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ABSTRACT 

Amont the different opinions on the photoe1ectron transport scheme. 

the II photo1yt ll hypothesis and the Hi11-Benda11 scheme of photoelectron 

transport are the major ones. These b/O hypotheses were discussed and 

compared on several aspects of photosynthesis. In order to test these 

two hypotheses. the quantum requirement in photosynthesis and the effect 

of.light quality on photosynthetic product distribution were studied. 

~'easurement of the quantum requirement in photosynthesis consists 

of measuring the amount of oxygen evolved and the amount of light energy 

absorbed by the algae. The amount of oxygen was measured elec·tronically 

with an oxygen analyzer. which determines the paramagnetism of the gas 

mixture. Therefore. the ambiguities stemming from the interpretation 

of manometric data are avoided. Light measurement requires the use of 

a photoce11. whi ch is cal i brated against a cal ibrated thermopi leo The 

calibration of the photocell against the thermopiles requires a reference 

light beam, which has to be (i) monochromatic. (ii) cOnstant. (iii) uni

form, and (iv) large enough to cover the entire detecting surface of the 

thermopile. The reference light beam which meets all these requirements 

was achieved by using filtered sunlight. The probable error in all 

aspects of the determination were discussed and uncovered a likely cause 

of error in the previously reported quantum requirement by a similar 

method. In the present study, all of the obtained values of quantum 

requirement are above 8, which favors the Hi11-Senda11 scheme of photo

electr~n transport. 

The study of the effect of light quality on photosynthetic product 

distribution requires the comparison of photosynthetic products formed , 

, 
"1 
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by algae illuminated with different wavelengths of light. Such compari

son requires algae of the same kind and the same age to photosynthesize 

under identical conditions with one variant, the wavelengths of the 

illuminating light. Thus. the differences are solely due to the dif

ference in the wavelengths of the illuminating light. This is achieved 

by havin~ the algae carry their photosynthesis in a pair of "twin cells" 

which consist" of two compartments containing the algae suspension. 

A1gae photosynthesis in these two compartments of the bJin cells have 

a comnon gas phase. Therefore, algae suspensions from the same batch 

can photosynthesize under identical conditions. with the exception of 

\the wavelengths of the illuminating light. 

Since the resul ts of the second experiment do not support the con

clusion of the first one, several explanations are proposed, and experi. 

memts on far red light stimulated cyclic photophosphorylation were done 

to test the validity of these explanations. 

,<r 
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I. INTRODUCTION 

"Photosynthesis", as the word implies, can be divided into two 

parts l-3 ... _a "photollpart in \'1hich light energy is converted into chemical 

energy, and a II synthesis"part in which the generated chemical energy is 

used for the reduction of C02. The study of photosynthesis can. there

fore, be divided into areaS: 

1. The study of photochemical reactions in which light energy 

is converted into ass1mi latory rower.4 

2. The study of biosynthetic reactions in which the qenerated 

ass 1mil atory power is util ized for the reducti on of C02 into 

various compounds. 5•6 

The second process in which. C02 is reduced to various compounds has 

been studied in great detail. The photosynthetic carbon reduction cycle 

proposed by Calvin and his colleagues/'S together with the various 

known biosynthetic pathways9-l2 have provided us with a clear picture 

of the path of carbon in photosynthesis. 

Hm"ever. the first process in which light energy is converted into 

assimilatory power is not so clearly understood. 13- 15 Among the various 

hypotheses concerning the photochemical reactions, there are two major 

ones. They are the IJ photolyt" hypothesis proposed by Warburg16- 18 and 

the '~two light reactions ll hypothesis based on the Hill';'Bendall scheme19 •20 

of photoelectron transport. 

The two hypotheses have different assumptions with regard to the 

course of primary photochemical reactions. They differ in several 

aspects of photosynthesis .. -e.g •• the ori9in of the oxygen evolved. the 
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value of quantum requirement. and the qeneration of assimilatory power. 

,The rest of this chapter will be devoted to the discussion of these 

two hypotheses. Experiments included in Chapters II and III are designed 

to verify the validity of these two hypotheses. However. a comparison 

between the ,results of Chapte~ II and III shows inconsistency. This 

apparent ,inconsistency is investiqated in Chapter IV. 
; 

A. The "Photolyt" Hypothesis 

1. The quantum requirement in photosynthesis 

Warburg and Negelein 15.21.22 were the first to study the quantum 

requirement of photosynthesis. The quantum requirement obtained in their 

first series of determinations was 4-5 einsteins of photons per mole of 

C02 fixed. 22 Based on the free energy calculation of the following 

equation 

6F = +112 kcal/mo1e 

the absorption of one mole of C02 represents the fixation of 112 kcal of 

,eneY'qy. The efficiency in energy conversion by photosynthesis can be cal

culated by the following formula: 

6F 
Q.R. x Nhc/>. 

Since the wavelen~th of the red light used by Warburg was 660 1Tlli. the 

effi ciency in ene,rgy conservati on by photosynthesis is 

l12~000cal - 65% 
4 x (N c/660 ~) -

Since many investigators14.23-25 outside the Warburg school claimed 

that they were unable to reproduce the low quantum requirement reported 

by Warburg. \~arburgand coworkers redetermined the Quantum requirement 

'v 
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using a modified technique. and arrived at a quantum requirement of 

2.76,26 which represented an efficiency cf 93% in energy conversion. 

2. The hypothesis 

Burk and \,Jarburq16-l8 considered that the fixation of C02 into 

carbohydrates is a primary photoreacti on. It should requi re on ly one 

photon for the fi xati on of one mol ecul e of C02. However, the free 

enerqy change upon the conversion of CO2 into carbohydrates, together 

with the evolution of 02. is 112 kcal per mole, and the energy of one 

einstein of red light (= 660 m~) is only 43 kca1; one photon-is there

fore unable to promote the following reaction: 

F = +112 kca1/mo1e 

(assuming the (CH20) is at the same reduction level 
as carbohydrates) . 

Burk and 14arburg accounted for the energy deficit in this reaction by 

their "photo1yt" hypothesis. 16 ,18 

A "photo1yt"27.28 is an activated CC2 complex, \'-Jhich is formed by 

activating C02 (orH2C03) by the following reactions: 
respiration 

(CH20) + 02 ) CO2 + H20 + energy 

where (CH20) ~epresents compounds oxidized in respiration, -~-H2C03 is 

the bi carbonate i on bound ins ide the ce 11, and ---H2C03* is the "photo

lyt" formed by utiliz;ngthe energy released in respiration. Accordinq 

*The "photolyt" has never been isolated. ---H2C03 is a hypothetical 

intermediate. namely, H2C03 bound in a complex ~'/hich is converted into 

---H2C03*. the "photolyt"tupon the absorrtion of the energy released in 

resriration. 
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to the' hypothesis. the "phot01yt"is an oxygen precursor which splits 

into ---(CH20) qnd 02 upon the absorption of a photon. Since one photon 

of (60 m\.l light (e=hv=43 kca1/mo1e) is able to promote the reaction of 

F :: 112 kca1 

the free energy of formation of the "photo1yt" must be (112-43) = 69 kcal 

higher than that of H2C03. This 69 kcal of free energy required for the 

activation of the H2C03 is provided by the oxidation of 2/3 mole of 

(CH20) in respiration. 

Assuming the reduction' level of ---(CH20) is the same as that of 

carbohydrate. the oXidation of 2/3 mole of ---(CH20) will release .'. 

(112) x 2/3 = 74 kca1 of energy. which is more than enough to make up 

the enerClY defi cit in the a.ctivati on of---H2C03 into ---H2C03*. pro

vided that energy transfer and utilization is highly efficient. 

The "photolyt" hypothesis can be summarized in the following equa

tions: 

---H2C03* + hv ---to) ---{CH20) + 02 

2/3 ---(CH20) + 2/3 02 

---H2C03 + 70 kcal 

--~) 2/3 C02 + 2/3 H20 + 70 kca.l 

--..,., ---H2C03* 

The overa 11 proces s 1/3 ---H2C03 +~. ~ 1/3 --- (CH20) + 1/3 02 

Since one einstein of photons (Nhv) promotes the reduction of only 

1/3 mole of CO2• the theoretical quantum requirement of C02 uptake is 

1 einstein of photon = 3 
lj3mole of CO2 consumed. . 

If the ratio of y= C02:: 1. the theoretical quantum requirement for 
°2 

02 evolution will also be 3. 

.V 
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3. Experimental evidences for the "photolyt" hypothesis 

The "photolyt" hypothesis indicates that the theoretical quantum 

remdrement for the. reduction of one mole of C02 is 3 or less. The value 

of quantum requirement in Chlorella photosynthesis first reported by 

!~arburg and cO"JOrkers was between 4 and 5. After 1946, ~!arburq and co

workers determined the quantum requirement with improved technique and 

arrived at the value of 2.76 photons per mole of 02 evolved or CO2 uptakeo 

This \A/as indeed a very stronp support of the "photolyt" hypothesis. 

The validity of the 'i photolyt" hypothesis was fUrther supported by 

the acid fluoride and initial oxygen evolution experiments, which gave 

indirect evidences for the existence of the "photolyt". 

a. The acid fluoride experiment29-32 

Evidenc~ concerning the existence of the "photolyt" comes 

from the acid fluoride (hydrogen fluoride) experiment of Harburg and his 

colleagues. 15 . In their experiment.3l ,32 four identical ~Jarburg vessels 

\I/ere set UP. each containing 2.0 ml of 5% Chlorella in culture medium. 

The gas phases of these vessels were: 

Vessel I 20% CO2 in air 

Vessel II 20% CO2 in air 

c. Vessel III 20% CO2 in argon 

Vessel IV argon free of CO2 

After these vessels were shaken in the dark for half an hour. acid 

fluoride (HF) was tipped from the side arms of the vessels II. III. and 

IV •. Vessel I was illuminated with bright red liqhtfor 5 min, and acid 

fluoride was then tipped in. (In all cases. enough acid fluoride was 

added so that the final concentration was hiqh enough to stop respiration.) 
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Upon the addition of acid fluodde, there Has an increase in pres

sure in all vessels. as indicated by the manometer. This in~rease in 

pressure was found due to an outburst of C02. The amount of C02 release 

in each vessel is shown in Figure 1-1. 

According to Warburg and his collea~ues. the CO2 released in vessel 

IV represents the amount of free glutamic acid in the Chlor-ella cells.33 ,34 

because HF stimulates an enzymatic decarboxylation of glutamic acid. The 

C02 released in vessel III represents the amount of glutamic acid and CO2 
bound as bicarbonate when the gas phase contains 20% C02. The CO2 
released in vessel II represents: 

(i) the amount of free glutamic acid in the cells, 

(ii) the CO2 bound as bicarbonate. and 

(iii) the aerobically bound C02' which is identical to the activated 

complex of CO2• the "photolyt"~* 

The CO2 released in vessel I represents: 

(i) the amount of free glutamic acid in the cells, 

(ii) the CO2 bound as bicarbonate, and 

(iii) the small amount of "photo1yt" remained in the. cell after 5 min 

illumination in bright red 1ight.* 

The explanation 15,32 for the above phenomenon is that during incu

bati'on in the dark there was respi rati on in vessels I and II, but not in 

vesse 1s I II and IV because vesse 1 s II I and IV contained no oxygen for 

respiration. Hence, upon the addition of acid fluoride, the excess CO2 
evolved in vessel II over that of vessel III was defined as aerobically 

*See appendix I for alternate explanation. 

1\ 
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bound C02. In the opinions of Warburg and cow'orkers. this aerobically 

bound C02 is identical to the "photolyt". the activated CO2 complex 
, 

H2C03*. \'1hich can be formed in the dark if energy is provided from res-

piration. Upon the addition of acid fluoride. the "photolyt" was decom

posed and the aerobica11y bound C02 \olas therefore released. Upon il1umi

;nation of vessel I. there was an evolution of 02. The amount of this, 

02 exceeded that of the C02 by an amount approximately equal to the 

difference in aerobically bound CO2 released between vessels I and II. 

Therefore. the nature of the aerobically bound C02 can be represented 

by the following equation: 
. HF . hv 

H20 + CO2 ( ~ H2 C03* ) ..... -( CH20) + 02 

By using different amounts of acid fluoride33 •34 to control the 

~mount of "photolyt" remaining in the cells. Warburg showed the stoichio

metric relationship between the "photolyt" and the 02 evolved.27.35.36 

This provided him additional evidence to identify the "photolyt" as an 

oxygen precursor. . ~, 

b. The initial oxygen evolution and enhanced respiration . 

Quantum requirement measurement on the initial oxygen evolu

tion of Chlorella which had been incubated in the dark showed that it takes 

only one photon for each 02 molecule evolved. 26 Harburg took this as 

evi dence for the one quantum 1i ght react; on of the "photolyt". 

Moreover. he observed that there was an enhanced 02 uptake right 

after illumination. 37 •38 He regarded this as evidence for the formation 

of "photolyt" in the dark with energy provided by respiration. This 

process ;s the dark reactions in his "photclyt ll hypothesis. 

• 

• 
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respiration 

2/3 ---(CH20) + 2/3 02 ~ 2/3H2C03 + 70 kcal 

c. Composition of the II photolyt ll 

An examination of Figure 1-1 indicates that the amount of 

aerobically bound CO2 and free glutamic acid is the same.3 l ,32 Oeter-~ 

mination on the chlorophyll and free glutamic acid content of several 

algae showed that the ratio of aerobically bound CO2:glutamic acid: 

chlorophyll = 1:1:1. 36 This important discovery suggests the possibility 

of a, complex formed ",lith C02. g1utamic acid, and chlorophyll. Hence. the 

II photolyt ll can be represented by (chlorophyll-glutamic acid-C02). How

ever, it must be noted that the symbol gives no more information than 

the stoichiometric relationship among its components. 

B. The Hill-Bendall Photoelectron Transport Scheme 

Although ~'arburg had experimental evidences to support his II photolyt ll 

hypothesis. many investigators outside the Warburg school 14 were unable 

to reproduce many of the experiments reported by Warburg and hi s co

workers. Typical examples are the low quantum requirement23 in photo

synthesis and the acid fluoride experiments. Furthermore. there are I 

many experimental phenomena39 •40 which at'e unable to be explained by the 

"photo1yt ll hypothesis. Among them. the enhancement4l - 43 and the chromatic 

transient44 •45 effects are the typical ones. 

1. The enhancement effect 

In 1943 Emerson and Lewis measured the quantum effi c1ency of 

Chlorella photosynthesis as a function of wavelenqth. 23 The action 

spectrum (Fiqure 1-2) shows that the quantum efficiency is constant over 

the ranqe from 580 rm.a to 680 mlJ. The dip at 480 mlJcan be accounted for 
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by the absorption of carotenoid. which is unable to promote photosyn

thesis. However. not only the low quantum efficiency (high quantum 

requirement*) but also the severe drop at wavelengths slightly longer 

than 680 ITllJ were unexp'ainable by the "photolyt" hypothesis. because 

the absorption of chlorophyll !. is still high in that region. Further

more. Emerson and co\</orkers41 found that the addition of short wave

length light enhances the quantum efficienty of Chlorel1a photosyn

thesis at long wavelength red (over 680 mlJ) to the limit of short wave

length red (580 mlJ to 680 1TllJ). (See Figure 1-3). 

2. The chromatic transient study 

The chromatic transient (Figure 1.4) was discovered by Blinks.44 •45 

who adjusted the intensities of the two light beams (650 mlJ and 700 mlJ) 

so that they gave equal steady rates of photosynthesis ,when used 

separately. Upon substituting one beam for the other he observed a 

transient disturbance in the time course of oxygen evolution~ 

Myers and French42 •49 studied the action spectra of enhancement and 

chromatic transients with background light of 700 m1J; when plotted on 

comparable scale. the action spectra of these effects in Chlorel1a were 

identical. All these observed effects cast doubt on the IIph'oto1yt" 

hypothesis. 

3. The Hil l-Benda 11 photoelectron transport scheme 

Based on experimental evidences. as well as thermodynamic calcu- i 

lations. Hill and Benda11 19 proposed a photoelectron transport scheme 

*Ca1cu1ation from the action spectrum in Emerson's measurement shows the 

lowest quantum requirement is more than 10. while t4arburg'svalues are 

below 4. 
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"enhancement" experiment. 
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which consists of two light reactions instead of one. The photoelectron 

transport scheme \,/hi ch is now called the Hi ll-Bendall scheme of photo

electron transport, can be represented by the following diagram. 20 

(Fiqure 1 ... 5). 

The exact nature of X, Y, p. and Q is hot knOWh. X must be a very 

strong reducing agent with a potential at least -0.74 V. since isolated 

chloroplast was found to be able to reduce viologen V ... 740 50 (1,1'

trimethyl-4.4'~dimethyl-2.2'-diphridy1ium dibromide) , which has a 

reduction potential of -0.739 V. It has been suggested that Q is a 

kind of plastoquinone with a potential of 0.0 V. P-700 may be identical 

to Kok's P-700.56 which is an aggregate of chlorophyll! molecules in 

special binding states, and can be oxidized only by chemicalS of oxida

tion potentials above +0.45 V. Very little is known about Y, which is 

probably also an aggregate of chlorophyll! molecules and its oxidized 

foY'm should have a potential strong enouqh to oxidize water to oxygen 

(0.815 V at pH7 and 25°C). 

4. Explanation of the "Red Drop" and '''Enhancement'' effect 

Both the "red drop" and "enhancement" effect strong1y SUClgest 

the existence of two light reactions in the overall photoelectron trans

port. 57 Long wavelength red light is probably inefficient i.n promoting 

one of the photoreactions which requires higher enerqy. so that the 

quantum yield of Chlore11a photosynthesis drops severely for wavelengths 

longer than 680 mlJ. Apparently, the short wavele,ngth red light is able 

to promote both photoreactions efficiently. If both the long wavelength 

and the short wave1enqth red 1 ight are present, the short \.,ravelength red 

light will be used to proMote the more difficult photoreaction. leaving 

the long wavelength red light to promote the other one. In this case. 
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Fi (Jure 1-5. Di aClrarrmati c representati on of photoelectron transport 

in chloroplasts as a composite of two lir,ht reactions 

and dark reactions. 

(The liqht reactions are inrlicated by open arrows, the 

dark reactions by black arrows. Standard redox potentials 

of some of the intermedi ates are indi ca:ted on the adjoinino 

redox scale.) 



the long wavelength red light is used as efficiently as the short \'Iave

length one. This explains the "red drop" and "enhancement" effect in 

photosynthesis. 58 

5. Explanation of the "Chromatic Transient" effect58 
, 

The work of Myers and French42 ,49 indicated that both the 

enhancement and chromatic tran~ient expressed identical action spectra. 

In the overall photoelectron transport, the product of one light reaction 

may be the substrate for the other. Illumination by light, which 

preferentially promotes one of the light reactions, may result in an 

accumulation of a substrate for the other. Therefore, upon changing to 

the other light beam, which preferentially promotes the other light 

reaction. there is a transient in the time course of oxygen evolution. 

This explanation is further supported by the fact that the shape of the 

transient is somehOW reversed, if the sequence of the light beams app1ied 

is reversed. It indicates that illumination by one light beam may lead 

to an "overdraw" of the substrate. Consequently, a reverse transient 

occurs upon sWitching to the other light beam. 

