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INTRODUCTION 

T h e  e n e r g y  e f f i c i ency  of p h o t o s y n t h e s i s  w a s  f i r s t  m e a s u r e d  b y  WARBUR(; .kND 
NE(;ELI-IN in 1923'. Using manometers for measuring the gaseous exchange they reported 
that under favorable conditions only four quanta of red light are required to /ix one 
molecule of carbon dioxide in Chlordla. Measurements of this photosynthetic efficiency 
were repeated at the University of Wisconsin using several diffelent methods for the 
analysis of oxygen and carbon dioxide2, a,4,'%~,7, 8. It was found that about ten quanta 
of red light were required to fix one molecule of carbon dioxide or oxygen. These later 
values were also supported by the careful manometric measurements of EMERSON AND 
LEWIS 9. WARBURG and his associates repeated his early manometric measurements in 
1949 and reported in 195 I'° an even higher yield including a one-quantum process. 
Values ranging from 8 to 1o photons per molecule have been repeatedly obtained by 
others. The same wtriety of algae, Chlordla ~Syrenoidosa, was used in all these experiments. 

A review of publications up to 1953 on the energy efficiency has been written H. 
In the present work, separate, specific methods were used for the analysis of carbon 
dioxide and oxygen and the data were recorded automatically for both gases. The 
simultaneous recording of both gases not only provides more convincing results, but 
gives also a direct measure of the ratio of respiration quotient, CO~/O 2. Such methods, 
though difficult, are free from assumptions regarding the nature and equilibrium of 
these gases. 

EXPERIMENTAL 

Appara tus  was developed for the Mmultaneous measurement  of oxygen and carl)on dioxide, 
using magnetic moment  for oxygen and infra red absorpt ion for carbon dioxide. The PAULING oxygen 
meter, manufac tured  by Arnold O. Beckman, Inc., depends oll tile principle tha t  oxygen is para- 
magnetic whereas other  common gases are slightly diamagnetic,  lnf ra  red absorpt ion  appa ra tus  
built  in this laboratory,  was used in prel iminary work6, v,8. I t  used a regulated gas flame of methane  
and oxygen as the source of infra red radiation at 4.2 H and a thermopile  receiver with a photocell 
amplifier, Although several measurements  were made with q u a n t u m  requirements  always greater  
than  7 photons  per molecule, the visual recording of the two galvanometer  readings was very difficult 
and the accuracy was limited. All the measurements  described in this invest igation were made wi th  
recording ins t ruments .  The B~;CKNAN oxygen meter  has a range of 20 to 213/o oxygen, with 5 ° 
divisions and a fraction of the one per cent total deflection is amplified to full scale on a BROW\ 
recorder with a D.C. breaker- type amplifier manufac tured  by the I , iston-Becker i n s t r u m e n t  Cu. 

* Fu r the r  details of this research may  be obtained from the Ph.D.  thesis of Dr. EDWARD 
LUNG YUAN, filed in the Library  of the Univers i ty  of Wisconsin in 1954. 
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The  ca rb (m di(~xi(le was  m e a s u r e d  a t  .t.2M w i t h  an inf ra  red gas  a i m l y z c r  m a n u f a c l u r e d  by  
Sir  J l o ~ a r d  (;rule,  l ' a r s o n  a n d  ( 'o. (~f E n g l a n d .  I t  h a s  a w o r k i n g  r a n g e  b e t w e e n  o a n d  -'-5% c a r b o n  
d i o x i d e  a n d  a t  m a x i m u m  s e n s i t i v i t y ,  a c h a n ~ e  of o.2 5 % c a r b o n  di(~xide g ives  a full sca le  de l l e e t i on  
of ioo  dix ' is iol ls  on t he  rec(~rder. 

The  q u a n t i t y  of l i g h t  M~sorbcd in the  p h . t o c h e m i c a l  cell  was  m e a s u r e d  wi th  a l a rge  a rea  boh> 
m e t e r  m a d e  1Lv t he  1 . a s senwerk  C~m]pany  (d" (~ernmnv.  The  (~ptical s y s t e m  is a r r a n g e d  so t h a t  b e a m s  
of i n ( m o e h r ( m m t i c  l i g h t  of de s i r ed  w a v e  l e n g t h s  c;m be ~fl~tained by  us ing  d i f f e r en t  i n t e r f e r e n c e  
f i l ters .  T h e s e  i iHer fe rence  f i l ters  ;~re o l~ta ined from the  Ba i rd  . \ss()ciates ,  Inc.,  a n d  the  F a r r a n d  
O p t i c a l  Co. A f i l ter  of c o p p e r  s u l f a t e  s o l u t i o n  a n d  a spec ia l  g lass  l i l t e r  m a d e  b 3 l~aird . \ s soe i a t e s ,  Inc.,  

I Oxygen meter magnetic moment 

s e r v e d  to  t i l t e r  o u t  t he  in f ra  r ed  r a d i a t i o n .  
The  c i reu la t i~m of t he  ga s  ill t he  s y s t e m  is 

of s m a l l  p i s t o n  d i s p l a c e m e n t .  T y g . n  tul%ing, i /S 

Infra red 

CO 2 analyzer ~ ~ 1 

- 

Cooling Irop 
Reaction vessel 

l"ig. n. C i r c u l a t i n g  s y s t e m .  

c a r r i e d  ou t  I)y nle~lllS ()f tl snl}t[I a q u a r i u m  tmml> 
inch in d i a l n e t c r ,  is u sed  for ~/H t i le  con l l ec t i ons .  

