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IT W A S  REPORTED in 1923 (4)  that in photo- 
synthesis 4 light quanta, absorbed by chloro- 
phyll in grecn cells, can produce one n~olccule 
of oxygen under favorable conditions. This 

rneans that with red light about 65 percent of the 
absorbed radiant energy can be transformed into 
chemical energy. Quanta of red light are  of low 
energy (- 44,000 cal/lr~ole) and several such quanta 
must thcreforc cooperate to develop one ~nolecule of 
oxygen, which requires - 11'2,000 cal/r~iole. KO anal- 
ogy is kno\\-n in the nonliving world, where most 
photoche~nical reactions, although simpler and effected 
by quanta of higher energy, are  f a r  less efficient in 
energy transforination, and are  indecd usually cxo-
therrnic. It becalne clear that a n  unknown principle, 
active in nature, awaited elucidation by physics and 
chemistry. 

I t  is ~vell known how the anticipated study of this 
new principle 1vas interrupted about 1935, when al- 
most cvery inrcstigator in the field cartie to accept as  
the rnaxi~l~um n Ion cfficicncy of the energy transfor111 t' 
low values of 20 to 25 percent, that is to say, quantum 
values of 1 0  to 1 3  ~vitll red light. The development 
of this revocation has been extensively snmlnarized in 
w book just published in the last few months by James 
Franck and Wnlter Loomis (1)and contributed to  by 
H series of inrestigators. 

We have reinvestigated the problem and have re-

1 We wish to acl;nowledge the facilities and laboratory ac-
commodntinns for rclsrtl~cl~ :in11 dt~~nonstrtltions pro\-jcl~~Iat" 
the Jlarine Iiiologic'nl 1,al)orntory by Professor E. S. Gt:zm:in-
Barron anel by Ilr. Clrtlrlcs Pilckard, Director. Vtlltlill)le aid 
in these inrrstig:ltions w-:rs proriclc~d by Mrs. Lois 1:. Jlrtcri, 
Mrs. Clara P. Sn~ith.  :tntl C. It. X ~ ~ ~ l l o u s r r .The rolture of 
Ohlore l la  p])rcnr~irlonn was ohtained from Dr. R. E.Allixnn of 
the Plnnt 111clnrrtr~ Station. U. S. Departmmt of Agrirul-
ture, Beltsvillc~. Al:~ryltrnel. \Ve \\-is11 to tll:~nk E. J1:lrlllctt 

discovered the high efficiency of energy transformation 
in photosynthesis. The data obtained are  conclusive. 

I n  the course of this reinvestigation the methods 
hare been simplified and improved in such a way that 
dcter~ninations of quanturt~ requirelnents arc  no longer 
the privilege of the few. On the contrary, anyone 
who has a suitable light source and sirnple ~ l ~ a n o n ~ e t r i c  
equip~nent can now deternline quantum requirements 
and convince hilliself that in  green cells the greater 
par t  of the absorbed light energy can be transformed 
into chenlical energy (see Addendum) . 

Culture of  cells. A strain of Cl~lorellapyrenoidosu, 
used in rarious institutes for  luany ycars and origi- 
nally isolated and iclentified by Florence Sleier, of the 
Slnillisoniun Institution, x7as cultirateil in 300-1111 gas 
~vasli bottlcs of the Drcscl type. The culture medium 
mils 5 g MgSO,. 71120,2.5 g ICSO,, 2.5 g ICI12P04, 
2 g KaCI, and 5 Ing FeSO, .'7 II,O, dissol\.cd in  1000 
c1n3 of nonsterilized ~vcll ~ v a t e r(p114.5 to 5.0). Ap-
prosimately 100 1111n%f cells suspended in 200 cm3 
culture medium ~I-as added to each bottle, and aerated 
with 5 perccnt CO, in air  so rapidly (- 500 n~l/min)  
that no sedilnentution of the cells occurred. They were 
illun~inatcd with a 100-~v incandescent lamp that 
raised the tcmperaturc in the bottles to 25-30' C.. 
After several days, when the cells had ~nultiplicd sev- 
eral fold, and the p I I  had risen 0.5 to 1unit, the cul- 
tures 11-ere used for  yield experiments. Such cells 
gave stable respiration values and high yields \vithout 
exception. This cultnre method, which had been em- 
ployed by one of us (D.B.) f o r  Inany years in  Wash- 
ington, was found to be a n  important i ~ n p ~ o r e l n e n t  
over the method of 1923 (4)  followed by n~os t  later 

