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ABSTRACT 

Chiorella pyrenoidosa was grown in steady state contin-

uous culture. Algal growth was never limited by CO 2 , minerals, 

pH, or temperature The effects of the two remaining independ-

ent variables, specific growth rateand incident light intensity, 

on algal biomass productivity.and algal physiology were exam- 

ined. 
It was found that optimum algal biomass productivity was 

obtained at a specific growth rate of approximately 1. 6 day. 

when the incident light intensity was 805 mw/cm 2 . This opti-

mum specific growth rate is not expected to change significantly 

as a function of incident light intensity. This optimum specific 

growth rate for cell biomass production results primarily from 

a hight light saturated rate of photosynthesis and a low amount of 

light transmitted through the culture. 

Total chlorophyll content, chlorophyll i/chlorophyll b 

ratio, light saturated rate of photosynthesis, dark respiration 

rate, and RNA content were found to be strong functions of spe-

cific growth rate On the other hand, maximum quantum effi-

ciency, light saturated rate and maximum quanthm efficiency of 

the quinone Hill reaction, and DNA content changed little, if at 

all, as a function of specific growth rate Physiological changes 



in the cells as a function of incident light intensity were small. 

A mathematical expression for the light response curve 

of photosynthesis was formulated, which is consistent with both 

experimental data and current knowledge of the chemical kinetics 

of photosynthesis. 

A mathematical model for the performance of optically 

dense algal systems, which are of interest for the mass culture 

of algae, is presented. This model differs from previous mod-

els, since it uses the above-mentioned light response curve to 

describe the local rate of photosynthesis and also accounts for 

changes in the physiology of the algae. This model for optically 

dense cultures was found to give a reasonable fit of our contin-

uous culture experimental data, and should be useful in design-

ing and predicting the performance of algal systems. 
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I. INTRODUCTION 

A. RESEARCH GOALS 

The general objective of this research was to develop an im-

proved kinetic model for the growth of algae, allowing optimiza- 

tion of designand operating conditions of mass culture algal sys-

tems. The mass culture of algae is of interest not only as a 

source of food or fodder. A companion study to this work is now 

underway evaluating the use of algae as a potential adsorbant in a 

process for separating radioactive metal ions, such as strontium-

90, from dilute aqueous solutions. Such a large scale process 

would require the development of mass culture production facilities. 

A complete understanding of the basic fundamentals of algal 

physiology and growth characteristics was the objective of this re-

search. An understanding of these fundamentals is essential for 

the rational design and operation of mass culture algal systems. 

The specific research goals were: 

1. To examine how the independent variables, specific 

growth rate and incident light intensity, affect the physiology of 

Chlorella pyrenoidosa. The algae would be grown at steady state 

in continuous culture. Physiological parameters examined would 

be: 

cell concentration 

productivity of cell material 

chlorophyll content 

chlorophyll a/chlorophyll b ratio 

•absorption spectrum 

light response curve of photosynthesis 

light response curve of the quinone Hill reacion 

respiration rate in darkness 

cell composition by elements 

RNA and DNA content 
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To examine how some of the above physiological param-

eters respond to transients in the feed rate to the continuous cul-

ture unit. 

To develop a mathematical model for the light response 

curve of photosynthesis. This model would be based upon current 

knowledge of the kinetics of the reactions in photosynthesis and be 

consistent with experimental data for the light response curve. 

To use the above light response model to predict cell pro-

ductivity performance in optically dense cultures of Chlorella pyre-

noidosa. This would permit optimization of growth conditions in 

the dense algal systems that would be encounter ed in the mass cul-

ture of algae. 

To attempt to improve productivity performance by using 

plant hormones and by using an algal mutant. 

To briefly discuss some economic considerations Of the 

mass culture of algae. 

B. A BRIEF BISTORY OF PHOTOSYNTHESIS 

The Early Work: Pre-1960 

Man's knowledge of photosynthesis is increasing exponential-

ly with time. For 2000 years the views of Aristotle held forth that 

the earth served, as the stomach for plants, and that plants drew 

alifood ,from the soil with their roots. Caesalpinus, during the six-

teenth century, defended these Aristotelian views and explained the 

existence of leaves as simply protective devices for buds or fruits 

(Sachs, 1890). 

This view was questioned only after Von Helmont grew a wil-

low tree in a pot of soil. He removed the willow tree after it had 

grown to a large size and found that the soil had decreased in ' 

weight approximately 2 grams, a small fraction of the dry weight 

of the willow tree. 
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It was less than 200 years ago, in 1779, when Joseph Priestly 
'S 
	

found that: the green parts of plants give off oxygen gas', the element 

that hehad discovered. 5 years earlier. Jan Ingen-Hous, in 1796, 

found that CO 2  is the chief carbon source for plants and that light is 

necessary for the fixation of CO 2  into plant material Ingen-Hous 

also found that plants respire in the dark, giving off CO 2  Building 

upon the. work of Ingen-Hou.s were several workers in the nineteenth 

century whose work led to the now-familiar overall reaction for 

photosynthesis in algae and higher plants: 

CO 2  + H20 hV—(CH2O)  + 02  

where (CH 2O) represents sugars or carbohydrates, which are the 

main immediate products of photosynthesis. 

Workers in the nineteenth century suspected that the chloro-

phyll of green plants and algae was the main pigment responsible 

for the conversion of light, into chemical energy. Yet it was not 

until 1894 that Englemann proved that the intracellular particles 

known as chioroplasts were involved in photosynthesis. Englemann 

(1894) used the filamenton-s alga Spirogyra, aerotactic bacteria, 

and a narrow beam of light in a microscope. When he illuminated 

the spiral shaped chloroplast of Spirogyra, the aerotactic bacteria 

swarmed to that region, showing that oxygen was being evolved. 

When the narrow beam of light was used to illuminate regions of the 

Spirogyra cell that did not contain the chloroplast, the aerotactic 

bacteria showed no response, since no oxygen was evolved. 

Blackman (1905) was first to propose that there were two 

main steps in photosynthesis, a light (photochemical) reaction and 

a dark (chemical) reaction. Blackman based these conclusions on 

experiments that showed increases in light intensity would produce 

increases in the rate of photosynthesis only up to a certain point. 

Above this point, increases in light intensity were ineffective in 

increasing photosynthetic rate. Furthermore, changes in temper-

ature produced no changes in photosynthetic rate at low light 
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intentsities, suggesting a photochernical reaction governed in this 

re;gion.: But at high light intensities, the light saturated rate was 

greatly dependent on temperature, a result typical of ordinary 

chemical reactions. Blackman also. suggested that the se light re- 

ponse curves should rise in a linear fashion, abruptly bending 

over to the light saturated plateau. Such a sharp transition in the 

light response curve has been questioned by some workers, but in 

Chapter VI a theoretical explanation for this type of behavior will 

be offered. 

Photosynthetic bactéria do not evolve oxygen, but require a 

reduced chemical species and light in order to reduce CO 2  to car-
bohydr ate: 

CO2+2H2D hv  .(CH2O)+H2O+2D 	 (1-2) 

where H2 D denotes an electron donor such as H 2 S, thiosulfate, re 

duced organic compounds, or even hydrogen gas Van Niel (1931) 

suggested that photosynthesis in green land plants may be exactly 

analogous to the above Equation (1-2) and that Equation (1-1) should 

be written: 

CO 2+ 2H20* hv (CH2O)+H2O+O 2 	 (1-3) 

where the oxygen gas is actually formed from the oxygen atoms of 

the water. Van Niel proposed that the primary reaction in photo-

synthesis is the same in all photosynthetic organisms: a photolysis 

of water producing an oxidizing species, {OH}, and a reducing spe-

cies, {H}. Equation (1-3) can therefore be broken down into three 

component equations 

4II20 hv 
	{H} + 4 {oH} 	 (1-4) 

4 {oH}_dark  02  + 2H20 	 (1-5) 

4 {H} + CO? dark (CHO) + H 
2  0 	 (1-6) 
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Experimental support for Van Ni e lT s  hypothesis came when 
• Ruben et aL (1941) found that the oxygen evolved in photosynthesis 
came from water rather than CO 2 . By carrying out photosynthesis 
using 018 -labeled water or CO 2  it was found, by means of mass 

spectroscopy, that the 018 was present in the oxygen liberated by 
photosynthesis, not when the CO 2  was labeled, but only when the 
water was lab eled. 

Emerson and Arnold (1931, 1932), using Chlorella pyrenold-

osa in carbonate-bicarbonate buffer, investigated the effect of 
-5 short (about 10 	sec) intense flashes of light. Several of their 

findings are important. First, they found one oxygen molecule 

evolved per 2500 chlorophyll molecules per flash, if the dark time 

between flashes was sufficiently long. Second, in order to obtain 

the maximum oxygen yield, the dark time separating flashes must 
be at least 0.02 sec at 25° C. I  At lower temperatures the dark time 
had to be longer. A Q 10  of about 2.9 was found, which is typical of 

an enzymatic reaction, whereas a photochemical reaction would be 
expected to have a Q 10  of zero. By this clever experimental de-

vice the existence of a photochemical "light reaction and a chem-
ical !'dark 1 t reaction, both of which were proposed by Blackman, 

were experimentally confirmed and separated. Third, with Chlo-

rella cells that varied in chlorophyll concentrations by as much as 

a factor of three, and even with othe=4 species of plants (Arnold and 

Kohn, 1934), this basic "photosynthetic unitu of one oxygen evolved 
per 2500 chlorophylls per flash of light remained nearly the same. 

This large number of chlorophyll molecule cooperating in the ev-
olution of a single 0 2 molecule implied that most chlorophyll mol-

ecules simply act as antennas, transferring harvested energy to a 

species capable of chemically trapping it. 

In the late 1930's Hill (1937, 1939) showed that isolated chlo-

roplasts from leaves are capable of evolving oxygen, when an arti-

ficial electron acceptor, such as ferric oxalate, is provided along 

with light. If only the natural electron acceptor, CO 2 . was provided 
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to these chiorplasts, there was neither oxygen evolution nor fixation 

of the CO 2  to form carbohydrat.es. It was nearly 20 years before 

Arnon et al. (1954a,. 1954b) demonstrated that isolated chloroplasts 

were capable of fixing CD 2  

It was also during the 1930's when a controversy began over 

the minimum quantum requirement in photosynthesis (number of 

quanta of light absorbed for an 02  molecule to be evolved, mea-

sured at low light intensities). Using Chiorella pyrenoidosa and the 

respirometer techniques that he had developed earlier, Warburg and 

co-workers found a minimum quantum requirement of only 3 or 4. 

In a series of papers, Emerson and Lewis (1939, 1941, 1943) ques-

tioned Warburg's experimental techniques and results. Using War-

burg's techniques, Emerson and Lewis found that a burst of CO 2  

occurred just after the onset of illumination The low quantum re-

quirements measured by Warburg could be duplicated only if the ex-

perirnent were run for a short period of time, taking maximum ad-

vantage of this transient gas burst. Since only total pressure 

change was followed by Warburg, it seemed he was treating this CO 2  

burst as part of the oxygen evolved. By eliminating this initial tran-

siént Emerson and Lewis found a minimum quantum requirement 

of about 10 quanta absorbed per 02  evolved. Virtually all workers 

outside of Warburg's laboratory now believe that the minimum quan-

tum :reqtiirernent cannot be smaller than 8, based on both exper-

irnental and theoretical considerations. For some recent measure-

nients and a review of the work to date, see Mg and Bassham (1968). 

Working with Chiorella pyrenoidosa and monochromatic light, 

Emerson and Lewis (1943) found that the quantum requirement re-

mained more or less the same at all wavelengths of light absorbed 

by Chlorella, until the wavelength of the illuminating light was in-

creased beyond 680 nm. Beyond this point the efficiency of light 

utilization decreased rapidly (quantum requirement increased), 

even though light is absorbed by the pigment system up to and beyond 

* 
For a review of Warburg's work, see Warburg (1948). 



725 nm. This drop in quantum efficiency, often called the red drop 

phenomenon, became an even bigger paradox when Emerson et al 

(1 957) found that full efficiency could be extended beyond 680 nm, if 

supplementary light of short wavelength were provided along with 

the long wavelength light. These results suggested the existence of 

more than one pigment system differing in absorption of various 

wavelengths of light, but which must cooperate in order to obtain 

maximum efficiency.  

During the 1950's a great deal was learned about the fixation 
of CO 2 .in that portion of photosynthesis often referred to as the 

carbon fixation cycle, the Calvin cycle, or simply the "dark reac-

tions" of photosynthesis (the last term is misleading, since many 

dark reactions also occur in the photo-electron transport portion of 

photosynthesis). Using radioactive labeled C 1402  Calvin and. co-

workers followed the path of the libeLed carbon as it traversed its 

way through a series of 3, 4, 5, 6, and 7 carbon sugar phosphates 

in a cyclic manner, with glucose and other possible products being 

produced by the cycle. The actual CO 2  fixation step is accomplished 

by the enzyme carboxydismutase, which catalyzes the addition of CO2  
to 4, 5-ribulose diphosphate, resulting in the formation of two 3-.phos-

phoglyceric acid molecules. To drive this whole cycle with the for-. 

mation of sugar or carbohydrate requir.es  the input of reducing 

power in the form of two NADPH and energy in the form of three 
ATP for each CO 2  fixed Bassham and Calvin (4957) should be con-
sulted for further details. 

The reduction of NADP in chloroplasts as a result of the ab-

sorption of light was demonstrated by several workers in the early 

1950's (Vishnjac and Ochoa, 1954, 1952, Tolmach, 1951, Arnon, 

1951). The other ingredient needed for the carbon fixation cycle, 

A0'P, was shown to be produced by isolated chioroplasts by Arnon 

et al.. (1954a, 1954b). Arnonet al. (1957, 1959) found two types of 

photophosphorylation, cyclic and non-cyclic. The former type is not 



accompanied by oxygen evolution and undoubtedly involves an inter-

nal cycling of electrons, while non-cyclic is accompanied by oxygen 

evolution and the formation of NADPH from NA]DP. 

The first success of relating photosynthesis to the morphology 

of the chioroplast was provided by Trebst et al (1958), who showed 

that ATP and NADPH are produced at the pigment-containing mem-

branes (lamellae orgrana) in the chioroplast, while CO 2  fixation oc-

curs in the non-membrane regions (stroma) of the chloroplast 

The Two Light Reaction Hypothesis Post-1960 

Within the past decade the amount of research in photo synthe-, 

sis has accelerated greatly, but much remains to be unveiled The 

mechanism of phosphorylation is still unknown, and the chemical 

identities of many of the components associated with the photo-elec-

tron transport system remain to be determined Nevertheless, 

knowledge of the photo-electron transport system today is much 

greater than previous to 1960, when little was known of the events 

in this "light reaction" portion of photosynthesis. 

A great stride was taken in 1960, when Hill and Bendall (1960) 

proposed the existence of two light reactions joined in a series man-

ner. In the lamallae of chloroplasts they found two cytochromes, f 

and b 6 , which had mid-point redox potentials of +0 36 volts and 

-0.06 volts, respectively. 	Yet cytochrome f became oxidized and 

• 	cytochrome b 6  became re4uced  when illumination was provided. 

They felt this could be best explained if there were two light reac-

tions connected by an electron transport system that ran "downhill" 

from cytochrome b 6  to cytochrome f as shown in Fig. 1. It would 

then be reasonable to expect that a slow step in this electron trans-

port chain would cause cytochrome f to be oxidized and cytochrome 

b 6  to become reduced in the light. Duysens et al. (1961), using a 

* 
Very recent work suggests that what Hill and Bendall thoughtwas 

cytochrome b6 may actually have been cytochrome b3. This does 
not affect the above arguments. 
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differential absorption spectrophotometer, found that a c-type cyto-

chrome in the red alga Porphyridium cruentum was oxidized by long 

wavelength light and reduced by short wavelength light This result 

was explained on the basis that this cytochrome is in the path of 

I  electron flow between two light reactions These workers labeled 

the long wavelength absorbing system as System I and the short 

wavelength absorbing system as System II 

Figure 1 shows a generally accepted scheme for the electron 

transport reactions involved in photosynthesis (see, however, Knaff 

and Arnon (969) for an alternative scheme involving three light re-

actions) The various components in the diagram are shown at their 

mid-point redox potentials The energy necessary for boosting elec-

trons against the electrochemical gradient is provided by photons ab-

sorbed by the two different photoreactions, as shown by the two heavy 

arrows Light absorbed by System II results in the formation of an 

unknown strong oxidizing agent, Y, which is responsible for extract-

ing electrons from water, and an unknown weak reducing agent, Q 

Light absorbed by System I gives a strong reducing agent, FRS, 

which ultimately leads to the formation of reduced NADPH, and a 

weak oxidizing agent, chlorophyll P 700 . The weak reducing agent of 

System II, Q, and the weak oxidizing agent of System I, P 700 . are 
connected by a series of electron transport reactions, which give 

rise to ATP. All reactions are "downhill', electrochemical].y speak-

ing, except for the two light reactions, which cannot proceed without 

energy in the form of light. The dashed line in Fig. I indicates the 

possibility of cyclic electron transport around System I, allowing 

the manufacture of ATP without the formation of NADPH. 

Little is known of the reactions involving Y, the strong oxident 

produced by System II, and the evolution of oxygen, but these steps 

are currently being investigated by a large number of workers. 

Steps between the two photosystems are better known, even though 

the exact location of some of the cytochrome constituents is open to 

question. Relative pool sizes (or concentrations), equilibrium con-

stants, and even kinetic rate constants for some of the intermediates 
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have been determined, mainly in the laboratories of Kok, Joliot, and 

Witt. Their findings are discussed in greater detail in Chapter VI, 

and here we will discuss only the probable identities of some of these 

inter-system components. Q is chemically unknown, but may, like 

P700 , be a chlorophyll a molecule in a special environment. Q and 

P700  appear to have similar pool sizes. A, which appears to be 

plastoquinone (PQ), is present at a concentration about an order of 

magnitude larger than P 700  or Q. C,. an intermediate just preced-

ing P700  in the electron flow scheme, may well be cytochrome f or 

the copper-containing constituent known as plastocyanin (PC). The 

pool size of C is similar to the pool size of P 700  a.ccording to Kok 

et al. (1969). 

F700 , a special chlorophyll a molecule exhibiting reversible 

light induced absorbance changes at 700 nm, is undoubtedly the photo-

chemical trap in the reaction center of System I. P 700  harvests elec-

tronic excitation energy from the bulk antenna" pigment molecules 

of Sytem I. Kok (1961) discovered this pigment and showed that it 

is oxidized by light absorbed by System I and reduced by light ab-

sorbed by System II. Further evidence that P 700  is located in the 

reaction center of System I was given by Witt et al. (1961), who 

showed that P700  is oxidized by System I light more rapidly than any 

other constituent in the photo-electron transport chain. 

Recently Yocum and San Pietro (1969) have discovered what 

seems to be the electron acceptor for System I. This component has 

been given the name FRS. (ferredo.ri-reducing substance) and appears 

to consist of more than one uncharacterized molecular species. 

Chiorophylla is present in all oxygen-evolving photosynthetic 

organisms. Other pigments are also present depending on the spe-

cies. For instance, chiorophylib and carotenoids are present in 

green algae and plants, whereas blue-green and red algae contain 

phycocyanin and phycoerythrin. Duysens (1952) showed that these 

auxiliary pigments do not participate directly in photosynthesis. Duy -

sens found that light absorbed by these accessory pigments never 
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shows up as fluorescence from the accessory pigments, but in-

stead causes chlorophyll a to fluoresce. This suggests that the 

accessory pigments pass their harvested excitation energy to chlo-

rophyll a. In green plants, Hind and Olson (1968) conclude that 

the accessory pigment chlorophyll b is either entirely or mainly,  

associated with System U, based upon detergent fractionation 

studies of chioroplasts 

The morphological structures within the chioroplast lamel-

lae have been extensively studied by Park and co-workers using 

the electron microscppe. Park and Pon (1961) found particles of 

dimension 185 2k X 155 Ax 110 A thick, appearing to be in the in-

terior of chioroplast lamellae membranes, whenthe outer surface 

of the membrane was  torn away by sonication. These particles, 

named quantasomes, each contain about 230 chlorophyll a and b 

molecules (Park and Biggins, 1964). Lamellar fragments con-

sisting of about eight quantasomes have Hill reaction activity with 

.DCPIP and are able to reduce NADP. This information has 

led Park (1962) to suggest that the quantasome might be related to 

the photosynthetic unit first suggested by Emerson and Arnold 

(1932) on the basis of flashing light experiments. It should be re-

called that about 8-10 quanta of light are needed to fix one CO 2  

molecule (or release one Oz  molecule). Thus, in order to 

evolve one 02  molecule in a single brief flash of light, the coop-

eration of 8-10 quantasomes, or approximately 2000 chlorophyll 

molecules, would be expected. This is similar to the 2500 chlo-

rophylls per 0 2  per flash actually obtained by Emerson and 

Arnold. 

*2 6-dichlorophenolindophenol 
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C. A BRIEF }USTORY OF THE WORK TOWARDS THE MASS 
CULTURE OFALGAE 

There is, at present, no large scale production of algae corn-

parableto the agriculturally important land crops. Since it does 

not presently exist, the mass culture of algae for food or fodder can-

not be discussed We must instead direct our attention to efforts 

that have as their goal the mass culture of algae 

Within a few years after the end of World War II, interest 

developed, in the possibility of culturing algae as a major food 

source. In the early 1950's researchers in photosynthesis, engi-

neers, and food technologists from through-out the world were 

brought together at Stanford, California. These workers examined 

many problems associated with the mass culture of algae and the 

use of algae as food or a source of chemicals. The result of their 

work was a book edited by Burlew (1953), which even today remains 

the largest single treatise dealing with the cultivation and possible 

uses of algae. 
These workers, however, found the need for more research. 

The mass culture of the uthcellular alga Chlorella did not appear 

economically promising for the processes investigated by them. 

After this group disbanded in 1952, few of its members continued 

research on mass algal culture, and a period of relative inactivity 

in this field began. But several workers continued to be intrigued 

with the vast theoretical potential of algae as food, and particularly 

as a protein source. Tamiya (1959) presented actual performance 

data in the field for protein productivity. Chlorella pyrenoidosa 

can produce 14,000 lb of protein/ acre/year, whereas the figure for 

a cereal such as wheat is only 269. This type of comparison is re-

sponsible for the accelerating interest today in mass algal culture. 

But in spite of this impressive productivity figure, the technolog-

ical problems of cultivation and harvesting of unicellular algae re-

main formidable. These problems will be discussed in the next 

chapter.  
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Two developments since the 1950's have contributed to inter-

est in this field. The first was the launching of the Sputnik satellite 

in 1957 and the resultant interest in space exploration. Here, in-

terest has centered on using algae to set up closed ecological sys-

tems for extended manned space flights. Objectives have included 

using algae as both a source of oxygen and leon, or as only a source 

of oxygen. Reviews on algae in life support systems are given by 

Oswald and Golueke (1964)', Miller and Ward (1966), and Miller et al. 

(1968). 

The second development was an interest in the cultivationof 

algae in conjunction with waste treatment, a process necessary to 

todays society. There are at least three vay;s algal culture can be 

tied in with waste treatment in secondary treatment ponds fed by 

organic wastes, in tertiary treatment ponds for the removal of min-

eral nutrients such as nitrates and phosphates, or in a combined 

secondary-tertiary treatment process, where the objective would be 

to both reduce biological oxygen demand (DOD) and to remove nu-

trient minerals. The latter combined secondary-tertiary treatment 

is particularly attractive, since the bacterial degradation of the or-

ganic BOD enhance sthe concentration of CO 2  in the pond. Shelef 

et al. (1968) may be referred to for a further discussion of algal 

waste treatment systems. 

Recent interest inthe filamentous blue-greerialga Spirulina has 

resulted from its ease, of harvesting because of the mats it forms on 

the waterts  surface. Spirulina is also promising from several other 

stand-points.' Its thin cell wall makes for good digestibility, and it 

has been used by natives of Lake Chad area of Africa as a protein 

source for an unknown number of years (Clement et al., 1967). 

A recent review on the use of algae for food and fodder is given 

by Vincent (1969). Vincent argues that an economic process must be 

as simple as possible and not be concerned with such things as CO 2  

enrichment and temperature control. He also points out that circu -

lation equipment, needed to keep tiny non-floating algae such as 
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Chiorella in suspension, and most harvest3ng equipment, could be 

eliminated by cultivating floating filamentous algae such as Spiruhna 

and Spirogyra. 

Work in this field may be described as in the pilot plant stage. 

In addition to a pond of about 2/3 of an acre (106 liters) maintained 

by the Sanitary Engineering Department at the University of Califor-

nia at Berkeley, ponds are being designed or are operating in 

Czechoslovakia, Japan, and Formosa. 

Much work remains to be done, both biological and technolog -

ical in nature. Chlorella may not be the ideal alga; it has a low light 

saturabed rate of photosynthesis, and its tiny size of about 5 microns 

:leads to expensive harvesting problems. In addition to these prob-

lems, an understanding of the effect of growth conditions on the phy-

siology and productivity of algal cultures has been largely lacking. 

• It js hoped that this work will help to clarify this latter problem and 

lead to an optimization of culture conditions. 
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II. FACTORS AFFECTING PHOTOSYNTHETIC RATE IN ALGAE 

A. A COMPARISON OF ALGAE TO THE GREEN LAND PLANTS 

In this section the efficiency of converting solar energy into 

photosynthetic product will be considered. Also, algae will be corn-

pared with the present agricultural crops in regard to the variables 

that affect the efficiency of solar energy conversion Efficiency is 

defined here as being equal to the heat of combustion of the plant ma-

terial produced divided by the utilizable energy (380-720 nm) inci-
dent upon the plants. 

Present crop production systems in agriculturally advanced 
areas obtain a maximum efficiency of solar energy conversion of 

only 2 - 2 1/2%, according to Bonner (1962). When the entire earth's 

surface is considered, the efficiency drops to about 0.4% (Valentyne, 

1966). The conversion to edible foodstuffs is only a small fraction of 

this latter figure, since agriculturally important crops cover a mi-

nority of the earth's surface, and of the energy trapped by crops 

only a fraction is stored in the edible portions. 

In contrast to the above low efficiencies, Kok (1952) found ef- * 
ficiencies as high as 20 - 25% in Chlorella growing under optimum 

conditions in weak light. Efficiencies nearly as high have also been 

found in crops such as the sugar beet growing in optimum conditions. 