"l'he c i r c u l a t i o n  of the  gas  in the  s u s p e n s i o n  k e e p s  
the  (;ells f rom s e t t l i n g ,  l:ig. i s h o w s  t h e c i r c u -  
I~ti] lg s y s t e l n  ~tnd the  a r r a n g e m e n t  of the  a l )pa-  
r:*tus. The  gas  v,~lume (~1" t he  whole  s y s t e m  is 
a b ( m t  I2 5 ml. The  r e a c t i o n  vesse l s  a re  m a d e  of 
h lc i tc ,  a n d  h a v e  the  s h a p e  ~ls s h o w n  in Fig. i. 
T w o  r e a c t i o n  vesse l s  of d i t f e r e n t  \ u l u m e  w e r e  
used  t h r o u g h o u t  th i s  i n v e s t i g a t i o n .  The  l a r g e r  
vesse l  has  a c i r c u l a r  (qmning  of 0.o em in d i s  
n / e i e l ,  a n d  a t o t a l  VOJllllle Of 75 111]. T h e  slntll]el- 
vessel  ha s  a c i r c u l a r  o p e n i n g  of 5.o cm in d i a m e t e r  
a l l ( |  a vo lunl ( '  (if 32 Ill]. 

The  a n a l y t i c a l  i n s t r u m e n t s  were  c a l i b r a t e d  
b y  i n j e c t i n g  sma l l  a m ( r a n t s  (if the  gas,  m e a s u r e d  
wi th  a h y p o d e r m i c  needle ,  d i r e c t l y  in to  t he  
c i r c u l a t i n g  ga s  s y s t e m .  The  r e su l t s  of such  cal i -  
b r a t i o n s  a g r e e d  w i t h  less t h a n  two, pe r  c e n t  
u n c e r t a i n t y .  Ti le  b~flometer  ~ a s  c a l i b r a t e d  

a g a i n s t  a s t a n d a r d  l a m p  o b t a i n e d  from the  N a t i o n a l  B u r e a u  of S t a n d a r d s .  
A s t u d y  of l i g h t  s c a t t e r i n g  b y  the  Ch/orcl/a cel ls  was  a lso  c a r r i e d  out .  l h l r i n g  such  m e a s u r e m e n t s  

t h e  1)olometer  was  p l a c e d  a t  d i f f e r e n t  ang les ,  t h r e e  i nches  a ~ a v ,  l'r(ml t he  r e a c t i o n  vessel .  : \ t  each  
p o s i t i o n  w h e r e  t he  b o h ) m e t e r  was  p laced ,  t he  a rea  c o v e r i n g  th i s  so l id  a n g l e  un the  s p h e r e  was  
m e a s u r e d .  The  1)olometer  r e a d i n g  t i m e s  t he  a rea  of t h i s  p a r t i e u l a r  s~li(1 a n g l e  g ives  t he  a m o u n t  of 
l i g h t  s c a t t e r i n g  w i t h i n  t h i s  so l id  ang le .  The  posi t icm (~f t he  l~o lometer  was  m ~ v e d  t h r o u g h o u t  the  
e n t i r e  ( S o .  The  s u m  of t he  s c a t t e r e d  l i g h t  m e a s u r e d  ILv t h i s  p r - c e s s  was  c (mHmred w i t h  t he  t t ) tal  
a l no t l l l t  (if a b s o r p t i o n  for a p a r t i c u l a r  c u l t u r e  s u s p e n s i o n .  I t  was  f lmnd t h a t  if t he  s u s p e n s i o n  a l ) so rbed  
m o r e  t h a n  7o'3i, of t he  i n c i d e n t  l igh t ,  t h e  a m o u n t  of s c a t t e r e d  l i gh t  is neg l ig ib le .  \Vhen t h i n n e r ,  
m o r e  t r a n s p a r e n t ,  snspens io las  of a l g a e  tire used,  t he  s c a t t e r i l l g  c o r r e c t i o n s  nl}ty 1)ecollle app rec i a l ) l e  
a n d  t h e y  are  d i f f e r e n t  a t  d i f f e r en t  l i g h t  i n t e n s i t i e s  a n d  a t  d i f f e r en t  a lga l  su spens ions .  In o r d e r  to  
s i i n p l i f y  ou r  c a l c u l a t i o n s ,  su spe l ] s i ons  absor l~ ing  7o"i, or nl(~re of the  i n c i d e n t  l i g h t  were  used  in 
a l l  t h e  e x p e r i m e n t s  d e s c r i b e d  be low.  