and Son. New Tork City. for specinl foci1it:ttioa of 1)rorixion inrestigators but which we have now discarded. I n  
of the mnnomc~tric glassware, nncl the American I r ~ x t n ~ m ~ n t  the earlier method, slo~vly aerated cells settled down 
Company, Si1rc.1. Spring, M ~ry l :~nd ,for the specially nclapted 
thermostat and shirking mechanism employed. in  Erlenmeyer flasks in  sediments that were inade-
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quately illuminated and inadequately supplied with 
carbon dioxide and oxygen until reshaken up. .-

Manometrg. Approximately 300 mm3 of cells, re- 
suspended in 7 om3 of a fresh cullure medium of p H  
4.9, were pu t  into rectangular vessel3 of 1 4  to 20 em3 
volume and saturated with 5 percent CO, in air. Two 
vessels were used to determine, as  described in 1924 
( 3 ) , the oxygen as  well as the carbon dioxide ex- 
change. The gas voluines in the two vessels were dif- 
ferent, but the volumes of the solutions and therefore 
the concentrations of the cells were equal. The vessels 
were shaken a t  20' C by horizontal motion, with an 
nmplitude of 2 c111 and a frequency of 150 per min. I n  
spite of this rapid iilotion, which moved the vessels 600 
cln per ~ninute, no splashing or foall~ing occurred, even 
in experilnants of more than 20 hr  duration. I t  was a 
further improvement owing to this iilotion thal phys- 
ical transition effects were nol observed upon change 
from dark to light and vice versa, that is, the gas 
equilibration was virtually perfect Yor our purposes. 

The well known requirenient of the two-vessel 
method, that the metabolisll~ in  the two vessels must 
be identical (z,, = zYo2and z,,, = .L',,,) was complied 
with by eliminating a dangerous differential tiiiie 
factor as  nearly as  possible. The light beanr of meas- 
ured intensity (630 to was shifted by660 r ~ ~ y )  a 
niirror alternately fro111 one vessel to the other a t  
intervals of 10-60 ulin or these vessels mere shifted 
alternately into and out of the fixed light beam. 
Thus in every case the one vessel was illuminated 
when the other vessel was dark and vicre versa, and 
when illany light and dark periods followed each 
other and the pressure changes of all dark periods 
and of all light periods were samnied, the nletabolisn~ 
in the two vessels was virtually identical f o r  the saille 
periods of elapsed tirrre. The tola1 pressure changes 
effected by light were usually of the order of magni- 
tude of + 20 to + 50 mm. These figures were differ- 
ences between two rates of oxygen consumption 
(negative pressure changes) in the experiments with 
rloncoinpensated respiration. Hut when the respira- 
tion was conlpensated by white light (see following 
section) the figures i20 to + 50 mm were the directly 
observed positive pressure changes, produced by the 
added red light. To nleasure such great 'pressure 
cbanyes simple I-laldane-Baroioft blood-gas manome- 
ters could be used instead of the special differential 
n~anonreter heretofore employed. 

Measurement or tke  quantum intensity. The bolom- 
rler used in 1923 mas replaced by the chemical acti- 
norneter described a few months ago (6). This 
resulted nol only in a sirnplificatior~ but in an i n -
provement in accuracy. When the oxygen produced 

by the red light had been measured, the vessel con-
taining the cells was replaced by a similar vessel con- 
taining 2 mg of ethyl chlorophyllide, 200 mg of thi- 
ourea and 7 em3 of pyridine, with tank oxygen as  the 
gas phase. The light absorption being complete in  the 
cell suspension as  well as in  the ethylchlorophyllicie 
solution, the quantum require~i~ent  per rriolecule oxy- 
gen was obtained by the very sirnple equation: 

1 /L .v -0, consul~led by the actinoineter 

- 0 0, produced by the cells t 

where the consumption and the production of the 
oxygen must be calculated f o r  equal time periods. 

