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Summary. The in vivo phototransformation kinetics of mustard hook and coty- 
ledon phytochrome exhibit a deviation from a single first order curve, quite similar 
to that for pumpkin hooks as reported in a previous paper (Boisard, Marm6 
and Sehgfer, 1971). The P/r-->Pr kinetics can be characterized by the ratios 
'Slr,I )~" l~lr/~lr , ~ I .  I I  )~ . p l I I  and ~/~II�89 where P~ and PtII are two populations of phyto- 
chrome molecules which convert to Pr with a first order half-life of ~I and I I .  These 

I I -'If - II ratios depend on the length of time of etiolation. The ratio ~lr,~" Plr/~lr, ~ " P# is in- 
dependent of the amount of total P# present at the beginning of the P#-->Pr photo- 
transformation after a non-saturating dose of red light. The half-lives of the two 
populations, however, depend on the concentration of total P# initially present. 
P#-->Pr phototransformation kinetics with different light intensities show that re- 
ciprocity holds. 

Introduction 

I n  a previous  pape r  (Boisard,  Marm~ and  Sch~fer, 1971) i t  was shown 
t h a t  the  pho to t r ans fo rma t ion  kinet ics  of phy toch rome  in p u m p k i n  hooks  
dev ia t e  from first  order  curves.  The t ime  dependence  of the  P/r--> Pr l ight  
reac t ion  could be descr ibed b y  assuming  two popula t ions  of p h y t o c h r o m e  
molecules which are  conver ted  wi th  two different  ra te  cons tants .  This  
t r e a t m e n t  could also be an  a p p r o ~ m a t i o n  of a single popu la t ion  conver t -  
ing wi th  a single, b u t  t ime-dependen t ,  r a te  cons tan t .  This could be a 
consequence of an  in te rac t ion  of phy toch rome  molecules,  which m a y  be 
loca ted  in a wel l -ordered s t ructure .  I n  the  presen t  pape r  the  pho to t r ans -  
fo rmat ions  of phy toch rome  have  been inves t iga ted  in hooks  and  coty-  
ledons of the  m u s t a r d  seedling. 

Mater ia l  and Methods 

Plant Material. Mustard seedlings (Sinapis alba, L., 1969) were grown in the 
dark at 25~ on chromatography paper following a standard procedure (Mohr, 
1966). The hooks and cotyledons were harvested in the cold using a dim green safe- 
light, after different periods of etiolation. 

Spectrophotometrlc Measurements o/ the P#-~Pr Phototransformatio~ kinetics 
were performed with a modified Ratiospect only (Marm~, 1969a, b). Parallel 
measurements on pumpkin hooks using a Ratiospeet, a Cary 14 and a new spectro- 
photometer constructed by G. Larcher, Rouen (Lareher, 1971), demonstrated that 
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the results as obtained with the Ratiospect can be reproduced with the other in- 
struments (Boisard, Marm~ and Sch~fer, 1971). The measuring wavelengths were 
728 nm (or 756 nm) and 805 nm. The intensity of the measuring beam was high 
enough to saturate the photoconversion within 20-25 rain. The measuring tempera- 
ture in all experiments was 0 ~ C. At this temperature the decay of Plr is negligible. 

The Pr-->Plr Phototransformalion Kinetics were performed with a Leitz Prado 
(for irradiation: ~----656 nm) and the Ratiospeet (for measurement of the newly 
formed P/r; measuring wavelengths )t 1 ~ 728 nm, 22 ~ 805 nm). 

Results 

Phototrans/ormation Kinetics P/r--> Pr as a Function o/ the Length o/ 
Time o/Etiolation. The in vivo phototransformation kinetics of phyto- 
chrome P/r-->Pr were measured in mustard cotyledons and hooks, the Pr -->P/r 
phototransformation kinetics only in cotyledons. The curves are essen- 
tially of the same shape as those obtained from pumpkin  hooks, i.e. they 
can be interpreted by  assuming two populations of P/r, (Pr) which convert 
with different rate constants to Pr, (P/r) (Figs. 1 and 2). I f  one varies the 
t ime of etiolation between sowing and the photometric assay from 36 h 
to 120 h the P/r-~Pr phototransformation kinetics differ quanti tat ively 
from one another;  36 h after sowing the ratio of the two populations 
(e~, ~-PsI/e~" Psl I) is about 80/20. PS I is the slow, and PS~I is the fast 
population ;'e~r,a, e~,z are the wavelength-dependent extinction coeffi- 

I II cients of PS~ and PSr �9 This value decreases to 50/50 at  72 h and increases 
again to about  65/35 a t  120 h after sowing (Fig. 3). The ratio of the half- 
lives ~ / ~ I  decreases from about  8.5 a t  36 h to about  6.5 a t  48 h and 
remains nearly constant until 120 h (Fig. 4). For comparison the ratios 
of the half-lives of pumpkin  (Cueurbita pepo) and gourd (Cueurbita ma- 
xima) are plotted in Fig. 4. 

