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ABSTRACT

1. Some relationships between the carbohydrate status and the rates
of photosynthesis and respiration in the light and in the dark have
been studied at the leaf level in wheat and other species. The
physiological responses were analysed on the basig of the current
biochemical knowledge of photosynthetic and respiratory pathways. On
the other hand, some preliminary studies on the relationship between
photorespiration and respiration at the mitochondfial level are also
presented.

T 2. The rate of net CO, assimilation, A, of wheat leaves usually
declined wiéh time ﬁndef constant eﬂﬁirénﬁentél éonditions,bthe rate
of decline increasing with the CO, concentration. Stomatal
conductance, 8> also declined with time in some cases, but this was
not the primary cause of the decrease in A. Treatments reducing the
rate of translocation (e.g. lower temperatures, chilling the base of
the leaf) produced a marked decline in A at atmospheric énd high CO,
concentrations. A period of photosynthesis aﬁ high CO, concentrations
(but not at low CO,) reduced the upper part of the curve of A vs
intercellular CO, partial préssure, P The initial slope of this
curve, however, was not affected in either case. Photosynthetic rates
in the upper part of this curve generally recovered after a short
period of darkness. The stimulation of A by 2% O, (the so-called
Warburg effect), and the apparent quantum yield, decreased after

several hours in the light. Carbohydrate levels were also measured,
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and the results suggest that end product inhibition of photosynthesis
occurs in wheat leaves. Carbohydrate accumulation was also associated
with a decrease in g and with an increased senéitivity of stomata to
Co, .

3. The rate of dark CO, efflux from mature wheat leaves at the end
of the night was less than that found after a period éf photosynthesis.
After photosynthesis the dark CO, efflux showed a complex dependence
on time and temperaturé. For about 30 min after darkening, Co, efflux
included a component (15-20% of total) which was abolished by
transferring illuminated leaves to 3% 0, and 330 ﬁbar CO2 before
darkening. After 30 min of darkmness, a relatively steady-state CO,
efflux was obtained. The temperature dependence O6f steady-state dark
CO0, efflux at the end of the night differed from that after a period
of photosynthesis. The higher rate of dark co, efflux following
photosynthesis was correlated with accumulated net CO, assimilation
and with an increase in the free glucose énd fructose, sucrose, and
starch levels in the leaf. It was also correlated with an increase in
the CO, compensation point in 21% 0,, and an increase in the light
compensation point. The interactions between CO, efflux from carbo-
hydrate oxidation and photorespiration are discussed. It is concluded
that the rate of CO, efflux by respiration is comparable in darkened
and illuminated wheat leaves.

4, The rate of O, uptake by wheat leaves in the dark was much lower
in leaves harvested at the end of the night than that in leaves
harvested after a period of photosynthesis. 0, uptake by both sets of
leaves displayed substantial resistance to cyanide, but in the absence
of inhibitors? the alternative patﬁway contributed to 0, uptake only

in the leaves harvested after a period of photosynthesis. Spinach



leaves showed similar trends in respiration in the dark, and in both
spinach and wheat the level of free sugars and other cafbohydrate
fractions fell during the night. In pea 1eaves,'free sugar levels
remained high during the night and no change in gither the rate of O,
uptake or its inhibitor response was observed during the diurnal cycle.
The respiratory properties of mitochondria isolated ffom matures leaves
of wheat, spinach and peas did not vary significantly during the
diurnal cycle.

Thin slices cut from wheat leaves harvested at the end of the
night were insensitive to the alternative path inhibitor SHAM when it
was applied in the absence of KCN. Adding sucrose to these slices
stimulated 0, uptake which was then sensitive to SHAM alone. 1In
slices from leaves harvested after a light period, endogenous sugar
levels and respiratory rates were higher, and this increase was due in
part to the-engagement of the alternative pathway. The uncoupler FCCP
did not significantly stimulate O, uptake rates per se in slices from
leaves harvested after a light period. However, it stimulated flux
through the cytochrome path at the expense of that through the
alternative path. When both FCCP and sucrose were added together to
slices from leaves harvested after a light period, O, uptake was
stimulated, and this stimulation was due to engagement of the alter-
native pathway .

These results suggest that wheat leaf respiration in the dark is
regulated by both cell carbohydrate levels and by adenylate control of
the mitochondrial respiratory chain. When leaf carbohydrate levels
are éubstantial, the alternative path becomes engaged because the
cytochrome chain is restricted. When leaf sugar levels are low,

respiration is limited by substrate supply to the mitochondria, and
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the alternative pathway is not expressed.

5. The rate of O, uptake in the dark in bean leaves an& leaf slices
decreased during development, showing a similar pattern to that of
dark CO, efflux. The activity and capacity of the cytochrome path
decreased but the capacity of the alternative pagh remained more or
less constant with leaf exﬁansion, and thus percentage cyanide
resistance of respiration increased with leaf expansion. -However,
young leaves showed higher sensitivity to SHAM than mature leaves.
Respiration of bean leaf slices was stimulated by the uncoupler FCCP
at all ages, the stimulation being more pronounced in young leaves.
Uncoupled leaf slice respiration was also sensitive to SHAM alone.
The rate of overall respiration, the activities of the cytochrome and
alternative pathways, and the extent to which FCCP stimulated
respiration in bean leaf slices were positively correlated with
endogenous free sugar levels, and negatively correlated with starch
levels during aging. The results suggest tﬁat respiration of bean
leaves during growth is regulated mainly by coarse control of the
capacities of glycolysis and the cftochrome pathway, and these
capacities decrease with leaf age. However, fine control of
respiration by substrate and adenylate levels also occurs at all
developmental stages within the limits imposed by the coarse control.
6. Mitochondria isolated from mature leaves of spinach, peas and
wheat simultaneously oxidized glycine and TCA cycle substrates. The
sensitivity of mitochondrial respiration to antimycin A and SHAM (or
disulfiram) varied depending on whether glycine or TCA cycle
substrates were used. NAD-linked substrates of the TCA cycle competed »
between them for access to the electron chain in pea mitochondria, but

glycine, which is also NAD-linked, did not apparently compete with TCA



cycle substrates. The state 4 rate of 0, uptake with malate or
succinate was greatly stimulated by glycine, and vice versa, via
increased alternative pathway.  These results suégest that some of the
electron transport of these preparations was specifically associated
with glycine decarboxylase, including the alternative oxidase. This
in turn suggests that mitochondrial electron transporﬁ functions in
the light during photorespiration. The low degree of competition
between glycine and TCA cycle substrates could be due either to
intramitochondrial compartmentation of enzymes and cofactors, or to

the existence of two distinct populations of mitochondria in leaves.
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ABBREVIATIONS

GAS EXCHANGE PARAMETERS (units)

Rate of net CO, assimilation

Total leaf conductance to water vapour
diffusion

Stomatal conductance to water vapour
diffusion

External partial pressure of CO,
Intercellular partial pressure of CO,
CO, compensation point

Oxygen dependence of the CO, compensation
point

Rate of CO, efflux by leaf respiration in
the light

Rate of CO, efflux by leaf respiration in
the dark

Respiratory quotient (Rn/Vt)

State 3 and state 4 rates of 0, uptake by
isolated mitochondria

Rate of alternative pathway (valt = oV

Capacity of the alternative pathway

alt)

Raté of cytochrome pathway

Rate of residual respiration

Rate of 0, uptake by leaf respiration in
the dark (Vt = vcyt-+valt-+vres)

The extent of engagement of the alternative
pathway (p = valt/Valt)’p = 1 indicates
full engagement; P = 0 indicates no

engagement.
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BIOCHEMICAL SYMBOLS

ABA Abscisic acid

ADP Adenosine diphosphate

AMP Adenosine monophosphate

ATP Adenosine triphosphate

BSA Bovine serum albumen

cyt cytochrome

DCMU 3—(3,4—dichlorophenyl)-l,l—dimethyiurea

Disulfiram Tetraethylthiuram disulfide

Ea Activation energy

EDTA Ethylene diaminetetra-acetate

FCCP Carbonyl cyanide p-trifluoromethoxy phenyl hydrazone
Fp Flavoprotein

HEPES (N-2-hydroxyethylpiperazine-N'-2-ethane sulfonic acid)
Km Michaelis constant

MDH Malate dehydrogenase

ME NAD-malic enzyme

MES (2 [N-morpholino]ethanesulfonic acid)

NAD (H) Nicotinamide adenine dinucleotide (reduced)

NADP (H) Nicotinamide adenine dinucleotide phosphate (reduced)
0AA Oxalacetate

PEP Phosphoenolpyruvate

PFK Phosphofructokinase

3-PGA 3~-Phosphoglycerate

Pi Inorganic phosphate

PK Pyruvate kinase

pmf Proton motive force

RCR Respiratory control ratio

RuBP Ribulose bisphosphate

SHAM Salicylhydroxamic acid

TCA Tricarboxylic acid

TES (N-Tris[hydroxymethyl Jmethyl-2-aminoethane sulfonic acid)
TP Triose phosphate

TPP Thiamine pyrophosphate
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CHAPTER 1
INTRODUCTION

1.1 THE FATE OF CARBOHYDRATES IN LEAVES:
INTRODUCTORY HYPOTHESES AND FRAMEWORK

Carbohydrates are the end products of photosynthesisrand their
synthesis in higher plants takes place mainly in the leaves. Carbo-
hydrates are subsequently exported to other organs and growing leaves,
but a substantial fraction may remain in leaves, being either
temporarily stored or used to satisfy their synthetic and energetic
needs. The balance between carbohydrate production, utilization in
metabolism, and export greatly depends on the developmental status of
the leaf (Geiger, 1979), but other factors can be also important,
especially in mature leaves. It has been hypothesized that excess
carbohydrate accumulation in leaves can regulate the rate of photo-
synthesis by a feedback mechanism, élthough the evidence obtained with
intact leaves is contradictory (Herold, 1980). On the other hand,
carbohydrate is the main substrate for resbiration under most
conditions (ap Rees, 1980a), and increased substrate availability
could increase the rate oﬁ this process. There is some evidence that
plants which have lower respiratory rates in their mature leaves may.
give significantly higher dry matter yields (Heichel, 1971b; Wilson,
1975). It therefore appears that excess carbohydrate accumulation in
leaves could influence several physiological processes (see Fig. 1.1)

resulting in possible deleterious consequences for the plant carbon
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Fig. 1.1: Principal physiological processes involved in carbohydrate
production and utilization in leaves. The dotted arrows
indicate possible regulatory feedback interactions on the

rate of these processes.

economy, since leaves constitute a large fraction of total plant
biomass. “

The basic purpose of this thesis is to study the extent to which
the carbohydrate status affects the rates of photosynthesis and
respiration in the light and in the dark in intact mature wheat leaves.
The physiological responses oéserved will be analysed on the basis of
the current knowledge of the photosynthetic and respiratary carbo-

hydrate metabolism, which will be reviewed in this Introduction.

1.2 CARBOHYDRATE ACCUMULATION IN
LEAVES DURING PHOTOSYNTHESIS

Carbon dioxide is mostly fixed by photosynthesis into two end
carbohydrate fractions: starch, a chloroplastic storage poly-
saccharide, and sucrose, a transport sugar (ap Rees, 1980b). In some

species other types of storage polysaccharides (e.g. fructosanms,



Kandler and Hopf, 1980), and transport sugars (e.g. raffinose,
Kandler and Hope, 1980; Giaquinta, 1980), also occur in leaves.

The rate of accumulation of carbon in the 1éaf in the form of
starch, sucrose, and other carbohydrates increasgs with light
intensity (Gordon et ql., 1980a) and especially with CO, concentration
(Platt et aql., 1977; Guinn and Mauney, 1980; Kramer, 1981), as a
result of increased rates of photosynthesis. Leaf carboh?drate levels
usually increase during the light period (Chatterton, 1973; Upmeyer
and Koller, 1973; Challa, 1976), and decrease during the night (Challa,
1976; Gordon et al., 1980a,b). Low temperature promotes starch and
sugar accumulation (Neales and Incoli, 1968; Levitt, 1980a),
especially in leaves of cool-intolerant C, plants ‘(Hilliard and West,
1970; Lush and Evans, 1974; Ku et al., 1978). Some interactions seem
to exist between temperature and CO, concentration in this respect
(Hofstra and Hesketh, 1975). - Carbohydrate accumulation is often
observed under water stress (Levitt, 1980b). Levitt (1980a,b)
concluded that the accumulation of carbohydrates in leaves under water
and low temperature stresses is due to the fact that the rate of
utilization of carbohydrates for growth is relatively more affected by
the cited stresses than their rate of synthesis. The decline in the
rate of translocation observed. under these stresses (Wardlaw,‘l968;
Geiger and Sovonik, 1975) may also contribute to affect leaf carbo-
hydrate levels.

Carﬁohydrate build-up in leaves also increases with low sink
demand, e.g. by defruiting, depodding, ear removal, petiole girdling,
etc. (King et al., 1967; Neales and Incoll, 1968; Tanaka, 1977; Ho,

1979; Avery et al., 1979; Setter et al., 1980; Clough et al., 1981).



