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ABSTRACT

Chlorella pyrenoidosa was grown in steady state contin-

uous culture. Algal growth was never limited by CO minerals,
pH, or temperature.. The effects of the two remaining independ-
ent variables, specific growth rate and incident light intensity, -
on algal blomass product1v1ty and algal physxology were exam-
ined.

It wés found that optimum algal bioma;ss productivity was
obtained at a specific growth rate of approximately 1.6 day..i,
when the incident light intensity was 8.05 mw/cmz. 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
11ght transmitted through the culture. |

Total chlorophyll content, chlorophyll a/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, lilght saturated rate and maximum quantum efficiency of
the quinone Hill reaction, and DNA content changed little, if at

all, as a function of specific growth rate. Physiological changes
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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 curre-nt' 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 pfeSeﬁted. 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 design and 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 dévelopment of mass culture production facilities.

A complete undei‘standing of the basic fundamentals of algal
physiology and growth characteristics was the objective of this re-
seai"ch'. An understanding of these fundamentals is essential for
the rational design and operation of mass culture algal systems.
The spécific 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
" abeorption gpcetrum | |
light response curve of photosynthesis

light response curve of the quinone Hill rea%tion

FRom e a0 oop

respiration rate in darkness

[

cell composition by elements
RNA and DNA content

.
.



2. To examine how some of the above physiological param-
eters res‘pond to transients in the feed rate to the continuous cul-
ture unit. . |

. 3. To develop a mathematical model for the l1ght response
curve of photosynthe51s Th}s 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.

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

ductivity performance in aptically dense cultures of Chlorella pyre-

noidosa. This would permit optimization of growth conditions in
the dense algal systems that would be encountered in the mass cul-
ture of algae.

5. To atternpt to improve product1v1ty performance by using
pla.nt hormones and by using an algal mutant.

6. ‘To briefly discuss some economic considerations of the

. mass culture of algae.

B. A BRIEF HISTORY OF PHOTOSYNTHLESIS

'J.‘he-b,.larly‘_ Work: Pre-1960

Man's knowledge of photosynthesis is increasing exponential-

Cly with time. For 2000 years the views of Aristotle held forth that
the earth served as the stomach for plants, and that plants drew.

all food from the soil with their roots. Caesalpinus, during the six—
teenth cenfury, defended these Aristotelian views and explained the
existenée of leaves as simply protective devices for buds or fruits
(Sachs, 1890). ’

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



It was less than 200 years ago, in 1779, when Jo seph Priestly
found that the green parts of plants give off oxygeﬂ gas, the element
that he had discovered 5 years earlier. Jan Ingen-Hous, in 1796,
found that CO2 is the chief carbon source for plénts and that light is
' necessary for the fixation of CO'2 into plant matgrial. Ingen-Hous
also found that plants respire in the dark, giving off COZ' Building
upon the work of Ingen-Hous were several workers in the nineteenth
century whose work led to the now-familiar overall reaction for

photosynthe sis in algae and higher plants:
: | o A -
CO2 + HZO“‘-—.(CHZO)n + O2 (1-1)

where (CHZO)n 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 chloroplasts were involved in photosynthesis. Englemann
(1894) used the filamentous. élga 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
experiménts that showed increa;ses in light ihtensity 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 photochemicél reaction governed in this
region._‘ But at high light intensities, the light saturated rate was
greatly dependent on te‘rnpe'ratﬁre, a resuit typicél of ordinary
chemical reactions.” Blackman also suggested that these light re-
a?%onée 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 questionéd by some workers, but in
Chapter VI a theoretical explanation for this type of behavior will
be offe';ed. -

Photosynthetic bacteria do not evolve oxygen, but require a
rediuced chemical species and light in order to reduce CO‘2 to car-
bohydrate:

CO,+ 2H,D —h"——(c‘HZO)n + H,0 + 2D o (1-2)
where HZD denotes an electron donor such as HZS’ thiosulfate, re-
duced organic compounds, or even hydrogen gas. Van Niel (1931)
suggested that phot03ynthesis in green land plants may be exactly
analogous to the above Equatiun (1-2) and ‘Lhé.t Equation (1-1) should
be written: | »

h

. ¥ : e
CO,+ 2H,0%~2Ys (CI,0)_+H,0 + 0, (1-3)

2 2 2

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 the.re'fore be broken down into three

component equations:

4H,0— ey (H} +4{OH} " - (1-4)

4 oH)—2ke 0, + 21,0 (1-5)
dark .

4 {H} + CO, — (CH,0) +H,0 (1-6)



Experimental support for Van Niel's hypothesis came when
Ruben _eig._l. (1941) found that the oxygen évolved in photosynthesis
came from water rather than COZ' By carrying out photosynthesis
using O?s-labeled water or CO2 it was found, by means of mass
spectroscopy, that the 018 was pr'esent in the oxygen liberated by
ph_otos;rnth.e'sris, not when the CLO2 .was labeled, but only when the
water was labeled.

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

osa in carbonate-bicarbonate buf.fer, investigated the effect of
short (about 1075 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 ldng. Second, in order to obtain
the maximum oxygen yield, the dark time separating flashes must
be at least 0.02 sec at 25 C. - At lower temperatures the dark time
had to be ,longér. A QiO of about 2.9 was found, which is typical of
an enzymatic reaction, whereas a photochemical reaction would be
expected to have a QiO of zero. By this clever experimental de-
vice the existence of a2 photochemical 'light'' reaction and a chem-
ical '"dark'' 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 othen species of plants (.Arnold and
Kohn, ‘1934), this basic "photosy}nthetic unit'' 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 O2 molecule implied that most chlorophyll mol-
ecules simply act as antennas, transferring harvested energy to a
species capable of chemieally 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 é_lectron acceptor, such as ferric oxalate, is provided along

with light. If only the natural electron acceptor, COZ’ was provided



to these chlorplasts, there was neither oxygen evolution nor fixation
of the C.O'Z‘to form carbohydrates. It was nearly 20 years before
Arnon et al. (1954a, 1954b) demonstrated that isolated chloroplasts
were capable of fixing Co,.

It was also during the 1930's when a controversy began over
the minimum qﬁantu:m requirement in photosynthesis (number of
quanta of light absorbed for an O2 molecule to be evolved, mea-

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

respirometer techniqucs 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 teéhniques and results. Using War-
burg's techniques, Emerson and Lewis found that a burst of co,
occurred just after the onset of illumination. The low quantum re-
quirefnents measured by Warburg could be duplicated only if the ex-
periment were run for a short period of time, taking maximum ad-
vantav_ge of this transient gas burst. Since only total pressure

change was followed by Warburg, it seemed he was treating this CoO,
burst as part of the oxygen evolved. By eliminating this initial tran-
sient, Emerson and Lewis found a minimum quantum requirement

of about 10 quanta absorbed. per O2 evolved. Virtually all workers
outside of Warburg's laboratory now believe that the minimum quan-
tum requirement cannot be smaller than 8, based on both exper-
imental and theoretical considerations. For some recent measure-
ments and a review of the work to date, see Ng and Bassham (1968).

AWcSrking with Chlorella pyrennidasa and monachromatic light,

Emereon and T.ewis (1943) found that the yuantwn 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).
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725 nm. This drop in quantumn efficiency, often called the red drop
phenomenon, became an even bigger paradox when Emerson et al.
(1957) founci that full efficiency could be extended beyond 680 nm, if
supplementary light of short wavelength were provided along with
the long wavelehgth light. These results suggested the existence of
more thah one pigment system differing in absorption of various
v)avelengths of light, but which must cooperaté in order to obtain
maximum efficiency. |
' Dﬁring the 1950's a great deal was learned about the fixation

of CO2 in that portion of photosynthesis often referred to és 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 C1402 Calvin and co-
workers followed the path of the labeled: carbon as it traversed its
way thro'ugh a series of 3, 4, 5, 6, and 7 carbon sugar phosphates
in a cyclic manner, with glucose and other possible products being
produéed by the cycle. The actual CO2 fixation step is accomplished
by the‘.enzyx'ne carboxydismutase, which catalyzes the addition of CO2
to 1, 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 requires the 'input of reducing
power in the form of two NADPH and energy in the form of three
ATP for each CO2 fixed. Bassham and Calvin (1957) should be con-
sulted for further details.

"The reduction of NADP in chloroplasts as a result of the ab-
sorption of lighf was demonstrated by several workers in the early
1950's ('Vishniac and Ochoa, 1951, 1952, Tolmach, 1951, Arnon,
1951). The other ingredient needed for the carbon fixation cycle,
ATP, was shown to be producéd by isolated chloroplasts by Arnon
et al. (1954a, 1954b). Arnon et al. (1957, 1959) found two types of

photophosphorylation, cyclic and non-cyclic. The former type is not
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accompé.nic_ad by oxygen evolution and undeubtedly involves an inter-
nal,éyéiing of electrons, whi>1e non- cyclic is accompanied by oxygen
evolution and the formation of NADPH from NADP.

| The first success of relating photosynthesis to the morphology
of the ,chloro'plas't was provided b}‘r‘Trebst et al. (1958), who showed
that ATP and NADPH are produced at the pigment-containing mem-
brapes (lamellaé or grana) in the chloroplast, while COd fixation nc-

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 photosynthe-

sis haé accelerated greatly, but much remains to be unveiled. The
mechanism of phosphorylation is still unknown, and the chemical
identifies of many of the colmponents associated with the photo-elec-
tron frahSport system remain to be determined. Nevertheless,
knowledge of the photo-electron transport system today is much
grea’tef thgn previous to 1960, when little was knovs}n of fhe events
in this "'light reaction'' portion of photosynthesis.

A great stride was takcn 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, {
and,bé,. which had mid-poi;:t redox potentials of +0.36 volts and
-0.06 volts, respectively. -Yet cytochromec f bccame oxidized and
~cytochrome bé became reduced 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 é’ytochromc b6 to cytochrome [ 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

_b6 to become reduced in the light. Duysens et al. (1961), using a

* .

Very recent woerk suggests that what Hill and Bendall thought was
cytochrome b6 may actually have been cytochrome b3. This does
not affect the above arguments.
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" Fig. 1. At the top of the diagram is shown the two light reaction

schemec for photosynthetic electron Lransport. Some of the con-
stituents are shown at their approximate mid-point redox poten-
tials. At the bottom is a very diagrammatic representation of the
carbon fixation cycle, where ATP, NADPH, and CO2 are con-.
sumed, yielding sugars and amino acids as the main immediate
products.
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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 exp.lained on the basis that this cytochrome is in the path of
electron flow between two light reactions. Th_ese workers labeled
the,longA Wavelength abéorbing system as System I and the short
wavelength absorbing system as System II. ‘ '
'Figure 1 shows a generally acceptéd scheme for the electron
transport reactions invnlved in photesyntheoio (océ, however, Kualf
and Arnon (1969) for an alternative scheme involving three light re-
actions). The various components in the diagram are shown at their
mid-point redox poten‘tials. The energy necessary for boosting elec-
trons agéinst 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 .givcs a strong reduciﬁg agent, FRS™,
which ultvimatelyvleads to the formation of reduced NADPH, and a

weak oxidizing agenf, chlorophyll P The weak reducing agent of

700°
System II, Q°, and the weak oxidizing agent of System I, P

, . 7007 2T
connected by a series of electron transport reactions, which give
rise to ATP. All reactions are ""downhill", electrochemiceally apeak-
ing, except tor the two light reactions, which cannot proceed without
energy in the form of light. The dashed line in Fig. 1 indicates the
possibility of cyclic electron transport around System I, allowing

the manufacture of ATP without the farmatiou of NADPH:

Little is known of the reactions involving Y, the strong oxident
produced by System II, and the evolution of axygen, 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 concentraﬁons), equilibrium con-

stants, and even kinetic rate constants for some of the intermediates
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have been detérmined, 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 cbmponents. Q is chemically unknown, but may, like
be a chlordphyll a molecule in a special environment. Q and

P00’
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 or Q. C, an intermediate just preced-

ing P700 in the electron ’;(l)c?w scheme, may well be cytochrome f' or
the copper-containing constituent known as plastocyanin (PC). The
pool size of C is similar to the poolisize of P,,, according to Kok
et al. (1969).

P700, 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. P700 harvests elec-
tronic excitation energy from the bulk ''antenna' pigment molecules
of SybBtem 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 is located in the

reaction center of System I was givén by Witt g}. (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 componenf has
been given the name FRS (ferredoxin-reducing substance) and appears
to consist of more than one uncharacterized molécular species.

Chlorophyll a is present in all oxygen-evolving photosynthetic.
organisms. Other pigments are also present depending on the spe- |
cies. For instance, chlorophyll b 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 ahsorbed by these accessory pigments never
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shows up as fluorescence from the accessory pi‘gm'ents, 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 plant‘s, Hind and Olson ('1968) conclude that
the accessory p1grnent chlorophyll b is either ent1re1y or mainly.
assoc1ated with System II, based upon detergent fractionation
studice of chloroplo.ote
The morphological structures within the chloroplast lamel-

lae have been extensively studied by Park and co-workers using
‘the electron h‘xicroscppe. Park and Pon (1961) found particles of
“dimension 185 A X 155 A X 110 A thick, appearing to be in the in-
terior of chloroplast lamellae membranes, when the outer surface
of the membrane wgs torn away by sonication. These particies,
nafned ciuantasornes, each contain about 230 chlorophyll a and b
molecules (Park and Biggins, 1964). Lamellar fragments con-
s_}sting_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 photosﬁthetic 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,
rmolecule (o’r release one O2 molecule). Thus, in order to
evolve one O, 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-
rophyllé per 02 per flash actually obtained by Emerson and
Arnold.

% .
2, 6-dichlorophenolindophenol
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C A BRIEF HISTORY OF THE WORK TOWARDS THE MASS
CULTURE OF ALGAE

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

'parable'to the agriculturally important land crops. Since it does
not preséntly exist, the mass culture of algae for food or fodder can-
not be diS_cus sed. 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 péssibility of culturing algae as a major food
source. IAn 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 angae 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 unicellular 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 1b of protein/-acre/year, whereas the figure for
a cereal such as wheat is only 269. This type of comparison is re-
spohsible for the accelerating interest taday 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 discuséed 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

' ﬁsing algae as both a source of oxygen and food, or as only a source
of oxygen. Reviews on algae in life support systems are given hy
Oswald and Golueke (1964), Miller and Ward (1966), and Miller et al.
(1968).

The second development was an interest in the cultivation of
algae in conjunction with waste treatment, a process necessary to
today's society. There are at least three ways 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 pfocess, where the objective would be
to both reduce biological oxygen demand (BOD) and to remove nu-
trient minerals. ".The lattex; combined secondary-tertiary treatment
is parficularly attractivé, since the bacterial degradation of the or-
ganic BOD enhances-thie concentration of CO2 in the pond. Shelef
et al. (1968) may be referred to for a further discussion of algal
waste treatment systems. | )

Recent interest in the filamentous hluegreenalga Spirulina has
resulted from its ease of harvesting because of the mats it forms on
the water's surface. Spirulina is also promising from several other
stand-points. Its thin cell wall makes for gaond digestihility, and it
has been used by natives of Lake Chad area of Africa us a protcin
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 he
as simple as possible and not be concerned with such things as CO2 '
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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'Chlorella in sus‘;‘aension, and most harvé‘s;ﬁhg equipment, could be
eliminated by cultivating floaﬁng filamentous algae such as Spirulina
and SEirb'g.xra. _ ‘ .

Wdrk 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
saturated 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 is 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

photosy}nthetic product will be considered. Also, algae will be com-
pared-with the present agricultural crops in regard to the variables
that affect the efficiency of solar enérgy conversion. Efficiency is
defined here'as beihg equal to the heat of combustion of the plant mna-
terial produced dividéd by the utilizable energy (3R0=720 nm) inci
dent upon the plants. ‘

' Present crop production systems in égric.ulturally advanced
 areas obtain a maximum efficiency of solar energy conversion of
anly 2-2.4/2%, 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 fractionof
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 .contra‘st_ to the above low efficiencies, Kok (1952) found ef-
ficicncies 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:

1. Lack (or oversupply) of minerals.
2. Ifnproper 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 (AH = 112 kcal/
mole), quanta at 600 nm, and a quantum requirementcof 10 quanta/O

evolved, an energy conversion efficiency of 23.5% is calculated. 2
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5. Temperature too high or too low.
Carbon d1ox1de content of the earth's atmosphere (0.03%) too
low for the maximum growth of most plants.
7. Low photosyrAlthet'ic 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).
- 8. Solar energy stored in the inedible portions of plants such as
roots, stems, and leaves. | '
9. The sun's energy striking the barren ground.

Modern agricultural.techniques can control the first three
items to near their optimutn. Item 4 is, in many areas, a problem
that requires irrigation. Items 5 and 6, tempereture and CO2 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
(1967) \&ill stimulate interest in this area. These workers have in-
vestigated tobacco mutants that have higher light saturated rates of
photosyﬁthesis. Item 8 deals with the inedible portions of plants;
in crops such as corn this problem has been greatly reduced throﬁgh
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 realch 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 V4, 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 COZ’ 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
Chlorella, 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 fdund that minimize this problem.
Item 8, dealing with inedible portions, is claimed to be one
of the major advantages of algae, since they do not have roots,
stems, etc. (however, some individuals, after experiencing the
bitf:er ‘choking.taste of Chlorella, 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 nf this rather promioing sutlook fur Lhe mass culture
of algae, there ha's been no great rush to convert corﬁfields into
algai ponds. There are some serious technological problems in-
volved in élgal culture; some of these problems are listed below:
1. C‘O2 supply (a mass transfer préblem).
2. Keeping algae in suspension.
3. 'lﬁarkresting algae from dilute solution (approx. 200 ppm
typical). '
4. Drying algal product.
5. La.'rgle investiment cost.
| The first problem involves getting CO, into the pond. Tf we
rely on ?.tmospheric COZ’ the liquid phase resistance at the pond's
surface is a major barrier to CO2 diffusing into the pond._ Even if
equilibrium between the concentrations of CO2 in.the atmosphere
and in the pond conld he maintained, many algac are liruiled in Lthelr
growth rate by this concentration of CO,. v '
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 v decay a0 conditions becuine
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.
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The fhira problem, that of harvesting a very dilute suspension
of tiny oells, 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-
tr1fugat1on appeared borderhne because of power requ1rements and
cap1tal1zatlon costs. ;

Dry1ng the algal product is not as expensuve as harvesting, but
nevertheless involves difficulties stemming from the slurry-like con-
sistency of the concentrated wet algae. This problem does not exist
in agr1culturally 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
sewa'.ge' 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, into the -pond, the f1rst 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 ihfluence the performance of such
systems, COé 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 phofosynfhesis. 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-phosphoglyceric acid. Carbon dioxide may

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

Various minerals are required for algal growth. Chlorella
needs the elements nitrogen, phosphorus, potassium, magnesium,
and sulfuf. Also needed in trace quantities are the elements iron,
calcium, botron, nnangénése, zinc, copper, ndolybdenurn, and cobalt.
Still in question are requirements for chlorine, sodium, ‘and vana-
dium, ,\&hich 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 snlfur 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 coehzyTnes. | .