Discrepancies between these high maximum efficiences and the actual 

low efficiencies found in practical systems are caused by the follow - 
ing: 

Lack (or oversupply) of minerals. 

Improper pH. 

• 	3. Plant diseases or parasites. 

4. Lack (or oversupply) of water. 

This is consistent with currently accepted figures for the quantum 
requirement. Assuming glucose is the product (H = 112 kcal/ 
mole), quanta at 600 nm, and a quantum requirementCof I0quanta/02 
evolved, an energy conversion efficiency of 23.5% is calculated. 
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5 Temperature too high or too low.  

Carbon dioxide content ofthe earth's atmosphere (0.03%) too 

low for the maximum growth of most plants 

Low photosynthetic efficiency at high light intensities (the 

light saturated rate of photosynthesis is reached at light In-

tensities as low as 5 - 20% of direct overhead sunlight). 

Solar energy stored in the inedible portions of plants such as 

roots, stems, and leaves. 

The sun's energy striking the barren ground. 

Modern agricultural techniques can control the first three 

items to near their optimum. Item 4 is, in many areas, a problem 

that requires irrigation. Items 5 and 6, temperature and CO 2  con-
centration, can be controlled only in enclosures such as green-

houses. No direct attempts have been made to do anything about 

Item 7, the light saturated rate of photosynthesis, but hopefully the 

recent basic research on tobacco mutants by Schmid and Gaffron 

(967) will stimulate interest in this area. These workers have in-

vestigated tobacco mutants that have higher light saturated rates of 

photosynthesis. Item 8 deals with the inedible portions of plants; 

in crops such as corn this problem has been greatly reduced through 

plant breeding. Nevertheless, in any land crop this problem will 

always exist. Item 9, solar energy hitting barren ground, is a gen-

eral problem with most crops before they reach full size. 

Now let us examine these 9 problems as they concern the 

mass culture of algae. As in crops, the first 3 items are control-

lable 	Item 4, water relations, is never a problem, except for 

evaporation and providing the ponds required by algae. Providing 

these ponds, however, is a major expense. Items 5 and 6, tem- 

• 	 perature and CO 2 . may be at least partially controlled in open sys- 

tems and completely controlled in closed systems. Item 7, the 

light saturated rate of photosynthesis, is a severe problem with 

Chiorella, since light saturation may be reached at light intensities 

as low as 5% of direct overhead sunlight. Hopefully algal strains 
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can be found that minimize this problem. 

Item 8, dealing with inedible portions, is claimed to be one 

of thenaajor advantages of algae, since they do not have roots, 

stems, etc. (however, some individuals, after experiencing the 

bitter choking taste of Chiorella, claim it to be completely inedible). 

The greatest advantage of algae may be Item 9. With algal 

systems there is no need for solar energy to fall on barren ground 

during any portion of the year, except perhaps in freezing climates. 

In spite of this rather promising outlook for the mass culture 

of algae, there has been no great rush to convert cornfields into 

algal ponds. There are some serious technological problems in-

volved in algal culture; some of these problems are listed below: 
I CO 2  supply (a mass transfer problem) 

Keeping algae in suspension. 

Harvesting algae from dilute solution (approx. 200 ppm 

typical). 

Drying algal product. 

Large investiment cost. 

The first problem involves getting CO 2  into the pond. If we 

rely on atmospheric CO., the liquid phase resistance at the p ondt s  

surface is a major barrier to CO 2  diffusing into the pond Even if 

equilibrium between the concentrations of CO 2  in the atmosphere 

and in the pond could be maintained, many algae are limited in their 

growth rate by this concentration of CO 2 . 

The second problem is the settling of algae such as Chlorella 

and .Scenedesmus in a stagnant pond. If there is no agitation, they 

will settle to the bottom and start to decay as conditions become 

anaerobic. In the 2/3 acre algae pond at the Sanitary Engineering 

Research Laboratory of the University of California at Berkeley 

large hydraulic pumps have been employed, usually agitating the 

pond twice a day, several hours at night and for a brief period just 

after noon. However, both the investment and operating costs of 

these pumps is large. Filamentous floating algae such as Spirulina 

would not have this problem. 



The third problem, that of harvesting a very dilute suspension 
.41 	 of tiny cells, is one of the most expensive. Both continuous centri- 

fugation and chemical precipitation appeared to be promising to 

Golueke and Oswald (1965), although in terms of the economics, cen-

trifugation appeared borderline because of power requirements and 

capitalization costs. 

Drying the algal product is not as expensive asharvesting, but 

nevertheless involves difficulties stemming from the slurry-like con-

sistency of the co.ncentrated wet algae. This problem does not exist 

in agriculturally important crops such as cereals, where the crop is 

already dry when it is harvested. 

The fifth problem is formidible It is difficult to see how the 

high cost of lined ponds can be easily reduced. One approach that 

was mentioned in the last chapter is to combine algal culture with 

sewage treatment. The algae would be a by-product of sewage treat-

ment, a process that must be carried out anyway. Also, the algae 

will remove some of the eutrification- causing nitrates and phosphates 

from the treated effluent. Since bacteria decomposing the sewage re-

lease CO 2  into the pond, the first problem listed above is to some 

extent solved 

B. LIMITING FACTORS 

This work is concerned with the performance of the optically 

dense systems encountered in the steady state continuous culture of 

algae. Five independent variables influence the performance of such 

systems, CO 2  concentration, the concentrations of minerals, tem-

perature, incident light intensity, and specific growth rate. 

Carbon dioxide is, along with water, a raw material, reactant 

in photosynthesis. It.is the sole source of carbon in autotrophic 

photosynthetic organisms. Carbon dioxide enters photosynthesis in 

the carbon fixation cycle, where the enzyme ribulose-diphosphate 

carboxylase. causes it to react with 1, 5-ribulose diphosphate yield-

ing two molecules of 3-phosphoglyce.ric acid. Carbon dioxide may 

be a limiting factor at atmospheric levels because of the relatively 
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large Michaelis constant of the enzyme-CO 2  complex. 

Various minerals are reqUired for algal growth. Chiorella 

needs the elements nitrogen, phosphorus, potassium, magnesium, 

and sulfur. Also needed in trace quantities are the elements iron, 

calcium, boron, manganese, zinc, copper, molybdenum, and cobalt. 

Still in question are requirements for chlorine, sodium, and vana-

1ium, which at least some species of algae appear to require. 

These minerals are used in several possible ways by the cells. 

The elements nitrogen, phosphorus, and sulfur are incorporated in-

to the building materials of the cell, proteins and nucleic acids. 

The other elements may be used as enzyme cofactors, in maintain-

ing ion and osmotic balances, or bound into molecules such as hemes 

or coènzyrnes. 

Some algae can grow only in a very narrow pH range, while 

others such as Chlorella tolerate a wide pH zange. Emerson and 

Green (1938) examined the effect of pH on the rate of photosynthesis 

in Chiorella and found no detrimental effects over the pH range of 

4.6 to 8.9. 

Temperature has two effects As one increases temperature, 

enzymes are capable of catalyzing biochemical reactions at a faster 

rate. This will result in a doubling or tripling of the maximum ve-

locity of the enzyme for each 10 6  C increase. But in practice tem-

perature cannot be increased without limit, since another phenome-

non becomes important: enzymesusually start to become denatured 

and hence inactivated in the region of 30° C to 50° C. The activation 

energy for the inactivation of enzymes is usually much larger than 

the activation energy for the increasei.n catalysis rate. 

The light incident upon photosynthetic organisms provides the 

energy required to drive the process of photosynthesis. The manner 

in which light enters into the mechanism of photosynthesis was dis-

cussed in Chapter I. Incident light intensity is one of the indepen-

dent variables examined both experimentally and theoretically in 

later chapters. 
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The other major variable that this workdirects itself to.is  

specific growth rate. Specific growth rate has a profound effect on 

the physiology of algae i. e., how algae respond to the other four 

variables, CO 2 , minerals, temperature, and light. The specific 

growth rate, ,. . is simply the rate. of growth of.the algae: the rate 

of formation of new cell material per unit of cell material 

IdX 
. 	 . 	(2-1) 

where i  is the specific growth rate, time 1;  X is cell concentra-

.tion, mass/volume; and t. is time. In this report specific growth 

rate will be treated as an independent variable As shown in the 

next section, the specific growth rate at steady state in continuous 

culture is equal to the feed rate to the culture unit divided by the cul-

ture volume: 

(2-2) 

where F is feed rate, volume/time, and V is culture volume In 

truth, F/V, not i,  is the independent variable, since only F or V 

can be physically set. But since the work in this report deals mainly 

with steady .state continuous culture, we will treat 4 as an indepen-

dent variable. 

C. THE KINETICSOFALGAL GROWTH . 

Although this work is primarily concerned with steady state 

continuous culture, the batch growth of algae will be briefly con-

sidered. An inoculum of algae is placed in the culture vessel di-

agrammatically shown in Fig. 2. Light of constant intensity is used 

to illuminate one face of this rectangular culture vessel. The con-

centration of algae in the vessel will increase with time in a manner 

such as shown in Fig. 2. First, there is a lag phase when the algae 

are adapting to their new environment, gearing up their cellular. 

machinery to be able to grow in this new environment. 
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Batch Growth: Exponential Phase 

After the lag phase the cells begin to grow exponentially. 

Light is not limiting; in other words, the shading of cells near the 

backof the culture vessel by cells near the front of the vessel is 

negligible. A mass balance may be set up to describe the situation: 

the accumulation of cellular material is equal to the rate of gener-

ationof cellular material: 

d(XV) = XV 	 (2-3) dt 

i. is proportional to the rate of photosynthesis The rate of photo-

synthesis as a function of light intensity is given by a relationship 

such as shown in Fig. 2. This light response curve is measured on 

an optically thin suspension of algae where there is no appreciable 

shading of cells by other. cells. If the incident light intensity is 

greater than that required to produce the light saturated rate of 

photosynthesis, then the algal cells are growing at their maximum 

specific growth rate, j. 
max 

The definition for p.  given by Equation (2-2) is obtained by re-

arranging Equation (2-3) applied to a constant volume of culture: 

dX (2-2) 

Since i.  is constant, Equation (2-2) may be integrated. The cell 

concentration is found to increase exponentially with time: 

X = X0  e •(2-4) 

where X0  is the cell concentration at any arbitrary time zero dur-

ing the exponential phase. 

The total rate of production of new cell material, P, is simply 

the rate of accumulation of cellular material, mass/time: 

= d(XV) = p.xv. 	 (2-5) 
dt 

Note that P is directly proportional to p., X, and V. But in the ex-

ponential phase there is an optically thin suspension, and most of 
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Fig. 2. The batch culture of algae. Upper left, a diagrammatic 
representation of the batch culture discussed in the text Upper 
right, a typical light response curve for the rate of photo synthe-
sis as a function of light intensity for an optically thin suspension 
Lower curve, the batch growth of algae as a function of time. 
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the light is transmitted through the culture and is wasted. It will be 

seen that the next phase, the linear phase, does not have this prob-

lem of wasting light. 

Batch Growth: Linear Phase 

The exponential phase lasts only as long as there is no appre-

ciable shading of cells by other cells. When the. suspension becomes 

so dense that negligible. light is transmitted through the culture, a 

linear region of growth is entered. During this linear phase essen-

tially all light is absorbed by the culture. The rate of increase of 

cell concentration is virtually independent of X, since absorption of 

light is virtually independent of X. . A material balance gives: 

d(XV) 	WA 	 (2-6) 

in which A is the illuminated surface area of the culture unit, and 

W is the rate of conversion of light into cell material, mass/time/ 

area W is approximately constant for a given incident light inten-

sity, changing only if physiological parameters, such as the light 

saturated rate of photosynthesis or chlorophyll content, change. An 

average &pecific growth rate may be defined, based upon Equation 

(2- 6): 

d (XV) = WA = 	XV 	 (2-7) dt 	 ave 

WA 
ave. = 5V 	 (2-8) 

save is inversely proportional to the cell concentration, X, if 

W is constant. Since the cells in the culture flask are agitated, they 

are slowly moving around in the culture vessel. Therefore, a cell 

is photosynthesizing at a faster rate when near the highly illuminated 

front surface than when near the poorly illuminated back regions. 

But over a period of time, all algal cells in the vessel see approx-

irnately the same average illumination. 



-27- 

The production rate of cell material in the linear phase is 

found from Equation (2-6): 	 . 

	

p = d(XV) = A 	 (2-9) dt 

Equation (2-9) states that P is directly proportional to the sur-

face area, A, but is independent of V/A = S, the culture thickness 

There is no analogy to this linear phase in fermentation systems, 

where P is always proportional to culture volume. 

Batch Growth: Stationary Phase 	 I 

When some essential nutrient that is required for growth has 

been entirely consumed, growth ceases. This essential component 

could be an element such as nitrogen. If more of this component 

were added to the culturemedium, growth would resume once again. 

Continuous Culture 

The equations derived above, for batchgrowth may be used for 

steady state continuous culture, if the accumulation term, d(XV) 

is replaced by the term, FX, which accounts for the algae leaving 

in the effluent The steady state continuous culture situation is out-

lined in the diagram and equations given below: 

Feed rate = F - 	 - Product: rate F 

Incident intensity = 1 0 

In + generation out + accumulation 

0+ 	xv =FX+0 
aveF 
= . - at steady state ave 	V 

'(2-JO) 

(2-H) 
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where .F is the feed rate to the culture unit, volume/time. . Thus, 

ave can be set simply by setting the feed rate to the culture unit 

At steady state the rate of production of cell material, P, is 

equal to the amount of cell material leaving in the effluent: 

P = FX 	 . 	(2-42) 

whereas the productivity, p, is: 

FX 
p 	 ave 	 (2-13) 

where S is the thickness of the, culture vessel. 

D. PREVIOUS WORK IN THE MATHEMATICAL MODELING 
OF ALGAL SYSTEMS  

The effect of light intensity on dense algal systems has been 

examined by many workers; however, an understanding of how spe-

cif.c growth rate, 	, affects algal systems is largely lacking. But 

before examining these two variables, a brief description of attempts 

at mathematically modeling the effects of CO 2 . minerals, and tem-

perature will be given. 

The rate of photosynthesis as a function of carbon dioxide con-

centration was examined theoretically by Rabinowitch (1945, 1951, 

1956)., but little recent work has been reporte.d. Using the current 

knowledge of the carbon fixing cycle, a re-examination of this im-

portant. variable needs to be undertaken. Many workers claim that 

Chiorella is limited in its growth rate by the atmospheric level of 

CO 2 . Steeman Nielsen (4955), however, claims the growth rate of ,  

Chlorella is CO 2 -saturated, or nearly so, at an aqueous phase CO 2  

concentration in equilibrium with that of air. The problem is corn- 
1 

plicated by the difficulty of obtaining equilibrium between gas and 

aqueous phases, which results from the large mass transfer resist-

ance between the two phases. 

Eyster (1967) examined the growth rate of Chlorella with re-

spect to the concentrations of virtually all its known mineral 

*Henceforth gave will be referred to as 	the subscript is dropped. 
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requirements. Shelef et al. (1968) investigated the growth rate of 

Chiorella as a function of nitrate concentration; a model that fell off 

• 	exponentially to the maximum growth rate appeared to fit their data 

• the best. 

The effect of temperature on the growth rate of microbial sys- 

• 

	

	tems is treated mathematically by Aiba et aL (4965). But the effect 

of temperature on photosynthetic systems is more complicated. 

Temperature has no effect on the rate of photosynthesis at.low light 

• 	intensities, while its effect on the light saturated rate of photosyn- 

• thesis is typical of enzymatic systems. Blackman (4905) noticed 

this and postulated that photosynthesis consists of two separate types 

• of reactions. At low light intensities a non-temperature dependent 

photochemical reaction limits the rate of photosynthesis. But at 

light saturation the rate of photosynthesis is limited by a temper-

ature dependent enzymatic reaction. 

Modeling the Effect of.IJi.ht  Intensity 

Blackman (4905) suggested that the light response curve of 

photosynthesis could be modeled by the two straight lines shown in 

Fig. 3, which can be expressed mathematically as: 

SA 
R0  = €I, when I < 	 (2-44) 

2 	 •• 	€ 

R0 	SA ,  when I > SA 
	

(2-45) 

where R. 02  is the rate of oxygen evolution, moles 0 2/time/mass 
chlorophyll; 	is the quantum yield, moles 0/einstein of quanta; 

* 	 • 	I is incident light intensity, einsteins/area/tjme; c is the extinc- 

tion coefficient of the pigments, area/mass chlorophyll; and SA  is 

the light saturated rate of photosynthesis, moles 0 2/time/mass 

chlorophyll. With polychromatic light , I, and€ are function 1s of 
wavelength. 

All equations in this section, including Equations (2-14) and 

(2-15), apply only to optically thin suspensions of cells where there 

is no shading of cells by other cells. A light response curve is the 
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Fig. 3. Three types of light response curves for optically thin 
suspensions that have been treated mathematically by the workers 
discussed in the text. All threemodels have the same initial slope, 

, and the same saturated rate, SA. 
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rate of photosynthesis as a function of light intensity and should not 
• 	 be measured using a dense suspension of cells, since.the light in- 

tensity varies acrOss the suspension. 

,Tamiya etal. (1953a) suggested that the. light response curve 

in Chlo.rella could be fit by.a rectangular hyperbola of the form: 

(2-16) 

This equation is also plotted in Fig. 3. In their treatment, Tamiya 

et al also examined the important case of the integrated perform-

ance of, a dense suspension of Chlorella They used the above equa-

tion for the local rate of photosynthesis and Beer's law to describe 

light intensity, I, as a function of distance into the culture; and then 

performed an integration with respect to distance into the culture 

In using Beer's law, they assumed that pblychromatic white light 

could be described by an average extinction cOefficient. Even 

though this assumption simplifies the mathematics and is a cànveni'etnt 

practicalway of dealing with the problem in the field, it is not theo-

retically sound. Each wavelength of light may obey Beer's law with 

its own extinction coefficient, but all wavelengths cannot be described 

by an average extinction coefficient (the sum of a series of exponen-

tials cannot be described by a single exponential) 

The shape of the light response curve has been extensively dis-

cussed in Chapter 28 of the treatise by Rabinowitch (1951), but this 

work suffers from being written in an era when much less was known 

about photosynthesis. 

Kok (1956), using Chiorella, obtained experimental data for the 

light response curve that.Tcould not be fit by the rectangular hyper-

bola of Equation (2- 16), but did fit quite well an exponential func-

tion of the form: 

R. 	- SA[( - exp(-  
2 	 . 	A 

Equation (2-17) is also plotted in Fig. 3. Unlike the Blackman and 

hyperbolic forms, however, there is no theoretical mechanism that 



 

can account for the formof this equation. 

The performance of dense suspensions of algae was considered 

by, van Oorschot (1955), who carried out the necessary integration 

for Blackman, hyperbolic, and exponential light response curves 

Like Tamiya et al. (1953a), van Oorschot assumed that the attenua-

tion of polychromatic light in a dense culture could be described by 

using Beer's law with an average extinction coefficient. 

Lumry et al. (1959) noticed that ferricyanide Hill reaction 

data could be fit by the rectangular hyperbola function, as given by 

Equation (2-16), and developed a theoretical explanation based upon 

a one light reaction mechanism. It has recently been suggested by 

• Lumry and co-workers (Muller et al., 1969) that the rectangular hy- 

perbola function might be used to model the light response curve of 

overall photosynthesis. But the rectangular hyperbola function does 

not seem to fit most available experimental data (see Chapter VI), 

and its theoretical basis as derived by Lumry et al. (1959) considers 

• only one light reaction. Today most workers believe that at least 

two light reactions are implicated in photosynthesis. 

Fredrickson et al. (1961) used the rectangular hyperbola func-

tion for a mathematical analysis of the performance of optically 

dense, cultures of algae. The case of a "completely stirred" culture 

was also considered. A t!completely  stirred" culture takes advan-

tage of the so-called flashing light effect, and results in the rate of 

photosynthesis not being a function of distance into the culture. In 

a follow-up of this theoretical work, Miller et al. (1964) experiment-

allydemonstrated an increase in photosynthetic efficiency in 
I

a highly 

turbulent system. Unfortunately, the enormous amount of power 

needed to maintain such highturbulence seems to make such a sys-

tem uneconomical. 

Shelef et al. (1968) obtained productivity data on Chlorella 

growing in steady state continuous culture at various specific growth 

rates. They then attempted to model this data mathematically. They 

assumed that respiration rate, chlorophyll content, and the light re-

sponse curve did not change as a function of specific growth rate, and 
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did not measurethese quantities experimentally. Their productivity 

data was then checked against theoretical predictions derived from 

integrating the Blackman, hyperbolic, and exponential light response 

curves They concluded that the exponential function gave the best 

fit of their experimental data Although Beerts  law was used, an 

interesting innovation of these workers was to take into account the 

variation of extinction coefficient with wavelength of light. However, 

as shown by Myers and Graham (1959) and also in Chapter III, the 

respiration rate, the chlorophyll content, and the light response curve 

all change with specific growth rate, rather than remaining constant 

as Shelef and co-workers assumed. 

A few words should be mentioned about the relationship between 

the dark respiration rate and the true rate of photosynthesis Most 

workers assume that the true rate of photosynthesis may be found by 

adding the dark respiration rate to the net rate of photosynthesis, 

which is normally experimentally measured This is not an entirely 

valid procedure, since the rate of respiration itself is a function of 

light intensity (Myers and Graham, 1963b Brown and Weis, 1959, 

Weis and Brown, 1959, Hoch et aL, 1963). But in Chlorella the 

assumption of a constant respiration rate does not lead to serious 

error, since the dark respiration rate is only about 1/20 to 1/80 of 

the light saturated rate of photosynthesis according to Myers and 

• Graham (1963a) and confirmed by our own measurerrients in Chapter 

m. 

Modeling the Effect of Specific Growth Rate on Algal Physiology 

• 	• Algal cells growing at steady state in a chemostaticafly con- 

trolled system do not see the light intensity incident upon the culture 

vessel. Instead, as they drift around in the culture vessel, •they.see 

an average light intensity that has been determined by the specific 

growth rate. The higher the specific growth rate is set, the higher 

is the average light intensity that the cells in the culture vessel see. 

The algal cells respond to such changes in their environment; such 
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physiological quantities as chlorophyll content, dark respiration 

rate, and the light response curve are dependent upon the specific 

growth rat 

No previous work has been done on mathematically modeling 

the effect of specific growth rate on algal physiology. Thus such 

changes have not been taken into account in the mathematical model-

ing of theperformance of algal systems. However, Myers and 

Graham (1959) used a chemostat to vary specific growth rate and 

measured chlorophyll content, dark respiration rate, and light re-

sponse curves in Chiorella ellipsoidea. All of these quantities 

showed drastic changes. Their light response curves, which have 

been replotted on a per mg chlorphyll basis, are shown in Fig. 4. 

The advantages of plotting such data on a chlorophyll basis are dis-

cussed in. Chapter IV.. 

It is unfortunate that many researchers in the field of photo-

synthesis do not precisely control the growth conditions of their 

plant or algal material. This undoubtedly confuses the comparison 

of photosynthetic data taken in different laboratories, or even be. 

tween data taken on different days within a single laboratory. The 

usual practice is to grow algae in batch culture, taking sample sis-

pensions as they are needed. Specific growth rate changes with 

time in a batch culture; .the physiology of the algae is therefore 

changing with time. Continuous culture is the only way that one can 

hope to attain a constant,, reproducible, unchanging supply of algae. 
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NOMENCLATURE 

A 	Illuminated surface area 

F 	= Feed rate, volume/time 

I 	Light intensity, einsteins/area/tune 

p 	= Productivity of cell material, mass/area/time 

P 	Production of cell material, mass/time 

R0 2  = Rate of oxygen evolution, moles 0 2/time/mass chlorophyll 

= The ratio of process rates at temperatures 40° C apart 

S 	Thickness of an algal culture 

SA 	= The light saturated rate of photosynthesis, moles 0 2/Time/ 

mass chlorophyll 

t 	Time 

V 	= Volume of algal culture 

W 	= Rate of formation of cell biomass, mass/area/time 

X 	= Cellular biomass concentration, mass/volume 

X0 	= Cellular biomass concentration at time zero, mass/volume 

Heat of combustion, kcal/mole 

= Extinction coefficient of the pigments, area/mass chlorophyll 

= Specific growth rate, time 

save = Average specific growth rate, time 

max = Maximum specific growth rate, time 

11) 	 Maximum quantum yield, moles 02/einstein 
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III. EXPERIMENTAL WORK 

A. CONTINUOUS CULTURE UNIT 

All experimental data were taken using bacteria-free algae 

grown in the continuous culture unit described below.  

Equipment 

A schematic flow diagram of the equipment is given in Fig 5 

None of the equipment that needed to be sterilized was fixed in place, 

and all such equipment was sterilized by autoclaving or dry heat 

Heat resistant silicone tubing was used for all flexible connections 

The 20 liter feed bottle was devised to be a constant head de-

vice as shown on the flow diagram A vacuum continuously with-

drew a small bleed of air from the air space at the top of the feed 

bottle This air was replaced through another line, which was open 

to the atmosphere Because this latter line had negligible pressure 

drop from one end to the other, bOth ends were at atmospheric pres-

sure When a time switch opened the valve between the feed tank and 

burette, the liquid level in the burette eventually reached exactly the 

same level as the point where air was released into the feed bottle 

Thus, the levelto which the burette filled always remained the same, 

being completely independent of the nutrient level in the feed bottle 

When the burette was dumped by the time switch, the nutrient 

level in the burette declined into the capillary tubing beneath the 

burette The level within the capillary was approximately the same 

as the level in the culture vessel, but fluctuations were not impor-

tant, since the capillary contained negligible volume. Thus, an 

exact volume of nutrient was released at regular intervals, yielding 

an extremely stable feed rate, which could be maintained constant 

for many weeks. 

Air containing 4% CO 2  flowed into the culture unit at a rate of 

0.4 standard cubic feet/hour. It was sterilized by passing it through 



-38- 

Open 
to 

ateo.iphere 

To 
vacuum 	20 liter 

fe.d bottle 
Air 

I- filter 

Air 

I 
I 
I 

0 
e 
a Nutrient in 

filter I o 
o Air in CUSO 	fLlti 

0.07* N o Culture 

Air 

Ops 
To 

Atmosphere Capillary if  
Magnetic & 2 - 300 L d lamps 

Air filter 

L
-- 

 air out 

F Hetdifiar 

teAlt uat 

dr out 	 Alel product 
out 

Fig. 5. 	Flow diagram of the continuous culture unit used to grow 
the algae for the experiment described in this chaiter. 



a packed glass wool filter and humidified by bubbling through water.  
The culture vessel itself was rectangular (9 1 cm wideX 19.9 

cm highx 2 8 cm thick) and held about 500 ml of liquid culture The 

sides and bottom of the flask were platinum plated to prevent scat-

tered light from escaping at the edges. The front and the back of the 

vessel were completely transparent A magnetic stirrer at the back 

of the vessel helped to break up air, bubbles and provided agitation. 

