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SUMMARY

In continuous darkness, at temperatures between 150 and 3000,

detached leaves of Bryophyllum fedtschenkoi displayed a circadian rhythm -

in the rate of carbon dioxide output into initially carbon-dioxide-free
air., At 10° and 3500 the carbon dioxide output was arhythmic. Both

the phase and the period of the rhythm were modified by irradiation.

Exposure to 0.25 h of white light in every 24-~h cycle entrained
the rhythm. Two 0.25-h exposures in every 24-h cycle also entrained
the rhythm when applied in schedules including 7.5 or 10.5~h, but not
11.5~h, dark periods. A single 4-h exposure to white light shifted the
phase of the rhythm in leaves otherwise maintained in darkness. The
nature and magnitude of the phase shift was determined by the time in
the circadian cycle at- which the leaves were irradiated. Both the
pepiod and the transient of the rhythm in leaves at 1590 were shorter
in continuous white light than in darkness. After the rhythm had faded
out in continuous white light, a transfer to darkness reinitiated the

rhythm.

An investigation of the rhythm in Jleaves exposed to monochromatic
radiation from different regions of the spectrum was carried out to
elucidate the photoreceptors involved. Radiant energy in a spectral
band centred on 660 nm was most effective. The effect of this spectral
band was similar to that of white light in all aspeets of photocontrol
tested. A spectral band centred on 730 nm was also effective in short-
ening the period and entraining the rhythm, but less so than red light.
Longer wavelengths, and thosefrom the blue region of the spectrum were

ineffective.



The cxtent to which red light shortened the period depended on
both the ambient temperature and the incident gquantum’ flux density.
Between 15° and 2500, red light significantly reduced the period, while
at 30?0 no significant reduction was observed. There was a linear
relationship between the reduction of the period at l5OC and the logar-
ithm of the quantum flux density of monochromatic (660 nm) radiation to
which the leaves were exposed.

v

Red and far-red radiation interacted to modify the phase shifting
and entrainment responses induced by red light zlone. Clear red/far-red
reversibility was achieved in schedules containing one or two exposures
to red light in every 2L-h cycle. The spectral dependence of photocontrol
and the occurrence of red/far-red reversibility leads to the conclusion that

phytochrome is the pigment which mediates photocontrol of the circadian

rhythm in Bryophyllum.
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INTRODUCTION

Under natural conditions nearly all organisms are exposed to an
enviromment in which a nuﬁber of parameters fluctuate with a periodicity
of 24 h. The decrease in radiant flux density experienced as a result
of the transition from day to night is accompanied by a drop in tempera-—
ture and often an increase in relative humidity. Barometric pressure
and geophysical factors such as the strength of the Earth's magnetic
field and the intensity of cosmic ray bombardment may also vary in 2h—h

cycles.

Any physioiogical process with an absolute requirement for a
particular set of environmenfal conditions will clearly show an activity
patternchrresponding to the 24-h periodicity encountered in the environ-
ment. For example, a light requiring process such as photosynthesis
will only be operative during those parts of the 2h-h cycle when ra@iant
energy incident on the plant exceeds a certain minimum level. Howéver,
many other aspects of the physiology and behaviour of plants and animals,
not specifically limited by the prevailing envirommental conditions,

also show diurnal periodicity in relation to the natural cycle.

The earliest observations of this phenomenon were made with the
movement of leaves. References to the observations that the leaves of
some species take up a different position at night from that which they
occupy during the day were recorded in the writings of both Pliny in
the first century and Albertus Magnus in the thirteenth century (cited
by Biinning, 1960). The‘first experimental confirmation of the entrain-
ment of rhythmic fuﬁctions~by the periodic repetition of envirommental
stimuli was made by Hill (1757). He inverted the cycles of light and
darkness to which plants were exposed by using artificial light at night

and covering the plants during the day. In these experiments it was
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observed thet the divernal rhybims of lesd movenent rapidly becsne
adjusted to the new eyeles apd adopted a phase relstionship to the
entraining oyele similay do that previouely meinteined in relation to
the noturel ovele. From this he coneluded that Aight-dark oyelas exert
6 conbrolling influence over rhythmic bebaviour. The geame conclusion
vy later drawn by DeCandolle (1832) fyom the rosulis of sinmiler

experinents,

Hbythms noy often be canmmimﬂ witlhh extremely wealt or briefd
signeds if these sro repeated ab Sheh invervals., Kleinhoote (1929)

showeld that the rhytimic leaf movement of Snnavalis enoiformis is

entrained by lighb-durk eyeles consisting of 1 h of light slbernsbing
with 23 h of darkoess (ID 1:23). The nisinum exposwrs to light veauired
to entredn o rhytim in 24~h eyeles varies between orgenisms. Jin con-
trast to the leaf movement rhythu of Canavelie, that of Plarbitis nil
scedlinge reguives bebweon L and b b of ligkt in eson 2h~h oyele

(Bodlig, 19Th). Similarly there is o roguirenent for o mindmu durstion
of davkness in eagh 2% b which ofben must bve aousiderally longer thon the

ninloun effective duretion of iight (Bhoning, 1973).

Entraimment of & vhythm may also ccour when an orgonion roceives
regular @i-h oyoles consisting of dorkness inberrupbed by two or more
brief emposures 4o light., Rbythas in sone inscets {(Hinde, 196%;
Pitbendrigh, 1965) and in the plent Lemns (Hillwan, 1970) mey be
entrained by two l%-nminube Light exposures. The phese of rhytime
entrained in this menner is eimilar to bhat obbalned with o complete
photoperiod of whioh the short light Lresks mark the beginning and end,.
There aye differences betveon organisms os 4o the effectivencss of such
treatuents.  The tine of the maxicum opening of the leaves of Fortulsos

grandiflore depends on the lengbh of the photoperiod (Kervé and Jigsjinni,

s



1966a). Ti. complete photoperiod mzy be substituted by two light breaks
of 1 or 2 h marking the beginning and end of the photoperiod. If how-
ever the plants are exposed to light breaks of only 30 min, entrainment

does not occur (Karvé and Jigajinni, 1966b).

Although they have been less well investigated than light-dark
cycles, it has become apparent that periodic fluctuations in femperature
may also influence rhythmic behaviour.' Stern and Binning (1929} first
demonstrated that periodic changes in the ambient temperature can induce
rhythms in otherwise arhythmic organisms, and that a specific phase
relationship is established between the entraining rhythm and the temp-
erature cycles. Both sinusoidal and step type temperature changes can

be effective. Entraimment of the petal movement rhythm of Kalancho&

blossfeldiana is achieved with a temperature fluctuation of 1°C (Oltmanns,
1960). With Pilobolus it was found that only a relatively brief exposure
to an increased temperature during each 2h-h cycle is required to entrain
the rhythm, a SOC increase in temperature for 1 h being effective

(Ubelmesser, 1954).

The impoftance of environment#l factors is also apparent from the
entrainment of rhythms to frequencies other than 24 h., At a uniform
temperature alternate exposure to light and darkness may entrain rhythms
to periodicities ranging from 6 to 48 h (Bruce, 1960). In most organisms
there appears to be a limit to the rapidity with which a rhythm can be
forced to oscillate by means of imposed cycles of light and darkness.

The leaf movement rhythm of Phaseolus multiflorus for example can be

entrained to an 18-h period by LD 9:9, but when exposed to LD 6:6 does not
show a 12-1 period but its natural frequency {Binning, 1957). The limit
to the ravp.dity with which the rhythm of carbon dioxide output from

leaves of Bryophyllum Fedtschenkol may be forced to oscillate depends




on tﬁe light intensity employed. With a light intensity of 1,060 lux,
entraimment to LD 3:3, 6:6 and 8:8 occurs. At 500 lux, ID 6:6 but not
3:3 are effective, while at 100 lux, ID 6:6 are ineffective (Wilkins,

1962a). Temperature cycles differing from the periodicity of the

natural enviromment have also been shown to entrain the rhythms of

sporulation in Oedogonium cardiacum to cycles of 18 h but not of 12, 30

or 48 h (Bithnemann, i955b).

The first indications that the processes which showed periodic
response to the day-night cycle represented anything other than a direct
response to this imposed periodicity came from the experimentsiof DeMairan
in 1727 (cited by Biinning, 1960). He found that leaf movéments of
plants transferred to a darkened room continued in & rhythmic manner for
a number of days. DeCandolle (1832), by placing plants in artificial
light every night, showed that the leaf movement rhythm of Mimosa persists
in continuous light. However, in neither of these investigdtions was
the ambient temperature controlled and might therefore have fiuctuated
rhythmically. The experimental procedure of DeCandolle must have resulted

also in regular 24-h changes in the light intensity.

Duhamel (1758) confirmed the continuation of leaf movement rhythms
in constant darkness with experiments carried out in caves where any
large temperature fluctuation could be ruled out. Sachs (1863) recorded

the leaf movement rhythm of Acacis lophantha in constant darkness and

found no correlation between leaf movement and fluctuations in the

regularly recorded temperature.

Preffer (1875) suggested that the rhythmic leaf movements were in
some way after-effects of the natural light-dark cycle to which the

plants had previoﬁsly been exposed. However, an alternative suggestion



was put forward by Darwin and Darwin (1880), that the movements of
the leaves were innate and that the alternations of light and darkness

merely set the phase of the rhythmic movements.

Critical evidence against the idea that rhythms were acquired by
experience was obtained by Semon, (1905, l908’ using seedlings of Acacia
lophantha which had been grown from germination in ID 6:6 or 2k:24k. These
éeedlings still invariably showed leaf, movement which followed a 24-~h
pattern rather than one of 12 or 48 h after the plants were placed in
continuous light. This observation has been confirmed in similar
experiments for a number of organisms, both plants and animals (Kleinhoote,
1932; Ubelmesser, 1954; Bilthnemann, 1955b; Hastings and Sweeney, 1958).
In only one case has evidence been presented for the retention in con-—
stant conditions of a previously experienced period differing markedly

from 24 h. The rhythms of oxygen production and rate of filament

elongation of the alga Hydrodictyon reticulatum, entrained to LD 12:12,

10.5:7 or 6:6, persists with the corresponding periodicities of 2k, 17.5
and 12 h after transfer to continuous light or darkness (Pirson et al,

1954; Schdn, 1955).

The concept of rhythmicity resulting from previously experienced
periodicity was further refuted by experiments in which oscillations
were initiated in organisms which had been raiséd under constant condit-
ions. Initiation was achieved by a single transfer to a different set
of conditions. This has been reported for the leaf movement rhythm of
Phaseolus seedlings (Biinning, 1932) and for rhythms in a number of other
organisms (Park and Keller, 1932; Horstmann, 1935; Ball and Dyke, 1954).
This phenomenon occurs with Phaseolus seedlings even when the previous
generation has experienced only constant conditions (Blinning, 1932).

Furthermore, the exposure of Drosophila to constant conditions for 15



consecutive generations falled to prevent rhythmic behaviour becoming
apparent after a transfer to different conditions (Blinning, 1935a).
Similarly a rhythm of luminescence can be induced in a previously

arhythmic culture of Gonyaulax polyedra by a single change in the light

intensity in which the cultures were grown. The ability to oscillate
remains, even in cultures maintained in continuous light for 3 years
(Sweeney and Hastings, 1962). Thus envirommental factors such as light
and temperature need not necessarily be oscillating in order for a
biological process to function rhythmically. Neither do they exert a
lasting influence on the periodicity of an organism after its transfer

to constant conditions, These conclusions suggest either, that variation
in some other envirommental factor maintains the rhythm in supposedly
constant conditions, or that the rhythm is endogenous and is generated

- within the organism in the manner of a self-sustained oscillation,

following an initiating stimulus.

Before a rhythm can be considered to be endogenous, a number of
its properties must be examined. It is generally accepted that an
endogenous circadian rhythm must display five characteristics first
proposed by Pittendrigh (195h4). ’

1. The rhythm must continue in an environment held as constant
as is possible.

2. The phase of the rhythm should be able to be shifted and
subsequently retained under constant conditions, irrespective
of its phase relationship to external cycles.

3. The rhythm should be initiated by a single stimulus.

L, The phase of the rhythm should be delayed under hypoxia.

5. The period of the rhythm should, under certain conditions,

vary from 2k h.



The first condition is perhaps the most obvious, in that if
rhythmicity persists in the absence of external periodicity then it
must be of endogenous origin. However, this criterion is one of the
most difficult to establish. Although periodic variation in tight in-
tensity, temperature, humidity and barometric pressure can now falrly
easily be suppressed, it may still be argued that some other subtle
geophysical or unknown factor is responsible. Attempts have been made
to establish conditions from which hav® been eliminated those periodic
variables'which occur as a result of the Earth's rotatioﬂ. Hamner et al
(1962) attempted to create such conditions by mounting various subjects
on a rotating platform near the Earth's geographic south pole and found
that higher and lower plants as well as animals and insects continued
to display rhythmic behaviour. These results indicate that in none of
these organisms is rhythmicity dependent upon periodicity imposed by

the Earth's rotation.

Numerous observations and experiments have been carried out on
organisms maintained in conditions which are held, as far as is possible,
constant. In many organisms, whether or not rhythmicity can be observed
depends on the conditions experienced. In some cases rh&thms may per-
sist well in one set of conditions but rapidly fade out in another. 1In

Hydrodictyon (Pirson et al, 1954; Pirson, 1957) and Phascolus seedlings

(Biinning and Lorcher, 1957) the rhythms in question persist well in both
darkness and low intensity light. In Gonyaulax however rhythms are
inhibited by continuous high intensity light, damp strongly in continuous
darkness, but persist for at least 1L days in continucus low intensity
light (Hastings and Sweeney, 1958). The rhythms in Oedogonium persist

in comtinuous light but not in darkness (Bihnemann, 1955a), while the

reverse is true in a second alga, Chlorella (Hesse, 1072).
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The absence of oseillabion snd the repld damping out observed
under some conditions doen not exelwde the operation of a self sustaining
eneiliotor. A particulsr seb of ewvironmentel conditions mey be highly
unfavourable o the specific physiclogical funetion which is being
meagurad a8 an overt rhyvibn. U6 is also possible, when the rhytims of
populations of ergeanisms are belng nonitored, that the obaserved Lade~
out oucurs as a result of a loss of synchronizebion between individuels,
or wven different cells of inddviduels, Desyuchronization of individuals
in o populetion bhog baaﬁ demonsbrated for the flover opening rhybhm of
Cinberiuwe dntybue (Yedt, 1962). In continwous light synchronizetion io

Lhen
lost Tirst owong the individual plents, e auong different composibe

flovers of & single plant, and finally anong Hhe pebals of ivdividusl
flovers. Glearly in this case the rhvtimicity of the individual pebels

is sbtill apperent, but if the response of the popwlabion was belng
racorded the proceas would have appesrsld to demp out due o desynchron~
ivatdon. Uevertheless, sbudies with aingle velled orgenisus, pavticularly
Gonyaulex (Sweeney, 1960) and Chlorells (Hesse, 1972) heve demonstrabed
thot afber prolonged sxposure o congbant conditions the rhybthms do

indead fode oub lun dndividual aells.

The long e versisbence of rhybhas in constant conditions seems
30 be nore common in animals bhan in plante. Rowson (1960) has followed

the nebivity rhybln of the bat Eptesicus fuscus for o period of 5 months.

Rhybbng can also persist during hibvernetion (Menmker, 1961) and in

sugeesive generations of mice (Aschoff, 1995).

fromples of the indtistion of o vhythn afber prolonged cxposure
to constant condiblons have beon eibted as evidence against bthe concepb
of periodicity lesrnt by experience. Thepe resulte slso conform to one

of the conditions considered os nenessary for the estoblishment of the



endogenou. nature of a rhythm, its initiation by a single stimulus.
pf‘3ﬂti'f)l~&
Many other investigators have confirmed this pisedpsl and demonstrated

that a range of stimuli may be effective. In Gonyaulax (Hastings and

Sweeney, 1959) and leaves of Bryophyllum fedtschenkoi {(Wilkins, 1959)

oscillation begins after a transfer from continuous light to darkness.

A transfer from darkness to light will initiate a rhythm in Oedogonium
(Biihnemann, 195%a),and rhythms initiated by both 'light-on' and 'light-
off' stimuli have been reported for the petal movement of Kalancho&
(Engelmann, 1960) and the leaf movement of Xanthium (Hoshizaki et al,
1969). 1In Bryophyllum leaves a decrease in the light intensity is
sufficient to initiate the oscillation {Wilkins, 1960a). Similarly,

a decrease in the ambient temperature is effective in this organism
(Wilkins, 1962b). The initiation of a rhythm can also occur in response
to a relatively bvrief, temporarxﬁchange in the constant conditions; The
leaf movement rhythm of Phaseolus seedlings in darkness may be initiated

either by an exposure to red light for 1 h or by an increase in temper-—

ature of 5°C for 1lh (Biinning, 1931).

The endogenous nature of rhythms is also implied by their require-
ment for metabolic energy. A temporary exposure to anaerobiésis inhibits
rhythmicity in Avena coleoptiles (Wilkins and Warren, 1963), Phaseolus
seedlings (Binning et al, 1965) and Bryophyllum leaves (Wilkins, 1967).
Similarly, as metabolism is considerably reduced by low temperatures,_
circadian rhythms would be expected to be inhibited at, or a little above,
freezing point. In each of these three organisms, prolonged exposure to
low temperaturc does delay the phase of the rhythm (Ball and Dyke, 1957
Blinning and Tazawa, 1957; Wilkins, 1962b). While exposures to low
temperatures or anaerobiosis in some parts of the cycle cause phase
delays, at other times such treatments are‘without effect, In both

Bryophyllum and Phascolus the times during the cycle at which low temper-
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obure aud sneerobiosis ore effective sre quite different. Uowever, the
gonclusion may still be drawn, that sinee metabollc snerpy is rvequired fov
the rhytln to proceed through certnin pheses, the oseillation mund there-

fore he endogenous.

A further foplicntion of the resulis of a Genporary cxposure o
low temperature or anoeroblosis ls that the phase of a rhyblm can be
et fo ocenr ot any tine of doy. This may also be achieved by making
use of the fact thet a rhythn sdopbs o specific phase velationshiypy to its
inditiating stimulua. The trestments most effective in this respeet are
those which nowmally entrain the rhythn 4o the dmposed periedicity of the
natural envivomwnent, Thus the transfer from light to davk sets the
phave of the oseillations in fonyaulng (Hasbings and Sweoney, 1959) and

Bryophyilum (Wilking, 1960a), as does & deercase in light intensity in

these organioms. The phase of the rhythm in Bryoplylium is also reseb

by & transfer from high to lov tomperasture (Wilkine, 19620).

The phase of o rhytlss persisting in an organiown held in constant
dorkness gon be shifded by a brief oxposwre Lo Light, typieally of o fow
hours durabion. 8inilarly the phase of eirvesdien rhytims in an irrediaeted
organisn can be changed by a single exposwre %o davkness (Wilkine, 1960a).
An exposure o elevated Lenperabure for o fev hours shiits the phase of
the Phoseolus leaf movement rhytlm (Moser, 1962), while o prolonged
decreans in tempereature couses o phase abift in the lens movenent rhythn
of Coleus (lolaban, 1968b). 1In hoth cases the new phesa i rebained

after o reburn $0 constont conditions,

Vhether a phase shift occurs and ibs magnitude dependg on the time
in the ¢iveedian eyole ab whieh a chenge in the enviremment is experienced.

When, for exemple, an ovganism s exposed to light during the part of
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the oireadian ovele normally ossocisted with the dey time (the subjective
day), little or no phase shift io induced., In gﬁm, an identieal
exposure during the part of the clreadien cyele noraelly sagoplated with
night {bhe subjective night), results in o large phese shift, In
general bhigh temperabures cause n minimun phose shift durdng the sube
jeetive day while producing o considerable zah.;a,ﬁ*‘s during the sublective
night. Iu contrest the niniaun and moximumm effectiveness of low benp-
aratures in indueing pbase shifts ocowr during the subjective night and

doay respeotively.

Phe most convinedng evidence for tho endogenous nabure of rhybhmic
phenomena in Yhe fack thet the perded of the oseillution is often found
©0 very somewhat fvom 2#h. Tioconstant conditions yhythms show perdcds
both longer ond shorter than 2% L, most frequently within the range 20~
20 . This is despite the fact that any hypothetical, oxbernal, entrain-
ing aeyele vesuliing from the periodiecity of the Furth'e rotmbion would
hove o precise 2h-h pericdieity. Feriod veriation can be scoen in the
aarly roesults of Delandolle (lﬂfﬁé) who found & RL-2%h period for the
Lot movement rhytim of Mimosa, and of Semon (1905, 1908) who reported
periods of lenf movenent vhythms in exocss of 8h h. A lerge numbor of
plant and andmal rhybhms have nov been shown Lo bave a freo-running
period differing significently from 24 h. For exenple, the pericds of
the rhythne of lesl movement of Fheseolus (Leinweber, 1956) end carbon
dioxide epission from Byyophylium leaves (Wilkins, 1908b) ore 20 and

22.4 b vespectively atb 25260,

In any one organiem the perieod may vary with the prevoiling con-—
ditione. The. period is often different in consbant davkness snd in
consbont light, end wey depend on the Light intensity. The effeot of

Light dntensity oh lead movenent varies considerably from species to



species. Thus, while the rhythms.of Phaseolus (Mosér, 1962) and
Canavalia (Kleinhoote, 1932) persist under continuous white light of
different intensities without significant variation in their period,
the periods of rhythms in Coleus (Halaban, 1968a) and Pharbitis
(Bollig, 19Th) increase with increasing light intensity. The rhythm
of luminescence in Gonyaulax (Hastings and Sweéney9 1959) decreases

with increasing light intensity.

A small but significant effect of ambient temperature on the
free—-running period in light or darkness has also been repofted a number
of times. Again this effect is species dependent. No effect is found
with Uca (Brown and Webb, 1948) while the period is shorter at higher
than at lower temperatures in Phaseolus (Blinning, 1931) and the
opposite is true for rhythms in Gonyaulax (Hastings and Sweeney, 1957T;
Sweeney and Hastings, 1958) and Oedogonium (Bﬁhnemann? 1955b). Although
the pefiods of free-running rhythms may vary by only a few hours from
the 2k~h natural cycle, these variations are indisputable. Assuming
that the possession of rhythmicity is‘of adaptive value,.it is nbt
surprising that nétural selection has favoured rhythms with free-running
periods close to those of the natural enviromnment. Some degree of
compensation with respect to irregular and quiﬁe large vﬁriations in
temperature ;nd light intensity, not directly correlated with the 24-h
periodicity of the enviromment, can also be expeéted as a prerequisite
for accurate timing, and hence very likely to have arisen through

natural selection.

Further evidence for the endogenous nature of the oscillation is
implied in our knowledge that the period is specified in the genotype
i\t\obf-icls
of an organism. This has been demonstrated by obtaining bybzids from

parent strains with different periods (Blinning, 1932, 1935b). While
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unequivoanl demonstration of Mendellan segrogation was not posaible

the eriginsl pericds 4id eppeor in later gonerabions. Xonopke end
Denver (1571) isolated mutente of Drovophlls which were exhybtimic or
displayed periods very different from &4 h « In this case cash of these
nubations appeared to involve the some funcbionanl gene on the -

QRLOMOSOmE,

Abthough rhythme whish mess the £ive conditions discussed previously
are now generelly conpidered to avise endogenousty wather than edogen-
ously this view haz not received uﬁivars&l sgoupbanee.  Brown and go-
workers weve led by the tenperature (ndeopendenne of the rhythn they
were sbudying to suspect en exogenous bosis for the oseillabion (Brown
et al, L96h), Furbhormore they reported perslstent dedly, monbhly end

Iunar rigbhms in the respivation retes of Use vugnex, Y. pusiletor and

gpilqgig'viiﬁﬁqu@mn whieh showed statistloal vorreletion with the
gonaueyent reto of barometric prescure change (Brown et al, 1955},
Using hexmebiconlly sealed conteiners, which ruled oub the pressure
chnnges, thin researeh group cloimed 4o find o coyrelation betwoen
siveadian rhybthus of oxygen production in polaboss and the intensity of
prednary cosnic redievion (Brown, 1957 Drown eb al, A957). Purthey
experiments heve suggested the vaue velationship bebween cosmic reddotion
and rhytims in Fueus, Yoo, earrots, oyabers and pats (Brown, 1969).
Labey investigebions showed that the rohybhns couwld be corvelabed with
veriations in the otmospheric electromagnetie {lelde and the Bawth's
fiedd. ‘Thiz was nob unexpestod, as the priwary cosmic radiation would
vayy inversely with the sbtvengbh of the Burth's Piaka (Browm, 1568).

- Purther studies esgpecialiy with the changing of the luney
erdentation rhytins of Dugesie and Hovsardus denonsirsbed that rhytime

could be affected by inposed clmoges in magnetic Fleld strensih (Brown,



1962; Brow: ct sl, 19602, 192060b, 1960c; Browa and Park, 1965, 1367
Browa et al, 196%). Supporting evidence of-positive relationships

between circadian rhythms and changes in the magnetic field has been
reported for earthworms (Bennet and Huguenin, 1969), gerbils (Stutz,

1972) and humans (Wever, 1967).

A number of assumptions which are difficult to test experiment-—
ally have been made by the supporters of exogenous rhythmic control.
To explain the experimental flexibility of the phase of a rhythm
relative to the natural cycles, it has been suggested that overt rhythms
may be maintained in any phase relationship to a basic oscillator,
hypothetically driven by external cycles. Since we know neither the
nature of the basic oscillating mechanism nor its relationship to overt
rhythms, it is at present impossible to refute the hypothesis of

exogenous timing on this point alone.

The major difficulty in the exogenous timing concept is the
repeated demonstration of free-running periods differing from 24 h., In
an attempt to explain these observations, Brown has proposed a mechanism
which he terms autophasing. This proposal invokes the observed rhythmic
variation in sensitivity to phase resetiing by light or temperature
signals. It is suggested that the phase of an exogenously controlled
rhythm in an organism in constant light will be shifted when the light
sensitive part of the cyele is reached. Therefore although the light
is constant, its effectiveness in inducing a phase shift is rhythmic
as a consequence of the rhythm of the organisms own responsiveness.

The same principle would presumably apply for variations of the period
from 24 h which depend on the ambient temperature. In the absence of
light a rhythmic responsiveness to darkness might be considered respou-

sible. The occurrence of periods both longer and shorter than 24 h may



be explained il this hypobhesis, as tho phsoe chift induced when the
pensitive part of the deriven ayele is stimidated, could bo either an
sdvonee resulvdng in shorber periods or o delay resulbing in longer

periods.