Sorne algae can grow only in a very na.rrov? pH range, while
others such as Chlorella tolerate a wide pH range. - Emerson and
Green (1938) examined the effect of pH on the rat_é of photosynthesis
i Chlorella and found no detrimental effects over the pH range of
4.6 to 8.9. |

Temperature has two effects. As one increases temperattire,
‘enixyines are capable of catalyzing biochemical reactions at a faster
rate. This will result in a doubling or triplihg of the maximum ve-
locity of the enzyme for each 10°C increase. But in practice tem-
perature cannot be increased without limit. since anather phenome-
non beco'rries-important: enzymes usually 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 increase in catalysie rate.

The light incident upon photosynthetic organisms providesAthe
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 work directs itself to is
spec1f1c growth rate. Specific growth rate has a profound effect on
the phys1ology of algae i.e., how algae respond to the other four
var1ab1es.,'COZ, minerals, temperature, and light. The specific
growth rate, p, is simply the rate of growth of the algae: the rate

of formation of new cell material per unit of cell material:

o _ 4 4dx -

k=X a . (2-1)
where p is the specific growth rate, 'time'1; X is cell concentra-
tion, mass/vohime; and t is time. In this report specific growth
rate will be freéted as an independent variable. As shown in the
next sect1on, the sPec1f1c growth rate at steady state in continuous

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

ture volurne

we = : ' (2-2)

where F is fe_ed:‘ rate,'volurne/tirne; and V is culture volume. 1In
truth, F/V, not p, is the independent variabie, since only F or V

can be physically set. But since the .work in this report deals mainly
with steady state cohti'nuous culture, we will treaf p as an indepen-

dent variable.

C. THE KINETICS OF ALGAL 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 ie 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 ablc to grow in this new environment.
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Batch Gr‘owth: Exponential Phase

| After the lag phase the cells begin to grow exponentiélly.
Light is not limiting; in other words, the shading of cells near the
back of 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-
ation.of cellular material:

d(XV

Gt = WXV | | (2-3)

pois propbrtluual to the rate of photesynthesis. 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 opticlally 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, 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:

1 dX
X d -

(2-2)

Since p is constant, Equation (2-2) may be integrated. The cell
concentration is found to increase exponentially with time:

’ X=X, ekt (2-4)

where: X, is the cell concentration at any arbitrary time zero dur-
ing the exponential phace.
The total rate of production of new cell material, P, is simply

the rate of accumulation of cellular material, mass/time:
p -0 . (2-9

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 photosynthe-
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 hecomes
so dense that negligible light is transmitted through the culture, a
linear region of growth is entered. During thie lincar phasc essecu=
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) -

Gt WA (2-6)

in which A is the illurnin'atéd surface area of fhe culture unit, and
"W is.the rate‘of conversion of light into cell material, mass/time/
area. W is appféximately congtant for a given lucitieuL light inten-
sity, changing only if physiological parameters, such as the light
saturated rate of photosynthesis or chlorophyll content, change. An
average specific growth rate may be defined, based upon Equation

(2-6):

d(Xv) _ _ v a _
(_it = WA _VMRVP -LLV (L-T)
WA '
Mave = XV (2-8)
B is im}ersely proportional to the celi'conce:1tratién, X, if

Fave
W is constaul. Since the ¢clls in the cullure flask are agitated, they

are slowly mbving around in the culture vessel. Therefore, a cell
is photésynthesizing at a faster rate when near the highly illu;ninafed
~ front surface than when near the poorly illuminated baclk rcgions.
But over a period of time, all algal cells in the vessel see approx-

imately the same average illumination.
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The production rate of cell material in the linear phase is
found from Equation (2-6): |

p =-—d—%}’l = WA (2-9)

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 .

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 culture medium, growth would resume once again.

Continuous Culture

The equations derived above for batch growth may be used for

‘ . . . d(XV).
steady state continuous culture, if the accumulation term, T
is replaced by the term, FX, which accounts for the algae leé.ving A
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 = I0 1—: o i

2
«—>

In + generation = out + accumulation

0 + p‘é\'}eXV =FX+0 | ' - (2-10) .

M. = <> at steady state . (2-11)

ave v
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where F is“the feed rate to the culture unit, volume/time. Thus,

M

2 ve ca-nlb(e set simply by setting the feed rate to the culture unit.

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

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

P = FX (2-12)
whereas the productivity, p, is: A
’ _FX _ ' -
P~ A 7 Fave XS : (2-13)

where S is the thickhess 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 understand1ng of how spe-
cific growth rate, p*, affects algal systems is largely lacking. But
before examining these two variables, a brief descfip’cion of attempts
at mathematically modeling the effects of COZ-. minerals, and tem-
perature will be given.

~The rate of photosynthcsis as a function of carbon dioxide con-
centration was examined theoretically by Rabinowitch (1945, 1951,
1956), but little recent work has been reported. Using the current
knowledge of the carbon lfixing cycle, a re-examination of this im-
portant variable needs to be undertaken. Many workers claim that
Chlorella is limited in its growth rate by the atmospheric level of
COZ. Steeman Nielsen (1955), however, claims the growth rate of
Chlore'lla is COZ-saturated, or nearly so, at an aqueeous phase CO2
concentration in cquilibrium with thal of air. The problem is com-
plicated by the difficulty of obtaining equilibrium between gas and
agueous 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 v1rtually all its known mineral

% ‘ :
Henceforth Fove will be referred to as p; the subscript is dropped.
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‘requirerhents. Shelef et al. (1968) investigated the growth rate of
Chlorella 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. (1965). But the effect

of temperature on photosynthetic systems is more complicated.

Temperature has no effect on the rate of photosynthesis at low 11ght

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

thesis is typical of enzyrnatic systems. Blackman (1905) 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 light Intensity
Blackman (1905) 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:

N .
RO2 = ®el, when I < X - (2-14)
R =S,, whenlI > (2-15)
: O2 A
. ®Pe

~where R.O2 is the rate of oxygen evolution, moles Oz/tirne/rnass
chlorophyll; & is the quantum yield, moles Oz/eirrstein of quanta;
I is incident light intensity, einsteins/area/time; € is the extinc-
tion coefficient of the pigments, area/mass chlorophyll; and SA is
the light saturated rate of photosynthesis, moles Oz/time/mass '
chlorophyll. With polychromatic light &, I, and € are functions of
wavelength. ’ '

Al 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 hy the workers
discussed in the text. All three models 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 notA
be measured using a dense suspension of cells, since the hght in-
tens1ty varies across the suspensmn ‘ ’

Tam1ya et al. (1953a) suggested that the light response curve
in Chlorella could be fit by a rectangular hyperbola of the form:

@eIS

Ro, © <I>€I+S | (2-16)

This equation is also plotted in Fig. 3. In their treatment, Tarhiya
et al. alse 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 culturé, and then
performed an integration with respect to distance into'the culture.
In using Beer's law, fhey assumed that polychromatic white light
could be described by an average extinction coefﬁeien’c Even
though this as sumpt1on S1mp11f1es the mathematics and is a convenient
practical way of deahng with the problem in the field, it is not theo-
retically sound. Each wavelength of light may obey Beer's law with
its own ekti_nction coefficient, but all wavelengths cannot be described
g byA.an average extinction coefficient (the sum of a deries of exponen-
tials cannot be described by a ‘singlye exponential). :

‘The shape of the light response curve has been extensively dis-
cussed in Chapter 28 of the treatise by Rabinowitch (1951), but this
_ werk suffers from being written in an era when much less was known
~ about photosynthesis.

Kok (1956), using Chlorella, obtained experimental data for the
light respense curve that :icould not be fit by the rectangular hyper-
bola of Equation (2-16), but did fit quite well an exponential func-
tion of the form: '

@GI)]

R = SA[‘l - exp(- (2-17)

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

h}fperbolic forms, however, there is no theoretical mechanism that
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can account for the form of this equation.

The.v'perforrn_ance of dense suspensions of algae was considered
by van Oorschot (1955), who carried out the necessary integration
for Blackman, hyperbolic, and exponentfal, light response curves.
Like Tamiya et al. (1953a), van Oorschot assumed that the attenua-
tion of ﬁplychrométic-light in a dense culture could be described by
using Beer's law with an average extinction coefficient.

A | Lumry et al. (1959) noticed that ferricyanide Hill reaction
data could be fit by the rectangular hyperhnla functian, 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-

' perbol’a"function mighf 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 _e_f_g_l.‘ (1959) considers
only one light reaction. Today most workers believe that at least
two thf reactions are implicated in photosynthesis.

“I‘T‘redrickson et al. (1961) used the rectangular hyperbola func-
tion for a mathematical analysis of the perfofmance of dptically
dense cultures of algae. The case of a ""completely stirred' culture
was also considered. A '""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-
élly demonstrated an increase in photosynthetic efficiency in a highly

‘turhulent 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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d1d not measure these quantities exper1menta11y Their productivity
- data was. then checked against theoretical predictions derived from

_ 1ntegrat1ng the Blackman, hyperbolic, and exponential light response
~ curves. They concluded that the exponential function gave the best
- fit of the1r expex_‘1menta1 data. Although Beer's law was used, an
inferesting 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 (19‘59) 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 bfocedure, since the rate of reSpiration itself is a function of
light 1ntens1ty (Myers and Graha.m, 1963b, Brown and Weis, 1959,
~Weis a.nd Brown, 1959, Hoch et al., 1963). .But in Chlorella the
assumption of a constant resp1rat1oh 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 measurements in Chapter
III.

Modeling the Effect of Specific Growth Rate on Algal Physiology

Algal cells growing at steédy state in a chemostatically 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-Aaver'age' 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.

'V'I"he algal cells respond to such changes in their environment; such
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physidlogical quantities as chlorophyll content, dark respiration
rate, and the light response curve are dep_éndent upon the specifié
growth rate. | . |

No previous work has been done on matherha’cically modeling
the effect of specific growth rate on algal physiology. Thus such
change"s have not been taken into account in the mathematical model-
ing of the performance of algal systems. However, Myers and
Graham (1959) used a chemostat to vary specific gfowth rate and

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

sponse curves in Chlorella ellipsoidea. All of these quantities
showed drastic changés. 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 takén on different days within a single laboratory. The
usual practice is to grow algae in batch culture, taking sample sus-
pens’ion‘s 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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- Fig. 4. Light response curves-of Myers and Graham (1959).
" Chlorella ellipsoidea were grown in continuous culture at 25°C
- at the steady state specific growth rates, p, as shown in the
figure. The points shown were not directly given by Myers and
Graham, but were calculated using Fig. 8 and Table II of their

paper.’
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NOMENCLATURE
Illuminafed surface area
Feed rate, volume/time

Light intensity, einsteins/a;r‘ea/tixne

Production of cell matcr1a1 mass/t:.me

Rate of oxygen evolution, moles O /t1me/mass chlorOphyll

'I“he ratio of process ratées at te_rnperatures 10* C apart
Thickness of an algal cullure -

The light saturated rate of photosynthesis, moles OZ/Tirn_e/
mass chlorophyll

Time

Volume of algal culture

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

Cellular biomass concentration, mass/volurne
("Pﬂnlar hinmass concentration at time sero, maooo/volume

Heat of combustion, kcal/rnole

- Extinction coefficient of the pigments, area/mass chlorophyll

Specific growth rate, time™ 1
Average specific growth rate, time’

Maximum specific growth rate, time’

= Maximum quantum yield, moles O,/einstein
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“II. EXPERIMENTAL WORK -

A. CONTINUOUS CULTURE UNIT

All expérimental 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 é.utoéiaving 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 prAessure
drop from one end to thelother, both ends were at 'atr'nOSpheric pres-
sure. When a time switch opened the va.lve 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 alway's_'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 reléased at regular intervals, yielding
an extremely stable feed rate, which could be maintained constant
for many weeks.

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

: 2
0.4 standard cubic feet/hour. It was sterilized by passing it through
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Fig. 5. Tlow diagram of the continuous culture unit used to gLuw
the -algac for the experiment described in this chapter.
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a packed glass wool filter and humidified by bubbling through water.
The culture vessel itself was rectangular (9.1 cm wideX 19.9
cm highXZ.B cm thick) and .held about 500 ml of liquid culture. The
sides and bottom of the flask were platinum plated to prevent scat-
tered lighf from escaping at the edges. The front and the back of the
~vessel Wére completely transparent. ‘A magnetic sj:irfer at the back
of the vessel helped to break up air bubbles and provided agitation.
The culture &_essel 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-
fornigr. ‘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
- reaéhing the culture vessel was checked daily with a Model 65 YSI-
Kettering radiometer. If hecessary, the rheostat was adjusted to
keep incident radiation constant.

There were two exit streams from the culture vessel. Nor-
mally, ‘air would lea{re from near the top of'th"e 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 ”aigae out" in Fig. 5. Once the algaé 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, since air and liquid were not continuously With-
drawn through a single line, the problem of foa.fning was greatly
minimized. Foaming can cause an increase in the concentration of

cells in the effluent liquid-as compéred to the concentration in the
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culture vessel. An anti-foam agént was a;lso used to combat this
lattef problem.

The algal product was collected in a darkened ice bath. Here
algae were sometimes maintained for short periods (as long as 8
. hours).bef’ore_they vgréz.'e used in the various analyses and experiments

‘described later in this chapter.

Gr bvvth Con.ditions

Grouwth conditions insured the temperature, minerals, pH, or

CO2 never limited gfowth. Only lflght 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 varying.inténsities 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
systém;s;. . In fact, even average light intensify cannot be specified.
Instead, this limitatinn hy light is determined at stoady otate 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 Ghlorolla pyrcnoidooa ia the purpase of (e exper-
iments described in this chapter. '

The temperature of the culture unit was maintained at 25°C by
the constant 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 fa‘frly narrow range of 6.6 to
7.4. Emerson and Green (1938) [vund that pI-i, over the range of
4.6 to 8.9, had no effect upon the rate of photosynthesis in Chlorella

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. Chlorella Nutrient Medium

The following components are mixed with distilled water without

* adjusting pH;

CKNO, | 5.0 gm/1
MgSO, - TH,0 - , 2.5 gm/1
KK, PO, 1.25gm/1
Trace scjlution o 5.0 ml/1

Antifoam-Union Carbide Y-4988 0.2 ml/1

The trage Sqlution is made as follows:

EDTA 1100.0 gm/1
caCl, = = S . 16.8 gm/l
H,;BO, L 22.8 gm/1
FeSO,* 7TH,0 : 10.6 gm/1
ZnSO," 7TH,0 - : 17.6 gm/1
MnCl,- 4H,0 2.8 gm/1
MoO_3 (as ammonium molybdate) 1.4 gm/1
CuSO,- 5H,0 3.2 gm/1
Co(NO3;),- 6H,0 1.0 gm/1
V,O¢ (dissolved in HCI) 0.6 gm/l

After adding all tréce ct)mponents, the pH of the trace solution is
adjusted with KOH pellets to the range of 6.5-6.7.

*Modified from Myers (1963)."




-43_

sblufion'; and an inéfease in the nitrate concentration. This com-
position should support growth up to abo‘ut 10 grams dry weight/liter
before nitrégen'becomes limiting.

CO2 was provided at a level of 4% in air. This concentration’
was more-than sufficient to insure that CO2 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 inténsity was maintained at 8.05 mw/cm2 (from 380-720
nm) unless otherwise stated. 8.05 rir-lw/cm2 is roughly equivalent to

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

B. RESULTS AT STEADY STATE: EFFECT OF SPECIFIC

E FIC
RATE E SIO OF A
PYRENOIDOSA |

-In this section algae that have adapted to a partiéuiar specific
growth rate, p, are examined with respect to a number of charac-
’teristiés. 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 physioiogical steady state at the higher specific
growth rates, but as long as four weeks was needed at the lower

specific growth rates.

Pioductivity

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

- EX .
= &2 | (2-13)

where F 1is 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, u. The cell concentration
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Fig. ‘6. The spectral energy distribution of the light reaching
the front face of the culture vessel. The total energy in the
region active in photosynthesis (380-720 nm) equals 8.05 mw/cm”.
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Fig. 7. Productivity of Chlorella pyrenoidosa in continuous
culture as a function of the steady state specific growth rate,

‘p. Data were taken at 25°C. Incident intensity was 8.05

mw/cmz, Washout occurs when p=2.3 da,y‘i.
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data used to calculate productivity are plotted in Fig. 8.

Figur'e 7 shows that productivity is optimum when u = 1.6day_-1.
Prodﬁctfﬁfy 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 ipto cell material. In fact, when p=2.3 .day-1, washout is
reached_,A since F/V has exceeded the maximum growth rate of the
cells. At‘washqut, cell concentrétion and productivity drop to zero.
Productivity also falls off at values of u smaller than 1.6 day
Th1s fall- off cannot be exp1a1ned by light transmission since Fig. 9
shows there is none in this region. This drop in product1v1ty, how-
ever, can be explained as caused by a decrease in the light saturated
rate of photosynthesis. This point will be discﬁs sed more extensively
later. | -

But even at the optimum productivity of 3.25 mg dry weight/
cm /d.ay, wh1ch occurs at u = 1.6 day 1, 1neff1c1enc1es 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
Quan'ta absorbed per O2 evolved, and the efficiency of converting
light energy into cell material is approximately 1Q.7%. These num-

bers are calculated and discussed more éxtensively in Chapter VIIIL.

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 chlorephyll is the main light harvesting
pigment. ) Considering an opticallly thin lé.yer of cells, light absorp-
~t1on 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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Fig. 10. Total chlorophyll content versus specific
growth rate.
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"“described ‘in Appendix IV.

Chlorophyll aJChlorophyll b Ratio
Although the chlorphyll 3/chlorpphy11 b ratio does not change

as drast1cally as total chlorophyll content, there is a definite trend

in this'rAatio, as shown in Fig. 11.

