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.~ THE BEHAVIOR OF CHLORELLA PYRENOIDOSA IN
: STEADY STATE CONTINUOUS CULTURE o
Joseph N. Dabes, Charles R ‘Wilke, and Kenneth H. Sauer
Lawrence Radlatlon Laboratory :
. * University of California

Berkeley, Califo rn_xa 94720

‘August 1970

ABSTRACT

‘Chlorella pyrenoidosa was grown in steady state contin-

uous culture. Algal growth was never limited by COZ’ minerals,

pH, or ternperature.. ‘The effects of the two remaining independ-
ent variables, specific growth rate and incident light intensity,
on algal biomass productivity.and algal»physiology were exam-
ined. '_ ' ' ' | |

It Was found that optimum algal biomass productivity was
obtained at a specific growth rate of approxunately 1.6 day’ 1,
when the incident light 1ntens1ty was 8.05 mw/cmz. This Optl—
mum specific growth rate is not expected to change significantly
as a function of incident light'intensity. This optimmum specific

growth rate for cell biomass production results primarily from

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

hght transrrntted through the culture.
Total chlorophyll content chlorophyll _/chlorophyll b
ratio, bhght saturated rate of photosynthes1s, dark respiration

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

cific growth rate. Onv the other hand, maximum Quantum effi-

ciency, light saturated rate and maximum quantum efficiency of
the qumone Hill reactlon, and DNA content changed little, if at

all as a functwn of SpeC1f1c growth rate. Physiological changes ,



in the cells as a functlon of 1nc1dent 11ght 1nten51ty were small.
A rnathemat1cal expression for the light re5ponse curve

of photosynthes1s was formulated wh1ch is consistent with both - =

exper:mental data and current knowledge of the chemical kmetlcs '

of photOSynthes1s _ | » e
A mathematical model for the performance of optically

dense algal systems, wh1ch are of 1nterest for the mass culture

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

els, since it uses the 'above-'m_entioned liéht 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 dsts, and shonld be useful in design-

ing and predicting the performance of algal systems.

*
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1. INTRODUCTION

A. RESEARCH GOALS

l The 'general objective of this research was to de{rel'ep ‘an im-
proved k1net1c model for the growth of algae, allow1ng optimiza-
tion of des1gn and operatlng 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 strent_ium—
.90, from dilute abque’ous soAlutions.’ Such a large scale process -
would lr.ec';uire the development of mass culture production facilities.

A eomplete undefstanding of the basic fundamenfals of algal |
physiolo'gy and gfonh eharaeteristics was the objective of this re-
search. An'un&erStanding of these fundamentals is essential for
‘the ratlonal design and operatlon of mass culture algal systems
"The spec1f1c research goals were:

1." To examine how the 1ndependent var1ab1es, 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:v

a. cell concentration
b. productivity of cell material
c. chlorophyll content 7
: d | chlorophyll E/chlorophyll b rs,tio
e. :absorption spectrum. o |
f. light 'response curve of photosynthesis
g. 11ght response curve of the quinone Hill react1on
h. respiration rate in darkn ess g

[
.

cell composition by elements
j. RNA and DNA content



2. To examine how some of the above physiological param-
eters r'es'pond to 'trahsients in the feed rate to the continuous cul-
ture unit. | | o ‘ o

3. To develop a mathematical model for the light response
curve of photosynthe51s This model would be based upon current
knowledge of the kinetics of the re’a_ctions.jin phbto.synthesis and be
consistent with,expei‘imental data for the light response curve.

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

ductivity performance in aptically dense cultures of Chlorella pyre-
" noidosa. This would rpvermit optimization of growth conditions in '
- the dense algal systems that would be encountered in the mass cul-
“ture of algae.
" 5. To attempt to improve product1v1ty performance by using
plant horrnones and by using an algal mutant.
6. To brlefly discuss some economic considerations of the

mass culture of algae.

" B. A BRIEF HISTORY OF PHOTOSYNTHESIS

The Early Work: Pre-1960 )
Man's knowledge of photosynthesis is increasing exponential-

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

the earth served as the stomach for plants, and that plants drew
all‘foedr from the soil with their roots. Caesalpinus, during the six-
teenth centur.r_yv, defended these Aristotelian views and explained the
exist.enee of leaves as simply protective devices for bﬁds or fruits
(Sachs, 1890). |
This. view was questioned only after Von Helmont grew a wil-
low tree in a pot of soil. He removed the Willow tree after it had
grown to a large size and found that the soil had decreased in
~ weight approximately 2 grams, a small fraction of the dry weight

of'the willow tree.



It was les‘s than 200 years ago, in 1779, when Joseph Priestly
found that the 'gi‘een parts of plants give off oxygeh gas, the element
that he had discovered 5 years earlier. Jan Ingen-Hous, in 1796,
found 1:ha‘chO2 is the chief carbon source for plants and that light is
necessary for the fixation of»CO'2 into p’lantmat_erial. Ingen-Hous
- also found that plants respire in the dark, giving off COZ' _Buildi_ng
upon the work of Ingen-Hous were several workers in the nineteenth
century whose work led to the now-familiar overall reaction for

photosynthes1s in algae and higher plants:.
o . o | : - |
‘ CO2 + HZO' ﬂCHZO)n + O2 . S (1-1)

where (CH O) represents sugars or carbohydr_ates, which are the
- main 1mmed1ate products of photosynthes1s

Workers in the n1neteenth century suspected that the chloro-
phyll of green plants and algae was the main pigment responsible
for the conver sioh of light into chemical energy. Yet it was not
until 1894 that. Englemann proved that the intracellular particles
known as chloroplasts were involved in photosynthes1s Englemann
(1894) used the filamentous alga Spirogyra, aerotactic bacteria,
and a rlarrow beam of light in a microscope. When he illuminated
the Spifal 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
: S@rogyra 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 von
experiments that showed increases in light ihtensity would produce
_incr'eases in the rate of photosynthesis only up to a certain point.
Above this point, increases in light intensity were iﬁeffective in ,'
increasing photosynthétic rate. Furthermore, changes in temper-

ature produced no changes in photosynthetic rate at low light -



‘intentsities, suggesting a'photochemicel reaction governed in tilis
re.gionéﬁ“ But at high light intensities, the light saturated rate was
greatly dependenf on tefnperature, a result typicél of ordinary
chem1ca1 reactions. Blackman also. suggested that these hght re-
s!ponse curves should rise in a 11near fashion, abruptly bendmg i
over to the 11ght saturated plateau. Such a sharp transition in the
.light response curve ha>s been questioned by some workers, but in
Chapter VI a theoretical explanahon for this type of behavior will

‘be offered. ,

Photosynthetic bacteria do not evolve oxygen, but require a
reduced chemical species -and light 1n order to reduce Co, to car-
bohydrate: | .

CO,+ 2H,D —™ __(CH,0)_+ H,0 + 2D (1-2)

: where H2D depptes- avr‘i electron doner such as HZS’ thiosulfate, re-
duced organic compounds, or even hydrogen gas. Van Niel (1931)
- suggested _thé;t photosynt-h'esis in green land plants fnay be exactly .

: . anal'ogou:s to the abo&e Equation (1-2) and fh,e.t Equation (1-1) s.hoﬁld

be -writ’cen: _ | -

_hv

CO,+ 2H,0" (CH, 0) +H,0+0, (1-3)

where the oxygen gas is actually formed from the oxygen atoms of
the water. 'Van Niel proposed that the primary reaction in photo-

- synthesis is the same in all photosynthetic organisms: a photolysis
.of water produc1ng an oxidizing spec1es, {OH}, and a reducing spe-
cies, {H} ‘Equation (1-3) can therefore be broken down into three
. component equations: ' ) | v
hy

4H-'o 4 {H} + 4 {OH} : (1-4)

4 {OH}—qa—rk-O +2H,0 - (1-5)

’ v dark - :
,'4 {H}v+ co, ———-_—(CHZO)n +H,0 (1.-6)
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Exper1mental support for Van N1el's hypothesm came when

Ruben et al (1941) found that the oxygen evolved in photosynthes1s

came from water rather than CO By carry1ng out photosynthes1s
usmg O 8-labeled water or CO 1t was found by means of mass
spectroscopy, that the 018 was present in the oxygen liberated by
photosynthe sis, not when the CO was labeled, but only when the
water was labeled. ' _ ’ -

Emerson and Arnold (1931, '1932), usingb Chlorella pyrenoid—

osa in carbonate bicarbonate buffer, 1nvest1gated the effect of

short (about 10~ -5 sec) intense flashes of light. Several of their
f1nd1ngs are important. First, they found one oxygen molecule
evolved per 2500 chlorophyll molecules per flash, if the dark time
between flashes was sufficiently long  Second, in order to obtain
the max1mum oxygen yield, the dark t1me separatlng flashes must
be at least 0.02 sec at 25 C. At lower temperatures the dark time
had to be._longer A Q of about 2. 9 was found which is typ1cal of
an enzymatic react1on, whereas a photochemical reaction Would be

expected to have a Q of zero. By th1s clever experunental de-

vice the existence of a photochem1cal "light'' reaction and a chem-

1cal "dark!' reactlon, ‘both of which were proposed by Blackman,

were experlmentally confirmed and separated. Third, with Chlo-

Egl_lg' cells that varied in chlorophyll concentrations by as much as
a factor of three, and even with other species of plants (Arnold and
Kohn, 1934), this basic ''photosynthetic 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 O molecule implied that most chlorophyll mol-
ecules simply act as antennas, transferrmg harvested energy to a
species capable of chemically trapping it. : .
In the late 1930's Hill (1937, 1939) showed that isolated chlo-

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

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

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



to thes:e chiorplasts, Ithere‘was neither o.xygen e_volution nor fixation
of the CO to form carbohydrates It was nearly 20 years before
Arnon et al (19543., 1954b) demonstrated that 1solated chloroplasts
were capable of fixing CO _

I’c was also dur1ng the 1930's when a controver sy began over
the minimum quantum requ1rement in photo synthes1s (number of
quanta of 11ght absorbed for an O2 molecule to be evolved, mea-

sur_ed at low light 1nten51t1es). Using Chlorella pyrenoidosa and the

'respi‘rorneterteehniques‘that he had developed earlier, Warburg and
- co- Workers found a m1n1mum quantum requ1rement of only 3 or 4. *
In a ser1es of papers, Emerson and Lewis (1939, 1941, 1943) ques-
t1oned Warburg s exper1menta1 techmques and results. Us1ng War-
burg's techmques, Emerson and Lewis found that a burst of CO
occurred just after the onset of illumination. The low quantum re-
,.qu1rements measured by Warburg could be duphcated only if the ex-
perlment were run for a short per1od of tlme, taking max1mum ad—

. vantage of this transient gas burst. Since only total pressure

' change was vfollowed by Warbuvrg, ‘it seemed he was treating this COZ
burst as part of the oxygen evolved. By eliminating this initial tran-
sient-_,i_. Erner son. and Lewis found a minimum quantum requirement

of about 10 quantav absorbed per O evolved. Virtuallyv all workers
outs1de of Warburg's laboratory now believe that the minimum quan-
tum requlrement 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).

.Working with Chlorella pyrenoidosa and monochromatic light,

‘Emerson and Lewis (1943) found that the quantum requirement re-
maivned 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 efficieney of light

utiliZatiion.deereased rapidly (quantum requirement increas‘ed),

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

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



725 nrn Th1s drop in quantum eff1c1ency, often called the red drop
-phenomenon, became an even bigger paradox when Emerson et al.
(1957) found that full efficiency could be extended beyond 680 nm, if
supolementary_light of short wavelength were provided along with
the lonngavelength light These results suggested the existence of
more than one pigment system d1ffer1ng in absorpt1on of var1ous
wavelengths of 11ght but whlch must cooperate in order to obtain
rnax1murn eff1c1ency '

Dur1ng the 1950's a great deal was learned about the f1xat1on
of CO in that port1on of photosynthes1s often referred to as the
carbon f1xat10n cycle, the Calvin cycle, or 81mp1y the "dark reac-

I t1ons” of photosynthesis (the last term is m1slead1ng, since many
dark reactions also occur in the photo-electron transport portion of

_photosynthesm) Using radioactive labeled C14

O2 Calv1n and co-

- workers followed the path of the labeled carbon as it traversed its
.way through a series of 3, 4, 5, 6, and 7 carbon sugar phOSphates
in a cyclic manner, with glucose and other posmble products be1ng
produced by the cycle The actual CO fixation step is accomplished
by the enzyme carboxyd1smutase, wh1ch catalyzes the addition of CO
'to 1, 5-ribulose d1phosphate, resulting in the formation of two 3- phos—
phoglycer1c 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 CO 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 light was demonstrated by several workers in the early
1950's ("'Vishniac and Ochoa, 1951, 1952, Tolmach, 1954, Arnon,
1951). The other 1ngred1ent needed for the carbon fixation cycle,
ATP, was shown to be pro_duced by isolated chloroplasts by Arnon
et al.. (1954a, 1954b). ArnonM. (1957, 1959) found two types of

photophosphorylation, cycli_i.c and non-cyclic. The former type is not
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-accompan1ed by oxygen evoluhon and undoubtedly 1nvolves an inter-
. nal cycl1ng of electrons, wh11e non- cyc11c is accompamed by oxygen
evolut1on and the formation of NADPH from NADP.

The f1rst success of relat1ng photosynthes1s to the morphology
of the chloroplast was provided by ‘Trebst et et al. (1958), who showed
that ATP and NADPH are produced at the p1gment contalmng mem-
branes (lamellae or grana) in the chloroplast while CO f1xat1on oc-

curs in the non- membrane reg1ons (stroma) of the chloroplast

The Two L1ght React1on Hypothes1s Post- 1960
' W1th1n the past decade the amount of research in photosynthe-

'. sis has accelerated greatly, but much remains to be unveiled. The
'mechamsm of phosphorylatmn is still unknown, and the chemical
identities of ma.ny of the components associated with the photo- elec-
tron tranSport system remain to be determ1ned Nevertheless,
knowledge of the photo electron transport system today is much
'greater than previous to 1960 when little was known of the events
in this "11ght reaction' portion of photo_synthesm.

" A great stride was taken in 1960, when Hill and Bendall (1960)
.’propose‘d the existence of twolight reactions jvoivne'd in a series man-
" ner. In the lamallae of chloroplasts they found two cytochromes, f
»and b6’ which had mid- po1nt redox potentials of +0.36 volts and
-0.06 volts, respectively.  Yet cytochrome f became oxidized and
_ cytochrome b6 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 "downh1ll"

from cytochrome b6 to cytochrome f as shown in Fig. 1. It Would

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

- ‘port chain would cause cytochrome f to be ox1d1zed and cytochrome

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

:’. . : E .

FVery recent work suggests that what Hill and Bendall thought was
cytochrome by may actually have been cytochrome b3. This does
not affect the above arguxnents
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Fig. 1. At the top of the diagram is shown the two light reaction
scheme for photosynthetic electron transport. 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 CO3 are con-
sumed, yielding sugars and amino acids as the main immediate .

products.
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d1fferent1al absorpt1on spectrophotometer, found that a c-type cyto-

| _ chrome in the red alga Porphyr1d1urn cruentum was oxidized by long x

wavelength light and reduced by short wavelength light. This result .
was expla1ned on the basis that this cytochrome is in the path of:
electron flow between two light reactions. These workers labeled
the long wavelength absorb1ng system as System I and the short.
wavelength absorblng system as System II.

F1gure 1 shows a generally accepted scheme for the electron
tran3port reactions 1nvolved in photosynthes1s (see, however, Knaff
and Arnon (1969) for an alternat1ve scheme 1nvolv1ng three light re-
actlons) The varlous components in the dlagram are shown at thelr
mid- p01nt redox potent1als The’ energy necessary for boostlng elec-
trons against the electrochemlcal grad1ent is provided by photons ab-
sorbed by the two different photoreactlons, as shown by the two heavy
arrows. L1ght absorbed by System II results in the formation of an
unknown strong omd121ng agent, Y, which is responsible for extract-
ing electrons from water and an unknown weak reducing agent, Q.
Light absorbed by System I gives a strong reducing agent, FRS’,
which u1t1mate1y leads to the formation of reduced NADPH, and a

- weak oxidizing agent chlorophyll P - The weak reducing agent of .

700
System 11, Q » and the weak oxidizing agent of System I, P

700° 3T
o connected by a series of electron transport react1ons, which give

rise to A’I‘P All reactions are ""downhill", electrochemically speak-
- ing, except for the two light reactions, which cannot proceed without
-energy in the form of light. The dashed line in Fig. 1 indicates the
p’ossibility of cyclic electron transport around System I, allowing

the manufacture of ATP without the formation of NADPH.

’Little is known of the reactions involving Y, the strong oxident o
produced by System II,. and the evolution of oxygen, but these steps
“are Currently being investigated by a large number of workers.
.Steps between the two photosystems are better known, even though
the exact location of some of the cytochrome constituents is open to
question. Relat1ve pool sizes (or concentrations), equ111br1um con-

stants, and even kinetic rate constants for some of the intermediates
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have been determ1ned ma1n1y in the laboratorles of Kok Johot and
Wltt Thelr f1nd1ngs are discussed in greater detall in Chapter VI,
and here we will discuss only the probable identities of some of these
inter-system components. Q is chemically unknown, but may, like

P?OO’ be avchlor'ophyll a vmolecule in a special environment. Q and

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

700 ,
pla’stoquinone (PQ), is present at a concentration about an order of

magmtude larger than P700 or Q. C, an intermediate just preced-
ing P 200 in the electron flow scheme may well be cytochrome f or
the copper- contalmng constituent known as plastocyanin (PC). The

pool size of C is similar to the pool size of P 700 according to Kok

‘et al. (1969).

P700, a special chlorophyll a molecule exhibiting reversible
llght induced absorbance changes at 700 nm, is undoubtedly the photo—
chemical trap in the reaction center of System I.- P70 harvests elec-

tronic excitation energy from the bulk ""antenna'' pigment molecules

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

is oxidized by light absorbed by System I and reduced by 11ght ab-

sorbed by System II. Further evidence that P700 is located in the

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

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

other constituent in the photo-electron transport chain.

Recently Yocum and San Pietro (1969) have discovered what

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

been given the name FRS (ferredoxin-reducing substance) and appears
to consist of more than one uncharacterized molecular species.

Chlorophyll E 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 absorbed by these accessory pigments never
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shows up as fluorescence from the accessory p1gments, but in-
_stead causes chlorophyll a to fluoresce ThlS suggests that the
accessory p1gments pass the1r harvested excitation energy to chlo-
rophyll a. Ingreen plants, Hind and Olson ('1968) conclude that
'the accessory plgment chlorophyll b is either ent1re1y or mainly
assoc1ated with System 11, based upon detergent fractionation
stud1es of chloroplasts ' '
' The morphologlcal structures within the chloroplast lamel-
lae have been extensively studied by Park and co-workers using
the electron microscppe. Park and Pon (1961) found particles of
‘dimension 185 & X 155 AX 110 A thick, appearing to be in the in-
terior of chloroplast lamellae membranes, when the outer surface _
- of the membrane was torn away by sonication. These particles, |
named quantasomes, each contain about 230 chlorophyll a and b
molecules (Park and Biggins, 1964). Lamellar fragments con-
_ s;'r'stin:g_of about eight quantasomes have Hill reaction activity with
- .DCPIP“* and are able to reduce NADP. This information has

. led Park_ (1962) to _suggest that the quantasome might be related to

~ the photosynthetic unit first suggested by Emerson and Arnold

| (1932) on the basis of flashing light experimehts. It should be re-
called that about 8-10 quanta of light are needed to fix one CO2
- molecule (or release one O molecule). Thus, in order to °
vevolve one O molecule in a s1ng1e brief flash of light, the coop-

' ferat1on of 8- 10 quantasomes, or approx1mately 2000 chlorophyll

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

_rophylls per O2 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 productlon of algae com-

parable to_the agr1cu1turally important land crops. Since it does
not p.resently exist, the mass culture of algae for food or fodder can-
not be d'isciis sed. ' We must instead direct our attention to efforts
that have as thelr goal the’ mass culture of algae. |

W1th1n a few years after the end of World War II, interest
developed in the poss1b111ty of culturing algae as a major food
‘source. In the early 1950's researchers in photosynthes1s, engi-
‘ neers, and food technologists from through- out the world were
brought together at Stanford, California. These workers examined
limany problems assoc1ated w1th the mass culture of algae and the
‘ use of algae as food or a source of chemlcals The result of the1r ‘
work was a book edited by Burlew (1953), whlch 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
economlcally prom1s1ng for the processes investigated by them.
After this group d1sbanded 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
' vwith the vast theoretical potential of algae as food, and particulerly
‘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 f1gure for
a cereal such as wheat is only 269. This type of comparison is re- -
'spon'sible for the accelerating interest today in mass algal culture.
'But in spite of this impressive productivity figure, the technolog-
‘ical problems of cultivation and harve sting of unicellular algae re-
main formidable. These problems will be discussed in the next

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

est in thls field. The first was the. launching of the Sputnik satelllte .
in 1957 and the resultant 1nterest in space exploratlon Here, in-
terest has centered on us1ng algae to set up closed ecolog1cal sys-
tems for extended manned space flights. Objectives have included
using algae as both a source of oxygen and fomd', or as only a source
of oxygen. Revi.evé}s on algae in life support systems are given by
Oswald and Golueke (1964), Miller and Ward (1966), and Miller et al.
(1968)
The second development was an interest in the cultlvatlon of

, algae in conJunc_tmn with waste treatment, a process necessary to
today s sOCiety: There are at least three ways algal culture can be
‘tied in w1th waste. treatment in secondary treatment ponds fed by
' -orgamc wastes, in tertiary treatment ponds for the removal of min-
“eral nutr1ents such as nitrates and phOSphates, or in a combined
secondary tertiary treatment process, where the objective’ would be
to both reduce b1olog1ca1 oxygen demand (BOD) and to remove nu- _-‘
trient minerals. The latter combined secondary tert1ary treatment
is part1cularly attract1ve, since the bacterial degradatmn of the or-
ganic BOD enhances: th.e concentratmn of CO in the pond. Shelef

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

Recent 1nterest in the f1lamentous blue-greenalga Spirulina has
resulted from its ease of harvestlng because of the mats it forms on
the water's surface. Sglruhna is also promising from several other
stand—poi_nts.' Its thin cell wall makes for good digestibility, and it

“has heen used by natives of Lake Chad area of Africa as a protein
source forvan unknown number of years (Clement et al., 1967).

- A recent review on the use of algae for food and fodder is given
’ by V1ncent (1969) Vincent argues that an economic process must be
as S1mple as possible and not be concerned w1th such thmgs as CO
enr1chrnent and temperature control.” He also points out that circu-

lation equ1pment, needed to keep tiny non- f10at1ng algae such as
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‘Chlorella 1n vsus/pension, and most harﬂve’s't*ing' eqiupment, could be
e11m1nated by cultivating floating f1lamentous algae such as Spirulina
and Spirogz a. ‘ v :

‘Work in ) this f1e1d rnay ‘be descrlbed as in the pilot plant stage
In addition to a pond of about 2/3 of an acre (10~ 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 understariding 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 convertlng solar energy into

photosynthetlc product will be cons1dered Also, algae will be com-
pared_w1th the present agricultural crops in regard to the variables
that affect the efficiency of solar 'energy_ conversion. Efficiency'is
defi‘n'ed here as -beihg 'equal to the. heat of' combustion of the plant ma-
terial produced d1v1ded by the ut111zab1e energy (380 720 nm) inci-
dent upon the plants. o

~ Present crop product1on systems in agr1cu1tura11y advanced
areas obta1n a max1mum efficiency of solar energy conversion of
only 2 -2 '1/2%, according to Bonner (1962). When the entire earth's

surface is cons1dered 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'f:ra'ction is stored in the edible portions.

In contrast to the above low efficiencies, Kok (1952) found ef-
f1c1enc1es as h1gh as 20 - 25% in Chlorella grow1ng under opt1murn
cond1t1ons in weak light. Efficiencies nearly as h1gh have also been
found 1n crops such as the sugar beet growing in optimum conditions.
D1screpanc1es 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. 'I:rn}oroper pH. ' -
- 3. Plant diseases or parasites.
4. I_,ack (or oversupply) of water.

ThlS 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 requirement of 10 quanta/O2
evolved an energy conversion efficiency of 23.5% is calculated.

]
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5. Temperature too high or too low.
6. Carbon d10x1de content of the earth's atmosphere (0.03%) too
.low for the ma.x1mum growth of most plants.
7. Low. photosynthet1c eff1c1ency at high hght intensities (the
- llght saturated rate of photosynthes1s is reached at light in-
“"tens1t1es as low as 5 - 20% of direct overhead sunhght)
8. Solar energy- stored in the inedible port1ons of plants such as
roots, stems, and leaves.

