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A g m s m œ m

I  a h o n ld  I l k #  t o  @xpre@8 my th a n k e  t o  P r o f e s s o r  Wl&kla# f a r  &l8 

goatl8%Q& GWBport &&a &w&#p#@% OwriB# tb #  eoy#9# o f  t h i s  ro o o aro h *  Mÿ 

gr& tltw & o 1# o l8 o  e x te a a # #  t o  o th e r  mamberG o f  t h e  & t& ff f o r  t h a l r  

ho& gfül #%@%&8tloq# an d  &l#eu88&0B8* t o  Mr* D, M&Phoraoa f o r  t h e  &#8&#n 

&nd oonatr& o tlom  o f  tb #  r a o y o l l» #  t im e  ##&beb, &&a t o  Mr* S .  T & lt f o r  

th e p h o to g r& p b lo  w ork .



SUMMARY

I n  c o n tin u o u s  d a rk n e ss^  a t  te m p e ra tu r e s  b e tw een  15*  ̂ and  30^C, 

d e ta c h e d  le a v e s  o f  B ryophyllum  fe d ts c h e n k o i  d i s p la y e d  a  c i r c a d i a n  rhy thm  

in  t h e  r a t e  o f  c a rb o n  d io x id e  o u tp u t  i n t o  i n i t i a l l y  c a r b o n - d io x id e - f r e e  

a i r .  A t 10^ and  35^0 t h e  c a rb o n  d io x id e  o u tp u t was a rh y th m ic , B oth  

th e  p h a se  and  th e  p e r io d  o f  t h e  rhy thm  w ere m o d if ie d  by  i r r a d i a t i o n .

E xposu re  t o  0 .2 5  h o f  w h ite  l i g h t  in  e v e ry  2 4 -h  c y c le  e n t r a in e d  

th e  rh y th m . Two 0 .2 5 -h  e x p o s u re s  in  e v e ry  2 ^ -h  c y c le  a l s o  e n t r a in e d  

t h e  rhy thm  when a p p l ie d  in  s c h e d u le s  in c lu d in g  7*5 o r  1 0 .5 - h ,  b u t  n o t 

1 1 .5 - h ,  d a rk  p e r io d s .  A s i n g l e  4 -h  ex p o su re  t o  w h ite  l i g h t  s h i f t e d  th e  

p h a se  o f  t h e  rhy thm  in  le a v e s  o th e rw is e  m a in ta in e d  i n  d a rk n e s s .  The 

n a tu r e  and  m a g n itu d e  o f  t h e  p h a se  s h i f t  was d e te rm in e d  by th e  t im e  in  

t h e  c i r c a d i a n  c y c le  a t  w hich  th e  le a v e s  w ere i r r a d i a t e d .  B oth  th e  

p e r io d  and  t h e  t r a n s i e n t  o f  t h e  rhy thm  in  le a v e s  a t  15°C w ere s h o r te r  

in  c o n t in u o u s  w h ite  l i g h t  th a n  in  d a rk n e s s .  A f te r  t h e  rhy thm  had  fa d e d  

o u t  in  c o n tin u o u s  w h ite  l i g h t , a  t r a n s f e r  t o  d a rk n e s s  r e i n i t i a t e d  t h e  

rh y th m .

An i n v e s t i g a t i o n  o f  t h e  rhy thm  in  le a v e s  ex p o sed  to  m onochrom atic  

r a d i a t i o n  from  d i f f e r e n t  r e g io n s  o f  th e  sp ec tru m  was c a r r i e d  o u t to  

e l u c i d a t e  t h e  p h o to r e c e p to r s  in v o lv e d .  R a d ia n t e n e rg y  in  a  s p e c t r a l  

band  c e n t r e d  on 660 nm was m ost e f f e c t i v e .  The e f f e c t  o f  t h i s  s p e c tra ] ,  

band  was s im i l a r  t o  t h a t  o f  w h ite  l i g h t  in  a l l  a s p e c t s  o f  p h o to c o n tro l  

t e s t e d .  A s p e c t r a l  band c e n t r e d  on 730 nm was a l s o  e f f e c t i v e  i n  s h o r t ­

e n in g  th e  p e r io d  and  e n t r a in in g  th e  rh y th m , b u t l e s s  so th a n  r e d  l i g h t .  

L onger w a v e le n g th s , and th o s e  from  th e  b lu e  r e g io n  o f  t h e  sp ec tru m  w ere 

i n e f f e c t i v e .



The e x te n t  to  w hich re d  l i g h t  s h o r te n e d  th e  p e r io d  depended on 

b o th  th e  am bien t te m p e ra tu re  and  th e  in c id e n t  quantum ’ f lu x  d e n s i ty .  

Between 15° and 25°C , r e d  l i g h t  s i g n i f i c a n t l y  red u ce d  th e  p e r io d ,  w h ile  

a t  30°C no s i g n i f i c a n t  r e d u c t io n  was o b se rv e d . T here  was a  l i n e a r  

r e l a t i o n s h i p  be tw een  th e  r e d u c t io n  o f  th e  p e r io d  a t  1 5 °C and th e  l o g a r ­

ith m  o f  th e  quantum  f lu x  d e n s i ty  o f  m onochrom atic (6 6 0  nm) r a d i a t i o n  t o  

w hich  th e  le a v e s  w ere exp o sed .

Red and f a r - r e d  r a d i a t i o n  i n t e r a c t e d  t o  m od ify  t h e  p hase  s h i f t i n g  

and  e n tra in m e n t r e s p o n s e s  in d u c ed  by r e d  l i g h t  a lo n e .  C le a r  r e d / f a r - r e d  

r e v e r s i b i l i t y  was a c h ie v e d  in  s c h e d u le s  c o n ta in in g  one o r  two e x p o su re s  

t o  r e d  l i g h t  in  e v e ry  2 4 -h  c y c le .  The s p e c t r a l  dependence  o f  p h o to c o n tr o l  

and t h e  o c c u r re n c e  o f  r e d / f a r - r e d  r e v e r s i b i l i t y  l e a d s  t o  th e  c o n c lu s io n  t h a t  

phytochrom e i s  t h e  p igm en t w hich  m e d ia te s  p h o to c o n tro l  o f  th e  c i r c a d ia n  

rhy thm  in  B ry o p h y llu m .
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INTRODUCTION

U nder n a t u r a l  c o n d i t io n s  n e a r ly  a l l  o rg a n ism s  a r e  exposed  to  an  

en v iro n m en t in  w h ich  a  number o f  p a ra m e te rs  f l u c t u a t e  w ith  a  p e r i o d i c i t y  

o f  24 h . The d e c re a s e  in  r a d i a n t  f l u x  d e n s i ty  e x p e r ie n c e d  a s  a  r e s u l t  

o f  t h e  t r a n s i t i o n  from  day  t o  n ig h t  i s  accom panied  by  a  d ro p  in  te m p e ra ­

t u r e  and  o f t e n  an  in c r e a s e  in  r e l a t i v e  hum id ity ,. B a ro m e tr ic  p r e s s u r e  

and  g e o p h y s ic a l  f a c t o r s  such  a s  t h e  s t r e n g t h  o f  t h e  E a r t h 's  m a g n e tic  

f i e l d  and  t h e  i n t e n s i t y  o f  cosm ic r a y  bombardment may a l s o  v a ry  in  24-h  

c y c l e s .

Any p h y s io lo g ic a l  p ro c e s s  w ith  an a b s o lu te  r e q u ire m e n t f o r  a  

p a r t i c u l a r  s e t  o f  e n v iro n m e n ta l c o n d i t io n s  w i l l  c l e a r l y  show an  a c t i v i t y  

p a t t e r n  c o r re s p o n d in g  t o  t h e  24- h  p e r i o d i c i t y  e n c o u n te re d  in  t h e  e n v iro n ­

m en t. F o r exam ple , a  l i g h t  r e q u i r i n g  p ro c e s s  such  a s  p h o to s y n th e s i s  

w i l l  o n ly  b e  o p e r a t iv e  d u r in g  th o s e  p a r t s  o f  t h e  24- h  c y c le  when r a d i a n t  

e n e rg y  in c id e n t  on th e  p la n t  ex ce ed s  a  c e r t a i n  minimum l e v e l .  H owever, 

many o th e r  a s p e c t s  o f  t h e  p h y s io lo g y  and b e h a v io u r  o f  p l a n t s  and  a n im a ls , 

n o t s p e c i f i c a l l y  l i m i t e d  by t h e  p r e v a i l i n g  e n v iro n m e n ta l c o n d i t io n s ,  

a l s o  show d iu r n a l  p e r i o d i c i t y  in  r e l a t i o n  to  t h e  n a t u r a l  c y c le .

The e a r l i e s t  o b s e r v a t io n s  o f  t h i s  phenomenon w ere  made w ith  th e  

movement o f  l e a v e s .  R e fe re n c e s  t o  t h e  o b s e r v a t io n s  t h a t  th e  le a v e s  o f  

some s p e c ie s  t a k e  up  a  d i f f e r e n t  p o s i t i o n  a t  n ig h t  from  t h a t  w h ich  th e y  

occupy  d u r in g  t h e  day  w ere r e c o rd e d  i n  t h e  -w ritin g s  o f  b o th  P l in y  in  

t h e  f i r s t  c e n tu ry  and  A lb e r tu s  Magnus in  t h e  t h i r t e e n t h  c e n tu ry  ( c i t e d  

by  B iinn ing , I 9 6 0 ) .  The f i r s t  e x p e r im e n ta l  c o n f i r m a t io n  o f  t h e  e n t r a i n ­

m ent o f  rh y th m ic  f u n c t io n s  by th e  p e r io d ic  r e p e t i t i o n  o f  e n v iro n m e n ta l 

s t im u l i  was made by H i l l  (175T)* He in v e r t e d  t h e  c y c l e s  o f  l i g h t  and 

d a rk n e s s  t o  w hich  p l a n t s  w ere  exposed  by u s in g  a r t i f i c i a l  l i g h t  a t  n ig h t  

and c o v e r in g  th e  p l a n t s  d u r in g  t h e  d ay . In  th e s e  e x p e r im e n ts  i t  was



6 .

obweyvM tîmt the rhythm of t i n t  movment rapidly heaame

Adjüëted to the mew oyoloo #md adopted a plmee rf^stiomehip to  the 

emtraiïiiag oyol# ©tellar to  that provlowely maimtalmed in relation to  

tM  uatw al qyolo# From thio W oomluded that llght"'dark oyoloe exert 

m aontrolliïïg influenae over rhythmic behaviow* The ew e oonolueion 

vae later dram by DeOmdolIe (iBBB) i^mx the rem it# of similar 

experiments*

hhythme may often be entrained vith  extremely weak or brief 

eigaalo i f  these are repeated at UkHi intervals, Kleinhoote (19#) 

ahowsa tJtoti %h« jflQ-ttoie X«af aovesaa»t o f SgrnggMja fiaa llp it» . is  

entrained by light-dark eyolee eom ieting of I h of lig h t alternating 

with 83 h of darkneee (lA) 1*83), The miafeum exposwe to ligh t repaired 

to  entrain a rhythm in 2b-h eyolee varies between organisms, la  ooa* 

treat to  the lea f movmmt rhythm of Oapyplia.* that of Hmrbiti# a il 

eeedllngs requires between 1 aM h h of I%h%, in each oyele 

(Bolligÿ IWM* Similarly there is  a retirem ent for a minimm duration 

of derkneae la  amh. 84 h vhioh often muet be ooneidere&ly longer than the 

minimum effeetive duration o f ligh t (BtWniag» 19T3)»

Ehtraimeat of a rhythm may also oeeur when m  organisai reeeivee 

regular 2t-h eyelae oonaieting of darkneee interrupted by two or more 

brief exposures to ligh t, Rhythms ia umm ineeote (Minis, 1965;

Fltte«.Éri||li» 196$) and in the plaot 3k#B& (Hillmeuu IfTO) may be 

entrained by two 15-mimto light expOiwee* The phase of rhythms 

entrained in th is manner is  similar to that obtained with a compléta 

photoperiod o f which the short light breaks mark the beginning and end, 

There are differences between organisms as to  the effeetiveness of such 

treatments, The time of the maximum opening of the leaves of Portnlaaa

depends on tiie length of the photoperlod (%arv6 end d^i^ajinni,



1 9 6 6 a ). Tn.; c o m p le te  p lio to p o rio d  may be s u b s t i t u t e d  by two l i g h t  b re a k s  

o f  1 o r  ? h m ark ing  th e  b e g in n in g  and end o f  th e  p h o to p e r io d . I f  how­

e v e r  th e  p l a n t s  a r e  exposed  to  l i g h t  b re a k s  o f  o n ly  30 n iin , e n tra in m e n t 

does n o t o c c u r (K arve and J i g a j i n n i ,  1 966b).

A lth o u g h  th e y  have been  l e s s  w e ll i n v e s t i g a t e d  th a n  l i g h t - d a r k  

c y c l e s ,  i t  h as become a p p a re n t  t h a t  p e r io d ic  f l u c t u a t i o n s  in  te m p e ra tu re  

may a l s o  in f lu e n c e  rh y th m ic  b e h a v io u r . ' S te rn  and B dnning (1929) f i r s t  

d e m o n s tra te d  t h a t  p e r io d i c  ch an g es  in  t h e  am bien t te m p e ra tu re  can  in d u c e  

rh y thm s in  o th e rw is e  a rh y th m ic  o rg a n ism s , and t h a t  a  s p e c i f i c  p h ase  

r e l a t i o n s h i p  i s  e s t a b l i s h e d  betw een  th e  e n t r a in in g  rh y th m  and th e  tem p­

e r a t u r e  c y c l e s .  B oth  s in u s o id a l  and s te p  ty p e  te m p e ra tu r e  changes can  

be e f f e c t i v e .  E n tra in m e n t o f  th e  p e t a l  movement rh y th m  o f  K alanchoe 

b l o s s f e ld i a n a  i s  a c h ie v e d  w ith  a te m p e ra tu re  f l u c t u a t i o n  o f  1°C (O ltm anns, 

i 9 6 0 ) .  W ith P i lo b o lu s  i t  was found  t h a t  o n ly  a  r e l a t i v e l y  b r i e f  ex p o su re  

t o  an in c r e a s e d  te m p e ra tu re  d u r in g  eac h  24-h  c y c le  i s  r e q u i r e d  to  e n t r a i n  

th e  rh y th m , a  5°C in c r e a s e  in  te m p e ra tu re  fo r  1 h  b e in g  e f f e c t i v e  

(U b e lm e sse r, 1 9 5 4 ).

The im p o rta n c e  o f  e n v iro n m e n ta l f a c t o r s  i s  a l s o  a p p a re n t from  th e  

e n tra in m e n t o f  rhy th m s t o  f r e q u e n c ie s  o th e r  th a n  24 h . At a  u n ifo rm  

te m p e ra tu re  a l t e r n a t e  ex p o su re  t o  l i g h t  and d a rk n e s s  may e n t r a in  rhy thm s 

t o  p e r i o d i c i t i e s  ra n g in g  from  6 t o  48 h (B ru ce , I 9 6 0 ) . In  m ost o rg an ism s 

t h e r e  a p p e a rs  to  be a l i m i t  t o  th e  r a p i d i t y  w ith  w hich  a  rhythm  can  be 

fo rc e d  to  o s c i l l a t e  by means o f  im posed c y c le s  o f  l i g h t  and d a rk n e s s .

The l e a f  movement rhythmi o f  P h a se o lu s  m u lt i f l o r u s  f o r  exam ple can  be 

e n t r a in e d  to  an l 8 - h  p e r io d  by LD 9 :9 , b u t when exposed  t o  LD 6 :6  does n o t 

show a 1 2 -h  p e r io d  b u t i t s  n a t u r a l  fre q u e n c y  (B ü n n in g , 1957)- The l i m i t  

to  th e  r a p i d i t y  w ith  w hich th e  rhythm  o f  ca rb o n  d io x id e  o u tp u t from 

le a v e s  o f  B ryophyllum  fe d ts c h e n k o i may be fo rc e d  to  o s c i l l a t e  depends



on t h e  l i g h t  i n t e n s i t y  em ployed. W ith  a  l i g h t  i n t e n s i t y  o f  1 ,0 0 0  l u x ,  

e n tra in m e n t t o  LD 3 :3 )  6 :6  and 8 :8  o c c u r s . At 500 l u x ,  LD 6 :6  h u t n o t 

3 :3  a r e  e f f e c t i v e ,  w h ile  a t  100 l u x ,  LD 6 :6  a r e  i n e f f e c t i v e  (W ilk in s ,  

1962a ) ,  T em p era tu re  c y c le s  d i f f e r i n g  from  th e  p e r i o d i c i t y  o f  t h e  

n a t u r a l  en v iro n m en t have a l s o  b een  shown t o  e n t r a i n  t h e  rhy thm s o f  

s p o r u la t io n  in  Oedogonium c a rd ia c u m  t o  c y c le s  o f  I 8 h  b u t  n o t o f  1 2 , 30 

o r  48 h  (Buhnemann, 1 9 5 5 b ) .

The f i r s t  i n d i c a t i o n s  t h a t  t h e  p ro c e s s e s  w hich  showed p e r io d ic  

re s p o n s e  t o  t h e  d a y -n ig h t  c y c le  r e p r e s e n te d  a n y th in g  o th e r  th a n  a  d i r e c t  

r e s p o n s e  t o  t h i s  im posed p e r i o d i c i t y  came from  th e  e x p e rim e n ts  o f  DeM airan 

in  1727  ( c i t e d  by  B ünn ing , I 9 6 0 ) ,  He found t h a t  l e a f  movements o f  

p l a n t s  t r a n s f e r r e d  t o  a  d a rk e n e d  room c o n tin u e d  in  a  rh y th m ic  m anner f o r  

a  number o f  d a y s . D eC ando lle  (1 8 3 2 ) ,  by p la c in g  p l a n t s  i n  a r t i f i c i a l  

l i g h t  e v e ry  n i g h t .  Showed t h a t  t h e  l e a f  movement rhy th m  o f  Mimosa p e r s i s t s  

in  c o n t in u o u s  l i g h t .  H owever, i n  n e i t h e r  o f  th e s e  i n v e s t i g a t i o n s  was 

t h e  am bien t te m p e ra tu re  c o n t r o l l e d  and m igh t t h e r e f o r e  have f lu c t u a t e d  

r h y th m ic a l ly .  The e x p e r im e n ta l  p ro c e d u re  o f  D eC ando lle  m ust have  r e s u l t e d  

a l s o  in  r e g u l a r  24-h. ch an g es  i n  t h e  l i g h t  i n t e n s i t y ,

Duhamel (1 7 5 8 ) co n firm e d  th e  c o n t in u a t io n  o f  l e a f  movement rhy thm s 

in  c o n s ta n t  d a rk n e s s  w ith  e x p e r im e n ts  c a r r i e d  o u t in  c a v e s  w here any 

l a r g e  te m p e ra tu re  f l u c t u a t i o n  c o u ld  be  r u le d  o u t .  S ach s  ( 1 8 6 3 ) r e c o rd e d  

th e  l e a f  movement rhy thm  o f  A c a c ia  lo p h a n th a  in  c o n s ta n t  d a rk n e s s  and  

found  no c o r r e l a t i o n  be tw een  l e a f  movement and f l u c t u a t i o n s  i n  th e  

r e g u l a r l y  re c o rd e d  te m p e r a tu r e .

P f e f f e r  ( l8 7 5 ) su g g e s te d  t h a t  th e  rh y th m ic  l e a f  movements w ere in  

some way a f t e r - e f f e c t s  o f  th e  n a t u r a l  l i g h t - d a r k  c y c le  t o  w hich th e  

p l a n t s  had p r e v io u s ly  been  ex p o sed . However, an  a l t e r n a t i v e  s u g g e s tio n



was p u t fo rw ard  by D arwin and D arw in (1 8 8 O ), t h a t  th e  movements o f  

t h e  le a v e s  w ere in n a te  and t h a t  th e  a l t e r n a t i o n s  o f  l i g h t  and darlm ess- 

m e re ly  s e t  th e  p h ase  o f  th e  rh y th m ic  m ovem ents.

C r i t i c a l  e v id e n c e  a g a in s t  t h e  id e a  t h a t  rhy thm s w ere a c q u ir e d  by 

e x p e r ie n c e  was o b ta in e d  by 8 e m o n ,( l9 0 5 , I 9 0 8 ) u s in g  s e e d l in g s  o f  A cac ia  

lo p h a n th a  w hich had  been  grown from  g e rm in a tio n  in  LD 6 :6  o r  2 4 :2 4 . These 

s e e d l in g s  s t i l l  i n v a r i a b ly  showed le a f \m o v e m e n t.w h ic h  fo llo w e d  a  24 -h  

p a t t e r n  r a t h e r  th a n  one o f  12 o r  48 h a f t e r  th e  p l a n t s  w ere p la c e d  in  

c o n tin u o u s  l i g h t .  T h is  o b s e r v a t io n  h as  been  co n firm e d  in  s im i la r  

e x p e r im e n ts  f o r  a  number o f  o rg a n ism s , b o th  p l a n t s  and a n im a ls  (K L ein h o o te , 

1932 ; U b e lm esse r , 1954; Buhnemann, 1955b; H a s tin g s  and Sw eeney, 1958)*

In  o n ly  one c a s e  h a s  e v id e n c e  b een  p re s e n te d  f o r  t h e  r e t e n t i o n  in  con ­

s t a n t  c o n d i t io n s  o f  a  p r e v io u s ly  e x p e r ie n c e d  p e r io d  d i f f e r i n g  m arked ly  

from  24 h. The rh y tlm s  o f  oxygen p ro d u c tio n  and r a t e  o f  f i la m e n t  

e lo n g a t io n  o f  th e  a lg a  H y d ro d ie ty on r e t i c u l a tu m , e n t r a in e d  t o  LD 1 2 :1 2 , 

1 0 .5 :7  o r  6 :6 ,  p e r s i s t s  w ith  th e  c o r re s p o n d in g  p e r i o d i c i t i e s  o f  24 , 17 -5  

and  12 h a f t e r  t r a n s f e r  t o  c o n t in u o u s  l i g h t  o r  d a rk n e s s  (P ir s o n  e t  a l ,

1954 ; Schon , 1 9 5 5 ) .

The c o n c e p t o f  r h y th m ic i ty  r e s u l t i n g  from  p r e v io u s ly  e x p e r ie n c e d  

p e r i o d i c i t y  was f u r t h e r  r e f u t e d  by  e x p e rim e n ts  in  w h ich  o s c i l l a t i o n s  

w ere i n i t i a t e d  in  o rg an ism s  w hich  had  been  r a i s e d  u n d e r  c o n s ta n t  c o n d i t ­

io n s .  I n i t i a t i o n  was a c h ie v e d  by a s in g le  t r a n s f e r  t o  a  d i f f e r e n t  s e t  

o f  c o n d i t io n s .  T h is  has  b een  r e p o r te d  fo r  th e  l e a f  movement rh y th m  o f  

P h a se o lu s  s e e d l in g s  (B ünn ing , 1932) and f o r  rhy thm s in  a  number o f  o th e r  

o rg an ism s (P a rk  and K e l l e r ,  1932 ; H orstm ann, 1935; B a l l  and Dyke, 1 9 5 4 ) . 

T h is  phenomenon o c c u rs  w ith  P h a se o lu s  s e e d l in g s  even  when th e  p re v io u s  

g e n e r a t io n  h as  e x p e r ie n c e d  o n ly  c o n s ta n t  c o n d i t io n s  (B ünn ing , 1 9 3 2 ). 

F u r th e rm o re , t h e  e x p o su re  o f  D ro s o p h ila  t o  c o n s ta n t  c o n d i t io n s  f o r  15



c o n s e c u t iv e  g e n e r a t io n s  f a i l e d  t o  p re v e n t rh y th m ic  b e h a v io u r  becom ing 

a p p a re n t  a f t e r  a t r a n s f e r  t o  d i f f e r e n t  c o n d i t io n s  (B ü n n in g , 1935a)- 

S im i la r ly  a rhy thm  o f  lu m in e sc e n c e  can  be in d u c ed  in  a  p r e v io u s ly  

a rh y th m ic  c u l t u r e  o f  G onyaulax  p o ly e d ra  by a s in g le  ch an g e  in  th e  l i g h t  

i n t e n s i t y  in  w hich  th e  c u l t u r e s  w ere grow n. The a b i l i t y  t o  o s c i l l a t e  

r e m a in s ,  even in  c u l t u r e s  m a in ta in e d  in  c o n tin u o u s  l i g h t  f o r  3 y e a r s  

(Sweeney and  H a s t in g s ,  1 9 6 2 ) .  Thus e n v iro n m e n ta l f a c t o r s  such  a s  l i g h t  

and te m p e ra tu re  need  non n e c e s s a r i l y  b^ o s c i l l a t i n g  i n  o rd e r  f o r  a  

b i o l o g i c a l  p ro c e s s  to  f u n c t io n  rh y th m ic a J .ly . N e ith e r  do th e y  e x e r t  a  

l a s t i n g  in f lu e n c e  on th e  p e r i o d i c i t y  o f  an o rg an ism  a f t e r  i t s  t r a n s f e r  

t o  c o n s ta n t  c o n d i t io n s .  T hese  c o n c lu s io n s  s u g g e s t e i t h e r ,  t h a t  v a r i a t i o n  

in  some o th e r  e n v iro n m e n ta l f a c t o r  m a in ta in s  th e  rhy thm  i n  su p p o se d ly  

c o n s ta n t  c o n d i t i o n s ,  o r  t h a t  th e  rhy thm  i s  endogenous and  i s  g e n e ra te d  

w i th in  th e  o rg an ism  in  th e  m anner o f  a  s e l f - s u s t a i n e d  o s c i l l a t i o n ,  

f o l lo w in g  an  i n i t i a t i n g  s t im u lu s .

B e fo re  a  rhy thm  can  be  c o n s id e re d  to  be  en d o g en o u s , a  number o f  

i t s  p r o p e r t i e s  m ust be  exam ined . I t  i s  g e n e r a l ly  a c c e p te d  t h a t  an  

endogenous c i r c a d i a n  rhy thm  m ust d i s p la y  f i v e  c h a r a c t e r i s t i c s  f i r s t  

p ro p o se d  by P i t t e n d r i g h  (1 9 5 4 ) ,

1 . The rhy thm  m ust c o n t in u e  in  an en v iro n m en t h e ld  as  c o n s ta n t  

a s  i s  p o s s i b l e .

2 . The p h ase  o f  th e  rhy thm  sh o u ld  be a b le  t o  b e  s h i f t e d  and

s u b s e q u e n tly  r e t a i n e d  u n d er c o n s ta n t  c o n d i t i o n s ,  i r r e s p e c t i v e  

o f  i t s  p h ase  r e l a t i o n s h i p  to  e x t e r n a l  c y c l e s .

3 . The rh^tlm i sh o u ld  be  i n i t i a t e d  by a  s in g l e  s t im u lu s .

4 . The p h ase  o f  th e  rhy thm  sh o u ld  be d e la y e d  u n d e r  h y p o x ia .

5 . The p e r io d  o f  t h e  rhy thm  s h o u ld , u n d er c e r t a i n  c o n d i t io n s ,

v a ry  from  2k  h .



The f i r s t  c o n d i t io n  i s  p e rh a p s  th e  m ost o b v io u s , in  t h a t  i f  

r h y th m ic i ty  p e r s i s t s  in  th e  a b se n c e  o f  e x te r n a l  p e r i o d i c i t y  th e n  i t  

m ust be  o f  endogenous o r i g i n .  However, t h i s  c r i t e r i o n  i s  one o f  th e  

m ost d i f f i c u l t  t o  e s t a b l i s h .  A lth o u g h  p e r io d ic  v a r i a t i o n  in  l i g h t  i n ­

t e n s i t y ,  te m p e r a tu r e ,  h u m id ity  and  b a ro m e tr ic  p r e s s u r e  can  now f a i r l y  

e a s i l y  be s u p p re s s e d ,  i t  may s t i l l  be  a rg u e d  t h a t  some o th e r  s u b t l e  

g e o p h y s ic a l  o r  unknown f a c t o r  i s  r e s p o n s ib l e .  A tte m p ts  have b een  made 

t o  e s t a b l i s h  c o n d i t io n s  from  w hich  havë  been  e l im in a te d  th o s e  p e r io d ic  

v a r i a b l e s  w hich  o c c u r  a s  a  r e s u l t  o f  th e  E a r th 's  r o t a t i o n .  Hamner e t  a l  

(1 9 6 2 ) a t te m p te d  t o  c r e a t e  su ch  c o n d i t io n s  by m oun ting  v a r io u s  s u b je c t s  

on a  r o t a t i n g  p la t f o r m  n e a r  t h e  E a r t h 's  g e o g ra p h ic  s o u th  p o le  and found  

t h a t  h ig h e r  and lo w e r p l a n t s  a s  w e ll  a s  a n im a ls  and i n s e c t s  c o n t in u e d  

t o  d i s p la y  rh y th m ic  b e h a v io u r .  T hese  r e s u l t s  i n d i c a t e  t h a t  in  none o f  

t h e s e  o rg an ism s i s  r h y th m ic i ty  d e p e n d e n t upon p e r i o d i c i t y  im posed by 

I t h e  E a r t h ’ s r o t a t i o n .

Numerous o b s e r v a t io n s  and e x p e rim e n ts  have b een  c a r r i e d  o u t on 

o rg an ism s  m a in ta in e d  in  c o n d i t io n s  w hich  a r e  h e ld ,  a s  f a r  a s  i s  p o s s i b l e ,  

c o n s ta n t .  In  many o rg a n ism s , w h e th e r o r n o t r h y th m ic i ty  can  be o b se rv ed  

dep en d s on t h e  c o n d i t io n s  e x p e r ie n c e d .  In  some c a s e s  rhy thm s may p e r ­

s i s t  w e l l  i n  one s e t  o f  c o n d i t io n s  b u t r a p i d l y  f a d e  o u t in  a n o th e r .  In  

H y d ro d ic ty o n  ( P ir s o n  e t  a l ,  1954 ; P i r s o n ,  1957) and P h a s e o lu s  s e e d l in g s  

(B ünning and L o rc h e r ,  1957) t h e  rhy th m s in  q u e s t io n  p e r s i s t  w e ll  in  b o th  

d a rk n e s s  and low  i n t e n s i t y  l i g h t .  In  G 'Onyaulax how ever rhy th m s a r e  

i n h i b i t e d  by c o n tin u o u s  h ig h  i n t e n s i t y  l i g h t ,  damp s t r o n g ly  in  c o n tin u o u s  

d a r k n e s s ,  b u t  p e r s i s t  f o r  a t  l e a s t  l4  d ays  in  c o n t in u o u s  low  i n t e n s i t y  

l i g h t  (H a s tin g s  and Sw eeney, 1 9 5 8 ) . The rhy th m s in  Oedogonium p e r s i s t  

in  c o n t in u o u s  l i g h t  b u t no t in  d a rk n e s s  (Buhnemann, 1 9 5 5 a ) , w h ile  th e  

r e v e r s e  i s  t r u e  in  a second  a l g a ,  C h lo r e l la  (H esse , 19Y2).



The abeemoe Qt os#illation miû. the rapii. ûa î̂pihg out obawvoâ 

mder ame Qoïiditiona does mot emlud# the operation of a se lf  QuetalBln# 

oGoillatoi** A particu lar sot of omvlrommtal oomditiouB may be highly 

uttfavourabXe to  %lm apeaifie pbyBioXogleaX fumotiom which la feeimg 

measured as am overt rhytlM* It is  also poeelble, whom the rhytbmm of 

populatlowp of ©rgamisma ere toiug monitored » that the observed faâO"*' 

out oeows &B a result of a loee of ayncbroni&ation between individuals^ 

or even different oella of indivMuola* Desyaohroni^ation of Individuals 

in a population has been dosïonstrated for the flower opening rhythm of 

Oie%#rium IntyWa (Todt» 1963)* In eontixwoua light oynehroni&ation lo 

lost 'first among the individual planta@ tWm among different composite 

flowers, of a eingle plant* and fin a lly  aiaong the petals of individual 

flowers, Glmrly in th is onee the rhythmieity of tW individual, petule 

is  s t i l l  apparent, but i f  the response of the population was being 

reoorded the prooees would have appeared to damp out due to deaynobron- 

isation* Nevertheless^ studies with mingle celled organisms» particularly 

ponyffll^£ (ENeeney, # 6 0 ) mû, Oi4or.el.la (Hesse  ̂ 1972) have demonstrated 

that after prolonged exposure to constant conditions the rhythms do 

indeed fade out in individual c e lls .

The long term persist once of rhythms in oonstant conditions seems 

to be more emmon in animals than in plants, Ramon (#60) has followed 

the activity rhythm of the bat Bptcsicua fueeuqfor a period of 5 months* 

Rhythms can also persist during hibernation (Menaker, # 6 i )  and in

amecBive generations of mine (Asohoff, 1955) •

%!k%<mples of the in itia tion  o f a rhythm after prolon@;od exposure 

to constant conditions have boon cited as evidence against the concept 

of periodicity learnt by experience. These resu lts also conform to  one 

of the conditions considered as necessary for the establishment of the



endogenous a a t a r e  o f  a rhy tU ri, i t s  i n i t i a t i o n  by a s in g le  s t im u lu s .

Many o th e r  i n v e s t i g a t o r s  have co n firm ed  t h i s  and d e m o n stra te d

t h a t  a ra n g e  o f  s t im u l i  may be e f f e c t i v e .  In  G onyaulax (H a s tin g s  and 

Sweeney, 1959) and le a v e s  o f  B ryophyllum  f e d ts c h e n k o i  (W ilk in s , 1959) 

o s c i l l a t i o n  b e g in s  a f t e r  a  t r a n s f e r  from  c o n tin u o u s  l i g h t  to  d a r k n e s s .

A t r a n s f e r  from  d a rk n e s s  t o  l i g h t  w i l l  i n i t i a t e  a  rhy thm  in  Oedogonium 

(Buhnemann, 1 9 5 5 a ) ,a n d  rhy thm s i n i t i a t e d  by b o th  ’l i g h t - o n ’ and ’l i g h t -  

o f f  s t im u l i  have been  r e p o r te d  f o r  t h e  p e t a l  movement o f  K alanchoe 

(E ngelm ann, 1 9 6 0 ) and th e  l e a f  movement o f  X anthium  (H o sh iz a k i e t  a l^  

1 9 6 9 ) . In  B ryophyllum  le a v e s  a  d e c re a s e  in  th e  l i g h t  i n t e n s i t y  i s  

s u f f i c i e n t  t o  i n i t i a t e  t h e  o s c i l l a t i o n  (W ilk in s , 1 9 6 0 a ) . S im i la r ly ,  

a  d e c re a s e  in  t h e  am b ien t te m p e ra tu r e  i s  e f f e c t i v e  in  t h i s  o rgan ism  

(W ilk in s , 1 9 6 2 b ). The i n i t i a t i o n  o f  a rhy thm  can  a l s o  o ccu r i n  re s p o n s e

t o  a  r e l a t i v e l y  b r i e f ,  te m p o ra ry  change  in  th e  c o n s ta n t  c o n d i t io n s .  The
4

l e a f  movement rhy thm  o f P h a s e o lu s  s e e d l in g s  in  d a rk n e s s  may be i n i t i a t e d  

e i t h e r  by an  ex p o su re  t o  r e d  l i g h t  f o r  1 h o r  by an in c r e a s e  in  te m p e r­

a t u r e  o f  5°C f o r  I h  (B ünn ing , 1 9 3 1 ).

The endogenous n a tu r e  o f  rh y th m s i s  a l s o  im p lie d  by t h e i r  r e q u i r e ­

m ent f o r  m e ta b o lic  e n e rg y . A te m p o ra ry  ex p o su re  t o  a n a e r o b io s i s  i n h i b i t s  

r h y th m ic i ty  in  Avena c o l e o p t i l e s  (W ilk in s  and W arren , 1 9 6 3 ) ,  P h a se o lu s  

s e e d l in g s  (B ünning e t  a l ,  I 9 6 5 ) and B ryophyllum  le a v e s  (W ilk in s , I 96T ). 

S im i la r l y ,  a s  m e tab o lism  i s  c o n s id e r a b ly  re d u c e d  by low  te m p e r a tu r e s ,  

c i rc a d ia n - rh y th m s  would be e x p e c te d  t o  be i n h i b i t e d  a t ,  o r  a  l i t t l e  ab o v e , 

f r e e z in g  p o in t .  In  each  o f  th e s e  t h r e e  o rg a n ism s , p ro lo n g e d  e x p o su re  t o  

low  te m p e ra tu re  do es  d e la y  th e  %)hase o f  th e  rhy thm  ( B a l l  and D yke, 195T; 

Bünning and Tazawa, 1957 ; W ilk in s ,  1 9 6 2 b ). W hile e x p o su re s  to  low  

te m p e ra tu r e s  o r a n a e r o b io s is  in  some p a r t s  o f  th e  c y c le  c a u se  p h ase  

d e la y s ,  a t  o th e r  t im e s  such t r e a tm e n ts  a r e  w ith o u t e f f e c t .  In  b o th  

Bry o p h y llu m  and P h a se o lu s  t h e  t im e s  d u r in g  th e  c y c le  a t  w hich low  te m p e r-



citur# and anaeroliloaie ©fleet ive are quit a d iffe ren t, Boxmver, the 

conclusion may s t i l l  he drawn» th a t since metaholio energy is  required for 

the rhytlm to  proceed tî)ro%h certa in  phases» the o sc illa tio n  must there­

fore he endogenous.

A further implication of the resu lts  of a taîiporary cîX)?osure to  

low temperature or anaerohiosin is  th a t the phase of a rhjtûm can he 

set to  occur a t any time o f day* This may also he achieved by making 

use of the fac t th a t a rhytWa adopte a specific phase relationship  to  i t s  

in it ia tin g  stimulus. The treatments most effectivo in th is  respect arc 

those which normally entrain the rhythm to  the imposed periodic ity  of the 

natural environment* Thus the trmmfm? freen lig h t to  dark sets the 

phase of the o sc illa tions in SE B iSE i (Hastings and Bwooney» 1959) and 

(Wilkins, 1960a ) , as docs a decrease in lig h t in tensity  in 

these organisms. The phase of the rhytlmi in .^yopliyX.lum is  also rese t 

by a transfer from high to low tomperature (Wilkins, 1962b).

The phase of a rhytW persisting  in an organism held in  constant 

darkness can he shifted hy a b rie f  oxposuro to  lig h t » ty p ic ^ ly  of a few 

hours duration. Similarly the phaee of circadian rhythmis in  an irrad iated  

organism can he changed hy a single exposure to  darkness (Wilkins, 1960a). 

An exposure to  elevated tmtperoturo for a few îioura sh iitn  the phase of 

the Phaaec4uB le a f  movement rhytlmi (Moser, 1962), while a prolonged 

decrease in temperature causes a phase sh if t in the le a f  movement rhythm 

of Coleus (ïi«4aban, 1966b). In both cases the nei? phase is  retained 

a f te r  a return to constant conditions*

Whether a phase sh if t occurs and i t s  magnitude depend;* on the time 

in the circadian cycle a t which a change in the environment- in experienced. 

When, for example, an organisa is  exposed to  lig h t during the of
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the oircadian cycle nomsdly aesooiatcd with the day time (the subjective 

clay), l i t t l e  or uo phase sh if t io induced. Im c&uwtruat , au identical 

oxpoeure during tho part of the circadian cycle normally associated with 

night (the subjective n igh t), resu ite  in  a large phase s h i f t .  In 

general high tosiperatures cauee a minimum phase sh if t during the sub­

jec tive  day while producing a eoneiderable sh if t during the subjective 

night, Xu contrast the minimum and maximum effectIveneas of low temp­

ératures in inducing phase sh if ts  occw during the subjective night and 

day respectively,

the most eoavincing evidence for the endogenous nature of rhythmic 

phenomena is  the fact th a t the period of the o sc illa tio n  is  often found 

to  vary somewhat f̂ 'om 84h, Im constant conditions rhytWis show periods 

both longer and aîiorter than 24 h, moat fTeqii^atly within the range 20- 

28 h. This ia  despite the fact tlm t any hypothetical, external, entrain­

ing cycle resu lting  iVom the periodicity  of the Earth*# ro tation  would 

%mve a precise 24-h periodicity . Period v a ria t5,an can be seen in the 

early re su lts  of BeOandolle (1832) who found a 28- 23h period for the 

le a f  movement rhytM  of Mimosa, and of Samon (1905* IpOS) who reported 

periods of le a f  movement rliythmo in excess of 24 h. A large number of 

plant and aniskal rhythms have now been shown to  have a free-running 

period d iffering  sign ifican tly  from 24 h. For exmiplo, the periods of 

the rijytlms of lo a f movement of Phaseolus. (beinweber» 1956) and carbon 

dioxide omission from Bryopliyllmi leaves (Wilkins, 1962b) are 28 mid

2 0 ,4  h  r m p w t i v e l y  a t  2 5 -2 6 % .

In any on© organism the period may vary with the prevailing con­

d itions, The. period is  often d iffe ren t in constant darkness and in  

constant lig h t » and may depend on the lig h t in tensity . The effect of 

lig h t in tensity  oh le a f  movement varies c o n s id e ra b ly  from wpeoles to



s p e c ie s .  T h u s, w h ile  t h e  rh y th m s o f  P h a se o lu s  (M oser, 19Ô2) and  

C a n a v a lia  (K le in h o o te ,  1932) p e r s i s t  u n d er c o n t in u o u s  w h ite  l i g h t  o f  

d i f f e r e n t  i n t e n s i t i e s  w ith o u t s i g n i f i c a n t  v a r i a t i o n  i n  t h e i r  p e r io d ,  

t h e  p e r io d s  o f  rh y th m s in  C o leu s  (H a la h a n , 1968a) and  F h a r h i t i s  

( B o l l i g ,  1974) in c r e a s e  w ith  in c r e a s in g  l i g h t  i n t e n s i t y .  The rhy thm  

o f  lu m in e sc e n c e  in  G onyaulax  (H a s tin g s  and Sw eeney, 1959) d e c re a s e s  

w ith  in c r e a s in g  l i g h t  i n t e n s i t y .

A s m a ll h u t  s i g n i f i c a n t  e f f e c t  o f  am b ien t te m p e r a tu r e  on t h e  

f r e e - r u n n in g  p e r io d  i n  l i g h t  o r  d a rk n e s s  h as  a l s o  b e e n  r e p o r te d  a  number 

o f  t im e s .  A g a in  t h i s  e f f e c t  i s  s p e c ie s  d e p e n d e n t. No e f f e c t  i s  found  

w ith  Uca (Brown and Webb,. 1 948 ) w h ile  th e  p e r io d  i s  s h o r t e r  a t  h ig h e r  

th a n  a t  lo w e r te m p e r a tu r e s  in  P h a s e o lu s  (B ünn ing , 19 3 1 ) and th e  

o p p o s i te  i s  t r u e  f o r  rh y th m s in  G onyaulax  (H a s tin g s  an d  Sweeney, 1957 ; 

Sweeney and  H a s t in g s ,  1958) and  Oedogonium (Buhnem ann, 1 9 5 5 b ) . A lth o u g h  

t h e  p e r io d s  o f  f r e e - r u n n in g  rh y th m s may v a ry  by  o n ly  a  few  h o u rs  from  

t h e  24- h  n a t u r a l  c y c l e ,  th e s e  v a r i a t i o n s  a r e  i n d i s p u t a b l e .  A ssum ing 

t h a t  th e  p o s s e s s io n  o f  r h y th m ic i ty  i s  o f  a d a p t iv e  v a l u e , . i t  i s  n o t 

s u r p r i s i n g  t h a t  n a t u r a l  s e l e c t i o n  h a s  fa v o u re d  rh y th m s w ith  f r e e - r u n n in g  

p e r io d s  c lo s e  t o  th o s e  o f  th e  n a t u r a l  en v iro n m e n t. Some d e g re e  o f  

co m p en sa tio n  w ith  r e s p e c t  t o  i r r e g u l a r  and q u i t e  l a r g e  v a r i a t i o n s  in  

te m p e ra tu r e  and  l i g h t  i n t e n s i t y ,  n o t d i r e c t l y  c o r r e l a t e d  w ith  t h e  2 4 -h  

p e r i o d i c i t y  o f  t h e  e n v iro n m e n t, can  a l s o  be  e x p e c te d  a s  a  p r e r e q u i s i t e  

f o r  a c c u r a te  t im in g ,  and  h en ce  v e ry  l i k e l y  t o  hav e  a r i s e n  th ro u g h  

n a t u r a l  s e l e c t i o n .

F u r th e r  e v id e n c e  f o r  t h e  endogenous n a tu r e  o f  t h e  o s c i l l a t i o n  i s  

im p lie d  in  o u r know ledge t h a t  t h e  p e r io d  i s  s p e c i f i e d  in  th e  g en o ty p e  

o f  an o rg a n ism . T h is  h a s  b een  d e m o n s tra te d  by o b ta in in g  byte-g-id n  from  

p a r e n t  s t r a i n s  w ith  d i f f e r e n t  p e r io d s  (B ünn ing , 1 9 3 2 , 1 9 3 5 b ). W liile
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unQqulvwol o f  MeaAoliw) Gogro^Atioa m$ w t  poamlblo

th# or%lnaüL aid a$^ear In la ter gonoratlon#. Kmopka and

BoA%er (19T1) leolatea of Droao^k^la whlob war# arbythmlo or

aisplayeâ î orloÆa very different from 24 b . In tWLe caee eaoh of theso 

mutotlona appeared to involvo the aamo fimetiozml @eno on the 

ohromo#o%e*

Althoi%jgh rhytbme whloh moot the five ooMitlone altoweed previously 

are now generally oonoiaered to  arise eadogenouely rather than ê cogw"' 

ouely th le view has not reeelvod uxiivereol aoeeptauoe* Drom and oo"* 

workers were led ^  the temperature IWLopendmee of t%%# rhythm they 

were otudylng to suopeet an exogenow husls for the ose Illation  (Brown 

et al$ I9$4)$ Furthermore they reported peraletent dally, monthly oM 

lunar rhytham 1% the respirât iou rates of Uea ut^nwc* I), p u ^ ator and
r

Trilu ria  vivideeaene whioh aliovad eta tietioa l oorrelation with the 

oomurreht ra te  of harometrie preeoure ohange (Iromi et e l ,  19553*

Using hemotiohlly seeled containere# which ruled out the pressure 

ohAhgee, th is roeeeroh group oluimed to find a oorrelutiou between 

olroadiuh rhytlma of oxygon production in potatoes and the intensity of 

primary eoemlo radiation (Brown* 1957; Brown et al# 1957 ), l^Urther 

experimeute have euggeeted the same relationship between eosmio radiation 

and rhythms in Fi^ue. carrots* c a te r s  and rate (Brown# 1969).

Later investigation# ahowed that the rbythme could be qorrelated with 

veriatione in  the utmoepherio eleetrm aguetic field e and the Earth's 

fie ld , This was not unexpected* as the primary ooemio radiation would 

vary iuvereoly with the etreugth of the Rhrth'e fie ld  (Brown, 19#)*

' Further studies eepeoielly with the ohuugins of the lunar 

orientation rhythms o f p.ug;̂ e$(ia and NarK̂ oriuo demonstrated that rhythms 

could be affected by imposed changes in magnetic fie ld  strength (Brown,



19u2; Brow: cl r-il, 1 9 6 0 a , 1960b, lOoOc; Brow a and  P a rk , lO o k , 19o7 ; 

Brown e t  a l ,  1 9 6 4 ) . S u p p o r tin g  e v id e n c e  o f  p o s i t i v e  r e l a t i o n s h i p s  

betw een  c i r c a d ia n  rh y thm s and chan g es  in  th e  m a g n e tic  f i e l d  h a s  been  

r e p o r te d  f o r  earthw orm s (B ennet and H uguenin , 1 9 6 9 ) , g e r b i l s  ( S t u t z ,  

19T2) and humans (W ever, 19ÔT).

A number o f  a s su m p tio n s  w hich a r e  d i f f i c u l t  t o  t e s t  e x p e r im e n t­

a l l y  have been  made by th e  s u p p o r te r s  o f  exogenous rh y th m ic  c o n t r o l .

To e x p la in  t h e  e x p e r im e n ta l  f l e x i b i l i t y  o f  th e  p h a se  o f  a  rhy thm  

r e l a t i v e  t o  th e  n a t u r a l  c y c l e s ,  i t  h a s  been s u g g e s te d  t h a t  o v e r t  rhy thm s 

may be m a in ta in e d  in  any p h a se  r e l a t i o n s h i p  t o  a  b a s ic  o s c i l l a t o r ,  

h y p o t h e t i c a l l y  d r iv e n  by e x t e r n a l  c y c le s ,  S in c e  we know n e i t h e r  th e  

n a tu r e  o f  th e  b a s ic  o s c i l l a t i n g  m echanism  nor i t s  r e l a t i o n s h i p  t o  o v e r t  

rh y th m s, i t  i s  a t  p r e s e n t  im p o s s ib le  t o  r e f u t e  th e  h y p o th e s i s  o f  

exogenous t im in g  on t h i s  p o in t  a lo n e .