Absorptmn Spectra v

Figure 12 shows the absorptmn spectra for two types of cells,

one grown at a h1gh 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 aone ‘
in anAattempt to subtract light scattering; there is no absorption by
any p'igrh'ents at 750. nm. Second, the curves were adjusted to give
the same absorbance at 680 nm, the chlorphyll a peak.

The high p cells have a lower shoulder at 650 nm, the chloro-
phyll E peak, than thevlow p cells. This agrees with the change in
chlorophyll g/chlorophyli b ratio.

Light Response Curves

"~ A light response curve is simply the rate of photosynthesis,

- with dark respiration rate added, plotted as a fonction 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 respirometer flasks contained a sus-
pension of algal cells that had 4.2 pg total chlorophyll per cm2 of
illuminated area. The spectral distribution of the respirometer
light source is shown in Fig. 13. Itis very similar to the spectral
distribution 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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Fig. 412. Absorbance for algae grown at two different specific
growth rates as a function of wavelength. The curves were ad-
justed to subtract out light scattering at 750 nm and to give the
same absorbance at 680 nm, the chlorophyll a peak. For the

" curves as given: p=0.33 day"1 has 14.4 pg/cm® of total chloro-
~ phyll, while p=1,73day"? has 13.6 pg/cm? of total chlorophyll.
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Fig. 13. The spectral distribution of the light reaching
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and idc’antAic_:aLl'CuS_O4 solutions” for removal of in‘frabred 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. 'Quantﬁrn 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 tG total amount of chlorophyll. At any given
light intensity, the ratio of photosynthetic rates is also ‘the ratio of
quantum efficiencies, if the chlorophyll coritents are the same. |
In Fig. 14, light response curves far algae grown at two widely
different specific growth rates are plotted. The experimental pro-
cedure, as outlinéd in Appendix IV, was fo take algae from the steady
state culture unit and run the light response curves. in the respiro- |
meter as quickly as possible Bo that little r'e-adaptation of the algal.
_cells.coﬁld occur. The resaults shown in Fig. 14 are typical of those
obtained at other specific growth rates in that: o
A 1 The rates of photosynthesis at low light intensities were
not a fuhction of the specific rate of growth, .
2.1 The rates of photosynthesis at high light intensities were
~ strong functions of the spécific rate of growth, pu. 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-
eariy with B .
3. The approach to 11ght saturation occurred relatively sharply.
The rectangular hyperbola function, as given by Equation (2-17, has
‘been used by many workers to model light response curves. This
function gives a straight line on a dotble réciprocal plot, 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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Fig. 14. Light response curves at 25°C for algae grown at
the specific growth rates designated. @ = Run C-1 and

0 = Run C-25. The curves drawn through the data are from
Equations (6-17) and (6-18). '
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' 'Fig. 15. Light saturated rate of photosynthesis at 25°C-
. _versus specific growth rate.
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Fig. 16. A double reciprocal plot of the data shown in Fig. 14.
- The strong deviations of the data from the rectangular hyper-
‘bola function can be readily seen here. The lines drawn
through the data are Equations (6-17) and (6-18).



. =57-

" 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
10°C :for the same two types of algae. The 10°C ‘curves will be
of partiﬁcular interest When the light response curves for the qui-

none Hill reaction are discussed.

Maximum Quantum Efficiency

The maximum ciuanturn effici'ency occurs at low Iight intensi-
ties. Figure 18 shows data from 16 different respirometer runs.

The algae used were (grown at specific growth rates ranging from

1 0.16 d.ay-1 to 2.00 day-i. Only data were plotted that were below
light :saturati(_')n, 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 eingle 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), ® € and S had
values of 1.316 cm®. ml o, /mw/mg chlorophyll/hr and 49.6 ml 02/
hr/mg chlorophyll, respectlvely ®€ 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 aigal celis 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 pg chlorophyll/cm ). The max-
imum quanturn absorbed, or conversely, the minumum quantum re-
qu1rernent was 8.8 quanta absorbed/O2 molecule evolved. Our num-

ber for .the minimum quantum requirement is somewhat lower than

% ,
Unless otherwise stated, all quantities of evolved O, are given at
gtandard temperature and pressure (O°C, .1 atmosphere).
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 Fig. 17. Light response curves at 25°“C and 10° C for algae
grown at two different specific growth rates. W = Run D-10
(3 =Run D-14, ® = Run D-341, and O= Run D-32.
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Fig. 18. Light response curve data from 16 different respi-
rometer runs. Only data are plotted that show no signs of
approaching light saturation. - Equation (6-17) was fitted to the
data by a non-linear least squares procedure.
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the rec.e‘nt results of Schwartz (1967) and Ng and Bassham (1968).
Because of the round-about way our number was calculated, we

question its absolute accuracy.

Dark Reépiratibn Rate

‘Figure 19 shows how the respiration rate in the dark changes
as a function of specific growth rate. The dataAsllﬁ.own were taken
after the algal cells had been in the dark for approximately one
hour, a,o'.dochribcd by the procedure given in Appendix IV. Note
that the respiration rate is almost directly proportional to p... These
results ‘are almost identical to those found by Myers and Graham
(1959) for ‘Chlorellla 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 whnle algal cells. This per-
meability is a necessity for obtaining the Hill reaction in whé,le cells.
Th_e quihone Hill reaction in whole algal cells was first %nvestigafed
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 oxygeﬁ 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 {o iucrease with inercasing light intensily 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 trué initial rates of the quinone Hill reaction might be obtained.
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F1g. 19. Dark respiration rate versus specific growth rate.
Data were taken at 25°C using phosphate buffer at pH =7.4
as described in Appendix IV.
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.Fiéure 20 showé the initial rates of the quinc;ne Hill reaction
as a function of light intensity for algae grown at two.different spe-
cific growth rates, p = 0.33 day-1 and 1.78 day-1. These same al-
gae were~ used for the rates of overall photosynthesis shown in Fig.
17. There are several things to be noticed in comp‘aring Figs. 17
and 20. - )

' (‘nmpanng the 10° C data, for the algae grown at p = 0.33day g
the maximum qulnone Hill reaction rate is nearly three times higher
than the maximum rate of overall photosynthesia. TLven for the cclls
gg'rown at p=1.73 day—1, the maximum Hill reaction rate exceeds
the maximum overall photosynthesis rate at 10°C. For the 25°C
data the maximum Hill reéction rate again exceeds the maximum
rate of overall photosyn‘the‘sis for the 0.33 d":'«.w.y_1 cells, but not for
the 1.73 cAia,y_'1 cells (although the quinohe Hill reaction may not have
reached light saturation). |

The above results are particularly impressive because of the
low maximum quantum efficiency obtained for the quinone Hill re-

- action.. The maximum quantum efficiency for the quinone Hill re-
action may be directly compared to the maximum quantum efficienéy
for o"v;erall photosynthesis by éorhparing 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, therec |
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 scte of data shown in Fige. 17 and 20 where the maximum qui-
none Hill reaction rate exceeds the corresponding rate for overall -
photosynthesis. No reaction between oxygen evolution ahd System
II sets, or has ény 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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Fig. 20. Light response curves for the quinone Hill reaction at 25°C
and 10°C. The overall photosynthesis light response curves for these
algae are shown in Fig. 17. Squares denote data taken at 25°C, where-
as circles denote data taken at 10°C. Filled symbols are data taken
on algae grown at p = 0.33 day'i, while open symbols denote data taken
on algae grown at p’= 1.73 da.y"1
here are initial rates, calculated according to the procedure given in
Appendix V., The reaction mix and experimental conditions are de-
scribed in Appendix IV.

Rates of oxygen evolution plotted
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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 réaction between oxygen e\_rdlution and System

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

,Cell Composition by Elements

The effect of specific growth rate on the elermental composi-
tion of Chlorcllajyrcnmdo‘sa is slivwu in Figs. 21, 22, and 23. 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
acéouﬁt the change of nitrate into cellular nitrogen, but neglecting
any éther valence changes of minerals in the nutrient medium, the
following materiai balance equation is obtained for calls grown at a

specific growth rate of 2.0 day-iz

5.95 H,0 +5.92 CO, +100NO3 Cs.92 Hyo, 9002 6oN1.00
+ 1.00 OH" +8‘-'»‘30 (3-1)

The first term on the right side of the equation is equivalent to 151.5
g of dry cells, when the ash contéent is added.in. Similar equaiﬁnﬁs |
may be Eenera;ted for other specific growth rates. The relation be-
tween ce11 production and oxygen evolutmn at any specific growth

rate is:

B=1,64x10% + 0.065><104 1t (3-2) .

where the units of B are mg dry weight/mole OZ'

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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Fig; 21. Carbon and oxyg'en content versus specific
growth rate.
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R Fig. 22. Nitrogen and hydrogen content versus specific
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Fig. 23. Non-combustibles (ash) content versus spe-

cific growth rate.
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Fig. 24. RNA and DNA content versus .specific growth rate.
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content does not appear to vary, at least not significantly. But RNA"
content c'hangés drastically, almost in direct proportion to specific
growth rate. Why this should be so is explained as follows. Most
RNA is ﬁresent in the ribosomes, which are the prbtein 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 thevform of ribosomes) in cells that are growing at a more
rapid rate. Similar results have been found for bacteria (see Maaloe

and Kjeldgaard, 1966).

C. RESULTS AT 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 examined. The steady state specific growth
rate was held constant at 1.01 day_1. 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-
ical parameters examined. Indeed, expected scattering of the data
makes uncertain the direction of any changes in chlorophyll content.
chlorophyll _a_L/ch-lorophyll b ratio, or cellular corﬁposition. These
results show that it is mainly the growth rate of the cells, not the in-

cident light inténsity, that determines the physiology of Chlorella

pyrenoidosa growing in dense culture.

D. UNSTEADY STATE RESULTS: TRANSIENTS 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 algél cells adapts to this change in environment

will be demonstrated, 'reconﬁrming the work of Myers and Graham
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Fig. 25 .Effect of incident light intensity on the iight response
curve. Data were taken at 25°C on algae grown at p= 1.01day 1.
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Table Ii Effect of Inc1dent nght Intens1ty on the Physiology of
Chlorella pyrenoidosa.

‘Temperature = 25°C, = 1.041 day” *

Incident: light intensity, mw/cmz 3.43 8.05 16.9
Run number - D-27 D-29 D-30
Cell concentration, mg dry wt /ml 0.56 - 1.11 1.76
Productivity, mg dry wt. /cm /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/chlorophyll b ratio 3.69 3.10  3.38
Cell composition, % , : ‘
. _Carbon o . 484 48.8  49.1

Hydrogen . . 7.0 6.7 7.1

Nitrogen A 9.3 8.9 10.4

Oxygen - ) 28.5 27.9 25.9

Ash ' . 6.8 7.7 7.5
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(1969), which showed that batch culture cannot be »compared with con-
tinuous éulture.

Figure 26 shows how a number of physiological parameters
changed as a result of changing the feed rate to a culture that had
: previbuély reached steady state at p = F/V=0.325 day_i. At time
= 0 on the figure, F/V was changed to 2.00 day_i.' Resultant changes
in experi.rnentalily measured parameters are shown by the data points,
which'hé.ve been fit by the éolid lines. For ifxstance, curve A shows
the manner in which cell concentration changes.

The dashed 11nes, B' and D', show how chlorophyll content and
the light saturated rate of photosynthesis would change if the Chlorella
cells adapted 1nstantaneously to their changing env1ronment The
dashed lines were ualcula.ted 1n the following fashion:

1. From curve A the cell concentratmn correspond1ng 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 spécific growth rate, the chlorophyll
~ content and the light saturated rate of photosynthesm may be

4predicted from Figs. 10 and 15.

Thus, the dashed lines represent the steady state results correspond-
ing to the cell concentrations of line A.

Companng the actual results to the predmted shows that adapta-
tion 18 not instantancous; instead, the actual data lag 10-20 hours be-
hind the predicted changes.” By comparison, a steady state value of

= 2. OO day_1 is equivalent to a doubling time of about 8 hours. The

generatmn time of Chlorella pyrenmdnqa 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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A, Cell conc., g dry wt./liter

B8, % total chiorophyll

B, Predicted for B from S.S. -3

C, Chlorophylt a/ chlorophyll b ratio

D, Light-sat. photosyn. rate, )
ml Oz/ hr /mg total chlorophyll *~

D', Predicted for D from S.S. )

0o | 50 ‘ 100
Hours from change of flow rate

XBL695-2701

Fig. 26. Transients resulting from changing the feed rate
to the continuous culture unit. At time zero the feed rate to
the culture unit was increased. The dashed lines show ex-
. pected changes if adaptation by the cells were instantaneous.
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Fig. 27. - Transients resulting from decreasing the feed rate
- to the continuous culture unit. Previous to time %ero,‘ the
culture had reached steady state at p = 1.32 day™ ". ‘
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E. ATTEMPTS AT INCREASING PRODUCTIVITY -

Two attempts were made to increase the productivity of Chlo-

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

Wareing _e_t_g_l_. (1968) have shown that the plant hormones kine-
tin and gibberellic acid increase the light saturated rate of photosyn- -
thesis~in_ maize. Treharne and Stoddart (1968) 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 concerneAd, 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 Chlorella 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 Chlorella
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 Chlorella.

In order to resolve the above contradictory results and to see
if prodﬁgtivity could be increased, we investigated the effect of thé
plant 'hernones 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/l of 3-indoleacetic acid, 0.5 mg/1 of gibberellic acid,
and 0.5 mg/1 of kinetin. The experimental procedure was to achieve

steady state at p=0.33 day.'1 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 peftinent‘data.
The results are shown in Fig. 28 and Tabte III. The slight differ-

ences'bet'vveen the data with and without the hormones are well with-

in the'exp'erirhenté.l error. We conclude that these plant hormones

have no significant effect upon the physiology of Chlorella pyrenoid-
osa. Productivity was not improved, since there:was nn significant

increase in the light s»aturAated rate of photosyntheéis.

A Using Chlorella pyrenoidosa C.1.1.10.36, a Pale Green Mutant

Wild and Egle (1968) have investigated a pale green mutant of

Chlorella pyrenoidosa, which they have described as having a low

chlorophyll content and a high light saturated rate of photosynthesis.
As diséussed in Chapter IV, this is exactly the type of algae we
would ékpect'to give a high productivity at high light intensities. In

a sequential comparison with the normal cells at 25°C, incident in-
‘tensity of 8.6‘mw/cm2. and p =0.33 dayfi. we obtained a produc-
tivity for the mutant cells of 2.41 my dry wt./cm‘z/day as compared
to 2.48 mg dry wt. /cmz/:day for the normal cells. These disappoint-
ing results for the mutant strain may have several possible explana-

tion:

1. The maximum quantum efficiency of the mutant may be low.
Thé 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 anly 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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Fig. 28. Light response curves with and without plant hor-
mones added to the nutrient 'rnediu?l. Data were taken at 25°C.
Algae were grown at p. = 0.33 day” " in both cases. Growth me-
dium, but notrespirometer buffer, for the + hormone case
contained 5. mg/ 1 3-indoleacetic acid, 0.5 mg/1 gibberellic
-acid (GA3), and 0.5 mg/1 kinetin. ,
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Table III. Effect of Plant Hormones on the Physmlogy of
Chlorella pyrenoidosa.

Temperature = 25°C, = 0.33 day -1

Incident Light Intensﬂ:y = 8 6 mw/cm .

i

Without With

hormonca horimounes
Run nwnber . ‘ ) D-38 D-46
Cell concentrahon, mg dry wt. /ml 2.82 . 2.86
Product1v1ty/area, mg dry wt. /cm /day 2.48 2.51
Total chlorophyll, % _ - 6.71 6.80

Chlorophyll a/chlorophyll b ratio 3.34 3.39
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- NOMENCLATURE

~ Illuminated surface area, cm

Conversion factor relating cell biomass weight produced to

. oxygen evolution, mg dry weight/mo'leA o,

Feed rate, ml/day .

Product1v1ty of cellular biomass, mg dry we1ght/cm /day
The light saturated rate of photosynthesis intrinsic to the
photosynthetic electron transport system, moles Oz/hr/mg

chlorophyll

'~ Cellular biomass concentration, mg dry weight/ml
Extinction coefficient of the p1grnents, cm /mg chlorophyll
'Spec1f1c growth rate, day -1

Maximum quantum yield, moles - Oz/einsteinA |
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IV. THE SIGNIFICANCE OF THE EXPERIMENTAL RESULTS

A. SELF-OPTIMIZING BIOLOGICAL SYSTEM

' Species continuously self-optimize themselves for the par-

tiéﬁlar environment they are in. Such is the conclusion to be drawn
from the theory of natural éelection, which Charles Darwin (1859)
published in his well-known boolk, The Origin of Species. Let us
review the basic tenets of the theory of natural selection ta see
what the dala ol the last chapter mean ih terins of the ab111t"y of
.Chlor.ella to survive in nature as a species. We quote Darwin's
" three basic proposit_iovn‘s‘. (a) "That gradations: im the perfection of
any organ or instinct, either do now exist of could have existed."
(b) !'That all ‘orgafxs 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 spocibo
are born than can survive to reproduce thernselves.

In summary, those best able to survive the competition with
others. to the extent that they can repréduce themselvas, aro thn
- fittest. Living to the point of being able to reproduce is the test of
fitness. What characteristics would we expect to find in Chlorella

pyrenocidosa so that it can survive in nature?

B. 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 pyfenoidosa

cells are found in various environments. In nature light intensity,
temperature, and nutrient concentration may vary with location

' anc';l.‘l':ime. Certainly Chlorella)yrenoidosai 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 itsedf 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?

Chlorophyll Content i .
At low light intensities the growth rate (and photosynthefic

rate) of a Chiorella 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
réte of light absorption. Thus, we would expect Chlorella cells
adapted to a low light intensity environment (e.lg., 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'’ cell to have a
low éhlorophyll content. A high chlorophyll content is not needed,
since a low chlorophyll content will harvest sufficient light.

4 - But how do the experimental data of Chapter III reconcile with
the above suppositions? Figure 10 shows that the chlorophyll cont

tent in Chlorella 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 Photosynthesis

Cells in a low light intensity environment are growing and
photosynthesizing al a low rate. Therefore we would not cxpcet

these cells to have a high concentration of the enzymes that allow a
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high lighf'saturated rate of photosynthesis. Instead, we would ex-
‘pe‘ct these cells to devote their energy to producing more chlore-
phyll so that more light might be harvested. For cells growing in
an environment of high light intensity we wouid expect a situation
converse to the above. '

Figure 15 shows that the above argument‘s predict the acfual
experimental result; low p cells have a luw light saturated rate,
and high pu cells have a high light saturated rate.

