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Abstract  

The shape of a light curve of intensity, Fd(I), (or quantum yield ~d (I)) 
for delayed chlorophyll "a" fluorescence in a cell was theoretically 
analysed. It has been shown that depending on a number of parameters 
Fd(I ) (or Pd(I)) variations are described by two qualitatively different 
curves. In one case Fd(I ) is convex upwards all along its length, i.e. F d is 
a monotonically increasing (Pd -- monotonically decreasing) function of 
excitation light intensity, I. In the second case Fd(I ) is S-shaped and 
Pd(I) has a maximum. One specific conclusion has been that the change 
in electron transport velocity on the reduction side of PS II must result 
in the transition from one type of curve to the other. Experimental data 
from the literature which are in agreement with this conclusion are cited. 

Introduction 

The  p h e n o m e n o n  o f  p ro longed  l uminescence  in p h o t o s y n t h e t i z i n g  
organisms was d i scovered  by  S t reh le r  and A r n o l d  [1] .  In green  plants  
and algae its spectra l  c o m p o s i t i o n  is ident ica l  to tha t  o f  c h l o r o p h y l l  " a "  
f l uo re scence  Qr max  = 685 n m  w i t h  v ibra t iona l  satel l i te  o f  this band  be ing  
in the  reg ion  o f  710-730  nm)  [2-4] (see, h o w e v e r  [5] ), its d u r a t i o n  is by  
several orders  of  m a g n i t u d e  grea ter  [1, 5-9] and q u a n t u m  yield,  as a rule, 
by  several o rders  o f  m a g n i t u d e  smaller  [6, 7, 8, 10] than  those  o f  
c h l o r o p h y l l  " a "  f luorescence .  

I d e n t i t y  o f  thei r  spectra l  c o m p o s i t i o n s  is ev idence  o f  the fact  that  
b o t h  types  of  l uminescence  resul t  f r o m  deac t iva t i on  o f  one  and the  same 
e x c i t a t i o n  s ta te  o f  c h l o r o p h y l l  " a "  molecules .  A p r e d o m i n a n t  par t  o f  
observable  f l uo re scence  in green  plants  and algae is k n o w n  to be due  to 
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chlorophyll  "a"  molecules in the pigment matrices of photosynthet ic  
units (PSU) in photosys tem II (PS II) [11, 12]. This makes it possible to 
analyse the data on the fluorescence of  these photosynthet izers  taking 
into account  photosys tem II only. 

Model 

The data available at present enables us to represent schematically the 
interrelationship between PS II and the noncyclic electron transport 
chain as it is shown in Fig. 1. Vertically (Fig. la) it shows a 
photosynthet ic  unit, i.e. a set of  light-collecting and fluorescent 
chlorophyll  molecules (crosses) and reaction centre (PA). Horizontally it 
represents components  of  the electron transport chain: H 2 0  
decomposi t ion system, plastoquione pool PQ, primary electron donor  P 
and acceptor A, etc. Both subsystems, i.e. PSU and the electron 
transport chain have, as it were, a common  intersection point equally 
belonging to both  of  them. This node element, on the one hand, acts in 
the neutral PA form as the reaction centre and, on the other, its charged 
components  P§ and A constantly localized in space are the initial driving 
force of  oxidation-reduction processes in the electron transport chain at 
different sides of  the reaction centre. 

i �9 c0, N .  " P'A- 

a b 

Figure 1. Diagrams of interrelation between PS II and non-cyclic electron transport 
chain (a) and of reaction centre state sequence (b). 