The m a jo r d i f f i c u l t y  in  t h e  exogenous t im in g  c o n c e p t i s  th e

r e p e a te d  d e m o n s tr a t io n  o f  f r e e - r u n n in g  p e r io d s  d i f f e r i n g  from  24 h . In  

an  a t te m p t t o  e x p la in  t h e s e  o b s e r v a t io n s ,  Brown h as  p ro p o se d  a  m echanism  

w hich  he te rm s  a u to p h a s in g .  T h is  p ro p o s a l  in v o k e s  t h e  o b s e rv e d  rh y th m ic  

v a r i a t i o n  in  s e n s i t i v i t y  t o  p h a se  r e s e t t i n g  by  l i g h t  o r  te m p e ra tu re  

s i g n a l s .  I t  i s  s u g g e s te d  t h a t  th e  p h a se  o f  an ex o g e n o u s ly  c o n t r o l l e d  

rhythm  in  an o rg an ism  in  c o n s ta n t  l i g h t  w i l l  be s h i f t e d  when t h e  l i g h t  

s e n s i t i v e  p a r t  o f  th e  c y c le  i s  r e a c h e d . T h e re fo re  a l th o u g h  th e  l i g h t

i s  c o n s ta n t ,  i t s  e f f e c t i v e n e s s  in  in d u c in g  a p h ase  s h i f t  i s  rh y th m ic

a s  a co n seq u en ce  o f  th e  rhytlm i o f  t h e  o rg an ism s own r e s p o n s iv e n e s s .

The same p r in c ip le  would p re su m ab ly  a p p ly  f o r  v a r i a t i o n s  o f  th e  p e r io d  

from  24 h w hich depend on t h e  am b ien t te m p e ra tu r e .  I n  th e  a b se n c e  o f  

l i g h t  a rh y th m ic  r e s p o n s iv e n e s s  to  d a rk n e s s  m ig h t be c o n s id e re d  r e s p o n ­

s i b l e .  The o c c u r re n c e  o f  p e r io d s  b o th  lo n g e r  and s h o r t e r  th a n  24 h may
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bo QXpXaînod iii iiypotheais» aa the phaae sh if t induced whùn the 

Gonaitive part of the driven eyeXe 1$ stimulated* couXd be e ither an 

advance roeulting in mlmrtor period# or a delay %’eoulting; in  longer 

period#,

The concept of an oxogcnone origin of iod ic ity  a# proponed by 

Browi hae boon mbjacted to  c r i t io e l  emm%in#lon, Oriticinm hn$ been 

Dmdo of the mid&mo on which the theory ie baeed# th a t of correlation 

of rhytlme ifith environmental variation* Many of the&e aorrelatione 

wore obtained by © tatietioal muù,yBi& of date, averaged over several 

woehe or months, Enright (196$) hae reanalyzed 1Î  seta of such data 

and elefe# th a t none provide iconvincing evidence for accurate rhytWc 

corresponding to  t id a l movement (24,8-h)» and the presence of acaurete 

diurnal eom%>oaeate (24-h) ropreoentm % ten tative  in terp retation  for 

only three oote out of the It# Ho concludes th a t from the available 

data there in insuffic ien t log ical baaio to uphold the claim for a 

perBintent accurate geophyoiaal component to rhytWalcity. Although 

the influence of ohangee of magnetic f ie ld  strength on the rhytlimc in 

wmo wgmimm hae bom reported m  eupporting the exogenouo timing 

^TOOthesiBi, th is  effect ie  not common to  a l l  circadian rhythms, Bitx 

and Sa-rgent ( # 74) examined the effect of low strength magnetic fie ld s  

on the circadian rhythme of îîciironpora or&s&a, Ho effect van found' 4r'Alf.'.Y'l *####'t'" '̂wyvsi'ji'WF'.AwvWeWi'iAl

Whether the field# vare ooutinuoucs pulcod 20 min daily or applied in 

12:12 cycles, Therefore» although variation in goophycic&l factors 

may exert a small iniluenco on aoiao orgaaliims» no hypothools'or 

evidence hm  yet been advanced which convincingly establishes periodic 

variations in these factors no the driving mechanlzm for the basic 

ÙI r c u d ia n  ooo i l l a t o r ,

hhybhns which oatihfy the conditions to  be considered eudogcnoua



o c c u r  in  a l l  t h e  m a jo r g ro u p s  o f  p l a n t s  (W ilk in s ,  1969) and a n im a ls  

(B a rk e r ,  1 9 5 8 ) . N o ta b le  e x c e p t io n s  t o  th e  l i s t  o f  o rg an ism s  p o s s e s s in g  

c i r c a d i a n  rhy th m s a r e  t h e  p r o k a r y o t i c  c e l l s .  C ir c a d ia n  rhy th m s in  

b a c t e r i a  and b lu e -g r e e n  a lg a e  a r e  unknown w ith  one p o s s i b le  e x c e p t io n .  

T h is  e x c e p t io n  in v o lv e s  t h e  r a t e  o f  g row th  o f  E s c h e r ic h ia  c o l i  (R ogers 

and  G reenbank , 1 9 3 0 ) , E h re t  (1 9 6 0 ) h a s  advanced  th e  th e o r y  t h a t  

rh y th m s w ith  p e r io d s  c lo s e  t o  24 h a r e  common t o  e v e ry  e u k a ry o t ic  c e l l .  

Rhythms hav e  n o t how ever b een  found  in , a l l  su ch  o rg an ism s  in  w h ich  th e y  

h av e  b een  s o u g h t. R e p o r ts  have b e e n  made o f  r h y th m ic i ty  in  a  p a r t i c u l a r  

p r o c e s s  'o c c u r r in g  i n  some members o f  a  fa m ily  o f  p l a n t s  b u t  n o t  i n  o th e r s  

( B a l l  e t  a l ,  195T)» S om etim es, o f  tw o c l o s e l y  r e l a t e d  s p e c i e s ,  one may 

p o s s e s s  a  p e r s i s t e n t  rhy th m  and  t h e  o th e r  n o t .  A p e r s i s t e n t  rh y th m  o f  

sp o re  d is c h a r g e  i s  fo u n d  i n  P i lo b o lu s  sp h e a ro sp o ru s  b u t  n o t in  

P . c r y s t a l l i n u s  (U b e lm e sse r , 1 9 5 4 ) . The p o s s i b i l i t y  re m a in s  h o w ev er, 

i n  o rg an ism s  w here rhy th m s hav e  n o t  b een  d e t e c te d ,  t h a t  e i t h e r  th e  

r i g h t  p ro c e s s  may n o t h av e  b een  m o n ito re d , o r u n s u i t a b l e  c o n d i t io n s  may 

have  b een  ch o sen  f o r  t h e  i n v e s t i g a t i o n .

The S e le c t iv e  v a lu e  o f  endogenous c i r c a d i a n  rh y th m s i s  a p p a re n t  

i n  s i t u a t i o n s  w here a  ' t i m e - s e n s e ' i s  im p o r ta n t t o  an  o rg a n ism . We can  

r e c o g n is e  t h e  n e c e s s i t y  o f  many o rg an ism s  to  p e rfo rm  c e r t a i n  f u n c t io n s  

a t  s p e c i f i c  t im e s  o f  d a y , b o th  in  te rm s  o f  s y n c h r o n iz a t io n  w ith  f a v o u r ­

a b le  e n v iro n m e n ta l c o n d i t i o n s ,  and  in  te rm s  o f  b i o l o g i c a l  s y n c h ro n iz a t io n ,  

T h u s, many f lo w e rs  open  and o f f e r  n e c t a r  and p o l l e n  t o  i n s e c t s  a t  t h e  

t im e  o f  day  when th e  i n s e c t  v e c to r  i s  m ost a c t i v e  (K le b e r ,  1935)» The 

p o s s e s s io n  o f  an  endogenous c i r c a d i a n  t im e r  a l s o  a l lo w s  an  e lem en t o f  

p re p a re d n e s s  in  t h a t  t h e  o rg a n ism  does n o t have  t o  w a it  f o r  a s p e c i f i c  

e n v iro n m e n ta l s t im u lu s  in  o r d e r  t o  commence a  c y c le  o f  b e h a v io u r  o r  

b io c h e m ic a l p r o c e s s e s .  In  t h i s  c o n te x t  we can  se e  t h a t  th e  a c t i v i t y  

o f  many b i r d s  and a n im a ls  b e g in s  b e f o r e  dawn (R unn ing , 1 9 7 3 ) .



B ünning (1 9 6 0 ) h a s  f u r t h e r  s t a t e d  t h a t  t h e  p o s s e s s io n  o f  o s c i l l ­

a t i o n s  i n  t h e i r  own r i g h t  i s  n e c e s s a r y  t o  k eep  t h e  c e l l s  a l t e r n a t i n g  

be tw een  ex trem e p h y s io lo g ic a l  s t a t e s  and  t h a t  i f  t h e s e  ex trem e s t a t e s  

a r e  n o t re a c h e d  c e r t a i n  p h y s io lo g ic a l  p ro c e s s e s  f a i l  t o  f u n c t i o n . '  In  

s u p p o r t  o f  t h i s ,  B ünning (19T3) c i t e s  th e  damage c a u s e d  t o  h ig h e r  p l a n t s  

(A r th u r  e t  a l ,  1930 ; A r th u r  and  H a r v i l l ,  1937) an d  lo w e r p l a n t s  

(R u d d a t, i 9 6 0 ) r a i s e d  i n  c o n t in u o u s  l i g h t .  T h is  dam age can  b e  r e l i e v e d  

by  an  o c c a s io n a l  e x p o su re  t o  d a rk n e s s  p r  t o  c y c le s  o f  h ig h  and  low  

te m p e ra tu r e  (H illm a n , 1956 ) w hich  w ould i n i t i a t e  o r  e n t r a i n  an  o s c i l l ­

a t i o n .

The p o s s e s s io n  o f  a  c o n t in u in g  c i r c a d ia n  o s c i l l a t i o n  e n a b le s  an  

o rg an ism  t o  s t o r e  'te m p o ra l  i n f o r m a t io n ’ o v e r a  p e r io d  o f  s e v e r a l  d ays 

i n  w hich  t h e r e  e x i s t s  no f a c t o r  c a p a b le  o f  i n i t i a t i n g  a  new m e a su rin g  

p r o c e s s .  T h is  a s p e c t  o f  b i o l o g i c a l  rhy th m s i s  im p o r ta n t  in  th e  

b e h a v io u r  p a t t e r n s  o f  some a n im a ls  a l th o u g h  i t  i s  p r o b a b ly  n o t  o f  

s i g n i f i c a n t  v a lu e  t o  p l a n t s .  An exam ple o f  s to r e d  in f o r m a t io n  i s  th e  

a c c u r a te  t im in g  o f  th e  r e t u r n  o f  b e e s  to  a  l o c a t i o n  a t  w hich  th e y  had  

r e g u l a r l y  fo u n d  fo o d  a t  a  p a r t i c u l a r  t im e  s e v e r a l  d a y s  p r e v io u s ly  

( B e l in g ,  1 9 2 9 ) . A n o th e r  a s p e c t  o f  t h e  u s e  o f  c i r c a d i a n  rhy thm s p e c u l i a r  

t o  a n im a ls  i s  t h a t  o f  s o l a r  n a v i g a t io n ,  t o  d e te rm in e  t h e  c o r r e c t  a n g le  

b e tw een  t h e  d i r e c t i o n  o f  th e  sun  and th e  a n im a l 's  own lo c o m o tio n , by 

co m p e n sa tin g ' f o r  t h e  r e l a t i v e  movement o f  t h e  spn  a c r o s s  th e  sky  d u r in g  

th e  d a y . T here  i s  c l e a r  e v id e n c e  t h a t  a n im a ls  u s e  endogenous rhy thm s 

t o  a c h ie v e  t h i s  co m p en sa tio n  (H offm ann, 1 9 6 0 ) .

P l a n t s  and  a n im a ls  h av e  e v o lv e d  a  w hole s e r i e s  o f  a d a p t iv e  

ch an g es  on an  a n n u a l b a s i s .  F or exam p le , t o  s u r v iv e  u n fa v o u ra b le  tim e s  

o f  th e  y e a r  p l a n t s  form  s e e d s ,  t u b e r s ,  o r  dorm ant b u d s ,  w h ile  v e r t e b r a t e s  

h ib e r n a t e ,  and some i n s e c t s  go in to  d ia p a u s e .  In  c o n t r a s t ,  gro-vrth and



re p ro d u o t Ln.i o c c u r d u r in g  t l ’iose parte , o f  th e  y e a r  when fa v o u ra b le  con ­

d i t i o n s  a r^  e n c o u n te re d . O ften  th e s e  re s p o n s e s  o c c u r  a s  a  r e s u l t  o f  

ch an g es  in  th e  day l e n g th  and B anning  (1936) h as  p ro p o se d  t h a t  th e  

t im in g  m echanism  in v o lv e d  in  c i r c a d i a n  rhy tlim s a l s o  s e r v e s  a s  th e  b a s i s  

f o r  t h i s  p h o to p e r io d is m . Endogenous c i r c a d i a n  rh y th m s a r e  e n v isa g e d  a s  

p r o v id in g  a  r e f e r e n c e  a g a i n s t  w hich  th e  le n g th  o f  t h e  day  can  be  

m easu red  w ith  r e s p e c t  t o  t h e  l e n g th  o f  th e  n i g h t .  Much e v id e n c e  i s  

a v a i l a b l e  t o  s u g g e s t  t h e  in v o lv e m e n t o f  c i r c a d i a n  rh y th m s in  p h o to -  

p e r io d i c  r e s p o n s e s ,  p a r t i c u l a r l y  th e  in d u c t io n  o f  f lo w e r in g  in  p l a n t s ,  

and o f  e c lo s io n  in  i n s e c t s .  However unequ ivocal, e v id e n c e  fo r  c i r c a d i a n  

rhy th m s can  o n ly  be o b ta in e d  from  e x p e r im e n ts  u s in g  ab norm al c y c le  

l e n g th s  (C a r r ,  1 952 ; Engelm ann, 1 9 6 0 ) o r  s k e le to n  p h o to p e r io d s  (H illm a n , 

I 96U; M in is ,  1 9 6 5 ; P i t t e n d r i g h ,  I 9 6 6 ), T hus, t h e  t r u e  s i g n i f i c a n c e  

o f  rhy th m s in  p h o to p e r io d is m  u nder n a t u r a l  c o n d i t i o n s ,  w h ile  a lm o s t 

c e r t a i n l y  o f  g r e a t  im p o r ta n c e , h a s  n o t y e t  been  s a t i s f a c t o r i l y  d e te rm in e d ,

R e c e n tly  th e  a t te m p t t o  i d e n t i f y  th e  b a s ic  o s c i l l a t i n g  m echanism  

h a s  become one o f  th e  two m ost a c t i v e  a r e a s  o f  rh y th m  r e s e a r c h ,  th e  

seco n d  b e in g  th e  i n v e s t i g a t i o n  o f  how c i r c a d ia n  rh y th m s a r e  c o n t r o l l e d  

and  m o d if ie d  by th e  e x t e r n a l  e n v iro n m e n t, A num ber o f  a t te m p ts  have 

been  made t o  d e te rm in e  th e  l e v e l  o f  o r g a n iz a t io n  a t  w hich  th e  o s c i l l a t i o n  

o p e r a t e s .  F u r th e r  a t te m p ts  have b een  made t o  d e c id e  be tw een  th e  

p o s s i b i l i t i e s  o f  an  u n iv e r s a l  b a s ic  o s c i l l a t o r  o r  many o s c i l l a t i n g  

s y s te m s . In  th e  c a s e  o f  th e  l a t t e r  th e s e  m ig h t d i f f e r  from  c e l l  t o  

c e l l ,  s p e c ie s  to  s p e c ie s  o r  depend  on th e  d e g re e  o f  c o m p le x ity  o f  t h e  

o rg a n ism .

In  h ig h e r  a n im a ls  t h e  o v e r t  rhy tbm s a r e  o f te n  d i r e c t e d  by an  

o rg a n  o r  t i s s u e  s p a t i a l l y  s e p a r a t e  from  t h a t  in  w hich  th e  rhy thm  i s  

m a n if e s te d .  Hormonal o r n e rv o u s  t r a n s m is s io n  may be shown to  m e d ia te



t h i s  c o n t r o l .  In  t h i s  s e n s e  t h e  i n t e g r i t y  o f  th e  o rg an ism  i s  r e q u i r e d  

f o r  t h e  e x p re s s io n  o f  r h y th m ic i ty . H ow ever, t h e  o rg a n  o r  t i s s u e  

u l t i m a t e l y  r e s p o n s ib le  f o r  g e n e r a t in g  th e  o s c i l l a t i o n  can  o f t e n  be 

shown t o  o s c i l l a t e  in  i s o l a t i o n  from  th e  r e s t  o f  th e  o rg an ism  (B ünn ing , 

19 T 3 ). Ho p a r t i c u l a r  o r g a n i s a t i o n  o f  t i s s u e s  seem s t o  be  r e q u i r e d  f o r  

t h e  e x p re s s io n  o f  some p l a n t  rh y th m s , s in c e  sm a ll p ie c e s  o f  m e so p h y ll 

c u t  from  le a v e s  o f  B ryophyllum  show a  rhy thm  o f  c a rb o n  d io x id e  e m is s io n  

i r r e s p e c t i v e  o f  t h e  p a r t  o f  th e  l e a f  f^om w hich  th e y  a r e  ta k e n  (W ilk in s ,  

1 9 5 9 ) .  F u r th e r  i t  h a s  b een  shown t h a t  rhy thm s p e r s i s t  i n  u n d i f f e r e n t ­

i a t e d  c a l l u s  c u l t u r e s  o f  c a r r o t  (E n d e r le ,  1951) and  B ryophyllum  (W ilk in s  

an d  H olow insky , 1 9 6 5 ) .  The e x te n t  t o  w hich  .an o rg a n ism  can  be  d i s r u p te d  

w ith o u t t h e  l o s s  o f  r h y th m ic i ty  does depend how ever on t h e  p r e s e r v a t io n  

o f  t h e  f u n c t io n  a s s a y e d  f o r  r h y th m ic i ty .

P o p u la t io n s  o f  u n i c e l l u l a r  o rg an ism s  have  b e e n  d e m o n s tra te d  t o  be 

rh y th m ic  ( e .g .  P o h l ,  1 9 ^ 8 ; E h r e t ,  1 9 5 9 a j .  Sweeney (1 9 6 0 ) h a s  shown 

th e  o c c u re n c e  o f  a  p e r s i s t e n t  rh y th m  in  p h o to s y n th e t ic  c a p a c i ty  in  . 

s i n g l e  c e l l s  o f  G o n y au lax . ' T h is  s u g g e s ts  t h a t  even i n  m u l t i c e l l u l a r  

o rg an ism s  th e  b a s ic  o s c i l l a t i o n  may be  g e n e ra te d  in  i n d i v id u a l  c e l l s .

The p o s s i b le  Qoo.u^-enQ-e o f  s e v e r a l  o s c i l l a t o r s  i n  th e  c e l l ,  each  

r e s p o n s ib le  f o r  a  s e p a r a t e ,  o v e r t  rh y th m , h as  been  exam ined u s in g  

o rg an ism s  w hich  e x h i b i t  m ore th a n  one rh y th m . I f  t h e s e  rhy th m s a r e  th e  

p ro d u c ts  o f  a  s i n g l e  o s c i l l a t o r . th e y  sh o u ld  r e t a i n  i d e n t i c a l - p e r i o d s  

and  m a in ta in  a  d e f i n i t e  p h a se  r e l a t i o n s h i p  t o  each  o t h e r .  I f  e ach  i s  

c o n t r o l l e d  by i t s  own o s c i l l a t i n g  m echanism , some d e g re e  o f  d i s s o c i a t i o n  

m ig h t b e  o b s e rv e d . Such a  d i s s o c i a t i o n  h a s  been  fo u n d  in  man u n d e r 

a r t i f i c i a l  c y c le  l e n g th s  o f  21 and 27 h . The rhy thm  o f  body te m p e ra tu re  

i s  im m e d ia te ly  e n t r a in e d  t o  th e s e  c y c le  le n g th s  w h ile  t h e  e x c r e t io n  

rhy thm  i n i t i a l l y  m a in ta in s  a  2 k - h .  p e r io d  (L oban, 1 9 6 5 ) .  F u r th e r ,  in



au*

under eonatant conditions body temperature and activity  

rhy#m i0 u liom  d i f f e r e n t  p e r io d s  (A so W ff a t  a l*  1 9 6 ? ) ,  However» th e  

organs and tissues oontroliing these functions in man arc relatively  

indepoiHlont and may also differ in their response to external conditions» 

OChus# studies of rhytwio desynchronisation ia  higher animals do- not 

permit a conclusion to ho drawn on the number of basic oscillators 

involved at the cellular level» McMurray and Hastings (19T&) have 

shorn t ith  ^Gpnyaulax that the phase relationship among the circadian 

rhytWE'j of photosynthetic capacity^ glow» ce ll division» and Xuminos** 

cenoe capacity remin uw^mt%ed during several weeks under constant 

conditions. Further, an oxpoaurc to  a phase shifting treatment alters 

the pMse of a ll  the rhythms to an equal extent* While th is  absence of 

desymlHPonisation suggests the occurence of only one, oscilla tor, i t  is  

s t i l l  impossible from these results to discount the presence of several 

oscillfcitorB possessing precisely the same period and response to exter­

nal stimuli.

Borne fifteen  rhythmic phenomena» including the rhytlmrXc sensit­

iv ity  to flower induction and the activity of several key emymes» have 

been observed in Chenopodimi rû brm*̂  and ore suimuariaed by Wagner et o l, 

(19#)* Periods ranging from IB to 30 h often with regular# more fre­

quent subpeaks of activ ity  have been recorded, Thus# a number of 

rhythmic processes appear to operate simultaneously in ce lle  but with 

quite different periods* Chia-Looi and Cwaing (19TB) have also 

stucliecl circadian riiytlms in Ohenopodim  and report different periods 

for several rhythms recorded in similar conditions* In the le tter  ease, 

however, some doubt must be cast on the accuracy of the period est liant ion» 

from data displaying large arhythmic variation* On the basis of the 

results obtained with Ohenppodlum i t  appear® that more than one 

oscillator my be involved. However, Wagner et o l (IPTh) attribute the



o c c u r re n c e  o f  a  number o f  p e r io d s  t o  a  common, h ig h  f re q u e n c y  

o s c i l l a t i o n  s u b je c t  t o  d i f f e r e n t  d e g re e s  o f  f re q u e n c y  d é m u l t i p l i c a t i o n .  

Our p r e s e n t  l a c k  o f  know ledge o f  t h e  n a tu r e  o f  t h e  o s c i l l a t o r  p r e v e n ts  

u s  from  c o n f irm in g  o r  d e n y in g  t h i s  p o s s i b i l i t y .

In  D r o s o p h i la , w h ile  t h e r e  i s  no e v id e n c e  f o r  d e s y n c h r o n is a t io n  

o f  d i f f e r e n t  o v e r t  rh j'th m s  (Konopka and B en ze r, 1971 ) ,  t h e  re s p o n s e  o f  

t h e  e c lo s io n  rhy thm  t o  p h a se  s h i f t i n g  t r e a tm e n ts  h as  l e a d  P i t t e n d r i g h  

e t  a l  (1 9 5 8 ) t o  p ro p o se  t h a t  two d i s t i n c t  o s c i l l a t i n g  sy stem s u n d e r ly  

t h e  o v e r t  rh y th m . F o llo w in g  a  l i g h t  t r e a tm e n t  a  number o f  t r a n s i e n t s  

o c c u r  b e f o r e  a  d i f f e r e n t  s t a b l e  p h a se  i s  e s t a b l i s h e d .  F o llo w in g  a  

s h o r t  te m p e ra tu r e  p u l s e ,  a  te m p o ra ry  derangem ent o f  t h e  rhy thm  o c c u rs  

and  t r a n s i e n t s  w hich  fo l lo w  le a d  t o  t h e  rhythm  r e v e r t i n g  a lm o s t t o  th e  

i n i t i a l  p h a s e . T h is  i s  e x p la in e d  by  P i t t e n d r i g h  e t  a l  (1958) a s  r e p ­

r e s e n t i n g  an  u l t im a te  o s c i l l a t o r ,  te rm e d  A, w hich  i s  s e n s i t i v e  t o  l i g h t  

b u t n o t t o  t e m p e r a tu r e ,  and a  seco n d  o s c i l l a t o r  B w hich  i s  c o u p le d  t o  

and d r iv e n  by A, and i s  l i g h t  i n s e n s i t i v e  b u t te m p e ra tu r e  s e n s i t i v e .

The o v e r t  rhy thm  fo llo w s  o s c i l l a t o r  B. A f te r  a  l i g h t  s ig n a l  th e  p h ase  

o f  A i s  im m e d ia te ly  r e s e t  by  t h e  s ig n a l  b u t i t  t a k e s  s e v e r a l  c y c le s  

b e f o r e  B i s  r e e n t r a i n e d  by A and t r a n s i e n t s  o c c u r .  A f te r  a  te m p e ra tu re  

p u l s e ,  t h e  B o s c i l l a t o r  i s  s h i f t e d ,  b u t u l t i m a t e l y  t h e  te m p e ra tu re  

i n s e n s i t i v e  pacem aker A r e g a i n s  c o n t r o l  o f  B, and t r a n s i e n t s  o c c u r a s  

B r e v e r t s  t o  t h e  p h ase  o f  A. F u r th e r  c r i t i c a l  e v id e n c e  in  fa v o u r  o f  

t h i s  h y p o th e s i s  was o b ta in e d  from  e x p e rim e n ts  w ith  tw o l i g h t  p u ls e s  

( p i t t e n d r i g h  and  M in is ,  1 9 6 7 ) . F o llo w in g  t h e  f i r s t  l i g h t  p u l s e ,  th e  

o v e r t  rhy thm  p a s s e s  th ro u g h  t r a n s i e n t s  w ith  p e r io d s  lo n g e r  o r  s h o r te r  

th a n  th e  f r e e - r u n n in g  p e r io d .  The s te a d y  s t a t e  p h a se  s h i f t  in d u c ed  by 

a  second  l i g h t  p u ls e  i s  p r e c i s e l y  t h a t  e x p e c te d  i f  t h e  o s c i l l a t o r  was 

im m e d ia te ly  r e s e t  by t h e  f i r s t  p u l s e ,  r a t h e r  th a n  d e p en d e n t on th e  

p h ase  o f  t h e  t r a n s i e n t  c y c le s  a t  w hich  th e  second  p u ls e  i s  a p p l ie d .



E v id en ce  i n  s u p p o r t  o f  t h e  c o u p le d  o s c i l l a t o r  t h e o r y  may a l s o  be  

i n f e r r e d  from  t h e  r e s u l t s  o f  i n v e s t i g a t i o n s  w i th  h ig h e r  p l a n t s .

H alaban  (1 9 6 8 b) h a s  been  a b l e  t o  e x p l a i n ,  by  t h e  c o u p le d  o s c i l l a t o r  

h y p o t h e s i s ,  t h e  r e s u l t s  on t h e  l e a f  movement rhy thm  o f  e x p o s in g  C o leus  

s e e d l i n g s  t o  two l i g h t  p u l s e s , o r  a  l i g h t  p u l s e  f o l lo w e d  by a  te m p e ra ­

t u r e  p u l s e .  W ith  C o le u s , a  . te m p e ra tu re  d e c r e a s e  o f  J^C f o r  8 h  cau sed  

o n ly  t r a n s i e n t  p h ase  s h i f t s  and  was presum ed t o  i n f l u e n c e  o n ly  t h e  B 

o s c i l l a t o r .  A t e m p e r a t u r e  d e c r e a s e  o f ' l l ^ C  f o r  10  h  a p p e a re d  a l s o  t o  

s h i f t  t h e  p h a se  o f  t h e  A o s c i l l a t o r .  The n a t u r e  o f  n e i t h e r  t h e  A n o r  

B o s c i l l a t o r s  p o s t u l a t e d  i n  t h i s  h y p o th e s i s  i s  known n o r  i s  t h e  

r e l a t i o n s h i p  be tw een  them .

Thus no u n e q u iv o c a l  e v id e n c e  i s  a v a i l a b l e  w h ich  r e v e a l s  t h e  

c o m p le x i ty  o f  t h e  o s c i l l a t i n g  m echanism  o r t h e  p o s s i b l e  d i v e r s i t y  o f  

o s c i l l a t o r s .  A number o f  h y p o th e s e s  have  been  f o r m u l a t e d  f o r  t h e  

mechanism o f  a  b a s i c  o s c i l l a t o r .  I n  each  c a s e  t h e  common f e a t u r e s  o f  

c i r c a d i a n  rhy thm s and t h e i r  a lm o s t  c e r t a i n  l o c a t i o n  a t  t h e  c e l l u l a r  - 

l e v e l ,  h as  prom pted  t h e  p r o p o s a l  f o r  a s i n g l e  u n i v e r s a l  o s c i l l a t i n g  

■mechanism. B ecause  o f  i t s  c e n t r a l  r o l e  i n  c e l l  m e ta b o l i s m ,  t h e  n u c le u s  

h a s  b een  s u g g e s te d  a s  t h e  s i t e  o f  t h e  b a s i c  o s c i l l a t o r ,  and changes  i n  

t h e  r a t e  o r  p a t t e r n  o f  RNA o r  p r o t e i n  s y n t h e s i s  a s  t h e  p r im a ry  mechanism, 

T h is  i s  t h e  v iew  p u t  fo rw a rd  i n  t h e  'c l i ronon  c o n c e p t '  o f  E h re t  and 

TrueCO (1 9 6 7 ) .  T h is  c o n c e p t  h o ld s  t h a t  c i r c a d i a n  rh y th m s  r e s u l t  from 

c y c l i n g  o f  a  s e q u e n t i a l  n a t u r e  t h a t  r e g u l a t e s  t h e  t r a n s c r i p t i o n  o f  RNA 

from DNA. The ch ro n o n  i s  e n v i s a g e d  a s  a  l a r g e  p o l y c i s t r o n i c  com plex o f  

DBA whose t r a n s c r i p t i o n  r a t e  i s  l i m i t e d  by some f u n c t i o n  o f  e u k a r y o t i c  

o rg a n ism s  t h a t  i s  r e l a t i v e l y  t e m p e r a t u r e  in d e p e n d e n t .  I t  i s  supposed  

t h a t  each  e u k a r y o t i c  c e l l  c o n t a i n s  h u n d red s  o f  c h ro n o n s  on e a c h  o f  i t s  

n u c l e a r  chromosomes and many s e t s  o f  e x t r a  n u c l e a r  ch ro n o n s  i n  i t s  c e l l  

o r g a n e l l e s .  I t  i s  e n v is a g e d  t h a t  RNA t r a n s c r i p t i o n  p ro c e e d s  u n i d i r e c t -



i o n a l l y  from a n  i n i t i a t o r  c i s t r o n  t o  a  t e r m i n a t o r  c i s t r o n .  The e v e n tu a l  

p r o d u c t s  o f  t r a n s l a t i o n  o f  t h e  m essage  o f  t h e  t e r m i n a t o r  c i s t r o n  c a u se  

an  i n i t i a t o r  s u b s t a n c e  t o  a c c u m u la te .  V/hen t h i s  a r r i v e s  a t  t h e  i n i t i a t o r  

c i s t r o n  t h e  sy stem  p ro c e e d s  t o  i t s  n e x t  c i r a d i a n  c y c l e .

E v id en ce  o f  a  n u c l e a r  o r i g i n  f o r  t h e  mechanism o f  c i r c a d i a n  rhy thm s 

comes from  t h e  e f f e c t i v e n e s s  o f  t h o s e  w av e le n g th s  w h ich  a r e  a b s o rb e d  by 

n u c l e i c  a c i d s .  T hese  w a v e le n g th s  r e s e t  t h e  p h ase  o f  t h e  m a t in g  rhy thm s 

o f  Paramecium ( E h r e t ,  1959b) and t h e  lu m in e s c e n c e  rhy thm  o f  Gonyaulax 

(Sweeney, 1 9 6 3 ) .  UV r a d i a t i o n  o f  s i m i l a r  w a v e le n g th  do es  n o t  however s h i f t  

t h e  p h ase  o f  t h e  c a rb o n  d i o x i d e  e m is s io n  rhy thm  o f  Bryophyllum  (W ilk in s ,  

1973)0  The in v o lv em en t o f  t r a n s c r i p t i o n  in  c i r c a d i a n  rhy thm s i s  n o t  

s u p p o r te d  by t h e  o b s e r v a t i o n  o f  a  c i r c a d i a n  rhy thm  o f  oxygen u p ta k e  i n  d r y  

o n io n  s e e d s  ( B r y a n t , 1 9 7 2 ) ,  s i n c e  DNA r e p l i c a t i o n ,  t r a n s c r i p t i o n ,  and 

p e rh a p s  t r a n s l a t i o n  do n o t  o c c u r  in  t h i s  q u ie s c e n t  s t a t e  (Weeks and M arcus ,

1 9 7 1 ) .

The p o s s i b l e  r o l e  o f  t h e  n u c le u s  and i t s  a s s o c i a t e d  p r o c e s s e s  in  

t h e  c o n t r o l  o f  c i r c a d i a n  rhy thm s h as  been  t e s t e d  by e n u c l e a t i o n  o f  t h e  

g i a n t  s i n g l e - c e l l e d  a l g a  Ac e t  a b u l a r i a . I t  has  b e e n  found  t h a t  t h e  rhy thm  

i n  p h o t o s y n t h e t i c  c a p a c i t y  c o n t in u e s  i n  normal and e n u c l e a t e  c e l l s  in  

a  s i m i l a r  m anner (Sweeney and Haxo, I 9 6 1 ) ,  and f u r t h e r  t h a t  t h e  phase  

o f  t h e  rhy thm  i s  s h i f t e d  by l i g h t  i n  b o th  t h e  p r e s e n c e  and a b sen ce  o f  

t h e  n u c l e u s .  T h is  im p l i e s  t h a t  t h e  b a s i c  o s c i l l a t i n g  system  i s  n o t  

l o c a t e d  i n  t h e  n u c l e u s .  However, t r a n s p l a n t i n g  t h e  n u c l e i  o f  c e l l s  

w hich  have been  grown i n  c y c l e s  o f  l i g h t  and d a r k n e s s  d i f f e r i n g  by 12 h 

and t r a n s f e r r i n g  t h e  c e l l s  t o  c o n s t a n t  c o n d i t i o n s  r e v e a l s  t h a t  t h e  

c y c l e s  e x p e r ie n c e d  by  t h e  n u c le u s  p re d o m in a te  i n  p h a s e  d e t e r m in a t io n  

(Schw eiger and S c h w e ig e r ,  I 9 6 5 ) .  The c o n t i n u a t i o n  o f  t h e  rhy thm  in  

t h e  a b se n c e  o f  t h e  n u c l e u s  does  n o t  r u l e  ou t t h e  in v o lv em en t  o f  n u c l e i c  

a c i d s  in  t h e  o s c i l l a t i n g  m echanism . C h l o r o p l a s t s  i s o l a t e d  from



Ac<b a b ul a r i a  co ttba in  c o n s i d e r a b l e  .'uno ui.ts o f  DKA (G ib o r  and Tzawa,

1 9 6 3 ) and d i r r c L  t h e  f o rm a t io n  o f  RdA (S chw eiger and B e r g e r ,  1 9 6 7 ) .  The 

s y n t h e s i s  o f  KKA in  e n u c l e a t e d  c e l l s  o f  Ace t a b u l a r i a  h a s  been c l e a r l y  

d e m o n s t ra te d  (S chw eiger  and  B rem er,  I g o l ) ,  and p e r m i t s  an e x p l a n a t i o n ,  

i n  te rm s  o f  t h e  ch ro n o n  c o n c e p t ,  f o r  t h e  c o n t i n u a t i o n  o f  r h y t h m i c i t y  

i n  anuc 1 e a t  e c e l l s  .

I f  t h e  o s c i l l a t o r  does  in d e e d  ppoceed  by s e q u e n t i a l  t r a n s c r i p t i o n  

we m igh t e x p e c t  t o  f i n d  r h y t h m i c i t y  i n  n u c l e i c  a c i d  m e ta b o l i s m  o r  in  

p r o t e i n  s y n t h e s i s ,  t h e  i n i t i a l  r e s u l t  o f  t r a n s l a t i o n .  Rhythmic i n c o r ­

p o r a t i o n  o f  l a b e l l e d  amino a c i d s  i n t o  p r o t e i n  h as  b e e n  r e p o r t e d  in  

E u g len a  u n d e r  c o n d i t i o n s  i n  w h ich  t h e  rhythm  o f  p h o t o t a x i s  p e r s i s t s  

(Feldm an , I 9 6 8 ) .  R ü c k e b e i l  ( I 96I )  showed t h a t  t h e  i n c o r p o r a t i o n  o f

32 .P i n t o  RNA v a r i e s  r h y t h m i c a l l y  i n  some o rg an ism s  s u c h  a s  P h a s e o lu s  

b u t  t h a t  t h i s  i s  n o t  t h e  g e n e r a l  r u l e .  No rh y th m ic  d i f f e r e n c e s  i n

32 .■p i n c o r p o r a t i o n  i n t o  RNA i n  p o p u l a t i o n s  o f  G onyaulax  c o u ld  be  d e t e c t e d  

by H a s t in g s  (1 9 6 0 ) .  The a p p a r e n t  a b s e n c e  o f  rh y th m ic  RNA s y n t h e s i s  

does  n o t  c o m p le te ly  r u l e  o u t  a  c e n t r a l  r o l e  f o r  t h e  t r a n s c r i p t i o n  p r o ­

c e s s ,  s i n c e  o n ly  a  s m a l l  f r a c t i o n  o f  RNA m ig h t be  in v o lv e d  in  r h y th m ic i ty .  

Any change  in  a  sm a l l  RNA f r a c t i o n  m ig h t be masked by ch an g e s  i n  t h e  

r a t e  o f  s y n t h e s i s  o f  t h e  l a r g e r  non rhy thm ic  f r a c t i o n .

Rhythmic a c t i v i t y  o f  t h e  enyzme l u e i f e r a s e  a p p e a r s  t o  be p a r t l y  

r e s p o n s i b l e  f o r  t h e  lu m in e s c e n c e  rhy thm  o f  Gonyaulax ( H a s t in g s  and 

Keynan, I 9 6 5 ) .  V a r i a t i o n s  i n  t h e  e x t r a c t a b l e  a c t i v i t y  o f  t h i s  enzyme 

a r e  th o u g h t  t o  r e s u l t  from ch an g e s  in  t h e  amount o f  t h i s  enzyme p r e s e n t  

in  t h e  c e l l s .  In  c o n t r a s t ,  t h e  rhythm  o f  p h o t o s y n t h e s i s  in  Ac e t a b u l a r i a  

c an n o t  be a t t r i b u t e d  t o  changes  in  t h e  a c t i v i t y  o r  l e v e l  o f  r i b u l o s e  

d4-phe-6-phec a r h o x y la s e  (EC 1 , 1 . 1 . 3 9 ) ,  t h e  enzyme r e s p o n s i b l e  fo r  ca rb o n  

d io x i d e  f i x a t i o n ,  no r  t o  th e  a c t  iv  i t  ie,s o f  e i g h t  o t h e r  enzymes c l o s e l y



a s s o c i a t e d  w ith  th e  pho to  E^ynt h o t  ic  p r o c e s s .  Thus a s im p le ,  d i r e c t  l i n k  

betw een enzym- s y n t h e s i s  and th e  o v e r t  rhythm  can  be r u l e d  o u t .  However, 

c o n t r o l  co u ld  be e x e r t e d  by t h e  r h y t im ic  s y n t h e s i s  o f  enzymes which 

c a t a l y s e  r e a c t i o n s  b io c h e m ic a l l y  q u i t e  d i f f e r e n t  from , b u t  u l t i m a t e l y  

c o u p le d  t o ,  t h o s e  d i r e c t l y  in v o lv e d  i n  t h e  o v e r t  rhy thm .

I f  t h e  ch ronon  c o n c e p t  i s  t o  be c o n s id e r e d  a s  v a l i d ,  i n h i b i t o r s  

o f  p r o t e i n  and RNA s y n t h e s i s  sh o u ld  be shown t o  i n f l u e n c e  t h e  o s c i l l a t i o n .
V

One o f  t h e  s t r i k i n g  f e a t u r e s  o f  c i r c a d i a n  rhytlm is i s  t h e i r  i n s e n s i t i v i t y  

t o  i n h i b i t o r s  o f  t h e s e  p r o c e s s e s s .  A c tinom ycin  D w hich i s  th o u g h t  t o  

b lo c k  DNA-dependent RNA s y n t h e s i s  (R e ich  and G o ld b e rg ,  1967) i n h i b i t s  

t h e  glow rhy thm  i n  Gonya u la x  b u t  n o t  t h e  p h o to s y n th e t i c  rhy thm  (K a ra k a s h ia n  

and H a s t in g s ,  I 9 6 2 ) ,  The a b o l i t i o n  o f  an o v e r t  rhythm  by an i n h i b i t o r ,  

how ever,  i s  d i f f i c u l t  t o  i n t e r p r e t  and may n o t  r e p r e s e n t  t h e  i n h i b i t i o n  

o f  t h e  b a s i c  o s c i l l a t o r -  I n h i b i t i o n  o f  t h e  o v e r t  rh y th m ic  p r o c e s s  o r  a  

breakdown o f  t h e  mechanism l i n k i n g  t h e  o s c i l l a t o r  and t h e  o v e r t  rhythm  

m ig h t o c c u r  w h i le  t h e  o s c i l l a t o r  c o n t in u e s  t o  f u n c t i o n  n o rm a l ly .

C o n v in c in g  e v id e n c e  from e x p e r im e n ts  w i th  i n h i b i t o r s  would  r e q u i r e  e i t h e r  

a  change in  t h e  p e r i o d  o f  a  rhy thm  in  t h e  p r e s e n c e  o f  t h e  i n h i b i t o r  o r

a  p h a se  s h i f t  in d u c ed  by a  b r i e f ,  r e v e r s i b l e  e x p o su re  t o  t h e  i n h i b i t o r .  

K a ra k a s h ia n  and H a s t in g s  (1 9 6 3 ) a p p l i e d  p u l s e  ty p e  t r e a t m e n t s  w i th  

i n h i b i t o r s  o f  n u c l e i c  a c i d  and p r o t e i n  s y n t h e s i s  a t  v a r i o u s  p h a se s  o f  

t h e  c i r c a d i a n  c y c l e  i n  G onyaulax b u t  c o u ld  n o t  f i n d  any  s i g n i f i c a n t  ph ase  

s h i f t s .

S trun iw asser  (1 9 6 5 ) h a s  shown t h a t  t h e  ry tl im ic  f i r i n g  o f  a s i n g l e  

neu ro n  o f  A p ly s ia  can  be in d u c ed  t o  s t a r t  e a r l i e r  by t h e  a d d i t i o n  o f  

a c t in o m y c in  D. T h is  compound i s  a l s o  e f f e c t i v e  in  l e n g th e n in g  t h e  p e r io d  

o f  t h e  rh y th m ic  e x u d a t io n  o f  sap  from d e c a p i t a t e d  to b a c c o  p l a n t s  when 

p r e s e n t  in  th ^  n u t r i e n t  s o l u t i o n  s u r ro u n d in g  t h e  r o o t s  (MacDowell, I 96M -



C y c lo h c x im iü r , an i n h i b i t o r  o f  p r o t e i n  s y n t h e s i s ,  has been o b se rv ed  to  

l e n g th e n  th e  p e r io d  o f  rhy tm ns in  h n g le n a  (Feldm an, 1 9 6 ? ) .  In  c o n t r a s t ,  

t h e  phase  and p e r io d  o f  t h e  p h o t o s y n t h e t i c  c a p a c i t y  rhy thm  o f  Ac e t a b u l a r i a  

a r e  u n a f f e c t e d  by h ig h  c o n c e n t r a t i o n s  o f  a c t in o m y c in  D, purom ycin  and 

c h lo ra m p h e n ic o l  w hich m a rk e d ly  r e d u c e  RNA and p r o t e i n  s y n t h e s i s  (Sweeney 

e t  a l ,  1 9 6 7 )* A lth o u g h  t h e s e  l a t t e r  r e s u l t s  a t  f i r s t  s i g h t  s u g g e s t  t h a t  

r h y t h m i c i t y  i s  in d e p e n d e n t  o f  RNA and p r o t e i n  s y n t h e s i s  t h e  a u t h o r s  found 

t h a t  a  c o n s i d e r a b l e  f r a c t i o n  o f  RNA s y n t h e s i s  a p p e a re d  t o  be u n a f f e c t e d  

by a c t in o m y c in  D. As o n ly  a  sm a l l  f r a c t i o n  o f  t h e  t o t a l  n u c l e i c  a c i d  

and p r o t e i n  s y n t h e s i s  m igh t be in v o lv e d  in  t h e  c i r c a d i a n  o s c i l l a t i o n ,  

t h i s  m ig h t rem a in  u n a f f e c t e d  by t h e  i n h i b i t o r .  Thus, w h i le  t h e r e  i s  

c l e a r  e v id e n c e  f o r  an  i n f l u e n c e  o f  t h e  n u c le u s  and o f  RNA and p r o t e i n  

s y n t h e s i s  on t h e  o p e r a t i o n  o f  c i r c a d i a n  rhy thm s in  some o rg a n is m s ,  i t  

r e m a in s  u n c l e a r  w h e th e r  t h e  n u c le u s  o r  p r o c e s s e s  i n v o l v in g  t h e  n u c l e i c  

a c i d s  a r e  t h e  p r i n c i p a l  o r  o n ly  s o u rc e  o f  r h y t h m i c i t y .

The s t r u c t u r e  and f u n c t i o n  o f  membranes, common t o  a l l  e u k a r y o t ic  

c e l l s  has l e d  t o  t h e  f o r m u l a t io n  o f  s e v e r a l  m odels  w hich a t t e m p t  t o  

e x p l a i n  t h e  g e n e r a t i o n  o f  c i r c a d i a n  rhy thm s a s  a  membrane f u n c t i o n ,  N jus 

e t  a l  (1 9 7 7 ) have p ro p o se d  a  f e e d b a c k  o s c i l l a t o r  b a s e d  on io n  g r a d i e n t s  

and t h e  membrane bound io n  t r a n s p o r t i n g  e lem en ts  e n v is a g e d  i n  t h e  f l u i d  

m osaic  model o f  c e l l u l a r  membranes (S in g e r  and N ic o l s o n ,  1 9 7 2 ) .  I t  i s  

p o s t u l a t e d  t h a t  t h e  p r o t e i n s  w hich make up t h e  io n  t r a n s p o r t i n g  c h a n n e ls  

re sp o n d  t o  changes  i n  c o n c e n t r a t i o n  g r a d i e n t s  o f  s p e c i f i c  io n s  by g ro u p in g  

t o  form such  c h a n n e ls  when t h e  g r a d i e n t  i s  s m a l l ,  and d i s p e r s i n g  t o  a 

n o n - t r a n s p o r t i n g  mode when t h e  g r a d i e n t  i s  l a r g e .  A r e d u c t i o n  in  t h e  

m a g n itu d e  o f  t h e  g r a d i e n t  by p a s s iv e  t r a n s p o r t  i s  assum ed , which th e n  

c o m p le te s  t h e  f e e d b a c k  pathw ay and o s c i l l a t i o n  recom m ences. The a c t i v i t y  

ch an g es  i n  t h e  membrane p r o t e i n ,  b ro u g h t  a b o u t  by t h e  c i r c a d i a n  io n  

f l u x e s ,  co u ld  in v o lv e  e i t h e r  s y n t h e s i s  and d e g r a d a t io n  o r  a c t i v a t i o n  and



i n h i b i t i o n .  S in c e  i t  i s  known t h a t  p r o t e i n  s y n t h e s i s  i s  n o t  a lw ays 

r e q u i r e d  f o r  t h e  o p e r a t i o n  o f  t h e  c i r c a d i a n  c l o c k ,  N jus e t  a l  (1977) 

f a v o u r  a c t i v a t i o n  and i n h i b i t i o n  o f  t r a n s p o r t  p r o t e i n s  a s  b e in g  

r e s p o n s i b l e .

To a c c o u n t  f o r  t h e  o b s e rv e d  e f f e c t s  o f  l i g h t  on rh y th m s ,  N jus e t  

a l  p ro p o s e  t h a t  l i g h t  a c t s  by  p e r t u r b i n g  io n  g r a d i e n t s  a c r o s s  membranes. 