The corresponding measurements of the phototransformation ldnetics 
in mustard hooks reflect quite different behaviour. These experiments 
were star ted 48 h after sowing. At shorter periods of etiolation the to ta l  
amount  of phytochrome was too low to measure photoconversion kinet- 
ics. From 48 h to 60 h the ratio of the two populations (e~r,~" PSll 
e ~ .  PS~I) was about  55/45. During the next  12 h it increased to 65i35 
and remained nearly constant up to 120 h (Fig. 5). The time-dependence 
of the ratios of the half-lives differs from those for cotyledons (Fig. 6). 
Using a 756 nm driving and measuring beam it could be shown for 48 h 
dark-grown mustard cotyledons tha t  the ratios e~r,~" PSlie~" PS~I and 
~ / ~ I  did not  depend on the wavelength of the driving beam. 

Phototrans]ormation Kinetics P/r--> Pr alter Various Degrees o/Satura- 
tion o/the Pr-->p/r Light Reaction. In  48 h dark-grown mustard cotyledons 
one obtains 70 ~ 3 % for the slow converting PS~ and 30 • 3 % for the fast 
converting PS~I (Fig. 3). The Pr--~Plr photoconversion yields 59 J= 3% for 
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Fig. 1. In vivo kinetics of the phytochrome phototransformation (P#-+Pr) with 
36 and 72 hours dark-grown mustard cotyledons. (O) represents the time course of 
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Fig. 2. In vivo kinetics of the phytoehrome phototransformation (P~-+Pir) with 
48 hours dark-grown mustard cotyledons. (Q) represents the time course of total 

PT- ([]) represents the calculated fast population 
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Fig. 6. Mustard hooks: dependence of the ratio ~�89 ~ ~]r,~ " ~ ' # , ~ /  l r ,~  " / r ,~  on 
the length of time of etiolation 

Pr I and  41 • 3 % for ~ I I  (mean of 8 exper iments) .  One of the  k inet ic  curves 
is  p lo t t ed  in Fig.  2. These d a t a  suggest  t h a t  the  pho to t r ans fo rma t ion  p a r t  
of the  models  (Fig. 7) presented  for p u m p k i n  phy~oehrome (Boisard,  
Marm6 a n d  Sch/~fer, 1971) need to be modif ied,  since one would expec t  
the  same ra t ios  of the  two popula t ions  for the  pho to t r ans fo rma t ions  in 
bo th  direct ions.  To tes t  this,  the  following exper imen t  was carr ied out  
wi th  48 h da rk-grown m u s t a r d  cotyledons .  The pho to t r ans fo rma t ion ,  
P~-->Ps~, was begun af te r  a s a tu ra t i ng  dose of fa r - red  l ight  and  the photo-  
reac t ion  ceased a t  a po in t  when a lmost  all  of the  fas t  conver t ing  p~II had  
been t r ans fo rmed  into  P1~ (but  only  a small  amoun t  of the  slow conver t ing  

18 P l a n t a  (Berl.), Bd.  101 
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Fig. 8. P#--+Pr phototransformation kinetics with 48 hours dark-grown mustard 
cotyledons after a saturating [(O), 100% ] and various non-saturating doses of red 
light [(O), 63 %; (A), 38%; (A), 25%]. The amount of Plr at the beginning of the 

phototransformation is normalized to 100% 

PrI). The p h o t o t r a n s f o r m a t i o n  kinet ics  of the  newly  formed Pit to ~ were 
measured  immedia t e ly .  F r o m  the  p u m p k i n  model  a s t rong increase  of the  
fas t  conver t ing  PIt popu la t ion  compared  to  the  slow t rans fo rming  one was 
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Fig. 9. r~(O) and T~I(Q))as a function of the amount of total Pit present at the 
beginning of the phototransformation kinetics 