The concept of on opogenous erigin of perdedielty an proposed by
Brown has boen subjeeted te criticel esanination., Orditdeien has been
made of the ovidence on which the theewy iv based, that of coryrelation
of rhytivas with enviromaental verdotion., Heny of these corrolations
wore obtoined by statistical anclysis of dato gvereged over several
weoke op monbhs, Bapright (R905) hag reonalysed LT seto of such dabo
and eledas thet none provide eenvinging evidenge for rcewrste rhyblmn
corpesponding te tidel movoneni (2h.8-h), ond the prevence of ascurebe
divenal. components (2h~h) represents o Lenbabive interpeotabion fop
‘nn:i,:; three sebe oub of the 17, He conelunden thot from bthe ovailable
date there is insufficient loglesl baais to uphold the claim for a
pevsintent necurste geophysiesl eomponent to whyblmicity. Although
tha influence of changen of magnebic leld strongbh on bthe rhybhms in
pone orgenious has boen reported as supporbiog the exogencus timing
hypothesis, this effeoot is not common o all civesdian rhytims. DHite
end Hovgent (LPTH) cxmnined the effect of low pbyength mognebice fislds

on bhe civesdion rhytbme of Newrospors ersssa, No offect was found

whether bhe fields wore conbinuous, pulsed 20 win dally or epplied in
A2:12 cyeles. Uherefore, allhough variation in geophynical factors
nay exert & onall inflnence on gone cmaﬁix&mm ne hypothesis or
avidenne hae you been advanced which convineingly establishes peovicdic
vordetions in theso factors as the drdving mechonisn for the basic

airandion oncillator.

Rbythns which satiedy the condibions o be consddsred sndogenous



occur in all the major groups of plants (Wilkins, 1969) and animals
(Harker, 1958). Notable exceptions to the list of organisms possessing
circadian rhythms are the prokaryotic cells. Circadian rhythms in
bacteria and blue-green algae are unknown with one possible exception.

This exception involves the rate of growth of Escherichia coli (Rogers

and Greenbank, 1930). Ehret (1960) has advanced the theory that

rhythms with periods closé to 24 h are common to every eukaryotic cell.
Rhythms have not however been found in, all such organisms in which they
have been sought. Reports have been made of rhythmicity in a particular
pr;cess bccufring in some members of a family of plants but not in others
(Ball et al, 1957). Sometimes, of two closely related species, one may
possess a persistent rhythm‘an&‘the other not. A peréistent rhythm of

spore discharge is found in Pilobolus sphearosporus but not in

P. crystallinus (Ubelmesser, 1954). The possibility remains however,

in organisms where rhythms have not been detected, that either the
right process may not have been monitored, or unsuitable conditions may

have been chosen for the investigation.

The selective value of endogenous circadian rhythms is apparent
in situations where a 'time-sense' is important to an organism. We can
recognise the necessity of many organisms to perform certain functions
at specific times of day, both in terms of synchronization with favour-
able environmental conditions, and in terms of biological synchronization.
Thus, many flowers open and offer nectar and pollen to insects at the
time of day when the insect vector is most active (Kleber, 1935). The
possession of an endogenbus circadian timer also éllows an element of
preparedness in that the o;ganism does not have to wait for a specific
environmental stimulus in érder to commence a cycle of behaviour or
biochemical processes. In this context we can see that the activity

of many birds and animals begins before dawn (Blinning, 1973).



Biinning (1960) has further stated that the pbssession of oscill-
ations in their own right is necessary to keep the cells alternating
between extremé physiological states and that if these extreme states
are not reached certain physiological processes fail to function. In
support of this, Biinning (1973) cites the damage caused to higher plants
(Arthur et al, 1930; Arthur and Harvill, 1937) and lower plants
(Ruddat, 1960) raised in continuous light. This daﬁage can be relieved
by an occasional exposure to darkness or to cycles of high and low
temperature (Hillmaﬁ, 1956) which would initiate or entrainian oscill—

ation.

The possession of a continuing circadian oscil;ation enables an
. organism to store "temporal information' over a period of several daysv
in which there exists no factor capable of initiating a new measuring
process. This aspect of biological rhythms is important in the
behaviour patterns of some animals although it is proﬁably not of
significant value to plants. An example of stored information is the
accurate timing éf the return of bees to a location at which théj had
regularly found food at a. particular time several days preﬁiously
(Beling, %929), Another aspéct of the use of circadian rhythms peculiar
to animals is that of solar navigation, to determine the correct angle
between the direction of the sun and the animal's own locomotion, by )
compensating:for the relative movement of the Suﬁ across the sky during

the day. There is clear evidence that animals use endogenous rhythms

to achieve this compensation (Hoffmann, 1960).

Plants and animals have evolved a whole series of adaptive
changes on an annual basis. For example, to survive unfavourable times
of the year plants form seeds, tubers, or dormant buds, while vertebrates

hibernate, and some insects go into diapause. In contrast, growth and



reproduction occur during those parts of the year whon Tavourable con-
ditions ar~ encountered. Often these résponses occur as a result of
changes in the day length and Blinning (1936) has proposed that the
timing mechanism involved in circadian rhythms also serves as the basis
for this photoperiodism. Endogenous circadian rhythms are envisaged as
providing a reference against which the length of the day can be
measured with respect to the length of the night. Much evidence is
available to suggest the involvement of circadian rhythms in photo-
periodic responses, particularly tte induction of flowering in plants,
and of eclosion in insects. However unequivocal evidence for circadian
rhythms can only be obtained from experiments using abnormal cycle
lengths (Carr, 1952; Engelmann, 1960} or skeleton photoperiods (Hillman,
196L; Minis, 1965; Pittendrigh, 1966). Thus, the true significance
of rhythms in photoperiodism under natural conditions, while almost
certainly of g?eat importance, has not yet been satisfactorily determined.
/
Recentliy the attempt to identify the basic oscillating mechanism
has become one of the two most active areas of rhythm research, the
second being the investigation of how circaaian rhythms are controlled
and modified by the external environment. A number of attempts have
been made to determine the level of organization at which the oscillation
operates. IFurther attempts have been made to decide between the
possibilities of an universal basic oscillator or many oscillating
systems. In the case of the latter these might differ from cell to
cell, species to species or depend on the degree of complexity of the

organism.

In higher animals the overt rhythms are often directed by an
organ or tissue spatially separate from that in which the rhythm is

manifested. Hormonal or nervous transmission may be shown to mediate



this control. in this sense the integrity of the organism is réquired
for the exéression of rhythmicity. However, the organ or tissue
ultimately responsible for generating the oscillation can often be

shown to oscillate in isolation from.the rest of the organism (Biinning,
1973). No particular organisation of tissues seems to be reqﬁired for
the expression of soﬁe plant rhythms, since small pieces of mesophyll
cut from leaves of Bryophyllum show a rhythm of carbon diéxide emission
irrespective of the part of the leaf from which they are taken (Wilkins,
1959). Further it has been shown that rhythms persist in undifferent—
iated callus cultures of carrot (Enderle, 1951)and Brxophxlium (Wilkins
and ﬁolowinsky, 1965). The extent to which an organism can be disrupted
without the‘loss of rhythmicity does depend however on the preservation

of the function assayed for rhythmicity.

Populations of unicellular organisms have been demonstrated to be
rhythmic (e.g. Pohl, 1948; FEhret, 1959a). Sweeney (1960} has shown
the occurence of a persistent rhythm in photosynthetic capacity in .
single cells of Gonyaulax. This suggeéts that even in multicellﬁlar

organisms the basic oscillation may be generated in individual cells,

. atewrrence . T
The possible ceewwense of several oscillators in the cell, each

responsible for a separate, overt rhythm, has been examined using
organisms which exhibit more than one rhythm. If these rhythms are the
products of a single oscillator.they should retain identical .periods

and maintain a definite phase relationshipAto each other. If each is
controlled by iﬁs own oscillating mechanism, some degree of dissociation
might be observed. Such a dissociation has been found in man under
artificial cycle lengths of 21 and 27 h. The rhythm of body temperature
is immediately entrained to these cycle lengths while the K+ excfétion

rhythm initially maintains a 24-h period (Loban, 1965). Further, in



ah,

Bome humang under copsiant conditions, body tempereture snd activity
rhytime show aifferent pericds (Aschoff eb al, 1967). However, Ghe
organg and tissues gontrolling these Punctions in mon eare relatively
indepondent and mey slse differ in their responge to external conditions.
Thus, studies of rhythmice desynchrenisabion in higher animels do not
nermit n conclusion to be drawn on the nunber of basic oseillators
involved at the cellulsr level, MoMurray sud Uastings (1972) bave
:aﬁcmx Vith Jopyoules thet Yhe phase relabionship smong the olreedian
rhybhae of photosynthetic capneity, glow, eell division, and lumines-
conce eapreivy remein unchenges during soveral weeks under consbant
conditions. Purther, an exposure %0 & phnse shifbing treatment albers
the phape of nll the rhybthns to an equel extent, While this absence of
desynehronisation suggests the W of only one oscillesor, it is
still dmpossible from thesnce results bo discount the presense of several
oseilletors pospessing precisely the same peried and response 4o oxter-

ned stinud i,

Bome fifteen rhytimic phenomena, ineludilng the rhythnie sensit-
ivity to flower induction and the agtivity of sovercl key ensymes, hove

been observed in Chemopodiwm rubrun, and are swmarized by Wagner ab ol

(157h), Perieds renging from iR to 30 h often with reguler, more fne-—
quent subpeaks of actibvity hnve been recorded, Thus, a numboy of
rhyblmic processes appear to operate sisultaneously in gells bus with
quite different periods. Chis~Lood and Cumsing (3972) have ulso

studied circodion rhytlms in Chepopodiun end repory different periods

for several rhyblms recorded in siniler conditions. In the letter cuse,
however, some doubt must be ecanh on bhe securacy of the veriod estimation,
from dets displaying lavge erhythmie variation, On the basis of the
results obtained with Chenopoddwm it appesrs that mere than one

oseillator may be involved. Howaver, Vagner et ol (197h) astiribubte the



occurrence of a mumber of periods to a common, high frequency
oscillation subject to different degrees of frequency demultiplication.
Our pfesent lack of knowledge of the nature of the oscillator prevents

us from confirming or denying this possibility.

In Drosophila, while there is no evidence for desynchronisation
of different overﬁrrhythms (Konopka and Benzer, 1971), thé response of
the eclosion rhythm to phase shifting $reatments-has lead Pittendrigh
e£ al (1958) to propose that two distinct oscillating systems underly
the overt rhythm. Following a light freatment a number of transients
occur before a different stable phase is established. Following a
short temperature pulse, a temporary derangement of the rhythm oceurs
and transients which follow lead to the rhythm re#erting almost to the
ipitial phase. This is explained by Pittendrigh et al (1958) as rep-
resenting an ultimate oscillator, termed A, which is sensitive to 1ight
“but not to temperature, and a second oscillator B which is coupled to
and driven by A, and is light insensitive but temperature sensitive,
The overt rhythm follows oscillator B. After a light signal the.phase
of A is immediately reset bj the signal but it takes several cycles
before B is reentrained by A and transients occur. After a temperature
pulse, the B oscillator is shifted, but ultimately the temperature
insensitive pacemaker A regains control of B, and transients occur as
B reverts to the phase of A. Further critical evidence in favour of
this hypothesis was gbtained from experiments with two light pulses
(Pittendrigh and Minis, 196l). Following the first light pulse, the
overt rhythm passes through transients with periods longer or shorter
than the freg-running period. The steady state phase shift induced by
a second light pulse is precisely that expected if the oscillator was
immediately reset by the first pulse, rather than dependent on the

phase of the transient cycles at which the second pulse is applied.



Evidence in support of the coupled oscillaﬁ&r theory may also be
inferred from the results of investigations with higher plants.
Halaban (1968b) has been able to explain, by the coupled oscillator
hypothesis,zthe results on the leaf movement rhythm of exposing Coleus
seedlings to two light pulses, or a light pulse followed by a tempera-
ture pulse. With Coleﬁs, a temperature decrease of TOC for 8 h caused
only transient phase shifts and was presumed to influence only the B
oscillator. A temperature decrease 0£11°¢C for 10 h appeared also to
shift the phase of tﬁe A oscillator. The nature of'neither the A nor
B oscillators postulated in this hypothesis is known nor is the

. relationship between them.

Thus no unequivocal evidence is available ﬁhich reveals the
complexity of the oscillating mechanism or the pOSsible'diversity of
oscillators. A number ofihypotheses have been formulated for the
mechanism of a basic oscillator. In each case the common features of
circadian rhythms and thelr almost certain location at the cellular -
level, has prompted the proposal for a.single universal oscillating
mechanism. Becaﬁse of'its central role in cell metabolism, the nucleus
has been suggested as the site of the basic oscillator, and changes in
the rate or pattern of RNA or protein synthesis as the primary mechanism.
This is the view put forward in the ‘chronon concept' of Ehret and
Trucco (1967). This concept holds that circadiaﬁ rhythms result from
_cycling of a seguential nature that regulates the transcription of RNA
from DNA. The chronon is envisaged as a large polycistronic complex of
DNA whose transéription rate is limited by some function of eukaryotic
organisms that is relatively temperature independent. It is supposed
that each eukaryotic cell contains hundreds of chronons on each of its
nuclear chromosomes and many sets of extra nuclear chronons in its cell

organelles. Tt is envisaged that RNA transcription proceeds unidirect-



ionally from an initiator cistron to a terminator cistron. The eventual

products of translation of the message of the terminator cistron cause
an initiator substance to accumulate. When this arrives at the initiator

cistron the system proceeds to its next ciradian cycle.

Evidence of a nuclear origin for the mechanism of circadian rhythms
comes from the effectiveness of those wavelengths which are absorbed by
nucleic acids. These wavelengths reset the phase of the mating rhythms
of Pafamecium (Ehret\9 1959b) and the luminescence rhythm of Gonyaulax
(Sweeney, 1963). UV radiation of similar wavelength does not however shift
the phase of the carbon dioxide emission rhythm of Bryophyllum (Wilkins,
1973). The involvement of transcription in circadian rhythms is not
supported by the observation of a cifcadian rhythm of oxygen uptake in dry
onion seeds (Bryant, 1972), since DNA replication, trénscriptiong and
perhaps translation do not occur iﬁ this quiescent state (Weeks and Marcus,

1971).

The possible role of the nucleus and its associated processes in
the control of circadian rhythms has béen tested by enucleation of the

giant single-celled alga Acetabularia. It has been found that the rhythm

in photosynthetic capacity continues in normal and enucleate cells in
‘a similar manner (Sweeney and Haxo, 1961), and further that the phase
of the rhythm is shifted by light in both the presence and absence of
the nucleus. This implies that the bésic oscillating system is not
located in the nucleus. However, transplanting the nuclel of cells
which have been grown in cycles of light and darkness diffefing by 12 h
and transferring the cells to constant conditions reveals that the
cycles experienced by the nucleus predominate in phase determination
(Schweiger and Schweiger, 1965). The continuation of the rhythm in
the absence of the nucleus does not rule out the involvement of nucleic

acids in the oscillating mechanism. Chloroplasts isolated from



fectabularia contain considerable aunants of DNA (Gibor and Tzawa,

1963) and dircet the Fformation of Rad (Schweiger and Berger, 1964). The

\

synthesis of REA in enucleated cells of Acetabularia has been clearly

demonstrated (Schweiger and PBremer, 1961), and permits an explanation,
in terms of the chronon concept, for the continuation of rhythmicity

in anucleate cells.

If the oscillator does indeed proceed by sequential transcription
we might expect to find rhythmicity in nucleic acid metabolism or in
protein synthesis, the initial result of translation. Rhythmic incor-
poration of labelled amino acids into protein has been reported in
Buglena under conditions in which the rhythm of phototaxis persists
(Feldman, 1968). Riickebeil {1961) showed that the incorporation of
32? into RNA varies rhythmically in some organisms such as Phaseolus
5ut that this is not the general rule. No rhythmic differences in
32P incorporation into RNA in populations of Gonyaulax could be detected
by Hastings (1960). The apparent absence of rhythmic RNA synthesis
does not completely rule out a central role for the transcription pro-
cess, since only a small fraction of RNA might be involved inm rhythmicity.

Any change in a small RNA fraction might be masked by changes in the

rate of synthesis of the larger nonrhythmic fraction.

Rhythmic activity of the enyzme luciferase appears to be partly
responsible for the luminescence rhythm of Gonyaulax (Hastings and
Keynan, 1965). Variations in the extractable activity of this enzyme
are thought to result from changes in the amount of this enzyme present

in the cells. In contrast, the rhythm of photosynthesis in Acetabularia

cannot be attributed to changes in the activity or level of ribulose
A !.F hoe P‘\u’fg,
d&phesprocarboxylase (EC 1.1.1.39), the cnzyme responsible for carbon

dioxide fixation, nor to the activitlies of eight other enzymes closely



sssociated with the photosynthetic vrocess. Thus a simple, direct link
tetween enuyme synthesis and the overt rhybthm can be ruled out. However,
control could be exerted by the rhythmic synthesis of enzymes which
catalyse reactions biochemically quite different from, but ultimately

coupled to, those directly involved in the overt rhythm.

If the chronon concept is to be considered as valid, inhibitors
of protein and RNA synthesis should be Fhown to influence the oscillation.
One of the striking features of circadian rhythms is their insensitivity
to inhibitors of these processess. Actinomyein D which is thought to
block DNA-dependent RNA synthesis (Reich and Goldberg, 1964) inhibits
the glow rhythm in Gonyaulax but not the photosynthetic rhytim (Karakashian
and Hastings, 1962). The abolition of an overt rhythm by an inhibitor,
however, is difficult to interpret and may not represent the inhibition
of the basic oscillator. Inhibition of the overt rhythmic process or a
breakdown of the mechanism linking the oscillator and the overt rhytlm
might occur while the oscillator continues to function normally.
Convinecing evidence from experiments with inhibitors would require either
a change in the period of a rhythm in the presence of the inhibitor or
a phase shift induced by a brief, reversible exposure to the inhibitor.
Karakashian and Hastings (1963) applied pulse type treatments with
inhibitors of nucleilc acid and protein synthesis at various phases of
the circadian cycle in Gonyaulax but could not find any significant phase

shifts.

Strumwvasser (1965) has shown that the rythmic firing of a single
neuron of Aplzsig can be induced to start earlier by the addition of
actinomycin D. This compound is also offective in lengthening the period
of the rhythmic exudation of sap from decapitated tcbacco plants when

present in the nutrient sclution surrounding the roots (MacDowell, 1964 ).



Cycloheximidy, an inhibitor of prolein synthesis, has been observed to
lengthen the period of vhytims in Luglena (Feldman, 1967). In contrast,
the phasce and period of the photosynthetic capacity rhytim of Acetabularia
arc unaffected by high concentrations of actinomycin D, puromycin and
chloramphenicol which murkedly reduce RNA and protein synthesis (Sweeney
et al, 1967). Although these latter results at first sight suggest that
rhythmicity is independent of RNA and protein synthesis the authors found
that a considerable fraction of RNA synthesis appeared to be unaffected

v
by actinomycin D. As only a small fraction of the total nucleic acid
and protein synthesis might be involved in the circadian oscillation,
this might remain unaffected by the inhibitor. Thus, while there is
clear evidence for an influence of the nucleus and of RNA and protein
synthesis on the operation of circadian rhythms in some organisms, it
remains unclear whether the nucleus or processes 1nvolving the nucleic

acids are the principal or only source of rhythmicity.

The structure and function of membranes, common to all eukaryotic
cells has led to the formulation of several models which attempt to
explain the generation of circadian rhythms as a membrane function. Njus
et al (1974) have proposed a feedback oscillator based on ion gradients
and the membrane bound ion transporting elements envisaged in the fluid
mosaic model of cellular membranes (Singer and Nicolson, 1972). It is
postulated that the proteins which make up the ion transporting channels
respond to changes in concentration gradients of specific ions by grouping
to form such channels when the gradient is small, and dispersing to a
nen-transporting mode when the gradient is large. A reduction in the
magnitude of the gradient by passive transport is assumed, which then
completes the feedback pathway and oscillation recommences. The activity
changes in th: membrane protein, brought about by the circadian ion

fluxes, could involve either synthesis and degradation or activation and



inhibition. Since it 1s known that protein synthesis is not always
required for the operation of the circadian clock, Njus et al (197h)
favour activation and inhibition of transport proteins as being

responsible.

To account for the observed effects of light on rhythms, Njus et 3
al propose that light écts by perturbing ion gradients across membranes.
Inﬁ;;y organisms the éhotoreceptors would be closely coupled to the

. v
oscillator and would operate directly as photosensitive ion gates. In
other organisms hormones would mediate between specialized photoreceptor
cells and those cells responsible for overt rhythmicity. Consequently
the coupling hormone would sct by inducing a permeability change in its
target membrane. A light pulse, decreasing the gradient, would have one
of two effects. Applied at a certain time when the menbrane is in the
active mode, 1t would cause a phase delay because the lon accumulation
would need to be repeated before the maximum concentration was reached.
If applied while the membrane was in the passive mode however, a light

pulse would be expected to advance the phase of the rhythm by increasing

the rate of disappearance of the ion gradient.

Both the observed effects of temperature on the rhythm, and the
highldegree of temperature compensation, may result from changes in the
membrane lipids. Acéording to the fluid mosalc conceptlof membrane
structure, proteins are intercalated intc the lipid bilayer, and can
move in the plane of the membrane through the fluid lipid matrix. There-
fore the kinetics of the grouping of proteins to form ion transporting
channels in response to changes in lon gradients would depend on the
fluidity of the membrane lipids. This fluidity may be controlled by
1lipid adaptation, andi;elativel& independent of temperature (Barafiska

and Wlodawer, 1969). Lipid adaptation also compensates for temperature,

thé rate of passive ion diffusion through the lipid bilayer (Haest et al,



1969), vhich constitutes one phasc of the model oscillator. The resebbing
of the phase ot rhythms by temprrature pulses or steps, of only a few
degrees, may result from the effect of temperature on ion gradienbs througn
an incomplete temperaturs compensation of membrane lipid fluidity. In

the case of more extremé temperatures these may fall outside the range

over which compensation is possible.

The evidence in favour of the membrane—ion gradient model of
circadian oscillation is largely circuﬁstantial, since direct measurements
of the changes in the transporting properties of the membranes during
the circadian cycle have not been made. Some rhythmic processes can be
readily attributed to the movement of ions. Satter and Galston (197la)
showed that Albizzia leaflets close when potassium ions move into the
dorsal and out of the ventral pulvinule motor cells, and open when the
flux is reversed. This is true whether leaflet movement is controlled
by an endogenous rhythm or by phytochrome. The movement of potassium
ions across the ﬁulvinal membranes during the daily cycle has also been
reported in Trifolium (Scott and Gulline, 1975) and Samanea (Satter et al,
197hk). Changes 1in the osmotic potential of the uppér epidermis of
Kalancho& petals have been found which correspond to the rhythm of
opening and closing of the flowers (Schrempf, 1975). These changes are
associated with the rhythmic movement of potassium and sodium ions between

the upper epidermis and the rest of the petal, although no change in the -

calcium ion concentration was Ffound.

Sweeney (1974) has reported a circadian rhythm in the intracellular

level of wpotassium in Gonyaulax polyedra. In this organism, exposurc to
a low concentration of ethanol causes phase shifts, the magnitude and
direction of which are dependent on when in the cycleAcells are treated.
The phase resbonse curve obtained with cthanol treatment resembles that

for light. Ethanol may act by chunging the ionic permeability of bio-
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logical m-mleares (Gutlknecrt and fosteoson, 1975 2nd, in Gongaulax,
ethanol tr-oatmants which canse phass shifts were shown Lo result in up
to a 50% decrease in the intracellular level of potassium (Swceney,
1974). Ethanol also induces phase shifts in the leaf movement rhythm
of Phaseolus scedlings (Biinning and Baltes, 1962), and lengthens the

free-running period of this rhythm (Keller, 1960).

Valinomycin, a chemical which i's thought to influence membrane
permeability (Willert, 1972), induces phase shifts in the Phaseolus
leaf movement rhythm when applied through the transpiration stream
(Biinning and Moser, 1972). When applied in ethanol, valinomycin pre-
vents the effect of ethanol alone on the phase of the circadian rhythm
and the potassium content of Gonyaulax (Sweeney, 1974). However,
valinomycin given either as a pulse or continuously had no effect on the

petal movement rhythm of Kalancho® (Schrempf, 1975).

Heavy water (DQO) is another chemical which msy influence membrane
permeability or the ion balance across cellular membranes. This induces
phase shifts and lengthens the period of the rhythm in Phaseolus (Binning
and Baltes, 1963), and lengthens the period of the rhythms in Euglena
(Bruce and Pittendrigh, 1960), Excirolana (Enright, 1971) and deer mice
(Butter and Rawson, 1968). A cyclic change in the physical properties
of cellular membranes has also been suggested by Wagner and Cumming (1970C)
to account for the rhythmic leakage into the incubating medium of

bebacyanin from seedlings of Chenopodium.