The sequence of  elements taking place here is approximately as follows. 
Due to light quan tum absorption one of  the PSU pigment matrix 
molecules is transferred to the singlet excitation state. From here on 
excitation energy starts to migrate over the pigment matrix. This process 
continues until the excitation quantum is captured by one of the 
reaction centres or released as a fluorescence quantum in one of  the 
light-collecting molecules. At the expense of  the absorbed energy in the 
PA centre (Fig. lb)  the electron is transferred from the primary donor  P 
(assumed to be a chlorophyll  " a "  molecule) on to an as yet  unidentified 
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primary acceptor A. The structural arrangement of the centre ensures 
that this separated pair of different sign charges remain stabilized. Then 
the charged forms of molecules making part of the reaction centre, now 
independently of one another, enter oxidation-reduction (hetero- 
geneous) processes taking place at different sides of the photosynthetic 
membrane: P* receives electrons from the H20  decompostion system 
which is in the inner thylakoid cavity [13] and A- donates its electron to 
the plastoquinone pool on the external side of the membrane [13]. 
Because of the independence of A- oxidation and P* reduction processes, 
the centre as a whole may be in four different charged forms: PA, P§ 

P A -  and P+A. The last three cannot capture electron excitation energy 
from light-collecting molecules and hence they determine the so called 
"closed" state of the centre. After the act of charge separation, but still 
before one of the elements of the centre with two different charges P+A- 
has time to interact with its partners in the electron transport chain, 
back electron transfer from N to P+ may take place in it, with energy 
stored in P+A- causing the excitation of the singlet level of a chlorophyll 
molecule P (P+A- ko P-A). From here energy can further migrate to 
the light-collecting ~nolecules. Having originated in this way the electron 
excitation quantum of the PSU pigment matrix is either reabsorbed in 
the same or some other centre or released in the form of a fluorescence 
quantum. These very quanta constitute delayed fluroescence. Its 
duration will not be determined by the time of energy migration along 
the PSU which is approximately equal to 10 -9 sec and determines the 
observable duration of chlorophyll "a"  fluorescence in vivo. It will be 
mainly determined by the lifetime of the centre with two different 
charges P+A- i.e. by the lifetime of its excitation source. This latter time 
depends only on rate constants which cause the centre in the form of 
P+A- (kH2 O, k l ,  k0 ) to disappear. The reciprocal of their total value is 
by several orders of magnitude greater than the time of electron 
excitation energy migration over the PSU. Thus delayed fluorescence 
differs from fluorescence proper only in its excitation mechanism. 

Theory 

For the described model in [14] we have set up a system of kinetic 
equations which satisfactorily describes the observed dependences of 
stationary intensities (quantum yields) of non-cyclic electron transport, 
normal and delayed fluorescence on the excitation light intensity, i.e. the 
light curves of corresponding quantities [ 15]. Agreement of calculations 
with experiment is observed only for the so-called multicentral PSU 
model, where several reaction centres are combined into one functional 
system at the level of electron excitation energy migration [16, t 7]. The 
relationships analysed below concern this very model. 
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If the back electron transfer from reduced plastoquinone molecules to 
oxidized molecules of  the primary acceptor A is neglected, i.e. if we 
assume that k - i  = (Fig. lb),  then, for the given model, delayed 
fluorescence intensity Fd will in the following manner be dependent  on 
the excitation light intensity I [15] : 

Po kA(p+g) 
F d = M  1 - ~ "  k0" Q ' ~ ( a - a , ) ,  (1> 

where a,  which is equal to or less than unity, is the root  of  the equation 

Ic(1-ce) = kzxce (~-(~1) (o~2-1~). 
(2) 

The dependence of  quantum yield Pd (equal, as defined, to the ratio 
of  the intensity Fd to the intensity of  light absorbed by the given 
photosys tem IeMQ) on a is given by the equation: 

O0 k0 1-  a (3) 
Pd = 1 - La " l%(p+a- ) a2- 

The notat ions in (1) - (3) are: 
M is the PSU concentrat ion per unit volume; 
Q is the number  of reaction centres per PSU; 
I is the excitation light intensity expressed as number  of quanta  per 

cm 2 per sec; 
e is the effective cross-section for capture of monochromat ic  light 

quanta  by the light-collecting molecules, ascribed to one reaction centre; 