Figure 29 outlines how Chlorella pyrenoidosa adapts to the

average light intcnsity in its environment. This adaptive response

is beneficial to the survival of Chlorella pyrenoidosa as a species,

and is consistent wit'h'Darwin‘s theory of natural selection.

Chlorophyll a/Chlorophyll b Ratio

l.‘Many researchers have shown that the concentrations of the
various light harvesting pigments are strongly dependent upon the
spectral distrihntinn (6r quality) of tho illumination unde:r 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) propoeed that algal pigruents adupt
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 wa\'relength. This theory does not
.appear to hold in all situatioms. Brody and Emerson (1959) found
that with high intensities of blue and green light the changes in the

red alga Porphyridium cruentuwn were contrary to Englemann's

theory, but at low intensities of these colors the adaptations were
as expécted. |

Our data, as shown in Figs. 11 and 12, seem v 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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ALGA IN A SHADE POND

A LARGE AMOUNT OF -CHLOROPHYLL

A SMALL AMOUNT OF THE ENZYMES ASSOCIATED
WITH GROWTH

ALGA_IN THE SUN

A SMALL AMOUNT OF CHLCROPHYLL

A LARGE AMOUNT OF THE ENZYMES ASSOCIATED
WITH GROWTH

XBL 709-6502

Fig. 29. Physiological adaptation of Chlorella pyre-
noidosa cells found in two environments differing in
incident illumination.




-84-

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 p cells Fig. 12 shows greater
absorption in the green and yellow regions, and Fig. 141 shows that
the low p cells have a greater chlorophyll b content. This increases
-absorpfion in regions where chlorophyll a does not have its peak
aboorbance. 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-

'timum'productivity of cellular material is obtained at a specific
growth rate of about 1. 6'day-1. There is a high light saturated ratec
of'photcl)synthesis at this specific growth rate, yet the specific growth
rate is not so high that appreciable light isAtransmitted 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 p, tending to shift the optimum to a
higher value of u. But higher incident intensities may resultl in
slightly lower chlorophyll contents (see Table II), tending to decrease
optical. thickness, and off-setting the increased cell concentration.

' To increase productivity at a given incident light intensity we
. muat increase the afficiency al wilher low light intenoitics, 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 possihle for

Chlorella pyrenoidosa, since we found that &, the maximum quan-

tum efficiency, was equivalent to one 02 molecule evolved for each

8.8 quanta absorbed. This is close to the minimum of one O, per 8
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qﬁa.nta 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 phbtosynthesis (on a per

unit chlordphyll 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 growth rafes. 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:

: conc'ebntration of the enzymes that determine light saturation.

concentration of the pigments that determine light absorption.
4

Schmid and Gaffron (1967) have investigated tobacco mutants that

have much lower percentage chlorophyll content, but have a much
higher light saturated rafe of photosynthesis on a chlorophyll basis,
and even on an area basis. This is egactly as expected from the
above agruments.

Another way of achieﬁng a high value for the above ratio is to
illuminate with light sources having lafge 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-fl

L= I
noon

- Maximum quantum yield, moles Oz/einstein
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V. THE MAXIMUM 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 seriéé of linked enzymatic reactions cannot
" exceed the maximum rate of the slowest step. *

When virtually all moleculee of an enzyme are saturated with
its substrate, the enzyme has reached its maximum forward rate.
Consider a process, such as phbtosynthesis, 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
vthe process must be at its maximum rate. The maximum rate of
the process is ihdepen‘dent 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 CO2 concentration, is
limiting. Conversely, when an external substrate limits, neither
the process not any of the steps in it is operating at its maximum
rate. -

We will mathematically prove the above conceptual arguments
for a sim'plified model consisting of N consecutive reversible
Michaelis-Menten eﬁzyznatic reactions. The case of a single en-
zyme substrate complex undergoing successive transformations,
as described by Hearon (1952), should not be confused with this
cav;sca Hcrc,; the product of cach cnzymatic reaction is the cub-

strate for the next. 'l'here 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 denotes the products of the enzymatic re-
actions, and k denotes the rate constants. Catalysis occurs in the
Asubstrate-enzwne complexes, suéh as Pn— 1 En' 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 velacity 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 autc;catalytic 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

Vo implicity expressed:

[P (Ve 4v )+ Ky
[Pn-1] = n ' Bn n n n’ (5-1)
K‘n/Kn(VFn-,vn)
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where [P] and [Pn-1] are concentrations of species Pn and Pn-i;

v, is the net rate of enzyxnatic reaction; V ;'k;l[Egl] , the max-

Fn
imum forward rate; VB [Eo ], the maximum backward rate;
[E ]is the total concentratmn of the nth enzyme; K = (k_ + k')/k ;
= (k_ + k)/k! ‘

All of the 1nd1v1dua1 reactions give equations of the form of
Equation (5-1). We obtained the solution far the whole system of N
equations by realizing that at steady state v = v4'= Vo=t IVttt =y
and by making guccoooive oubstitutions until tlie cuncenlralion of S,

A [s]. is‘related only to v and [PN] ,. the concentration of final prod-
uct. If PN

then [PN] is constant with time (when expressed per unit of cellular

is a cellular constituent and cellular growth is balanced,

mass). . .The solution is:

n N
N K @I (V| , [P]H(V +v)
_ Bizq BtV n=1
[S] - R + X ’ (5'2)
— ‘n K; 1 ™ K;l
- n — (V.- V) N == (V_. -V)
i':d. Kl-'i Fl n_i K Fn
where VBo is defined equal to zero, and K'/K is defined equal to
one. If, for example, we have three enzymatic reactions, =3,
and:
(5] - - Kiv N ' KZV(VB1+V). . | K v(V +v)(V 2+v)
ey Ky | Ky Kz
: ?1 (Ve - vIVgs-v) _K—i— —KZ V)( >~ VHVps-v)
, [133'J(v131 V) (Vg, + VIV g3 +v)
e , (5-3)
RT K] K|

X, (Vr1m V0V~ I (Vp3-)

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.
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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

smallgsflV since [S] approaches infinity as v approaches the

smallest'Viz.. Thus,_ ‘the enzymatic reaction having the smallest
maximum forward rate sets the maximum rate for the whole sys-
tem: a bari'_ier 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 VFn'

Such'a limiting step cannot occur in chemical reactions of
higher than zero-order (Denbigh et-al. ,V 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-
zymadtic reaction too far. Even though the slowest reaction sets the
maximum rate for the systerri, 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).
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NOMENCLATURE

Enzyme

Rate constant

Equilibrium constant '

The total number of enzyrhatic steps in the seqﬁence
The product of an cnzymatic reaction

The substrate of the first enzymatic reaction in the
sequence ,

Net rate of an eﬁzymatic rea;ction, moles/time/mass
dry weight | I'
Maximum velocity, either forward or backward, of
an enzymatic reaction, mo'les/t'ime/mass dry weight
Concentration of the item enclosed, moles/mass dry

weight

Total amount of .all states or forms of the species

subscripted

Denotes breakdown of substrate-enzyme complex to

-product or the reverse reaction

_ Rackward

Forward

Number of the step in the sequence; if positive,
the forward @irection 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 ‘OF PHOTOSYNTHESIS

In Chapter II previous work on the mathematical modeling of

the raée of photosynthesis as a function of light intensity was re-
viewed. These_ﬁ attempts in modeling the light response curve have
largely been empiricél. One exception is the model presented by
Lumry et al. (1959) and Lumry and. Rieske (1959). The Lumry mod-
el gives the rectangular hyperbola function expres sed by Equation
(2-16). The Lumry model was first proposed for the ferricyanide
Hill reacfion,. but Lumry and co~workers (Muller et al., 1969) have
recently suggested that this model maf be valid also for overall
photosynthesis. The Lumry model has been put to use by other
workers, such as Fredrickson et 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
appe'ars 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 ferri-
cyanide 4Hi11 reaction data, it does not fit most data obtained for the
overall rate of photosynthesis as a function of light intensity. Owur
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.

% R
Some of the data of Myers and Graham is shown replotted in Fig. 4.
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Some data taken on Chlorella do not‘ show this fairly sharp
.bénd 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 sﬁspénsion of algae that was not optically thin. Indeed, itis
‘imposs’ib'le to obtain a truly optically thin suspension of algae. A
Chlorella cell can absorb as much as 40% of the light passing
through 1t, .causing ‘é,n unequal illumination of the chlorophyll mol-
ecu].els within the cell. If'this probl'.em'could be eliminated, the
bend over to the saturated raté would be éharper than has been ex-
perimentaliy measured thus far. |

A distinct characteristic of the Lﬁ.rn:r;ymodel, 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 slopei"<
This roiigh check may be used at a glance, rather than going to the
trouble of making a double reciprbcal plot, such as Fig. 16, which
also shows the stroﬁg deviations of everall photosynthesis from the
- Lumry modcl. _

Further questione must also be raised, which no previous '
maathematical model of photosynthesis. can answér. 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
.curvesvidentical 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. (195.9‘), Sauer and Biggens
(1'965), and others, conform closely to the shape of a rectangular
hyper’bola? In addition to ansWering the above four questions, can
a mathématical 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 cén 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 theA photo-ekle_ctron 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 respénse curve, it
should be mentioned that present day kndwledge of the process of.
photos'ynfhesis is far from complete, but we believe the following
model to be consistent with the current picture. Figure 30, a di-
agrammatic scheme of our model, should be referred to at this
~point. Nomenclature given to chemical intermediates follows Kok
et al. {(1969). |

" Bases and Assumptions 4 '
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;

Q_h"__> Q"

Q is assumed to be the primary chemical trap for System II. The
fraction of open System II traps is q =[Q] /[Qo ].
Similarly, Photoact |l is the oxidation of P~ by a quantum ab-
sorbed by System I pigment: '
p-r _5p
P is assumed to be the primary chemical trap for System I, the
chlorophyll a molecule P7 The fraction of open System I traps

is p=[PV/[PR ],

00°
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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 photosyn-
" thcais, and thal ils effect is manifested through the ATP
_.generating system (Z~= ATPR).
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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):

f

¢m (6-1)

~Rate of trapping =

where is equal to the rate of absorpton of light By a particular

photosyéferh times a maximum quantum efficiency, f is the frac-

» tibn of opén traps (equal to q in the case of System Il and p in the
case of Syétem I), and a is a prob’ability of quaﬁturn transfer. be-.
tween separate pigment units of a particular photosystem. Joliot's
model assumes only one primary chemical trap per pigment aggre-
gate and '"perfect trapping''. ''Perfect trapping'' results when the
rate constant for photochemical trapping' is much larger than the

‘rate constants for dissiﬁation of excitation energy into either heat -
or fluorescence. The reader should refer to Appendix III 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 enérgy
transfer between separate pigment aggregates- of System I. Thus,
for Syétem 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 Joliet et.al., their System

I results can be physically interpreted in two ways: (1) Each P is
associated with a certain number of harvesting chloro chlorophylls
as a cbmpletely isolated unit. (2) An incomihg quantum is always
trapped by the trapping centers of System 1, regardless of whether
P is in the open or closed state. If P is in the closed state, the
quahfu._rn 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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4. The probability of photon excitation energy tfansfer between
separate units of System IL a5 is assumed to be equal to 0.5.
Thus, the term a in Equation (6-1) is equal to 0.5, and Equation
(6-1) becomes: . rate of trapping = Lpz 1—2+qa , fc’nf System II.

The probability of excitation energy tranSf_e/r for System II
has ranged betweeh 0.5 and 0.6 based on the fluorescence work
with Chlorella of Joliot and Joliot (1964), the_ﬂuore3cence work
with isolated chloroplasts of Forbush aﬁd Kok (1968), and the mod-
ulated clectrode results.of Joliot _e_t_a._l {(19608) willi isvlated clilu-
roplasts. Joliot et al. comment that the System II value for a o.f
0.5 - 0.6 appears to be an invariant characteristic of photosyn-
thetic ‘material. '

5. 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). *

6. Itis 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
SOOO-sec'd, assuming first-order reaction kinetics. Assuming 500
chlorophyll molecules for each System II trap, Q (Joliot, 1965a,
1965b), this is eyuivalent to an oxygen evolution ratc 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 Oz/mg chlorophyll/hr,

*

The recent results of Avron and Ben-Hayyim (1969) and Murata
et al. (1970) suggest that this assumption may not be correct, at
least mot 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 as suinption
is basedion the results of Izawa et al. (1966) that showed electron
transport through System I (from ascorba’ce to methyl viologen) is
fast. These workers measured, in DCMU poisoned chloroplasts,
la rate of electron tranSport as high as 6000 eq/chlorophyll/hr.
This is eq}iivalent to 32 ml Oz/mg chlorophyll/hr.

8. 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 p'odl sizes of the components shown on
Fig 30 are not important. With transient kinetics, however, the
concentrations of these components would have to be con51dered
For information on the chemical identifies and relative pool sizes
of the 1ntermed1ates, Q, A, C, and P, the reader is referred to
Chapter I. '

9. It is assumed that Q and A are in equilibrium with regard to
electrén transfer and that the concentrations oAf' the reduced and
oxidized forms of Q and A are related by an equilibrium constant,
K1, that is equal to 1.0. Using spinach chloroplasts, 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 cérresp'onds to an oxygen evolution rate of 50 ml Oz/mg
chlorophyll/hr. This is more than 5times the maximum rate of
oxygen evolution measured in Chaptér III. Forbush and Kok also
. found that the equilibrium constant for this reaction was in the
order of unity. _

10. 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-(3, 4-dichlorophenyl)- 1, 1-dimethylurea.
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equilibrium constant, AK3, 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 (P700) with a 700 nm measuring beam.
When a bright 10_5 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 et al. interpreted this to‘ mean
thatanother 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 ﬁnity. | '
11. The electron transport reactions within the plhotosyuthelic elec-
tron tra'n5port chain will be assumed to be describable by bimolec-
ular chemical kinetics. This as'sumption 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 constlituents. Direct
experimental evidence for independent reaction chains has been
given by Kok et_al;. (1969), and indircct mathermatical 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, a:s K, and K3 are assumed to be,

there is no difference between separatt chain kinetics and the bi-
molecuiar 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 thg pool size of
A is large. AppendixI 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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kinétics 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 follow Michaelis-Menten type kinetics, since no substrate-
enzyme association-dissaciation equilibria would be involved. Sec-
ond, even if all electron transportAreactions were describable by
Michaelian enzyme kinetics, bimolecular kinetics would be appro-
priate if the enzymes 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 slow step has an
effect upon the photo-electron transport system, since this slow
sfep 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 cyéle, as shown in Fig. 30.
Indirect evidence exists that the limiting step., at least in some
plants, is the CO‘2
1968a, 1968b). This enzyme must be the limiting step at low non-

fixing enzyme, carboxydismutase (Bjorkman,

saturating concentrations of COZ’ unless there is some gffect of
ACOZ on another enzyme.

More direct evidence that the photosynthetiic electron trans-
port system does not itself contain the rate limiting step in photo-
synthesis was .pr‘ovided by Kok e_fil. (1969). Their experiments
showed that a pool of intermediate, X, is g:oupied to the electron

transport chain at a point between A and C. Movement of electrons

T :
" 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 energf intermediate that could

either be or produce the proton gradient shown to exist across chlo-
roplast membranes by Hind and Jagendorf (1963). This high energy
intermedi‘ate, 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. (19A9), nsing spinach chloro
plasts, ‘obtained results that suggested that the flow of electrons
[1ui A lu P 18 controlled by'a slow step located in, or connected to
tho phoophorylation ruechanism. 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 neceslsary is that the bottleneck step approach its saturated rate.
This causes the intermediates in front of L to accumulates;, event-
ually ATP accumulates, and the increased ATP concentration slows
down the rate of electron transport.

13. The assnmption that only onc casymatic reactivu in lhe 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 sfnallest maximum
forward rate. No other enzymatié reaction has any influence on the
maximum rate. ‘

14. Itis asswned 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 (1965) 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 anabolic or catabolic, are fre-
quently rigged in such a fashion as to render them
virtually 1rrevers1ble thermodynamically; i.e. they
possess AG’' values (which we recall as the stan-
dard free energy change at pH 7) equal to < 4kca1/

" 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."

Mahler and Cordes also discuss these pacemaker enzymes in re-
gard to induction and repression, and activation and inhibition:

""We shall see that frequently the most sensitive

. points for controls of this gemeral nature are those
that stand at the beg1nn1ng or the end of specific
metabolic sequences, i-e. the pacemaker enzymes
mentioned earlier.

Bassham 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 KM’ 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. o (3) The Michaelis constant of intracellular enzymels
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, K4/KM, 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 convertiiqg L to M has reached its saturated
rate does this step have any effect on electron ti‘ansport. 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 LL 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 dlowing 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 02, 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.

**or the data shown in Figs. 14 and 17, K4/KM must be no less
than 50. '
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and Weis and Brown (1959) found, by means of isotopic studies in
a mass ‘SpectrometerA, that ''respiration' of photesynthetic reducing
power to molecular O2 '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 reSPiratioh that -
takes electron from water and then gives the electrons to OZ form-
ing water once again. However, this type of cycle may have some
use to the electron tré.nspo;'t system, such as ridding it of excess
electrons when light saturation has been reached. A
17. A stoichiometric relationship between ATP production and elec-
tron trariSport is assumed. If cyclic photophoshorylaﬁon is not con-
sidered, it is easy to visualize such a stoichiometric relationship.
But cyclic photophosphorylation introduces a complication, for ATP
production is not stoichiometrically related to electron transport.
In fact, electron transport for cyclic photophosphorylation competes
with non- cyclievelectron transpert. ' |

The answer is to assume that the ratio fo ATP producfion to
the rate of electron transport is-constant for ahy given spectral
distribpition of light. But we might expect different spectral distri-
butions to result in different ratios of electron transport to ATP
production. This ratio rhay also be dependent on growth conditions.
If this ratio is not at its optimu'm a decrease in the quantum effi-
cieney-of CO'2 fixation and O2 evolution will result. In other words,
the variation in the rate of cyclic photophosphorylation will be built
into the maximum guantum efficiency of 02 evolution, &, which -
will be introduced later. 4
18. The model shown in Fig. 30 assumes that control of the photo-
electro.n 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
II. L
A problem arises if the ratio of NADPH production 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 (41959) and Weis and Brown (1959), which
were discussed in the above Item 16. If the powerful redvucing

agents at the top of 8ystem I tend to accumulate in their reduced
forms, then we might expect them to donate their electrons to molec-
ular 02’ causing the increase in "respiration' that Brown and Weis

found when light saturation was reached.