I changes in ion gradients across membranes are central to the
oscillating wechanisms, an exogenous supply of lons might be expected to
modify tiese gradients and hence albter the course of the rhythm. The

rhythmic firing of the optic nerve of the excised eye of Aplysia can be
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phase shifbed by higher than normsel concentrations of potassiun iono
{Fskin, 1972). Incressing the oxbernsl concentration of potaspium or
soddum dong lad no affest on the rhytim of stinuleted luminesconce in
Gonyewlaxn (Sweeney, 2OTh). Demporary ov prolonged lpeubation on o
solution containing potassium ions Aid not eignificantly influence
eithor the phase or the pewicd of the Inlencho# petsl movement rhytlm
(Bohreupt, 1975). This civoadion rhythm did however show a longer
perdod under the continuous influence of Lithium dows, bub o pulse of
up to 12 h hed no effeet on the phase of tho rhythn. Lithiuu lons were
alao demonstrated to plow down tho clrasdiny aotdvity rbythn of a

memmal Meriones erassus (Bogelmonn, 1973). Lithiun dons mey themselves

influenow membrane permeabilisy (Bose and Lowenstein, 1471) Lt the
gipnificance of those vesulsts in terno of the mechmnion of oscillation
is nob elear, sinee it is reported thad Lithiun may also effeset nucleic

acid synthesin (Volm et al, L970).

toaaer and Cumming (L970) and Wagner ot al (19Th) also conclude
thet membrones are the primary site of reglabion of endogenous vhytime
and are responsible for the perception and smplification of internal
nnd externel stimuli. Howover, unlike the model of Hjlus et al (L074)
whieh supposes o feedbaek oscillabter iavelving ion pradients and membrene
funetion, Yagner and co-workers consider thot endogenous rhythmicity
eriginetes from high frequency ousillations. These oseillations,in the
ensynes associated with energy moteboliom, have perieds resging from
less than one minute (o seversl minutes. Such hizh frequency oseillst-
ione have been denonstrabed for the snzyme activibties involved in yeasgt
glyoolosia (Bets snd Chonce, 196%a, 1905b; Pye, 1968), for several
other onzyme sysbems (lless and Bodbeux, 1971) and for hydrogen and
potassiwn fon fluxes from isolated mitochondris (Ghance and Yoshike,

1966), ‘Phe short periods of these oseillations sre difficult o reconcile



33,
with the 2h-h pericds of cireadian rhytlme, I bigh frequency oseilles~
tions do in fact underly eireadion rhythos, some frequency denulbipli-~
cation process must clearly opevate. One approsch (o this problem
considers the oscillator to be a bloshenicnl network of self sustalning
osciliators coupled so as to give negative feedback inhibition.
Individual oscillations thus becoune synebronized abt o mueh Lower then
normal frequency (Peaviidis, 1969; Pavlidis ond Kauemenn, 19693 DPye,
1969), Spatisl separsbion might also reduse the frequenay in & syatem
of coupled, high frequency oseillators. The model proposed by Wagner
suggests thet rhytlms arice by the coupling of migh Lreguency oscville-
tiong in the pathvays of energy produetion end uwbilisation in separste
aonpartnents within the é&ll. Thene coupled osedlilators ara linked to
the Induntion of structuwral changes in thoe nembranes of the intrecedri-
viar conportments, and henee regulato the pool sizes and avellebility
of intermedistes and co-factors for the seporabte psthways. Fadogenous
rhythns with oiroadian pericds might then be generated in tha overd
reagtion of thege distinet pebthwaye. It is agsured thot cireadion
rhythans in growth snd behsyviouwr resulisfron those in energy mebabol.dsm
{Cumming and Wagner, L968; Frosch and Wagner, 19¥3s, 1973h;  Frosoh
b al, 1973 Yognsr et al, 19Th).

Tha'ggzg;:;:% of non-eiroadisn rlythneg, and of circadien rhybbuog
which eleo show wderlying oscillations of higher Preguency, as revealed
by mub~pesks in the activity mf‘eafﬁain eprynes of energy wmebabolism,
may be considered as svidence in favour of the involvement of hiph
freguencey oseillations (Waguner et al, 19Th). e lovolvenment of gomport-
mentntion in rhythnicity is supported Ly the fact thad there arce
rhydimie changes in the ulirasiructure of ahlovoplests and mitoshondria
in daily light~derk cyoles (Heber, 196%; Kénitum, 196%: Schor et al,

1970). Within the sawe coll, mitochondris wwell and chlovoplasts aon-



tract uro . loenilation whits whe voverse occurs in darkness (Muraland
and Packee, 1979; FPacker el al, 1970). Purbbermoce there is evidence
that endogenous rhythms in chloroplast swelling and contraction are a
structural corollary of oscillations in enzyme activity (Busch, 1953;
Driessche, 1966). However, while these changes suggest that rhythmic
enzyme activities can occur in co-cperation in different cell organelles
and support the involvement of compartmentation, they do not confirm
the hypothesis of Wagner et al (1974), and might equally result from
membrane control of ion gradients or.represent merely a secondary

response to some quite distinet oscillating mechanism.

Investigation of the envirommental control of circadian rhythms
has been concentrated primarily on the effects of radiant energy, since
this appears to be the principal synchronizing agent under natural
conditions. A number of attempts have been made to elucidate the
pigments responsible for the initial photoreception. The identification
_of photoreceptor pigments is usually achieved by determining action
spectra for a defined response of a circadian rhythm to light. In an
ideal system the action spectrum for a reaction 1s directly related to
the absorption spectrum of the participating photoreceptor although
inactive pigments often interfere with absorption. In addition to the
few dgtailed action spectra which have been obtained for photocontrol
of circadian rhythms, there are a number of reports of the effects of
broad spectral bawnds. Radiant energy can be involved in the initiation
of a rhythm by transfer from light to dark or vice versa, in the entrain-
meat of the rhythm to light-dark cycles, in phace shifting the rhythm
with a single exposure, and in influencing the frec-running period éf
the rhythm. {0 many investigatlions only one of these responses has been
studied, a'tbough in a fev organisms two or more responscs have been

F

cxamined for ap ctral dependence.
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In many animals resetting of the circadian oscillation by light
signals is accomplished indirectly via hormones or the nervous systenm.
In higher animals the perception of light is generally by the eyes so
that in the absence of eyes or with the eyes covered a rhythm will per-
sist with a free-running period differing from the 24~h period of the
natural light-dark cyéle (Biinning, 1973). Synchronization without eyes
might occur in some ﬁammals however, since light can peﬁetrate into the

_ : v :
brain (Brunt et al, 1964). Photoperiodic responses in mammals which
presumably depend on the ihteraction of light-dark cycles and a cir-
cadian rhythm are indeed often independent of the presence of eyes
(Binning, 1973). In insects as well as vertebrates, light effects

other than via the eyes are known. Light-dark cycles are effective in

entraining the rhythm of an eyeless mutant of Drosophila melanogaster

(Engelmann and Honegger, 1966).

Frank and Zimmerman (1969) have determined action spectra for
light induced phase shifts of the circadian rhythm of adult emergence

in Drosophila péeudoobscura, The action spectra for both advancing

and delaying the phase of the rhythm are similar, with maximum sctivity
between 420 and 480 nm and a sharp cut-off above 500 nm. The initiation

of the circadian rhythm of egg hatching in the moth- Pectinophora

gossypiella by a brief light pulse has an action spectrum similar to
that for phase shifting the Drosophila rhythm (Bruce and Minis, 1969).
These regions of the spectrum are also responsible for control of the

photoperiodic diapause of Pieris brassicae which appears to involve

an endogenous oscillator. The extension of short days or the interuption
of a long night inhibits diapause, and only wavelengths below 550 nm

are effective (Blinning and Jorrens, 1960).

In the fungi also, photoresponses are usually dependent on the



Llue rogion of the spectran. T

The oxyression of a cireadiau rhythm of

conidiation Ly n strain of Neurospora crassa is inhibited by growth in

continuous white light. The action spectrum for this effact has a large
peak with minor sub-peaks in the blue region of the visible spectrum

and a broad shoulder in the near UV (Sargent and Briggs, 1967). Muboz
and Butler (1975) conclude that a flavin is the photoreceptor involved

in this response and that the absorption of light by this pigment is

also responsible for the less precise ac%ion spectra found for Drosophila

(Frank and Zimmerman, 1969) and Pectinophora (Bruce and Minis, 1969).

The influence of different wavelengths on the sporulation and mitosis
rhythms of the alga Qggggonium have been investigated by Blihnemann (1955¢)
with the conclusion that in this organism also, wavelengths below 550

nm are those principally iuvoived in photocontrol.

In unicellular organisms light clearly exerts its effect directly
on the cells in which the oscillation is occurring. The action spectrum
for phase shifting the luminescence rhythm in Gonyaulax has a major
peak in the blue region of the spectrum at 475 nm and a minor peak in
the red region at 650 pm (Hastings and Sweeney, 1960). The peaks of
this actlon spectrum do not coincide exactly with the absorption
spectrum of any one of the pigments in Gonyaulax but correspond roughly
to the total absorption of the cell which principally reflects the
pigments involved in photosynthesis (Sweeney, 1969). The rhythm . of

mating capacity of Paramecium bursaria is shifted by light and the

action spectrum for this regponse shows greatest activity in the red
(600 -~ 700 nm) region of the spectrum wilh peaks also occurring at 4hO
nm and in the near UV (< 380 nm) (Ehret, 1960). However the author
considers that the action spectrum is too poorly defined Lo implicate

any particular group of pigments.
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Gony. weency, 1903) and Paramccium (Fhret, 1959b)



shew stablo ;iac - shifts in respons: to UY radiatllon, principally at
254 ., In contrast to the relstively long exposure fto vislible light
required to suiTi the phase, an exposure to UV of only a few minutes

is effective. The sensitivity to resetting by UV varies cyclically, as
does the response .to visible light. However, whereas visible light
causes both phase advances and delays, depending on the circadian time
of application, UV radiation induws only phase delays in Paramecium
and only phase advances in Gonyaulax. »In Paramecium, but not Gonyaulax,
visible light appears to reverse the phase shift induced by exposure

to UV (Ehret, 1959b). It seems certain that the effects of UV are
essentially different from those of visible light. The involvement of
nucleic acid metabolism is suggested since nucleic acids absorb radiant
energy in the UV region of the spectrum and some UV effects such as
chromosome breakage are photoreversible by visible radiation (Jagger,

1958).

In higher plants the red end of the visible spectrum is commonly
found to be the most active in mediating the photoresponses of circadian
rhythms. In some higher plants, however, both red and blue regions of
the spectrum are effective, and in a minority of plants only blue light
. is active. Greater complexity in some higher plants can be seen from
the fact that different aspects of the photocontrol of circadian rhythms

appear to involve different pigments as primary photoreceptors.

Possibly the most conclusive demonstration of the nature of the
photoreceptor comes from studies of entrainment of the carbon dioxide

output rhythm of Lemna perpusilla (Hillman, 1971), although an action

spectrum has not been determined for this response. A transfer from
light to darbtuess initiates a rhyllua 1o the rate of carbon dioxide out-

put. by axende caltures of Lemna which rapidly damns oub after one or



two cycles. If cultures, otherwisc maintained in darkness, reccive

15 - min pulses of red or far-red radiation at 8-h intervals the carbon
dioxide output is arhythmic. An entrained rhythm becomes apparent
however if cultures are exposed to only one pulse of red or far-red
radiation, or to two pulses & h apart, in each 2k - h cycle. Tar-read
reversal of the action of red radiation, characteristic of the involwve-—
ment of phytochrome, can be observed. Ths carbon dioxide output,
normally arhythmic when cultures receive pulses of far-red radiation at
8-h intervals, becomes rhythmic if one of the pulses is immediately
followed by an exposure to red radiation and is entrained in a definite
phase relationship to that pulse. If the red pulse preceeds the far-
red treatment however, carbon dioxide output remains arythmic, showing
that far-red radiation reverses the effect of red. Blue light is
active and acts like red in schedules consisting of one pulse of blue
and two pulses of far-red arranged so that the three pulses are given
at 8-h intervals. On the other hand blue light acts like far-red when
one pulse of blue is accompanied by two pulses of red light at 8-h
intervals in each 24~h cycle. It was concluded from these studies that
a regularly imposed change in the level of the far-red absorbing form
of phytochrome (Pfr) can entrain the carbon dioxide output rhythm, the
prineipal synchronizer being the sharpest transition from 2 low to a
high level of Pfr that occurs with a periodicity of 24 h. Hillman
{1971) attributes the effects of blue as well as those of red and far-

red radiation to phytochrome.

The rhythm of carbon dioxide output in leaves of Bryophyllum

fedtschenkoi is inhibited by high flux densities of radiation contain-

ing wavelengths longer than 565 nm (Wilkins, 1960a). The phase of
this rhytln is shifted Ly red but not by blue light (Wilkins, 19007,

-

Vore reeortly an action spectrin has teorn determiiedd Toe the 10 aet



of phase chifhs in the Bryophyllum vhythm by visible rodiation (Wiluin:,
1973). This shows only one activity peak, located between 600 and 700
nm. The importance of the red region of the spectrum in shifting the
phase of the circadian rhythm in Bryophyllum was confirmed by Jones
(1973) in experiments with the rhythm in carbon dioxide compensation.
This persists at high light intensities and can be phase-shifted by a
5-h exposure to darkness or to light in several spectral bands. While
all spectral baﬁds tested induced a phase shift, red light had markedly
less effect than blue or green light. The smaller effect of red light
in this case indicates it to be the most like continuous white light
and hence most active in photocontrol. The phase of the rhythm in
Bryophyllum leaves, unlike that of rhythms in CGonyaulax (Sweeney, 1963)
or Paramecium (Ehret, 1959b), is ynaffected by UV radiation at 254 nm

(Wilkins, 1973).

The rhythmic petal movement of Kalancho? blossfeldiana flowers

fades out after several days in continuous light or darkness, but can
be reinitiated by transferring the flowers from one continuous
condition to the other (Engelmann, 1960). On the basis of action
spectra for the induction of this rhythm, which show peaks in both the
red én@ blue regions of the spectrum, Karvé et al (1961) suggested that
light absorbed by chlorophyll mediates this response. The general
tendency of the flowers to close their corollas when continuously
irradiated result in marked effects on the amplitude but not the phase
or periods of the rhythm. This effect is induced principally by red
light and éan be reduced by a simultaneous exposure to far-red radiation,
suggesting phytochrome to be the photoreceptor. An action spectrum Ffor
the induction of phase shifts has been obtained which is gquite differ-
ent from that for the initiation of the Kaslancho? rhythm (Schrempf,
1975). A peak of activity is found in the 600-700 nm region and

closely resembles that found for Bryophyllue (Wilkins, 1973). A second
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peak oceurs in the near UV (300-300 mm); +his region of the spectrum
being apprecinbly move active than the red region. Sehrempf (1975)
supgested that phybtochrome and possibly one obher piguent are responsible
for phese shifting in Kalanchod although no red/far-red roversibility
could be debected in a varieby of scheldules where red and fer-red rad-

iation were glven sequentially or together.

The effect of different specltral bands on the rhyblm of leaf

movement in Fhoseolus multiflorus seedlings bas been studied in congid-

ereble detall particularly by Lorcher (1958). Photocontrol of this
riyythn appears to be ravher complex, The period of the rhytha is
1¢n@ﬁhenea by radiant energy from fluorescent lamps whieh is rieh in
red bubt deficient in fer-red radiation, and is shortened by radiant
energy from bungeben lemps which ig r»ich in both red and fer-red radis-
tion (Léreher, 1958). Using broad band transmission filters Ldvcher
(1@56) confirmed the lengthening effect of red ond the shorbening effect
of far~red radiation on the periocd. The leaf movement rhythm of
Phageolus .:siliugs which hed, vrior to the experiment, been maintained
in a greenhhuse under the netural light regimne, wag entrained to o 2%5-h
period by eycles consisting of 10 h red or far-red radiation and 12 h
of derkness, When exposed to 22-h eycles of 10 h of biune r green light
alborneting with 12 h of derkness the rhythm displayed a peried of 26

h. As this is also the period of the free-~running rhyblm in continuous
derkness it is clear thait blue and green light sre ineffective in
medlating this phoboresponse, If plants were grown in darkness beforve
the experiments, o rhythu was induced by a single 12-h exposure to red
or blue, but not far-red radiation. In similar plante rhythmicity ecan
be observed in light~derk eyeles with red, blue or for-vred redistion
but only persists in subseguent derkness after eyeles including red ox

blue light,
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Some evidence hos been obbained for the intersction of red and
for-red redistion in control of the Phoseolusn leai movament »lybhm.
FMlonts transferved from continvous darkness to red Light show o elreadion
rhythn, However, no rhybha can be debected if they are sinuliencously
gxposed to Par-red radistion. The induction of o rhythm by a single
12~h exposure to red light can be reversed by a subseguent lg-h oxposure
o fop-red radiation, A furbther 12 h of red light reinitiabes the
rhythm, o effcot whieh can agein be reversed by A2 b of fax-rod radietion,
The inltistion of e rhybhm in response 4o o 12 or 2h-h exposure Lo red
lipht occurs however, irrespestive of whebher the plents reaeive simul~
tancous exposure o far-red radistion. 6 h bubt nobt L b of red light
ore sulficient to initisbe o rhybths, and 1 h of for-red radistion
raverges the effect of 6 h of red. A furthexr l-h cxposure to red light
io sufficient bo reinitiate the rhythn., The red/far-red interaction
obgorved in soversl of these responses led to the suggestion Lhat
rhytechrome is involwved in contrel of the phese and period of the riythm
(Lévoner, 1950). A more complicated interaction beceme epparent hovever,
with the observations of Fiuning and Moser (196G) that although both
red ond far-roed radiction induce phase shifts, the phose response curves
for the two spectral bands ave quite different. Mxposure to wred iight
results in a phase rosponse cwrve identicsl Lo thot obtolned with white
Light, whereos far-red rodiation induees phase advences but no phase
delays, Purthermore, while the red Light offects can be induced by
Irradieting only the pulvinus, fer-red vediation is wvirtuelly without
effect when applied to the pulvinus and ects only when porceived by the
leaf blede, Thus it seens thab red end far-red rodistion may hove very
difPerent effegts. VWhile phybochrome may be iuvolved in the photocontrol
of! the Phasoolug rhytba, ceution should be exercised in imterpreting

the red/far-red reversibillty effects ap confirming this.



An investigation of the leaf movement rhythm of Coleus blumeii

X €. frederici led Halaban (1969) to propose that more than one uniden-

tified pigment is responsible for photocontrol. In continuous blue

light the period is significantly lengthened, while under continuous

red light the period is shortened, compared with that in darkness or in
constant green or far-red radiation. An 8-h exposure to red light is
effective in advancing the phase of the rhythm in Coleus plants in con-
tinuous ‘green light, at times in the cycig when an exposure to white
light also induces a phase advance. Red light is ineffective however,
when applied at circadian times at which white light induces phase delays.
In cbntrast, an exposure to blue light induces phase delays but not

phase advances. Far-red radiation produces neither phase advances nor

delays.

Two other, less detailed studies have been reported which show
the effects of different regions of the spectrum on leaf movement rhythms.

Karvé and Jigaejinni (1966b) showed that cycles of either red or blue

light and darkness entrain the rhythm ofiPortulaca grandiflora. A longer
exposure to red than to blue light is necessary in order to achieve
entraimment with skeleton photoperiods in which red or blue light pulses
mark the beginning and end of the complete photoperiod. Holdsworth (1960)

found that with Bauhinia monandra in ID 12:12 only red light has an

effect similar to that of white light when used to shorten the dark
period. In view of the results obtained with Coleus and Phaseolus, it
seems possible that these latter results do not represent a complete

analysis of photocontrol of rhythms in the respective organisms.

There is considerable evidence for the involvement of both
circadian rhythms and phytochrome in the photoperiodic induction of

flowering in higher plants. This has led a number of investigators



to enquire wnether radiasnt energy absorbed by pnytochrome controls the
entbrainment of the circadian vhybtlen of flower induction or whether it
mercly interacts with the rhytlm to promote or inhibit flowering (Takimoto
and Hamner, 1965%a, 1965b; Salisbury, 1965; Papenfuss and Salisbury,
1967; Denney and Salisbury, 1970; King, 197ha, 19Thb). The results of
many of these investigations are open to a variety of interpretations,
including the possibility of a non-rhythmic 'hour-glass' component of
photoperiodic timing (King, 19Tka). While Papenfuss and Salisbury (1967)
N
concluded that phytochrome may influence only the phase of the clock and
not other aspects of flowering, a gquite different conclusion has been
reached by Hamner and Hoshizaki (197hk). These authors state that
phytochrome is not invelved in the entraimment or rephasing of basic
circadian rhytlms. The latter conclusion is rather surprising in view
of the unequivocal demonstration of phytochrome control of a circadian
rhythm in Lemna (Hillman, 1971). On the basis of evidence presently
available, a dual role of radiant energy in photoperiodism appears
likely, although phytochrome may be involved as the photoreceptor in
both processes. Irradiation treatments which cleariy promote or inhibit
flowering may be of insufficient duration to phase-shift the circadian
rhythm of flowering capacity (Takimoto and Hamner, 1965a, 1965b; King,
197ha). A similar dual action of radiant energy is seen in the germina—

tion of Sphaerocarpus donelli spores (Steiner, 1969). Phytochrome is

held to be responsible for inducing both germination and the rhythm in
sensitivity to germiration promotion. Two distinct responses are impli-
cated however, by the fact that the rhythm can be induced with intensities

of red light which are insufficient to induce germination.

Thus, three conclusions can be drawn couceralng the photocontrol
of circadian rhythms. Despite the general similarity of rhythms in all

organisms, Jdifferent plgments are clearly involved in photocontrol in
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different oréanisms. More than one pigment may be involved in one

organism, mediating different aspects of thé photocontrol of a rhythm,

for example the initiation of the rhythm and phase or period control.

- Finally, it appears that more than one photoreceptor may operate in the
control of one aspect of a circadian rhythm, especially phase shifting,

the particular pigment involved depending on the circadian time at which

the organism is irradiated. In very few organisms have each of these
aspects of the photocontrol of rhythms been stﬁdied. In view of this it

was decided to investigate in detail tﬂe photocontrol of one circadian
rhythm, that of the rate of carbon dioxide output from leaves of Bryophyllum

fedtschenkoi.

-

This rhythm has been studied thoroughly by monitoring, with an
infra-red gas analyser, fhe release of carbon dioxide into a stream of
carbon-dioxide~free air (Wilkins, 1959, 1960a, 1960b, 1962a, 1962b, 1965,
1967, 1973; Warren and Wiikins, 1961). Rhythmic carbon dioxide oubput
can also be observed in leaves in a stream of normal air but fades out
more rapidly than in leaves in carbon-dioxide-free air (Wilkins, 1959).
On the basis of the criteria first proposed by Pittendrigh (1954) it has
been established that the origin of this rhythm is gndogenous. The rhythm
continues in constant darkness at a constant temperature and no correla-
tion can be found between the rhythmicity of carbon dioxide emission and
changes in uncontrolled envirommental variables such as barometric press-
ure (Wilkins, 1959). The phase of the rhythm in darkened leaves can be
shifted by a few hours exposure to light. Similariy, the rhythm persist-
ing in irradiated leaves can be shifted by a few hours darkness. The new
phase established by such treatments is maintained when the leaves are
returned to the original constant conditions (Wilkins, 1960a). Although
no rhythm is apparent in leaves exposed to high light intensities, a

single change from light to dark will initiate a rhythm. The phase of a



rhythm thus initiated is dependent on the time of transfer but indepen—
dent of the sidereal time (Wilkins, 1960a). 'Temporarily replacing the
carbon-dioxide-free air ﬁith nitrogen at certain times in the circadian
cycle deiays the phése of the rhythm (Wilkins, 1967). Finally, the most
important confirmation of the endogencus nature of the rhythm is the fact
that the period of the rhythm in leaves in constant darkness depends on
the ambient temperature, showing a. small but significant decrease with

increasing temperature (Wilkins, 1962b2.

Rhythms of carbon dioxide exchange have been observed in a number
of other species of succulent plants. Schmitz (1951) demonstrated a

rhythm of carbon dioxide output in excised leaves of Kslancho& blossfeldiana

in darkness and in an atmosphere initially free of carbon dioxide.
Gregory et al (1954) did not detect a rhythm in the rate of carbon dioxide

output of whole plants of K. blossfeldiana in darkness and in a stream

dLemrrentl

of normal air. The cecuxense of a rhythm in this plant was however con-—

firmed by Nuernbergk (1961) with continuously irradiated plants in normal
3

, air, and more recently by Queiroz (1970) in continuous light or darkness.

Nuernbergk (1961) also reported circadian rhythms of carbon dioxide

exchange in Bryophyllum tubiflorum, B. daigremontianum and Alo& arborescens.

Qicuarrance . o
In a survey of the esewrenee of such rhythms in 16 species of succulent

plants Wilkins (1959) confirmed their presence in B. daigremontianum and

B, tubiflorum and in mature leaves of K. blossfeldiana and demonstrated

rhythms in one further species of Bryophyllum, B.calycinum, in addition

to that in B. fedtschenkoi. A poorly defined rhythm with an erratic

period was recorded in Sedum praeltum. However not all succulent species

" tested displayed rhythmicity. The carbon dioxide output from B. crenatum
was similar to that of rhythmic species during the first 20 h of darkuess.
Only one peak of carbon dioxide emission occurred after which the rate

of output gradually declined. Results very similar to those for B. crenatum
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woye found for bthe remsining species bested ineluding specics of Sedun,

Crogoula, Cotyledon, Bempervivua, Hemilords and dloe.

B

The corbon dioxide exchonge of succulent plants has aloo been
pbudded uning the esteblished technique for neasuring the cavbon dloxide
gomponsation podnt of plants (Jones, 1973; Jones and Mensfield, 2970,
1972},  9hde vechnique mekes wese of o sealed oystem in which alr iz con-
tinwonsly elreulated over the plent maberdal and through an infro-red
goe onalyner. In contyast to this ‘cloped edrewnit', the studies by
Wilking weve cereled oul dn ao 'open eirenit' In which the contimvous
gas sbrema preses ovor the pleat material end through the ges onalyser
ouly onge. The 'elosed clrguit' techulgue bes revasled civeadien rhybhms
in the carbon dionide compenpabion points of speeies of Bryophyllium,
Sedum and Agonss. In ‘open odreouit' the vhythn of carbon dioxide oubpub

in B. fodbsehenkol con be observed in derhvess and in low light intenw

sities bub not dn bigh Light intensitien (Wilkine, 19606). In ‘closed
eireuit' gas snalysis the rhytbu can bo observed in high light inbony
sities but not in deviness {(Jones and Mansficld, 1974).  The resulie
obtained with both techniques show that o reduetion in light intenanity
will fnibiste o evhytim. A& hotbn 1o leaves In Yopon edreuit' con be
Indtioted by o transfer from light o derlk while in leowves in 'closed

adrenls? a tronofer from derk to Light lndtintes the rhythn.

It hoeo e hknown Doy mauy yeors thot the coerbon metebolism of
eevbain gugenloent plonts ddeplays diurnal veriation., Among vho fivst

reports of this vere the obsevrvabions that the aeddity of H. calveinom

looves inereased during the night and deorensed during the day (Kraus,
18860, 1886b), Kraus aloo dowonstroted thet this fluctation in neidity
vas agsegiated with changes in the starch content, & desrease in acidity

boing oceompsnied by an inerease in stareh conbent. It hed been found
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mueh earlice thot the gas intale and oubput of succulent plente varied

durdng the dey-night cyele (DoBaussure, 1804).