The  c u l t u r e  u s e d  was  a s t r a i n  of a lgae ,  Chh>rella p)'r('mfido,~a, m a i n t a i n e d  in pu re  c u l t u r e  by  
t h e  B o t a n y  D e p a r t m e n t  of t he  l ' n i v e r s i t y  of W i s c o n s i n .  The  a l g a e  was  c u l t u r e d  b y  t he  m e t h u d  
d e s c r i b e d  b v  I{URK, \VARBURG a n d  co-x~orkers  v2. . \ b . u t  in  m m  a ()f cel ls  s u s p e n d e d  in 25o ml ()f 
c u l t u r e  m e d i u m  is a d d e d  to each  -5 o ml l ) r e x e l - t y p c ,  gas  w a s h i n g  b~ t t l e .  The  c u l t u r e  m e d i u m  is:  

5 g r a m s  MgS()  4 . 7H2( )  
-'.5 g r a m s  N N O  a 
2. 5 grll Ills K,1121'0 , 

2 g r a m s  NaCI 
5 m i l l i g r a m s  l : eS( ) t .  7 l l e O  

d i s s o l v e d  in loon  mI of l ake  wa te r .  The  p H  of t h e  m e d i u m  is a r o u n d  5 . o . . \  s t r e a m  of gas  co l~ ta in ing  
5 % c a r b o n  d i o x i d e  in a i r  is b u b b l e d  t h r o u g h  t he  s u s p e n s i o n  s lowly .  The  c u l t u r e  is i l l u m i n a t e d  w i t h  
a ~oo w a t t  t u n g s t e n  l a m p  p l a c e d  a b o u t  one  fc)ot from t h e  bo t t l e s .  Af t e r  t h r e e  to  four days ,  t he  cel ls  
a re  s e p a r a t e d  b y  c e n t r i f u g i n g  a n d  r e s u s p e n d e d  in fresh c u l t u r e  m e d i u m  for e x p e r i m e n t .  

RESULTS 

The exper imenta l  d a t a  shown below are taken from the recording char ts  direct ly .  
A s t eady  exchange of gases is usual ly  ob ta ined  within one or two minutes  af ter  each dark 

Re/rrcmc,~ p. ~9/ .  
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or light period. The green line at 5461 A and the blue line at 4358 A from a mercury 
AH-6 lamp were generally used as the light source. This lamp manufactured by the 
General Electric Co. is a water-cooled, quartz capillary lamp of high intensity. The 
pH of the suspensions was generally around 5.o unless otherwise specified• 

A 25 watt  fluorescent lamp was used occasionally as a compensating light to com- 
pensate a part  or all of the respiration. 

For each dark or light period on the recording chart, a straight line is drawn 
through the recorded points. In order to standardize the calculations and make them 
easier to compare, a ten minute period of dark and light was used for all calculations, 
although the actual recorded time may be longer or shorter than ten minutes. An example 
of the detailed calculation is shown below, and summaries of results will follow. 

° 4 . . . .  - - , -  
g 

i o < u¢.t tm o o 
r e ,  

LtGHT  OFF 

e tO 2 0  ~ . 4 0  ~ ~ 0  ~ "TO I O  O0 IQO 

L;GHT ON 

• • 10  211 3o  ~ lm  i10 -ra m i )0  100  

F i g ,  2. A s a m p l e  of  r e c o r d i n g  c h a r t .  

Fig. 2 gives an example of the best data obtained under conditions in which the two 
instruments were adjusted to give nearly equal sensitivities. The following data taken 
from Fig. z ilhlstrate the calculations made throughout the course of this work. 

C O  2 c h a ~ e  0 ~ cha ngc 
((?hart division) (('hart di~ isicm) 

D a r k  2 8 . 0  i 9 ,  9 
I A g h t  - . - '3 .8  15.9  
D a r k  2 9 . 6  - I 9 . 9  
L i g h t  - -  2 4 . 6  i 6 . 6  
D a r k  28. 7 - -  _,2. l 
I , i g h t  - - 21 .• 1(). 9 

The calibration of instruments showed each division on the recording chart corresponds 

Relerences p. r 9 3 .  
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to o.[0o micro mole of carb(m (tioxide change an(t o.227 micro mole of oxygen change 
rest)ectively. 

Taking  the average respira t ion period, which is the average of the dark t)eriods 
before and af ter  each light period, its the actual  da rk  period dur ing light,  the following 
amoun t  of gas exchanges are ob ta ined  for each ten-minute  light l)eriod. 

( ()2 i'hlt~L,'c ()a ~ ]l(t~z~c 
[ IIII('FO I1~¢)]l') (I~l[t'l'l) I~I¢)[(') 

Ist light period S..t: S.o 7 
"]~d light peri,)d S.50 ";-5-t 
3rd light pcri~)d &oN N.N 5 

The l ight absorp t ion  as measured b\ '  the  bolometer  was 7o.2 micro einsteins 
(70.2 (I.o2" Io TM photons) per  ten minutes .  