The culture vessel was suspended in a 25°C constant temperature 
bath. 

Illumination was normally provided by two 300 watt reflector 

flood lamps connected to a rheostat and a constant voltage trans-

former. The light passed through 1. 28 cm of a 0.075 M CuSO4  solu-

tion as well as 28 cm of temperature bath water. These filters ab-

sorbed most of the infrared radiation The amount of radiation 

reaching the culture vessel was checked daily with a Model 65 YSI-

Kettering radiometer. If necessary, the rheostat was adjusted to 

keep incident radiation constant 

There were two exit streams from the culture vessel Nor-

mally, air would leave from near the top of the culture vessel. 

However, at intervals determined by a time switch, a solenoid valve 

would close this line, forcing algae suspension out the line that is 

labelled "algae out" in Fig. 5. Once the algae suspension level fell 

below the entrance of the take-off line, air would start leaving 

through this line, purging the line of all liquid. After a fixed time 

the solenoid valve would open, and air would exit in the normal fash-

ion. This type of algal take-off system had two advantages. First, 

settling of algal cells in the liquid take-off line was never a prob-

lem, since the line was purged with air after the algal product was 
collected. Second, I

since air and liquid were not continuously with-

drawn through a single line, the problem of foaming was greatly 

minimized. Foaming can cause an increase in the concentration of 

cells in the effluent liquid as compared to the concentration in the 
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culture vessel. An anti-foam agent was also used to combat this 

latter problem. 

The algal product was collected in a darkened ice bath. Here 

algae were sometimes maintained for short periods (as long as 8 

hours) before they were used in the various, analyses and experiments 

'describedlater in this chapter. 

Growth Conditions 

Growth conditions insured the temperature, minerals, pH, or 

CO 2  never limited growth. Only light intensity ever limited the 

growth rate of, and determined physiological changes in, the algal 

cells. But in the optically dense cultures considered here, the algal 

cells receive vary-ing.intensities of illumination as they move around 

in the culture vessel. Thus, light intensity received by the algal 

cells is not a variable that can be independently specified for dense 

systems. Infact, even average light intensity cannot be specified. 

Instead, this limitation by light is determined at steady state by 

specific growth rate and incident light intensity, which are independ-

ent variables. Examination of the effects of these two variables on 

the physiology. of Chlorella pyrenoidosa is the purpose of the exper-

iments described in this chapter. 

The temperature of the culture unit was maintained at 250  C by 

the ceonstant temperature water bath. This is the optimum temper-

ature of growth for Chlorella pyrenoidosa. 

No attempt was made to control pH in the culture vessel. 

Nevertheless, the pH remained in the faiTly narrow range of 6.6 to 

7.4. Emerson and Green (1938) found that pH, over the range of 

4.6 to 8.9, had no effect upon the rate of photosynthesis in Chiorella 

pyrenoidosa. 	 . 

The composition of the nutrient medium is given in Table 1. 

The nutrient medium is from Myers (1963) with three changes: the 

addition of an anti-foam agent, the addition of vanadium to the trace 
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Table I. 	Chlorelia Nutrient Medium* 

The following components are mixed with distilled water without 

• adjusting PH; 

KNO 3  5.0 gm/i 

MgSO4  7H20 	 - 2 7 5 gm/i 

• 	 . 	 . 	
• 	 KI2 PO4 	 • 	 . 	 . 	 . 1.25gm/1 

Trace sOlution 5.0 mi/i 

Antifoam-Union Carbide Y-4988 • 0.2 ml/i 

The trace solution is made as follows: 

EDTA 100.0 gm/i 

• 	
. 	 CaCl2 	 . 	 • 16.8 gm/i 

H3B03 	. 22.8 gm/i 

FeSO4 	7H20 	.......• 	. 	 •. 	• 	 • • 	 .10.6 gm/i 	... 	. 

ZnSO4 7H2 O 17.6 gr/i 

MnCi2  4H20 2.8 gm/i 

MoO 3  (as ammonium molybdate) . 	 1.4 gm/i 

CuSO4  5H20 3.2 gm/i 

Co(NO 3 ) 2 6H2O 1.0 gm/i 

V20 5  (dissolved in HC1) 0.6 gm/i 

After adding all trace components, the pH of the trace soiution is 

adjusted with IOH. pellets to the range of 	6.5-6.7. 

*MOdi.fjed from Myers (1963). 

S . 



solution, and an increase in the nitrate concentration This com - 

po sition should support growth up to about 10 grams dry weight/liter 

before nitrogen becomes limiting. 

CO 2.: was provided at a level of 4% in air. This concentration 

was morethan sufficient to insure that CO 2  never limited. 

Illumination was continuous, 24 hours per day. The spectral 

distribution Of the light incident on the culture flask is given in Fig. 

6. as measured by an ISCO Model SR spectroradiometer. The in-

cident light intensity was maintained at 8.05mw/cm 2  (from 380-720 

nrn) unless Otherwise stated. 8.05 mw/cm 2  is roughly equivalent to 

20% of overhead solar. radiation between 380 and 720 nm. 

B. RESULTS AT STEADY STATE: EFFECT OF .SPEcaFIC 
GROWTHRATE ON THE PHYSIOLOGY OF CHLORELLA 
PYRENOIDOSA 	. . 	 . 	. . 

In this section algae that have adapted to a particular specific 

growth rate, ii., are examined with respect to a number of charac-

teristics. Measurements were performed as rapidly as possible to 

insure that negligible re-adaptation took place The transient data 

taken in Section D of this chapter show how slowly the cells re-adapt 

to a new environment.  

After changing feed rate to the culture vessel, one week was 

sufficient to reach physiological steady state at the higher specific 

growth rates, but as long as four weeks was needed at the lower 

specific growth rates. 

Productivity  

At steady state Equation (2- 13) gives the productivity, p: 

FX' 

	

p = -.- 	. 	 (2-.I3) 

where F is the nutrient feed rate, X is the cell concentration, and 

A is the illuminated surface area. Figure 7 shows productivity 

plotted as a function of specific growth rate, L. The cell concentration 
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data used to calculate productivity are plotted in Fig. 8. 

Figure 7 shows that productivity is optimum when i 1.6ciay. 

Productivity falls off at higher values of p.  because of the increase in 

transmitted light shown in Fig. 9. Light not absorbed cannot be con-

verted into cell material. In fact, when p.  2.3 day, washout is 

reached, since .F/V has exceeded the maximum growth rate of the 

cells.. At washout, cell concentration and productivity drop to zero. 

Productivity also falls off at values of p.  smaller than 1.6 day 1 . 

This fall-off cannot be explained, by light transmission since Fig. 9 

shows there is none in this region. This drop in productivity, how-

ever, can be explained as caused by a decrease in the light saturated 

rate of photosynthesis. This point will be discussed more extensively 

later. 

But even at the optimum productivity of 3.25 mg dry weight/ 
2,' 	 -1 cm /day, which occurs at p.  1.6 day , inefficiencies result from 

light saturation of the highly illuminated cells near the front of the 

culture vessel. At this optimum p. the quantum requirement is 18.3 

quanta absorbed per 0 2  evolved, and the efficiency of converting 

light energy into cell material is approximately 10.7%. These num-

bers are calculated and discussed more extensively in Chapter VIII. 

Total Chlorophyll Content 

Figure 10 shows how the steady state chlorophyll content varies 

with p..  The change is quite drastic and is of great importance to the 

physiology of the cells, since chlorphyU is the main light harvesting 

pigment. Considering an optically thin layer of cells, light absorp-

tion is directly proportional to chlorophyll content. 

The trend of chlorophyll content shown in Fig. 10 has been 

found by other workers working both with batch and continuous cul-

tures (Tamiya et al., 1953b, Myers and Graham, 1959, Belyanin and 

.Kovrov, 1968). The chlorophyll assay was based upon the procedure 

of Arnon (1949), but added a hot methanol extraction of the cells to 

insure complete removal of chlorophyll. The procedure is completely 
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described in Appendix IV 

Chlorophyll a/Chlorophyll b Ratio 

Although the chlorphyll chlorphyll b ratio does not change 

as drastically as total chlorophyll content, there is a definite trend 

in this ratio, as shown in Fig ii 

Absorption Spectra 

..Figiire 12 shows the absorption spectra fortwotypes of cells, 

one grown at a high specific growth rate, and the other at a low spe-

cific growth rate The curves were measured in a Cary 14 spectro-

photometer with a Model 1462 scattered-transmission accessory. 

The curves were then adjusted in two ways to give Fig 12 First, 

the absorbance measured at 750 nm was uniformly subtracted from 

the measured absorbance at all other wavelengths. This was done 

in an attempt to subtract light scattering, there is no absorption by 

any pigments at 750 nm Second, the curves were adjusted to give 

the same absorbance at 680 mu, the chiorphyll a peak 

The high i cells have a lower shoulder at 650 mu, the chloro-

phyll b peak, than the low i cells This agrees with the change in 

chlorophyll a/chlorophyll b ratio. 

Light Response Curve.s 

• 	 A light response curve is simply the rate of photosynthesis, 

• 	with dark respiration rate. added, plotted as a functio.n of light in- 

tensity for optically thin suspensions of algae. All data presented. 

here.were taken in an illuminated respirometer using the procedure 

outlined in Appendix IV. The respir,ometer flasks contained a sus-

pension of algal cells that had 4.2 g total chlorophyll per cm 2  of 

• . 	illuminated area. The spectral distribution of the respi.rometer 

light source is shown in Fig. 13. It is very similar to the spectral 

ditribution of the light source used to illuminate the culture vessel, 

which was given in Fig. 6. Both light, sources used tungsten lamps 
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and identical CuSO 4  solutions for removal of infrared radiation 

Light response curves are here plotted on a chlorophyll basis, 

since on a chlorophyll basis the quantum efficiencies of different 

types of algae may be directly compared Quantum efficiency may 

be generally defined as the ratio of the rate of photosynthesis to the 

rate of light absorption. For optically thin suspensions the rate of 

light absorption is directly proportional to light intensity and nearly 

directly proportional to total amount of chlorophll At any given 

light intensity, the ratio of photosynthetic rates is also the ratio of 

quantum efficiencies, if the chlorophyll contents are the same 

In Fig 14 light response curves for algae grown at two widely 

different specific growth rates are plotted The experimental pro-

cedure, as outlined in Appendix IV, was to take algae from the steady 

state culture unit and run the light response curves in the respiro-

meter as quickly as possible Iso that little re-adaptation of the algal. 

cells could occur. The results shown in Fig 14 are typical of those 

obtained at other specific growth rates in that 

I The rates of photosynthesis at low light intensities were 

not a function of the specific rate of growth, 

2 The rates of photosynthesis at high light intensities were 

strong functions of the specific rate of growth, i. . The manner in 

which the light saturated rate changes as a function of p.  is shown in 

Fig. 15. Note that the light saturated rate seems to increase lin-

early with p.. 

3. The approach to light saturation occurred relatively sharply. 

The rectangular hyperbola function, as given by Equation (2-1 - , has 

been used by many workers to model light response curves This 

function gives a straight line on a doitthl.e reciprocaiplot, such as 

Fig. 16, where the data given in Fig. 14 have been replotted. Our 

data do not give such a straight line, therefore, cannot be fit by the 

rectangular hyperbola function. Equations (6-17) and (6-18), which 

are.derived in Chapter VI, are the solid lines shown in Figs.14 and 

16, and do fit the data quite well. 	. 	. 	. 	 . 
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Data from two other steady states of the culture unit are 

shown in Fig 17 In addition to light response curves obtained in 

the respirometer at 25 °C, light response curves were obtained at 

100 C for the same two types of algae The 40° C curves will be 

of particular interest when the light response curves for the qui-

none Hill reaction are discussed 

Maximum Quantum Efficiency  

The maximum quantum efficiency occurs at low light intensi-

ties Figure 18 shows data from 16 different respirometer runs 

The algae used were grown at specific growth rates ranging from 

0 16 day 1  to 2 00 day 1  Only data were plotted that were below 

light saturation, and it can be seen that that growth conditions exert 

no influence on this portion of the light response curve, since all 

data can be fit by a single curve The curve is Equation (6-17), and 

was fit to the data by LSQVMT, a Lawrence Radiation Laboratory 

Computer Library program that may be used to fit non-linear equa-

tions by a least squares procedure. The best fit of the data was ob-

tained when the two parameters in Equation (6-17), '' c and S , had 

values of 1.316 cm 2  ml O 2 /mw/mg chlorophyll/hr and 49.6 ml 02/ 

hr/mg chlorophyll, respectively. 15E is the initial slope, and from 

it the maximum quantum efficiency was calculated. But to do this, 

three additional things were needed, the spectral distribution of the 

light incident upon the respirometer flasks (Fig. 13). the extinction 

coefficients of the algal cells as a function of wavelength (the average 

of the curves shown in Fig. 12 was used), and the quantity.of chloro-

phyll in the respirometer flasks (4.2 g chlorophyll/cm 2 ) The max-

imum quantum absorbed, or conversely, the minumum quantum re-

quirement was 8.8 quanta absorbed/0 2  molecule evolved Our num-

her for the minimum quantum requirement is somewhat lower than 

Unless otherwise stated, all quantities of evolved 02  are given at 
•Stahdard temperature and pressure (00  C, .1 atmosphere). 
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the recent results of Schwartz (1967) andNg and Bas sham (1968). 

Because of the round-about way our number was calculated, we 

question its absolute accuracy. 

Dark Respiration Rate 

Figure 19 shows how the 'respiration rate in the dark changes 

as a function of specific growth rate. The data shown were taken 

after the algal. cells had been in the dark for approximately one 

hour, as described by the procedure given in Appendix IV. Note 

that the respiration rate is almost directly proportional to . These 

results are almost identical to those found by Myers and Graham 

(1959) for Chlorella ellipsoidea. 

Light Response Curve of the Quinone Hill Reaction 

Para-benzoquinone is a unique Hill oxidant,' since besides 

being an artificial electron acceptor for the photo-electron trans-

port system, it is also permeable to whole algal cells. This per-

meability is a necessity for obtaining the Hill reaction in whole cells 

The.qui'none Hill reaction in whole algal cells was first investigated. 

by Clendenning and Ehrmantraut (1950) and later was studied by 

Ehrmantraut and Rabinowitch (1952) and Bradley (1953). The exper-' 

imental,procedure employed here is similar to that used by the above 

workers and is completely described in Appendix IV. 

The rate of oxygen evolution during the quinone Hill reaction 

was found to decrease with time in what appeared to be a first-order 

manner with respect to remaining activity. The rate of this inactiva-

tion was found to increase with increasing light intensity and increas-

'ing temperature. Also complicating the raw data was the lag in the 

appearance of evolved oxygen in the vapor phase of the respirometer 

flask. This was caused by the large diffusional resistance at the 

liquid-vapor interphase. In Appendix V we have given the method of 

mathematically correcting for these two complicating factors so that 

the true initial rates of the quinone Hill reaction might be obtained. 

1. 
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Figure 20 shows the initial rates of the quinone Hill reaction 

as a function of light intensity for algae grown at two different spe-

cific growth rates, 0.33 day and .1.75 day. These same al-

gae were used for the rates of overall photosynthesis shown in Fig. 

17. There are several things to be noticed in comparing Figs. 17 

and 20. 
Comparing the 10°C data, for the algae grown at = 0.33 day 

the maximum quinone Hill reaction rate is nearly three times higher 

than the maximum rate of overall photosynthesis. Even for the cells 

grown at p. = 1.73 daf 1, the maximum Hill reaction rate exceeds 

the maximum overall photosynthesis rate at 10° C. For the 25° C 

data the maximum Hill reaction rate again exceeds the maximum 

rate of overall photosynthesis for the 0.33 daf 1  cells, but not for 

the 1.73 day cells (although the quinone Hill reaction may not have 

reached light saturation). 

The above results are particularly impressive because of the 

low maximum quantum efficiency obt3ined for the quinone Hill re-

action. The maximum quantum efficiency for the quinone Hill re-

action may be directly compared to the maximum quantum efficiency 

for overall photosynthesis by comparing the initial slope in Fig. 20 

to the initial slope in Fig. 17. The initial slope of the quinone Hill 

reaction data is onLy about half the overall photosynthesis slope. 

Unlike the results obtained for overall photosynthesis, there 

is no difference between the quinone Hill reaction results for the al-

gae grown at the two different specific growth rates. 

One can draw on important conclusion for at least three of the 

four sets of data shown in Figs. 17 and 20 where the maximum qui-

none •1i.i reaction rate exceeds the corresponding rate for overall 

photosynthesis. No reaction between oxygen evolution and System 

II sets, or has any influence upon, the light saturated rate of photo-

synthesis. For the data taken, it is not known whether quinone ac-

cepts electrons at the top of System II or at the top of System I. 
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In either case all electrons donated to quinone must pass through the 

steps between oxygen evolution and System II. As shown in Chapter 

V, only one enzymatic reaction sets the light saturated rate of photo-

synthesis. Thus, no reaction between oxygen evolution and System 

II has any influence on the light saturated rate of photosynthesis. 

Cell Composition by Elements 

The effect of specific growth rate on the elemental composi-

tion of Chlorella pyrenoidosais shown in Figs. 21, 22, and23. Car-

bon, nitrogen, hydrogen, and ash were directly determined by anal-

ysis, and oxygen was obtained by difference. From these data the 

exact stoichiometric relationship between the production of cell ma-

terial and the rate of photosynthesis can be determined. Taking into 

account the change of nitrate into cellular nitrogen, but neglecting 

any other valence changes of minerals in the nutrient medium, the 

following material balance equation is obtained for calls grown at a 

specificgrowth rate of 2.0 day: 

5.95 H20 + 5.92 CO 2  + 1.00 N0 - C 592  H10 02.69  N100 

+ 1000H+85502 	 (3-1) 

The first term on the right side of the equation is equivalent to 151.5 

g of dry cells, when the ash content is added in. Similar equations 

may be generated for other specific growth rates. The relation be-

tween cell producti.on and oxygen evolution at any specific growth 

rate is: 

B = 1.64 x 10 4+ 0.065x 40 	 (3-2) 

where the units of B are mg dry weight/mole 0
2  

• RNA and DNA Content 

Figure 24 shows how specific growth rate affects RNA and 

DNA content. The analyses were carried out using a modified 

Schmidt- Taunhauser technique as described by Cahn (1970). DNA 
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content does not appear to vary, at least not significantly. But RNA 

content changes drastically, almost in direct proportion to specific 

growth rate. Why this should be so is explained as follows. Most 

RNA is present in the ribosornes, which are the protein manufac-

turing factories of the cell. Since most of the cell consists of pro-

tein or the products of protein enzymes, it is logical to expect more 

RNA (in the form of ribosomes) in cells that are growing at a more 

rapid rate. Similar results have been found for bacteria (see Maaloe 

and Kjeldgaard, 1966). 

RESULTSAT STEADY.STATE: EFFECT OF INCIDENT LIGHT 
INTENSITY ON THE PHYSIOLOGY OF CHLORELLA PYRENOIDOSA 

In this section, the effect of varying the light intensity incident 

upon the culture vessel is eKamined. The steady state specific growth 
-1 rate was held constant at 1.01 day . The spectral distribution of all 

three light sources was virtually identical to Fig. 6. The results are 

summarized in Table II and in Fig. 25. Note that the data were all 

taken at a specific growth rate that is not optimum in terms of pro-

ductivity. 

Even though the incident light intensity was varied by more 

than a factor of five, there was little change in any of the physiolog -

icäl parameters examined. Indeed, expected scattering of the data 

makes uncertain the direction of any changes in chlorophyll content. 

chlorophyll a/chlorophyll b ratio, or cellular composition.. These 

results show thatit is mainly the growth rate of the cells, not the in-

cident light intensity, that determines the physiology of Chlorella 

pyrenoidosa growing in dense culture. 

UNSTEADY STATE RESULTS: TRANSIEN'1S .IN CONTINUOUS 
CULTURE 	... 

Here the effects of a step change in the feed rate to the con-

tinuous culture unit will be examined. The slowness with which the 

physiology of the algl cells adapts to this change in environment 

will, be demonstrated, reconfirming the work of Myers and Graham 
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Table II. 	Effect of Incident Light Intensity on the Physiology of 
Chiorella pyrenoidosa. 

Temperature = 25°C, 	i 1.01 day 1  

Incident light intensity, mw/cm 2  3.43 8.05 16.9 

Run number D-27 D-29 D-30 

Cell concentration, mg dry wt./ml 0.56 LII 1.76 

Productivity, mg dry wt./cm 3/day . 	1.50 2.97 4.73 

Efficiency of converting light energy 
into cell material, % 12.7 9.8 7.4 

Total chlorophyll, % 4.60 4.25 4.38 

Chlorophyll a/chlorophyllb ratio 3.69 3.10 3.38 

Cell composition, 

Carbon 	 . 	. 48.4 48.8 49.1 

Hydrogen 	. . 7.0 6.7 7.1 

Nitrogen 9.3 8.9 10.4 

Oxygen 28.5 27.9 25.9 

Ash 6.8 7.7 7.5 
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(1959), which showed that batch culture cannot be compared with con-

tinuous culture 

Figure 26 shows how a number of physiological parameters 

changed as a result of changing the feed rate to a culture that had 

previously reached steady state at i F/V= 0.325 day At time 
I .  = 0 on the figure, F/V was changed to 2.00 day -1  . Resultant changes 

in experimentally measured parameters are shown by the data points, 

which have been fit by the solid lines For instance, curve A shows 

the manner in which cell concentration changes. 

The dashed lines, B' and Dt,  show how chlorophyll content and 

the light saturated rate of photosynthesis would change if the Chiorella 

cells adapted inàtantaneously to their changing environment. The 

dashed lines were calculated in the following fashion 

1 From curve A the cell concentration corresponding to any par-

ticular time may be obtained.' 

2. This cell concentration corresponds to a certain steady state 

specific growth rate, which may be found from Fig 8 

3 Using this steady state specific growth rate, the chlorophyll 

content and the light saturated rate of photosynthesis may be 

predicted from Figs. 10 and 15. 

Thus, the dashed lines represent the steady state results correspond-

ing to the cell concentrations of line A. 

Comparing the actual results to the predicted shows that adapta-

tion is not instantaneous; instead, the actual data lag 10-20 hours be-

hind the predicted changes. By comparison, a steady state value of 

p. = 2.00 day 1  is equivalent to a doubling time of about 8 hours. The 

generation time of Chiorella pyrenoidosa is about 3 doubling times 

since one mother cell generally gives rise to 8 daughters. Does the 

size of this lag mean that physiological changes are mainly man-

ifested in the daughter cells, and not in the mother cell? Perhaps 

the use of synchronous cultures could answer this question. 

Figure 27 shows similar data, but with a downward step change 

in the feed rate to the. culture unit. 
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pected changes if adaptation by the cells were instantaneous. 
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E. ATTEMPTS AT INCREASING PRODUCTIVITY 

Two attempts were made to increase the productivity of Chio-

rella in continuous culture, use of plant hormones and use of a pale 

green mutant. Both attempts failed to increase productivity. 

Plant Hormones Added to the Nutrient Medium 

War eing et al. (4968) have shown that the plant hormones kine-

tin and gibberellic acid increase the light saturated rate of photosyn-

thesis in maize. Treharne and Stoddart (4968) have shown a similar 

effect in red clover leaves when gibberellic acid is applied. These 

workers explain their results on the basis of the increased levels of 

carboxylating enzymes that result from the application of these hor-

mones. 

As far as algae are concerned, the literature is contradictory 

as to the effects of plant hormones (see the review of Conrad and 

Saltman, 1962). All such work has apparently been done in batch 

culture With Chiorelia vulgaris, Yin (4937) claimed that 3-indole-

acetic acid increased cell size, but not the rate of cell division. 

However, Pratt (1937) in a similar experiment found no effect of in-

doleacetic acid. In similar work, Brannon and Bartsch (1939) found 

that this plant hormone had no effect on the cell size of Chiorella 

pyrenoidosa, but did result in a higher rate of growth. But Bach and 

Fellig (1958) questioned the results of these latter workers, since 

the indoleacetic acid added to the nutrient medium was first dissolved 

in ethanol, which is known to be directly utilizable by Chiorella. 

In order to resolve the above contradictory results and to see 

if productivity could be increased, we investigated the effect of the 

plant hormones 3-indoleacetic acid, gibberellic acid, and kinetin on 

• Chlorella pyrenoidosa in steady state continuous culture. The nu-

trient medium was the same as given in Table I, but with the addi-

tion of 5 mg/i of 3-indoleacetic acid, 0.5 mg/i of gibberellic acid, 

• and 0.5 mg/i of kinetin. The experimental procedure was to achieve 

steady state at i = 0.33 daf without these hormones in the nutrient 
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medium, take pertinent data, then switch to a nutrient medium con-

taining these hormones, wait 2 weeks, and again take pertinent data. 

The results are shown in Fig 28 and Table ILl The slight differ-

ences between the data with and without the hormones are well with-

in the experimental error. We conclude that these plant hormones 

have no significant effect upon the physiology of Chiorella pyrenoid-

Q. Productivity was not improved, since thereas no significant 

increase in the light saturated rate of photosynthesis. 

Using Chlorella pyrenoidosa C. 1.4. 40. 36, a Pale Green Mutant 

Wild and Egle (1968) have investigated a pale green mutant of 

Chiorella pyrenoidosa, which they have described as having a low 

chlorophyll content and a high light saturated rate of photosynthesis. 

As discussed in .Chapter IV, this is exactly the type of algae we 

would expect to give a high productivity at high light intensities In 

a sequential comparison with the normal cells at 25° C, incident in- 
/ 	2 	 -1 tensity of 8.6mwcm , and i. = 0.33 day , we obtained a produc- 

tivity for the mutant cells of 2.44 mg dry wt./cm 2/day as compared 

to 2.48 mg dry wt. /cm 2/'day for the normal cells. These dièappoint-

ing results .for the mutant strain may have several possible explana-

tion: 

The maximum quantum efficiency of the mutant may be low. 

The optimum growth conditions were not used. 

