration ‘ Oa—free N2 21% Oz—free N2 21%
Product ' (140 in the various compﬁunds expressed

as a % of total soluble 140)
sucrose 20.0 - 37.9. 20.7 32.6
glycine » 0.5 2.? - 0.7 ..
serine ‘ 0.3 2.2 - 0.8
alanine 15.0 3.9 9.5 6.2
malate 43 36.3 40.5  3h.k
aspartate 2.8 1.3 1.8 2.2
glutamine 0.5 0.6 0.3 0.7
glutamate 0.5 0.8 3.9 3.0
phosphate esters 5.0 - hon 1.3 - 3.2
other compounds 12.0 10.2 © k.3 16.2

-
.

dpmx10-§/bm2 leaf

Total soluble 140 1.26 - ~1.76 0.74 0.32

Analysis of the .140 compounds extracted after supplying the
labelled substrate (4 MCi, 0.4 pmol in 0.05 ml) for 40 min in

the light (1950 ft candles) at 28°C to segments of lamina, 2 cm.



TABLE: 24

140

Metabolism of [ U - 14C:]Malate in the Dark by Segments of Maize Leaf in

Atmospheres Containing Different Concentrations of 02.

CO2 concentration
O2 concentration
(% by volume)

Product

glycine

serine

alanine

maléte

aspartate

glutamine

5 glutamate

fumarate

other compounds
+ loss

Total soluble 140

Analysis of 140

substrate (4 pci, 0.4 rL'mol in 0.05 ml) for 40 min in the dark

100 ppm

21

5000 ppm

21

(140 in the various compounds expressed

as a % of the total soluble

0.15

0.02
3.1k
78 Ll
0.71
0.1k
,0,27
0.17
17.40

0.58

- 1.48
2.76
21.98
2k, 73
15.69
0.94

9.12.

4.18

19.12

depom. X 10-6/cm2 leaf

0.82

at 28°C to segments of lamina, 2 cn®.

L4

0.25
0.18
5.43
72.70
1.19
0.16
0.22
0.15

19.72

0.40

compounds extracted after supplying the

14

0.25

0.40

33.37
2.17
15.09
5.05

4367

0.90

labelled
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“PABLE: 25

Metabolism of [ U - 14c:]Malate in the Light by Segments of Maize Leaf in
Atmospheres Containing Different Concentrations of 02.
002 concentration 100 ppm 5000 ppm

0. concentration 0 21 0 21

2
(% by volume)

Product (140 in the various compounds expressed as
dep.m. X 10‘3/cm2 leaf)
sucrose . 185.5 - 532.1 120.3 96.9
glycine ‘ b5 - 37.9 - 2.1
serine 2.65 30.7 - 2.7
alanine 138.7 55.1 55.0 18.3
malate 402.9 513.7 234.9 102.7
aspartate . 25.8 18.8 105 - 6.h
‘glutaminevr g 81 v. 2.1 1.8
glutamate 4.6 10.9 22.5 - 8.9
fumarate 2.5 - 6.9 ko2
succinate and -
20.1 - 9.3 L.
citrate '
phosphate esters 48.3 . 60.95 9.62 9.9
other compounds 73.5 - 105.2 36.3 30.1
insoluble ,
16.7 25.8 7.2 8.9
polysaccharides :

Analysis of the 140 compounds extracted from segments of 1amina;
2 cm2, after supplying the labelled substrate CQ}LCi, 0.4 p mol in

0.05 ml) for 40 min in the light (1950 ft candles) at 28°%.
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TABLE: 26

Metabolism of [T - 14C:]Malate in the Dark by Segments of Maize Leaf in

Atmospheres Containing Different Concentrations of 02.

002 concentration 100 ppm 5000 ppm

O2 concentration 0 21 0 21
(% by volume)

Product (140 in the various compounds expressed as

dep.m. X 10—3/'cm2 leaf)

glycine 0.88 -12.13 1.02 2.4k
serine 0.11 .  22.64 0.7k . 3.85
alanine 18.11 180.32 21.67 -
malate 451.90 202.88 290.09 -
aspartate’ ko1 128.71 4,78 322.2k
glutamine - 0.79 7.71 0.64 19.74
".giﬁtamatg o 458 7W.83 '0,87 k495
fumarate ‘ " 1.00 .29  0.61  48.50
succinate + citrate 15.23 22.34 11.80 C37.8 T T
threonine - . 3.79 10.27  * 2.17 . 13.35
oc-ketaglutarate 5.94 10.91 3.56 ' '14.76
phosphoenol - ' . :
13.97 52.97 7.75 38.40
pyruvate : .
other compounds 19.40 L0.71 1991 52.47
insoluble . |
2.21 13.26 3.06 21.36
polysaccharide

Analysis of the 14

C compounds extracted from segments of leaf lamina,
2 cm2,_after supplying the labelled substrate (4 MCi, 0.4 pwmol in

0.05 ml) for 40 min in darkness.
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X. Metabolism of[_U = '”*cj Alanine by Maize Leaf.

Segments of maize leaves (1 x 2 cm) wére supplied with [U - 140:]
alanine (4 p Ci, 0.4 p mol in 0.05 ml) for 40 min in the light (1950 ft

candles) or in darkness, at 28°C in the presence of Oz-free N2 or 21% O2

containing either 100 ppm or 5000 ppm 002 (see Materials and Methods
Sections 6 and 8). The total 140 extracted in ethanol and water from the
segments of leaf in the light is shown in Table 27 and in the dark in.
Table 28. More E"l*c] alanine was taken up in the light than in the dark
and in both light and darkness more was taken up in N2 than in air. Tﬁé
presénce of a high Cozbconcentration (5000 ppm) decreased uptake compared

to:the presence of low CO, (100 ppm).
14 . .
- C Products Formed in the Light

The 140 compounds extracted after supplying the labelled substrate

in the light are shown in Table 27, the 140 in the various compounds being

expressed as a % of the total soluble 140 and in Table 29 the 14C content

of the extracted compounds is-expressed as d.p.m. x‘10_§[cm2 leaf tissue.

14

Although the total soluble " C extracted .was greater from_thqsé sémples'

supplied with the labelled substrate in the presence of Nzwcontéihing'”_"“

100 ppm CO The 140 content of com?ounds—othef than malate was greater".

2.
from samples supplied with the substrate in the presence of 21% O2 :

containing 100 ppm 002. In all treatments the major product of[:U -'140:]
alanine metagbolism in the light was sucrose; the synthesis of sucrose was

greater in air than N2 (Table 27). The 140 incorporated into sucrose was

é compared with 100 ppm CO, in

both N, and 2% O2 (Table 29). The synthesis of[:140:]glycine and serine .

was considerably increaééd by the presence of O

decreased by the presence of 5000 ppm CO

5 in the presence of both

5000 and 100 ppm CO.. In atmospheres devoid of O, synthesis of glycine and

1, . . -
C 1incorporated into

2 2

serine was greater at low CO, (Tables 27 and 29). The
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serine was less than into glycine except when the atmosphere was 21% 0,

with 100 ppm 002 when the two compounds were almost equally labelled.

The concentration of 002 had ¥ery little effect on the incorporation of

14

~C into malate but the presence of O, increased malate synthesis (Table

2
27). The synthesis of[:140:]aspartate however was markedly increased by’

the presence of 100 ppm 002 compared with 5000 ppm COZ’ but the incorporation

of 140 into aspartate was decreased by the presence of O2 (Tables 27 and

29). E:140:]glutamine was synthesised from[ U - 14C:]alanine to a greater

extent in N, than in air especially with 100 ppm COZ' The 140 incorpdratéd'

2
into glutamate from[ U - 14C:]alanine was not affected by 002 concentration

in the presence of 0,, but in N there was a greater synthesis with .

2

5000 ppm COZ' In an atmosphere of N, the synthesis of phosphate esters *

2
was greater in the presence of 100 ppm 002 compared with 5000 ppm 002 but

in an atmosphere containing 21% O. the reverse was true (Tables 27 and 29).