Studies on chloroplasts lead to the identification of t\-/o light 

reactions.3.55.59.60 Photoreaction I can be 'promoted by long wavelength 

red. which is unable to promote photoreaction It. Inhibitors studies6l 

indicate that photoreaction I is coupled to the reduction of NADP+ while 

photoreaction II is coupled to the oxidation of \'/ater. The action spec

trum of chromatic transients as well as studies on chloroplasts62 .. 64 

indicate that the center for photoreaction I is rich in chlorophyll it 

while that for photoreaction II is rich in ch10rophyll~. The center 

for photoreaction I together with its pigment system is called photo

system I. and that for photoreaction II with its pigment system is 
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called photosystem II. 

C. "Phosphoryl at; on 

Accordina. to the "photolyt" hypothesis, all absorbed light energy 

is used to split the "photolyt" into 02 and (CH20). The eneroy required 

to activate the C02 comes from respiration. Additional energy in the 

form of ATP required for the conversioncf (CH20) also comes from res-

pi rati on. 65,66 Therefore. there is on ly one kind of phosphorylation-

oxidative phosphorylation in respiration. 

In the Hill-Bendall scheme of photoelectron transport. some of the 

energy released durinq the dm'lnhill electron transport from Q to P is 

conserved as ATP. Since the phosphoryl ati on of ADP to ATP accompanies 

the photoelectron transport, it is called photophosphorylation. It is 

also called reductive phosphorylation to distinguish it from oxidative 

phosphorylation. in which the energy required for phosphorylation comes 

from oxidation of substrates. 

Studies in chloroplasts have led to the di5covery of two kinds of 

photophosphorylation. 67 Arnon defined non-cyclic photophosphorylation 

as a process by which ADP is phosphorylated to l\TP when electrons are 

transported from water to NADP+.1 Additionally, photophosphorylation 

may occur in a cyclic process involving no substrate reduction. 68 ,69 

The acti on spectra of these two kinds of phosphoryl at; on indi cates that 

non-cycli c photophos phoryl ati on requi res the cooperati on of both photo

reacti ons I and II, 59 whfle cyc1 i c photophos phoryl at; on requi res on ly 

photoreaction 1. 55 •59 
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II. QUANTUM REQUIREMENT IN PHOTOSYNTHESIS 

A. Introduction 

According to the "photolyt" hypothes is t the quantum requi rement in· 

photosynthesis is 4 or less; whereas the Hill-Bendall scheme of photo

electron transport indicates that the theoretical quantum requirement is 

8. ;md the actual value will probably be more. Based on his inhibitor 

studies on chloroplasts. Arnon70 •71 proposed a photoelectron transport 

scheme which consists of only one reaction. This will also lead to a 

quantum requirement below 8. 

Quantum requirement with values belm'J 4 had been reported by 

Warburn and his colleaques;26.72 whereas values above 8 had been reported 

by Emerson et al. 24 Values between 4 and 8 had been reported by Bassham 

and his co\</orkersJ3 In order to explain the result of their measurements, 

Bassham had suggested that photoreaction II in the Hill-Bendall photo

electron transport scheme mi ght be a "two electrons per photon" reacti on, 58,74 

so that the theoretical quantum requirement should be 6. 

1. Theoretical quantum requirement of various proposed photo

electron transport schemes 

The various proposed photoelectron transport schemes 14 •15 ,74 

can therefore be divided into three types in terms of stoichiometry, if 

light is included as a reactant (Figure 11-1). 

The photoelectron transport scheme shown in Fi gure II-l'A cons ists 

of bJO light reaCtions: photoreaction I (hvl) and photoreaction II (hvII). 

In the .pho~ochemical process of photosynthesis a photon is required to 

promote one electron from water to Q (plastoquinone?) by '-lay of photo-
I 

reaction II. The electron is then transported by some exoqenous reactions 

.. 
" 
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to P (P-700?). An additional photon is required to promote that electron 

from P to X by way of photoreacti on I. Therefore. the overall process 

requi res two photons for the transport of one electron from ~'!ater to the 

terminal electron acceptor X. 

The photoelectron transport scheme shown in Figure II-1B also con

sists of bfO liqht reactions. However, in photoreaction II. a photon is 

able to promote two electrons from "'later to Q. These b/o electrons are 

then transported from Q to P by some exoqenous reactions. Similar to 

the photoelectron transport scheme shown in Figure lA. the excitation 

of each of these two electrons from P to X requires one photon. There

fore it reC1ui res t\tIO photons from the transport of two electrons from 

P to X. The overall process requires 1 + 2 = 3 photons for the trans

port of two electrons from water to the terminal electron acceptor X. 

In Fi!1ure II-1C-a. the photoelectron transport scheme consists of 

only one light reaction. It requires only one photon for the complete 

transport of one electron from water to the terminal electron acceptor X. 

The scheme shown in Figure II-1C-b is similar to that in Figure 

II-1C-a except that the origin of oxygen is from H20 instead of C02. 

This scheme is proposed by Arnon70 •71 to account for his observation 

that some inhi bitors have di fferent effects on cycl i c and noncycl ; c 

photophosphorylation. In fact, his observation only indicates that the 

sites for cycl i c photophosphoryl ati on are different from those for non

cyclic photophosphorylation. 

Since one molecule of oxygen is produced for every four electrons 

removed from ~"ater.* the quantum requirerrent of green plants l!1ay be 

* 4H20 4H+ + 40H-
40Fl- . 2H20 + 02 + 4e 

4X· + 4H+ + 4e _ 4XA + ' 
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defined as the number of photons required to generate one molecule of 

OxYrren from water, 

Each of these nroposed schemes has a di fferent quantum requi rement 

for the evolution of one molecule of oxygen from water. The scheme shown 

in"Fiqure II-1A /'.lives a quantum requirement of 8. the scheme shown in 

Fioure II-1B oives a quantum requirement of 6. and the scheme shown in 

Fiqure rI-1C gives a quantum requirement of 4. 

2. Values Of previoosmeasorementsonqoantom' requirement 

A qUitntum requi rement measurement would be ~ way torul e out 

some of the proposed schemes. HO\,Jever. despite the many reports on,the 

quantum requi rement of photosynthesi s, there is sti 11 no conclusive 

opinion on the actual values of this important nunt>er.24 

Values ranoint"/ from 2.8 to 4.5. which can be used to rule out the 

first and second photoelectron transport schemes. have been reported by 

Harburo and coworkers. 22 •26 Values around 7. which favors the second 

scheme, have been reported by Bassham and Shibata.24.70.71 V'a1ues above 

8, which favors the first scheme. have been reported by other workers. 24 

It is true that only the minimal quantum requirement bears theoreti

cal siqnificance. as it reveals the intrinsic properties of the photo

electron transport apparatus. However, the value of the quantum require

ment rerorted must also be reliable. For example, the low quantum 

requirement reported by Harburer is subject to uncertainties in his mano

rretri c measurement of oxyoen evol uti on. '·1anometri c measurement criti cally 

depends on the solubilities of carbon dioxide in solution. It is found 
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that some algae secrete into the medium a considerable amount of qly-

co1ic acid. especially at high light intensity.73 This will certainly 

aff2ct the reliability of the manometric measurement. Using an oxygen 

analyzer which measures the paramagnetism of oxygen, the rate of oxygen 

evolution measured by Bassham and Shibata ''las free from such uncertain

ties. However. the opal glass technique73 \-./hich they employed vias. based 

on the assumption that the same portion of li(jht would reach the detecting 

surface regardless of the diffuseness of the light incident to the opal 

glass. Whether or not this assumption is correct depends on whether the 

diffusing pm-Jer of the glass used scatters the incident liqht sufficiently. 

Since it is found that the thin piece of opal glass they used is unable 

to diffuse the light sufficiently. their measurements are subject to 

some uncertainties in the calibration of the photocell. 

Many other reported values of low quantum requirement (belot-J 8) 

\-lere the result of arbitrary correction for respiration durino photosyn

thesis.74 The rate of respiration durinQ photosynthesis has been 

measured by Brown.75 using 18C02 and 14C02 isotopes. H~!ever. the 

various assumptions he made and the scattering of his results prevent 

one from taking his data as quantitatively reliable. 
J 

Studies on ch1oror1asts by Sauer, Park, and Kelly76,n have given 

evidence for the existence of b/o liqht reactions, and it requires one 

photon for each of the two liqht reactions in the photoelectron trans

port scheme. 5 It therefore favors the photoelectron transport scheme 

shown in Figure II~lA. This will lead to a quantum requirement of 8 for 

the evolution of one oxygen molecule. However. studies on chloroplast 

or other subcellular particles are subject to the possihi1ity of working 
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on a system which has lost some of its original activity. The addition 

of artificial electron acceptors and inhibitors in most investiqations 

disturbs the physiological environment of the plant. 

Therefore. it is the purpose of the present experiment to study the 

quantum requi rement of photosynthes is in vivo so as to test the val idity 

of each of the schemes proposed and to reinforce the observations found 

in chloroplast and other subcellular particles. 

B. Oiscussion of the· Experiment 

1. Choice of plant 

Chlorella pyrenoldosawas chosen for quantum requirement because: 

(i) it is so small that a large number is used every time; therefore, 

individual variation is eliminated, 

(ii) it is readily available and can be handled easily, 

(iii) it has a very fast rate of oxygen evolution so that measurement 

of oxygen evoluti on can be done in a short time. and 

(iv) it has the ability to grow under varying conditions bf nutrient 

supply, level of carbon dioxide, temperature, and light inten

sity. 

The photosyntheti c rate of the a,lgae depends on: 

(1) tempe rature. 

(ii) the supply of nutrients, 

(iii) the supply of carbon dioxide. and 

(iv) the supply of light energy. 

In the quantum requi rement measurement the only 1 imitingfactor ' 

should be the supply of liqht ener9Y. because only under such condi

tions can the yield of enerqy conversion be determined by the intrinsic 
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properties of the photosynthetic apparatus. At the same time, the light 

intensity must be hiqh enough to produce a photosynthesis rate several 

times greater than the dark respiratory rate, so that the uncertainty in 

the liqht respiration rate becomes less of a limitation on accurate quan-

tum requirement measurement. 

2. Effect of temperature 

Between 15°C and 25°C the effect of temperature becomes appre

ciable only at high light intensities (I>Is in Figure II-2). At light 

intensities at which the rate of oXYQen evolution is linearly propor

tional to the light intensity, the rate of oxygen evolution at 15°C and 

25°C is practically the same.78 The quantum requirement measurement was 

done at a temperature of 20°C, which was the same temperature at \'/hich 

the algae culture was qro\'m at our laboratory. 

3. The supply of nutrients 

The medium used to suspend the alpae is a buffer with a pH of 

5.1. It is similar to Myer's medium. which contains all nutrients kno\'m 

for optimal, growth of the Chlorella. The composition of this buffer and 

that of Myer's medium is shottm in Table II_1. 79 

4. Carbon dioxide level during photosynthesis 

Bassham and Sh1bata70 found that the rate of photosynthesis at 

4% CO2 was only 5% higher than that at 1% C02. Therefore, the photosyn

thetic rate under the light condition used for quantum requirement 

measurement can be considered to be saturated with respect to C02 at 

levels between 1.5% and 4%. The C02 level was about 3.5% at the begin

ninp of each measurement, and about 2% at the end of each experiment. 

, .. 
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Table II-1 

Composition of r1yer's medium and the medium used for 
suspending the algae 

Components 

KN03 

MqS04 

KH2P04 

Fe Verseno1 

Concentration of ~edium used 
. in the present experim~nt 

5 x 10-3 M 

1 x 10-3 M 

1 x 10-3 M 

1 x 10-3 M 

0.lx10-3 M 

*Arnon's A-4 with 
Cu and '·10 1 x 10-3 M 

5.1 pH 

*Arnon's A-4 with Cu and Mo: 

5. The supply of 1iQht enerqy 

'Concentraticln of modified 
J. r~y_er's medium 

12 x 10-3 M 

10 x 10 .. 3 M 

9 x 10-3 ~1 

1 x 10-3 M 

1 x 10-3 M 

1 x 10-3 M 

5.3 

0.079 g/1 
2.86 g/1 
1.8 gil 
0.222 gil' 
0.040 g/1 
0.015 g/1 

In order to insure that the limiting factor during ~uantum 

requirement measurement is the intensity of the illuminating light. we 

measured the rate of oxygen evolution at vadous light intensities. 

The curve shown in Figure II-2 shows that the rate of oxygen evolution 

is directly proportional to the light intensities until it reaches a 

value of 18 ~moles/~in 9 of wet packed alaae. Since the amount of 

algae in the cell is .30 x 0.4% = 0.12 g. the rate of oxygen;evo1ution 

durinq CJuantum requirement measurement should not exceed 2.16 lJmo1es/min. 

~I 

.. 
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Monochromatic light has to be used so that the number of photons 

absorbed by the algae can be measured by i photocell. In the present 

experiment. the monochromatic light 1s provided by an incandescent lamp 

and set5 of interference filters. Infrared absorption filters (Corninq 

1-69) were employed to cut down the large amount of infrared from the 

incandescent lamp. Hater cooling is applied to protect the infrared 

absorption and interference filters. 

The desired wavelength of the monochromatic light used is 625 mlJ. 

This is provided by a combination of two sets of interference filters 

(from Baird-Atomic Incorporated) •. The first set consists of four pieces 

(each 2" x 2") of interference filters (B-3X) \'/hile the second set con

sists of four pieces (each 2" x 2") of infrared blocking filters (B-2X). 

The transmission curves for the interference filter. infrared blocking 

filter. infrared absorption filter. and a combination of these three 

filters are shown in Figure II-3.* The transmission curve sHown in 

Figure II-3D sho\,/s that the light rrovided by such a set-up has a wave

length of 627 mlJ with a bandwi dth of 7 mlJ at half-peak value. The 1 i qht 

provided by such a set-up can be considered as monochromatic for the present 

purpose. Apiece of translucent plate is put between the sets of filters 

and the cell containing the algae suspension. 

The reaSon why 627 m~ light is chosen for quantum requirement study 

and the function of the translucent plate will be discussed in Appendix 

II-A. 

*All spectra were obtained by using Cary 14 spectrometer. 

I 
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Fi oure II-3. (a) Transl11i ttance curve of the interference fi lter (B3-X). 

(b) Transmittance curve of the IR blocking filter (B2-X). 

'\ 

.. 



oj,' 

... 

-29-

40 

30 

20 

10 .. 
CIJ 
U 
c: 

0 ., 
+' 
+' 

E 30 (d) '" c: .. .. 
0-

20 

10 

0 
600 700 800 900 1000 

Fiqure II-3. (C) Transmittance curve of the IR absorption filter 

(Corninq 1-69). 

(d) Transmittance curve for the combination of interference 

filter (B-3X). IR blockinq filter (B2-X). and IR 

absorption filter (Cornino 1-69) . 



-30. 

c. Experimental Set~up 

The system used in this experiment is shown schematically in 

Fiqure II-4. The essential parts of the system are: 

(i) a cell containing the suspension of aloae. 

(ii) a carbon dioxide analyzer. 

(iii) an oxygen analyzer. 

(iv) a bubbler for indicating the pressure inside the system as 

we" as detecting leakage in the system. 

(v) R-C elements to reduce pressure fluctuation. and 

(vi) a light source provided by an incandescent lamp and sets of 

fi lters. 

1. The cell 

The cross-section of the cell is sho"tn in Figure II-4B. This 

cell (5 mm thick) is thinner than that used by Bassham and Shibata (9 mm 

thick). The advantage of usinq a thinner cell is to reduce side 5cat~ 

tering effect of the light. because the area of the edge of the cell is 

small when compared to the cross-sectional area of the cell. 

Hith the exception of the illuminating area. the entire surface of 

cell wall A was masked with black tape so that only the desired area was 

illuminated. Scattering light was reflected forward by having an alumi

num reflective surface bet\l!een the surface of cell wall A and. the black 

tape. Table II-2 sho\l!s the result of t,'IO light measurements. one done on 

the outer surface of cell wall B. and the other on the inner surface of 

cell wall A.* The results of these two measurements indicate that all 

*By replacing the cell with a lucite plate with the shape and dimension 

of cell well A. 
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Table II-2 

Meisurements by Photocell 

A. Liaht Eneroy r,1easurements on Cell 14all A (in units of mV) 

0.45 0.80 0.77 0.69 0.43 0.47 0.73 0.e6 0.68 0.52 
5.80 9.70 8.56 7.00 4.20 4.60 7.40 8.00 8.30 1.15 
6. 10 10.10 8.00 6.40 4.00 3.70 6.00 6.40 7.00 1.80 
4.00 5.60 4.60 3.90 2.40 2.40 3.50 3.70 4.00 1.00 
6.80 9.60 7.80 6.60 4.00 4.50 6.20 6.20 6.40 1. 70 
7.20 12.00 9.90 8.70 5. 10 5.10 7.20 7.20 7.50 1.80 
1.00 8.10 7 •. 50 7.20 5.70 3.00 5.40 5.40 5.40 3.60 

Sum of 
Totals 

. 6.40 
64.80 
59.50 
35. 10 
59.80 
71.70 
52.30 

Total 349.60 

B. L iqht Enero~ Measurements 

1.32 0.51 0.72 1.26 1.44 
2.5? 1.02 4.20 7.40 6.70 
2.82 . 1.40 5.60 8.00 6.50 
2.94 1. 15 4.80 6.40 5.00 
2.88 1.35 6.40 9.00 7.30 

. 3.00 1.50 7.40 11.40 10.00 
3.78 2.30 6.50 7.10 6.20 

on Cell Wall B {in units 

1.62 0.96 1.00 1.38 
5.60 3.90 3.70 5.00 
5.60 4.00 7.20 9.80 
4.40 3. 10 2.80 3.65 
6.40 4.40 4.15 5.00 
8~70 5.80 5. 10 5.70 
5.00 3.40 3.20 3.80 

'of mV} 

1. 15 0.96 
5.70 5.00 
5.40 4.60 
3.90 3.35 
5.20 4.60 
6.50 5.90 
4. 10 1.90 

0.39 
1.05 
1.20 
1.00 
1.40 
1.65 
0.40 

Sum of 
Totals 

11.39 
49.27 
59.30 
39.55 
55.20 
69.65 
43.90 

19.26 
x ') 

L 

328.26 
+ 38.52 

38.52 Total: 328.26 + 38.52 = 366.78 366.78 

the light passing throuqh cell wall A \,.'as measured by measurements done 

on cell wall B. Therefore. our measurements which were done on cell \'Iall 

B represented the amount of 1 ight illuminating the al gae. 

The sides of the cell are beveled so that scattering and divergent 

liaht can also be measured. 

2. The carbon dioxide analyzer 

Carbon dioxide was analyzed by il Lira ~1odel 200 carbon dioxide 

analyzer measurinq the infrared absorpti on by carbon di ox; de. 
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3. The oxyqen analyzer 

OXY0en ~'!as determined by a Beckman OXY!'len analyzer measuring the 

paramagnetism of oxygen. The oxygen analyzer is very sensitive to total 

pressure and flO\'J rate. It works properly only at a certain pressure 

ranae and flow rate. Therefore, it \'/as connected to the carbon dioxide 

ana lyzer in parallel. so that the gas flO\·" rate to the oxygen analyzer 

could be adjusted by turning the stopcock. ,R. The flow rate in the 

present experiment was 62 ! 3 cc/min.* The pressure of the system was 

a 1 ways adjusted to that of the atmosphere by opening the stopcock L. 