I n  may o rg a n ism s  t h e  p h o t o r e c e p t o r s  would be  c l o s e l y  c o u p le d  t o  t h e
V

o s c i l l a t o r  and would  o p e r a t e  d i r e c t l y  a s  p h o t o s e n s i t i v e  i o n  g a t e s .  I n  

o t h e r  o rg a n ism s  hormones w ould  m e d ia te  be tw een  s p e c i a l i z e d  p h o to r e c e p to r  

c e l l s  and t h o s e  c e l l s  r e s p o n s i b l e  f o r  o v e r t  r h y t h m i c i t y .  C o n s e q u e n t ly  

t h e  c o u p l in g  hormone w ould  a c t  by  in d u c in g  a  p e r m e a b i l i t y  change i n  i t s  

t a r g e t  membrane. A l i g h t  p u l s e ,  d e c r e a s i n g  t h e  g r a d i e n t ,  would have one 

o f  two e f f e c t s .  A p p l ie d  a t  a  c e r t a i n  t im e  when t h e  membrane i s  i n  t h e  

a c t i v e  mode, i t  would  c a u s e  a  p h ase  d e l a y  b e c a u se  t h e  io n  a c c u m u la t io n  

w ould  n eed  t o  be  r e p e a t e d  b e f o r e  t h e  maximum c o n c e n t r a t i o n  was r e a c h e d .  

I f  a p p l i e d  w h i le  t h e  membrane was i n  t h e  p a s s iv e  mode how ever,  a l i g h t  

p u l s e  would be e x p e c te d  t o  ad v an c e  t h e  p h ase  o f  t h e  rhy thm  by i n c r e a s i n g  

t h e  r a t e  o f  d i s a p p e a r a n c e  o f  t h e  io n  g r a d i e n t .

B oth  t h e  o b s e rv e d  e f f e c t s  o f  t e m p e r a t u r e  on t h e  rh y th m , and  t h e

h ig h  d e g re e  o f  t e m p e r a t u r e  c o m p e n s a t io n ,  may r e s u l t  from changes  i n  t h e  

membrane l i p i d s .  A c c o rd in g  t o  t h e  f l u i d  m osaic  c o n c e p t  o f  membrane 

s t r u c t u r e ,  p r o t e i n s  a r e  i n t e r c a l a t e d  i n t o  t h e  l i p i d  b i l a y e r ,  and can  

move i n  t h e  p la n e  o f  t h e  membrane th r o u g h  t h e  f l u i d  l i p i d  m a t r i x .  T h e re ­

f o r e  t h e  k i n e t i c s  o f  t h e  g ro u p in g  o f  p r o t e i n s  t o  form  io n  t r a n s p o r t i n g  

c h a n n e ls  i n  r e s p o n s e  t o  c h an g e s  i n  io n  g r a d i e n t s  would depend  on t h e

f l u i d i t y  o f  t h e  membrane l i p i d s .  T h is  f l u i d i t y  may be c o n t r o l l e d  by
b-e-

l i p i d  a d a p t a t i o n ,  a n d ^ r e l a t i v e l y  in d e p e n d e n t  o f  t e m p e r a t u r e  (B aranska  

and W lodawer, I 9 6 9 ).  L i p id  a d a p t a t i o n  a l s o  co m p en sa tes  f o r  t e m p e r a t u r e ,  

t h e  r a t e  o f  p a s s i v e  io n  d i f f u s i o n  th r o u g h  t h e  l i p i d  b i l a y e r  (H aes t  e t  a l



.1 9 6 9 ) ,  w hich c on st. i  blit es  one phase  o f  t h e  model o s c i l l a t o r . The r e s e t t i n g  

o f  t h e  pliase 01’ rhyblims by terap'.-'ratlire p u l s e s  o r  s t e p s ,  o f  o n ly  a few 

d e g r e e s ,  may r e s u l t  from th e  e f f e c t  o f  t e m p e r a tu r e  on io n  g r a d i e n t s  th ro u g i  

an in c o m p le te  t e m p e r a t u r e  c o m p en sa t io n  o f  membrane l i p i d  f l u i d i t y .  In  

t h e  c a s e  o f  more ex trem e  t e m p e r a t u r e s  t h e s e  may f a l l  o u t s i d e  t h e  r a n g e  

o v e r  w hich co m p e n sa t io n  i s  p o s s i b l e .

The e v id e n c e  i n  f a v o u r  o f  t h e  m em brane-ion  g r a d i e n t  model o f  

c i r c a d i a n  o s c i l l a t i o n  i s  l a r g e l y  c i r c u m s t a n t i a l ,  s i n c e  d i r e c t  m easurem ents  

o f  t h e  ch an g es  i n  t h e  t r a n s p o r t i n g  p r o p e r t i e s  o f  t h e  membranes d u r in g  

t h e  c i r c a d i a n  c y c l e  have n o t  b een  made. Some rh y th m ic  p r o c e s s e s  can  be 

r e a d i l y  a t t r i b u t e d  t o  t h e  movement o f  io n s .  S a t t e r  and G a ls to n  ( l 9 T la )  

showed t h a t  A l b i z z i a  l e a f l e t s  c l o s e  when p o ta s s iu m  io n s  move i n t o  t h e  

d o r s a l  and  o u t  o f  t h e  v e n t r a l  p u l v i n u l e  m otor c e l l s ,  and open when t h e  

f l u x  i s  r e v e r s e d .  T h is  i s  t r u e  w h e th e r  l e a f l e t  movement i s  c o n t r o l l e d  

by an  endogenous rhy thm  o r  by phy toch rom e. The movement o f  p o ta s s iu m  

io n s  a c r o s s  t h e  p u l v i n a l  membranes d u r in g  t h e  d a i l y  c y c l e  has  a l s o  been  

r e p o r t e d  i n  T r i f o l iu m  ( S c o t t  and  G u l l i n e ,  19T5) and  Samanea ( B a t t e r  e t  a l ,  

1 9 7 7 ) .  Changes i n  t h e  o sm o tic  p o t e n t i a l  o f  t h e  u p p e r  e p id e rm is  o f  

K alanchoë  p e t a l s  have been  found  w hich c o r r e s p o n d  t o  t h e  rhythm  o f  

o p en in g  and c l o s i n g  o f  t h e  f lo w e r s  (S ch rem pf,  1 9 7 5 ) .  These  changes  a r e  

a s s o c i a t e d  w i th  t h e  rh y th m ic  movement o f  p o ta s s iu m  and sodium io n s  be tw een  

t h e  u p p e r  e p id e rm is  and t h e  r e s t  o f  t h e  p e t a l ,  a l th o u g h  no change i n  t h e  ■ 

c a lc iu m  io n  c o n c e n t r a t i o n  was found .

Sweeney (1977) has  r e p o r t e d  a  c i r c a d i a n  rhythm  i n  t h e  i n t r a c e l l u l a r  

l e v e l  o f  p o ta s s iu m  in  Gonyaul ax p o l y e d r a .. In  t h i s  o rg a n is m ,  e x p o su re  t o  

a low c o n c e n t r a t i o n  o f  e t h a n o l  c a u s e s  p h cse  s h i f t s ,  t h e  m ag n itu d e  and 

d i r e c t i o n  o f  w hich a r e  d e p en d e n t on when in  t h e  c y c l e  c e l l s  a r e  t r e a t e d .  

The ph ase  r e s p o n s e  c u rv e  o b t a in e d  w i th  e th a n o l  t r e a t m e n t  r e s e m b le s  t h a t  

f o r  l i g h t .  h th a n o l  may a c t  hi y c h a n g in g  t h e  io n i c  p e r m e a b i l i t y  o f  b i o ­



l o g i c a l  H i ‘C (G u tkaecc i and io a tc G o a ,  1 vT'l ) a n d ,  in  G o n y au lax , 

e th a n o l  t  r otmenTts w hica c a n s e  pi ta s o s h i f t s  wt la,- shown to  r e s u l t  in  up 

t o  a 50^ d e c r e a s e  i n  t h e  i n t r a c e l l u l a r  l e v e l  o f  p o ta s s iu m  (Sweeney,

1 9 7 7 ) .  E th a n o l  a l s o  in d u c e s  p h a s e  s h i f t s  i n  t h e  l e a f  movement rhy thm  

o f  P h a s e o lu s  s e e d l i n g s  (Bünning and  B a l t e s ,  I 9 6 2 ) ,  and  l e n g th e n s  t h e  

f r e e - r u n n i n g  p e r i o d  o f  t h i s  rhy thm  ( K e l l e r ,  I 96O).

V a lin o m y c in ,  a  c h e m ic a l  w hich  i s  th o u g h t  t o  i n f l u e n c e  membrane 

p e r m e a b i l i t y  ( w i i l e r t ,  1 9 7 2 ) ,  in d u c e s  p h ase  s h i f t s  i n  t h e  P h a s e o lu s  

l e a f  movement rhy thm  when a p p l i e d  th ro u g h  t h e  t r a n s p i r a t i o n  stream.

(Bünning and  M oser,  1 9 7 2 ) .  When a p p l i e d  in  e t h a n o l ,  v a l in o m y c in  p r e ­

v e n t s  t h e  e f f e c t  o f  e th a n o l  a lo n e  on t h e  p h ase  o f  t h e  c i r c a d i a n  rhy thm  

and t h e  p o ta s s iu m  c o n t e n t  o f  G onyaulax (Sweeney, 1 9 7 7 ) .  However, 

v a l in o m y c in  g iv e n  e i t h e r  a s  a p u l s e  o r  c o n t in u o u s ly  had  no e f f e c t  on t h e  

p e t a l  movement rhy thm  o f  K alanchoë  (S chrem pf, 1 9 7 5 ) .

Heavy w a te r  (D^O) i s  a n o t h e r  c h e m ic a l  w hich  may i n f l u e n c e  membrane 

p e r m e a b i l i t y  o r  t h e  io n  b a l a n c e  a c r o s s  c e l l u l a r  m em branes. T h is  in d u c e s  

p h a s e  s h i f t s  and l e n g t h e n s  t h e  p e r io d  o f  t h e  rhy thm  i n  P h a s e o lu s  (Biinning 

and B a l t e s ,  I 9 6 3 ) ,  and l e n g th e n s  t h e  p e r io d  o f  t h e  rh y th m s  in  E u g len a  

(B ruce and P i t t e n d r i g h ,  I 9 6 0 ) ,  E x c i r o l a n a  ( E n r i g h t ,  1971)  and d e e r  m ice 

( S u t t e r  and Rawson, I 9 6 8 ) .  A c y c l i c  change  in  t h e  p h y s i c a l  p r o p e r t i e s  

o f  c e l l u l a r  membranes h as  a l s o  been  s u g g e s te d  by Wagner and Gumming (1970) 

t o  a c c o u n t  f o r  t h e  rhyttrn iic  l e a k a g e  i n t o  t h e  i n c u b a t i n g  medium o f  

b e t a c y a n i n  from s e e d l i n g s  o f  Chenopodium.

I f  ch an g e s  in  io n  g r a d i e n t s  a c r o s s  membranes a r e  c e n t r a l  t o  t h e  

o s c i l l a t i n g  m.-'chanisms, an exogenous s u p p ly  o f  io n s  m ig h t  bo e x p e c te d  t o  

m odify  th ' /n e  g r a d i e n t s  and hence a l t e r  th e  c o u r s e  o f  t h e  .rhythm. The 

rhy tl im ic  f i r i n g  o f  t h e  o p t i c  n e rv e  o f  t h e  exc is<-d eye o f  A p lys i a  can be
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ph&sG sîiiffctïcl \>y higher tlian normal oono entrât ions of potaseium ion® 

(Bakin, 19?^)* Inoreaaing the o%terwl eonoantration of potassium or 

sodium load imd no effeet on the rhytiïïii o f atimol&tod XuminoBoexiao in 

SEEESSB (Gtfoewy# 19#)* Temporary or prolonged inoahatlon on a 

ao3.utiOA eoatcdning potassium ions did not significantly itiflueneo 

either the phase or the period of the lOalafiehoe petal movement rhythm 

(Scîî.sreïapf» 19T5)* This cireadiasi rîiytîm did however show a longer 

period under the continuous influemce of lithium ions* hut a pulse of 

tip to 12 h had no effeet on the phase of the NiytWa, lithium ions were 

also dmonetrated to slow down the circadian activ ity  rhytw of a 

mmmml M.eriones eraesus (Bngelmann, 1973)* lith im i ions may themselves 

influence membrane permeability (Bose and Lowonstein, 1971) but the 

significance of these results in terms of the mechanism of oscillation  

is  not clear, since i t  is  reported that lithium may also effect nucleic 

acid synthesis (Volm et ol# 1970)*

Wagner and CucMing (1970) mid Wagner at al (1977 ) also conclude 

that membranes are the primary s ite  of regulation of endogenous rhythms 

and are responsible for the perception and amplification of internal 

and external stimuli* However, unlike the model o f Hjue et al (19#)  

which supposes a feedback oscillator involving ion gradiento and membrane 

function» Wagner and co-workers consider that endogenous rhythmicity 

originates from high frequency oscillations. These oscillations#in tho 

onŝ ymcc associated with energy metabolism, have periods ranging from 

le ss  than one minute to several minutes* Such high frequency oeeillu t-  

ionn have been demonstrated for the mmyme a ctiv ities involved in yeast 

glycolosis (Bet® and Ohance, 1969a* 1969b; Bye# 1969)# for sevei*al 

other cmyme systems (Hess and Boiteux» 1971) and for hydrogen and 

potassium ion fluxes from isolated mitochondria (Ghanc© and Yoshiku,

1966)* The short period# of these o sc illâ tions are d ifficu lt to reconcile
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with the 27-h periods of eircadlau rhytlms* I f  high frequency osoilia^  

tlons do in faot underly circadian rhythm#» m m  .frequency démultipli­

cation process must clearly operate* One approach to thiw problem 

eouelder® the oscillator to bo a bioohesiioal network of s e lf  sustaining 

occillotorG coupled so a« to give negative feedback inhibition*

Individual oscillations tlw® become aynchroni%ed at a much lower than 

nomal frequency {Pavlidis, 1969% Pavlidic and Kaumauu, 1969& Pyo* 

1969)* Spatial separation might also reduce the frequency in a ayatem 

of coupled# high frequency oscillators* Tho model proponed by Wagner 

euggeat# that rlxytW# arise by the coupling of high H'cquency oec illa ­

tions in tho pathways of energy production and u tilisation  in aoimrato

compartments within the cell* Thoee coupled oscillators are linked to  

tho induction of structural changea ia tho moaftbrarice of the intrace&&- 

ular cmpartmontc# and hence regulate the pool oizm  and availability  

of intemediatea and co-factors for the separate pathways* Endogenous 

rhytlims with circadian periods might then be generated in the overt 

reaction of these dimtiact 3?athwaye. It ia assumed that circadian 

rl:iythus in growth and behaviourreaultefrom those in energy metabolism 

(Carming and Wagner# I 968& Prosch mid Wagner, 19T3a# 1973b; Froach

et al# 19T3; Wagner et al» 19# )*

OCCUrr-.<i,rtt-<d-
The oagurence o f non-circadiun rhyttes, and o f circadian rhytMs 

which also show imderlying oscillations of higher ircqmncy, as revealed 

by sub-peaks in the activ ity  o f  ccrtaiïï mizytmn of energy metabolism, 

may be considered us evidence in favour of the involvement of high 

frequency oscillations (Wagner at al# 19T7)* Tlie involvetnent of compart" 

mentation in rhythmicity is  eupijorted by tho fact that there arc 

rhytlimie changos in the ultrastructure o f cbloroplaats and mitochondria 

in daily light-dark oyclea (Weber, 19691 Konit®, 1969% Bchor at a l,  

19T0)* Within the smae c e l l ,  mitochondria »well and chloroplasts con-



t r a c t  Li]'). I :■ :'a ; ion  w h il '  t  h ' - r . v - r c c  oc c mai în  dcrkci.cG ( Marakait ,i 

and P a c k o r ,  l'?TO-, P ack e r  e l  a l ,  1 9 7 0 ) .  Furtht.'rïïiore cliore  i s  e v id e n c e  

t h a t  endogenous rhy thm s in  c h l o r o p l a s t  s w e l l i n g  and c o n t r a c t i o n  a r e  a 

s t r u c t u r a l  c o r o l l a r y  o f  o s c i l l a t i o n s  in  enzyme a c t i v i t y  (B usch , 1953; 

D r i e s s c h e ,  1 9 6 6 ) .  However, w h i le  t h e s e  ch an g es  s u g g e s t  t h a t  rh y th m ic  

enzyme a c t i v i t i e s  can  o c c u r  i n  c o - o p e r a t i o n  i n  d i f f e r e n t  c e l l  o r g a n e l l e s  

and s u p p o r t  t h e  in v o lv em en t o f  c o m p a r tm e n ta t io n ,  th e y  do n o t  c o n f i rm  

t h e  h y p o th e s i s  o f  Wagner e t  a l  ( 1 9 7 7 ) , ' and m igh t e q u a l l y  r e s u l t  from 

membrane c o n t r o l  o f  io n  g r a d i e n t s  o r  r e p r e s e n t  m e re ly  a  se c o n d a ry  

r e s p o n s e  t o  some q u i t e  d i s t i n c t  o s c i l l a t i n g  mechanism.

I n v e s t i g a t i o n  o f  t h e  e n v i ro n m e n ta l  c o n t r o l  o f  c i r c a d i a n  rhy thm s 

h as  been  c o n c e n t r a t e d  p r i m a r i l y  on t h e  e f f e c t s  o f  r a d i a n t  e n e rg y ,  s i n c e  

t h i s  a p p e a r s  t o  be t h e  p r i n c i p a l  s y n c h r o n iz in g  a g e n t  u n d e r  n a t u r a l  

c o n d i t i o n s .  A number o f  a t t e m p t s  have been  made t o  e l u c i d a t e  t h e  

p ig m en ts  r e s p o n s i b l e  f o r  t h e  i n i t i a l  p h o to r e c e p t i o n .  The i d e n t i f i c a t i o n  

o f  p h o to r e c e p to r  p ig m en ts  i s  u s u a l l y  a c h ie v e d  by d e t e r m in in g  a c t i o n  

s p e c t r a  f o r  a d e f in e d  r e s p o n s e  o f  a c i r c a d i a n  rhy thm  t o  l i g h t .  I n  an  

i d e a l  system  t h e  a c t i o n  sp ec tru m  f o r  a  r e a c t i o n  i s  d i r e c t l y  r e l a t e d  t o  

t h e  a b s o r p t i o n  sp ec tru m  o f  t h e  p a r t i c i p a t i n g  p h o to r e c e p to r  a l th o u g h  

i n a c t i v e  p ig m en ts  o f t e n  i n t e r f e r e  w i th  a b s o r p t i o n .  I n  a d d i t i o n  t o  t h e  

few d e t a i l e d  a c t i o n  s p e c t r a  w hich have  been  o b ta in e d  f o r  p h o to c o n t r o l  

o f  c i r c a d i a n  rh y th m s ,  t h e r e  a r e  a  number o f  r e p o r t s  o f  t h e  e f f e c t s  o f  

b ro a d  s p e c t r a l  b a n d s .  R a d ia n t  e n e rg y  can  be in v o lv e d  i n  t h e  i n i t i a t i o n  

o f  a  rhy thm  by t r a n s f e r  from l i g h t  t o  d a rk  o r  v ic e  v e r s a ,  i n  t h e  e n t r a in -  

ment o f  t h e  rhythm  t o  l i g h t - d a r k  c y c l e s ,  in  phase  s h i f t i n g  t h e  rhythm  

w i th  a s i n g l e  e x p o s u re ,  and in  i n f l u e n c i n g  th e  f r e e - r u n n i n g  p e r io d  o f  

t h e  rhy thm . Lii many i n v e s t i g a t i o n s  o n ly  one o f  t h e s e  r e s p o n s e s  h a s  been  

s t u d i e d ,  a ' though  in  a few organ:i sms two cn; moi-e r e s p o n s e s  have been 

c X am i  n e d f'e r- ; ’ i. ) ■ c t  r  a I depen d e n c e .
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I n  many a n im a ls  r e s e t t i n g  o f  t h e  c i r c a d i a n  o s c i l l a t i o n  by l i g h t  

s i g n a l s  i s  a c c o m p lish e d  i n d i r e c t l y  v i a  hormones o r  t h e  n e rv o u s  sy s tem .

In  h i g h e r  a n im a ls  t h e  p e r c e p t i o n  o f  l i g h t  i s  g e n e r a l l y  by t h e  ey es  so 

t h a t  i n  t h e  a b s e n c e  o f  e y es  o r  w i th  t h e  eyes  c o v e re d  a  r h y t h m .w i l l  p e r ­

s i s t  w i th  a  f r e e - r u n n i n g  p e r i o d  d i f f e r i n g  from t h e  2 7 -h  p e r i o d  o f  t h e  

n a t u r a l  l i g h t - d a r k  c y c l e  (B ünn ing , 1 9 7 3 ) .  S y n c h r o n iz a t io n  w i th o u t  eyes  

m ig h t  o c c u r  i n  some mammals how ever,  s i n c e  l i g h t  c a n  p e n e t r a t e  i n t o  t h e  

b r a i n  (B ru n t  e t  a l ,  1 9 6 7 ) .  P h o to p e r i o d ic  r e s p o n s e s  i n  mammals w hich 

p re su m ab ly  depend  on t h e  i h t e n a c t i o n  o f  l i g h t - d a r k  c y c l e s  and  a  c i r ­

c a d i a n  rhy thm  a r e  in d e e d  o f t e n  in d e p e n d e n t  o f  t h e  p r e s e n c e  o f  eyes  

(B ünn ing , 1 9 7 3 ) .  I n  i n s e c t s  a s  w e l l  a s  v e r t e b r a t e s ,  l i g h t  e f f e c t s  

o t h e r  t h a n  v i a  t h e  eyes  a r e  known. L i g h t - d a r k  c y c l e s  a r e  e f f e c t i v e  in  

e n t r a i n i n g  t h e  rhy thm  o f  an  e y e l e s s  m u ta n t  o f  D r o s o p h i l a  m e la n o g a s te r  

(Engelmann and H onegger , 1 9 6 6 ) .

F ra n k  and  Zimmerman (1 9 6 9 ) have  d e te rm in e d  a c t i o n  s p e c t r a  f o r  

l i g h t  in d u c e d  p h a s e  s h i f t s  o f  t h e  c i r c a d i a n  rhy thm  o f  a d u l t  em ergence 

i n  D r o s o p h i l a  p s e u d o o b s c u r a . The a c t i o n  s p e c t r a  f o r  b o th  a d v a n c in g  

and  d e l a y in g  t h e  p h a s e  o f  t h e  rhy thm  a r e  s i m i l a r ,  w i t h  maximum a c t i v i t y  

b e tw een  720 and  780 nm and  a  s h a rp  c u t - o f f  above 500 nm. The i n i t i a t i o n  

o f  t h e  c i r c a d i a n  rhy thm  o f  egg h a t c h i n g  i n  t h e  m oth  P e c t in o p h o r a  

g o s s y p i e l l a  by  a  b r i e f  l i g h t  p u l s e  h a s  an  a c t i o n  s p e c tru m  s i m i l a r  t o  

t h a t  f o r  p h a se  s h i f t i n g  t h e  D r o s o p h i l a  rhy thm  (B ru ce  and  M in is ,  I 9 6 9 ) .  

T hese  r e g i o n s  o f  t h e  s p e c tru m  a r e  a l s o  r e s p o n s i b l e  f o r  c o n t r o l  o f  t h e  

p h o to p e r i o d i c  d ia p a u s e  o f  P i e r i s  b r a s s i c a e  w h ich  a p p e a r s  t o  in v o lv e  

an  endogenous o s c i l l a t o r .  The e x t e n s i o n  o f  s h o r t  d a y s  o r  t h e  i n t e r u p t i o n  

o f  a  lo n g  n i g h t  i n h i b i t s  d i a p a u s e ,  and o n ly  w a v e le n g th s  be low  550  nm 

a r e  e f f e c t i v e  (Bünning  and J o r r e n s ,  I 9 6 0 ) .

I n  t h e  fu n g i  a l s o ,  p h o to r e s p o n s e s  a r e  u s u a l l y  d e p en d e n t on t h e



ïu .g iou  o f  t i r '  spec tT .un, Tn ' e x p r e s s io n  o f  a, c i i-cac llan  rhy thm  o f  

c o n i d i a t i o n  Ley a s t r a i n  o f  N eiirospora e r a s  sa  i s  i n h i b i t e d  by g row th  in  

c o n t in u o u s  w h i te  l i g h t .  The a c t i o n  sp ec tru m  f o r  t h i s  e f f e c t  h a s  a  l a r g e  

p eak  w i th  m inor  s u b -p e a k s  i n  t h e  b lu e  r e g io n  o f  t h e  v i s i b l e  sp ec tru m  

and a  b ro a d  s h o u ld e r  in  t h e  n e a r  UV (S a rg e n t  and B r i g g s ,  1 9 6 7 )- Munoz 

and B u t l e r  (1975) c o n c lu d e  t h a t  a f l a v i n  i s  t h e  p h o t o r e c e p t o r  in v o lv e d  

in  t h i s  r e s p o n s e  and t h a t  t h e  a b s o r p t i o n  o f  l i g h t  by t h i s  p igm en t i s  

a l s o  r e s p o n s i b l e  f o r  t h e  l e s s  p r e c i s e  a c t i o n  s p e c t r a  found  f o r  D r o s o p h i la  

(F ran k  and  Zimmerman, 1 9 6 9 ) and P e c t in o p h o r a  (B ruce and  M in is ,  1 9 6 9 ) .

The i n f l u e n c e  o f  d i f f e r e n t  w a v e le n g th s  on t h e  s p o r u l a t i o n  and m i t o s i s  

rhy thm s o f  t h e  a l g a  Oedogonium have  b een  i n v e s t i g a t e d  by  Bühnemann ( l9 5 5 c )  

w i th  t h e  c o n c lu s io n  t h a t  i n  t h i s  o rg an ism  a l s o ,  w a v e le n g th s  be low  550 

nm a r e  t h o s e  p r i n c i p a l l y  in v o lv e d  i n  p h o to c o n t ro l . .

I n  u n i c e l l u l a r  o rg a n ism s  l i g h t  c l e a r l y  e x e r t s  i t s  e f f e c t  d i r e c t l y

on t h e  c e l l s  i n  w hich  t h e  o s c i l l a t i o n  i s  o c c u r r i n g .  The a c t i o n  sp ec tru m

f o r  p h a s e  s h i f t i n g  t h e  lu m in e s c e n c e  rhy thm  in  G onyaulax has  a  m a jo r  

p eak  i n  t h e  b lu e  r e g i o n  o f  t h e  s p e c tru m  a t  775 nm and a  m inor p eak  in  

t h e  r e d  r e g i o n  a t  65O nm ( H a s t in g s  and Sweeney, I 9 6 0 ) ,  The p e a k s  o f  

t h i s  a c t i o n  sp ec tru m  do n o t  c o i n c i d e  e x a c t l y  w i th  t h e  a b s o r p t i o n  

sp ec tru m  o f  any  one o f  t h e  p ig m en ts  i n  G onyaulax b u t  c o r r e s p o n d  ro u g h ly  

t o  t h e  t o t a l  a b s o r p t i o n  o f  t h e  c e l l  w hich p r i n c i p a l l y  r e f l e c t s  t h e  

p ig m en ts  in v o lv e d  in  p h o t o s y n t h e s i s  (Sweeney, 1 9 6 9 ) .  The rhy thm  o f  

m a t in g  c a p a c i t y  o f  Paramecium b u r s a r i a  i s  s h i f t e d  by l i g h t  and t h e  

a c t i o n  sp ec tru m  f o r  t h i s  r e s p o n s e  shows g r e a t e s t  a c t i v i t y  i n  t h e  re d  

(600  -  700  nm) r e g i o n  o f  t h e  sp ec tru m  w i th  peaks  a l s o  o c c u r r i n g  a t  17o

nm and in  t h e  n e a r  UV (<  380 nm) ( E h r e t ,  I 9 6 0 ) .  However t h e  a u t h o r

c o n s i d e r s  t h a t  t h e  a c t i o n  sp ec tru m  i s  to o  p o o r ly  d e f i n e d  t o  i m p l i c a t e  

any p a r t i c u l a r  g roup  o f  p ig m e n ts .

Botn Opny a u l a x (Sweeney, 19o3) and Paramecium ( E h r e t ,  .3 959b)



show s t a l l . . i ' a z  - s h i . f t s  in  i t o  UV r a d i a l  io n ,  p r i n c i p a l l y  a t

257 nm. In  c o n t r a s t  t o  t h e  r e l - j t i v . d y  lo n g  ex p o su re  t o  v i s i b l e  l i g h t  

r e q u i r e d  t o  s n i l ’t  t h e  p h a s e ,  an e x p o su re  t o  UV o f  o n ly  a  few m in u te s  

i s  e f f e c t i v e .  The s e n s i t i v i t y  t o  r e s e t t i n g  by UV v a r i e s  c y c l i c a l l y ,  a s  

does  t h e  r e s p o n s e  .to  v i s i b l e  l i g h t .  However, w hereas  v i s i b l e  l i g h t  

c a u s e s  b o th  p h a se  a d v an c es  and d e l a y s ,  d ep en d in g  on t h e  c i r c a d i a n  t im e  

o f  a p p l i c a t i o n ,  UV r a d i a t i o n  induces o n ly  p h ase  d e l a y s  in  Paramecium 

and  o n ly  p h a se  ad v an ces  i n  G o n y au lax . \ I n  Param ecium , b u t  n o t  G o n y au lax , 

v i s i b l e  l i g h t  a p p e a r s  t o  r e v e r s e  t h e  p h ase  s h i f t  in d u c e d  by e x p o su re  

t o  UV ( E h r e t ,  1 9 5 9 b ) .  I t  seems c e r t a i n  t h a t  t h e  e f f e c t s  o f  UV a r e  

e s s e n t i a l l y  d i f f e r e n t  from t h o s e  o f  v i s i b l e  l i g h t .  The in v o lv em en t  o f  

n u c l e i c  a c i d  m e ta b o l i sm  i s  s u g g e s te d  s in c e  n u c l e i c  a c i d s  a b s o rb  r a d i a n t  

en e rg y  in  t h e  UV r e g i o n  o f  t h e  sp e c tru m  and some UV e f f e c t s  such  a s  

chromosome b re a k a g e  a r e  p h o t o r e v e r s i b l e  by v i s i b l e  r a d i a t i o n  ( d a g g e r ,

1 9 5 8 ) .

In  h ig h e r  p l a n t s  t h e  r e d  end o f  t h e  v i s i b l e  sp e c tru m  i s  commonly 

found  t o  be t h e  m ost a c t i v e  i n  m e d ia t i n g  t h e  p h o to r e s p o n s e s  o f  c i r c a d i a n  

rh y th m s.  I n  some h ig h e r  p l a n t s ,  how ever ,  b o th  r e d  and b lu e  r e g i o n s  o f  

t h e  sp e c tru m  a r e  e f f e c t i v e ,  and in  a  m i n o r i t y  o f  p l a n t s  o n ly  b lu e  l i g h t  

i s  a c t i v e .  G r e a te r  c o m p le x i ty  i n  some h ig h e r  p l a n t s  can  be seen  from 

t h e  f a c t  t h a t  d i f f e r e n t  a s p e c t s  o f  t h e  p h o to c o n t r o l  o f  c i r c a d i a n  rhy thm s 

a p p e a r  t o  in v o lv e  d i f f e r e n t  p ig m en ts  a s  p r im a ry  p h o t o r e c e p t o r s .

P o s s i b l y  t h e  m ost c o n c l u s i v e  d e m o n s t r a t io n  o f  t h e  n a t u r e  o f  t h e  

p h o to r e c e p to r  comes from s t u d i e s  o f  e n t r a i nmcut o f  t h e  ca rb o n  d io x i d e  

o u tp u t  rhytlim o f  Lemna p e r  pu s i  .11 a (H il lm a n ,  1 9 7 1 ) ,  a l th o u g h  an a c t i o n  

spec trum  has no t been  d e te rm in e d  kor t h i s  r e s p o n s e .  A t r a n s f e r  from 

l i g h t  t o  d a r ln ie s s  i n i t i a t e s  n r h y th a  in  t h e  r a t e  o f  ca rb o n  d io x id e  o u t ­

p u t  by ax nil i f  c j l l . u r e s  o f  Lomno. wh i oh rap id  l y  dainps o u t  a f t e r  one o r



two c y c l e s .  I f  c u l t u r e s ,  o th e r w is e  m a in ta in e d  in  d a r k n e s s ,  re c e iv '^

15 -  mill p u l s e s  o f  red  o r  f a r - r e d  r a d i a t i o n  a t  8 -h  i n t e r v a l s  t h e  ca rb o n  

d io x id e  o u tp u t  i s  a rh y th m ic .  An ent.T-ained rhythm  becomes a p p a r e n t  

however i f  c u l t u r e s  a r e  exposed  to  o n ly  one p u l s e  o f  r e d  o r  f a r - r e d  

r a d i a t i o n ,  o r  t o  two p u l s e s  8 h a p a r t ,  in  each  27 -  h c y c l e .  F a r - r e d  

r e v e r s a l  o f  t h e  a c t i o n  o f  r e d  r a d i a t i o n ,  c h a r a c t e r i s t i c  o f  t h e  i n v o l v e ­

ment o f  phy tochrom e, can  be o b s e rv e d .  The ca rb o n  d io x i d e  o u t p u t ,  

n o rm a l ly  a rhy tl im ic  when c u l t u r e s  r e c e i v e  p u l s e s  o f  f a r - r e d  r a d i a t i o n  a t  

8 -h  i n t e r v a l s ,  becomes rh y th m ic  i f  one o f  t h e  p u l s e s  i s  im m e d ia te ly  

f o l lo w e d  by an e x p o su re  t o  r e d  r a d i a t i o n  and i s  e n t r a i n e d  in  a d e f i n i t e  

p h ase  r e l a t i o n s h i p  t o  t h a t  p u l s e .  I f  t h e  r e d  p u l s e  p ro c e e d s  t h e  f a r -  

r e d  t r e a t m e n t  how ever,  c a rb o n  d io x id e  o u tp u t  re m a in s  a r y th m ie ,  showing 

t h a t  f a r - r e d  r a d i a t i o n  r e v e r s e s  t h e  e f f e c t  o f  r e d .  B lue l i g h t  i s  

a c t i v e  and a c t s  l i k e  r e d  in  s c h e d u le s  c o n s i s t i n g  o f  one p u l s e  o f  b lu e  

and two p u l s e s  o f  f a r - r e d  a r r a n g e d  so t h a t  t h e  t h r e e  p u l s e s  a r e  g iv e n  

a t  8 - h  i n t e r v a l s .  On t h e  o t h e r  hand b lu e  l i g h t  a c t s  l i k e  f a r - r e d  when 

one p u l s e  o f  b lu e  i s  accom panied  by two p u l s e s  o f  r e d  l i g h t  a t  8 -h  

i n t e r v a l s  i n  each  27-h  c y c l e .  I t  was c o n c lu d ed  from t h e s e  s t u d i e s  t h a t  

a  r e g u l a r l y  im posed change in  t h e  l e v e l  o f  t h e  f a r - r e d  a b s o r b in g  form 

o f  phytochrom e can  e n t r a i n  t h e  c a rb o n  d io x i d e  o u tp u t  r h y th m , t h e

p r i n c i p a l  s y n c h r o n iz e r  b e in g  t h e  s h a r p e s t  t r a n s i t i o n  from a low  t o  a 

h ig h  l e v e l  o f  t h a t  o c c u r s  w i th  a p e r i o d i c i t y  o f  27 h ,  H illm an  

(1 9 7 1 ) a t t r i b u t e s  t h e  e f f e c t s  o f  b lu e  a s  w e l l  as  t h o s e  o f  r e d  and f a r -  

r e d  r a d i a t i o n  t o  phy toch rom e.

The rhythm  o f  ca rb o n  d io x id e  o u tp u t  in  l e a v e s  o f  Bryophyllum  

f e d t s c h e n k o i  i s  i n h i b i t e d  by h ig h  f l u x  d e n s i t i e s  o f  r a d i a t i o n  c o n t a i n ­

in g  w a v e le n g th s  lo n g e r  th a n  565 nm (W ilk in s ,  1 9 6 0 a ) . The p h ase  o f  

t h i s  rhyh.bm i s  s h i f t e d  by r e d  ba t  no t i>y b lu e  l i g 'n t  ( Wil k i n s , 19oCe;. 

h o r i  r e r ' , r , t i y  an a c t i o n  sy e r  t r  ; m has ix', s. de tc 'rm ÎM 'i foc l.h i • î ;c'f



o f  phase  sh lfb r ,  in  t h e  B ryophyl 1 um rhytImi by v i s  i t'l.e ra .d iaL io n  (W ilki as  , 

1 9 7 3 ) .  T h is  shows o n ly  one a c t i v i t y  p eak ,  l o c a t e d  betw een 600 and TOO 

nm. The im p o r ta n c e  o f  t h e  r e d  r e g i o n  o f  t h e  sp ec tru m  i n  s h i f t i n g  t h e  

ph ase  o f  t h e  c i r c a d i a n  rhybhra i n  B ryophyllum  was c o n f irm e d  by J o n e s  

(1 9 7 3 ) i n  e x p e r im e n ts  w i th  t h e  rhy thm  in  ca rb o n  d io x i d e  c o m p e n sa t io n .

T h is  p e r s i s t s  a t  h ig h  l i g h t  i n t e n s i t i e s  and can  be p h a s e - s h i f t e d  by a 

5~h e x p o su re  t o  d a rk n e s s  o r  t o  l i g h t  in  s e v e r a l  s p e c t r a l  b a n d s .  W hile 

a l l  s p e c t r a l  bands t e s t e d  in d u c e d  a  php,se s h i f t ,  r e d  l i g h t  had m a rk e d ly  

l e s s  e f f e c t  t h a n  b lu e  o r  g re e n  l i g h t .  The s m a l l e r  e f f e c t  o f  r e d  l i g h t  

in  t h i s  c a s e  i n d i c a t e s  i t  t o  be t h e  m ost l i k e  c o n t in u o u s  w h i te  l i g h t  

and hence  m ost a c t i v e  i n  p h o t o c o n t r o l .  The p h ase  o f  t h e  rhytlmi i n  

Bryophyllum  l e a v e s ,  u n l i k e  t h a t  o f  rhy thm s in  Gonyaulax (Sweeney, 19^3) 

o r  Paramecium ( E h r e t ,  1 9 5 9 b ) ,  i s  u n a f f e c t e d  by UV r a d i a t i o n  a t  257 nm 

( W i lk in s ,  1 9 7 3 ) .

The rh y th m ic  p e t a l  movement o f  K alanchoë b l o s s f e l d i a n a  f lo w e r s  

f a d e s  o u t  a f t e r  s e v e r a l  days  i n  c o n t in u o u s  l i g h t  o r  d a r k n e s s ,  b u t  can 

be r e i n i t i a t e d  by t r a n s f e r r i n g  t h e  f lo w e r s  from one c o n t in u o u s  

c o n d i t i o n  t o  t h e  o t h e r  (Engelm ann, I 96O). On t h e  b a s i s  o f  a c t i o n  

s p e c t r a  f o r  t h e  i n d u c t i o n  o f  t h i s  rh y th m , which show p eak s  i n  b o th  t h e  

r e d  and  b lu e  r e g i o n s  o f  t h e  sp e c tru m ,  Karve e t  a l  (1 9 6 1 ) s u g g e s te d  t h a t  

l i g h t  a b s o rb e d  by c h l o r o p h y l l  m e d ia te s  t h i s  r e s p o n s e .  The g e n e r a l  

te n d e n c y  o f  t h e  f lo w e r s  t o  c l o s e  t h e i r  c o r o l l a s  when c o n t in u o u s ly  

i r r a d i a t e d  r e s u l t  i n  m arked e f f e c t s  on t h e  a m p l i tu d e  b u t  n o t  t h e  phase  

o r  p e r io d s  o f  t h e  rhy thm . T h is  e f f e c t  i s  in d u c ed  p r i n c i p a l l y  by r e d  

l i g h t  and can  be re d u c e d  by a  s im u l ta n e o u s  ex p o su re  t o  f a r - r e d  r a d i a t i o n ,  

s u g g e s t in g  phytochrom e t o  be t h e  p h o t o r e c e p t o r .  An a c t i o n  sp ec tru m  f o r  

t h e  i n d u c t i o n  o f  p h ase  s h i f t s  has  been  o b ta in e d  which i s  q u i t e  d i f f e r ­

e n t  from t h a t  f o r  t h e  i n i t i a t i o n  o f  t h e  K alanchoc rhytlim (S ch rem pf,

1 9 7 5 ) .  A peak o f  a c t i v i t y  i s  found in  t h e  6OO-7 OO nm r e g io n  and 

c l o s e l y  re s e m b le s  t h a t  found f o r  B ryophyllum  (W i lk in s ,  19 7 3 ) .  A second
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peak ooùars in the near IÎ? ( 300-380 m ); thi® region of the epeotrmi 

being appreciably more active then the red region* (1975)

suggoeted that phytochromo and pos'sihly one other pigment are responsible 

for phase ©hilting in ICalapchoë althou^ ĥ no red/far-reikl reversib ility  

could be detected in a variety of ©chcdulea where red and far-*red rad  ̂

iation were given sequentially' or together*

The effect of different spectral bands on the rîiythm of leaiP 

movement in Phaseolus mult i f  lor us ©ocdlinge has been studied in consid­

erable detail particularly by Iioroher (1958). Photocontrol of th is  

rîiythïïi appears to  be rather com̂ plex, The period of the riiytlM is  

lc%thoned by radiant energy from fluorescent lamps which is  rich in 

red but deficient in far-red radiation# and is  shortened by radiant 

energy from tungsten lamps which is  rich in both red and far-red radia­

tion (Lorcher# 1958). Using broad band transmission f ilte r s  loroher 

(1958) confirmed the lengthening effect of red and the shortening effect 

of fw^red radiation on the period. The leaf movement rhytimi of 

Phaseolus v eaiings which liad# iwior to the experiment # been maintained 

in a greenhhuso under the natural light regime# was entrained to a 25**h 

period by cycles consisting of 10 h red or far-red radiation and 12 li 

o f darlmess* Iflien exposed to 22-h cycles of 10 h of blue âsr green light 

alternating with 12 h of dorlmese the rhythm displayed a period of 26 

h. As th is is  also the period of the free-running rhyttoi in continuous 

darkness i t  is  clear that blue and green light ar© ineffective in 

mediating th is  photoresponse. I f  plants were grown in darkness before 

tho experiments, a rhythm was induced by a single 12-h exposure to red 

ox* blue, but not far-red radiation* In similar plants rhyfehmicity can 

be observed in light-dark cycles with red, blue or fur-red radiation 

but only persists in subsequent darkness after cycles including red or 

blue ligh t.



Borne evidence has been obtained for the interaction of red and 

fnr-red radiation in  control of the Phaseolus leaf movement rhythm.

Plants trtmeforred from aoatinuoue darlmeee to red light show a circadian 

rhythm.;. However, no rhythm coKi be detected i f  they are aimultaneously 

exposed to fax*-red radiation. The induction of a rhythm by a single 

12-h exposure to red light mm be revm^scd by a aubaequmat lE-h exposure 

to far-red radiation. A further 12 h of red light reinitiatea the 

rhythm» an effect which can again be reversed by 12 h of far-red radiation. 

The in itiation  of a rhythm in response to a 12 or 2b-h expoem*© to red 

light occm*8 however, irrespective of ether the x?lante receive emml- 

taneouB exposure to far-red radiation. 6 h but not I  h of red light 

are sufficient to in itia te  a xdvytW# and 1 h of far-red radiation 

reveracs tho effect of 6 h of red. A fux’ther 1-h exposure to red light 

io sufficient to re in itia te  the rhythm. The red/far "red interaction 

observed in several of these reapouGOB led to the nuggestion that 

pb.ytOGÎ3i*ome is  involved in control of the phase and ^̂ eriod of the rhythm 

(Lbrcher# 1958). A more complicated interaction beccmo apparent however, 

with the observation® of Bünning and Moaer (1966) that although both 

red and far-red radiation induce phaae sh ifts# the phase response curves 

for the two spectral bands mo  quite different. Ikposurc to red light 

rcsxHts in a %)hase response curve identical to tliat obtained with white 

light » whereas far-red radiation induces phase advances but no phase 

delays. Furthermore» while the red light effects can bo induced by 

irradiating only the pulviims# far-red i'adiation is  virtually without 

effect when applied to the ;pulvinus and acts only when perceived by the 

lea f blade. Thus i t  seems that red and far-red radiation may hove very 

different effects. While xd'*ytoohromo my be involved in the photocontrol 

of the Ftosgplua riiythm» caution should be exercised in  intei'pireting 

the red/far-red i^evorsibility effects as confirming th is .



An i n v e s t i g a t i o n  o f  t h e  l e a f  movement rhy thm  o f  C o leus  h ln m e i i  

X C. f r e d e r i c i  l e d  H alahan  (1 9 6 9 ) t o  p ro p o se  t h a t  more t h a n  one u n id e n ­

t i f i e d  p igm ent i s  r e s p o n s i b l e  f o r  p h o t o c o n t r o l .  In  c o n t in u o u s  b lu e  

l i g h t  t h e  p e r io d  i s  s i g n i f i c a n t l y  l e n g th e n e d ,  w h i le  u n d e r  c o n t in u o u s  

r e d  l i g h t  t h e  p e r i o d  i s  s h o r t e n e d ,  compared w i th  t h a t  i n  d a r k n e s s  o r  i n  

c o n s t a n t  g r e e n  o r  f a r - r e d  r a d i a t i o n .  An 8 -h  e x p o s u re  t o  r e d  l i g h t  i s  

e f f e c t i v e  i n  a d v a n c in g  t h e  p h a se  o f  t h e  rhy thm  i n  C o le u s  p l a n t s  i n  con ­

t i n u o u s  g r e e n  l i g h t ,  a t  t im e s  i n  t h e  c y c l e  when an  ex p o su re  t o  w h i t e  

l i g h t  a l s o  in d u c e s  a  p h a s e  a d v a n c e .  Red l i g h t  i s  i n e f f e c t i v e  how ever, 

when a p p l i e d  a t  c i r c a d i a n  t i m e s  a t  w h ich  w h i te  l i g h t  in d u c e s  p h a s e  d e l a y s .  

I n  c o n t r a s t ,  an e x p o s u re  t o  b lu e  l i g h t  in d u c e s  p h a s e  d e l a y s  b u t  n o t  

p h ase  a d v a n c e s .  F a r - r e d  r a d i a t i o n  p ro d u c e s  n e i t h e r  p h a s e  a d v an c es  no r  

d e l a y s .

Two o t h e r , l e s s  d e t a i l e d  s t u d i e s  have b een  r e p o r t e d  w hich  show 

t h e  e f f e c t s  o f  d i f f e r e n t  r e g i o n s  o f  t h e  sp ec tru m  on l e a f  movement rh y th m s .  

K arve and  J i g a j i n n i  (1 966b) showed t h a t  c y c l e s  o f  e i t h e r  r e d  o r  b lu e  

l i g h t  and d a r k n e s s  e n t r a i n  t h e  rhy thm  o f  F o r t u l a c a  g r a n d i f l o r a . A lo n g e r  

e x p o su re  t o  r e d  t h a n  t o  b l u e  l i g h t  i s  n e c e s s a r y  i n  o r d e r  t o  a c h ie v e  

e n t r a in m e n t  w i th  s k e l e t o n  p h o to p e r io d s  i n  w hich r e d  o r  b lu e  l i g h t  p u l s e s  

m ark  t h e  b e g in n in g  and end o f  t h e  c o m p le te  p h o to p e r i o d .  H o ld sw o rth  (1 9 6 O) 

found  t h a t  w i th  B a u h in ia  m onandra i n  LD 1 2 r l2  o n ly  r e d  l i g h t  h a s  an  

e f f e c t  s i m i l a r  t o  t h a t  o f  w h i te  l i g h t  when u sed  t o  s h o r t e n  t h e  d a r k  

p e r i o d .  I n  v iew  o f  t h e  r e s u l t s  o b t a in e d  w i th  Col eus and P h a s e o l u s , i t  

seems p o s s i b l e  t h a t  t h e s e  l a t t e r  r e s u l t s  do n o t  r e p r e s e n t  a  c o m p le te  

a n a l y s i s  o f  p h o t o c o n t r o l  o f  rhy thm s i n  t h e  r e s p e c t i v e  o rg a n is m s .

