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January 21, 1955 

ABS TRAC T 

1. The r a t e s  of photosynthesis and subsequent respirat ion of Chlorella 

pyrenoidosa were  measured  using an oxygen analyzer (sensitive to  p a r a -  

magnetism). The energy absorbed during the photosynthesis per iods was 

determined and the quantum requirement  was calculated. 

2. Dark respirat ion r a t e  was found to depend on the r a t e  of light absorption 

during the period of photosynthesis, and increased  with increasing photosyn- 

thesis  ra te .  

3 .  The quantum requirement,  corrected for respirat ion,  varied f rom 4. 9 

(a t  a ra t io  of photosynthesis to respirat ion of 1.4) to 6. 9 (at  a r a t i o  of 12). 

Both uncorrected and cor rec ted  quantum requirements  approach an experi-  

mental value of 7. 4 a t  high light intensity. 

4. The lower quantum requirement  obtained a t  low light intensity is believed 

to be due to  a relatively grea ter  importance of contribution of energy f rom 

respirat ion to  photosynthesis. An expression i s  derived for  the relation 

between this contribution and the enhancement of dark  respirat ion due to the 

level of photosynthesis to  which the plants a r e  conditioned. 

5. Attempts to  obtain the blue -light stimulation of photosynthesis with algae 

photosynthesizing in  r e d  light were unsuccessful. 
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IN TRODUC TION 

Many experiments on the minimal  quantum requi rement  of photosynthesis 

have been reported. These experiments employed a var ie ty  of analytical 

techniques and physiological conditions. Despite this  extensive study there  

exis ts  a s  yet no unarninity or even a consensus regarding the actual  value of 

this important number. Opinion i s  s t i l l  divided between the values ranging 

f r o m  2.8 to 4. 5, reported by Warburg and co-workers 2* 39 and those 

around 8 .0  reported by a number of other workers .  5, 6,  7, 8 

Reviews questioning the low light requirement  repor ted  by Warburg have 

generally pertained to  the interpretat ion of the experimental  data  and to  a 

discussion of the improbability of such an efficient energy t ransfer  in such a 

complex and rapid process .  Some cr i t ic ism,  9v  lo' l2 however, has  been 

directed to the manometric technique that was employed by Warburg and co- 

workers  in most  experiments.  

The cr i t ic ism of the interpretation of the data, which in  many instances 

involves a consideration of assumptions made in connection with r e s p i r a -  

t i  on, 12p13 loses  some of i t s  force  when applied to  Warburg 's  m o r e  recent  
14 

papers ,  in which long-term experiments a t  high light intensit ies a r e  

reported.  In these experiments,  the ra t io  of photosynthesis to resp i ra t ion  

r a t e  i s  so high that respirat ion correct ions can be neglected. As for  the ob- 

jections to  the very  grea t  efficiency of energy utilization for  photosynthesis, 

model systems a r e  proposed for a four -quantum process  that do not seem 

too unreasonable. l5 This i s  made eas ie r  by what i s  now known about the 
16 

t ransfer  of energy to the carbon-reduction cycle, this t r ans fe r  being about 

85% efficient. Thus the ultimate resolution of this controversy m a y  l ie  i n  the 

sat isfactory evaluation of the manometr ic  techniques. 

- - - 

* The work described in  this paper was sponsored in  p a r t  by the U. S. 
Atomfc Energy Commission and in  pa r t  by O. N. R. Contract  N-onr -222(l9). 

** On leave from the Tokugawa Institute for Biological Resea rch  in  Tokyo 
and Waseda University in  Tokyo, Japan. 



A complete evaluation of techniques i s  beyond the scope of this paper .  

It m a y  be of interest ,  however, to note that manometr ic  techniques a r e  

cr i t ical ly  dependent on smal l  changes in  solubility of carbon di.axide in the 

medium, and that this solubility i s  influenced by changes in  hydrogen ion 
17bijbj 

concentration a t  any physiological pH. Tolbert  -$' Kas noticed that under sui t -  

able conditions, in par t icular  a t  high light intensities and high C 0 2  p res su res ,  

some algae secre te  into the medium considerable amounts of glycolic acid. 