1.2.1 Sucrose and Starch Synthesis in Leaves

The interaction between starch and sucrose formatioﬁ appears to
be very dynamic. The degree to which carbon is partitioned between
starch and sucrose varies greatly among species (Huber, 198la,b;
leaves of CAM plants accumulate mainly starch, Oémond and Holtum,
1981), and with many different internal and external factors for a
particular species. The capacity to synthesize sucrose and other
transport sugars is very small in young leaves which are net importers
of carbohydrates. However, this capacity increases sharply
coincidentally with the leaf import to export trarsition (Giaquinta,
1980). In contrast to sucrose, young leaves can synthesize
significant amounts of starch (Silvius et ql., 1978). The rate of
starch synthesis is inversely related with the length of the daily
photosynthetic period (Huber and Israel, 1982; Sicher et ql., 1982),
and increases with low sink demand (Ho,.1979; Huber and Israel, 1982).

The metabolic pathways involved in the synthesis of starch and
sucrose in leaves have been recently reviewed by Preiss (1982). It is
well established that starch is synthesized within the chloroplast and
sucrose in the cytosol (see Fig. 1.2). Triose-phosphates (TP)
synthesized in the Calvin cycle are the common precursors of both
starch and sucrose molecules. Triose phosphates, mainly dihydroxy-
acetonephosphate, are transported to the cytosol in counterexchange
for orthophosphate (Pi) via the phosphate translocator of the inner
envelope membrane (Heber and Heldt, 1981). The phosphate translocator
can transport also 3-phosphoglyceraldehyde and 3—phosphoglycerate
(3-PGA). However, this carrier only transports these compounds as
divalent anions; 3-PGA is predominantly a trivalent anion at pH 8.0-

8.5, the physiological pH of the chloroplast stroma in the light, and
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metabolites:
phosphate;

F6P,
G1P,
PP,
PGA,

pyrophosphate;

Enzymes and metabolic sequences involved:

photosynthetic carbon reduction cycle;

translocator;

(3) fructose-1,6-bisphosphatase;

isomerase;
phosphorylase;

phosphate kinase;

(10) sucrose phosphate phosphatase;

phosphorylase;

glucose~1-phosphate:

3-phosphoglycerate.

(5) phosphoglucomutase;
(7) pyrophosphatase;

Abbreviations of

TP, triose-phosphate; Pi’ inorganic ortho-
F-1(2),6-BP, fructose-1(2), 6—blsphosphate,
fructose—é—phosphate, G6P, glucose—6—phosphate,

UDPG, uridinediphosphate glucose;

ADPG, adenosinediphosphate glucose;

PCR cycle,
(1) phosphate

(2) fructose-1,6-bisphosphate. aldolase;

4) phosphohéxose
(6) UDP-glucose pyro-

(8) nucleoside

(9) sucrose-phosphate synthetase;

(11) ADP-glucose pyro-

(12) starch synthetase.

Reactions are shown in the direction of sucrose and

starch synthesis, but in fact all enzymes other than 3, 7,

-and 10 catalyse physiologically reversible reactioms.

(After Kelly and Latzko, 1980; Herold, 1980; Preiss, 1982).



it is not significantly exported from the chloroplast during photo-
synthesis. The availability of cytosolic Pi is undoubtedly the most
important factor regulating the activity of the ﬁhﬁsphate translocator
(Heber and Heldt, 1981). Low Pi concentrations ;n the cytosol inhibit
TP export from cloroplasts, and high Pi concentrations increase
excessively the rate of TP export and the Calvin'cycle'becomes
depleted of intermediates; in both cases, the rate of phétosynthesis
of isolated chloroplasts results inhibited (Usuda and Edwards, 1982).

In the intact cell, the vacuole stores large amounts of P, which are

i
in continuous exchange with cytosolic Pi (Kelly and Latzko, 1980).
This system could be useful for buffering cytosolic Pi congentration
in order to maintain an optimal adjustment between' the rate of photo-
synthesis and the rate of TP export from the chloroplasts (Kelly and
Latzko, 1980). Similarly, sucrose can also be temporarily stored in
the vacuole of leaf cells (Herold, 1980; Kaiser et gl., 1982).

Herold (1980) and Robinson and Walker (1981) have reviewed the
regulation of sucrose and starch synthesis (see Figs. 1.2 and 1.3).
Sucrose~phosphate synthetase and fructose-l,6-bisphosphatase seem to
be the most important regulatory enzymes of sucrose synthesis, since
their activities are similar to the observed rates of sucrose
formation in vivo. Sucrose-phosphate synthetase and sucrose-phosphate
phosphatase are inhibited by sucrose-phosphate and sucrose, the
products of their respective reactions (Hawker, 1967; Amir and Preiss,
1982). Sucrose phosphate synthetase from spinach leaves is also
inhibited by Pi, especially at low fructose-6-phosphate concentrations
(Amir and Preiss, 1982), and in some species is inhibited by sucrose

(Huber 1981b). Fructose-1l,6-bisphosphatase is inhibited by fructose-

1,6-bisphosphate and by fructose-2,6-bisphosphate, a recently
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Fig. 1.3: The regulation of photosynthetic carbon partitioning
between sucrose and starch in green cells by cytosolic Pi
levels. The thick arrows indicate the pathway stimulated
under different conditions. Abbreviations: PCR cycie,
photosynthetic carbon reduction cycle; TP, triose-
phosphate; Pi’ inorganic orthophosphate. (After Robinson
and Walker, 1981.)

discovered new metabolite in green cells, the importance of which is
still unknown (Cséke et aql., 1982a).

Sucrose accumulation in the cytosol is likely to produce an
increased concentration of triose-phosphate in the chloroplasts, and
sugar phosphates in the chloroplasts and cytosol [sugar phosphates do
not appear to be transferred to the vacuoles (Kaiser et al., 1982)].
These effects can be due to a complicated chain of feedback inhibition
of several enzymes, such as fructose-1l,6-bisphosphatase, sucrose-
phosphate synthetase, and sucrose-phosphate phosphatase (see above),
or to a mass action effect (Herold, 1980). As a result, the P

i

concentration can decrease in the cytosol, and TP export from the
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chloroplasts is reduced. Under these conditions the 3—P§A/Pi ratio in
the chloroplast rises and causes allosteric activation of ADP-glucose
pyrophosphorylase, a key enzymé in the starch syﬁthesis pathway
(Robinson and Walker, 1981; Preis, 1982; see Figs. 1.2 and 1.3). The
3—PGA/Pi ratio in the chloroplasts of CAM plants is thought to be high
under the conditions prevailing during deacidification, and this may
explain the predominance of starch in these plants (Osmon& and Holtum,
1981). Starch accumulation, unlike sucrose, does not regult in Pi
sequestration (Fig. 1.2). Recent studies suggest that starch is
simultaneously synthesized and degraded in the light, the balance,
which is very dependent on Pi levels, being normally in favour of
synthesis (Stitt and Heldt, 1981). 1In the dark starch is degraded in
the chloroplasts presumably due to a decrease in the ratio of 3-PGA to
Pi' However, -some interactions between starch degradation and sucrose
metabolism can still occur in the dark.- Gordon et al. (1980b)
reported that massive starch degradation in Barley leaves starts when
sucrose levels decline to a low critical value, usually after several
hours in the dark depending on the initial sucrose concentration.

Another mechanism of regulation of sucrose and starch
partitioning could be the levels of enzyme activities that are present
in the starch and sucrose biosynthetic pathways in leaves. Huber
(1981b) reported that species such as wheat, barley, and spinach that
accumulate more sucrose than starch in mesophyli cells, had higher
sucrose-phosphate synthetase activity than those species accumulating
mainly starch (tobacco, peanuts, beans). Variations in the activities
of sucrose-phosphate synthetase, ADP-glucose pyrophosphorylase and
other enzymes have also been related to changes in the carbon

partitioning patterns between sucrose and starch observed under



different photoperiod length (Robinson et al., 1981; Huber and Israel,
1982), under different sink demand of nodulated and non—ﬁodulated
soybean plants (Huber and Israel, 1982), and thrbughout leaf develop-
ment (Giaquinta, 1980).

The physiological consequences for the plant of starch or sucrose
accumulation in leaves are not obvious. The biochemical mechanism of
regulation of the synthesis of these two products suggesté that starch
is a buffer of sucrose metabolism. However, a high sucrose
concentration relative to starch could be advantageous in terms of
agricultural productivity. Huber (198la) reported that isolated
protoplasts from high yielding wheat varieties partitioned less carbon
into starch and more into sucrose than protoplasts isolated from low
yielding varieties. High sucrose content relative to starch may
favour the rate of sugar translocation to metabolic sinks because
starch is not directly available for extracellular transport, and on
the other hand the concentration of sucrose in the leaf is an
important factor governing the rate of translocation (Troughton et
al., 1977; Giaquinta, 1980).

The role of large daily accumulation of starch in leaves, most of
which is either respired or translocated during the following dark
period, is not obvious. Some advantage may result from an available
carbohydrate source for growth in the dark when leaf water potential
is often more favourable for growth than in the light. Another
possible effect of differences in the carbon partitioning into sucrose

and starch relates to the end product control of photosynthesis (see

next section).
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1.2.2 Mechanisms of End Product Control of Photosynthesi§

Accumulation of carbohydrates in leaves during photosynthesis is
a common phenomenon which can Be enhanced by sevéral means including
high photosynthesis rates, low translocation rates, or low sink
demand, as discussed in Section 1.2. It has been long hypothesized
that "the accumulation of assimilates in an illuminatéd leaf may be
responsible for a reduction in the net photosynthesis rété of that
leaf" (Boussingault, 1868; see Neales and Incoll, 1968). Literature
on this topic is very abundant and it has been recently reviewed

several times (Neales and Incoll, 1968; Geiger, 1§76; Guinn and

Mauney, 1980; Herold, 1980). At present, there is still no good

evidence of the occurrence of end product inhibition of photosynthesis.
The conclusions are oftén complicated by the fact that hormonal
interactions may occur following defoliation and sink manipulation,
especially in long term experiments. However, it seems that high CO,
concentrations may have a deleterious effect on the rate of photo-
synthesis and growth, which can be‘accentuated when the sink demand
and temperature arellow (Hofstra and Hesketh, 1975; Guinn and Mauney,
1980; Clough et al., 1981). The elimination of this effect, which
could be due to the massive amounts of carbohydrates accumulatéd,
might result in increased plant yields in a program of CO,
fertilization. It may also be relevant to responses of plant
production to elevated atmospheric CO, concentration.

Various types of end product (or feedback) control of the rate of
CO, fixation are possible depending on the nature of the carbohydrate

fraction accumulated, and this aspect will be examined in this section

~on the basis of the current knowledge of the regulation of starch and

sucrose synthesis pathways. Sucrose accumulation in the cytosol is
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likely to produce a decrease in the Pi concentration in Fhe cytosol,
as discussed in the previous section. Two main types of feedback
control of photosynthesis can then occur. Suffiéiently low Pi levels
in the cytosol will inhibit the rate of TP export from the chloro-
plasts due to the properties of the phosphate translocator. Under
these conditions the 3--PGA/Pi ratio in the chlorqplasf increases
causing activation of the enzyme ADP-glucose pyrophosphér&lase, and
promoting starch synthesis. Excessive starch accumulation has been
suggested to inhibit the rate of net photosynthesis via sevefal
mechanisms, including physical damage to the chloroplast (Cave et al.,
1981), interference with the pathways of light to the thylakoids and
CO, to the fixations site, and binding of Mgz+ ions (see reviews by
Neales and Incoll, 1968; Guinn and Mauney, 1980; and Herold, 1980).
There is no definite proof to support these effects of starch, but it
seems feasible that extremely high starch levels-can lead to
mechanical chloroplast damage.

Alternatively, very low Pi levels inside the chloroplast can
restrict the rates of photophosphorylation and electron transport,
probably via a decreased ATP/ADP ratio, which in turn, would limit the
rate of ribuiose-bisphosphate regeneration by the Calvin cycle
(Robinson and Walker, 1981). Additionally, high sugar-phosphate
levels which are present at low Pi concentrations, can compete with
ribulose-bisphosphate for binding on RuBP-carboxylase (Badger and
Lorimer, 1981). The decline in photosynthetic rates observed in
isolated chloroplasts and in intact leaf tissues treated with mannose,
a sequester of Pi (Herold, 1980; Robinson and Walker, 1981) suggests
that photosynthesis in vivo could be inhibited by low Pi levels.

Leaves photosynthesizing at ambient CO, and 0, levels (330 pbar,
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21%) export most of the carbon from the chloroplasts as ?P and
glycolate, resulting from the carboxylation and oxygenation of RuBP.
Oxygenation does not result in consumption of phﬁsphate (Usuda and
Edwards, 1982). However, the levels of TP and phosphorylated sugars
increase very much in conditions where the oxygenation reaction is
suppressed (e.g. high CO, and/or low O, levels) (Badger et al., 1983),
leading to a lower Pi availability in relation to ambieﬁt'CO2 and 0,
conditions. Therefore, the rate of photosynthesis could decline
faster with time when the oxygenase reaction is inhibited due to the
reduction in the RuBP regeneration capacity. Several observations are
consistent with this hypothesis (Canvin, 1978; von Caemmerer and
Farquhar, 1981). Further support is given by the ‘fact that feeding
spinach leaf discs with mannose produces a.progressive decrease in the
capacity of 2% 0, to stimulate photosyntheéis, which is finally lost
(Harris et al., 1981). - -

The extent by which end product control of photosynthesis is
exerted by starch or sucrose accumulation may depend on differences in
the capacities of their respective synthetic pathways, which are known
to vary greatly among species (Huber, 198la,b). The possible
occurrence of end product control of photosynthesis in intact leaves
of wheat, a species known to partition more photosynthetically fixed
carbon into sucrose relative to starch (Huber, 198la,b), will be

experimentally examined in the next chapter.