T h ere  i s  c o n s i d e r a b l e  e v id e n c e  f o r  t h e  in v o lv e m e n t  o f  b o th  

c i r c a d i a n  rhybhms and phytochrom e i n  t h e  p h o to p e r i o d i c  i n d u c t i o n  o f  

f lo w e r in g  in  h ig h e r  p l a n t s .  T h is  has l e d  a number o f  i n v e s t i g a t o r s



t o  e n q u i r e  whet lier r a d i a n t  ene rgy  a b s o rb e d  by p’riytochromc c o n t ro ls ;  t h e  

e n tr t i in m e n t  o f  t h e  c i r c a d i a n  rhythm  o f  f lo w e r  i n d n c t io n  o r  w he ther  i t  

m e re ly  i n t e r a c t s  w ith  t h e  rhytlim t o  prom ote o r  i n h i b i t  f lo w e r in g  (Takim oto 

and Haiûner, 19 6 5 a ,  1965b; S a l i s b u r y ,  1965; P ap e n fu s s  and  S a l i s b u r y ,

1 9 6 7 ; Denney and S a l i s b u r y ,  1970; K ing , 1977a ,  1 9 7 7 b ) . The r e s u l t s  o f  

many o f  t h e s e  i n v e s t i g a t i o n s  a r e  open t o  a  v a r i e t y  o f  i n t e r p r e t a t i o n s ,  

i n c l u d i n g  t h e  p o s s i b i l i t y  o f  a  n o n - rh y th m ic  ' h o u r - g l a s s ’ component o f  

p h o to p e r i o d ic  t i m i n g  (K ing , 1 9 7 7 a ) .  IR ii le  P a p e n fu s s  and  S a l i s b u r y  (1 9 6 7 ) 

co n c lu d e d  t h a t  phy tochrom e may i n f l u e n c e  o n ly  t h e  p h a se  o f  t h e  c l o c k  and 

n o t  o t h e r  a s p e c t s  o f  f l o w e r in g ,  a  q u i t e  d i f f e r e n t  c o n c l u s i o n  h a s  been  

r e a c h e d  by Haniner and H o sh iz a k i  (1 9 7 7 ) .  These a u t h o r s  s t a t e  t h a t  

phy tochrom e i s  n o t  in v o lv e d  in  t h e  e n t ra in m e n t  o r  r e p h a s i n g  o f  b a s i c  

c i r c a d i a n  rh y th m s .  The l a t t e r  c o n c l u s i o n  i s  r a t h e r  s u r p r i s i n g  i n  v iew  

o f  t h e  u n e q u iv o c a l  d e m o n s t r a t io n  o f  phytochrom e c o n t r o l  o f  a c i r c a d i a n  

rhythm" i n  Lemna (H i l lm a n ,  1 9 7 1 )-  On t h e  b a s i s  o f  e v id e n c e  p r e s e n t l y  

a v a i l a b l e ,  a  d u a l  r o l e  o f  r a d i a n t  e n e rg y  in  p h o to p e r io d is m  a p p e a r s  

l i k e l y ,  a l th o u g h  phy tochrom e may be  in v o lv e d  as t h e  p h o to r e c e p to r  in  

b o th  p r o c e s s e s .  I r r a d i a t i o n  t r e a t m e n t s  w hich c l e a r l y  p rom ote  o r  i n h i b i t  

f l o w e r in g  may be  o f  i n s u f f i c i e n t  d u r a t i o n  t o  p h a s e - s h i f t  t h e  c i r c a d i a n  

rhy thm  o f  f lo w e r in g  c a p a c i t y  (Takim oto and Hamner, 1 9 6 5a ,  1965b ;  K ing, 

1 9 7 7 a ) .  A s i m i l a r  d u a l  a c t i o n  o f  r a d i a n t  e n e rg y  i s  s e e n  i n  t h e  g e rm in a ­

t i o n  o f  S p h a e ro c a rp u s  d o n e l l i  s p o re s  ( S t e i n e r ,  I 9 6 9 ) .  Phytochrom e i s  

h e l d  t o  be  r e s p o n s i b l e  f o r  in d u c in g  b o th  g e r m in a t io n  and t h e  rhythm  i n  

s e n s i t i v i t y  t o  g e r m in a t io n  p ro m o t io n .  Two d i s t i n c t  r e s p o n s e s  a r e  i m p l i ­

c a t e d  how ever, by t h e  f a c t  t h a t  t h e  rhythm  can be in d u c ed  w i th  i n t e n s i t i e s  

o f  r e d  l i g h t  w hich a r e  i n s u f f i c i e n t  t o  in d u c e  g e r m in a t io n .

T hus, t h r e e  c o n c l u s i o n s  can  be dra im  c o n c e rn in g  th e  p h o to c o n t r o l  

o f  c i r c a d ia .n  rh y th m s.  D e s p i t e  th o  g e n e r a l  s i m i l a r i t y  o f  rhy thm s in  a l l  

o rg a n is m s ,  d i f f e r e n t  p ig m en ts  a r e  c l e a r l y  in v o lv e d  in  p h o to c o n t r o l  in



d i f f e r e n t  o rg a n is m s .  More t h a n  one p igm ent may be in v o lv e d  i n  one 

o rg a n is m ,  m e d ia t i n g  d i f f e r e n t  a s p e c t s  o f  t h e  p h o t o c o n t r o l  o f  a  rh y th m , 

f o r  exam ple t h e  i n i t i a t i o n  o f  t h e  rhy thm  and p h a se  o r  p e r io d  c o n t r o l .  

F i n a l l y ,  i t  a p p e a r s  t h a t  more t h a n  one  p h o to r e c e p to r  may o p e r a t e  i n  t h e  

c o n t r o l  o f  one a s p e c t  o f  a  c i r c a d i a n  rh y th m , e s p e c i a l l y  p h ase  s h i f t i n g ,  

t h e  p a r t i c u l a r  p igm ent in v o lv e d  d e p e n d in g  on t h e  c i r c a d i a n  t im e  a t  w hich 

t h e  o rg an ism  i s  i r r a d i a t e d .  I n  v e r y  few o rg an ism s  h av e  each  o f  t h e s e  

a s p e c t s  o f  t h e  p h o t o c o n t r o l  o f  rhy thm s (been s t u d i e d .  I n  v iew  o f  t h i s  i t  

was d e c id e d  t o  i n v e s t i g a t e  i n  d e t a i l  t h e  p h o t o c o n t r o l  o f  one c i r c a d i a n  

rh y th m , t h a t  o f  t h e  r a t e  o f  c a rb o n  d io x i d e  o u tp u t  from l e a v e s  o f  Bryophyllum  

f e d t s c h e n k o i .

T h is  rhy thm  h a s  b een  s t u d i e d  th o r o u g h ly  by  m o n i t o r i n g ,  w i t h  an 

i n f r a - r e d  gas  a n a l y s e r ,  t h e  r e l e a s e  o f  c a rb o n  d io x i d e  i n t o  a  s t r e a m  o f  

c a r b o n - d i o x i d e - f r e e  a i r  (W i lk in s ,  1 9 5 9 5 1 9 6 0 a ,  1 960b ,  1 9 6 2 a ,  1962b ,  I 9 6 5 , 

1 9 6 7 , 1973 ; W arren and  W i l k i n s , 1 9 6 1 ) .  Rhythmic c a rb o n  d io x i d e  o u tp u t  

can  a l s o  be  o b s e rv e d  i n  l e a v e s  i n  a  s t r e a m  o f  no rm al a i r  b u t  f a d e s  o u t  

more r a p i d l y  t h a n  i n  l e a v e s  i n  c a r b o n - d i o x i d e - f r e e  a i r  (W i lk in s ,  1959 ) .

On t h e  b a s i s  o f  t h e  c r i t e r i a  f i r s t  p ro p o se d  by P i t t e n d r i g h  (195^) i t  has  

b een  e s t a b l i s h e d  t h a t  t h e  o r i g i n  o f  t h i s  rhy thm  i s  endogenous .  The rhy thm  

c o n t i n u e s  i n  c o n s t a n t  d a rk n e s s  a t  a  c o n s t a n t  t e m p e r a t u r e  and no c o r r e l a ­

t i o n  can  b e  found  be tw een  t h e  r h y t h m i c i t y  o f  c a rb o n  d io x i d e  e m is s io n  and 

c h an g e s  i n  u n c o n t r o l l e d  e n v i ro n m e n ta l  v a r i a b l e s  su ch  a s  b a r o m e t r i c  p r e s s ­

u r e  (W i lk in s ,  1 9 5 9 ) .  The p h a se  o f  t h e  rhy thm  i n  d a rk e n e d  l e a v e s  can  be 

s h i f t e d  by a  few h o u rs  e x p o su re  t o  l i g h t .  S i m i l a r l y ,  t h e  rhy thm  p e r s i s t ­

in g  in  i r r a d i a t e d  l e a v e s  can  be  s h i f t e d  by a  few h o u rs  d a r k n e s s .  The new 

p h a s e  e s t a b l i s h e d  by such  t r e a t m e n t s  i s  m a in ta in e d  when t h e  l e a v e s  a r e  

r e t u r n e d  t o  t h e  o r i g i n a l  c o n s t a n t  c o n d i t i o n s  ( W i lk in s ,  1 9 6 0 a ) . A lth o u g h  

no rhy thm  i s  a p p a r e n t  i n  l e a v e s  exposed  t o  h ig h  l i g h t  i n t e n s i t i e s ,  a 

s i n g l e  change from l i g h t  t o  d a rk  w i l l  i n i t i a t e  a  rh y th m . The p h a se  o f  a



rhythm, t h u s  i n i t i a t e d  i s  d e p en d e n t  on t h e  t im e  o f  t r a n s f e r  h u t  in d e p e n ­

d e n t  o f  t h e  s i d e r e a l  t im e  ( W i lk in s ,  1 9 6 0 a ) .  T e m p o ra r i ly  r e p l a c i n g  t h e  

c a r h o n - d i o x i d e - f r e e  a i r  w i th  n i t r o g e n  a t  c e r t a i n  t i m e s  i n  t h e  c i r c a d i a n  

c y c l e  d e l a y s  t h e  p h a s e  o f  t h e  rh y th m  (W i lk in s ,  1 9 6 7 ) .  F i n a l l y ,  t h e  m ost 

im p o r ta n t  c o n f i r m a t i o n  o f  t h e  endogenous n a t u r e  o f  t h e  rhy thm  i s  t h e  f a c t  

t h a t  t h e  p e r i o d  o f  t h e  rh y th m  i n  l e a v e s  i n  c o n s t a n t  d a rk n e s s  depends  on 

t h e  am b ien t  t e m p e r a t u r e ,  showing a. s m a l l  b u t  s i g n i f i c a n t  d e c r e a s e  w i th  

i n c r e a s i n g  t e m p e r a t u r e  ( W i lk in s ,  1 9 6 2 b ) ,

Rhythms o f  c a rb o n  d i o x i d e  exchange have b een  o b s e rv e d  i n  a  number 

o f  o t h e r  s p e c i e s  o f  s u c c u le n t  p l a n t s .  Schm itz  (1951) d e m o n s t r a te d  a  

rhy thm  o f  c a rb o n  d i o x i d e  o u tp u t  i n  e x c i s e d  l e a v e s  o f  K alanchoe  b l o s s f e l d i a n a  

i n  d a r k n e s s  and i n  an a tm o sp h e re  i n i t i a l l y  f r e e  o f  ca rb o n  d i o x i d e ,

G rego ry  e t  a l  (195^) d id  n o t  d e t e c t  a  rhy thm  i n  t h e  r a t e  o f  c a rb o n  d io x i d e  

o u tp u t  o f  w hole p l a n t s  o f  K. b l o s s f e l d i a n a  i n  d a r k n e s s  and i n  a  s t re a m  

o f  no rm al a i r .  The oGou&ene e o f  a  rhy thm  in  t h i s  p l a n t  was however co n ­

f i rm e d  by  W uernbergk (1 9 6 1 ) w i th  c o n t in u o u s ly  i r r a d i a t e d  p l a n t s  i n  no rm al 

a i r ,  and more r e c e n t l y  by Q u e iro z  (1970) i n  c o n t in u o u s  l i g h t  o r  d a r k n e s s .  

R u e rn b e rg k  (1 9 6 1 ) a l s o  r e p o r t e d  c i r c a d i a n  rhy thm s o f  c a rb o n  d io x id e  

exchange i n  B ryophyllum  t u b i f l o r u m , B. da ig rem on tianum  and A loe  a r b o r e s c en s . 

I n  a  s u rv e y  o f  t h e  GQ-e-ur -enc-e o f  su ch  rhy thm s in  I 6 s p e c i e s  o f  s u c c u le n t  

p l a n t s  W ilk in s  (1959) c o n f i rm e d  t h e i r  p r e s e n c e  i n  B. d a ig re m o n t ianum and 

B. t u b i f l o r u m  and  i n  m a tu re  l e a v e s  o f  K. b l o s s f e l d i a n a  and d e m o n s t r a te d  

rhy thm s i n  one f u r t h e r  s p e c i e s  o f  B ryophy llum , B .c a ly c in u m , i n  a d d i t i o n  

t o  t h a t  i n  B. f e d t s c h e n k o i . A p o o r l y  d e f in e d  rhy thm  w i th  an e r r a t i c  

p e r i o d  was r e c o r d e d  i n  Sedum p r a e l t u m . However n o t  a l l  s u c c u le n t  s p e c i e s  

t e s t e d  d i s p l a y e d  r h y t h m i c i t y .  The c a rb o n  d io x id e  o u tp u t  from B. c ren a tu m  

was s i m i l a r  t o  t h a t  o f  rh y th m ic  s p e c i e s  d u r in g  t h e  f i r s t  20 h o f  d a r k n e s s .  

Only one p eak  o f  c a rb o n  d io x i d e  e m is s io n  o c c u r r e d  a f t e r  w hich t h e  r a t e  

o f  o u tp u t  g r a d u a l l y  d e c l i n e d .  R e s u l t s  v e ry  s i m i l a r  t o  t h o s e  f o r  B. c ren a tu m



k(j

wore fomd for tho remaining spool®# tested incXuding apodes of gedam, 

Crassula, C o t y l e d o n M a m m l l a r l a  and Aloo„

The oarbon ûio'KÎûe oxohsmge of saoemleat plants has also boon 

studied using the established technique for measuring the oarbon dlo&ido 

oompQnsatlon point of plants {doues  ̂ 1973; done# and Mansfield, 1970% 

1972)* This teohnlgwo mahos use o f a sealed syatem in -which a ir  is  con­

tinuously circulated  over the plant material and through an infra-red 

gas analyser« In contrast to  th is  ®closed c irc u it % the studies by 

Wilkins wore carried  out in  m  'open c irc u it ' in which the continuous 

gas stroc® passes over the plant m aterial and through the gas analyser 

only once# The 'closed circuit*  technique has revealed circadian rhythms 

in the carbon dloaslde compensation points of species o f %*:y'pphyllu:%,

Sedwa and Ammus. Xn *opoa circuit* the rhythm of carbon dioxide output 

in B» fedtschenkoi can be observed in darkness and in low ligh t Intcn^ 

c it ie s  but not in high light in tensities (Wilkins* 1960a)* In 'closed 

circuit* gas analysis the rhythm can be observed In high light inten-y 

©Ities but not in darlmeac (Jones and Mansfield, 19T3)*' The results 

obtained with both techniquec show that a reduction in ligh t Intensity 

w ill in itia te  a rhythm. A in  leaves in 'open circuit* can be

initiated by a transfer from ligh t to dark while in leaves in 'closed 

circuit* a transfer iVom dark to ligh t in itia tes the rhythn*

I t  Sms been known for many ycnrc that the carbon metabolism o f 

certa in  succulent plants displays diurnal variation , Among the f i r s t  

reports of th is  were the oboer-vationa that the ac id ity  of B. calycimM 

leaves increased during the night and decreased during the day (Kraits, 

l886a% 1886b)* iCraus also damonatratod th a t th is  flucta tion  in  acid ity  

vao associated with changes in  the starch content, a decrease in acid ity  

being accompanied by an increase in starch content. I t  had been found '



muah earlier that the g&s mtuke and output of auscuXent plento varied 

during tho day-night cyalo (DoS&us&uro, l60h)*

Although f ir s t  ohsorvod la the CraRoulaQeao* the aaoumulatlon of 

large amountm of orgauio soldo durl&g tho sight aud th e ir  disappeurauao 

during the day has hesu reported in mwy f&mllios of suGouleut plants*

For oxumplo Milburn et a l (19683 reported i t s  oocurreuoo imder natural 

aoaditioas in spoaie» of the M&WMmg&g.. IteS iSSSSS.. 9SSiSSS&%> 

SSmSSMS&o MMSSSag.. lissssas. »“ 1 SSSMâaSâSâi. '®»<2 aiw »al variations 

of gas exchange and ac id ity  are duo to  tho operati.on of a metabolic 

pathway which has become known so CmssiilacoaE Acid Metabolism (GAM)*

In, the leaves of CAM plants a large fixation of atmospheric carbon 

dioxide is  catalysed at night by tho onsymo phosphoouolpyruvate (PEP) 

carboxylase (EG h*1*1*31) (Walker, 198T» 1SJ62; Walker and brown, 1997).

The ôxaloaootcite produced is  reduced to walute by malate dehydrogenase 

(EC 1.1*1.37) resu lting  1% molate accumulation a t night in these leaves*

In the daytime carbon dioxide is  evolved in trace llu la rly  from mainte by 

malic onaymc (KC 1*1.1*10) with the production of pyruvate (Walker, I960, 

1 9 6 2 ), Pyruvate may then undergo complete oxidation to  carbon dioxide 

and water In the tricarboxylic acid cycle (Brandon@ 1963)* The carbon 

dioxide py/oduccd during deacidificatiou is  available for photosynthatio 

carbon dioxide fixation  by the enzyme ribulooe diphos%)hate carboxylase.

It is  assumed that most o f  the mclate synthoslood when carbon dioxide is  

fixed during tho dark is  transferred to a storage pool, probe^bly tho 

central vacuole*

Hhytihmicity in th is system may be the result of the periodic 

operation of one or more steps of the GAM pathway* This could be due to 

cyalie changes in tho amount or specificity  of one or more of the on%ymoG 

present. Alternatively, the activ ity  of cnsymos in tho pathway may undergo
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periodic promotion or inhibition. Bbrthormoro$ ayeXic variation of
oc-cccrr-i ^

nmMtvat&B or key 0o-en»ymo8» pon&ihXy ewwM% us a result of rhythmieljty

in  a  d if fe re n t  m etabolio pathway, oou3.d lead  to  o s o il la t io n s  ia  tW  o w r t

earhon dioxide OKohango. Tbeao pom sibilltios have boon exominod for

th@; rliythm o f  carbon dioxide output in  B# fodtoahenkol leaven (VJarraag
i t196H; Ifarroa and Wilklma % 1963, ) . Uoiug 00^ i t  van fa rad  th a t  th e  

amount o f carbon dioxide fixed  by th e  loaves v ariad  rhybM ioally and 

th a t  th e re  ims a co im idenae  botweea the  oacurrenee o f  pealin o f  th e  

fixation rhythm aad 'troughs of tho output rhythm.

The poBsibility that the eontrol of fixation by PEP earboxyleise 

resultn from the periodic availability  of tho oubotrata for th is reaction* 

X^hobphooaolpjrumt©. was inveetig&ted by ¥arren (196*t ). ^Infiltration of 

the leaves with th is nubstaxioe at times vheu m  cmrbom dioxide fixation  

oceurs cau.000 no InoreaBo in fixatioxi. This auggesto that the availab­

i l i t y  of substrate is  not rospoasible for tho observed rhythmic ity . The 

periodic appear aim 0 o f mt inhibitor of PBP oorbOKyiaae in the leaves tms 

also oxai'îinad in th is study. At least two inhibitory substances were 

foximl to be present in the leaves but; wm*o present at a l l  phases o f  the 

oyole. Possible periodic wariation In the, availability of co-oaaymos 

Ims not bean investigated*

Queiros (1965% 1966, 1967* 1966a, 1968b, 1969, 1970, 1972a, 1972b) 

and Queiroa e t  a l  (1971 * 1972) have in v es tig a ted  the  c o n tro l o f  CAM in  ' 

leaves o f K. ̂ 'bloshfeW ia n^* During lig h t-d a rk  cycles w ith a sho rt photo-** 

periodjs la rg e  v a ria tio n s  in  th e  a c t iv i t i e s  o f PBF earboxylaso and malic 

enzyme OQO%%r m  crude e x tra c ta  o f  leaves % to g e th er w ith v a ria tio n s  in  

th e  a c t iv i t i e s  o f a sp a r ta te  m in o tm is fo ra s o  (EG 2.6.1*1*) and a lan ine  

aminotransfoma© (10 2*6.1»2.)b ousymos c lo se ly  asso c ia ted  with CAM.

Those v a ria tio n s  a re  asso c ia ted  w ith tho changes in  hhe le v e l o f  maloto
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brought about bp dark oarbou dioxide fixation* The ac tiv ity  of PBP 

çarboxylaco deercaooa miring tho night ae malate accumulates* and 

iuorcaeca toxfarde the cud of tho day ao malate ia  metabolised. In con­

trast*  the ac tiv ity  of iimlio enzyme incroasos through the night as mal&to 

acoutîiuXatos * atid ĝ howe a decrease during the day which parnllel.o the 

declining molate content of tho leavoa.

Mainte' iu a strong inh ib itor of tho ©asymo PKP onrboxylnao (Kluge 

and Osmond* 19T2). Queiroz (1966) has further demonstrated tha t tho 

extractable ac tiv ity  of malic (msyme a t the beginning of the day is  

dependent on the 3.eveX of malat© j^reaents suggesting a promotive effect 

of raalate on mall© enzyme a c tiv ity , In view of these observations

Queiroz (1970» 1972a) hac explained the diurnal pattern, of CAM metabolism

in terme of promotion and inhib ition  of enzy^ae a c tiv itie s  by malia no Id*

Ho euggeote that fixation occurs at the beginning of the night and that

mainte accumulator until BIP oorhoxylaao booom®» inhibited and further 

fixation aoasos. The JEtctivlty of malato dehydrogenase appears never to  

be limiting* with the result that oxaloaoatato is  rapidly converted to 

malate after the primary fixation reaction (Queiroz, 1970), The high 

level of malate then favours the notion of malic enzyme, decarboxylation 

becoming apparent at the ea&penee of a fraction #f the accumulated malat®. 

The activity  of PIP carboxyolaee increaeee in the ab&cno© of the inhibitory 

mainte and the cycle rccoimencen, at the ©tart of the next dark period* 

Howver, caution must be CKercifsed in interpreting tho recuite of experi-" 

mente where enzyme a ctiv itie s  have been measured in crude extmeta, cince 

i t  hoc bean ootimatod that ae l i t t l e  an Xfi of tîio malate aoouBmlatod in 

the vacuole xrouXd* i f  jyreoeut in the cytoplasms cmiplotely inhibit PEP 

earboxylaoe activity (Kluge and Oanjond* .1972). Thus fixation must be
(̂.Cvirrlntj

oo«m4eg even whom the tota l malato content of the c e ll  is  sufficient*

xfhen moaeiired in crude extract a* to  completely inh ib it PEP carboxylaeoo



Tho ' - o n e o p t  o f  c o n t r o l  by f' '■•\'l'back i n h i b i t i o n  h a s  been r e f i n e d  

h y  c o n s i d e r i n g  t h e  f i x a t i o n  p h a s r  o f  t h o  u i n r n a l  p r o c e s s  a s  c o n s i s t i n g  

o f  b o t h  t h e  f i x a t i o n  o f  c a r b o n  d i o x i d e  a n d  t h e  a c t i v e  t r a n s p o r t  o f  

m a la te  t o  t h e  v a c u o l e  ( K l u g e  a n d  H e i n i n g e r *  1973; K luge and L ü t t g e ,

1 9 7 ^ )-  The i n h i b i t i o n  o f  PEP c a r b o x y la s e  would th e n  depend  on t h e  l e v e l  

o f  t h e  c y to p la s m ic  p o o l  o f  m a la t e .  T h is  w ould , a c c o r d in g  t o  t h e s e  a u t h o r s ,  

depend on t h e  r a t e  o f  i n f l u x  o r  e f f l u x  o f  m a la te  t o  o r  from t h e  v a c u o le .  

K in e t i c  s t u d i e s  o f  t h e  r e l e a s e  o f  -m a la t e  i n t o  b u f f e r  s o l u t i o n s  from 

t i s s u e  s l i c e s  o f  B ryophyllum  l e a v e s  l a b e l l e d  by t h e  f i x a t i o n  o f  - c a rb o n  

d io x id e  i n d i c a t e  t h a t  t h i s  c o n s i s t s  o f  t h r e e  p h a s e s ,  in v o lv in g  m a la te  

e f f lu x ,  from f r e e  s p a c e ,  t h e  c y to p la s m ,  and t h e  v a c u o l e s .  From t h e  d a t a  

o b ta in e d  i t  was e s t i m a t e d  t h a t  t h e  c y to p la s m ic  p o o l  o f  -m a la t e  i s

h ig h e r  i n  a c i d i f i e d  t i s s u e  t h a n  in  d e a c i d i f i e d  t i s s u e .  F u r th e rm o re  t h e  

e f f l u x  o f  ^ ^ C -m a la te  i n t o  t h e  e x t e r n a l  s o l u t i o n  from t h e  v a c u o le s  i s  

a l s o  h ig h e r  i n  a c i d i f i e d  th a n  in  d e a c i d i f i e d  t i s s u e s  and  i n c r e a s e s  when 

t h e  m a la te  s o l u t i o n  e n c lo s e d  i n  t h e  v a c u o le  i s  made more c o n c e n t r a t e d  

by i n c r e a s i n g  t h e  o sm o tic  p o t e n t i a l  o f  t h e  b u f f e r  (K].uge and H e in in g e r ,  

1973; L i i t tg e  and B a l l ,  197^1-a.) .  I n c r e a s i n g  t h e  o sm o tic  p o t e n t i a l  o f  t h e  

b a t h i n g  medium a l s o  a f f e c t s  t h e  d i s t r i b u t i o n  o f  r a d io c a r b o n  among t h e  

m e t a b o l i t e s  when t h e  t i s s u e  i s  a l lo w e d  t o  f i x  c a rb o n  d io x id e  in  t h e  

l i g h t .  T h is  s u g g e s t s  t h a t  t h e  r a t e  o f  m a la te  f l u x  from t h e  v a c u o le s  t o  

t h e  c y to p la s m  may be  in v o lv e d  i n  c o n t r o l  o f  CAM. I n  d e a c i d i f i e d  t i s s u e  

t h e  i n c o r p o r a t i o n  o f  ^ i n t o  m a la te  i s  i n h i b i t e d  a t  h ig h  e x t e r n a l  osm otic  

p o t e n t i a l s  w hereas  found i n  c a r b o h y d r a t e s  p ro d u ced  by  p h o to s y n th e s i s

re m a in s  a t  t h e  same l e v e l .  T h is  e f f e c t  i s  e x p l a in e d  by i n h i b i t i o n  o f  PEP 

c a r b o x y la s e  by a  g row ing  c y to p la s m ic  m a la te  p o o l .  T h is  would r e s u l t  

from t h e  r e t a r d e d  m a la te  f l u x  from t h e  cy to p lasm  i n t o  t h e  v a c u o le  and 

a l s o  t h e  i n c r e a s e d  m a la te  e f f l u x  from t h e  v a c u o le  w hich  would o c c u r  under 

t h e s e  c o n d i t i o n s .  I t  i s  th u s  e n v isa g e d  t h a t  d u r in g  th e  n ig h t  f i x a t i o n  

o f  ca.rbon a i o x i d e  o c c u r s  a n d  t h e  m a la te  i s  t r a n s p o r t e d  t o  t h e  v a c u o le .



As t h e  v a c u o l a r  p o o l  o f  m a la t e  i n c r e a s e s  t h e  t r a n s p o r t  o f  m a la t e  t o  t h e  

v a c u o le  d e c r e a s e s .  The r a t e  o f  e f f l u x  o f  m a la te  from  t h e  v a c u o le  t h e n  

i n c r e a s e s  and t h e  c o n s e q u e n t  i n c r e a s e  i n  t h e  s i z e  o f  t h e  c y to p la s m ic  

p o o l  o f  m a la te  r e s u l t s  i n  t h e  i n h i b i t i o n  o f  c a rb o n  d i o x i d e  f i x a t i o n .

The d e a c i d i f i c a t i o n  p h a se  o f  t h e  d i u r n a l  c y c l e  w ould t h e n  in v o lv e  

p a s s i v e  l e a k a g e  o f  m a la t e  from t h e  v a c u o le .

F u r t h e r  e v id e n c e  on t h e  im p o r ta n c e  o f  t h e  t r a n s p o r t  o f  m a la te  in  

CAM c o n t r o l  comes from  e x p e r im e n ts  w i th  t h e  c h e m ic a l  <X -isopropyl-O C -  

[ (  N -m e th y l-N -h o m o n e ra ty l- 'V  -am inopropylQ  - 3 ,4 - d i m e t h o x y p h e n y T a c e t o n i t r i l e  

( v e r a p a m i l ) .  T h is  c h e m ic a l  i n f l u e n c e s  t h e  t r a n s p o r t i n g  p r o p e r t i e s  o f  

membranes and c a u s e s  an  i n c r e a s e  i n  t h e  e f f l u x  o f  m a la t e  from s l i c e s  o f  

B ryophyllum  l e a v e s  ( W i l l e r t  and K luge ,  1 9 7 3 ) .  The p r e s e n c e  o f  v e r a p a m il  

i n  t h e  b a t h i n g  medium re d u c e s  t h e  a b i l i t y  o f  t h e  t i s s u e  t o  a c c u m u la te
oCXW-rr-̂ c-C

m a la t e  i n  t h e  d a rk .  Thus i t  a p p e a r s  t h a t  t h e  ee-e-ur-eno-e o f  CAM i s  d epen ­

d e n t  on t h e  i n t e g r i t y  o f  membrane sys tem s  and t h e  a c c u m u la t io n  o f  m a la te  

i n  t h e  v a c u o le s  ( W i l l e r t ,  1 9 7 2 ) .

These t h e o r i e s  w ere d e v e lo p e d  l a r g e l y  from  e x p e r im e n ts  p e r fo rm e d  

on t i s s u e  in  l i g h t - d a r k  c y c l e s .  I t  seems l i k e l y  t h a t  a d d i t i o n a l  o r  more 

complex r e a c t i o n s  a r e  i n v o lv e d  i n  t h e  c o n t r o l  o f  CAM w hich  i n t r o d u c e  

an  endogenous te m p o ra l  e lem en t i n t o  t h e  seq u en ce  o f  r e a c t i o n s .  The 

in v o lv e m e n t  o f  a d d i t i o n a l  r e a c t i o n s  i s  s u g g e s te d  from  t h e  o b s e r v a t i o n s  

o f  m a la te  s y n t h e s i s  d u r in g  t h e  l i g h t  p e r io d , .  T h is  may rem a in  i n h i b i t e d  

even  when t h e  m a la t e  l e v e l  h as  f a l l e n  be low  t h a t  w h ich  p e r m i t t e d  ca rb o n  

d io x i d e  f i x a t i o n  i n  t h e  d a r k  (K luge and Osmond, 1 9 7 2 ) .  Q u e iro z  ( l9 7 2 a )  

h a s  r e p o r t e d  t h a t  a l th o u g h  t h e  maximum a c t i v i t y  o f  m a l ic  enzyme m easu red  

in  c ru d e  l e a f  e x t r a c t s  o f  K. b l o s s f e l d i a n a  i s  a t t a i n e d  n e a r  t h e  end o f  

t h e  d a rk  p e r i o d ,  none o f  t h e  a cc u m u la ted  m a la te  i s  u s e d  b e f o r e  t h e  

b e g in n in g  o f  t h e  l i g h t  p e r i o d .  An e x p l a n a t i o n  f o r  t h e  f i r s t  o b s e r v a t i o n
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i s  t h a t  PEP c a r b o x y l a s e  may c o n t in u e  t o  be a u p rè s  Bed i n  t h e  a b s e n c e  o f  

m a la te  by  t h e  p r o d u c t s  o f  m a la t e  d e g r a d a t i o n .  T hese  i n c lu d e  p y r u v a t e ,  

t h e  i n h i b i t o r y  n a t u r e  o f  w hich  h a s  b een  d e m o n s t r a te d  (K luge and Osmond, 

1 9 7 2 ) .  A second  h y p o t h e s i s  may be advanced  w hich  c o u ld  e x p l a in  t h e  

above o b s e r v a t i o n s  and a l s o  i n t r o d u c e  a  t e m p o ra l  f a c t o r  i n t o  t h e  m e tab o -
< ) C * t v r - r -

l i e  pa thw ay . T h is  i s  t h a t  t h e  o o o u renoe o f  a c t i v e  and  p a s s i v e  t r a n s p o r t  

t o  and from  t h e  v a c u o le  d epends  n o t  o n ly  on t h e  amount o f  m a la t e  b u t  

m ore d i r e c t l y  on t h e  t r a n s p o r t  p r o p e r t i e s  o f  t h e  membranes in v o lv e d .  

W hether t h i s  c o u ld  be  b r o u g h t  a b o u t  by t h e  m a la te  o r  a s s o c i a t e d  p ro to n  

f l u x e s  th e m s e lv e s  i n  a  f e e d b a c k  m anner a n a lo g o u s  t o  t h e  io n  pump m odels  

s u g g e s te d  by Wjus e t  a l  (197^) i s  n o t  c l e a r .  L i i t t g e  and B a l l  ( l9 7 ^ a ,  

197^b) have  s u g g e s te d  t h a t  a  sy s tem  a n a la g o u s  t o  t h e  K*" f l u x e s  m e d ia te d  

by  a c t i v e  and p a s s i v e  t r a n s p o r t  p r o c e s s e s  i n  A l b i z a i a  n u l i b r i s s i n  

( B a t t e r  and G a l s to n ,  1 9 7 1 a ,  19717); A p p lew h ite  e t  a l ,  1973) may o p e r a t e .  

L i i t tg e  and B a l l  (197^1) r e p o r t  t h a t  i n  Bryophyllum  t h e  f l u x  seems s p e c ­

i f i c  f o r  m a la t e  and  p r o to n s  and i s  in d e p e n d e n t  o f  t h e  p o ta s s iu m  o r  

c h l o r i d e  i o n  c o n c e n t r a t i o n .  I f  such  a  system  o p e r a t e s  ca rb o n  d io x id e  

f i x a t i o n  would o c c u r  o n ly  i n  c o n j u n c t i o n  w i th  a c t i v e  t r a n s p o r t  o f  m a la te  

t o  t h e  v a c u o l e .  At o t h e r  t im e s  PEP c a r b o x y la s e  w ould  re m a in  i n h i b i t e d  

by t h e  a c c u m u la t io n  o f  r e l a t i v e l y  s m a l l  amounts o f  m a lâ t e  i n  t h e  c y t o p l ­

asm ic  p o o l .

Rhythms o f  ca rb o n  d i o x i d e  exchange  have  been  o b s e rv e d  i n  a  number 

o f  n o n - s u c c u le n t  s p e c i e s .  I n  many o f  t h e s e  c a s e s  r h y t h m i c i t y  a p p e a r s  t o  

r e s u l t  f ro m , o r  i s  o b s e rv e d  a s ,  rh y th m ic  f i x a t i o n  o f  c a rb o n  d io x i d e  in  

p h o t o s y n t h e s i s .  I n  o t h e r  c a s e s  rh y th m s p e r s i s t  i n  c o n d i t i o n s  w here 

p h o t o s y n t h e t i c  ca rb o n  d i o x i d e  f i x a t i o n  canno t be  r e s p o n s i b l e .  The o c c u r ­

r e n c e  o f  a rhy thm  i n  t h e  r a t e  o f  c a rb o n  d io x i d e  o u t p u t  o f  Avena s a t i v a  

c o l e o p t i l e s ,  when t h e y  a r e  t r a n s f e r r e d  from r e d  l i g h t  t o  d a r k n e s s ,  has  

been  d e s c r ib e d  by B a l l  e t  a l  (1 9 5 7 ) .  H illm an  ( l9 7 0 )  h a s  r e p o r t e d  a
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rhythm in the carbon dioxide output of t o m  PHBââSM persists

in darkness. The primary leaves of Phaseolus show one or two peaks of**     Mi# *'*

a earhoB diosdde output rhytlm in continuous darlaaess after transfer 

from light-dark cycles (toiin* Prim sur Lippe* 1956), There is  no 

evidence for or against the involvement of carton dioxide fixation in 

these rhytMSa

Chia-Looi and Gumming (1972) reported that the dry weight of 

Ghenopodium ruhriim seedlings varies rliybïmieally during a 72**h dark 

periodp The only ways ia  which the dry imight of the tissue could in­

crease in darkness is  by either periodic uptake and release of mineral 

salts from the growth medium* or rhytlmic net synthesis of dry matter 

by the fixation of atmospheric carbon dioxide, IJhen seedlings were 

treated with higher levels of carbon dioxide (0,1^) in darkness* the dry 

weight content was greater than in seedlings supplied with normal air 

(0,03^3^), The authors consider that a, rhythmic mechanism similar to 

that of CM may operate in G, rubrum* Thus the rhybhaais fluctation in 

the dry weight of the seedlings may he explicable on the basis of 

rhybljmic changes in the rate of dark carbon dioxide fixation. The rhythm 

of dark respiration measured as corhon dioxide output :EIrom Ohenopodium 

seedlings cannot however he explained hy rliybhmic aarhon dioxide fixation^ 

The rhythms of carbon dioxide output and dry weight d iffer in both phase 

and period. Using the same technique which revealed rhythms in the car­

bon dioxide compensation points of a number of succulents* Jones and 

Mansfield (1970) also found at rhythm in Coffea arabica. Subsequent 

studies showed that such rliythms are not coamonly found in non-succulents 

and their presence even in Coffea ia dependent on the age of the leaves 

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

The rhythm in the rate of carbon dioxide output in B, fedtschenkoi
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leaves was se lec ted  fo r  th e  inveet% atioB  in to  th e  photocontrol of 

eircadioB  rhytMno fo r  a mmbor of reasons. Bhytlvaa o f aarlon  clioKide 

esohange a re  p a r t ic u la r I j  su ita b le  fo r in v es tig a tio n  ainco th e  technique 

o f in fra -re d  gas anslyo ie  perm its tho  carbon dioxide lev e l in  a gao 

stream to  be monitored automat io a lly  and frequen tly  * As th e  o s c i l la t io n  

o f carbon dioxide emiseion i© believed  to  be generated and co n tro lled  

a t  th e  o o llu la r  love].* s p a t ie l  rep a ra tio n  o f th e  photoro®option and 

o s c i l la to r  meelmulam# i s  not expeeted* /JLthough th e  preo iae mcohanism 

of osoiX latioB i t  imknmm, th e  underlying biochemical pathways have bean 

th e  sub jec t o f considerab le  and d e ta ile d  roaearch* This p e m ito  rocearch  

in to  th e  pl'totocontrol o f  th e  rhytlmi to  be re la te d  to  p oss ib le  o s c i l la to ry  

mechanisms, B, fedtechenkoi i s  -or evergreon prrennla). p lan t and can 

e a s ily  be propagated v e g e ta tiv e ly , Ample supplies o f su ita b le  expéri­

menta]. p lan t m a te ria l can therefore be re a d ily  obtained .

Thus the object of th is  investigation was to  study ia  d e ta il * 

aspecta of photocoatrol o f  the circadian rhythm of carbon dioxide output 

ill leaves of B,̂  p a rticu la r, to  identify  the pigments

involved in  photoreooption in each of these aspects.
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MAl'JSHIAW um  HISKOBS

1, Plartti t#berml

The pXaat mo*«rial was Bryoigkyllum (KoXaoohoë) fcdtaohoafeoi lïsmot

#t Per. Tho Bt'Osk of plaats hail mmi derived vegetativoly aa euttiags 

from a aiagle original plant obtained from tho Boyal fotcmic Gardens • 

Km and was tho earne ao that used in investigations by Wilkins (1959  ̂

1960a* 1962a, 1962b, 1 9 6 9 * 1 9 6 7 * 1973) md Wmrrm aM Wllklno

(.1 9 6 1 ). A aontimone supply of (mpermental material «as obtained by 

regularly taldns cuttings ̂  coasiating of shoots with five pairs of 

well developed leaves* from atook plants, Experimented plants were grown 

in plesfeie pots either singly (pots 103 mi dimeter* 100 mm depth) or 

with two planta per pot (130 ®a diameter, <120 depth), A standard compost 

mmtwe of topsail: Mtoax* §nkm^im moss peat: course sand, 1:1:1*

was used. Plante were maintained * until required, ia  a heated greenbouoe 

with a minimum temperature of approximately 18^0.

Plants were transferred  to  a controlled environment roam a t loaat 

T d, and typ ically  weeks* before use in expérimenta. An 6-h photo- 

period was provided 08.00 b to  16.OO li each day by a bank of 63/80 W 

fluoresooat lamps (Atlas 'Daylight Supafire* s S te lla  Mtea White'* 1:1). 

Those imro mounted Im above bench le v e l. The radiant flms density a t 

bo&Gh level 47.3 if m The temperature tmo 23 -  0.3^0 during

the photoperiod mud 13  ̂ 0,3^0 during tb% dark period. Humidity ia the 

growth room was not coatrolled. The pleats wore watered daily .

A small nuHibor of experiments were oiuTiol out using plants wïiich 

hod been maintained ia  an uaheated greenhouse with 16 h mppXmmnt&^y 

irrad ia tion  given each day Aeom 06.00-22.00 h. Irrad ia tion  wne provided

by 6 3 /0 0  W flores©eat lamps (Phillips 'Daylight') 60m% apart and 6bOmm



above bench  l e v e l .

E x p e r im en ts  w ere c a r r i e d  o u t  on l a r g e ,  s u c c u l e n t ,  m a tu re  l e a v e s .

The t o p  f i v e  p a i r s  o f  l e a v e s  w ere n o t  s e l e c t e d  s i n c e  rhy thm s p e r s i s t e d  

w i th  a  lo w er  a m p l i tu d e  i n  t h o s e  t h a n  i n  m a tu re  l e a v e s .  I t-  h a s  r e c e n t l y  

b een  r e p o r t e d  t h a t  young l e a v e s  may n o t  show t y p i c a l  CAM ( J o n e s ,  19T5)- 

L eaves  showing any  s ig n s  o f  s e n e s c e n c e  w ere a l s o  r e j e c t e d .  The p ro d u c ­

t i o n  o f  s u i t a b l e  l e a v e s  was enhanced  by e x c i s i n g  t h e  m ain  sh o o t  o f  

p l a n t s  above  t h e  f o u r t h  o r  f i f t h  v i s i b l e  l e a f  p a i r  and s u b s e q u e n t ly  

rem oving  a x i l l a r y  s h o o ts  a s  t h e y  w ere  p ro d u ced .

2 . Carbon d io x i d e  m o n i to r in g  a p p a r a t u s .

A f lo w  d ia g ra m  o f  t h e  equipm ent u s e d  t o  m o n i to r  t h e  r a t e  o f  ca rb o n

d io x i d e  o u tp u t  from  B ryophyllum  l e a v e s  i s  shown i n  F ig u r e  1 .  A i r  from

com pressed  a i r  c y l i n d e r s  ( B r i t i s h  Oxygen Co. L t d . )  was p a s s e d  th ro u g h

3s e v e r a l  v e s s e l s  eac h  c o n t a i n i n g  750  cm o f  a  10% aqueous  s o l u t i o n  o f  

p o ta s s iu m  h y d ro x id e  t o  remove c a rb o n  d i o x i d e  p r e s e n t  i n  t h e  a i r .  The 

p o ta s s iu m  h y d ro x id e  i n  t h e s e  v e s s e l s  was renew ed a t  2 -3  week i n t e r v a l s .

The g a s  s t r e a m  t h e n  p a s s e d ,  v i a  a  d e v i c e  w hich  m a in ta in e d  a  con­

s t a n t  p r e s s u r e  i n  t h e  sy s te m ,  t o  t h e  r e f e r e n c e  t u b e  o f  an  i n f r a - r e d  gas  

a n a l y s e r  (IRGA). A f t e r  t h e  s t r e a m  had  p a s s e d  th r o u g h  t h e  com parison  

t u b e  o f  t h e  IRGA i t  was d iv i d e d  i n t o  fo u r  s t r e a m s ,  eac h  o f  w hich t h e n  

p a s s e d  th r o u g h  a  c a p i l l a r y  f lo w  m e te r .  Flow m e te r s  w ere  c o n s t r u c t e d  from 

manometer t u b e s  c o n t a i n i n g  B r o d i e ' s  s o l u t i o n  and f i x e d  a g a i n s t  a m e a su r­

in g  s c a l e .  The a i r  s t re a m  p a s s e d  from one arm o f  t h e  manometer t o  t h e  

o t h e r  th r o u g h  a  c a p i l l a r y  t u b e .  T h is  was f i x e d  t o  t h e  open ends o f  t h e  

manometer by s h o r t  l e n g t h s  o f  r u b b e r  t u b i n g .  The r e s i s t a n c e  t o  f lo w  

in d u c e d  by t h e  c a p i l l a r y  c a u se d  a  d i s p la c e m e n t  o f  t h e  s o l u t i o n  i n  t h e  

manometer which wus p r o p o r t i o n a l  t o  t h e  gas  f lo w  r a t e .  The r a t e  o f  f low
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wa# © o m tro l led  b o th  a t  t h o  head, aad  a t  t h o  p o ly th e n o  tm b la g

i» lot to tho flow met01*8 , At tho la tter  oit© either fine gao flow 

r e g u l a t o r  v a lv e #  o r  38mm oerow o l i p $  w ere  u s e d ,

Three of the streams passed to  plant ohamhors end them to the 

sample tube of the IRGA via solenoid vbIvoo* Tho fourth stream by-passod 

tho plant ohambars and flowed directly from the flow meter to the solenoid, 

valves, The fourth stream thus enabled an hourly eheoh of the sero of 

the IRGA to bo made, The solenoid velveo were operated by a ew  timer 

la  Bitch a way that the gas flow from each ohambsr was directed isi turn 

tîîTOUgh the sample tube of the analyser for 15 mln, and to waste for tho 

remaining 45 min, ia each hour* The output signal o f tho IRGA* ropre- 

souting tho difference iu the cêMîou dioxide content of the air in the 

reference and simple tubes of tho analyser» was recorded on a chart 

r e c o r d e r *

Chambers in which leaves were irradiated (Figure g) were emutruoted 

from clear perspex and consisted of a hol2.ow base divided into two, 3mm 

internal diemoter brass or porspex tubing conducted the stream of air 

into and out of tho chtmbera* Tho removable top of the chnmbora woe a 

8mm thick oh®et of pwoy@%o This was hold ia place by a peropex frame 

©crowed tightly  to the bao© of tho chamber. Soft rubber formed tm a ir -  

tight mmX between the two pleat ©hombora and a water-tight seal between 

.the bao© and top. The chmbero were tomà to be completely air and 

water-tight when tooted at prooouroo far in exoeae of those ©mounterod 

during normal uce* Plant ©hmiberc designed to maintain leovem In darknesc 

were ooaetructod from 150 ram % 48 (or @4) mm diameter glaeo tube© covered 

with 3 layer® of black ineulatlog tape* These tubes were stoppered at 

each end with rubber bungs through which 6m (Internal dimeter) glass 

tubing carried the @sa flow* To avoid leakage of light the glass and
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FICUEB 2

Per apex plant clituaber* containing BryoplT̂ llnm leavea, 

Fhotofîjraplï» «how clmmbera with the top detached (A) and 

attached (B) to the ba«e
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m ,

p lastic  tubing for  a o f  350mm oither sicto of thebo abembors

v u s  a l e o  e o v e ro d  w i th  b la o k  t a p e .

EXant qhamber# were maintained in  imter bathe at a depth o f  150mm* 

Used in conjunction with re frid o î̂raM-se wilts* those trater batM main­

tained experimental arablout temperatures -  0 ,2 ^ 0 ,  The w a te r  baths con- 

tam ing  the plant chambers wore eiielooed in dark oabm cts constructed  

fro m  Micmdy Angle® irameo m iû. eoverod with two layer® o f  black polythene 

(IgOOO gunge; Tmneatlantio P lastics L td ,).

Three cœaplote eats of oquipient were uoed. In tho f irs t»  a Grubb- 

Fareono IRGA (model BBl) was miployed whicli received a power supply 

tram a Grubb-Farcons typo A,A#C voltage s ta b ilise r , A modified EhlllipG 

valvo voltmeter was used in  oomjumtlon with the BBl IRGA and provided 

tlm  high tension current to  the detecting oondcaser o f tho IRGA and 

amplified the output Bigual, Thie oignal m s displayed on m  E llio t 

type 230 chart recorder, The plant ehambors were maintained a t constant 

temperatures with a Grants water bath (Model BEh) and a. Grants cooling 

unit (siodel QQV})  ̂ Tho gm flo\m %wro directed through the IRGA in turn» 

by moans of solenoid vaXvce (Figm’o 3), These consisted of oppositely 

mounted solenoids » activated by a X-h com time switch (BIremoo Ltd. 