It i s  conceivable that in some of the quantum-requirement studies a t  r a the r  

high light intensities, where photosynthesis exceeds respirat ion by a factor 

of forty,  acid secretion of this type could gravely endanger assumptions r e -  

quired in any purely manometr ic  method. In view of this and other objections 

frequently ra i sed  to the manometr ic  technique, i t  seemed desirable  to calcu- 

la te  quantum requirements  f rom measurements  based on unique physical 

proper t ies  of oxygen and carbon dioxide independently. 

Fur thermore ,  an investigation of the possible relation between re sp i r a -  

tion and photosynthesis seemed in order .  Such a study was made m o r e  

at t ract ive by the work of Brown, who has measured  r e sp i r a to ry  uptake of 

oxygen gas enriched with 018 and found that during al ternate  periods of light 

and dark  of about fifteen or  twenty minutes each, the r a t e  of r e sp i r a to ry  

uptake in the light and dark  i s  the same for Chlorella pyrenoidosa. This was 

found to be t rue  a t  ra t ios  of oxygen evolution during photosynthesis to oxygen 

uptake during respirat ion which a r e  estimated f rom his data  to range from 

0. 5 to 12. Thus, Brown's study fo rms  a basis  for  the assumption that during 

these periods of alternating dark  and light, the respirat ion i s  the same,  s o  

that in quantum-yield calculations i t  becomes possible to  apply this  da rk  

respirat ion r a t e  a s  a correct ion to  the observed oxygen evolution in the light. 

Also important to the present  discussion i s  Brown's observation that, in  some 

cases  a t  least ,  the r a t e  of respirat ion in the dark  following a per iod of illurn- 

ination was greater  than the r a t e  of respirat ion following a long period of 

darkness .  This effect was found to  l a s t  for some time following illumination, 

and the enhanced r a t e  continued into subsequent periods of illhmination. En-  

hancement of respirat ion r a t e  in  the dark  following a per iod of illumination 

was a l so  reported ear l ie r  by Emerson  and ~ e w i s , l ~  by Weigl et a l . ,  2 0  and by 
21 

Brackett  e t  a l ,  I t  appears ,  therefore,  that the effect of illumination on 

respirat ion i s  a long-lived enhancement of the ra te  of respiration, which r e -  

mains constant during periods of light and da rk  of the order  of fifteen minutes 

or longer.  



The method he re  repor ted  involves a r a the r  d i rec t  measurement  of 

oxygen evolution and light absorption during photosynthesis, and of oxygen 

uptake during respirat ion,  without r ecourse  to complex correct ions.  Special 

precautions and a new technique were  employed in the measurement  of ab- 

sorbed light. The observations of the quantum requirement  were  made  with 

a variety of light intensit ies,  the lowest intensity being near  the compensa-  

tion point. This made possible an investigation of the contribution of energy 

from respirat ion to photosynthesis and of the validity of correct ions for  r e s -  

p i r  ation in quantum requirement  calculations, 

An attempt was a l so  made to observe the effect on the quantum requ i re -  

ment  of adding a smal l  increment  of blue light to the r e d  light which was used 

fo r  all of the quantum requirement  measurements .  This study was suggested 

by the recent  paper of Warburg, 2 2  who found that such an addition decreased  

the quantum requirement  ve ry  markedly. Here  again, however, i t  i s  possible 

that the blue light effect m a y  involve a photoactivation of some acid-secret ing 

enz yrrae . 



METHODS AND MATERIALS 

The system used in this experiment i s  shown schematically in  Fig.  1. 

The essential  p a r t s  of the system a r e  a ce l l  C containing the suspension of 

algae, a carbon dioxide analyzer (CO in Fig.  1) and in oxygen analyzer (0 2 2 
in Fig. I), which a r e  connected with each other by glass  tubing i n  a gas -  

circulating system. By a stopcock A, we can  either open the sys tem for  the 

introduction of a gas  or close i t  for the observation of the r a t e  of photosyn- 

thesis  or respiration. The main flow of gas, which i s  indicated by l a r g e  

solid a r rows,  i s  produced by the pump PI. A smaller  gas flow i s  n e c e s s a r y  

for  the oxygen analyzer and this i s  provided by a branched system with a 

capi l lary K and another pump, P2* The oxygen analyzer i s  ve ry  sensit ive to  

any change of the total p r e s s u r e  of gas .  To maintain the system a t  a tmos  - 
pheric p r e s s u r e  and to  reduce smal l  pulsations of p res su re ,  a rubber  m e m -  

brane H between the system and the atmosphere and a bulb D were  used. J 

i s  the inlet for introduction of the suspension of algae and M and M a r e  
1 2 

flow mete r s .  