9. “ ‘The sun's energy str1k1ng the barren ground
4 Modern a_gr1cultural techniques can control the first three
‘ items'to‘near. their .optimum  Item 4 is, in many areas, a problem
that requires irrigation. Items 5 and 6, temperature and CO con-
centratlon, can be controlled only in enclosures such as green- ‘
-houses. No direct attempts have been made to do anythlng about -
 Item 7 the l1ght saturated rate of photosynthe51s, but hopefully the
~ recent basic research on tobacco mutants by Schmid and Gaffron
- (1967) will stimulate interest in this area. These workers have in-
‘ vestigated tobacco mutants that have higher light saturated rates of
photosynthes.is Item 8 deals with the inedible portions of plants
“in crops such as corn this problem has been greatly reduced through
plant breeding. Nevertheless, in any land crop this problem will
always exist. Item 9, solar energy h1tt1ng barren ground, is a gen-
eral problem with most crops before they reach full size.

_ Now let us examine these 9 problems as they concern the
mass culture of algae As in crops, the first 3 items are control-
: lable. ‘Item 4 water relat1ons, is never a problem, except for
: Vevaporatwn 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 sunhght H0pefully algal strains
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can be. found that minimiae 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 1nd1§1duals, after experiencing the
bit_l:er ehoking"taste of Chlorella, claim it to be completely inedible).

- The vgreatest advantage of algae may be Item 9. With algal'
:s‘yst'ems. there is no need for solar energy to fall on barren ground
during any portion of the year, ekcep't perhaps in freezing climates.

' In splte of this rather promlsmg outlook for the mass culture
of algae there has been no great rush to convert cornf1elds into
~algal ponds There are some serious technolog1cal problems in-

" volved in algal culture; some of these problems are listed below
1. CO supply (a mass transfer problem)
' 2 'Keep1ng algae in suSpensmn
3 ';Harves’ung algae from dilute solutlon (approx. 200 ppm
typical). '
4. Dry1ng algal product
5. Large 1nvest1ment cost.

| The first problem involves getting CO into the pond. If we
rely on’ atmospher1c COZ’ the l1qu1d phase re51stance 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 atrnosphere
~and in the pond could be maintained, many algae are limited in their
'_growth rate by this concentration of CO
v The second problem is the setthng of algae such as Chlorella

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

will settle to the bottom and start to decay as conditions become
anaerobie. In the 2/3 acre algae pond at the Sanitary Engineering-
Reseafch 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. F1lamentous floating algae such as SB1ru11na

would net have this problem.
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The th1rd -pr.oblerrl, that of harvesting a very dilute suspension
of tiny c'ellé, ls 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 econom1cs cen-
tr1fugat1on appeared borderhne because of power requ1rements and

| cap1ta11zat1on costs. N o

' Dry1ng the algal product is not as expenswe as harvestlng, but

'nevertheless involves difficulties stemming from the slurry-like con-
31stency of the concentrated wet algae. This problem does not exist

in agr1cultura11y 1mportant crops such as cereals, where the crop is
already dry when it is harvested.

The f1fth problem is formidible. It is d1ff1cu1t to see how the
h1gh cost of lined ponds can be easﬂy reduced. One approach that

- was ment1oned 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 influence the performance of such
sy stems, ’COé concentration, the concentrations of minerals, tem- |
perature, incident light intensity, and specific growth rate. v
fC_arbon dioxide is, along with water, a raw material reactant
in photosynthesis. It is the sole source of carbon in autotrophic
photosynthetic organisms. Carbon dioxide enters photosyn’ches1s in
the carbon fixation cycle, where the enzyme ribulose- -diphosphate
carboxylase causes it to react with 1, 5-ribulose diphosphate yield-
ing two rrlolecules of 3-phvosphoglyceric acid. Car_bon dioxide may

be a limiting factor at atmospheric levels because of the relati'vely
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large Mieha.ellis constant of the enzyme-CO-2 complex.

Various minerals are required for algal growth. Chlorella
needs the elements ‘nitrogen, phosphorus, potass1um, magnesnim,
and sulfur Also needed in trace quantitles are the elements iron,
ca101um, boron, manganese, zinc, copper, molybdenum, and cobalt.
Still in question are requirements for chlorine, sodium, and vana-
d1um, which at least some species of algae appear to require.

‘These m1nerals are used in several possible ways by the cells.
The elements mtrogen, phosphorus, and sulfur are 1ncorporated in-
to the bu11d1ng materials of the cell, proteins and nucleic acids.

The other elemerits may be used as enzyme cofactors, in ma1nta1n-
1ng 1on and osmotlc balances, or bound into molecules such as hemes
" or coenzymes

‘Sorne ~algae can grow only in a very narrow pH range, while

others such as Chlorella tolerate a wide pH range. - Emerson and
Green ,(1938) examined the effect of pH on the rate of photosynthesis
irri vChlo‘rjella and fo_imd no detrimental effects over the pH range of
4.6t08.9. | -

_ Temperature has two effects As one increases temperature,
‘en21yrnes_ are capable of cata\lyz1ng biochemical reactions at a faster
rate. This will result in a doubling or tripling of the maximum ve-
locity of the enzyme for each 10° C increase. But in practice tem-
perature cannot be increased without limit, since another phenome-
non be'co'mes 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 eatalysis rate.

The light incident upon photosynthetic oi’ganisms provides'the
| energy required to drive the process of photosynthesis. The manner
‘in which light enters into the mechanism of photosynthesis was dis-

cussed in Chapter I. Incident light intensity is one of the indepen-
dent variables examined both experimentally and theoretically in

later chapters.

g
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- The other major variable that this work directs"itself to is

specific growth rate. Spec1f1c growth rate has a profound effect on

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

variables, COZ’ minerals, temperature, and light. The specific

growth rate, vp.,_is simply the rate of growth of the algae: the rate

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

_ 1 4dx S
K= X dt ; ‘ (2'1)

- where p is the specific growth rate, time-i‘ X is cell concentra-
: tion, mass/volurne and t is time. In this report specific growth

rate will be treated as an 1ndependent 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-

,1‘:%.’ | o (2-2)

'wher-e F is feed rate,"voluine/tlime' and V is culture volume. 1In

truth, F/V not p, is the 1ndependent varlable, since only F or V

can be physically set But since the work in th1s report deals mainly

with steady state continuous culture, we will treat 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 is placed in the culture vessel di-

agramm’atically shown in Fig. 2. Light of constant intensity is used

to 111um1nate one face of this rectangular culture vessel. The con-

centrat1on of algae in the vessel w111 increase with time in a manner
such as shown in F1g 2.. First, there is a lag phase when the algae
are adapt1ng to their new environment, gearing up their cellular

mach1nery to be able to grow in this new environment.
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Batch Growth Exponent1a.1 Phase
After the lag phase the cells begin to grow exponent1a11y

‘Light is not limiting; in other words, the shading of cells near the
‘back of the »cultufe vessel by cells near the front of the vessel is
ne'gligible; A mass balance may be set up to describe the situation:
‘the accumulafion of cellular material is equal to the rate of gener-
ation.of cellular material: ' |

St = WXV (2-3)

e .‘is pr_épjo'rtibnﬁal td the rate of p.hotosyvnthesis."_ The rate of photo -

.synthesis as a function of light intensity is given by a ‘relationsh.ip

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

an optically thin suspension of algae where there is no appreciable

shé,ding of cells by'othef-vcells. If the incident light intensity is

| greatef than that required to produce the light saturated rate of

photo_syn_thesis, then the algal cells are growing at their maximum

- specific growth rate, Mnax® ' v
‘ The definition for p given by Equatlon (2-2) is obtained by re-

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

1 dX

HE X a (2-2)

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

concentration is found to increase exponentially with time:

0

where: X, is the cell concentration at any arbitrary time zero dur-

X=X, eMt (2-4)

ing the éXponential phase.
The total rate of production of new cell material, P, is simply

- the rate of é.ccurnulatfon of cellulér material, fnass/time:

4 v
P :chTXt_Yl, = WXV, (2-5)

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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'ILLUMINATED CULTURE . TYPICAL LIGHT RESPONSE GURVE
' | . . . x — - .
1. |
L ' RATE
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BATCH GROWTH OF ALGAE
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EXPONENTIAL

TIME

XBL 709-6505

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 7
seen that the next phase, the linear phase, does not have this prob-

lem of wastlng 11ght

Batch G_rowth: -Linear Phase

The e‘xpone'ntial phase lasts only as long as there is no appre-.

ciable shadihg of cells by other cells. When the suspension becomes -
so dense that negligible light i‘s trahsmitted' through the culture, a v
linear region of growth is ente.red.. During this linear phase essen-
tially all'light is absorbed by the culture. The rate ‘of increase of
cell concentration is v-lftually_ind'ependent of X, since -absorpti.on of
light is virtually independent of X. A material balance gives:

| d(XV)

G- wa C

S 1n whieh A is the ilIumin'ated surface area of the “culture unit and
"W is the rate of conversion of ‘light into cell material, mass/time/
' area. W is approx1mate1y constant for a given 1nc1dent light inten-

s1ty, changmg only if phys1olog1ca1 parameters, such as the light

saturated rate of photosynthesis or chlorophyll content, change. An

_ ' average spec1f1c growth rate may be deflned based upon Equation

(2-6):

B d(XV)

dt

WA =p XV (2-7)

WA
' Mave XV ‘

H

(2-8)

Fove ‘is 1nverse1y proportmnal to the cell’ concentrat1on, X, if

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

~are slowly mov1ng around in the culture vessel. Therefore, a cell
- is photosynthes1z1ng at a faster rate when near the h1ghly 111um1nated
front surface than when near the poorly illuminated back regions.

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

imately the same average illumination.
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The produchon rate of cell material in the 11near phase is
I

‘ found from Equatlon (2-6): . : , :

P = —4—1 wa e
Equat1on (2- 9) states that P is d1rectly proport1onal to the sur-

face area, A but is 1ndependent of V/A = S, the culture thlckness

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

: where P is always proportmnal to culture volume.

Batch Growth Statmnary Phase : o |

When some essential nutr1ent 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.

Cont1nuous Culture

The equations derived above for batch.growth may be used for
A 4(Xv) .
-steady state continuous culture, if the accumulation term, &
is replaced by the term, FX, which accounts for the algae leaving
in the effluent The steady state continuous culture situation is out-

lined in the d1agram and equa’aons given below:

“"‘Feed rate = F ' » Product rate = F

RN
i
_Incident intensity = I, -—1ip| o S

s

S
>
- In + ge_n_eration = out + accumulation i .
0 + “aveXV =FX+0 : : (2-10) |

Pave = 7 at steady state . ' (2-11)
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where F is the feed rate to the culture umt volurne/tlme Thus,
Fave ca.n be set simply by setting the feed rate to the culture unit. |
" At steady state the rate of productxon of cell mater1a1 P, is

eqﬁal to the amount of cell rn__ater1a1 leaving in the effluent.

P=FX ’ (2-12)

whereas the productivity, p, is:
' ‘ _ FX _ ' v o .
P = A T Have XS _ ) (2-13)

where S is the t_hickne'ss of the culture vessel.

D. PREVIOUS ‘WORK IN THE MATHEMATICAL MODELING

- OF ALGAL SYSTEMS

'I'he effect of light 1ntens;.ty on dense algal systems has been
examined. by many workers however, an under standlng of how spe-
cific growth rate, p. , affects algal systems is 1argely 1ack1ng But

before examining these two variables, a brief descrlptlon of attempts

at rrxathem'atically modeling the effects of COZ-,-r minerals, and tem-

perature will be given. _
The rate of photosynthe51s as a function of carbon dioxide con-
centratlon was exam1ned theoretlcally by Rabinowitch (1945, 1951,

1956), but little recent work has been reported. Us1ng the current

‘'knowledge of the carbon fixing 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 atmospherlc level of

COZ' Steeman Nielsen (1955), however, claims the growth rate of

Chlorella is COz-saturated or nearly so, at an aqueeus phase CO2

concentration in equilibrium with that of air. "The problem is com-

plicated by the difficulty of obtaining equ111br1um between gas and

' agueous phases, which results from the large mass transfer re51st-

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 Fave will be referred to as p; the subscript is dropped.
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‘requiren"nehts Shelef et al. (1968) 1nvest1gated the growth rate of
Chlorella as a functmn of nitrate concentratmn a model that fell off
exponent1ally to the maximum growth rate appeared to fit their data
' the best ‘
" The effect of temperature on the growth rate of m1crob1a1 sys-.
tems is treated mathernatmally by Aiba et al. (1965). But the effect
of temperature on photosynthetm systems is more comphcated
’I‘emperature has no effect on the rate of photosynthesis at low light
1ntens1t1es, while its effect on the 11ght saturated rate of photosyn-

- thesis is typlcal of enzyrnatlc systems. _Blackman (1905) noticed
this and postulated that photosynthesis consists of two separate types
. of reactionsb. At low light intensities a'no-h -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 expressedbr'nathematically as:

_ . Sa .
RO = ®€l, when I < 7 (2-14)
2 o ) € ,
v | - SA
' R0 = SA, when I > (2-15)
2 - Pe

Where ROZ is the rate of oxygen evolution, moles O /t1me/mass
chlorophyll ® is the quantum yield, moles 02/e1nste1n of quanta;
I is incident light intensity; einsteins/area/time; € is the extinc-
tion coefficient of the pigments, area/mass chlorophyll; and S
the light saturated rate of photosynthesis, moles O /t1me/mass ,
. chlorophyll With polychromatlc light &, I, and € are functions of
wave_length.

| All equations in this section, including Equatione (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
jsusp'ensmns that have been treated mathematically by the workers
discussed in the text. All three models have the same initial slope,
<I’,' and the same saturated rate, S,.
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‘rate of photosynthesis as a function of light intensity and should not
be measured using a dense suspension of cells, since the light in-
‘tensity varies across the suspension. '
Tamlya et al. (1953a) suggested that the light response curve
in Chlorella could be fit by a rectangular hyperbola of the form: '

sI>eI _ :
R A | | (2-16)

02. <I>€I + S

This equatlon is also plotted in F1g 3. In their’treatment' Tarhlya
et al al. also exarmned the 1mportant case of the integrated perform-
ance of a dense suspensmn of Chlorella. They used the above equa-

v tion for the local rate of photosynthesis and Beer!s law to deSCr1be
light intensity, I, as a function of distance into the culture, and then
perforrlded an integration with respect to distance into the culture.

In using Beer's law, they assumed thé.t pOlychromatic white light

_could be described by an average extinction coefficient. Even
though this as sumpt1on s1mp11f1esbhe mathematics and is a convenient
.pract1_ca1-way of deahng with the problem in the field, it is not theo-
retically sound. Each wevelength of light may obey Beer's law with
its own extinction coefficient, But'all wavelengths cannot be described

- by an average extinction coeff1c1ent (the sum of a series of exponen-

tials cannot be descr1bed by a S1ng1e exponent1al)

The shape of the hght response curve has been exten31ve1y dis-

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

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

» about photosynthesis
Kok (1956), using Chlorella, obtained experimental data for the

hght response curve that could not be fit by the rectangular hyper-
- bola of Equation (2-16), but did fit quite well an exponent1a1 func-
tion of the form: _

d?eI ,

R.OZ = SA[1 - exp(~ = )] | | (2-17)
Equatmn (2-17) is also plotted in Fig. 3. Unlike the Blackman and

hyperbolic forms, however, there is no theoretical mechanism that
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can account for the form of this equatlon

The performance of dense susPensmns of algae was considered
by van Oor5chot ('1955), who carried out the necessary integration
for Blackman, hyperbohc, and exponent1a1 light response curves.
L1ke Tamiya et al al (1953a), ‘van Qorschot assumed that the attenua-
t1on of polychromatlc light in a ‘dense culture could be described by
u81ng Beer's law with an average extinction coefficient.

Lumry et al. (1959) noticed that ferr1cyan1de Hill reaction
data could be fit by the rectangular hyperbola function, as given by
Equation (2~ 16), _and developed a theoretical explanation based upon
a one light reaction mechanism. It has recently been suggested by
Lnrnry and co- wofkers (Muller et al. , 1969) that the rectangular hy-

’ perbola function m1ght be used to model the light response curve of
overall photosynthesis. _But the rectangular hyperbola function does
not seem“to fit most ava11ab1e'e>.<perimental data (see Chapter VI),
and its theoretical:basié as derived by- Lumry St_al.’ (1959) considers
ko:nly one light reaction. Today most workers believe that at least
‘two hght reactlons are implicated in photosynthesis.

Fredr1ckson et et al. (1961) used the rectangular hyperbola func-
tion for a mathemat1ca1 analys1s of the performance of optically

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 flash1ng light effect, and results in the rate of
photosynthesis n_ot_-being.a function of distance into the culture. In
a follow-up of this theoretical work, Miller et al. (1964) experifnent—
ally demonstrated an increase in photosynthetic efficiency in a highly
'tur_bulent-system. Unfortunately, the enormous amount of power
‘needed to maintain such highturbulence seems to make such a sys-
tem uneeonomical.

‘Shelef et al. (1968) obtained productivity data on C'hlorella
g‘rowing in steady state continuous culture at various specific growth
~ rates. They then attempted to model this data math'ematically. They
assumed that respiration rate, chlorophyll content, and the light re-

sponse curve did not change as a function of specific growth rate, and
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did not measure these quant1t1es expenmentally Their productivity
- data was. then checked against theoretical predictions derived from

_ 1_ntegrat1ng the Blackman, hyperbohc, and exponential light response
. curves. They concluded that the exponentlal function gave the best

' fit of the1r exper1menta1 data Although Beer's law was used, an
interesting innovation of these workers was to take into account the
va‘fiaﬁon of extinction coefficient with wavelength of 'light. However, |
as shown by Myers.and Graham (1959) and also in Chapter I, the
respiration rate, the'chlorophyll.content, and the light response curve
all change w1th 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 resp1rat10n rate and the true rate of photosynthes1s Most
workers assume that the true rate of photosynthes1s may be found by
adding the dark respiration rate to the net rate of photosynthes;s,
which is normally e2perimentai1y measur_ed. . This is not an entirely
_va.blid pfoce:dure, since the rate ofire'spirat.ion itself is a function of
light 1ntens1ty (Myers and Graham, 1963L, Brown and Weis, 1959,
Weis and Brown, 1959, Hoch et al., 1963). But in Chlorella the
as.surnptio_n of a constant resp1rat1on rate does not lead to serions
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
II1.

 Modeling the Effect of Specific Growth Rate on Algal Physiology

‘ Algal cells growing at steady 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 average light intensity that has been determined by the specific
~growth rate. The higher the specific growth rate is set, the higher
is the average light intensity that the cells in the culture vessel see.

-vThe' algal'cells respond to such changes in their environment; such
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phy51olog1ca1 quant1t1es as chlorophyll content ‘dark respiration
rate, and the llght response curve are dependent upon the spec1f1c
growth rate, , :

No prev-mus work has been done on mathematlcally modehng
‘the effect of specific growth rate on algal physmlogy Thus such
changes have not been taken 1nto account in the mathematlcal model-
ing of the performance of algal systems. However, Myers and
Graham (1959) used a chemosta.t to vary spec1f1c growth rate and
measured chlorophyll content, dark resp1rat1on rate, and light re-

sponse curves in Chlorella ellipsoidea. All of these quantities

showed drastic changes Their light response curves, which have
- been replotted on a per mg chlorphyll basis, are shown in Fig. 4.
. The advantages of plott1ng 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 the1r
~ plant or algal material. This undoubtedly confuses the comparison
of photo synthet1c data taken in different laboratorles, or even be-
tween data taken on different days w1th1n a single Laboratory The
usnal practlce is to grow algae in batch culture, taking sample_sﬁs-
-pens"rons ‘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

o ho’pe to attain a constant,. reproduci_:b-le, 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

Illh_u‘ninaiod -s_ur face area
Feed rate, volu.t_ne_/tirhe _
Light intensity, ein‘stein's/ar'ea/time

Product1v1ty of cell material, mass/area/tnne

',Productlon of cell matenal mass/t1me

‘Rate of oxygen evolut1on, moles Oz/tlme/mass chlorophyll

Thé ratio of proce'ss rates at temperatures 10° C apart
Th1ckness of an algal culture -

The 11ght saturated rate of photosynthes1s, moles O /T1me/
mass chlorophyll

‘T1me

Volume of algal culture

Rate of formation of cell biomass; mass/area/tlme

Cellular b1omass concentratlon, mass/volume
- Cellular b1omass concentration at time zero, mass/volume
. Heat of combustion, kcal/mole

-Extinction coeff1c1ent of the p1gments, area/mass chlorophyll

Specific growth rate, time -1
Average specific growth rate, time"

Maximum specific growth rate, time~

" Maximum quantum yield, moles Oz/einstein
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L VEXPERIMENTAL WORK

A. CONTINUOUS CULTURE UNIT

A11 exper1menta1 data were taken u51ng bacter1a free algae

grown.1n the continuous culture unit described below.

' Egu1pment

A schemahc flow dlagram of the equlpment is given in F1g 5
. None of the equ1pment that needed to be sterlhzed was fixed in place,
and- all such equ1pment was ster111zed by autoclawng or dry heat. '
‘Heat res1stant silicone tub1ng was used for all flex1b1e connectlons
The 20 11ter feed bottle was devised to be a constant head de-

vice as shown on the flow- dlagram A vacuum contlnuously with-

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

bottle. Th1s air was replaced through another line, which was open
to the atmosphere Because thls latter lme had negligible pres sure
drop from one end to the other, both ends were at atmospher1c pres-
sure. When a time sw1tch opened the valve between the feed tank and
burette, the 11qu1d level in the burette eventually reached exactly the
‘same. level as the po1nt where air was released into the feed bottle.
Thus, the levelto which the burette f111ed always_ rema1ned the same,, V
being completely independent of the nutrient level in the feed bottle.
When the burette was dumped by the time switch, the nutr1ent .
' 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 cultu're-uessel, hut fluctuations were not impor-
~ tant, since the capillary contained ne'gligible volume. Thus, an
. exact volume of nutrient w_as- released at regular intervals, yielding
an extremely stable feed rate, which could be maintained constant
' for many weeks. 4 : ' »
A1r containing 4% CO2 ﬂowed 1nto the culture unit at a rate of

0.4 standard cubic feet/hour It was sterilized by passing 1.t_‘ through
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Fig. 5. Flow diagram of the continuous culture unit used to grow
the algae for the experiment described in this chapter.
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a packed glass wool f11ter and hunudlfled by bubbhng through water.
, The culture vessel 1tse1f was" rectangular ( 9.1 cm w1de>< 19.9

cm h1gh><2 8 cm th1ck) and held about 500.m1l of liquid. culture The

sides and ‘bottom of the flask were plat1num plated to prevent scat-

tered 11ght from escap1ng at the edges. The front and the back of the

~vessel were completely transparent A magnet1c st1rrer at the back

of the vessel helped to break up air bubbles and prov1ded ag1tat1on
The culture vessel was suspended in a 25° C constant temperature
bath :

Illurn1nat1on was normally prov1ded by two 300 watt reflector

flood lamps connected to a rheostat and a constant voltage trans-
: former. ‘The hght 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 1nfrared rad1at1on The amount of radiatiOn

'. reach1ng the culture vessel was checked daily with a Model 65 YSI-

Ketter1ng radiometer. If necessary, the rheostat was adJusted to

keep 1nc1dent rad1at1on constant.

There were two ex1t streams from the culture vessel. Nor-

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

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

would close this line, forcing algae suspension out the line that is
labelled "algae out'" in Fig. 5. Once the algae suspension level fell

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

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

the solenoid valve would open, and air would exit in the normal fash-
ion. Th_1s 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

c'ollect,ed. Second, since air and liquid were not continuously with-

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

- m1n1m1zed Foam1ng can cause an 1ncrease in the concentration of

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

The algal product was coll'.ected in a darkened ice bath. Here
.algae were somet1mes maintained for short perlods (as long as 8
hours) before they were used 1n the var1ous analyses and experlments V

‘descr1bed later in th1s chapter

Grthh ConditiOns

'VGrrowth conditions insured the temp’erature, minerals, pH, or

CO2 never limited growth. Only light intensity ever limited the
growth rate of, and determ1ned phys1olog1ca1 changes in, the algal
'cells But in the optically dense cultures consuiered here, the algal
cells receive vary1ng 1ntens1t1es of 111u1n1nat1on as they move around
in the culture vessel. Thus, 11ght 1ntens1ty received by the ‘algal
.cells is not a Varlable that can be. 1ndependen1:ly spec1f1ed for dense
systems . In fact, even average light intensity cannot be specified.
Instead, this limitation by light is determined at steady state by
sPec1f1c growth rate and incident light 1nten81ty, which are 1ndepend—

ent varlables Exam1nat10n of the effects of these two variables on

the phys1ology of Chlorella pyrenoidosa is the purpose of the exper-
unents described in this chapter. ' :

The temperature of the culture unit was maintained at 25°C by

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

‘ature of growth for Chlorella pyrenoidosa.