Complete absorplion is the only method so f a r  de- 
vised by which the absorption of the light and the 
action of the light can be measured manolnetrically 
under the same conditions. Thus f a r  all ulanometric 
determinations of quanturr~ requirements using incom- 
plete absorplion are  contradictory and uncertain. On 
the"other hand, the main objection against the nlethod 
of complete absorption was the existence of too great 
:I respiration relative to the nleasured light aclion; this 
objection is no longer valid because today respiration 
can be eliniinateil by compensating with white light or 
cotnponcnti t!rc~.cd' (see the I'ollowing section). 

Ilet us consider a Chlorella suspension, shaken in a 
bean1 of red light that i~ absorbed colupletely, to be 
a machine that transfortns light energy into cherr~ical 
energy. The efficiency of this rnachine will be known 
if we know the light cnergy entering the vessel and 
the amount of oxygen developed in it, one mole of 
oxygen being equivalent to the production of about 
112,000 cal. No theory of the mechanism of this 
energy transfor~nation can altrr the observed result 
of such a n  efficiency deter~nination. 

Yet there are  possible objections to be answered. 
When a t  low light intensities respiration still exceeds 
photosynthesis, then our rnachine does not produce a 
net gain of chemical energy, ;.nd it  nlight be consid- 
ered that the light ir~erely inh~bits  the loss of cheriiical 
energy. Since respiration is n c:italvtic process, con- 
ceivably its inhibition by light could be merely anti- 
catalytic, requiring no expenditure of cnergy. Hence 
the calculation of the efficiency !night be safe thermo- 
clynamically only when the light intensities are so high 
that oxygen is in fact given off from the cell suspen- 
sions into the gas space. 

To comply with this requiremenl we illuminated the 
re11 suspensions with white light (of nonnreasured in- 
t ~ n s i t y )  ovcr thc greater par t  of the vessel surface, 
the light i n t e n d y  per unit area being relatively small, 
hut the influx of  l i ~ h t  energ> through the total area 
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of the vessel being sufficient to compensate o r  over- 
colripensate the respiration of the cell suspensions. As 
the coinpensati~lg light intensity me define here that 
light intensity ~vliich effects the result that no oxygen 
enters or leaves the cell suspension. I t  is w r y  likely 
that in  this state the oxygen exchange of all cells in 
the suspeilsion is zero, owing to the rapid ~ i ~ o t i o n  of 
the cells. It is obvions that our cornpenrating light 
~nicnsity varies with the a~nourit of cells in  the vessel 
and is not to be confused mith the conipensating light 
intensity fo r  very thin cell suspensions. 

When the steady statc in  the white light was 
reached, a heal11 of red light of nleasured intensity mas 
sent throngh the b o t t o ~ ~ i  of the vessel into the cell sus- 
pension, the cross section of the beam being 3 cin%and 
the total energy flux about 0.25 microeinsteins/n~in. 
I t  was con~pletely absorbed i n  the cell suspension. 
The increase of positive pressure effected by the red 
light and the intensity of the red light mere the two 
magnitudes from which the efficiency of the energy 
transformation of thc added red light mas calculated. 
The efficiency so found with red light proved to be as  
high, a t  and several fold above the co~l~pensation point 
with white light, as  the efficiency a t  zero or  low white 
light intensities below the cor~lpensation point ( 3  to 5 
quanta per 0, liioleeule developed; see Examples 1-5). 

This result raised the whole level of certainty in this 
field of investigation, and is probably owing in large 
part  to the rapid ~iiotion of a great amount of cells. 
The time of illuinination with red light of relatively 
high intensity must be so short fo r  every cell that no 
Biacklrian or other d'ark reaction linlits the action of 
the light; in  other words the product of light intensity 
and time ( i x t )  must be too su~a l l  to alter the con- 
centrations of dark reactions. The observed efficiency 
is, of course, a fact that  is independent of all theories 

pacity of the cells and because the white light, when 
it  overcoinpensated respiration, stabilized the chemical 
conditions in the cells. I n  fact, the efficiency of the 
energy transfornlation has now been measured under 
the conditions of growth, so that very likely the ex- 
periments can be extended to any length of time. 