Derivation of the Mathematical Madel

As shown in Fig. 30 and previously discussed, we have the
following values for the equilibrium constants: K1= 1, K3 =1, and
K4/KM is assumed to be very large. Th(—; rate constants, kZ’ k-Z’
and k5~[Eo] will not be predetermined. Indeed, 1(_2 will be seen |
to drop out of the mathematics entirely. The total pool sizes of Q, A,
C, P, and X are present in the concentrations [{Qo]., [.'pfo] , [C,o] ,
[P, and [><o].”<

explicitly determined for the steady state kinetics considered here.

It will be shown that these pool sizes need not be

As discﬁssed above in Item 3, thc rate of photochemi'cal trap-
ping by the trapping centers of System I is equal to q;ip. This as-
surnes the probability of excitation energy transferring hetween
separate System I pigment aggregates, ay, is equal to 0.0. Sim-
ilarly, the rate of photochemical trapping by the trapping centers

2 = 0.5, as

of System II is equal to Ll)z T;q—q— This assumes that a

2

discussed in Item 4.
Al sleady state the rates ot photochemical trapping by each
photosystem must be equal: ‘
JdfR™] _ 4 = 29 ‘ .
dt 0 =¥, T5g - ¥yP (6-2)
where LI11= I €¢1 and LIJZ =1 eq:z. I is the incident light intensity
(einstein/cmz/hr), € is the cxtinction coelficient of the pigments

(cmz/mg total chlorophyll), and ¢1 and 4)2 are the maximum quantum

X
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 qu and
LIJZ are the rates of electron transport forvthe two photosystems when
all traps are open, and are directly proportional to the quanta ab-
sorbed by each photosystem. .

A similar steady state equation may be set up for the conser-

vation of the species A :
aaA’] _, . 29 1 raY , : 4 ~W ol
g 70 =Yy g -k (A -[ANICI K] +k A (S ] -[eD(X ] -[X]).
, ” ‘ . ' (6-3)
In the above equation use is made of the material balances:
[a]+[a7]=[a], [c]+[CcT]=[C ], and [X] +[X~]=[X].
' One more equation must be given, expressing the steady sté.te
rates of formation and disappearance of L:

L] -1 .29 _ ks [E, L]
dt B T2 144 [L]+KM

(6-4)

. where B is a stoichiometric 'factor-equal to the number of electrons
that must be fransported through the photo-electron transport sys-
tem so thatone L will be converted to M. f is the total number of
z~ manufactured per electron transported. f is assumed invariant
with respect to light intensity, but may be a function of other exter-
nal variables such as growth conditions or CO2 concentration. B
also includes any contribution that cyclic photophosphorylation may
make to ATP production.
| - Using the equilibrium relations for Ki’ K3, and K;:

 alla)-1A)

Ky=1 = Tqra (6-5)
., -__plc] .

R TEST A BT} A

- LX) ‘_ (6-7)

BT 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:

C xMA)lc Xt - g < v, T
P k[ TIC TIXT(1-a) + & _,TA JIC TUX T-TXDq * (6-8)

Similarly, [L] can be eliminated from Equation (6-4) by using Equa-
tion (6-7). Solving for [X]:
’ K

7 (Bks[E 1~ ¥, 510 '
(%)= [% ] —* . —. (6-9)
Ky, PrslE ]~ 2 Tidt Y2 Trq

Examine the terms within the parentheses of Equation (6-9). The
first term, B kg] Eo] , 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 T.tn M (expressed in terms of
electron transport). The second term, ZLPZ q/(1+q), is equal to the
rate of electron transport. The imnportant thing to recognize about
Equation (6-9) is that since K4/KM is assumed very large,
[X] = [Xo] when the rate of electron transport, 2¢2q/(1+q), is less
than the saturated rate of photosynthesis, kg [Eo] . 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] = [Xo] . or that
[X] = 0, and that the transition between these two values occurs
sharply. Thus, two cases must be examined, the case where
[x] = [Xo]’ and the case where [X] = 0.
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Below Light Saturation, [X] = [Xo]

Substituting [X] = [)%] into Equation (6-8) gives:

' 2
A l(C X (-4, 15
p = kA TICTIX T (1-q)

(6-10)

Note the;.t fhe back reaction term, containing the rate constant k_z,
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:

b, - 2,) + Q(2¢2+'§i\4—2) -y, =0 (6-11)

where S = ks [Ao] [Co]‘[xo] 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
‘by»polychrom‘a'cic white light.. It is therefore logical to assume that
¢1 = ¢2. Even though ¢1 may be different from ¢2 at any particular
wayelength, it will be assumed that over the whole spectrum ¢1 = ¢2;
hence ¢1 will be equal to Lbz. Henceforth only the symbol ¢ will

be used. Equation (6-11) becomes:

¢ -@+Lyq+1=o. | (6-12)
M .

Using the quadratic‘ formula fo solve the above equation for q:

Sl

i : o
q=1 + 53— - [&L g . (6-13)
M M M

‘The negative square root is chosen as the only physically realistic

one. The rate of electron transporf, R-'ET’ is equal to,ZLqu/(i +q).
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Since g is given by Equation (6-13):

20 (S, + ¥ - /Z_SW +p%).

R = . ' (6-14)

CET 2§+ - /stthpZ

Equation (6-14) may be rearranged to give a more convenient form:

2! ‘
R_. = — M . (6-18)

120 (I J=———-==§
28} Hb + [28) Wb

Equation (6-15) is stmilar in form to a rectangular hyperbola, ex-

cept for the added square root term in the denominator. In fact,
this 'equatioh would have been a rectangular hyperbola if K:l and/or
K3 h;d been assumed to have certain slightly different values.
Equation (6-15) gives a nearly straight line on a double reciprocal
plot,‘ and since K1 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 résulting from a slight var-

iation in the equilibrium constants.

Above Light Saturation, [X]=0
When the step that converts L to M has reached its saturated

rate and.can no longer accommodate iall:of the X~that the photo-
electron transport system is capabhle of generating, [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 satutated rate of photosynthesis, BkS[EO] .

The mathematics of this situation are expressed in Equation

(6-9). When the rate of electron transport, 2y q/(1+q), equals
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the satﬁrated rate of photosynthesis, Bks‘[lEo]' , 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‘lihﬁiiting step, or the numerator and [X] would become hegative,

which is physically impossible. Thus, above light saturation: -

2
S' (4 8.~-8"+ [(S,)°+88,S")
R =SS!, when.y = - A SN[ A '\FA SfM A (6-16)
ET "A ‘ 4SS :
S - *OM A

where SA = @ks[Eo] 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 €urve in Terms of Oxygen Evolution

In terms of oxygeri evolution Equations (6-15) and (6-16) be-

come:
R ) 2»<I> €l SM ' .
0, ' Zn2
2 28+ el+N28elS, + B2
RPNV R Revon
whén I < i85 - 435 (6-17)
. M A :
[s 2 ‘
o ASA(4SM_SA+J§A+SSMSA) .
'RO —SA, when I > IS5 —4S (6-18)
2 e V¢ A
“where: .
| ‘ RO = rate of O2 evolution (moles Oz/hr/mg chlorophyll)
o 2 = maximum quantum yield, as I approaches zero (moles
Oz/einstein)
€ = extinction coefficient of the pigments, expr essed as a

function of wavelength (cmz'/mg chlorophyll)
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I =" light intensity, expressed as a function of waveiength
(einsteins/cmz/hr)
SM = the saturated rate of O2 evolution intrinsic to the photo-
electron transport system (when no steps in the carbon
- fixation cycle limit) (moles Oz/hr/mg chlorophyll)
SA = the actual satuzéted rate of O2
b bottleneck in the carbon fixation cycle (moles Oz/hr/mg

" chlorophyll)

evolution, caused by a

Figuljé 31 sho{;vs a réprexeptative plot for Equations (6-17) and’
(6=18). | |
Sy is the maximum possible rate of photosynthesis. But S5,

will be realized anly when the photo-clcctron transport syslemn is
not coupled to the carbon fixation cycle or when' the maximum for-
ward rates of all engymatic 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), 3@, SM’ and S,. @ is the

maximum quantum yield, which must be measured at low light in-
tensities. In Chapter III., by fitting our respirometer data an

Chlorella pyrenoidosa to Equation (6-=17), we found a value for ®

of 0.114. The other two experimental constants, S,  and SA’ may

be estimated from a double reciprocal plot, such als\/IFig. 32, or
may be more accurately determined by a non-linear least squares
fitting procedu;‘e. In Chapter III, SA 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. 34.
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The next qlues_tion‘asked why the light saturated rate of [;hoto-
synthesis, SA’ changes with growth conditions. The explenatioh is
that the concentration of the limiting enzyme per mg chlorophyll
_ changes ‘\Vit-h growth conditions. In Chapter IV, we proposed that
this adapt1ve reSponse may be of value to the Chlorella cell in its
competltmn for survival. .

A further questlon asked why the 1n1t1a1 portions of the light
response curve were the same, regardless of growth conditions.
The photosyhthetic electron transport system goVerns'the quantum
efficiency, ®, and the saturated rate intrinsic to the electron trans-

port system, S Apparently these quant1t1es, which determine the

M
initial port1on 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 components along the photo-

electron transpor't 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.

1. 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
K 4/KM,
to light saturation.

the more pronounced will be the rounding at the transition

2. Even if K4/KM does approach infinity, the as sumption that the

reactions involved in this equilibrium are so fast that their kinetics
need not be considered is an overshmplification. 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 roﬁnding at the transition will be present in experimental data -
simply because it is impossible to illuminate equally all chlorophyll
molecules in an algal suspension. Because iight is absorbed as it
passes through an elgal cell, the chlorophyll molecules on the far
side of the cell receive less illumination than those nearer the light
source. . ‘ A
4. All cells within a suspension are not identical. The light sat-
urated rate of photosynthesis, SA’ may change. with life cycle stage.
This problem might be reduced hy the use of synchronous cullures.
We can expect all four of these phenomena to cause exper-
imental data to deviate from the math‘ermati‘cal model. Therefore
it is surprising that the experimental light response curves 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
cons1dered in the mathemat1cal model. If K /K is reversible and
very 1arge, as assumed in our mathemat1cs, onlv the slowest of
these several slow nea.ctmnshave amny effect on the light response
.curve. In Chapter V it was shown that the maximum rate of a se-
queuce' of reactions is set by the reaction with the smallest max-
imum forward rate. Only when light intensity is raised to thc point
where the maximum:rate of the slowest step is reached will there
be a back-up of intermediates. r.aum'ng. an accumulation of X~ and
resulting in a limitation in the rate of electron transport. Because
'K4/KM 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 hends over sharply to a flat plateau. The magnitude
of this pilateau is set by the slowest,and only the slowest of the slow
steps in'the oarbon fixation cycle. If 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 1nten51t1e s.
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1
[

B. THE SIGNIFICANCE OF THE SHAPE OF THE LIGHT 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) 1nvest1gated by workers in recent years. Hill oxidants |
such as ferr1cyan1de, DCPIP, a.nd quinone probably involve only
System II, while low redox potential oxidants 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 reactlon

How does one explain the experimental data of Lumry et al.
(1959), Sauer and Biggens (1965), and our own, showing the rate of
the System II 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 II chemical trap, Q, is the rate limiting
step. In the second case, which will be shown to be more realistic,
it is as_sg.med that:the 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 Lumry model as derived by
Lumry et al. (1959). As in the Lumry model, we assume the rate
limiting step is the regeneration of the primary chemical trap, Q.

" But unlike the Lumry. model, we assume there is a 50 per cent
probability of excitation energy transfer between the séparate Sys-
tem 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-dichlorophenolindophenol.
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_I_l 0 = ¢2——q-—1+q - ,(Q7] | (6-19)

where th.‘e terms are defined as they were for Equation (6-2), but
with the" addition of the term ki[Q—] . 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, [Q] +[OQ7] = [Oo] , and

the definition of q, q = [Q] /[.Qo] , [Q7] is obtained:

]2 Ll)2
'.l

- b,
[Q7]=[Q] +T<T - [Q (6-20)

The rate of product forma'.t_ion (or rate of electron transport) is:

. RET - 1[Q ] (6-21)
= +k1lQJ - J¢ “+k “[Q )? (6-22)
= Tgye +¥,00 ] - J_(I o002+ k20 1%, (6-23)

_The abbve equation is labeled as Case 1 in Fig. 33. Equation
(6-23) deviates from the rectangular hyperbola function, which is
shown i'n Fig. 33 labeled Case 2: K'1 = 0.5.

But there is another serious problem with the above maodel.
The regeneratmn of the primary chemical trap, Q, does not seem
to be the rate 11m1t1ng step in the Hill reaction, and Lumry and

Ri.eske (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 It 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 1, 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, 15 the rate limiting step. Kj is the
equilibrium constant for electron transfer between Q and A,

. here assumed to be completely reversible.
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| q:.oncentra;tion of primary System II traps, Q, which are present in
a concenti'atlon.of approximately 4 equiv/500 chlorophyll, accord-
ing to 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 po'c;l- of intermediate much larger than the pool size of Q. This
means the regeneration of the pfirnary chemical trap, Q, cannot
pOSSiblY be the rate limiting step in the stcady atate Systein II Hill
re;.cfion, otherwise Kelly and Sauer could not have measured the
size of a larger sécondary pool with their flashing light experiments.

As earlier discussed in this «hapter, Kok et 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 exﬁerimental results suggest that equilibrium
can be assﬁmed between the primary chemical traps, Q, and the
sec':ondar'y chemical t;'aps, A, This was, in fact, previoﬁsly as-
sumed in the derivation of our mathemé.tical model for photosyn-
thesis. But if the equilibrium between (2 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 fof elec-
tron transfer between Q and A, Ki’ 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-

brium:

. (6-24)

K, - 1allia]
‘ [Q7][A]

In the [vllowing derivation K, will be kept as a variable, enabling

1
us to 'see the effect of the value of K1 on the System II Hill reac-

tion light response curve.
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Equation (6-19) of the previous case is replaced by:

Q"] _ ., 2q. - ‘ - A
_Ldf']““l’zT%a'kz[A]' - (6-25)

'Using the above two equations along with the material balances,
[Q)+[Q7] = [QO]' and [A] +[A7] = [Ao]-', we find after considerable al-

gebraic manipulation:

24, (A, ]
- 2%
Lal= 2,k [A ]
' - ' 2ra 12 4y 2 2 270
¢2+k2[A0]+’\/k2 (A1 44" - 205MolA ] + — ¢
' ' (6-26)
The rate of product formation (or rate of electron transport) is:
Rpq = kZ[A ] . (6-27)
_ 2y, k, [Ao]
2y k, [A ]
2 2 2 272
Yt 1<2[A0]+\/k2 [Ao] i, “ - 2¢2k2[A0]+ —®,
(6-28)

where b, =1¢ €.

Equation (6-28) is the general solution where K, is not speci-

1
fied. = We now examine the effect of the value of K-i on the light re-

' sponse curve of the System II Hill reaction. Four values for Kiwill

be examined.

4) K, =0

This is a trivial case since if K1= 0, then no electrons ever

move from Q to A, and the rate of electron transport, RET’- is

zer@. This is also seen from Equation (6-28), since the denomina-

© tor becomes infinite.

When K1 approaches infinity the last term in the square root of

Equation (6-28) becomes insignificant, and the equation becomes:
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24k, [A ]
R = 2.2 o - . (6-29)

The terms within the square root are a perfect square with two
equally valid roots, * (W, - kzﬁAo]). If the positive root is used, the

kZ[Ao] terms cancel each other in the denominator yielding:

Rpqp = ¥y | (6-30)

This solution is valid at all light intenositico below light saturation.
Using the negative root, the two LIJZ térms'in the denominator cangel,

leaving:

Rpr = k(A ). - (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 phyéical grounds this behavior may be explained as follows.
Since K, i

immediately converted to A". Thus, there is absolutely no build-up

is large and the equilibrium is fast, Q7, as it forms, is

of the closed primary traps, Q , and hence no lessening of photo-
chemical trapping efficiency until ﬁ A have been converted to the
A" state. ' |
But if light intensity is increased, a point is reached where

[AT] = [Ao] , and the reaction is proceeding at its saturated rate.
Now there it a build-up of the ¢losed primary traps, Q , and a re-
sultant decrease in the efficiency of photochemical trapping. The
rate of photochemical trapping can never excecd kZ[Ao] .

This case of K1 = o cannot he correct, since it is not consist-
ent with experimental data: Blackman behawior is not observed ex-

perimentally for the System II Hill reaction.
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' C) Ki =1
If K, =1, Equation (6-28) b ecomes:
| 24, k, [A ]
- 2 2% .
Rpq = : | (6-32)

bt Al + [K2[AT2+¢,2 .

This may be given equivalently as:

. - . .'~ 2 2 2
RET‘— ¢2+ kZ[AoJ sz [Ao] +¢2 . A (6-33)

This equation is the same form as Equation (6-22), which describes
Case 1. Inthis case k, [Ao] is found in place of k, [Qo]' Figure

. 33 shows coincident curves for these two cases.

This case of K1

,K1 assumed in the derivation of the light response curve for overall

phofosynfhesis treated earlier in this chapter.