4. The bubbler 

Figure II .. 4A shows the construction of the bubbler. "\<Jhich serves 

as a pressure indi cat or as well as a leakage detector in the system. 

If the pressure inside the system is higher than that of the atmos

phere, the glycerine in the bubbler will rise. Therefore, it serves as. 

a pressure indicator. High pressure inside the system can be released 

by open; ng stopcock L. 

In the absence of leakaqe in the system, no air will get into the 

system through the bubbler if the pressure inside the closed system 

equals that of the atmosphere. If gas leaks out from the system, air 

will qet into the system through the bubbler, because the bubbler is 

close to the inlet of the pump. This results in the formatfon of bubbles 

in the qlycerine. Therefore. leakage in the system can be detected. 

5. TheR-C elements 

The volume of the system used for quantum requirement measure

ment \lIas made as small as 150 cc by usinq glass tubing \'lith a diameter 

*The flo\'J rates recol!1TTlended by the company are 50 to 75 ! 5 cc/min. 
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requirement study • 
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Figure II-4B. Photosynthesis cell for quantum requirement measurements. 

a. Blocking filter (B-3X); b. interference filter (B .. 3X); 

c. translucent plastic cell walls; d. suspensi.on of 

Chlorella or clear nutrient solution; e. translucent 

plastic sheet for light diffusion; f. reflecting aluminum 

surface. 
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of only 2 min. However, the use of small glass tubina led to pressure 

fluctuation in the system. This was overcome by putting an "R-C" 

element in series with the tubing. The IIR;.C" element \lias a piece of 

'qlass tubing with smaller diameter {l mm} \l/hich contained a 5 cc bulb 

at the center. The small diameter functioned as a resistive element 

while the bulb worked as a capacitive element. The small size of the 

tube reduced the flow rate and the bulb decreased the temporary pressure 

qradient. Together they greatly reduced the pressure fluctuation. 

6. The lioht source 
¥ 

Light for the measurement was provided by an incandescent 1 amp 

and sets of filters. Various intensities were 'obtained by changing the 

input voltage. The curve in Figure II-3D. which was obtained by a Cary 

14 spectrophotometer, shows that all detectable infrared is cut off when 

the interference filter is combined with the infrared blocking filter 

and the infrared absorption filter. However, the infrared from the 

incandescent lamp is of much larger quantity than that from the Cary 14 

spectrophotometer lamp. Therefore, there might be some infrared passinq 

throuoh this set-up of filters. 

In order to insure that there was no infrared passing the cell, the 

following measurement vIas done. The thermopile (and then the photodiode) 

vIas put inside along black box {6" x 6" x 4' 0") which was placed in 

front of the liqht source. Infrared absorption filters were:put bebJeen 

the liqht source and the thermopile. The output signals of the thermo

pile "'lith different numbers of infrared ahsorption fi Hers were compared. 

The constancy of the {n+l)/n ratio* in Tahle II-3 indicated that there 

*See Anpendix lI-B for explanation. 
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Table II .. 3 

Iafrared f~m the l i qht Snurce 

No. ' of IR a6s erptl on . S1 t'lnal 
fi 1 ters put beb/een Si em a 1 from from the 
the light Source and the' thermopi 1 e {n+l )/n photodiade (n+l )/n 
the detectinQ Surface '. (mV) . (mV) ... 

• i 

1 2.52 0.726 7.40 0.,804 

2 1.83 0.781 5.95 0.795 

3 1.43 0.791 4.72 0.822 

4 1.14 0.800 3.78 0.800 

5 0.912 3.02 

was practically no infrared from the light source, so that the infra

red absorption fi lters acted as if they were attenuationfi lters. 

The difference in the (n+l )/n ratio probably arose from theabsorp

tion difference of the IR absorption filters. This can be seen from the 

fact that the (n+l)/n ratio is 0.800 for both thermopile and photodiode 

when n = 4 (all infrared absorption filters were used) • 

• 

~ 
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D. Experimental Procedures 

The experimental procedures can be summarized by the followinq 

diaqram: 

O. R. 

calibrated by a standard carbon lAmp 

l' 
ca 1 i bra ted by a the nnopi 1 e 

\ reference 1i oht 

1. 1aroe enouqh to 
cover the entire 
detectinn surface 
of the thermopile 

source 2. 'uniform 

measured by silicon 
! 

photocell 
J, 

nu. er of oxyoen 

1 measured by an oxygen analyzer 

oxygen volume of the system 

3. constant 
4. monochromatic 

calibrated by a carbon dioxide 
analyzer Which also measlires the 
rate of C02 uptake 

sensitivity of the oxygen analyzer 
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1. Measurement6f li~htabs6rption 

The steps in the measurement of 1ioht absorption are: Calibra

tion of thermopile. calibration of photocell against the calibrated 

thermopile. and measurement by photocell of light absorbed by the alqae 

during photosynthesis. 

a. Calibration of thermopile (Fioure II-SA) 

(1) Characteristics Of the thermopile 

The thermopile consists of a group of thermocouples 

which are made of platinum black. Therefore. the sensitivity of the 

detectino surface may not be un; form. Hence. when the intensity of a 

light beam is to be measured by a thermopile. the 1ioht beam must be 

uniform andlarqe enouoh to cover the entire area of the detectino Sur

face. That is why the thermopile is ·placed at a distance of 200 cm 

from the light source during its calibration against the standard 

carbon 1 amp. 

(ii) Result of the calibration 

The thermopi le was cal i brated against a standard car

bon 1 amp (C-1070 and C-,071) by the method recommended by the National 

Bureau of Standards (in literature supplied with their standard lamp). 

Table 11-4 shows the result of the measurement. 
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platinum detecting surface 
of thermopile " 

The thermopile is fixed in position 
by Styrofoam. 

Fiqure II-SA. Cross section of thermopile. 

shutter 

calcium fluoride 
window 

silicone Photocell 

black electrical tape'--"-"'~ 

. Thfs mark on the holder related the center of the photocell 
to markings on the rulers. 

Figure II-5B. Photocell and holder. 



Table tI-4 

Calibration of Thermopile by Standard Carbon Lamp 

Power 
Lamp No. (input) Power density a~ Pm'fer'received Signal qiven Sensitivity 

Am~eres Volts 200 em (watts/em) b~ thermopi 1e b~ thermopil e 

C-1070 0.300 80.9 45.3 x 10-6 
C-1070 0.350 91.1 61.9 x 10-6 
C-1070 0.400 100.7 BO'.5 x 10-6 

C-1071 0.300 79.5 42.B x 10 .. 6 
C-1071 0.350 89 0 4 58.7 x 10-6 
C-1071 0.400 9B.9 76.7 x 10 .. 6 

C .. 1070 0.300 79.6 44.57 x 10-6 111.5 x 10-6 13.95 ~V 31.95 erQs/see cm2 ~V 
79.93 ergs/sec emf ~V L_ 

• 
C-1070 0.350 90.6 61.56 x 10-6 153.9 x 10-6 20.04 lJV 30.72 ergs/sec em~ lJV ~ 

76.80 erqs/see em ~V 

C-l070 0.400 100.0 79.94 x 10-6 199.9 x 10-6 26.40 lJV 30.28 erQs/see cm2 lJV 
]~ 75.07 erqs/sec em2 lJV 
<:~: C-1071 0.400 98.5 76.40 x 10-6 191.0 x 10-6 25.56 lJV 29.89 erqs/see em2 lJV 

74.73 ergs/sec em2 lJV 

C-1071 0.350 88.8 58~30 x 10-6 145.8 x 10-6 19.50 'tlV 29.90 eros/sec cm2 lJV 
74.75 erqs/see em2 lJV 

C-1071 - 0.300 78.3 42.20 x 10-6 105.5 x 10-6' 13.80 IJV 30.55 erqslsec cm2 lJV 
76.38 ergs/sec cm2 lJV 

The mean value is 29.86 ! 0.30 erqs/sec em2 lJV out of 15 measurements. 

~ *; 
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b. Calibration of photocell versus the calibrated 

thermopile (Figure II-58) 

(i) Wave1en9th dependence of the photocell 

The thermopile can be considered as a black body. It 

can be used to measure the intensity of any liqht source because its 

outout signal depends only on the light energy falling on its detecting 

surface and is independent of the wavelenqth of the light. However. the 

sensitivity of the photocell varies with the wavelenqth of the light 

falling on its detectinq surface. Figure U-6 is a senSitivity curve of 

the photocell. The cu rve was obtai ned by measuri ng the energy output of 

the 1 iqht from a monochromator first by the thermopile and then by the 

photocell. 

(il) Light source used to calibrate the photocell 

In order to calibrate the photocell against the thermo

pile, a reference light source is required. Ideally, the light source 

used should be the same as that used to illuminate the algae., As the 

area of the photocell (15 mm x 10 mm) is different from that of the 

thermopile (25 mm x 10 mm). the light beam used for calibration must be 

uniform and large enough to cover the whole detecting surface of the 

thermopile. The light provided by the incandescent lamp and filter 

,sets is too scattered to meet these requirements. 

The 625 mIJ beam provided by a monochromator has the desired wave

length. Hm .... ever. only the central portion of the beam can be considered 

to haveuniform intensity. Therefore, during the calibration. the thermo

pile has to he placed far enough from the monochromator so that its 

detecting surface sees only the central portion of the light beam. 
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Fiqure 11-6. Sensitivities of·the photocell at various wavelen~ths~ 
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HO\l./ever, the intensity of the light beam becomes so low that the noise 

from the environment becomes a problem. 1='urtherrnore, ~'Jhen compared with 

the liqht for quantum requirement measurement. the light intensity provided 

by the monochromator is so 10\'J that it is questionable \'/hether the sensi- . 

tivity of the photocell is linear over such a long range. (The intensity 

of the light provided by the incCJ.ndescent lamp and filter sets is about 

100 times as strong as that from the monochromator.) 

(iii) The sun as a 1iqht source for the calibration of 

the photocell 

The sun can be considered as a point source of light 

millions of miles away from Earth. The liqht beam directly from the sun 

is therefore parallel and uniform. Hence. it is an ideal light source 

for the calibration of the photocell •. 

In nrder to eliminate the scattering liqht in the sky, a long black 

box was built (6" x 6" x 41 a") (Figure II-?). There are two ",lindows 

(2 ft apart) in the black box so that only collimated 1iqht can pass 

down the length of the box and reach the detectino surface of the thermo

pile or photocell placed there. An interference filter and a blockinq 

fi lter \'Jere put on one \·Jindow while an infrared absorpti on fi lter was 

put on the other. The areas of a 11 the filters are lar~er than that of 

the \A!indows. Both windOWS have an opening area of 50 mm x 25 mm. so that 

the light beam passing through the windo\'Is is large enough to cover .the 

enti re detecting surface of the thermopi le (25 mm)( 10 mm) or the photo

cell (15 mm x 10 rnm). 

The h1ack box was mounted on a wooden stand which allows the box to 

be tilted so that it can face the sun as desired. An 8-ft long tube 
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lon~ tube to direct the box toward the sun 