No attempt was made to control pH 1nb the culture . vessel.

l Nevertheless, the pH remained in the fairly narrow range of 6.6 to
~7.4. Emerson and Green (1938) found that pH, over the range of
4.6 to 8.9, had no effect upon the rate of photosynthesm in Chlorella

pyreno1dosa

- The composition of the nutrient rhedium-is given in Table 1.
The. nt_;.trient 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

' arcljusvting pH,

KNO, 5.0 gm/1
MgSO, TH,0 . 2.5 gm/1
KH,PO, » - 1.25gm/l
Trace sélqtibn ' 5.0 ml/l

Antifoam-Union Carbide ¥=4988 0.2 ml/1
\ . ’ ' o |

The "cré_cie_Solution’ is made as follows:

EDTA - 1100.0 gm/1

CcaCl, - 16.8 gm/1
H;BO, . 22.8 gm/l
FeSO,:7TH,0 . . . . ' . . . 10.6 gm/l
ZnSO,* 7TH,0 1.8 gm/1 -

- MnCl,-4H,0 . 2.8 gm/1
MoO, (as ammonium molybdate) = 1.4 gm/1
CuSO0 - 5H,0 3.2 gm/1
Co(NO,), 6H,0 1.0 gm/1
V,O; (dissolved in HCI) 0.6 gm/1

After adding all t_rﬁ_ce ct?inpone_nts, the pH of t‘hev trace solution is

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

“Modified from Myers (1963).
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solutlon, and an 1ncrease 1n the n1trate concentration. This com-

| position should support growth up to about 10 grams dry we1ght/11ter L -
before mtrogen becomes limiting. _ T
CO2 was prov1ded at a level of 4% in air.. This concentration oy

- was more: than sufficient to insure that CO never limited. v
_Illum1n_at1on was continuous, 24 hours per day. The spectral
i distrlbution of the light incident on the culture flask is given in Fig.
6. as measured by an ISCO Model SR spectroradlometer The in-
cident hght intensity was maintained at 8.05 mw/cm (from 380-720
nm) unless otherwise stated. 8. 05 mw/cm2 is roughly equ1va1ent to
20% of overhead solar radiation between 380 and 720 nm.

RATE E SIO ] A
PYRENOIDOSA ‘

In this section algae that have adapted to a partlcular specific

g'r.owth rate, i, are examined with respect to a number of charac-
'teristics Measurements were performed as rapldly as possible to
_ 1nsure ‘that neg11g1b1e re- adaptatmn took place The transient data
taken 1n Sectlon D of this chapter show how slowly the cells re- adapt
to a new env1ronment '
After changing feed rate to the culture vessel one week was
sufficient to reach phys1olog1ca1 steady state at the higher specific
growth rates, but as long as four we_eks was needed at the lower

speci,fic growth rates.

Productivity
At steady state Equation (2-13) gives the productivity, p: =~ *
_ FX .
P =X (2-13)

where F is the nutrient feed rate, X is the cell concentration, and
A i_s 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 energyldist_fibution 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. Producfivity of Chlorella pyrenoidosa in continuous

. culture as a function of the steady state specific growth rate,
‘1. Data were taken at 25°C. Incident intensity was 8.05 '
- mw/cm2. Washout occurs when p=2.3 day~
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data used to calculate product1v1ty are plotted in Fig. 8.

: F1gure 7 shows that product1v1ty is optimum when p = 1. 6day 1
Produ_ct1v_1ty falls off at h1gher values of N because of the increase in
transmitted light shown in Fig. 9. .Light not absorbed cannot be con-
- verted 'i'nto_ ‘cell material. In 'fact,"w.hen‘p_: 2.3day-1, washout is
‘reached, ‘since.-.F/V has’ exceeded the rnaximum growth rate of the
cells. - At washout, cell concentration and p}roductivityvdrop to zero..
Productiviﬁ? also "falls‘ off a.tv values o‘f p smaller than 1.6 day’

Th1s fall-off cannot be explained by light transmission since Fig. 9
shoﬁvs"th'e'r'e isbnone' in this region This drop in productivity, how-

‘ ever, can be explamed as caused by a decrease m the 11ght saturated
rate of photosynthes1.s. This p01nt w111 be d1scus sed more exten31vely
later. ,‘ ' ' ‘
: But even at the opt1mum product1v1ty of 3.25 mg dry we1ght/
“‘em /day, h1ch occurs at u=1.6day 1, 1neff1c1enc1es result from

- light saturat1on of the h1ghly 111um1nated cells near the front of the

. culture vessel. At th1s optimum p. the quantum requ1rement is 18.3

quanta absorbed per O evolved and the efficiency of convert1ng
hght energy 1nto cell mater1a1 is approx1mately 10. 7%. These num-

;bers are calcula.ted and d1scussed more extens1ve1y in Chapter VIII.

Total Chlo r@hyll Content

F1gure 10 shows how the steady state chlorophyll content varies -

with p. - The change is quite drastic and is of great importanceto the
physlology of the cells, since chlo;‘@phyll- is the main light harvesting
pigrne’nt; Considering an optically thin layer of cells, light absorn-

. tion is"directly proportional to chlorophyll content.

The trend of chlor0phyll content shown in Fig. 10 has been

- found by other workers work1ng both with batch and cont1nuous cul— :
tures’ (’I‘arrnya et al., 1953b, Myers and Graham, 1959, Belyanin and :
v.';Kov.rov, 1968). The chlorophyll assay was based upon the procedure
of Arnon (1949), but added a hot methanol extraction of the cells to

insure complete removal of chlorophyll. The procedure is completely
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" described 1n Appendix IV.

Chlorophyll a/Chlorophyll b Rat1o
' Although the chlorphyll 3/ chlorpphyll b ratio does not change
as drast1cally as total chlorophyll content there is a definite trend

in this rat1o, as shown in F1g 1'1

Ab sorpt1on Sl_)e ctra

) Flgure 12 shows the absorptlon spectra for two types of cells,
'_one grown at a h1gh spec1f1c growth rate, and the other at a low spe-
cific growth rate The curves were measured in a Cary 14 Spectro-
' photometer w1th a Model 1462 saattered transmission accessory.
' The curves were then adjusted in two ways to g1ve Fig. 12. First,
. the absorbance measured at 750 nm was un1formly subtracted from
the measured absorbance at all other wavelengths. Th1s was done '
in an attempt to subtract llght scattenng, there is no absorpt1on by
any p1gments at 750. nm.’ Second the curves were adjusted to g1ve
the same absorbance at 680 nm, the chlorphyll a peak

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

' phyll b peak, than the low p cells. Th1s agrees with the change in
7‘ 'chlorophyll a/chlorophyll b ratio. '

Light Re5ponse Curves

A 11ght response curve is simply the rate of photosynthesis,
with dark respiration rate added, plotted as a function of light in-
'ten's'ity 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 vcmzv of
illuminated area. "The Spectral distribution of the reSpirometer
light source is ‘shown in Fig. ,13:' It is Very'similar ‘to the spectral
distribution of the. light source used to illum1nate the culture vessel,

which was given in Fig. 6. Both light sources used tungsten lamps-
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Fig. 12. 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. TFor the
" curves as given: pn=0.33 dayr".'1 has 14.4 pg/_cm_ of total chloro-
~ phyll, while p =1.73 day~1 has 13.6 ug/cm? of total chlorophyll.
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Fig. 13. The spectral distribution of the l1ght reachlng '
" the bottom of the resp1rometer flasks.
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and 1dent1ca1 CuSO4 solut1ons for removal of 1nfrared radiation.

L1ght response curves are here plotted on'a chlorophyll ba51s,
s1nce ona chlorophyll basis the quantum efficiencies of different
types of algae may be d1rect1y compared. Quantum efficiency may
be generally def1ned as the ratio of the rate of photosynthesis to the
rate of 11ght absorpt1on For optlcally ‘thin suspensmns the rate of
' light absorptmn is d1rect1y proportional to light 1ntenS1ty and nearly
'd1rect1y proportmnal to total amount of chlorophy‘ll At any glven
11ght 1nten31ty, the ratio of photosynthetlc rates is also the ratio of
quantum eff1c1enc1es, if the chlorophyll contents are the same.

In F1g 14, light response curves for algae grown at two w1dely
different spec1f1c growth rates are plotted. The exper1mental pro-
.cedure, as outhned in Append1x IV, was to take algae from the steady
state culture umt and run the light response curves in the reSp1ro-
meter as qulckly as poss1b1e 8o that httle re- adaptatmn of the algal.
cells could occur . The results shown in Fig. 14 are typ1ca1 of those
obta1ned at other spec1f1c growth rates in that:

1. The rates of photosynthes1s at low 11ght 1nten51t1es were,

not a funct10n of the spec1f1c rate of growth B _
» 2. The rates of photosynthesm at high hght intensities were
. strong functions of the spec1f1c rate of growth, p. . The manner in
which the light saturated rate changes as a functlon of p is shown in
‘TF1g. 15.  Note that the light saturated rate seems to increase lin-
| early with B | _ B | |
- 3. The approach to hght saturation occurred relatively sharply.
The rectangular hyperbola function, as given by Equation (2-17, has
'bee_n used by many workers to model light response curves. This
functionr gives a straight line on a c}oﬂbhlfe, reciprocal plot, such as
| ‘Fig. 16, where the data given in ]:"‘ig-f 14 have been replotted. dur
data do not give such a straight line, therefore, cannot be fit by the
_recta-nguiar 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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7 Fig. 14. Li'ght response curves at 25°C for 'algae grown at

the specific growth rates designated. ® = Run C-1 and

‘00 = Run C-25. The curves. drawn through the data are from

Equations (6-17) and (6-18).



L]

Light-saturated photosynthetic rqtév‘.i._

O, @ s.c. /hr /mg vtofa’I_;chlo‘ropvhy,!',l) -

(ml

_55-

ol

% o 20
!u.. (day_‘")"

XBL695-2708

Fig. 15. L1ght saturated rate of photosynthes1s at 25°C
L versus spec1f1c 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).
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Data from two other steady states of the culture un1t are

shown in F1g 17. 'In addition to light response curves obtained in

:the resp1rometer at 25 C hght response curves were obtained at

10°C . for. the same two types of algae ' The 10°C curves will be
of partlcular interest when the light response curves for the qui-

none H111 react1on are d1scussed

Max1mum ‘Quantum Eff1c1encs§

The maximum quantum eff1c1ency occurs at low light intensi-
ties. F1gure 18 shows data from 16 d1fferent reSplrometer runs.

The algae used were grown at sPec1f1c growth rates rang1ng from

- o. 16 day -1 to 2 00 day 1: Only data were plotted that were below

l1ght saturatlon, and 1t can be seen that that growth cond1t10ns exert
no 1nf1uence on this port1on of the hght response curve, since all

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

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

_Computer L1brary program that may be used to f1t non-linear equa-

tions by a least squares procedure The best fit of the data was ob- .
tained when the two parameters in Equat1on (6- 17), ® e and SM’ had
values of 1.316 cm?. ml o, /mw/mg chlorophyll/hr and 49.6 ml 02/
hr/mg chlorophyll respect1vely de 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

1ight'incident upon the respirometer flasks (Fig. 13). the extinction

, coefficients of the algal cells as a function of wavelength (the average
~ of the curves shown in Fig. 12 was used), and the quant1ty of chloro-

,phyll in the respirometer flasks (4. 2 ng chlorophyll/cm ). The max-

1mum quantuIn absorbed, or conversely, the minumum quantum re-

qu1rement was 8.8 quanta absorbed/O molecule evolved. Our num-

~ber for the minimum quantum requ1rement is somewhat lower than

>‘<Unless otherwise stated, all quantities of evolved O, are given at
standard 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
0 = Run D-141, ® = Run D-31, and ©O= Run D-32.
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Fig. 18. L1ght 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 f1tted to the
data by a non-linear least squares procedure.
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the recent results of Schwartz (1967) and Ng and Bassham (1968).
Because of the round-about wa.y our nurnber was calculated we

questlon its absolute accuracy

Dark Respiration Rate =

_»-Fig'ure 19 shows how the ‘res.piration rate in the dark changes
as a furiction of speci_fic'growth rate. The dat_a'.slaown were taken
after the algal cells had been in the dark for approximately one |
hour, as ‘described by the procedure given in Appendlx IV. Note
‘that the resp1rat1on rate is almost directly proportional to p. These
results are almost identical to those found by Myers and Graham

(1959) for Chlorella ell1pso1dea

nght Response Curve of the Qulnone Hill Reaction

Para- -benzoquinone is a unique H1ll oxidant, 51nce besides
being an artificial electron acceptor for the photo electron trans-‘
port system, it is also permeable to whole algal cells. This per-
.meablhty is a necessity for obtaining the Hill reaction in whole cells.
The qulnone Hill reaction in whole algal cells was first investigated.

" by Clendenmng 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 oxygeu evolution during the quinone Hill reaction
was found to decrease with time i_h'what appeared to be a first;order
manner with respect to remaining activity.b The rate of this inactiva—
tion was found to increase with increasing light intensity and increas-
ing temperature. Also complicating.the raw data was the lag in the
appearance of e-volved oxygen in the vapor phase of the respirometer
flask. This was caused by the large diffusional resistance at the
liqui'd-vapor interphase. In Appendix V we have given the method of
mathemat1cally correcting for these two compl1cat1ng factors so that

the true 1n1t1a1 rates of the qu1none Hill reaction mlght be obtained.
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Fig, 19. Dark >resp1rat1on 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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‘Fiéu"re 20 .shows the initlal rates of thequinone Hill reaction
as a functlon of light intensity for‘ algae grown at two different spe-
cific growth rates, p = 0. 33 day_ -1 and 1.78 day_i.: These same al-
gae were used for the rates of overall photosynthes1s shown in Fig.
17. There are several thlngs to be noticed in cornpar1ng Figs. 17
and 20.

' Companng the '10 C data, for the algae grown at u = 0.33day !

the maximum qu1none Hill reaction rate is nearly ‘three times higher
than the max1mum rate of overall photosyn’ches1s. Even for the cells
_grown at p, = 1.73 day '1' ‘the maximum Hill reaction rate exceeds
the max1rnurn overall photosynthesm rate at 10°C. For the 25°C

data the max1mu1n Hill reaction rate again exceeds the maximum
" rate of overall photosynthes1s for the 0. 33 day -1 cells, but not for
the 1.73 day -1 cells (although the quinone Hill reaction may not have
reached light saturation). _ }

The above results are particularly impressive because of the
- low maximum quantum efficiency obtained for the Quinone Hill re-
action. The maximum qliantum efficiency for. the quinone Hill re-
action may be d1rectly compared to the maximum quantum efficiency
- for overall photosynthesw by comparlng the initial slope in Fig. 20
to the initial slope in Fig. 17. The initial slope of the quinone Hill
reaction data is only about half the overall photosynthesis slope.

- Unlike the results obtained for overall photosynthesis, there
is no difference between the quinone Hill reaction results for‘ the al-
gae grown at the two different specific growth rates. N

" One can draw on important conclusion for at least three of the
four sets of data shown in Figs. 17 and 20 where the maximum qui- -
' none Hill reaction rate exceeds the corresponding rate for overall
photosynthe sis. No reaction between oxygen evelution and System
II sets, or has any influence upon, the light saturated rate of photo-
synthesis. For the data taken, it is not- known whether quinone ac-

cepts electrons at the top of System II or at the top of System I.
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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 u = 0.33 day~1, while open symbols denote data taken
on algae grown at p'= 1.73 day~ 1. Rates of oxygen evolution plotted
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. ' '
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fn either eaee all electrons donated to qﬁinone must pe.ss through the’
steps .beti)veen oxygen evelutionﬂand System II. - As shown in Chapter
Vv, on.ly‘one enzymatic reaction sets the light saturated rate of photo-
s_ynthes-i_.s.. . Thﬁs, no'reactiovn be’lcbx_&een oxygen evolution ahd System

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

Cell Composition by Elements

" The effect of specific growth rate on the elemental compo si-

tion of Chlorella pyrenoidosa is shown in Figs. 24, 22, and 23.  Car-
bon, nitrdgen, hydrogen, and ash were directly determined by anal-
ysis, and oxygen was obtained by difference. From these data the
exact stoichiometric re‘latiohshi_p between the production of cell ma-
terial and the rate of photosynthesis can be determined. Taking into
aceouﬁt the change of nitrate into cellular nitrogen, but neglecting
any other valence changes of minerals in the nutrient medium, the
follov‘ving‘materia‘l belance equai:ion is obtained for calls grown at a

speeific’growth‘ rate of 2.0 day-it

t1.00 NO; >~ Cg 95 H40.90 O2.69 N1.00

+ 1.00 OH + 8.55 )

5.95 .;I‘-‘IZO +5.92 eoz

2 (3-1)

The firstvtern'i on the right side of the equation is equivalent to 151.5
g of dry cells, when the ash content is added in.” Similar equatioﬁs
- may be generated for other specific growth rates. The relatien be-
tween cell production and exygen evolution at any specific growth
rate is:‘ ' |

4 4

B=1.64X 10" +0.065X10" p (3-2)
where the units of B are mg dry weight/mole 02. v
RNA and DNA Content o
Figure 24 shows how specific growth rate affects RNA and

DNA content. The analyses were carried out using a modified

Schmidt- Taunhauser technique as described by Cahn (1970). DNA
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content does not appear to vary, at least not significantly. But RNA"
content changés drastically, almost in direct proportion to specific
growth rate. Why this should be so is explain‘e_d as follows. Most
RNA is ﬁresént in the ribosomes, 'which are the protein manufac-
turing factories of the cell. Since most of the cell consists of pro-
tein or the prdduc:_ts of protein enzymes, it is logical to expect more

- RNA (in the form of ribosomes) in cells that are growing at a more
rapid rate. Similar results have been found for bacteria (see Maaloe
and Kjeldgaard, 1966). |

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

upb'r.l the culture vessel is examined. The steady state specific growth
rate".\i/a's: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-
duct1v1ty

Even though the incident 11ght intensity was varied by more
than a fa.c_tor 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 é/chlorop’hyll b ratio, or cellular corﬁpbsition. These
results show that_if is mainly the g_fowth 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 GONTINUOUS
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 algal cells adapts to this change in environment

will be demonstrated, reconflrmlng the work of Myers and Graham
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‘Table Ii  Effect of Inc1dent L1ght Inten51ty on ’che Phys1ology of

Chlorella pyrenoidosa.

. .Temperature = 25°C, p = 1.01 dayf"1

Incident light ,ihtensity,_ mw/cmg
Run number |

Cell concentratmn, mg dry w‘l: /ml
Productlmty, mg dry wt. /cm /day

Efficiency of converting light energy
into cell material, %

Total chlorophyll %
Chlorophyll a/chlorophyll b ratio

Cell composﬂ:wn, %, -

Carbon
Hydrogen
. Nitrogen
Oxygen
Ash

3.13
D-27

0.56
1.50

12.7

4.60

3.69

48.4
7‘.6
9.3

28.5
6.8

8. 05
D 29
1.11
2.97

9.8
4.25
3.10

~48.8
C 6.7
- 8.9

27.9
7.7

16.9

D-30
1.76

4,73

7.4
4.38
3.38

49.1
7.4
10.4
25.9
7.5
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(1969), wh1ch showed that batch culture cannot be compared w1th con-
tinuous culture o
F1gure 26 shows how a nurnber of phys1olog1cal parameters
changed as a result of changing the feed rate to a culture that had
: premously reached steady state at p=F/V= 0.325 day 1’. At time
=0 'on’the_fi_gure, . F/V was changed to 2.00 day~ 1. - Resul'tant 'changes
in experime_ntall;r .rneasur-e_d parameter.s are shOwn by the data points,
: which'have been fit by the solid lines. For 1nstance, curve A shows
the manner in wh1ch cell concentratmn changes. .
The dashed 11nes, B' and D', show how chlorophyll content and
the light saturated rate of photosynthems would change if the Chlorella
cells adapted 1nstantaneously to their chang1ng env1ronrnent The
dashed lines were calculated in ‘the followmg fash1on
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-g'rowth rate, which niay be found from Fig. 8.
3. _“Us1ng this steady 'state specific growth rate, the chlorophyll
| :’A.content and the 11ght saturated rate of photosynthes1s may be
,predlcted from Figs. 10 and 15.
Thus the dashed lines represent the steady state results correspond—
~ ing to the cell concentrations of line A. '
Compar1ng the actual results to the pred1cted shows that adapta—
tion is not instantaneous; instead, the actual data lag 410-20 hours be-
hind the predicted changes. By comparison, a steady state value of

p = 2.00 day~ 1is equ.ivalen-tto_ a doubling time of about 8 hours. The

generation time of Chlorella pyrenoidosa is about 3 doubling times
since one mother cell generally gives rise to 8 daughters. Does the.
size of this lag mean that physiological changes are mainly man-
ifes‘ted 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 .
B, % total chiorophyll

B’ Predicted for B from S.S.
" C, Chiorophyll a/chiorophyll b ratio
D, Light-sat. photosyn. rate, o
~ ml 02/hr /mg total chlorophyll
D', Predicted for D from S.S. '
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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. T‘r.ansient'.s‘ 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 product1v1ty of Chlo-

rella in contlnuous_culture, use of plant hormones and use of a pale

. green mutant. Both attempts failed to increase productivity.

'Plant Horrnones Added to the Nutrient Med1um
Wareing et al al. (1968) have shown that the plant hormones kine-

tin and gibberellic acid increase the light saturated rate of photosyn- -
thesis"in'_ maize. Treharne a'nd.Stoddart (196_8) have shown a similar °
effect in red clover leaves when gibberellic ,a.cibd is applied.  These -
workers explain their results on the basis of the increased levels of
carbdxyléfing enzymes that result from the application of these hor-
mone's.' ' | - ‘ »
As far as algaé are conc_ernezd, the literature is contradictory
as to the effects of plant hormones (see the review of Conrad and
Sa‘ltman,' 1962). Al such work has apparently been done in batch
| culture. With Chlpr_é'lla vulgaris; "Yin (1937) claimed that 3-indole-

acetic acid increas‘ed cell size, but not the rate of cell division.

However, Pratt (1937) in a similar experiment found no effect of in-
doleacetic aéid. _In similar Work, Bré.nnon and Bartsch (1939) found
that this plant hormone had no effeét 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 .resc‘>1ve the above contradictory results and to see
if prodﬁétivity could be increased, we in\}est‘iga_ted the effect of the
plant hofmones 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/1 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 s.‘;ate at p = 0.33 da.y-1 without these hormones in the nutrient
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‘ medium, take pei‘tinent data; then switch to a nutrient medium con-

- taining these hormones, wait 2. weeks, and again take pertinent data. e,
The results are shown in Fig. 28 and Tabie III. The slight differ-

ences hetween the data with and without the hormones are well with-

in the exper1mental error. We concl_ude that these plant hormones

have no significant effect upon the physiology of Chlorella pyrenoid-—v

osa. Productivity was not improved since there was no S1gn1f1cant

1ncrease in the 11ght satura.ted rate of photosynthes1s

| Using. Chlorella pyrenoidosa C.1.4.10.36, 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 diseussed in Chapter IV, this is exactly the type of algae we
would expect to g1ve a high product1v1ty at high light intensities. In |
a sequential compar1son with the normal cells at 25°C, incident in-
tensity of 8.6 mw/cm , and p =0.33 day 1, we obtained a produc-
tivity for the mutant cells of 2.41 mg dry wt. /cm /day as compared
to 2.48 mg dry wt. /cm /’day for the normal cells. These disappoint-
ing results for the mutant strain may have several possible explana-

tion:

The maximum quantum efficiency of the mutant may be low.
The optimum g‘r'owth conditions were not used.
- 3. Back-scattered (reflected) light is much greater for the mutant

‘because of its lower chlorophyll content.

The above suggestions for the low mutant productivity are only spec-
ulations. No physiological parameters of the mutant were measured.
The search should continue for algae with higher light saturated rates
- of photosynthesis. '
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Fig. 28. Light response curves with and without plant hor-

mones added to the nutrient mediulfl. Data were taken at 25°C.

