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We recently described an apparatus for measuring photosynthesis, based on gas 
exchange phenomena, allowing rapid changes to be followed with a high degree of 
sensitivity and accuracy s. 

We have now used this apparatus in studies of gas exchange during transitory 
phases from light to darkness and vice versa. At the same time we corroborated these 
measurements by polarographic and potentiometric measurements of oxygen and 
carbon dioxide respectively. 

A study of this type appeared still more desirable because BURK ANDWARBURG 1-7 
recently published extensive experiments in which, during the first minute of illumi- 
nation, Chlorella cells showed a gas evohltion about 4 times greater than that  oc- 
curring after at tainment of the steady state. Similarly, an increased gas uptake was 
found immediately after the light was switched off or decreased in intensity. They 
suggested that  there is a pr imary photosynthetic step in which, for each light 
quantum absorbed, one molecule of O~ is evolved and one molecule of COe reduced 
(7---I.O). In a subsequent combustion stage three quarters of these products 
formed by the light were supposed to react back to yield the additional chemical 
energy required for the further reduction of the remaining quarter. 

The "one quantum" slopes during transitions from light to dark or vice versa 
could be observed manomelrically in acid suspension media only and at sufficiently 
high partial CO 2 pressures (5 5o%, depending upon the type of cells used4,6). 

From measurements made by the two vessel manometric method it was com- 
puted that  at all times 9' (CO2/O2) was constant and close to minus unity. I t  is evident, 
that  this latter observation was the main basis for the hypothesis developed by 
W.XRBURC, et al,, and that  any large transitory deviation of y from unity indicating 
"gush" or "induction"tphenomena should be excluded. 

In view of the fact that  such phenomena have been occasionally described in 
the literature (c/. e.g. 12,16) we have given special attention to their occurrence under 
the conditions of our experiments. 

E X P E R I M E N T A L  M E T H O D S  

] n  a s e p a r a t e  p a p e r  s o n e  of us  d e s c r i b e d  a v o l u m e t r i c  a p p a r a t u s  of  h i g h  r e l a t i v e  a n d  a b s o l u t e  
s e n s i t i v i t y .  A s m a l l  f r a c t i o n  of t h e  s u s p e n s i o n  i t se l f  s e r v e s  as  p r e s s u r e  i n d e x  f lu id ,  a n d  t h e  a m o u n t  

T h i s  w o r k  w a s  a i d e d  b y  a g r a n t  f r o m  t h e  Ch.  F.  K e t t e r i n g  F o u n d a t i o n .  
** 1 2 l s t  C o m m .  of t h i s  L a b o r a t o r y ,  4 o t h  ( ; o m m .  on  P h o t o s y n t h e s i s .  
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of l iquid  to be used or the  i n t e n s i t y  of s ha k ing  is not  l imi ted  by the  hazard  of sp lash ing  in to  
the  m a n o m e t e r  capi l la ry .  E q u i l i b r a t i o n  be tween  gas and  fluid phases  therefore  can be v e r y  fast.  
Since, moreover ,  the  changes  in vo lume  are a u t o m a t i c a l l y  recorded, th is  a p p a r a t u s  appea red  
well  su i ted  for the  s t u d y  of t r a n s i t o r y  gas exchange  phenomena .  

The record ing  sys t em of this  i n s t r u m e n t  was used in con junc t ion  wi th  three  different  types  
of reac t ion  vessel, via. : 

a. microvessels  as descr ibed inS; 
b. m a n o m e t e r  vessels of s t a n d a r d  d imens ions  and wi th  o rd ina ry  shak ing  a r r a n g e m e n t ;  
c. a special  vessel which s i m u l t a n e o u s l y  al lowed vo lumet ry ,  p o l a r o g r a p h y  and potent io-  

n l e t r y .  

3,1ethod a: 

The to ta l  vo lume  of the reac t ion  vessel was 29o td ;  for the  expe r i men t s  to be described, i t  was 
filled wi th  e i ther  23 o, Loo or 5 ° lll  of Chlorel la suspension.  

T A B L E  I 

l~t (ffl) ~),' l 'g  kO e kCO~: K O  2 KO,a/kO~ leCO2/kO. 2 

a :  230  3.8 1.58 6,58  2.1 1. 3 4 . I 6  
h : ~oo o.77 4.53 6.63 t4.7 3.3 1.46 
c:  5 ° o.: 'I 5.63 6.7o 4 ° 7.2 r.2 

The "vesse l  c o n s t a n t s "  (the a m o u n t  of gas in to -a l~l cor responding  to  one d iv is ion  of the  de l ive ry  
screw') for these  condi t ions  (19 '  C) are g iven in Table  I. A'O 2 was c o m p u t e d  by  t a k i n g  y = - t.o. 