2

140 Products Formed in the Dark

14

The ,C cqntent'pf cpmppunds extractedrfrom segmeqtsrof.maize leaf
 supplied with the 1a$eiled s#bstrate in darkngss is §hown_inmmaslé”28,,the
140 incorporated.info the various compéﬁnds being ekbreééed é$~ar% of~fhe
total solublerjac_and in Table 30 thg_140 conténtrof the extracted compounds
is expressea as d.p.m. X 10—3/bm2 ieaf tiséue. Metabolism of alanine—in -
darkness was stimulated by the presence of an atmosphere containing O2
and malate, aspartate, glutamate, énd fumarate were.among the major
products,éf the increased metabolismﬂ This‘effect of O2 concentration was
particularly noticeable on the synthesis of aspartate; in the absence of
N2 the 1%0 content of aspartate was hegligable but in the presence of

21% O, aspartate was one of the two major products of alanine metabolism

2
(Table 30). The synthesis of[:140:]glutamate.was;influenced by the
gaseous environment in a similar manner to aspartate, being the major

product of aerobic aianine metabolism (Tables 28 and 30). The incorporation

of 140 into glutamine was little affected by the concentration of O2 or COZ
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p?esent in the atmosphere; it was the major product of alanine metabolism
in the absence of 02. More[:140:]malate was produced aerobically, énd in
the presence of high CO, (5000 ppm) than in low co, (100 ppm) (Table 28).
The amount of 140 incorporated into g}ycine and serine was greater in the
presence of 21% O, than in O_-free Nanand the metabolism of élanine to

2 2

glycine and serine in both N, and air was greater with 5000 ppm than 100

2
ppm CO, (Table 28). The amount.of[:140:]serine produced was greater thap
EﬂQCZ]glycine in a%l treatments (Table 30). The 140 incorpdrated into
fumarate and sc-ketoglutarate + erythronate was greater under aerobic thén
anaerobic conditions (Table 30), though the amount of[:1qd]threqnine was

greater in the presence of N. than 21% 0,-

2

Differences'inI:U - 140:]Alanine Metabolism in Light and
Darkness.

The !QC contgnt.of compounds extracted from segments of maize
leaf supplied.with[:U - 140:]a1anine in the lighf and in the dark may be
compared in Tables 27 and 28. The synthesis of sucrose from alanine was
wholly light-dependent and in the light constituted the major product of
alanine metabolism. The 140 incorporated into glycine "and “serine was ——— "
considerably decreased in the dark, though as in the light the presence
of Oaxincreased thg ;ynthésisiéf theseramino acids. Synthesis of serine
from alanine in darkness was faster than synthesis of glycine; in the

~light more glycine than serine. was formed. _The 140 inporporated into
malate in the presence of Oa-free N2 in darkness was less than in the
light, but in the presence of 21% O2 there was little difference in the
amount of 14C incorporated into malate in the light or in the dark. The
synthesis of aspartate in the light was affected mainly by the concentration
of CO, in the atmosphere; there was gr?ater synthesis of[:jAC:]aspartate

2

in the presence of 100 ppm CO, compared to 5000 ppm CO In darkness

o
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however more aspartate was produced under aerobic than anaerobic conditions.

The % soluble 1hC in glutamine was increased when alanine was supplied in
the dark compared to the light. The synthesis of E1L*c]g1utamate from

Lu - 1h0:]alanine in the presence of Oz—free N2 was greater in the light

than in darkness but in the presence of 21% O2 the reverse was true.

i
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TABLE: 27

Metabolism of [ U - 140:]Alanine in the Light by Segments of Maize Leaf in

Atmospheres Containing Different Concentrations of 02.

002 concentration : 100 ppm : 5000 ppm
O2 céncentration O,-free N, 21% 0,-free N2 21%
Product (140 in the various compounds expressed as a % of
total soluble 140)
sucrose 27.9 38.2  18.5 " 28.2
glycine | 0.5 3.1 0.3 1.3
serine ‘ 0.k 3.7 0.2 - 7.8
alanine 45.7 28.2 62.0 27.9
malate » 3.4 5.0 3.6 » 5.3v
aspartate 7.4 5.4 2.6 2.k
glutamine 2.2 1.1 1.6 T
glutamate 1.7 3.0 . 3.8 2.8
.phosphate esters 3.8 L. b . 1.6 ‘ 5.8
other compounds 7.0 | 7.4 5.8 7.1

d.p.m. X 10-6/bm2 leaf tissue
Total soluble '*c 1.06 0.95 0.63 0.25

Analysis of the 1uC compounds extracted afte; supplying the labelled

substrate (4uCi, 0.4 pmol in 0.05 ml) for 40 min in the light (1950 £t

candles) at 28°C to segments of lamina 2 cn.
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TABLE : 28

Metabolism of [ U ~ 1hc:]Alanine in the Dark by Segments of Maize Leaf in

Atmospheres Containing Different Concentrations of 02;

CO2 concentration 100 ppm 5000 ppm

O2 concentration 0 21 0 21
(% by volume)
Product (14C in the various compounds expressedras a%
of total soluble 1l*C)
glycine _ 1L0.02 0.10 0.03 0.23
serine ' 0.15 0.56 0.24 - 1.02
alanine 76.76 L9.79 73.01 35.42
malate 0.73 5.03 2.3h © b0
aspartate 0.03 10.02 0.04 13.66
glutamine 4.18V 4,30 3.82 L4.19
glutamate 0.l .22 0.19 20.00
fumarate 0.05 7.96 0.08 6.29
other compounds 17.84 8.03 20.25 14.79

depatla X 10-6/bm2_leaf tissue

b 0.67 0.48 0.44 O.14

Total soluble 1
Analysis of the 140 compounds extracted after supplying the labelled
substrate (4 pCi, 0.4 Wmol in 0.05 ml) for 4O min in the datk at 28°¢

to segments of lamina 2 cmz.
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TABLE: 29

Metabolism of[:U - 14C:]Alanine in the Light by Segments of Maize Leaf;in
Atmospheres Containing Different Concentrations of an

co, concentration ' 100 ppm 5000 ppm

02 concentration 0 21 0 21
(% by volume)

Product ‘(140 in the various compounds expressed as

d.p.m. X 1O;?/cm2 leaf tissue) =

sucrose 308.12 367.8k 114,49 71.69
glycine 5.44 29.10 1.91 28.71
serine L.63 34.50 1ol 19.82.
alanine 507.45 268.10 387.19 70.8L4
malate 37.64 47.65 - 22.57 13436
aspartate 81.83 52.11 16.30 6.02
glutamine 24.28  10.56 9.83 3.62
glutamate 19.07 28.1k 23.81 | 7.0L
fumarate | .3l 2.10 2.31 074
oc-ketoglutarate + 6.55 J5.92 L.4o 5.1k
. erythronate :
phosphate esters 4242 42.18 10018 k.66
other compounds | 29.23 - 20.40 23.57 9.6k
insoluble polysaccharide  30.41 '34,19 " 10.38  11.76

Analysis of the 140 compounds extracted from segments of lamina, 2 cme,
after supplying the labelled substrate (QJLCig 0.4 b mol in 0.05 ml) for

4O min in the light (1950 ft candles) at 28°C.
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TABLE:30

Metabolism of [ U - 15c:]A1anine in the Dark by Segments of Maize Leaf in

Atmospheres Containing Different Concentrations of O

2.
CO2 concentration : 100 ppm 5000 ppm
O2 concentration 0 21 0 21
(% by volume)
_ Product (140 in the various compounds expressed as

d.p.m. X 10—?/bm2 leaf tissue)

glycine 0.14 0.48 0.14 0.35
serine 1.03 " 2.70 1,07 1.46 _
alanine 511.96 239.13 319.97 50.74
malate 4.86 2k.16 10.26 6.20
aspartate 0.17 48.11 0.19 19.57
'glutamine 27.88 v20767 16.76 . 6.01
glutamate 1.61 68.29 0.84 - 28.66
fumarate 0.36  38.25 0.35 9.02
succinate 0.66 0.72 0.94 ook
threonine 10.65 7.27 11.10 2.50
o-ketoglutarate + . 0.75 6.84. 0.55- 2.6k
erythronate
phosphoenolpyruvate - 1.87 - 0.5 0.1k
- other compounds 23.71 29.18 . 13.70 15.19
insoluble polysaccharides 2.60 3.65 - 0.92

Analysis of the 140 compounds extracted from segments of lamina, 2 cmz,

after supplying the labelled substrate for 40 min in the dark at 28°C.
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XI Metabolism of [2 - 1L*cj Glycine by Maize Leaf.

Segments of maize legf (1 x 2 cm) were supplied with[_ 2 - 1{*C:]glycine
(% pweci, Ok pmol in 0.05 ml) for 40 min in the light (1950 ft candles)
or in darkness,\Ft 28°¢C in afmospheres of either Oa-free N2 or 21% O2
containing either 100 ppm or 5000 ppm 002 (see Materials and Methods sections
6 and 8). . The total 14C extracted in ethanol and water from the segments
of leaf in the light is shown in Table:31 and in the dark in Table:32. -
The total 14C absorbed was greater in the light than in darkness, except
with.air containing 5006 ppﬁ COé o ‘
the uptake of glycine. The presence of O

when there was little effect of light on

> increased the uptake of a2 - 140]

glycine especially in darkness. In the light more 140 was present in
segments of leaf supplied with the labelled substrate in the presence of Low

(100 ppm) CO, than in the presence of high (G000 ppm) COZ; the reverse was

2

true in darkness.