1.3 CARBOHYDRATE AS SUBSTRATE FOR RESPIRATION
Respiration is a fundamental process for the performance of
plants as living organisms. FEarly in the history of plant physiology,

respiration was mainly regarded as "a path of energy degradation"
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(James, 1953). Beevers (1960, 1970, 1974) integrated a more
comprehensive knowledge on the biochemistry of respirati;n and linked
this process to the rest of the plant cell metabolism. Beevers (1970)
concluded that "respiration is the source of intermediates used in the
synthesis of permanent cellular constituents as Qell as the source of
ATP and reduced nucleotides, the driving force of these syntheses".

He also argued that respiratory losses by a tissue were'mést likely a
reflection of the demand of that tissue for ATP and reduced pyridine
nucleotides, rather than the capacity of the tissue to catalyse
respiratory reactions. In normal tissue the regernieration of these
limiting metabolites is most probably linked to essential biosynthetic
and maintenance activities of the cells. The concept thus emerged of
‘a respiratory machinery governed by the pace of those reactions which
consume its products.

McCree. (1970) noted that a substantial portion of respiration of
white clover plants was proportional to the daily net carbon gain by
photosynthesis, while the remainder was proportional to existing plant
biomass. This division of respiraéion led to the concept of a portion
of respiration associated with growth (and directly linked to photo-
synthesis) and another portion linked to the maintenance .of the life
functions of the plant (Penning de Vries, 1972; Thornley, 1977).
Penning de Vries et al. (1974) and Penning de Vries (1975) made a
theoretical study linking the biochemistry of many known metabolic
patﬁways with growth and maintenance respiration.

A variety of substrates can be respired, including carbohydrate,
" 1lipid, and protein, through pathways converging on the tricarboxylic
acid cycle and thence on to respiratory chain phosphorylation. The

contribution of these substrates to plant respiration has been
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recently assessed by ap Rees (1980a) who concluded that most plant
cells for most of their life use carbohydrate as their m;jor
respiratory substrate. Leaves are not an exception in this respect.
He ascribed this dominance of carbohydrate as respiratory substrate in
plants, which is more marked than in animals or ﬁicro-organisms, to
the fact that carbohydrate is the principal product of photosynthesis
and the main form in which carbon is moved about the plénf. The
pathways of carbohydrate utilization in respiration shall be outlined
in the next sections. Although some of the information presented on
these pathways has been obtained from non-photosyiithetic organs, it is
assumed that it also applies for leaves (unless qtherwiée stated).
Leaf respiration constitutes a very importanﬁ fraction of total
plant respiration, given the large contribution of leaves to plant
biomass. There are some indications suggesting that a reduction in
the rate of mature leaf respiration:is aséociated with significant
increases in dry matter yields in maize and ﬁerennial ryegrass
(Heichel, 1971b; Wilson, 1975). That is, it appears that a fraction of
leaf respiration appears to be wasfeful. However, the nature of this
wasteful respiration is not known. Little is known about the
regulation of respiration in intact leaves and the possible influence
of photosynthesis in this respect. It is also not known to what
extent proposed biochemical mechanisms of regulation operate and
interact with other mechanisms (e.g. carbohydrate supply) in leaves in
vivo. It is obviously important, particularly in view of Wilson's and
Heichel's results, to gain such information, since it may have a large

impact on the manipulation of plant growth.



15

1.3.1 Pathways of Carbohydrate Respiration in Leaves

1.3.1.1 Glycolysis, oxidative pentose phosphate (OPP) pathway
and tricarboxylic acid (TCA) cycle in the dark

Sucrose and starch, the major respiratory substrates, are
converted to fructose-6-phosphate and glucose-6-phosphate which are
oxidized via glycolysis and OPP pathway; the products are metabolized
via the TCA cycle, and CO, is produced (Fig. 1.45. The principal
locations of these pathways in the photosynthetic cell are the cytosol
(glycolysis and OPP pathway) and the mitochondrion (TCA cycle). The
chloroplast is also capable of a complete OPP pathway and a partial
glycolysis as far as 3-PGA [the enzyme phosphoglycerate mutase is
absent in pea chloroplasts (ap Rees, 1980b) but this question still is
in dispute (see Dennis and Miernyk, 1982)1. Howe;ér, glycolysis can
still proceed in chloroplasts if 2-PGA is supplied externally, because
enolase, pyruvate kinase, and pyruvate dehydrogenase are present in
these érganélies (ap Rees, 1580b;‘Dénnié and Mie?nyk, i982);

Glucose is mainly oxidized under aerobic conditions through
glycolysis and TCA cycle in leaf tissues (Stitt and ap Rees, 1978;
ap Rees, 1980a,b); the contribution of total OPP pathway to glucose
metabolism has been estimated to be well below 30%, and may only be
10-15% of the total CO, released (ap Rees, 1980a,b). An.estimate of
no more than 307 was reported for wheat leaves, although some inter-
ference could result from CO, released during pentan synthesis from
hexose (e.g. xylose, arabinose, which are constituents of cell walls),
which is significant in wheat 1eéves (Stitt and ap Rees, 1978).
Chloroplasts are capable of considerable rates of OPP pathway during
starch breakdown. The function of the OPP pathway is probably to
provide NADPH for reductive biosyntheses in the first instance, and

secondarily to supply pentose-phosphate and erythrose-phosphate for



Fig. 1l.4:

Pathways of carbohydrate oxidation in aerobic conditions in
leaf cells, showing important points of metabolic control

(dotted arrows).

Abbreviations of metabolites: Glu, glucose; Fru,
fructose; G1P, glucose-l-phosphate; G6P, glucose—6-
phosphate; F6P, fructose-6-phosphate; F-1(2),6-BP,
fructose-1(2),6-bisphosphate; 3-PGAL, 3-phosphoglyceral-
dehyde; DHAP, dihydroxyacetonephosphate; 1,3-DiPGA, 1,3-
diphosphoglycerate; 3-PGA, 3-phosphoglycerate; 2-PGA,
2-phosphoglycerate; PEP, phosphoenolpyruvate; PYR,
pyruvate; OAA, oxalacetate; ASP, aspartate; Mal, malate;
AcCoA, acetylcoenzyme A; 0-KG, o-ketoglutarate;  Rub5P,
ribulose-5-phosphate; R5P, ribose—S-phosphaée; Xu5P,
xylulose~5-phosphate; S7P, sedoheptulose-7-phosphate;
E4P, erythrose-4-phosphate.

Enzymes and metabolic sequences involved: (1) starch
phosphorylase; (2) amylases and other hydrolytic enzymes;
(3) invertase; (4) glucokinase; (5) fructokinase;

(6) phosphoglucomutase; (7) phosphohexose isomerase;

(8) phosphofructokinase; (9) fructose-1,6-bisphosphate
aldolase; (10) triosephosphate isomerase; (11) NAD-
specific glyceraldehydephosphate dehydrogenase;

(12) phosphoglycerate kinase; (13) phosphoglyceromutase;
(14) enolase; (15) pyruvate kinase; (16) phosphoenol-
pyruvate carboxylase; (17) malate dehydrogenase;

(18) transaminase; (19) NAD-specific malic enzyme;

(20) pyruvate dehydrogenase; (21) acetyl-CoA hydrolase;
(22) citrate synthetase; (23) aconitase; (24) isocitrate
dehydrogenase; (25) a-ketoglutarate dehydrogenase;

(26) succinyl-CoA synthetase; (27) succinate dehydrogenase;
(28) fumarase; (29) glucose-6-phosphate dehydrogenase;
(30) 6-phosphogluconate dehydrogenase; (31) ribose-
phosphate isomerase; (32) ribulose-phosphate-3-epimerase;
(33) transketolase; (34) transaldolase. (Modified after
ap Rees, 1980a,b; Turner and Turner, 1980; Wiskich, 1980.)
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synthetic reactions (e.g. nucleic acids, phenilpropanoid compounds)
(ap Rees, 1980b). Some NADPH can be directly oxidized by the
respiratory chain, resulting in ATP formation (éee later).

The integration of glycolysis in the cytosol and the TCA cycle in
the mitochondrion is achieved by the existence of several transport
systems in the inner mitochondrial membrane (Wiskich,‘l977, 1980).
Pyruvate transpbrt appears to be insufficient to sustaiﬁ £he maximum
rates of TCA cycle activity observed in vitro and Day and Hanson
(1977) proposed that malate, which is very rapidly transported by the
dicarboxylate carrier, supplements the cycle with'extr; pyruvate
through its oxidative decarboxylation by NAD-dependent malic enzyme, a
unique enzyme of plant mitochondria. The operatien of PEP-carboxylase
and malate dehydrogenase can continuously supply oxalacetate and
malate in the cytosol at significant rates. This system would permit
the diversion or drainage of -TCA cycle dintermediates (e.g.
oxalacetate, acetate, d-ketoglutarate) for biosynthetic or anaplerotic
reactions without affecting the rate of regeneration of citrate.
Another interesting feature of this scheme is that it results in a
bypass of an important regulatory glycolytic enzyme, pyruvate kinase

(Fig. 1.4).

(i) Regulation

The regulation of glycolysis, OPP pathway and TCA cycle in the
dark is very complex and involves many factors (Turner and Turner,
1980; Wiskich, 1980; ap Rees, 1980b). The main regulatory enzymes of
these pathways are hexose kinases, glucose-6-phosphate dehydrogenase,
phosphofructokinase (PFK) and pyruvate kinase (PK), which catalyse

non-equilibrium reactions under im vivo conditions and are
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strategically located at initial points of metabolic pathways (Fig.
1.4). Other possible regulatory steps are pyruvate dehydrogenase,
citrate synthetase, and other TCA cyéle dehydrogénases. Glucose-6-
phosphate dehydrogenase is inhibited by NADPH, and it is probably
controlled 77 vivo by the ratio NADP to NADPH (ap Rees, 1980b). The

" application of the cross-over theorem suggests that PFK and PK are the
main enzymes regulating glycolytic flux (Turner and Turﬁef, 1980).
Both enzymes are inhibited by ATP and citrate, and are activated by
NH; salts. Phosphofructokinase is additionally inhibited by ADP, AMP,
some glycolytic intermediates (especially phospho-enolpyruvate, PEP),
and by 6-phosphogluconate, and is stimulated by Pi' Buchanan's group
recently reported that fructose-2,6-bisphosphate stimulates PFK
activity in leaves (Cséke et al., 1982a), but the factors controlling
the synthesis of this metabolite in plants are unknown at present.

The fact that PK can be bypassed (see above) and -that PFK is

affected by a wider range of potential regulators suggest that this
latter enzyme can affect most decisively the rate of carbohydrate
utilization in glycolysis.

The integrated control of glycolysis and TCA cycle in plant
tissues and particularly in leaves in vivo, is still not very well
understood. The rate of respiration in leaves has been found to be
correlated with the rate of prior photosyntheéis, and it is also
frequently stimulated upon addition of exogenous sugars, especially in
starved leaves (see Section 1.3.2.1). These facts suggest that
glycolysis could be regulated by the'substréte supply. On the other
hand, it has been suggested that carbohydrate oxidation is mainly

regulated by the energy charge*, or in other words, by the energy

* The energy charge, a concept developed by Atkinson (1977), is a
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demand (Beevers, 1974), as in animals cells (Atkinson, 1977). However,
the control of PFK in plants and animals appears fundamentally
different, in the sense that AMP stimulates the énimal enzyme but
inhibits the plant enzyme (Turner and Turner, 1980). The activation
of PFK from mammalian tissues and yeast by AMP was one of the factors
supporting the control of glycolysis and TCA cycle by‘energy charge.
The stronger inhibition of plant PFK by the phosphorylaﬁeé inter-
mediates of glycolysis, especially PEP, and by the initial métabolites
of the OPP pathway (6-phosphogluconate) and the TCA cycle (citrate)
suggests that the activity of this enzyme may be regulated %% vZv0 not
only by the rate at which ATP is used, but also by the demand of
biosynthetic intermediates. The regulation of glycolysis by substrate
supply would be consistent with this suggestion. In this sense, the
stimulation of glycolytic flux by NH: may reflect an increased demand
of carbon skeletons for amino acid synthesis (Bassham et al., 1981).
Consistently, the enzyme AMP deaminase, which produces NHI from AMP,
has been found to activate PFK and PK in yeast (Yoshino and Murakami,
1982). Interestingly, this enzyme'is also present in plants (see

Yoshino and Murakami, 1982).

