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In a previous paper (2) it has been suggested that
at least 3 kinds of timingimechanisms are involved in
the photoperiodic response of Phlar-bitis nil. The first
timing component is similar to an hourglass in that
a linear increase in the flowering response re-
sults with increasing duration of the dark period.
This component is very sensitive to temperature.
The second component is an endogenous circadian
rhythm which starts at the beginning of the light
period, and for which the temperature sensitivity has
not been determined. The third comlponieint. which is
temperature insensitive, starts at the beginning of the
dark period and has a very light sensitive phase with
the maximum sensitivity about 8 hours after the on-
set of darkness. The first and the second compo-
nents have been detected by giving different lengths
of dark periods, and the third component by- giving
a red light interruption during 24- or 48-hour dark
periods. In the previous paper (2) ani effect of red
light interruptions given during the last half of a
48-hour dark period was nioted but wvas not dis-
cusse(l. The present experiments were designed to
obtain more detailed information on these timing
mechanismvs with emphasis upon the effects of red
light interruiptiolns given at different times during
a long dark period.

Materials and Methods

Seedlings of Pharbitis nil, straini Violet, w-ere
used for all of the experimiienits. Experimental
imiethods and procedtures wvere quite similar to those
described in a previous paper (2). After germi-
nlation plants were exposed at 200 to continuous il-
lumination of about 400 ft-c froml cool white fluores-
cent lamps. Four days after gernmination the plants
were subjected to experimental treatments, and then
p)laced uinder conltinluous illumiinationi of about 400
ft-c from the fluorescent lanmps for at least 24 hours
at 200. After that the plants were transferred to
benches in the greenhouse where they were exposed
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to 18-lhour l)hotoperiods by extending daylight with
inicandescenlt light of about 50 ft-c. About 2 weeks
after the treatment plants were harvested and dis-
sected to determine the number of flower buds initi-
ated. Temperature during the experimental dark
period was controlled carefully so that, with the par-
ticular dark period used, the flowering response of
the controls would be at the most sensitive level.
Red light was obtained from Gro-lux fluorescent
lamps filtered with 2 layers of red cellophane, and in
all experiments presented here the intensity wvas
about 3300 ergs/cm2 per second at the leaf surfaces.
The quality of the irradiation is showln in figure 1
of the followiing paper (3). In all experiments 18
to 27 plants were used for each treatment, anid the
average lnumiber of flower buds per plant was uise(d
as in ind(1icator of the photoperiodic response.

Experimental Results
and Discussion

Plants were subjected to a single dark period of
various lengths. during which red light interruptions
were given at different times. The flowerilng re-
sponises are shown in figures 1 to 4. In all of these
curves maximumtilli inhibition of flowering is seen w-henl
red light w-as given about 8 hours after the beginning
of the (lark period, thus confirninig the results dis-
cussed in a previous paper (2). All of these curves
are somewNhat undulating subsequent to this initial
dip. In every case the curve shows a second dip 30
to 40 hours after the onset of darkniess; in other
words, about 24 hours after the maximumii depressioln
at the 8-hour point. There is some evidence, there-
fore, that a circadian rhythm is exhibited in this re-
sponse. This rhythm is suggested by all of the
curves, including those in which the plants received
continuous light prior to the maini dark period. In
the previous studies (2) an endogenous circadian
rhythimi seemed to be associated with the light-on sig-
nal of the pretreatmenlts when the plants were ex-
posed to noniinductive photoperiodic treatments prior
to the miiain dark period. The presenlt experiments.,
how,-ever, suggest that the onset of darkness mav in-
duce another endogenous circadiani rhythm which re-
sults in high sensitivity to red light 8 hours after the
onset of darkness, and a second weaker p)ulsation of
sensitivity to red light occurrinig about 24 houi-s
later. This rhythmi wvill hereafter be called the light-
off rhythm to distintguish it fromii the rhvthm whiclh
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previously described, and which may be called prior to the main dark period, the flowering re-
ight-on rhythm. sponses to the red light interruptions given during
As was noted before (2), if plants exposed to the first 16 hours of the dark period are influenced
inuous illumination prior to the main dark period by the pretreatment. The initial dip in the curve for
compared with plants which received a pretreat- the latter plants is more delayed and extends further
t of 8 hours of darkness and 8 hours of light into the dark period. This effect was considered to

be based on the interaction between the first pulsa-
(D tion of the light-off rhythm and the pulsa-

tions of the light-on rhythm (2). It appears from
con t. TI' the present experiments that this interaction con-

tinues through the second pulsation of the light-off
rhythm since pretreatment of the plants with 8 hours
of dark and 8 hours of light prior to the main dark
period causes similar effects on the second dip in the