140 Products formed in the Light.
The 14C compounds extracted after Stpplying the labelled substrate
in the light are shown in Table:31,  the 140 in the various compounds being

expressed as a % of the total soluble 14C and in Table:33 the 14C content

L]

of the extracted compounds is expressed as d.p.m. X 10—?/cm2 leaf tissue.

In all samples glycine and éerine accounted for most of the soluble 140

In the presence of Oa-free N2 containing either 5000 ppm or 100 ppm 002

the amount of 140 in serine was greater than that in glycine, but in the

presence of 21% O2 the reverse was true.

Sucrose, second to serine, was the major product of[:2 - 14@]glycine

metabolism and the synthesis of suerose was greater in aerobic than in

anaerobic conditions (Tables 31 and 33). In air the % 14C incorporated into

sucrose was greater with 100 ppm 002 than with 5000 ppm CO2 but in N2 the
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% 140 in sucrose was greatest at 5000 ppm 002. The amount of 140 in

alanine was greater with 5000 ppm than with 100 ppm CO2 but there was no
affect of 02 concentration on the synthesis of[:140:]alanine. 'Incorporation.
1

of ''C into malate was not affected by 02 concentration in the presence of

5000 ppm CO, but with 100 ppm CO2 more[:th:]malate was formed in air than

2
in Oa-free N2. More[zquc:]glutamate was synthesised in the presence of N2
than in the presence of 21% 02 especially with 5000 ppm 002. The production
of 14C labelled glycerate and phosphate esters was greater in aerobic fhan

in anaerobic conditions (Table 33).

140 Products Formed in the Dark.

The amounts of 140 in various compounds extracted from segments 6f

14

maize leaf supplied with[ 2 - ''C_]glycine for 40 min in darkness are shown

in Table 32, the 140 in the various compounds being expressed as a % of the

total soluble 1k

C and in Table 34 the 140 content of the extracted compounds
is expressed as d.p.m.. X 10-3/cm2 leaf tissue. Glycine and serine accounted
for most of the soluble 140 in the leaf samples. There was more 140 in
glycine than in serine except in the sample supplied with 2 -1140:]glyciné
in 21% 02 containing 5000 ppm 002., In the presence of 02 there was a
greater synthesis of alanine, malate, aspariate, glutamate and glycerate and
oc -ketoglutarate from[ 2 - 14C:]glycine than in the presence of N,.. There
was a greater incorporation of 140 into alanine and glutamate in the
presence of 5000 ppm CO2 compared to 100 ppm CO2 (Tab;es 32 and 34); this

1h

was true of the ' 'C content of fumarate. (Table 34).

Differences in the Metabolism of[2 - 140:]Glycine in Light
and Darkness.
The 140 content of compounds extracted from segments of maize leaf

supplied with the labelled substrate in the light and in the dark may be

: l;
compared in Tables 31 and 32. Serine was the major product of[2 - 1r0:]
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glycine metabolism in both the light and the dark. The[:1#0:]serine was
greater than[:th:]glycine in anaerobic conditions in the light but in
darkness[:140:]glycine was generally greater than[:1hb:]serine. The
synthesis of[:th:]sucrose was light-dependent. The % of the total
soluble 140 in alanine and malate was greater in the presence of 21% O2 :
in the dark.than in the light but in the presence of N2 the reverse was
true.. In darkness the %E"L*c] glutamate and aspartate was greater than in
the light. C 140:] glutamine was not synthesised fromEZ - 14(1:] glycine

11*0__'

_under any of the conditions studied. The % of the total soluble
present in compounds other than glycine and serine was gfeater. under

anaerobic conditions in the dark than in the light, but under aerobic

conditions this was greater in the light than in the dark.
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Metabolism of [ 2 - 14C:]Glycine in the Light by Segments of Maize Leaf.in

Atmospheres Containing Differént Concentrations of.02.

002 concentration

O2 concentration
(% by volume)

Product

sucrose

glycine

serine

alanine

malate

aspartate
glutamate
phosphate esters
other compounds

Total soluble 140

Analysis of the

substrate (hrlCi, O.Q-H_mol in 0.05 ml) for 40 min in the light

(W

% of the total soluble

2.0

30.0

61.9
0.k
0.1
0.2
0.4
1.1

3.9

1.82

(1950 ft candles) for 40 min.

100 ppm

21

20.9
54.5
12.5
0.4
1.1
0.3
0.3
33
5.7

depeme X 10_6/bm2 leaf tissue
1.16 =

2.01

5000 ppm

14C)
8.3
37.3
b2
1.3
0.6
0.3
1.1
2.4

k.5

21

C in the various compounds expressed as a

15.5
h3.2
21.8
1.0
0.5
0.5
0.5
2.1
14.6

Cc compbunds extracted after supplyingtthe labelled
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TABLE: 32

Metabolism of[_2 - 140:]Glycine in Darkness by Segments of Maize Leaf in
Atmospheres Containing Different Concentrations of O2 and C02.
CO2 concentration 100 ppm 5000 ppm

0_ concentration 0 21 0 21

2
(% by volume)

Product (14C in the variousléompounds expressed
| a5 a % of the total soluble @ 'C)
glycine 60.39 38.11 57.17 34.78
serine : 13.00 33.95 13.37 45;36
alanine | 0.23 1.22 1.22 1.75"
malate . | 0.18 0.51 0.16 0.49
aspartate | 0.58 1,65 035 2.13
glutamate 0.79 1 hjo 1.01 _2.72
glycerate +oc-ketoglutarate 3.27 3.43 2.01 2.97
other compounds _ 21.56 19.73 27.99 9.80

d.p.m. X 1O-§/bm2 leaf tissue

Total soluble 140 0.36 1.08 0.46 1.17

140 compounds extracted after supﬁlying the“labelled

Analysis of the
substrate (4|LCi, O.hrx.mol in O.OBJnl)'for'uof@in‘iﬁAéérkﬁegg af’ZSQCtto

segments of lamina, 2 cma.
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TABLE: 33

Metabolism of[_2 - 140:]G1ycine in the Light by Segments of Maize Leaf in

Atmospheres Containing Different Concentrations of 02 and 002

002 concentration 100 ppm 5000 ppm

O2 concentration ) 0 21 0 21
(% by volume)
Product . . ) » (110 1n the varlous compounds expressed

as d.p m. x 1Q ?/bm leaf tlssue)

sucrose < 29.4 327.4 73.1 165.3
glycine | 452.2  858.2 32814 R
serine 936.3 210.9 389.3 232.4
alanine ' 6.0 7.0 10.8 10.3
malate 1.8 17.2 5.1 4.9
aspartate 3.2 5.1 2.7. ' 4.9
glutamate 5.4 4.2 9.3 5.6 -
glyceric acid | 1.9 10.7 6.6 . 4.3
succinic acid _ 9.1 2.5 1.2 2.0
fumaric + erythronic acid 1.9 . 6.9 : b1 L.s
phosphate esters . 13.5 51.5 . 21.3 25.4
other compounds 35.0 47.8 30.1 25.6
insoluble polysaccharides 9.2  .30.0 7.3 43.2

Analysis of the’ 140 compounds extracted after supplying the labelled
substrate (4 }LCi, 0.4 pL mol in 0.05 ml) for 40 min in the light (1950 ft

candles) for 40 min.
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TABLE: 3l

Metabolism of L2 - 140:]Glycine in Darkness by Segments of Maize Leaf in

Atmospheres Containing Different Concentrations of O2 and COZ'

CO2 concentration 100 ppm _ 5000 ppm

O2 concentration 0 21 0] 21 -

(% vy volume)
14

Product (' 'C in the various compounds expressed

as d.p.m. x 10#?/cm2 leaf tissue)

glycine 218.1 411.9 262.3 Lo5.3
serine 46.9  366.9 61.3 528.6
alanine o - 0.8 13.2 5.6 20.4
malate 0.7 5.6 0.7 5.7
aspartate 2.1 17.8 1.6 2k.9
glutamate 2.9  15.1 4.6 %1.8
fumarate 0.2 1.6 0.05 0.8
glycerate +oc-Retoglutarate 11.8 37.1 21.6 3.6
other compounds 75.6 203.6 98.8 93.1
insoluble polysaccharides 2.1 . 8.1 | 3.5 13.4

Analysis of the 140 compounds extracted after supplying the labelled
substrate (4 p.Ci, 0.k jLmol in 0.05 ml) for 4O min in darkness at 28°%

to segments of lamina, 2 cma.
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DISCUSSION

Photosynthesis by leaves of tobacco was decrsased progressively with
increased O2 concentrations in the range from O to 100% by volume at
various conceptrations of 002 (Fig. 10). If the concentration of'CO2 was
greater than 300 ppm the rate of photosynthesis by maize was also affected
by O2 in the same way'(Figs; 7 and 8). Even with concentrations of CO2
less than 300 ppm the rate of photosynthesis byﬂléaﬁestof maize decreased
as the O2 concentration in the atmosphere was increased in the range 40 to
100% by volume (Figs. 8 and 9). However, in this case (Fig. 8) there was

an optimum concentration of O, for photosynthesis in fhe range 21 to 41%

2

by volume; between O and 21% 02 there was an increase in photosynthesis.