Oxygen was determined by a B e c k a n  oxygen analyzer measuring the 

paramagnetism of oxygen, and carbon dioxide was determined by a Liston- 

Becker carbon dioxide analyzer measuring the infrared absorption by carbon 

dioxide. The two signals f rom the analyzers  were  automatically recorded  by 

a multipoint r eco rde r .  The sensitivity of the recording system and the ampli-  

fication of input signals were  s o  adjusted that full scale on the r e c o r d e r  paper 

represented a 2 %  range for oxygen and a choice of either 2 %  or 5% for  CO 2 "  
There i s  a c lose l inear  relationship between the reading obtained f r o m  the 

oxygen analyzer and the t rue  par t ia l  p r e s s u r e  of oxygen, but the response  

from the carbon dioxide analyzer deviates considerably f rom linearity.  

Therefore, the amount of oxygen generated in  photosynthesis or absorbed 

in respirat ion was used for the calculation of quantum requirement ,  while 

the change of carbon dioxide was used only for reference. 

In order  to calculate the total oxygen evolved or absorbed, it is necessa ry  

to know not only the sensitivity of the system but a lso the total volume fo r  

oxygen. Both calibrations a r e  accomplished by using two tubes G of known 

volume, f rom which pure  nitrogen gas can be added to the sys tem i n  two 

increments.  Observation of the change in  scale  reading with each addition 

of nitrogen provides the two equations f rom which the total  volume and the 

sensitivity can be calculated. The volume of the system for oxygen was 



Fig .  1. Schematic Diagram of Apparatus  for  Measur ing  
Quantum Requirement of Photosynthes is .  



found to be 303 cc. After the volume was measured,  the sensit ivity of the 

system was adjusted to 0,270 per  l a rge  division, or 2 %  full scale,  and again 

checked. 

The volume of algal suspension used was 93.5 c c  in  a disc -shaped ce l l  

12. 55 cm in diameter  and 0. 84 cm thick (inside dimensions), giving a total 

volume of 103. 5 cc .  The vesse l  i s  made  of c l ea r  co lor less  plast ic  (lucite) 

and i s  equipped with a cooling-water jacket Q. 

The light source  consisted of two sp i ra l  neon tubes made of special  r e d  

glass  to  prevent the t ransmission of the light other than near ly  monochro- 
0 

rnatic r e d  light (6300 A). An examination of the spectral  distribution of 

energy coming f rom this source indicated that m o r e  than 9970 of the emitted 

energy lay in the wave-length region between 6150 and 6550, with most  of the 

energy between 6260 and 6390. A weighted mean of the energies  a t  the seve ra l  

wave lengths gave 6376 2, and this was used in the calculation. Energy a t  

wave lengths shor te r  than 6000 i s  l e s s  the 0.02% of the total. Two sheets  

of infrared-absorbing glass  F were  se t  in  front of the light source to absorb 1 
thermal  radiation. At the s a m e  position, two sheets of plast ic  Polaroid 

f i l ters  F were  inser ted,  s o  that the incident light intensity could be con- 
2 

trolled by rotating these f i l te rs  relative to  each other. The incident light 
-5 2 

intensity was var ied  f rom 7.47 x 10 to 1.478 x watt/cm sec .  Between 

these f i l ters  and a cell, an aluminum reflecting tube N was used to  provide a 

m o r e  uniform field of diffuse light. The energy of light absorbed was ob- 

served with a Kurlbaum large-area  bolometer B. A sheet of opal glass  R 

was attached to  the face of the bolometer. 22  This i s  necessa ry  because the 

detecting surface i s  fa r  f rom the quartz window of the bolometer, s o  that 

not a l l  the diffuse light entering the window reaches  the detecting sur face .  

The proportion of light entering the window which reaches  the detecting s u r -  

face i s  kept constant regard less  of the diffuseness of the light incident to  the 

opal glass, because the opal glass  sca t t e r s  a l l  incident light uniformly. 

The calibration of the bolometer was c a r r i e d  out with three  different 

standard lamps without an opal glass.  The r a t io  of the sensit ivit ies with and 

without opal glass  was obtained by an experiment in which the same neon 

light with infrared-absorbing f i l ters  was placed f a r  f rom the bolometer in  

both cases  to provide a paral le l  light. This ra t io  was then used, together 

with the direct ly  measured  sensitivity of the bolometer without opal glass ,  

to  give the sensit ivity with opal glass.  