I t  wil l  be a p p a r e n t  t h a t  an I8 fold v a r i a t i o n  of l ,~ /Vg yiekls  a va r i a t i on  of kCO 2 of less 
t h a n  2 %. /eO 2 var ies  3.5 fold and KO,  even 2o fold. Most n o t e w o r t h y  is the  favourab le  vessel 
c o n s t a n t  and  the  smal l  difference be tween  kO 2 and KO 2 w'hen the  m a x i m u m  a m o u n t  of l iquid 
was used (]e/K --  o.79). In  th is  case, therefore,  the  read ings  represen t  m a i n l y  oxygen  exchange,  
if e i ther  c a r b o n a t e - b i c a r b o n a t e  buffer m i x t u r e  or acid m e d i u m  is used. In  the  l a t t e r  med ium 
only  -'5 % of the  (;O 2 exchange  c on t r i bu t e s  to the  deflection of the  meniscus.  

.1.1etl*od b ." 

To be able  to use the  record ing  s y s t e m  for s t u d y i n g  the influence of shak i ng  rates,  and  to m a k e  
m e a s u r e m e u t s  with the two-vessel  method,  the  se t -up i l l u s t r a t ed  in Fig. t was used. A flexible 

I $. 

c v.  

- - P . V .  

Fig. I. Large-size  reac t ion  vessels  (r.v.) and 
me thod  of a t t a c h m e n t  to compensa t i on  vessel  
(c.v.), v ia  s ta in less  steel cap i l l a ry  (c). s:  a rm of 
shak ing  a r rangement .  The ar row ind ica tes  the  
index meniscus.  Vessels were e i the r  cyl indr i -  
cal, wi th  vo lumes  of 14.6 and  21. 5 ml, or 

rec tangular ,  wi th  inside d imens ions  
17 >( 3 ° < 28 mm.  

s ta in less  steel cap i l l a ry  (a l m m  in jec t ion  
needle) connected  the  index  cap i l l a ry  wi th  t i le  
l iquid in the  reac t ion  vessel. The l a t t e r  was 
m oun te d  in such a w'ay t h a t  i t  could be shaken  
in a hor izon ta l  p lane  wi th  an amt l l i tude  of two cm 
and a t  a n y  speed desired. 

3 l e t h o d  c ." 

In  th is  series of exper iments ,  oxygen  was de- 
t e rmined  by a po la rograph ic  procedure,  which 
was a modif ica t ion  of the  one descr ibed by  
DAMASCHKE el al. 9. In  the same po l a rog raphy  
vessel, carbon d ioxide  exchange  couM be obser- 
ved by  measur ing  the  pH-changes  w'ith a glass  
electrode,  i t  was also possible to measure  changes  
in gas pressure  in this  vessel by us ing it  as the  
reac t ion  vessel of the recording vo lumete r  instead 
of the  one shown in l:ig. r (c/. Fig. 2). 

To a cer ta in  e x t e n t  the combina t ion  of t i le  
three methods ,  viz.  vo lumet ry ,  p o l a r o g r a p h y  
and po ten t iome t ry ,  necess i ta ted  a compromise  
as to the  s ens i t i v i t y  of these methods .  Oxygen  
de t e rmina t i on  by  the po la rograph  is mos t  accu- 
ra te  a t  low" to ta l  oxygen concent ra t ion ,  p re fe rab ly  

wi th  no gas phase  presen t .  Under  the  l a t t e r  condi t ion,  m e a s u r e m e n t  of gas exchange  is impossihle .  
In some expe r imen t s  therefore  we first  filled the  vessel p a r t i a l l y  wi th  algal  suspension.  After  
a nun lbe r  of vo lume t r i c  de t e rmina t ions ,  more  suspension mediun/  was added  so as to fill tile* 

Rejeronc:'s p. 2&~. 
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vessel completely and polar()graphic nleasurelnents were started. By the use o[ a gas phase with 
a low oxygen content, it was found 1)ossible to make a simultaneous record of the changes in 
volume and of the polarographic current. 

Potentiometric pH measurement,  with the glass electrode could be combined with either 
method and carried out in a vessel with or without 
a gas phase. High carbon dioxide concentrations. 
often required in this investigation, result in a rela- 
tively low sensitivity. This necessitated very sen- 
sitive E.M.F.-measurements (full scale 2. 5 mV on 
a Brown recorder). In this way, pt l-changes as 
small as o.ool pH could be observed. 

Calibration of the polarograph and potentio- 
meter in terms of oxygen and CO~-eoncentration 
could be carried out with the aid of microburettes 
at tached to the vessel and filled with solutions of 
these gases. The response to such conditions was 
complete within a few seconds. For the problems 
studied, the instrumental  lag was therefore negli- 
gible. Fur ther  details of the apparatus will be given 
in a forthcoming paperUk 

Fig. 2. Vessel used for the sinmltaneous measure- 
ment  of oxygen by polarography and carbon 
dioxide by pH-measurement.  For measurement 
of gas exchange, the vessel was also connected 

C.V. ! 

St  

9 

to the compensation vessel, see Fig. i. S¢.: stirrer ("KPG-Riihrwelle",  Jenaer  glass) with four 
blades, a : Agar bridge, g : glass electrode. The electrodes for polarography and the  microburettes 
were at tached in the same way (not shown), c: stzinless steel capillary, b: removable bot tom,  

C.9. : conlpeusation vessel. 