If we express  the quan tmu  et~ciency as o (the fract ion of a molecuh'  of carbon 
dioxide or oxygen t ixed by the absort) t ion of one light photon),  quan tum requi rement  
as J_/o (number  of photons  required to fix one molecule of carbon dioxide or oxygen),  
and  the ra t io  of CO=/O 2 as (), the resul ts  of this (~xt)eriment m a y  be summar ized  in the  
following table.  

o~1 e 1o(,~ o(,~1 a ! ~)( o2 

1st light period o.115 N.7 o.i 2o N. 3 
-nd light peri,d o. ,  -'2 S._, o., e-' S..e, 
3rd light period o .  1 2 ( i  7 . ( )  ~). 1 i 5 8 ,  7 

. o .  t 

, 0 0  

0 . ( )  I 

The results  summar ized  in Table I are ca lcula ted  its sh()wn above.  The light in tens i ty  
var ied  from o.o 5 to o.I5 micro einstein per cm 2 twr rain. The first set of exper iments  was 
carr ied out  by  using the oxygen meter  alone. The fresh cul ture  was s a tu r a t ed  with a 5 % 
carbon d ioxide-a i r  mixture .  The le t te r  (;, B, and R l is ted under  light absorpt ion  indicates  
the  green, blue and red l ights used respect ively.  Exper imen t s  with a * indicate  tha t  
compensa t ing  l ight was used. 

The average value of the quan tum requi rement  of these ~4 exper iments  and 6[ 
de te rmina t ions  in the  presence of 5 % C()2 is S.~ ~ i .  5 photons  per  molecule. 

I t  should be po in ted  out tha t  exper iments  z -5  and 1 4) showed cons iderably  higher 
efficiencies than  most  of the other  exper iments .  These exper iments  were cltrried out with 
r a the r  th ick algal suspensions and blue light.  The absorpt ion  of light was near ly  com- 
plete.  The carl)on dioxide  concent ra t ion  wits a round  5 %. ,qnch condi t ions are favorable  
for the in t roduc t ion  of induct ion  phenomena  and i n t e r m i t t e n c y  effects. The cont inuous  
s t i r r ing of the  suspension allows an algal cell to t rave l  from light to dark ,  and hence 
in t roduces  an au toma t i c  i n t e rmi t t en t  effect. The effects due to in t e rmi t t en t  l ight  will 
be discussed later .  Under  these condi t ions of induct ion and in te rmi t t eucy ,  the re la t ion 
between the ra tes  of gas exchange in the dark  and in the  light can lead to abnormal  
results.  

The exper iments  of Table  i I  showed the s imul taneous  recording of both cztrbon 
dioxide and oxygen gas exchanges.  The cltrbon dioxide gas analyzer ,  as s t a t ed  above,  is 
only opera t ive  with less than  2. 5 % carbon dioxide  in the system.  The Chlorella suspension, 

Re/ercJ~cs p. z Yd. 
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Light abs. 0 2 change 
Etpcriment (micro einstein) (micromole) 

"FABI,E I 

QUANTUM EFFICIENC1ES AS MEASURED BY OXYGEN EXCHANGE 

Light ahs. 02 change 
o Lo Experiment (micro einstein) (micromole) o i'o 

J I 23.2 (G) 2.'-5 o.o97 IO.3 37.8 (B)* 5.8o o.'r53 6.5 
81.8 (G) 7.64 o.o94 lO.7 48.6 (G)* 4.84 0.o99 1o.~ 
54.9 (G) 6. I6  o.112 9.0 48.6 (G)* 5.13 o.]o  5 9.5 
23.2 (G) 3 .21 0-]38 7.3 

1-9 3[ .0  (G) 3.51 0 . [  ] 3  8.0 
[ 2 54.9 (G) 6.IO o. IxI  9.0 31.o (G) 3.82 o.~23 8.1 

34.8 (G) 4.20 o.123 8.1 31.o (G) 3.64 o.i 17 8. 5 
34.8 (G) 4.36 o. I25  8.o 7.9 (G) 1.IO o. I39 7.2 

38.4 (B) 5.20 o. 137 7.3 
I 3 71.2 (G) 7.oo o.o98 lO.2 38.4 (B) 6.82 o. 152 0.t~ 

44.o (G) 4-9,t o. I12 8.9 2I.O (B) 3-t4 o.149 ~.7 
71.2 (G) 7.7o O. lO8 9.3 38.4 (B} 5.78 o. I5O 6. 7 
14. 5 (G) ].8o o.124 8.1 

I--IO I2.2 (B) 1.97 O.161 6. 3 
I-- 4 44.O (B) 5-39 o.122 8.2 12.2 (B)* 1.96 o.16o 6. 3 

71.2 (B) 8.1o O.ll 4 8.8 lO.O (G) 1.56 o.150 6. 5 
IO.O (G)* 1.,|o 0 . ]40 7.2 

i 5 4(5.0 (B) 7.90 o,169 5.9 
36. I (B) 6.03 o,167 6.0 1-11 25.4 (R) 3.28 0 . ]29 7.8 
22.o (13) 3"34 °-15[ 6.6 