thermopil e -~~~"--~ 

clamp -..,...,.,y/ 

~ electric wiring 

~White paper 

shutter 

~~~.,....-IR absorption 
fi 1 ter 

~+-.,c.---';'-~r---interference filter and 
IRblocking filter 

4+.o'---C 1 amr> 

~-t--woorfen stand 

Fiqure 11-7. Lona box built to calibrate the photocell. 
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with a diameter of 3/4 in. was attached to the hox with its axis parallel 

to the latter. This tube serves as a device to direct the box towards 

the sun. 

The box was adjusted until we saw a clear circul ar image of the tube 

on a whi te cardboard at the back of the tube. Thi s i ndi cated that the 

box was facinq the sun. The shutter on the box was then opened. and the 

siqnal from the thermopile \lIas recorded. The shutter \'las shut and opened 

again for three times. so that three readings \Olere obtained from each 

set of measurements. As each measurement takes only a few seconds, the 

movement of the sun does not affect the precision of the measurement. 

The thermopile was then replaced by the photocell and the position of 

the box adjusted for another set of measurements. 

The amount of infrared reaching the detecting surface was negligible. 

Table 11-5 gives the change in output signals upon the addition of infra

red filters between the light source and the detecting surface. The con

stance of the (n+1)/n ratio* (n is the number of infrared absorption 

filters added) indicates that there was practically no infrared reaching 

the detecting surface of the thennopile. so that the infrared filters 

acted as if they were attenuation filters. Furthermore, when a Corning 

7-69 filter (which cuts away all light with wavelengths longer than 

700 mlJ) was put in front of the detecting surface. the thermopile gave 

no signals. 

Table 11-5 shows the sensit1vites of the photocell thus obtained, 

and that obtained by using the monochromator as the light source. They 

*See Appendix II-B for explanation. 
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Tflb1e II·5 

Pati 0 of the Sens itivities of the Thermopi 1e 
to that of the Photodinde 

No. of IR S;cmal RabQ si gna 1 . Ratio Rati 0 of 
absorpti on from the of from the of St/Sp 
filters (n) thermopi 1e (n+ 1) In photodiode (n+ 1) In 

(mv) (mv) . 

1 0.298 0.772 3.35 0.78 0.089 
2 0.230 0.795 2.61 0.78 0.088 
3 O. 183 0.781 2.04 0.79 0.090 
4 0.143 0.775 1.61 0.77 0.089 
5 0.111 1.24 0.0895 

1 0.297 0.775 3.30 0.785 0.090 
2 0.230 0.783 2.59 0.786 0.089 
3 0.183 0.792 2.04 0.782 0.,080 
4 0.145 1.62 0.0895 

1 0.297 0.775 3 0 30 0.785 0.090 
2 0.230 0.795 2.63 0.775 0.875 
3 0.183 0.792 2.04 0.810 0.090 
4 o. 145 1.65 0.:088 

The first set is done in the morninq (11:00). and the second set 
-is done in the afternoon (2:00). without changing the position. The 
third set \'/as done· in the afternoon after the position had been changed 
by 10 in. 

Mean ratio of the sensitivities of the thermopile to that of the 
photodiode ;s 0.0893 :!: 0.0007. However. the value of 0.0895 ''\las chosen
because this eliminated the error due to the difference in the attenua
tion effect of the infrared filters. as all infrared filters were used. 

The St/Sp ratio obtained by using the monochromator as the light 
source was 25.6 lJV/285 lJV = 0.0898. 

are practically of the same value. Figure !I·8 is a plot of the sens;· 

tivities of the thermopile versus that of the photocell over various 

intensities. It ShO~'5 that their sensitivity ratios are constant from 

o to 3400)JV (3.4 mV) on the photocell scale. Th;s ind.i cates that both 

'y> 



," 

• 

-45-

300 

200 

100 

o 
o 1000 2000 3000 

Finure 11-8. Sensitivities of thermopile and photocell at various 

light intensities. 

4000 



-46-

the photocell and tne thermopile vary linearly over such a range of 

light intensities. 

The calibration of the thermopile \lias done by a standard carhon lamp, 

which caused the thermorile to give signals around 30 lJV. However. during 

the l'I'easurement of lioht intensities by the photocell, the light source 

provided by the incandescent lamp and filters caused the photocell to 

qive s;qnals around 4 mV. The linearity of such a plot ShOlNS that the 
( 

calibrati6n of the photocell by a thermol1'ile which had been calibrated 

by the standard carbon lamp is valid. 

c. Measurement by the photocell 

The silicone photocell (Hoffman 2A) is a circula~ plate 

with a di ameter of 25 mm. It was fi xed on 1ucite bar and thenccvered 

with a thin piece of glass (1 mm). A piece of screen (with negligible 

thickness) which serves as a neutral dens1ty filter to lONer the light 

intensity so that the output signals are not too high to be read from 

our millimicrovolt meter (Keithley 149). During the meaSurement, the 

photocell \lIas pressed as close as possible on the cell surface, so that 

all light coming from an area of 15 mm x 10 mm on the surface of the 

vessel was measured. 

Rectangular plastic rulers, which had been Il'arked for every 10 f'1fl1, 

had been made wi th ItJidths of 15 mm, 30 mm, and 45 mm. Therefore. an 

area of 15 x 10 mm was mapped each time \lJi~hout overlappinq on the for

mer or latter measurements. The th;cknes~> of these plastic rulers \,/as 

the same as that of the holder of the photocell. The total area of the 

vessel where the algae was illuminated was (8.8 cm)2 or 77.44 cm2, 

while the area marred included 7 rows of 11 rectangles (each 10 x 15 mm). 

~. 
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or 115.5 cm2• By mappinq a larger area than tht't through which the 

light VIas actually passing, \lJe \'/er.e able to measure the small amount 

ofliqht scattered to the sides as we11 as the light directly trans

mit ted. 

The edge of the vessel was beveled so that light scattered to the 

side could be measured (Figure 11-48). The 1iqht that passed through 

the edqes was found less than 2% of the total amount transmitted. There

fore, the error due to scattering and diverqence of the beam is small. 

Hence, instead of measuring all four edoes, we multiplied the value of 

one edqe hy 2. This corresronded to the two sides. 

The results ofb'o sets of measurerr.ents are sho\'tn in Table II-6, 

A and B. 

Table II-6 

Light Energy Absorbed byCh lore 11 a pyreno; dosa 

fl, • Light measurement on cell containinrr 25 ml of medium (118 V) 
Sum of 
Totals· 

1.32 0.45 0.57 1.02 1.56 0.96 0.96 
2.70 1.02 4.80 7.50 7.20 6. 10 4.40 
3.00 1.20 6.60 9.00 7.40 6. 10 4.70 
3.00 1.20 5.30 6.90 5.60 4.60 3.30 
3.00 1.50 6.40 9.00 7.20 6.00 4. 10 
3. 12 1.70 7.40 11.70 9.90 8.55 6.00 
3.72 1.60 2.70 7.60 8.20 7.00 5.60 

1.47 1.20 
4.30 5.90 
3.90 5.80 
3.10 4.00 
4.20 5.20 
5.30 6.20 
3.70 3.50 

0.99 0.42 
6.50 5.30 
6.20 5.40 
4.40 3.90 
5.50 5.20 
6.60 6.20 
4.10 4.35 

1.26 
1.40· 
1.52 
1. 10 
1.40 
1.50 
1.80 

10.86 
54.42 
57.92 
43.40 
55.70 
71.05 
50.05 

19.86 343.40 

39.72 

383.12 

x 2 

39.72 (2 side edges) 

Total: 343.40 + 39.72 = 383.12 
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. B. Light measurement cn cell containing 25 ml of 0.6% Chlorella 
·gyrenoidosa 

1.08 0.40 0.70 1.35 1.56 1.50 0.90 0.96 '.50 1.25 1.05 0.45 
'.86 0.84 5.00 8,00 7.40 6.50 4.60 4.50 6.20 6,88 5.80 1.00 
2.16 1.25 4.40 6,40 5.50 . 4.30 2.50 1.80 2.90 . 2.80 2.90 0.90 
1.80 1.02 1.59 l. 98 1.68 1.58 1.08. 1.08 1.44 1.41 1.20 0.42 
1.71 1.20 2.00 2.58 2.10 1.80 1.20 . 1.26 1.86 1.86 1.56 0.36 
2.04 1.32 2.16 3.20 2~35 1.65 1.55 2.llO 2. 19 1.80 2.75 0.48 
2.73 1.50 1.26 2.10 2.40 2.10 1.50 . 1.14 1.50 1.50 1.38 1.26 

13.38 

x 2 

26.76 

Total: 175.66 + 26.76 ~ 202.42 

2.· r1easuremcnt of the rote of photosynthesis 

The rneasurerrent of the rate of photosynthesis consists of the 

follc)\·lina steps: Calibration of the carbon dioxide analyzer, determina

tion.of the effective volume of C02 in the system, calibration of the 

oxygen analyzer, determination of the volume of oxygen of the system, 

and measurement of the rate of photosynthes is as the rate of oxyqen evo

luti on. 

The steps are discussed in more detail in the fclloHng: 

a. Calibration of the carbon dioxide analyzer 

The zero point of the carbon dioxide analyzer (LIRA Model 

200) ,,!as adjusted \·';th· nftroqen 9as. Its sensitivity \'las then adjusted 

a'gainst a standardized mixture of air and carbon dioxide (3.80% v/V). 

The flow rate of the qas during the calibration was reaulated to the 

same val ue as that in theP."easul"ernent of photosynthes i s. Ho\,!ever t it . 

\'laS found later that the flo\·! rate and total pressure had very little 

l. 

SUIr. of 
Totals 

11.62 
56.64 

. 35.65 .. 
14.48 
17.78 
21.85 
17.64 

175.66 

26.76 

202.42 
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effect on the sensitivityof the carbon dioxide analyzer. 

b. The effective volume of C02 in the system 

The effective volume of the system for C02 is defined as 

the volume of carbon dioxide both in the ~as and in the medium (a 25 ml 

buffer at pH 5. 1). Thi s I'las determined by puttin~ a knot"n amount of 

nitrogen into the closed system It/hich had been fil led v"ith a knot'ln amount 

of carbon dioxide. The change in carbon dioxide level upon theintro

duction of nitrogen provided the data for the calculation of the volume. 

The in troducti on of the nitrogen into the system \I!as done by con

necting a 117.1 cc loop of nitrogen to the system. The volume of the 

system \'/as calculated as follows: 

Percentage of CO2 before the introduction of N2 

Percentaqe of C02 after the introduction of N2 

90, 0
d
4) 

, ° 
42.0(4) 

100 
Amount of C02 in the system 90.0(0.04) V = 42.0(0.04)(V+171) 

Effective volume of the system for C02 V = 150.0 cc 

Calculation based on other set of data gave V = 149. 151. 148,152. 
/l,veraqe 150.0. 

c. Ca 1i brat; on of the oxygen analyzer 

There are three settinqs in the oxygen analyzer (A.rnold O. 

Beckman. Model F3). Sensitivity from 0 to 25%, 0 to 5%. and 18 to 23% 

can be chosen. Durinq photosynthesis, the oxygen level of the gas phase 

is close to that of the atmosphere. Hence, the setting of 1'8 to 23% was 

chosen. The sensitivity of the o~ygen analyzer \·I/as to be adjusted so 

that a full scale change (100 divisions) on the chart corresponds to a 

2% cha.nge in the oxygen level of the system. In our experiment. the 

oxygen level was between 20 and:·22%. Therefore, the zero point in the 

oxygen analyzer \'1as so adjusted that the chart Clave a readinq of about 
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50 divisions when the \A/hole system \'[as filled "lith air. (02 in air is 

20.95%.) The sensitivity of the oxygen analyzer was calibrated by 

changinq the oxygen level of the system. The f(ll1owing calculation 

shows how this \Alas done. 

The 02 level in air is 20.95%. In a mi~ture of 4% C02 (v/v) in air. 

the 02 level is 20.95 (100-4/100) := 20 e 11%. Therefore, a chan~e from 

air to a mixture of 4% C02 in air results in a drop of 20.95% - 20.11% = 

0.84% in the oxygen level. Since theoxyqen analyzer \",as to be adjusted 

to have a sensitivity of 100 divisions/2% change, 0.84% chanQe should 

qive rise to a chanoe of 0.84~~ (100 divisions/2%) =,42 divisions change. 

After the system was filled with 4% C02. it was closed and its pres

sure was adjusted to atmospheric pressure. After the 02 and C02 levels 

were consta.nt (final value of C02 was 3.8%). the system was orened to 

the atmosphere. (The air conditioning system in the room provided a 

very good ventilation for air, so that we can always assume that 02 in 

air is 20.95%.) /.I,fter the system \1aS filled with air, as indicated by 

the chart, the system Itlas closed and its nressure adjusted to the atmos

pheri c pressure. The oxygen analyzer was so adjusted that it gave a 

difference of 42.0 (3.8/4.0) := 40 divisions from the original value 

(the oxya.en 1eve1 on the chart \A/hen the system was filled with 3.80% of 

C02 in air). 

d. Determination of the volume of oxygen in the system 

Instead of subtracting the effective V~lume of C02 in the 

medium from the total effective volume. the volume of oxygen Was deter

mined independently. This has the advantage of e1im;natin~ the error 

(if there \Vas any) resultinq from the calibration of the sensitivity of 
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the oxyoen analyzer (see Appendix II-e for exp1anition). The volume was 

determined by calculations based on the drop in 02 level when a knoltm 

amo'.mt of air t'!as replaced by pure nitroqen • 

After the system \'las filled with air, as indicated by a constant 

level on the recordinq chart, the system was closed and its pressure 

adjusted to atmospheri c pressure. After the oxygen level on the chart 

\lIas again constant, 5.0 cc of nitrogen at atmospheric pressure was 

injected into ~he system through the medium while the stopcock R was 

oren to release the pressure increase. Since the injection was done in 

less than 2 sec, it is reasonable to assume that no injected nitrogen 

escaped from the system. The vol ume of the system ""as ohtained by the 

follm'/ing calculation: 

OXVQen level before the injection of 
nltroqen 

Amount of oxyqen in the system before 
the injection 

Oxyqen level after the injection of 
nitrogen 

Amount of oxyqen in the system after 
the i njecti on 

02 level Percentage 
on the chart of 02 . 

48.5 divisions 20.95 

20.95~~ x V 

2.5 divisions 20.03 

20.03% x V 

As the change in the amount of oxygen resulted from the replacement 

of 5.0 cc of air by nitrogen, it could be calculated as follows: 

20.95% (V-5)/V = 20.03 

20.95% (5.0) = (20~95 - 20.03%) (V) 

V = 10.975/0.92 • .. 119.3 cc 

Calculations based on other data gave values of 120 and 121. The 

average 'vas therefore 120 cc. 



-52-· 

e. Measurement of tne rate of ~hotosynthesis as the rate 

of oxy~en evolution and the rate of carbon dioxide 

abserpti on 

(i) Preparation of the algae susrension 

The alqae \Alas grown in a shaking flask maintained at 
I 

20°C by a \'.'aterbath. The algae Itlas illulT'inated by six 90-vlatt fluores-

cent lamps. A gas mixture of 95% air and 4% carbon dioxide is bubbled 

through the a.l !Jae culture. A. modified Jack Myer's medium \"as used as 

the nutrient solution (see Table 11-1). Under these conditions, the 

fresh Illeight of the algae doubled in 12 to 16 hr. The alqae was harvested 

every day at 4:00 P.M. 

The algae for the quantum requirement study was obtained from the 

flask. It \lIas cenfrifuged and resuspended to give the desired density by 

the further modified medium (see Table II-l). Twenty-fi ve" mlwas thEm put 

into the cell for quantum requirement study. The \'Ihole process usually 

requi red 20 min. 

(ii) Health of the al~ae 

High quantum requirement (low quantum efficiency) may be 

the result of measurements on unhealthy al(lae. In order to make sure 

that the algae being studied was healthy. the algae was allowed to photo

synthesize in white light (by removing the sets of interference filters). 

The light intensity of the \'Jhite light was high enough to cause light 

saturation. The rate of oxygen evolution was calculated and compared 

with known values for healthy algae. In the present series of measure

ments, all aloae under study had a rate of oxygen evolution of 35 ~moles 

of oxyoen/min/I"J of ItJet packed alqae, or fl1ore. 

". 
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Furthennore,lt/e found that there Itla~; an induction period of about 

12 min in the algae. durinq which its rate of oxygen evolution increased 

steadily towards the steady value. Illumination of the algae with hiqh 

intensity Nhite light eliminated the error of studying the quantum 

requirement of the al~ae durinq the induction period. 

There is no literature value for the maximum oxygen evolution rate 

on the basis of moles per 9 of wet packed a1qae. HoltJever, experience 

in this laboratory showed for uncontaminated and healthy algae the rate 

of oxygen evolution is about 301Jmo1es/min/g wet packed a1qae. The 

hirher rate ohtained by the present alqae is probably due to a hioher 

chlorophyll content of the alqae, since the quantum requirements are 

still the same for a1qae with 35 1Jmo1es of 02/min/g or 40 lJmoles of 

when saturated white liqhtis used for illumination. Fur-

thermore, calculation of the light-saturated rate of oxygen evolution 

on the basis of chlorophyll content* of the a1qae showed the rate of 

oxygen evolution Was about 250 1Jmoles of 02/m9 Chl/hr. 

Senqer and Bishop80 reported a 10\\1 quantum requi rement for a syn

chronous Scenedesmus culture. The highest rate achieved by that culture 

Itlas about 24.0 Ilmo1es of 02/min/g of \'Jet packed algae, which \'las belo", 

the rate achieved by our Chlorella (35.0 lJmo1es of 02/min/q of wet packed 

algae) at saturated white light. They gave no data to support their 

observation of similar results found in Chlore1la. Since the quantum 

requirement in the present experiment is about the same as values found 

in their synchronous Scenedesmus culture, most of our Chlorella ,,'as at 

*See Appendix II-O for extraction of chlorophylls. 
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its active state of photosynthesis during the quantum requirement 

measurement. 

(iii) Rate of oxygen evolution and carbon dioxide 

absorption 

After 12 min of photosynthesis in ~hite light, the inter

ference filter sets were put on. Carbon dioxide was a~ain introducted 

into the system through the inlet to raise the carbon dioxide level to 

3.5%. The system was then closed. The rate of oxyqen evolution and 

carbon dioxide uptake Vias measured by the oxygen and carbon dioxide 

ana lyzer, and the results were automati ca lly recorded on the chart. 

~1eanwhile,' the light energy ''las measured by the photocell. Figure 11-9 

is the recording chart which shows the evolution of oxyqen and carbon 

dioxide absorption. The correspondinq rate of energy absorption has 

been shown in Table II-6, A and B. 

E. Calculations 

1. Sensitivity of the photocell 

The sensitivity Of the photocell was calculated from data in 

Tables I1-3 and I1-4. Table 11-3 provided the sensitivity of the thermo

pile v!hich was used to calculate the intensity of the 625 mlJ* beam used 

. to determine the sensitivity ratio of the thermopile and the photocell. 

The followinq calculation shows how the sensitivity of the photocell '>las 

obtained: 

Sensitivity of the thermopile (from Table 11-3) 29.86 ± 0.30 "ergs/sec cm2 ~V 

Power density of the 625 mlJ beam in 
No.5 of the fi rst series of measure
ments 

*Actually it was 627.20 m~. 

(29.86 ± 0.30 erqs/sec IJV) x 111 IJV 
= 3314.60 .± 33 er~s/sec cm2 

(Cont.) 

.-
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Pm'Jer of the 625 mu beam rece; ved 
by the photocell 

(3314.60:: 33 erqs/sec cm2) x 1.5 cm2 
= 4971.90 ± 50 erqs/sec 

Sensitivity of the photocell to the 
625 m~ beam 

{4971.90 ! 50 er~s/sec)/1.24 mV 
= 4009.60 ± 40 ergs/sec mV 

In order to measure the number of photons absorhed by the a1~ae dur;nq 

photosynthesis, we have to express the sensitivity of the photocell in 

terms of ~e;n/m;n mV. From Figure 11-10, the weighted mean of the energies 

at several wavelengths can be calculated. The calculation and results are 

sho\'Jn in the following: 

Energies of one ~ein of photons 

E = 10-6 N e 

= 10-6 N hc/ 

= 10-6 x (6.03 x 1023 ) x (6.63 x 10-27 ) 
(in units of em) 

= 119.94 erqs/~ x 10-7 (in units ofm~) 

Have1engths 
(m~) 

Amount of energy 
in one ~ein 

( x 105 erets)· 

Relative amount 
in the beam 

(transmittance) 
.. (%) 

615 
620 
625 
635 
640 

19.50 
19.35 
19.19 
18.89 
18.74 

9.0 
20.0 
22.0 
18.3 
7.4 

The wei9hted mean of the energies of the beam 

x (3.00 x 1010) erqs. 

= 119.94 x 107 er~s/~ 
(in units. of m~) 

Ene roy contri buti on 
(x 104 erqs) 

17.55 
38.70 
42.22 
34.57 
13.77 

E = 192.51 x 104 erqs/100.65% = 191.27 x 104 

The weighted mean of the wavelengths of the beam 

= 627.20 IT1ll 

The transmission band of this combination of filters is so narrm" 

that it is reasonable to assume that the averaqe sensitivities of the 

.. 
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photocell from 605 mil to 645 mil is the same as the sensitivity at 

627.20 mil (the sensitivity obtained from Table II-4) • 

Sensitivity of the photocell in units of Ilein/min mV 

(4009.50 i 50 erqs/sec mV)/(191.27 x 104 ergs) = (2Q9.62 i 26) 
x 10-~ \lein/sec mV 

= 0.1258 ! 0.0016 Ilein/sec mV 

= 0.1258 ± 0.0016 Ilein/min mV 

2. Amount of energy absorbed 

The amount of energy absorbed pEr 'min vias obtained by sub

tracti nq the power transmitted throuqh the cell when it v·las fi 11 ed \vith 

30 ml of 0.4% algae suspension from that when it was filled with 30 ml 

of suspension medium. 

From Tahle II-6A, the pm'fer transmitted through the cell filled 

""i th 25 mlof suspension medium was 383.12 mV as measured by the photo

cell. This corresponds to (0.1258 \lein/min mY) x (383.12 mY) = 48.20 

\lein/min. From Table 11-68. the power transmitted through the cell 

filled with 25 m1 of 0.6% Chlorel1a suspension was 202.42 mV as measured 

by the photocell. This corresponds to (0.1258 Ilein/min mY) x (202.42 mY) 

:: 25.46 \.Iein/min. Therefore. the power absorbed by the Chlore11a was 

48.20· - 25.46- :: 22.74 \.Iein/min. 

3.' Rate of oxygen evolution 

The chart in Figure II-9 provided the data for the'calculation 

of the rate of oxygen evolution. The slope of the line correspondin~ to 

oxygen evolution is (65-31) divisions/16 min:: 2.125 divisions/min. 

The volume of oxygen evolved per min is therefore: 

(2.125 x 91/100) x (2.12/100) x 120 ml :: 54.06 x 10-3 ml/min 

:: 54.06 \.I1/min 
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Since one 1Jmole of oxyqen it 20·C and ,'atm. is 24.50 lJl. the rate of 

oxygen evolution in terms of lJmoles per min is (54.06/24.5) = 2.207 

\Jmoles/min. 

4. Quantum requirement for oxYgen evolution 

Since quantum requirement is defined as the number of photons 

required to evolve one molecule of oxygen from water, it is obtained by 

dividing the rate of energy absorption by the rate of oxygen evolution. 

o. R. = (rate of energy absorption)/(rate of oxygen absorption) 

= (22.74 \Jein/min)/(2.207 lJmoles/min) 

= 10.30 )Jein/)Jmole 

F. Results 

1. Accuracy of' the measurements 
f 

The uncertainty in the light measurement due to the calibration 

of sensitivity of the photocell is estimated to be 0.1258:!: 0.0016 

\lein/min mV. or t 1.2%. The measurement of light energy transmitted 

through the algae cell when it contains only nutrient medium was found 

to vary less than 1% in measurements made before and after the photo

synthesis experiment. In a typical experiment, about half as much light 

would be transmitted through the algae suspension~ In this case, there 

\%uld be still a 1% possible error in measured light, leading to an 

error of ~ 0.5% of the light energy coming through the cell without 

algae. Consequently, this gives a maximum error of ! 1.5% of the light 

transmitted through the cell without algae or ± 3% of the light energy 

calculated to be absorbed by the algae. The combined uncertainty in the 

measurement of photosynthetic rate all cernes from the uncertainty in,the 

determination of the oxygen volume of the system, which is at most 2%. 



Therefore. tne max;mum error of the quantum requirement measurement is 

estimated at ± 6%8 

2. Quantum requirements 
J • 

The results of a number of quantum requirement measurements 

made under the conditions described are summarized in Table II-7. 

iAlthough the respiration rates found in the darkness following a period 
J 

of photosynthesis are shown. it is emphasized that no correction for 
., 

respiration has 'been made and that the quantum requirements shown in 

the 6th and 7th columns of the table are based solely on gas exchange 

rate in the light and light absorption. The 2nd column shows the inci

dent light intensity \'1hich varies over a twofold range of intensity, 

\'!hile the 1st column shO\'1s the algae density which also was varied over 

a twofold range. The 3rd column shows that the rate of energy absorption 

varied over a threefold range. The relative narrowness of this range is 

dictated by the fact that the only really valid region for studying 

quantum requi rements is between those intensities where the rate of 

photosynthesis is already several times dark respiration and those intensi

ties at which further increase in light does not cause a proportional 

increase in photosynthetic rate (aoproaching saturation). The values of 

the quantum requirement for oxygen evolution range from 9.0 up to 14.0. 

with the lower values ~eneral1y being found with the lower density of 

algae (44 to 51% ahsorption). There is considerable variation in the 

photosynthetic quotient with the value of the ratio C02/02 generally 

decreasing at higher light intensities. 

In Table II·8 are shown the results of quantum requirement measure

ments which were made earlier and in "'lhich the photocell was calibrated 
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Table II-7 

Results of Quantum ReQuire~ent Measurements 

Incident Rate of 
Density Lioht Absorption 

of Intensity 02 evolution C02 absorption 
A.1oae uein/min uein/min )Jm01es/min umoles/mi" 

0.3% 24.8 8.0 0.74 0.75 

31.8 10.8 1. 10 1.09 

36.7 13.5 1.25 1.15 

42.2 14.4 1.60 1.23 

00 4% 33.0 11.5 1.19 1.26 

40.6 17 .7 1.82 1.57 

49.4 24.2 2.07 1.65 

55.5 25. 1 2. 10 1.84 

0.6% 39 0 1 20.0 16. 10 13.8 

48.2 22.7 22.25 17.7 

*Respiration during first 4 min after photosynthesis 

**Respiration between 8 min and 30 min 

Quantum requirement 
for 

02 evolution CO2 a bs orpt ; on 

10.8 10.7 

9.8 9.9 

10.8 11.7 

9.0 11.7 

9.6 9.1 

9.7 11.3 

11.7 14.7 

11.9 13.6 

12.4 16. 1 

10.3 13.2 

'" .. 

Respiration 

)Jmoles 02/min 

0.22* 

0.06** 

• 0"1 
~ 

• 
0.28* 

0.11** 



Table II-8 

Summary of the Results of 0uantum Requirement Measurements 

~~~ -rncfaentLight Absorption ~--~. ··lIiJantumRequTfement 
Density Intensity ~e1n/min Rate of for 

of ~ein/min before after 02 C02 02 evolution C02 absorption 
A1qae before after correction correction evolution absorption before after before after 

correction correction ~m()les/min J,lmoles/min correction correction correction correction 

0.35 32.73 42.50 10.64 13.85 1.29 1.07 8.24 10.70 10.0 13.0 

40.03 58.60 15.19 19.70 1.62 1.24 9.41 12.25 12.3 16.0 

0.4 30.92 40.20 10.81 14.10 1.60 1.53 6.77 8.82 7.07 9.20 
I 

42.40 55.20 18.30 23.80 2.33 1.97 7.87 10.25 9.28 12.05 
0\ 
N • 

0.5 20.22 26.00 10.67 13.90 1.49 1.14 7.14 9.30 9.36 12.20 

48.85 63.51 24.60 32.00 3.43 2.54 7.05 9.16 90 53 12.40 

.t_ ~, 
.. "'-
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by a method s imil ar to that descri bed by Bassham and Shi bata.73 In 

that method the thennopile was calibrated first against the standard 

lamp, as is usually done, but then a piece of opal glass was placed in 

front of the standard lamp as a diffuser and a new sensitivity was 

determined. It was then assumed that as long as the opal qlass was in 

place. causing diffusion of the incident light, the thermopile could 

be used for direct measurement of scattered light. The correctness of 

this method rests on the assumption that the opal glass will uniformly 

scatter light to the same degree irrespective of its incident scattered 

or parallel characteristics. Unfortunately, with the opal glass avail

able to us in the present study. which we believed to be similar to that 

used in the earlier study.73 it was found that this assumption was not 

completely valid. Thus. when the photocell was calibrated against the 

opal glass-equipped thermopile, it was found that a 30% lower sensitivity 

was obtained as compared with calibration against the thermopile with no 

diffuser. Thus the values of the quantu~ requirement obtained usinq the 

low sensitivity had to be corrected upward as indicated in Table U-8. 