I f  the n~anoirictric efficiency of the red light is the 
same when the respiration of the cell suspensions is 
noncompensated, compensated, o r  several fold over-
cornpensated by added unir~tasured white light, then 
obviously every theory should be rejected that asiumes 
that light acts on the process of respiration anticata- 
lyticaliy or stoicliiometrically. This conclusion has 
now been eonfiriued independently by the following 
type of experiri~el~tation : 

A rectangular vessel was set u p  to contain NaOl i  
and glass beads in two iide arms, 300 m11iQ1 cells in  
7 ~ n l01culture riiedium ( p l l  4.5-5) in the main corn- 
partluent, and air in the g:rs phase. The vessel was 
shaken a t  20' C slowly or  rapidly, and In the dark or  
in  the light. By changing the rate 01shaking the 
steady-state pressures o l  CO, in  liquid and gas phases 
were changed, but in  the dark this had no effect on 
the observed rate of respiration. I n  the light, the rate 
of oxygen consumption decreased i n  the slowly shaken 
vessel; but i n  the rapidly shaken vessel, where the 
steady-state pressure 01CO, was lower, n o  action of 
light on  the rate of oxygen conslrmption was observed 
when the intensity 01the light entering the vessel was 
about 0.25 microeinste~ns/~nin, a n  intensity that mith 
adequately high CO, pressures gave high photosyn- 
thetic efficiencies ( 3  to 5 quanta per n~olecule 01O, 
developed). The shaking effect was reversible, the ac- 
tion of the light alternately appearing or disappearing 

about what happens in  the cell suspensions, cher~~ically with decreasing or  increasing shaking rate. 
o r  physically. The experiments may be extended to higher light 

Another factor that might limit the certainty of ef- intensities, but the higher the light intensity the more 
ficiency deterniinations is time. of illumination. The effective must be the removal of the carbon dioxide, 
shorter the time periods, the greater is the danger that  fo r  which the light and the alkali compete. The CO, 
the energy of some dark reaction contributes to the pressure required to yield liiaximunl respiration is 
oxygen production. The longer the time periods, the clearly below that needed for  effective photosynthesis, 
more certain are we that we have reached the thenno- where CO, functions as substrate and not merely cata- 
dynaniically desirable state i n  which the concentra- ly tically. 
tions of all cell constituents are  kept constant. Such experiments prove that the light did not in- 

From 10 min in 1923 (4) and 1 5  nlin in  1948 (5) me terfere with the process of respiration, either anticata- 
have now extended the time periods to more than 20 lytically o r  stoichiometrically by reduction of inter-
hr of continuous illumination with white light, produc- mediates. Light, when i t  compensated respiration, did 
ing continuous positive pressure, and have varied the so by producing oxygen, and because the gas exchange 
periods of the efficiency determinations with added red of photosynthesis happens to be the reverse of the 
light from 5 to 60 min. This great improvement was gas exchange 01respiration. Thus a question, old as 
possible because the horizontal motion of the rectan- the science of photosynthesis, has been answered by 
gular vessels did not damage the photosynthetic ca- the most simple 01experiments. 
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E s A n 1 r L 1 ~ : s  3. hlanolnetric vessels continuously illuminntecl for  27 h~. 
1, xanolnetric changes effected by red light I'Y l ight of aPDrosill1nlely colnp(~nsilting iutensity. 

com~~cns:~tet l  

~ c s s e l  method, culture unediun~ pII 5, 5% COz i n  air.  Zf t~~~'exl,erilllent, 


respir:tlion \rT:ls not by white Iigllt. Two- ?=3 for  tile added red light, a t  t he  begitruing and end 

'100 c. 
Vessel I v = 13.013, vr = 7.00 In  hours 1 to  4, respiration 


Vessel I1 o f = 17.933, v'r =7.00 compc~~satpd,  1 = 4.5 ( y  = - 1.0) 

Actinorneter 5.4 m1n3 Oz/min 


In llollrs 20 to  22, ~.csl>iration 

Yesst4 1 	 Vessel I1 cwnpensated, -
1 = 4.5 ( y  = - 1.0j
dJ 


10 min dark - 20 mm 10 min darli - 12 mm I n  Iiours 27 to  28, respiration 

' 2  '1'. 