Back-scattered (reflected) light is much greater for the mutant 

because of its lower chlorophyll content. 

The above suggestions for the low mutant productivity are only spec-

ulations. No physiological parameters of the mutant were measured. 

The search should continue for algae with higher light saturated rates 

of photosynthesis. 
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Table III. Effect of Plant Hormones onthe Physiology of 
Chiorella pyrenoidosa. 

Temperature = 25° C, 	= 0.33 day 

Incident Light Intensity 8.6 mw/cm 2 . 

Without 	With 
hormones 	hormones 

Run number 	 D-38 	D-46 

Cell concentration, mg dry wt./ml 	 2.82 	2.86 

• Productivity/area, mg dry wt. /cm 2/day 	2.48 	2.51 
Total chlorophyll,.% 	 6.71 	6.80 

Chlorophyll a/chlorophyll bratlo 	 3.34 	3.39 
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NOMENCLATURE 

A = Illuminated surface area, cm 2  

B = Conversion factor relating cell biomass weight produced to 

oxygen evolution, mg dry weight/mole 02 

F = Feed rate, ml/day 

p = Productivity of cellular biomass, mg dry weight/cm 2/day 

SM = The light saturated rate of photosynthesis intrinsic to the 

photosynthetic electron transport system, moles 0 2/hr/mg 

chlorophyll 

X 	Cellular biomass concentration, mg dry weight/mi 

E 

	

	= Extinction coefficient of the pigments, cm 2/mg chlorophyll 

Specific growth rate, day 

= Maximum quantum yield, moles 02/einstein 
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IV THE SIGNIFICANCE OF THE EXPERIMENTAL RESULTS 

SELF-OPTIMIZING BIOLOGICAL SYSTEM 

Species continuously self-optimize themselves for the par-

ti.cular environment they are in. Such is the conclusion to be drawn 

from the theory of natural selection, which Charles Darwin (1859) 

published in his well-known book, The Origin of Species. Let us 

review the basic tenets ofthe theory of natural selection to see• 

what the data of the last chapter mean in terms of the ability of 

• Chdorella to survive in nature as a species. We quote Darwin's 

three basic propositions (a) "That grdatione in the perfection of 

any organ or instinct, either do now exist or could have existed. H  

(b) "That all organs and instincts are, in ever so slight a degree, 

variable." (c) "That there is a struggle for existence leading to 

the preservation of each profitable deviation of structure or in- 

• stinct." The latter point makes two assumptions, that "profitable 

deviations" are inherited, and that more individuals of a species 

are born than can survive to reproduce themselves. 

In sumrnary,• those best able to survive the competition with 

others, to the extent that they can reproduce themselves, are the 

fittest. Living to the point of being able to reproduce is the test of 

fitness. What characteristics would we expect to find in Chlorella 

yrenoidosa so that it can survive in nature? 

ADAPTATION TO THE ENVIRONMENT BY CHLORELLA 
PYRENOIDOSA 

Algal cells growing faster than other algal cells have an ad-

vantage in the competition to survive, since they may produce off-

spring sooner or in larger quantity. But Chlorella pyrenoidosa 

cells are found in various environments. In nature light intensity, 

temperature, and nutrient concentration may vary with location 

and time. Certainly. Chlorella pyrenoidosa would be better, fit to 

survive in its competition with other algal species if it could 
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maintain a high growth rate by adapting to whatever environment it 

happens to find itsO1f in. We will now limit our discussion to only 

one environmental variable, light intensity. How would we expect 

Chlorella pyrenoidosa to adapt to light intensity 9  

• Chlorophyll Content 

At low light intensities the growth rate (and photosynthetic 

rate) of a Chlorella cell is directly proportional to the percent chlo -

rophyll content This is because absorption of light is directly pro-

portional to pigment (mainly chlorophyll) content, and at low light 

intensities the rate of photosynthesis is directly proportional to the 

rate of light absorption. Thus, we would expect Chlorella cells 

adapted to a low light intensity environment (e. g., a shaded pond) 

to have a high percent chlorophyll content. 

But Chlorella cells growing in an environment of high light in-

tensity (e. g., a sunny pond) are not limited in their growth by the 

amount of light . they can harvest; in fact, they have an excess of 

light. So we might expect this type of "sun-adapted't cell to have a 

low chlorophyll content A high chlorophyll content is not needed, 

since a low chlorophyll content will harvest sufficient light. 

But how .do the experimental data of Chapter III reconcile with 

the above suppositions? Figure 10 shows that the chlorophyll con. 

tent in Chiorella pyrenoidosa does change in the manner predicted 

by the above arguments. Remember that cells growing at a low,  

specific growth rate are in an environment of low average light in-

tensity, while a high specific growth rate corresponds to a high av-

erage light intensity. Figure 10 shows that cells starved of light 

have higher chlorophyll contents than cells with an overabundance 

of light. 	 • 	• 

Light Saturated Rate of. Photo synthes.is  

Cells in a low light intensity environment are growing and 

photosynthe sizing at a low rate. Therefore we would not expect 

these cells to have a high concentration of the enzymes that allow a 



high light saturated rate of photosynthesis. Instead, we would ex-

pect these cells to devote their energy to producing more chloro-

phyll so that more light might be harvested. For cells growing in 

an environment of high light intensity we would expect a situation 

converse to the above. 

Figure 15 shows that the above arguments predict the actual 

experimental result; low i cells have a low lightsaturated rate, 

and high cells have a high light saturated rate. 

Figure 29 outlines how Chlorella pyrenoidosa adapts to the 

ayerage light intensity in its envitronment. This adaptive response 

is beneficial to the survival of Chiorella pyrenoidosa as a species, 

and is consistent with Darwints theory of natural selection. 

Chloronhvll a/Chloronhvll b Ratio 

Many researchers have shown that the concentrations of the 

various light harvesting pigments are strongly dependent upon the 

spectral distribution (or quality) of the illumination under which 

algal cells are grown (Brody and Emerson, 1959, Jones and Myers, 

1964, Ghosh and Govindjee, 1966). Indeed, it was nearly a century 

ago when Englemann (1883, 1884) proposed that algalpigments adapt 

in the direction of maximum utilization of the light incident upon them. 

For example, algal cells growing in a particular wavelength would be 

expected to adapt in the direction of having more of the pigment (or 

pigments) that strongly absorb that wavelength. This theory does not 

appear to hold in all situatIon8.. Brody and Emerson (1959) found 

that with high intensities of blue and green light the changes in the 

red alga Porphyridium cruentum were contrary to Englemann's 

theory, but at low intensities of these colors the adaptations were 

as expected. 

Our data, as shown in Figs. 11 and 12, seem to agree with 

Englemann's theory. Green and yellow wavelengths are most weakly 

absorbed by green plants, such as Chlorella. Thus, the concentrated 

suspension of cells growing at a low specific growth rate is, on the 
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average, in an environment richer in green and yellow wavelengths 

compared to the relatively thin suspension of cells, obtained at high 

specific growth rates. . For the low ji. cells Fig. 12 shows greater 

absorption in the green and yellow regions, and Fig. 11 shows that 

the low cells have a greater chlorophyllb content. This increases 

absorption in regions where chlorophyll a does not have its peak 

absorbance. . Thus,. algae growing in an environment rich in green 

and yellow wavelengths seem to be more efficient in their absorp-

tion of those wavelengths. 

C. OPTIMIZING AND INCREASING PRODUCTION OF CELLULAR 
'MATERIAL IN ALGAL SYSTEMS 

For the experimental conditions given in Chapter III, the op-

timurn productivity of cellular material is obtained at a specific 

growth rate of about 1.6 day 1 . There is a high light saturated rate 

of photosynthesis at this specific growth rate, yet the specific growth 

rate 'is not so high that appreciable light is transmitted through the 

culture. 

This optimum may shift slightly as a function of incident light 

intensity,, but this was not investigated experimentally. At higher 

incident light intensities the optical thickness of the culture will in-

crease at any given value of i, tending to shift the optimum to a 

higher value of . But higher incident intensities may result in 

slightly lower chlorophyll contents (see Table II), tending to .decr ease 

- optical thickness, and off-setting the increased cell concentration. 

To increase productivity at a given incident light intensity we 

must increase the efficiency at either low light intensities, or high 

light intensities, or both. Increasing the efficiency of energy con-

version at low light intensities means that the maximum quantum 

efficiency must be increased. This does not appear possible for 

Chiorella pyrenoidosa, since we found that , the maximum quan-

tum efficiency, was equivalent to one O 2 molecule evolved for each 

8.8 quanta absorbed. This is close to the minimum of one Oz  per 8 
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quanta required for a photosynthetic system with two light reactions. 

Thus, we must increase the efficiency at high light intensities, 

i. e., increase the light saturated rate of photosynthesis (on a per 

unit chlorophyll basis!). Species of algae should be screened to 

find those with high light saturated rates. Chlorella pyrenoidosa 

is;notable for its low light saturated rate, even when grown at high 

specific growih rates. Algae with low pigment concentrations 

should particularly be examined, since these may have the quality 

for which we are looking, a high value for the ratio: 

concentration of the enzymes that determine light saturation. 
concentration of the pfments that determine light absorption. 

Schmid and Gaffron (1967) have investigated tobacco mutants that 

have much lower ,  percentage chlorophyll content, but have a much 

higher light saturated rate of photosynthesis on a chlorophyll basis, 

and even on an area basis. This is eEactly as expected from the 

above agruments. 

Another way of achieving a high value for, the above ratio is to 

illuminate with light sources, having large amounts of their radiation 

in regions that are not strongly absorbed. For green algae this 

would be in the yellow and green wavelength regions. However, ac-

cording to Emerson and Lewis (1943), one may have to sacrifice 

some in maximum quantum efficiency, '', particularly in the green 

region. 

NOMENCLATURE 

Specific growth rate, day 1  

Maximum quantum yield, moles 02/einstein 
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V. THE MA)MUM RATE OF BIOLOGICAL PROCESSES 

The rate of a biological process is limited by the enzymatic 

reactIon having the smallest maximum forward rate. In other 

words, the rate ofa series of linked enzymatic reactions cannot 

exceed the maximum rate of the slowest step. 

When virtually all molecules of an enzyme are saturated with 

its substrate, the enzyme has reached its maximum forward rate. 

Consider a process, such as photosynthesis, containing an enzy-

matic step that is proceeding at its maximum rate. Since this 

enzymatic reaction is one of a series of steps in the process, then 

the process must be at its maximum rate. The maximum rate of 

the process is independent of any other enzymatic steps, even if 

some of these other steps have maximum rates only slightly 

greater than the maximum rate of the slowest. 

The process has reached its maximum rate when no exter-

nal substrate, such as light intensity or CO 2  concentration, is 

limiting. Conversely, when an external substrate limits, neither 

the process nor any of the steps in it is operating at its maximum 

rate. 
We will mathematically prove the above conceptual arguments 

for a simplified model consisting of N consecutive reversible 

Michaelis-Menten enzymatic reactions. The case of a single en-

zyme substrate complex undergoing successive transformations, 

as described by Hearon (1952), should not be confused with this 

case. Here, the product of each enzymatic reaction is the sub-

strate for the next. There is one external limiting substrate, S. 

An exception exists. Consider two parallel reaction sequences 
producing the same product. Two enzymes, one in each of the 
parallel sequences, must reach their maximum.rates before the 
process reaches its maximum rate. But if we treat these two 
limiting steps as a single enzyme, then the above arguments hold. 
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• 	E denotes the enzyme, P d.enotes the products of the enzymatic re- 

actions, and k denotes the rate constants. Catalysis occurs in the 

substrate-enzyme complexes, such as P 	E. In this general 

case no reaction steps are considered to be irreversible; irrevers- 

• 	 ibility is approached only by virtue of a large negative free energy 

• change. 

The velocity of the nth reaction, v, is found by assuming 

that steady state conditions are obtained. Steady state may be as-

summed even if we consider an autocatalytic process such as bal- 

• anced cellular growth, if we express enzyme concentrations per unit 

of cellular mass. The solution (Haldane, 1930) is given here with 

v implicity expressed: 

{P](V +v)+K'V 
= 	n 	Bn n 	n n, 	

(5-1) 
Kt/K(V -v) 
n n Fn n 



-88- 

where [F] and [P 1 J are concentrations of species P and P, 

v is the net rate of enzymatic reaction; VFn = k'[E ° ], the max- 

imum forward rate; V = k [E ° ], the maximum backward rate; Bn -n n 
[E 0]  is the total concentration of the nth enzyme; K = (k + k')/k n 	 . 	 - 	 n 	-n n n 
K' 	(k + k' )/k' -n 	n. -n 

All of the individual reactions give equations of the form of 

Equation (5-1). We obtained the solution for the whole system of N 

equations by realizing that at steady state v = v 1 = v 2 	=v 

and by making successive substitutions until the concentration of S, 

[S], is related only to v and 	the concentration of final, prod- 

uct. If P. is a cellular constituent and cellular growth is balanced, 

then 	is constant with time (when expressed per unit of cellular 

mass). The solution is: 

n 	 N. 
N 	K fl (V ' 	 [P In (V +v) v-' 	n 	B.. +v) 	N' 	Bn 

1 {s] = 	 .- f 	+ 	n=f 	, 	, 	(5-2) 
ri K! 	 K' 

nf 	 i-f 	 n fl 	(V-v) 	fl—(V.-v) is.. 	Fi 	 r 	.t'n 
1-i 	i-f 	 nf 	n 

where VB0  is defined equal to zero, and K'/K 0  is defined equal to 

one.., If, for example, we have three enzymatic reactions, N = 3, 

and: 

K v 	K v(V +v) 	 K v(V +v)(V +v) 

(V- v)(VFzv) 	- _(VFjv)(VFz v)(VF3v) 

[P3] ( V 1  + v) ( VB2 + v)( VB3  + v) 

. 	. 	. 	 (5-3) 

In Equations (5-2) and (5-3), the steady state rate of the system, v 

is implicitly expressed, whereas the concentration of external sub-

strate, [S], is explicitly given. . 



-89-. 

In Equation (5-2) or (5-3), it should be readily observed that 

the maximum rate for the system is set by, and cannot exceed, the 

smallest VF. since [S] approaches infinity as v approaches the 
smallest VF.  Thus, the enzymatic reaction having the smallest 

maximum forward rate sets the maximum rate for the whole sys-

tem: a barrier that cannot be exceeded. An interesting corollary 

is that when [S] is large (i. e. , not limiting), the system rate is 

operating near the maximum rate as set by the slowest VF. 

Such a limiting step cannot occur in chemical reactions of 

higher than zero-order (Denbigh etal., 1948), but does occur in 

enzymatic reactions, since an enzymatic reaction approaches zero-

order as it nears its maximum rate. 

Care must be used not to carry this concept of a limiting en-

zynátic reaction too far. Even though the slowest reaction sets the 

maximum rate for the system, it does not entirely determine the 

rate of the process as a function of limiting substrate concentration. 

At low external substrate concentrations, [S],. all of the reactions 

in the series may influence the overall rate. For the system dis-

•cussed above, the exact relationship is.given by Equation (5-2). 



NOMENCLATURE 
'I 

E 	 Enzyme 

k. = Rate corkstant 

K 	 = Equilibrium constant 	 I 

N 	 = The total number of enzymatic steps in the sequence 

P 	 = The product of an enzymatic reaction 

S 	 = The substrate of the first enzymatic reaction in the 

sequence 

v 	 = Nt rate of an enzymatic reaction, moles/time/mass 

dryweight 

V 	 = Maximum velocity, either forward or backward, of 

an enzymatic reaction, mole s/time/ma s s dry weight 

[ J 	= Concentration of the item enclosed, moles/mass dry 

weight 

Superscripts 

o 	 Total amount of all states or forms of the species 

subscripted 

= Denotes breakdown of substrate-enzyme complex to 

• 	 product or the reverse reaction 

Subscripts 

B 	 = Backward 

F 	 Forward 

[, 2, fl, N = Number of the step in the sequence; if positive, 

the forward direction is implied; if negative, the 

backward direction is implied. 
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VI. PHOTOSYNTHESIS IN OPTICALLY THIN SUSPENSIONS 

A. A MATHEMATICAL MODEL FOR THE LIGHT RESPONSE 
CURVE O•F..PHOTOSYNTHESIS 

In Chapter II previous work on the mathematical modeling of 

the rate of photosynthesis as a function of light intensity was re-

viewed. These attempts in modeling the light response curve have 

largely been empirical. One exception is the model presented by 

Lumry et al. (1959) and Lumry and Rieske (1959). The Lumry, mod-

el gives the rectangul3r hyperbola function expressed by Equation 

(2-16). The Lumry model was first proposed for the ferricyanide 

Hill reaction,, but Lumry and coworkers (Muller et al. , 1969) have 

recently suggested that this model may be valid also for overall 

photosynthesis. The Lumry model has been put to use by other 

workers, such as Fredrickson et al. (1961), attempting to model 

the performance of optically dense suspensions. But the Lumry 

model suffers when applied to overall photosynthesis, since it as-

sumes only one light reaction and that the limiting step is the re-

generation of an activated chlorophyll by a dark reaction. It now 

appears that there are at least two light reactions in photosynthesis, 

and that the rate limiting step is not the regeneration of any primary 

chemical trap. This latter point will be fully discussed in this chap-

ter. 

While the Lumry model appears to fit experimental fern-

cyanide Hill reaction data, it does not fit most data obtained for the 

overall rate of photosynthesis as a function of light intensity. Our 

data shown in Figs. 14 and 17, as well as the data of many other 

workers such as Kok (1956), Myers and Graham (1959) , Steeman 

Nielsen and Jorgensen (1968), Pickett and Myers (1966), and Bona-

ventura and Myers (1969), give light response curves that "bend 

over" to the light saturated rate faster than predicted by the Lumry 

model. 

Some of the data of Myers and Graham is shown replotted in Fig. 4. 



• Some data taken on Chiorella do not show this fairly sharp 

bend over to the light saturated rate. Where the experimental con-

ditions are given, such as by Shugarman and Appleman (1967), the 

missing bend can be explained on the basis that the data were taken 

on a suspension of algae that was not optically thin. Indeed, it is 

impossible to obtain a truly optically thin suspension of algae. A 

Chiorella cell can absorb as much as. 40% of the light passing 

through it, causing an unequal illumination of the chlorophyll mol-

ecules within the cell. If this problem could be eliminated, the 

bend over to the saturated rate would be sharper than has been ex-

perimentally measured thus far. 	. 	 . 

A distinct characteristic of the Lumry model, or any rectan-

gular hyperbola, is that the slope of the curve measured at one-

half of the maximum rate should be one-quarter of the initial slope. 

This rough check may be used at a glance, rather than going to the 

trouble of making a double reciprocal plot, such as Fig. 16, which 

also shows the strong deviations of overall photosynthesis from the 

Lumry model. 

Further questions must also be raised, which no previous 

mathematical model of photosynthesis can answer. Why, as shown 

in Chapter III, can the light saturated rate for the quinone Hill re-

action exceed the light saturated rate for overall photosynthesis? 

Why, as also shown in Chapter III, does the light saturated, rate of 

photosynthesis change with growth conditions? Why, as shown in 

Figs. 4, 14, and 17, are the initial portions of the light response 

curves identical for algae grown in different conditions, but with 

light saturation being achieved by the various plateaus "peeing off 

a curve that, initially at least, appears similar to the shape of a 

rectangular hyperbola? Why does the shape of our light response 

curves for the quinone Hill reaction, as given in Fig. 20, as well 

This is found by taking the derivative of the rectangular function 
with respect to the independent variable, which in this case is light 
intensity. 	• 	 . 
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as the Hill reaction data of Lumry et al (1959), Sauer and Biggens 

(1965), and others, conform closely to the shape of a rectangular 

hyperbola? In addition to answering the above four questions, can 

a mathematical model be devised based upon current knowledge of 

the chemical kinetics of the photosynthetic electron transport sys-

tem and the carbon fixation cycle? 

We believe a mathematical model can be devised that will 

provide satisfactory answers to all of the above questions In de-

vising the following model, heavy reliance is placed upon the kinetic 

data for the photo-electron transport system as obtained from the 

laboratories of Kok and Joliot. Before listing the bases and assump-

tions of our mathematical model for the light response curve, it 

should be mentioned that present day knowledge of the process of 

photosynthesis is far from complete, but we believe the following 

model to be consistent with the current picture. Figure 30, a di-

agrammatiic scheme of our model, should be referred to at this 

point. Nomenclature given to chemical intermediates follows Kok 

et al. (1969). 

Bases and Assumptions 

1. Following Joliot et al. (1968), it is assumed that Photoact II is 
• the reduction of Q by a quantum absorbed by System II pigment: 

hv. >0- 

Q is assumed to be the primary chemical trap for System H. The 

• fraction of open System II traps is q [Q 11 / [Q0 ]. 
Similarly, Photoact I is the oxidation of P by a quantum ab-

sorbed by System I pigment: 

hv > 

P is assumed to be the primary chemical trap for System I, the 

chlorophyfl a molecule P 700 . The fraction of open System I traps 
is p= {PJ/[P1 
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Fig. 30. Our model for the light response curve of photo-
synthesis. This model assumes that a reaction in the car-
bon fixation cycle sets the light saturated rate of photo syn- 
thesis, and that its effect is manifested through the ATP 
generating system (Z 	ATP). 	 • 
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2. It is assumed that the trapping of absorbed light quanta by either 

photosystem can be described by the model of Joliot et al. (1966): 

Rate of trapping =  1-a(1-f) 	 (6-1) 

where 4) is equal to the rate of absorpton of light by a particular 

photosystem times a maximum quantum efficiency, f is the frac-

tion of open traps (equal to q in the case of System II and p in the 

case of System I), and a is a probability of quantum transfer be-

tween separate pigment units of a particular photo system. Joliot's 

model assumes only one primary chemical trap per pigment aggre-

gate and "perfect trapping 11 . "Perfect trapping" results when the 

rate constant for photochemical trapping is much larger than the 

rate constants for dissipation of excitation energy into either heat 

or fluorescence. The reader should refer to Appendix Ill for the 

derivation of Equation (6-1) and a further discussion of Joliot's 
model. 

3. Based on the modulated electrode results of Joliot et al. (1968), 
it is assumed that 'there is no possibility of photon excitation energy 

transfer between separate pigment aggregates of System I. Thus, 

for System I the term a in Equation (6-1) is equal to 0.0, and the 

rate of trapping is linearly related to the fraction of open System I 
traps, p. 

As discussed, in the above paper of Joliot et. al., their System 

I results can be physically interpreted in two ways: (1) Each P is 

associated with a certain number of harvesting chioro chlorophylls 

as a completely isolated unit. (2) Anincoming quantum is always. 

trapped by the trapping centers of System I, regardless of whether 

P is in the open or closed state. If P is in the closed td-  f1i 

• 	 quantum is wasted. Regardless of which physical model is correct, 

the mathematics may be expressed by Equation (6-1) with a = 0.0. 
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The probability of photon excitation energy transfer between 

separate units of System II, a 2 , is assumed to be equal to 0.5. 

Thus, the term a in Equation (6-I) is equal to 0.5, and Equation 

(6-1) becomes: rate of trapping = l2 fq 	
for System H. 

The probability of excitation energy transfer for System II 

has ranged between 0.5 and 0.6 based on the fluorescence work 

with Chiorella of Joliot and Joliot (1964), the fluorescence twork 

with isolated chioroplasts of Forbush and Kok (1968), and the mod-

ulated electrode results of Joliot et al. (1968) with isolated chlo-

roplasts. Joliot etal. comment that the System II value for a of 

0.5 - 0.6 appears to be an invariant characteristic of photo syn-

thetic material. 

It is assumed that there is no transfer of excitation energy 

from System II to System I (spillover), or vice versa (Joliot et al., 

1968, Kelly and Sauer, 1965, Eley and Myers, 1967). 
* 

It is assumed that the reactions between oxygen evolution and 

System II are irreversible and infinitely fast; therefore these steps 

need not be considered in the mathematical model. These steps 

are fast, since the quinone Hill reaction may proceed faster than 

overall photosynthesis, as was shown in Chapter III. The data of 

Joliot (1966) and Sinclair (1969) also show these steps between 

oxygen evolution and System II to be quite fast compared to the 

overall rate of photosynthesis. 'Sinclair believes the rate constant 

for the transfer of electrons from water to System II to be about 

5000 sec4, assuming first-order reaction kinetics. Assuming 500 

chlorophyll molecules for each System II trap, Q (Joliot, 1965a, 

1965b), this is equivalent to an oxygen evolution rate of 220 ml of 

oxygen/mg total chlorophyll/hr. This is much higher than the 

highest rate measured in Chapter II for overall photosynthesis, 

which was about 9 ml 0 2/mg chlorophyll/hr. 

The recent results of Avron and Ben-Hayyim (1969) and Murata 
et a). (1970) suggest that this assumption may not be correct, at 
least nn1i under all conditions. 
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7 Similarly, all electron transport steps beyond System I are 

assumed to be irreversible and infinitely fast. This assumption 

is based on the results of Izawa et al. (1966) that showed electron 

transport through System I (from ascorbate to methyl viologen) is 

fast These workers measured, in DCMU poisoned chloroplasts, 

a rate of electron transport as high as 6000 eq/chlorophyll/hr. 

This is equivalent to 32 ml 0 2/mg chlorophyll/hr. 

With the two above assumptions, the only kinetics of electron 

transport that are important are those located between the two 

photosystems. Yet as far as our steady state mathematical model 

is concerned, the relative pool sizes of the components shown on 

Fig. 30 are not important. With transient kinetics, however, the 

concentrations of these components would have to be considered. 

For information on the chemical identifies and relative pooi sizes 

of the intermediates, Q,  A, C, and P, the reader is referred to 

Chapter I. 

It is assumed that Q and A are in equilibrium with regard to 

electron transfer and that the concentrations of the reduced and 

oxidized forms of Q and A are related by an equilibrium constant, 
K 1 , that is equal to 1.0. Using spinach chioroplasts, Forbush and 
Kok (1968) followed the fluorescence decay curve after illumination 

with a brief intense flash of light and found the half time of reoxida-

tion of reduced Q by the A pool was .0.6 msec. Assuming first-

order kinetics and 500 chlorophyll molecules for each Q, a half time 

of 0.6 msec corresponds to an oxygen evolution rate of 50 ml 0 2 /mg 

chlorophyll/hr. This is more than 5 ttimes the maximum rate of 

oxygen evolution measured in Chapter III. Forbush and Kok also 

found that the equilibrium constant for this reaction was in the 

order of unity. 