36.1 (B) (~'35 °.175 5-7 1-12 3o.9 (B)* 4.35 °.14I 7-] 
46.9 (B) 7.7 ° o.164 6, I 30.9 (B) 4.72 o.153 6. 5 

~-6 38.o (B) 6.az o.163 6.1 3o.9 (B) 4.35 °.141 7 .[ 
38.o (B) 6.35 o.167 6.o 34"7 (G)* 3.28 o-o94 lO.6 
22. 4 (B) 3.f~o o.161 6.2 34"7 ((;) 3.25 0.094 lOd) 
38.0 (B) 5.78 o. I52 6.6 

1-13 43.2 (B) 7.87 o.~79 5.6 
1-7 45.o (B) 5.20 o.117 8.5 43.2 (B)* 5.54 o.]28 7.8 

45.o (B) 6.29 o.139 7.2 24.9 (B)* 3.51 o.141 7.1 
45.o (B) 5.]4 °.114 8.8 24. 9 (B)* 4.34 o.]3  ° 7.7 
66.o (G) 6.54 o.o99 [o.1 24.9 (B)* 2.68 o. io8 9.2 
66.o (G) 6.17 o.o94 Io.7 1o. 5 (G)* 1.41 o. i3. 4 7.5 
66.o (G) 6.15 o.o94 lO.7 1o. 5 (G)" 1.64 o. t56 6. 4 

i 8 37.8 (B) 5.43 °.143 7 .o 1 - t 4 " *  43.2 (B) 5 .8o o-I34 7.5 
33.o (B) 4.5 ° o-I30 7.4 43.2 (B)* 5.57 o. I29 7.7 
32.5 (B) 4.o4 o . i24  8 ]  43 .z (B)* 5.96 o.138 7." 
32.5 (B) 3.71 O. l l  4 8.8 43.2 (B)* 4.91 O.114 8.8 

** This  e x p e r i m e n t  was  carr ied ou t  in alkaline solut ion of p H  8. 9. 8~°a .<, 15 °o carl)onate-bi-  
c a rbona t e  n l ix ture  was used  as buffer.  

t h e r e f o r e ,  w a s  s a t u r a t e d  w i t h  I . o  t o  2 .0? , ,  c a r b o n  d i o x i d e  fo r  a l l  e x p e r i m e n t s  i n  t h i s  s e t .  

T h e  a v e r a g e  v a l u e  o f  t h e  q u a n t u m  r e q u i r e m e n t  ( i / o )  f o r  t h e  t e n  e x p e r i m e n t s  

s u m m a r i z e d  in  T a b l e  I I  w i t h  f o r t y  d e t e r m i n a t i o n s  f o l l o w i n g  t h e  e x c h a n g e  o f  c a r b o n  

d i o x i d e  g a s  i s  8. 7 ± x .o  p h o t o n s  p e r  m o l e c u l e .  T h e  a v e r a g e  v a l u e  o f  t h e  q u a n t u m  re -  

q u i r e m e n t  f r o m  3 I  d e t e r m i n a t i o n s  f o l l o w i n g  t h e  e x c h a n g e  o f  o x y g e n  g a s  i s  9 . I  ± I z 

p h o t o n s  p e r  m o l e c u l e .  T h e  t o t a l  a v e r a g e  v a l u e  f r o m  7 I  d e t e r m i n a t i o n s  i n  t h i s  s e c o n d  

s e t  o f  e x p e r i m e n t s  i s  8, 9 ± I.O p h o t o n s  p e r  m o l e c u l e .  T h e  a v e r a g e  v a l u e  o f  Q,  C O z / O >  

f r o m  3 I  d e t e r m i n a t i o n s  i s  I . o 2  ± o . I o .  

A m o n g  t h e  a b o v e  t w o  s e t s  o f  e x p e r i m e n t s  w e  h a v e  t r i e d  v a r i o u s  t h i c k n e s s  o f  c h l o r e l l a  

s u s p e n s i o n s ,  d i f f e r e n t  l i g h t  i n t e n s i t i e s ,  a b o v e  a n d  b e l o w  t h e  c o m p e n s a t i o n  p o i n t ,  a n d  

Re/ere~zces p. i 9 3 .  
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different pH, with ilo aptweciable difference in quantum re{luirement. All of thesu 
experiments were carried out at room temperature ranging from i8 to :~3 {'. The 
('hlordla suspensions were saturated with air containing different concentrations of 
carl)on dioxide gas. No at)preciable difference in (luantum efticiency was found within 
the range studied from 1.o% t{J 5.o{!. earl)on dioxide. 