In other words photosynthesis by maize, unlike tobacco, was limited by the

absence of O2 at'low CO2 concentrations. The results of Forresfer_gﬁ_gi

(1966b) also showed an enhancement by O. of the rate of photosyhthesis by

2
maize leaves at low CO2 concentration. The rate of photosynthesis by
maize in the presence of O -free N, was less than with 10% 0, at 600 ft
candles and this effect was even more marked at 1000 ft candles. Downes
and Hesketh (1968) found with leaves of several varieties of maize and
other Cu—plants, the rate of photosynthesis was the same in air as in 02-
free N2 but in a few cases photosynthesis was slower when O2 was-absent,

and by as much as 6% for a particular sample of maize that was studied.

Maise differs from tobacco in possessing the C#—scid cycle as well as
the Calvin cycle or photosynthetic carbon reduction pathway. Differences
in the effects of O2 and CO2 on the rate of photosynthesis by the two
species may, therefore, be caused by specific effects on the Cq— |
dicarboxylic acid pathway in maize. For the purpose of this discussion
it is accepted that the Ch—dicarboxylic acid pathway consistsfsf'a":

metabolic cycle into which CO, is fixed before it is available to the

2
Calvin éycle (Hatch and Slack, 1970). Fixation of atmospheric 002 is
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catalyzed by PEP carboxylase and results in production of oxaloacetate
Aspartate is formed from oxaloacetate by transamination and malate by

reduction of oxaloacetate; CO, is released from the Cu~acids by

2
decarboxylation and phosphoenolpyruvate is regenerated from the'three!
carbon compound that remains. ‘'lhe CO2 is re-fixed by a carboxylation
mediated by RuDP carboxylase and in this way enters the Calvin cycle.
In maize the Ch—substrate that is decarboxylated is probably malate

(Berry et al, 1970).

Synthesis of Ch-acids (malate plus aspartate) during phothynthesis

by maize in SOOC ppm[:140:3002 was least in Oa—free N2 but in 100 ppm
[:140:]002 synthesis was least in the presence of 21% 0, (Table:35).'
Incorporation of 140 into malate plus aspartate was, therefore, inversély
related to the overall rate of photosynthesis (Table:}S and Figs:7 and 8).

This suggests that, in maize, the limitation by O, of the rate of carbon

2
metabolism is subsequent to the synthesis of the Ch-acids and that a

direct inhibition of PEP carboxylase by O, is not significant in accounting

2
for inhibition of photosynthesis by high concentrations of 02. Bowes and
Ogren (1972) found that PEP carbolease isolated from maize was not
inhibited by 0, However,. the accumilated Cj-acids might inhibit the
carboxylation catalyzed by PEP carboxylase since L-malate and L-aspartate
do inhibit PEP carboxylase iguziizg'(Ting, 1968). Also, a decrease in
the rate of-metébolism of the Cu-acids would be associated with slower

regeneration of the acceptor, PEP.

The increased 140 present in malate plus aspartate after photo-
synthesis in 5000 ppm[:1%c:]coa with increased concentrations of O2 is
cohsistent with a decreased rate of entry of .carbon into the Calvin cycle

from the Cu—cycle. The same conclusion might be reached regarding increased

{ . .
[:1+0:]malate plus aspartate synthesised during photosynthesis in the
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TABLE: 35

140arbon Incorporated into Malate plus Aspartate by Leaves of Maize During

5 min Photosynthesis from E“"c:]c:o2 (1950 ft candles, 28°C).

CO2 concentration 100 : 5000
(ppm)
0, concentration 0 21 & o 21 80

(%.by volumej’ 1k ' '14
(''C expressed as % of total soluble C)

Cu—acids‘ 21.20 11.50 17.EQ 7.76 19.10  32.00

(malate + aspartate)

Atmospheres contained different proportions of O2 and Oa-free N2 with

with '*c (6.2 p-Ci/p mol) or 5000 ppm CO, with e

100 ppm CO >

2
(1.89}L0i/FLmol).



161

presence of 80% 02 compared to 21% 02 containing 100 ppm[:140:]002
(Table:35 and Fig:8). It was not possible to judge from the data obtained
whether O2 affected also the transport of Cu-acids from the site of
synthesis to the site of decarboxylation, especially, since there is
conflicting evidence in the literature as to where the loci of synthesis-
and decarboxylation are. Some workers have proposed that RuDP carboxylase
activity, and therefore possibly decarbdxylation, is restricted to the
chloroplasts of the cells of the bundle sheath, whilst others have
suggested that the enzyme is also active in chloroplasts of the cells of
fhe meséphyll. Both‘the"intercellular’énd intrabellular’iocafign of PEP
carboxylase are in doubt. The present study was not directly concerned

. with these controveries, although the availability, in particular of 0,5 ©
may well affect the-movement of carbon compounds between the sites of
carboxylation. On the other hand inhibition by O2 of thé further
metabolism of the Ch—acids might be due to a direct inhibition by 02-of
RuDP carboxylase. Bowes and Ogren (1972) showed that carboxylation

catalyzed by RuDP carboxylase from maize was inhibited by 02.33 vitro.

Inhibition bj 02 of the rate of photosynthesis'by C3

be due partly to an effect of 02 on RuDP carboxylase (Bowes and Ogren,

-plants may also

19723 Ludwig, 1972), However, with C -plants there is much evidence that

3
stimulatiop of photorespiration by O2 is of major @mportancé in

explaining the inhibition by O2 of photosynthgsis-(&aokson and Vqlk, 1970).
It is not clear at the present time how far étimulation of photorespiration
and inhibition of RuDP carboxylase by O2 may be caﬁséd by the same basic
mechanism (Berry, 1971). If either of these mechanisms were operating

in maize it would be gxpebted that the effects of 02 and 002 would be at

least partly competitive. At any particular concentration of CO2 an

increase of 02 concentration may cause some inhibition of photosynthesis;
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the relative extent of this inhibition at different CO2 concentrations
will depend on the relative affinities of the reacting system for CO2 and
02. Between 40 and 100% 02 the % inhibition of photosynfhesis is not
significantly changed by changes in 002 concentrétion in the range 0.001
to 0.6% (Figs: 7, 8 and 9). Clearly a partial pressure of 0.6% Co, is
not suffiﬁienf to overcome inhibitory effects of O2 on photosynthesis by

maize.

.. Until recently it was nqt_genergllywagcepﬁed‘thét the photoréspiratory
pathway, the glycolléte pathway, was active to a significant extent in

imaize and other Cu—plants. However, glyc1ne and serine which are

1ntermed1ates of the C2 pathway, ‘were 140 labelled during photosynthe51s :;' )

from[: C:]CO by leaves of maize (Tables: 5 and 9) Incorporation of
140 into glycine was increased by increasing the O2 content of the
7 atmosphere (Tables: 5 and 9) and this was true during photosynthesis by
maize whether atmospheres contained 100, 300 or 5000 ppm[:140:]¢02
(Table:11). Increasing the concentration of CO2 decreased.incorporation
f 140 into glycine (Table:10). These effects of O2 and 002 on lecine
synthesis in maize suggest that the C2 pathway is operating in a manner
similar to its operation in tobacco and othér C,-plants. Furthermore,
the major product of E2-1L‘c] glycine metabolism in light and darkmess
. was[:140:]serinep(Tables:31 and 32). In the light sucrose becamé
exiensivgly 140 labelled (Table:31) but no sucrose was formed in the dark
so production of sucrose from glycine was light-dependent as it is in
plant (Miflin et al, 1966). To confirm that the

5 |
serine was synthesised from[:2—140:]glycine by the C2 pathway it would be

leaves of pea, a C

necessary to show that the 140 in serine was mainly in carbon atoms 2 and
; serine made by the C2 pathway during photosynthesis from[:140:]002

should be uniformly labelled in all three carbon atoms. The intra-
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molecular distribution of 140 was not studied during the present work but
the data of Rabson et al (1962) suggest that serine is synthesised by the

C2 pathway in leaves of maize.