=1 is of interest, since this was the value of

d) K, =0.5

1
If K,
function that best seems.to fit the System II Hill reaction data of

= 0.5, the resﬁlt is an exact rectangular hyperbola, the

Lumry et al. (1959), Sauer and Biggins (1965), and many other
workers. Also, this value of K1 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, of 0.5, Equation (6-28) becomes:

1
Dok, [A ]

. (6-34)
Wo+ kz[-Ab]

Rpp =

*Forbush and Kok's data indicated that the A pool is biphasic, con- .
sisting of two components, A, and A,. The equilibrium constant be-
tween Q and A, was found toibe rapié and best described by an equi-
librium constarg’c of 0.5. The equilibrium between Q and A, was.
slower and was best fit by a K-value of 6. Kok et al. (1969) found
that System I reacts only or mainly with Ai' '
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_ Loyek,[a )]

“ET T Tgevk[a ]

(6-35)

The above Equation (6-35) is shown in Fig. 33 labeled as Case 2:
K1 =.0.5. ‘ | ' x .
Both the Lumry model and Equation (6-35) 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 Kellyjand Sauer (1968), which showed the rate
limiting step for the System II Hill reaction to be.the rcgcneration
of a s'econdary chemical trap, rather than a primary chemical trap.
" Even though the pro'babilify of excitation energy transfer,
which he;fé was assumed equal-to 0.5, may vary with organism or
growth cohditibns, some value of K1 éan be found that will give a
rectangular hyperbola regardless of the probability of energy trans-

fer.
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"NOMENCLATURE

Pf_'obabilify of transfer between separate pigment units

A pool of intermediate that communicates with Q

- A pool of intermediate that communicates with P

The rate-limiting enzyme that catalyzes the conver sion_éf
LtoM |

The fraction of open primary chemical traps, equal to q for
'SYStem II and p for System.I |

A quantum of light

- Light intensity, einsteihs/cmz/hr

Various rate constants
Various equilibriurn constants '
The immediate substrate of the rate-limiting step

The immediate product of the rate-limiting step

The fraction of open. System I primary chemical traps

The primary chemical trap of System I

= The fraction of open System II primary chemical fraps

The primary chemical trap of System II

Rate of a process; moles/hr/mg chlorophyll

The light saturated rate Qf a process, moles/hr/mg chloro-
phyll

A pool intermediate that couples to electron transport be-

"tween A and C

The high enérgy state of X, which can produce ATP (Z ~)

“from ADP (Z)

ADP

ATP _

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, cmz/mg chlorophyll

€ =

) = Maximum quantufn yield for electron transport, moles elec-
trons/einstein. .

® = Maximum quantum yield for oxygen evolution, moles 02/
einstein . .

Uy = I€¢, 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
) = Total amount of all states or forms of the species sub-
| scripted
1 = System1
2 = System II

1,2,3,4,5 = Designate various rate or equi__librilim constants
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: VII. THE PERFORMANCE OF .
OPTICALLY DENSE CULTURES OF ALGAE

Optically deﬁse 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 1ntens1ty changes as a function of distance into the culture must
be known. If the rate of photosynthesis as a function of light inten-
eity' is also known, the local rate of photosynthesis at any point in
the system may be cal_eulated. 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 biomalss can be predicted.

The na..bove procedure for mathematically predicting the per-
formance of dense algal systerhs 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
-c;f the specific rate of growth, pu, on the light saturated rate of photo-
synthesis, chlorophyll content, dark respiration rate, and cellular

composition will be accounted for.
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Consider a systeAm of algae in steady state continuous culture

in the element of volume shown below.

NEEY

]

mtind s _dq
S l

The‘.sylrstem is operating at an average specific growth rate, p, and
light 'is_i'mpinging perpéndicularly onto the left-hand vertical sur-

face. ‘Symbols on the diagram are defined as follows:

- .
I (\) =incident light éntensity expressed as a function of )
0 (einstei_ns/gc:m /hr)

£

= wavelength of light (nm)
8 = distan’ce from illuminated surface (cm) »
'ds . = differential distancc at any fmint a (em)
s = total algal suspension thickness (cm)

To find the total rate of photosynthesis, the local rate of photosyn-
thesis at any point s, Roz(p, I) | & 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 pu:

——

£
Parentheses denote that a variable is a function of the quantities
within the parentheses.



-127-

S .
B bave= 3 § Ro (Dl CWBGIE - DB (7-1)

where .

i = specific growth rate (hr_i) ‘

RO (s I)! ¢ = local rate of photosynthesis in terms of O, evolu-

c T2 ‘tion at any point s (moles OZ/hr/mg chlorophyll)

C(p) = weight fraction of chlorophyll in the cells (mg

chlorophyll/mg dry wt.)

B.(p) = factor for converting O, evolved to cell dry weight
' (mg dry weight/mole 02)

U(p) = uptake of O, due to respiration (moles Oz/hr/mg

dry wt.)

The local rate of photosynthesis will be'expressed by Equa-
tions (6-17) and (6-18), 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

2¢>e(x)1(x)|s Sy
ROZ(”" I)|.s - S‘

28, t@ (NI 4 f22e(MIMN)] Sy + {tI»s(MI(k)-ls}2 |

380 M
_ (6-17)
or, if it gives a smaller value:
Rozm.l)ls = S,(p (6-18)
where
-2 = maximum quantum yield, as I approaches zero
(moles O2 einstein)
e(N) = extinction coefficient of the pigmen’cs expressed
R as a function of A\ (cmz/mg chlorophyll)
10N | = light intensity at any point s expressed as a func-
‘ s tion of N\ (einsteins/cm¢4/hr)
S = the saturated rate of O, evolution intrinsic to the
M
photo-electron transport system (when no steps
in the carbon fixation cycle limit) (moles Oz/hr/mg
chlorophyll)
SA(p.) = the actual rate of O, evolution, caused by a bottle-

neck in the carbon fixation cycle (moles Oz/hr/rng
chlorophyll) '
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In equation (6-417), I(\) | s varies with distance ihto the culture.
Values of A are limited to the region 380 to 720 nm, which is the
region of importance in photosynthesis. Beer's law will be used
to describe this variation, taking into account the change of extinc-

tion coefficient, €(\), with \.

IMN| =1 (\) exp{Xse()Clu} (7-2)
whete '
" X = concentration of algal biomass (mg dry wt./ml).

The above four equations may be solved by substituting Equa-
tion (7-2) into Equation (6-17) and using Equation (6-17) or Equation
(6-18), whichever is appropriate, in Equatidn (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 p, and by trial
and error assume values for X until the right hand side of Equation

(7-1) becomes equal to the value of p originally picked.

Checkiriithe 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 TV, Praogram Algae,
will be uoed to solve the abuve 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:

C(p) = -2.61X 1072 not 7.43% 102 (7-3)
! Sp(w) = 1.334% 10'4p +1.174 X 1074 (7-4)
- U(p) = 2.18x% 10'7;» +7.81x 1078 (7-5)

B(p) is given by Equation (3-2), which.was derived from Figs. 21,
22, and 23:

B() = 0.065%x10"% i + 1.64x 10%. (3-2)
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From the data of Fig. 18, which was fit to Equation (6-17) by

~ a non-linear least squares technique, ® = 0.1138 and SM = 0.00221.
The thickness of the culture, S, equals 2.8 cm.

I (X\) for the computer program is shown in Fig. 34. This
f1gure is based upon the data of Fig. 6, but has been broken 1nto
10 nm bands, each with its own characteristic light intensity.

€ ( )\) is given by Fig. 35, which is based upon the average of
the two curves shown in Fig. 12. €(\) is also broken up into 10 nm
bands Figure 35 does not include hght scattenng, which was as-
sumed to equal the absorbance measured at 750 nm, where there is
no pigment absorption.

But light scattering increases light absorption, since light
scattered side-wa}‘rs 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, €s , is added back into the Beer's law ex-

cat
pression for light absorption. € = 10. cmz/mg chlorophyll,

based upon the average 'scatteringcr:lteasured at 750 nm.

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 (2-13):
P = XpS. (2-13)
The results of the computer program are compared with the

experimental data in Figs. 37 and 38. The experimental produc-"

tivity data are approximately 16% lower than the curve calculated

by the computer. If the computer curve is arbitrarily lowered by

16%, 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 quite well.
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Incident light intensidy x 108
(Einsteins /hr/cm2/10 nm)

I L | ! | ! |

400 500 600 700
Wavelength  (nm)
XBL 707 -~ 3289
Fig. 34. Incident light intensity function used in Program
Algac, thc computcr program uoccd to predict the perfor-

mance of optically dense algal suspensions. This figure
is based upon the experimental data shown in Fig. 6.
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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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Ia

Llght
1ntensity

Rate
of
photo-~
synthesls

0 em 2.8

For one given specifig growth rate,,d:

1.

Calcuiate chlorophyll content, resplration rate, saturated
rate of photoaynthesis, cell dry welght produced per umwle
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 photosynthetlc rates in all these layers.

Calculate the speclfic growth rate, ,, and check to see if
it matches the value we started with. If not, take
& new cell concentration and go back to step 5.

XBL 703-546
Fig. 36. A summary of Program Algae, the computer pro-
gram used t6 predict the performance of optically dense
algal suspensions. . The complete computer program is given
in Appendix VI.
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T | V |

Calculated

o 1.0 2.0
M (day ') XBL 703-548

‘Fig.' 37. Productivity of Chlorella pyrenoidosa in contin-

uous culture as a function of the steady state specific growth

~'rate, p. The data shown are from Fig. 7. The top line was

predicted by Program Algae. Washout occurs when p = 2.3

'day'i.,‘ .
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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.
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The folloivihg reasons may have caused the computer produc-
tivity curve to be higher than the actual data:

1. A value of 0.14138 moles Oz/einstein was used for the max-
imum efficiency, ®&. This may be too high, as discussed in Chap-
ter III. ' '

2. Baék-scattering, or reflection of incident light, was not ac-
counted for in the computér program.

3. | The ''sieve effect'', considered by Monteith (1965) for crops,
is a factor (but a smaller factor in tiny Chlorella cells) causing
deviations from Beer's law.

4. A certain amount of experimental error in the values obtained
for SM, Sa(u), B(u), etc. can be expected.

5. Even though the edges of the culture vessel were coated with
platinum to reduce edge effects, platinum is not perfectly reflecting.
6. Respiration losses are undoubtedly larger than predicted by

the relation for U(p) 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 veésel 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 récently iliunqinated cells
are known to have higher dark respiration rates (Cramer and
Myers, 1949), We also noticed this phenomenon in our reSpirbm-
eter work. X

Notice that Fig. 37 shows an optimum for the production of
cell material at p = 1.6 day-i. Previous workers (such as Shelef
_gi:__a_ll. , 1968) have ascribed low productivities at low values Of.p. as
- resulting from increased respiration losses of the larger cell pop-
‘ulations. This would Ibe true if dark respiration rate were inde-
pendent of p. But both the data of Myers and Graham (1959) and
‘Fig. 19 show this is not true; dark respiration rate decreases
nearly with decreasing p. We believe the optimum in the produc-
tiﬁty curve to result primarily from changés in the light saturated

rate of photosynthesis, Sp(p).
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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
productivity 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. The following is a suggested procedure:

1. Grow the algae in batch culture.

2. Take a sample of young cells while the culture is in exponen-
tial gru;wl.h; Lhe specific gf0wth rate ot these cells is Prnax” Let the
culturc kcep growing. Take anvlher sample when the cultnre 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). | |

3. For these two types of cells, determine chlorophyll content
and elemental composition. All other parameters needed for the
computer program may be estimated from'res-pirometer data. _

4. For those parameters that are functiono of p, assume a liu-
ear relation between the two values of p. .

5. Use the computer pragram to predict productivity ao 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

Fécfor for converting QZ evolve& to cell dry weight,
mg dry weight/mole O2

Weight fraction of chlorophyll in the cells, mg
chlorophyll/mg dry wt.

Differential distance at any point s, cm

Light intensity at any point s expre-ssed as a function
of A, einsteihs/cmz/hr

Incident light intensity expressed as a function of A\,

einsteins/cmz/hr

- Productivity of algal biomass, -mg dry weight/cmz/hr

Local rate of photosynt_;hesis in terms of O2 evolution
at any point s, moles Oz/hr/mg chlorophyll
Distance from illuminated surface, cm

Total algal suspension thickness, cm

'The actual rate of O2 evolution, caused by a bottle-
neck in the carbon fixation cycle, moles Oz/hr/mg
chlorophyll

The saturated rate of O2 evolution intrinsic to the

photo-electron transport system‘ (when no steps in

. the carbon fixation cycle limit), moles Oz/hr/mg

chlorophyll
Uptake of O2 due to respiration, moles Oz/hr/mg
dry weight

Concentration of algal biomass, mg dry weight/m]l

-Extinction coefficient of the pigments expressed as

a function of X, cmz/mg chlorophyll
Wavelength of light, nm

Specific growth rate, hro ! _
Maximum quantum yield, as I approaches zero,’

moles Oz/einstein
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 VIII. SOME ECONOMIC CONSIDERATIONS IN 'I‘HE.
MASS CULTURE OF ALGAE

Of prime concern to the economics of any process is the ef-
ficiencgr 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, therc is a high investment cost in
proﬁding 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/cma/day at a specific growth rate of 1.6 day’ 1
the incident illumination energy between 380 to 720 nm was 8.05
mw/cmz. ‘

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 ot the algae, which is given
" as a function of spccific growth rate in Figs. 24, 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 1s readaly calculated to be 10.7% at the optimum specific
growth rate. This efficiency and the efficiencies at other incident
light intensities, which wene given in Table IIl in Chapter III, are
consistent with the results of other workers (Kok, 1952, van .
Qorschot, 1955, Myers and Graham, 1959). The efficicney 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 10-4 einsteins/hr/cm2 is calculated. Equation
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(3-2) gives the relation between cellular biomass production and o,
‘evolution: B =1.744% 104 mg/mole O2 at a Speciﬁc growth rate of
1.6 dayfi. With these numbers the quanfum requirement is found
to be 18.3 quanté. a.bsorbed/O2 evolved. '

There are two possible ways to reduce the light saturation
effects that cause lower light conversion efficiencies. Onelwaly,
~which ‘,was discussed earlier in Chapter IV, is to find algae with
higher light saturated rates of photosynthesis when expressed on a
per mg chlorbphyll 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 eilipsoidea illuminated at an incident intensity of approximate-

ly 35 mw/cm2 (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% ehergy conversion efficiency could be attained, the cost of a
poind of dried algae will be calculated. The 20% figure is a max-
imurn_i; it would require a very weak illuminéting intensity and would
result in a low production rate per unit area. - For the cost of elec-
tricity we will assume $0.01/kw-hr, a figure generally obtainable
for industrial processes. For the light source we will assume that
the conversion of electrical energy to light.ié 25%, a figure attain-
able for high temperature sodium vapor arc lamps (Shelef et al.,
.4968). The Héat of combustion of the alg,ae; as before, is assumed

to be 5.5 kcal/g. Thus, the lowest attainable electrical cost may
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be calculated:

$0.01| | |5.5kcall454 g| kw-min| hr
kw-hr[0.20]0.25| & | Ib |14.34 kcal|60 min

= $0.58/1b algae.

"A 10% eff,i';:iency for cbnverting light energy into photosynthetic
product would be more reasonable for any practical system; this
would double the above cost for electricity.

‘ 'I'he 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 culturc of algac using

- artificial illumination cannot compete with other food sources such
as soybeans, which are currently marketed for approximately
$0.10/1b. ' '

B. ILLUMINATION 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 condidered.

Vincent (1969) argues against Co, enrichment, recirculation
pumps for keeping algae in suspension, temperature control, and
expensive harvesting processes such as centrifugation. Certainly
his arguments must be considered, since the present agriculturally
important crops use none of these above expénsive 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 éasy 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. ¥. 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 X 5% in.wide X { in.thick. It was inclined at an angie
of about 30 degrees from the vertical and illuminated beneath. The
algae would sWirﬁ_towards the light until reaching the illurhinated
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 célls and 91.4% 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 tinl-es
more concentrated in algae than fhe 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 1 in. thick. Such a separation device would be much
cheaper than continuoué centrifugation. A phototactic separator
would requife virtually no operating costs and little investment cost.
‘In smun#ry, 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

sys’térnsr The criteria for design and operation that must be kept in



-142-

mind are discussed in the following items.

1. In order to determine the illuminated area necessary 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 1is the illuminated surface area. For Chlorella pyrenoid-

osa gi‘d\ﬁng under the conditions investigated in Chapter III, an
optimum‘produ.ctivity of 3.25 mg/cmz/da_y was obtained at a speci-
fic growth rate, p, of 1.6 day-i. For other systems the mathemat-
" ical modol for optiecally denoe culil:urg:a, which is given in Chapter
VII and the computer program in Appendix VI, should be used to es-
timate the optimum productivity and spécific growth rate. A sug-.
gested outline, which uses the computer program given in Appendix
VI, is givén at the end of Chapter VII. This estimate for the opfi-
mum pA and p, once obtained, assurnes that no nutrients, other than
light, are limiting. This estimate does not depend ﬁpon 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 catimate of pu that goes with the abuve p delermines the
dilution'.ra.te to the system, F/V, since at steady state p = F/V.
B is‘the specific growth rate, time—1; F is the feed rate to the
systeni, 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 équations below, these two items are intimately related. As
a design criterion it will be assumed that essentially nonc of the
minerals in which we are interested will be allowed to be wasted by
leavi.ng 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. algai biomass, when the system is at steady state:

pAWN = FCN (8-1)

where W, is the fraction of the mineral in the algae as determined

N
by chemical analysis, mass/mass; and CN is the concentration of
the li"rniting nutrient in the feed sfream, mass/volume. Rearrang-
ing and making use of V = AS, where S is the thickness of the sys-

tem:

C..S = —N. (8-2)

All terms on fhe left-hand side of 'Equatiovn (8-2) have been previ-
ously determiped or are a property of the algae; Cn and S are the
only remaining independent variables.

A decision must now be made concerning either Cyors. If
the feed stream is fixed in composition and cannot be changed, then -
the decision has already been made for us. This might be the case
if algae prqduction.is to be tied in with sewage treatment facilities.
Nevertheless, even in this case the feed stre#m can be supple-
mented with minerals. ' . _

In the ‘ir;terest of having as concentrated a suspension of algae A
- 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 4mm or even 'l cm in depth... Other considerations

' _are‘al‘so important. If algae such as Chlorella 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 .a;lgae to stay in suspension longer. This settling problem has
led to fche 8 inch depth that was suggested by Oswald and Golueke

(1968) as being optimum for Chlorella systems. Butin systems
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where s'ettling is not a probiem, thinner depths waould probably be
desirable. |

Sevéaral eéquations that set the boundaries of operation are
listed below. Operation outside of these limits is impossible.
: Equatidns .(8- 3) and (8—5) have as their basis Equation (8-2).
A oW :

N . '
“NPmax

Mrnax io the maximum oﬁccific growth rate of the algae, day o
the above criterion is not met, the nutrient limits, and p cannotbe
attained.

% < Fmax’ | (8-4)

The above simpliy says that all algae are washed out if F/V exceeds

the maximum specific growth rate of the algae.

