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ABSTRACT

Metabolic readjustments after a change from long days to
short days appear, in Kalanchoe blossfeldiana, to be achieved
through the operation of two main mechanisms: variation in
enzyme capacity, and circadian rhythmicity. After a lag time,
capacity in phosphoenolpyruvate carboxylase and capacity in
aspartate aminotransferase increase exponentially and appear
to be allometrically linked during 50 to 60 short days; then a
sudden fall takes place in the activity of the former. Malic en-
zyme and alanine aminotransferase behave differently. Thus,
the operation of the two sections of the pathway (before and
after the malate step) give rise to a continuously changing
functional compartmentation in the pathway. Circadian rhyth-
micity, on the other hand, produces time compartmentation
through phase shifts and variation in amplitude, independently
for each enzyme. These characteristics suggest that the opera-
tion of a so-called biological clock would be involved. We pro-
pose the hypothesis that feedback regulation would be more
accurate and efficient when applied to an already oscillating,
clock-controlled enzyme system.

Most of the external climatic factors controlling physiological
functions act as periodic signals, mainly linked directly or in-
directly to the light-dark cycles. Such signals mark strongly the
time structure of the organism and they can be expected to have
a highly efficient and versatile action on physiological coordina-
tion.

In recent years a number of papers have dealt with phyto-
chrome control of enzyme activity (23), but the connection
between these results and photoperiodic normal life conditions
is rarely discussed. A recent paper (2) has shown that the first
steps of the control by photoperiodism of a morphogenetic
process (flowering) and of a metabolic pathway (CAM)' could
be achieved through similar mechanisms.

CAM appears as a very convenient system for studying the
laws of metabolic readjustments to alterations in environ-

! Abbreviations: CAM: Crassulacean acid metabolism; PEPC:
P-enolpyruvate carboxylase EC 4.1.1.31: MDH: malate dehydro-
genase EC 1.1.1.37; ME: malic enzyme EC 1.1.1.40; AAT: as-
partate aminotransferase EC 2.5.1.1; AlaAT: alanine aminotrans-
ferase EC 2.6.1.2; PEP: P-enolpyruvate.

mental conditions. The classic definition of this pathway de-
scribes it as a circadian periodical process of CO. exchange,
according to the reactions:
PEP + CO, —PEPC | oxaloacetate
oxaloacetate + NADH _MPH | malate + NAD

malate + NADP _ME

)
f (in dark)
(2)

> pyruvate + CO,
+ NADPH (in light)

As oxaloacetate does not accumulate, reactions (1) and (2)
should be considered as one single functional unit in which
flow is determined by reaction (1) (15, 25, 27). The oscillatory
behavior of CO; fixation and of malate content in Crassulacean
leaves is well known. Recently, Queiroz (15, 16) and Mukerji
(10) have reported circadian oscillation in P-enolpyruvate
carboxylase and malic enzyme activities in different succulents.
The control of CAM by photoperiodism had been first demon-
strated by Gregory et al. (4) by CO, exchange measurements.
Malate content (13, 14) and enzyme activity (15, 16) were
studied later under combined different photoperiodic and
thermoperiodic conditions. More recent results (8) established
that the oscillatory behavior is extended to alanine and
aspartate aminotransferases connected with the pathway. This
supports earlier work showing that malate and aspartate are the
fastest labeled products of *CO, fixation by Crassulacean plants
in darkness (3, 5, 22) and that alanine is also a major product
of the pathway (3, 9, 26).

From the available data on CAM, it can be emphasized
that: (a) the physiological significance of the pathway could
be the obtention, mainly during the day, of massive amounts
of chemical species from inputs available mainly during the
night: the physiological roles of the over-all reactions NADH
(night) > NADPH (day) and fixed CO. (night) - produced
CO. (day) would deserve further research in a broad context in-
cluding climatic changes; (b) photoperiodism controls the
operation of CAM; (c) thermoperiodism and photoperiodism
modulate quantitative time characteristics of CAM through
iterative action.

This paper shows that photoperiodism would act on the
whole CAM pathway through both a circadian control and a
cumulative (seasonal) control. The connections between rhyth-
mic behavior and quantitative readjustments as a response to
changes in external photoperiodic conditions are discussed.