BCT/4). The solenoids t i l t e d  a three armed glass tuba in such ais, way 

tha t » depending on which solenoid was activated, a m a ll  amount of 

mercury blocked one of the outer arms. The gas stream entering the 

centre arm was thus directed tlirough the open tube e ith er to  w&sto or 

to  the gas analyse??, Bvery .15 mlu one of the valves m s t i l t e d  to  the 

'to  position while the previously ojioruted valve was sijiniltaaeousXy

activated and retm ’iied to  tho 'to  waste' position. Tiio eolmioid# ware 

operated by a 18 vo lt supply f&'om a tranoformor.

The aocohd apparstue was basically  sMilm? to  the f i r s t ,  A Grubb-





PIQURE 3

Oolenoiû imXTea uiied in «pporatu» 1 .

(a) Plow airtcted to  vaste vhm solenoid 1 i»  activated, 

(B) Piov directed to ÏHGA vheu solenoid 2 is  activmted*
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To waste

Mercury

Pivot

Solenoid 2Solenoid 1

To IRGA B

Solenoid 1 Solenoid 2



P a rs o n s  SB2 IRGA was used- w hich d id  n o t  r e q u i r e  a  s e p a r a t e  s t a b i l i z e r

o r  w oltm etei- .  The o u tp u t  s i g n a l  from t h e  IRGA was r e c o r d e d  on a

S e r v o s c r ib e  I s  p o t e n t i o m e t r i c  f l a t b e d  r e c o r d e r .  The g a s  f low s w ere

d i r e c t e d  t o  w a s te  o r  t o  t h e  IRGA by  B la ck  model 1 5 1 0 , 3 way, n o rm a l ly

open s o le n o i d  v a l v e s  (B la ck  A u tom a tic  C o n t r o l s  L t d . )  The t h i r d  a p p a r a tu s

a l s o  u t i l i z e d  a  G ru b b -P a rso n s  SB2 IRGA b u t  d i f f e r e d  from t h e  f i r s t  two

a p p a r a t i  in  t h a t  a  G ra n ts  SB35 w a te r  b a t h  and S c h ra d e r  3 way

n o rm a l ly  open s o l e n o i d s  v a l v e s  w ere u s e d .  The s o l e n o i d  v a lv e s  u sed  in
\

a p p a r a t i  2 and 3 w ere o p e r a t e d  a t  m a ins  v o l t a g e .

In  a p p a r a tu s  1 t h e  i n t e r n a l  d ia m e te r  o f  p o ly th e n e  tu b i n g  u se d  t o  

c a r r y  t h e  g a s  s t re a m  was 5mm and t h e  f lo w  m e te r s  w ere  c o n s t r u c t e d  from 

3 mm i n t e r n a l  d ia m e te r  manometer t u b e s  and 0 .5  mm c a p i l l a r y  t u b e s .  I n  

t h e  second  and t h i r d  s e t s  o f  eq u ip m en t ,  6 mm i n t e r n a l  d ia m e te r  p o ly th e n e  

t u b i n g ,  5 mm manometer t u b e s  and 0 .5  mm c a p i l l a r y  t u b e s  were u s e d .  A l l  

t h r e e  IRGA* s w ere  f i t t e d  w i th  o p t i c a l  s u p p r e s s io n  f i l t e r s  w hich e l i m i n ­

a t e d  i n t e r f e r e n c e  from i n f r a - r e d  r a d i a t i o n  a b s o rb e d  by b o th  w a te r  v apou r  

and c a rb o n  d i o x i d e  i n  t h e  g a s  s t r e a m .

The c a p i l l a r y  f lo w  m e te r s  w ere c a l i b r a t e d  by r e c o r d i n g  t h e  t im e  

t a k e n  a t  s e v e r a l  s e t t i n g s  f o r  a i r  f lo w in g  th r o u g h  t h e  m e te r  t o  d i s p l a c e  

w a te r  from an i n v e r t e d  v e s s e l  o f  known volum e. The c a l i b r a t i o n  d a t a  so 

o b t a in e d  w ere c o n f i rm e d  w i th  a  soap  b u b b le  f low  m e te r .  The HIQ-A ' s  w ere 

c a l i b r a t e d  w i th  a i r  o f  a  knoi-m c a rb o n  d io x id e  c o n t e n t .  The c a rb o n  

d io x i d e  c o n t e n t  o f  a  c y l i n d e r  o f  a i r  was d e te rm in e d  by p a s s in g  a  known 

volume o f  t h e  a i r  th r o u g h  a  0 . 0 7 3  N aqueous s o l u t i o n  o f  barium  h y d ro x id e  

in  a  s e r i e s  o f  t u b e s .  A s u f f i c i e n t  number o f  tu b e s  w ere used  t o  e n s u re  

t h a t  no bar ium  c a r b o n a t e  p r e c i p i t a t i o n  o c c u r r e d  in  t h e  l a s t  t u b e s  o f  

t h e  s e r i e s .  The s o l u t i o n  i n  t h e  t u b e s  was t i t r a t e d  a g a i n s t  s t a n d a r d  

0 .1  N h y d r o c h lo r i c  a c i d .  The amount o f  c a rb o n  d io x i d e  a b s o rb e d  by t h e



barium liydrm ide ami heuoe th e  eouoem tratiou of  o&rbom dioxide in  th e  

t e s t  a i r  sample aould then  be calculated* A ir of  hnomi oarbou diojcide 

coûten t vas mixed in  varying proportione u i th  carbouHlioxide-iVee a i r  

tmâ paoBcd through th e  eample tube o f th e  ÏHGA while omrboHrdioxldorfree 

a i r  paoscd through th e  re fe ren ce  tube* In  th i s  way a c a lib ra tio n  curve 

fOjs7 XEGA response againot carbon d iosido  content of  a i r  was determined 

under conditions a m ila r  to  those  uaed in  nuboeguent experiments. The 

c a l ib ra t io n  curves obtained in  t h i s  way corresponded c lo se ly  to  those 

provided by th e  m anufacturers« Each lEGA was f i t t e d  w ith  a  c a lib ra tio n  

device which gave a reading when a wire was placed in  th e  path o f  th e  

infra^ 'rcd ra d ia tio n  paeslng through th e  sample tube* This c a lib ra tio n  

value was recorded a t  th e  s e n s i t iv i ty  o f  th e  HiGA and ch art recorder 

used fo r c a lib ra tio n . The re la tio n sh ip  between ch art d e fle c tio n  and th e  

carbon dioxide conten t o f  a i r  samples a t  any o ther s e n s i t iv i ty  s e ttin g s  

could thus be determined by comparing a  new c a l ib ra t io n  w ire reading  w ith 

th e  origintO. one. In addition» in  apparatus 1 th e  o a llb ra tio n  wire 

b u i l t  in to  the  XB0A warn operated au tom atically  onoe every how by th e  

1 h com tim er» as a check on th e  s e n s i t iv i ty  o f th e  IROA* The c a lib ra tio n  

o f  'both flow m eters mid IEOA*s waa checked p a rio d io a lly , SlxompXes o f  

th e  c a lib ra tio n  data- obtained ore shown in  Figure k and $, The equations 

o f th e  linos», obtained by ro^roaaion  amiXysls» wore used fo r trauoform - 

i n g  t h e  dcA%#

A number of rad iant energy sources wore ueod in irrad ia tion  studies. 

Those were mounted above the water baths in the dark cabinets, White 

l% ht was obtained from either a 6o V/ tungsten lamp or a 00 W» $80 mm» 

Atlas ^VAiito* fluorescent lamp. In the case of the tungsten lamp » the 

radiant flux density was adjusted to  th a t used experiment a lly  by means 

of a rheostat (Bercostat B50» dOQ ohms) connected in aorios. Monochrom" 

a tio  radiation mm obtained fi^om B.auscn and bomb High In tensity  Grating





FIGURE k

Calibration data for apparatus X flaw  met ere»

Each point is  the mean value o f at least 3 individual readings.

O -  manometer 1 , y * O.O$£J0x -  0.1433

#  -  manometer 2, y •  O.OTTOx -  0»131T

■ -  manometer 3» y •  0.1117% “ O»0L4O

A -  manometer 4, y •  O.llOQx * 0.1623
(lin e not shown)
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FIGimE g

Calibration data for apparatus 1 IHOA

y  « 0 .5 4 x  “  0*79
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td th  tuagetem light. QimQQm aomtalhlag W Sylvaaia

tw%g0 ten  M loge#  Im^ps aûd monoal;a?o;ua*to3?B w ith a g m h ia g  o f  1350 groovoa 

m  Ihc ontvauQQ aad melt mlita of the monoohromatoz* iw o  5*36 aM 3 

mm roa^& ativoly* Iho ii^adiant f to £  üonBity  o f  sîioaoalire.mtia r a d ia tio n  

xmo adjuated o ither with a rheostat QonaoGted in eerieo or by tîm hmm'^ 

tlon of Kcxiah Mratton nottral density filto ro  ih&to tho  bmm. Ihe mono" 

olwmator# provided sp eôteîl haa&a 85 m  wid® as nsaawed with a hand 

opc£otr0 s?.otor* fo  élim inâto isoosiblo oontamitmtlon o.f the rod end of the 

opeotrum w ith  o^orlappiag b lue l i g h t  o f  o th er  order ap eo tm  t e r n  th e  

grating two layers of Cinomoid Orange Ho* 5 f ilte r  (Rank Strand Eleotric 

ltd* ) were inotrtod in the beam i-dwrn the monoobromators wore sot at 

imvogxmgtha longer than 560 nm*

A higher intensity o f radiant energy in the fbuMrod region of the
C^ii i

epcetrum warn ohtainsd by paeoing the eolwaaated boom frm  a monoebrcmator

tungsten ligh t oouree through a 0orning 7*6# fhr~red f ilt e r  (Corning 

Glass %%>rW» Coming, UoS*A*)* The tranm lttanoe of thin f ilte r

in the t50-S50 nm region o f the epeetrum was meaeured with a Pye Uaioeja 

UV reoording epeetrophotometw end is  shorn in Figure 6* Wavelengths o f 

radiant energy between 200 end %50 iia were not transmitted* The quality 

o f radiant energy reoohing the leaves wee also modified to  some oxtont 

by the absorption due to  the IgO ma patli of wnter in the water bath.

The radiant flu* density emitted by the tungsten end monoehromatio 

lig h t souroee m s measured d irectly  with a Kipp Zonen Compensated

Thermopile and Preamplifier (^odol 11330) and a Sonlomp galvanomotar 

(model Î902/T) (W.G# Pjo and Go. Ltd., Cambridge U.K.). Beoous© of the 

uaidirecstional nature o f the thermopile th is  instrument was not suitable 

for measuring the radiant m lttenoe o f the fluoreseent lamp. TMo m s 

measured with m% BEL ’Light Master’ photcwietw (Smna Blectro Selenium
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L t d . ,  H a l s t e a d ,  E ssex  U . K . ) .  The p h o to m e te r  had p r e v i o u s l y  been
eft Æc{

c a . l i b r a t e d  a g a i n s t  a  t h e r m o p i l e  f o r  t h e  r a d i a n t  e n e rg y  ■emfïH.-t t od by  a  

f l u o r e s c e n t  lamp c o v e re d  w i th  b l a c k  p o ly th e n e  so o n ly  a  s m a l l  p o r t i o n  

o f  t h e  t u b e ,  a p p r o x im a t in g  t o  a  p o i n t  s o u r c e ,  wasi ex p o sed .

I r r a d i a t i o n  o f  t h e  l e a v e s  d u r in g  e x p e r im e n ts  was c o n t r o l l e d  by 

t im e  s w i tc h e s .  I r r a d i a t i o n s  o f  15 m in o r  m u l t i p l e s  o f  15 m in w ere con ­

t r o l l e d  by  Vernier ’m u l t i s e t ’ t im e  s w i t c h e s .  When tw o l i g h t  s o u rc e s  w ere 

t o  be  o p e r a t e d  s u c c e s s i v e l y  f o r  15 m in e a c h ,  t h i s  was a c h ie v e d  w i th  a  1 -h  

cam t i m e r  a d j u s t e d  t o  g iv e  t h e  two p u l s e s ,  c o n n e c te d  i n  s e r i e s  t o  a  

Venner t im e  s w i tc h ,  A s e q u e n t i a l  t i m e r  was c o n s t r u c t e d  w hich  e n a b le d  

l i g h t  p u l s e s  t o  be  a p p l i e d  in  r a p i d  a l t e r n a t i o n  w i t h  d a rk n e s s  o r  w i th  

o t h e r  w a v e le n g th s  o f  r a d i a n t  e n e rg y .  The two o u t p u t s  o f  t h e  s e q u e n t i a l  

t i m e r  c o u ld  be  s e t  in d e p e n d e n t ly  t o  d e l i v e r  a  p u l s e  r a n g in g  from T s t o  

l 4  m in . F u l l  d e t a i l s  o f  t h i s  t i m in g  d e v ic e  a r e  g iv e n  i n  A ppendix  1 .

The s e q u e n t i a l  t i m e r  was o p e r a t e d  a t  t h e  r e q u i r e d  t im e  and  f o r  t h e  

r e q u i r e d  d u r a t i o n  by a  V enner 2U-h t im e  c l o c k  t o  w h ich  i t  was c o n n e c te d .  

The o p e r a t i o n  o f  t h e  m onochrom ator lam ps d u r in g  s h o r t  and a l t e r n a t i n g  

p u l s e  e x p e r im e n ts  was m o n i to re d  w i th  EEL se le n iu m  p h o t o v o l t a i c  c e l l s  

mounted i n s i d e  t h e  lam p h o u s in g .  The p h o t o v o l t a i c  c e l l s  w ere c o n n e c te d  

d i r e c t l y  t o  a  p o t e n t i o m e t r i c  c h a r t  r e c o r d e r  i n  such  a  way t h a t  when one 

o f  t h e  lam ps was o p e r a t e d  t h e  r e c o r d e r  pen was d e f l e c t e d  t o  one s i d e  o f  

a  b a s e  l i n e  and when t h e  o t h e r  was o p e r a t e d  t h e  pen was d e f l e c t e d  t o  t h e  

o t h e r  s i d e  o f  t h e  b a s e  l i n e  ( F ig u re  7)*

k . E x p e r im e n ta l  p r o c e d u r e .

L eaves  w ere e x c i s e d  from p l a n t s  a t  t h e  end o f  t h e  p h o to p e r io d .

They w ere w e ig h ed ,  p la c e d  s i n g l y  in  p l a n t  cham bers and  t r a n s f e r r e d  t o  t h e  

w a te r  b a t h s .  U n le s s  o th e r w is e  s t a t e d  a l l  e x p e r im e n ts  w ere p e rfo rm ed  a t  

15°C on p l a n t s  from  t h e  c o n t r o l l e d  env ironm en t room. The gas  f lo w  r a t e
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Examples of traces obtained with the apparatus used to  

monitor the operation o f lamps in experiments vhere leaves 

were exposed to i -

A* 10s irradiation from lamp A alternating irith 30s

darkness.

B, 10s irradiation from lamp A eüLternâting with 30s

irradiation from lamp B#
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was 1 . 5  1 h ^ . T h e re  was a  d e l a y  o f  2 min betw een a  change  in  t h e  

c a rb o n  d io x i d e  c o n c e n t r a t i o n  o c c u r r i n g  in  t h e  p l a n t  cham bers  and  t h e  

commencement o f  t h e  c o r r e s p o n d in g  r e c o r d e r  pen d e f l e c t i o n .  A new s te a d y  

l e v e l  was r e c o r d e d  6 min a f t e r  t h e  s o l e n o i d  v a lv e s  a l t e r e d  t h e  g a s  f lo w  

r e a c h i n g  t h e  IRGA from norm al a i r  p a s s i n g  t h r o u g h  one p l a n t  cham ber t o  

c a r b o n - d i o x i d e - f r e e  a i r  p a s s in g  th r o u g h  a second .

5. T re a tm e n t  o f  d a t a .

One f o r  t h e  c a rb o n  d i o x i d e  c o n t e n t  o f  g a s  p a s s in g  th ro u g h

e ac h  o f  t h e  p l a n t  cham bers  was o b t a i n e d  in  each  h o u r .  The seq u en ce  in  

w h ich  t h e  cham bers  w ere sam pled d u r in g  e x p e r im e n ts  w h ich  in c lu d e d  b o th  

d a rk e n e d  and i r r a d i a t e d  l e a v e s  w as , z e ro  c h e c k ,  i r r a d i a t e d  l e a f  cham ber,  

d a r k  l e a f  cham ber ,  i r r a d i a t e d  l e a f  cham ber,  z e ro  c h e c k  e t c . .  The z e ro  

l i n e ,  w h i le  t h e  g a s  f lo w in g  th r o u g h  t h e  p l a n t  cham bers  was b e in g  sam p led ,
p  f - t

was t a k e n  a s  t h e  mean o f  .p reo  eed ing- and  f o l lo w in g  v a l u e s  o b ta in e d  f o r  

t h e  z e ro  c h ec k  g a s  s t r e a m .  In  p r a c t i c e  v e ry  l i t t l e  v a r i a t i o n  o f  t h e  

z e ro  l e v e l  o c c u r r e d .  The ca rb o n  d i o x i d e  o u t p u t ,  c a l c u l a t e d  from c a l i ­

b r a t i o n  d a t a ,  was e x p r e s s e d  a s  j i g  c a rb o n  d io x i d e  h ^ g  ( f r e s h  w e ig h t )  ^ . 

T h is  was p l o t t e d  a s  an  h o u r ly  v a l u e  and a  t r a c e  was o b t a i n e d  by  j o i n i n g  

a l l  t h e  v a l u e s  o b t a i n e d .  U n le s s  s t a t e d  any b r e a k s  i n  t h e  t r a c e s  a r e  

due  t o  t h e  c a rb o n  d io x i d e  o u tp u t  e x c e e d in g  t h e  maximum v a l u e  w hich  c o u ld  

be r e c o r d e d  a t  t h e  s e n s i t i v i t y  s e t t i n g  o f  t h e  IRGA o r  c h a r t  r e c o r d e r .

The p h ase  o f  t h e  r h y t l m ,  t a k e n  f o r  c o m p a ra t iv e  p u r p o s e s ,  was t h e  

t im e  o f  o c c u r r e n c e  o f  pealcs o f  ca rb o n  d io x id e  o u t p u t .  The t im e  o f  

o c c u r r e n c e  o f  a  p eak  was e s t i m a t e d  by m e a su r in g  t h e  d i s t a n c e  a c r o s s  t h e  

peak  a t  e q u i d i s t a n t  p o i n t s  from n e a r  t h e  b a s e  t o  n e a r  t h e  ap ex .  The 

mean t im e  o f  o c c u r r e n c e  o f  t h e  m i d - p o in t s  o f  t h e s e  l i n e s  was t h e  t im e  

a t  w hich  a peak  was deemed t o  o c c u r .  The p e r io d  o f  t h e  rhythm  was 

a s s e s s e d  a s  t h e  mean t im e  be tw een  s u c c e s s iv e  p eak s  o f  t h e  f i r s t  f o u r



c y c l e s  o f  t h e  rh y th m . The t im e  from t h e  s t a r t  o f  t h e  e x p e r im e n t  t o  t h e  

f i r s t  p eak  was te rm e d  t h e  t r a n s i e n t .

Where exam ples o f  t r a c e s  a r e  g iv e n  t o  i l l u s t r a t e  t h e  r e s u l t s ,  

t h e s e  a r e  r e p r e s e n t a t i v e  o f  t h e  d a t a  o b ta in e d  i n  a t  l e a s t  tw o ,  and 

u s u a l l y  many m ore ,  e x p e r im e n ts .  Where d a t a  a r e  p r e s e n t e d  g r a p h i c a l l y ,  

t h e  mean o f  a number o f  o b s e r v a t i o n s  i s  g iv e n  t o g e t h e r  w i th  t h e  s t a n d a r d  

e r r o r .  T h is  i s  r e p r e s e n t e d  on t h e  g ra p h s  by v e r t i c a l  l i n e s  dra>7n 

s y m m e tr ic a l ly  a b o u t  t h e  d a t a  p o i n t s  and e q u a l  t o  t w i c e  t h e  s t a n d a r d  

e r r o r .  The S t u d e n t ’ s t - t e s t  was u s e d  t o  a s c e r t a i n  w h e th e r  rh y th m s  i n  

l e a v e s  exposed  t o  tw o t r e a t m e n t s  d i f f e r e d  s i g n i f i c a n t l y . C a l c u l a t i o n  o f  

t h e  s t a n d a r d  e r r o r  and t - v a l u e s  was p e r fo rm e d  a s  d e s c r i b e d  by B a i l e y  

(1 9 5 9 }• The p r o b a b i l i t y  l e v e l s  were o b ta in e d  from t h e  S t u d e n t ’ s t - d i s -  

t r i b u t i o n  ( F i s h e r  and  Y a te s ,  1 9 6 3 ) . D i f f e r e n c e s  b e tw e e n  means w ere 

r e f e r r e d  t o  a s  s i g n i f i c a n t  when t h e  p r o b a b i l i t y  v a l u e  p < 0 .0 5 .  The 

p r o b a b i l i t y  l e v e l s  f o r  s i g n i f i c a n t  d i f f e r e n c e s  a r e  q u o te d  a s  p  < 0 . 0 5 , 

p < 0 . 0 2 ,  p < 0 . 0 1  o r  p < 0 ,0 0 1 .  Where one o f  t h e s e  v a l u e s  i s  g iv e n  t o  t h e  

s i g n i f i c a n c e  o f  t h e  d i f f e r e n c e  be tw een  two m eans, i t  i m p l i e s  t h a t  p l i e s  

be low  t h e  quo ted  v a l u e  b u t  above  t h e  n e x t  lo w e s t  v a l u e .



RESULTS

1 . R h y tL jn ic i ty  i n  l i g h t - d a r k  c y c l e s .

1 . 1  S h o r t  p h o to p e r i o d s  o f  w h i te  l i g h t .

P r e l i m i n a r y  e x p e r im e n ts  w ere c a r r i e d  o u t  u s in g  p l a n t s  grown in  

an u n h e a te d  g re e n h o u se  w i th  t h e  n a t u r a l  p h o to p e r io d  e x te n d e d  t o  g iv e  

LD l 6 : 8 .  F ig u r e  8 shows t h e  ca rb o n  d io x i d e  o u tp u t  from le a v e s  e x c i s e d  

a t  2200 h ,  t h e  end o f  t h e  p h o to p e r i o d ,^ a n d  m a in ta in e d  i n  d a rk n e s s  a t  

15^0 .  The r a t e  o f  c a rb o n  d io x id e  o u tp u t  from t h e s e  l e a v e s  was i n i t i a l l y  

low  b u t  began  t o  i n c r e a s e  a f t e r  8 -1 2  h .  A p eak  o f  c a rb o n  d io x id e  o u tp u t  

o c c u r r e d  20 h  a f t e r  t r a n s f e r  t o  d a r k n e s s .  Some l e a v e s  d i s p l a y e d  a  second  

p eak  o f  c a rb o n  d io x id e  e m is s io n  a p p ro x im a te ly  2 k  h a f t e r  t h e  f i r s t .  Thus 

p la n t s ,  grown u n d e r  t h e s e  c o n d i t i o n s  d id  n o t  e x h i b i t  a  p e r s i s t e n t  c i r c a d ­

i a n  rhy thm  when p l a c e d  i n  c o n t in u o u s  d a r k n e s s .  The p a t t e r n  o f  ca rb o n  

d io x i d e  e m is s io n  u n d e r  t h e s e  c o n d i t i o n s  may be  i n t e r p r e t e d  a s  a  weak

c i r c a d i a n  rhy thm  w hich  f a d e d  o u t  a f t e r  1 o r  2 c y c l e s .

R h y t l im ic i ty  may f r e q u e n t l y  be in d u c e d  o r  m a in ta i n e d  by e x p o su re

t o  l i g h t - d a r k  c y c l e s ,  even when t h e  p h o to p e r io d  i s  o f  o n ly  a  few m in u te s

d u r a t i o n .  The e f f e c t s  o f  e x p o s in g  l e a v e s  t o  s h o r t  p h o to p e r io d s  en d in g

a t  0600 h each  day  a r e  shown i n  F ig u r e  8 .  A rhy thm  i n  t h e  r a t e  o f  c a rb o n

d io x i d e  o u tp u t  was in d u c e d  by  a  1 - h  ex p o su re  t o  w h i te  f l u o r e s c e n t  l i g h t

a t  a  r a d i a n t  flux, d e n s i t y  o f  0 . 6  J  m ^ s ^ (F ig u re  8a ) ,  An ex p o su re  t o

-2  -1
a  r a d i a n t  f l u x  d e n s i t y  o f  4 .7  d m s from a  t u n g s t e n  lam p f o r  1 h  was

a l s o  e f f e c t i v e  i n  in d u c in g  r h y t h m i c i t y  (F ig u re  8b ) .  D a i l y  i r r a d i a t i o n s

o f  30 , 15 and 5 min d u r a t i o n  from  t u n g s t e n  lam ps a l s o  in d u c e d  r h y t h m i c i t y  

(F ig u r e  8 C -E ).  No rhy thm  was a p p a r e n t  however when t h e  d u r a t i o n  o f  

i r r a d i a t i o n  was r e d u c e d  t o  1 rain ( F ig u r e  8 f ) .  A l a r g e  i n c r e a s e  i n  t h e  

r a t e  o f  c a rb o n  d io x i d e  o u tp u t  w hich l a s t e d  f o r  2 -3  h o c c u r r e d  f o l l o w in g  i r r a d ­

i a t i o n s  o f  from 15  min t o  1 h .
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FIGUEE 0

T'iie carbon dioxide output of EpyopbyXXua leaves exposed once 

every S2t h to radiant energy from;-

A. White fluorescent lamp {0.6 J tsT  ̂ for 1 h#

B. Tungsten lamp(t.T J m  ̂ a for 1 h,

0 .  " ” " 30 min&

D. " " 15 min.

E. *' " " " 5 min.

P. " ” *’ 1 min.

The vertical lines indicate'the times of irradiation* Bbythms 

in control leaves in darkness are shown by the broken lines and 

those in irradiated leaves by the continuous lines*

0  *» midnight.
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A l l  s u b se q u e n t  e x p e r im e n ts  w ere c a r r i e d  o u t  u s i n g  p l a n t s  w hich  

had  been  grown i n  LD 8 : l 6 i n  a  c o n t r o l l e d  env ironm en t room. Leaves  from 

t h e s e  p l a n t s  showed a  c i r c a d i a n  rhy thm  o f  c a rb o n  d i o x i d e  o u tp u t  w hich  

p e r s i s t e d  in  d a rk n e s s  a t  l^^C  f o r  3~5 c y c l e s .  The f i r s t  p eak  o f  c a rb o n  

d i o x i d e  o u tp u t  o c c u r r e d  26  h  a f t e r  t r a n s f e r  t o  d a r k n e s s  an d  t h e  rhy thm  

p e r s i s t e d  w i th  a  p e r i o d  o f  a p p r o x im a te ly  h .  The i n f l u e n c e  o f  l i g h t -  

d a r k  c y c l e s  on t h e  rhy thm  o f  ca rb o n  d io x i d e  'o u tp u t  was f u r t h e r  exam ined 

u s i n g  t h e s e  p l a n t s .  E x p o su re  o f  B ryophyllum  l e a v e s  t o  c y c l e s  c o n s i s t i n g  

o f  0 . 2 5  h o f  w h i t e  f l u o r e s c e n t  l i g h t  and  2 3 - 7 5  h o f  d a r lm e s s  a r e  shown 

i n  F ig u r e  9A an d  B. The p h a s e  o f  t h e  l i g h t - d a r k  c y c l e s  i n  F ig u r e  9A 

was 12 h d i f f e r e n t  from  t h a t  i n  F ig u r e  9B. I n  eac h  c a s e  t h e  rhy thm  was 

e n t r a i n e d  and lo c k e d  on t o  a  new p h a se  a f t e r  a  number o f  c y c l e s .  I n  

F ig u r e  9 k  t h e  0 .2 5 “h  p h o to p e r i o d  b eg an  a t  OUOO h an d  t h e  new s t a b l e  

p h a se  was a t t a i n e d  a f t e r  3 c y c l e s ,  w h ereas  i n  F ig u r e  9B t h e  l i g h t  p e r i o d  

began  a t  1 6 OO h  and  e n t r a inm ent was co m p le te  a f t e r  2 c y c l e s .  The c o u r s e  

o f  t h e  rhy thm  d u r in g  e n t r a in m e n t  t o  a  new s t a b l e  p h a se  i s  c l e a r l y  d e t e r ­

m ined by t h e  p h a s e  o f  t h e  e n t r a i n i n g  c y c l e s  and  t h e  i n i t i a l  p h a s e  o f  t h e  

f r e e - r u n n i n g  rh y th m . I n  F ig u r e  9 k  t h e  f i n a l  p h a se  d e te rm in e d  by t h e  

e n t r a i n i n g  c y c l e s  i s  v e r y  d i f f e r e n t  from t h a t  d i s p l a y e d  by  t h e  f r e e - r u n n i n g  

rhy thm  d u r in g  t h e  f i r s t  few c y c l e s .  The p h a se  o f  t h e  rhy thm  i s  p r o g r e s s ­

i v e l y  s h i f t e d  t o  t h a t  o f  t h e  e n t r a i n i n g  c y c l e  and  c o n s e q u e n t ly  two 

t r a n s i e n t  c y c l e s  w i th  s h o r t  p e r i o d s  o c c u r .  I n  F i g u r e  9B t h e  p h a s e  o f  

t h e  f r e e - r u n n i n g  rh y th m  c o r r e s p o n d s  r a t h e r  c l o s e l y  d u r in g  t h e  f i r s t  few 

c y c l e s  t o  t h e  f i n a l  p h a se  d e v e lo p e d  i n  r e l a t i o n  t o  t h e  e n t r a i n i n g  c y c l e .  

T h u s , t r a n s i e n t  c y c l e s  a r e  n o t  im m e d ia te ly  a p p a r e n t .  However, w h i le  t h e  

e n t r a i n e d  rhybhm p e r s i s t s  w i th  a  p e r i o d  o f  e x a c t l y  2 h  h ,  t h e  f r e e - r u n n i n g  

rhy thm  h a s  a  p e r i o d  s l i g h t l y  l e s s  t h a n  2 k  h .  As a  r e s u l t  o f  t h i s  t h e  

two rhy thm s become p r o g e s s i v e l y  o u t  o f  p h ase  w i th  eac h  o t h e r .  I n  b o th  

c a s e s  t h e  p h a se  r e l a t i o n s h i p  be tw een  t h e  e n t r a i n e d  and  f r e e - r u n n i n g  

rhy thm s i s  c o n s t a n t l y  c h a n g in g .  I t  i s  c l e a r  t h a t  e x p o s u re  t o  l i g h t - d a r k
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c y c l e s  i s  n o t  n e c e s s a r y  f o r  t h e  oc c u r eng-e o f  r h y t h m i c i t y  h u t  t h a t  such 

e x p o s u re s  i n f l u e n c e  t h e  endogenous c i r c a d i a n  rhy thm  o f  t h e  l e a v e s  by 

in c r e a s i n g  i t s  p e r s i s t e n c e  and e n t r a i n i n g  i t  i n  a  s p e c i f i c  p h ase  r e l a t i o n ­

s h ip  t o  t h e  e x t e r n a l  c y c l e s ,

1 . 2  S h o r t  p h o to p e r io d s  o f  r a d i a n t '  e n e rg y  i n  d e f in e d  s p e c t r a l  b a n d s .

A m ore d e t a i l e d  a n a l y s i s  o f  t h e  mechanism o f  e n t r a in m e n t  can  be 

a c h ie v e d  by  ex p o s in g  t h e  l e a v e s  t o  2 ^ -h  c y c l e s  o f  l i g h t  and d a r k n e s s  i n  

•which t h e  p h o to p e r io d  i s  b o th  o f  v e r y  s h o r t  d u r a t i o n  and o f  d e f in e d  

s p e c t r a l  band . L eaves  o f  B ryophyllum  w ere exposed  d a i l y  t o  0 .2 5  b  o f

V "̂ 2 ****~|
m onochrom atic  r a d i a t i o n  a t  a  quantum f l u x  d e n s i t y  o f  47 pE cm s 

A co m p ar iso n  was made o f  t h e  e f f e c t  o f  r e g i o n s  o f  t h e  sp ec tru m  m ost 

o f t e n  in v o lv e d  i n  t h e  p h o to c o n t r o l  o f  c i r c a d i a n  rh y th m s  in  p l a n t s .

P e r i o d i c  e x p o su re  t o  a  25~nm s p e c t r a l  band  c e n t r e d  on U50 nm had 

no e f f e c t  on e i t h e r  t h e  p h ase  o r  t h e  p e r s i s t e n c e  o f  t h e  rhy thm  (F ig u re  

1 0 ) ,  P e r i o d i c  e x p o su re  t o  r e d  l i g h t  (660nm) f o r  0 .2 5  h c a u se d  t h e  

rhythm  t o  p e r s i s t  f o r  much lo n g e r  t h a n  i n  l e a v e s  i n  c o n t in u o u s  d a r k n e s s , 

and t o  assume a  s p e c i f i c  p h ase  r e l a t i o n s h i p  t o  t h e  e n t r a i n i n g  c y c l e s  

( F ig u re  1 1 ) .  E n t ra in m e n t  w i th  r e d  l i g h t  was v e r y  s i m i l a r  t o  t h a t  o b ta in e d  

w i th  w h i te  f l u o r e s c e n t  l i g h t ,  a l th o u g h  s lo w er  when r e d  l i g h t  was a p p l i e d  

be tw een  0^00 and OU15  h .  The p e r s i s t e n c e  and a m p l i tu d e  o f  rhy thm s in  

l e a v e s  p e r i o d i c a l l y  exposed  t o  r e d  l i g h t  were somewhat v a r i a b l e .  In  

g e n e r a l ,  t h e  g r e a t e s t  p e r s i s t e n c e  and a m p l i tu d e  were found  i n  l e a v e s  

u s e d  from  p l a n t s  known t o  e x h i b i t  c l e a r  r h y t l im i c i t y  i n  d a r k n e s s .

A s p e c t r a l  band c e n t r e d  on 730 nm (F ig u re  12) a c t e d  i n  a  s i m i l a r  

way t o  r e d  l i g h t ,  a l t h o u g h  5~7 c y c l e s  w ere r e q u i r e d  b e f o r e  t h e  new s t a b l e  

ph ase  was e s t a b l i s h e d .  When l e a v e s  w ere exposed  t o  l i g h t - d a r k  c y c l e s  

o f  r e d  l i g h t  w hich w ere  12 h o u t  o f  p h ase  (F ig u re  11) t h e  p h a s e s  o f  t h e  ■
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e n t r a i n e d  rhy-bhms w ere c l e a r l y  d i f f e r e n t  "by t h e  second  c y c l e .  U sing  

t h e  same c r i t e r i o n ,  e x p o s u re  t o  r a d i a n t  e n e rg y  a t  730 nm c o u ld  be seen  

t o  h av e  l i t t l e  o r  no e f f e c t  when a p p l i e d  d u r in g  t h e  f i r s t  t h r e e  c y c l e s ,  

b u t  t o  e n t r a i n  t h e  rhy thm  t o  a  new s t a b l e  p h ase  r a p i d l y  d u r in g  t h e  f o u r t h  and 

s u b s e q u e n t  c y c l e s .  D e s p i t e  t h e  v a r i a b i l i t y  n o te d  i n  t h e  a m p l i tu d e  o f  

rh y th m s  e n t r a i n e d  by r e d  l i g h t ,  t h e  e f f e c t s  o f  r e d  and f a r - r e d  c o u ld  a l s o  

be  d i s t i n g u i s h e d  w i th  r e s p e c t  t o  t h i s  p a r a m e te r .  The d i f f e r e n c e  i n  t h e  

a m p l i tu d e  i n  i r r a d i a t e d  l e a v e s  and co m p arab le  l e a v e s  i n  d a rk n e s s  was 

a lw ay s  g r e a t e r  w i th  r e d  t h a n  w i th  f a r - r e d  r a d i a t i o n .

1 . 3  The i n t e r a c t i o n  o f  r e d  and f a r - r e d  r a d i a t i o n .

The e f f e c t i v e n e s s  o f  f a r - r e d  r a d i a t i o n  i n  e n t r a i n i n g  t h e  rhy thm  

o f  c a rb o n  d i o x i d e  o u tp u t  i n  l e a v e s  o f  B ryophyllum  was f u r t h e r  i n v e s t i ­

g a t e d  u s i n g  r a d i a n t  en e rg y  o b ta in e d  w i th  a  C orn in g  7 -6 9  f a r - r e d  f i l t e r .  

Rhythms i n  l e a v e s  exposed  t o  c y c l e s  c o n s i s t i n g  o f  0 .2 5  h o f  f a r - r e d  r a d i a ­

t i o n  and 2 3 . 7 5  h o f  d a r k n e s s  a r e  shown i n  F ig u r e  1 3 .  C le a r  e n t r a in m e n t  

o f  t h e  rh y th m  was n o t  a c h ie v e d  w i th  t h i s  t r e a t m e n t .  A lth o u g h  a  sm a l l  

d i f f e r e n c e  i n  t h e  p h a s e  o f  t h e  rh y th m s  i n  i r r a d i a t e d  and  u n i r r a d i a t e d  

l e a v e s  was a p p a r e n t ,  t h e  rhy thm  fa d e d  o u t  r a p i d l y  i n  e i t h e r  c o n d i t i o n .

When a p p l i e d  a t  04Ô0 h ,  p e r i o d i c  e x p o s u re  t o  f a r - r e d  r a d i a t i o n  te n d e d  

t o  damp t h e  rhy thm  com pared  w i th  t h a t  i n  t h e  u n i r r a d i a t e d  c o n t r o l  l e a v e s .

The p o s s i b l e  in v o lv e m e n t  o f  phybochrom e, a s  t h e  p igm ent r e s p o n s i b l e  

f o r  p h o t o r e c e p t i o n  i n  t h e  e n t r a in m e n t  o f  t h e  rhy thm  t o  l i g h t - d a r k  c y c l e s ,  

was i n v e s t i g a t e d .  As b o th  r e d  and f a r - r e d  r a d i a t i o n  a t  730 nm e n t r a i n e d  

t h e  rh y th m ,  a  c o m p le te  r e v e r s a l  o f  t h e  e f f e c t  o f  an e x p o s u re  t o  r e d  l i g h t  

w i th  an  e x p o su re  t o  f a r - r e d  r a d i a t i o n  was c o n s id e r e d  u n l i k e l y .  However, 

a s  t h e  e f f e c t s  o f  r e d  and f a r - r e d  r a d i a t i o n  w ere d i f f e r e n t  in  te rm s  o f  

r a p i d i t y  o f  e n t r a in m e n t  and p e r s i s t e n c e  o f  t h e  rh y th m ,  e x p e r im e n ts  w ere 

p e r fo rm e d  t o  i n v e s t i g a t e  t h e i r  p o s s i b l e  i n t e r a c t i o n .
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aoaoatoom atie l ig h t  ( 6 6 0  im) a t  a  re /lia a t flim  A eaglty

of 89 mJ ra  ̂ f3  ̂ mts applied oaoh (lay hetweam 0400 aaâ 0^19 h Cl»’iguve 

IbB) the rhythm me emtralmeé to a phaeo differ eat from that of the 

fr©e*^miai»g rhythm in darlmees (Figyre lhA)«. Far~rod rodrntlon 

(Coralmg 7-69 f i l t e r ,  7*8 J m o*^) applied at thlo time each day appeared 

to atolish the rhythm (Figure 1^0), Warn 0.29 h of far-red rodlatiom 

Mm giveu ^mediately following an 0%pO8uro to red light the rhythm 

damped rapidly* With thlo troatmont a oarhon dtecide output pattern 

eiBîller to that with j:%r-red radiation alone was obtained. Hô mver, in 

the ommiplo given (Figure Xhïi) s’hyttoieity of a very low emp3.itude may 

have 3>er8ieted* I f , however, 0,89 h of ihr-red radiation immediate]^
^ -C- (X
prw eeded the OKposure to  red lig h t (l''ieure Xhlâ)  ̂ the rhythm m a 

entrained and peraieted in a manner very sim ilar to  th a t in  leaves OKpoeed 

to  red lig h t alone (Figure IhB),

The persis t once and ontraieaent' of the rhythm thus depends on 

whether red or for "red radiation  is  experiemed by the leaves ismodiatoly 

before the end of the short photoperiod, This resu lt provides some 

evideixoe for am in te rac t ioxu of red and far "red radiation  in  the photo- 

control of the oircEidian rhytW by light-dark  cycles.

l .b  Skeleton photoperiods of white lig h t.

The study of the carbon dioxide output rbytlm in loaves exposed 

to cycles of lig h t and darkiioss m s extended to  cxmaine the effects of 

cycles containing e ither a sixxg3̂ e photoperiod of 8-12 h duration or 

two 0 , 29-h irrad ia tio n s. Figures 19A and B show the rhythm in leaves 

exposed to  IB 8;l6. The photoperiod was provided by a fluorescent Icmp 

giving an incident radient f l im  density of 0.6 J  la 0 An example 

of the rhytlm obtained when th is  schedule began with the l6-h dark 

period is  given in figure 19A, while Figure 19B i l lu s t r â tee the rhythm





FIGURE 14

Effect on the circadian rhythm of carbon dioxide output in 

leaves o f:-

A. Continuous darkness

B* Cycles of 0.29 h red light and 23.75 h darkness

C. Cycles of 0.29 h far-red radiation and 23.75 h 
darkness

D. An exposure to 0.29 h far-red radiation immediately 
after the exposure to red light in a schedule 
otherwise as in B.

B. An exijosure to 0.25 h far-red radiation i imiediatOly 
before the exposure to red radiation in a schedule 
otherwise as in B.

Vertical lin es indicate the times of irradiation. 0 » midnight.
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FIGURE X5

The effectivenees of LB 8:l6 and corresponding skeleton 

photoperiods in entraining the circadian rhythm in

In A and B, dark periods are indicated hy Shaded bars above 

the trace. In C and 0* vertical lin es indicate the times 

of 0. 25-h irradiations. 0 * midnight*
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o b t a i n e d  when l e a v e s  w ere  f i r s t  exposed  t o  t h e  8 - h  p h o to p e r i o d .  The 

rh y th m s  w ere r a p i d l y  e n t r a i n e d ,  a d o p t in g  an i d e n t i c a l  p h a s e  r e l a t i o n s h i p  

t o  t h e  e n t r a i n i n g  c y c l e s  i r r e s p e c t i v e  o f  t h e  o r d e r  i n  w hich  t h e  l e a v e s  

e x p e r i e n c e d  l i g h t  and d a r k n e s s .  The e n t r a i n i n g  c y c l e  i n  F ig u r e  I 5A was 

8 h o u t  o f  p h a se  w i th  t h a t  i n  F ig u r e  15B. C o n s e q u e n t ly ,  t h e  rhy thm s in  

l e a v e s  exposed  t o  t h e s e  s c h e d u le s  p e r s i s t e d  th r o u g h o u t  t h e  e x p e r im e n t  

8 h o u t  o f  p h a se  w i th  one a n o t h e r .  I n  each  c a s e  t h e  p e a k s  o f  c a rb o n  

d i o x i d e  r e l e a s e  w ere c o n f in e d  a lm o s t  e n t i r e l y  t o  t h e  p h o to p e r i o d .  L i t t l e  

o r  no c a rb o n  d i o x i d e  was e v o lv e d  by t h e  l e a v e s  d u r in g  t h e  p eak  p e r i o d .

The c i r c a d i a n  rhy thm s o f  p l a n t s  such  a s  Lemna (H i l lm a n ,  19T0) 

and o f  some i n s e c t s  (M in is ,  1965; P i t t e n d r i g h ,  1 9 6 5 ) a r e  e n t r a i n e d  by 

2 4 -h  c y c l e s  w hich  i n c l u d e  tw o b r i e f  i r r a d i a t i o n s .  W ith  su ch  c y c l e s ,  

e n t r a in m e n t  o f t e n  c o r r e s p o n d s  c l o s e l y  t o  t h a t  o b t a in e d  w i t h  a  s i n g l e  

p h o to p e r i o d ,  t h e  b e g in n in g  and  end o f  w hich o c c u r  a t  t h e  same t im e  as  

t h e  two l i g h t  p u l s e s .  The two l i g h t  p u l s e s  a r e  r e f e r r e d  t o  a s  t h e  

s k e l e t o n  o f  t h e  c o r r e s p o n d in g  c o m p le te  p h o t o p e r i o d .

I n  o r d e r  t o  d e te r m in e  w h e th e r  o r  n o t  t h e  c a rb o n  d i o x i d e  o u tp u t  

rhy thm  o f  B ryophyllum  may be e n t r a i n e d  by b o th  c o m p le te  and s k e l e t o n  

p h o t o p e r i o d s ,  t h e  s c h e d u le s  i n  F ig u r e s  I 5A and B w ere  r e p l a c e d  w i th  

2 4 -h  l i g h t  (L) -  d a rk (D )  se q u e n c e s  o f  e i t h e r  l6 h D :0 ,2 5 h L :T * 5 h D :0 .2 5 h L  o r  

0 .2 5 h L :T ,  5hD ;0 .25hL:l6 liD  (F ig u r e  15C and D ). The l e a v e s  w ere  t h u s  

exposed  t o  0 .2 5 - h  l i g h t  p u l s e s  m a rk in g  t h e  b e g in n in g  and  end o f  t h e  

c o r r e s p o n d in g  c o m p le te  p h o to p e r i o d s  shown in  F ig u r e  I 5A and B.

The same p h a se  r e l a t i o n s h i p  was e s t a b l i s h e d  b e tw een  t h e  rhy thm  

and t h e  e n t r a i n i n g  c y c l e  i r r e s p e c t i v e  o f  w h e th e r  t h e  7 .5 ~ h  o r  t h e  l 6 - h  

d a rk  p e r i o d  was e x p e r i e n c e d  f i r s t .  The p eak  o f  c a rb o n  d i o x i d e  e m is s io n  

o c c u r r e d  i n  each  c a s e ,  be tw een  t h e  two l i g h t  p u l s e s  s e p a r a t e d  by 7 . 5  h



of ctelmosfô» The rbytW was qlemrly entrained by the ïîkeXoton photo**- 

period in the nmie general, manner ao by ID 8:16, The echndules employed 

were interpreted as LD 8:16 rather than ID X6,5"-?*̂  for which they may 

gXoo ho considered skeleton jihotopcriode, The rhytMe in loaves exposed 

to the ckeloton photoperioda were not however identical to those in leaves 

exposed to complote photoperioda, Entrainment was complete by the end 

of the f ir st  2t-h cycle with 8-h photoperiods, but required 3-k cycles 

of skeleton photoperiods, The peaks of carbon dioxide ©ainsion were 

broader when leaves were expoaod to  skeleton photoperiods than when they 

were expomcd to complete photoperiods. In partioular@ the rate o f carbon 

dioxide output continued at a high level for several hours after the 

irradiation marking tho end of the corresponding complete photopcrlod.

Figure l6  shows the results o f a similar series of oxporlmcnts 

in which leaves were exposed to ID 11:13, As with LD 8*l6* complete 

photoperiods rapidly entrained the rhythm and maintained i t  In the same 

phase relationship to the entraining cycles j, irrespective of whether the 

13™h dark period (Figure 16A) or the ll^h photoperiod (Figure 16b) was 

experienced f ir s t  by the leave®. Carbon dioxide emission was again 

confined largely to the photoperiod. Figure 1#C and D show the effect-* 

iveneos in entraining the rhythm of mkeloton photoporlods corresponding 

to  the complete photoperlcKls shown in Figure 16A and B, These ske3.eton 

photoperiods entrained the rhythm  ̂ altWugh^ as was found with the 8-h 

photoperiodsÎ, entrainment was slower than with complete photoperiods.

The peaks o f carbon dioxide output occurred p rincipally  during the 10.5-b 

dark periodn suggesting that the ligh t pulses were Interpreted as the 

skeleton o f  ID 11:13 rather than the a ltern ative  ID 13, 5:10.$ . Differ- 

@no88 are apparent however * between the rhythms in Figura 16C and D. 

Unlilte the e ffe c ts  of skeleton photoperiods representing LD 8;l6* those 

o f  photoperiode representing ID 11:13 differed, depending on which of



l o b .