0 8 16 24 32 40 48 56 64 72 curve. \hen the dark period was 48 hours (fig 4),
the second dip in the curve was not influenced by
pretreatment. In this case, however, an interaction

Af)2<Acon t. between the red light interruption and the following
11Hse i S , light period might have a predominant effect since

p............. C . the red light given during the last 20 hours of the
B 0)o*n I dark period slightly inhibited flowering irrespective

of the length of the dark period.
Five minutes of red light given at different times

in a long dark period did not promote flowering in
o 8 16 24 32 40 48 56 64 any of these experiments. However, as has been

reported in soybean (1), 5 minutes of red light might
not be enough to produce stimulatory effects even

0} though the endogenous rhythms were going through
stimulatory phases of their cycles. On the other

A cont. hand, 30 minutes of red light slightly promoted flow-
;:> '....;....: : _ ering when it was given 16 to 24 hours after the be-

\A1 1B contI a, ** ginning of the dark period. This stimulatory effect
\/p--B was observed in Pharbitis even when the plants were

kept under continuous light before the dark period
0 8 16 24 32 40 48 56 64 72 (fig 3, 4). Since there is no light-on rhythm when

the plants are pretreated with continuous light, this
result suggests that the light-off rhythm which is
initiated by the onset of darkness has both stimu-
latory and inhibitory phases.Acont.-*DOne might expect, as was found witlh the light-on

1' [Bcont.rhythm, that this light-off rhvthm would be reflected
A ¢ in a stepwise increase in flowering with increasing

i~ B lengths of dark period, but such is not the case. As
reported previously (2). plants subjected to various

0 8 16 24 32 40 48 lengths of dark show stepwise increases in the flower-
DAR K PERIOD I N HRS. ing response (evidence of a circadian rhythm) only

FIG. 1-4: Flowering responses to red light inter- when the plants are pretreated with a light-dark re-
tions given at different times in a long dark period.
vertical lines indicate the standard error. FIG. 1.

nts kept under continuous light were subjected to a The only evidence for the participation of an en-
iour dark period at 17.50. Five minutes of red light dogenous rhythm associated with the light-off signal
given at different times. FIG. 2. Plants kept under was obtained when the long dark period was inter-

tinuous light (A) and those subj ected to an 8-hour rupted at various times with red light. A possible
k and an 8-hour light period (B) were exposed to a ruplous timeswA_--I .-n-i -' 100 F.mn,ltp. of relli,t explanation iS as follows:t4-niour uarK perioi adl Lo r1Ve miueIULb 1CU)J glL

was given at different times. FIG. 3. Plant kept under
continuous light (A), and those subjected to an 8-hour
dark and an 8-hour light period (B) were given a 72-
hour dark period at 17°. Thirty minutes of red light
was applied at different times during the 72-hour dark
period. FIG. 4. Similar to figure 3, but the main dark
period was 48 hours and the dark temperature was 180.

In the previous paper (2) one component of the

time measurement of the dark period showed an

hourglass type of response. This component was

very sensitive to temperature, and a red light inter-

ruption during an inhibitory phase of the dark period

seemed to slow down this particular reaction. For
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examliple, at 200 a dark period of aboout 16 hours is
enough to obtaini a miiaxinmutiim flowering response.
However, if after 2 houirs of darknless the pllalt is
illuminiated writh red light, the flowering responise in-
creases slowlyx with inicreasing (lurationi of the subse-
quelnt dark period, and a dark l)erio(l of 72 hours is
uot eniough to induce the maximiiumii flowerinig re-
sponse (fig 4 in Literature 2). In other wA-ords, a
re(d liglht ilnterruptioni giveu iu the inhibitory lhase
of a dark period seem,,s to slo\x- do\w-in the hourglass
copll)onent of the tilinoi,- miiechanismii to produice a re-
suilt similar to that obtaiuied b)y low-ered temperature
(2). Therefore, in order for a re(l light interrup-
tioni to produce its effect, the interruption miust be
followed by a minimlumii dark perio(l. \When the dark
l)eriod is terminated with coutiuluous light the hour-
glass comiipolnent of the timinig mechanlislmi apparently
stops at the end of the dark period. In this case the
effect of the light-off rhythm may not be reflected in
the flowering response since the amlounit of flowering
is determined solely by the lelngth of the dark period.
The light-on rhythm, oni the other hand, is reflected
both in a light-break effect andcI in the flow-ering re-
sponse to increasiing lenigths of dark l)eriod.