" " 

- 2 3  
- 43 

" 
" " " - 10 " 

not cornl>ensatcd, -=  
1 3.6 ( y = - 1.27)" " " " " - 11 " 	 9 

2 '  " " -"3 " " I' 	 - 11 "' I  

4. 	 Comparison of same culture in M/10 carbonate buffer (pl-l 
9) and in  culture n~cdium (g11 5 ) . *

40 rnin tlarlt - 9 3  mrn 40 mi11 dark - 44 rnrn 

ILed light, 630-660 m p. I -0.25 microeinstcins/min 20° C.10 nlin light - 1 7  mln 10 rnin light - - 7 rnm 

" " " -13 " 

' 2  '1 6 '  - -
I 

' C  (Ln:lntum reqiii~emcnt -1 = fo r  the  added red lizht. 

" 'C  6 '  - 1.L " " " 2 '  - -I " @ 0 2  


" " " -I.-, " " " - 7  " 
111 carbonate buffer, resr>iration corn- 
C 6  

- pensilted by rnlllte light,  -i=10.5
40 mi11 light - G l  nlnl 40 nrin light - 28 lnln @ 


.- - I u  culture medium, respiration corn 

Light action + 34 illnl 1,igllt action + 16 inn1 	 1yensated by white light, -= 3.9 ( y  = - 1 . 0 )
-. .- -~ -- --	 9 

aOpin 40 inilr + 51.6 rr1111~ 
I o c:~rbonate bi~ffer, respiration not 


--;-- 9.8 
a,., in 40 mi11- 53.7 nml" co~npensntetl 


111 culture mediuin, respiration not  


compcnsaled $=3.6 (7 - - 1.18) 
2 .  RI:lnomrtric pressure changes effected 	 by red light at P 

Iri carbonate buffer, respirntion not
20" C ,  1~11c~t1rcsl,ir:1lion was orerconipensate(1 by wliite 

l ig l~t .  pII 3.0. 5% COz in air.  for  red light 
Ac t i t~on~e te r  
5.4 111m" 02/111in. 

f I t  :nay be gathered from this  esarnple t h a t  the  efficienc~ 
\-.xsxc-l I v = 13.013, v f  = 7.00 

Vessel I1 v' = 17.0!)3, I>',- 7.00 	
in tile o ~ ~ l ~ i i t u r ; ~ l  cnrbol~ate  butrer is only :I frt~ction of the  

vfiici(.~~cyin crtlture m ~ d i u m .  i\I;lny inrcsti;:itors believed 

tha t  the elliciencies in both solutions wele egual. :lnd th i s  


\'esscl 1 was one of the re;~sons wlry the  quantum requirement of 4 
5 mi11 white + 18.6 mm 5 rnio white + red + 2'1 rnrn w:ts (11-llied by tllenl and the  figurcs 10 to  12 accepted a s  
' 2  " 

" + 18.0 " 6 '  " " " .t-22.r, " rnasin~nl. 
" " " + 1 G..' " " " " 	 " + z 2  " 

L '  " 
" + 17.5 " 

" 8' " " + '10.5 6 .  5. Results by "ressel method f o r  a series of csperimentb 
" " " + 17.0 " 

" " " 6 '  + 23.0 " t l i i~ t  \\-ere c:~rr~irrl out froin I1I:ly 2G to .Jn~re 1G of this  year, 
-	 at 3' C, in c r~ l tu re  riirdium a t  pII 3, wit11 a n  intensity 
2.5 	 min white + 87.5 mm. 25 inin \vhite + rid + 110 mn1. of rt.d l i c l ~ t  not exceeding 0.23 microeinstei~is/min. No es- 

-- prrilnent is omi t t~ t l .  
I 

Artion of red light + 22.5 inln ill 25 mill. 

Vessel I1 

5 mi11 white + 14 mm 5 tnin Tvlrite + rcvl + 15 tnirr 

8' " 

" + 14 " 
3 '  " ' 8  

" + 16.5 " 

., 6 '  ' 2  + 12.5 " 

' 6  " " 
" + 16.5 " 


" '3 " ' 4  ' 4 
" + 14.0 " " + 14.0 " 


" " 
" +11.3  " 

" ,' " " -t- 15.0 " 


' 6  ' 6  " + 12.0 " 
" ' 4  C '  " + 14.5 " 


30 min white + 78 mm. 30 min white + red + 91.5 mm. 