1.3.1.2 Mitochondrial Electron Transport
and Oxidative Phosphorylation

TCA cycle intermediates are oxidized in the mitochondrial matrix,

measure of the metabolic energy stored in the adenine nucleotide
system, and is given by the ratio

(ATP) +%ADP
(ATP) + (ADP) + (AMP) °

The system is fully charged when all the adenylate present is
converted to ATP (energy charge = 1), and fully discharged when only
AMP is present (energy charge = 0).
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and the electrons are subsequently transferred via NADH or FADH to the
mitochondrial respiratory chain. The structure of the respiratory
chain of plant mitochondria isrmore complex than.its mammalian
counterpart (Fig. 1.5). In addition to the trad;tional sequence of
electron carriers from substrate to cytochrome oxidase, which is
inhibited by rotenone, antimycin A and KCN, and is aséociated to three
energy transducing sites, plant mitochondria possess seduénces of
redox components resistant to several inhibitors. These are the
rotenone-resistant NADH dehydrogenase (see next section) and the

- cyanide and antimycin A-resistant, alternative terminal oxidase (seé
Section 1.3.1.2.2); both pathways bypass energy transducing sites.
Plant mitochondria can oxidize malate via NAD-linked malic enzyme in
addition to malate dehydrogenase, and leaf mitochondria oxidatively
decarboxylate glycine via an NAD-linked glycine decarboxylase; in
both cases the NADH formed can be oxidized by the respiratory chain
with the formation of three molecules of ATP (Hanson and Day, 1980)
(see also Section 1.3.2.2.1). Plaqt ﬁitochondria also
characteristically oxidize external NAD(P)H (see mnext section).

This complex respiratory chain makes it possible to transfer
electrons to oxygen withoutvthe.synthesis of ATP (e.g. by electron
transport through the rotenone and cyanide-resistant pathways, Fig.
1.5). The organization of the respiratory chain has been recently
reviewed by Storey (1980), Day et al. (1980) and Palmer and Mgller
(1982).

The respiratory chain is located in the inner membrane of mito-
condria, and during electron transport to oxygen through the cyto-
chrome chain protons are translocated out of the matrix to create a

proton motive force (pmf) across the inner membrane (which is
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Fig. 1.5: Schematic diagram of the respiratory ckain in the inner
membrane of plant mitochondria, showing the electron
transport carriers, the proton translocation sites, and the
sites of inhibition (inhibitors are shown in brackets).

- Abbreviations: Fp, flavoproteins; FeS, iron sulfur
proteins; Q, ubiquinone; Cyt, cytochromes; SHAM, salicyl
hydroxamic acid; disulfiram, tetraethylthiuram disulfide
(modified after Storey, 1980; Day et al., 1980; and Hanson
and Day, 1980).

relatively impermeable to Y. Acéording to the chemiosmotic
hypothesis (Mitchel, 1966) this pmf is used to drive phosphorylation
of ADP; H* move back across the membrane through the ATPase complex
catalysing the synthesis of ATP from ADP to Pi' ‘Electron flow that is
coupled to H translocation is subject to control by the pmf. In the
presence of ADP and Pi’ the pmf is dissipated and electron flow is
rapid; in the absence of ADP, the pmf is high and exerts a "back
pressure' on electron transport, inhibiting it. This constitutes the
familiar respiratory control seen with isolated mitochondria (see
Appendix III). A high extramitochondrial ATP/ADP ratio will also

inhibit oxidative phosphorylation and hence electron transport.
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Adenine nucleotides communicate with the matrix (and thgrefore the
catalytic site of the ATPase complex, which is localized in the matrix
side of the inner membrane) via a specific carrier which catalyses
ADP;;/ATPg;t transport (Klingenberg, 1980). Due to the electrogenic
nature of this transport, this exchange of ADP for ATP is essentially
unidirectional in energized mitochondria, resulting iﬁ a higher
ATP/ADP ratio in the cytosol than in the mitochondria (klingenberg,
1980). However, when external ATP is very high, and ADP low, uptake
of the latter is inhibited, oxidative phosphorylation is also
inhibited and hence electron transport is restricted. Thus cytosolic
ATP /ADP (+Pi — the phosphate potential) may determine, at least in
part, respiratory O, consumption <n vivo.

There is some evidence that extramitochondrial ATP/ADP ratio
controls the rate of electron transport to oxygen in isolated plant
mitochondria, but only when this ratio exceeds approximately 20 (Dry
and Wiskich, 1982). However, the sensitivity of respiration to the
ATP/ADP ratio increases when the.ADP concentrétion is very low, and
therefore, it may depend more on total adenylate concentration than
relative concentration (Dry and Wiskich, 1982). Cytosolic ATP/ADP
ratios measured in vivo are much lower than 20, and usually less than
10 (Heber, 1974; Hampp et al., 1982; Stitt et al., 1982), but still
respiration seems controlled by adenylate turnover as shown by the
effect of uncouplers of oxidative phosphorylation (e.g. FCCP) in
intact tissues (Beevers, 1974; Day et al., 1980; Wiskich, 1980).
However, the technical problems of directly measuring the ATP/ADP
ratio in the cells <n vivo, which arise because the adenylate system
has a very fast turnover, may have been the reason for these

contrasting results.
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Other factors can affect electron transport rates. ‘For example,
the availability of respiratory substrate from glycolysis (which in
turn would depend on the carbohydrate status), the rate of substrate
transport through several mitochondrial carriers‘(e.g. pyruvate,
dycarboxylate) (Day and Hanson, 1977; Wiskich, 1977, 1980), and the
capacity of the various respiratory linked dehydrogenéses. These
latter enzymes appear to have lower activities than the-cépacity of
the cytochrome chain, as shown by the observation that the oxidation
of substrate alone does not saturate the cytochrome pathway, nor
necessarily two substrates simultaneously oxidized (Day and Wiskiéh,b
1977). Likewise the operation of non-phosphorylating electron
transport pathways in plant mitochondria (see below) is not restriéted
by adenylate turnover, and may principally depend on the availability
of reducing equivalents from the TCA cycle. Obviously, the control of
electron transport in plant mitochondria is a very complex phenomenon,

which still is not fully understood in vivo.

(i) NAD(P)H oxidation pathways

NAD(P)H oxidation by plant mitochondria is a complex process
involving at least three distinct dehydrogenases (Palmer and Mgller,
1982). Exogenous NAD(P)H, which can be produced in glycolysis and OPP
pathway, can be oxidized by a dehydrogenase system, which may involve
specific dehydrogenases for NADH and NADPH, located on the outer
surface of the inner membrane. This system donates electrons to
ubiquinone with the formation of 2 molecules of ATP upon subsequent
transfer to cytochrome oxidase. The physiological significance of the
external NAD(P)H oxidation is not known, but Palmer and Mgller (1982)

suggested that it could be a mechanism to regulate the cytosolic
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NAD(P)H/NAD(P) ratio.

Endogenous NADH is preferably oxidized by a rotenone-sensitive
NADH-dehydrogenase coupled to three energy transaucing sites, as in
mammalian mitochondria. However, endogenous NADH can also be
oxidized by a rotenone-resistant dehydrogenase which bypasses the
first energy transducing site (Fig. 1.5). The naturevof this latter
enzyme is not known, but its affinity for NADH (Km, 80 ﬁM& is much
lower than that of the rotenone-sensitive oxidase (Km, 8 uM) (Mgller
and Palmer, 1982). This property suggests that the rotenone-resistant
NADH dehydrogenase can be significantly engaged in respiration only
when NADH levels are very high, which can occur when cytosolic malate
concentration increases or when the rate of electron flow through the
normal respiratory chain is suppressed by the phosphorylation
potential. Palmer and Mg$ller (1982) suggested that the operation of
this dehydrogenase could permit TCA cycle turnover for production of

biosynthetic intermediates in the presence of a high NADH/NAD ratio.

(ii) The alternative pathway

A striking feature of plant mitochondria is the presence of a
pathway resistant to inhibitors of thé cytochrome path (e.g. antimycin
A, cyanide). The alternative path has recently been extensively
reviewed (Day et al., 1980; Laties, 1982), but the precise nature of
the components of this path is still unclear. A flavoprotein
containing copper and a quinol—oxidoréductase (perhaps the terminal
oxidase?) have been implicated (Rich, 1978; Huq and Palmer, 1978). It
is well known that the alternative path branches from the conventional
electron transport chain at the ubiquinone level (Storey, 1976); the

alternative oxidase has a lower affinity for oxygen (Km, 10-30 uM)
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than does the cytochrome oxidase (Km’ <1 uM) (Solomos, 1?77; Kano and
Kageyama, 1977), and it is not coupled to ATP synthesis, i.e. it leads
mainly to production of heat.

The regulation of the electron flow through the alternative path
is a’controversial issue. The most accepted model (Bahr and Bonner,
1973) suggests that the alternative pathway becomes engaged only when
the level of ubiquinone reduction is very high, and thié éan occur
when the cytochrome path is either saturated (state 3 — 'see Appendix
III — or uncoupled respiration in the presehce of adequate substrate
levels) or restricted (e.g. by oxidative phosphorylation). A
considerable experimental and theoretical body of evidence supports
the validity of this model (Laties, 1982).

The contribution of the alternative pathway to respiration can be
estimated by using inhibitors of the cytoghrome and alternative paths,
in titration experiments (Day et al., 1980). Inhibitors of the
alternative pathway are hydroxamic acids, prbpyl gallate and
disulfiram (Schonbaum et al., 1971; Grqver and Laties, 1981; Laties,
1982); hydroxamic acids in particular have been widely used for
studies with isolated mitochondria, cells, and intact tissues (Day et
al., 1980; Laties, 1982, Lambers, 1982). These techniques are
discussed in depth in Chapter 5 and in Appendix IV.

The presence of the alternative path in most plant tissues,
including leaves, has been clearly established (Henry and Nyms, 1975;
Laties, 1982; Lambers, 1982). However, there is more uncertainty
about the operation of this path in normal respiration especially in
intact tissues, and about its possible function. It is known that the |
rate of respiration of mature leaves is little inhibited or sometimes

is stimulated by cyanide (James, 1953; Ducet and Rosenberg, 1962), and
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that a combination of SHAM and KCN almost fully inhibits leaf
respiration (Lambers et al., 1979; Kinraide and Marek, 1980). However,
these latter authors reported that the sensitivify of shoots of
Senecio aquaticus and leaves of Bryophyllum tubiflorum to SHAM alone
was very low, suggesting that the alternative pathway, although
present, is not engaged in normal respiration in.thesé leaves.

The carbohydrate status seems to affect the degreevof engagement
of the alternative pathway in rooté and in Chlorella cells (see
Lambers, 1982), but there is no information for leaves. This aspect
will be studied in this thesis. ’

Apart from its role in thermogenesis in the male reproductive
organs of the Araceae (Meeuse, 1975), the function(s) of the
alternative pathway remains a myétery. Several hypotheses have 5een
proposed, but the experimental evidence is not conclusive (Laties,
1982). It has been suggested that the alternative path serves to
remove excess carbohydrate from the cell in‘an energy overflow
mechanism (Lambers, 1982). The results of Yoshida and Tagawa (1979)
suggest that the alternative path may be involved in the resistance of
plant tissues to chilling temperatures (see also Laties, 1982). This
pathway could‘also play a role in seed germination and in defense
against infections by other organisms (Laties, 1982). Nothing is
known about the possible function of the alternative path in leaf

respiration.

1.3.2 Relationship between Photosynthesis
and Respiration in Leaves

1.3.2.1 Substrate supply as a factor in
leaf respiration in the dark

The rate of respiration of leaves in the dark is usually higher
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after a light period than after a dark period (James, 1953; Stoy,
1965; Heichel, 1971a). The carbohydrate level in the leaves
constantly decline during a dafk period, and comﬁlete starvation may
occur if the dark period is sufficiently long (nges, 1953). Ludwig
et al. (1975) and Challa (1976) measured the CO, output of tomato and
cucumber leaves, respectively, during the whole hightbafter a light
period in which the rate of photosynthesis was varied bf ehanging the
light level or CO, concentration. They found that the integrated rate
of respiration during the night increased proportionally to the
integrated rate of net photosynthesis in the precéding light period.
In contrast, Heichel (1970) reported that the rate of CO, released
into a stream of CO,-free air by attached maize leaves after a period
of illumination reached a maximum 20 min after darkening. The maximal
rate of respiration was quantitatively related to the light intensity
during the previous light period, but appeared to be independent of
the rate of net CO, fixationm.

However, a similar relationship between photosynthesis and
respiration than that observed in cucumber and tomato leaves (see
above) has also been repeatedly demonstrated by several workers in
whole plants (Ludwig et al., 1965; McCree and T?oughton,'1966; McCree,
1970, 1974; Penning de Vries, 1972, etc.). It is remarkable that the
relationship between photosynthesis and respiration is maintained
during water stress. Ferrar (1980) subjected two woody species from
South African savannas to slow water stress and found that the rate of
dark CO, efflux of whole shoots (including leaves) measured at the end
of the night declined with leaf water potential. Plotting respiration
at different water potentials against average photosynthesis of the

previous day resulted in a linear relationship except at the highest
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photosynthesis rates. This relationship differed-depending on whether
the plants had experienced water stress or not. Pre—stréssed plants
showed lower respiration rates for any given rate of photosynthesis
than non-stressed plants, and the ratio of respiration to photo-
synthesis was also much lower in pre-stressed plants.