OBSERVATIONS -WITH ]'HE MICRO VOLUMETER 

H i g h  t r a n s i t o r y  r a t e s  of gas  e x c h a n g e  were  o b s e r v e d  ( i r r e spec t i ve  of t h e  ce l lu l a r  

m a t e r i a l  used)  if  c e r t a i n  e x p e r i m e n t a l  c o n d i t i o n s  w e r e  fulf i l led.  S u c h  r a t e s  were  s m a l l  

if t h e  cells  we re  s u s p e n d e d  in  a n  a l k a l i n e  b u f f e r  m e d i u m .  T h e y  were  a lso s m a l l  if 

t h e  cel ls  we re  s u s p e n d e d  in  a n  ac id  m e d i u m  w i t h  a s m a l l  gas  s p a c e  in  t h e  r e a c t i o n  

vesse l  (Tab le  I, a). B u t  if  a s u s p e n s i o n  in ac id  m e d i u m  in  c o m b i n a t i o n  w i t h  a l a rge  

ga s  s p a c e  (Tab le  I, b a n d  c) w as  s t u d i e d ,  h i g h  t r a n s i t o r y  r a t e s  we re  a l w a y s  o b s e r v e d .  

T h i s  is i l l u s t r a t e d  b y  t h e  t r a n s i t i o n s  f r o m  d a r k n e s s  to  l i g h t  in  t h e  t h r e e  r e c o r d i n g s  

of Fig .  3, m a d e  w i t h  a b o u t  t h e  s a m e  C O s - c o n c e n t r a t i o n .  T h e  e x p e r i m e n t  of Fig.  4 

was  d o n e  w i t h  I o %  CO~. T h i s  f igure  p l o t s  t h e  f i rs t  d e r i v a t i v e  of t h e  v o l u m e s  t a k e n  

f r o m  t h e  o r i g i n a l  r e c o r d  s h o w n  in t h e  i n s e t  a n d  r e p r e s e n t s  t h e  r a t e  of v o l u m e  c h a n g e .  

U p o n  i l l u m i n a t i o n ,  a h i g h  p o s i t i v e  gas  e x c h a n g e  occurs ,  l a s t i n g  for  a few seconds .  

T h e  r a t e  t h e n  dec rease s ,  m a y  c h a n g e  i t s  s ign  a n d  t h e r e  is a n  i n d i c a t i o n  of a s e c o n d  
m a x i m u m  be fo re  t h e  s t e a d y  s t a t e  is a t t a i n e d .  U p o n  d a r k e n i n g ,  t h e  t r a n s i t i o n  is m o r e  

or  less a m i r r o r  i m a g e  of t h e  d a r k - l i g h t  t r a n s i t i o n .  T h e  n e g a t i v e  r a t e  of v o l u m e  c h a n g e  
se t s  in  j u s t  as a b r u p t l y ,  b u t  i t  does  n o t  r e a c h  q u i t e  as h i g h  a level ,  a n d  dec l ines  

m o r e  s lowly.  I n  t h i s  case,  too ,  a s e c o n d  " w a v e "  c a n  s o m e t i m e s  be  n o t i c e d  before  

t h e  s t e a d y  s t a t e  is r e a c h e d .  T h e  a r e a s  u n d e r  t h e  D L a n d  t h e  ~_-D t r a n s i t i o n  p e a k s  
a re  a b o u t  equa l .  T h e  s t e e p e s t  s lope o b s e r v e d  u p o n  i l l u m i n a t i o n  m a y  s u r p a s s  I o - 2 o  

fo ld  t h e  s t e a d y  s t a t e  s lope.  
I t  is e v i d e n t  t h a t  t h e  p h o t o s y n t h e t i c  " y i e l d " ,  c o m p u t e d  b y  s u b t r a c t i n g  t h e  gas  

e x c h a n g e  in  d a r k  f r o m  t h a t  in l i g h t  will  v a r y  g r e a t l y ,  d e p e n d i n g  u p o n  w h i c h  cor re -  

s p o n d i n g  p a r t s  or  pe r i ods  of t h e  r e s p e c t i v e  c u r v e s  are  n s e d  for t he  c o m p u t a t i o n .  

I?efi'rence., p. - '23 
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Fig. 3. Volumeter  recordings of parallel 
a l iquots  of cells suspended in: A. 23o H1 
acid medium, I3. in 23o /~l ca rbona te  
buffer (pH 8.8, 2 % CO2), C. and D. in 
ioo H1 acid medium.  In expts.  A, B. and 
C, the  light intensit ies were the  same. In  
expt .  D, a higher in tensi ty  was used. 

. __ :lark <-t ight ~ dark 

u~ 

I I  

Fig. 4. Differentiat ion of - 5  
the  recording shown in darkl" Light ------~] / 
t he in se t .  Cells suspended - 1 0 I  [ 
in I O O  Ill acid medium, clark 

l o % C O  2. 
| I  l l I ,..l I I I I I ... 

20 40 60 80 100 20 40 60 80 100 
seconds 

Fig. 5. Cells suspended in i o o / d  culture 
medium,  pH 5.o. I n t e r m i t t e n t  illumi- 
nat ion with a given in tensi ty  (A and 
B) and wi th  a 3 × lower in tens i ty  (C). 
A. lO% CO2, B. and C. 5o% CO 2. As 
compared  to A and B, in recording C 
m o v e m e n t w a s  3 × s lowerand sensi t ivi ty  
1.5 X decreased. Pen moved to the  left 
for positive, to the right for negat ive 
exchanges.  Respira t ion was of ten a little 
irregular and decreased after such expo- 

sures (c/. A). 