The bolometer with attached opal g lass  was placed close by the cell  



wall, which was itself only 0. 3 c m  thick. The incident light was measured  

by placing water in the cell ,  whereas the t ransmit ted light was measured  

with algae in the cell. The light absorption by the ce l l  i tself  was measured  

and found to be negligible. Because the cell  was thin in comparison with i t s  

a rea ,  scattering of light to the s ides  was negligible. The order  of back- 

scattering (reflection) of the light was roughly checked and found to be 

small  enough to be disregarded.  The smal l  nonuniformity of both the inci-  

dent and transmitted light fields was carefully mapped in each case  with a 

smal l  photocell, and a correct ion was applied to  the reading obtained with 

the bolometer a t  the center  a r e a  of the field, which was quite uniform. 
2 

The 93.5-cc suspension of algae occupied 110. 6 c m  of the cel l  c r o s s -  

sectional a rea ,  while there  was an unoccupied a r e a  of 12.7 c m 2  above the 

suspension when no gas was passing through. When the gas pump was turned 

on, causing a gas flow r a t e  of about 1,100 cc/min, the bubbling of gas through 

the suspension resul ted in a redistribution of the unoccupied a r e a  among 

many bubbles. The gas pump was turned off momentar i ly  during readings 

of the transmitted light. The light energy absorbed was then calculated a s  
2 

the difference between incident and t ransmit ted light in  watts pe r  c m  , 
2 

multiplied by the above " r e s t  a rea ,  I '  110.6 cm . This calculation involves 

the assumption that the r e s t  a r e a  i s  the same a s  the "bubbling a rea . "  In 

other words, i t  i s  assumed that each bubble occupies the en t i re  thickness of 

the cell, an assumption that i s  in agreement  with the appearance of the 

bubbles during the experiment.  The grea tes t  e r r o r  that could r e su l t  f rom 

this assumption can be calculated by considering the ex t reme case  in which 

the bubbles would occupy the ent i re  a rea ,  but only 12. 70/123. 3 of the thick- 

nes  s of the cell .  In this case,  the absorbed light energy would be about 4 %  

grea ter .  Since from the appearance the former  case  i s  much nea re r  to 

reali ty,  the actual e r r o r  cannot be m o r e  than about 2.10. 

The energy calculated above, together with the wave length of the light, 

6376 2, gives directly the number of quanta of light per  second absorbed by 

the algae. The slope of the oxygen evolution curve, taken over 20 to  30 

minutes, together with the sensitivity of the instrument  and the volume of 

the system gives the number of molecules of oxygen evolved pe r  second of 

photosynthesis. A photograph of a typical char t  printing i s  shown in  Fig. 2. 

The suspension of Chlorella pyrenoidosa was cul tured with 47% carbon 

dioxide in a i r  with shaking under the illumination of white fluorescent lamps.  

At the same t ime each morning, 900 cc  of the 1,100 cc  volume of culture was 



Fig.  2 .  Chart  recording of oxygen and cdrbon dioxide con- 
centration changes dur ing photosynthesis . 



drawn out, and the same amount of cu l ture  medium was added to  the remain-  

ing 200 cc, s o  that a reproducible s ta te  of culture was obtained a t  each har  - 

vesting, severa l  days after the initial inoculation. The effect of the period 

between harvesting on the quantum requi rement  was checked, and every 24 

hours '  harves t  was found to be reproducible for  the measurement  of quantum 

requirement  and to  give a higher efficiency than algae grown for either shorter  

or longer periods of t ime  under our growth conditions. The harvested sus-  

pension was used immediately without fur ther  manipulation for the observa- 

tion of the quantum requirement .  The absorbence (optical density) of the 

suspension of algae used was between 0.502 and 0,615, and the pH was 7.0 

to 7.1. 

The effect of the concentration of carbon dioxide in air on photosynthesis 

r a t e  was tested a t  170 and 4%. The r a t e  at 4Jo C 0 2  was only 5 8  higher than 

the r a t e  at  1% C02. S O  that the photosynthetic r a t e  under the light condition 

used can be considered to be saturated with respec t  to carbon dioxide at  4% 

C 0 2  The data described below a r e  all obtained with 470 GO2 in  air. 