P+A- + P*A + P.~ = P+A- + P+A + PA- 
PA + P+A + P+A + PA-  MQ 

is the fraction o f  centres in the closed state (the fraction o f  closed 
centres in each PSU is assumed to be, with sufficient degree of  accuracy, 
equal to ~ ) ;  

al = P+Aeq/MQ = k-H20 / (kH20 + k_H20) 

is the equilibrium (dark) value of  a;  

kq(1 
L = ]~f+ kt + kQ ( 1 - a )  

is the quantum yield for excitation capture by centres when all of  them 
are in the open state, i.e. when a = cq = 0, and 
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L 
l/a2 = - 

1 + (1 -L)ko 
Kz~(p+a-) 

is the effective value of the yield when there is back electron transfer in 
the centres: 

kl + k_H:O 
1/k2x(P+a-) - k,(kl + k i lo  + k-H20 ) 

is the average (relaxation) lifetime of centres in P+A- form with respect 
to the processes of electron transfer in the transport chain only: 

1/kAc~ = (kx + kH20+ k-Hr 2 - (klanO + k-H20 ) (k, + k_H=O) 
k~(kH20 + k-t~o)(kl + k~o*  k.H20 ) 

is the average (relaxation) lifetime of centres in dosed state, i.e. in P+A-, 
P+A and PA- states, with respect to electron transfer in the transport 
chain onIy; ki ,  kH~o, k-H~O and k0 are the first order rate constants 
for processes shown in Fig. 1: kQ, kf, kt are the excitation capture rates 
of emissive (kf) and non-emissive (kt) deactivation for light-collecting 
PSU molecules. 

The term 

MQ kzx (p++ a-) 
kz~ (a-~)  

in (1) denotes for the concentration of centres with different charges, 
P'A-, as expressed through ~. When multiplied by the velocity of 
electron back transfer in k0 centres, it describes the intensity of electron 
excitation quanta generation in PSU due to this process. A part of this 
intensity, determined by the value of the fast fluorescence quantum 
yield p =p0/(1 - L~), will constitute the intensity of delayed 
fluorescence. Its quantum yield is expressed as the product of the ratio 
of the intensity of light-collecting molecule excitation by the centres to 
the intensity of their excitation by light quanta 

/ (k0tX 
- . and the yield O. 

kzx (p§ a2-a 

The intensity of electron excitation states generated by light quanta is 
expressed in (3) with the help of (2) through ~. Expression (2) is a 
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balance equation between the number of light quanta, effectively 
absorbed by the centres in a time unit ( I e ( 1 -  c~)/(c~2 -c~)) and the 
number of electrons transported along the electron transport chains in 
the same time (kA~ (~ --ffl ))" 

As it is seen from (1) - (3), delayed fluorescence kinetics depends on a 
great number of parameters. This great number of  parameters results 
from the fact that it includes not only the entire kinetics of excitation 
capture by the centres and that of fast fluorescence but also the kinetics 
of oxidation-reduction processes occurring on different sides from the 
reaction centre. 

Using formulae (1 ) - - (3 )  it is not difficult to plot light curves for 
delayed fluorescence intensity, Fd(I), and quantum yield Od(I). The 
character of dependences of Fd(I ) and Pd(I) at some particular values of 
parameters L, kH20,  k H20,  kl and k0 is illustrated by the graphs in 
Fig. 2. From those we see that Fd(I) has an inflection point (Fd,i) and 
Od(I) tias a maximum (Od,m). Such kind of Fd(I) and Od(I) dependences, 
which we shall arbitrarily refer to as the "S-type",  are observed in intact 
organisms or, with sufficiently intensive electron flow, in isolated 
chloroplasts. 

2 

o 

s~/~, 

t,t] 

~5 

o 

Figure 2. Calculated light (Fd) and quantum yield (Pd) intensity curves for delayed 
f l u o r e s c e n c e .  