McCree (1970) fitted an empirical equation in which the rate of
dark CO, output of white clover plants is proportional folphoto-
synthesis and dry weight of living material on the plant. This
information served to develop the theoretical concepts of growth and
mainéenance respiration (see Section 1.3). Considerable experimental
evidence agrees with the conclusions of this model of respiration
(Hunt and Loomis, 1979) but some results are contradictory, as in the
case of Lolium perenne plants grown in the field (Jones et al., 1978)
or in barley plants (Winzeler et al., 1976; Farrar, 1980). From a
biochemical -point of view, there is .still no clear distinction between
growth and maintenance respiration, and it ié also not clear what the
relationships between them and the non-phosphorylating pathways of
electron transport in mitochondrial(see above) are. These pathways
consume carbohydrate without producing energy. However, growth and
maintenance respiration seem to differ in their response to
temperature. Whereas the fraction of total plant respiration
proportional to the daily net photosynthetic carbon input (i.e. growth
regulation) is relatively insensitive to temperature changes in the
physiological range, the maintenance component increases dramatically
with temperature (McCree, 1974; Ryle et al., 1976; Breeze and Elston,
1978).

The application of this model of respiration to leaves is not

very successful. In contrast to the explanation given for whole and
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rapidly growing plants, the large enhancement in the rate of leaf
respiration associated with photosynthesis (see above) cannot be
primarily related to growth requirements becausé mature leaves were
used in these studies. An alternative explanation is that respiration
is used for synthesis of compounds (e.g. amino acids) in the leaf
which can be utilized for growth in other plant parts; and/or that
respiration provides energy for transport of assimilateé kHo and
Thornley, 1978), whose concentration increases after a period of
photosynthesis. However, these requirements cannot be the primary
mechanism regulating the rate of leaf respiration since experiments in
which the rate of leaf export was decreased by lowering temperature
and sink demand (e.g. by defruiting, depodding) have shown that the
rate of mature leaf respiration increased in relation to control
plants which were not manipulated (Rook, 1969; Tanaka, 1977; Ho, 1979;
Avery et al., 1979). Similar results have been reported for wheat
plants after ear removal (Birecka, 1968; Birécka et al., 1969). An
increase in leaf carbohydrate levels was found in these conditions. A
similar correlation between leaf respiration and carbohydrate
concentration was obtained even in conditions where the sink demand
was not altered (Challa, 1976; Cunningham and Syvertsen, 1976;
Coggeshall and Hodges, 1980; Moser et al., 1982). Similar relation-
ships between carbohydrates and respirationvare found in other plant
organs (James, 1953; Saglio and Pradet, 1980; Moser et al., 1982), and
in whole plants (Alberda, 1968; Breeze and Elston, 1978; Penning de
Vries et al., 1979).

Respiration of leaves is stimulated upon addition of several
sugar solutions (James, 1953; Tetley and Thimann, 1974; Goldthwaite,

1974), especially in starved leaves (James, 1953). Similar
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observations have been made with other plant organs, e.g. roots,
coleoptiles, meristems, carrot slices, embryos, etc. (James, 1953;
Saglio and Pradet, 1980).

The evidence presented here suggests that corbohydrate
availability may play an important role in regulating the rate of leaf
respiration, which could account for the proportionality between the
rates of photosynthesis and respiration observed in 1eaneo, and
perhaps in whole plants. However, it is not known which is the
biochemical basis of the increase in respiration due to carbohydrate
accumulation. There is little or no information about the existence
of other possible regulatory mechanisms, such as the adenylate system,
in leaves im vZvo, nor on the poosible interactions between these
mechanisms and the regulation by substrate supply. The stimulatory
effects of uncouplers of oxidative phosphorylation (e.g. 2,4-dinitro-
phenol) on plant respiration, including-leaves (Beevers, 1953; Porter
and Runeckles, 1956) suggests that respiration can also be regulated
by adenylate turnover (Beevers, 1970, 1974). However, it seems clear
that the regulation of respirétion is not simply due to the growth and

maintenance requirements, at least in mature leaves.

1.3.2.2 Leaf respiratory metabolism during photosynthesis

The central problem in the study of relationships between photo-
synthesis and respiration is the question of whether or to what extent
the respiratory pathways function in illuminated leaves. This topic
has been recently reviewed in length by Graham (1980), but it seems
that the question is far from being solved. Classically, it has been
considered that respiration is inhibited in the light by the increased

cytosolic phosphorylation potential (Heber, 1974; Heber and Heldt,
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1981), but Graham (1980) argued that the TCA cycle is operative in the
light. Evidently, respiration is a very complex phenomenon and
control by a single mechanism seems unlikely (seé above).

The evidence suggests that partial glycolysis and OPP pathway in
the chloroplasts (see Section 1.3.1.1) are inhibited in the light;
otherwise the reactions would interfere with the,starch synthesis and
the Calvin cycle (see ap Rees, 1980b; Buchanan, 1980; Dénﬁis and
Miernyk, 1982). Mechanisms of inhibition includé the inactivation of
the enzymes phosphofructokinase and glucose-~6-phosphate dehydrogenase
by the increased NADPH/NADP ratio, and a light modulation of the
latter enzyme (Buchanan, 1980; Dennis and Miernyk, 1982; Cséke et al.,
1982b). These and other chloroplastic enzymes differ in their
regulatory properties from their cytosolic counterparts (Dennis and
Miernyk, 1982).

The situation is more complex in the rest of the cell. -  Complete
suppression of glycolysis and TCA cycle is uﬁlikely because these
pathways are the unique net source iﬁ the cell of several compounds
(e.g. acetate, a-ketoacids) which are required for numerous
biosynthetic reactions known to occur very rapidly in the light.

These include amino acid and lipid synthesis. Chloroplasts are the
sites of formation of many amino acids (Miflin and Lea, 1977) and most
fatty acids (Stumpf, 1980). However, these organelles afe unable to
synthesize o-ketoacids (e.g. pyruvate, oxalacetate, o-ketoglutarate),
which must be supplied by other cell compartments (Miflin and Lea,
1977; Larsson, 1979) due to the absence of phosphoglyceromutase, PEP-
carboxylase, citrate synthetase and other enzymes of the TCA cycle (ap
Rees, 1980b; Randall and Givan, 1981). Liedvogel and Stumpf (1982)

concluded that acetate utilized in fatty acid synthesis in spinach

~
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chloroplasts is mainly provided by the mitochondrion.

The biochemical evidence suggests that glycolysis and the TCA
cycle can operate in the light; although some modifications probably
occur in relation to the dark pattern (Graham, 1980). Studies in
which leaves were fed with radioactive carbon compounds (e.g. CO,, TCA
cycle intermediates) are consistent with the view that the TCA cycle
has a marked anaplerotic function in the light, as propéséd by Kent
(1979) and Woo and Canvin (1980), since radioactivity traversing TCA
cycle intermediates (e.g. citrate) accumulates in amino acids and
other compounds to a greater extent in the light than in the dark
(Bidwell, 1963; Graham, 1980). The anaplerotic flow through the TCA
cycle also increases with CO, concentration (Platt et al., 1977).

A mechanism for replenishing the carbon compounds of glycolysis
and TCA cycle used in synthetic reactioné probably involves the
cooperation -of the enzymes PEP carboxylase and malate dehydrogenase in
the cytosol, and NAD—malic enzyme in the mitéchondrion (see Fig. 1.4).
The higher reducing conditions of the cell during photosynthesis,
which are reflected by the increaséd malate to aspartate ratio
(Graham, 1980), would favour the operation of cytosolic malafe
dehydrogenase towards malate'formation, and hence it would increase
the availability‘of this‘compound for mitochondria.

The origin of PEP in the light is uncertain. 1In this sense,
leaves metabolize exogenous glucose through glycolysis and TCA cycle
in the dark, but do not do so significantly in the light; in contrast,
exogenous malate is equally well metabolized in the light and in the
dark (Graham, 1980). These results suggest that glucose catabolism is
blocked in the light, probably at the phosphofructokinase step. This

enzyme is controlled by adenylate turnover and many other factors and
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it is thought that it is the main enzyme regulating glycolysis (see
above). The inhibition of PFK during photosynthesis would

avoid the existence of a futile cycle between fructose-6-P and
fructose-1,6-bisphosphate, involving the enzymes fructose-1,6-
bisphosphatase, a key enzyme in the sucrose synthesis pathway (see
Fig. 1.2), and PFK. Interestingly, a recently discovéred metabolite,
fructose-2,6-bisphosphate, inhibits the enzyme fructose;l;6-
bisphosphatase, and stimulates PFK (Cséke et al., 1982a). The
importance of this metabolite fér regulating these enzymes in the
light is unknown. Pyruvate kinase, which is also’controlled by the
adenylate system, can be bypassed by the mechanism involving PEP
carboxylase and malic enzyme. Therefore, it is probable that PEP used
in anaplerotic reactions is mainly generated from triose-phosphate
from current photosynthesis rather than from stored sugars. However,
Bassham et al. (1981) suggested that NH: can increase the anaplerotic
flow for amino acid synthesis through activation of phosphofructo-
kinase and pyruvate kinase.

The operation of the anaplerotic reactions'of TCA cycle results
in net CO, production (e.g. 1 molecule of CO, per molecule of
glutamine formed from two molecules of PEP). However, it is not known
how significant the rate of this CO, production in intact leaves in
the light may be, compared to that in the dark. Several authors
support the view that respiratory CO, production is very small in the
light (Mangat et al., 1974; Canvin et al., 1976; Peisker and Apel,
1980), but others suggest that it may be significant (Graham, 1980;
Azcén-Bieto et al., 1981). This aspect will be studied in detail in
wheat leaves in this thesis.

NADH generated in the mitochondrion can be transported to other
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cell compartments through several metabolic shuttle systems, e.g.
malate/oxalacetate (Woo et al., 1980; Day and Wiskich, 1981, Fig. 1.6)
and malate/aspartate (Journet et al., 1981). Hoﬁever, it is not known
if the TCA cycle operates beyond succinate oxida;ion in the light
because this reaction requires the operation of the mitochondrial
electron chain, a more uncertain aspect of the probleﬁ. The most
widely accepted view is that electron transport coupledkté oxidative
phosphorylation is inhibited in ;he light by the increased cytosélic
ATP/ADP ratio (Heber, 1974; Hampp et al., 1982). However, Stitt et
al. (1982) measured the levels of ATP, ADP and AMP in the chloroplasts,
cytosol and mitochondria of wheat protoplasts using a technique which
permitted to kill the protoplasts in about 0.1 sec, and found that the
cytosolic ATP/ADP ratio was lower in the light than in the dark, but
that the mitochondria appeared to be de-energized. They concluded
that oxidative phosphorylation was restficted by a mechanism other
than the ATP/ADP ratio. Similarly, Dry and Wiskich (1982) have found
that the ATP/ADP ratio restricts respiration in isolated mitochondria
only when its value exceeds approximately 20, which is much higher
than the values commonly found in vivo (see above). They suggested
that the absolute concentration of ADP may be more important in
regulating respiration. The technical problems in measuring correctly
the ATP/ADP ratio in vivo (see Section 1.3.1.2) may have been the
reason for these contrasting results. |

The possibility that uncoupled electron transport to oxygen (e.g.
by increased membrane permeability to protons or by the operation of
the rotenone and cyanide resistant pathways — see Section 1.3.1.2)
occurs in the light cannot be ruled out. This would permit the
reoxidation of NADH produced in the TCA cycle without affecting the

energy status of the cell.



35

_—s-hydroxypyruvate O] »glycerate
@ /\
] NADH NAD
serine
' U
oxalacetate < ) malate
| T Peroxisome
. : I o Mitochondrion
oxalacetate /@_)\‘ malate
NADH NAD
serine < \(D/

//, glycine (2)

Fig. 1.6: Scheme of the malate/oxalacetate shuttle for transferring
reducing equivalents generated in the glycine decarboxyl-
ation reaction from the mitochondrion to the peroxisome.
Enzymes: (1) glycine decarboxylase complex; (2) malate
dehydrogenase; (3) transaminase; (4) hydroxypyruvate

reductase (after Day and Wiskich, 1981).

(i) Relationships between respiration and photorespiration

Photorespiration, defined as the process associated with the
metabolism of glycolic acid, differs greatly from the process of
respiration as defined in this Introduction (Tolbert, 1980; Lorimer
and Andrews, 1981). However, several connections can occur between
both processes.