Synthesis of E1L*c] sucrose and E1L*c] glycerate from E2-140:I glycine.
was greater in 21% O2 than in Oa-free N2 (Tables: 31 and 33). This might
be because the synthesis of serine from glycine by maize is 02—depéndent
as it is in tobacco (Bird et al, 1972a)} Although evidence for this -
dependence was found in darkness (Table: 32), in the llght less serine was
" present in aerobic than in anaerobic.conditions (Table:31). Either
serine produced by maize in the absence of O2 was not synthesised from’
glycine by a reactlon similar to that 1nvest1gated by'Blrd et al (1972a)
or there was sufficient O2 present endogenously to satlsfy the O2
requirement for serine synthesis. The latter is probable since the
synthesis of serine from glyc1ne has a high affinity for 02, the presence
of 2% by volume O2 was sufficient for maximum serine synthesis from
glycine by a system isolated from leaves of tobacco (Bird_gzngi, 1972a)
and, indeed, some serine synthesis was found in vitro even when rigorous
attempts were made to exclude 02. In tﬁe light increased[:140:]serine
and decreased[:140:]sucrose'synthésised from[za—qudj glycine by leaves of
‘maize in thé presénce'of'oa—free N2 compared to 21%702 may be due to an.
anaerobic inhibition of the further metabolism of serine to sucrose. The
02~dependent reaction involved may have a’lower affinity for 02 than the
system synthesising-'serine from glycine. Only in the absenée of O2 was
the 14C present in serine greater than in glycine after photosynthesis
:Erom[:mC—_"]CO2 by leaves of maize (Table:10); suggesting‘that its further
metabolism is Oa—dependent. Further work is required to ascertain whether

this additional Oa-dependent reaction of the C2 pathway is also found in

C_-plants.
3 1Y
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In maize the existence of a C2 pathway similar to that in tobacco
appears probable. However the 002 produced by the  C2 pathway in maize
must be re-fixed by virtue of the highly active PEP carboxylase system
so .that photorespiration is not easily detected. Tobacco, having
relatively little PEP carboxylase, loses much of'the CO2 prcduced by the
C2 pathway to the atmosphere (photorespiration). ATP and neduced
pyridine nucleotides wouid be required in maize for re-fixation of CO

2
produced by operation of the C2 pathway; hence, stimulation of the C2

_ pathway by 1ncneased O2 would decrease the photosynthetlc capa01ty

available for fixation of new 002. Decreased apparent photosynthesis by
2—r 3

.of increased metabollsm by the C2 pathway. It would be necessary to
study the rate of carbon flow through the C2 pathway intermediates a&s well
as the rate of"pnotosynthesis in order to judge to what.extent the
stimulation of C2 metabolism by O2 accounts for the decreased rates of

apparent photosynthesis by maize in the presence of high O2 concentrations

with both low and high concentrations of cO,,.

 There is evidenée for an alternative mechanism by which 0, might

. inhibit photosynthe51s. By oxidising diréctly a component of the
photosynthetlc electron transport chaln ee.g+ as in the- Mehler reactlon,

it could decrease the reducing power available for COa.fixation., Altnough
studies of this reaction Have been largely‘inpzitgg using isolated

chloroplasts, Brown and Good (1955) found evidence for an active Mehler

reaction in Chlorella in vivo. It would seem unlikely that this reaction

could account for an inhibition of photosynthesis by concentrations of O2

from 40 to 100% by volume since Heber and French (1968) found that

maximam O2 uptake by chloroplasts isolated from spinach was in the presence

of about 7% 02. They concluded%t-hatﬂo2 uptake by isolated chloroplasts

was already saturated at low O2 concentrations compared to inhibition by

as- thh G -plants, may be_the.result partly';hl;
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02 of photosynthesis. On the other hand these observations were made in
the absence of COzrand competition by 002 for reductant may modify the

affinity for O It is also possible that the O_-dependent Mehler

2.
reaction and the stimulation by O

2

5 of photorespiration are related. Coombs

and Whittingham (1966) proposed that the oxidation of a sugar phosphate to

glycollate might be enhanced by peroxide formed by the Mehler reaction.

It is concluded that the stimulation of the C2 pathway together with

increased direct inhibition by O, of RuDP carboxylase are the main factors

2
fesponsible f6r the-greater accumulation of[:1h0:]0h—acids after photo--

synthesis from[:140:]CO and for decreased rates of photosynthesis by

21
leaves of maize, that were observed when 02 concentrations were increased

from 40 to 100% by volume.

With maize it is now necessary to explaih the stimulation of photo-
synthesis by O2 (0 to 21%, by volume) when the 002 concentration is lowe.
After photosynthesis by leaves of maize from 100 ppm[:1uC:]COZ-theie‘was an
accﬁmulatibn of[:140:]malate plus aspartate in O,-free N, compared with
21% O2 (Table:35). This may indicate that with low 002 concentrations the

rate of photosynthesis is limited by an Oa-dependent process subsequent

*

to the synthesis of these acids. However in 100 ppm[:1uC:]002 there was
a change withAO2 concenfration in the relative propbrfioﬁs of[:1kc:]
malate and[:jAC:]aspartate synthesised, so that most aspartate and least
malate were formed in Oa—free‘N2 (Table:9). Therefore, with low

concentrations of CO2 removal of O2 from tﬁe atmosphere decreased the
rate of photosynthesis because more carbbn was iﬁcorporated into aspartate
rather'than.malaté?'fhe substrate from which carbon is transferred to the
Calvin cycle. The accumulation of recently fixed carbon in aspartate, if
this represents a loss of carbon from the Ck—cycle, would also limit the

rate of regeneration of phosphoenolpyruvate and therefore the rate of

fixation of COZ' Synthesis of aspartate rather than malate from
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oxaloacetate may result from an increase in the aﬁailability of amino
donors. This may arise in the following manner. The first amino acid into
which inorganic nitrogen was incorporated during photosynthesis by
Chlorella was glutamaté produced by rééuctive amination of o -ketoglutarate
(Bassham and Kirk, 1964); other amino acids were thought to be synthesised
either directly or indirectly by transamination from glutamate. If this
situation also exists in maize, since glutamate is not rapidly labelled
during photosynthesis from C'%] CO, (Tables: 14 and 15), the oc-ketoglutarate
needed for‘glﬁtamdte;éynthéSis must be made frbm'cérbohydraféé'br other
reserves in the leaf by a péthway involving-the Krebs cycle. Synthesig

of oc-ketoglutarate would be decreaggq_thereforeaif the parf}ai.pressurg .
of 0, was low. Howevef, the rate of tyrnbver of glﬁtamate 5§-trané—l
amination to othef keto acids may be increased so that even when the

supply of new X-ketoglutarate is limited'inorganic nitrogen can be
incorporated into amino acids. Reduced NADP may accumulate in the chloro-
plasts when the supply of the natural oxidant, 002, is 1imited. In
anaerobic conditions, the extra NADPH may be partly used to in%rease the
rate of reductive amination of oc-ketoglutarate while oxaloacetate provides,
directly or indirectly, a ketoacid apcepto§ to maintain the turn-over of
glutamate. In this way diversion of carbon into aspgrtate occurs. .02
could decrease the availableiféauéingfpower by stimulating the C2

pathway or by the Mehler reaction.

Stimulation of the C2 pathway by increased concentrations of'O2 from"
0 to 21% by volume, would remove excess reducing power because the 002
released must be re-fixed, thereby consuming NADPH and ATP. The Mehler
reaction would continue, or even be increased (Whitehouse et al. 1971),
in the presence of an uncoupler, for example NHQCI. The rate of photo-~
synthesis by leaves of maize pretreated with solutioﬁs of S;jzmM NHucl

in 0.2M phosphate buffer, pH 7.6, or 5.12mM NHuCI in O.Q1M HEPES buffer,
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pH7.4 was greater or not significantly less in Oaéfree N2 than in 21% 02

(Figs: 11 and 12). The requirement for 02 was now less apparent, therefore
the function of 02 may not be the oxidation of excess reducing power by

the Mehler reaction. Pretreatment of samples of tobacco leaves with
NH4C1 did not affect the response of the rate of photosynthesis to

2'

the rate of assimilation was greatest in N

different concentrations of O Both with or without exposure to NHHCl

> and decreased with increased

concentrations of 0, (Fig: 13).