FIGURE 16

The effcctivene»» of U> 11:13 and corresponding skeleton 

hotoperiods in entraining the circadian rhythm in Bryophyllim*

In A and B, dark periods are indicated by sîmded bars above the 

trace. In C and D# vertical lin es indicate the times Of 0*2$-h 

irradiation»* O ** midnight*
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th e  êork p erioâs mis givmi f i r s t .  #Mm th e  10,5^h dark period tms givam 

f i r s t  tho rhythm passed through a  numhor o f  t ra u s ie u t  oyeloo* In  i t s  

f in a l  steady s ta te  the  rlgtbm  exh ib ited  a d is t in c t  shoulder o r nub-pmik 

during th e  X3"*h dark poriod in  ad d itio n  to  the  major peak during th e  

3.0»^r*h dark period# Thlo d id  not ooaxn? mlth th e  80hedu3.e in  \rhich th e  

13-h  dark period  prcaoeded th a t  of

h%en leaves were exposed to  Ii> XBil2 (Figure ITA and B) , the 

r% tW  m a entrained, 'i’Sius a l l  cycles tested  vhloh contained a complete 

photoperiod entraiaed the rhyUhm in  a oiiailor manner, neither the 

oohedule 12hD:0,2^hb:11.5hb:0,l!l5hI, (Figure 1YCÏ) nor 0.2$hL;ll,W *0.2$hL: 

12hD (Figure ITD) entrained the rhythm* &3;bliough they may be considered 

the okeletono of either BD 18:1^ or BD This re su lt differs

froïa th a t obtained with the skeletons of shorter photoperioda^ laxpoeure 

o f the leaves to  two daily lig h t puXmB in these eehedules resulted in a 

loos of the circadian nature of the carbon dioxide output, The brief 

irrad ia tions induced miall temporally increase's in the m tc  of ô wbom 

dioxide roloaoo and additional t. regular süiaXl peaks were observed in Goma 

experiments during each o f  the dork periods *

‘l*ÿ Skeloton pbûtopçriodc of rod ligh t.

Figure IB whowo the effec t on the Bryophylteft rhythm of two Q^23Hi

exposures to  monochromatic rad ia tion  of 660 m  a t a radiant flux density
r «-2 -1of mJ ÎÜ " a ‘ . Those wore arranged in the same soguenee as in Figure 

179 rojn*osenting the skeleton photoperiods of ID X^iia or U) 12,%all#5* 

V&ou the 12™h dark period was given f i r s t  (Figure l&à) there was l i t t l e  

modification of the  phase of the rhytim aompared with tha t in leaves in 

darkaosc or exposed to  a single red pulso a t l600h &mh day (Figure IIB), 

However g the tfiiythm did not p e rsis t a f te r  the f i f th  peak o f carbon dioxide 

emission* When the 11* dark period was given f i r s t  the re su lts  wore
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FIGURE 1 7

The effeotivctneits of ID X2tX2 and corresponding ekeleton 

photoperiodB in entraining the circadian rhythm in

In A and B, dark periods are indicated by shaded bars above 

the trace# In C and D# vertical lines indicate the times of 

0#25~*h irradiations# 0 " midnight#
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somewhat variable although the earboa dioxide output appeared to be of 

a diurnal nature, with a fa irly  regular pattern of oub-peaks superimpoeed 

on a 24-h rhytW. It is  clear however that skeleton photoperiods of 

red light are ineffective in replacing the complete photopcriod of liD 

12; 12 obtained with white ligh t.

1.6 Interaction of red and far-red radiation in (Skeleton photoperiods.

The modification of the circadian rhytW of carbon dioxide output 

in leaves exposed to two 0*25“h irradiations, given as the skeleton 

photoperiod of LT) 12;12, presented an opportunity to further test the 

red/fer-red reversib ility  of the entraiiment phenomenon. I f  the effect 

of one of two such pulses was negated, entrainaient of the rtiytlm by the 

other piü.se should occur. This might be expected to produce clearer 

evidence for red/far-red reversal than the abolition or modification of 

the rhythm obtained with far-red radiation applied after a single red 

pulse (Figure l40).

The inhibition of the rhythm was more marked when two pulses of 

red lig h t, of the same qimlity and incident radiant flux density as used 

in the experiment shorn in Figure 18, were applied between 0400 and 04l5 

h and l600 and l6 l5  h each day (Figure 19A). I f , in a similar schedule, 

the 0. 25-h pulse of red ligh t coj;omsnc<%ng at I6OO h m s immediately 

followed by a 0,25-h cKcposure to far-red radiation at a radiant f lm  

density of 7,8 d m  ̂ s (Figure 19B) the rhythm was not lo s t , but per­

sisted for as long, and with the same phase, as when leaves received 

only ane exposure to red ligh t at OtOO h each day (Figure 3.1A, i4b).

%en the leaves were exposed to two pulses of red ligh t each 

and the exposure at I 600 h was immediately pregeaded by far-red radiation, 

the Gircadio.n rliythm was either abolished after three or four cycles.





FIGURE 19

The effect on the circadian rhythm of carbon dioxide outpht in 

Bryophyilnm of exposures to 0*25 h red light (vertical lin es)  

commencing at I 6OO and 0400 h (A),

The effect of a 0.25-h exposure to far-red radiation immediat­

ely after or immediately before one of the exposures to red 

light used in A are shown in B ~ E. In each case the red light 

pulses are shown by solid vertical lin es , while the broken lin es  

indicate either red followed bj/- far-red radiation (B and D) or 

far-red followed by red radiation (G end E)*

0 » midnight.
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o r  c o n t in u e d  w i th  a  low  a m p l i tu d e  1 2 -h  p e r i o d i c i t y  (F ig u r e  l ^ C ) ,  a 

r e s u l t  w hich was s i m i l a r  t o  t h a t  i n  F ig u r e  19A.

S i m i l a r l y 3 i f  l e a v e s  w ere exposed  t o  two p u l s e s  o f  r e d  l i g h t  each  

day  and  t h e  p u l s e  a t  0400 h was im m e d ia te ly  fo l lo w e d  hy a  0 . 25~h e x p o su re  

t o  f a r - r e d  r a d i a t i o n  (F ig u r e  19D ), t h e  rhy thm  was e n t r a i n e d  i n  t h e  same 

way and w i th  t h e  same p h ase  a s  i f  t h e  l e a v e s  had  r e c e i v e d  o n ly  one 

p u l s e  o f  r e d  l i g h t  a t  1 6 OO h ( F ig u r e  I I B ) ,  I f  t h e  i r r a d i a t i o n  a t  0400 

h  was im m e d ia te ly  p ^ eo-e-ed-ed by f a r - r e d  r a d i a t i o n ,  a  r e s u l t  was a g a in  

o b t a i n e d  w hich  was s i m i l a r  t o  t h a t  from  l e a v e s  ex p o sed  t o  r e d  l i g h t  a t  

b o th  OUOO and I 600  h .

Thus t h e r e  i s  c l e a r  e v id e n c e  from  t h e  d a t a  p r e s e n t e d  i n  F ig u r e  19 

f o r  r e v e r s a l  o f  t h e  e f f e c t i v e n e s s  o f  r e d ,  by f a r - r e d  r a d i a t i o n  and hence
(VS

f o r  t h e  in v o lv em en t  o f  phy tochrom e inar-the p h o to r e c e p to r  p ig m e n t .  Only 

i n  t h i s  k in d  o f  e x p e r im e n t ,  i n  w h ich  e n t r a in m e n t  o f  t h e  rhy thm  was 

s t u d i e d  by  u s i n g  two 0 . 2 5 ”h e x p o s u re s  o f  r e d  l i g h t  e v e ry  day was i t  

p o s s i b l e  t o  o b s e rv e  a  t o t a l l y  r e v e r s i b l e  r e d / f a r - r e d  e f f e c t  on t h e  

c i r c a d i a n  rhy thm  i n  B ryophy llum  l e a v e s .



2. I n i t i a t i o n  o f  t h e  rhy thm  by t r a n s f e r  from l i g h t  t o  d a r k n e s s .

The rhy thm  i n  t h e  r a t e  o f  c a rb o n  d io x id e  o u tp u t  i n  l e a v e s  o f

B ryophy llum  can  be  i n i t i a t e d  o r  r e s e t  by  a  t r a n s f e r  from l i g h t  t o  d a rk n e s s

(W i lk in s ,  1 9 5 9 ) ,  o r  by  a  r e d u c t i o n  i n  t h e  i n c i d e n t  r a d i a n t  f l u x  d e n s i t y

( W i lk in s ,  1 9 6 0 a ) .  In  t h e  e x p e r im e n ts  r e p o r t e d  h e r e  rhy thm s w ere  i n i t i a t e d

by t r a n s f e r r i n g  t h e  l e a v e s  from  t h e  g row th  room , i n  w h ich  t h e  p l a n t s  •

w ere  h e l d  p r i o r  t o  t h e  e x p e r im e n t ,  t o  d a rk n e s s  o r  low  i n t e n s i t y  w h i te

l i g h t ,  a t  t h e  end o f  t h e  p h o to p e r i o d .  I n  c o n s t a n t  c o n d i t i o n s  o f  e i t h e r

l i g h t  o r  d a r k n e s s  t h e  a m p l i tu d e  o f  t h e  rhy thm  became p r o g r e s s i v e l y  s m a l l e r

and  t h e  c a rb o n  d i o x i d e  o u tp u t  e v e n t u a l l y  became a r h y th m ic . F ig u r e  20

shows t h a t  a f t e r  t h e  rhy thm  had fa d e d  o u t  i n  w h i te  l i g h t  a t  a  r a d i a n t

-2  -1  .f l u x  d e n s i t y  o f  0 .6  J  m s , i t  c o u ld  be r e i n i t i a t e d  by  s w i tc h in g  o f f  

t h e  l i g h t . The f i r s t  p eak  o f  t h i s  new rhy thm  o c c u r r e d  a f t e r  21 h and  

a l t h o u g h  o n ly  two p eak s  c o u ld  be  r e c o r d e d ,  t h e  rh y th m  was c l e a r l y  o f  a  

c i r c a d i a n  n a t u r e  w i th  a  p e r i o d  o f  a p p r o x im a te ly  24 h .

F ig u r e  21 A-D shows t h e  a c t i v i t y  o f  v a r i o u s  r e g i o n s  o f  t h e  sp e c tru m

i n  t h i s  r e s p o n s e .  L eaves  w ere  exposed  t o  a  quantum f l u x  d e n s i t y  o f  47 pE 

- 2  "1
cm s i n  s p e c t r a l  bands  c e n t r e d  on 450 ,  530, 6 6 0 , and 730 nm f o r  5~T 

d u n t i l  t h e  rhy thm  had  damped. The m onochrom ator lam ps w ere  t h e n  s w i tc h e d  

o f f .  F i g u r e  210 shows t h a t  t h e  t r a n s i t i o n  from c o n t in u o u s  i r r a d i a t i o n  

w i th  a  s p e c t r a l  band, c e n t r e d  on 660  nm t o  d a rk n e s s  r e - e s t a b l i s h e d  t h e  

rh y th m ic  n a t u r e  o f  t h e  c a rb o n  d i o x i d e  o u t p u t .  The f i r s t  peak  o f  t h i s  

rhy thm  o c c u r r e d  19 h - a f t e r  t h e  t r a n s f e r  t o  d a r k n e s s ,  a  second  p eak  o c c u r r i n g  

24 h a f t e r  t h e  f i r s t .  Some e v id e n c e  o f  one p eak  o f  lo w  a m p l i tu d e  was 

found  a f t e r  t r a n s f e r  o f  t h e  l e a v e s  from  c o n t in u o u s  e x p o su re  t o  r a d i a n t  

e n e rg y  o f  w a v e le n g th  530 ( F ig u r e  21B) o r  730 nm ( F ig u r e  21D) t o  d a r k n e s s .

The s p e c t r a l  band  c e n t r e d  on 450 nm was w i th o u t  e f f e c t  i n  t h i s  r e s p e c t .

I t  i s  t h e r e f o r e  p r i n c i p a l l y  t h e  r e d  r e g i o n  o f  t h e  sp e c tru m  w hich i s  

r e s p o n s i b l e  f o r  t h e  e f f e c t s  o b s e rv e d  w i th  w h i te  l i g h t .
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FIGURE 21

The effect, on the rate of carbon dioxide output, of tran»^ 

ferring to darkness, Bryophyllum leaves which had been

exposed to an equal quantum flux density in spectral bands

centred on 4^0 (A), 530 (B), 660 (C) and 730 nm (u) for 5"7

d. Shaded bars above the trace indicate darkness.

0 » midnight.
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3. P hase  c o n t r o l  by s i n g l e  exposures t o  r a d i a n t  e n e r g y .

3 .1  P hase  s h i f t s  in d u c ed  by w h i te  l i g h t .

The r e l a t i v e  e f f e c t i v e n e s s  o f  a  s t a n d a r d  e x p o s u re  t o  r a d i a n t

e n e rg y  in  s h i f t i n g  t h e  p h ase  o f  t h e  rhy thm  was a s s e s s e d  a s  a  f u n c t i o n  o f

t h e  t im e  in  t h e  c y c l e  a t  w hich  i t  was a p p l i e d .  L eaves  i n  d a rk n e s s  were

exposed  once  t o  a  4 - h  i n t e r r u p t i o n  w i th  w h i te  f l u o r e s c e n t  l i g h t  a t  a

-2 -1
r a d i a n t  f l u x  d e n s i t y  o f  0 . 6  J  m s . One and a  h a l f  c y c l e s  o f  t h e  

rhybhm w ere  scanned  a t  i n t e r v a l s  o f  1 o r  2 h  b e g in n in g  a t  OUOO h ,  12 h 

a f t e r  t h e  l e a v e s  had  b een  t r a n s f e r r e d  from t h e  g row th  room t o  c o n t in u o u s  

d a r k n e s s .  The r e s u l t s  o f  a  number o f  i n d i v i d u a l  e x p e r im e n ts  a r e  shown 

in  F ig u r e s  22-25  t o  i l l u s t r a t e  t h e  t y p e s  o f  r e s u l t s  o b t a i n e d .

When t h e  l i g h t  i n t e r r u p t i o n  was g iv e n  b e f o r e  t h e  f i r s t  p eak  o f  

ca rb o n  d io x i d e  o u t p u t , a t  t h e  end o f  t h e  p e r i o d  o f  minimum c a rb o n  d io x id e  

r e l e a s e ,  t h e  f i r s t  and s u b se q u e n t  p eak s  o c c u r r e d  a  few h o u rs  e a r l i e r  

(F ig u re  22 A-C). W ith  i n t e r r u p t i o n s ,  t h e  m i d - p o in t s  o f  w hich  o c c u r r e d

l 6  o r  l 8  h a f t e r  t h e  s t a r t  o f  t h e  e x p e r im e n t ,  no e f f e c t  on t h e  p h a s e  o f

t h e  rhy thm s was o b s e rv e d .  L ig h t  i n t e r r u p t i o n s  a p p l i e d  a f t e r  t h e  f i r s t  

peak  o f  c a rb o n  d io x i d e  o u t p u t ,  d e la y e d  t h e  o c c u r r e n c e  o f  t h e  seco n d  

m a jo r  p e a k .  However, a  s m a l l  p eak  o r  s h o u ld e r  o c c u r r e d  soon a f t e r  t h e  

end o f  t h e  l i g h t  p e r i o d . ( F i g u r e  24 A -C). F ig u r e  24 shows t h a t  a s  t h e  

l i g h t  i n t e r r u p t i o n s  w ere g iv e n  l a t e r , d u r i n g . t h i s  t h e  m ost s e n s i t i v e  p a r t  

o f  t h e  c y c l e ,  t h e  m ino r  p eak  became l a r g e r  u n t i l  i t  c l e a r l y  c o n s t i t u t e d  

t h e  ad v an c e  second  p eak  ( F ig u r e s  24d and 25A). I n t e r r u p t i o n s  d u r in g  t h e  

second  c y c l e  had e s s e n t i a l l y  t h e  same e f f e c t  a s  t h o s e  a p p l i e d  d u r in g  t h e  

f i r s t  c y c l e .

F ig u r e  26 shows t h e  com bined r e s u l t s  o f  a  s e r i e s  o f  e x p e r im e n ts  

o f  t h e  ty p e  i l l u s t r a t e d  i n  F ig u r e s  22 -2 5 .  Each p o i n t  i s  t h e  mean o f  a t  

l e a s t  tw o , and in  most c a s e s  m ore , i n d i v i d u a l  m e a su re m e n ts .  The t im e s  o f
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FIGURE 22

Effect of a 4-h exposure to white fluorescent light on the 

phase of the circadian rhytlm of carbon dioxide output in 

Bryophyllum leaves, otherwise kept in continuous darkness* 

The positions of the ligh t treatments in the cycle are sliown 

by the shaded bars. The rhythms in control, unirradiated 

leaves are shown by the broken lines.

0 « midnight#
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FIGURE 23

Effect of a exposure to  white fluorescent light on the 

phase of the circadictn rîïytha of carbon dioxide output in 

Bryopliylluaa leaves^ otherwise kept in continuous darkness, 9?he 

positions of the light treatments in the cycle are shown by 

the shaded bars. The rhythms in control, unirradiated 

leaves are shown by the broken lin es.

0 ** midnight.
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FIGURE 2k

E f f e c t  o f  a  U-h e x p o su re  t o  w h i te  f l u o r e s c e n t  l i g h t  on t h e  

p h a se  o f  t h e  c i r c a d i a n  rhy thm  o f  c a rb o n  d i o x i d e  o u tp u t  i n  

B ryophyllum  l e a v e s ,  o th e rw is e  k e p t  i n  c o n t in u o u s  d a r k n e s s .  

The p o s i t i o n s  o f  t h e  l i g h t  t r e a t m e n t s  i n  t h e  c y c l e  a r e  shown 

by  t h e  shaded  b a r s , The rhy thm s i n  c o n t r o l ,  u n i r r a d i a t e d  

l e a v e s  a r e  shown by t h e  b ro k e n  l i n e s .

0 = m id n ig h t .
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FIGURE 25

E f f e c t  o f  a  k ~ h  e x p o su re  t o  w h i te  f l u o r  a s c e n t  l i g h t  on t h e  

p h ase  o f  t h e  c i r c a d i a n  rhy thm  o f  c a rb o n  d io x i d e  o u t p u t  i n  

B ryophyllum  l e a v e s ,  o th e r w is e  k e p t  i n  c o n t in u o u s  d a r k n e s s .  

The p o s i t i o n s  o f  t h e  l i g h t  t r e a t m e n t s  i n  t h e  c y c l e  a r e  shown 

by t h e  shaded  b a r s .  The rhy thm s i n  c o n t r o l ,  u n i r r a d i a t e d  

l e a v e s  a r e  shown .by t h e  b ro k en  l i n e s .

0 = m id n ig h t .
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FIGURE 26

0

I
3

I
§

«

I
%
(Q

I
8 .g

-I

I
I

.1
+>
<u

.3

'g
0

43
«J

•S

I
I
“8

I
#

I
(13•H
O
tu

B4

I

*4 ta
eo o>s s

"H
H 3

s 0
X ■p2
. s

«W
m w

aPk
+»

rÛ

i1 i
4203

Q) 'H
•P8 »H
a

M •H
0)
; g
cu

H Î*



IJÜ.

o

o
o

o
00

o
CD

e  e

O
csi

oCD
«<r

CNI
c o

00
co

CD
CN

00

( q )  uo!;dnjj0;u! ^q6i| p  auuijL



o c c u r r e n c e  o f  p eak s  o f  t h e  rhy thm  i n  l e a v e s  in  d a r k n e s s  shown i n  F ig u re  

26  a r e  t h e  mean v a l u e s  f o r  2h  rhy thm s in  le a v e s  in  d a r k n e s s .  S m all  peaks  

w hich  o c c u r r e d  a f t e r  t h e  end o f  l i g h t  i n t e r r u p t i o n s ,  g iv e n  be tw een  t h e  

f i r s t  and second  p eak s  o f  t h e  rhy thm  i n  d a r k n e s s ,  have b een  in c lu d e d  in  

F ig u r e  26.

I n  many e x p e r im e n ts ,  i n  w hich  l e a v e s  w ere exposed  e i t h e r  once o r  

p e r i o d i c a l l y  t o  r a d i a n t  e n e rg y ,  a  te m p o ra ry  i n c r e a s e  i n  t h e  r a t e  o f  

ca rb o n  d io x id e  o u tp u t  o c c u r r e d  d u r in g  o r  soon a f t e r  i r r a d i a t i o n .  As 

t h i s  may have  r e p r e s e n t e d  a  d i r e c t  e f f e c t  o f  r a d i a n t  e n e rg y  on t h e  b i o ­

c h e m ic a l  p r o c e s s  b e in g  m o n i to r e d ,  r a t h e r  th a n  on t h e  u n d e r ly i n g  c i r c a d i a n  

o s c i l l a t i o n ,  i t  i s  d i f f i c u l t  t o  u n e q .u iv o c a l ly  d i s t i n g u i s h  betw een p h ase  

ad v an c es  and  d e l a y s  i n  t h i s  s e r i e s  o f  e x p e r im e n ts .  I t  i s  c l e a r ,  how ever, 

t h a t  i n  each  ex p e r im e n t  i n  w hich  t h e  p h ase  o f  t h e  rhy thm  was changed  by 

i r r a d i a t i o n  o f  t h e  l e a v e s ,  t h e  rhy thm  had been  r e s e t  w i th  a p eak  o f  ca rb o n  

d io x i d e  e m is s io n  o c c u r r i n g  2 1 . 5  “  29  h a f t e r  t h e  end o f  t h e  l i g h t  i n t e r ­

r u p t i o n ,  On t h e  b a s i s  o f  t h i s  o b s e r v a t i o n  i t  can  be c o n c lu d e d  t h a t  

w h e th e r  o r  n o t  a p h ase  s h i f t  i s  in d u c e d  and i t s  m a g n itu d e  a r e  d e te rm in e d  

by t h e  t im e  o f  a p p l i c a t i o n  o f  t h e  l i g h t  t r e a t m e n t .  * The t im e  be tw een  t h e  

end o f  t h e  t r e a t m e n t  and t h e  o c c u r r e n c e  o f  a  p eak  i s  n o t  p r e c i s e l y  t h e  

same f o l l o w i n g  i r r a d i a t i o n  o f  t h e  l e a v e s  a t  v a r io u s  t im e s  in  t h e  c y c l e .  

T h is  i s  a p p a r e n t  from t h e  f a c t  t h a t  a  l i n e  j o i n i n g  t h e  t im e s  o f  

o c c u r r e n c e  o f  peaks  would n o t  be  p a r a l l e l  t o  t h a t  m a rk in g  t h e  end o f  t h e  

l i g h t  t r e a t m e n t .

From t h e s e  c o n c l u s i o n s  one can  p r e d i c t  t h a t  a t  one p o in t  i n  t h e  

c y c l e ,  2 1 . 5  -  29  h b e f o r e  a  p e a k ,  an i n t e r r u p t i o n  o f  d a rk n e s s  w i th  w h i te  

l i g h t  would be i n e f f e c t i v e  in  s h i f t i n g  t h e  phase  o f  t h e  rhy thm . T h is  was 

c o n f irm e d  i n  t h i s  s e r i e s  o f  e x p e r im e n t s ,  an  i n t e r r u p t i o n  end ing  26 h 

b e f o r e  t h e  e x p e c te d  t im e  o f  o c c u r r e n c e  o f  t h e  second  p eak  o f  t h e  rhythm



i n  d a rk n e s s  h av in g  no e f f e c t  on t h e  p h ase  o f  t h a t  rh y th m . I t  i s  a l s o  

a p p a r e n t  t h a t  t h e  f i r s t  p eak  o f  t h e  rhy thm  o c c u rs  a  s i m i l a r  t im e  a f t e r  

t h e  i n i t i a t i n g  t r a n s f e r  from l i g h t  t o  d a r k n e s s ,  in  t h i s  c a s e  2 5 . 2  h 

a f t e r  t h e  s t a r t  o f  t h e  e x p e r im e n t .

The m a g n itu d e  o f  t h e  p h a se  s h i f t s  in d u c ed  hy  t h e  l i g h t  t r e a t m e n t s  

a r e  v i r t u a l l y  t h e  same i n  t h r e e  s u c c e s iv e  c y c l e s  a f t e r  t h e  l i g h t  i n t e r ­

r u p t i o n .  Thus t h e  new s t e a d y  s t a t e  i s ^ r e a c h e d  r a p i d l y ,  a t  l e a s t  hy t h e  

t im e  o f  t h e  peak  w hich  o c c u r s  2 1 . 5  -  29 h  a f t e r  t h e  l i g h t  i n t e r r u p t i o n .

3 .2  P hase  s h i f t s  in d u c ed  by m onochrom atic  r a d i a t i o n .

Leaves i n  d a rk n e s s  w ere exposed  f o r  4 h t o  m onochrom atic  r a d i a t i o n

-2  -1
a t  a  quantum f l u x  d e n s i t y  o f  47 pE cm s S p e c t r a l  bands  c e n t r e d  on 

4 5 0 , 6 6 0 , and 730  nm w ere u s e d .  These  w ere s e l e c t e d  t o  i n c lu d e  w a v e le n g th s  f i  

t h e  r e d  r e g io n  o f  t h e  sp e c tru m ,  p r e v i o u s l y  found  t o  b e  a c t i v e  i n  s h i f t i n g  

t h e  p h a s e ,  and r a d i a n t  e n e rg y  o f  s h o r t e r  and l o n g e r  w a v e le n g th  r e p o r t e d  

t o  be  i n e f f e c t i v e  i n  t h i s  r e s p e c t  (W i lk in s ,  19 7 3 ) .

R a d ia n t  en e rg y  in  t h e s e  bands  was a p p l i e d  a t  s e v e r a l  d i f f e r e n t  

t im e s  d u r in g  t h e  c y c l e  t o  a s s e s s  i t s  e f f e c t i v e n e s s  i n  in d u c in g  ph ase  

s h i f t s .  The e f f e c t  on t h e  p h a se  o f  t h e  rh y th m , o f  e x p o s u re s  a t  two 

d i f f e r e n t  t im e s  in  t h e  cy c le ,  a r e  sho^m i n  F ig u re  27. When a p p l i e d  

be tw een  2000  and  0000  h d u r in g  t h e  second  day i n  d a r k n e s s ,  t h e  s p e c t r a l  

band c e n t r e d  on 66O nm in d u c e d  a p h ase  d e la y  o f  3-4 h ,  a  p eak  o c c u r r i n g  

2 1 . 5  h a f t e r  t h e  end o f  t h e  i r r a d i a t i o n .  A n  ex p o su re  t o  r a d i a n t  en e rg y  

i n  t h i s  band betw een 0400 and  O8 OO h in  t h e  same c y c l e  in d u c e d  a  s te a d y  

s t a t e  p h a se  ad v an ce  o f  6 h ,  peaks  o c c u r r i n g  6 and 28 h a f t e r  t h e  end o f  

t h e  i r r a d i a t i o n .  I n  a l l  p a r t s  o f  t h e  c y c l e  t e s t e d ,  t h e  s p e c t r a l  band 

c e n t r e d  on 66O nm in d u c ed  a  p h ase  s h i f t  s i m i l a r  t o  t h a t  in d u c ed  by w h i te  

l i g h t .  S p e c t r a l  bands c e n t r e d  on 450 and 730 nm had  no m e a su ra b le  e f f e c t
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FIGURE 27
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on tfeo pbROO o f  the at any t iim  in the oyole. I t  i s  therefore p

prinoixïaIXy radiant energy from the red region of the epeetrum tfhich is  

reoponoihle for the phaiso eontroX exerted hy, vhite ligh t.

The dopondonGo of jteoo-shifting activity on wavelength found in 

th is investigation and hy Wilkins (X9T3) suggested the possible involve­

ment of phytoohromo in  the reooption of the ligh t stimulus. In order to 

te st  th is hypothesis evidence of rmd/far^rod reversib ility  was sought. 

iSxposiiig leaves for 4 h to rod ligh t (66o nm) at a radiant flux density 

of 85 mJ m e  ̂ resulted in a phase sh ift o f about X«! h (Figure 2dA) 

whereas an exposure to far-red radiation at a radiant flux density of 

T.B J m ** 0 was without cffeot (ï'igure 0&B), An exposure to red light

for 4 hp followed immediately by exposure to far-red radiation for 4 h,

resulted In a marked phase shifty although Its magnitude was 4^$ h loss  

tWn that attained with red light alone (Figure 08G), Mhm leaves were 

exposed siîîiulteneoHai/y to red and far-red x’adiatiou for 4 h (Figure S6d) 

the eiroadian rhytl'ps of aarbon dioxide output was virtually abolished. 

Although the phase appeared to be shifted to some extent b^f'.this treatment» 

i t  was not possible to accurately assess the magnitude of th is sh ift.

The lack of complete reversib ility  in these experiments might be 

attributed.to the fact that the exposures were sufficiently  long for any 

effect to proceed beyond the reversible photochemical stages.

Attempts to, overcome th is d ifficu lty  were made by exposing leaves 

for 4 h to rapid alternations of red light and darkness. When this

' treatment involved exposure to 5 min red light alternating with l> min

of darkness for 4 a d istinct phase sh ift was observed (Figure S9A).

In a second experiment (Figure B^B), leaves were oxpocod to 5 min of red 

ligh t alternating with g mln of far-red radiation for 4 h. The reault
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FIGURE 28

Effect of expoaure to 4-h red light (A), 4-h far-red radiation 

(b), 4-h of red light followed hy 4-h of far-red radiation (O)* 

and red and far-red radiation siaultaneouely for 4*h (D), on 

the phaae of the circadian rhythm in Bryophyllum leaves. The 

fines of the irradiations are shown hy the shaded bars, and 

control rhythms in leaves in continuous darkness hy the broken 

lin es.

0 « midnight.
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FIGURE 29

Effects of exposiijg leaves of Bryoioliyllum for 4 h, to 5 win of 

red light alternating with 5 win of darlmese (A), to  5 win of 

red alternating; with 5 win of far-red radiation (B), and to the 

regime in A superimposed on a 4-h continuous exposure to  far-red 

radiation (C ). Times of irradiation are shown hy the shaded 

hors. The broken lin es show the rhythm in unirradiated control 

leaves,

0 « midnight.
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o f  t h i s  t r e a t m e n t  was n o t  a. c l e a r  r e v e r s a l  o f  t h e  p h ase  s h i f t  in d u c e d  by 

r e d  l i g h t  a l o n e ,  b u t  a  c o n s i d e r a b l e  r e d u c t i o n  o f  t h e  a m p l i tu d e  o f  t h e  

r h y t h n i n  s u b se q u e n t  d a r k n e s s .  When t h e  l e a v e s  w ere exposed  t o  c o n t in u o u s  

f a r - r e d  r a d i a t i o n  f o r  k  h s u p e r im p o sed  on t h e  5 min r e d /  5 min .d a rk n ess  

e x p e r im e n ta l  r e g im e ,  t h e  c i r c a d i a n  n a t u r e  o f  t h e  rhy thm  was l o s t  and ' 

s m a l l  p e a k s  te n d e d  t o  o c c u r  a t  12 h  i n t e r v a l s  (F ig u r e  29C). T h is  t e c h ­

n iq u e ,  t h u s ,  a l s o  f a i l s  t o  d e m o n s t r a t e  a  c l e a r  r e v e r s a l  o f  t h e  e f f e c t i v e ­

n e s s  o f  r e d  l i g h t  by  e x p o s u re  t o  f a r - r ç d  r a d i a t i o n ,  i n  so f a r  a s  p h ase  

s h i f t s  w ere  c o n c e rn e d .  T here  i s  no doub t how ever,  t h a t  f a r - r e d  r a d i a t i o n  

i n t e r a c t s  i n  some way w i th  t h e  r e d  and  l e a d s  t o  a  l o s s  o f  t h e  c i r c a d i a n  

n a t u r e  o f  t h e  rh y th m .

Some v a r i a t i o n  i n  t h e  t e s t  r e g im e s  t o  w h ich  t h e  l e a v e s  w ere  

exp o sed  f o r  a  p e r i o d  o f  U h was exam ined  f o r  e v id e n c e  o f  r e d / f a r - r e d  

r e v e r s i b i l i t y .  A s e q u e n t i a l  re g im e  o f  10 s o f  r e d  l i g h t  f o l lo w e d  by  30 

s o f  d a r k n e s s  l e d  t o  t h e  i n d u c t i o n  o f  a  s u b s t a n t i a l  p h a se  s h i f t  (F ig u re  

30A ), b u t  a  reg im e  o f  10 s o f  r e d  fo l lo w e d  by  30 s o f  f a r - r e d  r a d i a t i o n  

l e d  t o  t h e  v i r t u a l  a b o l i t i o n  o f  t h e  c i r c a d i a n  rhy thm  (F ig u r e  30B), When, 

t h e  re g im e  o f  10 s r e d  l i g h t  an d  30 s o f  d a rk n e s s  was a p p l i e d  t o  l e a v e s  

f o r  h h  w i th  a  s im u l ta n e o u s  an d  c o n t in u o u s  e x p o s u re  t o  f a r - r e d  r a d i a t i o n ,  

t h e  e x p e r im e n ta l  r e s u l t  was somewhat v a r i a b l e .  E i t h e r ,  a  v e ry  s l i g h t  

p h a s e  s h i f t  was in d u c e d  i n  t h e  rhy thm  (F ig u re  30C ), o r  t h e  rhythm, 

a p p e a re d  t o  l o s e  i t s  c i r c a d i a n  n a t u r e  (F ig u re  30D),

The a l t e r n a t i o n  o f  e i t h e r  r e d  l i g h t  and d a rk n e s s  o r  o f  r e d  and 

f a r - r e d  r a d i a t i o n  t h e r e f o r e  gave some e v id e n c e  f o r  t h e  o c c u r r e n c e  o f  

r e d / f a r - r e d  r e v e r s i b i l i t y .  T here  i s  no d o u b t ,  h ow ever ,  t h a t  r e d  and  

f a r - r e d  r a d i a t i o n  i n t e r a c t  u n d e r  c e r t a i n  c i r c u m s ta n c e s  and  l e a d  t o  a 

m o d i f i c a t i o n  o f  t h e  e f f e c t s  on t h e  c i r c a d i a n  rhythm  o f  c a rb o n  d io x i d e  

o u tp u t  i n  B ryophyllum  l e a v e s ,  o b t a in e d  w i th  r e d  l i g h t  a l o n e .
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FIGURE! 30

Effects o f expoBing leaves of il^yophyllum for 4, h to  10 e of 

red light alternating with 30 3 of darhneos (A), 10 @ of red 

alternat mg with 30 s of fat*-red radiation (B), and to the 

regime used in A superimposed upon a continuous exposure to  

far-red radiation for h (0 and D). Times of irradiation 

ere shown by the shaded bars, The broken lin es show the 

rhythm in unirradiated leaves,

0 « midnight.
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k . The rhy thm  i n  c o n t i n u o u s l y  i r r a d i a t e d  l e a v e s .

4 .1  The rhy thm  i n  w h i te  l i g h t .

A rhy thm  i n  t h e  r a t e  o f  c a rb o n  d io x i d e  o u tp u t  was in d u c ed  by

t r a n s f e r r i n g  t h e  l e a v e s  from  t h e  c o n t r o l l e d  en v iro n m en t  room t o  d a rk n e s s

o r  a low  r a d i a n t  f l u x  d e n s i t y  o f  w h i t e  l i g h t  a t  l^ ^ C .  Exam ples o f  t h e

-2  -1
rhy thm  i n  d a r k n e s s ,  a  r a d i a n t  f l u x  d e n s i t y  o f  0 . 6  J  m s from  w h i te

-2 -1
f l u o r e s c e n t  lam ps and^2 . 5  J  m s from  t u n g s t e n  lam p s  a r e  shown i n  

F ig u r e  31 A-C. The p e r i o d  o f  t h e  rhy thm  was r e d u c e d  by  b o th  i r r a d i a t i o n
V

t r e a t m e n t s .  R a d ia n t  en e rg y  froip. t h e  f l u o r e s c e n t  lam p  r e d u c e d  t h e  p e r io d  

from  a p p r o x im a te ly  2 k  h i n  d a r k n e s s  t o  2 0 . 3  h ,  t h e  f i r s t  p eak  o c c u r r i n g  

22 h a f t e r  t h e  s t a r t  o f  t h e  e x p e r im e n t .  R a d ia n t  e n e rg y  from  t h e  t u n g s t e n

lam p re d u c e d  t h e  p e r i o d  t o  1 9 . 1  h w h i le  t h e  t r a n s i e n t  was d e c r e a s e d  from

26  h  i n  d a r k n e s s  t o  1 9 . 3  h .

k .2  The e f f e c t  o f  c o n t in u o u s  m onochrom atic  r a d i a t i o n .

In  o r d e r  t o  d e te rm in e  t h e  r e g i o n  o f  t h e  s p e c tru m  r e s p o n s i b l e  f o r  

t h e  e f f e c t s  o f  w h i te  l i g h t ,  and  t o  a s s e s s  w h e th e r  a n y  w a v e le n g th s  l e n g t h ­

ened  t h e  p e r i o d  a s  h a s  b een  r e p o r t e d  f o r  P h a s e o lu s  (L o rc h e r , 1958) and 

C o le u s  (H a la b a n ,  1 9 6 9 ) ,  t h e  rh y th m  was r e c o r d e d  i n  l e a v e s  exposed  t o  a 

number o f  d i f f e r e n t  w a v e le n g th s  o f  m onochrom atic  r a d i a t i o n  a t  1 5 °C. 

Examples o f  t h e  e f f e c t s  o f  c o n t in u o u s  e x p o su re  t o  a  quantum f l u x  d e n s i t y
- 2  - p

o f  4T pE cm s i n  s e v e r a l  25 nm w ide s p e c t r a l  b a n d s  a r e  shown in  

F ig u r e  32. In  c o n t in u o u s  d a r k n e s s  t h e  p eak s  o f  t h e  rh y th m  o c c u r  a t  

a p p r o x im a te ly  t h e  same t im e  e ac h  day  i n d i c a t i n g  a  p e r i o d  c l o s e  t o  2 k  h .

In  c o n t r a s t ,  t h e  p eak s  o f  rh y th m s i n  l e a v e s  i r r a d i a t e d  w i th  s p e c t r a d  

b ands  c e n t r e d  on 530, 6OO, 66O and  730 nm o c c u r r e d  e a r l i e r  each  day 

i n d i c a t i n g  p e r i o d s  l e s s  t h a n  2 k  h .  The p e r i o d - s h o r t e n i n g  e f f e c t  o f  

t h e s e  t r e a t m e n t s  i s  a l s o  a p p a r e n t  from t h e  f a c t  t h a t  t h e  rh y th m s i n  

i r r a d i a t e d  l e a v e s  became p r o g r e s s i v e l y  more o u t  o f  p h a s e  w i th  t h o s e  in  

u n i r r a d i a t e d ,  c o n t r o l  l e a v e s .  The p eak s  o f  t h e  rh y th m  in  l e a v e s  exposed
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FIGURE 31

Tüe circadiaa rhythm of carbon dioxide output from Bryouhyllum

leaves at in darkness (A), 0*6 J m  ̂ e  ̂ from white
~1fluoresdent lamps (B) emd J m s from, tungsten lamps 

(0 ).

0  M midnight*
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FIGURE 32
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t o  s p e c t r a l  bands c e n t r e d  on U50 and  T^O nm o c c u r re d  a t  t h e  same tim e  

a s  th o s e  o f  rh y th m s i n  l e a v e s  in  d a r k n e s s ,  d e m o n s tra t in g  t h e  i n e f f e c t i v e ­

n e s s  o f  th e s e  w a v e le n g th s  in  m o d ify in g  th e  p e r io d .

The com bined r e s u l t s  o f  a  number o f  such  e x p e r im e n ts  a r e  shown in  

F ig u re  33* F u r th e r  d e t a i l s  o f  t h e s e  r e s u l t s  a r e  g iv e n  i n  A ppendix  2 , 

t a b l e s  1 and  2 . C o n tin u o u s  i r r a d i a t i o n  w ith  s p e c t r a l  b ands c e n t r e d  on 

66.0, 6OÔ, 730  and  530  nm s ig n i f i c a n t l y v r e d u c e d  t h e  p e r io d  com pared w ith  

t h a t  i n  d a r k n e s s .  Maximum r e d u c t io n  o c c u r re d  a t  66O an d  6OO nm w h ile  

l e a s t  r e d u c t io n  o c c u r r e d  a t  530 nm. None o f  t h e  w a v e le n g th s  t e s t e d  

s i g n i f i c a n t l y  le n g th e n e d  t h e  p e r io d .  The t r a n s i e n t  was a l s o  s h o r te n e d  

by t h e  66O, 600  and  530 nm ban d s o f  r a d i a n t  e n e rg y  by  an  am ount p ro p o r t­

io n a l  t o  t h e  r e d u c t io n  o f  t h e  p e r io d .  However, a l th o u g h  t h e  s p e c t r a l  

band  c e n t r e d  on 730  nm re d u c e d  t h e  p e r io d ,  t h e  t r a n s i e n t  in  t h i s  c a s e  

was n o t  r e d u c e d . No s i g n i f i c a n t  d i f f e r e n c e  i n  e i t h e r  t h e  p e r io d  o r  th e  

t r a n s i e n t  was fo u n d  b e tw een  u n i r r a d i a t e d  le a v e s  and  l e a v e s  c o n t in u o u s ly  

exposed  t o  r a d i a n t  e n e rg y  o f  450 o r  760  nm. I t  i s  c l e a r  from  th e s e  

r e s u l t s  t h a t  r a d i a n t  e n e rg y  p r i n c i p a l l y  from  t h e  r e d  r e g io n  o f  t h e  

sp ec tru m  i s  r e s p o n s ib l e  f o r  d e te rm in in g  th e  p e r io d  and  t r a n s i e n t  o b se rv e d  

w ith  w h ite  l i g h t .

4 .3  The e f f e c t  o f  quantum  f lu x  d e n s i t y .

The d ep en d en ce  o f  t h e  p e r io d  and  t r a n s i e n t  on t h e  i n c id e n t  quantum 

f lu x  d e n s i t y  was d e te rm in e d  by  e x p o s in g  le a v e s  t o  f i v e  f lu x  d e n s i t i e s  o f  

m onochrom atic  r a d i a t i o n  in  t h e  s p e c t r a l  band (6 6 0  nm) fo u n d  t o  be  m ost 

a c t i v e  in  s h o r te n in g  t h e  p e r io d  and  t r a n s i e n t .  The r e s u l t s  o f  in d iv id u a l  

e x p e r im e n ts  from  t h i s  s e r i e s  a r e  shown in  F ig u re  34. F ig u re  35 shows th e  

com bined r e s u l t s  from  a number o f  su ch  e x p e r im e n ts .  F u r th e r  d e t a i l s  o f  

th e s e  r e s u l t s  a r e  g iv e n  in  A ppendix  2 , t a b l e s  3 and  4 .  A ll  th e  q_uantum 

f lu x  d e n s i t i e s  t e s t e d  s i g n i f i c a n t l y  re d u c e d  th e  p e r io d  com pared w ith  t h a t
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FIGUEE 33

fhe effect of continuous exposure to an incident (Quantum flux 

density of 4? pE cm  ̂ a  ̂ in 25 nm vide spectral bands on the 

period (closed circles) and the transient (open circles) of the 

rhythm of carbon dioxide output fr<HB Bryophyllum leaves, bines 

A and B show the values of the transient and period respectively 

of rhythms in darkness. The vertical lin es are the standard 

errors of the means.
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FIGUES 34

The circadian rhythm in Bryophyllmn leaves continuously exposed 

to monochromatic radiation (660 nm) at quantum flux densities

of Î-

A, 0 , 98pE -2cm s-^

B, 3.3 « 1)

G. 13.0 M

D, 22.0 U

B. 47.0 n I?

The mean times of occurrence of the peaks of rhythms in 

darkened control leaves are shorn by the broken lin es .

0 M midnight.
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o b s e rv e d  in  l e a v e s  h e ld  in  d a rk n e s s .  An a p p ro x im a te ly  l i n e a r  r e l a t i o n ­

s h ip  e x i s t s  b e tw een  t h e  m a g n itu d e  o f  t h i s  r e d u c t io n  and  th e ' lo g a r i th m  o f  

t h e  quantum  f lu x  d e n s i t y .  The t r a n s i e n t  a l s o  d e c re a s e d  w ith  in c r e a s in g  

f lu x  d e n s i t y ,  t h e  m a g n itu d e  o f  t h e  r e d u c t io n  b e in g  a p p ro x im a te ly  p ro p o r ­

t i o n a l  t o  t h a t  o f  th e ' p e r io d  f o r  a  g iv e n  f lu x  d e n s i t y .  The lo w e s t  quantum  

f lu x  d e n s i t y ,  h o w ev er, s i g n i f i c a n t l y  re d u c e d  -th e  p e r io d  b u t n o t  t h e  

t r a n s i e n t .  T h ere  was a g a in  an  a p p ro x im a te ly  l i n e a r  r e l a t i o n s h i p  be tw een

t h e  lo g a r i th m  o f  t h e  quantum  f lu x  d e n s i t y  and  t h e  m a g n itu d e  o f  th e
\

r e d u c t io n  o f  t h e  t r a n s i e n t .

4 .4  The i n t e r a c t i o n  o f  l i g h t  and te m p e r a tu r e .

In  c o n t in u o u s  d a rk n e s s  th e  p e r io d  o f  t h e  rh y th m  in  B ryophyllum  

le a v e s  shows a  sm a ll  b u t  s i g n i f i c a n t  d ependence  on t h e  am b ien t te m p e ra tu r e  

(W ilk in s ,  1 9 6 2 b ) . Rhythms i n  le a v e s  c o n t in u o u s ly  i r r a d i a t e d  w ith  mono­

c h ro m a tic  r a d i a t i o n  (6 6 0  nm) a t  a  quantum  f lu x  d e n s i t y  o f  4% pE cm ^ s ^ 

w ere com pared w ith  th o s e  in  le a v e s  h e ld  in  d a rk n e s s  th ro u g h o u t th e  

e x p e r im e n t ,  t o  d e te rm in e  w h e th e r  o r  n o t  th e  e f f e c t i v e n e s s  o f  r a d i a n t  

e n e rg y  in  s h o r te n in g  t h e  p e r io d  and  t r a n s i e n t  was in f lu e n c e d  by  te m p e ra tu re

The c a rb o n  d io x id e  o u tp u t  o f  l e a v e s  was r e c o r d e d  a t  6 d i f f e r e n t  

t e m p e r a tu r e s .  The r e s u l t s  o f  i n d iv id u a l  e x p e r im e n ts  a r e  shown in  F ig u re s  

36 and  ST. F ig u re  S6A shows t h a t  t h e  r a t e  o f  c a rb o n  d io x id e  o u tp u t  o f  

b o th  i r r a d i a t e d  and  u n i r r a d i a t e d  le a v e s  a t  lO^C was i n i t i a l l y  lo w , 

i n c r e a s in g  s l i g h t l y  to w a rd s  t h e  end o f  th e  e x p e r im e n t ,  and  a rh y th m ic .