Similarly to the above, it was assumed that the oxidized and 

• reduced forms of C and P are in equilibrium and are related by an 

-(3 4- dichlorophenyl)- 1, 1 Ldimethylur ea. 
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equilibrium constant, K 3 , that is equal to 1.0. This assumption is 

based upon the results of Kok et al. (1969). These workers viewed 

the photo-oxidation of P (P 700) with a 700 nm measuring beam. 

When a bright 10 	sec flash was given, all P was instantly oxidized, 

but very quickly a signal was regenerated showing half of the orig-

inal reduced P to be present. Kok etal. interpreted this to mean 

that.another component, C, must be present, which is present in 

approximately the same concentration as P and related to P by an 

equilibrium constant of about unity. 

11. The electron transport reactions within the photosynthetic elec-

tron .transport chain will be assumed to be describable by bimolec-

ular chemical kinetics. This assumption is made in spite of the 

fact that, it now appears possible that the intermediates between the 

two photosystems may consist of independent reaction chains, con-

taining one P and one Q, along with the other constituents. Direct 

experimental evidence for independent reaction chains has been 

given by Kok et al. (1969), and indirect rnathermàtical arguments 

have.been presented by Malkin (1969). 

Even if this independent reaction chain hypothesis is correct, 

it will not be used for the mathematical model developed here'. To 

do so would make the mathematics much more complicated. Sep-

arate chain reaction kinetics are discussed in Appendix I. When 

the equilibrium are equal to 1.0, as K 1  and K3  are assumed to be, 

there is no difference between separate chain kinetics and the bi-

molecular reaction kinetics assumed here. Only in the transfer of 

electrons from A to C will independent reaction kinetics make a 

difference. But even here, as. Forbush and Kok have pointed out, 

bimolecular kinetics will not be far wrong, since the pooi size of 

A is large. Appendix I should be referred to for further elabora-

tion of these points. 

It could also be assumed that the electron transport reactions 

follow Michaelis - Menten type enzyme kinetics, rather than bimolec-

ular reactions. There are two reasons we do not use enzyme 
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kinetics to describe these reactions. First, most of the interme-

diates between the two photosystems appear to be membrane bound 

If these intermediates do form completely independent reaction 

chains, then all must be tightly membrane bound. Such a system 

cOuld not followMichaelis-Menten type kinetics, since no substrate-

enzyme association-dissociation equilibria would be involved. Sec-

ond, even if all electron transport reactions were describable by 

Michaelian enzyme kinetics, bimolecular kinetics would be appro-

priate if the e±izymes involved are working in a region well below 

their saturated rates. It will be shown later that the saturated rate 

of electron transport appears to be somewhat larger than the light 

saturated rate of photosynthesis in Chlorella pyrenoidosa. 

12. Fundamental to this model is the assumption that the rate 

limiting step in photosynthesis is located outside the photosynthetic 

electron transport system Nevertheless, this s]ow step has an 

effect upon the photo-electron transport system, since this slow 

step is coupled, through a sequence of reactions, to electron trans-

port at the phosphorylation site or sites. This rate limiting step 

may be located in the carbon fixation cycle, as shown in Fig. 30. 

Indirect evidence exists that the limiting step, at least in some 

• plants, is the CO 2  fixing enzyme, carboxydismutase (Bjorkman, 

1968a, 1968b). This enzyme must be the limiting step at low non-

saturating concentrations of CO.,unless there is some effect of 

CO 2  on another enzyme. 

More direct evidence that the photosyntheiic electron trans-

port. system does not itself contain the rate limiting step in photo-

synthesis was provided by Kok et al. (1969). Their experiments 

showed that a pool of intermediate, X, is coupled to the electron 

transport chain at a point between A and C. Movement of electrons 

The work of Katoh and Takamiya (1963), however, suggest that at 
least one component needed for electron transport, plastocyanin, 
is unbound or only loosely bound. 
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from A to C produces X' a high energy intermediate that could 

either be or produce the proton gradient shown to exist across chlo-

roplast membranes by Hind and Jagendorf (4963). This high energy 

intermediate, X, is coupled to the manufacture of ATP from ADP. 

In the scheme shown in Fig. 30, it is assumed that X is used 

to generate Z '(Z is ATP and Z is ADP), which is coupled to a 

carbon cycle intermediate. Kok et al. (1969), using spinach chlorô-

plasts, obtained results that suggested that the flow of electrons 

from A to P.  is controlled bya slow step located in, or connected. to 

the pho spho rylation me chani Sm. Apparently, however, similar ex-

periments have not been performed on whole algae. 

ATP itself need not be involved in the bottleneck step. All that 

is necessary is that the bottleneck step approach its saturated rate. 

This causes the intermediates in front of L to accumulate;. event-

ually ATP accumulates, and the increased ATP concentration slows 

down the rate of electron transport. 

The assumption that only one enzymatic reaction in the carbon 

cycle sets the light saturated rate of photosynthesis is not unreason-

able. . In Chapter V it was shown that the rate of a biological process 

is limited by the enzymatic reaction having the smallest maximum 

forward rate. No other enzymatic reaction has any influence on the 

maximum rate. 

It is assumed that all reactions between X and the rate-limiting 

step are fast and in equilibrium with each other. It is also assumed 

that the concentration of the carbon cycle intermediate that reacts 

with Z is constant. 

It has been shown that all enzymatic reactions in a metabolic 

sequence do not proceed at more or less the same maximum forward 

rates. Racker (4965) points out that some of the enzymes of glycol-

ysis exceed by hundreds of times the concentration one would think 

would be needed. The cell is not foolish, however, and the purpose 

of these seemingly high concentrations is to ensure that those enzy-

matic steps are both fast and reversible. Mahler and Cordes (1966) 

discuss this point in their chapter on the metabolism of carbohydrates: 
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"The initial and final reactions in most metabolic 
sequences, be they anabo]ic or catabolic, are fre-
quently rigged in such a fashion as to render them 
virtually irreversible thermodynamically; i.e. they 
possess zG° ' values (which we recall as the stan-
dard free energy change at pH 7) equal to -4kcal/ 
mole. Teleologically the reason for .this is not 
hard to understand. It provides for easy flux 
through the pathway and minimizes the possibility 
of a logjam of intermediates somewhere along the 
line. The enzymes responsible for these essen-
tially irreversible and unique steps have often been 

• 	referred to as pacemaker enzymes.:' 

Mahier and Cordes also discuss these pacemaker enzymes in re-

gard to induction and repression, and activation and inhibition: 

HW e  shall see that frequently the most sensitive 
points for controls of this general nature are those 
that stand at the beginning or the end of specific 
metabolic sequences, i. e. the pacemaker enzymes 
mentioned earlier." 

Bas sham and Krause (1969) have recently presented evidence 

for two or three essentially irreversible pacemaker enzymes in the 

carbon fixation cycle. It would be logical to expect that the slow-

est of these steps is the rate-limiting step of our model, shown on 

Fig. 30 as being responsible for the conversion of L to M. We 

assume that this step can be described by the'simple irreversible 

Michaelis-Menten equation. 

15. The equilibrium constant, K4 , relating the concentration of 

X' is assumed to be very large relative to K M I the Michaelis con-

stant for the conversion of L to M. This.assumption is justified 

on three grounds: (1) Overall metabolic sequences in biochemical 

systems occur spontaneously; this means a large equilibrium con-

stant must be associated with the sequence, i. e. a large negative 

standard free energy change. (2) The second justification for the 

large value of K4/KM  is hindsight. This assumption must be 

made to obtain the relatively sharp bend in the light response curve 

as light saturation is approached, which has been experimentally 
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observed. 	(3) The Michaelis constant of intracellular enzymes 

is usually small. 

16. With all of the above assumptions, it will be found from the 

mathematical analysis that no significant amount of X exists be-

low light saturation. X is quickly converted by the large equilib-. 

rium constant, K 4 /K M 1 to L-enzyme complex; hence the L to M 

step can have no effect on the kinetics of electron transport at low 

intensities. Only when light intensity is increased to the point 

where the enzyme converting L to M has reached its saturated 

rate does this step have any effect on electron transport. For at 

this point, a logjam of intermediates starts backing up behind L, 

causing the concentration of X' to increase and diminishing the 
* 

• concentration of X . This lower concentration of X, since X is a 

necessary reactant in electron transport, slows down the rate of 

electron transport such that it must keep pace with the conversion 

of L to M. Thus, the bottleneck at the L to M conversion mani-

fests itself upon electron transport kinetics by causing a logjam of 

intermediates all the way from L to X'. 

The above picture of a logjam responsible for glowing elec-

tron transport may not be entirely correct, since it is difficult to 

envision any organism allowing such a large logjam to develop. It 

is reasonable to expect a more sophisticated control system. For 

instance, as L builds up in concentration, it may inhibit the activ-

ity of some of the enzyme .farther back up the chain toward X, 

hence diminishing the size of any logjam. L may also activate 

various enzymes that permit the leakage of electrons from the elec- 

tron transport system to molecular 0 2' 
 and L might also stimulate 

the hydrolysis of Z(ATP) by ATPase. Brown and Weis (1959) 

It is assumed that a material balance exists such that [x] + { X'] 
[X] = a constant. 

**For the data shown in Figs. 14 and 17, K4/KM must be no less 
than 50. 



and Weis and Brown (1959) found, by means of isotopic studies in 

a mass spectrometer, that ;trespirationu  of photosynthetic reducing 

power to molecular O 2 increased after light saturation had been 

reached. Since our model is concerned only with net oxygen pro-

duction, one need not be concerned with this type of respiration that 

takes electron from water and then gives the electrons to 0 form-

ing water once again. However, this type of cycle may have some 

use to the electron transport system, such as ridding it of excess 

electrons when light saturation has been reached. 

A stoichiometric relationship between ATP production and elec-

tron transport is assumed. If cyclic photophoshorylation is not con-

sidered, it is easy to visualize such a stoichiometric relationship. 

But cyclic photophosphorylation introduces a complication, for ATP 

production is not stoichiometri c ally related to electron transport. 

In fact, electron transport for cyclic photophosphorylation competes 

with non- cyclic electron transport. 

The answer is to assume that the ratio fo ATP production to 

the rate of electron transport is constant for any given spectral 

distribution of light. But we might expect different spectral distri-

butions to result in different ratios of electron transport to ATP 

production. This ratio may also be dependent on growth conditions. 

If this ratio is not at its optimum a decrease in the quantum effi-

ciency of CO 2  fixation and 02  evolution will result. In other words, 

the variation in the rate of cyclic photophosphorylation will be built 

into the maximum \quantum efficiency of 02  evolution, , which 

will be introduced later. 

The model shown in Fig. 30 assumes that control of the photo-

electron transport system is mediated through ATP rather than 

NADPH. Nevertheless, we have treated the case of NADPH con-

trol of the electron transport system. It may be found in Appendix 

.11. 	. 

A problem arises if the ratio of NADPH productin to ATP 

production is greater than the cell can utilize in balanced growth. 
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A hint of what may happen to this excess NADPH is given by the 

results of Brown and Weis (1959) and Weis and Brown (1959), which 

were discussed in the above Item 16. If the powerful reducing 

agents at the top of System I tend to accumulate in their reduced 

forms, then we might expect them to donate their electrons to molec-

ular 0 2  causing the increase in respiration't that Brown and Weis 

found when light saturation was reached. 

Derivation of the Mathematical Model 

As shown in Fig. 30 and previously discussed, we have the 

following values for the equilibrium constants: K 	, K = t, and 

K4/KM is assumed to be very large. The rate constants, k, k 2 , 

and k5  [E] will not be predetermined. Indeed, k. 2  will be seen 

to drop out of the mathematics entirely. The total pool sizes of Q. A, 

C, F, and X are present in the concentrations [Q], [A],  [C], 
[P II and [x] 

. * 
It will be shown that these pool sizes need not be 

explicitly determined for the steady state kinetics considered here. 

As discussed above in Item 3, the rate of photochemical trap-

ping by the trapping centers of System I is equal to 4i 1 p. This as-

sumes the probability of excitation energy transferring between 

sepate System I pigment aggregates, a, is equal to 0.0. Sim-

ilarly, the rate of photochemical trapping by the trapping centers 

of System II is equal to LP 	2 q  . This assumes that a 2  = 0.5, as 

discussed in Item 4. 

At steady state the rates of photochemical trapping by each 

photosystem must be equal: 

d[Q] =0 	2 t-q - 	
(6-2)  ~ lp 

where LP 
1 
= I 	and qi 2  I €. I is the incident light intensity 

(einstein/cm 2/hr), c is the extinction coefficient of the pigments 

(cm2 /mg total chlorophyll), and 	and 	are the maximum quantum 

*All concentrations are expressed equivalents per mg chlorophyll. 
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efficiencies (as I approaches zero) for Systems I and II in terms 

of electron transport (moles electrons/einstein). Therefore kP 1  and 

are the rates of electron transport for the two photosystems when 

all traps are open, and are directly proportional to the quanta ab-

sorbed by each photosysten-i. 

A similar steady state equation maybe set up for the conser-

vation of the species A 

d] =0 = 2 
1+q -k([] -[A])[C] []±k 2[A]([] [C])([] -[X]).2, 0

(6-3) 

In the above equation use is made of the material balances: 

[A] +[A] = [A], [C] +[c] = [C], and [x] +[X][X]. 

One more equation must be given,, expressing the steady state 

rates of formation and disappearance of L: 

d[ L] 	1 2 	
k5  [E ]  [L ]  

=o=— q 	- 	 ( 6-4) dt 	13 2 1+4 	[L]+KM 

• where 13  is a stoichiometric factor equal to the number of electrons 

that must be transported through the photo-electron transport sys-

tem so that one Lwill be converted to M. 13 is the total number of.  

Z manufactured per electron transported. t3  is assumed invariant 

with respect to light intensity, but may be a function of other exter-

nal variables such as growth conditions or CO 2  concentration. 13 
also includes any contribution that cyclic photophosphorylation may 

make to ATP production. 

Using the equilibrium relations for K 4 . K3 , and K4 : 

q([A ] --[A] 
K- - _____ 	 65 

I 	- (1-q)[A] 	 - 

K 	1 	p[c] 	 6 -  6 3 	(1-p)([C 0] -[ C]) 	
(•  

K = [L]x] 	 (6-7) 
[x]-[x] 
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In these preceding six equations, (6-2) - (6-7), there are six un-

knowns., therefore all unknowns may be determined. First, [A] and 

[C] are eliminated from Equation (6-3) by using Equations (6-5) and 

(6-6). Solving for p: 

k2[AJ[C][X](1 - q) -. 

p = k2 {A][CJ[X]( - q) +k2[A][C]X]-[X])q 	
(6-8) 

Similarly, [L] can be eliminated from Equation (6-4) by using Equa-

tion (6-7). Solving for [XII: 

(pk5[E}- z 
	q 2 ) 

[x]=[xJ K M 
	 . 	 (6-9) 

('ak IE 1 - j 	 2q 
KM 	

51  o 	2 I+q' '2  I+q 

Examine the terms within the parentheses of Equation (6-9). The 

first term, P k5 [ E], is the light saturated rate of photosynthesis 

and is equal to the maximum rate of the slowest step in the carbon 

fixation cycle, the conversion of L  to M (expressed in terms of 

electron transport). The second term, 24i 2  q/(1+q), is equal to the 

rate of electron transport. The important thing to recognize about 

Equation (6-9) is that since K4/KM  is assumed very large, 

[xl = [ X] when the rate of electron transport, 2i 2 q/(I+q), is less 

than the saturated rate of photosynthesis, f3k 5 [E]. But when the 

rate of electron transport is equal to the light saturated rate of 

photosynthesis, then [x] = 0, since a positive term still remains 

in the denominator. Before proceeding, the reader should con-

vince himself by examining Equation (6-9) that [x] = [x], or that 

[XJ = 0, and that the transition between these two values occurs 

sharply. Thus, two cases must be examined, the case where 

[x] = [ X], and the case where [X] = 0. 
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Below Light Saturation, [XJ [X] 

Substituting [x] = { X J into Equation (6-8) gives: 

k [AJ[CJ[XJ( 1- q) - 	2' 

p - 	k2[AJ[C][X] (1.-q) 	 - 

Note that the back reaction term, containing the rate constant k 2 , 

disappears in this case, the physical significance being that there 

can be no backward reaction if no [x] is present. No [x] is 

present until light saturation is reached, since K4/KM  is assumed 

to approach infinity. Substituting Equation (6-10) into Equation 

(6-2), and clearing of fractions: 

2 	 2i 
q (41 	22)+  q(24i2 + 	2) — q = 0 	 (6-11) 

where S. k2  [AJ [C] [x] and is the saturated rate of electron 

transport intrinsic to the photo-electron transport system (when not 

coupled to the slower steps in the carbon fixation cycle). 

Here we are interested in the case of green plants illuminated 

bypolychromatic white light. It is therefore logical to assume that 

= 	Even though 4 may be different from cf> 2  at any particular 

wavelength, it will be assumed that over the whole spectrum 

	

hence 4i 1  will be equal to 	. Henceforth only the symbol 4i will 

be used. Equation (6-11) becomes: 

• 	 q2 .- (2+. 	)q + I = 0. 	 (6-12) %4 
 

Using the quadratic formula to solve the above equation for q: 

	

q = 1. + 	
- J 	+ (+) 

2 	
(6-13) 

M 	M M 

The negative square root is chosen as the only physically realistic 

one. The rate of electron transport, R.ET,  is equal to 24iq/(1+q). 
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Since q is givenby Equation (6-13): 

2i4i(S' +i-. 	2S 41+) 

ET 	2S+qi -J2S.li+li2  

Equation (6-14) may be rearranged to give a more convenient form: 

2S 

ET - 	 (6-15) 

Equation (6- 1.5) is similar in form to a rectangular hyperbola, ex-

cept for the added square root term in the denominator. In fact, 

this equation would have been a rectangular hyperbola if K 1  and/or 

K 3  had been assumed to have certain slightly different values. 

Equation (6-15) gives a nearly.straight line on a double reciprocal 

plot, and since K 1  and K3  are not known with great certainly, we 

have no strong preference for Equation (6-15) over the rectangular 

hyperbola function or any other form resulting from a slight var-

iation in the equilibrium constants. 

Above Light Saturation, [Xl = 0 

When the step that converts L toM has reached its saturated 

rate andcan no longer ceommodate ai1of the Xthat the photo-

electron transport system is capable of geerating, [x] = 0. At this 

point the model predicts that intermediates back up behind L, 

causing a logjam that converts all X to X. As discussed in the 

above Item 16, feed-back inhibition, rather than the logjam of in-

termediates predicted by our mathematical model, may be the 

main control mechanism. The effect is the same in either case: 

control such that the net rate of electron transport is no greater 

than the saturated rate of photosynthesis, 13k 5 [E]. 

The mathematics of this situation are expressed in Equation 

(6-9). When the rate of electron transport, 24i q/(1 +q), equals 
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the saturated rate of photosynthesis,k 5  IEL the numerator 

quickly goes to zero while the denominator is still positive. The 

rate of electron transport can never exceed the saturated rate of 

the.limiting step, or the numerator and [X] would become negative, 

which is physically impossible. Thus, above light saturation: 

S 1  .(4 1. S11 + T(S ~')~  + 8  &S;~) 
RTSk,  when 

4Sj- 4Sk 	
(6-16) 

where S 	k5 [E] and is the actual light saturated rate of electron 

transport. 

All previous equations in this chapter have been in terms of 

electron transport. They will now be put in terms of oxygen evolu-

tion, since this is the quantity most often experimentally measured. 

The Light Response Curve in Terms of Oxygen Evolution 

In terms of oxygen evolution Equations (6-15) and (6-16) be- 

come: 

• 	
Z€ISM 

R0 
= 

hëh I 	
SA(4 sM_:A+JsA + 8SMSA) 	

• (6 -  17) 
M A 

SA(4  SM SA + JS+ 8SMSA) 
R -S A , whenI 	 A 	 (6-18) 

2 	 - 

where: 

= rate of 02  evolution (moles 0 2/hr/mg chlorophyll) 
2 = maximum quantum yield, as I approaches zero (moles 

0 2/einstein) 

€ 	 extinction coefficient of the piigments, expressed as a 

function of wavelength (cm 2/mg chlorophyll) 
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I 	= light intensity, ecpressed as a function of wavelength 

(einsteins/cm 2/hr) 

SM = the saturated rate of O2  evolution intrinsic to the photo-

electron transport system (when no steps in the carbon 

fixation ôycle limit) (moles 0 2/hr/mg chlorophyll) 

SA = the actual saturated rate of O 2 evolution, caused by a 

bottleneck in the carbon fixation cycle (moles 0 2/hr./mg 

chlorophyll) 

Figure 31 shows a representative plot for Equations (6-17) and 

(6-18). 

SM is the maximum possible rate of photosynthesis. But SM 

will be realized only when the photo-electron transport system is 

not coupled to the carbon fixation cycle or when the maximum for-

ward rates of all enØymatic reactions in the carbon fixation cycle 

are larger than SM.  Note that there are three constants to be de-

termined in Equation (6-17) and (6-18), 0, S, and 	is the 

maximum quantum yield, which must be measured at low light in-

tensities. In Chapter III, by fitting our respirometer data on 

Chlorella pyrenoidosa to Equation (6-17), we found a value for ? 

of 0.114. The other two experimental constants, SM  and  SA,  may 

be estimated from a double reciprocal plot, such as Fig. 32, or 

may be more accurately determined by a non-linear least squares 

fitting procedure. In Chapter III, S was found to change with 

growth conditions, but and SM  did not appear to vary with the 

growth conditions that we investigated. 

The questions raised at the beginning of this chapter may 

now be answered. The light saturated rate for the quinone Hill re-

action may exceed the light saturated rate for overall photosynthe-

sis, since the quinone Hill reaction is uncoupled from the carbon 

fixation cycle, in which the rate limiting step in photosynthesis ap-

pears to be located. 
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• Fig.. 31. A typical light, response curve generated by Equa-
tions (6-17) and (6-18), which express our mathematical 
model for the light response curve of photosynthesis. 
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• Fig. 32. A double reciprocal plot of the curves shown 
in Fig. 31.. 
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The next question asked why the light saturated rate of photo-
synthesis, S At  changes with growth conditions. The explanation is 

that the concentration of the limiting enzyme per mg chlorophyll 

changes with growth conditions. In Chapter IV, we proposed that 

this adaptive response may be of value to the Chiorella cell in its 
competition for survival. 

A further question asked why the initial portions of the light 

response curve were the same, regardless of growth conditions. 

The photosynthetic electron transport system governs the quantum 

efficiency, P, and the saturated rate intrinsic to the electron trans-

port system, SM. Apparently these quantities, which determine the 

initial portion of the light response curve, do not change with the 

growth conditions investigated. This suggests that although chloro-

phyll content may change, the ratio of componehts along the photo-

electron transport chain may not change with respect to each other. 

The Sharp Bend in the Light Response Curve 

The mathematical model just developed, expressed by Equa-

tions (6- 17) and (6- 18), predicts a sharp bend in the light response 

curve when light saturation is reached. Experimental data do not 

show such a perfectly sharp bend. There are four reasons why ex-

perimental data show light response curves that are rounded in the 
• 	 region where light saturation is approached. 

The equilibrium constant K4/KM ,  which relates the concentra-

tion of X to the concentration of L, in reality cannot be equal to in-

finity, as was assumed in the derivation. The smaller the value of 

K4/KM, the more pronounced will be the rounding at the transition 
to light saturation. 

Even if K4/KM does approach infinity, the assumption that the 

reactions involved in this equilibrium are so fast that their kinetics 

need not be considered is an oversimplification. No reactions pro-

ceed at an infinitely fast rate. The farther this assumption is from 

the truth, the more rounded will be the break point. 
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3. A rounding at the transition will be present in experimental data 

simply, because it is impossible to illuminate equally all chlorophyll 

moleculesin an algal suspension. Because light is absorbed as it 

passes through an algal cell, the chlorophyll molecules on the far 

side of the cell receive less illumination than those nearer the light 

source. 

4 All cells within a suspension are not identical The light sat-

urated rate of photosynthesis, SAJ  may change with life cycle stage. 

This problem might be reduced by the use of synchronous cultures. 

We can expect all four of these phenomena to cause exper-

imental data to deviate from the mathermatical model. Therefore 

it is surprising that the experimental light response cur.ves of Chap-

ter III bend as sharply as they do as light saturation is approached. 

But what if several slow reactions in the carbon fixation have 

similar maximum forward rates? Only one such slow reaction was 

considered in the mathematical model. If I(4/KM  is reversible and 

very large, as assumed in our mathematics, only the slowest of 

these severalsiow' rea.ctmsbave .arny effect on the light response 

curve. In Chapter V it was shown that the maximum rate of a se-

quence of reactions is set by the reaction with the smallest max-

irnum forward rate. Only when light intensity is raised to the point 

where.the maxin-iumrr:ate of the slowest step is reached will there 

be a back-up of intermediates, causing an accumulation of X and 

resulting in a limitation in the rate of electron transport. Because 

is very large, none of the slow steps exert any effect until 

the slowest has reached its maximum rate; at this point the light 

response curve bends over sharply to a flat plateau. The magnitude 

of this plateau is set by the slowest,and only the slowest of the slow 

steps in the oarbon fixation cycle. lrf K4/KM  does not approach in-

finity, other slow steps will influence the shape of the light response 

curve at intermediate light intensities, but not at very low or very 

high intensities. 



HT RESPONSE 
CURVE OF THE SYSTEM II HILL REACTION 

There are at least two types of Hill reactions (partial reac-

tions of photosynthesis involving artificial electron acceptors and 

donors) investigated by workers in recent years Hill oxidants 

such as ferricyanide, DCPIP, * and quinone probably involve only 

System'II, while low redox potential àxidants such as NADP and 

methylviologen almost'certainly involve System I as well. Here 

we will discuss. Only the former type, which we will call the System 

II Hill reaction. 	. . 

How does one explain the experimental data of Lumryet al. 

(1959),. Sauer and Biggens..(1965), and our own, showing the rate of 

the System U Hill reaction as a function of light intensity to be ap-

proximately a rectangular hyperbola? Two possibilities, will be 

considered. In the, first case it is assumed that the .regeneration 

of the primary System U chemical trap, Q, is the rate limiting 

step. In the.second case, which will be shown to be more realistic, 

it is assumed'thatthe regeneration of a secondary chemical trap, 

A, is the rate limiting step. 