Re/erences p. 223. 
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The shorter the light and dark periods are chosen, e.g. down to IO sec, the higher 
are the yields obtained. 

As shown in Fig. 5 the transition phenomena can be repeated for any number 
of light-dark cycles. The first outburst and pick-up are usually the largest, but the 
cyclic changes upon illumination and darkening soon become fairly constant. Yields 
computed for the individual cycles may surpass factorfold the steady state photo- 
synthetic yields. 

The "net gain", i.e. the yield over a period of intermittent illumination with 
equal light and dark periods, was usually a little less than the gain observed in 
continuous light of half the intensity. 

The results described so far are typical for a number of experiments with four 
different strains of Chlorella grown under various conditions of temperature,  light 
intensity and light quality, and used in various suspension densities and at tempera- 
tures between 15 ° C and 3 °o C. 

The transition effects were found in all samples tried, be it with differences 
in magnitude, light saturation value or, in particular, sensitivity to the CO 2- 
concentration. 

The experiments described so far in no way give an exhaustive description of 
the effects which can be observed under various conditions. A long dark period may 
cause an enhanced outburst upon illumination. The pick-up after darkening may 
appear much smaller than this burst. This does not necessarily imply, however, that  
the total  amount of gas taken up is actually smaller: a slow uptake may be obscured 
by the simultaneous adaptation of the respiratory gas exchange. After darkening 
and completion of the pick-up, r 
respiration often appears anoma- 
lous, and the rate may be decreased 
even to zero for a while. 

In~uence o~ CO~-concentration 

The CO 2 pressure used was found 
to play an important  role; as is 
illustrated in the experiment shown 
in Fig. 6, the transitory phenomena 
are relatively small at low partial 
CO 2 pressure; they continue to in- 
crease in magnitude when higher 
concentrations (until virtually 
IOO %) are used. The dark "pick- 
up" usually required a higher CO 2 
tension to appear to its full extent 
than did the "gush" upon illumi- 
nation (c/. expt. Fig. 3 made at 
3 °o CO~). Fig. 6 also shows that  
the "net gain" decreases with in- 

3 % o.J.~ % 

Fig .  O. I n f l u e n c e  of  C O  2 p r e s s u r e  u p o n  t h e  m a g n i t u d e  
of t r a n s i t o r y  r a t e s .  Chlorel la cel ls  s u s p e n d e d  in o. i m l  
c u l t u r e  m e d i u m  23 ~ C. T h e  vesse l  w a s  f i r s t  f i l led w i t h  
a i r .  A t t e r  a se r ies  of m e a s u r e m e n t s  i t  w a s  e v a c u a t e d  
a n d  re f i l l ed  w i t h  a i r  c o n t a i n i n g  3 % CO2. I n  t h e  s a m e  
w a y  Io ,  3 ° a n d  ~-o °''..o CO~ in a i r  a n d  f i n a l l y  9 0 %  
C O  2 + l O %  0 2  w e r e  s u c c e s s i v e l y  s t u d i e d .  T r a n s i t i o n  

e f fec t s  i n c r e a s e d  w i t h  i n c r e a s i n g  (CO~). 

creasing CO~ pressure. This resembles WARBURG'S "Au/spaltung ohne Gewinn" (ref. 3, 
pag. 419-42o ) . 

Rcjcrcnoes 1~. :z2 3. 
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Correlation with photosynthesis 

Several observations indicate that  the transitory effects are only remotely correlated 
with the photosynthetic process as such. Both the initial rate, and the total volume 
change involved in outburst  and pick-up increased with increasing light intensity, 
However, the transitory effects at tained a maximum rate at a light intensity much 
lower than that  required for saturating steady-state photosynthesis. Differences of 
more than IO fold were observed. Moreover, both gush and pick-up require far higher 
concentrations of CO~ than photosynthesis. Though the steady state rates may 
eventually be depressed, the magnitude of the transitory effects may continue to 
increase with increasing CO2 concentration (c/. Fig. 6). 

High transitory rates are only due to CO 2 exchange 

Since gush and pick-up are found most clearly in acid media, the role played by 
each of the two gases 02 and CO 2 should first be determined. 

In the experiments of Fig. 3, made at 2-3% CO~, the net photosynthetic rates 
computed from the steady states were practically identical, viz. 0.07o in A, 0.075 
in B and 0.066 in C (vl per min, accepting ~, ~ - -1) .  There appears to be only a 
slight difference between the curves A and B. In both cases CO~ exchange influenced 
the readings to a small extent : in acid medium to about o/ 25 ~o, and in buffer to about 
IO %. Curve C, however, closely resembled curves as illustrated in Fig. 4. We conclude 
that the anomalies are only found if CO 2 exchange contributes appreciably to the 
readings, i.e. in acid media and with a relatively large gas space. 

E X P E R I M E N T S  W I T H  STANDARD SIZE MANOMETER VESSELS 

In Fig. 7, an experiment made in an open manometer  (left) is compared with a 
similar one (right), taken from WARBURG'S publications (ref. 3, Fig. I, Protokoll I). 