The effect of blue light on the quantum requirement of photosynthesis was 

studied. A pure  cadmium lamp, which was used as  a blue light source,  was 

set  on the opposite side of the algae v e s s e l  f rom the r e d  neon light. To r e -  

move light of r ed  and yellow wave lengths a s  well a s  ultraviolet, a'light-blue 

filter was inser ted between the blue light source and the cell. The energy of 

thk blue light was varied f rom 370 to 1070 of the energy of the main r e d  light, 
- 4  2 

which was 7.49 x 10 watts Jcm see.  The concentration of the suspension 

of algae was a l so  var ied  to  pe rmi t  f rom 25% transmission to  8070 t ransmission 

of r e d  light. The r a t e  of generation of oxygen was increased  with added blue 

light, but the increment  of the r a t e  was found to be just proportional to  the 

additional quanta of blue light, s o  that, in  our experimental condition, no 

catalytic blue-light effect was observed. 



RESULTS AND DISCUSSION 

The resul ts  of one se r i e s  of experiments a r e  shown in Table I. The 

number of quanta absorbed per  second by the algae suspension q, together 

with the net number of oxygen molecules evolved per  second, G, and the 

number of oxygen molecules evolved per  second corrected f o r  respiration, 

P, give the uncorrected (1/p) and corrected quantum requirements (l/f) 
C 

respectively. The different experimental values were obtained a t  different 

incident light intensities, I Since the optical density D ranged only from 
0' 

0. 502 to 0.615, the number of quanta absorbed depends principally on the 

incident light intensity. 



Table I 

Light absorbed and gas evolved in photosynthesis 



These results a r e  shown graphically in F i g .  3 .  The points for the evolu- 

tion of oxygen uncorrected for respiration lie on a straight line that does not 

pass  through the origin. This line can be represented by 

where poD i s  the slope of the uncorrected line and corresponds to the reciprocal 

of the quantum requirement a t  very high light intensity if no light saturation 

could occur, R i s  the number of molecules of oxygen absorbed during dark 
0 

respiration following a long period of darkness, and i s  obtained by extra-  

polation of the uncorrected line to zero light absorption. 

The difference between the G and P value for any experiment is ,  of course, 

R,  the respiration rate following photosynthesis. Values of R a r e  plotted 

against quanta absorbed during the previous period of photosynthesis in 

Fig. 4. It can be seen that the respiration increases with the light absorbed 

during the previous period of photosynthesis. The value R i s  not an experi- 
0 

mental point but i s  derived from Fig. 3 as  previously mentioned. Because 

the experiments reported here  were all a t  photosynthesis ra tes  above the 
22 

compensation point, little can be said about the Kok effect in this case. An 

important point in this experiment i s  that following higher light intensities the 

respiration rate approaches a constant maximal value which results in the 

corrected curve (P in Fig. 3 )  having the same final slope a s  the uncorrected 

line, This curve can be expressed a s  

Since the uncorrected oxygen-evolution curve contains both the oxygen 

evolution by photosynthesis and the oxygen absorption by respiration in the 

light, there a re  only two possible circumstances under which it  should be a 

straight line over the entire range studied. The fir s t  i s  that the quantum 

yield of photosynthesis be completely independent of respiration and the r e  s - 
piration be constant or linearly dependent on light absorption. In this case 

the corrected curve would also be a straight line, which i t  i s  not. The second 

possibility i s  that respiration varies with light intensity and the quantum r e -  

quirement of photosynthesis depends on the amount of respiration. Further - 
more,  the interrelation would have to be such that the effect of oxygen ab- 

sorbed by respiration would be approximately compensated by the contribution 

of energy from respiration to photosynthesis. 

Since respiration in the dark does vary with the light intensity to which the 

plants a r e  accustomed, not only in these experiments but also in those of 



Fig.  3 .  Correc ted  and uncorrected r a t e s  of oxygen evolu- 
tion during photosynthesis as  a function of r a t e  of light 
absorption. 



Fig .  4. Rate of oxygen absorption during respiration as a 
function of previoils light-absorption rate. 