The oscillations of the liglht-off rhvthni appear to
lie damiped ral)idlv after 1 cycle, as is sho\n1 in fig-
ures 1 to 4 (solid Iihue). I loever, this damping
may l)e miiore al)p)arent than real sinice the curv es
Show onily the floxx-erini resl)oiisc to re(d light inter-
rul)tions which is conitrolled 1w the lighlt-off rhvthm.
WNre could assumae, for example. that red light givenl
at eitlher the 8-hour point or at the 32- houtr point
slowvs dowvn the hourglass comiponent to the saame ex-
tenit. However, red light given at the 32-hour point
produices muclh less inihibition of floxwering since the
planit is exposed to 32 houirs of (larkuiess prior to the
red light interruptions, anid prestimalbly uip to the
point of the initerruption the hourglass com-nponient of
the reactionl proceeded in a normiial fashion.

In considering the results of this paper togetlher
with those of the prexious paper (2) one miiav coni-
cli(le not only that 2 endogenous circadian rhythms,
one iniduced by the light-oln signlal and the other by
the light-off signal, are involved in the photoperiodic
responses of this plant; but also, that these 2 rhythms
are niot identical in their physiological reaction. The
-lgit-ol rhytihm is apparent not only through a rhv-
thllmic sensitivity to red light durilng the dark leriod,
lhut also is shown 1w a rhythmic sensitivity to length
of dark period resulting in a stepwise increase in
flow-ering with variable dark period lengths. Oni the
other hand. the light-off rhy-tlhmii is apparent only
through a rhythmic sensitivitv to redl light. These
(lifferenices in the physiological responses to the 2
rhythmis miiay be of considerable imiiportanice in comn-
paring the photoperio(lic responses of v,arious plants.
Perhaps some plants use only one or the other of the
2 rlhxythms as the primnary miechanism inl timinig the
lphotoperiodic response.

Finally mention should be miiade of the possibility
that the so-called biological clock may also involve 2
enidogenotus rhythms, oiie induced by the light-on sig
nal an-d the other by the light-off signial. It is well
knowxn, for examiiple. that the biological clock adijusts
to the light-dark regimiie of the environment. The
tilmie senise of organismiis miioved fronii east to west or
vice versa adfjusts to a new local time within a fewx
days. I'he questioni has ariseni as to just how the
biological clock a(ljusts to compensate for clhanlginig
day length. If the clock wA-ere reset by- the dawn of
each dav oI 1bw- the dusk of each dav, theni it is diffi-
cult to see lhow it wouild be properly set in the slhort
days of the winter as compared to the lonig day-s of
the summiiiier. On the other hand, if the biological
clock is set both by dawnvi anid dusk, a satisfactory ex-
planation for the accuiracy of the clock both duirinig
the winter and the summer wvould be provided.

Summary

Seedlings of Pharbitis niil, strain V-iolet, were
subjected to a long dark perio(d and exposed to 5 or
30 minutes of red light at differenlt timles. \Vlheln the
dark period was preceded by colnitnious illuminiiiationi.
red light given about 8 hotirs after the onset of dark-
niess l)roduce(l imlaxiiiuiim inhihition, anl a seconmIl ill-
terval of inhibition was observed xw hen the red lighlt
wvas given l)etweeni 30 and 40 lhours after the onset
of darkness, irrespective of the lenigth of the (lark
period. 'T'hirty miiinutes of red light givren 16 to 24
lhouirs after the beginning of the dark period slightly
promiioted flow-ering. These phenomena sugtgest that
one of the timing mechaniismiis wvhich is initiated lat
the beginning- of the dark period is anl enidogelntois
circadiani rhytlhmil.

When the plants xx-ere subj ected to aii 8-hour
dark period followx ed by an 8-hour light period before
the main dark l)eriod, the timiie of effectiveness of redl
light interruption was some-vhat extenidedl and de-
layed at 1)th the 8- anid 32-houir points. This ef-
fect is consi(lered to depend oln anotlher endogenous
circadian rhAythm whichi is iniitiated at the beginning
of the light period. It is supposed that at least 2
kinids of endogenous circadian rhythms are participat-
ing in the photoperiodic reactioln of Pharbitis.
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