Although fizot obswrved in the Crassulocene, the ssewnletion of

lerge omounts of organise scide during Lhe night snd thely diseppesrance
during the doy bas bosn repovbed in memy femilies of sueeulent plenbs.
For exomple Milburn eb el (1968) reported ito ocourrence wnder natuwral

gonditions in spseles of the Agelepiadscese, Dromelincene, Cuctacene,

rideead

Compositeo, Ldliscese, Vitagene and Orchidaceae. The diwrmel variatlons

of gas exchange ond acidlby are due to the aperetion of 2 mebabolie
vabhwey which bas beeome koown ag Crossulacean Aceid Mobabolism (CAM).

In the lasvesn of C& plonts o large Tlxatlion of atmospherde warbon
diomide ip catalysed ot night by the ensyme phosphocnolpyruvase (PER)
carboxyloase (8C Mol.3.31) (Walker, 1957, 1963, Ualker snd Brown, 1957).
The oxeloacabate produced in roedueed to malate by wmelabe dehydrogennsc
(EC 3,1.1.37) resulting a welabe accummlation ot night in these leaves.
In the doybine ¢erbon dioxids is evolved intrecellularly from wmalote by
modde ensyme (EC L.1.L1.40) with the produetion of pyruvate (Valkew, 1960,
1962), Pyruvate moy then undergo complebe oxidation bo carbon dioxide
and wever in the tricarborylic reid cyele {Brandoa, 1963). Yhe carbon
dioxide produced during deseldification is available for photosynthebio
earbon dloxide fixetlon by the opzyae ribulose dipheosphate corborylase,
It i9 asoumed $het most of the molote synthoesiced when covbon dloxide io
fized durlng the dork is twansferred to o storage pook, probebly the

conbral varuela.

Rbythmielty in this systenm nay be the result of the periedic
aperation of one oy more sheps of the CAM pathway., This could be due to
eyelic changes In the amount oy speeificity of one or mowse of the enpynss

pregent.  Albernetively, the netivity of enzsymes in the pabhway ney undersgo



periodie pronotlon or inbibision. Furthermoro, eyelie weistion of

. acmm—{ GG . .
subgtrotes Or key co-cnyymes, Ropgihly ceessdss os o rosult of shytbniclty
in a ditferent mebabolie pathwey, eould lead to oncillastions in the overt
corbon dioxide exohange. %Thepe posslibilities have been oxemined fop

thg rhythn of oorbon dioside owbput ia B, fedbochenkoed leavesn (Warren,

i ’ » 7 ay h‘ )
1964,  Woaren sad Wilkins, L96L). Using i Gﬂp it was fovnd that the
pmount of gerbon dioxide fized by the leaves varied rhybhwmieanlly and
thot there was o colncidence bebween the oscurvence of peale of the

Sizebion vhytim and troughs of the outpubt hyrthvi.

The ponsibility thabt the contyel of fixation by PIF cerbonylooe
vesults from the porlodic avellebilliy of he substrate for this ronetion,
phosphosnolpyruvate wos lnvesbigabed by Werren (196h). Ingiloration of
the lesves with this substonge 4t tines when no cwrbon dloxide fixation
oceurs causes no Inerease in fixation. This sugsests thet the availab-
ility of substrate is not responsible for the obeeyved rhytlmicity. The
poriodie sppeerance of an labibitor of PEP carboxylene in the lewves was
also oxamined in thio study. At leost two inkibitory substanses weve
found to be present in the leaves bul were presendt ot all phases of the
ayele. Pospible perdodic seristion in the avallability of so-eneymos

has not bean investigoted.

Ouedros {1965, 1966, 1967, 196Ba, 1968b, 1969, 1970, 19T2a, 1972b)
end Quedros ob sl (19TL, 1972) have investipgeted the conbrol of CAM in’

leaves of K. blossfeldiens. Durisg Maht-darik cyules with s short phobo-

period, lerge voriations in the sebivities of PEP curbomylease and molic
angyme osewr fn orude exbrooto of leaves, togother with vaviations in
the acbivities of aspurbate eminobransferase (B0 £.6.1.L.) and sleaine
sninobrensTerase (B¢ 2.0.1.2.), ensymes olosely ecesoclabed with CAM.

These voristions ars assocleted with the chavges in hhe level of molate
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brought sbout by durk carbon dioxide Pixation, The aetivity of PE
aovborylese deoreascs during the night op malate acouwnulotes, and
inowveases bowards the end of the dey as malabe is metebolised. In cop-
trost, the activity of mulic ensyee increases through the night op malobe
acownnlates, ond shove o decyeans dueing the day which parellels the

deelindng malete content of the leaves.

Molate is o ntrong iobibitor of the ensyme PEP covbonylase (Kluge
and Opnond, 3972}, fueirozx (190686) has furkher demonstrasted thebh the
anbractable activity of mallo enzyme st the begloning of the dey io
dependent on the level of malabe present, suggesting ¢ promotive offent
of malate on walie ensyma sctivity, In viow of those observations
Quedroz (U970, 19720) hao expleined the diurael pottern of CAYM metebolism
in terng of promobion and inhibvition of enzyme setivities by melic scid,
He puggests thet fixetion ogeurs atv the beglvoing of the night and Hhat
welabe avcuwinlebes unbil PEP govhonyliose becomes inhibited snd Davther
fivation geases, The setivity of snlote dehydropennse appears never o
Be Liniting, with the resuly that oxaloseetate is yapidly converted o
malate after the primery €izetion reaction (Queires, 19706). The high
dewol of malete Yhen fovours the setion of nalic engyme, decovbosyletion
beconing spparent ot tho expense of o Hraction @F the accumuletod walnte.
The sovivity of FEP carboxyelase ineresses in Ghe sbsepnce of the inhibitory
maloate and the oyele rogommences, ot the sterd of the nexb dork pericd.
However, onubion musd be exerciced in laderpreting the resulis of oupepi-
memwbs where engyme aotivities heve boen measured in orude enbracte, slnes
i hes boen cotinebed that es 1ittle ep 1P of the neldaote avcumuloted in
the vacwele would, 12 present in the eytoplasm, complevely inhibdt PEP
carborylase aotivity (Kluge and Osmond, 1672). Thus Pization must be
BCTUEFING
4 g even when the botel malate content of the eell is sufficient,

vhen measured in cerude extyects, to complebely inhibit PEP cerbonylese.



The concept of control by eodback inhibidition has been refined
by considering the fixation phase of the diurnal process as consisting
of both the fixation of carbon dioxide and the active transport of
malate to the vacuole (Kiuge and Heininger, 1973; Kluge and Littge,
1974). The inhibition of PEP carboxylase would then depend on the level
of the cytoplasmic pool of malgte. This would, according to these authors,
depend on the rate of influx or efflux of malate to or from the vacuole.
Kinetic studies of the release of th—malate into buffer solutions from
tissue slices of Bryophyllium leaves la;elled by the fixation of th—carbon
dioxide indicate that this consists of three phases, involving malate
efflux from free space, the cytoplasm, and the vacuoles. From the data
obtained it was estimated that the cytoplasmic pool of lh0~malate is
higher in acidified tissue than in deacidified tissue. Furthermore the
effiux of luC—malate into the external solution from the vacuoles is
also higher in acidified than in deacidified tissues and increases when
the malate solution enclosed in the vacuole is made more concentrated
by increasing the osmotic potential of the buffer (Kluge and Heininger,
1973; Liittge and Ball, 19Tha). Increasing the osmotic potential of the
bathing medium also affects the distribution of radiocarbon among the
metaboiites when the tissue is allowed to fix carbon dioxide in the
light. This suggests that the rate of malate flux from the vacuoles %o
the cytoplasm may be involved in control of CAM. In deacidified tissue
the incorporation of th into malate is inhibited at high external osmotic
potentials whereas luC found in carbohydrates produced by photosynthesis
remains at the same level. This effect 1s explained by inhibition of PEP
carboxylase by a growing cytoplasmic malate pool. This would result
from the retarded malate flux from the cytoplasm into the vacuole and
also the increased malate efflux from the vacuole which would occur under
these conditions. It is thus envisaged that during thelnight fixation

of carbon gioxide occurs aad the malate iz transported to the vacuole.
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As the vacuolar pool of malate increases the transﬁort of malate to the
vacuole decreases. The rate of efflux of malate from the vacuole then
increases and the consequent increase in the size of the cytoplasmic
pool of malate results in the inhibition of carbon dioxide fixation.
The deacidification phase of the diurnal cycle would then involve

passive leakage of malate from the wvacuole.

Further evidence on the importa?ce of the transport of malate in
CAM control comes from experimentg with the chemical GK»isopropyl—F(—
[(N—methyl~N~homoneratyl—\/—aminoPropyi] ~3,hjdimethéxyphenylacetonitrile
(verapamil). This chemical influences the transporting properties of
membranes and causes an increase in the efflux of malate from slices of
Brzoéhyllum leaves (Willert and Kluge, 1973). The présence of verapamil
in the bathing medium reduces the ability of the tissue to accumulate
malate in the dark. Thus it appears that the ceoumenae of CAM is depen—

dent on the integrity of membrane systems and the accumulation of malate

in the vacuoles (Willert, 1972).

These theories were developed largely from experiments performed
on tissue in light-dark cycles. It seems likely that additional or more
complex reactions are involved in the control of CAM which introduce
an endogenous temporal element into the sequence of reactions. The
involvement of additional reactions is suggested from the observations
of malate synthesis during the light period. This may remain inhibited
even when the malate level has fallen below thal which permitted carbon
dioxide fixation in the dark (Kluge and Osmond, 1972). Queiroz (1972a)
has reported that although the maximum activity of malic enzyme measured

in ecrude leaf extracts of K. blossfeldiana i1s attained near the end of

the dark period, none of the accumulated malate is used before the

beginning of the light period. An exylanation for the first observation
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is that PEP carboxylase may conbinue to be supressed 1n the absence of

malate by'the products of malate degradation. These include pyruvate,
the inhibitory nature of which has been demonstrated (Kluge and Osmond,
1972). A second hypothesis may be advanced which could explain the
above observations and also introduce a temporal factor into the metabo-
lic pathway. This 1s that the ;ZZQ;Z;ZZ of active and passive transport
to and from the wvacuole depends not only on the amounﬁ of malate but
more directly on the transport propert?es of the membranes ilnvolved.
Whether this could be brought about by the malate or associated prpton
fluxes themselves in a feedback manner analogous to tﬂe ion pump models
suggested by Njus et al (19T4) is not clear. Liittge and Ball (léfha,

+ .
1974b) have suggested that a system analagous to the K fluxes mediated

by active and passive transport processes in Albizzia julibrissin

.

(Satter and Galston, 197la, 1971b; Applewhite et al, 1973) may operate.
Littge and Ball (1974b) report that in Bryophyllum the flux seems spec-
ific for malate and protons and.is independent of the potassium or
chloride ion concentration. If such a‘system operates carbon dioxide
fixation would occur énly in conjunction with active transport of malate
to the vaéuoleo At other times PEP carboxylase would remain inhibited
by the accumulation of relatively small amounts of malate in the cytéplm

asmic pool.

Rhythms of carbon dioxide exchange have been observed in a number
of non-succulent species. In many of these cases rhythmicity appears to
result from, or is observed as, rhythmic fixation of carbon dioxide in
photosynthesis. 1In other cases rhythms persist in conditions where
photosynthetic carbon dioxide fixation cannot be responsible. The occur-

rence of a rhythm in the rate of carbon dioxide output of Avena sativa

coleoptiles, when they are transferred from red light to darkness, has

been described by Ball et al (1957). Hillman (1970) has reported a



rhythn in the carbon dioxide outpub of Leomne perpusille which persists

in darkness. The primery leaves of Phessclusg show one or two peaks of
o carbon dloxide oubpub rhybtlm in conbinuous derkness ofber bransier
from Light~dork eyeles (Armin, Prins sur Lippe, 1956). There is no
evidence for or against the involvement of carbon dloxide fixzation in

these rhybhas,

Chia~-Lool and Cumming (1972) reported that the dry weight of

Chenopodivm rubrun seedlings veries rhythmicelly duvring a Ta2-h dark

period. The only ways in which the dry weight of the tissue could in-
crease in dorkuess ig by either pericdie upbteke and release of mineral
salts from the growth medium, or rhyblmic net synthesin of dry mebber

by the fization of atwmospheric cerbon diozide. When seedlings were
treated with higher levels of earbon dioxide (0.1%) in darkness, the dry
weight content was greater than in seedlings supplied with normal air
(O,OE%GKé)g The authors consider thet o rhythmic mesheniem similar o
that of CAM mey operate in €. rubrum. Thus the rhytlmie fluctetion in
the dry veight of the seedlings may be expliceble on the basis of
rhyblmic ehenges in the rete of dark carbon dioxide Pixation. The rhybthn
of derk respiration mensured as carbon dioxide oubput from Chenopodiwm
seedlings connot however be explained by rhybhmice carboan dioxide Lixation.
The rhytlms of carbon dioxide outpubt and dry welght differ in bolh phase
and period. Using the same bteehnique which revesled rhybbms in the cor~
bon dioxide compensebion points of a nwmber of sueculents, Jones and

Mansfield (L9T70) also found a rhysthm in Coffen asrabica. Subsequent

studies showed that ouch rhythms are nobt commonly found in non-succulents
and their presence even in Coffeca is dependent on the age of Lthe lesves

and may be confined to young leaves (Jones and Mansfield, 1972),

The rhytlm in the rate of carbon dioxide output in B. Ffedtschenkoi




leaves was selected for the inveoblgotion inbto the photosontrol of
clrveadian phytlne for o nunber of reasons. Lbhytlme of osrlbon dlomide
exchange ore paviiculeriy suitable for investigation sivce the technique
of infra~red gos anaslyesis pornite ‘t-t;e: corbon diowide level in o gon
gtresyn 4o be monitoved aubomaticolly and frequently. As the oseillation
of corbon dloxide onlssion is belisved o be genereted and gontrolled

2% the cellular level, spabiel seporetion of the photorceeption end
oseillebor mechanisns is nob expected. Althouzb the precise mechonicm
of pseilletion is unknown, tho vederdyive biochemigol pabbweys have bewn
bhe subjest of considersble and debailed repeoreh. This pevmits roseareh
into the phobosonbrod of the rhythn o be releated Ho possible oseillotory

an
mechanioms. B fedbechenkol is & overgreen pereanial plant and can

easily be propogated vegebtotively. dwmple supplies of sulseble experi-

wenbal plant meberiel con therefore be yeadily obbained.

Thus the object of this fovestipgetion wes to sbudy in deteil,
aspeats of photaconbrol of the cireadian rhybim of corbon dioxide oubpub

in Leoves of B, fedbochenkol and in pevbticulor, to idenbify the pipments

involved in photoreception in each of those nopects.
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MATERIALG AND MERHODG

Lo Plont Habeoind

o

Whe plogt meberdal wes Bryopbyiiwms (UelenehoB) fedboehenbol Hemeb
B TR

ah Por. The stosk of plonts hed been dervived vegetebively an enbbiage
fron o ologle orviginel plant obbalncd from Hhe Royel Fotenic Govdens

Hew end wag the sume op thet used in investigations by Wilkios (1958,
1000, 5000, 19680, 1068L, 1LY6S, 1967, 1975) ond Vaveen and Wilkine
{1.901). A condinuous pupply oF xperinmontol soberial was obbained by
vegulorly toling cubtings, consisting of shoots with Pive poivs of

well, developed lLeaves, from stock plonte. Imperimentol plante veve grown
in plastic pobs edbher ningly {(pobs 105 mm diomeber, 100 mm depbh) or
with pwo plants per pot (130 wn diameter, LR0 dopbhl. 4 stonderd econpost

mixnture of topsoil: 'Rumex® §

Babnenun noes peats  eourse ssnd, didil,
wos used. Plophs were ssinbodsed, wabil required, in o heoted grecubouse

L] o 0 g
with o windwun Senpereture of approxieately 1067°C.

Plapte were transforral B0 o sontrelled eavirvomaent voom ab leasd
T od, and typleally Rl woeks, before wiee in expeviments. An B-h photo-
poriod wes peovided fron 08,00 b 4o 16.00 b each duy by o bank of 6%/60 W
fluorespent lemps (Atlas *Deylight Supafive’: Stella 'Warm Wnite', 1:1).
These wero mounted lm above beach lovel. The rodiont fluw density ab
o . g -], \ . s .
ponel level wao W.3 0w Tz 7. Yhe boaporobure was 25 - 0,50 dwring
\ + K+ . s e s .
She phoboperded and 15 < 0,57C durdng the dark porled. Hunidity in the

grovih room was nob eontrolled. The plonbs were watored dolly.

A onalld pumboy of oxperimeats were ¢orricd oub using plonts vhich
nad boen maistoined in on unhenboed gresnhouwse with 16 b supplementory
iveaddation given sooh duy from 006,Q00~22.00 he Jrrediotion ws provided

by 63/00 W florescent lawps (Fhilidps "Daylight?) 60me aport end Ghimn
B

L



above bench level.

Experiments were carried out on large, succulent, mature leaves.
The top five pairs of leaves were not selectea since rhythms persisted
with a lower amplitude in those than in mature leaves. It has recently
been reported that young leaves may not show typical CAM (Jones, 1975).
Leaves showing any signs of senescence were also rejected. The produc~
ﬁion of suitable leaves was enhanced by excising the main shoot of’
plants above the fourth or fifth visible leaf pair and subsequently

. removing axillary shoots as they were produced.

2. Carbon dioxide monitoring apparatus.

A flow diagram of the equimment used to monitor the rate of carhon
“dioxide output from Bryophyllum leaves is shown in Figure 1. Air from
| compressed alr cylinders (British Oxygen Co. Ltd.) was passed throuéh
several vessels each containing 750 cm3 of a 10% aqueous solution of
potassium hydroxide to remove carbon dioxide present in the air. The
potassium hydroxide in these vessels was renewed at 2-3 week intervals.
The gas stream then passed, via a device which maintained a con-
stant éressure in the system, to the reference tube of an infra-red gas
analyser (IRGA). After the stream had passed through the comparison
tube of the TRGA it was divided into four streams, each of which then
passed through a capillary flow meter. Tlow mebers were constfucted from
manometer tubes containing Brodie's solution and fixed againgt a measur-
ing scale. The air stream passed from one arm of the manometer to the
other through a capillary tube. This was fixed to the open ends of.the
manomet er 5y short lengths of rubber tubing. The resistance to flow
induced by the capillary caused a displacement of the solution in the

manometer which was proportional to the gas flow rate. The rate of flow
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wae eonbrolled bobh ot the eyliuder head and eb the pelytbens bubing
inlet w0 the flovw neters. AL bhe labtber pite either fine gos flov

rosulotor velvoes or 30mn serew olipn were wsed.

Three of the strosus papssd 0 plant chamboers and thon 0 the
senple tube of Lhe IRGA vie soleneid valves. Whe fourth atrecm by-passed
the plant chombors ond fiowed divecily frow the flow mebey $o the solenolid
valves. The fourth gsivess thuo ensbiled on bourly eheok of the zero of
the IRGA o bo nade. The solenold velven vere opeyrabted by o con biner
in such o way that the gan flov frem cach chamber vas divected in tuwn
through the sample tube of the analyser fovr 1% min. and bo wesbe for dhe
vonaining 4% mis, in cach bovr. The owbput aigesl of the IRGA, ropre-
senting tho differance in bthe oavbon dioxide conbent of the edr in the
reference and sample tuben of the opalyser, was yecorded on a chart

reooder.

Chambers in vhieh lesves vere drredioted (Fimwe 2) vere gonsitructed
from ¢lear peropen and consisted of o hellow bose Alvided inbo btwo. D
internsl Alomeber brass or povopex bubing conduebed the stress of alr
inko and oub of the chenbors. The renovable top of the ehoubors wos o
Zmm hick ohest of pornper. This waes held in place by o perspon {rome
sorewed tighily Lo the base of tho ebamber. Soft rubber formed sn air—
Glght acal bobveen the tvo plent chambors and o waber-bighd seal betweon
ohe baae aad Sop.  Tho choewbors wewe found o be complebely aly ond
wvabor-~tlght vhen vesbed ab proensures fov in cucess of thove sneounbored
durdog nowmel vee. Plept chomboves deslgned to modintedn leaves in darhness
vors aoastrueted freom 150 mm x 48 {(cr Sb) me Aloweter gloss bubes coveraed
with 3 layors of black insulebiog depe. These tubes wore giopperad ab
ench end with pubber bungs theouwgh whick G (Internol diomeber) glosn

wubdng carrloed the gos flov, To avold leskege of 1ight the glass ond






Perspex plant chambers containing Bryophyllum leaves,
Photopraphs show chambers with the top deteched {(A) aund

sttached (B) to the base






plastic bubing for o distence of 350mm oither side of thete chambers

was alBo eovered with black bapw.

Plont chenbers were madntodned in weber bathe at o depth of 150ma.
f-.a,—jfr'? s aration
Used in conjumetion with sefeddospatdeon unlts, these vaber babbs nain-
. o, -
sodned cxpoeinmentol snbleont tonmporabures - a.rz"e. The water baths con-
vaining the plant chawbers were enclogsed in derk cabinets congtructed

feow ‘Hondy Apgle' feamen and covered with two loyers of black polythene

(1,000 gunge; ‘Trencoblaontie FPloosbties L6d.).

Three voanplebe gets of conlpment were used. In tho first, o Grubh-
Popsone IRCGA {medel £51) was epployed vhieh recoived n powver supply
fron a Grubb~Parveons Gype A,A.C volitage stabilizer. A nedified Philliys
volvoe volbmeber wos uned éﬁzs;mnjxmat-ion with the SEL IRGA nad provided
the hkigh tension curvent o the debtecting condenser of the IRGA and
amplified the oubput aignal, This algonel wes diepleyed on en FLic
Lype 230 chord reeordor. The plant chaabers vere mednbained ab congbant
penperetures with o Grants water bath (Model 884) end a Geonte cooling
veit (moded CCL3), Yho gas flove were dircoted through the IRGA 1o turn,
by means of solenoid valven (Flgure 3). Yhesc consisted of opposibely
mounted solenodds, ccotivated by o iI-h can time switeh (Elrenco Litd.
HOT/A),  The solovoids tilbed o three cymed gloss tube in such ax way
thet, deponding on which solencid was nebivadald, & nasll anount of
mercury bloeked one of bhe cuber arms. The gas steoan entoring the
gentra am von thus direoted thaough the open tube either to wvanbe or
o tha gas onelyser. Brery 15 min one of the velven was tilbed to the
"Go FRGAY position vhile the previously operated welve vas sianitoneously
sebivated and reburned to the "o wasbte® position. The solenoids wsrs

opevated by o 32 volt supply Trom & trenofoiaer.

Phae sepond appavatus ves bosieally sinilar to the Direb. A Grubbe






FIGURE 3

folenoid walves used in spparatus 1.
(A) Flow directed to waste when solenoid 1 is sctivated,

(&) Flow directed to IRCA when solenoid 2 is activated.
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Parsons SB2 IRGA was used which did not require a separate stabilizer

or voltmeter. The output signal from the IRGA was recorded on a
Servoscribe is potentiometric flatbed recorder. The gas flows were
directed to waste or to the IRGA by Black model 1510, 3 way, normally
open solenoid valves (Black Automatic Controls Ltd.) The third apparatus
also utilized a Grubb-Parsons SB2 IRGA but differed from the first two
apparati in that a Grants SB35 water bath;and Schrader 457-8A, 3 way
normally open solenoids valves were used. The solenoid valves used in

A}

apparati 2 and 3 were operated at mains voltage.

In apparatus 1 the internal diameter of polythene tubing used to
carry the gas stream was 5mm and the flow meters were constructed from
3 mm internal dismeter manometer tubes and 0.5 mm capillary tubes. In
the second and third sets of equipment, 6 mm internal diameter polythene
tubing, 5 mm manomeber tubes and 0.5 mm capillary tubes were used. All
three IRGA's were fitted with optical suppression filters which elimin-
ated interference from infra-red radiation absorbed by both water vapour

and carbon dioxide in the gas stream.

The capillary flow meters were calibrated by recording the time
taken at several settings for air flowing through the meter to displace
wvater from an inverted vessel of known volume. The calibration data so

a
obtained were confirmed with a soap bubble flow meter. The ;;%éiﬁ were
calibrated with air of a known carbon dioxide content. The carbon
dioxide content of a cylinder of aiszas determined by passing a known
volume of the air through a 0.073 N aqueous solution of barium hydroxide
in a sgries of tubes. A sufficient number of tubes were used to ensure
that no barium carbonate precipitation occurred in the last tubes of

the series. The solution in the tubes was titrated against standard

0.1 N hydrochloric acid. The amount of carbon dioxide absorbed by the



G

boarion bhydroxide and benee bthe concentration of corbon Aloxide in the
tast alpr semple could then bo caleulated. Adr of hnown eevbon dioxide
content was nixed in wverying proportions with cerbon-diomide-frec air

and pasged through the sample dube of the IRGA while carbon-dicxide-Lyee
air pansed through the refepence tube. In this way o colibretion curve
for REGA response agedanst carbon diozide content of aly was debermined
wder conditions similer to those vaed in subsegquent cxperimenis. The
calibration curves obbedned in this way corresponded closely to those
wrovided by the nanufacturers. Lueh IRGA woas fitbed with o eelibration
device which gave o vending vhen o wire vos pleced in the path of the
infro~ved vodiobion passing through the somplo tube. This eslibrosion
volue vas regorded ab bho sensitivity of the IRGA and ot recopder

used for celibration. The relatlonship bebween chort deflection and the
carbon dioxide conbent of alr somples st any obhar sonsitivity scbitlogs
could thus be dehevmined by compering & new celibration vire reading with
the origined one. In eaddivion, in apparatus 1l the calibration wive

udlt dnbe the TRGA was operated subomnebieally onge every howr by the

L h eenm biney, as o c‘raéak on the sonsitivity of the IRGA. “ho calibration
of both Llow mebers and IRCGATs won cheeked povicdically. Imomples of
the ealibration date obbaingd are shown in Figure b ond 5. The egquations
of the lines, obbsined Wy regrossion anolysis, wors used for tronplforn-

ing the doba.