The principal reaction contributing to CO, evolution during
photorespiration_in leaves is the oxidative decarboxylation of glycine
in mitochondria (Osmond, 1981; Lorimer and Andrews, 1981). This

reaction involves an inner membrane-bound glycine-decarboxylase linked
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to serine hydroxymethyltransferase in the matrix space, Which can
donate electrons to the respiratory electron chain with formation of 3
molecules of ATP (Woo and Osmond, 1976; Moore et.al., 1977; Keys,
1980). However, reoxidation of the NADH generated in the glycine
decarboxylation can also occur via malate dehydrogenase when
oxalacetate is present (Woo and Osmond, 1976; Moore ef al., 1977; Day
and Wiskich, 1981). On this basis, it has been suggestéd-that a
shuttle system (e.g. malate/oxalacetate, malate-glutamate/aspartate-
o-ketoglutarate) could operate for transferring reducing equivalents
from the mitochondria to the peroxisomes (Day and'Wiskich, 1981;
Journet et al., 1981, Fig. 1.6). The operation of the shuttle could
inhibit electron transport since it has been shown that addition of
oxalacetate to mitochondria oxidizing glycine causes a severe,
although not complete, inhibition of oxygen consumption in the
presence of ADP (Moore et al., 1977; Day and Wiskich, 1981); and it
also de-energizes the mitochondria (Moore, A.L., unpublished).
However, the mechanism by which NADH generated in the glycine
decarboxylation reaction is reoxidizedbin vivo is not known. Whole
cell estimates of the rates of glycine oxidation linked to the
electron chain or to the shuttle system in isolated pea leaf mito-
chondria are only just sufficient to account for the most conservative
estimates of leaf photorespiration rates (Day and Wiskich, 1981). If
oxidative phosphorylation is inhibited in the light, which is possible
(see above), the shuttle system could be functional. Reoxidation of
NADH by non-phosphorylating electron transport pathways, which are
independent of the phosphate potential, is unlikely to be a major
mechanism, since the capacity of these pathways in leaf mitochondria

is much lower than that of the phosphorylating pathway (Day and
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Wiskich, 1981). However, they may supplement a shuttle mechanism.
Photorespiratory glycine decarboxyiation could also interact with
TCA cycle oxidations through a competition for aﬁailable NAD. Little
is known about this important question, but oxidative glycine
decarboxylation was not inhibited by concurrent oxidation of malate,

succinate and oa-ketoglutarate in pea leaf mitochqndrié (Day and

Wiskich, 1981).

1.4 PROPOSAL OF STUDY

The evidence reviewed in this Introduction indicates that we know
little about the possible interactions between carbohydrates, photo-
synthesis, and respiration, especially at the intact leaf level.
There is no definite experimental evidence, for instance, that photo-
synthesis is regulated by the end product»in vivo, although several
biochemical mechanisms have been advanced. Likeﬁise, the regulation
of respiration in the dark and in the light in intact leaves by the
products of photosynthesis, particularly carbohydrates, and the extent
to what other proposed biochemical mechanisms of regulation (e.g.
adenylate control) operate and interact in vivo with the former are
problems still not very well understood. The indication that some
leaf respiration appears to be wasteful and that its elimination could
result in improved plant yields (Heichel, 1971b; Wilson, 1975)
justifies the study of such questions. Particularly important in this
context is the possibility that respiratory carbon losses, other than
those caused by photorespiration, occur in illuminated leaves. The
answer to this question is of critical importance for the calculation
of the daily carbon balances in plants, since the carbon losses might

be very important during the day given that the availability of
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respiratory substrate and temperatures are normally higher than during
the night.

The participation of the alternative pathwa&, which apparently
consumes carbohydrate wastefully, at least in terms of energy
conservation, in leaf respiration has been very little studied, and
absolutely nothing is known about the regulation (e.g. by carbohydrate
levels) and function of this pathway in leaves. N

The basic purpose of the present thesis is to try to answer these
questions by designing gas exchange experiments using intact leaves
(mainly wheat), and to establish appropriate links with mechanisms
proposed at the molecular and cellular levels. Some preliminary
studies on the relationship bétween the oxidation 'of respiratory and

photorespiratory substrates at the mitochondrial level are also

included.
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CHAPTER 2

INHIBITION OF PHOTOSYNTHESIS BY
CARBOHYDRATES IN WHEAT LEAVES -

2.1 INTRODUCTION

As discussed in the previous chapter, manipulation of the sink
for photosynthate can cause accumulation of carboliydrates in leaves
and result in lower rates of photosynthesis (Neales and Incoll, 1968;
Guinn and Mauney, 1980; Herold, 1980). Evidence for end product
inhibition of photosynthesis in wheat leaves is equivocal. Birecka
and Dakié-Wlodkowska (1963) and King et al. (1967) were able to
inhibit flag leaf photosynthesis by removing the.sink (removal of the
ear) and stimulate flag leaf photosynthesis 5y spraying the ear with
DCMU (which inhibited photosynthesis in the ear, thereby increasing
the sink). However, Austin and Edfich (1975) were unable to confirm
the ear removal response. Nevertheless, King et al. (1967) showed
that ear removal caused an accumulation of carbohydrates in the flag
leaf. They were able to simulate this response by keeping plants in
continuous light for a week. Leaf carbohydrates built up and photo-
synthesis was inhibited.

Although these results suggest the occurrence of end product
inhibition of photosynthesis in wheat, the treatments and the measure-
ment methods used do not exclude other factors. Hormonal and stomatal
responses could be involved. Thus, in this chapter I describe

experiments which are designed to avoid these difficulties and to
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determine if the photosynthetic rate is related to the carbohydrate
status in wheat leaves. Carbohydrate status was increased by
increasing the rate of photosynthesis under otherwise comparable
conditions, by increasing CO, concentration or reducing O,
concentration. In other experiments a portion of the leaf, below the
region in which photosynthesis was monitored, was chilled to reduce
transport of photosynthate (Wardlaw, 1968; Geiger and deénik, 1975).
All these treatments produced the expected increase in soluble sugars
in photosynthetic tissues. Starch does not normally accumulate in

wheat leaves (Evans et al., 1975). ’

2.2 MATERIALS AND METHODS
2.2.1 Plant Material

Triticum aestivum (cv. Gabo) plants were grown.from seed in a
controlled environment cabinet in pots of soil. .They were watered
twice a day, and were fertilized every other>day with nitrate-type
Hewitt's solution containing: KNO,, 4 mM; Ca(NO,),, 4 mM; MgSO,,
1.5‘mM; NaH,PO,, 1.33 mM; EDTA Feﬁa, 60 uM; MnSO,, 10 uM; ZnSO,,
1 uM; CusO,, 1 pyM; H,BO,, 50 yM; Na,MoO,, 0.5 uM; NaCl, 0.1 mM;
Co(NOa)z, 0.2 yM. The pH of the solution was 6.5. Quantum flux
(400-700 nm) was about 600-700 uE.m—z;s'l. The day/night temperature
regime was 25/20 °C with a daylength of 13 h. Relative humidity was

between 60 and 80%.

2.2.2 General Experimental Conditions
Wheat plants were selected from the growth cabinet near the end
of the night period (10 a.m.). One or two attached recently mature

leaves were enclosed in a photosynthetic chamber,. which received an
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incident quantum flux of 1000 pE.m ?.s”!. The rest of the plant,
which was kept intact, was also illuminated. CO, and water exchanges
were measured in leaves using an open system gasianalysis apparatus
described in Appendix I. Calculations of gas exchange parameters
were made as described in Appendix II. Water vapour pressure
deficits were maintained at about 8-12 mbar at 20-23 °C and at 20-23

mbar at 30 °C in most experiments.

2.2.3 Light Responses of Photosynthesis

Net CO, assimilation (A) was measured in wheat leaves for 1 h at
a quantum flux of 1000 pE.m 2.s ! to open stomata. Incident quantum
flux was measured with a quantum sensor (Lambda Instruments, model
LI-190 SR, Lincoln, Nebraska, U.S.A.). Quanfum flux was then
decreased by interposing copper screens, and A was measured at every
step. Finally, dark CO, efflux was measured. Leaf temperature was
kept constant during these procedures. These measurements were
repeated after a period of 4 h at a quantum flux éf 1000 pE.m 2.s .

The leaf temperature and CO, pressure were varied as indicated in the

text. Each experiment was replicated three times.

2.2.4 CO, Responses of Photosynthesis

Net CO, assimilation (A) and transpiration rates were first
measured in flag wheét leaves at ambient CO, and O, pressures for
about 1 h until steady-state rates were reached. Measurements were
then repeated at several CO, concentrations below ambient, and finally
at CO, pressures higher than ambient. After the determination of the
first curve of A versus intercellular partial pressure of CO, (pi),

which took 2%-3 h from the start of the light period, leaves were
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allowed to photosynthesize for 5 h at external partial pressures of
CO, of either 800 pbar (Expt A) or 50-60 pbar (Expt B). The curve of
A versus p; was then determiﬁed again over the next 1%-2 h. At the
end of this time, a piece of the enclosed leaf was taken for carbo-
hydrate analysis. This piece was obtained by carefully sectioning the
leaf with a sharp razor blade. In the experiments where the rate of
photosynthesis declined with time (Expt A), the remainiﬁg.leaf
fragment was kept in darkness for 3 h. At the end of this period, the
curve of A versus p; was determined again for studying recovery. The
rest of the leaf was then used for carbohydrate analysis. Expt A was
performed three timés and Expt B two times. Leaf temperatures during

the light and dark periods were 20 and 18 °C, respectively.

2.2.5 Leaf Base Chilling Methods

A small portion (about 2 cmz) of the base of a wheat leaf, whose
upper part was enclosed in the photosynthetié chamber, was chilled by
circulating icy water from a bath through a sandwich-type brass jacket
in close contact with both sides of the leaf. The surface of both
sides of the jacket formed a square of 4 cm?®. Temperature of the leaf
region in contact with the jacket waé 0-2 °C. These procedures did
not produce alterations in the temperature of the enclosed portion of
the leaf, which was kept at 21 °C. Two experimental procedures were
adopted:

(1) A leaf was allowed to photosynthesize for 4 h at external CO,
pressures of either 350 pbar or 700 pbar. Then the chilling treatment
was applied as described above and the gas exchanges of the enclosed
part of the leaf were monitored for a subsequent period of 4 h. At

the end of this period, the cooling jacket was removed, and the leaf
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gas exchanges were measured for about another hour.

(2) In other experiments, leaves were subjected to the chilling
treatment from the start of the light period, and the gas exchanges
were monitored for 5 h. CO, pressures inside the chamber were either
310 uybar or 800 ubar. The CO, compensation point, which was measured
using a closed system (see Section 4.2.2), and the rate of dark Co,
efflux in air 30 min after the light was turned off, wefe.determined
consecutively before and after the chilling period.

All experiments were duplicated.

2.2.6 Carbohydrate Determination

Leaf segments were killed in liquid nitrogen :and freeze-dried.
Sugars were extracted in boiling water for 15 min and analysed using
enzymatic methods. Free glucose plus fructose were measured from the
leaf extract using a glucose specific assay (Calbiochem-Behring
Glucose s.v.r. No. 870104), after converting fructose to glucose with
phosphoglucoisomerase (Sigma P-5381l). Glucose was converted to
glucose-6-phosphate in the presencé of hexokinase, and then oxidized
to 6—phosphog1uconate by glucose-6-phosphate dehydrogenase, feducing a
molar equivalent of NADP. The change in absorbance at 340 nm is
proportional to the glucose concentration in the range from O to
10 ng.ml_r, and was measured with a Varian 634 spectrophotometer. The
assay was performed at room temperature and was initiated by adding an
aliquot of sample. Sucrose was hydrolysed by incubating the leaf
extract at 37 °C for 2 h in a water bath with invertase (Sigma I-5875)
in 0.1 N acetate buffer (pH 4.6). Since invertase also has been
reported to hydrolyse some small fructosans (Tetley and Thimann, 1974)

the sugars resulting from the action of this enzyme are referred to as
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the invertase fraction. This fraction was obtained by sgbtracting the
amount of free glucose plus fructose from the total glucose assayed.
Starch content was obtained by-incubating the 1eéf extract at 37 °C
for 48 h in a water bath with 0.5% '"Clarase 900”.(Miles Laboratories)
and 0.27 amyloglucosidase (Sigma A-7255) in 0.1 N acetate buffer (pH
4.6). '"Clarase 900" is a mixture of several digestive'enzymes which
hydrolyse starch and. sucrose to hexoses. Starch was estiﬁated by
subtracting the glucosé in glucose plus fructose and invertase

fractions from total glucose assayed in the Clarase digest.

’

2.3 RESULTS

2.3.1 Changes in the Rate of Net co,
Assimilation Throughout the Day

The rate of net CO, assimilation (A) of wheat leaves measured at
ambient CO, and O, levels reached a maximal value within the first
hours éf thé iight period and then éiowiy deciinéd in‘the néxt hours.
This pattern was frequently observed in leaves photosynthesizing at
temperatures lower than 25 °C, especially when the initial rate of
photosynthesis was high, but was not normally seen at higher
temperatures. Typical examples are shown in Fig. 2.1. Leaf
conductance to diffusion of water vapour, however, remained constant
or slightly increased. The intercellular CO, partial pressure, Py
therefore increased with time especially in leaves photosynthesizing
at 22 °C (Fig. 2.1). 1In this latter case, p; typically varied from
about 260 ybar to 280 uybar during the examined period. When the CO,
partial pressure during the photosynthétic period was about twice the
ambient level, A declined more rapidly (Fig. 2.2). In contrast, A
remained constant during 6 h when CO, pressure inside the chamber was

low (Fig. 2.2). Stomatal conductance to water vapour (gs) increased
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with time at low CO, pressures, but it slightly decreased at high CO,
pressures (not shown). In this latter case, 1 values increased from
580 ybar in the first hour to 625 ubar in the si%th hour, suggesting
that stomatal closure was not responsible for thg assimilation decline.