MATERIALS AND METHODS

Plant Material and Photoperiodic Treatment. Kalanchoe
blossfeldiana ¢v. Tom Thumb was grown from cuttings from
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a strain cultivated in the phytotron of Gif-sur-Yvette under
noninductive long days of 16 hr. This strain proved to be
stable for the past 10 years regarding flowering and CAM
behavior. Plants were illuminated by combined incandescent
and fluorescent light (Lumiére du Jour de Luxe, 125 w),
100,000 ergs cm™ sec™. After 2 months, the plants were trans-
ferred into inductive short day conditions (9 hr day) or into
noninductive control conditions (9 hr day followed by inter-
ruption of the dark period with a single exposure to 250 ergs
cm™ sec™ red light from Philips 40 w TL15 tubes). The effec-
tiveness of the red light treatment on phytochrome has been
proved by reversion with far red radiation. In all cases, tem-
perature was 27 C during the day and 17 C during the night.
This thermoperiod has proved to be the most convenient for
development of these plants (13, 14).

Preparation of Enzyme Extracts and Measurements of En-
zyme Capacity. For the purpose of this study (comparison be-
tween the activities of different steps of a pathway and their vari-
ation in time), changes in maximum enzyme activity present
in total extracts (referred to as enzyme capacity) will be con-
sidered as affording an evaluation of the changes in enzyme
potentiality of the tissues (21, 24). The utilization of total ex-
tracts for the measurement of enzyme activity presents the
problem of possible artifacts due to variation in cellular com-
ponents coming into contact with the enzymes during the ex-
traction. The presence of phenolic compounds and of high
amounts of acid in Crassulacean leaves presents well known
difficulties for obtaining extracts suitable for enzymic studies.
To prevent enzyme inactivation by phenolics, polyethylene
glycol (mol wt 20,000) has been utilized according to the re-
sults of preceding studies dealing more specifically with this
azpect of the problem (2). Malate content in the leaves of these
plants is known to undergo large daily variations and, as the
present results show, much larger seasonal variations accord-
ing to the prevailing photoperiod. Composition of the extraction
medium has been adjusted in order to cover buffering re-
quirements determined from preliminary measurements of
maximum acidity attained during the experiment. It is known
that malate inhibits P-enolpyruvate carboxylase from these
plants (15, 16). The possibility that the variation in malate
content could introduce artifacts in the variations of the en-
zymic activity measured in the extracts has been considered and
dismissed by the experimental results (see “Results” and Figs.
2, 4, and 5).

Extraction Media. In this material, young leaves are more
sensitive to changes in photoperiodic conditions. Samples of
young leaves (second pair from the apex) were taken accord-
ing to strictly standardized criteria, and rapidly and thoroughly
ground at 4 C in 0.2 M tris-HCI buffer, pH 7.4, with 3.5 mMm
MgCl. and polyethylene glycol (mol wt 20,000) 1% w/w of
leaf fresh weight to prevent enzyme inactivation by phenolic
compounds. The homogenate was subjected to successive
centrifugations until all enzyme activity was extracted from the
pellets.