3. Zrradiotion

A pumber of yediant onergy souprees wore used in ivreadistion studies.
Those vete mounbed above the wobter hoaths in the derk esbinets. White
light woe obboined from either o €0 VW tungsten lemp or n 80 U, SH0 mm,
Atlas ‘Wnlte' fluoreseent lamp. In the case of the tungebon lamp, bhe
rodlont flux density wes adjusted o thebt used experimentelly by neans
of o rhepabat (Bercostat LH0, 800 ohms) aonneoted in sories. Momoghrom—

atic radietion was obbained from PBausch ond Lomb High Intensiby Grating






FIGURE b

Calibration data for apparatus 1 flow meters.

Each point is the mean value of at least 3 individual readiogs.

~ manometer 1, y = 0,0502x ~ 0,1433
manometer 2, y ® 0.0770x - 0.1317

- manometer 3, y ® 0.11LTx ~ 0.2140

» = ® O
H

~ manonmeter 4, y = 0,1100x -~ 0.1623
* (line not shown)
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FIGURE 9

Calibration data for apparatus 1 IRCA

¥ = 0.54 - 0.79
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Honoehromators with tungeten Light sources conbaining W% W Sylvenia
tungpben hologen lonps and monoehronators vith o geating of 1350 grooves
zzmm:g’, fhe entronce aod exdt elite of tho monochroncbor wore %.30 snd 3
wa peapssbively. The rediont oz deneity of noaonhromatie radiction
wag adjuebed elther with o rhoosted copneched in peries or by bthe lagay-
tlon of Kodab VWrabben peutyral deussity filiers futo the boan. The mono-

b

chvonabors yrovided speetral bands 8% me wide as nessvred with o boud
apeotroneber. To olimipsle possible countominetion of she red ond of the
‘spectrun vith overdappine Wue izt of other opder dpestoe Tean bhe
grobing bwo leyers of Cinenoid Ovenge Ho.9% £31ter (Bonk Strend ¥leotwric

14d. )} vere inporbed in the besn wheon Lho moncohwosehors were solb ab

wavelongthe bongey than $00 mm.

A highey dntencity of rediant enoepy do the fer-rald region of the
Cﬂillwl&':f:l&‘-(

gpoebron e obtained by possing bhe sodwns 3 boom Deon o monsehransbor
tungoten 1ight souves thevough o Corndng 769 for-red $ilter (Corning
Gloes Works, Coming, Ho¥.y UsBeho)s The tropemittence of shis filbep
in the BSO-G50 my repion of the sposbirum was neasured with o Pye Unicom
W resording speebrophotonetey aod is shoun ‘m Plgwes G,  Wovelongbbs of
raddont onevgy boebueen R00 sud S0 nw were unet transmibviod. ‘3;’3;;@ quad iy

of yadiont ooergy resebiug tho lenves wee alse modified to sone cxbont

by the abaorption due $0 bhe 190 mu pobh of wabey in bhe wabor bodh.

The radiant flue denniby enlvbed by the bungsien and nonoehvonabic
Light sourees wag measwred ddveotly with o Kipp Zonon Compensabed
Thornopile end Preomplifice (noded 11.330) end o Scolemp gplvancnober

w2 Ueke)o Beooonse of Ghe

{54

fnadel TH02/T) (W.0. Fye and Co. Lbd., Cobridy
unddivectional nevure of the thormoepile this lnstrument wos nobt suilable
for measuring the rodiesd calitorse of thoe fluorescoat lamp. This wos

masoured with en EEL Tdght Moobar' photomebor (Evens Blsctro Heloniuw
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Itd., Halstead, Essex U.K.). The photometer had previously been
o_MT_ﬁ" ec{

calibrated against a thermopile for the radiant energy emmibbed by a

fluorescent lamp covered with black polythene so only a small portion

of the tube, approximating to a point source, was exposed.

Irradiation of the leaves during experiments was controlled by
time switches. Irradiations of 15 min or multiples of 15 min were con-
trolled by Venner 'multiset' time swit?hes. When two light sources were
to be operated successively for 15 min each, this was achieved with a 1-h
cam timer adjusted to give the two pulses, connected in series to a
Venner time switch. A sequential timer was constructed which enabled
light pulses to be épplied in rapid alternation with darkness or with
other wavelengths of radiant energy. The twoc outputs of the sequential
timer could be set ind-=pendently to deliver a pulse ranging from T s to
14 min. Full details of this timing device are given in Appendix 1.

The seguential timer was operated at the required time and for the
required duration by a Venner 24-h time clock to which it was connected.
The operation of the monochromator lamps during short and alternating
pulse experiments was monitored with EEL selenium photovoltaic cells
mounted inside the lamp housing. The photovoltaic cells were connected
directly to a potentiometric chart recorder in such a way that when ohe
of the lamps was operated the recorder pen wés deflected to oné side of
a base line and when the other was operated the pen was deflecfed to the
other side of the base- line (Figure 7).

b, Experimental procedure.

Leaves were excised from plants at the end of the photoperiod.
They were weighed, placed singly in plant chambers and transferred to the
water baths. Unless otherwise stated all experiments were performed at

lSOC on plants from the controlled enviromment room. The gas flow rate
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FIGURE T

Examples of traces obtained with the apparatus used 4o
monitor the operation of lemps in experiments where leaves

were exposed to:-

A 10s irradiation from lamp A alternating with 30s
darkness, '
L. 108 irradistion from lamp A alternating with 30s

irradiation from lamp B.
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was 1.5 1 hul. There was a delay of 2 min between a change in the
carbon dioxide concentration occurring in the plant chambers and the
commencement of the corrssponding recorder pen deflection. A new steady
level was recorded 6 min after the solenoid vaives altered the gas flow
reaching the IRGA from normal air passing through one plant chamber to

carbon-dioxide—~free air passing through a second.

5. Treatment of data.

value
One wadxe for the carbon dloxide content of gas passing through

A

each of the plant chambers was obtained in each hour. The sequence in
which the chambers were sampled during experiments which included both
darkened and irradiated leaves was, zero check, irradiated leaf chamber,
dark leaf chamber, irradiated leaf chamber, zero check efc.. The zero
line, while the gas flowing through the plant chambers was being sampled,
ptcading . .
wag taken as the mean of peeseeding and following values obtained for
the zero check gas stream. In practice very little variation of the
zero level occurred. The carbon dioxide output, calculated from cali-
bration data, was expressed as pg carbon dioxide n ot g (fresh weight)ml.
This was plotted as an hourly value and a trace was obtained by joining
all the values obtained. Unless stated any breaks in the tfaces are

due to the carbon dioxide output exceeding the maximum value which could

be recorded at the sensitivity setting of the IRGA or chart recorder.

The phase of the rhythm, taken for comparative purposes, was the
time of occurrence of pesks of carbon dioxide output. The time of
ovcurrence of a peak vas estimated by measuring the distance across the
peak at equidistant points from near the base to near the apex. The
mean time of occurrence of the mid-points of thése lines was the time
at which a peak was deemed to occur. The period of the rhythm was

assessed as the mean time between successive peaks of the first four



cycles of the rhythm. The time from the start of the experiment to the

first peak was termed the transient,

Where exampleé of traces are given to illustrate the results,
these are representative of the data obtained in at least two, and
usually many more, experiments. Where data are presented graphically,
the mean of a number of observations is given together with the standard
error. This is represented on the graPhs by vertical lines drawm
symmetrically about the data points and equal to twice the standard
error. The Student's t-test was used to ascertain whether rhythms in
leaves exposed to two treatments differed significantly. Caleulation of
the standard error and t-values was performed as described by Bailey
(1959). The probability levels were obtained from the Student's t-dis-
tribution (Fisher and Yates, 1963). Differences between means were
referred to as significant when the probability value p €0.05. The
probability levels for significant differences are quoted as p €0.05,
p<0.02, p<0.01 or p<0.001. Where one of these values is given to the
significance of the difference between two means, it implies tha£ p lies

below the quoted value but above the next lowest value.



RESULTS

1. Rhythmicity in light-dark cycles.

1.1 Short photoperiods of white light,.

Preliminary experiments were carried out using plants grown in
an unheated greenhouse with the natural photoperiod extended to give
LD 16:8. Figure 8 shows the carbon dioxide output from leaves excised
at 2200 h, the end of the photoperiodg‘and maintained in darkness at
iSoC. The rate of carbon dioxide output from these leaves was initially
low but began to increase after 8-12 h. A peak of carbon dioxide output
occurred 20 h after transfer to darkness. Some leaves displayed a second
peak of carbon dioxide emission approximately 24 h after the first. Thus
plants grown under these conditions did not exhibit a persistent circad-
ian rhythm when placed in continuous darkness. The pattern of carbon

dioxide emission under these conditions may be interpreted as a weak

circadian rhythm which faded out after 1 or 2 cycles.

Rhythmicity may frequently be induced or maintained by exposure
to light-dark cycles, even when the photoperiod is of only a few minutes
duration. The effects of exposing leaves to short photoperiods ending
at 0600 h each day are shown in Figure 8. A rhythm in the rate of carbon
dioxide output was induced by a l-h exposure to white fluorescent light
at a radiant flux density of 0.6 J s (Figure 8A). An exposure to
a radiant flux density of 4.7 J my2 s—l from g tungsten lamp for l h was
also effective in inducing rhythmicity (Figure 8B). .Daily irradiations
of 30, 15 and 5 min duration from tungsten lamps also induced rhythmicity
(Figure 8 C-E). No rhythm was apparent however when the duration of
irradiation was reduced to 1 min (Figure 8F). & large increase in the

rate of carbon dioxide output which lasted for 2-3 h occurred following irrad-
By (=]

iations of from 15 min to 1 h.
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FIGURE 8

The carbon dioxide output of Bryophyllum leaves exposed once -~ -

every 2 h to radiant energy from:—

2

A. White fluorescent lamp (0.6 J m 3"1') foxr 1 hs

B, Tungsten leuwp(d.7 T m = & ) for 1 b,

0. . " 1" : i D 1 4 30 miu.,
D. it 1 1 " . 15 miﬂ-
- E‘ 11 L1 . it 1] 5 minn
F. "o 13 L] B 1 l mi‘n*

The vertical lines indicate the times of irrsdiation. Rhythms
in control leaves in darkuess are shown by the broken lines and
those in irradiated leaves by the continuvous lines, .

0= I’Xidﬂight .
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All subsequent experiments were carried out using plants which
had been grown in LD 8:16 in a contrclled environmenf room. Leaves from
these plants showed a circadian rhythm of carbon dioxide output which
persisted in darkness at lSOC for 3-5 cycles. The first peak of carbon
Gioxide output occurred 26 h after transfer to darkness and the rhythm
persisted with a period of approximately 24 h. The influence of light-
dark cycles on the rhythm of carbon dioxide'outpu£ was further eﬁamined
using these plants. Exposure of Bryophyllum leaves to cycles consisting

. .

of 0.25 h of white fluorescent light and 23.75 h of darkness are shown
in Figure 9A and B. The phase of the light-dark cycles in Figure 9A
was 12 h different from thét in Figure 9B. In each case the rhythm was
entrained and locked on to a new phase after a number of cycles. In
Figure 9A the 0.25-h photoperiod began at OLOO h and the new stable
phase was attained after 3 cycles, whereas in Figure 9B the light period
began at 1600 h and entrainment was complete after 2 cycles. The course
of the rhythm during entrainment to a new stable phase is clearly deter-
mined by the phase of the entraining cycles and the initial phase of the
free-running rhythm, In Figure 9A the final phase determined by the
entraining cycles is very different from that displayed by tﬁe free-running
rhythm during the first few cycles. The phase of the rhythm is progress-—
ively shifted to that of the entraining cycle and consequently two
transient cycles with short periods occur. In Figure 9B the phase of
the free-running rhythm corresponds rather closely during the first few
cycles to the final phase developed in relation to the entraining cycle.
Thus, transient cycles are not immediately apparent. However, while the
entrained rhythm persists with a period of exactly 24 h, the free-running
rhythm has a period slightly less than 24 h., As a result of this the
two rhythms become progessively out of phase with each other. In both
cases the phase relationship between the entrained and free-running

rhythms is constantly changing. It is clear that exposure to light-dark
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. dCcuu e ..
cycles is not necessary for the cesuxenee of rhythmicity but that such

exposures influence the endogenous circadian rhythm of the leaves by
increasing its persgistence and entraining it in a specific phase relation-

ship to the external cycles.

1.2 Short photopericds of radiant energy in defined spectral bands.

A more detailed anélysis of the mechanism of entraimment can be
achieved by exposing the leaves to 2h-h cycles of light and darkness in
\
which the photoperiod is both of very short duration and of defined
spectral band. Leaves of Bryophyllum were exposed daily to 0.25 h of
monochromatic radiation at a quantum flux density of 47 pE cm-~2 s"l.

A comparison was made of the effect of regions of the spectrum most

often involved in the photocontrol of circadian rhythms in plants.

Periodic exposure to a 25-nm spectral band centred on 450 nm had
no effect on either the phase or the persistence of the rhythm (Figure
10). Periodic exposure to red light (660nm) for 0.25 h caused the
rhythm to persist for much longer than in leaves in continuous darkness,
and to assume a specific phase relationship to the entraining cycles
(Figure 11). FEntraimment with red light was very similar to that obtained
with white fluorescent light, although slower when red iight was applied
between OM00 and Ok1l5 h. The persistence and amplitude of rhythms in
leaves periodically expcsed to red light were somevwhat variable. In
general, the greatest persistence and amplitude were found in leaves

used from plants known to exhibit clear rhythmicity in darkness.

A spectral band centred on 730 nm (Figure 12) acted in a similar
way to red light, although 5-7 cycles were required before the new stable
phase was established. When leaves were exposed to light-dark cycles

of red light which were 12 h out of phase (Figure 11) the phases of the
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FIGURE 12
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entrained rhythms were clearly different b& the second cycle. Using

the same criterion, exposure to radiant energy at 730 nm could be seen

to have 1itfle or no effect when applied during the first three cycles,

but to entrain the rhythm to a new stable phase rapidly during the fourth and
subsequent cycles. Despite the variability noted in the amplitude of
rhythms entrained by red light, the effects of red and far-red could also

be distinguished with respect to this parameter. The difference in the
amplitude in irradiated leaves and comparable leaves in darkness was

Al
always greater with red than with far-red radiation.

1.3 The interaction of red and far-red radiation.

The effectiveness of far-red radiation in entraining the rh&thm
of carbon dioxide output in leaves of Bryophyllum was further investi-~
gated using radiant energy obtained with a Corning T-69 far-red filter.
Rhythms in leaves exposed to cycles consisting of 0.25 h of far-red radia—
tion and 23.75 h of darkness are shown in Figure 13. Clear entraimment
of the rhythm was not achieved with this treatment. Although a small
difference in the phase of the rhythms in irradiasted and unirradiated
leaves was apparent, the rhythm faded out rapidly in elther condition.
When applied at OULOO h, periodic exposure to far-red radiation tended

to damp the rhythm compared with that in the unirradiabted control leaves.

The possible involvement of phytochrome, as the pigment responsible
for photoreception in the entraimment of the rhythm to light-dark cycles,
was investigated. As both red and far-red radiation at 730 nm entrained
the rhythm, a complete reversal of the effect of an exposure to red light
with an exposure to far-red radiation was considered unlikely. However,
as the effects of red and far-red radiation were different in terms of
rapidity of entraimment and persistence of the rhythm, experiments were

performed to investigate their possible interaction.
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Yie
When monochronebie red Light (660 sn) ot o rediont Flux density
of 85 mg ™ mml wineg opptied each duy bebween OBOO and OBLS b {Pigwe
14B) the rhybbn wes entrained o o phase Alfferent from bhat of hhé

fres-punning rhythn in devimess (Figure BA). Far-red redistion

g

{Corning T-00 filter, 7.0 J w m“l) applicd at this tine each doy oppeared
o0 ebolish the vhythm (Figure 14C). When 0.25 b of far-red rodiation

was giveon lumedintely follewing an exposure to red lLight the shybhm

domped papidly. With thio treatment & cerbon dioxide outpul pabhern
giniler to thot with fer-ved redicbion alone vas obbained, Hovever, in
the cxanmple given (Pigure WMD) rhythmicity of & very iow omplitude moy
have persisbed. I, howover, 0.2% h of for-rad vadiation Ifmedintely
preceded

Peecaeded the oxposure bo  wred lieht (Yigowve 148}, bthe vhythn wes

epbrained and persisted in o monner very similer to that in leoaven oxposed

o red Light alone (Figuvoe 1hB).

The porslstence end onbraiment of the vhythn thus depends on
vhebher ved or foar-ved rediation is experlenced by the leooves imnmediately
hofore whe end of the short photoperiod. TYhis result provides sowe
evidence For sn intovection of red and fer-red rediation in the photo-

contvol of the eirvesdion ehybhm by light~-derk cyoles.

1.k Shelebon photopericds of white light.

The stndy of the cerbon dioxide oubpue rhybthm in leaves exposed
to cyclen of Light and darkaoss wvos oxbended $0 exomine Tthe effeets of
h-h eyeles eonteining either s single photoperiod of 8~12 h duration op
bwo 0,25-h drevadistions. Figures L84 ond B shov the rhythm ia leaves
exposed vo D 8:16. Yhe photoperiod was provided by a fluerescent lemp

* - . I 1 .
giving en ineldent redient flux density of 0.6 I m © 8 " An cuemple
of the rhybla obtained vhen this srhedule began with the L6-h dovk

period is given in Figure 154, vwhile Figove 158 illustrabes the rhyblm






FIGURE 1)

Effect on the ecircadian rhythm of carbon dioxide output in

Bryophyilum leaves of:-

A.
B.

Ge

Coﬁtinuous darknesns
Cyeles of 0.25 h red light and 23.7% h derkness

Cycles of 0.25 h far-red radiation and 23.7T5 h
darkness ‘

An exposure to 0.25 h far-red radiation immediately
after the exposure to red lipght in a schedule
otherwise as in B.

An exposure to 0.25 h far-red radiation: ismediately
before the exposure to red radiation in a schedule
otherwise as in B.

Vertical lines indicate the times of irradiation. O = midnight.
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FIGURE 1%

The effectiveness of LD 8:16 and corresponding skeleton

photoperiods in entraining the circadian rhythm in Bryophyllum.,

In A and B, dark periods are indicated by shaded bars ahbove
the trace. In C and D, vertical lines indicate the times

of 0.25-h irradiations. O = midnight.
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obtained when leaves were first exposed to the 8-h photoperiod. fhe
rhythms were rapidl#rentrained, adopting an identical phase relationship
to the entraining cycles irrespective of £he order in which the leaves
experienced light and darkness. The entraining cycle in Figure 15A was

8 h out of phase with that in Figure 15B. Consequently, the rhythms in
leaves exposed to these schedules persisted throughout the experiment

8 h out of phase with one another. In each case the peaks of carbon
dioxide release were confined almost egtirely to the photoperiod. Little

dork

or no carbon dioxide was evolved by the leaves during the peak period.

The circadian rhythms of plants such as Lemna (Hillman, 1970)
and of some insects (Minis, 1965; Pittendrigh, 1965) are entrained by
2h-h cycles which include two brief irradiations. With such cycles,
entraimment often corresponds closely to that obtained with a single
photoperiod, the beginning and end of which ocecur at the same time as
the two light pulses. The two light pulses are referred to as the

skeleton of the corresponding complete photoperiod.

In order to determine whether or not the carbon diloxide output
rhythm of Bryophyllum may be entrained by both complete and skeleton
photoperiods, the schedules in Figures 15A and B were replaced with
2h-h light (L) - dark(D) sequences of either 16hD:0.25hL:7.5hD:0.25hL or
0.25hL:T7.5hD:0.25hL: 16D (Figure 15C and D). The leaves were thus
exposed to 0.25-h light pulses marking the beginning and end of the

corresponding complete photoperiocds shown in Figure 15A and B.

The same phase relationship was established between the rhythm
and the entraining cycle irrespective of whether the 7.5-h or the 16~h
dark period was experienced first. The peak of carbon dioxide emission

occurred in each case, between the two light pulses separated by 7.5 h
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of dorkness, Phe rhythn wos eleorly enbrained Ly the skeleton photo~
perdiod in the sawme generel monacr oo by LD 6:16. The schéedules employed
were interpreted as LD 8:16 rother than 1D 16.5:7.9 for whieh Ghey way
aleo be considered skeleton phoboperiods. The vhybhme in leoves exposed
to bhe skelobon photoperiods were not however identical o those in leaves
sxposed Lo complete photoperiods. Untraloment wvas aomplete by the end
of the first 2b-h eyele with 8-h photoperiods, bub required 3-h eyelea
of skeloton photoperiods. The peaks of carbon dioxide enission were
brovdor when leaves wera exposod to skeleton phoboperieds then vhen bhey
were oxpovad to complebe photeparieda, In particular, bthe rate of corbon
dioxdde oubput continued ab o high level for several heours afber the

irradiation werklog the end of the corvesponding complete photoperied.

Pigure 16 chous the results of o similer series of experiments
in whieh lesves wore emposed to 1O 11L:13. Ag with 1D 8:16, conplete
photoperiods rapidly entreined the rhythn ond maintained it in the sane
phese relationshipy bo the entrainlng oyeles, ivrespective of whebher the
L3-n dork period (Piguve L6A) oy the ll~h photoperied (Figure 16B) was
oxperienced £irst by the leaves, Cavbon dionide emission was ogain
confined lergely to the photopericed. Flpure 18C and D shov the offect-
jivenens in enbtreining the shyblhm of skeloboa photoperiods eorresponding
o btho complete photopericeds shown in Pigure 16A ond B. These sheleton
vhotoperiods entrained the xhytinm, althouwh, as wos found with the d-h
photoperiods, entrainment was slower than with complete phobopervinds.
The poaks of sarbon dicxide outpub ccevrwed prineipslly during the 10,5k
dark period, suggesting bhot bthe Lighd pulses were intarpreted as the
sieteton of LD 11133 rabhor then the albernative I 13,%:10.5. Differ-—
eneas are apporend howevew, bebvaen the rhyblms in Flgwre LEC and D,
Unlike the offectn of skeleton phoboperiods repvesenting LD 8:16, those

of vhotoperieds representing I 11:13 differed, depending ow which of
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FIGURE 16

The effectiveness of LD 11:13 and corresponding skeleton

photoperiods in entraining the circadian rhythn in Sryophylius.

In A and B, dark periods are indicated bty shaded bars above the
trace, In ¢ and D, vertical lines indicate the times of ¢.2%-h

irradiations, O = nidnipht.
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the derk periods was given fivst. When the 10.5-h derk perlod was given
Pivat the rhybhn passed bhrough a nuabor of tranesient eyeles. In ite
final steady sbtobe the rhythn exhibited o distinet shoulder op sub-peal
during the 13-b dark poried in addition bto the mejor peak during the
10.5-h dork perlod. This 4ld not cocur wibh the sohedule in vhieh the

13-h davlk period precesded thabt of 10.5-h,

When leaven wevae expossd o D 12:18 (Piows LTA snd B), the
rhybhn wos enbtrained. Thus all cyeles besbed which contained o complebe
photoperiod entrained the rhytim in o oinidloy wsonner. Roibher the
sehedule 120D:0,25hL: 11,5002 0. 850 (Pigure 170) nor 0.25hLei11,500:10.250:
1800 (Figure 17D} entrained the yhythm, slbthough they may be considered
the skeletons of eltbher 0 12:12 or D 12.5:101.5. This resuls differs
from that obbtained with bhe shelstons of shorter photepevieds. Ixposvre
of the lesves o Pwo daily light pulses in bhese schiedules pesulted in o
loes of the ciresndian nabuve of the oarbon dioxide cubput. The briefd
irrndiations induced wmalld bemporary inercases in the rote of cavbon
dioxide relesso and additionsl, rogulor smell peoks wvere obeperved i.nf Aene

sxperiments during each of the devrk periods.

L% Bkedeton photoperiods of red light.

Figure L8 showo the effeet on the Byvopbyllum rhybhn of two G.25-h
crposures Lo monochyomabic 1’m}im§im of 660 mm at o rediant £lux density
of 8% mJ xaf’"}' aawla Thase wore svravged in bthe sawne seguence as In Flgure
17, representing tho skeleton photoperieds of LD A2:12 oy LD 12.%5:11.5,
Vhen the A2-h dark perlod was given flest (Wigurs L84) shere was Lithle
modificotion of the plinse of bthe rhytim conpared with that in leoves in
darinens or exposed o o single red pulse ab 1600k coeh doy (Pigure 11B).
Hovever, the Bhythe 4id oot persist sfber the TLLLL peak of carbon dioxdde

emiveion. When the 1L.5-h doxh pordod wos given firet the results were
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FIGURE 1T

The effectiveness of LD 12:12 and corresponding skeleton

photoperiods in entraining the circadian rhythm in Bryophyllum,

in A end B, dark periods are indicated by shaded bars above
the trace, In C and P, vertical lines indicate the times of -

0.25~h irradiations. O = midnight.
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FIGURE 18
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JALE .
somevhat variable although the carbon dioxide oubpubt appeared to be of
a diurnel anature, with e Ffolrly regular pattern of gub~peaks supcrimposed
on o 24-h yvhythm. It is elear however thatb sﬁeletom photoperiods of
red light arve ineffective in replacing the complete photoperiocd of LD

12:12 obbained with white light.

1.6 Interaction of red and far-ved rediotion in skelobon photoperiods.

The medification of the circadlan rhythm of carbon dioxide output
in leaves exposed to two 0.25-h irrvsdiations, given as the skelebon
phobopericd of ID 12:12, presented an opportunity Lo further test the
r@d/fﬁrmﬁea reversibility of the enbtraimaent phenomeuon, If the effect
of one of two such pulses was negated, entraimment of the rhytlm by the
other pulse should occur. This might be expected to prodwee clearer
evidence Por ved/far-red reversal than the abolition or modification of
the rhythn obtained with fer-red radiation applied afier a single red

pulse (Figuve 14D).

The inhibition of the rhythm wes more marked when two pulses of
ved light, of the same quellbty snd incident redient flux density as used
in the experiment shown in Figure 10, were epplied between QLOD and OWL5
I and 1600 and 1615 h each day (Figure 19A). If, in a similar schedule,
the 0.25-h pulse of red light commencing at 1600 h wes immediaboly
followed by a 0.25~h exposure Yo Ffor-red radiatlon at a vediant £lux

density of T.8 J :zu.""3 sﬁl (Pigure 198) the rhythn ves not lost, bub per-~
sisted for as long, and with the same phase, as vhen leaves received

only one exposure Lo red light at 0400 h each doy (Pigure 114, 14B).