Algae were grown at u = 0.33 day™ * in both cases. Growth me-

dium, but not respirometer buffer, for the + hormone case

contained 5. mg/1 3-indoleacetic acid, 0.5 mg/l gibberellic
acid (GA3), and 0.5 mg/1 kinetin.

O
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Table III. Effect of Plant Hormones on the Physmlogy of
Chlorell@)yren01dosa

Temperature =25°C, p=0.33 day
Incident nght Intensity = 8 6 mw/cm .

Without With

hormiones  hormones
'Run number . ' ' 'D-38 - D-46
Cell concentration, mg dry wt. /ml . 2.82 - 2.86
Productlwty/area, mg dry wt. /cm /day 2.48 2.51
Total chlorophyll T - 6.71 6.80

Chlorophyll a/chlorophyll b ratio , 3.34 3.39

W |
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 NOMENCLATURE

I1luminated surface area, cm

Conversion factor relating cell biomass weight produced to

-, oxygen evolution, mg dry weight/mole_ O'2

Feed rate, ml/day
Product1v1ty of cellular biomass, mg dry welght/cm /day

- The hght saturated rate of photosynthesis intrinsic to the

photosynthetic electron transport system, moles Oz/hr/rng

"~ chlorophyll .
 Cellular biomass concentration, mg dry weight/ml

Extinction coefficient of the pigments, cm /mg chlorophyll

-1

‘Maximum quantum yield, moles Oz/einste_in_ .
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IV. THE SIGNIFICANCE OF THE EXPERIMENTAL RESULTS

A. SELF-OPTIMIZING BIOLOC-ICAL SYSTEM

Spec1es cont1nuous1y self-opt1m1ze themselves for the par-

tlcular environment they are in. Such is the conclusmn to be drawn
from the theory of natural selectlon, which Charles Darwin (1859)
pubhshed in his well-known book, ‘The Or1g1n of Spec1es Let us

rev1ew ‘the basic tenets of the theory of natural selection to see’

| what the data of the last chapter mean in terms of the ab111ty of
Chiorella to surv1ve in nature as a species. We quote Darwin's
three basic propos1t10ns (a) "That .gr.adahon& in: the perfection of
a_ny organ or instinct, either dob now exist or could have existed."
(b) .':'li'Ifh‘at,_all orgahs""ana'instincts are, in e've'r so slight a degree,
variable.' (c) ''That there is a 'struggle for existence leading to
the ﬂpreser__vation of each pvrofitable deviation of structure or in-
stinct. " The latter point makes two assumptions, that ''profitable
deviations'' are inherited, and that more individuals of a speeies
are born than can survive to reproduce themselves. v

In summary, those best able to survive the competition with

| others, to the extent that they can repreduce themselves, are the

fittest. “Living to the point of being able to reproduce is the test of
fitness.  What characteristics would we expect to find in Chlorella

pyrenoidosa 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-

sprixig sooner or in iarger quantity. But Chlorella pyr'enoidosa

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

and.time. Certé.inly__Chlorellajyrenoidosar would be better fit to

survive in its competition with other algal species if it could

3]
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maintain a high growth_i'ate by adapting to whatever environment it

happens to find itself in. We will now limit our discussion to only

-one enwronmental variable, 11ght intensity. How would we expect

Chlorella pyren01dosa to. adapt to light 1nten51ty'?

" Chlorophyll Content

At low light intensities the growth rate (and photosynthetlc
rate) of a Chlorella cell is directly proportional to the percent chlo-
rophyll content This is because absorptlon of light is directly pro—‘
port1ona1 to pigment (mainly chlorophyll) content, and at low 11ght
intensities the rate of photosynthe31s is directly prOportlonal to the
rate of light absorption. Thus, we “would expect Chlorella cells

adapted to a low light intensity environment (e g., a shaded pond)

to have a high percent chlorophyll content.

‘But Chlorella cells grow1ng in an env1rohment of high light in-

tens1’cy (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 ehlorophyll content. A high chlorephyll_ content is not needed,
since a low chlorophyll content will harvest suffieient light. -

But how do the experimental data of Chapter III reconc11e with
the above suppositions? Figure 10 shows that the chlorophyll con'e-

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.

' L.ight’Saturated Rate of Photosynthesis

Cells in a low light intensity environment are growing and

'photosynthesizing at a low rate. Therefore we would not expect

these cells to have a high concentration of the enzymes that allow a
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high lighf'saturat'ed rate of photosynthesis. Instead, we would ex-
_pect these cells to devote the1r energy to produc1ng more chlore-
"phyll so that more light might be harvested. For cells grow1ng in
an enwronment of high light intensity we would expect a situation
converse to the above.’ ' |

F1gure 15 shows that the above argurnents pred1ct the actual
exper1menta1 result; low p cells have a low 11ght saturated rate,
and high p cells have a hlgh 11ght saturated rate

F1gure 29 outlines how Chlorella pyrenoidosa adapts to the

average 11ght intensity in its environment. This adaptive response

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

and is consistent with Darwin's theory of natural selection.

Chlorol)hyll a/Chlorophyll b Rat1o

Many researchers have shown that the concentratmns of the

various llght harvest1ng pigments are strongly dependent upon the
speetral distribution (or qualitv) of the illumination under which
algal cells are grown (Brody and Emerson, 1959, Jones and Myers,
1964, Ghosh and Gov1nd3ee, 1966). Indeed, it was nearly a century
ago when Englemann (1883, 1884) proposed that algal pigments adapt
in the direction of maximum utilization of the light incident upon them.
For example, algal cells grow1ng in a particular wavelength would be
expected to adapt in the direction of hav1ng more of the pigment (or
plgments) that strongly absorb that wavelength. This theory does not
appear to hold in all situations. Brodv and Emerson.(.1959) found
that with high intensities of blue and green light the changes in the

red alga Porphyridium cruentum were contrary to Engiemann's
theory, but at low intensities of these colors the adaptations were
as ex_pected. |

v Our data, as shown in Figs. 11 and 12, seem to agree wifh
Engiemann'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 CHLOROPHYLL

A LARGE AMOUNT OF THE ENZYMES ASSOCIATED
WITH GROWTH ,

XBL 709-6502

Fig. 29. Physiological adaptafion of Chlorella pyre-
. noidosa cells found in two environments differing in
incident illumination. ' '
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average, iﬁ 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 u cells Fig. 12 shows greater
absorption in the green and yellow regions, and Fig. 11 shows that
the low p cells have a greater chlorophyll b content. This increases
vabsorptmn in regions where ch10r0phy11 a does not have its peak |
'absorbance Thus, algae growing in an environment rich in green
and yellow wavelengths seem to be more efficient in their absorp-

tion of those wavelengths.

C. OPTIMIZING AND INCREASING PRODUCTION OF CELLULAR |
' MATERIAL IN ALGAL SYSTEMS

For the exper1menta1 conditions given in Chapter 111, the op-

timum productivity of eellular material is obtained at a specific
growth rate of about 1.6 day_i. There is a h1gh light saturated rate
of photosynthesm at this specific growth rate, yet the specific growth
rate is not so hlgh that apprec1ab1e l1ght is transmltted through the
culture
Th1s eptimum rhay'shift slightly as a function of incident light

1ntens1ty, but thls was not 1nvest1gated experimentally. At higher
incident light 1ntens1t1es the opt1ca1 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 result 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
_ vmust increase the efficiency at either low light intensities, or high
light intensities, or both. Increasing the efficiehcy of energy con-
version at low light intensities means that the maximum'quantum
efficiency must be increased. This does not appear possible for

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

tum efficiency, was equivalent to one O2 molecule evolved for each

8.8 quanta absorbed. This is close to the minimum of one O, per 8
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quanta required for a photosynthetic system with two light reactions.
' Thus, we must increase the effictency at high light intensities,

i. é.-, increase the light saturated rate of photosynthesis (on a per

unit chl_c')rophyll bésis!). Species of algae should be screened to

find those 'w_ith high light saturated rates. Chlorella pyr enoidosa

is notable for its low light saturated rate, even when grown at high
specific growth rates. Algae with low pi'gment concentrations
should part1cular1y be examined, since these may have the quahty

for Whlch we are look1ng, a high value for the ratio:

concentratlon of the_ engyme,s that determine light saturation .
‘concentration of the pigments that determine light absorption.

Schmid and Gaffron (1967) have investigated tobacco mutants that

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

Another way of achieving a high value for the above ratio is to
_illuminate with light sources having lai‘ge" amounts of their radiation
- in fegions that are not strongly absorbed. For green algae this
would be in the yellow and green wavelength regions. However, ac-
cérd_ing to Emerson and Lewis (1943), one may have to sacrifice
some 1n maximum quantum efficiency, &, particularly in the green

‘region.
NOMENCLATURE

Specific growth rate, day-1

R E
i fl

- Maximum quantum yield, moles Qz/einstein
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V. THE MAXIMUM RATE OF BIOLOGICAL PROCESSES

The rate of a biological process.is limited by the enzyrnatic‘
'reactioﬁ ha\}ing the smallest maximum forward rate. In other

Words, the rate of a series of 11nked enzymat1c reactions cannot

ale
o<

' exceed the maximum rate of the slowe st step.

"~ When v1rtua11y all molecules of an enzyme are saturated with
its éu_bstrate, the enzyme has reached its maximum forward rate.
Consider a process,: such as photosynthesis, containing an enzy-
matic step that is proceedihg at its rmaximum rate. Since this
enzymat1c react1on is one of a series of steps in the process, then
bthe process must be at its maximum rate. The maximum rate of
the process is independent of any other enzymatic steps, even if
some of these other steps have maximum rates only slightly
'-greater than the maximum rate of the slowest

The process has reached its maximum rate when no exter-
nal eubétrate', such as light intensity or CO2 conCentrati/on, is
limiting. ~ Conversely, when an external substrate limits, neither
the process nor any of the steps in'it is operating at its maximum
rate. | ' | ' |

We will mathematically prove the above conceptual arguments
for a simplified model consisting of N consecutive reversible
Michaelis-Menten ehzymatic reactions. The case of a single en-

v zytne substrate complex undergoing successive transformations,
as described by Hearon (1952), should not be confused with this
case. Here, the product of each enzymatic reaction is the sub-

strate for the next. There is one external limiting substrate, S.

“An exception exists. Consider two parallel reaction sequences
producing the same product. Two enzymes, one in each of the
parallel sequences, must reach their maximum rates before the
process reaches its maximum rate. But if we treat these two
limiting steps as a single enzyme, then the above arguments hold.



S + E——=SE, —4=pP, +E
1fk v’l*k, 1 1
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k) k.
P_1+E ’A;—-._Pn—iE *—]:'—""P + E
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Py.q *Ex — Py.1 En = P+ Ey

E denotes the enzyme, P denotes the\products of the enzymatic re~
.actions, ‘and k denotes tAhe> rate -'copstan‘_cs. ‘Catalysis occurs in the
substrate-eniy:me cprhplexes, such as Pn-iEn' In this géneral

case no reaction steps are considered to be irreversible; irrevers-

ibility is approac'hed_only by virtue of a large negative free energy

B change.

| The velb_;'i.ty orf'the nth reaction, o is found by assuming
that steady state conditions are obtained. Steady state may be as-
‘summed even if we-'c"ohsider an aﬁfc;catalyﬁc process such as bal- .
..anced cellular growth, if we express enzyme concentrations per unit
of cellular mass. _The»s’olution (Haldane, 1930) is given here with

v v implicity expressedf

[PV, +v) 4Ky |
[P,,) = —=—22_2 22 (5
Kn/Kn(VFn-_vn)
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where [P] and [Ph— 1] are concentrations of sbeeies Pn and Pn-1;

v, is the net rate of enZymatic reaction; Vg, = K [E0 ], the max-

imum forward rate, ‘Van [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 for the whole system of N
equations by rea11z1ng that at steady state v = vi— vy :vr'l’ =N
and by making successive substitutions until the concentration of S,

- [s], is“r_‘elvated only to v and [PN] , the concentration of final prod-
uct. If PN is a cellular constituent and cellular growth is balanced,
then [PN] is constant w1th time (when expressed per unit of cellular -

mass). The solution is:

n 1 ]N '
> N H' (V, - Pl (Vg +v)
g R, ’?K'v |
i=1 Ky ( Fi_V),__ ‘n=1 %a Vra )

where 'VBo is defined equal to zero, and K'/K is defined equal to

 one.  If, for example, we have three enzymatic reactions, N =3,
and: -
_ Kiv sz (VB1 + v).v | v_(._VB1 + v)(VBZ +v)
[s] + _ +
V-9 Ky ‘ 1 5
. _ . E-; (VF"l_ v)(.VFZ—v)' K1 KZ (VFi V)( - v)(VF3-V)
- [Pylvg, +v) (Vo #V(Vg3+v)
TR T (5-3)
RS
;"%IT('T(VM' Vpp- V) (Vpg-v)
1 72 73 -

In Equations (5-2) and (5-3), the steady state rate of the systern; v
is implicitly expressed, whereas the concentration of external sub-

strate, [S], is explicitly given.
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In Equatmn (5 Z) or (5 3), it should be readily obServed that

the max1rnum rate for the system is set by, and cannot exceed the

smallest VF , since [S] approaches infinity as v approaches the
smallest A% Fn' Thus, the enzymatic react1on hav1ng the smallest
max1mum forward rate sets the max1mum rate. for the whole sys-

tem: a barrler that cannot be exceeded. An interesting corollary

. is that when [S]. is large (i.e., not limiting), ‘the system rate is

operat1ng near the maximum rate as set by the slowest VFn'
_ Such'a limiting step cannot occur in chemical reactions of

higher than zero-order (Denb1gh et-al., 1948), but does occur in
| enzymatic reactions, since an enzymatic reaction approaches zero-
order as it nears its maximum rate. B

Care must be used not to carry this co‘neefjt of a limiting en-

zymadtic reaction too far. Even though the slowest reaction sets the
maximum rate for the system, it does not entirely determine the
rate"of: the pfocess ‘as a function of limiting substrate concentration.
At low e;&ternal substrate concentrations, [S], all of the vreactions
in’ fhe ‘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 enzymatié steps in the sequence
The product of an enzymatic reaction

The substrat_é_of the first enzymatic reaction in the

sequence

Net rate of an enzymatic reaction, moles/time/mass
dry weight - [

Maximum {relocity, either ‘forward or backward, of

'an enzymatic reaction, moles/time/mass dry weight

Concentration of the item enclosed, moles/mass dry

weight

‘Total amount of ‘all states or forms of the species

' .s-ubséri.pted ‘

Denotes breakdown of s‘ubs.trate-enzytne complex to

- product or the reverse reaction

,Backward‘

. Forward

Number of the step in the sequence; if positive,

‘the forward direction is implied; if negative, the

backward direction is implied.
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VI. PHOTOSYNTHESIS IN OPTICALLY THIN SUSPENSIONS

A. A MATHEMAT.[CAL MODEL FOR THE LIGHT RESPONSE
CURVE OF PHOTOSYNTHESIS

In Chapter II previous work on the mathematical modehng of

the rate of photosynthesis as a function of 11ght 1ntens1ty was re-

. viewed. These attempts in modeling the light response curve have
largely been emp1r1¢a1 One exceptmn 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) ’b The Luxhry model was first proposed for the ferricyanide
Hill reaction,. but Lurnry and co*—workers (Muller et al., 1969) have
recently suggested that this model may be valid also for overall
photosynthe31s The Lumry model has been put to use by other
workers, such as Fredrlckson et al. (1961), attempting to model

- the performance of optlcally dense suspensions. But the Lumry
model suffers when apphed to overall photosynthes1s, S1nce it as-
‘sumes only one light reaction and that the limiting step is the re-
generation of an activated chlor.ophyll by a dark reaction. It now
appeass that there are at least two light reactions in photosynthesis,
ahd: 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. o N '

While the Lumry model appears to fit experimental ferri-
cyamde Hill reaction data, it does not fit most data obtained for the
overall rate of pho.tosynthes1s as a function of light 1nten51ty Our

" data shown in Figs. 14 and 17, as well as the ‘data of many other
.workers such as Kok (1956), Myers and Graham ('1959) , Steeman
Nielsen and Jorgensen (1968), Pickett and Myers (1966), and Bona-
ventura and Myers ('1969), give light_'response'eurves that '"'bend
over'' to the light saturated rate faster than predicted by the Lumry

model.

*, — : ’
- Some of the data of Myers and Graham is shown replotted in Fig. 4.
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Some data taken on Chlorella do not show this fairly sharp
Vbend over to the light saturated rate. Where the experimental con-
ditions are g1ven, such as by Shugarman ‘and Appleman (1967), the
'm1ss1ng bend can be explained on the basis that the data were taken
on a suspensmn of algae that was not optically thin. Indeed, it is
~impossible to obtain a truly opt1ca11y thin suspension of algae. A
Chlorella cell can absorb as much as 40% of the light paSS1ng
through it, causing an unequal 111um1nat1on of the chlorophyll mol-
ecules within the cell. ‘If’thi_s problem could be eliminated, the
bend over to thesaturated rate would be sharpe_r than has been ex-.
perlmentally measured thus far. ' |

A distinct characteristic of the Lurnfry model or any rectan-
gular hyperbola, is that the slope of the curve measured at one-
~ half of the maximum rate should be one- quarter of the initial slope ¥
This rough check may be used at a glance, rather than going to the
trouble of making a double rec1procal plot, such as Fig. 16, which
also shows the strong dev1at1ons of everall photosynthesis from the
Lumry model. - v

‘Further vquestions must also be raised, which no previous

mathematical model of photesynthesi’.s‘ can answer. Why, as shown
in Chapter III, can the light saturated rate fer 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
vFigs.. 4, 14, and 17, are the initial portions of the light response
‘curves identical for algae grown in different conditions, but with
light saturation being achieved by the various plateaus ''peeing off"
a curve that, initially at least, appears similar to the shape of a
rectangular hyperbola? Why does the shape of our light response

curves for the quinone Hill reaction, as g'i\'fen 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 l1ght
intensity.
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as the Hill reactlon data of Lumry et al. ('1959), Sauer and Biggens
(1965), and others, conform closely to the shape of a rectangular
hyperbola‘7 In addition to answering the above four questions, can X
a mathemat1ca1 model be devised based upon current knowledge of
the chemical kinetics of the photosynthetic electron transport sys-
tem and the carbon fixation cycle? '

We believe a mathematical model can be devised that will

prov1de sat1sfactory answers to all of the above questlons In de-

' wsmg the followmg model, heavy rehance is placed upon the kinetic

data for the photo-electron tran5port system as obtained from the
1aborator1es of Kok and Joliot. Before listing the bases and assump-

tions of our mathematical model for the light response curve, it

‘should be mentloned that present day knowledge of the process of

' photosynthes1s 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

peint. Nomenclature given to chemical intermediates follows Kok

et al. (1969).

- Bases and Assumptions

1. Following Joliot et al. (1968), it is assumed that Photoact II is

‘the reduction of Q by a quantum absorbed by System II pigment:

hy- >0

Q

Q is assumed to be. the primary .chemical trap for System II. The

- fraction of open System II traps is q -[Q]/[Q ]

- Similarly, Photoact I is the oxidation of P by a quantum ab-

:sorbed by System I pigment:

phv 5 p
P is assumed to be the primary chemical trap for System I, the

chlorophyll a molecule P The fraction of open System I treps

is p= [PTV/[R),

700°
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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-
thesis, and that its effect is manifested through the ATP
.generating system (Z~ = ATP)
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2. Itis assumed that the trapping of a‘bsorbed light quanta by either
photosystem can be descr1bed by the model of .Tohot et al. (1966);:
Rate of trapping = U I'T{T—f—) (6-1)

| where LIJ is equal to the rate of absorpton of light by a partlcular
photosystem times a max1mum quanturn eff1c1ency, f is the frac-
~ tion of open tz:aps (equal to q in the case of System Il and p in the
case of System I), and a is a probablhty of quantum transfer be-
tween separate p1gment units of a particular photosystem Joliot's
model assumes only one primary chemical trap per pigment aggre-
‘gate and 'perfect trapplng” "Perfect trapping'' results when the
rate constant for photochemlcal trapping is much larger than the
rate constants for d1$$1pat10n of exc1tat10n 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 p0551b111ty of photon excitation energy
’transfer between separate p1gment aggregates of System I. Thus,
for System I the term a in Equation (6- 1) is equal to 0.0, and the
rate of trapping is linearly related to the fraction of open System I
traps, p-

~As discussed in the above paper of Johet et.al., their System
I results can be physically interpreted in two ways: (1) Each P is
associated with a certain number of haryesting chloro chlorophylls
as a cempletely isolated unit. (2) An 1ncom1ng quantum is always
trapped by the trapp1ng centers of System I, regardless of whether
P is in the open or closed state. If P is in the closed state, the
qua'nturn 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 pheton_ excitation energy tfansfer between
sep.ai‘ate units .o,f' 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 = 412 12—:% for System II. '
The probablhty of excitation energy transfer for System II
has ranged between 0.5 and 0.6 based on the fluorescence work
with Chlorella ef.Joliot and Joliot (1964), the_ﬂuorescence work
with isolated chloroplasts of Forbush and Kok (1968), and the mod-
ulated electrode result_é .of Joliot ‘_e_’g_a_l. (1968) with isolated chlo—‘
roplavsts Joliot et et al. comment that the System II value for a orf
- 0.5 - 0 b appears to be an invariant characteristic of photosyn-
_thet1c material.
5. Itis assumed that there is no transfer of exc1tat1on energy
from Systern II to System I (splllover), or vice versa (Johot et al.,
1968, Kelly and Sauer, 1965, Eley and Myers, 1967)."
6. Itis assumed that the reactions between oxygen evolution and
System Il 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 photosynthesie, as was shown in Chapter III. The data of
Joliot (1966) and Sinclair 1(1969) also show these steps Between
oxygen evolution and System II to be quite fast compared.to the
overall rate of photosynthesis. ‘Sinclair believes the rate constant
for the transfer of electrons from water to System II to be about
5000 sec-i, assuming first-order reaction kinetics. Assuming 500
-chlorophyll molecules for each System II trap, Q (Joliot, 1965a,
1965b), this is equivalent to an oxygen evolution rate of 220 ml of
oxygen/mg total chlorophyll/hr. This is much higher than the
highest rate measured in Chapter II for overall photosynthesis,

which was about 9 ml Oz/mg chlorophyll/hr.

x

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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Similarly, all electron transport steps beyond System Iare
assumed to be 1rrever31b1e and infinitely fast. This assumption
is based on the results of Izawa et al. (1966) that showed electron
transport through System I (from ascor'bate to methyl viologen) is
fast. These workers measured, in DCMU po1soned chloroplasts,
a rate of electron transport as high as 6000 eq/chlorophyll/hr
This is equivalent to 32 ml O /mg chlorophyll/hr
8. With the two above assumptmns the only kinetics of electron
transport that are 1mportant are those located between the two
photosystems Yet as far as our steady state mathematical model
is concerned, the relative pool sizes of the components shown on
Fig. 30 are not important. With transient kinetics, however, the
concen_trations of these components would have to be considered.
For information on the chemical identifies and relati.ve'pool sizes
of the intermediates, 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
electron transfer and that the concentrations o_f‘ the reduced and
oxidized forms of Q and A are related by an equilibrium constant,
Ki,:vthat,is equal to 10 Usivng 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 corresponds to an oxygen evolution rate of 50 ml O /mg
chlorophyll/hr This is more than 5times the maximum rate of
oxygen evolution measured in Chapter III. Forbush and Kok also
.. found that the'equilibrium constant for this reaction was in the
order of unity. | _
- 10. Similarly to the above, it was assumed that the oxidized and

: reduced forms of C and P are in equilibrlum and are related by an

>‘<3 - ('3., 4-dichlorophenyl)-1, 1- dimethylur. ea.
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equilibrium constah_t, K3, that is equal to 1.0. This assumption is
based updn the results of Kok et al. (1969). These workers viewed

- the photo oxidation of P (P...) with a 700 nm measur1ng beam.

- When a br1ght 10 -5 sec flaz}?(zxras given, all P was 1nstan1;1y ox1d1zed
but very quickly a signal was regenerated show1ng half of the or1g—
inal reduced P to be present. Kok et al. interpreted this to mean
that.another componeﬁf, C, must be present, which is present in
approxiniately the seme concen’cratien as P and related to P by an
equilibrium constant of about um’cy _

~14. The electron transport reactions w1th1n the photosynthetu: elec-
tron transport chain w111 be assumed to be describable by bimolec-
ular chemical kinetics. This assumptmn is made in splte 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 othe'r constituents. Direct
exper1menta1 evidence for 1ndependent reaction chains has been
given by Kok et al al. (1969), and indirect mathermat1ca1 arguments
have. been presented by Malkin (1969).