Measurements of Enzyme Activity. The composition of the
reaction media is checked throughout the successive stages of
the experiment for maximum enzyme activity. measured
spectrophotometrically by linear changes in absorbance at 30
C in 0.2 M tris-HCI buffer. Measurements were made at 340
nm, except for aspartate aminotransferase (280 nm). (a) P-
enolpyruvate carboxylase: enzyme activity was coupled with
reduction of the produced oxaloacetate by the endogenous
malate dehydrogenase. The assay contained. in 3 ml, 10 xmoles
MgCl., 5 pmoles NaF, 7 to 20 umoles P-enolpyruvate, 0.36
umole NADH, and enzyme extract corresponding to 0.10 to
0.25 mg dry weight of leaves. (b) Malic dehydrogenase: this
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was assayed in a final volume of 3 ml containing 5 pmoles
MgCl,, 3 to 6 pmoles oxaloacetate, 0.36 pmole NADH, and
enzyme extract corresponding to 0.005 to 0.03 mg dry weight
of leaves. (¢) Malic enzyme: the assay contained, in 3 ml, 10
pmoles MgCl,, 20 to 80 pmoles of malate, 0.36 umole of
NADP, and extract corresponding to 0.20 to 0.50 mg dry
weight of leaves. (d) Alanine aminotransferase: this was mea-
sured by coupling with glutamate dehydrogenase. In 3 ml
there were 45 umoles ammonium acetate, 0.3 umole of NADH,
50 to 100 umoles of pyruvate, 15 to 50 umoles of glutamate,
2.4 units of glutamate dehydrogenase, and extract correspond-
ing to 0.10 to 0.50 mg dry weight of material. (e) Aspartate
aminotransferase: in 3 ml there were 3 to 9 umoles of oxalo-
acetate, 20 to 70 umoles of glutamate, and extract correspond-
ing to 0.10 to 0.50 mg dry weight of leaves. The amount of
oxaloacetate must be carefully controlled according to the
amount of enzyme present in extracts, to avoid inhibition by
excess substrate (8). The concentration of pyridoxal phosphate
in the extracts is sufficient for the reaction. (f) Chemicals: these
were obtained from Calbiochem or Sigma, except polyethylene
glycol (mol wt 20,000) which was purchased from Touzart et
Matignon, Paris.

Enzyme activity has been expressed on a dry weight basis
as it was shown that under short day treatment the dry weight
of leaves, sampled according to strict morphological criteria,
changes slowly and linearly with time during the experiment.

Measurements of Malate and **C-Malate. Total content of
malate in the leaves was measured titrimetrically after silica
gel column chromatography, as previously described (13).
Incorporation of **CO, was carried on by leaves in situ: cham-
bers of convenient volume, relative to the volume of the
leaves, were sealed around the stem supporting the leaves.
These double wall chambers in Plexiglas can be illuminated by
light comparable to that received under growth conditions in
the phytotron and were maintained under +=0.5 C controlled
temperature by circulating water inside the double wall. Air
with constant composition (300 ul/1 CO.) was passed through
the chamber at a convenient constant flow; the air leaving the
chamber passed through an infrared CO, analyzer ONERA 80
thus providing eventual control of the leaves’ behavior (4, 13,
17). During the labeling experiment (5 min) the chamber was
momentarily isolated from the circuit and *CO, was released
from “C-NaHCO, (58-60 mc/mmole, Commissariat a L’En-
ergie Atomique, Saclay, France) injected into lactic acid. The
CO,; content in the chamber did not change significantly during
the 5-min experiment. The leaves were then removed and thor-
oughly extracted (13); organic acids were separated by column
chromatography (13), and radioactivity was measured by liquid
scintillation counting. Labeling in malate was expressed as cpm
fixed per mmole in 5 min.

RESULTS

Control of CAM by Photoperiodism. Data on CO, ex-
changes, obtained by infrared gas analyzer (4. 13), or by label-
ing malate from *CO. (22), as well as from data on total malate
variations in the leaves (13, 14), show that plants grown in long
days have a very low CAM activity. This activity is localized
in the older (more than 3 months) slightly succulent leaves. In
contrast, young leaves are thin in long days and display no
apparent CAM activity.

During short days, strong CAM activity is present in all
leaves, which are then very succulent even while they are
young. Hence young leaves appear to be a very suitable
material for the study of the induction and development of
CAM according to changes in photoperiodic conditions.
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It is an important feature that plants kept under short days
but with interruption of the nights by a flash of red light, dis-
play strict nonCAM behavior. This “long day effect” of red
light can be reversed by far red radiation: CAM appears as a
typical phytochrome-dependent process (4, 13, 18).

Results of two aspects of the effect of photoperiodism on
CAM will be considered: the day-night oscillation, which is a
more complex mechanism than is usually assumed, and the
cumulative effect of short days on plants previously grown
under long days.

Variation in Malate Content. The typical day-night meta-
bolic pattern for reactions 1, 2 and 3 in short days is illustrated
by data in Figure 1. Variation in the amount of malate con-
forms with the recordings obtained by infrared CO, analyzer
(4, 13, 17). There is a progressive increase in malate, corre-
sponding to increasing CO, uptake by the leaves during the first
few hours of the night; after about 6 hr of darkness, CO, up-
take decreases and the rate of malate accumulation slows down.
Part of the accumulated malate is decarboxylated during the
following day. In older leaves and under favorable temperature
conditions, a net CO, production by the leaves can be ob-
served during a period of time ranging from about 1 to a few
hours in the first part of the day, which corresponds to maxi-
mum speed of malate disappearance (see Fig. 1 in [13] and
Fig. 4in [17]).