Leaf catbohydrate concentration was very low at the end of the
night and increased during the light period more or less
proportionally to the integrated net CO, assimilation (fié. 2.3).
Invertase sugars (mostly sucrose) were the main carbohydrate fraction
accumulated. Sucrose éccﬁmulated more rapidly in the leaf for a.given
increase in the integrated carbon assimilation when the internal level
of sucrose was low. This suggests that sucrose translocation is more
efficieht when sucrose levels are high, as has been proposed by
Troughton et al. (1977).

The effects of high CO, levels on the time-courses of A and 8
were studied in some detail at two temperétures.- Assimilation
declined considerably with time in wheat 1eaveé at both 20 and 30 °C
(Table 2.1). Stomatal conductance declined in parallel with A during
the first 4 h of the light period, so Py remained constant. However,
8 declined relatively'more rapidly over the next 3 h, and therefore
Py valuesrslightly decréased at the end of the 7th hour in the light,
but not enough to explain the observed changes in A. Leaf carbo-
hydrate levels increased with time, being very high after 7 h in the
light. Carbohydrate accumulated significantly less in leaves photo-
synthesizing at 30 °C than at 20 °C, in spite of the much higher
assimilation rates observed at 30 °C (however, free sugars were an
exception in this respect) (Table 2.1). This suggests that trans-—
location of recently accumulated assimilates is more efficient at

30 °C. Similar effects of temperature on translocation have been
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reported earlier (Geiger and Sovonik, 1975). A périod of only 2 h in
darkness was sufficient to produce substantial recovery of A (Table
2.1). Leaf carbohydrate levels decreased substaﬁtially during the
dark period, presumably due to translocation and respiration of
assimilates.

If wheat leaves were given 740 ubar CO, and 27% Oi at 20 °C the
initially high rates of photosynthesis (29 pmol CO, nfz.é;l) declined
dramatically (to 19 umol CO, m 2.s™! after 9 h). In this experiment,
carbohydrates accumulated to very high levels (total 582 mmol C.m 2 =
sucrose 398 mmol C.m™ 2 + free glucose and fructose 51 mmol C.m 2 +
starch 133 mmol C.m 2).

The rate of decline of photosynthesis with time in a wheat leaf
was apparently increased by chilling the base of that leaf (Fig. 2.44).
This effect was more marked when the leaf had been pre-illuminated for
several hours at high CO, concentration. Thg chilling treatment of
the leaf base did not initially affect the value of P> indicating
that A and g, were declining in parallel. However, in the experiments
perforﬁed at high CO,, 8 declined relatively more rapidly about 1.5 h
after the start of the chilling treatment, and therefore Py values
decreased (Fig. 2.4A). When the chilling treatment was halted, neither
A nor 8 showed signs of recovery,’at least within the first hour
(Fig. 2.4A). Very high carbohydrate levels were measured in these
leaves at the end of the experiments, ranging from 400 to 600 mmol C.
m 2. When the leaf base was chilled without a pre-illumination period,
A also declined with time (Fig. 2.4B). Assimilation declined more
rapidly with time at high CO, pressures, and 19 and gS showed similar
patterns to those observed in the previous experiment. The CO,

compensation point and the rate of dark CO, efflux increased
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Fig. 2.4: Effect of chilling the base of a wheat leaf on the rate of

net CO, assimilation and P; in the rest of that leaf. The
chilling treatment was applied (as indicated by the arrows)
either after 4 h of photosynthesis (A) or at the beginning
of the photosynthetic period (B). These experiments were
performed either at high (@) or ambient (0) CO,
concentrations. Typical experiments at each CO,
concentration aré shown. For further details see Section

2.2.5.
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Table 2.2

Effect of chilling the base of wheat leaves for 5 h in the light
on the CO, compensation point (I') and dark CO, efflux (Rn). The
experimental conditions are described in Section 2.2.5. The values

shown are means *S.E. of four experiments.

r R

ubar CO, pmol CO, m~2,s™!
At the end of the night 34.5%0.5 0.64 £0.01

After a chilling period + +
of 5 h in the light . 42 %15 1.10-£0.02

considerably after the chilling period (Table 2.2). These responses
were consistent with an increase in the rate of CO, efflux by

respiration in the light, as discussed in depth in Chapter 4.

2.3.2 Changes in the Properties of
Photosynthesis Throughout the Day

The light dependence of photosynthesis was also affected by a
period of light. The initial slope of the curve of A versus incident
quantum flux (the apparent quantum yield) was significantly lower
after a 4 h period of photosynthesis at ambient CO, levels (Fig. 2.5).
This pattern was observed at 20 °C but not at 30 °C. The light-~
dependence of stomatal conductance was not affected by this treatment
at either 20 or 30 °C (not shown). Similar reductions in the quantum
yield were obtained by increasing CO, pressures to about double
ambient levels (Fig. 2.6), even at 30 °C. 1In this latter case the
quantum yield varied from 0.075 to 0.062 mol COZ.Einstein_l after 4 h
in the light. Stomatal conductance declined after a high CO, treat-

ment but P; levels were not significantly decreased: they ranged from
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Fig. 2.5:

Light response curves of net CO, assimilation in wheat
leaves determined before (closed symbols) and after (open
symbols) a period of photosynthesis of 4 h. External CO,
partial pressures were 320-330 pbar. Two typical
experiments performed at two temperatures are shown. The
apparent quantum yield values (which were calculated

At 20 °c:
0.064 (before;®) and 0.051 (after;0) mol COz.Einstein_l.
At 30 °C: 0.047 (before;a) and 0.046 (after;a) mol CO,.
Einstein™'.

2.2.3.

without the rate of dark CO, efflux) were:

For further experimental details see Section
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Effect of a period of photosynthesis of 4 h at 640 pbar COZ
on the light response curve of net CO, assimilation in
wheat leaves. Temperature was 20 °C. For further details,

see legend of Fig. 2.5. A typical experiment is shown.
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610 to 620 ubar during the determination of the first curve of A vs
quantum flux, and from 575 to 610 pybar during the determination of the
second curve.

The increase in the rate of respiration obsgrved after a period
of photosynthesis (see Figs. 2.5 and 2.6) appears to be insufficient
to account for the differences in A observed. Changeé in the light
transmission properties of the leaf during the day, whiéh.were studied
by placing a silicon cell under the leaf, did not occur at any of the
temperatures examined (20, 25 and 30 °C). Transmitted light in these
leaves was only 6-7% of total incident light. Leaf absorbance could
not be measured in the same conditions as the experiments were
performed, but it is unlikely that changes in absorbance were large
enough to account.for the large variations observed in the apparent
quantum yield. Once again, it is probable that the carbohydrate
status is involved in these responses.

The CO, response curve of photosynthesis in flag wheat leaves was
affected in a gomplex way after a 5 h period of photosynthesis at high
CO, concentrations: the upper part of the curve of A vs Py decreased
substantially but the initial slope (up to about 150 pbar CO,) was
unaffected (Fig. 2.7A). However, the initial part of this curve was
slightly displaced towards higher Py values, presumably due to an
increase in respiration (see Chapter 4), resulting in an increase in
the CO, compénsation point (Fig. 2.7A). The upper part of the curve
of A vs P; almost recovered to the level observed at the beginning of
the day after a period of 3 h in darkness (Fig. 2.7A). 1In contrast,
the curve of A vs p; was not affected at all after a 5 h period of
photosynthesis at CO, pressures near the compensation point (Fig.

2.7B). These results suggest that photoinhibition and photoperiodical
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Fig. 2.7: Effect of a period of photosynthesis on the curve of A
versus p, in flag wheat leaves. See 2.2.4 for experimental
details. (A): the curve A versus p; was determined at the
beginning of the light period (e), after 5 h in the light
at 800 pbar CO, (0), and after é further 3 h in the dark
(a). (B): the curve of A versus p; was determined at the
beginning of the light period (®) and after 5 h in the
light at 50-60 ubar CO, (0). Two typical experiments are
shown. The arrows indicate the direction in which the Py

level was changed (i.e. increased or decreased).
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effects cannot be responsible for the decline in A, since light
intensity and timing were the same in both cases.

Stomatal conductance to wéter vapour (gs) wés rather insensitive
to P; changes at the beginning of the light perigd, but it decreased
and showed sensitivity to P; after a high CO, light period (Fig. 2.84).
In contrast, the stomatal responses to p, were not affected by a
period of photosynthesis at low CO, pressures (Fig. 2.8ﬁ); Leaf
carbohydrate levels were measured after the determinations of the
curves of A vs Py (see Section 2.2.4). Carbohydrate levels were much
higher after a period of photosynthesis at high C02 pressures than at
low CO, pressures, and they decreased considerably after a dark period
(Table 2.3). |

The 0, sensitivity of CO, fixation (the Warburg effect) in wheat
leaves also declined following an extended period of photosynthesis
(Eig. 2.9).- The reduction in the 0, sensitivity of photosynthesis was

less in leaves with lower photosynthetic rates (Table 2.4).

2.4 DISCUSSION

Several physiologiéal processes were affected in wheat leaves when
carbohydrate accumulated.during short periods of photosynthesis, viz.,
net CO, assimilatioﬁ (A) and stomatal conductance (gs) significantly
declined, while CO, efflux by respiration increased. The relationéhip
between carbohydrate levels and respiration in the dark and in the
light>is analysed in detail in Chapters 3, 4 and 5.

A similar decline in A has'been observed in leaves of many
species: soybean (Upmeyer and Koller, 1973; Bhagsari et al., 1977;
but see Potter and Breen, 1980), alfalfa (Chattertom, 1973), cucumber

(Hopkinson, 1964; Challa, 1976), Mimulus (Milner and Hiesey, 1964),
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2.8: Effect of a period of photosynthesis on the sensitivity of

stomata to CO, in flag wheat leaves. The symbols and

experimental conditions are the same as in Fig. 2.7. The
horizontal arrows on the curves indicate the direction in
which measurements proceeded. The asterisks indicate the

first measurement in each curve. 1In two of these curves,

“the first measurement was made at ambient CO, levels and

the next one was made at high CO, levels (see the curve
symbolized by the triangles in A, and the curve symbolized

by the closed circles in B).
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Time—course of the O, Sénsitivity of photosynthesis in
wheat leaves. The rate of net CO, assimilation (A) was
normally measured at 217 0,, but measurements of A at 2% O,
were intercalated approximately every 1.5 h. The arrows
indicate transfer to 2% 0, or 21% 0,, and the dotted lines
represent the periods at 27 O, during which measurements
were not taken. External CO, pressure was 330 pbar and

temperature was 21 °C. A typical experiment is shown.
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Table 2.4

Effect of decreasing 0, concentration from 21 to 27 on the rate -
of net CO, assimilation (A) at different times during the light period.

Temperature was 21 °C. TFor other details see legend to Fig. 2.9.

Time in the light, Hours

Experiment 1% -2 4-5
Asy A, Increase Asq Az_ Increase
umol CO, m2.s"t % umol CO, m 2.5} %
1 19.3  25.2 31 18.8 21 12
2 21.9 29.0 32 19.9 21 6
3 12.5 19.2 54 13:5 18 33

Panicum virgatum (Ku et al., 1978), Populus tremuloides (Bate and
Canvin, 1971), Digitaria decumbens (Chatterton et al., 1972), etc.
However, A remained more or less constant during the normal light
period in leaves of beans (Geiger, 1976) andbsunflower (Bate and
Canvin, 1971; Potter and Breen,‘1980).

Cooling a short portion of the translocation path to near O °C
produces in most cases a severe inhibitory effect on the rate of sugar
‘export, at least for a few hours (Wardlaw, 1968; Geiger and Sovonik,
1975). 1Im this‘case carbohydrate will accumulate more rapidly in the
leaf. The use of this technique for studying variations in A has
provided contradictory results (sée—Neales and Incoll, 1968, for a
review). Coulson et al. (1972) observéd.that A declined about 1.7%
per hour after cooling a 4 cm zone of the petiole of a sugat beet leaf
to 0.7-2.5 °C.. Geiger (1976) chilled the primary leaf petiole and
node of a bean plant but no effect on the rate of photosynthesis of

that leaf was observed. In both cases the rate of translocation was
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reduced. However, A was low in these studies (about 11 and 2 umol
COz.m_z.s_l, respectively) and a large carbohydrate build-up is not
expected under these conditions.

My results are consistent with the occurrence of end product
inhibition of photosynthesis in wheat leaves, as suggested by Birecka
and Dakié-Wlodkowska (1963)Aand Kiﬁg et al. (1967), since A declined
more rapidly under conditions favouring large carbohydrété build-up
(e.g. high CO, and low O, pressures in thé air, lower translocation
rates) and the increase in respiration was not large enough to account
for this decline. On the other hand, A substantially recovered after
a short period of darkness in which carbohydrates were significantly
removed from the leaf. Factors such as stomatal closure, photo-
inhibition and timing effects were not significantly involved in the
diurnal changes in A.