T . \  1~I.I'2 l I 

QUANTLIM i£VFICIlr, NCII£,% AS MI£ASITREI) I~Y OXYGEN AND CARIg{}N I)1()XI171.2 I£XCIIANGI(S 

I- ~ pcrtmen! LLght ahs. 0.: than<, ' 
(tlltcro ~'t*l~t¢~ol) (lltlcro Itlolt') / o{}, o{ o> / OtD 

2 1 {7. I "14 I).{) 

(:Oa chan~e 

e 5 . 5  ({;) 3.{7,'; 
25. 5 ( ( ; ) *  3 . ~ s  

3 4 . 4  ( B )  5 . 3 { )  

2 2 3 1 . 3  ( ( ; )  -'.87 
3 1 . 3  (( ;)  2.71 3 . e l  {7.{787 
40.{) (1}) 3 .8  l 3.{}8 {7.O94 
4 0 . 0  (B)  4 . 2 4  .t. 2o o. ix} 4 

2 3 41.{7 (1}) {7.{) 7 5 . 3 3  {}.I()3 
3 4 . ]  (B)  3 . 5 3  3 . s t  O" I O'1 

-' 4 53"5 ((;)  5 .i{} {7.1o o . o 0 7  
5 3 . 5  ({;) 5 . 7 5  {. .eo {TT. I{} 7 

-' 5 {77.{ )  ( I } )  { } . 3 5  7 . 3  {7 o . o { } 4  
0 7 . 9  (B)  * 8 . o e  8 . 3 8  {7. [ I 8  

42 .4  (B)  * 4 . 8 4  4.{}I O. I I 4 

,tO.4 ({;)* 5 .3  { ) 5.{75 {}.r31 
4 o . 4  (( ;)  -t .{)3 5.{75 {}. i I 4 

2 {7 5{).1 (1}) {,.17i 

59 .  / (1~) 5 .55  
5{}. - ( B )  7 . 2 8  

5 ° . o  ((;)  , t .93 3 .85  o.{}0{} 

3 7 . 5  ({;) 4 -57  
3 7 . 5  ((;)  4 .21 

2 7 3 3 . "  (( ; )  3 .{}<} t.(7{1 {7. 120 
33 .2 (( ; )  3 .4  {) 3. [3 {>.1o2 
33 .2  (( ;)  3.71 3 .4  {) o . 1 1 2  
33 .2  ((;)  4 .i<7 .1.14 o. I 2 4  
57.{} (B)  5 .75  0.1{) O. [OI  

2 8 3{}.4 (( ;)  3 . 5 7  3 .32  {} . I I7  
3(7.4 (( ;)  3 . 2 8  3 . 7 2  o. l o 8  

4{).7 (G) 4.{73 4 .7  ° o. r [4  
4 o . 7  ((;)  5 . o o  .l .7 8 o. 12 3 

2 9 48.{7 (G) 4 . r 5  5 . 4 7  o . o 8 7  
48.{7 ({;) (7.o0 0.{}9 o. 12{7 
4 8 . 0  (( ;)  {).I 1 5 .31  O. [ 2 7  
48.O (G) 5 .72  , t .72 o. 1 I{} 
48.{) (G) 7 . 0 7  5 . 7  ( } {}, I 4 7  
. t8 .o  (G) 0 . 5 r  5.8I O. 135 

2 i o  14 .5  (1;) 1.{)1 4.5{7 o. i o  4 
5 - ' . o  (13) {7.32 0 . 3 o  o . I - ~  
5 1 . o  (B)  ().33 ().3 r o. 121 

l e e / e r e , { - e s  p .  ~9,~. 

o .  ] _, 5 S .{7 

{7. i S I  {>.5 

(7.()(}2 1 {7.{) 

i. 3 (}, LO2 {).H 
I {).{7 {7 .o{)  l I l .o 

{)'5 {7. I 05 {L5 

{}, 1 {7. I 3 {) 7 . 7  
!).{7 {}.1 [ [ % o  

Io .  3 {7.1 I 4 8 .8  
0 .3  {7.1 i 7 8. 3 

i{7. 7 O. lO8 0 .3  
8 .5  {}. ~ -'3 8 .2  
8. 7 o . i  l0  8.{} 
7 .0  o. i 25 8 .o  
8. 7 o. r-' 5 8 .o  

{7.1 I 2 H.{) 

{).{7{)t i o.{) 
{}. i23 8. i 

i{7.1 O. l l  7 H. 5 
O. 122 8.2 
{7.112 8. 9 

S. 3 O. l - '  t S . i  
{).8 {}.{705 l {}.5 
8. 0 o. i{74 {),{> 
N.I (7.12 t N.l 

{).{} 0. IO8 0-3 

8. 5 o. I (7{) {}. 2 
{L 3 ¢7. 1 2 2  8.2 
8 .8  {7.1~ 5 8. 7 
8 . r  o. i l 8  8. 5 