Figure 2 shows the typical kinetics of the development of
CAM in the young leaves of plants transferred from long day
growing conditions into short day conditions. After a lag time
of about 7 short days (2, 8), there is an exponential increase
in malate content both at the end and at the beginning of the
dark period (9 aAM and 6 pMm). The difference between these
two curves corresponds to the day-night oscillation in malate
content. In this typical experiment, the amplitude increases
during the first 40 short days following the lag time, which
means that both dark synthesis and day utilization of the
malate increase with the number of short days. The former
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Fic. 1. Typical circadian oscillation in malate content compared
to *C-malate produced in **CO.-feeding experiments (5 min) and to
specific activity in malate. Measurements in young leaves after 30
short days, 27 C during the day, 17 C during the night, 75% hu-
midity.
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Fic. 2. Effect of short days on the variation in malate content
expressed in linear and log plots (inset). Measurements at the be-
ginning of the night (curve a) and at the end of the night (curve b).

increases faster, resulting in an over-all accumulation of malate.
After about 50 short days, the stimulatory effect of the photo-
period on the pathway seems to stop operating, and the amount
of malate decreases as a result of decrease in the activity of
synthesis (Fig. 2). It must be emphasized that no sharp change
appears in the steady, relatively slow linear increase of dry
weight per leaf during the whole experiment.

VARIATION IN ENZYME CAPACITY

Validity of the Measurements. Figure 3 shows day-night
oscillations in both P-enolpyruvate carboxylase and malic
enzyme capacities. The shape of these variations is consistent
with the curves for CO, exchanges (13, 17) and for oscillation
in malate content (Fig. 1), and with the results of *CO, fixation
into malate in vivo (Fig. 1 and ref. 6).

The question that arises at first concerns the validity of these
variations and the possibility that the measured enzymic daily
oscillation might bear no relationship to the physiological
situation but instead be an artifact resulting from the presence
of variable amounts of malate in the extracts, because it is
known that malate inhibits P-enolpyruvate carboxylase from
these plants (15). In order to check this possibility, extracts ob-
tained at 6 AM (highest malate content, relatively low enzyme
capacity apparent) were mixed in different proportions with
extracts obtained at 8 PM (lowest daily malate content, highest
enzyme capacity); Figure 4 shows that no inhibition of the
latter is observed even with high proportions of the 6 AM ex-
tract. The use of boiled 6 AM extracts leads to a similar result. It
must be emphasized that the leaves used are young leaves (less
than 400 mg fresh weight) containing relatively much lower
amounts of malate than the leaves usually used by other
authors in Crassulacean studies.

Moreover, we observed that when the plants were kept
under short days the amount of malate increased exponentially
in the leaves (Fig. 2); but Figure 5 shows that during the same
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F1G. 3. Typical circadian oscillation in enzyme capacity of P-
enolpyruvate carboxylase (PEPC) and malic enzyme (ME). The
plants have received 30 short days. Compare with Figure 1.
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FiG. 4. Mixing experiments combining in different proportions
extracts having high malate content and low PEPC activity (at 6
hr) with extracts having low malate content and high PEPC activity
(at 20 hr).

time the activity of P-enolpyruvate carboxylase in the extracts
also increased exponentially. If the decrease of P-enolpyruvate
carboxylase activity, measured during the second part of the
night (Fig. 3), was an artifact due to the malate present in the
extracts, then the exponential increase in malate with the num-
ber of short days would be expected to depress the measured
enzyme activity. The opposite is observed. Comparison of
Figures 2 and 5 shows that both the measured activity of the
enzyme and the amount of malate increase with the number of
short days and hence, the observed daily variations of enzyme
capacity in these leaves cannot be attributed to an artifact
produced by the daily variations in malate. Moreover, circadian
variations in the capacity of other enzymes connected to the
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pathway and not sensitive to malate (8) are observed, as pre-
sented in this paper.