However this is not the only form. Calculations show [18] that, along 
with the S-type, Fd(I) can aquire the shape without an inflection point. 
In this case Fd(I ) all along its length is convex upwards and, 
correspondingly, Od is a monotonically decreasing function of I. We shall 
arbitrarily call such curves "P- type"  or "P- form" curves. Let us then 
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consider the factors which produce S- and F-forms. For this purpose it 
will be helpful to introduce the quant i ty :  

kl (k~ + kH20 + k-HzO) 

[ = kA(p+a_) _ kl + k_H20 (4) 

~71~A(p+a-) hi (kl + k_H20 + k-I-i20) 
k0 + 

k~ + k..H20 

This defines the fraction of centres in the P+A- form which are not 
subjected to the back electron transfer, whereas 1-1 is the quantitative 
expression of  the fraction of  centres with the P+A- form in which this 
process does take place. 

Besides, to exclude the variation of Fd amplitude from (1), we shall 
divide it by the intensity Fd in the region of  light saturation. This is 
obtained when a = 1. Let then Fd = Fd/Fd ,~ ,  where Fd,oo is the value of  
Fd at a = 1. In equation (2) we shall use dimensionless intensity 
f = IeL1/k2~a and measure the quantum yield Pd in units of  
O~ = P0/ ( i - -L) ,  i.e. referring it to the quan tum yield of fast fluorescence 
at a = 1, and designating the value of  pd/poo ratio as rid- 

Taking into account  (4) we get: 

L1 
1 / % -  1 - L + L 1  ( 5 )  

Then, in accordance with (4) and (5) and the newly introduced 
designations, equations (1), (2) and (3) wiIl correspondingiy assume the 
forms: 

Fd = 1 - L ~ -  al 
1 7 a ~  1 - L a '  (6)  

i (1  - a )  = (c~ - a , ) / [ 1  - L + L1 (1 - c~)] , (7) 

~Sd= 1 - L  1-c~ 1 - 1  
L " l - L a  1 - L + L 1  ( l - c ~ ) '  (8) 

This clearly suggests that the shape of  Fd(I) and Pd(I) dependences 
can be defined by a set of  three parameters:  L, 1 a n d a l .  

As ~ nowhere equals zero, i.e. c~ is monotonical  function of  I, we can, 
�9 . 3/5d with the help of  (8) and tamng ~ - =  0, find the value of a = ~rn (cor- 

responding to the maximum on the pd(I) curve) as a funct ion of  para- 

meters L and 1. 
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I - L  
a m = 1 - ~ - "  (9) 

With 1 = 1, a m reaches its highest value equal to 2 - 1/L. On the other 
h a n d ,  it is obvious the a m cannot  be smaller than al. In other  words, the 
region of  o~ m values lies within the cq ~<am ~<(2 - l /L) in terva l ,  its length 
being defined by the values of  L and cq.  With the decrease of  L the 
upper  value of  am will also decrease and, naturally, there may come a 
momen t  when oq= 2 -  1/L. It follows that the S-shape of Fd(I) 
manifests itself only when L >  1/(2 -- al) , i.e. when L>~0.5. 

Thus, the necessary condit ion for the existence of  S-type of  Fd(I ) 
dependence is a certain value of  quan tum yield of  the excitation 
captured by reaction centres f rom light-collecting molecules, viz. 
L = kQ/(kf  + k t + kQ) must be greater than 0.5. This occurs when the 
fast fluorescence quan tum yield P~/Po has changed more than twice 
w i t h t h e c onditions when all the centres are open 
(Po =kf / [k f+kt+kQ(1-a)] ,  where a = a i  =0 )  having become such 
that all of" them are closed (poo=kf/[kf+kt+kQ ( 1 - c z ) ] ,  where 
a = 1). At L <  0.5 (poo/po<2), Fd (I) is F-shaped. (L>0.5 is also a 
necessary condit ion for the sigmoid nature of  the dependences of  
electron transport  and fluorescence quantum yie lds  on excitation 
intensity I.) 

Let then L>0.5 .  From (9) and the stipulation that oq~<0~ m we get that 
the S-type of  curve occurs if 

IL 7= (1 -a,)j (10) 

Fig. 3 shows the region of  L and 1 values within which this inequality 
is valid. 