" Further evidence concerning thévef}ect of ammoﬁié_on phbtosynthesis
by maize was sought by studying its effect on the products of[:140:]C02
) fixatiop'in»the4présehce of differentfcéhcenfratiqnsAdf‘021:.Unfqrtuﬁatglj':_‘
these data are not very helpful (Table:18). The results obtained in 78% |
02 are suspect because of the exceptionally high value for[:1ﬂc:]phosphate
esters and low value for loss of 140 during chromatography. ,increasing

the concentration of O, in the atmosphere from O to 4og (by volume) caused

2
a greater decrease in synthesis Qf[:1qC:}SHCrOSQ and phosphate esters
after treatment with NH, C1 (Table:18). This could be caused by a

decrease in the ratio of ATP:NADPH resulting from uncoupling of photo-

2

after treatment with'NH431 indicates a decreased rate of decarboxylation or .

phosphorylation. The increased syn%hesis‘bf[:judjnmalate caused by O

an inhibition of re-fixation of the resulting.CO, into the Calvin cycle

2
(Table:18). N, C1 increased carbon incorporation into malate and glanine
during photosynthesis by Chlorella (Kanazawa et al, 1970). They propbééd'*‘
that this effect was due to a stimulation of pyruvate kinase by NHACl.
Stimulation of this enzyme in a 04-p1ant, like maize, might decrease the
availability of PEP for carboxylation, resulting.in less malate synthesis
but increased formation of alanine. This might be greater as Oé concen-

tration was increased due to decreased metabolism of malate. In the

l
presence of O more[ZqPCZ]malate, but much less[:140:]a1anine, were formed

2
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in leaves pretreated with ammonia than in untreated leaves (Table:18).
Therefore, the activity of pyruvate kinase in leaves of maize was

probably not increased in the presence of ammonia.

The effect of ammonia on photosynthetic carbon metabolism by maize
was therefore, consistent with its action as an uncoupler of photo-
phosphorylation.lhe:rate‘of photosynthesis, and the effect on it of 02,m
were not modified in the way that was expected, probably because the '
uncoupler,caysed the_rate of photosyntheSis_tg be limitéd at gll_cdncgnf
trations of O2 by a shortage of ATP. This shortage of ATP was enhanced in

the presence of O

., because of the stimulation of the C2 pathway (Table:17).

Confirmatibn that the effect of NHQCl on photosynthe;is by maize
resulted from uncoupling was that pretreatment with NaCl had no effect.
However, whilst NHQCl did not affect the response to O2 of the photo-
synthetic rate of tobacco leaf NaCl did (Figs: 13 and 54). Good (1962)
showed that chloride ions were feeble uncouplers. If the effect of C1~
ions on leaves of tobacco were due to uncoupling the effect should be
increased in the presencexxfammonia. This was not found to be the case.
The 140 incorporated into the soluble prodycts was not greatly affected
by pretreatment of leaves with solﬁtions of 5.12mM NaCl (Tabiezaa), The
results must be interpretéd with caution because the untreated sample in

02-free N2 showed an exceptionally high fixation of[:1hc:]coa. The
significant result was that incorporation into malate was decreased and
incorporation into aspartafe was increased. Hiatt and Evans (1960)
reported that the activity of maliq dehydrogenase was increased in vitro
by the presence of NaCl. An alternative explanation for the decrease in

[?QC:]malate present may be that carboxylation mediated by PEP carboxylase

was inhibited in the presence of NaCl (Osmond and Greenway, 1972).
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> of the rate of

photosynthesis by tobacco leaf so that it resembled the response of maize

Although NaCl apparently modified the response to O

at low concentrations of COZ,Ithere was no close similarity in the carbon
metabolism. Aspartate synthesis was increased in tobacco leaf with NaCl

but increase occurred whether 02 was present or absent from the atmosphere.

An alternative explanation of the stimulation by 02 of photosynthesis

by leaves of maize in the presence of low concentrations of CO2 is that
photosynthesis depends on enefgy (ATP) generated by an Oa—depepdent |
process. The stimulation of photosynthesis by increasing O2 concentration
throughout the range, 0 to 21% by volume, could not be accounted for by a
stimulation of oxidativs phosphorylation in_mitqchondriah:as this is known

to be saturated by approximately 2% by volume O The observed effect of

>
pretreatment of leaves of maize with NH401 (Figs:11 and 12) may suggest
that O2 is needed to increase photophosphorylation. This could be of
particular importance to a Cu—plant, such as maize, in which more AT? is
required for each molecule of CO2 assimilated than in CB-plants; The
additional energy rsquired by Cq-plants compared to CB-plants is for
regeneration of the carbon acceptor, phosph?enolpyruvate. If O2 were
required for extra ATP synthesis the effects of 02 deﬁletion should be

most apparent under conditions where the demand for energy was greatest,
for example, in ‘the presence of high CO2 concentrations. This was-nst

the case, sinqe the presence of 02 decreased the rate of photosynthesis
from high concentrations of CO2 (Fig:7). Furthermore, stimulation of
photosynthesis by increasing concentrations of 02 from 0 to 21-40% probably
indicates that the reaction involved has a relatively low affinity for O2
compared to the O, affinity of pseudo-cyclic phosphorylation. Heber (1969)
found that the affinity for O2 of pseudo-cyclic photophosphorylation in

leaves of spinach was high, half maximal stimulation being observed with

0.1% 02. It seems probable therefore that the increased rate of photo-
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synthesis with low concentrations of 002 in the presence of 21 compared

to 0% O, was not due to a requirement for pseudo-cyclic photophosphory-

2

lation.

There is evidence that the C2 pathway in leaves of tobacco may
pré&ide ATP outside the chldroplast as a result of the reaction in which
glycine is converted to serine (Bird et al, 1972b). The amount of carbon
flowing through the C2 pathway, and therefore éhe associated ATP synthesis,

depends on a reaction haViﬁg a low affinity for O If the synthesis of

>*
serine from glycine by leaves of malze is accompanied by ATP synthesis as
it is in tobacco, then photosynthesis by maize in low GOa‘without 02 may
be limited by decreased synthesis of this ATP. If this were the

concentrations, the limitation imposed by low O2

was increased. The

explanation at low 002

might still be expected when the concentration of 002

active poolé of glycine and serine are probably of similar size at low

and high CO2 (Table:8). Therefore rates of metabolism by the C2 pathway,
and associated ATP synthesis may be similar under anaerobic conditions at
high and low 002' One would have to suppose that ATP outside the chloro-

plasts becomes especially important when the 002 concentration is low.

In conclusion, it is considered that stimulation by O, of photosynthesis by

2

maize in low concentrations of CO. is unlikely to be explained by any

2

mechanism of O,-dependent ATP synthesis.

2

More information concerning the rate-limiting process of photo-
synthesis by maize in anaerobic conditions was obtained by.studying the
metabélism of LU - ﬂcjmalate and (U - 140] alanine supplied to segments
of maize leaf. The information is not inconsistent with the conclusions
set out above but does raise some additiongl points concerning the effect
of the gaseous environment on the metabolism of these compounds by leaves

of maize. In the light synthesis from LU - 140:]malate of[zqqc:]alanine

and[:ﬁQC:]aspartate was increased with O,-free N, compared to 21% 05,
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especially with 100 ppm co, (Table:23). Under anaerobic conditions with
low 002 considerably mofe[:1u0:]a5partate than[:140:]malate was synthesised
from[ U - 1“0:]alanine, though this effect was less marked than after
photosynthesis from 100 ppm[:14C:]C02 in O,-free N, (Tables:27 and 9).
These data (Tables:23 and 27) are consistent with the proposal that
transaminatién reacfions ére enhanced by low 002 in the absence of O2 and

result in the accumulation of carbon in.aspartate and also alanine.