It can be concluded that the observed enzyme oscillation is
functionally coherent with the in vivo production of malate,
concerning both the 24-hr cycle and the cumulative effect of
short days.

Variations in P-Enolpyruvate Carboxylase Activity. The
curves in Figure 5 show that the effect of short days was an
exponential increase of capacity followed, after about fifty
short days, by a sharp decrease. Comparison between extracts
obtained at 6 PM (curve a) and at 9 AM (curve b) shows that
there was a progressive change in amplitude of the day-night
oscillation. Also, it can be expected from the crossing over of
the two curves that the phase of the oscillation is not stable
and may shift strongly after the 50th short day.

These changes in phase and amplitude have been confirmed
by a systematic study of the variation in enzyme capacity
during 24-hr cycles as a function of increasing number of short
days (Fig. 6). During the first 60 cycles, daily maximums and
minimums increased progressively with the number of short
days, along with increases in amplitude and progressive phase
shifting. After about 60 short days, there was a jump in the
phase of the oscillation with sudden displacement of maximums
and minimums, together with a sharp fall in the value of the
maximum and in the amplitude of the oscillation. Experiments
of incorporation of *CO, into malate appear to confirm that
this phase shifting in enzyme capacity reflects in vivo changes.
Intact attached leaves were fed with *CO; at a fixed time of the
24-hr cycle (7 pm), at different stages of the short day treat-
ment. The rationale was that the shift in the peak of the en-
zymic oscillation implies changes of the values measured at a
fixed time of the day-night cycle; if a correlation can be found
between the in vivo CO, incorporation and these values, such
correlation would indirectly confirm that the shifting in phase
exists in vivo. Figure 7 shows that a good correlation actually
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Fic. 6. Progressive change in circadian variation in P-enolpyr-
uvate carboxylase with increasing number of short days. Oscilla-
tions during the 19th, 29th, 44th, 51st, 60th, 66th, and 74th short
days.

exists between the production of labeled malate in vivo and the
successive values of enzyme capacity measured in vitro at
the same time.

Other Enzymes of the Pathway. As malate dehydrogenase
capacity in these leaves is at any time up to several hundred
times higher than the capacity of the other CAM enzymes (16),
it appears that it will not be a control step of the metabolic
flow.

Variations in capacity of malic enzyme, aspartate amino-
transferase, and alanine aminotransferase afford data on the
operation of the other steps of the pathway under persisting
short day conditions. Data for the 29th, 51st, 60th and 66th
cycles are presented in Figure 8, compared with the corre-
sponding P-enolpyruvate carboxylase curves.

The general behavior of P-enolpyruvate carboxylase and
aspartate aminotransferase appears to be very similar: big
changes in capacity with the number of short days, circadian
oscillation, parallel phase shift (except for the jump after the
60th short day which appears to be a specific feature of P-
enolpyruvate carboxylase). Moreover, the increase in capacity
of both enzymes appears to be related by an allometric law
(Fig. 9), which is not the case between P-enolpyruvate car-
boxylase and the other two enzymes. Malic enzyme and
alanine aminotransferase display a behavior different from the
preceding pair of enzymes. This is emphasized by the over-all
variation in mean enzyme capacity as it can be easily ob-
served in Figure 8, and also by the curves plotting amplitude
of oscillation against mean enzyme capacity (Fig. 10).

An important observation is that short day treatment pro-
duces no changes in Km values for any of the CAM enzymes
measured after partial purification through Sephadex G25.
Attempts, either through starch gel electrophoresis or di-
ethylaminoethyl column separation, to find different isoenzymes
or selective changes in the isoenzyme pattern with short day
treatment has failed for the time being.

QUEIROZ AND MOREL
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DISCUSSION

Coordination in CAM Operation. A survey of the literature
shows that most results on characteristics and laws ruling CAM
have been obtained through samples taken without any con-
sideration of physiological timing or through short time ex-
periments, and generalized as if it was assumed that the
pathway displayed steady operation. As a matter of fact,
Figures 6 and 8 show that CAM is metabolically a very flex-
ible system, in which a steady state can hardly be defined.
Hence the knowledge of the relations between the com-
ponents of the system, and between the system and its environ-
ment requires long time experiments, performed under neces-
sarily highly standardized growing conditions and experimental
conditions, because metabolic balances can be expected to
depend closely on the preceding history of the plant.