A c i r c a d i a n  rhy thm  in  t h e  r a t e  o f  c a rb o n  d io x id e  o u tp u t  was a p p a re n t  in  

b o th  i r r a d i a t e d  le a v e s  and le a v e s  in  d a r lm e ss  a t  te m p e r a tu r e s  w i th in  th e  

ra n g e  15-30°C  (F ig u re  36b and  C, F ig u re  3TA and B ) . A t 35^C th e  r a t e  o f  

c a rb o n  d io x id e  o u tp u t  was a rh y th m ic ,  d e c r e a s in g  d u r in g  t h e  f i r s t  20  h  o f  

t h e  e x p e r im e n t ,  i n c r e a s in g  f o r  a  f u r t h e r  24 h in  i r r a d i a t e d  le a v e s  and 

32 h  in  l e a v e s  in  d a r k n e s s ,  and  th e n  d e c r e a s in g  th ro u g h o u t  t h e  re m a in d e r
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FIGURE 35

The effect, of the incident qwrntm flux density of a 2$ nm vide 

spectral hand centred at 660 nm, on the period (closed circles) 

and transient (open circles) of the rhythm of carbon dioxide 

output from leaves of Bryophyllum. The vertical lines are the 

standard errors of the means.
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FXGUBK 36

The rate of carbon dioxide output o f Bryopbyllm leaves in  

darknessÇ or exposed to naonoclnromatia radiation (660 m ) at a 

quantum flux density of k*f pE cm  ̂  ̂ at 10% (A)» 15% (B)

and 20% (C)*
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FIGURE .37

The rate of carbon dioxide output of Bryophyllum leayes in 

darlmeas, or exposed to monochromatic radiation (660 nm) at a 

quantum flux density of 4% pE cm""̂  at (A), 30^0 (B) 

and 35°C (C),
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of  tho experimout. Thero a general ijeMenay for em ii’icr^aeed îçato 

Of aarboïi dioxido output with iueroa '̂ad tempisraturo* !%ho rbytim toaclod ■ 

to persist for rather lomger im leaves in  darkness thm% iW leaves whioh 

wore irradiated#

?i#r@ 38 shows the oomhiued results of th is series of expormonta# 

Further details of those résulta are given in Appendix 9.̂  tatlos -̂10#

The period of rb̂ rthms in both darkened mid irradiated leaves l&oroased 

between 19  ̂ and and deoroaeed between 93^ and 30̂ C# However *. while 

irradiation reduced the period at 15*̂  G by ha th is difference do- 

ereneed with inoreaning tmaperaturo and at 30^0 wan not significant#

The transient dooreaeed with increasing tmpcrature over the range 15“30  ̂

0 whether leaves were in constant li$ht or ilarimesn# Whether or not 

the tranaiont was shortened by the irradiation treatment depended on the 

m ’béent temperature in a similar way to that observed for the reduction 

of the period# The magnitude of the reduction of the transient by 

irradiation decreased between X3^ a?id 30^0 and at the la tter temperature 

there was no ciguiflcant difference between the transients of rhytîms 

in darkened and irradiated leaves# Thus^tilthough the ambient temperature 

influenced the period and tr&msimt in ciuito distinct ways, irradiation 

exerted mi effect on the transient which was approximately prop»rtional 

to the effect on the free-rumdng period of the riiytlm#
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PIOURE SB

The effect of temperature on the period (A)» and the transient 

(B), o f the rhythm of carhon dioxide output in leaves of 

BryonhylXum in darkness (closed circles) or irradiated with 

hT pE cm ‘ s in & 25 nm wide spectral hand centred on 660 

nm (open circles)* The vertical lin es are the standard errors 

of the means.
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The carbon aio%i&o oy&ew& o f leaves of geatgcWnkol

into air in it ia lly  free o f  carbon dioxido is  rljytlmiia over a range of 

ambient temperatures and irradiation troatmonts, %hat th is represents 

an endogenous circadian rteytto has previously hoen demonstrated ,̂ in so 

far as i t  is  possible to obtain conclusive evidonco of the endogenous 

origin of rhythmicity (Wilkiẑ St, 19^9? 1960a.j 1967). All the data 

obtained In th is investigation are consistent vith th is conclusion and 

four of the five basic properties which a rhytim shovO-d possess to be 

considered ondogenous have again been dmonstrated.

As reported previously (Wilkins* 1968a )* the rhythm in leaves of 

Bryppliyllim can* in coamion with a ll  circadian rhytWs » he entrained by 

cycles of ligh t and darkness. In some organisme * whether or not a c ir­

cadian rhytim is  entrained by a 2t-h cycle of light and darkness„ depends 

on the length of the ligh t period* Intrainmeat occurs i f  the photopariod 

fa lls  within specific limits» characteristic for that organism. A d*S9-h 

exposure to white light every h rapidly entrains the rhybhm in 

Bzyophyllum and maintains i t  in a precise phase relationship to the 

:entrain-in#'cycle* In th is respect, the rhythm in Brypp t̂ l̂lwa resembles 

those in hcium perpusilla (Hillman» 1971) and Drosophila  psoudoobsoura 

(Pittendrigh and Minis» 1964). On the other hand» the lea f movement 

rhythm of Pharbi t i s a,i l  is  entrained only by cycles containing a 

photoperiod of between 4 and 20 h (Bolligs 1974).

Skeleton photoporiods consisting of 0,89-h irradiations marking 

the beginning and end of a corresponding 8-h photoperiod were effective  

in replacing the oom]ilete photoperiod in entraining the Brypphyli.um 

rĥ ftlmw ïiie ablAity to entrain to skeleton photo^^eriods » shown by the
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BryouUylXm is  also possessed by r%tMs iu Bomm (nillmaa* IpTO*

197^), Dro8o%Mlq (PiUeadrigh, 19&6), Pcctinophora (MWs, 1969) and 

Po% n̂laoa (Karve and Jigajinni, 1966&)* although sme difforances between 

and the other spaaias are apparent. In BryopbyllTm» and also 

ih bm B . and O.eg-h expoBuras are auffiaiant to act as com­

ponents of the skeleton photoperiods. 3Wrainmant o f the lea f opening 

rhythm of Fortmlaca grancLifLora con be aehiaved by irradiations of 1 or 

2 h duration* but not by irradiations of 0,9 h» applied as a skeleton 

photoperlod.

Although the skeleton photoporiod of I*D 8:16 may be considered 

ambiguous» in tlmt i t  also represents the skeleton photoperiod of W  

l6,9s7,9& Bryophyllm leaves exposed to th is schedule always interpret 

the shorter of the two dark periods in each s4-h cycle as the photoperiod 

fh is is  a general feature of entrainment to skeleton photoperiods in 

which the lenr&thü of the alterm te dark periods differ considerably,

When skeleton photoperiods are used with alternating dark periods of 

more similar duration however » differences in the responses of organisms 

become apparent,- %ien exposed to the skeletons of photopcriods of 

between 11 and 13 h, the cicloeion rhytWi of p ;̂B2 c ^ i la  displays the 

phenomenon of b istab ility . Organisms which show b istab ility  interpret 

the second dark period of some skeleton regimes as the complete photo- 

period, irrespective of whether i t  is  the longer or shorter of the two 

(Pittendrigh, 1966}« In contrast» investigations of the rhythm of 

carbon dioxide output in bmna have provided no evidence for b istab ility  

with skeleton photoperiods in the 11 to 13-h range (HilMaUa 1972), When 

exposed to the skeleton photoperiods of ID 11:13» the rî ythm in 

Bryppbyllm d iffers, depending on the irradiation sequence, This d iffer­

ence is  in the appearance of a sub-peak in the 13-h dark peaiod when th is  

period follows* but not when i t  proceeds the 10,9^h dark period. It is  

not clear however» whether or not th is ahou31l bo considered as bistability;
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as It doas not represent a complete change iu the phase relationship of 

the rhytlm to the entraining cycle, The rhythm retained the major 

features of entraiment to the skeleton of ID 11:13 rather than timt 

expected of ID 13*9î10.9* When exposed to the skeleton photoperiod of 

ID lSsX2* no clear cntrainment was observed, in contrast to the entrain- 

ment obtained with the schedules containing the cauplete photoperiods,

The meeîmnisfîi of ontrainramt of a circadian rîiÿthm to cycles of 

ligh t and darkness has been the subject of detailed investigation in 

Drosophila (Pittendrigh, 1969 s 1966), The data obtained with th is  

orgasiism suggest that entrainment is  the net result of individual phase 

sh ifts induced by the successive exposures to lig h t. Entrainment of a 

riiytlim with a free-running period of exactly S4 h» to 24-h light-dark cycles, 

would involve a series of phase sh ifts , advances, delays, or both, until 

the irradiation occurred at the time in the cycle at which no phase sh ilt  

was induced. In th is  way a precise phase relationship between the rliythm 

and. the entraining cycle would be achieved* Bntrainment of a rhythm with 

a free-running period differisig from 24 h, by a single daily photoperiod» 

would be rather more complex. In th is case* a ligh t Interruption occur­

ring on one particular day, at the tirac in the cycle at which no phase 

sh ift i s  induced, would coincide with an earlier or later part of the 

cycle: on the next day, depending on #iether the period of the rhytlm was 

more or le ss  than 24 h. Steady-state entraiament of such rhythms would 

therefore require a series of phase sh ifts resulting finally  in the 

organisra being irradiated at the point in the cycle at which the phase 

advance or delay induced was such #m t the same point recurred exactly 

84 h later.

On© can therefore reasonably conclude that 0,89-h periods of 

whit© 3-ight and of certain wavelengths of monocliromatic radiation induce
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phase sh ifts of the M m M ïm  The rhythm in leaves

exposed to 0*39 h of white ligh t at 0400 h each day rapidly becomes 12 h 

out of phase with the rhytWi i« leaves in constant darkness, This is  

achieved after only three 24-h cycles and hence exposure to a to ta l of 

0,79 h of white ligh t, A previous investigation of the duration o f ex­

posure to light necessary to induce a phase sh ift revealed that even at 

the most sensitive part of the cycle a single l-h  exposure to white 

ligh t induced only a slight phase sh ift $ or a reduction in the period 

of the rhythmrhy 1-2 h$ in the two subsequent cycles (Wilkins* 1960a), 

however3 the former investigation was carried out at a higher temperature* 

and using a different radiant energy source* Further investigation 

would thus ho required to ascertain whether th is accowits for the 

apparent difference in the sensitiv ity  of the rliytW to pW,se shifting  

treatments* It is  also possible that one light inteiTuption increases 

the sensitiv ity  of the rhytW to a second pulse applied 34 h later,

, From pîiase-respoase curves determined for the phase sh ift induced 

by 0#39-h exposures to white light» Pittendrigh (1969) was also able to 

predict the entraînaient pattern of the rhythm of eclosion in DrQso;L̂h ila  

pupae exposed to two such irradiations each day, The experimental re­

su lts eonfirraed his predictions and were consistent with entrainment 

resulting from a series o f phase sh ifts . Each irradiation appeoi êd to 

cause an immediate» stable phase sh ift of the basic oscilla tor, oven 

though the overt rhythm normally passed through a number of transient 

cycles before reaching a new stable phase,

These results also supported the concept, advanced by Pittendrigh 

et* al* (1998) o f coupled ’A* and *B* oscillators* The *A* oscillator  

is  considered to be the ultimate oscilla tor, to be light sensitive and 

to be immediately reset by a ligh t exposure, TjUe *B’ oscillator is



Ib T ,

thought to be light insensitive* and to require several oycles to be 

reentrained by after the la tter  is  reset by a ligh t treatment » I f  

i t  is  assumed that the overt rhythm follows oscillator *B̂  i t  is  possible 

to explain why the phase sh ift induced by a second light pulse is  pre­

cisely  that predicted, for a rhytto* immediately reset by the f ir s t  pulse* 

irrespective of the time in the transient cycles of the overt rhythm at 

which the second exposure is  given. Evidence for the occurrence of 

coupled oscillators can also be inferred from the phase sh ifts induced 

by exposing Ooleus (HaXaban, 1968b) and ICalanchoë (Bngelmann and Honegger* 

1967) plants to successive ligh t exposures » although in the la tter  case 

th is is  not the only possible interpretation *

Ml analysis of the phase response of the Bryophyllm rhytW to a 

sin sle  0*29-h irradiation at different times in the cycle is  not avail­

able. I t  is  thus not possible to make a detailed comparison between the 

Bryophylltya and Drosophila rliyttms exposed to two light interruptions 

every 24 h* However* in view of the fact that the overt rhyttoa in 

BryophylJAvg is  rapidly» and possibly immediately* reset by light treat­

ments of several hours duration* i t  is  unlikely that any evidence for the 

occurrence of coupled ’A* and oscillators would be found in th is  

organism.

The phase response of the rîiythoi of carbon dioxide output in
-to

Bryop%llum 3.eaves in darluiass to 4-h exposures white fluorescent 

light has been examined. Hliother or not a phase sh ift occurs, and it s  

magnitude, depend on the time in the circadian cycle at which the light 

interruption is  given. Both phase advances and phase delays were induced, 

the direction of the phase sh ift also depending on the time of exposure 

to light* The phase-response of Bryophyllum is  basically similar to that 

reported for a number of other organisms (Asohoff, 1965s Pittendrigh, 1965).



P h ase  r e s p o n s e  c u r v e s  w hich  e x p r e s s  t h e  m a g n itu d e  o f  t h e  p h ase  s h i f t  a s

a  f u n c t i o n  o f  t h e  t i m e  i n  t h e  c y c l e  a t  w h ich  t h e  l i g h t  i n t e r r u p t i o n  i s

g iv e n ,  may he  c o n s t r u c t e d  from  p h a se  s h i f t  d a t a .  The p h a s e - r e s p o n s e

c u r v e s  o f  m ost o rg a n is m s  show a  r e l a t i o n s h i p  b e tw e e n  p h ase  s h i f t  and

t im e  o f  e x p o s u re  t o  l i g h t  w hich  i s  c l e a r l y  n o t  l i n e a r .  In  o r d e r  t o  p l o t

t h e  r e s u l t s  o b t a in e d  f o r  t h e  B ryophyllum  rhy thm  i n  a  com p arab le  way, i t

i s  n e c e s s a r y  t o  make a  r a t h e r  a r b i t r a r y  d i s t i n c t i o n  b e tw een  p h ase  a d v a n c e s

and d e l a y s .  T h is  i s  b e c a u s e  i t  i s  n o t  a lw ays c l e a r  w h e th e r  some s m a l l ,
\

r e l a t i v e l y  b r i e f  i n c r e a s e s  i n  t h e  r a t e  o f  c a rb o n  d i o x i d e  e m is s io n  r e f l e c t  

s i m i l a r  c h an g e s  i n  t h e  b a s i c  o s c i l l a t i n g  m echan ism , o r  a r e  s im p ly  t h e  

r e s u l t  o f  a  d i r e c t  e f f e c t  o f  t h e  l i g h t  s t im u lu s  on t h e  b io c h e m ic a l  p r o ­

c e s s e s  m o n i to r e d  a s  t h e  o v e r t  rh y th m . * T h is  d i f f i c u l t y  sh o u ld  n o t  however 

d e t r a c t  from  t h e  v a l u e  o f  su ch  a  c u rv e  in  a s s e s s i n g  t h e  l i n e a r i t y  o f  t h e  

r e l a t i o n s h i p  b e tw een  t h e  s t e a d y - s t a t e  phase* s h i f t  and  t h e  t im e  o f  a p p l i ­

c a t i o n  o f  t h e  r e s e t t i n g  s t i m u l u s .  On t h e  b a s i s  o f  s u c h  a  g r a p h ,  t h e  

r e l a t i o n s h i p  i n  B ryophyllum  would a p p e a r  t o  be  a p p r o x im a te ly  l i n e a r .

T h is  c o n c l u s i o n  s u p p o r t s  a  p r e v io u s  r e p o r t  by  W i lk in s  ( l9 6 0 a )  t h a t  t h e  

m a g n i tu d e  o f  t h e  p h a s e  s h i f t  in d u c e d  by  a  s i n g l e  w h i t e  l i g h t  p e r t u r b a t i o n  

i s  d e te rm in e d  by  t h e  f a c t  t h a t  a  p e a k  o f  c a rb o n  d i o x i d e  e m is s io n  o c c u r s  

a  f i x e d  t im e  a f t e r  t h e  end o f  t h e  p e r t u r b a t i o n .  I f  t h e  d a t a  o b t a in e d  i n  

t h i s  i n v e s t i g a t i o n  i s  e x p re s s e d  i n  a  s l i g h t l y  d i f f e r e n t  way by p l o t t i n g  

t h e  t i m e  o f  o c c u r r e n c e  o f  t h e  p e a k s ,  r a t h e r  t h a n  t h e  m agn itude ' o f  t h e  

p h a se  s h i f t ,  a g a i n s t  t h e  t i m e  o f  t h e  p e r t u r b a t i o n  ( F ig u r e  2 6 ) ,  i t  i s  

a p p a r e n t  t h a t  t h e  r e s p o n s e  i s  n o t  l i n e a r .  The t i m e  b e tw ee n  t h e  end o f  

t h e  l i g h t  i n t e r r u p t i o n  and t h e  p eak  i n  t h e  n e x t  c i r c a d i a n  c y c l e  i s  n o t  

c o n s t a n t ,  b u t  v a r i e s  be tw een  2 1 .5  and  29 h d e p e n d in g  on  when i n  t h e  c y c l e  

t h e  l i g h t  t r e a t m e n t  i s  g iv e n .  In  a d d i t i o n ,  a  p eak  o f  c a rb o n  d i o x i d e  

o u tp u t  may o ccu r  a  few h o u rs  a f t e r  t h e  end o f  t h e  l i g h t  t r e a t m e n t ,  b u t  

s t i l l  w i t h i n  t h e  same c i r c a d i a n  c y c l e .

The o v e r t  rh y th m s  o f  o rg a n ism s  such  a s  D r o s o p h i l a  ( P i t t e n d r i g h  and



Bruce* X95T)? which are phase shifted by a single exposure to light* pass 

through several transient cycles before attaining a now steady-state. 

Commonly* advancing phase sh ifts pass tlirough transient cyxjles while de­

laying phase sh ifts often reach their final values immediately (Aschoff » 

1965). In other organisms such as Conyaulox the new stable phase is  

reached immediately after either delaying or advancing pMse sh ifts  

(Hastings and Sweeney, 1958). Bryophyllum resembles more closely the 

la tter type, the phase difference between the rhythm reseb Tby a light 

perturbation and the rhythm persisting in darkness being virtually the 

some in each of the three cycles following the stimulus. This indicates 

that the now stable phase is  reached rapidly.

The overt rhytlm in the carbon dioxide output of Bryqphyl̂ lum leaves 

fades out after prolonged exposure to light or dorlmess* Furthermore, 

results obtained using the monitoring techniques employed in th is invest­

igation, previously suggested that the rhythm is  inhibited by high 

irradiance white light (Wilkins, 1960a). Using a different measuring 

technique, Jones and Mansfield (1970, 1972) have detected a rhythm in  

the carbon dioxide comiiensation point of Bryophyllum fedtschenkoi leaves 

exposed to high incident radiant flux densities. These authors consider 

that the same underlying mechanism may be responsible for rhythmicity in 

both darkness and high irradiance white ligh t. It is  thus uncertain 

whether the basic oscilla ting  mechanism, or simply the overt rhythm, is  

inhibited by light in the experhaents reported by Wilkins (1960a). It is  

clear, however, that a rhythm appears after a transfer from light to  

darluiess or a decrease in the radiant flux density* This rhythm persists 

with a pliaoe determined by the time of reduction of the flux density 

rather than by the previous phase of the oscillation  (Wilkins, 1960a).

This observation is  consistent with either the induction of a new rhytlm 

or with the reappearance of a previously undetected rhythm, reset by the



change  i n  r a d i a n t  f l u x  d e n s i t y .  The r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  c o n ­

f i r m  t h e  r e c u r r e n c e  i n  d a r k n e s s  o f  a  rhythm  i n  l e a v e s  h e ld  in  c o n s t a n t  

l i g h t  u n t i l  t h e  rhy thm  i n i t i a t e d  a t  t h e  s t a r t  o f  t h e  e x p e r im en t has  

damped.

The f i r s t  p eak  o f  t h e  rhy thm  i n i t i a t e d  by t r a n s f e r  from t h e  con ­

t r o l l e d  en v iro n m en t room a t  t h e  end o f  t h e  norm al p h o to p e r io d  o c c u r r e d

a f t e r  2 5 .2  h . When t h e  p h o to p e r io d  was e x te n d e d  b y  an  a d d i t i o n a l  10T~h

-2  -1e x p o su re  t o  w h i te  l i g h t  a t  a  r a d i a n t  f l u x  d e n s i t y  o f  0 , 6  J  m s a t  

1 5 ^ 0 ,  a  rhy thm  o c c u r r e d  d u r in g  t h i s  t im e  and f a d e d  o u t  a f t e r  96  h .  The 

f i r s t  p eak  a f t e r  an  e v e n t u a l  t r a n s f e r  t o  d a rk n e s s  o c c u r r e d  a f t e r  21 h ,  

W ilk in s  (1959) r e p o r t e d  a  d e c r e a s e  i n  t h e  t im e  be tw een  t h e  t r a n s f e r  t o  

d a r k n e s s  and t h e  o c c u r r e n c e  o f  t h e  f i r s t  peak  w i th  i n c r e a s i n g  d u r a t i o n  

o f  e x p o su re  t o  l i g h t , a d d i t i o n a l  t o  an  8 - h  p h o to p e r io d »  e x p e r ie n c e d  by 

t h e  p l a n t s  im m e d ia te ly  b e f o r e  t r a n s f e r  t o  t h e  e x p e r im e n ta l  c o n d i t i o n s ,

A 4 - h  r e d u c t i o n  o f  t h i s  t r a n s i e n t  was o b ta in e d  w i th  44 h  a d d i t i o n a l  ex­

p o s u re  t o  w h i te  l i g h t .  I t  i s  p o s s i b l e  t h a t  t h e  4 . 2 - h  r e d u c t i o n  o f  t h e  

t r a n s i e n t  o b s e rv e d  i n  t h i s  i n v e s t i g a t i o n  i s  a  f u r t h e r  m a n i f e s t a t i o n  o f  

t h i s  phenomenon. However» a s  t h e  p r e v io u s  i n v e s t i g a t i o n  was c a r r i e d  o u t  

a t  26^0 w h i l e  t h e  l a t t e r  was a t  15 *̂ 0 » and i t  i s  known t h a t  t h e  am bien t 

t e m p e r a t u r e  i t s e l f  e x e r t s  a  marked e f f e c t  on t h e  t r a n s i e n t ,  t h e  m a g n itu d e s  

o f  t h e  r e d u c t i o n s  a r e  n o t  s t r i c t l y  co m p a ra b le .  The r e s u l t s  o f  p a r t  o f  

t h i s  i n v e s t i g a t i o n ,  d e s ig n e d  t o  s tu d y  t h e  p h ase  s h i f t  in d u c ed  by an  i n t e r r ­

u p t i o n  o f  d a r k n e s s  w i th  w h i te  l i g h t , show t h a t  b e tw ee n  2 1 .5  and 29  h  may 

e l a p s e  be tw een  t h e  end o f  t h e  l i g h t  t r e a t m e n t  and  t h e  o c c u r r e n c e  o f  a  

p eak .  Thus, i f  t h e  b a s i c  o s c i l l a t o r  c o n t in u e s  d u r in g  p ro lo n g e d  ex p o su re  

t o  l i g h t ,  even th o u g h  t h e  rhy thm  may no l o n g e r  be a p p a r e n t ,  t h e  l e n g t h  

o f  t h e  t r a n s i e n t  may be  a  f u n c t i o n  e i t h e r  o f  t h e  t i m e  i n  t h e  c y c l e  a t  

w hich t h e  t r a n s f e r  b ack  t o  d a r k n e s s  i s  made, o r  s im p ly  o f  t h e  d u r a t i o n  

o f  t h e  a d d i t i o n a l  l i g h t  t r e a t m e n t .  I f  t h e  fo rm er  p o s s i b i l i t y  r e p r e s e n t s



t h e  t r u e  s i t u a t i o n  t h e  l e n g t h  o f  t h e  t r a n s i e n t  sh o u ld  v a r y  r h y t h m i c a l l y  

be tw een  2 1 .5  and  29  h w i th  i n c r e a s i n g  d u r a t i o n  o f  a d d i t i o n a l  i r r a d i a t i o n .  

Such e x p e r im e n ts  h ave  n o t  b een  p e r fo rm e d  u n d e r  t h e  c o n d i t i o n s  o f  t h i s  

i n v e s t i g a t i o n .  However, t h e  d a t a  p r e s e n t e d  by  W i lk in s  (1959) g iv e s  no 

i n d i c a t i o n  o f  su ch  a  c y c l i c  r e s p o n s e .  The d e c r e a s e  i n  t h e  t r a n s i e n t  

shown i n  t h e s e  r e s u l t s  i s  t h u s  a lm o s t  c e r t a i n l y  a  f u n c t i o n  o f  t h e  i n c r e a s e d  

d u r a t i o n  o f  e x p o s u re  t o  l i g h t .

Once t h e  s t e a d y - s t a t e  o s c i l l a t i o n  o f  a  c i r c a d i a n  rhy thm  h as  b een  

e s t a b l i s h e d ,  t h e  p e r i o d  re m a in s  s t a b l e .  T h is  i s  t r u e  n o t  o n ly  o f  rhy thm s 

e n t r a i n e d  t o  e n v i ro n m e n ta l  p e r i o d i c i t i e s ,  b u t  a l s o  o f  f r e e - r u n n i n g  

o s c i l l a t i o n s .  Under c o n s t a n t  c o n d i t i o n s  t h e  p e r i o d  re m a in s  s t a b l e  u n t i l  

t h e  rhy thm  f a d e s  o u t .  P e r io d  s t a b i l i t y  i s  c l e a r l y  an  e s s e n t i a l  f e a t u r e  

f o r  a c c u r a t e  t im e  measurement^ a s  i s  a  r e l a t i v e  in d e p e n d e n c e  from  s m a l l  

f l u c t a t i o n s  o f  t h e  t e m p e r a t u r e  o f  i r r a d i a n c e .  The p e r i o d s  o f  m ost rhy thm s 

a r e  n o t  c o m p le te ly  i n d ep egtd-a&t o f  t h e  env ironm en t and  sm a l l  b u t  s i g n i f i ­

c a n t  d i f f e r e n c e s  i n  t h e  p e r i o d  a r e  found  u n d e r  d i f f e r e n t  c o n s t a n t  con­

d i t i o n s .  P e r i o d s  b o th  l o n g e r  and s h o r t e r  t h a n  24 h  a r e  fo u n d ,  m ost 

f r e q u e n t l y  w i t h i n  t h e  r a n g e  20  -  28 h .

I t  had p r e v i o u s l y  b een  c o n c lu d e d  t h a t  c o n t in u o u s  i r r a d i a t i o n  d id  

n o t  m o d ify  t h e  p e r i o d  o f  t h e  c a rb o n  d io x i d e  o u tp u t  rhy thm  o f  B ryophyllum  

a t  26^0 (W i lk in s ,  1 9 6 0 a ) .  I n  t h i s  i n v e s t i g a t i o n  i t  was found  t h a t  

i n c r e a s i n g  t h e  r a d i a n t  f l u x  d e n s i t y  r e s u l t e d  i n  a  d e c r e a s e  o f  t h e  p e r io d  

a t  15°C. In  t h i s  r e s p e c t  t h e  B ryophyllum  rhy thm  i s  s i m i l a r  t o  t h e  rhy thm s 

o f  lu m in e s c e n c e  o f  G onyaulax  p o ly e d r a  (H a s t in g s  and  Sweeney, 1959) and 

p e t a l  movement o f  K alanchoë  b l o s s f e l d i a n a  (Bunsow, 1 9 5 3 ) .  I n  c o n t r a s t ,  

t h e  p e r i o d s  o f  t h e  l e a f  movement^ rh y th m s  o f  C o leus  b lu m e i i  x  C . f r e d e r i c i  

(H a la b a n ,  1968a) and P h a r b i t i s  n i l  ( B o l l i g ,  19T4) i n c r e a s e  w i th  i n c r e a s ­

in g  r a d i a n t  f l u x  d e n s i t y ,  and t h e  p e r io d  o f  t h e  l e a f  movement rhy thm  o f



C a n a v a l ia  e n s i f o r m i s  r e m a in s  unchanged  (K le in h o o n te ,  1 9 3 2 ) .

A s c h o f f  ( i 9 6 0 ) p ro p o s e d  a  g e n e r a l  r u l e ,  w hich has  some e x c e p t io n s  

(Hoffmann, I 9 6 5 ) * t h a t  t h e  p e r i o d  o f  rhy thm s i n  a n im a ls  a c t i v e  i n  t h e  

l i g h t  d e c r e a s e s  w i th  i n c r e a s i n g  l i g h t  i n t e n s i t y  w h i le  i n  a n im a ls  a c t i v e  

i n  th e .  d a r k  i t  i n c r e a s e s  w i th  i n c r e a s i n g  l i g h t  i n t e n s i t y .  A lthough  

p l a n t s  can  c l e a r l y  be  d i v i d e d  i n t o  d i f f e r e n t  r e s p o n s e  t y p e s  t h e r e  i s  no 

a p p a r e n t  b a s i s  f o r  t h i s  d i v i s i o n .  The ^Bryophyllum rhy thm  d o e s ,h o w e v e r ,  

c o r r e s p o n d  r a t h e r  c l o s e l y  t o  t h e  second  p a r t  o f  A s c h o f f ’ s r u l e  w hich 

s t a t e s  t h a t  t h e  p e r i o d  ch an g es  l i n e a r l y  w i th  t h e  l o g a r i t h m  o f  t h e  l i g h t  

i n t e n s i t y ,

^|v^4/v m ( c

The g ro w th  r a t e  o f  Avena c o l e o p t i l e s  ( B a l l  and Dyke, 1954)

and t h e  p igm ent m i g r a t i o n  rhy thm  i n  t h e  f i d d l e r  c r a b ,  Uca (Brown and Webb, 

1 9 4 8 ) ,  a r e  among t h e  few  o s c i l l a t i o n s  f o r  w hich t h e r e  i s  no d e t e c t a b l e  

e f f e c t  o f  t e m p e r a t u r e  on t h e  p e r i o d .  I n  most o rg a n ism s  t h e  p e r i o d  shows 

a  sm a l l  b u t  s i g n i f i c a n t  dep en d en ce  on t h e  am b ien t  t e m p e r a t u r e .  I n  t h e  

m a j o r i t y  o f  c a s e s  t h i s  a p p e a r s  a s  a  s l i g h t  d e c r e a s e  i n  t h e  p e r i o d  w i th  

i n c r e a s i n g  t e m p e r a t u r e .  The rhy thm  o f  s p o r u l a t i o n  i n  Qedogonium card iacu rn  

how ever,  d i s p l a y s  l o n g e r  p e r i o d s  a s  t h e  t e m p e r a t u r e  i s  i n c r e a s e d  (Bühnemann, 

1 9 5 5 h ) .  A l e n g t h e n i n g  o f  t h e  p e r io d  o f  t h e  rhy thm  o f  s t i m u l a t e d  lu m in e s ­

c e n c e  i n  G onyaulax p o ly e d r a  a l s o  o c c u r s  o v e r  t h e  lo w e r  p a r t  o f  t h e  tem p­

e r a t u r e  r a n g e  t e s t e d  ( H a s t in g s  and Sweeney, 1 9 5 7 ) .  Over t h e  u p p e r  p a r t  

o f  t h e  t e m p e r a t u r e  r a n g e  ho w ev er ,  t h e  p e r io d  d e c r e a s e s  w i th  i n c r e a s i n g  

t e m p e r a t u r e .  The h ig h  d e g re e  o f  t e m p e r a t u r e  c o m p e n sa t io n  r e p o r t e d  f o r  

B ryophyllum  ( W i lk in s ,  1 9 6 2 b) i s  b o rn e  o u t  by t h e  p r e s e n t  r e s u l t s .  The 

p e r i o d  o f  t h e  rhy thm  i n  l e a v e s  i n  d a rk n e s s  a t  30^0 was s h o r t e r  t h a n  i n  

t h o s e  a t  15*^C. The m a g n itu d e  o f  t h e  r e d u c t i o n  i n  t h e  p e r io d  o b se rv e d  

be tw een  t h e s e  t e m p e r a t u r e s  i n  t h e  p r e s e n t  i n v e s t i g a t i o n  i s  v e r y  s i m i l a r  

t o  t h a t  r e p o r t e d  by  W ilk in s  (1 9 6 2 b ) .  However, some d i f f e r e n c e  i n  t h e



I f  2,

effect of temper at w e on the period wae found over part of th is range,

A small hut significant inoreaee in the period between 15^0 and was 

observed in the present investigation whereas previously a small decrease 

between l6^G and 26̂ C was reported, The Bryophyllum rhythm thus resemble?, 

the Qonyaulqx rhythm in having a. maximum period length which decreases 

with either increasing or decreasing temperatures*

It is  evident frcm the results of the present investigation tlmt 

the effects of radiant energy and temperature on the period ore not 

entirely independent of one another. Although at none of the temperature -b 

tested was the period increased by irradiation* the extent to which the 

period was decreased depended upon the temperature, Thms* any analysis 

of the effect o f irradiation on the period of a rhythm s|aQu3.d also take 

into account the possib ility  of different responses at different temp- 

eratures. Conversely* the effect o f temperature on the period clearly  

varies with the irradiance* The absence of a modification of the period 

by radiant energy* reported by Wilkins (1960a)* may thereforo be due to 

the fact that the periods which were obtained in darkness were shorter 

than those found in the present investigation. Also* a temperature was 

employed at which* on the basis of the present results, only a relatively  

small reduction of the period by radiant energy would be expected*

As a result o f the gpzeater reduction of the period by radiant 

energy at 15^0 t îm  at higher temperatures, the period of the rhythm in 

irradiated leaves shows a greater dependence on the ambient temiperature 

than does the period of the riiythm in darkened leaves, over the 15 “ 25^0 

range* A further consequence of th is  is  tliat in irradiated leaves the 

period at 30̂ C is  longer tM n, at 15^0* The effect of temperature on the 

rliythm in irradiated Bryophylltoa leaves resembles closely that on the 

rhytiïm of stimulated luminesqonoe in Gonyaulax* The experiments which



revealed an increased period with increased température in both 

Gonyaulax and Oedogoninm were also performed in the light*

,The water balance within a plant may also modi% the period of a 

rhytlim* Bümiing and Moser (1968) have reported that, withholding water 

from Phaî eoXuS; seedlings results in mi effect similar to that obtained 

with red light in that the period o f the lea f movement rhythm is  

lengthened* In th is investigation sc»ae loss of turgor was.noted in 

detached Bryophyllum leaves after noveral days -at 30^0 and.to a lesser  

extent at 35^0» but not at lower températures. The sharp decrease in 

the period between 35^0 and 30^0 may. therefore be due, at least In part» 

to th is loss of turgor. Thus, differences in the resistance to water 

lo ss , particularly between leaves grown under different conditions may 

also account for the slight difference, in the results found in th is  

investigation and by Wilkins (1960a, 1963b)*

The mecîïanism by which the period is  altered by temperature or 

radiant energy lias not been elucidated for any organism. Bimning (19T3) 

has suggested that* ’'a factor producing short periods and also .causing 

the rhytM to fade out quickly* indicates that th is factor suppresses one 

part of the oscilla tion  before the -nor?aal final value is  reached* The 

opposite p^irt.of the oscillation  is  thereby also shortened**’ In view 

of the considerable influence temperature exerts on blochemic^, processes 

generally i t  is  more surprising that the period at different temperatures 

varies so l i t t l e  than that it/varies at all* Again» l i t t l e  is  known of 

how organisms compensate ao effectively  for substantial differences in 

temperature, . Borne of the hypotheses advanced to explain the occurrence 

of rhythmieity have also attempted to account for the phenomenon of 

temperature compensation;* It 1ms been suggested (Bimning, 1973& Sweeney, 

1969) that th is  might result, from the, interaction of opposing processes
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w i th  d i f f e r e n t  t e m p e r a t u r e  c o e f f i c i e n t s .  I n  B ryophyllum  t h e  rhy thm  

r e s u l t s  from t h e  p e r i o d i c  f i x a t i o n  o f  c a rb o n  d i o x i d e .  The enzyme PEP 

c a r b o x y la s e  c a t a l y s e s  t h e  f i x a t i o n  o f  ca rb o n  d i o x i d e  i n t o  o x a l o a c e t a t e  

w hich  i s  c o n v e r t e d  t o  m ala t e  by  m a la te  d e h y d ro g e n a se .  D uring  d e c a rb o x y ­

l a t i o n  m a la te  i s  c o n v e r t e d  t o  p y r u v a te  by  m a l ic  enzyme. I t  h a s  been  

d e m o n s t r a te d  t h a t  t h e  o p p o s in g  p r o c e s s e s  o f  c a r b o x y l a t i o n  and d e c a rb o x y ­

l a t i o n  have  v e r y  d i f f e r e n t  t e m p e r a t u r e  c o e f f i c i e n t s  (B randon , 1 9 6 7 ) .  I t  

i s  t h u s  p o s s i b l e  t h a t  t h e  p r o c e s s e s  r e s p o n s i b l e  f o r  t h e  o v e r t  rhy thm  

p l a y  a  d i r e c t  r o l e  i n  t e m p e r a t u r e  co m p en sa t io n  i n  t h i s  o rg an ism . The 

p o s s i b i l i t y  r e m a in s  how ever ,  t h a t  t e m p e r a t u r e  c o m p e n sa t io n  i s  a  p r o p e r t y  

o f  a  more fu n d a m e n ta l  b a s i c  o s c i l l a t o r .

B oth  r a d i a n t  f l u x  d e n s i t y  an d  am b ien t t e m p e r a t u r e  i n f l u e n c e  t h e  

t r a n s i e n t ,  o f  t h e  B ryophy llum  rhy th m . The r e d u c t i o n  o f  t h e  t r a n s i e n t  by 

r a d i a n t  e n e rg y  was found  t o  be  a p p ro x im a te ly  p r o p o r t i o n a l  t o  t h e  m o d i f i ­

c a t i o n  o f  t h e  p e r i o d .  An e x c e p t io n  t o  t h i s  was t h e  lo w e s t  o f  t h e  quantum 

f l u x  d e n s i t i e s  o f  m onochrom atic  ( 66O nm) r a d i a t i o n  t e s t e d ,  w hich  re d u c e d  

t h e  p e r i o d  b u t  n o t  t h e  t r a n s i e n t .  T h is  f i n d i n g  d i f f e r s  from t h a t  o f  

J o n e s  and  M a n s f ie ld  (1972) who r e p o r t e d  t h a t  t h e  t r a n s i e n t  o f  t h e  c a rb o n  

d io x i d e  co m p e n sa t io n  rhy thm  v a r i e d  c o n s i d e r a b l y  more t h a n  d i d  t h e  p e r i o d  

o f  t h e  f r e e - r u n n i n g  rh y th m , w i th  t h e  l i g h t  i n t e n s i t y .

I n  some o rg a n ism s  a  g r e a t e r  dependence  on t e m p e r a t u r e  has  been  

n o te d  f o r  t h e  t r a n s i e n t s  t h a n  f o r  t h e  p e r i o d  o f  t h e  s t e a d y - s t a t e  o s c i l l a ­

t i o n ,  T h is  has  b een  r e p o r t e d  f o r  t h e  rhy thm  o f  c a rb o n  d io x id e  m e ta b o l i sm  

i n  K alanchoë  b l o s s f e l d i a n a  (S c h m itz ,  1951)» The t im e  from t h e  o n s e t  o f  

d a r k n e s s  t o  t h e  f i r s t  p eak  o f  t h e  rhy thm  o f  s to m a ta l  o p e n in g  a b i l i t y  i n  

Xanthium p en n sy lv an icu m  how ever,  i s  v i r t u a l l y  in d e p e n d e n t  o f  t e m p e r a tu r e  

be tw een  15^C and 30°C (M a n s f ie ld  and H ea th ,  1 9 6 4 ) .  The g r e a t e r  t e m p e r a tu r e  

dep en d en ce  in  d a r k n e s s ,  o f  t h e  t r a n s i e n t  t h a n  o f  t h e  f r e e - r u n n i n g  p e r io d



of ÿW Byypphyllmti rhythm * previously' reported by* Wilkins (1962b) » was 

confirmed in the present investigation* Thus» although radiant energy 

and high temperatures often appear- similar in their effects on the rhytlim 

(Wilkins, 3.9 6 9 ) 1* their inf.luence on the transient clearly differs*

ih is investigation o f the effects of radiant energy on entraînent, 

initiation» phase and period of the rhythm included not only the effects  

of white light» hut also the re3.ative effectiveness of sol acted spectral 

hands of radiant energj?’* Only for the lea f movement rîiythm of FhqsQolns 

has a similar range of responses been investigated in detail. A number 

of differences are apparent hetweon the rlî rblms in Bryopljyllm and 

Phaseplus* There are also differences between the photoresponses of the 

Bf*yophyl3.pm rhythm and al3. the other rlqrfchms which have been studied in 

rather le ss  detail.

Wilkins (3.9T3), published an action spectrum for the relative  

effectiveness of eqiuil quantum f3.ux densities of different mveiengths 

of v isib le  radiation in inducing a phase shift* Activity was str ic tly  

confined to wavelengths above 569 nm* Tlis maximum effectiveness was at 

660-660 nm and a sharp cut-off occurred at TOO nm. This action spectrum 

conftented a previous observation that red» but not blue» light acted 

lik e  white light in shifting the phase of the rhythm (Wilkins j 1960a).

A similar conclusion has been reached by Jones (1973) for the circadian 

rhyblm of carbon dioxide compensation in- Bryophyllum. The ma.jor feature 

o f the action spectrum» the effectiveness of the red but not the blue 

or far-red regions of the spectrum in inducing phase shifts» is  confirmed 

in the present investigation,* <

Only for the iColenchqe bloasfcldlana petal movement rhythm 3ias an 

action spectrum for the induction of phase shi:fts been ! obtained (Bchrcmpf»



rfb.

1975) whialï resembles th a t found for Bryophyllum. In Kalanoho©.. as in 

Bryo?̂ hy3J,um.» a peak of a c tiv ity  m s found in the 60O-7OO mi region.

However» a second peak occurred in.the near DV (300-380 nm). This latter  

region of the speetrum has not been investigated in

The study of the effectiveness of different spectral bands in 

inducing phase sh ifts of the SîZBEÈtiàHl vïiytîM has been extended in thii 

investigation to examine the phase sh ifts induced at different times in 

the cycle* The effect ivcmess of the red but not the b3-ue or far-red 

regions of the spectrwi was confirmed at ,several times in the cycle. It 

thus seems highAy probable that the same photoreceptor is  responsible 

for mediating both plmsc advances and phase delays* The same conclusion 

cannot be drawn unequivocally for-a ll organisms» since in Wth Phaseolus 

(Biinning and Moser » 1966) and Coleus (Halaban, 1969) different wavelengths 

are effective in inducing phase sh ifts at different times during the 

circadian cycle*

The greatest modification of the period of the Bryopliyllim rhythm 

was obtained with radiant energy, from the red region of the spectrum » 

which Md previously been reported to  inhibit the riiythm at high radiant 

flux densities (Wilkins, 1960a). The rliythm in Bryoplylluia differs from 

rhyttofl in other plants in which the spectral composition of radiant . 

energy determines the period length» in that none of the wavelengths 

tested lengt^hened the period. -The period of the lea f mov^ient rîiytlm of 

Phaseolus is  lengthened by radiant energy from: fluorescent lamps and 

shortened by that from tungsten lamps (lurcher, 1958). Radiant energy 

iVom e ith ero f these sources reduces the period of the rhytïm in Bryophyllum* 

This difference can be explained by the fact that tungsten lamps emit a 

high level o f radiant energy in the far-red region of the spectrum, while 

fluorescent lamps emit in the,red region of the spectrum b%it' are deficient



177,
111 far-red radieition* The period of the lea f xaovemont rliyiihra of 

Pimafiqlua is  shortened by far-red and lengthened by rod radiation (Borcher, 

1958)9 whereas in both red and certain wavelengths of far-red

radiation shortened the p»riod and no wavelengths lengthened it* Tlxo 

period of the lea f movement rhythm of Coleus, lik e  that of the carbon
*' >1 a irii I > »» I Mf'W ''

dioxide output rhytlmi of Bryopliyllimi» is  shortened by radiant energy in 

the red region of the spectrum (Halaban, 19^9)* However, in contrast to  

the Brypp%^lim rhytlm, the period of the Coleus rhythm is  lengthened by 

blue and is  insensitive to far-red radiation,

Tl'ie transient of the Bryoplxyllw* rhytîim is ,  lik e  the period, modi­

fied by radiant energy in spectral imnds centred on 600 and 660 nm b #  

not 450 nm. However, the spectral band centred on T3Ô nm which was 

effective in shortening the period did.not modify the transient, B» both 

Pha.seolus (lorcher, 1958) and Coleus (Halaban, I 969) , the period and the 

time between the in itiation  of the rhythm and the f ir s t  phase reference 

point, which in these cases i s  the f ir s t  min:!mum lea f position, d iffer  

m their responses to radiant energy. In Fhqseolua» the la tter parameter 

io virtually unaffected by ■ r̂avelengths which either lengthen or shorten 

the period. In OqlauSa the f ir s t  miaimm/i occurs earlier with a l l  wave­

lengths tested, ^-respective of their effect on the period,

Entrainment of the rhytlm in Br^opliyllum to 0.25 h of white lig lit 

every 24 h cm be attributed to wavelengths principally from the red 

region o f the spectrum* Activity m s also found at 730 m  in the far-red 

region of the spectrum but not at 4^0 nm* The results for the effective­

ness of periodic exposure to monochromatic radiation in entraining the 

rhyfelm correspond closely to those for the effectiveness of continuous 

radiation in  reducing the period. In 'fcwo ohher plants entrainmeut can 

be achieved by periodic exposure to red and ihr-red radiation. 0 .25-h



e x p o s u re s  t o  r e d  o r  f a r - r e d  r a d i a t i o n  e v e ry  day a r e  e f f e c t i v e  i n  

e n t r a i n i n g  t h e  c a rb o n  d io x i d e  o u tp u t  rhy thm  o f  Lemna (H il lm a n ,  19Tl)*

The l e a f  movement rhy thm  o f  P h a s e o lu s  ( l o r e h e r , 1 958 )  i s  e n t r a i n e d  t o  

an  abnorm al c y c l e  l e n g t h  by  1 0 -h  p h o to p e r io d s  o f  r e d  o r  f a r - r e d ,  b u t  n o t  

b lu e  o r  g r e e n ,  r a d i a t i o n  a l t e r n a t i n g  w i th  12 h o f  d a r k n e s s ,

The r e l a t i v e  e f f e c t i v e n e s s  o f  d i f f e r e n t  w a v e le n g th s  o f  r a d i a n t  

e n e rg y  i n  e x p e r im e n ts  w here t h e  rh y th m s was- i n i t i a t e d  by  a  ' l i g h t - o f f  

s i g n a l  i s  s i m i l a r  t o  t h a t  f o r  e n t r a in m e n t  and p e r i o d  l e n g t h  d e t e rm in a t io n *  

B ryophyllum  th u s  d i f f e r s  from  t h e  few o th e r  p l a n t s  w here  d e f in e d  s p e c t r a l  

b ands  have  been  employed i n  i n i t i a t i n g  t h e  rhy thm  by  e i t h e r  ’l i g h t - o n *  

o r  ' l i g h t - o f f  s i g n a l s ,  i n  t h a t  b lu e  l i g h t  i s  q u i t e  i n e f f e c t i v e *

C e r t a i n  g e n e r a l i s a t i o n s  can  t h e r e f o r e  be s t a t e d  c o n c e rn in g  t h e  

w a v e le n g th s  o f  r a d i a n t  en e rg y  r e s p o n s i b l e  f o r  p h o t o c o n t r o l  o f  t h e  

B ryophyllum  rhy thm . The r e s p o n s e s  o b ta in e d  w i th  w h i t e  l i g h t  r e s u l t  

p r i n c i p a l l y  from t h e  e f f e c t s  o f  w a v e le n g th s  i n  t h e  r e d  r e g i o n  o f  t h e  

s p e c tru m .  A l th o u g h  o n ly  a  s i n g l e  25 nm w ide s p e c t r a l  band  was t e s t e d  i n  

t h e  4.0 0 -5 0 0  nm r e g i o n  o f  t h e  v i s i b l e  s p e c tru m ,  i n  v ie w  o f  p r e v io u s  i n v e s t ­

i g a t i o n s  (W i lk in s ,  1 9 6 0 a ,  1973) i t  may be  c o n c lu d e d  t h a t  t h i s  r e g i o n  i s  

i n e f f e c t i v e  i n  p h o t o c o n t r o l  o f  t h e  c i r c a d i a n  rhy thm . The v a r i o u s  r e s p o n s e s  

t e s t e d  do however show some d i f f e r e n c e s  in  t h e i r  s e n s i t i v i t y  t o  d i f f e r e n t  

w a v e le n g th s  and may be  d i v i d e d  i n t o  two g ro u p s .  W hile  m o d i f i c a t i o n  o f  

t h e  p e r i o d ,  r e i n i t i a t i o n  o f  t h e  rhy thm  and e n t r a in m e n t  can  be  a c h ie v e d  

w i th  b o th  t h e  r e d  a n d ,  t o  a  l e s s e r  e x t e n t ,  t h e  f a r - r e d  r a d i a t i o n  em ployed, 

t h e  l a t t e r  a p p e a r s  t o  be  i n e f f e c t i v e  i n  e i t h e r  m o d i fy in g  t h e  t r a n s i e n t  

o r  in  in d u c in g  p h a s e  s h i f t s  when a p p l i e d  a s  a  s i n g l e  4 - h  p e r t u r b a t i o n .