I t. 5 {}.l ~-t 8 .8  

7.Q o. 13 {} 7.-' 
7-9 o. I [ [ 9 .0  
8 .4  {7. o 9 8  t o. _' 
[7.8 {7.122 8.2  

7 - t  {7.124 8. i 

().[) (}.IO2 1}.8 
8. 3 {7. I 20 8. 3 
8. 3 (7.120 8. 3 

1.18  

O.9(7 
I .DO 

0 . 8 0  
i . o 8  

I . I S  

I . {79 

i . l { i  

1 .{74 
I , O l  

o.{}{) 
1 . 09  

1.18 

1 .(72 

{}.02 
{7.{}3 
i .(}o 
i . 0 8  

o.{} 3 

r. 13 
1 . 0 1  

o . 9 { 7  

1.3 [ 
I , L (7 

{7.87 
O.83 
{7.83 
(7.89 

O-90 
i .oo  
1 . o o  
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The exact  amoun t s  of cul ture  used in each expe r imen t  were not  l isted, trot t hey  may  
be found in ref. 2. General ly ,  the  cul ture  respired an amoun t  of gas equiva len t  to 
z.o to L5 t imes  i ts  own volume per  hour.  We can find no difference in efficiency with  
respi ra t ion  ra te  in our exper iments  when the cells are respir ing at  reasonable  cons tan t  
ra tes .  

In order  to have a check on the cul tures  used at  different  laborator ies ,  we have 
ob ta ined  cultures,  Chlorella pyrenoidosa, from Prof. ROBERT EMERSON at  the  Unive r s i ty  
of Ill inois,  and  from Dr. DEXN BURK at the  Na t iona l  In s t i t u t e  of Heal th ,  Bethesda ,  
Maryland.  The absorp t ion  spec t ra  in the  visible region of these cul tures  were compared  
wi th  our own culture.  The charac ter i s t ic  peaks  of Chlorella were exac t ly  the  same in the  
three  cultures.  The q u a n t u m  efficiency of each of the  three cul tures  was subsequen t ly  
measured  under  subs t an t i a l l y  the  same ex te rna l  condi t ions .  The resul ts  are t a b u l a t e d  
in Table I f I .  The green line at  5461 A from the mercury  AH-6 l a m p  was used in these 
exper iments .  

T A B I , E  I I I  

QUANTUM EFF1CIENCIES ~VITH ALGAE FROM DIFFERIe;NT LABORATORIES 

Light ahs. 02 change C0,2 change (,I 
(micro einstein) (micro mole) (micro mole) °o~ l oo~ Oco 2 z oco 2 

\Viscons in  c u l t u r e  
5 ° . 0  5 . 6 6  5" 20  O. I IO 9 .1  O. 103  9 . 7  0 " 9 3  

5 ° . 6  5.71 5,97 o.113 8.8 o. 1 I8  8. 5 1.04 

E M E R S O N ' S  c u l t u r e  

52.0 5.6"  5.67 o. 108 9.3 o. ~o9 9.2 I .o  l 
52.0 7 -~° 5 .61 o .136 7-3 O.lO8 9.3 0.79 

BURK'S  c u l t u r e  

44.5 ,t.01 4-55 o. 103 9.7 o. lO2 9.8 o.99 
52.0 0.30 0.28 o.121 8. 3 o .12o 8. 3 I .oo  
5 2 . 0  0 . 2 6  0 . 3 0  O . 1 1 9  8.  4 O . 1 2 I  8. 3 1.O[ 

50.6 0.15 5.39 0.12 t S. 3 o. lO6 (}.4 0.88 
50.6 6.29 5.52 o.124 8. r O.lO9 9. ~ o.8S 

EMERSON AND LEWIS have repor ted  a carbon  dioxide  lmrs t  dur ing the first few 
minu tes  of i l lumina t ion  9. Al though  the condi t ions  were va r ied  in favor  of such a burst ,  
no ind ica t ion  of a burs t  was found on our  recorder .  Our sys tem is cons iderab ly  different  
from the manomet r i c  set up  used b y  EMERSON AND LEWIS. Both  the  l iquid and  the  gas 
volumes in our sys tem are cons iderab ly  larger.  Our failure to observe the  carbon dioxide  
burs t  m a y  be due to the fact  t ha t  the  ra t io  of wa te r  to algal cells in these exper iments  
was large and tha t  quick differences in gas exchanges  were f la t tened out.  

Expe r imen t s  wi th  i n t e rmi t t en t  l ight  and  da rk  per iods  were also tr ied.  The length 
of each per iod of da rk  and l ight  depended  on the ra te  of ro ta t ion  of a sector  wheel. 
Per iods  ranging from o.25 second of l ight  and  o.25 second of da rk  to one minu te  of l ight  
and  one minute  of da rk  were t r ied.  The results  of these exper imen t s  are difficult to 
in te rpre t .  Whi le  most  of the  exper iments  showed no apprec iable  difference from the 
exper imen t s  wi th  1 o minu te  periods,  a few of them showed an increase in q u a n t u m  yie ld  
of about  zo to 3O°'o wi th  i n t e rmi t t en t  l ight .  