Light 

c~2" 

E+I- 
E 

0 

-I- 

-2"  

I 2 

. - .  0 . . . . .  < . . . . . . . . . . .  

3 1 2 3 1 2 
m i n u t e s  - ~  

(lark 

/ 
1 2  

m l N u t e s ~  

The time course of the rates of gas 
evolution is very similar in the two cases, 
as well as the quantum yields if com- 
puted taking 7 = - - I .  We have failed 
to obtain this value of y in our experi- 
ments however, in contrast to the find- 
ings reported by WARBURG et al. 

Fig.  7. L e f t  : T r a n s i t o r y  r a t e s  as  o b s e r v e d  in  a n  
o p e n  m a n o m e t e r .  23* C, I5,,oO/ CO2, Vf ~ 5 ml,  
V~ = 20 ml .  T o t a l l y  a b s o r b e d  red  l i g h t  c o v e r e d  
t h e  e n t i r e  b o t t o m  a r e a  of t h e  vessel .  T h e  vesse l  
c o n t a i n e d  a s a m p l e  of t h e  s a m e  Chlorella sus-  
p e n s i o n  as u s e d  in  t h e  r e c o r d i n g  v o l u m e t e r  for  
e x p t .  Fig.  6 ( p e r f o r m e d  s i m u l t a n e o u s l y  w i t h  
t h i s  e x p e r i m e n t ) .  L i g h t - d a r k  p e r i o d s  of 3 
m i n u t e s  e a c h  a re  g iven ,  iVIanometers  w e r e  r e a d  
a t  3 ° ra in  i n t e r v a l  a n d  p l o t t e d  b y  I r a in  
i n t e r v a l s .  R a t e s  a re  a v e r a g e s  of 4 cyc le s  of 6 

m i n u t e s .  R i g h t :  R a t e  c u r v e  as  g i v e n  b y  "~¥ARBURG el al. a p r o t o c o l  I. The  r a t e  of p r e s s u r e  c h a n g e  
c o r r e s p o n d i n g  to  q~ = o.I  (for ~ = - - I . O )  is i n d i c a t e d  in  b o t h  f igures ,  a t e n f o l d  h i g h e r  r a t e  t h u s  

w o u l d  c o r r e s p o n d  to  q~ = i .o.  

In most of our experiments, we used two vessels of 14.6 and 21.5 ml volume re- 
spectively. The small vessel was filled with 7 ml algal suspension. The larger one 
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was tilled with the same anlount of cells suspended in either 7 or 14 ml liquid. This 
gave three sets of data  for comput ing 0 2 and CO 2 exchange. 

If the first few minutes of illmnination were disregarded, the three computa t ions  
yielded closely agreeing results. At high ( ' 0  2 concentrat ions low steady state values 
of y (e.g. - -o .3)  were observed. In most experiments we failed to obtain consistent 
y values from the initial rates. We are inclined to a t t r ibute  this failure only par t ly  
to the variabili ty of the t ransi tory effect as such. In our appara tus  the three measure- 
ments could not be made simultaneously. Special care was taken, however, to pre- 
treat the samples as uniformly as possible. The values of 7 appeared to depend upon 
whether the initial slopes, the average rate during the first half-minute of i l lumination 
or the total amount  of gas involved in the outburst  was used for computat ion.  The 
only source of systematic  error we have been able to find is a difference in the speed 
of equilibration of the vessels even if shaken at exactly the same speed. Indeed we 
found that  the observed initial rate of pressure change (in contrast  to the s teady 
state rate) depends strongly upon the shaking speed and also upon the shape and 
filling of the vessel. Fig. 8 shows the influence of the shaking rate upon the initial 
slope as observed in a number  of reaction vessels. 

8 0 -  

- 2 0 0  o 

$ 0 -  

o¢ t~ 

1so 

~- 4 0  
¢ ._  

.5 

Q: 

20 ,100 

0 6 0  I I I I I 
150 2 0 0  2 5 0  3 0 0  350  

S h a k i n g  P a t e  e . p .  rn. 

Fig. 8. Correlation between initial slope and shaking rate. Cells suspended in acid m e d i u m  (~5 °'o 
CO2). n : trans i t ion  from l ight to darkness,  rectangular  vessel, /x: trans i t ion from dark to l ight 
(same vessel),  O, Q and × : exper iments  wi th  the  t w o  cyl indrical  vessels (see Fig. 1), O: smal l  
vessel  w i th  7 ml  liquid, × : large vessel wi th  7 ml liquid, • : large vessel wi th  14 ml l iquid. For 
the  exper iments  in cyl indrical  vessels, the  initial  rates at 23 ° r.p.m, were arbitrari ly  taken  as ioo .  

We made a few experiments to determine the rate of equilibration for oxygen 
and carbon dioxide separately, in the rectangular  vessel used for the experiment of 
Fig. 8, and filled with either 6 or 9 ml liquid. Oxygen equilibration was measured 
either with Chlorella cells suspended in bicarbonate buffer (oxygen evolution) or bv 
using the aetinometric fluid of WARBURG AND SCHOCKEN 11 (oxygen consumption).  
CO 2 equilibration was studied by using the photochemical  CO 2 evolution from 
mercuric chloride and oxalate (EDER reaction). 
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This reac t ion  had  the  d i s a d v a n t a g e  t h a t  the calomel  formed tended  to clog the  vo lumete r  capi l lary .  