Even if this 1ndependent reactlon chain hypothe81s is correct,
it will not be used for the mathematical model developed here. To
do ‘so would make the mathematics much more cozhplicated’. Sep—
arate chain reaction kinetics are d1scussed in Append1x I. When
the equ111br1um are equal to 1.0, as K'1 and K3 are assumed to be, _
there is no difference between separate chain kinetics and the bi-
molecula.r reaction k1net1cs assumed here. Only in the transfer of
electrons from A to C w111 independent reaction kinetics make a
difference. But even here, as Forbush and Kok have pointed out,
bimolecular kinetics will not be far wrong, since the pool size of

A is large. Appendix I should be referred to for further elabora-
| tion of these points.

It could also be assumed that the electron transport reactions
follow Michaelis-Menten type enzyme kinetics, rather:than bimolec-

ular reactions. There are two reasons we do not use enzyme
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' kineties to describe these reactions. First, most of the interme-
_diafes betWeeh the two phOtoSystems appear to be membrane bound.
If these 1ntermed1ates do form completely 1ndependent reaction
chains, then all must be tightly membrane bound. * Such a systern
could not follow’ M1chaehs-Menten type kinetics, since no substrate-
‘ 'enzy,rne _a_ssoeiation?dissociation equilibria would be involved. Sec-
ond, ever-'x.i.f all electron transport reactions were describable by
Michaelian'enzyme kinetics, Bimoleeulaf 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. Fuvndaivxnental to this model is the assumption that the rate
11m1t1ng step in photosynthe51s is located outside the photosynthetic
electron transport system. Nevertheless this slow step has an
effect upon the photo- electron transport system, since this slow
step is coupled, through a seqﬁence of reactions, to electron trans-
port at the phosphorylation site or sites. This rate limiting step
may be 1ocated in the carbon fixation cycle as shown in Fig. 30.

- Indirect evidence exists that the limiting step, at least in some
plants, is the CO2 fixing enzyme, carboxy@ismutase (Bjorkman,
1968a, 1968b). This enzyme must be the limiting step at low non-
saturating concentrations of COZ’ unless there is some effect of

: CO2 on another enzyme.

- More direct evidence that the photosynthetic electron trans-
. port system does not itself contain the rate limiting step in photo-
synthesis was provided by Kok et al. (1969). Their experiments
showed that a pool of intermediate, X, is c_:oupl_ed to the electron

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

"The work of Katoh and Takamiya (1963), however, suggest that at
least one component needed for electron tran5port plastocyanin,
is unbound or only loosely bound.
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frorn Ato C produces X~ a h1gh energy 1nterrned1ate that could
either be or produce the proton grad1en’c shown to exist across chlo-
roplast membranes by Hind and Jagendorf (1963). This high energy
1ntermed1ate, X~, is coupled to the manufacture of ATP frorn ADP.

In the scheme shown in Fig. 30, it is assumed that X~ is used
to generatev Z~(Z~ is ATP and Z is ADP), which is coupled to a
carbon cycle intermediate. Kok et al. (1969), using épinech chloro'-
plasts, ',obtaine‘d results that Suggested that the flow of electrons
frorh Ato P is controlled by a slow step located in, or connected. to
the phosphorylation mechanism. 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 necesAsary is that the bottleneck step approach its saturated rate.
This causes the intermediates in front of L to accuznuiate;,.-. event-
ually ATP accumulates, and the increased ATP concentration slows
down the rate of electron transport.
13. The essumption that only one enzymatic reaction in the carbon
cycle sets the li-ght saturated rate o.f photosynthesis is not unreason-
able. -In Chapter V it was shown that the rate of a biological process
is limited by the enzyrnatlc reaction having the smallest maximum
forward rate. No other enzymatic reaction has any influence on the
maxiﬁnim rate. ' v
14. It is assumed that all reactions between X and the rate-limiting
step are fast and in equilibrium with each other. It is also assumed
that the concentration of the carbon cycle intermediate that reacts
with Z~ is constant. '

It has been shown that all enzymatic reactions in a metabolic
sequence do not proceed at more or less the same maximum forward
rates. Racker (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 1rrevers1b1e thermodynamically; i.e. they

. possess AG® values (which we recall as the stan-

~dard free energy change at pH 7) equal to < 4kcal/

.. mole. Teleologically the reason for this is not

- hard to understand. It provides for easy flux
through the pathway and minimizes the possibility
. of a logjam of intermediates somewhere along the
~line. The enzymes responsible for these essen-
~tially irreversible and unique steps have often been
- referred to as pacemaker enzymes."
Mahler and Cordes also discuss these pacemaker enzymes in re-
gard to induction and rep‘ression,-' 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 beginning 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 irr_ever sible
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 Z_light response curve

as light saturation is approached, which has been experimentally
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skok . . .
observed. ’ (3) The Michaelis constant of intracellular enzymes

1s usually small.
16 With all of the above as sumptions, 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 equ111b—
rium constant K /K , to Li-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 theenzytme converting L to M hes reached its saturated '
rate does this step have any effect on electron transport. For at
this point, a logjarn of intermediates starts backing'np behind L,
causing the conc.entr'ation of X~ to increase band dirninishing the
concentration of‘X*. This lower concentration of X, since X is a
necessary reactant in electron transport, slows down the rate of
electron transport such that it must keep pace with the conversion
of L to M. Thus, the bottleneck at the L to M conversion mani-
fests itself upon electron transport kinetics by causing a logjam of
intermediates all the way from L to X~

The above picture of a 1ogjarn 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 concehtration, it may inhibit the activ-
ity of some of the enzyme farther back uo 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. ' o N
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and We1s and Brown (1959) found by means of isotopic studles in
a mass spectrometer that "resp1rat1on” of photosynthetic reduc1ng
power to rnolecular O,Z increased after light saturation had been
re'a.ched.v Since our modelvis concerned only with net oxygen pro-
duction, one need not be concerned with this type of re5piretion that
takes electron from water and then ‘gives the electrons to O form-
mg water once again. However this type of cycle may have some
use to the electron transport system, such as ridding it of excess
electrons when light saturation has been reached.

17. A stoichiometric relat10nsh1p between ATP production and elec-
tron transport is assumed. If cyclic photophos.horylation is not con-
sidered, it is easy to visualize such a stoichiometric relationship.
But cyclic photophosphorylation introduces a cornplication, for ATP
production is not stoichiometrically related to electron transport.

In fact electron transport for cychc photophosPhorylatmn competes '

' with non- cyclic electron transport

The answer is to assume that the ratio fo ATP production to

the rate of electron transport is constant for any given spectral.

‘distribution of light. But we might expect different spectral distri-_-

butions to result in d1fferent ratios of electron transport to ATP
production. This ratio may also be dependent on growth conditions.
If this ratio is not at its optimum a decrease in the quantum effi-.
ciency of COZ fixation and O2 evolution will result. In other worvds,
the variation in the rate of cyclic photophosphorylation will be built
into the maximum wguantum efficiency of O2 evolution, ®, which _
will be introduced later. o

18. The model shown in Fig. 30 assumes that control of the photo-
electron transport system is mediated through ATP rather than
NADPH. . Nevertheless, we have treated the case of NADPH con-

‘trol of the electron transport system. It may be found in Appendix
I

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 excéss NADPH is given by the

‘results of Brown and Weis (1959) and Weis and Brown (1959), wh1ch
were discussed in the above Item 16. If the powerful reduc1ng

agents at the top of System I tend to accumulate in their reduced

forms, then we might expect thern to donate their electrons to molec-

ule.r 02, causing the increase in reSplratmn" that Brown and Weis

found when light saturation was reached.

Der1vat1on of the Mathematlcal Model

 As shown in Fig. 30 and previously d18cussed we have the -
foliow1ng vadues for the equ111br}um constants: Ki— 1, K3 = 1, and
4/K is assumed to be very large. The rate constants, 27 _2,
and k [E ] will not be predeterrruned Indeed K w111 be seen
to drop out of the mathematics entirely. The total pool sizes of Q, A,
C, P, and X a.re present in the concentrations [Q ], [A 1, [C.o],,
[P 1, and [X ]. It will be shown that these pool sizes need not be
exp11c1t1y determ1ned for the steady state kinetics eonsidered here.
As discussed above in Item 3, the rate of photochemical trap-
ping bye the trapping centers of System I is equal to l.|J1p. This as-
sumes the probability of excitation energy transferring between
separate System I pigment aggregates, a,, is equal to 0.0. Sim-
ilarly, the rate of photochemical trapping by the trapping centers

of System II is equal to leZ -I% This assumes that a, = 0.5, as
discussed in Item 4. '
At steady state the rates of photochemical trapping by each

photo system must be equal:

a[Q’] _,4 - 2q |
dt "0 TV Teq WP (6-2)

where L|11= I €<1:t'1 and 4;2 = I€¢2. I is the incident light intensity
(einstein/cmz/hr), € is the extinction coefficient of the pigments

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

* .
All concentrations are expressed equivalents per mg chlorophyll.
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efficiencies (as I approaches zero) for Systems I and II in terms - )

of electron transport (moles electrons/e1nste1n) Therefore 411 and

,tbz are the rates of electron transport for the two photosystems when

all traps are open, and are directly proportional to the quanta ab-
sorbed by each photosystem

A s1m11ar steady state equatmn may be set up for the conser-

‘ vatlon of the Spec1es AT

—&;_—-1 0 = ¢2 - rla- [A])[CJ[XJ+k [A]([c] [EDAX]-[X]).
IR (6~ 3)
In the "above equation use is made of the material balances:
[Al+[a]=[4], [C1+[CT] = [C ], and [X] +[x~]=[X ].
'One more equation must be given,- expressing the steady state

rates of formation and disappearance of L:

i . ‘ ke [E J[L] ’ ‘ .
d[L[_ 1 2 5 ,
dt "7 B ¢z 1 qq [1 ]iK“ o (6’4),

" where B is a 'stoichiometric factor equal to the number of electrons

‘that must‘. be transported through the photo-electron transport sys-

tem so thatone L will be converted to M. p is the total number of
z~ manufactured per electron transported. P is assumed invariant
with respect to light intensity, but may be a function of other exter-
nal ,vai"iables s_uch as growth conditions or COZ' concentration. §
also includes any contribution that cyclic photophosphorylation may

make to ATP production.

| Using the equilibrium relations for Ki,v K3, and 'K4: '
K -1 alfa 1-{A] . s
171 T TTqla - (69
Ky = 2lec] | | (6-6)

L e p)([c][CJ)
'= [L[LX| | o (6-7)

=N [x71-1x]°
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In these preceding six equatiohé, (6-2:) - (6-7), there are six un-
knowans, 'there'fovre 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: o

. KlAllCIXIU - @ - ¥, T
PTG IATICTIXI (-9 + & _,IA TIC TIX T-TXIa -

(6-8)

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

Ky  2g
K (ﬁkS[Eo]- 4}2 '1+q) ‘ '
[(x]= 1% ¢ M ——. (6-9)
—KT/I—(B.kS[EO] b Tt Y, T

Examine the terms within the parentheses of Equation (6-9). The
:fAii'sbt f:ei'm, B ks['Eo] , is the light saturated rate of photosynthesis
and is equal to the maximum rate of the slowest step in the carbon
fixatidh cycle, the conversion of L to M (expressed in terms of
electron transPO;‘t). The second term, 2412 q/(1+q), is equal to the
rate of electron transport. The important thing to recognize about
Equation (6-9) is that since K4/KM is assumed very large,

[X] = [XO] when the rate of electron transport, 2¢2q/(1+q), is less
' than the saturated rate of photosynthesis, BkS [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] = [X ]

Subst1tut1ng [X] = [X] into Equatmn (6-8) g1ves

kA 1[C 11X ] (1-a)- by 2L

= (6-10
P A TIGIET - (6-10)

Note thet :’che back reaction term, centaining the r.ate constant k-Z’ |
disappears in th1s case; the physical s1gn1f1cance be1ng that there
can be no backward reaction if no [X~] is present. No [ X~] is
present until light saturatlon is reached, since K4/KM is assumed
to approach infinity. VSubst1tut1ng Equatmn (6-10) into Equation
(6-2), and elearing.of fractions: ,

2¢1¢2) o |
q(¢1 2¢2)+<ﬂ2¢2 -—K;- g, =0 (6-11)

where .SivI' =k, [Ao] [Co]3'[}(()] and is the saturated rate of electron

transport intrinsic to the photo-electron transport system (when not

- coupled to the slower stepé in the carbon fixation cycle). |
Here we are interested in the case of green plants illuminated

by ipolychrem_atic white Iighf. It is therefore logical to aSsume that
4>;1 = $,- Even though ¢'1 may be different frdfn"q>2 at any particular

w;velength, it will be assumed that over the whole spectrum ¢1 = ¢2;.
hence Ll)1 will be equal to lllz Henceforth only the symbol { will

be used. Equation (6-11) becomes:

qu'(2+--§#10 q‘+1 =0. - o (6-12)
M : _

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

o 2 |
R L (6-13
M M M

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

one. The rate of electron transport, R’ET’ is equal to ZlIJq/(i +q).
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_Sinc'e. q is given by Equation (6-13):

e ICYEAE /Z,Siv[‘“"l’z)‘.' o .10
v_uET"zsﬁfq}-W“w :

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

~ 2 St
R, = M .  (6-15)

ET ™ Ja . . 3
o 2Sy, b+ }st¢+¢

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

cept for the added squa_re_' root term in the denominator. In fact,
this equatioh would have been a réctangular hyperbola if K1 and/or
K3 had been assumed to have certain slightly different values.
Equation (6-15) gives a nearly straight line on a double reciprocal
plo't," and since Kila}nd K3 are not known with great certainly, we
have no strong preference for Equation (6-15) over the rectangular
'hypéfbola function or any other form re.'sultih'g 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 :all:of the X ~that the photo-

electron transport system is capable of geﬁérating, [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 vlogjam of in-
termediates predicted by our mathematical model, may be the
main control mechanism. The effect is the same in either case:
control such that the net rate of electron transport is no greater

~ than the saturated rate of photosynthesis, 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 saturated rate of photosynthe51s, ﬁk ﬂE ] the numerator
quickly goes to zero while the denominator is still pos1t1ve The
rate of electron transport can never exceed the saturated rate of
the. 11m1t1ng step, or the numerator and [X] would become negat1ve,

wh1ch is phys1ca11y 1mposs1b1e Thus, above 11ght saturation:

SRCE TN +J(s' ) +SSMS .16,

r 1
_4SM 4S

- a1
RET SA, ‘when,.\bvv?,v
where SIA = ka[EO] and is the actual light saturated rate of electron
transport. o : '
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 experirnentally measured.’

The Light Response €urve in Terms of Oxygen Evolution

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

come:
o 22El Sy, . _
Ro o= 262 > ,
2 SM+Q€I+\/2Q€ISM+@ T
Sp(48,,-S,+ (5,%+ 85,5 ) |
wheén I < (6-17)
4S. -4 S
M
2
. ERCENE A+»\/S + 8Sy, s )
Ro —SA, when I > IS 45 v (6-18)
2 ’ _ M A
where: _ . _ :
RO = rate of 02 evolution (moles Oz/hr/mg chlorophyll)
5 % = maximum quantum yield, as I approaches zero (moles
' Oz/einstein) ‘
€ = extinction coefficient of the pigments, expressed as a

function of wavelength (cmz/mg chlorophyll)
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I = light intensity, expressed as a function of wavelength
(e1nste1ns/cm /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 O’Z/hr/mg chlorophyll)

SA = the actual saturfited rate of O2
bottleneck in the carbon fixation cycle (moles O /hr/rng

" chlo rophyll)

evohition, caused by a

Figuré 31 shows a reprékentative plot for Equatiohs (6-17) and
(6-18). | |
SM is the maximum possible rate of photosynthe51s But S
will be realized only when the photo-electron transport system is
not coupled to the carbon fixation cycle or when the maximum for-
- ward rafes of all enggymatic reactions in the carbon fixation ‘cycle _
are larger than SM Note that there are three constants to be de-
term1ned in Equatwn (6- '17) and (6-18), @, SM’ and S ® is the
maximum quantum yield, wh1ch must be measured at 1ow light in-
tensities. In Chapter III, by fitting our respirometer data on

Chlb’rella pyrenoidosa to Equation (6-17), we found a value for ®

of 0.114. The other two experimental constants, SM and 5,, may
be e’stimated from a double reciprocal plot, such as Fig. 32, or
'maif be more accurately determined by. a non-linear least squares
fittiﬁg procedu:e. In Chapter III, SA was found to change with

growth conditions, but & and S, did not appear to vary with the

growth conditions that we inve:/Itigated.

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-
sié, since the guinone Hill reaction is uncoﬁpled from the carbon
fixation cycle, in which the rate limiting step in photosynthesis ap-

pears to be located.
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.iFig; 31, A tjrpical light i'eSponse curve generated by Equa-
tions (6-17) and (6-18), which express our mathematical
_model for the light response curve of photosynthesis.
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Fig. 32. A double reciprocal plot of the curves shown
in Fig. 31. '
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The next quest1on asked why the light saturated rate of photo-
synthes1s, SA’ changes with growth cond1t1ons The explanatmn is
that the concentration of the 11rn1t1ng enzyme per mg chlorophyll
: changes with growth conditions. In Chapter IV, we proposed that
this adaptive reSponse may be of value to the Chlorella cell in its
compet1t1on for survival. v

A further question asked why the initial portions of the hght
response curve were the same, regardless of growth conditions.
The photosynthetu: electron transport system governs the quantum
eff1c1ency, ®, and the saturated rate intrinsic to the electron trans-
port system, SM. Apparently these quantities, which determine the
initial port1on of the light response curve, do not change with the
growth conditions investigated. This suggests that although chloro-
phyllb content may change, the ratio of componehts along the photo-

electron transport chain may not change with respect to each other.

The Sharp Bend in the L1ght ReSponse Curve

The mathematical model Just developed expressed by Equa-
tions (6-17) and (6-18), pred1cts a sharp bend in the light response
curve when tht saturation is reached. Experimental data do not
‘show such a perfectly shsrp 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 inj
. finity, as was assumed in the derivation.‘ The smaller the value of
| K4/KM’ the more pronounced will be the rounding at the transition
to light saturation.
2. Even if K4/KM does approach infinity, the assumption that the
reactions involved in this equilibrium are so fast that their kinetics
need not be considered is an oversimplification. No reactions pro- |
ceed at an infinitely fast rate. The farther this assumption is from

the truth, the more rounded will be the break point.
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3. A roﬁhding et the transition will be 'present in experimental data -
simply because it is impossible to illuminate equally all chlorophyll
molec’_ﬁles.in an algel_suspensionQ Because light is absorbed as it
passes through an a.lgal cell, the chlorophyll molecules on the far
side of the cell receive 1ess 111um1nat1on than those nearer the light
source o . .
4. Al cells Within a suspension are not identical. The light sat--
urated rate of photosynthes1s, SA’- may change with life cgrcle stage.
This problem might be reduced by the use of synchronous cultures
We can expect all four of these phenomena to cause exper—
imental data to deviate from the mathermatical model. Therefore
it is sur_pr.lsing that the experirr_lental light response .cur.ves of Chap-
ter III bend as sharply as they do as light saturatlon is approached.
| But what if several slow react1ons in the carbon fixation have
similar max1mum forward rates? Only one such slow reaction was
cons1dered in the mathemat1cal model. If K /K 1s reversible and
very large, as assumed in our mathematlcs, only the slowest of
these several slow: reactionshave any effect on the light response '
v curve In Chapter V it was shown that the maximum rate of a se-
quence o_f reactions is set by the reaction with the smallest max-
simum forward rate. Only when light intensity is raised to the point
where the maximumrrate of the slowest step is reached will there
be a back-up of intermediates, causing' an accumulation of X"; and
resulting in a limitation in the rate of electron transport. Because
K /K is very large, none of the slow steps exert any effect until
the slowest has reached its maximum rate; at this point the light
‘response curve bends over sharply to a flat plateau. The magnitude
of this p.lat.eau 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 intensities.
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B. THE SIGNIFICANCE OF THE SHAPE OF THE LIGHT RESPONSE

CURVE OF THE SYSTEM IT HILL REACTION

There are at least two types of Hill reactions (part1a1 reac-

' t1ons of photosynthes1s 1nvolv1ng artificial electron acceptors and

donors) 1nvest1gated by workers in recent years. Hill oxidants

such as ferr1cyan1de, DCPIP and qu1none probably involve only

System II, while low redox potential oxidants such as NADP and

' methylvmlogen almost- certamly involve System I as well. Here

- we will dlSCllSS only the former type, wh1ch we will call the System |

II Hill reactmn - _ _
B wa 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-
prox_iinately a rectangular hyperbola? Two possibilities will be

v considered. In the first case it is assumed that the regeneration

of the primary System II chemical trap, Q, is the rate limiting

B step. In the second case,,which will be shown to be more realistic,

it is assumed thatithe regeneration of a secondary chemical trap,

A, is the rate limiting step.

Case 1: The Regeneratzon of the Pr1rnary 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 Lumrjn model we assume there is a 50 per cent -
probability of excrtatmn energy transfer between the separate Sys-
- tem II units, based on the results of Johotand Joliot (1964), Joliot
‘et al. (1968) and Forbush and Kok (v'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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—L—l ° “‘z—ri_ e (619

where the terms are deflned as they were for Equatmn (6-2), but
with the addition of the term k; [Q ]. k, is a pseudo first-order
rate constant, which will be consta.nt only durlng the initial stages
of the reaction before the .concentration of the Hill oxidant has de-
creased appreciably. . | ‘

Making use of the material balance, [Q] +[Q7 ] = [Q 0] , and

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

Ly 92
[Q]=[QO] +—1;1',- [Qo] tz - : (6-20)

1

The rate of product formation (or rate of electron tranSport) is:

Rpp = 1[Q I . | (6- 21)
_ 2 2 2 :
-y, tk,0] - ﬁ +1,7[9,] (6-22)
= I4,€ +k1[QO]'-\/(1¢Ze)2_+ k2R 12 . (6-23)

The ,abo've equation is labeled as Case 1 in Fig. 33. Equation
(6-23) deviates from the rectangulax: hyperbola function, which is
shown in Fig. 33 labeled Case 2: K, = 0.5.

But there is another serious problem with the above model.
' The regeneratlon of the primary chemical trap, Q, does not seem .
to be the rate limiting step in the Hill reaction, and Lumry and
Rieske (1959) realized that this assumption was fundamental to
their derivation. Kelly and Sauer (1968) investigated the DCPIP
Hill reaction and found, by using relatively long flashes of light
(6-100 msec), a large pool of System II intermediates (1 equiv/55
chlorophylls). * This pool size is 6-10 times higher than the

This pool is very likely identical to A, as designated in this chapter.
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I.O_-' Case 2Z: K|=obr
| Case | g
Case 2: K= 1
_Case 2: K,= 0.5
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" Fig. 33. Light respbns_e 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-

- dary chemical trap, A, is the rate limiting step.

. here assumed to be completely reversible.

ing step. Case 2 assumes that the regeneration of a secon-
: K1 is the
equilibrium constant for electron transfer between Q and A,
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| concen’c.ra.fion of primary System II traps, Q, which are present in
a concentrat10n of approximately 1 equ1v/500 chlorophyll accord-
ing to the oxygen gush studies of Joliot (1965a, 1965b). The main
‘p01nt to be made here is that Kelly and Sauer were able to measure
a pool of 1ntermed1ate much larger than the pool s1ze of Q. Thls
means the regeneratmn of the pr1mary chemlcal trap, Q, cannot
poss1b1y be the rate 11m1t1ng step in the steady state System II Hill
reactmn, otherwise Kelly and Sauer could not have measured the
size of a larger secondary pool with their flash1ng light experiments.

As earlier discussed in this chapter, 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.expenmental results suggest that equilibriuin :
can be as snmed between the primary chemical traps, Q, and the
secondary chemical traps, A. This was, in fact, prev10usly as- ,
sumed in the derivation of our mathematmal model for photosyn-
thesis. 'But if the equilibrium between Q and A is fast, how can a
re‘ctangular'_hype‘rbolavbe obtained for the light response curve of
the System II Hill reaction? As shown in Case 2, which follows,
-there is only one possible way: the equilibrium constant for elec-
tron transfer between Q and A, K'l’ must equal 0.5, a value consist-

ent w1th the experimental measurements of Forbush and Kok (1968).