The[:140:]aspartate synthesised from[ U - 14Q:]malate-in the light
(Table:23) was less than might have been expected from consideration of
its synthesis from[:1u0:3002 (Table:9). This is perhaps because it is made
only after decarboxylation of (U - 140:]malate tq pyruvate, conversién of
this pyruvaté to PEP and carboxylatién of PEP to oxaloacetate. Direct
oxidation of [U - 140] malate to oxaloacetate is assumed to be either
contrary to the direction of flow of carbon or not to occur because the
malate does not reach the malic dehydrogenase in the tissue. The'Cq-cycie
is thought to operate mainly in the cells of the mesophyll but the
metabolism of substrates supplied exogenously may take place in the cells
of the bundle sheath since theése are closer to the vascular tissue. Thus
malate supplied exogenously would not en;er the pools of Ch—acids
associated with the Cq—bycle and 140 from[ U - 14d:]malate could‘not

enter the Cu—cycle itself but must be converted to pyruvate by decarboxy-

lation in the bundle sheath cells.,

The pyruvate produced by decarboxylation of[:ﬁ - 140:]malate supplied
exogenously would be 140 labelled. The transamination of this[:14CZ]
pyruvate probably accounts for the considerable synthesis of[:14d] alanine
from [ U - “*c] malate especially in the absence of O, and in low CO,
(Table:23). If such a synthesis of alanine also occurs from malate during

photosynthesis in O_-free N2 containing low CO

> the Cq~cycle may be

2?
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depleted not only by the removal of carbon as aspartate but also by removal
as alanine. However, alanine made from malate synthesised by carboxylation
of PEP should be initially unlabelled during photosynthesis from E14C] C02.
Thus the alanine and PEP. that was 140-1abelled (Table:8) must have been
made by me’cabolisrﬁ of intermedi»ates of the Calvin cycle. The formation

of alanine may be dependent_, on pyruvate concentration so the,,_,14(‘r incor—.
porated into alanine by photosynthesis from[ ‘G C0,, might indicate the
amount of[140:| pyruvate present in the tissue (Kanazawa et al, 1970;1972).
Increased formation of alanine, and therefore presumably of pyruvate,. by
Chlorella and leaves of bean during photosynthesis in anaerobic conditions
was reported by Bassham and Kirk (1962) and Voskresenskaya et al (1?70).
Bassham (1968) reported that E‘IL}C]‘pyruvate was never observed as a product.
of E14C] CO2 fixation by Chlorella in the light. However, pyruvate is
labile during extraction of tissues using boiling ethanol and water
‘mixtures. By extracting the tissues with solutions containing 2, 4-
dinitropheﬁylhydrazine Johnson and Hatch (1969) demonstrated that D"L*c]
pyruvate, isolated as the 2, L-dinitrophenylhydrazone, was synthesised

during photosynthesis from E‘MC :1002 by sugarcane.

With low concentrations of COé,EU —'14(2] alanine was a better
precursor of [140:] asparfate than was[ U - 140:] malate in the lighf
(Tables:23 and 27). It has already been pointed out that when malate \;.ras
supplied exogenously, synthesis of aspartate probably resulted from
pyruvate produced by decarboxylation of malate. Thus alanine is more
readily assimilated into the Clrcycle than malate, when these metabolites
are supplied exogenously. This may result because alanine is easily
translocated to the locus of the Cl*-cycle. However[U - 140] malate wés a
rather better precursor of alanine, thanEU - 140] alanine was .of malate.

These data may indicate that alanine is an intermediate of the Cq—-cycle

because it is the form in which pyruvate is translocated back to, the locus
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of PEP regeneration. The possibility that alanine could be the

precursor of phosphoenolpyruvate has already been suggested by Hatch (1971)
who considered that this function might be restricted to particular Ch'
species in which aspartate may be decarboxylated to alanine while supplying
002 to the Calvin cyclé. The evidence supporting this involvement of |
agpértate and alénine.in'thé Cq—cyclelis the activity of the aminotrans—
ferases which would be necessary, and also the suggestion by Berry et al
(1970) that quplants could be divided_i?tp two groups according as to
whether malafe or aspartate was the major Cq—acid produced during phpto—
synthesis. Maize was considered to belong. to the group in which malate

was the predominant: Cq—acid but Table:9 shows that amounts of malate and
aspartate produced during photosynthesis by maize are dependent upon thef
composition of the gaseous environment. Furthermore, alanine may be a
precursor of phosphoenolpyruvate during photosynthesis by maize (Table:27),
but its involvement is perhaps restricted to certain circumstances, for
example when synthesis of alanine from the Calvin cycle is enhanced.
Utilization of alanine would result in an accumulation of amino-groups at
the locus of PEP regeneration. It would then be necessary to postulate a
counter-movemeﬁt of an amino acid, for example aspartgte, into the cells of
the bundle sheath. There is as yet no evidence that aspgrtate can be

decarboxylated to supply CO., to the Calvin cygle and it has already been

2
pointed out that synthesis qflj'y(f_]a'._spa;rtaﬁte,from' Cu - .14(:] malate in the

light probably does not occur in the cells of the bundle sheath.

The metabolism of LU —'1463 malate or LU - 14Q] alanine by segments

of maize was severely restricted in darkness in the absence of O In

2.

the presence of O, the products were such as to suggest that the substrates

2
were being oxidized by the Krebs cycle (Tables:24 and 28). In the light

the effect. of O, on the metabolism of these substrates might also be

2
partly explained by the effect on Krebs cycle activity. However, the major
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product of the light-dependent metabolism of Lvu - 14(3:[ malate and [T - 11}(3:[
élanine was sucrose, and there was much less evidence of metabolism by the
Krebs cycle in the light. Although glycine and serine were synthesised
from both metabolites in light and darkness,.there was a clear dependence
on both light and 02

and 28). The data are consistent with the entry of 1hCrfrom malate and

for maximum synthesis to occur (Tables:23 and 2h; 27

alanine into intermediates of the Calvin cycle in the light and from there
into the G2 pathway. Except_for glutamine, the same range of compounds

-were synthesised from malate, alanine and CO2 in the light (Tables;9, 23

and 27). Glutamine was not found to be 1llLC labelled after photosynthesis
from ¢ ] G0, and its synthesis from[U - "] malate and (v - ¢ |
alanine suggests some metabolism of these compounds in the light by, reactions
in the mitochondria. The total soluble 1QC present in samples of leaf

given either [ U - ﬂ*c] malate or [ U - 11}0] alanine for 40 min in light was
less in an atmosphere of 5000 ppm than in 100 ppm CO, (Tables: 23 and 27).
This was especially true in 21% 02. Uptake of these substrates may have

been affegted by an adverse pH change in the tissue.

‘It has been noted that glycine and serine were synthesised from
v - 1qc:]malate and[ U - 140:]alanine in éarkness, and the syﬁ%hesis of
these amino acids was increased in the presence of 0, (Tables: 24 and 28).
Th? flow of carbon through the C2 pathway is 1ight-dépendent.' Thus the
synthesis of glycine and serine from glycollate in darkness is very
unlikely. More[:140:]serine thanlzqu:]glycine was present after metabolism
of [T - 140:]a1anine in darkness (Table:28) or after metabolism of [U - 14@]
malate in darkness in the presence of 02 (Table:24). Glycine synthesis
from serine is unlikely to occur by reversal éf the reactions by which
serine is synthesised from glycine in the glycollate pathway (Bird et al,
1972b). It may beg that in darkness, when [ U - 14d] alanine and malate are

partly metabolised by the Krebs cycle, glycine and serine are made from
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glyoxylate derived from isocitrate By the action of isocitrate lyase
(Godavari, Badour and Waygood, 1972). In the presence of 0,, synthesis of
these amino acids from [U - 140:]malate in darkness was greater in low C02
than in high 002 (Table:24t) whereas the reverse was true from[ U - 140:]
-alaniner($§plg:28)f It wfslnot clearrwhy the concentration ofCO2 should
Véffééf s&ﬁﬁﬁésié.df glyéihé and séiine:froﬁ maiéfg-by way.of the Krebs. "
cycle and isocitrate lyase; Entry of carbon from alanine into the cycle by

carboxylation of pyruvate may be enhanced with highrcoa.‘

The metabolism of malate supplied exogenously can be considered as
'by-passing' the carboxylation mediated by PEP carboxylase aﬁd supﬁlying
carbon direptly to the Calvin cycle. Since the metabolism of malate was
increased if 0, was present in the atmosphere (Table:23) any decrease in
photosynthesis by maize caused by anaerobiosis may be because of an O2
requirement by a process occurring after the synthesis of the Ck—acids.
Furthermore the malate supplied accumulated in the tissue under anaerobic
conditions so ﬁerhaps the rate of decarboxylation of malate maj, under
certain circumstances; limit the 002 available for re-fixation into fhe
Calvin cycle. On the other hand, under %paerdbic compared to aerobic
conditions, more 140 frqm (v - 140:]ma1ate accumulated in alanine (Table:

23). Therefore, the absence of 0, suppresses not only the decarboxy-

2
lation of exogenous malate but also further metabolism of the products.
To supply alanine can be considered as 'by-passing' both the Cq-cycle and
the entry of carbon from it into the Calvin cycle.or, alternatively, as

providing a close precursor of PEP, the CO, acceptor of the Cq—cycle. The

2
results of Table:27 show that added alanine is used for both sucrose

synthesis and malate synthesis. Presumably the initial reaction in the
metabolism of[:U - 1hc:]alanine is its conversion to[:1qd] pyruvate and
thence to PEP. 3-PGA, formed from the PEP, may then be metabolised by

the carbon reduction cycle to sucrose. Thus the synthesis of sucrose from
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[ﬁ'— 140:]alanine would be light-dependent as is shown in Tables: 27 and

28.