PW .
= ;‘I (8-5)
AN

- =
7

If Equation (8=5) is not met, p cannot be attained.
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NOMENCLATURE

Illuminated surface area

Concentration of the limiting nutrient in the feed stream,
masé/volume

Feed rate, volume/time

Productivity, mass of algal biomass/area/time
Production of algal biomass, mass/day' .
| Total.depth of the illuminated algal system

Volume of the algal systefn ,

Weight fraction of'a mineral in the algal biomass,
rhass/mass _ |
- Specific growth rate, time 1

Maximum specific growth rate, time~
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. Appendix I

'ON_S_EPARA'I‘E REACTION CHAIN KINETICS: - THE EQUILIBRIUM
BETWEEN TWO ADJACENT SPECIES WITHIN A SINGLE CHAIN

Separate chain kinetics differs from the kinetics of homoge;
neous 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 1: 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 oach of the species, Uur U and Vor V.
‘ " But since a single U is bound to a single V as a system. there
are 4 possible states for the UV system:

1) UV

2) U v’

3) U Vv

4) UV~ ‘ .
The first 2 system states, UV and UV, cannot result in electron
_transfer between U and V. But the last 2 gyéterh,states, U™ V and
uv, b'c'ain‘result in electron transfer between U and V. The re-
‘ laliénship between the concentrations of U™V and UV  ([U"V] and |
.[U'V-] , respectively) is given by the equilibrium constant K:

K = vy (A-1
“Tovl -
But the apparent equilibrium constant, Kapp’ is based upon homo-

geneous chemical kinetics, and considers not only the system states
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UV and UV, where electron taansport is possible, but also the
system states UV and U- V™, where electron transport is not pos-

sible:

x - [Ov] o (A-2)

aPP [yT)[v]

A'F‘A‘ir st we will consider the case where the true equilibrium

constant, K, has a value of 1, and prove that in this case
K= Ka’.pp = 1. Tlﬁs is an important case, since the equilibria‘ be-
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',
Ful = [V] and [U”] =[V']. For the 2 reacting system states,
since K =1, [U" V] =[UV"]; therefore [U] =[V] and [U] =[V].
Using these relationships in Equation (A-2):

_ [vlvy] . 1'

K =
CePP [yvT(v].

Hencé, if K = 1, then also . Kapp = 1.
If K= and there is an equal probability of an electron being
donat"éd to U as there is for an electron leaving V, then Kapp = 4,

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 eqﬁal to n. The sinéle U may eng.age 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, Kapp' The possible states of the system are:
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Yev U} v}

U~} {n-1)Vv, .VT}‘.  ~ : {0} {(@-1yv, v7}.
U’} {o-2)v, 2v'} {U} {(n-2) v, 2v7}
Y (v, VY U (v, V)
W} (mv) W)

~If .n is large, this system approaches bir_ﬁolecular kinetics
in solﬁﬁoh, as was noted by Forbﬁsh and Kok -(‘1"968). The reason
-is that clectron traneport is pooosible for all pessiblec otates except
for {U} {nVv} and {U"} {nV }, and if n is l'arge'these' 2 species
are only a tiny fraction of the total possible réacting species. In
Cas/é:'? 'f:he reason _Ka_._pp varied from K ‘was that fully 1/2 of the
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 II

'NADPH CONTROL OF THE PHOTO-ELECTRON
| "TRANSPORT SYSTEM _

Th1s model assumes that NADPH build-up, when an enzyme

_ in the ééi“bon 'fixationlcycle has feadhed 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

case has the following differences from the case of ATP control
treated in Chapter VI:
1.

The transfer of electrons between Q. and P is fast, reversible,
and at any given light distribution is describable by the equilib-
.rnunuconstant K1 |

Species F immediately accepts an electron from P, when a
quantum of light has been photochemically trapped by P .

Th‘é steps between F and L are assumed to be fast. The equi-
librium between F and L is described by the equilibrium con-
stant Ky which is assumed to be very large relative to KM’ the

Michaelis constant for the conversmn of L to M.

The following four equations describe the system:

‘_idL?;L=,0=¢ZTZ§é_-¢1p. . (A-3)
: | kL [EJ[L]
d[L] _ 2q _ S5t
‘--!:i_t—l_ BLIJZ'l } [L]':EM (A-4)

For the data shown in Figs. 14 and 17, the rounding in the light
response curves as light saturation is approached requires that

K

4

KM be no less than 50.



-150- °

Carbon L
‘Cycle _ kelEJ(L]
( Reqc‘tlor\s JRaTe- KM+ %
M

' /
“~

XBL 709-64Gh

Fig. 39. A model for the light response curve of photo-
. synthesis that assumes NADPH control of the photo-
"electron transport system. This case is discussed in
© Appendix II. : '
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k,=[RIF]___ap . . (A-5)
ot e w-auep)
k,= EE Al
The variables are defi’ne.d”as they were in Chapter VI. Use will

also be made of the material balance, [F] +[F7] = [F ]. Substi-
tut1ng Equat1on (A 6) into Equatmn (A-4) and solving for [F]

Ky 2
- i?"(ﬁk [E ] ¢27Tf%)
[F)=(F,] KZ‘ . (A-7)
Ry (ﬁk [= ] - ¥, 1+q) e T+q

Slnce the value of K4/K approaches 1nf1n1ty, [F] = 0 when
Bkg [E ] =L (above light saturatmn), and [F] = [F ] when

BkS[Eo] > ——CL (below light saturatlon)

Below Light Saturation, [F] ="[Fo]‘

‘Because K /K is assumed to be very large, [F] = [F ].
F can alwa.ys accept electrons from P~ that trap quanta of 11ght
Hence there are no inefficiencies in electron transfer from P~ to
F. As 1n Chapter VI, we will assume ‘_llJi = 1112 =y Substituting'
Equation (A-5) into Equation (A-3) and solving for q:

1 - N/Z?K,i.
4% —qTI/K, (A-8)
3 1

.AThe rate of electron transport, RET’ is:

RET - LP 1+q _ (A-9)
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. 2 - 2NZ/K,
.2 -2/K1-VZ7K1

Before discussing these results, the case of light saturation will be

(A-10).

treated mathematically.

Above Light Saturation, [F] =0

When the rate of electron transport, ¢ ﬂq— , becemes equal to

the maximum rate of the bottleneck step, BkS[Eo] , [F] suddenly
changes its value from [Fo] to 0. This can be seen from Equation
(A-7). The physical reason is that reduced species back up behind
L causing F to be entirely converted to F~.

I,n_reality', we would not expect F~ to accumulate. Instead, we
would 'exi)ect species such as F~, since they have very negative mid-
point redox potentials,' to start donating their electrons to molecular
OZ. But the resull is exactly the same; the nel rate of eleclron trans-
port cannot exceed Bk5 [Eu] Thus, at light saturation:

Rpp = Sp | (A-13)
where' Sk = Bks[Eo] a'.nd is the light sa.turatAed rate of electron trans-
port.

Discussion _ o

Equation_ (A- 10) says that the rate of elgct'ron transport, RET’
varies directly with light intensity, I..  This first-order behavior con-
tinues ﬁp until light saturation is reached, at which point Equation
(A-13) 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 (6-16) gives the rate of electron transport below
light<saturation for the case of ATP control of the rate of photosyn-

thetic electron transport. In contrast with Equation (A-10),
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Equation (6-15) does not predict first-order behavior below light
saturatibn, but instead ﬁredicts curvature, starting from zero in-
tensity all the way up to- light saturation. The experimental data
given in Fig. 4, 14, and 17 seém to indicate some curvature at
lower light intensities, but the data do not allow a clear preference

for one model over the other. .
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: Af;pendix I

THE RATE OF PHOTOCHEMICAL 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 devehpcd by Clayton

(1967).
1.

. The following assumptions are made:

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 yuanta and may be dcscribed by the rate con-
stants, k k.. , and k

trap’ Xdiss trans’ respectively.
A quantum absorbed in a unit with an open trap is caught by
that trap with 400 per cent efficiency. This assumptionof perfect
trapping is tantamount to the assumption that ktrap is much

‘larger than kdiss or ktrans' If a quantum is absorbed by a

" unit with a closed trap, this quantum has a chance of Leing

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 undergoune chemical change by vir-

tue of a recently absorbed quantum, rendering it incapable
of absorbing another quahtum until it has been regenerated

to its open form.

In Fig. 40 an incoming quantum of light is absorbed by a unit

in a Begion where a fraction, f, of the traps are open. The pfob—

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
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Probability of Trappi
When the Ave-rageAFrggt?gn :
- of Open Traps = f

li"(.ra.ns .
}

{1 - 2y _
' - Ktrans * kdiss

e
Etrap f{(l - )% trens )2}
. : ktrans + Kqiss

.kdiss

" XBL 709-6495

o ‘Fig. .4_0. The probability a quantum lharvested by the

top pigment aggregate has of being trapped by any given
pigment aggregate. This system is discussed in Appen-
dix III.
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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) ktrans/(ktrans + kdiss)' In

‘order to determine the probability of this transferred quantum being"

harvested by this second unit, the above term mu$t 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
togethef to obtain the total probability of the quantum being trapped,

Ptr ap_:

: k ‘ .k _ )
P ='f‘1+ (1'f)k tra:_nks + (1_{)/_’»(1( _ trans )&

+ . o
trap trans “diss trans+ kdiss

(A-14)

The abo{z_e infinite series may be re-expressed:

—* — (A-15)
trans
1 o (1 - f)

Ptrap N £

trans ~diss

Let a ;.-kfrans/(ktrans

Aunits'.' Joliot's equation (Joliot et al., 1966) results:

+ kdiss)’ the probability of transfer between

_ f v :
Ptrap T o 4-a(1-f) : _ (A-16)

Joliot's equation may be modified to give the rate of trapping:

Rate of trapping = T_—%_—ﬂ (A-17)

where U is equal to the light absorbed times the quantum efficiency

when all traps are open. e
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Appendix IV

E XPERIME NTAL PROCED URES

A. DRY WEIGHT DETERMINATION

1.

Plpette 10 ml samples of recently resuspended algae into 10
ml centrifuge tubes of known weightA.

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.

Decant water from the c'entrifuge tubes and place them in a
90°C oven for 18-22 hours. :

. -After drying, place the centrifuge tubes in a CaCl2 dessicator

for about 1 hour. After removing the tubes fromthe dessicator

the&r 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

1.

Follow steps 1 and 2 of the dry weight determination (preced-

ing page). All subsequent steps in this analysis must be car-

ried out in very subdued 11ght

After decanting the water, add about 5 ml of methyl alcohol to

.each of the centrifuge tubes and resuspend the cells with a

sméll metal spatula, spinning the sPatule. until no cells are

- stuck to it.

Pour each cell suspension into a 50 ml B'eaker, ‘making sure
to wash the cen‘tArifu'ge 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 - M&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
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t}‘xeA-beakers evaporate to dfyness on the hot platé. : Remove
' the beaker from the hot plate'while there is still a small
amount of liquid in it, and let it evaporate to drynéés at room
témperature. A '
When all beakers are dry, resuspend the dried material in an
80:20 (v:v) acetone-water mixture with the aid of a metal spat-
ula. Pour (his liyuid carefully Inlo a graduate cylinder. Rinse
the beaker and spatula several times with the acetone-water
mixture, making sure that all extracted cellular material is
t;ah‘sferred into the graduate cylinder. Add more acetone-
water mixture to the gradﬁate cylinder until a dilution is
:x"eached sufficient to give an absorbance of 0.5 - 0.8 at A3 nm
with a 1.0 cm path length cuvette. ‘ '
Let the cellular remains equilibrate with the acetone-water
, mixture for at least 15 minutes. ' |
Ceritrifuge 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 chlorophyll b are due to
Arnon (1949) and use the extinction coeffiéients of MacKinney

(1941).

O.
"

T* 20.2 D645 + 8.02 D663 (A-18)
CA=-2.69 D_645+12.7 D663 (A-19)
.CJB =22.9 D(A5 - 4.68 D663 (A-20)

where C is the concentration of chlorophyll in the acetone-
water solvent (mg/1) (the subscripts T, A. B stand for
total chlorophyll, chlorophyll a, and chlorophyll b, respec-
tively), D645 is the absorbance at 645 nm, and D663 is the
absorbance at 663 nm.

The chlorophyll _gé.chlpr\ophyli-b .ratio is equal to CA/ Cg-
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9. The weight per cent total chlorophyll may be determined by

the equation:

Cp X D.F.
T D.W.x10

where D F. is the dilution factor, the ratio of the volume of

wt. "470 Chl (A-21)

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/1).

C RESPIROMETER TECHNIQUES
The resp1rometer used was a Gilson GP- 14 Photosynthesis

Model. Th1s 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) disselved in the liquid phase,
smce the quantity of this dissolved gas does not change with time
after initial induction effects. _

In all cases two 50 watt tuggsten filament reflector flood lamps
were used to illuminate the number 8 and 12 position flasks in the
respirometer. These two lamps (and the respirometer flasks that
they illuminated) were not in adjacent positions, but were separated
by one intervening unused position. The flasks were separated in
this manner so that essentially all of the light reach1ng 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-

" ricd out in situ. In some runs a copper sulfate solution (0.043 M,
- path length 2.8 cm) was placed between the.Iamps and the respirom-
eter flasks. This gave a spectrum virtually; identical to the spec-
trum of 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 iight intensities. The saturated
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rates o"f.photo.synthesis were found to be identical for both types of
illumina,tion. Indeed, no differences in curve shépes could be dis-
tinguish‘e,c‘i', when the initial slopes of the light response curve of
photosynthésis 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:

Photosynthetic Rate with Carbonate-Bicarbonate Buffer

The carbonate-bicarbonate buffer system consisted of 0.19 M
KHCO, and 0.01 M Na,CO, dissolved in distilled water. This sys-
tem gives a pH of about 9.0. The advantage of this system is that
the (_iarbdn 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 proccdure will be given.

1. Freshly collected cells are kept chilled (0 - 3°C) and in sub-

" dued light during the following steps.

2. 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 lu luse no cells). .

3. Centrifuge the above cell suspénsion and repeat the rinsing
"with chilled buffer once again (as given in the above step 2).

4. Centrifuge the cell suspension for a third timc. Deeant the
supernatant, and resuspend the cells in sufficient chilled car-
bonate-bicarbonate buffer to give 13.33 y of total chlorophyll
per ml. v

5. Pipette 3 ml of this algal suspension into a clean dry respirom-

" eter flagk (Gilson GME-440 with 9.6 om’ of illuminated area).

Also .pre‘pare a control flask with 3 ml of plain carbonate-.

bicarbonate buffer.

——— e
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6. _P.Ia"c'e the res'p‘irome'ter.fla‘sks in:the respirometer, which has
been allowed to eqoi_librate ‘,to. its Opereting temperature. Let
the flasks equi-libfate for one hour, agitating at 160 rpm, be-
fore taking any readings.

7. The atrhospheric pressure is noted' before‘the readings. Res-
p1rometer readings are taken over a 20 minute interval for each
1ntens1’cy  Allow 5 minutes after sw1tch1ng light intensities to
ensure a steady state rate of oxygen evolution is reach.ed. In
general, light intensities are run from low to high to prevent

. problems of sblarization (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-
tration"of carbon dioxide in the gas phase as carbon dioxide is con-
smned by the photosynthesizing algae. No buffer has an infinite buf-
fering capacity. Initially, the carbon dioxide concentration in the-
gas phe.se is about 0.90% at 25°C, but after 500 pl 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 carbonate and bicarbonate ions are known.
Carbon dioxide in the liquid and in the gas phases, as well as HZCO3.
in the liquid phase, are formed from the stoichiometric relation:
2Hco3"—>fco3" +H,CO,. |
the volume of the gas phase, the dis soc1at1on constants for H CO3
and HCO3 (the values used were from Mclnnes and Belcher (1933)),

and the Henry's law constant for carbon dioxide, material balances

Knowing the volume of the liquid phase,

'-‘ 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 measgred amounts of oxygen evolved, are shown in
Fig. 41 for both 25°C and 10°C.
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Fig. 41. Gas phase correction for the carbonate-bicarbonate
"buffer system used in the respirometer. This correction is
to be added.to the measured quantity of evolved oxygen.
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A'fter 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:

(P - PH?_o" 5)(273)

-Manom. Corr. = 780) (T - : (A-22)

where PT is the barometric pressure (mm Hg), PH 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: Resp1rat1on Rate with PhOSphate Buffer
Ch111ed 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 1- 3 of the previous procedure were used,
but with substitution of the phosphate buffer for the carbonate-bicar-
bonate 'brrffer). 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 centained 0.2 ml of 20% KOH along with a filter
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 s.ame flasks used to determine photosynthetic xates, and these

vates were determined prior to any illumination of the flasks.
o :
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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 ’ : o “

The quinone Hill reaction in whole cell algae relies on the
ability of para-bensoquinohe to penetrate cell"‘mér'nbranes. This
reaction, like all Hill reactions, uses the p}'mtos'yntheti'c electron
transport system (af least System II) and results in the transport
of electroﬁs from water to the electron acceptor. In this case the

electrons convert quinone to hydroquinone:

I
o

‘ 'I_'hle ability of quinone to ﬁenetrate the 'cell‘mem.brane, an
ability not possessed by other Hill oxidants suc:ll“as potassium ferro-
cyé.nide, stems from the fact thét it carries no ‘net chargé. 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) and was further investigated by
Ehr_rnén't.;'raut and Rabinowitch (1952). The fdllov;)ing is based on the
procedure given in the above references. but i.é modificd in several
impoffant 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 h_ay_e a beneficial

. i
effect on the-ratesof+oxygen 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 N'H4C1.

]
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The experimental procedure takes tw'o days. : The first day's
“activities follow. As-usual the cells are kept in subdued light and
only chilled éolutions (0-3°C) are used in suspending the algae.

1. Cevntrifuge _10 ml of fresh cell suspension at 5000 g (at 0-3°C) -
mihutes,' decant supernatant, and resuspend the cells in chilled
phosphate buffer (0.05 M, pH = 6.5) using a small metal spatula
{(make s"u_re to rinse spatula with buffer).

2. Centrifuge the above éell 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 (18-24 hours). |

On the following day observe the fdllowing procedure, making
sure fhé cells are kept in very subdued light and at 0-3°C.

1. 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 mgor
so). This resublimed quinone must be képt in very subdued light.

2. Dissolve 24 mg of the resublim‘ed quinone in 20 ml of the chill-
ed phosphate buffer (1.2 mg/ml). Keep this solution at 0° C.