It seemS likely that the values reported by Bassham and Shibata also 

should be corrected upward by about 30%, in which case the reported 

value of 7.5 would become 9.8. 

G. Discussion 

The reliability of measurements of the quantum requirement of photo

synthes i s depends on accurate determinati on of the rate of 1 i ght absorp

tion and on accurate determination of the evolution of oxygen and uptake 

of carbon dioxide. The use of non-manometric techniques of determining 

the gas exchanqe by means of instruments which independently measure the 
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chan~es in oxyqen and C02 tension are \-Jell established and reliable. 

Provided care 1$ taken irithe calib~ation 6f the instruments and deter

mination of the effective volume 'of the system, measurements \,/ith an 

accuracy of ! 2% can be obtained. Hm'/ever. the use of these instru

ments entails the requirement for photosynthesis by a substantial amount 

of plant material. and this 'mpose~ new proDle~s of arranging a light 

-- source "lith a-harraH \'/ave length band and measured i ntens1 ty over a re 1 a

tively, large area to provide rates of photosynthesis vlhi,eh exceed 

several-fold rates of-dark respir'ation. At the satre time, many problems 

arise \-lith respect to accurate dete'nnination of the absorbed ligh't' energy, 

since both the cell to cbntain the large sample rif pJant material and 

the plants themselves tend to diffuse and scatte~ the supplied lipht. 

FinallYi the measurement of the ~cattered light itself presents some 

problem since the primary detector. the thermopile used for the measure-

, l)1ent ofl i ght energy. cannot be used directly to measure scattered 1 i 9ht. 
, , 

By using a secondary detecting device, the surface of \'/hich 'can be placed 

dil-ectly in contact t.-tith the area over \'/hich light flux must be measut'ed, 

and by care'fully cal ibrating the seconaary detector against the thermo

pile, arid by accurate mapping of all of the light f.1ux passing through 

the cell con,taininp the algae, it is possible to determine the absorbed 

li~ht with an error afnot greater than 4%. 

Equally serious for considerations of the theoretical minimum quantmn 

requi rement· of photosynthes; si $ the requi rement that the most active and 

efficient possible plants be selected. This requirement can at least be 

approached by the selection of Chlorellapyrenoidos.2, cultured in such a 
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way that their rate of oxygen evolution per mg chloror>hyll is close to 

the maxi mum that has been reported for any green plants. After a 11 th is 

has been done. we find the minimum measurable requirement for oxygen 

evolution to be around 9, similar to what many other workers have 

reported in the past. 

In Figure II-10. all quantum requirements from Tables II-7and 

11 .. 8 have been plotted versus rate of light energy absorption per cm3 

of algae. There appears t~ be no dependence on rate of light absorption 

over the range used in our experiments. Thus we can rule out the pos

sibility that partial se1f-shading at the lower light intensities caused 

higher quantum requirement. In fact. the independence o"f quantum require .. 

ment versus rate of light absorption also argues against the need for 

any respiration correction, since such a correction would be more 

important at the lower light absorption rate as compared with the higher 

light absorption rate. 

Probably. light respiration in Chlorella ru'renoidosa is insignifi .. 

cant compared with the rate of photosynthesis. Tracer studies with 32p 

and l4C during photosynthesis and in darkness with Chlor-ella pyrenoidosa8l 

indicated that there is a switch from photosynthetic metabolism to dark 

metabolism. Glycolysis and oxidative pentose phosphate cycle are 

apparently inactive in the light but become active in the dark. using 

the same metabolic pools as were used in photosynthesis in the light. 

It appears that ATP can diffuse rapidly in and out of chloroplasts. 

Thus, ATP is available to the entire plant cell from photosynthesis in 

the light and from respiration in the dark. The requirement for ATP for 

non"photosynthetic processes. as well as synthesis inside the chloroplast. 
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is probably met in part by cyclic photophosphorylation. Depending on 

such additi ona 1 re~ui rement for ATP and on the quantum effi ciency of 

cyclic photophosphorylation. the total quantum requirement of photosyn

thesis will be increased above the theoretical 8 predicted by the two 

'light steps. one photon per electron scheme. 

Part of this chapter has been published in Biochim. Biophys. Acta 

ill.. 254(1968). 
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III ,,- THE EFFECT OF LIGHT QUALITY ON PHOTOSYNTHETIC PRODUCT DISTRIBUTION 

,A. Discussion of the Experiment 

1 •. Comparison between the two hypotheses on photoelectron 

transport 

In. Chapter I. it has been shown that amonq the different opinions 

on the primary quantum conversion process .1-6 the "photo1yt" hypothe

sis7•8 and the Hill-Bendall scheme are the two typical ones. The fol

lowing table is a comparison between these t\</O hypot~eses on 'severa1 

aspects of photosynthesis: 

Table III-l 

Comparison of the "Photolyt"Hypothesis with the: Hill-Bendall Scheme 

Aspects of 
Photos,xnthes i s 

Primary 
process 

Ori qi n of oxyqen 
evolved -

"Photolyt" hypothesis 

from CO2 

Hill-Bendall scheme 

P-700 ~ P-700+ + e 
Fd+++ + e ~ Fd++ 

Q ~ Q+ + e 
Q+ + OH- ~ 1/2 H20 + 1/4 O2 + Q 

from H20 

Quantum requirement 
of photosynthesis 4 or less at least 8 

Photophosphorylation Oxidative. The energy 
required for phosphory
lation is provided by 
the oxidation of carbo
hydrates. 

Reductive and cyclic. In 
non-cyclic photophosphory
lation ATP is generated with 
the reduction of NADP to 
NADPH. Cyclic photophos
phorylation ATP generation 
without any net electron 
transport. 

Table I II-l ind1 cates that the vaH di ty of these b'lo hypotheses can 

be verified by 
( i) isotopic studies on the origin of the 02 evolv'ed 

(ii) quantum requirement measurements . 
(iii) dependence of photophosphorylation on the quality 

of the illuminating light 
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Isotopic studies on the origih of 02 evolvedha~ been done.75 Hm'l

ever, it is subjected to the ar0ument that there is a rapid exchange of 

the oxygen atoms betv!eenH20 and C02.15 Since inside the living plant 

the arrount of H20 is ah'lays more than that of CO2, isotopic studies on 

the oriqin of the 02 evolved \'Iill all-lays give the isotopic species of 

H20 even if the 02 evolved is originated from C02. 

The qua.ntum requirement measurement is certainly one of the best 

ways to test the validity of these t\\fO hypotheses. HO\,lever, in spite 

of 40 years '\!lork on the determination of quantum reC"jui rement in photon 

synthesis, there is still no conclusive opinion on this important nurn· 

ber.24 In Chapter II, the quantumrequ;rement of photosynthesis has 

been determined and a'l of its values are above 8. However, there are 

always ar9uments on the correction for respiration.24 which will change 

the value of this number. 

The derendence of photophosphorylation on the quality of light 

provides a neVi' way to test these tHO hypotheses, and therefore provides 

the impetus for the present experiments. 

2. Dependence of ph.9.toDhospho!,vlation o~_the Quality of 1iabi 

Accordin9 to the "photolyt" hypothesis, the eneroy required for 

phosphoryl ati on is provided hy oxi dati on. TherefOl~e. the amount of ATP 

produced should be independent of the wavelength of the light used, so 

long as the light does not stimulate any special enzymatic reactions. 82 ,83 

However, the Hill-Bendall scheme of photoelectron transport consists of 

ho!o light reactions, photoreaction I and photo."eaction II. Some of the 

eneroy rele"sed in the dark reactions connecting the t\'JO light reactions 

is conserved as ATP. Thi s process is ca 11ed photophos rhoryl at; on. 
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Studies on chloroplasts have shown that there are two kinds of photo-

phosphorylation. Non-cyclic photophosphorylation is defined as a process 

in which ATP is generated from ADP and inorgani~ phosphate when electrons 

are transported from witer to the terminal electron acceptor NAm~+. There 

is also cyclic photophosphorylation mediated only by photoreaction I, 

which can be selectively promoted by far red light with wavelengths too 

long to promote photoreaction IIJl (See FiC/ure III-l.) If this is 

also the case in vivo. the amount of phosphorylation in vivo can be - - - -------. 

varied by light \olith different wavelengths which promote different 

amounts of photophosphorylation I and lead to different amounts of cyclic 

photophosphorylation. Hence, a study of the effect of light quality on 

the variation of cyclic photophosphorylation can serve to distinguish 

between the two hypotheses. 

3. Measurement· of· photophosphoryl ati on 

Since ATP serves as an energy currency for reactions requiring 

phosphorylation, it is generated. used, and regenerated during tne 

process of prtotosyntnes;s. It is therefore impractical, if not impos

s1 ble, to measure the amount of photophosphorylation by determininp the 

amount of ATP formed. Hence, the amount of phosphorylation has to be 

determined indirectly. 

Since ATP and NADPH are the assimilating power of photosynthesis, 

a variation of their ratio will lead to a variation of the photosynthetic 

products, because the synthesis of different products requires different 

amounts of them. Based on the photosynthetic carbon reduction cycle pro

posed by Bassham and Calvin,7,S and the known pathways for the synthesis 
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PQ-PQH2 
Cyt 559 

ADP + Pi 

ATP 

Non-cyclic 

Photoact 
I 

Cyt564 

Cyclic 

XBL687-4306 A 

Figure III-l. Scheme of photoelectron transport in photosynthesis 

show;nq sites of cyc1 i c and non-cyc1i c photophosphory

lation. Redox potentials of electron-carrying cofactors 

along this path is indicated by scale on the left. 
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of various products.9- 12 the cofactor recuirement for the incorporation 

of one carbon atom into sugars. polysaccharides t amino aci ds, proteins. 

and lipids has been calculated and shown in Table 1II-2.* 

Table 1II-2 

Cofactor Requirement for the Synthesis ·of Carbon Compounds 

Startin~ from C02 

~ot=actors Ratic 
Suhstance AT!5 ~1\:"PH ATP/N,o.DPH Remarks 

Po1~saccharides 3-1/6 2 1.58 e.q.! starch. sucrose 

Fatt~ aci d 4 3 1.33 

Amino acid 2-1/3 1-3/4 1.33 NH3 is used as source of 
nitroaen 

Protein 2-2/3 '-3/4 1.53 AssuminQ 3 carbon atoms 
eer nitrogen 

Amino acid 2-1/3 3 0.77 N03- is used as source of 
nitrogen 

Protein 2-2/3 3 0.89 Assuming 3 carbon atoms 
per nitropen 

4. Indirect measurement of photophosphorylation 

Table 1II-2 sho\-/s the cofactor requirement for the production 

of fatty aci ds, and polysaccharides starting from C02. Theenergy 

required for the transport of these compounds from one part of the cell 

to the other is assumed to be small and is neglected. Hence, Table 1II-2 ~ 

. gives only a qualitative idea about the cofactor requirement for the 

production of various compounds. However, it does show that a 10\'Jer 

ratio of IUP/NADPH favors the synthesis of fatty acids and proteins \'!hi1e 

*See Appendix III for calculation. 
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a high ratio favors the synthesis of polysaccharides. 

Since a high ratio of ATP/NADPH favors the production of poly· 

saccharides and a low ratio. amino acids, and lipids. a comparison of 

"the photosynthetic products can be used as an indication of additional 

ATP producti on by cycl i c photophosphoryl ati on. Since cycl i c photophos

phorylation is linked to photoreaction I,a high ratio of ATP/NADPH could 

be achieved by illuminating the plant with long wavelength red light which 

is preferentially absorbed by photosysterr. I and used for photoreaction I. 

Hence a comparison of the photosynthetic product distribution of plants 

illuminated 1!lith light of long wavelength red and of short \llavelenqth 

red \'/oul d provi de evi dence concerning the existence of cycl i c photophos

phorylation 1!l vivo. \'/hich in turn (Jives us additional evidence of the 

existence of two ,light reactions. 

B. Materials and ~1ethods 

1. Choice of plant 

The unicellular algae ChlQrella pyrenoidosa is usually chosen 

for the studies of photosynthesis7 because 

(i) they are small. so that a large number: is used for the 

study and. therefore. the uncertainties due to individual 

variation are eliminated. 

(ii) they have avery high photosynthetic rate. so that enou~h 

products are formed in a short period; and 

(iii) they are easily available and can survive over a wide ranoe 

of variation in temperature. pH. and nutrient supply. 

In order to study the effect of 1 i ght quality on product _di s tri bu

tion. one would like to choose the kind of qreen plant in \'"hich the 
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absorption peaks of the major pigment (chlorophyll .!) and that of the 

accessory pigment* are far apart. so that a larqer difference in product 

distribution can be observed. However. the accessory piqment in 

Chlorella is chlorophyll !?. the absorption peak of which overlaps with 

that of chlorophyll! to such a great extent that there is only one major 

absorption peak which appears in the absorption spectrum of Chlorella 

pyrenoidosa. Therefore. Chlorella pyrenoidosa does not seem to be a 

suitable algae for the present purpose • 
. 

, Algae with accessory pigments whose absorption peaks are far apart 

from that of chlorophyll! are available. However. some of them are so 

delicate that they cannot survive a small chanqe in their environmental 

conditions •. For example. the absorption peaks of phycocyanine and 

chlorophyll! are far apart in Porphyridium cruentum. 84 However. 

Porphyridium has to be suspended in a solution whose salt content is so 

high that they are not suitable forlatet' analysis by paper chroma

tography. 

Among algae with the accessory pigment separated from chlorophyll !. 

Anacystis nidulans "'las found to be the most suitable one for the present 

purpose. The absorption spectrum of Anacystis nidulans (Fipure 1II-2A) 

shO\vs that the absorpti on peaks of chlorophyll ! and the accessory pi g

ment have a wider separation than those in Chlorella (Figure 1I1-2B). 

Furthermore, the salt content of the suspension medium for Anacystis 

nidulans is 101'1 enough for later analysis of photosynthetic products 

by paper chromatography. 

*The accessory pigment in photosystem IL Light absorbed by this acces

sory piqment can he used to promote photoreaction II effectively. 
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Figure 1II-2A. Absorption spectrum of Anacystisnidulans. 
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In the ~resent experiment, both Chlorella and Anacystis nidulans 
~~ t. 

were chosen because we wanted to see if a wider separation in the absorp

tion peaks of chloro~hyll ~ and the accessory pigment leads to a greater 

diff~rence in photosynthetic product distribution. 

2. Light sources 
; 

Of the tv/O 1 i qht beams used to ill umi n ate the tw; n c~n. one 

should be strongly absorbed by photosystem I whi le the other by photo" 

system II. The transmission spectra of the filter sets used to provide 

these blo light beams are shown in Figure III-3. The 680 ! 10 mlJ beam 

should be strongly absorbed by photosystem' I, which contains mostly 

chlorophyll 2.. whi le the 630 ! 10 mlol beam by photosystem II. whi ch con .. 

tains mostly the accessory pigment for photosynthesis.* 

Light sources are provided by incandescent lamps with interference 

filter sets to get the desired wavelengths. Infrared absorption filters 

are placed between the incandescent lamp and the interference filter sets 

to cut dO\'Jn the larqe quantity of infrared from the incandescence lamp. 

Both the interference filter sets and the infrared absorption filters 

are cooled by running water. This set-up also provides cooling for the 

a,lgae suspension in the twin cell. 

3. Experimentalset~up 

Figure 111-4 is a schematic diarram of the apparatus used for 

the present experiment .. .;.i.e •• the steady .. stateapparatus8l with the twin 

*In Chlorella. the accessory pigment ;s chlorophyll £.. while that in 

Anacystis nidulans is phycoerythrin. 
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Figure III-4. Steady-state apparatus with the "twin cell" modification. 
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cell modifications. 

In order to ensure that the difference in photosynthetic product 

distribution is solely due to the difference in the quality of the light 

used. 'the photosynthetic product should be obtained from algae photosyn

thesizing under all other identical aspects of photosynthesis. The 

algae should be of the same age. photosynthesizing under the same level 

of C02 and' temperature. The ideal way to achieve these requirements is 

to have the algae photosynthesize in a "twin cell ll
, where algae in dif

fet'ent compartments are illuminated by di fferent 11 ght beams but with 

all other conditions identical. 

The advantaqes of uSing the twin cell are: 

(i) Since the a1?ae in the two compartments can be oriqinated from 

the same suspension, they are identical with respect to age and density. 

(i i) Since there is only one gas phase. the algae are photosynthe-

sizing under the same level of C02 and 02. ;, 

(iii) The present CO2 analyzer has a different sensitivity for 14C02 

and 12C02• Therefore, there are always ambiguities in the radioactive 

specificity of the C02 inside the system. This leads to uncertainties 

in calculating the absolute amount of photosynthetic product's formed. 

Since the IIb"in cell II has only one gas phase. such ambi quiti es are el ;m;

nated. 