Case 2: The Regeneratmn of a Secondary Chem1cal Trap, A,
as the Rate Limiting Step

As mentioned above, Q and A are assumed to be in equ111- _
br1um
:K'1 = _[é__]_&)l . ) E (6—24)
- [eT](Al
In the following derivation Ki will be kept as a variable, enabling

‘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:

o] - -
%_¢zﬁa-kz[A]. o (6-25)

"Using the above two equations along with the material balances,

[Q) +[Q7] = [Q ] and [A] +[A7] = [A T, we find after considerable al-

gebra1c manupulatmn :
24, [4,]

s — Z4,A)
' - 2 2 272
+k[A]+J [A]+¢2 _2¢2 2[A]+——Ki———-—-
(6-26)
The rate of produect forrnatlon (or rate of electron transport) is:
]KEi,= ky [A ] | ' | (6-27)
' 2y, k,[A ]
2 2 2 22
LIJ’2+ kZ[Ao] +\/kZ [Ao] T -2 lljZkZ[Ao] * Ky
(6-28)

‘where v¢2 = 1¢0e.

Eqﬁation (6-28) is the ge‘nefal solution where K, is not spec1-

1

fied. © We now examine the effect of the value of K1 on the l1ght re-

' sponse curve of the System II Hill reaction. Four values for K, will

1
be e'xarnined.

a) K1 =
This is a trivial case since if K, = 0, then no electrdns ever

1

move from Q  to A, and the rate of electron transport, R ET’ is
zero. This is also seen from Equatlon (6-28), since the denomlna—

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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: 2y, k [A] : .
R = — 2 2 ) (6-29)

ET
+k2[A]+Jk [A] +¢2 -2¢2 2[A]

The té-rms_ within the square root are a perfect'square with two
equally valid roots, # (LIJZ- kZ[iA ]). If the positive root is used, the
2[A ] terms cancel each other in the denom1nator yielding:

Rgp = %2- (6-30)
'Thls solution is val1d at all 11ght 1ntenS1t1es below light saturation.
US1ng the negat1ve root, the two l.lJz terms in the denomlnator cancel,
leaw.ng
= kz[Ao]._ ' . ‘ (6-31)

Rep

This is simply the light saturated rate. Equatiéns (6-30) and (6-31)
describe a.Blackman- typé curve: first-order behavior below light
saturatlon and zero-order behav1or above 11ght saturation. Figure
33 shows th1s case. |

On physlcal grounds th1s behavmr may be expla1ned as follows.
Sihce K is large and the equ111br1um is fast, Q°, as it forms, is
irhmédiately converted to A~. Thus, there is absolutely no build-up
of the closed primary‘ traps, Q, and hence no lessening of photo—
chemical trapping efficiency until _a_J_L A have been converted to the
A" state. v o '

But if light intensity is increased, a point is reached where
[AT] = [Ao]., and the reaction is proceeding at its saturated rate.
Now there is a build-up of the closed primary traps, Q , and a re-
sultant decrease 1n the _efficiehcy of photochemical‘trapping. The
rate of photochemical trapping can never exceed kZ[Ao] .

- " This case of K_1

ent with experimenta.l data: Blackman behawior is not observed ex-

='e0 cannot be correct, since it is not consist-

pex_‘imeritally for the System II Hill reaction.
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o) Ky=1

If K1 =1, Equation (6-‘28) b ecomes:

ST 2, (A ] | -
ET ™ T _ : (6-32)
Tt igla] ¢ A T2 44,2

This may be given equiﬂvélen"cly as:

R S ON R S R

This equation is the same form as Equation (6-22), which describes

~ Case 1. Inthis case k, [A ] is found in place of k, [Q ]. Figure

" 33 shows coincident curves for these two cases.

Th1s case of K,=1 is of 1nterest, since this was the value of

1°

K a_L_s sumed in the derivation of the light response curve for overall

1 ‘
photosynthesis treated earlier in this chapter.

d) K; =05

o If K1 = 0.5, the result is an exact rectangular hyperbola, the

function that best seems to fit the System II Hill reaction data of
Lumry et al. (1959), Sauer and Biggins (1965), and many other

workers. Also, this value of K, was exactly the value suggested

1 .
by Forbush and Kok (1968) for the equilibrium between Q and A_;k,

- based on fluorescence rise data.

For a K1 of 0.5, Equation (6-28) becomes:

bk, [A ] |
Rp = 22 o (6-34)
R NI

*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 to 1be rap1a and best described by an equi-
librium constar}t 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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I ek [A ]

Rer ReRA 353
. : : 0
The abox}_e Equation (6-35) is shown in Fig. | 33 labeled as Case 2
K, =05, | ' o
Both the Lumry model and Equation (6-35) give a rectangular
hyperbola function. We prefer the model that éave Equation (6-35),
~since it, unlike the Lumry model, is consistent with the previously
discussed results of Kelly and Sauer (1968), which showed the rate
limiting step for the System II Hill reaction to be the. regeneration |
of a s.'e‘condary chemical trap, rather than a primary chemical trap. -

"Even though the probability of excitation energy transfer, |
“which he_ré was assumed equal to 0.5, may vary with organism or
grthh éond_itions, some value Qf_ K1 can be found that will give a
rectangular hyperbola regardless of the probability of energy trans-

fer.
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" NOMENCLATURE

Pf_'obability of transfer between separate pigment units

A pool of intermediate that communicates with Q

A pool of intermediate that communicates with P

The rate- 11m1t1ng enzyrne that catalyzes the conversion of
LtoM . '

‘The fractmn of open pr1mary chemlcal traps, equal to q for

System II' and P for System. I
A quantum of light
L1ght 1ntens1ty, e1nste1ns/cm /hr

Various rate constants

Various ethbmum constants

Th‘eilmmed1ate substrate of the reteflimiting step

- The immediate product of the rate-limiting step

The fractlon of open System I primary chemical traps

The primary chemical trap of System I

- The frac_tmn of open System II primary chemical traps

The primary chemical trap of System II

Rate of a p'rocess,- moles/hr/mgrchlorophyll

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

A pool intermediate that couples to electron transport be-
tween A and C '

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

-from ADP (Z)

ADP

ATP

Concentration of the species enclosed, moles/mg chloro-
phyll |

A stoichiometric factor equal to the number of electrons

- that must be"‘trar.lsported through the photo-electron trans-

'.-i)ort sy.stemr so that one L will be converted to M
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"Extinctio’n coeffisient of the pigments, cmz/mg chlorophyll

m.
0

= Max1mum quanturn yield for electron transport, moles elec-
» trons/e1nste1n .
' @ = Maximum quantum y1eld for oxygen evolution, moles O /
e1nste1_n‘ .
V] = 1€, light absorbed times the quantum yield
Superscripts

! = pertaining to electron transport

Subscrlgts

A . = The actual light saturated rate of photosynthesm
ET = Electron transport
M = The light saturated rate of photosynthesm 1ntr1ns1c to the
_ photo electron transport chain
o = Total amount of all states or forms of the species sub-
_ 'scripted ' |
1 = System I
2 = System II

1 2 3 4,5 = Des1gnate various rate or equlhbrlurn constants _
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. VIIL. THE PERFORMANCE OF
OPTICALLY DENSE CULTURES OF ALGAE

_Opt1cally dense cultures are of practlcal interest in the mass cul-
ture of algae, since if light is not absorbed by the culture, it is
wasted. But because 11ght is absorbed by the algal cells as it trav-_
els into a dense culture, 11ght 1ntens1ty decreases as a funct1on of '
'd1stance into the culture. ' _

To model such a system mathemat1cally, the ‘manner in which
~ light 1ntens1ty changes as a function of distance into the culture must
be known. If the rate of photosynthesm as a function of 11ght inten-
S1ty is also known, the local rate of photosynthesm at any point in
the system may be calculated By 1ntegrat1ng the local rate of photo-
synthesis over the distance into the culture, the total rate of photo-

' 'synthes1s in the system may be found. Since photosynthesm results
in growth the product1v1ty of algal b1omass can be pred1cted

'The above procedure for mathemat1cally pred1ct1ng the per-
formance of dense algal systems was first suggested by Tam1ya et
al. (1953a) Recently Shelef et al. (1968) used a more soph1st1-
cated approach, wh1ch used Beer's law to describe the attenuation -
of light intensity as a function of distance into the culture, but took
into vaccount that the extinction coefficient is a function of wave-
length. The'approaches of these and other workers was discussed
in Chapter II. »

R - Our model, presented below, is an extension of the approaches :
of prev1ous workers, but dlffers from prev10us models in two re-
‘spects.. First, the local rate of photosynthesis will be expressed by
: Equa_tiorl (6-17) and (6-18), which des_cribe the photosynthetic light
response curve formulated in the last chapter. Second, the effects
-of the specific rate of g'ro.wth M, On the light saturated rate of photo—
'synthesis, chlorophyll content, dark resp1rat1on rate, and cellular

v compOS1t1on will be accounted for.
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Consider a system of algae in steady state contmuous culture

in the element of volume shown below,

J

I

The. SYStem is operating at an avefage specific growth rate, u, and
llght is 1mp1ng1ng perpend1cular1y onto the left-hand vertical sur-

face. Syrnbols on the dlagram are defined as follows

1 ()\) = incident 11 ht intensity expressed as a function of \
0 _ (einsteinsﬁcmz/hr’) ' :
A = wavelength of light (nm)
s = distance froi‘n illuminated surface (cm) -

| ds‘_ = differential distance at any point s (cm)
S = total algal suspension thickness (cm)

. To find the total rate of photosynthes1s, 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 u:

%
Parentheses denote that a variable is a function of the quantities
within the parentheses.
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ke b= g R (p,nl cm)Bm)ds-U(mB(m (7-1)

. wher e
-1

j spec1f1c growth rate (hr ") ‘
RO (R _I)I s = local rate of photosynthesis in terms of O, evolu-
-2 tion. at any point s (moles @] /hr/mg chlorOphyll)

C(p) - = we1ght fraction of chlorophyll in the cells (mg -

- R chlorophyll/mg dry wt.) ,
B(p) = = factor for converting O2 evolved to cell dry weight
- (mg dry Welght/mole O ) . ‘
U(p) = uptake of O due to re5p1rat10n (moles O /hr/mg
B dry wt.)

v The local rate of photosynthes1s will be expressed by Equa-
tions (6 17) and (6 ‘18), which were formulated 1n the last chapter.
. These equations are consistent with both _exper1menta1 data and cur- .

rent knowledge of the:chemical kinetics of photosynthesis.

720 2@6(MI(X)| Sy dx
Ro (w1 = 2
2 480 st+@e(x)1(x)| +Jz¢e(x)1(x)] Syt {epe(m(x)[ 1
A . , : (6 17y
~or, ifit gives a smaller value:
Roz(u,nls = Sp(w) S (6-18)
where
P . = maximum quantum yield, as I approaches zero
(moles O einstein)
Ce(N) . = ext1nct10n coefficient of the p1gments expressed
~as a function of A (cm?2/mg chlorophyll)
I | s = light intensity at any point s expressed as a func-
: tion of X\ (einsteins/cm /hr) -
SM = the saturated rate of O, evolution intrinsic to the
photo electron transpoft system (when no steps
~ in the carbon fixation cycle limit) (moles Oz/hr/mg
chlorophyll)
"SA(p.)v ~ =the actual rate of 02 evolution, caused by a bottle-

~ neck in the carbon fixation cycle (moles Oz/hr/mg'
chlorophyll)
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In-equatieﬁ (6-;17), I(N) | s varies with distance into the culture.
Values. of X are limited to the region 380 to 720 nm, which is the
region. of. importance in photosynthesis. Beer's law will be used
to descr1be this variation, taking into account the change of extinc-.
tion coefficient, €(\), with \. ' _ .
N[ =1 () exp{-Xse(Cw} . (7-2)
where s ‘ .

X = concentration of algal biomass (mg dry wt./ml).

The above fdur equations may be solved by substituting Equa—
tion (7-2) into Equation (6-47) and us1ng Equation (6-17) or Equatmn
(6~ 18), whichever is appropr1ate, in Equahon (7-1).

Equation (7- 1) cannot be integrated analytically, except for mono-
chromatic light or the use of an average extinetion coefficient. In
' general, the way to solve Equation (7-1) is to pick p, and by trial
and error assume values for X ﬁntil the right hand side of Equation

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

Checking the Dense Culture Model Against Experimental Data

- Our model for optically dense cultures will be checked against
the product1v1ty data glven in F1g 7, which were obtalned in our con-
t1nuous culture unit.

‘The computer program given in Appendix IV, Program Algae,
will be used to solve the above equations. But first, many of the
constants and variables in the above equations will be empirically
expressed based upon the data of Chapter III. From Figs. 10, 15,
and 19: '

| C(w) = -2.61X107% | +7.43x10°% (7-3)
| S, () = 1.334x107 %y + 1.474x 1074 (7-4)
U(p) :=2.18x10'7p-+7.81x10'8 (7-5)

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

B(y) 4,

0.065%x10% 1 + 1.64x 102,

1l

(3-2)

-
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From the data of F1g 18, wh1ch was fit to Equation (6-17) by
a non-11near least squares techmque, ® =0.1138 and SM = 0.00221.

» The th1ckness of the culture, S, equals 2.8 cm

I (\) for the computer program is shown in ‘Fig. 34. This
figure is based upon the data of Fig. 6, but has been broken into
10 nm bands, each w1th its own character1st1c light intensity.

e (\)is given by F1g 35 wh1ch is based upon the average of

the two curves shown in Fig. 12. € (N 1s also broken up into 10 nm

‘bands v Flgure 35 does not 1nc1ude light scatterlng, wh1ch was as-

'sumed to equal the absorbance measured at 750 nm, where there is

no p1gment absorptlon
But hght scatterlng increases 11ght absorption, since light
scattered s1deways 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, €scat’ is added back into the Beer's law ex-

pression for light absprptmn €cat - 10. cm /mg chlorOphyll
based upon the average scattering measured at 750 nm.

The reader should consult Program Algae, the computer pro-
gram given in Appendiac IV, for the exact procedures used to calcu-
late fhe _perfbrmance 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 approx:.mately 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 hght through
the culture is shown in Fig. 38, where the computer curve and the

experimental data match quite well.
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] ' L | L | ! l

400 - 500 ‘ 600 ~ 700
Wavelength (nm)
XBL 707 — 3289

Fig. 34. Incident light intensity function used in Prografn
Algae, the computer program used to predict the perfor-

_mance of optically dense algal suspensions. This figure

is based upon the experimental data shown in Fig. 6.



e, Extinction coefficient of chlorella pyrenoidosa
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(cm2/mg total chlorophyli)

- 400 - 500 600
Wavelength  (nm)
‘ XBL767—3288

- Fig. 35. Ext1nct1on coefficients used in Program Algae.

These values were calculated from the average of the
curves shown in Fig. 12. These extinction coeff1c1ents

~do not 1nc1ude light scatter1ng
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Io

Light
intensity

Rate
of
: photo~ -
- synthesls

o cm » 2.8

For one given specific growth rate,,u.

Calculate chlorophyll content, respiration rate, saturated
rate of photosynthesis, cell dry weight produced per mole
of oxygen evolved.

Pick a trial value for the cell concentration.

Calculate light intensity at each thin layer. -
Calculate the rate of photosynthesis in these layers.“

Add up the photosynthetic rates in all these 1ayers.

;Calculate the specific growth rate,/g and check to see if

it matches the value we started with. If not, take
a new cell concentration and go back to step 3. :

- XBL 703 546
Fig. 36. A surnmary of Program Algae, the computer pro- -
gram used to predict the performance of optically dense’
algal suspensions. . The complete computer program is given
in Appendix VI.
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Fig: 37. Productivity of Chlorella pyrenoidosa in contin-
uwous 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~1. :
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Fig. 38. 9% 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 folloWing reasons rhay have caused the’ computer produc-
tivity curve to be higher than the actual data: | |

'1, A value of 0.414138 moles O /e1nste1n was used for the max-
imum eff1c1ency, &. This may be too high, as discussed in Chap-.
ter III. '

2. Back scatter1ng, or reflectlon of 1nc1dent hght was not ac-
counted for in the computer program :

3. The f'S1eve effect", ‘considered by Monteith (1965) for crops,
is a factor (but a smaller factor in tiny Chlorella cells) cauS1ng
dev1at1ons from Beer's law.

4. A certain amount of exper1mental error in the values obtained
for SM’ ;'A(p')’ B(p), 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 relat1on 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 vessel do not have such low respiration rates, since when they

- float into a dimly illuminated reg1on they will have recently come
from a region of high illumination. Such recently illuminated cells
_are known to have higher dark respiration rates (Cramer and
Myers, 1949), We also noticed this phenomenon in our respirom-
eter work. . |
Notice that Fig. 37 shows an optimum for the production of

- cell material at p = 1.6 day_i. Pr.evious workers (such as Shelef

Et_a__.}'. , 1968) have asCribéd low. productivities at lov_v. values of p as
~ resulting from increased respiration losses of the larger cell pop-
‘ »uvlatibns'. This would be true if dark respiration rate were inde-

| pendent of u. But both the data of Myers and Graham (1959) and
Fig. 19 show this is not true; dark reSpiratioh rate decreases
nearly with decreasing p. We believe the optimum in the prvo‘duc-
tivity curve fo result primarily from changés ih,the iight 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 éxponen—
‘tial growth; the specific growth rate of these cells is p_ . Let the
culture keep growing. Take another sample when the culture has
become very dense, but before any nutrients become limiting. Cal-
culate a rough specific grbwfh rate for these "old cells" from Equa-
tions (2-8) and (2-10). | ‘

3. For these two types of cells, determine chlorophyll content
_andv elemental composition. All other parameters needed for the
_condputer program may be estimated from reépirometer data. .

4. For those parameters that are functions of u, assume a lin-
ear relation between the two values of p. ‘ |

5. Use the computer program to predict product1v1ty as a func-
tion of p. A maximum quantum efficiency, @, of approximately

0.10 may be assumed, if this quantity is not known.
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NOMENCLATURE -

) B (p) | - =-. Fac’cor for convert1ng O2 evolyed to cell dry weight,
' mg dry welght/mole o,

C(p = Welght fraction of chlorophyll in the cells mg
' chlorophyll/ mg dry wt. ‘

ds = D1fferent1a1 distance at any point s, cm
I ()\)I s = nght 1nten51ty at any point s expressed as a funct1on
_ of \, elnstelns/cm /hr
- I(; (X)_ : = Inc1dent light 1nten81ty expressed as a function of A,

_ e1nste1ns/cm /hr ' .
12 | - = . Productivity of algal biomass, mg dry welght/cm /hr

RO (e, I) | s = Local rate of photosynthe31s in terms of O2 evolution

at any point s, moles Oz/hr/mg chlorophyll

s = ' Disstance from illuminated sui’faee,_ cm | -
S = Total algal éuspension thickness, cm
.SA(”‘) = The actual rate of O evolution, caused by a bottle-
neck in the carbon f1xat1on cycle, moles O /hr/mg
_ chlorophyll '
SM , = -The saturated rate of O2 eyolution intrinsic to the
photo-electron transport system (when no steps in
_ the carbon fixation cycle limit), moles Oz/hr/mg
chlorophyll
U (W = = Uptake of O2 due to respiration, moles Oz/hr/mg
dry weight
X ' = Concentration of algal biomass, mg dry wei‘ght/rnl
e (N) - = Extinction coefficient of the i)igments expressed as
o ‘ a function of \, cmz/mg chlorophyl_l
X = Wavelength of light, nm
B = Specific growth rate hel
o = Maximum quantum yield, as I approaches zero,

‘moles O'Z/e.instein
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© VIII. SOME ECONOMIC CONSIDERATIONS IN THE.
’ MASS CULTURE OF ALGAE ‘

Of prirﬁe concern to the economics of any process is the ef-
ficienc;} of con%rerting Vsbubstrate into product. The most expensive
substrate required for growing algae in artifically illuminated sys-
tems is l‘i.ght, which is 'generally'bcreated from electricity. Even
when solar illumination is used, there is a high investment cost in
pi’oviding fhe large required surfaée areas. ‘

To gain 'insight into this p‘robv:lem of light energy conver sion,
thebdaf‘a of Chapter III will bé examined. Figure 7 shows produc‘-
tivity plotted agaihsf specific growth rate. The opfimum produc-
‘tivity is 3.25 mg/cfnz/day at a specific growth rate of 1.6 day-i;
the incident illumination ene'rgy between 380 to 720 nm was 8.05
mw/cm®. |

» Calculation of the efficiency of light conversion requires
knowledge of the heat of combustion of the al‘gae‘, but this was not
measured by us. An estimate of the heat‘of combustion could be
obtained from the chemical .compo‘sifion of the algae, which is given
as a »fuhction of specific growth rate in Figs. 241, 22, and 23. But
ins‘tea:‘d, we will use the value of 5.5 cal/mg, which was recom-
mended by Myers (1964) for Chlorella. Using these numbers the
o effi.ci'en‘cy is readily calculated to be 10.7% at the optimum specific

growth rate. This efficiency and the efficieAncies at other incident
: lightvinvténsities, “which were given in Table III in Chapter III, are
consistent with the results of other workers (Kok, - 1952, van
Oorschot, 1955, Myers and Graham, 1959). ' The efficiency of light
~ conversion decreases with increasing incident interisity because of
light saturation effects.

" The quantum reqﬁiremen‘c at the optimufn specific growth rate
fnay 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 eins‘cein's/hr/crn2 is calculated. Equation
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(3-2) glves the relat1on between cellular biomass production andO
“evolution: B =1. 744)( 104 mg/mole O at a spec1f1c growth rate of
' -1
1.6 day. ~.
to be 18 3 quanta absorbed/O evolved

With these numbers the quantum requ1rement is found

There are two possible ways to reduce the light saturatlon

effects that cause lower light conversion efficiencies. One way,
- which was discussed earlier in Chapter IV, is to find algae with
h1gher llght saturated rates of photosynthesis when expressed on a
per mg chlorophyll basis. The second method is to reduce the in-
cident light 1nten51ty by increasing the effective surface area. ‘This

can be done simply by 111u:m1nat1ng the culture surface at an angle
that dewates greatly from the perpendicular, but this is not possible
for pends using solar illumination. Another way to increase the ef-
fective surface area is the use of diffusing cones, which are im-
mereed into the culture Myers and Graham (1961) empleyed these
cones and found they gave a twofold increase in eff1c1ency for Chlo-

rella ellyLouiea illuminated at an incident 1ntens1ty of approxxmate- _

1y 35 mw/cm2 (reasonably close to overhead solar\111um1nat1on).

A. ARTIFICIAL ILLUMINATION

Only the electrical cost of previding the artificial illumination

will be considered here, since it would probably be the largest
'vsving‘le expense in artifi-c.ially illuminated systems. Assuming that
a 20% e‘hergy conversion efficiency could be attained, the cost of a
poind of dried algae will be calculated. The 20% figure is a max-
imum; it would require a very weak 111um1nat1ng intensity and would
result in a low production rate per unit area. For the cost of elec-
tricity we will assume $0.0 1/kw-hr, a. figure generally obtainable
for industrial processes. For the light source we will assume that
the conVeréion of electrical energy to light is 25%, a figure attain-
able for high temperature sodium vapor arc lamps (Shelef et al.
1968). The heat of’ combust1on of the algae, as before, is assumed

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

.4

$0.01] | |5.5kcal}454 g| kw-min| hr | |
w-hr[0.20]0.25| & | 1o [12.34 keal|50 min - $0-58/Ib algae.
CA 10% eff_iﬂciency for converting light energy into photosynthetic ~

product would be more reasonable for any pracﬁcal system; this
would double the'above cost for electricity.

The above cost does not include any other ut111ty or operatmg
costs and does not include’ any investment costs. We conclude on
the basis of the above number ‘that the mass culture of algae uS1ng

B artificial illumination cannot compete ‘with other food sources such
~ as soybeans, wh1_ch 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 élgae using solar illumination is beyond the scope of this
Work Several poss1b1e ways of cutt1ng the costs of such a systern,
however, will be considered.

V1ncent (1969) -argues againsit C‘O2 enrichment, recirculation
pumps for keeping algae in suspension, temperature control, and
éxpenéive harv.eStin'g. processeé such as centrifﬁgati’on. Certainly
his arguments must be considered, sinée'the present agriculturally
important crops use none of these above exp‘énsive practices. To
reduce costs, Vincent says that filamentous floating algae, such as

Spirulina or Spirogyra, should be used. For this type of algae no

épecial effort is needed to keep the cells in suspension. Harvesting

is .easyv'because of the mats that are formed on the water's surface. -
7 'Another method of reduéing expensive harvesting costs is by

using phototactic separation. We, alohg with another member of v

our laboratory (Mr. S. F. Miller), have studied the design of such

"a process for the volvocalian Pandorina morum. Pandorina morum

has 16 cells in each fused colony, has 2 flagella per cell, is spher-

" ical in shape, and has a diameter ranging from 15-50 microns. In
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its mo.tile pha_se '(i‘vl: loses its flagella when uhdergoing asexual re-

production) it has a swimming velocity ranging from 0.4 to 1.6

_ cm/m1n with a mean at about 1. 0 cm/m1n Pandorina will orient

1tse1f to swim towards a light source.