Case 1: The Regeneration of the Primary Chemical Trap, Q, as 
the Rate Limiting Step  

This first case is similar to the Lun-iry model as derived by 

Lurnry et al. (1959). As in the Lumry model, we assume the rate 

limiting step is the regeneration of the primary chemical trap, Q. 

Butunlike the Lumry, model, we assume there is a 50 per cent 

probability of excitation energy.transfer between the separate Sys-

ten-i II units, based on the results of Joliot and Joliot (1964), Joliot 

et al. (1968), and Forbush and Kok (1968). 	" 

A steady state equation, similar to Equation (6-2) may be set 

up for the rate of formation and disappearance of Q. 

* 	.. 
2, 6-dichloro.phenolindophenol. 	 . 	. 
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d[Q ] - o - ' 	2q 	k Q 	 6 19 
dt - 	2 	 - 

1+q -  

where the terms are defined as they were for Equation (6-2), but 

withthe addition of the term k 1[Qi. k1  is a pseudo first-order 

rate constant, which will be constant only during the initial stages 

of the reaction before the concentration of the Hill oxidant has de-

creased appreciably. 

Making use of the material balance, {QJ + [Qi = [ Q], and 

the defiflitionof q, q = [Q] /[Q],. [Q] is obtained: 

[Q] = [Q J +-- - J [Q 2 + 	
(6-20) 

I 	0 

The rate of product formation (or rate of electron transport) is: 

RET = k 1 [Q} 	 (6-21) 

2 +k1[Q0] - j 2 + k 2 [Q] 2 	 (6-22) 

= I2€ +k 1 [Q J - J(I2E)2+k12[Q0]2 . 	(6-23) 

The above equation is labeled as Case I in Fig. 33. Equation 

(6-2 3) deviates from the rectangular hyperbola function, which is 

shown in Fig. 33 labeled Case 2: K 1  = 0.5. 

But there is another serious problem with the above model. 

The regeneration of the primary chemical trap, Q, does not seem 

to be the rate limiting step in the Hill reaction, and Lumry and 

Rieske (1959) realized that this assumption was fundamental to 

their derivation. Kelly and Sauer (1968) investigated the DCPIP 

Hill reaction and found, by using relatively long flashes of light 

(6-100 msec), a large pool of System II intermediates (1 equiv/55 

chlorophylls). 	This pool size is 6-10 times higher than the 

This pool is very likely identical to A, as designated in this chapter. 
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Fig. 33. Light response curves for the System II Hill reac-
tion resulting from the various situations discussed in this 
chapter. Case t, Equation (6-23), results when the regen-
eration of the primary chemical trap, Q, is the rate limit-
ing step. Case 2 assumes that the regeneration of a secon-
dary chemical trap, A, is the rate limiting step. K1 is the 
equilibrium constant for electron transfer between (2 and A, 
here assumed to be completely reversible. 
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i concentration of primary System II traps, Q, which are present in 

a concentration of approximately i equiv/500 chlorophyll, accord-

ingto the oxygen gush studies of Joliot (1965a, 1965b). The main 

point to be made here is that Kelly and Sauer were able to measure 

a pool of intermediate much larger than the pool size of Q. This 

means the regeneration of the primary chemical trap, Q, cannot 

possibly be the rate limiting step in the steady state System II Hill 

reaction, otherwise Kelly and Sauer could not have measured the 

size of a larger secondary pool with their flashing light experiments. 

As earlier discussed in this cidhapter, Kok ét al. (1969) found 

the rate of electron transport from A to P was slower than the rate 

of electron transport from Q to A.  

All the above experimental results suggest that equilibrium 

can be assumed between the primary chemical traps, Q. and the 

secondary chemical traps, A. This was, in fact, previously as-

sumed in the derivation of our mathematical molel for photo syn-

thesis. But if the equilibrium between Q and A is fast, how can a 

rectangular hyperbola be obtained for the light response curve of 

the System II Hill reaction? As shown in Case 2, which follows, 

there is only one possible way: the equilibrium constant for elec-

tron transfer between Q and A, K 1 , must equal 0.5, a value consist-

ent with the experimental measurements of Forbush and Kok (1968). 

Case 2: The Regeneration of a Secondary Chemical Trap, A, 
as the Rate Limiting Step 

As mentioned above, Q and A are assumed to be in equili-

briurn: 

K = [K][Q] 	
(6-24) 

[Q][A] 

In the following derivation K 1  will be kept as a variable, enabling 

us to. see the effect of the value of K 1  on the System II Hill reac-
tion light response curve. 



Equation (6-19) of the previous case is replaced by: 

d[] =
q - k2[Ai. 	 (6-25) 

Using the above two equations along with the material balances, 

[Q] +[Q]  [Q] and [A] +[A] =[A], we find after considerable al-

gebraic manipulation: 

[A] 	
2IJ2[A0J 

=  
2 2k 2 [A] 

LP 2 +k2 [A]+Jk
2

2 [A]2 + 2 2 2IJ 2k2 [A] + 	
K 

1 	(6-26) 
The rate of product formation (or rate of electron transport) is: 

= k2 [A] 	 (6-27) 

= 	 2 2 k2 [A] 

/ 	 2k[A] 
i+  k2[A 1+jk[A  1 2 + 

	-2i2k2{A]+ 	K1 
(6-2 8) 

where 2 

Equation (6-28) is the general solution where K 1  is not speci-

fied. We now examine the effect of the value of K 1  on the light re-

sponse curve of the System II Hill reaction. Four values for K 1  will 

be examined. 

K 1  = 0 

This is a trivial case since if K 1 z 0 1  then no electrons ever 

move from Q to A, and the rate of electron transport, RET,  is 

zero. This is also seen from Equation (6-28), since the denomina-

tor becomes infinite. 

K 1 oo 

When K 4  approaches infinity the last term in the square root of 

Equation (6-28) becomes insignificant, and the equation becomes: 
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24i 2 k2  [A } 
RET.= 	 (6-29) 

q+ k2 [A I +JkA  ] 2+ 	 2 qi 2k 2[A] 

The terms within the square root are a perfect square with two 

equally valid roots, ± 	k2IjA]). If the positive root is used, the 

k2 [A] terms cancel each other in the denominator yielding: 

RET 	2 	
(6-30) 

This solution is valid at all light intensities below light saturation. 

Using the negative root, the two qj terms in the denominator cancel, 

leaving: 

R E T = k2 [AJ. 	 (6-31) 

This is simply the light saturated rate. Equations (6-30) and (6-31) 

describe a.Blackman-type curve: first-order behavior below light 

saturation and zero-order behavior above light saturation. Figure 

33 shows this case. 

On physical grounds this behavior may be explained as follows. 

Since K 1  is large and the equilibrium is fast, Q, as it forms, is 

immediately converted to K. •Thus, there is absolutely no build-up 

of the closed primary traps, Q, and hence no lessening ofphoto-

chemical trapping efficiency until all A have been converted to the 

K state. 

But if light intensity is increased, a point is reached where 

[A] = [A], and the reaction is proceeding at its saturated rate. 

Now there is a build-up of the closed primary traps, Q, and a re-

sultant decrease in the efficiency of photochemical trapping. The 

rate of photochemical trapping can never exceed k 2 [A0]. 

This case of K 1  = oó cannot be correct, since it is not consist-

ent with experimental data: Blackman behavior is not observed ex-

perimentally for the System II Hill reaction. 



K 1 1 

If K 1  1, Equation (6-28) b ecomes: 

2 2 k2 [A ] 
R 	= 	 ______________ . 	 (6-32) ET 	2 +k2 [Aj + ,Jk2 '[A]2+IJ 2 2  

This may be given equivalently as 

RET = 2+k2[A}Jk22[A]2+22 	 (6-33) 

• This equation is the same form as Equation (6-22), which describes 

Case 1. In this case k 2 [A} is found in place of k 1 [Q].  Figure 

33 shows coincident curves for these two cases. 

This case of K 1 = I is of interest, since this was the value of 

• • K 1  assumed in the derivation of the light response curve for overall 

photosynthesis treated earlier in this chapter. 

K1. 

If K 1  = 0.5, the result is an ex.act rectangular hyperbola, the 

function that best seems.to fit the System II Hill reaction data of 

Lumry et al. (1959), Sauer and Biggins (1965), and many other 

workers. Also, this value of K 1  was exactly the value suggested 

by Forbush and Kok (1968) for the equilibrium between Q and A 1  

based on fluorescence rise data. 

For a K 1  of 0.5, Equation (6-2.8) becomes: 

2 k2 	} 
RET 	

° 	 (6-34) 
k 2 [A] 

* 
Forbush and Kok's data indicated that the A pooi is biphasic, con-

sisting of two components, A 4  and A,. The equilibrium constant be-
tween Q and A 4  was found tobe rapid and best described by an equi-
librium constanl of 0.5. The equilibrium between Q and A was 
slower and was best fit by a K-value of 6. Kok et al. (196) found 

• that System I reacts only or mainly with A1. 



-122- 

R 	
= 142ck2[A} 	

6 35 
ET Ic€+k2{AJ 

The above Equation (6-35) is shown in Fig. 33 labeled as Case 2: 

K 4  = 0.5. 

Both the Lumry model and Equation (6-3 5) give a rectangular 

hyperbola function. We prefer the model that gave Equation (6-35), 

since it, unlike the Lumry model, is consistent with the previously 

discussed results of Kelly and Sauer (1968), which showed the rate 

limiting step for the System II Hill reaction to be the regeneration 

of a secondary chemical trap, rather than a primary chemical trap. 

Even though the probability of excitation energy transfer, 

which here was assumed equal to 0.5, may vary with organism or 

growth conditions, some value of K 4  can be found that will give a 

• rectangular hyperbola regardless of the probability of energy trans-

fe r. 
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NOMENCLATURE 

a 	= Probability of transfer between separate pigment units 

A 	= A pooi of intermediate that communicates with Q 

C 	= A pool of intermediate that communicates with P 

E 	= The rate-limiting enzyme that catalyzes the conversion of 

L to M 

f 	The fraction of open primary chemical traps, equal to q for 

• 	 System IIandpfor Systeral 

hv 	= A quantum Of light 
/ 	2 , I 	= Light intensity, einsteins/cm hr 

k 	= Various rate constants 

• 	 K 	Various equilibrium constants 

L 	= The immediate substrate of the rate-limiting step 

M 	The immediate product of the rate-limiting step 

p 	= The fraction of. open System I primary chemical traps 

P 	= The primary chemical trap of System I 
• 	- 	• q 	= The fraction of open System II primary chemical traps 

Q 	= The primary chemical trap of System II 

R 	= Rate of a process, moles/hr/mg chlorophyll 

S 	= The light saturated rate of a process, moles/hr/mg chloro- 

phyll 

X 	= A pool intermediate that couples to electron transport be- 

tween A and C 

= The high energy state of X, which can .produce ATP (Z ) 

• 	from.ADP(Z) 

Z 	=ADP 

Z- =ATP 

[ I = Concentration of the species enclosed, moles/mg chloro-

phyll 

A stoichiometric factor equal to the number of electrons 

that must be transported through the photo-electron trans-

port system so that one L will be converted to M 
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€ 	= Extinction coefficient of the pigments, cm 2/mg chlorophyll 

= Maximum quantum yield for electron transport, moles elec-

trons/einstein 

= Maximum quantum yield for oxygen evolution, moles 

einstein 

= I€4, light absorbed times the quantum yield 

Superscripts 

= pertaining to electron transport 	 - 

Subscripts 

A 	The actual light saturated rate of photosynthesis 

ET = Electron transport 	. 	 . 

M 	The light saturated rate, of photosynthesis intrinsic to the 

photo-electron transport chain 

6 	. = Total amount of all states or forms of the species sub- 

scripted 

I 	Systeml 

2 	' System II 

I, 2, 3, 4, 5 = Designate various rate or equilibrium constants 



VII THE PERFORMANCEOF • 	
OPTICALLY DENSE CULTURES OF ALGAE 

Optically dense cultures are of practical interest in the mass cul-

ture of algae, since if light is not absorbed by the culture, it is 

wasted. But because light is absorbed by the algal cells as it trav-

els into a dense culture, light intensity decreases as a function Of 

distance into the culture. 

To model such a system mathematically, the manner in which 

light intensity changes as a function of distance into the culture must 

be known, if the rate of photosynthesis as a function of light inten-

sity is also known, the local rate of photosynthesis at any point in 

the system may be calculated By integrating the local rate of photo-

synthesis over the distance into the culture, the total rate of photo-

synthesis in the system may be found. Since photosynthesis results 

in growth, the productivity of algal biomass can be predicted 

The above procedure for mathematically predicting the per-

formance of dense algal systems was first suggested by Tamiya et 

al. (1953a). 	Recently Shelef et al. (1968) used a more sophisti- 

cated approach, which used Beer's law to describe the attenuation 

of light intensity as a function of distance into the culture, but took 

into account that the extinction coefficient is a function of wave-

length. The approaches of these and other workers was discussed 

in Chapter II. 

Our model, presented below, is an extension of the approaches 

of previous workers, but differs from previous models in two re-

•spects. • First, the local rate of photosynthesis will be expressed by 

• Equation (6-17) and (6-18), which describe the photosynthetic light 

response curve formulated in the last chapter. Second, the effects 

of the specific rate of growth, ii., on the light saturated rate of photo- 

• 

	

	 synthesis, chlorophyll content, dark respiration rate, and cellular 

composition will be accounted for.  



Consider a system of algae in steady state continuous culture 

in the element of volume shown below. 

0 

JdS 

The system is operating at an average specific growth rate, i, and 

light is impingingperpendicularly onto the left-hand vertical sur-

face Symbols on the diagram are defined as follows 

I M 	incident light intensity expressed as a function of X 
(einsteins/cm 2/hr) 

X 	= wavelength of light (rim) 

s 	= distance from illuminated surface (cm) 

ds 	= differential distance at any point s (cm) 

S 	= total algal suspension thickness (cm) 

To find the total rate of photosynthesis, the local rate of photosyn-

thesis at any point s, R02 (,I) I s , must be integrated over the entire 

algal culture thickness, S. From this integrated gross rate must be 

subtracted the loss due to respiration. Solving for : 

*parentheses denote that a variable is a function of the quantities 
within the parentheses. 



= save 	S R0 (, I)!  C()B()ds - U()B() 	(7-1) 

where 

= specific growth rate (hr) 

R0  (,I)I = local rate of photosynthesis in terms of 	evolu- 
2 	mon at any point s (moles 0 2/hr/mg chlorophyll) 

= weight fraction of chlorophyll in the cells (mg 
chlorophyll/mg dry wt.) 

B(i.) 	= factor for converting O 2 evolved to cell dry weight 
(mg dry weight/mole 

uptake of 0 2  due to respiration (moles 0 2/hr/mg 
drywt.) 

The local rate of photo sVnthesis will be expressed by Equa-

tions (6-17) and (6-1 8), which were formulated in the last chapter. 

These equations are consistent with both experimental data and cur-

rent knowledge of the chemical kinetics of photosynthesis 

720 	
2e(X)I(X)I 5  SMdX 

R. (i,I)I = 	 _____________________________ 
02 	S J380 2 SM+€(X)I(X)I +,j2ce(X)I(X)I SSM+ {t'c(X)I(X)j -}2 

(6-17) 

or, if it gives a smaller value 

R0(j.,I)J = SA(IJ.) 	 (6-18) 

where 

= maximum quantum yield, as I approaches zero 
(moles 0 2/einstein) 

extinction coefficient of the pigments expressed 
as a function of X (cm2/mg chlorophyll) 

• 	
• 	1(X) J s  light intensity at any point s expressed as a func-

tion of X (einsteins/cm 2/hr) 

SM the saturated rate of 0 2 evolution intrinsic to the 
photo-electron transport system (when no steps 
in the carbon fixation cycle limit) (moles 0 2/hr/mg 
chlorophyll) 

• 	

• SA(IJ.) = the actual rate of 02 evolution, caused by a bottle- 
neck in the carbon fixation cycle (moles 02/hr/mg 
chlorophyll) 
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In equation (6- 17), 1(X) s  varies with distance into the culture. 

Values.of. X are limited to the region 380 to720 nm, which is the 

region of.'importance in photosynthesis. B eer t s  law will be used 

to describe, this variation, .taking into account the change of extinc-

tion coefficient, €(X), with X. 

I(X)1 5  =1(X)  exp{-Xs€(X)C(p.)} 	. 	(7-2) 
where'  

'X =concentration of algal biomass (mg dry wt./ml). 

The above four equations may be solved by substituting Equa-

tion (7-2) into Equation (6-1 7) and using Equation (6-17) or Equation 

(6-18), whichever is appropriate, in Equation (7-1). 

Equation (7-1) cannot be integrated analytically, except for mono-

chromatic light or the use of an average extinction coefficient. In 

general, the way to solve Equation (7-1) is to pick i,  and by trial 

and error assume values for X until the right hand side of Equation 

(7-1) becomes equal to the value of 4 originally picked. 

Checking. the Dense Culture Model Against Experimental Data 

Our model for optically dense cultures will be checked against 

the productivity data given in Fig. 7, which were obtained in our con-

tinuous culture unit.  

The computer program given in Appendix IV, Program Algae, 

will be used to solve the above equations. But first, many of the 

constants and variables in the above equations will be empirically 

expressed based upon the data of Chapter III. From Figs. 10, 15, 

and 19: 

= -2.61x 10 2 	+ 7.43x10 2 	. 	 (7-3) 

SA() = 1.334x10 4 R + 1.174x10 4 	 (7-4) 

U() = 2.18x10 7  + 7.81x10 8 	 (7-5) 

B(s) is given by Equation (3-2), which\was derived from Figs. 21, 

22, and 23: 	. 	 . 	 . 

B() = 0.065x10 4  + 1.64x 10 	 (3-2) 
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From the data of Fig. 48, which was fit to Equation (6-17) by 

a non-linear least squares technique, 0.4438 and SM = 0.00224. 

The thickness Of the culture, S, equals 2.8 cm. 

1(X) for the.computer program is shown in Fig.. 34. This 

figure is based upon the data of Fig. 6, but has been broken into 

40 nm bands, each with its own characteristic light intensity.  

€ ( k) is given by Fig. 3.5, which is based upon the average of 

the two curves shown in Fig 42 € (X) is also broken up into 40 nm 

bands Figure 35 does not include light scattering, which was as-

suméd to equal the absorbance measured at 750 rim, where there is 

no pigment absorption. 

But light scattering increases light absorption, since light 

scattered sideways travel a path of increased length before reach-

ing the back side of the culture vessel. The culture is very opaque, 

resulting in multiple scattering. Therefore the light scattering ex- 

tinction coefficient,€ 	, is added .back into the Beer's law ex- 
scat 	. 	 2 

pression for light absorption. 	scat 
10. cm /mgchlorophyll, 

based upon the average scattering measured at 750 rim. 

The reader should consult Program Algae, the computer pro-

gram given in Appendix IV, for the exact procedures used to calcu-

late the performance of dense algal systems. A brief summary of 

the procedure used by the computer program is given in Fig. 36. 

Once the algal biomass concentration, X, is known, productivity, 

p, may be found from Equation (2- 'i3): 

p = XS. 	. 	 . (2-43) 

The results of the computer program are compared with the 

experimental data in Figs. 37 and 38. The experimental produc-

tivity data are approximately 46% lower than the curve calculated 

by the computer. If the computer curve is arbitrarily lowered by 

4616, it fits the data quite well. The transmittance of light through 

the culture is shown in Fig. 38, where the computer curve and the 

experimental data match q'uite well. . 
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Fig. 34. Incident light intensity function used in Program 
Algae, the computer program used to predict the perfor-
mance of optically dense algal suspensions. This figure 

6. is based upon the experimental data shown in Fig.  
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Fig. 35. Extinction coefficients used in Program Algae. 
These values were calculated from the average of the 
curves shown in Fig. 12. . These extinction coefficients 
do not include light scattering. 
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For one given specific growth rate,/L: 

Calculate chlorophyll content, respiration rate, saturated 
rate of photosynthesis, cell dry weight produced per mole 
of oxygen evolved. 

Pick a trial value for the cell concentration. 

Calculate light intensity at each thin layer. 

Calculate the rate of photosynthesis in these layers. 

Add up the photosynthetic rates in all these layers. 

Calculate the specific growth rate, ,, and check to see if 
it matches the value we started with. If not, take 
a new cell concentration andgo back to step 3. 

XBL 703-546 
Fig. 36. A summary of Program Algae, the computer pro- 
gram used to predict the performance of optically dense 
algal suspensiOns. The complete computer program is given 
in Appendix VI. 
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Fig 37. Productivity of Chiorella pyrenoidosa in contin-
uousculture as a function of the steady state specific growth 
rate, . The data shown are from Fig. 7. The top line was 
predicted by Program Algae. Washout occurs when i = 2.3 
day. 



Calculated 

I- 

'4L1 

• q 30 
U 
C 

EZO 

to 

0. 

XBL 709-6497 

Fig. 38. % transmittance of light through the culture versus 
specific growth rate. The data are from Fig. 9, while the 
line was calculated by Program Algae. 

a 



-.135- 

The following reasons may have caused the computer produc-

• tivity curve to be higher than the actual data: 

1. A value of 0.1438 moles 0 2/einstein was used for the max-

imum efficiency, D. This may be too high, as discussed in Chap-

• 	terlil. 

2 Back- scattering, or reflection of incident light, was not ac-

counted for in the computer program. 

3. The "sieve effect", considered by Monteith (1965) for crops, 

is a factor.(but a smaller factor in tiny Chiorella cells) causing 

deviations from Beer's law. 

• 	4. A certain amount of experimental error in the values obtained 

for SM,  SA(), B(14, etc. can be expected. 

Even though the edges of the culture vessel were coated with 

• 	platinum to reduce edge effects, platinum is not perfectly reflecting. 

Respiration losses are undoubtedly larger than predictedby 

the relation for U(s) used in our model. Equation (7-5) gives this 

relation, which is based on the measured respiration rates of cells 

adapted to darkness for about an hour. However, cells in the cul-

ture vessel do not have such low respiration rates, since when they 

float into a dimly illuminated region they will have recently come 

from a region of high illumination. Such recently illuminated cells 

are known to have higher dark respiration rates (Cramer and 
• 	Myers, 1949), We also noticed this phenomenon in our respirom- 

• eter work. 

Notice that Fig. 37 shows an optimum for the production of 
-1 • cell material at .i = 1.6 day . Previous workers (such as Shelef 

et al., 1968) have ascribed low productivities at low values of as 

resulting from increased respiration losses of the larger cell pop- 

• 	 ulations. This would be true if dark respiration rate were inde- 

pendent of t. But both the data of Myers and Graham (1959) and 

Fig. 19 show this is not true; dark respiration rate decreases 

nearly with decreasing . We believe the optimum in the produc-

tivity curve to result primarily from changes in the light saturated 

rate of photosynthesis, SA(IJ.). 
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Use of the Dense Culture Model in Screening 
Other Species of Algae 

For the preliminary screening of algae with respect to their 

produativity in dense cultures, the above model can be of use. Our 

objective is .to eliminate the need for the tedious collection of con- 

• tinuous culture data. Thefollowing is.a suggeted procedure: 

1. Grow the algae in batch culture. 

• 	2. Take a sample of young cells while the culture is in exponen- 

tial growth; the specific growth rate of these cells is 11max  Let the 

culture keep growing. Take another sample when the culture has 

become very dense, but before any nutrients become limiting. Cal-

culate a rough specific growth rate for these 'old cells' from Equa-

tions (2-8) and (2-10). 

For these two types.of cells, determine chlorophyll content 

and elemental composition. All other parameters needed for the 

computer program may be estimated from respirometer data. 

For those parameters that are functions of .t, assume a lin.-

ear relation between the two values of . 

Use the computer program to predict productivity as a func-

tion of p..  A maximum quantum efficiency, , of approximately 

0.10 may be assumed, if this quantity is not known. 
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NOMENCLATURE 

B (ii) 	= Factor for converting 02  evolved to cell dry weight, 

mg dry weight/mole 02 

C (14 Weight fraction of chlorophyll in the cells, 	mg 

chlorophyll/mg dry wt. 

ds 	 = Differential distance at any point s, cm 

I (X) 	= Light intensity at any point s expressed as a function 

of X, einsteins/cm 2/hr 

10 (X) Incident light intensity expressed as a function of X, 

einsteins/cm 2/hr 

p 	 = Productivity of algal biomass, mg dry weight/cm 2/hr 

R0  (,I) 	= Local rate of photosynthesis in terms of 02  evolution 
2 / 	, at any point s, moles 0 2 hrmg chlorophyll 

s 	 = Distance from illuminated surface, cm 

S 	 = Total algal suspension thickness, cm 

SA () 	= The actual rate of 02  evolution, caused by a bottle- 

neck in the carbon fixation cycle, moles 0 2/hr/mg 

chlorophyll 

SM 	= The saturated rate of 0 2 
 evolution intrinsic to the 

photo-electron transport system (when no steps in 

the carbon fixation cycle limit), moles 0 2/hr/mg 

chlorophyll 

U (i) 	= Uptake of 0 2 
 due to respiration, moles 0 2/hr/mg 

dry weight 

X 	 = Concentration of algal biomass, mg dry weight/ml 

€ (X) 	= Extinction coefficient of the pigments expressed as 

a function of X, cm 2/mg chlorophyll 

X 	 = Wavelength of light, nm 

= Specific growth rate, hr 1  

= Maximum quantum yield, as I approaches zero, 

moles 02/einstein 
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• VIII. SOME ECONOMIC CONSIDERATIONS IN THE 
MASS CULTURE OF ALGAE 

Of prime concern to the economics of any process is the ef-

ficiency of converting substrate into product. The most expensive 

substrate required for growing algae in artifically illuminated sys-

tems is light, which is generally created from electricity. Even 

when solar illumination is used, there is a high investment cost in 

providing the large required surface areas. 

To gain insight into this problem of light energy conversion, 

the data of Chapter III will be examined. Figure 7 shows produc-

tivity plotted against specific growth rate. The optimum produc-

tivity is 3.25 mg/cm 2/day at a specific growth rate of 4.6 day; 

the incident illumination energy between 380 to 720 rim was 8.05 
m , 2 w/ cm 

Calculation of the efficiency of light conversion requires 

knowledge of the heat of combustion of the algae, but this was not 

measured by us. An estimate of the heat of combustion could be 

obtained from the chemical composition of the algae, which is given 

as a function of specific growth rate in Figs. 21, 22, and 23. But 

instead, we will use the value of 5.5 cal/mg, which was recom-

mended by Myers (1964) for Chlorella. Using these numbers the 

efficiency is readily calculated to be 10.7% at the optimum specific 

growth rate. This efficiency and the efficiencies at other incident 

light intensities, which wee given in Table III in Chapter III, are 

consistent with the results of other workers (Kok, 4952, van 

Oorschot, 4955, Myers and Graham, 1959). The efficiency of light 

conversion decreases with increasing incident intensity because of 

light saturation effects. 