The present paper shows that variations in malate content
in vivo and results of “CO, feeding experiments are in good
functional coherence with variations in enzyme capacity.
Therefore, variation in enzyme capacity appears to afford a
realistic timing evaluation of the changes in the enzymic
potentialities of the pathway.

The results suggest that the block of CAM enzymic machin-
ery must actually be split into two different parts, separated
by the malate step. There is a functional coherence of varia-
tion and phase in the response of P-enolpyruvate carboxylase
and aspartate aminotransferase that is lacking in the couple
malic enzyme-alanine aminotransferase (Figs. 8 and 9).

The oxaloacetate step is a case of a branch point at which
the enzymes starting the two branches have a higher capacity
than the enzyme producing their common substrate. Hence
P-enolpyruvate carboxylase appears to control the over-all
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FiG. 8. Patterns of enzyme oscillation during the 29th, 51st, 60th, and 66th short days. The continuous variation in compared capacity, phase,
and amplitude of oscillation produce, for the different enzymes, continuously changing ratios between activity during the night and activity
during the day. For P-enolpyruvate carboxylase compare with Figure 6. Note that during the first 50 short days the shift in phase is similar for
all the enzymes (about 0.3 hr/cycle), then the phase of malic enzyme starts shifting faster (0.7 hr/cycle). Later, a phase jump takes place in
the oscillation of P-enolpyruvate carboxylase (about 1 hr/cycle between the 60th and the 66th short days).
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flow, and this is confirmed by the absence of oxaloacetate
accumulation at any stage of the process. The amount of
produced malate and aspartate is at any time a function of the
actual activity of P-enolpyruvate carboxylase and also of the
competition between malate dehydrogenase and aspartate
aminotransferase for oxaloacetate, assuming that no physical
compartmentation or permeability barrier exists between the

site of both enzymes as suggested by all available data for

these

leaves.

It is remarkable that the increase in the capacities of P-
enolpyruvate carboxylase and aspartate aminotransferase ap-
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Fic. 10. Relationships between amplitude and mean value of
daily oscillations in enzyme capacity for the 18th, 29th, 44th, 51st,
60th, 66th, and 74th short days. Compare with Figures 6 and 8.



602

pear to be related by an allometric law (Fig. 9). This law is
considered to be an expression of optimality in correlated
changes displayed by linked components of a developing system
(19, 20). The present results show that alanine aminotransferase
and malic enzyme do not follow this law relative to P-enolpyru-
vate carboxylase, while recent data (12) show that P-glyceralde-
hyde dehydrogenase (NAD-linked) does follow it. A discussion
on the physiological meaning of these differences in behavior
must wait for further investigation on changes in other enzymes
directly or indirectly connected to CAM.

Mechanism of the Oscillations in CAM. The hypothesis
that the oscillation in CAM could result from the action of a
feedback control has been proposed (15, 16) on the basis of the
inhibition of P-enolpyruvate carboxylase by malate. It was
proposed that the oscillation in the activity of P-enolpyruvate
carboxylase in vivo could result from feedback inhibition by
the malate produced during the very active first part of the
dark period; during the following day malate depletion by malic
enzyme would decrease the amount of accumulated malate
and thus would restore the activity of P-enolpyruvate car-
boxylase. Recent results were reported (7) on Bryophyllum
tubiflorum, giving some support to this hypothesis: it was
estimated that even a small fraction of the accumulated malate,
if located in the cytoplasm, would bring the local concentra-
tion of inhibitor into the range of Ki for malate.

But some of the present results do not fit with the rather
simple feedback hypothesis: (a) the feedback mechanism can-
not by itself explain the fact that the period of oscillation is a
24-hr period, which is a fundamental characteristic of CAM;
the action of light could achieve this periodicity in different
ways (18) but such action had not been demonstrated as yet;
(b) the observed phase shifts of the oscillation (Fig. 6) cannot
be explained by a simple feedback effect; (c) similarly, this ef-
fect cannot account for the oscillations observed for the other
enzymes of the pathway (Fig. 8).