We performed experlments in a rectangular luc1te flow cham-

_ ber 3 ft long X 52 in.wide X 3 in.thick. It was inclined at an angle

of about 30 degrees from the vertical and 111urn1nated beneath. The
algae would swim towards the light until reachmg the 1llum1nated
face, where they would congregate 'I‘hey would then move down-

wards by means of aided settling towards the product take-off. A

vtyp1ca1 run with a feed rate of 135 ml per min resulted in 99.9% of

the friotile cells and 91.4% of the total cells in the product. By. com-

pa'i'isona darkened control run gave ohl'y 38.3% of the motile and
total cells in th'e‘p'roduct, Which resulted from gravitational settling.
The pr‘o"duct stream was estimated to be approximately 80 times
more concentrated in algae than the feed. This process and addi-
tionai results will be discussed in grea’cerldetail elsewhere (Miller, - |
1974). | | |

On the basis of tha above ‘ex'perir.nen.ts we have estimated the
size of a phototactic éeparatoi‘ that woul_cl be requi‘red‘by a 15,000
gal/day (5.5 bi.llion gal/yr) pfocessing r_ate'{ v_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 requ1re virtually no operating costs and 11tt1e investment cost.

In summary, ‘further research on phototactic. separatmn appears

~ justified, in view of these favorable results.

Criteria for the Design of Algal Systems -

Consider the design of an algal production system W‘hbere the

objective is to 'produce algal biomass equal to P, mass/time. There

are certain limits that restrict the design and operation of such algal

systems.  The criteria for design and operation that must be kept in
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m1nd are discus sed in the following 1tems

1. - In order to determ1ne the illuminated area necessary. to
-~ achieve the productmn rate P, an estimate of the product1v1ty, P, '
must be obtained. - p is equal to P/A and has the units mass/time

area. A is the illum1nated surface area. For Chlorella pyrenoid-

osa grow1ng under the conditions 1nvest1gated in Chapter III, an

optimum product1v1ty of 3.25 mg/cm /day was obtained at a speci-
-1

fic growth rate, p, of 1. 6 day” For other systems the rnathemat-

" ical model for opt1cally dense cultures, which is given in Chapter

VII and the computer program in Append1x VI, should be used to es-

timate the opt1mum productivity and spec1f1c growth rate. A Sug—
gested outhne, wh1ch uses the computer program given in Appendix
Vi, is g1ven at the end of Chapter VII. This estimate for the opti-
Amum p and [, once obta1ned assumes that no nutrients, other than
light, are l1m1t1ng This estimate does not depend upon the culture
volume or depth, wh1ch still remain to be determined. ‘
The est1mate of p g1ves us the requ1red illuminated surface -
area., _ s1nce A = P/p v .
The estimate of p that goes with the above p deterrrunes the
dilution rate to the system, F/V, since at steady state p = F/V.
13 'is‘_the sPecific'growth rate, timeii; F is the feed rate to the
' system., volume/time; and V is the volume of the system.
2. A and F/V for the system have been determined above.
“Two more items need to be specified, the depth of the algal suspen-
sion and the concentratien of_ minerals in the feed. As will be seen
.-‘in the equations below, these two items ere intimately related. As

a design criterion it will be assumed that essentially none of the

minerals in which we are interested will be allowed to be wasted by

leaving in the effluent stream. In other words, the design will be
' based upon essentially all of such minerals ending up in the algal
biomass. With this assumption the following material balance may
be written, where the quantity of any nutrient mineral entering in

the feed stream is equal to the amount of that mineral converted

3
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into algal biomass, when the system is at steady state:

pAWN = FCN

where WN is the fraction of the mineral in the algae as determined '

(8-1)

by chernic'al analy‘sis, ma'ss/mass and CN is the concentration of
the 11m1t1ng nutrient in the feed stream, mass/volume Rearrang'—
ing and making use of V= AS where S is the th1ckness of the sys-

_tem:

C.S = — ' o (8-2)

All terr'ns"on' the left- hand slde of Equation (8-2) have been previ-
ously deternrnned or are a property of the algae, CN and S are the
only remaining 1ndependent variables.
' A decision must now be made concerning e1ther CN or' S. If
the feed stream is fixed in comp051t1on and cannot be changed, then -
the decision has already been made for us. This might be the case
'__1f algae productmn 1s to be tied in with sewage treatment fac1l1t1es
Nevertheless, even in th1s case the feed stream can be supple-
mented with minerals.’ o
In the interest of having as concent'rate‘d a suspension of algae

: as. possible to harvest, one should minimize S, since algal concen-
tratiori 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 41mm or even 1 cm in depth. Other considerations

are also important;‘ If algae such as Chlorella or Scenedesmus are
being grown, the pond should be periodically agitated because these
'~ algae settle to the bottbm. Increasing the depth of the pond al_loIWS
the algae to stay in suspensmn longer This settling problem has
led to the 8 inch depth that was suggested by Oswald and Golueke

(1968) as being opt1murn for Chlorella systems. Butin systems .‘
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where s'ettlin‘g is not a problem, thinner depths wchld probabiy be

desirable. ' ’
Several equations that set the boundaries ofi operation are

listed below. O_peration__outside of these limits is impossible.

- Equations (8-3) and (}8—5) have as their basis Equation (8-2).

PW .
5> & N _ (8-3)
N Pmax ‘
Mrax is the maximum specific growth rate of the algae, day 1. If

the above cr1ter10n is not met, the nutrient limits, and p cannotbe

atta1ned

F

A\ < Pmax’ (8-4)

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

the maximum specific growth rate of the algae

(8-5)

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

>Illur'ninated surface area

Concentration of the ]imifing nutrient in the feed stream,
rﬁasé/volume v

Feed rate, volurne/tifne

Productivity, masé of algal biomass/areé/time

Production of algal biomass, mass/day _ o _

. Total depth of the illuminated algal system

Volume of the algal system ,
Weight fraction of a mineral in the algal biomass,

mas s/mass

Specific growth rate, time__'1

Maximum specific growth rate, time_1
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. Appendix I

'ON SEPARATE REACTION CHAIN KINETICS: THE EQUIILIBRIUM
BETWEEN TWO AD.TACE-NT SPECIES WITHIN A SINGLE CHAIN

Separate chmn k1net1cs differs from the kinetics of homoge-

neous ,chem1c_a1 reactions in solution. In separate chain kinetics,

' species are rest‘ricted to reacting with species adjacent in the cha1n.‘

The discu‘ssion here will be restricted to two topics that are imp‘or-_ .
tant to the models proposed in Chapter VI. For a more complete

'discu'ssion the reader is referred to Malkin (1969).

Oase 1: Two Adjacent Reaeting Speeies, Each With a Pool
Size of 1

‘Consider the 2 spec1es, U and V, adJacent to each other in a

cha1n - It is assumed that there is only one of each of these species

Wlthln' the chain. Consider the case of electron transfer; there are

.- 2 possible states for each of the species, Uor U™ and Vor V.

But since a single U is bound to a S1ng1e V as a system, there
are 4. poss1b1e states for the UV system:
1) UV
2) UT V"
3) U-'V
- 4) UV’ o v
The first 2 system states, UV and U v, cannot result in electron
: transfer between U and V. But the last 2 system states, U™V and
“UV , -can result in electron transfer between U and V. The re-
__latlonshlp between the concentratmns of UV and UV (([UV] and
[UV ], respectively) is given by the equ1hbf1um constant K:
| K :__—T_[[[[JIYV]‘ . ' (A- 1)
But the apparent equ111br1um constant, K app’ is based upon homo-

geneous chemical kinetics, and cons1ders not only the system states
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U~V and UV_', where electron taanspoi‘f is possible, but also the
system states UV and U V', where electron transport is not pos-

sible:

vy

3PP [UT]([V]

- 'First we will consider the‘._c‘ase where the true equilibrium
constant, K, has a value of 1, and prove that in this case
K= Kapp = 4. This is an important casé, ‘since the equilibria be-
tween'q and A and between C and P were assumed describable by
- K-values 6f 1. ‘ |

. Considering the 2 non-reacting system states, UV and U v,
tul = [V] and [U"] =[V"]. For the 2 reacting system states,
since K =1, [U; v] =[UV]; therefore [U] =[V] and [U"] = [V].
Usihg vthese'relationshipsin Equation (A-2):

=J;—l'[—JVV = 1.

K ! =
CRPP [vT][v]

Hence, if K = 1, then also K,op = 1

If K == and there is an equal probability of an electron being
donated to U Ias tﬁere 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 l.arge '

In this case there is only one U per chain, but the number of
-V is equal to n. - The single U may engage in electron transfer with
‘any of the V. Again we wish to examine the relationship betwe.en
the true equilibrium constant, K, and the apparent e_quilibriuni'

' 'consvtanvt, Kapp' The possible states of the system are:



vy {nv} | Bt N s S

O -0V, v} (U {wenY, VTE
{u"} {(n-2)_v., zv‘}v . {u} {(n-2)v, 2V}
Oy v, vy eV, v
»{U;}...{'.nV"} _— - | {U}‘{nv'}

If n is large, this system approaches b1molecu1ar kinetics
in solutmn, as was noted by Forbush and Kok (1968) The reason
‘is that electron transport is possible for all possible states except
for {U} {nV} and {U"} {nV"}, and if n is large these 2 species
- are only a tiny fraction of the total possible reacting -species. In
Case’ 1 the reason K app 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 ease here. In fact, as n approaches in-

f1n1ty, b1molecular k1net1cs are obeyed exactly
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:A'.ppendix’ i

' NADPH CONTROL OF.THE PHOTO- ELECTRON
— TRANSPORT SYSTEM _

Th1s model assumes that NADPH bu11d up, v.when an enzyme
, ~ in the carbon f1xat1on cycle has readhed its maximum rate, limits
the rate of the photo electron transport system. In Chapter VI it
was assumed that ATP rather than NADPH exerted such an effect
on the rate of electron tran8port ’
~The model under consideration ‘is ‘shown in Fig. 39. This
case has the followmg d1fferences 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 g1ven 11ght dlstr1but1on is descr1bab1e by the equ111b-
'.rnurmconstant K1 .

2. _SpeCIG,S F immediately accepts an electron from P, when a

» | quanturn of light ha's been photochemically trapped by.P__.

3. The steps between F and L are assumed fo be fast. The equi-

| _11br1um between F and L is described by the equilibrium con-
stant K4, which is assumed to be very large relat1ve to KM’ the

Michaelis constant for the conversion of L to M.

The following four equations describe the system:

AR Loo-y, 2Ly (a3
L 2 ksl[EIL)

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

K4 KM be no less than 50.

il
|
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A model for the l1ght response curve of photo-

Fig. 39.
. synthesis that assumes NADPH control of the photo-
electron transport system. This case is d1scussed in

Appendix II.
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K - [9] [P-] + 9P ‘ (A-5)
ot RUP (-9 t-p)
K4=fL£lL¥1. o (A6
The var:iab_les are defined as they were in Chapt’er VI. Use will
also be'm‘ade of the material balance, [F] +[F] = [F ]. Substi-
tutmg Equatmn (A 6) 1nto ‘Equation (A-4) and. solv-mg for [F]:

K,
7 (Bkg [E 14 55

[F] [F ] VKLA . . (A-7)
%, (ﬁk (2, - 4 z:"%wz—i%a

1,

v S1nce the value of K4/K approaches 1nf1n1ty, [F] = 0 when
6k5[E ] = —1—+ﬂ- (above light saturation), and [F] = [Fo] when

ﬁks[E ] >-=4 1+ * (below 11ght saturahon)

Below nght Saturatlon, [F] —.[F ]

Because K4/K is assumed to be very large, [F] = [F ].
F can always accept electrons from P~ that trap quanta of hght
Hence there are no inefficiencies in'electron transfer from P~ to
F. Asin Chapter VI, we will assume L|J1 = l[JZ . Substituting
. Equatmn (A 5) into Equatmn (A 3) and solv1ng for q:

J ,1-VZ7K1
. 9= = . (A-8)
, 1 27K'1
The rate of electron transport RET’ 1s
R = (A-9)

ET 4’ 1+q

[l : : . .
! . |
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)

S 2-2'\/27K g
R = U — ' - (A-10)

BT 2—2/K ~/_7_'

Before d1scu351ng these results ‘the case of 11ght saturatlon will be

treated mathematmally
Above nght Saturatmn, [F] = 0

When the rate of electron transport § = 1+ becemes equal to
the maximum rate of the bottleneck step, ﬁk5[E ] [F] suddenly

changes its value from [F ] to 0. This can be seen from Equation
(A-7). The physical reason is that reduced species back up behind
L caus;ng F to be entirely converted to F.

In reality; we would not expeet F~ to accumulate. " Instead, ‘we
would expect spec1es such as F~, since they have very negative mid-
point redox potent1als, to start donating their electrons to molecular
O,. But the result is exactly the same; the net rate of electron trans-

2
port- cannot exceed Bk [E ]. Thus, at light saturation:

' _ g1 | -
Rpr = SA S (A-13)

where: SA = ﬁkS[Eo] and is the light saturated rate of electron trans-
port. ' | ' ' |

Discussion
Equat1on (A- 10) says that the rate of electron transport RET’

varies_-duectly with llght_ 1nten51ty, I. This first-order behavior con-

B

tinues up until light saturation is reached, at which point Equation
(A-13) governs. This behairior is of course dependent upon K4/KM
approaching infinity; the smaller K4/KM is, the smoother is the
transition between first-order and zero-order behavior.

Equation (6. 15) gives the rate of electron transport below
light. saturation for the case of ATP control of the rate of photOSyn-

thetic electron transport. In contrast w1th Equation (A 10),



v Equatlon (6- 15) does not predlct f1rst order behav10r below. hght
- saturatmn, but 1nstead predlcts curvature, start1ng from zero 1n-. E
tensity all the way up to hght saturatmn. " The exper1men’cal data
glven in F1g 4, 14, and 17 seem to indicate some curvature at

‘lower hght 1nten51t1es, but the data do not allow a clear preference -

, for one model over the other.,
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. A_bpendix oI

THE RATE OF PHOTOCHEMICAL TRAPPING AS A

FUNCTION OF THE CONCENTRATION OF
PRIMARY PHOTOCHEMICAL TRAPS

‘The follow1ng model was developed by Joliot et al. (1966) and

is a part1cu1ar case. of a more general model developed by Clayton

(1967).
1.

.The follow1ng assumptions are made

Pigment units are separate, each w1th a single photochem1ca1

- trap along with 1ts share of harvesting p1gment For a given
: photosystem all such un1ts are identical. '

A quantum absorbed by a unit may undergo three poss1b1e

fates it may be trapped, it may be dissipated as heat or .
fluorescence, or 11:8 excitation energy may be transferred to
another unit. It is assumed that all three of these compet-

itive processes are f1rst-order ‘with respect to concentratmn

) of excitation quanta and may be described by the rate con-

: stants, k k

trap’ diss’ and Kirans

A quantum absorbed in a unit with an open trap is caught by

, re sPect1vely

that trap with 100 per cent efficiency. - 'I’_h1s assumption of perfect

o trapping'is tantamOu_nt to the assumption that k rap is much

larger than kd or ktrans If a quantum is absorbed by a

" unit with a closed trap, this quantum has a chance of being
'transferred to another unit; consecut1ve search of units con-
tinue until it has been trapped or dissipated. A closed trap

- is ‘d‘efin'ed as one.that has undergone chemical change by vir-

" tue of a recently absorbed quantum, rendering it incapable

of absorbmg another quantum until it has been regenerated '

~ to its open form.

In. Fig. 40 an 1ncom1ng quantum of light is absorbed by a unit

in a pegion where a fraction, f, of the traps are open. The prob-

ab111ty of the quantum being trapped in this unit is equal to the prob-

ab111ty of that trap being open, f, since trapp1ng is assumed perfect
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Probabllity of Trappi
When the Average Frggt?gn
- of Open Traps = f -

_f{(‘l - £) ___ Ftrans f} <
S trans * KXqiss

. o |
(1 - 0% trens )2}
Ktrans + Kqigs

— o —— - — —

" XBL 709-6495

Fig. 40. The probability a quantum harvested 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 Wlth open traps The"p'rob'ability of the excitation energy
being transferred to another: unit is equal to the probability that the
first unit is closed times the probab111ty of the quantum being trans-

ferred rather than dissipated: “1- f)ktrans/(ktrans + dlss)". In

order to determine the probab1l1ty of thlS transferred quantum being

harvested by this second unit, the above term rnust be multiplied by
'f. Figure 40 shows the probab111ty of trapping by each unit along

the path of a mlgratlng quantum. All of these terms must be added
together to obtain the total probability of the quantum being trapped

Ptrap_
k v k
trans ‘trans’ 2
P, _=f 1+(1 )% +(1- f)( Yo+ -
trap ktraxns+kéliss ktrans diss’
v (A-14)
The aboVe in‘finite series rhay be re-expressed:
P =f 1 ' | | (A-15)"
trap - : ktrans’ .
: 1 - - (4-1)
_ trans ‘diss
Let a t—?-kfrans/(ktrans + kdiss)’ the probability of transfer between

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

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

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

Rate of trapping = T:—i’(—fi—:—-f—) | (A-17)

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

when all traps are open. o
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Appendix IV

E}CPERIMENTAL PROCEDURES

A. DR.Y WEIGHT DETERMINATION

1.

P1pette 10 ml samples of recently resuspended algae into 10 -

ml centrifuge tubes of known weight.

Centrifuge cell_s at 5000 g (at 0-3°C) for. 10 minutes, decant

liqiiid and resuspend the cells in distilled water using a small

metal spatula (make sure to lose no cells). Centrifuge once

.agam
. ‘Decant water from the centr1fuge tubes and- place them in a
'90°C oven for 18-22 hours. :

After dry1ng, place the centrifuge tubes in a CaCl2 dess1cator

for about 1 hour. After removing the tubes from the dessicator ‘

‘ they must receive a minimum of'han'd_ling;' they must not be

rubbed, static electricity will cause the W-éighirigs to be wrong.

The scalevz'vero shquld be checked each time. ‘

B. CHLOROPHYLL ASSAY

1.

Follovc) steps 1 and 2 of the dry weight determ1nat1on (preced-

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

ried out in very subdued light.

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

~each of_the centrifuge tubes and resuspend the cells with a

small metal spatula, spinning the spatula until no cells are

. -stuck to it.

. Pour each cell suspension into a 50 ml beaker, ‘making sure

to wash the cent'rifuge tube and spatﬁla several times, thus in-

sﬁring 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



the beakers evaporate to dryness on the hotjlate Remove

3 the beaker from the hot plate while. there is. st111 a small

amount of 11qu1d in. 1t and let it evaporate to dryness at room

» temperatur e.

When all beakers are dry, resuspend the dried matenal in an
80 20 (v:v) acetone-water mixture with the a1d of a metal spat-
ula. Pour this liquid carefully into a graduate cyhnder Rinse
the beaker and spatula several times w1th the acetone-water
mlxture, maklng sure that all extracted cellular mater1al is

transferred into the graduate cylinder. Add more acetone-

,water mixture to the graduate cylinder until a dilution is
,reached sufficient to give an absorbance of 0.5 - 0.8 at 663 nm

- with a 1.0 cm path length cuvette

Let the cellular remains equilibrate with the acetone water

o mlxture for at least 15 minutes.

Centr1fuge a sample of this m1xture at 5000 g for 10 mmutes
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 coefficients of MacKinney

(1941).
Cp - ,zq.z D645--+_ 8.02 D6'63 : (A-tS)
'CtA = -2.69 'D'645 +127 D663_ . - (A-19)
Gp =229 Dgyg- 4.68Dges (A-20)

where C is the concentratlon of chlorophyll in the acetone-

water solvent (mg/l) (the subscr}pts T, A. B stand for

- total chlorophyll, chlorophyll a, and chlorophyll b, respec-
’tively), 645 is the absorbance at 645 nm, and .D663 is the

absorbance at 663 nm.

The chlorophyll a _/chlorophyll b .ratio is equal to C /C
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9.. The we1ght per cent total chlorophyll may be determined by
the equatmn ' ’ ‘

o ' CT X D.F.

- wt-%Chly = 5% %10

- where D.F. is the dilutipn factor, the ratio of the volume of

(A-21)

: _racetb_ne-watei" solvent to the volume of cell suSpensi'on orig-
: 'inallynsed D.W. is the concentration of the original cell

‘ suspensmn (grams dry we1ght/1)

C RESPIROME TER TE CHNIQUES

The resp1rometer used was a Gilson GP- 14 Photosynthe31s

Model. T_lrp.s .1ns1‘:rumentv is a constant pressure device, as opposed
‘to the Warburg-type constant’volume respifometér The advantage
of the constant pressure respirometer is that no correction need be

: rnade for the gas (in this case oxygen) dissolved in the liquid phase,
since the quantity of this d1ssolved gas does not change with time
after 1n1t1a1 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

resplrometer ‘'These two la.rnps (and the respirometer flasks that

- they illuminated) were not in'adjacent positions, but were separated

by one 1nterven1ng unused position. The flasks were separated in
this. manner so that essentially all of the 11ght reachlng a flask would
be frorn its own larnp _

Changes in light intensity were made by 1nterpo sing stainless
steel wire mesh screens between the lamps and the respirometer
flasks. Calibration of light transmitted by these screens was car-
' ried out in _situ. In some runs a copper sulfate solution (0.043 M,
path length 2.8 cm) was placed between the.lampe 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 light intensities. The saturated
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. rates Of ph'oto.synthesis were found to be:identi‘cal for both types of
111um1na’c10n Indeed, no di‘fferences’ in curve 'shapes could be dis-
t1ngulshed when the 1n1t1a1 slopes of the hght response curve of
photosynthes1s were matched up. This convers1on factor, to convert
" unfiltered light intensities to the equivalent light intensities for cop-
per sulfate filtered light (both t}ipes of light with the same set of |

screens), was found experimentally to be 1.95:

Photosynthetlc Rate. w1th Carbonate Blcarbonate Buffer

.The carbonate b1carbonate ‘buffer system consisted of 0. 19 M
KHCO, and 0.01 M NaZCC)3 d1ssolved in distilled water. This sys-
tem gives a pH of about 9.0. The advantage of this system is that
the carbon dioxide concentration in the gas phase (and also in the
liquid phase) remains fa1r1y constant. However the carbon dioxide
' concentfation in the gas phase changes with time, necessitating a
small correction. How this correction is made will be shown later
in this section. First, the experimental procedure will be given.

1. AF:‘reshly collected cells are kept chilled (0 - 3°C) and in sub-
‘dued light during the follow1ng steps.

2. Centrifuge 10 ml of cell suspens1on at 5000 g for 10 minutes,
decant the supernatant and resuspend the cells in chilled car-
bonate- b1carbonate buffer using a small metal spatv.la (make ‘
‘sure to lose no cells).

3. Centrifuge the above cell susp”ension and repeat the rinsing

with chilled buffer once aga1n (as given in the above step 2).

4. Centrifuge the cell suspensmn for a third time. Decant the

supernatant, and resuspend the cells in sufficient chilled car-

bonate-bicarbonate buffer to give 13.33 y of total chlorophyll

per ml.