When the leaves were exposed to btwo pulses of red light esch dey,

Praceded

and the exposure at 1600 h waz immedisbely pesceedsd by far-ved wadiation,

the circadion rhythn was eibher abolished after thiee or four eyeles,
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FIGURE 1

The effect on the circadian rhythm of carbon dioxide output in-
Bryophylium of exposures to 0,25 h red light {vertical lines)
commencing at 1600 and 0400 h (A).

The effect of & 0.25-h exposure to far-red radiastion immediant-
ely after or iumediately before one of the exposures to red |
light used in A are shown in B — E. In each case the red ligh’a
pulses are shown by solid w?z*b:ic.a.l lines, while the broken lines
indicate either red followed by far-red radiation (B and D) or

far-red followed by red radiation (C and E).

0 » midnight.
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or continued with a low amplitude 12-h periodicity tFiguré 19C), a
result which was similar to that in Figure 19A.

Similarly, if leaves were exposed to two pulses of red light each
day and the pulse at O4OO h was immediately followed by a 0.25-h exposure
to far-red radistion (Figure 19D), the rhythm was entrained in the same
way and with the same phase as if the leaves had received only one
pulse of red light at 1600 h (Figure 11B). If the irradiation at OO0

geecedad

h was immediately pxeeeeded by far-red radiation, a result was again

obtained which was similar to that from leaves exposed to red light at

both OLOO and 1600 h,

Thus there is clear evidence from the data presented in Figure 19
Tor reversal of the effectiveness of red, by far-red radiation and hence
for the involvement of phytochrome 2;~the photoreceptor pigment. Only
in this kind of experiment, in which entraimment of the rhythm was
studied by using two 0.25-h exposures of red light every day was it

possible to observe a totally reversible red/far-red effect on the

circadian rhythm in Bryophyllum leaves.



2. Initiation of the rhythm by transfer from light to darkness.

The rhythm in the rate of carbon dioxide output in leaves of
Bryophyllum can be initiated or reset by a transfer from light to darkness
(Wilkins, 1959), or by a reduction in the incident radiant flux density
(Wilkins, 1960a). In the experiments reported here rhythms were initiated
- by transferring the leaves from the growth room, in which the plants -
were held prior t; the experiment, to darkness or low intensity white
light, at the end of the photoperiod. Fn constant conditions of eitﬁer
light or darkness the amplitude of the rhytlm became progressively smaller
and the carbon dioxide output-eventually became arhythmic., Figure 20
shows that after the rhythm had faded out in white light at a radiant
flux density of 0.6 J m_2 s—l9 it could be reinitiated by switching off
the light. The first peak of this new rhythm occurred after 21 h and
although only two peaks could be recorded, the rhythm was clearly of a
cirqadign nature with a period of approximately 24 h.

Figure 21 A-D shows the activity of various regions of the spectrum
in this response. Leaves were exposed to a quantum flux density of 47 pE
em shl in spectral bands centred on L50, 530, 660, and 730 nm for 5-7
d until the rhythm had damped. The monochromatof lamps were then switched
" off. Figure 21C shows that the transition from continuous irradiation
with a speectral band centred on 660 nm to darkness ré—established the
'rhythmic nature of the carbon dioxide output. The first peak of this
rhythm occurred 19 h .after the transfer to darkness, a second peak occurring

24k h after the first. Some evidence of one peak of low amplitude was
found after transfer of the leaves from continuous exposgre to radiant
energy of wavelength 530 (Figure 21B) or 730 mm (Figufe 21D) to darkness.
The spectral band centred on 450 nm was without effect in this respect.
It-is therefore principally the red region of the spectrum which is

responsible for the effects observed with white light.
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FIGURE 21

fhe effect, on the rate of carbon dioxide output, of trans-
ferring to darknees, Bryophyllum leaves which had been
exposed o an equal quantum fiux dens;’Lty in spectral bands
centred on 450 (A), 530 (B), 660 (C) and 730 mm (D) for 5-7
d. ©Ohaded bars sbove the trace indicete darkness.
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3. Phase control by single exposures to radiant energy.

3.1 Phase shifts induced by white light.

The relative effectiveness of a staﬁdard exposure to radiant
energy in shifting the phase of the rhythm was assessed as a function of
the time in the eycle at which it was applied. Leaves in darkness were
exposed once to a h4—h interruption with white fluorescent light at a
radiant flux density of 0.6 J m_2 s—l. One and a half cycles of the
rhythm were scanned at intervals of 1 or 2 h beginning at 0400 h, 12 h
after the leaves had been transferred from the growth room to continuous

darkness. The results of a number of individual experiments are shown

in Figures 22-25 to illustrate the types of results obtained.

When the Light interruption was given before the first peak of
carbon dioxide output, at the end of the period of minimum carbon dioxide
release, the first and subsequent peaks occurred a few hours earlier
(Figure 22 A-C). With interruptions, the mid-points of which occurred
16 or 18 h after the start of the experiment, no effect on the phase of
the rhythums was observed., Light interruptions applied after the first
peak of carbon dioxide output, delayed the occurrence of the second
. major peak. However, a small peak or shou_lder occurred soon after the
end.of the light period.(Figure 24 A-C). TFigure 24 shows that as the
light inter}uptions were given later,during this the most sensitive part
of the cycle, the minor peak became larger until it clearly constituted
the advance second peak (Figures 24D and 25A). Interruptions during the
second cycle had essentially the same effect as those applied during the

first cycle.

Figure 206 shows the combined results of a series of experiments
of the type illustrated in Figures 22-25. Each point is the mean of at

least two, and in most cases more, individual measurements. The times of
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FIGURE 22

Iffect of a U~h exposure to white fluorescent light on the
phase of the circadian rhytlm of carbon dioxide outimt in
Eryophyllum leaves, obtherwise kept in continuous darkness.
The positions of the light treatments in the cycle are shown
by the shaded bars. ©The rhytims in control, unirradiated
leaves are shown by the broken lines.

0 = midnight.
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FIGURE 23

Effect of a 4~h exposure to white fluorescent light on the
phase of the circedian rhytim of carbon dioxide output in
Bryophyllum leaves, otherwise kept in continwous darkness. The
positions of the light treatments in the cycle are shown by
the shaded bers. The rhythms in control, unirradiated

leaves are shown by the btroken lines.

0 = nidnight.
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FIGURE 24

L]

Effect éf a h-h exposure to white fluorescent light on the
phase of the circadian rhythm of carbon dioxide output in
Bryophyllum leaves, otherwise kept in continﬁous darkness.,
The positions of the light treatments in the cycle aré shown
by the shaded bars. The rhythms iq control , unirradiated
leaves are shown by the broken lines. |

0 = midnight.
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FIGURE 25

Effect of a U-h exposure to white fluorescent light on the
phase of the cirecadian rhythm of carbon dioxide output in
Bryophyllum leéves, otherwise kept in continuous darkness.
The positions of the light treatments in the cycle are shown
by the shaded bars. The rhythms in control, pnirradiated
leaves are shoﬁn,by the broken lines.

0 = midnight.
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occurrence of peaks of the rhythm in leaves in darkness shown in Figure
26 are the mean values for éh rhythms in leaves in darkness., Small peaks
which occurred after the end of light intérruptions, given between the
first and second peaks of the rhythm in darkness, have been included in

Figure 26.

In many experiments, in which leaves were exposed either once or
periodically to radiant energy, a temporary increase in the rate of
carbon dioxide output occurred during or soon aftef irradiation. As
this may have represented a direct effect of radiant énergy on the bio~
chemical process being monitored, rather than on the underlying circadian
oscillation, it is difficult to unequivocally distinguish between phase
advances and delays in this series of experiments. It is clear, however,
that in each experiment in which the phase of the rhythm was changed by
irradiation of the leaves, the rhythm had been reset with a peak of carbon
dioxide emission occurring 21.5 — 29 h after the end of the light inter-
ruption. On the basis of this observation it can be concluded that
whether or not a phase shift is induced and its magnitude are determined
by the time of application of the light treatment.,:@ The time between the
end of the treatment and the occurrence of a peak is not precisely the
same following irradiation of the leaves at various times in the cycle.
This is apparent from the fact that a line joining the times of

occurrence of peaks would not be parallel to that marking the end of the

light treatment.

From these conclusions one can predict that at one point in the
cycle, 21.5 - 29 h before a peak, an interruption of darkness with white
light would be ineffective in shifting the phase of the rhythm. This was
confirmed in this series of experiments, an interruption ending 26 h

before the expected time of occurrence of the second peak of the rhythm



in darkness having no effect on the phase of that rhythm. It is also
apparent that the first peak of the rhythm occurs a similar time after
the initiating transfer from light to darkness, in this case 25.2 h

after the start of the experiment.

The magnitude of the phase shifts induced by the light treatments
are virtually the same in three succesive cycles after the light inter-
ruption. Thus the new steady state is‘reached rapidly, at least by the

time of the peak which cccurs 21.5 - 29 h after the light interruption.

3.2 Phase shifts induced by monochromatic radiation.

Leaves in darkness were exposed for‘h h to monochromatic radiation
at a quantum flux density of U7 pE cm—2 s—l.l Spectral bands centred on
450, 660, and 730 nm were used. These were selected to include wavelengths fx
the red region of the spec%rum, previously found to be active in shifting
the phase, and radiant energy of shorter and longer wavelength reported

to be ineffective in this respect (Wilkins, 1973).

Radiant energy in these bands was applied at several different
times during the cycle to assess its effectiveness in inducing phase
shifts. The effect on the phase of the rhythm, of exposures at two
different times in the cycle are shown in Figure 27. When applied
between 2000 and 000C h during the second day in darkness, the spectral
band centred on 660 nm induced a phase delay of 3-4 h, a peak occurring
21.5 h after the end of the irradiation. An exposure to radiant energy
in this band between OLOO and 0800 h in the same cycle induced a steady
state phase advance of 6 h, peaks occurring 6 and 28 h after the end of
the irradiation. In all parts of the cycle teéted, the spectral band
centred on 660 nm induced a phase shift similar to that induced by white

light. Spectral bands centred on 450 and 730 nm had no measurable effect
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on the phese of the rhythm at any time in the eyele. It is therelore,
prineipally radlont energy from the red roglon of the spestrum vhich is

regponsible for the phase control exorted by white light,

3.3 Dne dvborpetion of red and fer-rved radistion in phasa eontrel.

The depondence of phase-shifting activity on wevelengbh found in
Yhls inresbigetion and by Wilkins {1973} sugpested the possible involve-
ment of phytoshrone in the reoepbion of the light stimilus. In order o
Hant this hypothesis evidence of vedffur-red revereibility was aought.

Exposing lesves Lfor B h bo red iight (660 nw) st o redisnt Plux density

of 83 mI w™® 5™ pesulted in o phase shift of about 12 h (Figure 20A)
whereas an exposwre to far-red radistion ot a radisnt flux density of
T.3 7 anma snml was without effect (Flgure 20B). An exposure to red light
far b n, follovad iiwne&iat‘.e;!.y by anposurae to fav-red radietion for 4 h,
regulted in a wmorked phase ahift, albthough ite megnitwile was h-% h less
than thot atbeined with red light alone (Figure 280). Vhen luaves were
exposed simylmmacﬁsly to red and far-ved rediation for b h (Fgure 260)
the clreadian rhythm of carbon dioxide outpulh was virtuelly abolished.
Although the phasa appeared to be shifted to some exbtent by this treatmont,
1t was not possible to accuratoly oaseoss the magnidtude of this shift.
The lack of couplebe roversibility in these experiments wight be
atiributed to the faot that the expogures ue:ez:’é sufficiently long for any
gffeat to yroceed beyond the reversible photochemicel stages.

Attenpts to. overcome this difficulby were made by exposing leaves
for & b o rapid slbernations of red light ond darkness, When Uhds
“trentment involved sxposure to § win red light slternating with % min
“of darkness for b h, a disbinet phase shift wos oboorved (Piguce 294),
o seaond experiment (Figure 29B), leaves vers exposed bo % nin of red

light alternating with 5 min of for-red radiation for b h. 7The resuls
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" FIGURE 28

Effect of exposure to 4~h red light (A), 4~h far-red radiation
(B), 4-h of red light Tollowed by b~h of far-red radiation (C),
and red and far-red radiation gimultaneously for 4-h (D), on
the phasa of the circadiu;: rhythn in Bryophyllum leaves. The
fines of the irradiations are shown by the shaded bars, and
control rhyth:na in leaves in continuous darkness by the broken
lines. |

0 = pidnight.
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FIGURE 29

r

Effects of exposing leaves of Bryophyllum for 4 h, to 5 min of
red light alternating with § min of da.rlm‘esa‘ (A), to 5 min of
red alternating with 5 min of far-red radiation (B), and to the
regime in A superimposed on a U~h continuous exposure to ;t‘éi*-z‘ed
radiation (C)., 'Times of irradiation are shown by the shaded
bars. “l‘h_a broken lines show the rhythm in unirradisted control
lesves, |

Q0 = midnight.
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of this treatment was not a clear reversal of the phase shift induced by
red light alone, but a considerable reduction of the amplitude of the
rhythn in subseéuent darkness. When the leaves were exposed to continuous
far—red radiation for 4 h superimposed on the 5 min red/ 5 min .darkness
experimental regime, the circadian nature of the rhythm was lost and -
small peaks tended to occur at 12 h intervals (Figure 29C). This tech-
nique, thus, also fails to demonstrate a clear reversal of the effective-
ness of red light by exposure to far-red radiation, in so far as phase I
shifts were concerned. There is no doubt howéver, that far-red radiation

interacts in some way with the red and leads to a loss of the circadian

nature of the rhythm.

Some variation in the test regimes to which the leaves were
exposed for a period of 4 h was examined for evidence of red/far-red
reversibility. A& sequential regime of 10 s of red light followed by 30
s of darkness led to the induction of a substantial pﬁase shift (Figure
30A), but a regime of 10 s of red followed by 30 s of far-red radiation
led to the virtual abolition of the circadian rhythm (Figure 30B). When.
the regime of 10 s red light and 30 s of darkness was applied to leaves
for 4 h with a simultaneous and continuous exposure to far-red radiation,
the experimental result was somewhat variable. Either, a very slight
phase shift was induced in the rhythm (TFigure 30C), or the rhythm

appeared to lose its circadian nature (Figure 30D).

The alternation of either red light and darkness or of red and
far-red radiation therefore gave some evidence for the occurrence of
red/far-red reversibility. There is no doubt, however, that red and
far-red radiation interact under certain circumstances and lead to a
quification of the effects on the circadian rhythm of carbon dioxide

output in Bryophyllum leaves, obtained with red light alone.
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FIGURE 30

Effects of exposing leaves of Jryophyllum for 4 h o 10 s of
red lipht slternating with 30 3 of darkness (A), 10 s of red
altérnating with 30 s of far-raed radiation (B), and to the
regime used in A superimposed upon a continuous eﬁcpasure to
far-red radiation Zor b h (C and D). Times of irradistion
are shown by the shaded bars. The troken lines show the
rhythm in unirradiated leaves. '

0 = midnight,
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L. The rhythm in continuously irradiated leaves.

4.1 The rhythm in white light.

A rhythm in the rate of carbon dioxide output was induced by
transferring the leaves from the controlled environment room to darkness
.or a low radiant flux density of white light at 15°¢. Examples of the

. . . -2 - .
rhythm in darkness, a radiant flux .density of 0.6 J m s 1 from white

fluorescent lamps and?é.S J m—2 s_l from tungsten lamps gre shown in
Figure 31 A-C. The period of the rhythm was reduced by both irradiation
treatments. Radiant energy from the fiuorescent lawp reduced the period
from approximately 24 h in darkness to 20.3 h, the Ffirst peak occurring
22 h after the start of the experiment. Radlant energy from the tungsten

. lamp reduced the period to 19.1 h while the transient was decreased from

26 h in darkness to 19.3 h.

4,2 The effect of continuous monochromatic radiation.

In order to determine the region of the spectrum responsible for
the effects of white light, and to assess whether any wavelengths length-—
ened the period as has been reported for Phaseolus (Ldrcher, 1958) and
Coleus (Halaban, 1969), the rhythm was recorded in leaves exposed to a
number of different wavelengths of monochromatic ra@iation at 1500.
Examples of the effects of continuous exposure to a quantum flux density
of 47 pE em 2 g7t in 'several 25 mm wide spectral bands are shown in
Figure 32. 1In continuous darkness the peaks of the rhythm occur at
approximately the same time each day indicating a period close to 24 h.
In contrast, the peaks of rhythms in leaves irradiated with)sPectral
bands centred on 530, 600, 660 and 730 mm occurred earlier each day
indicating periods less than 24 h., The period~shortening effect of
these treatments is also apparent from the fact that the rhythms in

irradiated leaves became progressively more out of phase with those in

unirradiated, control leaves. The peaks of the rhythm in leaves exposed
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FIGURE 31

The circadian rhythm of carbon dioxide ‘Ou'bxmt- Trom Bryophyllum

leaves st 15°C in darkness (A), 0.6 J m = s © from white

fluorescent lamps (B) and 2.5 J ne s"l from tungsten lanps
(€).

0 = midnight.
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FIGURE 32
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to spectral bands centred on 450 and 760 nm occurred at the same time
as those of rhythms in leaves in darkness, demonstrating the ineffective-

ness of these wavelengths in modifying the period.

The combined results of a number of such experiments are shown in
Figure 33. Further details of these results‘are given in Appendix 2,
tables 1 and 2. Continuous irradiation with spectral bands centred on
660, 600, T30 and 530 nm significantly.reduced the period compared with
that in darkness. Maximum reduction occurred at 660 and 600 nm while
least reduction occurred at 530 nm. Nope of the wavelengths ﬁestéd
significantly lengthened the period. The transient was also shortened
by the 660, 600 and 530 nm bands of radiant energy by an emount, proport—
ioﬁal to the reduction of the period. However, although the spectral
band centred on T30 nm reduced the period, the +transient in this case
was not reduced. No significant difference in either the period or the
transient ﬁas found between unirradiated leaves and leaves continuously
exposed to radiant energy of 450 or 760 nm. It is élear from these
results that radiant energy principally from the red region of the
spectrum 1s responsible for determining the period and tyansient observed

with white light.

4.3 The effect of guantum flux density.

| The dépendence of the period and transient on the incident quantum
flux density was determined by exposing leaves to five flux densities of
monochromatic radiation in the spectral band (660 nm) found to be most
acﬁive in shortening the period and transient. The results of individual
experiments from this series are shown in Figure 34. Figure 35 éhows the
combined results from a number of such experiments. TFurther details of
these results are given in Appendix 2, tables 3 and 4. All the quantum

flux densities tested significantly reduced the period compared with that
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FIGURE 33

The effect of continuous exposure to an inci&ent guantun flux
density of i&’( pE cm"Q anl in 25 nm wide spectral bands on the
period (closed circles) and the transient (open circles) of the
rhythn of curbon dioxide ocutput from Bryophyllum leaves. Lines
A and B show the values of the transient and period respectively
of rhythms in darkness. The vertical lines sre the standard

errors of the means.
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FIGURE 3h

The circsdian rhythm in Bryophyllum leaves continuously exposed

to monochromatic radiation (660 nm) at quantum flux densities

ofs~

A. 0.98pk om > g7+
B. 3.3 " "
Yo 13.0 7" "
D, 22,0 " "
E. Yyr.0 " "

The mean times of occurrence of the peaks of rhybthms in
darkened control leaves are shown by the broken lines,

0 = pidnight,
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observed in leaves held in darknegs. An approximately linear relation-
ship exists between the magnitude of this reduction and the logarithm of
%he quantum flux density. The transient also decreased with increasing
flux density, the magnitude of the reduction being approximately propor-
tional to that of the period for a given flux density. The lowest gquantum
" flux density, however, significantly reduced -the period but not the
"transient. There was again an approximately linear relationship between
the logarithm of the quantum flux density and the magnitude of the

A3

‘reduction of the transient.,

.

k.4 The interaction of light and temperature.

In continuous darkness the period of the rhythm in Bryophyllum
leaves shows a small but significant dependenée on the ambient temperature

.

(Wilkins, 1962b). Rhythms in leaves continuously irradiated with mono-
. . s . . T

chromatic radiation (660 nm) at a quantum flux density of 47 pE em ~ s 1

were compared with those in leaves held in darkness throughout the

experiment, to determine whether or not the effectiveness of radiant

energy in shortening the period and transient was influenced by temperature.

The carbon dioxide output of leaves was recorded at 6 different
temperatures. The results of individual experiments are shown in Figures
36 and- 37. Figure 36A shows that the rate of carbon dioxide output of
both irradiated and unirradiated leaves at 10°C was initially low,
increasing slightly towards the end of the experiment, and arhythmic.

A circadian rhythm in the rate of carbon dioxide output was apparent in

both irradiated leaves and leaves in darkness at temperatures within the
Irange 15-30°¢ (Figure 36B and C, Figure 37A and B). At 35°C the rate of
carbon dioxide output was arhythmic, decreasing during the first 20 h of
the experiment, increasing for a further 24 h in irradiated leaves and

32 h in leaves in darkness, and then decreasing throughout the remainder
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FIGURE 35

The effect, of the incident quantum flux density of a 25 nm wide
spectral band centred at 660 mm, on the period (closed circles)
and transient (open circles) of the rhytim of carbon dicxide
output from leaves of Br 1lum. The vertical lines are the

atandard errors. of the means.
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PIGURE 36

The rate of carbon dioxide outyut of Bryopbyllum lesves in
darkness, or exposed to monochromatic radistion (660 mm) at a
| »..-"'?‘ s .
quantum flux density of 4T pE om " @ * at 10% (a3}, 15% (B)

snd 20%C (C).
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FIQURE 37

The rate of carbon dioxide output of Bryophyllum leaves in

darkness, or expcosed to monochromatic radiation (660 mm) at s

' §

quantunr flux density of 4T pE em? gt at 25% {n), 30?(3 (B)

and 350(7 (G).
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of thg mxéerimenﬁ. Thars was 8 general tendency foy an inereased pate
of carbon dioxide oubput with lncreased temppraturs, The rhytln tended
to peesist for yebher louger in leaves in derkness Lhan in lewves which

vere ivvadiated.

Tiaare 30 shows the combined resulis of this serdes of exporimentc,
Further dotolla of these reaulis ave given in Appendiz 82, tables 5-10.
Tha perind of rhybiume 1o bobh derkened and lrradisted leaves incwvsased
between 157 and 25°C and deercased between 25° snd 30, However, while
irraaiaxiaﬁ reduced the period ob 15° ¢ by -9 b, this difference de~
arensed with ingreasing bemporature snd at 3Q°G Vas nob a@gnifia&uﬁn
The transient decreascd with inoreasing Lenperature avw# the range 153-»30m
¢ whethor leavaé were dn constend light or dovkness. UYhebher or not
whe trausiont way shortedned by ﬁthirwaﬁiatian brastnent depended on tﬁe
wybdent vemperature in o similor way o thot observed for the reduction
of the period. The mapgnitude of the reduntion of the transient by

irradiotion decreased botwoeen lﬁo

ond 30°G and at the latg&r tenperature
thore was §o aiguificanﬁ alfference between the Sransients of rhybbms

in davkened and ifrradinted leoves. Thus.olthough the ambient tonperaturs
influenced the period snd btransient ln quite dlstinet waye, irradiostion
exerted an effect on the transient whioh was approximately properilonel

4o the eifcet on the free-vunuing peried of the whybhm.
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FIGURR 38

The effect of temperature on the period (A), and bhe transient
(B), of the rhythm of carben dioxide output in Mé,ves of
Bryophyllum in darkness (closed ciroles) or irralisted with
BT pE om © &% in a 25 nm wide spectral band centred on 660
nm {open cireles), Uhe vertical lines are the standsrd errors

0T the meaus.
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DISCUSSTON

The carbon dioxide ouwbpnb of leaves of Bryophydllun fedbschenkod

into aiv inivially free of carben dioxide is rhytlmie over o range of
emblent bemperatures end lrradiation treatments, That this represents
an endogenous eirvesdien rhytiom hes previously boen demonstroted, in so
for os 1t is posolble to obteln conclusive evidence of the endogenous
origin of rhybhnicity (Wilkins, 19%9,. 1960a, 1967). ALl the dabe
obtained in this lavestlgstion sre consistent with this conclugion ond
four of the Five basle propervies which o rhybhw ohovld possess Lo be

gonsidered ondogenous hove again been denonstrabed.

As reporited previously {(Wilkins, 1962a), the zhytha in leaves of
Bryophyllum can, in common with all elreadisn rhythme, be entrained by
eycelen of light apd derkness, In some orgenisms, whether or not a cir-
endian rhytin is entrained by o M-h eyele of light and darkness, depends
on the lengbth of the light poriod. Eatrainmeut occurs if the photopericd
folls within speeific limite, chaveseteristie for that orgenlom. & 0.25-h
exposure to white Light every 24 h rapidly entrains the vhythm in
Bryophylion and maintaine I in o precice phase relationship to the

enbradning eyele. In this respect, the rhytim in Bryopbyllum roscmbles

those in DLemns perpusilis (Hillmes, 1971) and Drosophils pscudeobscurs,

{(Pittendrigh and Minis, 1964). On the other band, the leaf movement

vrhythm of Phorbitis nil is entreined only by 2b~h eyeles containing s

photopariod of botween b and 20 b (Boliig, 197h).

Skeleton photoporiods consisting of @.25-h ivradistions merking
the beginning and end of a corresponding 8-h photoperiod were effechive
in roplaeing the complete photoperiod in entraining the Bryonbyllum

rhytlm, ‘The ability to entrain to sheleton photopericds, shown by the
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Bryophylivn rhythn, is also possessed by vhythms in Lemna (Hidlman, 1970,

itk

1972), Drosophile (Pivtendrigh, 1966), Peebinovhore (Minis, 1965) and
Porpulecs (Kervd and Jigajinni, 1966a), although seme differences between
Pryophyliun and the other species ave apparest. In Bryophyllum, end also
in Lemns and Drosephila, 0.25-h exposures are sufficient to set as com~
ponents of the skeleton photoperiods. itrainment of bhe leaf opening

rhytim of Portulace grandiflors can be achieved by Jrradiations of 1 or

2 b durction, but not by lrradiations of 0.5 h, applied as s skeleton

photoperiod.

Although the skeleton photoperiod of LD 8:10 may be eonsidered
smbiguous, in that It also represents the akeleton photopericd of LD
3.6, 5: 7.5, Dryopbyliun leaves exposed to this schedule always inberpret
the shortér of the two dark periods in each 2%~h eyele as the photoperiod
Thie is o general fenture of entraimment to skeleton photoperiods in
wvhich the lengths of the altermate dark periods iffer considerably.