Gas exchange was recorded dur ing t rans i t ion  from darkness  to l ight  or vice versa. 

The value of z in: vt = v,~ ( I - - e  ~/~) in which vt represents  the  ra te  at  the  momen t  t 
and  v~ the final rate,  was compu ted  from the records. 

Fig. 9 shows a few resul ts  of such exper iments .  I t  appears  tha t  over  a cer ta in  
range of shaking  ra tes  r varies  exponen t i a l ly  with this  rate.  

I t  is ev ident  t ha t  the  phenomena  to which Figs. 8 and 9 refer make  any  compu-  
ta t ion  of y values during the t rans i t ion  phase ex t r eme ly  ambiguous ;  for this  reason 
we have ref ra ined from discussing Y values  in any  detai l .  

400 

200 

,n 
" o  
c oo 100_ 

60-  

4 0 -  

20,  

10. 

5 -  

I I I 

100 150 200 250 300 
Shaking rate  e p.m. 

Fig. 9. E q u i l i b r a t i o n  t imes  for oxygen  and  carbon dioxide,  as a func t ion  of shak ing  rate,  in the  
r e c t angu l a r  vessel. × : Chlorella cells suspended  in 9 ml  ca rbona te  buffer. O: Chlorella cells in 
6 ml ca rbona te  buffer. • : 6 ml  WARm:RG-SCHOCKEN ac t inomet r i c  fluid, a : 6 ml oxa la t e -mercur i c  

chlor ide solut ion (Eder-solut ion) .  

POLAROGRAPHIC AND POTENTIOMETRIC EXPERIMENTS 

An unambiguous  ass ignment  of any  t r ans i t o ry  effect to a pa r t i cu la r  gas is not  possible 
wi th  manomet r i c  and  volumetr ic  methods.  According to me thod  c (page 213) we 
have followed po ten t iomet r i ca l ly  the t ime course of carbon dioxide up t ake  and 
po la rograph ica l ly  tha t  of oxygen exchange in add i t ion  to the  volumet r ic  measure-  
ments .  In  a comple te ly  filled vessel, such as used in the  exper iment  of Fig. I0, there  
is no t ime de lay  due to equi l ibra t ion  between gas and l iquid phase.  Fig. I 0  shows 
records ob ta ined  with  a suspension of Chlorella in 0.02 M KC1 solut ion in equi l ib r ium 
with  20% CO 2. No increased ra tes  of oxygen exchange are found dur ing  t rans i t ion .  
Re/erences p. 223. 
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In several cases, however, the pH records show a production of carbon dioxide at 
the start  of the illumination, followed by an uptake upon darkening. 

4.8 

PH 

4.7 

4.6 

Fig. Io. S imul t aneous  m e a s u r e m e n t  
of 02 and CO 2 in the  vessel  shown 
in Fig. 2. Cells suspended  in 0.05 M 
KCl _i. o.ooi  M NaHCO 3 a 20 % CO~. 

. _ , ~  "(" ~ .o 

I ~ ~ 2 rn in .  

~' f tight on 

~ Light off 

In  other experiments, the occurrence of such an outburst  is not  evident, but  in all 
cases the response of the pH is delayed with respect to changes in light intensity. 
This also can very  well be interpreted as product ion of CO 2 at the start,  and an 
uptake  of CO s after the end of an i l lumination period. I t  thus appears tha t  the rate 

of CO s product ion as observed in darkness 
either remains the same immediately after 
the start  of illumination, or increases tem- 
porarily. After darkening of the cells an 
increased rate of CO 2 uptake  is not ob- 
served; CO s uptake  merely "overshoots"  
temporarily.  Fig. I I a  and b show simul- 
taneous recordings of volumeter  and pH 
changes in a par t ly  filled vessel. In  Fig. I I a  
the pH record shows an outburs t  of CO s 
upon illumination and an overshoot upon 
darkening, and in Fig. I I b  there is only 
overshoot in both cases lasting for about  
3o seconds. As the volumeter  vessel con- 
tained a relatively large fluid phase, the 
effect upon volume changes is not  as pro- 

Fig. 11. Recordings of volumetric, potentiome- nounced as it would have been in a vessel 
t r ic  and  po la rograph ic  response.  Black  bars  
indicate dark periods. Upward movement of with less liquid, but  is still clearly visible. 
the  recorder  pen represen ts  pressure  increase, Finally, Fig. I I c  gives polarograph re- 
u p t a k e  of CO 2 and p roduc t ion  of oxygen.  Cells 
suspended in o.o 5 M KC1, a. and  b. 5o % CO 2, cordings in the vessel completely filled 

c. 2o % c02. with an algal suspension equilibrated with 
air + 2 0 %  CO s (right). Later,  par t  of the 

liquid was replaced by the same gas mixture and volumeter  recordings were star ted 
(left). The polarographic measurements  show that ,  apar t  from a slight induction, 
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oxygen exchange reacts immediately to illumination or darkening. These results 
confirm the conclusions drawn from experiments with the recording volumeter, that  
anomalous COa exchange is the cause of the high transitory rates of gas exchange 
as measured. Additional observations with the polarographic and potentiometric 
method will be published shortly 1°. 