4. Experimental procedures 

a. Preparation of algae suspension 

Two hundred ml of the algae suspension from the culture 

flask was centrifuged at 1000 9 for 5 min. The algae from the centri-

fuge bottle were then transferred to a 12-m1 centrifuqe tube and 

t' ' 

f l ... ' 
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centrifuged at 1500 g for 10 min. The algae were then resuspended to 

the desired density* by a suitable medium. One-thousandth M of KH2P04 

was used for Chlo,r$!llg".RY ... en~otgQ~!",. and the medium for AnJt~~.tJs, JJ5dUlaJJ$, 

has the follov.!inq compos'ition: 

Components 

MgS04•7H20 
KN03 SodlUm citrate 
KH2PO~ 
Arnon s A-4** 
Fe EOTA 

b. Cold experiments 

. Concentration 

1.0 mM 
9.9 mM 
0.165 glliter 
7.3 mM 
1 .0 m 111 i te I'" ; 

0.01 . gIl iter 

Prior to the studies of .photosynthetic product distribution 

by using radioactiv~ 14C02 asa tracer, a "cold experiment" l'/tlS run so 

as to find out the light intensities at which the algae indifferent 

compartments of the twin cell photosynthesize at similar rates. This 

was done by filling one cell with the ~lqae suspension and the other with 

the suspension medium. The intensity of the beam illuminating the al!'-lae 

was varied by changing the voltage app1 ied to the 1 amp. The photosyn

thetic rates of the a,lgc;le at various voltages of the lamp were recorded. 

After this was done. a fresh batch of algae was put into the other com

partment, and the photosynthetic rates were recorded in a similar manner. 

*In the present study, the suspension density of Ch1orella'is 0.6% and 

that of Anacystis nidulans is 0.4%. 

**Composition of Arnon's A-4: Concentration 
0.079 gil 
2.86 gil 
1.8 qll 
0.222 qll 
0.040 rill 
0.015 1,/1 



-80-

From these b/o sets (')f data. the vol tages of the 1 amps at whi chthe 

alqaein the two different compartments photosynthesize at similar 

rates \'/ere chosen for later studies. 

c. Hot experiments (experiments with radioactive material 

as tracer) 

Thirty-five m1 of al~ae suspension were added to each com

partment of the twin cell. Tbe algae were allowed to photosynthesize 

in thei r corresponding 1 i ght beams for a peri od of 15 min so as to see 

whether they are healthy or not. The lamps were then turned off for 

3 min. during which 14C02 was introduced into the system and mixed \,/ith 

the 12C02 already present. Light was turned on again and samples were 

taken every 5 min for a period of 50 min. 

Sampling was done by using a syringe-like filler which Was able to 

transfer a preset volume of~lgae suspension to a preweighed"test tube 
, , , 

containing 4 m1 of methanol to kill the algae. The test tubes \'/ere 

,weighed again to obtain the exact weight of the algae suspen~ion. 

5. Analysis 

a. Total 14C fixed 

The algae suspension in methanol was shaken vigorously and 

500 lJ 1 of the sus pens ion was transferred to a tes t tube. whe,re 30 m1 of 

1 N sulfuric acid was added. After vigorously shaking, 500 ;~l, of this 

suspension was transferred to a scintillation vial, where 18 m1 of 

scintillation solution B* was added. ,a,fter vigorously shakinq. the 

vial was put into the scintillation counter to be counted for 1 min. It 
, ' r 

*Composition of scintillation solution B: 13.5 9 PPO 750 ml ethyl alcohol 
0.3 Q POPOP in 1050 m1 toluene 

150.0 g naphtha- 1200 m1 p-dioxane 
PPO is trade name for 2,5-diphenyl oxazo1 e., ,1 ene , 
POPOP is trade name for 1.4-bis-2(4-methyl-5-phenyloxazolyl}-benzene. 
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Was found that the suspension did not settle out too much in a period 

of 1 hr. because the counting rate was practically the same after a 

period of T,h,r. The rate of 14C fixation was obtained by plotting the 

),.lmoles of l4C fixed per gram of algae Versus time • 

.. b. Sugars and free amino acids 

Sugars, amino acids, and organic acids \"ere isolated by bro

dimensi onal paper chromatography as described by Bassham !:.1 al.7 The 

vari ous compounds on the paper were located and i dentifi edby auto-·· 

radiography. Portions of the paper containing the various compounds 

\-Jere cut out and counted by Geiger-Maller counter to determine the total 

amount of 14ci~ that compound. 

c •.. Proteins '(as insoluble amino acids) 

The proteins were analyzed as insoluble amino acids by 

methods described by Bassham et al. 88 

d. Lipids 

The lipids were extracted by a solution of chloroform and 

methano1 89 ,90 (chloroform:methanol = 2:1) in the fol10\<l1nq \</ay: 

To 500 lJl of the sample (as algae suspension in methanol) a drop 

of 3 N sulfuric acid \lias added. This changed all free amino acids into 

the positively charged ammonium ion while the fatty acids were in the 

unchar~ed form at this pH. Eight .. tenths m1 of chloroform was added so 

that the rati () of chlorcfom to rrethanol in sol uti on \'1as 2: 1. Enough 

chloroform:methanol solution \Ie/as added until a one-phase solution 

resulted. The solution \'1as again let stand for 2 hr with occasional 

shakinq. The organic layer (chloroform) 'was transferred toa preweighed 

.•.. ' 

'.1 
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culture tube. The inor~anic layer was later extracted three times with 

chl()roform. The extract was also transferred to the culture tube and 

comhined \·,rith the previous extract in the or~anic layer~ The culture 

tube was weiqhed to obtain the t~tal amount of chloroform extract trans

ferred. 

Five-tenths gram of anhydrous sodium sulfate was added to each 

tube and shaken to rem(we any water that was in the extract. The tubes 

were then centrifuged at 2500 g for 15 min. Five hundred lJ1 of the 

extract was transferred to a scintillation Viiil and let stand overnight 

to evaporate all the chloroform. a very strong quenching agent. Eighteen 
, 

m1 of scintillation solution A* was added to each vial for scintillation 

counting. 
\ 

C.Results 

1. Total 14C fixation 

a. By Anacystis nidu1ans 

Figure III·5A shows the rates of l4C fixation by Anacystis 

nidulans illuminated by the 630 mlJ and 680 mlJ light. The points repre

sentinq total l4C fixation by the a1~ae under these two kinds ofil1umi

nation practically fallon one line. This indicates that the rate of 

14C fixation is the same under either source of light. 

b. By Chlorella 

Figure III-58 shows that the rate of total l4C fixation by 

Chlorella is faster under the illumination of 680 mlJ light than that 

*Composition of scintillation solution A: 4.5q of PPO and 0.1 q of POPOP 
in 1.0 liter of toluene. 
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under the 630 m~ one. This must be put into consideration for later 

comparison of the photosynthetic product distribution. 

2. The incorporation of l4C into lipids 

a. By Anacystis nidulans 

Figure III-6A shows the rates of l4C incorporation into 

the algae lipids by Anacystisnidulans illuminated by 630 mlJ and 680 mlJ 

liqht. The two curves are parallel with the 630 mlJ curve slightly above 

the 680 mlJ one. The fact that these tvlO curves are parallel indicates 

that the modes of lipid synthesis are identical in the two cases. Since 

the two curves are parallel t the rates of l4C incorporation under the 

illumination of two kinds of light are the same. HOlllever, the 630 m~ 

curve is above the 680 mlJ one. the induction period of lipid synthesis 

is probably shorter under 630 mlJ light illumination than that under the 

680 mlJ one. 

3. The incorporation of l4C into proteins (as insoluble amino 

acids) 

a. By Anacysti s ;'11 dul ans 

The curves shown in Figure 1II-7 (A to C) give the rates 

of l4C incorporation into some of the insoluble amino acids. It can be 

seen that the rates of l4C incorporation into these insoluble amino 

acids are practically the same for algae under the illumination of 

630 mlJ and 680 mv light • 

b. By Chlorella 

The rates of 14C incorporation into some of the insoluble 

amino acids are shown in Figure IIJ-8 (A and B). In Fi9ure III-8A the 

points of both the 630 mlJ and 680 mlJ liqht fall on one line, \vhile in 
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Figure III-88 the two curves are parallel with the 630 Jl1lJ one above the 

680 m~ one. Judging from the fact that the total l4C fixation was 

faster for the 680 m~ light illuminated al~ae. the rate of 14C incor

poration into these insoluble amino acids are slightly faster in photo

synthesis by Chlorella under the illumination of 630 m~ light. Never

theless. within expected experimental error. one cannot take such dif

ference as a very significant one. 

4. The' incorporation of l4C into polysaccharides 

a. By Anacystis nidulans 

Sucrose and UDPGare taken as representative compounds of 

polysaccharides. Figure I11-9 (A and B) shows the rates of l4C incor

poration into sucrose and UDPG during Anacystis nidulans photosynthesis. 

Accordinq to the predictions in Chapter Ilf. more sucrose and UDPG are 

expected to be formed in the 680 m~ liqht. However. the rates of 14C 
. I 

incorporation into these compounds are the same for 630 m~ and 680 m~ 

light illuminated algae. 

b. By Chlorella 

Figure III-10 (A and B) shows that more l4C was incorporated 

into sucrose and UDPG in the photosynthesis carried out by Chlorella 

under the illumination of 680 m~ light. Hot-lever. compared with the rate 

of total 14C fixation. the differences in the relative rates ,of l4C 

incorporated into sucrose and UDPG during the photosynthesis by 

Chlorella are very small. 
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5. The incorporati5en~r14C intosuSlarphOsphates and organic 

acids 

a. ByAnacystisnidolans 
5 

The patterns of l4C incorporation into various photosyn

thetic intermediates during photosynthesis, carried out by Al'lacystis nidu

lans, are shown in Figure III-ll. Figure III';'11 (A, B.and C) shows that -
the initial rates of incorporation. as well as the final steady levels 

of l4C in PGA. sugar monophosphates. and sugar diphosphates, are practi

cally the same for algae under the- illumination of either the 630 mIJ or 

the 680 mIJ light. Figure 111-11 (0 and E) shows that the same results 
. . . 

are found in malic and citric acids photosynthesized by algae under the 

illumination of 630 mIJ or 680 mIJ light. 

b. By Chlorella 

The l4C labeling patterns and the final steady-state levels 

of PGA. sugar monophosphates. and sugar diphosphates under the illumi

nation of 630 m\.l and 680 mIJ light are shown in Figure III-12. The 

higher steady-state levels of these compounds und.er the illumination of 

680 m\.l light are probably due to the higher l4C fixation rate under the 

illumination of 680 m\.l light. 

Together with.the results of these compounds formed in Anacystis 

nidlilans photosynthesis, it indicates that the pool size of the various 

intermedi ates in the photosyntheti c reducti on cycle are closely rel ated 

to the overall photosynthetic rate. This result is consistent with the 

opinion of Bassham et al. that most of the C02. goes into the algae via 

the photosynthetic carbon reduction cycle. 

• 
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6. The incorporation of 14C into amino acids 

a. By Anacystis hidulans 

The 14C incorporation curves of alanine, glutamic acid, 

glycine. and serine are shown in Figure 1II-13. These curves indicate 

that there is hardly any difference in the rate of synthesis of these 

amino acids under the influence of these two different kinds of light. 

This implies that the algae provide the snme ratio of ATP/NADPH for 

amino acid synthesis under the illumination of these two kinds of 

light. 

b. By Ch1orel1a 

In Figure III-14, the 14C incorporation curves of glutamine, 

glutamic acid, and aspartic acid are shown. The "rise and fall ll pattern 

of these curves indicates that the protein synthesis did not start imme .. 

diate1y after the light was turned on. The levels of the free amino 

acids therefore rose to a maximum and then declined to a steady-state 

1eve 1. The fact that the peaks of the 630 m~ cUI'ves are hi qher than 

those of the 680 mu ones suggested one of the following two possibili

ties. 

(i) The protein synthesis of 680 mu light illuminated ehlorella 

reached its maximum rate faster than those of the 630 mu 1 ight i llumi

nated one. Therefore, the levels of the free amino acids of the 680 mu 

light illuminated Chlore1la began to drop earlier than those of the 

630 mu illuminated one. Con'sequently, the peaks of the 680 ml.l curves 

are lower than those of the 630 mu ones. rf this is the case, the rate 

of 14C incorporation into insoluble amino acids (proteins) should be 

higher when Chlorella is illuminated by 680 mu light. However, the 

j j j 
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Figure III-14C. Incorporation of 14C into aspartic acid by Chlorella. 
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present data of 14C incorporation of insoluble amino acids do not sup

port this explanation. 

(ii) The rate of free amino acid synthesis reached its maximum 

. earlier in 630 m~ light. so that the initial levels of free amino acids 

synthesized by Chlorella were higher in the 630 m~ light. Since the 

rate of amino acid incorporation into proteins is proportional to the 

amount of free amino acids available, then the levels of amino acids 

synthesized by Chlorella under illumination of 630 m~ light decreased 

more rapidly than those under the illumination of 680 mu light. If 

this is the case. the rate of l4C incorporation into insoluble amino acids 

(proteins) should be higher when Chlorell~ is illuminated by 630 m),l 

light. An examination of the l4C incorporation curves of insoluble 

glutamic acids and aspartic acids shows that th'is may be the case. The 

points on the glutamic acid curve (Figure III-8B) are too scattered to 

support such an explanation. However, in Figure III-8B. the curves 

show that the incorporation of l4C into aspartic acid is faster when 

the Chlorella \'sas under the i1luminatio~ of 630 mlJ light. 

D. Discussion 

Tables 1II-3A and 111-38 are summaries of the photosynthetic 

product distribution of Anacystis n1dulans and Chlorel1a pyrenoidosa. 

Table III-3A shows that there is no observable difference in the photo .. 

synthetic product distribution of Ariacystisnidulans under the illumi

nation of 630 mu and 680 m).l light. Table III-38 shows that there are 

some differences amon~ the photosynthetic product distribution between 

Chlorella under the illumination of 630 m).J and that under 680 m~ liqht. 
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Although the differences are in line with the prediction on Table III-2. 

they are too small to be given serious consi derati on. 

Although the separation between the absorption peak of chlorophyll a . -
and that of the accessory· pigment is bigger in Anacystis nidulans than 

in Chlorella. a bigqer difference in photosynthetic product distribution 

is not found in Anatystis nidulans. 

Together with the fact that the difference in photosynthetic product 

. distribution of Chlorel1a is too small to be of any significance, it may 

be concluded that the 630 m~ and 680 m~ light caused no observable dif

ference in the photosynthetic product distribut'ion. 

Table III-3A 

Photosynthetic Product Distribution of Anacystis nidulans 

Compounds 

1. Total l4C fixed 

2. Lipi ds 

3. Proteins 

Rate of formation 
under the illumination of 
630 ~ liqht 680 m~ lioht 
.. (~m61es/q min) . -. 

6.09 

0.23 

6.09 

0.23 

(as insoluble amino 
aci ds) 

a) alanine 
b) pro1 ine 
c) tyrosine 
d) aspartic acid 
e) olycine and 

serine 
f) lysine 
q) theronine 
h) 01utamic acid 

4. Polysaccharides 
a) sucrose . 
b) UDPG 

0.058 
0.028 
0.025 
0.062 

0.057 
0.031 . 
0.031 
0.031 

0.058 
0.028 
0.025 
0.062 

0.057 
0.031 
0.031 
0.031 

F,nal levels under the 
illumination of 

630 m~ light 680 m~ light 
. ( ~mo 1 e sIc) 

2.25 
1.06 
0.83 
2.54 

2.18 
1.11 
0.90 
1.07 

12.7 
5.08 

2.25 
1.06 
0.83 
2.54 

2. 18 
1.11 
0.90 
1.07 

12.7 
5.08 



Tab 1 e II 1-38 

Photosynthetic Product Distribution by Chlorella 

Compounds synthesized 
~~of Iqc lncorporatlon Steady-state levels 
under the i1lurrination of ratio+ under the-illumination of ratiot 

1. Total 14C fi xed 

2. Liri ds 

3. Proteins 
{as insoluble amino acids} 
aj alanine 
b (!lutamic acid 
C aspartic acid 

{ 

4. Polysaccharides 
1'. j sucrose 
b UDPG 

630 IT1lJ light 680 f!111 li('fht 630 mlilight 680 ITIlJ light 
(1l~Oles14C/min g) . . (umoles 14C/g) 

9.11 

, .13 

0.0625 
0.055 
0.016 

** 

9.66 

1.19 

0.0625 
0.055 
0.015 

0.943 

0.950 

1.00 
1.00 
1.06 

29.0 32.0 
2.20 2.48 

0.906 
0.887 

tThe ratio bet\olfeen compounds formed under 630 mll li0ht illumination and. those under 680 ml! liqht 
illumination. . . 

*After 50 min. the steady-state levels of lipids and proteins had not been established. (In fact. 
they miqht not exist.) 

**The ste~dy-state levels of Sucrose and UDPG were established in a short period. It is therefore 
impractical to compare their rates of synthesis. 

~ 

~. 
•. 

* 

I --0'\ 
:1 
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The absence of the effect of 630 m~ and 680 m~ light on the photo

synthetic product distribution can be accoonted for by the following 

pos~ibi 1; ti es: 

(i) The photoelectron transport scheme consists Of only one light 

reaction. as described in the "photolyt" hypothesis. 

(11) The photoelectron transport schernesti 11 consi stsof two light 

reactions. However, the "spillover,,42 mechanism regulates the distribu

tion of absorbed photons, so that there is no excessive photoreaction I 

to generate additionalATP by cyclic photophosphorylation in the algae 

illuminated by the 680 m~ light. 

(iii) Far red light stimulates no additional cycHc photophosphory-

1 ati on.i!l vi vo. 

The strongest support for the "photolyt" hypothesis is the low 

value of quantum requirernent. 15 Arguments against Warburg's low number 

of quantum requirement are always concerned with his manometric method 

in measuring oxygen evolution in the presence of carbon dioxide. 

Measuring the oxygen pressure with an oxygen analyzer which measures 

the paramagnetism of the oxygen gas. BaSSham!!. al. also found that the 

quantum requirement was below 8. However, later quantum requirement 

deteminations in this laboratory show that the value of quantum 

requ; rerrent is above ~ and has revealed a possible error in the measure

mentby Basshametal. AlthoUQh the present experimental results seem -- ,'" .. 

to be consistent with ,the "photolyt" hypothesis, quantum requirement 

'measurement and other evi dences such as the enhancement effect and 

chromatic transients proved this hypothesis no longer valid. Therefore., 

the "photolyt" hypothesis cannot be used to account for the present experi. 

menta 1 resul ts • 
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The experi ment was based on the fact that 680 mlJ 1 i ght woul d be 

preferentially absorbed by photosystem I and used for photoreaction I. 