~ r o w n ' ~  and of Weigl, 20 and since the report  by Brown shows that the r e s -  

piration ra te  i s  constant in  the light and in the dark for alternating light and 

dark periods of about twenty minutes, i t  can be assumed that the respirat ion 

ra te  does vary with the light intensity, and i s  equal a t  any given light intensity 

to the ra te  observed in a subsequent dark period. Consequently, the second 

of the above hypotheses seems correct .  This leads to the concept of "extra 

respiration" given by the difference R - Ro, which represents  the enhance- 

ment of respiration rate  due to photosynthesis a t  any light intensity. 

The effect of respiration on quantum requirement i s  shown in Fig. 5, 

where corrected and uncorrected requirements a r e  plotted a s  a function of 

the rat io of photosynthesis to respiration. The contribution of energy f rom 

respiration to photosynthesis a t  any light intensity can be related to the dif- 

ference between the quantum requirement a t  "infinite light, I t  1/p,, and the 

actual quantum requirement l/$. If this difference i s  multiplied by the 

number of molecules of oxygen evolved per second during photosynthesis, 

P, the number, Aq, of quanta "savedtt by extra respiration i s  obtained: 

Aq = 

- - 

- - 

If Aq i s  divided by  the respiration 

pu/ta - l /P) 

~ ( l / $ ~  - 

p/$, - q .  

enhancement, R - 
0' 

there i s  obtained 

the number of "quanta saved" for each extra molecule of oxygen absorbed 

by extra respiration: 

But, i t  was found experimentally that 

p = $ , q + R -  

Therefore, 

4 1 - - 
R - Ro R - R  

0 

which reduces to 

This result ,  which i s  the consequence of the linearity of the G function 



QUANTUM REQUIREMENT OF 
PHOTOSYNTHESIS BY Chlore//a 

0 UNCORRECTED 
0 CORRECTED 

Fig. 5. Relation between quantum requirement in photo- 
synthesis and the ratio of photosynthesis to  respiration 
rate.  



in Fig. 3, means  that in this experiment  each ext ra  molecule of oxygen ab- 

sorbed by enhanced resp i ra t ion  r e su l t s  in the conservation of the s a m e  number 

of quanta a s  would be required for the evolution of a molecule of oxygen a t  a 

light intensity s o  high that the contribution of resp i ra t ion  t o  photosynthesis i s  

negligible. This equivalence, although fortuitous, i s  not unreasonable i f  we 

consider existing biochemical evidence, 

The requirements  for the operation of the carbon reduction cycle leading 

to the reduction of a carbon di:oxide molecule a r e  now fa i r ly  well known, and 

include two molecules of two-electron reducing agent ( reduced triphosphopy- 

ridine nucle otide, TPNH) and three  molecule s of adenosine triphosphate 

(ATP).16 Of the la t te r ,  two molecules of ATP a r e  requi red  for the reduction 

of the two molecules of phosphoglyceric acid (PGA) formed in  each carboxyla- 

tion to two molecules of t r iose  phosphate, while one ATP molecule i s  requi red  

for the formation of one molecule of ribulose diphosphate (RuDP) f r o m  r ibu-  

lose monophosphate. 

ATP t RUMP----4RuDP t ADP, 

H 2 0  t RuDP + COi-)2 PGA, 

2 ~ '  + 2 P  GA + 2ATP -k 2T PNH-2 Tr iose  phosphate t 2 ADP t 

2 TPN+. 

The t r io se  phosphate mol  ecules a r e  rear ranged t o  s u c r o  s e  and r i bul o s e  

monophosphate without fu r the r  energy requirement.  

Whi l e  there  a r e  many possi  ble ways i n  which the reducing agent might 

be fo rmed  w i t h  1 i ght energy, i t  s eems  reasonable t o  suppos e t h a t  one 

quant urn may  be required f or the t ransf e r  of each e le  ctron f r o m  wa t e r  

t o t h e  electron acceptor, which then becomes t h e  r educt an t .  Since t w o  

molecules  of two-electron reductant a r e  r equ i red  f o r  t h e  r e d u c t i o n  of 

one CO molecul e, on ly  four quanta would be requi red,  i f  a l l  t h e  ATP 
2 

could be supplied f r o m  r e s p i r a t i  on. This i s  in a g r e e m  ent wi th  t h e  

experiment a1 resu l t  sh own in F i g. 5, in which t h e  c o r r e c t e d  quant u m  

requirement a t  the 1 ow es t  li ght in tens i ty  i s 4 . 9  and t h e  c o r r e c t e d  curve 