Even wi thout  the occurrence of large product ions  and intakes of COz upon changes in light 
intensity, the delayed response of this gas may  explain high t rans i tory  rates. In this simple case, 
the response of the volumeter  can be easily predicted : 

Suppose a light intensi ty [1 gives rise to a s teady s ta te  oxygen product ion I and a carbon 
dioxide product ion --- i  (7 = - - [ ) .  The volumeter  index under these conditions will move with 
the rate  : 

I I 

kO 2 kCOz (1) 

If  the intensi ty is changed to 12, resulting in a new rate of photosynthesis  i1, the index will move 
wi th  the rate:  

kO 2 kCO~ (2) 

If there is a t ime lag in the response of CO 2 exchange to changes in light intensity,  the rate dur ing 
the  t ransi t ion phase after going from I l to 12 will be equal to:  

n i 

kO 2 kCO2 (3) 

The ratio of t rans i to ry  to s teady state  rate of the volumetric index is then given by the ratio (3) 
over  (2): 

I l a  - -  1 

Nl  
I ~ . ( l  - - -  1 l  

in which a = kCO=/kO=. 
In Fig. ~2a, N 1 is plotted versus n for a few values of a. The value of N 1 is not  the same 

for a decrease ( n <  1) or an increase (n>~)  in the light intensity. 

~-2(~ I I0]  N2 a=5 
I"-/.a:1.5 18. 

fl- ,o  

~=i.2 ~ lJ 4- 12- 
5 a=1.2 ' '=1"5-'---"~ t 5 ~  a= 1 5 4 2, 10  

y s ~ = g - 6 -  -2 1 426 B, 

-s41/ 

[ -'q 
Fig. Ix. See text. 

N 3  _ 

The t rans i tory  rates are also different. The ratio N~ of the initial rate at intensi ty  12 over the 
initial rate at intensi ty  11 is given by:  

lit/ -- 1 

a -- I? 

_\ plot of N~ versus n is given in Fig. 12b for three values of a. For # ~ co, i.e. the intensity I i 
yields compensation, the ratio N 2 equals--a. Since in most standard manometer vessels, a is 
between i and i..5, the ratio will not deviate far from I, as long as 11 is close to the compen- 
sation point. 

If we are to compute  q u a n t u m  yiehls from t rans i tory ,  r a the r  than  from steady state  rates, 
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we have to subtract tlle transitory slope during I~ -~ 11 from tile transitory shape / l ~ 1, 2 . 
This difference amounts to: 

~l I 31 I 

. . . . . . . . .  (4) kO 2 kCO 2 kC() 2 kO~ 

On the other hand, if we subtract the steady state rates, we obtain : 

t l  I t  I 1 

/}02 kC--~) 2 ~ kCO2 kO 2 (5) 

The ratio between the yields computed in these two ways represents the apparent increase in 
quantum yield during transition, N:~ : 

t l  ~ -  i 
A 7  3 ~ - -  

a - - I  

In Fig. I2C N a is plotted against a. Values of a for a few vessels as used by \VARBURa el aI. a 
(circles) as well as by the present authors (triangles), are indicated in this figure. For the values 
of a, generally used, apparent increases in quantum yield during transition compared with steady 
state yields of 4 to 8 are obtained. 

The occurrence of real outbursts and uptakes of CO 2 tends to further increase the value 
of N a. Manometric equilibration, on the other hand may decrease N 3. 

DISCUSSION 

O b s e r v a t i o n s  as those  r e p o r t e d  a b o v e  h a v e  also been  m a d e  b y  severa l  o the r  au thors .  
BRACKETT et al. 12, H I L L  et al. TM, BROWN 14 and WHITTINGHAM 15, using a variety of 

m e t h o d s ,  fa i led  to obse rve  inc reased  ra tes  of o x y g e n  e x c h a n g e  du r ing  t rans i t ions .  
T h e i r  resul t s  were  in close a g r e e m e n t  w i t h  those  shown  in Figs .  IO a n d  I I .  

On the  o the r  hand ,  a n o m a l o u s  t r a n s i t o r y  CO s e x c h a n g e  was o b s e r v e d  w i t h  

Chlorella cells as ea r ly  as 1941 by  EMERSON AND L E w I s  16 w i t h  t he  m a n o m e t r i c  

m e t h o d .  T h e i r  desc r ip t ion  of t he  effect  and  of t h e  fac to rs  wh ich  g o v e r n  i t  is l a rge ly  

conf i rmed  b y  our  da ta ,  if  we accep t  a d i f ference in t he  r a t e  of m a n o m e t r i c  equi l i -  

b ra t ion .  VAN DER VEEN 17 used  the  more  specific ho t -w i r e  a p p a r a t u s  to  s t u d y  th is  

p h e n o m e n o n .  