L t,0 

,, F -  ~pe" 

Figure 3. Regions of  S- and P-types of  Fd(I ) (or Pd(I)) light curves. 
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To be t t e r  def ine  the S-type curve region we can i n t roduce  a 
quan t i t a t i ve  measure  of  its s igmoidal i ty .  Let  us take this measure  to be 
the ra t io  of  the Od yield at m a x i m u m  (Pd,m) to it s ini t ial  value (rid,o), 
i.e. Oa,m/Od,o �9 To o b t a i n  the  d e p e n d e n c e  of  this rat io on  L, 1 and  ~1 it is 

5 

O,8 

f 0.7 

o 0:5 ~ t.o 

Figure  4. D e p e n d e n c e  of  Fd( I  ) curve  s i g m o i d a l i t y  on  1 a t  c o n s t a n t  cq = 0.1 a n d  
d i f f e r e n t  L values .  

0,5. 

0 05 e. ~.o 

Figure  5. V a r i a t i o n  o f  q u a n t u m  y i e l d  values  Pd at  a m a x i m u m  (Pd,m) a n d  the  
b e g i n n i n g  of  l i g h t  cu rve  (Pd,o) d e p e n d i n g  on  1. C a l c u l a t e d  f r o m  (8) for  L = 0 .95  and  
a = 0.1.  ( D e p e n d e n c e  of  Od,o on  I is f o l l o w e d  f r o m  (8) w h e n  c~ = oea a n d  Pd,m w h e n  
O~ = Ot m = 1 = 1 - -  (1--L)I(LN/I) . )  
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necessary to substitute c~ = a  m from (9) for Pd,m and c~ =c~1 for Pd,o 
into (8). 

After this we get: 

P d , m  f - Lc~ 1 1 -- L + L1 (1 -- gl ) (11) 
Pd,o L(1 - L) (1-~x~) (1 + x / l )  2 

Graph (11) is shown in Fig. 4. The Pd,m/Pd,o value is expressed by 
the ratio of  the tangents of  the inclination angles formed by two lines 
tangent to the Fd(I) curve and intersecting at the origin of  coordinates 
(Pd,m/Pd,o. = t~/ tg3 ' )  (See Fig. 2). The increase of  sigrnoidality with the 
increase of  1 is due to a sharper decrease of/:)d,o as compared to Pd,m. 
This can be easily seen on the graph in Fig. 5, which shows the curves of  
/~d,m and fid:o variations as a funct ion of  i. 

Fd(l) variation can thus be described by two qualitatively different 
curves. In one case (Fig. 3) (small 1 and any L) Fd is a monotonical ly  
increasing function of  I ( "T - t ype ' ) ,  in the other  (L > 0.5 and large 1) F d (I) 
is described by a sigmoid curve ("S-type") .  Therefore, when L > 0 . 5  and l 
varies within broad limits, there must  be a transition from one type of 
curves to the other. 

Comparison with Experimen~ and Discussion 

Fig. 6 shows the data obtained by Bonaventura and Kindergan [5] on 
intact and diuron (DCMU) poisoned cells of the green single-cell alga 
Chlorella pyrenoidosa. 

First of  all, we see that  in intact cells the main part of  the Fd(I) light 
curve is indeed sigmoid. The absence of  an intermediate plateau (which 
we see on Fig. 6 at X = 690 nm) on the calculated curves in Fig. 2 is 
explained by the fact that  we have neglected the back electron transfer 
f rom reduced plastoquinone molecules to the oxidized primary acceptor 
A molecules, taking in our calculations k_l = 0. Generally speaking, k-1 
cannot be a constant  value, as it must include the change in the degree of  
plastoquinone reduction when passing from darkness to light. Under the 
conditions of complete and prolonged darkening it inevitably becomes 
equal to zero, because plastoquinone molecules reduced in light will 
sooner or later be oxidized in darkness, at least due to the back electron 
transfer in the centres. It is difficult to take into account  the value of  the 
k_l changes, but  one can hope that  it is not  large compared to the other 
values, characterizing electron transport,  so that its contr ibut ion can be 
neglected. 