We conclude that if the feedback action of the malate is
effective in the leaves, it cannot account for all the charac-
teristics of the oscillation in CAM, and that other mechanisms
must be present. Most available data on CAM characteristics
clearly suggest the involvement of a so-called biological clock.
The operation of CAM is sensitive to photoperiod, which is
typical of biological clock-controlled events (1); moreover,
the rhythm of dark CO, fixation as well as the rhythm of CO,
output have the typical characteristics of the endogenous
circadian rhythms, in response to light and temperature stimuli
(11, 17, 30). The shape of P-enolpyruvate carboxylase varia-
tion (17) could be approached by Wever's equation for cir-
cadian rhythms in variables controlled by cumulative action of
an external factor (28, 29). It is remarkable that the oscilla-
tions in capacity of the four enzymes follow similar phase shift-
ing during about 50 short days (Fig. 8) as if they reflected the
action of a single basic oscillator.

CONCLUSION

There is, for the moment, no clear complete explanation for
the oscillatory characteristics of CAM. The induction and de-
velopment of CAM in the young leaves of Kalanchoe bloss-
feldiana suggest that any integrative model attempting to ex-
plain the control of a pathway by photoperiodism probably
includes: (a) an induction mechanism, as described (2), under
the control of the so-called biological clock; (b) the potentiality
for timing readjustments of metabolic flow through complex
circadian rhythmical mechanisms at enzyme level, involving
changes in V... The possibility that a feedback effect (such as
malate inhibition of P-enolpyruvate carboxylase) would be
more efficient if applied to an already oscillating (endogenous
rhythm) enzyme activity is under current investigation.

QUEIROZ AND MOREL

—

»

'S

o

©

10.

12,

13.

14.

15.

16.

17.

18.

19.
20.
21,

22,

24.

25.

26.

27.

28.

29.

30.

Plafit Physiol. Vol. 53, 1974

LITERATURE CITED

. AsCHOFF, J. 1965. The phase-angle difference in circadian periodicity. In: J.

Aschoff, ed., Circadian Clocks. North Holland, Amsterdam. pp. 262-276.

. BRULFERT, J., D. GUERRIER, AND O. QUEIROZ. 1973. Photoperiodism and en-

zyme activity : balance between inhibition and induction of the Crassulacean
acid metabolism. Plant Physiol. 51: 220-222.

. CHAMPIGNY, M. L. 1960. L’influence de la lumiére sur la genése des acides

aminés ‘dans les feuilles de Bryophyllum daigremontianum Berger. Rev.
Gen. Bot. 67: 65-216.

. GREGORY, F, G., I. SPEAR, AND K. V. THIMANN, 1954, The interrelation be-

- tween COz metabolism and photoperiodism in Kalanchoe. Plant Physiol.
29: 220-229.

. JOLCHINE, G. 1959. Sur la distribution du “C dans les molécules d’acide

malique synthétisé par fixation de 4COz2 dans les feuilles de Bryophyllum
daigremontianum Berger. Bull, Soc. Chim, Biol. 41: 227-234,

. KLUGE, M. 1969. Veréinderliche Markierungsmuster bei 4COz-Fiitterung von

Bryophyllum tubifiorum zu verschiedenen Zeitpunkten der Hell/Dunkelper-
iode. I. Die 4COs-Fixierung unter Belichtung. Planta 88: 113-129,

Kruge, M. anp C, B. OsmonDp. 1972. Studies on phosphoenolpyruvate car-
boxylase and other enzymes of Crassulacean acid metabolism of Bryophyllum
tubiflorum and Sedum praeltum. Z. Pflanzenphysiol. 66: 97-105.

MoreL, C., C. CErLaTi, AND O. QUEIROz, 1972. Sur le métabolisme acide des
Crassulacées. V. Adaptation de la capacité enzymatique aux changements
de photopériode (métabolisme de 1’acide malique et transaminations). Phys-
iol. Vég. 10: 743-763.

. Movsg, A. 1961. Les produits de fixation de COz par les végétaux. Relations

entre la photosynthése et la respiration. In: Fifth International Congress
of Biochemistry, Moscow, vol. 6. Pergamon Press, Oxford. pp. 310-325.