Since cyclic photophosphorylation is linked to photoreaction I, addi

tional ATP might be generated by cyclic photophosphorylation. This 

changes the rati 0 of ATP /MADPH, whi ch in turn affects the photosyn

thetic product distribution. This assumption works only if the 

"separate package" mechanism regulates the distribution of absorbed 

photons. If the "spillover" mechanism requlates the distribution of 

photons, there wi 11 be no excess of photoreaction I even if 680 tn\J 

light is preferentially absorbed by photosystem I. Since there is no 

observable effect found in the present experiment, it seems that the 

"spillover" regulates the distribution of absorbed photons. However. 

this is true only if it can be shown that far red light can promote 

additional photoreaction I for the generation of ATP by cyclic photophos

phorylation. Hence, far red lioht-stimulated cyclic photophosphorylation 

is studied in the fo Howing chapter. 
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IV. RED LIGHT-STIMULATED CYCLIC PHOTOPHOSPHORYLATION IN VIVO 

Although cyel i c photophosphoryl at10n in chloroplasts has been shown 

to occur in vitro.67- 71 very little is known about this important 

process in vivo. Inhibitor studies could provide only some indirect --
evidence. 91- 93 Furthermore, the use of inhibitors can alter more than 

one reaction of the living cell. adding ambiguity to the results. 94 ,95 

Far-red light miqht provide another way to stimulate cyclic photophos

phorylation and since far-red liqht miqht affect fewer sites in the 

livinq cell, it seemed useful for the study of cyclic photophosphory

lation in vivo. --
Measurement of liqht scattering provides an indirect method to 

measure photophosphorylation. 95 By measuring scattering chanqes. 

U. Heber has shown that far-red light hardly stimulates any cyclic 

photophosphoryl ation i!!. vi vo. 97 However, 1 i ght scattering changes are 

attributed to shrinkage or swellin() of chloroplasts. This in turn is 

believed to be due to the hydrogen ion exchange between the chloro

plasts and the environment. Since phosphorylation may be related to a 

chanqe in pH, measurement of scattering change rrioht provide an indirect 

method for the measurement of phosphorylation. However, the shrinkage 

or swelling of the chloroplasts, or even the exchan()e of hydrooen ion 

with the environment, may be due to SOme other physioloqical phenomena. 

and may not be related to phosphorylation. Thus, the absence of a 

scattering chan()e may not be an indication of the absence of phos

phorylation. Therefore, it is important to investigate the possibility 

of far-red liqht-stimulated cyclic photophosphorylation i!!. vivo by 

direct mea~urement. 
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The action spectrum. published by Arnonet a1~71 (FiQure IV-1) 
. ; ---

indicated that the quantum yield of cyciic photophosphorylation in 
, , ---

chloroplasts increases sharp1Yfrom 680 mlol to 720 mlol. Since the action 

spectrum of Chloralla photosynthesis3 (Figure IV-2) shows that light of 

wavelenqths lonqer than 690 mlJ is unable to promote photosynthesis. it 

may be possible to induce cyclic photophosphorylation in vivo by shining 
. -- . 

light of wavelengths longer than 690 mu onto the algae which is photo

synthesi zing under the illuminati on of 1 i ght with wavelenqths Where the 
, 

quantum yield of cyclic photophosphorylation is low--e~g.t 630 Inli. 

Hence. a measurement of the levels of ATPand ADP before and after the 

introduction of this long wavelength red light could provide the evi

dence concerning the occurrence of cyel i c photophosphorylation.!!!. vivo. 

AlthouClh ATP is not stored as the end product of photosynthesis. any 

additional amount ofATP provided by cyclic photophosphorylation could 

be measured by the change in photosynthetic product distribution, as 

well as in the steady-state levels of ATP and ADP. 

B. Experirrental 

The experimental procedures are similar to those of Bassham'S 

inhibitor studies81 on the photosynthetic carbon reduction cycle, except 

that the algae susp~nsion was illuminated only on one Side, and instead 

of added inhibitors,light with wavelengths longer than 690 m was used 

to illuminate the other side. 

Two experiments were done. In the ftrst one, the alqae suspension 

was illuminated on one side by blue l1qht and the other by long wave-

1 enqthred 1i ght. l i nht was prov; ded by incandescent 1 amps fil tered by 

-, 
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Figure, IV-1. Effect of red and far-red monochromatic liqht on ferredoxin

catalyzed photophosphorylation.?l 
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Corning color filters, the transmission spectra of which are shown in 

Figure IV-3 • 

The algae was allowed to photosynthesize in the blue lieyht (color 

filter 4-96) for a period of half an hour after the introduction of 

32P. so that the pools of ATP. ADP. and PGA are all saturated with 

32p. l4C was then introduced as C02 into the system. After the intro

ducti on of 14C02. the al gae were allowed to photosynthesize for 20 min 

before the addition of long wave1en~th red light (corrbination of color 

fi 1 ters 4-77 and 2-58) by turning the other 1 amp on.- Samples were 

taken before and after the red light was turned on. 

The second experiment was similar to the first one. with some 

modifications on; the 1iqht sources. Instead Of usino blue liqht. 

630 m~ light provided by interference filter sets was employed. Long 

wavelength red liqht was provided by the combination of Corning color 

filters 2-58 and 7-59. The transmission spectra in Figures IV-3C and 

IV-4B show that such a combination can abolish all light with wave= 

1 engths shorter than 690 tmJ. Since the intens it.v of the 630 mll 1 i qht 

provided by interference filter sets was very 10\1/, the algae v/ere 

allowed to photosynthesize for one and a half hours in 32p before the 

introduction of 14C. After the introduction of 14C, the aloae were 

allowed to photosynthesize for 20 min before the long wavelength red 

light waS turned on. 

C. Results and Discussion 

The 32p incorporation curves of ATP, ADP. UDPG. and PGA in the 

first experiment are shown in FiqureIV-5. It can be seen that upon 
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Fi gure IV-4A. Transmi 5S i on spectrum of the interference fi lter set 

(Baird Atomic BX-3). 

4B. Transmission spectrum of the Corning 7-59 color filter 

(When combined with the Cornina 2-58 color filter, the trans

mission band between 280 m and 520 m is cut off, and 

allows only the lonq wavelenqth to pass throuoh.) 
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Figure IV-58. 32p incorporation curve of PGA. 
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the additi on of red 1 i ght, the level of ATP and that of ADP dropped 

s 11 ohtlY and then reached the slightly hi qher steady state. Compared 

with the amount of red light added, the rise in ATP and ADP levels is 

too small to be attributed to the occurrence of cytlicphotoohosphory

lation. However, the fact that all the levels of ATP,ADP. UDPG. and 

PGA increased to a higher steady-state value prevents us from drawinq 

the conclusion that red liqht stimUlates no cyclic photophosphorylation 

·in vivo durino aerobic photosynthesis. - ----- ., 

The uncertainties in this experiment probably come from the light 

sOUl"ces: 

B10e liQht ·used: . The broad transmission band of the Corning color 

filter might have provided too much light for photosystem I. so that 

photoreaction 1 is saturated. Since cyclic photophosphorylation is 

linked to photoreaction 1,67.71 it will not occur if photoreaction I is 

saturated by overall photoelectron transport. 

Red liqhtused: An examination of the transmission spectra in 

Figure IV .. 3 shows that a small amount of lioht with wavelenqths from 

680 m~ to 690 m~ can pass through the combination of filters 4-77 and 

2-58. This may account for the small increase in theATP and ADP 

levels after the red lipht Was turned on, because the levels of ATP and, 

ADP are proportional to the overall rate (If photosynthesis. 

In the second experiment, instead of using blue light, 630 m~ inter

ference filter sets are employed so that the light provided is preferen

tially absoY'bed by chlorophyll £" which is the predominant pigment in 

photosystem II. Furthermore, the liQht intensity Was so low that the 
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rate of CO2 uptake was only 4 umole/min ~ alqae.* which was only one

fourth of that in the fi rstexperiment. Hence. the 1i qht intensi ty 

would not be so high as to saturate system r. and therefore not be too 

hinh for cyclic photophosphorylation to be performed by photoreaction I. 

The tranSmission spectra in Figure rV-4 show that no light with 

wavelengths shorter than 690 mJ.l can pass through the combination of the 

color filters 7-69 and 2-58. Furthermore. experiments had shown that 

the addition of this red light had no observable effect on the rate of 

photosynthesis or dark respirfltion. Therefore, the possibilities of 

enhancing the levels of ADP and ATP by non-cyclic photophosphorylation 

coul d be avoi ded. Hence. in theory this far-red 1 i ght is suitable for 

the stimulation of cyclic photophosphorylation. 

The 32p incorporation curves of ATP, ADP. UDPG. and PGA are shown 

in Figure IV-6. It can be seen that neither the addition nor the removal 

of the long wavelength red light had any effect on the levels of these 

compounds. In fact. the levels of ATP andADP dropped sliqht1y when the 

red lioht was turned on. and rose slightly when the red light was turned 

off. (This might be due to the fact that the voltage of the lamps 

serving as the light source for the 630 IT'U liaht dropped slightly (about 

1%) when the lamp for the red light was turned on. However. the dif

ferences among those points on the curves were too sma 11 to be taken 

into serious consideration.) 

Another possibility for the absence of observable cyclic photophos-. 

phorylation stimulated by the long wavelen~th red light is that the amount 

*The saturation rate ofChlorella photosynthesis is about 40 umole C02/min 

per 9 aloae (see Fioure rI-2). 
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of red lioht absorbed by the algae is too small, because the absorption 

spectrum of Chlorel1a drops sharply for wa,velenqths longer than 680 mlJ. 

Comparison of the measured Hght intensities of the 630 mlJ and the lonq 

wavelenqth red light is impractical, because the Corninq color filters 

,let through a large amount of infrared liqht which is unable to promote 

cyc:Hc photophosphorylation. Therefore, the amount of "useful" lonq 

wavelength red light* absorbed by theChlOrella has to be calculated 
'. . -_ ........ ----

from' the transmissi on spectra of Fi gure IV-4 and the absorption spectrum 

of Chloral'a in Fiqure IV-5. In order to make a comparison, the amount 

of 630 mlJ light absorbed by the alqae has also to be calculated. Together 

with the relative intensities of the two incandescent lamps, the amount 

of 630 mlJ and lonq wavelength ,red liqht absorbed by the Chlorella were 

thus calculated and tabulated as follows: 

Calcolation. The relative amount of light absorbed by the algae 

depends on (1) the relative amount of light available to the alqae, 

which in tum depends on (a) the intensities of the incandescent lamp, 

and (b) the percentage of transmission of the filters; and (ii) the 

relative amount of absorption by the algae. 

(i) The relative amount Of 11ght available to the algae. During 

the experiment, the incandescent lamp for the Corning color filters was 

operated at 115 vo 1 ts whi 1e th at for the interference fi 1 ter set was at 

109 volts. Both lamps were at the same distance from the corresponding 

*Useful lonq wavelength red 1ioht is defined as the red light with wave-
.' 

lenoths from 690 fI1lJ to 740 mlJ, because studies in chloroplasts have shown 

that 740 mli red lioht is still able to promote photoreaction 1.98-100 
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surfaces of the cell. With the 11 oht meter at a fixed di stance and 

location. the light intensities of the incandescent lamp at 115 and 109 

volts \\fere found to be 817 FC and 7000 FC, respectively. Hence, the 

relative intensity of the light for the Corning color filters was taken 

as 8175 FC and that for the interference filter set. 7000 FC. Actually. 

a larger value should be assiqned to the color filters, because the peak 

of the emission spectrum Of the incandescent lamp is about 800 m~. which 

is closer to the transmission band of the color filters than that of the 

interference filters. 

The relative amount of transmission of the filtersJs expressed in 

area units of mlJ X percentage of transmission. 

Relative amount of transmission by the combination of Corninq 
color filters 7-59 and 2-58 (in area units of % X mlJ) ,. 

Color Filter 7-59 
Wavelenoth 

(mIJ) ..•. % Of Transmission Area units 

740 80 
10 mlJ X (80 + 75)~/2 = 775 

730 '. 75 
10 mlJ X (75 + 65)%/2 = 700 

720 65 
10 mlJ X (65 + 50)%/2 = 575 

710 50 
10 m\.l X (50 + 30 )%/2 = 400 

700 30 
10 mlJ X (30 + 0)%/2 = 150 

690 0 

Total 2600 area units 

Since the percentaqe of transmission of the color filter 2-58 is 

90% for wave1enoths from 680 mlJ to 800 mlJ~ the relative amount of trans

mission by the combination of Corning color filters 7 .. 59 and 2-58 is 

2600 X 90% =. 2340 areauni.ts. 
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Relative amount of transmission by the Baird-Atomic interference . 
filter set* (8X-2 and BX-3 coni>ined) . 

Wavelenqth 
.. (mil r % of trans,"; ss ion 

620 

630 

640 

22.5 

22.5 

22.5 

4rea units 

10 m~ X (22.5 + 22.5)%/2 = 225 

10 mu X {22.5 + 22.5}%/2 ~225 

Total -450 area units 

(ii) The relative amountofabsorptionbyCh16rella. The relative 

amount of absorption by Chlorella was calculated from the absorption 

spectrum shown in Fiqure IV-7~85 However, according to Figure IV_B. BS 

the optical density of spinach chloroplasts is zero for wavelengths 

lonqer than 750 mlJ. The optical density for wavelengths lont'Jer than 

750 m~ in the absorption spectrum of Figure IV-7 is probably due to 

light scatterinq rather than absorption. Therefore. a value of 0.27. 

which is the optical density of Chlorella at 750 ml<l. was subtracted 

from all measured optical densities. 

*By repl acing the two small tri angul ar area units from 610 mu to 620 mu 

and from 640 mlJ to 650 ~ with similar ones from 620 m~ to 630 m~ and 

from 630 mlJ to 640 m~. the transmission band of the interference filter 

set is assumed to have a rectangular shape. This facilitates the calcu

lation. 
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SPINACH CHLOROPLASTS 

(After Sauer) 

500 600 700 

Fioure JV-7. Absorption spectrum of Chlnrella.98 
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Re1ativeamoOntof liqht a,bsorbed. The relative amount of liqht 

absorbed by the Chlorel1a is calculated by the followino formula: 

Relative amount of 1 i ohtabsorbed 

: (Intensity of the incancescent lamo) X (Area units of transmission) 

X (Area units of absorption). 

Since the percentage of transmission of the Corning color filter 2-58 is 

90% from 680 mlJ to 800 mlJ. the intensity of the incandescent 1 amp for 

the color filter is taken as 8175 FC X 90% = 7358 FC. 
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Relative amount of li?ht absorbed by the alqae 

7000 ,Fe x 225 X 4.75 = 7.48125 X 106 

7000 Fe x 225 X 4.75 = 7.48125 X 106 

14.96250 X 106 

(630 mu 1ioht) 

7358 Fe x 150 X 5.47 = 5.92687 X 106 

7358 Fe x 400 X 0.26 = 7.65232 X 106 

7358 Fe x 575 X 0.13 = 5.50011 X 106 

7358 Fe x 700 X 0.078 = 4.01746 X 106 

7358 Fe x 775 X 0.045 = 2.5661 X 106 

25.6629 X 106 

(lono wavelenqth 
red liqht)" 

A1thou~h the results of the above calculation may not be very accurate, 

it shows that the amount of1onq wave1en~th red light absorbed by the 

algae is greater than that of the 630 m}.l light. It therefore removeS 

the doubt that the amount of lonq wavelength red li~ht absorbed by the 

'ehlorella is too small to promote an observable amount of photoreaction I 

for cyclic photophosphorylation. 

Hence. the result of the present experiment is consistent with 

U. Heber's97 observation that lonq \'Iavelent'th red liqht stimulates no 

observable CYclic photophosphorylation in vivo dlJrino aerobic -- ' 

" 
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photosynthesis. This also supports the opinions of Izawa and GoodlOl 

that during photosynthesis the ATP requirement can be fulfilled by 

non-cyclic photophosphorylation alone. 'Since the ratio of ATP/NADPH 

is greater than one for the overall process of photosynthesis, the 

stoichiometric relationship in non-cyclic photophosphorylation has to 

be more than one ATP for each NADPH produced. 10l 
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v. SUMMARY 

The "photolyt" hypothesis and the Hill-Bendall scheme are the two 

controversial hypotheses on photoelectron transport. These two hypotheses 

were discussed. and two sets of experiroonts were desiqned to test their 

validity. They are (a) the quantum requirement of photosynthesis and 

(b) the effect of light quality on the photosynthetic product distribu

tion. 

The measurement of quantum requirement consists of (a) measurement 

of oxygen evolution and (b) measurement of enerqy absorption. Most 

criticisms on Harburq's low value of quantum requirement are his inter

pretation of manometric data. However. measuring oxygen evolution with 

an oxygen analyzer, Bassham !t al. also obtained values of qu~ntum . 

requirement below 8. After correction for resp; ration. the value is 

about 4. which also favors \I'arburg's "photolyt" hypothesis on photoelec

tron transport. which consists Of only one light reaction. Without cor

rection for respiration. the values of some of the rreasurements are still 

below 8. This led Bassham to propose that in the Hill-Bendall scheme. 

one of the two light reactions promotes two electrons upon the absorp

tion of one photon. 

Using the oxygen analyzer and a new method to calibrate the photo

cell. the quantum requirement was determined with reliable accuracy. 

Furthermore. a possible error in Bassham's experiment Was revealed. The 

result of the measurement favorS the Hill-Bendall scheme of photoelectron 

transport. 

The basic assumptions in the study of the effect of light quality 

on the photosynthetic product distribution are (a) the photoelectron 
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transport scheme consists of two photoreactions as described by the 

Hill-Bendall scherre. (b) far-red light can stimulate cyclic photophos

phorylation .!!!. vivo,and (c) the 'keparate packaqe"mechanism requlates 

the distribution of absorbed photons. The result of the present study 

indicates that light with different wavelengths has no significant 

effect on the photosynthetic product distribution. 

The absence of any s i qn i fi cant effect of 1 i ght qua 1 ity on the 

photosynthetic product distribution raised questions on the validity 

of the above assumptions. The present quantum requirement measurement 

and other studies on photosynthesis have shown that the photoelectron 

transport scherre consists of blo light reactions. Far-red light-stimu

lated cyclic photophosphorylation has been studied and reported in 

chloroplasts by Arnon. The validity of the "separate package" rrechanism' 

in requlating the distribution of absorbed photons can be tested. if it 

can be shown that far-red li ght-stimulated cyc1 i cphotophosphorylati on 

also exists inv1vo. --
ExperiJTents on far-red 1 i qht-stimul ated cyc1 i c photophosphoryl at; on 

were carried out. The wavelengths of the far-red light used were too 

long to promote photoreact10n r I. Thus it can on ly be used to promote 

photoreaction r for cyclic photophosphorylation. In contrast to the 

result Of such studies on chloroplasts, we found no far-red light

stimulated cyclic photophosphorylation '!!!. vivo • 

Although the absence of far-red light-stimulated cyclic photophos

phorylation prevents us from drawing any conclusion on the ~chanism of 

quantum distribution, it accounts for the absence of any significant 

effect of 1 i ght with di fferent wavelenoths on the distributi on of 
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photosynthetic products. Furthermore. it shows that results from the 

.!!!. vitro study may be different from those .!!!. vivo. 