expected  owever, Fig S shows that the ratio did 
not change. This experiment was repeated for various doses of red light, 
i.e. for different amounts of newly formed Pl," The results are summarized 
in Fig. 8, which shows a set of phototransformation curves of the same 
sample. In  all eases the ratios are the same, while the half-lives of the 
slow and the fast  populations increased with increasing concentrations 
of total  P/~ at  the beginning of the photoeonversion PI,.-+P~. Fig. 9 shows 
the dependence of the half-lives ~ and ~ on the amount of Pi, initially 
present. ~ (the half-life of the slow converting population) shows a 
pronounced dependence on the content of P#, whereas the increase of 
~ I  with increasing concentration of Pj~ was only slight. In  Fig. 10 the 
half-lives of each set of phototransformations obtained from one sample 
were normalized to the corresponding half-lives after a saturating dose of 
red light, i.e. to the highest content of PI~ ( = 100% ). Similar results were 
obtained for 96 h dark-grown pumpkin hooks. 

18" 
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total  P/r present a t  the  beginning of the phototransformat ion kinetics 

Table. Test o] reciprocity o] the Ptr-+Pr light reaction with two di//erent light doses 

Light dose I t P#  t ransformed (%) 

experi- experi- 
ment  I ment  I I  

a) 11 • t a 11 t a 42 44 
4.2 11 1/4.2 �9 t a 44 43.5 

29 I 1 1/29 �9 t a 42 42 

b) 11 • t b ~ 3 ( I  1 • ta) I 1 t b 64 64.5 
4.2 11 1/4.2 �9 t b 64.5 63.5 

29 11 1/29 "t  b 63.5 63.5 

L a w  o/  R e c i p r o c i t y .  To t e s t  r e c i p r o c i t y ,  e x p e r i m e n t s  w i t h  d i f f e r e n t  

i n t e n s i t i e s  of p h o t o c o n v e r t i n g  l i g h t  were  p e r f o r m e d .  Fig .  11 s h o w s  t h e  

r e s u l t s  for  t w o  i n t e n s i t i e s ,  I 1 a n d  I s, w i t h  11 = 4.4 �9 I s . T h e  k i n e t i c s  ob-  

r a i n e d  s h o w  n o  s i g n i f i c a n t  d i f f e r ences .  
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Fig. 11. Two P/r--+Pr phototransformation kinetics of 48 hours dark-grown mustard 
seedlings, performed with different intensities of illumination [(0),  I1; (@) 4.4- 11] 

and plotted as P1r untransformed as a function of light dose 

To confirm rec iproc i ty  over  a larger  in t ens i ty  in te rva l ,  the  conver ted  
Pit was measured  for two l ight  doses only  (arrows a and  b in  Fig. 11). 
Each  l ight  dose was ob t a ined  with  three  di f ferent  in tens i t ies  : 11 = 4.2 1 S 
= 2 9 . 0  I a. The Table  demons t ra t e s  t h a t  no dev ia t ion  from rec iproc i ty  
was de tec ted .  

Discussion 

Phototran~/ormation Kineticz P]r--> Pr a~ a Function o/ the Length o[ 
Time o/ Etiolation. Assuming two t ime- independen t  ra te  cons tan ts  k 1 
and  ]c 2 for the  photoconvers ion,  and  two ex t inc t ion  coefficients ~r, ~ and  

I I  ~#,~ for the  two popula t ions ,  the  t ime course of the  t o t a l  Plr can be des- 
cr ibed b y  the equa t ion :  

~ ] r , ~ ' P f r = ~ r , 2  " P/I-~-~/IrI,~ " p ] I I = ~ r , ~ "  L~/rFi~ " e--k l" t  

+ 4I . E@I 
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Figs. 3 and 5 show tha t  the ratio of the two populat ions is a funct ion of 
the length of t ime of et iolat ion: 

I I 
~lr, ~ " P I#  oli ~I I  - -  ](t = t ime of etiolation). 

F rom the 756 nm photo t ransformat ion  kinetics of mus ta rd  cotyledons, 
it follows tha t  the propor t ion e~r,~/stlI,~4](~ ). s~r, ~ and s IIlr,~, however, 
are wavelength-dependent .  Wi thou t  speculating on the funct ion ](t) 
itself, one m a y  state t ha t  if 

a )  I ~ I I  ~OI / IDII s#, ~/s#,~ 4 = ] (t), then l t r / l i t  mus t  be a funct ion of time. 
I I I  b) I n s# ,~ /S l r ,~=] ( t ) , t henP l r /P  # need not  necessarily be a function of time. 