3. Weigh out sufficient' mannitol and bovine serum albumin to give
5 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). Keep at 0°C.

4. Decant the supemm. from the cells centrifuged the previous
day and suspend them in sufficient of the above mannitol-albumin-
phosphé.t_é solution to give 22.2 y of total chlorophyll per ml.

' 5. Place filter paper wicks into fhe center wells of two respirom-
" eter flasks. Place 0.2 ml of 20% KOH on the wicks. Place 0.2 ml
of 0.3. M:NH4C1 in one sidearm of each flask. Chill the flasks in the
refrigerator if the experiment is to be run at 10°C.

6. Add 1.0 ml of the chilled quinone-phosphate s‘olluti‘on to the re-
maining sidearm of each flask. Add 1.8 ml of the chilled cell
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suSpension"to the main 'coinpartmentvof one flask, ‘and 1.8 ml of the
same soiu"fion without any cells to the other ﬂa.sk, which will be used
as a cbntxrol. A - 4

7. Place the flasks in the respirometer and let them equilibrate
for 10 r'i'l.it.nutes>(15_minute‘s if at 10° C) before tipping the sidearms.
After the sidearms are tipped, the reaction mix should contain 1.2
mg quinone, 40 pg of total chlorophyll, 0.54 mM mannitol, 0.14 rriM ‘
phosphate, 6 mg serum albumin, and 0.06 mM NH,Clina total of
3ml =~ . '

8. '-A'fter the s_idearms a_x;e tiApped, take readings at 5 minutes inter-
vals 6ve.1_" a period of 10 minutes (15 minutes if at 10° C) before turn-
ing on the illumination of the desired intensity.:

9. 'Ta';ke readings on the flasks at two minute intervals for a period

of at least 20 minutes after the illuminating lights are turned on.
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Appendix V

CALCULATION OF QUINONE HILL REACTION INITIAL RATES

‘The rate of 02' evolution, as measured in a respirometer, for
the quinone Hill reaction is a function of time as well as light inten-
sity. -~ The rate of o,

this dec;éasé is a function of light intensity; at higher intensities

E
e'volutior_l decreases with time. The rate of

the rate of decrease is more rapid. _

Another factor also complicates raw data: the liquid and vapor
phases»azfe not at equilibrium with_respec;t to O2 concentration. In
spite of shaking the respirometer flasks, a considerable mass trans-
fer resi-.stance exists between the liquid phasg, where O2 is evolved,
.and the_.yapor phase, where the evolved O, is measured.

_Figure 42 shows a typical quinone Hill reaction run, where
thg accumulated amount of O2 evolved is plottéd as a function of
time. TFigure 43 shows the same data, but instead is plotted to
show.the_differential rate of O2 evolution. The data points plotted
are the differences between the data points shown in Fig. 43.

‘ The first data point shown plotted in Fig. 43 is low because a
transient is caused by the high mass transfer reéistance. But a
steady,. state rate of O2 evolution is never reached; at times greater
than 4 minutes the rate of oxygen evolution declines. This decline
in rate appears to be first-ordef 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
O2 evq-ltition may be found simply by extrapoléting 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

>k'I‘he back reaction, hydroquinone + O, = quinone, did not appear to
‘be an important factor in the decrease of O, evolution rate with
time. After the quinone Hill reaction had proceeded for some time,
turning off the illumination resulted in little O2 uptake. -



30

Accumulated ul of O, evolved

N o
o

o

-168-

L | m 1

0 10 | 20
Time of illumination (min)
XBL707- 3287

Fig. 42. Accumulative amount of oxygé'n evolved (uncorrected)

“as a function of time for a typical quinone Hill reaction respi-

rometer run, Run D-43,

Fal
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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 techmque

The follow1ng equatlon is- from Briggs (1959):

4 - kj‘a (b-g;—————vG:ova)»  (a-23) ’
L ) G .
where | ' : 4 .

g = rate of appearance of the evolved gas in th‘e.gas phase

(el/min) ‘
P - = rate of produchon of gas in the hqu1d phase (pl/min)
kLa“ = mass .tranefer coefficient between the liquid and gas

' phases (ml/min) '

;SVL' ) = volurrie of liquid phase (ml)
Vo . * volume of gas phase (ml) .
0 . = Henry's law constant, defined to be the concentration

in the liquid phase divided by the concentration in the
gas phase.
b1nce the rate of product'xon of gas appeafs to decay in a first-

order manner with respect to rema1n1ng photosynthet1c activity:

p = Ae Xt . (A-24)
where " _ '
‘ LA = the initial rate of O evolution (pl/min)
= l’o.rumctcr that deacnbes the firgt-ordet decrease in

"k
C 1
actlivity (min” ") .
It is the determmatmn of A, the initial quinone Hill reaction rate,
that is our objective.
By substituting Equation (A-24) into Equation (A- 23) and inte- :

gratmg w1th respect to time, the following equation is obtained:

D : _ .
g = o (7 - e PPY (A-25)
where :
D =k a/vL (1/min)

"B . = (vG+ crvL)/vG (very close to 1700 in our case).
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In obtair;ing Equation (A-ZS’)~us,e_was made of t_he initial condition,
at t=0, g=0. '

' The above equation could be used to fit rate data such as
shown bn 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:

_ _DA (1. _kt 1 -DBt
where - ' ' 4
y = the accumulative amount of Oz evolved; note that g = dy/dt'
- (pl). | | '

Equation (A-26) was ob_tained by making use of the second initial
'condition; at t=0, g=0. ' 4

Equation (A-26) was used to fit all quinone Hill reaction res-
pirometer runs. Use was made of LSQVMT, a Lawrence Radiation
Laboré.fory Computer Library program that may be used to fit non-

linear equations by a least squares procedure.
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Appendix VI

PROGRAM ALGAE: PREDICTING THE PERFORMANCE OF
"OPTICALLY DENSE CULTURES OF ALGAE

PROGRAM ALGA (INPUT,QUTPUT)
ZPSCAT = 10.

2EAL MU, INCINTs LAMDA, MUINC, MUCALC, INTTCT, MICWAT, MICTOT,
1TINTATS

TSMTEGER SSTEP, QSTEP

DIMINSTON EPS(3T7), INCINT(27), LAMDA(3T), CHAR(1Z),y ZMU(2CO),
12(300), R{300), Y(300), SA(300),7X(200),2ZP120C), ZS(120G), ZRPS(1O
z00),y - ZROSTT(200), ZMUCLC(200), MICHAT(3T), TRANS (300)

RGAD 50, (CHAR(I), T = 1,12)
S0 FURMAT (1.226) .

PRINT 60, (CHAR(I}, ! = 1,12)
AN FOARMAT (i Hi1, 12840

READ 100, (FOPS(L), INCINT(L)y L = 1,35)
100 FORMAT (2510.0)
no 150 L =.1,35
LAMDA(L) = 10.%(L + 37)
MICWAT(L)Y = INCINT(L)/Z(3.F Lt1%LAMDA(L))
150 COMTINUS :
PRINT 200 :
200 FORMAT (iHG, 10X, SHLAMDA, 13X, THEPSILON, 17X, L8HINCIDINT INTENS
LITY,y. £6Xy 15HINCIDENT EMERGY)
PRINT 210 ,
210 FORMAT (12X, 2HNM, TX, ZAHCM#22/M6 TOTAL CHLO2PIPHYLL,  3X, 24H{IN
ISTEINS/HR FCMER? /10 NM,y 232X, 22HMICRONATTS/CME=2/10 NM//)
PRINT 2290, (LAMDA(LY, FPS(L), INCINT(L), MICWAT(L), L = 1,25)
20 FORMAT ( 9Xy F&.0, 10Xy F13,55 16Xy £13.%; 14Xy E?3.5)

MICT3T = O

INTTOT = Qe

DD 770 1L = 1435

MICTAT = MICTOT + MICWAT(L)

INTTAT = INTTOT + INCINT(L)
2T0 CONTINUL
PRINT Zz&5, INTYCT
260 FORMAT (1HD, 39HTHE TOTAL INCINENT INTENSITY, INTTOT,
119H EINSTEINS/HE/CM%E:2)
TPRINT 270, MICTQT )
470 FOFMAT (1HC, 26HTHE TOTAL INCINENT ENERGY, MICTAT, =, E13.5,
317H MICUIINATTS/CM2) ‘

v £12.5

“READ 200, RS, V, PHI, SM
100 FORMAT (4510.0)
PRINT 500, BS

400 FORMAT (1H), 36HTHE THICKMFSS OF CULTURF UNTIT, BS, =4 FB.2, 3H CW) 7~

PRINT 410, V v
<10 FORMAT (1HC, 32HTHE VOLUME NF CULTURT UNIT, V, =, F8.2, 35H CM#*2)
‘AREA = V/BS
PRINT 420, 8RFA
G FCEMAT (LHO, 32HTHE AREA OF CULTURE IINIT, ARFA, =, F3.7, £H CHxiZ)
PRINT &334 PHI.
w30 EARMAT (LHO, Z74THE MAXIMUM JUANTUM YISLD, PHT, =, F3.7, 1&H N(2)
1075 QUANTA)
PEINT 447, S
440 FGRMAT (LHT, TIHTHE MAXIMUM RATZ OF THE LINCUPLED PHOTGELECTRON TE
LANSPNRT 3YSTYNM, SM, =, F8.€, 35H MOLTS M(2)/HR/MG TOTAL THLGROPHYL

4

IN

-t
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2L)
RFAD 800, MUIMC, MUSTEp
200 FURMAT (10,0, 110)
PFINT 312, MUINC, MUSTEP o
Y0 FLAMAT ({HC, 22HMU INCREMENTS, MUINC, =, F8e423, 47H 1/DAY AND THi N
TLUMBEE F STELS (OF MU, MUSTIP, =, I4) ‘ s :
C READ HGD, SSTEP :
450 FORMAT (110)
SINZ = RS/SSTEP
PETNT 510, SINC, SSTEP , L
510 FORMAT (1HO, 2VHS INCREMENTS, SINC, =, F8.5, 424 CM AND THI NUMBER
T CFE STEPS NF S, SSTEP, =, 14) = B

START -DF My (NUTS2MOST) NN LCOP
M =2 NL,0D
DO 200 M= 1,MUSTEPR
MUY = MU+ MUINC
£ 7MU(M) NZEDTO .FQR PRINTING
IMU(M) = My
£ C(M) = MG TOTAL CHLOROPHYLL/MG DRY wT
CAM) = - 0.C261%MJ 4 0.0742 ‘
Q{M) = MG DRY WT/MOLFE 0(2) ‘
CBAM) = 1 HLEL + 0,065%4nMY) _
U{M) = RSSP PATF, MDLES O(2)/HR/MG DRY ®T
UMY = 7,812 8 0+ 2,185 TaMy o
C 5a04) = MOLFS ND(?2)/HR/MG TOTAL CHLORNPHYLL
SA(V) = L 1T76H-4 + 14334F-6%MYy
X = 2.8/7(MU%BS) '

«)

e}

(@]

C STAXT DF § {(MIDDLZ) NC LNOP
ASTED = SSTEp + 1 '
TCOUNT = 0
906c § = SINMG ,
©OTCCUNT = 1COUMT & 3
DY 1103 K = 1,08Trp
S = S ¢ SING
C 73{KY MFZD-D FIR INDTXING
. IS(KY = S
{0 START GF ¢ (INNE?MIST) DO LOGP FNR LIGHT ABSORPTION AT §
aRSS = 0
INTETS = 0,
DO 1000 L = 1,2s o
ABSS = 2.303%INCINT(LI®(EPS(L) + JOLIXEXP(-2.303%X*S«(FOS(L) +
110)1%C{M)) + ABSS . , : A
. INTATS = EXP(-24303%X%S*(EPS(L) ¢ 1C.)#C(M)I=INCINT(L) + INTATS
0N0 CONTINUF . N .

—

C CYXLCULATION 3F PHOTOSYNTHETIC KATE &7 S, RPS
28 = SART(ABS{2..%*PHI=ABSS%SM + (DPHIXARSS)*%*2))
IR = 2.%SM + PHI*ABSS + 74 ) )
EDS = 2,wPHIXARSS®SM/ZR

1F (9P5 .GT, SB(M)) 2PS = SA(M) ' S T

S 75PS(K) NIEDED FOR INDEXING
7EPS(KY = EPS
1Y0Nn CONTINUE

€ START .PF THE CUT LITTLE ITSY-RITSY RPSTCT DG LOOP
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©PSTOT = 0.5#(ZPPS(1) + ZRPS(ISTEP))/SSTEP

DO 12Q0 K = 2,SSTFP _
RPSTOT = RPSTOT +IRPS(KI/SSTFP

1200 CONTINYS S p
MUCALE = 2&.%(EPSTOTEC(MIKB(M) = U(M)*B(M))

IF (ABS{MUCALC + MU) oLFe leE-3) GO TS 190C
X = ABS(X&MUCALC/MU) A '
IF (X .Lie 1.E-2) GO TO 1900 v
IE (X «GZe 1eF42) GO TG 19CO0
1F (ICOUNT LGE. 200) GG TO 1800
GO YO 90N
180C X = Do.
1900 2x(M™) X
1P (M) X&MU=BS -
TRANS(M) = 10C.*INTATS/INTTOTY
IRDSTT (M) PPSTNT '
IMUCLC (M) MUCALC
2000 CONTIMNUYE

PRINT 2100 : _ S
21.C0 FOOMAT ('Hl, 8X, 2HIMU, 13X, 1HC, YXSX, 1HH, 15X, 1HU, 15X, 2HSA,
117Xy 2HIXy 15Xy 2MHIP) ' :
PRINT 210
. 2110 FORMAT (64X, 12HSPEC GR RATE, 64X, 12HFRACT CHLIT), &4X, 12HCINVERS F
PACY, EX, TIHPESPIR RATE, 55X, LLHSAT PS RATT, 7X, Y2HCFLL CONC DW,
26Xy, L12ZHPRCDUCTIVITY)
PEINT 2120
200 FOOMAT (TX, SHU/DAY, 8X, 12HMG CHL(T)I/VMG, 4X, M2HVA/MOLE (21, 3X,
VLEHMOL O(Z) /HP/MG, 2X, 18HMOL D{2)/HP/MG CHLy SX, SHMG /ML, 6X,
EL12HMG/ CMER2 /YD
PEINT 21730, (7MUCM), CUM), BIM), U(M), SAIM), IX(M), 2P(M), M = 1,4
LUSTED) : 4
21?0 FIRMAT (YHO, X, F842, 8X, F8ab, TXy F10.1, X, F12.10, €X, F12.1C
1" BX, FB.A, BX, FR,.4) )
PRINT 2400
2400 FORMAT (1H), BX, 3HZ4U, 11X, SHIRPSTT, 10X, 4HZMUCLC, 11X, SHTFANS
1)
PPINT 2410 -
2470 FDRMAT (4X, Y2HSPFC GF RATZ, 4X, 12HAVPG PS RATCT, 4X, 124CALC GF F
TATT, - 3%, V4HPEP GEMT TRANS) '
PRINT 2420 ' -
2ATCOFURMAT (fX, SHI/DAY, SX, 18HMIL O(Z2)/HR/MG CHL, ©X, SH1/798Y)
PRINT 2%70, (ZMU(M), ZFPSTT(M), ZMUCLC(#4), TRANS{M), M = 1,MUSTEP)
2420 FORMAT (1H0, SXy FR.Z, 6Xy F12.10, Xy F8BeS, £X, F8sF)
330C CONT [NUE '
CEND
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DEFINITION OF VARIABLES IN PROGRAM ALGAE

ABSS
AREA
B(M)

BS
C(M)

CHAR(T)
EPS(L)

1
ICOUNT
INCINT(L)

INTATS
INTOT -

K
L
LAMDA
M
MICTOT

MICWAT(L_)

MU(M)
MUCALC(L)
- MUINC
MUSTEP

Light absorption at S, einstein/mg chlorophyll/hr
Illuminated area of the culture unit, cm

Factor for converting photosynthetlc rate from O2
production to cell dry weight production, mg dry
wt. /mole O2

Thickness of culture vessel, cm .
Chloroi)hyll content of cells, mg chlorophyll/mg
dry wt. | ‘
Storage for A-field information

Eps1lon, the ext1nct1on coefficient of the phot08yn-
thetic p1gments, cm /rng Chlolophyll

Indexing value for ‘A-field storage

Number of iterations in S (middle) DO loop
Incident intensity of light on culture vessel surface,
e1nste1ns/cm /hr/10 nm '
Light intensity at S, e1nste1ns/cm /hr

Total incident 1ntens1ty of 11ght on culture vessel
surface, elnste1ns/cm /hr

Indexing value for S

Indexing value for LAMDA

Wavelength of light, nm

In(ieki}ngi value for MU

Total incident energy of light on culture vessel sur-
face, 'microwatts/cmz

Incident energy of light on culture vessel surface,
microwatts/cm2/10 nm

Actual specific growth rate, 1/day

Calculated specific growth rate, 1/day
Incremental change in MU, 1/day

Number of values of MU examined



PHI

QSTEP ‘

RPS
RPSTOT

S
SA(M)

SINC
SM

SSTEP

TRANS(M)

U(M)

v
X

ZA

7B
ZMU(M)

ZMUCLC(M)

ZP(M)
ZRPS(K)

ZRPSTT(M)

ZS(K)
ZX(M)
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Quantum ﬁeld, moles Oz/einstein

SSTEP + 1 .
Photosynthetic rate at S, moles .Oz/hr/mg chloro-
phyll

Average photosynthetic rate in culture unit, moles
O,/hr/mg chlorophyll

Distance into the culture unit from the front, cm

L J

The actual caturatcd ratc of oxygen cvolution, mwles
Oz/hr/mg chlorophyll

Incremental change in S, cm ‘

The saturated rate of oxygen evolution intrinsic to the
i)hotoelectron transport system, moles Oz/hr/mg
chlorophyll

Number of incrments of S

Per cent transmission of light intensity through the
culture unit

Uptéke of oxygen due to dark respiration, moles
Oz/hr/mg dry wt. . | |
Volume of culture unit, cm~

Concentration of algal cells, fng dry wt. /ml
Defined term in photo synthetic. rate equation
Nefined term in photosynthetic rate cquation

A pai‘ticular indexed value of MU (

A parficular indexed value of MUCALC
Productivity, mg dry wt,/cmz/da.y

Photosynthetic rate at & particular value of 8§

A particular indexed value of RPSTOT

A particular indexed value of S

A particular indexed value of X

b g e T
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