The c h a r a c t e r i s t i c s  o f  t h e  a c t i o n  s p e c t r a  f o r  p h a s e  s h i f t i n g  t h e  

rhy thm  had p r e v i o u s l y  i n d i c a t e d  t h a t  phy tochrom e m ig h t  be t h e  p igm ent 

in v o lv e d  in  t h i s  r e s p o n s e  ( W i l k in s , 1 9 7 3 ) .  The m ain  f e a t u r e s  o f  t h e



a c t i o n  s p e c t r a  a r e  v e r y  s i m i l a r  t o  t h o s e  o f  t h e  a b s o r p t i o n  sp ec tru m  o f  

phy tochrom e w i th  t h e  e x c e p t io n  o f  t h e  a b sen ce  o f  a  m in o r  p e a k , i n  t h e  

b lu e  r e g i o n .  The a b se n c e  o f  s i g n i f i c a n t  a c t i v i t y  i n  t h e  b lu e  r e g io n  

d o es  n o t  however r u l e  o u t  t h e  in v o lv em en t o f  phy tochrom e and  h as  been 

r e p o r t e d  f o r  o t h e r  phy tochrom e m e d ia te d  r e s p o n s e s  su ch  a s  t h e  i n d u c t io n  

o f  b ean  h y p o c o ty l  o p en in g  (Withrow e t .  a l . ,  l 9 5 T )• S e v e r a l  k in d s  o f  

e x p e r im e n ta l  a p p ro a c h  u s in g  s e q u e n t i a l  o r  s im u l ta n e o u s  e x p o s u re s  t o  

m onochrom atic  r e d  l i g h t  and  a  h ig h e r  r a d i a n t  f l u x  d e n s i t y  o f  jT ar-red  

r a d i a t i o n  i n  a b r o a d  s p e c t r a l  band  showed t h a t  t h e s e  i n t e r a c t  w i th  each  

o t h e r  i n  t h e i r  e f f e c t  on t h e  rh y th m . W ith t h e  p h ase  s h i f t  s t u d i e s  t h i s  

i n t e r a c t i o n  q u i t e  f r e q u e n t l y  d i d  n o t  t a k e  t h e  form o f  a  c l e a r  p a r t i a l  o r  

t o t a l  r e v e r s a l  o f  t h e  e f f e c t  o f  r e d  by  f a r - r e d  r a d i a t i o n ,  b u t  r a t h e r  an  

a b o l i t i o n  o f  t h e  rhy thm  when f a r - r e d  r a d i a t i o n  was a p p l i e d .  T h is  

a b o l i t i o n  o f  t h e  rhy thm  may a r i s e  i n  a  number o f  w ays. Fo r exam ple , t h e  

f a r - r e d  r a d i a t i o n  may i n t e r a c t  w i th  t h e  r e d  l i g h t  t o  a b o l i s h  o s c i l l a t i o n  

o f  t h e  b a s i c  c i r c a d i a n  system  i n  eac h  o f  t h e  c e l l s  o f  t h e  l e a f .  On t h e  

o t h e r  h a n d ,  t o t a l  r e v e r s a l  o f  t h e  p h a se  s h i f t  in d u c e d  by red .  l i g h t  may 

o c c u r  i n  t h e  b a s i c  c i r c a d i a n  sy s tem  i n  some c e l l s  and  n o t  i n  o t h e r s .

T h is  would r e s u l t  i n  a b o l i t i o n  o f  t h e  o v e r t  rhy thm  o f  ca rb o n  d io x id e  

o u tp u t  from t h e  l e a v e s  b e c a u s e  t h e  rhy thm s i n  some c e l l s  would be  ap p ro x ­

im a te l y  12 h o u t  o f  p h a se  w i th  t h o s e  i n  o th e r  c e l l s .  The o c c u r r e n c e  o f  

s m a l l  p e a k s  a t  1 2 - h  i n t e r v a l s  i n  some p h ase  s h i f t  e x p e r im e n ts  may r e s u l t  

from such  c e l l u l a r  d e s y n c h r o n i s a t i o n .

The e n t r a in m e n t  s t u d i e s  have  p r o v id e d  a  c l e a r  d e m o n s t r a t io n  o f  

co m p le te  r e d / f a r - r e d  r e v e r s i b i l i t y  i n  t h e  B ryophyllum  rh y th m . R e d / f a r - r e d  

r e v e r s i b i l i t y  was a c h ie v e d  i n  e x p e r im e n ts  in  w h ich  t h e  l e a v e s  w ere exposed  

t o  r a d i a n t  e n e rg y  once o r  tw ic e  i n  e v e ry  24-h  c y c l e .  In  e x p e r im e n ts  

w hich  in v o lv e d  e x p o s in g  t h e  l e a v e s  t o  a  s i n g l e  r e d  l i g h t  p u l s e  each  day , 

a su b se q u e n t  e x p o su re  t o  f a r - r e d  r a d i a t i o n  p r e v e n te d  t h e  c l e a r  e n t r a i n -



me# of the rhytlm obtained with red light alone. Far-red radiation 

ap%)lied daily» immédiately before a single red pulse, was without effect. 

Far-red reversal of the effects of. red radiation also occurred in 

schedules in which 0,25-h exposures .were separated by 11*75 h of darlmess, 

Giioh experiments provided the clearest indication of the involvement of 

pbytochrome» since reversal o f one of the red light pulses led to entrain­

ment of the rhythm hy the other,; The resulting rhythm differed in phase 

and persistence from a rhythm in leaves exposed only to two pulses of 

red light each day.

' It is  thus prohahle that phytochrome is  the photoreceptor pigment 

which mediates each of the aspects o f  photocontrol studied. Although the 

spectral hand centred on 730 ;m is  effective in entraining the rhytlm 

but not in̂  inducing phase shifts»tsome.degre© of reversib ility  or evidence 

for an interaction o f red and far^-red radiation was obtained for each 

of those responses* This» together with the likelihood that both res­

ponses involve the seme basic, phase shifting mechanism» suggests that 

an explanation for the different sensitiv ity  of the responses to the 

730 nm spectral ? band should be soi%ht in terms of phytochrome action 

rather than in the possible involvement; of alternative or additional 

pigments* ’ '

The effectiveness of monochromatic (730 nm) far-red radiation can 

be explained as a piiytochrome response, since radiant energy of this 

spectral oomxxïsition w ill, because of the long wavelength absorption of 

Fr» resuZ.t in a photostatiomry ' state in which a small proportion o f the 

phytoehrcmeiis present in  the active Pfr form (Mohr, 1969), This ■ 

phenomenon has also been cited to account for the action of both red and 

far-red radiation in entraining the rhythm of carbon dioxide output 

of b^ na (HilJjmn, 1971), With LemnaUiowevera blue light, is  effective »



and t h e  r e s u l t s  a r e  c o n s i s t e n t  w i th  t h e  p r o p o s a l  t h a t  b lu e  l i g h t  

e s t a b l i s h e s  a  l e v e l  o f  P f r  i n t e r m e d i a t e  be tw een  t h o s e  e s t a b l i s h e d  by 

r e d  and  f a r - r e d  r a d i a t i o n .  The r e a s o n  f o r  an a b s e n c e  o f  a  b lu e  l i g h t  

in d u c e d  r e s p o n s e  i n  B ryophyllum  i s  n o t  c l e a r .  I t  i s  p o s s i b l e  t h a t  

p ig m e n ts  n o t  in v o lv e d  i n  p h o t o c o n t r o l  o f  t h e  rh y th m , i n c l u d i n g  t h e  l a r g e  

am ounts o f  a n th o c y a n in  p r e s e n t  i n  Bryophyllum  l e a v e s , s e l e c t i v e l y  rem ove, 

o r  r e d u c e  t o  an  i n e f f e c t i v e  l e v e l ,  r a d i a n t  en e rg y  from t h e  b lu e  r e g i o n  

o f  t h e  spec t r i m .  The l a c k  o f  an  e f f e c t  o f  t h i s  r e g i o n  o f  th e .  spectrum , 

even a t  t h e  v e r y  h ig h  r a d i a n t  f l u x  d e n s i t i e s  u s e d  by  W ilk in s  ( l9 6 0 a )  

d o e s ,  how ever,  c a s t  some d o u b t on t h i s  s u g g e s t io n .

The g r e a t e r  e f f e c t i v e n e s s  o f  r a d i a n t  e n e rg y  a t  730 nm in  s h o r t -  . 

e n in g  t h e  p e r i o d  t h a n  i n  s h i f t i n g  t h e  p h ase  o f  t h e  rhy thm  m ig h t be 

a t t r i b u t a b l e  t o  t h e  g e n e r a l l y  lo w e r  a c t i v i t y  a t  730 nm t h a n  a t  6OO-66O 

nm. Thus a  s m a l l  e f f e c t  w ould  be  more e a s i l y  d e t e c t e d  w i th  c o n t in u o u s  

i r r a d i a t i o n  t h a n  w i th  a s i n g l e  e x p o su re  o f  a  few h o u rs  d u r a t i o n  be tw een  

t h e  f i r s t  and second  p e a k s  o f  t h e  rh y th m . ■ T h is  s u g g e s t io n  may a l s o  

o f f e r  an  e x p l a n a t i o n  f o r  t h e  d i f f e r e n t  s e n s i t i v i t i e s  o f  t h e  p h ase  s h i f t ­

in g  and  e n t r a in m e n t  r e s p o n s e s  t o  m onochrom atic  f a r - r e d  (730 nm) r a d i a t i o n .  

T h is  s p e c t r a l  band  m ig h t in d u c e  o n ly  v e r y  sm a l l  p h a s e  s h i f t s  when g iv e n  

a t  t h e  t im e s  s e l e c t e d  f o r  t h e  s i n g l e  e x p o s u r e s ,  and t h e s e  s h i f t s  m igh t 

be be low  t h e  l e v e l  o f  s t a t i s t i c a l  s i g n i f i c a n c e .  When an i r r a d i a t i o n  

t r e a t m e n t  i s  r e p e a t e d  i n  e ac h  c y c l e  how ever,  t h e s e  s m a l l  p h ase  s h i f t s  

w ould i n  e f f e c t  be added  w i th  t h e  r e s u l t  t h a t  a  g r a d u a l  e n t r a in m e n t  o f  

t h e  rhy thm  would o c c u r .  T h is  c o u ld  a l s o  e x p l a in  why e n t r a in m e n t  t o  

f a r - r e d  r a d i a t i o n  i s  s lo w e r  t h a n  t o  r e d  l i g h t .

A change  in  t h e  s e n s i t i v i t y  o f  t h e  l e a v e s  d u r in g  t h e  e x p e r im e n ts  

may o f f e r  an a l t e r n a t i v e  e x p l a n a t i o n  o f  t h e  g r e a t e r  e f f e c t  o f  the . 730  nm
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spectral band in the entrainment than in  the phase shifting responses♦ 

Although virtually' no entrainment m s -apparent during the f ir s t  tîiree 

cyclesp i t  m s subsequently quite rapid* IDhe concept of increasing 

sensitiv ity  m y also be invoked to explain vîjy continuous exposure to  

wonoctoomatic far ""red. (T30 radiation or to the loimst of the quantmi 

densities of raonochromatic red radiation tested* reduced the free-

running period of the rhythm but not. the transient * ^ouever* no evidence

for an increasing sensitiv ity  m s found in studies of the period* this

being constant in leaves continuously irradiated with each of the spectral

bands* îlirthcr evidence suggests that the different effectiveness of 

spectral bands in red,ucing the period and the transient does not result 

simply from increasing sensitivity* Continuous irradiation with a 

spectral band- centred on 530 nm was much, le ss  effective than with one 

centred on T30 nm in reducing the period of the In contrast,

wher.esu irradiation at 530. nm resulted In a reduction of the transient 

directly proportional to the reduction of the period* irrad.iation at 

Y30 mi had no significant effect' on the transient* Bince phytoehrome 

i s  aliEOst certainly the photoreceptor; responsible for mediating these 

responses, the length of the transient may be determined in part by the 

PfV' level present at the;\time of transfer of the leaves tO: darkness or 

continuous irradiation, ©M the ; subsequent changes in th is level during 

the f ir s t  few hours of the experiment* The changes in the level of Pfr 

would presumably depend upon the wavelengths employed* The effects of 

radiant - energy - on the pariod aro, i*i oontr©.st* assessed by com̂ m̂ lng the 

free-running rhybWs of irradiated, and unirradiated leaves Kftor a .
TporV 't'C .rf

sufficiently, long time for the Pfr level of the latter, to have reached 

a photo.equilibriim * It is  not clear whether the additional factor of 

in it ia l changes in Pfr levelsicontribute to the different spectral sensi­

t iv it ie s  of the rhytlm during-the transient and f^ee**running states. No 

firm conclusion can bo drawn, in the - absence of data concerning either
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tho photostationary state of phytoehrome in  each of the ex;perifâe»tfâ or 

the length of the transient in dartoe»® after experimental mm^ipulation 

of the in it ia l F ft level.

Photooontrol of the rhytlm appears to ho a rather

atypical phytoehrome response. The spectra dependenoe of phase sh lit  

indnqtion and the oeourrenoe of red/far-red reversib ility  are consistent 

with th is being a low energy phytoehrome response. The fact ttiat the 

phase shifb response is  saturated at very low radiant .flux densities 

(Wilkins* 1960a) also supports th is conclusion. l̂^ypioally, the mgnitudo 

of a phytochrome mediated response is  directly proportional to the 

logarithm of quantum which do not saturate the piiytochrome

system (Smith, 19Î5)* In 3|ryqi)%3̂ 1mfi% th is relationship mn be seen to  

hold for the effect of quantum flux density on the free-running period 

and transient of the rŴ thms.

v V ^

The l&tok of reC'%ro»ity reported for phase shifting the Bryopĥ  

rhythm (Wilkins, 1973) and the observation that far-red radiation cen­

tred OB 730 nm Is effective in modifying other aspects of the rhytlm  ̂

applied continuously or periodically are, however, more suggestive o f  

the involvment of a * prolonged-light* or * high-energy^ type of pliyto* 

chrome response* Action spectra for the high-energy response Vftry 

markedly between species, even for the induction o f a similar response 

(Smith, 1979)# This makes i t  impossible to deduce the nature of the 

photoresponso simply frcrni the spectral sensitiv ity  of the BryophylltuR 

rhythm. It is  clear however that the additional activ ity  in the blue 

region of the spectrum, typical o f a high-energy response is  absent in 

the photocontrol o f the ,Bryophy%m rhytW.

The qiiantiaa flux density o f radiant energy at 730 im, effective



i n  t h i s  i n v e s t i g a t i o n ,  i s  s i m i l a r  t o  t h e  lo w e s t  - quantum f l u x  d e n s i t y

w hich  in d u c e s  a  s i g n i f i c a n t  i n h i b i t i o n  o f  l e t t u c e  h y p o c o ty l  e x t e n s i o n

(H artm ann , I 9 6 6 ) .  A s i g n i f i c a n t  r e d u c t i o n  o f  t h e  p e r i o d  o f  t h e  B ryophy llum

rhy thm  was however r e c o r d e d  under- c o n t in u o u s  i r r a d i a t i o n  a t  660  nm w i th  

- 2  “ 1l e s s  t h a n  1 pE cm s , a p p r o x im a te ly  2% o f  t h e  quantum f l u x  d e n s i t y  

u s e d  i n  t h e  730 nm s p e c t r a l  b a n d .  T h is  f l u x  d e n s i t y  may w e l l  b e  t o o  lo w  

t o  i m p l i c a t e  a  h ig h  i r r a d i a n c e  r e s p o n s e .  A co m p ar iso n  o f  t h e  quantum 

f l u x  d e n s i t i e s  r e q u i r e d  t o  in d u c e  d i f f e r e n t  r e s p o n s e s  i n  d i f f e r e n t  

o rg a n is m s ,  r a t h e r  t h a n  t h e i r  r e s p e c t i v e  dependence  on t h e  i r r a d i a n c e  i s  

how ever o f  d o u b t f u l  v a l u e  and  f u r t h e r  i n v e s t i g a t i o n  w ould  b e  r e q u i r e d  

t o  a s c r i b e  phy tochrom e c o n t r o l  o f  t h e  B ryophyllum  rhy thm  t o  t h e  i n v o l v e ­

ment o f  lo w -e n e rg y  o r  h ig h - e n e r g y  r e s p o n s e s  o r  in d e e d  p o s s i b l y  b o th .

Phytochrom e i s  h e l d  t o  be  in v o lv e d  in  e n t r a in m e n t  o f  t h e  rhy thm  

o f  c a rb o n  d i o x i d e  o u tp u t  i n  Lemna p e r p u s i l i a  (H i l lm a n ,  1971) and i n  

i n i t i a t i o n  o f  t h e  l e a f  movement rhy thm  in  P h a s e o lu s  m u l t i f l o r u s  (L o rc h e r , 

1 9 5 8 )0  T hese  c o n c l u s i o n s  a r e  b a s e d  on t h e  r e v e r s i b l e  e f f e c t  o f  r e d  and 

f a r - r e d  r a d i a t i o n ,  no d e t a i l e d  a c t i o n  s p e c t r a  h a v in g  b een  d e te rm in e d  f o r  

t h e s e  p l a n t s .  The e f f e c t s  o f  d i f f e r e n t  w a v e le n g th s  o f  r a d i a n t  en e rg y  

i n  m o d i fy in g  t h e  p e r i o d  w i th  c o n t in u o u s  i r r a d i a t i o n  o r  s h i f t i n g  t h e  

p h a s e  w i th  a  s i n g l e  i r r a d i a t i o n  have  n o t  been  i n v e s t i g a t e d  i n  Lemna,

I t  i s  u n l i k e l y  t h a t  r e s u l t s  w h ich  w ould  p e rm i t  f u r t h e r  co m p ar iso n  w i th  

t h e  B ryophy llum  rhy thm  c o u ld  b e  o b t a i n e d  f o r  t h e s e  a s p e c t s  o f  t h e  p h o to ­

c o n t r o l  o f  t h e  Lemna rhy thm . T h is  i s  b e c a u se  t h e  Lemna rhy thm  p e r s i s t s  

f o r  o n ly  one o r  two c y c l e s  i n  c o n t in u o u s  c o n d i t i o n s ,  and  i t s  a m p l i tu d e  

i s  v e r y  s m a l l .

A d d i t i o n a l  a s p e c t s  have  b een  s t u d i e d  f o r  t h e  P h a s e o lu s  rhy thm  and 

have  r e v e a l e d  a  more com plex s i t u a t i o n .  In  t h i s  o rg a n is m ,  f a r - r e d  

r a d i a t i o n  p o s s i b l y  e x e r t s  an  e f f e c t  w hich i s  e s s e n t i a l l y  d i f f e r e n t  from



t h a t  o f  r e d  l i g h t .  Red and  f a r - r e d  r a d i a t i o n  g iv e  d i f f e r e n t  p h a s e -  

r e s p o n s e  c u r v e s  a n d ,  more s i g n i f i c a n t l y ,  a r e  e f f e c t i v e  o n ly  when a b s o rb e d  

by  d i f f e r e n t  p a r t s  o f  t h e  p l a n t  (Bünning and M oser,  I 9 6 6 ) .

Phytochrom e h a s  a l s o  b een  i m p l i c a t e d  i n  t h e  c o n t r o l  o f  t h e  c i r ­

c a d i a n  rhy thm  o f  s e n s i t i v i t y  t o  f lo w e r  i n d u c t i o n  i n  Xanthium ( S a l i s b u r y ,  

1 9 6 5 ; Denny and  S a l i s b u r y ,  1 9 7 0 ) ,  The rhy thm  i n  s e n s i t i v i t y  t o  germ­

i n a t i o n  p ro m o tio n  i n  S p h e a ro c a rp u s  d o n g l l i  may a l s o  be  c o n t r o l l e d  by 

p l ^ o c h r o m e  ( S t e i n e r ,  1 9 6 9 )= S chrem pf (1975) c o n s i d e r s  t h a t  phy tochrom e 

may be  in v o lv e d  i n  t h e  p h a s e  s h i f t  r e s p o n s e  o f  t h e  K alanchoë  p e t a l  

movement rhy th m . Phytochrom e i s  c l e a r l y  n o t  in v o lv e d  i n  t h e  p h o to c o n t r o l  

o f  t h e  c i r c a d i a n  rh y th m s  i n  Qedogonium ca rd iacu m  o r  R e u ro s p o ra  c r a s s a  

w hich  a r e  a f f e c t e d  by  w a v e le n g th s  o f  r a d i a n t  en e rg y  from  t h e  b l u e  and 

n e a r  UV r e g i o n s  o f  t h e  sp e c tru m .  Munoz and B u t l e r  (1975) c o n c lu d e  t h a t  

a  f l a v i n  i s  t h e  p h o t o r e c e p t o r  in v o lv e d  i n  N eu ro sp o ra  and a l s o  i n  t h e  

i n s e c t s  D r o s o p h i l a  and  P e c t i n o p h o r a . N e i t h e r  i s  phy tochrom e a lw ays  t h e  

p igm ent in v o lv e d  i n  c i r c a d i a n  rhy thm s i n  h ig h e r  p l a n t s .  Karve e t .  a l ,  

(1 9 6 1 ) c o n c lu d e  t h a t  t h e  i n d u c t i o n  o f  rh y th m ic  p e t a l  movement o f  

K alanchoë  f lo w e r s  by  ' l i g h t - o n ' o r  ' l i g h t - o f f  s i g n a l s  p r o b a b ly  depends 

upon r a d i a n t  e n e rg y  a b s o rb e d  by  c h l o r o p h y l l .  The p h o to s y n t h e t i c  p ig m en ts  

a r e  p r o b a b ly  a l s o  r e s p o n s i b l e  f o r  p h o to c o n t r o l  o f  s e v e r a l  c i r c a d i a n  

rhy thm s i n  G onyaulax p o ly e d r a  (Sweeney, I 9 6 9 ).

The in v o lv em en t  o f  d i f f e r e n t  p h o t o r e c e p t o r s  i n  c o n t r o l l i n g  th e  

c i r c a d i a n  rhy thm s i n  d i f f e r e n t  o rg an ism s  may s u g g e s t  t h a t  t h e  i n d i v i d u a l  

rh y th m s s t u d i e d  a r e  d e r iv e d  from d i f f e r e n t  b a s i c  m echan ism s ,  a f f e c t e d  more 

o r  l e s s  d i r e c t l y  by  r a d i a n t  e n e rg y .  A l t e r n a t i v e l y ,  i f  a s i n g l e  u n i v e r s a l  

o s c i l l a t o r  i s  r e s p o n s i b l e ,  i t  i s  c l e a r  t h a t  o rg a n ism s  have e v o lv e d  w i th  

d i f f e r e n t  p ig m en ts  r e s p o n s i b l e  f o r  m e d ia t in g  t h e  e f f e c t s  o f  r a d i a n t  

e n e rg y  on t h a t  c i r c a d i a n  sy s tem .
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Although i t  i® apparent that pl^'toohromo-abeorhed radiant energy 

influme0$ the eircadian :chytlm\ in Bryophyllum  ̂ the biochemioal mechaniism 

of thie effect remains imdotermined. h ittlo  i® knom of the events which 

ooour between the ahaopption o f  light by phyüochrome and the enomous 

variety of dcvelopaental and non-devolopBiental re.nppnEiea which follow.

The hiochemiatry of the 'baeic oacillator ia equally unîmom* It ie  

possible to consider - the role of phytoohra%e in terms of the various, 

general hypotheses for oscillating  systeas. Clearly i f  any of these is  

to apply to the rhytlm in Bryophyllum * i t  must he able to accommodate a 

specific role for plijiytochrojae* Alternativclj* consideration may also he 

given to the popoihie invdvaaent of phytoohrane in the control o f the 

mechanisms underlying the overt rhytim in Bryophyllum, which may or may 

not repreeent the basic oscillator#

Two fundEmental modes of action have “been proposed to account for 

the action of pliytochrome# Mote (1966)  proposed the ijypothesis tlmt 

pljytochmiie regulates development by controlling gene expression at the 

genome level# This proposal implied that Pfr directly* or possibly 

indirectly (Mote* 197^)*. influences the genome by selectively inducing 

or repressing transcription# The occurrence of a number of responses 

to radiant. energy*’ absorbed by phyfeochrome* which are too rapid to be 

explained by an effect on transcription* led to the alternative hypothesis 

that ptetoctecmie acts by modifying membrane pemeability (ïiendricks and 

Eorthwick* 1967)# ïiVidenc© that ptebocteome mediates effects on membranes 

owes from the observations of rapid red/fte^-red reversible changes of 

the electric potential of etiolated oat eoleoptlles (Neman and Briggs* 

19T<̂ ) and mung bean root sections (Jaffa* 1968)# Iharther evidence for 

an in it ia l elTect of phytocteome on memtearics comes from observations 

of the nyotinastic lea fle t closure o f Albi»&la iu lite ls s ia  which is  

promoted by red ligh t and inhibited by far-red radiation (Hillman suKl
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iCouldîoris XP6t ). The two genoraX hypotheses of phytoehrome action are 

not however mutually exclusive* as long term effects on gene expression 

may result indirectly from an in it ia l effect on membrane systems.

The hypotheses for the mechanism of the basic circadian oscillator  

can he divided into two general types which correspond rather closely  

to the proposals for the mode of action of phytoehrome. There are thus 

proposals which account for rhytteicity in  terms of either cycling* 

sequential transcription or in terns of rhythmic cWnges in the properties 

of membranes, The *chronon coïicept * of Bteet and Truceo (1967) Implie» 

axi ordered* sequential transcription of lîîiA from DNA. The cyclic nature 

of such a system is  thought to result the positive feedback of the 

product of translation of a terminator oistron on transcription at a 

cistron which in itia tes the next transcription sequence. I f  the action 

of phytochrome were to induce or repress transcription of genes involved 

in th is cycle* i t  can easily he envisaged that the normal transcription 

sequence could he perturbed.

The alternative theory* of overt rhythmicity resulting from cyclic  

changes in the properties of membranes, is  most cogently expressed in the 

mwhrane-ion gradient hypothesis of ^jus et. o l. (197^). This theory 

accounts for the effects of radiant energy on circadian rhythms by 

suggesting that i t  acts hy perturbing ion concentration gradients. A 

mmber of rhythmic processes can readily be attributed to the movament 

of ions. Tiiere is  a good correlation between the movaxent of lea fle ts  

of Albiggia ju lib rissin . controlled by an endogenous rhytha* and the 

movement o f potassitun ions between the ventral and dorsal motor c e lls  of 

the pulvinulo (Batter and Galston, 1971a* 1971b). Fm^themoro* the 

movement o f potassium ions in th is  system is  influenced by red and far-red 

radiation acting tteough phytoehrome (Battw and Galston* 1971b). The



s u p p o s i t i o n  o f  t h e  m em brane-ion  g r a d i e n t  h y p o t h e s i s ,  t h a t  l i g h t  a c t s  by 

m o d i fy in g  t h e  c h an g e s  i n  io n  g r a d i e n t s  w hich a r e  r e s p o n s i b l e  f o r  endogen­

ous  r h y t h m i c i t y ,  i s  t h u s  b o rn e  o u t  i n  A l b i z z i a . The r o l e  o f  phytoehrom e 

i n  c o n t r o l  o f  c i r c a d i a n  rhy thm s can  t h e r e f o r e  be e n v is a g e d  a s  a l t e r i n g  

t h e  p e r m e a b i l i t y  o f  membranes e i t h e r  d i r e c t l y ,  i f  membrane bound p h y to ­

chrome w ere t o  a c t  a s  a  ' p h o t o s e n s i t i v e  io n  g a t e ' ,  o r  i n d i r e c t l y ,  p o s s i b l y  

th r o u g h  t h e  r a p i d  p r o d u c t i o n  o f  a  membrane a c t i v e  horm onal s u b s t a n c e .

V

The rhy thm  o f  c a rb o n  d i o x i d e  o u tp u t  i n  B ryophyllum  l e a v e s  i n  

c a r b o n - d i o x i d e - f r e e  a i r  r e s u l t s  from  t h e  rh y th m ic  f i x a t i o n  o f  r e s p i r e d  

ca rb o n  d i o x i d e  by p e r i o d i c  a c t i v i t y  o f  t h e  enzymes r e s p o n s i b l e  f o r  CAM. 

Phytoehrom e m ig h t t h u s  m e d ia te  t h e  e f f e c t s  o f  r a d i a n t  en e rg y  on t h e  

rhy thm  e i t h e r  by  in d u c in g  o r  r e p r e s s i n g  enzyme s y n t h e s i s ,  o r  by a c t i v a t ­

in g  o r  i n h i b i t i n g  enzymes a l r e a d y  p r e s e n t  i n  t h e  l e a v e s .  Q ue iroz  (1 9 6 5 , 

1 9 6 6 , 1 9 6 7 , 1 9 6 8 a ,  1 9 6 8 b ,  1 9 6 9 , 1 9 7 0 , 1 9 7 2 a ,  1 9 7 2 b ) ,  Q u e iro z  e t .  a l  

(19713  1 9 7 2 ) h ave  i n v e s t i g a t e d  t h e  CAM pathway o f  K a lan ch o ë  b l o s s f e l d i a n a  

i n  d e t a i l .  The in d u c t i o n  o f  rh y th m ic  v a r i a t i o n  i n  t h e  a c t i v i t y  o f  enzymes 

o f  t h i s  pathw ay  i s  a  s h o r t - d a y  p h o to p e r i o d ic  r e s p o n s e .  R e d / f a r - r e d  

r e v e r s i b i l i t y  o f  ' n i g h t - b r e a k s ' r e v e a l e d  t h a t  phy toehrom e i s  in v o lv e d  in  

t h i s  r e s p o n s e .  The i n d u c t i o n  o f  r h y t h m i c i t y  i n  K a lan ch o ë  by  s h o r t  days  

i s  accom panied  by  an  o v e r a l l  i n c r e a s e  i n  t h e  a c t i v i t y  o f  m a l ic  enzyme 

and PEP c a r b o x y la s e  i n  l e a f  e x t r a c t s .  Q ueiroz  (1972 a )  c o n c lu d e s  t h a t  

t h i s  i n c r e a s e  o c c u r s  a s  a  r e s u l t  o f  b o th  an i n c r e a s e  i n  enzyme 

s y n t h e s i s  and a  d e c r e a s e  i n  t h e  l e v e l  o f  an i n h i b i t o r .  T here  i s  t h u s  some 

e v id e n c e  t o  s u g g e s t  t h a t  ph y to eh ro m e , a c t i n g  i n  a l o n g  t e rm  p h o to p e r io d ic  

r e s p o n s e ,  may i n c r e a s e  t h e  l e v e l  o f  a c t i v i t y  o f  t h e  enzymes r e s p o n s i b l e  

f o r  CAM i n  K a la n c h o ë .

In  B ryo p h y llu m , l a r g e  am ounts  o f  PEP c a r b o x y l a s e  can  be  e x t r a c t e d  

from t h e  l e a v e s  even a t  p h a se s  i n  t h e  c y c l e  a t  w h ich  no f i x a t i o n  o c c u rs



( W i lk in s ,  I 9 6 9 ) .  T h is  h as  b een  i n t e r p r e t e d  as  i n d i c a t i n g  t h a t  c i r c a d i a n  

v a r i a t i o n  in  t h e  amount o f  PEP c a r b o x y la s e  do es  n o t  c o n t r o l  t h e  rhy thm  

o f  c a rb o n  d io x i d e  f i x a t i o n  (W i lk in s ,  I 9 6 9 ) .  A number o f  i n v e s t i g a t o r s  

have  s u g g e s te d  t h a t  CAM in v o l v e s  fe e d b a c k  c o n t r o l  o f  t h e  enzyme r e s p o n ­

s i b l e  f o r  ca rb o n  d i o x i d e  f i x a t i o n ,  by  t h e  p r o d u c t s  o f  t h i s  r e a c t i o n ,  i n  

p a r t i c u l a r  m a la te  (K luge and  Osmond, 1972; Q ue iroz  e t .  a l . ,  1 9 7 2 ) .  I n  

K a la n c h o ë , t h e r e  i s  a  c l o s e  c o r r e l a t i o n  be tw een  t h e  m a la t e  c o n t e n t  o f  

l e a v e s  and  t h e  a c t i v i t y  o f  enzymes r e s p o n s i b l e  f o r  c a rb o n  d io x i d e  f i x a -  

t i o n  and d e a c i d i f i c a t i o n .  I t  i s  t h u s  l i k e l y  t h a t  b o t h  t h e  c i r c a d i a n  

rhy thm  o f  c a rb o n  d i o x i d e  f i x a t i o n  i n  B ryophy llum , and t h e  d i u r n a l  v a r i a ­

t i o n  i n  t h e  a c t i v i t y  o f  t h e  enzymes o f  t h e  CAM pa thw ay  i n  c ru d e  e x t r a c t s  

o f  K alanchoë  l e a v e s  a r e  t h e  r e s u l t  o f  p e r i o d i c  i n h i b i t i o n  o r  a c t i v a t i o n  

r a t h e r  t h a n  s y n t h e s i s  o f  t h e  enzym es.

I t  h as  b een  p ro p o se d  t h a t  a c t i v e  and p a s s i v e  t r a n s p o r t  o f  m a la te  

t o  and from t h e  v a c u o le  i s  a l s o  in v o lv e d  in  t h e  c o n t r o l  o f  CAM. The 

r e s u l t i n g  ch an g es  i n  t h e  s i z e  o f  t h e  c y to p la s m ic  p o o l  o f  m a l ic  a c i d  may 

l e a d  t o  i n h i b i t i o n  and p ro m o tio n  o f  t h e  enzymes o f  t h e  pathw ay  (Kluge 

and  H e in in g e r ,  1973 ; K luge and L i i t t g e ,  197^)* The im p o r ta n c e  o f  t h e  

t r a n s p o r t i n g  p r o p e r t i e s  o f  membranes i n  t h e  o p e r a t i o n  o f  CAM h a s  a l s o  

b een  s t r e s s e d  by W i l l e r t  (1972) and W i l l e r t  and K luge (1 9 7 3 ) .  L u t tg e  

and  B a l l  ( l 9 7 ^ a ,  197^b) have  drawn a t t e n t i o n  t o  t h e  p o s s i b l e  rh y th m ic  

c o n t r o l  o f  CAM by m a la te  and  p r o to n  f l u x e s  a c r o s s  t h e  t o n o p l a s t  i n  a 

sy stem  a n a lo g o u s  t o  t h e  p o ta s s iu m  f l u x e s  w hich  c o n t r o l  t h e  l e a f l e t  move­

ment o f  A l b i z z i a . I t  m igh t t h u s  be p o s s i b l e  t o  a c c o u n t  f o r  t h e  Bryophyllum  

rhy thm  by t h e  m em brane-ion  g r a d i e n t  model o f  Wjus e t .  a d .  ( l 9 7 ^ ) .  I f  

t h i s  w ere t h e  c a s e ,  t h e  c a rb o n  d i o x i d e  f i x a t i o n  p h a s e  o f  t h e  rhy thm  would 

c e a s e  o n ly  when s u f f i c i e n t  m a la t e  had a cc u m u la ted  i n  t h e  v a c u o le  t o  

e x e r t  a  n e g a t i v e  fe e d b a c k  e f f e c t  on i t s  t r a n s p o r t  t o  t h a t  s i t e .  However, 

W ilk in s  (1959) found t h a t  t h e  f i x a t i o n  o f  t h e  rhy thm  i n  l e a v e s  i n  b o th



norm al, a i r  and  c a r b o n - d i o x i d e - f r e e  a i r  l a s t e d  f o r  a p p r o x im a te ly  t h e  

same t i m e .  A g r e a t e r  n e t  f i x a t i o n  o f  c a rb o n  d i o x i d e  o c c u r r e d  i n  norm al 

a i r  t h a n  in  c a r b o n - d i o x i d e - f r e e  a i r  (W ilk in s ,  1959)* Carbon d i o x i d e  

f i x a t i o n  t h e r e f o r e  p re s u m a b ly  c e a s e s  a t  a  t im e  when l e a v e s  exposed  t o  

d i f f e r e n t  l e v e l s  o f  a tm o s p h e r ic  c a rb o n  d io x i d e  c o n t a i n  d i f f e r e n t  amounts 

o f  m a l a t e .  An a n a l y s i s  o f  t h e  m a la t e  c o n t e n t  o f  l e a v e s  exposed  t o  t h e  

v a r i o u s  c o n s t a n t  c o n d i t i o n s  em ployed i n  t h i s  i n v e s t i g a t i o n  m ig h t u s e f u l f y

c l a r i f y  t h i s  p o i n t .  ‘

In  A l b i z z i a , t h e  a c t i o n  o f  ph y to eh ro m e , i n  i t s  i n t e r a c t i o n  w i th  

t h e  endogenous rh y th m ,  a p p e a r s  t o  be  t o  a l t e r  t h e  movement o f  io n s  a c r o s s  

m em branes. A s i m i l a r  f u n c t i o n  may be  p ro p o sed  t o  a c c o u n t  f o r  phy toehrom e 

c o n t r o l  o f  t h e  B ryophyllum  rh y th m . I f  e x p o su re  t o  r a d i a n t  en e rg y  w ere 

t o  m o d ify  t h e  i n t r a c e l l u l a r  l o c a t i o n  and t r a n s p o r t  o f  m a l a t e ,  i t  i s  , 

l i k e l y  t h a t  t h i s  a l o n e  c o u ld  a l t e r  t h e  rhy thm  by v i r t u e  o f  t h e  w e l l -  

docum en ted ,  i n h i b i t o r y  e f f e c t  o f  m a la t e  on PEP c a r b o x y l a s e  (K luge and 

Osmond, 19T2) and p o s s i b l e ,  s t i m u l a t o r y  e f f e c t  on m a l i c  enzyme a c t i v i t y  

( Q u e i ro z ,  1 9 7 2 ) .  I f  t h i s  h y p o t h e s i s  i s  c o r r e c t  i t  shou].d be  p o s s i b l e  t o  

o b s e r v e  an e f f e c t  on CAM, o f  r a d i a n t  e n e rg y  a b s o rb e d  by  phy toeh rom e. The 

p o s s i b i l i t y  can  n e v e r  be  r u l e d  o u t  how ever ,  t h a t  a n y  s u ch  e f f e c t s  a r e  

m e d ia te d  by  p h y to e h ro m e - in d u c e d  ch a n g e s  i n  a  m ore b a s i c  o s c i l l a t i n g

m echanism . T here  i s  l i t t l e  e v id e n c e  o f  a  d i r e c t  e f f e c t  o f  phy to eh ro m e-

a b s o rb e d  r a d i a n t  en e rg y  on CAM,

L a s h e r  and Bonner ( l9 5 5 )  r e p o r t e d  t h a t  t h e  e f f e c t i v e n e s s  o f  d i f f ­

e r e n t  s p e c t r a l  bands  i n  d e a c i d i f i c a t i o n  o f  B ryophy llum  l e a v e s  d id  n o t  

a g r e e  w i th  t h e  g e n e r a l  a c t i o n  sp e c tru m  o f  p h o t o s y n t h e s i s ,  r e d  l i g h t  b e in g  

much more e f f e c t i v e  t h a n  b l u e .  The s i g n i f i c a n c e  o f  t h e s e  r e s u l t s  i s  n o t  

c l e a r  how ever ,  s i n c e  a r a p i d  r a t e  o f  p h o t o d e a c i d i f i c a t i o n  h a s ,  w i th  t h e  

u s e  o f  p h o t o s y n t h e t i c  i n h i b i t o r s ,  been  shown t o  depend  on t h e  o c c u r r e n c e



o f  p h o t o s y n t h e s i s  (D enius  and  Homann, 19T 2). B ruinsm a (1958) s u g g e s te d  

t h a t  t h e  a n th o c y a n in  p r e s e n t  i n  B ryophyllum  l e a v e s  m ig h t in  p a r t  e x p l a in  

a  s t r o n g  n o n - e f f e c t i v e  a b s o r p t i o n  o f  b lu e  l i g h t ,  b u t  he a l s o  d i s c u s s e d  

t h e  p o s s i b i l i t y  o f  a  more d i r e c t  e f f e c t  o f  r a d i a n t  e n e rg y  on CAM. He 

s p e c u l a t e d  t h a t  a  change  i n  i r r a d i a t i o n  o r  t e m p e r a t u r e  c o n d i t i o n s  m igh t 

a l t e r  t h e  p e r m e a b i l i t y  o f  i n t r a c e l l u l a r  membranes a n d ,  by  t h a t ,  t h e  

a v a i l a b i l i t y  t o  c y to p la s m ic  enzym es, o f  a c i d s  a c c u m u la te d  i n  t h e  v a c u o le .  

The r a t e s  o f  a c i d  breakdow n and f o rm a t io n  would t h e n  ch an g e .  .

T h e re  i s  an  i n c r e a s i n g  u n d e r s t a n d i n g  o f  t h e  m echanism  o f  CAM and 

e v id e n c e  f o r  phy toehrom e c o n t r o l  o f  t h e  c i r c a d i a n  rh y th m  i n  t h e  a c t i v i t y  

o f  . t h i s  pa thw ay . T h is  s u g g e s t s  t h a t  f u r t h e r ,  d e t a i l e d  i n v e s t i g a t i o n  

o f  t h e  c o n t r o l  o f  t h e  CAM p a th w ay ,  i n  e x p e r im e n ts  i n  w hich  phytoehrom e 

c a n  a l s o  be  shown t o  i n f l u e n c e  t h e  c i rC a d ia n  rh y th m ,  p r e s e n t s  t h e  b e s t  

o p p o r t u n i t y  f o r  e l u c i d a t i n g  b o th  t h e  b a s i c  o s c i l l a t i n g  mechanism and 

i t s  p h o to c o n t r o l  i n  B ry o p h y llu m .
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APPENDIX 1

The s e q u e n t i a l  r e c y c l i n g  t i m e r . 

D e s c r i p t i o n  and, c i r c u i t  d ia g ra m ,
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APPEMDIX 2

TABLE 1

The e f f e c t ,  on t h e  p e r i o d  o f  t h e  rh y th m , o f  c o n t in u o u s  d a rk n e s s  o r  

an i n c i d e n t  quan tim  f l u x  d e n s i t y  o f  UT pE cm 

b a n d s .

2 -1s i n  25 nm w ide s p e c t r a l

I r r a d i a t i o n
t r e a t m e n t

Number o f  
i n d i v i d u a l s  
r e a d i n g s

P e r io d  
mean -  S .E .

1

S i g n i f i c a n c e  o f  
d i f f e r e n c e  from 

d a r k  c o n t r o l

V t  v a l u e p r o b a b i l i t y

D ark n ess U2 21^.20 -  0 .1 7

i+50 nm 12 2 U .t2  -  0 .2 3 O .6H13 N.S.

530 nm 12 2 3 .0 0  -  0 .2 5 3 .4 3 3 1 < 0 ,0 1

600  nm IL 1 9 .3 8  -  0 .3 6 1 3 .3 1 2 6 <0 .0 0 1

660  nm 23 1 9 .3 2  -  0 .3 5 1 4 .0 7 2 2 <0 .0 0 1

730 nm 18 2 1 .3 7  “ 0 .2 3 9 .2 7 3 4 < 0 .0 0 1

760  nm 17 2J4 .6 1  -  0 .2 9 1 .3 4 0 0 N .S.

TABLE 2

The e f f e c t  3 on t h e  t r a n s i e n t  o f  t h e  rh y th m , o f  c o n t in u o u s  d a rk n e s s

- 2 - 1o r  an  i n c i d e n t  quantum f l u x  d e n s i t y  o f  pE cm s i n  25 nm wide 

s p e c t r a l  b a n d s .

I r r a d i a t i o n  j 
t r e a t m e n t

Number o f  
i n d i v i d u a l  

r e a d i n g s

T r a n s i e n t  
mean -  S .E .

S i g n i f i c a n c e  o f  
d i f f e r e n c e  from 

d a r k  c o n t r o l

t  v a l u e p r o b a b i l i t y

D arkness 16 2 5 .8 6  -  0 .2 1

450  nm 4 2 5 .4 6  -  0 .4 6 0 .8 5 2 5 N .S.

530 nm 4 2 4 .68  -  0 .1 9 2 .7 3 3 8 < 0 .0 2

600  nm 6 2 1 .7 0  -  0 .2 2 1 1 .3 2 9 7 < 0 .0 0 1

660  nm 10 2 1 .8 5  -  0 .3 2 1 1 .0 0 3 1 < 0 .0 0 1

730  nm 6 2 6 .0 9  -  0 .3 3 0 .5 7 8 2 N .S.

760  nm 6 2 6 .2 2  ± 0 .3 7 0 .8 7 8 5 N.S.



TABLE 3

The e f f e c t ,  on t h e  p e r i o d  o f  t h e  'rhy thm , o f  c o n t in u o u s  d a rk n e s s  o r  

v a r i o u s  quantum f l u x  d e n s i t i e s  o f  m onochrom atic  r a d i a t i o n  in  a  25  nm 

w ide s p e c t r a l  hand  c e n t r e d  on 660- nm.

I r r a d i a n c e

•n -1pE cm s

Number o f  
i n d i v i d u a l  

r e a d i n g s

P e r io d
+

mean -  S .E ,

S i g n i f i c a n c e  o f  
d i f f e r e n c e  from 

d a r k  c o n t r o l

t  v a l u e p r o b a b i l i t y

0 .0 0 31 2 3 .7 4  - ' 0 .2 0

0 .9 8 12 2 2 .6 1  -  0 .3 8 2 .8 8 0 0 < 0 .0 1

3 .3 0 10 2 1 .9 3  -  0 .3 5 4 .5 6 6 4 < 0 .0 0 1

1 3 .0 0 10 2 0 .3 1  -  0 .1 9 9 .4348 < 0 ,0 0 1

2 2 .0 0 l 4 1 9 .9 3  -  0 . 4 l 9 .5 4 0 0 < 0 .0 0 1

4 7 .0 0 23 1 9 .3 2  -  0 .3 5 1 1 .7 7 5 3 < 0 .0 0 1

TABLE h

The e f f e c t ,  on t h e  t r a n s i e n t  o f  t h e  rh y th m , o f  c o n t in u o u s  d a rk n e s s  o r  

v a r i o u s  quantum f l u x  d e n s i t i e s  o f  m onochrom atic  r a d i a t i o n  i n  a  25 nm wide 

s p e c t r a l  hand c e n t r e d  on 660 nm.

I r r a d i a n c e

- 2  -1  pE cm s

Number o f  
i n d i v i d u a l  

r e a d i n g s

T r a n s i e n t

+
mean -  S .E .

S i g n i f i c a n c e  o f  
d i f f e r e n c e  from 

d a r k  c o n t r o l

t  v a l u e p r o b a b i l i t y

0.00 13 2 6 .2 4  -  0 .3 1

0 .9 8 4 26.24 -  0 .1 7 0 .0 0 5 7 N .S,

3 .3 0 4 24.91 “ 0 .6 7 1 .9 9 2 3 N .S ,

13,. 00 4 2 4 .11  -  0 .2 8 3 .6 1 9 5 < 0 .0 1

2 2 .0 0 6 2 3 .1 2  - 0.28 6 .2 5 7 9 < 0 .0 0 1

4 7 .0 0 10 2 1 .8 5  -  0 .3 2 9,7330

...... ......

< 0 .0 0 1
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TABLE 7

The s i g n i f i c a n c e  o f  t h e  d i f f e r e n c e  be tw een  t h e  p e r io d s  o f  t h e  

rh y th m s  in  l e a v e s  a t  d i f f e r e n t  t e m p e r a t u r e s .

T e m p e ra tu re s D a rk n e s s
I r r a d i a t e d ,

a t

> —2 —1 
47  pE cm s
660  cm

°c
t  v a l u e P r o b a b i l i t y

l e v e l t  v a l u e P r o b a b i l i t y

1 5 / 2 0 1 . 19^6 N .S. 5 .1 5 2 8 < 0 .0 0 1

1 5 /2 5 , 2 .3 ^ 6 5 ^ 0 . 0 9  ' 8 . 1 3 5 2 < 0 .0 0 1

1 5 /3 0 7 ,9 3 0 2 <0 .0 0 1 2 .0 5 2 1 < 0 . 0 5

2 0 /2 5 0 .6 0 9 7 N .S . 1 .7 9 1 1 N.So ■

2 0 / 3 0 6 . 63 6 ^ < 0 .0 0 1 2 . 2 5 0 0 < 0 .0 0 2

2 5 /3 0 7 . 32^9 < 0 .0 0 1 3 .4 5 2 4

TABLE 8

The s i g n i f i c a n c e  o f  t h e  d i f f e r e n c e  be tw een  t h e  t r a n s i e n t s  o f  t h e  

rh y th m s  in  l e a v e s  a t  d i f f e r e n t  t e m p e r a t i j r e s .

T e m p e ra tu re s D a rk n e s s I r r a d i a t e d ,
a t

47  pE  cm ^ s ^  
660  nm

""c

t  v a l u e P r o b a b i l i t y  
l e v e l t  va ] .ue P r o b a b i l i t y

1 5 / 2 0 7 .0 9 6 3 < 0 .0 0 1 5 .8 7 8 5 < 0 ,0 0 1

1 5 /2 5 1 2 .5 5 1 3 < 0 .0 0 1 7 . 0 9 0 1 < 0 .0 0 1

1 5 / 3 0 2 0 .8 4 7 0 < 0 .0 0 1 1 1 . 0 7 1 0 < 0 0 001

2 0 /2 5 . 3 .5 8 5 5 < 0 .0 1 0 . 4 4 6 0 N .S .

2 0 /3 0 1 1 .4 5 4 4 < 0 .0 0 1 5 .4 6 0 9 < 0 .0 0 1

2 5 /3 0 8 .5 7 4 7 < 0 ,0 0 1 5 .4 3 7 9 < 0 .0 0 1