! 
\ 
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APPENDIX I 

An Alternate Explanation for the Atid Fluoride 'Experiment 

Instead ~f postulating the existence of "photolyt". the acid fluoride 

experiment cM be expl ained by the followinq re~ctions: 
+ 

"0 NH30" -0 ',: + 
'C-CH2-CH2;-C-C9' ,,' 'F-, 'enzYme' ):-CH2-CH2-CH2-NH3+ 'C02 (n 

01' , 'OH ~ 0" 
H 

+ 
"'0 NH3 0 

'C-CH2-C-CQ 
O~ ~ .... OH 

F-. 'enz¥me' ) 

1 
Itransamination 
~ith glutamic acid 

1 ~ 
-0 Q 

'C-CH2-e-0" 
o~ 

'Light [H]' ~ -0, ?H ~O 
_---':..' "..;..' ' ..... ' ..... ' , C- CH2-G- C 
" , O-f" H '0-

(2 ) 

Assuming thefl uoride acti vated enzyme catalyzes not only the decar

boxylation of glutamic acid but also aspartic acid, the results of the 

aci d fl uori de experi ment can be expl ai ned as follows: 

The CO2 evolved from vessel II consists pf CO2 released from the 

following sources: 

(i) C02 bound as bicarbonate 

{ii} glutamic acid 

(ii1) aspartic acid 

(Aspartic acid is in equ1libriumwith oxaloacetic acid, which can be 

formed by the oxidation of malic acid during respiration.) 

The CO2 evolved from vessel I is less than that evolved from vessel 

II by an amount equal to the C02 released from aspartic acid. The 

.' 
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aspartic acid is in equilibrium with the oxaloacetic acid, which is 

reduced to malic acid in photosynthesis. The fluoride a,ctivated enzyrre 

is unable to catalyze the decarboxylation of malic acid. Therefore, 

less C02 will be evolved from the algae if it is exposed to light before 

the addition of sodium fluoride. 

The CO2 evolved jn vessel III is released .from qlutamic acid and 

the C02 bound as bicarbonate, while that evolved from vessel IV is 

released only from glutamic acid. 
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APPENDIX II 

, 'Functi on~nslycent Pl'lte and Reasonlo [!'flO 1 oy i30 rnu li nht 

A. ~ The Function of th~ Translucent Plate 

The function of the translucent plate is to diffuse the light so 

that the alqae suspension is illuminated by a rr.ore uniform light be BIT'. 

Local saturation i stherefore greatly reduced • 
• 

ihe transmission band 'of the interference fi lter should have C\ 

certain band width. SOlas to provide enouoh eneroy to the algae to qive 

an observable ~ate of oXYt'len evolution. In the present case. the trans-
" . 

misSion band of the interference is 627 rnu + 8 mU. Since the quantum 
' ... 

yield of Chlorell! photosynth'esis is at its maximum value l for, i11Wl1;" 

nating light \,/ith \'Javelen("jth fron' 570mlJ to 635:mlJ.23 th~ lliqhLprovided I 

by the present set-up \·lill be optimal for quantum requirement study. If 

the interference filter is made with transmission band of 680 mlJ, so~e 

of the light passin("j through \'/ill have \1avelengths longer than 680 mlJ • 
• 

Since tht! quantu!'fl yield of'Chlorella photosynthesis drops seve,rely for 

wavelengths longer than 680 rl'!l.l', the use of interfet"ence filter with a 

transmission band at 680 ~ \·rill ~ive a high quantum requirerrent. 

Furthermo,re. ChlorelJa pyrenoidosa has an absorption peak at 680 fTl\.l; 

therefore. the int:~sity gradient \llil1 be more.pronounced if 680~mlJ light 

is used. 
, ' 

B.,$ionificance of the '(n+l)/nRatio' 

N i~ the nu~ber of IR abs6rption filterS. The (n+l)/n ratio is 

the sional rationf the therrnopile(or the photocell) \'/ith the corres

pond'ing nu~er of IR absorption fi lters in front of its detecting sur

face. Since the IR absorption filters are not neutral density filters 

but absorb fT'Ore infrared than visible light (transmission spectrum 

.'" ~ 

" 

.. ' 
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shown in Figure II-3C), a constancy of the (n+1 )/n ratio inrlicates 

that the light passing through has a narrow transmission band in the 

visible region and contains practically no infrared, so that the IR 

absorption filters act as if they are neutral density filters. 

C. The Oxygen Volome of the System 

.The advantaqe of detennining the oxygen volume of the system by 

using the oxygen analyzer is that it eliminates any error that may exist 

in calibrating the sensitivity of the oX,Yqen an~lyzer. The reason is 

that the amount of oxygen evolved during ohotos.vnthesis is obtained by 

multiplying the volume of the system by the sensitivity of the oxygen 

analyzero This can be seen from the following example: 

Apparent sensitivity of the 
oxygen analyzer 2%/100 dive = 0.02%/div. 

Real sensitivity of the 
oxyqen analyzer 1.5%/100 dive = 0.015%/diy. 

Upon the determination of the oxygen volume of the system. the replace

ment of 5.0 cc of air by 5.0 cc of nitroClen results in a chanqe of 50 

divisions. , 

Apparent volume of the 
system (5.0 X 20.95)/(0.02 X 50) = 20.95/0.2 

True volume of the 
system (5.0 X 20.95)/(0.015 X 50) = 20.95/0.15 

Durinqphotosynthesis. the rate of oxyqen evolution is found to be 

2div./min. 

Apparent rate of 
oxygen evolution 

Rea 1 rate of oxyqen 
evolution .. 

2 X (1/100) X (2/100) X (20.95/0.20) 

2 X (1/100) X (1.5/100) X (20.95/0.15) 

Apparent rate ofoxyqen evolution = Real rate of oxygen evolution = 
41.90 X 10-3 cc. 
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Do Extracti on .~f. C~~l 012gph~ll~, f~~J,Q1;£;Ll& 

After the Chlor'ella\I!Bs centrifuoed dOi'tn to ct knov/n voluIT'e in the 

centrifuCle test tube, the superMtdnt vias rer:oved from the al('iae by a 

droppero It \'las then transfer'red to the trottar by crackino the test 

tube e so that the 1 eRst aMount of \':ater oot into the morter. (!\!atel~ in 

the mortar makes it diffi etll t to \'/ork.) The (11oae (vJi th the 012S5) I'!CIS 

9round for several minutes. Liquid nitro~en was put into the n~rtar to 

freeze the aloae. After ell nitrooen \'/as evapor?,ted, the al(!ae I-'as 

ground aaain fat' several minutes." This procedure \'/8S repeated three" 

times to insure complete breakaqe. Ei0hty percent acetone \'las added to 

the mot"tar to extract the chlm'ophyll. The extroct vIas centrifuged 

and the i.supernatant should contain most of the chlol'ophyll. The pre

cipitate was washed once with 80% acetone and th~ wash was co~bined 

\'lith the extra ct. The arrount of chlorophylls (chlorophvll a and b) . - -
in solution can be calculated ft~om r'~ackinney's forrru1c1. 

mq chlorophyll/liter: 00665 mu X 6.45 + 00649 ~uX 17.72. 

'where 00665 and 00649 are the optical densities at 665 P.1U and 649 Ir!~. 

res pect; ve-ly. 

Expe ri ente shm'/s that for 1 0 of wet packed a loge. the extract 

should be diluted to a volume of 250.0 ml to ~et a convenie'nt measure

ment by the spectrophotometer. 

\ 
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'APPENOIX III 

The Cofactor Requi rement for the Synthes is of Ca rbohydrates, Fatty 

AcidS, Amino AcidS, and Proteins 102 ,103, 

A. The Cofactor Requi rement for theSynthes is Of Carbohydrates 

Startinq from PGAL (p~osphog1ycera1dehyde) ~ the cofactor require

ment for the synthesis of carbohydrates can be shown by the followino 

pathways: 

fructoaldolase 

H ~ QH OH _ 
Ho-t-c-c-e - C-CH20P03-I JJ L I I 

H 0 OHH H 

/,------,-
(: 

OPO=3 H OH OH OP03= 
I ' I 1 I C-F.- roo ~- '1- CH2 

o OH H H 

t:ructose-l.6-
diPhoSDh:tase 

HOP03 

~ pH 9H OP03 
HOCH2-C-C - C - C - CH2 

Ii I I J" ' a OH H H 

phosphog1 uco; some rase 

.H 

Jr 

H 
OH 

(Cont.) 

'\" 
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suc!"ose phosphate ~UDP"D-glUCOSe ~<-)~,--
YH20 dime~ UTP 

~HOP03 ' UDP ~ 
\ ATP 

H 

HO OPO= 
3 

sucrose starch 

This pathway sho\'/sthat only one ATP ;s required for the synthesis 

of one UDPG from PGAL and UDP. Hence, the cofactor requirement for the 

synthesis of oneUDPG is 2x(9ATP + 6NADPH) + ATP = 19ATP + 12NADPH. 

Starting from UDPG. the synthesis of starch and sucrose involves no net 

consumption of any cofactors. The cofactor requirement for incorpor;,tion 

of one CO2 into carbohydrates can therefore be regarded as equal to that 

into UDPG. Thus. the ratio of ATP/NADPH Tor the incorporation of one 

C02 into sucrose and UDPG i,s 19/12 = 1.58. 

B. The Cofaetor Regui rement for-the Synthesis of Fatty Aci ds 

Starting from malony1-CoA the biosynthesiS of a qiven fatty acid can 
, I 

v 

"~, 
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,0, 0 

,CH3CH2CH2~H~s.ACP + HS-CoA ~,CH3CH2CH2e~,SCOA + HS-ACP (7) 

--------------------------------------------------
H02e 0 0 " 9. 

i~H2-e .. SCoA + CH3-~-SCoA + 2NADPH + 2H+ ,... CH3CH2CH2e-SCoA + CO2 + 

CoASH +2NADP+ + H20 (8) 

where ACPrepresents acyl carri er protein. and CoASH refers to coenzyme A. 

Startinq from PGAl. the synthesis of malonyl-CoA can be represented 

by the fol'owinq equations: 

o OB _ OPO={-P. 
'-~-CH2-0POj + NAD+ + HOPO; --~~ o!C~ .CH20PO=3 + NADH + H+ 

H/ A ' 

oe03 I = + .. O\....' = 00 ~H 
,;f -1- CH2-OP03 + ADP + H ' "" )0 ~{;-, -:CH2-0PQj + ATp 
u' H 0 H = 
"0 OH -0 ~P03 -0 QP03 
,~-~-CH20P03 ...... --IJoO> ~C-1-CH20H" ) o~C-C=CH2 + H20 
(j/" H Q7 H 

+ADP + 2H+ 
o 0 

----~~ CH3-~-c# + ATP 
'0-

OH 
+ E-ThPP-H + H+ 

- I 
~ CH3-f-Th-PP-E + CO2 

H 
o 
II . . 

) CH3-C-S-LrSH + Th-PP-H 

o fH 
--..).~ CH3-~-S-COA + La' 

'SH 

--'-.) O~-CH2-~-S-COA + biotin-enz + H+ 
·0 
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L{! is regenerated by FAD as shO\<ln by the fo110winq reactions: 
S 

La;H + FAD 
'SH 

FAOH2 + NAD+ 

s 
--~) FADH2 + La/I 

's 
--~) FAD + NADH + H+ 

and CO2-biotin is generated from the biotin enzyme complex as follows: 

, C02 + ATP + bi'otin-enz ). CO2-bi oti n-enz + ADP + HOPO; 

where LiT and La/
SH 

are the oxidized and reduced form of lipoic acid. 
's . 'SH . 

E and enz are the enzymes that catalyze the cor,responding reacti ons. and 

Th-rp ~is thiamine pyrophosphate. 

Startinq from PGAL. the overall cofactor production in the syn

thesis of malonyl-CoA can be calculated from the followinq equation, 

which is the sum of all above equations: 

° OH 
H~C-~-CH2-0PO; + ADP + 2NAO+ + H+ ~ ~ ~ 

-0 J) 
):-CH -C¥ 

Or 2 'S-CoA + ATP 

+ 2NADH + 2H+ 

Since the synthesis of one molecule of PGAL requires 9 IT10lecules 

of ATP and 6 molecules of NADPH. the cofactor requirement for the syn

thesis of one ,molecule of malonyl-CoA via PGAL \'1ill be (9-1) = 8 ATP 

and (6-2) = 4 NADPH. 

The incorporation of one -(CH2-CH2)- unit into the chain of a qiven 

fatty acid via malonyl-CoA requires 2(NADPH + H+). Starting from CO2 , 

the cofactor requirement for the incorpor?tion of one -CH2- unit into 

the chai n of fatty aci d can be ca 1 cul ated from the foll owi nq table: 



Cofactor requirement 
for the synthesis of 

PGAL 

malonyl-CoA 

.CH2-CH2- in the chain 
of fatty ad d 
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ATP 

9 

9-1=8 

NADPH 

6 

6-2=4 

6+2~8 

Hence. the cofactor requirement for the incorp~ration of molecule of 

CO2 as .CH2- into the chain of a (liven fatty acid is 8/2=4 ATP ~nd 

6/2=3 (NADPH + H+). And the ratio of ATP/NADPH for the incorporation 

of one C02 into the fatty acid cha,in is 4/3=1.33. 

C. The Cofactor Regui remel'lt for the Synthesi s of Amino Aci ds and 

Proteins 

Since the al~ae were grown in a medium containing KN03. NOj is the 

nitrogen source for amino acid synthesis. The reduction of nitroaen ' 

from the level of NOj to that ofNH3 can be represented by the fo110w;nt'T 

diaaram: 

NADH or NADPH 
/j \" 

./ 
/' / \ " ....... 

./ / \ ........ 
......... 

./ / \ " \ ......... 
,/ / ......... 

1/. .j, \ ........ 

NO- > NO·' )N202 ;w. > N~20H ~ 
~NH3 

3 2 

Assuminq no ATP is requi red in any 0.1.' the reduction steps. the 

cofactor requi rement for the reducti on of NO; to NH3 wi 11 be 4 NADPH. 

As shown in the followin(] equation. the incorporation of an amino qrolJp 

into an a-keto ac; d to forman i!mi no ac; d requi res one NADH (or NADPH) 

as exemplified by the fo1lowinq equation: 
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+ H2 0 

Hence. wi th NOj as the nitrogen source. thE' incorporati on of one 

amino oroup into an a-keto acid requi res 5 molecules of NADPH. The 

cofnctor requirement for the synthesis of amino acids can therefore be 

obtained by adding 5 NADPH to that required for the synthesis of the 

correspondinq a-keto acids. Based on biosynthetic pathways such as 

the photosynthetic carbon reduction cycle and the citric acid cycle, 

the cofactor requirement for the synthesis of several a-keto acids has 

been calculated and shown in the followinn table: 

~e ot comeound Cycle ATP NADPH 

PGAL photosynthetic carbon reduction 
cycle 9 P 

pyruvate * 9-2 = 7 6!1 = 5 

oxalo8cetate 7tl = 8 5 

acetyl-CoA 7 * 5-1 = 4 

oxaloacetate 8 5 
t t 

citrate citric acid cycle 7+8 = 15 4+5 = 9 

a-keto q1utamate 15 * 9-' ::: 8 

*the minus siqn indicates the production of cofactors in the course 
of biosynthesis. 

tthe positive sian indicates the production of cofactors in the cou~e 
of biosynthesis. 

!' 
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Together with the 5 molecules of NADPH required to convert an a-keto 

aci d into the corresponding amino ad d. the cofi'ctor requi rement for the 

synthesis of alanine. aspartic. and crlutamic acids are shown in the fol-

lowing table: 

Name of camEolmd ATP ·NADPH Ratio of ATP/NADPH 

alanine 7 5+5=10 0.7 

asparti c aci d 8 5+5=10 0.8 

qlutamic acid 15 8+5=13 1. 15 

Proteins are po1ypepti des in whi ch vari ous amino ac; ds ~re .ioined 

to(lf:therby peptide bonds. One of the steps in the synthesis of proteins 

is the activation of the amino acids. This step requires one ATP for 

each ami no aci d act; vated. Hence. the cofactor requi rement for the i ncor

porationof one molecule of C02 into ao;ven protein molecule can be cal- . 

culated. The .followinq table lists the cofactor requirement for the 

synthesis of some amino acids in protein molecules: 

ATP NADPH Ratio of ATP/NADPH --
alanine 7+1=8 10 0.8 

asparti c acid 8+1=9 10 0.9 

. ql utami c aci d ·15+1=16 13 1.23 

From the above calculations. it is Rpparent that. starting from C02. 

the ratio of ATP/NADPH in the synthesis of protein molecules is about 1. 

when nitrate is the source of nitronen for biosynthesis •. 
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APPENDIX IV 

The IISeparate Package II and the· IISpi 11over" Hypot.hesi s on the Meehan; Sm 

of Quantum Distribution42 

There are two hypotheses concerning the distribution of absorbed 

photons between photosystefT\ I and photosystem IJ. These are the IIseparate 

packa~elll04 and the "spillover" hypotheses. Accordinq to the "separate 

packaoe"105 hypothesis, the photons absorbed by piqment system! are 

transferred to the reaction center for photoreaction It and those 

absorbed by pigment system II are transferored tc the reaction center 

for photoreaction II. There is no transfer of absorbed photons between 

the two photosystems. The photons available for photoreaction r and II 

will depend on the quality Of li~ht as well as on the amount of pigments 

in each systeM of the plant. Liqht preferentially absorbed by pigment 

system I will promote more photoreaction I than nhotoreaction II. If 

this "excess II photoreacti on I is used for cycl i c photophos phory1 ati on, 

lioht with different wavelenoths will promote different amounts of cyclic 

photophosphorylation. 

Accordinq to the "spillover" hypothesis, the photons absorbed by 

one pi gment system can be transferred to the other if the reacti on center 

of that system is saturated. Hence, the absorbed photons are optimally' 

distributed between photosystems I and II to aive maximum efficiency of 

of photosynthesis. Light preferentially absorbe~ by a certain piament 

system \\li 11 not be used to promote the correspondinq photoreacti on in 

excess; instead, a portion of it ~ay be transferred to the other photo

system to ba.lance the two photoreactions. if the wavelennth of the l;oht 

;s short enouoh to pro~te both ohotoreactions. 

y 
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The validity of either rrechanism Ciln be exap';ncr by the actran 

spectruf!' of photosynthes; s. If the"Se9?,rate paCkcHJe" mechen; Sin re0U~ 

lated the distribution of absorbed nhotons, the Cjuilnt'U!1'1 efficiency of 

photosynthesis \'l;11 hiwe:Cl ma,x;rr~uf'T1 ?t a certain \,!cve1cnoth. \,!here 

appropri ate of'l'ount of 1 i nht is absorbed by pi Clment systel"'s I and II and 

used for these tl'iO nhotoreacti ons. On the other hand. if the usn; 1 1-

over" mechahism reoulates the distributi0n of absorbed photons, the 

qU1'!ntulT' efficiency should be independent of the I':avelen(lths of the 

lioht. as absorbed photons can be trctnsferred from one photos/step to 

the other. 

The action spectruP1 of photosynthesis as detemlned by Emerson 

.'!:! 2.l!... shol'!s that neither of these t,,'!O hypotheses are perfect. The 

actu(ll rr€chanisrn 0':: qUflntum distribution is proD",bly Si!"'i1c1r to the 

"sp ;llovel· 1I r~ch(mism. vlith the exception that the triinsfer of ohotons 
I 

from one,phot('lsysterr to the other is not so efficient as ~':ithin itself. 

," 
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