I~ I I  The ratio of the half-lives ~�89 from musta rd  cotyledons for t > 48 h 
(Fig. 4) is not  a funct ion of t ime and wavelength:  

I I  I I  
.ri/.rli _ _  " e r r ,  ~." N ~  

r is the quan tum efficiency; Na is the intensi ty  of the convert ing light. 
F rom this equation, it follows tha t  if 

a )  I ~ I I  .hi  / A I I  sir , ~/s#, ~ = ] (t), then w#, zwl~, ~ mus t  also depend on time. 
b) I II I II dG,~ Sir , ~/S]r  ' ~ ~ ] (t), then err, =- ] (t). 

Within  the time interval  36 h < t < 48 h, when z~/r~ I is a funct ion of time, 
the correlation between s and  r is more complex. The data  f rom mus ta rd  
hooks (Figs. 5 and  6) show tha t  the photo t ransformat ion  properties of 
mus ta rd  phytochrome can be quite different in different organs. 

Phototrans]ormation Kine t ics  PIr--> Pr after Various  Degrees o] Satu-  
ration o / the  Pr--+Plr Light  Reaction.  Fig. 8 shows the independence of the 
ratio s~r,a h i ,  II II �9 ~ / s t r ,  a " P# from the concentrat ion of Pit initially present�9 
To explain these da ta  one must  assume, instead of the two parallel light 
reactions (Fig. 7), a mechanism for a rapid redistr ibut ion of the newly 
formed PIt to  a constant  propor t ion in each of the two PI~ pools. This 
suggestion can be il lustrated by  a hypothet ica l  scheme as shown in Fig. 12. 
The red light converts ~ i  and ~ I I  to a common intermediate  P1 which fills 
up the PI~ and PlII pools to form a constant  ratio in the dark. The extent  
of these reactions are functions of the length of t ime of etiolation (Fig. 3). 
The photo t ransformat ion  half-lives of the two populat ions depend on the 
tota l  P/r present at  the beginning of the P # - +  Pr photoconversion (Fig. 9). 
~ and T~ I seem to increase linearly (but with different slopes) with in- 
creasing tota l  Pi~" No saturat ion of the increase could be detected. Fig. 10 
shows in a more clearcut way  the dependence of both half-lives on the  
amoun t  of P#. If  the linear extrapolat ion of the curves is correct, both  
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Fig. 12. Modified model of the phototransformation reaction in mustard and pumpkin 
seedlings. The photoreaction step of Pr--->P# is based on the data given in Fig. 8, 
whereas the dotted ~rrows represent an analogue behaviour of the P/r--->Pr 

photoreaction (which has not yet been justified) 

half-lives seem to become extremely small when total  P#-->0%. When 
the amount  of P]r at the beginning of the Ptr-~Pr phototransformation is 
low, it is much more probable that  a Plr molecule will be transformed by  
an absorbed far-red photon than when the total  PI~ concentration is high; 
whereas during a phototransformation kinetics (Figs. 1, 2, 8) the amount  
of P# (P~) seems to have no influence on the probabili ty of phototransfor- 
marion (s.  q$). 

Law o[ Rec@.rocity. Fig. 11 and the Table show no deviation from the 
law of reciprocity. The ratio of the two phytochrome populations, as 
defined by a formal treatment,  does not depend on the intensity of the 
photoconvcrting light. 

We do not yet know which molecular properties of the phytochrome 
are reflected by the shape of the photoconversion kinetics. There may  be 
two populations (in this case our t reatment  is not only a formal one), or 
there may  exist some sort of cooperative mechanism which leads to a time- 
dependent rate constant. Experiments on decay, dark reversion and photo- 
s tat ionary states in vivo have already shown that  the light reaction 
Ptr--> Pr is not the only process which depends on the length of t ime of etio- 
lation (Marm6, Marchal and Schgfer, 1971; Schgfer, Marchal and Marm6, 
1971). We also do not yet know the molecular mechanism of the de- 
pendence of the half-lives of the Pi~--> Pr phototransformation on the con- 
centration of P# at  the beginning of the phototransformation. The data 
suggest either tha t  the increasing PI~ concentration inhibits the P]r-~P~ 
light reaction, or tha t  the increasing P~ concentration stimulates the 
PI~-->Pr photoconversion. On the other hand, the half-lives of the two 
populations do not change during a photoconversion kinetics. The phyto- 
chrome system, at  least in mustard and pumpkin seedlings as detected 
by  spectrophotometric methods in vivo, becomes increasingly complex. 
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