The  ques t i on  arises to w h a t  e x t e n t  t he  effects  s t u d i e d  by  BURK AND WARBUR(; 
are  iden t i ca l  w i t h  t he  p h e n o m e n a  p r e s e n t e d  in th is  paper .  The  p r inc ipa l  di f ference 

is t h a t  we fa i led  to o b t a i n  r a t ios  of 0 2 and  CO s e x c h a n g e  d u r i n g  t r ans i t i ons  con-  

s i s t en t ly  a p p r o a c h i n g  a va lue  of - - r .  
On the  o the r  hand ,  t he r e  are  a r g u m e n t s  s t r ong ly  s u p p o r t i n g  the  i d e n t i t y  of the  

effects. F i r s t ly ,  all  of our  samples  of Chlorella cells s h o w e d  the  high t r a n s i t o r y  ra tes .  

Secondly ,  t he re  are  m a n y  o t h e r  po in t s  of s imi la r i ty .  L ike  WARBURG et (ll. we found  

t h a t  h igh  CO 2 c o n c e n t r a t i o n s  are  essen t ia l  for o b t a i n i n g  h igh  t r a n s i t o r y  ra tes ,  the  

l i g h t - d a r k  t r a n s i t i o n  effects r equ i r i ng  the  h ighes t  pressure .  Likewise ,  we found  the  
ne t  ga in  to decrease  at  excess ive  CO 2 pressures  ( A u / s p a l t u n g  ohne Gewinn ) .  Tile 
increase  of a p p a r e n t  in i t i a l  q u a n t u m  yie ld  (el. Fig.  8) w i th  inc reas ing  shak ing  ra te  
was also o b s e r v e d  by  BURK TM. W i t h  our  me thods ,  we cou ld  even  obse rve  a p p a r e n t  
q u a n t u m  yie lds  far  b e t t e r  t h a n  I,  if c o m p u t a t i o n s  of gas  e x c h a n g e  were  based  on 
the  a s s u m p t i o n  t h a t  CO2/O ~ wou ld  be  e q u a l  to  - - I  (el. also p. 215). 

SUMMARY 

With combined methods of volmnetry, polarography and potentiometry we studied transitory 
phenomena as occurring in Chlorella suspensions upon changes in light intensity. High transitory 
rates as observed in the volumeter were shown to be caused by anomalous carbon dioxide 
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exchange  only. Dur ing  the  t r an s i t o ry  stages,  the  p h o t o s y n t h e t i c  quo t i en t  m a y  therefore  devia te  
largely f rom nl inus  un i ty .  This  fact  m u s t  be considered if shor t  exposures  to l ight  and  da rkness  
are used  for the  c o m p u t a t i o n  of p h o t o s y n t h e t i c  q u a n t u m  yields. 

R~LSUM~ 

A l 'aide d ' u n e  combina i son  de m6 t hodes  vo lum6tr iques ,  po la rograph iques  et po ten t iomdt r iques ,  
les au t eu r s  on t  6tudi6s les ph6nom~nes  t rans i to i res  qui  se p rodu i sen t  dans  des suspens ions  de 
Chlorella q u a n d  on modifie l ' in tens i t6  lumineuse .  Les vi tesses  t rans i to i res  tr6s 6lev~es observ6es 
v o l u m d t r i q u e m e n t  se son t  r6v616es ~tre dues  exc l u s i vemen t  ~ un  6change  a n o r m a l  de gaz 
carbonique .  Au cours  des 6tapes  t ransi to i res ,  le quo t i en t  de p h o t o s y n t h ~ s e  peu t  donc ddpasser  
la rge inent  l 'uni t6.  Ce fai t  doit  8tre pris  en cons id6ra t ion  lorsque des expos i t ions  cour tes  /~ la 
luini~re et ~ l 'obscur i t6  son t  ut i l is6es ~ la dd te rmina t ion  des r e n d e m e n t s  q u a n t i q u e s  de photo-  
synth~se .  

Z U S A M M E N F A S S U N G  

An H a n d  von kombin i e r t en  vo lumet r i schen ,  po la rograph i schen  u n d  po t en t i ome t r i s chen  Methoden  
wurden  bei "~nderungen der  Licht intensi t~i t  in Chlorella-Suspensionen e in t r e t ende  L 'bergangs-  
p h e n o m e n e  un t e r such t .  Es  wurde  festgestel l t ,  dass  vo lume t r i s ch  angezeigte  hohe  i~'bergangs- 
geschwindigke i ten  nu r  durch  e inen a n o r m a l e n  K o h l e n d i o x y d a u s t a u s c h  v e r u r s a c h t  werden.  Des- 
ha lb  k a n n  der  p h o t o s y n t h e t i s c h e  Quo t i en t  w/ ihrend der  ~)bergangss tad ien  s t a rke  Abwe ichungen  
v o m  nega t i ven  E inhe i t swer t  aufweisen.  Es  m u s s  mi t  dieser T a t s a c h e  gerechne t  werden,  wenn  
B e r e c h n u n g e n  der  p h o t o s y n t h e t i s c h e n  Q u a n t e n a u s b e u t e  du rch  kurzes  Expon ie ren  in Licht  u n d  
Dunke lhe i t  anges te l l t  werden  sollen. 
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