When skelebon photoperiods are used with alternating derk periods of
nore sinilar duration however, differences in the responses of organisms
become mpparent. When exposed to the skeletons of photoperiods of
between 11 and 13 b, the eclosion rhythm of Drososphile displays the
rhenomenon of bistability. Organiems which show bistability interpret
the second dexlk period of some skelebon regines as the complete photo-
period, irrespective of whether it is the longer or shorter of the two
(Pittendrigh, 1966). In contrast, investigations of the rhytin of
carbon dioxide oubput in Lempo heve provided uo evidence for blstebility
with skelebon photoperiods in the 11 to 13~h renge (Hillwen, 1972). Vhen
cxposed Bo the skeleton photoperiods of LD 1i:13, the vhythm in
Bryophyllum differs, depending on the irradiation sequence. This differ-
ence is in the appearance of g sub-pesk in the 13-h derk pekiod when this
period feilowah but not when it preceeds the 10,5h dark period. It is

nod elesr however, whetboar or nod this shovldd be considered on bistebility,



LDT.
as it does not represent o complete change in the phase reletionship of
the rhytin to the entraining eycle. The rhythm retained the major
features of entrainment to the skeleton of ID 11:13 rather then that
expected of LD 13.5:10.5. When exposed to the skeleton photoperiod of
LD 12:12, no clear entrainment wan chserved, in contrast to the entrain-

ment obtained with the schedules conteining the complete photoperiods.

The mechanism of entrainment of e oircadisn rhytim to cyeles of
light and darkness hes been the subject of detailed investigation in
Drosophile (Pittendrigh, 1965: 1966). ‘The date obtained with this
orgoRkism suggest that entraimment is the net result of individusnl phase
ghifts induced by ﬁhe sucaessive exposures to light. IEntrainnent of a
rhythn with o froe-running period of exsetly 24 h, to 2h~h light-dark eycles,
would involve a series of phase shifts, edvances, delays, or both, until
the irradintion ocourred at the time in‘the ¢yele at which no phese shify
wae induced. In this way a precise phase relationship between the rhythm
and bhe entraining eyele would be aghieved, Untrairmment of a rhythm with
e free-running peried differing from gk h, by a single daily photoperiod,
would be rabher more complex. In this case, a light interruption ccgur-
ring on one pavticuler day, at the time in the cycle at which no phase
shift is induced, would coineide with an esrlier or later part of the
eyele on the next day, depending on whebher the period of the rhythm was
wore or less than 24 h, Steady-state entrainment of such rhybthms would
therefore requive a series of phane ghifts resulting £innlly in the
organism being irradiated at the point in the ¢yele st which the phase
advence or delay induced was such ihat the some point recurred exactly

a4 h later.

One ecan therefove ressonably conclude that 0.85-h pericds of

white light end of certain wavelengbhs of monochromatic radistion induce
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phase shifts of the Bryophyllum rhythm, The rhytim in Bryophyllun leaves
exposed to 0.25 h of wvhite light at 0400 h each day rapidly becomes 12 h
oub of phase with the rhyttm in leaves in constant darkness. This is
achieved after only three 2h-h oyeles and hence exposurc Lo & Ltotel of
0.7% h of white Llight, A previous lnvestigation of the duration of ex-
posure to. light necessary to induce a phase shift revealed theh even at
the most sensitive part of the eyele a single l-h exposure to white
light induced only a slight phase shift, or a reduction- in the peried
of the rhythn by 2 h, in the two subsequent cyeles (Wilkins, 1960a).
Howaver, the former investigebion was carried out st o higher tomperature,
and using & different radisut energy source, Further lunvestigation
would thus 5@ required to ascertain whether this accounts for the
apporent difference in the sensitiviby of the rhythn to phase shifting
treatuents, It ls elgo possible that one light inberruption incresses

the sensitivity of the rhythm to & second pulse applied 24 h later,

. From phage-response curves determinad for the phase shift induced
by 0.25~h exposures to white light, Pittendrigh (196%) was also able to
predict the entrainment pattorn of the rhythm of eclosion in Drosophila
pupae exposed to two such irradiations each day, The oxperimental re—
sults confirmed his predictions and were consistent with eatrainment
resulting from s series of phase shifbs, Iach irrediation appearéd to
sause an imnediate, stable phase shift of the hasic oseillaetor, even
though the overt rhythn normelly passed through o number of transdient

eyecles Vefore renching s new steble phase,

These results also supporbed the concept, advanced by Pittendrigh
ebs ol. (1959) of coupled '4' and 'B' oseillators., The 'A' oscillator
is consldered to be the ultimate oseillator, to be Light sensitive and

to be immedietely reset by & light exposure., The 'B' oscillator is
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thousht to be light insensitive, and to require several ayeles to be
veontrained by 'A', after the lather iz reset by a light treatment, If
it is assvmed that the overt rhythm follows oscillator 'B! it is possible
40 explaein why the phase shift induced by a gecond light pulse is pre-
cipely thet predicted. for a rhythm, immedistely reset by the first pulse,
irrespective of the time in the transient cycles of the overt rhythm at
vhich the second exposure is given, Evidence for the occurrence of
coupled oseillators can also he inferred from the phagse. shifte induced
by exposing Coleus (Halaban, 1966h) and Kalancho? (Engelmann and Honegger,
1967) plants to suceessive light exposures, althoush in the latter case

this is not the only possible interpretation.

An mmiyaiﬂ of the phese vesponge of the Bryophylium rhythm to &
alugle 0,25h irradistion at different times in the eyele ig not avail~
able. It is thus not pogsible to make a detalled comparison Letween the
Bryophyllum and Drosophile rhytims exposed to two light interruptions
every 24 h. However, in view of the faot that the overt rhythm in
Pryopbyllun in rapidly, end possidly ilmmedistely, reset by light treat-
nente of several hours duvation, it is unlikely that any evidence for the
cacurrenze of coupled 'A' and ¥B' omeillators would be found in this

organisn,

he phase response of the rhythm of carbon dioxide output in
Dryophyllum leaves in derkness to h-h exposures fn;l white fluorescent
lzi.gh‘c. has been examined, Whether or not a phase shift occurs, and its
nagnitude, depend on the time in the elreadian cyele a"b. which the light
interruption is gilven. Both phase advances and phase delays were induced,
the direction of the phose shift also depending on the time of exposure

to light. %he phese-response of Bryophyllum is besicslly similar to that

raported for a number of other orgenisms (Aschoff, 1965; Pittendrigh, 1965).



Phase response curves which express the magnitude of the phase shift as

a function of the time iﬁ the cycle at which the light inﬁerruption is
given, may be constructed from phase shiff aata. The phase-response
curves of most organisms show a relationship between phase shift and

time of exposure to light which is clearly not linear. In order to plot
the results obtained for the Bryophyllum rhythim in a comparable way, it
is necessary to make a rather arbitrary distinction between phase advances
and delays. This is because it is not\always clear whether some small,
relaiively brief increases in the rate of carbon dioxide emission reflect
similar changes in the basic oscillating mechanism, or are simply the
résult of a direct effect of the light stimulus on the biochemical pro-
cesses monitored as the overt rﬁythm.' This difficulty should not however
detract from the value of such a curve in assessing the linearity of the
relationship between the steady-state phase’ shift and the time of appli-
cation of the resetting stimulus. On the basis of such a graph, the
relationship in Bryophyllum would appear to be approximately linear.

This conclusion supports a previous report by Wilkins (1960a) that the
magnitude of the phase shift induced by a single white light perturbation
is determined by the fact that a peak of carbon dioxide emission occurs
"a fixed time after the end of the perturbation. If the data obtained in
this investigation is expressed in a slightly different way by plotting
the time of occurrence of the peaks, rather than the magnitude of the
phase shift, against the time of the perturbation (Figure 26), it is
apﬁarent that the response is not linear. The time between the end of
the light interrupbion and the peak in thé next circadian cycle is not
constant, but varies between 21.5 and 29 h depending on when in the cycle
the light treatment is given. In addition, a peak of carbon diéxide
output may occur a few hours after the end of the iight treatment, but

still within the same circadian cycle.

The overt rhythms of organisms such as Drosophila (Pittendrigh and
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Bruce, 1957), which are phase shifted by a single exposwre to light, paps
through several transient cycles before attaining a new steady-state.
Commonly, advaneing phase shifts pass through transient cyeles while de-
leying phese shifis th@n/reaeh their final values imnediately (Aschoff,
1965). In other organisms such a3 Gonyaulex the new siable phase is
reached immedistely after either delaying or advancing phape shifts
(Hestings and Sweeney, 1950). Bryophylium resembles more closely the
latber type, the phase d:i:t‘femnc:é between the rhythm reset by a ‘,lig;m
perturbation and the rhythm persisting in derkness being virtually the
some in each of the three eycles following the stimulus. This indicabes

that the new stable phese is reached rapidly,

The overt rhythm in the cerbou dioxide output of Bryophyllum leaveo
fades out afVer prolonged exposure to light or darkness. Furthermore,
reaults obbtoined using the monitoring techniques employed in this invesi—
igation, previously supgested that the rhythm 1s inbibited by high
irrediance white light (Wilkine, 19602). ch.ing o different measuring
sechnigue, Jones and Mansfield (1970, 1972) have deteeted o rhytlm in

the carbon dioxide compensabion point of Dryophyllum fedbtschenkol leaves

exposed to high incident radient flux densitieg. These aubhors consider
that the same underlying mechanism mey be responsible for rhybbmicity in
both darkness and high irradiance white light., It is thus uacertain
whether the basic oseillating mechanisn, or siwply the overt rhythm, is
inhibited by light in the experiments reported by Wilkins (1960s). It ia
¢lear, however, that a rhythn appesrs after & transfer from light to
derkness or a deerease in the radient flux density. This rhythm persists
with a phase determined by the time of reduction of the flux density
rether than by the previous pbase of the oseilletion (Wilking, 1960=).
This observation is consistent with either the induction of & new rhythm

or with the reappeasrance of o previously undetected rhythm, reset by the



change in radiant flux density. The results of this investigation con-
firm the recurrence in darkness of a rhythm in leaves held in constant
light until the rhythm initiated at the start of the experiment has

damped.

The first peak of the rhythm initiated by transfer from the con-
trolled enviromment room at the end of the normal photoperiod occurred
after 25.2 h. When the photoperiod was extended by an additional 107-h
exposure to white light at a radiant flux density of 0.6 J m"2 s”l at
15°¢, a rhythm occurred during this time and faded out after 96 h. The
first peak after an eventual.transfer to darkness occurred after 21 h.
Wilkins (1959) reported = decrease in the time between the transfer to
darkness and the occurrence of the first peak with increasing duration
of exposure to light, additional to an 8—h bhotoperiod, experienced by
the plants immediately before transfer to the experimental conditions.

A 4-h reduction of this transient was obbained with UL h additional ex-—
posure to white light. It is possible that the L4.2~h reduction of the
transient observed in this investigation is a further manifestation of

this phenomenon. However, as the previous investigation was carried out

at 26°C while the latter was at lSOC5 and it is known that the ambient
tempgrature itself exerts a marked effect on the transient, the magnitudes‘
of the reductions are not strictly comparable. The results of part of
this investigation, designed to study the phase shift induced by an interr-—
uption of darkness with white light, show that between 21.5 and 29 h may
elapse between the end of the light treatment and the occurrence of a

peak., Thus, if the basic oscillator continues during prolonged exposure
to light, even though the rhythm may no longer be apparent, the length

of the transient may be a function either of the time in the cycle at

which the transfer back to darkness is made, or simply of the duration

of the additional light treatment. 1If the former possibility represents



the true situation the length of the transient should vary rhythmically
between 21.5 and 29 h with increasing duration of additignal irradiation.
Such experiments have not been performed.ﬁnder the conditions of this
investigation. However, the data presented by Wilkins (1959) gives no
indication of such a cyclic response. The decrease in the transient
shown in these results is thus almost certainly a function of the increased
duration of exposure to light.
v

Once the steady-state oscillation of a circadian rhythm has been
established, the period remains stable. This is true not only of rhythms
entrained to envirommental periodicities, but also of free-running
oscillations, Under constant cénditidns the period remains stable until
the rhythm fades out. Period stability is clearly an essential feature
for accurate time measurement, as is a relative independence from smell
fluctations of the temperature of irradiance. The periods of most rhythms

ndwe pendedt

are not completely independent of the enviromment and small but signifi-
cant differences in the period are found under different constant con-
ditions. Periods both longer and shorter than 24 h are found, most

frequently within the range 20 - 28 h,

It had previously been concluded that continuous irradiation did
not modify the period of the carbon dioxide output rhythm of Bryophyllum
at 26°C (Wilkins, 1960a). In this investigation it was found that
increasing the radiant flux density resulted in a decrease of the period
at 1500. In thié respect the Br&ophyllum rhythm is similar to the rhythms

of luminescence of Gonyaulax polyedra (Hastings and Sweeney, 1959) and

petal movement of Kalancho& blossfeldiana (Blinsow, 1953). In contrast,

the periods of the leaf movementg rhythms of Coleus blumeii x C. frederici

(Halaban, 1968a) and Pharbitis nil (Bollig, 1974) increase with increas-

ing radiant flux density, and the period of the leaf movement rhythm of



Canavalia ensiformis remains unchanged (Kleinhoonte, 1932).

1

Aschoffd(l960) proposed a general rule, which has some exceptions
(Hoffmann, 1965), that the period of rhythms in animals active in the
light decreases with increasing light intensity while in‘animals active
in the dark it increases with increasing light intensity. Altﬁough
plants can clearly be divided into different response types there is no

apparent basis for this division. The Bryophyllum rhythm does however

correspond rather closely to the second part of Aschoff's rule which
states that the period changes linearly with the logarithm of the light
intensity.

rlxv'u\“‘"lc ‘

The mythmie growth rate of Avena coleoptiles (Ball and Dyke, 195kh)
and the pigment migration rhythm in the fiddler crab, Uca (Brown and Webb,
1948), are among the few oscillations for which there is no detectable
effect of temperature on the period. In most organisms the period shows
a small but significant dependence on the ambient temperature. In the

majority of cases this appears as a slight decrease in the period with

increasing temperature. The rhythm of sporulation in Oedogonium cardiacum
however, displays longer periods as the temperature is increased (Bithnemann,

1955b). A lengthening of the period of the rhythm of stimulated lumines-

cence in Gonyaulax polyedra also occurs over the lower part of the temp-

erature range tested (Hastings and Sweeney, 1957). Over the upper part
of the temperature range however, the period decreases with increasing
temperature. The high degree of temperature compensation reported for
Bryophyllum (Wilkins, 1962b) is borne out by the present results. The
period of the rhythm in leaves in darkness at 3000 was shorter than in
those at lSoC. The magnitude of the redﬁction in the period observed

between these temperatures in the present investigation is very similar

to that reported by Wilkins (1962b). However, some difference in the
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effect of tempersbure on the period was Lfound over part of this range.

A small tut spignificant increasse in the period bQEWBen 15% ana 25°%C wan
observed iﬁ the present investigation whereas previously s small decrease
between 16°C and, 26°C was reported. She Bryophyllum rhythm thus resembles
the Gonysulox rhythm in having a meximan. perlod length which decreeses

with either inereasing or deoreasing temperstures.

It is evident fraﬁ the results of the present investipgation thet
the effeats of radient onerpgy and tempersture on the peried are not
enbirely independent of one anobher, Although at none of the temperaturen
tested was the period increased by irvadiation, the extent to which the
period was decressed depended upon the tempevature. Thms, any anelysis
of the effect of irrediation on the pericd of a rhythm should also teke
into sccount the possibility of different responses at different temp-
eratures. Conversely, the effect of temperature on the period eclearly
varies with the irradisnce. The absence of a modification of the period
by rediant energy, reported by Wilkins (1960a), may therefore be due to
the faet that the pericds which were obbained in dorkness were shorber
than those found in the present invesbtigation. Also, a temperabure was
employed ot which, on the basis of the present results, only a relatively

smell reduction of the period by radiant energy would be expected.

As a result of the greaber reduction of the pericd by radiant
energy ab 15°c than at higher temperatures, the period of the rhythm in
irradiaved leanves shows @ greater dependence on the ambient temperature
than does the period of the rhythm in derkencd leaves, over the 15 ~ 2508
range. A further conseguence of this iz that in irradisted leaves the
period at 30% is longer than at lSQC. The effect of temperaburc on the
rhybhm in ivrediated Bryophyllum leaves resembles claseiy that on the

rhytim of stimulated luminesgence in Gonysulax. The experiments which
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revealed an inereased period with inereased temperature in both

Gonyaulax. and Oeaogonium were also performed in the Light.

.The water balence within a plant mey slso wnodify the period of a
vhythm. Binning and Moser (1968) have reported that wibthhalding water
from Phageolus seedlings vesults in an effect similar to that oblained
with ved light in thet the. perdiod of the leaf movement rhyblm is
lengthened. In this Investigantion some losg of burgor was.noted in

detached Bryophylium lesves after several days at 30°C and.to o lesser

okt INaerm iy

extent alb QﬁOG, but not ot Llower Gtempersatures. The sharp deovesse in
the period between Eﬁﬁﬂ and 30°C may. therefore be due, abt least in pert,
to this loss of bturgor. Thus, differences in the resistance Lo waber
loss, particularly between leaves grown under different conditions may
also aceount for the slight difference in the resulbts found in this

investigation and by Wilkine (1960a, 196a2b).

The mechanism by which the pericd is altered by temperature ox
radiont energy bas not been elueidated for any organism. Binning (L973)
has suggested that, "a factor vroducing short periods and also cousing
the rhytim to fade out quickly, indicates that this factor suppresses one
part of the oseillation before the normal fivel velue is reoched. The
epposite pard of the osellliation is thereby slso shortened.” ITn view
of the considerable influence temperature exerbs on biochemiesl processes
generally it is more surprising thet .the period abt dlfferent bLemperatures
varies so 1ittle than that it:varies at sll., Again, little ia known of
how organisms compensabe so effecbively for substantial differences in
temperature, . Home of the hypotheses .advanced to explain the occurrence
of rhythmieity have also abtampted Lo.account for the phenomenon of
temperature compensation. It hes been suggested (Blioning, 1973, Sweeney,

1969) that this might result. from the inbteraction of opyosing processes
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with different temperature coefficients. In Bryophyllum the rhythm
results from the periodic fixation of carbon dioxide. The enzyme PEP
carboxylase caﬁalyses the Fixation of carbon dioxide into oxaloacetate
which is converted to malate by malate dehydrogenase. During decarboxy-—
lation malate is converted to pyruvate by malic enzyme. It has been
demonstrated that the opposing processes of carboxylation and decarboxy-
lation have very different temperature coefficients (Brandon, 1967). It
is thus possible that the processes regponsible for the oyert rhythm
play a direct role in temperature compensation in this organism. The
possibility remains however, that temperature compensation is a property

of a more fundamental basic oscillator.

Both radiant flux density and smbient tempersture influence the
transient. of the Bryvophyllum rhythm. The reduction of the transient by
radiant energy was found to be approximately proportional to the modifi-
cation of the period. An exception to this was the lowest of the quantum
flux densities of monochromatic (660 nm) radiation tested, which reduced
the period but not the transient. This finding differs from that of
Jones and Mansfield (1972) who reported that the t;ansient of the carbon

dioxide compensation rhythm varied considerably more than did the period

of the free-running rhythm, with the light intensity.

In some organisms a greater dependence on temperature has been
noted for the transients than for the period of the steady-state oscilla~
tion. This has been reported for the rhythm of carbon dioxide metabolism

in Kalancho& blossfeldiana (Schmitz, 1951). The time from the onset of

darkness to the first peak of the rhythm of stomatal opening ability in

Xanthium pennsylvanicum however, is virtually independent of temperature

between 15°C and 30°C (Mansfield and Heath, 1964). The greater temperature

dependence in darkness, of the transient than of the free-running period
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of the Bryophyllum rbytlm, previeusly reported by Wilkins (1962h), was
confirmed in the present investigation, Thus, althoush rodiant energy
and. high temperatures often sppear. similay in thelr effects on the rhythn

(Wilkins, 1.969), their influence on the transient elesrly differs.

This investipgabtion of the effects of rodiant energy on entrainment ,
initiation, phase and period of the rhytbn included not only the effects
of white light, but also the relative effectiveness of selected spectral
bands of radlent energy. Only for the leal movement rhytim of Fhaseolus
has o similer range of repponses been investigeted in ‘debail. A number
oft differences are appavent between the yhythms in Bryophyllum and
FPhaseolus. - There sre also differences between the photoresponses of the
Bryophyllum rhybtlm and all the other rbythms which h'av_e been studied in
rather less debsil.

;

, Wilkins (197%) published an action spectrmn for the reletive
effectivenass of egual quentim flux densities of different wovelengiths
of visible radiation in indueing & phose shift, Activity was strictly
confined to wavelensths sbove 560 nm. Whe weximum efPectivoness was at
660660 nm and o sharp cub-off oscurred. ab TOO pm. This action spectrum
confirmed s previous observation thet red, but not blue, light acted
like white 1ight in shifting the phese of the rhythm (Wilkine, 1960a).

A similar conclusion hes been reached by Jopes (1973) for the circadian
rhytim of carbon diozide compensation in. Bryophyllum. . The msjor feature
of the action spectrun, the effectiveness of the red but not the blue

or far—red regions of the spectrum in indueing phase shifte, is confirmed
in the present investigetion,

Only for the Kalencho# bhlansfeldisna petal movement rhythn has an

action apeebrum for the industion of phase shifte been:obtained (Behrempf,
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1975) which resembles that found for Bryophyllum. In Kelancho#, as in
Beyovhyllum, a peal of activity was Pound in the 600-T00 mm region.
Howaver, a segond peak occourred in the near UV (300-380 nm). This labier

region of the spectrum hes not been investigeted im Bryophyllum.

The study of bhe effectivenesns of different spectrsel bands in
indueing phase shifte of the Bryophyllum rhythn has been extended in thit
investigation Lo exemine the phuse shifts induced at different times in
tha eyele., The effectivemess of tlm read bﬁt nat the blue or Payr-red
reglona of the spectrum was confirmed ot several times in the eyele, It
thus seems highky probable that the same phoborecaptor is responsible
for meddating bobh phase advances and phase delays. The seme conclusion
cannot be drewn wequivoeslly for all ovgenisms, sinee in hoth Phascolus
(Biming and Moser, 1966) and Colens (Helaber, 1969) different vevelengths
sre effective in ipnducing phose shifte at different times during the

civeadian oyele,

The greetest medification of the period of the Bryophyllun rhythn
was obtained with radiant energy. from the red reglon of the spectrwm,
which had previously been reported to inhibit the rhythm at high radiant
flux densities (Wilkins, 1960a). The rhythm in Bryophyllumg differs from
rhythms in other plants in which the spectral componition of rediant .
energy debermines the period lengbh, in that none of the wavelengtlhs
tested lengbhened the period. The period of the leaf movement rhytlm of
Phaseolug is lenpthened by rodiant energy. from: fluorescent lamps and
shortened by that from tungsben lamps (Idrcher, 1958). Raediant energy
from either:of these sources refuces the period of the rhythnm in Bryophyllum.
This difference can be explained by the fact that tungaten lomps emit &
high level of rediant energy in.the fer~red region of the spectrum, while

fluoreseent lomps emit in bthe red region of the spestyun but are deficient
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in far-red radietion, The period of the leaf movement rhyblm of

fﬁ@ggg&gg is shortened by far-ved end lengthened by red vadiasbion (Ldrcher,
1958}, vhoreas in Beyophyilum both red and cerbain wavelengbhe of far-red
rodiotion shoviencd the pericd and no wavelengbhe iéugtheme@ it. The
poriod of the lea® movement rhythm of Coleuws, like that of the carbon

dioxide oubtpub rhybim of Bryophyllim, is shortened by radiant energy in

the red region of the spectrum (Helaban, 196%). However, in contrast Go
the Beyophyllum rhythm, the period of the Ceolens rhybbm is lengbhened by

blue and is insensfitive to far-red redistion.

The transient of the Bryophyllun whytlm is, like the period, modl-
fied by rediont energy iun speobrel bends eentred on 600 snd 660 om bub
not 450 nm, However, the speobtral band cenbred on T30 mw which was:
affective in shortening the period ald. not medify the transient., Ih bobth

Phageolns (Loveher, 1958) and Colous (Halsben, 1969), the period and the

tine between the initiasion of the rhythm and the firet phese reference
polnt, whieh in these eages is the Lirst minimem leaf pomition, dlffer
in their responses to radisnd energy., In Fheseolus, the latter parameter
is virtually unaffected by waveiengtha whieh either lengbhen or shorten
the peried. In gggggg, the flrst nindmum oceurs eerlier with oll wave-

lengbhs tenbed, i%r@a@ecﬁive of thelr effect on the peiriod.

Entrainment of the rhytlm in Pryophylium to 0,25 h of white light
every 2% h can be attributed to wavelengbhs prineipally from the red
veglon of the spectrum.  Acbivity was also found at 730 nm in the for-rad
region of the specbrum bub not at 450 am:  The results for the effeghive-
uess of perilodic exposure to moncchromatic rediation in entraining the
rhytin corrospond closely Lo those for the effectiveness of continuous
radiation in reducing the period. ¥n two obher plants enlrainment can

be achieved by periodie exposure to red aod for-red rediotion. 0.25-n



exposures to red or far-red radiation every day are effective in
entraining the carbon dioxide output rhythm of Lﬁggg_(Hil;man, 1971).
The leaf movement rhythm of Phaseolus (Lﬁfcher, 1958) is entrained to

an abnormal cycle length by 10-h photoperiods of red oxr far-red, but not

blue or green, radiation aiternating with 12 h of darkness.

The relative effectiveness of different wavelengths of radiant
) e
energy in experiments where the rhythms was initiated by a ‘light—off’
: \
signal is similar to that for entraimment and period length determination.
Bryophyllum thus differs from the few other plants where defined spectral
bands have been employed in initiating the rhythm by either 'light-on’

or ‘light-off' signals, in that blue light is quite ineffective.