The data presented in“this thesis.raise some interesting questions
concerning the synthesis of sucrose, which is a major product of photo-
synthe51s by maize (Table 9). Decreased synthe51s of sucrose is accompanled
by an accumulatlon of 140 from[:140:]00 in the Cq-a01ds and a decreased

rate of photosynthesis (Tables: 8 and 6). With low CO., the absence of 0,

29
decreased synthesis of_sucrose; also,synthesis of sucrose from substretee
supplied exogenously, malate, alanine and glycine, was always greater in
aerobic than in anaerobic conditions (Tables: 23, 27 and 31). LU - ''¢]]
alanine and.[h - 14Q]malate were -better precursors of sucrose than[:a - 14@]
glycine, especially in the absence of 0, (Tables: 23, 28 and 31). It may

be that '*C from [0 - "¢ Jalanine and [0 - "¢ malate can be metabolised
to sucrose by an O2

cannot. Alternatively the Oz—dependent reaction that limits the produbtion

~-independent pathway whereas that from[2 - 14@] glycine

of sucrose from malate and alanine may have a higher affinity'for Oa'than
that limiting synthesis of sucrose from glycine. Thus removal of O “from
the atmosphere would decrease the rate of sucrose synthe51s from gly01ne

.

more than that from malate and alanine.

It seemed possible that the activity of the C2 pathway in maize may be
important in sucrose synthesis with low 002 because in the absence of 02,
when metabolism by the C2 pathhay would be decreased,-synthesis of sucrose

was also less (Table:9). On the other hand tobacco, a C,-plant, has an

3
active C2 pathway to sucrose but even with low 002 the rates of photo-
synthesis and sucrose production are fastest in an atmosphere without O2
(Fig: 10 and Table:5). The amount of 1“0 incorporated into glycine and
serine after 5 min photosynthesis from[:1 :]CO was less by leaves of

maize than by leaves of tobacco (comparing Tables: 5 and 10). Tais may

show that the flow of carbon through the C2 pathway, and hence any sucrose
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-synthesis by this route must be slower in leaves of maize than in tobacco.
On the other hand, the data could also be explained if there were a faster
flow of ecarbon through smalier 'active' pools of intermediates of the C2
pathway in maize compared to tobacco. This alternative was tested when
samples of maize- leaves were Supplled with 100 ppm[:140:]CO in elther 02;
'?i?*i"'—- R free N2 or 21% 02 fOr ‘various perlods of tlme.‘ The magnltude of the ‘active
pools can be determined by how quickly they became saturated with 146.
In 21% 0 the j“c present 1n glyc1ne and serine increased for more than
5 min but in Oa—free N2 there was apparentiy ne“fur;her ;ﬁceeasemafter.
5 min (Tables: 14 and 15; Figs: 15 and 16). The data do provide some
evidence that in Oz—freeANé there is a more rapid turnover of slightiy
smaller pools than in 21% 02. 'Although the data were not entirei&
satisfactory, it was conéluded that the flow of carbon through the C2
pathway in maize is elower than in tobacco. The active pools of glycine
and serine were smaller in maize than in tobacco but saturation with 14
took about the same time in the two species. It seems unlikely, therefore,
that the C2 pathway functions as a major route of sucrose synthesis in

maize even in the presence of low CO The results do not preclude the

>
ﬁossibility that more than one pool of these amino acids is involved in
photosynthesis. Carbon might move from small active pools of glycine and
serine into associated larger pools that weremetabolised more slowly. The
saturation of a small popl could be masked by the accumulation. of carbon

in the larger pool. There must be more than one active pool of glycine
associated with the C2 pathway, since the enzymes mediating the metabolism

of glycollate to glycine are in the peroxisomes (Telbert, 1971) and synthesie
of serine from glycine is effected in the mitochondria (Kisaki et al, 1977b).

All the photosynthesising cells of leaves of a C,-plant, such as tobacco,

>
are capable of C2 pathway metabolism by virtue of the presence of peroxisomes
and mitochondria. However studies of the distribution of these organelles,

especially the peroxisomes (Frederick and Newcomb, 1971), have shown that
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they are present in greater numbers in the cells of the bundle sheath than
in those of the mesophyll in Ch-plants. The activity of the C2 pathway must
therefore be largely restricted, in Ch—plants, to the cellsAof the bundle
sheath, It may be that during phofosynthesis by leaves of maize with low

002 the activity of the C2 pathway as a route of sucrose synthesis becomes

. .important in the cells of the bundle sheath.

During photosynthesis from 002 glycine may not be an important

_ intermediate of sucrose synthesis. The importance of malate and alaniné
supplied exogenously fo leaves of maize as precursors of sucrose must be
considered further. It is suggested that the results in Tables: 23 and
2k are explained by decarboxylation of Cu - 140:]malate to form CO, from

2
C-4 and pyruvate from C-1, C-2 and C-3. The 002 is assimilated into inter-
mediates of the Calvin cycle and the[:140:]pyruvate should be metabolised
similarly to that produced from alanine when [U - 14d] alanine was the

substrate supplied. The apparent O -requirement for sucrose synthesis

2
from (U - 1qCZ]malate may be due only to the effect of O2 on subsequent
metabolism of the pyruvate since the effect of O2 on the photosynthetic

metabolism of C-4 of malate should be the same as that from CO2 in photo-

synthesis.

- The decreased synthesis of sucrose from alanine when 02 is removed
from the atmosphere suggests that the reaction limited by the absence of
O2 is one of the steps in the synthesis of PGA from alanine. However, it
was not possible to assess whether production of sucrose from alanineis of
significance during photosynthesis from CO2 or if it merely indicates the
reversibility of the reactions leading from 3-PGA, in the Calvin cycle,
to pyruvate. There may, however be an Oa-dependent route of sucrose
synthesis in which pyruvate is an intermediate. The increased[:140:]

alanine present after photosynthesis with L] CO, (Table:9) in the
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absence of O2 is consistent with this suggestion. But during photo-

synthesis by maize from 5000 ppm[:1u0:]CO sucrose synthesis was greater

2

with Oa-free N, than with 21% 0, (Table:9). However this was not the case

with sucrose synthesis from malate and alanine with high 002, sucrose
synthesis from these metabolites was stimulated by 0,- Malate and alanine
may not have reached the proper sites of the tissues. On the other hand,

it may be that with high 002 in the absence of O2 no reaction between

’

malate or alanine and sucrose became rate limiting during photosynthesis
because there was sufficient eﬁdogénous 02. Evidence from studies of

photosynthesis by C.-plants and from high CO, by maize suggests that

3 2

sucrose synthesis under anaerobic conditions is more efficient than under
aerobic conditions and may take.place in the chloroplasts with enefgy
derived from photophosphorylation. Sucrose synthesis that is dependent on
02, may utilize energy produced by mitochondrial oxidative phosphorylﬁtion'

and take place outside the chloroplast. With high CO,, anaerobic and

21

aerobic routes of sucrose production may still both function since there

is sufficient endogenous 0. to satisfy the O, requirement. On the other

2 2

hand with high CO., direct fixation of atmospheric CO2 mediated by RqDPTmU_,

2
carboxylase may be possible, as suggested by, Edwards and Black (1971).

Hence, with high CO, the greater rate of carbon assimilation and sucrose

2

synthesis in the presence of Oa-free N2 compared to 21% O2 might be

explained, as it is in leaves of tobacco and other 03-plants, by the
increased efficiency of Calvin cycle metabolism. However, the work by

Farineau (1971) indicated that during photosynthesis by maize from 0.5% co,

in N2 most of the carbon assimilated'entered the Calvin cycle via the Ch_

acids and not by direct fixation of atmospheric 002.

Synthesis of sucrose from malate might be expected because this acid

is an intermediate of photosynthetic carbon metabolism by maize. However,
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: A . 1 :
"the increased sucrose present after metabolism of LU - hC:]malate under
aerobic compared to anaerobic conditions was unexpected, especially with

high CO,. It would be of interest to study the metabolism of [ 4 - 1#01

2
malate under similar conditions. It is not possible to assess the
significance of the production of sucroée from alanine and glycine supplied
exogenously with regard to sucrose synthesis from 002. However it may be
that sucrose production during photosynthesis can be effected by either an

anaerobic process, which appears to be the more efficient, or an aerobic

Oonee
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