Re/erences p. 19, 7 . 
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( ' O N t ' L U S 1 O N  

This report concludes a long program of research at the University of Wisconsin on 
the quantitative measurements of the photosynthetic efficiency of CMordla. Thousands 
of measurements have been made by a dozen differe~t men ow~r a period of more than 
two decades, rising six different types of measuring apparatus. "[he data reported here 
with improved apparatus agrce with the earlier work of this laboratory and arc con- 
sidered to be the most accurate and reliable. They give an energy efficiency or quantmn 
requirement of 8.(~ zc I.o t)hotons per moh'cule when all the results are averaged. 

The difference between the at)proximately eight photons per molecule descrihed here 
and the less than four reported in many manometric researches of W \RmU~(; .\Ni) BURI,: 
and their associates cannot be attributed to absolute energy measurenaents because all 
the workers have calibrated their lhermopiles and holometer with the same type of 
carl)on tilamcllt lamp standardized by the U. S. Bureau of Standards. Moreover, in this 
lal)orator\* wducs of about ore, photon per molecule were obtained for the ethyl 
chlorophyllide actinometcr de\eloped by W.\Rm:R(; and his associates. This is in closc 
agreement with their values. The bolometer used in the experiment reported here was 
calibrated both with a standard radiation lamp and with pheophytin a and b kindly 
given to us by I)L'~\N PlVRK and used directly in the apparatus described here and 
measured with the oxygen meter. IgURI<'S value of O. 7 photon p~*r molecule was assumed 
in this calibration and the data agreed with the calibration 1/5 , the standard lamp. 

The difference cannot be attributed to biological differences and less efficient con- 
ditions of culture and growth. The minimum value of about 8 has been obtained 
uniformly over a twenty year period with many different cultures and biological 
conditions. These have included algae obtained from I)r. Bt:l~ a's laboratory and methods 
of culture which were indentical with those recommended by \V.\Rm:~(;, BURN and their 
associates. 

The most likely cause of discrepancy seems to lie in the difficulty of obtaining 
equilibrium conditions in the algal suspension just after turning the light on or off. 
It is important to have steady state conditions in both dark and light for the calculation 
of the quantum requirement. A detailed interpretation of the manometric data has been 
given by EMERS()N is. A reinterpretation of the high cfficiencies of W~\Rm;l¢(; ,\NI~ I~URI,2 
has been given by FRAN(:I,: 11. 

it is concluded that th~ imrmal maxim~tm e//icicncy o~ flholosy~#/~esis in C/dorella 
pyre~zoidosa is about eig/zt flhoto~s per molec~tle. This corresponds in green light 546I A 
to an energy storage of 27% of the absorbed light, and in red light of 65o0 A it is 32%. 
No other algae or plant has yet been reported to give a greater photosynthetic efficiency 
than C/~lorella*. 

. \ o K  x ( )wL 1:. 1) ( ;  M ic X T 

The authors wish to thank tim Research Committee of tile (iraduate School of the 
University of Wisconsin for long continued suppcrt of this research, with fllnds from the 
Wisconsin Alumni Research Foundation. 

* Q u a n t u m  r e q u i r e m e n t s  m e a s u r e d  o n  o t h e r  a l g a e  u n d e r  t h e  S~/l]le c o n d i t i o n s  a r e  b e i n g  r e p o r t e d  
e l s e w h e r e .  

le(,/ereJtces p. z93. 
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SUMMARY 

The q u a n t u m  efficiency of photosynthes is  by  Chlorella pyre~midosa was determined by following 
the gas exchanges between oxygen and carbon dioxide, using a magnetic oxygen nleter and an 
infrared cart)on dioxide gas analyzer. I t  was found tha t  on the average, 8.9 f: 1.o photons  are 
required to fix one molecule of oxygen or carb(m dic~xide. ( 'ul tures from different lal)oratories sh~wed 
no appreciable difference in yields. 

RI~SUMg 

Le rendement  quant ique  de la photosynth6se  chez Chlorella pyre~zoidosa a dtd ddternIind eta 
su ivant  les (,changes gazeux entre l 'oxygbne et le gaz carbonique, en uti l isant un oxygdnon16tre 
magn6tique et un analyseur  g infrarouge pour  le gaz carbonique.  En moyenne  8.9 :~ i.o photons  
sont  ndcessaires pour  fixer une nlol6cule d 'oxyghne ou de gaz carbonique.  Des cultures p rovenant  
de diffdrents laboratoires ne pr6sentent  pas de diffdrences apprdciables de rendenients.  

Z I 'S :kMMENFASSUNG 

Die Quan tumausb eu t e  der Photosynthese  yon Chlorella pyrenoidosa wurde nlit Hilfe einer 
Methode genlessen, welche es erlaubt,  den Gasaustausch yon Sauerstoff und Kohlendioxyd mit 
einem niagnetischen Sauers toffmessappara t  und einem infraroten Kohlendioxyd-Gasanalysa tor  zu 
verfolgeu. Es wurde festgestellt, dass in1 Durchschni t t  8. 9 :t 1.o Photons  gebraucht  werden, um 
ein Molekfil Sauerstoff oder Kohlendioxyd zu binden. Kul turen  aus verschiedenen 1.aboratorien 
zeigten keine merklichen Unterschiede in ihrer Ausbeute. 
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