Secondly, we see that in th e presence of  diuron Fd(I ) dependence has 
the F-shape. Diuron is known to block electron transfer from A- on to 
the plastoquinone, decreasing kl by  2-3 orders of  magnitude (i.e. 
practically to zero). But, if kl ~ 0, then, proceeding from (4) with 
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Figure 6. Dependence of delayed fluorescence intensity on excitation light intensity 
with ?v = 488 nm in intact [light and black squares] and diuron (3.10 -5 M) poisoned 
[light triangle] Chlorella pyrenoidosa cells. Delayed fluorescence was recorded 
2 msec after illumination in the 690 nm [light and black triangles] and 730 nm 
[black square] regions. The inset illustrates dependence of 02 emission quantum 
yields (black triangle) and delayed fluorescence at 730 nm (black square) on 
excitation intensity in intact cells. Taken from (5) Figures 6 and 7. 

k-H20 =/- 0, 1 also tends to zero. In this case, as it is seen from the graph 
in l~ig. 3, the Fd(I) curve must be transformed from the S- to the F-type. 
This is actually observed in experiment. At  the same time, since diuron 
apparently also, and not to a smaller extent, blocks the back electron 
transfer from the reduced plastoquinone on to the oxidized primary 
acceptor A, the intensity of  Fd, in the region of the intermediate 
plateau, drops to zero. 

Data on the Fd(I) shape transformation, but this time in the opposite 
direction, are cited in the paper by Venediktov et al. [19] .  Fig. 7 shows 
the Fd(I) dependences taken from [19] which were obtained on pea 
chloroplasts before and after phenozinemetasulphate (PMS), flavinmono- 
nucleotide (FMN) and ferricyanide were added. Stationary non-cyclic 
electron flow is known to be practically absent in isolated chloroplasts, 
when there is no acceptor (kl ~ 0.5 sec -1 [20] ). In this case the F-shape 
of  the Fd(I) curve should be and actually is observed (Fig. 7). 
In t roduct ion of  electron acceptors results in the increase of  kl (e.g., in 
the presence of  0.25 mM of  NADP, kl = z~0 sec -1 [21] ), and therefore, 
also, in the increase of  I, which should be and actually is accompanied 
by t h e  t ransformation of  the P-shape of  the curve into the S-shape 
(Fig. 7). 

The question of  delayed fluorescence intensity behaviour in the region 
of  light saturation and at the beginning of  the light curve with the 
inhibition and stimulation o f  non-cyclic electron transport  was 
previously considered by us [22] and also found to be in complete 
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agreement  with calculations.  All this gives reason to believe that  the 
model  of the pr imary  photosyn thes i s  processes in PS II descr ibed above 
reflects, with sufficient  adequacy,  the regularit ies of  de layed 
f luorescence kinetics of  ch lo rophyl l  " a "  observed in a cell. I t  should be 
especial ly stressed that  the model  is based on the concept  of there being 
only one source of  de layed  fluorescence,  which is considered to be the 
process of  back  e lec t ron  transfer  in the centres. The complex i ty  and 
diversi ty of kinet ic  manifes ta t ions  o f  de layed fluorescence is, in our case, 
expla ined no t  by  the superpos i t ion  of  luminescences of di f ferent  origin 
bu t  by  the  dependence  of  this p h e n o m e n o n  on several processes of  
di f ferent  na ture  whose kinetics,  in one way or an,  ther,  it reflects. I t  is 
also explained by  the organiza t ion  of  the systems in which these 
processes are taking place. 

Fd 
t0- 

Rs Zl~ITS 

/ ' / ,3 
/ . /  

/ 

,/// /* ,Z 
,/l" , ' /  

[/ / ~ - ' ~ "  

.);" 

Figure 7 Dependence of delayed fluorescence on excitation light intensity with 
)~/> 640 nm in suspension of pea chloroplasts. Chloroplasts were isolated using the 
method described in (23). Delayed fluorescence was recorded 3 msec after 
illumination 1 -- in isolation medium; 2 -- with 0.1 mcM of phenazinemetasulphate; 
3- -wi th  0.1 mcM of flavinmononucleotide; 4 - -wi th  3.5 mcM of ferricyanide. 
Taken from (19) Figure 5. 