i s t ending tow a r d  4 a t  P/R = 0 . 
At high li ght i ntens i t ies,  when re sp i r a t ion  i s inadequ ate  to  supply 

t h e  requirement  of ATP, some reductant must  be oxi d i  zed wi th  oxygen 

or some in termedia te  i n  oxygen evolution t o  provide e n e r g y  for t h e  

formation of ATP. The number of ATP molecules f o r m e d  f r o m  each 

rnol ecule of reductant consumed i s  not known in phot o synt h esis ,  but 



studies of oxidati ve ph osphorylation during resp i ra t ion  2 4  i ndicat e that i n  

t h a t  case  the number may  be t w o  or  t h r e e .  In photosynthesis ,  since t w o  

quanta a r e  required fo r t h e  f ormation of one mol ecul e o f  reduct  a n t ,  

e i ther  one or 2/3 quantum r e s p e c t i v e l y  i s  required f o r  t h e  f o r m a t i o n  of 

each molecule of ATP.  T heref ore ,  t h e  t otal quant urn r e  quirement to 

f o r m  2 TPNH and 3 ATP molecules i s  e i t h e r  7 o r  6. 

As f or t h e  value of Aq (R - RoJ,  whi ch i s t h e  c ontributi on of r espi ra-  

t ory energy to photosynthesi s i n  t e r m s  of quant a s aved compared t o e x t r a  

oxygen consumed, i t  h a s  been e s t ima ted  that about s i x  o r  seven molec ules 

of A T P  a r e  formed for each molecule of oxygen consumed by r espi  r at i  on. 

If i t  i s  t r u e  that one quantum i s  requi red  for t h e  f o r m a t i o n  o f  one ATP 

when photosynthetic r e  duct ant i s oxidi zed, a s  s t  a te  d above, then each 

mol  ecule of oxygen t aken up a s  a r e su l t  of enhanced re sp i r a t i  on will 
I I save" about seven quanta. Thus the r e l a t i  on 

1 /$, = 7 . 4  = a q / ( ~  - R ~ )  

i s  nct unreasonable. 

The increase  i n  both li ght and dark  r e sp i r a t ion  r a t e  that r e s u l t s  f rom 

conditi oning of the p l an t s  t o  a given 1 evel of photosynthesi s -  - a  s compared 

with t h e  r e sp i r a t ion  r a t e  of t h e  a1 gae aft e r  a 1 ong p e r i  o d of darkne s s - -  

probably i s  due to the i n c r e a s e  i n  availabil i ty  of f r e e  sugars  newly for  med  

by photosynthesis. Th us, a f t  e r  a 1 ong period of da rknes s ,  t h e  1 evel of 

resp i ra t ion  i s  ma in ta ined  by breakdown of s ta rch  a n d  other s torage prod-  

ucts and i s  j us t enough to mai  ntain the plant ' s  "bas i c m e t  abol i c  r a t  e .  " 

This basic r e sp i r a t i  on would supply no energy t o  photosynthesis when t h e  

plants a r e  again placed in the l i g h t .  such energy contributi ons would be 

possible only a f t e r  t h e  plant had lai d down some sugars  by photosynt hes i  s 

and the respirat ion r a t e  had increased.  Thus t h e  1 ow quant urn r e  quire-  

ments observed when t h e  plants a r e  phot osynthe sizi  ng a t 1 ow 1 i ght int  en-  

s i t  i  e s  following a long period of photosynthesis a r e  at ta ined a t  t h e  expense  

of chemical energy s tored duri  ng previous photo synt h es i s .  

Fai lure  to obtain t h e  blue-li ght e f fec t  r epor t ed  by Warburg m a y  have 

been due to the cult u re  conditions used for  t h e  a 1  gae. Accordi  n g t o  

W arburg, t h e  blue-li ght effect was f ound with a1 gae g row n i n  wi nte r by 

a north window with an incandescent 1 i ght f or addi t ion a1 i 11 umi nat i on, 

but not with algae grown i n  t h e  summer .  The winte r 1 i ght and incande s - 
cent 1 amp m a y  be somewhat dif i c i  ent in  blue l ight .  I n  any event ,  we never 

had algae with a v e r y  h igh  quant urn requirement  in pure  red  1 ight, a condi- 
t ion tha t  i s  probabl y necessary  if one i s  t o  observ e t h e  blue-li ght e f fec t  . 
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