The mechanism of this inhibition is mot clear but it is
correlated with accumulation of soluble carbohydrates. Starch is a
relatively small carbohydrate fraction in wheat leaves. This
mechanism may differ from that occurring in species accumulating
mainly starch (Guinn and Mauney, 1980; Herold, 1980). The possible
effects of fructosans have nof been investigated here. According to
recent photosynthetic models (Farquhar et al., 1980; Farquhar and von
Caemmerer, 1982), photosynthesis can be divided into a ribulose-1,5-
bisphosphate (RuBP)-limited region and a RuBP-saturated region. RuBP-
limited photosynthesis occurs when the concentration of RuBP falls
below the concentration of RuBP binding sites of the enzyme RuBP
carboxylase-oxygenase (Rubisco). Such conditions occur at high Py
where carboxylation capacity exceeds the RuBP regeneration capacity of

the electron transport system. Conversely, when Py is low and the
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capacity to regenerate RuBP exceeds carboxylation and oxygenation
demands, RuBP will increase above the Rubisco site concentration and
be saturating. Considerable ekperimental evidenée supports this model
(von Caemmerer and Farquhar, 1981; Farquhar and Sharkey, 1982; Badger
et al., 1983). Badger et ql. (1983) have measured levels of photo-
synthetic intermediates in rapidly killed bean leaves‘and have
observed that the levels of these intermediates are in ég%eement with
the predictions of Farquhar et gl. (1980). They have conclusively
shown that the concentration of RuBP is saturating for photosynthesis
at low CO, pressures and limiting at high CO, pressures.

My results suggest that carbohydrate accumulation in wheat leaves
is associated with a reduction in the RuBP regeneration capacity, but
does not affect the RuBP carboxylation (and .oxygenation) capacity of
the leaves (Fig. 2.7). The decline in the apparent quantum yield when
carbohydrate accumulate (Figs. 2.5 and 2.6) is consistent with the
reduction in RuBP regeneration capacity. It.has been suggested that
soluble sugar accumulation méy reduce the rate of RuBP regeneration by
decreasing available stromal inorganic phosphate, Pi (Herold, 1980;
see Section 1.2.2). Very low Pi levels inside the chloroplast can
restrict the rates of photophosphorylation and eleétron transport,
probably via a decreased ATP/ADP ratio (Robinson and Walker, 1981).
The use of‘mannose, which sequestrates Pi in isolated chloroplasts and
in intact leaf tissues, produces a decline in A which is consistent
with this hypothesis (Herold, 1980; Robinson and Walker, 1981).

The faster decline in A in conditions where photorespiration is
suppressed, i.e. high CO, and low O, pressures (see also Milner and
Hiesey, 1964) and the reduction in the magnitude of the Warburg effect

when carbohydrate accumulated (Fig. 2.9) or when leaf discs were fed
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with mannose (Harris et al., 1981), are likely to reflect the
limitation of photosynthesis by Pi availability. Carboxylation of
RuBP results in a consumption of Pi (which is 1afer released when
starch or sucrose is synthesized), but oxygenation does not result in
Pi consumption (Usuda and Edwards, 1982). An increase in the
carboxylation rate relative to the oxygenation rate pfoduces a rise in
the level of phosphorylated compounds (Badger et al., 1583), leading
to lower stromal Pi concentration which in turn may result in

reduction of the RuBP regeneration capacity, and therefore of the

’

photosynthetic rate.

Carbohydrate accumulation also affected stomatal conductance, 8>
in wheat leaves, especially at high CO, pressures. Stomatal
conductance initially declined with time more or less in parallel with
A, so the intercellular partial pressure of CO,, P> remained
constant; however, this proportionality was lost when carbohydrate
accumulation was very large (Fig.. 2.4, Table 2.1). The decline in A
was not always associated with tha; of 8> especially when the CO,
pressure in the air was kept at ambient levels (Fig. 2.1), suggesting
that the decline in A preceded that of 8- Stomatal conducténce also
decreased with time of the day in leaves of unaltered plants of
soybean (Upmeyer and Koller, 1973) and Panicum virgatum (Ku et al.,
1978), but in both cases the decline in A also seemed to occur
earlier. Plants with altered source-sink relations also show
accumulation of carbohydrate in the leaves and a decrease in 8>
although the interpretation of this correlation is complicated by the
possible variations induced by the artificial manipulations, e.g.
depodding, girdling the petiole (Setter et al., 1980).

The increase in the carbohydrate content in wheat leaves not only
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decreased 8 but also sensitized stomata to CO,. "It is interesting
that this phenomenon has also been observed under several stresses,
e.g. water stress (Xanthium strumarium, Raschke,. 1975; Phaseolus
vulgaris, von Caemmerer, 1981), chilling (Xanthiym strumarium, Drake
and Raschke, 1974; Raschke et al., 1976) and salinity (mangroves,
Ball, 1981). Stomata was more sensitive to CO, in thé presence of
externally applied abscisic acid (ABA) (several species,AR;schke, 1975;
Dubbe et al., 1978). Interestingly, these authors also observed
reductions in the RuBP regeneration capacity of the leaf. Since leaf
ABA levels increase in response to water stress, éhilling and salinity
(Raschke et al., 1976; Itai and Benzioni, 1976; Walton, 1980), it is
easy to explain why stomata are more sensitive to ‘CO, under the
mentioned stresses. As far as I am aware, the effects of carbohydrate
status on ABA levels are not known. When translocation from soybean
leaves is reduced by girdling the petiole or depodding, leaf carbo-
hydrate and free ABA levels increased (Setter et al., 1980). This
correlation is interesting but may be casual since as the authors
argue, the translocation-obstructing treatments may have produced an
accumulation of ABA if the synthesis of this compound remains
unaltered. Setter et al. (1980) do .not support the view that increase
in ABA levels are related to carbohydrate accumulation, although the
experimental evidence they provide is inconclusive in my opinion.
More experiments are needed in the absence of alferations in the
source~sink relations.

Other explanations for the effect of carbohydrate build-up on g
may be possible. The initially parallel declines on A and 8> due to
carbohydrate accumulation, which has been observed in many other

situations (Wong et al., 1979) may suggest that stomata respond
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directly to the photosynthetic activity (i.e. accumulation of photo-
synthetic metabolites, perhaps sugars). In this sense, it has been
shown that a variety of compounds (including sugérs) can be
transported from the mesophyll cells to the epidermal cells (Dittrich
and Raschke, 1977; Thorpe, 1980). Osmotical effects caused by sugar

increases may also affect stomatal aperture (Raschke, 1970).

In summary, decline in A and 8 in wheat leaves under constant
environmental conditions appears to be associated with an increase in
the leaf carbohydrate level. My results are consistent with a
decrease in stromal phosphate availability being responsible for the
decline in A. The mechanism(s) for the decline in gs are even more
speculative at this stage although they might involve signals from the
mesophyll cells to the stomata (e.g. movements of ABA, sugars, etc.).

Information about the intracellular and intercellular
distribution of sugars and phosphafe, and about hormonal changes (e.g.
ABA, cytokininsg) produced by carbohydrate accumulation is necessary to
determine the nature of the complek relationships between carbohydrate

build-up and photosynthesis and stomatal responses.
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CHAPTER 3

THE EFFECT OF CARBOHYDRATE STATUS AND TEMPERATURE ON
THE RATE OF DARK CO, EFFLUX IN WHEAT LEAVES

3.1 INTRODUCTION

The rate of CO, efflux by respiration from single leaves and
whole plants in the dark is linearly related to tﬁe rate of previous
photosynthesis when the latter is varied by changing the light level
or CO, concentration (McCree, 1970, 1974; Ludwig €t al., 1975; Challa,
1976). McCree (1970) fitted an empirical equation in which the rate
of dark CO, efflux is proportional to photosynthesis and dry weight of
living material on the plant. This information served to develop the
theoretical concepts of growth and maintenance respiration (Penning de
Vries, 1972; Penning de Vries et dl., 1974; Thornley, 1977). Both of
these components of respiration are thought to involve, principally,
carbohydrate oxidation through glycolysis, the pentose phosphate path-~
way, and the tricarboxylic acid (TCA) cycle. Growth respiration
appears to be less sensitive to temperature than maintenance
respiration (McCree, 1974; Ryle et al., 1976; Breeze and Elston, 1978).
Explanations of the complex interaction between photosynthesis,
temperature and dark respiration are uncertain, although it is
probable that the interaction may be mediated by the carbohydrate
level (Alberda, 1968; Challa, 1976; Breeze and Elston, 1978).

The experiments described in this chapter investigate the

relationship between photosynthesis, its products (particularly
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carbohydrates), temperature, and CO, efflux by respiration in the dark

in mature wheat leaves.

3.2‘MATERIALS AND METHODS
3.2.1 General Experimental Conditibns

Mature leaves from wheat plants grown in the conditions described
in Section 2.2.1 were used. The open gas exchange systeﬁ.used in the
experiments reported in this chapter has been described +in Appendix I.
Several carbohydrate fractions . (free glucose plus fructose, sucrose

and starch) were measured as described in Section "2.2.6.

3.2.2 Effect of a Period of Photbsynthesis
on the Rate of CO, Efflux in the Dark

A pair of mature wheat leaves from the same plant was enclosed in
the photosynthetic chamber and the rate of dark CO, efflux in ambient
air was monitored for 2 h at”the énd ofwthe nighfband éfter‘a period
of photosynthesis of 6.25 h at ambient CO, and 0, levels. Leaf
temperatures were 13.5, 20, 24, 27, and 30 °C in darkness. Leaf
temperatures during the light period were 2-4 °C higher than in the
dark period. This experiment was repeated three times at every leaf
temperature, using a.different plant each time.

In a similar experiment, the rate of dark CO, efflux was
monitored for 1 h at the end of the night and after a period of photo-
synthesis of 6.25 h during which the oxygen content of the air in the
last 20 min was 37%. 1In this experiment temperature was kept constant
iﬁ the light and in the dark. In the experimenfs performed at 30 °C,
the 0, concentration in the dark period was 21 or 3%. Three
replicates were done at every O, concentration in the dark, but no

difference was found in the time course of dark CO, efflux after the
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light period, and the data were mixed. This experiment was also
performed at 20 °C in leaves selected from six plants, but the O,

concentration in the dark period was 217.

3.2.3 Relationship Between Dark CO, Efflux
and Leaf Carbohydrate Status

Mature wheat leaves were allowed to photosynthesize for variable
periods of time up to 7 h, at ambient and high (800 ubar) external CO,
partial pressures; the rate of dark CO, efflux was then'measured
30 min after the termination of the photosynthetic period. Leaves
were immediately killed in liquid nitrogen and stored frozen for
carbohydrate determination. Leaf temperature was 21 °C in darkness

and 23.5 °C in the light.

3.2.4 Study of the Temperature Dependgnce of Dark CO, Efflux

The rate of dark CO2 efflux of mature Wheét.leaveé seléétéd at
the end of the night was measured at different temperatures up to
40 °C. The first measurement was made at 11 °C. Other leaves were
allowed to photosynthesize for 6.25 h at 22 °C, at ambient CO, and O,
levels. Then dark CO, efflux was measured at 20 °C,30 min after the
light was switched off; leaf temperature was increased iﬁ steps to

42 °Cin some experiments, or decreased to 8 °Cin other experiments.

3.3 RESULTS
3.3.1 Properties of Dark CO, Efflux

7 Dark CO, efflux measured after a period of photosynthesis was
much higher than at the end of the preceding night period (Figure 3.1).
The curves representing the time-course of dark CO, efflux (see also

Figure 3.2) are averages of three or six individual curves. The
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Time-course of dark CO, efflux of mature wheat leaves
after a period of photosyntﬁesis of 6.25 h at ambient CO,
and 0, levels (solid lines). The dashed lines correspond
to the rate of dark CO, efflux at the end of the
preceding night period. See Section 3.2.2 for other

experimental details.
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statistical variation of the data was very small and it is not shown.
The standard errors were less than 57 of the absolute vaiues and
ranged between 0.0l and 0.08 umol CO,.m 2.s ', the lower values being
more common especially at lower temperatures. This increase occurred
at all temperatures studied. However, the increése in total dark CO,
efflux due to the effect of photosynthetic activity was relatively
higher at lower temperatures (e.g. 20°C). At higher teﬁpératures
(e.g. 30°C) the rate of dark CO, efflux returned to the ‘level at the
end of the night within 2 h. At lower temperatures it took longer
(e.g. 5 h at 20 °C). That is, the effect of the pliotosynthetic
activity on dark CO, efflux was more accentuated and lasted longer at
lower temperatures.

It was commonly found especially at high temperatures (e.g. 30°C)
that the rate of dark CO, efflux was higher in the first 30 min after
illumination and did not attain a steady slow rate of change until
after about 60 min of darkness. When the Oz.concentration of the
atmosphere was lowered from 217% to 3% during the last 20 min of the
light period and the rate of dark 602 efflux measured at 30 °C in
either 21 or 3% 0,, a different pattern was obtained (Figure 3.2).
The rate of dark CO, efflux was lower within 30 min after darkening
and attained a slow rate of change after about 10 min of darkness.
Similar results were obtained at 20°C except that the rate of dark Co,
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