The quantum requirement at the optimum specific growth rate 

may also be calculated. Using Planck's law and the spectral dis- 

• tribution of the incident light source as shown in Fig. 6, an incident 

intensity of 1.42X 10 	einsteins/hr/cm 2  is calculated. Equation 



(3-2) gives the relation between cellular biomass production and 02 

evolution B = t 744x I0 4  mg/mole 0 2  at a specific growth rate of 

1.6 day. . With these numbers the quantum requirement is found 

to be 183 quanta absorbed/0 2  evolved. 

There are two possible ways to reduce the light saturation 

effects that cause lcwer light conversion efficiencies. One way, 

which was discussed earlier in Chapter IV, is to find algae with 

higher light saturated rates of photosynthesis when expressed on a 

per rng chlorophyll basis. The second method is to reduce the in-

cident light intensity by increasing the effective surface area This 

can be done simply by illuminating the culture surface at an angle 

that deviates greatly from the perpendicular, but this is not possible 

for ponds using solar illumination. Another way to increase the ef-

fective surface area is the use of diffusing cones, which are im-

mersed into the culture. Myers and Graham (1961) employed these 

cones and found they gave a twofold increase in efficiency  for Chlo.. 

rella ellipsoidea illuminated at an incident intensity of approximate-

ly 35 mw/cm 2  (reasonably close to overhead solar, illumination) 

A. ARTIFICIAL ILLUMINATION 

Only the electrical cost of providing the artificial illumination 

will be considered here, since it would probably be the largest 

single expense in artificially illuminated systems. Assuming that 

a 20% energy conversion efficiency could be attained, the cost of a 

poind of dried algae will be calculated. The 20% figure is a max-

imum; it would require a very weak illuminating intensity and would 

result in a low production rate per unit area. For the cost of elec-

tricity we will assume $0.0 i/kw-hr, a figure generally obtainable 

for industrial processes. For the light source we will assume that 

the conversion of electrical energy to light is 25%,  a figure attain-

able for high temperature sodium vapor arc lamps (Shelef et al., 

.1968). The heat ofcômbustion of the algae, as before, is assumed 

to be 5.5 kcal/g. Thus, the lowest attainable electrical cost may 
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be calculated: 

$0.011 	1 	15.5kcal 454 g I kw-min 	hr 	
- 	58/lb . kw-hr 0.20 0.25 	g 	lb 	14.34 kcal 60 mm - 	. / 	a gae. 

10% efficiency for converting light energy into photosynthetic 

product would be more reasonable for any practical system; this 

would double the above cost for electricity. 

The above cost does not include any other utility or operating 

costs and does not include any investment costs. We conclude on 

the basis of the above number that the mass culture of algae using 

artificial illumination cannot compete with other food sources such 

as soybeans, which are currently marketed for approximately 

$0 10/lb 

ILLUMENATION BY SUNLIGHT 

An economic study of all the costs that go into the mass cul-

ture of algae using solar illumination is beyond the scope of this 

work. Several possible ways of cutting the costs of such a system, 

however, will be considered. 

Vincent (19 69) argues against CO 2  enrichment, recirculation 

pumps for keeping algae in suspension, temperature control, and 

expensive harveting processes such as centrifugation. Certainly 

his arguments must be considered, since the present agriculturally 

important crops use none of these above expensive practices. To 

reduce costs, Vincent says that filamentous floating algae, such as 

Spirulina or Spirogyra, should be used. For this type of algae no 

special effort is needed to keep the cells in suspension. Harvesting 

is easy because of the mats that are formed on the water's surface. 

Another method of reducing expensive harvesting costs is by 

using phototactic separation. We, along with another member of 

our laboratory (Mr. S. F. Miller), have studied the design of such 

a process for the volvocalian Pandorina morum. Pandorina morum 

has 16 cells in each fused colony, has 2 flagella per cell, is spher-

ical in shape, and has a diameter ranging from 15-50 microns. In 
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its motile phase (it loses its flagella when undergoing asexual re-

production) it has a swimming velocity ranging from 0.4 to 1.6 

cm/min with a mean at about 1.0 cm/min. Pandorina will orient 

itself to swim towards a light source 

We performed experiments in a rectangular LucIte flow cham-

ber 3 ft long >< 5 1  in.wide X in.thick. It was inclined at an angle 

of about 30 degrees from the vertical and illuminated beneath. The 

algae would swim towards the light until reaching the illuminated 

face, where they would congregate. They would then move down-

wards by means of aided settling towards the product take-off. A 

typical run with a feed rate of 135 ml per min resulted in 99.9% of 

the motile cells and 9 1.4% of the total cells in the product. By com-

parison a darkened control run gave only 38.3% of the motile and 

total cells in the product, which resulted from gravitational settling. 

The product stream was estimated to be approximately 80 times 

more concentrated in algae than the feed. This process and addi-

tional results will be discussed in greater detail elsewhere (Miller, 

1971). 

On the basis of the above experiments we have estimated the 

size of a phototactic separator that would be required by a 15,000 

gal/day (5.5 billion gal/yr) processing rate. Such a rate would  re-

quire a phototactic. separator of the following dimensions: 6 ft long 

X 24 ft wide X I in. thick. Such a separation device would be much 

cheaper than cOntinuous centri.fugation. A phototactic separator 

would require virtually no operating costs and little investment cost. 

In summary, further research on phototactic separation appears 

justified, in view of these favorable results. 

Criteria for the Design of Algal Systems 

Consider the design of an algal production system where the 

objective is to produce algal biomass equal to P, mass/time. There 

are certain limits that restrict the design and operation of such algal 

systems. The criteria .for design and operation that must be kept in 
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mind are discussed in the following items. 

4. In order to determine, the illuminated areanecessary.to 

achieve the production rate P, an estimate of the productivity, p, 

must be obtained p  is equal to P/A and has the units mass/time 

area. A is the illuminated surface area. For Chiorellapyrenoid-

osa growing under the conditions investigated in Chapter III, an 

optimum productivity of 3.25 mg/cm 2/day was obtained at a speci-

fic growth rate', .t, of 1.6 day 1 . For other systems the mathemat-

ical model for optically dense cultures, which is given in Chapter 

VII and the computer program in Appendix VI, should be used to es-

timate the optimum productivity and specific growth rate. A sug-

gested outline, which uses the computer program given in Appendix 

VI, is given at the end of Chapter VII. This estimate for the opti-

mum p and ii., once obtained, assumes that no nutrients, otherthan 

light, are limiting This estimate does not depend upon the culture 

volume or depth, which still remain to be determined. 

The estimate of p gives us the required illuminated surface 

area, since A = P/p. 

The estimate of R that goes with the above p determines the 

dilution ,rate to the system, Fly,  since at steady state p. = F/V.. 

p. is the specific growth rate, time 1 ; F is the feed rate to the 

system, volume/time; and V is the volume of the system. 

2. A and F/v for the system have been determined above. 

Two more items need to be specified, the depth of the algal suspen-

sion and the concentration of minerals in the feed. As will be seen 

in the equations below, these two items are intimately related. As 

a design criterion it will be assumed that essentially none of the 

minerals in which we are interested will be allowed to be wasted by. 

leaving in the effluent stream. In other words, the design will be 

based upon essentially all of such minerals ending up in the algal 

biomass. With this assumption the following material balance may 

be written, where the quantity of any nutrient mineral entering in 

the feed stream is equal to the amount of that mineral converted 
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into algal biomass, when the system is at steady state: 

PAWN = FCN 	 (8-1) 

where WN  is the fraction of the mineral in the algae as determined 

by chemical analysis, mass/mass; and CN  is the concentration of 

the limiting nutrient in the feed stream, mass/volume. Rearrang-

ing and making use of V = AS, where S is the thickness of the sys-

tem: 

PWN 
•CNS_ F 	 . 	(8-2) 

V 

All terms on the left-hand side of Equation (8-2) have been previ-

ously determined or are a property of the algae, CN  and S are the 

only remaining independent variables 

A decision must now be made concerning either CN  or, S. If 

the feed stream is fixed in composition and cannot be changed, then 

the decision has aireadybeen made for us. This might be the case 

if algae production is to be tied in with sewage treatment facilities 

Nevertheless, even in this case the feed Stream can be supple-. 

mented with minerals. 

In the interest of having as concentrated a suspension of algae 

as possible to harvest, one should minimize S, since algal concen-

tration is inversely proportional to S when all else is held constant 

But there are physical limitations on how thin a pond can be built 

It is inconceivable from a civil engineering standpoint to build large 

ponds that are 1mm or even 1 cm in depth Other considerations 

• . are also important; If algae such as Chiorella or Scenedesmus are 

being grown, the pond should be periodically agitated because these 

algae settle to the bottom Increasing the depth of the pond allows 

the algae to stay in suspension longer. This settling problem has 

led to the 8 inch depth that was suggested by Oswald and Golueke 

(1968) as being optimum for Chiorella systems But in systems 
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where settling is not a problem, thinner depths would probably be 

desirable. 
Several equations that set the boundaries of operation are 

listed below. Operatioii.outside of these limits is impossible. 

Equations (8-3) and (8-5) have as their basis Equation (8-2). 

PWN 
Sf. 	 . 	 ( 8-3) 

"Nmax 

max is the maxixuirn specific growth rate of the algae, day 	If 

the above criterion is not met, the nutrient limits, and p cannot be 

attained. 

• 	 . 	 (8-4) 
V 	max 

The above simply says that all algae are washed out if F/V exceeds 

the maximum specific growth rate of the algae. 

F PWN 
V 	CNS • 
	 (8-5) 

If Equation (8-5) is not met, p cannot be attained. 
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NOMENCLATURE. 

A 	= Illuminated surface area 

= Concentration of the limiting nutrient in the feed stream, 

mass/volume 

F 	 Feed rate, volume/time 

Productivity, mass of algal biomass/area/time 

= Production of algal biomass, mass/day 

S 	. Total depth of the illuminated algal system 

V . 	= Volume of the algal system 

WN 	= Weight fraction of a mineral in the algal biomass, 

mass/mass 

Specific growth rate, time 1  

1max 	
= Maximum specific growth rate, time 
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Appendix I 

ON SEPARATE REACTION CHAIN KINETICS: THE EQUILIBRIUM 
BETWEEN TWO ADJACENT SPECIES WITHIN A SINGLE CHAIN 

Separate chain kinetics differs from the kinetics of homoge-

nêous chemical reactions in solution. In separate chain kinetics, 

species are restricted to reacting with species adjacent in the chain. 

The discussion here will be restricted to two topics that are impor-

tant to the models proposed in Chapter VI. For a more complete 

discussion the reader is referred to Malkin (1969). 

Case I: Two Adjacent Reacting Species, Each With a Pool 
Size of 1. 

Consider the 2 species, U and V. adjacent to each other in.a 

chain.: It is assumed that there is only one of each of these species 

within the chain. Consider the case of electron transfer; there are 

2 possible states for each of the species, U or U and V or V. 

But since a single U is bound to a single V as a system, there 

are.4 possible states for the UV system: 

I) liv 
U V 

U V 

U.V 

The first 2 system states, UV and UV, cannot result in electron 

tran.sfer between U and V. But the last 2 !ystem.states, UV and 

UV, can result in electron transfer between U and V. The re-

lationship between the concentrations of UV and U V . ([UV] and 

[Uv], respectively) is given by the equilibrium constant K: 

• 	 [uvi 

	

K = [UVI 	
(A-I) 

• 	But the apparent equilibrium constant, Kappa is based upon homo- 

geneous chemical kinetics, and considers not only the system states 
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U V and UV, where electron tEansport is possible, but also the 

system states UV and U V where electron transport is not pos-

sible: 

K 	= [u][v] 	 (A-2) 
app 	[uJ[v] 

• First we will consider the case where the true equilibrium 

constant, K, has a value of 1, and prove that in this case 

• K = K. 	= 1. This is an important case, since the equilibria be- .app 
tween q and A and between C and P were assumed describable by 

K-values of 1. 

	

• 	Considering the 2 non-reacting system states, UV and U V, 
• 	 [u:] [v] and [if] = [v]. For the 2 reacting system states, 

• 	 . 	since K = 1, [if v] = [UV}; therefore [U] = [ v] and [if] = [vi. 
Using these relationships in Equation (A-Z): 

• 	. 	 K 	= [v][vi = • 	 app 	[v][v] 

• Henc • e, if K 1, then also K app = 1. 
.  

• 	If K 	and there is an equal probability of an electron being 

donated to U as there is for an electron leaving V, then K 	= 4, app 
as was demonstrated by Malkin (1969). 

• • Case 2: Pool Size of One of the Reacting Species 
• 	 on the Chain is Large 

In this case there is only one U'per chain, but the number of 

V is equal to n. • The single U may engage, in electron transfer with 

any of the V. Again we wish to examine the relationship between 
• . 	 the true equilibrium constant, K, and the apparent equilibrium 

constant, K 	. The possible states of the system are: app 
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{Tf} {nV} 	 {u} {nV} 

{tJ } {(n- 1)V, V } 	 { u} {(n- 1) V, V }. 
{if} {(n-2)V, 2v} 	 {u} .{(n-2) V. 2v} 

{u} {(n-j)V, jV} 	 {u} {(n-j)V, 5V} 

{u} {nV} 	 {u} {nV} 

If •n is large, this system approaches bimolecular kinetics 

in solution, as was noted by Forbush and Kok (1968). The reason 

is that electron transport is possible for all possible states except 

for {u} {nV} and {U} {nV}, and if n is large these 2 species 

are only a tiny fraction of the total possible reacting species. In 

Case I the reason K 	varied from K was that fully 1/2 of the 
app 

species (UV and U V ) could not have electron transfer between 

U and V. Such is not the case here. In fact, as n approaches in-

finity, bimolecular .  -kinetics are obeyed exactly. 
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Appendix fl 

NADPH CONTROL OF.THE PHOTO-ELECTRON 
TRANSPORT SYSTEM.. 

This model assumes that NADPH build-up, when an enzyme 

in the carbon fixation cycle has readhed its maximum rate, limits 

the rate of the photo-electron transport system. In Chapter VI it 

was assumed that ATP, rather than NADPH, exerted such an effect 

on the rate of electron transport. 

The model under consideration is shown in Fig. 39. This 

casehas the following differences from the case ofATP control 

treated in Chapter VI: 

I. The transfer of electrons between Q and P is fast, reversible, 

and at ,any given light distribution is describable by the equilib-

riumconstant, K. 

Species F immediately accepts an electron from P, when a 

quantum of light has been photochemically trapped by P. 

The steps between F and L are assumed to be fast. The equi-

librium between F and L is described by the equilibrium con-

stant K4 , which is assumed to be very large relative to KM,the 
* 

Michaelis constant for the conversion of L to M. 

The following four equations describe the system: 

d[Q] -2q 	 (A-3) dt 	- - 2 f+q 

 

L 	2q 	k 5 [E ][L] - 	- o - - 	- 	. dt - 	3 2f+q 	[L] 	
(A-4) 

+M 	 . 

*For the data shown in Figs. 14 and 17, the rounding in the light 
response curves as light saturation is approached requires that 
K4/KM be no less than 50. 



- 150- 



K = 11 	 gp 	 (A-5) 
[Q J[P] 	(1-q)(I-p) 

- [F][L] 	 (A-6) 
[F] 

The variables are defined as they were in Chapter VI. Use will 

also be made of the material balance, [F] + [F] = [F]. Substi-

tuting Equation (A-6) into Equation (A-4) and solving for [F]: 

K 
(R 	rE 1 	Ii _.9_) 

K 	
51  o 	'2 i+q M 'V 

[F] 	[F] 	
K 	 . 	 (A.-7) 

k5 [E T 4 2 -i 

Since the value of K4/KM approaches infinity, [F] = 0 when 

• 	pk 5[EJ =- 	(above light saturation), and [F] 	[F] •when 

13k 5[E] > 	(below light saturation). 

Below Light Saturation, [F] [F] 

Because K4/KM  is assumed to be very large, [F] = [F 0]. 

F can always accept electrons from P that trap quanta of light. 

Hence there are no inefficiencies in electron transfer from P to 

F. As in Chapter VI, we will assume • =. Substituting 

• Equation (A-5) into Equation (A-3) and solving for q: 

1- '/ 2/K 1  
q = 1- 2/K1 • 	 (A-8) 

The rate of electron transport, RET,  is: 

R. 	= "-- 	 'A-9 ET 	'r1+q 



Above Light Saturation, [F] =0 

When the rate of electron transport, i -- , becomes equal to 

the maximum rate of the bottleneck step, pk 5 [E], [F] suddenly 

changes its value from [F] to 0. This can be seen from Equation 

(A-?). The physical reason is that reduced species back up behind 

L causing F to be entirely converted to F. 

In reality, we would not expect F to accumulate. Instead, we 

would expect species such as F, since they have very negative mid-

point redox potentials, to start donating their electrons to molecular 

O. But the result is exactly the same; the net rate of electron trans-

port•cannot exceed .pk 5 [E].. Thus, at light saturation: 

RETSA 	 . 	. 	 .(A-13) 

where S = pk5 [E0] and is the light saturated rate of electron trans-

port. 

Discussion 	 . 	 . 

Equation (A- 0) says that the rate of electron transport, RET 

varies directly with light intensity, I This first-order behavior con-

tinues up until light saturation is reached, at which point Equation 

(A-i3). governs. This behavior is of course dependent upon K4/KM 

approaching infinity; the smaller K4/KM is, the smoother is the 

transition between first-order and zero-order behavior. 

Equation (6-15) gives the rate of electron transport below 

light saturation for the case of ATP control of the rate of photo syn-

thetic electron transport. In contrast with Equation (A-b), 
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Appendix UI 

THE RATE OF PHOTOCHENCAL TRAPPING AS A 
FUNCTION OF THE CONCENTRATION OF 

PRIMARY PHOTOCHEMICAL TRAPS 

The following model was developed by Joliot et al. (1966) and 

is a particular case of a more general model developed by Clayton 

(1.967). The following assumptions are made. 
1.. Pigment units are separate, each with a single photochemical 

trap along with its share of harvesting pigment. For a given 

photosystem all such units are identical. 

A quantum absorbed by a unit may undergo three possible 

fates: it may be trapped, it may be dissipated as heat or 

fluorescence, or its excitation energy may be transferred to 

another unit. It is assumed that all three of these compet-

itive processes are first_order with respect to concentration 

• of excitation quanta and may be described by the rate con- 

	

• stants, k, k . , and k 	, respectively. 
trap diss 	trans 

A quantum absorbed in a unit with an open trap is caught by 

• that trap with 1.00 per cent efficiency. This assumption of perfect 

• trapping is tantamount to the assumption that ktrap is much 

larger than kor k 	. If a quantum is absorbed by a 
diss 	trans 

unit with a closed trap, this quantum has a. chance of being 

transferred to another unit; consecutive search of units con-

tinue until it has been trapped or dissipated. A closed trap 

is defined as one that has undergone chemical change by vir-

tue of a recently absorbed quantum, rendering it incapable 

of absorbing another quantum until it has been regenerated 

to its open form.. 

In Fig. 40 an incoming quantum of light is absorbed by a unit 

in a region where a fraction,. f, of the traps are open. The prob-

ability of the quantum being trapped in this unit is equal to the prob-

ability of that trap being open, f, since trapping is assumed perfect 





for units with open traps. The probability of the excitation energy 

being transferred to another unit is equal to the probability that the 

first unit is closed times the probability Of the quantum being trans- 

ferred rather than dissipated: (1-f)k 	/(k 	+ k 	). In trans trans 	diss 
order to determine the probability of this transferred quantum being 

harvested by this second unit, the above term must be multiplied by 

f. FIgure 40 shows the probability of trapping by each unit along 

the path of a migrating quantum. All of these terms must be added 

together to obtain the total probability of the quantum being trapped, 

P trap 

Pf{1+(1-f)k kt 
	

+(1-2(k ktr 
	)2+ 

traptrans diss 	 trans diss 
(A- 14) 

The above infinite series may be re-expresse4: 

p 	f1 	
I 

trap 	i 	k 
IA 	 trans 

+k 	- 
trans 	•diss 

Let a = k 	/(k 	+ k),  the probability of transfer between 
trans trans 	diss 

units. Joliotts equation (Joliot et_al., 1966) results: 

= f 	.. 	 (A-1.6) 
trap 	1 -a(I-f) 

Joliot's equation may be modified to give the rate of trapping: 

Rate of trapping = I - a(1 - f) 
	 (A-17) 

where ti is equal to the light absorbed times the quantum efficiency 

when all traps are. open. 



-157- 

• 	 Appendix IV 

EXPERIMENTAL PROCEDURES 

A. DRY WEIGHT DETERMINATION 

1. Pipette 10 ml samples of recently resuspended algae into 10 

ml centrifuge tubes of known weight. 

2 Centrifuge cells at 5000 g.(at 0-3°C) for 10 minutes, decant 

liquid, and resuspend the cells in distilled water using a small 

metal spatula (make sure to lose no cells). Centrifuge once 

again. 

3. Decant water from the centrifuge tubes and place them in a 
• 	 90°C oven for 18-22 hours. 

4 After drying, place the centrifuge tubes in a CaCl 2  dessicator 

• 	 for about 1 hour. After removing the tubes fromthe dessicator 

they must receive a minimum of handling, they must not be 

rubbed, static electricity will cause the weighings to be wrong. 

The scale zerO should be checked each time. 

B. CHLOROPHYLL ASSAY 

I Follow steps I and 2 of the dry weight determination (preced-

ing page). All subsequent steps in this analysis must be car-

ried out in very subdued light. 

After decanting the water, add about S ml of methyl alcohol to 

each of the centrifuge tubes and resuspend the cells with a 

small metal spatula, spinning the spatula until no cells are 

stuck to it. 

Pour each cell suspension into a 50 ml beaker, making sure 

to wash the centrifuge tube and spatula several times, thus in-

suring transfer of all cells to the beaker. Each beaker should 

end up with about 15 ml of cell - Mé'OH solution. 

Place the beaker on a hot plate (in a hood) at a temperature 

just sufficient to cause the MeOH solution to boil. Do not let 



the beakers evaporate to dryness on the hot plate. Remove 

the beaker from the hot plate while.there is still a. small 

amount of liquid in.it , and let it evaporate to dryness at room 

temperature. 	 . 

When all beakers are dry, re.suspend the dried material in an 

80:20 (v:v) acetone-water mixture with the aid of a metal spat-

ula. Pour this liquid carefully into a graduate cylinder. Rinse 

the beaker and spatula several times with the acetone-water 

mixture, making sure that all extracted cellular material is 

transferred into the graduate cylinder.. Add more acetone-

water mixture to the graduate cylinder until a dilution is 

reached sufficient to give an absorbance of 0.5 - 0.8 at 663 nm 

with a 1.0 cm path length .cuvette. 	. 

Let the cellular remain.s.equilibrate with the acetone-water 

mixture for at least 15 minutes. 

Centrifuge a sample of this mixture at 5000 g for 10 minutes. 

Place the supernatant in a 1.0 cm path length cuvette and read 

the absorbance at 645 nm and 663 nm, using as a blank the 

acetone-water solvent. The following equations for the con-

centrations of chlorophyll a.and chlorophy1l b are due to 

Arnon (1949) and use the extinction coefficients of MacKinney 

(1941). 

CT = 20.2 D 645  + .8.02 D 663 	(A-18) 

CA = -2.69 D 645  + 12.7 D 663 	 (A-19) 

22.9 D 645  - 4.68 D663 	 (A-20) 

where C is the concentration of chlorophyll in the acetone-

water solvent (mg/i) (the subscrjpts T, A. B stand for 

total chlorophyll, chlorophyll a, and chlorophyll b, respec-

tively), D 645  is the absorbance at 645 nm,. and D 663  is the 

• absorbance at 663 nm. 

The chloroplll a/chlorophyll b .ratio is equal to cA/ CB. 
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9 The weight per cent total chlorophyll may be determined by 

the equation: 

CTXD F.  
wt %ChlT = D. W. x o 	 (A-21) 

where D. F. is the dilution factor, the ratio of the volume of 

acetone-water solvent to the volume of cell suspension orig-

inally used, D. W. is the concentration of the original cell 

suspension (grams dry weight/i) 

C. RESPIROMETER TECHNIQUES 

The respirometer used was a Gilson GP-14 Photosynthesis 

Model This instrument is a constant pressure device, as opposed 

• 

	

	 to the Warburg-type constant volume respirometer. The advantage 

of the constant pressure respirometer is that no correction need be 

made for the gas (in this case oxygen) dissolved in the liquid phase, 

since the quantity of this dissolved gas does not change with time 

after initial induction effects. 

In all cases two 50 watt tupgsten filament reflector flood lamps 

were used to illuminate the number 8 and 42 position flasks in the 

respirometer. •These two lamps (and the respirometer flasks that 

theyilluminated) were not in adjacent positions, but were separated 

by one intervening unused position. The flasks were separated in 

this.rnanner so that essentially all of the light reaching a flask would 

be from its own lamp. 

Changes in light intensity were made by interposing stainless 

steel wire mesh screens between the lamps and the respirometer 

flasks. Calibration of light transmitted by these screens was car-

ned out in situ. In some runs a copper sulfate solution (0.043 M, 

path length 2.8 cm) was placed between the lamps and the respirom-

eter flasks. This gave a spectrum virtually identical to the spec-

trumof incident illumination under which the algae were grown (see 

• Figs. 6 and 13). In other runs the copper sulfate solution was not 

used, in order to achieve higher light intensities. The saturated 
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rates of photosynthesis were found to be identical for both types of 

illumination Indeed, no differences in curve shapes could be dis-

tinguished, when the initial slopes of the light response curve of 

photosynthesis were matched up. This conversion factor, to convert 

unfiltered light intensities to the equivalent light intensities for cop-

per sulfate filtered light (both types of light with the same set of 

screens), was found experimentally to be 1.95. 

Photo synthetic Rate with Carbonate- Bicarbonate Buffer 

The carbonate-bicarbonate buffer system consisted of 0.19 M 

KHCO 3  and 0.01 M Na 2 CO 3  dissolved in distilled water. This sys-

tem gives a pH of about 9.0. The advantage of this system is that 

the carbon dioxide concentration in the gas phase (and also in the 

liquid phase) remains fairly constant. However, the carbon dioxide 

concentration in the gas phase changes with time, necessitating a 

small correction. How this correction is made will be shown later 

in this section. First, the experimental procedure will be given. 