Mukersi, S. K. 1968, Four hour variations in the activity of malate de-
hydrogenase ‘‘decarboxylating’”’ and phosphopyruvate carboxylase in the
cactus (Nopalea dejecta) plant bud. Ind. J. Biochem, 5: 62-64.

. NUERNBERGK, E. L. 1961, Endogener Rhythmus und COs-Stoffwechsel bei

Pflanzen mit diurnalen Siurerhythmus. Planta 56: 28-78.

PIERRE, J. N. aAND O, QUEIR0z. 1972, Action du photopériodisme sur l’activité
de la 3-phosphoglycéraldéhyde déshydrogénase (NAD) en liaison avec le
métabolisme acide des Crassulacées. C. R. Acad. Sci. Paris 275 : 2881-2884,

QuEIR0z, O. 1965. Sur le métabolisme acide des Crassulacées. Action & long
terme de la température de nuit sur la synthése d’acide malique par
Kalanchoe blossfeldiana Tom Thumb placée en jours courts. Physiol. Vég.
3: 203-213.

QUEIRO0z, O. 1966. Sur le métabolisme acide des Crassulacées. II. Action & long
terme de la température de jour sur les variations de teneur en acide
malique en jours courts. Physiol. Vég. 4: 323-339.

QUEIRO0z, O. 1968. Sur le métabolisme acide des Crassulacées. III. Variations
d’activité enzymatique sous l’action du photopériodisme et du thermo-
périodisme. Physiol. Vég. 6: 117-136.

QUEIR0z, O. 1969, Photopériodisme et activité enzymatique (PEP carboxylase
et enzyme malique) dans les feuilles de Kalanchoe blossfeldiana. Phyto-
chemistry 8: 1655-1663.

QUEIR0z, O. 1970. Sur le métabolisme acide des Crassulacées. IV. Réflexions
sur les phénoménes oscillatoires au niveau enzymatique et sur la com-
partimentation métabolique, sous l'action du photopériodisme. Physiol. Vég.
8: 75-110.

QUEIR0z, O. 1972, Circadian rhythms in enzyme activity and phytochrome. In:
W. Shropshire and K. Mitrakos, eds., Phytochrome. Academic Press, New
York. pp. 295-316.

RasHEVSKY, N. 1960. Mathematical Biophysics. Dover Publishers, New York.

RosEN, R. 1967, Optimality Principles in Biology. Butterworths, London.

RowseLL, E. V., 1962, Transaminase in animal tissue homogenates. Methods
Enzymol. 5: 685-697.

SavtMaN, P., G. KunNiTAKE, H. SPOLTER, AND C. StITTS. 1956. The dark
fixation of COs by succulent leaves: the first products. Plant Physiol. 31:
464-468.

. SCHOPFER, P. 1972, Phytochrome and the control of enzyme activity. In: W.

Schropshire Jr. and K. Mitrakos, eds., Phytochrome. Academic Press, New
York. pp. 485-514,

ScrurToN, M. C. aND M. F. UrTER. 1968. The regulation of glycolysis and
gluconeogenesis in animal tissues. Annu. Rev, Biochem. 37 : 249-302.

Ting, I. P. 1971. Nonautotrophic COz fixation and Crassulacean acid metab-
olism. In: M. D. Hatch, C. B. Osmond, and R. O. Slatyer, eds., Photo-
synthesis and Photorespiration. Interscience, New York. pp. 169-185.

Ting, I. P. axp W. M. DUGGER. 1968. Nonautotrophic carbon dioxide metab-
olism in cacti. Bot. Gaz. 129: 9-15.

WALKER, D. A. 1957. Physiological studies on acid metabolism. IV. Phos-
phoenolpyruvic carboxylase activity in extracts of Crassulacean plants.
Biochem. J. 67: 73-79.

WEVER, R. 1985, A mathematical model for Circadian rhythms. In: J.
Aschoff, ed., Circadian Clocks. North Holland, Amsterdam. pp. 45-63.

WEVER, R. 1972, Virtual synchronization towards the limits of the range of
entrainment. J. Theor. Biol. 36: 119-132,

WiILKINS, M. B. 1959. An endogenous rhythm in the rate of CO: output of
Bryophyllum. I Exp. Bot. 10: 377-390.