Certain generalisations can therefore be stated concerning the
wavelengths of radiant energy responsible for photocontrol of the
Bryophyllum rhythm. The responses obtained with white light result
principally from the effects of wavelengths in the red region of the
spectrum. Although only a single 25 nm wide spectral band was tested in
the 400-500 nm region of the visible spectrum, in éiew of previous invest—
igations (Wilkins, 1960a, 1973) it may be concluded that this region is
ineffective in photocontrol of the circadian rhytbm. The various resPDnseg
tested do however show some differences in their sensitivity to different
wavelengths and may be divided into two groups. While modification of
the period, reinitiation of the rhythm and entrainment can be achieved
with both the red and, to a lesser exfent, the far-red radiation employed,

the latter appears to be ineffective in either modifying the transient

or in inducing phase shifts when applied as a single 4~h perturbation.

The characteristics of the action spectra for phase shifting the
rhythm had previously indicated that phytochrome might be the pigment

involved in this response (Wilkins, 1973). The main features of the



action spectra are vefy similar to those of the absorption spectrum of
phytochrome with the exception of the absence of a minor peak.in the
blue region. The absence of significant activity in the blue region
does not however rule out the involvement of phytochrome and has been
reported for other phytochrome mediated responses such as thé induction
of bean hypocotyl opening (Withroﬁ et. al,, 1957). Several kinds of
experimental approach using sequential or simultaneous exposures to
nmonochromatic red light and a higher r%diant flux densit& of far-ved
radiation in a broad spectral band showed that these interact with each
other in their effect on the rhythm. With phé phase shift studies this
_interaction quite frequently did not take the form of a clear partial or
total reversal of the effect of red by far-red radiatioﬁ, but rathér an
abolition of the rhythm when far-red radiation was applied; This
abolition éf the rhythm ﬁay arise in a number of ways. For example, the
far-red radiation may interact with the red light to abolish oscillation
of the basic circadian system in each of the célls of the leaf. On the
other hand, total reversal of the phase shift induced by red light may‘
occur in the basic éircadian system in some cells and not in others.
This would result in abolition of the overt rhythm of carbon diexide
output from the leaves because the rhythms in some cells would be approx-
imately 12 h out of phase with those in other cells. The occurrence of
small peaks at 12-h intervals in some phase shift experiments may result

from such cellular desynchronisation.

The entrainment studies have provided a clear demonstration of
complete red/far-red reversibility in the Bryophyllum rhythm. Red/far-red
reversib%;ity was achieved in experiments in which the leaves weré exposed
to radiant energy once or twice in every 2U-h cycle. In experiments
which involved exposing the leaves to a single red light pulse each day,

a subsequent exposure to far-red radiation prevented the clear entrain-



M .
ment of the vhythm obtained with red light slone. Fav-pred radiation
applied daily, immediately before o single red pulse, was without effect,
Far-red reversal of the effects of red radistion also occurred in
schedules in which 0.2%5-h exposures were separated by 11.75 h of derkness,
Buch experiments provided the elearest indication of the involvement of
phiytochrome, since veversel of one of the red light pulses led to entrain-
ment of the rhythm by the other.. The resulting rhytlm differed in phese
and perslistence from o rhythn in leaves exposed only to two pulses of

red light esnch day.

« It is thue probsble that phytochrome is the photorecepbor pigment
which mediation each of bthe aspeots of photocontrol studied. Although the
spectral band gentred on T30 nm is effective in entraining the rhythm
but not in: inducing phase shifts, . some.degres of reversibility ov evidence
for an interaction of red and far-ved radistion wus. obtained for each
of these responses. This, togebber with the Likelihood that both res-
ponses involve the seme basic, phase shifting nmechanism, sugpests that
an exploenation for the different sensibtivity of the responses to the
T30 nm spectral -band should-be sought in terma of phytochrome action
rether than in the possible lnvolvenent: of slternative or sdditional

plgments. =

The effeetiveness of monochrematic (730 mm) fer-ved radintion can
be expleined as a phytochrome vesponse, since radiant energy of this
spectral composition will, because of the long wavelength sbaorption of
Pr, result in a photostationary state in which a small- proportion of the
phytochrane: 1 present in the active Pfr form (Mohr, 1969)., This .
phenomenon has aleo heen cited to account for the action of both red and
far-red radiation in entreining the rhythm of carbon dioxide oubtpul

of Lemne (Hillmen, 1973). With Lemna.bowever, blue light.is effective,



and thé results are consistent with the proposal that blue light
establishes a level of Pfr intermediate between those established by
red and far-red radiation. The reason for an absence of a blue light
induced response in Bryophyllum is not clear. It is possible that
pigments not involved in photocontrol of the rhythm, inclﬁding the large
amounts of anthocyanin present in'Bryoghglluﬁ'leaves, selectively remove,
or reduce to an ineffective level, radiant energy from the blue region
of the spectrum. The lack of an effect of this region of the. spectrum,
even at the very high radiant flux densities used by Wilkins (1960a)
does, however; cast some doub‘t on this sug;gestlion.

The greater effectiveness of radiant energy at T30 mm in short- .
ening the period than in shifting the phase of the rhythm ﬁight he
attributable to the generally lower acfivity at T30 nm than at 600—660
mm. Thus a small effect would be more easily detected with continuous
irradiation than with a single exposure of a few hours dﬁration between
the first and second peaks of the rhythm. - This suggestion may also
offer an explanation for the differént sensitivitiés of the phase shift-
ing and entrainmment responses to monochromatic far-red (730 nm) radiation.
This spectral band might induce only very small phase shifts when given
at the times selected for the single exposures, and these shifts might
be below the level of statistiéai significance. When an irradiation
treatment is repeated in each cycle however, these small phase shifts
would in effect be added with the result that a gradual entrainmment of
the rhythm would occur. This could also explain why entrainment to

far-red radiation is slower than to red light.

A change in the sensitivity of the leaves during the experiments

may offer an alternative explanation of the greater effect of the 730 nm
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gpectral band in the entraimment them in the phase ghifting responses,
Although virtuglly no entrainment was apparent during the first three
ayeles, it was subseguently gquite rapid. The concept of Increasing
sensitivity may also be invoked to emplain why continuous exposure to
monoehromabic far-red. (T30 ma) redistion or o the lowest of the gquantum
flux dengities of monoohromatic red radiation tested, reduced the free~
running period of the rhythm bub uﬂtfthé tronsdent. However, no evidence
for an inerensing sensitivity wes found in studies of the period, this
being conebant in leaves econtinuously irradieted with each of the spectral

bands, Further evidence suggests that the different effectiveness of
spectral bands in reducing the period and the trensient does not result
simply from inereasing sensitivity. Continuous Jrradiatiion with a
speptral band centred on 530 wm was much. less effective than with one
eentred on T30 mm in redveing the. peried of the rhythm. In contrast,
wheress irradiation at 530 nm resulted in a reduction of the transient
directly proportionel to the reduction of the period, lrredistion at
T30 mm had no significant effect on the transient. Since phytechrome
iz almost certainly the photoreceptor: responsible for mediating these
responsas, the length of ﬁﬁ@»ﬁramsientrmay~be determined in part by the
Pfe Jeval present at thetine of transfer of the leaves to. darkness or
aontlowous ivradiation, end the:subsequent chenges in this level during
the first few hours of the experiment. The changes in the level of Pfy
would presumably depend upon the wavelengths employed. The effects of
rediend energy on the peried are, in contrast, agsessed by compsring the
free-runaing rhythne of drrediated and unirrediated leaves mfber @ .
suffdeiently long time for the Pfr level. of the i:gggg;to have reached
a photoequilitriun, Tt is not elear:vhebher the additionsl fector of
initiel changes in Pfr levels, contribute to the different spectral sensi-
tivities of the rbytbim during the transient and free-running states. No

firm conelupion can be drawm. in the absence of dets concerning either
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the photostationary state of phytochrome in esch of the experiments or
bhe Length of the transient in darkness afber experimental manipulation

of the initial. Pfr level.

Photosontrol of the Bryophyllum rhyblm appears to bo a rather
atypleal phybochrome response. The spectral, dependence of phase shifh
induation ond the ovcurrence of ved/far-red reversibility are consistent
with this being e low energy phytochrome reaponée.. The fact that the
phase shift rvesponse is seturated of very low radiant flux densities
(Wilkins, 1960a) slso supports this conelusion. Typleally, the nagnitude
of o phybtochrome medisted response is dirently proportionnl to the
logeritin of quantmm f&uﬁf—m&m which do not gaturaete the phytoohrome
system (Smith, 1975). In Bryophyllum. this relationship can be seen to

kold for the effect of quantum flux Adensity on the free-running period

and transient of the rhythms.

-
Ry ¢ roc "3

The laok of reedpposiby reported for phase shifting the Dyyophy
vhythm (Wilkins, 1973) and the observation that fer-red radietion cen
tred on T30 nm s effective in modifying other aspects of the rhybim
rpplied conbinucusly or perlodieslly are, however, more suggestive of
the involvement of o 'prolonged-light! or ‘*high-energy! type of phyto
chrome vesponse. Actbion spectrn for the high-energy response vary
merkedly between species, even for the induetion of a similar response
{8mith, 1975)., This makes it impossible to deduee the nature of the
photioresponse simply from the spectrsl sensitivity of the Bryophyllum
rhythm. I% is clear however thet the additionsl activity in the dlue
reglon of the speotrum, typieal of a high-energy response is absent in

the photooontrol of the Bryophyllum rhythm.

The quantum fluxk density of rvediant energy st T30 nm, effective



in this investigation, is.similar to the lowest.quantum flux density

which induces a significant inhibition of lettuce hypocotyi extension
(Hartmann, 1966). A significant reductioﬁ 6f the period of the Bryophyllum
rhythm was however recorded under~contiﬂuous irradiation at 660 nm with
less than 1 pE cm.—2 s—l, approximétely 2% of the gquantum flux density

used in the T30 nm spectral band. This flux density may well be too low

to implicate a high irradiance response. A comparison of the quantum

flux densities required to induce diffﬁrent responses in different
organisms, rather than their respective dependence on the irradiaﬁce is
however of doubtful value and further investigation would be required

to ascribe phytochrome control of the Bryophyllum rhythm to the involve-—

" ment of low-energy or high-energy responses or indeed possibly both.

Phytochrome is held to be involved in entrainment of the rhythm

of carbon dioxide output in Lemna perpusilla (Hillman, 1971) and in

initiation of the leaf movement rhythm in Phaseolus multiflorus (Lércher,

1958). These conclusions are based on the reversible effect of red and
far-red radiation, no detailed action spectra having been determined for
these plants. The effects of different wavelengths of radiant energy

in modifying the period with continuous irradiation or shifting the
phase with a single irradiation have not been investigéted in Lemna.

It is unlikely that results which would permit further comparison with
the Bryophyllum rhythm could be obtained for these aspects of the photo-
control of the Lemna rhythm. This is because the Lemna rhythm persists
for only one or two cycles in continﬁous conditions, and its amplitude

is very small.

Additional aspects have been studied for the Phaseolus rhythm and
have revealed a more complex situation. In this organism, far-red

radiation possibly exerts an effect which is essentially different from
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that of red light. Red and far-red radiation give different phase-
response curves and, more significantly, are effective only when absorbed

by different parts of the plant (Blnning and Moser, 1966).

Phytochrome has also been implicated in the control of the cir-
cadian rhythm of sensitivity to flower induction in Xanthium (Salisbury,
1965; Denny and Salisbury, 1970). The rhythm in sensitivity to germ-—

ination promotion in Sphearocarpus donelli may also be controlled by

phytochrome (Steiner, 1969). Schrempf (1975) considers that phytochrome
may be involved in the phase shift response of the Kalancho& petal
movement rhythm. Phytochrome is clearly not involved in the photocontrol

of the circadian rhythms in Oedogonium cardiacum or Neurospora crassa

which are affected by wavelengths of radiant energy from the blue and
near UV regions of the spectrum. Mufioz énd Butler (1975) conclude that
a flavin is the photoreceptor involved in Neurospora and also in the

insects Drosophila and Pectinophora. Neither is phytochrome always the

plgment involved in circadian rhythms in higher plants. Karvé et. al.
(1961) conclude that the induction of rhythmic petal movement of
Kalanchoé flowers by 'light-on' or ‘'light—off' signals prdbably depends
upon radiant energy absorbed by chlorophyll. The photosynthetic pigments
are probably also responsible for photocontrol of several circadian

rhythms in Gonyaulax polyedra (Sweeney, 1969).

The involvement of different photoreceptors in controlling the
circadian rhythms in different organisms may suggest that the individual
rhythms studied are derived from different basic mechanisms, affected more
or leés directly by radiant energy. Alternatively, if a single universal
oscillator is responsible, it is clear that organisms have evolved with
different pigments responsible for mediating the effects of radiant

energy on that circadian system.

e
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Although it is apparent that phytochrone-absorbed radient energy
influences the eirosdian ehybhm in Bryophylium, the biochemical mechanism
of this effect remains undetermined, Little is known of the avenbs which
coouy hetween the ebaopption of light by phyboehrome and the encrmous
varicty of developmental and non~developmentel vesponses which follow.
The biochenistry of the basic oseillator is equally unknown. It is
poesible to consider the role of phytochrome in terms of the various,
general bypobheses for oscillating systems. Clearly if any of these is
to apply to the rhythm in Beyophyllum, it must be eble to accomncdate o
speeific vole for phytechrome. Altornstively, covsideration mey also be
given to the poseible involvement of phytochrome in bthe controel of the
mgehanimms underlying the overbt vhythn in Bryopbyllum, which may ov may

not represent the basie oseillator.

Two fundsmental modes of acbion have been proposed 4o account for
the action of phytochvome, Mobhw (L966) proposed the bypobthesis that
phytochrome regulates development by eonbtrolling gene expression ab the
genome level, Thiq vropesal implied that Fff dirvectly, or possibly
indﬁreatly {Mobhx, 1972),. influences the genome by selechively inducing
or repressing troangeription. The occurrence of & mumber of responses
to radiant. energy absorbed by phytochrome, which are oo vapid to be
explained by an effect on transeription, led to the alternative hypothesis
thet phytechrone acts by nodifying membrane pemeability (Hendricks and
Porthwick, 19067). Bwvidence thet phytochrome nediabes effechbs on membranes
cones from the observations of yupld red/fay-red veversible changes of
ithe elentric potontiel of etiolabed owub eoleoptiles (Newmen end LGriggs,
1972} and mung bean voot secbions (Jaffe, 1968). Iurther evidence for
an initiel effeet of phybtochrome on membranes comes from observabions

of the nyctinastic leaflet closure of Alblzzia Julibrissin which is

promoted by red light end inhibited by far-red radistion (Iillman and
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Koukkeri, 1967). The two general hypobheses of phytochrome action are
not however mutually exelusive, as long term cffects on gene expression

may resullt indirectly from an initlal effect on membrane systonms,

The hypothetes for bthe mechsuism of the basie eiresdien oscillabor
ecan be divided into two genersl types which correspond rather closely
40 the proposals £or the mode of aection of phytochrome. There are thus
proposels whieh account for rhythmicity in terms of elther cyeling,
gsequential btranseription or in terms of rhythmic changes in the properties
of membranes, ‘The 'ghronon concept' of Dhret and Trucco (1967) implies
an ordered, sequential transcription of BHA from DNA. The cyelic nature
of such a system Is thought to result from the positive feedback of the
produet of tranglation of a terminator cistron on transeription at a
cigtron which initiates the next dranscription seguence. If the action
of phytoehrome were to induce or repress branscription of genes involved
in this oyele, it can easily be envisaged thet the normal trensceripbion

sequence g¢ould be perturbed.

The alternative theory, of overt rhythmicity resulbing from ayclic
changes in the propertles of membranes, is most cogently expressed in the
nembrane-ion gradient hypothesis of yjus et. al, (19T4). This theory
accounts for the effects of radisnt energy on civcadian rhythms by
sugroesting that it acts by perturbing ion concentration gradients. A
mmber of vhythnic processes can readily be attributed to the movenent
of ioms, @here is a good correlation between the movement of leaflets

of Albizais julibrissin, controlled by an endogenous rhythm, and the

movenent of potassiun ions between the ventral and dorsal motor cells of
- the pulvinule (Satter and CGalston, 19Tla, 19T1b). Furthermore, the
movement of potassium iong in this gystem is influenced by red snd far-ved

radiation acting through phytochrome (Setter snd Gelston, 1971b). The



supposition of the membrane-ion gradient hypothesis, that light acts by
modifying the changes in ion gradients which are responsible for endogen—
ous rhythmicity, is thus borne out in Albizzia. The role of phytochrome
in control of circadian rhythms can therefore be_envisaged as altering
the permeability of ﬁembranes either directly, if membrane bgund phyto—
chrome were to act as a 'photosensitive ion gate'; or indirectly, possibly
through the'rapié production of a mémbrane active hormonal substance.
v
The rhythm of carbon dioxide output in Bryophyllum leaves in

'carbon~dioxide—free air results from the rhythmic fixation of respired

4

carbon dioxide by periodic activity of the enzymes responsible for CAM.
Phytochrome might thus mediate the effects 5f radiant energy on the
rhythm either by inducing or repressing enzyme synthesis, or by activat—
ing or inhibiting enzymeé already present in the leaves. Queiroz (1965,
1966, 1967, 1968a, 1968b, 1969, 1970, 1972a, 1972b), Queiroz et. al

(1971, 1972) have investigated the CAM pathway of Kalancho& blossfeldiana

in detail. The induction of rhythmic variation in the activity of.enzjmes
of this pathway is a short-day photoperiodic response. R?d/far—red
reversibility of 'night-breaks' revealed that phytochrome is involved in
this response. The induction of rhythmicity in Kalancho& by short days

is accompanied by an overall increase in the activity of malic enzyme '

and PEP carboxylase in leaf extracts. Queiroz (1972a) concludes that

this increase occurs as a result of both an increase in enzyme

synthesis and a decreasge in the level of an inhibitor. There is thus some
evidence to suggest that phytochrome, acting in a long'termAphotoperiodié
response, may increase the level of activity of the enzymes responsible

for CAM in Kalanchoé.

In Bryophyllum, large amounts of PEP carboxylase can be extracted

from the leaves even at phases in the cycle at which no fixation occurs



(Wilkins, 1969). This has been interpreted as indicating that circadian
variation in the amount of PEP carboxylase does not control the rhythm
of carbon dioxide fixation (Wilkins, 1969):' A number of investigators
have suggested that CAM involves feedback control of the enzyme respon-
siblé for carbon dioxide fixation, by the products of this reaction, in
particular malate (Kluge and Osmond, 1972; Queiroz et. al., 1972). In
Kalancho&, there is a close correlation bebtween the malate content of
leaves and the activity of enzymes resgpnsible for carbon dioxide fixa-
tion and deacidification. It is thus likely that both the circadian

rhythm of carbon dioxide fixation in Bryophyllum, and the diurnal varia-

tion in the activity of the enzymes of the CAM pathway in crude extracts
of Kalanchog leaves are the result of periodic inhibition or activation

rather than synthesis of the enzymes.

It has been proposed that active and passive transport of malate
to and from the vacuole is also involved in the control of CAM. The
reéulting changes in the size of the eytoplasmic pool of malic acid may
lead to inhibition and promotion of the enzymes of the pathway (Kluge
and Heininger, 1973; Kluge and Liittge, 1974). The importance of the
transporting properties of membranes in the operation of CAM has also
been stressed by Willert (1972) and Willert and Kluge (1973). Luttge
and Ball (19Tka, l97hb)-have drawn attention to the possible rhythmic
control of CAM by malate and proton fluxes across the tonoplast in a
system anal ggous to the potassium fluxes which control the leaflet move-
ment of Albizzia. It might thus be possible to account for the Bryophyllum
rhythm by the membrane-ion gradient model of Njus et. al. (197h4). If
this were the case, the carbon dioxide fixation phase of the rhythm would
cease only when sufficient malate had accumulated in the vacuole to
exert a negative feedback effect on its transport to that site. However,

Wilkins (1959) found that the fixation of the rhythm in leaves in both



normal. air and carbon-dioxide-free air lasted for approximately the

same time. A greater net fixation of carbon dioxide occurred in normal
air than in carbon-dioxide-free air (Wilkins, 1959). Carbon dioxide
fixation therefore presumably ceases at a time when leaves exposed to
different levels of atmospheric carbon dioxide contain different améunts
of malate. An analysis of the maiate content of leaves exposed to the
various constant conditions employed in this investigation might'usefully

clarify this point.

In Albizzia, the action of phytochrome, in its interaction with
the endogenoﬁs rhythm; appears to be to altér the movement of ions across
membranes., A similar function may be proposed to account for phytochrome
control of the Bryophyllum rhythm. If exposure to radiant energy were
to modify the intracellular locatlon and transport of malate, it is .
1likely that this alone could alter the rhythm by virtue of the well-
documented, inhibitory effect of ﬁalate on PEP carboxylase (Kluge and
Osmond, 1972) and possible, stimulatory effect on malic enzyme acti&ity
(Queiroz, 1972). If this hypothesis is correc£ it should be'possible to
observe an effect on CAM, of radiant eneré& absorbed by phytochrome. The
possibility can never be ruled out however, that any such effects are
mediated by phytochrome-induced changes in a more basic oscillating
mechanism. There is little evidence of a direct effect of phytochrome-

absorbed radiant energy on CAM,.

Lasher- and Bonner (1955) reported that the effectiveness of diff-
erent spectral bands in deacidification of Bryophyllum leavés did not
agree with the general action épectrum of photosynthesis, red light being
much more effective than blue. The significance of these results is not

clear however, since a rapid rate of photodeacidification has, with the

use of photosynthetic inhibitors, been shown to depend on the occurrence



of phofosynthesis (Denius and Homann, 1972). Bruinsma (1958) suggested
that the anthocyanin present in Bryophyllum leaves might in part explain
a strong non-effective absorption of blue light, but he also discussed
the possibility of a more direct effect of radiant energy on CAM. He
speculated that a change in irradiation or temperature conditions might
alter the permeability of intracellular membranes and, by that, the

availability to cytoplasmic enzymes, of acids accumulated in the vacuole.

The rates of acid breakdown and format%on would then change. .

There is an increasing understanding of the mechanism of CAM and
evidence for phytochréme éonérol of the circadian rhythm in the activity
of this pathway. This suggests that further, detailea investigétion
of the control of the CAM pathway, in experiments in which phytochrome
can also be showﬁ to influence the circadian rhythm, presents the best
opportunity for elucidating both the basic oscillating mechanism and

its photoconﬁrol in Bryophyllum.
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APPENDIX 1

The sequential recycling timer.

Description and circuit diagram.
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APPENDIX 2
TABLE 1
The effect), on the period of the rhytﬁm; of continuous darkness or

. . . : -2 -1 . .
an incident quantum flux density of 47 pE cm S 1 in 25 nm wide spectral

bands.
Irradiation Number of Period Significance of
treatment individuals mean - S.E. difference from
readings dark control
' t value |probability
Darkness 2 24.20 L 0.17
450 nm 12 oh 2 T o.23 | 0.6413 N.S.
530 nm 12 23.00 ¥ 0.25 | 3.4331 €0.01
+
600 nm ikL 19.38 - 0.36 | 13.3128 £0.001
660 nm 23 19.32 ¥ 0.35 | 14.0722 <0.001
+
T30 nm 18 21.37 - 0.23 9.273k4 £0.001
760 1m 17 oy .61 Y o0.29 | 1.3400 N.S.
TABLE 2

The effect, on the transient of the rhythm, of continuous darkness
or an incident quantum flux density of LT pE cmm2 s‘l in 25 nm wide

spectral bands.

Irradiation Number of Transjient Significance of
treatment indiv%dual mean —;S.E. difference from
readings dark control
t value | probability

Darkﬁess 16 25.86 Tom

450 nm } 25.46 ¥ 0.46 | 0.8525 N.S.
530 nm h oh.68 T 0.19 2.7338 £0.02
600 nm 6 21.70 T 0.22 | 11.3297 40.001
660 nm 10 21.85 % 0.32 | 11.0031 €0.001
730 nm 6 26.09 % 0.33 0.5782 N.S.
760 nm 6 26.22 * 5,37 | 0.8785 N.S.




TABLE 3

The effect, on the period of the rhythm, of continuous darkness or
various quantum flux demsities of monochromatic radiation in a 25 nm

wide spectral band centred on 660 nm.

Irradiance Number of Period Significance of
o -1 individual + difference from
pE em s readings mean -~ S.E. dark control
t value | probability
+
0.00 31 23.74 - 0.20
0.98 12 02.61 = 0.38 | 2.8800 20.01
3.30 10 21.93 % 0.35 | L4.566k4 <0.001
13.00 10 20.31 ¥ 0.19 | 9.43u8 <0.001
22.00 1h 19.93 - 0.41 9. 5400 ¢ 0.00L
-+
47.00 23 19.32 - 0.35 | 11.7753 <0.001
TABLE 4

4 The effect, on the transient of the rhythm, of continuous darkness or
various quantum flux densities of monochromatic radiation in a 25 nm wide

spectral band centred on 660 nm.

Irradiance Number of Transient Significance of
o -1 individual + difference from
PE cm s readings mean — S.E. dark control
t value | probability
+
.00 13 26.24 - 0.31
+
0.98 b 26.24 - 0.17 0.0057 N.S.
+
3.30 L 2h.91 - 0.67 1.9923 N.S.
+
13,00 L 2h.11 - 0.28 3.6195 <0,01
+
22.00 6 23.12 - 0.28 6.2579 £0.001
+
47.00 10 21.85 - 0.32 9.7330 €0.001
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TABLE T

The significance of the differiuce between the periods of the

rhythms in léaves at different temperatures.

- -—
: Irradiated, 47 pE cm
Temperatures Darkness rradia eag 620Pcm mos
%
t value Frobability t value Probability
level
15/20 1.1946 N.S. 5.1528 £0.001
15/25 2.3465 £0.05 * 8.1.352 20.001
15/30 T.5302 €0.001 2.0521 £0.05
20/25 0.6097 N.S. 1.7911 N.S.:
20/30 6. 6304 40.001 2.2500 €0.002"
25/30 T7.3249 £0.001 3.452L

TABLE 8

The significance of the difference between the transients of the

rhythms in leaves at different temperatures.

Temperatures Darkness Irradiated, 47 pE:cm~2 S_l
at 660 nm
°c
t value Probabllity t value Probability
level

15/20 7.0963 £0.001 5.8785 <£0.001
15/25 12.5513 £ 0.001 T.0901 <0.001
15/30 20.8470 <0.001 11.0710 <0.001
20/25 . 3.5855 £0.01 0. 4460 N.S.
20/30 11, kshh <0.00L 5.4609 <0,001
25/30 8.57h7 £0,001 5.4379 <0.001