5. ,"'P1pette 3 ml of this algal suspensmn into a clean dry respirom-

eter flask (Gilson GME-140 with 9.6 <:m2 of illuminated area).
Also prepare a control flask with 3 ml of plain carbonate-.

bicarbonate buffer.
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6. 'Place the resp1rometer flasks in the resp1rometer, wh1ch has

| v'been allowed to equilibrate to its operat1ng temperature Let

'_ the flasks equ111brate for one hour, ag1tat1ng at 160 rpm, be-
fore taking any readings. _

7. The atmospher1c pressure is noted before the readings. Res-
p1rometer readlngs are taken over a 20 minute interval for each
1nten51ty Allow 5 minutes after sw1tch1ng 11ght intensities to
ensure a steady state rate of oxygen evolution is reached In
general 11ght intensities are run from low to high to prevent v

,'problems of sblarization (1mpa1rment of the photosynthetm ap-
- paratus by high 11ght 1ntens1t1es) Readings are corrected for
changes in the control flask. | - '

As prevmusly mentioned, there is some change in the concen-

' tratlon of carbon dioxide in the gas phase as carbon dioxide is con-

‘sumed by the photosynthes1z1ng algae No buffer has an 1nf1n1te buf-

fering capacity. In1t1a11y, the carbon d10x1de concentration in the
gas phase 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 maklng this correction will now be described.
The initial concentration of canbona.te and blcarbonate ions are known.
Carbon dioxide in the liquid and in the gas phases, as well as H CO
in the liquid phase, are formed from the stoichiometric relatmn
ZHCO3-> CO3 fI-HZCO3. .
the volume of the gas phase, the di-ssociation constants for HZCO3

Knowing the volume of the liquid phase,

and HCO (the values used were from McInnes and Belcher (1933)),

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

- may be set up. These may be solved giving the carbon dioxide con-

centration in the gas phase as a function of the arnount of the carbon

dioxide consumed by the algae in photosynthes1s It is also assumed

that one mole of oxygen is evolved for each mole of carbon dioxide

consumed. The resultant graphs, which show the corrections to be
added to the measured amounts of oxygen evolved, are shown in
Fig. 41 for both 25°C and 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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After adding the above correctmns 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: ' v |

_ ) ) (P- PH-ZO - 6)(273)_ | .
- Manom. Corr. = — T‘60) B : _ (A-22)

where P'I‘ 1s the barometrrc pressure (mm Hg), P H-O is the vapor
pressure of water at the temperature of the experiment (mm Hg),
T 1s the temperature of the experlment (°K), and 6 is a correction
to accou_nt for the thermal expansion of mercury in the barometer
(3 mm Hg if the barometer is at room temperature). _
~In pletting the light response cﬁrv’es the dark respiration rates  »
were added to the net rates of photosynthesis measured by the above

procedure

Dark Resp1rat1on Rate W1th Phos;;hate Buffer
Ch111ed phosPhate buffer (0.035 M, pH =17. 4) was used to sus-
pend a quant1ty of Chlorella. cells that had prevmusly been rinsed

twice with this buffer (steps 1 -3 of the prevmus procedure were used,
but with. subst1h1t1on of the phosphate buffer for the carbonate-bicar-
bonate buffer). The cell concentration was several times higher than
that used for determining photosynthetic rates, since dark respiration
rates are small in Chlorella. A ‘
‘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 eveived by respiration. The manometer correction is given by
Equatlon (A-22). | ’
Resp1rat1on rates were also determlned with the carbonate-
bicarbonate buffer system. Dark resp1rat1on rates were measured
in the same flasks used to determine photosynthetlc crates, and these

rates were determined prior to any illumination of the flasks.
-]
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Respiration rates determined with the earbohate-bicarbonate buffer

were sirhila._r to the rates determined with the phosphate buffer..

Quinone Hill Reaction

The quinone Hill reaction in whole cell alga.'e.relies on the
ab1l1ty of para- bensoqu1none to penetrate cell membranes. This
rea.ctlon, like all Hill react1ons, uses the photosynthet1c electron
transport system (at least System II) and results in the tranSport v
of electrons from water to the electron aceeptor In this case the

electrons convert quinone to hydroquinone:

L

The ability of qulnone to penetrate ‘the cell membrane, an
ab1l1ty not possessed by other Hill oxidants such as potassium ferro-
cya.n1de, stems from. the fact that it carries no net charge. Ionic
molecules are generally excluded by cell membranes. The qui-
none'H1_11 reaction in whole cell algae was discovered by Clenden-
ning and Ehrmantraut '(1950). and was further 'inv.estigated by
Ehrmanti:aut and Rabinowitch (1952) The folloWing, is based on the
procedure g1ven in the above references, butis modified in several
1mportant respects. The most 1mportant of these modifications is the
'additional inclusion of N’H4C1, mannitol, and serum albumin to
the reaction mix. These additions were all found to l’lave a beneficial
effect on the.rate~of- ‘oxygen evolution.

Reagents. 0.05 M potassium phosphate buffer (pH = 6 5), 20%
KOH, bovine serum albumin (Calbiochem, grade A), mannitol, para-
benzoqulnone (Eastman Chem‘icals), and 0.3 M NH4C1.

1]
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The exper1menta1 procedure takes two days. The first day's
"act1v1t1es follow. As usual the cells are kept in subdued light and
' only ch1lled solutions (0 3°C) are used in suSpend1ng the algae..

1. Centr1fuge 10 ml of fresh cell suspension at 5000 g (at O- 3 C)
minutes, decant supernatant and resuspend the cells in chilled
phOSphate buffer (0 05 M, pH = 6.5) usmg a small metal spatula
(make sure to rinse spatula with buffer) ' »

2. Centr1fuge the above cell. suSpensmn and repeat the rinsing
w1th chllled buffer once again (as glven in the above step 1).

3. Centr1fuge the cell suspension for a third time. Store the
cells in the centr1fuge tube-at O C and in the darkness until the next
day ('18 24 hours) l .

. On the following day observe the following procedure maklng
~_sure the cells are kept in very subdued light and at 0-3°C. ‘
1. Place about 100 mg of qumone in the bottom of a large test tube,
. insert a_cold finger, and genbtly» heat the test.tu_be over a bunsen
~ burner vunt_il'sufficient quinone sublimes on the cold finger (30 mgor
so). This resublimed quinone must be kept in very subdued light.

2. Dissolve 24bmg of t‘he resublimed 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 bov1ne serum albumin to give
a solution of the follow1ng 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 =t 0°C.

4. . Decant the supernﬁtant from the cells centrifuged the previous
day and suspend them in suffieient of the above rnannitol albumin-
phosphate solution to give 22. 2 y of total chlorophyll per ml.

v 5. Place filter paper wicks ‘into the center wells of two respirom- -
eterv flasks. Place 0.2 ml :of 20% KOH on the wicks. Place 0.2 ml
of 0.3 MNH Cl in one sidearm of each flask. Chill the flasks in the

4
refrigerator if the experiment is to be run at 10°C.

1

6 Add 1.0 ml of the chilled quinone-phosphate solution to the re-
maining sidearm of each flask.. Add 1.8 ml of the chilled cell



suspensmn to the ma1n compartment of one flask and 1.8 ml of the
same- solutmn ‘without any cells to the other ﬂask wh1ch w111 be used.
‘as a control ' ‘

7. Pla.ce the flasks in the resp1rometer and let them equ111brate
“for 10 mlnutes (15 minutes if at 10° C) before tipping the sidearms.
:. After th.e sidearms are tipped, the reaction mix should conta1n 1.2
mg quinone, 40 pg of total chlorophyll, 0.54 mM manhito_l, 0.14 niM ,
phosphate, 6 mg serum alburn'i_n, and 0.06 mM NH,Clina total of
3 ml. ' v '

8. After the s1dearms are t1pped take read1ngs at 5 minutes 1nter-

vals over a period of 10 minutes (15 m1nutes 1f at 10° C) before turn-

ing on the" 111um1nat10n of the des1red 1ntens1ty

9. Take reachngs on the flasks at two minute. 1ntervals for a perlod ‘

of at least 20 mlnutes after the 111um1nat1ng 11ghts are turned on.

.
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"Ap'pehdixs v

CALCULATION OF QUINONE HILL REACTION INITIAL RATES

The rate of O2 evolut1on, as measured in a respirometer, for

the qumone Hill reactmn is a function of time as well as light inten-

¥
» s1ty : The rate of O evolutmn decreases w1th time. The rate of

this decrease is a functmn of hght intensity; at h1gher intensities
the rate of decrease is more rap1d ) ‘
» Another factor also compllcates raw data the 11qu1d and vapor

phases are not at ethbrmm with respect to O2 concentration. B In

| spxte of shaklng the resplrometer flasks, a con51derab1e mass trans-
fer res1stance exists between the liquid phase, where O is evolved,

“and the vapor phase, where the evolved O2 is measured

Flgure 42 shows a typ1ca1 quinone Hill reaction run, where
the accumulated amount of O2 evolved is plotted as a function of
t1me ' F1gure 43 shows the same data, but instead is plotted to
show the d1fferentla.l rate of O2 evolution. The data points plotted.
are the d1fferences between the data points shown in Fig. 43.

The first data point shown plotted in F1g 43 is low because a
transient is caused by the high mass transfer res1stance But a
steady state rate of 02 evolutlon is never reached at times greater
than 4 minutes the rate of oxygen evolution declines. This decline

in rate appears to be first-order with respect to remaining activity.

" First- -order behavior would result in a straight line in Fig. 43,

wh1ch is a semi-logarithmic plot. ‘The initial (maximum) rate of
02 evolutmn may be found simply by extrapolat1ng the data back to

or1g1n We did not use this techmque, however, since the scatter-

~ ing of the data and the 1n1t1a1 trans1ent make hand- fitting the data

d1ff1cult Instead we fit the data by a non-linear least squares

The back reactlon, hydroqulnone + 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.
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Fig. 42. Accumulative amount of oxygén evolved (uncorrected)

~as a function of time for a typical quinone Hill reaction respi-
- rometer run, Run D-43.
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. Fig. 43. The rate of oxygen evolution for the quinone Hill re-

action as a function of time. These data points were obtained
by taking differences between the data points shown in Fig. 42.
After an initial transient caused by the mass transfer resist-
ance between the liquid and gas phase of the respirometer

flask, the typical first-order decay in oxygen evolution rate can
be seen. v '
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computer techmque

The followmg equatmn is from Br1ggs (‘1959) :'

k.a ' : +ov -
& - % (M e L.f),  we
o L \ ' G _
where - _ _ 7 v
g = rate of appearance of the evolved gas ‘in“ the gas phase
| (1/min) -
P = rate of productlon of gas in the hqu1d phase (pl/mm)
vkLa.' = 'mass transfer coeff1c1ent between the 11qu1d and gas
_ ‘ phases (ml/min) o
Y‘VL = voiume of liqtiid phase (ml)
Vo T volume of gas phase (ml)
o - = Henry's law constant, ‘defined to be the concentration

~in the 11qu1d phase d1v1ded by the concentratmn in the
' gas phase.

S1nce the rate of productmn of gas appears to decay in a first-

order ‘manner w1th respect to remaining photosynthet1c activity:

o = Ae Kt R (A-24)
where , o
A 7 = the 1mt1a1 rate of 02 evolut1on (p.l/mln)
= Parameter that descr1bes the first-order decrease in

"k
. ‘activity (mm 1) - _
It is the determ1nat1on of A, the 1n1t1a1 quinone H111 reaction rate,
that is our objective. , .

By substituting Equation (A 24) into Equatmn (A-23) and inte-

' grating w1th respect to time, the following equation is obtained:

_DA

- (e o-DBt
_g DB - k

) (A-25)
where.
D = kL 3/VL (4/min)

B | L (vt GVL)/VG (very close to 1.00 in our case).

-
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" In obté.i:;ing Equation (A-25')'use was made of the initial condition,

at t=0,g=0.

"I"'ho above equation could be used to fit rate data such as

h shown”'lbm' Fig 43. But we w111 carry the 1ntegrat1on one step fur-

ther so that accumulative data of the type shown on Fig. 42 can be
described. Integrat1ng Equation (A-25) yields:’

__DA (1 xt| a1 ). -pBtl}]
" DBk (k {1’9 ,“ ‘DB ‘1"3 } (A-26)
where P '

= the accumulatwe amount of 0 evolved; note that g = dy/ dt

- (p).
Equatmn (A-26). was obtained by maklng use of the second initial
cond1t1on, at t=0, g=0. '
- Equation (A- 26) was used to fit all qulnone Hill reaction res-
pirometer runs. Use was ma.de of LSQVMT a Lawrence Radiation
Laboratory Computer L1brary program that may be used to fit non-

linear equations by a least squares procedure.
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Append1x V'I

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

PROGRAM ALGA (INPUT,OUTPUT)
SPSCAT = 10,

REAL MU, INCINT' LAMNDA, MUINC, MUCALC, INTTCT, MICWAT, MICTOT,
TINTATS B ‘ - '
TNTEGER SSTED, QSTEP
DIMINSTON CPS{37), INCINT(27), LAMDA(3T), CHAR(1Z), ZMU(ZCO)y
~(300), R(300)s (3001, SA(300),7X(300),ZP(20C), ZS(1N00), IRPSLIC
400),»j7ﬂ0<77(=co), ZMUCLC(200), MICHAT(37), TRANS(30D)

READ 50, (CHAR(I), T = 1,120
S0 FURMAT (1246) -

PRINT &0, (CHAR(IV, T = 1,12)
£0 FORMAT (1ML, 12A6) :

READ 100, (FPS(L), INCINTC(L)y L = 1,35)
100 FORMAT (2510.0) g

PO 150 L =.1,35

LAMDALL) = 10.%(L + 37)
: MICHAT (L) = 1NC!NT(L)/(3 E ll*Lﬁ”DA(L))
150 COMTINUE

PRINT 200 ' : :
500 EORMAT (1HO, 10X, SHLAMDA, 13X, THEPSILOM, 17X, L8HINCIDINT INTENS

LITY, &Xy 15HINCIDENT EMNERGY) :

"PRINT 210 : _
210 FORMAT (12X, 2HNM, TX, ZAHCM#x2/MG TOTAL CHLZPIPHYLL,  3X,: 24HEIN

ISTEINS/ZHP /CMEXD /10 NMy 2X, 22HMICRONATTS/CME=2/10 NM//)

PRINT 220, (LAMDA(LY, EPS(L), INCINTI{L), MICHATIL)y L = 1,23)

270 FLRMAT ( 9X, F&.0, 10X, F13,5, 14X, F13,5, 14X, E13.3)
MICTOT = O o
INTTOAT = 0.
DN 750 L = 1,35
MICTAT = MICTOT -+ MICWAT(L) ' : _
INTTOT = INTTOT + INCINT(L) o

270 CONTINYZ S ‘
PRINT 260, INTYCT:

260 FORMAT (IHO, 3GHTHE ‘OTAL INCINENT INTENSITY, INTTOT, =, £12.5,

1194 ZINSTEING/HEJCME%RD)
PRINT 270, MICTCT ' ' :

570 FOFMAT (iHG, 26HTHE TOTAL INCINDENT ENERGY, MICTOT, =, E13.5,
117H MICRIWATTS/CMAR2) o

READ 200, RS, V, PHI, SM
300 FNRMAT (4E1C.0)
PRINT %00, BS .

400 FORMAT (1HY, 36HTHE THICKMFSS DF CULTURF UNIT, BS, =, F8e2y 3H TWY 77

. PRINT 410, V ,

410 FORMAT (7HC, 32HTHE VOLUME NF CULTURT UNIT, V, =, F8.2, 5H CM&x1)
ARTA = V/BS , .

PEINT 420, AREA '

FOUMAT (1HO, 22HTHE AREA 0OF CULTURE UNIT, ARSA, =, F8.c, €H CHMx%Z)

PRINT 439, PHI. S

WA0 EORMAT (LHO, 2IHTHT MAXIMUM QJUANTUM YISLD, PHI, =, F3.5, 16H 0(2)
TPT% QUANTA)
PRINT 449, SN

420 FORMAT (LHO, TIHTHE MAXIMUM RATZ OF THE IRNCTUPLED PHOTGSLECTRON TF
LANSPORT SYSTYM, SM, =, F8.€, 35H MOLES 0(2)/HR/MG TOTAL THLGRDPHYL

™
N
<

.";ﬂ



v

(@]

(]

TQTART PE THE CUTT LITTLE ITSY-RITSY RPSTOT DG LUAP

=473~
210 o
READ E0U, MUIMC, MUSTECP
)0 FOEMAT {(M10.0, 110Y
PFINT 81D, MUINC, MysSTEP o :
T10 FORMAT ((HO, 23HMU INCRIMENTS, MUINC, =, F8.2, &TH 1/DAY AND THE N
TUMRGE. YE STEPS OF MU, MUSTTP, =, I4)-
 READ AGN, SSTEP’ '
450 FQRMAT (110)
SINZ ‘= RS/SSTEP .
PEINT 510, SINC, SSTEP

610 FLRRMAT (1HO, 21HS INCREMINTS, STINC, =y FB8.5, 43H CM AND THZ NUMBER

v TE STEPS AF S, SSTEP, =, 14)

START -0OF My (NMUTHaMOST) DN LODP
M = 0.0 I
NO 2000 M = 1,MUSTEP
ML) = MU o+ MUINC
7MUIM) NEZDTD FCR PPYNTINb
ZMU(1),= My
C(M) = MG TOTAL CHL"PDDHYLL/NF DRY wWT
C(W) 2 0e0261%MY + 0.0743 o
g(M) = MG DRY WT/MOLE 0(2)
‘H(M)'=”1.‘4L“ + . 0.065%4%MIy
UMy = KESP PATE, -MOLES O(2)/HR/MG DRY wT
YAM) = 7.8 a + 2,185 72MY
SA0AY . = MOLES D(2)/HR/MG TOTAL CHLQRHPHYLL
SA(W) = Lel74E-4 4 143347~ 4Ny
X =2 8/(“U*BS)

STAXT DE S (4IDOLE) DC L0OP
25TEP = SSTEP 41 ‘
TCOUNT = 6

900§ = SING g
TCOUNT = TCOUNT .+ ]

0o ‘a‘f)‘) K = ],Q(Y!‘p
S:'&O—Q'f\( L
TSOK) METDCID FIR OTNDEXING

7S(K)Y = S
START [OF L (!VNPJM‘ST) DO LOGP FOR LIGHT ABSORPTTIAN AT S
" ARSS = n. : .
INTATS = 0.
DO 1000 1= 1,3 ‘
ABSS = ?2.303% INCINT(L!*(rPS(L) + ]O.)*FXP( 2.303%xXxSR(EPS(L) +
1’0.)*r(v>) + ABSS '
. INTATS = uXP(rf.BOB*X*S*(EPS(L) + 10 )*C(M))VINCINT(L) + INTATS
one ““NTINUF : ‘

SALCULATION JF PHOTOSYNTHETIC RATE AT Sy RPS
74 = SORT(ABS(2..%PHI=ABSS®SM + (PHI*ARSS )**%2))
IR = 2.%SM + PHI®ABSS + 74

FDS = 2.%PHI¥ARSS*SM/ZR .-
TF {2P5 +6GT,. SA(M)) 2PS = SA(MY

S 7APSIK) NEEDTD FOR Iuoexruc

_ 7RPS(K) = EPS
10N CONTINIE
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SpPSTOT = 0.5f(1905(1) + ZRPS(OST P))/ssrﬂp
DO 1200 K = 2,S$STFP
RPSTOT = psvvr +'PPQ(K)/SCTC
1200 CONTINUE
MUCALL = 24.%(KDSTOT&C(MI¥B(M) = U(M)I*B(M))
IF CABS(MUCALC - MU wLEe 14E-3) GO TS 1900
X = ABS(XxMUCALC/MU) '
IF (X JLi. 1eE-2) G6C TO 1900
TE (X G5 1eE+2) GO TG 1900
7-TF'(IC°UNT .GE. 200) GC TD 1800
GN TC 90D
130C X = Q.
1900 IX(M) = X
1P (M) XEMU%BS
TRANS(M) = 10C, *IMTATS/INTTDT
IRPSTT (M) PPSTRT
. IMYCLC(M) MUCALC
2000 CONTINUE :

noit

oH

PRINT 2100 , o S : :

2100 FORMAT ('Hl, 8X, 3IHZMi), 13X, 1HC, Y&X, 148, VEX, 14U, "15Xx, 2HSA,
117Xy 2HIXy 15X, 2HIP) c ' C :
PRINT 2i'H . o

C 2110 FORMAT  (4X, 12HSPEC GR RATE, 4X, 12HFRACT CHL(T), 4X, 12HCONVERS F
YACT, EX, t1HPFSPIR RATE, 5X, LIHSAT PS RATT, 77Xy T2HCFLL CONC DW,
24X, I2HPRODUCTIVITY) '

. PEEINT 2120 '

2100 FORMAT (TXe SHI/ZDAY, BXy L2HMG CHLIT)I/MG, &YX, I2HVG/UOLE ©(2), 3X,
TLGHMAL O(Z2)ZHP /MGy 2Xy 18HMOL DI(2V/HR/MG CHL, SX, ~ SHMG Dn/ML, AX,
S12HMG/OMER2 /NAY) v ,

DEINT 21730, (Z7MU(M), T(M), BIM), U(M), SATM), ZX(M), ZP(M), M = 1,M
1USTEP) . : :

2020 FIRMAT (YHO, SX, F8.2, BX, FBeh, TX, F10.1, X, F12.10, £X, F1l2.1C
1y 8Xy FR.4&, 8X, FB.4) ' ~ :

PRINT 2400 . . » :
2600 FORMAT (1H), 8X, 3HZMUJ, 11X, SHIZRPSTT, 10X, 4HZMUCLC, 11X, SHTRANS
1) : - ’ ‘ o
PPINT 2420C _ ‘
74Y0 FODMAT (4X, 12HSPF(C GF RATE, 4X, 12HAVRA PS RATS, 4X, 124CALC GF F
LATE, 3%, 14HPEP CENT TRA\S) ' ‘
PRINT 2420 :

242C FORMAT (7X, ‘“1/DAY. Fx.,lBHwJL D(Z)/HR/MG. CHLy 5X, SHY/DAY)

PRINT 2%720, (ZMU(M), . ZFPSTT{M), ZMUCLCLM), TRANSI(M), M = 1,MUSTIP)

2420 FORMAT (1HG, SX, FR.3, 6X, F12.10, X, F8e%, €X, F8e¢F)

3IN00 COMTINUE ' ' : ’ :

' T END



“‘}'

. -475-

DEFINITION OF VARIABLES IN PROGRAM ALGAE

'ABSS -

ania
B(M) |

BS

cM)

CHAR(I)
EPS(L)

I

ICOUNT
INCINT(L)

INTATS
INTOT =

K

L
LAMDA
M-
MICTOT

MICWAT(L)
- MU(M)
MUCALC(L)
- MUINC

MUSTEP

L1ght absorptlon at S, e1nste1n/mg chlorophyll/hr

Illum1nated area of the culture unit, crn2
Factor for. convertlng photosynthetlc rate from O

productmn to cell dry welght productmn, mg dry

wt. /mole O

Thickness of culture vessel cm
Chlorophyll content of cells,v mg chlorophyll/mg
dry wt. '

Storage for A- field information

Epsﬂon, the extlnctlon coeff1c1ent of the photosyn—

. thetic p1gments, cm /mg chlorophyll

Index1ng value for A- field storage

Number of 1terat1ons in S (m1dd1e) DO loop |
Incident 1ntens1ty of 11ght on culture vessel surface,
e1nste1hs/cm /hr/th nm N
L1ght 1nten51ty at S, e1nste1ns/cm /hr

Total incident 1nten51ty of light on culture vessel
surface, elnstelns/cm /hr

Indexing value for S

Indexing value for LAMDA

Wavelength of light, nm

Indexnxg. value for MU

Total 1n01dent energy of light on culture vessel sur-

: face, mlcrowat‘cs/crn'2

Incident energy of light on culture vessel surface,
m1crowat'cs/cm /10 nm

Actual specific growth rate, 1/day

Calculated specific growth rate, 1/day
In_crementé.l change in MU, 1/day

Number of values of MU examined



PHI .
QSTEP
RPS

RPSTOT

SA(M)

SINC
SM

SSTEP
TRANS(M)

uM)

v
X

ZA . .

- ZB
ZMU(M)
ZMUCLC(M)
ZP(M)
ZRPS(K)

ZRPSTT (M)

ZS(K)
ZX(M)

- 1-76_

Quanturn y1e1d ‘moles 02/e1nste1n

SSTEP + 1 . o
Photosynthe'ac rate at S moles O /hr/mg chloro-
phyll v

Average photosSrnthetic rate in culture unit, moles
O /hr/mg chlorophyll _ |

Distance into the culture unit from the front, cm
The actual saturated rate of oxygen evolut;on, -moles
Oz/hr/rﬁg chlorophyll_ . |
Incremental change in S, cm _

The satur_ated rate of oxygen evolution intrinsic to the

photoelectron transport systerﬁ, moles Oz/hr/mg'

chlorophyll

Number of 1ncrments of S A

Per cent transmission of 11ght 1ntens1ty through the
culture unit '

Uptake of oxygen due to dark resp1rat1on, moles

O /hr/mg dry wt.

Volume of culture unit, cm _

Conc_yex_ltrvation of algal cells, vmg dry wt. /ml

Defined term in photosynthetic rate equation

Defined term in photosynthetic rate equation 4

A pafticﬁlar indexed value of MU ,

A parfi-oular indexed value of MUCALC ‘ A - - Ty
Productivity, mg dry wt/crnz/day

Photosynthetic rate at a particulaf value of S ' O
A particular indexed value of RPSTOT

A particular indexed value of S

|

A particular indexed value of X
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report. ’

‘As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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