Action of red light + 13.5 nlm in Y O  mill. 

in  25 nlin + 30.2 mn13
aOA 	 } . = ~ = - o . .  sco, in  25 rnin - 27.2 nim" 


1 ILV 25 . 5.4 - 4.5 3.5 - 1.27 

-=-=--
9 0 s  30.3 4.2 - 1.00 

For the  same culture, when tlre respiration was not com- 3.0 - 1.33 
pmsated by white light,  we obtilined - -. -.-- -. -- -~ 

1 - ' a ~ - GO . 5 . 4  - 4.6 
Average . . ... . 3.7 - 1.08 

9 0% 70.4 

nod 7 = -'CO - - 0.8 
* Respiration overcompensated by white light fronl ahow. 

(): t Eespiration compensntetl by white light from ahorf.. 
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I t  lllay be gathered from Exarnple 5 that the quan- 
tum requirel~ient for  carbon dioside consumed can be 
equal to or s o l ~ ~ e ~ v h a t  greater or sinaller than the re- 
quirement fo r  oxygen produced. F o r  we have 

. . 
a ~tlagnitude which here fo r  the first time, to our 
knowledge, has been determined in nutrient medium 
at low pPI (about 5) ,  and has been found to approxi- 

Yet the quantum requirernent fo r  oxygen is the more 
fundall~ental energy iileasure, because there 1s only one 
reaction in pl~otosynthesis that produces oxygen-the 
photocherllical rexction (decomposition of water) ; but 
there are  many different dark reactions that consuine 
carbon dioxide to foriri a great variety of products. 
Thus if, as an extrcrne case, oxalic acid were formed 
from water and carbon dioxide y f o r  this cornpound 
would be - 4 and the quantum requirement fo r  carbon 
dioxide mould br only one-fourth of the reqlliremrnt 
for oxygen. 

CONCLUSION 
I t  fol1011-s from the data obtained1 that in  the spec- 

tral region 630 to 660 mp. no more than 4 quanta are  
required to produce one molecule of oxygen gas. A 
require~iient of 3 quanta is open to serious considera- 
tion, although thus f a r  the average value in our ex- 
periments has been nearer 4 than 3. 

A quanturr~ rcquirernent of 4 means that the effi- 
ciency of the energy transformation in our experi-

l Reported in gvcnter exprrimcntnl drtnil in Biochem. e t  
Riopl~gs .  -4ctr1, October 1949 (JIcyerlrof-I"estsc111.iftrolumc~); 
Arch. Biochem., September 1949;  nnd a t  nreeting of Society 
o f  General Physiology, TVoods Ilole, Massachusetts, .Tune 
1948 

112,000 x 100
lrlents was 4 44,000 - 65 percent, a p p r o x i ~ ~ ~ a t e l y  -

whereas the quantum number 3 would mean a n  effi- 
ciency of about 85 percent. 

I n  any event, under favorable conditions the greater 
par t  of absorbed light energy can be transforiiied in  
green cells into chemical energy, and this is, to quote 
the man who laid the foundation of quantitative pho- 
tocherilistry, "a marvellous achieverucnt of nature" ( 2 ) .  

ADDENDUM 
Quantum requirernent determinations mere demon- 

strated to, and carried out with the aid of, the stu- 
dents of the physio!ogy class a t  the Woods IIole Ma- 
rine Biological Laboratory on Ju ly  19 and 20. 
Requireinents of 3 to 5 quanta per molecule of oxygen 
gas produced in photosynthesis were observed on these 
two days. The respiration was overcompensated sev- 
eral folcl by light of unrneasured intensity from a n  
incandescent larnp used with or without red filter (cut- 
off a t  5 560 inp.). I n  two closely compi~rable, consecu- 
tive experiments, quantum requirements of 3.0 and 3.5 
were obtained from measured red light (630-660 mp) 
when the overcoinpensating light entered the mano-
metric vessel as, respectively, white light from above 
and filtered red light from bclow. I n  the latter in- 
stance the cells mainly responsible f o r  overcompensa- 
tion by unrneasurcd light mere identical a t  any given 
nlorr~ent with those receiving the added measured red 
light. The absorbed measured red light was but a 
fraction of the total energy flux absorbed, most of 
which was absorbed in the first millimeter of depth. 
The aid of students Jack Durell, Ricllard Iclein, Bur- 
lyn AXichel, and Martin Schwartz in  carrying out 
various of the class experirnents is acknowledged 
gratefully. 
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