I t  should be men t ioned  too  that  a pr incipal  ob jec t ion  against the  
assumpt ion  that  there  is only  one source o f  de layed fluorescence is 
inherent  in the observat ion  of  Bonaventura  and Kindergan [5] on the 
absence of  a m a x i m u m  in t h e  Fd spec t rum for d iuron  po isoned  Chlorella 
cells in the 730 nm region. However,  Shuvalov and Litvin [4] who 
measured Fd spec t ra  on d iuron  po isoned  leaves of  higher plants  observed 
the max imum.  Therefore ,  the ques t ion  of  the spectral  compos i t ion  of  
de layed  f luorescence in higher plants  and alg~/e in the presence of  d iuron  
is, as we see it, at present  still open.  



ANALYSIS OF DELAYED CHLOROPHYLL FLUORESCENCE 39 

References  

1. B. L. Strehlre and W. Arnold, J. Gen. Physiol., 34 (1951) 809. 
2. W. Arnold andJ .  Thompson, J. Gen. Physiol., 39 (1956) 311. 
3. J.  R. Azzi, Oak Ridge National Laboratory T.M. (1966) 1534. 
4. F. F. Litvin and V. A. Shuvalov, Biochemistry (Moscow), 31 (1966) 1264. 
5. C. Bonaventura and M. Kindergan, Bioch. et Biophys. Acta, 234 (1971) 249. 
6. R.H. Ruby, Photochem. Photobiol., 8 (1968) 299. 
7. V. A. Shuvalov and F. F. Litvin, Mol. Biol. USSR, 3 (1969) 59. 
8. W. T. Stacy, T. Mar, C. E. Swenberg and Govindjee, Photochem. Photobiol., 14 

(1971) 197. 
9. K. L. Zankel, Biochim. Biophys. Acta, 245 (1971) 373. 

10. G. Tollin, E. Fujimuri and M. Calvin, Proc. Natl. Acad. Scs U.S.A., 44 (1958) 
1035. 

11. L. N. M. Duysens and H. E. Sweers, in: Studies on Microalgae and 
Photosynthetic Bacteria, Ed. Japanese Society of Plant Physiology, University 
of Tokyo Press, (1963) 353. 

12. L. A. Tumerman and E. M. Sorokin, Mol. Biol. (Moscow), I (1967) 628. 
13. H. T. Witt, B. Rumberg and W. Junge, in: 19 Colloquium Gessellschaft fur 

Biologische Chemic, Masbach/Baden. Spring-Vertag, Berlin-Heidelberg-New 
York, (1968) 262. 

14. E. M. Sorokin, Fiziol. Rast. (Plant Physiol.), 20 (1973) 733. 
15. E.M. Sorokin, Fiziol. Rast. (Plant Physiol.), 20 (1973) 978. 
16. W.J. Vredenberg and L. N. M. Duysens, Nature, 197 (1963) 355. 
17. A. Jol iot  and P. Joliot,  Compt. Rend., D156 (1964) 4622. 
18. E. M. Sorokin, in: III Vsesoyuznoe soveshanie po upravlaemomu biosintezy i 

biophizike populatsii. Biologicheskaya spektrophotometriya i phyto- 
aktinometriya (III National Conference on Controlled Biosynthesis and 
Biophysics of Population. Biological spectrometry and phytoactinometry),  
Krasnoyarsk (1973) 102. 
S. Venediktov, D. M. Matorin and A. B. Rubin, Biol. nauhi (Biol. sci.), 62 
(1969) 46. 
M. Sorokin, FizioL Rast. (Plant PhysioL), 18 (197i)  874. 

J. Rurainski and G. E. Hoch, in: 2nd International Congress on 
Photosynthesis, Stress (1971) 133: 
M. Sorokin, Photosynthetica (in press). 
R. Whatly and D. I. Arnon, in: Methods in Enzyrnology, 6 Acad. Press, New 
York London (1963) 308. 

19. P. 

20. E. 
21. H. 

22. E. 
23. F. 