1. Freshly collected cells are kept chilled (0 - 30 C) and in sub- 

dued light during the following steps. 

z; Centrifuge 10 ml of cell suspension at 5000 g for 10 minutes, 

decant the supernatant, and resuspend the cells in chilled car- 

bonate-bicarbonate buffer using a small metal spatula (make 

sure to lose no cells). 
Centrifuge the above cell suspension and repeat the rinsing 

with chilled buffer once again. (as given in the above step 2). 

Centrifuge the cell suspension for a third time. Decant the 

supernatant, and resuspend the cells in sufficient chilled car-

bonate-bicarbonate buffer to give 13.33 'y  of total chlorophyll 

per ml. 

Pipette 3 ml of this algal suspension into a clean dry respirom-

eter flask (Gilson GME-140 with 9.6 cm 2  of illuminated area). 

Also prepare a control flask with 3 ml of plain carbonate-

bicarbonate buffer. 
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Place the respirometer .flaskE in the respiroxneter, which has 

been allowed to equilibrate to its operating temperature. Let 

the flasks equilibrate for one hour, agitating at 160 rpm, be-

fore taking any readings. 

The atmospheric pressure is noted before the readings. Res-

pirometer readings are taken over a 20 minute interval for each 

intensity. Allow 5 minutes after switching light intensities to 

ensure a steady state rate of oxygen evolution is reached. In 

general, light intensities are run from low to high to prevent 

problems of sOlarization (impairment of the photosynthetic ap-

paratus by high light intensities). Readings are corrected for 

changes in the control flask. 

As previously mentioned, there is some change in the concen-

trationof carbon dioxide in the gas phase as carbon dioxide is con-

surned by the photo synthe sizing algae. No buffer has an infinite buf-

fering capacity. Initially, the carbon dioxide concentratiOn in the 

gas phase is about 0.90% at 25°C, but after 500 p1 of oxygen have 

evolved it.has dropped to about 0.52%. This effect causes the mea-

sured oxygen evolution to be less than the actual oxygen evolution. 

The manner of making this correction will now be described. 

The initial concentration of caithonate and bicarbonate ions are known. 

Carbon dioxide in the liquid and in the gas phases, as well as H 2 CO3  
in the liquid phase, are formed from the stoichiometric relation: 

2HCO-'. CO - + H 2 CO 3 . Knowing the volume of the liquid phase, 

the volume of the gas phase, the dissociation constants for H 2  CO 3  
and HCO 3  (the values used were from Mclnnes and Belcher (1933)), 

and the Henry's law constant for carbon dioxide, material balances 

may be set up. These may be solved giving the carbon dioxide con-

centration in the gas phase as a function of the amount of the carbon 

dioxide consumed by the algae in photosynthesis. It is also assumed 

that one mole of oxygen is evolved for each mole of carbon dioxide 

consumed. The resultant graphs, which show the corrections to be 

added to the measured amounts of oxygen evolved, are shown in 

Fig. 41 for both 25° C and 100  C. 



200 	400 	 O0 

TotaL ucorrected Oz  evoved 

XBL 709-6507 

Fig. 41. Gas phase correction for the carbonate-bicarbonate 
buffer system used in the respirometer. This correction is 
to be addecLto the measurec 	 oxygen. 



After adding the above corrections for gas phase contraction, 

the amount of gas evolved under the conditions of the experiment 

must be corrected.to standard temperature and pressure. The ma-
nometer. correction is: 

- H o 
- 6)(273) 

Manom Corr. 	
(760)(T) 	 (A-22) 

where P T  is the barometrrc pressure (mm Hg), H 
o 

is the vapor 

pressure of water at the temperature of the experiment (mm Hg), 

T is the temperature of the experiment (°K), and 6 is a correction 

to account for the thermal expansion of mercury in the barometer 

(3 mm Hg if the barometer is at room temperature). 

In plotting the light response curves, the dark respiration rates 

were added to the net rates of photosynthesis measured by the above 
procedure. 

Dark Respiration Rate with Phosphate Buffer 	. 

Chilled phosphate buffer (0.035 M, pH 7.4) was used to sus-

pend a quantity of Chlorella cells that had previously been rinsed 

twice with this buffer (steps t - 3 of the previous procedure were used, 

but with substitution of the phosphate buffer for the carbonate-bicar-

bonate buffer). The cell concentration was several times higher than 

that used for determining photosynthetic rates, since dark respiration 

rates are small in Chlorella. 

Three ml of this cell suspension were placed in a respirometer 

flask. The flask also contained 0.2 ml of 20% KOH along with a filter 
r-J paper wick in its center well. The KOH consumes carbon dioxide as 

it is evolved by respiration. The manometer correction is given by 
Equation (A-22). 

Respiration rates were also determined with the carbonate-

bicarbonate buffer system. Dark respiration rates were measured 

in the same flasks used to determine photosynthetic crates, and these 

rates were determined prior to any illumination of the flasks. 
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Respiration rates determined with the carbonate-bicarbonate buffer 

were similar to the rates determined with the phosphate buffer.  

Quinone Hill Reaction 

The quinone Hill reaction in whole cell algae relies on the 

ability of para-bensoquinone to penetrate cell membranes. This 

reaction, like all Hill reactions, uses the photosynthetic electron 

transport system (at least System II) and results in the transport 

of electrons from water to the electron acceptor. In this case the 

electrons convert quinone to hydroquinone 

The ability of quinone to penetrate the cell membrane, an 

ability not possessed by other Hill oxidants such as potassium ferro-

cyanide, stems from the fact that it carries no net charge. Ionic 

molecules are generally excluded by cell membranes. The qui-

none Hill reaction in whole cell algae was discovered by Clenden- 

ning and .Ehrmantraut (1950), andwas further investigated by 

Ehrmantraut and Rabinowitch (1952). The following is based on the 

procedure given in the above references, but is modified in several 

important respects. The most important of these modifications is the 

additional inclusion of NH4C1, mannitol, and serum albumin to 

the reaction mix. These additions were all found to have a beneficial 

effect on therateofoxygen evolution. 	 . 

Reagents. 0.05 M potassium phosphate buffer (pH = 6.5), 20% 

KOH, bovine serum albumin (Calbiochem, grade A), mannitol, para-

benzoquinone (Eastman Chemicals), and 0.3 M NH4 C1. 

ed 

-I 



S 

	 The experimental procedure takes two days The first day's 

activities follow. As usual the cells are kept in subdued light and 

only chilled solutions (0-3°C) are used in suspending the algae. 

I Centrifuge 10 ml of fresh cell suspension at 5000 g (at 0-3° C) 

minutes, •decant supernatant, and resuspend the cells in chilled 

phosphate buffer (0.05 M, pH = 6.5) using a small metal spatula 

(make sure to rinse spatula with buffer) 

2 Centrifuge the above cell suspension and repeat the rinsing 

with chilled buffer once again (as given in the, above step 1). 

3. Centrifuge the cell suspension for a third time. Store the 

cells in the centrifuge tube at 0°C and in the darkness until the next 

day (18724 hours). 

On the following day observe the following procedure, making 

sure the cells are kept in very subdued light and at 0-3° C 

Place about 100 mg of quinone in the bottom of a large test tube, 

insert a cold finger, and gently heat the test tube over a bunsen 

burner until sufficient quinone sublimes on the cold finger (30 mg or 

so). This resublimed quinone must be kept in very subdued light. 

Dissolve 24 mg of the resublimed quinone in 20 ml of the chill-

ed phosphate buffer (1.2 mg/mi) Keep this solution at 0° C.  

Weigh out sufficient mannitol and bovine serum albumin to give 

a solution of the following composition when these are dissolved in 

chilled phosphate buffer: 0.3 M mannitol, 0.33 wt. % serum albumin, 

and 0.05 M phosphate buffer (pH = 6.5). Ke€p Ed O'°C. 

. Decant the super*t'.'fróm the cells centrifuged the previous 

day and suspend them in sufficient of the above mannitoi- albumin-

phosphate solution to give 22.2 y  of total chlorophyll per ml. 

Place filter paper I wicks.'into the center wells of two respi'rom-

eter flasks Place 0.2 ml of 20% KOH on the wicks Place 0.2 ml 

of 0.3. M NH4 C1 in one sidearm of each flask. Chill the 'flasks in the 

refrigerator if the experiment is to be run at 10° C. 

Add 1.0 ml of the chilled quinone-phosphate solution to the re-

maining sidearm of each flask. Add 1.8 ml of the chilled cell 



suspension to the main compartment of one flask, and 1.8 ml of the 

same solution without any cells to the other flask, which will be used 

'as a control. 
Place the flasks in the respirometer and let them equilibrate 

for 10 minutes (15 minutes if at 100  C) before tipping the sidearms. 

After the sidearms are tipped, the reaction mix should contain 1.2 

mg quinone, 40 p.g of total chlorophyll, 0.54 nnM mannitol, 0.14 thM 

phosphate, 6 ing serum albumin, and 0.06 mM NB 4C1 in a total of 

3ml. 
After the sidearms are tipped, take readings at 5 minutes inter-

vals over a period of, 10 minutes (15 minutes if at 1.0° C) before turn-

ing on the illumination of the desired intensity. 

Take readings on the flasks at two minute intervals for a period 

of at least'ZO minutes after the illuminating lights are turned on. 

S 
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Appendix V 

CALCULATION OF QUINONE mLL REACTION INITIAL RATES 

The rate of 02 evolution, as measured in a respirorneter, for 
the quinone Hill reaction is a function of time as well as light inten-
sity. The rate of 02 evolution decreases with time.* The rate of 

this decrease is a function of light intensity;, at higher intensities 
the rate of decrease is more. rapid. 

Another factor also complicates raw data: the liquid and vapor 
phases are not at equilibrium with respect to 02 concentration. In 
spite of shaking the respirometer 'flasks, a considerable mass trans-
fer resistance exists between the liquid phase, where 0

2  is evolved, 
and the.vapor phase, where the evolved 0

2  is measured. 
Figure 42 shows a typical quinone Hill reaction run, where 

the accumulated amount of 0
2  evolved is plotted as a function of 

time. Figure 43 shows the same data, but instead is plotted to 
show the differential rate of 0

2  evolution. The data points plotted 
are the difference's between the data points shown in Frg. 43. 

The first data point shown plotted in Fig. 43 is low because a 

transient is caused by the high mass transfer resistance. But a 
steady state rate of 02 evolution is never reached; at times greater 
than 4 minutes the rate of oxygen evolution declines. This decline 

in rate appears to be first-order with respect to remaining activity. 
First-order behavior would result in a straight line in Fig. 43, 

which is a semi-logarithmic plot. The initial (maximum) rate of 

evolution may be found simply by extrapolating the data back to 

origin. We did not use this technique, however, since the scatter -
ing of the data and the initial transient make hand-fitting the data 

difficult. Instead we fit the data by a non-linear least squares 

* 
The back reaction, hydroquinone + O2 - quinone, did not appear to 

be an important factor in the decrease of 02 evolution rate with 
time. After the quinone Hill reaction had proceeded for some time, 
turning off the illumination resulted in little 0 2 uptake. 
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Fig. 42. Accumulative amount of oxygen evolved (uncorrected) 
as a function of time for a typial quinone Hill reaction respi-
rbmeter run, Run D-43. 
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Fig 43 The rate of oxygen evolution for the quinone Hill re-
action as a function of time. These data points were obtained 
by taking differences between the data points shown in Fig. 42. 
After an initial transient caused by the mass transfer resist- 
ance between the liquid and gas phase of the respirometer 
flask, the typical first-order decay in oxygen evolution rate can 

• 	be seen. 
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computer technique 

The following equation is from Briggs (1959) 

= ka 	
(A-23) 

where 

g 	= rate of appearance of the evolved gas in the gas phase 

(&L/min) 

p 	= rate of production of gas in the liquid phase (ui/mm) 

kLa = mass transfer coefficient between the liquid and gas 

phases (mi/mm) 

VL = volume of liquid phase (ml) 

VG = volume of gas phase (ml) 

Henry's law constant, defined to be the concentration 

in the liquid phase divided by the concentration in the 

gas phase. 

Since the rate of production of gas appears to decay in a first-

order manner with respect to remaining photosynthetic activity: 

p = Ae _kt 	 (A-Z4) 

where 

A 	= the initial rate of 0 evolution (d/min) 

k 	= Parameter that describes the first-order decrease in 

activity (min 1 ) 

It is the determination of A, the initial quinone Hill reaction rate, 

that is our objective. 

By substituting Equation (A-24) into Equation (A-23) and inte-

grating with respect to time, the following equation is obtained: 

DA 	-kt 	.-DBt 
g 	DB . k (e 	

- e , 	) 	 (A-25) 

where 

D 	= kLa/vL (1/mm) 

= (VG+  cTvL)/vG (very close to 1.00 in our case'). 

14, 
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In obtaining Equation (A-25) use was made of the initial condition, 
at t = 0, g 0. 

The above equation could be used to fit rate data such as 
shown an Fig. 43. But we will carry the integration one step fur-

ther so that accumulative data of the type shown on..:Fig. 42 can be 

described. Integrating Equation (A-25) yields: 

y DB-k ( {Iet } 	
{i e B t }), 	(A-26) 

where. 	 . 

y = the accumulative amount of Oevolved; note that g = dy/dt 
(1) 

Equation (A-26) was obtained by making use of the second initial 
condition, at t = 0, g = 0. 	 . 	. 	 . 

Equation (A-26) was used to fit all quinone Hill reaction res-

pironieter runs. Use was made of LSQVMT, a Lawrence Radiation 

Laboratory Computer Library program that may be used to fit non-
linear equations by a least squares procedure. 

a 
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Appendix VI 

PROGRAM ALGAE: PREDICTING THE PERFORMANCE OF 
OPTICALLY DENSE CULTURES OF ALGAE 

PPOGRA ALGA (JNPUT,flUT 0 tJT) 

C ::PSCAT =10. 

RtAL MU, IPCTNT LAMDA, MUINC, M(JCALC, INTTCT, MICWAT, MICTOT, 
iIFTATS 
TTiGtR SSTE 2 , • QSTFP 
DINSIO' çp5(37) 9  INCINT(37), LAMDA(37), C-(12), ZMti(CO), 
'(300), P,(300), J(300), S4(300), 7 X(300), 7 P ( 3')C), 1S(t000), ZRPSMO 
0O),'.R'STT(3CO, Z1UC1C(00), MICWAT(37), T9A'S(3OO) 

PAD 50, (CHR(I), 1 	1,12). 
O FURMAT. (1216) 

INT fO, (CHAR(I), ! = 1,12) 
-0 FOR?AT (HL, 1246) 	 . 	. 

READ 100, (E0S(1),INCINT.(L), 1 	1,35) 
ICO FOF?MA.T (?E10.0) 

DO 10 L = 1,3 
LAMD&(L) = 10.*(L 	17) 
M!C4T(L) = 1NCINT(L)/(3.F iI*L("DA(L)) 

0 CONTINU 
PFINT 200 

20 10 FrMT (HO, lOX, 	HL4MDA, 13X, 7HEPSILO, I.JX, 18HINCIDNT INTNS 
UTY,.bX, I5HINC!F)ENT FMEPGY) 
PRIN1.  2') 

210 Ft'RMf.T (1.2X, 2HNM, •7X, 2HCM*2/, TOTAL CHLOPIPHYLL, 	3X, 24HH9 

1STINS/H' fC'/i0 NM, 	X, 22HM1CPO44ITS/C 	2/1. 0 N//) 

PRIIT 220, (LAMDA(L), FPS(L), INCINT(L), WICWAT(L), L 	1,35) 

210 FflWAT ( 9X, f.0, lOX, F13.5, l'X, 	 4X, E3.) 

MICTOT 	0. 
INTI1T 	0. 
DO 70 I = 1,3 
MICT')I = MICTCT 	MICWAT(L) 
INTTJT = !NTTOT + INCIN1(L) 

C) C UNT I NtJ 
PRINT 2 4 0, INrT 

2 - 0 F0P'AT (1HO, 39HTHC TOTAL !NCIDCNT INTENSITY, INTT)T, =, E13.5, 

U9H 
PRINT 271, MICTOT 

<70 FO.PMAT (HO, 36HTHE TOTAL INCTOENT ENERGY, 'IICTOT,  

117H MICTtS/CM2) 

F4D 0O, BS, V, PHI, SM 
300 FORMAT (.CiC.Q) 

P1NI 400, BS 
40 FORMAT (H , 3(,HTH! THICKNFSS OF CUITURF UNIT, BS, =, F8.2, 3H tV) 

P2IJT 410, V 
-.!t) QPT (HC, 32HTH VOLUME flF CIJLTURC UNIT, V, =, F8.21 SH CM3) 

APA = V/BS 
PCTNT 420, APEA 

470 FuJMT (i-i0,  2 3HTHE- AREA Pc CULTURE !IIT, ARCA, =, F3., 6H CM'2 

P2JJ 	41), PHI 
FnFAT 	LHO, 3+1'ITH= MAXIMUM 	IJ&NTUM YIElD, P1 , =, 	 H fl2 

p1TT 4'-0, S 

40 FURMAT (JHG, 7IHTHF MAXIMUA R.T]F TH II.CUPLF) PH0T0tUCTPCTh. TC 

IANSP 2ST SYST, SM, =, F8.6, 35H M0LS r(2)/HR/MG TOTAL HLL:OPHYL 
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L) 
1A0 50O, 'tJ1NC, MUSTCP 

PPINT 	1U1NC, MUSTP 
• 	 T'O. F. MT (HC, ?3HMU 1NCQMEt'TS, 41JTNC, 	, F8.3, 6 7H 	/DY AND THil N 

F 	TcPS OF •U, FUST, =, 14) 
RFtD 301, SSTEP 

30 FRM.T (HO) 
SIN: 	!:/SSTEP 
PPT 610, SYNC, SSTP 

)0 FDPAT (1HO, 2IHS INCRFMFNTS, SYNC, =, F8., '-H CM AO THE NUMBER 
1. C'F <TP 	•F S, SSTFP, =, 141 

C STAf OF Mj (0UTMPST) 00 LCDP 

DC) 2000 M 	l,MUSTEP 
Mil = Mu + MUINC 

C 1MU(M) 	DC)• F- PRINTING 
lMJ(i) 	MU 

C. C(M) = MG TOTAL CHLflP.DPHYLI/MG DRY WT 
C(M) = •3.*M!J 	0.074 

C 	(M) =M(,  DRY 	T/MOL'C 0(2) 
14(M) = t.#4E.6  + 0.065 .'4*MIJ 

J(M) 	1SP PATC, •M1S 0(2)/HP/MG DY WT 
J(M) 	7.81t1 8 4- 2.187*Mk.i 

C 	A( 'a) .  = M.)Lr P( ? ) /H /MG TPTAL CHL0PPHYLL 
SA 	l..17 6I:4 + I.334 - 4J 
X = 2.8/(U 4-BS) 

C SA -<' 'F S (it0tC) DC LOOP 
= 55TP + 1 

COIJNT = 0 
900 	= SINC 

!CIHNT 	TC00T + 
03 1 1,13 	),QSTP 
s=•S+ cINC 

C 1 5(K) r 	'J) FOP I"J[VX!G 
= S 

1 5 7 T OF L (INNM?ST) DO LOOP FOP. LIGHT ABS0PPTT 	AT S 
APSS = 
!NTC.TS = 0. 
DO 0D0 	= l,3 

• ABSS= ?.03'INCINT(1)(PS(L) + 10.)*FXP(2.03*XkS(&o5(L) + 
• 1fl • )*r(A)) 4 ABSS 

INTATS = &XP(.2.303*X*S*(EPS(L) + IC.)*C(M))INCINT(L) + INTATS 
.000 CONY INIJE • 

• 	 • 	C OLCULAT1 JN JF PHIJTDSYNTHETIC PAIF. AT S, P I PS 
• 74 •= ST(A9S(2.*PHIABSS*SM + (HI*ARSS)*2)) 

• 	 = 2.*SM 	PHI*ABSS + 74 
PDS = 2ecPH!9A'SSSM/B 
IF (PS .GT. ShiM)) RPS = SA(') 

NLDD FOR INDEXING 
7PS(K) = PPS 

00 CONTINJO- 

C CTAT P T4 CUT LITTLE ITSY-PTTSY RPSTCT DO LOOP 
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P$11jT 	0 	(Os(i) + ZRPS(ST-P))/SSTP 
DO 1200 	= 2 9 SST•P 
RPST.T = PPSTT +!RPS(K)/SST 

1 2) CrNT!NJ 
JCAL 	= ?L.i(PPSTDT.C(M)*B(.M) - J(M)*.B(l) 

F I 	(483(MUCALC 	MU):.LE. 1.E 3) GO T 100 
X =A BS(XM(iCLC/ML') 
IF (x •Li.. UF2) GO 10 1900 
T 	(X .(, 	1.F+2) GO IC 1900 
IF ([COUNT .GE. 200) GC in iüo 
GO TO 900 

3300X=0. 
OO lX('•) 	X 

ZP(M) = XMU*BS 
TPNS(M) = 100.IMTATS/INTT0T 
ZPPSTT(M) = PPSTOT 
7MJ,LC(M) = MUCALC 

2000 (ONTINUE 

PPI4T 2100 
2100 FflM4T PHI, RX, 3llJ, 13X, IMC, 1. F X, 1KM, 	 HIJ, 15X, ?HSA, 

1 17X, 2HZX, lX, 2H1P) 	 I 
P.TJT 21'O 

2110 FL)RMT (4X, 1 2HSPC OR 	4X, 12HFPCT C'L(T), 4X, 1.2HCIThVFSS F 
IACT, FX, 	iH.FSPTR P41U, •X, I1'-ISAT PS RTr,  7X, ':2HCFLI C'NC r, 
?4X,.j2HPFDUCTIV!TY) 
PNT ?120 

'7r P (QAT (7X, c H1fAY, 8X, I2HMC, CHL(T)/YG, 4)(, ' 2HOf'10 L- r(2), ,X, 

14H9L O(2)/4P/MG, 2X, 1H*4 L 012)/HP/MG CHL, SX, H'G /ML, IX, 
12G/C*2/AY) 
PC.INT 210,(7¼iU(PA), r(M), 8(w),tJ(M), S4U', 7X(), 7P(M) 9  M= l,M 

1USTP) 
2t0 F:1AT ('HO, 	X, F8.3, 8X, F8., lx, P IC.T, 	X, F12.I0, '-x, F12.ic 

i,• 9X, F.4, BX, F8.4) 
PpI?T 2400 

2400 FMAT (1H), BX, 3Hl.J, 1JX, 6H7RPS T T, lOX, 'H7MUCLC, lix, 	HTPNS 
1) 

PRINT 24O 
0 FflRA1 (4X, 	2I-4SPC OF PATE, 4X, I 2HAVPr, PS P 	4X, 1 2-CALC OF F 

LATO, 3X, !.4HPEP CENT TRANS) 
PRINT 2'20 

2'5C F CRIV. AT (7X, 	-1 1/OAY, 	X, 18HM)L 0(2)/HP/MG CHL 	r X, 	H1/)AY) 

PPIJT 20, (7'ilJ(fl, 7FPSTT(M), ZMUCC:4, TRANS(M, N = 1,MUSTEP) 

2'.0 PMAT (1HO, 'X, 'R.3, 6X, F12.] 0 , EX, F8.', (X,9, 
000 CONT [NU 

NT) 
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DEFINITION OF VARIABLES IN PROGRAM ALGAE 

ABSS = Light absørption at S, einstein/mg chlorophyll/hr 

AREA 
2 

= Illuminated area of the culture unit, cm 

B(M) Factor for converting photosynthetic rate from 02 

production to cell dry weight production, mg dry 

wt./moleO 2  

BS = Thickness of culture vessel, cm 

C(M) = Chlorophyll content of cells, mg chlorophyll/mg 

drywt. 

CHAR(I) = Storage for A-field information 

EPS(L) = Epsilon,, the extinction coefficient of the photosyn- 

thetic pigments, cm 2/mg chlorophyll 

I Indexing value for A-field storage 

ICOUNT = Number of iterations in S (middle) DO loop 

• 	 INCINT(L) = Incident intensity of light on culture vessel surface, 

einsteüs,/cm 2/hr/ 10  nm 

INTATS Light intensity at S, einsteins/cm 2 /hr 

INTOT = Total incident intensity of light on culture vessel 

• surface, einsteins/cm 2/hr 

K Indexing value for S 

L = Indexing value for LAMDA 

LAMDA = Wavelength of light, nm 

M = Indexing value for MU 

MICTOT = Total incident energy of light on culture vessel sur- 

face, microwatts/cm 2  

MICWAT(L) = Incident energy of light on culture vessel surface, 

microwatts/cm 2/10 nm 

MU(M) = Actual specific growth rate, 	I/day 

MUCALC(L) = Calculated specific growth rate, 1/day 

MUINC = Incremental change in MU, 1/day 

MUSTEP = Number of values of MU examined 
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PHI = Quantum yield, moles0 2/einstein 	 & 

QSTEP = SSTEP + I 

RPS = Photosynthetic rate at S, moles 0 2/hr/mg chloro- 

phyll 

RPSTOT Average photosynthetic rate in culture unit, moles 

0 2/hr/mg chlorophyll 

S = Distance into the culture unit from the front, cm 

SA(M) The actual saturated rate of oxygen evolution, moles 

0 2/hr/mg chlorophyll 

SINC Incremental change in S, cm 

SM = The saturated rate of oxygen evolution intrinsic to the 

photoelectron transport system, moles 0 2/hr/mg 

chlorophyll 

SSTEP = Number of incrments of S 

TRANS(M) Percent transmission of light intensity through the 

culture unit 

U(M) = Uptake of oxygen due to dark respiration, moles 

02/hr/mg dry wt. 

V = Volume of culture unit, cm 3  

X = Concentration of algal cells, mg dry wt. /ml 

ZA = Defined term in photosynthetic rate equation 

ZB = Defined term in photosynthetic rate equation 

ZMU(M) = A particular indexed value of MU 

ZMUCLC(M) = A particular indexed value of.MUCALC 

ZP(M) = Productivity, mg dry wt/cm 2/day 

ZRPS(K) = Photosynthetic rate at a particular value of S 

ZRPSTT(M) = A particular indexed value of RPSTOT 

ZS(K) = A particular indexed value of S 

ZX(M) = A particular indexed value of X 
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